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Keywords: Nano zerovalent iron (nZVI) supported adsorbents have been reported as suitable candidates for adsorption of
Green tea . water contaminants. However, the role of and interplay between surface chemistry, functional group density and
E‘:Urp(’ranon textural properties has largely been unexplored. In this work, green tea derived nano zerovalent iron (nZVI)
ay

supported clay hybrid material (CnZVI) was used as a novel adsorbent for the removal of Ni%* ions from water.
The unmodified natural clay (Arg) and the CnZVI composite were characterized using FTIR, SEM, TGA and BET
techniques. Incorporation of nZVI ameliorated the specific surface area from 16.88 to 30.46 m?/g, translating to
~80 % increase. This translated to ~69 % increase in maximum adsorption capacity from 8.47 to 14.38 mg/g,
respectively. The addition of nZVI in the clay decreased the affinity (Kg) for Ni?* by ~48 %. The disparity be-
tween the percent increase in surface area (~80 %) and the adsorption capacity (~69 %) implies the adsorption
of Ni%* was significantly controlled by textural properties compensating for the antagonistic effects of functional
group density. The kinetic rates were best predicted by the pseudo-first-order and Elovich’s models for the Arg
and CnZVI, respectively, implicit evidence of the role of surface chemistry. A maximum adsorption capacity of
14 mg/g was achieved for 100 mg Ni®**/L in 120 min for CnZVL
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A. Tchakounte et al.
1. Introduction

Heavy metals (HMs) account for a major quantity of contaminants
found in wastewater spawned by a large variety of industries. These
heavy metal ions present a risk to the environment because of the
growing noxious and non-biodegradability impacts they have [1].
Above certain concentrations, heavy metals such as nickel are toxic to
human beings causing dermatitis, allergies, kidney disturbances, cancer
of lungs, nose and bone among other disorders [2]. Nickel has extensive
use in various inventions and procedures. Some of its uses are in in-
dustrial processes like coating, to produce batteries quarrying, metal
finishing, porcelain coating and tint productions [3]. The allowable limit
standard for nickel set by the US EPA in wastewater for short-term
effluent is 2 mgL ™! and 0.2 mgL ™! for long-term effluent for reuse [4].

Therefore, it becomes important to eliminate nickel and other toxic
heavy metals from effluents [5]. Available methods for heavy metals
removal from water include; filtration, membrane processes, complex-
ation, chemical precipitation, reverse osmosis, evaporation, coagula-
tion, chemical redox, ion exchange and solvent extraction [3,6,7].
However, these methods have several disadvantages, such as incomplete
removal of metals, excessive use of reagent and energy, low selectivity,
capital intensive and the production of toxic by-products. Consequently,
new, more economical methods for the removal of heavy metals from
industrial effluents have emerged, such as simple, more technically
feasible adsorption, with greater efficiency in the removal of heavy
metals from suspensions.

With the advancement of nanotechnology, nanoscale zero-valence
iron (nZVI) has been studied and used for heavy metal removal
considering the tremendously tiny particle size, large surface area and
high reactivity [8]. The adsorption mechanisms were shown to be
controlled by the identity the heavy metal and its thermodynamic
properties. These nanoparticles (nZVI) have numerous applications in
various environmental fields such as the remediation of soils, sediments
and water [4,9]. Various chemical and physical methods were reported
for synthesis of nZVI. However, the downside of these methods is that
they are very expensive, requiring unique equipment, energy-intensive
and consume toxic chemicals such as sodium borohydride (NaBH4)
[10]. The implementation of simple, economical and environmentally
friendly methods, aligned with the principles of green chemistry, for the
synthesis of nZVI are necessary. Thus, the environmentally friendly
production of nZVI with plant extracts such as eucalyptus leaves has
been highlighted [11]. Plants extracts act as reducing and binding
agents owing to their antioxidant composition such as polyphenols,
reducing sugars, nitrogenous bases and amino acids [11]. However,
nZVI also suffers other limitations such as oxidation that reduce reac-
tivity and, agglomeration reducing dispersivity in aqueous solution
resulting to low performance. These can be partly overcome by use of a
suitable support material to immobilize the nZVI particles [12].

