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Removal of Cobalt (II) from Waters Contaminated by the Biomass of Eichhornia crassipes
Reprinted from: Water 2021, 13, 1725, doi:10.3390/w13131725 . . . . . . . . . . . . . . . . . . . . . 29

Eduardo Leiva, Camila Tapia and Carolina Rodrı́guez
Highly Efficient Removal of Cu(II) Ions from Acidic Aqueous Solution Using ZnO
Nanoparticles as Nano-Adsorbents
Reprinted from: Water 2021, 13, 2960, doi:10.3390/w13212960 . . . . . . . . . . . . . . . . . . . . . 41

Asmaa Zakmout, Fatma Sadi, Svetlozar Velizarov, João G. Crespo and Carla A. M. Portugal
Recovery of Cr(III) from Tannery Effluents by Diafiltration Using Chitosan Modified
Membranes
Reprinted from: Water 2021, 13, 2598, doi:10.3390/w13182598 . . . . . . . . . . . . . . . . . . . . . 63

Doina Humelnicu, Inga Zinicovscaia, Ionel Humelnicu, Maria Ignat, Nikita Yushin and
Dmitrii Grozdov
Study on the SBA-15 Silica and ETS-10 Titanosilicate as Efficient Adsorbents for Cu(II) Removal
from Aqueous Solution
Reprinted from: Water 2022, 14, 857, doi:10.3390/w14060857 . . . . . . . . . . . . . . . . . . . . . 83

Vasileios Bartzis and Ioannis E. Sarris
Time Evolution Study of the Electric Field Distribution and Charge Density Due to Ion
Movement in Salty Water
Reprinted from: Water 2021, 13, 2185, doi:10.3390/w13162185 . . . . . . . . . . . . . . . . . . . . . 99

Fumihiko Ogata, Noriaki Nagai, Ayako Tabuchi, Megumu Toda, Masashi Otani and
Chalermpong Saenjum et al.
Evaluation of Adsorption Mechanism of Chromium(VI) Ion Using Ni-Al Type and Ni-Al-Zr
Type Hydroxides
Reprinted from: Water 2021, 13, 551, doi:10.3390/w13040551 . . . . . . . . . . . . . . . . . . . . . 119
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Luciana Camargo de Oliveira and Danielle Goveia
Development of Cotton Linter Nanocellulose for Complexation of Ca, Fe, Mg and Mn in
Effluent Organic Matter
Reprinted from: Water 2021, 13, 2765, doi:10.3390/w13192765 . . . . . . . . . . . . . . . . . . . . . 185

Daniel Fernando Guevara-Bernal, Marlon Yesid Cáceres Ortı́z, Jorge Andrés Gutiérrez
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Preface to ”Sustainable Processes for the Removing of
Heavy Metals from Aqueous Solutions”

This article collection from the Special Issue “Sustainable Processes for the Removing of Heavy

Metals from Aqueous Solutions” attempts to summarize the state-of-the-art of current macro-, micro-

and nanotechnologies for water purification, discussing their field of application, especially for

heavy-metal ion removal. For instance, it presents the recently available information on utilizing

different biomass materials for heavy metals removal, highlighting the increasing use of these

materials due to their low cost, regeneration ability, high adsorption efficiency, and small chemical

or biological sludge with a possibility of metal recovery.

Cristina Palet and Julio Bastos-Arrieta

Editors
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Editorial

Sustainable Processes for the Removal of Heavy Metals from
Aquatic Systems
Julio Bastos-Arrieta 1,2,* and Cristina Palet 3

1 Departament d’Enginyeria Química i Química Analítica, Universitat de Barcelona (UB), Martí i Franquès 1-11,
08028 Barcelona, Spain
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* Correspondence: julio.bastos@ub.edu

Water pollution is a global problem threatening the entire biosphere and affecting
the life of many millions of people. It is not only one of the foremost global risk factors
for illness, diseases and death, but also contributes to the continuous reduction of the
available drinkable water sources worldwide. Delivering valuable solutions, which are
easy to implement and affordable, often remains a challenge.

Heavy metal ions are some of the most harmful and widespread contaminants, with
adverse effects to the environment. These ionic species, mainly cations, are one of many
deadly contaminants in ground water across the globe. The physical-chemical properties
and composition of the affected waters and sediments present strong spatial variations
depending, mainly, on the proximity to the discharge point, and strong seasonal variations
are detected depending on the rainfall and temperature regime.

Therefore, the use of environmentally friendly technologies and the reuse or reval-
orization of all waste generated is a strategy that must be widely assumed. For example,
biosorption of heavy metals by metabolically inactive non-living biomass of microbial or
plant origin is an innovative and alternative technology for the removal of these pollutants
from aquatic systems.

This Special Issue compiled 13 different research works [1–13], including 1 review
paper [13]. This publication collection covers a wide range of topics related to the enhanced
removal of heavy metals during primary treatments in wastewater management including
speciation [13], sorption technologies [1–7,9,11], complexation [8] and coagulation [12].
The main heavy metals addressed are: Cr(VI) [3,5,12], Cr(III) [2,6,9], Co(II) [11], iron [8],
Cu(II) [2,4,7], Ni(II) [1,3], Cd(II) [1,2,6], Pb(II) [2,6] and Zn(II) [1], among others, such as
alkaline earth elements [8].

Different materials such as Ni-Al alloy [12], inorganic adsorbents such as silica SBA-15
and titanosilicate ETS-10 [4], biomass [1–3,5,11], membranes (i.e., chitosan) [9], nanocel-
lulose [8], ZnO nanoparticles [7], biosynthesized adsorbents (from oyster shells) such as
hydroxyapatite [6] and nano modified coffee husk and coffee lignin [2] are presented in
this volume. The strategy for their removal varies between direct (bio)adsorption, opti-
mizing parameters such as pH, contact time, adsorption temperature and surface charge
density [10]. In two cases, a complementary antibacterial effect is included during the
separation process [2,6], which is related to corresponding biomass development. In one
case, a strategic safe disposal of the spent adsorbents is presented [1], which is an interesting
and novel approach for the sustainability of adsorption processes.

Finally, thanks to all the contributions, this Special Issue demonstrates the feasibility of
sustainable materials and processes mainly for heavy metal removal from aqueous wastes.

Institutional Review Board Statement: Not applicable.
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Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Authors declare no conflict of interest.
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Abstract: Resource reuse has become an important aspect of wastewater management. At present,
use of sludge in agriculture is one of the major reuse routes. Conventional municipal wastewater
treatment does not involve any designated process for removal of heavy metals, and these distribute
mainly between effluent and sludge. Enhanced removal of heavy metals during primary treatment
may decrease the heavy metal concentrations in both effluent and sludge from secondary treatment
and promote long-term reuse of secondary sludge. This review considers heavy metal occurrence
and removal during primary settling, together with possible treatment technologies for heavy metal
removal in primary settlers and their theoretical performance. The variation in total heavy metal
concentrations and dissolved fraction in raw municipal wastewater points to a need for site-specific
assessments of appropriate technologies for improved heavy metal removal. Studies examining the
heavy metal speciation beyond dissolved/particulate are few. Missing or disparate information on
process parameters such as hydraulic retention time, pH and composition of return flows makes it
hard to generalize the findings from studies concerning heavy metal removal in primary settlers.
Coagulation/flocculation and use of low-cost sorbents were identified as the most promising methods
for enhancing heavy metal removal during primary settling. Based on the available data on heavy
metal speciation and removal during primary settling, sorption technologies may be most effective
for enhancing the removal of Cu and Ni, while coagulation may be efficient for Cd, Cr, Cu, Pb, Zn
and Hg removal (but not as efficient for Ni removal).

Keywords: primary settling; resource reuse; sludge; effluent; adsorption; coagulation/flocculation

1. Introduction

Heavy metals, referring to a group of high-density elements including metals and
metalloids, are a concern due to elevated concentrations in the natural environment as
a result of anthropogenic activities [1]. One of the anthropogenic sources is wastewater.
Heavy metals include biologically essential elements such as copper (Cu), chromium (Cr),
zinc (Zn), nickel (Ni), boron (B), iron (Fe) and molybdenum (Mo), and elements which are
not essential such as lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As) and silver (Ag).
Most heavy metals are toxic to humans even in low amounts. Heavy metals may induce
disease to the gastrointestinal, renal, cardiovascular systems, etc., including conditions
such as cancer, liver and kidney disease, melancholy and osteoporosis. Heavy metal
contamination can also affect plant metabolism and growth [2].

To achieve environmental sustainability, reuse of nutrients, energy and, in some
cases, water has become an important aspect of wastewater management [3]. Wastewater
treatment, through physical, chemical and biological processes generates treated water
(effluent), solid residues (sludge) and gaseous emissions. Degradation of heavy metals
is not possible, which means that the majority of influent heavy metals will distribute

3
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between effluent and sludge, though heavy metals such as Hg, As and the semi-metal
antimony Sb can form volatile compounds which are transferred to the gaseous phase [4,5].
Safe reuse of nutrients from sludge and water requires that associated toxic substances
such as heavy metals are minimized. Use of sludge in agriculture is currently the most
common option for reuse of nutrients [6], while the most common option for reuse of water
is for irrigation and landscaping [7].

Industrial emissions historically were the main source of heavy metals entering mu-
nicipal wastewater. However, stringent legislation for industrial emission caused heavy
metals to decrease markedly during the 1970s and the early 1980s [4]. Based on the current
trends of heavy metals’ contents in sludge, it was deduced that in some places, diffuse
emissions currently constitute the main contribution of heavy metals [8]. Diffuse emission
sources include corrosion of pipes and roofs (containing Cu) and runoff from streets (where
asphalt, tires and brake linings may contain Cd, Pb and Zn). Furthermore, the use of
amalgam for fixing teeth was estimated to contribute a large part of Hg, and food was
calculated to contribute 9% of Cd and 25% of Zn in a municipal wastewater treatment plant
(WWTP) in Stockholm, Sweden [8].

In order to continue the reduction in heavy metals in sludge and effluent, there is a
need to regulate the use of heavy metals in different products further. Meanwhile, it is
also relevant to attempt to optimize wastewater treatment systems for minimization of
heavy metals in sludge and effluent [4]. Yoshida et al. [5] modelled the ecotoxicity and
toxicity impact on humans from municipal wastewater. They found that the heavy metal Zn
contributed the largest share of toxic impact with regards to both effluent release and sludge
use in agriculture. However, they also found that conventional treatment of wastewater
significantly reduced the toxicity exposure from inorganic constituents (including heavy
metals) on freshwater and seawater. According to Hospido et al. [9], terrestrial ecotoxicity
due to heavy metal content in sludge together with eutrophication are the most significant
factors in terms of environmental impact from municipal wastewater treatment.

Several reviews [4,10,11] considered heavy metal removal during conventional munic-
ipal wastewater treatment and discussed the importance of assessing heavy metal contents
in end products from municipal wastewater treatment: effluent water and sludge. Conven-
tional treatment here refers to primary settling followed by the activated sludge process
(ASP) or biological nutrient removal (BNR). Hargreaves et al. [12] reviewed current heavy
metal removal and performance of additional treatment processes for enhanced removal to
minimize heavy metal concentrations in effluents (not considering heavy metal elimination
from sludge). Possible technologies for enhancing the removal of heavy metals during
primary settling were not reviewed previously. Increased heavy metal removal during or
directly following primary settling (as a separate treatment step) could potentially decrease
the heavy metal concentrations in the treated effluent and in the sludge from subsequent
biological treatment.

Environmental background concentrations, together with regulations and standards
for heavy metal concentration in freshwater, irrigation water and drinking water, are sum-
marized in Table 1 and compared to typical concentrations in municipal wastewater in
Europe. Heavy metal concentrations in WWTP influent are generally higher compared to
the concentrations of heavy metals found in natural water (background). In Europe, envi-
ronmental quality standards (EQS) for freshwater were implemented to preserve/attain
good ecological and chemical status in all surface- and groundwater, based on the goals
of the Water Framework Directive [13]. EQS for Pb, Cd, Ni and Hg exist on the central
European level [14], while priority substances identified on the national level led to an
extended list of EQS with stricter limits, as exemplified by Swedish regulation [15]. Raw
municipal wastewater generally contains higher concentrations of heavy metals compared
to both central and local EQS; however, effluent concentrations (after treatment) may not
exceed the EQS. In relation to standards and regulation for drinking water and irrigation
water, heavy metal concentrations in municipal wastewater do not always exceed the limits.
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Background heavy metal concentrations and limiting values for heavy metals in
soil and sludge used in agriculture are summarized in Table 2 and compared to typical
concentrations in sludge from municipal WWTPs in Europe. European heavy metal limits
for sludge use in agriculture [16] are more stringent compared to US limits. The current
European legislation is more than 30 years old. Several member states have implemented
more strict limits. Updated legislation was drafted on the central European level but not
yet implemented. The drafted proposal includes stricter limits for heavy metals and an
addition of limit values for synthetic organic contaminants and indicator organisms [17].
Based on the heavy metal concentrations occurring in sludge from European WWTPs,
reuse of sludge is partly limited by current legislation, especially in relation to the stricter
regulation in some countries.

This review focuses on heavy metal removal during primary treatment of municipal
wastewater, with the purpose of reducing heavy metal contents in effluent and in sludge
from subsequent biological treatment (secondary sludge). The review includes: (i) occur-
rence and speciation of heavy metals in raw municipal wastewater (influent to primary
settlers), (ii) mechanisms of heavy metal removal during primary settling, (iii) possible
treatment technologies for enhanced heavy metal removal in or directly following primary
settling, (iv) calculations to estimate theoretical heavy metal removal if enhanced heavy
metal removal was introduced based on current removal of particulate and dissolved heavy
metals during primary settlement.

2. Material and Methods

In this study, findings on heavy metal removal during primary treatment of municipal
wastewater in previous published scientific publications are summarized. The findings are
also related to current and planned regulations for water in different parts of the world.
Experimental data collected from previous studies were analyzed by correlations of data
with respect to heavy metal concentrations and heavy metal removal during primary
settling (Sections 4.4 and 7). Further, the potential for improved removal of dissolved and
particulate heavy metals was estimated (further details given in Section 7.1).

3. Occurrence of Heavy Metals in Wastewater and Sludge

Based on current legislation, it is relevant to optimize wastewater treatment to reduce
heavy metal concentrations in both sludge and effluent. It should be noted that, while
concentrations in sludge may directly limit the possibilities of sludge reuse in agriculture,
effluent release is not directly prohibited by concentrations exceeding EQS, since the
dilution of effluent discharge is considered [18] Gardner et al. [19] showed that dilution of
Zn, Cd, Cu and Ni was required for some of UK’s WWTPs to meet the national EQS or so
called “predicted no effect concentration”. The scope of this review includes the metals
listed in Tables 1 and 2 (for which water-related regulations and standards exist), and Ag
(for which a limiting value was proposed in Sweden) [20].
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4. Heavy Metal Speciation in Raw Municipal Wastewater

The speciation of heavy metals, i.e., the knowledge of which heavy metal ions and
complexes are present in which amounts, is important for the potential removal of heavy
metals during primary treatment. Heavy metal speciation is affected by hardness, alkalinity,
pH and redox potential of the wastewater [10]. The heavy metal speciation in influent
wastewater is of importance for the possible removal of heavy metals through different
technologies. For example, in the case of sorption processes, dissolved heavy metals can be
sorbed, while heavy metals bound to wastewater particles may only interact with an added
sorbent if desorption first occurs or if wastewater particles form agglomerates with the
sorbent. Heavy metals associated with particulate matter can be removed through settling
or filtration if the particles are large enough.

4.1. Different Definitions Applied with Respect to Heavy Metal Speciation in Municipal Wastewater

A number of studies concerning heavy metal load in raw wastewater and distribution
of heavy metals between sludge and effluents in WWPTs examined the total heavy metal
concentrations without further specifying the speciation of heavy metals [5,21–32]. How-
ever, there is also a number of studies where partitioning of heavy metals between the partic-
ulate and dissolved phase was determined (e.g., Choubert et al. [33] and Toumi et al. [34]).
The distinction between dissolved and particulate matter in wastewater is generally based
on size fractioning of the wastewater, where the fraction which passes through a filter of cer-
tain pore size is defined as dissolved. A filter with pore size of 0.45 µm is most commonly
used; however, in some cases, other pore sizes were applied, e.g., 0.2 µm [35,36]. What are
referred to as “dissolved” heavy metals are analyzed after filtering the wastewater, while
the “particulate” heavy metals are calculated as the difference between the total heavy
metal concentration (analyzed in unfiltered wastewater) and the dissolved heavy metals.

According to Ziolko et al. [10], heavy metals are likely to occur as organometallic
complexes, and should be considered in the following three groups: surface-bonded organic
ligands, insoluble matter and soluble organic ligands. Truly dissolved heavy metal ions
are considered rare. Heavy metals associated with the dissolved phase (<0.45 µm) may
be associated with chelating agents of natural origin (e.g., proteins and nucleic acids) or
synthetic origin (e.g., nitrilotriacetic acid and ethylenediamine tetraacetic acid (EDTA) [10].
El Samrani et al. [37] examined the different mineral forms of heavy metals in overflow
wastewater from a combined collection system for municipal wastewater and stormwater
(also called combined sewer overflow). They found that heavy metals associated with
sulfide particles were abundant. These were assumed to be formed within the sewer
network. Heavy metals were also encountered in the form of alloys, iron oxihydroxides,
carbonates, phosphates and sulphates, and associated with clays. The abundance of heavy
metal-bearing sulfides was confirmed by [38].

Further knowledge on the speciation of heavy metals could enhance the understand-
ing of heavy metal removal mechanisms. Some attempts were made to elucidate the heavy
metal speciation in municipal wastewater. Lawson et al. [36] performed gel chromatogra-
phy of synthetic wastewater for separation of heavy metal species. Buzier et al. [39] and
Gourlay-Francé et al. [40] analyzed the dissolved heavy metals in two different fractions,
inert or labile. Buzier et al. [39] described the labile heavy metals as “inorganic metal
fraction with a possible additional contribution of small weak organic complexes”, while
Gourlay-Francé et al. [40] simply described the labile fraction as “truly dissolved in water”.
The dissolved inert fraction is associated with dissolved organic matter (DOM), which
Buzier et al. [39] described as “strong metal complexes and large weak organic complexes”.
The analysis of heavy metals by Gourlay-Francé et al. [40] and Buzier et al. [39] was per-
formed subsequent to separation of heavy metals species by diffusion and dissociation into
a permeable gel.

The dissolved fraction (<0.45 µm) may also be considered to consist of heavy metals
associated with colloids and truly dissolved heavy metals. The distinction between the two
is based on molecular weight, where the truly dissolved fraction is the fraction smaller than

8
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1 kDa (1000 Dalton), and colloidal matter is defined by the interval 1 kDa–0.45 µm. The or-
ganic matter in the truly dissolved size fraction is primarily composed of humic substances,
while the colloidal fraction is primarily composed of non-humic macromolecules, includ-
ing proteins, polysaccharides and aminosugars (which may be associated with nucleic
acids) [41].

4.2. Influence of Return Flows on Heavy Metal Speciation

Influent wastewater to primary settlers is commonly mixed with return flows from
sludge treatment (thickening and/or dewatering), in which the heavy metal speciation
may differ from the speciation in influent wastewater. These return flows are not always
considered when calculating the removal of heavy metals over primary clarification or
mass balances over whole WWTPs (e.g., Karvelas et al. [35]). However, return flow of
sludge liquors was shown to contribute to significant amounts of heavy metals entering
primary settlement, according to Goldstone et al. [42–44]. Most of these heavy metals
were associated with solids. According to a mass balance study of a Danish WWTP, the
amount of heavy metals from return of centrate from sludge dewatering constituted a
significant fraction of the heavy metals entering primary treatment: 8% of Cd, Cr, Pb and
Zn; 12% of Cu and 5% of Ni (estimated from graph) [5]. Innaa et al. [45] investigated mass
flows of Cu in return flows from consolidation of sludge (co-settled sludge from primary
treatment and biological trickling filters) and found that these contributed a significant
fraction of the total Cu mass flows entering a primary settler. However, despite the increase
of Cu concentrations, this return flow together with return of sludge from a trickling filter
increased the removal of soluble Cu during primary settling due to increased suspended
solids (SS) concentrations. In one of the plants sampled by Gourlay-Francé et al. [40], return
liquors from sludge dewatering considerably increased both particle-bound and dissolved
concentrations of Cu, Zn and Ni.

4.3. Fractions of Dissolved Heavy Metals in Raw Wastewater

Dissolved fractions of Cu, Cr, Ni, Pb, Cd, Zn, Hg and Ag in raw wastewater are given
in Table 3. The fraction of dissolved heavy metals in raw wastewater varies according to
different studies. With exception for Ni, the ranges of the fractions of dissolved heavy
metals are narrower when considering the studies known not to include return liquors (in
the stream that was sampled). This indicates that return sludge liquors influence the heavy
metal speciation; however, this conclusion should subject to a level of caution, since the
amount of data is limited. Ni is often associated with the dissolved fraction to a higher
degree than other heavy metals.

9
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Table 3. Fraction of dissolved heavy metals (%, concentration of dissolved heavy metals in relation to total heavy metal
concentrations) in influent wastewater.

Cu Cr Ni Pb Cd Zn Hg Ag As Reference

20 22 78 22 86 - - - - [39] a,b

14 86 59 6 100 12 40 - 67 [46] c

24 24 57 18 23 25 - 15 - [33] d,b

26 - 57 17 22 23 26 - - [47] e

8 59 63 13 70 34 8/58 - - [42,43] a,f,b

10 - 33 - - 18 - - -
[40] a,g,b

14 - 56 - - 27 - - -
39 - 67 23 - 66 - - - [41] a

12 9 79 6 14 8 - - - [35] h,b

4 9 70 - 6 75 - - - [29] i

55 7 67 5 8 24 9 - - [48] c

16 21 - 70 36 12 - - - [34] a

4–55 7–86 57–79 5–70 6–100 8–75 8–58 - - Range, all (11 studies)

8–39 21–59 33–78 13–70 36–86 12–66 8–58 - - Range for samples known to not include
return liquors (5 studies)

a Sampled before addition of return sludge liquors/directly when wastewater entered the plant. b The data were estimated from graph.
c The exact location of raw wastewater sampling is not clear. The sample might thus include return of liquor from sludge processing.
d Average of ~20 samples, sampled at nine different treatment plants. The data were estimated from graph. Details on sampling points
for raw wastewater were not given in the reference, and therefore it is not known whether the sampled flow included return liquors.
e Average from 16 WWTPs in the UK. Most samples of influent wastewater were taken before addition of return liquors. f A second
sampling campaign performed ~1.5 yrs. later showed 58% dissolved Hg in influent wastewater. g Sampling was made at two different
treatment plants. h Sampled after addition of return liquors from sludge digestion and after grit removal, but before return of another
supernatant stream. In contrast to the other studies, the dissolved fraction was analyzed after filtering through a 0.2 µm filter (instead of
0.45 µm). i Sampled after return of sludge from biological treatment and after grit removal. For Ni and Zn, there was a suspicion that
samples of dissolved heavy metals were contaminated to some extent, and it can be noted that compared to data from the other studies,
these values are in the upper range.

4.4. Correlation between Total Concentrations in Raw Wastewater and the Fraction of Dissolved
Heavy Metals

It is hypothesized that high total concentrations of heavy metals in wastewater coin-
cide with high SS concentrations, and thus large complexation or sorption capacity of the
solids in the wastewater, which could cause a lower fraction of dissolved heavy metals
in raw wastewater. Nielsen and Hrudey (1983) demonstrated this trend; increased SS
concentration decreased the concentration of dissolved heavy metals (Ag, Cd, Cr, Cu and
Tl). To investigate this trend further, the correlations between total metal concentrations
and fractions of dissolved heavy metals are investigated based on literature data, and
are shown in Figure 1. With respect to Cu, Ni, Pb and Zn, the correlation is very weak
or non-existent (based on R2; 0.02 or less, as given in Figure 1). For Cr and Cd, some
correlation exists (R2 of 0.24 and 0.11). The correlation with respect to Hg appears to
be stronger (R2 of 0.97); however, the negative correlation was broken when one of the
references [47] was excluded, which indicates that the correlation is uncertain.
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Figure 1. Fraction of dissolved heavy metals in raw municipal wastewater at different total heavy metal
concentrations [34,35,39–44,46–48] ([40] includes data from two different WWTPs). (Data from [29,33] (included in Table 3)
were not included, since average concentrations of total heavy metals in raw wastewater were not given/not easily read
from paper.) (Data for As and Ag not available from multiple sites.) The dotted lines represent the linear regression
between the percentage removal and the concentration of the different heavy metals in log form. The adjusted coefficient of
determination (R2) is given; this was calculated as follows: 1 −

(
1 − R2)(n − 1)(n − p − 1), where R2 is the coefficient of

determination, n is the number of data points for the respective metal and p (= 1) is the number of explanatory variables,
excluding the constant.

4.5. Fractions of Colloidal/Truly Dissolved or Inert/Labile Heavy Metals

Hargreaves et al. [41] found that while around two-thirds of Ni and Zn in raw wastew-
ater was associated with the dissolved fraction (<0.45 µm), only 18% and 9%, respectively,
was found in the truly dissolved fraction. The truly dissolved fractions of Cu and Pb
constituted similar shares of the total influent heavy metal concentrations (around 10% and
5%, respectively). In measurements at two different WWTPs in Paris with mixed domestic
and industrial influents, Gourlay-Francé et al. [40] found no or very small amounts of Cu
and Zn to be labile, while around half of the Ni was labile at one of the sites. Cr and Pb
were present in the particulate fraction, but since the dissolved heavy metals were below
the detection level, the fraction of labile Cr and Pb was not given. Buzier et al. [39] found
around half the total influent concentration of Ni to be in the labile fraction. According to
Buzier et al. [39], the fraction of labile heavy metals should constitute less than half the
dissolved fraction of Cd, Cr and Pb; however, they did not quantify the labile fraction of
these heavy metals, because the concentrations were below the detection level. Labile Cu
constituted around a quarter of the dissolved heavy metals in influent wastewater.

Based on findings of Hargreaves et al. [41], the distribution of heavy metals between
the particulate, colloidal and truly dissolved fraction was similar in the effluent from
primary settling, as in raw wastewater. They therefore concluded that enhanced removal
of colloidal matter could enable increased heavy metal removal. Chen et al. [49] found
that particle-bound heavy metals in primary settler overflow were mainly associated with
particle sizes of 44 µm and smaller, which also indicates that increased removal of small
particles could enhance removal of heavy metals. The organic matter in raw municipal
wastewater is to a high extent found in the truly dissolved and colloidal phase; around
40–60% was found in these phases, according to a review by Modin et al. [50].

5. Heavy Metal Removal Mechanisms

During primary settling, heavy metals are removed by removal of solids with which
the heavy metals are associated. Sorption/desorption of heavy metals in the primary settler
together with the speciation or partitioning of heavy metals in the influent wastewater
determine the removal capacity [10,51]. Heavy metal removal was shown to correlate
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positively with SS removal [52]. SS removal was measured frequently in the published
literature (measured by [35,41,47]; measured but not reported by [39]; not measured by [46];
in [5], total solids was measured in influent and primary sludge). Buzier et al. [39] found
a positive correlation between particulate concentrations of Cu and Cr, and suspended
solids concentrations, and proposed that “their removal is likely to be strongly linked to the
suspended solids removal”. Based on Gardner et al. [47], the SS removal in 16 WWTPs in
the UK was in the range ~45–63%; however, the correlation between heavy metal removal
and SS removal in each individual plant was not reported.

Removal through volatilization might occur to some extent for certain metals
Yoshida et al. [5] reported probable volatilization of the heavy metal Hg (6%) and the
semi-metal Sb (44%) during digestion of sludge.

Further factors of importance for removal of heavy metals include wastewater pH
and hydraulic retention time (HRT) of the primary settler [51]. Increased HRT was shown
to increase heavy metal removal [52]. Information on pH and HRT is not always available
in the published literature (with respect to heavy metal removal during primary settling),
which makes it hard to generalize the findings fully (pH in influent and effluent from
primary settling was reported by [5,41], but not by [35,39,46,47]; HRT was not reported
by [5,35,39,41,46,47]).

For optimization of the removal of both heavy metals and organic micropollutants
during treatment of municipal wastewater, it was suggested that primary settlers should be
optimized for heavy metal removal [53]. This is because removal of organic micropollutants
in ASP is improved at longer HRT and solids retention time (SRT), while removal of heavy
metals may be negatively influenced [53,54].

Internal return flows and recirculation in WWTPs likely influence the heavy metal
removal. Return flows from sludge dewatering (often to the primary settler) can affect the
heavy metal removal [10,54], and both increased and decreased removal were reported.
Increased removal was hypothesized to be caused by increased concentration of SS (as
mentioned above, removal of heavy metals was shown to correlate positively with SS
removal), influence of residues of ferric chloride coagulants in the return liquors or changes
in redox potential [10]. On the other hand, if the return liquors contain large amounts of
heavy metals associated with fine particles (which do not settle easily), the total removal
of heavy metals in the primary settler might decrease [10]. Ferric chloride residues could
contribute to increased heavy metal removal by increasing the removal of particles in
the primary treatment, or, hypothetically, the iron could replace heavy metal ions in
EDTA complexes (so that the heavy metals could instead bind to particles) [10]. The exact
influence of return flows on redox potential in the primary settler has yet to be examined,
to our knowledge. Since the redox potential is expected to increase during municipal
wastewater treatment [55], return flows will have higher redox potential than influent
flows and could hypothetically have some influence on the redox potential in the primary
settler, particularly if the return flows are large in volume. The wastewater redox potential
influences the oxidation state of metals (depending on the standard reduction potential
of each metal species), and of other compounds in the wastewater (which may cause
formation of various metal compounds). Xiao et al. [56] investigated the removal of Cu,
Pb, Zn and Cr in constructed wetlands treating municipal wastewater. They found that
an increase of redox potential occurred during treatment (−163 mv in the inflow and 184
mV in the outflow). They suggested that the reduction of sulphate (SO4

2−) to sulfide (S2−)
(occurring under reducing conditions/low redox values), followed by formation of heavy
metal sulfides, played an important role for the distribution of Cu, Pb, and Zn during
treatment. In the case of Cr, increases in redox potential may cause conversion of Cr(III)
into Cr(VI), which is a more mobile species [56].

Biodegradation is not directly relevant when it comes to heavy metals, though heavy
metals could be physically entrapped by biomass (if insoluble), adsorbed to bacterial walls
and extracellular polymers or actively taken up by bacteria (if in dissolved state), which
means that biological treatment has some effect on heavy metals [10]. In plant layouts
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where sludge from ASP/BNR is returned to the primary settler (and not directly to the head
of the ASP/BNR), adsorption to or uptake by biomass influences heavy metal removal
capacity in the primary settler. According to [25], heavy metals could attach to lipids,
proteins and polysaccharides at cell surfaces by sorption to carboxyl, hydroxyl, phosphate
and sulfonate groups. Extracellular polymeric substances (EPS) were stated to have a high
importance in the entrapment/adsorption of micropollutants by bacterial cells [10], and
sorption to EPS was shown to be pH-dependent [57] with different sorption capacity for
different heavy metals [58].

Process chemicals may contain trace heavy metals which cause significant increases in
heavy metal concentrations in wastewater. Buzier et al. [39] found that addition of FeCl3
during tertiary treatment added significant amounts of Cr, Co, Cu and Ni (which may also
enter the primary settler with the return flows).

Partitioning Constants and Modeling of Heavy Metal Speciation and Removal

The tendency for heavy metals to occur in the particulate and dissolved phase can
be described by the solid/liquid or water/sludge partitioning constant, often referred to
as KP or KD [40,54]. Gourlay-Francé et al. [40] found that the solid/liquid partitioning
constant of heavy metals varied along the treatment process, and no relation was found
between KD and SS or dissolved organic carbon (DOC) concentrations. Similarly, in the
model TOXCHEM (described by Parker et al. [59]), the partitioning constant is assumed
to take different values in primary clarification compared to in ASP/BNR. According to
Wang et al. [60], dissolved organic matter (measured as chemical oxygen demand (COD) in
supernatant after sample centrifugation) significantly affects heavy metal partitioning in
influent wastewater, but this effect could be disregarded at neutral or low pH (<8). A model
for the prediction of heavy metal partitioning between dissolved and particulate fractions
was suggested, where heavy metal partitioning is dependent on pH and SS concentration.
Measurements by Katsoyiannis and Samara [61] revealed a negative correlation between
log KD and DOC concentrations, indicating that a higher DOC concentration could result
in higher amount of heavy metals in the dissolved fraction and thus a lower heavy metal
removal in primary settling. Findings by Gourlay-Francé et al. [40] were contradictory
to the findings by Wang et al. [60] and Katsoyiannis and Samara [61]. They calculated
a constant for partitioning between labile and inert fractions of dissolved heavy metals
and called this partitioning constant KDOC. They found that KDOC was highly variable
between different sites in the treatment plant, and thus hypothesized that sorption to
DOC may not control heavy metal speciation, or that equilibrium may not be reached due
to fast degradation of organic matter. However, another interpretation of their findings
could be that varying composition and complexing capacity of DOC in different treatment
steps caused the variability in KDOC. Dionisi et al. [54] modelled removal of Cd and Pb
in a sequencing batch reactor (a type of ASP), and calibrated KP based on experimental
data. They did not include the organic matter concentration as a variable when they
calibrated the KP value. However, they found that the concentration of biodegradable COD
in the influent wastewater together with the specific rate of endogenous metabolism of the
biomass had an indirect effect on the heavy metal removal capacity, since they determined
the amount of biomass in the process.

When modelling heavy metal removal in full-scale treatment plants, an “aqueous
compartment” and a “solid phase” has generally been considered, where heavy metals
in the “aqueous compartment” are dissolved, and heavy metals in the “solid phase” are
attached to sludge [51]. In models, the removal of heavy metals in the “solid phase” de-
pends upon the removal of SS achieved. The dissolved heavy metals will end up in the
effluent if they are not sorbed during the treatment process. Cecchini et al. [46] found that
the concentration of dissolved heavy metals in effluents from primary settling followed
by ASP was similar to the concentrations in raw wastewater. This indicates that dissolved
heavy metals were relatively unaffected during the process, or that sorption and desorption
balanced out over the treatment process as a whole. In either case, for this treatment plant,
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the heavy metals which were not removed during primary settling chiefly ended up in
the effluent. Barret et al. [62] suggested a “three compartment-model” for sorption of
micropollutants (not heavy metals) to sludge; sorption to particles (analyzed in centrifu-
gation cake) associated with dissolved and colloidal matter (analyzed in centrifugation
supernatant filtered at 1.2 µm) and freely dissolved (not measured experimentally). A
three-compartment model might increase understanding of the heavy metal fate during
physical separation and requires that the full-scale physical model incorporates dynamics
of colloidal particles.

Cloutier et al. [63] modelled the removal of particulate heavy metals during primary
settling under the assumption that removal of particle-bound heavy metals is relative to the
removal of SS in the settler (removal efficiency thus being the same for all heavy metals).
The model also assumes that dissolved heavy metals are removed only by mass flow of
dissolved heavy metals with sludge, i.e., the concentration of dissolved heavy metals in
primary settler overflow is the same as in primary settler influent. These model assumptions
do not agree with the data according to, e.g., Karvelas et al. [35]. They found an SS removal
of 51%, while the removal of different particle-bound heavy metals was between 22–81%,
which indicates that sorption/desorption may occur during primary settling.

6. Technologies for Enhanced Heavy Metal Removal

Enhanced heavy metal removal during primary settling may target dissolved or
particle-bound heavy metals. Technologies used for heavy metal removal from wastewa-
ters include chemical precipitation, ion-exchange, adsorption, coagulation/flocculation,
electrodialysis, membrane filtration, photocatalysis and electro-chemical treatment tech-
nologies [64–66]. These were mainly applied to wastewaters of industrial origin from
production of, e.g., paper, pesticides, leather (tanneries), metal objects (plating) and ore
(mining) [65]. Some features of these heavy metal removal technologies are summarized
in Table 4. Due to large amounts of fibers in municipal wastewater, technologies which
involve filtration, e.g., membrane filtration, were presumed not to be relevant for treatment
during or directly following primary settling (as fouling may be an issue).

By introducing enhanced removal targeting both dissolved and particle-bound heavy
metals, the heavy metal removal during primary settling could theoretically approach 100%.
However, in addition to the heavy metal removal capacity of the different technologies, the
following conditions are also of relevance for the enhanced removal of heavy metals from
municipal wastewater during primary settling:

• Should be suitable for wastewater with high solids/organic matter concentration.
• Low impact in terms of energy use and sludge production.
• Low removal of phosphorus (P) and organic matter.
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The removal of P and organic matter when enhanced heavy metal removal is intro-
duced is of relevance because (i) the reuse of secondary sludge is more attractive if the
organic matter and P content is high, and (ii) certain amounts of COD and P are required
for the “treatability” of primary settler effluent in ASP/BNR. Treatability requirements are
as follows: for conversion of 1 mg of nitrogen in APS/BNR, 2.9 mg of COD is theoretically
required, while to fulfill criteria of less than 10 mg nitrogen in the effluent in full scale BNR,
a required ratio of 4.7–8.7 was reported [71]; a general rule to determine the P requirement
for heterotrophic growth of biomass is to multiply the COD concentration in primary
effluent with 0.005 [71].

Among the treatment technologies described in Table 4, some may have limited po-
tential in relation to the additional requirements. Precipitation may not be efficient when
the heavy metal concentrations are low due to large consumption of chemicals and large
production of sludge. The ion exchange process is not appropriate for primary treatment
of municipal wastewater since it is prone to fouling. Electrochemical treatment methods
suffer from high electricity requirements when wastewater volumes are large and may
be more appropriate for decentralized wastewater treatment operations. With respect
to photocatalysis, there is limited experience with full-scale operation for treatment of
municipal wastewater. Loeb et al. [72] pointed out that this may be due to the complexity
of large-scale photocatalysis systems. The most attractive methods for enhanced heavy
metal removal in this application are thus coagulation/flocculation and adsorption. Coag-
ulation/flocculation could mainly increase the removal of particle-bound heavy metals
and heavy metals associated with colloidal matter. However, removal of dissolved heavy
metals could be enhanced by use of modified flocculation agents. Addition of a sorbent
during or directly following primary treatment could enhance mainly the removal of
dissolved heavy metals. Coagulation/flocculation was previously investigated by, e.g.,
Hargreaves et al. [73,74], while addition of low-cost solid sorbents during primary treat-
ment of municipal wastewater was not previously examined, to our knowledge. Both
sorption and coagulation/flocculation are considered easy to operate and relatively cost-
effective technologies.

Though not examined in detail here, it is also of importance to consider how enhanced
heavy metal removal during primary treatment could affect the removal of heavy metals
during secondary treatment and fate of heavy metals during sludge treatment. High
removal of BOD during primary treatment may decrease the complexation of heavy metals
during secondary treatment [10], which affects the effluent quality. Sludge dewatering may
influence both the sludge quality and the amounts of heavy metals entering primary settling
(through return liquors, as previously mentioned). Data according to Yoshida et al. [5]
indicated that P-loss from sludge during dewatering was greater than loss of heavy metals.
In the plant which they examined, sludge dewatering thus had a negative impact on the
sludge quality, while heavy metal loss from sludge contributed significantly to the total
influent heavy metal load (5–12%). In the case of enhanced heavy metal removal during
primary treatment, the primary sludge will contain larger amounts of heavy metals, while
secondary sludge will likely contain smaller amounts of heavy metals (depending on the
partitioning of heavy metals between secondary sludge and effluent), which may affect the
heavy metal losses/fate during sludge dewatering.

6.1. Adsorption Using Low-Cost Sorbents

Low-cost sorbents can be produced from many different materials. The lower cost
of such sorbents compared to traditional sorbents is associated with availability—being
abundant in nature or produced as a byproduct or waste from other activities/industries.
A low-cost sorbent should also require no or limited preprocessing before use, though
preprocessing that significantly increases the sorption capacity may be motivated [75].
Low-cost sorbents include:

• Natural materials such as zeolite and clay [75].
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• Waste materials such as agricultural residues/plant residues and industrial
by-products [76,77] including sewage sludge in wet or dried state [78]. Such waste
materials were also referred to as biosorbents when applied as sorbents. Biosor-
bents are living or dead microorganism biomass (e.g., bacteria, microalgal and fungal
biomass) [79,80], or derived from different lignocellulosic materials such as bark,
husks, shells, etc. [81].

• Biochars. Production of low-cost biochar use of various organic wastes/residues
were investigated, such as saw dust, rice husks, municipal waste, manure, sewage
sludge, etc. [82].

Relative sorption capacity (% removal) can generally be expected to increase at low
initial metal concentration. Removal of Cd, Cr, Cu, Pb, Zn, Hg and Ag may approach 100%
when the initial heavy metal concentration is low [83]. Low concentrations of metals thus
facilitate the use of low-cost sorbents with no or little preprocessing (the sorption capacity
does not need to be maximized to achieve high removal percentage). Possible challenges of
low-cost sorbents are to achieve stable sorption performance (since the properties of waste
materials may vary over time) and to separate the sorbent from solution (some sorbents
form small, low-density particles) [79,80].

The concurrent removal of COD and P by addition of low-cost sorbents is expected
to be relatively small. Utilization of biochars for P removal has generally considered
modification of the biochar with metal salts to enhance phosphate sorption capacity (FeCl3,
MgCl2) [84]. Peng et al. [85] found that phosphate was not sorbed but released from
unmodified sludge-derived biochar. Alkaline sorbents are generally considered appropriate
for heavy metal sorption since this is promoted by increased pH, and sorption of phosphate
is less efficient at high pH [85].

6.2. Coagulation/Flocculation

Coagulation/flocculation is widely used in WWTPs in association with primary set-
tling (for increasing solids and P removal) and in simultaneous precipitation (to enhance P
removal in ASP); it is also used as a tertiary treatment step (for P removal) [86]. Coagulation
refers to charge neutralization of colloids followed by agglomeration, while flocculation
occurs when small particles are joined together through physical bonds—both resulting in
formation of larger particles which can be removed through sedimentation. Aluminum,
iron and calcium salts are commonly-used coagulants, while polyaluminium chloride,
polyacrylamide and polyferric sulphate are commonly-used flocculants [64,86].

Johnson et al. [87] showed that removal of heavy metals (Cr, Cu, Pb, Ni, and Zn) in
primary treatment could be more than doubled by adding a coagulant (FeCl3) and an
anionic polymer (SS removal increased from 68% to 82%, indicating that the removal of
colloidal and dissolved metals also increased). More than 90% removal of Pb, Cu and Zn
was shown using commercial aluminum salt coagulants for treatment of combined sewer
overflow [88]. One of the possible mechanisms for removal of heavy metals was suggested
to be sorption to aluminum oxyhydroxide mineral phases. The concurrent removal of SS
was very high. The COD and P removal was not examined, but typical COD removal was
reported to be around 60%, which may lead to an insufficient C/N ratio for ASP/BNR.
Chemically-enhanced microsieving (as a replacement for primary settling) resulted in a
C/N ratio and P concentrations lower than those required for ASP/BNR (at >80% SS
removal) [71]. In this context, complete removal of solids (particle-bound heavy metals) is
generally not an option when conventional primary settling and ASP/BNR is applied. The
typical SS removal during conventional primary settling is ~60% [89].

Increased heavy metal removal in coagulation/flocculation systems is possible through
use of polymeric supports, which were impregnated with nanoparticles having high heavy
metal affinity. Such flocculation agents include chelating polymers and polymers impreg-
nated with metal hydroxides (e.g., Fe(III), Mn(IV)) [90]. The following are examples of
flocculation agents with improved heavy metal removal capacity:
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• Polymers in the form of EPS are naturally produced by bacteria. These contain
functional groups such as carboxyl, hydroxyl, amino and phosphate groups, which
are involved in the removal of heavy metals [91]. Polymers generated by bacteria
have also been referred to as bioflocculants. Bioflocculants, which are currently under
development, showed a high capacity for heavy metal removal, e.g., for Cd, Cu, Hg
and Zn [91]. Liu et al. [92] found that EPS extracted from activated sludge could
remove 37–99% of heavy metals (removal increased in the order: Ni < Co < Cd < Cr <
Cu < Zn) at a heavy metal concentration range of 10–100 mg/L.

• Heavy metal sorption capacity of polymers may be increased through impregnation
of polymers with chelating groups [90]. One such example is the application of the
natural material Chitosan, which was shown to remove Cu, Cr and Ni efficiently in
lab scale flocculation experiments [93].

• Hargreaves et al. [73] investigated heavy metal removal from municipal wastewater
effluent (after treatment in a trickling filter) by addition of ferric chloride (FeCl3),
polyethyleneimine (synthetic polymer), chitosan and floculan (biopolymers). Floculan
(a tannin-containing, modified plant-based material) performed removal of 77% Cu,
68% Pb and 42% Zn, while efficient Ni removal was not achieved. FeCl3 (which is
commonly used in conventional municipal wastewater treatment) achieved similar
removal of Cu, Pb and Zn. The drawback of FeCl3 application is that it contains Ni,
which may lead to increased Ni concentrations in treated wastewater. It also removes
considerable amounts of P (while P removal by floculan was negligible). COD removal
of both FeCl3 and floculan was less than 50%. Floculan is a commercially available
product, though a drawback is that it has a higher cost compared to FeCl3.

7. Current and Potential Heavy Metal Separation during Primary Settlement

Literature data on the potential removal of total heavy metal concentrations in primary
settlers are summarized in Table 5. The removal efficiency is in many cases reported to
be highest for Pb, while the lowest removal is often found for Ni, although the variation
is large.

In most cases, the sampling of influent was made before addition of return sludge
liquors, or it is unclear exactly at what point the influent was sampled, so the removal
during primary settling according to Table 5 may not be fully representative of the actual
removal capacity in primary settlers. Considering data from Goldstone et al. [42–44],
who sampled the influent both before and after addition of return sludge liquors, it is
evident that the calculated removal efficiency is larger for all heavy metals if the influent
concentrations after addition of return sludge liquors are considered. This is because the
return sludge liquors generally have a higher heavy metal concentration than the influent
(according to Brown et al. [23], 10–300 times higher) and thus add heavy metals to the
primary settler influent.

Brown et al. [23] found that the percentage of heavy metal removal during primary
settling was proportional to the total heavy metal concentration in the influent. Collected
data from six studies (Figure 2) show that there was a general trend (though not very
strong; R2 ≤ 0.21) that increased fractions of particulate heavy metals in raw wastewater
can increase the total heavy metal removal during primary settling. This trend could not
be shown for Cr and Pb. Since these heavy metals were mainly found in the particulate
fraction in all underlying studies, the considerably large variation in removal efficiency
might have had other causes than the heavy metal speciation (such as the settler loading/
HRT). It should be noted that the total removal efficiencies are uncertain since the influent
sampling was often made before addition of return liquors, or the exact sampling point is
not known for the underlying studies.
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Table 5. Removal of heavy metals during primary settling (%) (data for As not available).

Cu Cr Ni Pb Cd Zn Hg Ag

Removal Based on
Concentration/Mass
Flow/Not Specified

(C/M/n.s.)

Sampling Made Prior
To/After Return

Liquors/Not Specified
(P/A/n.s.)

Reference

9 2,4 2.5 - - 14 - - M - [22] a

12–70 17–36 - 28–67 0–25 22–68 13–54 - C n.s. [23] b

44 59 29 74 33 - - - C P [39] c

23 17 2 54 14 19 - - M n.s. [26]
59 60 67 71 67 73 75 - n.s. A [42–44]
39 55 43 50 41 64 62 - n.s. P [42–44]
22 - 22 23 - 20 52 - C P [41,94]
29 39 24 23 32 22 - - M P d [35] c

70 73 23 73 72 74 - - C P [27,28]
60 68 50 - 39 44 - - M P d [29]
32 55 15 61 50 53 57 - C n.s. [48]
61 47 22 65 68 60 61 43 M A [5] c, e

31 - 8 31 33 39 54 - C P f [47] c

12–70 17–73 2–67 23–74 0–72 20–74 13–75 - Range g

a Data from pilot plant experiments at influent heavy metal concentrations >10 mg/L. Removal was calculated based on amount of heavy
metals in primary sludge (not in primary settler effluent). No return liquors were added in the pilot plant. b Range of four different
treatment plants. c The data were estimated from graph. d Influent wastewater was sampled after addition of return sludge liquors and
after grit removal, but before return of another supernatant stream. e Removal was calculated based on distribution of heavy metals
between effluent, primary sludge and secondary sludge, i.e., mass flows. This is comparable to sampling the influent after addition of
return sludge liquors. f Average from 16 WWTPs. Most samples of influent wastewater were taken before addition of return sludge liquors.
g Data from Barth et al. [22] were not included, since the study was conducted with metal spiking of influent.

Figure 2. Total removal of heavy metals in primary settler at different fractions of particulate heavy metals in raw
wastewater. [35,39,41–44,47,48]. (Data for As and Ag not available.) The dotted lines represent the linear regression between
the fraction of particulate heavy metals in raw wastewater and total removal of heavy metals in the primary settler, and
strength of correlation is indicated with R2 values.

The total removal of heavy metals in the primary settler varied greatly between studies
and seemed to increase somewhat at higher fractions of particulate heavy metals in raw
wastewater. Nevertheless, the primary settler effluent concentrations correlated with the
concentrations in raw wastewater; see Figure 3. A similar correlation was found by Santos
and Judd [95] for the removal of heavy metals in ASP and membrane bioreactors.
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Figure 3. Total heavy metal concentrations after primary settling compared to total heavy metal concentrations in raw
wastewater. [35,39,41–44,47,48]. (Sufficient data for As, Ag and Hg not available.) The dotted lines represent the linear
regression between the total heavy metals concentrations in raw wastewater and total heavy metal concentrations after
primary settling (R2 values: 0.75, 0.99, >0.99, 0.99, 0.88 and 0.97 for Cu, Cr, Ni, Pb, Cd and Zn, respectively; linear
relations between concentration in raw wastewater (x) and concentration after primary settler (y): yCu = 0.29xCu + 39,
yCr = 0.45xCr − 0.42, yNi = 0.86xNi − 4.9, yPb = 0.31xPb + 7.5, yCd = 0.50xCd + 0.067, and yZn = 0.45xZn + 47; the
regression for Cu is not reliable, because the R2 value is not as high as for the other metals; the regression coefficient can be
taken as an estimation of the fraction of each heavy metal remaining after primary settling; the value of the intercept can be
interpreted as the average amount of metals added through return flows, and negative values are therefore unrealistic).

7.1. Potential Improvement of Heavy Metal Removal

In Figure 4, removal efficiencies for different heavy metals during primary settling
are given based on dissolved and particulate fractions in raw and settled wastewater.
Calculations of the total removal were made under the idealized assumption that 100%
of heavy metals which are “dissolved” and associated with particles, respectively, could
be removed.

Based on these idealized calculations, some indication is given on the potential of
enhancing removal of dissolved heavy metals (i.e., applying sorption technologies), or
enhancing removal of particle bound metals (i.e., applying coagulation/flocculation).

Enhanced removal of dissolved heavy metals seems to enable improved removal
mainly of Cu and Ni. For Pb, Cd and Zn, some of the studies indicate a possible improve-
ment of 50% or more. Sorption using low-cost sorbents may be an appropriate technology
for addressing enhanced removal of these metals. It must be stressed the sorption capacity
of the applied sorbent for each metal needs to be considered, and that some of the dissolved
heavy metals may be unavailable for sorption (as mentioned in previous discussion on the
fractioning between colloidal and truly dissolved/labile heavy metals). In the case of Cr
and Hg, the possible improvement (in total removal by enhancing removal of dissolved
metals) seems to be low.

Enhanced removal techniques associated with particles seem to enable improved
removal of all heavy metals, though the possible improvement of Ni removal seems to
be low in some of the cases. This indicates that coagulation/flocculation may be an
appropriate technology for addressing enhanced removal of these metals.
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Figure 4. Current removal during primary settling (removal dissolved, particulate, according to reference and calculated
removal) and potential for improved removal of dissolved (sorption) and particulate heavy metals (coagulation/flocculation)
for: (a) Cu; (b) Cr; (c) Ni; (d) Pb; (e) Cd; (f) Zn; (g) Hg. (Data for As and Ag not available.) The removals according to the
references (current dissolved and particulate removal) ([35,39,41–43,47,48]) are given compared to the calculated removal,
which were based on the concentrations given (not on mass flows). Negative values indicate that the concentrations
after primary settling were higher than the concentrations before primary settling. Comments regarding sampling points:
In [39,41], the influent was sampled before addition of return sludge liquors (i.e., the removal achieved by primary settling
might be somewhat underestimated). In [42,43], the influent was sampled after addition of return sludge liquors. In [35],
the influent was sampled after return of liquors from sludge digestion and after grit removal but before addition of another
supernatant stream. In [48], it is not clear if sampling was performed before or after addition of return sludge liquors.
In [47], average values from 16 WWTPs in the UK were given, and most samples of influent wastewater were taken
before return flows from sludge treatment. Comment on the “Removal according to reference” compared to “Calculated
removal”: In [39,41,47,48], the removal given in the references was calculated based on the concentrations in the liquid
phase. For [39,47,48], the removal calculated here is thus the same as the removal calculated in the references. The
calculated removal calculated for [41] differs from the removal given in the reference because of rounding error (rounded
off concentrations were given in the reference). In [35], the removal according to the reference was calculated based on mass
flows and thus differs somewhat to the removal calculated here. In [42,43], it is unclear if the removal in the reference was
calculated based on mass flow or concentration.
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Furthermore, emerging wastewater treatment technologies with high solids removal
efficiency may be beneficial in terms of residual heavy metals in effluents. A treatment
technology which is increasingly implemented is membrane bioreactors, which is a compact
technology with high effluent quality. Another wastewater treatment technology of interest
is mainstream anammox/AB-system (based on two successive biological treatment stages,
A and B, and using no primary clarifier). Mainstream anammox is a technology which is still
under development. The advantages of such systems are low external energy requirements
and compact construction [96]. With regards to potential heavy metal removal, the solids
concentration and removal in the A-stage are typically high which may facilitate removal
of both particle-bound and dissolved heavy metals.

8. Conclusions and Outlook

The removal of heavy metals during primary settling is determined by the speciation
of heavy metals in raw municipal wastewater and the sorption/desorption of heavy metals
occurring in the settler. Volatilization is relevant for some metals, e.g., heavy metal Hg
(and semi-metal Sb). Liquors from sludge-thickening and dewatering are often returned to
the primary settler. These may increase the heavy metal removal in the primary settler if
the concentration of SS is increased or if containing residue of ferric chloride coagulant.
Furthermore, changes in redox potential may affect the heavy metal speciation and thus
removal. Decreased heavy metal removal may be a result if return liquors contain large
amounts of heavy metals associated with fine particles. Heavy metals contained in process
chemicals used in secondary or tertiary treatment may contribute to the total heavy metal
load entering the primary settler via return liquors. Return sludge from ASP/BNR is
sometimes recirculated to the primary settler head, and biomass uptake/sorption may in
that case support heavy metal removal.

Mechanisms of heavy metal removal during primary settling are not fully understood.
Missing or disparate information on process parameters such as HRT, pH and composition
of return flows makes it hard to generalize the findings from different studies.

Knowledge concerning the speciation of heavy metals is of importance to design
appropriate removal technologies. Research is not consistent in considering total and
dissolved concentrations (<0.45 or 0.2 µm). Studies which attempted to elucidate heavy
metal speciation further applied different methods for pre-processing wastewater before
analysis of heavy metals, resulting in different definitions of heavy metal speciation. One
definition is particulate, dissolved and truly dissolved and the other definition is particulate,
inert and labile. The different ways of defining heavy metal speciation in wastewater make
it difficult to compare the results of different studies. However, additional studies including
such detailed information regarding heavy metal speciation in influents, effluents and
sludge could shed further light on the mechanisms of heavy metal removal in WWTPs.

The variation of total heavy metal concentrations and dissolved fraction in raw mu-
nicipal wastewater points to a need for site-specific assessment of appropriate technologies
for improved heavy metal removal.

