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ABSTRACT: Diatrizoate, a refractory ionic iodinated X-ray contrast media
(ICM) compound, cannot be efficiently degraded in a complex wastewater matrix
even by advanced oxidation processes. We report in this research that a
homogeneous process, thiourea dioxide (TDO) coupled with trace Cu(II) (several
micromoles, ubiquitous in some wastewater), is effective for reductive deiodination
and degradation of diatrizoate at neutral pH values. Specifically, the molar ratio of
iodide released to TDO consumed reached 2 under ideal experimental conditions.
TDO eventually decomposed into urea and sulfite/sulfate. Based on the results of
diatrizoate degradation, TDO decomposition, and Cu(I) generation and
consumption during the TDO−Cu(II) reaction, we confirmed that Cu(I) is
responsible for diatrizoate degradation. However, free Cu(I) alone did not work. It
was proposed that Cu(I) complexes are actual reactive species toward diatrizoate.
Inorganic anions and effluent organic matter negatively influence diatrizoate
degradation, but by increasing the TDO dosage, as well as extending the reaction time, its degradation efficiency can still be
guaranteed for real hospital wastewater. This reduction reaction could be potentially useful for in situ deiodination and degradation
of diatrizoate in hospital wastewater before discharge into municipal sewage networks.

KEYWORDS: diatrizoate, refractory X-ray contrast media compounds, thiourea dioxide, trace concentrations of copper, Cu(I) complexes,
deiodination, reduction reaction, hospital wastewater

■ INTRODUCTION

Iodinated X-ray contrast media (ICM) compounds are widely
used in medical visualization tests for body tissues with annual
global production above 5 × 106 kg and consumption above
3.5 × 106 kg.1 ICM compounds are highly stable in the human
body, and nearly 95% of them are excreted within 24 h after
injection, with a large amount being discharged into hospital
wastewater. As one of the primary contributors to total organic
iodine in wastewater, they are chemically inert and cannot be
effectively removed during conventional water/wastewater
treatment.2−4 Presently, ICM compounds are frequently
detected in municipal wastewater and surface water with
reported concentrations ranging from 0.5 to 100 μg L−1.5,6 The
long-term toxic effects of most ICM compounds at low
concentrations are still not clear. Among these ICM
compounds, diatrizoate (DTZ) is most difficult to remove
through activated carbon adsorption due to its highly
hydrophilic nature.7 Moreover, advanced oxidation processes
(AOPs), such as O3/H2O2, UVA-TiO2, and UV/chloramines,
were found to be ineffective for practical DTZ removal.8−10

DTZ is less reactive toward hydroxyl radicals (•OH) than
other ICM compounds (0.96 × 109 vs 2.03−3.42 × 109 M−1

s−1).11 When treated with hydrated electrons, DTZ is still the
most unreactive among the ICM compounds.11

Heterogeneous catalytic reduction was tested to degrade
DTZ using palladium as the catalyst and hydrogen gas as the
reductant, but the efficiency was significantly reduced by water
constituents, probably due to deactivation of the catalyst.12 In
addition, the high cost of precious palladium also handicaps
the widespread application of this technique. Electrochemical
processes are effective for reductive DTZ removal from
hospital effluent but require complex equipment and even
the assistance of heterogeneous catalysts.5,13 To date, most
reduction processes are UV-based irradiation of reductants
such as sulfite, which are energy-intensive due to the strong
UV absorbance of the wastewater matrix. More cost-effective
reduction processes are desired in terms of reducing energy
input and mitigating the strong negative impacts of complex
wastewater constituents.11,13 Thiourea dioxide (TDO), a green
reducing agent, shows high reduction power associated with
the splitting of its long C−S bond under either heating or
alkaline conditions (eq 1).14−16 Highly reductive sulfoxylate
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ions (SO2
2−; −1.12 to −0.74 V) can be produced during the

dissociation of TDO.14−16 SO2
2− readily reacts with oxygen,

producing SO2 and S2O4
2− (eqs 2−6).17,18

H N(HN )CSO H 2OH

(H N) CO SO H O
2 2

2 2 2
2

2

= +

→ + +

−

−
(1)

