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Abstract

An efficient adsorption process is developed for the decontamination of trivalent chromium from tannery effluents. A low cost activated carbon
(ATFAC) was prepared from coconut shell fibers (an agricultural waste), characterized and utilized for Cr(III) removal from water/wastewater. A
commercially available activated carbon fabric cloth (ACF) was also studied for comparative evaluation. All the equilibrium and kinetic studies
were conducted at different temperatures, particle size, pHs, and adsorbent doses in batch mode. The Langmuir and Freundlich isotherm models
were applied. The Langmuir model best fit the equilibrium isotherm data. The maximum adsorption capacities of ATFAC and ACF at 25 °C are 12.2
and 39.56 mg/g, respectively. Cr(III) adsorption increased with an increase in temperature (10 °C: ATFAC—10.97 mg/g, ACF—36.05 mg/g; 40 °C:
ATFAC—16.10 mg/g, ACF—40.29 mg/g). The kinetic studies were conducted to delineate the effect of temperature, initial adsorbate concentration,
particle size of the adsorbent, and solid to liquid ratio. The adsorption of Cr(III) follows the pseudo-second-order rate kinetics. From kinetic studies
various rate and thermodynamic parameters such as effective diffusion coefficient, activation energy and entropy of activation were evaluated.
The sorption capacity of activated carbon (ATFAC) and activated carbon fabric cloth is comparable to many other adsorbents/carbons/biosorbents

utilized for the removal of trivalent chromium from water/wastewater.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium compounds are widely used by modern industries,
resulting in large quantities of this element being discharged
into the environment. Some of the main used of chromium
compounds is (a) plastic coatings, (b) electroplating of metal
for corrosion resistance, (c) leather tanning and finishing, and
(d) in pigments and for wood preservative. Thus, chromium
occurs in wastewater resulting from these operations in both
trivalent and hexavalent forms. Chromium has been found in at
least 115 of 1300 National Priorities List sites identified by the
EPA. Chromium exists in nature mainly in two oxidation states,
+3 and +6. It is bio element in +3 state but mutagenic in +6
state. The hydrolysis behavior of Cr(IIl) is complicated and it
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produces mononuclear species CrOH?*, Cr(OH),*, Cr(OH);~,
neutral species Cr(OH)3°, and poly-nuclear species Cry(OH);
and Cr3(OH)4>*. The drinking water guideline recommended
by Environmental Protection Agency (EPA) in US is 100 pg/l.
The legal discharge limit of Cr(IIl) varies from 0.5 mg/1 (in sur-
face water) to 2.0 mg/I (in sewers) depending on the processing,
country, and wastewater treatment methods [1].

Tanning is one of the oldest and fastest growing industries in
India. There are about 2161 tanneries in India excluding cottage
industries, which processed 500,000 tonnes of hides and skins
annually [2]. In 2161 tanneries in India, a total of 314 kg skin
is processed per year. A total annual discharge of wastewater
from these tanneries is 9,420,000 m> [2]. Numerous treatment
methods such as Ion exchange [3-5], reduction [6], chemical
precipitation [7], membrane separations [8,9], electrochemi-
cal precipitation [10], photocatalytic reduction [11], adsorp-
tion [12-14], and biosorption [15,16] have been developed for
chromium remediation. The precipitation, oxidation/reduction,
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lime neutralization have traditionally been the most commonly
used. Although these technologies are quite satisfactory in
terms of purging chromium from water but they (except few)
produce solid residue (sludge) containing toxic compounds
whose final disposal is generally by land filling with relative
high costs and still a possibility of ground water contamina-
tion. Nevertheless, many of these approaches are marginally
cost-effective or difficult to implement in developing coun-
tries. Therefore, the need exists for a treatment strategy that
is simple, robust, and that addresses local resources and con-
straints. Sorption (adsorption as well as biosorption) may be
an effective and versatile method for removing chromium, par-
ticularly when combined with appropriate regeneration steps.
This solves the problems of sludge disposal and renders the sys-
tem more economically viable, especially if low cost adsorbents
are used.

Many activated carbons are available commercially but very
few of them are selective for heavy metals and are also expen-
sive. Despite the use of carbon [17-20], it is an expensive
treatment processes for chromium bearing water/wastewater
and improved and tailor made materials are needed for these
demanding applications. Investigators have studied less expen-
sive materials for the removal of chromium from water such
as cellulose adsorbent [21], sugar beet pulp [22], polyacry-
lonitrile fibers [23], alginate beds [24], carbon developed from
waste materials [12,13,25], biosorbents [15,26,27], bagasse fly
ash [28], blast furnace waste [12], red mud [29], agricultural
waste [30], and zeolites [31]. Pollard et al. [32], Radovic et
al. [33], and Gupta and Ali [34] reviewed low cost adsorbents
used for the remediation of toxic substances from water. How-
ever, these adsorbents were never fully explored. This calls for a
research effort to develop an industrially viable, cost-effective,
and environmentally compatible technology for the removal of
chromium from wastewater. For quite some time we are involved
indeveloping some low cost activated carbons/adsorbents for the
removal and recovery of organics/metal ions from wastewater
[2,35-39]. Recently we have reported a variety of activated car-
bons for hexavalent chromium remediation [2]. Continuing our
activities in this direction, we have derived a low cost activated
carbon from coconut shell fibers and used for the removal of
trivalent chromium from synthetic tannery wastewater. A com-
mercially available activated carbon fabric cloth (ACF) was
also investigated for the removal of trivalent chromium from
water/wastewater.

2. Materials and methods
2.1. Reagents and equipments

All chemicals were AR grade. Stock solution of test reagent
was made by dissolving Cr(NO3)3-9H>0O in double distilled
water. The pH measurements were made using a Metrohm pH
meter. Test solutions pHs were adjusted using reagent grade
dilute H»SO4 (0.1IN) and NaOH (0.1N). The aqueous total
chromium concentrations in the samples were determined by
atomic absorption (Perkin-Elmer 3100) spectrophotometer with
an air-acetylene flame using Cr-hallow cathode lamp. Agitation

of adsorbent—adsorbate was carried out on a thermostatic shak-
ing assembly (model NSW-133, India).

