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ABSTRACT

A novel nanocomposite adsorbent of nZVI/(Fe-Mn) binary oxide/bentonite (IFMB) was developed
in our study. In this paper, the adsorption behaviour of Reactive Yellow 145 (RY-145) dye from
aqueous solution of IFMB was presented. The batch experimental results indicated that contact
time, initial dye concentration and especially the initial pH value of the solution play import-
ant roles in the adsorption process of RY-145 onto IFMB. The adsorption efficiency was high and
relatively stable in the range of pH < 7.0, when increasing the pH from 7.0 to 10.0, the adsorption
efficiency decreased rapidly and at pH 11.0 there is almost not adsorption. The pseudo-second-
order kinetics model was suitable for describing the adsorption kinetic data. The adsorption iso-
therm data was agreed well with the Langmuir model and the maximum adsorption capacity was
as high as 338.9 mg-g at 30°C. In addition, IFMB could be easily regenerated by alkaline elution,
and the adsorption efficiency after the fifth adsorption—-desorption cycle was 74.5% of the one
after the first adsorption—-desorption cycle. These results suggested that IFMB is a promising can-
didate for azo dye wastewater treatment.

Keywords: nZV1/(Fe-Mn) binary oxide/bentonite; Novel nanocomposite; Reactive Yellow 145;
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1. Introduction

Synthetic dyes have played an important role in mod-
ern life, commonly used in texture, printing, paper manu-
facturing, etc., approximately, 70% of all the dyes used in
industry are azo dyes. They are characterized by the pres-
ence of one or more chromophoric azo groups (-N=N-) in
their structure and the high physicochemical and microbio-
logical stability [1-3]. The latter, an advantage in their use,
is unfortunately a hindrance to their treatment in dye waste
effluents. They are very difficult to remove by traditional
conventional methods since their stability to light and oxi-
dizing agents and resistance to aerobic digestion. A wide
range of technologies has been developed for the removal
of azo dyes from water and wastewater to decrease their
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environmental impact and adsorption has gained tremen-
dous popularity for its flexibility of design, ease of opera-
tion and low capital investment [4-6]. It has always been the
goal of researchers to develop new effective adsorbents for
the removal of dyes from wastewater.

Among the currently available adsorbents, iron oxides
based nanomaterials are a group of emergent adsorbent
for the removal of environmental pollutants from aqueous
solutions because of their outstanding adsorption perfor-
mance, low costs and eco-friendly properties [7-9]. Fe-Mn
binary oxides (FMO) have been evaluated as the effective
catalyst-adsorbents to remove pollutants from aqueous
solutions. With its amorphous (or low crystalline) struc-
ture, FMO has a large specific surface area resulting in a
high adsorption capacity. Studies have shown that FMO

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



P.V. Lam et al. | Desalination and Water Treatment 280 (2022) 168-176 169

possesses the better adsorption and catalysis performance
than either pure iron oxides or manganese oxides owing
to their combination of the excellent adsorptive properties,
high catalytic activity of iron oxide, high catalytic activity
of manganese oxide and the highly effective recovery of
the magnetic separation technique. FMO has been stud-
ied as an adsorption catalyst to remove As [10,11], heavy
metals [12,13], organic dyes [9-14] from water. Zhong et
al. [15] synthesized urchin-like Fe-Mn binary oxides with
higher adsorption capacity for Cd(II). In the publish of Lu
et al. [9], a nano-structured Fe-Mn binary oxide (nFMBO)
was synthesized via a facile co-precipitation approach
and showed high adsorption capacity for methylene blue.

