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Abstract Biosorption has gained much ground as a
wastewater treatment technology. In this work, modified
algal biosorbents were synthesized by immobilizing
Cladophora sp. alga in alginate beads and silica gel.
The resultant biosorbents were evaluated for the retriev-
al of mercury from aqueous solutions using batch scale
experiments. Optimal metal removal was achieved at
pH 5, agitation time 60 min, initial metal concentration
100 mg L', and temperature 16 °C. Moreover, the
experimental data fitted the Langmuir isotherm,
pseudo-second-order kinetic model and
Dubinin-Radushkevich isotherm thus showing that
biosorption occurred on a homogeneous layer and ion
exchange was the dominant mechanism. Both
biosorbents also had high selectivity for Hg** in
multi-elemental solutions. This work showed the poten-
tial of Cladophora sp. immobilized in alginate beads
and silica gel in removing mercury from industrial
wastewaters.

Keywords Mercury - Biosorption - Cladophora sp. -
Alginate - Silica gel

J. G. Mokone * H. Tutu - L. Chimuka -

E. M. Cukrowska (D<)

Molecular Sciences Institute, School of Chemistry, University of
the Witwatersrand, Private Bag X3, Wits, Johannesburg, Gauteng,
South Africa

e-mail: ewa.cukrowska@wits.ac.za

1 Introduction

Mercury is one of the most studied trace elements
because it is toxic, persistent, and easily dispersed
over global distances (Rezaee et al. 2006; Zeroual
et al. 2003). It also exists in a variety of species, of
which the organic species (methylmercury) are the
most lethal due to its propensity to bioaccumulate
and biomagnify in food webs thus causing severe
human health complications (Han et al. 2014;
Shabudeen et al. 2013). Consequently, the World
Health Organization (WHO) has fixed maximum per-
missible levels for mercury in drinking water and
industrial discharges at 1 and 5 pg L™, respectively
(Mohan et al. 2001; Wang et al. 2004). Accordingly,
much research work has focused on developing tech-
nologies for the abatement of mercury in industrial
wastewaters to meet these stringent requirements
(Oehmen et al. 2014; Urgun-Demirtas et al. 2013).
Traditionally, the methods used for the treatment of
mercury-impacted wastewaters include chemical pre-
cipitation, ion exchange, membrane filtration, and coag-
ulation (Carro et al. 2011; Figueira et al. 2011; Lohani
et al. 2008; Rezaee et al. 2006). Nonetheless, some of
these techniques are plagued by drawbacks such as
inefficiency at low metal concentrations, high capital
and operational costs, and the production of toxic
secondary products (Shabudeen et al. 2013; Vasudevan
et al. 2012). Hence, biosorption using biological
materials is emerging as an economic, effective, and
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eco-friendly alternative technique (Abdel-Aty et al.
2013; Meitei and Prasad 2013; Rocha et al. 2014).

Among all the biosorbents studied, algae are the most
preferred because of their wide abundance, high tolerance
to metal pollutants, high surface area to volume ratio, and
selectivity towards specific metals (Esmaeili et al. 2015;
Gupta et al. 2010; Zeraatkar et al. 2016). Algae also have
high adsorption capacities due to the presence of several
functional groups like amino, amide, sulthydryl, carboxyl,
carbonyl, and hydroxyl on their cell surfaces which act as
metal ligands (Amin et al. 2016; Anastopoulos and Kyzas
2015; Kumar and Oommen 2012). However, the major
downside of using algae for metal biosorption applications
is their fragility and tendency to disintegrate thus making
it difficult to separate them from the bulk solution after
completion of the process (Abu Al-Rub et al. 2004;
De-Bashan and Bashan 2010; Moreno-Garrido 2008).
Algal biomass also tends to clog columns during contin-
uous flow operations thus interfering with metal removal
(Ruiz-Marin et al. 2010; Sud et al. 2008). As a result,
several authors recommend the immobilization of alga
onto solid support matrices (De-Bashan and Bashan
2010; Kumar et al. 2016; Moreno-Garrido 2008).

The support materials that are commonly used for the
immobilization of algae are alginates and silica gel (Akar
et al. 2009; Cataldo et al. 2016; Muzarabani et al. 2015;
Suharso et al. 2010; Petrovic and Simonic 2016; Wang
et al. 2016). Alginates are biopolymers that are com-
prised of -D-mannuronic and «-L-guluronic acids
joined by 1-4 linkages (Bayramoglu et al. 2006; Cataldo
et al. 2013). They easily react with divalent cations like
Ca®* to form strong gels that can retain algae for long
periods (Barquilha et al. 2017). Alginates are the immo-
bilization agents of choice because they are non-toxic,
easy to prepare and have abundant carboxyl groups
which provide additional metal binding sites thus im-
proving the biosorption capacities of the entrapped algae
(Al-Rub et al. 2004). On the other hand, silica gel is a
synthetic, non-toxic and inert material synthesized pri-
marily through the reduction in pH of alkali silicate
solutions to values below 10 (Suharso et al. 2010). It
has a large surface area with many reactive sites which
allow for the immobilization of large quantities of algal
biosorbent (Akar et al. 2009; Suharso et al. 2010).

