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ABSTRACT

Using agricultural and forestry waste biomasses as raw materials for the removal of organic dyes
from wastewater is a cost-effective approach for environmental purification. In this paper, corn
straws and poplar leaves were carbonized at different temperatures for 3 h to produce biochar-based
adsorbents. Afterwards, with the addition of the prepared adsorbents to methylene blue (MB) waste-
water, the effects of contact time, initial concentration of MB and adsorbent dosage on the adsorp-
tion performance were investigated. Meanwhile, both adsorption kinetic models and adsorption
isotherm models were also studied to explore adsorption mechanisms of the obtained adsorbents.
The physico-chemical properties of biochar-based adsorbents were subsequently characterized by
scanning electron microscopy and Brunauer-Emmett-Teller. The results demonstrated that two bio-
char-based adsorbents produced from corn straws and poplar leaves at 300°C after 3 h carboniza-
tion achieved the highest yields of 90.5% and 90.7%, respectively. The removal rate of MB increased
with contact time and the adsorption capacity for MB enhanced with initial concentration of MB
by biochar-based adsorbents prepared by corn straws and poplar leaves. The highest removal rate
of MB was 99.2% for corn straws biochar-based adsorbent at a dosage of 1.0 g and 95.1% for pop-
lar leaves biochar-based adsorbent at a dosage of 1.5 g. Furthermore, the adsorption process of
MB by corn straw and poplar leaf biochar-based adsorbents conformed to the quasi-second-order
adsorption kinetic model and Langmuir model, which was dominated by chemical adsorption.
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1. Introduction

The rapid development of printing and dyeing processes
has resulted in a large amount of printing and dyeing waste
in waterbodies [1-4]. Methylene blue (MB) is a cationic alka-
line dye with the chemical formula C, H, CIN,S. Its exten-
sive applications in industries such as chemistry, biology, as
well as printing and dyeing have currently made it become
a typical dye pollutant. MB may cause permanent damage
to the eyes of humans and animals due to its characteristic
of a certain degree of toxicity. It can cause symptoms such
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as nausea and diarrhoea by stimulating the gastrointes-
tinal tract. It can also be inhaled into the respiratory tract
through air medium, causing dyspnoea, nausea and vomit-
ing. More seriously, large amounts of MB entering human
bodies can lead to mental disorder and methemoglobin-
emia [5]. In addition, MB is prone to fading when exposed
to light and water, and is difficult to be efficiently removed
from aqueous solutions by commonly used decontamina-
tion techniques such as biological treatment and chemi-
cal precipitation [6]. Notably, removal of MB is extremely
important to safeguard both aquatic and terrestrial lives.
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At present, various physical methods like filtration,
ion exchange, osmosis and air stripping have been applied
for treating organic dyes [7-11], but these simply trans-
fer the pollutants to another phase instead [12-16]. The
main shortcoming of the mentioned technologies is that
they lack the broad scope of treatment efficiency required
to reduce all types of organic dyes present in wastewater
[17-20]. Adsorption is one of the primitive and cost-effec-
tive techniques to eradicate objectionable substances from
aqueous environment [21-23]. Amongst different kinds of
adsorbents, biochar-based adsorptive removal of hazardous
materials is an attractive approach owing to the extremely
rich physical properties of biochar. So far, it has been effec-
tively utilized to absorb and remove heavy metal ions, dyes,
phenols, and their derivatives as well as alleviate eutrophi-
cation of water [24-26]. Besides, a broad range of adsorp-
tive materials have been tested for removal of organic
dyes including activated carbon, silica, zeolite, sand, clay
particles, etc. [27]. In particular, biochar made from solid
wastes are applied in wastewater treatment of organic dyes
prevalently [28,29]. Liu et al. [6] used corn straws as a raw
material to produce biochar with slow pyrolysis, and then
applied the obtained biochar to the improvement of MB
wastewater after modified treatment by KOH and H,PO,.
As a result, the maximum MB adsorption capacities of
230.39 and 1,406.43 mg/g were achieved by H.PO, and KOH
modification, respectively. Hoslett et al. [30] concluded that
the adsorption of MB from aqueous solutions by biochar
prepared from the pyrolysis of mixed municipal discarded
material with 300°C carbonization for 12 h was in line with
second-order kinetic model and Langmuir adsorption
isotherm, which was monolayer adsorption.

