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Abstract

Adsorption of 2-chlorophenol (2-CP) by coir pith carbon was carried out by varying the param-
eters such as agitation time, 2-CP concentration, adsorbent dose, pH and temperature. Adsorption
equilibrium reached at 40, 60, 80 and 100 min for 2-CP concentration of 10, 20, 30 and 40 mg/I,
respectively. Adsorption followed second-order kinetics. The adsorption equilibrium data obeyed
Freundlich isotherm. Acidic pH was favorable for the adsorption of 2-CP. Desorption studies showed
that chemisorption plays a major role in the adsorption process.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the various aquatic pollutants, organic compounds are of increasing concern due
to their ecotoxicological effects. Some chlorinated organics are formed in the course of
chlorination of water suppliegl]. Among the chlorinated organic pollutants, chlorophe-
nols are of major concern in view of their widespread contamination of soil and potable
groundwater supplies and their harmful effects on man and anif@gl§he sources of
chlorophenols to the environment are wastewaters from [}ippharmaceutical, petro-
chemical refinery, herbicide, pesticide, and coal conversion indugtfieend accidental
releasdb].

It has been reported that 0.01 mg/l of chlorophenols imparts extremely disagreeable taste
and odor to watef6]. Residues of chlorophenols have been found in soil, water and air
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samples, food products, human and animal tissues and body [flilidehough they have
beneficial biocidal properties, they are toxic at higher concentrations. Toxicity generally
increases with the degree of chlorinati@. It has been reported that the OH group plays
an important role in the toxicity of chlorophenols in fig#i. The permissible limits for
phenolic compounds in industrial effluents before discharging into municipal sewers and
surface water in India is 1-5md40,11]

Commercially available activated carbons like F300 granular activated carbon (Calgon
Corp., Pittsburgh, PA)12-14] are used for the adsorption of chlorinated phenols. But
these are expensive and the regeneration costs are high. Hence, low-cost activated carbons
based on agricultural solid wastes are investigated for a long time. As organic agricultural
wastes are available in large quantities, there is no shortage of starting materials to make
activated carbons. Agricultural byproducts and waste materials used for the production
of activated carbons include waste apple gdp], straw, coconut shell, wood, tyf&6],
apricot stone shell17], olive stoneg18], bituminous coal19], peanut hull[20], etc.

In developing countries like India, industries cannot afford to use conventional wastewater
treatment chemicals like alum, ferric chloride, polymer flocculants and coal-based activated
carbon because they are not cost-effective. Agricultural wastes like coir pith are discarded in
the agricultural sector in India. Its accumulation around coir-processing centers is creating a
menace. Annual productionis around 7.5 million tonj2d3. Coir pith, which constitutes as
much as 70% of the coconut husk, is a light fluffy material that is generated in the separation
process of the fiber from the coconut husk. Carbonized coir pith has been investigated
for the removal of heavy meta]22], dyes[23,24] and toxic anions and pesticidgz5]

in our laboratory before. The objective of this study was to investigate the feasibility of
using carbonized coir pith for the removal of 2-chlorophenol (2-CP) from wastewaters by
adsorption method.

2. Experimental
2.1. Materials

Coir pith was collected from nearby coir industries, dried in sunlight for 5 h and grounded.
The dried coir pith powder was sieved to 250—p@0 size. It was subjected to carbonization
at 700°C for 1 h using a muffle furnace under closed conditions. The carbonized material
was taken out, sieved to 250-50m size again and used for adsorption studies. The charac-
teristics of the carbon are presentediable 1 Specific surface area and pore size distribution
was determined using Quantachrome surface area analyzer. Pore size distribution is shown
in Fig. 1L Surface functional groud26] (Table 2 and other parameters were determined
using standard methodig7,28] For the test$29] with molasses, the residual product of
unknown water content from a sugar factory was used, which is not a standard molasses. A
dilution to the ratio 1:200 was made from the molasses with distilled water. Carbon samples
of 100, 200, 300, 400 and 500 mg were used and added to 50 ml of the molasses solution.
The optical density was measured spectrophotometrically=-a815 nm. Coir pith carbon
and Unicarbon UP25 (Unique Carbon and Chemicals, Rajpipla, Gujarat, India) were used
as adsorbents. The results are presentddlite 3
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Table 1
Characteristics of coir pith carbon

