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Abstract
In this research, biosorption of Lead using spent Gelidiella acerosa from synthetic

Correspondence aqueous phase was studied in batch and fixed bed modes. Biosorbent was prepared
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from waste biomass of Gelidiella acerosa after extraction of agar as a model industrial
waste recycle. The process efficiency and optimum lead uptake were evaluated by
considering initial pH, lead concentration, and biosorbent dosage as process variables
and contact time and temperature as fixed parameters. Central composite design of
Response Surface Methodology was used to optimize process parameters and
ANOVA showed that initial pH of lead solution significantly influences the biosorption.
Interaction effects of different process parameters on process efficiency were analyzed
with the help of surface response plots. The highest lead biosorption of 90.75% was
noticed at optimum conditions of pH 5.15, initial lead concentration 27.35 mg L~ and
biosorbent dosage 0.04 g. Various kinetic equations were used to analyze the bio-
sorption mechanism and found that metal binding is due to chemical reaction with multi
stage mass transfer. Langmuir isotherm was found to be well fitted to equilibrium data.
Column studies were also conducted to assess the suitability of the process to continu-
ous operations. The most popular Thomas and Yoon nelson models were used to evalu-
ate the fitness of column studies. Biosorbent was characterized using FTIR and SEM to

determine surface functional groups and surface texture.
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1 | INTRODUCTION Among heavy metals, Lead (Pb][ll]) has got greatest attention due to

its high toxicity and ruinous effects on humans and wildlife. The main

Contamination of the agueous environment with the infusion of
heavy metal ions from industrial discharges became a severe global
problem. Heavy metals have been top investigated since their exis-
tence in the environment due to their long-term persistence, bio-
accumulation in the food chain, and toxicity even at low
concentrations.2® Moreover, many reports of literature highlighted
that some heavy metals are potential carcinogens even at low concen-
trations®> and some will accumulate in various tissues and causes gas-

tric infections, mutagenicity, and mental disorders.>®

sources that discharges Pb(ll) into water streams include various indus-
trial wastewater such as battery industries, automobiles, paints, fertilizer,
metal plating and finishing, electronic, combustion fossil fuel, etc.”
Humans exposure to Pb(ll) affects nerves, digestion, urinary, reproduc-
tive and developmental, cardiovascular, endocrine, immune, bone, and
other organ systems.2 More serious is that Pb(ll) affects the growth and
mental development of infants and young children, impairs brain func-
tion such as cognition.” Hence, elimination of traces of Pb(ll) from indus-

trial waste effluents before discharging into water streams is essential.
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In wastewater treatment, various physicochemical and electro-
chemical methods such as filtration, electrostatic precipitation,
coagulation-sedimentation, and ion exchange were used for the removal
of toxic metals.2%2 These methods were deemed as ineffective at low
concentrations, expensive, and generate toxic secondary sludge.*>'#
Numerous researchers focused their attention on introducing new alter-
natives to these technologies which are more eco-friendly and low cost,
which can be successfully applied at large scale in wastewater treatment
plants.*>*” It has been proven that biosorption and bioaccumulation
which uses the natural capacity of plants and/or microorganisms to
remove heavy metals can be efficiently applied for heavy metals
removal even at lower concentrations.*®1”

Algae a renewable and naturally abundantly available biomass
was well reported by researchers as biosorbent for wastewater treat-
ment.2® Some marine and fresh water algae showed higher bio-
sorption potential (biosorption of Au, Ag, and Co) than synthetic
adsorbents like activated carbon, nano-fibers and ion-exchange mem-
branes.?! It was also reported that in case of highly toxic metals the
uptake capacities of brown algae are higher than other algae (green
and red algae).?? Hence, marine brown algae Gelidilla acerosa
(G. acerosa) was selected as biosorbent for this study. The novelty of
the present study is using waste product of agar extraction process as
an adsorbent for removal of lead from industrial wastewater.

The main intents of the this study are (a) to study the Pb(ll) sorption
potential of spent G. acerosa from aqueous medium, (b) to optimize
influential process parameters such as initial pH of Pb(ll) solution, initial
Pb(ll) concentration, and biosorbent dose to attain maximum biosorption
using Response Surface Methodology (RSM) (c) to determine the pro-
cess parameters for fixed bed column studies to assess the suitability of

process for industrial scale continuous operations.

