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Abstract: Dyes used in textiles, foods, cosmetics, and chemicals have become a major environ-
mental pollution issue around the world. To address this issue, a number of technologies have
been created to remove these pollutants from the environment. Due to their superior properties at
nanoscale, numerous nanomaterials have been applied to remove dyes from polluted waters. This
research presents the findings of the development of bentonite nano zero-valent iron (B-nZVI) for
the treatment of synthetic cationic dyes. This study has three objectives: (i) to produce bentonite
nano zero-valence iron (B-nZVI), (ii) to characterize its adsorbents (B-nZVI), (iii) to characterize
its adsorption capacity. Four main tests were used for this purpose: (i) a physical test (Brunauer—
Emmett—Teller (BET) surface area), (ii) a chemical test (cation exchange capacity (CEC) and X-ray
fluorescence (XRF)), (iii) morphology (field emission scanning electron microscopy (FESEM) and
(iv) mineralogy (Fourier transform infrared spectroscopy (FTIR). The five factors for the batch equi-
librium test are adsorbent dose, concentration, kinetic, pH, and temperature. The batch test showed
that the optimum dose for all adsorbents is 0.5 g. For the concentration factor, B-nZVI exhibits
larger adsorption capacity (Ki = 30,314.0536 L/g; R? = 1) compared to bentonite (Kg = 0.0219 L/g;
R? = 0.8892). The kinetic factor showed that the adsorption capacity by pseudo-second-order model
was the best for both adsorbents (qe = 1.2038 mg/g, R? = 0.9993 for bentonite and qe = 6.9979 mg/g,
R2 =1 for B-nZVI). For B-nZVI, the interparticle diffusion model (K¢ = 0.8645 m?2 g*1 min L~L;
R? = 0.9) and intraparticle diffusion model (K4 = 2.3829 m? g~! min L~1; R? = 0.9189) showed a good
correlation with the adsorption data, while bentonite showed a lower correlation with the interpar-
ticle diffusion model (K¢ = 0.0002 m? g~! min L™!; R? = 0.6253) and intraparticle diffusion model
(Kq = 0.2886 m? g~! min L~1; R? = 0.6026), respectively. The pH factor showed that the adsorption
capacity of bentonite (qe = 0.5674 mg/g) and B-nZVI (qe = 5.3284 mg/g) was highest in acidic
conditions (pH 2). As for the temperature factor, there was no significant effect on bentonite and
B-nZVI. Therefore, tests can be conducted at room temperature, saving energy. It was also concluded
that B-nZVI is the best material for removing MB compared to bentonite and can be considered for
the treatment materials of contaminated water.

Keywords: composite nano zero-valent iron; methylene blue; cationic dye; bentonite; adsorption; energy

1. Introduction

Water contamination caused by dye discharge into water bodies is a significant envi-
ronmental problem [1]. The dyes can potentially physically, chemically, and biologically
modify river and groundwater ecosystems, thereby endangering the health of human
livestock, wildlife, fish, and other forms of life.

The daily use of dyes is widespread in the paper, printing, pharmaceutical, textile,
and food industries [2]. The majority of dyes are synthetic in nature and contain complex
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aromatic structures, making them almost non-biodegradable and cannot be oxidized [3].
They are dispersed in large quantities from these industries in the form of aqueous waste [4].
One of the materials produced to treat environmental contamination is nano materials.
Nano zero-valence iron (nZVI) is very safe for soil and underground water treatment [5].
It has a specific core—shell structure, with the core being distinguished by metallic iron
or zero-valent (Fe’) and the shell being distinguished by the mixing of different iron
oxides [Fe(IT) and Fe(III)] as a result of the oxidation of Fe’ nanoparticles [6]. According
to [7], nZVI material refers to zero-valent iron particles with a particle size of 1 to 100 nm.
The nZVI particles can also break down contaminants by various mechanisms, including
electrostatic attraction, redox reactions, surface processes, adsorption, ion exchange, and
surface complexes [7]. The nZVI exploits its distinctive center shell structure to fix organic
pollutants through adsorption that initiates a redox reaction. The oxide shell of nZVI
particles serves as a destination for chemisorbed organic and inorganic contaminants,
while the particle’s core serves as an electron source for redox processes [6]. According to
studies by [8], the treatment of contaminated sites using nZVI particles has many benefits,
including high reactivity, high mobility in porous media, long-life reactivity, low toxicity,
and being easily oxidized when oxygen is present [6].

