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ABSTRACT

The dye wastewater was considered as a kind of harmful environmental pollutant. It would
destroy the ecological environment, and formed carcinogens affecting human health. Therefore,
it was very urgent to treat dye wastewater efficiently. In this work, the novel Mg-Fe bimetallic
oxide@biochar composites (Mg-Fe@BC) were prepared from peanut shell by the chemical method
of microwave-assisted hydrothermal. The adsorption of Disperse Red 167 dye (DR 167 dye) by
Mg-Fe@BC was carried out in a serial of adsorption experiments. The characterization of Mg-Fe@
BC was characterized by Fourier-transform infrared spectroscopy, X-ray diffraction, transmission
electron microscopy and scanning electron microscopy-energy-dispersive X-ray spectroscopy.
The results showed that biochar was successfully loaded by the Mg-Fe bimetallic oxide nanopar-
ticles. The adsorption capacity of DR 167 dye by Mg-Fe@BC was higher than that of the unmod-
ified biochar. The removal rate of DR 167 dye by Mg-Fe@BC could reach 92.7%. The functional
groups (such as O-H, C=C or C-C, COO- and C-O-C) could be observed on the surface of Mg-Fe@
BC. The adsorption kinetics of DR 167 dye by Mg-Fe@BC was fitted with pseudo-second-order
kinetic and Langmuir models. The proposed mechanisms of DR 167 dye removal by Mg-Fe@BC
involved surface complexation, t—m interaction, hydrogen bond and electrostatic attraction.
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1. Introduction

Water resources are indispensable resources in people’s
daily life [1,2]. With the rapid development of industrial-
ization, such as paper manufacturing [3], textile [4], food [5]
and energy mining [6], pollutants have brought great chal-
lenges to the water environment and aggravated the short-
age of water resources. In recent years, about 280,000 tons of
industrial wastewater containing dyes wastewater were
discharged into the environment every year [7]. Azo dye
pollution was particularly prominent in water pollution
because of its complex composition, high chroma and poor
biodegradability. Therefore, it was also one of the most
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difficult treatments of contaminants [8,9]. In general, dif-
ferent chromophores in the molecular structure of dyes
could make the dyes in color, such as carbonyl (-C=0-),
nitro (-N=0-) groups, etc. [10]. Azo dyes were widely used
in many industries because of their unique azo chromo-
phore (-N=N-) [11]. Disperse Red 167 (DR 167) dye was
used widely because of its bright color and strong color
fastness. However, DR 167 dye could cause the changes
of structure and function in human cells [12]. Therefore,
the effective removal of DR 167 dye was very important.
Nowadays, a variety of treatment technologies
have been used to treat azo dye wastewater, such as ion
exchange [13], bioremediation [14], solvent extraction [15]
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and adsorption [16,17]. Among those technologies, chem-
ical treatment methods were limited by complex reaction
conditions, high cost and secondary pollution. Therefore,
removal of wastewater pollution economically and effec-
tively is a major issue of environmental protection [18,19].
Recent studies have shown that these problems can be
solved by the development of new materials [20-22]. For
example, an organic material biochar exhibited outstand-
ing performance in elimination of organic dye wastewater
[23,24]. Chahinez et al. [25] prepared palm petiole biochar
(DPP-biochar) and explored its adsorption mechanism for
crystal violet (CV) dye, and the results showed that the
amount of CV dye adsorbed on DPP-biochar increased
from 18.8 to 27.4 mg/g within the increase of pH value
from 2 to 12. Zhang et al. [26] used corncob as raw material
to prepare biochar. It was found that the structure of bio-
char was similar to graphene, and the maximum adsorp-
tion capacity of molybdenum was 86.38 mg/g. In addition,
biochar was also applied into agriculture, climate change
mitigation and wastewater treatment due to its widespread
sources, low production cost, diverse surface functional
groups and easy surface modification [27-29]. However,
the adsorption capacity of unmodified biochar was dif-
ficult to satisfy requirements of treatment, and many
researchers began to explore how to improve its adsorp-
tion performance [30]. Some related researches have been
reported. For example, the magnetic chitosan corn straw
biochar was prepared by chemical co-precipitation method,
and it could remove amaranth dye in solution. The max-
imum adsorption capacity could reach 404.18 mg/g [31].
Additionally, it was reported that the modified polythty-
leneimine magnetic porous biochar from bamboo powder
could also adsorb Congo red in solution. The adsorption
capacity of Congo red by the modified biochar was high
than the raw biochar [32]. Therefore, modified biochar are
crucial to improve its performance [33].

