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Cu—N coordination-mediated H,S absorption and
controlled oxidation for efficient wet oxidative
desulfurization

Zhihao Liu, (2@ Renji Zheng® and Zhijie Chen (&) *©

Conventional wet oxidative desulfurization suffers from the synchronous absorption—oxidation of H,S,
which induces sulfur deposition, viscosity rise, and equipment fouling. Here, we establish a stepwise
“coordination capture-air regeneration” paradigm to achieve the absorption and controlled oxidation of
H,S. In this system, a Cu®*-1-M| (1-methylimidazole)/DMF (N,N-dimethylformamide) solvent system
selectively anchors H,S through Cu—-N coordination during absorption, while controlled air exposure
regenerates the solvent and precipitates sulfur in a separate stage. The formulation achieves a break-
through capacity of 14.3 g L™t under ambient conditions, maintains ~95% capacity after multiple absorb—
regenerate cycles, and shows good water tolerance. At the optimal Cu?* : 1-Ml ratio of 1: 2, the liquid is
near-neutral (pH = 7.3) and induces relatively low corrosion 304L/316L stainless steels. The combination
of experiments, characterization studies and density functional theory (DFT) calculations indicate that the
Cu—N center captures and stores HS™ through coordination mechanisms, and achieves mild oxidation of
HS™ by activating oxygen, while itself recovering. During absorption operated without external O, co-
feeding, a small fraction of S—O species is detected, consistent with limited side oxidation attributable to
dissolved oxygen. Overall, this "coordination anchoring—selective regeneration” concept mitigates rapid
solid accumulation and suppresses over-oxidation of sulfur products, offering a promising basis for practi-
cal wellhead and high-pressure natural-gas purification.

1. We report a green, low-cost organic-phase desulfurization system that uses a coordination-anchoring mechanism to decouple sulfur uptake from oxidation,

eliminating sulfur plugging common in wet oxidative desulfurization. As an economical alternative to ionic liquids and other emerging solvents, it offers
markedly lower viscosity, corrosivity and energy demand and enables stable direct treatment of sour gas streams.

2. A simple formulation based on non-precious Cu salt and a low-volatility ligand in a recyclable polar solvent achieves high sulfur capacity (14.34 g L™,

retains >80% capacity in water-rich media, exhibits negligible Cu leaching (<0.1%) and minimal corrosion, and delivers the lowest operating cost among

benchmark regenerative solvents.

3. Greenness can be further advanced by replacing DMF with safer, ideally bio-based or water-rich media, lowering chloride content, intensifying solvent/

ligand recycling, and extending coordination-fixation principles to benign metal-ligand pairs for distributed, low-carbon desulfurization.

1. Introduction

applied to small- and medium-scale streams (sulfur load < 5 t
d™);'™* representative implementations include the modified

Wet oxidation desulfurization refers to a technology that uses ADA process (Stretford process), Lo-CAT (complex iron
a weakly alkaline solution to absorb H,S from the gas and method), and PDS (binuclear cobalt phthalocyanine
selectively oxidize it into elemental sulfur. The process is sulfonate).>”” Nevertheless, widely employed wet desulfuriza-
straightforward and achieves high purification, and is widely tion solutions still commonly suffer from issues such as high

corrosivity, high viscosity, metal leaching, and limited sulfur
capacity. More critically, most systems undergo redox reactions
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of elemental sulfur (S°) and some sulfur oxides within the
absorber. Under high-pressure and high H,S-flux conditions,
intense localized supersaturation readily occurs at the gas—
liquid interface, triggering rapid nucleation and aggregation.®°
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This results in the deposition of solid sulfur along flow paths,
causing clogging and erosion of valves, nozzles, and mass-trans-
fer internals. Simultaneously, sulfur colloids significantly increase
the apparent viscosity of the slurry, which further elevates
pressure drop and circulation energy consumption, while also
accelerating the deactivation and irreversible loss of active com-
ponents. Taking the conventional Lo-CAT process as an example
(Fig. S1), the rapid accumulation of sulfur in the circulating
liquid often leads to increased viscosity and pipeline blockage,
substantially raising operational costs. Therefore, suppressing or
mitigating the rate of solid formation during the absorption step
to break the chain reaction of precipitation, viscosity increase,
clogging and deactivation has become a critical scientific and
engineering challenge for achieving safe and stable operation
under wellhead conditions.'*™"*

Molecular design of the desulfurization liquid remains pivotal
to process optimization. In recent years, ionic liquids (ILs) and
deep eutectic solvents (DESs) have delivered advances in purifi-
cation and emissions control relative to conventional Lo-CAT, yet
three common challenges persist: (i) the high viscosity and
acidity of many ILs severely hinder gas-liquid mass transfer,
resulting in inefficient H,S uptake and conversion; (ii) the coexis-
tence of chloride anions and Lewis-acidic metal centers substan-
tially elevates pitting risk for steel equipment; and (iii) most ILs
rely on high pressure and high temperature to work effectively,
leading to high operating costs, high safety risks, and poor per-
formance under milder conditions. To address these issues, intro-
ducing a polar organic phase into the liquid has been shown to
reduce acidity and viscosity while enhancing H,S absorption."*™*
For example, Yu and co-workers blended five organic solvents
(DMF, DMAC, NMP, DMI, PEG200) into two chelated iron-based
ILs to prepare BmimFeEDTA/solvent and BZKFeEDTA/solvent
systems; the NMP, DMF, and DMAC formulations maintained
~97.5% desulfurization over 180 min. In addition, conjugated
organic ligands can strengthen Fe(r) coordination, alleviate EDTA
constraints on Fe(m), and thereby improve Fe(m)/Fe(n) cycling.'®
Nevertheless, existing IL/DES systems still face low sulfur capacity,
poor stability, and slow, incomplete regeneration; loss of the
metal active center further limits service life."”

