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ABSTRACT

Biosorption of Cu(II) and Pb(Il) ions by alkali-treated coconut coir (ACC) in a continuous
fixed-bed column was carried out from their aqueous solutions. ACC was characterized by
FTIR and SEM. The effect of process parameters like bed height, flow rate, and influent ini-
tial metal ion concentration was examined. The exhaustion time increased with increase in
the bed height and decrease in the flow rate and influent initial concentration. Bohart-
Adams, Thomas, and Yoon-Nelson models were found useful for estimating the model
parameters of the fixed-bed column, which are valuable for process design as well as to
describe the adsorption under changing experimental conditions for predicting the break-
through curves. Thomas model was the best to fit the breakthrough curves at experimental
conditions. The biosorbent was regenerated using 0.01 N NaOH at an eluent flow rate of
10 mL/min and reused up to three times repeatedly without considerable loss in sorption
capacity, demonstrating its suitability for commercial application. Sorption of these metal
ions from synthetic wastewater has shown excellent potential of ACC for bulk-scale

operations.
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1. Introduction

The industrial revolution and increased human
activities have boosted the discharge of heavy metal
ions in the environment, endangering the delicate eco-
logical balance. The heavy metals released in the efflu-
ent streams by the battery manufacturing, petroleum
refining, electroplating, pigments, and mining indus-
tries have harmful effects on water bodies. Due to
their non-degradability, toxicity, and high mobility in
aqueous medium, the metal ions pass through the
food chain and accumulate in the human body, mak-
ing them prone to a variety of diseases/disorders.

*Corresponding author.

Increasing awareness and stringent environmental
legislation by the government have forced the indus-
tries to maintain the heavy metal discharges below
permissible limits [1,2].

Although copper is an important dietary element,
its high concentration results in accumulation in liver,
and as a consequence abdominal pain, headache,
vomiting, nausea, respiratory problems, and ultimately
gastrointestinal bleeding occurs [3]. Lead gets easily
absorbed in the human body affecting kidneys, gas-
trointestinal system, physiological, and nervous system
[4,5]. The permissible limits of Cu(ll) and Pb(Il) in
wastewater are 2.0 and 0.1 mg/L, respectively [6].
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The conventional methods used for metal ion
removal suffer from certain drawbacks, such as high
operating cost, inadequate reusability, poor efficiency at
lower concentrations, and generation of sludge.
Biosorption is emerging as an alternative technology for
this purpose. It causes passive binding of metal ions on
the groups present in naturally abundant biomass.
Many agricultural waste products have shown the abil-
ity to adsorb large number of heavy metals [2,7,8].

Coir is a cheap lignocellulosic fibrous byproduct
acquired from the husks of coconut and produced
mainly in tropical countries. It is resistant to harsh
wet conditions and chemical and microbial attacks,
having highest tear strength among all natural fibers.
Cellulose (36-43%), hemi-cellulose (18-20%), and lig-
nin (41-45%) are the major constituents, whereas pec-
tin (2-3%) is a minor constituent; these are known to
contain groups responsible for adsorption of metal
ions from aqueous solutions [1,9].

We have shown previously that coconut coir, after
dyeing with a reactive dye [10] or after oxidative treat-
ment with hydrogen peroxide [11,12] displays
enhanced adsorption capacity for the metal ions like
NidD, Pb(Il), Zn(I), and Fe(Il). Our recently published
work on use of alkali-treated coir [9] as an adsorbent
for the removal of Cu(Il), Pb(II), Ni(II), and Fe(II) has
shown excellent potential for the metal ion adsorption
along with complete recovery by desorption, which is
further explored here in the form of continuous
column study.

Batch experiments are performed to acquire equi-
librium sorption isotherms and to determine the maxi-
mum sorption capacity of sorbents for metal ions
present in aqueous medium. From industrial point of
view, however, continuous-flow fixed-bed column is
the ideal choice, as it employs the concentration differ-
ence to be the driving force for the adsorption of
heavy metal ions, thereby resulting in maximum
utilization of the biosorption capacity [13].

In this work, we have studied the effect of various
operating parameters, including bed height, initial
metal ion concentration, and flow rate on the adsorp-
tion of Cu(ll) and Pb(I) ions on alkali-treated coir
fibers at room temperature. Reusability of the column
is studied up to three cycles where adsorption, des-
orption, and regeneration constitute one cycle. An
effective, simple, cheap, and environment friendly
protocol has been developed to satisfy the industrial
needs of metal-free effluent.

