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Abstract

The activated carbon (AC) adsorbents were prepared by KOH activation of hydrothermally pretreated pine sawdust (PS). The
physicochemical properties of AC were characterized by scanning electron microscopy (SEM), Fourier transform infrared
spectrometer (FT-IR), and N, adsorption—desorption techniques. The malachite green (MG) removal performance of the pre-
pared AC was evaluated under various MG concentrations, pH, and MG/AC ratios. The porous AC shows a fully developed
structure with a specific surface area (SSA) of 1900 m?/g and a total pore volume (V,,,, pore) Of 1.051 cm®/g. MG could be
efficiently removed from aqueous solutions by the prepared AC with rich pores and surface functional groups. MG adsorp-
tion capacity of 2209.07 mg/g was observed at the initial MG concentration of 500 mg/L. The MG adsorption mechanism
by the prepared AC was explored through the adsorption kinetics, isotherms, and thermodynamics models. The adsorption
results could be well illustrated by the pseudo-second-order kinetic model with a R? of 0.9990 and Langmuir isothermal
model with a R? of 0.9830 indicating the chemisorption dominated in the homogeneous and monolayer adsorption. The
diffusion of MG into AC is mainly controlled by the intraparticle diffusion. AG’ <0 demonstrated the spontaneous nature
of MG adsorption onto AC, and AH’> 0 implied the endothermic nature of the adsorption process. This is the reason that
the adsorption capacity was improved from 2464.10 to 2623.77 mg/g as the temperature was increased from 298 to 318 K at
the same MG initial concentration. This work could provide some references to produce efficient adsorbents from biomass.
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Introduction

Water pollution is one of the most hazardous industrial
issues in such an urbanized and industrialized era [1, 2].
More than 100,000 dyes, which are the most representa-
tive organic water pollution, are extensively used in many
industries such as textile and leather [3, 4]. Among them,
malachite green (MG) is a typical triphenylmethane dye
with severe toxicity and the most representativeness. It will
cause a series of harmful influences on the living body if
MG-contaminated water is discharged without treatment.
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Consequently, the efficient separation and removal of MG
have aroused widespread concerns.

Various methods and techniques, including adsorption
[5-8], oxidation, precipitation, biochemical process, ion
exchange, and photodegradation, have been proposed to
remove dye from the wastewater. Since MG is water-soluble
and difficult to photodegradation [9] and bio-degradation,
adsorption exhibited the most promising for MG removal
because of its simple, no secondary pollution, high effi-
ciency, and convenient handling [10]. Commercial AC, com-
monly derived from coal, pitches, and coke, was used by
many industries to deal with dye waste problems. However,
it was not an economic feasible adsorbent due to its precur-
sors are non-renewable and high-cost. Hence, to improve
adsorption capacity and lower the cost, the alternative
materials with high-production, widespread availability and
renewability, and low-cost were studied by many researchers
to replace the traditional coal-based materials.

Waste biomass is now regarded as a proper precursor
for preparing AC adsorbents as an abundant carbon-rich
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resource. Ren et al. [11] reported that the garlic root with
rich hydroxyl and carboxyl groups showed good MG
removal ability of 232.56 mg/g,, ihen- ThE amino groups
on the brown marine algae surface significantly increased
the adsorption capacity to 76.92 mg/g,comen: at the pH of
10 [12]. Mullick and Neogi [1] prepared AC from stevia
leaves by sodium hydroxide impregnating for MG removal.
The adsorption capability was improved from 73.08 to
288.67 mg/g when the initial concentration increased from
50 to 300 mg/L. Pragathiswaran et al. [13] prepared the AC
from Gloriosa superba stem to remove MG, and the removal
efficiency of 90.5% was obtained at the initial concentration
of 50 mg/L with 250 mg AC under the temperature of 30 °C
and pH of 6.5.

AC is generally prepared by two steps: carbonization and
activation. Both pyrolysis and hydrothermal carbonization are
common carbonization technique. Pyrolysis was usually oper-
ated under high temperature, and the release of volatile would
generate tar causing operating issues. Compared to pyrolysis,
hydrothermal carbonization (HTC) is devoted to overcome
the intensive energy consumption in drying process for moist
biomass. It is performed at a milder reaction temperature of
180-250 °C, and the final products could be easily separated
from reaction mixture. HTC is therefore widely accepted to
be promising for converting moist biomass into hydrochar
with good morphology, rich functional groups, and lower aro-
matization degree etc. [14—16]. Hydrochar has been widely
applied in adsorption due to above advantages. Zhang et al.
[17] prepared hydrochar using phycocyanin-extracted algal
bloom residues (PE-ABR) and reported the PE-ABR hydro-
char showed a maximum adsorption capacity of 89.05 mg/g
for MG. After being pyrolyzed at 800 °C, the hydrochar
from bamboo shoot shell (BHC-800) exhibited a surface
area of 513 m%g and maximum RhB adsorption capacity of
85.8 mg/g [18]. The hydrochar derived from PVC and alkali
coal had an adsorption capacity of 322.10 mg/g with a surface
area of 20.578 m?/g [19]. The adsorption capacity of hydro-
char is generally low because of its low surface area and pore
volume with less sorption sites for contaminants [20, 21].

