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Abstract

A variety of low cost activated carbons were developed from agricultural waste materials viz., coconut shell, coconut shell fibers and rice husk.
The low cost activated carbons were fully characterized and utilized for the remediation of various pollutants viz., chemical oxygen demand (COD),
heavy metals, anions, etc., from industrial wastewater. Sorption studies were carried out at different temperatures and particle sizes to study the
effect of temperatures and surface areas. The removal of chloride and fluoride increased with rise in temperature while COD and metal ions removal
decreased with increase in temperature, thereby, indicating the processes to be endothermic and exothermic, respectively. The kinetics of COD
adsorption was also carried out at different temperatures to establish the sorption mechanism and to determine various kinetic parameters. The
COD removal was 47-72% by coconut shell fiber carbon (ATFAC), 50-74% by coconut shell carbon (ATSAC) and 45-73% by rice husk carbon
(ATRHC). Furthermore, COD removal kinetics by rice husk carbon, coconut shell carbon and coconut fiber carbon at different temperatures was
approximately represented by a first order rate law.

Results of this fundamental study demonstrate the effectiveness and feasibility of low cost activated carbons. The parameters obtained in this

study can be fully utilized to establish fixed bed reactors on large scale to treat the contaminated water.

© 2007 Published by Elsevier B.V.
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1. Introduction

Industries have a large potential to cause lake, streams and
river pollution. It is very difficult to generalize the industrial
wastes unlike the domestic sewage. The nature of pollution
varies from industry to industry and also from plant to plant. The
organic content of wastewater is traditionally measured using
lumped parameters such as biological oxygen demand (BOD),
chemical oxygen demand (COD), and total organic carbon
(TOC) [1-5]. These parameters, as such, do not indicate the spe-
cific chemical identities of the organic contaminants. Suspended
substances, nutrients and organic contaminants as COD are
major contributing pollutants. Various treatment technologies
were utilized for organics removal from wastewater. The physic-
ochemical techniques are widely used to treat wastewater in
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various industries. These techniques include adsorption, chem-
ical reaction, filtration, ion-exchange, coagulation/flocculation
reverse osmosis, electrodialysis and so on [6-9]. Based on
the level of treatment provided, wastewater treatment pro-
cesses are frequently classified as preliminary, secondary or
tertiary treatments. Voluminous literature is available on the
applications of physicochemical techniques. Physicochemical
processes have a number of advantages versus the biological
and other treatment processes. Physicochemical treatment
processes remain unaffected by the presence of toxic substances
such as metals whereas biological systems fail to operate in
case of wastes predominantly inorganic or non-biodegradable
in nature.

In India, there are ~7500 industries of considerable pollu-
tional significance and ~4500 of them have put up effluent
treatment plants [10]. There are several tens of thousands of
other small industries, which contribute significantly to pollution
load but escape attention. Considerable amounts of wastew-
ater is also generated as human waste or sewage. Removal
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of these contaminants from wastewater to adequate levels
is one of the fundamental goals in waste treatment using
various available technologies. However, conventional treat-
ment technologies implemented in the industrialized nations
are expensive to build, operate and maintain in developing
countries. Therefore, efforts are still going on to develop afford-
able treatment technologies for developing and underdeveloped
countries.

Various technologies to treat water/wastewater are very well
documented [1-3,11-25] but few studies are reported which
use of low cost adsorbents to clean organic loads together
with some toxic inorganic metal cations and anions from
industrial wastewater/effluents. Crittenden et al. [3] utilized
granular activated carbon to remove dissolved organic carbon
to reduce disinfection by-products. Biological treatments on
COD remediation were reported by Kim et al. [13]. They eval-
uated the synergistic relationships using series of adsorption
isotherms in terms of chemical oxygen demand. Simultane-
ous reduction in chromium and COD of tannery effluents by
actinomycetes was studied by More et al. [26]. Bansode et
al. [5] investigated adsorption efficiency of pecan shell-based
granular activated carbon for the uptake of organic compo-
nents responsible for the chemical oxygen demand (COD)
of municipal wastewater. Fly ash, brick kiln ash and com-
mercial activated carbon were utilized for COD remediation
from domestic wastewater [27] with removal efficiencies of
88, 83 and 99%, respectively. Coconut coir, saw dust, and avo-
cado peel carbons were also investigated for COD remediation
[28,29]. Mixed adsorbent carbon (MAC) and a commercially
available carbon (CAC) were utilized and removal efficiencies
of 96 and 99% respectively, were achieved [30]. Bone char
[31], activated carbons [32,33], were also investigated for COD
remediation.

To comply with current stringent regulations and to restore
a safe environment, it has become imperative to find some
less costly, easily adaptable treatment technologies. For quite
some time we (Industrial Toxicology Research center, Luc-
know, India) have been involved in developing suitable low
cost, efficient indigenous adsorbents/carbons capable of remov-
ing various pollutants from industrial effluents [34-39]. Low
cost adsorbents for water/wastewater treatment have also been
reviewed [40-42]. Continuing our activities, we have utilized
some low cost activated carbons developed earlier [34-39]
from coconut shells, coconut shell fibers, and rice husks for
wastewater remediation. COD was chosen since the adsorp-
tion of COD was frequently studied to evaluate the overall
adsorption behavior of the organics in wastewaters [13,43].
This study is likely to achieve the twin objectives of control-
ling environmental pollution by: (i) removal of pollutants from
wastewater/effluents and (ii) utilization of three agricultural
byproducts.

