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ABSTRACT

In this work, biomass of Hydrilla verticillata, a waste weed was used in its immobilized form
to remove hexavalent chromium from aqueous solutions. The powdered biomass was
entrapped in polyvinyl alcohol and packed bed studies were carried out using beads of immo-
bilized H. verticillata. Bed height, influent Cr(VI) concentrations, and influent flow rate were
variable parameters for the present study. The overall performance of the biosorbent was sat-
isfactory as very high Cr(VI) uptake (45.83mgg�1) was observed. Three different models––Bed
depth service time (BDST), Yoon–Nelson, and Thomas––were studied and fitted to the experi-
mental data. The correlation coefficient values were all above 0.96, whereas the BDST model
fitted the data best. From the Thomas model, Thomas rate constant, KTh was calculated and
found to be 0.0215Lmg�1 h�1. The data obtained from the Yoon–Nelson model indicated that
s (148min at 5mg L�1) values were very similar to experimental (140min at 5mg L�1) results.
Desorption studies of Cr(VI) were also carried out to find out the recovery of the metal ion.

Keywords: Biosorption; Heavy metal; Hydrilla verticillata; Packed bed; Kinetics; Wastewater
treatment

1. Introduction

Biosorption may be simply defined as the removal
of metal ions or organic compounds from their aque-
ous solutions by dead biomass. Biosorption provides
the basis for a new technology for removal and recov-
ery of especially heavy metals [1]. Biosorption was
used since almost a decade to remove heavy metals
from industrial wastewater, the purification of precious
metals such as gold or silver, and the removal of
organic pollutants from wastewater [2]. Metal removal
by biosorption is a complex process and may include
various processes such as adsorption, ion exchange,
surface complexation, precipitation, etc. This process is

very promising as various types of dead biomasses
make the sorption process technically more feasible
and environment friendly [3]. The various advantages
of biosorption include competitive performance,
improved selectivity, low cost, regenerative, no sludge
generation, and possibility of metal recovery [4].
Biosorption is an alternative to conventional physico-
chemical methods of heavy metals removal such as
precipitation, flocculation, ion exchange, membrane
technologies, electrochemical treatment and catalytic
reaction, etc. [5,6]. These processes are known to have
high installation and operational costs and generate
new products. These methods are not suitable espe-
cially when the dissolved metals are present in lower
concentrations (less than 100mgL�1).
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Various studies were reported on the removal as
well as recovery of precious metals such as gold, sil-
ver, palladium, and platinum, etc. [7]. The major fac-
tors which should be considered during metal
biosorption are metal toxicity, metal cost and metal
behavior. The majority of these studies were focused
on dead biomass/biological material either in powder,
granules, and/or beads forms. The use of nonliving
powdered biomass in its native form for large-scale
process is not feasible because of its smaller particle
size, low mechanical strength, and difficulty of separa-
tion from the liquid stream due to relatively low den-
sity [8]. The industries that target for the use of metal
biosorption process are mining, electroplating, coal-
based power generation, and nuclear power genera-
tion [9,10]. Other industries like tanning, dyes and
pigments, and metal finishing use chromium in their
various operations [11].

Cr(VI) is being used in a variety of commercial
processes in day-to-day life. Unregulated disposal of
the chromium containing effluent in both developing
and developed countries has led to the contamination
of soil, sediment, surface, and ground waters [12].
Chromium is a chemical element and a member of
group VI–B and it exists in the environment in many
forms. Divalent chromium is relatively unstable, being
rapidly oxidized to the trivalent form; thus, only two
forms i.e. trivalent (Cr3+) and hexavalent (Cr6+) are
found in nature. The hexavalent chromium is very
toxic and carcinogenic, and thus it must be removed
by converting it to less toxic trivalent form. The oxida-
tion potential of hexavalent to trivalent chromium is
strong and it is highly unlikely that oxidation of the
trivalent form could occur in vivo [13].

