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ABSTRACT: Walnut shell biochar (WSC) and wood powder biochar (WPC) prepared using the limited oxygen pyrolysis process
were used as raw materials, and ZnCl,, KOH, H,SO,, and H;PO, were used to modify them. The evaluation of the liquid-phase
adsorption performance using methylene blue (MB) as a pigment model showed that modified biochar prepared from both
biomasses had a mesoporous structure, and the pore size of WSC was larger than that of WPC. However, the alkaline modified was
more conducive to the formation of pores in the biomass-modified biochar materials; KOH treatment resulted in the highest
modified biochar-specific surface area. The isothermal adsorption of MB by the two biomass pyrolysis charcoals conformed to the
Freundlich equation, and the adsorption process conformed to the quasi-second-order kinetic equation, which is mainly physical
adsorption. The large number of oxygen-containing functional groups on the particle surface provided more adsorption sites for MB
adsorption, which was beneficial to the adsorption reactions. The adsorption effects of woody biomass were obviously higher than
that of shell biomass, and the adsorption capacities of the two raw materials’ pyrolysis charcoal were in the order of WPC > WSC.
The adsorption effects of different treatment reagents on MB were in the order ZnCl, > KOH > H;PO, > H,SO,. The maximum
adsorption capacities of the two biomass treatments were 850.9 mg/g for WPC with ZnCl, treatment and 701.3 mg/g for WSC with
KOH treatment.

1. INTRODUCTION

Yunnan is one of the 23 provinces in China. It is located in the

body and prevent arterial diseases. Thus, Yunnan Province
produces large amounts of walnut oil.

southwest of China and is part of the Yunnan—Guizhou
Plateau. With land resource characteristics including less land
and more mountains, Yunnan Province has developed a
vigorous walnut industry in recent years, relying on the
advantages of ecological and biological resources. In 2019, the
walnut planting area in Yunnan Province reached 2.87 million
hm?, the output reached 1.19 million tons, and the output was
increasing at a rate of approximately 15% per year.l_3 The
Yunnan walnut planting area, output, and output rate rank first
in China. Among the varieties grown, Juglans Silillata Dode is
of high quality, has thin shells and high kernel yields, and
constitutes a large proportion of the planting. It is one of the
good quality economic forest tree species in Yunnan.® Studies
have found that walnut oil is rich in oleic, linoleic, and linolenic
acids, which can improve blood lipid concentrations in the
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Processed walnut oil contains a certain amount of pigments
and impurities, which affects the uniformity of the oil product.
To meet the market’s color requirements for walnut oil, walnut
oil is often bleached. Currently, commonly used bleaching
techniques include adsorption,””” membrane,”’ light en-

10,11 . . 12,13
ergy, and ultrasonic-assisted,
matic decolorization."> The chemical method uses chemical

. 114
chemical,” and enzy-

Received: August 1, 2020
Accepted: October 29, 2020
Published: November 30, 2020

https://dx.doi.org/10.1021/acsomega.0c03688
ACS Omega 2020, 5, 30906—30922


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Kan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunwu+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c03688&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03688?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03688?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

reagents to decompose the pigment through a reaction; the
color fades and the decolorization efficiency is high. However,
the chemical method has challenges such as the destruction of
oil and fat components and the analysis of chemical reagents
that are rarely used in the processing of edible oil. Enzymatic
decolorization utilizes biological enzymes to degrade the
pigment portion. The decolorization process is gentle, and
the degree of decolorization is high; however, the enzymatic
method requires harsh conditions, and the decolorization
efficiency is low, which is not suitable for industrial production.
The light energy decolorization method oxidizes the photo-
sensitive groups of pigments, thereby destroying the color
structure of the pigment to achieve decolorization through a
safe and pollution-free process. However, the decolorization
selection orientation is too strong and the decolorization
production efficiency is low. Membrane decolorization has a
positive effect, simple operation, and high decolorization, but it
is expensive and difficult to apply on a large scale. Ultrasonic
decolorization is often used in conjunction with chemical
decolorization and, thus, rarely used in the edible oil
industry.'® Compared with bleaching technologies, the
adsorption method has advantages of high bleaching efficiency
and low bleaching cost and is used more frequently in
industrial production.

The adsorption method of bleaching mainly absorbs and
removes the pigments and impurities in the oil through the
surface action of the adsorbent.”'® The adsorption mecha-
nism works by the combined actions of physical adsorption
and chemical adsorption. Physical adsorption often occurs
during low-temperature bleaching processes and relies on
intermolecular forces between surface groups of the adsorbent
and the pigment to form single- and multilayer selective mixed
adsorption, which requires low activation energy.'”’*'
Chemical adsorption often occurs during high-temperature
processes. The unevenness of the atoms on the surface of the
adsorbent leads to the asymmetry of the gravitational force on
the surface of the adsorbent, and thus, the surface molecules
have a certain free energy, thereby adsorbing certain
substances, causing the free energy to decrease. The formation
of shared electrons or transfer of electrons between adsorbates
is through selective and monolayer adsorption.”***

