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One-Pot Synthesis of ZnO-Activated
Eggshell@kaolinite: Sorbents for Phosphate
Capture in Water

The availability of colossal amounts of phosphate in water bodies has led to seri-
ous environmental challenges all over the world. In this study, a new adsorbent
was synthesized using treated kaolinite clay, pulverized eggshells, and ZnCl,. Sur-
face characterizationof these adsorbents showed the availability of functional
moieties, morphological variations, pore sizes, particle sizes, etc. Adsorption of
phosphate occurs via multiple mechanisms, comprising ligand exchange, com-
plexation, hydrogen bonding, and electrostatic interaction, among others. The
effect of pH, showed that maximum adsorption of 93.3 % was achieved at pH 3.0.
It was also shown that these cost-effective adsorbents could be regenerated in six
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cycles, hence increasing their applicability.
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1 Introduction

Phosphorus is an essential nutrient for plants, animals, and
humans. Under natural conditions, it is typically scarce in water;
however, human activities have resulted in excessive loading of
phosphorus into surface waters, which can cause water pollution
by promoting excessive algae growth, eutrophication particularly
in lakes and rivers [1-3], and environmental degradation. There-
fore, phosphorus is on the list of substances in the European
Union that have to be considered to achieve a “good surface water
chemical status” and which contribute to eutrophication [4].

In addition, the reduction or the total removal of phosphate
from water is a necessity for both drinking water purposes and
wastewater treatment, to prevent the many harmful risks such
as kidney damage, hepatocellular carcinoma, and osteoporosis
linked to excessive phosphate ingestion [5-8].

'Dr. Ajibola A. Bayode () https://orcid.org/0000-0003-2461-6208

(bayodea@run.edu.ng), Dr. Martins O. Omorogie
https://orcid.org/0000-0001-9697-2960 (omorogiem@run.edu.ng)

Department of Chemical Sciences, Faculty of Natural Sciences,

Redeemer’s University, PM.B. 230, 232101, Ede, Nigeria.

Dr. Hamza Badamasi

Department of Chemistry, Federal University Dutse, Dutse,

Jigawa State, Nigeria.

3Dr. Johnson Adedeji Olusola

Department of Geography and Planning Science, Ekiti State

University, Ado Ekiti, Ekiti State, Nigeria.

“Dr. Johnson Adedeji Olusola

Institute of Ecology and Environmental Studies, Obafemi Awolowo

University, lle-Ife, 220005, Nigeria.

Chem. Eng. Technol. 2024, 47, No. 2, 375-386

DOI: 10.1002/ceat.202300176

Received: March 29, 2023; revised: August 28, 2023; accepted: October 19, 2023

Different technologies have been explored for the sequestra-
tion of dissolved phosphate from water, which include advanced
biological treatment, chemical precipitation, ion exchange, elec-
trodialysis, membrane filtration, electro-coagulation, and
adsorption [9-21]. The major shortcomings of some of these
techniques include the operational cost, difficulties in operation,
and limited versatility. Apart from chemical precipitation, which
is the main removal technique in sewage treatment plants, the
adsorption technique has been favored over other techniques
because it is cost-effective and efficient and can also be used to
solve the problem of nutrient recovery [5, 17, 19, 22, 23].

However, successful optimal removal using the adsorption
technique depends on the choice of adsorbent. As traditional
methods of phosphate removal continue to be explored,
unconventional and sustainable alternatives are also gaining
massive attention [24]. Over the years, different adsorbents
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have been developed and investigated for the sequestration of
dissolved phosphate, including biomass, biochars [25], clay
minerals [17,26], and various hybrid synthesized adsorbents
[17]. Amongst all, clay minerals have been explored for the
removal of various pollutants, but they are limited by their low
adsorption capacity [5].

Kaolinite, a 2:1 clay mineral with the chemical formula
Al,03-2Si0,-2H,0, consisting of metal oxides such as alumi-
nium oxide, silicon dioxide, magnesium oxide, and calcium
oxide, is abundant in the environment [17]. It has found var-
ious applications over the years and proved to be an efficient
and indispensable material for various industrial processes
because of its thermal stability, excellent bonding ability, and
great insulating properties. However, it is limited as an adsor-
bent because of its small surface area, difficulties in separation
after the process, and its low cation exchange capacity [27].

Eggshell is a waste material with about 7 million tonnes pro-
duced annually all over the world [28]. A small amount of this
waste is used as fertilizer, household cleansers, and feed for
human and animal supplements. Large quantities are disposed
into landfills. Various low-cost eggshell adsorbents have been
used for the removal of phosphate, including iron oxyhydrox-
ide eggshell [29], calcined eggshell [30], aluminum-modified
eggshell [27], etc. The major component of eggshells is CaCO3
[27], and it has been established by various researchers that
CaCOj; possesses an excellent capacity for phosphate adsorp-
tion [31], making any material containing it a good adsorbent
for phosphate removal in wastewater.