Chemical activation was commonly utilized to improve
the adsorption capacity of hydrochar. The activators usually

included H;PO,, KOH, ZnCl,, and K,CO;. The generated
AC shows larger SSA because the activators could prevent
the pore structure from tar blocking. The perlite activated
by oxalic acid showed good adsorption of heavy metal ions
with surface area increase after acid treatment [22]. Hayashi
et al. [23] prepared lignin-based AC via chemical activation,
and K,CO; showed the best activation performance. The
surface area of rice husk increased to 922.319 m?/g after
ZnCl, activation [24]. Gupta et al. [25] obtained a graphene
porous structure by promoting carbon gas generation and
carbon gasification at 850 °C with KOH activation. The
major micropores resulted in a relatively high SSA and pore
volume of 1710 m?/g and 0.834 m®/g, respectively.

This work focused on the fabrication of hydrochar pre-
cursors with rich surface functional groups to generate
AC. The AC with high SSA and pore volume was obtained
by combing the hydrothermal pretreatment with KOH acti-
vation. The physicochemical properties of AC were char-
acterized by N, adsorption—desorption, FT-IR, and SEM.
The AC performance was evaluated by removal MG from
the aqueous solution. The adsorption capacity of AC was
investigated under various initial MG concentration, solu-
tion pH, and AC dosage. The adsorption kinetics, adsorp-
tion thermodynamics, and isothermal adsorption were
also investigated to reveal the adsorption mechanism of
pine dust-based AC on MG. The study proposes a refer-
ence to waste biomass utilization and efficient adsorbents
preparation.

Materials and methods
Materials

The pine sawdust (PS) sample was collected from a wood
processing plant in Xuzhou, Jiangsu Province. The PS was
rinsed with deionized water to remove impurities and then
dried in a 105 °C oven to remove moisture. The dried PS
was ground and sieved to 100 mesh (150 pm). Table 1 lists
the proximate and ultimate analysis of PS.

Table 1 Proximate and ultimate

. Sample Proximate analysis (wt. %) Ultimate analysis (wt. %) Heating value  Yield
analysis of PS and hydrochar
Mg As Vg FC; Cgur  Hur Ogp’ N Sar (Mg (%)
PS 10.63 021 87.86 11.93 5142 6.03 4232 021 0.02 17.74 -
Hydrochar 349 048 58.02 4150 70.66 5.05 24.09 0.20 - 27.61 61.70

A ash, M moisture, V volatile matter, FC fixed carbon, ad air-dried basis, d dried basis, daf dried and ash-

free basis

PCalculated by difference
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Preparation of PS-based AC
Hydrothermal carbonization

Five g of PS was mixed with 100 mL of deionized water and
then transferred to an autoclave reactor after thorough stir-
ring. The argon flow was introduced to exhaust the air before
the hydrothermal experiments. The reaction temperature and
soaking time were set to 240 °C and 30 min, respectively
[26]. Thereafter, the reactor was cooled down to room tem-
perature, and the solid product (noted as “hydrochar’’) was
separated from the liquid and oven-dried at 105+5 °C to
remove moisture.

Activation of hydrochar

The hydrochar was mixed with KOH at the mass ratio of 1:2
and activated in a tube furnace at 800 °C for 90 min under N,
atmosphere of 300 mL/min. After cooling to ambient tem-
perature, hydrochar was washed via 0.1 mol/L hydrochloric
acids and stirred in a water bath at 80 °C for 20 min. After
that, the hydrochar was repeatedly washed with deionized
water and then dried at 105+ 5 °C for 24 h to obtain AC.

Adsorption experiments

The adsorption experiments were carried out to evaluate the
adsorption capacity of AC for MG. A certain amount of AC
was added to 50 mL MG solution with the initial concen-
tration ranging from 100 mg/L to 700 mg/L. The mixture
was oscillated at 130 rpm for 24 h at different temperatures
for adsorption. After adsorption, the MG solution was fil-
tered, and its concentration was measured by UV-1800PC
spectrophotometer (Mapada, China) under the wavelength
of 618 nm. The equilibrium adsorption capacity of AC for
MG solution (g,) and the removal rate of MG (R) could be
calculated by formulas (1) and (2), respectively:

= ¢ 1

4. W M
CO_Ce

R= c x 100% 2)

0

where C, and C, (mg/g) are the initial concentration and the
adsorption equilibrium of MG, respectively. V is the volume
of the solution (L), and W is the mass of AC (g).

