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ABSTRACT: Biomass waste and wastewater are important wastes in the
process of industrialization, which need to be effectively treated and
utilized. In this work, an innovative method of collaborative treatment of
biomass waste and phenol-containing wastewater is proposed. Biomass
waste was used to produce activated carbon (AC), and then AC was used
for phenol removal in wastewater treatment. Two kinds of typical biomass
waste material, namely, coconut shell and lignin, were used. Physical
activation (steam activation) and chemical activation methods were
compared. Results show that steam activation is an effective method for
coconut shell AC production. The largest Brunauer—Emmett—Teller
(BET) surface area was 1065 m”/g at 800 °C. Chemical activation could
produce AC samples with higher BET specific surface area. The lignin AC
with K,CO; activation has the largest BET surface of 1723.8 m*/g at 800
°C. FTIR results indicated that K,COj activation could greatly enhance the formation of surface oxygen-containing functional
groups. Both coconut shell AC and lignin AC samples show excellent performance for phenol removal. The highest phenol removal
efficiency for coconut shell AC and lignin AC are 96.87% and 98.22%, respectively. Adsorption kinetic analysis show that the
pseudo-first-order kinetic model is able to describe the adsorption characteristics of phenol in wastewater treatment. Recycling
properties show that regeneration of lignin AC could maintain high adsorption performance for phenol.
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1. INTRODUCTION

With the development of industry, the discharge of wastewater
has increased sharply, bringing increasing water pollution
problems." Phenol and its derivatives are important raw
materials for industrial resins, fuels, powders, coal chemicals,

methods include adsorption, liquid membrane separation, and
extraction. Among them, the adsorption method is the use of
adsorbent developed pore structure, large specific surface area
and pore capacity, surface functional groups and other
characteristics, adsorption recovery, or removal of phenolic

biofuels, and other industries.”® The discharge of phenol-
containing wastewater in the process of production and use of
phenol will cause serious environmental pollution. An extended
period of exposure to phenol may lead to abnormal breathing,
tremor followed by coma, and respiratory arrest when reaching
human lethal doses.* In an aquatic environment, there was
significant proof that phenol affects growth of aquatic life. For
instance, fish exposed to phenol wastewater have shown
disrupted growth based on their reduced weight.” Therefore,
how to treat phenolic wastewater with high efficiency and reduce
environmental pollution is an urgent problem to be solved.’
The phenolic wastewater produced in the production process
can be treated separately according to its concentration. For
high-concentration phenol-containing wastewater, recycling can
be adopted to recycle it.”” For low-concentration phenol-
containing wastewater, which cannot be recycled, it can be
treated by physical, chemical, or biological methods to reduce its
concentration to meet the discharge standard.® The physical
method is the basic method of separation, recovery, or treatment
of phenol-containing wastewater, and the common physical
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substances in water method.”'® Adsorption methods can be
divided into physical adsorption, chemical adsorption, etc. In
principle, the adsorption of pollutants can be carried out through
hydrogen bonding, van der Waals forces, and other forces."!
When the adsorption material reaches saturation, it can be
desorbed by alkali solution, organic solvent, or heating
regeneration. Activated carbon, resin, graphene, molecular
sieves, and other adsorbents are used for water treatment.'>*>

Ahmad et al.'* used phosphoric acid as an activator and
biochar prepared from bamboo waste to treat printing and
dyeing wastewater, and the specific surface area of the activated
carbon prepared reached 988.23 m*/g. The results showed that
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the removal rates of chroma and COD reached 91.84% and
75.21%. Patel et al.'> used activated carbons prepared from
sawdust, sugar cane bagasse, and pine needles to treat greywater.
The sawdust activated carbon was found to be more efficient.
Under the operating optimum conditions, the percentage
removal of COD and BOD are found to be 97.83% and
95.83% for sawdust AC. Ferraz et al.'® recycled oat hulls to
produce activated carbon, which is chemically activated with
phosphoric acid. The results showed that the activated carbon
prepared by 100% phosphoric acid impregnation had a high
specific surface area (1090—3880 m*/g), and the decolorization
rate and COD removal rate reached 100% and 90%, respectively.
Khurshid et al.'” used phosphoric acid and hydrogen peroxide
solution to treat waste tea residue to prepare activated carbon,
and the results showed that the combined modified activated
carbon had more oxygen-containing functional groups and
specific surface areas, and the maximum COD removal rate
could reach 95.5%. These early practices and good performance
have proven the feasibility of activated carbon in the field of
wastewater treatment.

