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ABSTRACT

The biosorption of Zn(Il) from aqueous solution by algal biomass was carried out in batch
and column study. In batch experiments, the effect of the modification on four types of
brown algae, Cystoseira indica, Sargassum glaucescens, Nizimuddinia zanardini, and Padina
australis by Formaldehyde (FA), CaCl,, and HCl was investigated. The results showed that
FA-treated S. glaucescens has the maximum metal uptake capacity (29.13 mg/g). The ability
of S. glaucescens to remove Zn(Il) was studied in a packed-bed column with 1.6 cm internal
diameter. The column experiments were conducted to evaluate the effect of important
design parameters such as bed height and flow rate, and the breakthrough curves were
obtained. As the bed height increased, the breakthrough and exhaustion time increased,
whereas the breakthrough curves slope decreased. The maximum dynamic capacity,
71.17 mg/g, was found in the column with 18 cm height and 4 mL/min flow rate. Several
empirical models such as bed depth service time, Thomas, Yoon-Nelson, and modified
dose-response were used to obtain the best fit of column data. From the breakthrough
curves, the fitness of data to the mentioned models revealed. ANOVA and one-sample ¢-test
were performed on experimental data to determine the best desorbent for three
sorption—desorption cycles and NaCl performed well in desorption of Zn(II).
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1. Introduction

The presence of toxic metals such as Cu, Cd, Mg,
Mn, and Zn in industrial effluents is an important
source of environmental pollution around the world.
These heavy metals discharged from various industries
such as mining, leather, electroplating, and textile, have
inverse effects on human and environment [1,2].

*Corresponding author.

Therefore, the uptake of heavy metal ions from
wastewater and investigation of the separation meth-
ods has attracted a great attention in recent years [3].
Among all separation methods such as reduction and
precipitation, coagulation and flotation, adsorption,
ion exchange, membrane technologies, reverse osmosis
and filtration, adsorption could be a good technique
because of its cost saving. Biosorption, as an
alternative method, is more economical and provides
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a greater metal sorption capacity, even at very low
metal concentration [4,5].

Biomass selectivity is an important activity during
the biosorption process. Typical biosorbents could be
achieved from three sources as follows: (1) microbial
biomass, e.g. bacteria, fungi, and yeast; (2) chitinous
materials, e.g. krill, squid, and crab shell; (3) algal
biomass, e.g. red, green, and brown algae [6]. Algal
biomass as a sorbent has many advantages such as
cost saving, the possible contaminant recovery from
the biomaterial, low sensitivity to environmental and
impurity factors [6,7]. In a category of brown algae,
Sargassum genus, due to specific construction in its cell
wall (carboxylic and sulfate groups in alginic acid and
fucoidan) has great ability in heavy metal adsorbing
[1,8].

Most of the latest works on algal biosorption have
been performed in batch systems [9,10]. Since most
treatment systems were changed by time, the recent
attempts have been done on the performance of
continuous sorption systems (e.g. in packed-bed col-
umns) [1,3,11]. Due to its inherent effectiveness in an
adsorption process, the packed-bed column is gener-
ally preferred. Packed-bed column has some advan-
tages such as simple operating, high possible packing
density of the adsorbent, yielding a high volumetric
productivity, and it can be easily scaled up from a
laboratory-scale procedure. The stages in the separa-
tion protocol can also be automated, and high degrees
of purification can often be achieved in a single-step
process [12,13].

The aim of this study is the removal of Zn(Il) ions
by screened alga, Sargassum glaucescens, from aqueous
solution using a fixed-bed adsorption column. The
effects of flow rate and the bed height in the
adsorption process were investigated. In this work,
mathematical models such as Thomas, bed depth
service time (BDST), Yoon-Nelson, and modified
dose-response were used to analyze the breakthrough
curves.

