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Kinetic modelling and mechanism of dye adsorption
on unburned carbon
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Abstract

Textile dyeing processes are among the most environmentally unfriendly industrial processes by producing coloured wastewaters. The ad-
sorption method using unburned carbon from coal combustion residue was studied for the decolourisation of typical acidic and basic dyes. It was
discovered that the unburned carbon showed high adsorption capacity at 1.97 ! 10�4 and 5.27 ! 10�4 mol/g for Basic Violet 3 and Acid Black 1,
respectively. The solution pH, particle size and temperature significantly influenced the adsorption capacity. Higher solution pH favoured the
adsorption of basic dye while reduced the adsorption of acid dye. The adsorption of dye increased with increasing temperature but decreased
with increasing particle size. Sorption kinetic data indicated that the adsorption kinetics followed the pseudo-second-order model. The adsorp-
tion mechanism consisted of two processes, external diffusion and intraparticle diffusion, and the external diffusion was the dominating process.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Dyes are a kind of organic compounds with a complex
aromatic molecular structure that can bring bright and firm
colour to other substances. However, the complex aromatic
molecular structures of dyes make them more stable and
more difficult to biodegrade. The extensive use of dyes often
poses pollution problems in the form of coloured wastewater
discharged into environmental water bodies [1,2]. One of the
conventional methods for removal of dyes from wastewater
is adsorption [3e5]. Activated carbon is popular and an effec-
tive dye sorbent, but its relatively high price, high operating
costs and problems with regeneration hamper its large-scale
application. Therefore, there is a growing need in finding
low cost, renewable, locally available materials as sorbent
for the removal of dye colours [3,5].

Unburned carbon is one of the important components in
coal combustion residue, fly ash. High carbon content in fly
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ash results in the less application of fly ash for cement pro-
duction. However, due to the high-temperature treatment,
unburned carbon could have been developed with good poros-
ity [6e8]. The unburned carbon in fly ash thus could be a good
adsorbent and precursor for production of activated carbon [9].
Utilisation of unburned carbon could bring out enormous eco-
nomic and environmental benefits to the coal and utility indus-
tries. Fly ash has been recently employed as a cheap adsorbent
for dye adsorption [5,10e14]. However, few investigations
have reported on unburned carbon as effective adsorbents.
Our investigation discovered that unburned carbon made a sig-
nificant contribution to adsorption capacity of fly ash in dye
removal [7]. The aim of this study is to further explore the ap-
plication of unburned carbon for dye adsorption and to inves-
tigate the kinetics and mechanism involved in dye adsorption
on unburned carbon.

2. Experimental

Unburned carbon was obtained by separation of fly ash
using a two-step method. Firstly, the raw fly ash was sieved
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Fig. 1. Chemical structure of investigated dyes.
at different particle sizes and a carbon-enriched sample with
particle size O 150 mm was obtained. Secondly, a water wash-
ing method was used to get the higher concentrated unburned
carbon from the portion of carbon-enriched fly ash.

Two dye samples, Acid Black 1 and Basic Violet 3, were
employed for dye adsorption. Their chemical structures are
given in Fig. 1. A stock solution with concentration at
10�4 M was prepared and the solutions for adsorption tests
were prepared from the stock solution to the desired
concentration.

The batch kinetic experiments were used to investigate the
influence of sorbent mass, solution pH and temperature on the
adsorption rate. The adsorption of dyes was performed by
shaking 10 mg of solid in 200 ml of dye solution of varying
concentration at 100 rpm at different temperatures (Certomat
R shaker from B. Braun). The determination of dyes was
done spectrophotometrically on a Spectronic 20 Genesis Spec-
trophotometer (USA) by measuring absorbance at lmax of 618
and 590 nm for Acid Black 1 and Basic Violet 3, respectively.
To investigate the effect of pH on adsorption, a series of dye
solution was prepared by adjusting pH over a range of 2e11
using 1 M HNO3 or NaOH solution. The pH of solutions
was measured with a pH meter (Radiometer PHM250 ion
Analyser).

