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The efficient remediation of heavy metal complexes in water has become a difficult and challenging task
owing to their high stability and strong mobility. In this study, a novel strategy was employed for highly
efficient removal of Cu-citrate by using intimately coupled photocatalysis and biodegradation (ICPB) sys-
tem with non-woven cotton fabric as a carrier. Experimental results showed that the ICPB system caused
94% Cu removal, which was higher than those of single photocatalysis. After 5 cycles, Cu removal ef-
ficiency could still reach 78% within 5 h. The existence of 0-40 mg/L citrate had negligible influence,
whereas the presence of 60-100 mg/L citrate exhibited a limited adverse effect on Cu removal (~70%).
The decomplexation of Cu-citrate was realized via the function of free radicals and microorganisms. Two
main processes, such as bio-adsorption of Cu?* by microorganisms, deposition of Cu® on the surface of
material, played important role in Cu removal from aqueous solution. The dominant microorganisms in
the system were Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Chlorophyta, Planctomycetes, and
Verrucomicrobia. Furthermore, the performance of ICPB system was also validated through treatment of
other heavy metal complexes. This study provided a feasible strategy for the decontamination of heavy

metal complexes in wastewater.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heavy metals (HMs) are typical pollutants in water, thorough
purification of HMs has become an important topic for human be-
ings because of the toxic and carcinogenic effect posed for livings
[1]. Traditional methods including precipitation, coagulation, mem-
brane separation have evidenced significant removal efficiency to-
ward heavy metals in the free states [2]. However, free metals are
not the main components in real wastewaters treated by such tra-
ditional methods [3-5]. The existed organic ligands (e.g., citric acid,
oxalic acid, and EDTA) will be complexed with HMs to form stable
heavy metal complexes through the connection of coordinate bond
[3,4]. Consequently, the removal efficiency of heavy metals is hin-
dered, further resulting in increased mobility of metals to the en-
vironment [6,7]. The released metal complexes cannot be degraded
naturally and thus migrate through air, water, soil, further pollut-
ing drinking water and food chain [8]. Therefore, it is essential to
remove heavy metal complexes before being proceeded to the re-
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ceiving water for alleviating the potential risks to the environment
and human beings.

A variety of methods, such as coagulation/flocculation [9], ad-
sorption [10], and advanced oxidation processes (AOPs) [11,12],
have been developed to deal with heavy metal complexes. Due to
the stable structure of metal complexes, adsorption and coagula-
tion were ineffective in removing such pollutants in most cases
[13]. Although AOPs with active radical production were proved
to maintain good performance toward metal complexes, the high
dependence on outer energy (e.g., UV, electricity) had some influ-
ences on the real application for wastewater treatment plants [14].
Meanwhile, the removal of heavy metal complexes by a single AOP
was limited due to the accumulation of excessive intermediates
[15]. Considering economy and practicality, biological treatment
had been widely used in wastewater treatment [16,17]. Biodegra-
dation process is an eco-friendly technique that uses microbes to
break down the stable structure and result in complete mineral-
ization of organic ligands [18]. However, it is still faced with low
sensitivity and low removal rate of heavy metal complexes [19].
Thus, more efforts need to be paid for strengthening of single
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Fig. 1. (a) Cu-citrate removal in different ICPB systems, (b) Cu-citrate removal by photocatalysis process with different catalysts, cyclic performance of (c) ICPB system, (d)

single photocatalysis process for Cu-citrate removal ([Cu]y = 0.3 mmol/L, pHy 6.0).

biological treatment. Hunting for an effective process for remov-
ing metal complexes with negligible residual metals is still urgent
recently.