In recent decades, nanometer-sized metallic iron, com-
monly known as nano zero-valent iron (nZVI), has become
a popular material in environmental remediation with
high reduction activity and adsorption capacity due to its
small size, large specific surface area and strong reducing
properties. The material exhibits a catalytic role in many
processes, especially in the heterogeneous Fenton catalytic
oxidation. They can also directly treat a wide variety of
water pollutants including heavy metals, organic pollut-
ants such as halogenated organic compounds (chlorinated
hydrocarbons), dyes, etc. [16-18]. Nanocomposites of
nZVI and the matrix such as polymers, some clay miner-
als, graphene, etc. have been extensively synthesized and
studied. These carriers, not only increase the stability but
also induce a uniform dispersion, reduce the aggregation
of nZVI particles [16-22]. The application of nZVI particles
on textile dye degradation is receiving more focus in the
current decade. There have been many studies using nZVI
or nZVI based on nanocomposites to directly treat differ-
ent dyes as well as to catalyze other cleaning processes.
Barreto-Rodrigues et al. [23] has optimized the synthesis
conditions of nZVI from FeCl, and NaBH,, studied the deg-
radation of disperse red 1 dye (DR1) and concluded that
nZVI effectively decolorized DR1 in a short time but only
affects the chromophore group (-N=N-) without miner-
alization. The latter occurs only by Fenton-like oxidation
with the addition of H,0,. Kerkez et al. [24] synthesized
three composites of nZVI with three different clay miner-
als of commercial bentonite, kaolin and native clay also
by reduction method with NaBH, in the presence of these
clay minerals. All materials had the decolorization effect
of RZ B-NG azo dye, but with a rather low efficiency of
only 13.0%, 19.4%, 29.5% and 33.7%, respectively, for nZVI,
nZVI on kaolin, nZVI on natural clay and nZVI on ben-
tonite. The dye decolorization increased significantly with
the addition of H,0, (Fenton-like process), decolorization
efficiency was about 92.0% and mineralization efficiency
was 50.0%-58.0%.

The aim of our study is to develop a new adsorbent for
the effective removal of azo dyes from aqueous solution.
For this purpose, in our previous paper [25], nZVI/(Fe-Mn)
binary oxide/bentonite nanocomposite (denoted as IFMB)
was synthesized and its composition was optimized using
response surface method (RSM), here the target function
was the adsorption efficiency of Reactive Yellow 145 (RY-
145) dye. Fe-Mn binary oxide and nZVI, both are good at
the dye adsorption as discussed above. Combining the oxi-
dation—-adsorption catalytic ability of FMO binary oxide and

the catalytic reduction—adsorption property of nZVI in one
material — IFMB, its dye adsorption capacity is therefore
expected to enhance. Besides, we have used the exfoliated
bentonite as a support for the dispersion and stabilization
of nanoparticles in order to improve the applicability of
the material in real wastewater treatment. In this sequel
paper, the adsorption behaviour of IFMB for RY-145 dye,
as the representative azo dye, was investigated.

2. Experimental
2.1. Materials

Reactive Yellow 145 dye (RY-145) is an anionic azo dye
with chemical formula C,H,,CIN,Na O, S, and its molecular
structure is presented in Fig. 1.

RY-145 and other chemicals (NaOH, HCl, KMnO,,
FeSO,-7H,O, FeCl,-6H,O, NaBH,) are of analytical grade,
purchased from Xilong Scientific Co., Ltd., (China).

Purified bentonite with about 20%-30% montmorillonite
(given by supplier) was purchased from Minh Ha Bentonite

Mineral JSC (Vietnam).

2.2. Preparation of IFMB

IFMB was synthesized as described in our previous
paper [25]. Brieftly, (Fe-Mn) binary oxide/bentonite com-
posite (denoted as FMB) was firstly prepared by copre-
cipitation method following Zhang’s publication [26]. The
improvement was that Fe-Mn binary oxide is formed in
an exfoliated bentonite suspension. And then, IFMB was
formed by borohydride reduction of Fe(IIl) salts to nZVI
in just prepared FMB suspension. The product was filtered
and washed with deionized water (finally washed with
ethanol to stabilize Fe® [27]). After drying by lyophiliza-
tion method (temperature —-60°C, pressure 200-300 mmHg)
IFMB was obtained as dark brown solid.

IFMB was characterized by the methods of X-ray dif-
fraction (XRD), energy-dispersive X-ray analysis (EDX)
and nitrogen adsorption (using BET analysis). Point of
zero charge (PZC) of the material was also determined
in the previous paper [25]. Subsequently, in this paper,
the morphology of prepared IFMB was examined by the
field emission scanning electron microscope (FESEM,
54800-Hitachi).

