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Adsorption Behavior of Basic Dyes on Activated Clay 

YUNG-CHIEN HSU,* CHUN-CHIAO CHIANG, 
and MEI-FENG YU 
DEPARTMENT OF CHEMICAL ENGINEERING 
NATIONAL TAIWAN INSTITUTE OF TECHNOLOGY 
43 KEELUNG ROAD. SECTION 4, TAIPEI, 106, REPUBLIC OF CHINA 

ABSTRACT 

Activated clay was used to study the adsorption behavior of dyestuffs in syn- 
thetic wastewater containing dyestuffs. Three basic dyes were used: C.I. Basic 
Red 18 (or BR18), C.1. Basic Red 46 (BR46). and C.I. Basic Yellow 28 (BY28). 
Adsorption occurred almost instantaneously upon contact. The mechanism of ad- 
sorption was explained by a charge to the electrostatic attractive force described 
in the Langmuir adsorption isotherm. The mass transfer coefficient was also calcu- 
lated by the external mass transfer model in an adsorbent according to Mckay et 
al. Parameters including species of basic dyes, initial concentration. temperature, 
size of adsorbent, and NaCl were extensively investigated. 

Key Words. Adsorption; Activated clay; Wastewater; Basic 
dye; Mass transfer 

1. INTRODUCTION 

The dyeing and finishing industries often discharge deep colored waste- 
water which has been treated by chemical coagulation, biotreatment after 
dilution, or the oxidation-reduction process. Active carbon may also be 
used. Generally speaking, biotreatment by microorganisms is not particu- 
larly effective due to poor biodegradability with poor biosorption. Active 
carbon is effective but it is costly and its regeneration is no simple task. 

* To whom correspondence should be addressed. 
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Investigators are more interested in low-cost adsorbents such as silica gel 
(1, 2), sawdust (31, and bagasse (4). Gupta et al. ( 5 )  used coal and fly ash 
to decolor the dye’s wastewater. Economic consideration has always been 
a big factor in wastewater treatment. 

Mckay et al. (6, 7) studied the external mass transfer coefficients of the 
adsorbents, and derived an equation (8) through dimensional analysis to 
describe the porous diffusivity with respect to time. The amount of adsor- 
bate was reported to be directly proportional to the square root of time. 
The adsorption is also affected by the electrophoretic mobility that is 
highly pH-dependent (9, 10). Activated clay has been used with satisfac- 
tory results to treat high strength wastewater containing emulsified fatty 
acids ( 1  1). We attempt in this work to investigate further its adsorption 
behavior in treating dyeing wastewater. 

Activated clay is a porous matrix containing oxides of silicon and alumi- 
num. It is often manufactured from acidic medium at pH 2-3. The pH 
values may vary slightly with the quantity of activated clay used. Acti- 
vated clay is inexpensive and has been widely used in the decoloration 
process by the cooking oil industry. However, its use for the adsorption 
of dyes in aqueous solution has not been well documented. Wu et al. ( I  2) 
reported that basic dye C.I. Basic Blue 69 can specifically be adsorbed 
onto activated clay. Whether the results are also valid for other basic dyes 
needs further investigation. Moreover, the equation C,/Co = A + B log(t), 
proposed by Wu et al. (12) for calculation of the external mass transfer 
coefficient, becomes infinite at the limit [d(  C,/Co)ldt], =,, . This drawback 
has to be overcome. 

This work was therefore undertaken not only to investigate the adsorp- 
tion behavior for the basic dyes BR18. BR46, and BY28, but also to pro- 
pose an equation for the calculation of the external mass transfer coeffi- 
cients. The coefficients calculated from this equation are compared with 
the literature data. 

2. THEORETICAL 

The adsorption of dye molecules onto activated clay in aqueous solution 
occurs in a liquid-solid system. The parameters that affect the adsorption 
include the specific surface areas, the characteristics and sizes of the ad- 
sorbent particles, and the functionality of the adsorbate. 