As inspired by the discussion above, it is expected to integrate
AOPs and biological treatment for dealing with heavy metal com-
plexes. Adopting such coupled system can not only maximize the
overall performance, but also minimize the existed shortcomings
of a single process. Recently, intimately coupled photocatalysis and
biological degradation (ICPB) system have attracted the attention
of researchers [20]. As a novel water treatment process, the ICPB
combines the advantages of AOPs and biological process, which ex-
hibits better pollutant removal performance and shows great po-
tential in wastewater treatment [21]. For instance, Xiong et al. pro-
posed a novel ICPB system with Ag-doped TiO, and microbes, and
about 85% of tetracycline was degraded in 2 h [22]. Our previ-
ous study proposed non-woven cotton fabric based ICPB system,
which combined the advantages of good wettability and conve-
nience belonged to the fabric [23]. This study also proved that
the ICPB with non-woven cotton fabric has good performance to-
ward tetracycline and chemical oxygen demand (COD), in which,
87% degradation rate of tetracycline (TC) and 50% of COD were si-
multaneously achieved [23]. Other recent studies have proved the
performance of many pollutants, including antibiotics [24], nitro-
gen [25], phenol [26], etc. The key advantages of ICPB system are
more thorough degradation of organics, which are beneficial for
HMs removal from solution [27]. Hence, it is presumed that sat-
isfactory results of HM complex removal could be obtained with
the assistance of the ICPB process. Until now, the feasibility of HM
complexes remediation mediated by the ICPB has rarely been doc-
umented, and related researches have not been carried out. More
researches should be done to fill the knowledge gap on the per-
formance and mechanism of ICPB in decomplexation of HM com-
plexes.

To verify the assumption, we synthesized a flexible compos-
ite consisted of titanium-based photocatalysts and activated sludge
to deal with a metal complex containing wastewater accompanied
with UV light. The typical metal complex, Cu-citrate, was selected
as the model contaminant in this study. Cu complex removal by
single photocatalysis and ICPB were compared, and the mecha-
nisms of the process were explored. The diversity of microbes was
identified by high-throughput sequencing. Different water matrixes
were also obtained for further evaluation of Cu complex removal
performance through the ICPB process mediated with flexible com-
posite material.

To find out the most suitable photocatalyst for treating Cu-
citrate, three kinds of flexible materials were selected. The re-
moval efficiency of Cu-citrate by adsorption (Ad) and the ICPB sys-
tems within 5 h were compared. Approximately 17.6 mg/L Cu was
left with non-woven cotton fabric (NCF) only, indicating negligible
adsorption of Cu-citrate brought by NCF. With the ICPB systems,
the residual concentration of Cu by TiO,@NCF, N-TiO,@NCF, and
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Ag-TiO,@NCF were 5.0 mg/L, 2.8 mg/L, and 1.2 mg/L, respectively
(Fig. 1a), suggesting that the ICPB process was efficient for the de-
complexation of Cu complex. Ag-TiO,@NCF showed better perfor-
mance than others, which may be ascribed to the deposition of Ag
in TiO, that enhanced photocatalysis performance through expan-
sion of photo responding range and strengthen the electron sepa-
ration characteristics [28]. For comparison, decomplexation exper-
iments of Cu-citrate by photocatalysis only with prepared flexible
materials were carried out, and poor performances were obtained
in terms of total Cu elimination. Single photocatalysis systems, i.e.,
TiO,, N-TiO,, Ag-TiO,, resulted in 6.5 mg/L, 5.1 mg/L and 3.1 mg/L
Cu left in solution (Fig. 1b). More efficient removal of Cu by the
ICPB system, demonstrating microorganisms played a certain role
in the removal of Cu(ll) complex.

Cycling experiments were conducted and the results were dis-
played in Figs. 1c and d. For photocatalysis only, about 83.9%,
78.1%, 72.4%, 66.7%, and 60% removal efficiency were obtained after
1-5 cycles, respectively. In comparison, the ICPB system remark-
ably enhanced Cu removal, with the Cu removal efficiency main-
tained at more than 78.1% even after 5 cycles. These results indi-
cated the ICPB system was strengthened associated with biological
processes. Moreover, the XRD results proved that the crystal struc-
ture of fresh and used materials did not change (Fig. S2 in Sup-
porting information). The diffraction peaks at 25.3°, 37.7°, 48.0°,
53.8° were corresponded to (101), (004), (200), (105) lattice plane
that belonged to anatase type TiO, [29]. This revealed Ag-TiO, was
stable enough to further attribute to the satisfactory removal effi-
ciency of Cu-citrate. In view of the removal efficiency of Cu, Ag-
TiO,@NCF was selected in further experiments.