This study was aimed at evaluating the feasibility of
utilizing Cladophora sp. alga immobilized in alginate
beads and silica gel for the biosorption of mercuric (Hg?
*) ions from aqueous solutions. Cladophora sp. is a
green, filamentous alga found growing in freshwaters in
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most areas across the globe (Barquilha et al. 2017; Lee
and Chang 2011). However, very few research works
report its use for the biosorption of metals (Bagda et al.
2017; Jafari and Senobari 2012; Lee and Chang 2011). In
this work, the biosorption capabilities of Cladophora sp.
alga immobilized in alginate beads and in silica gel were
compared and the effects of parameters affecting Hg”*
biosorption were assessed. The experimental data were fit
into kinetic and adsorption isotherm models. The selec-
tivity of the biosorbents was investigated and their poten-
tial for reuse was evaluated.

2 Materials and Methods
2.1 Chemicals and Reagents

All the chemicals and reagents used in this study were of
analytical grade from Sigma Aldrich, South Africa.

2.2 Preparation of Solutions

Stock solutions (1000 mg L") were prepared by dis-
solving the required amounts of the nitrate salts of Hg**,
Pb**, Cu®*, Fe**, and Cd** in deionized water (Milli-Q,
18.2 M(Q).cm at 25 °C) purified using a Millipore Direct
UV-3 (France) water purification system. Subsequently,
working solutions of desired concentration were pre-
pared by serial dilution of the stock solutions.

2.3 Preparation of the Biosorbents

Cladophora sp. alga was collected from Alexandra Dam,
Springs, Johannesburg, Gauteng, South Africa. The algal
samples were thoroughly washed with running tap water
and then rinsed thrice with deionized water. Subsequent-
ly, the algae were cultivated in Bold’s acidic medium
(BAM) of known composition and harvested while they
were still in the stationary growth phase (Ji et al. 2012).
The algae were then acclimated in deionized water for
24 h before being air-dried on a filter paper to remove
excess moisture (Zeroual et al. 2003).

2.3.1 Immobilization of Cladophora sp. Alga
in Alginate Beads

This was achieved using a modified version of the
procedure described by Bayramoglu et al. (2006). First,
2 g of sodium alginate was dissolved in 50 mL of



Water Air Soil Pollut (2018) 229: 215

Page 3 of 14 215

deionized water with the aid of heating. The resultant
solution was cooled to room temperature (21 °C) before
being mixed with an algal suspension comprised of
1.0 g algae cells in 50 mL deionized water. Afterwards,
the mixture was added dropwise to 50 mL of 0.1 M
CaCl, while continuously stirring gently to form beads
of approximately 2 mm diameter. The formed beads
were left in solution for 90 min for complete gel forma-
tion. Thereafter, the beads were rinsed thoroughly using
0.85% (w/v) NaCl solution and stored at 4 °C in 5 mM
CaCl, for later use.

2.3.2 Immobilization of Cladophora sp. Alga in Silica
Gel

Cladophora sp. alga was immobilized in silica gel using
a modified version of the method described by Akar
et al. (2009). Five grams of silica gel was dissolved in
7% (w/v) aqueous solution of KOH with the aid of
heating. After cooling to room temperature, the solution
was mixed with an algal suspension made up of 2.5 g of
alga in 100 mL of deionized water. A few drops of 20%
(v/v) phosphoric acid were added to facilitate gel forma-
tion. The gel formed was dried at 60 °C for 24 h in a
WiseCube Fuzzy control (Germany) incubation system.
Subsequently, the gel was powdered and sieved to give
particles of size 0.5 to 1.0 mm and stored in PTFE tubes
for use in experiments.

2.4 Characterization of the Biosorbents

Powdered samples (particle size 0.5 to 1.0 mm) of the test
biosorbents were characterized using a Bruker Tensor 27
(Germany) Fourier transform infrared spectrophotometer
(FTIR) for functional group identification and an FEI
Quanta 200 (USA) scanning electron microscope
(SEM) for surface morphology studies. Thermogravimet-
ric analysis also was performed using a Perkin Elmer
STA 6000 (USA) thermal analyzer to deduce the thermo-
stability of the algal-based biosorbent materials. The sur-
face areas and pore volumes of the biosorbents were
determined using the Braunner-Emmet-Taylor (BET)
technique on a Micrometrics Trista 3000 (USA) analyzer.