Carbonaceous materials come from a wide range of sources
and have large specific surface areas, developed pore structure,
and surface functional groups.'® In terms of economics,
carbonaceous materials can achieve efficient purification
treatment of wastewater at a lower cost. Therefore, based on
the above characteristics, carbonaceous functional materials are
regarded as perfect wastewater treatment materials.'” The
preparation of activated carbon from solid waste and its
application in the treatment of phenolic wastewater have the
advantages of comprehensive utilization of waste. Therefore, the
cooperative disposal of solid waste and phenolic wastewater
could be achieved by the preparation of activated carbon.

The preparation of activated carbon mainly includes three
steps: raw material selection, carbonization process, and
activation process. Carbonization is the pyrolysis of raw
materials to form a carbon structure. Activation is the most
important step in the preparation of activated carbon. The
activator is in contact with the microcrystalline structure of
carbonaceous materials such as graphite fragments under high
temperature conditions, so that it expands to produce a large
number of nanomicroporous structures and improves the
specific surface area and porosity of activated carbon. Recently,
a one-step activation method for activated carbon production
has also been gradually adopted, which directly mixes raw
material with activator to produce activated carbon. With
chemical activator is used, the surface functional groups can be
modified and retained.*’

Therefore, using waste biomass waste to produce activated
carbon for wastewater treatment is a potential method for
comprehensive utilization of biomass waste. Coconut shell is a
typical forestry waste, which is largely produced in tropical
regions. Naturally, the coconut shell waste is either left to rot or
is directly used as burning fuel, which has an impact on the
environment and is a waste of resources. Hence, the conversion
of coconut shell solid waste into activated carbon, particularly
the shell is most desirable.”" Coconut shell activated carbon has
the advantages of well-developed pores, good adsorption
performance, high strength, and easy regeneration, is economic
and durable, and is widely used in water treatment,
decolorization, medicine, and other fields.”* Lignin black liquor
is the main waste in the paper industry.” It is generally known
that black liquor is a kind of toxic and severely colored paper
pulp sewage. Its dark coloration and toxicity can reduce oxygen
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availability and negatively affect water resources.”* The recovery
and utilization of lignin from black liquor is crucial. Dieste et al.”
used black liquor as fuel to be burned in the recovery boiler,
generating an excess of energy that was converted to electricity
and sold to the grid. Fu et al.” used lignin as the raw material to
prepare activated carbon via a two-step method. Zhao et al.”’
recently prepared porous carbon materials from black liquor
lignin and utilized them as a CO, adsorbent. Exploring the
preparation of high performance activated carbon from waste
coconut shells and lignin for phenol adsorption and wastewater
treatment is a research area with high economic value. At
present, there is a lack of sufficient research in this field.

In this work, coconut shells and lignin were used as typical
biomass waste to produce activated carbon samples. Two kinds
of activation methods, namely, steam activation (two step
method) and chemical activation (one step method), were used
to produce activated carbon samples. The effect of temperature
and activation methods on the properties of activated carbon
was studied. The phenol adsorption performance over activated
carbon samples was studied. In the end, kinetic analysis of the
phenol adsorption on AC samples was conducted. This work
provides a new approach for the collaborative treatment of
biomass waste and phenol-containing wastewater.

2. EXPERIMENTAL SECTION

2.1. Materials. Coconut shell was collected from Hainan
Province in China. The coconut shell was dried and crushed into
powder with diameters ranging from 200 to 500 ym. Lignin was
alkaline style (CAS: 8068-05-1) and was purchased from Sigma-
Aldrich Corporation. The ultimate analysis of the samples was
determined using an elemental analyzer (Elementar Vario EL).
The composition of coconut shell and lignin was summarized in
Table 1.