Physical parameters

Specific surface area @ty) 167
Micropore volume (cri/g) 0.0913
Total pore volume (crig) 0.1217
Micropore area (%) 89.3
Micropore volume (%) 75
Average pore diameter (nm) 2.75
Average micropore diameter (nm) 1.2
pHzpc 8.0
pH (1% solution) 10.1
Conductivity (1% solution) (mS/cm) 2.3
Bulk density (g/ml) 0.12
Mechanical moisture content (%) 5.88
Ash content (%) 79.87
Specific gravity 1.742
Porosity (%) 93.11
\olatile matter (%) 58.38
Fixed carbon (%) 41.62
Decolorizing power (mg/g) 21.0
lodine number (mg/g) 101.52
lon exchange capacity Nil
Chemical parameters
Sodium (%) 0.14
Potassium (%) 0.18
Calcium (%) 0.22
Phosphorous (%) 0.01
Iron (%) 0.18
2.2. Methods

2.2.1. Adsorption studies

Adsorption experiments were carried out by agitating 100mg of adsorbent with
50 ml of 2-CP solution of desired concentration and pH at 200 rpniC3m a ther-
mostated rotary shaker (ORBITEK, Chennai, India). Concentration of 2-CP was estimated

Table 2

Surface functional groups

Functional group Amount (meq./qg) Percentage
Carboxylic 2.304 64.87
Lactones 0.672 19.08
Phenolic 0.576 16.22
Total 3.5652 100

Basic 2.2 38.25

Total capacity 5.752
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Fig. 1. Pore size distribution of coir pith carbon.
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Table 3
The results of the molasses test
Amount of adsorbent (mg/50 ml) Absorbance at 315nm
Unicarbon UP25 Caoir pith carbon
0 4.878 4.878
100 0.879 4.146
200 0.583 3.805
300 0.459 3.678
400 0.388 3.562
500 0.344 3.538

spectrophotometrically by monitoring the absorbance at 273 nm using UV-Vis spectropho-
tometer (Hitachi, model U-3210, Tokyo). The pH was measured using pH meter (Elico In-
struments, model LI-107, Hyderabad, India). The samples were withdrawn from the shaker
at predetermined time intervals and the 2-CP solution was separated from the adsorbent
by centrifugation at 20,000 rpm for 20 min. The absorbance of supernatant solution was
measured. Effect of pH was studied by adjusting the pH of 2-CP solutions using dilute HCI
and NaOH solutions. Effect of adsorbent dosage was studied by agitating 50 ml of 10, 20,
30 or 40 mg/l phenol solutions with different adsorbent doses (25-500 mg) at equilibrium
time. Langmuir, Freundlich and Dubinin—Radushkevich isotherms were employed to study
the equilibrium adsorption. Effect of temperature was studied using 10 mg/l of 2-CP and
50 mg of adsorbent at 35, 40, 50 and°€D

2.2.2. Desorption studies

The adsorbent that was used for the adsorption of 10 mg/l of 2-CP solution was sepa-
rated from the solution by centrifugation. The 2-CP-loaded adsorbent was filtered using
Whatman filter paper and washed gently with water to remove any unadsorbed 2-CP. Sev-
eral such samples were prepared. Then the spent adsorbent was agitated for 40 min with
50 ml of distilled water, adjusted to different pH values. The desorbed 2-CP was estimated
as before.

3. Resultsand discussion
3.1. Effects of agitation time and concentration of 2-CP on adsorption

Effects of agitation time and 2-CP concentration on removal of 2-CP by coir pith carbon
are presented iRig. 2 The amount of adsorbed (mg/g) increased with increase in agitation
time and concentration and remained nearly constant after equilibrium time. The equilibrium
time increased with increase in concentration. The equilibrium time for 10, 20, 30 and
40 mg/l of was found to be 40, 60, 80 and 100 min, respectively. It is clear that the removal
depends on its concentration. The removal curves are single, smooth and continuous leading
to saturation.
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Fig. 2. Effect of agitation time and concentration of 2-CP on removal. Adsorbent dose, 100 mg/50 ml; pH 2.0;
2-CP concentration®) 10 mg/l, (A) 20 mg/I, @) 30 mg/l, ©) 40 mg/l; temperature, 3.

