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Abstract This work explores the feasibility of Jerusalem
artichoke stem (JAS), an agricultural waste, as an
alternative precursor for fabrication of mesoporous
activated carbon (MAC) via conventional ZnCl, activa-
tion. The as-prepared JAS-MACs were characterized by
thermogravimetric, nitrogen gas adsorption isotherm and
high resolution scanning electron microscopy analysis.
The interacting effects of chemical dosage, activation
temperature and time on the mesoporosity, mesopore
volume and carbon yield were investigated, and further
optimized by response surface methodology (RSM). The
Brunauer-Emmett-Teller surface area, mesoporosity and
mesopore volume of the JAS-MAC prepared under
optimum condition were identified to be 1631 m?-g!,
90.16% and 1.11 cm’-g', respectively. Compared with
commercial activated carbons, this carbon exhibited a
comparable monolayer adsorption capacity of 374.5 mg
-g"! for Methylene Blue dye. The findings suggest that
RSM could be an effective approach for optimizing the
pore structure of fabricated activated carbons.

Keywords mesoporous activated carbon, response sur-
face methodology, adsorption isotherm, agricultural wastes

1 Introduction

Jerusalem artichoke, an important agricultural cash crop,
distributes widely in tropical, temperate and frigid Zone
[1]. It is estimated that the plant area of Jerusalem artichoke
in China has exceeded 2.6 thousands square kilometer and
the output reached 10.7 million tons in year 2010, and the
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production of Jerusalem artichoke is expected to keep on
growing in the future. This arouses environmental
problems for the treatment of Jerusalem artichoke stalks
(JAS) wastes, which have a high content of lignin. Today,
the produced JAS wastes are mostly incinerated, and only a
small portion is used for fuel production or other uses [2].
While incineration of JAS results in atmosphere pollution,
and fuels production faces difficulties in lignin conversion,
preparing activated carbon from JAS might offer an
attractive new avenue for the agricultural waste disposal
and resource recycle.

Activated carbons, attributed to their large specific
surface area and pore volume, have been widely used as
adsorbents in a variety of industrial and environmental
applications [3]. However, conventional activated carbons
have large pore dimensions, usually in microporous range
(diameter, d < 2 nm) and a relatively small development of
mesoporosity, thus they are not suitable for treatment of
wastewaters containing large-molecule pollutants (e.g.,
reactive dyes, long-chain organic compounds and medi-
cine compounds) [4,5]. To facilitate the entry of large
molecules into the pore structure, carbon materials with a
high proportion of mesopores are needed because the
mesopores (diameter, 2 < d < 50 nm) are the main trans-
port arteries for the adsorbates [6].

The preparation of activated carbon with highly
mesoporosity is influenced by three main factors: chemical
dosage (X)), activation temperature (X,) and activation
time (X3). Thus a preliminary study on the effect of these
factors on the carbon characteristics was carried out in
order to determine the most important ones and their
regions of interest [7-9]. According to the Box-Behnken
design (BBD) table, 15 activated carbons were prepared by
varying the values of X;, X5, and Xj3 in suitable ranges and
further optimized by Response surface methodology
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(RSM). This method has been widely used for the
optimization of various processes in food chemistry,
material science and biotechnology [10], but is scarcely
reported for the optimization the pore structures, i.e.
mesoporosity, of activated carbon during fabrication
[11,12].

The aims of this study were to explore the feasibility of
fabricating mesoporous activated carbon (MAC) from
JAS, and to optimize the fabrication process by using
RSM. The mesoporosity (Y;), mesopore volume (¥,) and
total carbon (Y3;) of activated carbons were three
optimization targets. The prepared activated carbons
were characterized by scanning electron microscopy
(SEM), thermogravimetric analysis (TGA) and N, gas
adsorption/desorption isotherm. The mesopore character-
istic of resulting carbons prepared under optimum
condition was validated by methylene blue (MB) adsorp-
tion tests. The isotherms, kinetics and thermodynamics of
adsorption were investigated to evaluate the adsorption
characteristics of the prepared adsorbent.

