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Abstract

To address the challenge of removing copper from copper-ammonia complex wastewater in
the printed circuit board (PCB) industry, this study employed natural chitosan (CTS) as the
base material. Dithiocarbamate (DTC) groups were grafted onto CTS, followed by further
carboxylation (-COOH) to produce two novel adsorbents: DTC-CTS and DTC-CTS-COOH.
The materials were characterized using Fourier transform infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), SEM, and related techniques. The effects of solution
pH, adsorption isotherms, kinetics, and regeneration performance were systematically
investigated. Characterization results confirmed the successful introduction of DTC and
carboxyl (-COOH) groups. Adsorption experiments demonstrated that DTC-CTS-COOH
exhibited superior Cu?* adsorption performance across pH 5-8, achieving a removal
efficiency of (97.67 &= 1.3)% at pH 7. Its adsorption behavior followed the Langmuir model,
with a maximum adsorption capacity (Qm) of 234.8 mg-g~! at 318.15 K, significantly higher
than that of DTC-CTS (183.6 mg-g~!). Adsorption kinetics conformed to a pseudo-second-
order model, indicating rapid adsorption rates. After five adsorption-desorption cycles,
DTC-CTS-COOH maintained a Cu?* removal rate above 68.41%. The synergistic interaction
between -COOH and DTC functional groups enhanced the adsorbent’s capacity, rate, and
pH adaptability, demonstrating that DTC-CTS-COOH holds strong potential for application
in the treatment of complex copper-ammonia wastewater.
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1. Introduction

With the rapid advancement of technologies such as artificial intelligence and semi-
conductors, printed circuit boards (PCBs), the core components of electronic devices, have
found increasingly widespread applications, driving explosive growth in the global mar-
ket [1,2]. However, this booming PCB manufacturing industry also poses significant
environmental challenges [3]. Production processes such as alkaline etching and electro-
less copper plating generate large volumes of copper- and ammonia-rich wastewater [4].
Studies have shown that even after pretreatment, the concentration of ammonia nitrogen in
PCB wastewater can reach approximately 200 mg-L~! [5], while copper ion concentrations
in certain process effluents can exceed 100,000 mg-L !, along with strong acidity [6]. If
discharged without adequate treatment, such wastewater can lead to eutrophication of
water bodies and heavy metal accumulation in soils [7,8]. Moreover, through bioaccu-
mulation in the food chain, it may pose serious health risks to humans, including liver
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damage and neurotoxicity [9,10]. The coexistence of high ammonia nitrogen, high copper
content, and acidity creates a complex pollution profile, making efficient copper removal
from PCB wastewater a major technical bottleneck in achieving the industry’s sustainable
and green development.

Current mainstream technologies for treating copper-containing wastewater include
chemical precipitation [11,12], sulfidation [13], electrolysis [14], and adsorption [15,16].
However, methods such as chemical precipitation and electrolysis often exhibit low re-
moval efficiency and high energy consumption when applied to low-concentration copper
wastewater [17]. Sulfidation, typically implemented via Na,S dosing, not only poses the
risk of toxic HyS emission, particularly in acidic or pH-fluctuating wastewater streams
common in industrial scenarios, but also requires cumbersome pre-neutralization steps
that elevate operational costs and complexity [18]. Among these technologies, adsorption
stands out for its ability to selectively remove target ions through both physical interactions
(e.g., van der Waals forces, pore retention) and chemical interactions (e.g., coordination
chelation, ion exchange) between the adsorbent and heavy metal ions [19]. Owing to its
low cost, operational simplicity, and strong adaptability without the need for complex
equipment, adsorption has emerged as one of the most promising approaches for the
treatment of copper-containing wastewater [20,21].

Chitosan (CTS), a natural cationic polysaccharide derived from seafood processing
by-products such as shrimp and crab shells, is renewable, biodegradable, and environ-
mentally friendly [22]. Owing to the abundance of amino (-NH;) and hydroxyl (-OH)
groups along its molecular chain, which exhibit a strong affinity toward heavy metal
ions. As a result, chitosan has attracted widespread attention in the treatment of heavy
metal-containing wastewater [23]. However, in treating PCB wastewater characterized by
complex composition and variable acidity, single DTC modification still requires further
optimization. The chelation efficiency of DTC groups can be compromised under highly
acidic conditions (pH < 4) due to protonation of the nitrogen sites, which reduces their
electron-donating ability and coordination strength. Moreover, in the presence of high
concentrations of competing ammonia, the formation of stable copper-ammonia complexes
([Cu(NH3)4]?) further challenges the selectivity and removal efficiency of DTC-modified
adsorbents [24,25].

Dithiocarbamate (DTC) represents a class of typical heavy metal chelating agents. The
sulfur (S) and nitrogen (N) atoms within their molecular structure can act as coordination
centers, forming stable and insoluble chelates with heavy metal ions such as Cu?*, thereby
exhibiting excellent selectivity and adsorption performance [26,27]. Grafting DTC func-
tional groups onto the CTS backbone is an effective approach to overcome the inherent
limitations of chitosan. Studies have shown that DTC modification not only significantly
enhances the capacity of chitosan to sequester heavy metals but also broadens the appli-
cable pH range of the material and accelerates the adsorption kinetics [28]. However, in
treating PCB wastewater characterized by complex composition and variable acidity, single
DTC modification still requires further optimization.