Modelling may be helpful to increase the understanding of heavy metal removal
during primary settling. So far, full-scale modelling of heavy metal removal during
primary settling was made under the assumption that the removal of heavy metals is
determined by the distribution of heavy metals between particulate and dissolved fractions
in raw wastewater and did not consider the possible sorption/desorption which may
occur during the process. Knowledge on the speciation of heavy metals and distribution
between particulate and colloidal/truly dissolved or inert/labile may be implemented
in models. However, in standard WWTP modelling applied at many WWTPs around
the world (the “activated sludge model” [51]), the dynamics of colloidal particles are
not described. No literature model for heavy metal speciation/removal from municipal
wastewater has considered parameters such as hardness, alkalinity and redox potential of
the wastewater.
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Coagulation/flocculation and use of low-cost sorbents were identified as the most
promising methods for enhancing heavy metal removal during or directly following pri-
mary settling. In the context of decreased heavy metal concentrations in both effluent
and sludge from ASP/BNR, the treatment technology should not only enable high heavy
metal removal but also: be suitable in wastewater of high solids concentration; have low
impact in terms of, e.g., energy use and sludge production; the concurrent removal of P
and organic matter should be low. In the case of coagulation/flocculation, the concurrent
removal of organic matter and P needs to be controlled to assure that the C/N ratio and P
concentrations are sufficient for subsequent ASP/BNR. Moreover, the possible complexa-
tion of heavy metals during ASP/BNR will likely decrease if the MLSS is decreased, which
is of importance for the removal from the liquid phase/effluent. Application of low-cost
sorbents during primary settling of municipal wastewater was not examined previously, to
our knowledge. Based on the heavy metal speciation (Cd, Cr, Cu, Ni, Pb, Zn and Hg) and
current removal capacity of primary settlers, it is proposed that sorption technologies may
be most effective for enhancing the removal of Cu and Ni, and in some cases of Pb, Cd and
Zn. Furthermore, the studies concerning heavy metal speciation and removal reviewed
here indicate that the fraction of dissolved Cr and Cd may likely be smaller at higher total
influent heavy metal concentrations. Sorption technologies may thus be less efficient in
the case when Cr and Cd concentrations are higher. Coagulation/flocculation may be
efficient for increasing removal for all the heavy metals studied, with possibly less impact
on Ni removal.
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Abstract: Due to the increase in contamination of aquatic niches by different heavy metals, different
technologies have been studied to eliminate these pollutants from contaminated aquatic sources.
So the objective of this work was to determine the removal of cobalt (II) in aqueous solution by
the biomass of the aquatic lily or water hyacinth (Eichhornia crassipes) which, is one of the main
weeds present in fresh water, due to its rapid reproduction, growth, and high competitiveness, by
the colorimetric method of the methyl isobutyl ketone. The removal was evaluated at different
pHs (4.0–8.0) for 28 h. The effect of temperature in the range from 20 ◦C to 50 ◦C and the removal
at different initial concentrations of cobalt (II) of 100 to 500 mg/L was also studied. The highest
bioadsorption (100 mg/L) was at 28 h, at pH 5.0 and 28 ◦C, with a removal capacity of 73.1%, which
is like some reports in the literature. Regarding the temperature, the highest removal was at 50 ◦C, at
28 h, with a removal of 89%. At the metal and biomass concentrations analyzed, its removal was
82% with 400–500 mg/L, and 100% with 5 g of natural biomass at 20 h. In addition, this completely
removes the metal in situ (100 mg/L in contaminated water, at 7 days of incubation, with 10 g
of natural biomass in 100 mL). So, the natural biomass can be used to remove it from industrial
wastewater, even if in vivo, only eliminate 17.3% in 4 weeks.

Keywords: contaminants; heavy metals; removal; cobalt; water hyacinth; biomass

1. Introduction

The great industrial growth has produced a progressive increase in wastewater dis-
charges from the same and, therefore, a deterioration in water quality. Pollutants pose a
danger to both human and environmental health. Some pollutants are of organic origin,
such as hydrocarbons and pesticides, and inorganic, such as heavy metals and dye, which
play a fundamental role due to their importance and potential danger [1,2]. Although
heavy metals are present in water naturally, these are usually found at levels less than
1 mg/L, despite their low concentration levels, they have important chemical and biological
implications in systems natural aquatic [3]. When they are above certain concentrations, as
occurs in the case of some discharges, they become harmful both for the environment and
for living beings, being able to affect the normal metabolism of an organism, either because
they bind to non-specific biomolecules or because they cause oxidative damage due to its
ability to catalyze oxidation-reduction reactions. This can lead to a deactivation of essential
enzymatic reactions, damage to cell structures or DNA (mutagenesis). In humans, short
exposures to high levels of certain metals can cause symptoms of acute toxicity, while
long exposures to lower levels can lead to allergies or even cancer [4]. Some metals that
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are of great toxicological and exotoxicological importance are: mercury, chromium, lead,
cadmium, nickel, cobalt, and zinc, which, once released into the environment, accumulate
and concentrate in the soil and sediments, where they can remain for hundreds of years
affecting ecosystems. Therefore, it is more feasible to control the problem from the source
of emission before they reach the environment [5]. Currently, the most used methods to re-
move heavy metals in wastewater are chemical precipitation, filtration, coagulation, solvent
extraction, electrolysis, membrane separation, ion exchange, and sorption techniques [6].
Some of these processes can become expensive, given the high operating costs and require-
ments energetic, as is the case of polymeric resins, which are quite efficient, but not very
economical. For example, although ion exchange useful for effective water purification,
resins are expensive due to that its synthesis is complex and fossil resources are used as
the basis for its preparation. On the other hand, electrochemical treatments, and methods
of membrane separation systems are relatively expensive, either because they require
sophisticated equipment and because of the high energy expenditure associated with their
functioning [6]. The process known as sorption refers to the capacity of certain materials to
bind to anions and cations (as is the case with metals). During the sorption, metals bind
to active centers found on the surface of materials through different mechanisms [1], and
these generally include physical adsorption, ion exchange adsorption, chelation, complex
formation, microprecipitation, visible-light-responsive photocatalysts [7], or absorption [8].
The sorption with biological sorbents is also known as biosorption and, as indicated, it
can be used in remediation processes with low cost and high efficiency, allowing the min-
imization of chemical waste or biological [9]. It happens when metal cations are joined
by electrostatic interactions to the anionic sites found in biosorbents. These sites, that
serve as active centers for biosorption, are in the carboxyl, hydroxyl, amino, or sulfonic
groups, which are part of the structure of most naturally occurring polymers [6,10]. In
Mexico, agribusiness is one of the most important activities due to its growth in recent
years, and it is the one that generates the most by-products that are not used [11], among
which are: coffee bagasse, agave, maguey, sugar cane, straws from different crops, organic
residues of fruits and vegetables [12]. In this regard, the use of different plant products and
other materials like nanocomposite, glutathione-magnetite [13], and natural locust bean
gum-based hydrogels [14], with the ability to accumulate and/or bioadsorb heavy metals
and other pollutants has been reported.

On the other hand, the water lily or water hyacinth (Eichhornia crassipes) is an aquatic
macrophyte plant, which is used as an ornamental species for its showy flowers in ponds
and aquariums, it is native from South America mainly in the Amazon and Silver basins, it
came to Mexico at the end of the 19th century, where it spread rapidly until it became a
plague spreading throughout the country, which is considered one of the worst weeds in the
world [15]. The only places where it has not been recorded are the states of Baja California
Sur, Tlaxcala, and Zacatecas [16]. The water lily has been reported almost always alive, to
accumulate and remove different pollutants, among which are heavy metals, for example:
the accumulation of copper and cobalt [17], the decrease of arsenic from waters of a town
in Peru [18], the accumulation of silver [19], removal of cadmium from wastewater [20],
phytoremediation of cyanided water [21], the phytoextraction of arsenic, cadmium, and
copper in an artificial wetland with different plants [22], the removal of different heavy
metals by the biomass of different aquatic plants (E. crassipes, Potamogeton lucens and
Salvinia herzegoi) [23,24], the phytoremediation of an effluent contaminated with mercury in
a wetland in Antioquia (Colombia) [25], the elimination of mercury, cadmium, and arsenic
from wastewater [26], and the phytoremediation of methylene blue by the same plant [27].
Therefore, the objective of this work was to evaluate the adsorbent capacity of the biomass
of the water lily (E. crassipes) in the removal of cobalt (II) in an aqueous solution.
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2. Materials and Methods
2.1. Bioadsorbent Used

Initially, the water lily plant was obtained from the San José Dam, San Luis Potosí,
S.L.P. Mexico (Figure 1a), located to the west of the city, it is the best known dam in San Luis
Potosi, it has an area of 344 hectares, inaugurated on 3 September 1903, with the capacity
to hold up to 10 million cubic meters of water retained by a curtain of 32 m high and 100 m
long, built almost entirely from a quarry. It is the most prominent dam in the state, and it
is a protected natural area in the form of an urban park. To obtain the biomass, the plant
was washed 24 h with EDTA at 10% (p/v), and later 1 week in tridesionized water with
constant agitation, with water changes every 12 h, and boiled for 60 min to remove dust and
adhered organic components, and washed again under the same conditions (Figure 1b). It
was dried at 80 ◦C for 24 h in a bacteriological oven, ground in a blender, and stored in
amber flasks until use (Figure 1c).

Figure 1. Natural biomass of water lily utilized: (a) water lily growth in San José Dam. San Luis Potosí, S.L.P. México (b)
Water lily collected and washed (c) Stored and ground biomass.

2.2. Cobalt Solutions

We worked with 100 mL of a 100 mg/L solution of cobalt (II) obtained by diluting
1.0 g/L of standard solution prepared in tridesionized water from CoCl2 (Analit Brand,
St. Petersburg, Russia). The pH of the dilution to be analyzed was adjusted to the desired
value (4, 5, 6, 7, and 8), with 1 M H2SO4 and/or 1 M NaOH, before adding it to the biomass.

2.3. Determination of the Concentration of Divalent Cobalt

Cobalt (II) concentration in aqueous solution was determined by UV spectroscopy in a
double-beam UV-Visible spectrophotometer Shimadzu UV-2101PC, using methyl isobutyl
ketone [28]. In a separation funnel, to 500 µL of the test solution (100 mg/L of cobalt II), add
0.5 mL of 20%/(p/v) ammonium thiocyanate solution, then add 5 mg of fluoride sodium
(to eliminate contaminating ions in the sample), finally, 4 mL of methyl isobutyl ketone are
added, stirred gently for 1 min and left to rest for 10 min observing the development of
a blue color, and the absorbance of the sample is read at 622 nm. Samples were taken at
different times, and the natural biomass was removed by centrifugation (3000 rpm/5 min),
and the supernatant was analyzed to determine the concentration of the metal in solution.
The instrument was calibrated to zero with a blank of the reagents used without the
addition of the metal, determining the cobalt concentration with a calibration curve of
0–100 mg/L of the metal. All experiments were performed 3 times and in duplicate.
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3. Results
3.1. Effect of Incubation Time and pH

Initially, the bioadsorption of 100 mg/L of cobalt (II) was analyzed, at different
incubation times at the following pH values: 4.0, 5.0, 6.0, 7.0, and 8.0 finding that at pH 5.0,
73.1% of the metal was removed at 28 h (Figure 2).

Figure 2. Effect of pH and incubation time on the removal of cobalt (II) by E. crassipes. 100 mg/L
cobalt (II). 28 ◦C. 100 rpm. 1 g of natural biomass.

3.2. Effect of Temperature

In relation to the temperature, the highest removal was observed at 50 ◦C, since at
28 h 88.9% of the metal in solution is removed, while at 20 ◦C, 58.3% is removed at the
same time (Figure 3).

Figure 3. Effect of temperature on the removal of cobalt (II) by E. crassipes. 100 mg/L cobalt (II).
pH 5.0. 100 rpm. 1 g of natural biomass. 28 h of incubation.
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3.3. Effect of the Concentration of Cobalt (II)

Regarding the effect of different concentrations of cobalt (II) in solution, on its removal,
at a pH of 5.0 ± 0.2, with 1 g of E. crassipes biomass, at 28 ◦C, and 100 rpm, it was found
that, at a higher concentration of the metal, the removal is greater, up to 400–500 mg/L of
the metal, it removal 82% of it at 28 h of incubation (Figure 4).

Figure 4. Effect of concentration of cobalt (II) (mg/L) on the removal of cobalt (II) by E. crassipes.
pH 5.0. 28 ◦C. 100 rpm. 1 g of natural biomass. 28 h of incubation.

3.4. Effect of Initial Biomass Concentration

In Figure 5, the effect of biomass concentration on metal removal is observed. If the
concentration of this is increased, the elimination of the metal in solution is increased,
because with 5 g of biomass, 100% is removed after 20 h, while with 1 g of biomass, 63.2%
is removed in the same incubation time.

Figure 5. Effect of E. crassipes biomass (g/L) on the removal of 100 cobalt (II). pH 5.0. 28 ◦C. 100 rpm.

3.5. Removal of Co (II) in Industrial Wastes

A cobalt (II) bioremediation test was carried out from water contaminated with
100 mg/L of the metal (adjusted), obtained from an industrial effluent lagoon (Tenorio
Tank) located to the east of the capital city of San Luis Potosí, S.L.P. Mexico, with 5 and 10 g
of natural biomass, observing that this removal 90.1% and 100% of the metal, respectively,
at 7 days of incubation (Figure 6).
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Figure 6. Cobalt (II) bioremediation by E. crassipes biomass from contaminated water (100 mL) with
100 mg of cobalt (II)/L. pH 5.0 (adjusted). 28 ◦C. 100 rpm. 5 and 10 g of biomass.

3.6. Removal of Cobalt (II) In Vivo

Finally, an in vivo experiment was carried out with water lily plants (lily A and lily B),
incubating them in the presence and absence of a 100 mg/L solution of cobalt (II) (adjusted)
and pH 6.8, in a final volume of 250 mL, from a lagoon of industrial effluents, taking
5 mL samples every week for a month, determining the concentration of the metal in the
supernatant, finding that at 4 weeks of incubation, 17.3% of the metal under study was
removed (Figure 7), which is less than that reported in the previous experiment, and also,
the plant that was incubated in the presence of the metal, grew less and slowly lost its
green color (data not shown).

Figure 7. In vivo removal of 100 mg/L cobalt (II) (adjusted) from water contaminated (250 mL) by
E. crassipes live. pH 6.8. 28 ◦C. Static conditions.

4. Discussion

Cobalt has an irreplaceable functionality in modern technology, it is an element that
occurs naturally in the earth’s crust. It is a very small part of our environment. It is a
component of vitamin B12, which helps in the production of red blood cells. Animals
and humans need very small amounts to stay healthy. Metal poisoning can occur when
the human is exposed to large amounts of this element, an excessive metal exposure can
result in a range of symptoms/conditions in humans including goitre and reduced thyroid
activity [29]. There are three basic ways that cobalt can cause poisoning: ingest it in excess,
inhale it in large quantities into the lungs, or by constant contact with the skin. EPA has
not established a Reference Concentration (RfC) or a Reference Dose (RfD) for cobalt.
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The California Environmental Protection Agency 3 (CalEPA) has established a chronic
reference exposure level of 0.000005 milligrams per cubic meter (mg/m3) for cobalt based on
respiratory effects in rats and mice [30,31]. Therefore, it is very important to try to eliminate
it from the different environmental niches, using technologies like natural biomasses, that
are efficient, cheap, and that do not pollute the environment anymore [32,33].

In this work, we analyze the application of the water lily plant biomass for the removal
of cobalt (II) in solution. Initially, the bioadsorption of the metal was analyzed, at different
incubation times and pH values finding that at 28 h and pH 5.0, the removal was 73.1%.
In this regard, the literature reports an optimal incubation time of 24 h with removal of
the same metal of 93%, 77.5%, and 70.4%, for the fungus Paecilomyces sp., Penicillium sp.
and Aspergillus niger, respectively [33], 20 min with 20 mg/L using Citrus lemon leaves
powder [34], 180 and 120 min for the removal of 25–27 mg/L (76%), and 24.3 mg/L (24.3%),
with red marine algae Callithamnion corymbosum biomass [35], and XAD-4 resin modified
with Anoxybacillus kestanbolienis [36], a time of 60 min for the removal of 2.557 mg/g, with
Luffa cylindrica as biosorbent [37], 120 min for elimination of 57.34% of 100 mg/L with palm
kernel mesocarp fiber modified [38].

With respect to pH, the optimum was 5.0 (73.1% of removal at 28 h) and has been
reported a pH optimum of 2.0, 4.4, 5.0, 6.0, and 4.5 for C. lemon leaves powder and C.
corymbosum biomass [34,35], XAD-4 resin modified with A. kestanbolienis [35], L. cylin-
drica, [37], and palm kernel mesocarp fiber modified [38] as biosorbents, respectively. This
phenomenon can be explained based on the less competition between positively charged
H+ and Co+2 ions for the similar functional group. As the pH rises, more ligands are
exposed and the number of negatively charged groups on the adsorbent matrix probably
increases, improving the removal of the cationic species [39]. Also, it was found that the
higher temperature, the bioadsorption of the metal is greater. In this regard, our results
are similar for three fungal species the literature reports an optimal incubation time of
24 h with a maximum adsorption of 100%, 97.1%, and 94.1%, respectively, at 50 ◦C for
Paecilomyces sp., Penicillium sp. and A. niger, respectively [33], for P. catenlannulatus, as the
uptake of cobalt (II) increase with increasing temperature from 20–40 ◦C [40], Cocos nucifera
L. leaf powder [41], and F. benghalensis leaf powder [42], but are different for C. corymbosum
biomass, bark of Eucalyptus, and spent green tea leaves, for the removal of the same heavy
metal, which the optimum temperature was 22 ◦C [9,35,43], and for the removal of cobalt
(II) with L. cylindrica as biosorbent, where a range of temperature of 10 ◦C to 40 ◦C, not
affect the removal [37]. On the other hand, enhancement of the adsorption capacity of
the fungal biomasses, at higher temperatures may be attributed to the activation of the
adsorbing surface, the accelerated diffusivity of metal with the increasing temperature and
the increase in the mobility of metal ions [39].

Regarding the effect of different metal concentrations in solution, it was found that,
at a higher concentration of this, the removal is greater. This may be due to the increased
number of competing for the functional groups of the surface of the biomass ions [23], and
this is similar for bark of Eucalyptus, with a range of 20–200 mg/L of metal concentra-
tion [43], for the Cyanobacterium Spirulina platensis, because the cobalt (II) biosorption,
increased proportionately with increasing its concentration, attaining a maximum value
of 181 mg cobalt (II)/g with 600 mg/L initial concentration of the metal [44], for leaves of
Tectona grandis (teak) tree were collected from the farm lands in Vellore District, India [45],
and for the fungi Paecilomyces sp., Penicillium sp. and A. niger, respectively, in which if
increase the metal concentration of 50–300 mg/L, increase the percentage of removal [33].
However, it is different for the algae H. valentiae, for which a higher initial concentration of
cobalt (II), decreases the percentage removal [39], too for the calcium alginate of seaweed
Macrocistis piryfera, [46], rice straw natural and activated rice straw [47].

On the other hand, if the biomass concentration is increased, the elimination of the
metal in solution is increased, with more biosorption sites of the same, because the amount
of added biosorbent determines the number of binding sites available for metal biosorption.
These results are similar for C. lemon leaves powder, in which the adsorption capacity of
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cobalt (II) was increased with an increase in an adsorbent dose up to 0.1–0.5 g, however,
the percent removal decreases at higher concentrations, and the maximum adsorption
occurs at 60 ppm [34], as well as with 50 to 200 mg of XAD-4 resin modified with A.
kestanbolienis [36], with 0.5–1.0 g for palm kernel mesocarp fiber modified [38], bark of
Eucalyptus, with a range of 0.02–0.6 g/L of biomass concentration [43], and spent green
tea leaves, with 0.04–0.25 mg/L of biomass [9], but are different for C. corymbosum biomass,
in which the removal is not increased if the biomass concentration increases [35], and for
L. cylindrica and palm kernel mesocarp fiber modified as biosorbent, in which if increase
the biomass concentration of 10–100 mg/L, diminish the removal capacity [37,38].

It has been suggested that the water lily or water hyacinth has some advantages to
treat industrial and domestic wastewater, sewage effluents, and sludge ponds, due to its
high absorption capacity for different organic and inorganic pollutants, it can tolerate an
extremely polluted environment and has a great capacity for biomass production [23,24].
Therefore, a cobalt (II) bioremediation test was carried out from water contaminated from
an industrial effluent lagoon (Tenorio Tank), observing that this removal 90.1% and 100%
of the metal, with 5 and 10 g of biomass, respectively at 7 days of incubation. which
coincides with some reports in the literature with different biomasses and microorganisms
in the removal of the same metal such as: the fungi Paecilomyces sp., Penicillium sp. and A.
niger [33], for different water samples with XAD-4 resin modified with A. kestanbolienis [36],
the adsorption of cobalt ions was evaluated using sediment samples from water bodies [48],
the restoration of different soils and water by different biosorbents [49], the accumulation
of copper and cobalt by E. crassipes [17], the bioremediation of waters contaminated with
different heavy metals with the biomasses of the green bitter orange peel (Citrus aurantium),
kumquat (Citrus japonica) and fine palomino grape seed (Vitis vinifera “Palomino”) [50].

An in vivo experiment was also carried out with water lily plants, incubating them in
presence and absence from water contaminated with the metal, from a lagoon of industrial
effluents, finding that at 4 weeks of incubation, 17.3% of the metal under study is removed.
In this regard, it has been reported that the water hyacinth can survive in presence of 60 µM
of copper and cobalt during 60 days of incubation [17], the survival of water hyacinth
in presence of a mixture of heavy metal concentrations of up to 3 mg/L, while at high
concentrations of some metals (100 mg Cd/L), they caused a rapid discoloration of the
plants [51], the removal of 0.02 mg/L of cadmium (II) from acid mining drainage with
E. crassipes, for 14 days [52], a removal efficiency of 83.57% from simulated water with
2 mg/L of cadmium (II) using E. crassipes during 11 days [20], the removal of arsenic,
cadmium, and Cupper from artificial wetlands for 60 days at a pH of 6.5, with different
plants [22], the removal of 71% of 0.325 mg/L of mercury of wastewater from the mining
industry for 7 months [25], and the phytoremediation of Nickel and Lead from soil and
waters contaminated, using the same plant (water lily) [53].

5. Conclusions

In this study, cobalt (II) removal by the water lily biomass was analyzed. The per-
formance of the biosorbent was examined as a function of the operating conditions, in
particular: incubation time, pH, temperature, initial metal ion, and biomass concentration,
as well as the phytoremediation of water contaminated in vivo and in vitro. The experimen-
tal evidence shows a strong effect of the experimental conditions. Maximum biosorption
capacity values showed that the biosorbents used are very effective in the removal of cobalt
(II) from aquatic systems in the conditions analyzed. Where the ease of production and
economical parameters are concerned, it was observed that E. crassipes biomass, is a very
promising biomaterial for removal or recovery of the heavy metal studied.
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Abstract: Water pollution by heavy metals has significant effects on aquatic ecosystems. Copper is
one of the heavy metals that can cause environmental pollution and toxic effects in natural waters.
This encourages the development of better technological alternatives for the removal of this pollutant.
This work explores the application of ZnO nanoparticles (ZnO-NPs) for the removal of Cu(II) ions
from acidic waters. ZnO NPs were characterized and adsorption experiments were performed under
different acidic pHs to evaluate the removal of Cu(II) ions with ZnO NPs. The ZnO NPs were
chemically stable under acidic conditions. The adsorption capacity of ZnO NPs for Cu(II) was up to
47.5 and 40.2 mg·g−1 at pH 4.8 and pH 4.0, respectively. The results revealed that qmax (47.5 mg·g−1)
and maximum removal efficiency of Cu(II) (98.4%) are achieved at pH = 4.8. In addition, the surface
roughness of ZnO NPs decreases approximately 70% after adsorption of Cu(II) at pH 4. The Cu(II)
adsorption behavior was more adequately explained by Temkin isotherm model. Additionally,
adsorption kinetics were efficiently explained with the pseudo-second-order kinetic model. These
results show that ZnO NPs can be an efficient alternative for the removal of Cu(II) from acidic
waters and the adsorption process was more efficient under pH = 4.8. This study provides new
information about the potential application of ZnO NPs as an effective adsorbent for the remediation
and treatment of acidic waters contaminated with Cu(II).

Keywords: adsorption; copper; zinc-oxide nanoparticles; nanomaterials; acid mine drainage

1. Introduction

Surface and groundwater contamination by heavy metals is a growing concern. One
of the major sources of heavy metals is the contamination derived from acid mine drainage
(AMD) release [1–3]. AMD is characterized by low pH and high concentrations of sulfate
and dissolved metals and metalloids, causing severe damage to aquatic ecosystems [1,2].
Among the metals that are commonly released are iron, copper, lead, zinc, silver, arsenic,
aluminum, manganese, antimony, selenium, among others [4]. Heavy metals and met-
alloids affect the quality of surface and groundwater resources, mainly because they are
non-biodegradable, toxic at low concentrations, and easy to accumulate in the tissues
of various living organisms [5,6]. They can cause serious harm to human health from
cancer to nervous system problems [7–9]. Thus, the study and development of sustainable
technologies to remove these pollutants have gained attention in recent years.

One of the metals that are most widely present in surface waters is copper, mainly
because of its multiple industrial applications [10–12]. In addition, many mining operations
release acid runoff with high Cu concentrations, affecting unique ecosystems [13,14]. In
native systems, Cu is usually found as a divalent cation (Cu(II)) and is quite mobile at
low pH values, which makes the treatment of copper-enriched AMD more and more
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relevant [15]. Copper is quite toxic even at low concentrations and its antimicrobial effects
can cause substantial damage to the biodiversity of both microorganisms and higher
organisms [16]. Thus, polluted waters with copper must be treated to reduce their impact
on the environment [16]. The World Health Organization (WHO) establishes that the
maximum limit of the concentrations of copper ions in drinking water should not exceed
2 mg·L−1. In recent years, significant efforts have been made to develop technologies
for the treatment and removal of copper from polluted waters, in order to respond to
the environmental effects of copper and the projected scarcity of water resources. In this
context, technologies based on adsorption, ion exchange, photocatalysis, filtration and
reverse osmosis methods have been extensively studied [16–27]. However, adsorption
methods are the most cost-effective and have been the subject of various studies. The
costs associated with adsorption technologies for water treatment vary from USD 10 to 200
per million liters [28,29] while the other conventional technologies such as ion exchange,
reverse osmosis, ultrafiltration and electrodialysis have costs ranging from USD 15 to 450
per million liters [29] (Appendix A). Despite this, in recent years improvements in the
removal process based on the use of nano-adsorbents have emerged as an alternative that
can improve the adsorption capacity because of characteristic properties of nanomaterials
such as higher surface area and greater potential for functionalization.

Various materials have been studied for the removal of Cu from wastewaters. The
use of adsorbent materials based on carbon, such as activated carbon and graphene, has
shown to be a suitable alternative for the removal of Cu, with adsorption capacities over
30 and 40 mg/g, respectively [30,31]. Other adsorbents studied at low pH have presented
variable efficiency, with adsorption capacities of 20.97 and 31.7 mg/g for waste slurry
and pecan shells activated carbon, respectively [32,33]. In addition, some nanomaterials
that have shown high efficiency to remove copper from polluted waters are graphene ox-
ides [34], biopolymers-based adsorbents [35,36], organic polymers [37], magnetic nanopar-
ticles [38,39] carbon nanotubes [40–42], silica-based nanomaterials [43], metallic NPs [44].
Among the metallic nanoparticles that have been studied for the removal and adsorption
of heavy metals, Zinc oxide (ZnO) has shown excellent results because of its catalytic
properties. ZnO nanoparticles (NPs) have a high potential to be used as nano-adsorbents
since they have a large specific surface area and various functional groups that favor their
interaction and removal of heavy metals from aqueous solutions [45]. It has other advan-
tages, such as high resistance to chemical and optical corrosion, high chemical stabilization,
biocompatibility, environmentally friendly and is non-toxic in nature [46,47]. On one hand,
ZnO NPs have antibacterial properties that inhibit the growth of both Gram-positive and
Gram-negative bacteria, which may be optimal as an antifouling mechanism in sorbent
media [48,49]. ZnO NPs are cheap compared to carbon-based nanomaterials, can be pro-
duced on a large scale, have a good photocatalytic performance and have a high removal
efficiency of various inorganic pollutants such as heavy metals [47,48,50]. Li et al., 2014 [51]
reported that ZnO NPs can adsorb heavy metals by the various kinds of hydroxyl groups
present on their surface. Several studies have used ZnO for the removal of toxic pollu-
tants, such as Cr (VI), Ni(II), Pb(II) [52–56]. However, few studies have focused on the
removal of Cu(II) [57,58]. Wang et al. [59] showed that ZnO particles encapsulated in
hollow microspheres are more efficient for the removal of Cu(II), Cd(II) and Pb(II) cations
than commercial ZnO particles. Meanwhile, Primo et al., 2020 [60] showed a high removal
of Cu(II) ions with ZnO NPs synthesized using the Aloe vera green synthesis route. Despite
this, there are very few studies that have focused on the removal of Cu(II) from acidic
waters where Cu(II) ions can be found in higher concentrations. Indeed, the adsorption of
Cu(II) ions onto ZnO NPs is poorly covered in the literature, and there are practically no
studies in acidic waters. Hence, the relevance of pH in the adsorption efficiency of Cu(II)
should be studied to evaluate the potential scaling of ZnO nano-adsorbents in acidic water
treatment technologies.

In this work, we presented our preliminary results about the use ZnO NPs as nano-
adsorbents of Cu(II) ions from AMD waters. Cu(II) removal rates were evaluated in
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batch adsorption tests under different pHs. Experimental data were fitted using different
isotherms models in adsorption experiments. Using ZnO NPs has the advantage of having
a good cost-effectiveness ratio compared to other nanomaterials such as graphene, CNTs
and magnetic nanoparticles (Appendix B). The study of the adsorption capacity under
different pHs will allow exploring potential uses as emerging and sustainable technologies
for the removal of Cu(II) from AMD waters. In addition, knowing the removal effectiveness
in AMD waters allows determining its chemical and functional stability under more
aggressive conditions, which can give it a comparative advantage compared with other
commercial adsorbents and can promote effective scaling in real conditions.

2. Materials and Methods
2.1. Materials

Commercially produced ZnO NPs (≤100 nm) were purchased from SigmaAldrich
(St. Louis, MO, USA) and in this study were used without further purification. Cooper-
enriched synthetic acid wastewater was prepared by adding NaNO3 and CuSO4·5H2O
to deionized (DI) water. Sulfuric acid (H2SO4), hydrochloric acid (HCl), and absolute
ethanol (C2H5OH) were purchased from Merck. All the reagents and solvents used were
of analytical reagent grade and all solutions were prepared with deionized (DI) water.

2.2. Preparation of ZnO Nanoadsorbents

ZnO NPs with an average size of 100 nm were used in batch adsorption experiments.
The ZnO NPs suspension was obtained through the dispersion into absolute ethanol
(0.33 mg·mL−1), and then the solution was sonicated for 40 min. Finally, the ZnO NPs were
separated from the liquid by centrifugation (4000 rpm, t = 30 min), washed three times
with ethanol and kept hermetically sealed until their use in adsorption studies.

2.3. Characterization Techniques

Prior to adsorption experiments, ZnO NPs were characterized using Raman spec-
troscopy, scanning electron microscope (SEM) coupled with energy-dispersive X-ray spec-
troscopy (SEM-EDX), field emission scanning electron microscopy (FESEM) and Brunauer–
Emmett–Teller analysis.

Raman spectra were recorded using WITec Alpha 300 RA confocal Raman microscope
with AFM (WITec GmbH, Ulm, Germany). The scanning electron micrographs were
determined by using a scanning electron microscope (SEM) (JSM-IT300LV, JEOL, Tokyo,
Japan) coupled with energy-dispersive X-ray spectroscopy (Oxford Instruments, High
Wycombe, UK) (SEM-EDX). The scanning electron micrographs (SEM-EDX) were used
to confirm the nanoparticle size and elemental mapping on the nanometer scale of ZnO
NPs. On the other hand, field emission scanning electron microscopy (FESEM) images of
the ZnO NPs were obtained using a scanning electron microscope (Quanta 250 FEG, FEI
Co., Hillsboro, OR, USA) equipped with an EDX (XFlash 5010; Bruker AXS Microanalysis,
Berlin, Germany). The FESEM images were used to analyze the surface topography and
fine morphology of the ZnO NPs.

The specific surface area and pore volume of the ZnO NPs were determined by
Brunauer–Emmett–Teller analysis (BET) N2 adsorption–desorption analysis (Micromeritics
Instruments Corp., Norcross, GA, USA). Finally, the pH of the point of zero charge (pHPZC)
and zeta potential for ZnO NPs was determined by adjusting 0.01 M NaCl solutions to
different pH values from 2 to 12 using 0.1 M NaOH and 0.1 M HCl added dropwise. Then,
30 mg of ZnO NPs were added to test tubes with 40 mL of the different pH solutions and
shaken at 380 rpm at room temperature for 24 h. The final pH and zeta potential were
measured using a pH meter (PHC301, HACH, Loveland, CO, USA) [41,61].

2.4. Batch Adsorption Studies

Equilibrium isotherms for Cu(II) were obtained in batch adsorption studies using
ZnO NPs as nano-adsorbents. Experiments were performed Cu(II) concentrations ranging
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between 3.0 and 24.0 mg·L−1. The Cu(II) solution was prepared by adding CuSO4·5H2O
to deionized (DI) water.

The experiments were performed under two pHs: (1) with the resulting pH of the
prepared solutions (Cu(II) solution + ZnO NPs) (pH = 4.8), and (2) with the pH adjusted to
4 by adding 0.01 M HCl (pH = 4.0) drop-wise and with continuous pH measurement until
pH 4.0 was reached. For batch experiments, 20 mg of the ZnO NPs were added into 40 mL
tubes with variable concentrations of Cu(II). The experiments were conducted in triplicate
with shaking (380 rpm) in the dark at room temperature for 20 h for adsorption/desorption
equilibrium. After the solutions reached equilibrium, they were centrifuged (6000 rpm,
5 min) to separate the solution from the ZnO NPs. The resulting supernatant was then
filtered using 0.22 µm membranes to analyze the residual Cu(II) concentrations. Scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (SEM-EDX)
was used to analyze the morphology and elemental composition of the surface of ZnO NPs
before and after Cu(II) adsorption in batch experiments.

The sorption capacity at equilibrium Ce (mg·g−1 sorbent) was calculated using Equa-
tion (1):

qe =
(C0 − Ce)·V

m
, (1)

where C0, Ce, V, and m correspond to the initial concentration (mg·L−1), the aqueous-phase
equilibrium metal concentration (mg·L−1), the volume of suspension (L), and the mass of
the adsorbent (g), respectively.

Similarly, the Cu(II) ions removal efficiency (η) of ZnO particles was calculated using
Equation (2):

η (%) =

(
C0 − Ct

C0

)
·100, (2)

where C0 and Ct were the concentration of metal ions at the initial and time t, respectively.
To study the effect of other ions on adsorption efficiency, multimetallic water was

prepared at three different concentrations: (1) 3 mg·L−1 of Cu (Added as CuSO4·5H2O),
Mn (Added as MnSO4·H2O) and Al (Added as KAl(SO4)2·12H2O); (2) 12 mg·L−1 of Cu,
Mn and Al; and (3) 22 mg·L−1 of Cu, Mn an Al. In this way, it is sought to emulate more
realistic wastewater, with the presence of other ions in the solution.

2.5. Adsorption Isotherms

From data obtained experimentally in batch configurations, the Langmuir, Freundlich
and Temkin isotherm models were fitted. The Langmuir model assumed that the ad-
sorption surface sites have identical energy and each adsorbate molecule (Cu(II) in this
study) is positioned in a single place, forming a monolayer of sorption on the adsorbent
surface [62,63]. On the contrary, the Freundlich model describes reversible heterogeneous
adsorption without restricting the adsorption process to a single monolayer [64]. For this
reason, the Freundlich isotherm predicts that the adsorbate concentration on the adsorbent
will increase without saturation according to how to increase the adsorbate concentration
in the liquid solution [65].

The sorption capacity q (mg·g−1 sorbent) was obtained using Langmuir, Freundlich
and Temkin models. Temkin Model was used to evaluate if the adsorption behavior can
be better described for another model [66]. For this, Equations (3)–(5) were used for each
model, respectively [63].

Langmuir model:

q =
qLKlCe

1 + KLCe
, (3)

where qL is the amount of adsorption corresponding to a monolayer coverage, KL is
the Langmuir constant associated with the energy of adsorption, and Ce is the metal
concentration at the equilibrium in an aqueous solution (mg·L−1).
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Freundlich model:
q = KFC

1
n
e , (4)

where KF is the constant related to adsorption capacity, n corresponds to the constant
associated with adsorption intensity, and Ce is the metal concentration at the equilibrium
in aqueous solution (mg·L−1).

Temkin model:
q = BInAtCe, (5)

where B is an abbreviation of RT(bt)−1, where R, T and bt represent the gas constant
(8.314 J·mol−1·K−1), absolute temperature (K) and Temkin isotherm constant, respectively,
At corresponds to the Temkin isotherm equilibrium binding constant (L·g−1) and Ce is the
metal concentration at the equilibrium in aqueous solution (mg·L−1).

2.6. Surface Roughness Analysis

The surface roughness of the ZnO NPs was analyzed before and after Cu(II) adsorption.
Specifically, Gwyddion software was used to examine the surface characteristics of SEM
images of ZnO NPs [67]. Several surface roughness representative parameters were selected
according to Zhao et al., 2019 [68]. The parameters selected were mean roughness (Ra), the
mean square roughness (Rq), the surface skewness (Rsk) and the kurtosis coefficient (Rku).

Roughness average (Ra) is the average deviation of all points roughness profile from
a mean line over the evaluation length and is used to represent the mean value of the
surface roughness of the sample [68]. Ra is calculated using Equation (6):

Ra =
1
N ∑N

j=1

∣∣rj
∣∣, (6)

where the N are the number of scanning points on the sample.
Root mean square roughness (Rq) is defined as the average of the measured height

deviations taken within the evaluation length and measured from the mean line [68]. Rq
is used to determine the degree of change in the surface roughness of a sample and is
calculated using Equation (7):

Rq=

√
1
N ∑N

j=1 r2
j , (7)

The surface skewness (Rsk) is a measure of the asymmetry of the amplitude distribution
function of the sample and quantifies the symmetry of the variation in a profile about its
mean line [68]. Specifically, Rsk represents the integrity of the surface roughness of a specific
sample [68]. Thus, a value of Rsk equal to zero shows that the surface height distribution is
normal. A negative Rsk value shows that the surface height distribution is biased to the
left, which represents that there is more area where the sample surface height is above the
mean value. On the contrary, a positive Rsk value shows that the distribution is biased to
the right and therefore there is more area where the sample surface height is below the
mean value [68]. Rsk is calculated using Equation (8):

Rsk =
1

NR3
q

∑N
j=1 r3

j , (8)

Kurtosis (Rku) is related to the uniformity of the amplitude distribution function of
the sample [68]. A value of Rku equal to zero shows that the surface height distribution
of the sample follows a normal distribution. A negative value shows that the waveform
associated with the surface height distribution is flat, so the surface height of the sample is
distributed throughout the sample, while a positive value of Rku shows the waveform has
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a peak, and the surface height of the sample is concentrated at the mean value of one or
several peaks [68]. Rku is calculated using Equation (9):

Rku =
1

NR4
q

∑N
j=1 r4

j , (9)

2.7. Kinetic Experiments

The kinetic behavior of Cu(II) adsorption with ZnO NPs was studied using 20 mg
of ZnO NPs in 40 mL of Cu(II) solution. Cu(II) concentration used was 25 mg·L−1. The
solutions were shaken at 380 rpm at room temperature (22–25 ◦C) and sampling was
performed at 10 min, 30 min, 1 h, 2 h, 4 h, and 24 h. The Cu(II) removal was plotted in
function of time. In order to analyze the uptake rates of Cu(II) ions, a kinetic analysis using
pseudo-first-order and pseudo-second-order kinetic equations was performed.

The pseudo-first-order kinetic model was represented by Equation (10) according to
Ding et al. [69].

log(qe − qt) = log qe −
k1

2.303
t, (10)

where k1 corresponds to first-order adsorption constant (min−1), qe is the adsorption
capacity at equilibrium (mg·g−1), qt is the adsorption capacity at the time t (mg·g−1).

The pseudo-second-order kinetic model was represented by Equation (11) according
to Ho and McKay [70].

t
qt

=
1

k2q2
e
+

t
qe

, (11)

where k2 is the second-order adsorption constant (g·mg−1·min−1), qe is the adsorption
capacity at equilibrium (mg·g−1), qt is the adsorption capacity at the time t (mg·g−1).

The linearized form of these kinetic models was plotted. From the trend line of the
experimental data, the kinetic constants and parameters were determined using the slope
and intercept values obtained in each case.

The approaching equilibrium factor (Rw) was calculated to characterize the kinetic curve
behavior of the pseudo-second-order model using Equation (12) according to Wu et al. [71]

Rw =
1

1 + k2qetre f
, (12)

where k2 is the second-order adsorption constant (g·mg−1·min−1), qe is the adsorption capacity
at equilibrium (mg·g−1) and tre f is the longest operation time (based on kinetic experiments).

Finally, the Gibbs free energy (∆G0) was determined as a thermodynamic parameter
that indicates the degree of the spontaneity of an adsorption process where a higher
negative value indicates a more energetically favorable adsorption process [72]. The ∆G0

parameter was determined as follows [73,74].

∆G0 = −RT ln K (13)

where R, T and K is the gas constant (8.314 J·mol−1·K−1), absolute temperature (K) and the
equilibrium constant (L·g−1).

2.8. Chemical Analyzes

Cu(II) cations concentrations were measured using a UV-vis spectrophotometer
(DR3900, Hach, Loveland, CO, USA) and pH (PHC301, Hach, Loveland, CO, USA) was
measured to adjust pH of experimental solutions before batch adsorption experiments of
second pH (pH adjusted to 4.0) and immediately after sample collection using a multi-meter
(Hq40d Multi, Hach, Loveland, CO, USA).
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2.9. Quality Assurance/Quality Control (QA/QC)

Quality assurance/quality control (QA/QC) procedures were performed for all the
analyzes carried out in this study, to ensure the quality, reproducibility, and accuracy of the
obtained results. All equipment was calibrated prior to its use in this study and periodically
during its development according to the instrument guidelines. All the chemical reagents
used in this study were analytical grade. Additionally, all materials used in the experiments
and sampling were neatly cleaned and rinsed with Milli-Q water.

The accuracy and precision of the measurements of Cu(II) were checked and compared
against blank samples and synthetic standard samples of known concentration. The batch
adsorption isotherms were carried out in triplicate and the analytical measurements of pH
and Cu(II) were verified by performing triplicate readings.

3. Results and Discussion
3.1. Adsorbent Characterization
3.1.1. Raman Spectroscopy

Raman spectrum of ZnO NPs is shown in Figure 1. The main peaks are identified in the
figure. There was no detectable variation in the peaks frequency of different points analyzed
in different areas of the sample. The main peaks at 95 cm−1 and 438 cm−1 are characteristic
of ZnO and correspond to phonon frequencies E2

low and E2
high, respectively [75,76]. The

peak at 330 is associated with the process E2
high − E2

low [77]. Therefore, the peaks obtained
in the Raman analysis are consistent with the characteristic peaks of ZnO. In summary, the
analysis of this spectrum indicates that the NPs used in this study effectively correspond to
ZnO NPs.
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Figure 1. Raman spectrum of the ZnO NPs.

3.1.2. Brunauer–Emmett–Teller (BET) Analysis

Figure 2 shows adsorption/desorption curve of ZnO NPs. A hysteresis loop with
typical characteristics of type H3 can be observed in isotherms, typical of type 3 and
5 isotherms. In addition, from the analysis, it can be observed that ZnO NPs showed higher
values for BET surface area, reaching a value of 45.58 m2·g−1. The pore size distribution
curve was determined using the Barrett–Joyner–Halenda (BJH) method. The average
pore volume (Vp) and pore diameter (Dp) were found to be 30.87 nm and 0.3 cm3·g−1,
respectively. Similar results were observed by Zafar et al. [78] reaching values 0.211 cm3·g−1

for Vp and 27.44 nm for Dp. These data show that ZnO NPs have a large exposed surface,
which can favor surface adsorption processes of heavy metals.
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Figure 2. BET adsorption–desorption isotherms for ZnO NPs.

3.1.3. Scanning Electron Microscopy (SEM)

The morphology of ZnO NPs can be observed in Figure 3a,b. The ZnO NPs show
small spherical particles with uniform shapes (Arrows). The different sizes of NPs could
be a consequence of the formation of interconnected agglomerates between NPs, which
could cause a decrease in the available surface area. The field emission scanning electron
microscopy (FESEM) (images not shown) confirmed that the ZnO NPs are nano in size
(<100 nm).
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The surface chemical composition of ZnO NPs was determined by EDX analysis.
The energy peaks of Zn and O are clear in EDX spectrum of ZnO NPs (Figure 3c). From
the elemental analysis, it is observed that ZnO NPs, as expected, are composed of Zinc
(59.6% wt) and Oxygen (40.4% wt). Furthermore, the absence of other peaks suggests that
the purity of the NPs used in this study was high.

The pHpzc value was obtained for ZnO NPs through the plot of initial pH values and
final pH (Figure 4a). A value of 6.21 for ZnO NPs was determined. Other studies have re-
ported higher pHpzc values. For example, Kataria and Garg [79] reported pHpzc values of
6.9. Meanwhile, Chauhan et al. [80] reported pHpzc values of 7.5. The differences observed
with other studies may be a consequence of the method of synthesis, the aggregation of the
NPs, the presence of impurities, among other factors. The pHpzc corresponds to the pH
in which the positive and negative charges are equal on the surface of an adsorbent [81].
Therefore, the surface of ZnO NPs will be positively charged if pH < pHpzc, while it will
have a net negative charge if pH > pHpzc. This parameter is important for the heavy
metal adsorption process by ZnO NPs, since at values higher than pH = 6.21 the ZnO NPs
surface will be negatively charged enhanced electrostatic attraction between heavy metal
cations (such as Cu(II)) and ZnO surface. On the contrary, at lower pH values (<pHpzc)
the adsorption process will not be as effective as there are higher repulsive forces. Even so,
the adsorption process is not determined solely by this parameter, but will also depend
on the surface area, the density of pores, the presence of competitors, among other factors.
Conversely, the measurement of the zeta potential reveals that the pH where the surface
potential of the material is zero, the isoelectric point (IEP) [82] (Figure 4b), is 10.2, a value
higher than that obtained at the pHPZC. The values of pHPZC and IEP must be equal if
H+ and OH- are the only potential determining ions. Therefore, the difference obtained
between these two values may be because other specific adsorptions are occurring [83,84].
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Figure 4. (a) Point zero charge (pHpzc) plot final pH vs. initial pHi and (b) zeta potential at a function of pH.

49



Water 2021, 13, 2960

3.2. Adsorption Experiments

Adsorption experiments were carried out at two pHs, to study the effect of pH in
adsorption capacity at pH values typical of AMD waters in northern Chile. The sorption
capacity qe at different equilibrium Cu(II) concentrations (Ce) are presented graphically
in Figure 5. According to experimental data, the maximum sorption capacity for Cu at
pH1 (pH = 4.8) was 47.5 mg·g−1 (Figure 5a), reaching a maximum removal rate of 98.4%
(Figure 5c), while at pH2 (pH = 4.0), the maximum sorption capacity was 40.2 mg·g−1

(Figure 5b) and the maximum removal rate was 93.7% (Figure 5d). Furthermore, it is
possible to observe that at pH = 4.8, removal rates close to 100% are reached even at
low concentrations of the metal ion, while at pH = 4.0, the sorption capacity reaches the
maximum values at initial concentrations higher than 8 mg·L−1. Previously, Gu et al. [85]
studied the adsorption of Cu and other metals onto ZnO NPs. They reported a maximum
sorption capacity of around 16 mg·g−1 in a multimetallic solution, where Cu is the second
with more affinity with the adsorbent after Cr, which demonstrates the effectiveness of
ZnO NPs for copper adsorption.
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Figure 5. Adsorption isotherms for Cu(II) under (a) pH1 (pH = 4.8) with Freundlich isotherm
model fit, and (b) pH2 (pH = 4.0) with Temkin isotherm model fit using ZnO NPs as nanoadsorbent.
Removal percentages for Cu(II) under (c) pH1 (pH = 4.8) and (d) pH2 (pH = 4.0).

The effect of pH on the removal efficiency of Cu was studied (Appendix C). According
to the results obtained, it is possible to observe that in the pH range of 4 to 10, the removal
percentage was higher than 90%. At pH 2, the removal efficiency decreases considerably,
reaching an average of 29%. Therefore, the removal percentage increases with increasing
pH A substantial increase is observed between pH 2 and 5, and then it stabilizes around
99%, with a maximum value of 99.7% at pH 8. These results are consistent with the previous
study of Yoshida [86] who observed leaching of ZnO at pH below 3. Although there are
no previous studies on the effect of pH on Cu adsorption by ZnO NPs, some studies have
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reported the effect of pH in the adsorption of different metals using ZnO. Sheela et al. [87]
Sheela reported that the removal rates of Zn, Cd and Hg increased when the pH of the
solution increased in a range of 4 to 8, and particularly, an increase between 5 and 15% in
the removal rates was observed with increasing the pH from 4 to 5. Gu et al. [85] observed
that the Cr adsorption capacity in ZnO NPs remained practically constant, with a slight
tendency to decrease, between pH 3 and 7. The predominant factor that determines the
effect of pH on adsorption corresponds to pHPZC, which could explain the differences
between the results reported by the previous studies. In our study, the pHPZC value for
ZnO NPs was 6.21, which indicates that at a pH higher than the pHPZC, the adsorbent
surface is negatively charged, so the affinity for metal ions such as Cu is improved [88–90].
Therefore, the slight increase in adsorption capacity at higher pH observed in our study
can be explained because of the pHPZC value.

The study carried out using multimetallic water with equal concentrations of Cu(II),
Mn(II) and Al(III) shows that the removal efficiency of Cu is not affected by the presence
of other ions in the solution. In the range of concentrations studied, the removal of Cu
remained above 95% both in the tests carried out without pH adjustment and at pH 4.0
(Figure 6). Likewise, it is possible to observe that the ZnO NPs also showed a great affinity
for the removal of Al, with removal efficiencies above 94%. Finally, Mn did not show
significant adsorption on ZnO. Therefore, for the range of concentrations studied, the effect
of the competition is not significant for the sorption capacity of Cu (II).
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Because at low pH the ZnO NPs dissolve in the aqueous solution, the desorption
process is not feasible by acidifying the adsorbent medium, as has been reported for
many other materials [41,91,92]. For the recovery of ZnO, it is possible to consider ultra-
sonication methods to promote the desorption process and thus allow the reuse of the
material. Previous studies have shown the efficiency of this method for activated carbon,
among others [93–96]. There are no previous studies that account for the effectiveness of
ultra-sonication for the desorption of ZnO NPs, remaining as a future perspective from
this work.

SEM images of ZnO NPs at 500×, 2000×, 4000× and 5000× magnifications before
adsorption of Cu(II) ions are shown in Figure 7 a–d. As seen, the ZnO NPs before contacting
with Cu(II) solution are shown as clusters of aggregate particles with a rough surface and
flat and irregular shapes. It has been reported that the surface energy of the photocatalyst
materials, such as ZnO and TiO2 NPs increases due to its smaller particle size [97]. This
may support the agglomeration observed in the ZnO NPs. The specific morphologies
observed in the highly porous structure of ZnO NPs support their use as nano-adsorbents
for metal cations such as Cu(II) ions. Figure 7e shows the EDX spectra of ZnO NPs before
adsorption of Cu(II) ions. As seen in Figure 3c, it is observed that the atomic ratio (Zn/O)
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of ZnO NPs is near to 1.5:1, which confirms the chemical nature of the ZnO NPs used for
the adsorption process of Cu(II) ions.
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Figure 7. (a–d) Scanning electron micrographs before adsorption of Cu(II) ions (pH = 7.0) (e) SEM-EDX spectra and
elemental mapping (atomic percentage %) of ZnO NPs before adsorption of Cu(II) ions. The magnifications shown in SEM
images were 500× (a), 2000× (b), 4000× (c) and 5000× (d).

Figure 8 a–d shows SEM images of ZnO NP at magnifications of 500×, 1000×, 5000×
and 10,000× after adsorption of Cu (II) ions. As can be seen in the SEM images, the
morphology and size of ZnO NPs after reacting with the Cu(II) solution do not change
significantly because of the adsorption of Cu(II) ions. The shape of ZnO NPs has no clear
change after the adsorption of Cu(II) ions. This is consistent with those reported in other
studies that have used ZnO NPs to adsorb metal ions such as Cr(III) [85,98]. Similarly, after
adsorption of Cu (II) ions, the ZnO NPs appear to be aggregated in clusters, which occurs
because of their higher surface energy. For adsorption processes, it has been observed that
microporous materials (pore size < 2 nm) are more selective for adsorption and separation,
while macroporous materials (pore size > 50 nm) and mesoporous materials (pore size
between 2–50 nm) due to their larger pores allow different adsorbates to penetrate through
them [99]. The EDX results (Figure 8e) show the adsorption of Cu(II) ions, which confirms
what was seen in the adoration isotherms (Figure 5). The atomic mapping showed 2.85%
weight percentage of Cu, 25.8% weight percentage of O and 71.4% weight percentage of
Zn. This strongly supports the idea that Cu(II) was adsorbed onto the surface of ZnO NPs,
which shows the key role these NPs play in the uptake of Cu (II) ions from AMD waters.
Interestingly, the removal of Cu(II) ions by ZnO NPs are not significantly affected by acidic
conditions (pH = 4.0). A remarkable aspect is the ability of ZnO NPs to maintain their
structure before and after the adsorption of Cu(II) ions at acidic pH. In fact, it can be seen
that the morphology of ZnO NPs does not change considerably at pH = 4 (adsorption of
Cu(II) ions). Thus, this may be a key factor in promoting and scaling the use of ZnO NPs
in acidic water treatment systems and metal cation removal applications. Even so, it is
necessary to deepen the changes at the nanostructure level of ZnO NPs, which could be
the consequence of the most aggressive acidic conditions.

To complement the adsorption analysis, the experimental data were fitted using
Langmuir, Freundlich and Temkin isotherm models. The parameters for these models are
summarized in Table 1. The Langmuir isotherm presented an R2 value of 0.965 for the
pH1. However, the values of the parameters qm and KL presented negative values, which
cannot be because both parameters represent mass properties. With pH2, the coefficient
of determination showed a poor fit and, again, the model parameters presented negative
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values. In this way, it is ruled out that the adsorption process studied is explained by
a type of monolayer adsorption [100]. For the case of pH1, the best fit corresponds to the
Freundlich model, which describes multilayer adsorption onto a heterogeneous surface of
the adsorbent [101–103]. Here, the stronger binding sites are occupied until the adsorption
energy decreased [104]. At pH2, the model that best describes the adsorption process
corresponds to the Temkin isotherm, in which is assumed that the heat of adsorption of
all the molecules in the layer decreases linearly rather than logarithmically as equilibrium
adsorption capacity increases [101]. Both settings are presented in Figure 5a,b. Although
the best fit model is different in the studied pH values, both have the particularity of
describing a type of multilayer adsorption.
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Table 1. Parameters for the Langmuir, Freundlich and Temkin isotherm models for Cu(II) adsorption performed under 
two pHs. 