Metal ion-modified biochars are increasingly gaining atten-
tion for the removal of phosphate from water because they are
cost-effective and environmentally benign [32]. Zinc oxide has
been established to be environmentally benign, and it has
found vast application in various fields as it has proven to be a
good engineering material [22,33].

For this study, a zinc-modified hybrid eggshell sample was
employed. The kaolinite clay acts as support, and the pulver-
ized eggshell serves as a source of Ca, which has great affinity
for the removal of phosphate. Zinc chloride acts as the activat-
ing agent, which influences the surface area and porosity of the
activated carbon produced [34]. This study aimed at the modi-
fication of a hybrid eggshell that is eco-friendly for the removal
of phosphate from water. The modification with zinc amelio-
rated the problem of poor phosphate adsorption using just the
eggshell. A number of different published research papers on
the use of eggshells for phosphate capture is available in the
literature [35-41]. The adsorption of phosphate by ZnO-acti-
vated eggshells, supported on clay (kaolinite), is here reported
for the first time to demonstrate its potential for phosphate
removal from contaminated water.

2 Materials and Method
2.1 Materials

Kaolinite clay was obtained from Redemption City, Mowe
(6.8085°N, 3.4367°E), Ogun State, and the eggshell was col-
lected from the Cafeteria Kitchen of Redeemer’s University,
Ede (7.678163°N, 4.460089°E), Osun State. Zinc chloride
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(= 98%), sodium hydroxide (99 %), potassium dihydrogen
phosphate (99.9 %), ammonium metavanadate (99 %), ammo-
nium molybdate hexahydrate (99 %), sodium chloride (99 %),
hydrogen peroxide, and hydrochloric acid were purchased
from Sigma Aldrich, Germany.

2.1.1 Pretreatment of the Kaolinite Clay and Eggshell

The kaolinite clay was purified according to protocols reported
by Bayode et al. [22] via several washing and filtration process-
es with a mesh sieve after treatment with hydrogen peroxide
[17]. The collected eggshells were pretreated by washing them
in distilled water, and the clean eggshells were then transferred
into the vacuum oven to dry at 105+ 1°C for 10h. The dried
eggshells were pulverized and stored in an airtight container
labeled ‘ES’.

2.1.1.1  Synthesis of Zinc-Modlified Eggshells (ZnES)

Kaolinite clay, pulverized eggshells, and zinc chloride were
weighed out in the ratio 1:1:2 and mixed in a beaker with
10mL of 0.1 M sodium hydroxide. The mixture was placed in
the oven and dried for a period of 24 h for the proper impreg-
nation of the different constituents. The impregnated mixture
was transferred into a microwave reactor, purged with nitrogen
gas for 5min, and calcined for 15 min at 500 W in a microwave
oven. The product was allowed to cool in a desiccator. After-
wards, it was washed several times with deionized water until a
clear solution was observed and the pH of the solution became
neutral (pH7.0). The material was dried in the oven at
105+ 1°C for 7h, cooled in the desiccator, packed in a sample
bottle, and labeled as ‘ZnES’.

2.2 Characterization of the Adsorbents

ES and ZnES were characterized by Fourier transform infrared
(FTIR) spectrophotometry (Shimadzu FT-IR 8400S, from 400
to 4000cm™), X-ray diffraction (XRD) (Siemens D-5000),
measured at 0.02°s™", ranging from 3.0° to 70° 26, scanning
electron microscopy (SEM) (Jeol JSM 6510 SEM equipped with
an energy dispersive X-ray (EDX) spectrometer from Oxford
(INCAx-act SN detector)), and transmission electron micros-
copy (TEM) (field emission gun, 200kV). Nitrogen sorption
was done on a Quantachrome NOVA1000e Brunauer-Emmett-
Teller (BET) system. The point of zero charge (PZC) was deter-
mined by using the salt addition method [42].

2.3 Batch Adsorption Studies

The batch adsorption kinetic studies were carried out in tripli-
cate by agitation of 50 mL of 50 mg L' phosphate solution con-
taining 0.1 g ZnES for 120 min. From that, 0.5 mL clear adsor-
bent-free solution was withdrawn using a micropipette at
different intervals (between 1 and 120 min). The residual dis-
solved phosphate concentration was determined using the
vanado-molybdophosphoric acid method of the American
Public Health Association (APHA), by adding 1mL of the
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color-developing reagent to 3.5mL of the withdrawn sample.
The absorbance of the sample was then determined with a Shi-
madzu UV-Vis spectrophotometer at a wavelength of 420 nm.