2.1. Adsorption by the Activated Clay 

The major composition of activated clay consists of S O z  and AIZO3 as 
illustrated in Table 1 (13). In addition to the WAl ratio, its adsorptability 
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TABLE I 
The Components of Activated Clay" 

Loss on 
SiOz Ah03 MgO CaO Fez03 KzO + NazO ignition 

67-75 15-20 2.5 0.5 2.0 0.8 < l o  

" Expressed in wt%. 

is also affected by the pH of the solution. The surface charge of aluminum 
silicate changes with the acidity (or the basicity) (14), which will result in 
different degrees of adsorbability. Protonation and deprotonation present 
different charged species of functionality on the surface (15) as revealed 
by Eq. (1): 

--H+ - H i  

M-OH; M-OH M-0- (1)  
+ H +  + H +  

where M denotes Al or Si atoms in activated clay. 
The isoelectric point, PI, is reached when no net charge exists on the 

surface of activated clay. When PI < pH, the surface bears a net negative 
charge and tends to attract positively charged particles (the basic dyes), 
and vise versa when PI > pH (16). 

The PI values are 2 and 9 for silica and aluminum, respectively. In 
general, the final adsorbability depends on the Si/AI ratio of the clay. A 
ratio of 1-5 tends to pick up both the cations and the anions, while cationic 
species are attracted in a ratio range of 5-6 (17). 

At pH as low as 2 (i.e., a condition of pl < pH), activated clay is still 
negatively charged as indicated by its negative electrophoretic mobility 
(18). This is favorable for adsorption of positively charged basic dyes. 
However, poor adsorption is expected for the negatively charged acidic 
dyes under the some conditions. 

2.2. Adsorption Isotherm 

Three models are usually used to describe the adsorption behavior: 
the Langmuir, the Freundlich, and the BET equations. Practically, the 
adsorption of basic dyes by the activated clay can be described by the 
Langmuir adsorption isotherm, which states 

C, 1 a - + - c e  _ -  
q e - K  K 
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where Ce is the equilibrium concentration of adsorbate in solution, qe 
represents the adsorbed dye per unit mass of activated clay at equilibrium, 
and K and a are the Langmuir isotherm constants. A linearity can be 
obtained by plotting C e l q e  vs C,,  from which the intercept 1/K and the 
slope alK, and thus the values of a and K ,  are derived. The ratio Kla is 
defined as the capacity factor. The Langmuir model was adopted in this 
work. 

2.3. The External Mass Transfer Coefficient 

Assuming good mixing of the dye molecules and the clay particles with 
respect to time, mass transfer of dye molecules takes place according to 
the following steps: 

1. The transfer of solute dyes from the bulk flow to the outer region of 
the liquid film on the particle (clay) surface. 

2. The transfer of solute dyes through the liquid film by electrostatic 
attractive force as well as the diffusion mechanism onto the particle 
surface. 

3.  The transfer of solute dye molecules from the particle surface into 
the porous cavity. 

The external mass transfer coefficient can be evaluated primarily by as- 
suming Step 3 to be rate-limiting according to Mckay et al. (7). The equa- 
tions proposed therein are discussed in the following sections. 

2.3.7. The Differentiation Method (7) 

mass transfer coefficient are related by the following equation: 
The concentration variation rate of dyes in solution and the external 

The boundary conditions are C,  = Co and Cs = 0 at t = 0. In Eq. ( 3 ) ,  
Co (mglL) is the initial concentration, Cs (mg/L) is the dye concentration 
on the surface of activated clay, C,  (mg/L) is the concentration in the bulk 
solution at time t ,  S s  is the outer surface of adsorbent per unit volume of 
particle-free slurry, and p is the external mass transfer coefficient in 
cmls. 

Using the cited value of external surface area of the adsorbent particles 
(7) and the shape factor I$ = 0.73 (19), we derived the value of SS from 
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where the parameters d,, P I ,  E,, and m are the diameter of the particle 
(m), the density of the liquid (kg/m3), the porosity of the activated clay, 
and the mass of activated clay per unit volume of liquid (g/L), respectively. 

Substitution of Eq. (4) into Eq. (3) and taking limit t-0 yields 

Using the initial three sets of data, we propose the following approxima- 
tion by the exponential law: 

Ct/Co = A e P a t  (6) 
where A and a are constants for the different initial concentrations of dye 
solution. 