SO O SO O2
2

2 2 2+ → · + ·− − −
(2)

SO O SO O2 2 2 2· + → + ·− −
(3)

SO O SO O2
2

2 2 2+ · → · +− − − −
(4)

SO O SO O2 2 2 2
2· + · → +− − −

(5)

2SO S O2 2 4
2· →− −

(6)

To date, the unique reduction activity of TDO has not been
fully investigated, especially for pollutant remediation under
mild reaction conditions. Whether it can be applied for
reductive degradation of DTZ is worthy of exploration.
Cu(II) is active in accelerating many oxidation reactions in

water/wastewater. Trace Cu(II) (i.e., at several micromoles,
which is close to the background copper concentrations of
some municipal wastewater19−21 and below drinking water
quality standards (15−20 μM))22 is able to homogeneously
activate oxidants such as H2O2 and persulfates to generate
reactive oxidants.23−25 The reaction of Cu(II) with hydroxyl-
amine (HA) also produces H2O2 and Cu(III) in sequence,
which is able to degrade some pollutants.26,27 The step of

Cu(II) reduction to Cu(I) was proposed to be critical in
initiating Fenton-like reactions.28−30 In contrast to oxidation,
reduction reactions mediated by trace Cu(II) are rarely
reported for pollutant removal.
In this work, we tested the effectiveness of a novel TDO/

trace Cu(II)-coupled process to degrade DTZ. The kinetics
and influencing factors were evaluated. Effective deiodination
and degradation of DTZ were confirmed. The reactive species
and DTZ degradation mechanism were proposed based on the
evolution of TDO, DTZ, and Cu(I) during the reactions.

■ EXPERIMENTAL SECTION

Materials. DTZ (≥98.0%), thiourea dioxide (TDO,
≥98.0%), and neocuproine (≥98.0%) were purchased from
Sigma-Aldrich. Sodium sulfite (Na2SO3, analytical reagent
(AR)), sodium hypodisulfite (dithionite) (Na2S2O4, ≥88.0%),
copper sulfate (CuSO4, AR) and several other metal sulfates
(AR), urea (AR), potassium iodide (KI, AR), diacetyl
monoxime (≥98.0%), thiosemicarbazide (≥98.0%), disodium
tetraborate decahydrate (AR), ethylenediaminetetraacetate
(EDTA, AR), hydroxylamine hydrochloride (HA, ≥98.5%),
ethanol (high-performance liquid chromatography (HPLC)
grade), tert-butanol (TBA, ≥98.0%), and sodium hydroxide
(NaOH, AR) were purchased from Sinopharm. These reagents
were used as received. Stock and reaction solutions were
prepared with pure water (Milli-Q, 18.2 MΩ·cm) unless
otherwise specified. Effluent organic matter (EfOM) was
isolated following a reported method31 from the secondary
effluent of a municipal wastewater treatment plant (Xi’an,

Figure 1. DTZ degradation under different reaction conditions (pH = 7.5, T = 25 °C): (a) [Cu(II)] = 10 μM, [reductant]0 = 50 μM, and [DTZ]0
= 5 μM; (b) [metal ion] = 10 μM, [TDO]0 = 50 μM, and [DTZ]0 = 5 μM; (c) [TDO]0 = 50 μM and [DTZ]0 = 5 μM; and (d) [Cu(II)] = 10 μM
and [DTZ]0 = 5 μM.
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China) where municipal wastewater is treated with the Orbal
oxidation ditch process. Real medical wastewater was collected
from a hospital (Jinan, China). This wastewater was only
disinfected with sodium hypochlorite before discharge into the
municipal sewage network. It was filtered with 0.45 μm filters
and stored at 4 °C before use (characteristics are shown in
Table S1 in the Supporting Information (SI)).
Experimental Procedure. Predetermined aliquots of DTZ

and Cu(II) stock solutions were pipetted into tetraborate-
buffered (10 mM, pH 7.5) pure water in a glass bottle reactor
to reach the desired initial concentrations. The solution was
magnetically stirred in a water bath at 25 °C. A certain volume
of freshly prepared TDO solution was introduced into the
reactor to initiate the reaction.14 Samples were withdrawn at
different time intervals, and the reaction was quenched by
EDTA unless otherwise specified. To evaluate the influence of
oxygen, N2/O2 sparging before and during the reaction was
also applied. Most experiments were conducted in triplicate,
and the averages with standard deviations are presented.
For degradation product (DP) identification, high concen-