The adsorption capacity, g. (mgg') was estimated using
Eq. (1).

de = (Co - Ce) % (1)

where C, and C, (mg L™") are the initial and final concentra-
tions of phosphate, respectively, V'is the volume of the solution
(L), and W is the mass (g) of ZnES used.

The adsorption isotherms of phosphate in ZnES were calcu-
lated using batch experiments. For this, 0.1 g ZnES was mixed
with phosphate solutions with different initial concentrations
ranging from 1, 10, 20, 30, and 40 to 50 mg L' for 120 min. At
120 min, the sample was withdrawn after the experiment for
analysis.

The effect of the ZnES dosage on the uptake of phosphate
was optimized by varying the weight of the adsorbent from 0.1
to 1.0 g; the effect of the pH on the adsorption process was also
evaluated by varying the pH from 3.0 to 9.0, using 1.0 g adsor-
bent dose and the same initial phosphate concentration of
50 mgL™". Furthermore, the effect of the ionic strength was
assessed by varying the NaCl concentration in the solution
from 0 to 0.1 M at pH 3.0 and an adsorbent dose of 1.0 g. Dur-
ing the experiment, the initial concentrations of dissolved
phosphate were maintained at 50 mgL™".

Experimental kinetics and isotherm data were fitted into
some nonlinear equilibrium models, namely, Langmuir,
Freundlich, Langmuir-Freundlich, pseudo-first-order model
(PFOM), pseudo-second-order model (PSOM), and the
Brouers-Weron-Sotolongo (BWS) model. The experimental
data were analyzed using the quasi-Newton least squares algo-
rithm in the KyPlot software 2.0 model (Kyens Lab Inc., Tokyo,
Japan).

ge = KeC'/" @)

Imax KLCe
=R - 3
%=1 1KC (3)
_ Im,; (KLFCe)nIF (4)

1y (KipCe)™

4 =q(1—e™) ()
¢ a —1/n'—1
Qt:%<1— (l—i-(n'Bws—l)( ) )) (6)
Ly BWs.a
qt = ge — Qt,le_k‘t - qt,ze_kzt (7)

where Kg, 7, K1, max 1> 95 k1> ko, ', @, and /2 are the Freund-

lich constant ((mg g'l)(L mg'l)” "), an empirical constant that
represents the adsorption affinity, the Langmuir adsorption
constant (Lmg™), g. for a complete monolayer (mgg™), the
amounts of solute ions adsorbed at time ¢ (min) by ZnES
(mgg™), the pseudo-first-order rate constant (min'), and the
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pseudo-second-order rate constant (gmg 'min™"), respectively.
n', &, and "% are the reaction order, fractional time index and
time taken to reach 50% adsorption respectively.

3  Results and Discussion
3.1 Characterization of the Materials
3.1.1 Point of Zero Charge (pHp..)

The pH,,. was assessed to understand the net surface charge of
the adsorbents [43]. The surface of the adsorbent becomes pos-
itively charged if the pH of the solution is less than the pH,,.,
which results in the adsorption of excess hydroxyl ions; on the
other hand, the surface of the adsorbent becomes negatively
charged if the pH of the solution is higher than the pH,,. of the
adsorbent, leading to the desorption of hydroxyl ions. Support-
ing Information Fig.S1 shows that the pHp,. of the pristine
adsorbent ES is 8.29, and upon modification of the eggshell with
kaolinite and zinc, it changed to 8.61. This confirmed that the
modification of the eggshell with zinc and kaolinite changed the
surface characteristics of the eggshell. The adsorption process of
negatively charged phosphate ions is favored at a pH lesser than
the pHy,.. In this regard, the adsorption of phosphate by ES and
ZnES should be optimum within the pH range of 2.0-5.0.

3.1.2 FTIR Spectrophotometry

FTIR spectrometry was used to investigate the functional moi-
eties present in ZnES and kaolinite. The most intense and
wide peak was observed at 3377 cm™" in ES and 3456 cm™ in
ZnES, suggesting the OH stretching bond [44,45]. The peak
was very intense in ZnES, which suggests that more OH
groups exist on the surface of the ZnES, resulting from the
presence of kaolinite that was added as part of the compo-
nents for the synthesis, as shown in Fig. 1a. The weak bands
at 2511cm™" in ES and 2530 cm™ in ZnES suggest the C=0
bonds from carbonates, as one of the major components pres-
ent in ES [27,46], while the peaks at 1434 and 868cm™ in
both ZnES and ES suggest the C-O stretching and bending of
CaCOs [47,48]. In the fingerprint region, the peak at 710 cm™
in both ZnES and ES suggests in-plane bending vibration of
the O-C-O bond [49]. A new peak was formed at 792 cm’),
which indicates the Si-O-Si inter-tetrahedral bridging bonds
in SiO, present in kaolinite [22,50]. The peak at 464 cm™ con-
firms the presence of ZnO [22,33] in ZnES because of the
ZnCl, used for preparation.