2 | MATERIALS AND METHODS

2.1 | Reagents and biosorbent

The equivalent amount of Pb(NO3), was dissolved in 1 L double dis-
tilled water to obtain 1000 PPM stock solution and working samples
of Pb(ll) were prepared from stock solution by making accurate dilu-
tions for each batch experiment. All reagents utilized in experiments
were of analytical grade. Brown marine macro algae (G. acerosa) was
obtained from the coast of Gulf of manar, India. Collected plants were
washed several times with normal and distilled water.2® Agar extrac-
tion was carried out by following the protocol described by Dulla

et al.24

The waste biomass after agar extraction was filtered, sundried,
grounded, and sieved using standard mesh. The prepared biosorbent

was directly used without any further treatment.

2.2 | Biosorption experiments

To determine the equilibrium contact time, experiments were con-

ducted by taking 50 ml of working samples of 50mgL™!

concentration at pH of 5 by adding 0.01 g of spent G. acerosa in an
Erlenmeyer flask, and agitated at speed of 120 rpm for different con-
tact times up to 120 min. After filtration, the filtrate was analyzed for
remaining Pb(ll) using Atomic Adsorption Spectroscopy.?> The

Pb(ll) uptake was calculated using the below equation®’:

_V(C-C)
9e = ~1000m @)

where Co and C; (mg L™Y) are the initial and equilibrium
Pb(ll) concentrations, g is Pb(ll) uptake (mg g~2), V is working sample
volume (ml), and m is weight of biosorbent (g). The same data was
used for kinetic analysis. For optimization studies, experiments were
conducted by following the experimental design matrix of RSM.2” Al
experiments were conducted by taking 50 ml of sample solution in
Erlenmeyer flask and agitated at 120 rpm for 100 min (pre-
determined contact time). Equilibrium studies data was generated by
conducting experiments with variable initial Pb(ll) concentration from
20 to 100 mg L~ with an interval of 20 mg L™ and other parameters
were maintained at optimum values (after optimization). In order to
determine the thermodynamic feasibility of biosorption, thermody-
namic parameters such as AG, AH, and AS were calculated by con-
ducting biosorption experiments at three temperatures, ie, 303, 313,
and 323 K.

2.3 | Optimization

RSM was adopted to predict the optimum process parameters and
also to establish interaction effects of selected three process parame-
ters such as the initial pH of the solution, initial pollutant concentra-
tion and biosorbent dosage on the performance of spent G. acerosa.
The limits of the selected parameters were summarized in Table 1 and

the model equation developed by RSM is given below.?®
n n n
y=ap+ Z(Z;X,‘ + Za,jx,»xj + Zaﬁxiz (2)
i=1 i=1 i=1

where y is percent biosorption of Pb(ll); ag is offset value; x is variable;
aj, aji, and qaj; are coefficients of first order, second order, and interac-
tion terms, respectively; n is number of parameters. The experiments
were designed using central composite design of RSM and the results
were validated with quadratic model. The design matrix, experimental

results and model predicted values were summarized in Table 2.

TABLE 1 The ranges of input variables for optimization of Pb(ll)

S. No. Input variable Range

1 Initial pH of Pb(ll) solution (x4) 3-7

2 Initial Pb(ll) concentration (x») 20-100 mg L2
3 Biosorbent dosage (x3) 0.01-005¢g
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TABLE 2 Design matrix and experimental and predicted responses for biosorption of Pb(ll)

Initial pH of Pb(ll) Initial Pb(ll)
Standard order solution concentration
1 3.00 20.00
2 7.00 20.00
3 3.00 100.00
4 7.00 100.00
5 3.00 20.00
6 7.00 20.00
7 3.00 100.00
8 7.00 100.00
9 3.00 60.00
10 7.00 60.00
11 5.00 20.00
12 5.00 100.00
13 5.00 60.00
14 5.00 60.00
15 5.00 60.00
16 5.00 60.00
17 5.00 60.00
18 5.00 60.00
19 5.00 60.00
20 5.00 60.00
24 | Column biosorption study

The fixed bed column experiments were carried out with a cylindri-
cal Plexiglass column of 1.5 cm ID and 30 cm height. The solution
was passed through the bed using peristaltic pump (PP-20-EX,
Miclins, India).?? The schematic representation of fixed bed is
shown in Figure 1. The column was initially run with distilled water
to ensure pollutant free bed, later it was run with lead solution of
two concentrations, ie, 50 and 100 mg L™! to determine the perfor-
mance of fixed bed and to model the continuous column studies.
The column studies were conducted at room temperature and initial
pH of 5.13.

