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Photodegradation of Ph-3,4-dihydroxybenzoic acid
complex under UV light illumination
Xuefeng Hu and Wei Qin

ABSTRACT

The degradation of 3,4-dihydroxybenzoic acid (3,4-DHBA) in the presence and absence of Pb>* under
UV illumination was studied. Addition of Pb®* caused the formation of precipitate during
photoreaction when the solution pH was higher than 6. The presence of Pb?* remarkably inhibited
the degradation of 3,4-DHBA and its photodegradation intermediates, while complexation of 3,4-
DHBA and its photodegradation intermediates with Pb?>* decreased the free Pb?* in aqueous
solutions. Molecular oxygen played an important role in photodegradation of 3,4-DHBA in the
presence of Pb?*. UV-Vis spectroscopy was used to investigate the interaction between Pb?* and
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3,4-DHBA at different pH conditions, and FT-IR was used to characterize the precipitate formed

during photoreaction. The mineralization of 3,4-DHBA was investigate by total organic carbon

analysis.
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INTRODUCTION

Pb?t and its metallic compounds are toxic substances
widely used in various industries especially in the pro-
duction of automotive and industrial lead-acid batteries.
These metallic species can be found in wastewaters from
such industrial effluents. If automobile components and
electronic equipment containing lead are disposed of impro-
perly, it may also cause water pollution because lead is easily
dissolved by acid rain (Jang & Townsend 2003). However,
the total lead concentration is not the only factor that gov-
erns its environmental impact. Dissolved organic matter
(DOM) has a profound impact on the chemistry of natural
waters (Toro et al. 2001; Bejarano et al. 2005). The toxicity
of metal ions to aquatic organisms is alleviated by precipi-
tation and complexation with DOM (Schwartz ef al. 2004;
Jiraroj et al. 2006; Ytreberg et al. 201r). Some functional
groups on DOM have a high affinity for trace metals, and
DOM may therefore strongly affect the mobility of trace
metals in aquatic systems (Baken et al. 20m). Among the
large variety of environmental pollutants, aromatic com-
pounds occupy an important place due to their toxicities
and unusual stability. Catechol and its derivatives are impor-
tant intermediates in the photo-degradation of benzene and
its derivatives because OH radicals attack the aromatic ring
before the latter is cleaved (Yawalkar ef al. 2001; Chen et al.
2002). The two hydroxyl groups of catechol and its
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derivatives lead to strong adsorption on metal ions. Metal
binding by humic substances mostly occurs at carboxylic
and phenolic sites (Baken ef al. 2011). How the metal ions
are complexed and how they can transfer are very important
questions, particularly with regard to bioavailability and
cycling.

Transformations of DOM play important roles in a
number of reactions in surface waters and wastewater
treatment under photoillumination. In these reactions,
DOM acting as light absorbing substances can cause
photochemical transformation either directly or indirectly
by generating highly reactive intermediates (e.g. organic
radicals) and reactive oxygen species (e.g. singlet oxygen,
hydrogen peroxide, hydroxyl radicals, and superoxide)
(Golimowski & Golimowska 1996; Zhang et al. 1998;
Puma et al. 2008). Some studies have reported on the
phototransformation of the photoreactive metals (e.g.
iron, mercury) and organic compound complexes (Voelker
et al. 1997; Lalonde et al. 2001; Dai et al. 2011). However,
the investigation of phototransformation of non-photoreactive
metals and organic compound complexes has seldom been
reported in the literature (Jiraroj et al. 2006). The photo-
chemical transformation will change the
complexation with organic compounds and the metal tox-
icity. However, the photochemical transformation of

metal
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DOM and metals is complicated and has been poorly
understood so far.

In this paper, Pb*" and 3,4-dihydroxybenzoic acid (3,4-
DHBA) were used as model pollutants to investigate their
photochemical transformation under UV light illumination.
This research is useful for assessing and predicting the trans-
port, transformation, and bioavailability of the Pb*" and
DOM coexisting system in natural and wastewaters.

