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a b s t r a c t

Fixed-bed column studies were conducted to evaluate performance of a short-chain polymer, polyaniline,
synthesized on the surface of jute fiber (PANI-jute) for the removal of hexavalent chromium [Cr(VI)] in
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 (NH3
+) of
eywords:
hromium
olyaniline
reakthrough curve
DST model
ynamic bed capacity

PANI-jute. With increase in column bed depth from 40 to 60 cm, total chromium uptake by PANI-jute
increased from 4.14 to 4.66 mg/g with subsequent increase in throughput volume from 9.84 to 12.6 L at
exhaustion point. The data obtained for total chromium removal were well described by BDST equation
till 10% breakthrough. Adsorption rate constant and dynamic bed capacity at 10% breakthrough were
observed as 0.01 L/mg h and 1069.46 mg/L, respectively. Adsorbed total chromium was recovered back
from PANI-jute as non-toxic Cr(III) after ignition with more than 97% reduction in weight, minimizing the
problem of solid waste disposal.
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. Introduction

Rapid industrialization over the years led to an increase and
ccumulation of hexavalent chromium in environment. Chromium
xists in environment as trivalent [Cr(III)] and hexavalent [Cr(VI)]
orms and Cr(VI) is considered highly toxic, carcinogenic and

utanogenic. WHO (World Health Organization) and BIS (Bureau
f Indian Standards) recommended guideline value for chromium
as total chromium) in drinking water as 0.05 mg/L (desirable)
ith no relaxation on permissible limit [1,2]. Anthropogenic source

f chromium is generally from various industrial processes like
lectroplating, leather tanning, wood preservations, manufacturing
f dye, paint and paper [3]. Several physicochemical wastewa-
er treatment processes have been developed and reported to
emove hexavalent chromium. These include chemical reduc-
ion followed by precipitation [4,5], electrochemical precipitation
6], ion exchange [7], solvent extraction [8], evaporation, reverse

smosis, foam separation, adsorption, biosorption [9,10], etc. Most
f these methods like solvent extraction, reverse osmosis, ion
xchange, electrochemical precipitation, etc., need high capital cost
nd recurring expenses such as chemicals, which are not suitable

∗ Corresponding author. Tel.: +91 361 2582412; fax: +91 361 2690762.
E-mail addresses: saswati@iitg.ernet.in,
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or small-scale industries. Reduction of Cr(VI) to Cr(III) and then
mploying chemical precipitation, though economical, generates
arge amount of toxic sludge making disposal difficult. The process
f adsorption is by far the most versatile and widely used technique
or the removal of hexavalent chromium. Several researchers inves-
igated adsorption of chromium using certain easily available low
ost materials such as rice bran, wool, sawdust, etc. [11–13]. How-
ver, low adsorption capacity and slow kinetics of these adsorbents
reated a necessity to develop innovative low cost adsorbents hav-
ng strong affinity towards metal ions and ability to remove heavy

etals in a relatively short period of time.
Since the last decade, adsorption of metal ions by sev-

ral functionalized polymers based on amines derivatives such
s polyacrylonitrile fibers, ethylenediamine, polyacrylamides,
oly-4-vinylpyridine, polyethyleneimine, aniline formaldehyde
ondensate, etc., have been reported [14–19]. Recently, we have
nvestigated one amine-based polymer, short-chain polyaniline
oated on jute fiber for the removal of chromium in batch mode
20]. Maximum adsorption of total chromium [Cr(VI) and Cr(III)]
as observed at reaction pH of 3 and adsorption equilibrium was

chieved within 40–120 min for initial Cr(VI) of 50–500 mg/L. Batch

ata has several limitations to predict the performances in practi-
al situation such as actual industrial wastewater treatment plant,
here continuous reactors replace batch operation. It was also

bserved that literatures on chromium ion removal by polymers
n fixed-bed mode are very scanty.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:saswati@iitg.ernet.in
mailto:chakraborty_saswati@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2008.05.147
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Nomenclature

A cross-sectional area (m2)
b energy (heat) constant of adsorption (L/mg)
C concentration of adsorbate at any instance of time t

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

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

(mg/L)
Ce equilibrium concentration (mg/L)
C0 initial concentration of adsorbate (mg/L)
dh differential depth of column (cm)
h hour
hz height of adsorption zone (cm)
I influent adsorbate loading (mg)
kads adsorption rate constant (L/mg h)
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)
Mr mass of adsorbate removed (mg)
Md mass of adsorbate desorbed (mg)
No dynamic bed capacity (mg/L)
qe amount of adsorbate uptake (mg/g)
qm 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)
tB breakthrough time (h)
tE exhaust time (h)
tS service time (h)
u linear flow rate (cm/h)
VB throughput volume at breakthrough (L)
VE throughput volume at exhaust (L)
Vt throughput volume at any instant of time t (L)
Z column depth (cm)
Zo critical bed depth (cm)
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(cm), u the linear flow rate (cm/h) defined as the ratio of the vol-
Greek letter
˛ external surface area

In the present work, short-chain polymer named polyaniline
as used for the removal of chromium ion in continuous mode.

his polymer was synthesized on the surface of jute fiber to facil-
tate separation of metal ion after metal–polymer interaction. Jute
ber was selected due to its easy availability in local market and

ower cost. Influent pH, column bed depth, influent Cr(VI) con-
entrations, influent flow rates and recovery of chromium were
elected as variable factors for the present work.