Regeneration
The regeneration concluded adsorption and desorption

processes. In the adsorption process, 40 mg AC was added
into a 200 mL MG solution with initial concentration of

400 mg/L, and then the mixture was oscillated under the
temperature of 298 K for 24 h. The used AC was collected
for desorption experiment after washing and drying. Ten mL
deionized water, HCI (0.1 mol/L), NaOH (0.1 mol/L), and
absolute ethyl alcohol (CH;CH,OH) were used as desorp-
tion agent to react with 10 mg used AC, respectively. The
desorption was performed under the room temperature for
3 h. The desorption amount and rate were calculated by the
following formulas:

(CO - Ca)va
- - Y4 3
da W, 3
Cavy
dq = W, (€]
D = 44 x 100% 5)
94

where g, C, v, D, and W are standard for adsorption amount,
MG concentration, solution volume, desorption rate, and
adsorbent weight. The subscript 0, a, and d here represented
the initial value of concentration, adsorption, and desorption.

In this study, the sample was characterized via FT-IR,
N, adsorption—desorption, and SEM. Details on the AC
preparation and characterization are listed in Supplemen-
tary Material.

Results and discussions
Characterization
Properties of PS and hydrochar

Compared to PS, the fixed carbon and volatile content in
hydrochar changed with an increase of 29.57% and a decrease
of 29.84% (Table 1) because of the removal of organic mat-
ters by hydrothermal treatment. The carbon content in hydro-
char increased obviously with a rate of 19.24% due to the
dehydration and decarboxylation reaction. Meanwhile, the
heating value decreased for the reduction of cellulose and
lignin. These results exhibited that the hydrochar derived
from PS had been treated adequately.

TGA was applied to investigate the effect of hydrother-
mal pretreatment on PS (Fig. 1). For all samples, the first
weightlessness peak of DTG curves concerning the tem-
perature below 150 °C was ascribed to moisture loss. The
largest and fastest weight loss peak of PS with a weight
loss of about 40% was observed at 320 °C, which could be
attributed to the decomposition of cellulose and hemicellu-
lose. TG and DTG curves on hydrochar did not exhibit the
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obvious weight loss change, implying that hydrothermal
treatment under the temperature of 240 °C could remove
most volatile matters in PS. The char and fixed carbon
in the PS burned at the range of 370-500 °C, resulting
the third weight loss peak of PS. However, the weightless
peak of hydrochar was different from PS. Between 200 and
600 °C, the weight loss rate slowed down considerably
due to the breakdown of larger lignin molecules. Mean-
while, the fixed carbon content increased, indicating that
the hydrothermal pretreatment was favorable to subsequent
chemical activation.

Temperature (C)

Surface morphology

The surface morphology and microstructure of fresh and
pretreated PS samples could be appraised via the SEM
graphs (Fig. 2). Figure 2a shows clear and slender fiber
structure of the fresh PS with a smooth surface. The surface
morphology of hydrochar (Fig. 2b) was rougher and more
irregular due to the decomposition of glucan, cellulosic,
and hemicellulosic sugars, as well as other organics during
the hydrothermal process [27]. After activation, an obvious
porous structure was generated via the KOH activation under

Fig.2 SEM images of a PS; b hydrochar; and ¢ AC
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high temperature as depicted in Fig. 2¢c. The white particles
on the surface of AC were attributed to the ash content in
hydrochar (mainly SiO,) which did not completely react
with KOH. For comparison of these samples, hydrothermal
pretreatment caused the organic macromolecule decomposi-
tion and the fiber wall breakdown of PS. Meanwhile, higher
activation temperature and KOH impregnation promoted the
chemical reactions between biomass and KOH by releasing
gas, such as CO, and CO [25, 28]. A relatively high spe-
cific surface area could be expected according to these SEM
graphs. Above all, the hydrothermal carbonization and KOH
activation could promote the generation and development of
porous structure of PS.

FT-IR analysis

As shown in Fig. 3, the infrared spectrum of hydrochar and
AC exhibited stronger intensity, indicating the quantities of
functional groups were enhanced after hydrothermal carbon-
ization and chemical activation. All these materials showed
strong peaks at 3416 cm™!, which were attributed to the
OH stretching vibration of hydroxyl functional groups. The
peaks at 2921 cm™' were assigned to the stretching vibra-
tion of C-H bonds, and the peak at 1617 cm™~! represented
the stretching vibration of the C=C bonds in the benzene
ring. The bands at 1427 cm™! could be ascribed to an O-H
deformation vibration in carboxyl groups [29]. Bands in
the region of 1104-998 cm™! showed the presence of C-O,
which was ascribed to alcohols, phenols, acids, or esters
[30]. The out-of-plane bending vibration of aromatic peak
of C-H at 870 cm™' and 711 cm™! indicated the existence of
aromatic ring structures. These peaks in the hydrochar are

8
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g
H
—AC

C-OH —— Hydrochar C-0

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.3 FT-IR spectra of PS, hydrochar, and AC

already strong enough compared with original PS samples
as a consequence of the rearrangement and reorganization of
original functional groups in PS [27]. The strength of most
hydrochar surface functional groups decreased after activa-
tion, which was correlated to the products generating from
these aryl-condensation, polymerization, and etherification
reactions reacting with KOH at 800 °C [31]. The SEM and
FT-IR revealed the introduction of various functional groups
onto the AC surface. This might be beneficial to the MG
adsorption because these surface functional groups could
serve as the “active sites.”