trations of the reactants were applied in the reaction (0.1 mM
DTZ, 0.1 mM Cu(II), and 0.05−1 mM TDO). Sodium
hydroxide was used to adjust the initial solution pH to 7.5. The
reaction duration was extended until TDO was completely
consumed. The samples were filtered with 0.45 μm glass fiber
filters without EDTA quenching.
Analysis. DTZ and TDO were analyzed on a Waters 2487

HPLC equipped with a Phenomenex Luna C18(2) column
(4.6 mm × 150 mm × 5 μm). The mobile phase was isocratic
formic acid (0.1% v/v in pure water) and methanol. Inorganic
anions were analyzed on a Dionex Aquion ion chromatography
(IC) system. To stabilize and detect sulfite, 1 M ethanol was
added into the samples. Sulfite and sulfate were analyzed with a
Dionex AS11-HC column (4 mm × 250 mm) eluted with 20
mM KOH at 1.2 mL min−1, and iodide was analyzed with a
Dionex AS16-HC column (4 mm × 250 mm) eluted with 30
mM KOH at 1.0 mL min−1. Cu(I) and urea formed during the
reaction were determined with the neocuprine method32 and
the diacetyl monoxime method,33 respectively, on a Hach DR
6000 spectrometer.
A full mass scan of DTZ degradation products (DPs) was

performed on a Triple Quad QTRAP 6500+ LC-MS/MS
System (AB SCIEX). MS2 fragmentation of each potential DP
was conducted to find their characteristic fragments for
multireaction monitoring (MRM) mode. Column elution

conditions and MS settings are shown in Text S1 (SI) and
Table S2 (SI). DP rough screens were based on the peak area
at different TDO/DTZ molar ratios. Accurate masses of the
potential DPs were determined on a quadrupole time-of-flight
(QTof) mass system (X500R mass spectrometer, AB SCIEX)
in electrospray ionization (ESI) positive mode. MS settings are
described in Text S1 (SI). Empirical formulas for DPs were
proposed based on a reasonable number of each element, as
well as mass tolerance (<5 ppm).

■ RESULTS AND DISCUSSION

Effectiveness. DTZ was effectively removed in the TDO/
Cu(II) coupled reaction under the experimental conditions,
while neither TDO (50 μM) nor trace Cu(II) (10 μM) alone
could effectively remove DTZ (Figure 1a). In contrast, several
other sulfur-containing reductants, such as dithionite (S2O4

2−)
and sulfite (SO3

2−), were unreactive toward DTZ in the
presence of trace Cu(II). S2O4

2−, a reported product of TDO
self-decomposition,14,18 is unstable and readily oxidized to
HSO3

− in solution by oxygen. The ineffectiveness of S2O4
2−/

Cu(II) and SO3
2−/Cu(II) indicates that DTZ removal by the

TDO/Cu(II) coupled reaction was not due to S2O4
2− or

SO3
2−, which could be transformation products of TDO.

Several other divalent transition metal ions (i.e., Co(II),
Ni(II), Mn(II), and Fe(II)) were also tested and were found to
be ineffective in the activation of TDO for DTZ degradation
(Figure 1b). Figure 1c,d shows that the DTZ removal rate
increased with the dosages of Cu(II) (2−20 μM) and TDO
(0.01−0.1 mM). A further increase in the TDO dose to 0.5
mM slightly reduced the initial degradation rate, while the total
removal in 180 min was nearly the same as that achieved at 0.1
mM TDO.