. Theoretical background

.1. Column performance

The performance of the column bed is usually described through
he concept of breakthrough curve, which is obtained by plotting

hroughput volume (Vt) at any time (t) versus effluent chromium
oncentration (C). Throughput volume was calculated using Eq. (1).

t = Qt (1)

u
A
t
r

dous Materials 162 (2009) 1086–1098 1087

here Q is the volumetric flow rate (mL/min). Usually breakthrough
s defined as phenomenon when concentration from column is
bout 3% to 5% [21,22]. However, breakthrough at 1% was also con-
idered and reported on basis of effluent discharge limit for specific
etal [23]. Employment of breakthrough of 50% was also reported

or the removal of lead(II) using treated granular activated carbon
24]. For our study, the breakthrough time was obtained for total
hromium concentration of 0.1 mg/L (1%) considering the permis-
ible limit for total chromium discharge.

Exhaustion is usually considered when the effluent concentra-
ion remains same for long period close to influent concentration.
ijayagarvan et al. [23] considered exhaustion at 99% and above of

nfluent for the removal of copper by brown marine alga Turbina-
ia ornata. Adak and Pal [25] considered exhaustion when effluent
eached 90% of influent on removing phenols by SDS-modified alu-
ina. For our studies, exhaustion was considered when effluent

hromium reached 95% of influent concentration [26]. Area below
he breakthrough curve represents mass of chromium which is not
emoved (M) and was calculated using Eq. (2) [27]:

=
∑[

(Vn+1 − Vn)(Cn+1 + Cn)
2

]
(2)

here Vn is the throughput volume at nth reading (L), Vn+1 the
hroughput volume at (n + 1)th reading (L), Cn the effluent adsor-
ate concentration at nth reading (mg/L) and Cn+1 is the effluent
dsorbate concentration at (n + 1)th reading (mg/L).

Influent adsorbate load (I) was calculated from throughput
olume (VE) at column exhaustion and influent adsorbate concen-
ration (Co) according to Eq. (3).

nfluent adsorbate load (mg) = I = VECo (3)

Mass of adsorbate removed was calculated from difference of
nfluent adsorbate load (I) and mass of adsorbate not removed (M)
rom Eq. (4).

ass of adsorbate removed = Mr (mg) = I − M (4)

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

dsorbate uptake by PANI-jute (qe) = Mr (mg)
PANI-jute weight (g)

(5)

.2. Bed depth service time (BDST) model

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

n
(

Co

Cb
− 1
)

= ln(ekadsNo(Z/u) − 1) − kadsCotS (6)

Further, Hutchin [31] modified the Bohart–Adams equation and
resented a linear relationship between the bed depth and service
ime [Eq. (7)], which requires only three fixed-bed tests to collect
he necessary data.

S = NoZ

Cou
− 1

kadsCo
ln
(

Co

Cb
− 1
)

(7)

here tS is the service time at breakthrough point (h), No the
ynamic bed capacity (mg L−1), Z the packed-bed column depth
metric flow rate Q (cm3/h) to the cross-sectional area of the bed
(cm2), Co and Cb are, respectively, the influent and the break-

hrough adsorbate concentration (mg/L) and kads is the adsorption
ate 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/Cou)
nd intercept of

−)
1

kadsCo
ln
(

Co

Cb
− 1
)

.

Critical bed depth (Zo) represents the theoretical minimum
epth of adsorbent that would be able to prevent the adsorbate
oncentration from exceeding Cb. It is obtained when breakthrough
s immediate and it can be calculated by substituting tS = 0 in Eq.
7) as shown below:

o = u

kadsN

(
Co

Cb
− 1
)

(8)

According to BDST model Eq. (7), the data collected from one
ow rate experiment can predict the system with different flow
ate. When an experiment conducted at flow rate Q1, yields an
quation of the form

S = a1Z + b1 (9a)

he predicted equation for new flow rate Q2, is given by:

S = a2Z + b1 (9b)

nd

2 = a1

(
Q1

Q2

)
(9c)

here a1 and a2 are the slopes at flow rate Q1 and Q2, respectively.
owever, the intercept b1 remained same since it is independent
f flow rate in linearized BDST Eq. (7).

BDST model can also be used to design systems for treating other
nfluent solute concentrations using the data of a previous labo-
atory experiment of one influent solute concentration. When an
xperiment conducted at initial concentration C1, yields an equa-
ion of the form

= r1X + s1 (10a)

he predicted equation for new flow rate Q2, is given by:

= r2X + s2 and (10b)

The new slope and intercept values can be determined as:

2 = r1

(
C1

C2

)
(10c)

2 = s1
C1

C2

(
ln
[
(C2/CF) − 1

]
ln
[
(C1/Cb) − 1

]
)

(10d)

here r1 and r2 are slopes at influent concentrations C1 and C2,
espectively; s1 and s2 are intercepts at influent concentrations
1 and C2, respectively; CF is effluent concentration at influent
oncentrations C2; and Cb is effluent concentration at influent con-
entration C1.

.3. Thomas model

Another mathematical model Thomas equation is given by [32]

Co

C
= 1 + exp

(
kTH

Q
(QoM − CoVt)

)
(11)

here Co is the initial adsorbate concentration (mg/L), C the efflu-
nt adsorbate concentration (mg/L), kTH the Thomas model rate

−1 −1
onstant (mL min mg ), Qo the maximum solid-phase concen-
ration of the solute (mg/g) and Vt is the throughput volume.
inearized form of Thomas model is as follows:

n
(

C

Co
− 1
)

= kTHQoM

Q
− kTHCo

Q
Vt (12)
dous Materials 162 (2009) 1086–1098

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

.4. Theoretical breakthrough curve

The breakthrough curve of a continuous fixed-bed operation
ode can also be obtained using the data obtained from the batch

sotherm studies. Thus, column operation can be designed from
atch experiment data without running the column experiment
nd the procedure is given below:

(i) An operating line needs to be drawn passing through the origin
and intersecting the equilibrium curve (Ce versus qe of batch
data) at Co (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