N, adsorption—desorption

The pore structures could be divided into macropores (>50 nm),
mesopore (2—-50 nm), and micropore (<2 nm). Figure 4a reveals
that the pores of fresh PS and hydrochar were mainly distrib-
uted in the range of 4-8 nm, which belong to mesopores. As
depicted in Fig. 4b, an obvious hysteresis loop could be observed
in the isothermals of the hydrochar, convincing its apparent
mesoporous structure. N, adsorption—desorption isotherms
indicated the larger pores existed in the PS sample, which was
consistent with its average pore size of 59.72 nm in Table 2.
The hysteresis loops of PS and hydrochar isothermals can be
regarded as the H3 type without an obvious saturated adsorp-
tion platform [32]. It implies the irregular pore structure with
the presence of the slit-type pores which were accumulated by
platelet particles. The isothermal of AC (Fig. 5a) corresponded
to the type I curve (also known as Langmuir adsorption curve),
standing for the typical microporous adsorption [32, 33]. The
hysteresis loop was absent in the isothermal because of few
mesopores existing in AC sample [34].

Table 2 displayed that the specific surface area (SSA) of
PS was highly improved from 2.476 to 1900 m?/g, and the
total pore volume (Ve volume) Was increased from 0.036 to
1.051 cm®/g after the combination of hydrothermal carboni-
zation and KOH activation. HTC increased the SSA of PS
by 24 times and the total pore volume by three times, and
KOH activation induced the 767 times and 29 times SSA and
Viore volume increment of PS, respectively. The average pore
diameter of AC is 2.11 nm as shown in Table 2, suggest-
ing that the macropores of PS were crushed into micropo-
res and partial mesopores. The hydrolysis of cellulose and
hemicellulose resulted in the generation of massive pores

Table 2 Structural parameters of PS, hydrochar, and AC

Sample SSA (m*/g) Total pore volume Average pore
(cm3/g) diameter (nm)

PS 2476 0.036 59.720

Hydrochar 60.190 0.109 7.276

AC 1990 1.051 2.111

@ Springer



978

Colloid and Polymer Science (2022) 300:973—-988

Fig.4 Pore structure characteri-
zation of fresh PS and hydro-
char. a Pore width distribution
circle, hydrochar; square, PS.

b N, adsorption—desorption
isotherms

in hydrochar, and the carbon skeleton could develop a large
number of micropores after KOH activation because of the
redox reactions [35]. According to the previous work, the

Fig.5 Pore structure charac-
terization of AC. a Pore width
distribution. b Adsorption—
desorption isotherms of N,
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redox reaction on alkaline activation could be summarized
as a global reaction in Eq. (6) [36]. The activator KOH could
reacted with carbon causing the generation of K metal and
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Fig.6 The proposed mechanism
of hydrothermal prefabricated
of AC
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K,0. The produced K metal (Eqs. 7-10) [37] could be
intercalated between the graphene layers of the hydrochar
to separate the layers, which resulted in the irreversible
enlargement of carbon lattice and favored the generation of
micropores. Consequently, the SSA and pore volume were
obviously facilitated after activation. Therefore, hydrother-
mal pretreatment and KOH activation are beneficial for
developing the porous structure of PS:

6KOH + 2C — 2K + 3H, + 2K,CO, (6)
K,CO; + C = K,0 +2CO @)
K,CO; — K,0 + CO, ®8)
K,CO; + 2C — 2K + 3CO )
C +K,0 — 2K + CO (10)

Mechanism of hydrothermal prefabricated AC

Based on these characterizations, a reasonable mechanism
is proposed for the formation of carbon skeleton and porous
AC, involving two processes as presented in Fig. 6. The fib-
ers, shown in SEM graphs of PS, are mainly composed of
cellulose, hemicellulose, and lignin. They were converted
into gas and liquid products containing H and O, and residual
solid products contained a large part of carbon in hydrochar.
The long and narrow smooth structure of PS was destroyed,
and some pores were generated resulting from the release of
tar and volatiles. The carbon skeleton was preliminarily con-
structed following with the removal of many weaker functional
groups. The second process is pore formation due to chemi-
cal reagent etching. KOH activation is responsible to the
development of pores. It was ascribed to be a redox reaction,
and the potassium metal was inserted into the carbon layer
to create more micropores and higher surface area. The total
pore volume and specific surface area were highly enhanced

according to the N2 adsorption and desorption test. The rich
pores and functional groups are supposed to improve adsorp-
tion performance for MG removal.