2.5 Batch Biosorption Tests
Biosorption studies were conducted in 100 mL Erlen-

meyer flasks containing 0.5 g (dry weight) of biosorbent
suspended in 50 mL of metal solution of known

concentration held at pH 5. The reaction vessels were
agitated on a Labcon 3100E (USA) rotary shaker for
prescribed time periods while keeping the temperature
constant at 25 °C. After agitation, the test biosorbents
were separated from solution via gravimetric filtration
and the concentration of mercury remaining in the fil-
trates was measured. The biosorption capacities (g) were
determined using Eq. 1 (Lee and Chang 2011; Tuzen
et al. 2009).

q=(Co=Cc) x V/M (1)

where ¢ is the adsorption capacity (mg g "), Cy and C, are
the initial and equilibrium metal concentrations (mg L,
V is the volume of solution (L), and M is the mass of
sorbent (g).

The effects of pH (3-8.5), initial metal concentration
(1-100 mg L"), contact time (0—120 min), and temper-
ature (1640 °C) on the biosorption capacities were also
investigated. Furthermore, the elemental speciation of
the solutions was studied using the PHREEQC geo-
chemical modelling code (Parkhurst and Appelo 2013).

2.6 Effect of Competing lons

The effect of the presence of competing cations on the
biosorption of Hg?* by Cladophora sp. alga
immobilized in alginate beads and silica gel was evalu-
ated by conducting biosorption in the manner described
in Section 2.5 except that each biosorbent was suspended
in multi-elemental solution containing 1 mg L™ each of
Hg?*, Pb**, Co**, Cu®*, Fe®*, and Cd** ions. The selec-
tivity of the biosorbents was evaluated in terms of the
adsorption capacity and distribution co-efficient (Kp).
K was determined using the following equation (Lee
and Chang 2011; Tuzen et al. 2009).

Kp = (Co=Cy/Cy) (2)

where K is the distribution co-efficient and C, and Cy
are the concentrations before and after exposure to the
biosorbents.

2.7 Reusability Studies

Mercury-loaded biosorbents were regenerated by plac-
ing them in 50 mL beakers containing 10 mL of 0.1 M
HCI and shaking continuously for 2 h at 200 rpm. The
biosorbents were then separated from the desorption
medium and washed thoroughly with deionized water
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before being reused for biosorption. This process was
repeated for three successive adsorption-desorption cy-
cles and the efficiencies of Cladophora sp. alga
immobilized in alginate beads and silica gel were deter-
mined after each cycle.

2.8 Metal Analysis

All the solutions were filtered using 0.45 1M membrane
filters prior to analysis. Thereafter, their mercury content
was measured using a Perkin Elmer FIMS 400 (USA)
mercury analyzer. On the other hand, an inductively
coupled plasma optical emission spectroscopy
(ICP-OES), Spectro Genesis FEE (Germany) was used
for the determination of the concentrations of Pb**, Cu®
*, Cd**, and Fe** in multi-metal solutions before and
after metal binding. The accuracy of the method was
validated using a certified reference material (BCR 482
for trace elements in lichens) and elemental standards
were used throughout the analyses.

3 Results and Discussion
3.1 Functional Group Identification

The FTIR spectra of Cladophora sp. immobilized in
alginate beads and silica gel before and after mercury
binding are illustrated in Fig. 1. Prior to metal
biosorption, the spectrum for the alga immobilized in

Fig. 1 FTIR spectra of 105
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in alginate beads and silica gel
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alginate beads had four prominent peaks corresponding
to the overlapping of the —OH and —NH stretching
(3408 cm "), asymmetric and symmetric stretching vi-
bration of the —C=0 in the carboxyl group (1602 and
1419 cm ') and the C—O—C— vibration stretching
(1020 cm ™) (Petrovic and Simonic 2016). These peaks
are characteristic of the functional groups from both the
alga and alginate support matrix thus verifying that
immobilization had successfully been performed.

However, mercury binding onto the biosorbent result-
ed in the suppression of the peak at 3408 cm ' and the
depreciation in the intensities of the bands at 1606 and
1409 ¢cm ', This suggested that the -OH, —-NH, and —
C=0 groups were major contributors in the mechanism
for the biosorption of mercury onto Cladophora sp. alga
immobilized in alginate beads. Notwithstanding, the most
significant change caused by the binding of mercury onto
this biosorbent was the reappearance of the peak at
2356 cm ' due to the —CH group in alginate (Daemi
and Barikani 2012). This was attributable to the fact that
during metal binding, mercury which has a higher affinity
for nitrogen-containing groups replaced the -C—-O—C—
functional group which previously interacted with the
amine group thus resulting in the formation of a new —
CH bond (Daemi and Barikani 2012).