2. Materials and methods
All AR grade chemicals were used. Stock solutions of the test

reagents were prepared to the desired concentration periodically,
as and when required using double distilled water. The pH of

the test solutions was adjusted using reagent grade dilute sulfuric
acid and sodium hydroxide.

2.1. Equipments

The pH measurements were made with a pH meter (model
744, Metrohm). Electrical conductivity of the distilled water
was measured with a conductivity meter (model 162A, Thermo-
Orion, USA) as and when required. The metal concentrations
in the samples were determined using an Inductively Coupled
Plasma Spectrophotometer (model ICPAES-Labtam). Anions
concentrations were estimated using lon-Liquid Chromatograph
(Model Metrohm micro devices). The N isotherms were deter-
mined with a Quantachrome surface area analyzer (Model
Autosorb-1). Agitation of the system under investigation was
carried out on a thermostat-cum-shaking assembly (model MSW
275).

2.2. Chemical oxygen demand (COD) estimation

The chemical oxygen demand (COD) is commonly used
to indirectly measure the amount of organic compounds in
water/wastewater. In other words, COD is being used as a very
useful parameter to measure the water quality of surface water
(e.g. lakes and rivers). It is defined as a measure of the oxygen
equivalent of the organic content of the sample that is suscepti-
ble to oxidation by a strong chemical oxidant and it is estimated
according to APHA [44]. As COD measures the oxygen demand
of organic compounds in the water samples, it is necessary that
no organic material be accidentally added externally to the sam-
ple to be measured. Thus, a blank sample is always required in
determining the COD. Blank sample was created by adding acid
and oxidizing agent to a volume of distilled/deionized water.
Thus, COD was measured for both the wastewater and blank
samples, and the two were compared. The oxygen demand in
the blank sample was subtracted from the COD for the original
sample to ensure a true measurement of organic matter. In the
present investigations, COD (mg/L) was determined using the
Eq. (1)

(b — a)x(N) of ferrous ammonium sulfate (100) x (8)

COD =
Volume (ml) of sample

(1)

where b is the volume of ferrous ammonium sulfate (FAS) used
in the blank sample, a is the volume of FAS in the original
sample.

2.3. Adsorbents development and characterization

Coconut shells, coconut shell fibers and rice husks (agricul-
tural by products) often present serious disposal problem for
local environment. These raw materials were collected from
Lucknow, India. One part of waste product (each separately)
was treated with two parts (by weight) of concentrated sulfuric
acid and kept in an oven at 150-165 °C for a period of 24 h.
In this way, three types of activated carbons were derived. The
carbonized materials were washed with doubly distilled water
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to remove the free acid and dried at 105-110 °C for 24 h. The
dried materials were subjected to thermal activation at 200, 400,
600 and 800 °C for 1 h. The products obtained at a temperature
higher or lower than 600 °C exhibited less adsorption capaci-
ties probably (at higher temperature) due to collapse of surface
functional groups. The activation was carried out under closely
controlled conditions to obtain optimum properties. The tem-
perature and time were optimized by characterizing the surface
properties (e.g. surface area) of the activated products obtained
by treating the raw materials for different time intervals at the
temperatures mentioned above. More details about these carbons
are reported elsewhere [34-37]. The carbons were cooled and
sieved to desired particle sizes (30-200, 200-250 and 250-300
mesh). Finally, the products were stored in a vacuum desiccator
until required. The analysis, characterization, and batch-to-
batch reproducibility of the acid treated coconut shell carbon
(ATSACQC), acid treated coconut shell fibers carbon (ATFAC) and
acid treated rice husk carbon (ATRHC) were strictly controlled.
Carbons having 30-200 B.S.S. mesh size were used in sorption
and kinetic studies unless otherwise stated.

Carbons were characterized by gas adsorption (N,, —160 °C)
and density measurements. The N; isotherms were determined
in a Quantachrome surface area analyzer (Model Autosorb-
1). About 0.10 g of sample was out-gassed at 250 °C for 12h,
prior to effecting adsorption measurements. The mercury den-
sity (png) (Eq. (2)) was measured by obtaining the sample
volume by exclusion of the mercury volume from the volume of
a previously calibrated glass cell. The helium density (pge) was
measured in a Quantachrome Stereopycnometer (Eq. (3)).

M
PHg = 7~ 2
Vs
M
= — 3
PHe Vs/ 3

where M is the mass of the sample, V the sample volume and
V' is the sample volume inaccessible to helium.