To address this, this study employs a dual-modification strategy by incorporating
dithiocarbamate (DTC) and carboxyl (-COOH) groups into CTS. The DTC groups can
form stable, insoluble chelates with Cu?*, thereby significantly enhancing the coordinative
adsorption capacity for heavy metal ions [29]. Meanwhile, the introduction of -COOH
groups not only strengthens Cu?* capture through electrostatic interactions but also extends
the material’s applicability over a broader pH range [30,31]. The synergistic interaction
between DTC and -COOH functionalities is expected to markedly enhance the overall
adsorption performance and environmental adaptability of CTS-based adsorbents.
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Therefore, this study aims to address the following scientific question: How does
the synergistic interaction between DTC and -COOH groups enhance the adsorption ca-
pacity and pH adaptability of chitosan-based adsorbents in copper—-ammonia complex
wastewater? To answer this, we propose and test the following specific hypotheses: (1) The
coexistence of DTC and -COOH on CTS will synergistically enhance the adsorption capac-
ity and rate for Cu?* in ammonia-rich wastewater through combined coordination and
electrostatic interactions. (2) The introduction of -COOH groups will improve the surface
hydrophilicity and charge-tuning ability of the material, thereby extending its effective
pH range to acidic and neutral conditions. (3) The adsorption process will be dominated
by chemisorption, and its mechanism can be elucidated through systematic characteriza-
tion of functional groups along with kinetic and thermodynamic analysis. This work is
expected to provide an efficient and adaptable adsorbent design strategy for the treatment
of copper-ammonia wastewater from PCB manufacturing.

2. Materials and Methods
2.1. Raw Materials

All reagents used in this study were of analytical grade. CTS (degree of deacetyla-
tion > 95%), carbon disulfide (CS,, 99.0%), isopropanol (C3HgO, 99.5%), and chloroacetic
acid (C;H3ClO,, 99.5%) were obtained from Shanghai McLean Biochemical Technology Co.,
Ltd., Shanghai, China. Sodium hydroxide (NaOH, 96.0%), hydrochloric acid (HCL, 38%),
anhydrous ethanol (C;HgO, 99.7%), copper sulfate pentahydrate (CuSO4-5H,0, 99.0%),
and ammonium chloride (NH4Cl, 99.5%) were purchased from Chengdu Jinshan Chemical
Reagent Co., Ltd., Chengdu, China. Deionized water was used throughout all experiments.

2.2. Preparation of Adsorbent
2.2.1. Synthesis of DTC-CTS

To synthesize DTC-CTS, 2.0 g of CTS was accurately weighed and transferred into
a 250 mL three-necked flask. Subsequently, 50 mL of C3HgO was added as a dispersion
medium, and the mixture was magnetically stirred for 30 min to ensure uniform dispersion.
Then, 10 mL of a 5% (w/v) NaOH aqueous solution was slowly added along the inner wall
of the flask under continuous stirring at room temperature for 1 h to activate the -NH
groups on the CTS molecular chains. The CTS to CS; molar ratio of 1:3 was selected based
on preliminary experiments and previous reports [32] to maximize DTC grafting yield while
minimizing reagent excess. CS; was then added dropwise at a rate of one drop every 2 s,
with a molar ratio of CTS to CS, of 1:3. After addition, the reaction temperature was raised
to 30 °C and maintained under constant magnetic stirring for 4 h. Upon completion, the
pH of the system was adjusted to 7.0 using 1% HCI and 1% NaOH solutions. The resulting
precipitate was collected by centrifugation (8000 r-min~!, 10 min) and washed three times
with 50% ethanol, followed by C;H50H to remove unreacted CS; and impurities. The final
product was dried to constant weight in a vacuum oven at 50 °C to obtain DTC-CTS. The
synthesis route is illustrated in Figure 1.

2.2.2. Preparation of DTC-CTS-COOH
(1) Preparation of CTS-COOH

To synthesize CTS-COOH, 5.0 g of CTS was accurately weighed and transferred into
a 500 mL three-necked flask. Then, 100 mL of C3HgO was added, and the mixture was
magnetically stirred for 30 min to achieve complete dispersion. Subsequently, 20 mL of a
5% (w/v) NaOH aqueous solution was added dropwise under continuous stirring at 25 °C
for 1 h to activate the -NH; and -OH groups on the CTS chains. C;H3ClO; (2.4 g), weighed
according to a 1:4 molar ratio of CTS to C;H3ClO,, was dissolved in 10 mL of C3HgO with
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ultrasonication and then slowly added to the flask. After complete addition, the reaction
temperature was increased to 50 °C and maintained under constant magnetic stirring for
3 h to complete the carboxylation process. The resulting mixture was neutralized to pH 7.0
with 1 mol-L~! HCI, and the precipitate was collected by centrifugation (8000 r-min~!,
10 min). The product was washed three times with 50% ethanol, followed by C;H50H, and

then dried in a vacuum oven at 50 °C to constant weight to obtain CTS-COOH.

(a) 2¢CTS 0.8ml CS,
3 5% NaOH 1 30°C, mag.stirr., 4 h 50°C
9 —
mag. stirr.,1h Sep. & Purif. Vac. Dry.
CH;CH,OH =
DTC-CTS
2.4g CICH,COOH
(b) 5¢ CTS 10ml C,H;OH
5% NaOH 1 50°C, mag.stirr.,3h 50°C
9 ——— b - E——
mag. stirr.,30min Sep. & Purif. Vac. Dry.
CH;CH,0H =
CTS-COOH
V
2g CTS-COOH 0.8ml CS,

] 5% NaOH d 30°C, mag.stir.,4h 50°C ;
9 9 _
. mag. stirr., 1h Sep. & Purif. Vac. Dry. ;

CH;CH,OH

DTC-CTS-COOH

Figure 1. Schematic diagram of adsorbent synthesis: (a) DTC-CTS; (b) DTC-CTS-COOH.