Mathematical models for adsorption were used to
fit the experimental results obtained from the continu-
ous column experiments. The models are also useful
for the scale-up of the biosorption process.
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2. Materials and methods
2.1. Biosorbent

Raw coconut coir fibers (RCC), collected from
Central Coir Research Institute, Kerala, India, were cut
into approximately uniform length of 1cm, boiled
with 1% commercial non-ionic detergent solution,
washed with demineralized water, and dried in a hot
air oven at 60°C for 24 h.

2.2. Chemicals

CuSO45H,O and Pb(NOs), of analytical reagent
grade were supplied by Merck (India) Ltd. Stock solu-
tions of Cu(l) and Pb(Il) of approximately accurate
1,000 mg/L concentration were prepared by dissolving
appropriate amounts in demineralized water and
diluted further to different concentrations. Standard
solutions of 1,000 mg/L of Cu(Il) and Pb(II) metal ions
for Atomic Absorption Spectrometer (AAS) (model-
GBC 932 plus, GBC, Australia) were supplied by
Merck (I) Ltd. Analytical reagent grade sodium
hydroxide and nitric acid, were supplied by SD Fine
Chemicals (India) Ltd. Demineralized water was used
throughout the experiments.

2.3. Preparation of biosorbent

The coir fibers were treated with 18% (w/v)
sodium hydroxide solution at a liquor ratio of 40 at
60°C for 4 h in a stainless steel vessel with continuous
stirring. After the treatment, the fibers were washed
thoroughly with hot demineralized water till neutral
pH and air dried. These were termed as alkali-treated
coconut coir (ACC) and used for column experiments.

2.4. Characterization

The FTIR spectra of RCC and ACC were recorded
on Shimadzu 8400S FT-IR spectrometer to study the
modification in functional groups.

The changes in surface morphology of the biosor-
bent after alkali treatment were studied using Scan-
ning Electron Microscope (Model-Philips XL-30, The
Netherlands). Samples were coated with a thin layer
of Au-Pd using a sputter coater to avoid charging,
and examined under the SEM at 12 kV with an angle
of 45°.

2.5. Fixed-bed column experiments

Continuous flow sorption experiments were con-
ducted in a glass column with an internal diameter of
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3 cm and length of 24 cm as shown in Fig. 1. Bottom
of the column was first packed with glass wool fol-
lowed by glass beads (3 mm in diameter) up to a
height of 2 cm. ACC fibers were uniformly packed in
the column to attain the desired bed heights of 7, 14,
and 21 cm, respectively, with care that no air gaps
remain. At the top of the column, again glass wool
and glass beads were placed to prevent the loss of the
biosorbent through flow of solution, and to maintain
the packed arrangement of the column intact. Differ-
ent influent initial concentrations 10, 20, and 30 mg/L
of metal ion solutions were used. Upward flow using
a peristaltic pump (Electrolab India; Model: PP 201 V)
was employed. Cu(ll) solution was maintained at pH
4.5 and that of Pb(II) at pH 5.0 by adding 0.1 N NaOH
and 0.1 N HNO;, as these pH values were found to be
optimum for adsorption onto coir [9].

The effluent samples were collected from the top
of the column at different intervals of time and the
residual metal concentration was determined by AAS.
The samples were acidified with 0.1 N HNO; to avoid
precipitation. Breakthrough curves were plotted and
operation was stopped on reaching column saturation.
All of the experiments were carried out in triplicate at
room temperature (30°C), and the mean values were
used.

2.6. Regeneration and reusability studies

The ACC column, saturated with metal ion, was
washed by passing demineralized water in the upward

Adsorption column

Glass beads
Glass wool

Alkali treated Coir

Glass beads
Glass wool

Effluent water

Peristaltic pump

Metal solution

Fig. 1. Schematic diagram of the experimental setup for a
column study.
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direction to flush out the unadsorbed metal ions
remaining in the bed. The adsorbed metal ions were
desorbed by passing 0.15 N HNO; at a flow rate of
10 mL/min and the column was washed thoroughly by
passing demineralized water till neutral pH. Regenera-
tion was then carried out using 0.01 N NaOH solution
followed again by thorough washing. The next cycle of
adsorption was conducted by passing 20 mg/L metal
ion solution at a flow rate of 10 mL/min in a column of
14 cm bed height and sorption studies were performed.
The cycles of sorption—-desorption were carried out with
an intermediate step of regeneration to estimate the
reusability of the biomass.

