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Abstract

Four algal adsorbents were prepared from two types of green sea algae (Ulva lactuca and
Ulva pertusa), either by treatment with concentrated sulfuric acid or without treatment. A
comparative study of Au(Ill) adsorption in an HCl medium was performed. While both
untreated adsorbents showed good performance at low HCI concentrations, the treated
adsorbents achieved quantitative adsorption and high selectivity for Au(III) across a broad
range of HCI concentrations. The adsorption of Au(IIl) onto the algal biomass adsorbents
followed the typical Langmuir monolayer adsorption model. At an HCI concentration of
0.010 M, the maximum adsorption capacities were 1.14, 0.86, 6.57, and 6.28 mol l<g’l for
DUL, DUP, TUL, and TUP, respectively. A kinetic study conducted at different temper-
atures was consistent with the pseudo-first-order kinetic model and enabled estimation
of the activation energy of the adsorption reaction. Structural changes before and after
treatment were analyzed using FI-IR spectroscopy. Confirmation of Au(IIl) adsorption and
its subsequent reduction to the elemental state was achieved through XRD and SEM/EDX
analyses as well as digital imaging of the Au-loaded adsorbents. Finally, the adsorbed and
reduced Au was successfully desorbed using an acidic thiourea solution.

Keywords: gold recovery; adsorption; reduction; algal biosorbents; green waste; sulfuric
acid treatment

1. Introduction
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Gold (Au) has been one of the most valuable metals since ancient times and is used
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(e.g., electronic and catalytic wastes, ~200 g ton 1) is significantly higher than in natural
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o ] ores (5-30 g ton~1) [4-7]. It is estimated that the amount of Au recovered from one ton of
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. computer waste exceeds that obtained from 17 tons of mined ore [8]. Moreover, recovering
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balance [9,10]. Mobile and computer devices account for approximately 4% of total Au con-
sumption [11]. The global production of waste electrical and electronic equipment (WEEE)
reached 53.6 million tons (Mt) in 2019 and is projected to increase to 74.7 Mt by 2030 [12].
Although Au recovery from secondary resources is economically attractive, less than 20%
of e-waste is currently recycled, mainly due to the lack of efficient technologies [13].

Conventional techniques such as cementation, precipitation, ion exchange, and solvent
extraction, which are used for recovering precious metals (PMs), are neither economically
feasible nor environmentally friendly [14]. Solvent extraction is a lengthy process due to the
need for multiple extraction steps, and the use of flammable and hazardous organic solvents
contributes to environmental pollution [11,15]. Precipitation is relatively inexpensive;
however, it requires large volumes of precipitants and generates significant waste [16]. Ion
exchange technologies are simple, cost-effective, and environmentally friendly, but they
require longer separation cycles [17,18]. Chemical methods involving cyanidation and
thiourea leaching for Au extraction pose serious risks to both the environment and human
health. Techniques based on the use of activated carbon are more commonly employed for
Au extraction because of its high surface area and porous structure; however, they have
notable limitations, including low extraction capacity, poor selectivity, and high energy
and chemical requirements for regeneration [13,19,20]. Consequently, there is a need to
develop innovative techniques for recovering Au ions from aqueous solutions that are
environmentally friendly and pose fewer risks to human health [21].

As an alternative to conventional techniques, biodegradable adsorbents show great
promise for recovering PMs or removing hazardous metals from aqueous environments
due to their effectiveness, availability, versatility, and reliability across a wide range of
metal ion concentrations [11,22]. The binding of metal ions in solution to chemical sites on
the biomass adsorbent is a passive and metabolically independent process that occurs over
a broad range of pH values and temperatures without generating secondary wastes [23,24].
The potential of biosorbents for recovering precious metals has increased with the growing
emphasis on environmental sustainability and the circular economy [25,26]. A review article
indicated that among valuable metals, the greatest focus (34%) has been on the biosorption
of Au [8]. A wide variety of biomaterials, including fruit peels [5,6,10,20], chitosan [16],
eggshell membranes [27], plant leaves [28], sheep wool [29], chicken feathers [30], and
microalgae [31,32], have been used as adsorbents, with or without chemical modification,
for Au(Ill) adsorption. Biosorbents not only reduce operational complexity but also serve
as effective alternatives to commonly used commercial materials such as activated carbon
and ion-exchange resins.