The mass of the total Pb(ll) that was introduced into the column

(m¢) was determined by the following equation.*°

_ CoFt;
M= 1000 (3)

The mass of the Pb(ll) adsorbed onto the biosorbent during col-

umn experiment (q¢) was evaluated using the following equation.3!

The percent biosorption of Pb(ll) in column experiments (Y(%))

was calculated by the expression given below.>?
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Biosorbent Experimental % Predicted %
dosage biosorption biosorption
0.01 46.01 46.38
0.01 50.71 51.08
0.01 38.15 38.32
0.01 41.46 41.63
0.05 56.4 56.77
0.05 60.48 60.85
0.05 48.03 48.20
0.05 50.72 50.89
0.03 58.39 57.33
0.03 62.09 61.02
0.03 90.01 88.54
0.03 80.2 79.53
0.01 79.25 78.18
0.05 89.07 88.01
0.03 87.66 88.52
0.03 88.43 88.52
0.03 88.04 88.52
0.03 87.54 88.52
0.03 86.57 88.52
0.03 88.64 88.52
- L

Glass beads

Glass wool

Cr(VI) solution Tank i
Fixed bed

_ Out let
Lz
Peristaltic pump

FIGURE 1 Schematic representation of fixed bed column
operation [Color figure can be viewed at wileyonlinelibrary.com]

Y(%) = %Xloo (5)

And the maximum biosorption potential of Pb(ll) in column stud-
ies (q.) was determined using the following equation.®®

q
de = VT; (6)

where C, is initial Pb(ll) concentration in mg L™%, C; is final concentra-
tion of Pb(ll) at time t in mg LY Fis the flow rate in ml h™2, t; is bio-

dsorbent saturation time, and W is weight of biosorbent.
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2.5 | Desorption studies

To regenerate the biosorbent, desorption experiments were
performed in batch system using 0.1 M HNOj; as eluent.?® The
regeneration capacity of biosorbent was assessed in four
biosorption-desorption cycles. In each desorption experiment,
0.01 g of metal loaded biomass was eluted with 50 ml 0.1 M HNO3.
The efficiency of desorption was calculated as percentage of
Pb(ll) desorbed from the initially biosorbed Pb(ll) mass. The percent
desorption of Pb(ll) was calculated from the ratio of metal desorbed

to metal adsorbed.

26 |
charge

Biosorbent characterization and zero-point

The surface structure and morphological features of biosorbent
before and after Pb(ll) removal were studied using SEM (Tescan Mira
3 XMU) and FTIR (Bruker Tensor ll). The zero-point charge (pH,,c) is

used to ascertain the influence of pH on metal uptake. The pHp,. of
spent G. acerosa was determined by following the protocol of Ferro-
Garcia et al.3* According to the protocol, 30 ml of 0.01 M NaCl was
taken in Erlenmeyer flasks and 1 g spent G. acerosa was added to each
flask by adjusting the solution pH in the range of 3-9. The solution
pH was altered using 0.1 M NaOH/HCI solutions.>> The solutions
were agitated for 24 h and the end pH of the solutions was noted. A
plot was drawn between pH;, vs ApH and the intercept of plot was

considered as pH,,. of spent G. acerosa.

3 | RESULT AND DISCUSSION
3.1 | Batchstudy
3.1.1 | Optimization of biosorption parameters

The time reliance of biosorption of Pb(ll) at initial concentration of
50 mg L~! was illustrated in Figure 2A. It was noticed that at the initial
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FIGURE 2

Effect of contact time and kinetic models for biosorption of Pb(ll) (a). Effect of contact time on Pb(ll) uptake (b). Pseudo-first order

kinetics (c). Pseudo-second order kinetics (d). Weber Morris model (e). Elovich model for Pb(ll) uptake [Color figure can be viewed at

wileyonlinelibrary.com]
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stage of biosorption the metal removal rates were very high and
almost 70% Pb(ll) was taken up within first 30 min of the process. Fur-
ther, though the removal rates were decreased, metal removal was
increased and attained saturation after 100 min. Hence, 100 min were
fixed as equilibrium contact time for maximum uptake of Pb(ll) onto
spent G. acerosa. Quite high adsorption rates at initial minutes are bet-
ter explained due to availability of large number of fresh and active
pores on the surface and sufficient number of metal ions in solution.
Hence, rapid film diffusion onto biosorbent surface followed by quick
pore diffusion into intra particle matrix contributed rapid equilib-
rium.3® Further, gradual decrease in Pb(ll) removal was because of
reduction and occupancy of active sites. Regti et al.3” reported similar
results for Pb(ll) biosorption using Persea americana-activated carbon.