  Langmuir Freundlich Temkin 

pH  
Nano- 

Adsorbent 
𝒒𝒒𝒎𝒎 

(mg·g−1) 
𝑲𝑲𝑳𝑳  

(L·mg−1) R2 
𝑲𝑲𝑭𝑭 

(L·g−1) 𝒏𝒏 R2 
𝑲𝑲𝑻𝑻 

(L·g−1) 
𝑩𝑩𝑻𝑻 

(mg·L−1) R2 

pH 4.8 ZnO −18.28 −2.1 0.965  264.85 0.56 0.988 8.69 34.45 0.908  
pH 4.0 ZnO −6.64 −0.75 0.739 22.75 0.42 0.830 1.89 41.98 0.975 

At pH values lower than 5, the dominant copper species is its divalent form Cu(II) 
and in the pH range studied in this work (4.0–4.8), copper speciation should be similar in 
both pHs [30,105]. Although the differences in the sorption capacity between the two pHs 
are slight, the differences are mainly explained by the surface charge of the ZnO NPs as a 
function of the pHPZC value. In this way, the chemical interaction between the functional 
groups of the NPs and Cu(II) could explain the adsorption mechanism. Although both pH 
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Table 1. Parameters for the Langmuir, Freundlich and Temkin isotherm models for Cu(II) adsorption performed under two pHs.

Langmuir Freundlich Temkin

pH Nano-
Adsorbent

qm
(mg·g−1)

KL
(L·mg−1) R2 KF

(L·g−1) n R2 KT
(L·g−1)

BT
(mg·L−1) R2

pH 4.8 ZnO −18.28 −2.1 0.965 264.85 0.56 0.988 8.69 34.45 0.908
pH 4.0 ZnO −6.64 −0.75 0.739 22.75 0.42 0.830 1.89 41.98 0.975

At pH values lower than 5, the dominant copper species is its divalent form Cu(II)
and in the pH range studied in this work (4.0–4.8), copper speciation should be similar in
both pHs [30,105]. Although the differences in the sorption capacity between the two pHs
are slight, the differences are mainly explained by the surface charge of the ZnO NPs as
a function of the pHPZC value. In this way, the chemical interaction between the functional
groups of the NPs and Cu(II) could explain the adsorption mechanism. Although both
pH values are below the pHPZC, and yet the removal rates obtained were close to 100%, it
is possible to deduce that physical adsorption plays an important role in the adsorption
mechanism. This can also be confirmed by the high BET surface area value found for ZnO
NPs (45.58 m2·g−1, Figure 2), which may support the idea that physical adsorption is the
dominant mechanism overcoming the repulsions generated by being below the pHPZC.

The thermodynamic parameter ∆G0 was determined using the equilibrium constant
obtained from Temkin and Freundlich fit for the experiments with and without adjusting
pH, respectively since these isotherm models presented a better fit for each case. The
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results are presented in Table 2. According to the values obtained, the adsorption test at
pH 4.8 presented a higher negative value than in the case at pH 4, so that at a higher pH
the adsorption process is energetically more favorable.

Table 2. Gibbs free energy (∆G0) for adsorption processes under two pHs.

pH K (L·g−1) ∆G0 (kJ·mol−1)

pH 4.8 264.85 −13,829.74
pH 4.0 1.89 −1577.96

3.3. Surface Analysis: Roughness

To analyze changes at the nanostructure level of the ZnO NPs before and after react-
ing with Cu(II) solution, SEM images and their corresponding 3D surface profiles were
determined through image Gwyddion software. SEM images are directly related to their
real relief and therefore these images can be used to determine changes in the surface
roughness of a specific material. Likewise, changes in roughness can be the consequence of
chemical reactions on the surfaces of ZnO NPs. In this way, these analyzes can provide
quantitative data on changes in surface roughness because of the effect of chemical ad-
sorption conditions or interactions with specific adsorbates. Figure 9 shows 3D images of
the ZnO NP before (Figure 9a) and after (Figure 9b) adsorption of Cu(II) ions. It is clearly
observed that the surface roughness of ZnO NPs prior to the adsorption of Cu(II) ions is
greater than after contacting the Cu(II) solution at pH = 4.0. This can be a consequence of
more aggressive pH conditions that wear away the nano-adsorbent surface (ZnO NPs).
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For quantitative analysis, the surface roughness parameters Ra, Rq, Rsk and Rku were
obtained by the Gwyddion software (Figure 9a,b). The Ra values of ZnO NPs before
adsorption of Cu(II) ions shows an average value of 29.997 ± 8.663, while Ra values
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of ZnO NPs after adsorption of Cu(II) ions shows an average value of 9.348 ± 1.281,
evidencing a marked decrease in surface roughness by approximately 70%. This shows that
more aggressive acidic conditions (pH = 4.0) can produce changes at the nanostructural
level, although these changes are not evident in changes in the morphology, shape, and
particle size of the ZnO NPs. The Rq of ZnO NPs before and after adsorption Cu(II) ion
were 37.920 ± 11.077 and 11.877 ± 1.690, respectively. This shows that surface roughness
variation in ZnO NPs before adsorption of Cu(II) ions is higher than that in ZnO NPs
after adsorption of Cu(II) ions, which suggests that acidic solutions enriched in Cu(II)
can homogenize the surface of the ZnO NPs. The Rsk values were very similar for the
samples of ZnO NPs before and after the adsorption of Cu(II) ions. Even so, the Rsk values
were positive for ZnO NPs before the adsorption of Cu(II) ions, which shows that in these
samples there are more troughs than peaks on the surface. On the contrary, Rsk values were
negative for ZnO NPs after adsorption of Cu(II) ions, showing that in these samples that
there are fewer troughs than peaks. Finally, the Rku values were similar for both conditions,
before (3.344 ± 0.284) and after (3.232 ± 0.213) the adsorption of Cu(II) ions. This shows
that the shape of the pore size distribution is concentrated in both conditions. It has been
observed that the joint strength between adhesive and adherent is influenced by the surface
roughness of the adherents [106]. Therefore, the surface roughness of the nano-adsorbent
(e.g., ZnO NPs) could also be critical for adsorbate–adsorbent interactions.

3.4. Kinetic Studies of the Adsorption

The study of the adsorption kinetics showed that after 240 min of contact time, removal
of over 90% of Cu(II) is achieved (Figure 10). The experimental data were fitted with
pseudo-first-order and pseudo-second-order kinetic models. Table 3 summarizes the kinetic
parameters obtained for both models. According to R2 and qe values, it could be determined
that the pseudo-second-order presented a better fit. The pseudo-second-order describes
a sorption process mainly controlled by the adsorption reaction at the liquid/solid interface
at the adsorbent, in contrast to the pseudo-first-order model, which describes a diffusion-
controlled process [41,107]. Previous studies about the use of ZnO NPs for the adsorption
of different pollutants, such as Zn, Cd, Hg, Cr, among others, have shown that the pseudo-
second-order model is the one that best adjusts to the adsorption kinetics [85,87,108,109].
The approaching equilibrium factor (Rw) obtained was 0.024, which is related to a type
of kinetic curve largely curved. This value also shows a well-approaching equilibrium
level [69].
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Table 3. Kinetic adsorption parameters for pseudo-first-order and pseudo-second-order models.

qexp
e

(mg·g−1)

Pseudo-First-Order Pseudo-Second-Order

Nano-
Adsorbent

k1
(1·min−1)

qe1
(mg·g−1) R2 k2 (g·mg−1

min−1)
qe2

(mg·g−1) R2

ZnO 49.94 0.011 28.94 0.922 0.0054 51.28 0.999

4. Conclusions

The results show that ZnO NPs have a great affinity for Cu(II) ions, getting adsorption
capacities even higher than previous studies. The characterization analyzes of the nano-
adsorbent allowed us to observe that the ZnO NPs form agglomerations, which could
decrease the total surface area and give an underestimated result of this value through
the BET analysis. Raman confirmed the presence of ZnO NPs and SEM-EDX and FESEM
confirmed that the ZnO NPs are of nano size (<100 nm).

The study of different pHs demonstrates that even though large variations in adsorp-
tion capacity do not occur when the pH varies between 4.0 and 4.8, a slight improvement is
observed at pH 4.8, which is mainly explained by the value of pHPZC of the nano-adsorbent,
corresponding to 6.21. It is expected that, at pH values higher than pHPZC, the adsorption
capacity will be even higher. In addition, it is possible to observe that at pH 4.8 the removal
rate is higher at low concentrations than at pH 4. The results suggest that the adsorption
process occurs by a physical mechanism rather than by chemical adsorption since at the
evaluated pHs there are higher repulsions than attraction forces on the surface of ZnO NPs.
Likewise, the surface roughness analysis showed a marked decrease in surface roughness
of ZnO NPs by approximately 70% after adsorption of Cu(II) ions at pH 4.0, which shows
that more acidic conditions can produce changes at the nanostructural level. Although
these changes are not clear in the changes in the morphology, shape, particle size of the ZnO
NPs and in the removal rates of Cu(II) ions. Adjustments with isotherm models allowed
determining that adsorption occurs mainly because of the formation of multi-layers on the
surface of the ZnO NPs. The kinetics showed that the pseudo-second-order model better
fit the experimental data.

These findings contribute to a better understanding of the adsorption of Cu metal ions
onto ZnO NPs and the effect of slight variations in pHs. However, additional efforts are
necessary to improve the knowledge of the effect of pH under more extreme conditions and
considering multimetallic waters that represent a more realistic scenario in the composition
of AMD characteristic waters.
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Appendix A

Table A1. Costs of wastewater treatment technologies.

Technology Cost per Million Liters Reference

Adsorption USD 10 to 200
USD 50 to 150 [28,29]

Ion Exchange USD 50 to 200 [29]
Reverse Osmosis USD 200 to 450 [29]

Micro- and ultra-filtration USD 15 to 400 [29]
Electrodialysis USD 15 to 400 [29]

Appendix B

Table A2. Costs of nanomaterials for adsorption treatment technologies.

Nanomaterial Cost per Gram Reference

ZnO nanoparticles USD 7.6 [110]
Graphene USD 632.73 [111]

Carbon nanotubes USD 263 [112]

Appendix C
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Abstract: The selective recovery of chromium remaining in tannery effluents after the leather tanning
process is highly desirable to potentiate its reuse, simultaneously minimizing the ecotoxicity of
these effluents. To the best of our knowledge, this work evaluates for the first time the ability
of a chitosan-based membrane for selective recovery of chromium from a tannery wastewater by
subsequent diafiltration and selective chromium desorption, envisaging their integration after tannery
wastewater treatment by reverse osmosis (RO). A polyethersulfone (PES) microfiltration membrane
top-coated with a chitosan layer (cs-PES MF022) was used for selective recovery of Cr(III), from
concentrate streams obtained by treatment of synthetic and real tannery effluents through reverse
osmosis (RO), through a diafiltration process. The diafiltration of the RO concentrates was conducted
by an intermittent addition of water acidified to pH 3.6. The prepared cs-PES MF022 membranes
were able to retain 97% of the total mass of Cr(III) present in the RO concentrates, from a real tannery
effluent, with a selectivity of 4.2 and 5 in reference to NH4

+ and Cl−, respectively, 12.9 and 14.6 in
reference to K and Na, and >45 in reference to Mg, Ca, and S. Such a high selectivity is explained
by the preferential adsorption of Cr(III) onto chitosan, and by the relatively high permeability of
cs-PES MF022 membranes to the other ionic species. Proof of concept studies were performed to
investigate the desorption of Cr(III) at pH 2 and 5.8. A higher Cr(III) desorption degree was obtained
at pH 2, leading to a final solution enriched in Cr(III), which may be re-used in tannery operations,
thus improving the process economy and reducing the hazardous impact of the effluents discharged
by this industry.

Keywords: tannery effluent; chromium recovery; chitosan membrane; diafiltration; selective adsorp-
tion; selective desorption

1. Introduction

Leather tanning requires the use of a large variety of chemicals, such as tannins, sul-
phates, phenolics, surfactants, and ion salts. In particular, Cr(III) is used in the form of
chromium sulphate Cr2(OH)2(SO4)2 for the conversion of collagen from skin into com-
mercial leather. This process results in the production of high wastewater volumes with
appreciable chromium content [1] that increases the ecotoxicological impact of the tannery
effluents [2]. Wastewater treatment is thus mandatory before discharge this water stream,
which must possess physicochemical characteristics that conform with local regulations for
a safe discharge into the ecosystems. In addition, the recovery of chromium allowing for
its subsequent reuse can reduce the costs associated with the leather tanning process.

Several physicochemical and biological approaches have been used to reduce the
organic and inorganic content of tannery wastewaters, including coagulation/flocculation
induced by specific chemical agents [3], electrocoagulation [4], solvent extraction [5],
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adsorption [6], aerobic or anaerobic biological treatment [7], incineration [8], chemical oxi-
dation [9], membrane filtration [10–12], and via process integration, such as by combining
coagulation with microfiltration [13] or electrodialysis [14,15]. Among the adsorption-
based methods, different adsorbents, such as clays [16,17], activated carbon derived from
different biological [18] and non-biological materials [19] with distinct morphologies [20],
and chitosan-based compounds [6,21–26] have proved to allow for an efficient capture of
metals from target effluents.

Chitosan is an eco-friendly and inexpensive biomaterial obtained from the partial
deacetylation of the acetoamine groups of chitin. Chitosan-based flakes/beads [6], nanofi-
bres [22], membranes [12,23], or films [24] produced by chitosan crosslinking have been
prepared and tested in terms of their capacity to adsorb metal ionic species. The outstand-
ing capacity of chitosan to adsorb heavy metal ions [22], including copper [25,26] and
chromium [23], such as Cr(III), has been mainly ascribed to the ability of amine to act as
chelators of these ionic species. However, a potential interaction with hydroxyl groups
should also be considered. The chelating efficiency was found to be dependent on the
electric charge of the species involved and, thus, dependent on pH [6]. In strongly acidic
solutions, Cr(III) is mainly present in the form of cationic species Cr3+, Cr(OH)2

+, and
Cr(OH)+2, whereas the Cr precipitation observed at more alkaline conditions (pH > 6) is
explained by a decrease of the solubility of chromium hydroxides at increasing pH values.
Thus, due to the prevalence of positively charged amine (R-NH3

+) and hydroxyl (R-OH2
+)

groups of chitosan, the adsorption of the positively charged Cr(III) species is unfavoured at
lower pH values, but increases with the deprotonation of these chemical groups as the pH
increases. Nevertheless, Cr(III) removal by adsorption is still more efficient at a pH lower
than 6, due to the absence of intense Cr precipitation [23]. Mirabedini et al. [24] produced
magnetic chitosan hydrogels crosslinked with glyoxal, which showed pH dependent Cr(IV)
removal efficiency from water, with optimal values of 80–90% reached at pH 4.

The high affinity of chitosan to heavy metals brings additional interest in the devel-
opment of chitosan-based membranes for the removal of these metals from wastewaters,
taking advantage of both, their adsorptive and water filtration capacity. In a work from
Juang et al. [27], chitosan flakes were added to a filtration system to increase the efficiency of
regenerated cellulose membranes to remove divalent ions, such as Cu(II), Co(II), Ni(II), and
Zn(II). Chitosan flakes were shown to increase the removal degree of these metal ions six
to tenfold under acidic conditions. In another work from Li et al. [28], electrospun chitosan
membranes were prepared and used as membrane adsorbers for the removal of Cr(IV) from
model aqueous solutions. Regarding the Cr(IV) loading capacity of these membranes, their
bed saturation and efficiency showed a higher dependence on pH, solution flow rate, fluid
flow distribution, and membrane packed patterns, as compared to the Cr(IV) concentration
in the feed solution and bed length. The maximum bed loading capacity was found to
be 16.5 mg Cr(IV)/g of chitosan under dynamic fluid conditions. Chitosan/polyethylene
oxide (PEO) nanofibres (90:10) assembled to spunbonded polypropylene (PP) substrate
containing 90% chitosan developed by Desai et al. [29] showed a Cr binding capacity of
35 mg Cr(VI)/g chitosan. The same authors have also shown that the binding capacity of
chitosan/PEO nanofibres is dependent on the chitosan content in the chitosan/PEO blend
and decreases with the increase of the fibre diameter [29]. In a previous work by Ghaee
et al. [30], chitosan/cellulose acetate composite nanofiltration membranes with various
amounts of cellulose acetate were prepared and evaluated in terms of their rejection capac-
ity to copper. The membranes obtained exhibited a molecular weight cut-off of 830.74 Da,
and a Cu rejection of 81.03%. Cellulose membranes, enriched with chitosan-silver ions,
were designed by Căprărescu et al. [31] and used for the removal of iron ions from syn-
thetic wastewaters with an electrodialysis system. The presence of silver ions increased the
electric conductivity of the membranes, resulting in iron removal rates > 60% at an applied
voltage of 15 V.

In our previous study [12], a polyethersulfone (PES) membrane coated with a thin
chitosan layer—a chitosan modified membrane designated for simplicity as cs-PES MF022—
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was prepared, and its performance for the treatment of model tannery effluents was
compared with that of a SW30 reverse osmosis (RO) membrane in terms of species rejection
efficiency and selectivity. The cs-PES MF022 membrane showed rejection coefficients <45%
for most of the ionic species present, i.e., Na+, K+, Ca2+, Mg2+, Cl−, NH4

+, and SO4
2−.

These rejection coefficients were significantly lower than those obtained with the SW30
membrane, which provided rejection values above 90% for all these ions. As a result, the
cs-PES MF022 membrane was considered unsuitable to produce treated water with the
characteristics required to allow the discharge of the effluents into the ecosystem. How-
ever, this membrane exhibited an outstanding Cr(III) rejection > 90%, and, thus, a Cr(III)
removal selectivity much higher than that obtained with the SW30 membrane. These
results evidenced the potential suitability of cs-PES MF022 membranes for the selective
recovery of Cr(III) from tannery wastewaters, prompting us to investigate and suggest
a two-step process for this purpose. This process consists of the integration of reverse
osmosis (RO) (1st step), in which an SW30 membrane is used to obtain a permeate stream
with a chemical composition which allows its direct discharge into the environment [12],
followed by a diafiltration of the RO concentrate (2nd step) for a selective recovery of Cr(III),
using the chitosan modified membrane (cs-PES MF022) mentioned above. Diafiltration
involves a solvent (acidic water) consumption higher than that required by membrane
processes when operated in conventional mode, and for this reason, it may be regarded as
a disadvantageous separation process. However, the possibility to treat complex aqueous
streams—such as tannery wastewaters—under conditions of reduced concentration polar-
ization and fouling-related effects [32,33], made us anticipate the suitability of diafiltration
for the enhanced removal of contaminants, i.e., other ionic species with a lower affinity to
chitosan and low-molecular mass compounds, from these effluents, facilitating the isola-
tion of Cr-containing compounds and, thus, allowing for its subsequent re-use in tannery
processes. Therefore, this study aims at evaluating the performance of the cs-PES MF022
membranes for selective removal of Cr(III) from concentrates obtained by RO treatment of
synthetic and real tannery effluents by diafiltration, and the possibility to recover Cr(III),
by selective desorption, taking advantage of the pH-responsive ability of chitosan [34].

2. Materials and Methods
2.1. Materials

The synthetic tannery effluent was prepared using magnesium chloride (MgCl2; purity
99%) provided by Alfa-Aesar (Kandel, Germany); calcium chloride 2-hydrate (CaCl2.2H2O;
purity > 99%), ammonium sulphate ((NH4)2SO4; purity > 99%), and sodium chloride (NaCl;
purity 99.8%) supplied by AppliChem PANREAC (Barcelona, Spain); and chromium(III)
sulphate basic (Cr4(SO4)5OH2; 26% Cr2O3) obtained from Fluka Analytical (Buchs SG,
Switzerland). The chitosan (cs) used for the preparation of functional chitosan membranes
was provided from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid (CH3COOH; pu-
rity 99.8%), potassium sulphate (K2SO4; purity > 99%), and sodium hydroxide (NaOH;
purity > 93%) were supplied by Carlo Erba (Val de Reuil, France). Glutaraldehyde (GDA;
25% in H2O) and hydrochloric acid (HCl; purity 35–38%) were purchased from Sigma-
Aldrich Chemicals (St. Louis, MO, USA).

2.2. Methods
2.2.1. Concentrates of Real and Synthetic Tannery Effluents Obtained from Reverse
Osmosis (RO)

The concentrates of real tannery effluent was obtained by reverse osmosis (RO) treat-
ment of a real tannery effluent supplied by TAMEG-Rouiba-SPA—a Leather Industry
located in Rouiba, close to Algiers (Algeria), whereas the concentrate of a synthetic tan-
nery effluent was obtained by RO treatment of a synthetic solution, prepared in the lab,
mimicking the composition of the real effluent in terms of the inorganic content (inorganic
salts). The treatment of these effluents were performed using an SW30 reverse osmosis
(RO) membrane supplied from DOW Chemical Company (Midland, MI, USA). RO showed
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rejections higher than 95% for all of the inorganic salts (99.2% rejection was obtained for
Cr), allowing for the production of a treated water permeate [12] meeting the requirements
for a direct discharge of the permeate stream into natural environments, according to the
Algerian Legislation [35], and a concentrate enriched in the non-permeable components
present in the effluents. The chemical composition of the concentrate of the synthetic
and the real tannery effluents obtained by processing with the SW30 RO membrane are
summarized in Tables 1 and 2, respectively.

Table 1. Chemical composition of the concentrate obtained by processing of a synthetic effluent with
an RO SW30 membrane [12], at pH 3.6 and T = 20 ◦C.

Parameter 1 Ca Cr(III) K Mg Na S Cl− NH4
+

Unit g/L g/L mg/L g/L g/L g/L g/L g/L
Value 0.64 0.18 0.76 0.33 2.18 0.88 5.01 0.15

1The electric charge of the elements determined by ICP-AES was omitted, as ICP-AES quantifies the total amount
present in the solution independently of their electric charge.

Table 2. Chemical composition of the concentrate obtained by processing of a real effluent from
TAMEG-Rouiba Tannery with an RO SW30 membrane [12], at pH 3.6 and T = 20 ◦C.

Parameter 1 Ca Cr(III) K Mg Na S Cl− NH4
+

Unit g/L g/L g/L g/L g/L g/L g/L g/L
Value 0.14 0.12 2.77 2.80 1.17 2.09 28.67 0.30

1The electric charge of the elements determined by ICP-AES was omitted, as ICP-AES quantifies the total amount
present in the solution independently of their electric charge.

2.2.2. Preparation of the Chitosan-Based Membranes (cs-PES MF022)

Functional chitosan membranes were prepared by coating a 2.5% (w/w) chitosan
solution on a polyethersulfone microfiltration membrane (PES MF022, 0.22 µm) from
Merck Millipore (Carrigtohill, Ireland) which was used as a support. The 2.5% (w/w)
chitosan solution was prepared by dissolving chitosan in a 5% (v/v) acetic acid aqueous
solution, at room temperature, and then casted on the top surface of the PES MF022 support.
The casting was carried out using an Elcometer casting knife film applicator (E.U.), by
setting an application air gap of 90 µm, to ensure the formation of a chitosan layer with an
uniform and reproducible thickness of ca. 10 µm, as shown in Figure 1 [12]. The resulting
membrane was kept and dried at room temperature in a fume hood until complete solvent
evaporation.
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Figure 1. Scanning Electronic Microscopy (SEM) image of the cross-section of a chitosan modi-
fied membrane, cs-PES MF022, obtained after filtration of the synthetic tannery effluent (adapted
from [12]).

The membrane was then soaked in a 1 M NaOH solution for four hours, immersed in
a glutaraldehyde solution (25% in H2O) overnight, and then washed exhaustively with
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distilled water. The membrane washing efficiency was accessed by a periodic determination
of the UV-Vis spectra (from 200 nm to 400 nm) using a spectrophotometer Thermo Scientific
Evolution 201 (Madison, WI, USA), and by determination of the pH and conductivity of
the washing solution (supernatant) for inspection of the complete release of the NaOH
excess, and the possible release of loosely bound compounds, e.g., chitosan [12]. A pH-
meter, type CRISON (Barcelona, Spain), was used to monitor the pH, whereas conductivity
was measured by a Schott Lab960 conductivity meter (Mainz, Germany). The washing
procedure was considered complete when the pH and conductivity registered for the
washing solution were equal to the pH and conductivity values of the distilled water,
and the absorbance of the washing was lower than 0.05 within the analysed wavelength
range [26]. The membrane was kept in a closed petri dish with some drops of water to
ensure the air humidity needed to prevent possible membrane structural alterations.

2.2.3. Diafiltration

Before the permeation experiments, the chitosan modified membrane cs-PES MF022
was mounted in a pressurized stirred filtration cell (MetCell, Greenford, UK), which was
then filled with demineralized water acidified with HCl to a pH = 3.6 (acidic water). In
the first stage, the cs-PES MF022 membrane was operated in stepwise mode, increasing
pressures up to 40 bar for membrane structural compaction, to avoid the possibility of
membrane structural changes along the process. In a second stage, the permeation cell was
re-filled with acidic water (pH 3.6), and the permeation was conducted by the subsequent
increase and decrease of the pressure from 7 bar to 20 bar, in a stepwise way to confirm the
structural stability of the membrane. Each pressure step was kept for 10–20 min.

The permeate solution obtained was collected in a reservoir and weighted for a long
time using a balance connected to a PC for data acquisition, and then used for determination
of the membrane hydraulic permeability.

Each diafiltration experiment was conducted using 35 mL of feed solutions (SW30
concentrate of the synthetic and real tannery effluents). The cell was operated at a constant
pressure of 20 bar in a dead-end diafiltration mode, and under a constant stirring speed of
400 rpm. The diafiltration was conducted by the intermittent addition of water (acidified at
pH 3.6 with HCl) during the process [36]. As illustrated in Scheme 1, intermittent diafiltra-
tion consisted in a series of successive concentration mode filtration steps, interrupted after
each 20 mL of permeate collected, for the addition of an identical volume of fresh solvent
(20 mL) to the remaining retentate solution in order to restore the initial feed volume in each
step. The retentate was sampled (0.5 mL) each time before re-initiation of the diafiltration.
This procedure was repeated 7 times during the diafiltration process, leading to a final
number of 4 diafiltration volumes (diavolumes).

Scheme 1. Schematic representation of the intermittent diafiltration strategy used in the present work.
V0, V1 and VN are the feed volumes at the beining of each diafiltration stage, VP is the permeate
volume collected and VA is the volume of solvent added in each diafiltration stage. VS corresponds
to the volume of the retentate sampled for analysis at each diafiltration stage.

After collecting the final retentate solution, the filtration cell was rinsed with dis-
tilled water and pressurized from 20 to 40 bar in order to check the membrane hydraulic
permeability after the process.
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2.2.4. Data Treatment
Membrane Permeability

The permeate flux, J, L/(m2·h) was calculated as:

J =
QP
A

(1)

where QP is the volumetric permeate flow (L/h) and A is the surface area of the membrane
(m2). The membrane hydraulic permeability was calculated by registering the permeate
flux and applying the Darcy equation:

J = LP ∗ (∆P − ∆π) (2)

where Lp is the membrane hydraulic permeability, ∆P is the applied pressure, and ∆π
is the osmotic pressure difference between the concentrate and the permeate side. The
osmotic pressure difference (∆π) was also considered, but given the good permeability of
the membrane to most of the species and the reduced amount of species remaining in the
retentate along the process, an average ∆π < 1 bar was obtained, which was considered
negligible compared to the applied operating pressure of 20 bar. Ionic speciation was
accessed through the determination of chemical equilibrium diagrams obtained using
Make Equilibrium Diagrams Using Sophisticated Algorithms (MEDUSA) software (version:
Eq. calcs 32) [37].

Determination of the Compounds Retained in the Membrane and Cr Retention Selectivity

The amounts of each compound, i, retained in the membrane after diafiltration, were
calculated by a global mass balance (Mi) to the process, using Equation (3):

Mm,i = C F,i × VF − ∑ CP,i × VP − ∑ CS,i × VS − CR,i × VR (3)

where Mm,i is the mass of compound i in the membrane; CF,i, CP,i, CR.i, and CS,i are the
concentration of the compound i in the feed, permeate, retentate, and sampling solutions;
and VF, VP, VR, and VS correspond to the volumes of feed, permeate, final retentate, and
sampling volume.

The chromium retention selectivity (SCR) was calculated according to the equation:

SCr = RCr/Ri (4)

where RCr and Ri are the mass of Cr and the mass of each compound i retained in the
membrane, relative to that present in the feed, calculated according to Equation (5):

Ri =
Mm,i

MF,i
(5)

where Mm,i and MF,i correspond to the mass of each compound i, retained in the membrane
at the end of the process (ND = 4) and that present in the feed solution at the beginning of
the process, respectively.

2.2.5. pH Induced Desorption

The cs-PES MF022 membrane used for the diafiltration of the SW30 concentrate from
synthetic tannery effluent was cut into identical pieces with an area of 15.9 cm2. One piece
was immerged in a beaker containing 10 mL of demineralized water (pH 5.8), and the other
was immerged in an identical volume of demineralized water acidified with HCl to pH 2.
The solutions were periodically sampled along 72 h, and the samples were analysed by
ICP-AES as described below.
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2.2.6. Analytical Methods
Quantification of the Compounds

An inductively coupled plasma atomic emission spectrophotometer, ICP–AES (Ultima
model, Horiba Jobin-Yvon, France)—equipped with a radio-frequency (RF) generator of
40.68 MHz—a Czerny–Turner type monochromator with 1.00 m (sequential), an AS500
autosampler, and data acquisition software were employed to determine the concentration
of target elements, i.e., Na, K, Ca, Mg, Cr, and S in the feed, permeate, and retentate
solutions. Kits (LCK11) from Hach Lange GmbH (Düsseldorf, Germany) were used for
chloride determination. The NH4

+ content was determined colorimetrically using a Skalar
SAN++ segmented flow analyser, Skalar Analytical B.V. (AA Breda, The Netherlands).

Characterization of Membrane Structure and Chemical Characterization

The structural characteristics of the cs-PES MF022 membranes were examined using a
Field Emission Scanning Electronic Microscopy, FEG-SEM (Jeol JSM–7001F, Tokyo, Japan),
upon coating the membrane with an AU/Pd film of 20 nm thickness using a sputter coater
from Quorum Technologies (model Q150TES, West Sussex, UK), which were discussed in
a previous paper [12]. An energy dispersive X-ray spectrometer (EDS) detector was also
used for inspecting the presence of compounds at the membrane surface.

3. Results and Discussion
3.1. Diafiltration of the SW30 Concentrate Solution—Synthetic Tannery Effluent

The concentrate of a tannery synthetic effluent obtained by reverse osmosis (RO) was
processed by diafiltration using the chitosan modified membranes (cs-PES MF022), aiming
at a selective recovery of chromium.

Prior to filtration of the SW30 concentrate, the structural stability of the membrane
was inferred, after its compaction, based on the determination of the membrane hydraulic
permeability at increasing and decreasing pressures in a range from 7 bar to 20 bar. As
shown in Figure 2, identical permeate fluxes were obtained at the same ∆P values during
ascending and descending volumetric flux profiles, resulting in a practically identical
hydraulic permeability, Lp, of about 0.5 L/(h·m2·bar). This evidences that the cs-PES
MF022 membrane has good structural stability, with an ability to support pressures within
the considered ∆P range.
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Figure 2. Permeate fluxes, J, obtained during filtration of acidic water (pH 3.6) at increasing (squares)
and decreasing (circles) pressures using the cs-PES MF022 membrane before diafiltration. Lp repre-
sents the hydraulic permeability of the membrane determined at increasing and decreasing pressures.
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The SW30 concentrate obtained from the RO treatment of a synthetic effluent with
the chemical composition indicated in Table 1 was diafiltrated through the cs-PES MF022
membrane, at a ∆P of 20 bar, using a solvent (acidic water) stepwise addition strategy.
The permeate flux profile observed during the diafiltration, depicted in Figure 3, shows
a constant oscillating profile with an average value of 10.5 L/(h·m2). A time dependent
decline of the permeate flux was not observed, suggesting the absence of significant
concentration polarization and fouling phenomena during the process. This may be
explained by the attenuation of solutes’ accumulation related effects at the membrane
surface due to the intermittent addition of solvent and the fluid dynamic conditions
established in the filtration cell.

Figure 3. Permeate flux, J, obtained during diafiltration of the SW30 concentrate of the synthetic
tannery effluent, using the cs-PES MF022 membrane at an applied pressure of 20 bar.

The efficiency of the diafiltration process was evaluated based on the membrane ability
to selectively remove Cr(III) (the target compound) in reference to the other ionic species
present in the SW30 concentrate, namely Na, K, Ca, Mg, S, Cl− containing ionic species,
and NH4

+.
As shown in Figure 4, the removal of the different compounds from the SW30 con-

centrate by diafiltration shows an exponential decay reaching minimum values for most
of the species, after permeation of at least 2.5 diavolumes. The mass removal of all the
compounds tested fit a negative exponential function, as represented in Equation (6):

MRet, i

MF,i
= e−aND (6)

where MRet,i corresponds to the mass of a given compound, i, in the diafiltration retentate
at a specific diavolume number, ND, whereas MF,i is the mass of compound i in the feed
solution (ND = 0). The exponential term a reflects the intensity of the mass decay of each
compound i in the retentate solution during diafiltration, which is commonly interpreted
as the sieving coefficient of a given molecular species at each time, t, of the process [38].
The MRet,i/MF,i reflects the apparent mass rejection of the target species, thus, it only
accounts for the mass of each species in the retentate solution (excluding that retained in
the membrane) at a given ND. The fitting and exponential parameters obtained for the
different compounds are listed in Table 3.
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Figure 4. Mass ratio of each compound in retentate during diafiltration with a cs-PES MF022 mem-
brane at 20 bar. Mass ratio was calculated in reference to the total mass of the same compound, Mi,x,
in the SW30 concentrate of a synthetic tannery effluent before diafiltration (diafiltration feed solution).
Note that the electric charge of the elements quantified by ICP-AES was omitted, as this technique
quantifies the total amount of the element in the solution independently of its electric charge.

Table 3. Fitting parameters to the exponential decay of the mass removal for different compounds
in the diafiltration retentate: a corresponds to the exponential term, whereas the fitting quality is
expressed by the respective R2.

Compounds 1 a R2

Cr 1.69 ± 0.04 0.999
Na 1.60 ± 0.08 0.993
K 1.26 ± 0.10 0.984
Ca 1.11 ± 0.08 0.982
Mg 0.99 ± 0.07 0.982
S 1.18 ± 0.08 0.987

Cl− 1.24 ± 0.07 0.990
NH4

+ 0.70 ± 0.03 0.993
1 The electric charge of the elements determined by ICP-AES was omitted, as ICP-AES quantifies the total amount
present in the solution independently of their electric charge.

A comparative analysis of the exponential function parameters shows that the removal
of all compounds tested fit adequately to Equation (6) with R2 ≥ 0.982. The exponential
term a showed similar values for most ionic species, being slightly higher for Cr and Na,
reflecting a faster depletion of these elements (or the respective ion-containing species)
from the retentate. On the other hand, a lower value was observed for NH4

+, indicating a
slower removal of this ionic compound from the retentate solution.

The depletion of these compounds from the retentate solution may be explained
either by their permeation through cs-PES MF022 membrane or by their adsorption to the
membrane, which depends on the chemical affinity of their ionic-containing species to the
membrane material.

To elicit the removal mechanism of each compound, a comparative analysis of their
permeation and adsorption profiles through/to the membrane was performed.
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The permeation profiles (Figure 5A) clearly show that the permeability of the Cr(III)-
containing species is significantly lower than that observed for the other species. The
mass ratio of Cr(III) in the permeate solution reached only 19.2% after permeation of four
diavolumes (ND = 4), whereas mass ratios higher than 50% were observed for all of the
other species tested. The highest mass ratios in the permeate were observed for Mg and K,
showing mass ratios of 96.5% and 98.0%, respectively, whereas a mass ratio of 62.6% was
observed for Ca, after ND = 4.
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Figure 5. (A) Mass ratio of each compound permeated and (B) mass ratio of each compound retained
in the cs-PES MF022 membrane during diafiltration with the cs-PES MF022 membrane at 20 bar. Mass
ratio of each compound was calculated in reference to the total mass of the same compound, MF,I, in
the SW30 concentrate of a synthetic tannery effluent before diafiltration (diafiltration feed solution).
Note that the electric charge of the elements quantified by ICP-AES was omitted, as this technique
quantifies the total amount of the element in the solution independently of its electric charge.
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The high transmission of these compounds to the permeate resulted in their low
accumulation in the membrane, which was found to be inferior to 35% of their total mass,
with K and Mg registering residual values close to zero, whereas the mass ratio of Ca in the
membrane was equal to 30.7%, at ND = 4. In contrast, the loss of Cr(III) from the retentate
solution is mainly explained by the effective retention of Cr-containing compounds in the
membrane. As shown in Figure 5 B, a maximum Cr(III) mass ratio of 80% was found in the
membrane after permeation of two diavolumes (ND = 2).

In a study developed by Vinodhini et al. [39], UF acetate cellulose and nanochitosan
membranes showed Cr rejections varying between 78.5% (initial rejection) and 30.33%
(rejection after 90 min of operation) when using feed solutions with 200 ppm of Cr(VI)
at pH 5, which were explained by the adsorption of Cr to the amine groups of chitosan.
Efficient Cr(VI) and Cr(III) rejections were also reported by Zhang et al. [40] using ultrafil-
tration membranes decorated with positively charged UiO-66-NH2 compounds, from feed
solutions containing 10.4 mg/L of these ions. The removal of Cr(VI) was explained by the
electrostatic attraction to the positive charges in the membrane, whereas concentrations of
Cr(III) lower than 1.5 mg/L in the effluent (stable during the operation time) were obtained
with MOF@PVDF-0.02 and PEI/MOF@PVDF-0.02 membranes. However, and in contrast
to that observed in the present work, the rejection of Cr(III) by these membranes was
attributed to the electrostatic repulsion by the positively charged membrane.

The preferential accumulation of Cr-containing compounds at the surface of the
chitosan modifying layer upon filtration of the tannery effluent was confirmed in the
present study by SEM-EDS analysis. The SEM-EDS results obtained after analysis of
chitosan modified membranes (Figure S1, in Supplementary Materials) after permeation
of a synthetic tannery effluent (non-processed by reverse osmosis) in concentration mode,
showed a significant relative intensity of Cr, in reference to elements such as C, O, and S,
which are components of the membrane matrix, and to Au and Pd, which were used to
coat the membrane surface, as required for the SEM-EDS analysis.

Despite the high Cr(III) rejection obtained through diafiltration, it was lower than
that obtained with the same membrane operated in concentration mode (>99%) or with
BW30 and SW30 reverse osmosis (RO) membranes, which led to Cr rejection values of
90% and 99.6%, respectively. However, diafiltration is advantageous if selective removal of
Cr is required. Diafiltration produces a higher “cleaning effect”, which results in a more
efficient removal of compounds non-size excluded by the membrane, in the presence of
insignificant fouling effects which prevents the permeate flux decline [12].

Analysis of the Cr(III) retention selectivity in reference to the other compounds tested
(Figure 6) shows a retention selectivity of Cr(III)-containing compounds of 2.6 and 4.2
in reference to Na and Ca-containing compounds, respectively; a retention selectivity of
5.5, 7.1, and 7.6 in reference to S-containing compounds, NH4

+ and Cl−, respectively;
and a selectivity >100 in reference of K-containing compounds, whereas only a vestigial
accumulation of Mg-containing compounds in the membrane was detected. The selective
retention of Cr(III) in the cs-PES MF022 membrane may be explained by the high chemical
affinity of chitosan to heavy metals, via coordination with the amine (NH2) groups of
chitosan [8]. The chemical characterization of cs-PES MF022 membranes by FTIR-ATR
was performed and discussed in our previous paper [12]. The presence of chitosan was
confirmed based on the detection of the NH2 stretching band at 1586 cm−1, whereas
chitosan crosslinking was confirmed by the decreased intensity of the C=N signal at
1680–1620 cm−1 [12]. In particular, the preferential adsorption of Cr(III) to chitosan, in
detriment of the other ionic species present in the SW30 concentrate, can be interpreted
based on the ability of the NH2 groups to coordinate heavy metals with f unsaturated
orbitals, and its inability to form complexes with alkali and alkali earth metals, such as
Na+, K+, or Mg2+.
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Figure 6. Selective retention of Cr(III), in reference to other species, in the cs-PES MF022 membrane,
during diafiltration of the SW30 concentrate of a synthetic tannery effluent at 20 bar.

The selective adsorption of Cr(III) to the cs-PES MF022 membrane (as evidenced
in Figure 5B) led to our hypothesis that it is possible to selectively recover the Cr(III)
contained in the effluent by membrane desorption after diafiltration, taking advantage of
the pH-responsiveness behaviour of chitosan.

3.2. Diafiltration of the SW30 Concentrate Solution—Real Tannery Effluent

The concentrate obtained by RO treatment of a real effluent from the TAMEG-Rouiba
tannery with an RO SW30 membrane was also processed through a cs-PES MF022 membrane
in a diafiltration mode. Identically to that observed for the diafiltration of the SW30 concentrate
from a synthetic effluent, a relatively constant oscillating permeate flux was obtained through
the whole process (Figure 7). These results are compatible with the absence of significant
concentration polarization and fouling events, revealing that, contrarily to what might be
initially expected, the organic content of this effluent (the chemical oxygen demand, COD, of
the TAMEG-Rouiba tannery effluent is 92 mg O2/L after pre-filtration with a microfiltration
membrane with an average pore size of 0.45 µm [12]), did not affect the performance of the
diafiltration process, at least considering the investigated operation time window.

Figure 7. Permeate flux, J, obtained during the diafiltration of the SW30 concentrate of the real
tannery effluent with the cs-PES MF022 membrane at an applied pressure of 20 bar.
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As shown in Figure 8, the diafiltration process led to an exponential loss pattern
of all the species studied. However, this exponential decay behaviour was clearly more
accentuated for Cr(III), indicating a faster removal of Cr-containing compounds from
the diafiltration retentate solutions. Similarly to that observed for the diafiltration of the
SW30 concentrate from a synthetic effluent, the removal profiles fit very acceptably to the
exponential function represented in Equation (6), as it can be confirmed by the respective
R2 values (Table 4).

Figure 8. Mass ratio of each compound in the retentate solution during diafiltration with a cs-PES
MF022 membrane at 20 bar. Mass ratios were calculated in reference to the total mass of the same
compound, MF,i, in the SW30 concentrate of the real tannery effluent before diafiltration (diafiltration
feed solution).

A comparative analysis of the exponential term, a, obtained for the diafiltration
of SW30 concentrates from synthetic and real tannery effluents, seems to indicate an
identical removal efficiency of most of the compounds studied, with the exception of
Cr(III)-containing compounds. The exponential term, a, corresponding to the loss of Cr(III)-
containing compounds from the SW30 concentrate of the real tannery effluent was equal
to 5.85, thus being much higher than that corresponding to the diafiltration of the SW30
concentrate from a synthetic effluent, which was equal to 1.69.

Table 4. Fitting parameters to the exponential decay of the different compounds in diafiltration
retentate: a is the exponential term, whereas the fitting quality is expressed by the respective R2.

Compounds 1 a R2

Cr 5.85 ± 1.06 0.996
Na 1.13 ± 0.07 0.993
K 1.52 ± 0.07 0.995
Ca 1.45 ± 0.12 0.991
Mg 1.29 ± 0.15 0.968
S 1.41 ± 0.08 0.992

Cl− 0.93 ± 0.15 0.923
NH4

+ 1.24± 0.11 0.980
1 The electric charge of the elements determined by ICP-AES was omitted, as ICP-AES quantifies the total amount
present in the solution independently of their electric charge.
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Such an increase in the exponential term reflects an improved removal of Cr(III)
species from the SW30 concentrate from a real tannery effluent, potentially associated
to the adsorptive capacity of the organic matter present in real effluent, as discussed in
detail below.

In order to understand the removal mechanisms associated with the depletion of each
species from the diafiltration retentate, the mass ratio of each compound permeating across
the cs-PES MF022 membrane, and that retained in the membrane during diafiltration were
determined by respective mass balance calculations.

The profiles depicted in Figure 9A,B show that the cs-PES MF022 membrane exhibits
a satisfactory permeability to most of the studied species. Mass ratios higher than 74%
were obtained, with Mg and S-containing compounds showing the highest permeability
and mass ratios in the permeate of 98% and 99%, respectively, for ND = 4. Oppositely,
the mass ratio profiles in the permeate indicate that the Cr-containing compounds are
almost completely retained by the cs-PES MF022 membrane, with the Cr(III) mass ratio in
the membrane reaching ca. 94% after the permeation of only 0.6 diavolumes. The Cr(III)
retention efficiency obtained with the SW30 concentrate of a real tannery effluent was thus
much higher than the 80% retention of Cr-containing species obtained by diafiltration of
the SW30 concentrate of the synthetic effluent. These results suggest that organic matter
present in real tannery effluents contributes positively to the retention of Cr-containing
compounds in the membrane. Although the reason for this behaviour is not yet clearly
understood, it suggests that the overall adsorption of Cr(III) results from a combined effect
of the ability of chitosan to selectively adsorb Cr(III), as previously discussed, and the
membrane ability to reject/adsorb organic matter, thus rejecting/adsorbing simultaneously
the Cr(III) potentially bound to it.
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Figure 9. (A) Mass ratio of each compound i permeated and (B) mass ratio of each compound i
retained in the cs-PES MF022 membrane during diafiltration at 20 bar. Mass ratio for each compound
was calculated in reference to the total mass of the same compound, MF,I, in the SW30 concentrate of
a real tannery effluent before diafiltration (diafiltration feed solution).

The mass ratios of other compounds in the membrane showed maximum values of
18.7% and 22.4% for Cl− and NH4

+, respectively, whereas Mg, K, S, and Ca compounds
showed mass ratios in the membrane inferior to 7.5%. These differences led to significantly
high Cr(III) retention selectivity in the membrane, of 4.2 and 5 in respect to NH4

+ and Cl−;
12.9 and 14.6 in reference to K and Na-containing compounds, respectively; and higher
than 45 in respect to Mg, Ca, and S -containing compounds, as shown in Figure 10. As
shown in Figure S2, the Cr(III) retention selectivity relative to the divalent ions was higher
during the diafiltration of the real tannery effluent than that found during the diafiltration
of synthetic tannery wastewaters.

Figure 10. Selective retention of Cr(III) in the cs-PES MF022 membrane during the diafiltration of the
SW30 concentrate of a real tannery effluent at 20 bar.
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These results suggest the possibility of recovering Cr(III) from tannery effluents by
desorption, taking advantage of the pH-responsiveness of chitosan, and thus allowing
for Cr(III) reuse in the tannery industry. Moreover, a permeate solution with a residual
amount of Cr(III) (only 3% of the Cr(III) mass content of the SW30 concentrate from a real
tannery effluent permeate in the cs-PES MF022 membrane) and a retentate solution with
a content in ionic species lower than that of the permeate solution are generated by the
diafiltration process. Therefore, considering the overall treatment of the tannery effluent
through an RO-diafiltration integrated process, illustrated in Scheme 2, the processing
costs associated with the disposal of the effluent in the diafiltration could be reduced by
recycling the permeate solution to the inlet of the reverse osmosis process.

Scheme 2. Schematic representation of the integrated RO-diafiltration process for purification of a
real tannery effluent from TAMEG-Rouiba-SPA and selective recovery of Cr(III).

The retentate solution may also be recirculated to the RO inlet for water recovery;
however, the low content of ionic species in this processing stream allows for its direct
discharge into the ecosystem via Reghaia Lake, respecting the limits for discharge of liquid
industrial effluents imposed by the norm No. 06-141 of Rabie El Aouel 1427 (19 April
2006) [35].

3.3. pH Induced Desorption of Cr from the cs-PES MF022 Membrane

The membranes used in the diafiltration of the SW30 concentrate from a synthetic efflu-
ent were then immersed in water solutions with pH 2 and pH 5.8 in order to demonstrate,
as a proof of concept, the possibility to recover Cr(III) by desorption.

The desorption profiles obtained for the different compounds studied are shown in
Figure 11.

As shown, a poor desorption of most of the compounds was observed at pH 5.8
(Figure 11A). The desorption of Cr(III) was negligible, while a higher desorption was
found for chloride ions (Cl−). In contrast, as shown in Figure 11B, the desorption of Cr(III)
significantly increased at pH 2 in reference to most of the other compounds, except for Cl−

and Na+ ions (considering that the Na content is all present in the form of Na+). The mass
fraction of Cr(III) equal to 10.7% in the membrane before desorption increased to 20.6% in
the solution (leaching solution). Note that the mass fractions in the membrane that were
determined only considered the studied compounds (Ca, Cr, Na, K, Mg, S, and Cl−).

The adsorption of Cr(III) to chitosan is explained by the ability of amine groups (NH2)
to coordinate Cr(III), and also by possible interactions to the hydroxyl groups (OH−).
Amine and hydroxyl groups are mainly neutral at pH 6 (pKa = 6.3 for R-NH3

+) and
protonated at pH 2 (R-NH3

+ and R-OH2
+). Therefore, the adsorption ability of chitosan is

ruled by pH induced protonation/deprotonation of amine and hydroxyl groups, promoting
the desorption of cationic species at lower pH values. It particularly favours those with
higher electronic valence, cationic Cr(III) species, such as Cr(OH)2+ and Cr(OH)2

+, which
are the prevalent Cr(III)-containing species in an aqueous solution at pH 3.6 [6].
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Figure 11. Mass of the compounds desorbed from the cs-PES MF 022 membrane at (A) pH 5.8 and
(B) pH 2, after diafiltration of the SW30 concentrate obtained from filtration of a synthetic tannery
effluent.

The high amount of Cl− and Na+ ions found in the leaching solution is due to their
much higher amount compared to that of Cr(III) in the tannery effluents. Therefore, despite
the much lower percentage retention of Na+ and Cl− in the membrane, this results in final
amounts in the membrane of 6.17 mg and 7.91 mg for Na+ and Cl−, respectively, which
were higher than the mass of Cr(III) retained in the membrane, equal to 2.91 mg.

As a preliminary proof of concept, the desorption of the target ions was evaluated.
A moderate desorption extent (<25%) was obtained for three compounds, Cr(III), Na+, and
Cl−, in these preliminary desorption assays. Optimization of the desorption process is thus
required by the suitable adjustment of desorption parameters, such as temperature, stirring
speed, and volume of the leaching solvent for enhanced desorption of these elements.
Although desorption optimization is out of the scope of this work, a comparative analysis
of the desorption profiles obtained at pH 2 and 5.8 on one hand evidences that Cr(III)
desorption selectivity may be improved by conducting the process through successive
desorption steps at variable pH values, i.e., a significant Cl− and Na+ removal might
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be attained in a first desorption step at pH 5.8, with good maintenance of the adsorbed
Cr(III). This is then followed by a second desorption step at pH 2, for the selective removal
of Cr(III) with minimal interference of Na+ and Cl−. On the other hand, the desorption
profiles obtained for Cr(III), Na+, and Cl−, at pH 5.8, show that the Na+ desorption was
faster during the first 5 h of the process, tending to plateau after this period. In contrast, the
Cr(III) desorption kinetics showed a more constant behaviour, crossing the Na+ desorption
curve after 72 h, suggesting that process optimization may render a final leaching solution
with a more significant Cr(III) content relative to the amount of Na+.

Nevertheless, if a complete separation of Cr(III) and Na+ is required. This can be
achieved either by an additional nanofiltration operation benefiting from the different
size and valence of Cr(III)-containing compounds and Na+, or by using selective cation-
exchange resins. The desorption of chloride ions is not actually regarded as a significant
problem, as it may lead to the recovery of Cr(III) in the form of chromium chloride.

4. Conclusions

This work evaluates the performance of chitosan modified membranes (cs-PES MF022)
for selective recovery of Cr(III) from synthetic and real tannery effluent concentrates
obtained by reverse osmosis (RO) with an SW30 membrane, through a diafiltration process.
The cs-PES MF022 membrane shows a high ability to retain Cr-containing compounds and
a satisfactory permeability to the other compounds studied, which results in a selective
removal of Cr-containing compounds of 81% and 97%, in synthetic and real tannery
effluents, respectively. The removal of Cr(III)-containing species was mostly explained
by Cr(III) retention in the membrane, as only an insignificant amount (<2% of the total
amount of Cr in the feed solution) was found in the retentate solution after diafiltration
of four diavolumes. The high retention of Cr(III) in the membrane was attributed to the
chitosan capacity to adsorb heavy metals with unsaturated f orbitals, such as Cr(III), by
coordination to the amine groups of chitosan.

It was noteworthy that the permeability of Cr(III)-containing species through the
cs-PES MF022 membrane changed significantly during the filtration of real and synthetic
tannery effluents. The mass transmission of Cr(III) contained in the real tannery effluent
was significantly lower than that obtained by filtration of the synthetic tannery effluents,
resulting in a higher and more selective membrane retention of Cr(III)-containing com-
pounds in the former case. This demonstrates the role of the organic matter present in real
effluents in the retention of metals.

Moreover, 2.5 diavolumes were found to be the optimal condition for achieving the
maximum transmission of most of the compounds studied and the highest retention of
Cr(III), without significant variation of permeate flux. This demonstrates the feasibil-
ity of a diafiltration strategy for attenuating concentration polarization and membrane
fouling effects.

Proof of concept experiments were carried out to demonstrate the possibility to recover
Cr(III) by its selective desorption based on the pH-responsive behaviour of chitosan. While
a low desorption was obtained for most of the compounds, Cr(III) shows an increased
desorption at more acidic pH values (pH = 2), confirming that Cr(III) adsorption to chitosan
is mainly due to the coordination to the amine groups. A leaching solution enriched in
Cr(III), but still with considerable amounts of Na+ and Cl–, was obtained. These results
showed that the diafiltration of RO concentrates of tannery effluent with the cs-PES MF022
membrane followed by acidic desorption did not allow for a complete isolation of Cr(III)-
containing species. Instead, it rendered a final solution of 92.5% enriched in Cr(III), relative
to the tannery effluent RO concentrate (feed solution). Improved Cr(III) purification
requires an optimization of the desorption process, or additional treatment of the effluent
for separation of Cr(III) from Na+, e.g., by nanofiltration or by selective Cr(III) adsorption
by cation exchange resins. However, this decision depends on the required degree of
Cr(III) purity, and should be taken upon a careful analysis of the economic viability of the
integrated process.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13182598/s1, Figure S1: SEM-EDS analysis of the cs-PES MF022 membranes before (top
spectrum) and after (bottom spectrum) filtration of the tannery effluent at 20 bar, in concentration
mode. Figure S2: Comparative analysis between the selective retention of Cr(III), in reference to other
species, by the cs-PES MF022 membrane, during diafiltration of the SW30 concentrate of a synthetic
and real tannery effluent at 20 bar.
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Abstract: The efficiency of Cu(II) removal from aqueous solution by two adsorbents, silica SBA-15 and
titanosilicate ETS-10, was investigated. Effects of various experimental parameters such as: contact
time, pH, initial copper concentration, adsorbent dosage, temperature were investigated in order to
determine the maximum adsorption capacity of the adsorbents. The maximum adsorption capacity
of silica SBA-15 was achieved at pH 5.0, and of titanosilicate ETS-10 at pH 6.0. The Freundlich,
Langmuir, and Temkin isotherm models were applied in order to describe the equilibrium adsorption
of Cu(II) by the studied adsorbents. Equilibrium data fitted well to the Langmuir model with a
higher adsorption capacity of ETS-10 (172.53 mg·g−1) towards Cu(II) than SBA-15 (52.71 mg·g−1).
Pseudo-first- and pseudo-second-order, Elovich, and Weber–Morris intraparticle diffusion models
were used for description of the experimental kinetic data. It was found that the pseudo-first-order
and pseudo-second-order kinetic models were the best applicable models to describe the adsorption
kinetic data. Thermodynamic parameters that characterize the process indicated that the adsorption
of Cu(II) onto the two adsorbents is spontaneous and endothermic.

Keywords: mesoporous silica SBA-15; titanosilicate ETS-10; adsorption; copper

1. Introduction

The problem of environment pollution with heavy metal has become one of the serious
problems, particularly in the polluted aquatic system.