Pores and internal surface are requisites for an efficient adsor-
bent. The specific surface area (Spgr) Was evaluated from the
Ny adsorption isotherms by applying the Brunauer et al. equa-
tion [45] in the relative pressure (p/p”) range and taking am
(i.e., the average area occupied by a molecule of Ny in the
completed monolayer) to be equal to 16.2 A2. In addition, the
micro- and mesopore volumes (Vii, Vime) Were obtained from
the adsorption isotherms. Vi, was taken as the volume of Ny
adsorbed (V,q) at p/p0=0.10 and Ve as the volume of N
adsorbed (Vuq) at p/p® =0.95 minus the V,q at p/p® =0.10. The
micropore volume (Wj) was further estimated by applying the
Dubinin—Radushkevich equation [46] and [47], as given by the
equation:

0
log W =log Wy — Dlog2 <p> “)
p

where W is the micropore volume that has been filled with lig-
uid N, when the relative pressure is p/p® and Wy is the total
micropore volume. D is a characteristic constant of the microp-
ore structure of the adsorbent. Vi, Vipe and Wy were expressed

as liquid volumes. The total pore volume (V1) was calculated
by making use of the expression (5) and also (V1’) by summing
up Vi, Vime and Vig,.

1 1
Vi= - — 5)
PHg  PHe

IR spectra of the carbons were recorded using an IR
spectrophotometer (Perkin-Elmer) in 500-4000cm™!. X-ray
measurements were made using a Phillips X-ray diffractometer
employing nickel-filtered Cu Ka radiation.

2.4. Wastewater collection

Wastewater samples were collected from the outlet of an
industry located at Jagdishpur, Uttar Pradesh, India. Samples
were collected as per standard methods [44], and transported
immediately to the laboratory (Industrial Toxicology Research
Centre, Lucknow, India) under standard conditions. Samples
were processed and analyzed by standard methods.

(@) 70 - ; . - -
©
>
o
£
e
[a]
(o}
(8]
+—
(=
[T}
e
[}]
o

0 I n L L I

0 10 20 30 40 50 60

Equilibrium time(hrs)
(b) 70
©
>
g ®10°C ]
] 0 25°C
8 v 40°C
[&]
f
= |
[
2
)
> |
50 60

Equilibrium time (hrs)

Fig. 1. Variation of COD removal rates on activated carbons derived from (a)
coconut shells and (b) rice husks.
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Table 1

Characteristics (SggT, microporosities (N, at 77 K), pore volumes and densities) of activated carbons derived from agricultural waste materials

Sample  Sper M2g™")  Vmi(em3g™h) Wo(emPg™)  Vme(emPg™)  Vma(emdg™)  pug (gem™)  ppe (gem™)  Vr(emPgThH W (emPg!)
ATFAC 512 0.17 0.18 0.07 0.29 1.65 0.84 0.58 0.53

ATSAC 380 0.12 0.13 0.05 0.19 1.60 091 0.47 0.36

ATRHC 17.2 0.006 0.005 0.017 0.30 0.91 1.61 0.48 0.32

Vine = Veu (at r=10A) = Vina, Vina = Veu (at r=250 A), Ve = cumulative pore volume (mercury porosimetry), V= 1/pug — 1/pne, PHg> V1’ = Vi + Vie + Vina-

2.5. Sorption procedure

2.5.1. Kinetic studies

Batch kinetic tests were performed to determine the COD
adsorption kinetics. For this purpose, a series of 1L conical
flasks were employed. Each flask was filled with 500 mL of efflu-
ent and was placed in a thermostat controlled shaking assembly.
When the desired temperature was reached, a known amount of
carbon (20 g) was added into each tube and the solutions were
agitated by shaking. At pre-decided time intervals, the solutions
of the specified tubes were separated from the adsorbent and
analyzed to determine COD uptake.

2.5.2. Equilibrium studies

Batch sorption studies were performed at different tempera-
tures (10, 25 and 40 °C) to obtain the equilibrium data required
for the design and operation of column reactors for treatment
of wastewater/effluent. For equilibrium studies, a series of 1L
conical flasks were employed. Each flask was filled with 500 mL
of effluent. A known amount of activated carbon (20 g) was
added into each flask and agitated intermittently for the desired
time periods, up to a maximum of about 48 h. The contact time
and other conditions (e.g. adsorbent dose) were selected on
the basis of preliminary experiments that demonstrated that the
equilibrium was established in 48 h (Fig. 1). After this period
the solution was filtered using Whatman No. 1 filter paper and
analyzed for COD, anions and metal ions.

3. Results and discussion
3.1. Characterization

X-ray spectra (not provided in the manuscript) of developed
carbons (ATSAC, ATFAC, ATRAC) did not show any peak
thereby indicating the amorphous nature [34-37]. One-gram of
each carbon sample was stirred with 100 mL of deionized water
separately at a pH of 6.8 for 2h and left for 24 h in an airtight
stoppered conical flask. A slight increase in pH was observed.
SEM micrographs (reported earlier) revealed the surface tex-
ture and different porosity levels in the materials under study
[34-37]. The values of surface area (SgeT), Vimi> Vine> Vima, Wo,
VT, pHe, pHg are listed in Table 1. The different chemical con-
stituents of developed carbons are provided in Table 2 along
with some other characteristics.