Considering the operation process and complex water matrices,
the effect of various factors (e.g., loading rate, initial pH, citrate
concentration) on removal efficiency of Cu-citrate were evaluated.
With the increase of loading rate of Ag-TiO,, residual Cu concen-
tration decreased gradually (Fig. 2a). When the loading rate was
25%, the residual Cu was only which may be ascribed to the en-
hancement of photoactivity brought by loaded material. Previous
studies showed that electrons and holes were generated through
irradiation of photocatalysts, and higher loading of Ag-TiO, result
in generation of more radicals [30]. Based on the experimental re-
sults, when the loading rate was 25%, the residual Cu was only
which were adopted as the optimum loading amount of Ag-TiO,
in the further experiments.

Experiments at pH 3.0, 6.0, 7.0 and 10.0 were conducted, and
the results were displayed in Fig. 2b. At pH 6.0 and 7.0, Cu concen-
tration in solution were 1.2 mg/L and 2.6 mg/L, respectively, which
was lower than that of pH 3.0 (~3.8 mg/L) and 10.0 (~4.2 mg/L).
According to previous studies, at acidic conditions, the poor per-
formance of ICPB process for removing Cu-citrate was ascribed to
the electrical repulsion as well as consumption of electrons by H*
[31,32]. Further elevating pH to 10.0 resulted in a decline in Cu re-
moval, which was due to the weak activity of microbes in such cir-
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Fig. 2. (a) Effect of loading rate, (b) effect of different initial pH, (c) effect of citrate on Cu removal by ICPB system, (d) effect of citrate on Cu removal by photocatalysis

process ([Cu]p = 0.3 mmol/L, pHy 6.0).

cumstances [33]. As a result, pH 6.0 was selected as the optimum
condition in view of efficient processing.

As a common organic substance in the water, citrate will affect
water treatment process. In the ICPB system, it could be clearly
found that removal efficiency of Cu-citrate increased slightly when
20 or 40 mg/L citrate was added (Fig. 2c). The enhancement per-
formance was due to the functions of microorganisms. A small
amount of citrate could provide a nutrient source, which was ben-
eficial to metabolism and utilization of microorganisms [34]. If the
concentration of citrate was more than 60 mg/L, a slightly in-
hibitory effect was found. The reason was that a large amount
of citrate would consume the active radical, thus affected the
decomplexation reactions of Cu-citrate [35]. In a single photo-
catalysis process, due to the strong competition from citrate, sig-
nificant depressing performance for Cu removal was observed
(Fig. 2d). These results demonstrated that the ICPB process had
great potential in Cu complex removal especially in organic-rich
wastewaters.

The preconditions for removal of Cu(ll)-citrate depended on the
happening of effective decomplexation reactions. The main active
radicals were identified through EPR analysis. When DMPO was
adopted as a spin-trapping agent, four significant peaks of DMPO-
‘OH with an intensity ratio of 1:2:2:1 were clearly observed, in-
dicating the presence of "OH in the process (Fig. S3a in Support-
ing information). It is well known that irradiation of Ag-TiO, could
generate positive holes and electrons. The formation of ‘OH de-
pended on the combination of surface hydroxyl group and positive
holes [29]. In addition, O,°~ had also been detected in the system
(Fig. S3b in Supporting information), which was formed through
reactions of oxygen and electrons. These results indicated the cor-
responding active radicals played a key role in decomplexation of
Cu(Il)-citrate.

