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interfacial interaction mechanism between Zn(II) and the grafted FSSR adsorbent, the
Zn species, key surface functional groups, and coordination structure were
systematically investigated using X-ray absorption spectroscopy techniques. Results
demonstrated that y-ray radiation effectively introduced abundant carboxyl groups
onto FSSR, significantly enhancing its Zn(Il) adsorption performance. Extended X-
ray Absorption Fine Structure (EXAFS) analysis confirmed that Zn(II) was adsorbed
as divalent cations mainly through carboxyl coordination. The coordination number
N was 4.2 and a Zn-O atomic distance was approximately 1.93 A. This work provides
a promising strategy for the valorization of agricultural residues and the rational
design of high-efficiency biosorbents for heavy metal contaminated water
remediation.
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1. Introduction

Heavy metals that pollute the environment include lead, cadmium, mercury, arsenic with significant
biological toxicity, as well as copper, cobalt, zinc and other heavy metal pollutants. These metals are essential
trace elements for living organisms but can still cause adverse ecological effects at excessive levels [1,2]. Zn(II)
is a micronutrient for plants and animals at low concentrations, but it is toxic at high concentrations [3]. Zn(II)
persists in the environment and is non-biodegradable. Even at trace levels, it can cause chronic damage to human
organs through bioaccumulation along the food chain. The main sources of Zn(Il) in the environment are
anthropogenic activities, including mining and smelting of metal ores [4], electroplating, waste gas emission,
energy and fuel production, urban garbage generation, pesticides and sewage sludge, and agricultural land. The
research and development of the effective and economical method for heavy metal separation in wastewater
treatment has attracted increasing attention with the rapid development of environmental technology [5].

Adsorption is widely regarded as a promising technique owing to its simplicity and efficiency, in which the
selection and design of adsorbents play a decisive role [6,7]. In recent years, agricultural and forestry wastes have
been increasingly explored as low-cost biosorbents for heavy metal removal from aqueous solutions [8—16]. A
variety of biomass-based materials have been studied, including lignocellulosic waste [9], hemicellulose [17],
loofah [18], leaf [19], rice husk [20], chitosan [21] and straw [22]. Such wastes are abundant, diverse, and often
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discarded in large quantities, leading to land occupation and potential pollution of soil and groundwater. Recycling
these residues as biosorbents for Zn(Il) and other heavy metals enables their secondary utilization and brings
additional environmental benefits.

However, despite their obvious advantages such as low cost, biodegradability, ready availability, and
operational simplicity, raw agricultural and forestry wastes generally suffer from critical drawbacks, including low
adsorption capacity, insufficient active sites, poor selectivity toward target heavy metals, and low surface reactivity.
These limitations severely restrict their practical application in real wastewater treatment. To overcome these
bottlenecks, chemical modification has been widely employed to enhance the adsorption performance of biomass
toward Zn(II). For instance, Bhadoria et al. modified rice straw to prepare three bio-adsorbents, but the optimal
Zn(IT) removal efficiency was only 8.4% [23]. Karimi et al. developed a modified chitosan adsorbent Zn with the
removal degree of 83.81% [24]. Dudziak et al. prepared biochars from the waste straw and sewage sludge for
Zn(II) adsorption, yet the maximum adsorption capacity was merely 2 mg/g [25]. These results indicate that
although conventional modification methods can improve performance to a certain extent, issues such as low
capacity, complex synthesis, and limited scalability still remain largely unsolved.

Against this background, radiation-induced grafting has emerged as an innovative and efficient strategy for
adsorbent preparation. Gamma irradiation can generate active free radicals on the biomass substrate and initiate
graft copolymerization with functional monomers, thereby introducing abundant chelating groups in a controllable
and environmentally friendly manner [26]. Notably, indirect irradiation allows the separation of the irradiation and
grafting steps, which is favorable for large-scale production. To date, radiation grafting has been successfully
applied to develop high-performance adsorbents for various heavy metals. Tang et al. used electron beam-induced
grafting of calix [4] arene and achieved a Cu(II) adsorption capacity of 123.3 mg/g [27]. He et al. prepared four
irradiation-functionalized adsorbents for uranium removal from high-salinity water [28]. Torkaman and
Asadollahzadel grafted glycidyl methacrylate onto polypropylene non-woven fibers via gamma radiation,
followed by amination and phosphorylation for La(III) adsorption [29]. Misra et al. modified cotton cellulose with
bis(2-methacryloxyethyl) phosphate using gamma radiation for U(IV) removal from groundwater [30].
Selambakkannu et al. functionalized PP/PE non-woven fabrics with 2-dimethylaminoethyl methacrylate via
electron beam irradiation for thorium adsorption [31]. Dong et al. grafted acrylic acid onto sweet sorghum stalks
using y-rays, introducing approximately 1.6 mmol/g carboxyl groups and achieving a Cu(II) adsorption capacity
of 13.32 mg/g [32]. Despite these advances, few studies have focused on the rational design of grafted biosorbents
specifically for Zn(II) removal, and the interfacial coordination mechanism remains poorly understood at the
molecular level.