Influencing factors for adsorption capacity of AC
Effect of adsorbent dosage

The adsorbent dosage determined the number of active
sites in the adsorption system, which remarkably affected
the whole adsorption process. Five, 10, 15, 20, and 25 mg
AC was weighed and then added to 50 mL. MG solution
with a concentration of 500 mg/L to investigate the effect of
adsorbent dosage on MG removal. The adsorption was per-
formed at 25 °C for 24 h under the mixing speed of 130 rpm.
As shown in Fig. 7, the removal rate was increased as the
increase of adsorbent dosage when the dosage was less than
15 mg. It could be attributed to the increase of adsorption
sites during the adsorption process. The highest MG removal
rate appeared as 99.90% at 15 mg and then stabilized with
the rise of AC dosage. It indicated the AC adsorption was
unsaturated when the AC addition was greater than or equal
to 15 mg. Besides, the adsorption capacity of AC decreased
from 2578.72 to 999.08 mg/g with the dosage. This is
because the increment of adsorbent dosage did not match
that of adsorption amount, resulting in lower adsorptive
capacity utilization. Ten mg was set as an optimal adsorp-
tion dosage for economic and energy-saving considerations
as the initial MG concentration of 500 mg/L in this study.

Effect of initial MG concentration

The initial concentration of MG dye can help to overcome
the mass transfer limitation between the solid adsorbent and
aqueous solution. Fifty mL. MG solution with a concentra-
tion ranging from 100 to 700 mg/L was mixed with 10 mg
AC under 25 °C for 24 h, respectively. Figure 8 depicts the
MG could be completely removed when the MG concentra-
tion was lower than 300 mg/L. The lower concentration of
MG solution (<300 mg/L) has less adsorbate to completely
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Fig. 7 Effect of AC dosage on 3000
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occupy the adsorption sites provided by 10 mg AC, so the
removal efficiency can reach almost 99.9%.

The removal rate declined rapidly with the rise of MG
concentration because the adsorbent offered a limited num-
ber of surface adsorption sites. The higher MG concentra-
tion exceeded the adsorption capacity of the adsorbent. As

the initial concentration increases, the adsorbate uptake is
smaller than the increment of initial concentration, lead-
ing to the decrease of adsorption efficiency. Therefore,
the adsorption sites were maintained saturated during the
adsorption process when the initial concentration was more
than 300 mg/L. This phenomenon was also known as the

Fig.8 Effect of MG initial N
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performance of AC 2500 e
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adsorbent concentration effect [38]. It could be seen clearly
the g, values increased with the initial MG concentration.
This is because the high mass gradient resulted from the
increase of initial concentration provided an important driv-
ing force for the migration of MG molecules onto AC [39].
Combined with the effect of equilibrium adsorption capacity
and MG removal rate, 500 mg/L. MG solution was selected
as the experimental condition in the subsequent experiments.

Effect of initial pH

The pH of an aqueous solution played an important role in the
adsorption process of MG via the physicochemical properties
of adsorbents and adsorbates [40, 41]. The pH of the solution
was adjusted to 2, 4, 6, 8, and 10, respectively, by HCI and
NaOH, and the adsorbate (MG) was 50 mL. Figure 9 reveals
that the equilibrium adsorption capacity g, increased with the
pH values. The lowest adsorption capacity of 1202.53 mg/g
and efficiency of 48.1% occurred at a pH of 2, and it might
be attributed to the ion competition between H* and N(CH,),
known as electrostatic repulsion. The N(CH;) was obtained
from MG dissociation because the MG acid dissociation con-
stant (pKa=10.3) showed that the surface functional groups
of dye solutions were prone to protonation at lower pH values
and were easily de-protonated at higher pH [42] in the pH
range of 2.0-10.0. The increment of equilibrium adsorption
capacity began to slow down when the pH was greater than

polarity of the AC surface was affected by the electric dou-
ble layer of the solution. The adsorption capacity g, increased
from 2001.18 mg/g at pH of 4 to 2495.45 mg/g at pH of 10.
The MG removal rate increased from 80.0% at pH of 4 to a
maximum of 99.81% at pH of 10. The increasing pH values
are favorable to the generation of OH™ and the reduction of
electrostatic repulsion. At alkaline environment (pH > 7), the
electrostatic force between OH™ and N(CHj) greatly facilitated
the adsorption process. This observation was consistent with
the report of Qu et al. [43]. Therefore, the pH value could
affect the removal rate and equilibrium adsorption capacity of
MG. The electrostatic force might be one of the main adsorp-
tion mechanisms. All the following experiments were carried
out at the initial solution pH of 6 considering the character-
istics of solution itself and the effect of solution pH on AC
adsorption performance.

