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ABSTRACT

This work aimed to study mineralization and detoxification of BDE209 by biomimetic
oxidation. The removal rate (RR) of BDE209 of process was comparatively investigated in the
presence of UV radiation using immobilized Cu([H,]salen) complexes (Cu([H,]salen)/IM and
Cu([H,]salen)/SB) as biomimetic catalysts. Their neat and [H,]salen complexes were compared
towards BDE209 degradation. UV effects were evaluated according to RR. Ecotoxicities
were measured for treated BDE209 solutions and explained in terms of total organic carbon
(TOCQ). The results showed that UV-Cu([H,]salen)/SB process evidently gave high RR and low
ecotoxicity in BDE209 degradation, indicating a significant superiority of biomimetic catalysis,
complex reduction and immobilization and UV radiation.

KEYWORDS: Biomimetic catalysis, BDE209, UV radiation, mineralization, detoxification.

INTRODUCTION

Wood consumption is tremendous in China, the annual consumption is nearly a
500 million m3, including logs, wood-based panels, etc. (Yun et al. 2017). Wood is widely used
in the fields of furniture, interior decoration and architecture because of its high strength-weight
ratio, rich texture, beautiful tone, excellent environmental characteristics and easy processing.
At the same time, because wood is a flammable biomass material, it is often treated by adding
various fire retardants to reduce the flammability or delay the combustion (Yeniocak et al. 2016,
Cong et al. 2018).

Polybrominated biphenyl ethers (PBDEs), as a class of brominated flame retardants, have
been widely used in various consumer products because of their excellent flame-retardant
performance. However, as PBDEs are frequently detected in samples, they are becoming a rising
concern worldwide due to their toxicity and recalcitrance in the environment (Ren et al. 2018).
Consequently, efforts are substantially undertaken at international level to debrominate PBDEs,
such as physical (Huang et al. 2013), biological (Man et al. 2015), chemical oxidation (Shi
et al. 2015), chemical reduction and photolysis method (Lei et al. 2018). However, the common
drawback of these processes is the high treatment cost. Therefore, the best strategy seems to be
the combination of biological processes and chemical oxidation (Klauson et al. 2015).

Biomimetic catalysts offer feasible alternatives to degrade POPs (persistent organic
pollutants) as they mimic enzymes in terms of catalytic behaviour, suggesting that POPs might
be treated by chemical oxidation following the mechanism of biocatalysis (Zhang et al. 2018).
Ge et al. (2017) provided a new strategy in designing various metal phthalocyanine catalysts for
degradation of chlorophenol pollutants. Chen et al. (2017) reported that the destruction efficiency
of 4-chlorophenol increased remarkably with the combined photocatalysis and biomimetic
catalysis using imidazole (IMD)-functionalized modification of g-C3N4 and axial coordination
with hemin. Another interesting study of organic pollutant degradation using biomimetic catalyst
was reported by Gazi et al. (2010). They presented [Fe(III)-salen]Cl complex as catalyst for the
degradation of organic dyes, indicating that biomimetic catalysis is a promising technique to treat
POPs. Moreover, salen complex was also used in the catalytic degradation of chlorophenols (2-CP,
3-CP and 4-CP) (Wang et al. 2015), and the addition axial imidazole drastically improved the
catalytic efficiency on the catalytic oxidation of pentachlorophenol by changing its protonation
state (Christoforidis et al. 2016). Meng et al. (2017) successfully intercalated M(salen) (M=Co or

84



Vol. 64 (1): 2019

Ni) into ZnCr layered double hydroxides (LDHs) through coprecipitation method and the results
showed that M(salen)-intercalated ZnCr-LDHs exhibited significantly higher catalytic activities
than the traditional LDHs on the RhB degradation.

Simultaneously, it was previously found by our group that biomimetic catalysis showed high
reaction selectivity and efficiency relatively as compared with conventional processes, especially
for immobilized and/or reduced biomimetic catalysts (Tang and Zhou 2015, Zhou 2015, Zhou
and Tang 2016). In fact, tetrahydro-salen ([HJsalen) complexes displayed a high activity
compared to their schiff-base counterparts due to the flexible C-N bonds in complexes by the
hydrogenation of C=N (Das et al. 2013, Liu et al. 2015). The immobilized complexes showed a
higher activity than the neat complexes (Kianfar et al. 2018), indicating a promising pathway for
complete debromination of decabromodiphenyl ether over Cu([HJsalen).

