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Adsorption of Bismark Brown dye on activated carbons
prepared from rubberwood sawdust (Hevea brasiliensis)
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Abstract

Hevea brasiliensis or rubberwood tree, as it is commonly known finds limited use once the latex has been tapped. The sawdust of this tree is
chosen to ascertain it viability as a precursor for activation. The carbons thus obtained were characterized in terms of iodine, methylene blue
number and surface area. The best carbon in each method was utilized to study the adsorption of Bismark Brown, a dye used in the leather
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ndustry. Adsorption equilibrium studies were carried out with the synthetic solutions of the dye, at room temperature (298 K). Eq
ata are fitted with the Langmuir and the Freundlich isotherms models for the system. The effects of contact time, adsorbent dosag
ye concentrations on sorption capacity were carried out. Excellent adsorption capacities of 2000 and 1111 mg g−1 were obtained for stea
nd chemical followed by steam-activated carbons, respectively. Pilot-plant experimental studies have been performed using
olumn with different feed concentrations, flow rates and bed heights, to evaluate sorption of Bismark Brown on steam-activated c
epth service time (BDST) design model have been used to analyze the data.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Wastewater from textile and dyeing industries contains
esidual dyes, which are not readily bio-degradable are the
ajor contributors to water pollution and poses serious threat

o the environment. Increasing stringent legislation on the
econtamination of wastewater has created an interest con-
erning the use of activated carbons for this purpose. In recent
ears, there has been an increasing interest in the use of lig-
ocellulosic materials, mainly wood sawdust, as the starting
aterial in activated carbon production by various activation
ethods. Activated carbon from various sources of sawdust

ncludes beech[1], pine[2–4], yellow poplar and white oak
ood [5,6], wood char[7], mahogany[8,9], medium fiber
oard[10], coconut tree[11], Indian rose wood[12,13], jack
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wood[14], sagaun[15], rubberwood[16], maple[17], mix-
ture of wood[18], brich wood[19], Prosopis cineraria [20]
and Babbool wood[21].

Activated carbons can be produced from carbonac
materials, such as wood, coconut shell, anthracite, bit
nous coal, etc., by physical or chemical activation. Phy
activation is generally carried out at elevated tempera
between 750 and 1100◦C using oxidants, such as steam[22],
carbon dioxide[23] or mixture of these gases[24]. Chemica
activation is usually carried out by impregnating the p
cursor with activating agents, such as phosphoric acid[5,6],
zinc chloride[25] and alkaline metal compounds[26,27]
and pyrolyzed between 400 and 800◦C in the absence o
oxygen.

Rubber tree (Hevea brasiliensis) is mainly grown for its
latex and cut down when it becomes unproductive. Thes
then used as particleboards, fiberboards, packing mat
and other products. To enhance the value of this bio-w
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Nomenclature

b Langmuir constant (L mg−1)
CAC chemical-activated carbon
CC commercial-activated carbon
CSAC chemical followed by steam-activated carbon
Cb allowable dye concentration at breakthrough

point (mg L−1)
Ce dye concentration at equilibrium (mg L−1)
Co initial dye concentration (mg L−1)
Ct dye concentration at timet (mg L−1)
k rate constant of adsorption (L mg−1 h−1)
kf Freundlich constant (mg g−1) (g L−1)n

M mass of the activated carbon (g)
n Freundlich constant
No adsorption capacity per volume of bed

(mg mL−1)
qe adsorption capacity at equilibrium (mg g−1)
Qo Langmuir constant (mg g−1)
SAC steam-activated carbon
Tb time of the dye solution treated at breakthrough

(h)
V volume of the dye solution (L)
Vb volume of the dye solution treated at break-

through (L)
Z bed height (cm)
Zo critical bed height (cm)
ν linear flow rate through the bed (cm h−1)

preparation of activated carbon has been attempted. The
objective of the present work is to study the adsorption of
Bismark Brown (a cationic dye) using rubberwood sawdust
(RWSD)-activated carbons prepared by various activation
methods. The batch adsorption experiments were compared
with commercial-activated carbon (CC). Columnar studies
were carried out selecting the carbon that yielded larger BET
surface area and the break through profiles were obtained.
The data were analyzed using the bed depth service time
(BDST) design model.

