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Abstract

Ruthenium possesses outstanding properties and is widely utilized in many fields. How-
ever, its natural scarcity makes the recovery of ruthenium from waste liquids particularly
important. A dendrimer-grafted chitosan adsorbent is synthesized through Michael addi-
tion and amidation reactions on chitosan, which is then used to adsorb Ru(III) from aqueous
solutions. Compared with unmodified chitosan, this adsorbent has abundant binding sites
and can rapidly and efficiently adsorb Ru(III) through electrostatic attraction and complex-
ation. Characterization techniques, including FT-IR, XPS, and SEM, confirmed successful
modification. Adsorption experiments show that this adsorbent exhibits an adsorption
efficiency of up to 97.79% for Ru(III) and saturated adsorption capacity of 162 mg/g. The
results of competitive adsorption experiments demonstrate that the adsorbent has good
selectivity for Ru(III), retaining 71.22% of adsorption efficiency after five cycles. This work
offers a new possibility for the environmentally friendly and efficient recovery of Ru(III)
from wastewater.

Keywords: chitosan; polyamidoamine; adsorption; surface modification

1. Introduction
Ruthenium, a platinum group metal, possesses properties such as high hardness,

catalytic activity, resistance to high temperatures, and corrosion resistance. These attributes
have enabled its extensive use in biomedicine, catalysis, semiconductors, alloys, and
batteries [1–6]. However, ruthenium is scarce in nature and is commonly found alongside
other metals, complicating its extraction and resulting in low yields and high prices.
Therefore, researchers’ attention has shifted to secondary resource recovery [7], with efforts
to extract ruthenium from various wastes and solutions in order to enhance the utilization
rate of resources.

High content, straightforward composition, small variety of metal types, and focused
range of applications are all benefits of ruthenium scrap. The recovery techniques also differ
since ruthenium exists in various chemical forms under different circumstances [8,9]. Cur-
rently, oxidative distillation [10] combined with methods such as solvent extraction [11,12],
ion exchange [13,14], electrochemistry [15,16] and adsorption [17,18] are the main methods
used in industrial applications for ruthenium enrichment and recovery. Although the ox-
idative distillation method is well-established, it faces challenges such as high volatility and
severe equipment corrosion, making technological upgrades urgently needed. Emerging
technologies such as solvent extraction, while simple to operate, also pose problems related
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to organic solvent pollution. Compared to the methods stated above, adsorption has a min-
imal environmental impact and easy of recycling, thus it has received extensive research.

The most common adsorbents include activated carbon, zeolites, bentonite, chitosan,
and biomass [19–24]. Among these, chitosan (CS) is considered one of the most promising
adsorbent materials due to its biodegradability and ease of modification. However, the
small specific surface area and low mechanical strength of CS limit its applications. To
enhance adsorption capacity, researchers have introduced functional groups or active struc-
tures into CS [25], such as xanthate modification or crown ether doping [26,27]. However,
these methods mainly introduce linear or cyclic functional groups, which implies a lim-
ited density of binding sites and thus leads to low adsorption capacities, which makes it
impossible to achieve efficient recovery of ruthenium.

Polyamidoamine (PAMAM) dendrimers have attracted widespread attention due to
their highly branched structure and abundant reactive groups. Their three-dimensional
configuration offers ample holes for metal ions to enter [28], making PAMAM widely
used in wastewater treatment. To date, no studies have been conducted on the grafting
of dendrimer-based macromolecules onto chitosan for Ru(III) adsorption. In this work,
drawing inspiration from PAMAM, we synthesized dendrimer-grafted chitosan CS-G1.0
via Michael addition and amidation using chitosan as the substrate. Adding more amino
groups not only increases the adsorption capacity for ruthenium but also preserves the
characteristics of the natural material, thereby ensuring the adsorbent is environmentally
friendly. We applied this adsorbent to adsorb Ru(III) from an acidic solution. Its adsorption
capacity was investigated under various experimental conditions, and meanwhile it was
characterized using FT-IR, XPS, BET, and SEM to elucidate the adsorption mechanism.