Q dC = Ko˛(C − Ce)dh (13)

where Q is the flow rate, Ko the overall mass transfer coefficient
(ML−2T−1), ˛ the external surface area, Ce the equilibrium con-
centration of the adsorbate in the solution corresponding to a
adsorbed concentration qe 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 qe value. Integrating Eq. (13) and solving for
the height of adsorption zone (hz) at saturation yields

hz = Q

Ko˛

∫ CE

Cb

dc

(C − Ce)
(14)

where Cb and CE 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)−1 represented
the value of the above integration. Since, (C − Ce)−1 approaches
infinity as C approaches Co, it is necessary to terminate the
plot of C at a value somewhat less than Co or at C = 0.95Co

(exhaustion for adsorption beds). For any value of h less than
hz corresponding to a concentration Cb < C < CE, Eq. (14) can be
written as

h = Q

ko˛

∫ C

Cb

dc

(C − Ce)
(15)

dividing Eq. (15) by Eq. (14) results in

h

hz
=
∫ C

Cb
dC/(C − Ce)∫ CE

Cb
dC/(C − Ce)

= Vt − VB

VE − VB
(16)

where h/hz is equal to the ratio (Vt − VB)/(VE − VB), where VB
and VE are throughput volumes at breakthrough and exhaus-
tion, respectively, and Vt is the throughput volume within VE

for an effluent concentration C within CE (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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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
Fig. 1. Synthesis scheme of PANI.

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

(v) Finally, the theoretical breakthrough curves were generated by
plotting (Vt − VB)/(VE − VB) versus (C/Co).

. Materials and methods

.1. Chemicals and reagents

Commercial grade aniline (C6H5NH2) purified by distilling over
OH pellets at 180 ◦C was used for preparing PANI. Potassium
ichromate (K2Cr2O7) purchased from Merck, India, and chromic
hloride (CrCl3·6H2O) procured from Central drug house, India,
ere used as the sources of hexavalent and trivalent chromium,

espectively. Jute fibers were prepared by washing waste grocery
ute bags to remove the dirt and chopped into fibers of length
.5–1 cm.

.2. Synthesis of polyaniline on jute fiber

Polyaniline was synthesized by oxidation of aniline (C6H5NH2)
y oxidant ammonium peroxydisulfate [(NH4)2S2O8] in presence
f chain terminating agent 1,4-phenylenediamine in acidic aqueous
edium. The synthesis scheme of PANI is shown in Fig. 1 [20,35].
niline (2.00 g, 21.5 mmol) and 1,4-phenylenediamine (0.330 g,
.05 mmol) were dissolved in 66 mL of 1 M HCl (aq.). The mixture
as cooled in iced bath which was maintained at 0–5 ◦C followed by

ddition of 5 g jute fibers and stirred for 5 min. The polymerization
tarted by introduction of pre-cooled (5 ◦C) solution of ammonium
eroxydisulfate (1.62 g, 7.10 mmol) in 16 mL of 1 M HCl (aq.). The
eaction mixture was kept at 5 ◦C for 65 min and then kept for
vernight at room temperature to complete the reaction. Then
he liquid was decanted from PANI-jute fiber. To ensure complete
eprotonation of PANI-jute, alkali treatment was given by soaking
ANI-jute in 1 M NH4OH for 5 min. The products were then washed
ith distilled water to adjust the solution to neutral pH. Finally, the

lue black colored PANI-jute fiber was dried at 40 ◦C in the oven. The
hotographs of raw jute fibers and PANI-jute are shown in figures
Figs. 1 and 2 in supplementary materials).

.3. Experimental set up

The fixed-bed column studies were conducted using a

aboratory-scale glass column of 1 cm ID and 70 cm length. Col-
mn was packed with known quantity of PANI-jute to obtain a
articular bed depth. A cotton plug was provided at the bottom
o support the PANI-jute bed as well as to prevent the washed
ut of adsorbent. Another cotton plug was also provided on top F
dous Materials 162 (2009) 1086–1098 1089

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

.4. Column experiment

In order to study the behavior of hexavalent chromium removal
n fixed-bed column mode, column experiments were conducted

ith varying pH, influent concentration, flow rate, and bed depth.
reated solution samples were collected from the exit of column
t predetermined time intervals. These samples were then cen-
rifuged at 10,000 rpm for 10 min and analyzed for total chromium
Cr(VI) + Cr(III)] as well as Cr(VI). pH of the effluent samples were
lso monitored and recorded along. In order to prevent any leak-
ge of toxic chromium into the sewer line, a polishing column of
D 3 cm × 5 cm length packed with PANI-jute was introduced after
xit point of column as further polishing unit (Fig. 2).

.5. Analytical techniques

Total chromium was estimated by atomic absorption spec-
rophotometer (Spectra AA, Varian Model) using air-acetylene
ame at 429 nm wavelength and slit width of 0.5 nm. Sensitivities
f atomic absorption spectrophotometer varies with wavelength
nd slit width. At 429 nm wavelength, the detection limit of total
ig. 2. Schematic arrangement of the experimental set up for fixed-bed studies.
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he same sample solution. Change in surface morphology of PANI-
ute before and after adsorption of chromium and confirmation
f presence of chromate ions on surface of PANI-jute was inves-
igated using scanning electron microscopy (Scanning electron

icroscope, Model: LEO, 1430 VP, Carl Zeiss, Germany). Presence of
dsorbed Cr(III) on PANI-jute was examined by employing electro-
agnetic spin resonance spectrophotometer (ESR) (Model: JES-FA

00 ESR System, JEOL, Ltd. Japan).

. Results and discussions

.1. Effect of influent pH

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

BRT (min) = empty bed column volume (m3)
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.
rom our previous studies on removal of Cr(VI) by PANI-jute in
atch process, it was observed that Cr(VI) was highly reduced to
r(III) at acidic pH [20]. Perusals of literature had also reported the
eduction of Cr(VI) to Cr(III) at acidic pH along with protons been
onsumed supported by Eq. (18) [19,20,38,39].

