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Abstract

The textile printing and dyeing industry, as one of the important pillars of the global economy, has become an environmental
problem that needs to be solved because of the increasingly serious pollution of dye wastewater generated during its production
process. Dye wastewater not only contains high concentrations of organic dyes, but also often accompanied by heavy metal ions,
additives and salts and other pollutants, if discharged directly without effective treatment, will seriously pollute the water body,
destroying the ecological balance, and affecting the survival and health of human beings and aquatic organisms. In order to deal
with the problems of serious pollution, large discharge and high cost of dye wastewater, it is necessary to develop an efficient,
economic and environmentally friendly wastewater treatment system. It is particularly important to develop efficient, economical
and environmentally friendly wastewater treatment technologies. Adsorption is considered as a promising method for wastewater
treatment. In this study, we focused on the development of new and efficient adsorbent materials. Taking methylene blue, a typical
dye, as an example, we skillfully composited modified biochar with montmorillonite, a natural mineral material, through pyrolysis
and intercalation strategies, and conducted in-depth investigations on the effects of the composites on the adsorption of methylene
blue in water, the factors affecting the regeneration performance of the adsorbents, and the thermodynamic characteristics of the
adsorption. The effect of the composite material on the adsorption of methylene blue in water, the factors affecting the regeneration
performance of the adsorbent and the adsorption thermodynamic characteristics were investigated in depth, with a view to providing
certain theoretical and practical references for the effective treatment of dye wastewater.
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1. Introduction

The Dye wastewater generally comes from textile, dyeing,
cosmetics, food processing and papermaking industries, With
the development of industry, the discharge of dye wastewater
has increased significantly. The annual discharge of dye
wastewater in China is as high as 7108 tons, accounting for
about 10% of the total national wastewater discharge. The dye

wastewater has the characteristics of complex composition,
strong toxicity, difficult biodegradation, etc., and does great
harm to human body, animals and plants. There are currently
more than 100,000 known process dyes [1]. Its main compo-
nents are benzene, phenols, naphthalene, etc., but also contain
heavy metals such as copper, zinc, arsenic and many other toxic
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substances [2, 3]. Once the dye wastewater is discharged into
the water body, the types of pollutants in the water body will
increase, the chroma will become darker, and the BOD and
COD will rise sharply. In addition, the increase of pollutant
types will make the water appear eutrophication and accom-
panied by odor production; Water discoloration will reduce the
transmittance of sunlight and inhibit the photosynthesis of
aquatic plants, thus destroying the self-purification ability of
water [4]. The significant increase of BOD and COD will cause
the pollutants in the water to be unable to be degraded, so as to
flow with the water body and cannot be concentrated, which
will increase the difficulty of wastewater treatment. Among
many kinds of dyes, methylene blue (MB) is one of the most
common dye pollutants, which is a cationic solution in water,
and contains a large number of toxic organic compounds, such
as nitro compounds, amino compounds, halides and so on.
Therefore methylene blue is highly toxic, carcinogenic and
mutagenic [5], which will pose a serious threat to aquatic life
and human health. Therefore, it is urgent to explore a high
efficiency and low consumption treatment method. At present,
although the treatment methods and theories of dye
wastewater have been studied for a long time, there are still
few effective methods that can be successfully applied. At
present, the commonly used dye wastewater treatment meth-
ods are biological, chemical and physical methods, etc., these
methods have advantages and disadvantages, or high energy
consumption or high cost, and the treatment effect is not ideal.
Therefore, it is urgent to explore a fast and scientific method to
treat dye wastewater. In view of this, this study proposed a
new idea of using agricultural waste to prepare biochar as an
adsorbent to treat methylene blue dye wastewater by waste
treatment. In recent years, agricultural waste is regarded as a
low-cost, multi-purpose renewable resource, which can be
used to prepare biochar for pollutant adsorption treatment.
These agricultural wastes mainly include rice husks, wheat,
potato straw, pine needles, discarded branches and leaves,
sugarcane and corn straw. In this study, bio-
char/montmorillonite composite material was prepared by
using rice husk, which was modified by ZnCl, to improve its
adsorption properties, and then combined with sodium-based
montmorillonite by pyrolysis or intercalation in a certain pro-

portion to prepare biochar/montmorillonite composite material.

A comprehensive study was conducted on the performance,
mechanism, influencing factors and thermodynamic dynamics
characteristics of the composite material's adsorption of meth-
ylene blue dye. In order to provide a certain theoretical and
practical reference for the treatment of dye wastewater.

2. Experimental Materials and Methods

2.1. Preparation of Biochar/Montmorillonite
Composites

In this experiment, biochar prepared from rice husk and

montmorillonite were selected as composite materials. Rice
husk was purchased from farmers' market, and montmorillo-
nite was purchased directly from a chemical company.

Figure 1. Biochar/montmorillonite preparation materials.

Preparation of composite materials by pyrolysis: According
to the mass ratio of montmorillonite: materials with biochar of
2:1,1.5:1, 1:1 and 1:1.5 were put into the corundum boat, and
the corundum boat was shaken to make the materials evenly
mixed. The corundum boat was put in a tube furnace and
pyrolysis was conducted in 400 <C nitrogen at a heating rate of
20T min-1 for 4 h to synthesize the composite material, and
then the sample was cooled to room temperature.

Preparation of composite materials by intercalation: The
sodium montmorillonite was added to the distilled water at
1:30 (m/V) and stirred for 2 h, and the mass was higher
than that of montmorillonite: Rice husk carbon with biochar
of 2:1, 1.5:1, 1:1 and 1:1.5 was added to NaOH solution
with a concentration of 6% at 1:30 (m/V), stirred for 30 min
to form a suspension. The rice husk carbon suspension was
added to sodium montmorilonite solution, stirred in a mixer
for 5 h, centrifugally washed until neutral, and then put into
the oven for drying. After grinding 200 mesh sieve set
aside.

2.2. Characterization of Materials

2.2.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) uses secondary
electron images and backscattered electron images to char-
acterize the microstructure and composition information of
materials, which is characterized by high resolution and wide
observation area [6]. The magnification of this experiment is
500-10000 times.