METHODS

3,4-Dihydroxybenzoic acid, Pb(NOs3), and NaNOs were of
analytical reagent grade and used without further purifi-
cation; 0.2 mol/L. HAc-NaAc buffer solutions were used
as the supporting electrolyte for free Pb*" determination.
The initial pH of each solution was adjusted by diluted
NaOH and HNOs; aqueous solutions. Deionized water
(18.2 MQ cm specific resistance) obtained with a Pall Cas-
cada laboratory water system was used throughout. UV
light was provided by PLS-SXE300UV xenon light source.
A UVREEF filter was used to keep the solution illuminated
by light at 250-380 nm UV light. All photoreactions were
carried out in a 50 mL quartz reactor. UV-Vis spectra
were measured on a Beckman DU-800 UV spectropho-
tometer. The photodegradation of 3,4-DHBA was
analyzed by Agilent 1,200 high performance liquid chrom-
atography (HPLC) on a C18 5um column (250 x 4.6 mm)
at 30 °C. Signals were detected at 256 nm by using an
eluent composed of 2%o0 H;PO, aqueous solution/aceto-
nitrile solution (95/5) at a flow rate of 1.0 mL/min. The
samples were centrifuged, and then filtered through a Milli-
pore filter (pore size 0.2 um) to remove the insoluble
substances. Changes in total organic carbon (TOC) were
determined using a total organic carbon analyzer (Shi-
madzu TOC 5000). Solutions containing suspended
precipitate were determined directly. Lead concentration
was measured using the differential pulse anodic stripping
voltammetry (DPASV) method on a CHI 660C Electroche-
mical Workstation. A glassy carbon (GC) disk working
electrode was used as the working electrode. A platinum
foil was applied as the counter electrode, and a saturated
calomel electrode (SCE) served as the reference electrode.
FT-IR spectra in KBr pellets were recorded on a Jasco-4100
spectrometer. Pb®" and 3,4-DHBA complex solid sample
was obtained by freeze-drying its aqueous solution. The pre-
cipitate sample was separated by centrifuging, washed three
times with deionized water, and then dried under vacuum
for 24 h.

RESULTS AND DISCUSSION
Interaction of Pb%* and 3,4-DHBA under UV Illumination

Although 3,4-DHBA was not oxidized in the dark during the
control experiment period (12h), it was significantly
degraded under UV light illumination, as shown in Figure 1.
In the presence of Pb(NOs),, 3,4-dihydroxybenzoic acid can
also undergo photodegradation but with a decreased degra-
dation rate. It is well known that NOs~ can absorb UV light
and induce photoreaction of organic compounds (Vione
et al. 2002; Yu et al. 2008). Complexation of Pb*" with cate-
chol derivatives results in an enhancement of semiquinone
radical stabilization at pH >4 (Giannakopoulos et al.
2005). Both Pb®>" and NO;~ are possible to change the
photodegradation rate of 3,4-DHBA under experimental
conditions. To make clear which (Pb*" or NO5~) caused
the photodegradation rate change, NaNOs was added to
the reaction solution of 3,4-DHBA. No significant difference
was observed in the presence or absence of 2x 10~* mol/L
NaNOs, indicating that NO5~ in this low concentration
did not change 3,4-DHBA degradation rate, but the com-
plexation with Pb?" decreased it.

The reaction components of 3,4-DHBA and 3,4-DHBA/
NaNO; were soluble during the full reaction period. How-
ever, yellow turbidity developed slowly as the reaction
proceeded and precipitate was formed after standing for a
long time in the 3,4-DHBA/Pb?" system, although it was sol-
uble before photoreaction. The precipitate should be related
to Pb?" because it was formed only in the presence of Pb
(NOs),. To confirm this, differential pulse amperometry
was used to measure the concentration of Pb?>". DPASV
measures voltammetrically labile lead, which consists of
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Figure 1 | Effects of Pb(NO3), and NaNOs on the photodegradation of 3,4-DHBA at pH 6.
The initial concentrations of Pb(NO3),, NaNO3 and 3,4-dihydroxybenzoic acid
are 2x 10~* mol/L.
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the free lead ions plus the lead complexes that dissociate
within the timescale of the experiment (Oomen et al.
2003). The complexation of 3,4-DHBA with Pb®" leads to
the concentration of Pb?*", which can be detected by
DPASV method, decreasing ca. 50% after 3,4-DHBA was
added, as shown in Figure 2. Photodegradation of 3,4-
DHBA intends to release Pb®* from its complex, however,
the voltammetrically labile lead decreased as the photoreac-
tion proceeded. This was attributed to the fact that the new
formed lead complex during photodegradation cannot be
detected by the DPASV method. The bioavailability of
metal in synthetic media appears to be controlled by the
free metal ion concentration, as predicted by the free ion
activity model (Hudson 2005; Ytreberg et al. 20m). The
DPASV data indicated the bioavailable Pb®*" decreased
due to the complexation of 3,4-DHBA and the photoreac-
tion. This is a possible route for the alleviation of lead
toxicity in aquatic organisms in natural waters.