(2) Preparation of DTC-CTS-COOH

To synthesize DTC-CTS-COOH, 2.0 g of CTS-COOH was accurately weighed and
placed into a 250 mL three-necked flask. Then, 50 mL of C3HgO and 10 mL of a 5%
(w/v) NaOH aqueous solution were added. The mixture was magnetically stirred at
room temperature for 1 h to activate the reactive sites. Subsequently, 0.8 mL of CS; was
added dropwise at a controlled rate, maintaining a molar ratio of CTS-COOH to CS; of
1:3. After complete addition, the reaction was continued under magnetic stirring at 30 °C
for 4 h to facilitate the grafting of DTC groups. Upon completion, the pH of the reaction
mixture was adjusted to 5-6 using a 1% HCI solution. The precipitate was collected by
centrifugation (8000 r-min~!, 10 min) and washed three times with 50% ethanol, followed
by C,H50H to remove unreacted reagents and impurities. Finally, the product was dried
in a vacuum oven at 50 °C to constant weight, yielding the DTC- and -COOH-co-modified
CTS (DTC-CTS-COOH). The synthesis route is illustrated in Figure 1.

2.3. Sample Characterization

The samples were characterized using Fourier transform infrared spectroscopy (FTIR,
Thermo Fisher Scientific Nicolet IS20, Waltham, MA, USA) within the wavenumber range
of 500-4000 cm~!. The spectra of the powdered samples were obtained using the potas-
sium bromide (KBr, purity > 99.0%, Tianjin Guangfu Technology Development Co., Ltd.,
Tianjin, China) pellet method. The surface morphology of the adsorbents was examined
using scanning electron microscopy (SEM, Zeiss Sigma 300, Oberkochen, Germany). Fur-
thermore, the elemental composition and chemical states of C, O, and S were analyzed
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using X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA,
USA) to confirm the successful introduction of functional groups. The bulk elemental
composition of the samples was determined using an elemental analyzer (Elementar Vario
EL, Langenselbold, Germany).

2.4. Batch Adsorption Experiments
2.4.1. pH Effect Experiment

Simulated wastewater, prepared to mimic the characteristics of PCB production ef-
fluent, was formulated using CuSO4-5H,0 and NH4Cl. The initial concentrations of Cu?t
and ammonia nitrogen were both adjusted to 200 mg-L~!. Before use, the solution was
filtered through a 0.45 pm aqueous membrane filter to remove suspended impurities and
stored for subsequent experiments.

A 100 mL aliquot of simulated copper-ammonia wastewater (initial Cu?>* concentra-
tion: 200 mg-L~!) was transferred into a conical flask. The solution pH was adjusted to
values between 1 and 8 using 1 mol-L~! HCI or NaOH. The pH range of 1-8 was chosen
to avoid Cu?* precipitation above pH 8 and to cover the typical acidic to weakly alkaline
conditions of PCB wastewater. Since copper precipitation becomes significant at pH > 8,
the range of 1-8 was selected to simulate the weakly alkaline to acidic conditions typical
of PCB wastewater. All experiments were performed in triplicate. Accurately weighed
100 mg portions of DTC-CTS and DTC-CTS-COOH adsorbents were added to the flasks,
which were then placed in a constant-temperature shaker (25 °C, 200 r-min~!) for 2 h.
After adsorption, 5 mL of the suspension was sampled, centrifuged at 4000 r-min~" for
10 min, and the supernatant was filtered through a 0.45 pm membrane. The residual Cu?*
concentration in the filtrate was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Avio 200, Waltham, MA, USA).

Calculation method: The total copper removal rate R is calculated using Equation (1):

Co—Ce

R:
Co

x 100% (1)
where Cy is the initial total copper concentration in the wastewater (mg-L~!), and Ce is the
total copper concentration at adsorption equilibrium (mg-L~1).

2.4.2. Adsorption Isotherm

Accurately weighed 100 mg of DTC-CTS adsorbent was added to 100 mL of Cu?*
simulated solutions with initial concentrations of 50, 100, 150, 200, 300, and 500 mg-L’l.
The solution pH was adjusted to 5.0, and adsorption experiments were conducted at three
temperatures: 298.15, 308.15, and 318.15 K. The mixtures were placed in a thermostatic
water-bath shaker and agitated at 120 r-min~! until adsorption equilibrium was achieved.
After equilibrium, the suspensions were centrifuged, and the supernatants were filtered
through 0.45 um membrane filters. The residual Cu?* concentrations were determined
using ICP-OES (PerkinElmer Avio 200, Waltham, MA, USA). The same experimental
procedure was applied to the DTC-CTS-COOH adsorbent.

Linear fitting analyses were conducted based on the Langmuir (Equation (2)) and the
Freundlich (Equation (3)) adsorption isotherm models.

