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Abstract

Activated carbon was produced from a biowaste product, rubberwood sawdust (RWSD) using steam in a high temperature fluidized bed reactor.
Experiments were carried out to investigate the influence of various process parameters such as activation time, activation temperature, particle
size and fluidising velocity on the quality of the activated carbon. The activated carbon was characterized based on its iodine number, methylene
blue number, Brauner Emmet Teller (BET) surface area and surface area obtained using the ethylene glycol mono ethyl ether (EGME) retention
method. The best quality activated carbon was obtained at an activation time and temperature of 1h and 750 °C for an average particle size of
0.46 mm. The adsorption kinetics shows that pseudo-second-order rate fitted the adsorption kinetics better than pseudo-first-order rate equation.
The adsorption capacity of carbon produced from RWSD was found to be 1250 mg g~! for the Bismark Brown dye. The rate constant and diffusion
coefficient for intraparticle transport were determined for steam activated carbon. The characteristic of the prepared activated carbon was found

comparable to the commercial activated carbon.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Activated carbon is a unique and effective adsorbent for the
separation and removal of unwanted organic matters from indus-
trial effluents. It finds wide application in food, pharmaceuticals,
solvent recovery, drinking water treatment, fuel cells [1], chem-
ical and other process industries. Most of the activated carbons
are produced by a two-stage process, carbonisation followed by
activation. The first step is to enrich the carbon content and
to create an initial porosity and the activation process helps
in enhancing the pore structure. Considerable amount of work
using fluidized bed reactor (FBR) for the preparation of acti-
vated carbon by steam/CO,/N; from various sources has been
carried out. Fossil materials like miike coal [2], Spanish HV
bituminous coal char [3-5], semi anthracite char [6], coal and
pitch coke [7], the shell-based agricultural wastes like coconut
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shell [8,9], palm shell [10,11], almond shell [12] and agricultural
waste materials like olive seed waste residue [13,14], pine waste
[15], pine wood [16] and wood char [17] have been used as a
raw material. Steam activation at higher temperatures gave bet-
ter activation and enhanced widening of the narrow micro-pore
network. The steam gasification of oxicoke char [7] produced
carbon with less micro-porous structure when compared to CO,
gasification. This implies that the pore structure and adsorption
properties of activated carbon are strongly influenced by physic-
ochemical nature of precursor materials and the thermal history
during the manufacturing process.

In the present work, a biowaste product rubberwood sawdust
(RWSD) has been used as the precursor. Rubberwood (Hevea
brasiliensis) is grown in the sunny slopes of South India (Kerala).
In India, over 4.5 lakh Ha of land are under rubber cultivation,
which is ranked third in the world. It is mainly grown for its
latex and is cut down every 20 years. Beyond this age, these
trees become unproductive and are necessarily felled as a part
of the re-planting operations. Literature on production of acti-
vated carbon from RWSD by chemical activation [18-23] route
is limited. Steam activated carbon (SAC) from RWSD has not
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Nomenclature

a radius of the adsorbent (m)

Ce dye concentration at equilibrium (mgL~")

Co initial dye concentration (mgL~!)

D; intraparticle diffusion coefficient (m2s~ 1

kp rate  constant of intraparticle transport
(mgg~' min~!72)

ki equilibrium rate constant of pseudo-first-order
adsorption (min~!)

ky equilibrium rate constant of pseudo-second-order
adsorption (gmg~! min~1)

M mass of the activated carbon (g)

Agq standard deviation

qe adsorption capacity at equilibrium (mgg~")

q: adsorption capacity at any time 7 (mg g~ ')

Vv volume of the dye solution (L)

We final weight of product (g)

Wi initial weight of the raw material (g)

been reported in the literature. Hence, RWSD is chosen for the
preparation of activated carbon using steam.

The present work reports the influence of various process
parameters such as activation time, activation temperature, par-
ticle size and fluidising velocity on the preparation of SAC using
RWSD in a high temperature fluidized bed reactor (HTFBR).