2. Materials and Methods
2.1. Materials

Reagents such as chitosan (CS, 90% deacetylated), methyl acrylate (MA, 99%), ethylene-
diamine (EDA, 99%), methanol (CH3OH), sodium chloride (NaCl), and sodium hydroxide
(NaOH) were provided by Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). The reagents were used directly without further purification.

2.2. Preparation of Adsorbent

The preparation process of CS-G1.0 is shown in Scheme 1 [29,30]. A total of 1 g of CS
and 50 mL of methanol was added into a 250 mL three-neck flask, and then the pH was
adjusted to 10 with NaOH. The flask was sealed under an Ar atmosphere and the mixture
was stirred at 50 ◦C for 30 min. A total of 5 mL of MA was added dropwise to the mixture
and refluxed at 50 ◦C for 12 h. The powder was thoroughly washed with methanol after
the reaction was complete, then another 50 mL of methanol was added, and the flask was
sealed under an Ar atmosphere. After 30 min of stirring at 50 ◦C, 5 mL of EDA was then
dropwise injected into the flask and allowed to react for 12 h. Once the reaction is finished,
the powder was rinsed with methanol and dried.

Scheme 1. The reaction procedure of CS-G1.0.
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2.3. Characterization

The changes in functional groups of the adsorbent were analyzed using Fourier
transform infrared spectrometer (FT-IR, VERTEX 70, Bruker, Ettlingen, Germany). The
surface morphology of the adsorbent was analyzed using field-emission scanning electron
microscope (SEM, Gemini 300, Carl Zeiss, Oberkochen, Germany). The chemical content
and condition of the adsorbent was determined using an X-ray photoelectron spectrometer
(XPS, Thermo Scientific ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Adsorption Experiments

The effects of factors such as the amount of adsorbent, adsorption time, solution
pH, NaCl concentration, temperature, coexisting cations, and recycling performance on
the adsorption efficiency of Ru(III) were studied. By dissolving RuCl3·3H2O in NaCl
solutions of varying concentrations and adjusting the pH to obtain the desired Ru(III)
aqueous solution. Adsorption experiments were carried out at 298 K using a constant
temperature oscillator at 300 rpm. After the process was complete, the solid and liquid
phases are separated, and the metal content in the solution is determined using a UV-visible
spectrophotometer and an inductively coupled plasma optical emission spectrometer (ICP-
OES). The calculation formulas for the adsorption rate E and the adsorption amount Qt are
as follows:

E(%) =
C0 − Ce

C0
× 100% (1)

Qt =
C0 − Ce

m
× V (2)

In the formula: C0 is the original concentration of Ru(III) (mg/L); Ce is the equilibrium
concentration of Ru(III) (mg/L); V is the solution volume (mL); and m is the amount of
adsorbent mass (g).

3. Results and Discussion
3.1. DFT Calculation

The structures of protonated chitosan (CS), quaternary ammonium-grafted chitosan
(HACC), and protonated amino-modified chitosan (CS-G1.0 in this work) were determined
using density functional theory (DFT), as well as their Ru(III) adsorption binding ener-
gies. The Ru atom was modeled using the large-core relativistic effective core potential
set GENCP, whereas the remaining atoms (C, H, O, N, and Cl) were modeled with the
6-31+G(d) functional. The calculation results are shown in Figure 1. In comparison with the
first two adsorbents, the molecular chains in CS-G1.0 extend over a wider range and thus
form more empty cavities, which are capable of capturing more metal ions. The binding
energies of the three structures with Ru(III) were calculated to be −15.19 eV, −17.04 eV and
−32.49 eV respectively. It can be seen that the binding energy of CS-G1.0 is significantly
higher than that of the other two, and is therefore more efficient for the adsorption of Ru(III).

