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Abstract. Surface modification of saponite clay by surface functionalization using N-[3-
(Trimethoxysilyl)propyljethylenediamine ~ was  performed. This study of the
physicochemical characteristics of modified saponite as a function of its functional
compound content was investigated using XRD, a gas sorption analyzer, FTIR, TG
analysis and SEM. It was observed that the content of N-[3-
(Trimethoxysilyl)propyl]ethylenediamine increases the basal spacing (d001) of the saponite
structure, which changes the specific surface area and surface profile of the solid. The
study of nickel adsorption provides evidence of the increased adsorption capacity of the
modified saponite. The adsorption follows pseudo-second order kinetics and fits the
Langmuir, Temkin and Dubinin-Radushkevich (D-R) adsorption isotherms. Increased
content of the modifying agent results in increased adsorption capacity. The material is
reusable because regenerated materials retain greater than 90% of the adsorption capacity
of fresh material.
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1. Introduction

In addition to the advantages of industrial activities for economic growth, there are associated negative
impacts on the environment. One of the byproducts of industrial activity is wastewater that requires
treatment before its release to the environment. Therefore, further technological developments are needed
not only to monitor these effluents but also to control them and improve wastewater treatment methods.
Heavy metal contamination of wastewater has attracted significant attention, as demonstrated by the
number of media reports focused it, and one of the heavy metals is nickel metal [1]. Nickel is usually used
in industrial activities such as painting and leather production, as well as in the electrochemical and textile
industries. Some adverse health impacts, including diarrhea, anemia, central nervous system are related to
the presence of nickel in drinking water above the permissible limit of 0.02 mg/L (WHO drinking water
quality standards). Therefore, it is important to reduce human exposure to nickel in drinking water. Several
wastewater treatment methods, including electrochemical treatments, photoreduction, and other chemical
treatments have been reported to decrease nickel content, but the adsorption technique is usually used in
combination with these methods because the adsorption technique is usually used to reduce small amounts
of metal content, to complement other methods [2]. Therefore, a selective, reusable and high-capacity
nickel adsorbent is needed.

Many inorganic solids have been studied for nickel adsorption, including biosorbent, silica and
modified silica, zeolite, modified carbon and clay minerals. Modification by surface functionalization of
inorganic adsorbents was reported as a technique to enhance the adsorption capacity of these solids. For
example, amine functionalized silica, MCM-41, and zeolite increase the adsorption capability of metal ions
in aqueous solution [2-4]. As for clay minerals, modified sepiolite with  [3-(2-
aminoethylamino)propyl]trimethoxysilane was reported to have enhanced uptake of Ni(II), Cu(Il), Mn(1I),
Zn(Il), Fe(III) and Cd(Il) ions from aqueous solutions. Similar mechanisms of metal adsorption, i.e., the
formation of coordination bonding between heavy metal and N from the amine functional group of the
modifying agent, play an important role in enhancing adsorption capacity. Among other inorganic materials,
smectitic clay is a particularly useful adsorbent due to its high specific surface area and adsorption capacity.
Due to the swellable capability of smectite structure, modification of the smectite interlayer with a relevant
functional group to adsorb metals ion is a useful strategy. Due to its structure, smectite clay can be
modified with organic compounds, such as quaternary ammine and aminosilane compounds. To build on
some previously reported research related to the enhancement of adsorption capacity by attaching
aminosilane compounds onto silica materials, the functionalization of smectite using aminosilane
compounds was studied in this research. The enhancement of clay’s adsorption capacity was reported for
Pb(II) and chromate ion adsorption; the adsorption capacity was found to be greater than that of ammine
functional groups in surfactant-modified montmorillonite and kaolinite [5-9]. Similar investigation reported
not only adsorption capacity improvement but also that surfactant-modified clay also has reusable
properties and can be used as a sustainable material for adsorption and pre-concentration purposes [10, 11].

Saponite was utilized as a model for smectite clay and N-[3-(Trimethoxysilyl)propyl|ethylenediamine,
also known as ethylenediammine amino tetramethoxysilane (EDAPTMS) (its molecular structure is
presented in Fig. 1), was chosen as the aminosilane compound for surface functionalization. A study of
nickel adsorption by this material and the relationship between the adsorption and the material’s
physicochemical characteristics was the goal of this research. Certain chemical variables with complex
interactions and environmental conditions could affect the mechanism and effectivity of metal adsorption
by clay minerals. Additionally, the adsorption behavior of Ni in different pH conditions and the desorption
capability are also presented.

