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Adsorption of Basic Dyes from Aqueous

Solution by Various Adsorbents

Ching-Yeh Shiau* and Chien-Cheng Pan

Department of Chemical Engineering, National Taiwan University of

Science and Technology, Taipei, Taiwan, Republic of China

ABSTRACT

Activated clay, montmorillonite, and activated carbon were used for the

removal of two basic dyes, Basic Green 5 (BG5) and Basic Violet 10

(BV10). Both dynamic and equilibrium data were obtained by the batch

technique. The dynamic data indicate that the activated carbon was suit-

able for BG5 but not for BV10 primarily due to the molecular structure,

whereas the montmorillonite was not good for either basic dye due to its

low surface area for adsorption. The adsorption process was analyzed in

terms of two pseudosteady-state equations and the intraparticle diffusion

model. The adsorption isotherms of Langmuir and Freundlich as well as

Langmuir–Freundlich types were employed to examine the equilibrium

adsorption data. Results show that all the adsorption systems could be
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adequately fitted by the Langmuir–Freundlich equation. Thermodynamic

parameters were also obtained.

Key Words: Activated carbon; Activated clay; Montmorillonite;

Adsorption; Basic dyes.

INTRODUCTION

Dyes are widely used in many industries, mainly in textile industry. Their

effluents often cause serious environmental problems due to deep color

present in the discharge water that requires pretreatment for color prior to

disposal into a river. Due to large amounts of metal complex present in

the dyes, most commercial dyes are treated with difficulty by the conventional

biodegradation or chemical oxidizing method. Liquid-phase adsorption

of dyes from discharge streams by various adsorbents becomes one of the

major treatments for such wastewater because this process is simple,

inexpensive, and easy to design. Activated carbon, due to its effectiveness,

is the most widely used adsorbent. Many researches[1 –5] have conducted

a great number of studies on the adsorption of dyes onto activated carbon.

With the exception of activated carbon, the use of other low-cost adsor-

bents has also been the focus of recent research. These include silica gel,

clays, sawdust, bagasse pith, peat, and fly ash.[6–17] Activated clay and mont-

morillonite are porous matrix materials, mainly containing silica and alumi-

num. Both clay minerals are inexpensive. Activated clay and acid-treated

activated montmorillonite have been used widely in the decoloration process

in the cooking oil industry.[18,19] However, their uses in the adsorption of dyes

in aqueous solution have not been well documented. Wu et al.[11] and

El-Geundi et al.[12,13] reported that basic dye can specifically be adsorbed

onto activated clay. Hsu et al.[15] found activated clay to have an excellent affi-

nity for basic dyes and the degree of adsorbability depends greatly on the

species of basic dyes, temperature, and relative concentrations of the adsor-

bate and adsorbent.

A comparison study on the adsorption of dyes onto activated clay, mont-

morillonite, and activated carbon has not yet been reported. The aim of this

study is to compare the adsorption behavior of basic dyes onto activated

clay, montmorillonite, and activated carbon from aqueous solution, including

their dynamic and equilibrium behaviors. Dynamic adsorption models and

adsorption isotherm models were also justified. The effect of temperature on

dye adsorption was also examined.
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EXPERIMENTAL

Materials

The dyes used in this study were Basic Green 5 (BG5) and Basic Violet 10

(BV10), supplied by Acros Chemical Company and were used without further

purification. The BG5 is a relatively smaller basic dye with a linear structure

and having molecular weight of 364.5, while BV10 is relatively larger with a

molecular weight of 478.5. The adsorbents used were activated clay purchased

from Laporte Industries (Singapore) Pte., Ltd., montmorillonite purchased

from the Aldrich Company, and activated carbon purchased from a local

source in Taiwan. Activated clay and activated carbon were used as received

and montmorillonite was treated with diluted nitric acid for 3 hr for activation

before use. The BET surface area was measured to be 278.4, 165.05 and

945.88m2/g for activated clay, montmorillonite, and activated carbon,

respectively. Their pore size distributions are shown in Fig. 1. This figure

Figure 1. Pore size distribution of three adsorbents.
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shows that for the activated carbon there are two peaks, 0–20 and 35–45A,

which are located in the micropore and mesopore ranges, respectively,

while for the other two adsorbents there is only one peak, 35–45A. Appar-

ently, activated carbon possesses more micropores and surface area.