C_Co, 1 "
Qe Qm KLQm
1
InQ, = o InCe 4+ InKpg 3)
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where Q. and Qp, represent the equilibrium adsorption capacity and theoretical maxi-
mum adsorption capacity, respectively, mg-g~!; K. is the Langmuir adsorption constant,
L-mg~!; 1/n is the heterogeneity factor; and Kg is the Freundlich adsorption constant

[(mg-g~1)-(L-mg~1)!/n].

2.4.3. Adsorption Kinetics

Simulated Cu?* solutions with initial concentrations of 100 and 200 mg-L~! were
prepared and adjusted to pH 5.0. A total of 100 mg of DTC-CTS adsorbent was accurately
weighed and added to 100 mL of each solution. The mixtures were placed in a thermostatic
water bath shaker and agitated at 25 °C and 120 r-min~!. At predetermined time intervals
(1480 min), three parallel 5 mL samples were withdrawn, filtered through a 0.45 pm
membrane filter, and analyzed for Cu?* concentration using ICP-OES. The same procedure
was applied to the DTC-CTS-COOH adsorbent.

The experimental data were fitted using the pseudo-first-order (Equation (4)) and
pseudo-second-order (Equation (5)) kinetic models to elucidate the adsorption kinetics and
underlying rate-controlling mechanisms.

In (Qe - Qt) = 1nQe— Klt (4)

1t
Qt Kng Qe

where Q; is the amount of Cu?* adsorbed at time t, mg-g~!; K; is the pseudo-first-

)

order kinetic rate constant, min—1; K, is the pseudo-second-order kinetic rate constant,
g-(mg-min) 1.

2.5. Adsorption Cycling Experiment

At pH 5.0 and 25 °C, 100 mg of DTC-CTS-COOH was added to 100 mL of a 200 mg-L.~*
Cu?* solution and shaken for 2 h. After solid-liquid separation, desorption was performed at
25 °C for 12 h using HCl, NaOH, and EDTA-2Na as eluents. The adsorbent was then washed
with ultrapure water, dried, and reused in the subsequent adsorption cycle. This adsorption—
desorption process was repeated five times to evaluate the reusability of the adsorbent.

3. Results and Discussion

3.1. Adsorption Agent Characterization
3.1.1. FTIR Analysis

The FTIR spectra of CTS and DTC-CTS-COOH are presented in Figure 2. As previously
reported [33], the main characteristic peaks of CTS are observed at 3442.3 cm ! (O-H and
N-H stretching vibrations), 2874.4 cm~ ! (C-H stretching in methylene groups), 1627.1 cm~!
and 1603.3 cm ™! (C=O stretching in residual acetamide groups), and 1154 cm~! and
1025.4 cm ! (C-O-C stretching vibrations). Compared with CTS, the FTIR spectrum of
DTC-CTS exhibits new characteristic peaks at 1486.1 cm~! (-NCSS group) and 949.3 cm ™!,
confirming the successful introduction of the DTC group.

Meanwhile, the disappearance of the C=O stretching bands at 1627.1 cm~! and
1603.3 cm 1, along with the emergence of a new absorption peak near 1603.3 cm™!, in-
dicates that -COOH groups existed in the form of carboxylate salts. This is likely due
to the alkaline synthesis conditions and the washing process with only distilled water
and ethanol [34]. These spectral changes collectively verify the successful synthesis of the
DTC-CTS-COOH material.
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Figure 2. FTIR spectra of CTS and DTC-CTS-COOH.

3.1.2. SEM Analysis

The morphological evolution of the materials before and after modification was di-
rectly visualized using scanning electron microscopy (SEM), as presented in Figure 3. The
pristine chitosan exhibits a characteristically smooth, dense, and relatively featureless
surface Figure 3a, which inherently limits the accessibility of its native functional groups
(-NHy, -OH) and results in a low specific surface area. This compact microstructure is a key
morphological factor contributing to its limited adsorption capacity. Upon grafting with
DTC groups, a remarkable transformation is observed, as shown in Figure 3b. The surface
of DTC-CTS becomes distinctly roughened and fragmented, showing a loosely aggregated,
granular morphology with visible cracks and wrinkles. This textural development is at-
tributed to the alkaline reaction conditions and the introduction of bulky DTC moieties,
which disrupt the original hydrogen-bonding network within the chitosan matrix, thereby

creating more exposed surfaces and potential pores.

Figure 3. SEM images of (a) CTS; (b) DTC-CTS; (¢) DTC-CTS-COOH.

The most significant microstructural advancement is achieved with the dual-functiona-
lized adsorbent, DTC-CTS-COOH (Figure 3c). Its surface transitions into a highly de-
veloped, porous, and coral-like architecture. This intricate three-dimensional network,
featuring interconnected pores and vastly increased surface roughness, is the synergistic
outcome of sequential carboxylation and dithiocarbamation. These consecutive reactions
profoundly etch and reconstruct the polymer backbone. Crucially, this optimized morphol-
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ogy is not merely a visual change but a structural enhancement with direct implications
for adsorption performance. The dramatically increased surface area and porous frame-
work facilitate superior mass transfer of copper and copper-ammonia complex ions from
the bulk solution to the adsorbent surface. More importantly, this open and accessible
microstructure ensures maximum exposure of the grafted DTC and -COOH functional
groups, allowing for their synergistic chelation and electrostatic interactions with Cu?* to
proceed with high efficiency. Therefore, the progressive microstructural evolution from
a smooth film to a porous network provides compelling physical evidence for successful
chemical modification and establishes a clear structure—property relationship, explaining
the enhanced adsorption capacity and kinetics of DTC-CTS-COOH at a microscopic level.