By differentiating Eq. (6) and setting t = 0, we obtained [(dCt/Co)/ 
dtI tzo.  The value of p in Eq. ( 5 )  can be determined from the initial slope 
of plotting Ct/Co vs t. 

2.3.2. The Integration Method (7) 
According to Mckay et a]. (7), we have 

where K is the adsorption constant and ms is the mass of activated clay 
per unit volume of dye-free particle. The value of K can be derived by 
using the Langmuir model as discussed in Section 2.2. The slope [ - (1 + 
rnsK)pSst/rnsK] can be obtained by plotting In{(Ct/Co) - [U(l + m s K ) ] }  
vs t .  Since the value of Ss  was readily obtained from Eq. (4), the external 
mass transfer coefficient p can thus be determined, provided that the 
values of K and ms are given. 

3. MATERIALS AND METHODS 

3.1. Experimental Apparatus 

As sketched in Fig. l (A),  the agitation apparatus was made of acrylic 
resin. The external basin (20 cm x 20 cm) serves as a jacket into which 
water from a thermostatic water bath constantly flows. The inner cham- 
ber, serving as a stirred tank, is a cylindrical container of size T x Di x 
H = 0.4 cm x 10 cm x 20 cm. Inside the cylindrical inner chamber, 
eight pieces of baffle ( W  x L = 1 cm x 20 cm) are evenly installed on 
the inside wall. A six-blade stainless steel turbine (Fig. 1B) was used as 
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a 

(A) (B) 

FIG. 1 Agitation unit. ( A )  Agitation apparatus. (B)  Six-blade impeller. (a) Shaft, (b) variable 
speed motor, (c) six-blade impeller, (d) speed sensor, (e) speed indicator, (f) agitation tank, 
(g) baffle, (h) sampling tube, (i) sampling nozzle, (i) jacket, (k) water input, (1) water outlet. 

the stirrer. Samplings were performed by using a 20-mL plastic syringe 
to suck the sample liquid rapidly at the sampling port. Thermometers (not 
shown here) were used both inside and outside of the stirred chamber for 
temperature measurements. 

3.2. Chemicals 

Three basic dyes [C.I. Basic Red 18 (BR18), C.1. Basic Red 46 (BR46), 
and C.I. Basic Yellow 28 (BY28)] were provided by Taiwan I-Hwa Co. 
and Bayer Chemical Co. (Germany). 

Hydrochloric acid (35%) was manufactured by Hayashi Pure Chemical 
Industries Ltd. NaOH (96%) was supplied by Nacali Tesque Ltd. Sodium 
chloride (>99.5%) was a product of Tung-Hsiao Sodium Chloride Co. 

The RO water was prepared by a Barnstead RO pure ST (Reverse Os- 
mosis water system + NAN0 pure, Deionization Ultrapure System) with 
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a specific resistance larger than 18.0 MR-cm. The activated clay (size, 38 
+ 10 pm) was purchased from Laporte Industries (Singapore) Pte., Ltd. 

3.3. instrumentation 

The acetyl cellulose filter membrane was a product of Micro Filtration 
System with a pore size of 0.45 km and an outer diameter of 25 mm. It 
was placed in a filter with a diameter of 25 mm, provided by Gelman Co. 
The sampler was a 20-mL syringe, a product of Taiwan Top Co. It sampled 
the dye wastewater at regular intervals. A circulating bath provided by 
Julabo Labertechnik GMBH Co. (Type FIO-UC) was maintained at a con- 
stant temperature to control the temperature of the agitated tank to a 
precision of +O.I"C in the 20-100°C range. The specific surface area and 
the porosity of the clay were determined by a BET, a product of Micro- 
meritics Co. (Type ASAP 2000). A plate heater with stirrer, manufactured 
by Corning Co. (Model PC-320, 120 V AC, 575 W, 50160 Hz), was used 
as a stirrer in this experiment. The pH values were measured by a pH 
meter, a product of AI-ON Co. (Type MP 1800). A motor with a revolution 
speed range of 0-1000 rpm was provided by Hsiang Tai Co. (Type DC- 
2RTM). The revolution speed was measured by an IR detector type manu- 
factured by Saint-Wien Enterprise Inc. Ltd. (Type PM490R4B30). The 
size of adsorbent was screened and sieved by a vibrating sieve, a product 
of RETSCH Co. (Type VIBRO, 110 V, 430 W, 60 Hz). The maximum 
absorption of dyes was measured by a spectronic 1201 UV/Vis spectro- 
photometer, a product by Miltron Roy Co. 