Figure 1. DFT calculation of (a) CS; (b) HACC and (c) CS-G1.0.
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3.2. Characterization of Materials

The functional group composition of the surfaces of CS and CS-G1.0 was analyzed
through FT-IR, and the results are shown in Figure 2a. In the infrared spectrum of CS,
the peak at 1594 cm−1 corresponds to the bending vibration of the -NH2 primary amine
group [31]. Following a two-step synthesis, this peak became noticeably broader in the
CS-G1.0 spectrum; this is due to the overlap of the C-N absorption peak of the amide [32]
and the N-H absorption peak of the primary amine. Peak broadening in the 3300–3500 cm−1

range results from the merging of the original peak with the additional N–H bond charac-
teristic peak [33]. The amide C=O stretching vibration at 1661 cm−1 in pristine chitosan [33]
shifted to 1659 cm−1 after grafting, indicating that the newly introduced amide groups and
secondary amines form strong hydrogen bonds increase the electron density on the oxygen
atom and thus cause a red shift. In addition, a weak band at 1722 cm−1 corresponding to
ester C=O stretching [34] was observed, suggesting that a small fraction of the CS-G0.5
intermediate was not fully converted to the final amide product during the amidation
reaction. Moreover, the absorption bands in the region of 1028–1150 cm−1, assigned to
C-O-C and C-OH vibrations of the chitosan backbone [35], remained essentially unchanged,
confirming that the glucopyranose ring and the hydroxyl groups at C2 position were
not destroyed during the modification. Collectively, these spectral features provide solid
evidence that the grafting proceeded as expected via the designed two-step route.

Figure 2. (a) FT-IR spectra of chitosan and CS-G1.0; (b) N 1s XPS spectra of CS-G1.0.

The XPS spectra data were acquired from three different regions of each sample and
averaged. Figure 2b shows the N 1s spectra of CS-G1.0; the peak at 400.39 eV represents
the N-C=O bond [32]. As shown in Table 1, the surface elemental compositions of CS and
CS-G1.0 were determined. The nitrogen atomic percentage increased from 6.44% for CS to
12.59% for CS-G1.0. These observed changes collectively indicate that the adsorbent has
been successfully synthesized.

Table 1. Element mass percentages of CS and CS-G1.0.

Element
Wt (%)

CS CS-G1.0

C 82.39 66.38
O 11.17 21.03
N 6.44 12.59

The surface morphology was characterized through field-emission scanning electron
microscopy (SEM). As seen in Figure 3, the surface of CS-G1.0 (b) exhibited a rougher
and more wrinkled surface than CS (a). This structural characteristic increases the specific
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surface area, thereby exposing more active sites, which could make it easier to trap more
metal ions. After adsorption, the SEM image (c) and SEM-EDS elemental distribution
map (d) revealed uniform distribution of Ru(III) on the adsorbent surface.

Figure 3. Surface morphology of (a) CS; (b) CS-G1.0; (c) after adsorption of CS-G1.0; and (d) SEM-EDS
elemental distribution map of Ru(III).

N2 adsorption–desorption tests were performed and specific surface areas were calcu-
lated using the BET method. The results are shown in Figure 4 and Table 2. The surface
area of pristine CS was 0.779 m2/g, while that of CS-G1.0 increased to 1.885 m2/g. This
increase is consistent with the rougher and more wrinkled surface morphology observed
through SEM (Figure 3b). However, the enhanced specific surface area is still relatively low,
suggesting that physical adsorption via pore filling is not the dominant mechanism. That
means that the enhanced adsorption performance of CS-G1.0 for Ru(III) should be primar-
ily attributed to the abundant amino and amide groups introduced through dendrimer
grafting, which serve as strong binding sites via electrostatic attraction and complexation.
The moderately increased surface area facilitates the exposure of these active sites.

Figure 4. N2 adsorption–desorption curve and pore distribution curve of CS-G1.0.
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Table 2. Pore characteristics of CS and CS-G1.0.