Clay minerals have different adsorption capacities for metal ions [13,
14]. They have distinct properties such as large surface areas, high
cation exchange capacity (CEC), abundance even in remote localities,
which makes them suitable for hosting nZVI [12].

However, the effect of the clay, synergistic or antagonistic, as a
support material depends on the type of clay, crystal structure and
composition. Since there is paucity of data of data on the role of clays as
support materials, additional studies on clay-nZVI are need to better our
understanding and shed light on the selection of clays as support ma-
terials. Furthermore, the role of surface chemistry and textural proper-
ties of nZVI coated materials has been largely unexplored. The main
objective of this study was to study the performance of nZVI, derived
from green tea leaves, supported on a natural clay material for the
adsorption of Ni%' ions from aqueous solution. The synergistic or
antagonistic effect, on textural, surface functionality and adsorptive
performance, was determined by comparison with unmodified clay
(Arg).
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2. Materials and methods
2.1. Materials

The ferrous sulfate heptahydrate (FeSO4.7 H0), sodium hydroxide
(NaOH) and sulfuric acid (HySO4) were of analytical grade. Marketable
green tea leaves were used as sources of polyphenols. The clay samples
were collected from a subtropical wetland soil in Cameroon (Littoral
Region), Central Africa. The elemental composition (%) in terms of bulk
oxides of the unmodified clay sample from XRF analysis was as follows:
SiOy: 68.23, Aly,03: 13.57, Fey03: 6.60, K20: 0.44, MgO: 0.44, CaO: 0.68
and NajO: 0.21.

2.2. Synthesis of CnZVI

Preparation protocol for the CnZVI is in accordance with the method
reported by [15]. A 20 g sample of green tea leaves was heated until
80°Cin 1L deionized water and sieved with the aid of vacuum filtration.
A 50 mL of 0.1 M Fe?" solution was added to 75 g of clay. To this
mixture, the tea extract was added at a ratio of 1:2 (v/v) while stirring at
room temperature for 30 min. The adsorbent obtained, nZVI-loaded clay
(CnZVI), after filtration was washed with ethylene to remove the
remaining excess ferrous sulfate heptahydrate and then oven-dried for
24 h..

2.3. Characterization of unmodified clay (Arg) and CnZVI

The specific surface areas of the sorbents were obtained by Ny
adsorption-desorption method using the BET isotherm equation [16].
The porous properties of unmodified clay (Arg) and CnZVI were deter-
mined by nitrogen adsorption at 77.35K with a micrometrics
ASAP-2010 automatic volumetric sorption analyzer, as described in
reference [17]. The pH drift technique [18,19] was used to determine
the pHp,c value for the adsorbents. TGA analysis was performed for
natural clay (Arg) and nZVI coated clay (CnZVI) samples to determine
their thermal stability. The surface functional groups were inspected
using the FT-IR spectroscopy (Brucker Vector-22, Germany). A scanning
electron microscope (Philip XL30/EDX, Germany) provided micro-
graphs scans for the adsorbents.

2.4. Batch adsorption

Batch adsorption was performed to evaluate the effect of process
parameters on the adsorption of Ni®* ions from the aqueous solution
using the natural clay (Arg) and CnZVI. A 100 mL solution of Ni*ion
with different concentrations (10-100 mgL’l), sorbent doses (0.2 g),
and stirring time (5-120 min) were added to 200 mL Erlenmeyer flasks
and the mixtures stirred until pseudo-equilibrium was attained at
120 min. The residual Ni*>*ions in the solution was determined using an
atomic adsorption spectrophotometer (AAS) (Spectroquant Pharo 300,
Japan). The amount of nickel uptake at equilibrium (Qe) was deter-
mined using the following equation.

(Co —Ce) xV
m

Q= @

With Cy and C, as the initial and equilibrium concentrations of Ni%*
ions (mgL’l), respectively, V is the volume of solution (L) and m is the
amount of adsorbent (g).

