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aqueous environment. Influent pH, column bed depth, influent Cr(VI) concentrations and influent flow rate
were variable parameters for the present study. Optimum pH for total chromium removal was observed
as 3 by electrostatic attraction of acid chromate ion (HCrO4~) with protonated amine group (NHs*) of
PANI-jute. With increase in column bed depth from 40 to 60 cm, total chromium uptake by PANI-jute

gg‘;vg;fm increased from 4.14 to 4.66 mg/g with subsequent increase in throughput volume from 9.84 to 12.6 L at
Polyaniline exhaustion point. The data obtained for total chromium removal were well described by BDST equation
Breakthrough curve till 10% breakthrough. Adsorption rate constant and dynamic bed capacity at 10% breakthrough were
BDST model observed as 0.01 L/mgh and 1069.46 mg/L, respectively. Adsorbed total chromium was recovered back

Dynamic bed capacity from PANI-jute as non-toxic Cr(IlI) after ignition with more than 97% reduction in weight, minimizing the

problem of solid waste disposal.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Rapid industrialization over the years led to an increase and
accumulation of hexavalent chromium in environment. Chromium
exists in environment as trivalent [Cr(III)] and hexavalent [Cr(VI)]
forms and Cr(VI) is considered highly toxic, carcinogenic and
mutanogenic. WHO (World Health Organization) and BIS (Bureau
of Indian Standards) recommended guideline value for chromium
(as total chromium) in drinking water as 0.05mg/L (desirable)
with no relaxation on permissible limit [1,2]. Anthropogenic source
of chromium is generally from various industrial processes like
electroplating, leather tanning, wood preservations, manufacturing
of dye, paint and paper [3]. Several physicochemical wastewa-
ter treatment processes have been developed and reported to
remove hexavalent chromium. These include chemical reduc-
tion followed by precipitation [4,5], electrochemical precipitation
[6], ion exchange [7], solvent extraction [8], evaporation, reverse
osmosis, foam separation, adsorption, biosorption [9,10], etc. Most
of these methods like solvent extraction, reverse osmosis, ion
exchange, electrochemical precipitation, etc., need high capital cost
and recurring expenses such as chemicals, which are not suitable
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for small-scale industries. Reduction of Cr(VI) to Cr(Ill) and then
employing chemical precipitation, though economical, generates
large amount of toxic sludge making disposal difficult. The process
of adsorption is by far the most versatile and widely used technique
for the removal of hexavalent chromium. Several researchers inves-
tigated adsorption of chromium using certain easily available low
cost materials such as rice bran, wool, sawdust, etc. [11-13]. How-
ever, low adsorption capacity and slow kinetics of these adsorbents
created a necessity to develop innovative low cost adsorbents hav-
ing strong affinity towards metal ions and ability to remove heavy
metals in a relatively short period of time.

Since the last decade, adsorption of metal ions by sev-
eral functionalized polymers based on amines derivatives such
as polyacrylonitrile fibers, ethylenediamine, polyacrylamides,
poly-4-vinylpyridine, polyethyleneimine, aniline formaldehyde
condensate, etc., have been reported [14-19]. Recently, we have
investigated one amine-based polymer, short-chain polyaniline
coated on jute fiber for the removal of chromium in batch mode
[20]. Maximum adsorption of total chromium [Cr(VI) and Cr(III)]
was observed at reaction pH of 3 and adsorption equilibrium was
achieved within 40-120 min for initial Cr(VI) of 50-500 mg/L. Batch
data has several limitations to predict the performances in practi-
cal situation such as actual industrial wastewater treatment plant,
where continuous reactors replace batch operation. It was also
observed that literatures on chromium ion removal by polymers
in fixed-bed mode are very scanty.
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Nomenclature

A cross-sectional area (m?)

b energy (heat) constant of adsorption (L/mg)

C concentration of adsorbate at any instance of time t
(mg/L)

Gy concentration of adsorbate in effluent at break-
through concentration (mg/L)

Cg concentration of adsorbate in effluent at exhaustion
(mg/L)

Ce equilibrium concentration (mg/L)

Co initial concentration of adsorbate (mg/L)

dh differential depth of column (cm)

h hour

h, height of adsorption zone (cm)

I influent adsorbate loading (mg)

Kads adsorption rate constant (L/mgh)

ktH Thomas model rate constant (mL/min mg)

Ko overall mass transfer coefficient (ML—2T-1)

min minute

M mass of adsorbate not removed (mg)

M; mass of adsorbate removed (mg)

My mass of adsorbate desorbed (mg)

No dynamic bed capacity (mg/L)

Qe amount of adsorbate uptake (mg/g)

Gm Langmuir’s maximum monolayer coverage (mg/g)

Q volumetric flow rate (mL/min)

Qo maximum solid phase concentration of solute
(mg/g)

t flow time (min)

ts breakthrough time (h)

tg exhaust time (h)

ts service time (h)

u linear flow rate (cm/h)

Vi throughput volume at breakthrough (L)

Ve throughput volume at exhaust (L)

Vi throughput volume at any instant of time ¢ (L)

Z column depth (cm)

Zo critical bed depth (cm)

Greek letter

o external surface area

In the present work, short-chain polymer named polyaniline
was used for the removal of chromium ion in continuous mode.
This polymer was synthesized on the surface of jute fiber to facil-
itate separation of metal ion after metal-polymer interaction. Jute
fiber was selected due to its easy availability in local market and
lower cost. Influent pH, column bed depth, influent Cr(VI) con-
centrations, influent flow rates and recovery of chromium were
selected as variable factors for the present work.

2. Theoretical background
2.1. Column performance

The performance of the column bed is usually described through
the concept of breakthrough curve, which is obtained by plotting
throughput volume (V;) at any time (t) versus effluent chromium

concentration (C). Throughput volume was calculated using Eq. (1).

Ve=0Qt (1)

where Qis the volumetric flow rate (mL/min). Usually breakthrough
is defined as phenomenon when concentration from column is
about 3% to 5% [21,22]. However, breakthrough at 1% was also con-
sidered and reported on basis of effluent discharge limit for specific
metal [23]. Employment of breakthrough of 50% was also reported
for the removal of lead(II) using treated granular activated carbon
[24]. For our study, the breakthrough time was obtained for total
chromium concentration of 0.1 mg/L (1%) considering the permis-
sible limit for total chromium discharge.

Exhaustion is usually considered when the effluent concentra-
tion remains same for long period close to influent concentration.
Vijayagarvan et al. [23] considered exhaustion at 99% and above of
influent for the removal of copper by brown marine alga Turbina-
ria ornata. Adak and Pal [25] considered exhaustion when effluent
reached 90% of influent on removing phenols by SDS-modified alu-
mina. For our studies, exhaustion was considered when effluent
chromium reached 95% of influent concentration [26]. Area below
the breakthrough curve represents mass of chromium which is not
removed (M) and was calculated using Eq. (2) [27]:

M= Z |:(Vn+1 = Vn)(Crp1 +GCn) )

2

where V, is the throughput volume at nth reading (L), V,+1 the
throughput volume at (n+1)th reading (L), C, the effluent adsor-
bate concentration at nth reading (mg/L) and C,.; is the effluent
adsorbate concentration at (n+1)th reading (mg/L).

