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Activated carbons prepared from two macro-algal biomass Sargassum longifolium (SL) and Hypnea valen-
tiae (HV) have been examined for the removal of phenol from aqueous solution. The activated carbon
has been prepared by zinc chloride activation. Experiments have been carried out at different activating
agent/precursor ratio and carbonization temperature, which had significant effect on the pore structure
of carbon. Developed activated carbon has been characterized by BET surface area (Sger) analysis and
iodine number. The carbons, ZSLC-800 and ZHVC-800, showed surface area around 802 and 783 m2 g1,
respectively. The activated carbon developed showed substantial capability to adsorb phenol from aque-
ous solutions. The kinetic data were fitted to the models of pseudo-first-order, pseudo-second-order and
intraparticle diffusion models. Column studies have also been carried out with ZSLC-800 activated carbon.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Activated carbon widely finds use as adsorbent in gas and liq-
uid phase separation, purification of gas and wastewater treatment.
One of the most important fields where activated carbons with rel-
atively higher surface area are needed is the water and wastewater
treatment. Production of commercial activated carbons is still an
expensive process. Hence the need of the hour is to screen for
an alternative cost effective adsorbent. The utilization of innate
materials available in huge quantities and the waste products from
industrial or agricultural processes for wastewater treatment has
beenemployed[1-7]. Agricultural byproducts are produced in huge
quantities annually. More recently, potential of these materials for
fabrication of activated carbon having properties on par with com-
mercial activated carbon have been demonstrated [8-12]. Most of
the agricultural byproducts produce high-purity chars with very
adequate characteristics as precursors for activated carbon of high
quality, useful in adsorption of gases and solutes from aqueous solu-
tions [13,14]. Such carbon may have the potential to replace existing
carbon, especially coal-based carbon used in many industrial appli-
cations.

Basically there are two different processes for the preparation
of active carbon, viz. physical and chemical activation [15]. Physical
activation involves the carbonization of a carbonaceous precursor
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followed by activation of the resulting char in the presence of some
activating agents such as carbon dioxide or steam. Chemical acti-
vation, on the other hand, is a single step method of preparation of
the precursor in the presence of chemical agents. In physical acti-
vation, the elimination of large amount of internal carbon mass is
necessary to obtain a well developed carbon structure, whereas in
chemical activation process all the chemical agents used are dehy-
drating agents that influence pyrolytic decomposition and inhibit
formation of tar, thus enhancing the yield of carbon [15]. The chem-
icals used in the chemical activation are alkali (KOH, K, CO3, NaOH,
and Na,COs3) and alkaline earth metals (AlCl3 and ZnCl,) and some
acids (H3PO4 and H;SO4). In the case of chemical activation the
effect of KOH and ZnCl, on the carbonization of precursors has
been of particular interest and ZnCl, in particular is a widely used
chemical agent in the preparation of activated carbon. Any cheap
material with high carbon content and low inorganics can be used
as a precursor for the production of activated carbon [16].

Phenols are the major organic constituents found in effluents
of coal conversion processes, coke ovens, petroleum refineries,
phenolic resin manufacturing, herbicide manufacturing, fiberglass
manufacturing, tanning and petrochemicals. The terms “phenols”
or “total phenols” or “phenolics” in wastewater treatment technol-
ogy are used interchangeably either to denote simple phenol or a
mixture of phenolic compounds in wastewater [17]. A wide range of
phenolic compounds is toxic to microorganisms and inhibits nitro-
gen fixation. They have detrimental effect on the water quality and
they are toxic to aquatic life. It has been reported that the toxic-
ity of phenol varies with species, conditions of exposure and the


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rao_clri@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.05.083

R. Aravindhan et al. / Journal of Hazardous Materials 162 (2009) 688-694 689

duration of the tests. In addition, water containing phenolic com-
pounds when used for irrigation caused retardation of plant
growth. Phenolic compounds have long been recognized as one of
the most recalcitrant and persistent substance because of the high
toxicity of this compound [18].In order to reduce the environmental
load of harmful phenolic compounds, attention has to be focused
on reducing the toxicity of wastewater by eliminating the discharge
of these toxic substances or by making the discharges less harmful.
The objective of the present study is to evaluate the feasibility
of macro-alga (seaweed) as a precursor for activated carbon pro-
duction and employing the activated carbon thus prepared for the
removal of phenol from aqueous solutions. The seaweed could be
a promising raw material for the production of activated carbons
because of their availability at low price. They can be used for the
production of activated carbon with a high adsorption capacity,
considerable mechanical strength and low ash content.