Therefore, the methodology was extended to the treatment of decabromodiphenyl ether
(BDE209) in this work for improving the mineralization and detoxification. However, because of
the difficulty in degradation of BDE209 in oxidation, UV radiation was designed to enhance the
biomimetic catalysis. Currently, little researches reported in literatures with regard to UV assisted
biomimetic oxidation for persistent organic pollutants (POPs). Although BDE209 releases toxic
substances in use, it is still frequently used as fire retardant in the field of wood-based materials,
especially in developing countries. Therefore, this study is about significance to provide a new
oxidative process for detoxification of wood fire retardant BDE209 against environment.

MATERIALS AND METHODS

Materials

BDE209 (99.99%) was obtained from AccuStandard. Solvents (Sigma-Aldrich, HPLC
grade) were stored at 4°C. All other chemicals (Sinopharm Chemical Reagent Co., Ltd, analytical
grade) were commercially available and were used as received. All glass wares were washed using
detergent in an ultrasonic bath and rinsed with deionized water, acetone and n-hexane prior to
use.

Preparation of catalyst
Neat and immobilized Cu[HJsalen and their [H,]salen counterparts have been prepared
and characterized by our group as published in our literature, and their textural characteristics

were listed in Tab. 1 (Zhou 2014).

Tub. 1: Characteristics of neat and encapsulated Cu(II)[H ,Jsalen and [H,[salen complexes.

Catalyst Cu content (wt %) SBET (m2g1) VBJH (cm3-g1) DBET (nm)

NaY - 584.38 0.32 3.22
Cu([H,]salen) 19.00 - - -

Cu([H,]salen)/IM 1.88 270.10 0.15 2.17
Cu([H,]salen)/SB 1.21 581.77 0.26 2.22
Cu([H,]salen) 19.22 - - -

Cu([H,]salen)/IM 3.99 308.38 0.17 2.21
Cu([H,]salen)/SB 0.86 528.03 0.28 2.28

IM - impregnation method; SB - ship-in-a-bottle method; specific surface area - SBET (m2-g1); pore volume -
VBJH (cm3-g1); pore diameter - DBET (nm).

85



WOOD RESEARCH

Catalytic trials

Catalytic trials were performed under strictly exclusion of sunlight in a UV reactor
(Fig. 1). pH value was adjusted with buffer solution. pH 2: phosphoric acid+sodiun hydroxide;
pH 3: citric acid+sodium citrate; pH 4: potassium biphthalate; pH 6: acetic acid+sodium
acetate; pH 7: sodium dihydrogen phosphate+dibasic sodium phosphate; pH 8: dipotassium
hydrogenphosphate+potassium phosphate monobasic; pH 9: Tris+hydrochloric acid; pH 11:
sodium bicarbonate+sodiun hydroxide). The mixture was injected into nitrogen for 30 min to
remove the dissolved oxygen in the reaction system prior to the experiment. Deionized water was

used in all experiments.
Xenon light | | *, Fiter
~
Al

Fig. 1: Schematic diagram of UV reactor.

The mixtures were sampled at convenient times, and were added with methanol and catalase
successively for terminating free radical reactions. The samples were filtered with 0.22 pm disk
filter for the next analyses.

Determination of Br- concentration

The concentration of bromide ion was analyzed quantitatively by a DIONEX IC-2000 ion
chromatograph (IC) equipped with a conductivity detector based on a linear calibration which
was established by using standards of known ion concentrations. The separation of ions was
performed on a 4x250 mm column (IonPac AS11-HC, P/N51786), with mobile phase flow of
1 mL-min-1. The mobile phase was 1.00 mM NaHCO; and 3.00 mM Na,COs. Therefore, based
on Br- concentration, removal rate (RR, %) was defined for BDE209 as follows:

[Br1,/80

RR (%) = x
[BDE209],/959.17x 10

100 6]

where:  [Br]t - represents the concentration of bromide ion (mg-L1) at t of reaction time,
[BDE209],, - represents the initial concentration of BDE209 (mgL1).

Determination of BDE209 concentration

The samples were analyzed at 240 nm by HPLC (Dionex P680-UVD 170U). Separation
was achieved on an Eclipse Plus C18 column (150 mmx4.6 mmx5 pm). The mobile phase was
30:1 v/v acetonitrile: water, which was degassed before use. Quantitation was achieved using
standard curves.

Determination of TOC
Total organic carbon (TOC) of the solutions obtained from the treatments was determined
on a TOC VWP Analyzer (Shimadzu) using wet oxidation.

Ecotoxicity measurement
Ecotoxicities of the solutions resulting from these treatments were measured following the
Microtox Acute Toxicity Test with Microtox Model 500 Toxicity Analyzer using a freeze-dried

86



Vol. 64 (1): 2019

preparation of marine bacterium Vibrio fischeri (Photobacterium phosphoreum) (Thongrom et al.
2014).