To overcome these limitations, we propose a coordination-
anchoring strategy that avoids generating large amounts of
solid during the absorption stage via coordinated process- and
molecular-level design. Specifically, the desulfurization liquid
operates in the absorber under a low redox-potential window,
where metal-ligand cooperation and solvent stabilization tem-
porarily store HS™ as soluble, non-precipitating species,
thereby preventing instantaneous sulfur formation during
absorption. The rich liquid is then sent to a separate unit for
controlled oxidation, releasing sulfur on demand and closing
the regeneration loop of the coordination framework. In this
work, DMF serves as the reaction medium; CuCl, is intro-
duced, and 1-methylimidazole (1-MI) is employed as an
N-donor ligand to enhance Cu®** coordination stability and
valence buffering, suppress irreversible CuS precipitation and
instability under chloride/alkaline conditions, and - through
polarity and viscosity tuning - improve HS™/complex solubility
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and mass transfer while reducing corrosion and hydraulic losses
(Fig. 1a and b). In practice, the concept is fully drop-in compatible
with Lo-CAT hardware: existing absorber-regenerator—filtration
modules can be retained, and only the desulfurization liquid for-
mulation is replaced to avoid sulfur agglomeration and plugging.
In the absorption tower, the supply of oxygen is unnecessary; H,S
is captured by Cu>*-1-methylimidazole (1-MI) coordination in
DMF, keeping the liquor clear and low-viscosity. The rich, particle-
free solution is then pumped to the regenerator, where mild aera-
tion drives stepwise oxidation to sulfur and enables easy solid-
liquid separation, minimizing hydraulic losses and fouling risks.
At the molecular level, DMF provides a low-viscosity, low-corrosion
medium and enhances HS /complex solubility; CuCl, + 1-MI
establishes robust Cu-N coordination and stabilizes performance
under chloride/near-neutral conditions.">'® Experimentally, the
Cu®*-1-MI/DMF system delivers a sulfur capacity of 14.34 g L™" at
room temperature and maintains stable composition-perform-
ance over five reuse cycles. Deployed for small-footprint, high-
pressure natural-gas desulfurization, the approach can simplify
well-site operations and enable greener, more efficient, and more
economical utilization of sour wellhead gas.

2. Experimental section
Materials and instruments

Details of materials and reagents can be found in the SI.

Preparation of desulfurization solution

A desulfurization system was prepared by dissolving an appro-
priate amount of copper chloride and chelating agent in
30 mL of DMF solvent. Then the two components are mixed
and fully stirred to form a uniform desulfurization medium
composed of miscible organic phases.

Desulfurization and regeneration tests

After preparation, the desulfurization solution was transferred
into a bubbling reactor, and the desulfurization apparatus was
assembled. The composition and schematic diagram of the
desulfurization unit are shown in Fig. S2. Each desulfurization
experiment uses 30 mL of desulfurization liquid, the concen-
tration of H,S in the feed gas is 50 000 ppm (5%), the default
gas velocity is 40 mL min~", and the reaction temperature is
20 °C. During the desulfurization process, the outlet H,S con-
centration was measured every 5 min. The breakthrough point
was defined as the moment when the H,S concentration in the
outlet gas exceeded 20 ppm, at which point the experiment
was terminated. The H,S absorption capacity of the desulfuri-
zation agent was expressed in terms of sulfur capacity, which
was calculated according to eqn (1):

0 x <t1 xC— [io c’dt) X My,

2

a

(1)

1000 X Vi XV

The sulfur capacity of the desulfurization agent, denoted as
a (g L™, is calculated based on the following parameters: Q

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Comparison between the absorption—oxidation spatial decoupling process and the traditional desulfurization system. (a) The traditional wet
purification mechanism. (b) The purification mechanism of the coordination absorption—stepwise oxidation system as adopted in this study.

represents the inlet gas flow rate (mL min™'); ¢, is the desulfur-
ization time at which the H,S concentration in the outlet gas
first exceeds 20 ppm, marking the termination of the experi-
ment (min); C is the H,S concentration in the feed gas (%); ¢,
denotes the breakthrough time, i.e., the point when H,S is first
detected in the outlet gas (min); My s is the molar mass of H,S
(g mol™); Vy, is the molar volume of gas (22.4 L mol™); and V
is the volume of the desulfurization solution (mL). The outlet
H,S concentration (C') in this study did not exceed 20 ppm,
which is negligible compared to C; therefore, in the integral
term ;Zl_tz C'dt, C'dt can be ignored without affecting the accu-
racy of the final result.

For the regeneration experiments, 40 mL of the spent desulfur-
ization solution was placed into a U-shaped bubbling reactor.
Pure oxygen was introduced at a flow rate of 200 mL min~", and
the oxidation-reduction potential (ORP) of the solution was
recorded every hour. The device for the regeneration test is shown
in Fig. S3. After regeneration, elemental sulfur was separated
from the liquid phase, and the regenerated solution was reused
in subsequent desulfurization cycles. The purification efficiency
was evaluated by plotting the outlet H,S concentration as a func-
tion of desulfurization time. An extended desulfurization duration
after regeneration was considered indicative of enhanced catalytic
oxidation performance of the regenerated catalyst.

Details of the corrosion tests and computations can be
found in the SI.

Corrosion experiment

The details of the corrosion experiment can be found in the SI.

Computational details

The details of the corrosion experiment can be found in the SI.

This journal is © The Royal Society of Chemistry 2026

Techno-economic analysis

The capital data calculated for each item can be found with
detailed information in the SI.

3. Results and discussion
Physical and chemical characteristics of the desulfurizer

To elucidate the nature and stability of the active Cu-1-methyl-
imidazole (1-MI) complexes in DMF, we performed Fourier
transform infrared (FT-IR) spectroscopy, thermogravimetric
analysis (TGA) and density functional theory (DFT) (Fig. 2). In
the FT-IR spectra (Fig. 2a), neat DMF exhibits a strong C=0
stretch at 1660 cm™".'®?° Upon adding CuCl,, the 1660 cm™*
band remains essentially unchanged, while a new low-fre-
quency feature appears near ~700 cm ', consistent with a
metal-ligand vibration (Cu-O in a DMF-bound species), indi-
cating that Cu®" coordinates to the carbonyl oxygen of DMF to
form [Cu(DMF),[*"-type adducts. Introducing 1-MI yields a
new band at ~622 cm™', attributable to the Cu-N
vibration,"*?! accompanied by the attenuation of the Cu-O
feature. These sequential changes indicate ligand exchange
from DMF-O to 1-MI-N, establishing a Cu-N coordination
environment in the working solution and providing direct
spectroscopic evidence for Cu-N complex formation.>* >
Thermogravimetry (Fig. 2b) shows a minor mass loss below
~100 °C, assigned to solvent and weakly bound volatiles, fol-
lowed by a major loss centered at ~192 °C with a cumulative
mass decrease of ~93%, consistent with decomposition/evap-
oration of organic components (1-MI/DMF) and leaving a
small inorganic residue.'*">?® Thus, the coordination species
are stable in solution from room temperature up to at least
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Fig. 2 Structure speculation of active components in the desulfurization solution. (a) FTIR spectrum. (b) Thermogravimetric spectrum. (c)
Formation energy of Cu—methylimidazole molecular configurations with different coordination numbers in solution based on theoretical calculation
and prediction. (d—f) Molecular configurations of di-, tri- and tetra-coordination and their key bond length data.