CrO4
− + 7H+ + 3e− → Cr3+ + 4H2O Eo = 1.33 V (18)

Hence, throughout the study in column effluent, both Cr(VI)
nd total chromium were analyzed and Cr(III) was estimated.
lso amount of total chromium and Cr(VI) removed till exhaust
ere calculated separately. Breakthrough curve of Cr(VI) is pre-

ented as throughput volume versus effluent Cr(VI) concentration
n Fig. 3(a). The column bed exhaustion time (tE), throughput vol-
me at exhaustion (VE) of Cr(VI) were evaluated with respect to
r(VI) exhaustion point [effluent Cr(VI) 19 mg/L] and presented in
able 1. Amount of Cr(VI) removed (Mr) was evaluated from the
rea above the curve of throughput volume versus effluent Cr(VI)
sing Eqs. (2)–(4) and shown in Table 1. It can be seen that with the

ncrease in pH, mass of Cr(VI) removed decreased. With decreased
n pH from pH 6 to pH 3, respective exhaust time and throughput
olume increased from 23 h and 2.76 L to 46 h and 5.52 L with cor-
esponding Cr(VI) removal increased from 4.17 to 33.2 mg. At pH 2,
olumn bed was not exhausted even after 102 h of operation time
ith 12.24 L volume treated and effluent concentration Cr(VI) of

nly 7.66 mg/L (38.3% Co) and column operation was stopped at
his point.

Breakthrough curve for total chromium is shown in Fig. 3(b).
hroughput volume and mass of chromium removed at exhaus-
ion with respect to total chromium values evaluated using Eqs.
2)–(4) are incorporated in Table 1. From the breakthrough curve
f total chromium [Cr(VI) + Cr(III)] [Fig. 3(b)], it can be observed
hat maximum removal of total chromium was obtained at pH

unlike that of pH 2 for Cr(VI). With increase in pH from 2 to
H 3, exhaust time and throughput volume increased from 37
o 45 h and 4.4 to 5.4 L, respectively, with corresponding mass of
otal chromium removed increased from 16.57 mg to maximum of
6.74 mg. However, with further increase in pH, exhaust time and
hroughput volume decreased to 23 h and 2.76 L, respectively, at

H 6 with 4.17 mg of total chromium was removed. These find-

ngs of maximum Cr(VI) removal at pH 2 but simultaneously less
emoval for total chromium suggest the reduction of Cr(VI) to Cr(III)
t pH 2. Similar trend of maximum total chromium removal at pH
by electrostatic attraction of anionic Cr(VI) along with maximum

a

c
t
e
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eduction at strong acidic pH 2 was also observed in our previous
tudies with an amine-based funtionalized polymers viz. aniline
ormaldehyde condensate (AFC) and polyaniline [19,20]. Biomate-
ials such as Ecklonia biomass were reported to remove Cr(VI) with
ptimum pH at 3–4 [38,39]. Complete reduction of Cr(VI) to Cr(III)
ollowed by adsorption of the reduced Cr(III) by forming complex
ith organic materials was reported as the main mechanism of
r(VI) removal [40,41].

In order to understand the reduction nature of Cr(VI) to Cr(III),
oncentration of reduced Cr(III) appeared in effluent solution cal-
ulated from difference of total chromium and Cr(VI) was plotted
gainst throughput volume along with effluent pH and is shown in
ig. 3(c). At pH 2, maximum concentration of Cr(III) in the efflu-
nt was 15 mg/L at a throughput volume of 1.5 L and remained
ame throughout. However at pH 3, maximum Cr(III) concentra-
ion in effluent was only 3.8 mg/L and decreased thereafter with
lmost no Cr(III) in effluent after throughput volume of 5.5 L. At pH
, Cr(III) were untraceable after throughput volume of 0.6 L. The
otal amount of Cr(III) appeared in the effluent till exhaustion was
valuated from the curve of Cr(III) versus throughput volume using
q. (2) as area below Fig. 3(c) and incorporated in Table 1 (as M).
otal amount of Cr(III) in effluent that appeared till the exhaustion
ith respect to total chromium (effluent total chromium 19 mg/L)
ecreased with increase in pH. At pH 2, mass of Cr(III) in the effluent
olution was 62.65 mg and decreased to 6.29 mg at pH 3 followed
y insignificant Cr(III) in the effluent at pH 4 and above.

In acidic medium, predominating species of Cr(VI) in the stud-
ed pH range (2–6) was the acid chromate (HCrO4

−) form [26]. At
his pH, amine group (NH2) of PANI-jute gets protonated and exists
s ammonium (–NH3

+) form. Electrostatic attraction between the
rotonated ammonium and the negative chromate ions is the plau-
ible mechanism for the removal of Cr(VI) from solution. Therefore,
ith the decrease in solution pH, protonation of amine sites (NH2)

f PANI-jute increased favoring more electrostatic attraction of neg-
tive HCrO4

− ion yielding high removal of Cr(VI). At influent pH of
though PANI-jute was highly protonated, strong acidic environ-
ent favored reduction of Cr(VI) to Cr(III) [Eq. (18)]. This positively

harged Cr(III) at pH 2 were probably repulsed by protonated PANI-
ute and remained in solution (mass of Cr(III) appeared in solution
s M column in Table 1). To confirm this hypothesis, experiment was
arried out using columns with initial Cr(III) of 20 mg/L of influ-
nt pH 2 and 3. No removal of Cr(III) were observed confirming
he repulsion of reduced Cr(III) by protonated PANI-jute at pH 2
nd 3. At influent pH of 3, reduction of Cr(VI) to Cr(III) was much
ess as compared to influent pH 2 (Table 1) and at pH of 3, anionic
dsorption of HCrO4