After fixing the contact time, the optimum values of other process
variables were determined using RSM of Design Expert. Table 1
shows the ranges of parameters selected for optimization and Table 2
shows the design matrix of experimental tests obtained from RSM,
including the experimental and predicted responses. The ANOVA was
used to evaluate RSM results and summarized in Table 3. Very high
calculated F value (Fcal = 576.32) and very low P value (<.0001) dem-
onstrating the competency of model. The result also reveals that all
the three parameters are effective individually; however, the interac-
tion terms are having higher values of probability and are considered
as insignificant. The model equation representing the biosorption of
Pb(ll) in terms of effective parameters is given as:

%Biosorption of Pb(Il) =88.52 +1.85x; —4.51x; +4.91x3
—0.35x1% —0.15 X1 X3 —0.13%oX3 — 29.35%1 2 — 4.48x,2 — 5.43x32

In the above equation x4 and x3 (pH of Pb(ll) solution and
biosorbent dosage) are having positive coefficients indicating that
these variables have positive (increasing) effect on Pb(ll) removal,

whereas x, (initial Pb(ll) concentration) is having negative coefficient

TABLE 3 ANOVA for optimization of Pb(ll)

Source of variation Sum of squares df
Model 6926.15 9
A-Initial pH of Pb(ll) solution (x4) 34.15 1
B-Initial Pb(ll) concntration (x») 202.95 1
C-G. acerosa dosage (xa3) 241.28 1
X1Xo 0.97 1
X1X3 0.19 1
XoX3 0.13 1
X12 2368.77 1
X 55.29 1
x3° 81.06 1
Residual 13.57 10
Lack of fit 10.81 5
Pure error 2.76 5
Cor total 6939.71 19

& SUSTAINABLE ENERGY

indicating negative effect (decreasing) effect on Pb(ll) removal. The
similar results were demonstrated by Mousavi et al.*® for removal of
lead onto mixed culture of algal biomass and Babu et al.3? for copper
removal using sea urchin test.

The interaction effect plots were illustrated in Figure 3. From
Figure 3A it can be perceived that initial pH of Pb(ll) solution is the
highest dominant parameter among others. The pH of solution signifi-
cantly affects the ionic state of the solute and surface charge of

biosorbent.*°

The efficiency of biosorbent increased along with pH up
to 5, attained peak around 5.1 and then decreased. Variations in
Pb(ll) removal with initial pH of Pb(ll) solution can be better explained
with the surface charge variations of biosorbent. At low initial pH of
the solution, due to protonation the surface of the biosorbent obtains
positive charge. Therefore, at lower pH, because of repulsion between
lead cations and positive surface charge the metal removal rates are
very low. With the increasing pH, the number of sites with negative
charge increases on biosorbent surface due to deprotonation. Hence,
the metal removal efficiency increases with increase in pH of the solu-
tion.** The pHp.c is a notable factor to explain variations in adsorptive
potential of a surface. As shown in Figure 4, the pH,,. of spent
G. acerosa is 3.6. When pH of the solution <3.6, the positive surface
charge of biosorbent repels the lead cations and consequently low
metal removal rates registered. Whereas at pH > 3.6, the negative
surface charge of biosorbent contributes for the increase in metal
removal rates.