The author of [9] also found that the cobalt nanoparticles present in microgels could
change the nitroarenes into less harmful aminoarenes. Nitroarenes are hazardous sub-
stances found in water. However, the limitation of nZVI is a tendency to aggregate and
agglomerate. Agglomeration is the grouping of atoms or molecules by strong bonds and
the combination of atoms by weak bonds due to Van der Waals forces [10,11]. To over-
come agglomeration, composite nZVI particles with substances like resin [12], clay [13,14],
magnetite [15], and rectorite [16] are produced. According to [17], clay is an abundant
natural resource on earth, is inexpensive, and has a good structure used as a composite
material. In this study, bentonite nano zero-valent iron (B-nZVI) is chosen to treat the
cationic synthetic dye, methylene blue (MB). Three main objectives of this study were to
produce bentonite nano zero valence iron, to characterize it as an adsorbent material, and
to study its adsorption capacity.

2. Materials and Methods
2.1. Materials

The main material used in this study is bentonite purchased from R&M Chemicals
and used without further treatment. The chemicals used in this study are iron chloride
hexahydrate, FeCl3-6H,O (Acros organics, 99+%); sodium borohydrate, NaBH,4 (Acros
organics, 98+%); and ethanol, C;H¢O (Fisher Scientific, 99.4%). These chemicals are used
to synthesize zero-valence iron nanocomposite bentonite (B-nZVI). The synthetic dye
methylene blue (MFM.F.: C1aH;3CIN3S- 3H,O 319.85 g mol~!, A maximum 668 nm) was
used as a pollutant. Figure 1 shows the molecular structure of MB.
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Figure 1. The molecular structure of methylene blue (MB) with molecular weight of 373.9 g/mol and
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a wavelength of 668 nm. Sourced by [18].

2.2. Methods
2.2.1. Synthesis of Bentonite Composite Nano Zero-Valent Iron (B-nZVI)

To synthesize B-nZVI, chemical reduction [19,20] was employed. An FeCl;-6H,O
solution was prepared by mixing 4.38 g of FeCl;-6H;O and 50 mL of a mixture ethanol and
deionized water (35 mL of ethanol + 15 mL of deionized water). About 4 g of bentonite
was added to the FeCl3-6H,0O solution. That solution was ultrasonically shaken for 30 min.
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For the preparation of sodium borohydride solution, 6.091 g of NaBH4 was weighed and
mixed with 100 mL of deionized water. The NaBH, solution was transferred to a pipette
and then dropped into the FeCls-6H,O solution (60-70 drops per minute). The mixture was
stirred with a magnetic stirrer before being left for 20 min. The black particles of B-nZVI
were filtered and washed with ethanol (50 mL) 3 times before they were dried in an oven
for 12 h at a temperature of 50 °C.

2.2.2. Material Characterization

To identify the characterization of each adsorbent material, analysis using four types
of tests is performed: physical tests (Brunauer-Emmett-Teller surface area (BET)), chemical
tests (cation exchange capacity (CEC) and X-ray fluorescence (XRF)), morphological tests
(field emission electron scanning (FESEM) and mineralogical tests (infrared spectroscopy
Fourier transform (FTIR)).

2.2.3. Batch Equilibrium Test

Before the batch adsorption test was performed, the MB was prepared based on [2].