Biosorption using low-cost biosorbents could be
technically feasible and economically practical and is
also a sustainable technology for the treatment of
wastewater. In the literature, several studies were
reported with different biosorbents for the removal of
chromium(VI): activated sludge [14], saw dust,
almond shell, wheat shell [15], tannery residual
biomass [16], wool [17], bagasse, flyash [18], Rhizopus
nigrificans [19], wallastonite [20], Alligator weed [21],
Terminalia arjuna [22], Eichhornia crassipes [23], Termito-
myces clypeatus [24], Fagus orientalis L [25], Aeromonas
caviae [26], Catla catla scales [27], lignocellulosic
residue [28], isolated microorganisms [29], granular
activated carbon [30], and activated carbon from
sugarcane bagasse [31].

In this paper, Hydrilla verticillata, a submerged
aquatic weed was used as the biosorbent for the
removal of Cr(VI) from aqueous solutions in a contin-
uous up-flow packed bed reactor. Hydrilla can grow to
the surface and form dense mats in all bodies of

water. It is native to the cool and warm waters of the
world in Asia, Europe, Africa, and Australia. Temper-
ature tolerance: Hydrilla is somewhat winter hardy; its
optimum growth temperature is 20–27˚C (68–81 F); the
maximum temperature at which it can grow is 30˚C
(86 F). The accumulation and tolerance of Pb has been
reported using H. verticillata by Gupta and Chandra
[32]. The main aim of this work was to find out the
extent of sorption of Cr(VI) from freshly prepared
solutions onto the H. verticillata beads. Desorption
studies were also carried out to find out the recovery
of Cr(VI).

2. Materials and methods

2.1. Preparation of stock solution

A stock solution of Cr(VI) (1,000mg L�1) was pre-
pared by dissolving 2.826 g of K2Cr2O7 in 1,000mL
deionized water, shaking it for 15min at 120 rpm to
obtain complete dissolution. Subsequent solutions of
varying Cr(VI) concentrations were then obtained by
diluting this stock solution. All the chemicals/reagents
used in this study were of analytical reagent grade
and purchased from Merck, Germany; S.D. Fine
Chem. Ltd., India and Rankem, India.

2.2. Preparation of biomass

H. verticillata weeds were collected from a lake
(freshwater) located inside the IIT Guwahati campus.
Mature stems of H. verticillata were washed thor-
oughly with tap water to remove adhering water
soaked soil and other soluble impurities on it. The
washed stems were allowed to dry under sunlight for
five days. Then the dried stems were kept in hot air
oven at 70˚C for 2 h for removing moisture content.
The dried stems were then converted into fine powder
by grinding in a ball mill. The powder was then
sieved through 240 mesh in a screen seiver to obtain
biosorbent with homogeneous particle size. These
powdered biosorbent was then immobilized with
polyvinyl alcohol (PVA).

Immobilized biomass beads were prepared using
30% (w/w) PVA. A known amount of biomass was
mixed with PVA and the mixtures were constantly
stirred at 100˚C until the PVA gets dissolved. Trial
experiments were carried out using various dosages
of PVA ranging from 5 to 30% (w/w) and it was
found that 30% (w/w) was the optimum PVA dose.
These prepared beads were kept under sunlight for
four days and also kept in hot air oven at a tempera-
ture of 70˚C to remove moisture content. Dried beads
were preserved in airtight polyethylene containers for
further use.
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2.3. Packed bed studies

A packed bed of 2.5 cm inner diameter and 50 cm
height made up of perspex was used for sorption
studies for the removal of chromium ions from aque-
ous solutions. The aqueous chromium ion solution
was pumped in an upward direction through the
packed bed by peristaltic pump at known flow rate.
The samples were taken at predetermined time inter-
vals and the concentrations of unadsorbed chromium
ions were measured using UV–vis. spectrophotometer
(Varian, Model Cary 50 Bio) by the diphenylcarbazide
method (DCP) at wavelength of 540 nm.

