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ARTICLE INFO ABSTRACT
Keywords: Modification of silica purified from the Merapi volcanic ash with magnetic material of Fe304 and
Adsorption attachment of cetyl triamine bromide (CTA-Br) on the magnetic cored has been performed to

Cr(VI) removal
Volcanic ash
Fe304
Recoverable

provide recoverable and positive surfaced of natural adsorbent. The magnetic cored was prepared
via co-precipitation and CTA-Br attachment was conducted by a facile strategy. Then, the
modified adsorbents were characterized by SEM, TEM, XRD, and FTIR instruments and examined
for removing anionic Cr(VI) from the water media. The characterization data confirmed that
crystals of Fe3O4 coated by SiO, that has been bound with CTA-Br have been successfully formed.
Additionally, increasing CTA-Br loaded gives thicker lamination on Fe304@SiO2/CTA-Br, but the
CTA-Br loaded with higher than 0.25 mmol, leads to the coating peeled out. It is also demon-
strated that Fe304@SiO2/CTA-Br prepared with CTA-Br 0.25 mmol is ideal for Cr(VI) anionic
removal, regarding to the highest adsorption and very good separation or recovery process.
Moreover, the optimal dose of Fe304@SiO2/CTA-Br in the Cr(VI) removal was observed at 0.25 g/
20 mL under condition of pH 3 for 60 min. The adsorption of Cr(VI) well fits the Langmuir
isotherm model with an adsorption capacity of 3.38 mg g and is in a good agreement with
pseudo-second order giving kinetic constant at 0.005 g mg~! minl. Thus, it is clear that the
natural adsorbent material with recoverable properties for more efficient and wider application of
removal Cr(VI) contaminant was expected from this study.

1. Introduction

Chromium element is found in two forms that are trivalent Cr(III) and hexavalent chromium Cr(VI) with very different properties.
Trivalent chromium, Cr(III) in the aqueous solution exists as cationic form that is useful for maintaining the glucose concentration in
human body [1] while Cr(VI) is found as anionic with high toxicity [2]. Therefore, the environmental contamination by Cr(VI) anion
has become a major concern in around the world. The main sources of Cr(VI) anion contaminant are waste waters from mining, metal
plating, tannery, pigment and paint manufactures, and pharmaceuticals [3,4]. It has been known that the existence Cr(VI) in water is
feasible due to the more soluble and mobile character of the anion, thus it is easy to enter the tissues of living organism [5]. The effects
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of Cr(VI) on human health are found to be toxic and carcinogenic [6,7]. It also affects chronic diseases in several parts such as kidney,
skin, liver, and nervous system [3]. Hence, removing Cr(VI) anion is a primordial issue for researchers, especially in the recent decades
of environmental chemistry [8].

Several methods to minimize concentration level of Cr(VI) anionic in wastewater have been reported that include photocatalytic
reduction [9,10], precipitation [11,12], and adsorption [6,13]. Among them, adsorption has been shown as an alternative
economic-less and efficient method for removal of metal ions [14-16]. Cost is an important parameter in comparing adsorbent ma-
terials. The low-cost adsorbent can be obtained from nature such as plant wastes resources [8], zeolite [17,18], clay [19], and from
solid waste of fly ash [20]. The natural resource of adsorbents is not used in their raw state, but need treatment to enhance their
adsorption capacity by creating new active sites to increase the effectivity of adsorption process. Additional treatment might be
performed by modify the surface based on chemicals and physical agents [4]. Such natural adsorbents have been modified with cetyl
triamine bromide (CTA-Br) to form positive charge surface [21]. The modification has to be carried out, because the unmodified
zeolite, clay, and fly ash have negative charge surface originated from SiO, as main component, that cannot be used for adsorption of
Cr(VI) anionic. By attaching CTA-Br into the silica, the silica surface become positive charged due to the presence of the protonated
amine [22].

In addition to natural zeolite, clay, and fly ash, the priceless silica gel purified from volcanic ash has also been modified with CTA-
Br, which showed an effective adsorbent to reduce anionic heavy metal contaminants [23]. Volcanic ash is results from volcano
eruption [24], frequently occurring in active volcanoes found in many countries, including in Mt. Merapi Indonesia. This ash refers to
the fine fragment below 2 mm of pyroclastic materials containing abundant mineral oxide. It may concern that volcanic ash is the main
natural source of aluminosilicate with high surface characteristics that may be utilized for various purposes, including adsorbent [23,
25]. Therefore, using silica from volcanic ash solid waste is interesting in both regards to environmental and functional materials.

Furthermore, in the post of the adsorption process, the recovery of the adsorbent is usually carried out by impractical separation
such as filtration using filter paper, which takes more time [26,27]. To overcome the impractical separation, coating the adsorbents
[28,29] and TiO, photocatalysts [30,31] with a magnetic material such as Fe3O4 have been intensively studied. The separation of
adsorbent can be conducted very fast and practically by contacting the adsorbent with external magnetic rode [32]. So far magnetic
core-cell silica-based adsorbent from volcanic ash for removal of anionic Cr(VI) contaminant also has not been explored yet. The fast
separation of the adsorbent after playing the role may enhance efficiency the whole system of adsorption process for upscale
applications.