3.1.3 XRD Analysis

Kaolinite shows characteristic quartz peaks at 20 = 26.7°, 39.5°,
45.7°, 50.0°, 54.9° 63.9° and 68.2° as shown in Fig.1B. The
anorthic phase of kaolinite is shown by peaks at 12.5° and
40.4°, and the quartz peaks at 21.1° and 50.1° and the kaolinite
peaks at 26.9° 45.7°, and 55.0° were observed in both kaolinite
and ZnES [22,33].
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Figure 1. (A) FTIR spectra of the raw eggshells and ZnES, (B) XRD spectra of ZnES and kaolinite.

The absence of the kaolinite peaks at 12.5° and 25.0° was
observed in the spectra of the ZnES, which may have been
due to the change in the crystalline structure of the kaolinite
clay during the modification process. The peaks at 36.6°
39.3°% and 42.5° indicate the hexagonal wurtzite structure of
Zn [33,51]. Another ZnO phase, the zincite hexagonal phase,
was also observed at 63.3°, 68.3° [50]. The ZnES spectra
showed peaks at 39.0°, 47.3°, 57.7°, and 60.9°, indicating the
hexagonal calcite phase, which was due to the eggshell present
in the adsorbent. This result confirmed the successful synthe-
sis of ZnES [27,52].

3.1.4 SEM, EDX, and Electron Mapping Analysis

SEM was used to determine the surface availability of the ES
and ZnES, as shown in Fig.2A and 2B, respectively. The ES
image showed that the surface was coarse, with flat particles of
different sizes evenly distributed on the surface of the eggshell;
a visible pore was also noticed on the surface in the image. The
image of ZnES showed it to be smoother than the ES; the
shapes and sizes of the adsorbent are rod-like, round, spherical,
irregular, and sparsely distributed on the surface of the ZnES,
and obvious pores were also noticed on the surface of the
ZnES. These pores aid in the adsorption of phosphate onto the
adsorbents.

The EDX spectra as shown in Fig.2C and 2D further con-
firmed the results from the FTIR and XRD analyses. The ES
comprises calcium, oxygen, and carbon as the major elements
while magnesium is a minor constituent of the eggshell. From
the literature, it has been reported that the eggshell is made up
of CaCOj; [49,52]. The ZnES comprises calcium, oxygen, and
carbon from the eggshell, zinc from the ZnCl, used to modify
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the adsorbent, and the aluminum, silicon, titanium, and iron
stem from the kaolinite as a constituent of the adsorbent. The
elements were evenly distributed on the surface of the ES and
ZnES adsorbents, as shown in the electron mapping images
(Supporting Information Figs. S2 and S3).

The TEM images reported in Fig. 2E and 2F showed that the
microscopic structures of ES and ZnES possess a rough surface
with spherical morphology, suggesting the random anchorage
of both the oxides and carbonates of calcium and magnesium
particles on the surface of the ES with a very good spread. The
ZnES samples have different particle sizes, with the anchorage
of zinc clustered together in a bunch on the surface and other
elements like calcium and magnesium sparsely distributed on
the surface of the ZnES.

3.1.5 BET Physisorptometry

The ES and ZnES both displayed a type-IV isotherm as classi-
fied by the International Union of Pure and Applied Chemistry
(IUPAC) (Fig.3A, B). This type of isotherm is typical of porous
materials and it possesses an H3 adsorption-desorption loop
typical of slit-shaped pores [42]. The BET surface areas of ES
and ZnES were predicted as 0.188 and 7.33 m’g", respectively;
the increase in the surface area of the modified eggshell (ZnES)
could be the result of the modification of the eggshell with
ZnCl,. It has been reported by several researchers that modifi-
cation with metal ions tends to change the surface characteris-
tics; it either increases or decreases the surface area, pore vol-
ume, and pore diameter [43]. The pore volumes are 0.00298
and 0.0315 cm’g ™" with pore sizes of 755.8 and 459.5 A, respec-
tively. The eggshell (ES) is microporous while the modified
eggshell (ZnES) is mesoporous.
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Figure 3. The BET nitrogen
adsorption-desorption iso-
therms for (A)ES and (B)
ZnES; pore size distribution
for (C) ES and (D) ZnES.