<60 °C, but at elevated temperatures or high sulfur loadings
the organic ligands are removed and Cu converts to an in-
organic phase. To ensure stable operation, the desulfurization
solution should work at 60 °C. For engineering deployment,
we evaluated key fluid properties: density and viscosity. As
shown in Table S1, the density is only weakly temperature
dependent but increases monotonically with 1-MI content. At
n(Cu”") :n(1-MI) = 1: 3, the density rise plateaus and blue floc-
culent precipitation appears upon standing in air (Fig. S4),
indicating coordination saturation/aggregation of the Cu-
ligand ensemble; accordingly, practical formulations should
be limited to <1: 2. Table S2 shows that the viscosity decreases
slightly with temperature — implying modest thermal sensi-
tivity - and increases moderately with higher Cu®* : 1-MI ratios,
yet remains substantially lower than typical ionic liquids or
amine solvents.'® The resulting low viscosity is favorable for
gas-liquid mass transfer and process scale-up. To quantify
coordination stability, we optimized geometries and computed
single-point energies (Gaussian 09) for Cu®" with varying
numbers of 1-MI ligands (Fig. 2c-f). As the coordination
number increases from 1 to 3-4, the Cu-ligand binding
becomes progressively more favorable (from ~—0.07 to
—0.61 eV). At six-coordination, the binding switches to becom-
ing endothermic (+0.21 eV), and the structure relaxes toward a
four-coordinate core plus two detached ligands, indicating that
over-coordination is thermodynamically disfavored. This trend
is consistent with the electronic/structural preferences of Cu
centers (Jahn-Teller elongation for d° Cu(u) in crowded octahe-
dra and the soft-acid character of Cu(r)), whereby 2-4 coordi-
nation affords a more favorable balance of sterics and

5036 | Green Chem., 2026, 28, 5033-5046
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Correspondingly, computed Cu-N bond
lengths for 2-4 coordinate species cluster around 2.00-2.10 A,
indicating robust metal-ligand interactions and geometric
stability.

Collectively, spectroscopy, thermal analysis and theory con-
verge on a picture in which 2-4-coordinate Cu-N complexes
(with four-coordinate being most stable) dominate in solution.
This manifold provides both solution stability and sufficient
site accessibility, enabling competitive coordination under
desulfurization conditions.

Desulfurization performance

To systematically evaluate the purification performance of the
desulfurization liquid, we examined the H,S removal behavior
of different solvent systems under a feed containing
50 000 ppm H,S, as shown in Fig. 3. The breakthrough curves
of the desulfurization solution under different components
and reaction conditions are shown in Fig. S5. In the tests, the
“effective purification time” was defined as the continuous
period during which the outlet H,S concentration remained
below 20 ppm; the experiment was terminated when the outlet
H,S concentration reached 20 ppm (breakthrough concen-
tration), and the resulting sulfur capacity was recorded as the
breakthrough capacity. All desulfurization experiments were
repeated three times to ensure usability.

The effect of different N-containing ligands on the purifi-
cation capacity of the desulfurization liquid was investigated.
In 30 mL of DMF, we dissolved 2 g of CuCl, (0.014 mol) and
2.46 g of 1-methylimidazole (1-MI, 0.028 mol) to construct a
base desulfurization system. Different N-containing ligands

This journal is © The Royal Society of Chemistry 2026
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between air and pure oxygen.

were then added at a Cu®":ligand molar ratio of 1:2 to
prepare a series of composite desulfurization agents. As
observed in Fig. 3a and S5a, when CuCl, was used as the only
active component, the breakthrough time was short and the
sulfur capacity was limited; introducing typical N-ligands (pyri-
dines, primary amines, secondary amines, diamines, etc.)
improved performance to some extent, but 1-methylimidazole
(1-MI) delivered the most significant enhancement, with a pro-
nounced rightward shift of the breakthrough curve and a
sulfur capacity far higher than that of other ligands.
Compared with other ligands, the advantage of 1-MI can be
attributed to the strong c-donation and moderate n-interaction
of the aromatic heterocyclic N, which enables stable formation
of 2-4-coordinate Cu-N complexes in solution while retaining
accessible sites for inner-sphere substitution with HS™.>**° 1
contrast, although aliphatic amines/diamines can coordinate,

n
they are more prone to excessive chelation or to forming looser

outer-sphere coordination, making it difficult to balance stabi-
lity and accessibility, and thus overall are inferior to 1-MI. In

This journal is © The Royal Society of Chemistry 2026

addition, the combined effects of macromolecular size, steric
hindrance, and system solubility may also limit desulfurization
activity.">**>* At room temperature, the sulfur capacity of the
Cu-1-MI/DMF system reached 14.34 g L. Therefore, a DMF +
CuCl, + 1-MI desulfurization formulation was used for sub-
sequent experiments. The synergistic effect of the components
was further demonstrated by control experiments. As shown in
Fig. 3b and S5b, DMF or 1-MI alone exhibited almost no H,S
absorption, indicating that CuCl, is the true purification active
center. CuCl, alone provided only limited capacity, whereas
the synergy of CuCl, and 1-MI led to a leap in sulfur capacity
(Fig. 3f), suggesting that stable coordination between Cu and
the N-ligand is a prerequisite for efficient desulfurization. On
this basis, the proportions of the components were further
optimized (Fig. 3¢ and S5c). As the molar ratio of CuCl, : 1-MI
increased from 2:1 to 1:1 and then to 1:2, the breakthrough
time and capacity improved markedly; a further increase to
1:3 brought only slight gains. The performance improvement
arises, on the one hand, because the increased 1-MI raises the