2.7. Modeling and analysis of column data [14-16]

The performance of the packed bed column can be
measured by means of breakthrough curve, defined as
the ratio of effluent metal concentration to the influent
metal concentration as a function of time or volume of
the effluent.

Effluent volume can be calculated from the
following equation:

Veff = Qttotal ¢))

The area under the breakthrough curve (A) can be
used to find out the total mass of the metal biosorbed
for a particular metal concentration and is given by:

t=total

QA Caa dt 2)

Teul = 77600 ~ 1,000
t=0

where C,4q is the concentration of the metal ions
adsorbed on coir (mg/L), tira is the total flow time
(min), Q is the flow rate (mL/min), and A is the area
under the breakthrough curve (cm?).

Total amount of metal ions sent through the col-
umn can be calculated from the following equation:

Co Qttotal
1,000

3)

Miotal =

where C, is the influent metal ion concentration
(mg/L), Q is the volumetric flow rate (mL/min), and
tiotal 1S the exhaustion time (min).

Total metal removal (%) can be calculated from the
ratio of total metal mass sorbed (giota1) to the total
amount of metal ions sent through the column (1ota1)

Total removal (%) = ot 100 @

Miotal
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Equilibrium metal ion uptake or maximum capacity of
the column (mg of metal sorbed/g of sorbent) is given
as:

o Gtotal (5)

2.8. Preparation of synthetic wastewater

Synthetic wastewater was prepared containing
equimolar concentration of Cu(Il) (10.30 mg/L) and
Pb(I) (35.42 mg/L) ions by using their respective salts
and adding toluene (10 mg/L) as model organic pollu-
tant to generate conditions similar to wastewater
generated by industries, wherein organic pollutants
are also present along with metal contaminant.

3. Results and discussion
3.1. Characterization

Coir contains around 40% cellulose, as a conse-
quence of which the spectrum largely resembles that
of cellulose (Fig. 2). Hydrogen-bonded O-H stretching
vibration from the cellulose structure of coir fiber
results in a broad and intense peak at 3,400 cm™' in
the spectrum. Alkali treatment leads to the disappear-
ance of carbonyl absorption peak of the hemicellulose
(1,726 cm™"). An apparent change is observed in the
region 1,300-1,200 cm !, where a broad peak splits
into two. Also, a small change in the -OH peak posi-
tions in Fig. 2 due to alkali treatment indicates the
involvement of -OH groups [17,18].

The existence of pores on the surface of RCC may
be noticed from the SEM image (Fig. 3(a)). Upon treat-
ment with the alkali (ACC), these pores open up
(Fig. 3(b)) as the soluble components like hemicellu-
lose, tylose, and other fatty acids present therein are
removed. This enrichment in porosity with enhanced
surface area of coir makes more functional groups
available for adsorption, thereby increasing the metal
ion uptake. Alkali treatment also results in transform-
ing the smooth surface of raw coir into rough surface
with increased accessibility [17].

3.2. Effect of experimental conditions on column adsorption
of Cu(Il) and Pb(II)

3.2.1. Effect of bed height

Bed height is one of the most important parame-
ters in design of continuous column for metal adsorp-
tion. The quantity of biosorbent packed in the column
decides the amount of metal ion adsorbed. The
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packing density of ACC in the column was optimized
and fixed at 149 g/L. The breakthrough curves
obtained by varying the bed height (7, 14, and 21 cm)
at constant initial metal ion concentration (20 mg/L)
and flow rate (10 mL/min) for Cu(ll) and Pb(l) are
shown in Figs. 4(a) and 5(a), respectively. The data on
the breakthrough parameters are given in Table 1. The
breakthrough time greatly increased for Cu(ll) to
613 min from 90 min, and exhaustion time increased
to 1,575 min from 645 min on increasing the bed
height from 7 to 21 cm. The observation was similar
for Pb(Il), wherein the breakthrough time increased to
1,999 min from 462 min and exhaustion time increased
to 3,204 min from 1,165 min. This has been attributed
to increase in the number of binding sites accessible
for sorption, resulting in a broadened mass transfer
zone (MTZ) [19,20]. The volume of Cu(Il) and Pb(II)
ion solutions treated also nearly doubled.