Activated carbon was characterized in terms of chemical
composition by carrying out the proximate and elemental anal-
ysis and also texturally by gas adsorption, mercury porosimetry,
and helium and mercury density measurements. Infrared spectra
were obtained on carbon in KBr disks from 500 to 4000 cm™!
using a Perkin-Elmer spectrophotometer. XRD line profile anal-
ysis was performed using a Philips powder X-ray diffractometer.
Cu Ko (A =1.54 A) radiation was used with a scanning step of
0.05 A from 10° <260 <60°. The scanning electron microscopy
was performed using a Philips XL-20 electron microscope.

The values of the BET specific surface area (SggT) and pore
volumes (micropore volume, Vi, and W,; mesopore volume,
Ve and Vipe.p; macropore volume, Vin,-p; and total pore volume,
V1) were determined using Quantachrome surface area analyzer
model Autosorb-1. The mercury porosimetries have been carried
out with a Quantachrome porosimeter model Autoscan-60. The
mercury density has been determined as usual, when carrying
out the mercury porosimetry experiments. The helium density
has been measured using a Quantachrome Stereopycnometer.

The chemical constituents of activated carbon were analyzed
following the standard methods of chemical analysis [2,40].

2.2. Quality assurance/quality control

To establish the accuracy, reliability, and reproducibility of
the collected data all the batch isotherm tests were replicated
twice and the experimental blanks were run in parallel. Blanks
were run and corrections were applied if necessary. Multiple
sources of National Institute of Standard and Technology (NIST)
traceable standards were used for instrument calibration and
standard verification. All jars, conical flasks and containers used
in the study were prepared by being soaked in a 5% HNO3
solution for a period of 3 days before being double rinsed with
distilled, deionized water, and oven dried. All the observations
were recorded in triplicate and average values are reported.

Non-linear regression analysis was applied to each set of data
point. A correlation coefficient (R?) and a probability value (p)
represent the “goodness of fit” of the Freundlich or Langmuir
model to the data was obtained by the linear as well as non-linear
regression program using Sigma Plot V6.0 for windows, SPSS
Inc., Chicago, IL, USA.

2.3. Adsorbent development

Coconut shell fibers (agricultural waste materials) that often
presents serious disposal problem for local environment were
collected locally from Lucknow (U.P.), India. Activated carbon
was prepared by treating one part of coconut shell fibers with
two parts (by weight) of concentrated sulfuric acid and keeping
the mixture in an oven maintained at 150-165 °C for a period of
24 h. The carbonized material was washed well with double dis-
tilled water to remove the free acid and dried at 105-110 °C for
24 h. Dried coconut shell fibers were subjected to thermal acti-
vation at different temperatures, viz., 200, 400, 600, and 800 °C
for 1h in an inert atmosphere. The temperature and time were
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optimized by observing the surface properties of the activated
products obtained. The products obtained at temperatures higher
or lower than 600 °C exhibited less adsorption capacities. The
activation was carried out under closely controlled conditions
to obtain optimum properties. The products so obtained were
sieved to the desired particle sizes such as 30-200, 200-250,
and 250-300 mesh. Finally, the product was stored in a vacuum
desiccator until required. The developed carbon is designated
as ATFAC (activated carbon derived from acid treated coconut
shells). The carbon having 30-200 mesh size was used in both
the sorption and kinetic studies unless otherwise stated.

For comparative evaluation, a commercially available acti-
vated carbon fabric cloth was used for the removal of Cr(III).
The ACF was obtained from HEG Limited, Mandideep, Bhopal,
India. According to the manufacturer, the activated carbon fabric
was prepared by carbonization of precursor in an inert atmo-
sphere after due chemical treatment. Activation is carried out
under closely controlled process parameters to get optimum
properties.

2.4. Sorption procedure

Batch sorption studies were performed to obtain rate and
equilibrium data due to their simplicity. Different temperatures,
particle sizes, adsorbent doses were employed to obtain equi-
librium isotherms and data required for design and operation
of column reactors to treat Cr(Ill) bearing wastewater. Coni-
cal flasks (100 ml) employed for the isotherm studies were filled
with 50 ml solution of Cr(II). Concentrations (1-100 mg/1) were
used based on extensive preliminary investigations and in accord
with chromium concentrations found in industrial effluents.
Solution pH and temperature was adjusted. A known amount
of either adsorbent (0.1 g) was added to each flask followed
by intermittent agitation for specified times up to a maximum
of 48 h. No further uptake occurred between 48 and 72h. All
equilibrium tests were conducted for 48 h. After this period the
solutions were filtered using Whatman no. 42 filter paper and
the remaining concentrations of chromium were determined.
The effect of pH on Cr(IIl) adsorption was studied over a broad
pH range of 2—6. The sorption studies were also carried out at
different temperatures, i.e. 10, 25, and 40 °C to determine the
effect of temperature. Adsorption of Cr(III) was also studied at
different doses of adsorbent and particle sizes. The concentra-
tion of Cr(IIl) retained in the adsorbent phase is calculated as
the difference between the original concentration of the solution
and the measured concentration in solution after equilibrium.
The mass balance can be expressed as

W(ge — g0) = V(Co — Ce) ey
when g =0, Eq. (1) becomes equivalent to

_(Co — CV

W @)

(S
where go and g. are initial and equilibrium concentrations,
respectively, of chromium on adsorbents (mg/g), Cop and C.
the initial and equilibrium concentrations (mg/l) of Cr(Ill) in

solution, V the volume (1), and W is the weight (g) of the
adsorbent.

2.5. Kinetic studies

Successful application of adsorption processes demands the
development of cheap, non-toxic, available adsorbents of known
kinetic parameters, and sorption characteristics. Foreknowledge
of optimal conditions would enable a better process design
and modeling. Thus, the effect of contact time, amount, adsor-
bent particle size, and adsorbate concentration were studied. At
desired temperatures, predetermined amounts of adsorbent were
added to stoppered flasks (100 ml) containing 50 ml solutions of
chromium in a thermostatic shaking assembly. The solutions
were agitated. At predetermined intervals adsorbent was sepa-
rated and analyzed for Cr(III) uptake. The Cr(III) adsorbed was
calculated using Eq. (2).