2 Methods

2.1 Activated carbon preparation

JAS were obtained from an experimental field near Yantai
City, Shandong Province, China. They were washed
thoroughly with distilled water to remove dust particles
and then dried at 105°C. The dried samples were
mechanically crushed and sieved, so that JAS powder
with a particle size < 200 um was obtained to enable more

Table 1 Box-Behnken design matrix and experimental results

efficient chemical activation. The JAS particles and ZnCl,
were then mixed with water to form a slurry, and was kept
at 85°C for 6 h to ensure complete reaction. The chemical
dosages (mass ratios of ZnCl, to JAS) were set at 1, 2.5 and
4 (as shown in Table 1). After ZnCl, chemical impregna-
tion, the mixed samples were dried at 105°C and used for
pyrolysis. Pyrolysis of the chemical-activated JAS samples
was performed in a tube type resistance furnace under
high-purity nitrogen gas with a flow rate of 50 mL-min '
The pyrolysis temperature and activation time are shown in
the experimental design table (Table 1). After the gas
activation step, the carbons were washed with 3 mol-L™
HCI and hot water to remove the ZnCl, and inorganic
residues three times. The resulting carbons were finally
dried at 105°C and stored for characterization.

2.2 Characterization

The specific surface area and pore structure characteristics
of the resulting carbons were determined by nitrogen
adsorption at 77.15 K using an automatic Micromeritics
TriStar 11 3020 pore size and surface area analyzer. The
Brunauer-Emmett-Teller (BET) surface area was calcu-
lated from the isotherm using the Brunauer-Emmett-Teller
(BET) Equation [4]. The single point total volume (V1ota1)
was assessed by the amount of adsorbed nitrogen
expressed in liquid form at a relative pressure of
approximately 0.98 atm. The micropore volume (Vicro)
and mesopore surface area (Speso) Were analyzed accord-
ing to the #-plot methodS. The pore size distribution was
calculated using the Barrett-Joyner-Halenda (BJH) method
[4,6]. The morphologies of raw materials and prepared

independent variables responses

fun X1 X2 X3 Xi X> X3 Y Y, Y3

1 1 0 1 4.0 600 3 93.1 1.359 33.0
2 1 1 0 4.0 800 2 89.2 1.151 35.0
3 0 0 0 2.5 600 2 90.4 0.933 355
4 0 1 1 2.5 800 3 76.7 0.629 31.0
5 -1 0 -1 1.0 600 1 14.2 0.121 38.5
6 0 0 0 2.5 600 2 89.9 0.952 34.0
7 -1 1 0 1.0 800 2 11.4 0.074 355
8 -1 -1 0 1.0 400 2 233 0.200 44.0
9 0 -1 -1 2.5 400 1 59.5 0.452 43.5
10 0 1 -1 2.5 800 1 82.7 0.811 32.0
11 0 0 0 2.5 600 2 89.6 0.941 36.0
12 1 0 -1 4.0 600 1 94.7 1.544 34.0
13 -1 0 1 1.0 600 3 18.6 0.129 36.5
14 0 -1 1 2.5 400 3 70.3 0.640 38.5
15 1 -1 0 4.0 400 2 77.2 0.672 34.5
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carbons were analyzed by high resolution Field emission
SEM (FE-SEM, Hitachi S-4800, Japan). TGA were carried
out on a Mettler TGA/DSC1 thermogravimetric analyzer.
The samples were analyzed at a temperature range of
25°C-800°C with an increasing velocity of 10°C-min'
under nitrogen gas flow.