TDO Decomposition versus DTZ Degradation. The
degradation of DTZ and the decomposition of TDO (<75%
TDO decomposed) can be fitted with a pseudo-first-order
reaction model (Figure S1, SI). Figure 2 shows the variation in
the observed reaction rate constants of DTZ and TDO with
pH for the TDO/Cu(II) coupled reaction. Optimal DTZ
degradation (kobs, DTZ = 0.0176 min−1) occurred near neutral
pH (Figure 2a), and the reaction rate sharply decreased under
acidic and alkaline conditions. The kobs, DTZ obtained at pH 7.5
was 19.5 and 7.3 times those achieved at pH 5.5 and 9.0,
respectively. The TDO decomposition rate always increased
with pH in a pH range of 5.5−9.0 (Figure 2b). The different
pH-dependent pattern of TDO decomposition compared with

Figure 2. Observed reaction rate constants for (a) DTZ (kobs, DTZ) and (b) TDO (kobs, TDO) as a function of pH during the TDO/Cu(II) reaction
([Cu(II)] = 10 μM, [TDO]0 = 50 μM, [DTZ]0 = 2 μM, and T = 25 °C).
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that of DTZ degradation is probably related to the fact that
TDO reacts not only with Cu(II) but also with OH−. At pH
5.5, there was almost no self-decomposition of TDO, and the
TDO decomposition was still very weak in the presence of
trace Cu(II) (Figure S2a,b in the SI). TDO slightly self-
decomposed at pH 7.5, and the decomposition rate was
enhanced by 11.3 times when 10 μM Cu(II) was introduced.
TDO rapidly self-decomposed at pH 9.0, and its decom-
position was further accelerated upon the addition of Cu(II).
However, the high TDO decomposition rate at this pH both in
the presence and absence of Cu(II) did not lead to efficient
DTZ removal. As OH−-induced TDO decomposition
produces SO2

2− (eq 1), it seems that SO2
2− is not the

dominant reactant responsible for DTZ degradation. Cu(II)
obviously participated in TDO decomposition, and the
speciation of Cu(II) also influenced this process. Based on
the simulation of Cu(II) speciation (Figure S3 in the SI) and
the TDO decomposition rates, hydrolyzed Cu(II) seems to be
more reactive toward TDO than free Cu2+, but we cannot draw
such conclusion since OH− also participates in TDO
decomposition. The relatively low degradation rate of DTZ
at pH 9.0 suggests that most TDO decomposed ineffectively
under alkaline conditions. Since the self-decomposition of
TDO produces SO2

2− and SO2
− in sequence (eqs 1 and 2,

respectively), the slow DTZ degradation but rapid TDO
decomposition at pH 9.0 indicates that both SO2

2− and SO2
•−

are unreactive toward DTZ.

To further clarify the reaction mechanism of the TDO/
Cu(II) coupled reaction in removing DTZ, decomposition
products of TDO were analyzed. According to eq 1, associated
with C−S bond breaking, urea and SO2

2− will be produced
from TDO, and the latter can be further oxidized to SO2

•− by
oxygen. The sum of residual TDO and urea generated (i.e.,
total N) was nearly constant during TDO decomposition,
indicating that urea generation versus TDO decomposition
followed a molar ratio of 1:1 (Figure 3a). Because SO2

2− and
SO2

•− are highly unstable, their detection is difficult. More
stable sulfur-containing oxyanions (SO3

2− and SO4
2−) were

detected by ion chromatography. Figure 3b shows the
evolution of TDO, SO3

2−, SO4
2−, and the sum of the three

species (i.e., total S) during the reaction. The calculated total S
remained constant, confirming that the sulfur in TDO finally
transformed to SO3

2− and SO4
2−. Then, the production

kinetics of urea and sulfite/sulfate could be predicted with
TDO decomposition.

Reaction MechanismRole of Cu(I). In the presence of
oxygen, the self-decomposition of TDO generates O2

•−

through eqs 1−5. The dismutation of O2
•− produces H2O2,

which can be further accelerated by Cu(II).17,18,26−28 At
neutral pH, TDO moderately decomposed (Figure S2 in the
SI), and a small amount of H2O2 was detected during the
TDO/Cu(II) reaction (Figure S4 in the SI). Fenton-like
reactions usually occur between Cu(II) and H2O2,

26,34−36

where •OH or Cu(III) are probable major oxidants. Radical
scavenging agents such as ethanol and TBA can be used to

Figure 3. Elemental balance of (a) N and (b) S during TDO decomposition ([Cu(II)] = 10 μM, [TDO]0 = 50 μM, pH = 7.5, and T = 25 °C).