Figure 3(b) clearly shows interaction effect of initial pH of
Pb(ll) solution and biosorbent dosage on Pb(ll) removal. It can be
observed that the effect of biosorbent dosage is moderate, whereas pH
of Pb(ll) solution is extensive. Though there is increase in number of
sites with increase of biosorbent dosage, the surface charge of active
sites is remarkable in metal removal.#? Figure 3(c) shows that the inter-
action effect of initial Pb(ll) concentration and biosorbent dosage on

Pb(ll) removal. It can be observed that the effect of biosorbent dosage is

P value
Mean square F value Prob > F
769.57 567.32 <.0001 Significant
34.15 25.18 .0005
202.95 149.61 <.0001
241.28 177.87 <.0001
0.97 0.71 4185
0.19 0.14 .7145
0.13 0.096 7632
2368.77 1746.22 <.0001
55.29 40.76 <.0001
81.06 59.75 <.0001
1.36
2.16 3.92 .0802 Not significant
0.55
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FIGURE 4 Point zero charge of spent G. acerosa

moderate, whereas initial Pb(ll) concentration is significant. Though
there are sufficient metal ions in solution, the number of active sites
with attractive surface charge is essential for metal removal. In overall
the interactive effect of initial pH of Pb(ll) solution and biosorbent dos-
age had significant effect on Pb(ll) removal

After developing empirical equation for Pb(Il) removal, optimiza-
tion of RSM was exploited to asses maximum Pb(ll) uptake by spent
G. acerosa and to determine optimum process parameters (Figure 5).
The highest Pb(ll) removal determined from RSM is 90.75% (Figure 3)

at optimum process parameters of initial pH of Pb(ll) solution 5.15, ini-
tial Pb(Il) concentration of 37.35 mg L™ and biosorbent dosage of
0.04 g. A fresh experiment was conducted at RSM predicted optimum
process parameters and obtained 90% of Pb(ll) removal which is
approximately matching with the predicted value. Hence, the numeri-
cal values of process parameters at highest Pb(ll) removal attained by
RSM were noted as optimum process parameters for biosorption of
Pb(ll) onto G. acerosa.

3.1.2 | Kinetics

The kinetic constants are very important parameters in determining
significant reaction mechanism, modeling and design of industrial
scale biosorption process. Kinetic constants are also used in determin-
ing significant rate controlling step and nature of adsorption occurring
in metal uptake. Psuedo-first, second order, Weber-Morris, and
Elovich models were used to determine kinetic constants and the
results were shown in Table 4. The current findings disclosed that sec-
ond order equation was most competent model with high regression
coefficient (R? = 0.999). It demonstrates that the mechanism behind
metal binding is chemical reaction between solute and functional
groups on biosorbent surface.** Moreover, fitness of kinetic data to

Elovich model also confirms chemisorption. Further to investigate the
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TABLE 4 Kinetic models for biosorption of Pb(ll)

1 Pseudo-first order model k4 0.002 (min~Y)
log(e — a¢) = logqe — kit Glexp) 2344 mgg !t
Gelcal) 175mgg™?
R? 0.67
2 Pseudo-second order model k, 0.0067 mg (g min)~*
o= () (2) afexp)  2344mggt
Gelcal)  25mgg™*
R? 0.999
3 Weber Morris model Ko 1.152 mg (g min %)~*
ac = kiat"* +C c 11.86
R? 0.76
4 Elovich model o 4.22 mg (g min)™*
gt = flna + pint B 3.508 g mg~*
R? 0.93

rate controlling mechanism Weber-Morris model was implemented
and found that (R? = 0.769) removal of Ph(ll) alone does not explained
by intra-particle diffusion model.** As shown in Figure 2(e), the plot is
not linear for the total time of biosorption and can be split into two
distinct phases which ascertains the two stages of biosorption. More-
over, the plot is not passing through origin which demonstrates that
along with intra-particle diffusion, film diffusion also occurred during
biosorption.*> Hence, at the beginning Pb(ll) ions were transferred
from bulk medium onto the surface of spent G. acerosa through film
diffusion. Later, Pb(ll) ions were migrated into the spent G. acerosa by
intra-particle transfer through pores.

3.1.3 | Equilibrium studies

Langmuir, Freundlich and Temkin equilibrium isotherms were
employed to investigate more on Pb(ll) biosorption potential of spent

& SUSTAINABLE ENERGY

G. acerosa and the results were depicted in Figure 6 and summarized
in Table 5. The results revealed that out of three models Langmuir is
best fitted to equilibrium data with greatest R? of 0.999. It indicates
that biosorption of Pb(ll) onto spent G. acerosa was formation of
monolayer on the homogenous surface. The theoretical maximum
Pb(ll) uptake calculated from Langmuir model is 27.02 mgg™t. The
current findings demonstrated that spent G. acerosa had significant
biosorption capacity due to the presence of various functional groups
on cell wall, thus it can be employed as an successful biosorbent with-
out any further treatment in Pb(ll) removal from industrial wastewa-
ter. Moreover spent G. acerosa showed higher biosorption capacity
when compared to many other adsorbents reported in earlier studies
as shown in Table 6.