The release of different pollutants into the environment has increased noticeably as
a result of industrialization, and thereby lowered the quality of the environment to an
alarming level. Among these pollutants, heavy metals are one of the most dangerous due
to their nonbiodegradability, persistence, and toxicity.

There are many situations when low concentration of heavy metals can accumulate to
toxic levels through the human food chain and the biosphere from the environment, which
can disturb the biochemical processes and human health [1–5]. Heavy metals, such as
lead, cadmium, mercury, copper, chromium, zinc, nickel, are used in the different fields of
industry such as metal plating, electrolysis, mining, metallurgy, industry fertilizer, pesticide
industry, leatherworking, and dyeing industry [2,3,6].

Among the heavy metals, copper is one of the indispensable micronutrients required
by organisms at low concentrations. Copper ions play an important role in the enzyme’s
synthesis, development of tissues and bones for human [7]. At high concentrations, copper
toxicity may be observed by a variety of syndromes and effects including renal dysfunction,
hypertension, hepatic injury, lung damage and teratogenic effects [8,9].
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Due to the mobility and toxicity, the presence of Cu(II) ions in surface water and
groundwater represents a real inorganic contamination problem. This ion is one of the most
poisonous, whose toxicity is attributed in part to its ability to accumulate in tissues. Human
exposure to a high level of copper results in generation of reactive oxygen species (ROS)
and free radicals by Fenton-like reaction. These radical species can alter biomolecules like
DNA, proteins and lipids.

Therefore, it is important to remove copper from effluents, before discharging them
into water bodies. There are various common methods available for the removal of copper
ions from wastewaters such as chemical precipitation [10], absorption [11,12] and biosorp-
tion [13], membrane separation [14], bioelectrochemical systems [15], ion exchange [16],
and electrochemical methods [17]. However, these techniques have limitations such as low
efficiency at low metal concentrations or production of secondary sludge, which furthers
disposal in a costly process [18].

Among the abovementioned methods, adsorption has been regarded as a cost-effective
technology for removal of heavy metals from solutions with low metal concentrations.
The main advantages of the technique are low cost of adsorbents, easy desorption, good
recycling, highly effective and environmental-friendly nature [1,2,5,6].

The World Health Organization (WHO) recommends a safe amount of Cu(II) of
5 mg/L in drinking water [19]. Therefore, more attention is paid to efficient methods of
copper removal from residual waters.

Among the adsorbents used in the literature for the remediation of the wastew-
aters contaminated with copper are: zeolite [20], chitosan [21], clays [22], graphene
nanocomposite [23], carbon nanotubes [24].

One of the adsorbents that is investigated in this study is an ion exchanger belonging
to the Engelhard Titanium Silicate (ETS) family. The ETS-10 phase is an extremely inter-
esting titanosilicate microporous material due to its high thermal stability and wide pores
(pore size close to 0.8 nm). These materials are useful and can be applied in a variety of
fields, such as water purification and heavy metal removal [25,26], gas adsorption [27],
and photo-catalysis [28].

The second adsorbent that is used in this research is SBA-type silicas (Santa Barbara
Amorphous) that exhibit interesting textural properties, such as large specific surface areas
and uniform-sized pores. The advantage of the use of SBA-15 material includes its high
surface-to-volume ratio, flexible framework compositions and high thermal stability [29].

An essential condition for an advantageous sorption is an adequately selective sorbent
with a high sorption capacity and high level of reusability.

The objectives of the present study were: (i) the investigation of the influence of pH,
sorbent dose, copper concentration and temperature on the sorption capacity and removal
efficiency in non-competitive conditions; (ii) to model the kinetic and equilibrium of copper
adsorption in order to evaluate the kinetic and isotherm parameters; (iii) to establish the
level of reusability of the sorbents during consecutive sorption/desorption cycles.

The influence of initial pH of Cu(II) ions solution, contact time, adsorbent dosage and
initial concentrations on the Cu(II) ions uptake was studied. The non-linear Langmuir,
Freundlich and Temkin isotherm models were used to fit the equilibrium adsorption data.
The adsorption rates were determined quantitatively and compared by the pseudo-first-
order, pseudo-second-order, Elovich and Weber–Morris intraparticle diffusion models.

2. Materials and Methods

The sorbents have been synthesized by a sol–gel method as described in our pre-
vious work [30]. Mesoporous silica SBA-15 was synthesized in acidic conditions using
amphiphilic triblock copolymer poly(ethylene glycol)-block-poly(propyleneglycol)-block-
poly(ethylene glycol) (Pluronic P123—EO20PO70EO20; Sigma-Aldrich, St. Louis, MO,
USA) as a surfactant template and TEOS (tetraethyl orthosilicate, Sigma-Aldrich) as silica
source. Titanosilicate ETS-10 with the composition 3.4Na2O:1.5K2O:TiO2:5.5SiO2:150H2O
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has been prepared from sodium silicate (Sigma-Aldrich) as Si precursor and commercial
TiO2 (Degusa-P25, Sigma-Aldrich) as Ti source.

Sorption Experiments

All chemicals were of analytical reagent grade and no further purification was carried out.
The adsorption experiments were performed in a batch system by stirring at 200 rpm a

suspension that contained Cu(II) ions solution and corresponding amounts of the adsorbent.
The stock solution containing Cu(II) was prepared from CuSO4·5H2O (Sigma-Aldrich) and
diluted to obtain the appropriate concentrations. The pH varied between 2 and 6, the initial
concentration of copper in the solution ranged from 10 to 200 mg·L−1, at a temperature
between 20 ◦C and 50 ◦C. The pH of the solution was adjusted with NaOH or HNO3
0.1 M solution and measured with a HANNA pH/temperature meter HI 991001. About
0.02 g of adsorbent was added into the solution containing Cu(II) ions and was left stirring
for a certain period of time. At the end of adsorption experiment, the adsorbents were
separated from the solutions using cellulose nitrate membrane filters (0.45 µm pore). The
concentrations of Cu(II) ions in the filtrate (before and after adsorption of Cu(II)) were
determined using ICP-AES (Analytik Jena, Jena, Germany).

The Cu(II) adsorption q was calculated using the following equation:

q =
(C0 − Ce)·V

m
(1)

and adsorption removal efficiency, R (%) from the equation:

RE =
C0 − Ce

C0
·100 (2)

where q is the amount of copper ions adsorbed on the adsorbent, mg/g; V is the volume
of solution, L; C0 is the initial concentration of copper in mg/L, Ce is the final copper
concentration in the solution, mg/L, and m is the mass of adsorbent, g.

The adsorption capacities of the two adsorbents were analyzed through the use of the
Langmuir, Freundlich and Temkin isotherm models. The kinetics of copper adsorption
on the ETS-10 and SBA-15 were analyzed using pseudo-first-order, pseudo-second-order,
Elovich and Weber–Morris intra-particle diffusion kinetic models.

All batch adsorption experiments were carried out in duplicate and results are pre-
sented as arithmetic mean values.

3. Results and Discussion

The adsorbents were characterized by DRX, FT-IR, thermal analysis and SEM-EDX,
as we have reported in our previous work [30]. The obtained results indicated that the
adsorbents are mesoporous material with a BET surface area of 802.493 s/g for silica
SBA-15, and microporous material with a surface area of 31.473 s/g for titanosilicate
ETS-10, respectively.

3.1. pH Effect on the Adsorption Process

The adsorption of Cu(II) ions onto the adsorbents varies depending on initial pH,
because this parameter causes changes in the charge of adsorbent, the degree of ionization
and speciation of the adsorbate.

In this study, the range of initial pH for Cu(II) ions adsorption study was 2.0–6.0. At
pH values higher than 7, precipitation of Cu(II) ions as Cu(OH)2 occurs and could lead to
the wrong interpretation of adsorption data. On Figure 1 is shown the removal efficiency of
the SBA-15 and ETS-10 for Cu(II) ions. As can be seen from Figure 1, the sorption capacity
of Cu(II) ions onto the adsorbents increased with an increase in the initial pH value of the
solution. The maximum sorption of Cu(II) ions onto adsorbents occurred at pH 6 for ETS-10
and pH 5 for SBA-15, respectively. It was observed that a sharp increase in the copper
removal from 8.6% to 99.61% (SBA-15) and from 10% to 99.79% (ETS-10) occurred when
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the pH values of the solutions changed from 2.0 to 6.0. The low removal efficiency at low
pH is apparently due to the presence of a higher concentration of [H3O]+ in the solution
which competes strongly with the Cu(II) ions for the adsorption sites of the SBA-15 and
ETS-10 surfaces. With the pH increase, the [H3O]+ concentration decreases leading to an
increase of Cu(II) uptake.
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(Ci 10 mg/L, time 60 min, temperature 23 ◦C, adsorbent dose 20 mg).

3.2. Effect of Adsorbent Dosage

An important parameter that affects the efficiency of adsorption from an economic
point of view is the mass of the sorbent. The adsorption process is not effective if it requires
a large amount of adsorbent. The influence of the adsorbent mass used on the adsorption of
Cu(II) ions was investigated, and the results are shown in Figure 2. The doses of adsorbents
varied from 0.010 g to 0.050 g, while the other parameters such as pH, temperature, initial
concentration of Cu(II) ions, contact time were kept constant. Based on Figure 2, it is seen
that an increase of the adsorbent dose can lead to an increase in the percentage of Cu(II)
ions removal from the solution. This is anticipated because, by increasing the adsorbent’s
dose, the number of adsorption sites available for adsorbent–adsorbate interaction will
increase as well. Both adsorbents showed no further increase in the adsorption capacity
after a certain amount of adsorbent was added.

3.3. Equilibrium Isotherm, Kinetics and Thermodynamic Studies
3.3.1. Adsorption Equilibrium Isotherm

Adsorption isotherms are fundamental for understanding the mechanism of adsorp-
tion and the interaction between sorbent and sorbate. To study the adsorption of Cu(II)
onto the sorbent, three of the most commonly used isotherm models were used in this
work: Langmuir, Freundlich and Temkin. The Langmuir [31] (Equation (3)) isotherm model
characterizes an adsorption monolayer on a surface with a finite number of identical centers
that are homogeneously distributed on the surface of sorbent. This model assumes that the
binding sites are homogeneously distributed over the adsorbent surface and the binding
sites have the same affinity for adsorption of a single molecular layer. The bonding to the
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adsorption sites can be either chemical or physical in nature, but must be strong enough to
avoid displacement of the adsorbed Cu(II) ions.

qe =
qm·KL·Ce

1 + KLCe
(3)

where qe is the amount of Cu(II) adsorbed per mass unit of sorbent at equilibrium (mg·g−1),
Ce is the equilibrium concentration of remaining Cu(II) ions in the solution (mg·L−1), qm is
a parameter that gives the maximum adsorption capacity of the sorbent (mg·g−1), KL is a
constant that refers to the energy of adsorption/desorption (L·mg−1).
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The Freundlich [32] (Equation (4)) isotherm is the second mathematical model used
to describe the adsorption metal present in solution on solid surface. This model assumes
that the adsorbent has an energetically heterogeneous surface and has a different affinity
for adsorption.

qe = KF·C1/n
e (4)

where qe is the amount of Cu(II) adsorbed at equilibrium (mg·g−1); Ce is the concen-
tration of Cu(II) ion in solution at equilibrium (mg·L−1); KF (L·mg−1) and 1/n are the
Freundlich constants.

The Temkin isotherm model [33] (Equation (5)) assumes that the adsorption heat of
molecules decreases linearly with the increase in coverage of the adsorbent surface, and
that adsorption is characterized by a uniform distribution of binding energies.

qe =
RT
bT

· ln(aT·Ce) (5)

where 1/bT represents the sorption potential of the sorbent, aT is the Temkin constant, R is
the universal gas constant (8.314 J K−1·mol−1) and T is the temperature (K).

The interaction of metal ions and adsorbents was further evaluated by the separation
factor (RL). RL is a dimensionless constant separation factor, an equilibrium parameter
derived from the Langmuir isotherm model. The RL was defined by Hall et al. [34], and is
expressed as Equation (6).

RL =
1

1 + KL·C0
(6)

KL is the Langmuir constant and C0 is the initial concentration of Cu(II) ions. For
a favorable adsorption, the RL value must be between 0 and 1. In this respect, if RL > 1
adsorption is unfavorable, and if RL = 0 adsorption is irreversible. In the present studies,
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the obtained RL values were less than one (Table 1), which indicated that the adsorption
processes were favorable.

Table 1. Langmuir, Freundlich and Temkin isotherm parameters for the sorption of Cu(II) on silica
SBA-15 and titanosilicate ETS-10 adsorbents.

Model Parameters Silica SBA-15 Titanosilicate ETS-10

Langmuir

qm, mg/g 52.71 172.53

KL, L/mg 2.04 8.73

RL 0.002–0.046 0.0005–0.011

R2 0.984 0.999

Freundlich

KF, mg/g 0.197 0.460

1/n 0.95 0.86

R2 0.977 0.985

Temkin

aT, L/g 0.066 0.65

bT, kJ/mol 0.0118 0.089

R2 0.735 0.833

The graphical representation of used models among with experimental data is pre-
sented in Figure 3, and the obtained values for Langmuir, Freundlich and Temkin isotherm
constants and correlation coefficients are listed in Table 1.
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Figure 3. The adsorption isotherms and experimental data for Cu(II) ion sorption on: (a) mesoporous
silica SBA-15 and (b) titanosilicate ETS-10 adsorbents.

The RL values, greater than zero and lower than unit, indicate that the sorption of
Cu(II) ions on both adsorbents was favorable and reversible. Sorption of Cu(II) onto SBA-15
and ETS-10 was better described by the Langmuir and Freundlich models according to the
high values of R2 for both adsorbents.

In addition, between two tested adsorbents, in terms of adsorption capacity, the best
candidate seems to be ETS-10. The maximum adsorption capacity given by the Langmuir
isotherm was 52.71 mg/g for SBA-15 and 172.53 mg/g for ETS-10, respectively.

Monolayer coverage of the surface by the metal ions can be used for the calculation of
the specific surface area S according to the following equation [3,35]:

S =
qmax·N·A

M
(7)

where S is the specific surface area, m2/g adsorbent; qmax the monolayer sorption capacity,
g Cu/g adsorbent; N the Avogadro number, 6.023·1023; A the cross-sectional area of metal
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ion, m2; M the molecular weight of metal. The molecular weight and the cross-sectional
area of Cu(II) are 63.5 and 1.58 Å2 in a close packed monolayer (Cu(II) radius is 0.71 Å),
respectively [35,36]. The maximum specific surface area calculated from Equation (7) for
Cu(II) adsorption is 7.89 m2/g for SBA-15, and 25.86 m2/g for ETS-10, respectively. Com-
parison of the maximum specific surface area of the adsorbents for Cu(II) adsorption shows
that SBA-15 and ETS-10 have a larger specific surface area than other adsorbents [35–37].

The efficiency of the two investigated adsorbents, ETS-10 and SBA-15, for removal of
Cu(II) was highlighted by comparison with the values of maximum adsorption capacity
presented in the literature for other adsorbents along with testing conditions (Table 2).

Table 2. The comparison of maximum sorption capacity of Cu(II) ions onto different adsorbents.

Adsorbent Conditions q, mg/g Reference

Mesoporous silica SBA-15 pH = 5, t = 23 ◦C 52.71 Present study

Titanosilicate ETS-10 pH = 5, t = 23 ◦C 172.53 Present study

Rape straw powders pH = 4.77, t = 20 ◦C 34.29 [38]

Sunflower hulls pH = 5, t = 20 ◦C 49.74 [39]

Chitosan based ion-imprinted
cryo-composites pH = 4.5 260 [40]

Chemical modified Moringa
oleifera leaves powder pH = 6, t = 50 ◦C 167.9 [41]

Coconut tree sawdust pH = 6 3.89 [42]

Eggshell pH = 6 34.48 [43]

Sugarcane bagasse pH = 6 3.65 [42]

N-HAP/Chitosan pH = 7.5, t = 25 ◦C 113.66 [43]

Chitosan crosslinked with
epichlorohydrin-triphosphate pH = 6, t = 25 ◦C 130.38 [44]

As can be seen, the highest sorption capacities were reported for some adsorbents,
such as: chitosan-based ion-imprinted cryo-composites [40], ETS-10 (present study), chemi-
cally modified moringa oleifera [41], natural hydroxyapatite/chitosan composite [43], and
chitosan crosslinked with epichlorohydrin-triphosphate [44], respectively.

3.3.2. Adsorption Kinetics

In order to investigate the mechanism of adsorption, the pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich and Weber–Morris models were used to study the
experimental data obtained.

The pseudo-first-order model of Lagergren [45] is commonly used for the adsorption
of liquid/solid systems and assumes that the rate of variation of surface site concentration
is proportional to the amount of surface sites remaining unoccupied.

qt = qe(1 − e−k1t) (8)

where qe and qt are the amounts of Cu(II) ions adsorbed onto sorbents (mg·g−1) at equilib-
rium and at time t, respectively, and k1 is the rate constant of first-order adsorption (min−1).

The pseudo-second-order model can be expressed as [46]:

qt =
k2·q2

e·t
1 + qe·k2t

(9)

where k2 is the rate constant of second-order adsorption (g·mg−1·min−1). This model is
more likely to predict the adsorption behavior over the whole range of adsorption. The
pseudo-second-order equation assumes that the adsorption behavior was controlled by the
rate-controlling step, which can be chemical sorption involving an electronic exchange or
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distribution between adsorbent and adsorbate. The adsorbate can be transferred from the
solution phase to the surface of the adsorbent in several steps. The steps may include film or
external diffusion (transfer of adsorbate), pore diffusion, surface diffusion and adsorption
on the pore surface. The overall adsorption can occur through one or more steps. The
Weber–Morris intraparticle diffusion equation is given by the following equation [47]:

q = kdiff·t0.5 + Ci (10)

where kdiff is a rate parameter (mg/g·min1/2), and Ci is the intercept, which relates to the
thickness of the boundary layer

The Elovich kinetic model helps to predict the mass and surface diffusion, activation
and deactivation energy of a system [48].

qt =
1
β

ln(1 + α·β·t) (11)

where qt is the sorption capacity at time t (mg/g), α is the initial sorption rate (mg·g−1·min−1),
β is the desorption constant (g·mg−1).

The graphical representation of kinetic models is presented in Figure 4, and the kinetic
model constants, along with the correlation coefficient, are given in Table 3.

Water 2022, 14, x FOR PEER REVIEW 8 of 16 
 

 

2
2 e

t
e 2

k q tq
1 q k t

⋅ ⋅
=

+ ⋅
 (9) 

where k2 is the rate constant of second-order adsorption (g·mg−1·min−1). This model is more 
likely to predict the adsorption behavior over the whole range of adsorption. The pseudo-
second-order equation assumes that the adsorption behavior was controlled by the rate-
controlling step, which can be chemical sorption involving an electronic exchange or dis-
tribution between adsorbent and adsorbate. The adsorbate can be transferred from the 
solution phase to the surface of the adsorbent in several steps. The steps may include film 
or external diffusion (transfer of adsorbate), pore diffusion, surface diffusion and adsorp-
tion on the pore surface. The overall adsorption can occur through one or more steps. The 
Weber–Morris intraparticle diffusion equation is given by the following equation [47]: 

0.5
diff iq k t C= ⋅ +  (10) 

where kdiff is a rate parameter (mg/g·min1/2), and Ci is the intercept, which relates to the 
thickness of the boundary layer 

The Elovich kinetic model helps to predict the mass and surface diffusion, activation 
and deactivation energy of a system [48]. 

t
1q ln(1 t)= + α ⋅β⋅
β

 (11) 

where qt is the sorption capacity at time t (mg/g), α is the initial sorption rate 
(mg·g−1·min−1), β is the desorption constant (g·mg−1). 

The graphical representation of kinetic models is presented in Figure 4, and the ki-
netic model constants, along with the correlation coefficient, are given in Table 3. 

 

(a)                              (b) 

Figure 4. Kinetics of Cu(II) sorption on (a) mesoporous silica SBA-15 and (b) titanosilicate ETS-10 
adsorbents. 

Table 3. Parameters of the applied kinetic models for the adsorption of Cu(II) on SBA-15 and ETS-
10. 

 
Parameter Silica SBA-15 Titanosilicate ETS-10 
qexp, mg/g 3.13 3.16 

PFO 
qe,cal, mg/g 3.08 3.13 
k1, min−1 1.463 194.67 

R2 0.997 0.999 

PSO 
qe, cal, mg/g 3.081 3.135 

k2, g/mg·min 2.87·1044 7.321 
R2 0.997 0.999 

Figure 4. Kinetics of Cu(II) sorption on (a) mesoporous silica SBA-15 and (b) titanosilicate
ETS-10 adsorbents.

Kinetic profiles indicated that the Cu(II) adsorption process was fast for both ad-
sorbents. The adsorbents showed the same behavior regarding the removal of Cu (II),
increasing up to 10 min and then were kept almost constant. In other words, the copper
adsorption process occurred in two stages: an initial fast stage up to 10 min followed by a
second stage in which no significant variation on the adsorption capacity was observed.
This observation is due probably to the fact that more adsorption sites are available at
the beginning of the experiments, followed by a saturation of the metal on the surface of
the adsorbent.

The agreement between experimental data and the model predicted values was ex-
pressed by the correlation coefficients (R2). A relatively high correlation coefficients value
indicates that the model successfully describes the kinetics of copper adsorption. The
values of R2, both for PFO and PSO kinetic modes, are comparable, and for both models
the theoretically calculated and experimentally obtained values of adsorption capacity
were in good agreement. Similar results were found for other adsorbents [5,11,23]. The
pseudo-second-order model assumes that the adsorption of adsorbate onto adsorbent
supports second-order chemisorptions. The adsorption of copper onto SBA-15 and ETS-10
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probably occurred by surface complexation reactions between copper and the sorption sites
on the adsorbents.
Table 3. Parameters of the applied kinetic models for the adsorption of Cu(II) on SBA-15 and ETS-10.

Parameter Silica SBA-15 Titanosilicate ETS-10

qexp, mg/g 3.13 3.16

PFO

qe,cal, mg/g 3.08 3.13

k1, min−1 1.463 194.67

R2 0.997 0.999

PSO

qe, cal, mg/g 3.081 3.135

k2, g/mg·min 2.87·1044 7.321

R2 0.997 0.999

Elovich

α, mg/g·min 6.29·1026 7.08·1034

β, g/min 22.133 27.81

R2 0.994 0.998

Weber–Morris

kdiff 0.204 0.208

Ci 1.565 1.577

R2 0.284 0.295

3.3.3. Thermodynamic Parameters

The thermodynamic parameters could be used to conclude whether the sorption
process was spontaneous or not in the behavior of SBA-15 and ETS-10 sorbents for removal
of Cu(II).

As reported by Guo et al. [49] and Kumar et al. [50], the values of the distribution
coefficient (Kd), calculated using Equation (12) at different temperatures of 20 ◦C, 30 ◦C, 40
◦C and 50 ◦C, were used to evaluate the thermodynamic parameters (∆G◦, ∆H◦, and ∆S◦).

Kd =
qe
Ce

·Madsorbate (12)

where qe is the amount of Cu(II) retained at equilibrium, mg·g−1, Ce is the concentration of
Cu(II) at equilibrium, in the aqueous phase, mg·L−1, and Madsorbate is the mass of Cu(II).

In order to solve the problem of the dimensionless of Kd, the values were multiplied
with 55.5 mol·L−1 [51], the obtained value being symbolized with K◦.

Equation van’t Hoff (13) was used for calculation of enthalpy and entropy from the
slope and intercept of plot lnK◦ vs. 1/T (Figure 5).

ln K0 =
∆S0

R
− ∆H0

RT
(13)

where R is the universal gas constant (8.314 J·mol−1·K−1), T is the absolute temperature (K).

Water 2022, 14, x FOR PEER REVIEW 10 of 16 
 

 

  
(a) (b) 

Figure 5. Temperature dependence (a) of removal efficiency of Cu(II) onto SBA-15 and ETS-10  
sorbents and plot for the evaluation of the thermodynamic parameters (b). 

Table 4. Thermodynamic parameters of the sorption process. 

Sorbent ΔH0, 
kJ/mol 

ΔS0, 
kJ/mol∙K 

ΔG0, kJ/mol 
293 303 313 323 

SBA-15 30.09 0.172 −20.31 −22.03 −23.75 −25.47 
ETS-10 34.86 0.185 −19.35 −21.19 −23.05 −24.89 

The positive values of ΔH0 (ETS-10 = 34.86 kJ/mol, SBA-15 = 30.09 kJ/mol) denoted 
that the sorption process was of endothermic nature. The positive values of ΔS0 (ETS-10 = 
0.185 kJ/mol·K, SBA-15 = 0.172 kJ/mol·K) indicate increasing in randomness at the solid–
liquid interface or changing the original internal structure of absorbent during the sorp-
tion process in Cu(II) aqueous solution. The increase of the negative value of ΔG0 with the 
increase of temperature supports the increase of the degree of spontaneity for the sorption 
of Cu(II) onto both adsorbents. 

Thermodynamic parameters revealed that sorption behavior was spontaneous and 
chemical in nature (almost all values of ΔG0 > −20 kJ·mol−1) in the process of adsorption of 
Cu(II) using ETS-10 and SBA-15 as sorbents. 

The activation energy of the sorption process (Ea) was obtained from the slope of 
plotting ln(1 − θ) vs. 1/T, where sorbent surface coverage (θ) was calculated using Equa-
tion (15) [52]: 

e

0

C1
C

 
θ = − 

 
 (15) 

Ce, C0 are equilibrium and initial concentration of Cu(II) in aqueous solution (mg/L). 
According to the modified Arrhenius equation, plotting ln(1 − θ) vs. 1/T (Figure 6) 

gives a straight line with the slope Ea/R. 

Figure 5. Temperature dependence (a) of removal efficiency of Cu(II) onto SBA-15 and ETS-10
sorbents and plot for the evaluation of the thermodynamic parameters (b).

91



Water 2022, 14, 857

The standard Gibbs free energy change can be calculated by the following equation:

∆G0 = −RT ln K0 (14)

The obtained results are presented in Table 4.

Table 4. Thermodynamic parameters of the sorption process.

Sorbent ∆H0, kJ/mol ∆S0, kJ/mol·K
∆G0, kJ/mol

293 303 313 323

SBA-15 30.09 0.172 −20.31 −22.03 −23.75 −25.47

ETS-10 34.86 0.185 −19.35 −21.19 −23.05 −24.89

The positive values of ∆H0 (ETS-10 = 34.86 kJ/mol, SBA-15 = 30.09 kJ/mol) de-
noted that the sorption process was of endothermic nature. The positive values of ∆S0

(ETS-10 = 0.185 kJ/mol·K, SBA-15 = 0.172 kJ/mol·K) indicate increasing in randomness at
the solid–liquid interface or changing the original internal structure of absorbent during
the sorption process in Cu(II) aqueous solution. The increase of the negative value of ∆G0

with the increase of temperature supports the increase of the degree of spontaneity for the
sorption of Cu(II) onto both adsorbents.

Thermodynamic parameters revealed that sorption behavior was spontaneous and
chemical in nature (almost all values of ∆G0 > −20 kJ·mol−1) in the process of adsorption
of Cu(II) using ETS-10 and SBA-15 as sorbents.

The activation energy of the sorption process (Ea) was obtained from the slope of
plotting ln(1 − θ) vs. 1/T, where sorbent surface coverage (θ) was calculated using
Equation (15) [52]:

θ =

(
1 − Ce

C0

)
(15)

Ce, C0 are equilibrium and initial concentration of Cu(II) in aqueous solution (mg/L).
According to the modified Arrhenius equation, plotting ln(1 − θ) vs. 1/T (Figure 6)

gives a straight line with the slope Ea/R.
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Activation energy values are calculated from the slope of plot and were found to be
43.54 kJ·mol−1 and 18.18 kJ·mol−1 for ETS-10 and SBA 15, respectively. The positive values
of Ea were consistent with the obtained positive values of ∆H◦ and confirm once more the
endothermic nature of the sorption process.
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3.4. Modelling of the Interactions

The interactions between the structures of mesoporous silicas SBA-15 and microporous
titanosilicate ETS-10 with CuSO4·5H2O were simulated using the theoretical chemistry
methods. The adsorbent macrostructures were represented, in gaseous medium, by a small
fragment that respects the atomic arrangement according to the crystalline structures from
the Crystallography Open Database (COD). For the sulfate molecule was used a structure
with an octahedral configuration for the Cu atom, illustrated in Figure 7a, similar with the
one representation in COD.
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Figure 7. Structures of the CuSO4·5H2O with the metal atom in the configuration: (a) octahedral;
(b) tetrahedral.

The spatial structure of CuSO4·5H2O in interactions with the porous surface can
be found, also, in a structure with the Cu atom in the tetrahedral configuration and
with hydrogen-bonding interactions type with two water molecules (Figure 7b). In the
octahedral configuration of the crystalline structure, the distance Cu-O is 1.83 Å. This
value increases slightly for Cu-O-S to about 1.9 Å and just over 2 Å for Cu-O (H2O) in the
tetrahedral structure. When the cupric structure approaches the surface, an edge or a peak
of the porous structure, the water of crystallization will be gradually removed and may
leave the area of interest or may still be found around the active center by establishing
hydrogen bonds. A direct interaction, a covalent bond, is thus formed between the Cu
atom and an oxygen in the adsorbent medium, Si-O-Cu (Figure 8a), or Ti-O-Cu (Figure 8b).
The distance between Cu atom and oxygen atom from the adsorbent decreases from 2 Å in
crystalline structure to 1.9 Å.
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The removal of some crystallization water molecules and interactions with adsorbent
structure determine the square plan hybridization (Figure 9a) or a pyramidal configuration
(Figure 9b) for Cu atom, and formation of two covalent bonds with oxygen atom from the
porous structures.
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In an acid environment, the sulfate fragment can form H2SO4, which is found in the
system under investigation (Figure 8a).

4. Regeneration and Reusability of Sorbents

The applicability of potential sorbents depends on their regeneration under convenient
conditions and the possibility of their re-use in successive sorption/desorption cycles. From
practical motives, an ideal adsorbent must be reused in successive sorption/desorption
cycles with as less as possible loss of the initial adsorption capacity. Therefore, desorption
of Cu(II) ions was carried out in batch system by using the adsorbents loaded with copper
immediately after the adsorption experiments. As eluent, 0.01 M solution of HCl in
five successive sorption/desorption cycles was used and the obtained results are shown
in Figure 10.
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Figure 10. Reusability of the adsorbents under consecutive cycles sorption/desorption.

As can be seen, the removal efficiency slowly decreased during the sorption/desorption
cycles, being about 91.75% for ETS-10, and 83.27% for SBA-15, respectively. These val-
ues recommend these materials as potential sorbents for efficient removal of Cu(II) from
residual waters.
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5. Conclusions

The sorption of Cu(II) ions from synthetic wastewaters onto titanosilicate ETS-10
and silica SBA-15 has been studied as a function of contact time, the initial metal ion
concentration, adsorbent mass, pH, sorbent dose and temperature. Equilibrium, kinetic
and thermodynamic data were applied in order to evaluate the efficiency of the investigated
adsorbents for the removal of Cu(II) ions from aqueous solutions. The adsorption of Cu(II)
on analyzed adsorbents obeyed the pseudo-second-order kinetics, supporting that the
chemisorption would be the rate-determining step. The equilibrium data obtained for the
adsorption of copper ions onto investigated adsorbents well fitted the Langmuir model
with a maximum theoretical adsorption capacity of 52.71 mg Cu(II)/g for mesoporous
silica SBA-15, and 172.53 mg Cu(II)/g for titanosilicate ETS-10, respectively. The adsorption
process is endothermic (∆H◦ > 20 kJ/mol) and spontaneous (the increase of the negative
values of ∆G◦ with the increase of temperature). The adsorption of Cu(II) on the analyzed
sorbents is a reversible process and the adsorbents can be used in five desorption/sorption
cycles without significant loss in their adsorption capacities.

Experimental results showed that mesoporous silica SBA-15 and titanosilicate ETS-10
are promising adsorbents for the removal of copper ions from aqueous solutions.
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Abstract: Desalination and water purification through the ion drift of salted water flow due to an
electric field in a duct is perhaps a feasible membrane-free technology. Here, the unsteady modulation
of ion drift is treated by employing the Poison–Nernst–Plank (PNP) equations in the linear regime.
Based on the solution of the PNP equations, the closed-form relationships of the charge density, the
ion concentration, the electric field distribution and its potential are obtained as a function of position
and time. It is found that the duration of the ion drift is of the order of one second or less. Moreover,
the credibility of various electrical circuit models is examined and successfully compared with our
solution. Then, the closed form of the surface charge density and the potential that are calculated
without the linear approximation showed that the compact layer is crucial for the ion confinement
near the duct walls. To test this, nonlinear solutions of the PNP equations are obtained, and the limits
of accuracy of the linear theory is discussed. Our results indicate that the linear approximation gives
accurate results only at the fluid’s bulk but not inside the double layer. Finally, the important issue of
electric field diminishing at the fluid’s bulk is discussed, and a potential method to overcome this
is proposed.

Keywords: electric field; salt ion drift; water duct flow; diffuse layer thickness

1. Introduction

Research on desalination and ion removal methods from a water solution, in general, is
of crucial importance for freshwater sustainability. Except for the classical methods, such as
the multi-stage flash distillation (MSF), multiple effect distillation and vapor compression
distillation [1–11], other methods based on special membranes or electrodes, such as
the electrodialysis and the reverse osmosis (RO) electro-deionization, electrophoresis,
electroosmosis and capacitive deionization [12–36], have recently been developed. The
bottleneck of all the above methods, which are based on the ion drift due to electric fields,
is the attempt to resolve the formation of a double layer, i.e., a boundary layer adjacent to
the electrodes. Upon its formation, due to ion confinement at the higher potential region of
the electrodes, no electric force remains to attract other ions from the fluid’s bulk.

Recently, we proposed the electric ion drift (EID) method, which works similarly to the
capacitive deionization method but without the use of membranes or special electrodes [37].
Our method is based on the ion drift due to the application of an electric field from a
capacitor externally placed from the solution. A similar configuration to the EID method
is studied by molecular dynamics simulations and proved that the proposed method
can successively drift salt ions in nanochannels [27]. This method works similarly to the
capacitive deionization method [38–45], but in its original concept, it is more elegant since
no porous electrodes are required. The EID method is of the same energy consumption as
the capacitive deionization method of about 0.2 kWh/m3 and can only be efficient in low
salt concentrations as it is presented in our following work [46] for solution equilibrium
but without the use of membranes or special electrodes. There, the spatial distributions of
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the electric field and potential, the ion concentration and also the electric charge confined
adjacent to the walls are presented for various applied external fields and duct widths.

An in-depth investigation is performed here for the salty water solution flow in a duct
that is submerged into an external electric field using the Poisson–Nernst–Planck (PNP)
equations and considering the double-layer formation bottleneck. Both the temporal and
the spatial distributions are studied. The model equations and details are described in
Section 2. By considering the Stern model, the closed-form solutions of charge density, ion
concentration, electric field intensity and potential are presented in the linear regime in
Section 3. The spatial and temporal distributions found are compared to existing electric
circuit models and the equilibrium distributions of Reference [46].

The linear approximation is incapable of providing reasonable results neither for the
surface charge density nor for the electric field or potential in the electrodes nearby area
(adjacent to the duct walls), i.e., inside the double layer. This analysis is made in Section 4,
and a novel method to calculate the surface charge density and the other field quantities is
proposed. Lastly, the non-linear PNP equation is deployed in Section 5, and the conditions
under which the linear model is valid are investigated. Finally, in Sections 6 and 7, we
proceed to compare our results with any experimental data available and to draw the most
important conclusions.

2. Model Equations and Mathematical Evaluation

It is assumed that positive and negative ions of equal concentrations are diluted in a
water solution. The salted water flows in a duct, while the duct is subjected to a steady-
state and homogeneous electric field created by a pair of plate electrodes, which are under
voltage V (Figure 1). The external electric field intensity E has a direction normal to the
plate electrodes from positive to negative along the y-axis. The fluid is flowing in the duct
perpendicular to the external electric field with velocity

→
υ . Thus, ions are moving due to

the combined motion of the water flow along the streamwise direction and along the y-axis
due to the electric force with velocity

→
υ y. The y-axis ionic flux of the positive ions is given

by the relation J+ = C+υy, where C+ is the concentration of the positive ions. From the
analysis that is presented in Appendix A and Equation (A5), we have

J+ = −C+zeµ+
∂ϕ

∂y
− D+

∂C+

∂y
(1)

where z is the number of overflow protons; e = 1.6× 10−19 Cb; µ+ ≡ 1
6πνr (see Appendix A)

is the mobility of the positive ions, with ν being the dynamic viscosity of water and r being
the effective radius of the ions; ϕ is the electric potential in the fluid’s bulk; and D+ = µ+kT
is the diffusion coefficient of the positive ion. k ≡ R

NA
is the Boltzmann constant; R = 8.314

J/(mol K); NA is the Avogadro constant; and T is the absolute temperature, which is
considered T = 300 K throughout this work.

In the above Equation (1), the electric field is substituted by E = − ∂ϕ
∂y . Following the

same procedure, the ionic flux of the negative ions is read as J− = +C−zeµ−
∂ϕ
∂y − D−

∂C−
∂y ,

where z is the number of overflow electrons. Considering that both positive and negative
ions have the same z, the same mobility µ+ = µ− = µ and, thus, D+ = D− = D, the ionic
fluxes can be read more simply as

J± = ∓C±zeµ
∂ϕ

∂y
− D

∂C±
∂y

(2)

where the sign of the ionic fluxes indicates the direction of motion and z is considered
positive.

The concentration conservation equation may read as

∂C±
∂t

= − ∂

∂y
(J±) = −

∂

∂y
(∓C±zeµ

∂ϕ

∂y
− D

∂C±
∂y

) (3)
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where the concentration C± is in (mol/m3) and the ionic fluxes J in mol/
(
m2·s

)
.

The charge density due to the above ion concentration reads as

ρ = C+zF− C−zF = zF(C+ − C−) (4)

and F = 96,485.34 C/mol is the Faraday constant.
By applying the 1D Poisson equation in the y-direction of the duct, it is found that

∂2 ϕ

∂y2 = −ρ

ε
→ ∂2 ϕ

∂y2 = − zF(C+ − C−)
ε

(5)

The above Equations (3) and (5) constitute the so-called Poisson–Nernst–Planck (PNP)
equations system, which is solved in the next Section.

It should be noticed that the present study is in accordance with the Debye–Huckel
theory [47–50], also used in References [37,46], where water is considered as a continuous
dielectric medium. Thus, the external electric field effect in water is to initiate change in its
electric permittivity in the solution to ε = εrε0, where εr ≈ 80 is the relative permittivity of
the water and ε0 = 8.85× 10−12 F/m.
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3. PNP Equations Solution for the Stern Model
3.1. Boundary Conditions

For the study of the model, the general Stern model can be used where the ions have
finite dimensions and thus can only approach to a small distance from the wall of the duct.
The contribution of the Stern model is analytically discussed in Appendix B.

Before discussing the solution of the PNP equations, we must define the appropriate
boundary conditions. In the center of the duct, at y = L

2 , the electric potential is kept

equal to zero, ϕ
(

y = L
2

)
= 0, while ϕ(0) and −ϕ(0) are the potential at y = 0 and y = L,

respectively. Thus, by considering a linear relation of distance for the potential at the
compact part of the double layer adjacent to the two electrodes, we have

ϕ = ±ϕ(0)± λs
∂ϕ

∂y
for y = 0, L (6)

where λs is the effective thickness of the compact part of the double layer [51,52] (see
Appendix B).

Moreover, since the process is a non-Faradaic one [52,53], because no charge is trans-
ferred through the electrodes, the ion fluxes and the current density should be zero at the
boundaries, i.e.,

J± = ∓C±zeµ
∂ϕ

∂y
− D

∂C±
∂y

= 0 for y = 0, L (7)

i = zeNA(J+ − J−) = 0 for y = 0, L (8)
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Finally, the initial conditions of the model are such that a uniform ion distribution is
applied at t < 0, together with a zero potential.

3.2. Linearized Solution of the PNP Equation

We considered that the ion concentration in the fluid’s bulk is supposed to slightly
change linearly along the y-direction from 0 to L. As the ion concentrations are linearly
increased or decreased to opposite walls, the total concentration is constant; i.e., the total
charge density is lower than the density of each ion (either positive or negative) [52,54–56].
Thus, most of the solution bulk is quasi-neutral, except in the double layer, i.e., a boundary
layer of width of the order of 1 µm or less. Thus, from Equation (3), it is found that

∂C+

∂t
= +D

∂2C+

∂y2 + zeµC+

∂2 ϕ

∂y2 (9)

∂C−
∂t

= +D
∂2C−
∂y2 − zeµC−

∂2 ϕ

∂y2 (10)

Considering that C+ + C− = 2CM, where CM is the concentration of each ion in the
center of the duct (equal for the two ions due to symmetry), subtracting the above equations
and by recalling that the charge density is given by the relationship:

ρ = zF(C+ − C−) (11)

it is found that
1
D

∂ρ

∂t
=

∂2ρ

∂y2 − κ2ρ (12)

where

κ =

√
2z2CMF2

εRT
(13)

Thus, the width κ−1 corresponds to the so-called Debye length due to the capacitor
that may simulate the diffuse layer according to the Gouy–Chapman theory at the edges of
the duct. The analytical solution of Equation (12) is given in Appendix C and results in the
following relations:

ρ = αsinh
(

κ

(
y− L

2

))
(1− e−

t
τ ) (14)

∂ϕ

∂y
= − α

εκ
cosh

(
κ

(
y− L

2

))(
1− e−

t
τ

)
− α

1
τ

e−
t
τ

cosh
(

κ L
2

)

εDκ3 (15)

ϕ = −α
sinh

[
κ
(

y− L
2

)]

εκ2

(
1− e−

t
τ

)
− α

1
τ

e−
t
τ

(
y− L

2

)

εDκ3 cosh
(

κ
L
2

)
(16)

where

α =
ϕ(0)εκ2

cosh
(

κ L
2

)(
λsκ + tanh

(
κ L

2

)) (17)

τ =
L
(

1 + 2λs
L

)

2Dκ
(

λsκ + tanh
(

κ L
2

)) (18)

and

κ2 =
2z2CMF2

εRT
(19)
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Thus, from the charge density, it is found that the concentrations of the positive and
negative ions are varied as

C+ = CM +
αsinh

(
κ
(

y− L
2

))

2zF

(
1− e−

t
τ

)
(20)

C− = CM −
αsinh

(
κ
(

y− L
2

))

2zF

(
1− e−

t
τ

)
(21)

Validation of the Electric Circuit Models for Long Ducts

In case of a duct of width of mm order or wider, L ≥ 10−3 m, and since λs ∼ 1− 10
.
A,

it is found for the rate λs
L ≤ 10−6 and, thus, may be considered almost equal to zero.

Moreover, for such length of the duct and since κ ∼ 108 m−1, it can also be considered that
tanh

(
κ L

2

)
≈ 1. Thus, after these simplifications:

τ =
L

2Dκ(λsκ + 1)
(22)

α =
ϕ(0)εκ2

cosh
(

κ L
2

)
(λsκ + 1)

(23)

As it may be observed, the quantities in Equations (14)–(21) are exponentially varied,
and τ is a characteristic time, the so-called time constant. Here, the above theory fits to
the Gouy–Chapman and Stern theories that consider the solution as an RC circuit (see
Appendix B), because the characteristic time of the above analysis is exactly the same as the
time of the RC circuit (compare Equations (22) and (A10)). Since the fluid bulk is in quasi-

neutral condition, its resistance per unit surface is equal to R =
L(κ−1)

2

Dε (Equation (A7)),
and for the time constant effective capacitor τ = RCtot (due to the charge confinement at
the edges), we have

Ctot =
ε

2(λS + κ−1)
(24)

As it may be observed, Equation (24) is exactly the same as the Stern’s model (see
Appendix B) as would be expected. Thus, we have shown that the electric model in
long ducts is equal to the linear PNP equation solution, and it is valid under the same
assumptions for the solution. The time duration to the end of the phenomenon is plotted in
Figure 2 for the case of Na ions, for the salted water solution of NaCl (DNa = 1.3× 10−9 m2

s ),
as a function of the initial concentration CM and various duct widths. As always for the
exponentially decay variations, equilibrium is expected after 5τ. Thus, here it will also be
achieved in less than a second at the most as it is observed in Figure 2.

3.3. Long Time Behavior

As the time increases, then (1− e−
t
τ )→ 1 and e−

t
τ → 0, and Equations (14)–(21) have

their equilibrium forms as

ρ = αsinh
(

κ

(
y− L

2

))
(25)

∂ϕ

∂y
= − α

εκ
cosh

(
κ

(
y− L

2

))
(26)

ϕ = −α
sinh

[
κ
(

y− L
2

)]

εκ2 (27)

C+ = CM +
αsinh

(
κ
(

y− L
2

))

2zF
(28)
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C− = CM −
αsinh

(
κ
(

y− L
2

))

2zF
(29)

The equilibrium solutions of Equations (25)–(29) can be easily verified by the recent re-

sults of Reference [46] for the present water solution with κ = 1.027× 108zC
1
2
M (in S.I. (System

International)) (from Equation (19)) and zNa = zCl = 1. For L = 0.0015, 0.015, 0.15 m, where
tanh

(
κ L

2

)
≈ 1 and thus

(
sinh

(
κ L

2

)
≈ cosh

(
κ L

2

))
and for CM = 8.6, 100, 400 mol/m3,

and by considering the effect as negligible due to the compact layer, i.e., λSκ → 0,
Equations (25)–(27) are exactly the same as in Reference [46]. However, the concentra-
tion Equations (28) and (29) are different than the ones of Reference [46] that read as

C+ = CMe
− Fϕ(0)

RT
sinh[κ( L

2 −y)]

sinh(κ L
2 ) (30)

C− = CMe
+

Fϕ(0)
RT

sinh[κ( L
2 −y)]

sinh(κ L
2 ) (31)

The first observation is that Equations (28) and (29) are expected to differ from
Equations (30) and (31) of Reference [46] due to the linearization of the exponential term
(ex = 1 + x + x2

2! +
x3

3! + · · · ). This happens when C+ + C− = 2CM, which is the same as
the linearization of the exponential function when only the first two terms of the Taylor
expansion are kept. Thus, Equations (30) and (31) are more accurate and are used for com-
parison in the next sections where nonlinear terms are considered for the PNP equation.
Moreover, the linear approximation is valid along the duct width, Reference [46], for

∣∣∣∣
F

RT
ϕ

∣∣∣∣ < 1 or ϕ(0) ≤ 0.026 V (32)

which is also applied for the linearized PNP solution. By using Equations (25)–(29) and
after some calculus, it can easily be determined that the electric potential and electric field
become zero at the fluid bulk, as the width of the duct, the initial concentration and the
potential ϕ(0) are increased as is also discussed in Reference [46]. As it is illustrated below,
the linear approximation gives reasonable results at the fluid’s bulk.

Furthermore, the surface charge density (in C/m2) can be found by integrating
Equation (25) of the linearized PNP solution as

σl =
∫ y

0
ρdy =

ϕ(0)εκ

(λsκ + 1)
[
cosh

(
κ
(

y− L
2

))

cosh
(

κ L
2

) − 1],

and its absolute value adjacent to each electrode is given for y = L
2 as

|σl | =
ϕ(0)εκ

(λsκ + 1)
(

1

cosh
(

κ L
2

) − 1) (33)

Based on the above approximations, 1
cosh(κ L

2 )
→ 0, the surface charge density is found

to be exactly the same as the electric circuit RC model as

|σl | = ϕ(0)
ε

(λS + κ−1)
= ϕ(0)C (34)
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4. Exact Evaluation of the Electric Field and the Surface Charge Density

The calculation of the electric field and the surface charge density under steady-state
conditions is presented below without the linear approximation. Starting from the electric
field definition:

E =
−∂ϕ

∂y
→∂E

∂y
= −∂2 ϕ

∂y2 →
∂E
∂ϕ

∂ϕ

∂y
=

ρ

ε
→−2E

∂E
∂ϕ

=
2ρ

ε
→d

(
E2
)
= −2ρ

ε
dϕ,

and by considering ϕ
(

y = L
2

)
= 0 and EM the electric field intensity is in the center of the

duct, and by integrating it, it is found that

∫ E
EM

d(E2) = −
∫ ϕ

0
2ρ
ε dϕ→E2 − E2

M = 4
ε CMF

∫ ϕ
0 sinh( zF

RT ϕ)dϕ→

E =

√
E2

M + 4CM RT
ε

[
cosh( zF

RT ϕ) − 1]

where
ρ = C+zF− C−zF →ρ = −2CMFsinh(

zF
RT

ϕ)

which is valid only inside the diffuse layer and not in the compact layer, thus, in regions
where the Boltzmann distribution is valid. In this region, EM is almost diminished relative
to the values of the second part of the undersquare quantity; thus,

E ∼=
√

4CMRT
ε

[cosh(
zF
RT

ϕ)− 1] =

√
8CMRT

ε

∣∣∣∣sinh
(

zF
2RT

ϕ

)∣∣∣∣

and close to the positive electrode:

E =

√
8CMRT

ε
sinh(

zF
2RT

ϕ) = −∂ϕ

∂y
for λs ≤ y ≤ L

2
(35)

The integration of the 1D Poisson equation from y = λS to y = L
2 can give the surface

charge density near the walls as
∫ L

2
λS

d2 ϕ

dy2 dy = −
∫ L

2
λS

ρ
ε dy → dϕ

dy

∣∣∣ L
2

− dϕ
dy

∣∣∣
λS

= −
∫ L/2

λS
ρdy

ε =
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− σ
ε , where σ is the surface charge density (in C/m2) near the positive electrode. Applying

that EM = dϕ
dy

∣∣∣ L
2

= 0, it is − dϕ
dy

∣∣∣
λS

= − σ
ε → σ = −εEλS , which due to Equation (35) gives

σ = −
√

8εCMRTsinh(
zF

2RT
ϕs) (36)

where ϕs is the potential at the outer Helmholtz plane (OHP) at distance λS.
It should be noticed that due to continuity, the electric field magnitude is equal at both

sides of the OHP, i.e., of the diffuse layer but also of the compact layer side. Moreover,
electric field magnitude is almost constant along the compact layer. Thus, for the positive
electrode, it is ϕS = ϕ(0) + λs

dϕ
dy

∣∣∣
λS

= σλs
ε + ϕ(0), and by replacing ϕS in Equation (36),

we have
σ = −

√
8εCMRTsinh[

zF
2RT

(
σλs

ε
+ ϕ(0))] (37)

or after substituting

σ = −3.76 · 10−3C
1
2
Msinh[z(19.34ϕ(0) + 13.65σ)] (S.I.) (38)

The distribution of the surface charge density as a function of ϕ(0) is shown in Figure 3
for various concentrations considering the case of salty water, zNa = zCl = 1. As may be
seen by comparing these results with the those from Reference [46], where no compact
layer was considered, the deployment of the compact layer results in a reduced charge.
Moreover, the charge is practically independent from the solution salt concentration.

As it may be observed, the relation (38) is different than Equation (34) due to linearized
PNP equations or the electric models. However, it collapses to this upon linearization,
i.e., for sinh[ zF

2RT

(
σλs

ε + ϕ(0)
]
≈ zF

2RT

(
σλs

ε + ϕ(0)
)

, something that can not be applied in
general at the double layer. Now, the potential ϕs at the outer Helmholtz plane is

ϕS = ϕ(0)− λs

√
8CMRT

ε
sinh(

zF
2RT

ϕs) (39)

or
ϕS = ϕ(0)− 2.65× 10−3C

1
2
Msinh(19.34·zϕs) (S.I) (40)

The potential at the outer Helmholtz plane is shown in Figure 4 as a function of ϕ(0)
for various concentrations considering the case of salty water, zNa = zCl = 1. As it can be
observed, ϕS is scaled almost linear with ϕ(0) for values up to 0.1 V. However, as ϕ(0) is
increased further, ϕS is saturated to values lower than 1 V independently of ϕ(0).

Now, the potential distribution along y in the diffuse layer for λs ≤ y ≤ L
2 can be

found from Equation (35) as

∫ ϕ

ϕs

dϕ

sinh( F
2RT ϕ)

= −
√

8CMRT
ε

∫ y

λs
dy→ ϕ =

4RT
zF

tanh−1{tanh(
zFϕs

4RT
) · e−κ(y−λs} (41)

Thus, the electric field intensity inside the compact layer is given by

EλS = −σ

ε
→EλS =

√
8CMRT

ε
sinh[

zF
2RT

(
−λsEλS + ϕ(0)

)
] (42)

or
EλS = 5.31× 106C

1
2
Msinh[z

(
19.34ϕ(0)− 9.67× 10−9 EλS

)
] (S.I) (43)

As it is observed from Figure 5 for the case of salty water, zNa = zCl = 1, the
electric field intensity at the compact layer takes huge values independently of the ion
concentration, especially as the potential increases.
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Figure 4. Potential ϕS dependance on ϕ(0) at the outer Helmholtz plane for various CM.
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Figure 5. Electric field intensity inside the compact layer dependance on ϕ(0) for various CM.
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5. Nonlinear PNP Solution

Starting from ρ = zF(C+ − C−) and setting Equation (3) in the form

∂C+

∂t
= +D

∂2C+

∂y2 + zeµC+

∂2 ϕ

∂y2 + zeµ
∂ϕ

∂y
∂C+

∂y
(44)

∂C−
∂t

= +D
∂2C−
∂y2 − zeµC−

∂2 ϕ

∂y2 − zeµ
∂ϕ

∂y
∂C−
∂y

(45)

and by subtracting, we have

1
D

∂ρ

∂t
=

∂2ρ

∂y2 −
z2F2(C+ + C−)

εRT
ρ− z2F2

RT
E

∂(C+ + C−)
∂y

(46)

The above Equation (46) can be transformed into the linear Equation (12) subject to
C+ + C− = constant. Since along the y-direction the ion concentration is changing, the
decrease in the positive ion needs to correspond to the increase in the negative ion for their
summary to be constant and equal to 2CM, i.e., C+ + C− = 2CM.

This is valid throughout the duct width (for the case of salty water, zNa = zCl = 1)
when

∣∣∣ F
RT ϕ

∣∣∣ < 1 or ϕ ≤ 0.026 V, i.e., in the case of very weak external electric fields as
already proved in Reference [46]. However, this is true only in the solution’s bulk as the
applied potential increases and faults inside the double layer. Since we proved that the
time scale of the problem is of the order of a second, we study the final equilibrium state
of the ion drift. Similar to Section 3.3, we can assume that the final concentration profiles
upon equilibrium that came after the solution of Equations (44)–(46) are of the form

C+ = CMe
+

Fzϕ(0)
RT(λsκ+tanh(κ L

2 ))

sinh[κ(y− L
2 )]

cosh (κ L
2 ) (47)

and

C− = CMe
− Fzϕ(0)

RT(λsκ+tanh(κ L
2 ))

sinh[κ(y− L
2 )]

cosh (κ L
2 ) (48)

The effect of the nonlinearity can be investigated when a third term in the Taylor
series of the exponential function, ex = 1 + x + x2

2! +
x3

3! + · · · is considered. Then, for the
additional term, it is

C+ + C− = CM(2 + W), and
∂(C+ + C−)

∂y
= CMQκsinh[2κ

(
y− L

2

)
], (49)

where W = [
Fzϕ(0)sinh[κ(y− L

2 )]
RT(λsκ+tanh(κ L

2 )) cosh(κ L
2 )
]2, and Q = [ Fzϕ(0)

RT(λsκ+tanh(κ L
2 )) cosh(κ L

2 )
]2.