2.5. Adsorption kinetic study

To understand the adsorption mechanism, the experimental data
were fitted to the pseudo-first order (PFO) [20], pseudo-second order
(PSO) [21] and Elovich kinetic models [22]. The PFO model postulates a
physical adsorption between the sorbent and the sorbate [23,24]. It is
represted by Eq. 2:
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Q = qe(1 —exp(—kit)) 2

Where Q; (mgg~}) the amount adsorbed at any time, q. (mgg ™) amount
adsorbed at equilibrium, k; the PFO kinetic rate constant (min~1) and t
is time (min).

The PSO model postulates a chemical interaction between both
sorbent and sorbate as predominating mechanism. The model is given by
Eq. 3 [21]:

qzkzt

= T gkt

3
Where ky (g.mg ™ 'min~!) PSO rate constant. The other parameters are as
previously defined.

Elovich kinetic model is represented as follows [22]:

Q= (1+4)In(1 + apt) 4)

With g representing the desorption constant linked to the activation
energy of chemisorption (g~'mg) and « is the initial adsorption rate
(mg/(g.min)).

2.6. Isothermal study

Mostly, the goodness of adsorption largely relies on the equilibrium
between solid and liquid phases. Two parameters isotherm models were
used to describe the Ni®* ions uptake upon the selected sorbent such as
Langmuir, Freundlich and Dubinin-Radushkevich (D-R).

The Langmuir isotherm is assumes a monolayer adsorption on an
energetically homogenous surface [25]. The equation below gives the
expression of Langmuir isotherm model:

qmbC.
1+bC,

Q. = )

Where Q. (mgg 1) the equilibrium adsorption capacity, Ce (mgL™}) the
residual Ni?* concentration at equilibrium concentration and g, and b
denote the theoretical maximum monolayer adsorption density (mg.
g1 and the Langmuir constant (L.g 1), respectively.

Freundlich isotherm model is represented in Eq. 6 [26]:

Q. = KiC}" (6)

Where C, (mgL’l) the metal ions concentration at equilibrium, Kg the

Green tea extract
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“11/1 3nd n describes

Freundlich affinity factor constant (mgg™!)(Lmg
the favorability of the adsorption reaction.

The mean free energy factor of the Dubinin-Radushkevitch (D-R)
model provides insight on the operative mechanism of the adsorption
process, whether it is physical or chemical. The D-R isotherm equation is

given in Eq. 7 [27]:
q= QkaeXP( */”82) )

Where gp_ is the maximum adsorption capacity (mgg ™), p the activity
coefficient linked to the sorption free energy (mol®>kJ™2), and € the
Polanyi potential, defined by Eq. (9).

& =RTIn (1 +Cle) @)

The mean adsorption energy E, (KJ/mol), Eq. 10, is an index of the
adsorption mechanism and is valuable in distinguishing physisorption
and chemisorption phenomena.

1

E, = e )

3. Results and discussions
3.1. Adsorbent characterization

The Textural properties, surface area, total pore volume, average
pore diameter, pHyp. and pore size distribution are presented in Table 1.
The incorporation of nZVI increased the surface area (SA) from 16.88 to
30.46 m2.g~! for Arg and CnZVI, respectively. This is possibly due to
intercalation of nZVI in the clay layers [28]. Similar results have been

Table 1
Adsorbent textural characterizations.
Arg CnzVI

Density (g.cm™%) 1.00 1.00
BET total Surface area (m%g ') 16.88 30.46
Total pore volume (cm®.g~!) 0.11 0.28
Nanoparticule size (A) 4148.85 3555.44
Average pore diameter 17.54 A 27.9A
PHype 8.44 8.89

I Filtration

=

FeSO4.7H20 + Arg

Fig. 1. : CnZVI synthesis scheme.
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reported for nZVI loaded kaolinite, montmorillonite and Hangjin clays
[12]. The total pore volume increased with introduction of nZVI from
0.11 to 0.28 (:mg.g’1 signifying improved porosity structures.

