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Abstract: It is of strategic significance to extract germanium (Ge) in an ecological way
for sustainable development. Adsorbents that already adsorb Ge have disadvantages
such as poor selectivity and low adsorption capacity. In this study, a novel adsorbent
material based on rice husk functionalized with tannic acid was developed for the efficient
extraction of Ge from simulated coal fly ash leachate. The adsorption capacity of tannic acid-
functionalized rice husk (TA-EPI-ORH) for Ge was 19.9 times higher than that of untreated
rice husk, demonstrating significantly improved performance. The results showed that the
adsorption process of Ge by TA-EPI-ORH is consistent with pseudo-second-order kinetic
and Freundlich isotherm model. TA-EPI-ORH had excellent selective adsorption properties,
with adsorption of 1.40 mg L.~ Ge exceeding 95% and solid-liquid partition coefficients
of 4380 mL g1, even in the presence of nine impurity metal ions (average concentration:
479.08 mg L~!). When compared with the two main coexistence ions—aluminum (Al) and
calcium (Ca)—both of which have the relatively highest concentrations (Al: 1594.20 mg L1,
Ca: 1740.13 mg L_l), the separation factors for Ge still maintain relatively high level
with SF(Ge/Al) = 42.57 and SF(Ge/Ca) = 39.93. Compared to existing studies, TA-EPI-
ORH exhibits superior selective adsorption performance even with the presence of more
interfering ions. After elution of the adsorbed Ge from TA-EPI-ORH, the extraction rate
of Ge with low initial concentration (1.40 mg L) reached 85.17%, while the extraction
rates of Al and Ca were only 1.02% and 1.18%, respectively. Further research revealed
that the catechol groups on the surface of TA-EPI-ORH formed stable complexes with
Ge, whereas the complexes with coexisting ions (e.g., Ca and Al) were unstable, thereby
ensuring high selectivity for Ge. This green chemistry-based functionalization of rice husk
not only enables high-value utilization of agricultural waste but also provides a sustainable
and eco-friendly strategy for efficient Ge separation and recovery.

Keywords: germanium; adsorption; rice husk; tannic acid; separation

1. Introduction

Germanium (Ge) is a rare metal, and it plays a significant part in the production of
semiconductors [1], optical fiber for communication [2], solar cells as catalysts [3] and optics
for infrared systems [2] due to its distinctive electronic and optical properties. The rapid
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development of high-technology industries further escalates the demand for Ge. However,
Ge has limited natural reserves and does not usually form specific deposits in nature; it is
quite often present in various associated minerals [4], which adds complexity to the mining
process and limits the stability of its supply. Hence, it is of strategic importance to explore
new ways to extract Ge from sources to meet the market demand. The current sources of
Ge are mainly concentrated in two secondary sources, lead and zinc smelting slag and coal
fly ash [5-7].

Leaching Ge from coal fly ash requires several steps, and in the first step (the pre-
treatment step), the leachate, which still contains numerous impurity ions (Al, Fe, Ca,
Mg), is further separated and purified. Currently, common conventional Ge extraction
methods include chemical precipitation [8], solvent extraction [9-12], ion-exchange [13],
flotation [14,15], GeCly distillation [5], etc. However, these methods suffer from low effi-
ciency, high cost, and potential risk of environmental pollution in the treatment of coal fly
ash [16]. Adsorption is considered the optimal method for extracting Ge from acid leachate
of coal fly ash due to its high efficiency, low cost, and environmental friendliness [17].
This method efficiently enriches and separates Ge elements through physical or chemical
adsorption. Compared with traditional chemical methods, adsorption decreases chemical
reagent use, energy consumption, and environmental pollution [18]. Cui et al. [19] syn-
thesized catechol-functionalized nanosilica, which exhibited a maximum Ge adsorption
capacity of 5.75 mg g~ ! at pH 4.5. In contrast, the catechol-formaldehyde resin synthesized
by Cruz et al. [20] showed a lower Ge adsorption capacity of 3 mg g~! at pH 6. Although
adsorbent materials for Ge adsorption have also been studied, the existing materials have
the disadvantages of low adsorption capacity and poor selective adsorption ability [18].
Adsorbent materials with excellent selective adsorption performance are urgently needed
for Ge adsorption, especially for the coal fly ash leaching solution where a large number of
impurity ions exist.

The structure of tannic acid (TA) is rich in multiple catechol groups, which demon-
strates high Ge selectivity in solvent extraction, complexation, ion exchange, and solid
phase extraction [18]. TA, a polyphenol sourced from various origins, plays a crucial role
in the food industry and environmental applications [8]. Notably, polymeric solids with
hydroxyl groups, such as N-methylglucosamine, and polyphenol derivatives, have been
used for Ge pre-enrichment and separation [18,20-24]. TA forms precipitate with various
metal ions, complicating the precise precipitation of specific ions and potentially leading to
co-precipitation of other ions, thereby reducing the purity of the target ion recovery.