2. Materials and methods
2.1. Preparation of carbon

Beach-dried brown seaweed Sargassum longifolium (SL) and red
seaweed Hypnea valentiae (HV) were procured from Central Salt and
Marine Chemicals Research Institute (CSMCRI), Mandapam Camp,
Ramnad District, India. The beach-dried seaweed was washed with
distilled water and dried at 100 &2 °C for 12 h. The dried material
was then milled and sieved to uniform particle size (0.5 +0.1 mm)
prior to activation process. Phenol and zinc chloride used were of
analytical grade procured form Sd.Fine chemicals, India.

Twenty grams each of dried seaweed (SL and HV) were added to
200 mL of zinc chloride solution of desired concentration (10, 20,
30, 40, and 50%, w/v) and stirred for a period of 2 h. The excess zinc
chloride solution was then decanted and the zinc treated seaweed
(ZSL and ZHV) were then dried in an air oven for 24 h at 100 +2°C.
The ZSL and ZHV were then placed in a sealed ceramic crucible
and kept in a muffle furnace. The temperature was ramped from
room temperature to final temperatures of 400, 500, 600, 700 and
800 °C with a retention time of 2 h at a heating rate of 10°Cmin—1.
The resultant activated carbon (ZSLC and ZHVC) was washed with
hot 0.5N HCI solution for 30 min to remove excess zinc chloride,
filtered and rinsed with warm water until the washings were free
of zinc ions. Then the ZSLC and ZHVC were dried in an air oven at
100+ 2 °C for 12 h and weighed to calculate the yield. The resultant
carbons are referred to as ZSLC followed by the pyrolysis temper-
ature throughout the manuscript, for example ZSLC-400 refers to
the activated carbon pyrolysed at 400 °C.

2.2. Preparation and analysis of phenol solutions

Stock solution of phenol was prepared by dissolving 1 g of phe-
nol in 1L of double distilled water. The stock solution was suitably
diluted and used for adsorption experiments. The concentration
of phenol was determined using a PerkinElmer Lambda 35 UV-vis
Spectrophotometer at Amax =270 nm. Before making the measure-
ments, the solutions were diluted to proper concentrations to give
absorbances in the range of 0.1-1.2. The concentrations of the phe-
nol solution were obtained from standard calibration curve.

2.3. Characterization of activated carbon

The yield of activated carbon is the % amount of activated car-
bon produced at the end of the activation step. This value indicates
the activation process efficiency. Characterization of activated car-
bon was carried out by nitrogen adsorption-desorption isotherms

recorded at —196 °C using Sorptomatic 1990 analyzer. Prior to anal-
ysis the samples were out gassed in the analyzer degas port for 2 h at
100 °C. The specific surface area Sggr was calculated using the stan-
dard Brunauer-Emmet-Teller (BET) method [19]. lodine number
defined as the mg of iodine per gram of carbon was determined by
ASTM D 4607-86 method. The residual phenol concentration was
then measured using PerkinElmer Lambda 35 UV-vis spectropho-
tometer by modified Folin phenol Ciocalteu method [20].

