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Abstract

Microalgae have been considered as a promising biosorbent for recovery of precious metal ions from diluted aqueous solutions;
especially the self-flocculating microalga has the potential for cost-effective harvesting of tiny microalgae. In this study, the
adsorption of Au(Ill) by the self-flocculating microalgae Tetradesmus obliquus and non-flocculating 7. obliquus as a control was
studied in different initial Au(Ill) concentrations, temperatures, and pH. The adsorption equilibrium by the tested microalgae
fitted well to the Langmuir model at different temperatures. The maximum adsorption capacity from the Langmuir model for
T. obliquus AS-6-1 was 169.49 mg g~ obtained at pH 2.0 and 30 °C, which was higher than that observed by the non-flocculating
T. obliguus with 153.85 mg g . Furthermore, all the K values above 5000 mL g ' at 30 °C for T. obliquus AS-6-1 showed that
the flocculating microalgae had a stronger adsorption affinity to Au(IIl). The initial Au(IIT) concentration and solution pH
significantly affected the adsorption capacity of Au(IIl) on algal species. While, their adsorption of Au(IIl) was slightly influ-
enced at temperature from 30 to 40 °C but significantly influenced and decreased at low (<7 °C) or high temperature (> 60 °C).
The experimental data fitted well to the second-order kinetic model, which indicated that the adsorption reaction on the surface of

adsorbent was the rate-limiting step, instead of mass transfer.
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Introduction

With the rising cost of gold production and its limiting source
in natural ores, recovery of gold ions from industrial effluents
containing low-concentration metals, is extremely important
from economical and environmental points of view. Various
methods, such as, co-precipitation, ion exchange, solvent ex-
traction, and adsorption onto solid-phase materials have been
used for separation, pre-concentration, and removal of gold
ions from aqueous solutions (Al-Saidi 2016). Among these
technologies, biosorption has been considered as a promising
technology to remove or recover precious metals from aque-
ous solutions with its advantage of low cost, high efficiency,
minimal generation of chemical or biological sludge,
regenerability, and possible recovery of metals by desorption
(Won et al. 2014).
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Many factors influencing biosorption of precious metals
include: solution pH, temperature, biomass dosage, ionic
strength, initial solute concentration, agitation rate, and con-
tact time (Das 2010). Several authors have reported that the
solution pH is one of the most important variables which
affect the speciation of metals in solution through hydrolysis,
complexation, and redox reactions (Esposito et al. 2002; Fiol
et al. 2006). Temperature of the solution is also a significant
factor during the process of biosorption, which was presented
in different scenario by many workers. Aksu et al. (1992)
reported that temperature seemed not to influence the
biosorption performances in the range of 20-35 °C. But a
significant effect of temperature on gold(Ill) uptake by the
egg shell membrane material was observed at 65 °C by
Ishikawa et al. (2002). Initial metal ion concentration is anoth-
er important impact on biosorption, generally with a higher
concentration resulting in a higher adsorption capacity (Ho
and McKay 2000). This is because at lower initial solute con-
centrations, the ratio of the initial moles of solute to the avail-
able surface area is low. However, at higher concentrations,
the sites available for adsorption become fewer compared to
moles of solute present. Hence, the adsorption efficiency is
strongly dependent upon the initial concentration.
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Various types of inactive biological materials such as bac-
teria, fungi, algae, agricultural and industrial by-products are
used as adsorbents in biosorption process (Park et al. 2010).
Algal biomass, due to its low cost, relative abundance and
high binding capacity, has been considered to be promising
and economical biosorbents for recovery of gold (Das 2010).
Chlorella vulgaris, a green alga, was capable of removing
more than 90% of the gold from very dilute solution (Ting
et al. 1995). Au(Ill) was successfully recovered as metallic
gold nanoparticle using dead brown alga, Turbinaria conoides
(Vijayaraghavan et al. 2011). The red alga Galdieria
sulphuraria was found to be selective for the recovery of gold
from metal wastewater (Ju et al. 2016).

