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Abstract

The challenge of economical separation of tiny microalgal cells from diluted solutions
restricts their industry commercialization as promising biosorbents. In this study,
freshwater self-flocculating microalga Tetradesmus obliquus AS-6-1 was used as
biosorbent to recover gold from wastewater. Maximum Au(l11) adsorption capacity was

obtained at optimal conditions of 0.1 g L™ biomass, pH 2.0, 25 °C within 30 min for an
initial concentration of 5 mg L™. The higher maximum adsorption capacity (q,,) and

Langmuir constant (b) for T. obliquus AS-6-1 indicated its potential as efficient
adsorbent for gold recovery. Detailed surface characterization demonstrated that
polysaccharides excreted from the self-flocculating microalga were responsible for the
better adsorption performance of T. obliquus AS-6-1. Flocculating activity results
showed that T. obliquus AS-6-1 could efficiently settle down at the bottom by bio-
flocculation within 20 min. The regenerated microalgae in the funnel reactor retained
high adsorption efficiency of > 97 % in the first two adsorption/desorption cycles. The
results from this study firstly demonstrated that the self-flocculating microalga not only
benefited its biomass recovery by its bio-flocculating property, but also improved its

potential for gold recovery from wastewater.
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Introduction

Recovery of gold from the secondary sources such as electronic equipment and
electroplating wastewater has been a focus research in recent years (Syed et al. 2012).
Various methods have been used for gold recovery, including chemical precipitation,

ion exchange, electrochemical methods and membrane processes. However, those



processes suffer from high capital costs and generation of large quantities of secondary
wastes, especially in the processing of practical metal wastewater containing precious

metals at concentrations below 10 - 40 mg L™ (Umeda et al. 2011).

Biosorption, a metabolism-independent process, has been proposed as a potentially
attractive and environmentally friendly alternative to physical-chemical processes for
the recovery of precious metals from aqueous solutions (Volesky 2007; Mack et al.
2007). Bacteria (Deplanche and Macaskie 2008), fungi (Nakajima 2003), yeast (Lin et
al. 2005), algae (Ju et al. 2016), agro wastes (Maruyama et al. 2014) and biopolymers
(Gao et al. 2017) have been tested as potential adsorbents in the process of biosorption.
Certain microalgae species recently attracted attention due to their unique surface
properties which show binding affinity for divalent metals in general and, in some
species, precious and rare earth metals particularly. However, due to their small size (2-
20 um) and strong negative charge on cell surface, the economical harvesting/separation
of microalga cells from large volume solutions poses a formidable challenge for their
industry commercialization (Shen et al. 2017). The immobilization of microalgae could
be a great solution to solve this problem, but the mass transfer limitation and additional

process cost restrict their practical application (Moreno-Garrido 2008).

Bio-flocculation is considered as the most efficient, economical and technologically
feasible method to harvest/separate microalgae from diluted solutions (Zhou et al.
2015). Recently, several self-flocculating microalgae, such as E. texensis SAG79.80, T.
obliquus AS-6-1 and C. vulgaris JSC-7 have demonstrated their bio-flocculating
properties (Alam et al. 2015; Zhang et al. 2016), with the ability to aggregate together
and form flocs, which facilitate their gravity sedimentation for separation from aqueous
solutions. In addition, there is no need of additional chemical agents in the separation
process of self-flocculating microalgae from diluted solutions (Zhang et al. 2016).
Compared with the commonly used separation methods, such as centrifugation and
filtration, the use of bio-flocculation is expected to be energy-saving, environmentally-
friendly and cost-effective in large-scale microalga application. However, to the best of
our knowledge there is no report assessing detailed studies on short-term adsorption of
gold using the self-flocculating microalgae and its regeneration potential by bio-

flocculation in adsorption/desorption cycles.