Influent adsorbate load (I) was calculated from throughput
volume (Vg) at column exhaustion and influent adsorbate concen-
tration (C,) according to Eq. (3).

influent adsorbate load (mg) = I = VG, 3)

Mass of adsorbate removed was calculated from difference of
influent adsorbate load (I) and mass of adsorbate not removed (M)
from Eq. (4).
mass of adsorbate removed = M; (mg) =1- M (4)

Adsorbate uptake by PANI-jute was calculated using Eq. (5).

adsorbate uptake by PANI-jute (ge) = PANI—jIL\IItre(\r/lvfi)ght @ (5)

2.2. Bed depth service time (BDST) model

Over the years, several mathematical models have been devel-
oped for analyzing the lab-scale column studies to design pilot scale
columns [22,28,29]. One of the most applied models for adsorp-
tion of heavy metals on column studies is the bed depth service
time (BDST) model based on Bohart-Adams equation [30]. The
Bohart-Adams equation can be represented as:

In (% - 1) — In(ekaasMoZ/W) 1) ko Cots (6)
b
Further, Hutchin [31] modified the Bohart-Adams equation and
presented a linear relationship between the bed depth and service
time [Eq. (7)], which requires only three fixed-bed tests to collect
the necessary data.

Nz 1 C
Al et (CT; _ 1) 7)

where tg is the service time at breakthrough point (h), N, the
dynamic bed capacity (mgL-1), Z the packed-bed column depth
(cm), u the linear flow rate (cm/h) defined as the ratio of the vol-
umetric flow rate Q (cm3/h) to the cross-sectional area of the bed
A (cm?), C, and G, are, respectively, the influent and the break-
through adsorbate concentration (mg/L) and k,4s is the adsorption
rate constant (L/mg h). Plotting service time (ts) versus bed depth
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(Z) will generate a straight line equation having slope of (No/Coll)
and intercept of

1 C
-)——1In (—O - 1) .
( )kadSCo Cb
Critical bed depth (Z,) represents the theoretical minimum
depth of adsorbent that would be able to prevent the adsorbate
concentration from exceeding G;,. It is obtained when breakthrough

is immediate and it can be calculated by substituting ts=0 in Eq.
(7) as shown below:

u Co
ZO_@(@”) (8)

According to BDST model Eq. (7), the data collected from one
flow rate experiment can predict the system with different flow
rate. When an experiment conducted at flow rate Q, yields an
equation of the form

ts = a1Z + by (9a)
the predicted equation for new flow rate Q-, is given by:
ts =ayZ + by (gb)
and
Q )
ap=a | — 9c
2=a (g (90)

where a; and a, are the slopes at flow rate Q; and Q,, respectively.
However, the intercept b; remained same since it is independent
of flow rate in linearized BDST Eq. (7).

BDST model can also be used to design systems for treating other
influent solute concentrations using the data of a previous labo-
ratory experiment of one influent solute concentration. When an
experiment conducted at initial concentration Cy, yields an equa-
tion of the form

t=r1X+581 (10a)
the predicted equation for new flow rate Q,, is given by:
t=r;X+s; and (10b)

The new slope and intercept values can be determined as:

G
o (§)

¢, (In[(C2/Ce)—1]
SO =S1=| —m——7"-

G \In[(G/G)-1]
where r; and r, are slopes at influent concentrations C; and Cy,
respectively; s; and s, are intercepts at influent concentrations
Cy; and Gy, respectively; Cg is effluent concentration at influent

concentrations C;; and G, is effluent concentration at influent con-
centration Cy.

(10c)

(10d)

2.3. Thomas model
Another mathematical model Thomas equation is given by [32]

C k
?0 =1+exp (%(QDM—CDVQ) (11)
where C, is the initial adsorbate concentration (mg/L), C the efflu-
ent adsorbate concentration (mg/L), kty the Thomas model rate
constant (mLmin~! mg-1), Q, the maximum solid-phase concen-
tration of the solute (mg/g) and V; is the throughput volume.
Linearized form of Thomas model is as follows:

In ( C ) _ kmQoM  kmGo

?0_1 = Q Q Vi (12)

Thomas model assumes Langmuir kinetics of adsorption-
desorption and no axial dispersion. It is derived with the adsorption
that the rate driving force obeys second-order reversible reaction
kinetics.

2.4. Theoretical breakthrough curve

The breakthrough curve of a continuous fixed-bed operation
mode can also be obtained using the data obtained from the batch
isotherm studies. Thus, column operation can be designed from
batch experiment data without running the column experiment
and the procedure is given below:

(i) Anoperating line needs to be drawn passing through the origin
and intersecting the equilibrium curve (Ce versus ge of batch
data) at C, (designed influent adsorbate concentration of col-
umn bed experiment to be conducted). The significance of this
operating line was that the data of continuously mixed batch
reactor and the data of fixed-bed reactor are identical at these
two points, first at the initiation and other at the exhaustion of
the reaction [33].

(ii) The rate of transfer of the adsorbate from the solution over a
differential depth of column dh is given by

QdC = Koat(C — Ce)dh (13)

where Q is the flow rate, K, the overall mass transfer coefficient
(ML—2T-1), o the external surface area, Ce the equilibrium con-
centration of the adsorbate in the solution corresponding to a
adsorbed concentration ge and C is the concentration of the
adsorbate at a given instant of time t [34].

(iii) The term (C — Ce) is the driving force for adsorption and is equal
to the difference between the operating line and equilibrium
curve at any given ge value. Integrating Eq. (13) and solving for
the height of adsorption zone (h;) at saturation yields

Ce
Q dc
h, = 14
Koot /Cb (C—Co (14)

where G, and Cg are the concentrations of adsorbate in effluent
at breakthrough and at exhaustion point, respectively.

(iv) The area under the curve of C versus (C—Ce)~! represented
the value of the above integration. Since, (C — Ce)~! approaches
infinity as C approaches C,, it is necessary to terminate the
plot of C at a value somewhat less than C, or at C=0.95C,
(exhaustion for adsorption beds). For any value of h less than
h; corresponding to a concentration G, < C< Cg, Eq. (14) can be

written as
c
Q dc

h=-— —_— 15

koot o (C—Ce) (1)
dividing Eq. (15) by Eq. (14) results in

c
dC/(C - Ce) _

E _ be _ Vi VB (16)

hy o dc/(C-Co) ~ Ve—Va

where h/h; is equal to the ratio (V; — Vg)/(Vg — V), where Vg
and Vg are throughput volumes at breakthrough and exhaus-
tion, respectively, and V; is the throughput volume within Vg
for an effluent concentration C within Cg (or throughput vol-
ume at any instant of time t within exhaustion point). It should
be noted that Eq. (16) is valid only if the transfer term Ko« is
constant within the adsorption zone for changing concentra-
tions. For most practical applications, this term is sufficiently
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(Aniline) (14-phenylenediamine)

(1) (NH,),5,05, 1 MHCI (ag)

(2) 1MNH,0H

HN N_— ¢ o ;:’N‘Q—NH H

Fig. 1. Synthesis scheme of PANIL

constant to permit use of the relationship for evaluation of the
breakthrough curve [34].