Algae are responsible for approximately 90% of global photosynthesis, and their cell
wall polymers account for about half of all non-aqueous biomass. The use of marine algae
as biosorbents for metal recovery is increasing due to their high biopolymer content, includ-
ing polysaccharides, proteins, and lipids [33,34]. Furthermore, their high metal binding
capacity, low cost, regeneration efficiency, high surface-to-volume ratio, and macroscopic
structure provide significant advantages as adsorbents [25,35]. The use of algal biomass for
the recovery of Au(lll) is particularly beneficial because it is environmentally friendly and
readily available in large quantities at low cost throughout the year [36]. Cell wall compo-
nents rich in functional groups such as hydroxyl (-OH), amine (-NH;), amide (-CONH,),
and carboxy (-COOH) groups serve as the most efficient sites for Au(Ill) adsorption by
green algae [37,38]. Algae are also a major source of cellulose, producing approximately
10'1-10'? tons annually [39]. Cellulose consists of long chains of B-glucopyranose units
linked by -1,4-glycosidic bonds. Due to the abundance of -OH groups, it can be read-
ily chemically modified through reactions with various reagents to enhance adsorption
capacity [19].
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The composition of algae depends on species, habitat, maturity, and environmental
conditions. Ulva is a widely consumed green marine alga and is known for its rich content
of nutrients, including polysaccharides, proteins, vitamins, and minerals, making it a
popular edible seaweed worldwide [40]. The total dietary fiber content (both soluble and
insoluble) in Ulva lactuca is slightly higher (54.9% of dry weight) than that in Ulva pertusa
(52.1%). Analysis of the dietary fiber composition of Ulva lactuca shows that hemicellulose
(20.6% of dry weight) is the most abundant component, followed by cellulose (9.1%) and
lignin (1.5%). Among the monosaccharides, glucose (17.2% of dry weight) is the major
constituent, followed by rhamnose (7.4%) and xylose (1.9%) [41].

In our previous studies, we reported the adsorption efficiency of different microalgae
of varying particle sizes and compositions for Au(Ill), with or without lipid removal, using
samples collected from different production batches [32,42]. The effective use of Ulva
species for adsorptive recovery of rare earth metals has been reported in the literature [38].
However, to the best of our knowledge, no relevant studies have focused on their use as
biosorbents for precious metal recovery. Therefore, this study aims to compare the Au(III)
adsorption efficiency of two marine algae with different compositions, compare similarly
treated microalgae, and ultimately to investigate the adsorption-reduction mechanism
of cellulosic biomass. Practical limitations of raw adsorbents—such as slow adsorption
rates, poor mechanical strength, low selectivity, difficulty in regeneration, and relatively
low adsorption capacity—have been addressed through various chemical modification
techniques, including esterification, graft polymerization, coating, and treatments with
acids, alkalis, and methanol [3,37]. Improvements in the physical stability and adsorption
capacity of chemically modified cellulose have been widely reported in the literature [19].
Among these methods, sulfuric acid treatment is a simple and cost-effective approach
that enhances the chemical stability, selectivity, and mechanical strength of adsorbents.
Potential environmental pollution during adsorbent preparation was minimized through a
single-step treatment using non-volatile sulfuric acid. After preparation, the used sulfuric
acid can be easily neutralized and safely discharged. This treatment improves adsorption
efficiency by generating new adsorption sites through condensation of the polysaccharide
matrix [15,43,44].

2. Experiment
2.1. Material and Analysis

For this study, the algae were provided by the Institute of Ocean Energy (IOES), Saga
University, Japan. A stock solution of Au (25.0 mM; M = mol dm~3) was prepared by
dissolving the tetrachloroaurate complex (HAuCly-4H;O) and was subsequently diluted
to desired concentrations for the experiments. All chemical reagents used in this study
were of analytical grade, purchased from Wako Pure Chemical Industries Ltd., Osaka,
Japan, and used without further purification. Test solutions for all experiments were
prepared using deionized water, and the samples were stirred in a shaking incubator at
controlled temperature.

The Fourier-transform infrared (FT-IR) spectra of all adsorbents before and after Au(III)
adsorption were measured using an FI-IR spectrometer (Shimadzu, Affinity 1, Kyoto,
Japan) with KBr pellets to identify functional group transformations during treatment and
subsequent Au(lll) adsorption. The concentrations of Au(Ill) ions in the test solutions
before and after adsorption were determined using an inductively coupled plasma atomic
emission spectrometer (ICP-AES; Shimadzu, ICPS-8100). Surface characterization of the
adsorbents before and after Au(Ill) adsorption was carried out using a scanning electron
microscope (SEM; Hitachi, SU-1500, Tokyo, Japan) and an energy-dispersive X-ray spec-
trometer (EDX; Hitachi, SU-8010). A digital microscope (Keyence, VHX-1000, Osaka, Japan)
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was used to capture micrograph images of the adsorbents before and after Au adsorp-
tion. Additionally, X-ray diffraction (XRD) patterns of untreated and treated Au-loaded
adsorbents were recorded using an X-ray diffractometer (Shimadzu, XRD-7000).

2.2. Preparation of Biosorbent

The treated adsorbents were prepared by agitating a mixture of 5.0 g of dry alga (Ulva
lactuca or Ulva pertusa) with 50 cm? of concentrated sulfuric acid for 24 h at 373 K using a
stirring speed of 220 rpm. After cooling, the mixture was neutralized with NaHCO3; and
repeatedly rinsed with distilled water until a neutral pH was achieved. The resulting black
product was then dried for 24 h at 333 K in a convection oven. The dried material (1.10 g
for Ulva lactuca and 1.35 g for Ulva pertusa) was subsequently ground to a particle size of
150 um. The processed adsorbents were designed as treated Ulva lactuca (TUL) and treated
Ulva pertusa (TUP). In addition, untreated adsorbents (expediently abbreviated as DUL and
DUP) were prepared by directly grinding Ulva lactuca or Ulva pertusa to a particle size of
150 um without any chemical treatment.

