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Abstract

The adsorption of cyanocobalamine was studied using coal-based mesoporous activated carbon (AC). The ACs tested showed a comparable
pore volume, around 0.5 cm® g™, but different contribution of mesopores ranging from 0.53 to 0.82 cm® g~'. The adsorption of cyanocobala-
mine was carried out in slightly alkaline solution in static conditions. Three kinetic models including a first-order Lagergren model, a pseudo-
second-order model, and an intraparticle diffusion model were applied to describe the kinetics and mechanism of adsorption. The adsorption of
cyanocobalamine on mesoporous carbons followed the pseudo-second-order model. The diffusion of cyanocobalamine molecule within smaller
mesopores was identified to be the rate-limiting step. The analysis of adsorption equilibrium data indicates that the adsorption of cyanocobal-
amine better fits the Langmuir equation than the Freundlich equation. The Langmuir adsorption capacity of the carbon is strongly related to the
degree of mesoporosity development. Among ACs tested, the carbon with the highest mesopore volume and mesopore width of 10—50 nm shows
the greater ability to remove cyanocobalamine from aqueous solution. The effect of pore-size distribution on the kinetics and mechanism of

adsorption has been discussed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many industries consume large amounts of water in
manufacturing processes and, simultaneously, release a huge
amount of wastewater. Dyes and pigments represent a group
of easily detected colored compounds that are emitted to the
environment from various industries such as dye manufactur-
ing, textile finishing, food coloring, cosmetics, pharmaceutics
and others [1]. Color is usually the first contaminant to be con-
sidered in wastewater; some dyes can pose a health risk to hu-
mans. Moreover, discharging of dyes into water resources even
in a small amount can affect aquatic life. Generally, dyes are
difficult to remove by conventional treatment methods due
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to their nonbiodegradable nature and their resistance to degra-
dation by light and oxidizing agents [2—4].

In recent years adsorption processes have been found to be
successful in the treatment of colored organic effluent [5—9].
Activated carbons (ACs) are the most common adsorbents
commercially used for the removal of organic compounds
from water streams. The removal efficiency of a given adsor-
bent is mainly related to the pore-size distribution and the size
of the adsorbate molecule. Other factors, such as surface prop-
erties of adsorbent, chemical structure of adsorbate and solu-
tion pH, are also very important because they have an
influence on the interactions between the surface of adsorbent
and the adsorbed molecule [10,11]. Most commercially avail-
able ACs are microporous showing high efficiency for the re-
moval of low molecular weight compounds [11—13]. For
efficient removal of large molecules, the ACs with well-devel-
oped mesopore structure (pore size of 2—50nm) are
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recommended. The molecular dimensions for some dyes and
pigments are close to upper limit of micropore size and even
exceed 2 nm. However, there is only limited research on the
adsorption of large molecules by mesoporous ACs [14—16].
Moreover, the kinetics and mechanism of adsorption is often
studied without paying attention to the porous texture of adsor-
bent used, in particular, the pore volume distribution
[5,7,17,18].

The ACs based on agricultural solid wastes have recently
been used to remove a number of dyes from aqueous solution
[19—23]. However, in some cases the adsorption capacity of
these adsorbents was not large mainly due to their low meso-
pore volume. A much higher efficiency in the removal of dyes,
such as Congo Red, could be achieved using bituminous coal-
based mesoporous carbon [24].

In this work the adsorption of cyanocobalamine on the ACs
of different extent of mesoporosity was studied. This particular
colored compound, Vitamin B,, can occur in wastewater from
the pharmaceutical industry. The cyanocobalamine molecule
can be considered as large in terms of size (1.84 nm;
1.41 nm; 1.14 nm) and M, (1355) [14]. The effect of both
the mesopore volume and the pore-size distribution of carbons
on the removal degree of cyanocobalamine from aqueous so-
lution was determined. The mechanism of the adsorption on
mesoporous activated carbons have been also discussed using
different models describing the adsorption from solution.