In order to examine the removal performance of organic matter,
residual TOC content in the solution was also determined. The re-
moval rate of TOC with the ICPB treatment was ~13% higher than
that with photocatalysis within 5 h (Fig. S3c in Supporting infor-
mation), proving more organics were degraded in the aid of mi-
croorganisms. Previous studies suggested that organic ligands in
low concentration led to highly efficient removal of heavy met-
als [36]. The results of TOC removal were consistent with those
of Cu removal, which also confirmed the successful degradation of
organic ligands. Direct degradation of citric acid had been studied
earlier and the major products were acetone-dicarboxylic acid, ace-
tone and oxalate [37]. Therefore, the removal efficiency of Cu in the
presence of possible intermediate ligands was evaluated. It could
be clearly found that a high removal rate was obtained (Fig. S3d in
Supporting information), suggesting the co-existed organic ligands
had a negligible effect on Cu removal by the ICPB system. All the
results indicated decomplexation process was a key and necessary
procedure for Cu-citrate removal.
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In order to confirm the removal mechanism of free Cu ions,
the performances of adsorption and precipitation were compared
in terms of residual Cu concentration. When the precipitation pH
was 10.0, removal gap of Cu before and after precipitation is in-
significant (lower than 0.5 mg/L), indicating Cu removal by pre-
cipitation is not the main route (Fig. S4a in Supporting informa-
tion). By contrast, after 5 h, residual Cu in solution was still main-
tained at 19 mg/L with single photocatalysis. About 40% of Cu was
removed through pH adjustment (Fig. S4b in Supporting informa-
tion), suggesting Cu removal in photocatalysis was mainly depen-
dent on precipitation process.

Apart from the process mentioned above, adsorption may be
the main process for Cu removal. Negligible removal efficiency was
observed for Cu-citrate, Cu-acetonate dicarboxylate, Cu-acetonate,
and Cu-oxalate by adsorption mediated with non-woven cotton
fabric (NCF) and photocatalyst (Fig. S4c in Supporting informa-
tion). Nevertheless, adsorption brought by biofilms with various
Cu(Il) complex intermediates was quite different. About 15.7 mg|/L,
144 mg/L, and 12.7 mg/L Cu were removed, respectively, which
indicated Cu(Il) complexes were more easily absorbed by microor-
ganisms after the destruction of stable structure. According to
FTIR results, the significant peaks at 3402 cm~!, 2927 cm™~!, 1649
cm~!, 1035 cm~! were attributed to —OH, C—H, C=0 and C-0
groups (Fig. S4d in Supporting information). After reactions, the
intensities of such peaks were declined, while other peaks located
at 1451 cm~!, and 1245 cm~! were red-shifted to 1405 cm~! and
1233 cm~!. This demonstrated the capture of Cu compounds in
the process was depended on the extracellular polymeric sub-
stances (EPS) containing carboxyl, hydroxyl, and amino groups that
secreted by microorganisms [38].

To explore the main components of Cu on the surface of com-
posite materials, XPS analysis was conducted (Fig. S5 in Support-
ing information). The main elements of composite material are Ti,
0, Ag, and Cu. The significant peak located at 932.2 eV was identi-
fied as CuY, suggesting free Cu ions were reduced to metallic Cu by
electrons generated in TiO,-assisted photocatalysis [31]. The other
two peaks located at 934.0 eV and 935.4 eV corresponded to CuO
and Cu(OH),, respectively [39]. The existence of divalent copper
further proved that Cu was mainly removed through surface ad-
sorption by flexible composite.

