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ABSTRACT

To investigate the co-influence of the pore size of adsorbents and the structure of adsorbates
on adsorption capacity and rate, the adsorption of basic dyes, methylene blue (MB), and
crystal violet (CV) onto a granular adsorbent based on fly ash (GAF) and a granular acti-
vated carbon (GAC) were conducted. MB and CV were selected as the target adsorbates
due to their similar molecular weights (MB: 319.85 g/mol and CV: 407.98 g/mol) but differ-
ent molecular structures (MB is line-shaped and CV is fork-shaped). Two different kinds of
adsorbents, GAF and GAC, were used here: GAF, a mesoporous adsorbent (average pore
diameter ≈ 4.28 nm) with small surface area (21.94 m2/g), and GAC, a microporous adsor-
bent (average pore diameter ≈ 0.45 nm) with high surface area (1,306 m2/g). Although the
surface area of GAC was almost 60 times of GAF, the results of adsorption showed the
adsorption capacity of GAC for MB was only 1.5 times of GAF (354.59 mg/g of GAC and
262.58 mg/g of GAF), whereas the adsorption capacity of GAC for CV was even less than
that of GAC (327.77 mg/g of GAC and 430.73 mg/g of GAF). Moreover, the kp values
obtained from intra-particle diffusion theory showed that the adsorption rate of both MB
and CV in GAF were far bigger than in GAC. Thus, when choosing an adsorbent, surface
area is not only the parameter should be considered, the pore size of adsorbents and the
structure of adsorbates should also be considered.
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1. Introduction

Synthetic dyes, which have developed fast and
replaced the position of natural dyes since twentieth
century, have been widely used not only in textile
printing and dyeing, but also papermaking, plastics,

leather, rubber, coatings, printing ink, cosmetics,
photographic materials, and so on [1,2]. However,
since reactive dyes are characterized by high solubility
in water, and low rates of fixation, large amounts of
effluent from textile industry pose great threat to the
environment, which in turn draws widespread
attention [3–5]. In China, synthetic dyes have a high
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content of organic compounds (1,000–100,000 mg/L)
and high colority (500–500,000 bold) and have caused
severe pollution.

Adsorption has received considerable attention for
its advantages of removing varieties of dyes, producing
high-quality treated water and simplifying the opera-
tion procedures [6,7]. Generally, activated carbon (CV)
is widely used due to its high surface area and
abundant pores. For instance, an AC obtained from
flamboyant pods, which possessed a high surface
area (1479 m2/g) with a considerable amount of
mesopores(~50%), had shown an adsorption capacity
of 643 mg/g for the adsorption of food yellow
4 (1.17 cm3/g) [8]. Similarly, a cobalt nanoparticle-
embedded magnetic-ordered mesoporous carbon with
a high surface area of 955.3 m2/g and an average pore
size of 4.3nm was used to removal of T-shaped rho-
damine B and reached an equilibrium adsorption
capacity of 468 mg/g [9]. Surface area and mesopores
seemed to play an important role in adsorption of dyes.
However, a microporous carbon felt with a high surface
area (1,405 m2/g) and a large number of pores below
1nm was applied on adsorption of dyes, and the
equilibrium capacities were only 220 mg/g for AR42
(1.27 nm × 0.88 nm × 0.58 nm) and 21 mg/g for RB5
(1.73 nm × 1.5 nm × 0.42 nm) [10]. Micropores limit the
diffusion of large molecules and thus decreased the
availability of high surface area for activated site
adsorption [11]. The pore size of adsorbents is consid-
ered to be an important role in determining adsorption
capacity [12–16]. Meanwhile, some studies focused on
the influence of molecular structure on adsorption per-

formance [17,18]. Malarvizhi and Ho [17] prepared an
AC for adsorption of dyes (MB, CV) and the results
showed that the adsorption capacity of MB was higher
than that of CV, which was attributed to the difference
between the molecular structure. However, the co-influ-
ence of the pore size of adsorbents and the structure of
adsorbates in determining the adsorption capacity and
rate has not been broadly studied.