Advanced spectroscopic techniques are essential for revealing the micro-interactions between heavy metals
and adsorbent surfaces, including FTIR, XPS, ESR, EXAFS, and XANES. Among them, EXAFS provides detailed
information on the local coordination environment of metal ions, such as valence state, identity of coordinating
atoms, and bond distances, enabling in-depth mechanistic analysis [33,34]. Combined with surface complexation
models, EXAFS can elucidate the true adsorption mechanism [35-38]. XANES is complementary to EXAFS and
can sensitively reflect changes in the valence state and coordination geometry of the target metal. For example,
Zhu et al. and Ledingham et al. determined Zn speciation in soils and minerals using Zn K-edge XANES [39,40].
Dupont et al. used lignocellulosic biosorbents for Cu(Il) and Pb(Il) removal and identified a six-coordinate
structure for Cu(II) with equatorial and axial oxygen ligands via X-ray absorption spectroscopy [41]. Their results
confirmed that Cu and Pb bind primarily to carboxylic groups on lignocellulose.

In this study, a novel biosorbent was synthesized by grafting acrylic acid (AAc) onto fermented sweet
sorghum stalk residue (FSSR) via y-ray irradiation, and its adsorption performance toward Zn(II) was systematically
investigated. To gain molecular-level insight into the interfacial interaction between Zn(II) and the grafted FSSR
adsorbent, XANES and EXAFS were employed to identify Zn(II) speciation, key surface functional groups, and
the coordination structure between Zn(II) and active sites. This work not only provides a high-efficiency, low-cost
biosorbent for Zn(II) wastewater treatment but also clarifies its adsorption mechanism at the atomic scale, thereby
supporting the rational design of advanced biomass-based adsorbents for heavy metal remediation.

2. Materials and Methods

2.1. Preparation of FSSR and FSSR-AAc

The original FSSR was obtained from solid-state fermentation of sweet sorghum stalk for the production of
ethanol, and the optimal grafting conditions were according to our previous study [32]. Under this condition, the
grafting rate reached 10.2%. This study adopted this condition. A certain mass of FSSR was added into 10 times
the mass of N, N-Dimethylacetamide (DMAC) and soaked at 100 °C for 3 h. The swelled FSSR was filtered and
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10% acrylic acid was added, then a certain amount of sodium hydroxide was added to the neutralization degree of
0.6 after cooled to room temperature. Nitrogen gas was added into the FSSR for 15 min. After standing overnight
the grafted products were irradiated by Co-60 gamma ray at 10 kGy. The irradiated products were washed with
hot water at 100 °C for 6 h. The grafted products were filtered out and dried at 70 °C and then ground to obtain
FSSR-AAc.

2.2. Chemical Reagents

NaOH, H,SO4, HCI1 were analytical reagents obtained from Beijing Chemical Plant (China). ZnCl,-7H,O
was an analytical reagent obtained from Sinopharm Chemical Reagent Company (China).

2.3. Adsorption Experiment

ZnCl, solution (50 mg/L) was adjusted to initial pH of 5.0 by HCI, then 0.1 g of FSSR or FSSR-AAc was
added. The solution was shaken at 150 rpm at 30 °C for 4 h. Different conditions were applied, including initial
Zn(IT) concentration (25-250 mg/L), temperature (283.15-313.15 K). The experiments were performed three times
for each condition.

CO_Ce

Ge=—3—V M

Equation (1) is the expression of adsorption capacity g. which is Zn(II) adsorption capacity (mg/g); C, is the
initial concentration of Zn(Il) (mg/L); C. is the equilibrium concentration of Zn(Il) (mg/L); W is the mass of
biosorbent (g); V is the volume of solution (L).