− ion with PANI-jute was the predominating
echanism. However, these experimental results are inadequate

o justify that form of chromium on PANI-jute surface is in the
orm of acid chromate [Cr(VI)] as there is still a possibility of reduc-
ion of adsorbed Cr(VI) to Cr(III) on the surface of PANI-jute itself.
herefore, further investigation to check the presence of any Cr(III)
n PANI-jute surface was carried out by employing ESR technique
n both surface of PANI-jute and effluent solution after adsorption
xperiment at pH 2. The resonance signal of the effluent solution
ppears at a magnetic field position corresponding to g value of
.975 [Fig. 3(d)], confirming the presence of Cr(III) whose standard
ignal g value is 1.98 [42]. However, chromium bounded PANI-jute
fter adsorption experiment showed no peak of Cr(III). Hence, it
an be concluded hereby that predominant chromium species on
he surface of PANI-jute was Cr(VI) with insignificant or negligible

mount of Cr(III).

Interestingly, it was also observed that removal of total
hromium was associated with increase of effluent pH from pH 2
o pH 5.57 and pH 3 to 5.54 with insignificant increase when influ-
nt 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(III) and pH in the treated effluent (Experiment set 1). (d) ESR spectra of effluent containing Cr(III). (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(III)

tE (h) VE (L) Mr (mg) tE (h) VE (L) Mr (mg) M (mg)a

2 102b 12.24b 35.26b 37 4.44 16.57 62.65b

3 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 4.17 23 2.76 4.17 0

a Mass of Cr(III) 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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ig. 4. (a) UV spectra of PANI. (b) and (c) SEM image of PANI-jute before and after ch

nfluent pH, higher was proton consumption during chromium
emoval by PANI-jute. Similar observation was also reported in lit-

ratures, where an increase in pH from 2 to 5 was observed during
r(VI) adsorption by waste acorn in the fixed-bed study [22]. From
able 1 and Fig. 3(b), it was observed that at influent pH of 3 maxi-
um total chromium removal by PANI-jute was achieved. An effort

t
3
1
i

able 2
ffect of column bed depth on total chromium removal by PANI-jute

ed depth (cm) PANI-jute amount (g) tB (h) tE (h) VB (L)a VE (L

0 9.40 8 82 0.96 9.84
0 11.75 11 105 1.32 12.6
0 14.10 20 120 2.40 14.4

a Calculated at 1% breakthrough values.
m adsorption. (d) and (e) EDX of PANI-jute before and after chromium adsorption.

as made to correlate proton consumption (mmol), removal of
otal chromium (mg/L), appearance of Cr(III) in effluent (mg/L) and

hroughput volume (L) when column was operated at influent pH of
and results are shown in Fig. 3(e). Till throughput volume of 0.12 L,
3–15 mg/L of total chromium has been adsorbed on PANI-jute from
nfluent Cr(VI) 20 mg/L with remaining 5–7 mg/L Cr(III) appeared in

) Amount of total
chromium
removed [Mr] (mg)

Total chromium
uptake [qe]
(mg/g)

EBRT (min) AER (g/L)a

38.87 4.14 15.7 9.79
50.71 4.32 19.65 8.90
65.72 4.66 23.55 5.88
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reached. Hence, utilization of full bed is not the main concern in
P.A. Kumar, S. Chakraborty / Journal of

olution. This observation suggest the adsorption of total chromium
redominated over Cr(VI) reduction at initial phase. During this
eriod (up to throughput volume of 0.12 L), 9.9 mmol of protons
ere 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,
eduction of Cr(VI) gradually increased with 15 mg/L Cr(III) gener-
ted in the effluent at throughput of 1 L and consumed 2.75 mmol
rotons. Probably with time elapsed and total chromium being
dsorbed, active sites of PANI-jute (NH2) got exhausted and the
vailable protons in the solution were probably utilized for reduc-
ion of Cr(VI) to Cr(III). However, these findings of more proton
onsumption at initial period when adsorption predominated over
eduction process and vice versa may be due to requirement of
ore protons for surface protonation of active sites of PANI-jute

han that of protons requirement for reduction process. On study of
r(VI) adsorption by waste acorn of Quercus ithaburensis on a fixed-
ed [22] column, the authors estimated chromium by diphenyl
arbazide method at 540 nm wavelength by UV spectrophotome-
er. This technique estimates only Cr(VI) and reduced Cr(III) if
ny in the solution cannot be evaluated. Similar case was also
bserved on biosorption of Cr(VI) studies by Motiwal®B30H resin
mmobilized activated sludge in a packed bed [43]. Since Cr(VI)
educed completely to Cr(III) when contacted with biomaterials
39–41] and adsorbed onto the biomaterials, estimation of total
hromium [Cr(VI) + Cr(III)] is also required to evaluate the reduced
r(III). Analysis of data based on only Cr(VI) estimation will resulted
biased conclusion.

.2. Characteristics of polyaniline (PANI)

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

hromium ion.