Dyes are generally synthetic organic aromatic compounds,
which is embodied with various functional groups. Removal of
these dyes from industrial effluents is one of the vital environ-
mental problems. Adsorption process has been accepted as one
of the most appropriate processes, for the purification of water
and wastewater. The adsorption of dyes on various adsorbents
has been reported by many authors [24-28]. The adsorption
kinetics as well as diffusion coefficient on steam activated carbon
(SAC) of Bismark Brown (BB) dye was studied in the present
work. The results are compared with a commercial activated
carbon (CAC).

2. Materials and methods
2.1. Materials

Rubberwood sawdust as the precursor material was procured
from Coimbatore (Tamilnadu, India). It was used to carry out

the experiments and the proximate analysis of the raw material
is shown in Table 1. Experiments were conducted in a HTFBR

Table 1
Proximate analysis of the rubberwood sawdust

Properties Wet basis (wt.%)
Moisture 7.95
Fixed carbon 24.15
Volatile 62.91
Ash 4.95

1. Steam Generator

2. Pressure Gauge

3. Ceramic Beads

4. Carbon

5. Thermocouple

6. Fluidized Bed Reactor

7. Electric Heater
Temperature Controller

Fig. 1. Schematic diagram of high temperature fluidized bed reactor.

with 42 mm i.d. and 730 mm height operating between 600 and
800 °C and the schematic of the experimental set up is shown in
Fig. 1. The flow rate of steam and the temperature in the reactor
were controlled using suitable controllers.

2.2. Activation conditions

Sawdust of a particular particle size was thoroughly washed
and dried. Ten grams of sample were used in each run. The pro-
cess of converting sawdust to activated carbon was carried out
in two stages: (1) carbonisation and (2) activation. Generally
above 270-280 °C temperature, the wood substance begins to
partially degrade with the evolution of carbon monoxide, car-
bon dioxide and acetic acid [29]. The source material was first
carbonised at 400 °C in the self-generated atmosphere for resi-
dence time of 1 h. The burn-off percentage and iodine number
of the carbonised char were found to be 60% and 262 mgg~!,
respectively. This indicates poor development of pore during
the carbonisation stage. It was often found that the porosity
of char was not always accessible due to pores being filled by
disorganized carbon resulting from deposition of tar [29]. The
carbonised char was then activated with steam in a HTFBR at
different activation time (1—4 h) and temperature (600, 700 and
750°C).

2.3. Characterization

The iodine (mg of iodine adsorbed/g of carbon) and methy-
lene blue number (mg of methylene blue adsorbed/g of carbon)
were determined according to ASTM 4607-86 and BIS 877-
1977 standards, respectively. The burn-off weight percentage
measures the degree of activation process. It is defined as the
ratio of percentage weight decrease of the material during the
preparation to the original weight of the raw material. It is math-
ematically expressed as
Wi — Wi
—— x 100 1)

Wi

i

percentage burn-off =

where Wi is the initial weight of the raw material and Wk is the
final weight of product. The surface area of the activated carbon
was deduced from the adsorptions of Nj at 77 K (Sorptomatic
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1990, CE instrument) and also surface area by ethylene glycol
mono ethyl ether (EGME) retention method [30-32].

2.4. Adsorption studies

A cationic dye Bismark Brown R (BB) (CI: 21010) was
selected for the adsorption studies. The steam activated carbon
from RWSD having the highest surface area was used for the
batch adsorption studies. The equilibrium adsorption capacities
(ge) of the activated carbon at predetermined time intervals were
determined based on adsorbate mass balance using Eq. (2):

_ (Co—Ce)V
o M

where Cy and C, are the initial and equilibrium concentrations
of the dye (mg L), respectively, V the volume of the aqueous
solution (L), and M is the mass of activated carbon used (g).
The concentrations of the withdrawn samples were measured
using UV-vis spectrophotometer (Hitachi U 2000) at 470 nm
for BB dye. The kinetic parameters for the adsorption process
were determined and compared with commercial activated car-
bon (CAC) (E-Merck brand).

qe ()