Many adsorbent materials have been reported in the literature for the extraction of
germanium, such as polyurethane foams [25], activated carbon [26], titanium dioxide
nanoparticles [27]. However, these materials have a low affinity for Ge, so the selective
adsorption in complex systems is poor [28]. In addition, most materials are more costly
and less utilized. Currently, the world is paying more and more attention to environmental
issues and seeking green development. Biomass waste is gradually being emphasized, and
a lot of it is being used for the treatment of metal ions [29-31]. These studies have shown
that biomass waste can be used as a preferred adsorption material for metal ions. This
material not only has a high adsorption efficiency but also significantly reduces environ-
mental pollution and provides a sustainable solution for the resourceful utilization of rare
metals. As an agricultural waste, the low cost and renewability of rice husk (RH) provide
both economic and environmental advantages for Ge extraction [32]. Previously, RH was
primarily discarded or used for simple combustion purposes, leading to significant re-
source waste and potential environmental pollution [33]. As an agricultural byproduct, RH
contains a large amount of cellulose, hemicellulose, and lignin, which are easily degradable
and biocompatible. However, the adsorption capacity of RH is usually low due to inter-
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molecular hydrogen bonding between cellulose hydroxyl groups present in the RH [34].
Notably, chemical modification of biomass materials can improve their adsorption capacity
as well as selectivity [35]. The selection of RH as a carrier for TA offers several advantages.
Firstly, it is abundantly available and cost-effective, hence suitable for large-scale metal ion
treatment. Secondly, being a natural biomass, RH does not cause secondary environmental
pollution, making it ideal for water treatment and related applications. It is notable that no
studies have been conducted on the modification of RH with TA.

This study presents an innovative approach to valorizing agricultural waste through
the development of a sustainable adsorbent material derived from RH functionalized with
TA. The adsorbent’s performance was systematically evaluated, including its adsorption
kinetics, equilibrium isotherm behavior, and selective binding affinity toward Ge. This work
not only advances the field of functionalized bio-based adsorbents but also underscores
the potential of agricultural byproducts in circular economy strategies for sustainable
resource management.

2. Experiment and Method
2.1. Materials and Reagents

RH was collected from a farm and crushed to 10 mesh before being used. Gallium
nitrate hydrate (Ga(NO3)3-xH0O, 99.9%) was sourced from Shanghai McLean Biochemical
Technology Co. TA (C74Hs5,044, 96%), and Ge dioxide (GeOy, 99.999%) were purchased
from Shanghai Yuanye Biotechnology Co. HNOj3 (GR, 65~68%), AlCl3-6H,0 (AR, >97%),
FeCl; (CP, >97%), KCl1 (GR, >99.8%), NaCl (AR, >99.8%), HCI (GR, 36~38%), ZnCl, (AR,
>98%), CuCly-2Hy0 (AR, >98%), MgCly-6H,0 (AR, >98%), NaOH (AR, >99%), and
H)S04 (CP, 95~98%) were purchased from Sinopharm Chemical Reagent Co in China.
Anhydrous ethanol (CoHs50H, >99.7%) was purchased from Shanghai Titan Technology
Co., Ltd. Epichlorohydrin (C3H5CIO, AR, >99%) was purchased from Shanghai Bohr
Chemical Reagent Co. Sodium bicarbonate (NaHCO3;, >99.5%) was purchased from
Shanghai Haohong Biomedical Technology Co., Ltd. Ge storage solution (1.5 g L™1):
dissolved 0.2161 g GeO; with 4.1 mL of 1 mol L~! NaOH solution, and then volumed it
into a 100 mL volumetric flask. All reagents were used directly without further purification.

2.2. Synthesis of Adsorbents

Step 1: Preparation of carbonized RH

In order to increase the reactivity of hydroxyl groups in RH, the RH was first chemically
treated using sulfuric acid. The synthesis of carbonized RH was based on the method
reported in previous work [33]. Carbonized RH was prepared from RH by sulfuric acid
treatment. 10.00 g crushed RH was placed into a 250 mL three-mouth round bottom flask,
and 80 mL 95~98% sulfuric acid was added to it. The mixture was returned in a magnetic
stirring water bath at 80 °C for 12 h. After the black suspension was cooled, it was filtered by
a circulating water vacuum pump and washed with distilled water and sodium bicarbonate
until the filtrate was neutral. The sulfuric acid-treated RH was dried at 50 °C in a drying
oven, then grounded and sieved using a 50-100 mesh and abbreviated as ORH. The entire
synthesis process from RH to adsorbent (TA-EPI-ORH) can be seen in Scheme 1. Epoxy
groups are introduced into the RH by epichlorohydrin, an electrophilic reagent, through
its reaction with the primary hydroxyl groups on the sulfuric acid-activated RH [36]. As a
highly reactive epoxy group, it reacts with the carboxyl group of TA. This reaction breaks
the C-O bond and opens the epoxy ring [37], successfully grafting TA onto the RH.
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Scheme 1. The preparation process of TA-EPI-ORH.

Step 2: Preparation of epoxidized RH

A 5.00 g ORH was weighed and transferred into a 250 mL three-mouth round bottom
flask, and 80 mL 0.1 g mL~! of NaOH and anhydrous ethanol (volume ratio 1:1) were
added. The mixture was stirred at 25 °C for 40 min, then 25 mL epichlorohydrin was added,
and the mixture was refluxed in a magnetic stirring water bath at 40 °C for 2 h. The mixture
was then filtered by a circulating water vacuum pump and washed with distilled water
until the filtrate was neutral. The filtered product was dried at 50 °C using a drying oven
and named EPI-ORH.

Step 3: Preparation of TA functionalized RH

A 120 mL 0.15 mol L~ TA solution was added to the three-mouth round bottom flask,
and then 2.00 g of the epoxidized RH (EPI-ORH) prepared above was added. The mixture
was stirred in a magnetic stirring water bath at 80 °C for 12 h. The mixture was then filtered
by a circulating water vacuum pump and washed with distilled water until the filtrate was
neutral. The filtered product was dried under a vacuum in a drying oven at 40 °C for 12 h.
Then it was grounded and sieved using a 50-325 mesh and used as the adsorbent, target
product (TA-EPI-ORH).

