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ABSTRACT

A low cost activated carbon from corn straw was prepared by dry pyrolysis using the microwave,

the S

BET

of activated carbon was 937 m? g-'. The adsorption of Reactive Brilliant Yellow K-6G and

Reactive Brilliant Red K-2BP on the activated carbon from corn straw were investigated. Four types
of kinetic models and three types of isotherms were used to fit the experimental data. The results
showed that the adsorption of RBY K-6G and RBR K-2BP on the activated carbon from corn straw
both followed the pseudo-second-order kinetic model and Langmuir isotherm. The enthalpy change
(AH®) and Gibbs free energy (AG®) are calculated, AH®> 0 and AG°< 0 suggested that the adsorption
process was endothermic and spontaneous in nature.
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1. Introduction

Dyes and pigments are generally used in textile, paper
production, food technology, and so on. The discharges of
dye effluent into the environment are considered as harmful
to aquatic life and public health [1]. Therefore, various treat-
ment methods were studied to remove dyes from aqueous
solutions, including electrocoagulation [2,3], photocatalysis
[4,5], coagulation [6], biodegradation [7,8], adsorption [9],
membrane treatments [10], and so on. Among them, adsorp-
tion process aroused people’s wide concern, and various
low—cost adsorbents have been prepared to remove dyes
from their solutions [11]. Sohrabi and Ameri [1] used sesame
hull waste as an adsorbent to adsorb Reactive Brilliant Red
141 in a batch process. Qiu et al. [12] prepared the activated
carbon from capsicum straw to remove Methylene Blue.
Hondrio et al. [13] used soybean hulls as the adsorbent,
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studied the adsorption properties of reactive blue BF-5G.
Ratnamala et al. [14] used sawdust from Malaysian teak
wood to adsorb reactive blue dye. In addition, other
researchers have also developed different adsorbents to
remove reactive dyes, such as RB 5, RBR X-3B, RLY K-6G,
RBB X-BR, RBR 2, RBY 145A, RBR 195A, and so on [15-18].
In this work, corn straw was used to prepare the acti-
vated carbon. In the carbonization process, microwave
heating replaced traditional heating. Microwave heating
does not need to heat the material directly from outside to
inside when compared to conventional heating, but rather
through the energy dissipation of the microwave inside the
material. Depending on the nature of the material (conduc-
tivity, permeability, and dielectric constant), the microwave
can directly and efficiently generate heat throughout the
material. As a result, the carbonation time in this study was
only 6 min at the power of 700 W. However, in traditional
heating, it usually takes 60 min at about 400°C or higher
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temperature. In addition, we have simplified the prepara-
tion steps of chemical activation method. As we all know,
in the preparation process of activated carbon using tra-
ditional chemical activation method, the materials usually
need to be immersed in the activator solution for a period
of time, then dehydrated and pyrolyzed, some need to be
dried before pyrolysis. The traditional method will result
in activator residue in the impregnation solution and
more energy consumption. In this experiment, the steps of
impregnation and dehydration were omitted. Zinc chloride
solution and corn straw were mixed thoroughly in half-dry
or half-wet state, and then pyrolyzed to obtain the activated
carbon. The adsorption kinetics, isotherm, and thermody-
namics of Reactive Brilliant Yellow K-6G (RBY K-6G) and
Reactive Brilliant Red K-2BP (RBR K-2BP) on the activated
carbon were evaluated.

2. Materials and methods
2.1. Materials

Corn straw was obtained from the farmland of northern
suburb in Taiyuan city of Shanxi province. RBY K-6G (50662-
99-2) and RBR K-2BP (70210-20-7) were purchased from
Wancai Chemicals and Dyes Department of Shijiazhuang in
China.