www.cet-journal.com

95US01 7 SUOLUIOD dA1IER1D) 8|qedl|dde a1y Aq peusenob a2 sejoliie YO ‘9Sh J0 S9|nI Joj ARIq1T 8UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIW0D A3 1M AeIq1[UIUO//SANL) SUONIPUOD PUe SWis | 84} 885 *[7202/20/S0] Uo ArlqiTauliuo A(Im ‘Auews sueiyood Aq 9/TO0EZ0Z 1889/200T 0T/I0p/W0D A8 | ARIq iUl juo//Sdny woiy pepeojumod ‘g ‘¥Z0Z ‘SZTFTZST



Chemical Engineering  Research Article

380

Technology

3.2 Adsorption Studies
3.2.1 Preliminary Studies

To understand the influence/role of each component of the
hybrid eggshell composite on/in the removal of dissolved phos-
phate from water, a series of experiments were carried out
using the method described in Sect. 2.3, but the samples were
withdrawn after 120 min. Fig.4 shows that kaolinite alone and
eggshell removed 12 % and 34 % of the phosphate in aqueous
solutions, respectively. The modification of the eggshell with
zinc chloride and kaolinite clay increased the surface area as
confirmed by the BET result (Sect. 3.1.5) and also improved
the surface functionalities and surface charge, which gives
room for more adsorption sites for the removal of phosphate,
resulting in an increased efficiency of 93 %. The kaolinite serves
as a support and in the presence of zinc chloride, when it
undergoes hydrolysis followed by calcination in the presence of
the pulverized eggshell (ZnES), creates a macroporous material
that is efficient for phosphate removal.

100 4

% Removal

kaolinite ES ZnES

Figure 4. Efficiencies of the different components, kaolinite and
eggshell, and the composite ZnES for the removal of phosphate
in water.

3.2.2 Kinetic and Isotherm Studies

The experimental kinetics data obtained in this study were fit-
ted into two- and three-parameter theoretical kinetic models,
which are the PFOM, the PSOM, and the BWS model, to
understand the adsorption process (Supporting Information
Fig. S4A).

The kinetic parameter data of all the fitted models and the
R* values determined by nonlinear regression analysis are
reported in Tab. 1. To quantitatively compare the accuracy of
the models in describing the experimental data obtained, the
correlation coefficient was used.

Generally, based on the R* values obtained for the theoretical
models fitted, the three-parameter model, BWS, provides the
best fit with an R® value of 0.999. The BWS kinetic model
parameter predicts a first-order rate of uptake of phosphate
ions on ZnES, suggesting that the adsorption of phosphate
onto ZnES works via multiple mechanisms of two or more
physical and chemical processes, which include the chemical

Chem. Eng. Technol. 2024, 47, No. 2, 375-386 © 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

Table 1. Kinetic parameters for the removal of phosphate using
the ZnES adsorbent.

Model Parameter Phosphate
PFOM g [mgg™] 23.80
Kpp [min™'] 0.999
R? 0.942
PSOM qe [mgg™] 27.00
Kpg [min™'] 0.006
BWS R 0.978
qe [mgg™'] 25.01
a 2.4x107°
Kpws 0.006
R 0.999

interaction of the phosphate solution and the ZnES by ligand
exchange, hydrogen bonding, electrostatic interaction, outer-
sphere complexation interaction, and weak van der Waals
forces.

The adsorption isotherm was used to estimate the quantity of
phosphate adsorbed onto ZnES at equilibrium. The experimen-
tal data generated was fitted into three-parameter isotherm
models, namely, the Langmuir, Freundlich, and Langmuir-
Freundlich isotherm models (Supporting Information Fig. $4B).

The Langmuir-Freundlich isotherm model, a three-param-
eter isotherm, best fits the experimental data for the adsorption
of phosphate using ZnES, followed by the Sips model (Lang-
muir-Freundlich > Sips > Langmuir > Freundlich), using the R*
values as shown in Tab. 2.

The best-fitting model, Langmuir-Freundlich, is a combina-
tion of both the Langmuir and the Freundlich isotherm model
used for predicting adsorption in heterogeneous systems, and it
also overcomes the limiting factor associated with the Freund-

Table 2. Kinetic parameters for the removal of phosphate using
the ZnES adsorbent.

Model Parameter Phosphate
Langmuir qm [mgg™] 51.977
Ky, [min™'] 0.027
R 0.991
Freundlich K [mgg™] 2.897
N 1.664
Langmuir-Freundlich R? 0.998
9. [mgg™'] 30.775
Kip 0.0636
N 2.156
R 0.999
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lich isotherm model (rise in the adsorbate concentration) [53].
When the concentration of the adsorbate is low, it functions as
the Freundlich isotherm, but when the concentration is high, it
functions as the Langmuir isotherm model, predicting its
monolayer adsorption capacity characteristics [5]. The model
predicts a maximum adsorption capacity of 30.8mgg’,
although the observed experimental adsorption capacity is
25.7mgg". The nyp value is also lower than 1, which indicates
that the Langmuir-Freundlich isotherm is favorable. The
Freundlich isotherm fitting showed an n value greater than 1,
which suggests that the adsorption was not appropriate.