All synthetic dye solutions were analyzed using a UV-Vis spectrophotometer (UV1201). The
pH of each solution was also determined using a Hanna Instrument HI 2211 pH Meter. The
batch adsorption test was carried out based on [21]. About 0.5 g of adsorbent materials was
added into the centrifuge tube. After that, 50 mL of MB solution (concentration 5 mg/L)
was added to the centrifuge tube and marked as C,. The mixture was shaken using a
Junior Orbital shaker at 150x ¢ RPM for 3 h. The sample was then centrifuged at 1500x g
RPM for 15 min using a Sigma 416S centrifuge to separate the sample and solution. The
solution was also filtered with a 0.45 um microcellulose membrane filter and analyzed
using a UV-Vis spectrophotometer (UV1201). This solution was marked as C.. The amount
of MB transferred from the solution to the adsorbents can be calculated using Formula
(1) [22]. The graph of q, against C. was plotted, while the K; value was determined from
the slope of the graph.
(Co —Ce)V 1)
where q,(mg/g) is the amount of the MB removed from the solution; C, (mg/L) is the
initial concentration of MB solution; C¢ (mg/L) is the concentration in equilibrium, which is
the final solution of the MB; V (L) is the volume used; and m (g) is the mass of the adsorbent
sample.

The Langmuir model is the most common isotherm model used to analyze the ad-
sorption of pollutants [23]. The Langmuir isotherm is also based on several assumptions:
(i) the surface is homogeneous, (ii) adsorption is at a constant rate from certain adsorption
sites, (iii) all adsorption sites are fixed, (iv) each adsorption site can only accommodate
one molecule, and (v) there is no interaction between the adsorbed molecules with other
or adjacent adsorption sites [24]. The calculation of the Langmuir isotherm is shown in
Equation (2) and the linear equation for the Langmuir isotherm is shown in Equation (3).
A graph of C/q, against C. is also plotted to calculate the slope (1/Ap), the y-intercept
(1/Ky.Am) and the R? correlation. The value of the adsorption coefficient, K determines
the movement of pollutants through the adsorbent.

qe (mg/g) =

_ K AmCe
T T KLC @
Ce/qezl/KL Am +Ce/Anm 3)

where qe (mg/g) is the amount of dye adsorbed at the equilibrium phase; K;, (L/mg) is
the Langmuir adsorption coefficient, which is closely related to the adsorption energy; An,
(mg/g) is the maximum amount of adsorption of the dye at ion monolayer; and C. (mg/L)
is the equilibrium concentration of the dye.
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The Freundlich isotherm is often used when it comes to heterogeneous adsorption [25].
The Freundlich model calculation is as shown in Equation (4) and the linear equation for
the Freundlich isotherm is shown in Equation (5). The graph of log ge versus log Ce is
plotted to calculate the slope (1/n), y-intercept (log Kg) and correlation R?.

q. = KeC" @)

Log ge = logKp + (1/n) log Ce )

where K is the Freundlich adsorption coefficient, 1/n is the Freundlich adsorption expo-
nent and C. (mg/L) is the final equilibrium concentration of the dye.

3. Results and Discussion
3.1. Materials Characterization

The physical characterization of bentonite and B-nZVI, using the BET surface area,
is shown in Table 1. The test showed that the B-nZVI has a lower total surface area and
pore volume (5.6418 m2/ g; 0.0226 cm3/ g) than bentonite (74.7755 m2/ g; 0.0994 cm3/ g).
Prior research by the authors of [26] has proven that the reduction of surface area in BnZVI
is due to increased iron content in B-nZVI. The pore size in B-nZVI (160.2891A) is higher
than the pore size in bentonite (53.1595 A). This proves that nZVI particles have filled the
interstitial space between the bentonite sheets.

Table 1. Brunauer-Emmett—Teller (BET) results for bentonite and B-nZVI.

Sample BET Surface Area (m?/g)  Pore Volume (cm?/g) Pore Size (A)
Bentonite (B) 74.7755 0.0994 53.1595
B-nZVI 5.6418 0.0226 160.2891

Result are similar to [27].

The results of the chemical test are tabulated in Table 2. Bentonite showed the highest
average CEC value (48.35 &+ 6.70 meq/100 g), while for B-nZVI, it showed a lower CEC
value (30.81 + 3.33 meq/100 g). This was due to bentonite having a high clay fraction
(<2 pm) compared to other adsorbent materials. According to [20], a large fraction of clay
and organic matter contributes to a high CEC value, which in turn contributes to a high
adsorption capacity of bentonites. Through XRF chemical analysis (Table 3), B-nZVI shows
the highest percentage of Fe;Os, followed by Na,O. The Fe,O3 showed the presence of Fe
ions (nZVI) and the presence of Na,O was due to nZVI being synthesized by NaBH,4 and
FeCl,-6H,0.