2. Experimental

2.1. Adsorbents

The carbonaceous precursor used in the study was RWSD,
a bio-waste product procured from Coimbatore (India). Prox-
imate analysis of RWSD is presented inTable 1. The
RWSD was first carbonized then activated by chemical, steam
or chemical followed by steam-activation processes. The
description of preparation of activated carbon is summarized
in Table 2.

Table 1
Proximate analysis of RWSD

Properties wt% (wet basis)

Moisture 7.95
Fixed carbon 24.15
Volatile 62.91
Ash 4.95

2.2. Adsorbates

Bismark Brown (a cationic dye) was used for the
adsorption studies. Bismark Brown R (BB) (CI 21010,
λmax= 468 nm) was supplied by Ranbaxy, Mumbai, India.
Double distilled water was used for the preparation of all solu-
tions. The molecular formula of BB dye is C21H24N82HCl.
The structural formula of the BB dye was shown inFig. 1.
The HCl group in the structure reduces the pH towards acidic.
Hence, the basic adsorbent will have more affinity for adsorp-
tion of BB dye.

2.3. Analytical techniques

Iodine number was defined as the mg of iodine per gram
of carbon was determined by ASTM D 4607-86 method[28]
and methylene blue number was determined by BIS 877-
1977[29] standard. The BET surface area of the activated
carbons were obtained from the adsorptions of N2 at 77 K,
using Sorptomatic 1990, CE instruments. The concentration
of Bismark Brown in the solution was obtained by measuring
OD at 468 nm (λmax) using a Hitachi UV–vis spectropho-
tometer (U-2000).

2.4. Batch adsorption studies
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Adsorption experiments were initiated by placing a kno
uantity of activated carbon and 50 mL of the prepared s

ion into a glass-stoppered flask. The carbon loading
aried between 0.01 and 0.06 g and initial concentra
etween 100 and 1200 mg L−1. For analysis in the linea
eer–Lambert region, the concentrated solutions were
bly diluted. The flask was placed in an orbital shaker, w
as held constant at revolution of 180 cycles min−1. Pre-

iminary experiments has shown that the adsorption pro
ttains equilibrium in 7 h for the activated carbons in
resent study. Dye concentrations in the supernatant solu
ere estimated by measuring the absorbance at max
avelengths of dyes using UV–vis spectrophotometer.

Fig. 1. The structural formula of the Bismark Brown R dye.
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Table 2
Description of the production of activated carbons from RWSD

Carbon type Process description

Chemical activation carbon (CAC) The char was impregnated with phosphoric acid of 0.45 IR (g phosphorous: g precursor) and
activated in fixed bed at 400◦C for 1 h

Steam-activation carbon (SAC) The char was activated in a fluidized bed reactor at 750◦C for 1 h with steam flow rate of
4 mL min−1

Chemical followed by steam carbon (CSAC) The char was impregnated with phosphoric acid (0.45) IR and activated in a fluidized bed at
800◦C for 1 h with steam flow rate of 5 mL min−1

equilibrium adsorption capacities (qe) at different solute con-
centrations were determined according to mass balance of the
adsorbate (Eq.(1)):

qe = (Co − Ce)V

M
(1)

whereCo andCe are the initial and equilibrium concentra-
tions of the dye (mg L−1), respectively,V the volume of the
aqueous solution (L) andM is the mass of activated carbon
used (g) in the adsorption.

The pH of the solution was varied using HCl or NaOH
depending upon the required pH. It was observed that addition
of NaOH caused a precipitate to be formed while addition of
HCl to the solution changed the color of the solution visibly.
Hence, it was necessary to carry out the batch and column
adsorption studies at the solutions natural pH (≈4.5).