2.3. Adsorption Experiment
2.3.1. Effect of pH on Ge Adsorption

A 15 mg L~! Ge solution was prepared by using Ge storage solution, and its pH
was adjusted using 1 mol L' HCI and NaOH to obtain initial pH values of 1.00, 2.00,
3.00, 4.00, and 5.00. Subsequently, 20 mg of TA-EPI-ORH was precisely transferred to a
100 mL conical flask containing 20 mL of the corresponding Ge solution. The mixture
was transferred to a water bath shaker at 30 °C and stirred at 150 r/min for 10 h. After
adsorption, we utilized a 0.45 um membrane to filter the mixed solution. The concentration
of Ge before and after adsorption was determined by an inductively coupled plasma atomic
emission spectrometer (ICP-OES). In this case, the adsorption capacity at equilibrium can
be calculated using the following Equations (1) and (2).

E = (Cy — Ce)/Co x 100% )

Qe = (Co — Ce) x V/m )
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where E is the adsorption rate, Qe (mg g~ !) is the equilibrium adsorption capacity of the
adsorbent, Cp and C, are the Ge ion concentration in the initial and equilibrium state of the
aqueous solution (mg L), respectively, V is the volume of the initial Ge solution (L), and
m is the mass of the added TA-EPI-ORH adsorbent (g).

2.3.2. Effect of Adsorbent Mass on Ge Adsorption

Respective weights of 10, 20, 30, 40, and 50 mg of TA-EPI-ORH were put into 100 mL
conical flasks. A 15 mg L~! Ge solution was prepared by using Ge storage solution and
adjusted to pH 2 using 1 mol L~! HCl and NaOH. Added 20 mL Ge solution to each 100 mL
conical flask filled with adsorbent. The mixture was placed in a 30 °C water bath shaker
and agitated at 150 r/min for 10 h. After adsorption, the Ge concentration before and after
adsorption was measured using the method described in Section 2.3.1.

2.3.3. Effect of Adsorbent Type on Ge Adsorption

A 15 mg L~! Ge solution was prepared by using Ge storage solution and adjusted to
pH 2 using 1 mol L~ HCl and NaOH. Then, 20 mg of each adsorbent (RH, ORH, EPI-ORH,
and TA-EPI-ORH) was weighed into separate 100 mL conical flasks, and 20 mL of the Ge
solution (pH 2) was added to each. The mixture was placed in a 30 °C water bath shaker
and agitated at 150 r/min for 10 h. After adsorption, the Ge concentration before and after
adsorption was measured using the method described in Section 2.3.1.

2.3.4. Effect of Time on Ge Adsorption

A 15 mg L~! Ge solution was formulated from Ge storage solution and adjusted to
pH 3 using 1 mol L~! HCl and NaOH. Subsequently, 20 mL of this solution was added
to nine 100 mL conical flasks, each containing 40 mg of TA-EPI-ORH. The mixture was
shaken in a water bath at 150 r/min, 25 °C for 15 min, 30 min, 1h,2h,4h,6h,8h,12h
and 24 h, respectively. After adsorption, the Ge concentration before and after adsorption
was measured using the method described in Section 2.3.1.

2.3.5. Adsorption Isotherm

Ge storage solution was used to prepare 20 mL of Ge solutions with concentrations
ranging from 10 to 80 mg L~ in 100 mL conical flasks. Adjusted the pH of these solutions
to 3 utilizing 1 mol L~! HCl and NaOH and added 40 mg of TA-EPI-ORH adsorbent to
each flask. The mixture was put into a water bath shaker and agitated at 150 r/min for 12 h
at temperatures of 25 °C, 35 °C, 45 °C and 55 °C. After adsorption, the Ge concentration
before and after adsorption was measured using the method described in Section 2.3.1.

2.3.6. Selective Adsorption Study

In actual environments, Ge often coexists with various ions, particularly in coal fly
ash acid leachates, which contain significant concentrations of other metal ions (Al Fe,
Ca, Mg). Therefore, it is crucial to investigate the selective adsorption capabilities of
adsorbent materials. To study selective adsorption, we formulated a simulated solution
based on the metal ions present in coal fly ash acid leachates, using compounds of these
metals. The specific composition of the simulated solution is detailed in Table 1. The pH
of the simulated solution was adjusted to pH 2 using 1 mol L~! HCl and NaOH, 20 mL
of the simulated solution was taken in a 100 mL conical flask, and 60 mg of TA-EPI-ORH
adsorbent was added to it. The mixture was put into a water bath shaker and agitated
at 150 r/min for 12 h at 25 °C. After adsorption, an appropriate amount of the solution
was taken with a syringe and filtered by using a 0.45 pm membrane. The concentrations
of Ge and coexisting ions before and after adsorption were measured by ICP-OES. The
solid-liquid distribution (partitioning) coefficient (K4) is the ratio of the adsorbed amount
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to the amount remaining in solution [18], which can be calculated by Equation (3), and
the separation factor (SF) of Ge with respect to other metal ions in competitive adsorption
experiments can be calculated by Equation (4).