The adsorption-desorption isotherms at 77 K for Arg and CnZVI are
presented in Fig. 2. All the samples gave type IV isotherms, character-
istic of microporous materials. The adsorption isotherms show
adsorption-desorption hyteresis, indicating the presence of mesopores
[29-31].

Fig. 3 shows the pore size distribution obtained from the adsorption
isothermal curves for the powdered clay samples. Arg and CnZVI show
mostly a unimodal pore distribution with peak around 27 A and 17 A
respectively, thus symbolizing the presence of nanoparticles.

FTIR spectra of Arg and CnZVI are shown in Fig. 4. The absorption
bands at 3688 and 3620 cm ™! observed on these adsorbents are attrib-
uted to the symmetrical vibrations of elongation of the free OH groups of
the external surface and elongation vibrations of the internal OH groups,
respectively [32-36]. Absorption bands located at 3323 and 1640 cm ™!
on the IR spectrum of CnZVI indicates the presence of the O-H vibrations
and the H-O-H deformation vibrations of adsorbed water molecules. The
bands at 1116, 1114, 1104, and 1002 cm™! are ascribed to the sym-
metric and asymmetric elongation vibrations of Si - O, Si-T (T = Si or Al)
bonds. The observed vibration modes 910 and 907 cm™! correspond to
the vibration of the Al-OH bond [34,37,38]. They can also be due to the
Fe-O-Si bond vibration modes when the sorbent contains a
non-negligible amount of Fe;O3 [39]. The bands at 790 and 787 cm !
are representative on the elongation vibrations of the Si-O bond of
quartz [34,35]. The absorption bands located between 746 and
740 em ™! correspond to the different vibration modes of the Si-0-Al IV
bond (Al is in coordination IV) [38,40]. The bands at 529 and 401 cm™!
correspond to Si-O-T bond deformations (T, Si, Al, Fe) when the sorbent
contains iron oxides in its chemical composition or receives iron during
synthesis [39,41,42]. These bands can also be attributed to Si-O-Al VI
(VI-coordinated Al) bonds [38,43].

Fig. 5 presents the thermal analysis (TGA in blue coupled to DSC in
red) of the raw clay (Arg). This one highlights two endothermic phe-
nomena corresponding to 63 °C and 507 °C. At 55 °C, the TGA ther-
mogram shows a slight increase in mass which is translated on the DSC
by an endothermic phenomenon related to the departure of water of
hydration or hygroscopic. At 507 °C, the TGA presents a loss of mass of
9.2 % which is translated on the DSC by an endothermic phenomenon
and corresponds to the dehydroxylation of the clay. This phenomenon
corresponds to a departure of water of constitution and leads to the
formation of metakaolinite according to Eq. (10):
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Al503-25105-H;0 — Al;,03-2Si05 + HyO (10)

Compared to Fig. 5, the thermal analysis of the adsorbent CnZVI
(Fig. 6) presents in addition to the endothermic phenomena, a succes-
sion of exothermic phenomena. Thus, between 100 °C and 200 °C, an
endothermic phenomenon on the DSC curve which is accompanied by a
very negligible loss of mass is observed, reflecting the departure of the
water molecules absorbed during the synthesis of this adsorbent. The
exothermic peak observed at 258 °C on the DSC curve can be attributed
to the formation of lepidocrocite (Y-FeO(OH), thus confirming the
incorporation of nanoparticles within the material during synthesis. As a
result of this exothermic phenomenon, an endothermic peak located
between 258 °C and 400 °C on the DSC curve is observed, which rep-
resents the dehydroxylation process of the lepidocrocite.

On the TGA thermogram, the process of formation and dehydrox-
ylation of lepidocrocite is accompanied by a mass loss of about 2.70 %.
At 505 °C, the TGA curve of the CnZVI adsorbent shows a significant loss
of mass (about 8.47 %) which is translated on the DSC by an endo-
thermic phenomenon and corresponds to dehydroxylation. This phe-
nomenon corresponds to a departure of water of constitution and leads
to the formation of metakaolinite as in the case of Arg. The peak
observed at 698 °C on the DSC curve and the very low mass loss
observed on the TGA (0.45 %) characterizes the structural reorganiza-
tion of the adsorbent.