3.1.3. XPS Analysis

The XPS spectra of DTC-CTS and DTC-CTS-COOH are presented in Figure 4. Decon-
volution of the C 1s spectra for both samples reveals characteristic peaks corresponding
to C-N (283.3 eV), C-C (284.8 eV), and C-O (286.2 eV) bonds. Notably, DTC-CTS-COOH
exhibits an additional peak at 287.5 eV, assigned to the O-C=O group, confirming the
successful introduction of -COOH functionalities [35,36]. Similarly, deconvolution of the
O 1s spectra shows peaks at 529.7 eV (O-H) and 531.3 eV (C-O-C) in both samples. In
contrast, DTC-CTS-COOH displays a distinct -COO™ peak at 534.1 eV, further validating
the incorporation of -COOH groups [36,37]. In addition, the S 2p spectra for both modified
CTSs exhibit two characteristic peaks at 160.0 eV (C-S 2p3,) and 161.2 eV (C-S 2p ny ),
corresponding to thioester (5=C-S) structures. These results collectively confirm the suc-
cessful introduction of both sulfur- and -COOH-containing functional groups into the CTS
matrix [38].

)
g
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(@] o1s

s2p cis

u)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

Intensity (a.
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Figure 4. XPS spectra of DTC-CTS and DTC-CTS-COOH: (a,e) O 1s, (b,f) S 2p, (c,g) C 1s, and
(d,h) survey spectra.

3.1.4. Elemental Analysis

Elemental analysis was conducted on the raw material, intermediates, and final prod-
ucts to quantitatively evaluate the reaction progress. The results for CTS, DTC-CTS, and
DTC-CTS-COOH are summarized in Table 1. Compared with CTS, DTC-CTS shows a
sulfur mass fraction of 3.1%, confirming the successful incorporation of DTC groups onto
the CTS backbone. Moreover, the C/N molar ratio of DTC-CTS-COOH is higher than that
of CTS, despite the absence of any additional nitrogen sources during the synthesis. This
suggests that an extra carbon source was introduced during the modification process, likely
derived from C,H3CIO; or CS,.
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Table 1. Elemental analysis before and after adsorption.
. Element Content (%)
Material Name

C H N S Cu

CTS 43.8 6.5 8.2 0 -

DTC-CTS 475 6.2 6.5 3.1 -

DTC-CTS-COOH 49.2 7.8 59 2.0 -
DTC-CTS (after) 41.2 5.8 59 2.8 124
DTC-CTS-COOH (after) 42.1 6.5 52 1.7 18.6

Additionally, for the post-Cu?*-adsorption samples in Table 1, namely DTC-CTS (after)
and DTC-CTS-COOH (after), the presence of Cu (with mass fractions of 12.4% and 18.6%,
respectively) directly confirms the effective Cu?* uptake by the materials. Meanwhile,
the slight decreases in S and N contents, which are key components of DTC groups, as
exemplified by the drop in S content of DTC-CTS from 3.1% to 2.8%, also support the
mechanism that S and N participate in the coordination chelation of Cu?*.

3.2. Adsorption Study
3.2.1. Effect of Initial Wastewater pH

Figure 5 illustrates the variation in copper removal efficiency from copper-ammonia
wastewater by the two adsorbents as a function of pH after 2 h of adsorption. The adsorp-
tion performance of both materials is clearly affected by the solution pH, exhibiting a trend
of initial increase followed by a gradual decrease. Notably, DTC-CTS-COOH demonstrates
a significantly broader effective pH range compared to DTC-CTS.

100
L —=— DTC-CTS
90 - ——DTC-CTS-COOH
- - —— CTS
2 80 |-
N’ L
2 70 F
=
2 [
< 60 |
E i
p— 50 =
<
g 3
£ 40
é L
i 30 |-
N= -
O 20
10 |-
0
1 2 3 4 5 6 7 8
pH

Figure 5. Effect of pH on the adsorption of Cu?*.

For DTC-CTS, the adsorption behavior is mainly governed by the coordination ability
of the DTC groups. Under acidic conditions (pH < 5), the high concentration of H* ions
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protonates the active sites, thereby reducing their chelating capability [39]. In addition,
the strongly acidic environment hampers competition with the stable copper-ammonia
complexes ([Cu(NH3)4]%"), further weakening adsorption. As the pH increases toward
neutrality (pH 6-8), the DTC groups become fully ionized and can effectively coordinate
with the complexed copper ions, achieving a maximum removal efficiency of 93.01% near
pH 7. However, under more alkaline conditions, the increased stability of copper-ammonia
complexes suppresses adsorption, leading to a slight decline in removal efficiency [40].

In contrast, DTC-CTS-COOH exhibits superior and broader pH adaptability, maintain-
ing effective adsorption performance even under mildly acidic conditions (optimal range
expanded to pH > 5) and achieving a maximum copper removal efficiency of 97.67 £ 1.3%
at pH 7. This enhancement is attributed to the introduction of -COOH groups, which not
only improve the pH tolerance of the adsorbent but also generate a synergistic adsorption
effect with the DTC groups. Overall, these results demonstrate that DTC-CTS-COOH
possesses an excellent potential for the efficient treatment of copper-ammonia wastewater,
particularly from PCB manufacturing sources.