In this study, T. obliquus AS-6-1, a freshwater self-flocculating microalga was selected
as a biosorbent to adsorb Au(lll) from wastewater. The Au(lll) adsorption performed
by T. obliquus AS-6-1 was examined under different conditions while the non-
flocculating microalga Tetradesmus obliquus used as a control. Kinetics, equilibrium,
thermodynamics, surface characteristics and flocculation activity test of biosorbents
were carried out. The aim of this study was to investigate the feasibility of self-
flocculating microalga T. obliquus AS-6-1 as biosorbent for short-term adsorption of
gold. The consecutive adsorption/desorption cycles in the funnel reactor were
investigated to determine the possibility of regeneration of algal biosorbent using its
self-flocculating property. The study provides new insights for gold recovery using the

self-flocculating microalga and its regeneration potential by bio-flocculation.

Materials and methods

Preparation of adsorbent and chemicals

The self-flocculating microalga T. obliquus AS-6-1 was initially isolated from
freshwater located in southern Taiwan (Zhang et al. 2016). The non-flocculating strain
T. obliquus (CCAP No. 276/7) was purchased from the Culture Collection of Algae and
Protozoa (CCAP) for comparison purpose. These pure strains were cultured in a 12 L
culture vessel containing 10L of Blue-Green (BG11) medium (Chen et al. 2016) at 251
°C with a light intensity of approximately 60 umol photons m? s* all the day. The
strains were preliminarily harvested by sedimentation and then further separated from
the growth media by centrifuge after 15 days and washed twice with deionized water
before freeze-drying.

A standard stock solution of 1000 mg L™ of chloroauric acid (HAuCl,) was used to
prepare initial Au(lll) concentrations between 5 and 50 mg L™. The pH of the metal
solution was adjusted with 0.1 M NaOH/ 0.1M HCI. Thiourea was used as eluent for Au
desorption from biomass. All the reagents were of analytical grade and procured from
Sigma-Aldrich.



Optimization of parameters in batch adsorption

The lyophilized T. obliquus AS-6-1 and T. obliquus were used as adsorbents in batch.
All experiments in this study were replicated to ensure consistency and reproducibility

of the results. The error bars represent the mean's standard deviations of the triplicates.

Different biomass dosages (0.02 - 0.12 g L™) were used as biosorbents in 100 mL of
Au(lI1) solution with an initial concentration of 5 mg L™. The flasks were then shaken
for 480 min at 25 °C. Samples were taken at predetermined time intervals, centrifuged
and the filtrate was analyzed using Atomic Absorption Spectrometer (AAS Perkin
Elmer AAnalyst 400). Effect of pH was conducted in 100 mL of 5 mg L™ of Au(lll)
solution with varying pH from 1.0 to 7.0. Effect of temperature on biosorption was
studied at different temperatures (7, 25, 30, 40, 50 and 60 °C). Batch adsorption studies
were carried out at optimized adsorption parameters with initial Au(lll) concentrations
in the range of 5-50 mg L™ to determine the variation in adsorption capacity and

efficiency.

Adsorption isotherm, kinetics, and thermodynamics

The adsorption equilibrium data obtained at the optimized conditions were modeled
using Langmuir (1918) and Freundlich (1906) isotherms to identify the species with the
highest adsorption capacity preceding any further biosorption studies. In this study, the
Pseudo first-order and Pseudo-second-order (Ho and Mckay 2000) models were applied
to analyze the rate of adsorption uptake. The model with the highest correlation
coefficient value (R?), close to unity was considered the best fit. Thermodynamic
parameters like the changes in standard free energy (AG®), standard enthalpy (AH®) and
standard entropy (AS°) were calculated for the evaluation of feasibility of the adsorption
reaction (Al-Saidi 2016) (Details of isotherm, kinetics and thermodynamics provided

with supplementary material).
Characterization of biosorbent

XRF spectrometry

The elemental composition on the surface of lyophilized T. obliquus AS-6-1 samples
before and after adsorption was analysed by X-ray fluorescence (XRF) spectrometry.
The absorption spectra and concentration of the element present in the samples were



then analysed by the Thermo Fisher ARL Perform'X Sequential XRF instrument with

Uniquant software.
FTIR spectrometry

Fourier transform infrared spectroscopy (FTIR-Nicolet iS5, Thermo, South Africa) was
analysed to find out the functional groups of adsorbent for Au(l11) adsorption. The FTIR
sample holder was first cleaned using acetone and a background spectrum collected to
check the performance of the instrument. A sample was then loaded and the sample
spectrum obtained. Data processing was done to transform absorbance into

transmittance showing wavelength peaks.