However, one of the major challenges for metal
biosorption by microalgae cultures is high cost associated
with the harvest of tiny microalgal cells from diluted waste-
water. A cost-effective strategy is using gravity sedimenta-
tion facilitated by flocculation, especially using the self-
flocculation of microalgal cells. Nowadays, several floccu-
lating microalgae, such as Tetradesmus obliquus AS-6-1 and
Chlorella vulgaris JSC-7 have been reported to have higher
efficiency for cadmium removal than their non-flocculating
microalgae (Alam et al. 2015; Zhang et al. 2016). However,
so far still no report is available for using self-flocculating
microalgae in recovering gold ions.

In this study, the self-flocculating microalga
T. obliquus AS-6-1 (previous name Scenedesmus
obliquus AS-6-1) and the non-flocculating 7. obliquus
as the control were used as biosorbents for Au(Ill) in
batch tests. The aim of this paper was to study the
adsorption behavior of gold ions using the self-
flocculating microalga at different initial gold concentra-
tions, temperatures and pH. The equilibrium and kinetics
of Au(Ill) adsorption by the tested microalgae were in-
vestigated. The adsorption rates were measured and de-
termined quantitatively in correlation with initial gold
concentration, temperature, and solution pH value. The
results will be useful for further studies in the identifi-
cation of microalga with the highest adsorption capacity
and in the design of adsorption system.

Materials and methods
Preparation of adsorbent

The self-flocculating microalga Tetradesmus obliquus AS-6-1
was initially isolated from freshwater located in southern
Taiwan (Zhang et al. 2016). The non-flocculating strain
Tetradesmus obliquus (CCAP No. 276/7) was from the
Culture Collection of Algae and Protozoa (CCAP) for com-
parison purpose. These pure strains were cultured in a 12 L
culture vessel containing 10 L of BG11 medium (Chen et al.
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2016) under illumination of ~60 pwmol photons mZs 'at25
+ 1 °C. The strains were then harvested from the growth media
after 15 days and washed thoroughly with deionized water
before freeze-drying.

Chemicals

A standard stock solution of 1000 mg L ™" of chloroauric acid
(HAuCly) was used to prepare initial Au(Ill) concentrations
between 5 and 50 mg L. The pH of the metal solution was
adjusted with 0.1 M NaOH/0.1 M HCI. All the reagents were
of analytical grade and from Sigma—Aldrich.

Batch adsorption equilibrium studies

The equilibrium adsorption of Au(IIl) on the microalga adsor-
bents were conducted at different temperatures. The
predetermined initial Au(IIl) concentrations were measured
into 250-mL Erlenmeyer volumetric flasks. The pH of the
solution was kept constant at 2.0 using 0.1 M NaOH and
HCI for equilibrium experiment. The weighed biomass of
100 mg L ! was added to the measured Au(III) concentrations
and shaken at a constant speed of 150 rpm for 6 h. The tem-
perature was controlled at 7, 30, 40, and 60 °C. The experi-
ment was carried out in triplicates. A sample (1.5 mL) was
drawn, centrifuged, and the supernatant was analyzed using
Atomic Absorption Spectrometer (AAS Perkin Elmer
AAnalyst 400). The amount of metal bound by the
biosorbents at equilibrium ¢, (mg g ') was computed as fol-
lows:

g, = V(C](\)/I—Ce) (1)

Where, C, and C, are the initial and equilibrium metal con-
centrations (mg L"), respectively, Vis the volume of solution
(L) and M is the amount of biomass (g).