Green Chem., 2026, 28, 5033-5046 | 5037
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pH of the desulfurization liquid, enhancing its physical/chemi-
cal absorption; on the other hand, the accelerated formation
and increased density of Cu-N sites favor H,S uptake. Further
increases in ligand amount slow performance gains, mainly
due to limits set by the Cu coordination number and solubi-
lity.  Considering both performance and stability,
n(CuCly): n(1-MI) = 1:2 was selected as the optimal ratio. In
addition, although the desulfurization tests identify the Cu-1-
MI complex as the effective active component, the role of the
solvent during operation remained uncertain. We therefore
varied the solvent and performed desulfurization-regeneration
tests (Fig. S6a and d). The desulfurization and regeneration
capacities (Table S3) showed only minor differences among
solvents, indicating that the solvent in the liquid contributes
only through physical absorption of H,S and does not partici-
pate in the Cu**-1-MI coordination-driven chemisorption of
H,S. During desulfurization and regeneration, small amounts
of water are produced, and ambient moisture can also enter
the desulfurization liquid with the gas stream, thereby
affecting its desulfurization ability. Whether additional water
helps to improve performance remains unclear. Therefore,
desulfurization experiments were carried out with water con-
tents of 0%, 5%, 10%, 20%, and 40%, respectively, and the
results are shown in Fig. 3d and S5e. As the water content
increased, the desulfurization ability gradually decreased but
overall showed a gentle trend. The desulfurization times of the
water-free liquid and the liquid containing 5% deionized water
were roughly the same, indicating that the small amount of
water introduced during operation has little effect on the
desulfurization capacity. When the deionized water content
increased to 40% of the liquid volume, the sulfur capacity
remained at 11.76 g L™, which is 81.5% that of the completely
dry sample, indicating good system stability. These results
show that no additional water needs to be added; a DMF solu-
tion with n(CuCl,): n(1-MI) = 1: 2 affords the best desulfuriza-
tion performance and can efficiently remove H,S from high-
concentration streams at room temperature.

CO, and H,S are the dominant acidic impurities in the
process gases, with comparable size and acidity, although CO,
is typically present at orders-of-magnitude higher concen-
trations. Therefore, insufficient H,S selectivity would promote
CO, co-absorption, shortening liquor lifetime and wasting
reagent. To assess selectivity under realistic conditions, we
tested feeds where CO, greatly exceeded H,S. Sulfur capacities
with and without CO, were essentially identical (14.04 vs.
14.34 g L™ Fig. S6b and e), and the breakthrough curves
nearly overlapped (Fig. S5e), diverging only slightly in the tail
region. Thus, CO, uptake is dominated by physical dissolution
with minimal interference, whereas selectivity stems from the
affinity of the soft Lewis acid Cu®>" for HS™ in a near-neutral
ligand field. This intrinsic selectivity underpins stable purifi-
cation in CO,-rich feeds. In addition, practical operating con-
ditions that affect mass transfer and reaction are also impor-
tant. Temperature experiments (Fig. 3e and S5d) show that the
capacities are similar in the range of 20-40 °C, followed by a
decrease at 60 °C. This trend is consistent with the increase of
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Henry’s constant with temperature, which lowers H,S solubi-
lity; continuous heating may also cause coordination instabil-
ity, potentially reducing purification ability. The solubility
effect outweighs the kinetic promotion by temperature,
suggesting operation near room temperature to balance
capacity and stability. Gas flow experiments (Fig. 3f and S5f)
show that reducing the volumetric flow significantly prolongs
the breakthrough time and increases capacity, indicating that
under conventional conditions the system is mainly controlled
by gas-liquid mass transfer/residence time; when the flow is
reduced, Cu-N active centers in the liquid phase have more
time to contact and capture H,S molecules, resulting in a
marked increase in sulfur capacity.>>?® To accommodate vari-
able throughputs, we optimized pressure within process and
equipment limits. In principle, higher pressure raises the H,S
partial pressure and solubility, enhancing gas-liquid mass
transfer; beyond a narrow window, however, it accelerates
interfacial sulfur agglomeration and caking, increasing vis-
cosity and causing localized plugging. With all other para-
meters fixed, we varied pressure from 1-3 bar (Fig. S6¢ and f).
The capacity rose modestly from 1 to 2 bar, consistent with
improved dissolution, whereas 3 bar yielded only an additional
0.17 g L7, indicating pronounced diminishing returns and
proximity to dissolution/coordination saturation. Balancing
performance against safety, energy consumption, and mechan-
ical load, we recommend near-ambient operation (~1 bar) to
sustain high conversion and overall process robustness and
economics. Notably, the solution remained optically clear with
no particulates, implying that Cu-N coordination suppresses
Cu-S nucleation and mitigates viscosity rise and fouling at the
source.”” >