Decolorants often use activated clay, modified biochar,
attapulgite, zeolite, or other materials. In the oil industry,
activated clay is often used for bleaching, but the oil after
bleaching using activated clay has a special taste, and activated
clay has a good adsorption capacity only for chlorophyll,
carotenoid, and their derivatives.””*> Modified biochar has a
rich void structure and chemical groups distributed on its
surface. It can act through both physical and chemical
adsorption, and thus, it has a hi§h pigment adsorption rate
and does not pollute the 0il.”*™>* To enhance the bleaching
effect of the modified biochar, biochar is often activated during
preparation. Activation technology is roughly divided into
physical and chemical activation methods. The physical
activation method has the advanta§es of a simple process
and low equipment requirements.”’ The disadvantages
include higher activation temperature, longer activation time,
and higher energy consumption. The chemical activation
method has the advantages of low activation temperature, easy
control of the activation reaction, and excellent performance of
the prepared product, but there can be issues such as
environmental pollution.”’ > However, with the current
mature industrial wastewater treatment system, this has been

well resolved. The commonly used chemical activation method
often employs acidic chemical reagents such as H;PO, and
H,SO,, which have issues such as high activation energy
consumption, high pollution, and non-recyclability. However,
ZnCl, and KOH activators have the advantages of low
activation temperature and high biochar yield. At the same
time, the prepared modified biochar has a controllable void
structure. In recent years, the application of wood, walnut shell,
and the bamboo-modified biochar is more and more
frequent.**

Currently, the walnut industry in Yunnan Province produces
large quantities of waste walnut shells, which are disposed of
mainly by incineration. However, the walnut shell has a stable
structure and poor combustibility, leading to potentially wasted
resources and environmental pollution. Development of a
walnut shell-modified biochar for the decolorization of walnut
oil could not only use waste walnut shells with high quality but
also reduce environmental pollution.

In this study, waste walnut shell and wood flour were utilized
as the raw material for the production of granular-modified
carbon by the pyrolysis method at 550 °C. Aiming to reveal the
effect of different modifications such as concentrated sulfuric
acid, phosphoric acid, ZnCl,, and KOH on the evolution of
biochar physicochemical properties as well as the molecular
interactions of carbon species with adsorbate, the related
experiments were carried out. The one-step preparation
process involving an in situ pyrolysis process reduced the
activation process, saved energy, reduced wastewater discharge,
and realized green and clean production of carbon-adsorbed
materials. The characteristics of the resulting biochars were
analyzed using a variety of techniques, including scanning
electron microscopy (SEM), N, adsorption/desorption iso-
therm (BET), elemental analysis, X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and so forth. The liquid
adsorption behavior of biochar was investigated using
methylene blue (MB) as a pollutant probe; MB is widely
used in dyes, biological dyes, drugs, and other aspects, and it is
widely represented in the pigment structure. Finally, the
adsorption characteristics, kinetics, and thermodynamics of the
pigment model compound (MB) were studied, the effects of
activator, type of carbon, adsorption time, and other factors on
the adsorption effect were analyzed, which provided the
theoretical basis for the high-value utilization of biomass.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. Yunnan pine powder and
Juglans Silillata Dode shell were dried at 105 °C for S h,

Table 1. Components of Different Biomass Feedstock

cellulose hemicellulose lignin other

sample (%) (%) %) (%)
walnut shells 21.36 19.89 54.52 423
Yunnan pine 43.98 23.76 32.26 1.45

powder

ground to a 60-mesh powder, and placed in sealed containers
for future use. AR reagents, such as MB, concentrated sulfuric
acid, phosphoric acid, ZnCl,, and KOH, were purchased from
Shanghai Titan Technology Co. Ltd., China. The raw
materials were tested using a Shimadzu 20A high-performance
liquid chromatography device (Table 1).
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Figure 1. XRD spectrum of the modified biochar.
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2.2. Preparation of Biochar. 10 g of the biomass sample
was heated in a tube furnace to raise the temperature to 550
°C at a rate of S °C/min in a nitrogen atmosphere. The
temperature was maintained for 1 h for carbonization and then
cooled to room temperature. The carbonized biomass was
soaked in 30% activator (concentrated sulfuric acid, phos-
phoric acid, zinc chloride, or potassium hydroxide) at room
temperature for 8 h, then washed with purified water to
neutrality, dried at 105 °C, and placed in sealed containers
until ready for use.

2.3. Characterization of Biochar. Infrared spectrometer
MagnalR-S60E.S.P (Nicolet Company, United States) was
used for FTIR analysis. A tableting method was used to mix
and press the biochar powder and potassium bromide. The
scanning range was 4000—400 cm™’, and the number of scans
was 64. A K-Alpha XPS manufactured by Thermo Fisher
Scientific of the United States was used to analyze the surface
material composition, element content, and chemical state
structure. A Zeiss Gemini300 scanning electron microscope
was used to analyze the biochar appearance. A German Bruker
D8 ADVANCE X-ray diffractometer with a scanning step of
0.02° was used. XRD test conditions were as follows: Cu Ka
ray source, tube voltage of 40 kV, tube current of 40 mA, 260
angle range 5—80°, and scan rate 2°/min. The specific surface
area was measured using an ASAP2020 specific surface area
and pore size analyzer (Micromeritics Corporation, USA). The
specific surface area was regressed linearly using the BET
equation. The pore volume of the micropores and mesopore of
biochar were calculated using the BJH method and the density
functional theory method, respectively.