In this study, it was focused on the preparation of bio-
char from peanut shells by method of microwave-assisted
hydrothermal synthesis. Then it was loaded with Mg-Fe
bimetallic oxides to form the novel composites (Mg-Fe@BC).
The main objectives of this research were: (1) Preparation
of Mg-Fe@BC composites; (2) Characterization of Mg-Fe@
BC by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spec-
troscopy (EDS), Fourier-transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD); (3) adsorption exper-
iments of DR 167 dye by Mg-Fe@BC were carried out;
(4) proposed mechanism of DR 167 dye by Mg-Fe@BC was
discussed in details.

2. Material and methods
2.1. Chemicals and materials

Peanut shells were purchased from the farmers mar-
ket (Shaoxing, China). All other chemicals, such as ferric
chloride hexahydrate (FeCl,-6H,0), magnesium chloride
hexahydrate (MgCl-6H,0), NaOH, and DR 167 dye, were
obtained from Macklin Biochemical Co., Ltd., (Shanghai,
China). Additionally, they were all analytical reagents. The
solutions required for the experiment were all prepared

with ultrapure water. Structure of DR 167 dye is shown
in Fig. 1.

2.2. Synthesis of biochar and Mg-Fe@BC

Preparation of biochar (BC): 1 g peanut shell powder
(through 40 meshes) and 30 mL ultrapure water was mixed
in 50 mL Teflon-digestion tank. Then, they were placed in
microwave oven at a power of 80 W for 10 min. When it
was cooled, the sample was washed by ultrapure water for
three times. Next, they were dried to constant weight at 60°C.
Then, BC was gained.

Preparation of Mg-Fe@BC: 18.92 g BC was dispersed in
100 mL Fe*/Mg?* (n:n, 1:1), and then it was ultrasonically
mixed for 10 min. Next, 100 mL 1 mol/L NaOH was added
slowly. They were mixed for 2 h at 298 K and 200 rpm. Next,
the obtained product was vacuum dried at 80°C for 12 h.
Then, the Mg-Fe@BC composites were obtained.

2.3. Characterizations

The crystal structure of samples was analyzed by XRD.
The scanning speed was 5 s per step and the 20 range from
5 to 70, and A was 1.5406 A. Fourier-transform infrared spec-
troscopy (FTIR) was used to analyze the functional groups
of the material. X-ray energy spectrum analysis (EDS) was
carried out at 200 kV. Similarly, the morphology and struc-
ture distribution were characterized by scanning electron
microscopy (SEM) (JEOL-6360LV, Japan) and transmission
electron microscopy (TEM) (JEOL-JEM-1011, Japan) images.

2.4. Adsorption experiments

All the adsorption processes are carried out in 250 mL
conical flasks with 100 mL of mixture and 150 rpm. The
concentration of DR 167 dye is measured at 460 nm. The
removal% (R) and adsorption capacity (g,) of DR 167 dye at
equilibrium are calculated with Egs. (1) and (2), respectively.
They are as follows:

o/ _ (CO 7Cf) x 0,
R(%) - 100% )
q,(mg/g)=(C,-C,) X% @

where C; (mg/L) and C, (mg/L) are the initial concentration
and equilibrium concentration of DR 167 dye; m (g) and
V (L) are the mass and the volume of DR 167 dye, respec-
tively; g, (mg/g) is adsorption capacity at equilibrium.