The regeneration performance of the desulfurization liquid
is a pivotal indicator determining its practical applicability.
The ORP value of the solution during the oxygen supply
process was monitored to evaluate the regeneration degree of
the solution. In all cycles, the ORP rose rapidly from an
initially low/slightly negative value and stabilized at approxi-
mately +180 mV within 150-200 min, with curves from
different cycles nearly overlapping. This indicates that the
solution sustained an oxidative environment across multiple
cycles, without detectable loss in the reoxidation ability of O,
toward the active center. It is worth noting that the regener-
ation process is carried out at a low temperature of 25 °C and
lasts for 4 hours. This period of time is sufficient to fully
restore the performance of the desulfurization solution.’*??
Interestingly, while the use of air as the oxidant at a constant
flow rate achieved a similar regeneration effect, it required a
longer duration (approximately 6 h). Under these conditions,
the regeneration efficiency was 2.39 kg S m—> h™". When nor-
malized to an equivalent O, basis, the oxidant supply required
for pure O, regeneration was 83.7 m®> O, Kg™' S, whereas air
regeneration required only 26.4 m® O, Kg' S (Fig. 3i).
Furthermore, it should be emphasized that the oxidant dosage
provided under vigorous aeration conditions (i.e., the upper-
bound value) represents the total O, supplied rather than the
net O, consumption; quantifying actual O, consumption
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would require an analysis of the O, content in the exhaust gas.
From a practical standpoint, the feasibility of air-based regen-
eration is noteworthy: although the kinetics is slower than that
of pure oxygen, it circumvents the higher costs associated with
oxygen supply, thereby offering a more economically attractive
pathway for industrial scale-up. Consistently, the breakthrough
capacity remained at ~14 g L' after five regenerations
(Fig. 3h), with minimal fluctuations as indicated by the error
bars, demonstrating negligible capacity decay and good cycling
stability. Compared with traditional liquid desulfurizers, this
system does not require large amounts of FeCl; to assist regen-
eration; the single-metal system can be fully regenerated by
oxygen sparging alone, evidencing excellent reusability.
Notably, after desulfurization, a minute amount of black solid
(~10 mg after drying) appeared in the liquid (Fig. S7), likely
due to trace CuS. After five cycles, ICP-OES analysis showed
that the Cu content in the liquid differed from that of the
fresh sample by only 0.18% (Fig. S8), implying very low loss of
active Cu and preservation of the active centers.'*?’

In summary, the Cu-1-MI/DMF desulfurization solution
can effectively purify high-concentration H,S under room
temperature, normal pressure and general humidity con-
ditions. The ligand effect of 1-MI, the appropriate ratio (1:2),
low sensitivity to water, reasonable operating conditions (close
to room temperature, moderately reduced flow rate), and good
reusability all jointly determine its outstanding penetration
ability and application potential.

Desulfurization and regeneration mechanism

To further clarify the mechanisms underlying the high desul-
furization efficiency and ease of regeneration, we conducted a
rigorous study combining experiments, spectroscopic charac-
terization, and theoretical calculations.

To rationalize the mild oxidation behavior of the solvent
toward H,S, we discuss the results from three aspects: evol-
ution of solid products, dissolved-oxygen (DO) dynamics, and
radical evidence. XRD shows that the solid collected after
desulfurization is dominated by characteristic reflections of
copper sulfides (CuS/Cu,S), while the regenerated solid
matches well with «-S, indicating that the regeneration step
preferentially yields elemental sulfur rather than continuously
accumulating metal sulfides (Fig. 4a). Consistently, EDS
quantification (Table S10) gives an S atomic fraction of
~98.35% and a Cu atomic fraction of ~1.65%, confirming that
the regenerated solid is mainly sulfur with only trace Cu
carryover.

XPS further resolves the surface-species distribution of
solids at different stages. Cu 2p deconvolution reveals coexist-
ing Cu*/Cu®" in all samples (Fig. S9 and S10), with their rela-
tive fractions varying with operating conditions, consistent
with a side-redox process such as 2Cu*" + 8>~ - 2Cu* + §.>**?
Notably, when H,S and O, are continuously co-fed, almost no
solid is formed after desulfurization, suggesting that O, accel-
erates sulfur conversion and mitigates metal deactivation. In
samples richer in reduced sulfur ($>7/S,>7), Cu is shifted
toward the reduced state, whereas regenerated solids show a

This journal is © The Royal Society of Chemistry 2026
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higher Cu®" fraction, implying that regeneration partially
restores interfacial Cu species toward a recyclable coordi-
nation/valence distribution.**** The persistence of discernible
N 1s and CI 2p signals after both desulfurization and regener-
ation (Fig. S12 and S13), together with their stage-dependent
intensity/lineshape changes, indicates that not all Cu is irrever-
sibly converted to CuS (Fig. S11); a substantial fraction
remains in a coordinated environment. In the N 1s spectrum,
components at 399-401 eV indicate that coordinated/proto-
nated nitrogen in the 1-methylimidazole/DMF matrix is
retained, with the lower-binding-energy component assigned
to metal-coordinated N and the higher-binding-energy com-
ponent to protonated/oxidized N. Importantly, in regenerated
solids the Cu-N component (~399-400 eV) becomes dominant
again, suggesting that ligand protonation/substitution during
desulfurization is at least partially reversible and that Cu-N
coordination is re-established upon O, regeneration.?>*®

Consistent with these assignments, the main S 2p features
of post-desulfurization solids lie within 160-162.5 eV, indicat-
ing that the surface is primarily composed of sulfide species
(Fig. 4b-d, and Fig. S14 and S15). The sulfate signal is plausi-
bly associated with additional oxidation during desulfuriza-
tion. In the O 1s spectrum (Fig. S12), the main peak near 532
eV and a shoulder near 531 eV can be assigned to the C=0
oxygen in DMF and oxygen in surface hydroxyl/oxide or sulfate
species, respectively, in agreement with the SO,>~ component
detected in the S 2p spectrum. Without external O, supply
(direct H,S feed, or H,S feed after N, purging), reduced sulfur
($*>7/s,>”) accounts for a larger fraction and Cu-S/copper
sulfide components accumulate more readily, indicating that
incoming sulfur is preferentially immobilized via strong inter-
actions with Cu. In contrast, regeneration highlights the role
of O,: elemental sulfur (~164 eV) increases markedly after O,
regeneration. Moreover, O,-involved conditions (especially
H,S/N,/O, co-feeding or O, pre-aeration) more readily
produce/enhance SO,;*7/SO,>” signals, whereas regenerated
solids obtained after N, purging retain a higher fraction of
residual S$>7/S,>”. These trends suggest that moderate O, pro-
motes conversion of reduced sulfur (S*7/S,>7) to S° and
improves sulfur formation, while stronger O, availability
increases the contribution from over-oxidation pathways
leading to SO,>".