Batch adsorption kinetic studies

The effect of initial concentration, temperature, and pH on
Au(Ill) adsorption kinetics was tested. A constant biomass
of 10 mg in 100 mL Au(Ill) solution containing initial con-
centration in the range of 5-50 mg L' was used for
T. obliguus AS-6-1 and T. obliquus. The pH of solutions were
maintained at 2.0 and then shaken for 360 min at 30 °C. Effect
of temperature was studied in 100 mL of 50 mg L' of Au(III)
solution at different temperatures (7, 30, 40, 60 °C). The
10 mg of algal samples were mixed in the gold solution of
pH 2.0 and shaken by a shaker at different predetermined
temperatures. Effect of pH on adsorption kinetics was con-
ducted at an initial Au(Ill) concentration of 5 mg L 'in
100 mL metal solution at 25 °C with varying pH from 1.0 to
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6.0. Samples were taken at time intervals of 5, 15, 30, 60, 90,
120, 180, 240, 300, and 360 min and then centrifuged at
8000 rpm for 8 min. The supernatant was analyzed using
Atomic Absorption Spectrometer (AAS Perkin Elmer
AAnalyst 400).

Data analysis
Adsorption isotherm

The equilibrium adsorption isotherm is fundamental in de-
scribing the interactive behavior between solutes and adsor-
bent, and is of importance in the design of adsorption system.
The Langmuir and Freundlich models (Birungi and Chirwa
2015) were used to fit experimental data using linearized Eqs.
(2) and (3), respectively. These models are widely accepted
and often used in biosorption studies involving single solute
systems. The Langmuir isotherm is expressed by the follow-
ing linearized equation:

C. C. 1

+

de  dw Dy

(2)

where ¢, is the amount of metal ions absorbed at equilibrium
(mg g "), C. is the equilibrium concentration of metal ions
remaining in the solution (mg L"), g, represents the maxi-
mum adsorption capacity (mg g ') and b is a constant related
to the energy of adsorption (L mg ).

The Freundlich isotherm is represented by the linearized
equation as follows:

1
Ing, = InK¢ + ;lnCe (3)

where Ky is the Freundlich constant related to adsorption ca-
pacity of biomass, and 7 is a constant indicative of biosorption
intensity.

Adsorption affinity of Au(lll) on tested algae

The adsorption affinity of Au(Ill) on algal adsorbents can be
determined using the distribution co-efficient Ky (mL g_l)
which expresses the effectiveness of the biosorbent for metal
uptake (Sangvanich et al. 2010). The Ky was calculated using
equation as follows:

Co—Cy V
= X —

Kq
Ce M

(4)

where Cj is the initial concentration (mg LY, Cyis final
concentrations (mg LY, Vis the volume of solution (mL),
M is the weight of algae (g).

Adsorption kinetics

The time-series data from the kinetic studies of a single-metal
system containing Au were simulated using the Computer
Program for the Identification and Simulation of Aquatic
Systems AQUASIM 2.01 (AQUASIM, EAWAG,
Diibendorf, Switzerland). The non-linear Pseudo-first-order
and Pseudo-second-order models were applied to analyze
the rate of adsorption uptake (Ho and McKay 1999). The
expression for the Pseudo-first-order is given by the following
equation:

4

e ki(ge—q,) (5)

which is given by the following linearized equation:
In(ge=¢) = Ing. k1 (6)

The expression for the Pseudo-second-order is given by the
differential rate law:

—L =k (g.q,)’ (7)

which is given by the following linearized equation:

LA (8)
9 k2ge”  ge

where ¢, is the amount of adsorbed metal on the algal biomass
at time (¢) in (mg g '); g. is the equilibrium adsorption capac-
ity (mg g "); k, is the rate constant of Lagergren first-order
adsorption (min ') and &, is the rate constant of second-order
adsorption (g mg ' min").

Results
Adsorption isotherm

Langmuir and Freundlich isotherm models were used in this
study to evaluate the experimental data for adsorption of
gold(Il) on T. obliqguus AS-6-1 and T. obliquus at different
temperatures. The isotherm constants from Langmuir and
Freundlich models at 7, 30, 40, and 60 °C were listed in
Table 1. The Langmuir model exhibited a better correlation
co-efficient (R?) of < 1.00 as compared to the Freundlich mod-
el with R*<0.91 for the tested algae. The slope and intercept
were calculated from the linearized Egs. (2) and (3) for max-
imum adsorption capacity (¢,,,) and affinity of the metal ().
The linearized graph Cc/g. vs. C, for Langmuir model was
plotted in Fig. 1. At temperature of 30 and 40 °C, both of
T. obliquus AS-6-1 and T. obliquus had higher ¢, of >
151 mg g ' than ¢,,<77 mg g ' at temperature of 7 and
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Table 1 Langmuir and