3.2. Adsorption dynamics

3.2.1. Adsorption rate constant
The rate constant of adsorption is determined from the first-order rate expression given
by Lagergren and Svenska0]:
kqt
log(ge — ) =l0gge — =7 1)
wherege andg are the amounts of phenol adsorbed (mg/g) at equilibrium and at €imin),
respectively, andt; the rate constant of adsorption (m#). Values ofk; were calculated
from the plots of logge — ¢) versust (figures not shown) for different concentrations of
phenols. The experimentgd values do not agree with the calculated ones, obtained from
the linear plotsTable 4. This shows that the adsorption of phenol onto coir pith carbon is
not a first-order reaction.
The second-order kinetic mod@1] is expressed as:
t 1 t

= + — 2
q kg3 qe @)

wherek; is the rate constant of second-order adsorption (g/(mg min)). If the second-order
kinetics is applicable, then the plot B versust should show a linear relationship. There

is no need to know any parameter beforehand and the equilibrium adsorption capacity
can be calculated frofg. (2) Also, it is more likely to predict the behavior over the whole
range of adsorptiof81]. Values ofk, andge were calculated from the intercept and slope

of the plots oft/q versust. The linear plots of/q versust (Fig. 3) show a good agreement
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Table 4
Comparison of the first- and second-order adsorption rate constants and calculated and expeginadaes for
different initial phenol concentrations and temperatures

Parameter  First-order kinetic model Second-order kinetic model
e (experimental; kg ge (calculated; R? ko e (calculated; R2
mg/g) (min~!) mg/g) (9/(mg min)) mg/g)
Initial phenol concentration (mg/l)
10 4.309 0.10 2.888 0.981 0.05 4.737 0.990
20 9.025 0.05 4.966 0.946 0.02 9.524 0.998
30 13.57 0.04 2.706 0.989 0.05 13.89 0.999
40 17.58 0.03 6.179 0.975 0.02 17.48 0.998
Temperature®C)
35 8.874 0.03 2.401 0.942 0.13 7.880 0.998
40 9.095 0.05 2.715 0.965 0.09 8.621 0.998
50 9.182 0.05 2.443 0.919 0.10 8.598 0.997
60 9.288 0.10 3.049 0.999 0.07 9.515 0.999

between experimental and calculatpdvalues able 4. The correlation coefficients for

the second-order kinetic model are greater than 0.990. These indicate that the adsorption
system belongs to the second-order kinetic model. Similar phenomena have been observed
in the biosorption of dye Remazol Black B on biom§32,33] and adsorption of Congo

Red on coir pith carbofR4].
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Fig. 3. Plot of the pseudo-second-order model at different initial 2-CP concentrations. Adsorbent dose,
100 mg/50 ml; pH 2.0; 2-CP concentratio®) 10 mg/l, (&) 20 mg/l, @) 30 mg/l, ©) 40 mg/l; temperature,
35°C.
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The rate limiting step may be due to intraparticle diffusion. The intraparticle diffusion
rate is described by Weber and Morf@4]. If intraparticle diffusion occurs, theqversus
t%/2 will be linear and if the plot ofy versust'/2 passes through the origin, then the rate
limiting process is only due to the intraparticle diffusion. Otherwise, some other mechanism
along with intraparticle diffusion is also involved. It was found tatersust'/? plots
for all the four concentrations of 2-CP were linear (figures not shown) and they did not
pass through the origin. It shows that intraparticle diffusion is not the only rate limiting
mechanism. Adsorption occurs in three stgp4: (1) mass transfer across the boundary
layer surrounding the adsorbent particle; (2) mass transfer within the internal structure of
the particle; and (3) adsorption at a site.