.3. Effect of column bed depth

To study the effect of bed depth, experiment were conducted
ith three columns filled with 9.4, 11.75 and 14.1 g of PANI-jute to

ield respective bed depth of 40, 50 and 60 cm and results are shown
n Fig. 5. Influent Cr(VI) of 10 mg/L with pH 3 was fed at constant
ow rate of 2 mL/min. Details of breakthrough time, exhaustion
ime, breakthrough volume, exhaustion volume along with amount
f total chromium removed and uptake is presented in Table 2.
he throughput volumes of total chromium obtained for 40, 50
nd 60 cm bed depth at breakthrough point were 0.96, 1.32 and
.40 L, respectively, and their corresponding exhaust volumes were

.84, 12.6 and 14.4 L, respectively. At lower bed depth, predominant
ass transfer phenomenon was the axial dispersion and reduced

he diffusion of chromate ions effectively [46]. Also with increase in
ed depth mass transfer zone got broadened as well as more bind-

ng sites for adsorption of chromate ions were available. Thus, total

c
s
a
t
s

ig. 5. Breakthrough curves on total chromium removal at various column bed
epth.

hromium mass removed (Mr) were evaluated using Eqs. (2)–(4) for
olumn depth of 40, 50 and 60 cm were observed as 38.87, 50.71
nd 65.72 mg, respectively.

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

ER (g/L) = mass of adsorbent in column (g)
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 8.90 g/L (only 9%
ecrease). However, when EBRT was further increased to 23.5 min
19.8% increase), AER decreased to 5.88 g/L (33% decrease). Higher
BRT suggests longer residence time, i.e. larger column at the
ame flow rate, thus indicating more capital cost. Less adsor-
ent exhaustion rate indicates lower operational cost. From the
resent experimental observations, optimum column bed height is
bserved as 60 cm, where with small increase in capital cost caused
aximum beneficial effect on lowering operational cost.
Table 2 shows that total chromium uptake by PANI-jute (qe) cal-

ulated using Eq. (5) for bed depth of 40, 50 and 60 cm were 4.14,
.32 and 4.66 mg/g, respectively. With the increased in bed depth,
ontact time between the adsorbate and adsorbent increased
esulting increase in qe value. However, uptake (qe) value obtained
rom our previous study on batch process showed 62.9 mg/g [20],

uch higher than uptake value observed in the present work. Dur-
ng biosorption study of Cr(VI) by Mowital®B30H resin immobilized
ctivated sludge at 100 mg/L inlet Cr(VI) concentration, batch sys-
em yielded an uptake of 61.0 mg/g as compared to 16.4 mg/g in
ontinuous packed bed studies at flow rate of 0.8 mL/min [43].
emoval of Pb(II) ions by immobilized Pinus sylvestris sawdust was
eported to achieved an uptake of 7.14 mg/g in batch process as
ompared to 1.7, 1.6 and 2.2 mg/g at inlet concentrations of 3, 5
nd 10 mg/L, respectively, in continuous fixed-bed column [46].
hese findings along with the reported literatures suggest that
ess contact time (residence time) between adsorbate and adsor-
ent for column mode operation is one of the main reasons for
uch decrease in uptake value. In actual application of column
ode operation such as for treating industrial wastewater, the full

ed capacity of column bed cannot be utilized since fixed-bed
eeds to be changed once the discharge limit or breakthrough is
olumn mode fixed-bed continuous operation. However, to under-
tand the mechanism and nature of metal adsorbent interaction
nd to analyze the application of mathematical models, running
he column operation in lab-scale studies till the exhaust is neces-
ary.
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ig. 6. BDST plot for total chromium adsorption at various breakthrough (Fig. 5 data
as used).

.4. Bed depth service tome (BDST) model

.4.1. Effect of bed depth
Service time (tS) and bed depth results are plotted in Fig. 6

ccording to Eq. (7) for 1%, 50% and 90% breakthrough (calculated
rom Fig. 5) at column bed depth of 40, 50 and 60 cm. At other
reakthrough values also slope, intercepts and correlation coeffi-
ients were calculated in a similar way plotting service time and
ed depth and results are shown in Table 3.

From Table 3, it can be seen that correlation coefficient val-
es are all above 0.99 suggesting the data fixing on BDST model.
here was also a consistent rise in slopes from 0.55 to 1.15 from
reakthrough of 1–90% and subsequent increase in correspond-

ng dynamic adsorption capacity No from 840.29 to 1756.97 mg/L.
t lower breakthrough value, there are some active sites of the
olymer still unoccupied by metal ions and thus the adsorbent
emained unsaturated. The dynamic adsorption capacity in such
ow breakthrough condition was therefore bound to be lower than
he full bed capacity of the adsorbent. Sharma and Forster [28]
eported an increased in slope by 4.72-fold from a breakthrough
f 30–70% on removal of Cr(VI) by activated carbon. Similar fact
as also observed during removal of lead by granular activated

arbon with the slope increase from 12.5 to 35 at breakthrough
alues of 20–60% [24]. However, Bohart and Adams equation BDST
heory assumes a rectangular isotherm having constant dynamic
dsorption capacity. Kumar and Bandyopadhyay [47] observed
ame slopes and constant adsorption capacity No for both 10% and

0% breakthrough on removal of Cd(II) by treated rice husk. Con-
tant slope of 0.355 was also reported on removal of phenols by
urfactant-modified alumina, thus validating the assumption of
onstant dynamic adsorption capacity No by BDST model [25].

able 3
oefficients of BDST equation at different breakthrough

reakthrough (%) Slopes Intercepts No (mg/L) K (L/mg h) Coefficient
correlation (R2)

