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The photochemical reaction of 4-chlorobiphenyl (4-PCB) and HONO in atmospheric aqueous phase was
studied by 355 nm laser flash photolysis combined with 365 nm UV steady-state irradiation technique. The
steady-state study showed that the conversion rate of 4-PCB was affected by the initial concentration of 4-
PCB, pH value and HONO concentration, while chloride ions had little effect on the conversion of 4-PCB.
HONO produces an HO" attack on 4-PCB to form a 4-PCB-OH adduct with the second-order reaction rate
constant of (9.0 & 1) x 10° Lmol ™ s™. The 4-PCB-OH adduct continues to react with HONO and O, with
second-order rate constants of (5.3 + 0.1) x 10° Lmol™ s™and (4.9 + 0.2) x 10° L mol™t s, respectively.
The main transient intermediates of 4-PCB-OH adducts had a variety of decay pathways, and the final
products mainly included 4-hydroxybiphenyl, 4-chlorobenzyl-4-ol, 4-chlorobenzyl-4-nitrobiphenyl, and
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1. Introduction

Nitrous acid (HONO) is an important pollutant in the tropo-
sphere and is widely distributed in the atmosphere,' due to its
high Henry's coefficient (49 mol L™ atm ™), it could quickly
dissolve into atmospheric liquid such as rain, fog, clouds or wet
aerosols.* At present, the measured concentration of nitrite is
between 1077-10"° mol L' in atmospheric liquid such as
clouds and nectar water.’

The role of nitrous acid (HONO) in atmospheric chemistry
has received considerable attention in recent years.® Sources of
HONO include (a) direct emission (e.g., vehicle exhaust, soil
emission, livestock manure, and biomass burning),” (b) the
homogeneous reaction of NO and "OH,*° (c) the heterogeneous
reaction of NO, on aerosol surface and ground (dark and pho-
tosensitized reactions),” and (d) the photolysis of nitrate."
Heterogeneous reactions are widely recognized as the major
sources of HONO." Liu et al.*® found that the multiphase
reaction of NO, at the aerosol surface and ground surface might
be responsible for 40% and 36% of HONO production from
2017 to 2018 in Nanjing, respectively. Besides urban areas, Xue
et al.** found that NO, uptake onto ground surface dominated
(~70%) the nighttime HONO formation while the photo-
enhanced heterogeneous reaction dominated (~80%) daytime
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4-(4-chlorophenyl-2-nitrophenol). The formation mechanism of these products was also discussed.

HONO formation at Mt. Tai in summer 2018. The UV photolysis
of HONO was a major source of HO" accounting for 20-90%,">*”
in the troposphere during the early morning and in indoor
environments, which triggers the oxidation of many atmo-
spheric species, leading to the formation of ozone (O;3) and
secondary aerosol."”**

HONO + v — HO" + NO* (320 nm < A <400 nm) (1)

Polychlorinated biphenyls (PCBs), containing 209 individual
compounds (so-called congeners), had been of global concern
as persistent organic pollutants listed by the Stockholm
convention.”®?> PCBs could cause a variety of adverse effects
due to their bio-accumulation, environmental persistence, and
high toxicity.>** PCBs can spread to remote areas such as polar
region through atmospheric circulation, ocean currents, etc.
Studies have shown that PCBs have been detected in marine
organisms and indigenous peoples in the Arctic region, con-
firming their global pollution characteristics. Under normal
conditions, most PCBs were colorless and crystalline, and only
a few of PCBs with fewer Cl atoms exist in liquid form.>® PCBs
were mostly used as heat conduction liquids in electronic
devices such as capacitors or transformers because of their
flame-retardant hydrophobic, hydrolytic and oxidation resis-
tance.”” Chen et al.”® reported the total concentration of PCBs in
the atmosphere and particulate matter in a typical PCBs
pollution area in Zhejiang Province was 191-641 ng m > and
191-373 ng g '. PCBs mainly existed in the atmosphere as
molecules, adsorbed on particulate matter or dissolved in
atmospheric droplets.” Hong et al®* measured that the
concentration of PCBs in the atmosphere of Beijing was about

© 2025 The Author(s). Published by the Royal Society of Chemistry
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8.42-45.2 ng m>. At present, the methods of treating PCBs were
mainly divided into physical remediation (deep burial, transfer,
thermal desorption and solvent leaching, etc.), chemical reme-
diation (incineration and non-incineration) and biological
remediation (mainly plant and microbial remediation),** while
the photochemical processes of PCBs in atmosphere were rarely
reported.