3.2.3 Effect of the Adsorbent Dosage

It is vital to explore the effect of the adsorbent amount on the
removal efficiency and to avoid the use of excess adsorbent
leading to waste. It also affects the amount of adsorbed adsorb-
ate; a different weight of ZnES adsorbent of 0.1-1.0 g was used
for adsorption (50 mgL™). Fig. 5A shows that, as the weight of
ZnES increases, the adsorption capacity towards phosphate
decreases; this is because the amount of adsorption capacity is
inversely proportional to the adsorbent weight.

The result showed an increase in the removal efficiency of
phosphate as the adsorbent weight was increased. This may be
because of an increase in the number of available active sites to
enhance the adsorption activity.

3.2.4 Effect of the pH

The pH value is one of the most important factors controlling
the adsorption of contaminants from water onto adsorbents
because it can affect the surface charge of the pollutant [54].
The adsorption of phosphate by ZnES was studied at different
pH values of 3.0-9.0, with an initial concentration of 50 mg L™
and an adsorbent dose of 0.1g in 50 mL phosphate solution
over a time frame of 120 min.

The adsorption capacity and removal efficiency solely
depend on the surface charge of the ZnES and the form in
which the phosphate exists; at an acidic pH of 2.0, a neutral pH
of 7.0, and an alkaline pH of 12.0, the dissociation equilibrium
of phosphate is different, as shown in Egs. (8)-(10) [31, 55].

T T T T T 100
=TA
g | -3
g = 2
-y Lso 5
315_ —a— Adsorpfion Capacity § .2
(5] FT0 ¢ O
. * g
E o E
i) :
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o T L} v ) M T r ) r T
0.0 0.2 0.4 0.6 LE ] 1.0
Weight (g)

381
HzPOZ + Hzo ad H3PO4 + OH_ (8)
HPO?™ 4 H,0 < H,PO; + OH" 9)
PO}~ + H,0 «» HPO?™ + OH™ (10)

The pHy,. of ZnES as reported in Fig.5B is 8.61. When
the pH is less than the pH,,. the surface of the ZnES be-
comes positively charged and it becomes protonated, attract-
ing H,PO,” and HPO,”, which are negatively charged, to
the surface of the ZnES. When the pH was higher than the
pHp.c of the ZnES, the surface became deprotonated, leading
to a repulsive effect between ZnES and phosphate [56]. The
maximum adsorption capacity and removal rate were ob-
served at pH3.0. A sharp decline was observed in both the
adsorption capacity and removal rate from pH 7.0 to 9.0
because the hydroxyl ion competes with the HPO,* ion for
active sites on the surface of the ZnES, resulting in the
decrease. It can be suggested that electrostatic interaction
contributed to the adsorption of phosphate.

3.2.5 Effect of the lonic Strength

The removal efficiency of phosphate with ZnES decreased
drastically as the concentration of NaCl increased from 0 to
0.1 M, as presented in Fig.6A. This is because the Cl” ions
compete with the phosphate ions for the available active sites
on the ZnES adsorbent, leading to a decrease in adsorption
capacity.

Also, the electrolyte can form outer-sphere complexes
through electrostatic forces. The ionic strength strongly af-
fects anions that are adsorbed through the outer sphere,
which will lead to the competitive behavior between the
phosphate and the electrolyte, impairing the adsorption per-
formance [31, 55].

On the other hand, anions that are adsorbed by the inner
sphere show either high adsorption in the presence of high ion-
ic strength or the adsorption is slightly affected, suggesting that,
if the adsorption of phosphate on ZnES occurred through the
outer-sphere surface complex, then the adsorption will
decrease with an increase in the ionic strength, which is the
case in our study.
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Figure 5. Effects of (A) the adsorbent dose and (B) the pH on the removal of phosphate using ZnES.
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Figure 6. (A) Effect of the ionic strength on the removal of phosphate using ZnES and (B) reuse efficiency of ZnES
over 6 cycles for the removal of phosphate.
3.3 Reusability Study Zn — OH + H,PO4 — Zn — H,PO, + OH™ (11)

The regeneration of the adsorbent ZnES is highly desirable, as
this will curb the indiscriminate disposal of the spent adsorbent
into the environment. Also, testing the reusability capacity of
the adsorbent is important in order to know how sustainable
the adsorbent is [54]. The reusability experiment on the ZnES
adsorbent was carried out using a cheap solvent (0.01M
NaOH), and the result obtained for the reusability is presented
in Fig. 6B. It shows that there was no significant loss of efficien-
cy over the four cycles with over ~90 % phosphate removal,
but from the fifth cycle onwards, the efficiency decreased
slightly to 82 %. This is still efficient, suggesting that ZnES is a
potential benign adsorbent for the removal of phosphate in
water.