The surface changes of fresh and used materials were charac-
terized by scanning electron microscopy (SEM) analysis. Significant
microbes could be observed attaching to the surface of fresh ma-
terials (Fig. S6 in Supporting information). As the cycle number in-
creased, large amounts of microbes also remained on the materials,
suggesting the flexible material maintained certain reactivity. Fur-
thermore, SEM mapping analysis of elements on the material was
conducted. Apart from the raw elements (C, O, Ti and Ag), Cu el-
ement was clearly found on the surface of the material (Fig. S7 in
Supporting information). This result further elucidated Cu removal
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Fig. 3. (a) Bacterial analysis of AO (raw material), A1 (material after 2 cycles), A2 (material after 5 cycles) at phylum level. (b) Heat-map analysis of microbial community of
flexible composite material after different cycles, AO (raw material), A1 (material after 2 cycles), A2 (material after 5 cycles).

was mainly dependent on the material, rather than on precipita-
tion.

After gene sequencing on Illumina Miseq high-throughput se-
quencing platform, a total of 40,498 effective sequences were ob-
tained from the activated sludge bacterial community in the three
ICPB systems. The distribution of effective sequences of different
bacterial communities in the system was shown in Table S1 (Sup-
porting information). Among them, the Chaol index, the Simpson
index and the Shannon index were usually used as microbial diver-
sity index. Specifically, the Chaol index was often used to indicate
the richness of biological community in organism, while the Shan-
non index and Simpson index were used to represent the diver-
sity of biological community. The larger value implied a complex
community with more richness. According to the data, the Chaol
index of A1l increased 49.4%, while A2 decreased 14.2%. This indi-
cated the richness of biological community enhanced significantly
at first, and then become bad due to the constant reactions in the
coupled system. Simpson index and Shannon index showed a sim-
ilar trend, suggesting microbial diversity decreased gradually.

The microbial communities of composite material at the
phylum level during the treatment process were displayed in
Fig. 3a. The dominant bacteria on raw fabric were Proteobacte-
ria (52.3%), Actinobacteria (19.7%), Bacteroidetes (10.3%), Chloroflexi
(6.2%), Chlorophyta (2.1%), Planctomycetes (3.3%), and Verrucomicro-
bia (1.6%). After 2 cycles, the main microorganisms were Proteobac-
teria (61.8%), Actinobacteria (11.9%), Bacteroidetes (9.1%), Chloroflexi
(8.6%), Chlorophyta (0.8%), Planctomycetes (1.7%), and Verrucomi-
crobia (0.8%). After 5 cycles, the main microorganisms changed,
such as Proteobacteria (56.3%), Actinobacteria (22.7%), Bacteroidetes
(6.0%), Chloroflexi (1.7%), Chlorophyta (8.4%), Planctomycetes (1.9%),
and Verrucomicrobia (0.5%). According to the phylum results, Pro-
teobacteria occupied the main state of system and remained as
high abundance during the cycling experiment. This suggested Pro-
teobacteria played an important role in degradation of organics
as well as removal of heavy metals [17]. The experiment results
proved that the Proteobacteria had better adhesion performance
than other microbes, and it would be better adapted to the Cu-
containing wastewater. As the special bacteria responsible for Cu-
resistant and Cu removal, Actinobacteria accounted for 19.7% in raw
material, 11.9% in the material after 2 cycles, and 22.7% in the ma-
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terial after 5 cycles. Previous studies indicated extracellular poly-
meric substances (EPS) produced by Actinobacteria could capture
Cu ions through the formation of a coordinate bond [40]. Neverthe-
less, the overall level of some bacteria, such as Chloroflexi, Plancto-
mycetes, and Verrucomicrobia, were kept at low abundance, which
was ascribed to their dormancy property in the lab environment
[41]. It is worth noting that the content of Chlorophyta increased
significantly after 5 cycles, suggesting the treated water was suit-
able for algae growth. It was reported that Bacteroidetes could hy-
drolyze and degrade organic matter [17], thus the abundance de-
creased as the experiment proceeded.