2.2. Preparation of activated carbon

After washed by clean water, corn straw was dried at
105°Cinanoven (HK-351, China). It was then broken to pieces
below 20 mesh. The sample was mixed thoroughly with a
zinc chloride solution (500 g ZnCl/100 mL boiled water)
according to the mass ratio of 2:1 in a blender. Afterwards,
the mixture was put into a 100 mL corundum crucible with
a cover (outer diameter of upper opening 60 mm, the outer
diameter of lower bottom 36 mm, and height 59 mm) and
was irradiated for 6 min at a power level of 700 W in a micro-
wave oven (Midea MM?721, China) to obtain the carbide; the
carbide was dipped into 3 mol L™ hydrochloric acid solution
for half an hour to remove inorganic impurities, filtrated
with a vacuum filter (SHB-III, China), washed with deion-
ized water, and then dried to constant weight. The dry parti-
cles were ground to pass through 100 mesh sifter, and sealed
in plastic bags for further experiments.

2.3. Batch experiments

The adsorption of dosage and initial pH were conducted,
adsorption kinetics and thermodynamics were investigated.
Firstly, to investigate the effect of dosage, 200 mL of 60 mg L™
dye solution was mixed with 0.05-0.40 g of adsorbent and
placed in 2,000 mL Erlenmeyer flask, respectively. These
flasks were plugged with parafilm to avoid evaporation
and then horizontally shaken with a speed of 120 rpm for
2 h at 25°C in a thermostatic incubator (ZWYH 211D, china).
Secondly, to investigate the effect of initial pH, 200 mL of
60 mg L™ dye solution was mixed with 0.2 g of adsorbent
in a 2,000 mL Erlenmeyer flask and horizontally shaken for
2 h with the initial pH from 3.0 to 8.0. Thirdly, to investi-
gate adsorption kinetics, 300 mL of 150 mg L™ dye solution

was mixed with 0.2 g of adsorbent and shaken for 12 h.
The samples were measured by spectrophotometer at inter-
vals between 10 and 720 min. Finally, to investigate adsorption
thermodynamics, 50 mL of 120 to 420 mg L™ dye solution
was mixed with 0.1 g of adsorbent and shaken for 12 h at 298,
308, and 313 K, respectively. All samples were analyzed by a
UV-vis-spectrophotometer (752N, China).
The decolorization rate was obtained by using Eq. (1):

b= Cog S 100% 1)

1

where ¢ (100%) is decolorization rate, C; and C, (mg L) are
the dye concentration in solution before and after adsorption,
respectively.

The adsorption capacity was obtained by Eq. (2):

C,-C,)V
q, _G-a)y - ) )
where g, (mg g™) is the adsorption capacity; V (L) is the
solution volume; m (g) is the adsorbent weight.

3. Results and discussion
3.1. Characterization of AC
3.1.1. Porous structure of AC

Specific surface area and pore structure were analyzed by
ASAP-2020 analyzer (Micromeritics, USA). The S of the acti-
vated carbon was 937 m* g7, the specific surface of Langmuir
was 1,532 m? g, the total pore volume was 0.7174 cm?® g, the
mean pore size was 3.06 nm. The N, adsorption-desorption
isotherms and the BJH curve are shown in Figs. 1, 2.

According to IUPAC, the N, adsorption—desorption iso-
therms in Fig. 1 was similar to type I adsorption isotherm,
and the adsorption isotherm was concave with the P/P.
When the P/P, is greater than 0.8, a horizontal platform
is gradually formed, which showed that the adsorption is
mainly microporous, and the slope of the platform under
high relative pressure is caused by multi-layer adsorption
on non-microporous surfaces (such as mesopores or macro-
pores and outer surfaces). The BJH curve in Fig. 2 shows that
the pore size distribution is relatively narrow, and the max-
imum pore radius appears near 1.9 nm, indicating that the
pores in the activated carbon are mainly micropores, which
is consistent with the result in Fig. 1.

3.1.2. SEM of AC

The appearance of the activated carbon was determined
by scanning electron microscope (Hitachi S-4800, Japan), as
shown in Fig. 3.

The surface of straw activated carbon is rough and has
many small holes, which can effectively remove color and the
pollutants.