Influence of initial solution pH

To investigate the effect of initial solution pH on the Pb*"/
3,4-DHBA photoreaction, illuminations of solutions at
various pHs were carried out, as depicted in Figure 3. Degra-
dation rate at pH 3 is higher than that at pH 6. Addition of
Pb”>" caused no significant change at pH 3 as shown in
Figure 4, which indicated that Pb*" had no or a rather
weak interaction with 3,4-DHBA at this pH value, so that
the organic substance underwent degradation quickly. The
UV-Vis absorption spectrum of 3,4-DHBA at pH 6 shifted
toward longer wavelengths when Pb>" was added because
the electron transferred from 3,4-DHBA to Pb?". The further
increase of pH value facilitates the electron transfer and the
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Figure 2 | Pb?* changes during 3,4-DHBA complexation and photoreaction measured by
DSPASV. The initial concentrations of Pb(NOs), and 3,4-dihydroxybenzoic acid
are 2x 104 mol/L.
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Figure 3 | Effect of the initial solution pH on Pb?*/3,4-DHBA photoreaction. The initial
concentrations of Pb(NOs), and 3,4-dihydroxybenzoic acid were 2 x 104 mol/L.
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Figure 4 | UV-Vis spectra of 3,4-DHBA and its complex with Pb?* at different pHs. The
concentrations of Pb(NOs), and 3,4-dihydroxybenzoic acid are 2 x 104 mol/L.

self-oxidation of 3,4-DHBA in the presence of oxygen
(Giannakopoulos et al. 2005; Sun et al. 2009), thus increas-
ing the degradation rate at pH 7.5. The reaction solution
remained clear during photoreaction at pH 3. However,
we observed evident yellow turbidity during photoreaction
and precipitation after the solution stood for 12 h at pH 6
and pH 7.5. The amount of precipitate at pH 7.5 was
much more than that at pH 6, indicating that the high pH
value is favorable for the formation of precipitate. The initial
pH 3 and pH 6 samples were kept at pH 3 and pH 5-6
during photoreaction, respectively. In the low pH case, the
degradation intermediates (carboxylic acids, as shown
below) were in non-ionized form, Pb®"* was difficult to
complex with them. However, in the high pH case, Pb*"
was complexed by the ionized degradation intermediates
directly or displacing H* from the protonated degradation
intermediates.
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Total organic carbon changes

The decrease of solution TOC reflects the mineralization of
3,4-hydroxybenzoic acid. Temporal TOC changes of 3,4-
dihydroxybenzoic acid under UV light illumination in
different reaction conditions are depicted in Figure 5. In
the 3,4-dihydroxybenzoic acid case, 70% TOC was removed
quickly within 8 h (curve A). However, TOC elimination
decreased to 40% when Pb®" existed together with 3,4-dihy-
droxybenzoic acid (curve B) during the same reaction time.
The C/Cy (3,4-DHBA) ~ TOC/TOC, (solution) curves in the
absence and presence of Pb?" are shown in the inset. TOC
removal is similar in the presence and absence of Pb*"
when the same amount of 3,4-DHBA degraded at the initial
photoreaction stage. However, the TOC removal quickly
increased in the absence of Pb*" case when above 70%
of the 3,4DHBA was degraded. This indicates that Pb*"
interacts not only with 3,4-dihydroxybenzoic acid but also
with its photodegradation intermediates. The newly
formed insoluble substance was difficult to degrade under
UV illumination, which was suspended in the solution
even after 20 h photoreaction. It can be proposed that the
precipitate should be the complex of Pb*" and organic
compounds, which are difficult to photodegrade, thus
decreasing the mineralization rate of the reaction solution.
Only ca. 17% TOC decrease was observed in the Pb®" and
3,4-dihydroxybenzoic acid combined system in an N
atmosphere. It is apparent that O, is essential for the
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Figure 5 | TOC changes of (A) 3,4-dihydroxybenzoic acid solution in air atmosphere, (B)
3,4-dihydroxybenzoic acid solution in the presence of Pb?* in air atmosphere
and (C) 3,4-dihydroxybenzoic acid solution in the presence of Pb>" in N,
atmosphere under UV light illumination. Inset: C/Co (3,4-DHBA) ~ TOC/TOC,
(solution) in the (A) absence and (B) presence of Pb?* during photoreaction.
Both the initial concentrations of Pb?* and 3,4-dihydroxybenzoic acid are
2x10~*mol/L in all experiments.

mineralization reaction of 3,4-dihydroxybenzoic acid in
the presence of Pb*".