3.4. Methods 

3.4.1. Synthetic Waste water 

The pH value was adjusted to 3.0 with HCI at 30°C. 
Synthetic wastewater was prepared by placing dyestuffs in RO water. 

3.4.2. The Maximum Adsorption 

The three basic dye solutions were filtered and then properly adjusted 
to a concentration suitable for optical density measurements, and the cali- 
bration curves were established for each individual dyestuff. 

3.4.3. Procedures 

Dye solutions of double strength were prepared in the RO water to 
make 500 mL of solutions at pH 3.0, which were maintained at a desired 
temperature prior to the experiment (Solution A). 
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Activated clay of size 38 2 10 pm, which had been placed in an oven 
(120°C) for more than 24 hours, was accurately weighed in double strength 
for a required amount and was placed in the stirring chamber containing 
400 mL of RO water with pH adjusted to 3.0, and the temperature was 
preset to a desired value (Solution B). 

Before mixing, 100 mL of Solution A was drawn for the measurement of 
the initial dye concentration, while the remaining 400 mL was immediately 
decanted into Solution B for the adsorption experiment. 

At intervals of 0.5, 1, 2, 5 ,  30, 60, and 120 minutes, about 2 mL of the 
sample was drawn using a 20-mL syringe. It was then filtered through a 
membrane filter. The filtrate was diluted at the beginning to a proper 
concentration for optical measurement because of the high strength of the 
dye solution. 

To study the effect of such experimental parameters as the agitation 
speed, the initial dye concentration, the particle size of activated clay, 
the quantity of clay used, and the temperature, we proceeded by changing 
one parameter at a time while holding the others constant. 

4. RESULTS AND DISCUSSION 

4.1. Effect of Agitation Speed on Adsorption 

Figure 2 shows that the adsorption rate stayed about the same regardless 
of changes in agitation speed above 200 rpm, which is consistent with a 
previously reported result (12). This result implies that the transfer of 
solute on the particle surface is not affected by film thickness. However, 
pore diffusion turned out to be a major limiting factor (15). Liquid film 
diffusion on the external particle sui-face was caused mainly by the electro- 
static attractive forces between the negatively charged activated clay and 
the positively charged basic dye molecules. An agitation speed of 500 rpm 
was selected for all our experiments to secure thorough mixing. 

4.2. Effect of the Quantity of Activated Clay on Adsorption 

The fact that only a very small amount of adsorbent clay was present 
in the 1 g/L experiment in Fig. 3 indicated random adsorption. We suspect 
it was a result of the adsorption site on the activated clay adsorbing the 
basic dye (BR 18) molecules. 

The adsorption curve became rather steady with 2 g/L of clay present. 
However, the adsorbability diminished as the amount of clay was in- 
creased. The amount of dyes adsorbed per unit mass of clay decreases 
with an increasing amount of clay added. Such a phenomenon is similar 
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I 

0 
0 10 20 30 

t (min) 
FIG. 2 Effect of agitation speed on adsorption capacity for BR18. Temperature = 30°C. 
pH 3.0 < dp 5 38 pm, activated clay = 2g/L, CO = 300 mg/L, (+ ) 200 rpm, (A) 300 rpm, 

(*) 400 rpm, (E4) 500 rpm, (0) 600 rpm. 

to that of instantaneous adsorption (20, 21). It is also consistent with the 
results of Giles et al. (22), who classified such a high affinity as an H-type 
adsorption. Experiments with other basic dyes such as BY28 and BR46 
found similar characteristics (not shown here). 2 g/L of activated clay was 
used throughout the following experiments of this work. 