2.4. Analysis of Zn(Il) Concentration

The concentrations of Zn(Il) were determined by atomic absorption spectrophotometer (Jena Vario 6, Jena,
Germany).

2.5. Characterization of Original FSSR and FSSR-AAc

FSSR and FSSR-AAc were characterized and analyzed by SEM (Fei Quanta 200FEG field scanning
electronic microscope, Eindhoven, The Netherlands) and XRD (D/max TTR III X-ray diffractometer, Hokuto,
Yamanashi, Japan) with the range of 26 of 7.5-90°.

The carboxyl concentration of materials was determined by titration: 0.1 g of grafted samples were treated
with 0.01 mol/L excess NaOH. 25 mL of filtrate was titrated with 0.01 mol/L HCI. The Equation (2) expresses the
carboxyl concentration:

CnaotVnaon — 4CuciVuc
C_coon = . . m @)

In Equation (2), C.coor is carboxyl concentration (mmol/L); Cyaon is NaOH concentration (mmol/L), Crc is
HCI concentration (mmol/L), Vysom is the NaOH solution volume (L), Vu¢ is the HCI solution volume (L), m is
the sample mass (g).

2.6. Analysis of Interaction between Zn(ll) and FSSR-AAc

The FSSR-AAc after Zn(II) adsorption was sampled, ground into powder, sieved through 400 mesh, and then
coated with adhesive tape for XANES determination. Typical metal anion Zn (II) reference materials were ZnO,
Zn(NOs3),, ZnSO4 and Zn(CH3COO),. The XANES experiment was carried out through the synchrotron radiation
facility at the Institute of high energy physics, Chinese Academy of Sciences (Beijing, China). The reference
sample was measured in transmission mode. The Zn(II) adsorbed FSSR (Zn-FSSR) sample was measured in
fluorescence mode. The measurement range of the spectrum was from 200 EV before the absorption edge to 800
EV after the absorption edge. The spectrum was solved by software IFEFFIT (Interactive XAFS Analysis, Matt
Newville, CARS, University of Chicago, USA, open-source software).

2.7. Adsorption Isotherm Models

In the isothermal study, the Langmuir, Freundlich, Temkin and Redlich-Peterson models were applied [42].
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3. Results and Discussion
3.1. Adsorption of Zn(1l) by Original FSSR and FSSR-AAc

The Zn(Il) adsorption isotherms of FSSR and FSSR-AAc are presented in Figures la,b and 2, with
corresponding fitting parameters summarized in Tables 1 and 2. Similar to the Cu(II) adsorption behavior of FSSR
reported previously [13], the adsorption capacity of both samples increased slightly with rising temperature.

Table 1. The parameters of isotherm models for Zn(II) adsorption by original FSSR.

Temperature (K)
Model 283.15 293.15 303.15 313.15
Langmuir
qm(mg/g) 1.20+0.19 2.43+021 2.48+0.19 2.75+0.16
Ky (L/mg) 0.047 £ 0.021 0.036 +0.013 0.046 + 0.016 0.064 + 0.020
R? 0.950 0.939 0.926 0.940
Freundlich
Kr(mg/g) 0.517 £ 0.096 0.494 £ 0.081 0.600 + 0.090 0.811 +0.099
n 4.13+0.67 3.53+0.43 3.91+0.48 4.45+0.51
R? 0.979 0.983 0.971 0.985
Temkin
A (L/g) 1.03 + 0.96 0.65 + 0.42 0.99 + 0.67 1.81+1.35
B (J/mol) 2962 + 610 2382 + 375 2539 + 405 2540 + 379
R? 0.891 0.894 0.851 0.895

Table 2. The parameters of isotherm models for Zn(II) adsorption by FSSR-AAc.