The thermal behavior of SL, HV, ZSL and ZHV was evaluated by
using thermogravimetric analysis using NETZSCH STA 409C, ther-
mal analyzer under nitrogen gas flow (50 mLmin~1) at a heating
rate of 20°Cmin~!. The pHpzc indicates the acid or basic character
of the carbon surface [21]. The point of zero charge was determined
from acid-base titration [22]. Fifty milliliters of 0.01 M NaCl solu-
tion was taken in different flasks. When the pH value was constant,
0.10 g of carbon sample was added to each flask and it was shaken
for 24 h. The pHp,c value is the point where the curve pHgp, Vs.
PHinitial Crosses the line pHipjtial = PHfinal-

Determinations of C, H, N and S were performed in a CHN
1000 Leco, and FISONS EA1108 elemental analyzers. The proximate
analysis was performed using gravimetric methods, the moisture
content was calculated by weight difference employing a furnace
and heating the sample for 2 h. The production of ash was estimated
by heating the sample at 550°C in a muffle furnace for 2 h until no
mass variation was observed. The volatile matter was obtained by
the standard procedure and the fixed carbon was determined by
subtracting the percentages of moisture, volatile matter and ash
from the sample [23-25].

2.4. Adsorption experiments

Batch adsorption experiments were carried out by employing
known amount of ZSLC-800 and ZHVC-800. Phenol was used as the
adsorbate in this investigation. The carbon dosage was varied from
1 to 10gL-! and the initial phenol concentration was maintained
at 100mgL-1, pH was adjusted to be 3.0 + 0.2 and the experiments
were conducted at 324+2°C. 50 mL of phenol solution was used
for the experiments. The adsorption equilibrium for the adsorp-
tion of phenol was attained at around 4 h with ZSLC-800 and 5h
with ZHVC-800. The kinetic studies were carried out by contacting
10gL-! of activated carbon with varying concentrations of phenol
solution (50-200mgL~1). The bottles were placed in a tempera-
ture controlled mechanical shaker at 32 4+2°C and was agitated at
a speed of 75 strokes/min. The samples were withdrawn at known
time intervals to study the kinetics of the adsorption process. Sam-
ples were filtered through a 0.45 pm pore size cellulose acetate
membrane filter and then analyzed for the supernatant phenol
concentration using PerkinElmer Lambda 35 UV-vis Spectropho-
tometer at Amax =270 nm. The amount of phenol adsorbed on to
the activated carbon at equilibrium was calculated from the mass
balance of the equation as given below:

4= (Co—Colyyy (M

where Cy and Ce are the initial and equilibrium concentration of
phenol solution (mgL-1), respectively, ge the equilibrium phenol
concentration on seaweed (mgg=1), V the volume of the phenol
solution (L) and W is the mass of the carbon used (g). The experi-
ments were done in duplicate.

2.5. Column studies
A glass column of 30cm height and 1.8 cm internal diameter

was used to carry out the column studies. Activated carbon pre-
pared from S. longifolium (ZSLC-800) was employed for the column
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studies. The column was packed with ZSLC-800. The adsorbate
solution was pumped upflow through the bed using a peristaltic
pump. Experiments were carried out at varying flow rate (5, 10 and
15mLmin~1) and packed bed height (5, 10, and 15 cm) employing
phenol solution of initial concentration 50mgL-!. Samples were
filtered through a 0.45 wm pore size cellulose acetate membrane
filter and then analyzed for the supernatant phenol concentra-
tion using PerkinElmer Lambda 35 UV-vis Spectrophotometer at
Amax =270 nm.

3. Results and discussions

Two abundantly available seaweeds namely S. longifolium (SL)
and H. valentiae (HV) have been utilized as precursors for the pro-
duction of activated carbon. The proximate analysis of SL yielded;
moisture 8.75%, fixed carbon 34.45%, volatile matter 51.65% and ash
5.15%. The proximate analysis of HV yielded; moisture 8.19%, fixed
carbon of 30.04%, volatile matter 55.48% and ash 6.30%. A two-step
method has been adopted for the preparation of activated carbon,
wherein the first step involves the treatment of seaweed with zinc
chloride solution for 2 h, followed by drying at dried at 100 + 2 °C for
24 h. The second step involves the pyrolysis at higher temperature.