To better detect the impact of nZVI impregnation on the morphology
and microstructural changes of the clay used as adsorbent, a surface
micrograph was performed on the Arg and CnZVI adsorbent powders.
The micrographs from the SEM analysis can be seen in Fig. 7.

For the Arg clay, the micrographs show layers tight on top of each
other and a compact surface within which very small diameter pores are
noticeable. The dark appearance of this surface would be due to the
presence of minerals rich in silicon (SiO2) and aluminum (Al;O3) oxides.
Contrary to the Arg sample, the micrograph of the CnZVI adsorbent
obtained with the same resolution (1 um) shows the homogenous sur-
face in which the volume and the size of the pores are more important.
The observed white color aggregates are grouped in clusters of ordered
particles with larger dark blocks. The strong whitish coloration observed
on this one is due to the insertion of Fe-O nanoparticles in the polymeric
networks of the starting kaolinite clay. It is essential to remark that,
during the course of impregnation of iron nanoparticles, the reduction of
iron II into iron zero leads to an opening of the pores within Arg. From
the EDX analysis, an increase from 0.2 to 1.1 % in zero iron mass is
realized.

B Arg-adsorption @ Arg-desorption A CnZVI-adsorption W CnZVIdesorption\

Quantity Adsorbed (cm?/g STP)
s 8 & 8 38
| | L | | |
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R &
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O:O I 012 I O:4 I 026 I O:8 I 110

Relative Pressure (p/p°)

Fig. 2. : Adsorption-desorption isotherms of N, onto adsorbents.
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3.2. Equilibrium studies

3.2.1. Effect of metal ions initial concentration

Fig. 8 represents the influence of different concentrations of Ni*
ions on the equilibrium adsorption capacity. When the initial Ni%*
concentration is increased from 10 to 100 mgL ™}, the uptake capacity
increased from 0.8012 to 8.361 mgg ! and from 1.431 to 14.250
mgg 'for Arg and CnZVI, respectively. This is due to the increase in
mass gradient that serves as the driving force of the adsorbate molecules
across the boundary to the adsorbent surface. This is also denoting ex-
istence of more energetically favorable binding sites for the uptake of
additional Ni2* ions.

3.2.2. Isothermal analysis
The adsorption isotherms of Arg and CnZVI are given in Fig. 9 and
Fig. 10, respectively. Equilibrium data were modeled by three two-

parameter isotherms, ie, Langmuir, Freundlich, and D-R isotherm
equations and the related parameters are presented in Table 2. Based on
the coefficient of determination, R?, values (Table 2), the D-R model best
predicted the pseudo-equilibrium adsorption data for the uptake of Ni*
onto Arg with a maximum adsorption capacity of 8.47 mgg~l. In
contrast, the adsorption of Ni*" onto Arg was best predicted by the
Freundlich model implying multilayer adsorption phenomenon. The
obtained 1/n value (1.894) signify weak interactions between Ni%" and
the CnZVI corresponding to physisorption mechanisms [44]. Based on
the Langmuir model, the maximum adsorption capacity of CnZVI was
14.37 mgg’l, representing 69.66 % increase in adsorption capacity.
This is attributed to the increase in specific surface area improving
accessibility to the active sites. However, the variance between the
percent increase in surface area (~80 %) against increase in adsorption
capacity (~69 %) denotes antagonistic effect between the surface
chemistry and the textural properties. This is supported by the
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Freundlich constant (Kg) values that denote higher adsorbate affinity in
Arg relative to CnZVI (Table 2) [45]. According to Mishra and Tiwari
[46], the apparent equilibrium constant (Ka), calculated as the product
of qm and K;, obtained from the Langmuir isotherm, also provides an
index of the relative affinity of the adsorbent toward the Ni?* ions.
However, this comparison could not be conclusively deduced since the
Langmuir model did not adequately predict the pseudo-equilibrium
adsorption data onto Arg. Overall, the incorporation of nZVI altered
the surface chemistry in a way that increased the overall surface area but
made the surface less specific for nickel ion adsorption.