2. Materials and methods
2.1. Biomass preparation

In this study, samples of brown marine algae as
biosorbent, Cystoseira indica, Sargassum glaucescens, Niz-
imuddinia zanardini, and Padina australis, collected from
Oman Sea on the coast of Chabahar, Iran. They were
washed with tap water followed by sun-drying for
48 h. Then, the samples in the laboratory washed with
deionized water and subsequently dried in an oven at
80°C for 24 h. The dried biomass crushed and sieved
(RETSCH AS-200, Germany) to a particle size of
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0.5-1.0 mm. Finally, the biomass were pre-treated with
calcium chloride (CaCl,) [14], hydrochloric acid (HCI)
[13], FA (Formaldehyde) [15], to increase the sorption
capacity and to activate the adsorbent binding
sites [5].

2.2. Zinc solution preparation

The stock solution of Zn®* was prepared by dis-
solving ZnCl, (Merck, Germany) in distilled water.
Batch studies done by other authors indicated that the
pH value of Zn** biosorption using similar seaweeds
ranged 4-6, dominantly was about 5 [9,10], so the
Zn** solution pH was maintained on 5 by adding
0.1-1M NaOH or HCI solution. The pH of column
effluent was checked regularly to adjust influent pH.

2.3. Batch biosorption experiments

Batch experiments were performed by adding
0.06 g (2 g/L) of algal biomass into a series of Erlen-
meyer flasks containing 30 mL of Zn** solution having
an initial metal concentration of 60.62 mg/L. The
flasks were agitated at 150 rpm in a rotary shaker at
25°C for 1.5 h. The algal biomass was separated from
the metal solution by filter paper. The ICP-OES (in-
ductively coupled plasma-optical emission spectrome-
ter, PerkinElmer-optima 2100, USA) was utilized for
determining the metal concentration in the solution.

The amount of metal adsorbed by the modified
alga was calculated using the following equation [16]:

g = V(Co - Ce) 1)

m

where g is the metal uptake, Cy and C. (mg/]) are the
initial and equilibrium metal concentrations in the
solution, respectively. V (L) is the solution volume,
and m (g) is the mass of biosorbent.

The biomass sample’s regeneration that performed
after their exhaustion is very important due to the eco-
nomic concepts. The metal-loaded biomass was con-
tacted with three elutants, 0.1 M HCI, 0.1 M EDTA,
and 0.1 M NaCl, in 100-ml Erlenmeyer flasks for 6 h
on a rotary shaker (150 rpm) to study the elution of
biosorbed metal ions. To evaluate the biomass sorp-
tion capacity, three cycles of the adsorption-desorp-
tion process were performed.

2.4. Column experiments

Continuous-flow sorption experiments were car-
ried out in a glass column of 22 cm length and 1.6 cm



R. Dabbagh et al. | Desalination and Water Treatment 57 (2016) 24509-24518

internal diameter. Two adjustable polyethylene plun-
gers covered with stainless filter sieves with 0.5 mm
pore size at both top and bottom of the column in
order to provide a uniform inlet solution flow, a good
liquid distribution within the column and to avoid
any loss of adsorbent material.

The Zn** metal solution with 32 mg/L initial solu-
tion was pumped upward through the columns of 6,
12, and 18 cm heights, at the distinct flow rate (2, 4,
and 8 ml/min) by a peristaltic pump (Watson Mar-
low). Collected samples from column effluent at dif-
ferent times were analyzed to determine adsorbed
metal concentration. The column sorption operation
was stopped when the effluent metal concentration
reached a constant value (C/Cy = 0.95).

The amount of metal ions adsorbed per unit mass
of biosorbent in the column was calculated using the
following equation [17]:

. % ) Zv(ti_til)r(nl - (C%)l) Co (2)

where Q; (mg) is the total amount of Zn** adsorbed in
the biosorbent column; “i” is the number of sampling
point; t; is the ith time point; (C/Cyp); is the ratio of ith
effluent concentration over the initial concentration, v
(ml/min) is the flow rate of the influent, and m (g) is
the mass of biosorbent packed in the column.