Wu et al.** found OH radical would attack PCB-209 to form
hydroxyl substitution products, with the release of chlorine and
pentachlorobenzene radicals. Extensive scientific studies
confirmed that nitrogen dioxide (NO,) played a crucial role in
atmospheric nitration processes in both gas and liquid phases,
whereas the specific mechanism of nitrous acid (HONO) in
atmospheric aqueous-phase nitration remained unclear.*® The
present work selected 4-chlorobiphenyl (4-PCB) as a model
compound to investigate the photochemical reaction with
HONO and its influence in atmospheric aqueous solution. The
effects of various factors on 4-PCB photo-conversion were eval-
uated by 365 nm UV light irradiation steady-state experiments.
The reaction rate of 4-PCB with HO" was determined by 355 nm
laser flash photolysis®* and the decay of intermediates was di-
scussed. The transformation products were identified by GC-
MS, and its possible reaction pathway was elucidated.

2. Materials and methods

2.1 Chemicals and reagents

4-Chlorobiphenyl and NaNO, (99.0%, Shanghai Chemical
Reagents Co., China) were used as received. HONO was
prepared by acidifying the corresponding NaNO, solution to
a pH value of approximately 1.5 to make NO, existed in the form
of HONO. The pH values of the sample solutions were adjusted
using HClO,. The oxygenation or deoxygenating of the sample
solutions was achieved by bubbling high-purity oxygen (99.5%)
or nitrogen (99.999%) for 30 min. All chemicals were of
analytical grade, and all experiments were performed at 25 £ 2 °
C.

2.2 Irradiation experiments

In a 200 mL cylindrical quartz reactor, aqueous solution of 4-
PCB and HONO was prepared, and to ensure that there was no
other gas interference in the mixed solution, and constantly
bubbled with high-purity N, or O, to keep the pure atmosphere
for 15 min. UV lamps would be covered with waterproof quartz
spacers (8 W, 365 nm) was placed in the middle of the reactor,
so that the mixed solution was uniformly irradiated (irradiation
intensity was 1.5 mW cm ). In order to ensure that the solution
was evenly mixed under illumination, a magnetic agitator was
placed below the quartz apparatus, and a magnetic rotor was
placed at the bottom of the quartz apparatus. HClO, was used to
adjust the pH value of the reaction solution.

2.3 Laser flash photolysis

In this study, a laser flash photolysis spectrometer (LP920,
Edinburgh Instrument, UK) was used to record nanosecond
level transient absorption spectra and kinetic signals of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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samples. Laser conditions were as follows: wavelength was
355 nm, pulse width was 4-6 ns, energy was 30 & 5 m] pulse ',
and laser spot radius was 0.3 cm. The details and schematic
diagram of the LFP spectrometer had been described in our

previous reports.*

2.4 Analytical methods

The concentration of 4-PCB was determined by a high-
performance liquid chromatography (HPLC, Dionex UltiMate
3000) with the following conditions: with a Thermo C18 column
(5.0 pm, 4.6 mm x 150 mm) at a detection wavelength of
254 nm. The mobile phase consisted of 90% methanol and 10%
water, where the flow rate was set at 1.0 mL min~'. The column
oven temperature was 30 °C, and the injection volume was 20.0
uL.

The UV-vis absorbance spectrum was recorded by using
Shimadzu UV1750. A dissolved oxygen meter (SX825, Shanghai
San-Xin Instrumentation Inc. China) was used to measure the
concentration of dissolved oxygen in the solution.

GC-MS (Agilent 7890A-5975C, America) was used to identify
the photoproducts of 4-PCB transformation. GC-MS with the
following conditions: HP-5MS capillary column (30 m x 0.25
mm, 0.25 um diameter) for gas chromatographic separation
with helium as carrier gas, with a flow rate 1.0 mL min, an
injection volume 1 pL, and an injection port temperature of
280 °C. Temperature programming: the initial temperature was
50 °C for 5 min, and the speed was 5 °C min~ ', which was
increased to 250 °C and kept for 15 min and the EI ion source
was used at 230 °C for detection.