Freundlich isotherm constants at Temperature Langmuir Freundlich
different temperature (pH = 2.0)
Gm (mg g ) b(@Lmg") R K¢ n R
7°C
T. obliquus AS-6-1 51.28 13 1.00 47.94 54.35 0.72
T obliquus 76.92 7.22 1.00 69.74 37.04 0.78
30°C
T. obliquus AS-6-1 169.49 3.69 1.00 111.92 7.53 0.74
T. obliquus 153.85 2.95 1.00 105.75 8.88 0.83
40 °C
T obliquus AS-6-1 158.73 1.13 1.00 55.54 3.06 0.92
T. obliquus 151.52 1.22 1.00 55.48 3.19 091
60 °C
T. obliquus AS-6-1 61.73 2.57 1.00 52.88 23.70 0.57
T. obliquus 68.49 4.87 1.00 54.14 14.27 0.71

60 °C. Moreover, the g, for the tested algae had insignificant
change between 30 and 40 °C.

It is worth noting that the g, for 7 obliquus AS-6-1 is higher
than ¢, for T. obliquus at 30 and 40 °C, but the results were
reversed at 7 and 60 °C, with the g, for 7" obliquus higher than
that for 7. obliquus AS-6-1, Table 1. In addition, 7. obliquus AS-
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Fig. 1 Langmuir plot at different temperatures on 7 obliquus AS-6-1 (a)
and T obliquus (b)
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6-1 and T. obliqguus had the highest ¢, of 169.49 and
153.85 mg g ' at 30 °C, respectively, and both the tested algae
expressed a higher affinity (b) of 3.69-2.95 L mg_1 compared
tothe bof 1.13-1.22 L mgf1 at 40 °C, Table 1.

Adsorption affinity of Au(lll) on tested algae

The adsorption affinity of Au(Ill) on algal adsorbents can be
further determined using the distribution co-efficient (Ky) which
expresses the effectiveness of the biosorbent for metal uptake.
The higher the Ky, the stronger the binding affinity of adsorbent
to adsorbate. When the K value is more than 5000 mL g, then
it is considered good, and when the value is greater than
50,000 mL g ! then it is excellent (Sangvanich et al. 2010).

As shown in Table 2, the K; values were decreased with an
increasing initial Au(Ill) concentration at different tempera-
tures. At 30 and 40 °C, the K4 values for T. obliquus AS-6-1
and T obliquus were higher than those at 7 and 60 °C.
T. obliquus AS-6-1 had significantly high K4 values of
42,632 mL gf1 at initial concentration of 20 mg Lfl, 30 °C,
which was very close to excellent value given Table 2. All the
K4 values of 30 °C were above 5000 mL g ! at initial concen-
tration from 20 to 50 mg L' for 70 obliquus AS-6-1. While at
40 °C, the K4 values were good except at initial concentration
of 50 mg L™". In the case of T obliquus, the K, values at 30
and 40 °C were good from initial concentration of 20 to
40 mg L', but were lower than 5000 mL g ' at initial con-
centration of 50 mg L™".