The adsorption capacity of the ACC remained
nearly constant, 9.0-10.0 mg/g for Cu(l) and
23-24 mg/g for Pb(Il) with changing bed height. How-
ever, the metal removal efficiency improved with the
increase in bed height. According to Singh et al. [21],
this might be due to abundant availability of metal
ions in the column. Similar results were obtained by
Long et al. [22]. The metal removal efficiency of ACC
for Cu (II) and Pb(I) increased to 69.46 and 81.20%
from 56.98 to 69.83%, respectively, on increasing the
bed height from 7 to 21 cm.

The linearization of Bohart-Adams equation and
the relationship between the service time (f) and the
bed depth of column (Z), called as bed depth-service
time (BDST) model was proposed by Hutchins [23].
This is the most extensively used model, according to
which the surface reaction between the adsorbate and
the residual capacity of the adsorbent governs the rate
of adsorption. The BDST model is used to approxi-
mate the required bed depth for a given service time.
It is given as:

N, 1 GCo
CovZ r.C. 1n(c—b — 1> 6)

where ¢ is the service time (min), N, is the adsorption
capacity (mg/L), C, is the initial concentration of
solute in the liquid phase (mg/L), v is the influent lin-
ear velocity (cm/min); k, is the rate constant in BDST
model (L/mg min), G, is the effluent concentration of
solute in the liquid phase (mg/L), and Z is the bed
depth of column (cm).

A plot of t vs. Z yields a straight line, where N,
and k, can be evaluated. The plots of t vs. Z at 10%
breakthrough point for Cu(ll) and Pb(Il) at a flow rate

t =
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Fig. 2. FTIR spectra of raw and alkali-treated coir.

of 10 mL/min are shown in Fig. 6. The plots show lin-
ear relationship with R? values of 0.999 and 0.992,
respectively, representing the viability of BDST model
to the adsorption of these ions on a fixed-bed column.
The sorption capacities of the bed for Cu(Il) and Pb(II)
obtained from the slope of BDST plot are 1,020.52 and
3,069.63 mg/L, respectively. The rate constant, k,,
characterizing the rate of solute transfer from the fluid
phase to the solid phase, as calculated from the inter-
cept of BDST plot for Cu(l) and Pb(I), is 0.005 and
0.003 L/mg min. In general, even a short bed will
avoid breakthrough if k, is large, but eventually longer
bed is required as k, decreases [24].

The scale up of the process for different flow rates
can be done without further experiments by using the
BDST model parameters.

3.2.2. Effect of flow rate

The effect of changing flow rates (5, 10, and
15 mL/min) on performance of ACC to adsorb Cu(Il)
and Pb(Il) was studied. The initial concentration was
kept at 20 mg/L with bed height 14 cm and room
temperature (30°C). The breakthrough curves for Cu
(I and Pb(II) are plotted in Figs. 4(b) and 5(b), respec-
tively, and the results of analysis are given in Table 1.
As expected, with increasing flow rate, the

|

T T TR T TR
1800 1

1400 1200 1000 800
1/em

breakthrough time and the exhaustion time decreased
and the breakthrough curve became steeper for both
the metal ions. This might be due to insufficient resi-
dence time of the metal ion solution in the column
and also due to the diffusion limitations of the solute
into the pores of the sorbent [25,26]. The higher flow
rate resulted in reduced sorption capacity. Sorption
equilibrium could not be achieved at higher flow rate
due to short residence time of the metal ions in the
column. MTZ increased with the increase in flow rate;
similar observation has been reported by Bulgariu
et al. [26]. From Table 1, it may be observed that 3.00
and 12.71 L of wastewater can be treated effectively
by using 14.80 g of biosorbent in a column of 14 cm
bed height at a flow rate of 10 mL/min for Cu(ll) and
Pb(II), respectively. The higher treatable volume of Pb
(I) as compared to Cu(Il) proves that ACC has higher
sorption capacity for Pb(Il) as compared to Cu(Il). This
may be attributed mainly to ionic radii of metal ions.
The Pb(Il) ions with larger radii (1.19 A) have a higher
hydration energy and ionic mobility as compared to
Cu(ll) ions with smaller ionic radii (0.73 A) [27].
Hydration of metal ions happens owing to the replace-
ment of H,O ligands of the inner coordination sphere
with hydroxo groups. Adsorption occurs as a result of
loss of outer hydration sphere. Thus, Pb(II)aq ion,
owing to its larger ionic radii, will lose its outer
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Fig. 3. SEM micrographs of (a) raw and (b) alkali-treated
coir.

hydration sphere faster and have a greater access to
the binding sites through surface pores compared to
Cu(l) ions, leading to higher extent of adsorption [9].
Therefore, minimum flow rate is desirable for the best
adsorption performance. Considering the break-
through time and energy requirements, the optimum
flow was taken to be 10 mL/min.