The IR spectra of activated carbons indicated weak and broad
peaks in the region of 3853-453cm™!. Approximate FT-IR
band assignments indicated the presence of carbonyl, lactones,
and phenols. The 1800-1540cm™! band is associated to C=0

Table 2
Compositions and pH’s of activated carbons derived from agricultural waste
materials

Characteristics ATSAC ATFAC ATRHC
Ash (%) 6.26 7.22 7.80
pH 5.72 5.80 5.90
C 76.64 76.38 75.23%
N 0.28% 0.38% 0.28%
H 2.20% 1.95% 1.78%

stretching mode in carbonyls, carboxylic acids, and lactones,
while 1440-1000 cm™! band was assigned to the C—O stretch-
ing and O—H bending modes such as phenols and carboxylic
acids [34-37].

The wastewater characteristics, collected from the outlet of
a chemical industry located at Jagdishpur, U.P., India are given
in Table 3.

3.2. Kinetic studies

The COD uptake was increased with increase in adsorbent
dosages (data omitted for brevity). There is a substantial increase
in COD removal when the carbon dosage increased from 10 to
20 g/L, while the increase on introducing additional 10 g/L of
carbon was not significant. Thus, the amount of carbon has been
kept 20 g/L in all the subsequent sorption and kinetic studies.
The contact time and other conditions were selected on the basis
of preliminary experiments that demonstrated that the equilib-
rium was established in 48 h. Equilibrium for times between 48
and 72 h gave practically same uptake. Therefore, the contact

Table 3

Physicochemical characteristics of industrial wastewater
Parameters Values (g/L) except pH
pH 7.35

Total solid 1360
Dissolved solid 1100
Suspended solid 260

COD 553

BOD 260
Fluoride 0.507
Chloride 164

Iron 0.244
Manganese 8.12

Lead 16.08

Zinc 17.05
Chromium 0.31

Zinc 0.33
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time was kept 48 h in all the equilibrium and kinetic studies.
The removal of COD at different temperatures is presented in
Fig. 1. COD removal takes place in two phases. First phase of
COD uptake “the immediate COD removal”, obtained within a
few hours, is followed by “subsequent removal” of COD and
this continues for a longer period. This can be mathematically
represented as follows (Eq. (6))

AS = AS; + AS; (6)

where AS is the total COD removal in time “¢#” at a given con-
centration of Cy and Cy while AS; is the COD removed in the
first phase when the process is quite fast and AS; is the amount
of COD uptake in the second phase. It is clear from Fig. 1 that
more than 50% adsorption occurs within 8—10h of the contact
time while remaining adsorption occurs in 38—40h.

COD removal kinetics can be evaluated using Eq. (7) [48,49].

AS =k x 1" 7

where ASis the percent COD removal, k; and m are the constants.
A fairly linear relationship between the log of the percent COD
removal versus the log of time is obtained (Fig. 2). The numerical
values of m and k;, obtained using Eq. (7) are given in Table 4.
Similar results were reported earlier [4,48,50].

According to Weber and Morris [51], a value of m=0.5
reflects “intraparticle diffusion” as the rate determining step.
Generally, solute uptake on adsorbents like activated carbon
involves two processes. One is the transport of adsorbate
from solution to particle solution interface and second is the
adsorption on the accessible surface of adsorbent particle. If
intraparticle diffusion is the rate-determining step, the value of
“m’” in the kinetic plots should be 0.5, while smaller values indi-
cate the involvement of both the processes to almost an equal
extent. In the present study, the value of “m” is either more then
0.5 or less then 0.5, indicating that sorption rate dependents on
both and neither of these appear to be sufficiently slow as to be
rate determining step. This is in conformity with the findings of
Srivastava et al. [50].
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Fig. 2. Logarithmic rates of COD uptake on activated carbons derived from (a)
coconut shells and (b) rice husks.

The kinetic equation can be obtained using Eq. (7) in the
following manner [48]:

dC _ —kCy

=~ v 8
i = (C/CoT ©

where Cy and C are initial and transient COD concentrations.
The rate constant k; and the order of reaction, n1, can be calculated

Table 4
COD kinetics constants (m and k;)
Adsorbents 10°C 25°C 40°C

m k R? m k R? m k R?
Rice husk carbon 0.6417 0.4405 0.7907 0.4408 1.087 0.9342 0.2303 1.4039 0.9749
Coconut shell carbon 0.5211 0.9005 0.8680 0.5155 0.9911 0.9045 0.4257 1.161 0.8602
Table 5
Rate constants and order of reaction for COD removal
Adsorbents 10°C 25°C 40°C

k(™1 n k(™1 n k(™1 n

Rice husk carbon 0.178 1.55 0.5328 1.26 1.00 3.34
Coconut shell carbon 0.4432 0.919 0.5067 0.9390 0.6046 1.34
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using Egs. (9) and (10)

1/m

k = mk, ©)]
and
n=m"'-1 (10)

The rate constants and reaction orders are given in Table 5.
From the data reported in Table 5, the kinetics of COD removal
by rice husk carbon, coconut shell carbon and coconut shell fiber
carbon at different temperatures can approximately represented
by a first order rate equation except for the rich husk at 40 °C
where abnormally very high value is obtained.