3. Result and discussions
3.1. Characterization

The prepared carbon (1.0 g) was stirred with deionized water
(100 ml, pH 6.8) for 2 h and left for 24 h in an airtight-stoppered
conical flask. After 24h, an decrease in the pH (5.80) was
recorded confirming that carbon is of L type [2,35,36,37]. The
carbon is quite stable in water, salt solutions, dilute acids,
dilute bases, and organic solvents. The specific surface area of
the carbon was evaluated from the Nj isotherms by applying
the Brunaeur, Emmett, and Teller (BET) equation at a rela-
tive pressure (p/pg) of 0.35 and an equal to 162 A (am is
the average area covered by a molecule of Ny in completed
monolayer). From the aforesaid isotherms as well, the micro-
pore volume has been obtained by taking it to be equal to the
volume of Ny adsorbed at p/pg =0.10 (V},;) and also by apply-
ing the Dubinin—Radushkevich equation (Wp). Vipi and Wy are
expressed as liquid volumes. The volumes of mesopores (Viye)
and macropores (Vn,) have been derived from the curves of
cumulative pore volume (V) against pore radius (r) (mer-
cury porosimetry): Ve = Veyu (at r=20) — Vina and Vipa = Ve (at
r=250 A). The total pore volume has been calculated by making
use of the expression: V1 =1/pHg — 1/pHe, pHg and pge being
the mercury and helium densities, and also by adding up Vi,
Ve, and Viya. The values of Sger, Vini» Wo, Vine, OHg» PHes VT,
and Vp are listed in Table 1.

The X-ray diffraction analysis of activated carbon did not
show any peak indicating amorphous nature of the carbon pre-
pared from coconut shell fibers.

The identification of various forms of different constituents
in ATFAC activated has been done with the help of IR spectra
(Fig. 1). The IR spectrum of activated carbon indicated weak
and broad peaks in the region of 3853453 cm~!. Approximate
FT-IR band assignment indicated the presence of carbonyl, car-
boxyls, lactones, and phenols. The 1800-1540 cm~! band is
associated with C=O0 stretching mode in carbonyls, carboxylic
acids, and lactones, while 1440-1000 cm™~! band was assigned
to the C—O stretching and O—H bending modes such as phe-
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Table 1
Characteristics of prepared activated carbon and activated carbon fabric cloth

Activated carbon (ATFAC) Activated carbon fabric cloth (ACF)

Properties Values Properties Values
pH 5.80 Surface area (SggT) 1565
(m?/g)
Ash (%) 7.23 Pore volume (cm3/g) 0.65
C:H:N (%) 76.38:1.95:0.38  Effective pore size (A) <8.0
SgET (M2/g) 512 Thickness (mm) 7-9
Vi (cm3g=!)  0.17 Density (gm/cm?) 0.2-0.7
W, (cm® g~ 1) 0.18 Decomposition >500
temperature (°C)
Ve cm> g™ 0.07 Width (cm) 60/87
Vima (cm3 g~y 0.29 Texture Plain
PHg (g cm™?) 1.65 pH 7.0
PHe (gem™) 0.84 Hydrogen percentage 0.80
Vr em’g™h) 0.58 Carbon percentage 80

Viemdg™h) 053

nols and carboxylic acids. The assignment of a specific wave
number to a given functional group was not possible because
the absorption bands of various functional groups overlap and
shift, depending on their molecular structure and environment.
Shifts in absorption positions may be caused by factors such as
intra-molecular and intermolecular hydrogen bonding, stearic
effect, and degree of conjugation. For instance, within its given
range, the position of C=O stretching band (common to car-
bonyls, carboxylic acids, and lactones) is determined by many
factors. These include: (i) the physical state, (ii) electronic and
mass effects of neighboring substituents, (iii) conjugation, (iv)
hydrogen bonding, and (v) ring strain. The IR absorption bands
of oxygen groups on the surface of solid GAC are likely to be
affected by some or all of the factors listed above. Although

some inference can be made about the surface functional groups
from IR spectra, the weak and broad band do not provide any
authentic information about the nature of surface oxides.

Scanning electron microscopy of ATFAC [2,35,36,37] at dif-
ferent magnifications revealed the surface texture and different
levels of porosity in the prepared activated carbon under study.
It was concluded that there were considerable small cavities,
cracks and attached fine particles over the activated carbon sur-
face, forming a system of complicated pore networks.

On the other hand, activated carbon fabric cloth is synthetic
material manufactured from an array of uniform polymeric sub-
strates, including polyacrylonitrile, pitch-based polymers, and
phenolic-based resins [41]. These materials can be used to pro-
duce ACFs with uniform and continuous pore structures; in
addition, they contain very low amounts of inorganic impuri-
ties compared with conventional activated carbon feed stocks.
ACF uses chiefly cellulose or acrylic precursors. Cellulose based
precursor (for example, from viscose rayon) tend to have a very
low yield and not too good mechanical properties. Acrylic-based
ACF is increasing becoming a major product in all aspects of
chemical filtration.

The production of ACF involves stabilizing the acrylic pre-
cursor in the same way as by structural carbon fibers, in air
up to 300 °C. The resulting oxidized fiber can be directly acti-
vated or more usually made into a fabric through conventional
textile means (felting, spinning, and weaving or knitting). The
oxidized acrylic cloth is then activated, this involves heating
the fabric to a temperature of up to 1300 °C not in an inert
atmosphere like in structural carbon fiber but in an oxidizing
atmosphere such as CO, or H,O (steam). The action of the
oxidizing agent causes a tremendous attack on the surface of
the fibers, this induces a huge surface area and a porous sur-
face which the size and configuration of the pores influence

PERKIN ELMER
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Fig. 1. IR spectrum of ATFAC.
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Fig. 2. Activated carbon and activated carbon fabric cloth (ACF) structures.

greatly the power of the carbon atoms, on the surface to act as
chemical “hooks” to attach to many chemical substances which
may pass through the ACF filter. Basically ACF carbon is a
form of graphite, free of nitrogen, hydrogen, halogens, sulfur,
or oxygen. The activated carbon structure allows for high poros-
ity as millions of pore sizes, from visible cracks and crevices
to inlets of molecular dimensions all allowing for adsorption.
The activated carbon employed for purification purpose usually
contained macro- (10-30%), meso- (20-40%), and micropores
(40-50%) (radii >50, 50-2, and <2 nm, respectively), however
the activated carbon cloth can be prepared with micropores only
or with a mixture of pores. The former version of charcoal cloth
is of particular interest because its pore sizes distribution differs
from that of activated carbon as shown in Fig. 2.

These materials can be used molecules/atoms of pollutants
have an affinity towards activated carbon fabric surface by phys-
ical adsorption at low temperatures. In physical adsorption there
is a van der Waals interaction, having long range, but weak
forces. Molecule of pollutant bouncing across the activated car-
bon fabric surface gradually looses its energy and finally comes
to rest on it. Due to weak bonds in the physical adsorption
molecules can be removed from the activated carbon fabric sur-
face by giving heatinput. This property is utilized in regenerating
activated carbon fabric. The various properties of the activated
carbon fabric cloth are provided in Table 1.