Table 1. Ultimate Analysis of Biomass Samples®

Ultimate analysis (wt%)

Sample C H (¢} N Ash
Coconut shell 48.92 5.28 0.46 44.52 0.82
Lignin 56.62 S5.12 0.12 34.52 3.62

“Prior to the experiment, all samples were kept in a drying oven at a
controlled temperature of 30 °C.

2.2. Preparation of Activated Carbon. The carbonization
and activation experiments were carried out on a tubular
furnace, as shown in Figure 1.

The furnace reactor was made of an alundum tube, with an
inner diameter of 60 mm and a length of 750 mm. When heating,

MFC
1000 o o
Carbonization/activation furnace
N, @
: Gas outline
MFC
200 .
N, > @ L  Pure water Bubbling control
‘ f
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Figure 1. Experimental apparatus for activated carbon production.
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the middle of the pipe was a constant temperature zone, and the
length was about 200 mm, where the biomass or biochar samples
were located for carbonization or activation. A program
temperature control module was used to control the heating
of the furnace and maintain the reaction temperature. During
carbonization, the heating rate was controlled at 10 K/min and
the final temperatures were set as 300, 400, 500, 600, and 700
°C. The activation of biochar was divided into two kinds:
physical activation and chemical activation. During physical
activation, the steam was used as the activation agent, which was
controlled by the peristaltic pump, and then the water was
heated by a steam evaporator. The activation temperature was
first controlled at 700—900 °C, and then the sample was located
in the furnace. The activation time could be varied from 30 to
120 min. During chemical activation, the about 3 g material was
added to the K,CO; or KOH solution and left for 2 h (the mass
of K,CO5;/KOH powder is twice that of coconut shell char or
lignin powder) and dried in the oven at 105 °C for 24 h. The dry
mixture was placed in a quartz boat, placed in a tube furnace, and
activated in a nitrogen atmosphere for 40 min at an activation
temperature of 800 °C. Then the activation product can be
obtained by natural cooling to room temperature, and the
resulting activation product is filtered and cleaned with ultrapure
water until the filtrate is neutral. Finally, the samples were dried
at 105 °C for 24 h to obtain lignin-based activated carbon
samples.

In the adsorption kinetics experiment, S0 mL of phenol
solution (100 mg/L) was taken each time, 0.2 g of different
activated carbon samples were added to the solution, and the
solution was stirred and adsorbed on a constant temperature
magnetic agitator. Within 0—30 min, a solution sample was
removed every 5 min, the absorbance of phenol in the solution
was measured after the solid was filtered, and the concentration
of phenol after adsorption was obtained according to the
standard curve of phenol. The calculation formula of the
adsorption rate at any time is

C, - C
(%) = 42— x 100%
Co (1)

in which 7 refers to the phenol adsorption efficiency at time of ¢,
C, refers to the initial concentration of phenol (mg/L), and C,
refers to the concentration of phenol at time t.

The pseudo-first-order kinetic model and pseudo-second-
order kinetic model are two typical adsorption kinetic models
that are important for studying the diffusion process.”**” The
kinetic parameter k could also be used to analyze the adsorption
rate.

According to the pseudo-first-order kinetic model, the effect
of reaction rate is mainly attributed to the resistance of
molecular diffusion in the particle, and the difference between
the adsorption amount Q, and the equilibrium adsorption
amount Q. of the adsorbent at time ¢ during the adsorption
process is proportional to the adsorption amount of the
adsorbent.

Q,=Q(1—e™) @)

in which Q, refers to the adsorption mass (mg/g) at time t, Q,
refers to the adsorption mass (mg/g) at the equilibrium state,
and k refers to the adsorption rate constant (min™").