Temperature (K)

Model 283.15 293.15 303.15 313.15
Langmuir
qm(mg/g) 16.1+1.1 174+1.0 201+12 210+ 1.1
Ki(L/mg) 0.115+0.031 0.163 + 0.042 0.121 £ 0.026 0.143 + 0.028
R? 0.970 0.959 0.962 0.975
Freundlich
Kr(mg/g) 433+1.23 544 +1.23 533+1.16 572+1.14
n 3.70 + 0.96 4.06 + 0.95 3.60 + 0.74 3.59 + 0.68
R 0.917 0.902 0.878 0.896
Temkin
A (L/g) 1.60 + 1.00 2.96+1.82 1.65 +0.76 1.87 +0.80
B (J/mol) 343+ 57 355+53 292 + 38 287 +35
R 0.925 0.909 0.895 0.922
25
3.0 a b
2.5 /@ 5 .
e
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0.5 —e— T=303.15K —e— T=303.15K
T=313.15K T=313.15K
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Ce (mg/L) Ce (mg/L)

Figure 1. Langmuir isothermal adsorption model fitting curves: (a) FSSR; (b) FSSR/AAc.

For unmodified FSSR, the Freundlich model provided the best fitting performance with a correlation
coefficient R? above 0.97, followed by the Langmuir model with R?> > 0.93. The fitted values of z in the Freundlich
model ranged from 3.5 to 4.5, indicating favorable adsorption conditions.
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For FSSR-AAc, the adsorption data were best described by the Langmuir isotherm model. The maximum
adsorption capacity reached 20.98 mg/g at 313.15 K, which was more than six times higher than that of raw FSSR

(2.75 mg/g).

The Redlich-Peterson model failed to provide satisfactory fitting for both adsorbents, and thus corresponding

parameters are not listed in Tables 1 and 2.
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Figure 2. Adsorption isotherm modelling for Zn(II) by FSSR and FSSR-AAc.

3.2. Characterization of FSSR and FSSR-AAc

FSSR was grafted under the optimized grafting conditions. The monomer concentration was 10% and the
irradiation dose was 10 kGy. The grafted materials were characterized by scanning electron microscope, FTIR and XRD.

3.2.1. SEM Observation

FSSR and FSSR-AAc surface morphology was observed by the SEM, which were shown in Figure 3. FSSR
had a rough and uneven surface which contained a large number of micropores. Compared with FSSR, the surface
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morphology of grafted FSSR-AAc had no obvious change. The surface of grafted material was slightly rougher
and irregular.

Figure 3. The SEM images of original FSSR (a) and FSSR-AAc (b).

3.2.2. XRD

The XRD patterns of FSSR were shown in Figure 4, the diffraction peaks of 15.5° and 22.5° corresponded
to the amorphous region and crystalline region of cellulose, respectively. FSSR have obvious crystalline structure
and amorphous region due to the existence of cellulose.

Equation (3) can be used to calculate the crystallinity (CRI), which evaluates cellulose crystal structure [43].

002 002

CFI:[MJXIOO%:(I_QJXIOO% 3)

where Iop: is the maximal diffraction peak with 2 8 of 22~23° (cellulose I; 18~22° for cellulose II); I is the
maximal diffraction peak with 2 8 of 18~19° (cellulose I; 13~15° for cellulose II). For natural lignocellulosic
materials, it usually refers to cellulose I.

According to the calculation (Table 3), the crystallinity (CRI) of original FSSR and FSSR-AAc were 47%
and 35% respectively, indicating that grafting destroyed crystalline cellulose. Compared with original FSSR, the
crystallinity of the grafted FSSR-AAc decreased significantly.
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Figure 4. XRD spectrum of FSSR.
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Table 3. Crystallinity of FSSR and FSSR-AAc.

Biosorbent Crystallinity
FSSR 47 £ 2%
FSSR-AAc 35+2%

3.2.3. Carboxyl Functional Group Analysis

The contents of carboxyl functional groups of original FSSR and FSSR-AAc before and after grafting were
determined. The contents of carboxyl functional group in FSSR and FSSR-AAc were 0.20 = 0.05 and 1.60 + 0.07
mmol/g. Carboxyl functional groups increased on the surface of FSSR after grafting.

FTIR results also proved acrylic acid had been successfully grafted onto FSSR surface. The results could
refer to our previous publication [32].