3.1. Effect of activating agent

The % yield was used as a parameter to choose the opti-
mum quantity of the zinc chloride required for impregnating
the seaweed. An additional experiment was carried out without
the impregnation of seaweeds with ZnCl,. The results of these
experiments are provided in Table 1. It is observed that ZnCl,
impregnation has significant effect on improving the % yield of acti-
vated carbon. Pyrolysis of SL and HV without ZnCl, impregnation
resulted in relatively low yield of 12.24 and 13.58%, respectively,
because a large amount of carbon was removed as CO, CO, CHy,
aldehydes and distillation of tar [26]. Also, it has been observed
from the table that with an increase in the quantity of zinc chloride
from 10 to 30%, the product yield increased from 27.35 to 32.42%
and 28.79 to 33.65% for ZSLC-600 and ZHVC-600, respectively. This
increase in product yield was observed up to certain concentration.
This could be attributed to the fact that ZnCl; selectively stripped H
and O away from the seaweed as H,0 and H, rather than hydrocar-
bons, CO and CO, [27]. Subsequent increase in the quantity of zinc
chloride to 50% decreased the % product yield to 22.12 and 21.17%,
respectively for ZSLC-600 and ZHVC-600. This could be attributed
to enhancement of carbon burning-off by extra ZnCl, [26]. This
property inhibits the formation of tars and any other liquids that
can clog up the pores of the sample. Also, because of zinc chloride
impregnation, the movement of volatiles through the pore passages
will not be hindered and so will be subsequently released from
the carbon surface during activation. Hence, subsequent increase
in impregnation ratio increases the release of volatiles from the
sample and therefore decreases the yield of the activated carbon. A
similar trend has been observed for both the materials. In both the

Table 1
Effect of quantity of activating agent added on the % yield of activated carbon
Activating agent (ZnCly) (%) Yield (%)
ZSLC-600 ZHVC-600
0 12.24 13.58
10 27.35 28.79
20 29.14 29.87
30 3242 33.65
40 25.15 26.16
50 21.17 22.12
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Fig. 1. Pore size distribution of activated carbons ZSLC-800 and ZHVC-800 by BJH
method.

experiments, since the % yield of carbon was high at 30% offer of
zinc chloride, the precursors have been pretreated with 30% ZnCl,
for a period of 2 h prior to pyrolysis.

3.2. Effect of pyrolysis temperature

The temperature of pyrolysis is yet another vital parameter
which affects the physical characteristics of the activated carbon.
The % yield obtained by varying the pyrolysis temperature for the
preparation of activated carbon from SL and HV are provided in
Table 2. It is observed from the table that, the % yield of car-
bon decreased with the increase in pyrolysis temperature. This
is expected because, at a higher temperature more volatiles are
released, resulting in the lower % yield. The effects of activation
temperature on the apparent density and porosity of the acti-
vated carbon are also shown in Table 2. The BET surface area (Sggt)
increased from 511 to 802 cm? g~! and 498 to 783 cm? g~ ! with the
increase in activation temperature from 400 to 800 °C for zinc pre-
treated SL and HV, respectively. The iodine number, which is the
measure of activity level (higher number indicates higher degree
of activation) increased with increase in activation temperature.
The iodine number increased from 489 to 1041 mgg~! and 459 to
962mgg-! as the activation temperature increased from 400 to
800 for zinc treated SL and HV, respectively.

The BET surface area, microporous surface area, total pore vol-
ume, micropore volume and the average pore diameter of the
activated carbon prepared in this work are provided in Table 3.
It is observed that the activated carbon prepared from both the
seaweed have a high surface area, which is primarily attributed to
the meso- and macro-pore, as the % contribution of micropore is
only 17.4 and 16.2% of the BET surface area for ZSLC-800 and ZHVC-
800, respectively. This is supported by the pore size distribution of
the carbons determined using the BJH method as shown in Fig. 1.
The average pore diameter of 39 and 36 A has been obtained for
ZSLC-800 and ZHVC-800, respectively. Also, the pH of the carbon is
around 7.9 £ 0.3 and the pHp,c was determined to be 4.85 and 4.72
for ZSLC-800 and ZHVC-800, respectively. Thus, it could be inferred
that the prepared carbon is less acidic in nature.