4.3. Effect of Particle Size on Adsorption 

The adsorption surface area is highly dependent on the particle size, 
which in turn affects the adsorption rate as well as the adsorption capabil- 
ity. The specific surface areas are 147.33,99.51, 89.87, and 87.68 m'/g for 
particle sizes of <38, 38-63, 63-75, and 75-106 pm, respectively, among 
which the group with size <38 p,m showed the best result for BR18 (Fig. 
4). Similar results were also observed for BR46 and BY28 (data not shown 
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400 u 

0 20 40 60 

t (min) 
FIG. 3 Effect of activated clay concentration on adsorption capacity for BR18. Tempera- 
ture = 30°C. rpm = 500, p H  3, 0 < dQ s 38 pm, CO = 700 mg/L, (+ )  activated clay = I 
glc, (A) activated'cl8y = Z g l c ,  (1;) activated'clay = xg/c, (a actlvated'cl8y = 4'g/L, (0) 

activated clay = 5 g/L. 

here). It was found that the larger the specific surface area, the greater 
the adsorption capability and the more rapid the adsorption rate are, a 
result in good agreement with the cited references (15, 18). 

4.4. Adsorption Isotherm 

Figure 5 was obtained by plotting the adsorption capacity of BR18 dye, 
as an example, versus time to show that the adsorption rate is rather high. 
This was caused by strong attractive forces between the dye molecules 
and the clay, fast diffusion onto the external surface that was followed 
by fast pore diffusion into the intraparticle matrix to attain rapid equilib- 
rium. It was observed that the higher the initial dye concentrations, the 
higher adsorbate per unit adsorbent mass. Similar results were found for 
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0 40 80 120 

t (min) 
FIG. 4 Effect of particle sizes on adsorption capacity for BR18. Temperature = 30"C, rpm 
= 500, activated clay = 2 g/L, pH 3, CO = 300 mg/L, (0) 0 < dp I 38, (A) 38 5 dp  5 63, 

(0) 63 5 dp 5 75, (Ir) 75 5 dp I 106. 

BR46 and BY28 (not shown here) that agree with the literature (20). At 
low initial concentration (e.g., less than 110.56 mg/L), instantaneous ad- 
sorption occurred without significant lag time (Fig. 5). The Langmuir 
model is well fitted when we plotted C e l q e  vs C, for the three dye species 
(Fig. 6), which is consistent with the literature (18, 20). The a ,  K ,  and 
Kla values, as reported in Table 2, were calculated using the Langmuir 
adsorption isotherm. Of the three, dye BR18 has the greatest capacity 
factor. 

4.5. Effect of Sodium Chloride on Adsorption 

In the dye manufacturing process, NaCl is usually discharged into the 
wastewater for its salting-out effect. 
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h 

+ 0) 

W E" 
rn 

0 40 80 120 

t (min) 
FIG. S Effect of initial concentration of dyes on adsorption capacity for BR18. Temperature 
= 30°C. rpm = 500, pH 3,  0 < dp 5 38 pm,  activated clay = 2 g/L, (0) CO = 110.56 mgi 
L, (0) CO = 213.53 rngiL, (W) CO = 326.16 mg/L, (a) CO = 366.76 mg/L. (3) Co = 443.29 

mg/L, (A) CO = 519.83 mg/L. 

In our experiment we noticed that the presence of NaCl greatly en- 
hanced the adsorption capability of activated clay (Fig. 7). We think that 
in the presence of NaCl, an electrolyte, the charge density in the diffusion 
layer is significantly increased, which in turn minimizes the volume of 
diffusion layer required to neutralize the surface charge. Sodium cation 
has a thinning effect on the diffusion layer formed on the surface of the 
particles. Although the total net charge did not change, the thickness of 
the diffusion layer had diminished significantly (15). The enhancement of 
adsorption caused by NaCl has also been documented (18, 23). 