3.2. Equilibrium studies

Cr(II) in aqueous solution forms different species at vari-
ous pHs [19]. The speciation diagram for chromium(III) can be
obtained using the following reactions and equilibrium constants
[25]:

Cr’t +H,0 < Cr(OH)*t +HY  (logK = —4)

Cr¥* 4 2H,0 < Cr(OH),* +2H" (logK = —9.65)

100
— 80 1
©
2 —e— ATFAC
g —O— ACF
= 60 | 1
=
(8]
= aof ]
@
e
@
a

20 1

0 ;
1 2 3 4 5 6 7

Fig. 3. Effect of pH on the adsorption of Cr(IlI) by ATFAC and ACF at 25°C
and adsorbate concentration of 50 mg/I.

Cr’*T +4H,0 < Cr(OH);~ +4HT (log K = —27.4)

Cr** +3H,0 < Cr(OH)3) +3HT  (log K = —12)

The first reaction generates Cr(OH)>* and protons which con-
tribute to the increased acidity of Cr(IIl) solution. If Cr* is
adsorbed, the first reaction proceeds to the left, leading to the
depletion of protons and hence a rise in pH. In contrast, if
Cr(OH)?* adsorbs onto the adsorbent, the reaction proceeds to
the right and the solution becomes more acidic. However, the pH
of a solution may also change due to the release and/or uptake
of protons. Thus, Cr(OH),* species is dominant at pH values
between 6 and 8 while Cr(OH)** and Cr>* predominant in more
acidic conditions. Cr(OH)4~ and Cr(OH)j3s) are most likely to
be found in alkaline water.

The removal of chromium as a function of pH was investi-
gated over a pH range of 2—-6 (Fig. 3). It is clear that sorption
of trivalent chromium species increased with increase in solu-
tion pH from 2 to 6.0. Studies were not performed beyond 6.0
due to the possibility of Cr(IIl) precipitation [23,42]. Rivera-
Utrilla and Sanchez-Polo [43] calculated the distribution of
Cr(I1II) species in aqueous solutions at different pH values. At
pH 2, almost all the Cr(IIl) existed as Cr3* cation (hexahy-
drated), whereas at pH 12 it existed as Cr(OH)4~ anion. At
pH 4.0, the predominant species were Cr3* (61.16), Cr(OH)**
(38.60), and Cr(OH),* (38.24) while at pH 6.0 the predomi-
nant species were Cr(OH)** (60.61%) and Cr(OH),* (38.24%).
At pH 2, the amount of Cr(IIl) adsorbed on ATFAC and ACF
is almost zero. The smaller adsorption values observed at low
pH have been attributed to the competition between the protons
and the Cr(IIl) for the available binding sites on carbon. The
adsorption increases in the range 4-6.0. In this pH range, all
Cr(III) species are cationic and the predominant interactions in
the adsorption process must have been electrostatic. The maxi-
mum adsorption capacities were achieved in a pH range (4-6)
at which the carbon surface presented a negative charge and the
Cr(III) species were cationic. Thus, the adsorption of Cr(IIl) is a
attractive electrostatic interactions between the ionised acid sites
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Fig.4. Adsorption of Cr(III) on ATFAC at different temperatures and at optimum
pH. Solid lines represent the fitting of data by (a) Freundlich and (b) Langmuir
isotherms.

on the activated carbon surface and the Cr(IIl) cations. Leyva-
Ramos et al. [19] report that at pH values below 2, Cr(III) was
not adsorbed and at pH values above 6.4 Cr(III) was precipitated.
Aggarwal et al. [44], studied the adsorption of Cr(IIT) and Cr(VI)
on activated carbons with different degrees of oxidation and con-
cluded that the adsorption of Cr(IIl) is specifically produced on
carboxyl and lactone groups present on the activated carbon
surface. Rivera-Utrilla and Sanchez-Polo [43] investigated that
at pH values above 7, neutral Cr(OH)3; and anionic Cr(OH)4~
species begin to appear, reducing the adsorption capacity of
these samples by preventing ionic interchange and creating
repulsive adsorbent—adsorbate interactions. In the present inves-
tigation the optimum initial pH chosen for Cr(IIT) was 5.0, to
correlate the removal with adsorption process. Similar types
of observations for the Cr(IIl) adsorption were reported earlier
[17,33,45].

The isotherms (data points) for adsorption of the Cr(IIl) at
optimum pH on activated carbon developed from coconut shell
fibers and activated fabric cloth are shown in Figs. 4 and 5 at three
different temperatures. However, the data points are not very
good but still the isotherms are positive, regular, and concave
to the concentration axis. In all the cases the uptake of Cr(III)

35

30

251

20

15f

Amount adsorbed(mg/g)

0 20 40 60 80
(a) Equilibrium concentration(mg/l)

35 T T T

Amount adsorbed(mg/g)

0 20 40 60 80
(b) Equilibrium concentration(mg/l)

Fig. 5. Adsorption of Cr(III) on ACF at different temperatures and at optimum
pH. Solid lines represent the fitting of data by (a) Freundlich and (b) Langmuir
isotherms.

increases with increase in temperature thereby indicating the
process to be endothermic in nature.

The increase in adsorption of chromium(IIl) with tempera-
ture is probably a combination of “activated diffusion” plus an
increase in surface area caused by oxidation, associated with
the observed adsorption of Cr(IIl) on the surface of carbona-
ceous materials. Such activated adsorption would widen and
deepen the very small micropores, i.e. cause “pore burrow-
ing” and so create more surfaces for adsorption [46]. Thus,
the increase in the number of the adsorption sites due to the
breaking of some internal bonds near the edge of the particles
at higher temperatures resulting the higher adsorption of Cr(III)
[46].