3.2.3. Effect of initial concentration

The breakthrough curves for Cu(ll) and Pb(II) ions,
on varying the initial metal concentration (10, 20, and
30 mg/L) at a fixed bed height (14 cm) and flow rate
(10 mL/min), are shown in Figs. 4(c) and 5(c), and the
values for the same are summarized in Table 1. For
Cu(l) and Pb(Il), the breakthrough occurred at 269
and 809 min for the initial concentration of 30 mg/L,
while for the initial concentration of 10 mg/L, it
occurred at longer period of 708 and 1,638 min,
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Fig. 4. Breakthrough curves for Cu(Il) biosorption onto
ACC at different (a) bed heights, (b) flow rates, and (c)
initial metal ion concentrations.

proving the inverse relation of breakthrough time and
exhaustion time with the initial concentration of metal
ions [22]. On the other hand, the sorption capacity
increased to 9.23 and 24.54 mg/g from 7.41 and
19.26 mg/g, respectively, for Cu(l) and Pb(I), with
increase in the initial concentration from 10 to
30 mg/L. Thus, the faster transport of metal ions, due
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Fig. 5. Breakthrough curves for Pb(Il) biosorption onto
ACC at different (a) bed heights, (b) flow rates, and (c)
initial metal ion concentrations.

to the greater concentration gradient results in a
higher mass transfer coefficient, causing the sorbent to
saturate rapidly [28]. The volume of Cu(l) and Pb(II)
influent treated was maximum viz., 14.84 and 3745 L
at the lowest initial concentration (10 mg/L) due to
decreased mass transfer coefficient at low concentra-
tion gradient. Steepening and shifting of the break-
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through curve toward origin was observed with the
increase in influent concentration for both the metal
ions as saturation of binding sites takes place rapidly
at higher initial concentration. The steeper the curve,
better is the column performance [29]. In case of Cu
(II), MTZ increased, whereas in case of Pb(I) it
decreased. Longer MTZ at higher initial metal concen-
tration was obtained by Cruz-Olivares et al. [4]
whereas shorter MTZ was obtained by Bulgariu et al.
[26].

From Table 1, it may be observed that the break-
through time and sorption capacity of Cu(ll) was
lower than Pb(Il), thus confirming the higher affinity
of Pb(Il) toward ACC. This observation further leads
to the conclusion that adsorption potential of column
follows the order Pb(II) > Cu(Il).

3.3. Breakthrough curve modeling

Three different models were tried for obtaining the
best fit of the column parameters.

3.3.1. Bohart—Adams model

According to this model, the rate of adsorption is
proportional to both the concentration of the sorbed
substance and the residual capacity of the sorbent. It
is used for describing the initial part of the
breakthrough curve.

Bohart-Adams model in its linearized form is
given by [30]:

C; kagNoZ
In (=) = kasCo(t) —
t (CO) ABCo(t) v

)

where C; is the effluent concentration (mg/L) at time ¢
(min), kap is the kinetic constant (L/mg min), C, is the
influent metal concentration (mg/L), N, is the maxi-
mum volumetric sorption capacity (mg/L) of the col-
umn, Z is the bed depth of the column (cm), and v is
the linear flow rate (cm/min). The values of constants
kap and N, may be determined with the help of slope
and intercept, respectively, from a linear plot of In
(C;/Cy) vs. t.