2.5. Column studies

A glass column of 30 cm height and 1.8 cm internal diam-
eter was used to carry out the column studies. The column
was packed with the steam-activated carbon (SAC); care was
taken to avoid air entrapment. The adsorbate was pumped up-
flow through the bed using a peristaltic pump. Experiments
were carried out varying flow rate (5, 10 and 15 mL min−1),
t con-
c
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Table 3
Characterization of RWSD-activated carbons prepared by various methods

Carbon type Iodine number
(mg g−1)

Methylene blue
number (mg g−1)

SBET

(m2 g−1)

CSAC 1052 375 954
SAC 765 255 1092
CAC 835 255 822
CC 850 210 1095

CSAC, chemical followed by steam-activated carbon; SAC, steam-activated
carbon; CAC, chemical-activated carbon; CC, commercial-activated carbon.

tion (Fig. 2). Nearly, 120 min for SAC, CAC and CC and
300 min for CSAC are required for equilibrium adsorption
for BB dye. Therefore, the equilibrium time was set conser-
vatively at 7 h for all the experimental runs. FromFig. 2, it
was observed that the sorption capacity is very fast initially
for the activated carbons except CSAC.

3.3. Effect of initial concentration

The effect of initial concentrations of the dye solution on
the amount of BB dye adsorbed was studied. 0.05 g of acti-
vated carbon samples was added to each 50 mL volume of
BB dye solution. The initial dye concentrations were var-
ied between 100 and 1200 mg L−1. The experimental results
of sorption of BB on various activated carbons at various
concentrations are shown inFig. 3. The sorption capacity at
equilibrium increases from 100 to 1456, 1085 mg g−1 with
an increase in the initial concentration from 100 to 1200,
1600 mg L−1 for SAC and CSAC, respectively. The sorp-

F cti-
v nd
C
c

he height of the packed-bed (5, 10 and 15 cm) and dye
entrations (100, 200 and 300 mg L−1).

. Results and discussion

.1. Characterization of prepared carbons

The resulting chemical-activated carbon (CAC) and ch
cal followed by steam-activated carbon (CSAC) sam
ere washed till the pH of the carbons was neutral and
as found to be pH 8.0. These carbons were characteriz

heir iodine, methylene blue numbers and BET surface
re presented inTable 3.

.2. Effect of contact time

Sorption of BB dye on the various activated carbons
ared from RWSD was studied as a function of contact tim
rder to determine the equilibrium time for maximum ads
ig. 2. Effect of contact time on the removal of BB dye from various a
ated carbons from RWSD.Conditions: 20 mg carbon dosage; SAC a
SAC 1200 mg L−1 dye concentrations; CC and CAC 100 mg L−1 dye con-
entrations; (♦) SAC; (�) CSAC; (�) CC; (©) CAC.
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Fig. 3. Effect of initial concentration on the removal of BB dye from various
activated carbons from RWSD.Conditions: carbon dosage, 50 mg; Exp,
experimental; Cal, calculated.

tion capacity at equilibrium increases from 89 to 390 mg g−1

and from 79 to 271 mg g−1 with an increase in the initial
concentration from 100 to 600 mg L−1 for CC and CAC,
respectively. It is clear that the sorption capacity of BB dye
is higher for SAC and CSAC when compared to CC and
CAC. For SAC and CSAC carbons 1200 mg L−1 of dye con-
centration and for CAC and CC carbons 100 mg L−1 of dye
concentration were chosen for further studies. The theoreti-
cally calculated amount of BB dye adsorbed by varying initial
concentrations using Langmuir and mass balance equations
are shown inFig. 3.

3.4. Effect of adsorbent dosage

The effect of adsorbent dosage on BB dye uptake was
investigated by varying the adsorbent dose for various acti-
vated carbons. It was observed that increase in adsorbent
dosage, sorption capacity decreases as shown inFig. 4.