The DO profiles further reflect the extent of oxidation
initiated by dissolved oxygen during absorption (Fig. 4e).
Under O,-free absorption, DO rapidly decreases to ~0 during
continuous H,S feeding, indicating an oxygen-centered redox
process, consistent with the sulfate detected in the solids; a
control experiment with N, purging (and keeping the setup
sealed) reduces DO to an extremely low level, confirming that
the residual oxygen originates from dissolved oxygen in the
solvent rather than from the feed gas. In addition, although O,
pre-aeration increases the initial DO level, DO still decreases
rapidly to a very low level as oxidation proceeds, indicating
that the Cu-N center can capture O,. Notably, under mixed
H,S/0, feeding, DO remains at a relatively high level, indicat-
ing that although oxidative side reactions occur during absorp-
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of the regenerated solid.

tion, their extent is limited and cannot consume the continu-
ously supplied O,. The pH variation further supports this view:
after N, pre-purging to remove dissolved oxygen, the solution
remains weakly alkaline after desulfurization, whereas direct
feeding or O, pre-aeration leads to a pH decrease, and continu-
ous O, supply further aggravates it (Fig. S16). This indicates
that over-oxidation gradually acidifies the solution, while
without additional O, the acid-base state remains close to the
initial level, showing good stability. These changes suggest
that the absorption mechanism of this system is clearly
different from traditional redox-dominated or simple acid-
base neutralization pathways. EPR spin-trapping detects a
DMPO-OOH signal, proving that the system can activate O, to
form peroxide-related reactive species (Fig. 4f); more impor-
tantly, the fresh solution shows a stronger signal than the
sulfur-loaded solution, indicating that O, activation is wea-
kened under sulfur-rich conditions. This agrees with the
observation that over-oxidation is suppressed: once HS /poly-
sulfide species enter and become more strongly bound to the

5040 | Green Chem., 2026, 28, 5033-5046

Cu-N center, the tendency for O, activation decreases, making
it easier to keep oxidation within a milder range. The DFT
trend is consistent: the HS -induced CuN,S, configuration
binds and activates O, more weakly than the CuN, configur-
ation (as reflected by its longer adsorption bond length and
lower adsorption energy), providing molecular-level support
for mild regeneration and limited over-oxidation (Fig. S17).
Notably, the thermogravimetric curves, which reflect the
overall composition, show nearly identical sulfur volatilization
in the 150-350 °C range, with only a slight improvement in
sulfur purity under conditions where dissolved oxygen is strin-
gently removed (Fig. 4g).>” This indicates that over-oxidation
triggered by dissolved oxygen is more of a local/surface side
reaction and its overall fraction is limited.

Overall, these results indicate that during absorption the
dominant pathway is non-oxidative uptake (acid-base dis-
sociation into sulfide species together with coordination
anchoring to Cu), while oxidation caused by residual dissolved
oxygen is only a secondary by-product route; fortunately, the

This journal is © The Royal Society of Chemistry 2026
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oxygen content in most feed gases is extremely low (e.g:,
natural gas and shale gas), so under practical conditions the
absorption stage is expected to be only minimally affected by
dissolved oxygen.

Detailed spectral characterization indicates that the absorp-
tion stage is mainly controlled by coordination chemical pro-
cesses rather than the overall precipitation process. As shown
in Fig. 5a, within the low-wavenumber region characteristic of
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metal-ligand vibrations, the spectrum of the H,S-rich solution
closely matches that of the freshly prepared solution, with no
new bands observed, indicating that neither ligand framework
underwent detectable chemical changes. Notably, the band at
~622 cm™ ', assigned to the Cu-N stretching mode, persists
but shifts to lower wavenumber after desulfurization. This red
shift implies a decrease in the Cu-N bond force constant and
thus suggests that the introduction of H,S perturbs the local
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coordination environment around Cu without disrupting the
underlying Cu-N coordination scaffold. The UV-vis spectrum
of the solution further confirmed this conclusion (Fig. 5b). It
can be seen that during the desulfurization and regeneration
processes, the main changes in the system are reversible altera-
tions in the coordination of the metal center and the elec-
tronic structure, rather than the large-scale decomposition of
the ligand framework: there are no significant changes in the
three curves in the deep ultraviolet region (200-400 nm),
suggesting that the main conjugated ligand framework is
overall stable and the reaction is not mainly due to the destruc-
tion of the ligand structure. What is more indicative is the
reversible change in the peak position of 450-550 nm (slightly
raised after desulfurization and tending to fall back after
regeneration), which is usually attributed to the superposition
of sulfur-related absorption or the enhancement of ligand-
metal charge transfer (LMCT) caused by sulfur participation in
coordination.*®*® Cyclic voltammetry further constrains the
absorption chemistry. The fresh Cu®*~MI/DMF solution dis-
plays a recognizable Cu®>*/Cu® couple (near 0 V). Upon H,S
introduction (20-40 min), the Cu®**/Cu* peak currents decrease
gradually, accompanied by a modest increase in peak separ-
ation, while the overall redox-feature shape remains discern-
ible (Fig. 5¢). This behavior is consistent with an EC-type scen-
ario in which HS7/S*", generated by H,S dissociation in the
basic medium, coordinates to the Cu center and reduces the
fraction of freely diffusing electroactive Cu species, thereby
attenuating current without eliminating the redox signature.*’
Importantly, the more negative reduction wave (assigned to
Cu’ — Cu® in the MI-free case) is comparatively suppressed in
the presence of MI, implying that ligand coordination disfa-
vors pathways leading to metallic copper nucleation under the
measurement conditions.”’™? In contrast, the MI-free CuCl,/
DMF system shows much stronger current attenuation and
peak broadening upon H,S exposure, consistent with faster
removal of Cu from the homogeneous phase (Fig. S18).
Collectively, the FTIR/UV-vis/CV dataset supports MI stabiliz-
ing a coordinated Cu environment that can accommodate
sulfide ligands during absorption, which mitigates rapid, irre-
versible loss of Cu into inactive solids.