RESULTS AND DISCUSSION

Catalyst effect on BDE209 removal

RR was comparatively explored in BDE209 degradation for catalyst optimization. As shown
in Fig. 2, the reduction and immobilization of the complexes were generally considered to be
important in the improvement of catalytic efficiency (Jin et al. 2012). For example, the catalytic
performance of Cu([H,Jsalen) was much better than that of corresponding complex both in
unimmobilized and immobilized types according to the RR (Fig. 2). At reaction of 30 min,
Cu([H,]salen) yielded 54.7% BDE209 degradation, but Cu([H,]salen) exhibited a low BDE209
removal (33.8 %). Additionally, a very low BDE209 conversion (< 2.0%) was obtained in control
trials in the absence of UV radiation and catalyst, as shown in Fig. 2.

120

110 —&— Contiol —8—Cu([H2]salen) —&— C'u([H2]salen)/ M
100 == Cu([H2]salen)/SB  —%—Cu([H4]salen) —— Cu([H4]salen)/ TM
o0 —+— Cu([H4]salen)/SB
80
= ——
5 &0
50 %
s 2r A—A
40 = I T — —
30 =
20
10
Q
o] 10 20 50 60 70

30 40

Time (min)
Fig. 2: Catalyst effect on BDE209 removal. [BDE209]=40 mg L; [catalyst]=0.80 g - L1 [H,0,]=40
pmol- L1 pH=7.0; UV intensity=2.0 Wm=2.

On the other hand, among these catalysts, Cu([H,]salen)/SB yielded the highest removal
value of BDE209 (0-74.2%), which reflected the synergistic effect of reduction and immobilization
on Cu([H,]salen). Comparatively, when Cu([H,]salen)/IM, Cu([H,]salen)/SB and Cu([H,]
salen)/IM were employed in catalytic degradation, BDE209 conversion was 0-63.8%, 0-48.3%
and 0-42.4%, respectively (Fig. 2). This was consistent with a decrease in micro pore diameter
from 2.28 nm to 2.17 nm (Tab. 1) and this can be explained as changing the packing mode of
the salen complexes with improvement in flexibility by hydrogenation on C=N and stability
by immobilization, decreasing the formation of dimeric-, oxo- and peroxo-bridged species in
complexes which deactivated easily (Subramaniam et al. 2016). Moreover, the other essential
factor that generated improvement by SB-catalysts was due to the fact that micro pores were
not easy to be blocked and active species were not easy to be lost from the super cages during
immobilizing complex in NaY by SB-method as compared to IM-method (Fan et al. 2016).

pH Effect on BDE209 removal

Cu([Hy]salen)/SB was chosen as a catalyst for further optimizing reaction conditions. Fig. 3
shows the effects of pH on the BDE209 degradation at pH value of 2-11 when the concentration
of Cu([H,]salen)/SB was 0.80 g-L-1. As shown in Fig. 3, the RR increased as pH values increased.
When pH increased from 2 to 8, RR increased from 64.8% to 78.8%. Meanwhile, pH value above
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8 was actually too alkaline for BDE209 degradation. These results suggest that adding NaOH is
beneficial to improve the BDE209 degradation.

Both OH- and Na+ in aqueous solution may promote the decomposition of BDE209 by
reaction with acidic species (e.g. CH;COOH) and Br- derived from by-products in BDE209
degradation. Moreover, Na,CO3 may act as a catalyst in aromatic ring-opening step (Shih and
Tai 2010).

PHZ pH3 pH4 pHG pHT pHS pPH® pHIL
pHvalue
Fig. 3: pH effect on BDE209 removal. [BDE209]=40 mgL; [Cu([H jsalen)/SB]=0.80 gL
[H;0,]=40 pmol L1; 30 min; UV intensity=2.0 Wm=.

In addition, oxygen species of salen complex influence the reaction severity depending on
the equilibrium between binuclear and mononuclear oxo-complexes. The mononuclear oxo-
complexes are more favourable for enhancing reactivity than the binuclear oxo-complexes in the
equilibrium solution of salen oxygen adducts, whereas the equilibrium can be shifted towards
the more catalytically active mononuclear oxo-complexes by tuning the reaction conditions, such
as reacting in weak alkaline medium (Sandaroos et al. 2010). NaOH offers hydroxide anion as
axial ligand in favour of coordination of salen with oxygen forming mononuclear oxo-complexes
(Bogaerts et al. 2015). In our early study, it was also found that addition of NaOH to biomimetic
system reduced the generation of intermediate binuclear oxo-complexes, and accelerated the
abstraction of phenolic-H atoms by mononuclear species (Zhou 2014).