F acti-
v
c ri-
m

Decrease in sorption of 2500–1195, 1500–1072, 275–98 and
225–97 mg g−1 for SAC, CSAC, CC and CAC for 10–60 mg
of carbon dosage, respectively. Similar results were observed
by Garg et al.[12] and Banat et al.[30] for methylene blue
dye adsorption by Indian rosewood sawdust and date pits,
respectively. The theoretically calculated amount of BB dye
adsorbed by varying carbon dosages using Langmuir and
mass balance equations are shown inFig. 4.

3.5. Adsorption models

To facilitate estimation of the adsorption capacities the
two well-known equilibrium adsorption models, Freundlich
and Langmuir, were employed. The Freundlich equation is
an empirical one and the Langmuir equation assumes the
maximum adsorption occurs when the surface is covered by
the adsorbate. The Freundlich model[1,8,9,30], which is an
indication of surface heterogeneity of the sorbent, is given by
the following linearized Eq.(2):

qe = kfC
1/n
e (2)

Eq.(2) can be rearranged to linear form:

logqe = logkf + 1

n logCe
(3)
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ig. 4. Effect of carbon dosage on the removal of BB dye from various
ated carbons from RWSD.Conditions: SAC and CSAC 1200 mg L−1 dye
oncentrations; CC and CAC 100 mg L−1 dye concentrations; Exp, expe
ental; Cal, calculated.
herekf andn are Freundlich constants related to adsorp
apacity and intensity, respectively. The values ofkf andn
re in the range 54–1003 (mg g−1) (g L−1)n and 3.07–8.58
espectively (Table 4). Since the value of constantn is greate
han unity, it indicates a favorable adsorption for all activa
arbons studied.

The other model, the Langmuir equation[1,8,9,30], which
s valid for monolayer sorption onto a surface with a fi
umber of identical sites expressed as Eq.(4):

e = QobCe

1 + bCe
(4)

q. (4) can be rearranged to linear form:

Ce

qe
= 1

Qob
+ Ce

Qo
(5)

hereQo is the amount adsorbed per unit mass of ad
ent corresponding to complete monolayer coverage o
urface bound at highCe and b is the constant relate
o the affinity of binding sites. The values of Langm
onstants,Qo and b are in the range of 164–2000 mg g−1

nd 0.22–0.07 L mg−1, respectively (Table 4). Using thes
angmuir constants and mass balance equation, theor
mount of BB dye adsorbed per gram of carbon were d
ined and compared with experimental data (Figs. 3 and 4).
The essential characteristics of a Langmuir isotherm

e expressed in terms of a dimensionless separation[1,8,9],
he type of isotherm and is defined by Eq.(6):

L = 1

1 + bCo
(6)
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Table 4
Adsorption constants for the sorption of Bismark Brown dye

Adsorbent Freundlich Langmuir

kf (mg g−1) (g L−1)n n R2 Qo (mg g−1) b (L mg−1) R2 RL

SAC 1003 8.58 0.85 2000 0.07 0.98 0.012
CSAC 598 9.68 0.89 1111 0.11 0.99 0.008
CC 103 4.02 0.97 303 0.19 0.99 0.05
CAC 54 3.07 0.73 164 0.22 0.97 0.043

whereb is a Langmuir constant andCo is the initial con-
centration of BB dye (1200 mg L−1 of initial concentra-
tion of BB dye for SAC and CSAC and 100 mg L−1 for
CAC and CC, respectively). IfRL > 1 unfavorable,RL = 1
linear, 0 <RL < 1 favorable,RL = 0 irreversible. Regression
values (R2) and RL presented inTable 4 indicate that the
adsorption data onto various activate carbons fitted well with
the Langmuir isotherm and the adsorption is on favorable
side.

It was observed that SAC and CSAC exhibit better per-
formance for the adsorption of BB dye. These results show
that one of the most important adsorption mechanisms
involves the interaction between the delocalized� electrons
on the carbon surface and the free electrons of the dye
molecule. A similar result was observed by Pereira et al.
[31].