3. Results and discussion

3.1. Effect of particle size

Fig. 2 presents the dye adsorption on unburned carbon at
different particle sizes. As shown, particle size has a significant
influence on dye adsorption and a similar variation can be ob-
served for two dyes. Larger particle size of unburned carbon
will reduce the adsorption capacity. Several investigations
have shown similar observation for activated carbon and other
adsorbents [13,15e17]. This relationship indicates that exter-
nal transport limits the rate of adsorption and powdered adsor-
bent would be advantageous over granular particles [15].

3.2. Effect of pH

The solution pH will have a significant influence on dye ad-
sorption. Fig. 3 presents the dynamic adsorption of two dyes
on unburned carbon at different solution pH. As shown, ad-
sorption of acid dye exhibits different behaviour with basic
one. For Acid Black 1, adsorption decreases with increasing
solution pH. This is due to the anion dye reaction with HC.
Higher pH will produce more OH� ions in solution, prevent-
ing the adsorption of dye anions on the adsorbent surface.
For Basic Violet, adsorption is higher at pH Z 3 than at
pH Z 6 and adsorption at pH Z 9 is the highest. Similar be-
haviour has also been reported by other researchers [13]. As
a basic dye, Basic Violet 3 will produce cation (CC) and
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Fig. 2. Effect of particle size on dye adsorption on unburned carbon. (a) Acid

Black 1, (b) Basic Violet 3.
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reduced ions (CHC) in water. As the pH of the dye solution
becomes higher, the association of dye cations on solid will
take place more easily.

3.3. Effect of temperature

It has been believed that the temperature generally has two
major effects on the adsorption process. Increasing the temper-
ature will increase the rate of diffusion of the adsorbate
molecules across the external boundary layer and in the inter-
nal pores of the adsorbent particle, owing to the decrease in the
viscosity of the solution. In addition, changing the temperature
will change the equilibrium capacity of the adsorbent for a par-
ticular adsorbate [18].

Fig. 4 shows the effect of temperature on dynamic adsorp-
tion of two dyes on unburned carbon. It is seen that higher
temperature will result in an increase in dye adsorption on un-
burned carbon, suggesting that the dye adsorption is an endo-
thermic process. The temperature seems to have a significant
effect on Acid Black adsorption while less effect on Basic
Violet adsorption. For Basic Violet, the adsorption approaches
equilibrium after 100 h and the adsorption capacity will reach
2 ! 10�4 mol/g at 50 �C. However, for Acid Black, the
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Fig. 3. Effect of solution pH on dye adsorption on unburned carbon. (a) Acid

Black 1, (b) Basic Violet 3.
adsorption shows gradual increase and no equilibrium will
be established after 500 h.

3.4. Kinetic modelling

Most sorption processes take place by a multistep mecha-
nism comprising: (i) diffusion across the liquid film surround-
ing the solid particles (a process controlled by an external
mass transfer coefficient), (ii) diffusion within the particle it-
self assuming a pore diffusion mechanism (intraparticle diffu-
sion) and (iii) physical or chemical adsorption at a site [3].

The transient behaviour of the batch sorption process at
different temperatures was analysed using the Lagergren
first-order kinetic model and the pseudo-second-order model
[19e21]. The Lagergren first-order model was given by the
equation

logðqe� qtÞZlog qe�
k1

2:303
t ð1Þ

where, qt and qe represent the amount of dye adsorbed
(mol g�1) at any time t and at equilibrium time, respectively,
and k1 represents the adsorption rate constant (h�1). In this
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Fig. 4. Effect of temperature on dye adsorption on unburned carbon. (a) Acid

Black 1, (B) Basic Violet 3.
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equation, it is necessary to know qe while it is seen from Fig. 4
that the equilibrium is difficult to achieve. Hence, we use the
following equation for curve fitting of the Lagergren first-
order kinetic reaction.

qtZqe

�
1� e�kadt

�
ð2Þ

Figs. 5a and 6a show the fitted curves of different dyes at
30 �C based on Eq. (2). From the figures, it is observed that
the sorption data are well represented by the Lagergren model
only for the first 20 h for Basic Violet and thereafter it deviates
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Fig. 5. Comparison of kinetic models of Acid Black 1 on unburned carbon.