The experiments were terminated when the bed
got saturated. Three different bed heights (20, 40, and
50 cm) with the three different effluent concentrations
(5, 20, and 50mgL�1) of Cr(VI) solutions were passed
through the packed bed at different flow rates (10, 20,
and 30mLmin�1). Desorption studies were carried
out immediately after the completion of adsorption.
The continuous multiple experiments were carried out
for both adsorption and desorption studies. The efflu-
ent was then collected and analyzed for Cr(VI) con-
centration. 1N NaOH solution was used for the
desorption studies. After completion of the desorption
process, the bed was rinsed with deionized water till
pH reached 6.5. During the experiment some precau-
tions were taken viz: bed was kept in vertical position,
no leakage of in and out flows of bed occurred and
constant flow rate was maintained throughout the
experiments. Before starting the experiment, beads
were soaked in deionized water for 10min to avoid
channeling and to prevent the bubble formation inside
the packed bed.

2.4. Analysis of packed bed data

Batch biosorption studies give only fundamental
information related to the chromium biosorption per-
formance of a given biosorbent. However, in indus-
tries, a continuous mode of operation is preferred and
the breakthrough curves provide necessary informa-
tions for such operations. In the breakthrough curves,
the normalized concentration, defined as the mea-
sured concentration divided by the inlet concentration
and breakthrough is the plot of time vs. effluent con-
centration. Effluent volume (Veff) is calculated from
the following equation:

Veff ¼ Fte ð1Þ

The total quantity of Cr(VI) biosorbed in the packed
bed (mad) is calculated from the area above the break-
through curve (C vs. time) multiplied by the flow

rate (F). Dividing the Cr(VI) mass adsorbed (mad) by
the biosorbent mass (M) leads to the uptake capacity
(Q) of the biomass. The breakthrough time (tb) was
represented as the time at which the outlet Cr(VI)
concentration reached 1mgL�1 and the bed exhaus-
tion time (te) is the time at which the outlet Cr(VI)
concentration exceeded 95% of that at the inlet. These
breakthrough time and bed exhaustion time were
used to evaluate the overall sorption zone (t) given
by Eq. (2):

Dt ¼ te � tb ð2Þ

The length of the mass transfer zone (Lm) can be cal-
culated from the breakthrough curve given by Eq. (3):

Lm ¼ L 1� tb
te

� �
ð3Þ

The total adsorbed metal quantity can be found out
from the area under the breakthrough curve obtained
by integrating the adsorbed concentration vs. time
plot. Total adsorbed metal quantity in the packed bed
for a given feed concentration and flow rate is calcu-
lated from the following equation:

mad ¼ FA

1000
ð4Þ

Total amount of metal sent to packed bed is calcu-
lated from the following equation:

mtotal ¼ CoFte
1000

ð5Þ

Total removal percent of metal (packed bed perfor-
mance) with respect to flow volume can also be found
from the ratio of total adsorbed quantity of metal to
the total amount of metal sent to the packed bed:

Removal ð%Þ ¼ mad

mtotal

� 100 ð6Þ

The metal mass desorbed (md) can be calculated from
the area below the elution curve (C vs. time) multi-
plied by the flow rate. The desorption efficiency (E)
can be calculated from Eq. (7):

Eð%Þ ¼ md

mad

� 100 ð7Þ

Equilibrium metal uptake in the packed bed is
defined by Eq. (8) as the total amount of metal sorbed
per g of sorbent at the end of total flow time:
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qeq ¼ mtotal

W
ð8Þ

3. Modeling of the packed bed data

The design of a packed bed process requires pre-
diction of the breakthrough curve and the maximum
uptake capacity of a biosorbent. Various mathematical
models were used in literature to describe fixed bed
adsorption. In the present work, breakthrough curves
obtained at different bed heights (Z), flow rates (F),
and initial solute concentrations (Co) were analyzed
using three mathematical models viz. Bed depth ser-
vice time (BDST), Thomas and Yoon–Nelson models.