2.3. Analysis Method. The BET surface area, pore volume,
and pore diameter of activated carbon samples were tested and
analyzed using the N, adsorption—desoprtion isotherms

obtained at —196 °C with an automatic instrument (TriStar II
3020, Micromertics). Prior to the adsorption test, all samples
were degassing in a vacuum at 280 °C for 300 min. The specific
surface area (Sgpr) was determined by the Brunauer—Emmett—
Teller (BET) method.*>*" The total pore volume was calculated
from the N, adsorption isotherm in the relative pressure range of
0—0.995. The micropore volume and external surface area
(mesoporous surface area) were measured by the t-plot method.
The average pore diameter was calculated from the N,
adsorption isotherm by the Barrett—Joyner—Halenda (BJH)
method.”

The functional groups of raw material and AC samples were
analyzed by Bruker’s Vertex 70 Fourier transform infrared
(FTIR) spectrometer. A mixture of samples and KBr powder
with a mass ratio of 1:100 was milled into a powder mixture, and
then the mixture powder was sampled by compression under 15
MPa pressure. The compressed flake then was analyzed by
FTIR. The settings of the FTIR instrument were as follows:
Resolution was 2 cm™". Scanning frequency was 10 kHz. The
wavenumber varied from 4000 to 650 cm™.

3. RESULTS AND DISCUSSION

3.1. Carbonization of Coconut Shell. As pointed out
above, carbonization is the first step during traditional two-step
activation of carbon production. The initial structural character-
istics of pyrolysis char itself have a significant impact on
subsequent physical activation. Therefore, the carbonization of
coconut shell was first studied.

The influence of temperature on the yield of pyrolysis char
was summarized in Figure 2.

50
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30

Char mass yield / %

25
Yield of Coconut shell char during carbonization

20
200 300 400 500 600 700 800

Temperature/°C

Figure 2. Biochar yield of coconut shell at different temperature.

It can be seen that the yield of coconut shell char decreased
with the pyrolysis temperature. At low temperature (300 °C),
the yield of char is 45.78 wt %, which is due to the release of
surface moisture, dehydration reaction, and initial decom-
position of cellulose, hemicellulose, and lignin.33 When the
temperature increased to 400 °C, the char yield quickly
decreased to 36.86 wt %, which was attributed to the extensive
decomposition of cellulose and lignin.****> When the temper-
ature further increased to 500 °C, the char yield decreased to
about 31.65 wt % and was maintained at relative stability at
higher temperatures. It can be seen that at 500 °C there is still
some volatile compound retained in the char. The lattice
structure of char does not show graphitization or inertness,
which is conducive to the subsequent physical activation process
of pore formation. Therefore, 500 °C could be chosen as the
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carbonization temperature for coconut shell during the two-step
activation carbon production. Wei et al.*® also reached a similar
conclusion.

3.2. Steam Activation of Coconut Shell Char. Next,
steam activation of coconut shell char was conducted. Steam is a
kind of typical activation agent during physical activation.*® The
heterogeneous reaction between char and steam (gasification
reaction) was controlled by reaction temperature, residence
time, and the amount of steam.’” In the optimized condition,
part of the carbon element in the char matrix was consumed and
the retained char was called activated carbon, which is rich in a
large number of microscopic pores.38 The influence of activation
temperature on the activated carbon yield and BET specific
surface area was summarized in Figure 3.
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Figure 3. Yield and BET surface area of activated carbon at different
temperatures.

As shown in Figure 3, it can be seen that, with increasing
activation temperature, the yield of activated carbon significantly
declined. At 700 °C, the yield of coconut shell AC was about
32.62 wt %. However, the BET specific surface area was 732 m?/
g. It means that the activation reaction did not fully take place.
Therefore, fewer pores were produced. When the activation
temperature increased to 800 °C, the yield of AC decreased to
22.43 wt %, while the BET specific surface area increased to
1065 m*/g. Higher temperature benefits the char—steam
reaction. The detailed activation reactions are summarized in
Table 2.