3. Results and discussion
3.1. Characterization of BC and Mg-Fe@BC

As shown in Fig. 2a, it indicated that the surface of
peanut shell biochar was smooth and porous structure.
They were composed of macropores and micropores struc-
tures, and they were benefit to adsorb DR 167 dye [34].
The SEM image of Mg-Fe@BC showed that some gener-
ous rods of 75 nm were scattered on the surface of biochar.
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Fig. 1. Structure of DR 167 dye.

It could be concluded that Mg-Fe bimetallic oxide nanopar-
ticles was appeared successfully on the surface of BC [35]
(Fig. 2b). TEM images of BC and Mg-Fe@BC are depicted
in Fig. 2c and d, respectively. It indicated that the com-
posites of Mg-Fe bimetallic oxide nanoparticles were
dispersed uniformly on the surface of BC.

For BC, EDS spectra was showed that the elements of C
and O were appeared on the BC (Fig. 3). Their weight ratios

zekU

were 56.45% and 43.55%, respectively. Additionally, for
Mg-Fe@BC, the elemental distribution images of C, O, Mg and
Fe are shown in Fig. 3. Their weight proportions were 45.22%,
32.17%, 3.15% and 19.46%, respectively. The above-men-
tioned elements were distributed evenly, and the compos-
ites contained multiple functional groups. Furthermore,
the presence of iron and magnesium indicated that BC was
successfully loaded by the composites of Mg-Fe@BC.

XRD pattern could be conducted to explore the crys-
tal structure of BC and Mg-Fe@BC. It could be shown that
the four characteristic peaks of BC at 15.6°, 22.1°, 26.4°
and 34.6° could be observed (Fig. 4a). Additionally, seven
characteristic peaks of Mg-Fe@BC at 15.1°, 22.3°, 27.5°,
31.7°, 34.7°, 45.4° and 56.6° could be observed, respectively.
According to the diffraction pattern of BC, three new peaks
at 31.7°, 45.4° and 56.6° could be observed, which were
attributed to (220), (400) and (511) of MgFe,O, cubic phase.
It was similar with the results of other research [36].

FTIR of BC and Mg-Fe@BC are depicted in Fig. 4b.
As shown from Fig. 4b, the characteristic peaks at
3,454-3,475; 1,630; 1,400; 1,051; 531 and 478 cm™ appeared.
They were corresponded to the O-H stretching vibration,
the stretching vibration of C=C or C-C, the stretching
vibration of COO-~ and the stretching vibration of C-O-C,
respectively [37]. In particular, the presence of the Mg-O
and Fe-O stretching vibration indicated that Mg-Fe@BC
was successfully synthesized [38].

In a word, according to the results of SEM, TEM, FTIR,
XRD and EDS, it can be concluded that BC have been

Fig. 2. SEM images of BC (a) and Mg-Fe@BC (b); TEM images of BC (c) and Mg-Fe@BC (d).
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Fig. 4. (a) XRD pattern of BC and Mg-Fe@BC and (b) FTIR of BC and Mg-Fe@BC.

loaded by Mg/Fe compounds. The composite of Mg-Fe@BC
was prepared perfectly.

3.2. Adsorption experiments
3.2.1. Effect of contact time

The effect of contact time on the adsorption of DR 167
dye was very important for the rapid removal of organic
wastes from wastewater [39]. Therefore, the effect of contact

time on DR 167 dye removal by BC and Mg-Fe@BC was
tested [40]. As shown in Fig. 5a, the removal% of BC and
Mg-Fe@BC increased with time at first of 60 min, and then
remained stable. The rapid elimination of organic pollut-
ants indicated that this stage was controlled by the charge
on the surface of Mg-Fe@BC and the electrostatic attrac-
tion between DR 167 dye and BC or Mg-Fe@BC. However,
the long-term elimination of organic pollutants indicated
that this stage was mainly affected by the distribution
of different sizes throughout the adsorption material.
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3.2.2. Effect of initial pH