3.1. BDST model with variation in flow rate

In packed bed systems, the main design principle
is the service time of the bed, which means the time
required by any adsorbent to remove a specified
amount of impurity from solution before regeneration
is required. The analysis of breakthrough curve was
done using BDST model. BDST is a simple model for
predicting the relationship between bed height, Z, and
service time, t. The BDST model was based on the
estimation of characteristic parameters such as the
maximum adsorption capacity and kinetic constant.
This model is used only for the description of the ini-
tial part of the break through curve i.e. up to the
breakpoint or 10–50% of the saturation points [33].

ln
Co

Cb

� 1

� �
¼ ln exp

KNoZ

m

� �
� 1

� �
� KCot ð9Þ

In 1973, Hutchins [34] proposed a linear relation-
ship between the bed depth and service time with the
process variables is given by Eq. (10).

tb ¼ ZNo

Com
� 1

KCb

Co

Cb

� 1

� �
ð10Þ

where tb is service time at breakthrough point, No is
adsorption capacity per volume of bed (mg cm�3), Z is
the bed height of the packed bed (cm), Co is the initial
concentration of solute in the liquid phase (mgL�1), m
is linear flow rate (cmh�1) defined as the ratio of the
volumetric flow rate F (milliliters per hour) to the
cross-sectional area of the bed Sc (cm2), K is rate
constant of adsorption (Lmg�1 h�1), and Cb is the
breakthrough metal ion concentration (mgL�1). Eq.
(10) can be rewritten in the form of a straight line.

tb ¼ mxZ� Cx ð11Þ

and

Cx ¼ 1

KCb

ln
Co

Cb

� 1

� �
ð12Þ

where mx is slope of BDST line (mx =No/Com) and the
intercept of this equation represents as Eq. (12). Thus,
No and K can be evaluated from slope (mx) and the
intercept (Cx) of the plot of tb vs. Z, respectively.

3.2. Thomas model or reaction model

The Thomas model is one of the most common
and extensively used model to predict the packed bed
performance. The Thomas model assumes Langmuir
kinetics, no axial dispersion and that the rate driving
force obeys second-order reversible reaction kinetics.
This model also assumes a constant separation factor
which is applicable to either favorable or unfavorable
isotherms. The weakness of this model is that its deri-
vation is based on second-order reaction kinetics
whereas many times it was found that adsorption is
often controlled by interphase mass transfer. This
inconsistency may lead to some error when this
method is used to model adsorption process. The
breakthrough curves were analyzed by using the
Thomas model through the following Eq. (13) [35]:

C

Co

¼ 1

1þ exp kTH
F
ðqoM� CoVeffÞ

� � ð13Þ

The linearized form of the Thomas model can be
expressed as follows:

ln
Co

C
� 1

� �
¼ kTHqoM

F
� kTHCot ð14Þ

where the kinetic coefficient (KTH) and the maximum
biosorption capacity (qo) can be determined from a
plot of ln[(Co/C)� 1] against t at a given flow rate. Co

and C are metal ion concentrations (mgL�1) in the
influent and effluent, respectively, KTH is the Thomas
model rate constant (mLmg�1min�1), F is the flow
rate (Lh�1), qo is the maximum solid-phase concentra-
tion of the solute (mgg�1), M is the total mass of the
biosorbent loaded in the packed bed (g), and Veff is
the volume of metal solution passed through the
packed bed (L).

3.3. Yoon and Nelson model

This model is based on assumption of the proba-
bility of adsorbate adsorption and breakthrough. The
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Yoon and Nelson model not only is less complicated
than other models, but also requires no detailed data
regarding the characteristics of adsorbate, the type of
adsorbent, and the physical properties of the bed. The
Yoon and Nelson equation regarding to a single com-
ponent system is expressed as [36,37]:

C

Co

¼ expðkYNt� skYNÞ
1þ expðkYNt� skYNÞ ð15Þ

The linear form of Yoon–Nelson model can be
expressed as:

ln
C

Co � C

� �
¼ kYNt� skYN ð16Þ

where KYN is the rate constant (min�1), s is the time
required for 50% adsorbate breakthrough (min), and t
is the breakthrough (sampling) time (min). These val-
ues were determined from a plot of ln(C/(Co�C)) vs.
sampling time (t) according to Eq. (16). If the theoreti-
cal model accurately characterizes the experimental
data, this plot will result in a straight line with slope
of KYN and intercept sKYN [36,38]. The calculation of
theoretical breakthrough curves for a single compo-
nent system requires the determination of the parame-
ters KYN and s for the adsorbate.