This research deals with the using of volcanic ash as a low-cost silica source, modified with CTA-Br to provide positive charge and
magnetic Fe304 material contributing the recoverable property. The fabrication process to modify the natural adsorbent of volcanic
ash is designed to use moderate conditions. Thus, it can be anticipated that the sustainable technique was implemented in this current
research. Here, the influence of CTA-Br fraction in the adsorbent on the effectiveness of the anionic Cr(VI) removal is investigated.
Besides, studies on the adsorbent having optimum CTA-Br loaded and the effects of the factors controlling the adsorption process are
also provided. It is the strategic attempt to develop a material that came from nature with toxic repellent properties and good
recoverability for an easier separation process. It may provide a circular system of sustainable chemistry to preserve the environment.
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Scheme. 1. Pathway fabrication of the adsorbent from the base structure of (a) Fe3O4, (b) Fe304@SiO,, and the final product of (c) Fes0,@SiO2/
CTA-Br followed by the adsorbent characterization and adsorption assessments.
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2. Materials and method
2.1. Materials

The silica source was obtained from Merapi volcanic ash and purified by existed method in Supplementary 1. FeSO4-7H20 and
FeCl3-6H20 used to synthesize Fe3O4 as core adsorbent. HCI 37 %, NaOH, NH4OH, K2Cr207, and CTA-Br were purchased from Merck
Co. Inc (Germany) without further purification. All solutions were prepared in distilled water.

2.2. Methods

The fabrication method for each step were illustrated in Scheme.1 which distinguish the three main synthesis concept Fe3O4
(Scheme.1a), Feg04@SiO2 (Scheme.1b), and the final product of Fe304@SiO2/CTA-Br (Scheme.1c).

2.2.1. Preparation of Fe304

Synthesis of Fe304 using the co-precipitation method. The Fes04 was prepared from a solution containing of Fe(II) and Fe(III) with
mol ratio 1:2, from the 8.1 g of FeSO4-7H50 and 4.2 g of FeCl3-6H50 with 60 mL deionized water. Into the solution, 60 mL of NH,OH
10 % was added until the black sedimentation appeared. Then, the black solid was separated by filtration, then was rinsed by deionized
water until the neutral pH was obtained, and was dried in an oven at 80 °C for about 24 h.

2.2.2. Synthesis of Fe30,@SiO2

The laminated of SiO5 from sodium silicate obtained from volcanic ash was conducted by a procedure as follow: 2 g of the prepared
Fe304 was dispersed into 400 mL deionized water with ultrasonic at 50 °C for 30 min to form suspension. Then 40 mL of Na,SiO3
solution 2.5 M is added to the suspension along with magnetically stirring for about 1 h. That mixture was adjusted at pH 6 by addition
of HCI 2 M in ultrasonic shaker for 3 h. After that, the mixture was washed with deionized water until neutral and then was dried at 80
°C. The mixture was cleaned again with ethanol to remove the free SiO; and then was immersed in HCl 1 M for 12 h to remove the
unlaminated of Fe3O4. Finally, the pure of Fe304@SiO5 formed was cleaned with deionized water and dried at 80 °C for 2 h.

2.2.3. Synthesis of Fes04@SiO,/CTA-Br

The recoverable modified positive charge surfaced adsorbent noted as Fe3O4@SiO,/CTA-Br was prepared by mixing of 3 g
Fe304@8Si0O, into 50 mL CTA-Br solution with various mol concentrations for 0.000; 0.125; 0.250; 0.500; and 1.00 mmol. The mixture
was stirred for 17 h at room temperature. The residual CTA-Br was rinsed with deionized water to remove the left bromine ion then it
was dried in the oven at 80 °C for about 2 h.

2.2.4. Characterization of modified adsorbent
The modified Fe304@SiO2/CTA-Br adsorbents containing 0.000; 0.125; 0.250; 0.500; and 1.00 mmol of CTA-Br as well as Fe3O4
were characterized using Scanning Electron Microscopy (SEM) JSM-6510 to observe the surface microstructure. Transmission Electron

Fig. 1. Surface morphology of (a) Fe30,4, (b) Fe30,@SiO», (c) Fe304@Si0,/CTA-Br 0.125, (d) Fe;04@SiO2/CTA-Br 0.25 (e) Fe30,@SiO,/CTA-Br
0.5, and (f) Fe304@SiO5/CTA-Br 1.0 through SEM represent the influence CTA-Br to enhance the surface characteristic of adsorbent.
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Microscopy (TEM) JEOL is used to observe the nano-structure of modified adsorbent. Specific surface area (SSA) and the porosity were
measured by the Brauner, Emmett, and Teller (BET) method using a FlowPrep060 system, via nitrogen adsorption and desorption at
77 K. The Fourier Transform Infrared (FTIR) spectra of all adsorbents were recorded on FTIR Shimadzu Prestige 21 using the KBr pellet
technique in the range of 4000-300 cm ™ ! to detect the functional group changes. The X-ray Diffractometer (XRD) Rigaku Miniflex600
used to characterize the crystalline inorganic phase in the 26 range from 20 to 80° and 0.02 step size. Unadsorbed Cr(VI) concentration
was monitored using Atomic Absorption Spectrometry (AAS) PerkinElmer 3110. The turbidity of adsorbent before and after separation
with magnetic field also wasevaluated by Thermo-Scientific Orion AQ4500 Turbidimeter.