The goal of the present work was to investigate the
importance of the pore size of adsorbents and the struc-
ture of adsorbates on adsorption performance. A meso-
porous adsorbent with small surface area called
granular adsorbent based on fly ash (GAF) and a
microporous with high surface area called granular acti-
vated carbon (GAC) were prepared for adsorption of
dyes (methylene blue (MB), crystal violet (CV)) at dif-
ferent initial concentrations. MB and CV were chosen as
the target adsorbates because both the dyes are widely
used in industries and belong to the same family-basic
dyes, while exhibit different molecular structure [19].
Intra-particle diffusion theory was applied to research
on the adsorption rate of both dyes by GAF and GAC.

2. Materials and methods

2.1. Adsorbates

MB and CV were selected as targeted adsorbates
for adsorption because they are widely used and cause
severe pollution. Moreover, they belong to the same
group of basic dyes but have different molecular size
and structure. The characteristics of the dyes are listed

Table 1
Physical and chemical properties of MB and CV

Properties MB CV

Chemical formula C16H18ClN3S C25H30ClN3

Molecular weight 319.85 (g/mol) 407.98 (g/mol)
Dye nature Basic Basic
Molecular size 1.43 nm × 0.61 nm × 0.4 nm 1.45 nm × 1.28 nm × 0.35 nm
Molecular structure
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in Table 1. Both MB and CV used are analytically
pure and were produced from Sinopharm and Tianjin
Damao, respectively. As shown, MB molecular can
be classified as a line-shaped structure while CV

shows a fork-shaped structure [20,21]. When subjected
to different kinds of adsorbents, they behave differ-
ently. Therefore, MB and CV were chosen for this
research.

2.2. Adsorbents

A mesoporous adsorbent called GAF and a
microporous adsorbent called GAC were prepared to

investigate the influence of pore size of adsorbents on
adsorption. In this study, GAC was purchased from
Shenhua ningxia coal industry group and no further
treatment for it was made.GAF was prepared in
laboratory, and the following procedure was used to
prepare GAF. Fly ash, attapulgite, and starch were
mixed evenly in the mass proportion of 6:4:3 and
compressed into a model of elongated cylinder-type
bottle. The materials were then dried in air and the
electro-thermostatic blast oven, respectively, for 24 h,
after which the granules were calcined in an atmo-
sphere sintering furnace at a heating rate of 1˚C/min
and soaked at 600˚C for 1 h.

(a) (b)

(c) (d)

(e) (f)

Fig. 1. (a–c) Original photo and SEM images of GAF, (d–f) original photo, and SEM images of GAC.
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To have a clear observation of GAF and GAC
surface properties, scanning electron microscopy
(JSM-6700F) was used to make an observation of the
adsorbents. The original and SEM images of GAC and
GAF were represented in Fig. 1(a–f). The particle size
of GAF was about 5–10 mm in length and 3 mm in
diameter, while the size of GAC was about 3–5 mm in
length and 3 mm in diameter. From the SEM images,
it can be seen that both the surface of GAF and GAC
were filled with abundant but irregular pores.

To have a deep research about the structure of the
adsorbents, nitrogen gas adsorption–desorption at
77 K (Quantachrome Autsorb 1) was performed. The
specific surface area of the adsorbents was calculated
by BET method, and the pore size distribution was
calculated by BJH method. Fig. 2 shows the adsorp-
tion and desorption isotherm of nitrogen on GAC and
GAF at 77 K. According to IUPAC classification, the
isotherm of nitrogen on GAC belongs to type I, Lang-
muir adsorption isotherm, indicating the development
of micropores [22]. As for GAF, it can be classified as