3.1.3. Functional groups of AC

The adsorption process of activated carbon is not
only affected by the pore structure, but also by the surface
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chemical properties. Besides carbon atoms, there are H, O, N,
S, and other heteroatoms in activated carbon, these hetero-
atoms usually combine in the edge of the carbon microcrys-
talline layer, and exist in the form of carboxyl group, lactone
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Fig. 1. N, adsorption-desorption isotherms.
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Fig. 2. Curve of BJH.
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Fig. 3. SEM micrograph of AC.

group, phenolic hydroxyl group, carbonyl group, and other
acidic or alkaline functional groups, which often affect the
hydrophilicity of activated carbon, adsorption selectivity,
surface pH value, and so on [19]. The functional groups
on the carbon surface are determined by Boehm’s titration
method in this work [20-22], the results were as follows: car-
boxyl group 1.132 mmol g7, lactone group 0.916 mmol g7,
phenolic hydroxyl group 0.697 mmol g™, and total acidity
2.745 mmol g™

3.2. Influence of dosage

The influences of the dosage of the activated carbon on
the decolorization rate of RBY K-6G and RBR K-2BP are
shown in Fig. 4.

Fig. 4 shows that the decolorization rate of RBY K-6G
and RBR K-2BP both increased rapidly from the starting
point to 1.5 g L, then the increase of decolorization rate
began to slow down, and the curve became flat. This was
because that the vacant adsorption sites increased with the
increase of dosage, more dye molecules could be adsorbed
onto the activated carbon from liquid phase. However, as
adsorption preceded, the dye molecules in solution went
on decreasing, the adsorption driving force would be weak-
ened. Therefore, when the dosage was more than 2 g L7,
the change of adsorption capacities was not significant,
but the cost of adsorbent would be higher. The decoloriza-
tion rate of RBY K-6G and RBR K-2BP achieved 79.3% and
83.4% at 2 g L™ of the dosage, respectively.

3.3. Influence of initial pH

Fig. 5 shows the decolorization rate of RBY K-6G and
RBR K-2BP at different initial pH.

Fig. 5 shows that the decolorization rate of RBY K-6G
and RBR K-2BP increased with the decrease of initial pH.
The decolorization rate of RBY K-6G and RBR K-2BP was
increased by 18.61% and 9.18% at initial pH 3 when com-
pared with those at initial pH 8, respectively. This possi-
bly because RBY K-6G and RBR K-2BP are anionic dyes,
with a large number of anionic groups, such as (-S0O;). In
an acidic environment, electrostatic attraction between
the dye molecules and adsorbents are enhanced by the

1.00um
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protonation effect of the functional group (-SO;). As a
result, the increase of hydrogen ion concentration was
favorable for the adsorptions of RBY K-6G and RBR K-2BP.

3.4. Adsorption kinetics

Pseudo-first-order kinetic model [23]:

299

Elovich equation [26,27]:

1 1
g, ==In(ap)+=Int (6)
B (o) B
where g, (mg g™) is the adsorption capacity at equilibrium;
k, (min™), k, (g mg™ min™), k (mg g™ min*?)) is the adsorp-
tion rate constant for Eqs. (3)-(5), respectively; a (g mg™
min™) and 8 (g mg™) are the adsorption and the desorption

ln(qe - ‘7;) =Ing, -kt () constant for Eq. (6).
The experimental data were fitted by using Egs. (3)—(6).
The fitting curve and parameters are shown in Fig. 6 and
Pseudo-second-order kinetic model [24]: Table 1. & P &
; 1 ; It can be seen from R? in Fig. 6 and Table 1, the pseudo-
——— (4) second-order kinetic model (R% 0.9968, 0.9959) had higher
a kg, 4. fitting degree than intra-particle diffusion equation (R*
0.9912, 0.9881), pseudo-first kinetic model (R* 0.9602, 0.9200),
Intra-particle diffusion model was proposed by [25]: and Elovich equation (R% 0.9520, 0.8860). The Fitting curve
of g, and t° did not pass the original point (C # 0). The equi-
q, =kt (5) librium adsorption capacity of RBY K-6G and RBR K-2BP
! (95.24, 156.25 mg g™) were close to the experimental values
Table 1
Parameters of four kinetic models
Model Dye Fitting parameters R?
k, (min™) Jpen (MG &) poxp (MG 87)
Pseudo-first-order model RBY K-6G 0.0072 33.05 96.95 0.9602
RBR K-2BP 0.0043 61.71 153.36 0.9200
k, (§ mg™ min™) Toca (MG 87 Gop (MG &™)
P - - 2 e,cal eexp
;j;‘jlo second-order RBY K-6G 0.00082 95.24 96.95 0.9968
RBR K-2BP 0.00019 156.25 153.36 0.9959
. . k (g mg™ min®?)
Intra-particle diff; 4
nrarparhicie drusion RBY K-6G 1.853 0.9912
equation
RBR K-2BP 2.215 0.9881
a (g mg' min™) p (g mg™)
Elovich equation RBY K-6G 18.59 0.1167 0.9520
RBR K-2BP 9.82 0.0777 0.8860
*q, . Tepresents equilibrium adsorption capacity obtained by calculation, *q,,  represents equilibrium adsorption capacity obtained by
experiments.
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Fig. 4. Influence of the dosage on decolorization rate.