Synthetic dye wastewater was prepared by dissolving the different basic

dyes in deionized water at proper concentration.

Adsorption Procedure

All adsorption studies were conducted in a cylindrical plastic tank with a

volume of 1500 cc to obtain dynamic and isotherm data. For the dynamic

experiments, a 500 cc volume of synthetic dye solution with desired concen-

tration was first placed in the tank at desired pH, agitation, and temperature.

The timing was started upon the addition of 1.0 g adsorbent. At fixed time

intervals, a sample of 10 cc was taken and immediately filtered. The con-

centration of dyes in each sample was analyzed using a Shimadzu UV/
VIS spectrophotometer (model UV-160A) at a suitable wavelength. The

calibration curves for each individual dyestuff were established.

In isotherm experiments, 1.0 g of adsorbent and 500 cc of an aqueous

solution with desired concentration of dye were placed in the tank at pH 3.0

and desired temperature for 3 hr. After filtration, the concentration of dye in

the aqueous solution was measured.

RESULTS AND DISCUSSION

Effect of Agitation Speed

In a liquid adsorption system, the transfer rate of a solute to a particle

is affected by liquid film thickness surrounding the particle and the film

thickness depends on agitation speed. A series of experiments at different

degrees of agitation (from 200 to 600 rpm) were undertaken and shown

in Fig. 2 for the adsorption of BG5 on activated clay. Figure 2 indicates

that the degree of agitation influences the sorption rate as the agitation

rate increases from 200 to 600 rpm. At agitation rates higher than

400 rpm the sorption rates only differ to a quite small extent, indicating

that the film thickness has insignificant effect when the agitation rate is

higher than 400 rpm. Hence, an agitation rate of 500 rpm was selected for

all the experiments.
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Effect of Initial Concentration

The adsorptions of BG5 on activated carbon with different initial dye con-

centrations are shown in Fig. 3. The adsorption capacity near equilibrium

increases from 146 to 268mg/g with an increase in the initial dye concen-

tration from 300 to 700mg/dm3. Similar trends were observed for the other

adsorption cases, indicating that the adsorption capacity increases with

increasing initial dye concentration within the operation conditions in this

study. Figure 3 also indicates that the initial adsorption rate increases with

increasing initial dye concentration as well.

Adsorption Dynamics

The dynamic adsorptions of the two dyes, BG5 and BV10, during the

adsorption process by the three adsorbents are shown in Fig. 4 with an initial

dye concentration of 700mg/dm3. It was found that all the adsorptions have

quite high initial uptake. More than 80% of the adsorption is completed within

the first 10min of contact. This is primarily due to strong electrostatic attraction

between adsorbate and adsorbent. The adsorption then gradually reached a rela-

tive constant value, i.e., equilibrium adsorption. Figure 4 also indicates that the

activated carbon has much faster initial adsorption rate than do the other two

Figure 2. Effect of agitation speed on the adsorption of BG5 on activated clay with

Co ¼ 700mg/dm3.

Adsorption of Basic Dyes 1737

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

adsorbents for both dye adsorptions. The order of adsorption capability of adsor-

bents for BG5 is activated carbon . activated clay . montmorillonite, while

for BV10 the order is activated clay . montmorillonite . activated carbon

although they are relatively close. Another interesting point is that the activated

carbon presents much better adsorption capability for BG5 than for BV10. This

result can be explained by the different structure of dyes and the micropores

possessed by the activated carbon. Usually dye ions have a tendency to aggregate

in solution and dyes are adsorbed with an aggregation extent proportional to

the cube of the ionic weight of the dye.[17] Since BV10 is a relatively larger

molecule as compared to BG5, it may aggregate to a much larger adsorbate,

which could be too large to enter the micropores within the activated carbon,

causing the available adsorption surface area to be drastically reduced.