Influence of oxygen

Oxygen as an electron acceptor during organic photode-
gradation plays an important role in the formation of
reactive oxygen species (e.g. singlet oxygen, hydroxyl rad-
icals, and superoxide), which can induce the organic
transformation. The direct formation of singlet oxygen
and superoxide from oxygen will be inhibited in an N,
atmosphere. It has been reported that highly reactive
organic oxidant, hydroxyl radical, can be generated
directly by the redox cycling of quinone (Alegria et al.
1997; Gémez-Toribio et al. 2009). Pb?*/3,4-DHBA com-
plex shows stable semiquinone radical as illustrated by
ESR signals (Giannakopoulos et al. 2005). Semiquinone
radical is the intermediate of quinone redox cycling
(Scott et al. 1998). Hydroxyl radical is possibly formed
from Pb?" and 3,4-DHBA complex in the present work.
The photodegradation of 3,4-DHBA solution in an N,
atmosphere was observed but with a slower rate than
that in air atmosphere as shown in Figure 6. These results
show that hydroxyl radicals derived from 3,4-DHBA redox
played key roles in the photodegradation of 3,4-DHBA
and its degradation intermediates. Oxygen and its related
reactive species also enhanced the photodegradation of
3,4DHBA. C/Cy, (3,4-DHBA)~TOC/TOC, (solution)
curves shown in the inset indicate that the photodegrada-
tion of 3,4-DHBA degradation intermediates can also be
inhibited in the absence of oxygen. Oxygen and its related
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Figure 6 | Effect of oxygen on Pb%*/3,4-DHBA photoreaction. Inset: C/Co (3,4-DHBA) ~
TOC/TOC, (solution) in air and N, atmosphere in presence of Pb?* as the
photoreaction proceeds. Both the initial concentrations of Pb?* and 3,4-dihy-
droxybenzoic acid are 2 x 104 mol/L.
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reactive species are crucial to the mineralization rates of
3,4-DHBA.

FT-IR of 3,4-DHBA complex and insoluble substance

Phenol derivatives usually mineralize to CO, with car-
boxylic acid and dicarboxylic acid as intermediates during
UV light oxidation. Theoretically, in the presence of free
lead at concentrations of higher than 0.14 mmol/L, lead
will probably precipitate as its hydroxide (Kgp,=1.43x
1072%) (Weast 1998) at pH 6. The solution of 2x10~*
mol/L Pb*>" and 3,4-DHBA at pH 6 remains soluble in
water in the present study, implying that the complexation
with 3,4-DHBA improves the solubility of lead. However,
complexation with dicarboxylic acid may form an insoluble
Pb>" complex (e.g. lead oxalate, Ky, =8.51x 1079 (Lide
2003) in water. The precipitate formed during photoreaction
might be insoluble Pb?*-organic complex or lead hydrox-
ide. Figure 7 shows FT-IR spectra of Pb>" and 3,4-DHBA
complex (A) before and (B) after 8 h UV illumination.
The most intense bands of (A) at 1,623, 1,574 and
1,380 cm ! are assigned to carboxylate vibrations, 1,450
1,550 cm ™! and 600-900 cm ™! are assigned to the C-C
ring vibration and the C-H vibration of substituted benzene
ring respectively, and 1,270 cm ™! is assigned to the C-O
vibration of phenolic group (Giannakopoulos et al. 2005;
Guan et al. 2006). For the insoluble substance, however,
benzene ring and phenolic group absorption bands disap-
peared and absorption bands of carboxylate vibrations
changed to 1,647, 1,523, and 1,394 cm~ L. The intense
absorption bands at 970-1,200 cm ™! suggest the formation
of aliphatic compounds containing hydroxyl group. The
spectra provide evidence that the benzene ring is opened,
and aliphatic carboxyl acid and hydroxyl aliphatic com-
pounds are formed during UV illumination. The complex

22002000 1800 1600 1400 1200 1000 800 600 400
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Figure 7 | FT-IR spectra of (A) Pb>* and 3,4-DHBA complex and (B) insoluble substance
formed during UV illumination of Pb?* and 3,4-DHBA complex.

formed from aliphatic compounds with lead is not soluble
in water. From the C/C, (3,4-DHBA)~TOC/TOC, (sol-
ution) curves in Figure 5 and the existence of the
insoluble substance even after 20-hour photoreaction, it
can be concluded that the formed insoluble complex of ali-
phatic compounds with lead is difficult to photodegrade
under the experimental conditions.

CONCLUSIONS

In our investigation, Photodegradation and mineralization
of 3,4-DHBA can be inhibited in the presence of Pb*",
The results from UV-Vis absorption spectra showed that
3,4-DHBA complexed with Pb?" while the electron trans-
ferred from 3,4-DHBA to Pb>" at pH 6. Hydroxyl radicals
play a key role in the degradation and mineralization of
3,4-DHBA, while the existence of oxygen enhances the
degradation and mineralization rates. Formation of insolu-
ble substance in aqueous solution was observed when the
initial solution pH was higher than 6. FT-IR and DSPASV
were used to study the composition of insoluble substance
and the free Pb?* concentration respectively. Based on the
free Pb®" concentration decrease in the solution and the
FT-IR signals of the insoluble substance, it was proposed
that the insoluble substance was the complex of photodegra-
dation intermediates of 3,4-DHBA and lead. This research is
useful for assessing and predicting the transport, transform-
ation, and bioavailability in the heavy metal and DOM
coexistent wastewater system.
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