Figure 4. Influence of (a) scavengers and (b) gas sparging on DTZ degradation during the TDO/Cu(II) reaction ([Cu(II)] = 10 μM, [TDO]0 =
50 μM, [DTZ]0 = 5 μM, pH = 7.5, and T = 25 °C).
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differentiate •OH/SO4
•− and Cu(III).24,26 Figure 4a shows

that neither ethanol nor TBA inhibited DTZ degradation,
indicating that DTZ removal cannot be ascribed to these
potential oxidants. Moreover, oxygen sparging inhibited, while
nitrogen promoted DTZ degradation (Figure 4b), indicating
that O2

•− and its dismutation product, H2O2, were not
responsible for DTZ removal. This phenomenon was contrary
to the degradation of benzoic acid in the HA/Cu(II) coupled
reaction, where oxygen sparging accelerated and nitrogen
restrained the reaction.26 Therefore, unlike the reported
benzoic acid degradation by HA/Cu(II), here, the DTZ
removal by TDO/Cu(II) probably relies on reduction rather
than oxidation reactions.
The reduction of Cu(II) to Cu(I) was reported for the HA/

Cu(II) reaction.27 Similarly, we anticipate that Cu(I) would
also be produced here in TDO/Cu(II). In the absence of
DTZ, Cu(I) was detected at low concentrations (<2 μM, 20%
of the Cu(II) dosed) when the reactor was open to air (Figure
5a). However, when the solution was sparged with N2, the

Cu(I) concentration accumulated up to 5 μM. This is
reasonable considering that Cu(I) formed will not be quickly
transformed back to Cu(II) when oxygen is insufficient.
Interestingly, the presence of DTZ markedly consumed the
Cu(I) produced in the N2-sparging reaction (Figure 5a). The
TDO decomposition rate decreased in the case of N2 sparging
(Figure 5b), possibly because of the inhibition of Cu(I)−
Cu(II) conversion that promotes TDO decomposition.
Contrary to the retarded TDO decomposition, the DTZ
degradation rate was much higher under N2 sparging. It seems
that the high DTZ degradation rate could be related to the
high Cu(I) concentration available for the reaction.
Iodide can precipitate Cu(I), forming CuI, which has low

solubility in water (Ksp, CuI = 1.1 × 10−12). The addition of
iodide was tested to determine the quenching effect on DTZ
degradation. The DTZ removal declined from 82 to 38% in the
120 min reaction upon adding 10 μM iodide into the reaction
solution, and the removal further decreased to 8% upon 100
μM iodide addition (Figure S5 in the SI). The N2-sparging

Figure 5. (a) Cu(I) formation and (b) the variation of DTZ and TDO under nitrogen and oxygen sparging ([Cu(II)] = 10 μM, [TDO]0 = 50 μM,
[DTZ]0 = 5 μM if needed, pH = 7.5, and T = 25 °C).

Scheme 1. Schematic Illustration of Trace Cu(II)-Catalyzed TDO Decomposition and DTZ Degradation
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reaction was inhibited much more strongly in the case of
iodide addition. The DTZ removal declined from 94 to 26%
when 10 μM iodide was dosed and was almost completely
inhibited at 100 μM iodide. Neocuproine can coordinate with
and stabilize Cu(I).37 Its addition at 0.5 mM completely
suppressed DTZ degradation (Figure 4a). The results of all
these tests suggest that Cu(I) is responsible for DTZ
degradation. It is generally accepted that in Cu(II)-
participating decontamination reactions, Cu(II) activates
oxidants producing radicals or Cu(III).38,39 This study
observed a contrary phenomenon, as Cu(I) could be the
reactive species toward DTZ.
To disclose how Cu(I) functions in DTZ degradation, CuCl

(lg KCuCl = 5.5)40 was directly introduced into the DTZ
solution under N2 purging. Surprisingly, 20 μM CuCl (with
speciation shown in Table S3 in the SI) barely reacted with
DTZ at neutral and acidic pH values (Figure S6 in the SI).
This result indicates that these Cu(I) species are not active in
DTZ degradation. To further confirm the function of free
Cu(I), 5 μM free Cu(I) was prepared by reducing Cu(II) with
ethanol-stabilized SO3