(v) Finally, the theoretical breakthrough curves were generated by
plotting (Vi — V)/(Vg — V) versus (C/Co).

3. Materials and methods
3.1. Chemicals and reagents

Commercial grade aniline (CgHsNH, ) purified by distilling over
KOH pellets at 180°C was used for preparing PANI. Potassium
dichromate (K,Cr,07) purchased from Merck, India, and chromic
chloride (CrCl3-6H,0) procured from Central drug house, India,
were used as the sources of hexavalent and trivalent chromium,
respectively. Jute fibers were prepared by washing waste grocery
jute bags to remove the dirt and chopped into fibers of length
0.5-1cm.

3.2. Synthesis of polyaniline on jute fiber

Polyaniline was synthesized by oxidation of aniline (CgHsNH;)
by oxidant ammonium peroxydisulfate [(NH4),;S,0g] in presence
of chain terminating agent 1,4-phenylenediamine in acidic aqueous
medium. The synthesis scheme of PANI is shown in Fig. 1 [20,35].
Aniline (2.00g, 21.5mmol) and 1,4-phenylenediamine (0.330g,
3.05 mmol) were dissolved in 66 mL of 1M HCI (aq.). The mixture
was cooled iniced bath which was maintained at 0-5 °C followed by
addition of 5 g jute fibers and stirred for 5 min. The polymerization
started by introduction of pre-cooled (5 °C) solution of ammonium
peroxydisulfate (1.62 g, 710 mmol) in 16 mL of 1M HCI (aq.). The
reaction mixture was kept at 5°C for 65min and then kept for
overnight at room temperature to complete the reaction. Then
the liquid was decanted from PANI-jute fiber. To ensure complete
deprotonation of PANI-jute, alkali treatment was given by soaking
PANI-jute in 1 M NH4OH for 5 min. The products were then washed
with distilled water to adjust the solution to neutral pH. Finally, the
blue black colored PANI-jute fiber was dried at 40 °Cin the oven. The
photographs of raw jute fibers and PANI-jute are shown in figures
(Figs. 1 and 2 in supplementary materials).

3.3. Experimental set up

The fixed-bed column studies were conducted using a
laboratory-scale glass column of 1cm ID and 70 cm length. Col-
umn was packed with known quantity of PANI-jute to obtain a
particular bed depth. A cotton plug was provided at the bottom
to support the PANI-jute bed as well as to prevent the washed
out of adsorbent. Another cotton plug was also provided on top

of the bed to prevent floating up of PANI-jute fibers. The schematic
arrangement of the column set up is shown in Fig. 2. The presence
of air pockets within the packed PANI-jute caused channeling of
influent chromium contaminated solution and lowered the adsorp-
tion efficiency of the bed [36]. To ensure expulsions of the trapped
air, PANI-jute packed columns were fully wetted by filling with
deionised water for 5h prior to starting of the experiments. In a
typical experiment, influent Cr(VI) feed at a particular flow rate
was supplied and maintained throughout the experiments by use
of peristaltic pump (Model: PA-SF Control , IKA-WERKE, Germany).
Flow rate was cross-checked at the exit of the column at regular
intervals of 2 h to prevent and minimize the flow rate fluctuations
if occurred inside the column bed.

3.4. Column experiment

In order to study the behavior of hexavalent chromium removal
in fixed-bed column mode, column experiments were conducted
with varying pH, influent concentration, flow rate, and bed depth.
Treated solution samples were collected from the exit of column
at predetermined time intervals. These samples were then cen-
trifuged at 10,000 rpm for 10 min and analyzed for total chromium
[Cr(VI)+Cr(II)] as well as Cr(VI). pH of the effluent samples were
also monitored and recorded along. In order to prevent any leak-
age of toxic chromium into the sewer line, a polishing column of
ID 3cm x 5 cm length packed with PANI-jute was introduced after
exit point of column as further polishing unit (Fig. 2).

3.5. Analytical techniques

Total chromium was estimated by atomic absorption spec-
trophotometer (Spectra AA, Varian Model) using air-acetylene
flame at 429 nm wavelength and slit width of 0.5 nm. Sensitivities
of atomic absorption spectrophotometer varies with wavelength
and slit width. At 429 nm wavelength, the detection limit of total
chromium is 1-100 mg/L. Cr(VI) was estimated based on colori-
metric method using UV Spectrophotometer (Varian Model, Cary
50) at 540 nm wavelength by 1,5-diphenyl carbazide method. This
method can determine Cr(VI) in the range from 0.10 to 1.0 mg/L[37].
Cr(III) was calculated as difference of total chromium and Cr(VI) for

vl

Peristaltic

Pump Cotton Plugs

PANI-jute fiber

Cotton Plugs

Ly
\ Effluent / U Sample collection for
.

analysis

Cr(VI) Solution

. To Sewer
Reservoir

Polishing column
(3cmx5cm)

Fig. 2. Schematic arrangement of the experimental set up for fixed-bed studies.
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the same sample solution. Change in surface morphology of PANI-
jute before and after adsorption of chromium and confirmation
of presence of chromate ions on surface of PANI-jute was inves-
tigated using scanning electron microscopy (Scanning electron
microscope, Model: LEO, 1430 VP, Carl Zeiss, Germany). Presence of
adsorbed Cr(Il) on PANI-jute was examined by employing electro-
magnetic spin resonance spectrophotometer (ESR) (Model: JES-FA
200 ESR System, JEOL, Ltd. Japan).

4. Results and discussions
4.1. Effect of influent pH

Effects of influent pH on Cr(VI) removal by PANI-jute was studied
by running five columns of 30 cm bed depth (7.05 g PANI-jute) at
influent pH 2, 3, 4, 5, and 6. Empty bed residence time (EBRT) was
calculated using Eq. (17).

empty bed column volume (m3)

EBRT (min) =
( ) volumetric flow rate (m3/ min)

(17)

Empty bed column volume was calculated from column ID
(1 cm) and height of column bed (30 cm) and EBRT was 11.78 min.
From our previous studies on removal of Cr(VI) by PANI-jute in
batch process, it was observed that Cr(VI) was highly reduced to
Cr(III) at acidic pH [20]. Perusals of literature had also reported the
reduction of Cr(VI) to Cr(Ill) at acidic pH along with protons been
consumed supported by Eq. (18) [19,20,38,39].