SEM

The surface morphology of the tested lyophilized algae was observed by a scanning
electron microscopy (SEM, JOEL JSM 5800LV, Tokyo, Japan). Sample preparation for
SEM was carried out using 0.5 % aqueous osmium tetroxide and phosphate buffer at a
concentration of 0.05 M for 1 h. The buffer was used to protect the biological sample
from becoming acidic. Water was then extracted from the sample using a range of
ethanol grades from 30 to 100 %. The final rinsing was done three times with anhydrous
ethanol. Critical drying point using liquid carbon dioxide was then used for sample
drying to prevent damaging the sample. The sample was finally mounted on stubs and

coated with carbon.

Flocculation activity test

Flocculation activity tests of lyophilized algae were performed with 10 mL of algal
culture dispersed in 25 mL cylindrical glass tubes, and then gently agitated for 1 min at
room temperature. After every 10 minutes’ standing, an aliquot of the culture was
withdrawn at a height of two-thirds from the bottom, and the turbidity was measured
with a UV/V spectrophotometer (WPA, light wave Il, Labotech, South Africa) at a
wavelength of 680 nm (10 mm light path). The flocculation efficiency was calculated by
the equation: Flocculation efficiency (%) = (A — B) / A x 100, where A and B are the
optical density (ODsggo) of algal culture before and after flocculation, respectively (Guo
etal. 2013).



Regeneration of biosorbent

In order to test the regeneration potential of microalga T. obliquus AS-6-1 by its
flocculation property, three cycles of successive adsorption/desorption experiments
were conducted in the funnel reactor. Preliminary experiments were conducted to
determine the biomass dosage required for complete adsorption of 10 and 30 mg L™
Au(111) within 30 min which was found to be at least 0.6 and 1.8 g L™, respectively.

One adsorption/desorption cycle contains adsorption, sedimentation, rinse,
sedimentation, desorption, sedimentation and rinse (Fig. 1). All these processes were
occurred in one funnel reactor. Biosorption experiments were conducted in triplicates at
pH of 2.0 for 30 min under 25 °C. The sedimentation time for microalga separation was
20 min and the sample was collected at a height of one-third from the solution level, and
then centrifuged and analysed using Atomic Absorption Spectrometer (AAS Perkin
Elmer AAnalyst 400). The concentrated cells were carefully rinsed twice by adding
deionized water after adsorption and desorption. The subsequent desorption of bound
gold was carried out by adding 50 mL of 0.2 M thiourea at pH of 1.0, 25°C for 15 min.
The regenerated microalgae would be used as adsorbents for the next cycle. Each new

cycle of adsorption was carried out by supplementing 10 or 30 mg L™ of Au(lI1).

Results
Effect of biomass dosage

The results in Table 1 show that the dosage of the two present microalgae > 0.04 g L™
resulted in approximately 100 % Au(lll) adsorption. The algal biomass tested showed a
decrease in time required to reach equilibrium with an increase in biomass dosage
(Table 1). It took only about 10 to 30 min to reach the maximum uptake at biosorbent
dosage from 0.06-0.12 g L™ using T. obliquus AS-6-1, but more time — up to 90 min at
dosage of 0.04 g L™". The time reaching the equilibrium by T. obliquus required a little
bit longer, with 20 to 40 min at biosorbent dosage from 0.06 - 0.12 g L™ and 120 min at
dosage of 0.04 g L™. It is worth noting that the adsorption efficiency increased with an
increase in biomass dosage but the binding capacity gradually decreased. For the initial
Au(111) concentration of 5 mg L™, the maximum adsorption rate achieved by T. obliquus
AS-6-1 was 5.0 mg g™ min™ within 10 min at biomass dosage of 0.10 g L™, and 2.5 mg
g™ min* within 20 min at biomass dosage of 0.10 g L™ using T. obliquus (Fig. 2a).