type IV [23]. From Fig. 2, it can be observed that when
the relative pressure is less than 0.4, monolayer
adsorption happens; while when the relative pressure
is greater than 0.4, the isotherm rises fast and an
apparent adsorption–desorption loop occurs, indicat-
ing the existence of mesopores. The BET surface area
(SBET) and average diameter (Daver) figures are listed
in a table among Fig. 2. It can easily be observed that
the surface area of GAC is 1,306 m2/g, nearly 60 times
of GAF (21.94 m2/g), while the average pore diameter
of GAC is 0.45 nm, only one tenth of GAF (4.28 nm).
Even though it is undeniable that some pores with
size bigger than 0.45 nm exist in GAC, it must be
admitted that such slit-shaped micropores seem not to
be suitable for adsorbing large-scale dye molecules.

Chemical properties of the adsorbents were also
rather important for adsorption. The pH of point of
zero charge (pHZPC) of GAF and GAC was deter-
mined by Zeta potential instrument(ZS90, Malven).
0.25 mol/L HCl and 0.25 mol/L NaOH were prepared
to adjust the pH values of the powder adsorbents
solutions to 2, 3, 4, 5, 6, 7, and 8. As shown in
Fig. 3(a) and (b), the plots of Zeta potential qt pH indi-
cated that the pHZPC of GAF and GAC was 1.5 and
3.0, respectively.

2.3. Adsorption method

The solutions of MB and CV with different initial
concentrations (200, 600, 1,000, 1,200, 1,600, 2,000,
2,500, and 3,000 mg/L) were prepared by mixing some
dry powder with distilled water. The adsorption
experiments were carried out by mixing 100 mL of
dye solution with 0.5000 g adsorbents in conical flasks
of 250 mL. The flasks were shaken in a shaker with a
constant speed of 120 rpm and temperature of 50˚C.
At the certain time (2, 6, 18, 22, 28, 40, 46, 70, 94, 118,
142, and 166 h), 0.5 mL solutions were sampled and
filtered through a 0.45-μm syringe filter and then ana-

Fig. 2. Adsorption and desorption isotherms of nitrogen
on GAC and GAF.

Fig. 3. Zeta potential of (a) GAF and (b) GAC at different pH values.
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lyzed by UV spectrophotometer at the maximum
absorption wavelength of 665 nm for MB and 583 nm
for CV to estimate the residual dye concentration. The
equilibrium adsorption capacity at different dye con-
centration was calculated as follows:

qe ¼ ðC0 � CeÞV
m

(1)

where C0 (mg/L) is the initial concentration, Ce (mg/L)
is the equilibrium concentration, V (L) is the volume of
the dye, and m (g) is the weight of the adsorbent.

3. Results and discussion

3.1. Adsorption results of MB and CV

The pictures of initial dye and adsorbed dye by
GAF and GAC were shown in Fig. 4. For adsorption
of MB, GAC obviously showed more efficiency than
GAF, while for adsorption of CV, GAF seemed to be
more efficient than GAC. To make a further research
of this phenomenon, some liquid-phase experiments
were carried out.

Fig. 5 showed the adsorption isotherms of MB and
CV on GAC and GAF. To show the adsorption behav-
ior more clearly, trend lines were added in Fig. 5(a)
and (b). Since the original pH values of MB and CV
with concentration from 200 to 3,000 mg/L were
between 4 and 6.5, while the pHZPC of GAF and GAC
was 1.5 and 3.0, respectively, it can be induced that
the surfaces of GAF and GAC were both negative and
could attract positively charged dyes, MB and CV.