3.4 Mechanism of Phosphate Adsorption by ZnES

The chemical and physical interactions between phosphate
ions and the adsorbent ZnES govern their removal. Under-
standing the mechanism of adsorption is important because it
takes into consideration all the results obtained from the
experiments and gives insights into the major interaction play-
ing the main role.

The adsorption of phosphate ions
onto ZnES is controlled by electrostatic
interaction; ZnES possesses a negative
surface charge in water and the phos-
phate ion dissociates at different pH
values, as stated in Sect. 3.2.4, Egs. (8)-
(10). Electrostatic interactions are
highly dependent on the PZC of the
adsorbent and the pH of the solution; it
is favorable when the pH of the solu-
tion is lower than the pH,,, leading to
the negatively charged phosphate ions
being adsorbed electrostatically by pos-

ZnES adsorbent

Apart from electrostatic interactions, there are precipitation,
outer-sphere complexation interactions, and ion exchange
interactions, in which the phosphate ion replaces other ions
like Zn and Ca on the surface of the ZnES, as seen in Fig. 7.

The main component of eggshell is CaCOs3, the Ca present
in ZnES existing as calcite. According to reports from various
studies, it has been reported that the presence of Ca** enhanced
the adsorption capacity of the adsorbent, with the combination
of Ca?* and PO,*" forming Cas(PO,);(OH), i.e. hydroxyapatite
(precipitation reaction).

3PO;~ + 5Ca’" 4+ OH™ — Cas(PO,);0H (12)

3HPOZ™ + 5Ca*" +40H™ — Cas(PO,),0H + 3H,0  (13)

3H,PO; + 5Ca’* + 7OH ™ — Cas(PO,),OH + 6H,0  (14)

In the ion exchange mechanism, the phosphate ion replaces
an ion from the structure of the ZnES biochar. There are two
possible means of complex formation during the adsorption

PRECIPITATION
CaPO,

ZnPO,
OUTER SPHERE
COMPLEXATION

Zn- OI>*
ELECTROSTATIC
INTERACTION

itively charged ZnES particles, which  Figure 7. Adsorption mechanism of the removal of phosphate ions by modified eggshell

was the case in our study. (ZnES).
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process, which are the inner-sphere and the outer-sphere com-
plexation. In the outer-sphere complexation, a weak bond, such
as a hydrogen bond, occurs on the outer surface of the adsor-
bent, while for the inner-sphere complex, there is a chemical
interaction between the adsorbent and the adsorbate. As the
result from Sect. 3.2.5, the effect of the ionic strength was used
to determine the inner- or outer-sphere complexation. Fig. 6A
confirms that an outer-sphere complex is formed during the
adsorption process, as there was significant reduction in the
adsorption capacity as the ionic strength of NaCl increased
[57]. The transition metal in the component of the zinc materi-
al in the form of zinc oxide has empty d-orbitals, which can
receive electrons from the negatively charged phosphate ions,
which in turn increases the adsorption of the phosphate from
the phosphate solution [58].

3.5 Simple Economics/Cost Evaluation of ZnES

A comparison of the adsorption capacities of various adsor-
bents for phosphate ions is provided in Tab.3. The value of
Gmay in this study (25.1 mgg™") is larger than some of those in
the previous report. This suggested that phosphate ions could
be readily adsorbed on ZnES.

Table 3. Comparison of the adsorption capacities of adsorbents
for the removal of phosphate.

Adsorbent Adsorption Reference
capacity [mgg™]

Iron-hydroxide eggshell 14.5 [35]
Zr-loaded fibrous adsorbent 1.73 [63]
Fe;0,4 nanoparticles 5.03 [64]
Fe,0; 7.49 (65]
Fe/CaCO;_PVA 1:1 16.7 [65]
Fe/CaCO;_PVA 1:5 191 [65]
Fe/CaCl,_No PVA 17.0 [65]
Fe/MgCO;_PVA 1:1 16.1 [65]
Zr-loaded graphite oxide 18.7 [66]
One-step method Fe;0,@ZrO, 24.9 [67]
Zirconium ferrite 13.0 [68]
Aluminum chloride-eggshell 19.1 [27]
Three-step method zirconium 16.5 [68]
ferrite

ZnES 25.1 This study

One of the major aims of this study was to synthesize a low-
cost adsorbent that would be used for the total capture of phos-
phate from water matrices. To ascertain that our as-prepared
adsorbent ZnES is cost-effective and sustainable, the cost must
be estimated and calculated. The total cost takes into consider-
ation the different steps involved in the synthesis, such as raw

Chem. Eng. Technol. 2024, 47, No. 2, 375-386 © 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

material sourcing, washing, drying, calcination, and chemical
modification/activation, and the reuse potential [59-62]. The
total cost synthesis of ZnES is presented in Supporting Infor-
mation Tab. S1.