Table 2. Main Gasification Reactions during Char—Steam
Activation

Reaction® ™! Enthalpy (kJ/ mol)**~*
C+H,0- CO+H, (Rl) AH = —135.0
C+CO,->2CO0 (R2) AH=-1733
CO+H,0=CO,+H, (R3) AH = 41.0
C+2H, > CH, (R4) AH =843
CH, + H,0 = CO + 3H, (RS) AH=-219

As show in Table 2, during steam activation, char gasification
(R1) is the dominant reaction, which is an endothermal
reaction.*” It means that, when the temperature is improved, the
reaction balance will move forward to produce more CO and H,.
The other reactions (R2—RS) are additional reactions that
accompany the steam gasification process of biochar, which
affected the final gas composition (CO, H,, CO,, CH,, etc.) in
the flue gas.

When the activation temperature increased to 900 °C, the AC
yield quickly decreased to 8.72 wt %, while the BET surface area
slightly declined to 1032 m?*/g. It means that high temperature
could consume a lot of the carbon skeleton, resulting in the
reduction of activated carbon yield. Therefore, selecting a
reasonable temperature is one of the keys to the preparation of
activated carbon. In this work, considering the yield and specific
surface area of activated carbon, 800 °C was regarded as the
optimized activation temperature for the coconut shell.

3.3. Chemical Activation of Lignin and Coconut Shell.
Next, the chemical activation of lignin and coconut shell was
conducted. KOH and K,COj; were used as the activation agents,
respectively. The activation results of K,CO; activation are
summarized in Figure 4.

Similar to steam activation, the yield of lignin AC decreased
with increasing activation temperature. When the temperature
increased from 500 to 800 °C, the yield of AC decreased from
62.72 to 25.38 wt % roughly linearly. With respect to BET
specific surface area, the value first increased from 38.36 m?/g
(500 °C) to 1723.8 m*/g (800 °C) and then slightly decreased
to 1608.2 m*/g. Improving activation enhanced the activation
reaction and benefited the formation of micropores. With
respect to the micropore and mesopore distribution, it can be
seen that micropores contribute the majority of the specific
surface area and the largest surface area of the micropores was
about 1414.84 m?*/g. With increasing activation temperature,
the micropores first increased and then declined, while the
mesopores increased at all temperatures. It means that the
overactivation reaction consumes micropores but promotes the
formation of mesoporous cells. The variation of porosity with
temperature is similar to the BET surface area. The largest
porosity was about 0.951 at 800 °C. Considering the yield and
specific surface area of activated carbon, 800 °C was regarded as
the optimized activation temperature for lignin during K,COj;
activation. Mckee et al.” studied the gasification of graphite by
alkali and found that K,CO; reduced by carbon in graphite could
be summarized as follows:

K,CO, + 2C — 2K + 3CO (R6)
C represents the carbon element in biochar, which acts as the

reducing agent and reduces K,CO; to product metallic
potassium and CO.
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Figure S. Lignin AC production by KOH activation.

As a contrast, KOH was used as an activator to study the
chemical chemistry of lignin, and the results are shown in Figure
5.

The performance of the KOH activation was similar to that of
K,COj; activation. With the temperature increasing from 500 to

800 °C, the lignin AC yield decreased from 58.32 to 22.36 wt %.
The BET surface area first increased with improving temper-
ature and reached a maximum of 1523.3 mz/g at 800 °C. With
respect to the pore distribution, the variation tendency of
micropore and mesopore is similar to that of lignin AC in K,CO,
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activation. However, the porosity increased with an activation
temperature even at 900 °C. It means that at high temperature,
the KOH could enter the inside of the micropores, making the
micropores expand, forming meso- and macroporous cells, and
the overall coke skeleton structure is preserved. When lignin is
activated by K,CO;, the activator easily causes the carbon
skeleton to erode and the pore structure to collapse at high
temperature, thus reducing the porosity. The possible reaction
mechanisms are**

2KOH — K,0 + H,0 (R7)
2K,0 + 2C — 4K + 2CO (RS)
H,0 + C - CO + H, (R9)

It can be indicated that the K,COj; activation could achieve
higher AC yield as well as higher BET surface area for lignin. The
porosity of K,CO; activation of AC is significantly larger.
Therefore, the lignin AC derived by K,COj activation was used
for phenol adsorption in the next section.