Similar results with little discrepancy were obtained for BR18 and BY28 
(not shown here). The differences in the molecular structures of the dyes 
may have contributed to any discrepancy. 
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3.0 

- 2.0 
4 m 
a u 

W 

\ 

0" 1.0 

0.0 I I I I 

0 100 200 300 400 500 

ce 
FIG. 6 A plot of the Langmuir adsorption isotherm for dyes. Temperature = 30°C, rpm 

= 500, pH 3. 0 < dp  5 8 pm, activated clay = 2 g/L, (W) BR18, (0) BR46. (A) BY28. 

4.6. Effect of Initial Dye Concentration on lntraparticle 
Diffusion 

Plotting the amount adsorbed, q. vs t"' from the adsorption of BY28 
reveals a two-section linearity. The higher the dye concentration, the 

TABLE 2 
Langmuir Equilibrium Constant 

Langmuir Equilibrium 
Particle size Temperature constant n constant K Capacity factor K / a  

Dye range (pm) ("C) (cm'/g) ( c m ' i g )  (g dye/g clay) 

BR18 0 < d, 5 38 30 8.01 26.35 3.29 
BR46 0 < dp 5 38 30 16.02 10.37 0.65 
BY28 0 < d, 5 38 30 18.67 12.48 0.67 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2526 HSU, CHIANG, AND YU 

0 40 80 120 

t (min) 
FIG. 7 Effect of NaCl on adsorption capacity for BR46. Temperature = 30°C, rpm = 500, 
pH 3, 0 < dp 5 38 pn, activated clay = 2 g/L, CO = 300 mg/L, (0) without NaCI, (H) 

1 g NaCI/L added. 

higher the adsorption rate, and the more efficient adsorption became with 
respect to the adsorption capacity q.  In Fig. 8 we see three different ad- 
sorption stages taking place. The first or instantaneous stage (as shown 
by dotted lines) may be related to electrostatic attraction between the dye 
cations and the surface anions of the clay. A similar instantaneous stage 
relating the adsorption of methylene blue onto montmorillonite clay was 
reported by Sethurama and Raymahashay (21). At the second stage the 
dyes adsorbed on the surface of the clay, or remaining in the bulk solution, 
diffused into pores of the clay. As the initial concentration of dye waste- 
water is increased, the adsorption lines slope upward. This is due to the 
greater driving force of dye between the bulk and the surface of the parti- 
cles as well as the pores. This fact may be attributed to intraparticle diffu- 
sion of the dye molecules, and it agrees with Mckay's result concerning 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ADSORPTION BEHAVIOR OF BASIC DYES 

v - \ E“ zs) 150 2oo 

= 100 

50 

0 

250 5 
J > 

. m m  m m m 
w w  w W W 3 

I I I I 1 I I 

2527 

I 

0 2 4 6 a 
t”2 (min”2) 

FIG. 8 A plot of q vs t”‘ for BY28 at various initial concentrations. Temperature = 3WC, 
rpm = 500, pH 3, 0 < d ,  5 38 +m, activated clay = 2 g/L, (@) Co = 99.84 mg/L, ( + )  Co 

= 299.18 mg/L, (A) Co = 504.79 mg/L, (*) CO = 629.98 mglL, (Ir) Co = 704.74 mg/L. 

the adsorption of dye onto the active carbon (8). At the final stage, almost 
all active sites of the activated clay are occupied by dye molecules, and 
adsorption reaches the equilibrium state. 

4.7. External Surface Mass Transfer Coefficient 

Two methods were used to determine the external surface mass transfer 
coefficient: The differentiation method and the integration method. 

4.7.7. The Differentiation Method 

As shown in Fig. 9, the adsorption rates for BY28 were found to be 
lower at higher initial concentrations. They gradually increased as the 
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0.8 '.F 
0.2 

0.0 
0 40 80 120 

t (min) 
FIG. 9 Effect of initial concentration on the adsorption rate for BY28. Temperature = 
30"C, rpm = 500, pH 3, 0 < dp 5 38 pm. activated clay = 2 g/L, (@) Co = 99.84 mg/L, 
(+) Co = 299.18 mg/L, (A) Co = 504.79 mg/L, (*) Cn = 629.98 mg/L. (Ir) Cn = 704.74 

mg/L. 