4. Results and discussion

The various physical properties of H. verticillata
biomass are presented in Table 1. Continuous biosorp-
tion of heavy metals in packed bed is an efficient pro-
cess as a very high degree of purification can be
achieved in once through process. Usually, the perfor-
mance of the packed bed is evaluated from the con-
cept of breakthrough curve, which is obtained by
plotting the measured concentration divided by the
inlet concentration (C/C0) against time (t). The break-
through time (tb), exhaustion time (te), Cr(VI) uptake,
percentage removal, and critical bed length (Z) were
calculated and presented in Table 2. It can be seen

from Table 2 that the breakthrough curve became flat
as sorption progresses as a result of the decrease in
breakthrough time and increase in exhaustion times.
The overall performance of the biosorbent was very
satisfactory as very high Cr(VI) uptake (45.83mgg�1)
was observed.

4.1. Effect of bed height on biosorption of chromium

Breakthrough curves for biosorption of Cr(VI) by
H. verticillata biomass at different bed heights are
shown in Fig. 1 at 5mgL�1 initial concentration.
Experiments were carried out by keeping optimum
operating conditions of biomass loading, residence
time, and initial metal ion concentration at natural pH
of the solution and ambient temperature. In order to
yield different bed heights, 26.7, 70.5, and 93 g of bio-
mass beads were added to produce 20, 40, and 50 cm
packed bed height, respectively. From Fig. 1, it can be
seen that for Cr(VI) metal ion, the breakthrough and
exhaustion time increased with an increase in bed
height as more free binding sites were available for
sorption which resulted in a broadened mass transfer
zone also (Table 2) [39]. This was mainly due to the
higher contact time between metal ions solution and
H. verticillata surface and also due to more number of
active sites and ionic groups (surface functional
groups) of biomass available for the sorption of chro-
mium. The slope of the S–curve from tb to te
decreased as the bed height increased from 20 to
50 cm, which indicated that the breakthrough curve
became steeper as the bed height decreased.

4.2. Effect of flow rates on biosorption

The breakthrough curves of Cr(VI) uptake for ini-
tial Cr(VI) concentrations of 5, 20, and 50mgL�1 for
different flow rates of 10, 20, and 30mLmin�1 for a
packed bed depth of 50 cm were obtained (Figs. 2–4).
It was noted that in the range of 10, 20, and
30mLmin�1, the flow rate had very little effect on Cr
(VI) uptake due to the fast sorption of Cr(VI) on the
H. verticillata. In the batch process, the sorption
reached equilibrium in less than 20min, hence an
appropriate flow rate could be chosen on the basis of
making the process time efficient. The flow rate of 10,
20, and 30mLmin�1 was found to be suitable for opti-
mum loading of the ion-association complex on the
basic packed bed studies. At higher flow rates, there
was a reduction in the percentage adsorption of
chromium. This was due to the insufficient contact
time between the Cr(VI) solution and the beads of
H. verticillata. A flow rate of 10mLmin�1 was
maintained for the elution of the metal ion.

Table 1
The physical characteristics of the H. verticillata

Parameters Values

Bulk density (g/cm3) 0.52

Particle density (g/cm3) 0.72

BET surface area (m2/g) 6.33

Porosity (%) 27.99

Pore volume (cm3/g) 0.027

Moisture content (%) 11.68
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4.3. Effect of initial metal ion concentration on biosorption