2.3. Adsorption batch experiments

In the presence of oxygen dissolved in water, nZVI
can be oxidized to Fe(Il) and Fe(Ill) and lead to the forma-
tion of reactive oxygen species (e.g., ‘OH and °O;) via the
Fenton-like reactions, which are able to decompose the dye
[28,29]. Before adsorption experiments, the solutions were
therefore aerated with Ar gas in 15 min in order to exclude
nZVI oxidation and dye degradation caused by the presence
of dissolved oxygen.

Generally, adsorption experiments were carried out at
room temperature (30°C + 2°C) with an initial RY-145 con-
centration of 300 mg-L~, IFMB dose of 1.0 g-L* at pH 6.0.
The glass bottle of the mixture was placed on a IKA HS 260
basic shaker rotating at 120 rpm for 120 min. The pH was
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Fig. 1. Formula structure of RY-145.

adjusted by adding 0.1 M HCI or 0.1 M NaOH solution. After
the experiments were completed, samples were filtrated
through 0.2 um cellulose acetate filter paper, the residual
RY-145 concentration in solution determined using a UV-Vis
spectrophotometer (UV/Vis Lambda 365) at1 _ =419 nm.

The influence of pH on the adsorption was studied within
a pH range of 3.0-10.0 (IFMB is unstable in strong acidic
medium (pH < 3.0)). Blank samples (without adsorbent) were
similarly prepared to evaluate the effect of pH on the UV-Vis
determination of the concentration of RY-145.

The adsorption kinetic experiments were performed with
three materials, including IFMB, FMB and nZVIB. FMB has
Fe/Mn molar ratio of 1.75 and nZVIB is nZVI/bentonite com-
posite. Bentonite content is 9.56 wt.% in all three samples.
The residual RY-145 concentration was analyzed at the given
time intervals (0, 30, 60, 90, and 120 min). The kinetic data
was analyzed by pseudo-first-order and pseudo-second-or-
der kinetic models [30,31].

Linear pseudo-first-order equation:

In(q, —q,)=Inq, -kt M

Linear pseudo-second-order equation:

e @

a ka4,

where g, and g, (mg-g™) are the amount of RY-145 adsorbed
per mass of IFMB (g) at time t (min) and at equilibrium,
respectively; and k, (min™) and k, (g (mg-min)™) are the rate
constants of the pseudo-first-order and pseudo-second-order
models, respectively.

Adsorption isotherms were obtained with a range of
RY-145 initial concentration of 200-900 mg-g~. The Langmuir,
Freundlich, and Dubinin—-Radushkevich (D-R) adsorption
isotherm models were used to describe equilibrium between
IFMB and RY-145. The non-linear forms of these models can
be expressed as in Egs. (3)—(5) [31,32].

Langmuir model:

K.C
qB — Qmax Le (3)
1+K,C,
Freundlich model:
1/n

9.=K;(C,) (4)

Dubinin—-Radushkevich model:
qc = (Qmax )exp(_KDR82 ) (5)

where C, (mg-L™") and g, (mg-g™) is RY-145 concentration
in solution and the amount of RY-145 adsorbed per mass
of IFMB (g) at equilibrium, respectively, Q_ (mgg™”) is
the maximum monolayer adsorption capacity of IFMB,
K, (L'mg™) is the Langmuir constant describing adsorp-
tion affinity for the adsorbent, K, (mg-g™*)(L-mg™)™" and n
(dimensionless) are the Freundlich constants representing
adsorption capacity and intensity of adsorption, respec-
tively, K, (mol*k]) is the constant related to the adsorption
energy and & (k]-mol™) is the adsorption potential.

RY-145 removal efficiency was calculated according
to Eq. (6) where R is RY-145 removal efficiency, C and C,
(mg-L™) are RY-145 concentration in solution at zero time
and t time, respectively.