2.5. FT-IR analysis

After metal adsorption and desorption experi-
ments, a sample of biosorbent was washed with
distilled water, dried, and used for Fourier transform-
infrared spectroscopy (FT-IR) analysis.

FT-IR was carried out to give a qualitative and pre-
liminary characterization of the main functional chem-
ical groups present on the algal biomass, which are
responsible for Zn** biosorption. The KBr-pressed disk
technique was used to analyze the FA-treated sample
and Zn(ID)-loaded biomass.

2.6. Breakthrough curve modeling

The biosorption process modeling is essential and
important in designing and optimization of adsorption
processes. The performance of a packed-bed is
obtained through the concept of the breakthrough
curve [17]. The shapes of the breakthrough curve and
breakthrough appearance times are two important
characteristics for determination of operation and
dynamic response of an adsorption column. The
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prediction of the concentration-time profile from the
breakthrough curve for the column effluent is required
for a successful design of the column process. In this
study, several models such as BDST, Thomas, Yoon-
Nelson, and modified dose-response were used to ver-
ify the performance of fixed-bed biosorption columns
and analyze their breakthrough curves.

2.6.1. BDST model

The BDST model was derived from the equation
described by Adams-Bohart, but it was modified By
Hutchins [18,19]. It was used to compare the uptake
capacity of the adsorption column. BDST is a model
for predicting the relationship between service time
and bed height in terms of process concentration and
biosorption parameters [19,20]. This relation has the
term of a straight line, where the biosorption capacity
of the bed (Np) can be evaluated from the line slop,
which represents the time required for the adsorption
zone to travel a unit length through the adsorbent.
The basic assumptions behind this model are that
external mass transfer resistance and intraparticle dif-
fusion are negligible, and the adsorption kinetics are
controlled by the surface chemical reaction between
the solute and the adsorbent [21]. This model can be
used for comparing the performance of column under
different process variables.

The following equation is the relationship between
service time (t) and bed height (z):

NeZ 1 (G
=2 KaC01n<C 1) 3)

where Cj (mg/L) is the initial metal ion concentration,
C (mg/L) is the breakthrough metal ion concentration,
Ny (mg/L) is the biosorption capacity of the bed, v
(cm/min) is the linear flow velocity of metal solution
through the bed, K, (L/mg min) is the adsorption rate
constant that describes the mass transfer from the
liquid to the solid phase, Z (cm) is the bed height, and
t (min) is service time.

2.6.2. The Thomas model

Thomas model is one of the most general and
widely used models in describing the column perfor-
mance [22]. It is also the simplest model for predicting
the breakthrough curves of metal sorption by biologi-
cal and non-biological materials. This model follows
the Langmuir kinetics of adsorption, with no axial
dispersion as long as the rate-driving force obeys sec-
ond-order reversible reaction kinetics [11]. Thomas
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model also assumes a constant separation factor but is
applicable to either favorable or unfavorable isotherm.
The nonlinear form of the model is given as follows:

C 1

i 4
Co 1+ exp (ngﬂ‘ _ VcékTh) @

where kry, (mL/mg min) is the Thomas rate constant,
qo is the equilibrium adsorbate uptake, V (1) is the
volume of metal solution passed through the column,
and m (g) is the mass of adsorbent.

2.6.3. The Yoon—Nelson model

The Yoon-Nelson model is a relatively simple
model based on the adsorption of gases on activated
charcoal. This model was derived based on the assump-
tion that the rate of decrease in the probability of
adsorption for each adsorbate molecule is proportional
to the probability of adsorbate adsorption and the prob-
ability of adsorbate breakthrough on the adsorbent [23].
The equation of this model is:

S - exp(kYNt — ‘L'kYN) (5)
CO o 1+ exp(kYNt — ‘CkYN)

where kyyn (min?) is the Yoon-Nelson rate constant and
7 is the time required for 50% adsorbate breakthrough.

