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Abstract: In this study, -[3-(trimethoxysilyl)propyl] ethylenediamine - modified Indonesian natural
halloysite was applied for Cr(l11) and Ni(ll) adsorption from aqueous solution. The studies include the
physicochemical characterization of the synthesized material by using XRD, SEM, gas sorption
analyzer, and FTIR analyses. Furthermore, the adsorption experiments were performed at a batch
system for investigating the adsorption kinetics and thermodynamic. The results showed no significant
changes in either the material crystallinity or specific surface area, but the changes of surface functional
groups identified the anchored ammine modifier. Kinetic modeling showed pseudo-second-order model
best fitted the experimental data for both adsorbents. Moreover, the thermodynamic studies represented
the chemisorption interaction of modified halloysite with the adsorbate since the average adsorption
enthalpy values are at 44.3 kJ/mol and 41.70 kJ/mol for Cr(l11) and Ni(ll), respectively.
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1. Introduction

Considerable amounts of metals are used in many process industries, such as paint, ink,
battery, and textile industries. The toxicity and fate of such metals, especially heavy metals,
are the most concerned in industrial wastewater monitoring. Without proper treatment, the rest
of the metal ions in aquatic and soil environments threats human health as they can easily be
magnified and pre-concentrated by the food chain [1,2]. Due to these strong and serious
reasons, the treatment of metal ions-containing wastewater needs to be optimized. Adsorption
is the most popular method for uptake metal ions from the aquatic system due to its simplicity
and ease in the operational scale. The development of high capacity and specificity of adsorbent
is the most to get interested and attempted. Especially for heavy metals, including nickel and
chromium, the searches of selective adsorbents with high capacity were recorded. In particular,
to enhance the economic value of the adsorption process for many applications, the exploration
of a low-cost adsorbent gets the most interest [3,4].

Previous research reported the special feature of functional natural minerals-based
materials for some heavy metals. The applicability of the silica-alumina surface to be modified
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with a specific functional group having affinity to trap with metal ion is the main characteristic
for adsorption capacity enhancement. Naturally occurring clay minerals offer

great potential because of their characteristic structure as the layered and three-
dimensional formation [5,6]. The adjustable structure is the base for various technological
applications based on the adsorptive and ionic. The use of natural minerals such as clay
materials is valued to give economic value refer to the abundance source [3,7,8]. Within this
topic, a previous paper has reported the functionalization of kaolinite with N-[3-
(trimethoxysilyl)propyl] ethylenediamine, called APTES/Kaolinite for Pb(11) removal [9]. The
anchored ammine functional group was significantly improving the adsorption capacity and
reusability of Pb (I1). However, there is no study on the removal of Cr(Il) and Ni(ll) by the
material [10,11].

By a similar clay class such as kaolinite, halloysite is one of the typical minerals that
have gotten more interest recently [12,13]. The feature of halloysite, such as its easy to be
converted into many forms by surface functionalization, make it attractive for selective
adsorption [12]. Refer to the big potency of halloysite mineral in Indonesia and as an
exploration to contribute the data for heavy metal adsorption, this paper reports the
modification of Indonesian halloysite with N-[3-(trimethoxysilyl)propyl] ethylenediamine
[furthermore called as APTES/HAL] and the study for its capability in Cr(l1) and Ni(ll)
adsorption from aqueous solution.

2. Materials and Methods

2.1. Materials.

Chemicals consisting of nickel chloride, chromium (Ill) nitrate, and N-[3-
(trimethoxysilyl)propyl] ethylenediamine were purchased from Merck (Germany). Halloysite
sample was obtained from the mining area of East Java, Indonesia, were washed with tap water
to remove impurities, dried in an oven, ground, and sieved to a particle size range of 100 mesh.

2.2. Methods preparation of APTES/HAL.

The preparation of APTES/HAL from halloysite powder was conducted to refer to
previous work. An APTES solution was slowly added to a halloysite suspension of 10 g of
kaolinite in 100 mL of distilled water. Into the mixture, 0.2 M HCI was added and stirred for
4 h followed by refluxing for 6 h. The APTES content in the composite was set at 10 mmol/g.
The solid from the reflux was obtained by drying suspension in an oven, and the result was
encoded as APTES/HAL.

2.3. Characterization.

The character of APTES/HAL and HAL samples was analyzed using x-ray diffraction,
gas sorption analyzer, Fourier Transform Infrared (FTIR) spectrometer, and SEM analysis. A
Shimadzu X6000 XRD instrument was employed for the analysis, and a gas sorption analyzer,
SEM-EDX of Phenom X, was employed at 0.2 um resolution and a magnification of 10000x.
Brunauer-Emmett-Teller (BET) measurements were performed on a NOVA 1200
quantachrom. The nitrogen adsorption isotherm values were determined at 77 K.

The adsorption experiments were conducted in a batch system using a horizontal
shaker. For each adsorption experiment, 0.2 g of the adsorbent was added into a 250 mL
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solution. The amount of rest metal ions was determined using atomic absorption
spectrophotometer (AAS). A Perkin-Elmer instrument was utilized.