In the same manner, the FTIR spectrum of the alga
immobilized in silica gel originally had five conspicu-
ous peaks at 3010, 1739, 1367, 1217, and 640 cm . The
peaks were assigned to the overlapping of the -OH and
—NH groups, asymmetric and symmetric stretching

alga immobilized in alginate
alga immobilized in silica gel

alga immobilized in alginate after
biosorption
alga immobilized in silica gel after
biosorption
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vibration of the -C=0 group, and —Si—O-Si and Si—-O—
groups, respectively (Akar et al. 2009). This showed
that the alga immobilized in silica gel also had function-
al groups originating from both the alga and silica gel
thus verifying that immobilization had occurred. None-
theless, mercury binding resulted in the suppression of
the peaks at 3010, 1739, 1367, and 1217 cm™" thus
implying that the -OH, —-NH, Si—O—, and -C=0O- par-
ticipated in the process for the biosorption of mercury.
Nonetheless, the most prominent indication of mercury
biosorption onto the surface of Cladophora sp.
immobilized in silica gel was the appearance of a new
peak at 1066 cm ', This was attributed to the reappear-
ance of the Si—OH group in silica gel due to loss of
interaction of Si—O— with the amine group (Akar et al.
2009). This observation provided proof that the -NH
group is one of the major contributors towards the
biosorption of mercury from aqueous solutions by
Cladophora sp. alga immobilized in silica gel. The
results obtained for functional group identification on
the surfaces of biosorbents before and after metal
biosorption are congruent with those reported by others
(Akar et al. 2009; Torres et al. 2005; Petrovic and
Simonic 2016).

3.2 Surface Morphology Studies

Surface studies using SEM revealed significant changes
in the morphologies of the biosorbents after mercury
biosorption (Fig. 2). The surface morphology of the alga

immobilized in alginate beads was smooth and became
distorted after mercury binding. Similarly, the morphol-
ogy of Cladophora sp. alga immobilized in silica gel
was originally organized and comprised of algal fila-
ments attached to the surface. After binding, the surface
became rugged and showed an irregular distribution of
particle and crystalline deposits adhered to it. These
changes in morphology were attributed to exposure of
the biosorbent surface to mercury.

3.3 Thermostability Studies

The results for the thermostability of Cladophora sp.
immobilized in alginate beads and silica gel (Fig. 3)
showed that the two biosorbents followed different thermal
decomposition pathways. In the case of the Cladophora sp.
immobilized in alginate beads, thermal decomposition oc-
curred via four steps viz. moisture loss (25-240 °C), initial
destruction of glycosidic bonds (240-270 °C), followed by
further degradation of glycosidic bonds (270-330 °C), and
gradual degradation of all previously formed carbonaceous
materials (330-530 °C) (Patel et al. 2016).

On the contrary, the thermograph for the Cladophora
sp. immobilized in silica gel was much simpler and oc-
curred in only two steps due to the loss of physisorbed
water (100-150 °C) and condensation of vicinal groups
(200600 °C) (El-Naggar and Si 2013). These results
showed that the test biosorbents are stable up to high
temperatures and would be suitable for their intended
purpose. The observations made were similar to these

@ Springer



215 Page 6 of 14

Water Air Soil Pollut (2018) 229: 215

Fig. 3 TGA thermographs for 120

Cladophora sp. alga immobilized
in alginate beads and Cladophora
sp. alga immobilized in silica gel
(36900 °C)
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reported in the literature (El-Naggar and Si 2013;
Qiusheng et al. 2015).

3.4 Surface Areas and Pore Volumes of the Biosorbents

BET analysis revealed that the surface area and pore
volume of the Cladophora sp. alga immobilized in algi-
nate beads were 6.234 m> g ' and 0.02526 cm® g,
respectively, while those of the alga immobilized in silica
gel were 5.682 m* g ' and 0.0187 m* g, respectively.
These values compared well with other algal-based
biosorbents reported in the literature (Song et al. 2013;
Qiusheng et al. 2015). However, mercury binding nega-
tively impacted the surface areas and pore volumes of
both the biosorbents studied. The surface area and pore
volume of the alga immobilized in alginate beads de-
creased t03.961 m* g ' and 0.01274 cm® g ' respectively
while those of the alga immobilized in silica gel dropped
t04.199 m* g ' and 0.009421 cm® g, respectively. This
observation was attributed to the blockage of some of the
pores on the biosorbents from nitrogen passage by the
bound mercury (Ahmady-Asbchin et al. 2012;
Bayramoglu et al. 2006; Gupta and Rastogi 2006).

3.5 Batch Biosorption Studies
3.5.1 Effect of pH

The effect of pH on the biosorption of mercury by
Cladophora sp. alga immobilized in alginate beads and
Cladophora sp. immobilized in silica gel is displayed in
Fig. 4a. For both biosorbents studied, the adsorption
capacities were lowest at pH 3 due to the abundance of
protons which compete with metal ions for the active
binding sites (Sud et al. 2008; Zeroual et al. 2003).
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Protonation of the sites at this pH also results in the
repulsion of mercuric ions thus further reducing the ad-
sorption capacities (Gupta and Rastogi 2008). Accord-
ingly, increasing the pH up to 5 enhanced the biosorption.