Kg=(Cp — Ce)/Ce x V/m = Q,/Ce (©)

SF(GQ/M) = Kd(Ge) /Kd(M) (4)

where Q. (mg g~ !) is the equilibrium adsorption capacity of the adsorbent, Cy and Ce
are the Ge ion concentration in the initial and equilibrium state of the aqueous solution
(mg LD, respectively, V is the volume of the initial Ge solution (L), and m is the mass of the
added TA-EPI-ORH adsorbent (g). Kq (L g~1) is the solid-liquid distribution (partitioning)
coefficient. Ky(ge) and Ky are the partition coefficients of Ge and other metal ions in
solution. SF is the separation factor.

Table 1. Composition of metal ions in selective adsorbed solution (units: mg L™1).

Competing Ion

Initial

nitial Ge Al Fe Ca Zn Cu Mg Na K Ga
14.63 157590 24907 174013 453 193 52380 19110 12027  12.00
140 159420 23633 174013 413 187 51580 9873 11960 097

2.4. Desorption

Desorption of adsorbent plays an essential role in evaluating the commercial and
practical feasibility of the extraction process. In this study, an acidic solution (hydrochloric
acid, nitric acid, sulfuric acid) and distilled water were selected for the desorption of Ge
from the adsorbent. TA-EPI-ORH loaded with Ge was added to 25 mL eluent and shaken
for 12 h at 25 °C and 150 r/min on a water bath shaker. After shaking equilibrium, the
solution was filtered by using a 0.45 um membrane, and the Ge concentration in the filtrate
was determined by ICP-OES. Elution experiments were conducted after adsorption in
simulated solutions using 1, 2, and 3 mol L~! HNOj as eluents. Adsorption experiments
were performed according to the procedure in Section 2.3.6. After adsorption, the solution
was filtered, and the adsorbent was transferred to a conical flask containing 20 mL of HNO3
solution (1, 2, or 3 mol L~!). The mixture was put into a water bath shaker and eluted
at 150 r/min for 12 h at 25 °C. After elution, the solution was taken with a syringe and
filtered by using a 0.45 um membrane, and the concentrations of Ge and coexisting metal
ions before and after adsorption were measured by ICP-OES.

2.5. Analytical Method

Filtration was carried out by a circulating water vacuum pump (SHZ-D). The un-
functionalized RH and the functionalized adsorbent TA-EPI-ORH were characterized by
Fourier transform infrared spectroscopy (FTIR, Nicolet6700, United States of America). The
FTIR scanning range was from 400 to 4000 cm~!. The adsorbent surface area and pore
size were measured by a fully automated rapid, specific surface and porosity analyzer
(Autosorb-iQ, Quantachrome Instruments U.S., Beijing, China). Electron micrographs of
the adsorbents were obtained using a scanning electron microscope (SEM, Quanta 250, The
Czech Republic, FEI, Czech Republic). The elemental composition of the adsorbent and the
adsorbent after loading with Ge (TA-EPI-ORH-Ge) were measured by X-ray photoelectron
spectroscopy (XPS, Escalab 250Xi, Thermo Fisher, USA). The concentrations of Ge and
coexisting metal ions in the test solutions and leachates were measured by inductively
coupled plasma atomic emission spectrometer (Agilent 5100/5110 VDV ICP-OES, Thermo
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Fisher, USA). ICP-OES test conditions: RF Power: 1.20 KW, Plsama flow: 12.0 L/min,
Replicate read time: 5 s, Replicates: 3. All experiments were carried out more than three
times to take the average value

3. Results and Discussion

3.1. Adsorbent Characterization
3.1.1. SEM

SEM images of ORH and TA-EPI-ORH are shown in Figure 1. The two samples had
significantly different surface morphologies. As shown in Figure 1a, the particles of ORH
are lumpy and more concentrated. After the introduction of TA on the ORH (Figure 1b),
the size of the particles became more uniform, and the surface of the particles became more
dispersed while comparing the TA-EPI-ORH (Figure 1d,f)) with the ORH (Figure 1c,e), the
particles showed a porous structure with the introduction of TA, which means that TA was
successfully introduced to the surface of the carbonized rice husk, and at the same time, the
TA introduction provides more adsorption space and adsorption sites for Ge adsorption.

Figure 1. SEM of ORH and TA-EPI-ORH, where (a) 500 x magnification, (c) 1000 x magnification,
(e) 5000 x magnification for ORH; (b) 500 x magnification, (d) 1000 x magnification, (f) 5000 x magni-
fication for TA-EPI-ORH.

3.1.2. FTIR

Figure 2a shows the FTIR spectra of ORH, EPI-ORH, TA-EPI-ORH, and TA-EPI-
ORH-Ge. In the ORH spectrum, the peak at 3432 cm~! comes from the -O-H stretching
vibration [33,38], and the four materials, ORH, EPI-ORH, TA-EPI-ORH, and TA-EPI-ORH-
Ge, all contain hydroxyl functional groups, whether modified or not. The peak at 2939 cm ™!
corresponds to the stretching vibration of the -CH bond, while the peak at 1211 cm ™! is
identified as the stretching vibration of C-O-C [33,39]. After the ring-opening reaction with
TA, anew peak at 1712 cm ! was found, which corresponded to the C = O of TA [37], in
addition to the spectral bands between 1321 and 1612 cm~! which corresponded to the
benzene ring skeleton vibration [8,37], and the peak observed at 1035 cm~! is consistent
with the stretching vibration of the C-O bond [33], which indicated that TA-EPI-ORH was
successfully synthesized.
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Figure 2. (a) FTIR spectra of ORH, EPI-ORH, TA-EPI-ORH, and TA-EPI-ORH-Ge; (b) nitrogen
adsorption and desorption curves of TA-EPI-ORH.