As a comparison, the one-step activation of coconut shell by
KOH was studied. Similarly, the influence of activation
temperature on the yields, BET surface area, micropore/
mesopore, and porosity of coconut shell AC was analyzed.
The results are summarized in Figure 6.

It can be seen that the yield of coconut shell during KOH
activation is much lower than that of lignin. When the activation
temperature reaches 900 °C, the AC yield is about 9.6 wt %. The
reason is that most cellulose and hemicellulose are largely
consumed at higher temperature. Lignin is more stable than
cellulose and lignin, which is attributed to its aromatic structure.
With the increase of activation temperature, the BET surface
area first increases and then decreases. The maximum of BET
surface area is 1627.2 m*/g at 700 °C, which is lower than that of
lignin. The porosity of coconut shell AC is much larger than that
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of lignin AC, which is attributed to the consumption of cellulose
and hemicellulose. More external pores, especially macropores,
are produced. It can be indicated that the optimized activation
temperature could be chosen as 700 °C for one step activation of
the coconut shell by KOH.

In addition to the pore structure, the surface functional groups
of activated carbon also have a key influence on its adsorption
properties. Next, the FTIR spectrum results of different
activated carbon samples are summarized in Figure 7.

It can be seen that the coconut shell raw material is rich in
—OH, C-0, and C=O0 functional groups, which are the
original components of cellulose, hemicellulose, and lignin.
During activation, the —OH functional groups are largely
consumed. With respect to the coconut shell AC samples, the
C—0O and C=O are the main oxygen-containing functional
groups, which may act as the key adsorption site by electrostatic
interaction. The FTIR spectrum results of lignin samples are
different from those of the coconut shell. The spectral
absorption intensity of —OH functional groups is much weaker
than that of the coconut shell. The reason is that cellulose and
hemicellulose have more —OH functional groups than does
lignin. With respect to the lignin AC samples, the —OH
functional groups are almost consumed. The C—0O and C=0
are main oxygen-containing functional groups. Especially for
lignin AC derived by K,COj; activation, the —C—O group is
much more than other functional groups. It means that K,COj;
activation could largely enhance the formation of surface
oxygen-containing functional groups.

3.4. Adsorption of Phenol by Activated Carbon. Figure
8 shows the effects of the activation temperature and adsorption
time on the adsorption performance of coconut shell AC and
lignin AC for phenol. With respect to coconut shell, three kinds
of steam activation coconut shell AC samples and KOH
activation AC sample (700 °C) were used. Besides, two kinds of
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Figure 7. FTIR results of coconut shell and lignin samples.

lignin AC samples were used, including K,CO; activation at 800
°C and KOH activation at 800 °C. The adsorption time is from 0
to 60 min. For each adsorption experiment, S0 mL of phenol
solution was placed in a brown reagent bottle, and 0.1 g of
adsorbent (activated carbon) was added into the phenol
solution. Then the concentration of phenol in the solution
was determined after stirring at 30 °C for a certain time. The
adsorption efficiency of phenol was obtained by the concen-
tration difference.

It can be seen from Figure 8 that the adsorption rate of all
activated carbon samples increases sharply at first 10 min, then
slowly increases at 20—30 min, and finally tends toward a stable
value. After 40 min of adsorption, the adsorption of the three
samples basically reached equilibrium, and the adsorption
efficiency did not change significantly. Comparing different
coconut shell activated carbon, it can be seen that the 800 °C
activated coconut shell activated carbon has the highest
adsorption efliciency, and its stable adsorption efliciency at 60
min is about 96.87%. Based on the porosity of the coconut shell
AC samples, the BET surface area of coconut shell AC derived at
800 °C was the largest. It can be indicated that the BET surface
area largely influenced the phenol adsorption efficiency. Better
porosity and larger specific surface area can provide more
transport channels and a larger attachment area for phenol
molecules, so more phenol molecules can be adsorbed in a
shorter time. Therefore, improving the specific surface area of
coconut shell activated carbon is one of the key points.
Compared with steam activation, the KOH activation AC shows
better performance in the first 20 min. Especially at initial 10
min, phenol is quickly adsorbed by coconut shell AC. Coconut

(b) Lignin AC samples

Figure 8. Effect of time on the phenol adsorption by coconut shell AC
and lignin AC.

shell AC derived by KOH activation has larger porosity and BET
surface area. Besides, the chemical activation may introduce
more active functional groups on the char surface, which could
enhance the adsorption ability for phenol.