Nonetheless, increasing the pH to 6.5 and 8.5 led to a
significant reduction in the adsorption capacity of the
biosorbent. This drastic decline in adsorption capacity at
higher pH values is attributed to metal precipitation
which lowered the concentration of free metal ions
available for metal binding (Bayramoglu et al. 2006;
Singh et al. 2014). Speciation studies using the
PHREEQC geochemical modelling revealed that HgCl,
is the main mercury species in solution at pH 5 while the
dominant specie at pH values > 6 is Hg(OH),. There-
fore, the optimum pH for removal of Hg®* by
Cladophora sp. alga immobilized in alginate beads
and Cladophora sp. immobilized in silica gel was 5
and all subsequent biosorption studies in this work were
performed at this pH. These results are congruent to
those obtained by Abdel-Aty et al. (2013) for the re-
moval of Cd (IT) and Pb (I) ions from aqueous solutions
using Anabaena sphaerica biomass. They deduced that
the optimum pH for metal uptake was 5.5.

It is also worth noting that for all the pH values studied,
the adsorption capacity of the alga immobilized in alginate
beads was higher than that of the alga entrapped in silica
gel. This is because the oxygen atoms in the silanol (=Si—
OH) and siloxane groups on the surface of silica gel are
poor electron donors compared to those in the carboxyl
group of alginates (Suharso et al. 2010).

3.5.2 Effect of Contact Time and Kinetic Modelling

The time profiles for the evaluation of the effect of agitation
time on the biosorption performance of Cladophora sp.
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Fig.4 Effect ofa pH, b agitation, a 80
and c initial metal concentration
on the biosorption of merucry 70
from aqueous solutions by
Cladophora sp. alga immobilized 60
in alginate beads and Cladophora —~ 50
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alga immobilized in alginate beads and silica gel are illus- was fastest during the initial stages of the process and most

trated in Fig. 4b. For both biosorbents studied, biosorption of the metal ions in solution were adsorbed within 30 min.
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This was due to the abundance of metal binding sites at the
start of the process (Bayramoglu et al. 2006).

The rate of adsorption capacity decreased with time
due to the exhaustion of binding sites on the biosorbent
surfaces (Apiratikul and Pavasant 2008). Ultimately, a
plateau was reached at 60 min for both biosorbents.
Therefore, increasing the agitation time beyond this
point had no significant impact on the biosorption ca-
pacities of the biosorbents. Consequently, the equilibri-
um times for the sequestration of Hg** from aqueous
solution by Cladophora sp. alga immobilized in alginate
beads and silica gel were both set at 60 min. These
results are comparable to those for metal biosorption
from aqueous solutions using other algal biosorbents
(Cazodn et al. 2013; Jafari and Senobari 2012).

The kinetic data was modelled against the pseudo-first
order, pseudo-second order, and Webber-Morris
intraparticle diffusion models whose linear mathematical
expressions are illustrated in Egs. 3, 4, and 5, respectively
(Apiratikul and Pavasant 2008; Tuzen et al. 2009).

In(q,~q,) = Inq,"'t (3)

where ¢, and g, are the adsorption capacities at time ¢ and
equilibrium, respectively (mg g "), k; is the rate constant
for pseudo-first-order kinetics.

The values of k; and g, were obtained from the slope
and intercept of the linear plot of In(g, — ¢,) versus .

t/q, = 1/kag> +1/q,t (4)

where £, is the rate constant (g mg_1 min ), q, is the

biosorption capacity at time ¢, g, is the biosorption
capacity at equilibrium, and the values of &, and ¢, were
deduced from the slope and intercept of the linear plot of
qi, against .

q; :kl\ﬁ (5)

where k; is the intraparticle diffusion rate constant
(mg g ' min %), ¢, is amount metal adsorbed (mg g ),
t is the time in minutes, and k; was determined from the
slope of g, versus ¢.

Table 1 gives a summary of the results for the kinetic
modelling of the biosorption data. For both biosorbents,
the values of the correlation ratio (R?) for the
pseudo-second-order model were closer to unity than those
for the pseudo-first-order model. The calculated values of
the adsorption capacity of the biosorbents at equilibrium
(e, cale) for the pseudo-second-order model were also
closer to the experimental values than those determined
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using the pseudo-second-order model. This signified that
the kinetics for the biosorption of Hg2+ onto Cladophora
sp. alga immobilized in alginate beads and silica gel were
best described by the pseudo-second-order model and
chemisorption was the rate limiting mechanism (Kumar
et al. 2016; Tuzen et al. 2009). These findings are aligned
to those reported by other researchers for the kinetics
studies for the biosorption of metal ions using different
algae and algal-based biosorbents (Abu Al-Rub et al.
2004; Apiratikul and Pavasant 2008; Tuzen et al. 2009).

The values of the pseudo-first order and pseudo-
second-order rate constants (k; and k) calculated for
Cladophora sp. alga immobilized in silica gel were
higher than those determined for Cladophora sp. alga
immobilized in alginate beads. This is mainly because
there are larger mass transfer and diffusion limits in the
latter as the alga is completely entrapped in the beads
(Al-Rub et al. 2004). Nonetheless, these effects were
counter-balanced by the abundance of carboxyl groups
in the alga immobilized in alginate beads which sub-
stantially enhanced the biosorbent’s adsorption capabil-
ity (Bayramoglu et al. 2006; Suharso et al. 2010).