Through the high-throughput sequencing platform, 50 species
that were higher than 0.2% were identified in the ICPB system,
and the results were shown as a heat-map in Fig. 3b. As the cycle
experiments were carried out, the structure of bacteria inside the
cotton changed significantly. Under the blank condition, the bacte-
ria with high abundance were B39 to B50. The 12 kinds of bacteria
played a major role in the system. The second group of bacteria
was B10 to B38, and these 29 species were in high abundance after
2 cycles. The third group of bacteria was BO1 to B09, and these 10
species are in high abundance after 5 cycles. The amounts of bac-
teria in blank were observed higher than that after 2 or 5 cycles,
and the numbers exhibited the trend of increase first and then de-
crease, which were corresponded to the preliminary determination
of Simpson and Shannon index. However, after 5 cycles, the level of
species richness in system was not as high as that of blank exper-
iment, which may be related to the presence of UV light, aeration
and Cu complexes in the system.

According to the above analysis, the possible mechanisms of
Cu complex removal were proposed (Scheme 1). The main mech-
anisms including the degradation reactions of Cu-citrate and re-
moval process of Cu ions. In an aqueous solution, free Cu?t was
liberated from Cu-citrate complex, and organic matters were si-
multaneously degraded to CO, and H,0. The whole processes were
in the function of active radicals that were generated from photo-
catalysts under UV light irradiation as well as biological degrada-
tion. Then, free Cu(Il) was mainly captured by microbes on the fab-
ric through various processes, such as precipitation, ion exchange,
and bio-adsorption. Microorganisms growing on the material pro-
vided sufficient functional sites for enhanced biological removal of
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Fig. 4. Treatment of authentic Cu-containing water by photocatalysis and ICPB processes in different water matrices: (a, b) tap water, (¢, d) Yangtze River water

([Cu]p = 0.3 mmol/L, pHy 6.0).

Scheme 1. Possible mechanisms for Cu complex decomplexation and Cu recovery
by ICPB system.

Cu. Meanwhile, part of Cu?* was reduced to Cu®, which was due
to the reduction behavior of photogenerated electrons. The whole
process was finally attributed to the efficient remediation of Cu
complex as well as recovery of Cu from water.

In order to validate the wide application of ICPB, Cu-oxalate,
Cu-tartrate, Cu-EDTA, Cd-citrate, and Pb-citrate were selected to
further evaluate the performance toward heavy metal complexes.
For Cu-EDTA, about 70% removal rate was observed after reac-
tion for 5 h. The proposed ICPB system showed satisfactory perfor-
mance toward Cu-oxalate and Cu-tartrate, for which, the removal
efficiencies of Cu were both more than 80% during 5 h (Fig. S8 in
Supporting information). As for Cd-citrate and Pb-citrate, only 1 h
reaction time was required to achieve satisfactory metal removal
efficiency (Fig. S9 in Supporting information). Moreover, tap water
and Yangtze River water were sampled as real water background
for treatment by ICPB system. As displayed in Fig. 4, better perfor-
mance of ICPB for treating Cu complex water was found than that
of single photocatalysis considering removal efficiency of Cu and
TOC. For tap water, TOC removal efficiency of the ICPB and pho-
tocatalysis were 55% and 41%, while Cu removal efficiency could
be achieved at 81.3% and 65.1%. Similar trends were observed for
Yangtze River water. The ICPB system could eliminate about 83.9%
of Cu and 55% of TOC. The removal efficiency of Cu complex in
Yangtze River water was partially inhibited, which may be caused
by the consumption of active radical of coexisted natural organic
matter (NOM). Such results demonstrated that ICPB is a promising
strategy for removal of Cu complex from water.

Decomplexation of Cu complex and recovery of Cu element was
achieved simultaneously in the proposed ICPB system. Cu com-
plex removal by ICPB process was more efficient than that of sin-
gle photocatalysis. The main mechanisms for Cu removal included:
1) Cu complex was destroyed in the aid of active radical and mi-
croorganisms; 2) free Cu ions were eliminated through biological
adsorption; 3) part of Cu?* was reduced to Cu® that deposited on
the surface of the material. The satisfactory performance of ICPB
process in dealing with various Cu complexes and authentic water
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further validates its potential application in real wastewater treat-
ment.
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