2.4. Adsorption experiments.

The adsorption experiments were conducted in a batch system. For the study, varied
contact time, adsorbents, and temperatures were applied. The adsorbed metal ion was
calculated based on the metal ion concentration in the filtrate, which was measured by atomic
absorption spectrophotometry. A Perkin-Elmer instrument was employed for the analysis.

3. Results and Discussion

3.1. Physicochemical character of the adsorbents.

Fig.1 shows the diffractograms of HAL and APTES/HAL. The presence of HAL is
identified by the sharp reflection at 20 of 20.1°which is the characteristic (1 1 0) halloysite
together with the peaks at about 27.1° and 43.8° corresponding to (0 0 2) and (1 2 3) reflections,
respectively [14]. Other peaks beside the halloysite representative are observed at around 300,
referred to as alunite, and at about 37° associated with the presence of kaolinite [15-17]. Both
identified phases are usually found as the halloysite used here is the natural mineral. The
APTES modification does not change the peaks presented, indicating that there was no
chemical change during the process nor the physical influence.
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Figure 1. XRD pattern of HAL and APTES/HAL.

The FTIR spectra of HAL and APTES/HAL are presented in Fig.2.

Both solids show sharp and wide bands at the range of 3400-3690 cm™ corresponding
to the indication of O-H coming from water and hydroxyl-associated with Si-O and Al-O from
halloysite structure. These bands are also associated with the absorption at around 1637-1641
cm indicating the presence of a Si-OH group. The Si-O is also identified by the emergence
of strong bands in the 462 cm™ together with the presence of Si-O-Si with the absorption at
1044 cm™ and 800 cm™. The attachment of APTES in APTES/HAL is identified with the
vibration spectrum at 1384.12 cm™ which indicates the vibration of primary N-H, and the
vibration associated with C-H at around 2885.51 cm-1 coming from the propyl chain of
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APTMS structure. Similar characteristics bands were also identified by such amine-modified
silica surface and ammine-modified clay [9,18,19].
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Figure 2. FTIR spectra of HAL and APTES/HAL.

The surface modification reflects the change of surface morphology as presented by
SEM image in Fig.3. A relatively smoother surface is found in APTES/HAL; meanwhile, HAL
represents the predefined characteristics morphology. From the EDX spectra, Si and Al are the
main components of the materials with no significant change in amount. It was calculated that
the Si/Al molar ratio of about 1.02 is found, which represents the halloysite and silica
component in the natural mineral [20]. However, as the surface evolution was identified, the
specific surface area of APTES/HAL is about 37.4 m?/g which is not significantly different
from HAL, which exhibits a specific surface area of about 39.7 m?/g. A similar phenomenon
was also reported in the APTES modification to kaolinite in that less surface area was found,
but there is no such significant reduction [21].

The adsorption capability of the adsorbents was evaluated by measuring the adsorption
capacity as a function of adsorption time, and the plot is presented in Fig.4.

From the plots, it can be seen that APTES/HAL gives a higher adsorption capacity
compared to HAL at the time range of 30-120 min. The kinetics of the adsorption was evaluated
refer to the pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetics by
following equations (1-3):
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where g (mg/g) is the amount of adsorbed metal ions at the time of t, ge (Mg/g) is adsorption
capacity, k (min?) is the first-order rate constant, ko (g/mg min) is the second-order rate
constant of adsorption (min™1), ki (mg.min*2/g) and C is constant are kinetics constant and the
constant of the intra-particle diffusion model, respectively [22,23].

The calculated parameters listed in Table 1 exhibit that the adsorption data fit well with
the pseudo-second-order Kinetics.

The fitness of the pseudo-second-order kinetic model suggests that the Cr(l1l) and
Ni(Il) adsorption by both adsorbents is controlled by the chemisorption mechanism. Moreover,
from the adsorption capacity values, the capacity enhancement is also found for both metal
ions. The adsorption capacity for Cr by HAL is 30.37 mg/g increased into 41.88 mg/g by
APTES/HAL. The enhancement also appears significantly for Ni, which is about 19.63 mg/g
in HAL to be 34.08 mg/g by APTES/HAL. The kinetics order and the capacity values describe
the presence of chemical interaction caused by the APTES anchored on the halloysite surface.
The ammine functional group has an affinity to bind with the metal ions via coordination
bonding [24,25]. According to Pearson’s theory (Hard & Soft Acid-Base Theory), ammine
functional groups are classified as intermediate ligands with high affinity towards transition
metals, including Cr(I1l) and Ni(ll). The electronegativity from the lone pair electrons of
nitrogen and its weakly polarizable forced ammine functional group to bind with the small radii
and weakly polarizable metal ions [26,27]. The schematic representation of the chemical
interaction between metal ions and APTES is presented in Fig.5.
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Figure 3. SEM-EDX anaIyS|s results of HAL and APTES/HAL.
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Figure 4. (a-b) Adsorption kinetics of Cr(I11) and Ni(ll) (c-d) pseudo-second-order plots of Cr(l11) and Ni(ll)
adsorption.
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Table 1. Calculated parameters from kinetics studies.
Pseudo-first order Kinetics