3.3. Thermogravimetric analysis (TGA)
Thermograms obtained from the thermogravimetric (TG) anal-

ysis of the untreated as well as zinc chloride treated SL is shown
in Fig. 2. The loss of weight during the TG analysis of raw SL can
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Table 2
Effect of pyrolysis temperature on the % yield, Sger, iodine number, apparent density of activated carbons
Temperature (°C) ZSLC-800 ZHVC-800
Yield (%) Sper (M2 g 1) lIodine number App. density Yield (%) Sper (M2 g 1) lIodine number App. density
(mgg™) (gmL™") (mgg™) (gmL~")
400 4415 511 489 0.92 43.25 498 459 0.97
500 42.71 550 534 0.82 40.62 552 574 0.90
600 32.72 622 597 0.75 31.14 612 588 0.91
700 31.91 720 757 0.67 29.17 712 677 0.75
800 30.75 802 1041 0.65 28.67 783 962 0.69
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Fig. 2. Thermogravimetric (TG) analysis of the raw as well as zinc chloride treated
Sargassum longifolium.

be divided in to three stages. The first weight loss (~10.20%) by
heating the materials upto 150°C has been due to the moisture
elimination. The second stage of 150-450°C corresponds to pri-
mary carbonization, which has a major weight loss (52.26%). This
stage presents a considerably greater weight loss for the untreated
seaweed due to the elimination of volatile matters and tars. The zinc
chloride pretreatment as expected caused a partial carbonization of
the seaweed and the weight loss variation curve for the zinc treated
material shows a slight and continuous decrease when compared to
the untreated seaweed. Since ZnCl, undergoes little weight loss at
these temperatures, the observed weight loss was only for seaweed
[28]. This loss of weight is lower than that obtained by untreated
seaweed. Thus, the presence of ZnCl, has a significant effect on
the pyrolysis behavior of the seaweed residue. The third stage in
the 450-800°C range indicates the decomposition of a structure
with higher stability [27]. Above 800 °C, the weight loss was small
thus indicating that the basic structure of the char has been formed
approximately at this temperature. A similar trend was observed for
HV seaweed.

Table 3
Characteristics of prepared activated carbon

0 1 2 3 4 5 6 T 8 9 0 M
Adsorbent dosage (g/L)

Fig. 3. Effect of adsorbent dosage on the phenol removal at an initial phenol con-
centration of 100 mgL-! and pH of 3.0 +0.1.

3.4. Adsorption of phenol

The activated carbons ZSLC-800 and ZHVC-800, prepared in this
study have been tested for their phenol adsorption capacity. The
removal of phenol increased with an increase in the carbon dosage
from 1 to 10gL-1. The increase in adsorption of phenol with an
increase in carbon dosage can be attributed to the availability of
larger surface area and more adsorption sites. The effect of carbon
dosage on the phenol removal efficiency has been provided in Fig. 3.
Itis observed that the % phenol removal by ZSLC-800 increased from
67 to 96% and for ZHVC-800 the % phenol removal increased from
63 to 95% with an increase in adsorbent dosage.

3.5. Adsorption kinetics

The kinetics of adsorption describes the rate of uptake of phenol
on to the activated carbon and this rate controls the equilibrium
time. It has been observed that 70-80% of the adsorption pro-
cess takes place within 1h of experiment. The kinetics of phenol

Sample Iodine number Sper? (m2g~1) Sm® (m?g~1) Vi€ V4 D¢ (A)
(mgg™")

ZSLC-800 1041 802 140 0.517 0.351 39

ZHVC-800 962 783 127 0.481 0.211 36

2 Sger, BET surface area.

b S\, micropore area.

¢ Vr, total pore volume.
4V, micropore volume.