2.2.5. Adsorption studies of Cr(VI)

The removal of Cr(VI) in the solution by using an adsorbent of Fe304@SiO2/CTA-Br was assessed by batch technique [16] in which
the effects of CTA-Br loaded and the dose of the Fe304@SiO,/CTA-Br were evaluated. The stock solutions of Cr(VI) were prepared from
analytical grade of K2CroO7. The adsorption studies of Cr(VI) were carried out in the polyethylene tubes by batch method containing
adsorbate solution and desired amount of modified adsorbent at a speed of ~60 rpm on a roller shaker. In each adsorption process, the
separation of the after used adsorbent from solution was conducted by using an external magnetic field. The adsorption studies were
conducted to determine the adsorption ability of Fe3O4@SiO2/CTA-Br adsorbent affected by different CTA-Br mol concentrations,
adsorbent mass, pH solution, adsorbate initial concentration, adsorption time as the main factor influencing the adsorption efficiency
[15], and as well as the adsorption capacity (Supplementary 2).

The removal efficiency of Cr(VI) ions by Fes04@SiO2/CTA-Br adsorbent was calculated referring to the difference among the initial
(Cy) and equilibrium (C,) concentrations of pollutants in the liquid phase after the separation. The removal efficiency of Cr(VI) pol-
lutants and adsorption capacity of Fe304@SiO5/CTA-Br were calculated by the following equations [33,34]:

Adsorption (%) = % x 100% [1]

i

:V(Ci—cf)

Q. W

[2]
Where C; and C, are the initial and equilibrium of metal ions concentration. Q, are equilibrium adsorption capacity. W is the adsorbent
weight (mg) and v is the volume of metal ion solution (L).

3. Results and discussion
3.1. Characterization results

3.1.1. Morphological feature by SEM

To assess the character of adsorbent surface, the morphological feature of Fe3O4, Fes04@SiOs, Fe304@SiO2/CTA-Br 0.125,
Fe304@Si02/CTA-Br 0.25, Fe30,4@SiO2/CTA-Br, and Fe304@SiO2/CTA-Br 1.0 were taken out by SEM instrument, and their images
were shown in Fig. 1. It can be seen that the pristine Fe3O4 (Fig. 1a) is formed as big particles. Whereas, for Fe304@SiO; (Fig. 1b), the
big particle appeared to be covered by smaller grains that must be SiO,. The laminating on the surface of coverage grain is observed in

Intensisty (a.u.)

20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig. 3. The XRD pattern of (a) Fe30y4, (b) Fe304,@SiO5, and (c) Fe304@SiO,/CTA-Br 0.25 mmol to confirm the present of inorganic Fe3O, as the core
of adsorbent.
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Table 1
Surface character of adsorbent material.
Adsorbent Surface area (m?g™) Pore size (nm) Total pore volume (cm>®g™)
Fes0,4 60.1 43 0.3
Fe30,@Si0, 105.3 24.7 0.6
Fe304@Si02/CTA-Br 0.125 mmol 122.2 17.8 0.7
Fe30,4@Si0,/CTA-Br 0.25 mmol 147.7 13.6 0.8
Fe304@SiO,/CTA-Br 0.50 mmol 126.2 23.5 0.5
Fe30,@SiO,/CTA-Br 1.00 mmol 113.2 35.8 0.4

Fig. 2. The TEM images of (a) Fe304, (b) Fe304@SiO,, (c) Fe304@SiO,/CTA-Br 0.25 mmol.

the adsorbent of Fe304@SiO2/CTA-Br (Figs. 1c and d) due to the presence of CTA-Br. It is appeared the thicker layers laminating the
grain when the amount of CTA-Br in the Fe304@SiO5/CTA-Br is elevated into 0.25 mmol. The thick coverage would have dealt with
favorable interaction between SiO3 and CTA-Br [28]. However, further increasing the CTA-Br loaded (0.5 and 1.0 mmol) is found to
reduce the coverage area (Figs. 3e and f). This phenomenon is caused by the peeling out of the coating in the more amount of CTA-Br.
The peeling out may be created by stronger bonding among the CTA-Br molecules than between CTA-Br molecules with SiO; layer.
This result inferred that the surface morphology was dependent on the CTA-Br loading ratio, which played a significant role in the
adsorbent structure to control its adsorption capacity and effectivity [35].