Adsorption kinetics
Effect of initial concentration

The effect of initial concentration on adsorption of Au(Ill) on
T. obliquus AS-6-1 and T. obliquus at pH 2.0, 30 °C was
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Table 2 Distribution co-efficient
for adsorption of Au(IIl) on Adsorbent Co 7°C 30 °C 40 °C 60 °C
T. obliquus AS-6-1 and (mgL™") KymLg™h Ky(mL g ") Ky(mL g™ Ky(mL g ")
T. obliquus
T. obliquus AS-6-1 20 3366 42,632 18,791 4078
30 2084 10,964 8896 2486
40 1459 7053 6324 1765
50 1136 5225 4503 1432
T. obliquus 20 5814 26,585 17,881 4840
30 3491 8595 8576 2868
40 2380 6049 5738 2115
50 1798 4469 4306 1565

shown in Fig. 2. With an increase in the initial Au(Ill) con-
centration from 5 to 50 mg L™', the adsorption capacity in-
creased with increasing time. At low concentrations of 5 and
10 mg L', there was complete efficiency with 100% uptake
in less than 60 and 180 min for both of the tested algae,
respectively. The equilibrium uptake for 7. obliquus AS-6-1
and T, obliquus were almost the same of 50 and 100 mg g ' at
initial concentration of 5 and 10 mg L', respectively. At
higher concentration of 50 mg L', the maximum uptake
was attained within 240 min with 171 and 154 mg g ' for
T. obliquus AS-6-1 and T. obliquus, respectively. The adsorp-
tion capacity of 7. obliquus AS-6-1 at an initial Au(Ill) con-
centration of 50 mg L' is 1.1 times larger than that of
T. obliquus.

Effect of temperature

Atlow (<7 °C) and high temperature (> 60 °C), the adsorption
capacities for the tested algae were much lower than that at
temperature of 30 and 40 °C with an increase in time (Fig. 3).
Interestingly, a slight decrease of adsorption capacity for
T. obliquus AS-6-1 was observed with an increase in temper-
ature from 30 to 40 °C. But it is reversed for 7. obliquus with
Au(IIl) uptake at 40 °C higher than that at 30 °C. Generally,
the Au(Ill) uptake on 7. obliquus AS-6-1 and T. obliquus at
30 °C was close to that at 40 °C.

Effect of pH

Between pH of 2.0 and 3.0, there was complete efficiency
with 100% uptake in less than 15 min for 7. obliquus AS-6-1
and 30 min for 7. obliguus, Fig. 4. With the pH increased to
6.0, the adsorption capacity was reduced drastically. However,
when the pH dropped to 1.0, the decline in uptake was also
observed. In addition, at pH of 4.0, there was a decrease in
adsorption capacity for 7" obliquus AS-6-1 at first 90 min but
the equilibrium uptake was closed to that at pH of 2.0 and 3.0.
In the case of T_ obliquus, the adsorption capacity at pH of 4.0
is moderate.

Rate constant studies

In this study, the pseudo-first-order and pseudo-second-order
models were used to determine reaction rate constant and
equilibrium capacity at different initial concentrations, tem-
peratures, and pH. The correlation coefficients (R*) for the
first-order kinetic model were low and the calculated equilib-
rium capacity (¢ a) obtained did not give reasonable values.
The experimental data fit very well with the pseudo-second-
order model with almost all R* of >0.99 for different initial
Au(Ill) concentrations, temperatures and pH (Table 3). The
slopes and intercepts of plots of #/g, versus ¢ were used to
calculate the second-order rate constant &, and ¢.. The reaction

200
° [} [ J [
__ 150
o
°
o
E 100 A A A y
o
50 - - - -
0
0 50 100 150 200 250 300 350 400
a) Time (min)
200
®
-
0 50 100 150 200 250 300 350 400
Time (min)
B 5mgL" A 10mgL™" @ 50mgL™" e=ms2nd-order model

b)

Fig. 2 Adsorption kinetics of Au(Ill) on 7. obliguus AS-6-1 (a) and
T. obliquus (b) at different initial gold concentrations (pH=2.0, 30 °C)
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Fig. 3 Adsorption kinetics of Au(Ill) on 7. obliguus AS-6-1 (a) and