Thus, from Equation (46) and by setting ∂ρ
∂t = 0 for the steady-state, it is

0 =
∂2ρ

∂y2 −
z2F2

εRT
CM(2 + W)ρ−YECM, where Y =

z2F2

RT
Qκsinh[2κ

(
y− L

2

)
] (50)

The shift of the linearity is due to W and Y. It will be useful to study their profiles
along y for various potentials ϕ(0) (for the case of salty water, zNa = zCl = 1). In the range
of 0.026, 0.2 and 2 V, concentrations are in the range of 8.6, 100 and 400 mol/m3 with a duct
width of L = 0.015 m, while the effect of L is insignificant.

As it is observed in Figures 6 and 7, only inside the compact layer can a deviation from
linearity be encountered, while the difference is very negligible outside this layer as one
would expect. Moreover, the width of the deviation is found to be inversely proportional
to CM as it is also discussed in Reference [46].
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Figure 6. Effect of the nonlinearity on W at ϕ(0) = 0.026 (a), 0.2 (b) and 2 (c) along y for various CM.
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Figure 7. Effect of the nonlinearity on Y along y for various ϕ(0) at CM = 8.6 mol/m3 (a),
CM = 100 mol/m3 (b) and CM = 400 mol/m3 (c).
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6. Comparison with Experimental Results

The only available and relevant experimental data are from the capacitive deionization
method and are obtained for the water desalination case. A typical duct width of the order
L = 1.5 mm is proposed and constructors indicate a performance of about 65% for low salt
concentrations. In a similar approach, the authors of Reference [40] succeeded in reducing
an initial ion concentration of Cbe f = 1.686 gr/L = 29 mole/m3 to the final concentration
of Ca f ter = 0.497 gr/L = 8.6 mole/m3 with V = 0.4 V; thus, the electric charge that it is
removed per surface area is about |σ| = 2967 Cb/m2. This large ion drift can only be
achieved by the existence of an electric field in the fluid bulk. This is due to the micropores
in the capacitive deionization method. However, this is not possible here due to the non-
Faradaic conditions to which our analysis refers. Clearly, the phenomenon of ion drift
stops long before we have a noticeable reduction in ion in the bulk of the solution. This is
due to the zeroing of the electric field in the bulk due to the creation of the double layer
on the side walls of the duct. Thus, we need to continuously absorb the compact layer in
order to permit additional ions to move close to the duct sidewalls. This can be conducted
in an almost continuous way because as we showed, the time to reach the final equilibrium
state is of the order of one second or less. This is equivalent to maintaining a non-zero
electric field at the fluid’s bulk. This mechanism of ion removal from the salted water
is discussed in Reference [37] since in this case, the solution had a constant electric field,
which is impossible upon creation of the double layer, and in order for the electric field
to exist, we have to continuously eliminate this layer. Thus, electric field existence in the
duct is the crucial parameter to ensure that an efficient desalination can be achieved by this
method. The absorption of the double layer replaces the porous electrodes and if achieved
experimentally may be the solution for continuous desalination without the inevitable
interruptions that must occur in capacitive deionization to discharge the electrodes.

7. Conclusions

This study examined the ion concentration, electric field, electric potential profiles and
surface charge density inside a salt solution when it is under the effect of an external electric
field as a function of time and position. The compact layer is discussed as it forms an
additional mechanism to diminish the electric field in the bulk of the fluid. The conditions
and the region where the linear approximation gives satisfactory results are examined.

The energy consumption of conventional methods using membranes is in the order of
0.30–2.11 kWh/m3, quite costly but provides desalination of a large scale. With a capacitive
deionization method, we have a smaller energy consumption of about 0.2 kWh/m3. At
present with this method, we can manage smaller amounts of water, and it can be used as
a secondary desalination method. Research continues intensively on this method mainly
with regard to electrodes in order to achieve greater absorbency. With the EID method, we
have the same energy consumption, but we are exempt from the cost of electrodes.

The importance of maintaining a non-zero electric field in the fluid’s bulk is shown,
which can only be succeeded by the continuous absorption of the double layer.
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Nomenclature

C± Concentration, mole/m3

µ Mobility, s/Kg
D Diffusion coefficient, m2/s
J Ionic flux, mol/

(
m2·s

)

i Current density, A/m2

T Absolute temperature, K
z Number of overflow protons or electrons
E Electric field intensity V/m
y y-axis coordinate, m
L Width of the duct, m
σ Electric charge surface density C/m2

C Capacity, F
Greek symbols
ε electric permittivity, F/m
ϕ Electric potential, V
ρ Charge density, C/m3

υ Velocity, m/s
ν Dynamic viscosity, Pa s
σ Surface charge density, C/m2

Subscripts
y Along y-axis
bef Before
after After
Constants
NA = 6.023× 1023 mol−1

F = 96, 485.34 C/mol
R = 8.314 J

mol·K
ε0 = 8.85× 10−12 F/m
εr ≈ 80
e = 1.6× 10−19 Cb

Appendix A. General Theory of Ion Movement

It is supposed that a positive ion of concentration C+ is dissolved in a water solution
that is flowing in the streamwise direction of a duct (Figure 1). Moreover, a uniform electric
field of magnitude E is applied normal to the flow, and the corresponding force acting on
the ions is

f E
(1 ion) = zeE (A1)

Then, the result is that ions start to drift. Thus, a spatial concentration distribu-
tion along the y-direction is formed, which causes the concentration gradient ∂C+

∂y . The
pseudoforce per ion due to this is given by the relation:

f∇C
(1 ion) = −

RT
NAC+

∂C+

∂y
(A2)

The negative sign indicates that the force direction is opposite to the concentration
gradient direction, along the y-direction. Moreover, during the ion movement, a friction
force also exists between the moving ion and the solvent. This force is opposite to the ion
velocity

→
υ y, which is given approximately by the relation (we consider as usual the ion

shape as a small sphere with radius r that moves with a small velocity inside a fluid of
dynamic viscosity ν):

f f r
(1ion) = −6πνr · υy (A3)
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Quickly, equilibrium is established; thus,

Σ f y
(1ion) = 0 (A4)

By using Equations (A1)–(A3), the velocity υy can be found as

υy =
zeE

6πνr
− RT

C+NA6πνr
∂C+

∂y
(A5)

Appendix B. The RC Models—Time Scale

In Electrochemistry, there is an old theoretical approximation that when an electrolyte
is under the effect of an external electric field, it is modeled as an effective electric circuit
constituted by one capacitor and one resistance connected inline [52]. In the following, the
most important models are reviewed.

Appendix B.1. Gouy-Chapman Model

The very first model used was attributed to Gouy–Chapman [52] in which only the
diffuse layer that is formed from the ions’ confinement nearby the electrodes’ surface is
considered. This thin layer can be simulated by a capacitor with a plate separation width:
λD = κ−1 =

√
εRT

2F2z2CM
. Thus, the capacity per unit area is equal to CD = ε

κ−1 . Since an
additional capacitor is formed at the other wall of the duct, the total capacity per unit area
is then

Ctot
D =

ε

2(κ−1)
(A6)

Assuming that the bulk of the solution is in an almost uniform initial ion concentration,
the electric force due to the external electric field on the ions is fast balanced by the friction
force, and their asymptotic velocity can be found from (A4) when ∂C+

∂y = 0 for the positive

ions as in υy = − ze
6πνr

∂ϕ
∂y . Their ionic flux is also given by J+ = CMυy = −CM

ze
6πνr

∂ϕ
∂y , while

J− = CM
ze

6πνr
∂ϕ
∂y is similarly given for the negative one. The electric current per unit surface

is given by i = zeNA(J+ − J−) or substituting i = − εD
(κ−1)

2
∂ϕ
∂y . Comparing this relationship

with the Ohm’s law i = −σ
∂ϕ
∂y , the special conductivity is given by the relation σ = εD

(k−1)
2 .

The resistance per unit surface is given by R = L
σ and, thus,

R =
L
(
κ−1)2

Dε
(A7)

The time constant of the RC circuit determines that characteristic time of the phe-
nomenon as

τ = RCtot
D =

Lκ−1

2D
(A8)

while 5τ is its practical duration according to the RC circuit theory. In the above Gouy–
Chapman theory, only the diffuse layer and no compact layer is considered.

Appendix B.2. Stern’s Model

Assuming that ions have finite dimensions and, thus, that they can approach in an
ionic radius distance to the walls of the duct that is of the order 1

.
A (further increased by

the solvent molecules that surround the ion), the Stern model needs to be used. According
to this model, the double layer is formed by two areas:

a. The compact part that is simulated by a Helmholtz capacitor of effective width
of the order of molecule that is almost constant. The term effective is due to the
possibility that the solvent (i.e., the water here) may not be considered in this region
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as a continuous media, and the permittivity ε is considered to be similar to the fluid’s
bulk. Thus, the width of the compact part may be considered the size of the ionic
radius, i.e., λs ∼ 1− 10

.
A [51], while in the present calculations, it is assumed to be

equal to λs ≈ 5
.
A. Thus, the capacity of the compact part per unit area is given by

CH = ε
λS

.
b. The diffuse layer that is simulated by a Gouy–Chapman-type capacitor with effective

width of the diffuse part λD = κ−1, and the known capacity per area unit is given by
CD = ε

κ−1 .

The above two capacitors are both inline connected and connected with the two
capacitors existed at the other wall side (near the second electrode). The two electrodes
constitute the Stern model [52]. Thus, the total capacity per surface unit is then

Ctot =
ε

2(λS + κ−1)
(A9)

The time constant of the RC circuit of the Stern model is then

τ =
L

2Dκ(λsκ + 1)
(A10)

Appendix C. Solution of the Linear PNP Equation

Using the Laplace transformation in Equation (12) and assuming ρ(t = 0) = 0 for the
initial current density, we have

∂2

∂y2 ρ−M2ρ = 0 (A11)

where
M2 = κ2 +

S
D

(A12)

and ρ =
∫ ∞

0 dte−Stρdt is the |Laplace transformation of ρ. The solution of Equation (A11)
is of the form

ρ = B cosh
(

My′
)
+ Asinh

(
My′

)
(A13)

where y′ = y− L
2 , and A, B are constants. Due to antisymmetric conditions around the

duct center at y = L
2 , it is ρ(y′) = −ρ(−y′), and, thus, B = 0, i.e.,

ρ = Asinh
(

M
(

y− L
2

))
(A14)

where
M2 = κ2 +

S
D

(A15)

In order to determine the A constant, the Laplace transformed Poisson Equation (5) is

used, ∂2 ϕ

∂y2 = − ρ
ε , and integrated once:

∂ϕ

∂y
= − A

εM
cosh

(
M
(

y− L
2

))
+ Γ (A16)

where Γ is a constant to be determined by considering the current density, i = zeNA(J+ − J−),
and it vanishes at the duct walls. Using Equation (12), the current density can be found as

i = −κ2εD
∂ϕ

∂y
− D

∂ρ

∂y
(A17)
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While the Laplace transformed Equation (A17) reads as

i = −κ2εD
∂ϕ

∂y
− D

∂ρ

∂y
(A18)

and i(y = 0) = 0. Substituting ρ and ∂ϕ
∂y from Equations (A14) and (A16), respectively, the

constant Γ can be found as

Γ =
AM

ε

(
M−2 − κ−2

)
cosh (M

L
2
) (A19)

Moreover, integrating Equation (A16) and using the antisymmetric condition, ϕ(y) =
ϕ(L− y), we find ϕ = − A

εM2 sinh
[

M
(

y− L
2

)]
+ Γ(y− L), and from Equation (A19):

ϕ = −
A cosh

(
M L

2

)

εM2 {
sinh

[
M
(

y− L
2

)]

cosh
[

M L
2

] +
MS
(

y− L
2

)

Dκ2 } (A20)

The constant A can be obtained by the boundary condition at y = 0 from the
transformed Equation (6), ϕ = +ϕ(0)s−1 + λs

∂ϕ
∂y , when ϕ and ∂ϕ

∂y are substituted by
Equations (A20) and (A16) for y = 0. Thus, A is found as

A =
ϕ(0)s−1εM2

cosh
(

M L
2

) [
1

MSL
2Dκ2

(
1 + 2λs

L

)
+ λs M + tanh

(
M L

2

) ] (A21)

The Debye time is defined as τD =
λ2

D
D =

(
κ2D

) −1 and is of the order τD ∼ 10−7s,
while we are interested in system responses at higher time scales. From the Laplace
transformation, f (s) =

∫ ∞
0 dτ e−sτ f (τ), and it may be observed that for the function not to

be zero as time increases, S should be less than a threshold value. Given that τ−1
D = κ2D, it

is found that S� κ2D, and from Equation (A12), it appears that M ≈ κ. Then,

A = α
S−1

1 + τS
(A22)

where α =
ϕ(0)εκ2

cosh
(

κ L
2

)(
λsκ + tanh

(
κ L

2

)) (A23)

and τ =
L
(

1 + 2λs
L

)

2Dκ
(

λsκ + tanh
(

κ L
2

)) (A24)

Thus,

ρ = αsinh
(

κ

(
y− L

2

))
S−1

1 + τS
(A25)

∂ϕ

∂y
= − α

εκ
cosh

(
κ

(
y− L

2

))
S−1

1 + τS
− α

1
1 + τS

cosh
(

κ L
2

)

εDκ3 (A26)

ϕ = −α
cosh

(
κ L

2

)

εκ2 {
sinh

[
κ
(

y− L
2

)]

cosh
[
κ L

2

] S−1

1 + τS
+

1
1 + τS

(
y− L

2

)

Dκ
} (A27)

The inverse Laplace transformation of functions is S−1

1+τS and 1
1+τS is [L]−1

[
S−1

1+τS

]
=

1− e−
t
τ and [L]−1

[
1

1+τS

]
= 1

τ e−
t
τ , respectively, resulting then in Equations (14)–(21).
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Abstract: To evaluate the feasibility of nickel–aluminum (the Ni2+:Al3+ molar ratios of 1.0:1.0 and
1.0:2.0 are denoted as NA11 and NA12, respectively) and nickel–aluminum–zirconium type (the
Ni2+:Al3+:Zr4+ molar ratios of 0.9:1.0:0.09 and 0.9:2.0:0.09 are denoted as NAZ1 and NAZ2, respec-
tively) hydroxides for Cr(VI) removal from aqueous media, the adsorption capability and adsorption
mechanism of Cr(VI) using the above-mentioned adsorbents were investigated in this study. The
quantity of Cr(VI) adsorbed onto NA11, NA12, NAZ1, and NAZ2 was 25.5, 25.6, 24.1, and 24.6 mg g−1,
respectively. However, the quantity of aluminum (base metal) released from NA11 (approximately
0.14 mg g−1) was higher than that from NAZ1 (approximately 1.0 µg g−1), indicating that NAZ1
was more suitable for Cr(VI) removal than NA11. In addition, the effects of pH, contact time, and
temperature on the adsorption of Cr(VI) were evaluated. Moreover, to elucidate the adsorption mech-
anism of Cr(VI) using NA11 and NAZ1, the elemental distribution, X-ray photoelectron spectrometry
spectra, and ion exchange capability were also determined. Cr(VI) adsorbed onto the NAZ1 surface
was easily desorbed using a sodium hydroxide solution under our experimental conditions. The
information regarding this study can be useful for removing Cr(VI) from aqueous media.

Keywords: nickel–aluminum complex hydroxide; nickel–aluminum–zirconium complex hydroxide;
chromium(VI); adsorption

1. Introduction

In 2015, the United Nations announced the 2030 agenda for sustainable development.
Among the 17 Sustainable Development Goals (SGDs), Goal No. 6 (clean water and
sanitation) and Goal No. 14 (life below water), which are directly and strongly related to the
water environment, focused on resolving global aquatic environmental problems. Exposure
to high level of water contamination by heavy metals is considered as a serious variety
of adverse health outcomes [1]. As one of the most important contaminants, two main
oxidation states including Cr(VI) and Cr(III) is present in the environment. Importantly,
Cr(VI) compounds are widely used in various industrial processes. On the other hand,
Cr(III) is used as a nutritional supplement [2]. Cr(VI) is usually considered more toxic and
carcinogenic than Cr(III) [3,4]. Therefore, Cr(VI) compounds were classified as a group
1 carcinogenic to humans by the International Agency for Research on Cancer (IARC).
In addition, the World Health Organization (WHO) and U.S. Environmental Protection
Agency (USEPA) has established the maximum permissible Cr(VI) content for industrial
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wastewater, surface water, and drinking water in the values of 0.25, 0.10, and 0.05 mg L−1,
respectively [5,6]. Conversely, chromium is stockpiled in Japan because it is a relatively
rare metal with several applications. Japan is one of the main consumers of rare metals
worldwide. However, the recycling technology of rare metals, including chromium, has not
yet been developed. Therefore, the development of removal and/or recycling techniques
for Cr(VI) from aqueous media is very important for establishing a sustainable society [7,8].

Numerous techniques have been studied and applied to evaluate the Cr(VI) removal
including membrane filtration, chemical precipitation, solvent extraction, adsorption,
electrochemical reduction and oxidation, and photoreduction [9–12]. Adsorption is one
of the best choice and most cost-effective technique of heavy metals removal such as
Cr(VI), and the adsorption process indicates that adsorbents bind heavy metals by chemical
binding, ion exchange, and physical attractive forces [1].

Currently, the physicochemical properties and feasibility of metal complex hydroxides
have received more attention, and their application has been evaluated for the capability
on heavy metals removal from aqueous media [13]. Various studies have reported previ-
ously for the capability of Mg-Al-CO3-hydrotalcite [14,15], hydrotalcite-hydroxyapatite
material doped with carbon nanotubes [16], Mg-Al hydrotalcite kaolin clay [17], hydrotal-
cite/carbon [18], sulfide assembled hydrotalcite compounds [19], calcined nano-Mg/Al
hydrotalcite [20], and metal oxide as dual-functional adsorbents [1] on Cr(VI) removal
from aqueous media. In addition, our previous studies reported that Fe-Mg-type hydro-
talcite and nickel–aluminum complex hydroxide showed excellent adsorption capability
for Cr(VI) from aqueous media [8,21]. However, there are few reports on the adsorp-
tion/removal of heavy metals using ternary metal complex hydroxides from aqueous
media. In addition, multi-complex metal hydroxides are useful adsorbents for removing
heavy metals from aqueous media [8,21]. Multi-complex metal hydroxides exhibit quite
different physicochemical properties compared to their single or double metal hydroxides.

Additionally, our previous studies reported that nickel–aluminum complex hydroxide
and/or nickel–aluminum–zirconium complex hydroxide are useful for the removal of
oxyanions, such as arsenic and phosphate ions, from aqueous media [22,23]. The incorpora-
tion of zirconium (Zr4+) into a metal complex hydroxide induces an increase in the charge
in the metal layer and strongly affects its physicochemical properties. These changes affect
to the capability on adsorption and removal of heavy metals from aqueous media. We
have already evaluated the Cr(VI) adsorption capability using nickel–aluminum complex
hydroxide [21]. Additionally, Cr(VI) (oxyanion form) is ubiquitously present in the water
environment. Therefore, the incorporation of zirconium in the nickel–aluminum complex
hydroxide might be useful adsorbent for removal of Cr(VI) from aqueous media or might
show the superior adsorption capability of Cr(VI). However, no information is available
regarding Cr(VI) adsorption using the incorporation of zirconium in the nickel–aluminum
complex hydroxide.

Therefore, this study mainly focused on Cr(VI) adsorption using the incorporation
of zirconium in the nickel–aluminum complex hydroxide. Additionally, various param-
eters including the effects of initial concentration, temperature, pH, and contact time on
adsorption were also evaluated here.

2. Materials and Methods
2.1. Materials and Chemicals

Standard solutions of Cr(VI) (K2Cr2O7 in 0.1 mol L−1 HNO3) was purchased from FU-
JIFILM Wako Pure Chemical Co., Osaka, Japan. Different molar ratios of nickel–aluminum
complex hydroxides and nickel–aluminum–zirconium complex hydroxide were prepared
in the molar ratios of Ni2+ to Al3+ of 1.0, and 0.5, referred as NA11 and NA12, respectively.
Additionally, the molar ratios of 0.9:1.0:0.09 and 0.9:2.0:0.09 of Ni2+:Al3+:Zr4+ were denoted
as NAZ1 and NAZ2, respectively. The synthesis method and physicochemical characteris-
tics were reported in our previous studies [22]. Briefly, the materials were synthesized by
the following method. NiSO4•6H2O, Al2(SO4)3•18H2O, and Zr(SO4)2•4H2O were mixed
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and then the reaction solution was heated. After that, the reaction solution was added to
the distilled water at pH 9.0 for 800 rpm at 25 ◦C. After mixing for 2 h, the suspension was
filtered, washed, and dried at 110 ◦C for 12 h. The adsorbent morphology and crystal struc-
ture were measured using SU1510 (Hitachi Ltd., Tokyo, Japan) and Mini Flex II (Rigaku,
Tokyo, Japan), respectively. NOVA4200e instrument (Yuasa Ionics, Osaka, Japan) was used
to measure the specific surface area. Amount of surface hydroxyl groups and pHpzc of the
adsorbents were measured by the fluoride ion adsorption method [24] and the method
reported by Faria et al. [25], respectively.

To elucidate the adsorption mechanism of Cr(VI), elemental analysis and electron
spectroscopy were analyzed using JXA-8530F (JEOL, Tokyo, Japan) and AXIS-NOVA
instruments (Shimadzu Co., Ltd., Kyoto, Japan), respectively. Finally, the amount of
sulfate ions released from the adsorbent in the adsorption experiment was also measured
using a DIONEX ICS-900 (Thermo Fisher Scientific Inc., Tokyo, Japan). The measurement
conditions were already reported in our previous study [23]. Finally, the amount of base
metal released from NA11 and NAZ1 was measured. NA11 or NAZ1 (0.05 g) was added
to the distilled water (50 mL, pH 7.0). The suspension was shaken at 100 rpm and 25 ◦C for
24 h. The suspension was filtered through a 0.45 µm membrane filter. The concentration
of aluminum released from NA11 and NAZ1 were measured using an iCAP-7600 Duo
instrument (Thermo Fisher Scientific Inc., Tokyo, Japan).

2.2. Quantity of Cr(VI) Adsorbed

Each adsorbent (0.05 g) and the Cr(VI) solution at 50 mg L−1 (50 mL, pH 7.0) were
mixed and then shaken at 100 rpm and 25 ◦C for 24 h. Cr(VI) concentrations of the ob-
tained solutions after filtrated through a 0.45 µm membrane filter were measured using an
iCAP-7600 Duo instrument (Thermo Fisher Scientific Inc., Tokyo, Japan). The adsorption ca-
pability on Cr(VI) of each tested adsorbent was calculated by the difference between Cr(VI)
concentration before and after adsorption. All data are presented as mean ± standard error
from triplicate experiments.

2.3. Effect of pH, Contact Time, and Temperature on the Removal of Cr(VI)

Initially, to investigate the effect of pH, 0.05 g of each tested adsorbent (NA11 and
NAZ1), and different pH conditions of 50 mL Cr(VI) solution in the concentration of
50 mg L−1 were mixed. The solution pH was adjusted between 3, 5, 7, 9, and 11, using
either nitric acid or sodium hydroxide solutions (FUJIFILM Wako Pure Chemical Co.,
Osaka, Japan). The suspension was shaken at 100 rpm and 25 ◦C for 24 h. The suspension
was filtered through a 0.45 µm membrane filter. Second, to elucidate the contact time effect,
0.05 g of same adsorbents and the 50 mL Cr(VI) solution at 50 mg L−1 were mixed, and
then shaken at 100 rpm and 25 ◦C for 30 s, 1, 5, 10, and 30 min, and 1, 3, 6, 9, 15, 18, 21, 24,
30, 42, and 48 h. Third, to elucidate the effect of temperature, 0.05 g of same adsorbents and
the Cr(VI) solution at different concentrations (10, 20, 30, 40, and 50 mg L−1) were mixed,
and then shaken at 100 rpm and 5, 25, and 45 ◦C for 24 h. The quantity of Cr(VI) adsorbed
was also calculated using the above-mentioned method. The student’s t-test was used for
a comparative analysis of two groups. A minimum p-value of 0.05 (p < 0.05) was chosen
as the significant level. All data are presented as mean ± standard error from triplicate
experiments.

2.4. Recovery of Cr(VI) From NAZ1 using Desorption Solutions

To investigate the recovery of Cr(VI) adsorbed onto the NAZ1 surface, the adsorp-
tion/desorption performance of NAZ1 was evaluated in this section. First, NAZ1 (0.1 g)
and the Cr(VI) solution at 100 mg g−1 (50 mL) were mixed, and then the suspension was
shaken at 100 rpm and 25 ◦C for 24 h. Quantity of Cr(VI) adsorbed was also calculated
as described the above. Second, NAZ1 was collected after adsorption, and then dried at
25 ◦C for 24 h. Collected NAZ1 was added to the sodium hydroxide solution at 1, 10, and
100 mmol/L (50 mL). The suspension was shaken at 100 rpm and 25 ◦C for 24 h. Cr(VI)
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concentrations of the obtained solutions after filtrated through a 0.45 µm membrane filter
were measured using an iCAP-7600 Duo instrument. The quantity of Cr(VI) desorbed
was calculated from the difference between the concentration of Cr(VI) before and after
adsorption. All data are presented as mean ± standard error from triplicate experiments.

3. Results and Discussion
3.1. Physicochemical Properties

First, NA11 and NA12 were selected for Cr(VI) removal from aqueous media. Because
our previous study elucidated the optimal molar ratios condition of nickel and aluminum
in the metal complex hydroxide for removal of Cr(VI) [21]. Additionally, previous studies
showed that the incorporation of Zr4+ into a Ni-Al type hydroxide significantly improved
the adsorption capability of oxyanions such as arsenic ions [22] and phosphate ions [23].
Therefore, the compositions of NA11, NA12, NAZ1, and NAZ2 were selected in this study.
The physicochemical characteristics of NA11, NA12, NAZ1, and NAZ2 used in this study
have already been reported in our previous studies [22]. Therefore, we briefly describe
these properties. The prepared adsorbents were not perfectly spherical in shape under our
experimental conditions. Additionally, no significant differences between each adsorbent
were observed in this study. NA11 and NA12 have an amorphous nature [23]. The
XRD patterns of NAZ1 and NAZ2 showed similar trends to those of NA11 and NA12. In
addition, the XRD patterns of NAZ1 and NAZ2 showed that the incorporation of zirconium
in the NA series could be successful, and then the distances between metals and between
the octahedral layers changed in this study [22,26,27]. The specific surface areas of NA11,
NA12, NAZ1, and NAZ2 were 22.8, 26.4, 51.9, and 27.8 m2 g−1, respectively. Additionally,
the amount of surface hydroxyl groups was 1.92, 1.62, 1.08, and 1.51 mmol g−1, respectively.
Therefore, the incorporation of Zr4+ into a Ni-Al type hydroxide affects the increasing
specifics surface area and the decreasing amount of surface hydroxyl groups under our
experiment conditions. The pHpzc value of each adsorbent was between 6.2 and 6.4 under
our experimental conditions.

3.2. Quantity of Cr(VI) Adsorbed

The quantity of Cr(VI) adsorbed onto NA11, NA12, NAZ1, and NAZ2 was
25.5 ± 0.25 mg g−1 (1.1 ± 0.011 mg m−2), 25.6 ± 0.12 mg g−1 (0.97 ± 0.005 mg m−2),
24.1 ± 0.45 mg g−1 (0.46 ± 0.001 mg m−2), and 24.6 ± 0.13 mg g−1(0.88 ± 0.005 mg m−2),
respectively. No significant difference was observed in Cr(VI) removal using the NA and
NAZ series under our experimental conditions. The adsorption capability of Cr(VI) from
aqueous media was not improved by incorporating zirconium in the nickel–aluminum com-
plex hydroxide. In addition, the relationship between the quantity of Cr(VI) adsorbed and
the physicochemical characteristics was evaluated. The correlation coefficient between the
quantity of Cr(VI) adsorbed, and the surface hydroxyl groups was 0.890, which indicates
that this parameter was related to the adsorption of Cr(VI) using the NA and NAZ series.

The base metal released from the adsorbent is one of the most important issues in
adsorption treatment. This phenomenon directly and strongly affects the adsorption
capability of Cr(VI) using an adsorbent. Therefore, we evaluated the quantity of base metal
released from NA11 and NAZ1 in a preliminary experiment. As a result, the quantity of
aluminum released from NA11 (approximately 0.14 mg g−1) was greater than that from
NAZ1 (approximately 1.0 µg g−1), which suggests that NAZ1 was more suitable for Cr(VI)
removal than NA11. The incorporation of Zr4+ into NA11 increases the positive charge,
and then more occupies the octahedral holes in a close-packed configuration of hydroxide
ions. This phenomenon indicates that NAZ1 is more suitable compared to NA11 in this
study. This result is very important for the application of NAZ1 in the field. Therefore,
NAZ1 was used in the following adsorption experiment, and NA11 was also selected for
comparison in this study.

Table 1 shows the comparison of the Cr(VI) adsorption capacities of NA11 and NAZ1
with those of other reported adsorbents. The adsorption capability of Cr(VI) using NA11
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and NAZ1 exhibited a similar trend to that of other reported adsorbents (except for calcined
nano-Mg/Al hydrotalcite, and NiAl-LDH). Therefore, NAZ1 can be applied for the removal
of Cr(VI) from aqueous media.

Table 1. Comparison of Cr(VI) adsorption capacity of NA11 and NAZ1 with other reported adsorbents.

Adsorbents
Adsorption
Capability

(mg/g)
pH Temp.

(◦C)

Initial
Concentration

(mg/L)

Contact
Time

(h)

Adsorbent
(g/L) Ref.

Calcined Mg-Al-CO3
hydrotalcite

Approximately
24 6.0 30 10 4 0.2 [15]

Calcined nano-Mg/Al
hydrotalcite 52.4 3.0 22 110 2 1 [20]

MgAl-LDH 30.28 6–7 25 30–55 24 0.2 [28]
NiAl-LDH 57.50 6–7 25 30–55 24 0.2 [28]
Ni-Fe-LDH 26.78 - - 4–20 4–5 0.2 [29]

Mg-Al-Cl LDH 20.10 4.0 15 40 2 2 [30]
Mg-Al-CO3
hydrotalcite 17.00 6 30 10 24 1 [31]

NA11 25.5 7 25 100 24 1 This study
NAZ1 24.1 7 25 100 24 1 This study

3.3. Effect of pH, Contact Time, and Temperature on the Removal of Cr(VI)

Solution pH is one of the most important parameters that directly and strongly affects
the adsorption capability of Cr(VI) from aqueous media. Figure 1 exhibited the effect of pH
on Cr(VI) adsorption using NA11 and NAZ1. In this experiment, the optimal pH condition
for Cr(VI) removal using NA11 and NAZ1 was approximately between 7.0 and 9.0. Similar
trends were reported by previous studies using Mg-Al-Cl LDH and Mg-Al LDH [30,32].
Cr(VI) oxyanion species in an aqueous solution depend on the solution pH and chromium
concentration. The Cr(VI) oxyanion species in solution are chromate (CrO4

2−), dichromate
(Cr2O7

2−), and hydrogen chromate (HCrO4
−) [33]. The surfaces of NA11 and NAZ1 are

protonated in acidic condition and therefore acquire positive charges. However, under
strongly acidic condition (pH 3.0), low Cr(VI) adsorption was observed. These phenomena
can be explained by the dissolution of the adsorbent at low pH solution. Similar trends
were reported by previous studies [17,32]. On the other hand, only chromate is stable in
solution, and there are many hydroxide ions above a pH of 6.8. Therefore, competitive
adsorption between hydroxide ions and chromate ions onto NA11 and NAZ1 occurred
easily [20,33,34]. The removal efficiency of Cr(VI) using NA11 and NAZ1 decreased pH
from 9.0 to 11. Considering the adsorption capability of Cr(VI) using NA11 and NAZ1, an
initial pH of 7.0 was selected in the following experiments in this study.

Figure 2 demonstrated the contact time effect on Cr(VI) adsorption using NA11 and
NAZ1 with adsorption kinetics. The data showed that the rapidly adsorption occurred
during the initial 10 min, and then it gradually became slower over time, reaching equilib-
rium in approximately 20 h. Previous studies reported the adsorption capability of metal
complex hydroxide on heavy metals was a very rapid process [29,32]. It takes within 2 h for
Cr(VI) solution with an initial concentration of from 5 to 200 mg g−1 to reach equilibrium.
However, the quantity of Cr(VI) adsorbed using NA11 and NAZ1 was slightly higher
compared to the reported adsorbent. Additionally, amount adsorbent (adsorbents reported
in previous studies) was more needed for Cr(VI) removal from aqueous media. Therefore,
NA11 and NAZ1 were useful for removal of Cr(VI) from aqueous media. The process of
Cr(VI) adsorption from aqueous media using an adsorbent can be elucidated by kinetic
models, such as the pseudo-first-order and pseudo-second-order models. These kinetic
models can explain the rate-controlling mechanism of the Cr(VI) adsorption process, such
as chemical reaction, diffusion control, and mass transfer [32]. Therefore, the adsorption
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kinetic data were analyzed in terms of the pseudo-first-order and pseudo-second-order
models (Table 2).
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Table 2. Kinetic parameters for the adsorption of Cr(VI).

Adsorbents
qe

(mg g−1)

Pseudo-First-Order Model Pseudo-Second-Order Model

k1
(h−1)

qe
(mg g−1)

r k2
(g mg−1 h−1)

qe
(mg g−1)

r

NA11 28.5 0.22 8.0 0.870 0.04 28.4 0.999
NAZ1 27.0 0.09 8.8 0.972 0.04 26.8 0.999

The pseudo-first-order and pseudo-second-order models were based on physical
sorption and chemical sorption, respectively [35,36]. These equations are expressed as
follows:

ln(qe − qt) = lnqe − k1t, (1)

t
qt

=
t
qe

+
1

k2 × qe2 , (2)

where qe and qt are the quantity of Cr(VI) adsorbed (mg g−1) at equilibrium and given time
t, and k1 and k2 are the pseudo-first-order (h−1) and pseudo-second-order (g mg−1 h−1) rate
constants, respectively. The correlation coefficient (r) in the pseudo-second-order model
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(0.999) was higher than that in the pseudo-first-order model (0.870–0.972). In addition,
closer values of qe in the calculation (26.8 ± 0.01–28.4 ± 0.02 mg g−1) and experiment
(27.0 ± 0.01–28.5 ± 0.02 mg g−1) indicate that the Cr(VI) adsorption data fit well with
the pseudo-second-order model compared to the pseudo-first-order model. These results
suggest that Cr(VI) oxyanions diffuse through the solution to the adsorbent’s external
surface and boundary layer [29].

Previous studies reported that metal hydroxide complexes can remove heavy metals
from aqueous media by various mechanisms [32]. First, the adsorption onto the adsorbent
external surface. Second, intercalation by ion exchange mechanism with anions in the
interlayer adsorbent. Usually, a combination of the above-mentioned mechanisms easily
occurs to remove heavy metals from aqueous media. We have already described the
relationship between the amount of Cr(VI) adsorbed and the surface functional group in
the above section, which indicates that the adsorption mechanism of Cr(VI) using NA11
and NAZ1 was related to the adsorbent surface. Additionally, the conditions of NA11 and
NAZ1 surfaces before and after adsorption were observed (Figure 3). Warm color and
cold color shows high concentration and low concentration, respectively. The value of
chromium (Cr) intensity was from 2 to over 15 and from 2 to 15 for NA11 and NAZ1 before
and after adsorption. Therefore, the chromium quantity clearly increased on the NA11 and
NAZ1 surfaces after Cr(VI) adsorption.
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The adsorption mechanism of Cr(VI) from aqueous media using NA11 and NAZ1 was
also investigated in detail, anion exchange in the adsorption treatment (from Figure 2) was
evaluated in this study. We measured the X-ray photoelectron spectra of the NA11 and
NAZ1 surfaces before and after adsorption (Figure 4). Cr(2p) peaks at 575–577 eV were
detected after adsorption, which was not detected before adsorption. On the other hand,
the intensity of sulfur (165 eV for S(2p)) peak slightly or significantly decreased after
adsorption of Cr(VI) using NA11 or NAZ1 in this study. In addition, Figure 5 shows
the relationship between the quantity of Cr(VI) adsorbed and the quantity of sulfate ions
released from the interlayer of NA11 and NAZ1. As shown in Figure 5, a positive linear
relationship (correlation coefficient was 0.918 and 0.945 for NA11 and NAZ1, respectively)
was observed under our experimental conditions. This result was proposed here that the
sulfate ions in the interlayer of NA1 and NAZ1 were exchanged with Cr(VI).

Figure 6 exhibited the effect of temperature and the adsorption isotherms on Cr(VI)
adsorption using NA11 and NAZ1. The quantity of Cr(VI) adsorbed using NA11 and
NAZ1 was not different and slightly increased, respectively, at adsorption temperatures
between 5 and 45 ◦C. Therefore, the adsorption temperature did not strongly affect the
adsorption capability of Cr(VI) using NA11 and NAZ1 under our experimental conditions.
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Adsorption isotherm models are usually used to describe the interactions between
adsorbates and adsorbents. Freundlich and Langmuir isotherms are empirical expres-
sions of the adsorption process attributed to the special micro and macro structures of
the adsorbents [37]. Freundlich’s isotherm model allows for multilayered adsorption of
adsorbates onto adsorbent surfaces [28]. Additionally, the Langmuir isotherm assumes an
energetically homogeneous support surface with pervasively identical adsorption sites [38].
The Freundlich model is described by Equation (3) [39]:

log q =
1
n

log Ce + log k, (3)

The Langmuir model is described by Equation (4) [40]:

1/q = 1/(WsaCe) + 1/Ws, (4)

where q is the quantity of Cr(VI) adsorbed (mg g−1), Ws is the maximum quantity of ad-
sorbed Cr(VI) (mg g−1), and Ce is the equilibrium concentration (mg L−1). The adsorption
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capacity and strength of adsorption are k and 1/n, respectively. Additionally, a is the
Langmuir isotherm constant (binding energy) (L mg−1).
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Table 3 showed the Freundlich and Langmuir constants for Cr(VI) adsorption using
NA11 and NAZ1. As a result, the regression correlation coefficients (over 0.987) were
presented for the Freundlich model, which were higher than those of the Langmuir model
(over 0.917). These results indicate that the Freundlich isotherm model was more suitable
for describing the adsorption equilibrium of Cr(VI) onto NA11 and NAZ1. The maximum
adsorption capability (Ws) of Cr(VI) increased with increasing adsorption temperature
from 5 to 45 ◦C. These phenomena agree with the adsorption behaviors of Cr(VI) using
NAZ1. Finally, when the value of 1/n is 0.1–0.5, Cr(VI) adsorption using NA11 and NAZ1
easily occurs. On the other hand, when the value of 1/n is over 2, adsorption is difficult [41].
In this study, the value of 1/n is 0.31–0.34, and then Cr(VI) adsorption from aqueous media
using NA11 and NAZ1 were more favorable under our experimental condition.

Table 3. Freundlich and Langmuir constants for the adsorption of Cr(V).

Adsorbents Temperature (◦C)
Freundlich Constants Langmuir Constants

logk 1/n r Ws
(mg g−1)

a
(L mg−1)

r

NA11
5 0.96 0.33 0.987 27.4 0.28 0.917
25 0.99 0.34 0.993 27.9 0.38 0.979
45 0.98 0.33 0.998 28.5 0.30 0.984

NAZ1
5 0.96 0.31 0.997 28.0 0.22 0.979
25 0.96 0.33 0.998 28.4 0.27 0.986
45 0.97 0.34 0.998 30.0 0.26 0.989

3.4. Adsorption/Desorption Capability of Cr(VI) using NAZ1

To evaluate the recovery of Cr(VI) adsorbed onto the NAZ1 surface, the adsorption/
desorption capability of Cr(VI) using NAZ1 was investigated in this study (Figure 7). As a
result, the quantity of Cr(VI) desorbed from NAZ1 using a sodium hydroxide solution in-
creased with increasing concentration of the desorption solution. The recovery percentages
of Cr(VI) using 1, 10, and 100 mmol L−1 was 29.8%, 72.9%, and 80.1%, respectively, under
our experimental conditions. The in-use studies in real samples are needed to elucidate the
application of NAZ1 in further experiments.
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4. Conclusions

We prepared the NA and NAZ series adsorbents for Cr(VI) removal from aqueous
media. Our results showed that NAZ1 was more suitable for Cr(VI) removal than NA11
under our experimental conditions. The optimal pH condition was approximately from
7.0 to 9.0 for removal of Cr(VI) from aqueous media. The kinetic experiments indicated
that the adsorption process could reach equilibrium in approximately 20 h, and the kinetic
data were accurately described by pseudo-second-order model (Correlation coefficient was
0.999 for NA11 and NAZ1). From the results of elemental distribution, binding energy
analysis, and relationship between quantity of Cr(VI) adsorbed and quantity of sulfate
ion released from adsorbents, adsorption mechanism related to the adsorbent surface
properties (surface hydroxyl groups), and ion exchanges in this study. The adsorption
isotherm data agreed with well with the Freundlich model (Correlation coefficient was over
0.987) compared to Langmuir model (Correlation coefficient was over 0.917). Additionally,
the recovery percentage of Cr(VI) from NAZ1 using 100 mmol L−1 was approximately 80%.
These findings are useful for the removal of Cr(VI) from aqueous media.
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Abbreviations

1/n adsorption strength
a the Langmuir isotherm constant (binding energy) (L mg−1)
Ce the equilibrium concentration (mg L−1)
IARC the International Agency for Research on Cancer
k adsorption capacity
k1 the pseudo-first-order (h−1) rate constant
k2 the pseudo-second-order (g mg−1 h−1) rate constants
NA11 nickel-aluminum type hydroxide (the Ni2+:Al3+ molar ratios of 1.0:1.0)
NA12 nickel-aluminum type hydroxide (the Ni2+:Al3+ molar ratios of 1.0:2.0)
NAZ1 nickel-aluminum-zirconium type hydroxide (the Ni2+:Al3+:Zr4+ molar ratios of 0.9:1.0:0.09)
NAZ2 nickel-aluminum-zirconium type hydroxide (the Ni2+:Al3+:Zr4+ molar ratios of 0.9:2.0:0.09)
qe the quantity of Cr(VI) adsorbed (mg g−1) at equilibrium
qt the quantity of Cr(VI) adsorbed (mg g−1) at given time t
SGDs Sustainable Development Goals
USEPA U.S. Environmental Protection Agency
WHO World Health Organization
Ws the maximum quantity of adsorbed Cr(VI) (mg g−1)
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Abstract: Adsorption equilibrium and kinetics on lignocellulosic base adsorbents from oil palm
bagasse (OPB) and yam peels (YP) were studied for the removal of hexavalent chromium present in
aqueous solution, in a batch system, evaluating the effect of temperature, adsorbent dose and particle
size on the process. Isotherms were fitted to Langmuir, Freundlich and Dubinin–Radushkevich
isothermal models. Kinetic data were adjusted to the pseudo-first-order, pseudo-second-order and
Elovich models. Thermodynamic parameters were estimated by the van’t Hoff method. From
characterization of adsorbents, the presence of a porous surface typical of lignocellulosic materials
was found, with hydroxyl, amine and carboxyl functional groups. It was also found that the highest
adsorption capacity was obtained at 0.03 g of adsorbent, 55 ◦C and 0.5 mm, reporting an adsorption
capacity of 325.88 and 159 mg/g using OPB and YP, respectively. The equilibrium of adsorption on
OPB is described by Langmuir and Freundlich isotherms, while that of YP is described by Dubinin–
Radushkevich’s model, indicating that the adsorption is given by the ion exchange between the active
centers and the metallic ions. A maximum adsorption capacity was obtained of 63.83 mg/g with
OPB and 59.16 mg/g using YP, according to the Langmuir model. A kinetic study demonstrated
that equilibrium time was 200 min for both materials; kinetic data were described by pseudo-second-
order and Elovich models, thus the mechanism of Cr (VI) adsorption onto the evaluated materials is
dominated by a chemical reaction. The thermodynamic study determined that the elimination of YP
is endothermic, irreversible and not spontaneous, while for OPB it is exothermic, spontaneous at low
temperatures and irreversible.

Keywords: bio-adsorption; Langmuir; Freundlich; Dubinin–Radushkevich

1. Introduction

The presence of heavy metal ions in wastewater is a serious problem due to the
discharge of contaminated effluents into the environment [1]. Among the pollutants
generally discharged to water bodies are heavy metals; these are found in the wastewater
from industrial processes involving inks, metallurgy, batteries, oil, mining and tanneries,
among others [2]. Chromium appears in aqueous systems in the forms +3 and +6, with the
hexavalent chromium being much more toxic than the trivalent [3]; these ions are widely
used in the manufacture of inks, industrial dyes and paint pigments, chrome plating,
aluminum anodizing and other cleaning, coating and electroplating operations of metals
and gold mining, among others [4].

Several removal methods have been used in the capture of hexavalent chromium due
to its toxic health effects [5]. These technologies include filtration, chemical precipitation,
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adsorption, electrodeposition and membrane systems or even ion exchange processes [6].
Among these methods, bio-adsorption is one of the most economically favorable methods;
it is technically easier, with high availability of adsorbents and the possibility of reuse [7].
The removal of hexavalent chromium has been studied using biomasses from different
origin, such as corn residues [8], coffee pulp [3], kenaf [9], oil palm ash [5] and peels of
lime [4], nut [10], orange [11] and plantain [12], obtaining good performance of biomaterials
due to the presence of hydroxyl, carboxyl, amino and carbonyl functional groups, due to
their lignocellulosic nature [13].

In Colombia, the intensive and extensive planting of African palm for use in oil
extraction generates large volumes of waste during the process, including palm bagasse
and shells; due to the 60% of increase in oil production from oil palm, about 500,000 tons of
waste are generated per year [14]. Although the shell obtained as a by-product is generally
used as fuel for boilers and composting, the residual fiber is a rejected product that does
not have a use after fruit separation. Thus, the recovery of waste such as waste fiber is very
important to mitigate its effects on the environment, and guarantee a sustainable process.
Among the various potential applications that could be given to residual palm fiber, its
use as an adsorbent in the treatment of water contaminated with heavy metals, among
a wide range of applications, seems attractive taking into account the reported removal
yields for similar residues [15]. In addition, Colombia was ranked among the 12 countries
with the highest yam production worldwide and ranked first in terms of product yield
with 28.3 tons per planted hectare, generating after harvesting around 5000 tons of waste
per year [16].

In the studies of hexavalent chromium adsorption, several variables have been evalu-
ated such as adsorbent dose, initial concentration, particle size and temperature, which are
parameters that affect the availability of active sites of the adsorbent, the diffusive and mass
transfer phenomena of the pollutant from the solution to the adsorbent, the exposed surface
area and the mechanisms that dominate the adsorption of the pollutant [17]. In this sense,
the determination of the adsorption isotherm and thermodynamic parameters (change
in Gibbs free energy, enthalpy, and entropy) are necessary for helping to understand the
mechanisms and phases involved in chromium adsorption [18]. Thus, the objective of
this study was to determine the effect of adsorbent dose, particle size and temperature on
the adsorption capacity of chromium (VI) using yam peels (YPs) and oil palm residues
(OPBs) in a batch system. Adsorption equilibrium on adsorbents was studied and fitted to
Langmuir, Freundlich, and Dubinin–Radushkevich isothermal models. Thermodynamic
parameters were estimated by the van’t Hoff graphical method.

2. Methodology
2.1. Materials and Reagents

Oil palm waste (OPB) was obtained as a rejection product of the oil extraction process
and yam peels as a by-product of post-harvest handling in the department of Bolívar
(Colombia). The lignocellulosic material was washed, sun-dried to a constant mass, and
subjected to size reduction in a roller mill and size classification in a sieve-type shaker
on stainless steel meshes. The 100 mg/L chromium solution used in the adsorption tests
was prepared with analytical grade potassium dichromate (K2Cr2O7) (Merck Millipore®,
Burlington, MA, USA). To adjust the pH we used hydrochloric acid (HCl) and sodium
hydroxide (NaOH) 0.5 M solutions to adjust to pH 2 [8]. All the reagents used in the present
study were analytical grade.

The adsorbents were characterized by Fourier transform infrared spectroscopy analysis
in a Shimadzu (Kyoto, Japan) IRAinfinity-1S spectrophotometer model, with a frequency of
32 scans between 400 and 4000 cm−1, for the purpose of identifying the functional groups
that would work as active centers during the process of metal removal. The morphological
properties and elemental composition of the biomass were determined using a scanning
electron microscope together with an energy dispersive spectroscopy (SEM-EDS) model
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JSM-6490LV JEOL Ltd. (JEOL Ltd., Akishima, Japan). All trials were conducted before and
after the metal removal process.

2.2. Adsorption Tests

The YH and OPB wastes were washed, sun-dried to remove moisture and reduced
in size in a hand-roller mill, and sized in a vibrating sieve machine using stainless steel
meshes. The materials were stored in airtight plastic bags to keep them in good condition.

For the experimental development, a continuous factor central composite design with
a star-type response surface was selected and is shown in Table 1, the design was made
using the software Statgraphics Centurion XVI.II. For the classification of biomaterial sizes,
mesh numbers 120, 45, 35, 18 and 16 were used, which select size ranges of 0.1060.125 mm,
0.3–0.355 mm, 0.425–0.5 mm, 1.0–1.18 mm and 1.18–1.4 mm, respectively.

Table 1. Experimental design.

Independent
Variables

Units
Range and Levels

Lower
Level

Low
Level

Center
Point

High
Level

Higher
Level

Particle size mm 0.14 0.355 0.5 1.0 1.22

Adsorbent dose g 0.003 0.15 0.325 0.5 0.62

Temperature ◦C 29.8 40 55 40 80

Adsorption experiments were performed in a batch system using an orbital shaker
by contacting 100 mL of solution at pH 2 [19], for 200 rpm per 24 h, at the conditions
described in Table 1. The remaining concentration of hexavalent chromium in the solution
was determined by ASTM D 1687-02, by adding 48 mL of deionized water, 2 mL of 1,5-
diphenylcarbazide solved in acetone and 0.5 mL of Cr (VI) sample in acid conditions; for
this purpose, a Biobase spectrophotometer BK-UV1900 was used, setting the wavelength to
540 nm [20]. The spent adsorbent after adsorption tests was removed by filtration, using
cellulose membrane microfilters of 0.45 µm. The adsorption capacity was determined
according to Equation (1), where qt (mg/g) is the adsorption capacity of the material, Co
and Cf (mg/L) are the initial and final concentration of chromium, V (L) is the volume of
solution and m (g) is the mass of adsorbent. In order to evaluate the reproducibility of the
results, the experiments were conducted in triplicate.

qt =

(
Co − C f

)
∗V

m
(1)

2.3. Adsorption Equilibrium

An adsorption isotherm describes the equilibrium of the material’s adsorption on a
surface at a constant temperature; it represents the amount of material bound to the surface
as a function of the material present in the gas phase or dissolution, as well as determining
the interactions that control the process [21]. The data from the effect of concentration of
the solution (25, 50, 75, 100, 125 and 150 mg/L) were adjusted to the models of Langmuir,
Freundlich, and Dubinin–Radushkevich.

Freundlich’s isotherm (Equation (2)) assumes the formation of multilayers during
the adsorption process due to the different activation energies and affinities of the active
centers of the adsorbent [22].

qe = k f C1/n
e (2)

where kf is the Freundlich constant and represents the distribution coefficient (L/g), n
represents the adsorption intensity and indicates the heterogeneity of the active sites,
qe is the amount of metal adsorbed at equilibrium (mg/g) and Ce is the residual metal
concentration in solution (mg/L) [23].
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Langmuir’s adsorption isotherm (Equation (3)) quantitatively describes the deposition
of ions uniformly on an adsorbing surface as a function of the concentration of the adsorbed
material in the liquid with which it is in contact [24].

qe = qmax
KLCe

1 + KLCe
(3)

where qmax is the maximum adsorption of the Langmuir model (mg/g) and KL is the
Langmuir constant and can be correlated with the variation of the adsorption area and the
porosity of the adsorbent [23].

The Dubinin–Radushkevich isothermal model (Equation (4)) is a semi-empirical equa-
tion applied to express the mechanism of adsorption with Gaussian energy distribution
on heterogeneous surfaces and is only suitable for an intermediate range of adsorbate
concentrations because it exhibits asymptotic behavior. It assumes a multilayer character
involving Van Der Waals forces, applicable for physical adsorption processes; it is usually
applied to differentiate between physical and chemical adsorption of metal ions [25].

qe = qDRe−kDRε2
(4)

ε = RT × ln
(

1 +
1

Ce

)
(5)

E =
1√

2KDR
(6)

where ε2 is the Polanyi potential, KDR is the Dubinin–Radushkevich constant related to
adsorption energy (mol2/kJ2), E is the average adsorption energy per molecule of adsorbate
required to transfer one mol of ion from solution to the adsorbent surface (kJ/mol), R is the
gas constant (8.314 J/mol K) and T is the absolute temperature.

2.4. Kinetic Study

After the experimental design proposed in Table 1, the best conditions were estimated
and the kinetic study was carried out, putting 10 mL of solution in contact with the
adsorbent, taking 8 samples at different time intervals in 24 h. The experimental kinetics
data were modeled to the pseudo-first-order, pseudo-second-order and Elovich models
through non-linear adjustment in the Origin Pro 9 program, maximizing R2; equations are
shown in Table 2.

Table 2. Kinetic models evaluated in this work.

Kinetic Model Equation Parameters

Pseudo-first-order qt = qe

(
1− e−k1t

) k1 (min−1): kinetic constant of
pseudo-first-order

Pseudo-second-order
qt =

t(
1

q2
e k2

)
+
(

t
qe

) k2 (g/mg min): kinetic constant of
pseudo-first-order

Elovich qt =
1
β ln(αβ) + 1

β ln(t)

β (g/mg): exponent indicating the
capacity of adsorption

α (mg/g min): Elovich constant
indicating the rate of adsorption

2.5. Estimation of Thermodynamic Parameters

The thermodynamic parameters were estimated using the graphical method based
on the Vant’t Hoff equation in order to determine the spontaneity, type of adsorption and
predict the magnitude of changes on the surface of the adsorbent [26]. The analysis of these
parameters will make it possible to estimate the feasibility of the adsorption process and
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the effect of temperature [27]. We estimated the change in Gibbs’ standard free energy
(∆Go), the standard enthalpy (∆Ho) and standard entropy (∆So). Adsorption experiments
were performed by varying the temperature from 29.8 to 81 ◦C, considering the conditions
established in the design of experiments; then, a graph of Ln(Kc) vs. T−1 was plotted and
the parameters were calculated using the following equations:

lnKc =
−∆Ho

RT
+

∆So

R
(7)

∆Go = −RT × lnKc (8)

Kc =
Cac

Cse
(9)

where R is the constant of the ideal gases (8.314 J/mol K), Kc is the constant of equilibrium,
Cac is the concentration of the adsorbate in the equilibrium contained on the surface of
the adsorbent, Cse is the concentration in solution at equilibrium and T is the absolute
temperature. ∆Ho (kJ/mol K) and ∆So (kJ/mol) are determined from the slope and the
intercept with the y-axis of the Arrhenius graph of lnKc vs. T−1, respectively.

The final disposition of the residues produced during the experimental part of this
research was made according the institutional politics of the Universidad de Cartagena-
Colombia. Liquid residue products of experimentation were collected by a specialized
company hired for this purpose. Solid residues, such as saturated adsorbent, were dried
and used as aggregates in mortars, in order to evaluate their lixiviation possibility in
structures like concrete, asphalt and brick.

3. Results
3.1. Characterization of OPB and YP

The adsorption process is a complex phenomenon controlled by several mechanisms,
which are generally sequential. Among these, the surface chemistry and the pore structure
of the adsorbents have a considerable effect on the process, since they establish the transfer
and diffusion interactions for the capture of the metal ions [28]. Thus, the adsorbents were
characterized by Brunauer–Emmett–Teller (BET) analysis, obtaining that YP presented a
surface area of 0.9463 m2/g, pore volume of 0.005452 m3/g and pore size of 23.04419 nm;
while OPB presented 2.7317 m2/g, 0.011207 m3/g and 16.41 nm for surface area, volume
and pore size, respectively. It was established that the OPB area is higher than the YP, which
could be due to its fibrous structure since it would present higher surface wear, as it is a
residue from the extraction of palm oil, leading to a change in the arrangement of cellulose,
hemicellulose and lignin structures in the material structure and causing an increase in
surface area [29]. Both materials have pore sizes between 2 and 50 nm, which indicates that
they are mesoporous materials; this makes them suitable adsorbents for adsorption in the
liquid phase, since it facilitates the diffusion of the adsorbent in the adsorbent structure [30].