2.3. Biosorption Experiments

All experiments (except the kinetics study) were conducted at a temperature of 303 K
and a shaking speed of 150 rpm. Time-dependent Au(Ill) adsorption experiments were
carried out using a 2.0 mM Au(III) solution in 0.5 M HCl over a period of 0-120 h, and the
effect of HCl concentration was investigated over the range of 0.01-2.0 M. The adsorption
capacity was determined using metal solutions with concentrations ranging from 1.0 to
15.0 mM in 0.01 M HCL. Elution tests were performed only for treated adsorbents using
various concentrations of acidic thiourea solution. At the end of each experiment, the
mixture was filtered, and the metal ion concentrations in the filtrate, along with those in the
initial solutions, were measured using ICP-AES. To minimize the consumption of the gold
solution, single adsorption experiments were conducted; however, ICP-AES measurements
were performed three times for each sample. The percentage adsorption, adsorption
capacity, and percentage elution were calculated using Equations (1)—(3), respectively:

% Adsorption = % x 100, (@)
e

g = Civ—vce <V, @

% Elution = Ceu-Ce % 100, 3)

1
where C; [mol dm 3] and C. [mol dm 3] are the initial and equilibrium concentrations,
respectively. g represents the amount adsorbed [mol kg~!], W is the dry weight of the
adsorbent [kg], V is the volume of the test solution [dm3], and Cgy,, is the concentration of
eluted Au(IIT) [mol dm—3].

3. Results and Discussion
3.1. Characterization of Adsorbents

Digital micrograph images captured before Au(Ill) adsorption for untreated and
treated adsorbents are shown in Figure Sla—d. The greenish and fleshy forms of DUL and
DUP changed to rigid black TUL and TUP, respectively, after treatment with concentrated
sulfuric acid. FT-IR spectral data were used to analyze changes in functional groups in
the algal biomass after sulfuric acid treatment and Au(III) adsorption. Figure S2a,b show
absorption bands in the range of 3406-3414 cm ™!, corresponding to O-H stretching, and
at 2922-2929 cm ™!, corresponding to C-H stretching vibrations. The absorption band at
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1652 cm ™! for the untreated adsorbents represents the C=0 of acid. After acid treatment, the
biopolymer became more rigid, and water-soluble components were removed due to the
breaking of some glycosidic linkages [45]. The peaks broadened, and the intensity of O-H
stretching vibrations decreased, confirming that condensation had occurred. New peaks
appeared at 1200-1215 cm~! in TUL and TUP, attributed to C-O-C stretching vibrations,
indicating condensation. The formation of ether linkages after treatment of polysaccharide-
based biomass with sulfuric acid has also been reported in the literature [31,46,47]. An

absorption peak around 1715 cm ™!

corresponds to the C=O group of acid, likely resulting
from the oxidation of primary hydroxyl groups. Sulfur trioxide, formed from concentrated
sulfuric acid during heating, acts as an oxidizing reagent [42]. In Au-loaded adsorbents,
peaks in the range of 3317-3390 cm ! became broader due to interactions between hydroxyl
groups and Au(IIl). The absorption peak at 1716 cm~! also became sharper, likely due to

the oxidation of some hydroxyl groups to carbonyl groups.

3.2. Effect of the Contact Time

The effect of contact time on the adsorption percentage of Au(Ill) onto DUL, TUL,
DUP, and TUP is shown in Figure 1. The percentage of Au(Ill) adsorption increased with
contact time, and equilibrium was reached after 72 h for TUL and 48 h for TUP, achieving
98% and 95% adsorption, respectively. Initially, the adsorption rate was higher because
all adsorption sites on the adsorbents were vacant, allowing metal ions to easily diffuse
onto the adsorbent surfaces. Subsequently, Au(Ill) ions penetrated the adsorbent surfaces,
and after 72 h for TUL and 48 h for TUP, the ions fully occupied all available adsorption
sites, resulting in a stable adsorption percentage. In contrast, the adsorption percentages
for DUL and DUP were below 20% and were considered negligible.
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Figure 1. Effect of shaking time on percentage adsorption of Au(Ill) on DUL, TUL, DUP, and TUP.
Weight of adsorbent = 10 mg, volume of solution = 10 cm, [Au(Il)] = 2.0 mM, [HCI] = 0.50 M,
shaking time = 0-120 h, shaking speed = 150 rpm, temperature = 303 K.

3.3. Effect of the HCI Concentration

Figure 2 shows the adsorption percentages of Au(lll) on DUL, TUL, DUP, and TUP at
various HCI concentrations (0.010 to 2.0 M). Although the untreated adsorbents exhibited
low adsorption efficiencies—22% for DUL and 54% for DUP at 0.010 M HCl—the treated
adsorbents demonstrated nearly quantitative adsorption of Au(IIl) across the entire range
of HCI concentrations used in this study, with 96% and 100% adsorption on TUL and
TUP, respectively. DUL and DUP partially dissolved at higher HCI concentrations, leading
to material loss and reduced effectiveness. Consequently, their adsorption percentages
decreased steadily with increasing HCI concentration. Even at a chloride ion concentration
of 0.010 M, trivalent Au exists as the chloroaurate ion AuCl, ™ but is still adsorbed as cationic
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Au®* on the adsorbent surface through coordination, forming cyclic complex compounds.
Increasing the HCI concentration inhibits the adsorption of Au* by protonating ethereal
oxygen groups and promoting the formation of AuCly ™.