T. obliqguus (b) at different temperatures (pH = 2.0, initial gold
concentration 50 mg L")

rate (k,) was decreased with an increase in initial concentra-
tion of Au(Ill) for 7" obliguus AS-6-1 and T. obliquus. The rate
retained the same of 0.0004 g mg ' min" for 70 obliquus AS-
6-1 between 30 and 40 °C, and 0.0005 g mg ' min™' at 30 °C
and 0.0013 g mg ' min "' at 40 °C for 7. obliqguus. In addition,
the rate obtained the maximum value 0f 0.093 g mg ™' min ™" at
pH of 2.0 for T. obliquus AS-6-1 and 0.21 gmg ' min"' at pH
of 3.0 for T obliquus. The straight lines in plot of #/g, versus ¢
showed a good line in experimental data with the second-
order kinetic model for different initial Au(IIl) concentration
(Fig. 5). The similar straight-line agreements were also ob-
served for data at different temperature (Fig. 6) and pH
(Fig. 7).

Discussion
The Langmuir adsorption model is valid for single-layer adsorp-

tion and assumes that all the binding sites are free sites (Njikam
and Schiewer 2012). The Freundlich model is also an empirical

@ Springer
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Fig. 4 Adsorption kinetics of Au(lll) on 7. obliqguus AS-6-1 (a) and
T. obliquus (b) at different pH (25 °C, initial gold concentration
5mgL™h

equation, which is often used to estimate the adsorption intensity
of the adsorbent towards the adsorbate (Lawal et al. 2010). From
the results, the Langmuir model performed better than the
Freundlich model with the former exhibiting a higher correlation
co-efficient (R%) at temperature ranging from 7 to 60 °C.

The g, obtained from Langmuir model at 30 or 40 °C was
much higher than that at 7 or 60 °C. It may imply that the low
(£7 °C) and high temperatures (>60 °C) are unfavorable in
adsorption of Au(Ill) on algal adsorbents, which can be further
demonstrated by the higher K at 30 or 40 °C and lower K at 7
or 60 °C. But the maximum adsorption capacities for
T obliquus AS-6-1 and T obliquus at 30 °C were insignificantly
changed with an increase in temperature to 40 °C, thereby im-
plying a temperature-independent adsorption of Au(Ill) from
30 to 40 °C. Previous study conducted by Ishikawa et al.
(2002) showed the effect of temperature on the maximum up-
takes was seldom of importance from 5 to 45 °C using the egg
shell membrane material. However, a significant increase on
Au(III) uptake was observed at 65 °C.

Depending on the interest of the study, biosorbents with
both a high ¢,, and a high b usually have a better efficiency
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Table 3
concentrations, temperatures, and pH

Comparison of second-order adsorption rate constants, and calculated g . and experimental gy, values for different initial Au(IIl)

Parameters T. obliquus AS-6-1

T. obliquus

R k(gmg'min") e (mMgg )  Qeepmgg) R k@Emg'min) e (M) Geep(mgg )
Initial Au(IIT) concentration (mg LY (pH 2.0, 30 °C)
5 1.00  0.0132 50 50 1.00 0.0043 50.76 50
10 1.00  0.0007 102.04 100 1.00 0.0009 103.09 100
50 0.99  0.0004 175.44 171.6 0.99 0.0005 158.73 154.43
Temperature (°C) (pH 2.0, 50 mg L
7 1.00 0.0054 51.02 51 1.00 0.0065 76.34 76.2
30 0.99 0.0004 175.44 171.6 1.00 0.0005 158.73 154.43
40 0.99 0.0004 158.73 155.23 1.00 0.0013 153.85 150.53
60 0.99 0.0019 62.89 62.63 1.00 0.0541 67.11 67.67
pH (5 mg L™, 25°C)
1 0.99 0.0071 33.9 339 1.00 0.0336 29.94 29.5
2 1.00 0.093 50 50 1.00 0.0254 50.25 50
3 1.00 0.036 50 50 1.00 0.0210 50.25 50
4 1.00 0.003 51.02 50 1.00 0.0082 43.86 43.5
6 1.00 0.004 31.95 31.8 1.00 0.0021 32.89 31.23
8
7
8 =
> 6
7 £
< 5
~ 6 o
z [
o € 4
g ° £
B 4 g3
c
E 3 2
g 2 1
= 1
0
0 0 100 200 300 400
0 100 200 300 400 a) Time (min)
a) Time (min)
6
8
5
7 =
6 g 4
'51 s
£ £ 3
o 4 £
-E: 3 g2
g? 1
1
0
0 0 100 200 300 400
0 100 200 300 400 . .
Time (min)
Time (min)
B5mgL" A10mgL"' e50mglL™ e7°C m30°C a40°C e60°C
b) b)