HCrO4~ + 7H* +3e~ — Cr3* +4H,0 Eo= 1.33V (18)

Hence, throughout the study in column effluent, both Cr(VI)
and total chromium were analyzed and Cr(Ill) was estimated.
Also amount of total chromium and Cr(VI) removed till exhaust
were calculated separately. Breakthrough curve of Cr(VI) is pre-
sented as throughput volume versus effluent Cr(VI) concentration
in Fig. 3(a). The column bed exhaustion time (tg), throughput vol-
ume at exhaustion (Vg) of Cr(VI) were evaluated with respect to
Cr(VI) exhaustion point [effluent Cr(VI) 19 mg/L] and presented in
Table 1. Amount of Cr(VI) removed (M;) was evaluated from the
area above the curve of throughput volume versus effluent Cr(VI)
using Egs. (2)-(4) and shown in Table 1. It can be seen that with the
increase in pH, mass of Cr(VI) removed decreased. With decreased
in pH from pH 6 to pH 3, respective exhaust time and throughput
volume increased from 23 h and 2.76 L to 46 h and 5.52 L with cor-
responding Cr(VI) removal increased from 4.17 to 33.2 mg. At pH 2,
column bed was not exhausted even after 102 h of operation time
with 12.24L volume treated and effluent concentration Cr(VI) of
only 7.66 mg/L (38.3% C,) and column operation was stopped at
this point.

Breakthrough curve for total chromium is shown in Fig. 3(b).
Throughput volume and mass of chromium removed at exhaus-
tion with respect to total chromium values evaluated using Eqgs.
(2)-(4) are incorporated in Table 1. From the breakthrough curve
of total chromium [Cr(VI)+Cr(Ill)] [Fig. 3(b)], it can be observed
that maximum removal of total chromium was obtained at pH
3 unlike that of pH 2 for Cr(VI). With increase in pH from 2 to
pH 3, exhaust time and throughput volume increased from 37
to 45h and 4.4 to 5.4L, respectively, with corresponding mass of
total chromium removed increased from 16.57 mg to maximum of
26.74 mg. However, with further increase in pH, exhaust time and
throughput volume decreased to 23 h and 2.76 L, respectively, at
pH 6 with 4.17 mg of total chromium was removed. These find-
ings of maximum Cr(VI) removal at pH 2 but simultaneously less
removal for total chromium suggest the reduction of Cr(VI) to Cr(III)
at pH 2. Similar trend of maximum total chromium removal at pH
3 by electrostatic attraction of anionic Cr(VI) along with maximum

reduction at strong acidic pH 2 was also observed in our previous
studies with an amine-based funtionalized polymers viz. aniline
formaldehyde condensate (AFC) and polyaniline [19,20]. Biomate-
rials such as Ecklonia biomass were reported to remove Cr(VI) with
optimum pH at 3-4 [38,39]. Complete reduction of Cr(VI) to Cr(III)
followed by adsorption of the reduced Cr(Ill) by forming complex
with organic materials was reported as the main mechanism of
Cr(VI) removal [40,41].

In order to understand the reduction nature of Cr(VI) to Cr(III),
concentration of reduced Cr(IIl) appeared in effluent solution cal-
culated from difference of total chromium and Cr(VI) was plotted
against throughput volume along with effluent pH and is shown in
Fig. 3(c). At pH 2, maximum concentration of Cr(Ill) in the efflu-
ent was 15mg/L at a throughput volume of 1.5L and remained
same throughout. However at pH 3, maximum Cr(IIl) concentra-
tion in effluent was only 3.8 mg/L and decreased thereafter with
almost no Cr(IlI) in effluent after throughput volume of 5.5 L. At pH
4, Cr(IlI) were untraceable after throughput volume of 0.6 L. The
total amount of Cr(Ill) appeared in the effluent till exhaustion was
evaluated from the curve of Cr(IIl) versus throughput volume using
Eq. (2) as area below Fig. 3(c) and incorporated in Table 1 (as M).
Total amount of Cr(Ill) in effluent that appeared till the exhaustion
with respect to total chromium (effluent total chromium 19 mg/L)
decreased with increase in pH. At pH 2, mass of Cr(Ill) in the effluent
solution was 62.65 mg and decreased to 6.29 mg at pH 3 followed
by insignificant Cr(Ill) in the effluent at pH 4 and above.

In acidic medium, predominating species of Cr(VI) in the stud-
ied pH range (2-6) was the acid chromate (HCrO,~) form [26]. At
this pH, amine group (NH, ) of PANI-jute gets protonated and exists
as ammonium (-NHs3*) form. Electrostatic attraction between the
protonated ammonium and the negative chromate ions is the plau-
sible mechanism for the removal of Cr(VI) from solution. Therefore,
with the decrease in solution pH, protonation of amine sites (NH;)
of PANI-jute increased favoring more electrostatic attraction of neg-
ative HCrO4~ ion yielding high removal of Cr(VI). At influent pH of
2 though PANI-jute was highly protonated, strong acidic environ-
ment favored reduction of Cr(VI) to Cr(IIl) [Eq. (18)]. This positively
charged Cr(III) at pH 2 were probably repulsed by protonated PANI-
jute and remained in solution (mass of Cr(IIl) appeared in solution
as M columnin Table 1). To confirm this hypothesis, experiment was
carried out using columns with initial Cr(IIl) of 20 mg/L of influ-
ent pH 2 and 3. No removal of Cr(Ill) were observed confirming
the repulsion of reduced Cr(Ill) by protonated PANI-jute at pH 2
and 3. At influent pH of 3, reduction of Cr(VI) to Cr(Ill) was much
less as compared to influent pH 2 (Table 1) and at pH of 3, anionic
adsorption of HCrO4~ ion with PANI-jute was the predominating
mechanism. However, these experimental results are inadequate
to justify that form of chromium on PANI-jute surface is in the
form of acid chromate [Cr(VI)] as there is still a possibility of reduc-
tion of adsorbed Cr(VI) to Cr(Ill) on the surface of PANI-jute itself.
Therefore, further investigation to check the presence of any Cr(III)
on PANI-jute surface was carried out by employing ESR technique
on both surface of PANI-jute and effluent solution after adsorption
experiment at pH 2. The resonance signal of the effluent solution
appears at a magnetic field position corresponding to g value of
1.975 [Fig. 3(d)], confirming the presence of Cr(Ill) whose standard
signal g value is 1.98 [42]. However, chromium bounded PANI-jute
after adsorption experiment showed no peak of Cr(Ill). Hence, it
can be concluded hereby that predominant chromium species on
the surface of PANI-jute was Cr(VI) with insignificant or negligible
amount of Cr(III).