Concentration effect of hydrogen peroxide on BDE209 removal

Fig. 4 shows the effects of the concentration of hydrogen peroxide on the degradation
of BDE209 at pH 8, when the concentration of hydrogen peroxide in solution ranged from
0 pmol'L1 - 40 umol'L-1. As shown in Fig. 4, RR increased dramatically in the presence of
hydrogen peroxide, indicating a significant oxidation effect between hydrogen peroxide and
BDE209. Particularly, RR increased from 3.3% to 78.2% at 30 min, after adding hydrogen
peroxide in a concentration range of 0 pmol-L1 - 30 pmol-L1 in solution. After that, RR were
barely changed even the concentration of hydrogen peroxide increased from 30 pmol-L1 to
40 pmol- L1,
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Fig. 4: Concentration effect of hydrogen peroxide on BDE209 removal. [BDE209]=40 mg L; [Cu([H,,]
salen)/SB]=0.80 g L1; pH=8; UV intensity=2.0 Wm=2.

Hydrogen peroxide follows a free radical reaction mechanism and generates free radicals such
as L-Cu-O-0O- (L=ligand) by aerobic oxidation of Cu([H,Jsalen). From previous research on free
radical reaction of salen complex, the tind (induction time) of hydrogen peroxide in biomimetic
catalysis ranges from 0.2 s to 0.4 s (Shimazaki and Yamauchi 2011, Kurahashi and Fujii 2013).
Thus, the free radical reaction of hydrogen peroxide takes place in a short time; in other words,
adding hydrogen peroxide to solution increases the quantity of L-Cu-O-O¢, which in turn
promotes the conversion of BDE209 in solution. This is similar to the results reported by Lu
and Zhou (2014). They suggested that hydrogen peroxide accelerated the cleavage of ether bond
because hydrogen peroxide oxidized and generated reactive L-M-O-O¢ rapidly.

Concentration effect of catalyst on BDE209 removal

Concentration effect of Cu([Hy]salen)/SB on the BDE209 removal was comparatively
discussed, and the results were shown in Fig. 5. RR of BDE209 evidently increased with the
increase of Cu([HyJsalen)/SB concentration in a concentration range of 0 gL.-1 - 0.60 gL-1. It
was found in this work that for BDE209 degradation, little improvements were observed when
Cu([H,]salen)/SB concentration was more than 0.60 g-L-1 and the best RR was 77.8% at 30 min
under the concentration of 0.60 g-L.-1 Cu([H,]salen)/SB. On this condition, RR of BDE209 in
catalytic degradation was about ten times of that in absence of Cu([Hy]salen)/SB.

140
130 ]——[Cu(E41salenysBI=0 g L1 5~ [Cu([H4]salen)/SB]=0.10 gL1
120 {=2—[Cu(E4]salenysBI=030 g1 =< [Cu([H4]salen)/SB]=0.60 gL-1
i;g == [Cu([H4] salen) SB]=0.80 g -1
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Fig. 5: Concentration effect of Cu([H salen)/SB on BDE209 removal. [BDE209]=40 mgL;
[H,0,]=30 pmol L%; pH=8; UV intensity=2.0 Wm>2.

Initial concentration effect of substrate on BDE209 removal
Since, substrate concentrations have been reported to be important for degradation (Qin et al.

2017), the effects of BDE209 concentration of 20-80 mg-L.1 on RR by the present oxidation were
examined and the results are shown in Fig. 6. The results did reveal the substrate concentration
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dependence. At concentrations higher than 40 mg-L-1, RR decreased rapidly due to the high
concentration of substrate (Fig. 6a), but a positive relationship of BDE209 concentration and
removal quantity (RQ) was also observed, as shown in Fig. 6b. However, consequently, the
concentration of 40 mg-L-1 BDE209 was fixed, which was optimal for degradation of BDE209.

@) ——[BDE209]=20 mgL-1 —==—[BDE209]=40 mgL-1
=—#=—[BDE209]=80 mgL-1
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Fig. 6: Initial concentration effect of substrate on BDE209 removal. [Cu([H jsalen)/SB]=0.60 g L7L;
[H;0,]=30 pmol L1; pH=8; UV intensity=2.0 W-m=2.