3.3. Effect of adsorbent dosage
Fig. 4 shows the removal of 2-CP by coir pith carbon at different adsorbent doses
(25-500 mg/50 ml) for the 2-CP concentrations of 10, 20, 30 and 40 mg/l. Increase in adsor-

bent dosage increased the percent removal of 2-CP, which is due to the increase in adsorbent
surface area of the adsorbent.

3.4. Modeling of isotherm curves

The different experimental isotherms were modeled according to three equations: the
Freundlich, Langmuir and Dubinin—Radushkevich mo@at.
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Fig. 4. Effect of adsorbent dosage on removal of 2-CP by coir pith carbon. 2-CP concentr@joh0 g/l
(agitation time, 40 min),A) 20 mg/l (agitation time, 60 min) M) 30 mg/| (agitation time, 80 min) Q) 40 mg/|
(agitation time, 100 min); temperature, 35.
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The Freundlich empirical mod36] is represented by:
ge = kiC'" ©)
whereCe is the equilibrium concentration (mg/ke the amount adsorbed at equilibrium
(mg/g), andks (mg!~—Y/™1¥/7/g) and 1h the Freundlich constants depending on the tem-
perature and the given adsorbent—adsorbate conpderelated to the adsorption energy
distribution, anck; indicates the adsorption capacity.

Langmuir's model does not take into account the variation in adsorption energy, but it
is the simplest description of the adsorption process. It is based on the physical hypothesis
that the maximum adsorption capacity consists of a monolayer adsorption, that there are
no interactions between adsorbed molecules, and that the adsorption energy is distributed
homogeneously over the entire coverage surface. Langmuir’'s equation is:

bamCe
= 4
7= 11 bCe @
whereb is the equilibrium adsorption coefficient (I/mg) aggl the maximum adsorption
capacity (mg/g).

Dubinin’s approach is based on the earlier potential theory of Polanyl and on the concept
of micropore filling. The Dubinin—Radushkevich equation represents the isotherm in terms
of fractional filling (@e/gpr) of the micropore volume in which the maximum adsorption
capacity isgpr:

qde

e _ exp(—Be?) (6)
4gDR

whereqpr is the maximum adsorption capacity in the micropore volume (maod/ghe
Polanyl adsorption potential, aBthe characteristic parameter related to adsorption energy
for the given system (mélkF)

The Polanyl adsorption potentialis an adsorption affinity defined in the liquid phase

by:
e =RTIn (%) (6)

e

whereT is the temperature (K) ands the solubility of the solute (mol/l).

Compared with Langmuir’s theory, the Dubinin approach assumes that there is a surface
area where the adsorption energy is homogeneous. The characteristic adsorptioEgnergy
(kJ/mol) is then given by:

1
Eo = B2 (7)

The three models were applied to experimental data.

Linear plots of logo(x/m) versus logoCe show that the adsorption follows Freundlich
isotherm Fig. 5. In general, asthig value increases, the adsorption capacity also increases.
Values ofks andnwere calculated from the intercept and slope of the plots and are presented
in Table 5 Values ofks andn for the adsorption of 2-CP by activated carbons reported in
literature are shown iffable 6 The equilibrium adsorption capacity for different initial
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Fig. 5. Freundlich plots for adsorption of 2-CP by coir pith carbon. 2-CP concentra@9ri:qQmg/I, (&) 20 mg/l,
(M) 30 mg/l, ©) 40 mg/.

Table 5
Freundlich constants
Phenol concentration (mg/l) ki (mgt=™1Y/7/g) n
10 4.81 2.70
20 7.02 3.06
30 9.24 3.50
40 12.8 4.96
Table 6
Freundlich constants for 2-chlorophenol adsorption by various adsorbents reported in literature
Adsorbent ke (mgl=Y/n 11/ng) n Reference
Dried activated sludge 13.50 2.07 [39]
Fly ash 1.49 1.00 [39]
Granular activated carbon (Nuchar WV-H, Westvaco, USA) 19.24 1.77 [39]
Red mud 1.134 1.165 [40]
GACs from Norit N.V., Amersfoort, The Netherlands

RGM 1 2.512 2.066  [41]

RB 2 2.518 2179  [41]

ROW 0.8 supra 3.750 2439 [41]

CGran 0.667 2.717  [41]
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Table 7
The equilibrium adsorption capacity (mg/g) for different initial concentrations of 2&gPgnd outlet concentra-
tions of 2-CP after treatmen€{) based on Freundlich isotherm

Co (mg/l) Ce (=1.0mg/l) Ce (=5.0mg/l)
10 481 8.73
20 7.23 11.88
30 9.24 14.64
40 12.78 17.72

concentrations of 2-CP based on Freundlich isotherm is showralshe 7 Adsorption
equilibrium data do not follow Langmuir and Dubinin—Radushkevich isotherm models.