3. Results and discussion

3.1. Influence of various process parameters on
preparation of activated carbon

3.1.1. Effect of activation temperature

When the activating agent comes in contact with the char,
it reacts both with the exterior and the interior of the parti-
cle, in which most of the disorganized carbon is removed. With
regard to the effect of activation temperature, the results indi-
cate burn-off range of 75-88% (Table 2). The BET surface area
increased gradually with activation temperature (600-750 °C)
and a rapid increase of surface area was observed for particle
size of 0.46 mm at 750 °C (Table 2). This is due to the fact that, at
higher temperature, the diffusion rate of the water molecules to
the interior is higher for the smaller particle size, which develops
a wide range of pore network. When the activation temperature
increased above 750 °C, it was found that the particles were
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Fig. 2. Effect of activation time on iodine number for 600 and 700 °C activation
temperatures ((¢) 600 °C; (OJ) 700 °C).

burnt out completely. The highest iodine and methylene blue
number of 765 and 255 mg g~! was obtained for the 0.46 mm
particle size, which indicates development of mesopores. For
the steam activation process, development of mesoporosity to a
higher extent was reported in the literatures [3—6,14,17].

3.1.2. Effect of activation time

The effect of activation time on iodine number for vari-
ous temperatures and particle size of 0.46 mm are shown in
Figs. 2 and 3. Increase in activation time up to 4 h showed that the
iodine number increased slowly when the activation temperature
was 600 and 700 °C. At 750 °C the activation time was varied
from 10 to 60 min and rapid increase of iodine was observed
with a maximum value of 765 mg g~!. Further increase in acti-
vation time at 750 °C leads to complete burn off due to very high
gasification rates. The observed trend agreed with those reported
in the literatures [8,13].

3.1.3. Effect of fluidising velocity ratio (U/Uyy)

The effect of U/Upys ratio (1.0-1.8) on iodine number for
various particle sizes is shown in Fig. 4. It was found that there
was no substantial variation, which means change in porosity
variation was negligible. At higher ratio, complete burnout of
the carbon char was observed at higher activation temperature.

Table 2

Properties of steam activated carbon

Particle size (mm) Temperature (°C) Todine number Methylene blue SBET SEGME Burn-off

(mgg™") number (mgg~") m*g™") (m*g~") (%)

0.46 600 358 15 353 334 78
700 521 53 529 488 81
750 765 255 1092 867 88

0.93 600 320 15 305 310 78
700 488 45 497 450 79
750 702 143 500 752 85

1.31 600 300 0 279 298 75
700 411 30 415 375 76
750 677 83 495 710 84

CAC - 850 210 1095 1250 -

CAC: commercial activated carbon.
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Fig. 3. Effect of activation time on iodine number for 750 °C activation temper-
atures.
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Fig. 5. Ny adsorption isotherms for various particle size carbons, activated at
750°C: (a) 0.46; (b) 0.93; (c) 1.31 mm.

Negligible effect of fluidising velocity ratio on the iodine
number for the activation of 0.55 mm coconut shell particles in
a FBR using CO; as a fluidising medium was reported by Satya
Sai et al. [8]. John et al. [33] observed that changes in fluidising
velocity slightly affected the carbon consumption rate at higher
temperature (>1000 °C) for small particles (dp = 188 um) in the
metallurgical coke gasification using CO2/N> mixture in FBR.

3.1.4. Effect of particle size

With increase in particle size the iodine and methylene
blue number, surface area and burn-off percentage showed a
decreasing trend (Table 2). The highest burn-off percentage was
observed for the 0.46 mm particles at the highest temperature,
which indicates the removal of more of the tarry materials from
the carbon. Higher values of iodine, methylene blue number
and surface area were obtained for the 0.46 mm particles. Sim-
ilar trend was reported by Hashimoto et al. [2] and Al-Khalid
et al. [13] for the activation miike coal and olive seed waste
residue in a FBR using steam and CO; as the activating agents,
respectively.