A suitable model is needed to describe the adsorption process, which may

involve mass transfer and chemical reaction. Many models have been pro-

posed for this process.[20–26] Some of them are based on reaction kinetics.

A simple kinetic analysis is the pseudo first-order adsorption model:

dq

dt
¼ k1ðq

� ÿ qÞ ð1Þ

Integrating this equation with initial condition q ¼ 0 at t ¼ 0 gives

ln ðq� ÿ qÞ ¼ ln q� ÿ k1t ð2Þ

Figure 3. Effect of initial concentration on the adsorption of BG5 on activated carbon.
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where k1 is the pseudo first-order rate constant and q� is the equilibrium dye

concentration. The intercept of the straight-line plot ln(q� 2 q) against t

should equal ln q�.

Another kinetic analysis is the pseudo second-order adsorption model:

dq

dt
¼ k2ðq

� ÿ qÞ2 ð3Þ

where k2 is the pseudo second-order rate constant. Integration of Eq. (4) yields

t

q
¼

1

ðk2q�2Þ
þ

t

q�
ð4Þ

Plotting t/q against t yields a straight line with a slope equal to 1/q� and inter-
cept equal to 1/k2q

�2.

Figures 5 and 6 display the plots of ln(q� 2 q) vs. t and t/q vs. t for various
adsorbents at initial concentration of 700mg/dm3. Apparently, the exper-

imental data follow reasonably well the linear relationship of the pseudo

second-order adsorption model instead of the pseudo first-order adsorption

model. As time approaches to zero, according to the pseudo second-order

model, the initial adsorption rate, h (mg/gmin) is:

h ¼ k2q
�2 ð5Þ

Figure 4. Adsorption kinetics of basic dyes onto three adsorbents (on the basis per

weight of adsorbent). (Filled for BG5 and open for BV10.)
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The k2, q
�, and h values for these six adsorption systems are tabulated in

Table 1, using the least square method as the calculating tool. Table 1

shows that the initial adsorption rates, h, for activated carbon are high and

are low for montmorillonite.

The intraparticle diffusion model is also tested by plotting the amount of

adsorbed dye q against the square root of time t1/2.[15,25,26] Figure 7 shows

such result for BG5 and BV10. In this plot we see three clear adsorption stages

for all the adsorption cases. The first stage is an instantaneous adsorption and

is a quick uptake stage. This plot indicates that the first stage corresponds to

more than 80% adsorption and is probably due to strong electrostatic attraction

between dyestuff and external surface as well as surface of larger pores. Also,

the initial adsorption rates revealed from this figure are comparable with those

obtained from the second pseudo steady-state model. The second stage is a

gradual adsorption stage. This stage can be attributed to intraparticle diffusion,

i.e., dye molecules diffusion through smaller pores. It is interesting to see from

Fig. 7 that the uptake of BV10 by activated carbon at this stage is quite small

as compared to the other adsorption cases, indicating that the diffusion of

BV10 within the activated carbon is hindered. This is probably due to smaller

micropores inside the activated carbon that are too small for BV10 to enter.

The final stage is an equilibrium adsorption. At this stage, almost all active

sites of the adsorbent are occupied by dye molecules. This section also

Figure 5. Test of pseudo first-order equation of basic dyes on three adsorbents.

(Filled for BG5 and open for BV10.)
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corresponds to the maximum adsorption of dyes for the specified experimental

conditions.

Adsorption Isotherm

Figures 8 and 9 illustrate the adsorption isotherms of BG5 and BV10 on

the three adsorbents, a plot of amount of dye adsorbed per unit mass of adsor-

bent (qe) vs. equilibrium concentration of dye in liquid phase (Ce). It was

Table 1. Comparison of k, q�, and h values of the pseudo second-order adsorption

model for various adsorbents and adsorbates.