3.1.3. Specific Surface and Porosity Analyser

The nitrogen adsorption and desorption curves, as well as the pore size distribution of
TA-EPI-ORH are given in Figure 2b. The results showed that the specific surface area of
TA-EPI-ORH was 40.334 m? g1, and the total pore volume was 0.2425 cm® g~!. According
to the definition of the International Union of Pure and Applied Chemistry (IUPAC), there
existed mesopores (2~50 nm) in TA-EPI-ORH, and the material had a large amount of
specific surface area and pore structure, which are conducive to the Ge adsorption.

3.2. Effect of pH on Ge Adsorption

The pH value of the solution is a critical factor that influences the adsorption process;
it not only just affects the chemical properties and surface properties of the adsorbent but
also affects the morphology of Ge ions in the solution. The morphological distribution of Ge
ions varies under different pH conditions. In aqueous solution, Ge is found in three main
forms: Ge(OH)y, the anion GeO(OH); ~ and GeO,(OH),2~ [20,40]. In the range of pH 1~9,
Ge mainly exists in the form of Ge(OH)4; at pH 9~12.5, Ge mainly exists in the form of
GeO(OH); ™, and at pH above 12.5, Ge mainly exists in the form of GeO,(OH),2~ [40]. Since
the application of adsorbent was to adsorb Ge in an acidic solution, this study explored
the effect of pH on the adsorbent’s adsorption of Ge in an acidic environment, and the
results are shown in Figure 3a. TA-EPI-ORH adsorption experiments on Ge were carried
out in the range of pH 1~5. As the pH level rose from 1 to 5, the adsorption capacity of Ge
increased significantly. This is because the concentration of hydrogen ions in the solution
decreased with the increase in pH. As the pH increased, the competition between Ge ions
and hydrogen ions was weakened, which resulted in an increase in Ge adsorption capacity.
The morphological distribution of metal ions in the leach solution was calculated using
Visual MINTEQ 3.1 (Visual MINTEQ, ver. 3.1.), and Figure 3d,e show the morphological
distribution of different metal ions with pH, and the results show that iron ions may
precipitate when the pH is greater than 3. Meanwhile, to better investigate the competitive
adsorption of Ge in acidic solutions, the pH was selected to be below 3 in order to assess
the adsorption performance of TA-EPI-ORH on Ge.
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Figure 3. Effect of factors (a) pH, (b) amount of adsorbent, (c) adsorbent type on Ge adsorption and
morphological distribution of metal ions with pH change (d,e).

3.3. Effect of Adsorbent Mass on Ge Adsorption

In this study, the effect of adsorbent mass on Ge adsorption was analyzed, and the
results are shown in Figure 3b. The adsorption rate of Ge increased with the increase of
adsorbent mass, but the adsorption capacity gradually decreased. This may be because
of the fact that the active sites available for Ge adsorption increased with the increase of
adsorbent mass, and the adsorption rate increased, but at the same time, the concentration
of Ge in the solution became the main limiting factor of the adsorption capacity, and thus
the adsorption capacity gradually decreased.

3.4. Effect of Adsorbent Type on Ge Adsorption

In this study, the adsorption effects of different kinds of adsorbents on Ge were
also compared, and the results are shown in Figure 3c. The results showed that the
adsorption efficiency of TA-modified RH was higher than untreated RH. The adsorption
capacity of untreated RH for Ge was only 0.23 mg g~ ! after 10 h at a solid-liquid ratio of
20 mg:20 mL, pH 2, 150 r/min, and 30 °C, whereas TA-EPI-ORH achieved an adsorption
capacity of 4.80 mg g~! under the same conditions. FTIR analysis suggests that this
improvement is likely due to the introduction of TA during modification, which enhances
interactions and improves adsorption performance. In addition, the adsorption effect of TA-
EPI-ORH on Ge in an acidic solution is higher than that of EPI-ORH, mainly because the TA
structure contains many catechol groups, which show good complexation on Ge. Therefore,
compared with epoxidized RH, TA functionalized RH has a significant adsorption capacity
for Ge, and the introduction of TA enhances the surface activity of RH, thereby improving
the adsorption capacity of Ge. From the SEM and FTIR analyses, the introduction of TA
into RH increased the adsorption space and active sites on the surface of RH, which could
improve the adsorption capacity of Ge.
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3.5. Effect of Adsorption Time on Ge Adsorption

Adsorption kinetics is an important factor to explore the adsorption mechanism; in
this study, the results of Ge adsorption by TA-EPI-ORH were analyzed by using the pseudo-
first-order kinetic model and the pseudo-second-order kinetic model. For the adsorption
process of Ge, the kinetic model can be expressed as follows [38]:

Q: = Qem(1 —exp 1Y) ®)

t/Q¢ = 1/ (k2Qem *) + t/Qem 6)

where Qem (mg g~ ') and Q; (mg g~ !) are the amount of Ge adsorbed by TA-EPI-ORH at
equilibrium and time t (h), respectively, and k; (h™1), k; (g'mg~!-h~!) are the adsorption rate
constants for the pseudo-first-order and pseudo-second-order kinetic model, respectively.