Fig. 5 Plot of the pseudo-second-order model for 7. obliquus AS-6-1 (a)
and T. obliquus (b) at different initial Au(IIl) concentrations (30 °C,
pH 2.0)

Fig. 6 Plot of the pseudo-second-order model for 7. obliquus AS-6-1 (a)
and T obliquus (b) at different temperatures (pH = 2.0, initial gold con-
centration 50 mg L")
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Fig. 7 Plot of the Pseudo second-order model for 7. obliquus AS-6-1 (a)
and T. obliquus (b) at different pH (25 °C, initial gold concentration
5mgL™")

for recovery (Birungi and Chirwa 2015). Tetradesmus
obliquus AS-6-1 and T. obliquus had higher ¢, and b at
30 °C than that at 40 °C, which implied the preference of
temperature at 30 °C to gold(IIT) adsorption on the tested algal
species for gold recovery.

A comparison of maximum uptakes (¢,,) and affinity (b)
between T. obliquus AS-6-1 and T. obliquus at 30 °C showed a
higher adsorption capacity and affinity for former than latter.
This shows that 7. obliquus AS-6-1 is a more promising ad-
sorbent for the recovery of gold. All the K4 values above
5000 mL g ' at 30 °C for T. obliquus AS-6-1 further showed
that T obliquus AS-6-1 had a stronger adsorption affinity to
Au(Ill) than T obliquus at 30 °C. The extracellular biopoly-
mers excreted from the self-flocculating microalga could pos-
sess more binding sites involved in gold adsorption (Guo et al.
2013; Alam et al. 2015). This might contribute to the differ-
ence on adsorption performance between the self-flocculating
T. obliquus AS-6-1 and non-flocculating 7. obliquus.

@ Springer

At low concentration of < 10 mg L', the experimental data
fitted the model well in the whole range of reaction. But at
higher concentration of 50 mg L', some measured data
slightly scattered away from the model with an increase in
time (Fig. 2). This could be due to the complete saturation of
some active binding groups on algal cell wall. Birungi and
Chirwa (2017) also reported the same trend due to saturation
of binding sites. An increase in the initial Au(IIl) concentra-
tion leaded to an increase in the adsorption capacity of Au(IIl)
on the tested algae. This may be due to the increase in the
driving force of the concentration gradient, as an increase in
the initial Au(IIT) concentration. Similar effect on the adsorp-
tion trend by initial concentration ranging from 20 to
200 mg L' has also been shown in the case of adsorption of
Pt(IV), Pd(II), and Au(IIl) onto modified crosslinked chitosan
resin (Fujiwara et al. 2007).

According to Chojnacka (2010) and Oliveira et al. (2012),
the rate of reaction in most biosorption studies is rapid in the
first 15-30 min due to the abundance in the available active
functional groups. In this study, the abundant availability of
vacant binding sites at low concentration of <10 mg L™ of
Au(Ill) may account for the complete efficiency with 100%
uptake within 180 min for 7" obliquus AS-6-1 and T. obliquus.
But at concentration of 50 mg L' of Au(IlD), less than 35% of
Au(III) adsorbed on the algal adsorbents. The decrease in rate
constant (k») with an increase in initial concentrations of Au(III)
could probably imply that some binding sites became saturated.