The total cost for the synthesis of 1kg of ZnES is USD 4.17.
When compared with other adsorbents in use, such as graph-
ene oxide, multi-walled carbon nanotubes, and graphitic car-
bon nitride, it was found to be far cheaper, which makes it sus-
tainable.

Furthermore, the adsorption cost was calculated using the
formula

usD
g of Adsorbate

D
} + Energy cost [%} kWh)

Adsorption cost =

D
(Chemical purchase {Uz

Adsorption capacity {%} x [1073]

(15)

The estimation of the adsorbent cost for the removal of
phosphate in water was calculated to be USD 2.48 per gram
adsorbate, which is quite affordable and can be used as point of
the point-of-use system purposes or can be scaled up for indus-
trial applications.

The main material of ZnES, eggshell, is an abundant waste
all over the world that is dumped in landfills; another constitu-
ent, kaolinite, is also abundant in the environment because it is
a naturally occurring mineral. Therefore, the total cost of ZnES
is low as compared to other conventional adsorbents and
industrial by-products. The ZnES can also be regenerated and
used over and over, which is sustainable.

4  Conclusion

Zn-modified eggshells have a higher adsorption capacity for
dissolved phosphate from water compared to unmodified pulv-
erized eggshells. The obtained pH,,. of ZnES favored the
adsorption of phosphate at a pH less than the pH,,. value.
Maximum adsorption was obtained at pH 3.0. Moreover, the
phosphate removal efficiency achieved in the experiments was
high (93.3 %), and a maximum capacity of 25.1 mgg™' of phos-
phate was observed. Sorption study experimental data suggest
the first-order uptake of phosphate onto ZnES, which could be
by multiple mechanisms of two or more physical and chemical
processes, such as ligand exchange, hydrogen bonding, electro-
static interaction, and weak van der Waals forces. The removal
efficiency of phosphate with ZnES is reduced greatly with the
presence of more electronegative anions like CI’, because of the
competition for active sites on the adsorbent, which suggests
the adsorption of phosphate was through outer-sphere surface
complexation. The economic advantage of the adsorbent was
achieved from the reusability study, which indicated no signifi-
cant loss of its efficiency over four cycles with ~90 % phos-
phate removal, suggesting ZnES to be a potential adsorbent for
the removal of phosphate in water. The cost analysis of the pre-
pared adsorbent was carried out and further confirmed ZnES
to be cheap and sustainable.
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Symbols used

Ce [mgg™'] equilibrium concetration
C, [mgg] initial concentration

E [%] removal efficiency

Kgws [min™!] Brouers-Weron-Sotolongo

adsorption capacity
K [(mgg™")(mgL™) "] Freundlich constant

K [L mg’l] Langmuir constant

Kir [L mg’l] Langmuir-Freundlich con-
stant

Kpp [min™!] pseudo-first-order rate
constant

Kps [min!] pseudo-second-order rate
constant

n [-] number of experiments

/h [-] Freundlich heterogenicity
constant

q [mgg™] adsorption capacity

Q1 [mgg™] pseudo-first-order adsorp-
tion capacity

9> [mgg™] pseudo-second-order
adsorption capacity

e [mgg™'] equilibrium adsorption
capacity

grexp [mgg’] experimental adsorption
capacity

g model [mgg™] predicted value of the

adsorption capacity

q: [mgg'] adsorption capacity as a
function of the time

R’ [-] correlation frequency

SBET [ng’l] BET surface area

t [min] time
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\4 [L] contaminant volume

w [g] adsorbent mass

Greek symbol

Amax [nm] wavelength of maximum
absorption

Abbreviations

BET Brunauer-Emmett-Teller

BWS Brouers-Weron-Sotolongo

EDX energy-dispersive X-ray

ES eggshells

FTIR Fourier transform infrared

PFOM  pseudo-first-order model

PSOM  pseudo-second-order model

PZC point of zero charge

SEM scanning electron microscopy

TEM transmission electron microscopy

XRD X-ray diffraction

ZnES zinc-modified eggshells
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