The results showed that the performance of carbon pro-
duced in the present study was much better when compared
to the results reported by Chao et al.[32] and Bhatnagar and
Jain[33] for the adsorption of Bismark Brown Y on to chi-
tosan (48.8 mg g−1) and Bismark Brown R on to blast furnace
sludge (85 mg g−1), respectively.

3.6. Effect of bed height on packed-bed

r
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15 cm bed has slightly gradual curve than other bed heights.
Increasing the bed height indicates a linear increase of break-
through time.

3.7. Effect of flow rate on packed-bed

The breakthrough curves of various flow rates (5, 10
and 15 mL min−1) at constant bed height of 5 cm and initial
concentration of 100 mg L−1 is shown in Fig. 6. It can
be seen that the lower flow rate (5 mL min−1) has steep
curve when compared to higher flow rate (15 mL min−1).
The Tb for various flow rates of 5, 10 and 15 mL min−1

are 10, 7 and 1.5 h, respectively. This clearly indicates that
when increasing the flow rate, breakthrough time decreases;
therefore, the volume of the dye solution treated decreases.
This shows short contact time between the dye molecules
and carbon adsorption sites not having enough time for
diffusion. A similar trend was observed by Netpradit et al.
[34].

3.8. Effect of initial concentration on packed-bed

The effect of various initial concentrations (100, 200 and
300 mg L−1) of breakthrough curves at constant flow rate
(5 mL min−1) and bed height (5 cm) is shown inFig. 7.
I reak-
t her
c ence,
t was
o
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1

The breakthrough curves ofCt/Co versus time fo
AC packed column for various bed heights (5, 10
5 mL min−1) at constant flow rate of 5 mL min−1 and ini-

ial concentration of 100 mg L−1 is shown inFig. 5. Break-
hrough time (Tb) for various bed heights of 5, 10 and 15
re 10, 21.5 and 34.5 h, respectively. Breakthrough curv

ig. 5. Effect of bed heights on packed-bed for SAC.Conditions:

o = 100 mg L−1; flow rate, 5 mL min−1; (♦) 5 cm; (�) 10 cm; (�) 15 cm.
ncreasing the initial concentrations decreased the b
hrough time to 10, 6.5 and 4.25 h, respectively. At hig
oncentrations, the carbon bed is saturated within 2 h, h
he breakthrough curve is very steep. A similar trend
bserved by Walker and Weatherly[35].

ig. 6. Effect of flow rates on packed-bed for SAC.Conditions:

o = 100 mg L−1; bed height, 5 cm; (♦) 5 mL min−1; (�) 10 mL min−1; (�)
5 mL min−1.
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Fig. 7. Effect of initial concentrations on packed-bed for SAC.Conditions:
flow rate, 5 mL min−1, bed height, 5 cm; (♦) 100 mg L−1; (�) 200 mg L−1;
(�) 300 mg L−1.

3.9. BDST model

The bed depth service time model proposed by Bohart and
Adams[36] and later linearized by Hutchins[37] and McKay
and Bino[38] offer the simplest approach and most rapid
predictions of adsorber performance. Bohart and Adams[36]
proposed a relationship between the service timeTb and bed
heightZ:

Tb = NoZ

C0ν
−

ln
(

C0
Cb

− 1
)

kC0
(7)

This equation is called the bed depth service time design
model as suggested by Hutchins. Eq.(7) has the form of a
straight line:

Tb = mZ − C (8)

Adsorption capacity (No) and rate constant (k) can be found
from slope (m) and intercept (Z) by plotting data onTb versus
Z. Co andCb are the initial concentration and desired break
through concentration (5% of the inlet feed concentration)
was determined. The critical bed depthZo can be calculated
from the relationship of Eq.(7) by lettingTb = 0 and solving
from Z:

Z

( ) ( )

O tally
b rate
a imes
f he
f

m

w ate,
r
i

Fig. 8. BDST plots for various flow rates for SAC.Conditions:
Co = 300 mg L−1; (♦) 5 mL min−1 experimental; (�) 10 mL min−1 exper-
imental; (�) 15 mL min−1 experimental; (—) predicted.

time can be found from following Eqs.(11) and (12):

m1 = m

(
C0

C1
0

)
(11)

C1 = C

(
C0

C1
0

) ln

(
C1

0
C0

− 1

)

ln
(

C0
Cb

− 1
) (12)

whereC1 andC1
0 are the new intercept value and new con-

centrations, respectively.