3.3. Sorption studies

Odor is recognized as a quality factor affecting acceptability
of drinking water/wastewater. Most organic and some inor-
ganic chemicals contribute taste and odor. These chemicals may
originate from municipal and industrial waste discharges, from
natural sources such as decomposition of vegetable matter, or
from associated microbial activity, and from disinfectants or
their products. Therefore, removal of odor is very important.
The developed activated carbons used in the present study were
able to remove the odor completely.

Suspended substances play an important (and often under
estimated) role in characterizing the treatability and hence the
degree of contaminant removal from water/wastewater. There-
fore, removal of suspended solids (SS) is required steps in
wastewater treatment. Filtration of SS using developed adsor-
bents was conducted and treatment efficiencies were achieved
in the range of 70-80%. Maximum suspended solid removal was
achieved with rice husk carbon.

Chloride and fluoride ions, are the major anions affecting
water and wastewater quality. The adsorption of these anions
was successfully carried out on coconut shell activated carbon
(ATSACQ), coconut fiber activated carbon (ATFAC) and rice husk
activated carbon (ATRHC) at temperatures of 10°, 25°, and
40°C (Fig. la and b). Best removal was achieved by coconut
shell fiber carbon (ATFAC) followed by coconut shell carbon
(ATSAC) and rice husk carbon (ATRHC). Removal of chloride
and fluoride ions increases with temperature, indicating the pro-
cess to be endothermic. Highest removal of both the anions was
achieved with coconut fiber carbon at 40 °C (Fig. 3a and b).

Removal of various metal ions was also carried out on these
three activated carbons at temperatures of 10°, 25°, and 40 °C.
The results are presented in Fig. 4(a—d). The adsorption of
iron, manganese and lead increases with a rise in temperature,
confirming the endothermic nature of this sorption process. In
contrast, zinc adsorption is an exothermic process. In case of
lead, rice husk activated carbon worked well both at 10° and
25 °C while carbon made from coconut shell worked only at
10 °C. The activated carbon developed from coconut shell fibers
was not able to remove lead from wastewater effluents. The most
significant removal of zinc (50%) was achieved by coconut shell
carbon while maximum iron removal (61%) was obtained using
the activated carbon developed from coconut shell fibers.
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Fig. 3. Removal of (a) chloride, (b) fluoride and (c) COD on developed activated
carbons.

The variation in COD adsorption with hydronium ion con-
centrations was also studied by obtaining the COD removal at
pH values of 2.0, 4.0, 6.0, 8.0 and 10.0. In acidic range, increas-
ing pH values do not influence the COD adsorption and the
uptake almost remains constant in the pH range of 2.0-6.0. There
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Table 6
Comparison of developed activated carbons vis-a-vis other adsorbents for COD remediation
Adsorbent Types Type of wastewater Initial COD concentration pH Adsorbent COD removal References
(mg/L) dose (g/L) (%)
Coconut shell carbon (ATSAC) Industrial (mixed) 553 6.0 40 46-71 Present study
Coconut fibers carbon (ATFAC) Industrial (mixed) 553 6.0 40 50-74
Rice husk carbon (ATRHC) Industrial (mixed) 553 6.0 40 45-73
Avacado peel carbon (APC) Processing 22,000 7.0 40 98 [28]
Commercially available carbon (CAC) Processing 22,000 7.0 40 99
Fly ash Domestic 1080 2.0 40 88 [27]
Brick kiln ash Domestic 1080 5.0 60 83
Commercial carbon Domestic 1080 2.0 45 99
Mixed adsorbent carbon (MAC) Domestic 1080 7.0 35 96 [30]
Commercial carbon (CAC) Domestic 1080 2.0 40 99
Carbon developed from fertilizer waste Industrial 8000 4.0 30 ~50 [4]
Blast furnace slag Industrial 8000 4.0 30 ~70
Filtrasorb 200 (F-200) Municipal wastewater 40-67 7.55 15 ~80 [33]
Pecan shell-based steam activated carbon Municipal wastewater 40-67 7.55 15 ~85
(PSS)
Pecan shell-based carbon dioxide-activated Municipal wastewater 40-67 7.55 15 ~70
carbon (PSC)
Pecan shell-based acid activated carbon Municipal wastewater 40-67 7.55 15 ~90
(PSA)
Acid activated coconut shell carbon Beverage industrial wastewater 620-3470 7.22-7.24 30 [52]
Barium chloride-activated coconut shell Beverage industrial wastewater 620-3470 7.22-7.24 30
carbon
Calgon carbon, F-300 Beverage industrial wastewater 620-3470 7.22-7.24 30 ~70
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after a fall in COD removal was obtained (Figure omitted for
brevity). A higher adsorption at low pH (or in acidic pH) results
from the neutralization of negative charges at the surface of the
adsorbents with increasing hydronium ion concentrations. This
reduces the hindrance to diffusion and makes available more
of the active surface to the various organic contaminants con-
tributing to COD. At higher pH (pH>6.0), COD adsorption
decreased due to the abundance of OH™ ions, causing increased
hindrance to diffusion of organics. In view of this, all the adsorp-
tion and kinetic studies were carried out at pH 6.0 to determine
the removal efficiency of the developed activated carbons at or
near the effluents pH. The removal of COD was 47-72% with
coconut shell fiber carbon, 50-74% in case of coconut shell
carbon and 45-73% for rice husk carbon as shown in Fig. 2.
Sorption studies were also conducted at 10°, 25° and 40 °C.
COD removal decreases significantly with increasing temper-
ature, confirming that COD adsorption process is exothermic.
Similar observations have been reported earlier [4,27,30].