This result of SEM is also parallel with the surface area assessment shown in Table 1. By coverage of SiOs it can increase the surface
area besides the bare characteristic of Fe3O4 that also has large specific surface area for adsorption [36]. By addition of CTA-Br the
surface area also gets higher and obtain the maximum in Fe304@SiO2/CTA-Br 0.25 mmol. Additionally, the pore size of Fe304@-
SiO2/CTA-Br 0.25 mmol also gives the smallest number but the highest total pore volume among others. Thus, the sample is chosen for
the optimum adsorbent properties in further adsorption testing.

3.1.2. Nano-structural evaluation by TEM

To ascertain of surface topography with more differentiated in nano-scale, the TEM images of Fe3O4, FesO4@SiO3, and
Fe304@SiO2/CTA-Br 0.25 mmol are provided in Fig. 2. The synthesized Fe304 is shown as dark spot representing the heavy molecule
of iron oxide (Fig. 2a) [37]. Meanwhile, by laminating the core of Fes04 with SiO; it gives in the outer layer suggesting that the
amorphous SiO; has contributed to make a new sphere on the top of Fe304 core (Fig. 2b). The position of FegOy4 as the core-shell inside
of the structure is also shown in the Fe304@SiO2/CTA-Br 0.25 mmol image where the larger-grey with more grey colored sphere is
observed that should be CTA-Br covering the dark spot of Fe304. The dark spots of Fe304 in addition to give magnetic recoverability, it
also has potential to provide adsorption active surface that can enhance the adsorption capacity [38]. For supporting this structure
framework, the schematic illustration of Fe304, Fe304@SiO5, and Fe304@SiO2/CTA-Br 0.25 mmol is provided in Scheme 1. This
finding may lead to evaluate more about the chemical constituent that found in adsorbent structure.

3.1.3. Compositional of crystalline phase through XRD
The characterization of the crystalline phase obtained from XRD patterns of the prepared adsorbents were displayed in Fig. 3. In the

Table 2

The average particle size of Fe304 in the silica adsorbent materials.
Material D (nm)
Fe304 8.04
Fe30,4@Si0, 8.26
Fe30,4@Si0»/CTA-Br 0.25 mmol 9.17
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figure, several peaks appear at 30.01°, 35.43°, 43.03°, 57.01° and 62.57° of the two theta. The XRD data are in good agreement with
the standard XRD pattern of magnetite (Fe3O4) with the Miller Index of 220, 311, 400, 511, and 440, respectively, as presented in
JCPDS card No. 19-0629 [39]. It is clearly confirmed that Fe3O4 crystal has been formed. The peaks appearing in the XRD patterns of
Fe304@SiO, and that of Fe304@SiO,/CTA-Br are same as observed in the XRD data of Fe304 and no new peaks are detected. It is
implied that the coating of amorphous SiO, as well as of SiO2/CTA-Br layers on Fe3O4 surface did not change the structure of Fe3O4
crystal. Furthermore, the coating SiO; leads to a decrease in the intensities of the XRD pattern of Fe3O4, and the intensities are further
decreased when the SiO5/CTA-Br was coated on Fe3O4 surface [32]. The trend can also be confirmed from crystallinity index
calculated in percentage assigned the ratio of area for all crystalline peaks to the area for both crystalline and amorphous phase. The
synthesized pristine Fe3O4 by co-precipitation method resulted crystalline index 44.37 %. The crystallinity index of Fe304@SiO; is
found as 61.07 %, where the increment of the index might be caused by additional composition of SiO». For Fe3O4@SiO2/CTA-Br the
index is about 57.09 % and the slight index decrement would be come due to amorphous CTA-Br. From the comprehensive XRD result,
it is suggested that the Fe304 crystal was successfully used as a magnetic center of the Fe304@SiO2/CTA-Br adsorbent. This finding is
also reported by other authors [30,40].

K
" PBcosO

[3]

Additionally, from XRD data the average particle size of the pristine and Fe3O4 and on the modified adsorbents have also been
determined by, following Scherrer equation [Eq. (3)]. From the equation, D refers to the average particle size (nm), k is the crystallite
shape factor (0.9), A represents wavelength of X-ray (nm), f§ is the FWHM from XRD pattern (rad), and 0 is the degree from a half of 260
in the x axis of XRD pattern.

Table 2 displayed the average particles size of crystalline phase of Fe304 based on the XRD peaks in Fe304, Fe304@SiO», and
Fe304@SiO2/CTA-Br. As seen in the table, coating SiO2 can enlarge the particle size of Fe3O4, and the attachment of CTA-Br on
Fe304@Si0; has further increased the particle size of Fe30y4. It is implied that Fe3O4 acts as a core, while SiO, and SiO2/CTA-Br coat the
core as a shell. Similar finding has also been reported previously [41].