Effect of contact time, pH and temperature

Almost 100 % of the total Au(lll) was quickly adsorbed by 10 mg of dried T. obliquus
AS-6-1 and T. obliquus within 20 min (Fig. 2b). From 30 to 480 min, the two present
microalgae retained the constant adsorption capacity of 50 mg g which indicated the
stable equilibrium. The maximum adsorption capacity of 50 mg g™* on T. obliquus AS-6-
1 was found to be at pH 2.0 (Fig. 2c). The uptake slightly decreased to 48.7 mg g™ at
pH 3.0, and then declined drastically in further increase of pH from 4.0 to 7.0. The
maximum adsorption capacity of 50 mg g™ on T. obliquus was observed at pH 3.0.
While at pH of 2.0, it still showed good adsorption potential with Au(lll) uptake of
48.87 mg g*. The maximum uptake of 50 mg g for both of the microalgae was
obtained at ambient temperature of 25 °C (Fig. 2d). More than 90 % of Au(lll) was
effectively adsorbed by T. obliquus AS-6-1 and T. obliquus from 7 to 60 °C. However,
the adsorption capacity was slightly decreased with the further increase in temperature
to 60 °C.

Effect of initial Au(l11) concentration

An increase was observed in the uptake of T. obliquus AS-6-1 with an increasing initial
concentration from 5 to 20 mg L™, and no considerable change was observed from an
initial concentration of 30 to 50 mg L™ (Fig. 2e). The maximum adsorption capacity of
T. obliquus AS-6-1 was 149.83 mg g™ at the initial concentration of 20 mg L™. The
adsorption capacity of T. obliquus under various Au(lll) concentrations showed the
similar trend, but the maximum adsorption capacity of 80.77 mg g™ obtained at the
initial concentration of 10 mg L. Interestingly, the adsorption efficiency by the tested

microalgae decreased with an increase in initial Au(l1l) concentration.

Adsorption isotherm, kinetics and thermodynamics

The results from the Langmuir model had a higher correlation co-efficient (R?) of 1.00
than the Freundlich model with <0.66 (Table 2). In addition, both q,, and b value for T.
obliquus AS-6-1 were higher than those of T. obliquus. The maximum adsorption

capacity (d,,) of T. obliquus AS-6-1 was compared to other algal biosorbents from

previous studies (Table 3). T. obliquus AS-6-1 had a higher q,, of 181.82 mg g™ for



Au(ll) as compared to other biosorbents except for the seaweed Sargassum natanss

with a g, of 413.7 mg g™ (Table 3).

The first order model fit well with only a few data points in the first 20 min and then the
experimental data scattered with low correlation coefficient (R?) values for the rest of

the period. The Pseudo-second-order model produced a higher R* for both the
biosorbents tested (Table 4). In addition, there was no pronounced difference between

the experimental adsorption capacity (0, ., ) and the calculated adsorption capacity (

et ) at equilibrium for Pseudo-second-order kinetics.

The thermodynamic data obtained from the adsorption of Au(lll) ions by the tested

microalgae are all negative presented in Table 5.

Characterization of biosorbent

XRF data in Table 6 showed a sharp increase from 0.01 to 9.11 % in Au amount on T.
obliquus AS-6-1 surface after adsorption. A significant increase in Cl and decrease in
Na, Mg, K and Ca concentrations on the algae cell surface were observed after
interacted with HAuUCl,.

FTIR spectra in Fig. 3 indicated the presence of different functional groups in the cell
wall of the different biomass. A broadly-stretched intense peak at approximately 3300
cm™ was characteristic of hydroxyl groups probably sited on polysaccharide and
protein. The absorption peak at around 2920 cm™ signified asymmetrical C-H
stretching vibration of aliphatic CH, group, and the peak at approximately 1643 cm™ is
indicative of C=0 bend for amide probably sited on protein. The broad stretch of C—O—
C and C-O at 1000-1200 cm™ corresponded to the presence of carbohydrates (Paul et
al. 2012; Guo et al. 2013). The same trend was observed in the case of T. obliquus.
Especially, the intensity at 3281 cm™ and bands ranged from 1632 to 1643 cm™ had a
drastically decrease.