3. Results and discussion
3.1 Steady-state studies

3.1.1 UV-vis absorption of 4-PCB and HONO solution. The
UV-vis absorption spectra of 7 x 10~° mol per L 4-PCB (pH =
6.7) and 5 x 10> mol per L HONO (pH = 2.87) were shown in
Fig. 1. The absorption bands for HONO exhibited strong
absorption between 300-400 nm, suggesting HONO could be
excited by 355 nm or 365 nm irradiation, whereas 4-PCB were
not more than 300 nm and the maximum absorption peak
height was about 250 nm, indicating it could not be excited.

3.1.2 Effects of 4-PCB initial concentration. The influence
of different concentrations of 4-PCB on the conversion and
transformation of 4-PCB at pH 1.5 was shown in Fig. 2a. The
conversion process of 4-PCB obeyed pseudo-first-order kinetics,
so the rate expression of the reaction between 0-DCB and HONO
could be written as:

@ = —Jeyus[4-PCB][HONO] @

where [4-PCB] and [HONO] were the concentrations of 4-PCB
and HONO, respectively. k.,s was the observed conversion rate
of 4-PCB.

With the initial concentration of 4-PCB increased from 1 X
10> mol L " to 7 x 107> mol L™, its decay rate decreased from

0.043 min~' to 0.019 min~'. The decay constant of 4-PCB
decreased with increasing initial concentration of 4-PCB. This
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Fig. 1 UV-vis absorption spectra of 4-PCB and HONO solution.

was similar to the results of Ma et al., who used UV to degrade
biphenyl.*® As the concentration of 4-PCB increased, the trans-
mission of UV rays was reduced and more by-products were
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produced, the steady-state concentration of HO" was reduced,
resulting in a lower quasi-primary conversion rate of the target
compound.

3.1.3 Effects of HONO concentration. In the solution con-
taining 7 x 10~° mol per L 4-PCB (pH = 1.5), the influence of
the change of initial HONO concentration on the conversion
and transformation of 4-PCB was investigated in Fig. 2b, the
conversion rate of 4-PCB increased from 0.00845 min™' to
0.02203 min~" as the concentration of HONO increased from 1
x 107 mol L™ to 7.5 x 10~ mol L™". The increase of HONO
concentration led to the enhancement of HO' generation, which
accelerated the conversion of 4-PCB. However, when the
concentration of HONO exceed 7 x 10~ mol L™}, the conver-
sion rate of 4-PCB basically remained unchanged. Because other
reactions occurred in the solution:*

HONO + HO" - H,0 + 'NO, k=1x10° Lmol™'s™" (3)
NO, + HO" > OH +NO, k=1x10"Lmol's™' (4

When the concentration of HONO continued to increase, the
collision probability between free radical increased, and the
reaction between HO" and HONO and NO,~ consumed a lot of
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(a) The effect of initial 4-PCB concentration on 4-PCB degradation. (b) The effect of initial HONO concentration on 4-PCB degradation.

(c) The effect of pH on 4-PCB degradation. (d) The effect of chloride on 4-PCB degradation.
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ethanol.

HO’, when the concentration of HONO exceed the optimum
concentration, the increase of HONO concentration would
inhibit the conversion process of 4-PCB. It was similar to the
research results of Ma et al.,** who believed that when the
concentration of HONO was too high, the HO® would react with
HONO and NO, ", thus inhibiting the collision between pollut-
ants and HO".

3.1.4 Effects of initial pH value. Due to pH of the atmo-
spheric liquid phase was between 1.95 and 7.74,% the pH value
range of 1.5 to 6.0 was selected to explore the effect of pH value
on 4-PCB conversion in this experiment. It was found that the
conversion rate of 4-PCB decreased with increasing pH value
from 1.5 to 6 in Fig. 2c. The low pH would promote the content
of HONO to be higher, while high pH would promote the
conversion of HONO to NO, .** However, HONO had higher
HO" quantum yield than NO, .*® Therefore, higher pH would
make the content of HO" insufficient and limit the conversion of
4-PCB.

3.1.5 Effects of Cl . There were many soluble halogen ions
in the atmospheric liquid phase.** In the real atmospheric
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(a) Transient absorption spectrum of a mixed solution of HONO and 4-PCB in N, atmosphere after 355 nm laser excitation. (b) With

environment, the specific situation of chloride ions to HO"
induced 4-PCB conversion process still had many deficiencies.