Table 2. Cation exchange capacity (CEC) results.

iz ¥ S Z % ) e
= = s b LS 0 S 52
Sampl Test g 5 9 3 > = &= -k % RSD
p € €s E v ~ ~ oo
) £ = = [OR=) v o =R
2 54 o 9 =) 2 ) So
= = = = OE E 2=
Bentonite 1 0.81 24.52 19.11 0.18 44.61
B 2 0.87 26.00 21.01 0.04 4791 48.35 3.24 6.70
3 0.64 26.50 25.23 0.14 52.51
1 3.03 22.90 5.92 0.01 31.85
B-nZVI 2 2.87 20.93 5.61 0.01 29.41 30.81 1.03 3.33
3 3.24 21.74 6.15 0.02 31.16

RSD = Relative standard deviation.
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Table 3. X-ray fluorescence spectrometer (XRF) results.

Sample
Element (%)
Bentonite B-nZVI
SiO, 48.65 17.36
AlL,O3 15.44 5.27
Fe, O3 16.39 34.14
Na,O 1.94 20.76
Cl 0.62 0.1
CI'203 0.01 0.01
K,O 0.19 0.08
TiO, 1.76 0.97
MgO 2.79 0.88
CaO 1.49 0.71
P,Osg 0.15 0.07
SO;3 0.17 0.01
V4(0)) 0.02 0.01
MnO 0.08 0.05
V5,05 0.06 0.03
ZnO 0.02 0.01
CuO 0.02 0.01
SrO 0.02 0.01
NiO 0.01 -
LOI 9.85 19.75
Total (%) 99.68 100.23

Field emission scanning electron microscopy (FESEM) images of bentonite and B-
nZVI are shown in Figure 2. Bentonite shows a flaky texture while the B-nZVI shows the
spherical texture of nZVI (the diameter ranged from 41.91 nm to 74.88 nm) that is well
dispersed on the bentonite sheets. The nZVI in bentonite also does not form nanoparticle
chains and is dispersed well. According to [28], there are exchangeable Fe** ions located
on the hexagonal prisms and sodalite cages close to the clay mineral framework. These
act as seed for the Fe growth, producing nZVI that is well dispersed on the clay mineral
surfaces. Bentonite prevents the accumulation and agglomeration of nanoparticles and
subsequently provides more active sites for the adsorption of contaminants [20]. The FTIR
spectra for bentonite and B-nZVI are scanned in the wavelength range of 4000 cm~! to
650 cm~! and are shown in Figure 3. The vibration near to 3620 cm~! in wavelength was
due to the stretching of AI-OH in bentonite spectra and this findings are same with the
study reported by [26]. Both bentonite and B-nZVI also displayed a larger adsorption
band between 3250 cm ! and 3550 cm L. According to [29], these vibration ranged are
corresponds to the vibration of hydroxyl groups in aliphatic and phenolic structures. The
vibration peak at 1631 cm ™! (bentonite) and 3550 cm ™! (B-nZV]I) are also correspond to the
stretching vibration of H-O-H in water species [26] and hydrogen-bonding of Si-O-H in
bentonite [6]. The vibration at peak 1409 cm ! in B-nZVI demonstrated its successful in
synthesizing the composite nZVI. The bentonite not showing any peak at this peak due to
not involved in synthesis of nZVI and this study showed the same result with the study
by [29].
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Figure 2. The FESEM images for (a) bentonite (magnification: 10,000 x ) and (b) BnZVI (magnification:
10,000 x).
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Figure 3. FTIR spectra of bentonite and B-nZVI [30].

3.2. Adsorption Materials

There are five factors involved in MB adsorption by bentonite and B-nZVI. They are
dose effect, concentration effect, kinetic effect, pH effect, and temperature effect.