2.2.2. X-ray Diffraction Test (XRD)

X-ray diffraction test reflects the lattice space of the mate-
rial using the diffraction pattern generated by the crystal, so
as to reflect the changes of the material more clearly [7].

2.2.3. Specific Surface Area and Aperture
Distribution Test (BET)

In this experiment, the N, atmosphere was -190<C, the
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temperature was 250 <C, and the time was 8 h. The mesopore
was tested, the specific surface area was calculated using
BET model, and the pore size distribution was calculated
using BJH model to obtain the adsorption and desorption
curve and other relevant parameters [8].

2.2.4. Fourier Transform Infrared Spectroscopy
(FTIR)

In this experiment, the crystal structure parameters of the
composite materials were obtained to verify the composite of
biochar and montmorillonite [9].

2.3. Experimental Reagents and Instruments

The reagents and instruments used in the experiment are
shown in Tables 1 and 2 below.

Table 1. Experimental reagents.

Drug names Molecular formulate

purity

Nitrogen N> 99.90~99.95%

sodium hydroxide NaOH analytically pure

hydrochloric acid HCI analytically pure

Table 2. Experimental equipment.

Instrument name

tube furnace

High speed univerdal crusher

ultraviolet and visible spectrophotometer
Shaking incubator

electrothermal blowing dry box
Circulating water multipurpose vacuum pump
electronic scales

magnetic stirrer

water bath

desk centrifuge

X-ray diffraction

BET surface analyzer

Fourier transform infrared spectroscopy

2.4. Experimental Reagents and Instruments

2.4.1. Measuring Methoddrug Names

Appropriate amount of biochar/montmorillonite composite
material was placed in conical bottle, MB solution was added,
and then placed in a shaking table for constant temperature
oscillation for adsorption [10]. After adsorption, disposable

nitric acid HNO; analytically pure
phosphoric acid HsPO, analytically pure
vitriol H,SO, analytically pure
zinc chloride ZnCl, analytically pure
ultrapure water H,O analytically pure
diphenylcarbazide  Cy3H14N,O analytically pure
methyl alcohol CH5OH analytically pure
imvite Al,SiO34(OH) H,0 analytically pure

Model

OTF-1200X

FW100

752

SKY-200B

HGZF-101-1

SHB-3

FA2004

HJ-4A

HH-2A

TA2-16K

BrukerAXS D8
MicromeriticsASAP2460

Thermo Scientific Nicolet iS5

needle filter was used for filtration. The blank control was
ultra-pure water. The absorbance was measured by UV-VIS
spectrophotometer after adsorption. The absorption wave-
length of MB is 662 nm.

2.4.2. MB Standard Curve Drawing

Methylene blue was accurately weighed in the beaker to
obtain solutions with concentrations of 0, 1, 2.5, 5, 8, 10, 13
and 15 mg L7, respectively. The absorbance was measured
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by ultraviolet spectrophotometer at 662 nm with ultra-pure
water as the blank control wavelength. The linear regression
equation is y=0.1856x+0.0193 (R?=0.9992), and MB stand-
ard Figure 2 is drawn.

1.8
1.6 1

1.4- Y=0.1856x+0.0193
121 R’=0.9992

1.0 1

0.6 1
0.4 1
0.2 1
0.0
-0.2

0 2 4 6 8 10
C (mg.L'")
Figure 2. Standard curve of MB.

2.5. ELASA/ EILSA/ Radioallergosorbent Test

In this experiment, the adsorption properties of bio-
char/montmorillonite composites were investigated by single
factor variables such as adsorption thermodynamics, adsorp-
tion isotherm, pH of adsorbent and dosage.

2.5.1. Effect of Composite Ratio of Adsorbent on
Adsorption

Weighing 0.01g of composite materials obtained by py-
rolysis and intercalation, in which the composite ratios of
montmorillonite and biocharcoal were 2:1, 1.5:1, 1:1 and
1:1.5, the composite materials were transferred into meth-
ylene blue solution with a concentration of 50mg1.-1 and
oscillated for 2 h in the oscillating chamber at 25<C and 180
rpm. The proper amount of filtrate was placed in the ultravi-
olet spectrophotometer to measure the absorbance, calculate
the concentration, and get the best composite ratio.

2.5.2. Effect of Adsorbent Dosage on Adsorption

The methylene blue solution was 50 mL, the concentration
was 100mg L%, the temperature was 25<C, the adsorption
time was 2h, the natural pH, and the rotating speed of the
shaker was 180 rpm. The influence of the dosage of different
composite materials on the methylene blue adsorption was
investigated. The dosage was 0.005, 0.01, 0.015, 0.02, 0.025,
0.03g, respectively.

2.5.3. Effect of Solution pH on Adsorption

Methylene blue solution with a volume of 50 mL, concen-
tration of 50 mg L., temperature of 25<C, adsorption time of
2 h, 0.015g pyrolysis composite R2M1D, 0.01g intercalation
composite C1IM1C, and shaking speed of 180 rpm, The ef-
fects of 1 mol L HCI and NaOH solution on the adsorption
of different composites were investigated when the pH gra-
dients were adjusted to 4, 6, 8, 10 and 12.

2.5.4. Effect of Initial Concentration, Temperature
and Reaction Time on Adsorption

The experimental conditions of the influence of initial
concentration, temperature and reaction time of adsorbent on
adsorption are similar to those of adsorption mechanics and
adsorption isotherm.

2.5.5. Adsorption Isotherm and Adsorption
Thermodynamics

Methylene blue solution with a volume of 50 mL, concen-
tration of 50, 100, 150, 200, 250 mg.L?, pH value of 12,
temperature gradient of 15<C, 25<C and 35<C, 0.015g pyro-
lytic composite R2M1D and 0.01g intercalation composite
C1M1C were placed in conical bottles, respectively. The
absorbance of the solution was determined after the solution
was oscillated in the shaking table at 180 rpm for 2 h, and the
Ce adsorption equilibrium concentration and ge adsorption
equilibrium concentration of the solution concentration were
calculated. The Langmuir model and Freundlich model were
fitted to obtain the relevant parameters of the isotherm model,
and the Van t Hoff formula was fitted. The relevant thermo-
dynamic parameters are obtained [11].