2. Experimental
2.1. Materials

Three ACs with different mesopore fraction were prepared
using subbituminous coal (subA) from Kazimierz—Juliusz
(KJ) mine as starting material. All the activated carbons
were produced by carbonization at 850 °C and steam activa-
tion at the same temperature up to 50% burn-off. Prior to
heat treatment, the initial coal was loaded with calcium and
iron by ion exchange according to the procedure reported else-
where [25]. The oxidation with nitric acid (N) or sulfonation
with sulfuric acid (S) was used for the generation of ion-
exchangeable groups on the coal surface. The activated carbons
obtained as described above are designed as KJA/N/CaFe and
KJA/S/CaFe. The KJA/Ti carbon was produced by activation
of the KJ coal impregnated with acetylacetonate titanium oxide
TiO(acac), [26]. The percentage, by mass, of Ti to coal was
2.5%.

For adsorption studies cyanocobalamine purchased from
Fluka was used as adsorbate; the molecular structure of cyano-
cobalamine is shown in Fig. 1.

2.2. Adsorption test

The adsorption process of cyanocobalamine from aqueous
solution was carried out at 25 °C in a static system. A sieve
fraction of activated carbon between 0.2 and 0.5 mm was
used for the sorption experiments. The carbon sample was

Fig. 1. Molecular structure of cyanocobalamine [14].

washed with deionised water and dried at 105—110 °C for
24 h before use. To establish the equilibrium time, 0.2 g of ac-
tivated carbon was placed into the set of flasks that were kept
in a thermostat shaker bath and agitated for 4 days. For the ad-
sorption isotherm determination, 0.01—0.2 g of activated car-
bon was placed into Erlenmeyer flasks and 0.1 dm® of
adsorbate solution (50 mg dm_3) was added into each of the
flasks. Each set of flasks included two additional flasks con-
taining blank solution to check the adsorption of sorbate on
the walls. The stoppered flasks were kept in a thermostat
shaker bath and agitated for 2 days. Before and after contact,
the pH of solutions was measured by a digital pH-meter (Ac-
cumet Basic, Fisher Scientific) using a glass electrode.

2.3. Analyses

The porous structure parameters of the activated carbons
were determined from benzene adsorption at 25°C in
a McBain apparatus for gravimetric sorption measurements.
Specific surface area Sggr was taken from benzene adsorption
isotherms using BET equation. The Gurvitch rule and Kelvin
condensation theory were used to establish the extent of mi-
croporosity and the mesopore volume distribution, respec-
tively [27]. The amount of benzene adsorbed at the relative
pressure of p po ' =0.96 was employed to determine the total
pore volume which corresponds to the sum of the micropore
and mesopore volumes. The micropore volume (V) was
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calculated as a difference between the total pore volume (V)
and mesopore volume (V,s) calculated from Kelvin equation.
Assuming the pores to be parallel and cylindrical, the mean
pore width was calculated on the basis of BET surface area
and total pore volume. The calculated mesopore fraction is
the ratio of mesopore volume to the total pore volume (V s/
Vioy)- The concentration of solute remaining in the water phase
was measured using a spectrophotometer at wavelength
361 nm.

3. Result and discussion
3.1. Characteristics of ACs

The adsorption—desorption isotherms of benzene for the
ACs are presented in Fig. 2. The shape of isotherms of all car-
bons proves their mesoporous nature. An enlarged hysteresis
loop in the order KJA/Ti < KJA/S/CaFe < KJIA/N/CaFe can
be observed that reflects an increasing amount of mesopores
in the porous texture of carbons used. The porous structure pa-
rameters of ACs calculated from their corresponding iso-
therms are given in Table 1. The carbons are characterized
by the total pore volume in the range of 0.505—
0.525 cm® g~ ! and the mesopore fraction between 0.53 and
0.82. The BET surface area ranges from 331 to 679 m* g~ .
An increase in the mesopore volume from 0.271 to
0.427 cm®g~' is accompanied by widening of pore width
from 2.98 to 6.28 nm. The mesopore volume distribution of
the ACs used is shown in Fig. 3. It can be seen that the mes-
opores in size range of 2—5 nm are predominant for KJA/S/
CaFe whereas wider mesopores, between 10 and 50 nm,
have the largest contribution to the porous texture of KJA/N/
CaFe. In the case of KJA/Ti micropores constitute a half of
the porous texture.

P po”’

Fig. 2. Adsorption (—) and desorption (- - -) isotherms of benzene at 25 °C for
activated carbons. O, KJA/N/CaFe; [, KIA/S/CaFe; A, KJIA/Ti.