On the other hand, the findings for the
Webber-Morris model demonstrated that the biosorption
of Hg** by Cladophora sp. immobilized in alginate
beads and silica gel was limited by diffusion only at
the start of the process. This is mainly due to the fact that
during this phase, diffusion plays a key role in
transporting metal ions towards the biosorbent surfaces
(Apiratikul and Pavasant 2008). Hence, Eq. 4 was only
applied to the initial stages of the biosorption process
and the R? values obtained for this model were 0.9958
for the alga immobilized in alginate beads and 0.9961
for the alga immobilized in silica gel. In addition, the
values of the intraparticle diffusion constant (k;) showed
that the rate of diffusion was faster for the biosorption
system using the alga immobilized in silica gel than
when using the alga immobilized in alginate beads. This
is mainly because in the latter form, Cladophora sp. is
completely engulfed within the beads; therefore, it ex-
periences the highest mass transfer resistance. However,
this effect became less significant as more time elapsed
and other mechanisms took precedence.

3.5.3 Effect of Initial Metal Concentration
and Adsorption Isotherm Modelling

The relation between the initial metal concentration in
solution and the biosorption capacities of Cladophora



Water Air Soil Pollut (2018) 229: 215

Page 9 of 14 215

Table 1 Summary of the results for the kinetic modelling of the biosorption of Hg>* using Cladophora sp. alga immobilized in alginate
beads and silica gel (pH 5, initial metal concentration 1 mg L', biosorbent dosage 10 mg L™, temperature 25 °C)

Biosorbent qe

Pseudo-first order

Pseudo-second order ~ Webber-Morris

R2

e, calc k 1 b R2

e, calc k2 R2 ki 1

Cladophora sp. alga immobilized in alginate beads 19.84 0.7186 2.832 0.02789 0.4804 0.9983 20.83 10.08 0.9958 2.152

Cladophora sp. alga immobilizedin silica gel

17.60 0.5435 2229 0.03379 0.3694 0.9989 18.04 10.21 0.9961 2.305

sp. alga immobilized in alginate beads silica gel is illus-
trated on the Fig. 4c. It is evident that increasing the initial
metal concentration enhanced the biosorption capacities
of both the biosorbents studied. This is attributable to the
increased probability of interaction between the metal ions
and binding sites at higher metal concentrations (Kumar
and Oommen 2012). This trend was apparent up to an
initial metal concentration of 100 mg L_l; hence, the
optimum concentration for maximal mercury biosorption
was setas 100 mg L ! for both biosorbents. Moreover, the
maximum adsorption capacities of the biosorbents were
121.3 and 172.5 mg g ' for Cladophora sp. alga
immobilized in silica gel and Cladophora sp. alga
immobilized in alginate beads, respectively. These find-
ings are in agreement to those published by other re-
searchers for the uptake of various metal ions using dif-
ferent unmodified and immobilized algal biosorbents
(Barquilha et al. 2017; Bayramoglu et al. 2006;
Mugzarabani et al. 2015).

Adsorption isotherm modelling of the equilibrium data
was also performed using the Langmuir, Freundlich, and
Dubinin-Radushkevich isotherms whose linear versions
are given in Egs. 6, 7, and 8 (Tuzen et al. 2009).

where C, is the concentration of metal ions in solution at
equilibrium, g, is the adsorption capacity of the sorbent at
equilibrium, g, is maximum adsorption capacity, and b is
the Langmuir constant related to suitability of sorbent-
sorbate system. The values of ¢,, and b were deduced
from the slope of the linear plot of C./q, versus C..

logq, = logK r + 1/n.logC, (7)

where K is the Freundlich constant indicative of the
adsorption capacity and »n is the adsorption intensity.
The values of n and K- were determined from the slope
and intercept of the linear graph of log ¢, against log C,

Inq, = Inq, B (8)

where 3 is the activity co-efficient related to energy and ¢
is the Polanyi potential given by R7[In(1 + 1/C,)].

The values of § and ¢,, were calculated from the
slope and intercept of the linear plot of In ¢, versus &
and the sorption energy for the biosorption process was
calculated using Eq. 8 (Dada et al. 2012).

Es — 1/(\/2?) 9)

The adsorption isotherm modelling results
(Table 2) revealed that the R? values for the Langmuir
isotherm were 0.9425 and 0.9926 for the alga
immobilized in alginate beads and alga immobilized
in silica gel, respectively. On the contrary, those for
the Freundlich isotherm were 0.9194 and 0.9088 for
the same biosorbent thus indicating that the R* values
for the Langmuir isotherm were closest to unity. Fur-
thermore, the maximum adsorption capacities for the
test biosorbents calculated using the Langmuir iso-
therm were closer to the experimental values than
those calculated using the Freundlich isotherm. This
indicated that the biosorption of mercury onto
Cladophora sp. alga immobilized in alginate beads
and silica gel occurred on a homogeneous layer with
actives sites of equivalent energies (Khoramzadeh
et al. 2013; Tuzen et al. 2009).