Adsorption models
Adsorption kinetics

The pseudo-first-order (PFO) and pseudo-second-order (PSO)
equations were applied to study the relationship between the
adsorption equilibrium time and the adsorption rate. The
pseudo-first-order equations [44] are described as Eqgs. (11)
and (12):

4. The removal rate increased with the increment of pH. The In(q, —q.) =Ing — k7 )
Fig.9 Effect of solution pH on 3000
adsorption performance of AC L 100
I3
2500 R

q, (mg/g)

2000 — / h
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1000 — )
500 —
0 | r . . .
2 4 6 8
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4. =q,(1—e™7) (12)

where ¢, and g, are the amounts of MG adsorbed per mass
of adsorbent at equilibrium (mg/g) and at time 7 (mg/g),
respectively, and k, is the adsorption rate constant (min~").
The values of k; and g, were derived from the slopes and
intercepts of the fitted nonlinear equation.

The linear and nonlinear forms of the pseudo-second-
order equations based on equilibrium adsorption [45] are
expressed as follows:

-1 1 3
9. kg 4. (13
2
qesz
—_‘e° 14
qT 1+q€k2T ( )

where £, is the adsorption rate constant of PSO (g/mg-min).
Meanwhile, k, and g, were obtained from the slope and
intercept of the plot % Versus .

The kinetic studies were performed using the curve fitting
tools provided in Origin Pro 2018. The error functions that
were used to optimize the model were listed as follows [46] :

(qg,exp - Qe,cal)z

M=

=
[
Il
—_
|
T
K

5 (15)
(Qe,exp - ‘_]e,cal)

M=

(16)

N
1
N-=2 x Z (qe,exp - qe,cal)2

1600 4 (Q)

A =300
——PFO
—--PSO

T T T T T T T
200 400 600 800 1000 1200 1400 1600

time (min)

Figure 10 shows the AC intake speed had a rapid
increase at 120 min and 480 min for the solutions with
an initial concentration of 300 mg/L and 500 mg/L at
298 K, respectively. Thereafter, the adsorption increment
of AC slowed down until stable. For 300 mg/L solution
after 24 h reaction, the final adsorption amount of AC was
1497.71 mg/g, and the removal rate was up to 99.84%,
indicating the completeness of the adsorption. The adsorp-
tion capacity of 2209.07 mg/g was observed at the MG
concentration of 500 mg/L, resulting in a removal rate
of 88.36%. The higher removal rate and capacity were
observed at the 500 mg/L. MG solution because the higher
MG concentration could strengthen the mass transfer,
resulting in more MG molecules absorbing on active sites
of the AC surface [47]. The adsorption kinetics parameters
were presented in Table 3. The fitting results indicated
that the kinetic models could fit well with experimental
results because all R* are above 0.9. Although the g, from
PFO model was close to the experimental value as shown
in Fig. 10a, the lower R? of PFO indicated the adsorp-
tion of MG on AC matched better with the PSO model.
To better describe the kinetic fitting results, RMSE error
analysis was applied, and the lower error function values
corresponded to the coefficient of determination. Baek
et al. [48] obtained the same kinetic fitting results for the
adsorption of MG on defatted coffee beans.

The intraparticle diffusion (ID) model considering both
the membrane diffusion process and the intraparticle dif-
fusion process as shown in Eq. (17) was applied to further
investigate the diffusion modes during the adsorption process:

1
q, =kt +c a7
2500
(b)
] s
2000 A
1500 -
)
g & (=500
;; 1000 — PFO
—-=PSO
500
04
T T T T T T T T
200 0 200 400 600 800 1000 1200 1400 1600
time (min)

Fig. 10 PFO and PSO kinetics for adsorption of MG with initial concentrations of a 300 mg/L. and b 500 mg/L (T=298 K, adsorbent=0.2 g,

V=0.1L)
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Table 3 Adsorption kinetic parameters of MG on AC

Kinetics Parameters Initial MG concentrations
300 mg/L 500 mg/L
Geexp (ME/Q) 1497.71 2209.07
PFO Go.car (ME/Q) 1492.06 2143.90
k; (min~1) 0.018 0.005
R? (nonlinear) 0.988 0.996
RMSE 20.451 49.357
PSO Ge.cal (ME/Q) 1546.90 2392.57
k,x 10° (g/mg-min) 0.037 0.003
R? (nonlinear) 0.999 0.999
ID K;, (mg/g min®?) 125.40 208.56
RMSE 15.688 47.678
I 154.56 -176.12
R? (linear) 0.947 0.995
K;, (mg/g min®?) - 41.92
RMSE 78.994 -
c, - 827.89
R? (linear) - 0.934
RMSE - 69.988

where k; represents the intraparticle diffusion rate constant
(mg/(g-minm)) and c reveals the effects of the boundary
layer on the adsorption rate which is proportional to the
boundary layer thickness. Figure 11b depicted that there
were two sections in the fitted plots, revealing both the
intraparticle and membrane diffusion existed in the adsorp-
tion process [49]. The first section with a larger slope corre-
sponded to the membrane diffusion, implying the dispersion
of MG molecules from the solution onto the AC surface. The