100 —n
80| -
—/— DUL
c ——TUL
S60f —A— DUP| -
o 4
[]
[72]
S 40
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204
0 L
0.01 0.1 1
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Figure 2. Effect of hydrochloric acid concentration on percentage adsorption of Au(Ill) on DUL,
TUL, DUP, and TUP. Weight of adsorbent = 10 mg, volume of solution = 10 cm?, [Au(IIl)] = 1.5 mM,
[HCI] = 0.010-2.0 M, shaking time = 72 h, shaking speed = 150 rpm, temperature = 303 K.

Selectivity is a crucial factor when evaluating adsorption efficiency, especially in
mixtures of coexisting metal ions. Figure 3a,b demonstrate the relationship between HCl
concentration and the percentage of Au(Ill) adsorption in a competitive system on TUL
and TUP, respectively. Both TUL and TUP exhibited outstanding selectivity and achieved
quantitative adsorption of Au(Ill) from a mixture of PM ions in an acidic solution. Although
increasing the HCI concentration appeared to suppress Au(Ill) adsorption, both TUL and
TUP maintained satisfactory adsorption performance even at higher HCI concentrations.
These findings highlight the strong potential of these materials for the selective adsorption
of Au(Ill) from complex mixtures. The efficiency of the treated adsorbents in capturing
Au(IlI) was not affected by the presence of other ions. The observed 32-35% adsorption of
Pd(II) is likely due to the similarity in the tetrahedral geometry and coordination number
between PdCl,2~ ions and AuCly~ in an acidic chloride medium [17].

100g— - . 100 T
T (a) .\-\-‘ 8ok (b)
c
5 ——Rh 2
U A Pd| - geo- Co—Rn|
S —o— :t 2 —&— Pd
° —i— Au < —o—
< 40t . = 40f e
x
A
20| .
0.01 0.1 1 . 0.1
THCI1 / mol dm™® [HCI] / mol dm®

Figure 3. Effect of HCI concentration on the percentage adsorption of Au(IIl) in a competitive system on
(a) TUL and (b) TUP. Weight of adsorbent = 10 mg, volume of solution = 10 cm3, [PMs] each = 1.0 mM,
[HCI] = 0.010-2.0 M, shaking time = 72 h, shaking speed = 150 rpm, temperature = 303 K.

The exceptional selectivity of treated algae for Au(Ill) adsorption is discussed in the
subsequent section. However, because of the low adsorption efficiencies of DUL and DUP,
no adsorption experiments using them were conducted in the competitive system.
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3.4. Effect of the Equilibrium Metal Ion Concentration

The maximum Au(Ill) adsorption capacities of the untreated and treated adsorbents
were evaluated using initial metal ion concentrations ranging from 1.0 to 15.0 mM. The
adsorbed quantity initially increased with increasing Au(IIl) concentration and reached
a plateau at higher concentrations, as shown in Figure 4a. The maximum adsorption
capacities observed in the plateau region were 1.14, 6.57, 0.86, and 6.28 mol kg ! for DUL,
TUL, DUP, and TUP, respectively. Despite some variations in the chemical composition
of the two algae species, the essential components responsible for Au(Ill) absorption
were nearly identical. The equilibrium isotherm data were analyzed using the nonlinear
Langmuir equation (Equation (4)) as well as the linearized form (Equation (5)) to verify the
maximum loading capacity:

_ quuxcﬁ‘
QC - 1 + ng 7 (4)
Cg 1 CE
= , 5
Qe Gmax b Gmax ©)

where g, is the equilibrium adsorption amount (mol kg’l), Jmax represents the maximum
amount of metal ions adsorbed (mol kg 1), and b represents the Langmuir constant related
to the energy of adsorption (dm? mol~1).

7 . . . , . , . 0.020
6 (a) —n = i (b)
] _ 0015} -
5im 1 ) 0.00115x +0.00252
> ] 5
x 4l J 2
3 E o010} ]
£l ] o A DUP
c & S A DUL
(8]
2} A 1 0.005 | 0.000877x +0.00083 -
1 = R%?=0.95
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& 0.000152x + 0.000028
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0.0000 . . .
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Figure 4. Effect of equilibrium Au(III) concentration on adsorbed amount of Au on (a) DUL, TUL,
DUP, and TUP. (b) Langmuir plots of DUL and DUP. (c) Langmuir plot of TUL and TUP. Weight of
adsorbent = 10 mg, volume of solution = 10 cm?, [Au(IID)] = 1.0-15.0 mM, [HCI] = 0.010 M, shaking
time = 72 h, shaking speed = 150 rpm, temperature 303 K.