In this study, corn straws and poplar leaves were selected
for the preparation of extremely efficient and low-cost
adsorbents at different carbonization temperatures (300°C,
400°C and 500°C), and various analytical techniques were
subsequently adopted to figure out their morphologies
through scanning electron microscopy (SEM) and Brunauer—
Emmett-Teller (BET) measurements. The adsorptive effi-
ciencies of the prepared adsorbents were investigated by
studying the contact time, initial concentration of MB and
dosage of them. Furthermore, both adsorption kinetic mod-
els and adsorption isotherm models were also established
to clarify the adsorption process and mechanism.

2. Preparation and characterization
2.1. Biomass raw materials and chemicals

Corn straws were collected from farmland in Shenyang
while poplar leaves were brought from an experimental
field of Shenyang Normal University (Shenyang, China).
Analytical grade MB and HCl were purchased from Shenyang
Chemical Reagent Factory (Shenyang, China) while H,SO,
was purchased from Beijing Chemical Plant (Beijing, China).

2.2. Instruments

WG-220 electric blast drying oven, M/s: Tianjin Taist
Instrument Co., Ltd., (Tianjin, China); 800 Y high-speed
crusher, M/s: Yongkang Boou Hardware Products Co., Ltd.

(Yongkang, China); KSW-6-12 electric furnace tempera-
ture control meter, M/s: Beijing Yongguangming Medical
Instrument Factory (Beijing, China); GL124-1SCN elec-
tronic balance, M/s: Beijing Sartorius Scientific Instrument
Co., Ltd., (Beijing, China); QYC-200 thermostatic oscillator,
M/s: Shanghai Shengke Instrument Equipment Co., Ltd.,
(Shanghai, China); UV-5900 UV-visible spectrophotometer,
M/s: Shanghai Yuanxian Instrument Co., Ltd., (Shanghai,
China). The surface morphologies of corn straws and pop-
lar leaves biochar-based adsorbents were analyzed by
scanning electron microscopy (SEM, FEI Quanta FEG 450).
The BET surface area and pore structure were studied by
MicroActive ASAP 2460.

2.3. Preparation of biochar

First, corn straws and poplar leaves were separately cut
into 1-2 cm segments, washed with deionized water five
times, and dried in the open air. Then, with further drying in
a drying cabinet at 105°C for 48 h, the dried materials were
placed in a high-speed pulverizer for crushing. The pulver-
ized powders were passed through a 100-mesh sieve and
then carbonized at different temperatures (300°C, 400°C and
500°C) for 3 h in a covered crucible placed in a muffle fur-
nace. After carbonization, the materials were cooled to room
temperature, and rinsed with 18 MQ ultrapure water until
the filtrate became neutral. Finally, through oven drying,
the materials were stored in plastic bags in a dessicator for
further experimental procedures.

2.4. Morphology analysis

The surface morphologies of corn straws and poplar
leaves biochar-based adsorbents were observed with SEM.
The specific surface area and pore structure analysis was
realized from the nitrogen physical adsorption-desorption
isotherm of the biochar samples with the specific surface
area and pore size analyzer at the liquid nitrogen bath tem-
perature of 77.4 K. Meanwhile, the specific surface area and
pore size of the biochar samples were calculated according
to the BET multi-point method and Barrett-Joyner-Halenda
theory.

2.5. Adsorption kinetic model

The experiments were carried out with 250 mL
Erlenmeyer flasks containing 100 mL of MB solution at 35,
50, 80, and 100 mg/L concentration and 1.0 g of biochar. The
samples were taken at different time points throughout the
experiments (40-180 min). The amount of MB adsorbed onto
biochar at time point t was calculated by the followings:

Quasi-first-order kinetic model: ln(qe - q,) =—kt+Ing, (1)

Quasi-second-order kinetic model: — =

t l1+kgt
e @)
9 k.

where g, refers to the capacity of biochar to adsorb MB at time
point t, mg/g; g, represents the adsorption amount of MB
at equilibrium, mg/g; k, is the quasi-first-order adsorption
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rate constant, min™'; k, is the quasi-second-order adsorption
rate constant, g/(mg-min); t means the adsorption time, min.