Adsorbent
Surface Area Pore Size Pore Volume

(m2/g) (nm) (cc/g)

CS 0.779 29.27 0.0114
CS-G1.0 1.885 25.60 0.0241

3.3. Adsorption Studies
3.3.1. Effect of Adsorbent Mass

Adsorbent dosage significantly influences the adsorption rate of metals. Our goal was
to maximize adsorption performance while conserving resources. As shown in Figure 5a,
when the Ru(III) concentration was held constant, the adsorption rate rose from 30.94% to
97.79% as the adsorbent mass increased from 2 mg to 8 mg. This is because the number
of effective adsorption sites increases with the amount of adsorbent. When the adsorbent
dosage was increased from 8 mg to 20 mg, the adsorption rate remained essentially constant,
indicating that the concentration of Ru(III) in the solution has already decreased to a certain
level, requiring a higher capture capacity for further removal. Therefore, considering both
cost and efficiency, an adsorbent dosage of 8 mg was chosen for further experiments.

Figure 5. (a) Effect of CS-G1.0 dosage on the adsorption of Ru(III) (t = 30 min, pH = 2.5, V = 5 mL,
CNaCl = 0.5 M); (b) the adsorption efficiency of 5 recycles of Ru(III) (m = 8 mg, V = 5 mL, t = 30 min);
(c) adsorption selectivity in the coexistence of various metal ions (m = 8 mg, V = 5 mL, t = 30 min);
(d) effect of time on the adsorption of Ru(III) (m = 10 mg, pH = 2.5, V = 5 mL, CNaCl = 0.5 M); (e) effect
of NaCl concentration on the adsorption of Ru(III) (m = 8 mg, pH = 2, V = 5 mL, t = 30 min); (f) effect
of pH on the adsorption of Ru(III) (m = 8 mg, CNaCl = 0.5 M, V = 5 mL, t = 30 min).

3.3.2. Effect of Adsorption Time

Adsorption time is an important metric for evaluating the adsorbent’s capability, as
an excellent adsorbent must be able to rapidly remove Ru(III) from wastewater. Figure 5d
describes the effects of adsorption time by CS-G1.0. The adsorption amount grew rapidly
in the beginning and gradually reached the equilibrium after 15 min. This behavior is at-
tributed to the abundance of accessible active sites at the start of adsorption; as time passed,
these sites were gradually occupied and the adsorption quantities remained essentially
constant, with around 61.58 mg/g of the Ru(III) adsorbed. To ensure complete adsorption,
the duration of the subsequent experiment was set at 30 min.
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3.3.3. Effect of NaCl

Ru(III) in aqueous solution undergoes hydrolysis and exists in various forms at dif-
ferent chloride ion concentrations [36]; therefore, the influence of NaCl concentration on
adsorption was investigated. Figure 5e demonstrates that the adsorption amount im-
proved with growing NaCl concentration, showing that Cl− serves to stabilize the Ru(III)
species [37], thereby effectively promoting the adsorption of Ru(III). When the concentration
of NaCl exceeded 0.5 M, the adsorption amount almost reached equilibrium, consequently,
0.5 M NaCl was used in subsequent experiments.

3.3.4. Effect of pH

pH influences the coordination state of Ru(III) and the degree of protonation of the
adsorbent. When the pH is over 3, ruthenium rapidly oxidizes and undergoes hydrolytic
polymerization [38], forming a black precipitate. Therefore, the influence of pH on the
adsorption capacity of CS-G1.0 for Ru(III) was investigated in the pH range of 0.5–2.5, and
the result is demonstrated in Figure 5f. In this pH range, the amino group is protonated. As
the pH increases, the degree of protonation decreases [39], and the restored amide site can
form a coordination bond with ruthenium. The adsorption quantities showed little change
when the pH exceeded 2; all subsequent experiments were conducted at a pH of 2.