Adsorbate Adsorbent q� k2 � 103 h

BG5 Activated clay 236 9.47 527

Montmorillonite 126 13.64 215

Activated carbon 268 11.86 852

BV10 Activated clay 200 4.15 166

Montmorillonite 170 3.92 113

Activated carbon 153 17.91 421

Note: q� (mg/g); k2 (g/mg.min); h (mg/gmin).

Figure 6. Test of pseudo second-order equation of basic dyes on three adsorbents.

(Filled for BG5 and open for BV10.)
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found that qe increases sharply with Ce at lower dye concentrations and then

gradually levels off. The adsorption isotherm reveals the adsorption capacity

of an adsorbent for dye adsorption at the plateau of the isotherm.

Adsorption isotherms are important to describe how adsorbates will inter-

act with adsorbents and so are critical for design purposes. Therefore, the

correlation of equilibrium data using an equation is essential to practical

adsorption operation. Three isotherm equations were adopted in this study.

1. Langmuir isotherm

Ce

qe
¼

1

KLqm

� �

þ
1

qm

� �

Ce ð6Þ

where qm is the amount of dyes adsorbed per unit mass of adsorbent

corresponding to complete monolayer coverage, KL is the Langmuir

constant.

2. Freundlich equation

ln qe ¼ lnKF þ n lnCe ð7Þ

where n and KF are constants for a given adsorbate–adsorbent system

at a fixed temperature.

Figure 7. Test of intraparticle diffusion model for the adsorption of basic dyes on

three adsorbents. (Filled for BG5 and open for BV10.)
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3. Another useful improved model for the isotherms of dye is the

following Langmuir–Freundlich equation:[27]

Cn
eqe ¼

1

KLFqm

� �

þ
1

qm

� �

Cn
e ð8Þ

where KLF is the adsorption constant for this equation.

For the first two equations, the parameters can be obtained by plotting either

(Ce/qe) vs. Ce or ln qe vs. lnCe. For the third equation, a minimization method

is used to determine the best values of the three parameters. The adsorption

curves were applied to the above isotherm equations.

The isotherm constants and their correlation coefficients, r2, for Figs. 8

and 9 are listed in Table 2. It is seen that the linear fit is fairly good for both

Freundlich and Langmuir–Freundlich equations, but not for the Langmuir

equation under the conditions of the present study. This implies multilayer

adsorption occurred for all the adsorptions of two basic dyes on the adsorbents.

Effect of Temperature

Figures 10 and 11 are the plots of the adsorption isotherms of BG5 and

BV10, respectively, on the activated carbon at different temperatures. It is

Figure 8. Adsorption isotherms of BG5 at 258C on three adsorbents.
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shown that the adsorption capacity increases with temperature. Similar results

were observed for the other adsorbents.

The heat of adsorption (DH8) could be calculated from the temperature

dependence of adsorption equilibrium constant, K.

lnK ¼ ÿ
DH8

RT

� �

þ C ð9Þ

A linear plot of ln K against 1/T with a slope of DH8/R is shown in Fig. 12.

Other thermodynamic parameters, including the apparent free energy (DG8)

and entropy (DS8), can be calculated by the following relations:

DG8 ¼ ÿRT lnK ð10Þ

DS8 ¼
DH8 ÿ DG8

T
ð11Þ

The values of DH8 are determined to be 7.2 and 9.3 kJ/mol for BG5 and BV10

onto activated carbon, respectively. These small values of enthalpy change

represent the no structure change occurred during the adsorption process.

In general, the enthalpy change due to chemical adsorption (40–120 kJ/mol)

is considerably larger than that due to physical adsorption (,40kJ/mol).

Hence, the adsorption of basic dyes BG5 and BV10 on activated carbon is prob-

ably due to the physical adsorption process for the described temperature range.

Figure 9. Adsorption isotherms of BV10 at 258C on three adsorbents.
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Figure 11. Adsorption isotherms of BV10 on activated carbon at different

temperatures.