3.2.2. Adsorption Isotherms

The results of the adsorption isotherm model fitting are presented in Table 2 and
Figure 6. The Langmuir model exhibited high linear correlation coefficients at all tested
temperatures, and the calculated maximum adsorption capacities closely matched the
experimental values. This consistency indicates that the Langmuir model accurately de-
scribes the adsorption behavior of the modified CTS toward Cu?*, suggesting that the
process is primarily dominated by monolayer adsorption. In the Freundlich model, the 1/n
value reflects adsorption intensity; across all temperatures, 1/n values were below 0.014,
signifying a strong affinity of the adsorbents for Cu?* and favorable adsorption conditions.

Table 2. Fitting parameters of adsorption isotherms for DTC-CTS and DTC-CTS-COOH.

Temperature Langmuir Isotherm Parameters Freundlich Isotherm Parameters
Adsorbent
Om (mggl) Kp(@Lmg) 1 Kr [(mg-g~1)-(L-mg—1)/n] n 1§
298.15 162.2 0.21 0.9891 71.25 0.15  0.7808
DTC-CTS 308.15 174.0 0.22 0.9939 73.02 0.165  0.8380
318.15 183.6 0.24 0.9927 75.52 017  0.8618
298.15 209.8 2.54 0.9959 93.4 0.16  0.8421
DTC-CTS-COOH 308.15 223.4 2.35 0.9879 97.97 017  0.8742
318.15 234.8 221 0.9811 101.91 0.17  0.8933

Note: rf is the correlation coefficient for the Freundlich isotherm adsorption model fitting equation.

A comparison of the two modified CTS adsorbents revealed that DTC-CTS-COOH
exhibited markedly superior adsorption capacity and binding strength. Its Langmuir max-
imum adsorption capacity (Qm = 209.8-234.8 mg-g~!) was over 30% higher than that of
DTC-CTS (Qm = 162.2-183.6 mg-g~!). Compared to adsorbents reported in the literature,
DTC-CTS-COOH exhibits significant performance advantages. For instance, its maximum
adsorption capacity (234.8 mg-g~!) is notably higher than that of dual-DTC-modified
chitosan (194 mg-g~!) [32] and diethylenetriamine-grafted chitosan (147 mg-g~!) [41],
demonstrating a superior capability for Cu?" uptake. This improvement can be attributed
to the synergistic interaction between the electrostatic enrichment provided by the -COOH
groups and the strong coordination capability of the DTC groups, which collectively
enhance the capture efficiency of copper-ammonia complex ions. Furthermore, the Lang-
muir adsorption constant (K, = 2.11-2.54 L-mg ') of DTC-CTS-COOH was significantly
higher than that of DTC-CTS (K = 0.21-0.24 L-mg~!), confirming that the incorporation
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of -COOH groups promotes ion enrichment near active sites, reduces diffusion resistance,
and improves the initial adsorption rate [42].
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Figure 6. Fitting of adsorption isotherm models for Cu(Il) on two modified adsorbents: (a) DTC-CTS,
(b) DTC-CTS-COOH.

Temperature also had a positive effect on adsorption performance. Within the range of
298.15-318.15 K, the Qp, values of DTC-CTS and DTC-CTS-COOH increased by 13.2% and
11.9%, respectively. As shown in Figure 6, the adsorption capacity gradually increased with
rising temperature, indicating that higher temperatures favor the adsorption process. This
phenomenon may be attributed, based on the properties of copper-ammonia complexes, to
the thermal dissociation of the complexes and the enhancement of their coordination with
the active sites on the adsorbent surface.

3.2.3. Adsorption Kinetics

The adsorption capacity of the modified CTS toward Cu?* increased rapidly during
the initial adsorption stage (0—40 min), followed by a gradual deceleration, and ultimately
reached equilibrium at approximately 120 min. The adsorption behavior of Cu?* on the
modified CTS was analyzed using the pseudo-first-order (Equation (4)) and pseudo-second-
order (Equation (5)) kinetic models, with the fitting results summarized in Table 3.

Table 3. Kinetic fitting parameters of DTC-CTS and DTC-CTS-COOH.

Name DTC-CTS DTC-CTS-COOH
Adsorption Kinetic Model ~ Cu?* Initial Concentration (mg-L~1) 100 200 100 200

k1 (min—1) 0.036 0.038 0.94 0.93
Pseudo-first-order kinetics Qe (mg-g~1) 77.68 132.14 82.89 154.89
R? 0.9682 0.9515 0.9818 0.9766

k; (g'mg~!-min~1) 0.42 0.27 0.79 182.45
Pseudo-second-order kinetics Qe (mg-g™ 1) 94.13 158.43 98.05 0.47
R? 0.9822 0.9723 0.9909 0.9932

As illustrated in Figure 7, the adsorption amount (Qy) exhibited a characteristic rapid
increase before reaching equilibrium. The kinetic fitting results reveal that the adsorption
of Cu?* by both adsorbents conforms well to the pseudo-second-order model, as evi-
denced by the higher determination coefficients (R? = 0.9723-0.9932) compared with those
of the pseudo-first-order model (R? = 0.9515-0.9818). This indicates that the adsorption
process is primarily governed by chemisorption, involving sulfur-nitrogen coordination
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through the DTC groups and electrostatic synergism from the -COOH groups. At higher
initial Cu®* concentrations (200 mg-L~1), the kinetic advantage of DTC-CTS-COOH be-
comes more pronounced. The electrostatic enrichment capability of the -COOH groups
enhances Cu?* concentration near the adsorbent surface, reducing diffusion resistance
and accelerating coordination interactions. In contrast, DTC-CTS, which relies mainly
on coordination adsorption, is more strongly affected by mass transfer limitations. In
summary, the incorporation of -COOH groups into the DTC-modified CTS significantly
improves adsorption kinetics through an electrostatic acceleration-coordination capture
mechanism, enabling DTC-CTS-COOH to achieve rapid and efficient Cu?* removal within
a short contact time [43,44].