3.14 | Biosorption thermodynamics

The thermodynamic energy functions for biosorption of Pb(ll) onto
spent G. acerosa, were determined using the following equations.?®

=%
Kp = . (8)
AG® = —RTIn(Kp) 9)
AS®  AHO
In(KD)_T_W (10)

The AHC and AS° values were calculated from the slope and inter-
cept of the plot of In Kp vs 1/T, shown in Figure 7 and calculated
values were provided in Table 7.

The decreasing negative values for AG® were found with increas-
ing temperature. The negative values of change in Gibb's free energy
indicates the spontaneous nature of Pb(ll) biosorption onto spent
G. acerosa. Further, the positive value of AH reveals the endothermic
nature of biosorption of Pb(ll) onto spent G. acerosa. Increase in tem-
perature normally enhances biosorption because of increase in kinetic
energy of solute molecules.>® Moreover, the positive value of AS
demonstrates the increased randomness at the solid/solution inter-

face during the Pb(ll) biosorption onto G. acerosa.

3.2 | Column studies

3.2.1 | Breakthrough curves

To assess the Pb(ll) biosorption performance of G. acerosa in continu-
ous mode operations and also to determine the dynamic parameters
of biosorption process, fixed bed column studies were conducted at
optimum process parameters and the resultant data were used to plot
breakthrough curves (Figure 8). Column studies were carried out for
two Pb(ll) concentrations such as 50 and 100 mg L™ at a flow rate of
5 ml/min by choosing other parameters at optimum values obtained
from RSM. The results of breakthrough curves showed in Figure 8,
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TABLE 5

1 Langmuir model
Ge i oG
de  KiGmax  dmax

2 Freundlich model
Inge = InKg + (1/n)In C,

3 Temkin model
de = BIn A + BIn C,

Isotherm models for biosorption of Pb(ll)

Gmax (Mg g7%) 27.02
K (Lmg™) 0.411
R? 0.999
Ke (mg g7} 1.19
nmg (g [L mg~Y¥/n)-1 0.42
R? 0.905
AlLg™ 4.62
B (J mol™) 4.438
R? 0.961

TABLE 6 Comparison of Pb(ll) biosorption capacity of spent G.

acerosa with other biosorbents

Biosorbent
Olive cake
Calcite

Ethylenediamine modified green
seaweed (Caulerpa serrulata)

Jania rubens
Pterocladia capillacea
Pinus sylvesteris

Spent. G. acerosa

Capacity (mg g™")
19.53

19.92

22

29
33.15
222
27.02

References
[46]
[47]
(48]

[49]
(49]
[50]
Present study

demonstrated that with the increase of concentration the slope of the

plots increased and also found that the breakthrough time is faster.

This phenomenon can be ascertained with an

increase

in

25

InKp
N
L]

15

1

0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

1\T

FIGURE 7 Plot of In(KD) vs 1/T for the estimation of
thermodynamic parameters

concentration gradient accelerated transfer rate of metal ions onto
biosorbent. This increased mass transfer rates enhances the metal
binding to biosorbent thereby decreasing bed saturation time hence
forth decreased breakthrough time. The same result was reported by
Morosanu et al.>2 for Pb(ll) biosorption using other biomass. The
dynamic parameters obtained from experimental measurements for
both inlet concentrations were shown in Table 8. The saturation time
was taken as time to reach 90% of inlet concentration whereas break-
through time was taken as time to reach 10% of inlet concentration.
The metal uptake potentials for Pb(ll) inlet concentrations of 50 and

100 mg L™t are 43.8 and 71.5 mg g™, respectively.
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TABLE 7 Thermodynamic parameters for biosorption of Pb(ll)

onto G. acerosa

AGP (kJ mol™?)
-5.07
-5.76
-7.59

AH® (kJ mol™?)
32.84

AS° (J mol™?)