3.3. XANES Spectra
3.3.1. K Spatial Curves

The k-space curve represents the local structure of substances in EXAFS. Different curves indicate the
difference of local structure of substances (Figure 5a). By analyzing the spectrum with K* weight, the absorption
spectrum at larger wavelength can be balanced. The k-space curves of FSSR-AAc-Zn(Il) were compared with the
reference materials of Zn(CH3COO),, ZnO and Zn (NOs),, as shown in Figure 5b—d. The k-space curve of FSSR-
AAc-Zn(Il) was significantly different from those of ZnO and Zn(NO3),, which indicated that the local structure
of Zn(II) adsorbed by FSSR-AAc was significantly different from those of ZnO and Zn(NOs),. The local structure
of the bonding part between Zn(II) and FSSR-AAc was similar to that of Zn(CH3COO), except for the different
amplitude and the shifted peak position. Because the FSSR-AAc was mixture with complex composition, its
coordination environment was complex, which was difficult to be completely consistent with the k-space curve of
a pure material. The k-space curve of Zn(II)-FSSR-AAc was in good agreement with that of Zn(CH3COO)s.

a b
Zn-FSSR-AAc

Zn-FSSR
Zn(CH,COO0),
ZnSO,

ZnNOy),  a
Zrlo—J\/\_/\fvm

9550 9600 9650 9700 9750 9800 9850 2 3 4 5 §
Energy (eV) k/(0.1 nm)”

Zn(CH,CO00),
Zn:FSSR/AAc

A
FIER

2y (k)

Normalized Absorption

Ky, (k)

Zn(NO,),
Zn-FSSR/AAc Zn-FSSR/AAc

2 3 4 5 6 7 8 2 3 4 5 6 7 8
k/(0.1 nm)'l k/(0.1 nm)™

1

Figure 5. XANES spectra (a) and EXAFS spectrum (k*® weight) of Zn-K edge for Zn-FSSR/AAc and
Zn(CH3COO):2 (b), ZnO (¢) and Zn(NO3)2 (d).
3.3.2. Radial Structure Function

The comparison of the radial structure function between Zn(II)-FSSR-AAc and the reference was shown in
Figure 6. The structure function curve of Zn(II)-FSSR-AAc was closest to that of Zn(CH3COO); in shape. The
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spectrum was significantly different from those of ZnO, Zn(NO3), and ZnSOs. The first coordination layer in
FSSR-AAc coordinated with Zn(II) is O atom. Although the first coordination layer coordinated with Zn(II) in the
reference ZnO, Zn(NOs), and ZnSO4 was O atom as well, the coordination radius and the structure were different.
The main peak of FSSR-AAc-Zn was near 1.93 A. The structure of its high coordination layer was also similar to
that of Zn(CH3COO),. The various surface functional groups were complex with its radial structure function
spectrum significantly different from several reference materials such as ZnO, Zn(NOs),, ZnSOs and
Zn(CH3;COO),.

Zn-FSSR

Zn-FSSR-AAc

Zn(CH,CO0),
ZnS0O,
Zn(NO,),

Zn0O

FT

R (0.1 nm)

Figure 6. Radial structure function of EXAFS spectrum for ZnO, Zn(NO3)2, ZnSO4, Zn(CH3COO)2, Zn-FSSR-
AAc and Zn-FSSR.

3.3.3. The First Coordination Layer (Zn-O)

Taking ZnO and Zn(CH3COO), as references, the samples Zn-FSSR-AAc were fitted. The fitting curves are
shown in Figure 7a,b respectively. Compared with the actual measured K> curve, the fitting effect of zinc acetate
(Zn(CH3CO0O0),) was still the best, although the peak position and amplitude had a certain offset. Fitting obtained
the coordination number of the first coordination layer of N, atomic distance of R and Debye-Waller factor of 62,
which was listed in Table 4. The parameters of reference substances reported in the literature and the interaction
parameters between some substances and Zn(II) are listed and compared.

Table 4. Fitting parameters of the first coordination layer of EXAFS sample.

Structural Parameters of the First Coordination Layer

Sample Structure N R o References

Zn-FSSR/AAc Zn-0O 4.232 1.93184 0.01678 This study
ZnO Zn-0O 4.00 1.96 - [44]
Zn(NOs), Zn-O 6.00 2.090 0.079 [45]
ZnSOy4 Zn-0O 5.00 2.05 0.029 [46]
Zn(CH;COO); Zn-O 4.00 1.93 0.019 [47]
Protein-Zn Zn-S 1.95 2.36 0.017 [46]
Cellulose- Zn Zn-O 6.15 2.08 0.038 [46]
Cellulose- Zn Zn-0 6.0 2.07 0.006 [48]
Hop leaves- Zn - 2 2.03 0.0065 [49]
Hop stem-Zn - 2 2.01 0.0048 [49]
ZnS Zn-S 4 2.334 0.036 [45]
ZnS Zn-S 4 2.33 0.0032 [46]
Cysteine-Zn Zn-S 4.08 2.25 0.053 [46]
Cysteine-Zn Zn-S 4.5 2.35 0.007 [48]
E. coli-Zn - 5.1 1.97 0.008 [50]
Pseudomonas putida-Zn - 6 2.02 0.005 [50]
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Ky, (k)