180
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Figure 7. Kinetic model fitting for Cu?* adsorption onto (a) DTC-CTS and (b) DTC-CTS-COOH.

3.3. Regeneration and Stability of Adsorbents

From a practical application perspective, in addition to adsorption capacity, the regen-
erability and stability of the adsorbent are equally crucial. After five consecutive adsorption-
desorption cycles, the Cu?* removal efficiencies of DTC-CTS-COOH were 94.57%, 87.34%,
75.13%, 71.05%, and 68.41%, respectively. The gradual decline in removal efficiency with
increasing cycles can be attributed to the partial and irreversible loss of active sites during
regeneration. The complexation and electrostatic interactions involved in Cu?* adsorption
may induce conformational changes in functional groups or reduce their chemical activity.
Moreover, repeated chemical elution can lead to minor structural degradation or pore
collapse in the adsorbent matrix, further decreasing the number of available adsorption
sites. Despite these effects, DTC-CTS-COOH maintained a Cu?* removal rate above 68.41%
after five cycles, demonstrating favorable reusability and structural stability. These results
suggest that DTC-CTS-COOH possesses strong potential for sustainable application in the
cyclic treatment of copper-ammonia wastewater.

3.4. Discussion on Adsorption Mechanisms and Synergistic Effects

Based on comprehensive characterization and adsorption behavior analysis, this study
proposes that the adsorption of Cu?** by DTC-CTS-COOH is driven by the synergistic effects
of the following multiple mechanisms, which are key to the material’s high performance.

Coordination chelation serves as the core mechanism. The successfully grafted DTC
groups are rich in sulfur (S) and nitrogen (N) electron-donating atoms, which can form
stable five-membered chelate structures with Cu?*. This chelation is characterized by high
strength and selectivity; even in the presence of coexisting ammonia nitrogen, the affinity of
DTC for Cu®* is significantly greater than its coordination with NHj3. This enables effective
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competition for and capture of the [Cu(NH3),]** complexes in wastewater, as directly
evidenced by the chemical shift observed in the S 2p XPS spectra after adsorption.

The mechanism of electrostatic attraction and pH buffering is of critical importance.
The introduced -COOH groups dissociate into -COO™ under near-neutral to weakly alka-
line conditions (pH > pKa), imparting a negative charge to the material surface. This creates
a strong Coulombic attraction for the positively charged copper-ammonia complex ions.
This not only directly contributes to the adsorption capacity but, more importantly, helps
maintain the surface negativity across a broader pH range (especially pH 5-7), thereby
expanding the effective working window. This explains the superior pH adaptability of
DTC-CTS-COOH compared to DTC-CTS.

A notable pre-concentration and synergistic enhancement effect exists. The -COOH
groups pre-concentrate Cu?* ions and their complexes near the adsorbent surface through
electrostatic interactions, effectively increasing the local metal ion concentration around the
active sites and reducing mass transfer diffusion resistance. This significantly promotes the
subsequent efficient coordination reaction between these ions and the DTC groups. This
tandem mechanism of “electrostatic enrichment followed by enhanced chelation” results in
a synergistic “1 + 1 > 2” effect due to the coexistence of DTC and -COOH groups.

While coordination and electrostatic attraction are the primary proposed mechanisms,
alternative pathways such as ion exchange or surface-induced precipitation at higher pH
could contribute marginally to Cu®* uptake. However, the excellent fit to the Langmuir
model and the pseudo-second-order kinetics (chemisorption) strongly support that the
specific chemical interactions with DTC and -COOH groups are dominant under the studied
conditions [45,46].

Together, these mechanisms contribute to the comprehensive enhancement in the
adsorption capacity (Qm), adsorption rate (ky), and pH applicability observed for DTC-
CTS-COOH. Therefore, the adsorption process is not governed by a single physical or
chemical interaction but is a composite mechanism dominated by chemical coordination,
significantly assisted and facilitated by electrostatic attraction, with both aspects working
in a synergistic and reinforcing manner. The specific adsorption mechanism is illustrated

in Figure 8.
Electrostatic attraction
(-COOQO- attracts cations)
OH 2
5 Y ]

9 @
/VS- H) _HJ
H) y &

OH H e
DTC-CTS-COOH [Cu(NH;),)**

Coordination chelation

Figure 8. Schematic illustration of the adsorption mechanism of DTC-CTS-COOH.
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3.5. Limitations and Generalizability of Findings

This study calibrated key adsorption parameters, namely initial Cu?>* /ammonia ni-
trogen concentrations and pH levels from 1 to 8, to match the typical characteristics of
PCB effluent, ensuring direct relevance to the target application. Yet, the validity of these
findings in real-world scenarios is constrained by inherent limitations that merit attention.