2.5.6. Reaction Time and the Adsorption Dynamics

Under the experimental conditions of solution volume of
50 mL, concentration of 50 mg 4™, temperature of 25<C,
0.015g pyrolytic composite R2M1D, 0.01g intercalation
composite C1IM1C, pH value of 12, and shaking speed of
180 rpm, continuous sampling was conducted. The time
points were 5, 10, 20, 40, 60, 90, 120, 180, 150, 180, 240,
300 min. The concentration Ct of the solution was measured,
that is, the concentration at time t. The adsorption quantity gt
at time t was calculated according to the obtained data,
which was used to fit the adsorption kinetic model.

2.5.7. Reaction Time and the Adsorption Dynamics

Through mass from the adsorbent adsorption desorption
can make composite material cycle is repeated use, to reduce
economic cost [12]. Experimental steps are as follows: the
adsorption of composite material from the corresponding
saturated solution in leaching, into the 0.01 mol -L™* NaOH
or desorption in HCI solution 4 h, isolated composites with
ultrapure water placed in the oven to dry, after cleaning for
adsorption, cyclic adsorption five times after the determina-
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tion of absorbance adsorption calculated and compared.
2.6. Data Processing Method
R = =X x100% @)

R—removal rate, %;

Cs Initial concentration of solution, mg 1.
C The concentration of the solution in the bottle after
adsorption of the adsorption material, mg L%
_ VXx(Co—-0C)
= D0 @

g—adsorption quantity, mg g™;
V——\olume of solution, L;

M——Material dosage, g.

3. Results and Discussion

3.1. Biological Characterization of
Carbon/Montmorillonite Composites

3.1.1. SEM Analysis

Figure 3(a), (b), (c) and (d) are the electron microscope
images of Modified biochar (ZBC), montmorillonite (MT),
R2M1D and C1M1C magnified by 500, 5000 and 10000
times by scanning electron microscope, respectively.

Figure 3. Scanning elevtion microscopy of ZBC, MT, R2M1D andC1M1C.

It can be seen from Figure 3a that ZBC biochar presents a
tubular structure with different degrees of depression on the
tube wall. These structures make ZBC biochar have more
pore structure and larger specific surface area, which lays a
foundation for the adsorption and removal of dyes. As can be
seen from Figure 3b, MT presents particle states of different
shapes and sizes, and its surface has a layered structure. It
provides an important basis for the composite of biochar
with tubular structure. It can be seen from Figure 3c that the
surface of the pyrolysis composite R2ZM1D has a rough lay-
ered structure and certain pores. It can be clearly seen that

the layered structure of MT is compounded with the pore
structure of ZBC when magnified by 10,000 times. This in-
dicates that biochar/montmorillonite composites with ad-
sorption capacity have stronger adsorption capacity than
ZBC and MT. It can be seen from Figure 3d that intercalation
composite CIM1C presents the same granular structure as
the above materials. At 5000 times magnification, the surface
of the material has a layered structure of different shapes,
and at 10000 times magnification, it can be obviously seen
that the surface of the composite material also has a certain
number of tiny pore structures. The combination of the two
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structures enhanced the adsorption effect of the composite on
MB.

3.1.2. XRD Analysis

* ACMB
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podi _ ARMB
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Figure 4. Test stepctrum of XRD.

According to Figure 4, the diffraction peak of ZnC appears
at 20=34°, which is consistent with ZnCl2 modified biochar.
When 26 is between 26° and 28°, the diffraction peak of SiC
appears in MT, which is consistent with the typical Si dif-
fraction peak of montmorillonite. Composites R2M1D and
C1M1C contain diffraction peaks matching SiC in the range
of 30-38< respectively, indicating that biochar and montmo-
rillonite have been combined. After adsorption of MB, the
ACMB and ARMB of the composite materials contain dif-
fraction peaks matching NCS3CN in the range of 30~38<
and the nitrogen element can be judged to be mainly from
MB, which indicates that the composite has a certain adsorp-
tion effect on MB.

3.1.3. BET Analysis

The modified biochar (ZBC), montmorillonite (MT), py-
rolysis composite R2M1D and intercalation composite
C1M1C were analyzed respectively, and the data are shown
in Table 3.

Table 3. Pore structure data of ZBC, MT, R2M1D, C1M1C.

Material  Specificarea Total pore Mean poresize
name (m7) volume (cm®g)  (nm)

ZBC 5.2881 0.020202 10.4803

MT 66.5910 0.150489 9.9968
R2M1D  7.0806 0.043878 21.3931
CiM1C  417.4614 0.289751 4.4441

E 14 F = Adsorption

I, « Desorption "
Q2 2t

20

‘g 10}

o

-

- 8r -
o

e 6r o\‘
8 o*™ =
o] - o.. -

< !

b 2r --"...

-

E .W

< Oor

= M A A A A A
o 0.0 0.2 04 0.6 08 1.0

Relative Pressure (P/P,)

Figure 5. Absorption and desorption curves of Zbc.
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Figure 6. Absorption and desorption curves of MT.

As can be seen from Table 3, in terms of specific surface
area, intercalation composite CIM1C has significantly im-
proved compared with ZBC, MT and R2M1D, reaching
417.4614 m=y™", which is 83 times that of ZBC with the
lowest specific surface area value and 6 times that of MT.
Moreover, in terms of total pore volume, intercalated com-
posite CIM1C reached 0.289751 cm?®.g™, which was 93%
and 48% higher than ZBC and MT, respectively, indicating
that intercalated composite C1M1C was significantly differ-
ent from other materials in terms of specific surface area and
total pore volume. In terms of average pore diameter, the
pyrolytic composite R2M1D reaches 21.3931 nm, which is
52 times that of ZBC and MT, and is the material with the
largest average pore diameter. Intercalation composite
C1M1C and pyrolysis composite R2M1D are both composed
of ZBC and MT, which indicates that the combination of the
two can effectively improve the specific surface area and
total pore volume, so that the composite material has enough
space to accommodate methylene blue molecules [13].
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The nitrogen adsorption-desorption curves of mesoporous
materials are mostly type 1V, that is, the adsorption and de-
sorption branches cannot completely coincide, forming a
hysteresis loop. As can be seen from Figures 5-8, the four
materials in the experiment all have hysteresis loops and
belong to Hj type. ZBC, MT, R2M1D and C1M1C are typi-
cal type IV. Under low relative pressure, the adsorption ca-
pacity rises sharply, which belongs to monolayer adsorption.
When the relative pressure p/pg is 0.3~0.5, the adsorption
capacity is flat, which belongs to multilayer adsorption [14,
15]. When the relative pressure is high, the adsorbent will
condense in capillary tubes, and p/p, > 0.9 will continue to
rise, which is caused by adsorption in large pores.