These values are given in Table 2. The R* values
for both the metal ions were found to be above 0.93,
which indicates a good fit of experimental data with
the model. As expected, with the increase in inlet con-
centration of Cu(Il) and Pb(Il) N, increases, and with
the increase in flow rate ksp increases.
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Table 1
Biosorption data for fixed-bed ACC column for Cu(Il) and Pb(II) adsorption at different process parameters
tb te Zm Veff. Mtotal Mad Removal 11
Process Parameters (min)  (min)  (cm) (mL) (mg) (mg) (%) (mg/g)
CuD
Bed height Z* (cm)
7(7.49 g) 90 645 6.02 6,450 131.79  75.09 56.98 10.03
14 (14.81 g) 300 950 9.58 9,500 204.04 13424  65.79 9.06
21 (22.20 g) 613 1575 12.83 15750 317.58 22059  69.46 9.94
Flow rate Q° (mL/min)
5 654 2,260  9.95 11,300 24691 159.18  64.47 10.74
10 300 950 9.58 9,500 204.04 13424  65.79 9.06
15 180 629 9.99 9,435 188.23  121.05  64.31 8.16
Initial metal ion conc. C,° (mg/L)
10 708 1,484  7.32 14,840 14855 109.71  73.85 7.41
20 300 950 9.58 9,500 204.04 13424  65.79 9.06
30 269 643 8.14 6,430 193.09 136.94  70.92 9.23
Pb(ID)
Bed height Z* (cm)
7 (749 g) 462 1,165 422 11,650 24815 17328  69.83 22.94
14 (14.81 g) 1271 2,082 545 20,820 426.81 343.68  80.52 23.22
21 (22.20 g) 1,999 3204 7.90 32,040 656.82 53331  81.20 24.02
Flow rate Q° (mL/min)
5 2962 4,131  3.96 41,310 848.01 364.01 4293 24.60
10 1,271 2,082 545 20,820 426.81 343.68  80.52 23.22
15 760 1,506  6.93 22,590 456.32 34330 7523 23.27
Initial metal ion conc. C,° (mg/L)
10 1,638 3,745 7.88 37,450  396.67  285.08  71.87 19.26
20 1,271 2,082 545 20,820 426.81 343.68  80.52 23.21
30 809 1,555  6.72 15550  479.13  364.20  76.01 24.54

?Co =20 mg/L; Q = 10 mL/min.
*Co=20mg/L; Z =14 cm.
‘Q =10 mL/min; Z = 14 cm.

Hence, under these circumstances, for improved
N, and smaller ksg (i.e. minimum resistance), the
initial metal ion concentrations are required to be
higher while the flow rate should be lower.

While this model offers an easy and broad
approach to running and estimating sorption-column
tests, its authenticity is restricted to the initial range of
breakthrough curve.

3.3.2. Thomas model

Thomas model assumes that there is no axial dis-
persion and that the Langmuir isotherm is the best fit
for equilibrium. It is derived with the assumption that
the rate driving force obeys second-order reversible

reaction kinetics, and is one of the most general and
widely used models in column performance theory.

The linearized form of the Thomas model can be
expressed as follows [31]:

In (Q - 1) _ kmguM kG V ®

C Q Q

where C, is the initial concentration of the metal ion
(mg/L), grn is the adsorption capacity of the system
(mg/L), ki, is the Thomas rate constant (L/min mg),
M is the mass of the adsorbent in the column (g), Q is
the flow rate (mL/min), and V is the volume of metal
solution passed through the column (mL). The values
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Fig. 6. BDST plot for Cu(Il) and Pb(II) sorption onto ACC
(Co =20 mg/L; Q =10 mL/min).

of ktn and g, can be calculated from the linear plot of
In (C,/C; — 1) against V.

To determine kr, and gr, the column data
acquired was fitted to the Thomas model and the
dynamic sorption of both the metal ions was predicted
through the breakthrough curve. Table 2 shows the
calculated values of kr, and gty along with regression
coefficients. Furthermore, the calculated uptake values
grn at different operating conditions were almost same
as their corresponding experimental ones for both Cu
() and Pb(ID). The high values of R* (>0.97) under all
working conditions imply that the Thomas model was
appropriate for describing the column biosorption
data of both Cu(Il) and Pb(I) onto ACC. Further, for
both the metal ions, with the increase in the bed
height, krn, decreased, whereas it increased with
increase in the flow rate. The change in gr, with bed
height was insignificant. ky,, decreased as the influent
concentration of Cu(ll) ion increased from 10 to
20 mg/L, which agrees with that obtained by Lin
et al. [32], but the reverse trend was observed in case
of Pb(II) ions. For Pb(II), with increase in the inlet con-
centration, grn increased. An excellent agreement
between the values of kr,, and g1, was obtained from
linear and nonlinear parameters. The Thomas model
signifies that the diffusion was not the only limiting
step and it is an appropriate model for the adsorption
process [33,34] Chowdhury et al. [35] found that kry
increases with the increase in flow rate. Yahaya et al.
[36] however, observed the reverse.

3.3.3. Yoon and Nelson model

This is the simplest model which does not require
detailed data concerning the characteristics of
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adsorbate, type of adsorbent, and the physical proper-
ties of the adsorption bed. This model assumes that
the rate of decrease in the probability of adsorption
for each adsorbate molecule is proportional to the
probability of sorption and the probability of sorbate
breakthrough on the sorbent [37].