Interestingly, it was also observed that removal of total
chromium was associated with increase of effluent pH from pH 2
to pH 5.57 and pH 3 to 5.54 with insignificant increase when influ-
ent pH was 4 and above [Fig. 3(b)]. This result shows that lower
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Fig. 3. (a) Effluent Cr(VI) removal by PANI-jute at varying influent pH. (b) Effluent total chromium breakthrough profile and effluent pH at different influent pH. (c) Profile
of reduced Cr(IlI) and pH in the treated effluent (Experiment set 1). (d) ESR spectra of effluent containing Cr(IlI). (e) Profiles of proton consumption and effluent pH against

total chromium adsorbed and Cr(VI) reduced at reaction pH 3.

Table 1

Exhaust time, throughput volume and total uptake of total chromium and Cr(VI) at different pH

Influent pH Cr(VI) Total chromium Cr(IIT)
t (h) Ve (L) M; (mg) tg (h) Ve (L) M; (mg) M (mg)?

2 102P 12.240 35.26° 37 4.44 16.57 62.65°

8 46 5.52 33.20 45 5.40 26.74 6.29

4 39 4.68 21.26 39 4.68 20.66 0.53

5 28 3.36 9.84 28 3.36 9.81 0

6 23 2.76 417 23 2.76 417 0

3 Mass of Cr(IIl) in the effluent was calculated theoretically using Fig. 3(c).

b Effluent Cr(VI) concentration was 7.66 mg/L at 102 h and column bed was not exhausted, though column bed was exhausted with respect to total chromium.
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Fig. 4. (a) UV spectra of PANL (b) and (c) SEM image of PANI-jute before and after chromium adsorption. (d) and (e) EDX of PANI-jute before and after chromium adsorption.

influent pH, higher was proton consumption during chromium
removal by PANI-jute. Similar observation was also reported in lit-
eratures, where an increase in pH from 2 to 5 was observed during
Cr(VI) adsorption by waste acorn in the fixed-bed study [22]. From
Table 1 and Fig. 3(b), it was observed that at influent pH of 3 maxi-
mum total chromium removal by PANI-jute was achieved. An effort

was made to correlate proton consumption (mmol), removal of
total chromium (mg/L), appearance of Cr(IIl) in effluent (mg/L) and
throughput volume (L) when column was operated at influent pH of
3 and results are shown in Fig. 3(e). Till throughput volume of 0.12 L,
13-15 mg/L of total chromium has been adsorbed on PANI-jute from
influent Cr(VI) 20 mg/L with remaining 5-7 mg/L Cr(Ill) appeared in

Table 2

Effect of column bed depth on total chromium removal by PANI-jute

Bed depth (cm) PANI-jute amount (g) tg (h) te (h) Vg (L)? Ve (L) Amount of total Total chromium EBRT (min) AER (g/L)?
chromium uptake [ge]
removed [M;] (mg) (mg/g)

40 9.40 8 82 0.96 9.84 38.87 4.14 15.7 9.79

50 11.75 1 105 1.32 12.6 50.71 4.32 19.65 8.90

60 14.10 20 120 2.40 14.4 65.72 4.66 23.55 5.88

4 Calculated at 1% breakthrough values.
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solution. This observation suggest the adsorption of total chromium
predominated over Cr(VI) reduction at initial phase. During this
period (up to throughput volume of 0.12L), 9.9 mmol of protons
were consumed. Thereafter, with increase in throughput volume
(from 0.12 to 1 L) adsorption of total chromium decreased gradually
(from 12 to 5 mg/L of total chromium adsorbed). On the other hand,
reduction of Cr(VI) gradually increased with 15 mg/L Cr(Ill) gener-
ated in the effluent at throughput of 1L and consumed 2.75 mmol
protons. Probably with time elapsed and total chromium being
adsorbed, active sites of PANI-jute (NH,) got exhausted and the
available protons in the solution were probably utilized for reduc-
tion of Cr(VI) to Cr(Ill). However, these findings of more proton
consumption at initial period when adsorption predominated over
reduction process and vice versa may be due to requirement of
more protons for surface protonation of active sites of PANI-jute
than that of protons requirement for reduction process. On study of
Cr(VI) adsorption by waste acorn of Quercus ithaburensis on a fixed-
bed [22] column, the authors estimated chromium by diphenyl
carbazide method at 540 nm wavelength by UV spectrophotome-
ter. This technique estimates only Cr(VI) and reduced Cr(Ill) if
any in the solution cannot be evaluated. Similar case was also
observed on biosorption of Cr(VI) studies by Motiwal®B30H resin
immobilized activated sludge in a packed bed [43]. Since Cr(VI)
reduced completely to Cr(Ill) when contacted with biomaterials
[39-41] and adsorbed onto the biomaterials, estimation of total
chromium [Cr(VI)+ Cr(Ill)] is also required to evaluate the reduced
Cr(III). Analysis of data based on only Cr(VI) estimation will resulted
a biased conclusion.

4.2. Characteristics of polyaniline (PANI)

The morphology and chain length of polymer PANI was char-
acterized. PANI synthesized on jute fibers was dissolved in
N,N'-dimethylformamide (DMF) solvent. A UV spectrum of the sol-
vent is taken and is shown in Fig. 4(a). With Amax of 561 nm,
the most predominant form of PANI is the short-chain polyani-
line (oligoaniline), which have a Amax of 572nm in DMF solvent
[44]. PANI with higher chain length absorbs at 635 nm [45]. The
SEM images of PANI-jute before and after chromium adsorption
are shown in Fig. 4(b) and (c), respectively. The surface of PANI-
jute before adsorption was smooth and even. The energy dispersive
X-ray (EDX) analysis for both the PANI-jute samples was also con-
ducted along with SEM to confirm the presence of chromium ion
on the surface of PANI-jute [Fig. 4(d) and (e)]. Chromium peaks
are visible on the surface of PANI-jute after adsorption experiment,
which was absent on the adsorbent surface before interaction with
chromium ion.

4.3. Effect of column bed depth

To study the effect of bed depth, experiment were conducted
with three columns filled with 9.4, 11.75 and 14.1 g of PANI-jute to
yield respective bed depth 0of 40, 50 and 60 cm and results are shown
in Fig. 5. Influent Cr(VI) of 10 mg/L with pH 3 was fed at constant
flow rate of 2 mL/min. Details of breakthrough time, exhaustion
time, breakthrough volume, exhaustion volume along with amount
of total chromium removed and uptake is presented in Table 2.
The throughput volumes of total chromium obtained for 40, 50
and 60 cm bed depth at breakthrough point were 0.96, 1.32 and
2.40L, respectively, and their corresponding exhaust volumes were
9.84,12.6 and 14.4 L, respectively. At lower bed depth, predominant
mass transfer phenomenon was the axial dispersion and reduced
the diffusion of chromate ions effectively [46]. Also with increase in
bed depth mass transfer zone got broadened as well as more bind-
ing sites for adsorption of chromate ions were available. Thus, total
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Fig. 5. Breakthrough curves on total chromium removal at various column bed
depth.

chromium mass removed (M; ) were evaluated using Egs. (2)-(4) for
column depth of 40, 50 and 60 cm were observed as 38.87, 50.71
and 65.72 mg, respectively.