3.1.4. FRIT Analysis

The Fourier transform infrared spectra of ZBC, MT,
R2M1D and C1M1C are shown in Figure 9.

As can be seen from Figure 9, the Fourier transform infra-
red spectra of MT, R2M1D and C1M1C are quite different
from those of ZBC. ZBC has no vibration peak in the range

of 1200~400 cm, indicating that the peak of the composite
material exists because of the composition of MT, and MT is
firmly composite on biochar. The four composites all have a
peak formed by -OH stretching vibration at 3625 cm™ and an
N-H absorption peak at 3428 cm™, indicating that several
composites contain nitrogen. There is a single peak formed
by C=C and C=0 stretching vibration at 1637 cm™, there is a
peak formed by Si-O stretching vibration at 1037 cm™, and
there is a peak between 1500 and 400 cm™ indicating that the
vibration has a single bond peak [16, 17]. The peak at 470
cm™ mainly describes the bending pattern of the sili-
co-oxygen bond (Si-0).

324 3428 1637 1037 470
CiMic )
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Figure 9. FRIT spectura of ZBC, MT, R2M1D, C1M1C.

3.2. Exploration of Adsorption Properties

3.2.1. FRIT Analysis

Optimum composite ratio of biochar/montmorillonite [18].
The composite ratio of montmorillonite and biocharcoal was
2:1, 1.5:1, 1:1, and 1:1.5, respectively. The montmorillonite
was transferred into 50 mL methylene blue solution with a
concentration of 100 mg L.-1. After the adsorption was com-
pleted, the absorbency was measured and the adsorption ca-
pacity and removal rate were calculated, and Figures 9 and 10
were drawn.

It can be seen from the figure that the removal rate and
adsorption capacity of MB of biochar/montmorillonite com-
posite material are higher than that of biochar and montmo-
rillonite single material. It can be seen from Figure 10. that
the adsorption capacity and removal rate of MB of the py-
rolysis composite R2M1D are higher than those of other
composites, reaching 176.22mg.g™ and 70.49%, respectively,
which are 13% and 14% higher than that of ZBC. The MB
removal rate and adsorption capacity of intercalated compo-
site CLM1C were also higher than those of other intercala-
tion composites, reaching 248.09mg.g™ and 99%, respec-
tively, which was 39% higher than that of ZBC. Therefore,
the best composite ratio of pyrolysis and intercalation com-
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posites is montmorillonite: biochar is 2:1 and 1:1, respec-
tively [19-21].
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Figure 10. The effect of composite ratio on the adsorption of MB by
the pyrolytic composite R2M1D.
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Figure 11. The effect of composite ratio on the adsorption of MB by
the pyrolytic composite CIM1C.

3.2.2. Effect of Dosage of Composite Material on
Adsorption Efficiency

Added 50 mL of methylene blue solution with a concen-
tration of 50 mgL™ to 5 conical bottles, and then added
0.005, 0.01, 0.015, 0.02, 0.025g of pyrolytic composite
R2M1D or intercalation composite CLM1C to them for ad-
sorption experiments [22]. Adsorption 2h. After the adsorp-
tion is completed, the adsorption amount and removal rate
are calculated and shown in Figures 12 and 13.

As can be seen from Figure 12, when the pyrolysis com-
posite R2M1D is in the additive mass range of 0.005~0.03g,
the removal rate of methylene blue increases first and even-
tually tends to be flat, but the adsorption capacity generally
shows a trend of decline [23]. This is because with the in-
crease of the dosage of composite materials, the binding sites

of composite materials and methylene blue also increase, and
the collision probability of adsorption materials and meth-
ylene blue molecules in the unit space increases, and the re-
moval rate increases [24]. When the dosage is 0.015g, the
removal rate reaches 97% and the adsorption capacity reach-
es 143.4 mg.g*. Compared with 0.001g, the removal rate
increased by 2%. When the dosage was increased to 0.02g,
the removal rate reached 99% and the adsorption capacity
reached 124.0 mg.g™. The removal rate and adsorption ca-
pacity tend to be flat as the dosage continues to increase.
Pyrolysis composite R2M1D reached adsorption equilibrium
for methylene blue solution with concentration of 50 mg.L™
within 2h. When the dosage is 0.02g, the difference of re-
moval rate is smaller and the adsorption capacity is lower
than that of 0.015g. Therefore, from the economic considera-
tions of material, removal rate and adsorption capacity, the
optimal dosing amount of pyrolysis composite R2M1D is
more appropriate at 0.015g [25, 26].
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Figure 12. The effect of R2M1D dosage on the absorption of MB.
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Figure 13. The effect of CLM1C dosage on the absorption of MB.

Similarly, as shown in Figure 13, the adsorption of meth-
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ylene blue by intercalation composite CIM1C also showed a
similar adsorption trend. In the addition range of
0.005~0.03g, the removal of methylene blue by intercalation
composite CIM1C first increased with the increase of the
dosage, and then tended to be flat when the dosage was
0.01g. The adsorption capacity reached 249.3 mg.g™, but
showed a downward trend overall. Therefore, the optimal
dosage of intercalated composite C1M1C for adsorption of
methylene blue solution with concentration of 50 mg.L™ is
0.01g. When the concentration and volume of the wastewater
solution are fixed, the more the dosage, the more the adsorp-
tion sites of the composite material for MB, the higher the
adsorption capacity and removal rate will be [27].