2.6. Adsorption isotherm model

Based on the above experimental parameters, a cer-
tain amount of biochar was added to a 50 mL conical flask
containing different concentrations of MB solutions (35-
100 mg/L). Then, the samples were placed in an oscillating
oscillator operating at 180 rpm and maintained at 25°C for
a period of time. The adsorption capacity of MB was subse-
quently measured by filtering the samples. The Langmuir
model and Freundlich model were employed to fit the
obtained adsorption thermodynamic data, with the follow-
ing formulas:

1 1 1

= + —
Q 4,KC, 1,

©)

InQ, =InK, + 1lnCe (4)
n

where C, and Q, are MB concentration and adsorption
capacity of biochar for MB at equilibrium, g, stands for the
maximum adsorption capacity of biochar for MB, mg/g;
K, denotes a parameter that characterizes the adsorption
strength, mg/L; K, is the Freundlich adsorption coefficient,
mg™"/g-L"; n indicates the Freundlich constant.

2.7. Influence of contact time on adsorption

With the addition of 1.0 g biochar-based adsorbent to
100 mL MB solution with a concentration of 50 mg/L, the
mixture was kept in a thermostatic oscillation water bath
box at room temperature oscillating with a rate of 180 rpm.
1 mL of MB was separated after regular interval of time 40,
80, 120 and 180 min for measuring the concentration of MB
to calculate the removal rate and adsorption amount at the
given time.

2.8. Effect of initial concentration of MB on adsorption

With the addition of 1.0 g biochar-based adsorbent to
100 mL MB solutions with different concentrations (35, 50,
80 and 100 mg/L), the mixture was retained in a thermo-
static oscillation water bath box at room temperature oscil-
lating with a rate of 180 rpm. 1 mL of MB was separated
after 120 min for measuring the concentration of MB to cal-
culate the removal rate and adsorption amount at the given
concentration.

2.9. Effect of biochar dosage on adsorption

With the addition of different weights of biochar adsor-
bents (0.5, 1.0 and 1.5 g) to 100 mL MB solution with a con-
centration of 50 mg/L, the mixture was kept in a thermostatic
oscillation water bath box at 25°C oscillating with a rate of
180 rpm. 1 mL of MB was separated after 120 min for mea-
suring the concentration of MB to calculate the removal rate
and adsorption amount at the given concentration.

3. Results and discussion
3.1. Yield of biochar

Under the carbonization temperature of 300°C, the two
adsorbents with corn straws and poplar leaves as raw mate-
rials were found to achieve the highest yields of 90.49% and
90.69%, respectively. With the increased temperature, the
yields of tar and coke decreased slowly as chemical bonds
and functional groups were fractured by long-term high
temperature heating [31]. This further contributed to the
easy decomposition of biomass and the increase of volatile
components, causing the decreased yields of tar and coke
[32]. Thus, corn straws and poplar leaves were regarded
as good raw materials for preparing biochar-based adsor-
bents, with carbonization of biochar at 300°C for 3 h as the
optimal conditions.

3.2. Morphology of the adsorbents

It can be seen from Fig. 1 that the adsorbents prepared
from corn straws and poplar leaves biochar at 300°C were
lamellar of 1 um size. Obvious irregular granular pores and
relatively complex porous structure were observed at 5 pm,
which was due to the decomposition of biomass during
carbonization [33]. Through comparison, it was found that
granular pores of corn straws biochar were more obvious,
providing large surface area for the adsorption of more
MB particles, which was also consistent with the result that
the adsorption effect of corn straws biochar-based adsor-
bent was better than that of poplar leaves biochar-based
adsorbent.

3.3. BET analysis

To further study the porous structure of the samples,
N, adsorption and desorption tests were carried out for
each sample as shown in Table 1 and Fig. 2. From BET
measurement, it was found that the specific surface area of
corn straws biochar was smaller than that of poplar leaves,
but the pore volume and pore size of corn straws biochar
were significantly larger than that of poplar leaves biochar,
which was in good agreement with the results of SEM. It
is generally accepted that the pore size greater than 50 nm
(64.1 nm) is called macropore and the pore size less than
50 nm (23.7 nm) is called mesoporous. Therefore, corn straws
biochar was mainly macropore, while poplar leaves biochar
was primarily mesoporous. The research demonstrated that
the macropore of corn straws biochar matched the particle
size of the MB molecular aggregate, thus exhibiting high
adsorption ability.