HO' +Cl” — CIOH™ k=43 x 10° Lmol 's™' (5)

The chloride ions competed to consume the HO', and the
rate constant of OH radical with chloride ions was 4.3 x 10° L
mol ™" s71.3 HO" also interacted with chloride ions to generate
some active chlorine free radicals, which might participate in
the 4-PCB conversion process. As shown in Fig. 2d, Cl~
concentration from 1 x 10 ° mol L " to 1 x 10 2 mol L * had
little effect on the conversion of 4-PCB.

3.2 Laser flash photolysis studies

3.2.1 Time-resolved transient absorption spectra of N,-
saturated HONO and 4-PCB mixed solutions. Under the
condition of pH 1.5, the N, saturated mixed solution containing
5 x 10 mol per L HONO and 7 x 10> mol per L 4-PCB was
subjected to laser flash photolysis at 355 nm, and two transient
absorption bands of about 260-360 nm and 400 nm were

4-PCB concentration(lO'sM)

(a) Net growth curve of transient material at 290 nm. (b) The linear relationship between the pseudo-first-order transient generation rate

at 290 nm and different 4-PCB concentrations. The second-order rate constant deriving from the slope of straight line was (8.9 4 0.2) x 10° L

mol™ts7L.
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(a) Effect of HONO concentration on the decay rate of 4-PCB-OH adducts. The second-order rate constant deriving from the slope of

straight line was (5.3 + 0.1) x 10° L mol™ s7%. (b) Effect of pH value on the decay rate of 4-PCB-OH adducts at a HONO concentration of 5 x

103 mol L%

observed (Fig. 3a). Ethanol was considered as an effective HO*
quencher.* When ethanol was added, the two transient bands
of 260-360 nm and 390-410 nm were greatly reduced (Fig. 3b),
indicating that the transient substances in these two transient
bands were related to HO'. The peak absorption in the range of
260-360 nm represents the characteristic absorption peaks of
hydroxycyclohexadienyl radicals, which were generated from
the addition of HO" on the aromatic ring.** Therefore, the
absorption spectra in the range of 260-360 nm were assigned to
the 4-PCB-OH adducts generated from the following reaction:**

4-PCB + HO" — 4-PCB-OH adduct (6)

The kinetic study showed that the formation of 4-PCB-OH
adduct at 290 nm obeyed the pseudo-first-order reaction

0.008

0.006

0.004

0.002

Delta absorbance

0.000

-0.002 L
0 20000
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Fig. 6

kinetics, and the kgrowen = 7.5 x 10° s~ (Fig. 4a). According to
the linear relationship between the first-order growth rate
constant and the concentration of DMP, the second-order
reaction rate constant of the reaction between HO" and 4-PCB
was determined to be (8.9 + 0.2) x 10° L mol ' s~ (Fig. 4b),
which was consistent with the result reported by Sehested
et al.*® with the second-order reaction rate of HO" and biphenyl
was (9.0 £ 1) x 10° Lmol ' s~

The dynamics of 400 nm transient species showed that
growth and decay obey the rule of pseudo-first-order kinetics
reaction. The results were completely different from those
observed at 310 nm, indicating that the transient substance was
not a 4-PCB-OH adduct. The photodegradation results of HONO
were compared with the transient kinetic parameters, and it was
found that the absorption peak height was similar at 400 nm.

oo
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T T
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(a) Kinetic curve of 4-PCB-OH adduct under different dissolved oxygen concentration. (b) The accelerated effect of dissolved oxygen

concentration on the pseudo-first-order degradation rate of 4-PCB-OH adducts. The second-order rate constant deriving from the slope of

straight line was (4.9 + 0.2) x 106 L mol™*s72,
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Fig. 7 The TIC of the reaction sample after illumination at 365 nm.

Transient species at 400 nm were attributed to NO}, according to

previous literature.****

3.3 Decay kinetics of 4-PCB-OH adducts

HONO was highly oxidizing, Zhu et al.** found nitrobenzene in
the product. When studying the reaction mechanism of 4.2 x
10~* mol per L benzene and 5 x 10> mol per L HONO (pH =
1.5). They believed that nitrobenzene was produced due to the
nitration of benzene-OH adducts by HONO. In the solution
containing 7 x 10~> mol per L 4-PCB (pH = 1.5), with HONO
concentration increasing from 1 x 107® mol L' to 7 x
10~ mol L™, 4-PCB-OH adducts, the first-order decay rate
constant of the adducts increased from 1.38 x 10* to 4.6 x 10*
s~ ' in Fig. 5a, indicating that the decay rate of 4-PCB-OH
adducts could be accelerated by HONO. By establishing the
curve of 4-PCB-OH decay rate relative to HONO concentration,
the second order reaction rate constant of 4-PCB-OH adduction
and HONO was determined to be (5.3 £ 0.1) x 10° L mol ' s™*
As mentioned above, at low pH, the dissociation equilibrium
shifts towards HONO production, and HONO had a higher HO"