concentrations were lowered. The effect of initial concentration on the 
adsorption rate was evident. The result depends on the characteristics of 
the basic dyes. The external surface mass transfer coefficients, as obtained 
by using the differentiation method according to Mckay et al. (6). (Table 
3), decrease with an increase in initial concentrations. However, the dis- 
crepancy in the order of magnitude between Mckay's (7) and our work 
may be a result of using different values for the properties of chemical 
species, including the electrostatic attractive forces, the particle sizes 
(150-1000 vs 38 km), and the shape factors [+ = 1 (7) vs 0.73 (19)]. The 
difference could be minimized by using the same set of properties. As a 
result, the orders of f3 become comparable, and the p values approach 
the literature values. Similar results were observed for BR18 and BR46 
(data not shown here). The p values obtained by the differential method 
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TABLE 3 
Effect of Initial Concentration and Temperature of the Dye Solution on Surface Mass 

Transfer Coefficient Evaluated by the Differentiation Method" 

P (cmis) 
Temperature co 
("C) (mg/L) BR18 BR46 BY28 

30 
30 
30 
30 
30 
30 
30 
30 
10 
20 
45 

I00 
200 
300 
350 
450 
500 
600 
700 
300 
300 
300 

1.98 x lo-' 1.76 x 
1.67 x lo-' 
1.27 x 10-5 6.76 x 
9.98 x 
7.73 x 
7.53 x 4.50 x 

3.75 x 
3.49 x 

1 . 1 1  x 1 0 - 5  5.34 x 
9.26 x lo-' 7.14 x 
1.00 x 10-5 6.82 x 10.' 

1.40 x 

1.00 x 1 0 - 5  

6.59 x 10W6 
5.56 x 
4.80 x 
1.00 x 10-5 
1.03 x 10-5 
1.04 x 10-5 

a rpm = 500. activated clay = 2 g/L, 0 < d, 5 38 pm, pH 3.  

under different initial concentrations and temperatures of dye solutions 
are presented in Table 3 .  

4.7.2. The Integration Method 

The integration method, as proposed by Mckay et  al. (7), was consid- 
ered more accurate for evaluating the external surface mass transfer coef- 
ficient. According to Eq. (7), a plot of In{(Ct/Co) - [ I 4 1  + msK)]}  vs t 
gives Fig. 10. By taking the limit f-0,  we obtained the slope [ - ( I  + 
msK)PSs t /msK]PSs ,  from which the values of p were determined by 
substituting the values of K ,  S S ,  and ms. Similar calculations were per- 
formed for the other two dye species. p values are listed in Table 4. The 
results in Tables 3 and 4 are comparable. 

4.8. Effect of Temperature on Adsorption 

The wastewater from a dyeing and finishing plant is generally discharged 
without cooling. The wastewater temperature affects the adsorption rate 
as well as the adsorption capacity. In some cases its effect is positive 
while in others it is negative (15). 

A plot of the amount of BR46 adsorbed per unit mass in the activated 
clay vs time (Fig. 11) shows that the temperature effect is rather signifi- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HSU, CHIANG, AND YU 2530 

FIG 
500, 

1L 

i 

0 

-1 

-2 

-3 

-4 
0 1 2 3 4 5 

t (min) 
. 10 A plot of In[CtiCo - I / ( ]  + rn ,K) ]  vs c for BY28. Temperature = 30°C, rpm = 

pH 3 , 0  < d, 5 38 pm, activated clay = 2 g/L, (0) CO = 99.84 mg/L, (A) CO = 299.18 
mg/L. (@) Co = 504.79 mg/L. (0) CO = 629.98 mg/L, (ZS) CO = 704.74 mg/L. 