Figures 1 and 2 show the scanning electron microscopy (SEM) images of the adsorbents
under study. YP has an irregular and porous surface, which allows a large interface for
heterogeneous biosorption, while OPB has a smooth, fibrous surface, which presents a
certain porosity in its structure that is typical of lignocellulosic materials [31].

Table 3 shows the chemical composition in weight % and atomic % for the evaluated
adsorbents obtained from the EDS analysis; carbon and oxygen are the ones with the
highest presence in all the materials studied, which can be attributed to their organic
nature [28]. For YP there is 57.07% C, 39.05% O, 1.65% K and elements in small proportions:
Si, P, S, Ca, Fe and Cu. For OPB, 59.07% C, 38.85% O, 1.92% Si, Ca and Cu were obtained.
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Figure 1. SEM micrographs of OPB (a) before and (b) after Cr (VI) adsorption with magnification
of ×500.
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Figure 2. SEM micrographs of YP (a) before and (b) after Cr (VI) adsorption with magnification
of ×500.

Table 3. EDS composition analysis.

Element
OPB OPB-Cr (VI) YP YP-Cr (VI)

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %

C 50.90 2.36 48.65 56.49 47.40 57.07 54.50 63.25
O 44.60 2.22 48.82 42.56 43.20 39.05 39.67 34.56
Al 0.75 0.40 0.82 0.42
Si 3.87 0.20 1.12 0.56 2.16 1.11 1.21 0.60
P 0.66 0.31
S 0.17 0.08
K 0.20 0.07 4.46 1.65 0.44 0.16
Ca 0.19 0.05 0.25 0.09 0.34 0.12 0.99 0.34
Fe 0.60 0.16
Cu 0.45 0.1 0.49 0.11 0.27 0.06
Cl 0.45 0.18
Cr 0.48 0.13 0.88 0.24

Totals 100.00 100.00 100.00 100.00

From the FTIR analysis, we established which functional groups are present, and
which could also be involved in the adsorption of the metal under study. Thus, in Figure 3,
the spectrum of the biomaterials evaluated before and after the adsorption of Cr (VI) can
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be observed. From these, the shifting of the bands and broadening of the peaks after the
adsorption process in both materials are observed.
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Figure 3. Normalized FTIR spectra for (a) OPB and (b) YP, before and after Cr (VI) adsorption.

The spectrum in Figure 3 initially shows a broad band at 3400 cm−1 that is attributed
to the stretching vibrations of the OH bond, while the peaks at 2950 cm−1 and 1350 cm−1
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denote the C-H vibration [11]. The peak that appears at 1650 cm−1 corresponds to the
intense signal characteristic of the stretching of the carbonyl group of carboxylic acids,
as well as the one that appears at 1400 cm−1 related to the torsion of the carboxyl, and
at 900 cm−1 the peak indicates the out-of-plane twisting of the carboxyl dimer [32]. The
stretched band at 1150 cm−1 is related to the stretching of the COO- anion, at 1080 cm−1 to
the symmetric and asymmetric stretching of the C-O group of the ester vibration and at
1030 cm−1 to the functional group C-O-C [3]. The presence of hydroxyl groups, carbonyl
groups, ethers and aromatic compounds is due to the high content of cellulose and lignin
in the biomaterial; it is evidence of the lignocellulosic structure of the biomaterial under
study, which contributes to the metal ion adsorption process [33].

3.2. Effect of the Temperature, Particle Size and Adsorbent Dose

From the hexavalent chromium adsorption tests using YP and OPB as the adsorbent,
we evaluated the effect of temperature, particle size and amount of metal adsorbent by
calculating the hexavalent chromium adsorption capacity using Equation (1). Table 4
lists the results of the experiments with their standard deviations (SD), to evaluate the
adsorption capacity of Cr (VI) on OPB and YP.

Table 4. Experimental results for adsorption capacity of Cr (VI) onto OPB and YP, evaluating the
effect of temperature, particle size and adsorbent dose.

Variable Conditions Adsorption Capacity (mg/g)

Temperature
(◦C)

Particle Size
(mm)

Adsorbent Dose
(g) OPB YP

40.0 0.355 0.15 38.36 ± 0.02 66.67 ± 0.07
70.0 1.0 0.15 15.82 ± 0.03 66.67 ± 0.04
40.0 1.0 0.5 18.02 ± 0.007 19.99 ± 0.04
55.0 0.5 0.62 14.89 ± 0.01 15.96 ± 0.01
55.0 0.14 0.325 7.15 ± 0.07 30.769 ± 0.08
80.0 0.5 0.325 30.77 ± 0.01 30.77 ± 0.01
55.0 1.22 0.325 30.77 ± 0.09 30.77 ± 0.05
29.8 0.5 0.325 25.22 ± 0.06 30.77 ± 0.07
55.0 0.5 0.03 325.88 ± 0.008 159.77 ± 0.001
70.0 0.355 0.15 66.66 ± 0.02 66.67 ± 0.04
40.0 1.0 0.15 34.21 ± 0.02 64.36 ± 0.08
55.0 0.5 0.325 29.48 ± 0.005 29.49 ± 0.006
40.0 0.355 0.5 19.99 ± 0.009 19.99 ± 0.04
70.0 1.0 0.5 4.69 ± 0.0005 19.99 ± 0.03
70.0 0.355 0.5 19.99 ± 0.03 19.99 ± 0.02
55.0 0.5 0.325 29.47 ± 0.002 29.49 ± 0.004

From the results presented in Table 4, we found that at 0.03 g of biomaterial, 0.5 mm
of main particle size and 55 ◦C, the best adsorption was achieved for both biomaterials,
reaching 159.77 mg/g when using YP and 325.88 mg/g with OPB. There is evidence of a
decrease in adsorption capacity as the amount of biomaterial increases, which is due to
the diversity of the biomasses evaluated, so there are a large number of active adsorption
sites available due to the presence of the hydroxyl, carbonyl, amine and hydrocarbon
groups present in the structure of lignin, hemicellulose, cellulose and pectin [22]. Due to
this presence of active adsorption centers, it would appear that the greater the amount of
adsorbent, the greater part of these would remain free after the process, thus decreasing
the adsorption capacity [34].

The effect of temperature can be explained due to the stimulation of the active ad-
sorption centers with the increase in temperature, as well as the increase in the intra-
particle diffusion speed from the solution to the adsorbent, assuming that the diffusion
is an endothermic process at the initial temperatures evaluated [35]. It is possible that at
higher temperatures (70 and 80 ◦C) the interaction forces between adsorbate and adsor-

138



Water 2022, 14, 844

bent weaken [36]. An increase in temperature would favor the desorption of the sorbate
molecules on the structure of the sorbent, since by gaining more energy than the bonds
formed between the compound support, the forces of interaction are reduced and cause the
release, which is what is not known [4].

In addition, it is evident that the adsorption capacity increases with particle size in the
range 0.14 mm to 0.5 mm, and then decreases from 1.0 mm to 1.2 mm. This is explained by
the influence of particle size on the surface contact area of the adsorbents, which increases
when the particle size is smaller, and in turn, favors the rate of diffusion increased by
increasing temperature [36]. However, a very small size would resist diffusive surface
phenomena and subsequent mass transfer through the pores [37]. Considering that a
smaller particle size increases the contact area between the adsorbent material and the ion,
it would be expected that at 0.14 mm the best performance of YP and OPB can be obtained;
however, this does not happen. This can be explained because Cr (VI) has an atomic radius
of 1.27 Å and an ionic radius of 0.69 Å, which are smaller than the size of the pores of both
adsorbents (23.04 nm for YP and 16.41 nm for YP). It has been shown that, as long as the
radius of the particles is higher than the penetration depth of the diffusion, the adsorption
capacity will increase, since, if the penetration of the contaminant is not sufficient, it would
not increase the adsorption capacity [38]. Table 5 shows the results obtained from the
analysis of variance (ANOVA), performed with the Statgraphics Centurión XVI.I software
for the adsorption capacity of Cr (VI) on OPB and YP.

Table 5. Variance analysis for Cr (VI) adsorption capacity onto OPB and YP.

Factor

OPB YP

Sum of
Squares F-Ratio p-Value Sum of

Squares F-Ratio p-Value

A: Temperature 2.58 0.00 0.98 0.39 0.00 0.9697
B: Particle size 77.59 0.02 0.91 0.39 0.00 0.9697
C: Adsorbent dose 27,727.1 5.55 0.06 13301.7 53.51 0.0003
AA 1261.07 0.25 0.63 18.41 0.07 0.7946
AB 450.20 0.09 0.77 0.66 0.00 0.9604
AC 67.49 0.01 0.91 0.66 0.00 0.9604
BB 2046.08 0.41 0.55 18.41 0.07 0.7946
BC 177.76 0.04 0.86 0.66 0.00 0.9604
CC 13,858.1 2.77 0.15 3266.42 13.14 0.0110
Total error 29,980.2 1491.49
Total (corr.) 87,589.2 19569.7

From the values presented in Table 5, it was established that only for the adsorption
of Cr (VI) when using YP does the amount of adsorbent (C) and its interaction CC have a
significantly negative effect on the adsorption process. This is explained by the fact that the
higher the amount of adsorbent, although there is higher removal efficiency, the material
requirement increases to remove the same amount of metal ions. In the same way, when
using a higher dose of material, there would be empty adsorption sites, thus reducing
the retention capacity of the metal ions per available adsorbent mass [39]. It can be said
that the temperature and the particle size do not have a significant influential effect on the
adsorption capacity.

3.3. Adsorption Isotherm

The effect of the initial concentration on the adsorption capacity of Cr (VI) was evalu-
ated by varying the concentration of the contaminant in intervals of 25 mg/L to 150 mg/L
at pH 2 per 24 h, in order to understand the driving forces involved in the removal [40].

Figure 4 shows the non-linear fitting of experimental data to Langmuir, Freundlich,
and Dubinin–Radushkevich models; the fitting parameters are summarized in Table 6, for
the non-linearized and linearized forms of the models.
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Table 6. Adjustment parameters of hexavalent chromium adsorption isotherms on YP and OPB.

Model Parameters
Non-Linear Linear

YP OPB YP OPB

Langmuir

qmax (mg/g) 59.16 63.83 60.60 68.49

KL 0.13 0.11 0.11 0.09

R2 0.89 0.98 0.89 0.94

Freundlich

Kf 9.94 8.27 6.74 6.65

1/n 0.49 0.59 1.48 1.44

n 2.03 1.69 0.68 0.69

R2 0.90 0.96 0.90 0.95

Dubinin–Radushkevich

q (mg/g) 43.28 38.39 38.95 32.9

kDR 2.65 × 10−6 1.45 × 10−6 6.86 × 10−6 1.05 × 10−5

E 434.29 587.04 269.95 218.11

R2 0.91 0.90 0.85 0.90

The results reveal that Dubinin–Radushkevich‘s model describes the equilibrium of
hexavalent chromium adsorption on OPB, while Langmuir’s and Freundlich’s models
adjust the isotherm of ion adsorption in the study on OPB, because it is established that
the physical and chemical adsorption phenomena control the adsorption process; thus, the
retention of the contaminant occurs inside and in the internal pores of the adsorbent [41].
Dubinin–Radushkevich‘s model adjusts the isotherm on YP, with an average energy of
adsorption of the ions per sorbate (E) of 434.29 kJ/mol, which is much higher than 8 kJ/mol,
indicating that the process is mostly controlled by chemical adsorption with strong interac-
tions between the active sites and the hexavalent chromium [42]. Dubinin–Radushkevich‘s
model presents a good fit for the equilibrium of chromium adsorption using the two ad-
sorbents evaluated because the calculated maximum adsorption capacity (qDR) values are
the closest to the experimental ones, with R2 ≥ 0.9 in both cases. This means that the
adsorbents under study present a heterogeneous structure, which is required for a good
fitting by the Dubinin–Radushkevich isotherm [43]. Similar R2 values to those obtained in
the present study when the Dubinin–Radushkevich model was evaluated for removing Cr
(VI) were found for Pleurotus mutilus (R2 = 0.93) [44], Sterculia villosa (R2 values between
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0.81 and 0.96) [43], activated carbon from Ziziphus jujuba (R2 between 0.98 and 0.99) [18]
and rice husk (R2 = 0.93) [45].

Table 7 presents a comparison of results from previous studies when using lignocellulosic-
based adsorbents for removing Cr (VI). It is observed that in all cases the adsorption process
was evaluated at acid pH. In addition, a better performance was obtained for the OPB and
YP; this might be due to the contact time between the adsorbate and adsorbent.

Table 7. Maximum adsorption capacity comparison of different adsorbent materials.

Adsorbent Conditions qmax (mg/g) Reference

Oil palm fuel ash pH = 2, 200 rpm, 80 g/L of adsorbent 0.462 [5]

Banana peel dust pH = 1, 0.4 g of adsorbent dose, 300 rpm, 50 ◦C 26.46 [12]

Modified lychee peel 50 ◦C, pH = 2, 130 rpm, 0.08 g of adsorbent and 20 mL of solution 9.76 [17]

Foxtail millet shell 4 g/L of adsorbent dose, 0.25–0.35 mm of particle size, 30 mL of
solution, 120 min, 350 rpm, and 25 ◦C 11.70 [21]

Oil palm bagasse
pH = 2, 200 rpm, 55 ◦C, 24 h

63.83
This work

Yam peel 59.16

3.4. Kinetics of Adsorption

The kinetic study is important to determine the behavior of the adsorption process
over time. Figure 5 shows the non-linear fit of the kinetic curves obtained for the removal of
Cr (VI) on OPB and YP, and it is observed that the equilibrium times were 200 and 400 min
for each adsorbent evaluated.
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Figure 5. Non-linear fit to kinetic models of Cr (VI) adsorption on (a) OPB and (b) YP; at pH = 2,
200 rpm, 0.03 g of sweet adsorbent, 100 mg/L of initial concentration and 55 ◦C.

For both biomaterials, it is highlighted that about 70% of the equilibrium concentration
was reached 120 min after the start of the test, showing that the available sites in the adsor-
bent probably begin to saturate and therefore the capacity does not change significantly at
higher times [45]. In order to study the adsorption mechanisms involved during the Cr (VI)
removal process, pseudo-first-order, pseudo-second-order and Elovich linearized kinetic
models were used, in their non-linearized forms. The parameters of these models were
adjusted by linear regression and the results are shown in Table 8.
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Table 8. Adjustment parameters of kinetic models.

Model Parameters OPB YP

Pseudo-first-order

qe 30.33 22.58
k1 1.334 0.23
SS 0.009 64.93
R2 0.9999 0.9359

Pseudo-second-order

qe 2,499,562.65 3925.03
k2 30.34 23.87
SS 0.006 32.29
R2 0.9999 0.9961

Elovich

β 23.27 0.50
α 1.25 × 1030 1247.80

SS 0.02 4.03
R2 0.9999 0.9867

For the YP-Cr (VI) system, it is evidenced that the three evaluated models present a
good fit of the experimental data with R2 > 0.99 in all cases, indicating that the removal
process occurs through physis and chemisorption, due to the heterogeneity of the active
centers of the YP [18]. However, the pseudo-second-order model is the one that describes
the experimental data of removal of the metal under study on OPB, which indicates that the
adsorption occurs by chemical reaction between the functional groups of the biomaterial
and the metal ions [46]. From the values of the reaction rate constants of the pseudo-first-
(k1) and pseudo-second-order (k2) models, it can be said that the initial sorption rate on YP
is lower than for OPB, the latter presenting a greater adsorption capacity, which could be
due to the fibrous nature of the OPB, as well as its superior surface area [5].

Previous results have been reported regarding the adsorption capacity of different
materials such as 13.48 mg/g when using coffee pulp [3], 10.31 mg/g for lime peel [4] and
28 mg/g while using kenaf fiber [9], compared to 31.34 and 23.87 mg/g for OPB and YP,
respectively, found in the present study. We note that these results are superior to the others
mentioned for adsorbents prepared from residual crude lignocellulosic biomass. From the
results obtained when using activated carbon from melon peel in the removal of Cr (VI), it
was found that the process can be described by the Elovich equation, so that the limiting
step in the adsorption of the metal ions may be the chemical interaction between metal ions
and functional groups on the surface of the adsorbent [1].

3.5. Thermodynamic Adsorption Parameters

By calculating the thermodynamic parameters, it is possible to establish the feasibility,
the adsorption mechanism, the energetic character of the process (endothermic or exother-
mic) and the spontaneity of the adsorption; this is done by determining the entropy (∆So),
enthalpy (∆Ho) and the change in Gibbs free energy (∆Go), respectively. In Figure 6, we
present the van’t Hoff equation by graphing to 81 ◦C, considering the conditions established
in the design of experiments; a graph was plotted of Ln(Kc) vs. 1/T.

The thermodynamic parameters of hexavalent chromium adsorption on OPB and YP
are summarized in Table 9. From the positive value of ∆H◦ when using YP it is established
that the processes of chromium removal are endothermic; consequently, energy must be
supplied to the system to promote the diffusive phenomena in the solution and inside
the pores of the adsorbent [32]. For OPB the process is exothermic and the limiting step
is chemical adsorption [47]. The negative value of ∆S◦ shows that on the surface there
was a good bond between the metal and the biomass, thus obtaining a low possibility of
reversibility; there was also the probability of some structural changes due to the formation
of bonds with functional groups at the interface [42].
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Table 9. Thermodynamic parameters for the adsorption of hexavalent chromium at pH 2, 200 rpm,
0.325 g of adsorbent dose, 0.5 mm of particle size and 100 mg/L of initial concentration.

Biomass T (K) ∆Go (kJ/mol) ∆Ho (kJ/mol) ∆So (kJ/mol × K)

OPB
302.95 −13.1779

−7.9993 −0.0698328.15 −14.9243
353.15 −16.6701

YP
302.95 14.1406

4.3693 −0.029328.15 15.3020
353.15 16.4635

4. Conclusions

SEM-EDS and FTIR analysis of OPB and YP showed that they present a porous sur-
face typical of lignocellulosic materials, with the presence of hydroxyl, amine and carboxyl
functional groups. From the adsorption experiments, the highest adsorption capacity was
obtained at 0.03 g of adsorbent, 55 ◦C and 0.5 mm, reporting 325.88 and 159 mg/g using OPB
and YP, respectively. We obtained a maximum adsorption capacity of 63.83 mg/g with OPB
and 59.16 mg/g using YP, according to the Langmuir model. The equilibrium of adsorption
on OPB was described by the Langmuir and Freundlich models, while YP was described by
the Dubinin–Radushkevich model, whose parameters of fitting suggest that adsorption is
given by ion exchange between the active centers and the metal ions. A kinetic study demon-
strated that equilibrium time was 200 min for both materials; kinetic data were described by
pseudo-second-order and Elovich models; thus, the mechanism of Cr (VI) adsorption onto the
evaluated materials was dominated by a chemical reaction. The thermodynamic parameters
determined that the removal for YP is endothermic, irreversible and non-spontaneous, while
for OPB it is exothermic, spontaneous at low temperatures and irreversible. The rapid removal
rate and high adsorption capacities obtained show that the adsorbents evaluated are effective
in the removal of hexavalent chromium present in aqueous solution.
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Abstract: Water pollution is an environmental problem that affects the ecosystem and living beings.
Adsorption is one of the best technologies for the removal of heavy metals. Since waste recovery
is the basis of the Circular Economy, agro-industrial waste is emerging as low-cost adsorbents for
these pollutants from wastewater. Residues of pine sawdust, sunflower seed hulls and corn residues
mix were evaluated as adsorbents of synthetic aqueous solutions of Ni(II), Zn(II) and Cd(II). These
residues were characterized to determine their structure and composition, and to understand the
adsorption mechanism. Adsorption efficiencies and capacities for the adsorbents and adsorbates were
determined and compared. From the obtained results, it is possible to affirm that all biomasses used
are good alternatives to the synthetic materials, with adsorption efficiencies greater than 50%. The
order of adsorption was Cd > Zn > Ni. At the concentration range checked, adsorption efficiencies
decreased in sawdust when a mixture of all metals together was considered (as present in real sewage).
Finally, the heavy metals were immobilized, with efficiencies over 88.5%, in clay ceramics (as brick’s
precursors). This procedure would help to minimize the contamination that could be generated by
the disposal of spent adsorbents, rarely explored in the literature.

Keywords: heavy metals; agro-industrial waste; adsorption; wastewater treatment; contaminant
immobilization

1. Introduction

Water pollution is a serious world environmental problem mainly caused by the
climate change, rapid urbanization and advance of industrialization [1,2]. Heavy metals are
among most released pollutants or contaminants into the water and are not biodegradable;
therefore, they accumulate in living organisms entering in the food chain, also through
the consumption of water and other contaminated products, producing corresponding
pollution biomagnification [3,4]. These metals are an environmental and public health
concern, not only because of their persistence and concentration that influence exposure,
but also because of their toxicity, and their mobility in the environment that determines
their bioavailability, which is given by the type of compound or metabolite that each metal
can form, and also by the characteristics of each the specific environment [5,6].

Nickel, zinc and cadmium are common and relevant heavy metals in the environ-
ment [4,7]. Electroplating, metallurgical and batteries industries are some of the anthro-
pogenic sources of nickel, zinc and cadmium contamination [8,9]. Also, nickel and zinc can
easily leach due to mineral weathering [10]. Ni(II) and Zn(II) are essential elements and, in
low concentrations, they are necessary for the metabolic development of humans, plants
or animals. However, these elements can be toxic and harmful to health effects when ex-
posure/assimilation exceeds the upper limit of the physiologically required range [11–13].
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For example, high exposure to nickel can cause cancer, dry cough and lung problems,
dermatitis, nausea, gastrointestinal and kidney problems in humans, and high exposure
to zinc can cause fever, vomiting, anemia, and skin problems in humans [7,8]. Cd(II) is a
highly toxic metal, even at very low concentrations, and is a non-essential element because
it has no known benefit to human health or other living beings [6,10]. Cadmium is a human
carcinogen as established by The International Agency for Research on Cancer (IARC) and
can cause kidney problems, hypertension, stomach irritation, among others, and its chronic
exposure can lead to the development of “Itai-Itai” disease [11,14].

In the province of Buenos Aires, Argentina, the permitted maximum discharge limits
of these heavy metals in sewers, surface water or stormwater conduits and the open sea
vary from 2 to 3 mg/L for Ni, 2 to 5 mg/L for Zn and 0.1 to 0.5 mg/L for Cd [15]. Industrial
effluents generally can contain concentrations of heavy metals above the maximum per-
missible limits; therefore, industries must treat their effluents before discharging them into
the environment [13,14]. There are conventional technologies for treating wastewater and
minimizing heavy metal pollution (e.g., chemical precipitation, coagulation/flocculation,
membrane filtration, electrochemical technologies, ion exchange), however they can be ex-
pensive, and can generate by-products or sludge, involving complicated procedures [8,16].
Adsorption is considered one of the best options for heavy metal removal due to its flex-
ibility in operation and design, low energy consumption, minimization of sludge and
by-products, possibility of regenerating adsorbents, and high removal efficiency even at
a very low metal concentrations [17,18]. Activated carbon (AC) is the most used and
recognized heavy metal adsorbent but it is expensive due to its preparation process and
the impossibility of its regeneration, which limits its use at large-scale application [19,20].

For developing countries, the application and development of heavy metal removal
technologies represents a challenge [20]. In recent years, agro-industrial residues have
emerged as low-cost adsorbents, also for heavy metals, due to its availability and abun-
dance, allowing to apply processes under the bases of the Circular Economy (which corre-
sponds to the recovery and reuse of wastes) [7,10]. Every year, worldwide, tons of waste
are produced from the agro-industrial sector that are stored in the open air and disposal in
landfills, causing negative environmental impacts due to leachates and gases, following
with the CO2 generation with their burning [21]. Literature examples of agro-industrial
residues used as heavy metal adsorbents are: cow dung [5], potato peel [22], cucumber
peel [23], groundnut husk [24], eggshells [25], pine and modified pine [26], rice and rape-
seed [27], coffee husk and lignin [28], among others. All the plant-based wastes are made
up of hemicellulose, cellulose and lignin, and has a wide variety of functional groups (e.g.,
aldehydes and ketones, carboxyl groups, phenolics, hydroxyls, methyls, ethers, amides,
aminos, etc.) that can interact with pollutants through various mechanisms [7,8].

As reported by the national government in 2020, in Argentina agro-industrial is
really important and constitutes the 25% of the manufacturing industry and represents
the 40% of exports. Among the agro-industrial residues, sawdust constitutes from 9
to 15% of the forest biomass discarded by sawmills and comes mainly from pine and
eucalyptus plantations [29]. Sunflower crop is one of the most important in Argentina with
a production of 3.5 million tons of seeds per year, obtaining 50% by weight of discarded
hulls per seed [30]. On another hand, the corn production extends over a large area of the
country and generates a great volume of biomass when compared to others such as wheat
or barley [31].

This paper focuses the study of adsorption processes of Ni(II), Zn(II) and Cd(II)
by using pine sawdust, sunflower seeds hulls and corn residues mix as adsorbents. A
comparison of these three agro-industrial wastes as adsorbents is here presented, by
checking firstly each individual heavy metal adsorption process, and secondly the influence
of the mixture of these three heavy metals on their adsorption (as they are present in real
sewage all together), by corresponding adsorption experiments. Later, such biomass
residues containing heavy metals are immobilized in clay ceramics (as brick’s precursors),
to here propose an environmentally safe way to dispose the spent adsorbents together
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with adsorbates (heavy metals). This procedure would help to minimize the secondary
contamination that could be generated by the disposal of spent adsorbents, which is rarely
explored in the adsorption literature and is fundamental for the real application of the
adsorption from low-cost materials.

2. Materials and Methods
2.1. Chemicals and Reagents

All reagents used were of analytical grade. Stock solutions of concentration 1000 mg/L
of individual heavy metals ions, Ni(II), Zn(II) and Cd(II), were prepared dissolving ade-
quate amounts of Ni(NO3)2.6H2O, Zn(NO3)2.6H2O and Cd(NO3)2.4H2O (all from Panreac,
Castellar del Vallès, Spain), respectively. From these solutions the corresponding dilutions
used in the adsorption experiments were prepared and the pH (Omega 300 pH meter,
Crison Instruments, S.A, Barcelona, Spain) was adjusted with HNO3 70% (Panreac, Spain).
Solutions were prepared with Milli-Q water.

2.2. Biomass

The biomasses of sawdust, sunflower and corn were selected according to the reasons
already mentioned. The pine (Pinus elliottii) sawdust residues were provided by a sawmill
in the province of Corrientes, Argentina, and corresponded to the main cutting process of
the wood, before any addition. Sunflower seed hulls (Helianthus annuus) were provided
by a company located in the province of Santa Fe, Argentina, dedicated to the oilseed
market, and were obtained from the processing of sunflower grains. The corn residues mix
(Zea mays var. saccharata) were kindly provided by the National Institute of Agricultural
Technology (INTA), and corresponded to the harvest stage.

The development of the adsorbents included the collection of the biomass, grinding
with a knife mill (IKA A10) and sieving to a particle size of less than 1 mm to promote
adsorption. The waste did not receive additional processing (chemical or thermal treatment)
to make it as friendly as possible to the environment and reduce costs. Figure 1 shows the
macroscopic appearance of the used waste, after grinding and sieving.
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Figure 1. Ground and sieved residues (A) pine sawdust, (B) sunflower seed hulls and (C) corn
residues mix.

2.3. Biomass Characterization

Physicochemical properties of adsorbents contribute to the process of adsorption of
contaminants. Characteristics of potential adsorbents were determined from a number
of techniques, that included the Brunauer-Emmett-Teller (BET) (Micromeritics Accusorb,
model 2100), Scanning Electron Microscopy (SEM) (ZEISS EVO® MA 10 at the UAB Mi-
croscopy Service and FEI ESEM Quanta 200), Energy-Dispersive X-ray Spectroscopy (EDS)
(Oxford SDD X-Act, software: AZTecOne), Attenuated Total Reflectance–Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR) (Nicolet 6700, Thermo Electron Corp. equipment,
Waltham, MA, USA), X-ray Fluorescence (XRF) (PW4024 Minipal2 PANalytical X-ray spec-
trometer with copper anode and operating conditions nitrogen flow, voltage 20 kV, current
5 mA and time 100 s), and Differential Thermal Analysis (DTA) and Thermogravimetric
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Analysis (TGA) (Shimadzu TGA-50 and Shimadzu DTA-50 instruments, with TA-50 WSI
analyzer and operating conditions air, heating rate of 10 ◦C/min to 1000 ◦C and approxi-
mately 20 mg of mass). The mineral content of biomass it was determined following the
guidelines of the ASTM E1755-01 standard [32]. In addition, the possible changes produced
in the biomasses after the adsorption experiments were analyzed.

2.4. Batch Adsorption Experiments

The removal of heavy metals by means of the aforementioned agro-industrial residues
was carried out under batch adsorption experiments at room temperature. A volume of
10 mL of a mono-metal solution, of Ni(II), Zn(II) or Cd(II) of 0.18 mmol/L, or a multi-metal
solution of all together with a concentration of 0.18 mmol/L for each heavy metal was
placed in contact with 0.1 g of adsorbent in tubes. The pH of the solutions was initially
adjusted to 4–5 following previous literature [26,33]. The system was stirred at 40 rpm in
a rotary mixer (CE 2000 ABT-4, SBS Instruments SA) for 24 h to ensure that equilibrium
was reached. The liquid phase was filtered through 0.22 µm filters (Millex-GS, Millipore,
Burlington, MA, USA). The metal concentration in the aqueous solution (not adsorbed)
was determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (XSERIES
2 ICP-MS, Thermo Scientific, Waltham, MA, USA) from the Autonomous University of
Barcelona. The adsorption of each heavy metal was expressed as adsorption percentage
(A%), calculated from Equation (1), and the adsorption capacity of each adsorbent (qe) was
calculated from Equation (2):

A% (%) =
(C0 − Ce)

C0
× 100 (1)

qe

(
mmol

g

)
=

(C0 − Ce)× V
m

(2)

where C0 and Ce (mmol/L) are the initial and equilibrium concentrations of heavy metal
in solution, respectively, V (L) is the volume of the heavy metal solution, and m (g) is the
mass of the adsorbent [34,35]. Adsorption experiments are prepared by duplicate and the
average results are reported.

2.5. Spent Adsorbents Disposal in Clay Ceramics

Safe disposal of spent adsorbents is necessary to minimize secondary contamination,
especially if large-scale adsorption technology implementation is considered. Pine sawdust,
sunflower seed hulls and corn residues mix, after being used as adsorbents, were added
to the clay, and clay ceramics were prepared with the aim of immobilizing adsorbed
heavy metals.

The amount of residue contaminated with Ni(II), Zn(II) and Cd(II) that was used
in the clay ceramics corresponded to 20% in volume with respect to the volume of clay,
in accordance with what was observed by the authors in previous studies [36]. For this
reason, adsorption experiments were previously carried out scaling 20 times the amount of
adsorbent (2 g) and 20 times the moles of metal ion (3.6 × 10−5). As a consequence of the
increase in adsorbent mass, the solution volume had to be increased to 40 mL so that the
liquid covers the entire surface of the biomass.

The methodology used in the preparation process of the clay ceramics is detailed
in Figure 2 and it was designed considering the characteristics of the raw materials, the
pressure and firing conditions used in the brick factory. The clay was provided by a local
brick factory and is the same that the manufacturer uses in the hollow brick production
process. Firing of clay ceramic was carried out in an electric oven INDEF 332.
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Figure 2. Clay ceramics preparation process.

It is essential to evaluate the mobility of heavy metals present in manufactured clay
ceramics to determine the feasibility of immobilize these contaminants in the ceramic
structure. Leaching tests were carried out based on EPA method 1311 [37], which is a
method accepted by Argentine laws for hazardous waste.

Clay ceramics prepared from spent adsorbents were crushed and sieved to a particle
size of less than 9.5 mm. In beakers, crushed clay ceramics were mixed with leaching
solution in a 1:20 solid-liquid ratio. According to the alkalinity of the ceramic, an extraction
fluid of pH 4.93 ± 0.05 was prepared from 5.7 mL of acetic acid, 64.3 mL of sodium
hydroxide 1 mol/L and completing with distilled water up to 1 L. The covered beakers
were shaken at 100 rpm in an orbital shaker (SK-0330-Pro) for 22 h. The mixtures were
then filtered through filter paper washed with 1 mol/L nitric acid and rinsed with distilled
water. The TCLP extracts of the solid phases were acidified with concentrated nitric acid
until pH < 2 and stored refrigerated at 4 ◦C. Finally, the extracts were analyzed by Atomic
Absorption Spectrophotometry (AAS) (Shimadzu 6800 with flame) from the Fares Taie
Biotechnological Center. The results of the leaching tests were compared with the estimated
initial mass of heavy metals in the clay ceramics. In this way, the retention efficiency was
calculated according to Yilmaz et al. [38].

3. Results and Discussion
3.1. Biomass Characterization

The phenomena that occur in an adsorbent are related to its specific surface and, there-
fore, to the total volume of pores and their dimensions, that influence the interaction with
the adsorbate and the obtained adsorption efficiency. Table 1 shows the results obtained
from the BET analysis for pine sawdust, sunflower seed hulls and corn residues mix. All
biomasses showed the presence of mesopores and the surface area values are in agreement
with those reported in the literature for adsorbents of lignocellulosic origin [34,39]. Corn
biomass presented a higher surface area, total pore volume, and mean pore size comparing
with the other two biomass residues (pine sawdust and sunflower seed hulls). Bilal et al. [7]
reported that the adsorption of contaminants increases with the increase in the surface area
of the adsorbent, since the adsorption process is a surface phenomenon.
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Table 1. BET analysis results of surface area, total pore volume and mean pore size for biomass residues.

Biomass Surface Area (m2/g) Total Pore Volume (cm3/g) Mean Pore Size (nm)

Pine sawdust 1.1 0.003 9.4
Sunflower seed hulls 0.7 0.0009 4.9

Corn residues mix 1.5 0.006 14.9

SEM images allow to obtain information about the morphological characteristics
(texture, topography and surface characteristics) of the adsorbents. So, the SEM images
of the three studied agro-industrial wastes are presented in Figure 3. Biomass analyzed
particles showed an elongated shape and a fibrous microstructure. An irregular and rough
surface with cavities can be observed in all cases, which forms a network of holes and fibers.
These characteristics can facilitate the adsorption of heavy metals [40]. No appreciable
changes were detected in the morphology of the adsorbents related to the interaction
with metal ions, as reported by Zhang et al. [33], after the adsorption of heavy metals.
The combination of SEM with EDS detector and analyzer system allowed to obtain the
distribution of heavy metals on the biomasses after adsorption by mapping. As shown in
Figure 4, the distribution, and therefore adsorption, of nickel, zinc and cadmium in the
adsorbents was across the entire surface.
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ATR-FTIR made it possible to determine the presence of functional groups in biomass
responsible for the metal adsorption mechanism, for example, either by electrostatic forces
or complexation. ATR-FTIR spectra for the biomass residues studied here are shown in
Figure 5. The large number of IR bands was associated with the typical complex nature of
agro-industrial biomasses [41–43]. The assignment of the main IR bands at the respective
approximate wavelengths are summarized in Table 2. The great similarity between the
ATR-FTIR spectra of sawdust, sunflower and corn was due to the fact that the composition
of these three biomasses is based on cellulose and lignin.

The presence of numerous functional groups in biomass facilitates the adsorption of
heavy metals [7]. A comparison of the ATR-FTIR spectra of the biomasses before and after
the adsorption of the heavy metals is also shown in Figure 5, being both spectra were very
similar in each biomass case. However, slight differences were observed, such as a shift of
the band at 1603–1624 cm−1 in the three biomasses, and shift of the band at 1224–1238 cm−1

in the pine sawdust and corn residues, after the contact with heavy metals. These results
may be indicative that carboxyl, alcohol, phenol, amide, and other functional groups could
provide possible adsorption sites for the retention of the studied heavy metals, and were
similar to those found in previous works in the literature [44,45].
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Table 2. Assignment of the main bands obtained by ATR-FTIR for biomass residues.

Wavenumber (cm−1) Assignment

3332–3336 O-H stretching of carboxylic acids and alcohols/phenols, and N-H of amino and amide groups
2918–2922 Asymmetric C-H stretching of CH3
2846–2850 Symmetric C-H stretching of CH2 and stretching of methoxy groups
1722–1726 C-O stretching of carbonyl, C=O of acetyl, carboxyl, aldehydes and aromatic/conjugated esters

1603–1624 COO- stretching of carboxyl groups, C=C of the aromatic ring, and C=O, C-N, C-N-H stretching of
amides, and O-H bending

1508–1510 C=C stretching of aromatic ring, N-H bending
1458 C=C aromatic, C=O stretching and symmetric bending of C-H, O-H

1419–1437 O-H bending of acids, vibrations of aromatic rings and bending of CH2 and aromatic functional
groups such as C=C and C=O

1371 Asymmetric C-H bending of CH3, CH2
1321–1325 O-H bending of phenol group, C–N groups
1224–1240 C-O stretching of phenols and carboxylic acids, and alkyl aryl ether bonds
1153–1157 Asymmetric stretching of the C-O-C pyranose backbone
1095–1109 C-OH and C-H stretching
1034–1036 C-O stretching in carboxyl group, C-O-C, dialkyl ether, C-H of aromatics, and C=C and C-C-O

874–895 Changes in aromatic structures such as C–H stretching of aromatics

The XRF analysis for the biomasses before and after the adsorption of heavy metals is
presented in Figure 6. The Cr peaks come from the tube used as the source of the equipment
(anode). Signals corresponding to Cl, K, Ca, Mn and Fe were observed, although the
intensities varied according to the residue. The presence in biomasses of Ni, Zn and Cd
was observed after adsorption (Cd signals were detected in the Ca and K energy zone),
associated with the decrease in the intensities of elements such as Ca and K, mainly.
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The percentage of ash obtained was 0.2%, 2.0% and 10.2% for pine sawdust, sun-
flower seed hulls and corn residues mix, respectively. The XRD patterns of the biomasses
(Figure S1 of the supplementary material) evidenced the presence of a significant amount
of amorphous phase, in agreement with the mentioned results. The XRF equipment used
does not allow the measurement of elements lighter than Na, and H, C and O are part
of hemicellulose, cellulose and lignin as the main components of the biomasses. For that
reason, the composition of the corresponding ashes was also analyzed by XRF (results
collected in Figure 7). Differences in mineral content and composition were observed.
Probably potassium, calcium, magnesium and phosphorus are involved in the adsorption
of heavy metals through ion exchange mechanism, as reported previously [46].
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Biomasses of plant origin are mainly composed of lignin and cellulose, as mentioned
above, together with hemicellulose, low molecular weight compounds, lipids, proteins,
starch, water, etc. [7]. The DTA-TGA profiles were obtained for the three biomasses here
selected, and provided a description of the thermal behavior and an estimated percentage
composition of biomasses, which was in agreement with the literature [47,48]. As seen in
Figure 8, TGA analysis, the total weight loss was 96% for pine sawdust, 97% for sunflower
seed hulls, and 86% for corn residues mix, and was divided into three stages. The first
weight loss stage (up to 230 ◦C) was 7% for pine sawdust, 12% for sunflower seed shells
and 10% for corn residues mix. This stage was related to the loss of moisture, which was
characterized by an endothermic peak at 52 ◦C in pine sawdust and at 60 ◦C in sunflower
seed hulls. The degradation of low molecular weight compounds was identified with an
exothermic peak at 263 ◦C, and was observed in sawdust. The second weight loss stage
was 48% for sawdust (up to 311 ◦C), 56% for sunflower (up to 297 ◦C) and 50% for corn (up
to 338 ◦C). This stage could be related to the degradation of hemicellulose and pectin into
volatile compounds of lower molecular weight. Finally, the third weight loss stage was 41%
(up to 500 ◦C), 29% (up to 460 ◦C) and 26% (up to 508 ◦C) for biomasses of pine sawdust,
sunflower seed hulls and corn, respectively, and it could be related to the degradation of
cellulose and lignin into CO2, H2O and ashes. From the TGA analysis, the final residue
corresponds to the mineral content and was higher for corn than for sawdust and sunflower,
in accordance with the results obtained following the guidelines of the ASTM E1755-01
standard. The two large exothermic peaks in the three DTA curves were assigned to the
decomposition of the biopolymers present in the biomass: such as hemicellulose, cellulose
and lignin. Since these biopolymers are closely related in the biomass structure, the thermal
degradation of each biopolymer cannot be clearly defined independently, probably being
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hemicellulose responsible of the first peak and cellulose and lignin together of the second
peak [30].
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3.2. Adsorption Process Characterization

Biomasses of pine sawdust, sunflower seed hulls and corn residues mix were evaluated
as adsorbents of mono-metal aqueous solutions of Ni(II), Zn(II) and Cd(II). The results
obtained are shown in Figure 9.
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Figure 9. Comparison of the adsorption of mono-metal solutions of Ni(II), Zn(II) and Cd(II) on pine
sawdust, sunflower seed hulls and corn residues mix.

According to the results of adsorption percentage (A%) and adsorption capacity
(qe) obtained, Ni(II) presented a lower adsorption, compared to Zn(II) and Cd(II), in all
the biomasses studied. The adsorption follows the order: Ni(II) < Zn(II) < Cd(II), as
shown in Figure 9, for sawdust, sunflower and corn, as it was also reported for other
waste of lignocellulosic origin, such as coffee residues, rice husks, cocoa husks, and pa-
per manufacturing wastes [49,50]. This behavior is related to the different characteristics
and affinity of the metal ions for adsorbent adsorption sites [51]. Comparing the val-
ues of the hydration energies (Ni(II): −2106 kJ/mol, Zn(II): −2044 kJ/mol and Cd(II):
−1806 kJ/mol), related to hydrolysis of metal ions, the nickel ion has a higher hydration
energy than the zinc and cadmium ions and, therefore, it is less easy to lose its water
molecules from its coordination sphere, which would prevent it from being adsorbed by the
adsorbent through complexation or ion-exchange mechanisms. According to Mahmood-
ul-Hassan et al. [52] and Qu et al. [53], smaller ions are more hydrated than larger ones,
which could hinder adsorption.

The higher surface area, pore volume and mineral fraction in corn residues could have
positively contributed to the adsorption of heavy metals. However, the differences in the
adsorption results are not too significant between the three biomasses.

The obtained results are of the same order as results reported in the literature for
batch adsorption experiments of Ni(II), Zn(II) and Cd(II) using sawdust, sunflower and
corn residues (Table S1, supplementary material). However, the differences between the
results of adsorption percentage (A%) are not only due to the characteristics of the biomass
adsorbent but were also due to the concentration of contaminant, dosage of the adsorbent,
pH of the solution, temperature, contact time, among others, that are factors that can affect
the adsorption process [7]. Some of these factors were evaluated by the authors in previous
work on the adsorption of heavy metals on adsorbent materials of plant origin [26,46,54,55].

The determination of the adsorption of heavy metals of a mixing metal solutions
represents a closer situation to a real effluent. The competition between the metal ions for
the adsorption sites occurs due to the saturation of the adsorption sites of the adsorbent
whose dosage remains fixed to that of the individual systems [7]. Figure 10 compares
the results of A% for the adsorption of mono-metal aqueous solutions of Ni(II), Zn(II)
and Cd(II), and the multi-metal aqueous solution made up of heavy metals mentioned
above with a concentration of 0.18 mmo/L of each of them. At this initial concentration,
the results of A% for each of the heavy metals were similar when the adsorption was
carried out separately and when it was carried out within the mixture, on sunflower seed
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hulls and corn residues mix. However, the adsorption of heavy metals in pine sawdust
was lower for the multi-metal aqueous solution than for each metal separately, being the
nickel ion the most affected by the competition with the other two heavy metals for the
adsorption sites of the adsorbent, as expected (as Ni was the less adsorbed, as seen in
Figure 9). Zhao et al. [46], also reported a lower performance of sawdust as an adsorbent
when comparing the results of A% obtained for the adsorption of a mixture consisting of
Cr(III), Cd(II), Cu(II) and Pb(II), on poplar sawdust and two other agricultural residues.
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and multi-metal solutions on: (A) pine sawdust, (B) sunflower seed hulls, (C) corn residues mix.

3.3. Spent Adsorbent Disposal

There is limited information available in the literature on the toxic effects of spent
adsorbents, and their regeneration decreases their performance and generate new contam-
inant materials. The safe disposal of used and/or spent adsorbents is nowadays raising
as a need to consider it for a more sustainable processes that can help to preserve the
environment [56]. Based on the previous experience of the authors [54,55], the local pro-
duction of ceramics for bricks construction is presented as a possible alternative for the
safe disposal of spent adsorbents that would contribute to the real applicability of them as
metal adsorbents.

In Figure 11, the adsorption percentages obtained from the experiments using 0.1 g
of adsorbent and 1.8 × 10−6 moles of each of the heavy metals in the multi-metal system
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are compared with those results obtained by increasing the residue mass by 20 times
to 2 g and moles of adsorbate to 3.6 × 10−5 moles. As can be seen, by maintaining
the adsorbent/adsorbate ratio constant, the adsorption percentage remained constant.
These results were considered in the preparation of clay ceramics with 20% by volume of
contaminated biomass with respect to the volume of clay.
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Figure 11. Comparison of the percentage of adsorption (A%) when increasing 20 times the mass of
adsorbent and moles of adsorbate in the multi-metal system of heavy metals for: (A) pine sawdust,
(B) sunflower seed hulls, (C) corn residues mix.

The macroscopic appearance of the clay ceramics is shown in Figure 12. All the
samples presented a reddish color due to the Fe content of the natural clay and a porous
surface according to the TGA and DTA results of the included lignocellulosic residues.
As can be seen in Figure 8, at the ceramic firing temperature (950 ◦C), the added biomass
burned out creating pores and releasing gases in the clay ceramics matrix.

Leaching tests based on EPA Method 1311 were performed to determine the possible
leaching levels of Ni(II), Zn(II) and Cd(II) from the clay ceramics prepared with the addition
of each of the spent adsorbents. Heavy metal concentrations were not detected in the
TCLP extracts of the ceramic matrices because they were below the detection limits of the
equipment used (Ni(II) < 0.05 mg/L, Zn(II) < 0.02 mg/L and Cd(II) < 0.05 mg/L, by AAS).
For this reason, they were lower than the permissible limits of Argentina (nickel 5 mg/L
and cadmium 1 mg/L, zinc not reported) [57].
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(B) sunflower seed hulls, (C) corn residues mix, and comparison with a sample without residue addition.

Table 3 shows the retention efficiency calculated for each one clay ceramics matrices.
It was calculated from the mass of each of the heavy metals added in the ceramic (included
in the spent adsorbent) and in the TCLP extract obtained for each tested ceramic. Based on
these results, with heavy metal retentions above 88.5% in all cases, we can propose such
clay ceramics prepared with added spent adsorbents with potential use in construction,
and useful for the stabilization and immobilization of heavy metals together with the
corresponding spent adsorbents. At firing temperatures in the followed leaching tests (EPA
Method 1311), the organic residues can burn out and the heavy metals would be able to
form stable phases with the clay minerals, which would decrease their bioavailability [58].

Table 3. Heavy metal retention efficiency for clay ceramics prepared from spent adsorbent with the
mixture of heavy metals.

Clay Ceramics
Retention Efficiency (%)

Ni(II) Zn(II) Cd(II)

Pine sawdust >88.5 >98.2 >97.1
Sunflower seed hulls >95.9 >99.1 >98.5

Corn residues mix >93.4 >98.7 >97.9

According to Mohajeran et al. [59], the particle size of the sample determines the
contact surface with the leaching solution and therefore influences the concentration of
heavy metals detected. This fact is important because in the leaching tests the clay ceramics
were used crushed, but in practice the clay bricks will be used whole, so the leaching may
be even lower, even there is still no legislation that imposes a test and limits on the leaching
of heavy metals in construction materials [60].

4. Conclusions

One of the challenges of these times is the minimization of waste generated by agro-
industrial activities and/or the reuse of this waste in applications that improve the quality
of life. In this sense, considering that there is still no universal process to remove heavy
metals from wastewater and effluents, adsorption from agroindustry residues is emerging
as a simple, low-cost and efficient alternative.

Agro-industrial residues such as pine sawdust, sunflower seed hulls and corn residues
mix, without any additional treatment, are characterized. These results are correlated with
the performance of these materials as adsorbents of heavy metals such as Ni(II), Zn(II) and
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Cd(II). In addition, SEM-EDS and XRF confirmed the presence of these heavy metals in the
residues after the adsorption process.

Batch adsorption experiments from aqueous mono-metal solutions of nickel, zinc
and cadmium ions, with concentrations of 0.18 mmol/L, with all three biomass residues
selected showed promising results, with adsorption percentages greater than 50%. Ni(II)
presented the lowest adsorption percentages and adsorption capacities compared to Zn(II)
and Cd(II), possibly due to the higher hydration energy that could hinder its accessibility to
the adsorbent. At this concentration, in a multi-metal solution, the decrease in adsorption
due to the competition of heavy metals for the limited adsorption sites of pine sawdust
determined that it is necessary to study multi-component systems to evaluate the actual
performance of the adsorption process in practice.

Sawdust, sunflower and corn residues could be used as an alternative to traditional
synthetic materials to remove heavy metals from wastewater given their properties, low
cost and availability. However, more research is needed for the scale-up and possible
commercial application of these agro-industrial residues as adsorbents of toxic metals from
industrial wastewater.

Furthermore, a solution to the safe disposal of such biomass adsorbents after the
adsorption process (containing heavy metals as pollutants) was proposed in this research
work. The stabilization of these spent adsorbents in clay ceramics with possible use in
construction is presented as an alternative for the immobilization of Ni(II), Zn(II), Cd(II)
and their mixture. The heavy metal leaching tests of the ceramic matrices prepared with
added spent adsorbents confirmed an effective immobilization for all heavy metals, whose
concentrations were found to be below the permissible limits. The clay ceramics showed
retention efficiencies over 88.5%.
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www.mdpi.com/article/10.3390/w14203298/s1, Figure S1: XRD patterns of pine sawdust, sunflower
seed hulls, and corn residues mix; Table S1: Main results of literature studies about the adsorption of
Ni(II), Zn(II) and Cd(II) on sawdust, sunflower and corn. References [44,52,61–67] are cited in the
“supplementary materials”.
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Abstract: The single-component adsorption of chromium (VI) and nickel (II) on oil palm bagasse
(OPB) and yam peels (YP) in a packed bed column was explored and improved using a central
22-star T composite design. The temperature, bed height, and particle size were evaluated, and
the optimized response variable was the removal efficiency. The remaining concentration of heavy
metals in solution was determined by Ultraviolet–Visible and Atomic Absorption Spectroscopy.
It was found that bioadsorbents have a porous structure, with the presence of functional groups
such as hydroxyl, carboxyl, and amino, which favor adsorption processes, and that the adsorption
mechanisms controlling the process is cation exchange, precipitation, and complexation on the
exposed surface of the biomaterials. In the adsorption trials, removal percentages higher than 87%
were obtained in all cases, showing better results in the removal of Cr(VI), and that particle size is
the most influential factor. Maximum Cr(VI) capacities of 111.45 mg g−1 and 50.12 mg g−1 were
achieved on OPB and YP, respectively, while for nickel values of 103.49 mg g−1 and 30.04 mg g−1

were obtained. From the adjustment of the breakthrough curve to the models, it was determined that
the model best able to adjust the data was the Thomas model, and the thermodynamic parameters
of Cr(VI) and Ni(II) removal suggest that the process on YP is endothermic, while on OPB it is
exothermic. In both biomaterials, the process is controlled by spontaneous chemisorption with a
great affinity of the active centers for the ions.

Keywords: continuous system; metal ions; adsorption mechanisms

1. Introduction

The release of industrial sewage polluted with toxic heavy metals is a global environ-
mental problem, because metals like chromium, mercury, cobalt, nickel, lead, copper, and
arsenic [1] can have serious impacts on human, animal, and aquatic life, as they have a very
stable nature and a reduced tendency toward the biodegradation of their compounds [2].
Among them, chromium and nickel are especially important, due to their multiple appli-
cations at the industrial level. Chrome compounds exist in water and soil, because of the
industrial activities of tanneries, electronic manufacturing, pigments, fertilizers, textiles,
and photography. Furthermore, when chromium comes into contact with water, it is toxic
for living beings, because it is subjected to oxidation (III) and (VI) [3]. For this reason,
Cr(VI) is considered a hazardous pollutant; normally, it occurs in chromate (CrO4

2−) or
dichromate (Cr2O7

2−) forms, and effortlessly trespasses biological barriers, while also
being carcinogenic [4]. On the other hand, nickel is applied in manufacturing activities
such as metallization, and in paint, electroplating, powder, batteries, and alloys, among
other things, as well as in everyday products such as cosmetics, clothing, and electronic
devices [5]. Ni(II) is toxic, and in high concentrations can cause lung, skin, cardiovascular,
and gastrointestinal diseases, and even cancer [6].
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Several methods have been implemented in the elimination of heavy metals from
effluent, including precipitation, electro-flocculation, ionic exchange, solvent extraction,
and osmosis; these methods have several disadvantages, including toxic sludge production,
the need for chemical additives, energy requirements, and the generation of secondary
contaminants [7]. For this reason, bioadsorption is presented as a viable, efficient, and
non-destructive method for removing heavy metals from waste to address environmental
problems [8]. Although adsorption has been widely used in the removal of heavy metals
from water systems, this implementation has most commonly been used in batch systems.
Among these, metal–organic frameworks have been used [9]. Additionally, nanomateri-
als and nanotechnologies have been developed that can be used to generate innovative
materials that are able to provide water treatment plants with extraordinary properties,
increasing cost efficiency [10].

Most of the research on Cr(VI) and NI(II) bioadsorption has been performed using
batch processes, because they are easy to apply on a small laboratory scale, but challenging
to use on a massive scale, especially when the volume of industrial effluent is huge [11]. In
addition, data from batch systems may not apply to continuous fixed-bed column operating
conditions, where residence time is not necessary for achieving equilibrium [12]. Therefore,
it is necessary to determine the real applicability of biosorbents in the continuous mode [13].
However, fixed-bed columns are preferred because of their high efficiency, easy method of
operation, and ability to be expanded beyond laboratory scale to produce higher quality
effluent [14]. Nevertheless, the use of eucalyptus in the elimination of Cr(VI) and Ni(II)
in the packed-bed system has been reported [15], as well as palm residues [16], plantain
waste [17], vetch [18], alharma [19] and kenaf [20], where the effects of temperature, pH,
bed height and particle size were determined, presenting high percentages of removal.

Thus, in the present work, the performance of yam peel (YP) and oil palm bagasse
(OPB) in the elimination of Cr(VI) and Ni(II) present in solution in a continuous system
was evaluated, and the effects of temperature variation, particle size, and bed height were
determined. The bioadsorbents were characterized using the proximal chemical analysis,
FTIR (Fourier transform–infrared spectroscopy), SEM (scanning electron microscopy) and
EDS (energy-dispersive X-ray spectroscopy) techniques.

2. Materials and Methods
2.1. Preparation of the Biomass

Oil palm bagasse (OPB) was obtained in Bolivar, Colombia, as a rejected by-product
of the palm oil extraction process. Yam peel (YP) was obtained as post-harvest residues.
Biomasses were selected in their best condition, washed with deionized water, sun-dried
until a constant mass, and reduced in size in a blade mill; size classification was performed
in a shaker-type sieve with stainless steel screens, selecting the particle diameters according
to the design of the experiments.