2−.41,42 It was also ineffective for DTZ
degradation (Figure S7 in the SI).
It has been reported that the coordination of Cu(II) with

side-chain amide and β-lactam carbonyl groups is crucial for
the catalytic hydrolysis and oxidation of benzylpenicillin and β-
lactam antibiotics, respectively.43,44 Here, the coordination of
Cu(II) with TDO was confirmed with a UV absorbance scan.
As shown in Figure S8 (SI), TDO has peak absorbance at 220
and 270 nm. Compared with the sum absorbance of TDO and
Cu(II) alone, the addition of Cu(II) into the TDO solution
produced strong UV absorbance at 225−265 nm, suggesting
the formation of TDO−Cu complexes.44 Accordingly, we
hypothesize that the formation of transient or intermediate
Cu(I)−ligand complexes is probably necessary for DTZ
degradation in this study. The amine and electronegative
sulfinic groups of TDO could readily interact with Cu(II)
(Scheme 1). Cu(II) catalyzes the hydrolysis of the complexed
TDO, breaking its C−S bond. With the participation of water
molecules, certain Cu(I) complexes are formed and further
decompose into Cu(II), sulfite/sulfate, and urea through
reactions with oxygen or DTZ. In total, four electrons are
transferred from the sulfur atom of TDO to the final product,
sulfate. The breaking of C−I of DTZ forming I− and C−H
(confirmed in the following tests) in water basically requires
the donation of two electrons. Thus, theoretically, one TDO

can induce the release of two I− from one DTZ molecule. This
is supported by the observed TDO-consumed/iodide-released
molar ratio shown below. Since the self-decomposition of
TDO in the presence of OH− did not lead to DTZ
degradation, the possible TDO decomposition intermediates
(i.e., SO2

2−, SO2
•−, and O2

•−) should be unreactive toward
DTZ. Within the Cu(I)−ligand complex, Cu(I) probably acts
as an electron shuttle to specifically attack the C−I bond of
DTZ. In the absence of oxygen and DTZ, the Cu(I) complex
will accumulate, and the TDO decomposition rate will slow
down. This was confirmed by the higher Cu(I) concentration
and lower TDO decomposition rate observed under N2
sparging (Figure 5a,b). Under the typical reaction conditions
of Figure 2 (pH 7.5, kobs, DTZ = 0.0176 min−1), supposing the
steady-state concentration of the reactive Cu(I) complex is 1
μM (Figure 5a), the reaction rate constant between the Cu(I)
complex and DTZ is calculated to be 293 M−1 s−1.
Cu(I) is known to be an essential intermediate for Fenton-

like reactions occurring between Cu(II) and H2O2.
26,27

Despite TDO, HA can also coordinate with Cu(II) and
degrade DTZ (Figure S9 in the SI). Likewise, this process was
not affected by radical scavengers but was completely inhibited
by neocuproine (Figure S9 in the SI), suggesting that Cu(I)
plays a crucial role in DTZ degradation. Unlike HA/Cu(II),
the TDO/Cu(II) process does not produce oxidant species.
Therefore, benzoic acid can be removed by HA/Cu(II)26 but
remains resistant to TDO/Cu(II). At the same reductant
dosage, TDO/Cu(II) stoichiometrically was much more
efficient for DTZ degradation than HA/Cu(II) (Figure S9 in
the SI vs Figure 1a). This phenomenon is consistent with the
consensus that organic ligands directly influence the catalytic
activity of Cu(II).26,45 Although the Cu(I) complexes formed
in TDO/Cu(II) can be oxidized by oxygen back to Cu(II), it
does not trigger oxidation reactions observed in the HA/
Cu(II) process, possibly because the Cu(I) complexes formed
in the presence of TDO and HA are intrinsically different.
Provided with proper ligands, copper has catalytic activity

for many reactions.46,47 The amount of ligand also influences
the reaction rates. Overdosing of ligands sometimes negatively
affects the reaction because of undesired side reactions.48 Here,
the increase in TDO did not always improve the degradation
of DTZ (Figure 1d), as the concentration of generated Cu(I)
reached a plateau (Figure S10 in the SI). Therefore, an
optimum TDO dosage exists for TDO−Cu(II) coordination,
as well as DTZ degradation. This result is also consistent with