The maximum adsorption capacities, gmax, evaluated from the slopes of the Langmuir
plots shown in Figure 4b,c, were in good agreement with the experimental values shown
in Figure 4a. The high regression coefficient (R? = 0.999 for treated adsorbents and >0.95
for untreated adsorbents) indicate that the experimental data are well described by the
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Langmuir adsorption isotherm, in which Au(III) ions form a monolayer on the adsorbent
due to identical active sites [20]. The maximum loading capacities of DUL, TUL, DUP, and
TUP are compared with those of various adsorbents reported in the literature in Table 1.

Table 1. Comparison of maximum loading capacities for Au(IIl) on various biosorbents.

Maximum Loading

Adsorbents Capacity mol kg1 References
Dithiocarbamate-modified cellulose 5.07 [3]
Sulfuric acid-treated lemon peel 6.5 [5]
Banana peel 2.1 [6]
Human hair 3.04 [11]
H,SO4-crosslinked Pinus patula bark 3.38 [15]
Poly(ethylene su!fide)—functionalized 333 [16]
chitosan
Hydrothermally treated pomegranate peel 0.17 [20]
Proanthocyanidin—c?osslinked sericin and 12 [24]
alginate

Eggshell membrane 1.14 [27]
Glutaraldehyde-crosslinked chitosan 2.32 [28]
Sheep wool treated with Na,S 0.95 [30]
Chicken feathers 0.7 [31]
Microalgae 3.25 [32]
Sulfuric acid-treated alginic acid 5.64 [47]
Sulfuric acid-crosslinked paper gel 5.05 [48]
Thioctic acid-modified Zr-MOF 1.76 [49]
Persimmon waste modified by DMA 5.63 [50]
Sulfuric acid-treated persimmon peel 4.5 [51]
Sulfuric acid-treated cotton cellulose 6.21 [52]
Ethylenediamine-modified wood lignin 3.08 [53]
DMA-modified wastepaper 4.6 [54]
Corn starch crosslinking with tannin acid 1.51 [55]
P aminobenzoic acid-modified wastepaper 51 [56]
Silk sericin 1 [57]

TUL 6.57 Present work

DUL 1.14 Present work

TUP 6.28 Present work

DUP 0.86 Present work

The maximum adsorption capacities of the treated adsorbents were higher than those
of previously reported adsorbents. Additionally, thioctic acid-modified Zr-MOFs have
been reported to possess a specific surface area with ultrahigh porosity for adsorption [48];
however, the loading capacities of TUL and TUP were found to be many times higher.
Therefore, the results indicate that sulfuric acid treatment of algal biomass significantly
improves adsorption capacity compared with treatments using other reagents [3,20,29,30].
This finding supports the feasibility of recovering Au(Ill) from industrial effluents using

https://doi.org/10.3390/separations13050137


https://doi.org/10.3390/separations13050137

Separations 2026, 13, 137

90f18

these adsorbents. The higher adsorption capacities of TUL and TUP are attributed to the
cleavage of glycosidic linkages during acid treatment. The parameters derived from the
adsorption isotherms are listed in Table 2.

Table 2. Langmuir isotherm parameters for Au(III) on untreated and treated adsorbents.

Jmax Jmax 3 -1 2
Adsorbents (Observed) (Calculated) b (dm* mol™) R
DUL 1.21 1.14 1056.8 0.950
DUP 1.16 0.88 461.4 0.970
TUL 6.51 6.57 5435.9 0.999
TUP 6.23 6.28 9366.4 0.999

3.5. Effect of the Adsorbent Dosage

The quantity of metal ions adsorbed from a liquid solution is significantly influenced
by the amount of adsorbent used. A study was conducted to examine the effect of adsorbent
dosage on adsorption by varying the solid-to-liquid ratio (S/L ratio) from 0.50 to 2.5 g dm 3
while keeping the concentration of Au(IIl) ions constant. The results are shown in Figure 5.
As the amount of adsorbent increased, the efficiency of Au(III) adsorption sharply rose for
TUL and TUP, reaching a plateau with over 95% adsorption at an S/L ratio of 1.0 g dm 3.
In contrast, the adsorption efficiency for DUL and DUP increased more gradually, reaching
25% and 90%, respectively, atan S/L ratio of 2.5 g dm—3. This indicates that only a small
amount of TUL or TUP is required to treat a large volume of Au(Ill) solution. As the
quantity of adsorbent increased, the number of available binding sites for Au(IIl) ions also
increased, leading to a plateau in the adsorption due to an excess of binding sites relative
to the limited amount of adsorbate.

100

80 | 1
c
o
= 60} —/—DUL| ]
5 —{+—TUL
2 —A—DUP
<° 40 b —— TUP | |
B3

20 .

0 L L L

0.0 0.5 1.0 1.5 2.0 2.5
Solid-liquid ratio (g dm®)

Figure 5. Effect of adsorbent dose on percentage adsorption of Au(Ill) on DUL, TUL, DUP, and TUP.
Weight of adsorbent = 5.0-25 mg, volume of solution = 10 cm?, [Au(ID)] = 2.0 mM, [HCI] = 0.010 M,
shaking time = 72 h, shaking speed = 150 rpm, temperature = 303 K.