Table 2 shows that EBRT were 15.7, 19.6 and 23.5 min (at column
heights of 40, 50 and 60 cm, respectively). Adsorbent exhaustion
rate (AER) was calculated using Eq. (19) for 1% breakthrough.

_ mass of adsorbent in column (g)
AER (g/1) = throughput volume at breakthrough (L) (19)

Table 2 shows that when EBRT increased from 15.7 to 19.65 min
(25% increase) AER decreased from 9.79 to 8.90g/L (only 9%
decrease). However, when EBRT was further increased to 23.5 min
(19.8% increase), AER decreased to 5.88 g/L (33% decrease). Higher
EBRT suggests longer residence time, i.e. larger column at the
same flow rate, thus indicating more capital cost. Less adsor-
bent exhaustion rate indicates lower operational cost. From the
present experimental observations, optimum column bed height is
observed as 60 cm, where with small increase in capital cost caused
maximum beneficial effect on lowering operational cost.

Table 2 shows that total chromium uptake by PANI-jute (ge) cal-
culated using Eq. (5) for bed depth of 40, 50 and 60 cm were 4.14,
4.32 and 4.66 mg/g, respectively. With the increased in bed depth,
contact time between the adsorbate and adsorbent increased
resulting increase in ge value. However, uptake (ge) value obtained
from our previous study on batch process showed 62.9 mg/g [20],
much higher than uptake value observed in the present work. Dur-
ing biosorption study of Cr(VI) by Mowital®B30H resin immobilized
activated sludge at 100 mg/L inlet Cr(VI) concentration, batch sys-
tem yielded an uptake of 61.0 mg/g as compared to 16.4 mg/g in
continuous packed bed studies at flow rate of 0.8 mL/min [43].
Removal of Pb(II) ions by immobilized Pinus sylvestris sawdust was
reported to achieved an uptake of 714 mg/g in batch process as
compared to 1.7, 1.6 and 2.2 mg/g at inlet concentrations of 3, 5
and 10 mg/L, respectively, in continuous fixed-bed column [46].
These findings along with the reported literatures suggest that
less contact time (residence time) between adsorbate and adsor-
bent for column mode operation is one of the main reasons for
such decrease in uptake value. In actual application of column
mode operation such as for treating industrial wastewater, the full
bed capacity of column bed cannot be utilized since fixed-bed
needs to be changed once the discharge limit or breakthrough is
reached. Hence, utilization of full bed is not the main concern in
column mode fixed-bed continuous operation. However, to under-
stand the mechanism and nature of metal adsorbent interaction
and to analyze the application of mathematical models, running
the column operation in lab-scale studies till the exhaust is neces-
sary.
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was used).

4.4. Bed depth service tome (BDST) model

4.4.1. Effect of bed depth

Service time (ts) and bed depth results are plotted in Fig. 6
according to Eq. (7) for 1%, 50% and 90% breakthrough (calculated
from Fig. 5) at column bed depth of 40, 50 and 60 cm. At other
breakthrough values also slope, intercepts and correlation coeffi-
cients were calculated in a similar way plotting service time and
bed depth and results are shown in Table 3.

From Table 3, it can be seen that correlation coefficient val-
ues are all above 0.99 suggesting the data fixing on BDST model.
There was also a consistent rise in slopes from 0.55 to 1.15 from
breakthrough of 1-90% and subsequent increase in correspond-
ing dynamic adsorption capacity N, from 840.29 to 1756.97 mg/L.
At lower breakthrough value, there are some active sites of the
polymer still unoccupied by metal ions and thus the adsorbent
remained unsaturated. The dynamic adsorption capacity in such
low breakthrough condition was therefore bound to be lower than
the full bed capacity of the adsorbent. Sharma and Forster [28]
reported an increased in slope by 4.72-fold from a breakthrough
of 30-70% on removal of Cr(VI) by activated carbon. Similar fact
was also observed during removal of lead by granular activated
carbon with the slope increase from 12.5 to 35 at breakthrough
values of 20-60% [24]. However, Bohart and Adams equation BDST
theory assumes a rectangular isotherm having constant dynamic
adsorption capacity. Kumar and Bandyopadhyay [47] observed
same slopes and constant adsorption capacity N, for both 10% and
90% breakthrough on removal of Cd(II) by treated rice husk. Con-
stant slope of 0.355 was also reported on removal of phenols by
surfactant-modified alumina, thus validating the assumption of
constant dynamic adsorption capacity N, by BDST model [25].

Table 3
Coefficients of BDST equation at different breakthrough

Breakthrough (%) Slopes Intercepts N, (mg/L) K(L/mgh) Coefficient
correlation (R?)

12 0.55 —-15.16 840.29 0.03 0.99
10 0.70 —18.33 1069.46 0.01 0.99
20 0.72 -12.25 1107.65 0.01 0.98
30 0.82 -13.41 1260.43 0.01 0.99
40 0.82 -9.91 1260.43 0.004 0.98
50? 0.82 —7.58 1260.43 0 0.95
60 0.95 -9.50 1451.41 —0.004 0.97
70 0.95 —4.50 1451.41 —-0.02 0.98
80 0.96 3.79 1466.68 0.04 0.99
902 1.15 4.50 1756.97 0.05 0.99

2 BDST plots for these breakthroughs were also plotted and is shown in Fig. 6.

Another way to examine the application of BDST model is to
check the 50% breakthrough curve. At 50% breakthrough, C,/Cy, =2,
thus reducing the logarithmic term of BDST equation to zero. Thus,
50% breakthrough curve bounds to pass the origin. Contrastingly,
intercept of —7.58 (Table 3) was obtained at 50% breakthrough con-
cluding the non-conformity of BDST models with adsorption of total
chromium by PANI-jute. Similar case of non-conformity of Cr(VI) on
BDST with respect to 50% breakthrough on removal of Cr(VI) by leaf
mould and activated carbon was also reported [28]. All these exper-
imental and literature findings suggest that BDST model cannot be
validated only by analyzing the correlation coefficient (R?). Also
the findings suggest that it is not necessary for BDST model to be
validated for all breakthrough percentage. Therefore, BDST coef-
ficients of lower breakthrough below 50% can still be utilized for
evaluating other parameters such as critical bed depth. Also lower
breakthrough below 50% can be fixed on BDST model to design col-
umn with different scale process for other flow rates and initial
adsorbate concentration without further experimental run [23].