4. Conclusions

The activated carbons were developed from agricultural
waste materials. These were characterized and utilized for the
removal of metals, chloride, fluoride and COD from industrial
effluents. COD was chosen as the characteristic parameter and
was examined in detail. The COD removal kinetics by rice husk
and coconut shell carbons at different temperatures were approx-
imately represented by a first order reaction. This fundamental
study opened new dimensions on the utilization of low cost
activated carbons developed from agricultural byproducts for
water/wastewater remediation. Utilization of these agricultural
waste materials will definitely reduce environmental burdens as
well as the cost of treatment.

Furthermore, it is very difficult to directly compare the per-
cent COD removal by the developed carbons versus the other
adsorbents and commercially available carbons used for wastew-
ater treatment due to a lack of consistency in literature data.
COD removal was evaluated at different pHs, temperature, ini-
tial COD concentrations, particle size of the adsorbent and
solid to liquid ratios. In other words rigorous direct compar-
isons of the tested adsorbents are difficult. Considering the
above-mentioned facts, efforts are being made to compare the
tested adsorbents indirectly by providing the optimum param-
eters (dose, initial COD concentrations, dose, pH) used for the
COD removal. The percent COD removal capacities of various
adsorbents and commercially available carbons are summarized
in Table 6. The removal capacities of developed carbons viz.,
ATSAC, ATFAC and ATRHC are comparable/higher to the other
tested adsorbents.

The results obtained in the laboratory scale study demonstrate
the effectiveness and feasibility of these carbons which can be
fruitfully applied for field applications. The overall quality of
the treated water was ideal for the irrigation purposes and/or
discharge into the lakes/streams. The recovery of the valuable
metals and adsorbent regeneration, without dismantling the fixed
bed adsorbers, are in progress to further bring down the process
cost.

Acknowledgements

The authors are thankful to the Director, Industrial Toxi-
cology Research Centre, Lucknow for providing all necessary
facilities to carry out this work and consistent encouragement
and guidance throughout this work.

References

[1] K.N. Tan, H. Chua, COD adsorption capacity of the activated sludge—Its
determination and application in the activated sludge process, Environ.
Monit. Assess. 44 (1997) 211-217.

[2] S. Ahsan, S. Kaneco, K. Ohta, T. Mizuno, K. Kani, Use of some natu-

ral and waste materials for waste water treatment, Water Res. 35 (2001)

3738-3742.

J.C. Crittenden, K. Vaitheeswaran, D.W. Hand, E.W. Howe, E.M. Alieta,

C.H. Tate, M.J. McGuire, M.K. Davis, Removal of dissolved organic

carbon using granular activated carbon, Water Res. 27 (1993) 715-

721.

[4] S.K. Srivastava, V.K. Gupta, D. Mohan, N. Pant, Removal of COD from
reclaimed rubber factory effluents by using the activated carbon (developed
from fertilizer waste material) and activated slag(developed from the blast
furnace waste material)—a case study, Fresenius Environ. Bull. 2 (1993)
394-401.

[5] R.R. Bansodea, J.N. Lossoa, W.E. Marshallb, R.M. Rao, R.J. Portierc,
Pecan shell-based granular activated carbon for treatment of chemical oxy-
gen demand (COD) in municipal wastewater, Bioresour. Technol. 94 (2004)
129-135.

[6] O.S. Amuda, I.A. Amoo, O.0. Ajayi, Performance optimization of some
coagulants/flocculant in the treatment of a beverage industrial wastewater,
J. Hazard. Mater. B 129 (2006) 69-72.

[7] L. Galambos, J.M. Molina, P. Jaray, G. Vatai, E.B. Molnar, High organic
content industrial wastewater treatment by membrane filtration, Desalina-
tion 162 (2004) 117-120.

[8] N.S.S. Martinez, J.F. Fernandez, X.F. Segura, A.S. Ferrer, Preoxidation
of an extremely polluted industrial wastewater by the Fenton’s reagent, J.
Hazard. Mater. B101 (2003) 315-322.

[9] J.A. Peres, J.B.d. Heredia, J.R. Dominguez, Integrated Fenton’s reagent
- coagulation/flocculation process for the treatment of cork processing
wastewaters, J. Hazard. Mater. 107 (2004) 115-121.

[10] P. Tyagi, Law and implementation of industrial wastewater pollution con-
trol, Water Sci. Technol. 24 (1998) 5-13.