¢ Dy, average pore diameter.
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Table 4
Rate constants for kinetic models at various initial concentrations of phenol
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Carbon type Initial conc.  Ge(exp) (Mgg™')  First-order rate constants Pseudo-second-order rate constants Intraparticle diffusion constants
(mgL™")
ki (min'')  gecan (mgg™') R ky (gmg ' min')  gecan (Mgg') R? ko (mgg ' min~'?) R?
50 9.84 0.0143 2.650 0.988 0.0178 9.98 0.999 0.2051 0.946
75 12.64 0.0127 5.790 0.988 0.0060 13.03 0.996 0.4239 0.988
ZSLC-800 100 14.48 0.0187 7.080 0.989 0.0063 15.06 0.999 0.5361 0.903
150 21.48 0.0161 18.770 0.891 0.0012 23.87 0997 1.2193 0.989
200 24.64 0.0123 17.090 0.948 0.0015 26.80 0.993 1.3182 0.952
50 9.86 0.0142 2.355 0.989 0.0204 9.98 0.999 0.1836 0.946
75 12.89 0.0127 5.167 0.989 0.0072 13.21 0.997 0.3791 0.988
ZHVC-800 100 15.07 0.0182 6.307 0.988 0.0077 15.53 0.999 0.4798 0.903
150 22.38 0.0161 18.770 0.891 0.0016 23.96 0.986 1.0905 0.989
200 26.26 0.0123 17.080 0.948 0.0020 27.75 0995 1.1792 0.952

removal by the seaweed-based activated carbons ZSLC-800 and
ZHVC-800 have been analyzed by pseudo-first-order and pseudo-
second-order kinetic equation at different initial concentrations of
phenol. The experimental data and the calculated data along with
the kinetic constants are provided in Table 4 and have been com-
pared based on the regression coefficient (R2).

The rate constant of adsorption is determined from the following
pseudo-first-order rate expression given by Langergren [29]:

lo — kqt
log(ge —q) = %

(2)
where qe is the amount of phenol adsorbed (mg g~1) at equilibrium,
q is the amount of phenol adsorbed (mgg~1) at time t (min), k; is
the pseudo-first-order rate constant of adsorption. A straight line
of log(ge — q) vs. t suggests the applicability of this kinetic model.
The first-order rate constant (k) and g were determined from
the slopes and intercepts of plots of log (ge — q) vs. t at different
adsorbent dosages.

The kinetics of adsorption can also be described by pseudo-
second-order equation and it is given by the equation [30]:

t 1 t

-t — 3
q kg e (3)

The second-order rate constant (k,) and ge were determined from
the slope and intercepts of the plots obtained by plotting tq;~! vs.
time t. The correlation coefficients for the first-order kinetic model
were determined and compared with that of second-order kinetic
model. Itis seen that the correlation coefficient of first-order kinetic
are lower than in the case of second-order kinetic model for both
ZSLC-800 and ZHVC-800. This shows that kinetics of phenol adsorp-
tion by the seaweed-based activated carbons is better described
by pseudo-second-order kinetic model rather than pseudo-first-
order kinetic model. The linearity of the plot (figure not shown) also
shows the applicability of the pseudo-second-order kinetic model,
which has average regression coefficient (R?) of 0.997. Also, e(cal)
using pseudo-second-order kinetic model is on par with qe(exp)
which has been obtained experimentally.

The data were further processed for testing the role of diffusion
(as a rate-controlling step) in the adsorption process. According
to the Morris and Weber [31] model, uptake is proportional to
the square root of contact time during the course of adsorption.
Accordingly

qr = kqv't (4)

kq is the rate constant of intraparticle transport (mg g~! min=1/2).
Plot of uptake g; vs. ./t should be linear if intraparticle diffusion
is involved in the adsorption process and if the lines pass through
the origin then intraparticle diffusion is the rate-controlling step.
However, in the present adsorption process, intraparticle diffusion

is involved but is not the rate limiting mechanism, as the lines did
not pass through the origin.