Table 1
Porous texture characteristics of ACs tested

Activated Sggt Viot Vinic Vines Mesopore Mean
carbons (m? g’l) (cm? g’l) (cm? g’l) (cm? g’l) fraction pore
width
(nm)
KIJA/N/ 331 0.520 0.093 0.427 0.82 6.28
CaFe
KIJA/S/ 475 0.525 0.122 0.403 0.76 4.42
CaFe
KIJA/Ti 679 0.505 0.234 0.271 0.53 2.98

3.2. Adsorption

3.2.1. Adsorption tests

The adsorption process depends on the porous texture and
surface chemistry of the adsorbent, the nature of the adsorbate
(e.g. molecular size, polarity, solubility) and the process con-
ditions such as solution pH and ionic strength and temperature
[11,28—30]. In the case of organic pollutants, which in most
cases are weak electrolytes, both electrostatic and dispersive
interactions between the adsorbate molecule and the carbon
surface can influence the adsorption process. In our case, the
electrostatic forces can be neglected because cyanocobalamine
occurs in the neutral form under conditions of adsorption test
used in this work. Moreover, a high symmetry of adsorbate
molecule minimizes the impact of polarizability on the extent
of adsorption (inductive effect). Therefore, the dispersive in-
teractions of van der Waals type seem to be dominant in the
adsorption process of cyanocobalamine.

The extent of removal of cyanocobalamine by mesoporous
carbons vs. time is shown in Fig. 4. The time needed to reach
the equilibrium of adsorption decreases in the order KJA/
Ti > KJA/S/CaFe > KJA/N/CaFe. This trend is consistent
with an increase in the contribution of mesopores into the po-
rous texture (Table 1). Approximately, 17 h is required to at-
tain the equilibrium for KJA/N/CaFe whereas double longer
time is found for KJA/Ti. It can be clearly seen that the equi-
librium time is related to both the total mesopore volume and
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Fig. 3. Pore volume distribution of subbituminous coal-based mesoporous
carbons.



E. Lorenc-Grabowska, G. Gryglewicz | Dyes and Pigments 75 (2007) 136—142 139

100

Amount removed (%)

Time (h)

Fig. 4. Removal of cyanocobalamine by activated carbons as a function of
time. O, KJA/N/CaFe; [, KJA/S/CaFe; A, KJIA/Ti.

the volume of mesopores with a size between 10 and 50 nm
(Fig. 3). The higher the volume of larger mesopores, the
shorter is the equilibrium time. It can be concluded that for
conditions used the removal of cyanocobalamine is mainly de-
termined by porous texture of the carbon.

The ACs differ in the percentage of cyanocobalamine ad-
sorbed at equilibrium. The equilibrium uptake is the highest
for KJA/N/CaFe, over 98%. KJA/S/CaFe removes about
62% of cyanocobalamine. The lowest uptake, only 49%, can
be observed in the case of KJA/Ti. This indicates that the car-
bon with the highest mesopore volume shows the greatest ef-
ficiency in the removal of cyanocobalamine. Taking into
account that the micropore volume of the carbons decreases
in the direction as follows KJA/Ti > KJA/S/CaFe > KJA/N/
CaPFe, it can be deduced that the adsorption in the mesopores
is mainly responsible for removing cyanocobalamine.

3.2.2. Adsorption kinetics

The kinetics of adsorption of cyanocobalamine from aque-
ous solution has been discussed in view of first-order Lagergren
model, the pseudo-second-order model and the intraparticle
diffusion model. The first-order Lagergren equation is given
by Eq. (1) [7,31,32]:

IOg (Qe exp Qt) = IOg qe — klt/2303 (1)
Pseudo-second-order model is described by Eq. (2) [20,31—33]:
t/qi=1/(kaq2) + /e (2)
Table 2

where ¢ and ¢, are, respectively, time (min) and the amount ad-
sorbed by carbon at time ¢ (mg gfl). geexp and g are the
amount adsorbed at equilibrium-experimental data and equi-
librium-calculated data, respectively, expressed as mgg '
sample. k; and k, are the first (min_l) and second
(gmin~"mg~") order rate constant of adsorption. The calcu-
lated results for both models are given in Table 2. It can be
noted that the correlation coefficient (Rz) for the first-order
equation is low, ranging from 0.708 to 0.945. Moreover, for
two of three carbons studied the experimental ¢, ., value
does not agree well with the calculated ¢. value. A very
good agreement between the g. oy, and g. values can be ob-
served when the pseudo-second-order kinetic model was ap-
plied. Fig. 5 shows the straight-line plots of #/q, vs. t for
different mesoporous carbons. In this case, the correlation co-
efficients are very high, between 0.989 and 0.999. These re-
sults indicate that the adsorption of cyanocobalamine on
mesoporous carbons obeys the pseudo-second-order kinetic
model. The values of the rate constant k, were found to de-
crease with increasing both the mean pore width and the mes-
opore contribution to the porous texture.