124.79

S.No. T(K)
1 303
2 313
3 323
1
0.8

0.6
-
@]
]
© 04
0.2

Parameter
tp (min)
ts (min)

a: (mg g™

6.00

—+—100 mg/L
——50 mg/L
s 100 50 200 250 300
Time, min
FIGURE 8 Breakthrough plots of fixed bed studies
TABLE 8 Dynamic parameters from breakthrough curves
Inlet concentration
50 mg Lt 100 mg L™
59.84 36.58
205.10 135.13
43.8 71.5
a
s 100 mg/L (@)
® * 50 mg/L

4.00

2.00

0.00

In[Cy/(C1)]

-2.00 -

-4.00

-6.00

FIGURE 9

Time, min

300

& SUSTAINABLE ENERGY

3.22 | Thomas and Yoon-Nelson parameters

The two prominently employed theoretical models for the assessment
of fixed bed column studies such as Thomas and Yoon-Nelson models
were used for analysis of column studies data.

Thomas model is the combination of Langmuir isotherm and sec-

ond order kinetic models>® and is represented as:

In <C° ) = kT”gow —krnCot (11)

where, kty is Thomas rate constant, Qg is maximum adsorption
potential and W is the weight of biosorbent in bed. Cy and C; are
inlet and outlet metal concentrations. kty and Qo were deter-
mined from the slope and intercepts of plot of In(Co/C;— 1) vs
t showed in Figure 9(a). The measured process parameters were
summarized in Table 9. The regression coefficients (0.982 and
0.99) of two plots, ie, two concentrations 50 and 100 mg L™t
revealing that the experimental findings are well correlated to
Thomas model. As shown in Table 9, the constant kyty is
decreased and Qg is increased with the increase of
Pb(ll) concentration. The present findings are in good correlation
with the results reported by Basu et al.>*

The Yoon-Nelson model is mainly based on hypothesis of proba-
bility of each sorbate molecule adsorption rate decrease is directly
proportional to the probability of sorbate breakthrough on the sor-
bent and the probability of sorbate adsorption.>®> The mathematical

expression for this model is:

C
In ( co-t ct> = kynt —kynt (12)

where, kyn is Yoon-Nelson constant (L/min) and < is time of 50%

adsorbate breakthrough (min). kyy and © were calculated from the

6.00 -
» 100 mg/L (b)

4.00 - *50mg/L .

2.00

0.00

In[Cy(Cy-C{]

-2.00

-4.00

-6.00 -

Time, min

(a) Thomas and (b) Yoon Nelson models for biosorption of Pb(ll)



JOHN BABU

10 of 13 I ENVIRONMENTAL PROGRESS
& SUSTAINABLE ENERGY

TABLE 9 Kinetic models for column

Inlet concentration

studies of biosorption of Pb(ll)

S. No. Model Constants 50 mg L* 100 mg L~
1 Thomas model Qo(mgg™ 27.859 71.52

Ky (ml [mg min]™Y) 0.006 0.0048

R? 0.982 0.99
2 Yoon-Nelson model Kyn (L/min~%) 0.33 0.48

7 (min) 133.72 85.91

R? 0.982 0.099

slope and intercepts of plot of In(C;/(Co — C;) vs t showed in Figure 9
(b). The results shown in Table 9, reveals that the values of kyyn
increased from 0.33 to 0.48 min~! with increase of inlet concentra-
tion. The regression coefficients 0.982 and 0.99 for 50 and
100 mg L™%, respectively, suggest that the experimental data was
good fit to the model. The dynamic biosorption potential obtained
from Thomas model for initial Pb(ll) concentration of 50 mg L™t is
slightly higher than the maximum biosorption potential estimated
from Langmuir. Hence, the results demonstrates that continuous
mode is preferable than batch mode for biosorption of Pb(ll) onto

spent G. acerosa.

3.3 | Regeneration of biosorbent

Reuse of spent biosorbent is one of the important commercial aspects
biosorption. The best approach for regeneration of biosorbent is
treatment of spent biosorbent with dilute acid. Hence, Nitric acid has
been used as eluent for Pb(ll) desorption in batch processes and
results showed that the desorption efficiency was 93.5% for first
cycle.” In addition, the loss of the adsorption capacity of approxi-
mately 10% was noticed after the first adsorption-desorption cycle.
This parameter remained nearly constant for all the other cycles.
Hence, spent G. acerosa may be regenerated for many times without a
total loss of their biosorption efficiency.