2.6.4. The modified dose-response model

This model is also used to analyze the biosorption
column data [24]. The empirical equation of this
model is:

C 1
&) ©

where (I) is the volume of metal solution passed
through the column, 4,4, and byg, are the modified
dose-response model constants.

3. Results and discussion
3.1. Batch studies

In this research, batch studies were carried out on
the comparison between Zn** biosorption of various
species of raw and chemically modified brown algae.
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3.1.1. Influence of treatment on biomass

The chemical and physical processes performed on
the biosorbent surface, usually increase the adsorption
capacity [5]. Surface modification by FA can improve
the biosorbent surface and prevent leaching of adsorp-
tive components from biomass. In addition, HCl and
CaCl, act as modifiers and increase the stability of the
biosorbent material, reinforce the activate sites and
enhance biosorbent properties [14,15].

Four types of brown algae mentioned above were
treated by three chemicals, 0.1 M HCl, 0.1 M FA, and
CaCl;, at pH of 5. The results indicate that FA-treated
S. glaucescens have the highest Zn biosorption capacity
of 29.13 mg/g. From Fig. 1, it is obvious that modifica-
tion with FA leads to a significant increase in Zn(II)
biosorption.

3.1.2. Batch desorption experiments

Biomass regeneration is essential and necessary
because of its economic aspects. For desorption of Zn
ions from the algal biomass, three different elutants,
namely 0.1 M HC], 0.1 M NaCl, and 0.1 M EDTA were
utilized. To evaluate the sorption capacity, three sorp-
tion-desorption cycles were performed at pH of 5. Vari-
ance analysis (ANOVA) and one-sample {-test were
used to investigate the regeneration experimental
results. For Zn**-loaded biomass, p-value is lower than
0.05 and the values of F are higher than the critical F
(19.61 > 5.14) (p-value: 0.002 <0.05). These values
showed that the sorption capacity is affected by the type
of desorbent agent solution region of with 0.95 confi-
dence. Furthermore, there is a significant difference

@Sarg

BCys @Niz @Pad

HCI CaCi2
Modification

Raw

Fig. 1. Comparison between biosorption Zn(II). Various
species of raw and chemically modified brown algae
(C;=60.62mg/l; Time=15h; T: 25°C; biomass dosage:
2g/L).
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between elutants and biomass sorption capacity after
regeneration.

For a 5% level of significance, the critical t is 4.303
and t value for HCl, NaCl, and EDTA were 13.78,
1.70, and 5.01, respectively. For HCl and EDTA,
p-values were lower than 0.05 and p-value related to
NaCl is high (0.05 < 0.231). From the above data, it
can be concluded that the t value of NaCl is lower
than the critical ¢. It is obvious from the t-test that the
number of elution times does not affect the biosorp-
tion process. Therefore, NaCl is the best desorbent for
elution and desorption of Zn(Il), due to its high des-
orption capacity. Another advantage of NaCl is its low
price, which is an important economic parameter. The
MINITAB software was used to carry out the one-way
ANOVA and one-sample t-test statistical analysis.

3.2. Packed-bed column studies
3.2.1. Effect of bed height

Breakthrough curves for Zn(Il) biosorption by FA-
treated S. glaucescens biomass at 4 mL/min flow rate,
32 mg/L initial concentration and different bed
heights are shown in Fig. 2. In order to yield various
bed heights, 0.95, 1.9, and 2.9 g of the FA-treated bio-
mass were added to the column to produce bed
heights of 6, 12, and 18 cm, respectively. It could be
observed that the breakthrough time (f,) and the
exhaustion time (f,) are increased by the bed height
increase (Table 1). An expanding in the surface area of
the algal sorbent was seen due to the increase in the
quantity of biomass and rising column height. The
greater number of available sorption sites yielding can
be the reason of this event. By increasing the bed
heights from 6 to 18 cm, the S-curve slop (dc/d#) is