3.4. Influence of contact time on adsorption process

Fig. 3 shows that adsorption of MB on all experimen-
tal materials increased with contact time. Soni et al. drew
the same conclusion in his research of using cobalt doped
iron-based metal-organic frameworks (MOF) for enhanced
removal and recovery of MB from wastewater [34]. The
removal rate and adsorption capacity of MB by corn straws
and poplar leaves were lower than those of their biochar
products. Interestingly, the adsorption ability of corn straws
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Fig. 1. Scanning electron microscopy images of corn straws biochar (a,c) and poplar leaves biochar (b,d) produced at 300°C.
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Fig. 2. Adsorption—-desorption curve and pore-size distribution of corn straws (a) and poplar leaves (b) biochar.

Table 1

Surface area, pore volume and pore size of biochar produced

from corn straws and poplar leaves

Sample Surface area Pore volume Pore size
(m%/g) (cm?/g) (nm)

Corn straws 0.863 7.88 x 10+ 64.1

Poplar leaves 1.76 1.93 x 10+ 23.7

biochar-based adsorbent prepared at 400°C for MB was the
highest, with 3.31 mg/g MB removed along with a removal
rate of 99.30%. However, the adsorbent obtained from pop-
lar leaves biochar heated at 500°C realized an adsorption
of 3.20 mg/g MB with a removal rate of 96.09%. Obviously,
under the same preparation conditions, the adsorption
performance of corn straws biochar was superior to that
of poplar leaves biochar. Further, adsorbents prepared at
higher carbonization temperature were proved to be more



240

(a)ws .—/_¥"§=Q=-——Q

90
9
<75
£
=4
-
E 0 1= corn Straws
2 —e— 300°C
45 J—*—400°C o
—v— 500°C [PRT e
e
] —
T T T T
40 80 120 180
Contact Time (min)
00
(C)] 00
904
80
&
< 70
@
K]
Z 604
-
g 50 Poplar Leaves
& —*— 300°C
404 400°C
—¥— 500°C
30
20 T T T T
40 80 120 180

Contact Time (min)

Y. Zhao et al. / Desalination and Water Treatment 303 (2023) 236244

~

o

~
£y

[ Corn Straws [ 300°C [ 400°C [l 500°C

| |I M m
14
0

40 80

(d)*

Adsorption Capacity (mg/g)
(]
1

180
Contact Time (min)

[ Poplar Leaves [0 300°C @ 400°C [ 500°C

Adsorption Capacity (mg/g)

40 80
Contact Time (min)

120 180
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different time points.

active than those prepared at lower temperature [35]. With
the extension of contact time, the pores of biochar-based
adsorbents were occupied by MB particles, leading to the
saturated surfaces of the adsorbents. At this stage, with the
maximum adsorption capacity reached, a dynamic equilib-
rium was established between the adsorbed MB particles
and particles of MB in the solution.

3.5. Effect of initial concentration of MB

It was obvious from Fig. 4 that when the initial concen-
tration of MB was increased from 35 to 100 mg/L, adsorption
of MB onto the surface of the adsorbents increased remark-
ably. The adsorption capacity of biochar heated at 400°C for
3 h reached the highest at 100 mg/L of MB concentration.
The adsorbent prepared from corn straws removed about
6.25 mg/g MB while the adsorbent prepared from poplar
leaves eradicated 5.30 mg/g MB. Clearly, the effect of con-
centration on the adsorption performance was more signif-
icant than contact time. When the concentration of MB was
apparently increased, the rate of diffusion of MB particles
increased, resulting in more pronounced adsorption effect.