The pH in solution can reflect the binding abil-
ity of dye molecules to the surface of solid adsorbent.
Additionally, it can also change the surface characteris-
tics of solid adsorbent and the ionization or dissociation
of dye molecules. Therefore, the pH in solution was an
important parameter. Experiments were designed to
determine the effect of pH on adsorption. The adsorp-
tion removal of DR 167 dye concentration of 60 mg/L by
0.1 g BC or Mg-Fe@BC was tested in pH 2, 4, 6, 8 and 10,
respectively. According to Fig. 5b, with the increase of
pH value, the adsorption rate decreased gradually. When
the pH value was 2, the removal efficiency of BC and
Mg-Fe@BC could reach 40.3% and 64.40%, respectively.
The protonation of functional groups on the surface of
biochar and its modified materials could remove DR 167
dye through electrostatic attraction. Therefore, it could
further promote the reduction and fracture process of
dual nitrogen bond in dye molecules [41].
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3.2.3. Effect of temperature and dye concentration

The temperature had a great influence on the adsorption
of DR 167 dye. The removal rate of DR 167 dye by BC and
Mg-Fe@BC was increased in the temperature range of 298
to 318 K. It was found that the adsorption capacities of DR
167 dye by BC and Mg-Fe@BC were 30.245 and 50.429 mg/g
at 298 K, respectively. However, adsorption capacity of DR
167 dye by BC and Mg-Fe@BC increased significantly to
50.124 and 68.134 mg/g at 318 K, respectively. It indicated
that the adsorption of DR 167 dye by BC and Mg-Fe@BC
was endothermic process (Fig. 6a). It might be due to the
increase of the solubility of DR 167 dye and interaction
between DR 167 dye and adsorbent. As shown in Fig. 6b,
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Fig. 6. Effect of temperature (a) and concentration of DR 167 dye (b).
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the removal capacity of different dye concentration by BC
and Mg-Fe@BC decreased with the decrease of concentra-
tion. It might be due to reduce of dye concentration, which
inhibited the contact between adsorbent and DR 167 dye.

3.2.4. Isotherm, kinetic and thermodynamic

The isotherm reaction was the adsorption degree of
solute between the interface of two phases, when the equi-
librium state was reached at a specific temperature [42,43].
In this research, the classic Langmuir and Freundlich iso-
therm models [44] were used. The adsorption isotherms
of DR 167 dye were obtained at 298, 308 and 318 K.

Langmuir model [Eq. (5)] was assumed that the adsor-
bate was monolayer adsorption, and there was no interac-
tion between the adsorbate and uniform adsorption energy
on the adsorbent surface [45].

QmaxKLCe

5
L K.C, ©)
where C, is the concentration of the solution at equilibrium,
mg/L. g, and Q__ are the amount of dye adsorbed at equi-
librium and the maximum amount of dye adsorbed on the
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adsorbent, mg/g. K, is expressed as Langmuir constant,
which is related to the free energy of adsorption.

The Freundlich model [Eq. (6)] is a semi empirical
equation, which indicates the heterogeneous surface of
multilayer adsorption and adsorbent [46].

9. =K, (©)
where, g, is the adsorption capacity at equilibrium, mg/g.
C, is the dye concentration at equilibrium, mg/L. K, is the
Freundlich adsorption equilibrium constant, mg/g. n is
the heterogeneity factor related to the sorption intensity.
Sorption isotherms of DR 167 dye removal by BC and Mg-Fe@
BC are shown in Fig. 7.

From Fig. 7, when temperature increased, the adsorp-
tion capacity also increased. It indicated that temperature
could promote the adsorption of DR 167 dye. According
to the results of Fig. 7 and Egs. (5) and (6), the related
parameters of Langmuir and Freundlich models could be
calculated (Table 1).