3.3.5. Reusability

The regeneration capacity of adsorbents is a crucial indicator in industrial applications,
which has significant impact on sustainable development and waste reduction. To ensure
that the eluted Ru(III) could be easily regenerated, we used 2 M HCl as the eluent to inves-
tigate the reusability of CS-G1.0. Figure 5b displays the results. The adsorption efficiency of
CS-G1.0 for Ru(III) dropped from 84.53% to 71.22% following five adsorption–desorption
cycles. The decline in adsorption capacity may be attributed to the relatively high concen-
tration of 2 M HCl, which caused the chitosan chains to break, resulting in some loss of
adsorbent activity.

3.3.6. Selectivity of Adsorbent

Secondary waste containing ruthenium also contains various competing metals [40–43],
which can significantly impact the adsorption and recovery of Ru(III). Static adsorption
tests were therefore conducted on some common metal ions to investigate the adsorbent’s
selectivity for Ru(III). The results are shown in Figure 5c. At an ion concentration of
100 ppm, the adsorbent preferentially adsorbed Ru(III), followed by Pd, with extremely low
adsorption of other ions. Even in the presence of various interfering ions, the adsorption
rate for Ru(III) still reached 82.33%, indicating that this adsorbent can be used for the
recovery of ruthenium from impure wastewater.

Under the experimental chloride ion concentrations, Ru(III) predominantly exists as
complex anionic chlorocomplexes [18]. At pH = 2, the protonated amino groups carry a
high positive charge and adsorb Ru(III) via electrostatic attraction. Furthermore, Pd(II) can
also form anionic chlorocomplexes in chloride solution [44], resulting in a small amount
of adsorption. However, other metal ions are largely cationic under acidic conditions and
are thus electrostatically repelled. Amide groups, on the other hand, adsorb metal ions
via complexation, and thus other metals are also adsorbed to a small extent. Selective
adsorption experiments thus confirm that electrostatic attraction is the primary mechanism
for Ru(III) uptake.
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3.4. Study of Adsorption Kinetics

The adsorption kinetics mechanism of CS-G1.0 was analyzed by fitting the data using
pseudo-first-order and pseudo-second-order kinetic models. These two kinetic models are
commonly used to describe the adsorption behavior in solid–liquid systems. The linear
fitting equations are given in (3) and (4) and the nonlinear ones in (5) and (6) [45].

ln (Qe − Qt) = ln Qe − k1t (3)

t
Qt

=
t

Qe
+

1
k2Q2

e
(4)

Qt = Qe

(
1 − e(−k1 × t)

)
(5)

Qt =
(

Q2
e ·k2·t

)
/(1 + Qe·k2·t) (6)

In the equations, k1 represents the kinetic constant of the pseudo-first-order model, k2

represents the kinetic constant of the pseudo-second-order model, Qt is the mass of Ru(III)
adsorbed by the adsorbent at time t (mg/g), and Qe is the amount of Ru(III) adsorbed by
the adsorbent at equilibrium (mg/g).

The results of the kinetic model fitting for the adsorption of Ru(III) are shown in
Figure 6. The kinetic parameters and correlation coefficients are listed in Table 3. The data
indicate that, regardless of whether linear or nonlinear fitting is employed, the pseudo-
second-order kinetic model fits the adsorption process better, with a higher correlation
coefficient than the pseudo-first-order kinetic model. Furthermore, the equilibrium ad-
sorption capacity predicted by the pseudo-second-order kinetic model is closer to the
experimental values. This shows that Ru(III) is adsorbed chemically by the adsorbent [46].

Figure 6. Kinetic model fitting for adsorption of Ru(III) on CS-G1.0. (a) Linear fitting; (b) Nonlin-
ear fitting.

Table 3. Linear and nonlinear fitting of relevant parameters for the kinetic model.