(a) First-order kinetics, (b) second-order kinetics, (c) intraparticle model, (d)

external model.
from theory and the sorption data cannot be well fitted for
Acid Black 1. This confirms that it is not appropriate to use
the Lagergren kinetic model to predict the sorption kinetics
of two dyes onto the unburned carbon for the entire sorption
period. The predicted rate constants using the modified
Lagergren equation from Figs. 5a and 6a and their correspond-
ing regression correlation coefficient values are shown in
Table 1. As seen from the coefficients, data are less than
0.96 and the equilibrium capacities are lower comparing
with the experimental data. It is noted that the first-order kinetic
rate is higher for Basic Violet than that of Acid Black.
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Table 1

Kinetic parameters obtained from the various models

Dye First-order kinetics Second-order kinetics Intraparticle

kinetics

External diffusion

model

k1 (h�1) qe (mol/g) R2 k2 (g mol�1 h�1) qe (mol/g) R2 ki (mol/g h1/2) ks (h�1)

Basic Violet 0.0881 1.59 ! 10�4 0.964 772.86 1.72 ! 10�4 0.999 1.88 ! 10�6 0.054

Acid Black 0.0198 2.62 ! 10�4 0.799 85.14 3.07 ! 10�4 0.973 9.45 ! 10�6 0.031
The kinetic data were further analysed using a pseudo-
second-order relation, the linear form of which is as follows:

t

qt

Z
1

k2q2
e

C
1

qe

t ð3Þ

where k2 is the pseudo-second-order rate constant of sorption
(g mol�1 h�1), qe is the amount of dye sorbed (mol g�1) at
equilibrium and qt is the amount of dye on the surface of
the sorbent (mol g�1) at any time t. Figs. 5b and 6b present
the linear correlation of the pseudo-second-order kinetics
for the two dyes. In this study, the kinetic data show a
good compliance with this pseudo-second-order equation
(R2 O 0.970) and the equilibrium adsorption capacities are
close to the experimental data. For the second-order kinetic
rate, Basic Violet has higher value than Acid Black, the
same as the case for the first-order kinetic model.

From a mechanistic viewpoint, to interpret the experimental
data, it is necessary to identify the steps involved during ad-
sorption, described by external mass transfer (boundary layer
diffusion) and intraparticle diffusion. According to previous
studies, the intraparticle diffusion plot may compose a multili-
nearity, representing the different stages in adsorption. An in-
traparticle diffusion model is defined as follows:

qtZki

�
t1=2
�

ð4Þ

where the parameter, ki (mol/g h1/2), is the diffusion coeffi-
cient. In theory the plot between q and t1/2 is given by multiple
regions representing the external mass transfer followed by in-
traparticle diffusion in macro, meso, and micropore [3]. From
Figs. 5c and 6c it was observed that there were two linear por-
tions, indicating two-stage diffusion of dyes onto unburned
carbon particles. The slope of the second linear portion char-
acterises the rate parameter corresponding to the intraparticle
diffusion, whereas the intercept of this second linear portion is
proportional to the boundary layer thickness. Table 1 gives the
values of ki for two dyes. As seen, acid dye produces the
higher diffusion coefficient, resulting in higher adsorption
capacity.

As the double nature of the intraparticle diffusion plot sug-
gested the external mass of dye particles at initial time periods,
the rate constant corresponding to external mass transfer at
these initial time intervals was calculated using the plot of
C/C0 vs time t, where C and C0 represent the concentration
(mol/l) at any time and the initial concentration, respectively.
Figs. 5d and 6d show the plots of C/C0 vs time at 30 �C. The ks

values were obtained using the data before 6 h for linear
regression and are given in Table 1. It is shown that Basic
Violet 3 has the higher diffusion rate, leading it to reach equi-
librium faster.

In order to determine the actual rate-controlling step
involved in the dye sorption process, the sorption data were
further analysed using the kinetic expression given by Boyd
et al. [3,22]

FZ1� 6

p2
expð�BtÞ ð5Þ

where F is the fraction of solute adsorbed at different times t
and Bt is a mathematical function of F and is given by

FZ
qt

qe

ð6Þ

where, qt and qe represent the amount adsorbed (mol/g) at any
time t and at infinite time. In this work, we take qe from the
second-order kinetic model. Substituting Eq. (6) in Eq. (5),
the kinetic expression becomes