3.6. Influence of the amount of biochar on adsorption

From Fig. 5 it is observed that as the amount of bio-
char increased from 0.5 to 1.5 g, the removal rate of MB

displayed a significant upward trend, while the adsorption
amount presented an opposite trend. This was because the
surface adsorption sites also increased with the increased
amount of carbon. However, under a certain level of con-
centration, the adsorption sites gradually saturated with the
increase of carbon used, leading to the decreased adsorp-
tion capacity per unit of biochar. Therefore, the removal rate
and adsorption capacity trends were completely opposite.
The adsorption capacity reached the highest at the dosage
of 0.5 g biochar. Under these conditions, corn straws bio-
char-based adsorbent removed approximately 9.51 mg/g
MB, while poplar leaves biochar-based adsorbent elimi-
nated approximately 8.12 mg/g MB. Moreover, the highest
MB removal rates of corn straws and poplar leaves bio-
char-based adsorbents were 99.2% at a dosage of 1.0 g and
95.1% at a dosage of 1.5 g, respectively.

3.7. Adsorption kinetic model

To further explore the adsorption process, kinetic curves
for the adsorption of MB by biochar-based adsorbents were
fitted with first and second-order models. The fitting results
are summarized in Table 2 and Fig. 6. It could be seen that
the adsorption rate of corn straws biochar-based adsor-
bent was higher than that of poplar leaves biochar-based
adsorbent. The adsorption process of MB by corn straws
and poplar leaves biochar-based adsorbents conformed to
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Table 2
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Adsorption kinetic parameters of methylene blue by biochar produced from corn straws and poplar leaves

Types of biochar Quasi-first-order kinetic model Quasi-second-order kinetic model
k, (min™) q. (mg/g) R? k, (g/mg-min) q. (mg/g) R?
Corn straws 4.35x107 3.31 0.975 1.60 x 107 3.31 0.999
Poplar leaves 212 x 1072 3.20 0.963 5.01 x 10™* 3.20 0.999
4 b)owe
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Fig. 6. Kinetic model of methylene blue adsorption on corn straws biochar (a,b) and poplar leaves (c,d) biochar.
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Table 3

Isothermal parameters of methylene blue adsorption on biochar prepared from corn straws and poplar leaves

Types of biochar Freundlich model Langmuir model

K; (mg/g)(L/mg)"" 1n R 9, (mg/g) K, (mg/L) R
Corn straw 0.226 0.685 0.973 6.25 0.895 0.997
Poplar leaves 0.100 0.887 0.953 5.30 0.762 0.991

the quasi-second-order adsorption kinetic model with R?
value of 0.999, which belonged to chemical adsorption of
the single molecular layer. The results were consistent with
the research findings of iron-based metal organic frame-
work for efficient removal of MB from industrial waste by
Arora et al. [36]. However, chemical adsorption of the sin-
gle molecular layer occupied a dominating position during
the process of removing MB from aqueous solution by sew-
age sludge-derived biochar [37]. In addition, the transfer
of common electron pairs between the MB molecule and
biochar occurred [38] resulted in the degradation of MB
due to the role of chemical bonds [39].

3.8. Adsorption isotherm model

As can be seen from Fig. 7 and Table 3, the adsorption
processes of MB by corn straws and poplar leaves biochar
were more closely fitted to the Langmuir model with R?
between 0.991 and 0.997. According to the Q, value, it was
suggested that corn straws were more suitable as a raw
material for biochar. The value of 1/n less than 1 indicated
that the adsorption processes of MB by the two types of bio-
char were relatively easy to occur. Besides, the maximum
adsorption capacities of corn straws biochar and poplar
leaves biochar were 6.25 and 5.30 mg/g, respectively, which
were 2.75 and 2.47 times that of corn straws (Q, =2.27 mg/g)
and poplar leaves (Q =2.15mg/g).

m

4. Conclusion

Corn straws and poplar leaves were proved to be excel-
lent raw materials for the preparation of biochar-based
adsorbents to remove MB from aqueous solutions. The
highest yields of corn straw and poplar leaf biochar-based
adsorbents were 90.5% and 90.7% produced at 300°C for 3 h,
respectively. The highest MB removal rates of corn straw and
poplar leaf biochar-based adsorbents were 99.2% at a dos-
age of 1.0 g, and 95.1% at a dosage of 1.5 g, respectively. It
was confirmed that contact time and initial concentration
of MB affected the removal rate and the adsorption capac-
ity of the two types of prepared adsorbents for MB. Apart
from that, the adsorption processes of MB by corn straw
and poplar leaf biochar-based adsorbents corresponded to
the quasi-second-order adsorption kinetic model and the
Langmuir model.
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