1a 0.55 −15.16 840.29 0.03 0.99
10 0.70 −18.33 1069.46 0.01 0.99
0 0.72 −12.25 1107.65 0.01 0.98
0 0.82 −13.41 1260.43 0.01 0.99
0 0.82 −9.91 1260.43 0.004 0.98
0a 0.82 −7.58 1260.43 0 0.95
0 0.95 −9.50 1451.41 −0.004 0.97
0 0.95 −4.50 1451.41 −0.02 0.98
0 0.96 3.79 1466.68 0.04 0.99
0a 1.15 4.50 1756.97 0.05 0.99

a BDST plots for these breakthroughs were also plotted and is shown in Fig. 6.
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Another way to examine the application of BDST model is to
heck the 50% breakthrough curve. At 50% breakthrough, Co/Cb = 2,
hus reducing the logarithmic term of BDST equation to zero. Thus,
0% breakthrough curve bounds to pass the origin. Contrastingly,

ntercept of −7.58 (Table 3) was obtained at 50% breakthrough con-
luding the non-conformity of BDST models with adsorption of total
hromium by PANI-jute. Similar case of non-conformity of Cr(VI) on
DST with respect to 50% breakthrough on removal of Cr(VI) by leaf
ould and activated carbon was also reported [28]. All these exper-

mental and literature findings suggest that BDST model cannot be
alidated only by analyzing the correlation coefficient (R2). Also
he findings suggest that it is not necessary for BDST model to be
alidated for all breakthrough percentage. Therefore, BDST coef-
cients of lower breakthrough below 50% can still be utilized for
valuating other parameters such as critical bed depth. Also lower
reakthrough below 50% can be fixed on BDST model to design col-
mn with different scale process for other flow rates and initial
dsorbate concentration without further experimental run [23].

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

.4.2. Design of columns for different flow rates
To investigate the validity of BDST model for prediction of dif-

erent flow rates, two new columns of different flow rates of 1.5
nd 2.5 mL/min were operated with same bed depth of 40 cm.
heoretical breakthrough time was obtained by applying data of
revious column study at flow rate 2 mL/min using Eq. (9). The
omparison between theoretical or predicted and experimental
alues is shown in Table 4. The predicted value were much in well
greement with experimental value with R.S.D. values of 0.84%
nd 1.89% for breakthrough of 1% and 10%, respectively, for ini-
ial flow rate of 1.5 mL/min. At higher breakthrough, R.S.D. values
ncreased (32% at 90% breakthrough). Similarly predicted break-
hrough times for initial flow rate of 2.5 mL/min were also in
ell agreement with experimental breakthrough for 1% and 10%
reakthrough with R.S.D. values of 1.92% and 1.17%, respectively.
owever, after 10% breakthrough, R.S.D. values also increased to
2–44%. These finding suggest the well conformity of BDST model
or total chromium removal by PANI-jute for lower breakthrough
ill 10%. Inverse relationship has been observed between flow rates
nd throughput volume for total chromium uptake by PANI-jute.
ncrease in flow rate from 1.5 to 2.5 mL/min for 1% breakthrough
esulted a decreased in contact time from 13 to 2.5 h yielding a
ecreased in throughput volume from 1170 to 375 mL.

Along with, the amount of total chromium uptake (qe) was eval-
ated using Eqs. (2)–(5) and observed that qe also decreased from
.45 to 3.26 mg/g with increased in flow rate from 1.5 to 2.5 mL/min.
t higher flow rate, contact time between PANI-jute and chromate

ons decreased resulting lesser intra-particular diffusion of metal
ons on PANI-jute. This led to an early breakthrough and early sat-
ration of column bed yielding less adsorption.

.4.3. Design of columns for different initial concentrations
Degree of predictability for different scale initial concentra-

ion of Cr(VI) by BDST model was checked by conducting running
wo columns with different influent Cr(VI) of 5 and 15 mg/L at
ow rate of 2 mL/min and column bed depth 40 cm. Theoretical

reakthrough time were obtained from previous column study con-
ucted at same flow rate 2 mL/min, depth 40 cm and influent Cr(VI)
0 mg/L. Using Eqs. (10) and (11), theoretical slopes and intercepts
ere calculated and breakthrough times for both 5 and 15 mg/L

nitial 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 R.S.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 ttheo (h)b R.S.D. (%)c

1 13 14.2 0.84 2.5 2.4 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
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a texp, Experimental breakthrough time (h).
b ttheo, Theoretical breakthrough time (h).
c R.S.D., Relative standard deviation percentage (standard deviation × 100/averag

Predicted breakthrough time were much in agreements with
he experimental breakthrough time with R.S.D. value of 1.82%
nd 1.03% at breakthrough of 1% and 10%, respectively, for initial
r(VI) 5 mg/L. Similarly for Cr(VI) 15 mg/L, R.S.D. value of 1.67% and
.98% for breakthrough of 1% and 10%, respectively, were obtained.
owever, R.S.D. value of 5–40.1% for both initial Cr(VI) concentra-

ion of 5 and 15 mg/L suggest the conformity of BDST model till
0% breakthrough. With the increase in influent Cr(VI) from 5 to
5 mg/L corresponding 1% breakthrough time decreased from 19
o 3.5 h with the subsequent decrease of throughput volume from
.28 to 0.42 L. At higher influent Cr(VI), fixed-bed got saturated with
hromate ions more quickly thereby decreasing the breakthrough
nd exhaustion time. However, qe value increased from 4.14 to
.02 mg/g total chromium with increase in influent concentration
rom 5 to 15 mg/L. Probably at higher concentration of chromate,
oading rate increased even though contact time decreased and the
et effect was an appreciable increase in adsorption capacity. These
uggest that initial concentration of adsorbate effects the diffusion
f adsorbate in adsorbent.