3.5. Effect of pH

Effect of pH on the removal of 2-chlorophenol is showrFig. 6. The percent removal
decreased with increase in pH. Based on the relatior§8fip

CPr
1+ 10(PH-PKa)
(where CR is the concentration of unionized chlorophenol species;, @ total concen-

tration of chlorophenol taken, pH the final pH (equilibrium pH) after adsorption, &gdsp
8.35), the concentrations of ionized chlorophenol species (chlorophenolate) were calculated

CPy = (8)
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Fig. 6. Effect of pH on removal of 2-CP by coir pith carbon. Adsorbent dose, 100 mg/50 ml; 2-CP concentration,
10 mg/l; agitation time, 40 min; temperature, 35
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Fig. 7. Effect of final pH on ionization of 2-chlorophenol. 2-CP concentration, 10 mg/l; agitation time, 40 min;
temperature, 35C.

at different final pH values and a plot of the percent ionized chlorophenol versus final pH

is shown inFig. 7. Fig. 7 shows an increase of ionized chlorophenol concentration from
0% at final pH 2.2 to 99% at final pH 10.4. At acidic p§Hzpc), the adsorbent surface

is positively charged and at final pH 2.2 and 8.0, the percent unionized chlorophenol is
100 and 68, respectively. Since there is no electrostatic repulsion between the unionized
chlorophenol species and the positively charged adsorbent surface at pH 2.0, the removal
is higher. As the initial pH is increased, the percent of unionized species decreases and of
the ionized species increases. At the same time the number of negatively charged sites on
the adsorbent surface increases. At the initial pH of 11 (final pH 10.4), the percent ion-
ized species is 99% and the percent removal observed by the highly negatively charged
adsorbent surface is the least, i.e. 25%. At alkaline pH Gra the adsorbent surface is
negatively charged. Hence, decrease in adsorption is observed due to electrostatic repulsion
between the negatively charged adsorbent surface and chlorophenolate species. Despite the
electrostatic repulsion at the initial pH 11, a significant removal (25%) was observed. This
indicates that chemisorption might be involved in the removal process.

3.6. Desorption studies

Regeneration of spent carbon and recovery of 2-CP would make the treatment pro-
cess economical. Also desorption studies help elucidate the mechanism of adsorption. The
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Fig. 8. Effect of pH on desorption of 2-CP from 2-CP-loaded adsorbent. Adsorbent dose, 100 mg/50 ml; 2-CP
concentration, 10 mg/l; agitation time, 40 min; temperature,G35

percent desorption increased from 10 to 30%, when the pH was increased from 2 to 11
(Fig. 8). Only the physisorbed 2-CP unlike the chemisorbed species might be desorbed
from the adsorbent surface. Both pH effect and desorption studies show that the chemisorp-
tion might be the major mode of removal of 2-CP by the coir pith carbon.

3.7. Effect of temperature

Effect of agitation time and temperature on 2-CP is showfign 9. Increase of temper-
ature slightly increased the percent removal. The change in standard free energy, enthalpy
and entropy of adsorption were calculated using the following equation:

AGo= —RTIn K. ()]

whereR is the gas constark the equilibrium constant, antithe temperature (K).
According to van't Hoff equation:
AS° AHO

2.303R 2.303RT

|0g10 KC = (10)
whereAS® and AHO are the changes in entropy and enthalpy of adsorption, respectively.
Plot of logK¢ versus 1T is linear Fig. 10. Values ofAH? andAS® were evaluated from

the slope and intercept of van't Hoff plot$able §. The positive values oAHO confirm

the endothermic nature of adsorption. The endothermic adsorption has also been reported
for the adsorption of Direct Red 12B on biogas waste sl{88]. The negative values of