The values of the affinity constant (b) calculated
using the Langmuir isotherm were 0.4807 and 0.3694
for Cladophora sp. alga immobilized in alginate beads
and Cladophora sp. alga immobilized in silica gel,
respectively. This showed that Cladophora sp. alga
immobilized in alginate beads had a higher affinity for
Hg”* ions than Cladophora sp. alga immobilized in
silica gel thus agreeing with the observations that
Cladophora sp. alga immobilized in alginate beads
had the highest metal uptake capacity. Moreover, the
values of the adsorption intensity (n) determined using
the Freundlich isotherm were 2.8161 and 2.5833 for the
Cladophora sp. alga immobilized in alginate beads and
Cladophora sp. alga immobilized in silica gel,

@ Springer
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Table 2 Freundlich, Langmuir, and Dubinin-Radushkevich isotherm modelling parameters for the biosorption of Hg** using Cladophora
sp. alga immobilized in alginate beads and silica gel (temperature 25 °C, biosorbent dosage 10 g L', pH 5, agitation time 60 min)

Biosorbent Freundlich isotherm Langmuir isotherm Dubinin-Radushkevich isotherm
R Ke R qn b R X E,

Cladophora sp alga immobilized in alginate beads 0.9194 33.11 2.816 0.9425 1724 0.4807 0.9133 158.7 9.406

Cladophora sp. alga immobilized in silica gel 0.9088 30.41 2.583 0.9926 121.9 0.3694 0.9034 106.4 9.691

respectively. This provides further proof that biosorption
is more favorable in the Cladophora sp. alga
immobilized in alginate beads.

The equilibrium data also fitted the
Dubinin-Radushkevich isotherm reasonably well with
R? values of 0.9133 and 0.9034 for the Cladophora sp.
immobilized in alginate beads and Cladophora sp.
immobilized in silica gel, respectively. Moreover, the
sorption energies (E,) for the biosorbents were 9.406
and 9.690 kJ mol " for the Cladophora sp. immobilized
in alginate beads and Cladophora sp. immobilized in
silica gel, respectively. This suggested that the
governing mechanism for the biosorption of Hg*" by
Cladophora sp. alga immobilized in alginate beads and
Cladophora sp. immobilized in silica gel was ion ex-
change. This correlated with the findings for the kinetic
modelling which revealed that the rate limiting mecha-
nism was chemisorptive in nature.

The results obtained for the adsorption isotherm
modelling of equilibrium data for the biosorption of
mercury by Cladophora sp. alga immobilized in algi-
nate beads compared well with those reported by
Sheikha et al. (2008) for the biosorption of Zn** jons
onto blank alginate beads and Chlorella pyenoidosa
alga immobilized in alginate beads.

3.5.4 Effect of Temperature and Thermodynamic
Modelling

The effect of temperature on the biosorption capacities
of Cladophora sp. immobilized in alginate beads and
Cladophora sp. immobilized in silica gel was investi-
gated and the Gibbs free energy at different temperatures
(AG), enthalpy (AH), and entropy (AS) of the
biosorption process were calculated using Egs. 10 and
11 (Tuzen et al. 2009).

AG" = —RTInK (10)

@ Springer

where AG® is the Gibbs free energy (kJ mol '), R is the
universal gas constant (8.314 J mol ' K™, T'is the
temperature in K and Kp = C./q,

InKp = AS’/R-AH" /RT (11)

where AH (enthalpy) and AS (entropy) are determined
from the slope and intercept of the Vant Hoff plot of In
Kp versus 1/T.

It was inferred that the adsorption capacities of
Cladophora sp. alga immobilized in alginate beads were
43.87,41.42,29.83, and 17.43 mg g" for 16, 25, 30, and
40 °C respectively while those for Cladophora sp. alga
immobilized in silica gel were 39.47, 37.37, 25.44, and
17.43 mg g ' for the same temperatures. This showed that
the biosorption capacities of both biosorbents studied
depreciated when the temperature increased thus indicat-
ing that the biosorption processes were exothermic. More-
over, the AG values for the alga immobilized in alginate
beads were —10.54, —4.851, —3.642, and —
0.8633 kJ mol ! for 16, 25, 30, and 40 °C respectively
while those of the alga immobilized in silica gel were —
9.897, —4.802, —2.903, and —0.5672 kJ mol " respec-
tively for the same temperatures. This observation also
showed that for both biosorbents studied, the value of AG
became less negative thus signifying a decrease in the
spontaneity of the processes with increases in temperature.