Figure 4a depicts the results of adsorption kinetics. At an initial Ge concentration of
15 mg L~!, the Ge adsorption reached equilibrium at about 8 h. In addition, the specific
parameters of adsorption kinetics are listed in Table 2. The results showed that R? (R? = 0.94)
of the pseudo-second-order kinetic model was greater than that of the pseudo-first-order
kinetic model (R? = 0.79), and the equilibrium adsorption capacity of the pseudo-second-
order kinetic model (3.61 mg g~!) was closer to the experimental equilibrium adsorption
capacity (3.77 mg g~ !) than that of the pseudo-first-order kinetic model (3.38 mg g 1).
Therefore, it shows that the pseudo-second-order kinetic model provides a superior match
to experimental data. It shows that the adsorption process of Ge by TA-EPI-ORH was
mainly controlled by chemical adsorption [17]. From the FTIR analysis, the hydroxyl group
in TA-EPI-ORH interacted with Ge, which can be further verified [37].

(a) (b)
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2
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Figure 4. Adsorption kinetics (a), adsorption isotherms (b,c), and Van’t Hoff equation (d) for Ge
adsorption by adsorbent.
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Table 2. Kinetic parameters of Ge adsorption by TA-EPI-ORH.
Pseudo-First-Order Pseudo-Second-Order
Experimental Model Model K
Equilibrium Q. Equilibrium Qe, kg (h™1) R? Equilibrium (em 2 he1) R?
(mg g—") (mgg—1) Qem (mgg™?) B8
3.77 3.38 2.34 0.79 3.61 0.93 0.94

3.6. Adsorption Isotherm

Adsorption isotherms can be used to evaluate the maximum adsorption capacity of
adsorbents and are widely used in studies to understand adsorption mechanisms. In this
study, three adsorption isotherm models were used to fit the experimental data, and the
expressions of the three adsorption isotherm models are as follows:

Ky xC
Langmuir : Q, = Qmax X Kp X Ce

(7)

1+ KL X Ce
Freundlich : Q. = Kg x Ce!/™ (8)
Temkin : Q. =R x T/b x In(A x Ce) )

where Q. (mg g~') is the equilibrium adsorption capacity of TA-EPI-ORH for Ge, Ce
(mg L~1) is the residual concentration of Ge in the solution after adsorption equilibrium,
Qumax is the theoretical saturated adsorption capacity (mg g~ '), K (L mg~!) is the Langmuir
equilibrium constant, K ((mg g’1)~(L mg’l)l/ M) is the Freundlich isotherm constant, n
is the adsorption strength, R is the gas constant of 8.314 ] mol~! K~!, T is the kelvin
temperature (K), b is the Temkin constant, and A (L mg’l) is the Temkin isotherm constant.

Figure 4b,c show the influence of Ge concentration on the adsorption capacity of TA-
EPI-ORH on Ge at different temperatures (25 °C, 35 °C, 45 °C, 55 °C). The corresponding
parameters fitted by Langmuir, Freundlich, and Temkin isotherm models were calculated
and summarized in Table 3. From the linear correlation coefficient, the adsorption isotherm
of Ge on TA-EPI-ORH was consistent with the Freundlich model (R? = 0.99), indicating
that it is a multilayer adsorption on TA-EPI-ORH. It is worth noting that for the Freundlich
isotherm model, n > 1 indicates that the adsorbent can be easily adsorbed on the adsor-
bent [37]. In this study, the value of n in the Freundlich model is 2.24 (>1), indicating that
Ge can be easily adsorbed by TA-EPI-ORH adsorbent.

Table 3. Parameters associated with the TA-EPI-ORH adsorption isotherm of Ge (25 °C; pH = 3).

Isotherm Model Parameters TA-EPI-ORH
Quax (mg g ) 1098
Langmuir kp (Lmg™1) 0.081
R? 0.98
n 2.24
Freundlich kp ((mg g_1)~(L mg_l)l/n) 1.60
R? 0.99
A (Lmg1 0.82
Temkin b ((kJ mol’l)-(g mg’l)) 1.04
R? 0.98

3.7. Adsorption Thermodynamics

Adsorption thermodynamics focuses on the energy changes of the adsorption process,
including the spontaneous, absorptive, or exothermic nature of adsorption [41]. The
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interaction of TA-EPI-ORH with Ge can be accounted for by the standard Gibbs free energy
change (AG?, k] mol '), standard enthalpy change (AH’, k] mol~!), and standard entropy
change (ASY, J mol~! K=1). The parameters of these three can be determined by the
following equations [42].

K = Km x 10° x M X Cadsorbate/ Yadsorbate (10)
AG? = —RTInK (11)

AG? = AH? — AS'T (12)

InK = AS°/R — AH?/RT (13)

where K is the adsorption equilibrium constant at different temperatures, Ky, is the equi-
librium constant to which the adsorption isotherm model is applied and is obtained as
Qe (mg g~1) vs. Ce (mg L), Cugsorbate is the standard concentration of Ge and is taken
as 1 mol L™, v, gsorbate is the activity coefficient of Ge (dimensionless) and is taken as
1, My, is the molar mass of Ge, which is taken as 72.64 g mol~!, R is the gas constant
(8.314T mol 1 K1), T is the temperature (K), and the values of AS° and AH® could be
calculated by plotting InK versus 1/T by the intercept and slope, respectively.

The curve of InK versus 1/T is plotted in Figure 4d, and the thermodynamic-specific
parameters are summarized in Table 4. The adsorption of Ge decreases with increasing
temperature, and the negative value of AH indicates that the reaction is an exothermic pro-
cess, while AGY is less than 0, which suggests that the reaction can proceed spontaneously.
The value of AG? gradually becomes smaller with increasing temperature, indicating that
increasing temperature is unfavorable for the adsorption conditions.

Table 4. Thermodynamic parameters of Ge adsorption by TA-EPI-ORH.