AGL at 35, 40, 50 and 6TC indicates spontaneous nature of adsorption for 2-chlorophenol.
The positive values ok S’ suggest the increased randomness at the solid—solution interface
during the adsorption of 2-chlorophenol on coir pith carbon.
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Fig. 9. Effect of temperature on removal of 2-CP by coir pith carbon. Adsorbent dose, 50 mg/50 ml; 2-CP concen-
tration, 10 mg/l; pH 2.0; temperaturé®) 35°C, (A) 40°C, (ll) 50°C, (O) 60°C.
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Fig. 10. The van't Hoff plot for 2-CP adsorption.
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Table 8

Thermodynamical parameters

Temperature°C) Ke AGP (kJ/mol) AHO (kJ/mol) AS (J/(mol k))
35 7.88 -5.29 15.66 68.56

40 10.05 —6.01

50 11.23 —6.50

60 13.05 -7.11

The first-order rate constants of adsorptiky) (vere evaluated from the plots of leg(—
q) versust for different temperatures using the Lagergren first-order rate expression. The
calculatedge values obtained from the first-order kinetic model do not agree with the
experimentatle values able 4. This shows that the adsorption of 2-chlorophenol on coir
pith carbon at different temperatures does not follow the first-order kinetic model. Linear
plots oft/qversug corresponding to the second-order kinetic model were obtakigdl(l).
The correlation coefficients are greater than 0.9970. Also, the calculated valyesgoée
very well with the experimental data. This indicates that the adsorption follows second-order
kinetic model at different temperatures used in this study.

The conventional raw materials for the preparation of activated carbons are coconut shell,
coal, lignite, peat, etc., which are available at a price. The price of the activated carbon made
from these raw materials is due to the cost of both the raw material and the activation process.

3 -
2.5
2 .
E’ Temp R
=)
2.5 ®35C  0.9978
% A40C 0.9979
=
7 m50C  0.9973
060C 0.9995
0.5
0 T T T T 1
0 5 10 15 20 25

TIME (min)

Fig. 11. Plot of the pseudo-second-order model at different temperatures. Adsorbent dose, 50 mg/50 ml; 2-CP
concentration, 10 mg/l; pH 2.0; temperatur@®)@5°C, (A) 40°C, (H) 50°C, (O) 60°C.
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Whereas, the non conventional raw material used here, namely, coir pith is available free of
cost, as this is a solid waste discarded by coconut coir industry. So the cost of the activated
carbon of coir pith arises only due to activation process. Also, the disposal cost for coir pith
provided by the coir industry reduces the production cost of coir pith carbon. Hence, the
coir pith carbon is considered to be economical.

4, Conclusion

The present study shows that the coir pith carbon is an effective adsorbent for the re-
moval of 2-chlorophenol from aqueous solution. Adsorption equilibrium follows Freundlich
isotherm. Kinetics of adsorption follows second-order model. Complete removal of phenol
can be achieved using appropriate dosage of the adsorbent and pH of wastewaters. The
results would be useful for the fabrication and designing of wastewater treatment plants for
the removal of 2-chlorophenol. Also the treatment method is expected to be economical.

Acknowledgements

Thanks are due to Dr. P. Weidler, Institute for Technical Chemistry, Karlsruhe Research
Center, Germany for the analysis of surface area and pore size distribution.

References

[1] S. Esplugas, P.L. Yue, M.I. Pervez, Degradation of 4-chlorophenol by photolytic oxidation, Water Res. 28
(1994) 1323-1328.

[2] R.R. Perez, G.G. Benito, M.P. Miranda, Chlorophenol degradatiorPtBnerochaete chrysosporium,
Bioresour. Technol. 60 (1997) 207-213.

[3] B. Boman, M. Ek, W. Heyman, B. Frostell, Membrane filtration combined with biological treatment for
purification of bleach plant effluents, Water Sci. Technol. 24 (1993) 219-228.

[4] Y. Wu, K.E. Taylor, N. Biswas, J.K. Bewtra, Comparison of additives in the removal of phenolic compounds
by peroxidase-catalyzed polymerization, Water Res. 31 (1997) 2699-2704.