3.2.3. Effect of pH on Adsorption Efficiency

The concentration of 50 mg 1.-1 methylene blue solution
was added, and the pH value was adjusted to 4, 6, 8, 10, 12,
respectively. Then 0.015g pyrolytic composite R2M1D or
0.01 g intercalation composite CIM1C was added into the
solution, respectively. After 2 h, the absorbance was deter-
mined by ultraviolet spectrophotometer to obtain the adsorp-
tion capacity and removal rate [28]. The effects of different
pH environments on MB removal rate and adsorption capac-
ity are shown in Figures 14 and 15.
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Figure 15. The effect of PH on MB adsorption by C1M1C.

Methylene blue is a cationic dye, which is the same as the
positively charged composite material, and the coexistence
of the two will cause repulsion, and methylene blue cannot
be effectively adsorbed on the material, making the adsorp-
tion effect insignificant [29]. Therefore, the pH of the solu-
tion is selected as 4, 6, 8, 10, 12. As can be seen from Figure
14, both the methylene blue removal rate and adsorption
capacity of the pyrolytic composite R2M1D showed an in-
creasing trend with the increase of pH. When pH value is 12,
the removal rate reaches 99% and the adsorption capacity
reaches 83.3 mg.g™. Compared with pH 4, the removal rate
increased by 13% and the adsorption capacity increased by
14%, which significantly improved the adsorption effect.
When pH is between 10 and 12, the removal rate increases
most significantly, with an increase of 7%. The results indi-
cate that the adsorption effect of the pyrolytic composite
R2M1D is not significant in acidic environment due to the
competitive adsorption of H+ and methylene blue in the so-
lution [30, 31]. Therefore, the adsorption of methylene blue
under alkaline conditions is better than that under acidic en-
vironment, that is, the positive ions of methylene blue attract
each other with the anions in the alkaline environment of the
solution, and more adsorption opportunity sites are generat-
ed.

The adsorption effect of intercalated composite C1M1C
on methylene blue is shown in Figure 15, and the removal
rate and adsorption capacity have a similar increasing trend
as that of pyrolysis composite R2ZM1D. When pH was 12,
the removal rate reached 99% and the adsorption capacity
was 247.8 mg.g™l. Compared with pH 4, the removal rate
increased by 22%, the adsorption capacity increased by
21%, and the adsorption effect was significantly improved.
The principle of adsorption is the same as that of pyrolysis
[32].

3.2.4. Effect of Initial Concentration on Adsorption
Efficiency

50mL methylene blue solution with a concentration of 50,
100, 150, 200, 250mg 4" was taken into a conical bottle
with a pH of 10, and 0.015¢g pyrolytic composite R2M1D or
0.01g intercalation composite CIM1C were added into the
solution. Two hours later, the absorbance was measured by
ultraviolet spectrophotometer to obtain the adsorption capac-
ity and removal rate [33]. The effects of different initial con-
centrations of solution on MB removal rate and adsorption
capacity are shown in Figures 16 and 17.

As shown in Figures 16 and 17 the methylene blue ad-
sorption of the two composite materials decreased with the
increase of solution concentration, while the adsorption ca-
pacity increased.

As shown in Figure 16, when the solution concentration of
the pyrolysis composite R2M1D is 50mg.L™, the removal
rate reaches 99% and the adsorption capacity reaches
166mg.g™*. Compared with 250mg L., the removal rate in-
creases by 8% and the adsorption capacity decreases by 78%.
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The removal rate decreased the fastest when the solution
concentration was between 50 and 100mg.L™, with a de-
crease of 4%. The reduction reached 3% between 100 and
150mg.g™, began to flatline at 200mg L™, and the removal
rate of 250mg.L™" was 91%. Therefore, the optimal initial
concentration of methylene blue solution adsorbed by
R2M1D is 50mg.L™.
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Figure 16. The effect of initial concentration on MB adsorption by
R2M1D.
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Figure 17. The effect of initial concentration on MB adsorption by
CiM1C.

As shown in Figure 17 when the solution concentration of
intercalated composite CIM1C was 50 mgL.?, the removal
rate reached 99%, and the adsorption capacity reached 242
mg -g™, which increased by 5% compared with 250 mg .7,
and the adsorption capacity decreased by 79%. The removal
rate decreased the fastest when the solution concentration
was between 50 and 100mg 4, the decrease reached 4%,
and began to flatten out when the solution concentration was
100mg L. Therefore, the optimal initial concentration of
methylene blue solution adsorbed by intercalated composite
C1M1C is also 50 mg L.

In the low-concentration solution, the adsorbent has suffi-
cient adsorption sites to supply, so the methylene blue re-
moval rate of the composite material is relatively high in the
initial stage of adsorption [34]. With the increase of the
methylene blue solution concentration, the adsorption site is
gradually occupied completely, the adsorption mass removal
rate decreases gradually, the adsorption mass transfer power
increases, and the adsorption capacity increases [35].

3.2.5. Effect of Adsorption Time on Adsorption
Efficiency

Take 12 conical bottles, add 0.015g pyrolytic composite
R2M1D or 0.01g intercalation composite CIM1C into the
bottles, and sample continuously under the experimental
conditions of solution volume of 50 mL, concentration of 50
mg L., temperature of 25<C, pH of 12, and shaking speed of
180 rpm. The time points were 5, 10, 20, 40, 60, 90, 120, 180,
150, 180, 240, 300 min. The absorbance was measured after
2h adsorption, and the corresponding concentration and re-
moval rate were calculated. Taking the adsorption time as the
horizontal coordinate and the removal rate and adsorption
amount as the vertical coordinate, the diagram is as follows:
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Figure 18. The effect of adsorption time on removal rate.