3.6. Effect of Temperature

Studying kinetics is essential for evaluating the effectiveness of an adsorbent for
adsorbing specific metal ions. This study examined the adsorption of Au(III) on TUL and
TUP in 0.50 M HCI and temperatures of 293, 303, and 313 K, and the results are shown
in Figure 6. The adsorption of Au(Ill) onto TUL and TUP was enhanced by increasing
temperature, indicating that higher temperatures promote Au(Ill) uptake on the treated
adsorbents. A similar effect of temperature on Au(Ill) adsorption has been reported for
cellulose-based biomass [3]. The results showed that the pseudo-first-order model exhibited
strong correlation coefficients (>0.96) for both types of algae. Based on the nonlinear
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In(Ce/C;)

0.0

experimental plots, the adsorption efficiency increased with increasing temperature, and
a contact time of 72 h was sufficient to reach equilibrium at 303 K. Furthermore, the time
required to reach equilibrium decreased from 72 to 48 h for TUL and to 24 h for TUP when
the temperature increased from 303 K to 313 K. However, equilibrium was not achieved
within 72 h at 293 K. These findings indicate that increasing temperature can enhance
otherwise slow adsorption kinetics.
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Figure 6. Effect of temperature on percentage adsorption of Au(Ill) on TUL and TUP. Weight of
adsorbent = 10 mg, volume of solution = 10 cm?, [Au(Ill)] = 2.0 mM, [HCI] = 0.50 M, shaking time =
0-96 h, shaking speed = 150 rpm, temperature = 293-313 K.

The initial rates of Au(Ill) adsorption on TUL and TUP were investigated using a
pseudo-first-order kinetic model, described in Equation (6), at various temperatures:
Ce
In— = —kt, 6
ne ©)
where k (h 1) is the pseudo-first-order adsorption rate constant. By plotting In Ce/C; versus
t at three different temperatures, as shown in Figure 7a,b, all the plots exhibited linear
relationships with correlation coefficients greater than 0.96.
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Figure 7. Pseudo-first order plot of Au(IIl) adsorption on (a) TUL and (b) TUP. Weight of adsorbent
=10 mg, volume of solution = 10 cm?, [Au(II)] = 2.0 mM, [HCI] = 0.50 M, shaking speed = 150 rpm,
shaking time = 0-24 h.

The pseudo-first-order rate constants were estimated from the slopes of these lines at
different temperatures and are listed in Table 3. The values in Table 3 show that the reaction
rate more than doubled when the temperature increased by 10 K from 303 to 313 K.
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Table 3. Pseudo-first order constants and correlation coefficients for the adsorption of Au(Ill) on TUP
and TUL at various temperatures.

Temperature Rate Constant

-3 2
Adsorbent (K) HCI (mol dm—3) R (h-1)
293 0.5 0.98 0.0441
TUP 303 0.5 0.96 0.0486
313 0.5 0.97 0.1087
293 0.5 0.96 0.0286
TUL 303 0.5 0.98 0.0393
313 0.5 0.98 0.0767

Activation energy is the minimum energy required for the chemical transformation
of a compound. Its magnitude is crucial for determining the effect of temperature on the
reaction rate and for distinguishing between physical and chemical adsorption processes. In
physical adsorption, the forces involved are weak, and the activation energy is typically less
than 5.0 k] mol ! [49,57,58]. In contrast, in chemisorption, the activation energy exceeds
8.2 k] mol~! due to stronger interactions [59]. The activation energy can be evaluated by
plotting the pseudo-first-order rate constant at various temperatures using the Arrhenius
equation, shown in Equation (7).

ki = A e Fa/RT ?)

Equation (7) can be written as follows:
In(ky) = ——= +1n(A) (8)

where k is the rate constant, E, is the activation energy, T is the absolute temperature, and
A, is the gas constant (8.314 ] K~! mol~!). The plots of Ink versus 1/T for the adsorption of
Au(IIT) on TUL and TUP at various temperatures are shown in Figure 8.
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Figure 8. Arrhenius plot of Au(IIl) adsorption on TUL and TUP.

The apparent activation energies, E,, for Au adsorption on TUL and TUP were
estimated from the slopes of the linear plots, and the results are listed in Table 4. The positive
E, values suggest that the adsorption of Au(Ill) onto TUL and TUP is an endothermic
chemical process. During Au adsorption, a gold-colored solid with a metallic appearance
was observed. The relatively lower activation energy compared with other adsorbents
reported in the literature is likely attributed to the reduction of Au(Ill) to Au(0) on the
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adsorbent surface [57]. It has been reported that treatment using concentrated sulfuric acid
reduces the E,; for Au uptake [43].

Table 4. Activation energy and correlation coefficient for adsorption of Au(IIl) on TUP and TUL.