2.3 Experimental design and data analysis

A three factor-tree coded level BBD was used to obtain
optimum conditions for the critical factors [13]. The actual
values of the independent variables (X;) were coded to x;
according to following equation:

XX

X; =123,k @)
J

where x; is the dimensionless value of the independent
variable, X; represents the real value of the independent
variable, X; is the real value of the independent variable at
the center point, and Ax; is the step change. The chemical
dosage (X)), pyrolysis temperature (X;) and activation time
(X3) were chosen as three independent variables in the
MAC preparation process. Mesoporosity, Viyeso and
carbonaceous yield were selected as the dependent
variables to evaluate the characteristics of the resulting
activated carbons. The response variables were fitted to the
general model of Eq. (2) to investigate the relationship
between the dependent variable and the independent
variables using the regression method:

i<j

J k
Y =B+ > BN+ D> BaXP+D > BiXiX, ()
i=1 i=1 i

where, Y is the response variable to be modeled, X; and X;
are independent variables which may influence Y, and f;g
are model coefficients calculated from the experimental
data. Design Expert software (version 8.0, Stat-Ease, Inc.,
Minneapolis, MN, USA) was used for regression and
graphical analysis of the data. Finally, two additional
experiments were conducted to verify the validity of the
statistical experimental strategies.

2.4 MB adsorption experiments

Batch experiments were carried out in a set of 50 mL
Erlenmeyer flasks, in which 25 mL of MB solutions with
initial concentrations ranging from 50 to 400 mg-L™" and
0.01 g of carbons were added. These flasks were shaken at
120 r-min™" at determined temperature for 4 h to reach
equilibrium of solid-solution mixture. The concentrations
of MB in the solutions were determined using a ultraviolet
and visible spectrophotometer (TU-1810, Purkinje Co.
LTD, China) at 664 nm wavelength, and the amount of MB
adsorbed by carbonaceous materials at equilibrium (g,
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mg-g ') was calculated as follows:

Co—-C.)V
go = M’ (3)
m
where V is the volume of solution (L), m is the adsorbent
dosage (g), Cp and C. are initial and equilibrium dye
concentrations (mg-L™"), respectively.

3 Results and discussion
3.1 Characterization of resulting carbons

For facilitate the comparison, samples were named
MAC a b c, where a, b, and c represents ZnCl, dosage,
activated temperature (°C) and time (h), respectively. TGA
of resulting carbons are presented in the Supporting
Information Fig. S1 (in supplementary information). A
small mass loss of JAS is observed at temperatures
below 200°C, which can be attributed to loss of water
(Fig. S1(a)). The thermal degradation of JAS began at
220°C and was stabilized near 500°C. As shown in Fig. S1
(b), the differential thermal analysis displays a wide band
with a shoulder at approximately 280°C and a maximum
point at 350°C, which may be associated with hemi-
cellulose, cellulose and lignin decomposition [14].
Whereas, the weight loss of the three resulting carbons
were quite small (< 15%), and no burn-off appeared at
higher temperatures (> 600°C), indicating that the raw
JAS had been completely carbonized.

The morphologies of JAS and the resulting carbons are
presented in Fig. S2. The diameter of raw JAS particle was
in the range of 40 to 50 um, and stoma with an average
diameter of 5 um was distributed on the coarse surface
(Figs. S2(a) and S2(b)). As shown in Figs. S2(c) and S2(d),
the surface became smoother and the stoma disappeared
after carbonization (MAC 1 800 2). Figure S3(a) shows
that the nitrogen gas uptake was significant only in the low-
pressure region (p/py < 0.2) with no further adsorption
observed at higher relative pressures (p/po>0.2). This
Type I isotherm indicates that the resulting MAC 1 800 2
had a relatively small external surface area and micropore
(d < 2 nm) is dominating [9,15]. Moreover, to evaluate the
pore size of the resulting carbon materials, the #-plot of N,
adsorption proposed by de Boer was applied, where the y-
axis represents the amount of nitrogen adsorbed and the x-
axis represents the z-value (average thickness of adsorption
film) [9]. As shown in Fig. S3(b), not all the data in the #-
plot follow a straight line passing through the starting
point, thus further confirming that MAC 1 800 2 was
highly microporous [9,16].