2.4. Adsorption Test. The pigment model compound
(MB) was used as an adsorbent for adsorption experiments,
and the applicability of biomass-modified carbon as an
adsorbent in walnut oil decolorization was studied. A 1000
mg/L of MB standard solution was prepared first and then
diluted them into 50, 100, 150, 200, and 300 mg/L MB
standard solutions. 0.5 g of the modified biochar and 100 mL
of MB solution with a mass concentration of 300 mg/L were
added into the Erlenmeyer flask and immersed and absorbed at
25 °C for §, 185, 30, 60, 120, 240, 480 min, and the absorbance
was measured after filtration. The adsorption capacity and
removal rate were calculated, and the effect of adsorption time
on the adsorption effect was compared. 100 mL of MB
standard solution with a mass concentration of 50, 100, 150,
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200, 300 mg/L was added into the conical flask, and then, 0.5 g
of various types of the modified biochar were added. It was
immersed and adsorbed at 25 °C for 8 h, the absorbance after
filtration was measured, the adsorption capacity was calculated,
and the effect of the initial mass concentration of MB solution
on the adsorption effect was compared.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis of Biochar. Figure 1 shows the XRD
spectra of different raw materials for baking charcoal. The

Table 2. Biochar Crystallinity and Particle Size

crystallinity particle crystallinity particle
species (%) size (nm)  species (%) size (nm)
WSC 56.47 3.87 WPC 79.47 9.11
ZnCl, 58.18 3.84 ZnCl, 77.28 403
KOH 70.04 3.65 KOH 55.33 10.44
H,80, 5233 3.73 H,S0, 66.79 8.71
H,PO, 5424 3.79 H,PO, 76.72 432

characteristic absorption peaks of type I lignocellulose
appeared in both biochar near 260 = 22°, corresponding to
the 101/002 diffraction absorption peak.”” " After walnut
shell biochar (WSC) acid treatment, the degree of graphitiza-
tion of biochar at 20 = 43° changed a little, but the degree of
rock desertification of alkaline-treated WSC biochar increased.
After acid—base treatment of wood powder biochar (WPC),
the degree of graphitization of biochar treated with ZnCl,
decreased, but the degree of graphitization with other
treatments increased significantly. After alkali treatment of
WSC, crystallinity increased, and the alkali treatment dissolved
the amorphous structure and improved the crystallinity. The
crystallinity of all biochar decreased after WPC treatment, and
the greatest decrease was for biochar after KOH treatment
(Table 2).

3.2. SEM Analysis of Apparent Morphology. As shown
in Figure 2, the surface structure of biochar changed after
modified treatment. Before being modified, WSC had a non-
smooth surface and many small particles, and its pores were
rarely observed. After KOH-modified treatment, the surface of
the carbon material was smooth, a large number of large pores
were generated on the surface, and its specific surface area
increased. However, the carbon treated with ZnCl,, H,SO,,

https://dx.doi.org/10.1021/acsomega.0c03688
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Figure 2. SEM of the modified biochar surface structure.
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and H;PO, acidic modified was too acidic, resulting in serious
corrosion and collapse of the pore structure of the surface such
that the pore structure was rarely observed. Charcoal materials
are generally fibrous.””*" The surface smoothness of
unmodified (WPC, WSC) materials was poor, and pore
structure was rarely observed. When KOH was used as an
activator, pores of different sizes were evenly generated on the
surface, and large pore structures appeared on the surface. The
carbon materials modified by the three acidic modified had
improved surface finish and fewer surface pore structures.
When combining the functions of the four modified on the two
biomass materials, the modified improved the finish of the
carbon material and reduced its ash content. The alkaline
activator was more conducive to the formation of pores in the
biomass-modified biochar material.

3.3. Pore Structure Analysis. As shown in Figure 3 and
Table 3, the isotherms of the five types of WPC appeared as
type I isotherm adsorption lines without obvious hysteresis
loops. From the pore size distribution diagram, it can be seen
that the pore size of the WPC material was mostly distributed
between 1 and 15 nm. In addition, different treatment reagents
had different effects on the texture properties of the carbon
materials. After modification by KOH and ZnCl,, the pore size
was mainly mesoporous and, with the other reagents, was
mainly macropores. Moreover, the specific surface area
increased appreciably—712.07 and 534.40 m?®/g for KOH

and ZnCl,, respectively, laying a foundation for the later
adsorption. However, after H;PO, and H,SO, modified and
modification, the specific surface area was reduced. Due to the
low acidity, the modified performance was poor and the
deliming degree was low; thus, the specific surface area and
pore size were relatively low. The wood material was loose, had
many volatile components, and produced tar during pyrolysis,
which blocked the pores of the charcoal. According to the
electron microscope data, the unactivated charcoal had a small
number of surface pores, which generally made the specific
surface area smaller. Modified by potassium hydroxide resulted
in better reactions with substances in the wood pores to make
pores. The acidic activator was usually easier to react with the
amorphous cellulose in the wood, thereby corroding the wood,
collapsing the pores, and reducing the specific surface area, as
consistent with the SEM data.