3.2. Compositional and interaction through FTIR

In order to know the better interactions between Fe3O4 with SiO3 and between SiO, with CTA-Br, the FTIR spectra of Fe3Og,
Fe304@Si0y, CTA-Br, and Fe304@SiO5/CTA-Br are recorded and depicted in Fig. 4. For pure Fe3Oy, several peaks observed are 578
cm ™! corresponding to the characteristic absorption peak of the Fe—O bond, and 1635 cm ™! and 3441 cm ™! assigning to —OH group of
Fe—OH, respectively [41]. Meanwhile in the spectra of the pure SiO5 shows some peaks at 956 cm ™}, 1095 cm™}, 578 cm ™!, and 470
cm ™! are attributed to the symmetric and asymmetric vibrations of Si-O-Si bond, respectively [42]. In addition, broad peak appearing
at 3410 cm™ is also seen in Fig. 4b, which corresponds to the bending vibration of O-H bond of Si—OH. On the other hand, the spectra of
the pure CTA-Br (Fig. 4d) exhibits a broad absorption peak at 3094 cm™?, that represents the bending vibration of hydrogen in N-H and
peak at around 987 cm™! assigned to C-NT. Furthermore, the absorption peaks at 2916 and 2848 cm ! shown in Fig. 4d may
correspond to the asymmetric and symmetric stretching vibration of CH, respectively [4]. The peaks seen at 1481 cm! is attributed to
nitrogen in N-H from CTA-Br. The peaks at 965 and 912 cm ™! assigned to the asymmetric and symmetric stretching vibration of C- N*
bond, respectively. Besides, other peaks for all spectra that were identified at around 1640 cm ™! and 2361 cm ™! assigned to the present
of H,0 and CO- gas during measurement [25].

For the composites material, The FTIR mode of Fe304@SiO3 (Fig. 4c) illustrates that the peak of Fe—O bond shifting to 586 from
578 cm ™! and that of Si-O-Si are shifting to 1087 cm ™" and 455 cm™! from 1095 cm ™! and 470 cm ™! respectively. The shift from 965
into 964 cm ™! on the bending vibration of Si-O-Si is also observed. Furthermore, the intensity of the Si-OH adsorption peak at 965
em ! significantly decreased after the formation of Fe304@SiO,. These data imply that the interfaces of Fe304 and SiO, in the
Fe304@Si0O, have Fe-O-Si covalent bonding because of OH condensation [43]. The covalent bonding suggests that Fe304@SiO3 is
formed as a composite. This data agrees with their XRD patterns with respect to the decreasing intensities. In the FTIR pattern of
Fe304@SiO2/CTA-Br (Fig. 4e), some absorptions are found to shift from 3410 em ! into 3425 em ™!, from 2916 into 2924 cm ™, and
from 1481 into 1381 cm ™. Such shifts may be affected by the interaction between —-HN™ - of CTA-Br with O-H belonged to Si—-OH from
silica. Therefore, the positive charge is expected from -NH™ group to form on the adsorbent surface.

3.3. Adsorption study of Cr(VID)

3.3.1. Influence on the amount of the CTA-Br loaded in the adsorbent

The results of the adsorption of Cr(VI) anionic by the adsorbents of Fe304@SiO2 (shown with the CTA-Br concentration 0.000
mmol) and Fe304@SiO2/CTA-Br with various CTA-Br loading are exhibited in Fig. 5.

In the Fig. 5, Fe304@SiO, adsorbent shows very low ability in the Cr(VI) anionic adsorption, and considerable enhancement of the
adsorption is exhibited for Fe304@SiO2/CTA-Br. The low adsorption of the anionic by Fe304@SiO, may be due to the physical
entrapment because the adsorbent surface has negative charges, provided by silica surface [28,36] that must refuse the Cr(VI) anion.
The higher adsorption of the anionic on the Fe304@SiO2/CTA-Br is generated from positive surface provided by -NH' group in
CTA-Br. Increasing CTA-Br fraction resulted in the higher adsorption, but the CTA-Br fraction larger than 0.25 leads to a dismiss the
adsorption.

The low adsorption found in Fe304@SiO2/CTA-Br with low CTA-Br loading may be caused by the fact that the surface of adsorbent
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Fig. 4. The FTIR spectra of (a) Fe3zOy, (b) SiO,, (c) Fe304@SiO2, (d) CTA-Br, and (e) Fe304@SiO2/CTA- Br 0.25 mmol for confirming the
composition and interaction between the material constituents on the adsorbent.
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Fig. 5. Adsorbent performance of Fe304@SiO,/CTA-Br with different CTA-Br concentrations to obtain the optimum ratio.
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optimum concentration shown positive charge bilayer, and the (c) excess concentration with aggregation.

remained in hydrophobic as illustrated by Fig. 6a. The positive charge of CTA-Br may be still dominated to attach the O from Si-O of
silica. Consequently, the outer layer of the core-cell of Fes04@SiOy were consists of the alkyl tail of CTA-Br making non-polar
properties as well as the hydrophobic condition. This hydrophobic position prevented the adsorption of anionic Cr(VI) through
electrostatic interaction.
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The increase of the CTA-Br loading from 0.25 mmol to 0.5 mmol, has continued to improve the adsorption but with higher loading
than 0.5 mmol leads to adsorption decrement. When the amount of CTA-Br is equal to or higher than its CMC (critical micelle con-
centration), a bilayer of the carbon chain of CTA-Br could be formed that gave a positive charge on the adsorbent surface, as seen in the
illustration in Fig. 6b [44]. The positive surface induced the most effective adsorption of the anionic Cr(VI) that is 93 %. A decline in
the adsorption shown by very large CTA-Br content, may be affected by formation of CTA-Br aggregation (Fig. 6¢), followed by the
release of the CTA-Br bilayer as reduces the adsorption sites, resulting in the lower adsorption effectiveness as illustrated in Fig. 5.
From the series data, it is clearly assigned that 0.25 mmol is the optimum CTA-Br concentration.