3.6. Analysis of column data

The total quantity of phenol adsorbed in the column (P,q) is cal-
culated from the area below the breakthrough curve (outlet phenol
concentration vs. time) multiplied by the flow rate. By dividing P,q
by the biosorbent mass (M) the uptake capacity (Q) of the biomass
can be obtained [32].

The breakthrough time (t;,) (the time at which phenol concen-
tration in the effluent reached >1 mgL~!) and bed exhaustion time
(te, the time at which phenol concentration in the effluent exceeded
99 mgL-1) were used to evaluate the overall adsorption zone (At)
as follows [33]:

At = te — ty (5)

The length of the mass transfer zone (Zy,), also called as criti-
cal bed length, can be calculated from the breakthrough curve as
follows [33]:

wz(1-(2))
te
where Z is the bed height (cm).
Effluent volume (V) can be calculated as follows [32]:
Vet = Fte (7)

where F is the volumetric flow rate (mLmin~1).
Total amount of phenol sent to column (P, ) can be calculated
as follows [32]:

CoFt,
Ptotal = 1808 (8)

The % removal of phenol with respect to flow volume can be calcu-
lated as follows [32]:

Pad

total

phenol removal (%) = ( ) x 100 9)

3.7. Effect of flow rate

Flow rate is one of the important characteristics in evaluating
sorbents for continuous-treatment of phenol containing effluents
on an industrial scale [34]. The effect of flow rate on phenol
adsorption by ZSLC was studied by varying the flow rate from 5
to 15mLmin~!, while the bed height and initial phenol concen-
tration were held constant at 15cm and 100 mgL~1, respectively.
The plots of effluent phenol concentration vs. time at different
flow rates are shown in Fig. 4. All the calculated parameters are
provided in Table 5. An earlier breakthrough and exhaustion time



R. Aravindhan et al. / Journal of Hazardous Materials 162 (2009) 688-694 693

Table 5

Column data and parameters obtained at different bed heights and different flow rates with initial phenol concentration of 100 mgL~!

Bed height Flow rate Uptake ty (h) te (h) At (h) Ts (h) dc/dt Vesr (L) Z (cm) Zm (cm) Total phenol

(cm) (mLmin—1) (mgg1) (mgL-'h-1) removal (%)
5 5 68.21 8 22.5 14.5 7.73 4.39 6.75 5 3.22 34.36

10 5 66.35 13.5 37 235 15.04 2.81 11.1 10 6.35 40.65

15 5 58.03 22 45 23 19.38 2.2 13.5 15 7.67 43.84

15 10 62.06 10 31 21 10.55 4.05 18.6 15 10.16 34.03

15 15 73.32 5 25 20 8.32 8.66 22.5 15 12.00 33.24

were observed in the profile, when the flow rate was increased
to 15mLmin~!. The flow rate also strongly influenced the phenol
uptake capacity of ZSLC-800. The uptake capacity was 58.03, 62.06
and 73.32mgg !, for a flow rate of 5, 10 and 15 mLmin~!, respec-
tively. The total phenol removal percentage was actually recorded
as 43.84, 34.03 and 33.24% at 5, 10 and 15mLmin"!, respectively.
Successful design of a column adsorption process required predic-
tion of the concentration-time profile or breakthrough curve for the
effluent [35]. Various mathematical models can be used to describe
fixed bed adsorption. Among these, the Thomas model is simple and
widely used by several investigators [32,35]. The linearized form of
Thomas model is expressed as follows:

CQ kThQ()M kThCQV

(1) - (o) (n)
where kp, is the Thomas model constant (Lmg-1h-1), Qy the
maximum solid-phase concentration of solute (mgg-1), V the
throughput volume (L). The model constants ky, and Qg can be
determined from a plot of In((Cy/C) — 1) vs. tat a given flow rate [32].
The model gave a good fit of the experimental data at all flow rates
examined with high correlation coefficients greater than 0.978. The
values of kg, obtained from Thomas model were 0.0052, 0.0042
and 0.0047 Lmg~'hat5, 10 and 15 mLmin~!, respectively. The val-
ues of Qg obtained from the Thomas model were 37.34, 89.09 and
95.82mgg-! at 5,10 and 15 mLmin~!, respectively.