It can be seen from Figure 4 and Table 3 that the five carbon
materials belonged to the type I adsorption isotherm curve,
and there were no hysteresis loops caused by the capillary
condensation effect, indicating that the pore diameter of the
nitrogen gas adsorbed inside the material was small, and the
adsorption effect was very different when adsorption and
desorption were small. The pore size distribution diagram
showed that the pore size of the carbon material was mostly
distributed between 1 and 10 nm. The highest specific surface
area was the KOH-modified biochar, with a specific surface
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Figure 3. N, adsorption-analysis isotherm and pore size distribution of different WPC biochar.

Table 3. Effect of Different Treatment Reagents on Texture
Performance

specific surface area total {Jore volume  average pore size

sample (m*/g) cm®/g) (nm)
WPC 194.77 0.1623 3.45
KOH 712.07 0.4082 241
H,PO, 117.64 0.0926 3.19
ZnCl, 534.40 0.3086 2.35
H,S0, 114.38 0.0495 4.34

area of 983.75 m?/g. H;PO, modified resulted in the next
highest specific surface area, while ZnCl,-and H,SO,-activated
materials had lesser but similar specific surface areas. The
specific surface area of unactivated WSC was at least 116.6 m*/
g. At the same time, through comparison, the specific surface
area of WSC was greater than that of WPC.

3.4. Analysis of Physical and Chemical Properties of
Biochar. Figure Sa,b shows the FTIR spectra of biochar before
and after adsorption. The infrared peaks of several bioactive
carbons were similar while the intensities were different. The
characteristic stretching vibration peak of —OH was near 3400
cm™!, the characteristic stretching vibration absorption peak of
carboxyl and carbonyl groups (C=0) was near 1620 cm™,
and the characteristic stretching vibration peak of C=C was at
1420 cm™". A large number of aromatic compounds were
formed during biocharization, and the aromatic substances

30910

formed by WPC-based carbon were higher than those formed
by WSC-based materials. The absorption vibration peak of Si—
O-Si was near 1060 cm™, caused by a small amount of Si
material present in the biomass. From the graph analysis, the
characteristic peak intensity of —OH increased after modified
treatment, indicating that after acid—base modification, the
oxygen-containing functional groups on the biochar surface
increased. In addition, the absorption vibration peak intensity
of Si—O—Si near 1060 cm ™" weakened. In general, biochar was
rich in oxygen-containing groups and contained aromatic
structural substances. These oxygen-containing groups pro-
vided certain active sites for the adsorption of organic matter,
which could promote the adsorption of biochar.

3.5. XPS Analysis of Biochar. As shown in Figure 6 and
Tables S and 6, after the WSC was activated and modified
using four types of reagents, the carbon content decreased, and
the O element content increased. However, the carbon content
of the KOH-treated biochar was the highest, and the other
phases were not much different because K ions were stored in
the internal voids of the material during the modified process,
thereby increasing the content. Similarly, the Zn element
content was the highest for ZnCl,. Tables 5 and 6 show that
after modified treatment, the combination of C and O on the
surface of walnut biochar had changed, mainly based on the
combination of C—C (C1) and C—0O (C2). After modified
treatment (except with ZnCl,), the C—C bond content of the

https://dx.doi.org/10.1021/acsomega.0c03688
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Figure 5. FTIR spectra of different modified biochar [(a) WPC and modified WPC; (b) WSC and modified WSC].

modified biochar increased, that is, the non-carbohydrate contents of the material decreased. The increase in the C2
content increases. C2 is generally considered to be the content represented the dehydration of hydroxyl groups on the
characteristic peak position of esters (C—O) generated by material surface. Hydrogen formed an ester bond, and non-
hydroxyl groups on cellulose and hemi-fibers. The decrease in polarity was enhanced. The modified biochar prepared by
its content indicated that the cellulose and hemicellulose ZnCl, treatment produced a large amount of C=0 (C3). The
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Figure 6. XPS spectrum of different WSC biochar.
production of C3 was due to the high oxidation state of C in caused the material surfaces to lose a large number of oxygen-
the C=0 and HO—C—OH structures,”” which produced a containing functional groups.*’
large number of ketones. Therefore, as observed from the The O1 content (—C—0) in the raw material was large, and
chemical structure of each component, the modified treatment the O2 content (C=0) was small. The change in the O2 peak
30912 https://dx.doi.org/10.1021/acsomega.0c03688
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Table 4. Effect of Different Treatment Reagents on Texture
Performance

specific surface area total <nore volume  average pore size

sample (m*/g) cm’/g) (nm)
WSC 116.63 0.0927 2.67
KOH 983.75 0.2653 2.11
H,PO, 736.62 0.2895 2.43
ZnCl, 209.18 0.1089 2.85
H,SO, 198.77 0.0862 3.26