Adsorbents Activation Energy (Ea) kJ mol~1 R? Value
TUL 26.18 0.94
TUP 28.61 0.97

3.7. Solid State Analysis

SEM/EDX, XRD, and digital photography were used to investigate the morphological
changes in the adsorbents and the reduction of Au(lll) to Au(0). Digital micrographs
captured before and after treatment showed significant changes in surface morphology.
The soft appearances of DUL and DUP (Figure Sla,c), became much tougher after treatment,
as observed for TUL and TUP (Figure S1b,d), enabling them to better resist dissolution in
concentrated HCl solution. Digital micrographs of Au-loaded DUL, TUL, DUP, and TUP
show the presence of a bright gold-colored solid, as shown in Figure S3a—d. In addition, a
thin layer of metallic particles floating on the surface of the HCI solution was observed for
TUL and TUP, as shown in Figure S4. Although these particles gradually formed larger
aggregates and settled at the bottom of the container, they remained distinct and separate
from the adsorbent particles. Formation of a thin metallic layer has also been reported
for various biomass-based adsorbents, such as persimmon peel [50], cotton cellulose [51],
aminated wood lignin [52], and Kraft mill lignin [59].

Biomass-based adsorbents containing polyphenols [5,10,20,50] and polysaccharides
[6,23,51] were found to be capable of converting adsorbed Au(Ill) to its metallic form. XRD
patterns of the untreated and treated adsorbents are shown in Figure S5a,b. XRD patterns of
Au-loaded DUL, TUL, DUP, and TUP confirmed the oxidation state of Au after adsorption.
After chemical treatment, the untreated adsorbents no longer exhibited any crystallinity
and instead showed a single broad peak at a 26 value of approximately 23°. Cellulosic
materials typically exhibited a peak at approximately 22.5° [39]. The Au-loaded untreated
and treated adsorbents exhibited prominent diffraction peaks at 38.2°, 44.3°, 64.7°, and
77.6°. These face-centered cubic diffraction peaks indicate the reduction of ionic Au(III)
to metallic Au(0). These peaks are consistent with those previously reported for metallic
Au [5,6,47,50-52,60]. These findings indicate that abundant and inexpensive materials can
be converted into high-value materials for Au recovery.

The SEM images of the crude and treated adsorbents prior to Au adsorption are
shown in Figure S6. These images were used to examine morphological changes and
to perform surface elemental analysis of all adsorbents. The treated algae exhibited a
more rigid surface. Typical SEM images of DUL and TUL, as well as DUP and TUP,
after Au(Ill) adsorption (Figure S7a and ¢, and Figure S8a and c, respectively) were used
to identify and localize Au on the adsorbent surfaces. After adsorption, the Au-loaded
adsorbents showed reduced porosities and more compact surface structures. Au particles
appeared as clustered white spots distributed across the absorbent surface, suggesting that
the adsorbed Au(IlI) ions were reduced to their elemental form. Moreover, no significant
changes were observed in the surface morphologies of the adsorbents—especially the
treated adsorbents—indicating that they remained intact during the adsorption, washing,
and drying processes. The reduction of Au(IIl) to its metallic state was also confirmed by the
appearance of microprecipitates in SEM images of brown algae [23] and dithiocarbamate-
modified cellulose [3]. As expected, the EDX spectra of DUL, TUL, DUP, and TUP showed
characteristic signals for their constituent elements. The appearance of new, high-intensity
Au-related peaks in Figures S7b,d and S8b,d, without corresponding chlorine peaks, further
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supports the reduction of Au(Ill) to its metallic state. The chlorine peak observed in DUL
may be attributed to incomplete washing and was not detected in TUL, DUP or TUP. The
peaks of C and O, along with other minor peaks, originated from the algae, and no nitrogen
was detected.

3.8. Adsorption—Reduction of Au(1II)

Biosorption mechanisms are predominantly based on electrostatic interactions be-
tween metal ions and surface functional groups [61]. Precious metals typically exist as
anionic complexes, such as AuCly~, PtCly2~, PACl42~, and RhClg3~, even at a chloride
concentration of 0.010 M [52]. Under acidic conditions, surface functional groups become
protonated and acquire positive charges. Electrostatic attraction is therefore expected to
facilitate the interaction between negatively charged precious metal complexes and posi-
tively charged active sites on adsorbents. However, the adsorption rate shown in Figure 1
was remarkably slow, and the algae-based adsorbents did not exhibit affinity for other
precious metals. If Au were adsorbed as AuCly ™, other precious metal anions would also
be expected to adsorb with lower selectivity. Therefore, protonation (and the resulting
electrostatic attraction) is unlikely to be the primary mechanism for Au adsorption. Instead,
Au is proposed to be adsorbed in its cationic form, Au’*, rather than as AuCl,~, via a
coordination mechanism involving ethereal oxygen atoms. Previous studies have reported
that the preferential adsorption of Au(lll) is due to the higher reduction potential of AuCly~
to Au(0) compared with those of other precious metals [3,40,47,52,57,59]. The present study
supports the adsorption of Au in the Au®* form, as illustrated in Scheme 1.
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Scheme 1. Purposed mechanism of adsorption-reduction of Au(III) on algal biomass. Red circle was
condensed to make ethereal linkage.