Three different initial Cr(VI) concentrations (5, 20,
and 50mg L�1) were used, while keeping the bed
height and flow rate constant. As observed in the
Fig. 5, the breakthrough and exhaustion times
decreased with increasing initial Cr(VI) concentration,
as a high concentration lead to rapid saturation of the
biomass and earlier packed bed stoppage. This ulti-
mately lead to steeper breakthrough curves, as
observed in Table 2. Maximum Cr(VI) uptakes were

obtained for the lowest initial Cr(VI) concentration.
The Cr(VI) ion removal efficiency decreased with
increasing initial Cr(VI) ion concentration. This could
be attributed to the fact that at low solute concentra-
tions, the surface functional groups on the biosorbent
may be sufficient to accommodate all the solute mole-
cules, i.e. fractional sorption becomes independent of
the initial solute concentration. With increasing solute
concentration, the number of availability of such sites
became fewer compared to the Cr(VI) ions present;
hence, the percentage of Cr(VI) removal decreased.

Table 2
Calculated breakthrough time, exhaustion time, Cr(VI) uptake, percentage removal, and critical bed length

M
(g)

Z
(cm)

F
(mLmin�1)

Co

(MgL�1)
te
(min)

T
(min)

Lm
(cm)

mad

(mg)
mtot

(mg)
R
(%)

qeq
(mgg�1)

md

(mg)
E
(%)

93 10 5 140 125 44.64 3.208 7 45.83 0.075 2.408 75.06

93 20 5 100 90 45.00 4.915 10 49.15 0.107 3.315 67.44

93 30 5 80 70 43.75 4.525 12 37.71 0.129 2.125 46.96

93 10 20 130 120 46.15 8.567 26 32.95 0.279 7.767 90.66

93 50 20 20 100 80 40.00 10.880 40 27.21 0.430 9.287 85.30

93 30 20 70 60 42.85 7.281 42 17.33 0.451 4.881 67.03

93 10 50 130 110 42.30 12.75 65 19.62 0.698 11.950 93.72

93 20 50 80 70 43.75 17.040 80 21.30 0.860 15.440 90.61

93 30 50 60 50 41.66 20.570 90 22.86 0.967 18.170 88.33

70.5 10 5 120 100 33.33 2.925 6 48.76 0.085 2.125 72.65

70.5 40 20 5 90 70 31.11 3.916 9 43.51 0.127 2.316 59.14

70.5 30 5 70 60 34.28 3.468 10.5 33.03 0.148 1.068 30.79

26.7 10 5 110 100 18.18 2.537 5.5 46.13 0.205 1.737 68.46

26.7 20 20 5 70 50 14.28 2.514 7 35.91 0.262 0.914 36.35

26.7 30 5 50 30 12.00 2.545 7.5 33.94 0.280 0.145 5.72

Fig. 1. Breakthrough curves for Cr(VI) removal at various
packed bed heights at 30mLmin�1 flow rate and initial
metal ion concentration 5mg L�1.

Fig. 2. Breakthrough curves for Cr(VI) removal at various
flow rates, initial metal concentration of 5mg L�1, and
50 cm bed height.
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4.4. Bed depth service time model

From Eq. (10), breakthrough service time (tb) and
bed depth results are plotted in Fig. 6. The experi-
ments were carried out for packed bed depth of 20,
40, and 50 cm only. By using Eq. (12), slope, inter-
cepts, and correlation coefficients were calculated by
plotting service time vs. bed depth and results are
shown in Table 3. From Table 3, it can be seen that
correlation coefficient values are all above 0.96 sug-
gesting that BDST model fitted the data well. There
was also a consistent rise in slopes from 0.285 to 0.464
from breakthrough and subsequent increase in
corresponding dynamic adsorption capacity No from
0.354 to 0.654mg L�1. At lower breakthrough value,

some active sites of the biosorbent were still unoccu-
pied by metal ions and thus the adsorbent remained
unsaturated. This indicates that the dynamic adsorp-
tion capacity in such low breakthrough condition will
be lower than the full bed capacity of the adsorbent.