pH

Fig. 5. Influence of the initial pH on decolorization rate.
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Fig. 6. Fitting curves of four kinetic models. (a) pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c) intra-par-

ticle diffusion, and (d) Elovich equation.

(96.95, 153.36 mg g™'), which obtained by pseudo-second-
order kinetic model.

As a result, the adsorption of the RBY K-6G and RBR
K-2BP conformed to the pseudo-second-order kinetic model.
Indicating the higher the number of unoccupied sites, the
higher the adsorption rate, which was probably in propor-
tion to the square value of unoccupied sites. The chemical
adsorption might be the main mechanism, which involved
electronic pair bond sharing or charge transfer between dye
molecules and adsorbent. The results were consistent with
the literatures [1,14,16].

3.5. Adsorption isotherms
Langmuir model [28]:

e__1 + 5 @)
9. ka, 4,
Freundlich model [29]:
1
Ing, =—Inc, +Ink, (8)
n

Temkin equation [30]:

q,=A+Blng, )
where k, (L mg™) and k, ((mg g™) (mg L)) are Langmuir
and Freundlich constant; # is the surface covering experience
constant; A and B are Temkin equation constants.

The fitting curves of the RBY K-6G and RBR K-2BP are
shown in Fig. 7, and the parameters of the fitting curves are
shown in Table 2.

It can be seen from the R? (Table 2) and Fig. 7 that
Langmuir fitting curves of RBY K-6G and RBR K-2BP
were better (RBY K-6G R%: 0.9970-0.9996; RBR K-2BP R*
0.9832-0.9908) than those of Freundlich model (RBY K-6G
R? 0.9290-0.9554; RBR K-2BP R* 0.9362-0.9760) and Temkin
equation (RBY K-6G R* 0.9564-0.9727; RBR K-2BP R%
0.9244-0.9731). It could be suggested that the surface of the
adsorbent from corn straw was uniform, and the adsorp-
tion was mainly monolayer [14,31]. The activated carbon
had good adsorption performances for RBY K-6G and RBR
K-2BP, and the Langmuir maximum adsorption capacities of
RBY K-6G and RBR K-2BP were 140.85 and178.57 mg g™ at
318 K, respectively.
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3.6. Thermodynamic parameters Table 3
. Thermodynamic parameters
AG®, AH®, and AS° were obtained by Egs. (10)—(12):
Dyestuff AH°® AS°® AG® (k] mol™)
AG=RTInK (19 (Jmol™) - (Jmol K™) " r95 k308K 318K
RBY K-6G 1.61 29.05 -705 -734 -7.63
q RBRK-2BP 141 28.47 -708 -736 -7.65
K =1 (11)
CL’
Table 2
Fitting parameters of isotherms
Models Temperature RBY K-6G RBR K-2BP
K
&) k, (Lmg") g, (mgg") R K, (Lmg?) g,(mgg?) R
. 298 0.0851 93.46 0.9970 0.0298 156.25 0.9858
Langmuir
isotherm 308 0.0962 126.58 0.9996 0.0604 172.41 0.9908
318 0.116 140.85 0.9990 0.0779 178.57 0.9832
k. (mg g™) (mg L) n R? k, (mg g™) (mg L) =n R?
F dlich 298 34.80 5.27 0.9554 19.83 2.57 0.9760
Jreundiet 508 44.99 490 09290  39.87 3.42 0.9685
isotherm
318 57.67 5.68 0.9441 54.73 4.23 0.9362
A (mgg™) B(Lg" R? A (mgg™) B(Lg") R?
298 21.56 13.32 0.9727 -46.25 35.58 0.9731
Temkin
isoth 308 26.38 19.20 0.9628 -3.67 33.27 0.9723
isotherm 318 41.09 19.14 09564 2043 30.42 0.9244
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Table 4