.5. Thomas model

Data of different column depth were also treated with Thomas
odel [Eq. (13)] and coefficients and calculated qe value are pre-

ented in Table 5. Predicted and experimental value were well
greed with less R.S.D. value for column studied with flow rate
mL/min and initial Cr(VI) 10 and 15 mg/L. However, the results
f columns with flow rate of 1.5 and 2.5 mL/min with initial Cr(VI)
0 mg/L and column with flow rate of 2 mL/min and initial Cr(VI) 5
g/L were not following on Thomas model (R2 value of less than

.7). This probably may be stems due to its derivation from second-
rder reversible reaction kinetics which usually is not limited by
hemical reaction kinetics but is often controlled by inter phase
ass transfer [32,48].
.6. Theoretical breakthrough curve

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

a
p
b
i
w

able 5
oefficients of Thomas model for total chromium adsorption by PANI-jute

ed height (cm) Initial Cr(VI) (mg/L) Flow rate (mL/min) tB (h) tE (h)

0 10 2 8 82
0 10 2 11 105
0 10 2 20 120
0 10 1.5 14 130
0 10 2.5 2.5 78
0 5 2 19 190
0 15 2 3.5 64
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 = qmbCe

1 + bCe
(20)

where qe (mg/g) is the amount of total chromium ions adsorbed
per unit weight of PANI-jute, qm the maximum monolayer cov-
erage which equals to 162.89 mg/g, b the energy (heat) constant
of adsorption (L/mg) which equals to 0.02 L/mg, and Ce 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 Co of 10 and 20 mg/L yield-
ing respective qe values of 10.48 and 17.96 mg/g [Fig. 7(a)].

3) A graph of C versus (C − Ce)−1 was plotted where the area under
the curve of (C − Ce)−1 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 (Vt − VB)/(VE − VB) versus (C/Co). 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.

.7. Desorption and recovery

The recovery of metal ions from the metal saturated bed was
nother important aspect for reusability of adsorbent to reduce
he process cost. Before starting the desorption experiment, one
dsorption experiment was carried out with three column of 20,
0 and 40 cm depth initially fed with 20 mg/L Cr(VI) at 2.5 mL/min
ow rate till exhaust. The exhausted adsorbent was used for desorp-
ion study. Desorption study was conducted with desorbent of 1 M
aOH at lower flow rate of 1 mL/min. Lower flow rate was applied so

s to access more contact time and concentrate the chromate ions in
ossible minimum volume. A plot of throughput volume of desor-
ents versus concentration of total chromium recovered is shown

n Fig. 8. From the figure, effluent total chromium concentration
as observed to be decreased with time elapsed. After throughput

Thomas model

kTH (mL min−1 g−1) R2 Qo,exp (mg/g) Qo,theo (mg/g) R.S.D. (%)

0.012 0.98 4.14 3.73 7.3
0.010 0.95 4.32 3.95 6.3
0.008 0.96 4.66 4.37 4.5
0.023 0.49 4.45 3.56 15.7
0.067 0.55 3.26 1.987 34.3
0.025 0.69 3.7 0.265 122.5
0.006 0.93 5.02 4.67 5.1
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ig. 7. (a) Equilibrium and operating lines to predict breakthrough curve. (b) Curve
c) Theoretical and experimental breakthrough curve of total chromium.

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

esorption (%) = Md

Mr
× 100 (21)

here Md and Mr are the amount of total chromium desorbed
nd adsorbed (mg), respectively. 2.48%, 3.08% and 2.99% of total
hromium were desorbed at 20, 30 and 40 cm of column bed depth
espectively. This value was much lower than value observed in
atch study, where almost 83% desorption was observed while
sing 2 M NaOH in 10 min [20]. Probably increasing NaOH strength
urther or desorption in batch process may recover back more total

−
hromium. During desorption by alkali, HCrO4 ion attached to
rotonated surface of PANI-jute by electrostatic attraction were
robably replaced by OH− and remained in the solution. Such less
esorption also indicates the possibility of strong binding of metal

ons on active sites of PANI-jute.

Fig. 8. Desorption profiles at different bed depth.
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o evaluate for determination of theoretical breakthrough curve of total chromium.

Solid waste management of toxic metal contaminated is a pri-
ary concern which otherwise will pollute the soil and then the

roundwater. Recovery of the adsorbed metals by igniting the
etal contaminated adsorbent is another viable alternative. To

nvestigate the degree of recovery of chromate ions, exhausted
ANI-jute fibers from 40, 50 and 60 cm bed depth weighing 9.4,
1.75 and 14.1 g, respectively, were subjected to ignition in muf-
e furnace at 550 ◦C for 1 h. Weight of PANI-jute-chromium of
ll three different bed depth decreased to only 0.2 g reducing the
eight by 97.5–98.5%. There is a chance of leakage of chromate

ons into the environment from the adsorbent after adsorption and
gnition. The ash (0.2 g) obtained after ignition were therefore dis-
olved in 1N HNO3 and the sample was analyzed for chromate
ons. Interestingly, it was observed that all the adsorbed chromate
ons were recovered back in the solution, however, in non-toxic
r(III) form. It is possible to remove toxic Cr(VI) from wastew-
ter by PANI-jute by adsorption. This study results will help to
esign fixed-bed columns for large scale Cr(VI) containing indus-
rial wastewater.

. Conclusions

In this study, an extensive laboratory investigation was
onducted to evaluate fixed-bed column performance for the
emoval of hexavalent chromium [Cr(VI)] from aqueous solution.

short-chain polymer, polyaniline was synthesized by adding
ormaldehyde in aniline solution under acidic medium on the
urface of jute fiber and this polyaniline-jute (PANI-jute) was

sed as an adsorbent in the fixed-bed columns. Influent pH,
olumn bed depth, influent Cr(VI) concentrations and influent
ow rate were variable parameters for the present study and
ased on the findings of this study following conclusions can be
rawn:
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1) Optimum pH for total chromium [Cr(VI) + Cr(III)] removal was
obtained at pH 3 with removal of 26.74 mg total chromium
at flow rate of 2 mL/min and initial Cr(VI) 20 mg/L. At pH 2,
Cr(VI) were largely reduced to Cr(III) 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/mg h 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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