[11] M.G. Healy, M. Rodgers, J. Mulqueen, Performance of a stratified sand
filter in removal of chemical oxygen demand, total suspended solids and
ammonia nitrogen from high-strength wastewaters, J. Environ. Manage. 83
(2007) 409-415.

[12] W.Xie, Q. Wang, J. Yao, H. Ma, Y. Ohsumi, H.I. Ogawa, Study on advanced
treatment of secondary effluent using fixed-bed filled with bone char, J.
Water Air Soil Pollut. 159 (2004) 313-324.

[13] B.R. Kim, S.G. Anderson, J.F. Zemla, Effect of biological treatments on
COD adsorption, Water Res. 24 (1990) 457—461.

[14] U. Kurt, O. Apaydin, M.T. Gonullu, Reduction of COD in wastewater
from an organized tannery industrial region by Electro-Fenton process, J.
Hazard. Mater. 143 (2007) 33-40.

[15] C.P. Das, L.N. Patnaik, Use of industrial waste for reduction of COD from
paper mill effluent, Indian J. Environ. Health 43 (2000) 21-27.

[16] S.Chakraborty, M.K. Purkait, S. DasGupta, S. De, J.K. Basu, Nanofiltration
of textile plant effluent for color removal and reduction in COD, Sep. Purif.
Technol. 31 (2003) 141-151.

[17] Hector A. Moreno-Casillas, David L. Cocke, Jewel A.G. Gomes, Paul
Morkovsky, J.R. Parga, Eric Peterson, Electrocoagulation mechanism for
COD removal, Sep. Purif. Technol. 56 (2) (2007) 204-211.

[18] M.A. Rahman, S. Ahsan, S. Kaneco, H. Katsumata, T. Suzuki, K. Ohta,
Wastewater treatment with multilayer media of waste and natural indige-
nous materials, J. Environ. Manage. 74 (2005) 107-110.

[3

=



D. Mohan et al. / Journal of Hazardous Materials 152 (2008) 1045-1053 1053

[19] A.FE. Viero, A.C.R. Mazzarollo, K. Wada, I.C. Tessaro, Removal of hardness
and COD from retanning treated effluent by membrane process, Desalina-
tion 149 (2002) 145-149.

[20] Y. Xiong, C. He, H.T. Karlsson, X. Zhu, Performance of three-phase
three-dimensional electrode reactor for the reduction of COD in simulated
wastewater-containing phenol, Chemosphere 50 (2003) 131-136.

[21] Y. Xiong, H.T. Karlsson, An experimental investigation of chemical oxygen
demand removal from the wastewater containing oxalic acid using three-
phase three-dimensional electrode reactor, Adv. Environ. Res. 7 (2002)
139-145.

[22] N. Tantemsapya, W. Wirojanagud, S. Sakolchai, Removal of color, COD
and lignin of pulp and paper using wood ash, Songklanakarin J. Sci. Tech-
nol. 26 (2004) 1-12.

[23] V.K. Gupta, I. Ali, Suhas, V.K. Saini, Adsorption of 2,4-D and carbofuran
pesticides using fertilizer and steel industry wastes, J. Colloid Interf. Sci.
299 (2006) 556-563.

[24] V.K. Gupta, A. Mittal, R. Jain, M. Mathur, S. Sikarwar, Adsorption of
Safranin-T from wastewater using waste materials-activated carbon and
activated rice husks, J. Colloid Interf. Sci. 303 (2006) 80-86.

[25] VK. Gupta, S.K. Srivastava, D. Mohan, Equilibrium uptake, sorption
dynamics, process optimization and operations for the removal and recov-
ery of malachite green from wastewater using activated carbon and activated
slag, Ind. Engg. Chem. Res. 36 (1997) 2207-2218.

[26] S.V.More,]J. Sheeja, B.S.Rao, B.U. Nair, R.S. Laxman, Chromium removal
and reduction in COD of Tannery effluents by Actinomycetes, Indian J.
Environ. Health 43 (2001) 108-113.

[27] R. Devi, R.P. Dahia, Chemical oxygen demand (COD) reduction in domes-
tic wastewater by fly ash brick kiln ash, Water Air Soil Pollut. 174 (2006)
33-46.

[28] Rani Devi, Vijender Singh, Ashok Kumar, COD and BOD reduction from
coffee processing wastewater using avacado peel carbon, Bioresour. Tech-
nol., in press, Corrected proof, Available online 9 May 2007.

[29] R. Devi, R.P. Dahiya, K. Gadgil, Investigation of coconut coir carbon and
sawdust based adsorbents for combined removal of COD and BOD from
domestic wastewater, Water Environ. Manage. Series Int. Water Assoc.
(2002) 1209-1218.

[30] Rani Devi, R.P. Dahiya, COD and BOD removal from domestic wastewater
generated in decentralised sectors, Bioresour. Technol., in press, Corrected
proof, Available online 15 February 2007.

[31] W.Xie, Q. Wang, J. Yao, H. Ma, Y. Ohsumi, H.I. Ogawa, Study on advanced
treatment of secondary effluent using fixed-bed filled with bone char, Water
Air Soil Pollut. 159 (2004) 313-324.