The uptake of Cr(II) by ATFAC and ACF is almost 100% at
low adsorbate concentrations while it decreases at higher adsor-
bate concentrations. The adsorption studies were carried out at
10, 25, and 40°C to determine the adsorption isotherms and
the isotherm parameters were evaluated using linear and non-
linear Langmuir and Freundlich models as given by Egs. (3)—(6).
Use of linearized equations apparently produces large errors in
the parameters. This is related to complication arising from the
simultaneous transformation of measurement errors with data.
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Table 2
Freundlich isotherm constants for Cr(IlI) adsorption on ATFAC and ACF at different temperatures
Types of carbons 10°C 25°C 40°C
Kr (mg/g) n R Kr (mg/g) n R Kr (mg/g) n R
ATFAC 1.14 0.49 0.9131 0911 0.56 0.9766 1.26 0.45 0.9698
ACF 2.47 0.56 0.9026 2.39 0.59 0.8622 2.87 0.56 0.8415
3.2.1. Langmuir isotherm 1.00 - ; - - —a—
The Langmuir equation may be written as 0.8} 1
“bC 0.96} ]
ge = b (non-linear form) 3)
1+ bC, £ 0.94} . ]
E *
C 1 1 . o 0.92 E
== (0) + (0) Ce (linear form) (@) g .
ge 0% o = 090 ]
o
where ¢, is the amount of solute adsorbed per unit weight of T o8} 7
adsorbent (mg/g), C. the equilibrium concentration of solute in o[ |
the bulk solution (mg/1), Q° the monolayer adsorption capacity
(mg/g), and b is the constant related to the free energy of adsorp- 0.64 T
tion/desorption (bo e‘AG’RT). High values of b are reflected by 0.82 . . L . . . . .
0.82 0.84 0.86 0.88 090 092 094 096 0.98 1.00

the steep initial slope of a sorption isotherm and indicate a high
affinity for the adsorbate. In terms of implementations, sorbents
with highest possible Q° and high b are the most desirable.

3.2.2. Freundlich isotherm
The Freundlich equation may be written as

ge = KFCé/ " (non-linear form) 5)
1

log g. = log Kr + — logCe (linear form) (6)
n

where ¢, is the amount of solute adsorbed per unit weight of
adsorbent (mg/g), C. the equilibrium concentration of solute
in the bulk solution (mg/l), Kr the constant indicative of the
relative adsorption capacity of the adsorbent (mg/g), and 1/n is
the constant indicative of the intensity of the adsorption.

The non-linear Freundlich and Langmuir isotherms for the
adsorption of Cr(III) on the prepared activated carbons and acti-
vated carbon fabric at different temperatures are also presented
inFigs. 4 and 5. The solid lines represent the lines of model fits in
the wide range of concentrations. The corresponding Freundlich
and Langmuir parameters along with correlation coefficients are
given in Tables 2 and 3, respectively. The correlation coefficients
showed that in general, the Langmuir model fitted the results bet-
ter than the Freundlich model as can be seen from Fig. 6. The
monolayer adsorption capacity (Q°), as calculated from non-

R?, Freundlich

Fig. 6. Comparative evaluation of Langmuir and Freundlich regression coeffi-
cients for Cr(IIT) removal on ATFAC and ACF.

linear Langmuir isotherms, for Cr(III) was three times higher
for activated carbon fabric cloth than activated carbon prepared
by coconut shell fibers (ATFAC). Activated carbon fibers only
have micropores, which are directly accessible from the external
surface of the fiber and therefore the various species of Cr(III)
reach the adsorption sites through these micropores without any
additional diffusion resistance of macropores. Also the activated
carbon fibers (ACFs) have a high carbon content and preferen-
tially adsorb Cr(IIT). Surface area is not the only criteria and
other factors such as precipitation, surface complexation, and
ion exchange also play an important role in the adsorption of
Cr(III) on the developed adsorbents.

The essential characteristic of a Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor,
Ry, [47-49,2,35-38] on different systems as given by Eq. (7).

1

RL=——
L 14+ bCy

@)

where b is the Langmuir constant, Cy the initial concentration,
and Ry, indicates the shape of the isotherm as given in Scheme 1.

Eztri;rr?uir isotherm constants for Cr(III) adsorption on FAC and ACF at different temperatures
Types of carbons 10°C 25°C 40°C

Q" (mglg) b (mg) R? Q" (mglg) b (Vmg) R? Q" (mglg) b (I/mg) R
ATFAC 10.97 0.0505 0.9356 12.23 0.0361 0.9768 16.10 0.0442 0.9987
ACF 36.05 0.0371 0.9416 39.56 0.0368 0.9131 40.29 0.0439 0.8988
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Qe

Types of equilibrium isotherms are related with the Ry, values
as

Ry >1 Unfavorable
Ry =1 Linear
O<Ryp<1 Favorable
Ry =0 Trreversible

The dimensionless separation factor, Ry, was determined at dif-
ferent temperatures, particle sizes and adsorbent doses in the
broad concentration range. The values of Ry at different particle
sizes, adsorbent doses and temperatures were found to be less
than 1 and greater than O indicating the favorable adsorption
of Cr(IIl) on both of the adsorbents used for Cr(III) removal
(data omitted for brevity). The degree of favorability is gener-
ally related to the irreversibility of the system giving a qualitative
assessment of the carbon—chromium and cloth—carbon interac-
tions. The degrees tended towards zero (the completely ideal
irreversible case) rather than unity, which represents a com-
pletely reversible case.

3.3. Dynamic studies

The effect of amount of adsorbent on the rate of uptake of
Cr(IIT) was carried out at 0.5, 1, and 2 g. The uptake increased
with increase in amount of the adsorbent material (figure omitted
for brevity). There is a substantial increase in the adsorption
when carbon dosage increases from 0.5 to 1 g, while the increase
on introducing additional 1 g/l of carbon is not so significant.
Keeping this in view, the amount of carbon has been kept 2 g/l
in all the subsequent kinetic studies. Further the half-life of the
process (ts0) decreases with increasing amount of adsorbent,
confirming that the rate of adsorption is dependent on the amount
of carbon. Preliminary investigations on the rate of uptake of
Cr(IIT) on activated carbons indicated that the processes are quite
rapid and typically 40-50% of the ultimate adsorption occurs
within the first hour of contact. This adsorption subsequently
gives way to a very slow approach to equilibrium and in 48 h,
saturation is reached.

The kinetics of removal of Cr(III) has been further studied at
different adsorbate concentrations, viz., 25, 50, and 100 mg/l and
temperatures, viz., 10, 25, and 40 °C and the same is presented
in Figs. 7 and 8 for ATFAC and ACEF, respectively.