4.5. The Thomas model

The data obtained in packed bed studies were fitted
to the Thomas model to determine the Thomas rate
constant (KTh), equilibrium specific uptake of
chromium (q0) and were used to predict the break-
through curve for the dynamic sorption of chromium.
The data obtained from the model clearly indicated
that the linearized Thomas equation adequately

Fig. 3. Breakthrough curves for Cr(VI) removal at various
flow rates, initial metal concentration of 20mgL�1

, and
50 cm bed height.

Fig. 4. Breakthrough curves on Cr(VI) removal at various
flow rates, initial metal concentration of 50mgL�1, and
50 cm bed height.

Fig. 5. Breakthrough curves for Cr(VI) removal at various
initial metal ion concentrations 10mLmin�1 flow rate and
50 cm bed height.

Fig. 6. BDST plot for Cr(VI) adsorption at various
breakthroughs.
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described the experimental breakthrough sorption
data. A linear regression was then performed on each
set of transformed data to determine the coefficients
from slope and intercept. The values of KTh and qo are
presented in Table 4. It can be seen that as the flow rate
increased from 10, 20, and 30mLmin�1, the Thomas
rate constant increased and the specific uptake of chro-
mium decreased for the chromium concentrations
studied. The bed capacity qo increased and the
coefficient KTh decreased with increasing inlet metal
ion concentration. The data in Table 4, also show a
small difference between the experimental and pre-
dicted values of the bed capacity (qo) obtained at all
inlet Cr(VI) concentrations studied, although the devia-
tions of experimental data from predicted values are
evident at three different flow rates. The Thomas
model is suitable for adsorption processes where the
external and internal diffusions will not be the limiting
step [33].

4.6. The Yoon–Nelson model

A simple theoretical model developed by Yoon–
Nelson in 1984 [36] was applied to investigate the
breakthrough behavior of metal ions. The values of

KYN (a rate constant) and s (the time required for 50%
adsorbate breakthrough) were determined from ln[C/
(Co�C)] against t plots at three different flow rates
10, 20, and 30mLmin�1 and at three different inlet Cr
(VI) concentrations of 5, 20, and 50mgL�1. These
values were used to calculate the breakthrough curve.
The values of KYN and s are calculated and also listed
in Table 5. From Table 5, it can be seen that the rate
constant KYN increased and s decreased with both
increasing flow rate and Cr(VI) inlet concentration.
The data in Table 5 also indicate that s values are very
similar to experimental results and comparison of the
experimental and predicted breakthrough curves
obtained at different flow rates according to the
Yoon–Nelson model. From the experimental results
and data regression, the model proposed by Yoon–
Nelson provided a good correlation of the effects of
inlet Cr(VI) concentration and flow rate.

5. Desorption and recovery

The possibility of adsorbent regeneration (desorp-
tion) and metal recovery was primarily studied based
on the general assumption that regeneration of
adsorbent is directly linked to the economics of the

Table 3
Coefficients of BDST equation at different breakthrough

F (mlmin�1) Z (cm) tb (min) No (MgL�1) Cb (mg L�1) Ka (Lmg�1 h�1) R2

20 15 0.354 1.5 0.014 0.862

10 40 20 0.354 3.62 0.010 0.862

50 30 0.354 4.25 0.010 0.862

20 10 0.540 1.43 0.019 0.964

20 40 20 0.540 3.12 0.015 0.964

50 20 0.540 3.06 0.015 0.964

20 10 0.654 1.25 0.025 0.571

30 40 10 0.654 2.18 0.021 0.571

50 20 0.654 2.59 0.020 0.571

Table 4
Parameters predicted from the Thomas model at 50 cm bed height, different concentrations, and different flow rates