Notably, the competitive effects of coexisting contaminants in actual PCB wastewater
remain unaddressed. Real industrial effluents often contain additional heavy metals (e.g.,
Pb%*, Cd?*) and organic ligands (e.g., EDTA, citrate), which could either compete with
Cu?* for the DTC and -COOH active sites on the adsorbent or form more stable Cu?*
complexes. This means the reported 97.67 + 1.3% Cu?* removal efficiency is only verified
under single-component conditions; how DTC-CTS-COOH performs in multi-pollutant
matrices still needs systematic confirmation.

Equally critical is the mismatch between experimental design and industrial practice.
All tests were conducted in controlled batch mode, characterized by constant temperature,
fixed agitation, and the use of pre-filtered simulated wastewater. In contrast, real-world
applications rely primarily on continuous-flow systems such as fixed-bed or fluidized-
bed reactors. Factors that profoundly influence treatment efficacy, including flow rate,
adsorbent packing density, and mass transfer efficiency, were not considered. Moreover,
real wastewater often contains suspended solids or colloids that can cause adsorbent
fouling over time and compromise long-term stability, a factor not accounted for in our
short-term batch experiments.

The study also lacks the broad generalizability of the findings beyond PCB copper—
ammonia wastewater. We focused exclusively on this specific system; the adsorbent’s
performance for free Cu?* in non-ammoniacal solutions, or for heavy metals with distinct
ionic radii and coordination preferences (e.g., Hg?*, Cr®*), remains uncharacterized. The
synergistic mechanism between DTC and -COOH groups, tailored to Cu?* coordination
and electrostatic interactions, cannot be assumed to translate to other contaminants.

The practical industrial adoption of this method faces further uncertainties, as regen-
eration was evaluated over only five cycles. Therefore, the long-term structural stability,
including potential degradation of DTC functional groups or leaching of sulfur and ni-
trogen species during repeated elution cycles, remains unverified. Additionally, we did
not assess the cost-effectiveness of large-scale synthesis (e.g., reagent consumption of CS,
and chloroacetic acid) or the feasibility of eluent recovery, both of which are pivotal for
real-world deployment. Environmental variables like fluctuating ionic strength (from
PCB etching processes) and extreme temperature variations, which could alter adsorbent—
solution interactions, were also not explored.

In summary, DTC-CTS-COOH shows significant potential for efficient Cu?* removal
from typical PCB copper-ammonia wastewater under controlled laboratory conditions.
However, its efficacy in complex real matrices, continuous-flow systems, and for other
heavy metals remains unproven. Future research should prioritize multi-pollutant compet-
itive systems, long-term stability in real wastewater, scale-up performance in continuous
reactors, and a comprehensive cost-benefit analysis to bridge the gap between laboratory
promise and industrial applicability.

4. Conclusions

This study aimed to address the challenge of removing copper from complex ammonia-
rich wastewater by developing a dual-functionalized chitosan-based adsorbent. Guided by
the hypotheses that DTC and -COOH groups would synergistically enhance adsorption
capacity, extend the effective pH range, and be governed by a chemisorption-dominated
mechanism, a novel adsorbent, DTC-CTS-COOH, was successfully synthesized and evalu-
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ated alongside its single-functionalized counterpart, DTC-CTS. The optimized adsorbent
achieved a maximum copper removal efficiency of (97.67 & 1.3)%, and its adsorption
behavior followed the Langmuir model, with a maximum adsorption capacity (Qm) of
234.8 mg'gf1 at 318.15 K, significantly higher than that of DTC-CTS (183.6 mg-gfl).

The key findings confirm that the strategic dual-modification imparted superior per-
formance. DTC-CTS-COOH demonstrated a significantly broader operational pH window
(pH 5-8) and a higher maximum adsorption capacity compared to DTC-CTS, attributable
to the synergistic interplay between the strong coordination of DTC groups and the elec-
trostatic enrichment/buffering effect of -COOH groups. The adsorption process was
best described by the Langmuir isotherm and the pseudo-second-order kinetic model,
underscoring a monolayer, chemisorption-dominated mechanism. Furthermore, DTC-CTS-
COOH exhibited promising regenerability, retaining over two-thirds of its initial efficiency
after five cycles, highlighting its potential for sustainable applications.

This work demonstrates a viable strategy for enhancing the performance of biopolymer-
based adsorbents in complex wastewater through targeted multi-functionalization, con-
tributing to the rational design of efficient and adaptable materials for heavy metal removal.
On a practical level, the dual-functionalized adsorbent offers a potentially safer and more
operationally simple alternative to conventional treatments such as sulfide precipitation,
particularly for the challenging acidic-to-neutral copper-ammonia wastewater commonly
generated in the PCB industry.

While the present study provides a systematic performance evaluation under well-
controlled conditions, certain aspects warrant further exploration. Post-adsorption charac-
terization (e.g., SEM, XPS) could be extended, and additional analyses—such as porosity
(BET), selectivity in the presence of co-existing ions, and advanced techniques like AFM
or XRF—would help to refine the mechanistic understanding and complete the material
profile. Future research could therefore focus on (1) validating the adsorbent’s performance
in real industrial wastewater containing multiple competing ions; (2) conducting fixed-bed
column tests to assess its scalability and dynamic behavior in continuous-flow systems; and
(3) carrying out a thorough life-cycle and techno-economic analysis to evaluate its practical
feasibility for industrial implementation.

In summary, this research successfully demonstrates the efficacy of a DTC/COOH
co-modification strategy in creating an adaptable and efficient chitosan-based adsorbent,
presenting a significant step forward in developing advanced materials for the targeted
treatment of heavy metals in complex aquatic environments.
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