The enthalpies of the biosorption process were — 86.96
and — 73.60 kJ mol ! for the alga immobilized in alginate
beads and also immobilized in silica gel. All the above
observations showed that the biosorption of Hg>* by both
test biosorbents was exothermic in nature and favored at
low temperature. However, the values of adsorption capac-
ity, AG and AH for the alga immobilized in silica gel were
lower than those of the alga immobilized in alginate beads
thus further proving that the latter had a higher affinity for
Hg* ions. Regardless, the entropies of the biosorption
process using the alga immobilized in alginate were
0.2635 kJ mol " while that of the alga immobilized in
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silica gel was 0.2214 kJ mol ™" thus indicating that the
randomness at the solid-liquid boundary reduced after the
biosorption process (Tuzen et al. 2009).

3.5.5 Effect of Competing lons

The results for the effect of the presence of competing
ions on the biosorption of mercuric ions by Cladophora
sp. alga immobilized in alginate beads and Cladophora
sp. alga immobilized in silica gel revealed that the
adsorption capacities of both biosorbents declined in
multi-metal solutions. This was mainly due to the com-
petition among the metal ions for the finite number of
binding sites available on the biosorbents (Singh et al.
2007). However, the largest reduction in g, was ob-
served in the case of the alga immobilized in silica gel
whereby the value of ¢, dropped from 9.756 to
5.841 mg g ' (40%). On the other hand, the biosorption
performance of the alga immobilized in alginate beads
dropped from 9.812 to 6.855 mg g~ (30%).

A comparison of the K values also showed that the
alga immobilized in silica gel was most impacted by the
presence of competing ions. The Kp of the biosorbent
dropped from 86.88 L g ' in the unitary solution to
1488 L g_1 in the multi-metal solution (83%). On the
other hand, the Ky value for the alga immobilized in
alginate beads decreased from 89.70 to 20.01 L g
(78%). This provided further evidence that Cladophora
sp. immobilized in alginate beads had a higher selectivity
for mercury in multi-elemental solutions. It was also
observed that the affinities of the test biosorbents for the
metals in solution followed the order Hg** > Pb** > Cu**
>Fe’* > Co®" > Cd**. The differences in affinities of the
metal ions were attributed to varying ionic radii,

Fig. 5 Reusability of
Cladophora sp. alga immobilized 100
in alginate beads and Cladophora 90
sp. alga immobilized in silica gel
for the biosorption of merucry
from aqueous solutions
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40
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electronegativities, and redox potentials (Dénmez et al.
1999). Moreover, according to Pearson’s hard and soft
acid base (HSAB) theory, Cd, Co are soft metals which
will bind only to soft ligands like amine. On the contrary,
Hg and Pb are able to bind to a variety of the functional
groups on the biosorbents (Mishra et al. 2016).

This biosorptive behavior was similar to that described
by Singh et al. (2007) for the removal of Cu®*, Ni**, Cd**,
Pb**, and Zn** from multi-metal solutions using Spirogy-
ra neglecta, Pithophora oedogonia, Cladophora
calliceima, Hydrodictyon reticulatum, and Aulosira
fertilissima algae. They observed that the metal uptake
capabilities of the algae decreased in multi-metal solutions
and the biosorbent affinities for the test metal ions follow-
ed the order Ni< Zn < Cd < Cu < Pb (Singh et al. 2007).

3.5.6 Reusability Studies

The results for the recyclability of the test biosorbents
are presented in Fig. 5 and they demonstrated that the
biosorption efficiency of Cladophora sp. alga
immobilized in alginate beads was enhanced after com-
pletion of the first cycle. This was attributed to the fact
that the acidic medium was able to remove the contam-
inants adhered to the binding sites on the biosorbent thus
freeing them for mercury binding (Abu Al-Rub et al.
2004). Nonetheless, henceforth, there was a gradual
reduction in the efficiency of the biosorbent with in-
creases in the number of adsorption-desorption cycles.
In fact, Cladophora sp. alga immobilized in alginate
beads retained efficiency greater than 80% even after
three successive cycles. However, a different trend was
observed for the alga immobilized in silica gel. The
removal efficiency of the biosorbent decreased to

m alga immobilized in alginate beads
M alga immobilized in silica gel

Cycle 1

Cycle 2 Cycle3

Cycle number
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87.11% after the first cycle and 72.26% in the second
cycle before finally dropping to 69.15% in the third
cycle. These observations show that both biosorbents
could be reused for up to three successive cycles without
substantial loss in removal efficiency. However, the alga
immobilized in alginate beads could be used for longer
retaining over 80% of its biosorption capacity.

4 Conclusion

This study revealed that Cladophora sp. alga immobilized
in both alginate beads and silica gel biosorbents had a
reasonable potential for removing Hg®* from aqueous
solutions. However, Cladophora sp. alga immobilized in
alginate beads had a higher biosorption capacity and
selectivity towards Hg>* than Cladophora sp. alga
immobilized in silica gel. Based on these observations,
Cladophora sp. alga immobilized in alginate beads has
the greatest potential for use in wastewater treatment
applications. Nonetheless, there is still a need to investi-
gate the industrial applicability of the biosorbent using
continuous flow studies.
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