2.2. Characterization of the Bioadsorbent

Proximal chemical analysis was performed using analytical methods to determine the
content of pectin (thermogravimetry), lignin (acid digestion), cellulose (photolysis), hemi-
cellulose (thermogravimetry digestion), carbon (AOAC 949.14), hydrogen (AOAC 949.14),
nitrogen (AOAC 949.14-Kjeldahl), sulfur (948.13) and ash (nephelometry digestion). The
functional groups and structural change in the biomass were determined by FTIR anal-
ysis of the bioadsorbents before and after adsorption using a Shimadzu IRAinfinity-1S
spectrophotometer with a frequency of 32 scans between 600 and 4000 cm−1. The surface
properties of the biomasses were studied by SEM-EDS analysis using a scanning electron
microscope coupled to an energy dispersive spectrophotometer model JSM-6490LV JEOL
Ltd. (Tokyo, Japan).
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2.3. Column Adsorption Tests

Adsorption tests were performed in packed-bed system following an experimen-
tal design created in Statgraphics Centurion XVI®, with the central type composed of a
23+rotating star on the response surface; there were 5 levels of temperature variation (30, 40,
55, 70 and 80 ◦C), particle size (0.1, 0.355, 0.5, 1 and 1.2 mm) and bed height (6.1, 30, 65, 100
and 124 mm), for a total of 16 experiments for each biomass–metal system. The experiments
were conducted in an acrylic cylinder with height of 15 cm and internal diameter of 4.1 cm.
The solution at 100 mg L−1 was feed from a tank located at the top of the equipment,
flowing into the column by gravity at a flowrate of 0.75 mL/s. To prepare the synthetic
solutions, nickel sulfate (NiSO4) and Potassium Dichromate (K2Cr2O7) were used (Merck
Millipore; Burlington, MA, USA) and dissolved in deionized water using pH of 2 and 6 for
Cr(VI) and Ni(II), respectively.

The biomass packaging was filled with the biomaterials under study, and the con-
ditions of temperature, bed height, and particle size were configured according to the
proposed design of experiments. The samples were taken 5 min after starting the assays;
the final concentration of Cr(VI) was determined by UV-Vis spectrophotometry at 540 nm
in a Biobase spectrophotometer using phenolphthalein as an indicator, in accordance with
ASTM D1687-17 [3]. The residual nickel (II) was determined using an atomic absorption
spectrophotometer, Buck Scientific model 210 VGP, at 228.8 nm [5]. Adsorption efficiency
was determined using Equation (1):

%E =
C0 − Ci

C0
× 100 (1)

where C0 is the initial concentration of the studied metal and Ci is the concentration of the
studied metal after the adsorption process [21].

The effects of temperature, particle size, and bed height were studied using the Stat-
graphics Centurion software through the estimated response surface and the optimization
of such response using the Surface Response Method (SRM), which made it possible to
maximize the efficiency of the removal, determining the best conditions under which to
construct the breakage curve.

2.4. Breaktrhough Curve

The breakage curve or determining the time of service of the bed and the saturation of
the biomaterial was constructed by means of continuous experiments under the optimum
conditions obtained. The breakage curves for Cr(VI) and Ni(II) adsorption were adjusted
to the models described below in OriginPro®.

2.4.1. Thomas Model

This model obeys Langmuir’s adsorption and considers the axial dispersion to be
insignificant in the bed, because the driving force follows second-order kinetics with a
reversible reaction given by Equation (2).

C0

C
=

1

1 + exp
[

Kth
Q (q0X − C0V)

] (2)

where Kth is Thomas’ constant (mL min−1 mg−1); qo is the maximum concentration of
solute in the solid phase (mg g−1); X is the amount of adsorbent in column (g), Q is the rate
of flow (mL min−1), and V (L) is the volume of the effluent at the time of operation.

2.4.2. Yoon–Nelson Model

Yoon–Nelson model. This model relates the dimensionless parameter C/C0 throughout
the operating time by means of two parameters, KYN and τ, which correspond to the
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proportionality constant in min−1 and the time after which 50% of the initial adsorbate is
retained, respectively. This is shown in Equation (3).

C
C0

=
exp (KYNt − τKYN)

1 + exp (KYNt − τKYN)
(3)

2.4.3. Dose–Response (DR) Model

The DR model can be represented by Equation (4).

C
C0

= 1 − 1

1 +
[

C0×Qt
q0X

]a (4)

where a is the constant of the model; q0 is the maximum solute concentration in the solid
phase (mg g−1), X is the amount of adsorbent in the column (g), and Q is the rate of flow
(mL min−1).

2.4.4. Adams–Bohart Model

This model is implemented to describe the initial part of the breakage curve above the
breakage or saturation points, assuming that the adsorption velocity is proportional to the
adsorption capacity and the concentration of the adsorbed species. This model is described
according to Equation (5).

C
C0

=
exp(KABC0t)

exp
(

KAB N0L
v

)
− 1 + exp(KABC0t)

(5)

where KAB is the kinetic constant of Adams–Bohart in (L/mg.min), N0 is the maximum
volumetric adsorption capacity in mg L−1, v is the linear flow rate in (cm/min), L is
the depth of the column bed in cm, C0 is the internal concentration mg L−1, Ct is the
concentration of the effluent, and t is the residence time of the dissolution in the column.

2.4.5. Adsorption Capacity of the Column

The adsorption capacity of the column was determined using Equation (6).

qj =
C f

j Q

1000ms

∫ ts

0


1 −

Cout
j

C f
j


dt (6)

where qj is the concentration of the ion in the adsorbent (mmol/gram), Cjf is the feed
concentration of the j-ion in the liquid phase (mmol/L), Q is the volumetric flow rate of
the solution flowing through the column (cm3/min), ms is the mass of the biomass with
which the tower is packed (g), Cj

out is the j-ion output concentration in the liquid phase
(mmol/L), and ts is the time at which the column is saturated (min) [22].

2.5. Thermodynamic Parameters

To establish in a general way the type of adsorption of the metals using OPB and
YP, the equilibrium constant Kc and the values of adsorption enthalpy (∆H◦), adsorption
entropy (∆S◦), and Gibbs’ energy (∆G◦) were determined, making it possible to establish
the favorability of the process and the effect that the temperature has on it [23]. For this,
Van’t Hoff’s graphical method was used, according to the following equations:

∆G = ∆H − T∆S (7)

G = −RT × lnkc (8)

lnKc =
−∆H

RT
+

∆S
R

(9)
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3. Results
3.1. Characterization of Bioadsorbents

The bromatological analysis of OPB and YP is shown in Figure 1, where it can be seen
that the compounds with the greatest presence in both biomaterials are lignin and cellulose,
compounds which stand out for having hydroxyl, carboxyl, and phenolic functional groups
in their structure, and which are important in the adsorption of metallic ions [24].
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Figure 1. Bromatological analysis of OPB and YP: (a) polysaccharide compounds and (b) elementary
compounds [25,26].

The most abundant element in the two bioadsorbents is carbon, which is typical
of lignocellulosic materials due to the presence of lignin, cellulose, and hemicellulose.
Therefore, a high efficiency of Cr(VI) and Ni(II) adsorption is expected, because these
compounds are known to possess a large number of OH- groups [27], carboxyl, and phenol,
which can promote the adsorption of heavy metals [28]. Similarly, it can be observed that the
lignin content in YP and OPB is high, and therefore the removal efficiency may be higher in
these materials [29]. The ash content is higher than 4% in both biomaterials, indicating that
the biomass contains in its structure oxides of silica, aluminum, iron, calcium, magnesium,
titanium, sodium, and potassium [30].

The FTIR spectrum was obtained for OPB and YP before and after the Cr(VI) and Ni(II)
adsorption processes (Figures 2 and 3). For both adsorbents, the evident stretching between
frequencies of 3500 and 3800 cm−1 corresponds to the hydroxyl (O-H) functional group [31],
while the presence of primary and secondary amines is indicated by the stretching of the
N-H bond between 3200 and 3450 cm−1 [32]. Additionally, stretching and deformation
of the C-H group and carboxylic acid can be observed between the frequencies of 2700
and 3000 cm−1, as well as the stretching of carbon dioxide O=C=O close to the band at
2400 cm−1 [33]. The vibrations between 900 and 1800 cm−1 are attributed to alkenes,
aromatics, and carboxylic acids [19]. Around the band between 1600 and 1650 cm−1, a
stretch of the carbonyl group of pectin, cellulose, and hemicellulose carboxylic acids can be
observed, while between 900 and 1200 cm−1, vibrations corresponding to the C-O group
of alcohols and phenols are evident [28]. The presence of these multiple adsorption peaks
confirms the heterogeneous nature and structural complexity of the bioadsorbents under
study.

In the FTIR spectrum of the OPB and the YP following Cr(VI) and Ni(II) adsorption,
changes in the functional groups of the biomasses can be observed, and the difference in the
vibrations is remarkable. This is attributed to the incorporation of the metals under study
onto the surface of the biomass, whereby they are joined to different functional groups on
it [34]. The change in the intensity of the bands of the groups OH, CH, CO, NH, and C=C
evidences the union of the ions; active and present functional groups in the biomass are key
to the mechanism of adsorption of cationic pollutants [35]. Between 900 and 1800 cm−1, the
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presence of aromatic rings in the lignin and stretching of the C-O groups can be observed [4].
The vibrations of the bands between 700 and 1300 cm−1 present inorganic groups [36].
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In Figure 4 and Table 1, it can be seen that YP exhibits an irregular surface with the
presence of mesopores, while the morphology of OPB is fibrous, with the presence of
porosity and cavities [26]. Carbon, calcium, and oxygen are present in both materials,
with YP exhibiting the most diverse structure, with traces of multiple elements such as
potassium, silicon, aluminum, phosphorus, and iron, among others [37]. The presence
of these elements is related to the functional groups present in lignocellulosic materials
(cellulose, hemicellulose, lignin, and pectin) [4] and its ability to capture cations due to
electrostatic forces; therefore, white particles are observed on the micrographs [38]. It is
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evident that the pores of the biomaterials are covered by the metals following adsorption,
and so they are softened when they are covered by Cr(VI) and Ni(II) [39].
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With respect to SEM and EDS after adsorption, the presence of Cr(VI) was observed
on the basis of the characteristic high-intensity peaks at 1, 5.6, and 5.8 keV, while the
appearance of Ni(II) was found on the basis of the peaks at 1.4, 7.8 and 8.2 keV. Due to
the structural changes reflected in the FTIR (Figures 1 and 2) and the EDS spectra after
adsorption, as well as the increase in the number of white particles precipitated onto the
surface of the two adsorbents, it can be established that the mechanism of adsorption
of both metals in the biomaterials is an exchange between the studied cations and the
disponible centers of the material [40], which promotes the formation of microcomplexes
and precipitation [41] when Cr(VI) and Ni(II) are retained at the active centers [42]. In
the EDS after Cr(VI) adsorption, a decrease in Ca intensity of 0.2 keV was observed in
OPB, while the intensity of O increased at 0.6 keV, and K appeared at 3.6 keV; meanwhile,
YP presented a decrease in the peaks of Ca at 0.6 keV, Fe at 1.1 keV, and K at 3.6 keV,
while P disappeared at 2.0 keV and S at 2.1 keV. Following the removal of Ni(II), OPB
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presented an increase in the Fe peak at 0.8 keV, and the appearance of Al at 1.8 keV, S at
2.2 keV, Fe at 6.6, and 6.9 keV, while in YO presented the disappearance of P at 2.0 keV,
Al at 1.8 keV, S at 2.1 keV, Fe at 0.7 keV, 6.5 keV, and 7 7 keV, and Cu at 0.9 keV, 8 keV,
and 8.6 keV; there was also a decrease in the peaks for K at 3.4 keV and Ca at 0.2 keV and
3.8 keV; the disappearance of these compounds in the structure of the biomaterials was
due to the formation of links with the heavy metals, and their entry into the lignocellulosic
structure is shown in the FTIR spectra (Figures 2 and 3), corroborating that ion exchange is
the mechanism of adsorption [28]. The above occurred along with slight variations in the
intensity of the peaks marking the presence of Ca, while a new peak of Cr(VI) and NI(II)
was observed with the C, N, K, Na, Mg, Al, silicon, chlorine and Ca groups contained on
the surface, confirming the adsorption of the heavy metals under study [39].

Table 1. EDS compositional analysis.

Element
OPB OPB—Cr(VI) YP YP—Cr(VI)

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %

C 50.90 59.07 48.65 56.49 47.40 57.07 54.50 63.25
O 44.60 38.85 48.82 42.56 43.20 39.05 39.67 34.56
Al 0.75 0.40 0.82 0.42
Si 3.87 1.92 1.12 0.56 2.16 1.11 1.21 0.60
P 0.66 0.31
S 0.17 0.08
K 0.20 0.07 4.46 1.65 0.44 0.16
Ca 0.19 0.07 0.25 0.09 0.34 0.12 0.99 0.34
Fe 0.60 0.16 0.59 0.15
Cu 0.45 0.10 0.49 0.11 0.27 0.06 0.45 0.10
Cl 0.45 0.18
Cr 0.48 0.13 0.88 0.24

Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

3.2. Adsorption Tests

Tables 2 and 3 summarize the results of Cr(VI) and Ni(II) adsorption on OPB and
YP under the evaluated conditions. For the removal of Cr(VI) and Ni (II) using OPB, the
results were very similar under all of the evaluated operating conditions; therefore, a
deeper statistical analysis was necessary in order to be able to draw any conclusions (see
Section 3.3). This can be explained by the fact that OPB, as a fibrous material, ensures the
tortuosity of the bed, regardless of the bed height.

On the other hand, when using YP, the best conditions, found on the basis of optimiza-
tion analysis, for Cr(VI) removal were a particle size of 0.355, a temperature of 55 ◦C and a
bed height of 89 mm, while for Ni(II), they were a particle size of 1 mm, a temperature of
70 ◦C, and a bed height of 123 mm (Table 3).

OPB exhibits a high efficiency of Ni(II) and Cr(VI) removal, with percentages higher
than 87%; this is due to the heterogeneity of the biomass due to its lignocellulosic character,
which ensures the presence of hydroxyl, carboxyl, amino, unsaturated hydrocarbon, and
phenol groups, which have a direct influence on the removal of these ions [43]. Despite
the good performance of the bioadsorbent for the two metals, there is evidence of better
behavior with respect to Cr(IV), which can be explained by their ionic radius: Cr(VI)
has an ionic radius of 0.69, while Ni(II) has an ionic radius of 0.78, and the lower ionic
radius increases the diffusion of the metal in solution and on potential adsorption sites [44].
Regarding the evaluated variables, an increase in temperature from 30 ◦C to 55 ◦C decreases
the retention of both metals on OPB and YP, while at temperatures greater than 55 ◦C,
increasing temperature results in a slight increase in removal efficiency. This may be due to
the fact that the increase in temperature contributes to an increase in the speed of the ions
within the solution and the biomass, counterbalancing the thermodynamic effect, which
in turn causes a reversal of the trend whereby the temperature continues to increase [45].
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Considering the high degree of removal achieved by the biomass, the effect of this variable
is considered to be insignificant, since it does not constitute a determining aspect for the
process, suggesting that energy changes in the system do not have an important effect on
the mass transfer mechanisms that allow the diffusion of ions on the biomass. However,
variation in temperature is important, since it constitutes a critical variable when scaling the
process up. Therefore, it is considered that the best conditions for carrying out the removal
exist at room temperature. The influence of bed height presents a positive behavior when
using the two adsorbents, removal efficiency increasing with increasing bed height, which
can be explained by the availability of a greater number of link sites for adsorption and the
increased residence time. Therefore, the diffusion of the ions is more effective, since the
contact between the phases is more intimate [17].

Table 2. Cr(VI) and Ni(II) removal efficiency over OPB in a continuous system.

Temperature (◦C) Particle Size (mm) Bed Height (mm)
OPB

Cr(VI) Ni(II)

70 0.355 30.0 100.00 99.86
40 0.355 100.0 99.97 99.53
55 0.500 6.13 99.98 89.85
70 1.000 30.0 99.99 87.24
40 1.000 30.0 100.00 90.37
40 0.355 30.0 100.00 98.93
70 0.355 100.0 99.98 99.57
30 0.500 65.0 100.00 98.33
40 1.000 100.0 99.97 97.16
70 1.000 100.0 99.99 96.77
55 0.500 123.9 99.99 99.76
55 0.500 65.0 99.99 96.80
80 0.500 65.0 100.00 96.95
55 0.500 65.0 99.99 96.80
55 0.135 65.0 99.98 99.76
55 1.219 65.0 99.99 91.18
55 0.500 65.0 99.99 96.80

Table 3. Cr(VI) and Ni(II) removal efficiency over YP in a continuous system.

Temperature (◦C) Particle Size (mm) Bed Height (mm)
YP

Cr(VI) Ni(II)

70 0.355 30.0 96.26 96.65
40 0.355 100.0 87.30 87.4
55 0.500 6.13 65.30 91.40
70 1.000 30.0 97.43 90.20
40 1.000 30.0 98.30 96.72
40 0.355 30.0 96.95 95.22
70 0.355 100.0 87.01 87.0
30 0.500 65.0 87.70 94.46
40 1.000 100.0 88.24 94.07
70 1.000 100.0 91.10 95.91
55 0.500 123.9 92.30 98.74
55 0.500 65.0 94.50 98.17
80 0.500 65.0 94.88 98.82
55 0.500 65.0 97.32 97.25
55 0.135 65.0 87.1 87.2
55 1.219 65.0 98.01 91.66
55 0.500 65.0 94.50 98.15

On the other hand, the increase in particle size positively affects the influence of Cr(VI)
removal when OPB is used, which is decisive for establishing the hydrodynamics of the
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adsorption column, and thus the prevention of overflow [46]. Meanwhile, removing Ni(II)
using OPB as well as using YP to remove both metals is favored by decreased particle
diameter due to increased area of contact exposed to the smaller particle size; this, in
turn, favors the diffusion velocity [47]. However, in practice, for packed-bed systems in
which the flow is continuous, very small particle sizes are inadequate, because the close
spacing between the bed particles leaves less space for the transit of the fluid, affecting the
tortuosity of the bed. In fact, while executing the experiment, it was noticed that the smaller
particle sizes caused an obstruction of the fluid on the bed, making its transit difficult; this
represents a difficulty, since the ideal is to treat as much of the solution as possible without
decreasing the quality of the removal achieved during operation. In this case, sacrificing a
small amount of the optimal particle size can lead to better operation of the system, without
sacrificing much of the effectiveness of the operation.

Table 4 shows the qmax data of the parameters reported for the removal of Cr(VI) and
Ni(II) with different evaluated adsorbents, showing that the results obtained in the present
study lie in the average range for bioadsorbents of lignocellulosic origin.

Table 4. qmax of Cr(VI) and Ni(II) in a fixed bed using various adsorbents.

Metal Adsorbent Conditions qmax (mg/g) Reference

Cr(VI)

Pecan nut husk 0.85 mm particle size, pH = 6.2 180.75 [4]

Eucalyptus pH = 2, 15 cm bed height, 50 mg/L initial
concentration 381.82 [15]

Palm Oil Fuel Ash 100 mg/L initial concentration, 36.4 g adsorbent,
pH = 2. 0.41 [16]

Biosynthesized melanin-coated
PVDF membranes 0.5 mL/min, 3 mg/L, 10 mg adsorbent 9.29 [28]

Plantain starch residues 0.75 mL/s, 100 mg/L initial concentration, pH = 2,
68 ◦C, 81.49 mm bed height 29.85 [17]

OPB 0.75 mL/s, 100 mg/L initial concentration, pH = 2 115.45
This workYP 50.12

Ni (II)

Plantain starch residues 0.75 mL/s, 100 mg/L initial concentration, pH = 6 28.01
[22]Yam starch residues 22.08

Fenton modified with
Hydrilla verticillate

Bed height = 25 cm, 10 mL/min, initial
concentration 5 mg/L 87.18 [48]

Carboxylated sugarcane
bagasse 25 ◦C, pH = 5.5, 0.5 g adsorbent 1020 [49]

OPB 0.75 mL/s, 100 mg/L initial concentration, pH = 6,
55 ◦C

103.49
This workYP 30.04

3.3. Application of the Surface Response Method (SRM)

SRM was applied to the experimental data using the Statgraphics Centurion software,
and a mathematical expression of adsorption efficiency was obtained that fits the results
of the experimental results presented in Tables 2 and 3; in this way, it was possible to
vary the parameters of the factors temperature, particle size, and bed height by means of
Equation (10) for Cr(VI) and Equation (11) for Ni(II), using OPB as the adsorbent.

%R = 100.04838 − 0.0014138539 A − 0.046518846 B
−0.00033061127 C + 0.0000076169902 A2

−0.00010335917 A B + 0.0000071428571 A C
+0.041973067 B2 + 0.000022148394 B C + 3.8888414E
−7 A2

(10)

%R = 105.71338 − 0.14294739 A − 9.4454119 B − 0.007324277 C
+0.00153546 A2 − 0.11583979 A B
+0.00044214286 A C − 3.7284854 B2 + 0.17744186 B C
−0.00052249029 C2

(11)

176



Water 2022, 14, 1240

where %R is the percentage removal, A is the temperature in ◦C, B is the particle size in mm,
and C is the bed height in mm. Using these equations, graphs of the estimated response
surface were obtained (Figure 5), which described the influence of the evaluated variables
on the processes of Cr(VI) and Ni(II) adsorption on OPB. The concave downwards shape
indicates the adverse effect of increasing temperature and particle size at different bed
heights. The optimal conditions for maximizing the removal efficiency of the process were
obtained as follows: temperature of 40 ◦C, particle size of 1 mm size, and bed height of
30 cm for Cr(VI), while for Ni(II) these values were a temperature of 80 ◦C, particle size of
0.212 mm, and a bed height of 50.3 mm. The breakage curve of the two metals on OPB was
constructed under these optimal conditions.
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Previous studies on Cr(VI) and Ni(II) adsorption on Fenton Hydrilla verticilata (FMB)-
modified dry biomass in industrial waste, in which the effect of bed height, flow rate,
influent metal ion concentration, and particle size were evaluated, concluded that the values
most favorable for the removal of heavy metals were the highest bed height (25 cm); a lower
flow rate (10 mL min−1), and a lower concentration of influential metal (5 mg L−1), in order
to ensure optimal tortuosity and hydrodynamic conditions with the aim of maximizing
bed removal [48].

Regarding the application of SRM to the results obtained for the adsorption of Cr(VI)
and Ni(II) on YP, Equations (12) and (13) were obtained for the two metals, respectively,
where %R is the percentage of removal, A is the temperature in ◦C, B is particle size in mm,
and C is the bed height in mm.

%R = 77.51 − 0.0065A − 2.622B B + 0.45C − 0.0018 A2 + 0.18 A B
+0.0019 A C + 0.426 B2 − 0.0165 B C − 0.0039C2 (12)

%R = 77.67 + 0.438A + 17.45B − 0.0228C − 0.0035A2 + 0.11AB
−0.000826AC − 32.23B2 + 0.338BC − 0.0011B2 (13)

From these equations, the estimated response surface was obtained (Figure 6), and the
significant positive effect of increasing particle size on the quantity of Cr(VI) elimination
was observed, while the concave shape of the scheme for nickel shows that intermediate
values of the considered variables favored its removal. In addition, a temperature of
62 ◦C, a particle size of 1.22, and a bed height of 89.3 mm were determined to be the optimal
conditions for the removal of Cr(VI), while for Ni(II) these parameters were a temperature
of 70 ◦C, a particle size of 1 mm, and a bed height of 123.8 mm. The breakage curve was
constructed under these conditions.
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The optimization of the response variable was obtained using the RSM methodology,
as shown in Table 5. The experiments for analyzing the breakage curve were performed
under these conditions.

Table 5. Optimization of removal efficiency of Cr(VI) and Ni(II) over OPB and YP.

Factor
OPB YP

Cr(VI) Ni(II) Cr(VI) Ni(II)

Temperature (◦C) 30 80 55 70
Particle size (mm) 0.5 0.212 0.355 1
Bed height (mm) 65 50.3 89 123

3.4. Breakthrough Curve

The breakage curve shows the performance of a fixed-bed column in terms of the amount
of metal that can be retained, expressed in terms of a standardized concentration (C/Ci), as a
function of time or effluent volume for a fixed bed height [50]. For this study, the breakpoint
was established as the point at which the concentration at the end of the column reached
0.1% of the Ci, while the concentration at which 95% was reached was established as the
column saturation point [20]. Figure 7 shows the Cr(VI) and Ni(II) breakage curves on OPB
and YP, which were made at the best conditions found and at 100 mg L−1.
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The experimental data obtained from experiments were analyzed to evaluate the effect
on the Cf/Ci vs. time plot, and to stablish the q (mg/g) of the bed. It was evidenced that
the highest adsorption of metal ions occurred at the beginning of the tests, due to the high
disposal of active sites in the unsaturated bioadsorbent [31].

As a result, metal ions were retained around or inside the active sites, while the effluent
from the end of the bed was almost raw without the presence of the cations. As the bed
operation time passed, its capability to capture ions progressively diminished due to the
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occupation of the existing active sites; therefore, the concentration of the effluent increased
until the outlet concentration was 30% of the inlet concentration [21]. However, the total
saturation of the adsorbent was not reached in the column, so the breakage curve exhibits
an upward trend after the contact time. Applying Equation (3), the maximum adsorp-
tion capacity of the column was determined for each adsorbent–metal system, indicating
that the highest adsorption capacities were obtained for Cr(VI), with 111.45 mg g−1 and
50.12 mg g−1 on OPB and YP, respectively; meanwhile, for Ni(II), values of 103.49 mg g−1

and 30.04 mg g−1 were obtained. With respect to the values obtained for the removal of
Ni(II) on OPB (Elaeis guineensis) in stages, a qe of 103.3 mg g−1 biomass was reported for
bagasse, which is very close to the value obtained in the present study [51], which is supe-
rior to those reported by [22] using plantain, yam and OPB residues, respectively. Likewise,
the results of Cr(VI) removal using OPB and YP are superior to those obtained in other
studies, where 29.85 mg g−1 on plantain residues was achieved [17]. The experimental
adsorption capacity for the removal process of both metals in the column was higher for
palm bagasse; this is attributed to its highly porous nature and the typical fibrous surface
of lignocellulosic materials [52].

On the other hand, designing a continuous adsorption system requires knowing
mainly its adsorption profile (concentration–time), so there are different theoretical models
that seek to describe the behavior of a column, estimating some kinetic parameters [21].
Breakage curve data were fitted to the Dose–Response, Yoon–Nelson, Adams–Bohart, and
Thomas models. The fitting parameters are summarized in Table 6.

Table 6. Adjustment parameters for Cr(VI) and Ni(II) adsorption on OPB and YP using non-linear
regression.

Model Parameter OPB-Cr OPB-Ni YP-Cr YP-Ni

Thomas
KTh (mL min−1 mg −1) 0.06 0.077 0.09 0.06
qTh (mg g−1) 58.85 27.69 47.58 23.94
R2 0.66 0.55 0.87 0.84

Dose-
Response

qD-R (mg g−1) 62.18 24.74 54.21 54.93
a 0.67 1.29 2.85 0.84
R2 0.91 0.86 0.92 0.95

Yoon–
Nelson

KY-N (min−1) 0.00616 0.01 0.008615 0.00609
τ (min) 255.9752 269.36 533.67 486.79
R2 0.66 0.55 0.87 0.8391

Adams–
Bohart

KA-B (L min−1 mg−1) 3.622 × 10−5 4.09 × 10−5 7.43 × 10−5 4.98 × 10−5

No (mg L−1) 39388.88 15013.42 13281.04 9302.27
R2 0.53 0.21 0.85 0.81

From the data presented in Table 6, it can be stated that, according to their respective
square correlation coefficients, the experimental Cr(VI) and Ni(II) removal data on YP and OPB
best fit the DR model, with R2 exceeding 90%. Considering the industrial implementations
of adsorption, the established advance time defines the operational limits of the column;
however, in the present study, such saturation was not reached. Rather, it was established
that all the biomasses could be used during the study time, since they present a high
heavy metal adsorption capacity, as reported when Fenton-modified Hydrilla verticillata
biomass was used as Cr(VI) and Ni(II) adsorbents [48]. Despite the R2 value reported
for the DR model, it was observed that the q reported by this model when using OPB
to remove the two metals was much lower than that obtained experimentally. Similarly,
the theoretical q obtained by the models was much higher than the experimental q with
YP; in this sense, the model that comes closest to the experimental values is the Thomas
model, so it was assumed that the mechanism of adsorption was Langmuir-type adsorption
followed by chemical sorption of a pseudo-second-order monolayer, which is evident in the
precipitation and micro complex formation evidenced in the SEM micrographs reported
in Figures 3 and 4 [36]. The prediction of the breakage curve by the Thomas model has
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previously been reported by Srivastava et al. [36], Nordin et al. [16], and Xavier [49] using
red beans impregnated with nanoparticles of magnetite, OPB and carboxylated OPB resin.
It has been reported, when using mangosteen peel for Cd(II), that the good fit of the data
using the Thomas model suggests that external and internal diffusion will not be the
limiting step [6].

3.5. Thermodynamic Parameters

It is established on the basis of the positive sign of ∆H◦ that the processes of removal
of Cr(VI) on OPB and YP is of an endothermic nature, such that the energy must be
proportional to the system in order to boost diffusive phenomena (Table 7) [22]. It also
follows that the limiting step of chromium adsorption on OPB and YP is the chemical
adsorption [53]. In addition, the positive values of ∆G◦ for Cr(VI) removal onto the two
evaluated adsorbents suggest that the system is non-spontaneous, and the increase in
the module with increasing temperature indicates that the process becomes energetically
more favorable [54]. The positive value of ∆S◦ exposes the high affinity of Cr(VI) ions
with biomaterials and also the possibility of some structural modifications due to the
development of links with functional groups at the interface, as well as high randomness
at the solid–solution interface, as shown by FTIR spectra and SEM-EDS analysis; it is also
inferred that the process is reversible.

Table 7. Thermodynamic parameters for chromium (VI) and nickel (II) adsorption at bed height of 65
mm.

Biomass
Cr (VI) Ni (II)

T (K) qe (mg/g) ∆G◦ (kJ/mol) ∆H◦ (kJ/mol) ∆S◦ (kJ/mol × K) ∆G◦ (kJ/mol) ∆H◦ (kJ/mol) ∆S◦ (kJ/mol × K)

OPB
303.15 0.79 30.19

3.46 28.81
0.79 −84.29

−107.32 −25.91328.15 0.78 32.68 0.78 −91.25
353.15 0.78 35.17 0.78 −98.20

YP
303.15 2.70 20.16

18.65 6.59
−75.54

−19.65 −24.98328.15 2.91 21.80 −81.79
353.15 2.92 23.45 −88.03

For Ni(II), the ∆H◦ values establish that the removal process possesses an exothermic
nature and occurs by physisorption [53]. ∆G◦ values indicate the spontaneity of the process
and that it becomes energetically more favorable, evolving by itself. On the basis of the
negative magnitude of ∆S◦, it can be said that the bond between the metal and the biomass
is strong, with a low possibility of desorption [54].

The difference found in the adsorption mechanism regarding the thermodynamic
parameters may be in accordance with the chemical nature of Cr(VI) and Ni(II), and its
influence over the chemical interactions with the active centers in the adsorbent; thus, the
different valences, atomic ratios and the ionic energies between the heavy metals cause
the energetic requirements for each case to be specific. When using eucalyptus as an
adsorbent of Cr(VI), equal results were obtained [15], as well as when using nanocellulose
modified with polypyrrole [55], in addition to when using pea peels [18] and composites of
Polyaniline and Iron Oxide [56] for removing Ni(II) ions.

4. Conclusions

The monocomponent elimination of Cr(VI) and Ni(II) on OPB and YP was performed.
The morphological and physical characterizations showed a porous, heterogeneous struc-
ture with high presence of functional groups that favor heavy metal adsorption processes.
The SEM-EDS results suggest that the adsorption mechanism that controls the process is
cation exchange with the active sites of the adsorbent, as well as precipitation and com-
plexing on the exposed surface of the biomaterials. From the adsorption essays, removal
efficiencies above 80% were obtained in all cases, presenting better performance in Cr(VI)
removal due to its diffusion capacity through the bioadsorbent pores. Statistical analy-
sis shows that particle size was the most significant factor in the adsorption processes.
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Mximum capacities of Cr(VI) of 111.45 mg g−1 and 50.12 mg g−1 were achieved on OPB
and YP, respectively; while for nickel, capacities of 103.49 mg g−1 and 30.04 mg g−1 were
obtained. The Thomas model fitted very well to the experimental breakage curves, so it
is assumed that monolayer adsorption was followed by chemisorption. Thermodynamic
study suggested an endothermic process that was non-spontaneous, with high affinity be-
tween Cr(VI) and the adsorbents; meanwhile, Ni(II) adsorption onto OPB and YP exhibited
an exothermic and spontaneous nature.
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Abstract: Effluent organic matter (EfOM) is present in different domestic and industrial effluents, and
its capacity to hold metallic ions can interfere in the wastewater treatment process. Due to the low
quality of water, new sustainable technologies for this purpose have become extremely important,
with the development of renewable-source nanomaterials standing out in the literature. Nanocellu-
lose (NC) deserves to be highlighted in this context due to its physicochemical characteristics and its
natural and abundant origin. In this context, the interactions between NC extracted from cotton linter,
organic matter fraction (humic substances) and metal ions have been evaluated. Free metal ions (Ca,
Fe, Mg and Mn) were separated by ultrafiltration and quantified by atomic absorption spectrometry.
The nanomaterial obtained showed potential for the treatment of effluents containing iron even in the
presence of organic matter. The probable interaction of organic matter with NC prevents the efficient
removal of calcium, magnesium and manganese. For these elements, it is desirable to increase the
interaction between metal and NC by modifying the surface of the nanomaterial.

Keywords: aquatic humic substances; nanomaterials; metallic ions; water; bioavailability

1. Introduction

Dissolved organic matter (DOM) is the dominant form of organic matter in aquatic
systems. It consists of dissolved molecules as well as aggregates of molecules. These aggre-
gates can be seen as colloids and are very heterogeneous. The main constituents of DOM
are the humic substances (HS). As they are complex mixtures of organic compounds with
relatively unknown structures, they are operationally defined according to their isolation
procedure [1]. The IHSS (International Humic Substances Society) advises the isolation
of humic substances from water by adsorption on an XAD-8 column, at pH 2, followed
by elution with sodium hydroxide solution. Humic substances are produced from the
degradation of biomass and, therefore, are natural compounds present in all environments.

However, the discharge of industrial and municipal effluents may introduce humic
materials and humic precursors into surface waters, denominated humic-like substances [2].
Effluent organic matter (EfOM) is characterized by the combination of natural organic
matter (NOM), the particulate material in suspension associated with microbial products,
and trace harmful chemicals. Most NOM comes from water and is the main component
of wastewater. This material, in general, is not considered a toxic pollutant; however, the
EfOM can significantly contribute to effluent treatment processes, such as the obstruction
of membranes, the limited reuse of wastewater, or the association with other compounds.
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Humic substances have abundant functional groups, mainly carboxylic, carbonyl and
phenolic, which confer a high capacity for complexation with metallic ions. Because of
these interactions, humic substances have an important effect that need to be considered in
wastewater treatment processes [3].

Interactions with nutrients and metal ions substantially affect the biogeochemical
cycles of these elements, as they are not degraded, remaining in the environment for long
periods of time [4]. Even metals considered essential and fundamental for animal and plant
metabolisms may pose a risk to the development of the living being in situations of high or
prolonged exposure.

Thus, the treatment of wastewater containing metals remains an important issue to
be resolved, considering the presence of humic-like substances. There is a growing need
to develop methodologies that involve solutions with low environmental impact, where
nanotechnology and the use of materials from renewable sources have been highlighted.
Tom [5] brought in a detailed review presenting the possible uses of nanotechnology in
the field of sustainable water treatment, noting that nanotechnology has great potential
in the field of sustainable water treatment and that concerns about the potential toxicity
of nanomaterials themselves can be resolved by the use of natural and carbon-based
nanomaterials with low toxicity. Natural nanomaterials and biopolymers, with their
unique properties, high efficiency, cost-effectiveness and eco-friendly, are considered a
good choice for water treatment, especially biobased nanomaterials in cellulose.

Cellulose is a macromolecule responsible for providing some of the important char-
acteristics of plant cells, combining high mechanical strength and low density with good
flexibility [6]. All these properties, combined with the fact that cellulose is a non-toxic,
renewable and biodegradable material, have caused a great increase in the scientific interest
in this material.

When the cellulose macromolecule is broken into nanofibers, its properties are greatly
enhanced, in addition to increasing its surface area, making the material attractive for
obtaining new composites. Nanocellulose (NC) has high resistance, low specific gravity,
a non-abrasive nature, no toxicity, biocompatibility and biodegradability [7]. These char-
acteristics mean NC is a material that is widely used in applications and produced on a
large scale.

Thus, for the application of nanocellulose in the removal of metallic ions from wastewa-
ter containing organic matter, a very important point to be studied is how this nanomaterial
will interact in EfOM and its components, such as metallic ions. It is essential to perform
studies on the interactions between metal and organic matter and nanocellulose.

Organic matter plays an important role in the balance of the aquatic system, since its
macromolecules, composed of complex aromatic rings and functional groups, allow the
absorption of metals and other pollutants, preventing them from being absorbed by living
organisms [8]. In this sense, nanomaterials can interact in these systems, causing some
type of change in this absorption mechanism due to their small size and differentiated
physical-chemical properties. One way to study the interactions between metal ions and
natural organic matter is using aquatic humic substances in controlled conditions.

In this context, it is possible to elaborate three hypotheses for the interaction mech-
anism of NC with the aquatic system: EfOM can complex metals, preventing them from
being absorbed by living organisms in a competition process with the nanomaterial. NC
can adsorb these metals in a competitive process, increasing their lability or even serving
as a transport route for metals into the cells of living organisms. Alternatively, NC can
cause changes in the complexing sites of EfOM, decreasing their complexing capacity and
releasing the labile metal and bioavailable material into the aquatic system.

To assess the hypotheses presented, it is necessary to study the speciation and distri-
bution of metals in the environment using models that simulate natural conditions. One
of the biggest challenges in the speciation analysis of metal ions is in the development of
an analytical procedure capable of maintaining the chemical balance of a natural system.
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Therefore, it is essential to develop methods to avoid undesirable disturbances in the
aquatic system under study [9].

Tangential flow ultrafiltration is a method that has shown good results in differentiat-
ing complexes (EfOM + metals) from free metals in aquatic systems. This method consists
of using a membrane that allows only the passage of ions, while the larger molecules
of organic matter, as well as the EfOM + metal complexes and the NCs and their com-
plexes, are retained in the system. The filtered solution corresponds to the fraction of free
metals. Knowing the initial fraction of the solution and the total metals, it is possible to
determine the fraction of complexed metals by the difference between total metals and
free metals (filtered). The fraction of free metals present in the filtered solution can be
determined using spectrometric methods [9,10]. In this sense, the objective of this work
is to evaluate the interaction mechanisms between the NC and the metal complexation
system (Ca, Fe, Mg and Mn) in the presence or absence of the organic matter, using HS in
concentration-controlled experiments.

2. Materials and Methods
2.1. Bleaching Process and Prehydrolysis of the Cotton Linter

The NC used in this study was obtained from cotton linter (Gossypium hirsutum).
The linter underwent acid prehydrolysis with hydrochloric acid (HCl) at a concentration
of 0.3 mol L−1, a temperature of 123 ◦C and a pressure of 2.3 kg cm−2. The treatment
was performed in a PHOENIX AV-30 model. The ratio of linter cellulose to acid was
1:20 (g linter: mL of acid). The treatment time was 60 min, which was required for the
autoclave to reach the specified conditions, followed by another 30 min of cooking at
constant temperature and pressure. After the hydrolysis process, the samples were filtered,
separating the solid material (prehydrolyzed linter) from the liquor. The filtering process
was carried out until the liquor reached a neutral pH.

The prehydrolyzed material underwent a bleaching process based on the holocellulose
content determination procedure proposed by Lamaming [11]. For 4.00 g of sample, 140 mL
of distilled water, 3 mL of glacial acetic acid, 3.3 g of sodium chlorite and 4.3 g of sodium
acetate were used. The reaction medium was placed in a thermostatic bath at 70 ◦C. After
30 min from the start of treatment, a second addition of reagents (excluding water) was
made, maintaining the reaction for another 60 min. At the end of the 90 min process, the
samples were filtered, washed with distilled water until reaching a neutral pH and the total
removal of chlorine dioxide (yellow in color), and then placed in the oven at 105 ± 3 ◦C
for drying.

2.2. Preparation of Nanomaterial

To obtain the NC, an adaptation of the procedure proposed by Orts et al. [12] with
1:10 sulfuric acid 64% w/w (pulp (g):acid (mL)) was used for the acid hydrolysis of the
pulp. The temperature of this process was 60 ◦C (temperature maintained by a hot plate);
the hydrolysis time was 30 min. At the end of the process, 100 g of ice was added and the
sample was decanted for 24 h. After decanting, the supernatant was discarded, while the
rest went on to the centrifugation process. Centrifugation was performed in 4 cycles of
5 min, and at the end of each cycle the supernatant was discarded for the addition of water.

After centrifugation, the dialysis process was carried out using a 21 mm diameter
SERVAPOR membrane. Before use, preparation was necessary, as the membrane contains
substances with traces of heavy metals (<50 ppm) that prevent it from drying out. One
of the procedures suggested by the manufacturer to remove these substances is to heat
the membrane in metal-free water at a temperature between 70 and 80 ◦C for 2 h, stirring
occasionally. The procedure is repeated three times, allowing the water to decant in
each repetition.

After removing the metals, the NC solutions obtained were inserted into the mem-
brane, attaching the ends with appropriate clips. The set was inserted into 10 L of deionized
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water. Changes were made to the water in the set until the water in the container reached a
neutral pH.

The characterization of the NC was made by high-resolution electron microscopy
(SEM-FEG) using the high-resolution field-emission electron microscope (MEV-FEG), brand
JEOL, model JSM-7500 F. The samples were previously dehydrated and mounted directly
in stubs, and then metallized in a BAL-TEC® coating system (model SCD-50). The distance
between the target and the sample was maintained at 50 mm for all carbon deposits. During
deposition, the vacuum was maintained at 0.2 mbar. A conductive carbon layer is generally
necessary to reduce the effect of the electric charge on the surface caused by the interaction
between the electron beam and the sample, which can result in image distortion [13].

2.3. Effluent Organic Matter (EfOM) Simulation with Humic Substances (HS)

Effluent organic matter (EfOM) was simulated using humic substances. The HS was
extracted with 100 L of water collected from the Juréia River in the city of São Sebastião,
São Paulo, Brazil. The extraction was carried out using the methodology adopted by
most researchers associated with the International Humic Substances Society (IHSS), using
DAX-8 superlite microporous resin [14]. The EfOM was simulated using deionized water,
mass of extracted HS (powder) and pH adjustments to 5.5.

2.4. Evaluation of the Interaction of NC with Metals

The verification of the interaction of NC with metallic ion was carried out by preparing
the initial solutions of Fe (II)/Mn (II) and Ca (II)/Mg (II) with approximately 2 mg L−1.
The pH of the solutions was adjusted to 5.5 in order to approach the pH of natural water,
bringing the system closer to real conditions. The NC suspension were added (50–1200 µL)
into 250 mL of the multielementar solution. After a period of 24 h (period for the formation
of metal-nano complexes) the tangential flow ultrafiltration process was carried out.

The tangential ultrafiltration system used is composed of a peristaltic pump, tygon
tubes and a porosity membrane of 1 kDa and 47 mm in diameter. To carry out the filtration,
pressure controllers were used, so that when the aliquots were collected, the free metals
were separated from the metals complexed to NC. The concentrations of free ions were
determined according to item 2.7.

2.5. Evaluation of the Influence of NC on the Metal-EfOM Complexes

Into 200.0 mL of EfOM 100 mg L−1 solution, 2 mg L−1 of the metals Ca, Fe, Mg and
Mn were added, and the pH was adjusted to 5.5 to approximate the pH of natural waters.
A sample of the solution was collected to determine the exact concentration of the metal in
the solution (total metal). After the 24 h period, the tangential ultrafiltration of the solution
was performed to determine the free metals not complexed with organic matter, before
adding NC (time 0 min).

The NC (300 µL) was then added, and samples of the filtrate were collected from time
to time over the 24 h period. The free metals, separated by means of the tangential flow
ultrafiltration process, were quantified using the atomic absorption spectrometer (Figure 1).
The concentration of complexed metals was evaluated using Equation (1).

Complexed metal = Total Metal − Free Metal (1)

The Figure 1 represents all the steps described in this section.

2.6. Evaluation of the Influence of EfOM on Metal—NC Complexes

Solutions were prepared with the metals at a concentration of 2 mg L−1, and 300 µL
of the suspension containing NC was added. This mixture was left to stand for a period of
24 h to form metal—NC bonds. A sample was collected to quantify the total metal present
in each solution, the tangential ultrafiltration process was performed, and then EfOM was
added at a concentration of 100 mg L−1. Aliquots of the filtrate were collected from time to
time during the 24 h period.
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Figure 1. Ultrafiltration system used to evaluate the influence of effluent organic matter in the removal of metals from
aquatic systems by nanocellulose. AAS—atomic absorption spectroscopy; EfOM—effluent organic matter; M—metal.

2.7. Determination of Metal Concentration

The analyses for determining the metals present in the aliquot were performed on
an atomic absorption spectrometer Analytik Jena flame spray NovAA400. Table 1 rep-
resents the parameters used for the determination of metals. For calibrations and metal
determinations, the appropriate synthetic standard (atomic absorption spectroscopy (AAS)
multielement standard solution, Merck, Darmstadt, Germany) was employed.

Table 1. Parameters used for the determination of ionic metals in the atomic absorption spectrometer.

Elements Fe Mn Ca Mg

Lamp current 7.5 mA 10 mA 6.5 mA 6.5 mA

Flame Air/acetileno Air/acetileno Air/acetileno Air/acetileno

Spectral resolution 0.8 nm 1.2 nm 1.2 nm 1.2 nm

Wavelength 248.3 nm 279.8 nm 422.7 nm 202.6 nm

Combined gas flow 55 L h−1 55 L h−1 55 L h−1 55 L h−1

concentration unit mg L−1 mg L−1 mg L−1 mg L−1
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3. Results
3.1. NC Preparation and Interaction with Metals

The NC was obtained by a chemical process referred to as cellulose nanowhiskers.
The structure of NC was characterized by scanning electron microscopy (SEM). SEM
observations showed that the original cotton linter was successfully acid-hydrolyzed into
cellulose nanowhiskers and/or nanocrystalline cellulose with a needle- or short rod-like
structure and an average diameter of 15 nm (Figure 2). The fibers have a very wide size
distribution, as is often observed for cellulose nanocrystalline structures [15–18]. The NC
presented particle agglomeration and consequent stacking, mainly due to its very small
size and its large surface area. Furthermore, the hydroxyl group of the surface of the
nanowhisker facilitates hydrogen bond formation, which itself facilitates the aggregation.

Figure 2. Characterization of cotton linter NC by scanning electron microscopy (SEM).

Figure 3 shows the interaction of nanocellulose with approximately 2 mg L−1 of Fe
and Mn ions as a function of the volume of NC suspension. Fe has a greater ability to
complex with NCs than Mn. Most of the Fe ions were already complexed with the addition
of 50 µL of NC suspension, and the increase in concentration did not lead to significant
variations. As regards the Mn with the addition of 100 µL of NC suspension, a level of
complexed metal was already obtained, which remained constant even with the addition
of larger volumes of NC.

This confirms that the interactions between Mn and NC do not depend on the amount
of NC present in the system. What probably occurs in this system is the arising of la-
bile manganese, where there is the formation of weak bonds that constantly alternate in
association and disassociation with the NC. Considering that even with the addition of
nanocellulose, free ions remain, the analysis of all metallic ions proceeded with a fixed
volume of nanocellulose suspension and the evaluation of the contact time.

In the evaluation of the interaction of NC with Ca and Mg, it was observed that Ca
had a low capacity to complex with NC. The proportion of complexed ions varied between
7% and 12% throughout the analyzed period. Compared to results from the literature, it
is observed that Ca generally has a lower affinity for humic material than other metallic
species [19]. However, it is possible to observe a small Ca—NC interaction (Figure 4). Mg
compared to Ca showed a greater complexing capacity in the first 30 min with 28% of the
metal forming complexes with the NC. However, after 24 h, the percentage of complexed
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Mg dropped to 4%. This behavior indicates that the bonds between NC and Mg can be
weak and unstable.

Figure 3. Metals complexed with nanocellulose as a function of the addition of the nanoparticle
suspension in the absence of organic matter after 24 h of complexation. pH 5.5. Metal: Fe(II), Mn(II)
(2.0 mg L−1). Nanocellulose: 0–1200 µL.

Figure 4. Complexed metals to NC in relation to the contact time (a) Metal: Ca(II), Mg(II) (2.0 mg L−1). (b) Metal: Fe(II),
Mn(II) (2.0 mg L−1). pH 5.5. Nanocellulose: 300 µL.

When the interaction of Fe with the nanomaterial was evaluated, it was observed that
practically all the Fe present in the solution was complexed with the NC, and there were
no changes over the analyzed period, indicating that Fe—NC bonds are strong and stable
(Figura 4b). Regarding Mn, the graph suggests a low interaction between the metal and
the NC, as observed with Ca and Mg. It is likely that weak and unstable bonds form, so
there was less complex Mn during the entire period analyzed.

3.2. Influence of NC on Metals—EfOM Complexes

The values for total metal, free metal (filtrate) and complexed metal (difference be-
tween total metal and free metal) with the addition of only EfOM without NC are shown
below. The fractionation in tangential flow indicated that 44% of Ca ions, 53% of Mg ions,
75% of Fe ions and 88% of Mn ions were complexed with EfOM (Table 2). These results
were obtained before the addition of NC to the system.
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Table 2. Fractionation of metal ions complexed to EfOM before adding NC to the system.

Concentration of Metals (mg L−1)

Total Metal ± σ

(M + M—EfOM)
Free Metal ± σ

(M)
Comp. Metal ± σ

(M—EfOM)

Ca 2.199 ± 0.074 1.229 ± 0.061 0.971 ± 0.134

Mg 2.284 ± 0.010 0.987 ± 0.036 1.212 ± 0.238

Fe 2.231 ± 0.153 0.569 ± 0.017 1.662 ± 0.170

Mn 2.228 ± 0.044 0.269 ± 0.029 1.959 ± 0.073

With the addition of NCs to the system, competition between ligands occurs. Com-
plexed metal is represented as M—NC and/or M—EfOM. The influence of the addition
of NC to the metal—EfOM complex indicated that iron ions are still complexed, probably
to EfOM. Depending on the time of concentration of the complexed Ca, the Mg and Mn
decreased, indicating that the metal was supplied in a solution (Figure 5a).

Figure 5. Analysis of the influence of NC on M—EfOM complexes (metals—effluent organic matter). (a) Metal: Ca(II),
Mg(II) (2.0 mg L−1). (b) Metal: Fe(II), Mn(II) (2.0 mgL−1). pH 5.5. EfOM: humic substances (100 mg L−1). Nanocellulose
addition: 300 µL.

For Ca, only 44% of the ions complexed with EfOM before the addition of the NC;
after 30 min of the addition this value increases to 57%. However, the next points indicate
a very large variation in relation to the number of complexed Ca ions. As previously noted,
NC forms weak bonds with Ca and tends to release the labile metal into the system, so Ca
is sometimes linked with NC, and sometimes it is free, which explains the variation. In
addition, the points at which the number of complexed Ca is less than t = 0 may suggest
that part of the complexed metal, EfOM, migrates to the NC, which then tends to release the
metal due to the low quality of the interaction. Regarding Mg ions, 53% complexed with
EfOM, and after the addition, all points indicate a decrease in the number of complexed
ions, so the metal may have migrated from EfOM to NC, just as occurred with Ca.

After the addition of NC to the system, there was a small increase in the amount of Fe
complexed in the system, which may indicate that part of the metal that was free at time
zero was complexed with the NC. However, Fe has the ability to form strong bonds with the
two ligands, so it is plausible that there has been an increase in the number of complexed
ions. After the addition of NC to the Mn—EfOM complexes, there was a reduction in the
complexed Mn ions. This may have happened due to the competition between NC and

192



Water 2021, 13, 2765

EfOM. In this system, the complex of Mn and EfOM migrates to the NC, and ends up
forming weaker interactions, releasing the metal more easily (Figure 5b).

3.3. Influence of Organic Matter on M—NC Complexes

The values for total metal, free metal (filtrate) and complexed metal (difference be-
tween total metal and free metal) with only NC addition and without organic matter are
shown in Table 3. It is observed that, except for Fe, the metals evaluated showed low
complexation with NC.

Table 3. Fractionation of metal ions complexed to NC before adding EFOM to the system.

Concentration of Metals (mg L−1)

Total Metal ± σ

(M + M—NC)
Free Metal ± σ

(M)
Comp. Metal ± σ

(M—NC)

Ca 3.400 ± 0.018 3.290 ± 0.017 0.109 ± 0.035

Mg 1.720 ± 0.035 1.647 ± 0.011 0.073 ± 0.046

Fe 2.468 ± 0.013 0.196 ± 0.011 2.272 ± 0.024

Mn 2.236 ± 0.202 2.107 ± 0.036 0.129 ± 0.238

Figure 6 represents the influence of EfOM on the M—NC complexes. In this case, the
first point on the graph (0 h) corresponds to the moment before the addition of EfOM to
the M—NC complex.

Figure 6. Analysis of the influence of EfOM on M—NC complexes (metal—nanocellulose). (a) Metal: Ca(II), Mg(II)
(2.0 mg L−1). (b) Metal: Fe(II), Mn(II) (2.0 mgL−1). pH 5.5. Nanocellulose: 300 µL. EfOM addition: humic substances
(100 mg L−1).

For Ca, the addition of EfOM into the system caused a large increase in the portion of
complexed ions, which went from 3% to 57% 30 min after the addition of EfOM into the
system. The next points indicate stability, but 8 h after the addition there was a decrease in
the portion of complexed ions. The EfOM was shown to have a greater capacity to complex
Ca compared to NC; however, the presence of the two ligands in the system can cause a
competition scenario, where Ca passes to the NC forming less stable complexes. The Mg
initially presented a behavior very similar to the Ca—before the addition of EfOM into the
system, only 4% of the Mg had formed complexes with the NC, and after 30 min from the
addition of EfOM into the system, the portion of complexed ions rose to 69%; after 480 min,
a slight drop in the number of complexed ions was observed, which rose to 55%, and at the

193



Water 2021, 13, 2765

end of 24 h, the portion increased to 54%. The same considerations were made as for Ca,
the fall can be justified by a competition between EfOM and NC.

For Fe, the addition of EfOM did not change the proportion of the complexed metal to
NC; this is because Fe was shown to be able to form strong bonds with both NC and EfOM
(Figure 6b). As for Mn, it can be observed that the proportion of the metal bound to NC
was very low before the addition of organic matter (time 0 h); however, after the addition
of EfOM, practically all Mn was complexed, and there were practically no changes in this
time. This may have happened because, in a competitive scenario among binders, EfOM
stands out by forming stronger bonds with Mn.

4. Discussion

The absorbance values found in UV-VIS spectrophotometry at wavelengths of 465
and 665 nm by Vieira et al. [20] indicate that HS does not present such a high degree of
structural condensation, which explains the interaction between metal and EfOM.

The competition scenario may cause an increase in the bioavailability of metals due to
their weaker bonds with NC. In addition, the competitive elements can also collaborate,
so that the metal—NC bonds are absorbed by living beings due to the reduced size of the
nanomaterial.

There is probably an interaction between EfOM and nanocellulose. In the first case,
where the M—EfOM complexes are in equilibrium, upon coming into contact with the
nanomaterial, manganese is released into the environment. In addition, its removal from
the effluent is ineffective, increasing its toxicity and impact on the environment, due to its
availability in the free metal format.