Figure S3(c) shows that the nitrogen isotherm was
changed by modifying the chemical dosage and activation
time: the initial nitrogen uptake elevated at p/py < 0.2; the
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knee of the isotherm became more open at 0.2 <p/
Po < 0.8; the isotherm exhibits apparent hysteresis loops
when the relative pressure increased to 0.4. This isotherm
characteristic indicates the development of the mesopor-
osity in the resulting MAC 2.5 800 3 [15]. This result
was further confirmed by #-plot: the elevated slop at higher
Pp/po regions means the mesopore structure was formed in
MAC 2.5 800 3 (Fig. S3(d)). For the first step at <4 A,
all the N, was adsorbed as a single layer, and at >4 A N,
was adsorbed as a multiple layer [16]. The SEM images of
the carbon may provide direct evidence: the surface
become smoother (Fig. S2(e)) and some obvious pores
with an average size of 20 nm were observed (Fig. S2(f)).

The adsorption isotherm was further changed by various
activation conditions. Figure S3(e) shows that the adsorp-
tion isotherm of MAC 4 600 1 changed into Type IV
with increased nitrogen uptake at higher relative p/p,
region and an obvious desorption Hj hysteresis loop
associated with capillary condensation occurred in the
mesopores. Moreover, the #-plot shows that all the data
follow a straight line passing through the starting point
indicating that MAC 4 600 1 has a high mesopore ratio
(Fig. S3(f)) [16]. The surfaces of MAC 4 600 1 were
difficult to distinguish with MAC 2.5 800 3 under 2000
times magnification (Figs. S2(e) and S2(g)), but more
pores and looser structure can be detected on the surface of
the former carbon under closer observation (Figs. S2(f) and
S2(h)).

As indicated from these observations, the effect of one
factor is a change in response produced by a change in the
level of another factor, thus those factors could be said to
be interacting [10]. In addition, an analysis of variance
(ANOVA) was employed to test for statistical significance.

3.2 ANOVA analysis

The results of the second-order response surface model in
the form of ANOVA for mesoporosity, V. and yield are
shown in Tables S1, S2, and S3, respectively. From the
ANOVA values for mesoporosity response in Table S1 the
quadratic regression model demonstrates that the model is
highly significant with the Fisher F-test (Fypoge1 = 9.470),
which showed a very low probability value ((Ppodel > F) =
0.0117). The value of the coefficient (R*> = 0.945) indicates
that only 4.5% of the total variation could not be explained
by the empirical model [10]. Simultaneously, a relatively
low value of the coefficient of variation (CV = 16.23%)
indicates good precision and reliability of the experiments
[17]. Similarly, as shown in Tables S2 and S3, the results of
Fodel = 13.21, (Prodet > F) = 0.0055, and R* = 0.960 for
Y2, Finodet = 7.0, (Prodel > F) = 0.0227, and R* = 0.926 for
Y; show that the models were significant and fitted the
responses well.

The following equations are the regression models
resulting from the ANOVA analysis in terms of coded
factors for responses:

Mesoporosity = 89.97 + 29.04X; + 3.71X, —5.85X;

~21.62X7 —18.07X7 + 0.4X7
+5.98X.X, + 12.1X,X; —4.2X,X;,

“

Vieso = 0.94 + 047X, + 0.088X, —0.079.X; — 0.073X7

—0.34X7 4 0.035X37 + 0.15X,.X, + 0.067X,.X;
—0.093X,.X;,

®)

Yeild = 35.17—2.06X; —3.56X, — 1.13X; + 0.48X7}
+ 1.23X7 —0.15X7 4+ 2.63X,.X, + 0.25X,.X;
+ XX
(©6)

Figure S4 shows the plots of the predicted results versus
the experimental data. The predicted values and measured
data are distributed relatively near to the straight line
(R*>0.92), indicating that the data can be well fit by the
regression model [18].