_C,-C

R(%) L %100 (6)

0

2.4. Regeneration experiment

Amount of 500 mL of 300 mg-L™* RY-145 solution and
0.5 g of IFMB were placed in a 1,000 mL beaker and stirred
at 120 rpm and room temperature for 120 min. The solu-
tion was filtered and RY-145 concentration was determined.
IFMB separated from the solution was eluted with 0.1 M
NaOH solution until the dye was completely desorbed.
IFMB was then washed with distilled water to neutral pH
and washed several times with ethanol to protect the Fe®
composition in the material [27]. After drying at 80°C, the
first time adsorbed IFMB was obtained and used contin-
uously in the following cycles. The adsorption-desorp-
tion cycle was repeated 5 times. The removal efficiency
of RY-145 in each cycle was calculated according to Eq. (6).

Determination of the loss of RY-145 in a closed adsorp-
tion—desorption cycle: The mixture of 100 mL of RY-145 solu-
tion (C, = 300 mg-L™, aerated with nitrogen for 15 min) and
0.3 g of IFMB was shaken at 120 rpm for 120 min. Desorption
was then performed by adjusting making up the suspen-
sion to 200 mL with distilled water and stirring for 60 min.
Solution was filtered and RY-145 concentration was deter-
mined by UV-Vis method.

XRD patterns of IFMB samples, as prepared and after
5 cycles, were also recorded.

3. Results and discussion
3.1. Characterizations of IFMB

Characterizations of IFMB material were determined in
the previous paper [25]:
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e The composition (calculated from the composition of
initial materials, wt.%): Bentonite 9.56, nZVI 16.97, and
Fe-Mn complex oxide (FMO, Fe/Mn molar ratio of 1.75)
73.74;

* The phase characterization: nZVI particles exist in crys-
talline form, the Fe oxide and Mn oxide of the Fe-Mn
binary oxide are mainly amorphous and bentonite is in
exfoliated form;

e The specific surface area (BET): 218 m*g™;

e PZC:6.76.

Scanning electron microscopy (SEM) images of exfoli-
ated bentonite, FMB and the just prepared IFMB samples are
given in Fig. 2. It can be seen from the image of FMB that
amorphous FMB was likely obtained as a porous coating
on the surface of bentonite. The surface of IFMB is obvious
different with nearly spherical Fe’ nanoparticles, which are
relatively uniform in size of only about 10 nm.

3.2. Effect of pH and supposed mechanism of
RY-145 removal by IFMB

The effect of pH on the adsorption efficiency of RY-145
is illustrated in Fig. 3. When the pH increased from 3.0 to

1 1 1 1 1 L]
S4800-NIHE 10.0kV 8.9mm x100k SE(M,LAD) 8/17/2020

about 7.0, the adsorption efficiency decreased insignifi-
cantly (from 87.8% to 85.8%). However, in alkaline region,
the adsorption efficiency decreased very quickly (down to
3.7% at pH = 10.0). The influence of pH can be explained
as follows: The PZC value of IFMB is 6.76. At low pH
range, below PZC, the surface of the material is positively
charged, favorable for the diffusion and adsorption of
anionic R-SO,~ groups in RY-145 molecule under the effect
of electrostatic attraction. On the other hand, the higher
the pH, the more OH- ions, a negatively charged surface
of the material greatly hindered the adsorption process
of anions, causing a sharp decrease in efficiency [24-33].
The removal of dyes from water in the presence of nZVI
can occur by various mechanisms. The interaction between
the dyes and the materials depends mainly on the compo-
sition, surface characteristics of the material and solution
pH [20-34]. For a better understanding the RY-145 removal
mechanism of IFMB, COD and TOC of the solution were
measured before and after the adsorption. The results
showed that removal efficiency of RY-145 calculated from
COD and TOC values is only about 10% lower than that
assessed by UV-Vis colorimetry. Moreover, the loss of RY-145
after an adsorption-desorption cycle was determined
only 3.2%. Furthermore, observing the UV-Vis spectra as

100k SE(M)

g oao .
500nm

Fig. 2. SEM images of the exfoliated bentonite (a), FMB (b) and (c) IFMB samples.
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Fig. 3. Effect of pH on the removal efficiency of RY-145
(C,=300 mg-L™; IFMB 1.0 g-L; 30°C).

a function of contact time (Fig. 4), there was no abnormal
changes found, the spectral shape was almost unchanged
during the adsorption.