As shown in Table 1, the R? values of BC and Mg-Fe@BC
for Langmuir adsorption model were 0.9987 and 0.9994,
respectively, which were higher than those for Freundlich
adsorption model. It was suggested that the adsorption
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Fig. 7. Sorption isotherms of DR 167 dye removal by BC and Mg-Fe@BC.
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Table 1
The parameters of DR 167 dye removal by BC and Mg-Fe@BC
Adsorbents T(K) Langmuir model Freundlich model
Qm1x K K
: L R2 B n R2
(mg/g) (L/mg) (mg™L"g™)

298 34.743 0.0186 0.9987 1.5132 1.5652 0.977
BC 308 40.045 0.0213 0.9997 2.0602 1.8247 0.979

318 45.264 0.0253 0.9984 2.7453 1.8747 0.985

298 52.855 0.0115 0.9994 3.0783 1.9179 0.987
Mg-Fe@BC 308 62.010 0.0159 0.9960 3.8272 1.9948 0.994

318 70.457 0.0228 0.9996 4.4305 2.1306 0.988
of dye in aqueous solution was monolayer. The maximum q
adsorption capacity of BC at 298 K was 34.734 mg/g, and k. :EE )
Mg-Fe@BC was 52.855 mg/g at 298 K. It was consistent with ¢
the actual experimental results. In addition, Mg-Fe@BC .
composites showed excellent adsorption properties under AG :7RTln(kC) (10)
similar conditions. It indicated that the composites could

. . . . . _A o A o

be considered as efficient, environmentally friendly and In (kc): H l+ S (11)

low-cost dye removal materials.

In order to understand the mechanism of adsorption of
DR 167 dye by BC and Mg-Fe@BC, the experimental kinetic
data were fitted to two models of pseudo-first-order and
pseudo-second-order. The two models can be represented
by the following equations:

ln(qﬁ - qt) =Ing, -kt 7)
t 1 t
LA G ®)
9. kxq q,

where g, and g, are the adsorption capacity at equilibrium
time and different time, mg/g, respectively. k| is the constant
(min™), and k, also is constant (g/(mg min)).

The removal efficiency of DR 167 dye by Mg-Fe@BC
was better than that of BC (Fig. 8). The adsorption kinetic
parameters of DR 167 dye by BC and Mg-Fe@BC are
shown in Table 2. The results showed that the pseudo-
second-order model of Mg-Fe@BC had a higher R? value
than the pseudo-first-order model. It indicated that the
adsorption kinetic parameters of DR 167 dye were more
consistent with the pseudo-second-order model. It could
be concluded that the modified biochar was mainly con-
trolled by chemical adsorption [47].

In this work, the thermodynamic behavior was investi-
gated at 25°C, 35°C and 45°C, respectively. The thermody-
namic parameters of adsorption of DR 167 dye by BC and
Mg-Fe@BC are calculated by Egs. (9)-(11).

Table 2

R T R

where k_is the balance parameter, L/mg, and g, is adsorp-
tion amount of DR 167 dye at equilibrium, mg/g. C, is con-
centration of DR 167 dye at equilibrium, mg/L. AG® is Gibbs
free energy of adsorption, kJ/mol. AH® is enthalpy, kJ/mol
and AS° are entropy, J/(mol/k). R was the gas parameter,
J/(k mol), and T is the absolute temperature of adsorption, K.
Fig. 8 shows that temperature had a great influence
on the adsorption mechanism of dye removal. When tem-
perature was increased, the adsorption capacity of DR 167
dye increased. The thermodynamic parameters of DR 167
dye were given in Table 3. For BC, the value of AH° and
AS° was 12.099 kJ/mol and 0.064 J/mol/K, respectively.
For Mg-Fe@BC, the value of AH° and AS° was 22.219
kJ/mol and 0.104 J/mol/K, respectively. The positive value
of AH° and AS° indicated that the adsorption process
was endothermic. It depicted that the increase of reaction
temperature was conductive to the reaction. Negative
results of AG® indicated that the adsorption was sponta-
neous. Furthermore, the AG® value decreased with the
increase of temperature, which indicated that the higher
the temperature was instrumental in adsorption process.
Therefore, it was spontaneous and endothermic process.