3.8. Effect of bed height

Accumulation of phenol in the packed bed column is largely
dependent on the quantity of sorbent inside the column. The
adsorption breakthrough curves obtained by varying the bed
heights from 5 to 15cm at 5mL min~! flow rate and 100 mg L~ ini-
tial phenol concentration for ZSLC-800 are given in Fig. 5. In order to
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Fig. 4. Effect of flow rates on packed-bed for ZSLC-800.

yield different bed heights, 3.40, 6.80 and 10.2 g of ZSLC-800 were
added to produce a bed height of 5, 10 and 15 cm, respectively. All
the calculated parameters are given in Table 5. Both breakthrough
time and exhaustion time increased with increasing bed height and
resulted in a broadened mass transfer zone, as more binding sites
are available for adsorption. The slope of the S-curve from t;, to
te (dc/dt) decreased as the bed height increased from 5 to 15cm,
indicating the breakthrough curve becomes steeper and the mass
transfer zone (At) becomes shorter as the bed height decreased
(Fig.5). The percentage removal of phenol was significantly affected
by bed height, as 34.36 increased to 43.84% when the bed height
increased from 5 to 15 cm. This trend was expected because uptake
capacity usually depends on the amount of sorbent available for
adsorption. Also, a significant increasing trend was observed for
total phenol removal percentages as 34.36, 40.65 and 43.84% for 5,
10 and 15 cm, respectively.

BDST is a simple model, which states that bed height (Z) and
service time (t) of a column bears a linear relationship. The equation
can be expressed as [36] follows:

= ()~ () (&) am

where G, is the breakthrough sorbate concentration (mgL-1), Np
the adsorption capacity of bed (mgL-!), v the linear velocity
(emh~1), and k, is the rate constant (Lmg-'h~!). The column
service time was selected as time when the effluent phenol con-
centration reached >1 mgL~1. The plot of service time against bed
height at a flow rate of 5mL min~! was linear (R? =0.973) indicating
the validity of BDST model for the present system. The adsorp-
tion capacity of the bed per unit bed volume, Ny, was calculated
from the slope of BDST plot, assuming initial concentration, Cgy
and linear velocity v, as constant during the column operation.
The rate constant, k,, calculated from the intercept of BDST plot,
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Fig. 5. Effect of bed heights on packed-bed for ZSLC-800.
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characterizes the rate of solute transfer from the fluid phase to the
solid phase [37]. The computed Ny and k; were 26.32mgmL~! and
0.0037Lmg -1 h~1, respectively. If k, is large, even a short bed will
avoid breakthrough, but as k, decreases a progressively longer bed
is required to avoid breakthrough [37]. The BDST model parameters
can be useful to scale up the process for other flow rates without
further experimental run.

4. Conclusions

In the present study, activated carbons containing high surface
area have been prepared from two commonly available seaweed,
viz. S. longifolium and H. valentiae by employing ZnCl, as an acti-
vating agent. The best conditions for the production of high surface
area activated carbon are; activation using 30% ZnCl,, carbonization
time of 2 h and carbonization temperature of 800 °C. At this optimal
condition, the BET surface area of 802 and 783 m2 g~! and iodine
number of 1041 and 961 mgg~! have been obtained for ZSLC-800
and ZHVC-800, respectively. The adsorption experiments indicate
that the activated carbon from seaweed has good adsorption capac-
ity for phenol from aqueous solutions. A comparison of the kinetic
models of the overall adsorption rate showed that the pseudo-
second-order rate model best describes the adsorption of phenol
by activated carbon. Thomas model for different flow rate and BDST
model for different column bed heights have been employed. The
model constants belonging to each model have been determined
by linear regression techniques and are proposed for the use in col-
umn design. To sum up, the easy availability and suitability for the
production of activated carbon, makes SL and HV a potential and
low cost natural materials for the production of activated carbon.
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