The adsorption properties of lignin activated carbon for
phenol are similar to those of coconut shell activated carbon. At
the initial stage (0—S min), the amount of adsorption increases
rapidly, then increases slowly (5—30 min), and then remains at a
stable level (after 30 min). Compared with coconut shell ACs,
the adsorption rate of phenol by lignin AC is faster, and the
adsorption capacity is stronger. The largest phenol adsorption
efficiency at 60 min for 800-LAC-K,COj is about 98.22%, which
is much higher than that for coconut shell ACs. Besides, 800-
LAC-K,CO; shows better performance than 800-LAC-KOH.
As pointed out above, the adsorption performance largely
depends on the physical porosity structure. K,CO; activation
lignin AC at 800 °C has the largest BET specific area (1723.8
m?*/g) of all AC samples and shows the best phenol adsorption
performance (98.22%).

Next, the effect of adsorption temperature (20—60 °C) on
phenol adsorption by coconut shell AC and lignin AC samples is
shown in Figure 9.

As can be seen from Figure 9(a), the adsorption rate gradually
decreases with the increase in adsorption temperature. At 20 °C,
the adsorption rate was 96.87%. When the adsorption
temperature rises to 60 °C, the adsorption rate decreases to
92.35%. With the increase of temperature, although the
movement speed of phenol molecules increases, it is easy to
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Figure 9. Effect of temperature on the phenol adsorption by coconut
shell AC and lignin AC.

enter the pore interior, but the higher temperature also
promotes the adsorbed phenol molecules to fall off more easily,
that is, desorption. The increase of temperature destroyed the
dynamic equilibrium of the solution and promoted the
desorption of more phenol molecules, so the adsorption amount
decreased with the increase of temperature.

As can be seen from Figure 9(b), the adsorption efficiency of
lignin activated carbon for phenol first increased and then
decreased with the increased adsorption temperature, and
reached the maximum value (98.22%) at 30 °C. When the
temperature increased from 20 to 30 °C, the adsorption
efficiency increased. When the adsorption temperature further
increased to 60 °C, the adsorption efficiency gradually decreased
to 88.27%. As mentioned above, increasing the adsorption
temperature changes the adsorption equilibrium of phenol
molecules on the surface of activated carbon and the equilibrium
moves toward desorption. With the rapid adsorption of phenol
molecules, more phenol molecules were desorbed from the AC
surface. Therefore, 30 °C is an optimized adsorption temper-
ature for phenol removal over lignin AC.

In summary, the adsorption effect of K,COj5 activated lignin
AC for phenol is better than that of KOH activated carbon, and
the lignin activated carbon has a stronger adsorption perform-
ance for phenol than coconut shell activated carbon. According
to the pore structure characteristics, it can be preliminarily
concluded that developed micropores are the main sites for
phenol adsorption, while mesopores and macropores are the
main channels for phenol molecular transport. The role of

mesopores and macropores on transport have been widely
studied.**® The well-developed microscopic pores and
reasonable pore distribution are important parameters to ensure
the adsorption and removal efficiency of phenol by activated
carbon. Besides, as discussed above, the abundant oxygen-
containing functional groups during K,COj; activation could
largely provide more active sites on the char surface and enhance
the adsorption performance for phenol.