The flocculation efficiency of T. obliquus AS-6-1 was much higher than T. obliquus,
achieved almost 80 % within 20 min but 30 % for the latter (Fig. 4b). There was not
significant increase in flocculation efficiency after 20 min. Therefore, the sedimentation



time for subsequent experiments on adsorption/desorption cycles was selected as 20

min.

Biosorbent regeneration

The Au(lll) adsorption by T. obliquus AS-6-1 in the first two cycles remained high (>
97 %) and decreased to 82.63 % in the 3" cycle at initial concentration of 10 mg L™,
Fig. 5a. Desorption efficiency was high at 95.95 % in the 1% cycle but reduced to 68.96
% in the 3 cycle. At higher concentration of 30 mg L™, the adsorption remained high
in the first two cycles and decreased to 70.88 % in the 3" cycle, but performed better in
desorption in the range of 80.58 - 98.63 %, Fig. 5¢. The adsorption efficiency for T.
obliquus remained relatively high in the first two cycles in the range of 82-100 % and
decreased to 60-70 % in the 3" cycle at initial Au(l11) concentration of 10 and 30 mg L
! Fig. 5b and 5d. Desorption efficiency was generally low in all 3 cycles in the range of
14.28 - 75.89 %.

Discussion

The optimal Au(l1l) adsorption conditions by the tested microalgae were obtained at 0.1
g L™ biomass, pH 2.0, 25 °C for 30 min with an initial concentration of 5 mg L™. The
biosorbent dosage and pH of Au(lll) solution strongly influenced the extent of
biosorption, while the adsorption capacity was not significantly influenced by the
temperature in the range of 7 - 60 °C. The adsorption rate (Zhang et al. 2016), defined
as the amount of adsorbed metal ions per dry cell weight per minute within a period of
time, was introduced to determine the optimum biomass dosage. The short-term
adsorption of Au(lll) within 10 min by self-flocculating microalga T. obliquus AS-6-1
showed its advantage in improving adsorption rate which is desirable for industrial

application.

The insufficient available Au(lll) to the abundant binding sites on the biosorbents may
explain why the adsorption efficiency increased but the binding capacity gradually
decreased with an increase in biomass dosage (Table 1), which is also proposed by Das
(2010). The decrease in adsorption capacity as the pH increased (Fig. 2c) may be due to
the less availability of positively charged ligands on cell wall. This is unfavourable in

attraction of negatively charged AuCl, to the cell surface through electrostatic forces.



The decline in uptake at pH 1.0 may be related to the charge reversal of biosorbent
below pH 2.0 (Das 2010).

The adsorption capacity of T. obliquus AS-6-1 at higher Au(lll) concentrations (20 - 50
mg L™) was extremely higher than that observed from T. obliquus (Fig.2e), which might
result from more vacant biding sites on cell surface of T. obliquus AS-6-1. Before
reaching the maximum uptake, there was a considerable increase in adsorption capacity,
which might be due to the higher availability of metal ions. However, with the further
increase in Au(lll) concentration, the metal ions are needed to overcome the mass
transfer resistance and diffuse to the biomass surface by intra-particle diffusion at a
slower rate. This may account for the reduction in the adsorption efficiency by the

tested microalgae (Fig.2e).

The fit of the biosorption data to the Langmuir isotherm implied that even at the
insufficient binding sites, the adsorbates Au(lll) do not interact or compete with each

other and are adsorbed by forming a monolayer. Kratochvil and Volesky (1998) stated

that a favourable biosorbent should have a low Langmuir constant b and a high q,,

value but regardless of the recovery rate. Some authors proposed that a higher q,, and a
higher b imply adsorbents with both a high adsorption and recovery rate at low
equilibrium concentration (Birungi and Chirwa 2014). In this study, both q,, and b

value for T. obliquus AS-6-1 were higher than those of T. obliquus, emerging the better
adsorbent for recovery of Au(lll). T. obliquus AS-6-1 showed the highest adsorption
capacity except for the seaweed Sargassum natanss, indicating the high potential of T.

obliquus AS-6-1 as the biosorbent for gold recovery.