The N; adsorption isotherms for different sizes of activated
carbon prepared at 750 °C is shown in Fig. 5. It was found that
there was significant difference in the knee and slope of the linear
portion for 0.46 mm (Type I isotherm) and other two particles
(0.93 and 1.31 mm) (Type II isotherm) [34]. The observance
of sharp knee and horizontal isotherm for 0.93 and 1.31 mm
activated carbon particles indicates the occurrence of narrow
microporosity. In the case of 0.46 mm particles, open knee at
low relative pressure and steeper slope at higher relative pres-
sure represents transition from microporosity to mesoporosity.
A large positive difference between N, BET surface area (Sggr)
and EGME surface area (Sggmg) was observed for 0.46 mm par-
ticles at 750 °C while minimum deviation was observed for the
other size ranges. Similar trend was reported by Molina-Sabio et
al. [31]. Thus, for smaller particle, well-developed micropore as
well mesopores were obtained when compared to larger particle
size.

3.2. SEM studies

The surface morphologies of the activated carbon produced
was determined using scanning electron microscopy (JSM-
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840A Scanning Microscope, Jeol-Japan). Fig. 6(a) and (b) shows
the SEM photographs of the RWSD at 750 °C for particle size
of 0.46 mm at 1000x and 2000 x magnifications, respectively.
It was observed that the activated carbon has smooth surface
areas with long ridges, resembling a series of parallel lines. The
straight tubes each with nearly uniform dimensions are evident
in these figures. Based on the outward appearance it can be said
that the pores are not cross-linked. Hard woody material gives
cross-interconnected pores while softer woody material gives
fibrillar structure in nature [35].

3.3. Adsorption of BB dye

3.3.1. Adsorption kinetics

For the adsorption kinetics the highest surface area RWSD
steam activated carbon (SAC) was used and compared with
commercial activated carbon (CAC) The kinetics of adsorption
was analyzed using Legergren’s pseudo-first-order and pseudo-
second-order rate equations [25]. A simple kinetic analysis
of adsorption is the Legergren’s pseudo-first-order differential
equation is

dg

= _k - 3
4 = fiGe—aq) 3
Integrating Eq. (3) for the boundary conditions r=0tofand ¢=0

to g, gives:

kit
2.303

log(ge — q) =logge — “4)
where g and g, is the amount of dye adsorption at any time # (min)
and equilibrium (mg g~ 1), k1 is the equilibrium rate constant of
first-order adsorption (min™!).

For the rate constant of the pseudo-second-order adsorption
process the differential equation is

dg 2

A _k — 5
4 = e —a) &)
Integrating Eq. (5) for the boundary conditions r=0tofand g=0

to g, gives:

A ©)
q kgt g
where g and g, is the amount of dye sorbed at time ¢ and at
equilibrium (mgg™1), k, is the equilibrium rate constant of
second-order adsorption (gmg~! min~").

In order to quantitatively compare the applicability of models
studied, a normalized standard deviation Aq is calculated from

Table 3

Adsorption kinetic model constants for the Bismark Brown dye for both the carbons

6321 20KV  X2,000 10um WD14

Fig. 6. (a) and (b) SEM micrographs of RWSD.

Eq. (7):

—_ 2
Ag (%) = 100 x \/E [(qt’eXP Qt,cal)/q;,exp] o

n—1

where 7 is the number of data points. The adsorption rate con-
stants for BB dye calculated from plots (figures not shown) are
presented in Table 3. The results show that the pseudo-second-
order rate equation agrees well with experimental data for both
the carbons (Figs. 7 and 8), the linear regression co-efficient of
0.99 and standard deviation % are less (Table 3) when compared
to the pseudo-first-order rate equation. The uptake capacity of
SAC and CAC for BB dye was found to be 1250 and 250 mg g~ ',
respectively. Hence, it was found that the carbon produced from
RWSD have higher adsorption capacity than the commercial
activated carbon.