Chromium(lll) removed(mg/g)

0 L L L L 1
0 10 20 30 40 50 60
(a) Equilibrium time(h)
10 T T T T
8

Chromium(lil) removed(mg/g)

4
—e— 10°C
2 —o— 25°C
0,
—¥— 40C
0 L L L L L
0 10 20 30 40 50 60
(b) Equilibrium time(h)
12 r : T r -
10}

[=:]

Chromium(lll) removed (mg/g)

0 1 1 L L
0 10 20 30 40 50 60

(c) Equilibrium time(h)

Fig. 7. Effect of contact time on the rate of adsorption of Cr(III) by ATFAC at
different temperatures and at optimum pH, and adsorbate concentration of (a)
25 mg/1, (b) 50 mg/l, and (c) 100 mg/1.

The extent of adsorption of Cr(IIl) and its rate of removal
on ATFAC, and ACF are found to increase with temperature
(Table 4), conforming the process to be endothermic in nature.
Also, the amount of Cr(III) removed in the first hour of contact
increases with the increase in temperature. Further the uptake of
Cr(IIT) on both the adsorbents, i.e. ATFAC and ACF increases
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Fig. 8. Effect of contact time on the rate of adsorption of Cr(III) by ACF at
different temperatures and at optimum pH, and adsorbate concentration of (a)
25 mg/l, (b) 50 mg/l, and (c) 100 mg/I.

with increase in adsorbate concentrations. Similar to the effect
of temperature the removal also increases in the first hour of
contact (Table 4). No correlation was found between the half-
life of the adsorption process (f59) and temperature/adsorbate
concentration.

In order to interpret the experimental data, it is neces-
sary to identify the step that governs the overall removal
rate in the adsorption process. First-order and second-order
kinetic models were tested to fit the experimental data obtained

Table 4
Effect of temperatures and concentrations on the rate of uptake of Cr(IIl) on
ATFAC and ACEF (initial concentration of Cr(III) =50 mg/1)

Adsorbents/ Temperature ~ Amount adsorbed ~ Amount adsorbed
concentrations (°C) in first hour as obtained
(mg/g) experimentally

ACF (25 mg/l) 10 225 7.34

25 3.10 8.46

40 5.10 9.62
ACF (50 mg/l) 10 2.05 15.55

25 10.15 18.05

40 17.6 20.27
ACF (100 mg/1) 10 8.45 36.15

25 27.05 39.35

40 18.45 40.95
ATFAC 10 - 4.00
(25 mg/l)

25 1.55 5.65

40 1.10 5.55
ATFAC 10 1.40 6.80
(50 mg/1)

25 3.50 6.15

40 3.65 8.05
ATFAC 10 3.45 7.05
(100 mg/1)

25 435 9.80

40 5.47 9.30

from Cr(Ill) adsorption. Moreover, the determination of a
good fitting model could allow further water treatment process
designing.

3.3.1. Pseudo-first-order kinetic model

A simple kinetic model that describes the process of adsorp-
tion is the pseudo-first-order equation as suggested by Lagergen
[50] and further cited by Ho et al. [51] and Ho [52].
dg;
=k _ 8
m 1(ge — q1) ®)
where k; (min~!) is the first-order rate constant of adsorption,
ge the amount adsorbed at equilibrium, and ¢, is the amount of
chromium adsorbed at time ‘¢’.

Integrating Eq. (1) with the initial condition ¢; =0 at7=0, we
get

In (M) — kit ©)

qe
or
log(ge — g1) = logge — Lt (linear form) (10)
2.303
or
gr = ge(1 — e M) (non-linear form) (11)

In most of the cases, the first-order equation of Lagergren did
not apply throughout the complete range of contact time and is
generally applicable over the initial 20-30 min of the sorption
process. The plots of log(g. — g;) versus “time” (Fig. 9) deviated
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Fig. 9. Lagergren plots for the adsorption of Cr(III) on (a) ATFAC and (b) ACF
at optimum pH, at different temperatures and adsorbate concentrations.

considerably from the theoretical data after a short period. The
slops and intercepts as calculated from the plots were used to

289

3.3.2. Pseudo-second-order kinetic model
The kinetics of chromium-adsorbent systems can be repre-

sented as
k2

%>SM

k2'

S+M

where S is an active site occupied on the adsorbent
(ATFAC/ACF), M a free ion (chromium in the present study) in
solution, SM represents a chromium ion bound to ATFAC/ACEF,
and ky and k% are the adsorption and desorption rate constants,
respectively. The kinetic equation for the adsorption process was
developed [53-55] and can be written as

d(s),
dr

where [S]p and [S]; are the number of active sites on the adsor-
bent at initial time 7=0 and ¢, respectively. It is considered that
sorption capacity is directly proportional to the number of active
sites occupied on activated carbon/activated fabric cloth; this can
be written as

= kal(S) — (5),1 (12)

d
= ka(ge — 1)

dr (13)

where k> (gmg~!h™!) is the rate constant of pseudo-second-
order adsorption, g, the amount adsorbed at equilibrium, and ¢,
is the amount of chromium adsorbed at time ‘7.

Separating the variables of Eq. (13)

d
I — ko

_— 14
(ge — q1) (1

Integrating Eq. (14), considering that gg =0 when =0 and that
q: =q; when t=t, results in the expression

. sy . 1 1
determine k; (first-order rate constant) and equilibrium capacity —— = —+kt (15)
(ge). The g values as calculated from the plots are lower than the (Ge = a0 Ge
ex.perlmenta.l one. The Yalues of rate gonst.ant, k1 and g, together Re-arranging Eq. (15)
with regression coefficients are provided in Table 5. Therefore,
it may be concluded that chromium-adsorbent systems do not _ 4 16
. qr = 2 ( )
follow a first-order rate equation. (1/(kagg)) + (t/qe)
Table 5
Pseudo-first-order kinetic parameters for the adsorption of Cr(III) on ATFAC and ACF
Initial concentration = Temperature FAC ACF
(mg/1) O - ) - >
ky (min™")  geexp) (ME/Z)  ge(can) (Mg/g) R ki (min™")  geexp) (ME/E)  ge(cay (Mg/g) R
25 10 3.12 4.00 4.30 0.9207 7.08 7.34 6.53 0.8660
25 3.30 5.65 3.98 0.9515 6.36 8.46 541 0.9908
40 8.02 5.55 3.92 0.8867 5.94 9.62 2.36 0.7989
50 10 3.21 6.80 5.52 0.9877 4.14 15.55 13.30 0.9896
25 5.14 6.15 3.05 0.9642 5.7 18.05 591 0.8298
40 5.00 8.05 4.55 0.8627 3.78 20.27 2.95 0.9940
100 10 4.26 7.05 4.48 0.6590 3.72 36.15 27.23 0.9908
25 4.26 9.80 5.76 0.9197 3.90 39.35 8.16 0.6274
40 4.98 9.30 3.63 0.9682  4.86 40.95 15.73 0.8474
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Fig. 10. Pseudo-second-order kinetic plots for the adsorption of Cr(III) on (a)