Co (mg L�1) F (ml min�1) KTH (mL/minmg) qo,theo (mg g�1) qo,exp (mgg�1) R2

5 0.0014 3.125 3.208 0.901

20 10 0.00045 7.923 8.567 0.855

50 0.0002 13.54 12.75 0.717

5 0.0018 4.575 4.915 0.786

20 20 0.00055 11.72 10.88 0.742

50 0.00026 16.81 17.04 0.706

5 0.0022 4.976 4.552 0.911

20 30 0.00065 12.85 7.281 0.966

50 0.00032 18.11 20.57 0.783
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process. In a previous study, Sudha and Abraham [19]
have noticed that solutions of alkali and highly alka-
line salts (NaOH, Na2CO3, and NaHCO3) were better
eluting agents than acids or mineral salts for Cr(VI)
desorption from immobilized fungal biomass. Contin-
uous desorption of Cr(VI) from Sphagnum moss peat
studied by Sharma and Forster [39] using 1M NaOH
was another example that favored alkaline desorption.
From this study, it appears that higher concentration
of NaOH may be required to increase the Cr (VI)
desorption efficiency. The study with more concen-
trated NaOH solutions was not pursued further as the
resulting treatment cost would further increase. The
recovery of metal ions from the metal saturated bed is
an important step towards further reducing the pro-
cess cost.

Before starting the desorption experiment, one
adsorption experiment was carried out with three
packed bed heights of 20, 40, and 50 cm initially fed
with 5mgL�1 Cr(VI) concentration at 10mLmin�1

flow rate till exhaust. The exhausted adsorbent bed
was used for desorption study. Desorption study was
conducted with desorbent of 1M NaOH at lower flow
rate than adsorption. Lower flow rate was applied so
as to allow more contact time and concentrate the
chromate ions in possible minimum volume. A time
of desorbent vs. normalized concentration (C/C0) of
chromium recovered is shown in Fig. 7 with different
Cr(VI) concentrations (5, 20, and 50mg L�1) and 40 cm
bed height and 10mLmin�1. From the figure, effluent
total chromium concentration was observed to be
decreased as the time elapsed. Corresponding desorp-
tion and elution efficiencies are shown in Table 2.

6. Conclusion

In this work, an extensive lab scale investigation
was conducted to evaluate packed bed performance for
the removal of hexavalent chromium from aqueous
solution. H. verticillata immobilized with PVA was used
as the adsorbent in the packed bed. Bed height, influent
Cr(VI) concentrations, and influent flow rate were vari-
able parameters for the present study. The data
obtained for Cr(VI) were well described by BDST break-
through equation. Adsorption rate constant and
dynamic bed capacity at 10% breakthrough were
observed to be 0.0215 Lmg�1 h�1 and 0.654mgL�1,
respectively. Critical bed depth of adsorbent that would
be able to prevent the chromium concentration from
exceeding the permissible limit was obtained as 50 cm
at flow rate of 5mLmin�1 and initial Cr(VI) 5mgL�1.
The Thomas and the Yoon–Nelson models were
applied to experimental data obtained from dynamic
packed bed studies. The model constants belonging to
each model were determined by linear and nonlinear
regression techniques and were proposed for the use in
packed bed design. It seems that although the immobi-
lization process decreased the Cr(VI) biosorption
properties of the biomass, H. verticillata has a
considerable potential for the removal of Cr(VI) over a

Table 5
Parameters predicted from the Yoon–Nelson model at 50 cm bed height, different concentrations, and different flow rates

Co (mg L�1) F (ml min�1) KYN (Lmin�1) stheo (min) sexp (min) R2

5 0.007 148.1 140 0.901

20 10 0.009 93.88 110 0.855

50 0.01 64.2 90 0.717

5 0.009 108.4 100 0.786

20 20 0.011 69.45 90 0.742

50 0.013 39.84 60 0.706

5 0.011 78.63 80 0.911

20 30 0.013 50.76 70 0.966

50 0.016 28.62 50 0.783

Fig. 7. Desorption profile for Cr(VI) at different
concentrations, 40 cm bed height, and 10mLmin�1 flow
rate.
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lower range of Cr(VI) concentration. The results also
indicated that the sorption process could only deal with
lower flow rates and lower concentrations of Cr(VI)
solutions if a high percentage removal was required for
extended periods. By adjusting the operating character-
istics of the packed bed, such as the flow rate, inlet Cr
(VI) concentration, and biomass quantity very rapid
and an effective chromium uptake can be achieved for
the system.
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