UV intensity effect on BDE209 removal

Six varieties of UV irradiations (2 W-m?2, 4 Wm=2, 6 Wm=2, 8 Wm=2, 10 Wm=2 and
12 W-m2) were employed to evaluate the UV effect on RR at 0.60 gL't [Cu([H,]salen)/SB],
30 pmol L1 H,0, and 30 min when the reaction medium was set to be pH 8. These results
were compared to a control test without UV irradiation and the effects of irradiations on RR are

shown in Fig. 7.
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Fig. 7: UV intensity effect on BDE209 removal. [BDE209]=40 mg L1; [Cu([H ,Jsalen)/SB]=0.60 g LL;
[H;0,]=30 pmol L1; pH=8; time 30 min.
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The UV irradiations highly improved RR in BDE209 treatment, compared with the non-
UV reaction. Especially, the UV irradiation of 6.0 W-m=2 displayed the highest acceleration
effect compared with other UV intensities, and the corresponding RR was 100 %. Although
we did not carry out the other experiments using polybrominated diphenyl ethers (PBDEs) as
substrates at the same conditions, it can be expected that the combination of UV irradiation
and biomimetic catalysis will exhibit superiority in PBDEs decomposition, relatively, due to the
promotion of catalytic activity by UV irradiation. Jose et al. (2017) presented that oxygen species
including L-M-O-O-¢ and other active oxygen radicals can easily arise through the absorption
of UV by salen complex compared to other materials in aerobic oxidation. UV irradiation may
also increased the amount of acetic acid in intermediate products, which promoted the formation
of a Cu(III)-phenoxyl radical complex (L-Cu-O-O¢) resulting the further degradation of
intermediate products derived from BDE209 (Vinck et al. 2010) as shown in Fig. 8.

—N N— —N N—
AN + AcOH N/
]ICu\ —_— 9(,u\
—o0 o— 1O qQ ol
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; PAON :
Bry Bry
L-Cu-0-0° / ~-00cuL
\@/0 %/
- AN . 4 ~
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|

degradation

J

€O, + H0

Fig. 8: Formation of a Cu(ILl)-phenoxyl radical complex promoted by acetic acid resulting the further
degradation of intermediate products derived from BDE209.

Quinone intermediates, serving as electron shuttles, could play an important catalytic role in
the oxidation of BDE209, which promoted the decomposition of intermediates, resulting in the
mineralization of BDE209 (Chen and Pignatello 1997, Zhou et al. 2017). This was consistent
with the results obtained by some researches towards chlorophenols (Zhou et al. 2011, Lin et al.
2012, Van et al. 2017).

Ecotoxicity of treated-solutions

Tab. 2 shows the values of BDE209 degradation, TOC conversion and ecotoxicity obtained
upon UV assisted biomimetic oxidation using different catalysts.
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Tab. 2: Effect of catalytic treatment on ecotoxicity of treated-solutions.

Catalysis RR (%) TOC conversion (%) Ecotoxicity (T.U.)
Untreated solution 0 0 58.5
Cu([H,]salen) 66.8 57.3 20.4
Cu([H,]salen)/IM 72.5 61.3 14.3
Cu([H,]salen)/SB 78.2 66.8 11.7
Cu([H,]salen) 84.3 69.2 8.3
Cu([H,Jsalen)/IM 89.4 71.4 5.4
Cu([H,]salen)/SB 100 76.7 1.06

[BDE209]=40 mg-L; [catalyst]=0.60 g'L-1; [H,0,]=30 pmol-L-1; pH=8; UV intensity= 6.0 W-m=2.

Ecotoxicities of the six treated solutions were lower than the control, but all the treated
solutions were more toxic than the deionized water. The solution with a lowest ecotoxicity
was the resulting from treatment with Cu([H,]salen)/SB since complete BDE209 degradation
was achieved allowing a higher TOC conversion representative of considerable mineralization.
However, it should be stated that the residual H,O, (2.6 pmol-L-1) did not significantly lead to
an increase in solution toxicity in terms of the meaningful decline of ecotoxicity although it was
toxic.

CONCLUSIONS

Biomimetic catalysis makes full use of high efficiency and high selectivity in reaction
chemically and enzymatically, respectively. As a complex derived from the reduction and
immobilization of Cu([H,]salen), Cu([H,]salen)/SB showed a superiority in terms of removal and
ecotoxicity of BDE209 undergoing UV radiation. Meanwhile, increasing catalyst concentration,
H,0, concentration, UV intensity and reaction pH evidently enhanced the degradation of
BDE209. Considering mineralization and detoxification, the optimal reaction conditions were
obtained, from which the removal rate of BDE209 was 100 %, and its ecotoxicity of Cu([H,]
salen)/SB-treated solution was 1.06 T.U. It can be concluded that immobilized M([H,]salen)
complexes (M=metal) were most likely to successfully treat PBDEs.
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