12
1 ’ ‘/a .
e ]
* ] -
0.8 1 / A
3] / e
= ¥
Sos{ ] /1 »
i/
| / —+—h=6cm
o4l [/ /
‘ / / —&— h=12cm
| 4 4
024 | f
| “ " —&— h=18cm
0 4aet 4 e r :
0 10 20 30 40 50

Time (h)

Fig. 2. Breakthrough curves for biosorption of Zn(Il) by
FA-treated S. glaucescens at different bed heights (flow
rate = 4 ml/min; C; = 32 mg/1; pH 5).
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decreased from t, to t., which indicates that the break-
through curve becomes less steep and the mass trans-
fer zone becomes to more broaden (Fig. 2). Moreover,
S. glaucescens metal uptake capacity increased by the
increase in the bed height, due to the availability of
more binding sites for sorption [16].

3.2.2. Effect of flow rate

The effect of changing flow rate from 2 to 8 mL/min
on the biosorption of Zn(II) by FA-treated S. glaucescens
biomass was studied at 6 cm bed height. The results are
shown in the breakthrough curves in Fig. 3. The
observed increase at the flow rate leads to a reduction
in breakthrough and exhaustion time, so the break-
through curves become steeper with a shorter mass
transfer zone (Table 1). The insufficient residence time
of the solute in the column and diffusion limitation of
the solute into the pores of the biosorbent at higher flow
rates could be the probable reason for this behavior
[16]. By increasing the flow rate from 2 to 8 mL/min, a
little rise in the FA-treated S. glaucescens biosorption
capacity was detected and maximum metal uptake was
observed at the highest flow rate (8 mL/min) (Table 1).

3.2.3. Model of column data

In this study, four empirical models such as BDST,
Thomas, Yoon-Nelson, and modified dose-response
have been investigated to obtain the best breakthrough
curve fit of data, describing the behavior of a biosorp-
tion column. The experimental breakthrough curves
have been fitted to the models through the nonlinear
regression, using the MATLAB software.

3.2.3.1. BDST model. As shown in Fig. 4, the BDST
model confirmed a relationship between the bed depth
and the breakthrough time. The column service time
was chosen as the time when the effluent Zn(II) concen-
tration reached about 1.6 mg/L (C/Cy =0.05). A good
linearity with 0.98-0.99 regression coefficients for the
three flow rates was observed from the plots, indicating
the validity for the model. The sorption rates constant
(ky) and the sorption capacity of the bed per unit bed
volume (Ny), which shown in Table 2, were evaluated
from the intercept and slope of BDST plot, respectively.
This model assumes that the initial concentration (Cgp)
and the linear flow velocity, v (cm/min), are constant
during the column operation [25]. The BDST model can
be useful to predict the packed-bed column perfor-
mance with different bed heights and scale up the pro-
cess for the flow rates without further experimental
data and analyses.
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Table 1
Adsorption data for fixed-bed column for Zn(II) removal at different process parameters
Bed height (cm) Flow rate (ml/min) te (min) t, (min) Ve (it) g (mg/gr)
6 2 1,350 660 2.7 56.85
6 4 780 260 3.12 56.46
6 8 600 120 4.8 58.71
12 4 2,100 660 8.4 66.29
18 4 2,400 1,290 9.6 7117
Notes: C; =32 mg/L; pH 5.
12 parameters show that the experimental data fitted well
to the Thomas model. The model gave a good fit of the
1 el i experimental data (greater than 0.99 in the column with
08 ' ) r,/ _ 6 cm bed height and 8 ml/min flow rate). As the bed
s ’/a” / height increased at 4 ml/min flow rate, the rate con-
Q06 J / / stant kp, values decreased, whereas the maximum
0.4 l / —+— Q=2 mimin uptake capacity (gp) increased. An increase in the flow
! + /of Sm—— rate from 2 to 8 ml/min leads to a little diminution in
021 | | the maximum uptake capacity. Similarly, researchers
il . o e reported that the Thomas model overestimated g, the
0 5 10 15 20 25 value for Zinc (II) sorption by biosorbents [26]. From
Time (h) the good fit of the experimental data on the Thomas

Fig. 3. Breakthrough curves for biosorption of Zn(Il) by
FA-treated S. glaucescens at different flow rates (bed
height = 6 cm; C; = 32 mg/1; pH 5).