Figure 6. Iodide detected during DTZ degradation under (a) ambient and (b) nitrogen sparging conditions ([Cu(II)] = 10 μM, [DTZ]0 = 5 μM,
[TDO]0 = 50 μM, pH = 7.5, and T = 25 °C).
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the hypothesis that the reactive species are Cu(I) complexes
rather than free Cu(I).
Transformation Products of DTZ. The production of

iodide during DTZ degradation was confirmed with ion
chromatography. The molar ratio of DTZ degraded versus
iodide detected approached 1 when the reactor was open to air
(Figure 6a), suggesting that deiodination is a primary step for
DTZ degradation. It was also noticed that under N2 sparging,
twice the amount of iodide was produced against TDO
consumption (Figure 6b), which indicates that the organic
iodine of DTZ was efficiently detached by the reductive Cu(I)
complex.
Degradation products (DPs) of DTZ were detected, and

their molecular structures were tentatively proposed (Table S4
in the SI) based on their empirical formula (obtained from the
QTof mass spectrometer) and MS2 mass spectra (obtained
with the QTRAP mass spectrometer and shown in Figure S11
in the SI). The evolution of these DPs (represented with the
peak area obtained in MRM mode) with the initial TDO/DTZ
molar ratio was also recorded (Figure S12 in the SI). Usually,
oxidation of X-ray contrast media compounds produces
hydroxylated degradation products.49,50 In contrast, hydroxy-
lated products were mostly not detected in the TDO/Cu(II)
reaction (Table S4 in the SI). Sequential iodine detachment
from the aromatic ring of DTZ produced DP-488, DP-362,
and DP-236. DP-362 had two isomers with iodine detached
from different sites of the aromatic ring of DTZ. The peak
areas of DP-488 and DP-362 gradually declined when the
TDO/DTZ molar ratio increased above 0.5 and 1, respectively,

while that of DP-236 continued to increase (Figure S12 in the
SI). This result indicates that the deiodination of DTZ
proceeds with increasing TDO dosage. A decarboxylated
product, DP-570, was also identified. The decarboxylation
induced by Cu(I) complexes has been reported for alkyl
carboxylic acids.51 The reactive complexes can transfer
electrons to carboxyl groups, producing alkyl radicals and
releasing CO2. DP-586 could be a hydroxylated intermediate
during the decarboxylation of DTZ. Accompanied by
decarboxylation and partial deiodination of DTZ, DP-274
appeared, suggesting the possible breakdown of the amide side
chain during the reductive reaction.

Water Matrix Impact. The influence of some ubiquitous
anions in wastewater was tested for this reaction. Chloride and
bicarbonate exhibited similar influences on DTZ degradation
(Figure 7a,b). Two mM chloride and bicarbonate had nearly
no influence on DTZ degradation; when their concentrations
were further increased, the DTZ degradation rate gradually
decreased. Chloride and bicarbonate at concentrations 200
times the TDO dosage (i.e., 10 mM) only restrained DTZ
degradation by 30 and 20%, respectively. At the pH of this
experiment and in a bicarbonate concentration range of 2−10
mM, the product of [Cu(II)] × [CO3

2−] was calculated to be
3.90 × 10−11 to 1.95 × 10−10, which is lower than the solubility
product of CuCO3 (KSP = 2.34 × 10−10). Cu(I) coordinates
with chloride (lgKCuCl = 3.1), while Cu(II) coordinates with
bicarbonate (lg KCu(HCO3)2 = 1.6).52 The relatively weak
negative impact of the two anions probably suggests that
their affinity toward active copper species is lower than that of

Figure 7. Influence of (a) chloride, (b) bicarbonate, and (c) phosphate on DTZ degradation ([Cu(II)] = 10 μM, [DTZ]0 = 5 μM, [TDO]0 = 50
μM, pH = 7.5, and T = 25 °C).
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TDO. Phosphate is another common Cu(II) ligand
(lg KCuHPO4