All of the above data has proved that during the treat-
ment process, RY-145 was hardly decomposed or the oxida-
tion-reduction reactions yielding organic intermediates in
solution can be negligible. It can be therefore confirmed that
the RY-145 decolorization mechanism of IFMB is predomi-
nantly due to the adsorption process.

The adsorption efficiency was quite stable in the pH
region below PZC of IFMB and suddenly decreased when
the pH was above this value, suggesting that the adsorption
mechanism is mainly electrostatic attraction.

3.3. Adsorption kinetics

The results of the adsorption kinetics experiments for
IFMB, FMB and nZVIB are displayed in Fig. 5. The adsorp-
tion efficiency and rate of RY-145 decreased in the order:
IFMB > nZVIB > FMB. For IFMB and nZVIB, the adsorption
was very quickly in the first 5 min of contact time (56.4% and
46.5%, respectively) then gradually decreased and reached
equilibrium after about 40 min. FMB has the lowest adsorp-
tion rate and efficiency, adsorption equilibrium is achieved
after 80 min. At equilibrium time, the adsorption efficiency
on IFMB was the highest, although the specific surface area
of IFMB was lower than that of FMB (218.37 and 283.45 m*g~
1, respectively).

It is not surprising that the adsorption rate and efficiency
of nZVIB and FMB were different because of completely dif-
ferent nature of these two materials. The interesting point is
that there is just about 16% nZVI in IFMB composition, but its
adsorption capacity was significantly higher than that of both
nZVIB and FMB. This result can be explained only through
the “synergistic” effect of FMO, nZVI and bentonite in IFMB
composite.

The adsorption kinetic data was analyzed using the
pseudo-first-order and pseudo-second-order kinetic models.

2.0
—— 5 min
1.54
—
=
S 1.0-
O
<
0.54
0.0 L] L] L]
200 300 400 500 600
Wavelength (nm)

Fig. 4. UV-Vis spectra of RY-145 solution as a function of contact
time (C =300 mg-L7; IFMB 1.0 g-L; pH = 6.0; 30°C).

100

IFMB 87.3

Kinetic information

0 20 40 60 80
Time t (i.e., min)

100 120

Fig. 5. The plots of RY-145 removal efficiency as function of con-
tact time (C, =300 mg-L™; IFMB 1.0 g-L™; pH = 6.0; 30°C).

The linear plots of the two models are presented in Fig. 6
and calculated parameters were listed in Table 1. Correlation
coefficients R? and the comparison of q,.p and g, indicate
that the kinetic data was better described by the pseudo-
second-order model.

3.4. Adsorption isotherms

Adsorption isotherm data was fitted using Langmuir
and Freundlich models (Fig. 7b—d and Table 2). According
the higher correlation coefficient R* and lower red-
x>, the two parameter models of adsorption isotherm
Langmuir and D-R model well fitted to the experimental
data of adsorption equilibrium compared to the param-
eter models Freundlich. Nonetheless the parameter
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Fig. 6. Pseudo-first-order (a) and pseudo-second-order (b) kinetic plots for RY-145 adsorption on IFMB.
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Fig. 7. Adsorption isotherm (a) and linear plots of Langmuir (b), Freundlich (c) and D-R (d) isotherm for RY-145 adsorption on IFMB
(IFMB 1.0 g-L; pH = 6.0; 30°C).
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Q... of the Langmuir model is more consistent with the
experimental data in Fig. 7a. The adsorption isotherm
data was fitted well to Langmuir isotherm model (shown
by the correlation coefficient R?). That proves that IFMB
has a relatively homogeneous surface and RY-145 was
monolayer-adsorbed. The maximum adsorption capac-
ity, according to Langmuir model, was of 338.9 mg-g™.
This value is relatively high in comparison to that of
recently reported materials (Table 3).