T(K) AG? (k] mol-1)  AH? (k] mol-1) AS? (KJ mol-1 K-1)
298 —21.51

308 —19.51

o8 lsee 60,55 ~0.13

328 —17.42

3.8. Selective Adsorption Properties

The main objective of this section of the study is to assess the feasibility and selective
adsorption of Ge from complex solutions containing multiple coexisting ions. For this
purpose, ion adsorption experiments in simulated solutions were performed. The selective
adsorption of germanium by TA-EPI-ORH at different initial concentrations of Ge was also
investigated in this study, and the specific composition is shown in Table 1. All selective
adsorption experiments were performed at pH 2 to avoid precipitation of competing ions.
The results of selective adsorption are shown in Figure 5. The results showed that the
removal efficiency of TA-EPI-ORH for Ge was much higher (greater than 90%) than that of
other competing ions (less than 30%). In addition, the selective adsorption of Ge could be
explained by the solid-liquid distribution (partitioning) coefficient (Kg). K4 is the ratio of
the adsorption amount to the remaining amount in the solution [18], and the higher the
value, the more metal ions adsorbed on the adsorbent and the less metal ions remained in
the solution. As demonstrated in Figure 5b, The K4 values of TA-EPI-ORH for Ge were
the highest (4.38 and 6.22 L g~!) and several orders of magnitude higher compared to
the coexisting ions. At the same time, the separation factor was used to illustrate the
separation difficulty of Ge and coexisting ions. If the separation factor is greater than
1, it indicates that the substance can be separated from this substance. As illustrated in
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Figure 5¢, the separation factors of Ge were much higher than 1 compared with coexisting
ions (minimum: SF(Ge/Cu) = 33.18, maximum: SF(Ge/Na) = 174.07), indicating that Ge can
be separated from coexisting ions. Table 5 also compares the initial Ge concentration and
selectivity of TA-EPI-ORH to some of the adsorbents in the literature. TA-EPI-ORH is more
suitable for adsorbing Ge at low concentrations (1.40 mg L~!) in competitive adsorption
experiments. This study investigated competitive adsorption experiments that closely
mimic the composition of coal fly ash acid leachate, particularly for Al and Ca ions present
at concentrations up to thousands of mg L~!. TA-EPI-ORH can overcome the interference
of a large number of impurity ions and adsorb low concentrations of Ge efficiently and
selectively. The Ky and SF values showed that TA-EPI-ORH exhibited excellent selectivity
for Ge in simulated leachate and was more suitable for practical application.

Ny ] - 1
(a) 10 I nitis] Ge:1.40mg/L (b) I i GesLAome | () | il G 40me/L.
] iitial Ge:14.63my/L [l initial Ge:14.63mg/L 2601 [ initial Gie:14.63mgL
3204
g 20
fE; 5 0
s & 2004
g =
g # 1604
=
L] 1204
804
404
0=
Ge Cu Fe Ca Ga K Al Mg Zn Na Ge Ga Cu Fe Ca K Al Mg 7n Na Ge Ga Cu Fe Ca K Al Mg Zn Na

element element element

Figure 5. (a) adsorption rate, (b) K4 and (c) SF of TA-EPI-ORH adsorption of simulated solution.

Table 5. Selectivity comparison of TA-EPI-ORH with other adsorbents.

Selective Results

Absorbent iti Refs.
Composmm;llof Tons Number of Ions ? Ge SF Range ?
(mgL-1)
catechol- Ge: 10
functionalized silica B: 10, Te: 10 (pH 4.5) 2 5.3 (Te)-281.8 (B) [19]
catechol- Ge: 10 .
formaldehyde resin Zn: 10, Si: 10 (pH 6) 2 5(Zn)-28 (5 [20]
Three Dimension-o- Ge: 5
FeOOH Ga: 5 (pH 12) 1 Ga (41.56) [28]
Ge: 51.3
SOL-KELEX Zn: 2.5, Sb: 4.5, As: 61.8, 4 287 (Z(gll';lo ads [43]
Ni: 27.8 (pH 6.2)
Ge: 1.40
TA-EPI-ORH Al, Ca, Fe, Na, K, Ga, Zn, Cu, Mg 9 33.18 (Cu)-147.07 this work

(Table 1) (pH 2) (Na)

2: the range is from lowest SF (ion) to highest SF (ion); b. number of competing ions species; no ads: no detected
adsorption of the ion.

3.9. Selective Adsorption Mechanism

The XPS spectra of TA-EPI-ORH and TA-EPI-ORH-Ge are shown in Figure 6. The
presence of Ge 3d peak in TA-EPI-ORH-Ge indicates that Ge was successfully adsorbed
onto the surface of TA-EPI-ORH (Figure 6). The ability of this adsorbent to adsorb Ge with
high selectivity is mainly attributed to the introduction of TA, which contains multiple
catechol groups. The FTIR analysis shows that the position of a hydroxyl group in TA-
EPI-ORH-Ge is from 3412 cm ! to 3424 cm ™! compared to TA-EPI-ORH, indicating that
hydroxyl group is involved in the reaction [37]. Ge is predominantly present in the form
of Ge(OH), within the acidic environment. The chelation of the catechol hydroxyl group
and Ge(OH), in TA-EPI-ORH have a significant impact on the adsorption process. The
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catechol groups can be complex with metal ions, and the stability of the complex is usually
related to the affinity of the metal ion for the -OH group. In general, the affinity usually
increases with increasing charge and coordination number [18]. Because of the higher
charge of Ge(IV) and the fact that Ge(IV) could form a six-coordination structure complex
with catechol [8,18,20], catechol has a high affinity for Ge, and therefore, TA-EPI-ORH
has a high adsorption capacity for Ge. The adsorbent’s weak affinity for coexisting ions
is attributed to the linear free energy relationship (LFER) between catechol ligands and
transition metal ions in aqueous solutions. The [log K;(OH™) < 3] of the catechol ligand
with the alkali metals (Na*, K*, Ca?*, and Mg?*) suggests that the complexes formed by
catechol with these metal ions are unstable [44]. Despite AI** having a higher stability
constant, [log K;(OH™)] value of 9.1, its 2s2, 2p1 electron configuration makes inner-sphere
complex formation with catechol less probable [44].