+ Q=2 ml/min

y = 2.0833 - 0.6667
_ R =0.9868

A Q=4 miimin
30 4 ®0=8 mlimin

y=1.4308x - 4.8033
R =0.9837

¥ = 0.5208x - 0.8333
R*=09985

0 5 10 15 20
Z (cm)

Fig. 4. The plot for Zn(II) biosorption by FA-treated S.
glaucescens at different flow rates according to the BDST
model (C; = 32 mg/1; pH 5).

3.2.3.2. The Thomas model. To determine the maximum
solid-phase concentration (o) and Thomas rate constant
(kTn), the experimental data were fitted to the Thomas
model. The model constants, kt;, and go, are shown in
Table 3. Fig. 5 indicates the predicted values of Zn(II)
concentration in the column effluent for different condi-
tions. The regression coefficient (R?) and other statistical

model, we can conclude that the internal and external
diffusion will not be the limiting step. Furthermore, to
study this state and the porous structure role in the
biosorption using intraparticle diffusion model, an
experimental test has been done, and the results
revealed this fact (Kig =29.174 mg/g min 7,
a =0.130 mg/g, and R* = 0.972).

3.2.3.3. The Yoon—Nelson model. The Yoon-Nelson
model was applied to investigate the breakthrough
behavior of Zn(Il) on the algal biomass. The value of
the rate constant (kyn) and the time required for 50%
adsorbate breakthrough (7) are given in Table 4. As
given on this table, the calculated 7 values are quite
close to those found experimentally. As the bed height
increased from 6 to 18 cm at 4 ml/min flow rate, the
values of kyn decreased, whereas the time required
reaching 50% of retention, 7, increased. With increas-
ing the flow rate from 2 to 8 ml/min at a constant bed
height (6 cm), the kyn value was increased, while the ©
values showed a reverse trend. As shown in Fig. 6,
the experimental data in the column with 6 cm height
and 8 ml/min flow rate, were fitted well (R? > 0.99) to
the Yoon-Nelson model.

3.2.3.4. The modified dose-response model. The constants
of this model (a,,qr and b,,g,) are shown in Table 5. As
the bed height increased from 6 to 18 cm at 4 ml/min
flow rate, both a4, and b,g, increased. For the
column with 6 cm height and 8 ml/min flow rate, the
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Table 2
BDST model parameters at different flow rates for Zn(Il) removal
Flow rate (ml/min) v (cm/h) Slope Intercept Ny (mg/1D) K, 1/mg h) R?
2 59.71 2.0833 0.66 3,980.80 0.1414 0.9868
4 119.43 1.4308 4.89 5,468.03 0.0204 0.9837
8 238.85 0.5208 0.83 3,980.64 0.0987 0.9995
Notes: C; = 32 mg/1; pH 5.
Table 3
Thomas model parameters at different bed heights and flow rates
Bed height (cm) Flow rate (ml/min) K (1/gr min) Jcal (Mg/gr) Jexp (Mg/gr) R?
6 2 0.393 54.60 56.85 0.98
6 4 0.394 52.83 56.46 0.95
6 8 0.890 53.49 58.71 0.99
12 4 0.188 61.81 66.29 0.95
18 4 0.201 68.06 71.17 0.95
Notes: C; = 32 mg/1; pH 5.
1.2 1.2
T e .. %
x /” ¥ { x / +
f/ * / w / +
-"f::‘ ——— Thomas model / A
| +/ ‘Yoon-Melson model
W Q=2 mimin, he=g em / f.l"
/ B Q=2 miimin, h=& cm
A Q=4 miimin, h=6 cm ';ff' b R
L ] Q=8 mlimin, h=6 cm ’;.a ™ Q=8 miimin, h=6 cm
x Q=4 mimin, h=12cm / X Qsd mbimin, h=12 em
+ Q=4 ml'min, h=18 cm .ﬂ" + Q=4 mi/min, h=18 cm
8 10 12 30 40 50
V (lit) Time (h)