3.3.2. Influence of the adsorbent dose

To find the optimum adsorbent dose, an assessment was carried out. With the adsorbent dose variation and the results were dis-
played in Fig. 7a. It can be seen in Fig. 7a that the adsorption elevation is notable as the enlargement of the amount of adsorbent mass
up to 0.25 g gives maximum removal of Cr(VI) in 95.5 %. The larger of the adsorbent mass, hence the more positive charges were
available [45]. But the excessive adsorbent amount leads to the saturated adsorption process assigned from the slight decrement of Cr
(VD) removal due to the agglomeration of the adsorbent itself which avoid the adsorption sites to entrap the adsorbate.

3.3.3. Influence of the solution pH

The adsorption effectiveness, generally is considerably affected by pH of the solution, since the pH controls the charges of both
adsorbent and adsorbate (Cr(VI)) in the solution. The result from Fig. 7b depicts that at the very low pH, the low adsorption is
observed, and the adsorption is gradually increased when the solution pH was enhanced into 3. In the solution with higher pH than 3,
the contrary effect obviously appears. These findings are in good agreement with the previous achievement [47,48]. It is reported that
the pH of the zero point charge of CTA-Br is found to be 4 [36], implying that at pH lower than 4, the charge of CTA-Br is positive, and
the negative charge exists at pH higher than 4. Meanwhile, in the solution at pH lower than 3, Cr(VI) are formed as HCrOz and low
fraction of CrO3~ allowing them to have weak affinity with the adsorbent surface. With the increase of up to 3, the species of Cro% and
Crp0%~ are formed serving the conductive adsorption through electrostatic interaction with protonated nitrogen from CTA-Br [1,6]. At
pH higher than 4, the gradual adsorption decrease is observable, where the negative charges of both adsorbent surface and the
adsorbate were available repulsing them to mutually interact. Additionally, it may also be caused by the more competition between Cr
(VI) anionic with the more OH" present. Thereby, the removal of anionic Cr(VI) was inhibited [46]. It is evident that the optimum pH
for Cr(VI) adsorption is 3.

3.3.4. Influence of Cr(VI) initial concentration

The study in the influence of Cr(VI) initial concentration was used for determining the adsorption capacity. From the result in
Fig. 8a the sharp line of increment occurred when the initial concentration of adsorbate is around 2.5-25 mgL™l. Whereas, a slight
increment led to the steady state occurring in the range concentration of 25-100 mgL™!. This phenomenon is caused that in range
concentration 2.5-25 mgL'l, the amount of anionic Cr(VI) is still possible to attach in the active surface of adsorbent. While, in the
concentration over 25 mgL™, adsorbent was in saturated condition, thus it could not give further increment of adsorption.

3.3.5. Influence of adsorption time

The assessment for the adsorption process was also conducted in various contact times as illustrated in Fig. 8b. As the time elapses,
Cr(VI) adsorption rises until 60 min. Fast adsorption in the early stages is responsible to the larger concentration gradient which can
lead to higher driving forces and higher availability of vacant active surface in the adsorbent [25]. At a contact time of more than 60
min, the adsorption percentage gets stagnant due to adsorbate amount that might already be entrapped in the adsorbent. This
disclosure of influence in initial Cr(VI) concentration and adsorption time are used to understand the isotherm model.
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Fig. 7. Effect of (a) Fe304@SiO,/CTA-Br amount and (b) pH condition on Cr(VI) adsorption. Cr(VI) concentration = 25 mg Lt , solution volume =
20 mL.
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Fig. 8. Effect of (a) initial concentration of Cr (VI) and (b) contact time on the adsorption performance. Cr(VI) concentration = 25 mg Lt , solution
volume = 20 mL.

3.3.6. Adsorption thermodynamics

3.3.6.1. Influence of temperature. Since adsorption is a dynamic process, the change in the temperature can affect the adsorption
performance, this study provide the influence of temperature on Cr(VI) adsorption using Fe3O4@SiO2/CTA-Br 0.25 mmol, shown in
Fig. 9. The assessment was conducted at variation temperature between 20 and 70 °C. According to result in Fig. 9, as the adsorption
temperature elapses the adsorption efficiency is likely getting increase. That tendency works until reaches the optimum at 35 °C. After
reaching the optimum temperature, in the higher temperature than 35 °C the adsorption of Cr (VI) begins to decrease due to possibility
on the desorption process of adsorbate. This trend assumes that the adsorption process using Fe304@SiO2/CTA-Br 0.25 mmol walks in
an exothermic condition [36].