Figure 10. Adsorption isotherms of BG5 on activated carbon at different

temperatures.
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As expected, the negative value of DG8 indicates that the adsorption pro-

cess is spontaneous. The positive value of DH8 reflect the endothermic nature

of the process studied, which corresponds to the results of two simple pro-

cesses: (a) the desorption of the molecules of solvent previously adsorbed,

and (b) the adsorption of the molecules of dyes. Each molecule of dye has

to displace more than one molecule of the solvent. The net result corresponds

to the endothermic process.[28] The positive value of DS8 [see Eq. (11)]

confirms that the adsorption of dyes on activated carbon is a combination of

the two simple processes shown.

CONCLUSION

Two basic dyes, BG5 and BV10, with different molecular weights and

structures were tested with three different adsorbents, activated clay, mont-

morillonite, and activated carbon. The dynamic data indicate that activated

Figure 12. Determination of enthalpy of basic dyes adsorption on activated carbon

and the plot of Gibbs free energy vs. temperature.
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carbon was suitable for BG5 but not BV10, primarily due to the molecular

structure and montmorillonite was not good for either basic dye. The contact

time process could be adequately fitted by the pseudo second-order equation

for all the adsorption systems. The adsorption isotherms of dye could be

well described by the Langmuir–Freundlich equation. The mean values of

thermodynamic parameters were also obtained. The results indicate the

adsorption is an endothermic process and an increased solution temperature

would results in an increased adsorption capacity.

REFERENCES

1. McKay, G. The adsorption of dyestuffs from aqueous solutions using acti-

vated carbon: an external mass transfer and homogeneous surface diffu-

sion model. AIChE J. 1985, 31 (2), 335.

2. McKay, G.; Al-Duri, B. Prediction of bisolute adsorption isotherms using

single- component data for dye adsorption onto carbon. Chem. Eng. Sci.

1988, 43 (5), 1133.

3. McKay, G.; Al-Duri, B. Study of the mechanism of pore diffusion in batch

adsorption systems. J. Chem. Tech. Biotechnol. 1990, 48, 269.

4. McKay, G.; Al-Duri, B. Multicomponent dye adsorption onto carbon

using a solid diffusion mass-transfer model. Ind. Eng. Chem. Res.

1991, 30, 385.

5. Juang, R.S.; Swei, S.L. Effect of dye nature on its adsorption from aqu-

eous solutions onto activated carbon. Sep. Sci. Technol. 1996, 31 (15),

2143.

6. Alexander, F.; Poots, V.J.P.; Mckay, G. Adsorption kinetics and diffusion

mass transfer processes during color removal from effluent using silica.

Ind. Eng. Chem. Process Res. Dev. 1978, 17, 406.

7. McKay, G.; Prasad, G.R.; Mowli, P.R. Equilibrium studies for adsorption

of dyestuffs from aqueous solutions by low-cost materials. Water Air Soil

Pollut. 1986, 29, 273.

8. McKay, G.; Geundi, M.E.; Nassar, M.M. External mass transport pro-

cesses during the adsorption of dyes onto bagasse pith. Water Res.

1988, 22, 1527.

9. Gupta, G.S.; Prasad, G.; Singh, V.N. Removal of chrome dye from aqu-

eous solutions by mixed adsorbents: fly ash and coal. Water Res. 1990,

24 (1), 45.

10. Nassar, M.M.; El-Geundi, M.S. Comparative cost of color removal from

textile effluents using natural adsorbents. J. Chem. Tech. Biotechnol.

1991, 50, 257.

Shiau and Pan1748

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

11. Wu, F.C.; Hsu, Y.C.; Tseng, R.L. Adsorption of dyes by activated clay.

J. Chin. Inst. Environ. Eng. 1994, 4, 207.

12. El-Geundi, M.S.; Ismail, H.M.; Attyia, K.M.E. Activated clay as an adsor-

bent for cationic dyestuffs. Adsorp. Sci. Technol. 1995, 12, 109.

13. El-Geundi, M.S. Adsorption kinetics of cationic dyestuffs on to natural

clay. Adsorp. Sci. Technol. 1996, 13, 295.