Table S. Total Element Ratio of WSC Biochar

sample C (%) 0O (%) K (%) Zn (%)
WSC 87.82 11.92 0.25 0.01
KOH 85.87 13.61 0.48 0.05
ZnCl, 79.07 16.79 0.07 4.07
H,SO, 86.84 12.99 0.16 0.01
H,PO, 86.54 13.36 0.08 0.03

area was due to the increase in the number of carbonyl groups
produced by the oxidation and condensation of lignin during
the baking pretreatment process. The O1 peak area was due to
the dehydration reaction of cellulose during the baking
pretreatment and the degradation reaction of hemicellulose
resulting in a reduction in the number of oxygen-containing
functional groups in the wood. The O1 content of the
activated walnut shell char increased, and the O2 content
decreased. The analysis showed that the condensation reaction
decreased during the modified process of the walnut shell char,
and the dehydration reaction increased.

As shown in Figure 7, Tables 7 and 8, after the wood
charcoal was activated and modified using four types of
reagents, the C element content increased, while the O
element content decreased. The K content was highest in the
carbon material treated with KOH as the activator and showed
tew differences between other treatments. This was because K
ions were stored in the internal voids of the material during the
modified process, thereby increasing the content. Similarly, the
Zn content was the highest for ZnCl,-modified biochar. As
shown in Tables 3—6, after modified treatment, the C and O
binding methods on the biochar surface had changed, mainly
C-C (C1) and C—O (C2) combinations. After modified
treatment, the C—C bond content of the modified biochar
decreased, except for KOH treatment, while C—O increased,
that is, the non-carbohydrate content increased. C2 is generally
considered to be the characteristic peak position of esters
(CO) generated by hydroxyl groups on cellulose and hemi-
fibers. The decrease in its content indicated that the cellulose
and hemicellulose contents in the material decreased. The
increase in C2 content showed the dehydration of hydroxyl
groups on the material surface. Hydrogen formed an ester

bond, and the non-polarity was enhanced. After modified

treatment, the modified biochar C2 content was increased. The
modified biochar prepared by H,SO, produced a large amount
of C=0 (C3). The production of C3 was due to the high
oxidation state of C in the C=0 and HO—C—OH structures,
which produced a large amount of ketones. Analysis showed
that the strong oxidation of sulfuric acid led to an increase in
double bonds. In general, it can be observed from the chemical
structure of each component that the modified treatment
caused the material surface to lose a large number of oxygen-
containing functional groups.*>**

The O1 content (—C—O0) in the raw material was large, and
the O2 content (C=0) was small. The change in the O2 peak
area was due to an increase in the number of carbonyl groups
produced by the oxidation and condensation of lignin during
the baking pretreatment process. The O1 peak area was due to
the dehydration reaction of cellulose during the baking
pretreatment and the degradation reaction of hemicellulose,
resulting in the reduction of the number of oxygen-containing
functional groups in the wood. The Ol content of the
activated charcoal powder increased, while the O2 content
decreased. Analysis showed that during the charcoal modified
process, the condensation reaction occurred less and the
dehydration reaction increased.

3.6. Effects of Adsorption Process Conditions on the
Adsorption Properties of MB. Figure 8 shows the standard
curve of MB, with standard solutions with concentrations of
20, 30, 40, 50, 80, and 100 mg/L using a spectrophotometer.
The absorbance test was performed at a 665 nm wavelength,
and the direct relationship between absorbance and concen-
tration was obtained. Thus, the standard curve used for this
work was y = 0.00845x + 0.1002, and the fitting constant of the
curve was 0.9979.

Figure 9 and Table 9 show the effects of different biochars
on the adsorption of MB with different acid—base treatments
for different adsorption times. With the increase in adsorption
time, adsorption increased. During the first 120 min,
adsorption increased significantly and the adsorption rate
was faster. With longer adsorption times, the adsorption
increased only slightly. After an adsorption time of 240 min,
the adsorption capacity remained basically unchanged. This
was because the highest concentration of the surface functional
groups on the baked charcoal and the MB in the liquid phase
was highest at the initial stage with the largest mass transfer
driving ability, leading to the highest adsorption.

At 5—480 min, the increase in adsorption was gentle. This
was because the concentration of MB gradually decreased
during the adsorption process and the driving force decreased,
thereby decreasing the adsorption rate. When the adsorption
time exceeded 240 min, the adsorption no longer occurred.
The change tends to the adsorption-analysis dynamic
equilibrium, so 240 min was selected as the reaction condition.
For different adsorption biochar, WPC with ZnCl, treatment

Table 6. WSC C 1s and O 1s XPS Data

peak position

content %

peak position content %

sample C1 C2 C3 Cl c2

WSC 284.71 285.98 287.01 65.17 10.79
KOH 284.80 286.30 69.76 30.25
ZnCl, 284.67 285.8 289.25 49.42 28.93
H,SO, 284.76 286.51 71.29 28.71
H,PO, 284.71 286.28 69.32 30.68

30913

C3 02 01 02 o1 o2/ Mot
24.04 531.35 53291 32.25 67.75 0.47
531.66 533.24 24.88 75.12 0.33
21.65 531.93 533.22 17.66 82.34 0.21
531.80 533.27 29.66 70.34 0.42
531.65 5§33.17 15.90 84.10 0.19
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Figure 7. XPS spectrum of different WPC biochar.