As can be seen from Figures 18 and 19, with the extension
of adsorption time, the adsorption capacity and removal rate
of the pyrolytic and intercalation composites show a trend of
gradual increase at first and then gradual gradual decrease.
The removal rate and adsorption capacity increased signifi-
cantly within 0~40 min. Among them, the removal rate of
40min reached 93%, and the adsorption capacity reached 156
mg.g™. Compared with the removal rate of the 5th min, the
adsorption capacity reached 19 percentage points. Although
the removal rate and adsorption capacity in the first 40~50
min were still increasing, the growth rate was significantly
lower than that in the initial 40 min adsorption stage. These
results indicate that both composites provide sufficient bind-
ing sites for methylene blue in the initial stage of adsorption.
At the 60th minute, the removal rate and adsorption capacity
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showed a steady trend. It shows that the mass transfer rate
becomes slow due to the occupation of adsorption sites and
the decrease of adsorbent concentration, and the adsorption
process eventually tends to be smooth. By comparing the two
composite methods, it can be found that the initial adsorption
reaction time of pyrolysis composite R2M1D is lower than
that of intercalated composite CIM1C, and the removal rate
and adsorption capacity of intercalated composite CIM1C do
not change at the 150th minute, while that of intercalated
composite CIm1C does not change at the 240th minute.
Therefore, it can be concluded that the pyrolysis and interca-
lation composites need 150 min and 240 min respectively to
reach the adsorption equilibrium. However, by comparing
the removal rate and adsorption capacity in time, it can be
concluded that the removal rate and adsorption capacity of
the two composites have reached a flat state within 120 min.
Therefore, from the economic consideration, it can be deter-
mined that the best adsorption time of the two composites is
120 min.
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Figure 19. The effect of adsorption time on the absorption capacity.

3.2.6. Effect of Adsorption Temperature on
Adsorption Efficiency

At 15<C, 25<C and 35, the adsorption of methylene blue
on the composite material was determined, as shown in Fig-
ures 20 and 21.

It can be seen from Figures 20 and 21 that both the re-
moval rate and adsorption capacity of pyrolysis and interca-
lation composites increase with the increase of temperature.

They all increased significantly between 15 and 25<C, and
reached 165.20 mg.g” and 249.95 mg.g™ at 35<C, respec-
tively. The result shows that the Brownian motion is strong
and the collision between methylene blue molecules and
composites is intensified. In addition, the increase of temper-
ature is conducive to the methylene blue molecules entering
the internal pores of rice husk carbon and montmorillonite,
which is conducive to the adsorption of methylene blue by
composite materials. In addition, the adsorption process of

most materials belongs to endothermic reaction, so the in-
crease of temperature is conducive to the adsorption [36],
which will be further analyzed in combination with adsorp-
tion thermodynamics.
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Figure 20. The effect of ambient temperature on MB adsorption by
R2M1D.
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Figure 21. The effect of ambient temperature on MB adsorption by
C1Mi1C.

3.2.7. Adsorption Kinetics

In this paper, the adsorption kinetics of MB by two kinds
of composite materials is studied by using the model of
in-particle diffusion. The experimental results were fitted by
formula (3), (4) and (5) respectively.

1) Quasi-first-order kinetic model

The quasi-first-order kinetic model assumes that the diffu-
sion step of adsorbed material is controlled during the ad-
sorption process, and the adsorption rate is proportional to
the difference between the adsorption amount when the ad-
sorbed material reaches the adsorption equilibrium and the
adsorption amount at time t. The formula is shown in equa-
tion (3).
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dq _

2 =K (@e— a0 ®)
gi--the amount of adsorbed material adsorbed at time t;

ge-- Equilibrium adsorption capacity;

k¢-- quasi-first-order reaction rate constant;

t-- Contact time.

Transform the formula (3) to get the expression (4).

In(qe — q¢) =1In(qe) — k-t (4)

Equation (4) is used to process the experimental data, and
linear fitting is performed with the horizontal and vertical
coordinates, so that k¢ and g, can be calculated.

2) Quasi-second-order kinetic mode

The quasi-second-order kinetic model assumes electron
exchange between adsorbent and adsorbent material. The
formula is shown in equation (5).

d
d_q =Ks - (qe — qt)z %)
t

ge, gt, t has the same concept as formula (3)
ke~ quasi-second-order rate constant, g {mg min)™*
The equation (5) is deformed to obtain a linear expression

(6).

t 1 t

=ty ©)

qt - ksqe? de

Equation (6) was used to process the experimental data to
obtain the value of t/g; and take t and t/q; as horizontal and
vertical coordinates for linear fitting, so that g. and ks can be
calculated.
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Figure 22. The pseudo-first-order adsorption kinetic model for the
adsorption of MB onto R2M1D, C1M1C.
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Figure 23. The pseudo- second -order adsorption kinetic model for
the adsorption of MB onto R2M1D, C1M1C.

Table 4. Adsorption kinetic parameters of R2M1D, C1M1C for MB.

The first stage

Materials Gexp i
(mg g7) ot -
de (Mg 97) k¢ (min™)
R2M1D 166.64 52.61 5.48x107
CimMicC 249.79 55.03 3.00x1072

According to the data in Table 4, the adsorption of MB by
the two composites is more consistent with the qua-
si-second-order adsorption kinetics model. By comparing
Radj2 of pyrolysis and intercalation composites, it can be
concluded that the values of the pseudo-second-order ad-
sorption kinetic equations are all above 0.99, and all are
higher than the pseudo-first-order. The measured equilibrium
adsorption capacity of intercalated composite C1IM1C is
251.89mg.g" and the theoretical equilibrium adsorption

The second stage

Ragi® de(mg g™ ks (g {mg min)™) Rag®
098085  32.09 6.55x10° 0.99895
097349  251.89 1.81x107 0.99998

quantum fitted by the quasi-second-order kinetic equation is
only 2.1 numerically different. Therefore, the qua-
si-second-order adsorption Kinetics model can better explain
the adsorption process of MB by R2M1D and C1M1C com-
posites, especially intercalated composites.

3) Intra-particle diffusion model

4) The Kinetic equation cannot explain the diffusion on the
surface and inside of the adsorbent particles, so in the ad-
sorption process, the diffusion with a slower adsorption rate
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becomes the main factor affecting the adsorption process. In
this experiment, the particle diffusion model was fitted by
formula (7), as shown in the chart:

G =kt +C )

ki--Intra-particle diffusion rate constant, mg g™ min®°;
-Constants related to the thickness of the boundary layer,
-1
mgg-.