Pseudo-First-Order Pseudo-Second-Order

k1 Qcal R2 k2 Qcal R2

Linear fitting 0.1043 1.201 0.9150 0.1507 61.61 0.9998
Nonlinear fitting 2.364 60.90 0.8619 0.1378 61.66 0.9981

3.5. Study of Adsorption Isotherm

The adsorption capacity of CS-G1.0 at different temperatures and initial ion concen-
trations was evaluated and the results are shown in Figure 7. At the same initial ion
concentration, the equilibrium adsorption amount increased gradually with increasing
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temperature, indicating that the adsorption of Ru(III) by CS-G1.0 is an endothermic process
and that higher temperature promotes adsorption. The equilibrium adsorption quantities
also increased when the ion concentration increased at a constant temperature. The maxi-
mal adsorption amount is 162 mg/g at room temperature (298 K). Table 4 lists adsorbents
used for adsorbing ruthenium under acidic conditions and compares their saturated ad-
sorption capacities and equilibrium times. It can be seen that our adsorbent has significant
advantages under acidic conditions.

Table 4. The adsorption capacities and equilibrium times of different adsorbents for ruthenium.

Absorbent Material Qe (mg/g) Time (min) References

Sulphoxide modified
poly(styrene-co-divinylbenzene) 12.96 300 [47]

PDEA-b-P (DEA-co-AM) 15.46 300 [18]
Polyaniline 29 10 [48]
iso-Bu-BTP 37.37 25 [17]

MOTDGA-TOA 73.73 25 [49]
CS-G1.0 162 15 this work

Figure 7. (a) Adsorption isotherms of Ru(III) on CS-G1.0 (m = 4 mg, pH = 2, V = 10 mL, CNaCl = 0.5 M,
t = 30 min); linear fitting plots for adsorption isotherms of (b) Langmuir and (c) Freundlich; nonlinear
fitting plots for adsorption isotherms of (d) Langmuir and (e) Freundlich.
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The Langmuir and Freundlich isotherm models were used to fit the relevant experi-
mental data to investigate the mechanism of interaction between the adsorbent and metal
ions. The Langmuir model assumes that the adsorbent surface is uniform, the adsorbate
forms a single molecular layer, and there is no interaction between adsorbed molecules [49].
The Freundlich model is an empirical equation, which assumes that the adsorbent surface
is heterogeneous and that the adsorbate forms a multilayer on the adsorbent surface [50].
The linear fitting equations for the Langmuir and Freundlich models are given in (7) and
(8), respectively, and the nonlinear ones in (9) and (10).

Ce

Qe
=

1
KLQmax

+
Ce

Qmax
(7)

ln Qe = ln KF +
1
n

ln Ce (8)

Qe =
Qmax·KL·Ce

1 + KL·Ce
(9)

Qe = KF(Ce)
1
n (10)

where Qmax and Qe represent the maximum and equilibrium adsorption capacities of
the adsorbent (mg/g); Ce represent the equilibrium ion concentrations (mg/L); KL is
the Langmuir constant; KF is the Freundlich constant; and n is a constant related to the
adsorption strength.

The results of the isothermal adsorption model fits are shown in Figure 7b–e. The
relevant fitting parameters are listed in Table 5. As can be seen from the data in the graph,
whether using linear or nonlinear fitting, the adsorption behavior is better described by the
Langmuir model, indicating monolayer adsorption.

Table 5. The fitting parameters of the Langmuir and Freundlich isothermal adsorption models.