Fig. 5. Comparison of the experimental and predicted
breakthrough curves for Zn(Il) biosorption by FA-treated
S. glaucescens at different bed heights and flow rates

according to the Thomas model (C; = 32 mg/1; pH 5).

Fig. 6. Comparison of the experimental and predicted
breakthrough curves for Zn(Il) biosorption by FA-treated
S. glaucescens at different bed heights and flow rates
according to the Yoon-Nelson model (C; = 32 mg/1; pH 5).

Table 4

Yoon—-Nelson model parameters at different bed heights and flow rates

Bed height (cm) Flow rate (ml/min) Kyn (1/h) Teal () Texp (h) R?
6 2 0.754 14.22 14 0.97
6 4 0.757 6.88 6.5 0.95
6 8 1.709 3.48 3.5 0.99
12 4 0.361 16.1 16 0.95
18 4 0.385 26.6 26.2 0.96

Notes: C; =32 mg/L; pH 5.
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Table 5

Modified dose-response model parameters at different bed

heights and flow rates

Bed height (cm) Flow rate (ml/min) a b R?

6 2 9.88 1.704 0.98
6 4 497 1616 0.97
6 8 551 1.647 0.99
12 4 544 3.774 0.96
18 4 955 6.635 0.97

Notes: C; = 32 mg/1; pH 5.

experimental data fitted well to the modified dose-
response model (R* > 0.99) as it has shown in Fig. 7.

3.3. Biosorbent characterization

The chemically functional groups such as car-
boxylic acids, amide, amine, amino, and sulfonate in
the adsorbent cell wall could be identified with FT-IR
analysis. The results from this analysis for FA-treated
and Zn-loaded S. glaucescens biomass are shown in
Fig. 8. Comparing FA-treated biomass and Zn-loaded
biomass revealed that two peaks were observed at
3,437 cm ™' (FA-treated biomass) and 3,429 cm™ ' (Zn-
loaded biomass), characterizing N-H and O-H stretch-
ing (amine and hydroxyl groups, respectively) [27,28].
Although, amine functional groups were not the main
group within the cell wall structure of the brown alga,
their contribution at Zn(II) biosorption was confirmed
with FT-IR analysis [29].

The shift from 2,930 cm™ ! (FA-treated biomass) to
2,922 cm~! wavenumbers in Zn-loaded biomass attrib-
uted to O-H stretching vibration of the carboxyl group

1.2

* ,-"'; - Mdr model

. B Q=2 mimin. h=6 cm
Q=4 miimin, h=8 em
Q=8 mlimin, h=8 em

/ x Q=4 mimin, h=12 em

/ +  C=4 mi'min, h=18 em

T T T

6 8 10 12
V (Lit)