530 535

540
Binding Energy (eV)

had the highest saturation adsorption capacity, followed by
KOH and H;PO,, while the saturation adsorption capacity of
H,SO, treatment was the lowest, indicating that ZnCl, can
effectively improve the adsorption capacity of WPC. For WSC,
KOH modified had the highest saturation adsorption capacity

because KOH had a high hole expansion ability."”*® During
the pretreatment process, KOH removed a large amount of ash
inside the pores and had an ablation effect that made the
micropores thinner or burned through, which increased the
pore size to facilitate the adsorption. The saturation adsorption
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Table 7. Proportion of Total Elements of WPC Biochar

sample C (%) 0O (%) K (%) Zn (%)
WPC 79.41 15.81 4.69 0.09
KOH 89.80 9.65 0.51 0.03
ZnCl, 86.91 11.91 0.06 1.13
H,SO, 90.34 9.53 0.13 0.01
H,PO, 90 9.74 025

capacity after H;PO, treatment was the lowest, which may
have been due to the higher lignin content in the walnut shell,
which facilitated the formation of biochar carbonization.
During the processes of acid and alkali treatments, due to its
high carbonization, the pore size was relatively large. Small, not
conducive to solution adsorption. In short, different adsorbents
had different adsorption effects, and ZnCl, and KOH had the
highest modified effects, and H,SO, had the worst modified
effect.

Figure 10 shows the effect of different adsorbents on the
removal rate of MB. Before being modified, the removal rate
was low (~50%); after modified treatment, the removal rate
increased significantly, and the effective removal rate was
~80%, an increase of 30%. After the modification of different
raw materials, the removal rate was different; the removal rate
of WPC was the highest, and the removal rate of WSC was
relatively low. However, with different treatment agents, the
removal rates were different. For woody biomass, ZnCl,
treatment resulted in the highest removal rate, followed by
KOH. The effect from H,SO, treatment was the worst. For
shell biomass, KOH modified had the greatest effect, while the
effect of H,SO, modified was the worst. In short, considering
the overall removal rate and saturation adsorption capacity, the
adsorption effects of the different treatment agents on MB
adsorption was in the order ZnCl, > KOH > H;PO, > H,SO,.

As shown in Figure 11, with an increase in the initial
adsorption concentration, the saturated adsorption amount
increased significantly, which was due to the increase in the
concentration of the adsorbate. As other conditions were
unchanged, the concentration difference between the surface of
the adsorbent and the solution body increases the adsorption.
As the driving force increased, the adsorption capacity
increased; thus, the adsorption capacity and removal rate
also increased. Moreover, the removal effects of baking
charcoal from different raw materials were different. The
adsorption effect of WPC was better than the adsorption effect
of shell biochar. The removal effects of different acid—base
treatment agents were also different and could effectively
increase the adsorption capacity; however, the effect of
different treatment agents was not much different in terms of
concentration, and the trend was the same.

3.7. Adsorption Isotherm. To study the relationship
between the adsorption amount and MB in the solution at
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Figure 8. Drawing of standard curve.

equilibrium, the Langmuir and Freundlich isotherms were used
to fit the adsorption data of the biomass baking charcoal
adsorbent for MB*/*

Ce 1 Ce
9. ba, 4, e
lgq, =1gKe + 1/nlge, 2)

where ¢, is the saturated adsorption amount of monolayer
(mg/g), b is the Langmuir constant (L/mg) related to the heat
of adsorption, Ky is the Freundlich constant (mg/g) (mg/L)
related to the adsorption)'”, and # is the Freundlich constant
related to adsorbate and adsorption.

Figures 12 and 13 and Table 10 show the adsorption
isotherm parameters. The fitting using Langmuir and
Freundlich equations found that the correlation of Langmuir
fitting results was far lower than the correlation of Freundlich
equations, indicating that the Freundlich equations could well
describe the adsorption isotherm effect, and the adsorption was
mainly multi-molecular layer adsorption. From the Langmuir
equation, the order of saturation adsorption was ZnCl, > KOH
> H;PO, > H,SO, > biochar. The product of ¢, and b in the
Langmuir equation reflected the maximum buffer capacity of
biomass pyrolysis carbon for MB and still had a similar effect.
Moreover, higher Kg values indicate stronger adsorption
effects. According to its statistical effect, the order of
adsorption capacity was KOH > ZnCl, ~ H;PO, > H,SO, >
biochar. Furthermore, from 1/n and adsorption strength
because 1/n > 1, the system belonged to an S-type adsorption;
the adsorption strength of ZnCl, was the largest, and WPC >
WSC.