Additionally, an increase in surface area might have resulted in a
greater variety of active sites, some of which have lower affinity for

nickel ions. While the number of adsorption sites in CnZVI increased,
these sites may not be as effective as those on Arg, leading to a decrease
in the overall affinity constant, Kg.

3.3. Kinetics studies

3.3.1. Effect of contact time

Fig. 11. illustrates the influence of contact time on the NiZ*
adsorption on Arg and CnZVI. Results show that the adsorption metal
capacity increases progressively with time, until reaching a maximum
value representing the membrane saturation. The high uptake rate in the
first stage (during the first 20 min) is due to a high driving force, which
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Fig. 8. Influence of initial Ni%" concentration on adsorption capacity of Ni>* using Arg and CnZVI (pH = 6.0, m = 0.2 g, V = 100 mL).
makes Ni2* ions to transfer faster to the surface of the sorbents, along the adsorbed Ni?* ions and those in the aqueous phase. It is clear that the
with the availability of a large number of vacant active binding sites pseudo-equilibrium adsorption capacity of CnZVI (14.25 mgg™) was
[47]. The subsequent reduction is due to the reduced numbers of left higher than that of Arg 10.57 mgg). Based on preliminary studies,
active sites, inaccessibility to the inner pores and the repulsion between 120 min was considered sufficient for attainment of pseudo-equilibrium
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for development of isothermal studies. The use of pseudo-equilibrium
conditions to derive isotherms has been used in literature [48].

3.3.2. Adsorption kinetics

Three adsorption kinetic models are used to analyze the experi-
mental data to know the adsorption rate and possible adsorption
mechanism of Ni?* ions on Arg and CnZVI. The results have been pre-
sented in Fig. 12. and Fig. 13, respectively. The parameters of the
different kinetic models are grouped in Table 3.

Based on the coefficients of determination (RZ) values, the adsorp-
tion kinetics of Ni2™ on Arg was better described by the pseudo-first
order (PFO) which indicates that physisorption is the rate-determining
step [49]. The rate of change of the adsorbed solute with time is pro-
portional to the saturation concentration difference and the amount of
adsorbed solid with time, which is mainly applicable to the initial stage
of an adsorption process. In the pseudo-first order parameters, the

equilibrium adsorption capacity (q.) value for CnZVI was higher than
that obtained from Arg, implying that loading nZVI onto the unmodified
clay surface actually increased the adsorption capacity for Ni2t. The
adsorption of Ni* on CnZVI was best described by the Elovich kinetic
model (R? =0.996) implying that the adsorption behavior entailed a
chemisorption-controlled phenomenon [50]. The results also indicate
incorporation of nZVI increased the adsorption rate based on the rate
constants. The shift from physisorption to chemisorption following
coating with nZVI particles denote introduction of new adsorption sites
of heterogeneous energies.

The adsorption densities of Arg and CnZVI relative to adsorbents
applied in the sequestration Ni2* ions from aqueous media are presented
in Table 4. The adsorption capacities are observed to be comparable and
superior to some of the materials reported in literature.

Table 5 shows the result of batch test involving the amount of heavy
metals absorbed by CnZVI.
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Table 2 The adsorption capacities were in the order Cu?t > Pb?" > zn?" >
Isotherm parameters on the adsorption of Ni**onto Arg and CnZVI. Ni%* > cd?®* > Hg2+. The sequence was attributed to a combination of
Isotherm models Arg CnZVI several factors, including charge density, ionic radius, hydration en-

ergies and other specific interactions with the adsorbent. For instance,
Cu?* has a smaller ionic radius than other ions resulting to a compara-
tively high charge density. Consequently, Cu?t exhibited strong in-
K, (Lmg ") 0.003 0.495 teractions with adsorption sites resulting to the high maximum