It is evident from Fig. 5(a) that as the initial concen-
tration of MB increased from 200 to 3,000 mg/L, GAC
always presented higher adsorption capacity than GAF
owe to big surface area. These results showed much

similarly with the adsorption of MB using cross-linked
polyaniline and conventional polyaniline [24]. It is
clear from Fig. 2 that the surface area of GAC
(1,306 m2/g) is extremely larger than that of GAF
(21.94 m2/g). Assuming that the surface area of GAC
is covered completely by dye molecules, the adsorp-
tion capacity of GAC should be much higher than that
of GAF. However, the fact was that the equilibrium
adsorption capacity of MB on GAC (354.59 mg/g) even
did not reach twice the amount of MB on GAF
(262.58 mg/g). The reason for this phenomenon is
mainly due to the incompatible correlation between
the pore structure of MB molecules and the pore size
of GAC. According to Table 1, the molecule structure
of MB shows a line-shaped structure. Therefore, only if
the pore size of the adsorbent is larger than the second
width of MB molecular, dye molecules can get access
to the inner surface and adsorbed onto activated sites.
The average diameter of GAF and GAC is shown in
Fig. 2, which shows that MB molecules can easily pass
through the pores of GAF. As for GAC, its average
diameter is 0.45 nm and has some pores bigger or
smaller than 0.45 nm, so that only part of pores is
available for dye molecules to penetrate. Moreover, the
diffusion of adsorbates in the micropores may be inter-
vened by the preadsorbed molecules [25,26]. That is to
say, the size of the micropores limits the accessibility
to the surface for large molecules like dyes.

As for fork-shaped CV, it can be seen from
Fig. 5(b) that GAF exhibited better performance than
GAC, which was opposite to the adsorption of MB. It
has to be pointed out that mesopores of GAF facili-
tated the adsorption of CV to some extent. A compara-
tive study on adsorption performances of an activated
carbon from waste rubber tire and a commercial acti-
vated carbon for acid blue 113 also came to a similar
conclusion that larger mesopore volume accounts for a

Fig. 4. Photographs of original dyes and dyes adsorbed by GAF and GAC: (a) MB and (b) CV.
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higher adsorption capacity although the commercial
carbon has a higher micropore volume and a higher
surface area [27]. From Fig. 2, it can be observed that
GAF contains abundant mesopores while GAC only
consists of micropores. Moreover, the structure of CV
is fork-shaped and has a molecular size of
1.45 nm × 1.28 nm × 0.35 nm, showing that it is obvi-
ously bigger than the pore width of GAC. This sug-
gest that the cross-sectional area of some throats in
micropores is too small for the adsorbates to penetrate
and thus hold back activated sites adsorption [28,29].
Compared to GAC, GAF provides wide channels for
CV molecules due to mesopores and enables adsor-
bates to be adsorbed on its surface. With existence of
mesopores, adsorbates can pass through the diffusion
path smoothly and thus cover a large portion of inner
surface of adsorbent. As a consequence, in case of dye
molecules, the correlation between the pore size of
adsorbents and the structure of adsorbates make more
contribution than surface area in determining the
adsorption capacity.

3.2. Adsorption isotherm models

To understand the mechanisms of adsorption,
three commonly used types of isothermal models,
Langmuir, Freundlich, and Tempkin model [30], were
employed to describe the adsorption of MB and GV
on GAC and GAF.

The Langmuir isotherm assumes that the surface
of the solid is homogeneous and one specific site
within the adsorbent can only match a molecular
without access of others. When the isotherm reaches a
plateau, it indicates that adsorption occurs no more
and equilibrium has appeared. The Langmuir liner
equation can be expressed as:

Ce

qe
¼ 1

bqm
þ Ce

qm
(2)

of which qe is the amount of dye adsorbed on the
adsorbent surface at equilibrium and Ce is the concen-
tration of the adsorbate at equilibrium, while qm and b
are the behalf of maximum adsorption capacity and
Langmuir constant, respectively. Furthermore, another
constant called RL can be deduced by the equation as
follows:

RL ¼ 1

1þ bC0
(3)

where C0 is the initial concentration of dye.
When the value of RL is between 0 and 1, it indi-
cates that the adsorption is favorable, otherwise,
unfavorable.