Using Eq. (8), calculated critical bed depth for breakthrough of
1% (0.1 mg/L total chromium) was 27.58 cm. Graphical solution of
critical bed depth can also be obtained by extending the best fit
linearized line of BDST Eq. (7) to intersect the bed depth axis at t=0
resulting same critical value of 27.58 cm as shown in Fig. 6.

4.4.2. Design of columns for different flow rates

To investigate the validity of BDST model for prediction of dif-
ferent flow rates, two new columns of different flow rates of 1.5
and 2.5mL/min were operated with same bed depth of 40cm.
Theoretical breakthrough time was obtained by applying data of
previous column study at flow rate 2 mL/min using Eq. (9). The
comparison between theoretical or predicted and experimental
values is shown in Table 4. The predicted value were much in well
agreement with experimental value with R.S.D. values of 0.84%
and 1.89% for breakthrough of 1% and 10%, respectively, for ini-
tial flow rate of 1.5 mL/min. At higher breakthrough, R.S.D. values
increased (32% at 90% breakthrough). Similarly predicted break-
through times for initial flow rate of 2.5mL/min were also in
well agreement with experimental breakthrough for 1% and 10%
breakthrough with R.S.D. values of 1.92% and 1.17%, respectively.
However, after 10% breakthrough, R.S.D. values also increased to
32-44%. These finding suggest the well conformity of BDST model
for total chromium removal by PANI-jute for lower breakthrough
till 10%. Inverse relationship has been observed between flow rates
and throughput volume for total chromium uptake by PANI-jute.
Increase in flow rate from 1.5 to 2.5 mL/min for 1% breakthrough
resulted a decreased in contact time from 13 to 2.5h yielding a
decreased in throughput volume from 1170 to 375 mL.

Along with, the amount of total chromium uptake (qe ) was eval-
uated using Egs. (2)-(5) and observed that ge also decreased from
4.45t0 3.26 mg/g with increased in flow rate from 1.5 to 2.5 mL/min.
At higher flow rate, contact time between PANI-jute and chromate
ions decreased resulting lesser intra-particular diffusion of metal
ions on PANI-jute. This led to an early breakthrough and early sat-
uration of column bed yielding less adsorption.

4.4.3. Design of columns for different initial concentrations

Degree of predictability for different scale initial concentra-
tion of Cr(VI) by BDST model was checked by conducting running
two columns with different influent Cr(VI) of 5 and 15mg/L at
flow rate of 2 mL/min and column bed depth 40 cm. Theoretical
breakthrough time were obtained from previous column study con-
ducted at same flow rate 2 mL/min, depth 40 cm and influent Cr(VI)
10 mg/L. Using Eqgs. (10) and (11), theoretical slopes and intercepts
were calculated and breakthrough times for both 5 and 15 mg/L
initial Cr(VI) concentration were evaluated (Table 4).
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Table 4
Comparison of experimental and theoretical breakthrough time using BDST model for total chromium adsorption using PANI-jute
Breakthrough (%)  Flow rate 1.5 mL/min Flow rate 2.5 mL/min Initial Cr(VI) 5 mg/L Initial Cr(VI) 15 mg/L
texp (h)a ttheo (h)b RS.D (%)C texp (h)a ttheo (h)b R.S.D. (%)C texp (h)a ttheo (h)b R.S.D. (%)C texp (h)a Ltheo (h)b R.S.D. (%)C
1 13 14.2 0.84 2.5 24 1.92 19 19.4 1.82 3.5 3.4 1.67
10 18.5 19.0 1.89 3 4.1 1.17 26 26.8 1.03 5 5.1 0.98
50 26 36.4 23.60 9.8 18.8 44.56 30 53.7 40.1 20 16.4 14.08
90 105 65.8 32.42 66 41.3 32.55 160 99.2 33.1 47 34 22.68

2 texp, Experimental breakthrough time (h).
b tineo, Theoretical breakthrough time (h).

¢ RS.D., Relative standard deviation percentage (standard deviation x 100/average).

Predicted breakthrough time were much in agreements with
the experimental breakthrough time with R.S.D. value of 1.82%
and 1.03% at breakthrough of 1% and 10%, respectively, for initial
Cr(VI) 5 mg/L. Similarly for Cr(VI) 15 mg/L, R.S.D. value of 1.67% and
0.98% for breakthrough of 1% and 10%, respectively, were obtained.
However, R.S.D. value of 5-40.1% for both initial Cr(VI) concentra-
tion of 5 and 15 mg/L suggest the conformity of BDST model till
10% breakthrough. With the increase in influent Cr(VI) from 5 to
15mg/L corresponding 1% breakthrough time decreased from 19
to 3.5 h with the subsequent decrease of throughput volume from
2.28t00.42 L. At higher influent Cr(VI), fixed-bed got saturated with
chromate ions more quickly thereby decreasing the breakthrough
and exhaustion time. However, g. value increased from 4.14 to
5.02 mg/g total chromium with increase in influent concentration
from 5 to 15 mg/L. Probably at higher concentration of chromate,
loading rate increased even though contact time decreased and the
net effect was an appreciable increase in adsorption capacity. These
suggest that initial concentration of adsorbate effects the diffusion
of adsorbate in adsorbent.

4.5. Thomas model

Data of different column depth were also treated with Thomas
model [Eq. (13)] and coefficients and calculated q. value are pre-
sented in Table 5. Predicted and experimental value were well
agreed with less R.S.D. value for column studied with flow rate
2mL/min and initial Cr(VI) 10 and 15 mg/L. However, the results
of columns with flow rate of 1.5 and 2.5 mL/min with initial Cr(VI)
10 mg/L and column with flow rate of 2 mL/min and initial Cr(VI) 5
mg/L were not following on Thomas model (R? value of less than
0.7). This probably may be stems due to its derivation from second-
order reversible reaction kinetics which usually is not limited by
chemical reaction kinetics but is often controlled by inter phase
mass transfer [32,48].

4.6. Theoretical breakthrough curve

The theoretical breakthrough was generated with the initial
concentration of 10 and 20 mg/L following the concepts of Michaels
[33] as follows:

(1) The equilibrium line was prepared using Langmuir’s adsorption
isotherm of our previous batch work of total chromium removal
by PANI-jute [20]:

Qe = gmbCe
€T 1+bCe

(20)

where ge (mg/g) is the amount of total chromium ions adsorbed
per unit weight of PANI-jute, g, the maximum monolayer cov-
erage which equals to 162.89 mg/g, b the energy (heat) constant
of adsorption (L/mg) which equals to 0.02L/mg, and C. is the
equilibrium concentration of Cr(VI) ion remaining in solution
(mg/L).

(2) An operating line was drawn passing through the origin and
intersecting the equilibrium curve at C, of 10 and 20 mg/L yield-
ing respective ge values of 10.48 and 17.96 mg/g [Fig. 7(a)].