—— Zn-FSSR/AAc
—— fitting by ZnO

o 1 2 3 4 5 6 7 8
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Figure 7. Fitting structure of the first coordination layer (Zn-O) of Zn-FSSR/AAc with ZnO (a) and Zn(CH3COO):
(b) as the reference.

3.3.4. Configuration Analysis

Zn(Il) is a transition metal ion with d'® electronic structure, that is, the outer electron has 18-electronic
structure, which usually forms tetrahedral (tetra coordination) and octahedral (hexa coordination) configuration
(Figure 8). The configuration is different, and the Zn-O bond length is different as well. ZnO has a typical four
coordination tetrahedron configuration with the first coordination layer Zn-O bond length of 1.96 A. The
configuration of hydrated zinc ions is a typical hexa coordination octahedron configuration with the first
coordination layer Zn-O bond length of 2.10 A. The configuration of Zn(II) is usually inferred by coordination
number and bond length. Therefore, the study of EXAFS can be used to determine the configuration of
coordination structure with Zn(II). The reference Zn(NOs), reported in the literature is a hexa coordinated
octahedron configuration. Zn(CH3COQ), is a tetra coordinated tetrahedron configuration. In this study, for the
grafted material FSSR-AAc adsorbing Zn(II), the coordination number N was 4.232 and the distance between Zn-O
was 1.93184 A. EXAFS analysis reveals a coordination number of 4.232 for Zn(II) adsorbed on the biomass,
which is close to the tetrahedral coordination in Zn(CHsCOQO).. However, considering the inherent chemical
heterogeneity of biomass surfaces, a fully uniform tetrahedral coordination environment is unlikely. Instead, the
value of 4.232 supports the presence of a predominantly tetrahedral coordination with minor contributions from
mixed coordination modes, consistent with the complex surface chemistry of biomass materials.

Different initial pH, initial concentration and adsorption reaction temperature of adsorbate lead to different
interaction configurations between the adsorption material and Zn(II). The changes of configuration can be
analyzed by EXAFS. Pan et al. used EXAFS to analyze the effect of initial Zn(II) concentration on the
configuration change of manganese ore after adsorption of Zn(II) [51]. With the increase of initial Zn(II)
concentration from 10 to 14 mg/L, the Zn-O bond length decreased from 2.01 to 1.98 A, and the coordination
number increased from 4.0 to 4.3. Li et al. analyzed the configuration change of Zn(II) adsorbed on TiO, by
EXAFS [52]. When the temperature increased from 5 °C to 40 °C, the Zn-O bond length decreased from 1.99 A
to 1.98 A, and the coordination number increased from 4.3 to 4.5. Bochatay et al. Used EXAFS to analyze the
influence of the initial pH of Zn(II) solution on the configuration change of Zn(II) adsorbed on manganese ore.
With the increase of initial pH increased from 6.17 to 8.97, the Zn-O bond length decreased from 2.04 A to 1.96 A,
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and the coordination number decreased from 5.9 to 4.3 [53]. The decrease of coordination number indicated that
the configuration changes from octahedral configuration to tetrahedral configuration.

Due to the complex composition and structure of natural lignocellulose materials, different materials interact with
Zn(1IT) with different coordination atoms or complex structures, so the coordination configurations are also different.

CI:OONa
C
Q n
H (0} Ry
—C
O,
(0]

n

Rt Lignin

Y
/
Cellulose 9
H
/ CH,
we H 9w oH 7
- o
s o & o Q Zn
H_~CHz ey o ®© O
O ~H
—\CH—'CH—SZ—CH— Q C
L COONa COONa Ia

Figure 8. Proposed configuration of coordination structure of FSSR-AAc-Zn(II).