Isotherm
Models

Parameters
Temperature

288 K 298 K 308 K

Linear
fitting

Langmuir
KL 0.0124 0.0141 0.0189

Qmax 163.67 200.40 248.14
R2 0.9937 0.9916 0.9951

Freundlich
KF 9.832 12.68 20.29
n 2.163 2.170 2.330

R2 0.9322 0.9063 0.9020

Nonlinear
fitting

Langmuir
KL 11.4 × 10−4 9.95 × 10−4 4.88 × 10−4

Qmax 146.38 183.99 227.65
R2 0.9938 0.9953 0.9974

Freundlich
KF 9.928 10.78 15.59
n 2.268 2.155 2.241

R2 0.9264 0.9318 0.9085

3.6. Adsorption Mechanism

Figure 8a displays the FT-IR spectra before and after adsorption. The absorption peak
for -NH2 shifted from 1592 cm−1 to 1523 cm−1, demonstrating that the amino group plays
a role in adsorption. The C=O group of the amide shifted from 1659 cm−1 to 1636 cm−1,
indicating its involvement in adsorption. The XPS full spectrum (Figure 8b) shows the
emergence of the characteristic Ru(III) peak after adsorption, indicating that Ru(III) was
successfully adsorbed onto CS-G1.0 [51]. In the N 1s spectra after adsorption (Figure 8c),
a new absorption peak appears at 401.56 eV, which corresponds to the newly produced
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-NH3+ [52]. This indicates that the amino group is protonated at lower pH [53] and adsorbs
metal ions via electrostatic attraction. The peaks at 400.39 eV correspond to the amide
N-C=O bonds [32], and these characteristic peaks shifted to 400.64 eV after adsorption,
which means that the amide is involved in coordination. The O 1s spectrum (Figure 8d)
shows that the amide N-C=O peak [54] shifts from 531.25 eV to 530.93 eV, which further
confirms the coordination role of the amide. In summary, the interaction between this
adsorbent and metals primarily involves electrostatic attraction and complexation.

Figure 8. (a) FT-IR spectra; (b) full-scale XPS spectra; (c) N 1s XPS spectra; and (d) O 1s XPS spectra
of the CS-G1.0 before and after adsorbed Ru(III).

As shown in Table 1, the synthesized adsorbent’s nitrogen content increased by
4.39 mmol/g, while its saturation adsorption capacity for Ru(III) increased by 1.60 mmol/g,
resulting in an N:Ru molar ratio of approximately 2.74:1. Under the experimental con-
ditions, Ru(III) primarily exists in the form of complex anionic chlorocomplexes such as
[RuCl5(H2O)]2− and [RuCl6]3− [18]. It carries an average of 2–3 negative charges, which
achieve electrostatic neutralization with approximately 2.7 -NH3

+ groups. Meanwhile, the
remaining nitrogen atoms are available for coordination binding through amide groups.
This stoichiometric consistency suggests that electrostatic attraction is the dominant driving
force for Ru(III) uptake. This finding is consistent with the selective adsorption results.

4. Conclusions
In this work, a first-generation grafted chitosan-based adsorbent CS-G1.0 was pre-

pared by modifying the amino groups of chitosan to adsorb and recover Ru(III) from
wastewater. Experimental results indicate that under conditions of 298 K, pH 2, and a
sodium chloride concentration of 0.5 M, the adsorption efficiency reached 97.79% with
a maximum adsorption capacity of 162 mg/g. It is worth emphasizing that, among the
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chitosan-based ruthenium adsorbents reported to date operating under acidic conditions,
CS-G1.0 achieved the highest adsorption capacity even under such challenging circum-
stances. Ion competition adsorption tests revealed that the adsorbent exhibits excellent
adsorption selectivity for Ru(III), with the adsorption process conforming to the Langmuir
model and pseudo-second-order kinetics. The adsorption mechanism primarily involves
electrostatic attraction and complexation.

Despite its high adsorption capacity and selectivity, the regeneration performance of
the adsorbent requires further improvement. Subsequent studies will consider cross-linking
it to enhance its cycling stability. Furthermore, practical application under real wastewater
conditions would require further evaluation and optimization of operational durability.

The results of this work suggest that CS-G1.0 has potential for the recovery of Ru(III)
from acidic industrial effluents, including those from nuclear fuel reprocessing and elec-
tronic electroplating. The adsorbent design also offers insights for the development of
future biomass-based materials with enhanced adsorption performance and selectivity.
Although acidic conditions pose challenges to the corrosion resistance of industrial equip-
ment, ongoing advancements in corrosion-resistant materials and process engineering are
expected to facilitate the practical application of this adsorbent.
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