Previous studies reported that adsorption is temperature-
independent or exothermic reactions (Arrascue et al. 2003;
Mack et al. 2007; Das 2010; Kumar et al. 2015). In the tem-
perature ranging from 7 to 60 °C, a significant effect of tem-
perature on Au(Ill) uptake by the tested algae was observed.
The adsorption performance at 30 or 40 °C was much better
than that at 7 or 60 °C, which demonstrated again that the low
(£7 °C) and high temperatures (=60 °C) are unfavorable in
adsorption of Au(IIl) on algal adsorbents.

Moreover, temperature had no significant influence on the
Au(III) uptake between 30 and 40 °C, which was further dem-
onstrated by the insignificant change in rate (k») between 30
and 40 °C. Although there was slight change in adsorption
capacity with an increase in temperature from 30 to 40 °C
for 7. obliquus AS-6-1 and T. obliguus, more studies are re-
quired to understand the adsorption of Au(IIl) on microalgal
adsorbents is exothermic or endothermic or independent-
temperature during a certain temperature range.

The experiment was carried out at pH ranging from 1.0
to 6.0 in this study. At low pH of 2.0 and 3.0, presence of
excess H" on the cell surface enhanced the uptake of an-
ionic gold in solution (Das 2010). With the pH increased to
6.0, the uptake was reduced drastically which may be due
to the less availability of positively charged binding sites
on biomass against the negatively charged AuCl, in the
solution. Ting and Mittal (2002) proposed the formation of
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hydroxide chloride complexes of gold above pH 4.0 ap-
peared to be responsible for reduced uptake using a fungal
biosorbent. Moreover, charge reversal of the biosorbent
which occurred at pH 1.0 may account for the decline in
uptake below pH 2.0 (Das 2010).

Complete adsorption at equilibrium was obtained at pH
of 4.0 for T. obliquus AS-6-1, but the adsorption rate (k;)
was much lower than that at pH of 2.0 and 3.0.
Additionally, the adsorption capacity at pH 4.0 for
T. obliguus was lower than that at pH 2.0 or 3.0 within
the whole range of reaction time. The results indicated that
the optimal pH for Au(Ill) adsorption on 7. obliquus AS-6-
1 and T obliquus is between 2.0 and 3.0.

Kinetic models assist in understanding the adsorption
mechanisms caused by variation in experimental conditions.
The experimental data fit better with Pseudo second-order
model than Pseudo first-order model, with the former
exhibiting a higher correlation co-efficient (R?) at different
initial Au(IIl) concentrations, temperatures, and pH
(Table 3). This suggests that the adsorption of Au(Ill) on
T. obliqguus AS-6-1 and T obliquus is not a first-order reaction.
Additional evidence for preference of pseudo-second-order
model was provided with no pronounced difference between
experimental g, and calculated g, . data in Table 3. The
equilibrium adsorption capacity ¢, is required to fit the data,
but in many cases g, remains unknown due to slow adsorption
processes (Chiou and Li 2002). In this study, the second-order
kinetics is applicable with the basic assumption that adsorp-
tion reaction on the surface of adsorbent is rate-controlling
step (Liu 2008). It is more likely to predict the behavior over
the whole range of adsorption and is in agreement with ad-
sorption reaction on the surface of adsorbent being the rate-
controlling step, instead of mass transfer.

Conclusion

Compared to the non-flocculating strain, the self-flocculating
T. obliquus AS-6-1 is a more efficient and potential adsorbent
for gold recovery, probably due to its excreted extracellular
biopolymers possessing more binding sites involved in gold
adsorption. The Au(Ill) adsorption capacity by 7. obliquus
AS-6-1 increased with an increase in initial concentration.
The maximum adsorption capacity achieved at pH 2.0 and
30 °C was 169.49 mg g ' estimated by Langmuir model.
Pseudo-second-order kinetic model agreed very well with
the dynamical behavior for the Au(IIl) adsorption by
T. obliguus AS-6-1, which suggests that its adsorption reaction
on the surface of adsorbent was the rate-limiting step but not
the mass transport. More studies are required to find out the
adsorption of Au(Ill) by the self-flocculating microalga is
exothermic or endothermic or independent temperature during
a certain temperature range.
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