TABLE 4 
Effect of Initial Concentration on Surface Mass Transfer Coefficient Evaluated 

by the Integration Method" 

BR18 BR46 BY28 

100 
200 
300 
350 
450 
500 
600 
700 

6.91 x l o - '  5.95 x 4.41 x 
3.79 x 

1.96 x 1 0 - ~  
2.57 X lo - '  1.30 x 2.27 X 

1.65 X lo-'  
1.56 x lo-' 1.00 x 1.33 x 

8.78 X lo-'' 1.15 x 1 0 - 5  
8.47 X 9.97 x 10-6 

__ 

a Temperature = 30"C, rpm = 500, activated clay = 2 g/L, 0 < d, s 38 pm. 
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160 c 
120 

80 

40 

2531 

0 I I I I I 

0 40 80 120 

t (min) 
FIG. I 1  Effect of temperature on adsorption capacity for BR46. CO = 300 mg/L, rpm = 
500, pH 3,O < dp c 38 pm, activated clay = 2 g/L, (0) temperature = 10°C. (+)temperature 

= 20°C, (0) temperature = 30°C. (0) temperature = 45°C. 

cant. Similar results were observed for BY28 and BR18, although they are 
not as significant as for BR46. Our result shows that lower temperatures 
facilitate adsorption, which is in agreement with the cited reference (15). 
The result follows the Arrhenius equation, i.e., p = Ae-'E'RT'. Plotting 
In p vs 1/T yields the activation energies 2.11, 4.23, and 0.65 kJ/mol for 
BR18, BR46, and BY28, respectively. 

A value below 12 kJ/mol has been considered as an indication of physi- 
cal adsorption. The degree of temperature effect on the adsorption of 
the different basic dyes by activated clay varies from species to species, 
attributable to structural distinctions. The physical adsorption of dye mol- 
ecules onto activated clay is inherently a reversible process. At high tem- 
peratures the increased kinetic energy enhances the molecular mobility, 
causing a greater degree of desorption, and hence lower adsorption. More- 
over, the data in Fig. 11 at 20 and 30°C are very close, possibly due to 
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experimental errors or some unknown causes that need to be investigated 
further. 

5. CONCLUSION 

Three basic dyes were tested for their adsorption behavior onto acti- 
vated clay. Activated clay showed excellent affinity for the basic dyes. 
The adsorption is a physical phenomenon. Degree of adsorbability de- 
pends greatly on the species of basic dyes, temperature. and relative con- 
centrations of the adsorbate and the adsorbent. Sodium chloride contained 
in the wastewater exerts a positive effect on the adsorption. 

The adsorption behavior can be successfully described by the Langmuir 
isotherm, while the external surface mass coefficient, as calculated ac- 
cording to Mckay et al., is consistent with values cited in the literature. 
Three stages of adsorption were adopted to describe the adsorption phe- 
nomena of basic dyes onto activated clay. The adsorption of basic dyes 
onto activated clay took place almost instantaneously. The higher the 
initial dye concentration, the higher the adsorption rate. Moreover, the 
adsorption capacity of activated clay was comparatively high, and hence 
it seems to be a potential adsorbent for dye manufacturing wastewater. 
Of course, its feasibility will depend on the solution of secondary pollution 
problems. The current view aims at reusing the used activated clay, possi- 
bly as raw material in manufacturing cement. 

NOMENCLATURE 

constant in Eq. (8) 
constant in Langmuir isotherm (cm3/g) 
concentration of dye (mg/L) 
concentration of dye in bulk liquid at r = 0 (mg/L) 
concentration of dye at equilibrium (mg/L) 
concentration in liquid at outer surface of particle (mg/L) 
concentration of dye in bulk liquid at time r (mgiL) 
particle diameter (Km) 
constant in Langmuir isotherm (cm3/g) 
concentration of activated clay in liquid volume (g/L) 
mass of dye (g) 
mass of activated clay per unit volume of particle-free dye (mg/L) 
solid phase dye concentration (mg/g) 
adsorbed dye per unit mass of activated clay at equilibrium 
(mgk) 
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s s  

t 
T 
X 

a 
P 
Pt 
EP 

outer surface of adsorbent per unit volume of particle-free slurry 
(cm-I) 
time (min) 
temperature (K) 
mass of dye removed by adsorption (mg) 
shape factor (-) 
constant in Eq. (8) 
surface mass transfer coefficient (cm/s) 
density of liquid (g/cm3) 
porosity of activated clay (-) 
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