1600
(a) . AA A A A AL, A
] JA
A
1200 15'
A
3 ’
g 800 A
> N A C=300 mg/L
1'5 - - - surface adsorption
. - - - intrapartical diffusion
4004 A
{ A
O T T T T T T T
0 5 10 15 20 25 30 35 40
2 (min'?)

second section with a smaller slope was intraparticle diffu-
sion, representing the migration of MG molecules from the
AC surface to the internal pores. Consequently, at the begin-
ning of the adsorption process, MG molecules diffused from
the liquid phase to the surface of AC. With the decrease of
MG concentration in the solution, the intraparticle diffusion
dominated the MG removal rate.

Adsorption isotherms

Adsorption isotherms were applied to explore the interac-
tions between the adsorbents and adsorbates and the distri-
bution of solutes between solid and liquid phases. The reac-
tion mechanism of the adsorption system could be deduced
by some theoretical or empirical models. The Langmuir and
Freundlich isotherms were widely used to study the rela-
tionship between the adsorption capacity and the equilib-
rium concentration of adsorbate under a certain temperature
[50]. The Langmuir equation was expressed as following:

_ quLCe
%= 11K, (18)
C, 1 C,
— = +— (19)

9. B QmKL 9m

where ¢,, (mg/g) is the theoretical monolayer saturated
adsorption capacity, C, (mg/L) is the adsorption equilibrium
concentration, and K is the Langmuir constant related to the
adsorption capacity of AC. Higher K; value represents the
stronger relationships between the MG molecules and AC.

A dimensionless parameter is proposed by Hall et al.
for a more intuitive and convenient understanding of the

2700
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Fig. 11 ID for AC on MG with the initial concentration of a 300 mg/L and b 500 mg/L (T =298 K, adsorbent=0.2 g, V=0.1 L)
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mechanisms revealed by the Langmuir model [51]. The spe-
cific expression of R; was

1
LT (14 K.G) (20)
where C, is the maximum initial concentration (mg/L). The
different values of R, represent different types of adsorption
such as disadvantageous (R; > 1), advantageous (R, < /), and
linear (R, =1) [52].

The Freundlich equation was regarded as an empirical
model to describe the sorption occurring on the surface of
heterogeneous adsorbate, which was applicable for multilayer
adsorption with uniform and reversible energy. The linear and
nonlinear forms are given by the following equations [53] :

1
¢, = K,C: @1)

Ing, = InK, + %lnCe (22)
where K (mg/g-(L/mg)"/") represents the Freundlich sorp-
tion equilibrium rate and # is the indicator of adsorption
strength. The interaction between adsorbent and adsorbate
increases with the value of n. The adsorption reaction is easy
to happen as n> 1, and the Freundlich model can be simpli-
fied to a linear model as n=1.

The isothermal adsorption process was conducted at the
temperature of 298 K, 308 K, and 318 K. Figure 12 depicts
that the AC adsorption capacity increased with the ini-
tial MG concentration and the experimental temperature,
revealing that the adsorption process was an endothermic
reaction. The adsorption capacity of MG on AC was as

2700
2400
=
en
g
3 A 208K
s e 308K
2100 = 318K
- - = - Langmuir model
Freundlich model
1800 -
1 T T T T
0 100 200 300 400
C, (mg/L)

Fig. 12 Isothermal adsorption curves of MG on AC at 298, 308, and
318 K
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Table 4 Isothermal adsorption fitting parameters of MG on AC

Isotherms  Parameters Activated carbon
298 K 308 K 318K
Langmuir g, (mg/g) 2641.040 5403.438 2614.104
K, (L/mg) 0.409 0.493 4910
R, 0.00272  0.00225  0.00023
R? 0.983 0.871 0.875
Freundlich Ky (mg/g(L/mg)"™) 1451491 1781.952 1995257
n 11.228 17.299 20.613
R? 0.957 0.871 0.814

high as 2623.77 mg/g at the MG initial concentration of
900 mg/L at 318 K. Table 4 shows the parameters from the
fitting with these two isotherms models. The correlation
coefficient R? of the Langmuir model was higher than that
of the Freundlich model, indicating the Langmuir model
matched better for the adsorption process. The isothermal
curves plotted in Fig. 12 also suggested that the Langmuir
model well represented the experimental data at different
temperatures. According to the Langmuir model assump-
tions, the adsorption of AC on MG was monolayer and uni-
form. The adsorption only occurred at specific adsorption
sites, and MG molecules did not migrate on the AC surface
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Fig. 13 Chemical regeneration characteristics of AC for MG adsorp-
tion

Table 5 Thermal parameters of MG adsorption on AC

Temperature  InK° AGY (k)  AH® (k) AS°(K)/  R?
(K) mol) mol) mol/K)