OCH, H
Hjcm—gi—f’“‘v’ ~"NH,
OCHs4

Fig. 1. Structure of EDAPTMS
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2. Materials and Methods

2.1. Materials

Sumecton SA saponite mineral obtained from Kuninime Industry Co. Japan was used as received, and its
chemical composition is listed in Table 1. Nickel sulfate pentahydrate and dimethyl sulfoxide(DMSO) and
hydrochloric acid were purchased from Merck-Millipore while N-[3-
(Trimethoxysilyl)propyl]ethylenediamine (EDAPTMS) was purchased from Sigma-Aldrich. Elemental
analysis and cation exchange capacity as a related parameter of sumecton SA are listed in Table 1.

Table 1. Chemical composition of raw saponite.

Component Content (%) Analytical Method
Na,O 3,75+ 0.51 EDX-AAS
MgO 30.88+ 0.51 EDX-AAS
AlLOs 6.394 0.59 EDX-Gravimetti
SiO2 58.97+ 0.61 EDX-Gravimetti
FeO -- AAS
CaO - AAS
Si/Al 7.83
(Si+Al)/Mg 1.45
CEC 99-102 Cu?* adsorption -AAS

2.2. Methods

EDAPTMS-SAP was synthesized by first preparing a saponite suspension in DMSO-water (1:1) until the
concentration of the suspension was 5%wt. The suspension was then stirred overnight at room temperature.
EDAPTMS was then dispersed into the suspension, which was then refluxed for 4 h with the addition of
10 ml of 0.1 M HCL The gel obtained was washed with water and then dried at 60°C ground to produce
EDAPTMS-intercalated saponite (hereafter called EDAPTMS-SAP). The ratio of the molarity of
EDAPTMS to the saponite weight was varied between 5 mmol/g and 15 mmol/g. The prepared materials
were then characterized by x-ray diffraction (XRD) analysis, gas sorption analysis and Fourier-Transform
Infra-Red spectrophotometry. An XRD Shimadzu X6000 instrument with Ni-filtered Cu Ko radiation was
used for the XRD measurements. For the surface analysis, a NOVA 1200e Quantachrome instrument with
N2 gas adsorption under 77K was used and a Perkin Elmer FTIR was utilized for the analyses. SEM
analysis was petformed using a Phenom-X instrument and thermal gravimetric analysis (TGA) was
conducted with a PT-1600 instrument.

For adsorption experiments, a batch adsorption system was utilized. Adsorbent powder was added into
a nickel solution under stirring at 1000 rpm for various adsorption times. The solution was then filtered
with Whatman filter paper. The filtrates were analyzed for Ni content using a Buck Scientific atomic
absorption spectrometer. The Ni adsorbed with each treatment was calculated as the difference between
the amount of Ni in the initial solution and that remaining after adsorption. For the adsorption kinetic
simulation, Freundlich, Langmuir and Temkin adsorption model were simulated based on the varied nickel
initial concentration.

3. Results and Discussion
3.1. Material Characterization

The preparation of EDAPTMS-SAP based on the EDAPTMS hydrolysis mechanism in acid condition
shown in Fig. 2 refers to hydrolysis-condensation kinetics [12—14]:
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Fig. 2. Mechanism of saponite functionalization by EDAPTMS.

EDAPTMS is inserted via a sol-gel method by substituting —OCHj3 from EDAPTMS and bonding with
—O-Si from a silica sheet with a saponite structure. Due to the presence of acid in the mixture
demethanolization occurs and the interlayered structure of clay is anchored by alkylammine functional
groups.

The physicochemical characteristics of EDAPTMS-SAP were analyzed by XRD in order to evaluate
changes to the doo1 basal spacing after the insertion of EDAPTMS. The reflections ate presented in Fig. 3.

(d)

Intensity (a.u)