The Freundlich isotherm, as an empirical model,
describes the process of multilayer adsorption on
uneven solid surfaces and is given by the following
equation.

log qe ¼ logKf þ 1

n
logCe (4)

As listed above, qe and Ce represent the amount of
adsorbed dye on the adsorbent and the concentration
of the dye at equilibrium, respectively. Kf and n, the
constants of the model, indicate the adsorption capac-
ity of the adsorbent and the intensity of adsorption.
The value of Kf higher, the adsorption capacity is bet-
ter. Moreover, if the value of 1/n exits between 0.1
and 0.5, it indicates the adsorption is favorable. How-
ever, it becomes difficult for adsorption when the
value of 1/n is greater than 2.

The Tempkin isotherm, at the earliest, was used to
describe the adsorption process of hydrogen on plat-
inum electrode in the acid solution. It is the charac-
teristic of considering the interaction between the
adsorbate and adsorbent, such as electrostatic attrac-

Fig. 5. Adsorption isotherms of dyes on GAF and GAC: (a) MB and (b) CV.
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tion and ion exchange. The model can be expressed as
follows:

qe ¼ Bt lnAt þ Bt lnCe (5)

where Bt and At are constants of the Tempkin
isotherm.

The relevant parameters of three isotherms are
listed in Table 2. Since the R2 values of the Langmuir
model are all higher than those of the Freundlich
model and the Temkin model, it can be concluded that
the Langmuir model fits better than the other models
for the adsorption data of two dyes on GAF and
GAC. Thus, the process of the adsorption belongs to
monolayer coverage, indicating that once a molecular
occupies an adsorbent site, none of others can be
adsorbed on it again. In addition, the RL values of the
Langmuir model range from 0 to 1, and the values of
1/n are between 0.1 and 0.5, proving that the adsorp-
tion is favorable. As shown in the Langmuir model,
the maximum adsorption capacities for MB onto GAF
and GAC were 277.78 and 357.14 mg/g, respectively,
while for CVonto GAF and GAC were 476.19 and
347.15 mg/g, respectively. The results were in agree-
ment with Fig. 5 and thus proved the importance of
adsorbents and adsorbates properties on adsorption in
return.

3.3. Adsorption kinetics

To quantitatively explain the effect of pore size
and adsorbate structure on adsorption capacity, fur-
ther kinetic studies and data interpretation were con-
ducted in this section.

The adsorption kinetics of dyes (MB and CV) with
initial concentrations (600, 1,000 mg/L) onto GAF and
GAC were shown in Figs. 6 and 7. To clearly show

the trend of adsorption process, smooth curves were
added in Figs. 6 and 7. As can be seen from Fig. 6, the
adsorption trend of MB on GAF and GAC were
almost the same. The adsorption capacity of MB (600,
1,000 mg/L) on GAF and GAC both rose rapidly in
the first few hours and then the adsorption process
rate gradually slowed down and finally reached equi-
librium at 72 h for MB (600 mg/L) and 118 h for MB
(1,000 mg/L). However, it can be seen from Fig. 7 that
GAF presented an extremely fast adsorption speed for
CV (600 mg/L, 1,000 mg/L) and reached equilibrium
at approximately 28 h for CV (600 mg/L) and 40 h for
CV (1,000 mg/L). On the contrary, the adsorption pro-
cess of CV (600 mg/L, 1,000 mg/L) by GAC went on
slowly and reached equilibrium at about 144 h.

To explain this phenomenon, the following studies
were made.

According to Webber and Morris, the intra-particle
diffusion controls the rate of adsorption process and
the step from liquid to adsorbent surface can be
neglected. The equation is as follows:

qt ¼ kpt
1=2 þ C (6)

where kp is the intra-particle diffusion rate constant,
and C is the value of the intercept of the plot of qt
against t1/2.