3.2.1. Dose Effect

Figure 4 shows the impact of the adsorption capacity of MB using different adsorbent
doses ranging from 0.01 g to 1.0 g. The adsorption curves for both bentonite and B-
nZVI adsorbents showed that the adsorption rate decreases with increasing adsorbents.
A previous study by the authors of [31] reported that at lower doses all active sites are
fully exposed to the contaminants and caused higher adsorption until saturation occurs.
The study by the author of [32] also supports the unsaturation of the active sites on the
adsorbent surface during the adsorption process when the adsorbent dosage is increased.
Furthermore, due to this the adsorption value, ge rises. The adsorption curve finally reaches
a constant level, showing the most optimum adsorption rate. This study shows that the
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adsorbent dose of 0.5 g is an optimum adsorption value. Therefore, further testing was
done using this dose.

250.00
i) 7N —=— Bentonit (B)
B2 200.00

g5 —A—B-nZVI

& o

R

s % 150.00

>3

S 5

£ & 100.00

=

‘E [

§§ 50.00

ST

0.00
0 0.5 1 1.5

Adsorbents dose (g)
Figure 4. Dose effect on the amount of MB adsorbed by bentonite and B-nZVI.

3.2.2. Concentration Effect

Figure 5 shows the adsorption curve for the concentration effect. The adsorption
curve of B-nZVI is along the y-axis up to the tested concentration of B-nZVI (17.24 mg/g).
This implies that the adsorption is independent of the equilibrium concentration, Ce,
since the plot is a vertical line along the y-axis. Similar results were reported in [33]. In
contrast, for the bentonite case, the adsorption follows the shown curve. The adsorption
curve of bentonite initially shows low adsorption, which increases with an increase in
equilibrium concentration. For B-nZV], from low concentrations to the tested maximum
value (17.24 mg/g), the adsorption rate is maximal due to the availability of Fe particles in
contact with MB. According to [33,34], adsorption sites are still available for adsorption
activity. The adsorption isotherm can also be determined using an adsorption curve where
the adsorption isotherm describes the interaction between the contaminants and adsorbent
materials. Table 4 shows the adsorption value, K4, using three isotherm models: linear,
Langmuir, and Freundlich equations for both bentonite and B-nZVI. Bentonite shows a
higher correlation on the linear equation model (K4 = 0.0219 L/g; R? = 0.8892), while a
lower correlation was reported by B-nZVI (Kq = 12.3610 L/g; R? = 0.2740). For B-nZVI,
the K4 value in the linear equation is not taken into account; however, the adsorption
value from the Langmuir equation (Kp, = 30,314.0536 L/g; R? = 1) and Freundlich equation
(Kp = 256.7438 L/g; R? = 0.8111) can be used due to having higher correlations. The higher
adsorption value by B-nZVI (Langmuir and Freundlich equations) also proves the higher
adsorption capacity of B-nZVI towards MB.

3.2.3. Kinetic Effect

The adsorption capacity of MB versus time is shown in Figure 6. Both bentonite and
B-nZVI adsorption curves show the same trend, linearly proportional at the beginning
of adsorption. After 5 min, the adsorption curve becomes constant until 360 min. The
curves are linear, indicating that the adsorption rate is at its highest. According to [35], at
this point, the contaminants will initially be adsorbed on the active sites. After 5 min, the
adsorption rate decreases and at this point the equilibrium adsorption has been achieved
where the active sites are limited, causing the adsorption rate to decrease [32,36,37]. These
findings are also similar to [38].
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Figure 5. Amount of MB adsorbed by bentonite and B-nZVI in concentration effect.

Table 4. The adsorption value, K4 by using three isotherm models which are Linear, Langmuir and
Freundlich equations.

S 1 Linear Equation Langmuir Equation Freundlich Equation
ample
Ky (L/g) R? Ky (L/g) A (mg/g) R? Kr 1/n R?
Bentonite (B) 0.0219 0.8892 0.0206 0.6836 0.6105 20.1976 0.5159 0.3861
B-nZVI 12.3610 0.2740 30,314.0536 0.1516 1.0000 256.7438 3.3268 0.8111
8.00

g @

E ?‘0 7.00 VAV @ Y iy Yy 7\
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0.00 ™
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Figure 6. Amount of MB adsorbed by bentonite and B-nZVI in kinetic effect.