28 128 228 228
2a

Fig. 3. XRD pattern of (a) SAP (b) EDAPTMS-SAP1 (c) EDAPTMS-SAP3 (d) EDAPTMS-SAPS.
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This pattern shows that all samples represent the saponite mineral from specific reflections at 20=
6.08°; 19.84° and 35.08°, which correspond to doo1, dooz and doos reflections at values of doni=12.44 A, don=
4.46 A and doos= 2.52 A. The shifted dooi values were identified after EDAPTMS modification. Due to the
variations depending on the EDAPTMS contents, it was concluded that there is significant change in the
shifting reflection such that higher EDAPTMS content produced increased don basal spacing. EDAPTMS-
SAP1 shows an increase of d001 to 17.94 A as result of intercalated EDAPTMS in the interlayer space of
the saponite. Broad reflections appeared from EDAPTMS-SAP3 and EDAPTMS-SAP5. The double
reflections that correspond to 17.92 A and 8.79 A are found in EDAPTMS-SAP3, while these reflections
are associated with the basal spacing of 19.51 A and 10.37 A from EDAPTMS-SAP5, respectively. The
double reflections may be the result of the possible conformation of organic compounds intercalated in clay
in which the possible conformations include paraffinic, bilayer or pseudotrimolecular [15]. A similar trend
was reported for surfactant-intercalated montmorillonite with cetyl trimethyl ammonium bromide(CTAB)
and benzyloctadecyldimethylammonium chloride when the value of the surfactant molar ratio to cation
exchange capacity was greater than 1 [16-18]. Specific peak at around 28° correspond to 3.35A found in
SAP and EDASAP-1 correspond to the presence of elemental silica probably in the form of quartz in very
small quantity is identified. This peak is disappeared along increasing EDAPTMS due to the insertion of the
molecules. The similar pattern is also reported from the modification of kaolin [19]. The identified
conformation is also in agreement with the surface parameter evaluated from the N adsorption-desorption
profile (Fig. 4) and the calculated parameter (Table 2).
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Fig. 4. (a) adsorption-desorption profile of materials; (b) Pore distribution of materials.

Table 2. Surface parameter of materials.

Sample Specific surface area(m?/g)  Pore Volume (cc/g) Pore Radius (A)
SAP 169.30 21.34.102 14.58
EDAPTMS-SAP1  153.42 15.78.102 14.50
EDAPTMS-SAP3  88.86 9.32.102 13.24
EDAPTMS-SAP5  82.32 7.65.10-2 9.89

The N adsorption—desorption isotherms and the BJH desorption pore size distribution (Fig. 4) of
EDAPTMS-SAPs demonstrate that all of the samples exhibit characteristic type IV isotherms and have a
steep increase in adsorption at P/PO = 0.6-0.8. Loops of this type are given by plate-like particles
consisting of macropores that are not completely filled with pore condensate. The change in the adsorbed
volume by saponite modification reflects the increasing specific surface area by EDAPTMS intercalation at
a molar ratio to saponite’s CEC of 1, but at higher ratios it is reduced since the increasing EDAPTMS
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content results in the formation of other conformations, reducing the pore volume. When larger amounts
of EDAPTMS are inserted into clay structures, lower specific surface areas are obtained. Additionally, the
adsorption-desorption pattern exhibits the evolution of the hysterisis loop and multilayer adsorption
represents mesoporous formation. This assumption is also validated by the pore distribution curve.

The change in surface character is also demonstrated by the SEM analysis results shown in Fig. 5.
There is no significant change for EDAPTMS-SAP1 and EDAPTMS-SAP3 compared to SAP material, but
EDAPTMS-SAP5 expresses a flaky and rougher surface that likely results from changes to the surface
functionalization and surface profile evolution.

Fig. 5. SEM profile of (a) SAP; (b) EDAPTMS-SAP1; (c) EDAPTMS-SAP3; (d) EDAPTMS-SAPS.

The intercalated EDAPTMS is also represented by the thermal behavior of the initial clay and the
intercalated clays, as shown in Fig. 6. The main changes revealed by thermal gravimetric analysis (TGA) of
all sample are that temperatures of approximately 215 °C may be associated with the release of water
absorbed in pores and also with the loss of ethylenediammine functional groups from EDAPTMS. By
comparing the thermograms, and the weight loss in the region of 25-220°C, higher EDAPTMS contents
reflect a higher mass reduction as temperature increases.
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Fig. 6. TGA profile of the samples.

The presence of an amino functional group is identified by FTIR spectra in Fig. 7. There are some
differences between the absorption rates of SAP and EDAPTMS-SAP. The peaks at 466.95 cm™! and
1042.31 cm! are the specific vibration spectra of Si-O-Si from the clay structure. After modification with
EDAPTMS there is a peak at 1388.97 cm! which indicates the presence of (-CH3), and the peak at 2361.03
cm™ is from stretching vibrations of aliphatic C-H and—CH»-. The presence of N-H from EDAPTMS
seems to overlap with —OH absorption from silanol (Si-OH) in the region of 3500-3100 cm-'.
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Fig. 7. FTIR spectra of (a) SAP (b) EDAPTMS-SAP1 (c) EDAPTMS-SAP3 (d) EDAPTMS-SAPS5.
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3.2. Kinetic of Nickel Adsorption

The kinetics of nickel adsorption by EDAPTMS-SAPs and saponite samples is shown in Fig. 8.
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Fig. 8. Kinetics of nickel adsorption by materials ( Initial concentration = 30 ppm; pH = 6.8).