K;and C can be calculated from the slope and intercept of
the fitting equation, in which whether the fitting line passes
through the origin or not can be used as the basis for judging
the internal diffusion rate mechanism.
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Figure 24. The intra-particle diffusion model for the adsorption of
MB onto R2M1D, C1M1C.

Table 5. Intra-particle diffusion parameters of R2M1D, C1M1C for MB.

The first stage

Materials

ki (mg g™ min®?) Rag®
R2M1D 6.31034 0.91867
Ccimic 13.34311 0.98602

It can be seen from Figure 24 that the adsorption process of
MB on the two composites can be divided into two stages:
membrane diffusion and intra-particle diffusion, which shows
that the pore structure of the composites can also improve the
removal rate in the adsorption process. In addition, the fitting
curves of the composites did not pass through the origin,
which indicated that the adsorption rate was controlled by
multiple adsorption mechanisms. It can be seen from Table 5
that with the extension of the adsorption time, the diffusion
rate constants of the two composites in the first stage are much
larger than those in the second stage, indicating that the ad-
sorption process in the second stage is the main factor af-
fecting the internal diffusion of the adsorbates.

3.2.8. Study on Adsorption Isotherm

In order to explore the adsorption mechanism of two kinds
of composites for MB, Langmuir and Freundlich adsorption
models will be used for non-linear fitting [37], as shown in the
following chart:

1) Langmuir isothermal adsorption model

The Langmuir isothermal adsorption model assumes that
the adsorption sites are limited and the forces acting on the
adsorbents at the adsorption sites are the same, and there is no
force between the adsorbents, which can achieve dynamic
equilibrium and form a single molecular adsorption layer. The
formula is like formula (8).

The second stage

ki(mg g min®®) Ragi®
0.12028 0.49788
0.88297 0.83305
_ QmaxK1Ce
Qe = "1ikrce )

In the formula:

ge——Equilibrium adsorption amount when adsorption
reaches adsorption equilibrium, mg g™;

Ce The concentration of residual dyes in the solution
when the adsorption reaches equilibrium, mg L ;

Qmax——Adsorption capacity of unit mass adsorbent for
intact monolayer dyes, mg g™*;

Ki——Langmuir adsorption constant, which is related to
the adsorption strength., L mg™.

2) Freundlich adsorption model

The Freundlich adsorption model shows that the concen-
tration of adsorbate on the surface of the adsorbent is posi-
tively correlated with the concentration of the adsorbent so-
lution. Theoretically, there will be infinite adsorption; in the
application of heterogeneous systems, adsorption can only be
completed by multi-layer adsorption [38].

1

e = Kf ) Cez (9)

In the formula:
Ks——Freundlich equilibrium constant, which is related to
the type of adsorbent and affinity, mg g * {mg L %)™
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n——Freundlich constant, dimensionless.

The size of the value of zone can indicate the adsorption
intensity [39], when 0.1 < 1 area < 0.5, the adsorption pro-
cess is easy to carry out, and 1 zone > 2.0 indicates that the
adsorption is not easy.

According to MB concentration, adsorption capacity and
removal rate, the fitting curves of MB removal efficiency of
composite materials at different temperatures were drawn
Figures 25, 26 and Table 6.

It can be seen from Table 6 that the correlation coefficient
of Freundlich model is larger than that of Langmuir model
under three ambient temperatures, which shows that Freun-

dlich model is more suitable than Langmuir model to explain
the adsorption of MB on composite R2ZM1D. In addition, the
measured value Qme is larger than the curve fitting value
Qmax, with a numerical difference of 90.13%. Therefore, it
shows that the adsorption of MB by composite R2M1D ac-
cords with the hypothesis of Freundlich model, and belongs
to multi-layer adsorption. It can also be seen from the table
that the Kf increases with the increase of temperature, while
the temperature decreases, that is, the heating is beneficial to
the adsorption process. The values of 1Pao are all between
0.1 and 0.5, indicating that adsorption is easier to carry out
[40].

Table 6. R2M1D composites adsorption isotherm parameters for MB.

Langmuir
Temperature -
(T)p Qme (mg g 1)
Qmax (mg 'g-l) KI (L 'mgl)
15 767.8214799 700.08882 0.42157
25 768.7194684 691.11036 0.57105
35 770.4436063 666.63871 1.52684
Note: "Qme" is the experimental data, mg.g™.
S 800f [ = 15C -
=}
~ 700
S 600
g !
S 500
=} L
=]
‘2 400 |
55 L
< 300F
«
£ 200}
= 100F
=
(=
,’J_] 0 1 1 1 1 1

0 5 10 15 20
Equilibrium concentration (mg/L)

Figure 25. The pseudo-first-order adsorption kinetic model for the
adsorption of MB onto R2ZM1D, C1M1C.
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Figure 26. The pseudo- second -order adsorption kinetic model for
the adsorption of MB onto R2M1D, C1M1C.
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Table 7. CLM1C composites adsorption isotherm parameters for MB.

Langmuir Freundlich
Qme -1
(Mg 9°) QMg g  KiLmg) Ru? Ke(mg g (mgL )™ Ry’
1150.95097 2441.0944 0.03748 0.77887 0.70015 129.27583 0.88188
1154.83028 2503.2055 0.03123 0.55923 0.7417 105.33807 0.60029
1155.396013  4975.2635 0.01268 0.59548 0.81959 86.24556 0.66481

Note: "Qme" is the experimental data, mg.g™.
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Figure 27. Langmuir adsorption model fit for CLIM1C.
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Figure 28. Freundlich adsorption model fit for CIM1C.

From Table 7, the Radj 2 of the Freundlich model is larger
than that of the Langmuir model, indicating that the Freun-
dlich model is more suitable for describing the adsorption of
MB by C1M1C. By comparing the measured value Qme and
the curve fitting value Qmax, we can find that there is a large
gap between them, and the values of both are about 0.7, be-
tween 0.5 and 2, indicating that this adsorption process is not
easy to carry out.