The adsorption process in porous materials can be sepa-
rated into three stages. The first stage is external diffusion or
boundary layer diffusion of solute molecules. The second
step is diffusion within the pores of the adsorbent internal
structure to the sorption sites. The third stage includes very
fast adsorption of molecule on active sites of the surface.
Therefore, two former stages can control the adsorption rate.
In many reports on the dyes adsorption the intraparticle diffu-
sion is considered as the rate-limiting stage, however, bound-
ary layer diffusion can also control the adsorption process in
the initial stage to some extent [32,33]. This model is given
by the following equation, Eq. (3):

qr = kptl/z (3)

where ¢, and k;, are the amount adsorbed at time # (mg gfl) and
intraparticle rate constant (mgg 'min %), respectively.
Fig. 6 shows the fractional uptake ¢, as a function of ¢"* for
the adsorption of cyanocobalamine on mesoporous ACs. It
can be clearly seen that the plots are composed of two linear
parts. The first linear plot passes through (0,0) indicating
that the boundary layer diffusion does not control the rate of
cyanocobalamine adsorption. Therefore, in this case the intra-
particle diffusion is the only rate-controlling step. The intra-
particle diffusion is likely to occur in two stages. At first,
cyanocobalamine molecules enter the macropores and wider
mesopores that play the role as transporting arteries. Then,

Comparison of the first-order and pseudo-second-order kinetics models of cyanocobalamine adsorption

Activated carbons First-order kinetic model

Second-order kinetic model

Geexp (mgg™") ge (mgg ™) ki (min™") R qe (mgg ™" ky (gmg~' min~") R’
KIJA/N/CaFe 48 19 0.094 0.938 50 1.5x1073 0.999
KJA/S/CaFe 31 33 0.101 0.945 35 6.2x107° 0.989
KIJA/Ti 25 36 0.009 0.708 27 1.5x107% 0.998
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Fig. 5. Pseudo-second-order sorption kinetics of cyanocobalamine on mesopo-
rous carbons. O, KJA/N/CaFe; [, KJA/S/CaFe; A, KIA/Ti.

the adsorbate molecule enters smaller mesopores more slowly
that reflects a lower slope of the second linear part compared
to the first linear part. This suggests that the diffusion within
smaller mesopores is the rate determining-step in the adsorp-
tion process of cyanocobalamine. Moreover, for all carbons
studied the slope of the second part of plot is nearly parallel
indicating a comparable rate of adsorption in smaller meso-
pores, whereas there is a difference between carbons in the
slope of the first portion of plots. As can be seen in Fig. 6
this slope increases in the order KIA/Ti < KJA/S/Ca-
Fe < KJA/N/CaFe that may reflect an enhanced diffusion of
cyanocobalamine molecule through the macropores and wider
mesopores.

3.2.3. Adsorption isotherms
Fig. 7 shows the adsorption isotherms for cyanocobalamine
on three mesoporous carbons. The time taken to attain the
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Fig. 6. Intraparticle diffusion plot for the adsorption of cyanocobalamine. O,

KJA/N/CaFe; [, KJIA/S/CaFe; A , KJA/Ti.
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Fig. 7. Adsorption isotherms for cyanocobalamine on mesoporous carbons. O,
KIJA/N/CaFe; [, KJA/S/CaFe; A, KIA/Ti.

equilibrium was 48 h for all carbons. The equilibrium-experi-
mental data were interpreted using Langmuir and Freundlich
equations that are most frequently applied in the study on
the adsorption from an aqueous solution. The Langmuir iso-
therm is represented by Eq. (4):