In the second case, where the M and NC are in equilibrium, when exposed to organic
matter, the complexed ions increase. As regards the effluent treatment, the organic mat-
ter carrying the ion would probably be incorporated into the NC carrying the metallic
ion, overloading the complexation capacity of the NC and blocking the interaction of M
with NC.

In the case of Fe, removal is effective even in the presence of organic matter, this
being an interesting option for iron removal in effluents containing organic matter, such as
wastewater treatment plants. Regarding Ca, Mg and Mn ions, it is possible to verify that
there was competition between the complexing groups present in the EfOM and the NC
releasing the metal into the solution (free metal). To increase the NC—metal interaction, it
could be interesting to develop an organomodification process through the incorporation
of selective groups on the surface of the nanomaterial.

Several studies have reported the use of nanocellulose in emerging applications, and
focused on the characteristics of this material, such as its high surface area to volume ratio,
low environmental impact (mainly for not having associated metals that can be released
into the environment), high strength, functionalization and sustainability, and its ability to
be applied as a film on support surfaces in the remediation of aquatic environments.

5. Conclusions

This work proposes the valorization of an agroindustrial residue, a fibrous cotton
residue, in a nanotechnological input, to be applied in several segments of the technology
industry. The results presented in this study show that NC causes changes in the complex-
ation mechanism of metals mixed with organic matter present in water (EfOM). Fe ions
showed strong interactions with NC. In relation to Ca, Mg and Mn ions, it is possible to
verify that there was competition between EfOM and NC, such that the metal is free in
the solution. To increase the NC—metal interaction, it may be interesting to develop an
organomodification process, through the incorporation of selective groups onto the surface
of the nanomaterial. Nanocellulose has showed high potential for use in the development
of new technologies for the treatment of effluents containing metals, mainly iron.
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Abstract: This study presents the use of the modified coffee husk and coffee lignin as sorbents in the
heavy metal ions sorption of Pb(II), Cd(II), Cr(III), and Cu(II) in an aqueous solution. The modification
of sorbents was carried out by the impregnation method, using silver nitrate (AgNO3) and sodium
borohydride (NaBH4) as a nanoparticles’ (NPs) precursor, and reducing agent, respectively. The
obtained nanocomposite material was morphologically characterized by electron microscopy. In
addition, an evaluation of metal ions’ sorption, pseudo-first-order, and pseudo-second-order kinetics
modeling was performed. Finally, antifungal activity was evaluated on different Candida species.
Coffee and lignin modified with AgNPs increased the extraction capacity with the highest sorption
for Pb ions with 2.56 mg/g and 1.44 mg/g, respectively.

Keywords: coffee husk; lignin; heavy metals; silver nanoparticles; sorption; antifungal activity

1. Introduction

Globally, freshwater use has increased by a factor of 6 in the last 100 years, and it is
estimated that the world will face a 40% water deficit by 2030. Although the actual increase
in global water use is not known, scientific articles agree that we will face competition for
the growing demand of the industrial and energy sectors based on industrial development
and the increased coverage of water and sanitation services [1–6].

In developing countries, part of the population has suffered from health conditions
or illnesses caused by the direct consumption of contaminated water. Drinking water
is limited, and its quality is under constant pressure due to the presence of infectious
agents from microbial agents such as bacteria and fungus, toxic chemicals, and even
radiation, which means it is a global challenge that has increased in both developed and
developing countries, weakening the economic growth as well as the socio-environmental
sustainability and health of billions of people [7,8]. However, the proliferation of heavy
metals in water sources is also a growing concern due to limited access to the resources
required for implementing effective techniques in pollutant removal, and it is crucial due
to their acute toxicity, long-term accumulation, and persistence [5,9,10].

Additionally, the arrangement of large quantities of biomass waste that are continu-
ously produced is one of the primary sources of pollution [11]. Approximately 100 billion
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metric tons of biomass waste are generated worldwide [12]. These include forest and
agricultural waste, fruit, and other food processing waste. On top of this agricultural waste,
the coffee industry provides 7.4 million tons of spent coffee beans and an additional amount
of pulp, shell, and silver skin (husk) [13,14]. The outer layer of the coffee bean is called
silver skin.

Agricultural waste is commonly burned, emitting pollutants into the atmosphere,
such as carbon monoxide, nitrous oxide, nitrogen dioxide, and particulate matter. This is
accompanied by the formation of ozone and nitric acid, which contribute to acid deposition,
bringing risks to human and environmental health, in addition to methane and CO2, which
are greenhouse gases, all of this resulting in global warming [13,15,16].

In this context, biomass revalorization is considered a technological and sustainable
solution. Different applications for biomass waste have been proposed, such as the develop-
ment of new products for energy generation, sorption, and biosorption of pollutants, among
others, replacing or reducing the use of hazardous chemicals, as well as lowering costs in
industrial processes [12]. Likewise, the valorization of various materials has also involved
their modification with nanoparticle systems (NPs), connecting interdisciplinary areas such
as physics, biology, engineering, and medicine in corresponding applications [17–19].

In this study, we present the preparation and characterization of nanocomposite based
on revalorized materials: coffee husk, coffee lignin, and coffee husk and lignin modified
with silver nanoparticles (AgNPs). In addition, the suitability for the sorption capacity
towards different metal ions of Pb(II), Cd(II), Cr(III), and Cu(II) and antifungal activity
with Candida fungi species were properly evaluated, with modified materials, kinetic
modeling and contact time experiments [20–26]. The results obtained contribute with the
revalorization of these Colombian agroindustrial wastes due to their modification with
silver nanoparticles. The improvement of traditional waste materials in the extraction
of heavy metal ions in an aqueous solution with antifungal activity is an alternative to
their disposal.

2. Materials and Methods
2.1. Chemical Reagents and Solutions

All the chemicals were of analytic grade. A multiple heavy metals 1000 mg/L stock
solution of Pb(II), Cd(II), Cr(III), and Cu(II) is prepared from their nitric salts (all 99% from
Panreac, Barcelona, Spain). H2SO4 (>99%), AgNO3 salt (>99%), and NaBH4 salt (>98%) are
supplied by Sigma Aldrich (Bucaramanga, Colombia). Standards of heavy metal ions were
properly diluted in acidified water with 2% of nitric acid to prepare the calibration set for
analysis at a concentration range between 0.01 and 1 µg/L.

2.2. Coffee Husk Preparation and Lignin Obtention

The coffee husk has cellulose, hemicellulose, and lignin contents on a dry basis, as is
well known. Lignin provides structural rigidity to the cell walls of many plant species [27].
Lignin has been used as a potential adsorbent to remove heavy metals due to its unique
polyphenolic structure and physicochemical properties [28].

For that reason, here, lignin is also checked and compared with the original coffee
husk biomass.

The coffee husk is obtained from the Café Santander factory in the municipality of
Curití, Santander-Colombia. The biomass is obtained in two ways, the first when leaving
the coffee roasting production plant, whose shape is an irregular and undefined particle
size, and a second that is homogenized in a mill and sieved to a diameter size less than
250 µm. From the sieved coffee husk, acid hydrolysis is performed in H2SO4 to 72% (in a
ratio of 3 mL of acid per 300 mg of the sample) to extract insoluble lignin. Afterward, it
is carried into a thermostatic water bath at 30 ◦C for one hour, stirring every five minutes.
The acidic solution was diluted a concentration of 4%. This solution is autoclaved for two h
at 120 ◦C with a pressure of 103 kPa. Afterward, this mixture is filtered and washed to a
neutral pH [29]. Finally, the solid phase lignin material is obtained [30].
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2.3. Sorbents Modification with AgNPs

The synthesis of AgNPs is carried out using AgNO3 as a precursor and NaBH4 as
a reducing agent [31,32]. For the nano-silver modification of the coffee husk and lignin,
this impregnation method is followed in the presence of the biomasses. Thus, the coffee
husk and lignin are deposited in falcon tubes, then a 0.1 M silver nitrate solution is added.
The biomass and precursor contact time was fixed at 45 min with vigorous agitation. It is
then centrifuged at 5000 revolutions per minute (rpm) for 10 min, and then the remaining
silver nitrate solution and solid are separated by centrifugation. Once the biomass is
impregnated with AgNO3, 0.3 M is added slowly at room temperature. The volume
used for the impregnation with the precursor and the reducing agent was always twice
the volume of the biomass used, with a contact time of 45 min. Finally, the liquid and
solid phases are separated by centrifugation and filtrated, then the solid phase obtained
is washed until a neutral pH is obtained. In this way, both coffee husk and lignin were
properly modified with silver nanoparticles (AgNPs). The obtained materials’ morphology
is characterized by using Scanning Electron Microscopy (SEM).

2.4. Sorption Experiments

Sorption experiments were carried out at room temperature with aqueous solutions
that are prepared at pH 4.0, containing the metals at a concentration of 0.18 mM each, follow-
ing conditions of previous studies [25,26,33,34]. The pH is measured with a standardized
potentiometer [35].

Batch sorption experiments were performed with the following steps: 25 mg of each
sorbent were placed in falcon tubes, and then 2.5 mL of a heavy metal aqueous solution
was added into the tube. Later, samples are placed on a rotary mixer (CE 2000 ABT-4, SBS
Instruments SA, Barcelona, Spain) and shaken at 25 rpm. The two phases are separated by
decantation and later the aqueous supernatant phase is filtered through 0.22 µm Millipore
filters (Millex-GS, Millipore, Burlington, MA, USA), diluted, and analyzed, ensuring a
concentration range into the calibration range (as mentioned at 0.01–1 µg/L). Finally, the
multielement analysis is carried out by ICP-MS (XSERIES 2 ICP-MS, Thermo Scientific,
Waltham, MA, USA) [35].

All the results are expressed as the mean value of minimum duplicate experiments,
and the standard deviation (SD) is used to analyze data errors.

To optimize sorption conditions, and mainly the contact time, the corresponding
experiments were carried out by using all biomass materials (the coffee husk and lignin,
and modified ones both with AgNPs) [27–29]. A properly weighed amount of each biomass
system (25 mg) with corresponding metal ions solutions (2.5 mL) was shaking both at
different contact times (10, 15, 30, 45, 60 min, and 2, 4, 12, and 24 h) [25].

2.5. Kinetic Modeling

The sorption mechanism of the metal ions’ sorption process is evaluated using first-
and second-order kinetic models with the experimentally obtained data [36]. The Lager-
gren pseudo-first-order model is based on the range of change in the solute uptake
with time, which is generally applicable over the initial stage of an adsorption process
(Equation (1)) [36–39].

1
qt

=
(k1/Q1)

t
+

1
Q1

(1)

where Q1 is the equilibrium adsorption capacity, qt is the adsorption capacity at the time t,
and k1 (min−1) is the adsorption rate of the pseudo-first-order kinetic model.

The pseudo-second-order kinetic model can be represented in the linear form as
(Equation (2)) [40]:

1
qt

=
1

k2q2
e
+

1
qe

t (2)
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where k2 (g·mg−1·min−1) is the rate constant, qe is the amount of solute adsorbed at
equilibrium and qt is the amount of solute adsorbed (mg·g−1) at time t.

2.6. Antifungal Assays

Antifungal assays of each material are performed with Candida fungi species such as
Candida albicans, Candida parapsilosis, Candida glabrata, Candida krusei and Candida guillier-
mondii. These fungus species here selected are well known as opportunistic pathogens, are
frequently found in different anatomical sites, and clinical samples could induce systemic,
superficial, and nosocomial infections under optimal environmental conditions by their
relative resistance to the external environment [30–33].

The antifungal evaluation of the biomass materials is carried out using the Time
Kill method. This method is appropriate to evaluate the bactericidal and/or fungicidal
activity of certain compounds and allows obtaining information on the dynamic interaction
between the antifungal agent and the fungal strain. RPMI 1640 culture medium for different
species of Candida are inoculated and incubated for 24 h in a shaker at 37 ± 1 ◦C. Then,
1 mL of this inoculum is deposited in a glass container together with the different biomass
materials under the study and at different biomass relative concentrations (0.37, 0.75,
1.5 mg/mL). After 24 h of contact, its viability is evaluated by sowing on the agar surface
and evaluating the decrease in the logarithm of CFU (Colony Forming Units), as a measure
of the antifungal activity of the biomass materials. The CFU/mL was determined following
the procedure described in previous work [41].

2.7. Infrared Spectroscopy

FT-IR analyses were carried out to establish which functional groups are present in the
biomass, and which could take part in the modification of coffee and lignin with AgNPs.

2.8. Electron Microscopy Characterization

The morphology of the different nanocomposite materials is analyzed by scanning
electron microscopy (SEM) coupled with energy dispersive X-ray (EDX). The samples are
coated with gold for the surface study. Images were obtained with the Zeiss EVO® MA10
(Carl Zeiss, Jena, Germany), Zeiss Merlin™ (Carl Zeiss, Germany), and Quanta™ 650 FEG
units (FEI Company, Hillsboro, AL, USA).

3. Results and Discussion
3.1. Characterization of Sorbents

Scanning Electron Microscopy (SEM) was performed to analyze the morphological
features and evaluate the changes on the material surfaces across the material’s modification
and sorption experiments (see Figure 1).

It is observed that the coffee material changed its morphology through the different
treatments received, such as modification with AgNPs and the possible accumulation of
metal ions on the surface of the material after the metal sorption experiments.

The coffee husk sample, as observed in Figure 1a, has a rough and amorphous surface
(corrugated). The modification of coffee with AgNPs leads to identifying the presence
of scattered particles on the surface, as can be shown in Figure 1b, and they also do not
show any morphological change, except in the deposition of AgNPs. Thus, as expected,
nanoparticles of Ag were properly immobilized onto the coffee husk.

The black patches on Figure 1a,b are probably pore apertures and cavities, which may
influence the increase in sorption kinetics [42–44]. On the other hand, Figure 1c shows
some changes in the coffee husk morphology. It looks like the roughness and porosity
decreased after the heavy metal ions’ adsorption experiment. Notice that there is an evident
morphological difference between the surface of the material before (Figure 1a) and after
the adsorption of metals (Figure 1c). It is observed that the surface of the coffee husk after
the sorption of metal ions became smoother than it was before, which is usually related
to being in contact with an acidic aqueous solution, as is the case here (pH 4). These
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results are consistent with those demonstrated previously in the literature [45], where the
same behavior is observed working with copper, zinc, and cadmium metal ion aqueous
solutions at pH 4, obtaining different degrees of smoothness of the surface and systems
with removal efficacy [26]. The elemental analysis confirmed the presence of Ag on the
surface of Figure 1b. The presence of synthesized AgNPs was confirmed by the peak at
3.0 keV in EDS [46–48].

Figure 1. SEM micrographs showing the morphology transformation: (a) Coffee husk, (b) AgNPs–
coffee husk and, (c) AgNPs–coffee husk after heavy metal ions’ sorption experiment. EDX analysis of
AgNPs-coffee husk (at red + sign) is presented in figure (b), which includes Ag peak.

FT–IR measurements were used to understand the role of the AgNPs’ modification
on the biomass materials. The FT–IR spectra is presented in Figure 2. The peak around
3328 cm−1 is attributed to the −OH stretching as a result of functional groups of cellulose,
hemicellulose, and lignin [44,49]. The peak of 2919 cm−1 corresponds to C–H groups,
1731 cm−1, 1639 cm−1 C=O of aldehyde and ketone groups, 1458 cm−1 from aromatic
C=C stretching groups and CH2 and CH3 groups, around 1371 cm−1 from aromatic C–H
stretching and carboxyl−carbonate structures, 1238 cm−1 from CHOH groups, and around
1029 cm−1 Si–O–Si group [42,44,49,50].

3.2. Sorption Kinetics of Raw Materials and Nanocomposite Materials

The sorption kinetics experimental data for multi-metal aqueous solutions (Pb, Cd,
Cr, and Cu) by using the raw and the nanocomposite biomass materials are collected in
Figure 3.
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Figure 2. FT–IR spectra of (a) coffee husk and (b) AgNPs+coffee husk.

Figure 3. Sorption kinetics for (a) lead, (b) cadmium, (c) chromium, and (d) copper.

As can be observed in Figure 3a, in the case of lead comparing lignin and nanocom-
posite AgNPs’ modified lignin materials, a potentiating effect in the metal sorption in
the presence of AgNPs is observed, reaching around 46% of Pb sorption at 45 min and
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with a maximum sorption of 56% after 24 h (with raw lignin of just 31% reached). In the
case of coffee husk and AgNPs’ modified coffee husk materials, it is observed that the
AgNPs’ potentiating effect is even higher than with lignin-based materials. In this case,
the Pb sorption percentage increases from around 57% with raw coffee husk up to 99%
with the nanocomposite AgNPs’ modified coffee husk. These results demonstrate that the
best material for the sorption of Pb is the coffee husk modified with AgNPs, which also
highlights that just 4 h of the experiment are needed under the experimental conditions
here studied for all cases (2 h for AgNPs–coffee husk).

In the case of the sorption kinetics experiments for cadmium, the results collected in
Figure 3b also show the maximum sorption percentage for the AgNPs’ modified coffee
husk, reaching 83% after 24 h. The sorption of Cd with the other biomass materials under
study does not give significant results. Both the raw lignin and coffee husk, and the AgNPs’
modified lignin, have Cd extraction percentages not higher than 20%.

Like Pb, the improved sorption results for chromium are observed with the AgNPs
modified coffee husk reaching 95% of chromium sorption after 24 h, highlighting that from
around 2 h values above 90% are obtained (as can be observed in Figure 3c). The addition of
silver nanoparticles in the coffee husk shows an evident enhancing effect in the extraction
of Cr. On the other hand, the modification of the lignin with AgNPs yields a maximum
adsorption value of around 50% after 24 h of the sorption experiment, almost double that
of raw lignin (around 25%).

Cooper’s sorption behavior (see Figure 3d) is similar to those of Pb and Cr, even with
less efficient sorption when using coffee husk silver nanocomposite (which is AgNPs–coffee
husk), just around 80%. It was also observed that the use of nanocomposite lignin with
AgNPs reached an extraction percentage after 24 h of around 60%.

Thus, both coffee husk and lignin modified with AgNPs show an enhancement in the
extraction of metal ions compared with corresponding raw materials, probably due to the
presence of the silver nanoparticles. This can be deduced since the sorption percentages
found for both raw coffee husk and lignin are under 30% of metal sorption, except for Pb
than raw coffee husk gives up to 50%. Furthermore, the nanocomposite AgNPs–coffee
husk reaches quite a high metal sorption just with 2 h of adsorption experiments for Pb, Cd,
and Cr ions. The behavior of the sorption capacity of this AgNPs–coffee husk shows the
following decreasing order: Pb(II) ≈ Cr(III) > Cu(III) ≈ Cd(II). The AgNPs’ modification
enhances the affinity towards the heavy metal ions due to nanocomposite electrostatic
charges.

3.3. Evaluation of Sorption Capacity

The results shown in Table 1 confirm that the modification of the coffee husk and
lignin with AgNPs achieves an enhancing effect on the adsorption of metal ions at pH 4
and after 24 h of the sorption experiments. It should be noticed that the coffee husk with
AgNPs is the material that achieves the highest values of sorption capacity for each metal
ion evaluated, as mentioned previously.
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Table 1. Sorption capacity in mg/g.

Sorbent
Heavy Metal Ion Sorption Capacity (mg/g)

Reference
Pb(II) Cd(II) Cr(III) Cu(II)

Coffee husk 1.47 0.174 0.188 0.259

This study
Coffee–AgNPs 2.560 1.02 0.575 0.644

Lignin 0.807 0.103 0.168 0.204

Lignin–AgNPs 1.440 0.176 0.312 0.451

Coffee ground 0.628 3.450 - 0.616 [51,52]

Milled olive stones 0.581 0.300 2.340 0.557 [53]

Banana 20.898 3.658 6.855 - [54]

Corn cob 29.168 13.577 18.782 - [54]

Sunflower 22.644 11.404 12.206 - [54]

Limestone 0.0128 0.016 0.016 0.013 [55]

Coconut coir 2.760 - - 2.25 [56]

Tangerine peel 1.556 0.659 1.480 1.616 [57]

The results evidenced that the modification of the coffee husk with AgNPs has a
potentiating effect on the sorption of the studied metal ions. Thus, from the above results,
it can be inferred that the increase in the sorption of heavy metals of the AgNPs’ modified
materials could be due to two reasons. The first can be related to the use of NaBH4 as a
reducing agent in the synthesis of AgNPs on biomass, inducing a kind of pretreatment
on the surface and increasing the availability of active sites; and the second, the possible
effect of AgNPs on the biomass surface to increase the sorption. The AgNPs’ modification
process could be considered alkaline, modifying the biomasses moieties, and improving the
heavy metal ions’ sorption system [58]. However, this assumption cannot be verified in the
morphological characterization carried out [58,59]. According to [60], the nanocomposites
have enhanced active sites that demonstrate stronger sorption on Pb ions than Cr, Cd, and
Cu ions.

3.4. Kinectic Modeling

Figure 4 shows the pseudo-first-order kinetics modeling with all the four materials here
under study for the metal sorption [28]. It is highlighted that AgNPs–coffee husk achieved
better values of 1/qt (see corresponding equation from the Materials and Methods), where
the order of best sorption was Pb > Cd > Cu > Cr, which is like those obtained for the other
materials (mainly for AgNPs–coffee husk and AgNPs–lignin).

The adjustment of the pseudo-second-order model demonstrates behavior that tends
towards linearity, regardless of the material used, except for Cr with both raw biomass
systems (as can be seen from Figure 5), where the AgNPs–coffee husk shows the best
correlation coefficient (values collected in Table 2. The pseudo-second-order kinetic model
assumes that the rate-limiting step is chemical sorption or chemisorption [36].
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Figure 4. Pseudo-first-order model: (a) Coffee husk, (b) AgNPs–coffee husk, (c) lignin, and (d) AgNPs–
lignin.

However, the correlation coefficient values show that the sorption mechanisms of
the metals on all the sorption materials used do not follow the pseudo-first-order kinetic
model. The results of the correlation coefficients of both the pseudo-first-order model and
the pseudo-second-order model are presented in Table 2.

The experimental data exhibits good fitting with the pseudo-second-order model
with R2 values ranging from 0.9579 to 1.0000, better than those of the pseudo-first-order
model (from 0.0007 to 0.9884) (Table 2). Although such negative values (Table 2) are not
usually observed, as in another study reported previously, this may be associated with
the electrostatic nature of the adsorption process [61] In the case of the pseudo-first-order
model, the correlation coefficients are quite low, which can probably be related to the
adsorption of the metals not occurring exclusively by the ion exchange mechanism, which
is mostly explained when experimental data can be adjusted by this model. The pseudo-
second-order model assumes that the adsorption is controlled by the chemical adsorption
or chemisorption process based on valence forces by either sharing or exchanging electrons
between the adsorbent and the metal ions of Pb, Cd, Cr, and Cu [62] The pseudo-first-order
and the pseudo-second-order kinetic models both assume that the metal ions’ adsorption
may be [63].
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Figure 5. Pseudo-second-order model: (a) Coffee husk, (b) AgNPs–coffee husk, (c) lignin, and
(d) AgNPs–lignin.

The materials used as adsorbents have a variety of functional groups that allow
inducing chemical adsorption together with physical adsorption on the adsorbent surface.
Taking that into account, in the case of the use of modified materials, such as AgNPs–coffee
husk or AgNPs–lignin, the obtained improvement in the adsorption rate can be related
to the modification itself. The modification of the surface can increment the electrostatic
interactions between the adsorbent surface and the metal ions [62]. In addition, the kinetics
is here checked with a mixed solution of metals that may imply a competition between
them. The adsorption of metals could be related to the ionic radius and the electronegativity
of each metal ion [34]. Thus, Pb ions with higher ionic radius and electronegativity show
the best R2 and the highest rate constant k2 of the pseudo-second-order kinetic model
with AgNPs–coffee husk as sorbent, and this correlates to being the one with the highest
adsorption rate.
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Table 2. Pseudo-first- and pseudo-second-order kinetic model values for sorption experiments of
Pb(II), Cd(II), Cr(III), and Cu(II), all with an initial concentration of 0.18 mmol/L. The value k2 is a
velocity constant from the pseudo-second-order kinetic model.

Material Ion
Pseudo-First-Order Pseudo-Second-Order

R2 k2 (g/mg·min) R2

Coffee husk

Pb(II) 0.8525 3.767 0.9996
Cd(II) 0.0172 −198.2 * 0.9998
Cr(III) 0.4268 7.296 0.9841
Cu(II) 0.8121 15.90 0.9994

AgNPs–coffee husk

Pb(II) 0.8247 22.90 1.000
Cd(II) 0.9623 7.308 0.9994
Cr(III) 0.9490 18.79 0.9999
Cu(II) 0.6747 9.290 0.9976

Lignin

Pb(II) 0.9103 10.05 0.9982
Cd(II) 0.2986 −77.61 * 0.9973
Cr(III) 0.4431 10.44 0.9579
Cu(II) 0.9573 28.06 0.9987

AgNPs–lignin

Pb(II) 0.9884 5.102 0.9999
Cd(II) 0.0007 −110.4 * 0.9978
Cr(III) 0.8474 6.089 0.9922
Cu(II) 0.9657 6.263 0.9988

* The negative values shown in the table are considered non-relevant values. In this sense, the negative coefficients
do not explain the sorption kinetics of the system shown [61].

3.5. Antifungal Assays

As in all Candida species checked (C. albicans, C. parapsilosis, C. glabrata, C. krusei and C.
guilliermondii) lignin and its modification give less antifungal activity; thus, just coffee husk
and its modifications will be presented here.

Thus, the antifungal behavior of coffee husk and its modification with silver nanopar-
ticles against the species of Candida albicans and Candida parapsilosis can be observed in
Figure 6, respectively. As can be observed, the modified and unmodified coffee husk’s
best performance is observed at a biomass relative concentration of 1.5 mg/mL, when
a fungistatic effect is achieved. In turn, it can be evidenced that the AgNPs’ modified
coffee husk presents a potentiating effect on the antifungal activity of both Candida species,
especially when comparing results of experiments with biomass relative concentration of
0.75 mg/mL, in terms of a material to be considered bacteriostatic.
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Figure 6. Antifungal activity on Candida albicans and Candida parapsilosis of (a,c) coffee husk,
(b,d) AgNPs–coffee husk.

Figure 7 presents the results of Candida glabrata that evidence a higher antimicrobial
activity in the case of the modified coffee husk AgNPs–coffee husk, in comparison with
the previous mentioned species. In this case, the bacteriostatic effect of the modified coffee
husk is also present at low relative biomass concentrations.

In Figure 8, greater sensitivity of the Candida krusei and Candida guilliermondii species
to both materials are evidenced, respectively. Especially at a biomass relative concentration
of 1.5 mg/mL, where a bacteriostatic effect is obtained. In these cases, as for previous ones,
the use of AgNPs–coffee husk shows higher values of logarithmic reduction, reflected in a
higher bacteriostatic effect, with higher effectivity at 1.5 mg/mL. Candida krusei was more
affected than Candida guilliermondii, as can be observed.

208



Water 2022, 14, 1796

Figure 7. Antifungal activity on Candida glabrata of (a) coffee husk, and (b) AgNPs–coffee husk.

Figure 8. Antifungal activity on Candida guilliermondii and Candida krusei of (a,c) coffee husk, and
(b,d) AgNPs–coffee husk.
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In summary, the modification of the coffee husk with AgNPs demonstrates an im-
proving effect on the antifungal activity; however, using a 1.5 mg/mL concentration that
exceeds two and sometimes reaches three logarithmic reductions could be considered
fungistatic and antifungal activity, respectively. It should be noted that the use of AgNPs
nowadays is increasing, and should also be applied for the reduction of Candida classifica-
tion species since they have been demonstrated to improve their microbial reduction and
achieve biocompatibility in some cases [64].

The materials’ concentration at which the highest fungistatic effect is achieved is
1.5 mg/mL. The material with the highest logarithmic reduction values is the modified
coffee husk, which demonstrates a higher effect on the reduction of the microbial activity
of the evaluated species. C. krusei is the species more sensitive to the general presence
of both materials under study (coffee husk and its modifications with AgNPs), with the
corresponding higher fungicidal effects, followed by C. glabrata.

4. Conclusions

The use of four different biomass materials as sorbents in this study demonstrates
the viability of coffee husk and lignin to be able to remove heavy metals such as Pb, Cd,
Cr, and Cu from aqueous solutions. Their modification with silver nanoparticles is here
presented as a way of biomass nanocomposites’ preparation and as a comparison of the
corresponding raw materials. It is demonstrated that the nanocomposites with silver are an
option for the removal of the metals under study, under the conditions here checked (such
as pH 4.0 and an initial concentration of 0.18 mmol/L), giving sorption percentages above
90% for Pb and Cr, and around 80% for Cd and Cu. When trying to model the sorption
process, the pseudo-second model is the one that best described the heavy metal sorption
under the working experimental conditions (24 h of sorption experiments), thus assuming
that the adsorption is controlled by the chemisorption process.

When comparing all the sorbents here checked (coffee husk, lignin, and their modifica-
tions with AgNPs), the heavy metal sorption efficiency follows the order of AgNPs–coffee
husk > coffee husk > AgNPs–lignin > lignin, with sorption capacities of 2.56 mg/g for Pb,
1.02 mg/g for Cd, 0.644 mg/g for Cu, and 0.575 mg/g for Cr with AgNPs–coffee husk.

Finally, the antifungal evaluation demonstrates that the modified and unmodified
coffee husk have fungistatic activity on C. albicans, C. glabrata, C. krusei, and C. guilliermondii
mainly with a concentration of 1.5 mg/mL, as they do not exceed the two logarithms of
reduction, therefore demonstrating some fungicidal effect.

In this research, the implementation of the coffee husk modified with AgNPs was
developed, and constitutes a promising sorbent in the sorption of heavy metal ions such
as lead, cadmium, copper, and chromium from aqueous solutions, and can also inhibit
the growth of fungus pathogens at the same time. To achieve a realistic application with
wastewater using these materials, it is necessary to further study the reuse of the material
and the cost of the modified materials to produce nanoparticle-modified biomass systems.
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Abstract: In the present study, oyster shells, a cause of environmental pollution, were employed
effectively to synthesize hydroxyapatite (HAP) by facile oxidation and phosphorylation. The ability
of HAP to adsorb various metal cations and inhibit bacterial growth was validated. The biomass-
derived HAP catalyst exhibited high metal cation adsorption in water at room temperature and
under various acidic conditions (M = Cr, Mn, Ni, Cu, Cd, Ba, and Pb). HAP was demonstrated
to have a maximum removal efficiency of 92.8% for the heavy metal Pb. Even under different pH
conditions, HAP was demonstrated to be effective for the removal of three harmful heavy metals, Cr,
Cd, and Pb, with a particularly high removal efficiency demonstrated for Pb under all conditions
(average removal efficiency of Cr: 63.0%, Cd: 59.9%, and Pb: 91.6%). In addition, HAP had a
significant influence on phosphate ion adsorption in aqueous solution, eliminating 98.1% after 3 min.
Furthermore, biomass-derived HAP was demonstrated to have significant antibacterial activity
against E. coli and S. aureus (5 mM: 74% and 78.1%, 10 mM: 89.6% and 96.0%, respectively).

Keywords: biomass-derived material; nanomaterial; environmental chemistry; multifunctional
catalyst; antibacterial; metal ion adsorption; phosphate ion adsorption

1. Introduction

Environmental pollution, especially in the ocean and groundwater, is increasing
rapidly because of the organic and inorganic pollutants in hazardous wastewater [1–10].
These pollutants come from industrial wastewater and electrical devices containing heavy
metals, such as Pb, Cd, and Cr. Pb, in particular, is a hazardous metal that causes osteo-
porosis, and Cd is a hazardous metal that causes itai-itai disease [2,11–13]. The elimination
of heavy metals is of particular interest to scientists and engineers because of the negative
impact of these pollutants on a wide range of living organisms [14,15]. As a result, various
techniques for heavy metal removal from wastewater, such as ion exchange, chemical
precipitation, membrane separation, and adsorption, have been developed [16,17]. Pre-
cipitation accompanied by a chemically or externally mediated transition to non-labile
forms is a popular method for removing metals from water and wastewater. The long-
lasting matrix to which the metals are transferred must be stable under various conditions,
especially pH and temperature [11]. Auaok et al. reported the effectiveness of Pb (II)
adsorption using polypyrrole-based activated carbon [18]. Li et al. was successful in
adsorbing heavy metals through zeolite, a material with a large surface area and pores [17].
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In an earlier study, we successfully used Sb2S5 nanofibers to selectively adsorb Pb in
water at low temperatures [19]. According to the literature, heavy metals such as Pb,
Ni, Cu, and Cd, can be quickly eliminated from wastewater using hydroxyapatite (HAP,
Ca10(PO4)6(OH)2) [20–22].

Phosphorus (P) is an important nutrient for all species and is required for the healthy
operation of ecosystems [23]. Phosphoric acid (H3PO4) is decomposed in the aqueous
phase at various pKa values to yield phosphate species (H2PO4

− at pKa = 2.15, HPO4
2−

at pKa = 7.20, and PO4
3− at pKa = 12.35). Thus, the total phosphate is the sum of all

anionic phosphates [24]. However, excess P that is not digested in the biogeochemical P
cycle is released into the waterways, causing eutrophication [25]. In aquatic environments,
eutrophication causes toxic algal blooms, biodiversity loss, and dead zones [26]. As a
result, effective and practical techniques to remove phosphate from water bodies are
critical [27]. HAP has been used to confirm the replacement of phosphate anions in
previous studies [21,28,29].

Microbial toxins such as total coliform, Escherichia coli (E. coli), fecal coliform, and
Salmonella are often found in groundwater where treatment facilities are lacking. This
microbial contamination results in acute and chronic diseases, such as diarrhea and high
fever [30–32]. The high volume of sewage dumped into water bodies is a major issue in
the industrial era [1]. Significant research efforts have been aimed at developing a catalyst
that utilizes chemical and physical adsorption to solve this problem. In addition, many
engineers and scientists have worked tirelessly to eliminate bacteria. Some materials,
both organic and inorganic, have antibacterial properties [33–40]. Lamkhao et al. recently
reported that a microwave-assisted combustion process can be used to produce HAP with
antibacterial properties [38].

Consumption of seafood produced by the aquaculture sector has increased in recent
years as the world’s population has grown, and interest in the recycling of industrial waste
from seashells has also grown [41–43]. According to data from the National Assembly
Research Service in South Korea [44], approximately 40% of fish and shellfish output was
discarded each year between 2010 and October 2019 (Figure S1). Seashells have been
employed as raw materials for a variety of applications. Nakanishi [45], Shon [46], and
Koopan [47] et al. reported on the recycling of oyster shells for various uses. Furthermore,
Yeom et al. reported successful phosphate ion removal using a crab shell [48]. Oysters
are a popular seafood worldwide. In particular, oyster shells made of calcium carbonate
are aquaculture waste that causes serious disposal problems worldwide, as well as on
the southeastern coast of South Korea (Figure S2). The oyster shells are easy to collect for
recycling purposes and are therefore can be utilized as a calcium supply.

Herein, we report the preparation of HAP catalysts from oyster shells using facile
methods such as heat treatment and phosphorylation, and characterize their metal cation
adsorption efficiency and antibacterial performance. In this investigation, Pb, an extremely
toxic heavy metal, was adsorbed at a rate of 92.8% by the HAP catalyst. Furthermore, as a
result of experiments with various pH conditions that are representative of actual wastew-
ater, a high removal efficiency was demonstrated for Pb, while Cr and Cd demonstrated
maximum effectiveness at pH 7. When HAP was used to remove phosphate ions over
a period of 9 min, the removal efficiency was found to be 98.1% at 3 min, and remained
constant thereafter. Bacteria are one of the most dangerous organisms for humans; thus,
we evaluated the antibacterial properties of E. coli and S. aureus. We validated the antibac-
terial capabilities of HAP against E. coli and S. aureus (In the case of 5 mM of HAP, E. coli:
74.4% and S. aureus: 74.9%. in the case of 10 mM of HAP, E. coli: 90.9% and S. aureus:
96%, respectively).
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2. Results and Discussion
2.1. Preparation and Characterization of HAP Catalyst

CaO was produced from oyster shells according to Equation (1) using a simple heat
treatment at 900 ◦C. We used existing research as a guide and synthesized the HAP catalyst
according to Equation (2) [45].

CaCO3 → CaO + CO2 (1)

10CaO + 6H3PO4 → Ca10(PO4)6(OH)2 + 8H2O (2)

Transmission electron microscopy (TEM) images revealed the calcium oxide formed by
oxidation, and the HAP formed by phosphorylation, in the initial calcium carbonate oyster
shells (Figure 1a,c). There was no discernible form to the CaO, but there was an indication
of a definite rod shape morphology for the HAP. This was caused by the phosphorylation of
CaO. The high-resolution TEM (HRTEM) images and Fourier-transform patterns revealed
the formation of CaO crystals with a lattice distance of 0.242 nm and HAP crystals with a
lattice distance of 0.280 nm, which correspond to the (200) and (211) planes, respectively
(Figure 1b,d).
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Figure 2 illustrates the element mapping analysis obtained from high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-STEM) images. The
HAADF image exhibited bright particles (Figure 2a). The bright particles of HAP in the
HAADF image are more angular than the brilliant particles of CaO in the CaO HAADF
image (Figure S3a). Ca (green), P (cyan), and O (red) elemental maps depict the distribution
of Ca, P, and O, which are components of HAP (Figure 2b–d). The existence of P was not
verified in the elemental analysis of CaO, while Ca (green) and O (red) were observed, with
the strongest signal corresponding to Ca (Figure S3b–d).
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Figure 3a shows the Fourier-transform infrared (FT-IR) spectra of CaO and HAP. The
broad and sharp peaks at 1383–1546 cm−1 and 875 cm−1 are characteristic CaO peaks.
The chemical groups PO4

3−, OH−, and HPO4
2− that are typical of HAP were observed

in the FT-IR spectrum. The PO4
3− group provides a significant IR transmission band at

568 and 602 cm−1 and 1000–1100 cm−1. The transmission wavelength of water causes
distinct peaks at 3572 cm−1 and 633 cm−1. In the XRD pattern, the CaO peak was observed
at 2θ = 32.3◦, 37.5◦, 54.0◦, 64.4◦, and 67.6◦, corresponding to the reflections of the (111),
(200), (220), (311), and (222) planes of CaO, respectively (JCPDS No. 82-1691) (Figure 3b).
However, when the oyster shell was oxidized, it was not entirely transformed into calcium
oxide, and some calcium carbonate remained. After the phosphorylation of HAP, there
were numerous peaks other than that of CaO, with particularly prominent peaks appearing
at 31.7◦, 32.2◦, and 32.9◦, corresponding to the reflections of the (211), (112), and (300)
planes of HAP, respectively (JCPDS No. 09-0432). According to the literature [20], CaO
is not entirely phosphorylated, and therefore the results represent a variety of different
crystal structures for CaO. As a result, among the HAP XRD peaks, there is a peak at 37.5◦.
The lattice distance determined by HRTEM was quite consistent with the information
interpreted from the XRD peak.

The chemical states of the samples were examined using XPS. The survey scan of
CaO and HAP, shown in Figure S4a,b, demonstrates that all samples consisted of N, O,
Ca, and C. In addition, P was found in the HAP powder. Figure 3c,d show the C 1s
and P 2p core-level X-ray photoelectron spectra and deconvoluted results of CaO and
HAP powders, respectively. All spectra were calibrated by adjusting the C 1s peak to
284.5 eV [49]. Furthermore, all the peaks were deconvoluted using a Gaussian-Lorentzian
fitting using CASA. The C 1s spectra show surface carbon contamination (C-C, C-O-C,
and O-C=O) and -CO3 (carbonate) (Figure 3c). The relative -CO3 peak, compared to
C-C, is less dominant in the HAP powder due to the phosphorylation. Unfortunately,
as there is only a slight difference in the binding energy between the source materials,
CaCO3 and HAP, it is difficult to separate the two peaks [50]. However, the lack of
satellite loss feature, shown in Figure S4c in the Ca 2p spectra, provides an indication as
to how HAP forms after the reaction [https://xpssimplified.com/elements/calcium.php
accessed on 13 May 2021]. Therefore, the CaO powder is composed of CaCO3, while HAP is
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Ca10(PO4)6(OH)2. Furthermore, the P 2p spectrum is only represented in the HAP powder,
as shown in Figure 3d. The O 1s spectra, shown in Figure S4d, also show additional HAP
bonds and O-C=O, C-O-C, and CaCO3 for the HAP powder. However, O-C=O, C-O-C, and
CaCO3 bonds were present in the CaO powder spectra.
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2.2. Metal Cation Removal Efficiecny of HAP Catalyst

To test the catalytic performance of HAP as an adsorbent for metal cations in water,
we prepared a model solution containing seven metal ions, Cr3+, Mn2+, Ni2+, Cu2+, Cd2+,
Ba2+, and Pb2+. To prepare 1 L of 100 ppm metal cation solution, known quantities of
metal nitrates were mixed with distilled water. In a typical removal test, biomass-derived
HAP catalyst (0.01 mmol) was inserted into the model solution (50 mL), and the HAP
catalyst was collected by centrifugation after 24 h of stirring at RT. In addition, we created
a pH 6 solution to represent wastewater using HNO3 (0.1 M) and NaOH solution (0.1 M).
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to evaluate
the residual aqueous solutions. Through ICP-OES analysis, we discovered that Cr3+, Mn2+,
Ni2+, Cu2+, Cd2+, Ba2+, and Pb2+ were present at concentrations of 115.39, 85.44, 98.47,
112.60, 99.63, 114.79, and 103.52 ppm, respectively, in the model solution. Furthermore, we
demonstrated the removal efficiency of the metal cations (Table S1).

The removal efficiency and the adsorption capacity (qe) were calculated using
Equations (3) and (4):

Re% =

(
C0 − Ce

C0

)
× 100 (3)

qe =
C0 − Ce

W
×V (4)

where C0 and Ce (mg·L−1) are the liquid-phase concentrations of the metal cations before
and after adsorption, respectively. V (L) and W (g) are the volume and mass of each
metal ion solution, respectively. Figure 4 illustrates the removal efficiencies of each metal
cation. HAP was shown to be capable of removing each cation and a removal efficiency of
more than 55% was demonstrated for the extremely harmful Cr, Cd, and Pb (Figure 4a).
The elimination efficiency of Pb (92.8%), which causes osteoporosis, was especially high
(Cr: 57.9% and Cd: 73.9%, respectively). Furthermore, HAP also exhibits Mn, Ni, Cu,
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and Ba adsorption characteristics, and the removal rates were 66.3%, 37.1%, 29.1%, and
44.0%, respectively. Equation (3) was used to obtain the adsorption capacities. The HAP
adsorption capacities were 66.8, 56.6, 36.6, 32.8, 73.6, 50.5, and 96.0 L·g−1 of Cr, Mn,
Ni, Cu, Cd, Ba, and Pb, respectively (Figure 4b). A high capacity for the adsorption of
Pb, Cu, and Ni and several other metal cations was demonstrated for HAP. Numerous
studies have established the potential of HAP to absorb metal ions via two major processes
(Equations (5)–(8)). The first is ion exchange, which occurs when calcium ions in the HAP
lattice are replaced by adsorbed metal ions via diffusion [52–57].

Ca10(PO4)6(OH)2 + xM2+ → Ca10−xMx(PO4)6(OH)2 + xCa2+ (5)

Ca30((PO4)6(OH)2)3 + 20Cr3+ → Cr20((PO4)6(OH)2)3 + 30Ca2+ (6)
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Figure 4. HAP catalytic performance at pH: (a) removal efficiency and (b) adsorption capacity.
Reaction conditions: hydroxyapatite (0.05 g), pH 6, time 24 h, RT, respectively. The concentration of
M ion aqueous solution exhibits in Table S1.

The other process involves the precipitation of metal phosphate complex materials in
acidic environments. In this state, phosphate interacts with metallic ions according to the
equations below, forming a new crystalline structure with limited solubility [52,58–65].

Ca10(PO4)6(OH)2 + 14H+ → 10Ca2+ + 6H2PO4
− + 2H2O (7)

10M2+ + 6H2PO4
− + 2H2O→M10(PO4)6(OH)2 + 14H+ (8)

According to Mobasherpour et al., adsorption is accomplished using a two-step ad-
sorption technique [66]. Initially, Ni ions are rapidly adsorbed through surface interactions
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with = POH sites, leading to the formation of Ca10−xMx(PO4)6(OH)2. Thus, the initial
process involves Ni adsorption by HAP, followed by Ca2+ replacement by Ni2+.

The pH of actual wastewater varies based on the surroundings. Thus, we selected,
Cr, Cd, and Pb, which are known to be hazardous, to test under various pH conditions
(Table S2). The pH of the solution has a considerable impact on heavy metal adsorption
because it affects adsorbent characteristics such as surface charge, adsorbate speciation,
and degree of ionization in aqueous solutions. Because each pH condition was simulated
with solutions derived from the stock solution prepared in Figure 4, no further ICP-OES
analysis of the stock solution was carried out. The same quantity of HAP was added to
the stock solution, and a 24 h adsorption experiment was performed. Although the data
from the experiments performed at pH 6 are already shown in Figure 4, they are also
included in Figure 5 for comparison. Figure 5a–c depict the removal efficiency of heavy
metal ions by the HAP catalyst at various pH levels. In general, the pH of wastewater is
known to be 6 to 8; however, to account for the acidification produced by acid rain, the
experiment was performed at pH 4, 5, 6, and 7. At pH 7, a good removal efficiency was
demonstrated for the three heavy metal cations. Cr3+ ions were removed more efficiently
as the pH increased, whereas Pb2+ ions were removed efficiently in a wide range of pH
conditions. The removal efficiency for the Cd ion (15.6%) was lowest at pH 5, whereas the
removal efficiency Cr3+ was 44% at this pH level. According to the literature, because the
surface of HAP is negatively charged in this range, the most appropriate pH range for Cd2+

adsorption is above pHpzc (surface charge of HAP is zero). The pH can impact efficient
ion exchange adsorption between cationic species and the Ca2+ in HAP [67,68]. In contrast,
HAP has a high adsorption capacity at pH 4, 5, 6, and 7 for Pb, which suggests that Pb
ion adsorption in wastewater would be efficient (Figure 5d). Although the heavy metal
removal efficiency varied with pH, the average removal efficiencies of Cr, Cd, and Pb were
63.0%, 59.9%, and 91.6%, respectively (Table S2).
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Figure 5. Removal efficiency using HAP under various pH conditions for three major hazardous
metal cations: (a) Cr, (b) Cd, and (c) Pb. (d) Adsorption capacities. Reaction conditions: hydroxyap-
atite (0.05 g), pH 4, 5, 6, and 7. Time 24 h and RT, respectively. The concentration of M ion aqueous
solution exhibits in Table S2.

2.3. Phosphate Ion Removal Efficiecny

According to the literature [69], phosphate ion removal in aqueous solution is caused
by the flexibility of the structure surface activity and the non-stoichiometry of HAP. As a
result, the phosphate ion adsorbs to the location next to the Ca2+ ion on the HAP surface or
to the phosphate ion defect. To explore the phosphate ion removal efficiency we applied
the ascorbic acid solution method outlined in the experimental procedure with monitoring
every 3 min (Figure 6). When performing UV-VIS analyses, we used a wavelength of
625 nm to account for the color reagent. We compared the phosphate ion removal efficiency
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of HAP with that of CaO. The phosphate ion removal efficiency of HAP was demonstrated
to be 98.1% after 3 min, and subsequent testing at 3 min intervals showed that the efficiency
remained consistent thereafter. In contrast, CaO was demonstrated to have an ion removal
efficiency of 71.1% after 3 min, at which point the solution was saturated. As a consequence,
the phosphate ion removal efficiency of HAP was 27% greater than that of CaO, and
saturation was achieved very rapidly.
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Figure 6. Comparison of phosphate ion removal efficiency using HAP and CAO. Reaction conditions:
Hydroxyapatite (2 g) and CaO (2 g). The reaction time 0, 3, 6, and 9 and RT.

2.4. Antibacteiral Performance of HAP

The antibacterial performance of HAP (5 mM and 10 mM) was evaluated against
Gram-negative and Gram-positive bacteria, E. coli and S. aureus. Further, 600 nm was
chosen as an appropriate wavelength to measure the concentration of bacteria. Equation (9)
was used to calculate the antibacterial efficiency.

I0 − I
I0
× 100 (9)

I0 and I indicate the initial absorbance of the bacteria and the final absorbance, re-
spectively. Before cultivating the bacteria, 100 mL of the HAP solution was added to the
culture solution, and the bacteria were cultured for 24 h. Figure 7a shows the estimated
antibacterial activity of HAP based on Equation (9). Furthermore, we demonstrated the
antimicrobial efficiency of E. coli and S. aureus (Table S3). The antibacterial activity was
74.4% against E. coli and 74.9% against S. aureus when 5 mM HAP was used, indicating
similar antibacterial effectiveness. Furthermore, when 10 mM HAP was applied, E. coli
demonstrated 90.9% antibacterial effectiveness, while S. aureus demonstrated 96.0% antibac-
terial effectiveness. We used FE-SEM to examine the damaged bacterial cells (Figure 7b–e).
In the case of E. coli, the cells appeared to be damaged or melted at 5 mM and 10 mM HAP,
respectively (Figure 7b,c). Aggregation occurred with 5 mM HAP in S. aureus, and cell
surface modification and aggregation occurred with 10 mM (Figure 7d,e). These results
indicate that HAP demonstrates successful antibacterial performance against E. coli and
S. aureus.
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3. Materials and Methods
3.1. Chemicals and Characterization

Oyster shells were obtained from Tongyeong, South Korea. Solvents and all other
chemicals were obtained from commercial sources and used as received, unless otherwise
noted. Biomass-derived CaO and HAP catalysts were characterized using field-emission
transmission electron microscopy (TALOS F200X), field emission scanning electron mi-
croscopy (FE-SEM), and elemental mapping (ZEISS SUPRA 25). X-ray diffraction (XRD)
was performed on a Rigaku RINT 2200 HK diffractometer, and the chemical states were
characterized using high-performance X-ray photoelectron spectroscopy (XPS). Fourier-
transform infrared spectra (FT-IR) were recorded on a Spectrum Two spectrometer (PerkinElmer).
Bacteria were characterized using UV-VIS (UV-1800, Shimadzu UV spectrophotometer).

3.2. Synthesis of Biomass-Derived HAP Catalyst from Oyster Shell

The discarded oyster shells were cleaned with clean water and dried in an oven at
140 ◦C for 24 h. The oyster shells (10 g) were mechanically ground in a mortar for 10 min
under atmospheric conditions. To synthesize CaO powder, the powdered oyster shell was
placed in an alumina bowl and heated at a ramping rate of 7.5 ◦C·min−1 up to 900 ◦C under
an air atmosphere, and then held at 900 ◦C for 4 h. After heating, the resulting yellowish-
white powder was cooled to room temperature (RT). HAP powder was synthesized using
the method reported by Nakanishi group [45]. To synthesize HAP powder, distilled water
(30 mL), H3PO4 (30 mmol), and ammonia solution (10 mmol) were added to a 100 mL
round-bottom flask and stirred for 10 min. Powdered CaO (2.804 g), H3PO4 (30 mmol),
and NH4OH (10 mmol) were added to the round-bottom flask and stirred at 40 ◦C for
24 h. The subsequent colloidal dispersion was cooled to RT, washed three times with
distilled water, and the sample was separated by centrifugation at 3500 rpm for 10 min.
The precipitate was dried in an oven at approximately 100 ◦C. Finally, the powder was
placed in an alumina bowl and heat-treated at a ramping rate of 6.7 ◦C·min−1 up to 800 ◦C
under an air atmosphere, and then held at 800 ◦C for 4 h.

3.3. Removal Efficiency of Various Metal Cation Species

First, we prepared various M nitrate salt solutions containing 100 ppm of M cations
at RT (M = Cr3+, Mn2+, Ni2+, Cu2+, Cd2+, Ba2+, and Pb2+). Experiments were carried
out under two sets of conditions to determine the metal ion removal efficiency of the
biomass-derived HAP catalyst.

1. Standard conditions: The biomass-derived HAP powder (50 mg) was dispersed in
a metal ion solution (50 mL) and stirred at RT for 24 h. The pH of the solution was
adjusted to 6 using nitric acid (0.1 M) and sodium hydroxide solution (0.1 M), to
create a stock solution with conditions comparable to wastewater.
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2. pH controlled conditions: pH 4, pH 5, and pH 7 solutions were prepared to recreate
severe and realistic wastewater conditions. Each solution was generated in the same
manner as in Experiment 1.

3.4. Removal Efficiency for Phosphate Ion

We prepared a phosphate solution containing 100 ppm of KH2PO4 at RT. A volumetric
flask (1 L) was filled with powdered KH2PO4 (4.393 g) and distilled water to make a
phosphate solution. To test the phosphate ion adsorption capabilities of HAP, a pre-
prepared phosphate solution (20 mL) was placed in a round-bottom flask, and after adding
HAP (2 g), solution was collected every 3, 6, and 9 min, respectively. CaO was also tested
under the same conditions as those used to test HAP. The phosphate was quantified using
the ascorbic acid method, a color development reagent technique, and analyzed using
UV-VIS [27]. Before creating a chromogenic reagent for phosphate analysis, three reagents
were synthesized.

1. Potassium antimonyl tartrate solution was mixed with potassium antimonyl(III)
tartrate hydrate (6.8 mg) in distilled water (50 mL).

2. An ammonium molybdate solution was prepared by combining ammonium molyb-
date tetrahydrate (1.5 g) with distilled water (50 mL).

3. Ascorbic acid solution was prepared by combining ascorbic acid (0.88 g) with distilled
water (50 mL).

To prepare the color reagent, sulfuric acid (14% v/v, 25 mL), potassium antimonyl
tartrate solution (2.5 mL), ammonium molybdate solution (7.5 mL), and ascorbic acid
solution (15 mL) were added to a 100 mL flask and stirred for 10 min. A phosphate
solution (100 ppm of PO3−) was prepared by diluting 1 mL of phosphate solution in a
volumetric flask (10 mL) with water. Then, 5 mL of the diluted H3PO4 solution and 0.8 mL
of pre-prepared color development reagent were combined, stirred, and measured after 5
to 10 min.

All of the above experiments were performed under standard conditions (RT and
1 bar).

3.5. Antimicrobial Test Using Gram-Netaive and Gram-Positive Bacteria

We evaluated the antibacterial effect by growing bacteria in different concentrations of
HAP (Scheme S1). To determine the optimal concentration, we prepared 5 and 10 mM HAP
in lysogeny broth (LB). Bacteria were incubated in an Erlenmeyer flask with LB (100 mL)
and HAP at 37 ◦C for 24 h. We measured the bacterial concentration using UV-VIS at
600 nm to assess the efficacy of HAP for antibacterial activity. We used FE-SEM to detect
the damaged bacterial cells.

4. Conclusions

In this study, we successfully synthesized biomass-derived HAP using low-value
oyster shells, which are otherwise considered industrial waste. Due to the top-down
approach of oxidation and phosphorylation, the purity of the HAP was low. However, it
demonstrated high removal efficiency by metal cation adsorption, particularly for the Pb
ion (92.8%). Generally, the pH of wastewater varies from environment to environment, and
average removal efficiencies of 63.0% (Cr), 59.9% (Cd), and 91.6% (Pb) were demonstrated
at pH 7, 5, and 4. Furthermore, because the phosphate ion removal efficiency (98.1%)
was also high, the use of HAP could prevent freshwater and saltwater eutrophication.
Moreover, as bacterial contamination is a component of water pollution, we confirmed the
antibacterial properties of HAP. When we tested the antimicrobial activity against E. coli
and S. aureus using 5 mM HAP, we achieved antibacterial efficacies of 74.4% and 78.1%,
respectively. The antibacterial efficacies of 10 mM HAP were 89.6% and 96.0%, respectively.
We expect that application of these biomass-derived products would reduce pollution and
contribute to a cleaner environment for future generations.
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