The results from Table 4 suggested that the system showed a better fit for Pseudo-
second order than the first order. This indicated that the rate-limiting step is a chemical
adsorption process between Au(ll1) and microalgae T. obliquus AS-6-1 and T. obliquus.
The negative values of AG® at all temperatures implied that the adsorption of Au(lll)
onto the present microalgae was spontaneous in nature (Table 5). This could be due to
the adequate metal binding sites available for adsorption. A negative AH® value
confirms the exothermic nature of the Au(lll) adsorption process by both microalgae.

This may explain why the adsorption capacity decreased with an increase in temperature

10



as observed in Fig. 2d. A negative AS® is an indication of a decrease in randomness at
the solid-liquid interface during the adsorption of metal ions, which implies that the

adsorption process was energetically stable (Akram et al. 2017).

XRF data in Table 6 confirmed the presence of Au on the adsorbent surface and implied
the probable ion exchange between Na, Mg, K, Ca ions on the algal cells and H" in acid
gold solution. The changes in bands intensity and wavenumber suggest the involvement
of those functional groups tested from FTIR spectra in gold binding. The intensity of the
peaks at wavenumbers ranged from 3281 to 3300 cm™ and 1632 to 1643 cm™ changed
to a lower value after the interaction of T. obliquus AS-6-1 and T. obliquus with gold,
which could imply that the hydroxyl groups and C=0O bend for amide on
polysaccharides and proteins play an important role in Au(l11) adsorption by T. obliquus
AS-6-1 and T. obliquus.

Guo et al. (2013) suggested that the polysaccharide excreted from the self-flocculating
microalga were responsible for cell self-flocculation. Mata et al. (2009) proposed that
hydroxyl groups (O-H) abundant in polysaccharides of the algal cell wall participated in
gold recovery. The abundant binding sites of hydroxyl groups on polysaccharides
excreted from the self-flocculating microalga may explain why T. obliquus AS-6-1

performed better in gold adsorption than non-flocculating alga T. obliquus.

Compared to the non-flocculating microalgae, a significant change in morphology of
the flocculating microalgae was observed in Fig. 4a, with many cells aggregated
together to form flocs, which consequently facilitated their gravity sedimentation for
biomass recovery. This may result in the higher flocculation efficiency of self-
flocculating microalgae T. obliqguus AS-6-1 than non-flocculating microalgae T.
obliquus (Fig. 4b).

In the adsorption/desorption cycles study, most self-flocculating microalga T. obliquus
AS-6-1 could settle down at the bottom by gravity sedimentation within 20 min, while
the high turbidity was observed with non-flocculating microalgae T. obliquus. Although
the regenerated adsorbent T. obliquus AS-6-1 can retain high efficiency in adsorption in
the 2" cycle, the adsorption performance in next cycle was undesirable. The reduction

in adsorption and desorption as the number of cycles proceeded may be owing to the

11



irreversible Au(ll1) binding property of the adsorbent and the loss in the dry weight of

adsorbent after each cycle.

Conclusion

Compared to the non-flocculating microalga, the self-flocculating microalga not only
benefits its biomass recovery by bio-flocculation, but also improves its potential for
gold recovery from diluted aqueous solution. The processes of adsorption,
sedimentation, rinse and desorption in each adsorption/desorption cycle using bio-
flocculation could proceed efficiently in one funnel reactor. The tested self-flocculating
microalga T. obliquus AS-6-1 showed good regeneration potential which retained high
adsorption efficiency of > 97 % in the first two cycles. However, further studies are still
required to improve the flocculating property of alga adsorbent without loss in biomass

for lasting more cycles, especially for most common non-flocculating microalgae.
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Table 1 Au(lll) adsorption efficiency and capacity at corresponding equilibrium time
with increasing biomass dosage

Biomass dosage Equilibrium time Efficiency Capacity

@@L (min) (%) (mg g™
T. obliquus T.obliqguus T.obliquus T.obliqguus T.obliquus T. obliquus
AS-6-1 AS-6-1 AS-6-1

0.02 120 240 70.00 92.93 175.00 232.33
0.04 90 120 99.20 99.07 124.00 123.83
0.06 30 40 99.53 99.80 82.94 83.17
0.08 20 30 99.73 99.20 62.33 62.00
0.10 10 20 99.87 99.67 49.93 49.83
0.12 10 20 99.13 100 41.31 41.67
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Table 2 Langmuir and Freundlich adsorption isotherms contants (25 °C, pH=2.0, 0.1 g