ATFAC and (b) ACF at optimum pH, at different temperatures and different
initial concentrations of adsorbate.

or
R (17)
a  kq?  ge

The product /qu is actually represents the initial sorption rate
represented as

Rate = kg2 (18)

Using Eq. (17), t/q; was plotted against ‘¢’ at different adsorbate
concentrations at different temperature. The second-order sorp-
tion rate constant (k) and g values were determined from slopes
and intercepts of the plots (Fig. 10). The correlation coefficients
(R?) for the linear plots are superior (in most cases >0.9900).
The values of ge and k, are presented in Table 6. The kinetic
data is better fitted by second-order rate equation (Fig. 11). Fur-
ther, the experimentally g. values were compared with the g
values determined by pseudo-first and second-order rate kinetic
models. The theoretical g, values as calculated from pseudo-
second-order kinetic model agree perfectly with the experimen-
tal g values (Fig. 12). This suggests that the sorption system is
not a first-order reaction and that a pseudo-second-order model
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Fig. 11. Comparative evaluation of pseudo-first-order and pseudo-second-order
rate equations.

can be considered. The pseudo-second-order model is based on
the assumption that the rate-limiting step may be a chemical
sorption involving valance forces through sharing or exchange
of electrons between adsorbent and adsorbate. It provides the
best correlation of the data. These two models do not provide
a definite mechanism, therefore another simplified model was
tested.

The mathematical treatment of Boyd et al. [56] and Reichen-
berg [57] distinguishes between diffusion in particle, film dif-
fusion and a mass action-controlled exchange mechanism. This
treatment laid the foundation of sorption/ion exchange kinetics.

Three consecutive steps which occur in the adsorption of an
adsorbate by a porous adsorbent are:

1. transport of the adsorbate to the external surface of the adsor-
bent (film diffusion);

2. transport of the adsorbate within the pores of the adsorbent
(particle diffusion);

°
g 50
8 ® qe(mg/g) as calculated using I order kinetic model
@ O qe (mg/g) as caluclated using II" order kinetic model
2 o}
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- 30}
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Fig. 12. Correlation between experiment g, and calculated g. using pseudo-first
and second-order kinetic models.
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Table 6
Pseudo-second-order kinetic parameters for the adsorption of Cr(IIl) on ATFAC and ACF
Initial concentration Temperature ATFAC ACF
(mg/) 0 ) 2 ) 2
ka x 10 Ge(Bxp) (ME/E)  qGe(cany (Mg/g) R ky x 10 GeExp) (ME/E)  qGe(cany (Mglg) R
(gmg~'h™h) (gmg~'h™h)
25 10 1.26 4.00 4.51 0.8973 2.83 7.34 7.99 0.9935
25 6.23 5.65 5.24 0.9876 0.18 8.46 9.64 0.9988
40 5.79 5.55 5.82 0.9955 4.95 9.62 8.83 0.9998
50 10 3.14 6.80 6.46 0.9817 93.97 15.55 16.69 0.9947
25 0.11 6.15 6.25 0.9983 0.17 18.05 19.92 0.9997
40 5.96 8.05 7.82 0.9910 6.81 20.27 18.45 0.9996
100 10 8.16 7.05 6.27 0.9597 75.01 36.15 35.33 0.9912
25 5.59 9.80 9.49 0.9941 5.49 39.35 38.46 0.9993
40 0.11 9.30 9.21 0.9993 2.68 40.95 40.16 0.9979
3. adsorption of the adsorbate on the exterior surface of the using Egs. (19)-(24).
adsorbent. ~ -
6 1 | =Djtr*n
; : F=1-— 27 : 2 (19)
Process (3) is very rapid and does not represent the rate- nei=n T,
determining step in the uptake of adsorbate [39]. Three dis-
tinct cases occur for the remaining two steps in the overall or
transport: 6 1 s
F=1- ?anz exp[—n’Bt] (20)

case I external transport > internal transport;
case II: external transport < internal transport;
case III: external transport A internal transport.

In cases I and II, the rate is governed by film and particle dif-
fusion, respectively. In case III, the transport of ions to the
boundary may not be possible at a significant rate, thereby, lead-
ing to the formation of a liquid film with a concentration gradient
surrounding the sorbent particles. External transport is usually
the rate-limiting step in systems, which have (a) poor mixing,
(b) dilute concentration of adsorbate, (c) small particle size, and
(d) high affinity of adsorbate for adsorbent.

In contrast, the intra-particle step limits the overall transfer
for those systems that have (a) high concentration of adsorbate,
(b) good mixing, (c) large particle size of adsorbent, and (d) low
affinity of adsorbate for adsorbent.

Kinetic data obtained in this work were analyzed by applying
the Reichenberg [57], and Helffrich [58] mathematical models

Table 7
Thermodynamic parameters of activation

where F'is the fractional attainment of equilibrium at time ‘7’
and is obtained by the expression
_o

=00

where Q; is the amount of adsorbate taken up at time ‘” and Q°
is the maximum equilibrium uptake and

F 2y

7T2D,'

B = = time constant

22
2 (22)
where D; is the effective diffusion coefficient of ion in the adsor-
bent phase, r, the radius of the adsorbent particle, assumed to
be spherical, and » is an integer that defines the infinite series
solution. Bt values were obtained for each observed value of
F from Reichenberg’s table [57] at different temperatures and
concentrations. The linearity test of Bt versus time plots was

Adsorbents Effective diffusion coefficient, D; (m?s~!) Pre-exponential Energy of activation Entropy of activation
0°C 5 20°C factor (Do) (m2 s~ 1) (E,) (kT mol~1) (AS*) K~ mol~1)
ATFAC (25 mg/l) 746.82 x 10716 118.51 x 10716 276.93 x 10~16 9.91 x 1019 11.04 0.11
ATFAC (50 mg/1) 111.84 x 10716 213.42 x 10710 167.95 x 10716 1.04 x 10712 4.49 4.02
ATFAC (100mg/l) 17277 x 10716 165.08 x 1071 219.06 x 10~'¢  0.18 x 10714 2.47 2.23
ACF (25 mg/l) 267.39 x 10~1° 254.06 x 10~10 253.04 x 10~16 1.48 x 10714 5.95 2.82
ACF (50 mg/1) 156.29 x 10~16 160.17 x 10710 22934 x 10716 0.76 x 1014 4.02 2.63
ACF (100 mg/1) 139.62 x 10716 162.30 x 10710 196.19 x 10716 0.48 x 1014 3.61 2.50