3.5. Reusability of IFMB

Comparing XRD patterns of IFMB as prepared and
after cycles of adsorption—desorption (Fig. 8a), there is
no change in phase composition and no new crystalline
phases appeared, showing that nZVI phase and Mn-Fe
complex oxide in the composite material are relatively sta-
ble, not converted into other crystalline oxides. However,
the intensity of characterized peaks of nZVI gradually
decreased with the number of cycles, indicating a loss of

Table 1

Kinetic parameters for RY-145 adsorption on IFMB

(C,=300 mg-L™"; IFMB 1.0 g-L™"; pH = 6.0; 30°C)
Model RY-145
Pseudo-first-order kinetic model
C, 300.0
Dpoxp 255.81
k, 1.226
o cat 102.40
adj-R? 0.967
red-x? 0.951
Pseudo-second-order kinetic model
C, 300.0
Deexp 255.81
k, 0.001
qa,cal 270.0
adj-R? 0.996
red-x? 0.994

Adjusted coefficient of determination R? and the reduced chi-square
statistic (red-x?).

Table 3

P.V. Lam et al. / Desalination and Water Treatment 280 (2022) 168-176

nZVI (possibly because the material was gradually dis-
solved in each period). This is also consistent with the
adsorption results given in Fig. 8b, after 5 cycles RY-145
adsorption efficiency decreased from 85.7% to 63.8%. In
practice, despite this degree of reduction, the IFMB can still
be reused many times with the desired efficiency.

4. Conclusion

A novel (nZVI/Fe-Mn) binary oxide/bentonite (IFMB)
nanocomposite, developed in our study, exhibits a good
performance for the removal of RY-145 dye from aqueous
solution.

The RY-145 removal mechanism of IFMB material is
mainly due to the adsorption process, which takes place
predominantly by electrostatic attraction.

The adsorption of RY-145 on IFMB is strongly depen-
dent on the pH of solution. The adsorption efficiency
was high and relatively stable in the pH range from 3.0 to 7.0.

Table 2
Langmuir, Freundlich and D-R parameters for RY-145 adsorp-
tion on IFMB

Model RY-145
Qi 338.9
K, 0.0689
adj-R? 0.996
red-x2 0.995
Freundlich model

K, 175.39
n 9.61
adj-R? 0.986
red-x2 0.982
D-R model

Qoo 294.03
K q 3.84 x10°
Energy of adsorption 114.11
adj-R? 0.986
red-x? 0.983

Adjusted coefficient of determination R? and the reduced chi-square
statistic (red-x?).

Comparison of adsorption capacities of various adsorbents for RY-145

Adsorbent T(°C) pH C, (mgL') Q_ (mgg") Isotherm model References
Chitosan-coated magnetite nanoparticle (Fe,O,-CS) 25 3.0 50-200 47.60 Langmuir [35]
Activated carbon from Iraqi kehdrawy date palm seeds 25 55 - 9.79 Langmuir [36]
Bentonite modified with L-proline-epichlorohydrin 25 50 7856 Langmuir (37]
polymer (Pro-Ben)

CTS/MMT 50 3.0 50-400 363.33 Langmuir [38]
Textile sludge-based activated carbon (TSBAC) - 3.0 50-400 125.00 Langmuir [39]

IFMB 30 6.0 200-900 338.9 Langmuir This work
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Fig. 8. (a) XRD patterns of IFMB as-prepared and after 5 cycles of adsorption—desorption and (b) adsorption-desorption cycles of

RY-145 on IFMB.

The experimental results indicated the “synergistic”
interaction between FMO, nZVI and bentonite existed
in the composite has enhanced significantly both of the
adsorption rate and efficiency for RY-145. The adsorption
kinetics was fitted well to a pseudo-second-order kinetics
model and the adsorption reached equilibrium after con-
tact time of about 40 min. The adsorption isotherms agreed
well with the Langmuir model with a maximum adsorption
capacity of 338.9 mg-g~.

Future research should be carried out in azo dye con-
taining wastewater in order to confirm the application
potential of IFMB in practice.
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