L"* biomass dosage)

Microalgae Langmuir constant Freundlich constant
-1 . 2 . 2
b (Lmg") A,y (mg g R n K¢ (mgg? R
T. obliquus 6.88 181.82 1.00 7.43 122.35 0.59
AS-6-1
T. obliquus 4.77 161.29 1.00 8.67 112.75 0.66
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Table 3 Comparison of adsorption capacity of Au(lll) using T. obliquus AS-6-1 with
other algal adsorbents in the literature

Biosorbent d,, (mgg™) pH Reference
Galdieria sulphuraria 1.79 2.5 Ju et al. (2016)
Spyrogira insignis 19.7 2 Castro et al. (2013)
Chlorella vulgaris 98.5 2.0 Darnall et al. (1986)
Sargassum natanss 413.7 2.5 Kuyucak and Volesky (1989)
Fucus vesiculosus 68.95 7.0 Mata et al. (2009)
Dealginated Seaweed 78.8 3.0 Romero-Gonzalez et al. (2003)
S. obliquus AS-6-1 181.82 2 From this study
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Table 4 Parameters of Pseudo-second-order Kinetic models for tested microalgae

Initial concentration T.obliquus AS-6-1 T.obliquus

(mgL™ R2 kz Oecat Yeexp 2 kz Oecat  Geexp
gmg*min® mgg* mgg* gmg* min® mgg' mgg*

10 1.00 0.0014 102.04 100.00 1.00 0.0014 102.04 100.00

20 1.00 0.0007 181.82 176.87 1.00 0.0002 166.67 160.97

30 1.00 0.0008 178.57 17873 0.98 0.0002 158.73  155.33

40 1.00 0.0008 178,57 179.13 0.95 0.0001 153.85 154.17

50 0.99 0.0005 181.82 183.77 0.95 0.0002 158.73 163.27

18



Table 5 Thermodynamic parameters determined at temperature range 7 - 60 °C for T.
obliquus AS-6-1and T. obliquus.

Temperature T. obliquus AS-6-1 T. obliquus

oC AG . AH . AS_l . AG . AH . As-l .
kJ mol kJ mol kJ mol™K kJ mol kJ mol kJ mol~K

7 -5.97 -29.607 -0.085 -4.60 -26.912 -0.080

25 -4.78 -3.87

30 -3.33 -2.73

40 -1.50 -0.52

50 -3.79 -0.88

60 -0.99 -1.25
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Table 6 Elemental composition of T. obliquus AS-6-1 surface before and after

interaction with Au(l11)

T. obliquus AS-6-1 wt %
Au Cl Na Mg K Ca
Before adsorption 0.01 0.19 1.36 0.45 2.86 0.98
After adsorption 9.11 7.48 0.37 0.08 0.19 0.10
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Fig. 1 Schematic diagram of one adsorption/desorption cycle. The processes of
adsorption, sedimentation, rinse and desorption occurred in one funnel reactor. The

rinsed microalgae after desorption would be used as adsorbents for the next cycle.
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Fig. 2 Effect of (a) biomass dosage, (b) contact time, (c) pH, (d) temperature, and (e)
initial concentration on Au(lll) adsorption. The error bars indicate the standard

deviation of the data (n = 3).
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Fig. 3 FTIR spectra of T. obliquus AS-6-1 and T. obliquus before and after Au(lll)
adsorption.
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Fig. 4 (a) SEM images of T. obliquus AS-6-1 (left) and T. obliquus (right); (b)

Flocculation efficiency of tested algae at varying standing time. The error bars indicate
the standard deviation of the data (n = 3).
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Fig. 5 Adsorption/desorption efficiency of Au(lll) by T. obliquus AS-6-1 (a) and T.

obliquus (b) at initial concentration 10 mg/L; and by T. obliquus AS-6-1 (c) and T.

obliquus (d) at initial concentration 30 mg/L in three cycles. The error bars indicate the

standard deviation of the data (n = 3).
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