3.3.6.2. Isotherm model. The adsorption isotherm explains the migration and retention of adsorbate from aqueous environment to the
solid phase of adsorbent at optimum pH and adsorbent mass that obtained. This assessment was done by observing the adsorption
tendency for various initial concentrations of adsorbate in which the interaction between adsorbate and adsorbent could be understood
by two conventional model of isotherm that are Langmuir and Freudlich [47]. From the result provided in Fig. 10 and Table 3, the R?
value for Langmuir and Freudlich are 0.9976 and 0.9144, respectively. Thus, the adsorption mechanism of Fe304@SiO2/CTA-Br in a
bid Langmuir isotherm. It implied that the surface of adsorbent is homogenous and the adsorption forms monolayer in which each
active surface is uniformly distributed to attract one adsorbate molecule and could not continually adsorb [48,49]. From the calcu-
lation of Langmuir isotherm, the maximum adsorption capacity (Quax) for Fes04@SiO2/CTA-Br is 3.38 mg g and adsorption energy
(Eqgs) is 22.56 kJmol™!. The number of adsorption energy was higher than 20.92 kJ mol ™ as the minimum requirement for chemi-
sorption. Meanwhile from that calculation based on a linear fit curve, also obtained, K; and Ky as Langmuir and Freudlich constant
respectively and n is heterogeneity factor. In addition, the heterogeneity factor from Freudlich equation which n > 1 indicates that van
Der Waals force and electrostatic interaction are exist in the Fe304@SiO2/CTA-Br adsorbent [41,48]. This finding leads to infer that the
adsorption process of Cr(VI) anionic has occurred through chemisorption. The mechanism of chemisorption starts from physisorption
assigned from the approaching of Cr(VI) anionic to the adsorbent surface through Van Der Waals force [35,41]. Then, the anion
promoted the chemical bonding as electrostatic interaction with protonated amine from CTA-Br in Fe304@SiO5/CTA-Br [50].
Therefore, the whole mechanism of chemisorption also involves physisorption in the beginning process of adsorbent contact surface,
which corroborates that the surface nature of adsorbent is highly dependent to the Cr(VI) adsorption.

3.3.7. Adsorption kinetics
The study of adsorption kinetics in Fe304@SiO2/CTA-Br 0.25 mmol were investigated using Lagergren pseudo-first-order equation
and pseudo-second order equation as the general representative model for heavy metal adsorption such as in Cr(VI) using the solid
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Fig. 9. The influence of temperature on Cr(VI) adsorption using Fe304@SiO5/CTA-Br 0.25 mmol.
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Table 3
Adsorption parameters of Fe304@SiO,/CTA-Br adsorbent provided by Langmuir and Freundlich isotherm.
Isotherm Langmuir model Freundlich model
Qunax (mg g-1) K (Lmg™) Eqas (kJ mol 1) R n Kp(mgg ) R?
3.38 8.49 22.56 0.998 2.63 0.70 0.914
(a _ (b)
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-
y =-0.0286x + 1.9304 6 °
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Fig. 11. Kinetic models in (a) pseudo-first order and (b) pseudo-second order for Fe304@SiO,/CTA-Br 0.25 mmol in removing Cr(VI).

Table 4
Kinetics parameter of Fe304@SiO5/CTA-Br 0.25 mmol in removing Cr(VI).
Kinetics Pseudo-first order Pseudo-second order
q. (mg g-1) ki (min~1) R? q. (mg g-1) ks (g mg min ™) R?
0.028 0.626 21.46 0.005 0.976

phase adsorbent material [46]. The pseudo-first order equation is used to explain the fast adsorption of adsorbate from solution and the
process which predominantly controlled by diffusion [4]. Here, the equation from pseudo-first order [Eq. (4)].

In(q.— q; )=In g, —(k; X 1) [4]

Whereas, the pseudo-second order [Eq. (5)] is expressing the kinetic model based on chemisorption [26].

t 1 1

4 kg +(47) ! o]
Where k; is the pseudo-first order rate constants, ks is the pseudo-second ordered, q; is amount of Cr(VI) in certain time and g, denotes
the equilibrium amount of Cr(VI) adsorption. Based on the data obtained from assessment of influence time in adsorption process the
kinetic model can be plotted in Fig. 11 and the parameter is provided in Table 4.

According to the calculation, the pseudo-second order is well-fitted to the adsorption of Cr(VI) by Fe304@SiO2/CTA-Br shown by
R? that close to 1. It means that the rate-controlling step is controlled by electrostatic interaction between protonated ammonium from
CTA-Br with anionic of Cr(VI) [46]. Besides, this model also supports the chemisorption mechanism.