4e = (meaxce)/(l + bce) (4)

where ¢, is the equilibrium concentration on the adsorbent
(mgg™"), ¢ is the equilibrium concentration in solution
(mg dm73), gmax 18 the monolayer capacity of the adsorbent
(mgg™"), and b is the Langmuir adsorption constant
(dm® g "). The Langmuir equation is based on the assumption
of a structurally homogeneous adsorbent where all sorption
sites are identical and energetically equivalent. The linearized
form of this equation is the following:

Ce/qe = 1/(qmaxb) + Ce/Gmax (5)

Fig. 8 shows the straight-line plots of c./g. vs. ¢ for the ad-
sorption of cyanocobalamine. The correlation coefficients are
relatively high ranging from 0.947 to 0.984. The Langmuir
constants calculated from the linear plot are given in Table 3.
As can be seen the monolayer capacities of KJA/S/CaFe and
KJA/Ti are comparable, around 50 mgg~'. Over two-fold
higher adsorption capacity (119 mgg ') is obtained for the
KJA/N/CaFe carbon. A comparison of carbon’s pore volume
distribution (Fig. 3) indicates that the extent of adsorption is
strongly related to the mesopore development. An increase
in the adsorption capacity ¢m,.x With both the mesopore vol-
ume and the contribution of mesopore to the porous texture
can be observed. Moreover, this is followed by an increase
in the mean pore width that is a consequence of an increase
in the volume of mesopores with a size of 10—50 nm.

The Freundlich model is applied to describe heterogeneous
system characterized by a heterogeneity factor 1/n. This model
describes reversible adsorption and is not restricted to the
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Fig. 8. Langmuir plots for adsorption of cyanocobalamine. O, KJA/N/CaFe;
0O, KJA/S/CaFe; A, KIA/Ti.

formation of the monolayer. The Freundlich model is ex-
pressed by Eq. (6):

qe =Kl (6)

where ¢. and c. are, respectively, the adsorbate equilibrium
concentration on adsorbent (mgg ') and in solution
(mg dm_3) and K; is the Freundlich constant
(mg'™"dm> g~"). The Freundlich parameters K; and 1/n
were determined from the linear plots of logg. vs. logc.
shown in Fig. 9. Their values are given in Table 3. A compar-
ison of correlation coefficients R indicates that the Langmuir
model yields a better fit than the Freundlich model. Similarly
to gmax, Ky that is related to the adsorption capacity increases
with both the mesopore volume and the mesopore contribu-
tion. Considering three mesoporous carbons studied in this
work the KJA/Ti carbon with the highest contribution of mi-
cropores shows the lowest ability to remove cyanocobalamine
from aqueous solution.

4. Conclusions

A series of subbituminous coal-based mesoporous activated
carbons with nearly the same total pore volume but different
pore volume distribution was tested for the removal of cyano-
cobalamine from aqueous solution. The time required to attain
the equilibrium is related to the degree of mesopore

Table 3
Langmuir and Freundlich parameters for cyanocobalamine adsorption on mes-
oporous activated carbons

Carbons Langmuir Freundlich
Gmax b Kf 1/n
(mgg™)  (@m’gH)  (mg'"dm¥'g™h)
KJA/N/CaFe 119 3.83 36 0.286
KIJA/S/CaFe 51 7.30 15 0.419
KIA/Ti 48 8.31 16 0.299

R? =0,8458

Fig. 9. Freundlich plots for adsorption of cyanocobalamine. O, KJA/N/CaFe;
O, KJA/S/CaFe; A, KJA/Ti.

development. It can be observed that the equilibrium time de-
creases with increasing both the mesopore volume and the
contribution of mesopores into the porous texture of carbon.
The adsorption kinetics of cyanocobalamine on mesoporous
carbons follows the pseudo-second-order model. It was found
that the transport of the solute molecules from the aqueous
phase to the external surface of carbon does not affect the
rate of adsorption. The intraparticle diffusion is the only
rate-controlling step.

The Langmuir isotherm model was found to provide a better
prediction for the adsorption of cyanocobalamine than the
Freundlich model. The Langmuir adsorption capacity of the
carbon increases with the mesopore volume that is followed
by increase in the volume of mesopores in size of 10—50 nm.
The greatest efficiency in the removal of cyanocobalamine
was obtained for the KJA/N/CaFe carbon which is character-
ized by the highest both the mesopore volume and the mean
pore width. The obtained results prove that the mesopores
play a crucial role in the removal of cyanocobalamine by
adsorption.
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