Table 8. C 1s and O 1s XPS Data of WPC Biochar

C peak position

C content %

O peak position O content %

sample C1 C2 C3 C1 c2
WPC 284.81 285.73 73.58 26.46
KOH 284.85 286.64 73.97 26.03
ZnCl, 284.85 286.12 68.05 31.95
H,SO, 284.78 287.24 69.79

H,PO, 284.79 286.64 68.80 31.20
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C3 02 01 02 o1 o2/ No1
531.83 533.22 49.38 50.62 0.97
531.63 533.12 23.37 76.63 0.31
531.72 533.22 9.35 90.65 0.10
30.21 531.80 533.04 21.92 78.08 0.28
53191 533.02 23.69 76.31 0.31
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Figure 9. Effect of adsorption time on the adsorption efficiency of different adsorbents.
Table 9. Adsorption Capacity of Biochar Treated with Different Acids and Bases
t/min WPC ZnCl, KOH H,S0, H,PO, WSC ZnCl, KOH H,S0, H,PO,
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N 93.9 129.1 11.7 5.8 23.4 17.6 20.5 14.6 44.0 322
15 143.8 96.8 88.0 14.6 38.1 38.1 58.7 146.7 85.1 46.9
30 146.6 126.1 96.7 184.8 96.7 64.4 123.1 1554 90.8 67.4
60 172.9 249.2 202.3 193.5 131.8 114.2 134.8 152.4 131.8 96.6
120 551.8 622.3 622.3 457.9 534.2 384.6 563.6 352.3 173.3 457.9
240 560.4 850.9 613.2 548.7 563.3 384.3 566.3 701.3 360.8 316.8
480 566.5 862.9 625.2 569.5 563.6 384.6 569.5 713.3 367.0 331.7
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Figure 10. Effect of adsorption time on the removal rate of different adsorbents.

3.8. Adsorption Kinetic Analysis. To study the
adsorption characteristics and adsorption rates of different
biochar, quasi-first-order kinetic, quasi-second-order kinetic,

and intra-particle diffusion models were used to analyze
them*®%0

lg(q, — q,) =lgq, — kt/2.303 3)
t 1 1

—=—— + —t

9, kg~ q, @

where g, is the adsorption capacity (mg/g) at time ¢, k, is the
quasi-first-order adsorption rate constant (min~'), g, is the
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adsorption capacity at the adsorption equilibrium (mg/g), and
k, is the quasi-second-order adsorption rate constant [g/(mg-
min)].

Figures 14 and 15 and Table 11 show the fitting results of
the adsorption kinetics and the fitting kinetic parameters. The
fitting degree of quasi-first-order kinetics was high, reaching
the level of P < 0.05, and the fitting degree of quasi-second-
order kinetics was less than 0.90, indicating that the adsorption
of MB by the system biochar had both physical and chemical
adsorption, mainly, physical adsorption. Moreover, the
calculated equilibrium adsorption amount was very close to
the experimental result; thus, the entire adsorption process

https://dx.doi.org/10.1021/acsomega.0c03688
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Figure 12. Isothermal fitting adsorption curve of different raw materials biochar: Langmuir isothermal fitting curve.

7.0
= WPC .
e 7nCI2 6.5 F
65 a KOH
v H2SO4
601 & H3PO4 6.0 L
g p
- 55} =
5.5 5
55F
50 F
45 50 F
4.0
1 1 1 1 1 1 1 1 1 1 1 4'5 1 1
38 40 42 44 46 48 50 52 54 56 58 38 40 42 44 46 48 50 52 54 56 58
Lnce (mg/L) Lnce (mg/L)

Figure 13. Isothermal fitting adsorption curve of different raw materials biochar: Freundlich isothermal fitting curve.

conformed to the quasi-first-order kinetic model, and intra- charcoal had the best adsorption effect. SEM characterization
granular diffusion was not the only adsorption rate-controlling was carried out before and after adsorption. It can be seen from
step. Figure 16 that the pore diameter of the adsorbed carbon
3.9. Analysis of Biochar before and after Adsorption. material did not change much, and a small amount of material
According to the above analysis, ZnCl,-modified wood powder appeared on the surface of the adsorbed material, resulting in
30917 https://dx.doi.org/10.1021/acsomega.0c03688
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Table 10. Parameters of Adsorption Isotherm Model for Different Treatments of Biochar