Langmuir model
Qm (mgg™h) 10.846 14.377

Ka 0.032 7.117 adsorption capacity. The relatively lower hydration energy of Zn%*
Ru 0.745 0.019 relative to Ni?* could account for slightly higher adsorption for zinc
2y 0.303 0.912 5 ) ghtly ug P :
Freundlich model Whereas Cd** and Hg*" have lower hydration energies, their large ionic
Ky (mgg™?) (mg/L)'/™ 1.291 0.660 radii are postulated to limit their uptake resulting to low adsorption
1/n 0.456 1.894 capacity. The adsorption capacities are therefore a function of multiple
Y 0.748 0.948 drivers
Dubinin-Radushkevich model :
Qm (mgg™h) 8.474 33.232 .
B(mol® KJ %) 0.072 0.218 4. Conclusion
Ea (KJ.mol ™) 2.635 1.514
2 . . .
R 0.886 0.911 In this work, nanozerovalent iron (nZVI) supported clay hybrid was
used as an efficient and inexpensive adsorbent for the removal of Ni%*
16
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Fig. 11. : Influence of contact time on the uptake of Ni*"ions onto Arg and CnZVI (Co = 100 mg.L}, pH= 6.0, m = 0.2 g, V = 30 mL).
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Fig. 12. Adsorption kinetic fit for the removal of Ni**ions by Arg (Co = 100mgL}, pH= 6.0, m = 0.2 g, V =100 mL).
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Fig. 13. Adsorption kinetic fit for the removal of Ni** ions by CnZVI (Co = 100mgL ", pH= 6.0, m = 0.2 g, V = 100 mL).

Table 3
Adsorption kinetic data for the removal of Ni**ions by Arg and GnZVL
Adsorption kinetic model Arg CnZVI
Qeexp 8.361 14.250
Pseudo first-order
Q. (mgg™ ) 10.066 13.131
K; (min~") 0.178 0.255
2R 0.988 0.951
Pseudo second-order
Q. (mgg ™) 10.752 13.950
K, (gmg 'min~ 1) 0.027 0.032
2R 0.986 0.984
Elovich kinetic model
o (mgg 'min~1) 0.192 0.272
B(gmg ™) 386.416 2280.524
2R 0.962 0.996
Table 4

A comparison of Ni** adsorption capacity of Arg and CnZVI with other
adsorbents.

Adsorbents Q. (mg/g) Reference
Rice husks 8.86 [51]
Halzenut shell 10.10 [52]
Fly ash 0.03 [53]
Protonated rice bran 46.51 [54]
Clinoptilolite 0.90 [55]
Banana peel 6.80 [56]
Row down seed 3.24 [57]
Arg 10.85 This study
CnZVI 14.38 This study
Table 5
Result of Batch Test using CnZVI.
Metals ions NiZt Ccu?t Zn%t Hg?t Pb%* cd**
Qe (mg/g) 14.38 65.20 20.95 11.23 48.25 12.23

ions from an aqueous solution. Incorporation of nZVI increased the
specific surface area from 16.88 to 30.46 m%/g, representing ~80 %
increase. This translated to an increase in maximum adsorption capacity
from 8.47 to 14.38 mg/g, representing ~69 % increase, for unmodified
clay (Arg) and CnZVI, respectively. The increase in adsorption capacity
with introduction of nZVI is due to increased surface area. The
impregnation with nZVI introduction of new energetically unfavorable
surfaces as denoted by the Freundlich constant (Kg). Faster kinetics

10

correspond to a shorter residence time for CnZVI. The adsorption of Ni?*
is shown to be controlled by its high charge density that compensates for
the antagonistic effect of hydration energies relative to other ions. The
kinetic rates were best predicted by the pseudo-first-order and Elovich’s
equations for the Arg and CnZVI, respectively. CnZVI exhibited faster
adsorption rates corresponding to shorter residence time. It is important
to note that despite the fact that nZVI offers promising solutions for
pollution control, rigorous assessments of the risks associated with its
use are essential. Further studies are needed to better understand its
environmental and health impacts to ensure safe and effective use.
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