To further resolve the molecular-level details of absorption-
regeneration, we constructed Cu—(1-MI), (n = 2-4) active sites
and examined the stepwise coordination of H,S followed by
dehydrogenation/oxidation (Fig. 5d). We first optimized the
Cu—(1-MI),-2H,S configuration involving direct H,S adsorp-
tion. As shown in Fig. S19, the Cu-2N-2H,S structure is
thermodynamically unstable: H atoms on the coordinated H,S
spontaneously migrate and bond to adjacent C atoms. This
indicates that, when H,S diffuses to the Cu-2N ligand surface,
the combined action of basic surface sites on the ligand and
solvent stabilization drives spontaneous dissociation to HS™.
Building on the foregoing experiments and characterizations,
we compared HS™ binding under different coordination
environments. The results show that CuN,/CuN; adsorbs HS™
much more strongly than CuN, (Fig. 5e and f). In the free
complex, CuN, (four-coordinate, approximately square-planar/
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elongated-octahedral) is most stable. However, this configur-
ation is coordinatively saturated and sterically crowded, provid-
ing few available sites for HS™; the barrier to adsorb the first
HS™ already reaches 0.12 eV, implying it can scarcely proceed
spontaneously. Furthermore, the gradual free energy change of
the transformation of the CuN, species in the DMF solution to
the sulfur-containing coordination configuration indicates
that this step is thermodynamically feasible under the attack
of HS™ (Fig. S20). Therefore, the actual adsorption process may
be carried out by the low-coordination CuN, or CuNj.

In the CuN, model, the total binding energy for the first
two HS™ is —5.82 eV (Table S11), indicating substantial
exothermicity and cooperative polarization. Upon introducing
the third and fourth HS™, the incremental binding is only
—0.47 eV, indicating that the system approaches electrostatic
saturation and subsequent coordination affords only marginal
stabilization. Thus, although the overall energy of Cu—(1-MI),-
4HS™ is lower, this is an additive effect of increased ligand/
anion count rather than equally strong bonding for each HS™.
We therefore infer that Cu-(1-MI),-2HS™ is the dominant
adsorption motif during desulfurization. Notably, the experi-
mentally derived overall stoichiometry (~1 mol S per mol Cu at
breakthrough) indicates that the predominant sulfur uptake is
effectively one sulfur equivalent per Cu at the process level,
i.e., the working inventory of sulfur stored per Cu is close to
unity under the tested conditions. In this context, DFT models
that accommodate two HS™ ligands on one Cu center should
be interpreted as an upper-bound local motif that can become
accessible in HS™-rich microenvironments (e.g., near the gas-
liquid interface), rather than as the dominant bulk speciation
throughout the absorber.

In the absence of O,, the ability to retain sulfur in a bound
form is critical to the risk of sulfur loss from the rich solution.
We therefore probed the facility of dehydrogenation for ligand-
anchored HS™ without oxygen. As summarized in Table S11,
without O, participation, the energy after H dissociation rises
by 7.89 eV relative to the initial state, i.e., it is highly unstable.
This indicates that HS™ adsorbed at Cu-N sites cannot spon-
taneously dehydrogenate without oxygen.*"***> Calculations
on the Cu-2-methylimidazole-4HS™ configuration likewise
show that dissociation is unfavorable in the absence of O,,
indicating that ligand-anchored HS™ in the solvent is highly
robust. Upon introducing O,, the mechanism changes funda-
mentally. O, can adsorb trans to the copper center and become
activated, forming an HS-Cu-O, motif. More importantly,
once the first HS™ is dehydrogenated by the active oxygen and
converted to H,O + S*, the second HS™ dehydrogenates more
readily (Fig. 6i) owing to reduced steric congestion and elec-
tronic redistribution, allowing two HS™ dehydrogenations to
be completed within one cycle and thereby fully regenerating
the adsorption site. Regarding products, Fig. S21 shows that
oxidation of Cu-2-methylimidazole-4HS™ tends to yield S,/S;
oligomers, which do not readily form the rhombic sulfur
observed in product characterization studies; in contrast, dehy-
drogenation from Cu-2-methylimidazole-2HS™ produces
rhombic sulfur (Fig. 5g and h). This further indicates that,
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after desulfurization, the Cu-1-MI coordination center prefers
the Cu-2-methylimidazole-2HS™ complex rather than the Cu-
2-methylimidazole-4HS™ configuration.*®*®

Based on these results, we propose the following absorp-
tion-regeneration picture for the Cu-1-MI/DMF system
(Fig. 5j). In DMF, H,S dissociates to HS™, and 1-methyl-
imidazole (1-MI) coordinates CuCl, to form a Cu-N environ-
ment. HS™ is then preferentially retained via inner-sphere
coordination at accessible Cu-N motifs, giving bound sulfide
species in solution and keeping most sulfur in a non-precipi-
tating form during absorption. During regeneration, introdu-
cing O, enables oxidative conversion of the stored sulfide
toward S° while restoring the Cu-N site state, and sulfur is
released as a separable solid.**”° Overall, the performance
derives from the combined roles of (i) DMF as a low-viscosity
medium that facilitates mass transfer and sulfide solvation, (ii)
1-MI coordination that stabilizes Cu centers and mitigates irre-
versible sulfidation, and (iii) the unique coordination anchor-
ing effect of the Cu-N center and the HS™.

Engineering feasibility analysis

To evaluate the engineering feasibility of this system, we
assess four aspects—corrosion compatibility, cyclic stability,
solvent recoverability, and a bounded operating-cost analysis
(Fig. 6). First, the solution acidity/basicity was examined. With
increasing 1-MI content, the liquid shifts from weak acidity to
weak alkalinity (Fig. $22); at a Cu**: 1-MI molar ratio of 1:2,
the pH approaches neutrality (7.32), which lowers the risk of
equipment and pipeline corrosion while favoring the initial
dissociation and uptake of H,S in the liquid phase.’"*> Using

This journal is © The Royal Society of Chemistry 2026

this optimal formulation (n(CuCl,):n(1-MI)=1:2), corrosion
coupon tests were performed on two commonly used stainless
steel materials (304L and 316L) (Fig. 6a, b and $23-526; Tables
S4-S8). Without additional water, the metallic luster of the
coupons was largely preserved, with no evident discoloration,
pitting, or lamellar spallation. As the water content increased,
the 304L/316L still exhibited generally good corrosion resis-
tance, whereas 20# carbon steel showed pronounced rusting
that intensified with higher water content. Weight-loss-derived
average corrosion rates indicate that when the water content
increased from 5% to 20%, the corrosion rates of 304L and
316L rose from 0.0036 and 0.0026 mm per annum to 0.0048
and 0.0032 mm per annum, respectively, remaining at a low
level; however, under continuous O, purging, more obvious
surface discoloration and corrosion-product deposits were
observed, suggesting that oxygen-rich conditions can amplify
corrosion risk (Fig. S27). As a control, the Cu-DMF system
exhibited more severe corrosion (Fig. S28 and Table S5), imply-
ing that the milder acid-base environment and coordination
chemistry introduced by 1-MI help mitigate corrosion.
Considering the formulation, trace C1~ derived from CuCl, is a
potential risk factor: its high penetrability and competitive
adsorption may locally weaken the passive film and induce
mild pitting tendencies.>"*>** Therefore, further risk
reduction during scale-up will still require appropriate
materials selection and operating-window control, especially
with respect to oxygen and water boundaries.