3.3 Factors influenced on mesoporosity, mesopore volume
and yields

To understand the effects of variables, the contour plots
and response surface graph are drawn with one variable
kept at the optimal level and the other two varying within
the experimental ranges. Figure 1(a) is the 3D surface
graph showing the effect of ZnCl, dosage and temperature
on mesoporosity. It is clear from the figure that the
maximum mesoporosity occurs where the ZnCl, dosage is
within the range of 2.5 and 4, the temperature ranges from
600°C to 650°C. Previous studies have indicated that,
when fabricating activated carbon from sludge, mesopores
occurred only when the mass ratio of ZnCl, to raw material
was above 3.5 [3,19]. The 3D surface graph for Vs, Was
similar to the graph for mesoporosity (Fig. S5(a)). These
results indicate that the higher mass ratio may increase the
mesoporosity and Vs, simultaneously. At this state, the
addition of ZnCl, not only helps producing of new pores,
but also improves the transformation of micropores to
mesopores through pore widening [4,19]. As shown in
Fig. S6(a) and Table 1, high total carbon yields of 35.5%—
44.0% could be obtained from run numbers 5, 7, 8, 13, and
the corresponding ZnCl, dosage are all at low level. But
the yields sharply decrease to the range of 33% and 35%,
as the ratio increase from 1 to 4 (corresponding groups 12,
2, 15, and 1). The significant decline in total yields may be
due to the high degree of impregnation which facilitated
the formation of new pores and causing extra carbon burn-
off [4]. On the other hand, under the lowest impregnation
conditions, volatile release may be the main cause of mass
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Fig. 1 3D surface graphs and contour plots of mesopore ratio
showing the effect of (a) x;-x,, (b) x1-x3, (¢) X2-x3

loss during activation. These results indicate that there is a
trade-off between maximal mesoporosity and yield.

The interaction effects of ZnCl, dosage and activation
time on mesoporosity (Fig. 1(b)) indicate that prolonging
the activation time results in improved mesoporosity at
lower ZnCl, dosage, but lowers the mesoporosity at higher
ZnCl, dosage. As shown in Table 1, the results obtained
from Runs 1 and 12 (activation time 1 and 3h,
respectively) show that prolonging the activation time
lead to a decrease of Vs, at the highest ZnCl, dosage.
Total pore volume is the sum of micropore and mesopore
volumes, thus the simultaneous reduction of mesoporosity
and Ve indicates that prolonging activation time caused

breakage of mesopore at high ZnCl, dosage (Fig. S5(b)).
This was maybe resulted from over-activation, which
increases surface area rather than pore formation [6,20].
Figure S6(b) shows that the total yield gradually reduced as
activation time increased whatever the dosage of ZnCl,.
Therefore, from an economic point of view, in order to
obtain the maximum total yield, the activation time should
be as short as possible.

Figure 1(c) denotes the interaction between pyrolysis
temperature and activation time on the mesoporosity at a
constant ZnCl, dosage of 2.5. The result clearly indicates
that the activation time had insignificant impact on the
carbon mesoporosity. With sufficient mass ratio, 600°C
was predicted to approximate the optimum activation
temperature for production of mesopores. Figure S5(c)
shows that activation time had no significant effect on
Vimeso When the activation temperature was low, but
slightly lowered the Vs, of the resulting carbon when
the activation temperature was high. For runs 4 and 10,
as shown in Table 1, V. decreased from 0.811 to
0.629 cm®- g, when the activation time was extended to
3 h. These results further confirm that extra activation time
sacrifices mesopores of resulting carbons and causes high
burned-off. As shown in Fig. S6(c), the maximum yields
could be obtained at short activation time and lower
pyrolysis temperature. For example, a high yield of up to
43.5% was obtained in run 9. Low yields were obtained
and were slightly affected by activation time when the
activation temperature was 800°C and this further confirms
that the JAS materials were completely carbonized.