Using the kinetics data from various initial concentrations, the mechanism of adsorption was
investigated by using pseudo-first order, pseudo-second order, and Elovich models. The pseudo-first order
model, also known as the Lagergern equation, is based on the assumption that the rate of adsorption site
occupation is proportional to the number of unoccupied sites with the following equation:

Kqit
2.303) @

log(qe — q¢) = logq, — (

where K; (min~!) is the rate constant, and ¢# and ge are the amounts of metal ions adsorbed at time # and
equilibrium, respectively. The pseudo-second order model is based on the assumption that the occupation
of adsorption site is proportional to the square of the number of unoccupied sites with the following
equation:

t _ 1
qc K2q5+t/qt

(2)

with similar definitions of ¢, and ¢. as in pseudo first order equation.
Another kinetic model that is proposed is the Elovich model with the following equation:

ac = (1/p) n(ap) + (1) Int 3)

where a is the initial adsorption rate of the Elovich equation (mg g~! min™') and § is a constant related to
the extent of surface coverage and activation energy for chemisorption. Both constants can be derived from
the plot of g, vs. Inz which gives a slope of (1/f) and an intercept of 1/ 1n (ap) as intercept.

The intra-particle diffusion model is linearly expressed as

qe = kaiprtY? + Cpy (4)
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where Agigris the intraparticle diffusion rate constant of stage i (mg g~! min=%5) and is calculated by the slope

of straight-line portion of the plot of ¢ vs. A/2. G, the intercept of stage 7, is a representation of the

thickness of boundary layer, indicating that the larger the intercept, the greater the boundary layer effect.
Calculated parameter data from three models is listed in Table 3.

Table 3. Calculation results of kinetics order simulation on nickel adsorption data by prepared materials.

Model

SAP

EDAPTMS-SAP 1

EDAPTMS-SAP 3

EDAPTMS-SAP 5

Pseudo first-
order

Ki= 2.56.10-2 min-!
Qe = 36.69 mg/g

Ki=13.94.10-" min!
Qe =178.65 mg/g

K4=15.56.10-1 min!
Qe =179.20 mg/g

Ki=24.21.10-! min’!
Qe = 18892 mg/g

R2 = 0.9499 R2=0.9817 R2 =0.9817 R2 = 0.9415
Pseudo Ko= 43.68.10-2 min-! K>= 30.86.10-2 min-! Ko= 31.97.10-2 min-! Ko= 30.79.10-2 min-!
second-order Qe = 28.79 mg g’ Qe = 4474 mg/g Qe = 56.60 mg/g Qe =75.84 mg/g
R2 = 0.9995 R2=0.9973 R2 = 0.9987 R? = 0.9999
Elovich o= 87.95 mg g'lmin-! o= 33.29 mg g''min-! o= 33.05 mg g''min! o= 5.56 mg g'lmin-!
model 8 =21.52 mg.g"! B =30.03 mg.g! 8 =30.25 mg.g! B =179.59 mg.g!
R?=0.8095 R2=0.4065 R?=0.2680 R?=0.2945
Intraparticle K= 1.204 mg g''min 0> K= 0.796 mg g''min 0> K= 0.375 mg g'lmin-0> K= 0.265 mg g-lmin-0>
difussion Gyi= 4.078 Gyri= 20.438 Cy= 25981 Gy= 27195
R2 = 0.9690 R2 = 0.6350 R2 = 0.3869 R2 = 0.5226

The calculated results demonstrate that the second-order kinetic model provides a good correlation for
the adsorption of Ni?* ions onto all adsorbents in contrast to the poorer fits of the pseudo-first-order,
Elovich and intraparticle difussion models.

3.3. Adsorption Isotherm

Adsorption isotherms are usually applied to evaluate the experimental data of equilibrium adsorption. Based
on the kinetics data, several isotherm models, including Langmuir and Freundlich, Temkin, Harkin-Jura and
Dubinin-Radushkevich were used to acquire the best-fit isotherm and confirm the adsorption mechanism.