Langmuir Freundlich
sample i b R? K; n R?
WPC 2173913 0.0011 0.3065 1.1628 4.8059 0.933
ZnCl, 1555.556 0.0016 0.5605 1.6329 0.0954 0.8896
KOH 4761.905 0.0002 0.0315 0.7407 0.2894 09111
H,SO, 625.00 0.0014 0.6306 0.6299 0.2102 0.9075
H,PO, 264.5503 0.0033 0.1684 0.7874 0.4026 0.9012
WSC 757.5758 0.0026 0.8662 1.0638 2.8573 0.8652
ZnCl, 2314.815 0.0008 0.3003 0.9091 2.8008 0.9103
KOH 724.6377 0.0041 0.865 1.7857 2.2254 0.9046
H,SO, 564.9718 0.0063 0.9664 0.7857 17.2827 0.9773
H,PO, 1335.114 0.0016 0.6427 1.2658 4.8542 0.9887
6|
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Figure 14. Fitting curve of biochar adsorption kinetics of different raw materials: quasi-first-order kinetic model.
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Figure 13. Fitting curve of biochar adsorption kinetics of different raw materials: quasi-second-order kinetic model.

the decrease of its finish. Analysis showed that a small amount
of material might be adsorbed on the surface. At the same time,
we conducted XPS analysis of the materials before and after
adsorption, and the data were fitted to Figure 17. According to
the XPS data in Table 12, the C—C and C—H (C1) bonds of
the adsorbed materials decreased, while the C—O (C2) bonds

10pm

= N .‘ | SN increased and the O element changed little. Analysis showed
that there was also a chemical link between MB and biochar,
Figure 16. SEM images of biochar before and after adsorption. which led to the increase of the C—O bond.
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Table 11. Kinetic Parameters of Quasi-First-Order and Quasi-Second-Order Adsorption Equations of Different Original
Biochars

pseudo-first-order kinetic model pseudo-second-order kinetic model
sample ky (min~") 9. (mg/g) R k (g/(mg:min)) 9. (mg/g) R
WpPC 0.021 613.59 —0.9378 2.02 x 107° 671.14 0.9571
ZnCl, 0.0178 1211.08 —0.9718 5.56 X 107¢ 1176.47 0.9618
KOH 0.0209 601.45 —0.7943 3.84 X 107¢ 1041.67 0.8208
H,S0, 0.0144 671.37 —0.9933 1.88 x 1077 3225.81 0.1556
H,PO, 0.0338 1223.25 —-0.9812 4.40 x 107° 934.58 0.8562
WSC 0.0325 749.43 —0.984 1.01 x 107 564.97 0.9257
ZnCl, 0.0251 720.05 —0.9181 5.85 X 107¢ 862.07 0.8996
KOH 0.0164 1032.03 —0.9375 3.44 x 107° 1149.43 0.8372
H,SO, 0.016 487.53 —0.9322 222 X 107° 442.48 0.9583
H,PO, 0.0132 379.7 —0.9895 223 x 1078 423.73 0.9271
Not Adsorbed
Not Adsorbed 02
C2
01
T T T T T T T T T T
285 290 530 535 540
Binding Energy (eV) Binding Energy (eV)
Adsorbed Adsorbed
02
C2
01
: . : . : . T T T T T T T
280 285 290 295 525 530 535 540
Binding Energy (eV) Binding Energy (eV)

Figure 17. XPS analysis of biochar before and after adsorption.

4, CONCLUSIONS surface area of the two modified biochars increased, both of
which had mesoporous distribution, the pore size formed by
WSC was larger, and the specific surface area of WSC was
smaller than that of WPC. The increase in specific surface area

According to these analyses, KOH effectively made holes in

wood powder and walnut shells. The use of activating reagents

effectively expanded the specific surface area and increased the was beneficial for increased binding of compounds and
amount of adsorption. After modified treatment, the specific modified biochar, thereby leading to physical and chemical
30919 https://dx.doi.org/10.1021/acsomega.0c03688
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Table 12. XPS Analysis of Biochar before and after Adsorption

C peak position C content %

O peak position O content %

sample Cl1 (67) C1
not adsorbed 284.85 286.12 68.05
adsorbed 284.76 286.10 57.86

Cc2 02 o1 02 o1
31.95 531.72 533.22 9.35 90.65
42.13 530.98 533.29 9.63 90.36

adsorption. A large number of non-polar C—O bonds and part
of C=0O were formed during the dehydration processes of
carbon, and an electronegativity difference was formed on the
surface, thereby forming an intermolecular force (van der
Waals force) with MB so that organic compounds were
adsorbed on the modified biochar. The specific surface area of
charcoal activated by ZnCl, was not high. According to the
adsorption analysis, it could absorb a large amount of organic
compounds (up to 129.1 mg/g at S min), which was 2—4
times the adsorption capacity of other adsorbents. It had a
typical multilayer physical adsorption phenomenon, and
therefore, the adsorption capacity was greater. The adsorption
capacity of other WPC and WSC carbons was caused by
chemical adsorption before 60 min, and the multilayer physical
adsorption characteristics began to form after 240 min. The
adsorption capacity order of the two raw materials’ pyrolysis
carbon was WPC > WSC. The adsorption of different
treatment reagents on MB were in the order ZnCl, > KOH
> H;PO, > H,SO,. The maximum adsorption capacities of the
two types of biomass after treatment were 850.9 mg/g (WPC—
ZnCl,) and 701.3 mg/g (WSC—KOH). The adsorption
process of MB conformed to the quasi-second-order kinetic
equation, that is, physical adsorption was dominant.
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