3.4 Multiple-response optimization

Mesoporosity, Vpeso and yield are three individual
responses and their optimization was achieved under
different optimal conditions. Our objective was to obtain
the maximum mesoporosity and V.., without sacrificing
the total yield. However, it is difficult to optimize all
responses under the same conditions because the interest
region of different factors is different as discussed above.
Thus, a compromise among the independent variables for
the three responses is desirable. The overlay plot was
generated by superimposing the contours for the various
response surfaces. By defining the desired limits of the
V meso» mesoporosity and total yield, the shaded portion of
the overlay plot defines the permissible values of the
dependent variables as shown in Fig. 2. The optimum
values of selected variables were obtained by solving the
regression equations. The optimum values of the test
variable were as follows: the chemical dosage= 2.68,
activation temperature = 526°C, activation time = 1 h, and
the responses predicted were: Vo = 0.98cm’-g!,
mesoporosity = 92.14% and total yield = 37.65%.
Verification of the results using the set of optimized
parameters was accomplished by performing the experi-
ments incorporating the optimized variables. Two valida-
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tion experiments were conducted and the measured
average Vieso was 1.10cm’-g™' and the average meso-
porosity and the total yield were 90.16% and 36.15%,
respectively. These experimental results are in close
agreement with the model prediction.

3.5 Batch equilibrium adsorption

The adsorption capacity of the MAC fabricated under the
optimized condition was evaluation for MB adsorption.
The equilibrium adsorption data were analyzed using the
Langmuir, Freundlich, and Temkin isotherm models [21],
and could be given as following equations:

o QmKLCe
Qe - m’ (7)
0. = KiCl, (8)
0. = Bln(ACe)a )

where C. is the equilibrium concentration of MB (mg-L™),
Q. is the amount of MB absorbed per unit mass of
JAS-MAC at equilibrium (mg-g™), O, (mg-g ) and K; (L
-mg ') are the maximum adsorption capacity and Lang-
muir constant, respectively. Kr and 1/n are isotherm
constants which indicate the adsorption capacity (mg-g™)
and the intensity of the adsorption, respectively. 4 is the

Temkin constant related to equilibrium binding constant
(L-g™") and B = RT/b, where b, R and T are the Temkin
constants the heat of adsorption (J-mol™), gas constant
(8.314J-mol'-K ") and absolute temperature (K), respec-
tively.

The adsorption of MB on the JAS-MAC was investi-
gated at different temperatures (293K, 303K, 313K, and
323K). The experimental data were fitting by the three
isotherm models as shown in Fig. 3, and the fitting values
of the three models along with correlation coefficient (R?)
are listed in Table 2. Compared to Freundlich and Temkin
models, Langmuir isotherm model gives a better fit for
describing the adsorption of MB with a relative higher R?
(Table 2). Therefore, the uptake of MB may belong to
monolayer adsorption with interactions, and the activated
sites on the surface of carbons are relatively homogeneous
[21]. Moreover, the essential characteristic of the Lang-
muir isotherm could be expressed by a dimensionless
constant named equilibrium parameter R; [22], which was
defined as:

1

=— 10
1+K.Cy (10)

Ry
where C, is the initial dye concentration (mg-L™"). The R},
values define whether the adsorption was irreversible (R, =
0), favorable (0 < Ry < 1), linear (R = 1), and unfavorable
(RL > 1). The calculated Ry values (Table 2) were varied
from 0.01 to 0.22 at different temperature, which indicates
that the MB adsorption on the JAS-MAC was favorable.

3.6 Thermodynamic studies

Thermodynamic parameters including Gibbs free energy
change (AG), enthalpy (AH) and entropy (AS) are among
the most important characteristics for describing an
adsorption system [21,22]. The values of AH® and AS°
were estimated according to following equations:

AS®  —AH®
InKy = — 11
NnAy R + RT > ( )
AG® = —RT In Ky, (12)

where R is the universal gas constant (8.314 J-mol'-K ™),
T is the absolute temperature (K), and Ky is the standard
thermodynamic equilibrium constant, and can be calcu-

Table 2 Langmuir, Freundlich, and Temkin isotherm constants of MB adsorption onto JAS-MAC

Langmuir model
T/K

Freundlich model Temkin model

On/(mg-g 1) K /(L-mg ") R R’ Ki/(mg-g 1) 1/n R A(L-gh B R’
293 363.6 1.004 0.010 0.999 220.4 0.114 0.963 884.2 323 0.987
303 373.1 0.450 0.022 0.998 194.2 0.141 0.914 155.9 38.08 0.950
313 3745 0.536 0.018 0.999 200.4 0.136 0.924 217.8 37.22 0.964
323 354.6 1.424 0.007 0.999 209.7 0.118 0.801 849.8 31.59 0.874
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(a) Langmuir isotherm (b) Freundlich isotherm, and (c) Temkin

isotherm

lated as [22]:

Cs
. - Cs
AT

where Cg and C, are equilibrium concentration of dye
concentrations on adsorbent (mg-L™) and in the solution
(mg-L™), respectively. The change in AG® for physisorp-
tion and chemisorption are between —20 and 0kJ-mol™
and — 80 to 400 kJ-mol ', respectively [23]. The calculated
AG° values lies between —9.37 and —14.10kJ-mol ' for
MB adsorption, indicating that the physisorption dom-
inates in adsorptions process and occurs spontaneously
[23,24]. The change in enthalpy (AH®) was 36.74 kJ-mol™,
suggests an endothermic nature of the adsorption process.
The MB dye adsorption process by JAS-MAC could be
considered as physical because AH° < 84kJ-mol'. The
positive values of AS® (157.38 J-mol™) for MB adsorp-
tions suggest an increase in randomness at solid/ solution
interface during the dye adsorptions [25].

(13)

3.7 Adsorption kinetics

Effect of contact time at different initial MB dye
concentration (Cy = 100, 150, and 200 mg-L™") was used
to test the adsorption kinetics by JAS-MAC. Adsorption
kinetics was evaluated using pseudo-first-order (PF) and
pseudo-second-order (PS) kinetic models. Their nonlinear
forms model can be defined as following Equations [26]:

qt = Qe,cal(lfe_klt)v (14)

2
o ('Ie,calth
qt

= ecal®? 15
I+ qe,calk2t ( )

where g, (mg-g™) is the amount of dye adsorbed at time ¢
(min), kjand k, are the PF and PS kinetic constant,
respectively. The calculated g, values of PF kinetic
model presented in Table 3 appeared to be much lower than
ge.exp (experimental data). The correlation coefficients (R*)
of PF are lower than the PS model ones, indicating that MB
adsorption on the JAS-MAC does not follow the PF kinetic
model. Unlike PF model, the experimental data were well
fitted by PS model with a higher R* values and the ¢,
values calculated by PS model are in accordance with
experimental values (Table 3). This indicates that the
adsorption of MB onto JAS-MAC can be well described by
the PS kinetic model.

The parameter k, in the PS kinetic model is an overall
rate constant. It does not identify the diffusion mechanism
of adsorbates in the adsorption process. Therefore, intra-
particle diffusion was employed to further explore the
mechanism involved in the adsorption process. The
diffusion process can be generally divided into three
stages: film diffusion, intra-particle or pore diffusion, and
sorption onto interior sites. The overall process can be
described by the following Eq [21,23]:
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Pseudo-first order

Pseudo-second order

intra-particle diffusion

ColmgeL) o T e kmin ' R e ko F ko Clmggh) R
Amg-g ) Amg-g7)  Ag-mg -min ") Amg-g " -h)
100 243.6 228.6 0.034  0.920 239.1 1.647 0.961 18.35 35.58 0.993
150 3354 310.4 0.054  0.930 3275 2.176 0.979 27.33 71.26 0.983
200 374.5 351.1 0.049  0.937 369.8 1.678 0.978 28.65 80.17 0.976
q. = ki* + C, (16)  that the carbon prepared in this work has a relatively high

where k; (mg-g ' -min'?) is the intra-particle diffusion rate
constant, C (mg-g') is the intercept. If the plot of g, versus
{°° produces a straight line and pass through the origin, it
means the sorption is controlled by intra-particle diffusion
only. However, Fig. 4 shows a multilinear fitting of the
adsorption kinetics, indicating the MB sorption onto JAS-
MAC process is influenced by two or more steps [27]. The
external surface adsorption stage was accomplished within
10 min as shown in Fig. 4, which indicated that the rate of
external mass transfer is much faster than the rate of intra-
particle diffusion. Moreover, the C value gives information
about the thickness of the boundary layer. The larger the C
value, the greater the contribution of the external mass
transfer in the rate limiting step [25]. The large C values
listed in Table 3 further confirm that the intra-particle
diffusion was not the rate-limiting step in the whole
adsorption process [21].