BtZ� 0:4977� ln

�
1� qt

qe

�
ð7Þ

Thus the value of Bt can be calculated for each value of F
using Eq. (7). The calculated Bt values were plotted against
time as shown in Fig. 7. The linearity of this plot will provide
useful information to distinguish between external-transport-
and intraparticle-transport-controlled rates of adsorption [3].
From Fig. 7, it was observed that the plots were not linear,
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Fig. 7. Boyd plot for Acid Black 1 and Basic Violet 3.
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Table 2

Kinetic parameters for Basic Violet and Acid Black obtained at different temperatures

Dye Temp ( �C) k2 (g mol�1 h�1) qe (mol/g) R2 ki (mol/g h1/2) Layer thickness (mol/g) ks (h�1)

Basic Violet 30 772.86 1.72 ! 10�4 0.964 1.88 ! 10�6 1.40 ! 10�4 0.054

40 1027.65 1.78 ! 10�4 0.999 2.44 ! 10�6 1.39 ! 10�4 0.075

50 981.78 1.97 ! 10�4 0.998 3.64 ! 10�6 1.42 ! 10�4 0.093

Acid Black 30 85.14 3.07 ! 10�4 0.973 9.45 ! 10�6 9.74 ! 10�5 0.031

40 47.92 4.05 ! 10�4 0.952 1.40 ! 10�5 8.68 ! 10�5 0.035

50 41.20 5.27 ! 10�4 0.963 1.76 ! 10�5 1.32 ! 10�4 0.052
indicating that external mass transport mainly governs the
rate-limiting process. This is confirmed by the observation in
the adsorption at different particle sizes.

Table 2 presents the parameters obtained from the various
kinetic models at different temperatures. As seen, the adsorp-
tion equilibrium capacity increases with the increasing tem-
perature for both dyes and that unburned carbon presents
higher adsorption capacity for Acid Black. The pseudo-
second-order kinetic rate constant, k2, shows different trend
variation for the two dyes. For Basic Violet, k2 increases as
the temperature increases from 30 to 40 �C and then it keeps
close to the value at 50 �C, indicating that the adsorption
mechanism is different at higher temperature from that at
lower temperature. The diffusion rates for intraparticle and
external diffusion also show an increasing trend with the tem-
perature due to the endothermic characteristics of diffusion
process. On the other hand, the pseudo-second-order kinetic
rate constant for Acid Black adsorption shows a decreasing
trend with the temperature, suggesting that the chemical pro-
cess is an exothermic reaction. While the diffusion rates for in-
traparticle and external diffusion processes are increasing with
the increasing temperature, similar to the basic dye adsorption.
These also demonstrate that diffusion process for acid dye is
also an endothermic process.

From the kinetic parameters, k2, ki and ks at varying temper-
atures, the activation energies for the three processes can be es-
timated and their values are presented in Table 3. As shown, the
activation energies from the pseudo-second-order kinetics for
acid and basic dyes are different. The negative value of the ac-
tivated energy for acid dye indicates that the adsorption is not
a chemical but a physical process while the positive values of
activated energies for basic dye indicate that the adsorption pro-
cess is a combination of chemical and diffusion processes.
Although the activated energy for basic dye is positive, it is
much lower compared with the values of two diffusion processes.
This confirms that diffusion process is the control step for
adsorption. The data in Table 3 also show that the activated en-
ergy for the intraparticle diffusion is higher than that of external

Table 3

Activation energies of dye adsorption on unburned carbon

Dye Ea-k2
(kJ/mol) Ea-ki (kJ/mol) Ea-ks (kJ/mol)

Basic Violet 3 9.9 26.8 22.2

Acid Black 1 �29.7 25.4 20.9
diffusion for both dyes and the activated energies for Basic
Violet are higher than those of Acid Black, resulting in higher
adsorption capacity of acid dye than that of Basic Violet.

4. Conclusion

Dynamic adsorption of acid and basic dyes on unburned
carbon derived from coal fly ash has been conducted in aque-
ous solution. Several adsorption parameters such as adsorbent
particle size, solution pH and temperature have been investi-
gated. Several kinetic models have been employed to model
the adsorption mechanism. It is found that the sorption dynamic
data followed the pseudo-second-order kinetics. Two mecha-
nisms including external diffusion and intraparticle diffusion
play roles in adsorption process and the dominating process
was found to be the external diffusion control. For Basic
Violet, the adsorption involves both physical and chemical
processes while the adsorption is the main process for the
Acid Black.
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