[5] S.K. Basu, J.A. Oleszkiwicz, R. Sparling, Dehalogenation of 2-chlorophenol in anaerobic batch cultures,
Water Res. 30 (1996) 315-322.

[6] A. Prakash, S. Solanki, Sorption and desorption behavior of phenol and chlorophenols on guar derivatives:
reclamation of textile effluents, Res. Ind. 38 (1993) 35-39.

[7] T.G. Danis, T.A. Albanis, D.E. Petrakis, P.J. Pomonis, Removal of chlorinated phenols from aqueous solutions
by adsorption on alumina pillared clays and mesoporous alumina aluminium phosphates, Water Res. 32 (1998)
295-302.

[8] S.R. Wild, S.J. Harrad, K.C. Jones, Chlorophenols in digested UK sewage sludges, Water Res. 27 (1993)
1527-1534.

[9] T. Kishino, K. Kobayashi, Studies on the mechanism of toxicity of chlorophenols found in fish through
quantitative structure—activity relationship, Water Res. 30 (1996) 393—-399.

[10] IS 3306, Tolerance limits for industrial effluents discharge into public sewers, Bureau of Indian Standards,
Manak Bhavan, New Delhi, India, 1974.

[11] Minimum National Standards (Water Bodies), Central Pollution Control Board, Government of India, New
Delhi, 1981.

[12] A.H. Mollah, C.W. Robinson, Pentachlorophenol adsorption and desorption characteristics of granular
activated carbon. |. Isotherms, Water Res. 12 (1996) 2901-2906.



C. Namasivayam, D. Kavitha/ Journal of Hazardous Materials B98 (2003) 257274 273

[13] A.H. Mollah, C.W. Robinson, Pentachlorophenol adsorption and desorption characteristics of granular
activated carbon. II. Kinetics, Water Res. 30 (1996) 2907—-2913.

[14] A.R.Khan, T.A. Al-Bahri, A. Al-Haddad, Adsorption of phenol-based organic pollutants on activated carbon
from multi-component dilute aqueous solutions, Water Res. 31 (1997) 2102-2112.

[15] M.A. Ferro-Garcia, J. Rivera-Utrilla, J. Rodriquez-Gordillo, Adsorption of zinc, cadmium and copper on
activated carbons obtained from agricultural byproducts, Carbon 26 (1988) 363-373.

[16] M. Streat, J.W. Patrick, M.J.C. Perez, Sorption of phenol aarh-chlorophenol from water using
conventional and novel activated carbons, Water Res. 29 (1995) 467—-472.

[17] C.A. Phillip, B.S. Girgis, Adsorption characteristics of microporous carbons from apricot stones activated
by phosphoric acid, J. Chem. Technol. Biotechnol. 67 (1996) 248-254.

[18] F. Caturla, J.M. Martinez, M.M. Sabio, F.R. Reinoso, R. Torregrosa, Adsorption of substituted phenols on
activated carbon, J. Colloid Interface Sci. 124 (1988) 528-534.

[19] C. Moreno-Castilla, J. Rivera-Utrilla, M.V. Lopez-Ramon, F. Carraso-Marin, Adsorption of some substituted
phenols on activated carbons from a bituminous coal, Carbon 33 (1995) 845-851.

[20] C. Namasivayam, K. Periasamy, Bicarbonate treated peanut hull carbon for the removal of Hg(ll) from
aqueous solution, Water Res. 27 (1993) 1663-1668.

[21] M. Gopal, R.A. Gupta, Coir waste for a scientific cause, Indian Coconut J. 31 (2000) 13-16.

[22] K. Kadirvelu, C. Namasivayam, Removal of heavy metals from industrial wastewaters by adsorption onto
activated carbon prepared from an agricultural solid waste, Bioresour. Technol. 76 (2001) 63-65, and
references therein.

[23] C. Namasivayam, R. Radhika, S. Suba, Uptake of dyes by a promising locally available agricultural solid
waste: coir pith, Waste Manage. 21 (2001) 381-387.