3.2.9. Adsorption Thermodynamics

In order to further explore the adsorption process and its
mechanism, the thermodynamic parameters Gibbs free energy
change A G, enthalpy change A H and entropy change A S
were calculated by using the general formula (10, 11, 12) at
288K, 298K and 308K, respectively. The parameters are
shown in Table 8:

AG=—R-T-Ink (10)

AG=AH—T-AS (11)
_ %

K= (12)

In the formula:

K——The partition coefficient mL g-1, using the adsorp-
tion constant in Freundlich isotherm.;

AG——Gibbs free energy, kJ mol-1;

AH——Enthalpy change, kJ mol-1;

AS——Entropy change, kJ mol-1 K-1;

R——Standard gas constant, 8.314, J {mol K)-1;

T——Standard gas constant, K.

A G can be calculated, A G’and T are linearly fitted, and
AH" and A S° are calculated by the intercept and slope of the
regression equation.
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Table 8. Adsorption thermodynamic parameters of R2ZM1D, C1M1C composites for MB.

Materials Temperature (K) AG (kJ-mol ™)
288 -13.05
R2M1D 298 -13.70
308 -14.87
288 -11.41
CimMmic 298 -11.54
308 -11.64

Table 8 shows that the A G of the two composites is nega-
tive at three ambient temperatures, that is, the adsorption of
MB by the two composites does not need to be promoted by
external forces. At the same time, the value of A G decreases
with the increase of ambient temperature, indicating that the
heating is beneficial to the adsorption reaction.

In general,-20 < A G <0 kJ -mol-1 is physical adsorption, A
G <-40kJ mol-1 is chemical adsorption, or A H <25 kJ -mol-1
is physical adsorption, A H > 40 kJ -mol-1 is chemical adsorp-
tion. According to the data in the table, the A H of the two
composites is 13.26, 14.928 kJ imol-1 respectively, which is
less than 25 kJ mol-1, which indicates that the adsorption
process of the two composites to MB is physical adsorption. If
the value of A H is positive, the adsorption process is endo-
thermic and the heating up is beneficial to the adsorption. If the
A S values are all positive, the adsorption is a process of en-
tropy increase and the degree of confusion is high. Water
molecules are replaced by dye MB molecules on the surface of
the composites, resulting in an increase in entropy.

3.3. Cycle Performance of Composites

Desorption the saturated composite in 0.01mol/L HCI so-
lution for 4h, separate the composite and wash it with ul-
tra-pure water, put it in the oven after drying, continue to add
the composite to the same solution, repeat five times and
calculate the adsorption capacity. The results are as follows:

First

Second

250 4 Third

Fourth
ift

200

150 4

100

Adsorption capacity (mg/g)

R2M1D CIMIC

Figure 29. Recycle ability of composites to adsorb MB.

AH (kJ-mol ™) AS (kJ-mol* K™

13.26 0.0911

14.928 0.0114

It can be seen from figure 29 that after 5 cycles and re-
peated experiments, the adsorption capacity of MB on the
composites decreased one by one. Among them, the pyro-
Iytic composite material R2ZM1D decreased from 166.636
mg.g ™ in the first time to 20.388 mg.g™* in the fifth time, with
a decrease of 88%, and the intercalated composite CIM1C
decreased from 249.783 mg.g™ in the first time to 30.905
mg.g™ in the fifth time, with a decrease of 87%. The recy-
cling performance decreased gradually and the adsorption
capacity decreased significantly, because the desorption of
MB on the composites was difficult, resulting in a small
number of adsorption sites, and NaOH destroyed the pore
structure of the composites.

3.4. Adsorption Mechanism

Through Fourier transform infrared spectroscopy, specific
surface area and pore size distribution and other characteri-
zation methods and adsorption kinetics, adsorption thermo-
dynamics, adsorption isotherm analysis, it is concluded that
the adsorption of MB on composites is controlled by a variety
of mechanisms. The functional groups on the surface of the
composites interact with the positive charge in MB solution
and the pH environment of the solution. So that MB mole-
cules can be adsorbed by electrostatic gravitation with func-
tional groups on the surface of composite materials. In addi-
tion, the MB molecule contains aromatic rings, which can
interact with the n electrons of the composites to achieve the
purpose of adsorption. According to the study of isotherm and
intra-particle diffusion model, it can be found that the main
removal mechanisms of MB in the composites are membrane
diffusion, adsorption, intra-particle diffusion and so on. Ac-
cording to the analysis, the whole adsorption process is that
MB molecules pass through the solid-liquid interface of the
composite surface, and then adsorbed on the composite sur-
face by a series of adsorption mechanisms such as electro-
static gravity, and gradually spread to the internal pore
structure, while being transported to the adsorption site by n-n
conjugation.
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4. Conclusions

(1) single biochar and montmorillonite have certain ad-

sorption capacity to methylene blue, but the adsorption
properties of the composites are significantly higher
than those of the two single materials. The optimum
pyrolysis and intercalation ratio of biochar and mont-
morillonite is 2:1 and 1:1, and the adsorption capacity is
156.931 and 248.095 mg.g ™, respectively.

(2) the specific surface area of the intercalated composite

C1M1C reaches 417.461 mg.g™, which is 83 times that
of ZBC and 6 times that of MT. From the Fourier
transform infrared spectrum analysis, it can be con-
cluded that the pyrolytic composite R2M1D, interca-
lated composite CIM1C, ZBC, MT all have Cmurh,
Coluo, Czoc functional groups, and there are many
kinds of functional groups.

(3)with the increase of the dosage of pyrolytic composite

R2M1D and intercalated composite C1M1C, the removal
rate of MB increases, but the adsorption capacity decreases.

(4) the alkaline environment is beneficial to the adsorption

of MB. When the temperature is 25<C, the pH value is
12, the concentration of MB is 50 mg 1., the dosage of
R2M1D and C1M1C is 0.015 and 0.01 g respectively,
the equilibrium adsorption capacity of the two compo-
sites to MB is 166.64 and 249.80 mg.g™ respectively,
and the removal rate is 95%.

Abbreviations

MB

ZBC

MT

Methylene Blue
Modified Biochar
Montmorillonite
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