298 3.997 -9.905 102.0 0.376 0.98452
308 5.657 —14.487

318 6.594 —17.434
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Table 6 Comparison of MG adsorption capacity on different biomass-based adsorbents

Adsorbents SSA Activating Isothermal Dosage dm Reference
(mz/g) agents model (mg) (mg/g)
Pinus roxburghii cone AC 202 Acetic acid Langmuir 20 250 [57]
Stevia leaves AC 281.8 NaOH Freundlich 100 288.67 [1]
Textile sludge and sawdust AC (M6) 979 H;PO, Langmuir / 395 [58]
Yarn processing sludge AC2 1037 KI and KOH Langmuir and 50 498 [59]
Redlich—Peterson

Coconut Shell AC 1118.7 - - 100 50 [60]
Elaeagnus angustifolia seeds AC 1194 H;PO, Langmuir 100 115 [61]
Commercial coconut AC 1101 HF and HC1 Langmuir 50 91.24 [43]

Pine sawdust AC 1900 KOH Langmuir 10 2209.07 This work

[43]. The chemical adsorption dominated the adsorption
process [52], and the MG removal rate was limited by the
internal diffusion of MG molecules [54].

Adsorption thermodynamics

The adsorption thermodynamics were applied to predict
the thermodynamic mechanism under different conditions.
Thermodynamic parameters in the adsorption process were
calculated by the following formulas:

AG® = —RTInK® (23)
0 0
InkK° = —AR—F; + % (24)

where AGY, R, T, K, AH®, and AS° represented criterion
Gibbs energy (kJ/mol), gas constant (8.314 J/mol-K), ther-
modynamic temperature (K), Langmuir adsorption constant,
standard adsorption enthalpy (kJ/mol-K), and entropy (kJ/
mol), respectively.

The negative value of AG” in Table 5 confirmed the spon-
taneous nature of the adsorption process of MG by AC. The
rising absolute value of AG” with the thermodynamic temper-
ature manifested that the adsorption reaction was more likely
to occur at higher temperatures. AH’ > 0 represented that the
adsorption was an endothermic process. The enthalpy vari-
ation was above 40 kJ/mol, implying that the chemisorption
dominated the adsorption process [55]. The positive value
of AS? showed the ascending randomness of the solid—liquid
interface and the strong affinity between MG molecules and
the AC surface. The comparisons of the values of AH® and
TAS° confirmed the MG adsorption on the AC was mainly
an entropy-controlled process [56].

Various biomass-based AC were listed in Table 6 to
compare with the PS-based AC in this work. The maxi-
mum adsorption capacities and specific surface area of the
prepared PS-based AC for the MG removal were found to

be higher than that of other biomass-based AC. Most MG
adsorption processes in Table 6 fitted well with Langmuir
isothermal models. The PS-based AC showed the best
adsorption performance with the fewer adsorbent dosage.
This comparison further gave a support that the hydrother-
mal prefabricated AC derived from PS is an efficient and
economic adsorbent for wastewater treatment.

Regeneration

Four desorption agents were applied in spent AC regeneration
(Table S1). The highest desorption rate of 6.52% was observed
in CH;CH,OH, demonstrating that the dominant adsorption
way was chemisorption. CH;CH,OH was chosen to be desorp-
tion agent in the regeneration study. After four circle experi-
ments, the adsorption capacity decreased from 1992.6 mg/g
to 863 mg/g with a removal rate of 43.3% as shown in Fig. 13.
These results showed that the PS-based AC could not realize
the good durability and regeneration ability. Therefore, more
attention could be paid to improving adsorbent stability.

Conclusions

The porous carbonaceous materials AC with excellent adsorp-
tion performance were prepared to remove MG from aque-
ous solutions. The basic carbon skeleton structure of AC
was formed by hydrothermal prefabrication. The AC was
endowed with good pore structure to be used as adsorbent
due to its high SSA (SSA = 1900 m?/g) and total pore volume
(Viotal pore = 1.05 lcm¥/g) from KOH activation. The adsorption
equilibrium occurred at the MG concentration of 300 mg/L,
adsorbent dosage of 15 mg, and solution pH of 6. The PSO
model could well describe the kinetic behaviors of adsorp-
tion. The highest adsorption capacity reached 2623.77 mg/g
at 318 K at the initial concentration of 900 mg/L. Intraparticle
diffusion became the main rate-limiting step with the decrease
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of MG concentration in the solution. The better fitting result
of the Langmuir model indicated that the MG adsorption
on AC was monolayer and chemisorption process. The MG
adsorption on AC is an entropy-driven endothermic process,
and the increasing temperature is conducive to the adsorp-
tion. The excellent performance made AC a potential low-cost
and convenient material for the efficient removal of MG. This
work proposed a referential way to prepare porous adsorbents
from waste biomass with low-cost, and further work could
focus on the improvement of AC stability.
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