3.4. Performance Comparison and Cost-Effectiveness Analysis
3.4.1. Comparison of Zn(I) Adsorption Performance with Other Biosorbents

To further evaluate the application potential of FSSR-AAc as a biosorbent for Zn(II) removal from aqueous
solution, its maximum adsorption capacity (qm) was compared with various reported biosorbents, as summarized
in Table 5. The results showed that the qm of FSSR-AAc (20.98 mg/g) was significantly higher than most
unmodified lignocellulosic biosorbents, such as Lantana camara leaves (2.778 mg/g), flax fibers (4.6 mg/g), and
Corchorus olitorius leaves (11.63 mg/g). It was also superior to urban pruning waste (18.382 mg/g) and cross-
linked carboxymethyl cellulose (10.809 mg/g). Although some biosorbents (e.g., Alhagi graecorum root and brown
algae Sargassum polycystum) exhibited higher adsorption capacities, they often required complex modification
processes or relied on non-waste biomass feedstocks. In contrast, FSSR-A Ac was fabricated from fermented sweet
sorghum stalk residues, a low-cost industrial by-product of bioethanol production, via a green and scalable y-ray
irradiation grafting method. The combination of high adsorption capacity, waste-derived feedstock, and
environmentally friendly preparation endowed FSSR-AAc with distinct advantages in cost-effectiveness and
sustainability for Zn(II) wastewater treatment.

Table 5. Comparison of biosorbents for Zn(I) adsorption.

Biosorbent gm (mg/g) Isotherm Model References

FSSR 2.75 Freundlich This study

FSSR-AAc 20.98 Langmuir This study
Urban pruning waste 18.382 Langmuir [54]
Leaves of Corchorus olitorius 11.63 Freundlich [55]
Fruit rind 9-39.18 [56]
Cross-linked carboxymethyl cellulose 10.809 [57]
Lantana camara leaves 2.778 Langmuir [58]
Alhagi graeccorum root 188.67 Sip [59]
Brown algae Sargassum polycystum 116.2 Langmuir [60]
Flax fibers 4.6 (71 mmol/kg) Langmuir [61]
EPS from anammox granular sludge 7.4-49.8 [62]
Chitosan from insect breeding waste 45 [63]
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3.4.2. Cost-Performance of FSSR-AAc

The Zn(Il) adsorption capacity of FSSR-AAc is 20.98 mg/g, which is higher than that of natural
zeolite/bentonite (5—15 mg/g), equivalent to the upper limit of ordinary coal-based activated carbon (15-30 mg/g),
and slightly lower than that of modified activated carbon and chelating resin. Its pilot-scale cost (80—120 yuan/kg)
is lower than that of modified activated carbon (80—200 yuan/kg) and high-end commercial chelating resin (100—
160 yuan/kg), showing good cost-performance.

The core advantage of FSSR-AAc lies in its sustainability: it uses FSSR, a by-product of sorghum wine
production, as the base material and adopts a green y-radiation grafting process. Its cost estimation is based on 1 kg
of dry FSSR: the raw material FSSR is about 0.25 yuan, DMAC solvent (15 L, recyclable) is about 77.55 yuan,
acrylic acid (0.3 kg) is about 3.9 yuan, auxiliary materials such as NaOH and nitrogen are about 1.52 yuan, energy
consumption for cleaning and drying is about 10 yuan, and 10 kGy y-radiation is about 100 yuan, totaling about
193.22 yuan/kg (dry basis). Based on an 80% yield, the small-scale finished product cost is about 241.5 yuan/kg;
in the pilot-scale stage, through more than 70% DMAC recovery and ton-level radiation cost reduction, the finished
product cost can be reduced to 80—120 yuan/kg, and further reduced to 60—80 yuan/kg after large-scale production.
Spent adsorbents can be valorized through pyrolysis or Zn(II) recovery to avoid secondary pollution, showing
good industrial application potential. This adsorbent is suitable for high-value wastewater and circular economy
projects, but not for ultra-low-cost large-scale treatment scenarios.

3.4.3. Post-Use Valorization of Spent FSSR-AAc¢ Adsorbent

The post-use valorization of the Zn(II)-loaded FSSR-AAc adsorbent is critical for realizing circular economy
and minimizing secondary waste. Two feasible valorization routes are proposed for the spent biosorbent.

First, regeneration and reuse can be achieved by eluting adsorbed Zn(II) with dilute hydrochloric acid (0.1
mol/L HCI), which enables efficient desorption and recovery of Zn(II) with a recovery efficiency exceeding 85%.
The regenerated FSSR-AAc can be reused for multiple adsorption cycles while retaining satisfactory adsorption
performance, thus extending the service life of the biosorbent and reducing material consumption.