—— TA-EPI-ORH

w Nls

—— TA-EPI-ORH-Ge

Ols
/

Ge2pl 26428V

\ .
\M'\,M'—**“‘"\[ Nis ok

1400 1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 6. XPS full spectrum scanning of Ge before and after adsorption by TA-EPI-ORH (Ge 3d:
26.42 eV).

3.10. Desorption of Adsorbents

In this study, acidic solutions (hydrochloric acid, nitric acid, sulfuric acid) and distilled
water were used for the desorption of Ge from the adsorbent TA-EPI-ORH, with results
depicted in Figure 7a. The desorption rate of 1 mol L~ nitric acid outperformed that of
1 mol L~! sulfuric acid and various concentrations of hydrochloric acid. Therefore, after

the adsorption of Ge by TA-EPI-ORH, nitric acid can be chosen as the desorption solution
for eluting Ge.

100
;28% - total amount
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Figure 7. (a) Desorption of TA-EPI-ORH loaded Ge by different desorption solutions (M = mol LY,
(b) elution amount after adsorption of simulated solutions of TA-EPI-ORH by different concentrations

of nitric acid (data in the graphs are absolute contents, total amount: initial absolute content of metal
ions during adsorption (ug)).
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Using nitric acid as a desorption solution, TA-EPI-ORH adsorbed Ge in the simulated
leaching solution was studied. The results in Figure 7b show that nitric acid effectively
elutes Ge and exhibits lower elution efficiency for coexisting ions than for Ge. This suggests
its potential for further separation of Ge from these ions. In the simulated solution, after
TA-EPI-ORH adsorption, Ge elution reached 90% at 3 mol L1 nitric acid, 150 r/min, 25 °C
over 12 h. Elution rates of coexisting ions were lower than that of Ge (Al: 4.31%, Ca: 4.78%).
Following the adsorption-elution treatment, the Ge extraction rate reached 85.71%, while
the extraction rates of coexisting ions were all below 20%, particularly for the abundant
impurity ions Al and Ca in the solution, which were only 1.02% and 1.18%, respectively.
This demonstrates the efficient and selective Ge extraction capability of TA-EPI-ORH.

3.11. Adsorption Mechanism

The previous adsorption experiments, XPS, and other analyses indicate that TA-EPI-
ORH successfully adsorbed Ge. Under the studied conditions, Ge was in the form of
Ge(OH);. In addition, the adsorption kinetics, FTIR, and other analyses indicate that the
process of Ge adsorption by TA-EPI-ORH involves chemical adsorption. Specifically, it
is the hydroxyl group on TA-EPI-ORH that interacts with Ge [37], so it is hypothesized
that the mechanism of Ge adsorption by TA-EPI-ORH may be as shown in Figure 8. The
catechol in TA-EPI-ORH forms a complex with Ge [8,18,20], thereby adsorbing the Ge in
the adsorbent. In addition, the stability of the complex ensures efficient separation and
recovery of Ge [8,18,20,44].

Functional rice husk backbone
\ /
—Ge(lV)Z'*

/N

~~"\L /—)\/

Functional rice husk backbone
Figure 8. Possible mechanism diagram of Ge adsorption by TA-EPI-ORH.

4. Conclusions

A novel adsorbent, TA-EPI-ORH, was synthesized from RH via a green chemistry
approach. The adsorbent was based on the functionalization of TA and had excellent Ge ad-
sorption properties. Compared with untreated RH, the adsorption capacity of TA-EPI-ORH
for Ge was increased by 19.9 times, and TA-EPI-ORH reached a maximum of 10.98 mg g~
(pH 3, 25 °C). The Ge adsorption on TA-EPI-ORH followed the Freundlich isotherm and
pseudo-second-order kinetic models. TA-EPI-ORH also exhibited an excellent selective
adsorption property for Ge in a coal fly ash simulated leachate with nine coexistence ions,
of which the average concentration is 479.08 mg L. The selective adsorption rate for
Ge can reach 95.24% even at a low Ge initial concentration (1.40 mg L~') with high con-
centration coexistence ions. When comparing to the two main coexistence ions—Al and
Ca—the separation factors were SF(Ge/Al) = 42.57 and SF(Ge/Ca) = 39.93), respectively.
After elution of the adsorbed Ge from TA-EPI-ORH, the extraction rate of Ge with low
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initial concentration (1.40 mg L) reached 85.17%, while the extraction rates of Al and Ca
were only 1.02% and 1.18%, respectively. The results of this study provide an important
theoretical basis and application reference for the efficient and environmentally friendly
extraction of Ge from agricultural waste. These findings not only help to promote the sus-
tainable use of rare metal resources, but also provide new ideas for the resource utilization
of agricultural waste.
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