3.5. Kinetic Analysis of the Phenol Adsorption on AC
Samples. According to the type of adsorption isotherm, the
surface properties of the adsorbent and the interaction between
the adsorbent and adsorbent can be known. The kinetic analysis
of the phenol adsorption on different activated carbon samples
provided some information about the interaction between
activated carbon and phenol molecules. In addition, the kinetic
parameters could be used for the design and operation
optimization of phenol removal by activated carbons. In this
section, based on the phenol adsorption experiments, the
adsorption kinetic analysis was conducted. The pseudo-first-
order kinetic model was used to describe the adsorption process.
The following equation can be obtained by taking the
logarithmic deformation of both sides for eq 2 in section 2.2.

lnl—& = —kt

Q, (3)

Using eq 3, the linear relation between In(1 — Q,/Q,) and ¢t
could be plotted, and the kinetic constant k could be obtained.
The linear regression of the phenol adsorption by coconut shell
AC samples is summarized in Figure 10.

It can be indicated that the mean square errors (MSE) of
linear regression are 0.9714, 0.9652, and 0.9192, respectively, for
steam activation samples. The pseudo-first-order kinetic model
is able to describe the adsorption characteristics of phenol in
coconut shell activated carbon. The adsorption rate constants
for three AC samples are 0.0551, 0.0915, and 0.0716,
respectively, which indicated that coconut shell AC derived at
800 °C shows the best adsorption performance for phenol
adsorption. With respect to the KOH activation sample, the
MSE and adsorption rate constant are 0.8477 and 0.0772.

Similarly, the linear regression of the phenol adsorption by
lignin ACs is analyzed, and the results are summarized in Figure
11.

It can be seen from Figure 11 that the pseudo-first-order
kinetic model is able to describe the adsorption characteristics of
phenol in lignin activated carbon, especially for KOH activation
samples. The adsorption rate constants are 0.06621 and
0.04496, respectively, which indicated that the lignin AC
activated by K,CO; has a stronger adsorption capacity for
phenol.

3.6. Recycling and Regeneration Characteristic for
Phenol Adsorption. In this section, the recycling character-
istics of adsorption of phenol by lignin activated carbon were
studied. The used lignin activated carbon adsorbent was
recovered and soaked in methanol for 2 h and then dried in
an oven at 60 °C for 24 h for the next adsorption. The adsorption
performance after cycles is summarized in Figure 12.

It can be seen from Figure 12 that, after three cycles, the
adsorption rate of lignin activated carbon can still remain higher
than 93%, showing high adsorption performance. It can be
inferred that, after more cycles, the adsorption performance of
activated carbon will further decrease to even lower than 90%.
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Regardless, these results confirmed that the lignin activated
carbon had a good adsorption stability.

4. CONCLUSION

Biomass waste and sewage are important wastes in the process of
industrialization and need to be effectively disposed and utilized.
In this work, an innovative method of collaborative treatment of
biomass waste and phenol-containing wastewater is proposed.
Biomass waste was used to produce activated carbon (AC) and
then AC was used for phenol removal in sewage treatment. Two
kinds of typical biomass waste material, namely, coconut shell
and lignin were used. Physical activation (steam activation) and
chemical activation methods were compared. The main
conclusion could be summarized as follows:
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The optimized pyrolysis temperature could be chosen as 500
°C for initial char production. Steam activation is an effective
method for coconut shell AC production. The largest BET
surface area was 1065 m?/g at 800 °C. Chemical activation could
produce AC samples with higher BET specific surface area. The
lignin AC with K,COj activation has the largest BET surface of
1723.8 m*/g at 800 °C, which is higher than that with KOH
activation (1523.3 m?/g). FTIR results indicated that K,CO;
activation could largely enhance the formation of surface
oxygen-containing functional groups.

Both coconut shell AC and lignin AC samples show excellent
performance for phenol removal. The highest phenol removal
efficiency for coconut shell AC and lignin AC are 96.87% and
98.22%, respectively. Adsorption kinetic analysis shows that the
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Figure 12. Recycling characteristic of phenol adsorption.

pseudo-first-order kinetic model is able to describe the
adsorption characteristics of phenol in sewage treatment.
Recycling properties show that regeneration of lignin AC
could maintain high adsorption performance for phenol.

This work provides a new approach for the collaborative
treatment of biomass waste and phenol-containing sewage.
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