Linearized form of the Yoon-Nelson model is
given as:

C
In <C0 _t Ct> = kYNt — kYN‘C (9)

where C, is the initial concentration of the sorbate
(mg/L), kyn is the Yoon—Nelson rate constant
(1/min), 7 is the time required to reach 50% adsorbate
breakthrough (min), and ¢ is the breakthrough sam-
pling time (min). This expression is mathematically
equal to Thomas model. The plot of In (C,/C, — Cy) vs.
t gives a straight line, from which the values of kyy
and 7 can be determined from the slope and the
intercept, respectively.

Different statistical parameters of the Yoon-Nelson
model calculated for Cu(ll) and Pb(Il) are shown in
Table 2. With the increase in the flow rate as well as
initial concentration, the kyyn increased and
decreased. Higher flow rate results in inefficient
adsorption, thus attaining the saturation quickly [38].
On the other hand, with increase in the bed height,
the kyn decreased and 7 increased. Similar results
were obtained by Long et al. [22].

The value of R > 0.96 for Cu(Il) and >0.95 for Pb
(II) indicates best fit of the model for both the metal
ion (Table 2).

3.4. Successive cycles of sorption and desorption by column

The regeneration and subsequent reuse of the
biosorbent in the sorption process is certainly needed
to achieve both process cost reduction and sustainabil-
ity, and the choice of proper desorption agent is
important for this purpose. In our previous work, we
have optimized the desorption parameters and the
same are used here [9]. The surface characteristics of
the biomass are not affected by the acid treatment, but
only the bound metal ions are released, maintaining
the adsorption capacity almost same. Three successive
cycles of adsorption, desorption, and regeneration
were repeated to check the feasibility of the removal
and recovery process for Cu(Ill) and Pb(Il), as shown
in Fig. 7. In both the cases, the desorption of metal
ions took place rapidly by using 0.15N HNO; at a
flow rate of 10 mL/min. The desorption was almost
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complete in 30 min with recovery of more than 95% of
both the metal ions in consecutive cycles.

The initial concentration of each metal ion
(20 mg/L), flow rate (10 mL/min), and bed height
(14 cm) for each cycle were kept constant. As the
number of cycles was increased, the breakthrough
time (#,) decreased. This is because of the fact that
some of the metal ions are irreversibly bound to the
surface of the biosorbent.

The regeneration efficiency was determined by
using the following equation [39]:
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Regeneration efficiency (%) = ree 100 (10)

org

where g.; is the regenerated column biosorption
capacity and g is the original biosorption capacity,
(mg/g of the biosorbent).

The biosorption efficiency progressively decreased,
as the sorption/desorption cycles continued (Table 3).
The regeneration efficiency decreased nearly to 80%
after the third cycle.
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Fig. 7. Breakthrough curves for (a) Cu(Il) and (b) Pb(II) adsorption onto ACC during different regeneration cycles:
(Co-Cu =20 mg/L; Co-Pb =20 mg/L; Q = 10 mL/min; Z = 14 cm).
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Table 3
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Adsorption process parameters for three adsorption-desorption cycles of Cu(l) and Pb(Il) ions (C,=20mg/L;

Q=10 mL/min; Z = 14 cm)

Breakthrough time

Exhaustion time

Breakthrough uptake

Regeneration efficiency

Cycle no. (min) (min) (mg/g) (%)
Cu(ID) 1 300 950 9.06 Original

2 388 794 8.15 90.00

3 346 696 7.19 79.36
Pb(II) 1 1,271 2,082 23.22 Original

2 1,168 1,910 21.32 91.81

3 964 1,785 19.04 82.00
Table 4

Biosorption data for fixed-bed ACC column in case of synthetic wastewater (Co-Cu = 10.30 mg/L; Co-Pb = 35.42 mg/L;

toluene = 10 mg/L; Q = 10 mL/min; Z = 14 cm)

Biosorption parameters

Metal ion t, (min) t. (min) Zn (cm) Vege. (mL) Miotar (mg) M,g (mg) Removal (%) g (mg/g)
Cu(I) 324 740 7.87 7,400 76.22 54.796 71.89 3.70
Pb(I) 445 912 7.17 9,120 323.03 240.325 74.40 16.23

3.5. Treatment of synthetic wastewater

Adsorption of metal ions onto ACC column (bed
height 14 cm) was conducted using synthetic
wastewater at a flow rate 10 mL/min. The composi-
tion was: Cu(ll) =10.30 mg/L; Pb(l) =35.42 mg/L,
and toluene = 10 mg/L, and the characteristics were
pH 555 TDS=25mg/L; COD=25mg/L, and
conductivity = 0.112 mS/cm. The characteristics of
wastewater after the adsorption treatment were pH
5.40; TDS = 15 mg/L; COD =16 mg/L, and
conductivity = 0.103 mS/cm.