Figure 6 also shows that the adsorption capacity of B-nZVI (qe = 7.000 mg/g) is higher
than bentonite (qe = 1.5447 mg/g). Bentonite shows a lower adsorption capacity due to a
slightly acidic initial pH value of MB (pH = 6.6). This is due to excess H+ ions from acidic
MB competing with the dye cations for active sites. The adsorption kinetic study of B-nZVI
on MB showed excellent adsorption values and good correlation (K¢= 0.8645 m? g~! min
L~1; R? = 0.9). This indicates that MB is involved in the adsorption process on the outer
surface of B-nZVI particles [39]. Bentonite shows a lower correlation value (R? < 0.75) in the
external diffusion model. This indicates that bentonite does not favor the adsorption of MB.
Table 5 shows the results of the internal diffusion model, while Figure 7 shows the curve of
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gt versus t95. The intraparticle diffusion model by [40] states that (i) the plot of q; versus
t%% should be linear if intraparticle diffusion is involved in the adsorption process, (ii) these
lines should pass through the origin when the intraparticle diffusion is the rate-controlling
step, and (iii) multi-step adsorption process occurs if two or more slopes appear in the plot.

Table 5. Reaction models and diffusion models for kinetic effects.

a .
S Pseudo-First-Order Pseudo-Second-Order Irg?;fpl:it;:e Intraparticle
l o Model Model Diffusion Model
< b Model
= @) g — —
2 2 s = o b = ~
. & 3 E 3 L E L :
o g o " 1) - = - = = k=
] g @ E g .5 g = o 2 g
g g 0% g g E S o £ S o 2 o - o
® g g g :é S = & = = & ‘Tw ~ Lo O o~
- : : :
= & 5 5 E &8
= o v v, 7
E D D < o
[
"é k) N N = N < 0 N o 32} 0 = o
s =2 ¥ g & g & &§ z & § £ & ¢ & ¢
‘ =] Ne) = @ =] <t I3\ =) S Ne) N [s2] °
;?:) 9] — =} < =] =] — (=} =] = =} S (=)
S KS) > o) N 0 <t o) o [T} o o N o
0 S © =) N S < S a 0 )
S s 2 2 N S {0 S S & S 3 & & < 5
A n DN S =) (=) (=) Ne) — =) (=) ol =) S
1.80 10.0
. a
1.60 9.0 b
<
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DD PN
1.20 OO0 7.0 O o
. 6.0
= 1.00 o - ¢ B-nZVI
0.80 . (MB)
< Bentonite (B) 4.0
0.60
3.0
0.40 20
2
0.00 0.0
0 10 20 0 5 10 15 20
t0> t0.5

Figure 7. Internal diffusion model in kinetic effects for (a) Bentonite and (b) B-nZVL

The internal diffusion model analysis also shows that only B-nZVI has a higher corre-
lation (R? > 0.9) for all contaminants. B-nZVI produces a straight line (graph of q; against
t9%) where it does not originate from the origin. This indicates that only internal diffusion
is involved in the adsorption process but is not the rate-limiting step [41]. According
to [41,42], the adsorption rate is also controlled by other mechanisms such as complex ions
or ion exchange.

The C value refers to the thickness of the boundary layer or surface adsorption. The
greater the y-intercept value, the higher the rate-limiting in surface adsorption [43]. The C
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value in BnZVI (C = 0.3787) shows a higher value compared to the C value in bentonite
(C =0.3214). At the start of the process, the adsorbent materials will form a thick layer
(due to inter-ionic attraction and intermolecular association), and subsequently there is
a decrease in the ability of the adsorbent material. At this point, the adsorption rate is
controlled by the contaminants transported from the outside to the internal side of the
adsorbent particles [28].