Cr (111 Ni(l1)
R? k Qe R? k Qe
APTES/HAL 0.994 0.364 3.28 0.930 0.199 0.32
HAL 0.957 0.032 1.04 0.972 0.140 2.42
Pseudo-second-order kinetics
Cr (111 Ni(l1)
R? k Qe R? k Qe
APTES/HAL 0.998 41.88 12.64 0.999 1.22 34.08
HAL 0.994 30.37 7.86 0.990 0.77 19.63
Intra-particle diffusion
R? ki C R? ki C
APTES/HAL 0.989 0.0088 -0.033 0.969 0.001 0.79
HAL 0.989 0.419 -0.423 0.984 0.540 0.002
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Figure 5. Schematic representation of adsorption interaction between APTES/HAL and metal ions.
3.2. Adsorption isotherm.

The detail of adsorbate-adsorbent interaction was evaluated by determining adsorption
isotherm using two isotherm models; the Langmuir and Freundlich models. The equations for

the Langmuir and Freundlich models are as follow (eq 4-5):
1/n

qde = KrC, (4)
_ qmKCe
Qe = 1+K;,Co (®)

where ge and gm(mg/g) are the adsorption capacity of the adsorbent at the equilibrium and
maximum value, Ce (mg/L) is the concentration of adsorbate in equilibrium, K. (L/mg) is the
Langmuir constant related to the energy of adsorption, and Kr and n are the Freundlich
constants related with adsorption-desorption equilibrium, and adsorption intensity, respectively
[28,29].

The R parameter from the Langmuir isotherm is represented as follows (eg. 6):

- (6)

= 1+K1.qm
Table 2 lists the calculated isotherm parameters.

Ry

Table 2. Calculated isotherm parameters.

Metal ion Adsorbent Freundlich Isotherm parameters Langmuir Isotherm Parameters
Ke (L/g) 1/n R? gm (Mmg/g) | Kc(L/mg) RL R?
Cr (111) APTES/HAL 26.28 0.31 0.992 45.08 0.04 0.999 0.998
HAL 1.78 0.57 0.998 26.23 1.28 1.050 0.928
Ni (11) APTES/HAL 45.18 0.26 0.996 40.19 0.04 0.998 0.995
HAL 7.85 0.48 0.954 42.13 1.93 0.995 0.854
https://biointerfaceresearch.com/ 7210
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The R? values represent that both models can be applied well for the Cr(I11) and Ni(11)
adsorption by APTES/HAL since the values are high (R2~1). The Freundlich plots are
presented in Fig.6. However, the HAL adsorbent shows the Freundlich isotherm's fitness rather
than the Langmuir isotherm, as the R? value and the RL values are not appropriate to the model
[30].
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Figure 6. Freundlich isotherm plot of Cr(l11) and Ni(ll) adsorption.

Referring to RL values of the Langmuir isotherm model, the RL values laid at the range
of 0< RL < 1 indicate the favorable adsorption, and the data represents the inappropriateness
of Ni(ll) adsorption by HAL. Moreover, all 1/n values from the Freundlich isotherm are less
than 1, which validated the role of chemisorption on the adsorption sites. The KF values suggest
that APTES/HAL demonstrates the higher adsorption/desorption equilibrium, meaning that the
chemical equilibrium by APTES/HAL is more spontaneously occurred [10].

The isotherm data representing that the chemisorption interaction involved was
confirmed by thermodynamic studies. The KF at varied temperatures were measured, and due
to the adsorption standard free energy changes (AG® ) equation (4):

AG® = RTInK (4)
The average standard enthalpy change (AHO) is presented as (eq.5) :
AHO (1
ink === (5) ©)

The average standard enthalpy values of Cr(I11) and Ni(ll) adsorption refer to the plot
in Fig. 7, or called as vant’ Hoff plot, is 44.3 kJ/mol and 41.70 kJ/mol, respectively. The values
are matched with the chemisorption qualification in terms of heat of adsorption, which is laid
in the range of 40-100 kJ/mol [25,31].
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Figure 7. Van’t Hoff plot of Cr(I1I) and Ni(II) adsorption by APTES/HAL.
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4. Conclusions

Adsorption kinetics and thermodynamics of Cr(lll) and Ni(ll) by using -[3-

(trimethoxysilyl)propyl] ethylenediamine -modified natural halloysite have been studied. The
studies revealed the enhancement of adsorption capacity by surface modification with -[3-
(trimethoxysilyl)propyl] ethylenediamine. The adsorption kinetics studies indicate that the
adsorption reaction obeys pseudo-second-order reaction, and the thermodynamic studies
demonstrate the chemisorption involved in the mechanism. Generally speaking, the data exhibit
the promising application of modified natural halloysite an adsorbent for metal ions in
wastewater treatment.
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