3.4 | Biosorbent characterization

The FT-IR spectra of spent G. acerosa (Figure 10) showed several peaks
in the range of 4000 to 400 cm™! which indicates the surface of spent
biomass of G.aceroas is having substantial number of functional groups
to capture the metal ions. The broad band at 3319 cm™! indicates N-H
stretching, which represents primary amine or O-H alcohol functional
groups. The broad peaks noticed at 3003 and 2899 cm™ are associated
with C-H bonds of carboxylic groups.®®>” The major functional groups
of cell wall of brown algae are carboxylic and amino groups, which are
key elements in metal binding.5® The sharp peaks in the range of 2157
to 2024 are indicative of C = C stretch, which is associated with alkyne
groups. The medium and vibrational peaks in the region of 1721 to
1428 cm™ are the representatives of C=C stretch and are indicatives of

multiple bonds of carboxyl groups.”® Strong stretching vibrations in the

S
o)
(8]
c
©
b=
£
n
c
o
l_
—— Before Biosorption J|
—— After Biosorption
25 : . , .
1000 2000 3000 4000
Wavenumber (cm™)
FIGURE 10 FTIR spectrum of biosorption of Pb(ll) [Color figure

can be viewed at wileyonlinelibrary.com]

range of 1178 to 1071 cm™? are indications of C-O bonds that are asso-
ciated with the presence of alcohols and phenols. While the broad band
at 797 cm™?! represents O-H group indicating the strong halide stretch.
Therefore the afore mentioned observations are strong indicatives of
various functional groups present on the surface of spent G. acerosa
which plays key role in metal uptake from aqueous solutions.

The spectrum of spent G. acerosa loaded with Pb(ll) showed
(Figure 10) significant changes. The new sharp peaks observed at
2951 and 2838 cm™! and shuffling of peaks from the range of
1721-1482 to 1708-1585 are the clear manifestations of binding of
Pb(ll) ions to amine and carboxylic groups of spent G. acerosa. Further,
formation of peaks at 1282 and 1208 are indicating the involvement
of C-O group in metal uptake. Moreover, new peaks at 881 and
836 cm™! discloses the binding of Pb(ll) ions with C=H group, alkene
functional group on the surface of spent G. acerosa. Hence, all these
observations together demonstrate the attachment of Pb(ll) ions with
the notable surface functional groups of spent G. acerosa.

The SEM monograph of spent G. acerosa was recorded to detect
the surface texture before biosorption and its modification due to the
interactions with loaded Pb(ll) ions. The result obtained was illustrated
in Figure 11. The spent G. acerosa shows very rough surface texture
with pores (Figure 11(a)) before biosorption. Hence, there is a great

possibility for biosorption of Pb(ll) ions onto spent G. acerosa. The
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SEM HV: 10.0 kV WD: 13.86 mm
SEM MAG: 1.00 kx Det: SE

FIGURE 11

smooth surface with closed pores and change of surface color after
biosorption as shown in Figure 11(b) signifies the trapping of Pb(ll)
ions by the surface functional groups.

4 | CONCLUSIONS

The present research was carried out to investigate the lead biosorpton
potential of spent G. acerosa in batch and fixed bed continuous modes
of operation. RSM was used for process optimization and found that ini-
tial pH of Pb(ll) is the most dominant parameter followed by biosorbent
dosage and initial Pb(ll) concentration. The maximum Pb(ll) removal
obtained by RSM is 90.75% at optimum process parameters of initial
pH of Pb(ll) solution 5.15, initial Pb(ll) concentration of 37.35 mg L™!
and biosorbent dosage of 0.04 g. Kinetic studies demonstrated that the
mechanism behind metal binding is chemical reaction between metal
cations and surface functional groups with ion exchange. Further the
metal ions transfer rate was controlled by both film diffusion and
intra-particle diffusion. Langmuir isotherm showed that the best fit to
equilibrium experimental measurements and the maximum lead uptake
estimated using this isotherm is 27.02 mg g™ L. Fixed bed column studies
revealed that metal uptake capacity increased with metal ions concen-
tration in inlet solution. Moreover, the breakthrough times significantly
decreased with increase in concentration. Above all concludes that the
spent G. acerosa could be a successful biosorbent for elimination of lead
from industrial effluents. Designing of fixed bed column with spent
G. acerosa suggests that spent G. acerosa can be used as a biosorbent

for larger scale industrial operations.
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