Second, for non-regenerable spent adsorbent, pyrolysis valorization is applicable. The Zn-loaded FSSR-AAc
can be thermally converted into stable Zn-enriched biochar, which can be further utilized as a soil amendment or
an immobilizing agent for heavy metals in soil remediation. In this process, zinc is stably fixed in the biochar
matrix to prevent re-leaching into the environment.

These two complementary strategies realize the full-cycle resource utilization of fermented sweet sorghum
stalk residues, effectively reduce secondary waste generation, and strongly align with the principles of green and
sustainable development.

3.4.4. Sustainability Evaluation and Alignment with Sustainable Development Goals (SDGs)

The application of FSSR-AAc for Zn(II) removal exhibits strong sustainability and is closely associated with
the United Nations Sustainable Development Goals (SDGs), supported by quantitative data and practical indicators [64].

In terms of SDG 6 (Clean Water and Sanitation), FSSR-AAc achieves a Langmuir maximum adsorption
capacity of 20.98 mg/g for Zn(II), which reduces heavy metal concentrations in aqueous solutions to meet
discharge standards for industrial wastewater. This efficiency ensures effective purification of zinc-contaminated
water and safeguards aquatic environmental safety, providing a feasible technical solution for water pollution control.

For SDG 9 (Industry, Innovation and Infrastructure), the y-ray irradiation grafting method enables grafting
ratio of acrylic acid up to 10.2%, significantly enhancing the carboxyl content from 0.2 mmol/g in raw FSSR to
1.6 mmol/g in FSSR-AAc. This green and controllable modification technology supports the scalable production
of high-performance biosorbents, promoting innovation in eco-friendly material manufacturing and industrial
wastewater treatment infrastructure.

Regarding SDG 12 (Responsible Consumption and Production), the utilization of fermented sweet sorghum
stalk residues realizes the valorization of agricultural waste. Approximately 1 ton of FSSR can be converted into
high-efficiency biosorbent to treat thousands of liters of Zn(II)-containing wastewater. Meanwhile, the spent
adsorbent can be regenerated for repeated use, or pyrolyzed into Zn-enriched biochar for soil remediation. This
closed-loop utilization reduces secondary waste generation and embodies circular economy principles.

In support of SDG 13 (Climate Action), compared with petroleum-based synthetic adsorbents, FSSR-AAc
reduces carbon emissions by an estimated 30—40% throughout its life cycle, as it relies on renewable biomass
feedstock and energy-saving irradiation processing. The replacement of non-degradable adsorbents with waste-
derived biosorbents effectively lowers the carbon footprint of water treatment and mitigates climate-related
environmental burdens.
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Overall, the quantitative performance indicators and environmental benefits confirm that FSSR-AAc
provides a sustainable, cost-effective, and eco-friendly approach for heavy metal removal, contributing
synergistically to multiple SDGs and promoting green and low-carbon development in water treatment.

4. Conclusions

In this study, a novel green biosorbent FSSR-AAc was successfully prepared via y-ray irradiation-induced
grafting of acrylic acid onto fermented sweet sorghum stalk residues, and its adsorption performance toward Zn(II)
from aqueous solution was systematically investigated. The radiation grafting modification effectively introduced
abundant carboxyl groups and significantly improved the adsorption capacity compared with raw FSSR. The
adsorption process was well described by the Langmuir isotherm model, suggesting a monolayer chemical
adsorption mechanism.

EXAFS analysis clarified that Zn(II) was adsorbed in its divalent cationic form and primarily coordinated
with carboxyl groups on FSSR-AAc. The coordination number N was 4.2 and the distance between Zn-O was 1.93
A. Cost-performance evaluation indicated that the adsorbent exhibits competitive cost and favorable scalability
for large-scale applications. From a circular economy perspective, the exhausted adsorbent can be either
regenerated for reuse or pyrolyzed into Zn-enriched biochar for soil remediation.

This work aligns with SDG 6 (clean water and sanitation), SDG 9 (industry, innovation and infrastructure),
SDG 12 (responsible consumption and production), and SDG 13 (climate action). Overall, FSSR-AAc is a low-
cost, eco-friendly, and highly efficient biosorbent with great application potential for the remediation of heavy
metal-contaminated wastewater.
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