3.8 Comparison with other activated carbons

The calculated Q,, (maximum adsorption capacity) of MB
by JAS-MAC was 374.5mg-g"', which is higher than
those of particle or activated carbon (303.03 mg-g ') and
granule activated carbon (25.91 mg- g ). The higher O,, of
MB indicates the JAS is a suitable precursor for
preparation of activated carbon. Table 4 summarizes the
adsorption capacity of MB by carbons prepared from
various precursors in literature [7,19,28—32]. It can be seen

400 -
Y et A A
L P y— o
or A g ®
A’®
E l‘(:./ ........... B
it 200 s T n
£ e o
g | -/'i Cy=100mgL "'
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Fig. 4 Intra-particle diffusion plots for MB adsorption onto JAS-MAC

monolayer adsorption capacity compared to many other
activated carbons . The high adsorption capacity of JAS-
MAC is likely due to the higher mesoporosity and
mesopore volume optimized by the statistic experimental
design [20]. The plot O, against mesoporous volume (data
collected from Table 4, except for the data provided by
Reference [19]) shows a positive correlation with R?=0.71
((P>F) = 0.011). However, the plot Q,, against BET
surface area shows no correlation, with a low R? of 0.35
(P> F)=0.042) (data not shown). These results indicate
that the BET surface area was not the main factor
influencing on the large molecular materials adsorption
by activated carbon. The carbon materials with a high
proportion of mesopores provide more transport arteries,
which are favorable for the large molecular adsorbates
moving from the liquid to the adsorbent surface.

4 Conclusions

The present study shows that JAS, an agricultural by-
product waste can be carbonized and be used for
fabrication of MAC, an effective low-cost adsorbent. The
SEM and nitrogen gas adsorption-desorption isotherms
confirm the formation of mesopores in resulting carbons.
The main factors governing the three key characteristics of
activated carbon (mesoporosity, mesopore volume and
yield) were analyzed by RSM. The statistic results confirm
that the RSM was suitable for optimizing the production
of MAC from JAS. The optimum condition: the chemical
dosage 2.68, activation temperature 526°C and activation
time 1h was obtained by this method. The JAS-MAC
prepared under the optimized condition showed a
comparable monolayer adsorption capacity of 374.5 mg
-g! for MB, which was much higher than that of reported
adsorbents and commercial activated carbon. The equili-
brium data was well fitted by Langmuir model with a
favorable adsorption. The thermodynamic analysis shows
that the adsorption process of MB onto JAS-MAC was
exothermic and could occur spontaneously. The effect of
contact time and initial dye concentration on MB
adsorption can be well described by pseudo second order
kinetic model. The intra-particle diffusion model indicates
that the film diffusion might be a rate-limiting step of the
whole adsorption process.
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Table 4 Comparison adsorption capacities of various activated carbons for MB

precursor activating agent BET surface area / total Pore volume /  mesoporous pore G /(mg-L") reference
(m?>-g™h (cm®-g ) volume /(cm®-g )

Jerusalem artichoke stalk ~ ZnCl, 1631 1.22 1.10 374.5 present study
Piassava fibers ZnCl, 1190 0.47 0.01 276.4 [19]

rice straw (NH4),PO4 1154 0.67 0.23 129.5 [27]
durian peel CO, 1015 0.66 NA 284.0 [28]
Pistachio nut shell KOH 700 0.38 296.6 [29]

rice straw H;PO4 790 0.48 0.18 107.1 [30]
Camellia oleifera shell H;PO, 1608 1.17 0.95 330.0 [31]
cotton stalk H;PO,4 652 0.48 0.42 245.7 [7]
commercial powdered AC 1410 0.81 0.59 294.1 present study
commercial granular AC 581 0.32 0.10 353 present study
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