3.2.4. pH Effect

The adsorption capacity of MB by bentonite and B-nZVI was also studied for the
pH range from pH 2 to pH 12 and is shown in Figure 8. According to [6], the pH values
of the solution can alter the adsorbent’s shape, charges on its surface, and degree of
adsorbate dissociation. Through this study, B-nZVI exhibits a high adsorption capacity
of qe=5.3284 mg/g at pH 2. It maintains this high and constant value with increasing
pH. These findings are in agreement with [32], where the maximum adsorption of ion
chromium (VI) by PAC-Fe®/Ag occurred at acidic pH. This is due to the electrostatic
attraction between the Cr(VI) anions and the positive charges located on the adsorbent
surface. For the case of bentonite, it exhibits a low adsorption value of qe = 0.5674 mg/g at
pH 2. This value decreases with increasing pH to a minimum value of qe = 0.0047 mg/g at
pH 10. This is because, at a lower pH, there are positive charges in the adsorption system
due to the presence of H30*. These ions together with the positive ions from the MB will
be quickly adsorbed on the negative charges of bentonite and B-nZVI. In the case of B-nZVI,
the high adsorption rate remains the same with increasing pH. However, an increased pH
value causes the adsorption capacity to decrease due to the limited number of positive
ions available to be adsorbed on the negatively charged surface of bentonite. The use of
composite nZVI and bentonite also helps to increase the adsorption of MB [44]. According
to [45], the adsorption of cation ions at low pH values shows that the adsorption process is
sufficient to overcome electrostatic repulsion. The authors of [46] also stated that if there is
a large amount of nZVI in the solution, most Fe3* ions will change into Fe(OH)?* ions. This
situation causes the acidity rate to decrease and lowers the adsorption rate for bentonite.

6

—a— Bentonite (B)

—=—B-nZVI

Concentration of Methylene Blue
adsorbed by particles, ge (mg/g)
w

2 4 6 8 10 12
pH Value

Figure 8. Amount of MB adsorbed by bentonite and B-nZVI in pH effect.

3.2.5. Temperature Effect

Figure 9 shows the adsorption curve versus temperature. Overall, the temperature
did not affect the adsorption capacity of MB by B-nZVI. The adsorption curve of B-nZVI
shows a higher adsorption capacity (qe = 7.16 mg/g) compared to bentonite (qe = 2.05



Processes 2023, 11, 788

11 0f 14

mg/g). At the highest temperature of 60 °C, bentonite shows the lowest adsorption capacity
(qe =2.05mg/g).
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Figure 9. Amount of MB adsorbed by bentonite and B-nZVI in temperature effect.

Previous studies [47,48] stated that increasing the temperature slows down specific
interactions, weakens electrostatic forces and the ions become smaller due to reduced
solubility. The minerals may be physically damaged at high temperatures, which decreases
their adsorption capacity [48,49]. This study also shows that B-nZVI does not affect the
temperature-responsive behavior [50] and the validity of evaluating the adsorption capacity
of adsorbent materials at room temperature. This is because, at higher temperatures, the
operating cost may increase. From this study, the stability of B-nZVI versus temperature
can be identified and B-nZVI is proven to be a better adsorbent material than bentonite.

4. Conclusions

This study has successfully produced B-nZVI. This study has also successfully identi-
fied the physico-chemistry, mineralogy, and morphology of the composite nZVI. Based on
the characterization results, the presence of nanoparticles, Fe?, in B-nZVI can be identified
where these materials play an important role in the adsorption of MB. The presence of
bentonite as an nZVI composite material causes nano particles, Fe?, to spread widely on
bentonite sheets. It can also prevent agglomeration and aggregation of nZVI, therefore
accelerating the decolorization of MB. Through batch test analysis, all factors showed
B-nZVI has a higher adsorption capacity compared to bentonite. Bentonite and B-nZVI also
showed optimum adsorption capacity at lower (acidic) pH and neither showed a significant
influence of temperature. This study also proposes the evaluation of the adsorption capacity
of an adsorbent at room temperature to reduce cost. This study confirms that B-nZVI has a
better adsorption capacity toward MB compared to bentonite.
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