To compare this study with other report in removal of Cr(VI) through adsorption the data in Table 5 was provided. It can be
concluded that the adsorption of Cr(VI) using inorganic and organic adsorbent are mostly fitted in Langmuir isotherm and pseudo-
second order in kinetics model including this study. The different number of adsorption capacity might be caused by different
adsorbent dosage, reaction time, and the initial concentration of adsorbent. However, both of them support that the adsorption of
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Table 5
Comparison adsorbent performance in reducing Cr(VI) contaminant through various method and material.
No  Adsorbent Method Adsorption capacity/Qc Kinetics model Isotherm Ref
(mg/g)
1. Fly ash Multistep treatment 41.3 - Langmuir [51]
Freudlich
2. Mango kernel activated Carbonization and H3PO4 7.1 Pseudo-second Langmuir [52]
carbon activation order

3. Magnetic corn straw biochar Co-precipitation 138.8 Pseudo-second Langmuir [2]
order

4. Magnetic wood biochar Co-precipitation 78.7 Pseudo-second Langmuir [53]
order

5. Kaolin-CTA-Br Co-precipitation 22.7 Pseudo-second Langmuir [46]
order

6. Carbonized coal-CTA-Br Oxidation process 78.7 Pseudo-second Langmuir [43]
order

7. Phytic acid Ultrasonic 367.9 Pseudo-second Langmuir [4]
order

8. Mg—Zn ferrite Sol-gel 30.5 - Langmuir [15]

9. Thiolated chitosan Microwave irradiation 340.1 Pseudo-second Freudlich [1]
order

10. MnFe,0,4@SiO, CTA-Br Hydrothermal 24.0 Pseudo-second Freudlich [37]
order

11. Titania tubes Alkaline hydrothermal 43.0 Pseudo-second Langmuir [13]
order

12.  Nutshell-activated carbon Chemical activation 46.2 Pseudo-second Langmuir [34]
order

13.  Fe30,@SiO,/CTA-Br Co-precipitation 3.38 Pseudo-second Langmuir This
order study

anionic Cr(VI) is controlled by the interaction of the adsorbate and active site of adsorbent, and tend to be a chemisorption process.

3.3.8. Effect of adsorption and separability process

The phenomena of the adsorption process were also determined from the characteristic in FTIR spectra of Fe304@SiO2/CTA-Br
adsorbent in comparison before and after adsorption. Fig. 12a showed that the sharp band was found at around 1381 ecm™! corre-
sponding to the presence of ammonium in CTA-Br before the adsorption process. However, that band getting weak in the condition of
characterization adsorbent after use, indicated that the protonated ammonium was getting bound strongly with anionic Cr(VI) [54].
Nevertheless, for the overall absorption band FTIR spectra does not appear significant change respected to the different functional
group. It means that, there are also no alteration of the adsorbent structure which still supports the chemical stability of the adsorbent.
The other interesting finding of adsorption Fe304@SiO2/CTA-Br is the performance in self-separation triggered by external magne-
tization as illustrated in Figs. 12b and c. The dispersion of adsorbent and Cr(VI) in aqueous condition is found in Fig. 12b contacted
after the adsorption process. Before 1 min it was anticipated to perfectly separate between powdered adsorbent with adsorbate in
aqueous media using a magnet rod (Fig. 12c). This performance of adsorbent would make an efficient and effective separation process
to make the adsorption process is practical.

Before adsorptién

After adsorptio]

Transmission (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-') Turbidity = 89 AU Turbidity= 14 AU

Fig. 12. (a) The effect of the adsorption process of Fe304@SiO,/CTA-Br observed from FTIR-spectra, (b) separation process after adsorption with
the magnetic rod shows the initial condition and (c) after contact with magnetic rod with the change of turbidity value from 89 AU to 14 AU.
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4. Conclusion

In this recount, the recoverable adsorbent from Merapi volcanic ash of Fe304@SiO5/CTA-Br was prepared by precipitated of Fe3O4
and modified with CTA-Br to induce the adsorption effectivity of anionic Cr(VI). In an effort to improve the removal efficiency of this
contaminant, the ratio of CTA-Br was controlled during laminated process. The Fe304@SiO2/CTA-Br 0.25 mmol is gained as the
optimum condition in which the bilayer CTA-Br formed effectively as it provides the negative active surface of adsorbent. Then, the
adsorption of anionic Cr(VI) using Fe304@SiO,/CTA-Br was evaluated for the adsorbent mass, pH condition and contact time which
resulted in 0.25 g adsorbent is the appropriate amount to adsorb Cr(VI) in pH 3 for 60 min. The adsorption of Cr(VI) using
Fe304@SiO2/CTA-Br 0.25 mmol follows Langmuir model and pseudo-second-order with adsorption capacity (Qmax) is 3.38 mg g_l
adsorption energy is 22.56 kJ mol !, and kinetics constant at 0.005 g mg~! min~! evidencing the chemisorption from electrostatic
interaction of protonated ammonium in CTA-Br with the anionic Cr(VI). The existence of Fe304 as a cored-cell adsorbent also pro-
nounced the feasible separation performance with magnetization properties.
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