According to the equation above, the plot of qt vs.
t should go through the origin if the intra-particle
diffusion is the only rate-limiting step [31]. However,
as can be seen from Fig. 8, the diffusion process can
be classified into three phases, showing that intra-
particle diffusion is not the single rate-limiting step in
the adsorption of MB and CV. The first phase is an
instantaneous adsorption and is probably due to a
strong electrostatic attraction between the adsorbate
and the outer surface of the adsorbent. The second

Table 2
Parameters of the adsorption isotherm models for MB and CV on GAF and GAC

Parameters items MB on GAF MB on GAC CV on GAF CV on GAC

Langmuir qm (mg/g) 277.78 357.14 476.19 347.15
b 0.0083 0.0209 0.0116 0.0041
R2 0.9982 0.9883 0.9778 0.9725
RL 0.03–0.37 0.01–0.19 0.02–0.31 0.07–0.54

Freundlich Kf (mg/g) 16.14 62.14 35.50 9.57
1/n 0.4059 0.2572 0.3954 0.5018
R2 0.9224 0.8848 0.5982 0.8790

Temkin bT 50.11 40.08 77.79 67.48
AT 0.1397 3.6282 0.3154 0.0624
R2 0.9698 0.9571 0.7987 0.9440
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phase is a gradual adsorption because of the intra-
particle diffusion of dye molecules passing through
the pores of the adsorbent. The final phase is equilib-
rium adsorption when the dye molecules occupy all of
the active sites of the adsorbent [32,33]. The values of
kp were calculated from the slope of corresponding
data and were presented in Tables 2 and 3. The intra-
particle diffusion model of MB (600 mg/L) and CV
(1,000 mg/L) onto GAF and GAC were shown in
Fig. 8(a) and (b).

The straight lines with higher slope have higher kp
values, indicating a higher adsorption rate per unit
time. For the adsorption of MB, it can be clearly seen
from Table 3 and Fig. 8(a) that as time passed, both
the rate of GAF and GAC decreased and the adsorp-
tion finally reached equilibrium. During the second
stage (intra-particle diffusion), the difference between
the kp values of GAF and GAC was so small, indicat-
ing that the MB molecules can pass through the pores
of both GAF and GAC. While from Fig. 8(b), one can

Fig. 7. Adsorption kinetics of CV by GAF and GAC: (a) 600 mg/L and (b) 1,000 mg/L.

Fig. 8. Intra-particle diffusion model for dyes on GAF and GAC: (a) MB and (b) CV.

Fig. 6. Adsorption kinetics of MB by GAF and GAC: (a) 600 mg/L and (b) 1,000 mg/L.
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see that the adsorption process of CV onto GAF was
much faster than GAC. In addition, as can be seen
from Table 4, the intra-particle diffusion kp value of
GAF is much higher than that of GAC, indicating that
it is easier for CV molecules pass through the pores of
GAF than that of GAC. This can be attributed to the
fact that the pores of GAC are not big enough to let
big molecules of CV to pass through smoothly. There-
fore, from the kinetic studies of MB and CV onto GAF
and GAC, it can be concluded that the structure of
adsorbates and the pore size of adsorbents have
significant effects on the adsorption rate and capacity.

4. Conclusions

The present work has investigated the influence of
surface area, the pore size of adsorbents and the struc-
ture of adsorbates in determining the adsorption
capacity of dyes in aqueous solution. The adsorption
results of MB and CV onto GAF and GAC revealed
that effective surface area can be decreased since
micropores limited the diffusion of molecules and
thus caused pore blockage. On the other hand,
although MB and CV have similar molecular weight,
their molecular structures are quite different from
each other. It seems that fork-shaped CV has more
difficulty to penetrate into narrow pores of adsorbents
than line-shaped MB. Only when the pore of adsor-
bents is big enough to let adsorbates pass through,
more adsorbates can be adsorbed onto activated sites.
Moreover, the kp values obtained from the intra-
particle diffusion theory showed that both adsorption

rate of MB and CV in GAF was higher than GAC.
Thus, when choosing an adsorbent, surface area is not
only the parameter should be considered, the pore
size of adsorbents and the structure of adsorbates
should also be considered.
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