(3) Agraphof Cversus (C— Ce)~! was plotted where the area under
the curve of (C— Ce)~! represented the value of the integration
of Eq. (14) and is shown in Fig. 7(b). For initial Cr(VI) of 10 and
20 mg/L, 41.48 and 17.48 sq. units were obtained, respectively.

(4) Using Eq. (16), the theoretical breakthrough curves were gener-
ated by plotting (V; — V)/(VE — V) versus (C/C,). It can be seen
in Fig. 7(c) that for both the initial Cr(VI) of 10 and 20 mg/L, the
experimental and theoretical breakthrough curves followed the
same trend.

4.7. Desorption and recovery

The recovery of metal ions from the metal saturated bed was
another important aspect for reusability of adsorbent to reduce
the process cost. Before starting the desorption experiment, one
adsorption experiment was carried out with three column of 20,
30 and 40 cm depth initially fed with 20 mg/L Cr(VI) at 2.5 mL/min
flow rate till exhaust. The exhausted adsorbent was used for desorp-
tion study. Desorption study was conducted with desorbent of 1M
NaOH at lower flow rate of 1 mL/min. Lower flow rate was applied so
as to access more contact time and concentrate the chromate ionsin
possible minimum volume. A plot of throughput volume of desor-
bents versus concentration of total chromium recovered is shown
in Fig. 8. From the figure, effluent total chromium concentration
was observed to be decreased with time elapsed. After throughput

Table 5
Coefficients of Thomas model for total chromium adsorption by PANI-jute
Bed height (cm) Initial Cr(VI) (mg/L) Flow rate (mL/min) tg (h) tg (h) Thomas model

km (mLmin~'g™")  R? Qoexp (Mg/8)  Qoneo (Mg[g)  RS.D.(%)
40 10 2 8 82 0.012 0.98 4.14 3.73 7.3
50 10 2 11 105 0.010 0.95 4.32 3.95 6.3
60 10 2 20 120 0.008 0.96 4.66 4.37 4.5
40 10 1.5 14 130 0.023 0.49 4.45 3.56 15.7
40 10 2.5 2.5 78 0.067 0.55 3.26 1.987 34.3
40 5 2 19 190 0.025 0.69 3.7 0.265 122.5
40 15 2 3.5 64 0.006 0.93 5.02 4.67 5.1
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Fig. 7. (a) Equilibrium and operating lines to predict breakthrough curve. (b) Curve area to evaluate for determination of theoretical breakthrough curve of total chromium.

(c) Theoretical and experimental breakthrough curve of total chromium.

volume of 0.42 L(7 h of desorption operation), there were no further
total chromium traced in the effluent. Thus, all chromate ions were
able to concentrate on 0.42 L of desorbent. Amount of desorption
was estimated using Eq. (21) as:

desorption (%) = % x 100 (21)

r

where My and M; are the amount of total chromium desorbed
and adsorbed (mg), respectively. 2.48%, 3.08% and 2.99% of total
chromium were desorbed at 20, 30 and 40 cm of column bed depth
respectively. This value was much lower than value observed in
batch study, where almost 83% desorption was observed while
using 2 M NaOH in 10 min [20]. Probably increasing NaOH strength
further or desorption in batch process may recover back more total
chromium. During desorption by alkali, HCrO4~ ion attached to
protonated surface of PANI-jute by electrostatic attraction were
probably replaced by OH~ and remained in the solution. Such less
desorption also indicates the possibility of strong binding of metal
ions on active sites of PANI-jute.

Total chromium (mg/L)
[+-]

[=T S I -}
1

0 0.1 0.2 0.3 04 0.5
Throughput volume (L)

Fig. 8. Desorption profiles at different bed depth.

Solid waste management of toxic metal contaminated is a pri-
mary concern which otherwise will pollute the soil and then the
groundwater. Recovery of the adsorbed metals by igniting the
metal contaminated adsorbent is another viable alternative. To
investigate the degree of recovery of chromate ions, exhausted
PANI-jute fibers from 40, 50 and 60 cm bed depth weighing 9.4,
11.75 and 14.1 g, respectively, were subjected to ignition in muf-
fle furnace at 550°C for 1h. Weight of PANI-jute-chromium of
all three different bed depth decreased to only 0.2 g reducing the
weight by 97.5-98.5%. There is a chance of leakage of chromate
ions into the environment from the adsorbent after adsorption and
ignition. The ash (0.2 g) obtained after ignition were therefore dis-
solved in 1N HNOs3 and the sample was analyzed for chromate
ions. Interestingly, it was observed that all the adsorbed chromate
ions were recovered back in the solution, however, in non-toxic
Cr(Ill) form. It is possible to remove toxic Cr(VI) from wastew-
ater by PANI-jute by adsorption. This study results will help to
design fixed-bed columns for large scale Cr(VI) containing indus-
trial wastewater.

5. Conclusions

In this study, an extensive laboratory investigation was
conducted to evaluate fixed-bed column performance for the
removal of hexavalent chromium [Cr(VI)] from aqueous solution.
A short-chain polymer, polyaniline was synthesized by adding
formaldehyde in aniline solution under acidic medium on the
surface of jute fiber and this polyaniline-jute (PANI-jute) was
used as an adsorbent in the fixed-bed columns. Influent pH,
column bed depth, influent Cr(VI) concentrations and influent
flow rate were variable parameters for the present study and
based on the findings of this study following conclusions can be
drawn:
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(1) Optimum pH for total chromium [Cr(VI)+ Cr(IIl)] removal was
obtained at pH 3 with removal of 26.74 mg total chromium
at flow rate of 2mL/min and initial Cr(VI) 20 mg/L. At pH 2,
Cr(VI) were largely reduced to Cr(IIl) and remained in solution
with total chromium removal of only 16.57 mg/g. Electrostatic
attraction of acid chromate ion (HCrO4~) with protonated
amine group (NH3*) of PANI-jute was the main mechanism of
Cr(VI) removal at pH 3. EDX and ESR spectra confirmed pres-
ence of chromium on the surface of PANI-jute in the form of
Cr(VI).

(2) The data obtained for total chromium were well described
by BDST equation till 10% breakthrough. Adsorption rate con-
stant and dynamic bed capacity at 10% breakthrough were
observed as 0.01 L/mgh and 1069.46 mg/L, respectively. Criti-
cal bed depth of adsorbent that would be able to prevent the
chromium concentration from exceeding the permissible limit
was obtained as 27.58 cm at flow rate of 2 mL/min and initial
Cr(VI) 10 mg/L.

(3) The experimental breakthrough profile was in good agreement
with theoretical breakthrough profile obtained from batch data
incorporated into Langmuir isotherm model.

(4) All the adsorbed total chromium was recovered back as oxides
of chromium by ignition of chromium loaded PANI-jute along
with more than 97% reduction in weight of PANI-jute. PANI-jute
can be used effectively to remove the chromium and keeps the
effluent well below the permissible limit along with minimum
solid waste management of toxic metal loaded adsorbent.
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