The isotherms are obtained by studying the relationship of the quantity of metal uptake per unit mass
of sorbent to the equilibrium concentration of adsorbate in the bulk solution. Equation (5) indicates the
general definition of the Langmuir isotherm:

e = qmb C./(1+b C,) ®)
as well as the linear form:

1 1\ 1 1

= Gan)etaon ©

where ¢. is the adsorbed content in equilibrium, C, is the nickel concentration in equilibrium, and 4 and Q.
are the Langmuir adsorption constant and adsorption capacity in monolayer region, respectively. K1 is the
energy constant related to the strength of sorption, and ¢, is the maximum adsorption capacity of the solid
phase.

The Freundlich model is generally expressed as

e = KpC'/™ ™)
and in the linear form:

Inq, = InKr + LlnCe (8)
nr

with similar definitions of qe and Ce as in Langmuir equation while Ky and 1 /nr are the Freundlich
constants. Unlike the Langmuir equation, the Freundlich model cannot predict the sorption maximum. The
maximum value of # is 1, at which Kr will be the same as the partitioning coefficient, which indicates the
ratio of metal sorbed to that present in the batching solution at equilibrium.
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For Temkin isotherm, following equation is applied:
RT
e = b_Tln(KTCe) = Br In(KrCe) 9)

whetre Br = (RT)/br, T is the absolute temperature in Kelvin and R is the universal gas constant (8.314

J/mol K). The model constants Br and Ky are determined by the linear plot of ¢. versus In C,. The Temkin

isotherm assumes that the heat of adsorption of the molecules in a layer decreases lineatly due to

adsorbent—adsorbate interaction and that the binding energies are uniformly distributed.
Dubinin-Raduskevich:

Inq, = InQpr — KDRSZ (10)
with
1
e=RTn(1+) (11

e

where (mmolg™) is the amount of metal ions adsorbed, ¥pr (mmolg™') is the maximum adsorption
capacity of metal ions, Kpr (mol2/kJ?) is the Dubinin-Radushkevich isotherm constant, Ce (mol dm~3) is the
equilibrium concentration of metal ions, is the gas constant (8.314]/molK), and (K) is absolute
temperature in Kelvin.

Table 4. Calculation results of adsorption isotherm by prepared materials.

Model SAP EDAPTMS- EDAPTMS- EDAPTMS-
SAP 1 SAP 3 SAP 5
Langmuir
Qm (mg/g) 19.277 135.164 142.661 148.532
KL 1.1366 2.6164 4.5557 1.4384
R2 0.8941 0.9947 0.9798 0.9672
Freundlich
KF(mmol g~1)(mol dm=3)~/n  3.977 41.322 58.038 58.440
n 1.160 2.893 2.146 4.013
R? 0.8340 0.9544 0.7493 0.7028
Temkin
BT 12.481 8.244 7.984 5.3899
KT 2.926 7.184 3.538 4.797
R2 0.8583 0.9544 0.9710 0.9076
Dubinin-Raduskevich
Qpr(mg.g™) 19.673 103.504 29.604 71.388
Kpr(kJoule2/mg?) 2.31.107 9.111 8.79.108 8.21.108
E (KJoule) 1.968 19.039 21.602 24.580
R2 0.9320 0.9991 0.9567 0.9405
Harkin-Jura
Ay 7.022 13.999 14.299 15.882
By -0.0068 -0.014 -0.0058 -0.0036
R2 0.7896 0.9106 0.7260 0.9209

The Harkins-Jura isotherm model can be used to describe multilayer adsorption and the existence of
heterogeneous pore distribution in the surface of adsorbents. This model can be expressed through the
following Eq. (11):

1 _[Bwyl_ 1
2] = [amy] [y 8(CE) (1
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where Bjand Ay are the Harkins-Jura constants. Both Bpy and Apy can be determined from the slope and

the intercept, respectively, of the linear plot based on ﬁ versus log(C,) . The parameters of the

adsorption simulation data are listed in Table 4.
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Fig. 9. Adsorption isotherm plot of (a) Langmuir model (b) Temkin model (c) D-R model.

The values of the determination coefficient (R?) of the examined five isotherm models demonstrate
that the Langmuir, Temkin and Dubinin-Radushkevich (D-R) isotherm models gave a significantly better fit
than the other models for data from EDAPTMS-SAPs, as represented by the curve in Fig. 9. The
coefficient of Freundlich and Harkin-Jura models was less than 0.9 except for EDAPTMS-SAP1. This
result may be related to the mechanism that occurred during the adsorption process. The D-R model is
related to adsorption with a Gaussian energy distribution onto a heterogeneous surface, and the model has
often successfully fitted high solute activities and the intermediate range of concentrations data. The energy
value can be used to distinguish the properties of metal adsorption. The adsorption mechanism can also be
predicted from the values of E. When the E values are between 8 and 16 kJ/mol, the adsorption process
proceeds by chemical adsorption, while if E < 8 kJ/mol, the adsorption process is a physically occurring
process. The increasing E value associated with increasing EDAPTMS content suggests that the presence
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of a functional group is linearly related to the increasing adsorption sites and confirms that nickel
adsorption over EDAPTMS-SAPs is chemical adsorption.