Adsorbent  Pseudo-first order Pseudo-second order Intraparticle diffusion

kimin™) R Aq(%)  k(gmg'minT)(x10%) g (cal) (mgg™) R Aq(%) ky(mgg'minT"?)  R2 Ag(%)
SAC 0.185 096 4334 8.0 1250 0.99 2558 124.34 095 758
CAC 0.061 0.80  54.34 1.4 250 0.99 7.18 25.87 097 332
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Fig. 7. Typical plot of comparison between the experimental and modeled time
profiles for adsorption of BB dye on SAC.

The results showed that the performance of carbon produced
in the present study was much better when compared to the
results reported by Choa et al. [36] and Bhatnagar and Jain
[37] for the adsorption of Bismark Brown Y on to chitosan
(48.8 mg g~ !) and Bismark Brown R on to blast furnace sludge
(85 mg g~ 1), respectively. Hence, activated carbon from RWSD
can be employed as low cost adsorbent and considered as an
alternative to CAC.

3.3.2. Diffusion coefficient

The intraparticle diffusion model presented here refers to the
theory proposed by Weber and Morris [38] who concluded that
the uptake is proportional to the square root of contact time
during the course of adsorption. Accordingly:

qr = kp/t ®)

where kp (mg g~ ! min~!"?) is the rate constant of intraparticle

transport. The intraparticle diffusion plot may present a muti-
linearity, indicating that two or more steps take place [39]. The
general features of the plot are initial curved portion followed by
linear portion and a plateau. The slope of the linear portion has
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Fig. 8. Typical plot of comparison between the experimental and modeled time
profiles for adsorption of BB dye on CAC.
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Fig. 9. Plot of intraparticle diffusion model for the adsorption of BB dye on
SAC and CAC carbons.

been defined as arate parameter (kp) and characteristic of the rate
of adsorption in this region where intraparticle diffusion is rate
limiting and were obtained as 124.34 and 25.87 mg g~ ! min—1/2
for SAC and CAC, respectively. From Fig. 9, it may be observed
that the straight line did not pass through the origin and this fur-
ther indicates that the intraparticle diffusion is not only the rate
controlling step. That adsorption data indicate that the removal
of BB dye from aqueous solution is rather complex process
involving both boundary layer diffusion and intraparticle dif-
fusion. This phenomena has been reported by the adsorption of
malachite green on Prosopis cineraria [28].

To evaluate the intraparticle diffusion coefficient (D;), assum-
ing adsorbent particle to be sphere of radius ‘a’ and the diffusion
follows Fick’s law. The relationship between weight uptake and
time is given by Crank [40]:

00 2.2

g 6 1 Dn*m-t

) DT G ©)
n=1

As 1 tends to long time, the D represents D; and Eq. (10) can be

written in the form:

)
In <1 _ qf) _ ln% - (D‘f z) (10)
de T a

D; calculated from the slope of the plot of In(1 — g//qe)
versus ¢ as shown in Fig. 10. The values of D; are found to
be 2.312 x 10712 and 1.12 x 10712 m? s~! for SAC and CAC,
respectively. If intraparticle or pore diffusion is to be the rate

Time (min)

0 10 20 30 40 50
0 B T T T T

A A SAC
-2 1 - O CAC

In (1-gy/qe)
&

Fig. 10. Plot of intraparticle diffusion coefficient model for SAC and CAC car-
bons.
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limiting step the diffusion coefficient should be in the range of
10712 to 10~ m?s~! [41]. Here the values of Dj are in the
order of 10712 m? s~!, indicating the results are consistent with
the other reported results [42,43].

4. Conclusions

The best conditions for the preparation of activated carbon
from RWSD using steam activation was found at activation tem-
perature of 750°C and an activation time of 1h for 0.46 mm
particle size. The iodine number, BET surface area and EGME
surface area of carbon produced under best conditions are 765,
1092 and 867 m? g~!, respectively. The pseudo-second-order
rate equation fitted the experimental data better when compared
to the pseudo-first order. The maximum adsorption capacity of
carbon produced from RWSD was found to be 1250 mg g~! for
the Bismark Brown dye adsorption. The adsorption study shows
that RWSD activated carbon appears to be an interesting natural
material for the production of activated carbon.
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