Comparison of the activated carbons in literatures
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Materials Preparation conditions Activator Sppr (M2 g™ Reference
Orange peel Microwave power 700 W for 10 min KOH 1,015 [33]
Albizia lebbeck seed pods Microwave power 620 W for 8 min KOH 1,825 [34]
Peanut shells Microwave power 700 W for 20 min H,SO, 396 [35]
Oil palm fiber Microwave power 360 W for 5 min ZnCl, 708 [36]
Oil palm empty fruit bunch Microwave power 360 W for 15 min KOH 808 [37]
Corn straw 800°C for 90 min ZnCl, 1,056 [38]
Capsicum straw 400°C for 50 min KOH 966 [39]
Capsicum straw 700°C for 60 min KOH 676 [40]
Rice straw 600°C for 60 min H,PO, 372 [41]
Wheat straw 700°C for 60 min ZnCl, 907 [42]
Corn Straw Microwave power 700 W for 6 min ZnCl, 937 This work
AH  AS the production cycle, and reduce the energy consumption
InK_= RT + R (12) and the cost.

The slope and intercept can be obtained from plots of InK_
vs 1/T. AH®, AS°, and AG®° were calculated by Egs. (10)-(12),
the results are shown in Table 3.

AH > 0 illustrated the adsorption was endothermic,
and higher temperature was in favor of the adsorption of
RBY K-6G and RBR K-2BP. AS° > 0 illustrated that the dis-
order of the whole system increased when dye molecules
were adsorbed to the activated carbon from free state
in solution. AG® < 0 indicated that the adsorption was
spontaneous [32].

3.7. Comparison of different activated carbons

Generally speaking, porous materials with large specific
surface area have strong adsorption capacity. Standard test
method for specific surface area is multipoint Brunauer—
Emmett-Teller (BET) nitrogen adsorption, which developed
by Bruner, Emmett, and Teller. In order to further illustrate
the advantages of the activated carbon prepared in this work,
we have consulted many related literature in recent years,
and compared their preparation process and BET specific
surface area. The results are shown in Table 4.

As we all know, there are many factors which can affect
the adsorption capacity of activated carbon, such as raw
materials, activators, and preparation process. The S, of
the activated carbon prepared by microwave method can
reach 1,825 m? g™ [34], which is highest in Table 4. The
S, of the activated carbon prepared by traditional heat-
ing method can reach 1,056 m? g [38], which shows the
high-performance activated carbon can be obtained by
microwave method, but the time is greatly shortened. In
the mixing process of raw materials and activators, the
dry way is adopted in this work, which is different from
the wet way (immersion method) in other literatures. The
S, of the activated carbon prepared in this work reaches
937 m? g7, which is higher than that of the activated carbons
in literatures [35,36,37,40,41,42], indicating that the dry way
can be an alternative to the wet way. Compared to the wet
way, the dry way can simplify the process, and cut down

4. Conclusions

® The activated carbon from corn straw was developed by
microwave irradiation, the S, . of the activated carbon
achieved 937 m? g-'. Compared to traditional heating
time of about 60 min above 400°C, the microwave radi-
ation time is only 6 min at 700 W in this paper, which
indicating that microwave pyrolysis can save more
time than traditional heating pyrolysis. Microwave
pyrolysis is a promising method for the reutilization of
agricultural wastes.

® The activated carbon is high efficient for remove reac-
tive dyes from aqueous solution. Langmuir maximum
adsorption capacities of RBY K-6G and RBR K-2BP were
140.84 and 178.57 mg g at 318 K, respectively. The
adsorption for two dyes was both comforted to pseudo-
second-order kinetic model and Langmuir isotherm.

e Compared with the traditional immersion method for
mixing the material and activator, the dry way used
in this paper, that is, the material and the active agent
are directly mixed under the dry state, is a potential
approach.
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