The capacity of nickel adsorption by the materials in this work compared to those in other related
investigations is listed in Table 5. Generally, the kinetics of nickel adsorption from aqueous solutions obey
pseudo-second order kinetics and fit to Langmuir isotherm.

Table 5. Comparison on kinetics and adsorption isotherm of nickel adsorption by several adsorbent.

Adsorbent Kinetics Model Adsorption Reference
capacity (mg.g!)

Natural Maghnite Pseudo second Langmuir 18.95 [20]
order

Activated bentonite Pseudo second Langmuir 19.6 [21]
order

Sepiolite functionalized with N-|[3- Pseudo second Langmuir 7.308 [22]

(trimethoxysilyl)propyl]- order

ethylenediamine triacetic acid

trisodium salt

Graphene oxide modified with 2,2'- Pseudo second Lagmuir 180.893 [23]

dipyridylamine order

Nano-crystalline calcium Pseudo second Langmuir 46.17 [24]

hydroxyapatite order

MCM-41/N-(3-trimethoxysilyl)- Pseudo second Langmuir 58.47 [25]

propyl)diethylenetriamine order

amino functionalized MCM-41) and Pseudo first Langmuir 12.76 [3]

nano NH2-MCM-41 order

EDAPTMS-SAP1 Pseudo second Langmuir 135.164 This
order work

Freundlich 41.322

EDAPTMS-SAP3 Pseudo second Langmuir 142.661 This
order work

EDAPTMS-SAP5 Pseudo second Langmuir 148.532 This
order work
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3.4. Effect of pH

The variation of the adsorption capability as a function of pH was evaluated at room temperature. Fig. 10
shows that the adsorption of nickel ions is optimized at pH = 7. The adsorption capacity of Ni(Il) first
increased as the pH increases, and after reaching pH=7 it became constant as pH increased. The strong
electrostatic repulsion between the surface of the adsorbent and nickel accelerates the interaction of metal-
electron pair donors from the N in EDAPTMS, but by increasing the pH, the repulsive ion-exchange
mechanism is reduced. The change of the nickel hydroxide species in the solution may hinder the metal-
binding process. This trend is quite similar to that associated with nickel adsorption by functionalized
montmortillonite and soil [26, 27].
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—+—EDAPTMS-SAP5
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L 4
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*
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Fig. 10. Effect of pH on % nickel adsorption (Initial concentration of Nickel: 50 ppm, Time of adsorption:
2 hs).

3.5. Material Reusability

The ability to regenerate and reuse the adsorbent is an important property, because on an industrial scale,
the reusability will allow for a more economical process. Adsorbent regeneration was performed by nickel
leaching using 0.05 M HCI followed by heating at 100°C for 4 h. The percentage of desorbed nickel in the
leaching is calculated by following Eq. (12):

Nickel content in leached solution

Desorbed nickel (%) = 100x

(12)

Maximum nickel content in adsorbent

The reusability data calculated by the percentage of adsorption capacity of reused adsorbent compared
to fresh adsorbent are presented in Table 6.

Table 6. Desorbed nickel in adsorbent regeneration and its reusability.

Sample Desorbed Nickel (%) Reusability
SAP 90.23 95.87
EDAPTMS-SAP1 88.56 90.23
EDAPTMS-SAP3 87.65 90.25
EDAPTMS-SAP5 75.45 90.11
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4. Conclusions

Functionalization of saponite with ethylene diamine amino propyl trimethoxisilane was successfully
performed. The functional group on the saponite surface increases the specific sutface area, pore volume
and pore radius of the saponite as a reflection of the intercalation scheme as a function of EDAPTMS
content. The results indicate that this functionalization enhances the nickel adsorption of saponite. Nickel
adsorption obeys pseudo-second order adsorption kinetics and fits to Langmuir, Temkin and Dubinin-
Radushkevich adsorption isotherms. The ability to regenerate and reuse this material is demonstrated,
further indicating that this material is a promising adsorbent for the adsorption of nickel from water.
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