= 3.2),52 and the phosphate-P in untreated
wastewater is usually below 10 mg L−1 (<0.3 mM).53 The
DTZ removal decreased from 90 to 74% when 0.02 mM
phosphate was added (Figure 7c). A further increase in
phosphate dosage did not proportionally reduce DTZ
degradation. In the presence of 0.2 mM phosphate, DTZ
was still degraded by 45% when reacted for 180 min at a TDO
dosage of 50 μM. The insignificant impact of these anions even
at high concentrations suggests that TDO coordinates with
Cu(II) relatively strongly, which could guarantee the
effectiveness of the TDO/Cu(II) coupled process in real
applications.
The impact of wastewater effluent organic matter (EfOM)

was also examined (Figure S13a in the SI). When 5 mg L−1

EfOM (TOC = 3.6 mg L−1) was added, the DTZ degradation
slightly declined from approximately 90 to 80% in 180 min. As
the EfOM dosage further increased to 10 and 20 mg L−1, the
inhibition became more evident, but extending the reaction
duration still guaranteed high DTZ removal. The relatively low
sensitivity of TDO/Cu(II) toward EfOM would make it
superior to UV-based reduction reactions since UV absorbance
and radical scavenging by organic matter are significant.10,31

The decrease in the DTZ degradation rate probably lies in the
competition between EfOM ligand moieties and TDO to
coordinate with Cu(II)/Cu(I).
The DTZ removal efficiency was lower in real disinfected

hospital wastewater than in synthetic water (Figure S13b in the
SI). However, effective DTZ removal can still be achieved at
increased TDO or Cu(II) dosages. When 1 mM TDO was
coupled with 10 μM Cu(II), approximately 80% DTZ was
removed in 12 h. When the Cu(II) concentration was doubled,
95% DTZ removal was achieved within 12 h. In real
wastewater, TDO consumers include but are not limited to
OH− and free chlorine (1.24 mg L−1 in this wastewater).
Inorganic anions (i.e., chloride, bicarbonate, phosphate, etc.)
and organic matter also compete with TDO to coordinate with
copper species, thus reducing the DTZ degradation rate.
Increasing the TDO dosage and extending the retention time
would be feasible measures to achieve high DTZ removal in
the practical treatment of hospital wastewater.
Environmental Significance. Radiography tests such as

computed tomography (CT) and magnetic resonance imaging
(MRI) are widely applied in modern physical diagnosis, the
application of which is more intensive when facing pandemics
such as the current coronavirus disease 2019 (COVID-19)
pandemic.54 High amounts of ICM compounds used in these
tests are discharged into hospital wastewater and eventually
become one of the important sources of organic iodine for
municipal wastewater. Source control of these compounds
before entering municipal sewer systems would be preferred
compared with endpoint treatment in wastewater treatment
plants. In this way, highly efficient and selective techniques in a
complex wastewater matrix are desired. AOPs are apparently
not suitable in this case due to the low selectivity of radicals
and the high consumption of energy and chemicals. In
contrast, the TDO/Cu(II) coupled process could be a new
option for targeted deiodination of DTZ. TDO is a relatively
cheap reductant applied in textile-, leather-, and paper-making
industries (less than $2 kg−1). Trace Cu(II) in the range of
0.05−0.2 mg L−1 can usually be found as one of the
background metals in municipal wastewater. Even adding

Cu(II) to the concentration used in this study (0.64 mg L−1)
would not affect biomass activity for subsequent wastewater
treatment.20,21,55 Therefore, this coupled process can be easily
applied. Moreover, the reaction toward DTZ is selective, which
guarantees effectiveness in real wastewater. Iodide released
from the mother molecule can be further oxidized into iodate if
oxidation is applied as a successive treatment process, thus
minimizing the formation potential of toxic iodo-byproducts.
The combination of TDO/Cu(II) with oxidation processes
still needs to be investigated and optimized for practical
applications. As a novel reduction process, future studies can
also examine its selectivity for other ICM compounds and
various iodinated organic pollutants.
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