14. McKay, G.; El-Geundi, M.S.; Nassar, M.M. Pore diffusion during the

adsorption of dyes onto bagasse pith. Proc. Safety and Environ. Prot.:

Trans. of the Inst. of Chem. Eng., Part B Proc. Safety Environ. Prot.

1996, 74, 277.

15. Hsu, Y.C.; Chiang, C.C.; Yu, M.F. Adsorption behavior of basic dyes on

activated clay. Sep. Sci. Technol. 1997, 32 (15), 2513.

16. Gupta, V.K.; Mohan, D.; Sharma, S.; Sharma, M. Removal of basic dyes

(rhodamine B and methylene blue) from aqueous solutions using bagasse

fly ash. Sep. Sci. Technol. 2000, 35 (13), 2097.

17. Walker, G.W.; Weatherley, L.R. Adsorption of dyes from aqueous sol-

ution—the effect of adsorbent pore size distribution and dye aggregation.

Chem. Eng. J. 2001, 83, 201.

18. Taylor, D.R.; Jenkins, D.B.; Ungermann, C.B. Bleaching with

alternative layered minerals: a comparison with acid-activated montmor-

illonite for bleaching soybean oil. J. Am. Oil Chemists’ Soc. 1989, 66,

334.

19. Hsu, Y.C.. The Method for Removing Fatty Acid from the Wastewater of

High Concentrated Emusified Fatty Acid. ROC Patent 59494, 1992.

20. McKay, G.; Allen, S.J. Single resistance mass transfer models for the

adsorption of dyes on peat. J. Sep. Proc. Technol. 1983, 4, 1.

21. McKay, G.; Allen, S.J. Pore diffusion model for dye adsorption onto peat

in batch adsorbers. Can. J. Chem. Eng. 1984, 62, 340.

22. Allen, S.J.; McKay, G. Diffusion model for the sorption of dyes on peat.

J. Sep. Proc. Technol. 1987, 8, 18.

23. Ho, Y.S.; McKay, G. The kinetics of sorption of basic dyes from

aqueous solution by sphagnum moss peat. Can. J. Chem. Eng. 1998,

76, 822.

24. Ho, Y.S.; McKay, G. A kinetic study of dye sorption by biosorbent waste

product pith. Res. Conser. Recycling 1999, 25, 171.

25. Sethuraman, V.V.; Raymahashay, B.C. Color removal by clays. Environ.

Sci. Technol. 1975, 9, 1139.

26. Graham, N.; Chen, X.G.; Jayaseelan, S. The potential application of acti-

vated carbon from sewage sludge to organic dyes removal. Water Sci.

Technol. 2001, 43, 245.

Adsorption of Basic Dyes 1749

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

27. Tseng, R.L.; Wu, F.C.; Juang, R.S. Liquid-phase adsorption of

dyes and phenols using pinewood-based activated carbon. Carbon 2003,

41, 487.

28. Singh, B.K.; Rawat, N.S. Comparative sorption equilibrium studies of

toxic phenols on flyash and impregnated flyash. J. Chem. Tech. Biotech-

nol. 1994, 61, 307.

Received July 2003

Accepted December 2003

Shiau and Pan1750

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120030779

Request Permission or Order Reprints Instantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright 

Law requires that you get permission from the article’s rightsholder before 

using copyrighted content. 

All information and materials found in this article, including but not limited 

to text, trademarks, patents, logos, graphics and images (the "Materials"), are 

the copyrighted works and other forms of intellectual property of Marcel 

Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 

reprints quickly and painlessly. Simply click on the "Request Permission/ 

Order Reprints" link below and follow the instructions. Visit the 

U.S. Copyright Office for information on Fair Use limitations of U.S. 

copyright law. Please refer to The Association of American Publishers’ 

(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 

reposted, resold or distributed by electronic means or otherwise without 

permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 

limited right to display the Materials only on your personal computer or 

personal wireless device, and to copy and download single copies of such 

Materials provided that any copyright, trademark or other notice appearing 

on such Materials is also retained by, displayed, copied or downloaded as 

part of the Materials and is not removed or obscured, and provided you do 

not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