[32] D. Teleman, P.A. Wilderer, C. Teodosiu, T. Kotzle, Evaluation of physical-
chemical treatment alternatives increase removal efficiency of primary
wastewater treatment, Environ. Eng. Manage. J. 3 (2004) 265-274.

[33] R.R. Bansode, J.N. Losso, W.E. Marshall, R.M. Rao, R.J. Portier, Pecan
shell-based granular activated carbon for treatment of chemical oxygen
demand (COD) in municipal wastewater, Bioresour. Technol. 94 (2004)
129-135.

[34] D. Mohan, K.P. Singh, S. Sinha, D. Ghosh, Removal of pyridine derivatives
from aqueous solution by activated carbons developed from agricultural
waste materials, Carbon 43 (2005) 1680-1693.

[35] D. Mohan, K.P. Singh, S. Sinha, D. Ghosh, Removal of a-picoline, b-
picoline, and y-picoline from synthetic wastewater using low cost activated
carbons derived from coconut shell fibers, Environ. Sci. Technol. 39 (2005)
5076-5086.

[36] D. Mohan, K.P. Singh, V.K. Singh, Trivalent chromium removal from
wastewater using low cost activated carbon derived from agricultural waste
material and activated carbon fabric cloth, J. Hazard. Mater. 135 (2006)
280-295.

[37] D. Mohan, K.P. Singh, V.K. Singh, Removal of hexavalent chromium from
aqueous solution using low cost activated carbons derived from agricultural
waste materials & activated carbon fabric cloth, Ind. Eng. Chem. Res.
(ACS) 44 (2005) 1027-1042.

[38] D. Mohan, J. Charles, U. Pittman, P.H. Steele, Single, binary and multi-
component adsorption of copper and cadmium from aqueous solutions on
kraft lignin—a biosorbent, J. Colloid Interf. Sci. 297 (2006) 489-504.

[39] D. Mohan, J. Charles, U. Pittman, F. Smith, B. Yancey, M. Bricka, J.
Mohammad, P.H. Steele, M.E. Alexandre-Franco, V. Gomez-Serrano, H.
Gong, Sorption of arsenic, cadmium and lead by chars produced from fast
pyrolysis of wood and bark during bio-oil production, J. Colloids Interf.
Sci. 310 (2007) 57-73.

[40] D. Mohan, J. Charles, U. Pittman, Activated carbons and low cost adsor-
bents for remediation of tri- and hexavalent chromium from water—A
review, J. Hazard. Mater. B137 (2006) 762-811.

[41] D. Mohan, J. Charles, U. Pittman, Arsenic removal from water/wastewater
using adsorbents—a critical review, J. Hazard. Mater. 142 (2007) 1-53.

[42] V.K. Gupta, I. Ali, Adsorbents for water treatment: Low cost alternatives to
carbon, in: A. Hubbard (Ed.), Encyclopedia of Surface and Colloid Science,
Marcel Dekker, New York, 2002, p. 136.

[43] G. Schnack, J. Kaufman, Removal of Organic Contaminants, Optimiz-
ing Resin Column Operation, Sanitary Engineering Research Laboratory,
University of California, Berkeley, California, 1970.

[44] APHA, Standard Methods for the Examination of Water and Wastewater,
20th ed., American Public Health Association (APHA), American Water
Works Association (AWWA) & Water Environment Federation (WEF),
1999.

[45] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of gases in multimolecular
layers, J. Am. Chem. Soc. 60 (1938) 309-319.

[46] M.M. Dubinin, Progress in Surface and Membrane Science, Academic
Press, New York/London, 1975.

[47] M.M. Dubinin, G.M. Plavnik, Microporous structures of carbonaceous
adsorbents, Carbon 6 (1968) 1983-1992.

[48] S.B. Lalvani, A. Hubner, T.S. Wiltowski, Chromium adsorption by lignin,
energy sources, Part A, Recovery Utilization Environ. Effects 22 (2000)
45-56.

[49] D.O. Cooney, A. Nagerl, A.L. Hines, Solvent regeneration of activated
carbon, Water Res. 17 (1983) 403—410.

[50] S.K. Srivastava, N. Pant, N. Pal, Studies on the efficiency of a local fertilizer
waste as a low cost adsorbent, Water Res. 21 (1987) 1389-1394.

[51] W.J. Weber, J.C. Morris, Kinetics of adsorption on carbon from solution,
J. Sanit. Engng Div. (ASCE) 3 (1963) 198-212.

[52] O.S. Amuda, A.O. Ibrahim, Industrial wastewater treatment using natural
material as adsorbent, African J. Biotechnol. 5 (2006) 1483—1487.



	Wastewater treatment using low cost activated carbons derived from agricultural byproducts-A case study
	Introduction
	Materials and methods
	Equipments
	Chemical oxygen demand (COD) estimation
	Adsorbents development and characterization
	Wastewater collection
	Sorption procedure
	Kinetic studies
	Equilibrium studies


	Results and discussion
	Characterization
	Kinetic studies
	Sorption studies

	Conclusions
	Acknowledgements
	References