[24] C. Namasivayam, D. Kavitha, Removal of Congo Red from water by adsorption onto activated carbon
prepared from coir pith, an agricultural solid waste, Dyes Pigments 54 (2002) 47-48.

[25] K. Kadirvelu, C. Namasivayam, Carbonized coir pith as an adsorbent for the removal of toxic ions, dyes and
pesticides from wastewaters, Ind. J. Chem. Technol. 24 (2001) 497-505.

[26] V. Strelko Jr., D.J. Malik, M. Streat, Characterisation of the surface of oxidized carbon adsorbents, Carbon
40 (2002) 95-104.

[27] APHA, Standard Methods for the Examination of Water and Wastewater, 15th ed., American Public Health
Association, Washington, DC, 1980.

[28] Annual Book of ASTM Standards, Section 15, General Products, Chemical Specialties and End Use
Products—Activated Carbon, vol. 15.01, ASTM International, West Conshohocken, PA, USA, 1999.

[29] L. Pikkov, J. Kallas, T. Ruutmann, E. Rikmann, Characteristics of activated carbon produced from biosludge
and its use in wastewater post-treatment, Environ. Technol. 22 (2001) 229-236.

[30] S. Lagergren, B.K. Svenska, Zur theorie der sogenannten adsorption geloester stoffe, Vetenskapsakad. Handl.
24 (1898) 1-39.

[31] G. McKay, Y.S. Ho, Pseudo-second-order model for sorption processes, Process Biochem. 34 (1999) 451—
465.

[32] Z. Aksu, S. Tezer, Equilibrium and kinetic modeling of biosorption of Remazol Black Bhigopus arrhizus
in a batch system: effect of temperature, Process Biochem. 36 (2000) 431-439.

[33] Z. Aksu, Biosorption of reactive dyes by dried activated sludges: equilibrium and kinetic modeling, Biochem.
Eng. J. 7 (2001) 79-84.

[34] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon from solution, J. San. Eng. Div. ASCE (SAZ) 89
(1963) 31-39.

[35] P. Monneyron, C. Faur-Brasquet, A. Sakoda, M. Suzuki, P. Le Cloirec, Competitive adsorption of organic
micropollutants in the aqueous phase onto activated carbon cloth: comparison of the IAS model and neural
networks in modeling data, Langmuir 18 (2002) 5163-5169.

[36] Degrmont’'s Water Treatment Hand Book—Methods and Means of Analysis, vol. 1, Lavoisier Publishing,
Paris, France, 1991, Chapter 5, pp. 383-385.

[37] Y. Arcand, J. Hawari, S.R. Guiot, Solubility of pentachlorophenol in agueous solutions, Water Res. 29 (1995)
131-136.

[38] C. Namasivayam, R.T. Yamuna, Adsorption of Direct Red 12B by biogas residual slurry: equilibrium and
rate processes, Environ. Pollut. 89 (1995) 1-7.



274 C. Namasivayam, D. Kavitha/ Journal of Hazardous Materials B98 (2003) 257-274

[39] Z. Aksu, J. Yener, A comparative adsorption/biosorption study of mono-chlorinated phenols onto various
sorbents, Waste Manage. 21 (2001) 695-702.

[40] C. Namasivayam, K. Thamaraiselvi, Adsorption of 2-chlorophenol by “Waste” red mud, Fresenius Environ.
Bull. 7 (1998) 314-319.

[41] M.W. Jung, K.H. Ahn, Y. Lee, K.P.Kim, J.S. Rhee, J.T. Park, K.J. Paeng, Adsorption characteristics of phenol
and chlorophenols on granular activated carbons (GAC), Microchem. J. 70 (2001) 123-131.



	Adsorptive removal of 2-chlorophenol by low-cost coir pith carbon
	Introduction
	Experimental
	Materials
	Methods
	Adsorption studies
	Desorption studies


	Results and discussion
	Effects of agitation time and concentration of 2-CP on adsorption
	Adsorption dynamics
	Adsorption rate constant

	Effect of adsorbent dosage
	Modeling of isotherm curves
	Effect of pH
	Desorption studies
	Effect of temperature

	Conclusion
	Acknowledgements
	References