Algae contain various polysaccharides that can form new ethereal linkages (-C-O-C-)
through condensation reactions with concentrated sulfuric acid, as supported by changes
in the FT-IR spectra, including the appearance of a new absorption band at approxi-
mately 1195 cm~!. The ethereal oxygen atom in the -C-O-C-bond, together with the
pyranose oxygen atom, provides coordination sites for Au(IIl), enabling the formation of
a five-membered ring structure. The adsorption of Au(Ill) occurs alongside its reduction
to Au(0) by primary hydroxyl groups. It has been reported that the physicochemical
properties and adsorption capacity of lemon peels improve after sulfuric acid treatment,
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which also facilitates reduction to the elemental state [5]. Kuyucak and Volesky reported
that algal cell walls are rich in polysaccharides containing hydroxyl groups; thus, the
reduction of Au(IIl) to its metallic state is attributed to the oxidation of these hydroxyl
groups to carbonyl groups [53]. The involvement of hydroxyl groups in the reduction
of Au(Ill) to its elemental state has also been reported for brown algae [23], cross-linked
paper gel [47], wastepaper [48], cotton cellulose [51], and Kraft mill lignin [59]. The role
of hydroxyl groups in this reduction process is further supported by changes in the FT-IR
spectra after adsorption. At higher CI~ concentrations, protonation of ethereal oxygen
atoms and the formation of AuCl,~ suppress the adsorption of Au®*. Therefore, increasing
the HCl concentration is less favorable for Au adsorption.

3.9. Adsorption—Desorption Study

Adsorption and desorption experiments were conducted to evaluate the potential
for regeneration and reuse of the adsorbents, as well as the recovery of the adsorbed
species. Desorption studies were carried out using various concentrations of acidic thiourea
solution, and the results are shown in Figure 9.
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Figure 9. Adsorption and desorption profiles for TUL and TUP. Weight of adsorbent = 10 mg, volume
of solution = 10 cm?, [Au(III)] = 2.0 mM, [acidic thiourea] = 0.50-1.0 M, shaking time = 48 h, shaking
speed = 150 rpm.

Although regeneration tests are important for the reuse of adsorbents, they were not
included in this study because algae are available in sufficient quantities. Furthermore, due
to their lower stability in strongly acidic environments, desorption experiments were not
conducted for the untreated adsorbents. For TUL and TUP, 60% and 80% desorption were
achieved, respectively, using 0.50 M acidic thiourea solution. Quantitative desorption of
Au was increased when the concentration of acidic thiourea was increased to 1.0 M. During
desorption, the increased chloride ion concentration from HCl displaced the Au(lIl) ions,
followed by the formation of stable thiourea—Au complexes. Finally, the reduced Au was
oxidized by thiourea, as shown in Equation (9). Acidic thiourea (1.0 M) effectively recovered
the Au bound to the biomass and enabled its reuse in subsequent adsorption cycles.

Au® + 2(NH;),SC — Au[(NH),CS],* +e™. 9)
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4. Conclusions

This study explored the effectiveness of two marine algae, Ulva lactuca and Ulva pertusa,
in their crude state and after treatment using concentrated sulfuric acid for the adsorption of
Au(IlI) in acidic chloride solutions. Although the crude adsorbents demonstrated acceptable
performance, the treated adsorbents exhibited exceptional adsorption efficiencies and
selectivity for Au(Ill). The adsorption kinetics of Au(IIl) followed a pseudo-first-order
model, and the adsorption isotherms were well described by the Langmuir model. Treated
adsorbents derived from the two marine algae showed maximum adsorption capacities of
6.57 and 6.28 mol kg~ !, respectively, representing a significant improvement over the raw
adsorbents. Despite differences in composition, both species exhibited similar adsorption
capacities due to the presence of comparable metal binding components. The adsorbed
Au(Ill) ions were reduced to Au(0), contributing to an increase in the adsorption capacity.
Increasing temperatures notably enhanced the adsorption capacities of TUL and TUP for
gold ions. The adsorbed Au was efficiently recovered using an acidic thiourea solution.
These results indicate that abundant and environmentally friendly algae have strong
potential for industrial Au recovery. Overall, research on adsorption mechanisms and
recovery processes of precious metals is valuable for advancing this field.
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of (a) DUL, (b) TUL, (c) DUP, and (d) TUP before Au(Ill) adsorption; Figure S2: FI-IR spectra of
(a) DUL and TUL, and (b) DUP, and TUP before and after Au(IIl) adsorption; Figure S3: Digital
micrograph images of (a) DUL, (b) TUL, (c) DUP, and (d) TUP after Au(Ill) adsorption; Figure S4:
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isotherm experiment; Figure S5: XRD spectra of (a) DUL and TUL, and (b) DUP and TUP before
and after Au(IIl) adsorption; Figure S6: SEM images of (a) DUL, (b) TUL, (c) DUP, and (d) TUP,
before Au(Ill) adsorption; Figure S7: SEM images and EDX spectra of Au(Ill) loaded DUL and TUL.
(a) DUL, (b) EDX spectra of DUL, (c) TUL, and (d) EDX spectra of TUL; Figure S8: SEM images and
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spectra of TUP.
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