292 D. Mohan et al. / Journal of Hazardous Materials B135 (2006) 280-295

0 5 10 15 20 25 30 35
@ Equilibrium time(h)

o 5 10 15 20 25 30 35
(b) Equilibrium time(h)

Bt

) 5 10 15 20 25 30 35
(c) Equilibrium time(h)

Fig. 13. Bt vs. time plots for Cr(III) adsorption on ATFAC at (a) 25 mg/l, (b)
50 mg/1, and (c) 100 mg/1.

employed to distinguish between the film diffusion and parti-
cle diffusion controlled adsorption. If the plot of Bf versus time
(having slope B) is a straight line passing through the origin,
then the adsorption rate is governed by particle diffusion mech-
anism otherwise it is governed by film diffusion. The results of
ATFAC and ACEF at different concentrations and temperatures
are plotted in Figs. 13 and 14 (other figures omitted for brevity).
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Fig. 14. Btvs.time plots for Cr(III) adsorption on ACF at (a) 25 mg/1, (b) 50 mg/1,
and (c) 100 mg/1.

It is interesting to note that at 10, 25, and 40 °C and low con-
centrations, i.e. <25 mg/l for ATFAC, ACF the Bt versus time
plots are linear and passes through the origin indicating the par-
ticle diffusion mechanism is the rate controlling step. Further
at concentration >25 mg/l and at low temperatures <10 °C, the
plots are linear and pass through the origin indicating the par-
ticle diffusion mechanism at these conditions for both ATFAC
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Fig. 15. log(D;) vs. 1/T plots for Cr(IIT) adsorption on (a) ATFAC and (b) ACE.

and ACF. At high temperatures (>10°C) and high concentra-
tions (>25 mg/1) the plots are liner but do not pass through the
origin confirmed that the film diffusion mechanism control the
rate of the reaction (Figs. 13 and 14).

The effective diffusion coefficients were estimated from the
slopes of the Bt plots using Eq. (19). The effective diffusion coef-
ficients as estimated from Fig. 15 at different temperatures are
given in Table 7. No correlation was observed between tempera-
tures and effective diffusion coefficients. The increased mobility
of ions and a decrease in retarding forces acting on the diffus-
ing ion results in the increase of D; with temperature in some
cases. The energy of activation, E,, the entropy of activation,
AS* and pre-exponential factor, Dy, analogous to the Arrhe-
nius frequency factor, were also evaluated using Eqgs. (23) and
(24) and are given in Table 7.

Di=D Ea (23)
D oexp | — =2
i 0 p RT

kT AS*

where k is the Boltzmann constant, / the Planck constant, R the
gas constant, and d is the distance between two active sites of the
adsorbent. The positive AS* values obtained for the adsorption
of Cr(IIT) on ATFAC and ACF are common in metal adsorption.

4. Conclusions

The agricultural waste material, i.e. coconut shell fibers
was converted into low cost activated carbon (ATFAC) suc-
cessfully. The carbon together with the activated carbon fabric
cloth were characterized and utilized for the removal of Cr(III)

Table 8
Adsorption capacities of the developed adsorbents vis-a-vis other adsorbents for
the removal of Cr(IIT)

Activated carbons/adsorbents Adsorption References
capacity
(mg/gram)

ATFAC 12.23 This
ACF 39.56 study
Activated carbon, GAC-S 13.31
Activated carbon, GAC-E 10.52 (44]
Activated carbon, ACF-307 7.08
Activated carbon, ACF-310 3.52
Carbon F 7.33
Carbon F10 10.67 [43]
Carbon F120 19.23
Chrome sludge 24.0 [59]
Pinus pinaster bark 19.45 [60]
Rice straw 15.6 [61]
Sun flower stalks 25.07 [62]
Blast furnace sludge 9.55 [63]
Treated Pinus sylvestris bark 9.77 (64]
Untreated Pinus sylvestris bark 8.69
Moss 15.1
Moss-tannery waste 13.1 (65]
Sargassum 38 [66]
Rhizopus arrhizus 31 [67]
Ecklonia biomass 34.1 [68]
Biogas residual slurry 7.8 [69]
Activated carbon 2.7
Activated carbon oxidized with 25.3 [70]

HNO3
Activated carbon oxidized with 0.2

HNO3 and heated at 873 °K in a

N, flow for 2h
Natural moss 18.9 [71]
Composite alginate—goethite beads 25.2 [72]
Carbons prepared from co-mingled 56.68 (73]

natural organic wastes
Norit activated carbon post-oxidized 53.04

with 1 M HNO;3
Expanded perlite 0.73 [74]
Alginate beads 0.14 [75]
Impregnated with microemulsion 85.59 [76]
Aminated polyacrylonitrile fibers ~5.0 [23]
Wine processing waste sludge 13.45 [42]
Brown seaweed (Turbinaria spp.) 31 [16]
Peat 22.36 [77]
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from water/wastewater in the broad range of concentrations
(1-100 mg/1). The results are very promising. Both equilibrium
and kinetic studies were performed in batch due to its sim-
plicity to determine various parameters necessary to establish
the fixed bed reactors. The optimum pH was 5.0. The sorption
data are better fitted by Langmuir adsorption isotherm model
than Freundlich model. The monolayer adsorption capacity (Q%)
as calculated using Langmuir adsorption isotherm of ATFAC
and ACF increased with increase in temperature conforming
endothermic nature of the process. Sorption capacities are com-
parable to most of the adsorbents used for Cr(III) removal from
water/wastewater (Table 8). Further, adsorption of Cr(IIl) was
more on ACF than ATFAC.

The rate of the adsorption is governed by pseudo-second-
order rate equation. Further the adsorption of Cr(IIl) is con-
trolled by particle diffusion mechanism at temperatures <10 °C
and adsorbate concentrations <25 mg/l. It is concluded that the
coconut shell fibers commodity group will be benefited from
this research because it will add value to surplus by-products.
Carbon users would also be benefited because it offers a viable
alternative to coal based activated carbons, Thus, the studies pre-
sented revealed that the derived low cost activated carbon could
be fruitfully employed as adsorbent for the removal of chromium
from wastewater with out any sludge production.
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