Fig. 7. Comparison of the experimental and predicted
breakthrough curves for Zn(Il) biosorption by FA-treated
S. glaucescens at different bed heights and flow rates
according to the modified dose-response model
(C; =32 mg/L; pH5).
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[27,30]. The observed peaks at 2,866 cm ™! (FA-treated
biomass) are related to the normal stretch of car-
boxylic acid groups and the peak at 2,082 cm™' (in
both biomass) representing amine groups (N-H)
[30,31,32]. The shift stretch and peak at 1,629 cm™
(FA-treated biomass) and 1,637 cm™ ! (Zn-loaded
biomass) are related to COOH stretch vibration of
carboxylic acid groups. The peaks at 1,438 and
1,383 cm ™! (FA-treated and Zn-loaded biomass) may
be attributed to -CH; unsymmetrical bending
vibration and C(=0)-O~ symmetrical stretching vibra-
tion in carboxylate, respectively [24,31]. The shift from
1,094 cm™!  (FA-treated biomass) to 1,054 cm *
(Zn-loaded biomass) could be related to the organic
phosphate groups and P-O stretch [24,32]. Some func-
tional groups such as sulfate (5O and S=O stretches)
had less influence on the adsorption [29].

From the Fig. 8, it can be seen the considerable
shift in the analysis spectrum before and after Zn
sorption at 2,343 cm™' wave number, representing
C-H functional group [27,33]. From the above, it can
be concluded that the functional groups such as
carboxyl, amine, and carboxylic acid have the most
influence on Zn** biosorption.
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Fig. 8. FT-IR spectra of FA-treated S. glaucescens before
(up) and after (down) Zn(II) biosorption.



R. Dabbagh et al. | Desalination and Water Treatment 57 (2016) 24509-24518

Table 6
A comparison between zinc ion sorption by some sorbents
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Type of reactor and

Biosorbent Class Operating conditions gmax (Mg/g) operation mode Refs.

Palm tree leaves Agricultural wastes pH 5.5 14.70 BSR [34]

Rice bran Agricultural wastes pH 5.0 21.07 BSR [35]

Activated carbon Agricultural wastes pH 5.0 6.65 PBR [36]

Wheat bran Agricultural wastes pH 6.5 16.40 BSR and PBR [37]

Fucus spiralis Green microalgae pH 4.5 34.30 BSR [38]

Sargassum glaucescens Brown alga pH 5.0 29.07 BSR and PBR Current research

Notes: BSR, Batch stirred reactor; PBR, Packed-bed reactor.

4. Conclusions

A lot of studies carried out to remove zinc ions (or
heavy metals) from aqueous solutions using biosor-
bents in the batch systems. Results showed biosor-
bents having a good potential to removal Zn** ion
from aqueous solutions. A comparison between some
sorbents and their sorption capacities reported by
researchers is summarized in Table 6. In this research,
the biosorption of Zn** by dried brown algal biomass
was studied in both batch and column system. Batch
experiments were performed on four types of brown
algae, namely Cystoseira indica, Sargassum glaucescens,
Nizimuddinia zanardini, and Padina australis, to evaluate
their Zn(Il) biosorption capacity. Comparison of Zn(II)
biosorption capacity between four brown algae in raw,
and chemically modified forms indicated that the
maximum uptake capacity occurs in the Zn(Il)
biosorption by FA-treated S. glaucescens at pH of 5.
This value measured to be 29.13 mg/g. Desorption
experiments were carried out with three elutants,
namely NaCl, HCI, and EDTA and statistical analysis
results showed that NaCl is the best deosrbent.

FA-treated S. glaucescens was utilized in a packed-
bed column for biosorption Zn(Il), due to its high sorp-
tion capacity. Breakthrough curves were obtained at
different bed heights and liquid flow rates. The metal
uptake capacity was increased by the rise in bed height,
and the breakthrough time (#,) and exhaustion time (f.)
were increased as well. Flow rate changing had no sig-
nificant effect on metal uptake capacity. The bed depth
service time model was used to predict the relationship
between service time and bed height, which is essential
in column process design. The behavior of break-
through curves for the packing bed column was also
investigated with other models such as Thomas, Yoon-
Nelson, and modified dose-response. The constants of
these models were obtained with high regression coeffi-
cients to be ranged from 0.95 to 0.99. Among all models
that were investigated in this paper, the BDST model

gives the best fit of the breakthrough curves to experi-
mental data.
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