3.3. Possible of adsorption mechanism

According the results of FTIR for Mg-Fe@BC, the strong
characteristic peaks at 3,454-3,475 cm™ and 1,400 cm™ are

The parameters of kinetic models of DR 167 dye adsorption on BC and Mg-Fe@BC

Adsorbents Pseudo-first-order model Pseudo-second-order model

k, (min™) q, (mg/g) R k, (g/mg min) q, (mg/g) R
BC 0.0275 15.2946 0.9624 0.0011 21.524 0.9996
Mg-Fe@BC 0.0328 19.2968 0.995 0.00032 38.462 0.9993
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Fig. 8. First-second-order model of DR 167 dye adsorption by Mg-Fe@BC (a) and BC (c); pseudo-second-order model of DR 167 dye

adsorption by Mg-Fe@BC (b) and BC (d).

electrostatic attraction

Fig. 9. The possible mechanism of removing DR 167 dye by Mg-Fe@BC.

related to the stretching vibration of -OH and —-COOH,
respectively. These functional groups can adsorb the
adsorption of dyes. The groups of hydroxyl and carboxyl
could adsorb dye through electrostatic attraction [48].

On the other hand, it could form hydrogen bond with nitro-
gen in the dye to promote the adsorption process. The results
of XRD and SEM showed that a lot of Fe*" ions appeared on
the surface of Mg-Fe@BC. Iron could promote the increase
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Fig. 10. Recycling of Mg-Fe@BC (a) and BC (b) for DR 167 dye removal.

Table 3
Thermodynamics parameters of DR 167 dye removal by BC and
Mg-Fe@BC

Adsorbents T(K) AG® AH° AS°
kJ/mol kJ/mol J/mol/K

298 -5.541

BC 308 —-6.087 12.099 0.064
318 -6.740
298 -4.362

Mg-Fe@BC 308 -5.338 22.219 0.104
318 —-6.465

of oxygen-containing functional groups and improve
the stability of the reaction m—m interaction between dye
DR 167 and Mg-Fe@BC [49-51].

Therefore, the possible mechanism of DR 167 dye
removal by Mg-Fe@BC is shown in Fig. 9. From Fig. 9 it can
be concluded that the mechanism of DR 167 dye removal
by Mg-Fe@BC involved electrostatic attraction, hydrogen
bonding, surface complexation and m—m interactions.

3.4. Reusability experiment

The ability of recycle was very important for the effi-
cient bio-adsorbent in order to improve the economic value
of the reaction process. The adsorption—desorption experi-
ment was carried out. In this study, the adsorbed material
was desorbed with ethanol solution, and the reusability
experiment was tested for five consecutive cycles (Fig. 10).
The results showed that the adsorption capacity of BC and
Mg-Fe@BC had little change in multiple adsorption—desorp-
tion experiments, which further revealed the high reusability
of biochar and its modified materials.

4. Conclusions

In this research, the composites of Mg-Fe@BC were syn-
thesized by the method of microwave-assisted. The removal

rate of DR 167 dye removal by Mg-Fe@BC could reach
92.7%. The experimental equilibrium data revealed that the
removal efficiency of DR 167 dye by Mg-Fe@BC was better
than that of the original biochar, and the adsorption process
was best-fitted pseudo-second-order and Langmuir model,
respectively. It indicated that the adsorption was mainly
chemical and monolayer. Additionally, the adsorption
mechanisms of DR 167 dye removal by Mg-Fe@BC involved
electrostatic attraction, hydrogen bonding, surface com-
plexation and m—mt interactions.
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