Second, to evaluate how viscosity changes during repeated
operation influence mass transfer and performance, consecu-
tive “desulfurization-regeneration” cycles were conducted, and
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viscosity evolution was tracked without filtering out solids. The
viscosity increased cumulatively after desulfurization, from
1.69 mPa s for the fresh solution to 17.2 mPa s after five
cycles. This growth is due to the accumulation of unseparated
solid sulfur and other sulfur-containing substances. Despite
the viscosity rise, the purification performance remained
within an acceptable range: after five cycles, the sulfur capacity
was ~12.5 g L™, corresponding to ~85.7% of the initial value
(Fig. 6¢c and d). This indicates that, under the present experi-
mental boundaries, the intrinsically low viscosity of DMF pro-
vides partial “buffering” against rheological changes induced
by sulfur-product accumulation, thereby attenuating the
impact of viscosity growth on short-cycle performance.'*>>>°

Industrial deployment requires closed-loop solvent recovery;
accordingly, we evaluated laboratory-scale recovery-reuse
(Fig. 6e). The solution mass decreased progressively upon
repeated operations, and the cumulative loss increased with
temperature: solvent losses of 18.95%, 28.61%, and 31.27% were
observed at different temperatures. These data show that,
although DMF is relatively inexpensive and amenable to recycling,
solvent loss is non-negligible in sustainability assessment and
techno-economic accounting; moreover, the toxicity and environ-
mental footprint of DMF should be treated as practical engineer-
ing constraints. On this basis, we carried out preliminary tests of
alternative solvents (NMP and DMPO; Fig. S3). Compared with
the uncoordinated systems, both alternatives showed substantial
improvements, but their overall performance remained slightly
inferior to DMF. Systematic solvent substitution guided by green
metrics (toxicity, safety, recovery efficiency, etc.) will be pursued in
future optimization.

Finally, to enable transparent and comparable economic
discussion, we conducted a bounded OPEX benchmark for repre-
sentative wet oxidative desulfurization solvents under unified
boundary conditions (2160 Nm® per h feed, 5000 ppmv H,S,
7200 h per year; Fig. 6f and Table S9). Because reliable data for
several key cost items are not yet available at this stage, the ana-
lysis includes only directly quantifiable contributions—electricity
consumption and chemical replenishment/working-fluid make-
up—and explicitly excludes solvent degradation and long-term
loss, sulfur-product purification, solids separation and handling,
wastewater/waste treatment, and corrosion-related maintenance
and materials-of-construction costs. Therefore, the results should
be interpreted as a “bounded OPEX comparison” rather than a
full process TEA. Within this defined scope, Cu-1-MI/DMF shows
the lowest annual OPEX (2.56 x 10° USD per year; 0.022 USD per
kg H,S), primarily due to low chemical replenishment cost and
low electricity demand. [Pegs14],[CuCly/DMF exhibits a higher
OPEX (3.36 x 10* USD per year; 0.166 USD per kg H,S), domi-
nated by the high cost of the phosphonium-copper component,
while [BMIM][FeCl,] lies in between (1.95 x 10" USD per year;
0.284 USD per kg H,S) and requires higher electricity input.

Overall, the engineering assessments and bounded econ-
omic comparison collectively indicate that, under a near-
neutral, easily regenerated, and low-viscosity formulation, Cu-
1-MI/DMF offers potential advantages for scale-up in terms of
materials compatibility, short-cycle operational stability, and
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solvent/utility-dominated OPEX, while its long-term sustain-
ability still requires more comprehensive process-level evalu-
ation incorporating solvent loss, product purification, and
solids/waste handling.

4. Conclusion

In conclusion, we demonstrate a stepwise “coordination
capture-air regeneration” process using a Cu’’-1-MI/DMF
solvent for wet removal of high-H,S gas streams. At ambient
temperature and 50 000 ppmv H,S, the formulation delivers a
breakthrough sulfur capacity of 14.34 g L™" and retains 11.76 g
L7 in the presence of 40 vol% water. With the optimized com-
position (n(Cu®**):n(1-MI)=1:2), the solution remains near
neutral (pH = 7.3) and maintains ~95% of its capacity after
five desulfurization-regeneration cycles, supporting its short-
cycle operability. Mechanistic evidence from spectroscopy and
DFT consistently indicates that H,S uptake is dominated by
Cu-N-assisted coordination, while oxygen is mainly involved
in the regeneration stage; dissolved oxygen can trigger limited
oxidation side reactions during absorption, reflected by trace
S-O species, but multiple characterization studies indicate
that the extent of over-oxidation is low under the tested con-
ditions. Importantly, separating regeneration from absorption
minimizes rapid solid accumulation during uptake and allows
sulfur to be produced predominantly in the regeneration step.
A screening-level, bounded OPEX comparison under unified
assumptions (electricity and chemical make-up only) suggests
that Cu-1-MI/DMF has lower solvent- and utility-related operat-
ing costs than the representative ionic-liquid redox solvents
evaluated here; however, this comparison does not include
several process-relevant items (e.g., solvent degradation/loss,
sulfur purification, solids handling, waste treatment, and cor-
rosion-related maintenance), which should be addressed in
future process-level analyses. Overall, this work provides an
experimentally supported basis for designing coordination-
based absorbents. Future efforts may focus on fine-tuning
ligand structures (steric/electronic effects), strengthening
solvent-mediated mass transfer, and defining regeneration
boundaries (avoiding over-oxidation) to further increase
throughput and extend run length.
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