3.10. BDST with variation in flow rates and
concentrations

Comparison of experimental and predicted service times
for various flow rates at constant dye concentration of
300 mg L−1 and for various dye concentrations at constant
flow rate of 10 mL min−1 on BDST model are shown in
Figs. 8 and 9, respectively. The break through point for
BDST calculations in this study was fixed at 5% of the inlet
feed concentration. The service time obtained was maxi-
mum as low flow rate and low initial concentration. The
predicted service times for various flow rates and various

F
r
m

0 = ν

kN0
ln

C0

Cb
− 1 (9)

nce the BDST relationship is established experimen
y running at least three bed heights at the same flow
nd concentrations, it is possible to predict the service t

or different ν (linear flow rate through the bed) from t
ollowing equation:

1 = m
( ν

ν1

)
(10)

herem1 andν1 are the new slope value and new flow r
espectively. Sincek is not affected by a change ofν, the
ntercept remains unchanged. For differentCo, the service
ig. 9. BDST plots for various dye concentrations for SAC.Conditions: flow
ate, 10 mL min−1; (♦) 100 mg L−1 experimental; (�) 200 mg L−1 experi-
ental; (�) 300 mg L−1 experimental; (—) predicted.
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Table 5
Effect of flow rate on BDST model

Flow rate
(mL min−1)

ν (cm h−1) No (mg mL−1) k (L mg−1 h−1) Zo (cm) Adsorption capacity
of SAC (mg g−1)

5 108.6 32.58 0.009 1.09 712
10 217 37.43 0.013 1.31 800
15 325.2 29.27 0.009 3.63 556

Conditions: Co = 300 mg L−1.

Table 6
Effect of initial concentration of dye on BDST model

Concentration
(mg L−1)

No (mg mL−1) k (L mg−1 h−1) Zo (cm) Adsorption capacity
of SAC (mg g−1)

100 33.64 0.035 0.54 925
200 44.49 0.005 2.87 1125
300 37.43 0.008 2.13 800

Conditions: flow rate = 10 mL min−1; linear flow rate (ν) = 217 cm h−1.

dye concentrations have agreed well with the experimental
data (Figs. 8 and 9). The critical bed depth (Zo), the adsorp-
tion capacity (No) and the rate constant (k) were calculated
and shown inTables 5 and 6. However,No and k did not
show consistent trend for variation of flow rates and initial
concentrations. For various flow rates and concentrations, the
values ofNo andk is in the range of 29.27–44.49 mg mL−1

and 0.005–0.035 L mg−1 h−1, respectively. The similar trend
was observed by Walker and Weatherley[35], when they
adsorbed the acid dyes on granular-activated carbon in a fixed
bed column. The maximum adsorption capacity of BB dye
on SAC by batch experiments (Table 4) is higher than the
column experiments (Tables 5 and 6). This clearly indicates
that the contact time between the dye solution and adsorbate
were not sufficient. Therefore, the batch system provides bet-
ter interaction between carbon and dye.

4. Conclusion

From the results of the present work, it can be said that:
(i) the bio-waste rubberwood sawdust is efficient for the
removal of Bismark Brown dye; (ii) the adsorption pro-
cess follows the Langmuir isotherm, showing monolayer
coverage of dye molecules at the outer surface; (iii) the
adsorption capacity of Bismark Brown dye increases in the
o am-
a y of
2 car-
b ing
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