The breakthrough curves for both Cu(l) and Pb
(I), when used as binary mixture are shown in Fig. 8.
From Table 1, we can see that when single metal ion
solutions of Cu(Il) (10 mg/L) and Pb (30 mg/L) were
passed through the column of 14 cm at a flow rate of
10 ml/min, adsorption capacity was found to be 7.41
and 2454 mg/g which reduced to 3.70 and
16.23 mg/g (Table 4) for Cu(l) and Pb(l), respec-
tively, using binary mixture. This can be explained on
the basis of competition between Cu(Il) and Pb(II) ions
for the active sites present on the surface of ACC. The
decrease in adsorption capacity in case of Cu(ll) is
much higher as compared to Pb(Il) confirming higher
affinity of Pb(I) for ACC. Percentage removal
decreased slightly from 73.85 to 71.89% for Cu(Il), and
from 76.01 to 74.40% for Pb(Il), in case of synthetic

wastewater as compared to single metal ion solution
(Tables 1 and 4). In case of synthetic wastewater, efflu-
ent volume treated decreased to 7.40 and 9.12 L from
14.84 to 15.55L for Cu(l) and Pb(I), respectively
(Tables 1 and 4). Breakthrough and exhaustion time
were also observed to decrease for biosorption of
Cu(I) and Pb(I) in binary metal solution as compared
to single metal ion solution. Vimala et al. [40] have
also shown that biosorption of metal ion decreases in
presence of other ions.
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Fig. 8. Breakthrough curves of synthetic wastewater treat-
ment by alkali-treated coir in column (Co—Cu = 10.30 mg/L;
Co-Pb =35.42 mg/L; Q = 10 mL/min; Z = 14 cm).
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4. Conclusions

An effective and cheap biosorbent has been pro-
duced by simple and eco-friendly alkali treatment of
coconut coir fibers for the removal of Cu(Il) and Pb(II)
ions from their aqueous solutions. The performance of
the column packed with ACC in relation to flow rate,
influent metal concentration, and bed height was
noted. Among the three models chosen, the Thomas
model was the best to fit the breakthrough curves at
experimental conditions and there was a reasonably
good agreement with the experimental data. ACC col-
umn has shown excellent reusability, retaining around
80% of its original efficiency, even after three sorp-
tion-desorption cycles with intermediate regeneration
step using 0.01 N NaOH and with negligible loss of
biosorbent. The low price, easy availability, and cheap
eco-friendly alkali treatment of coir fiber would make
it an attractive biosorbent for heavy metals.
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List of symbols

Ve — effluent volume (mL)

Q — flow rate (mL/min)

totat — total flow time (min)

A — area under the breakthrough curve (cm?)

C.qg — concentration of the metal ions adsorbed on
coir (mg/L)

Jiotai — total metal mass sorbed (mg)

Miota — total amount of metal ions sent through the
column (mg)

w — weight of sorbent (g)

Jeq ~ — equilibrium metal ion uptake or maximum
capacity of the column (mg of metal sorbed/g
of sorbent)

t — service time (min)

N, — adsorption capacity (mg/L)

k, — adsorption capacity (mg/L)

Co — effluent concentration of solute in the liquid
phase (mg/L)

Z — bed depth of column (cm)

C — effluent concentration (mg/L) at time ¢ (min)

kag — kinetic constant (L/mg min)

N, — maximum volumetric sorption capacity (mg/L)
of the column

Z — bed depth of the column (cm)

grn ~ — adsorption capacity of the system (mg/L)

kth — Thomas rate constant (L/min mg)

M — mass of the adsorbent in the column (g)

S. Singh et al. | Desalination and Water Treatment 57 (2016) 17440-17453

Vv — volume of metal solution passed through the
column (mL)

kyw  — Yoon—Nelson rate constant (1/min)

T — time required to reach 50% adsorbate
breakthrough (min)

greg ~— regenerated column biosorption capacity

(mg/g of the biosorbent)
dorg ~— original biosorption capacity
(mg/g of the biosorbent)
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