365 nm irradiation

photolysis

HONO

Cl

&
A
(4-PCB- OH adduct)
OO

View Article Online
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quantum yield. The 4-PCB-OH adduct had a faster decay rate at
low pH in Fig. 5b, thus the reaction with HO" was also an
important decay pathway of 4-PCB-OH adduct.

The effect of oxygen on the decay of 4-PCB-OH adducts was
also investigated because of the abundant dissolved oxygen in
atmospheric droplets. In Fig. 6a, the decay rate of the transient
substance at 310 nm increased as the concentration of dissolved
oxygen increased from 4 x 10> mol L™' to 2.4 x 10~* mol L™*
(from 1 x 1072 57" to 11 x 10> s~ ). The results showed that
the 4-PCB-OH adduct could react with oxygen molecules. By
fitting the linear relationship of the influence of the increase of
dissolved oxygen concentration on the decay rate of 4-PCB-OH
adduction, it could be concluded that the second-order reac-
tion rate constant of 4-PCB-OH adduction with O, was (4.9 +
0.2) x 10° L mol " s in Fig. 6b. This value was close to the
second-order reaction rate constant of 2-PCB-OH adduction
with O, reported by Huang et al.** which was (5.4 £ 0.2) x 10° L
mol ' s,

3.4 Products analysis

In order to further understand the mechanism of photochem-
ical reaction between 4-PCB and HONO, the conversion prod-
ucts were identified by GC-MS. After irradiated 100 mL N,
saturated mixed solution containing 7 x 10> mol per L 4-PCB
and 5 x 10> mol per L HONO (pH = 1.5) with 365 nm ultra-
violet light for 30 min, sample was extracted with CH,Cl, for 3
times, and the extracted organic phase was dried with anhy-
drous sodium sulfate for 12 h, and then concentrated to 1.5 mL
with rotary evaporator.

The mass spectra corresponding to each peak in Fig. 7 were
compared with the NIST standard mass spectrometry library to
identify the product types including 4-hydroxybiphenyl, 4-
chlorophenyl-4-ol, 4-chlorophenyl-4-nitrobiphenyl and 4-(4-
chlorophenyl-2-nitrophenol), respectively.

Fig. 8 showed the derivation of the reaction mechanism
between HONO and 4-PCB under the irradiation of 365 nm UV
lamp. Hizal et al.** and Ma et al.*” found that the addition of HO"
on the aromatic ring would cause the bond breaking. HO"

Iaddition

HOI\O

NO,

Fig. 8 The proposed reaction mechanisms of 4-PCB with HONO under 365 nm irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produced by photolysis of HONO would attack the benzene ring
of chlorobenzene to form a 4-PCB-OH admixture. Due to the
electron absorption effect of chlorine atom, the electron cloud
density of the benzene ring replaced by chlorine atom would be
reduced, HO" was more likely to be added to the benzene ring
not replaced by chlorine atom.*® Therefore, it was dehydro-
genated to form 4-chlorophenyl-4-alcohol. Cao et al.*® found
that reported that when PCBS was degraded, the hydroxylation
reaction of PCBs released chloride ions, leading to the forma-
tion of 4-hydroxybiphenyls. Therefore, the 4-hydroxybiphenyls
might be formed by the cleavage of the C-Cl bond after the
addition of HO" to the benzene ring. In Fig. 7, the 4-hydrox-
ybiphenyls were produced in small quantities.

4-PCB + HO" — 4-PCB-OH 7)

4-PCB-OH + HONO — 4-PCB-OH-NO, + H, (8)

As mentioned above, HONO also played an irreplaceable role
in the nitrification process in the liquid phase of the atmo-
sphere. Huang et al.** also detected nitrochlorobenzene in the
photochemical experiments on 2-chlorobenzene and HONO.
This research bore out the idea that it was caused by the

30442 | RSC Adv, 2025, 15, 30436-30445

interaction of 2-chlorobenzene cationic radicals with nitrous
acid. Therefore, the generation of 4-chloro-4’-nitrobiphenyl in
this experiment was generated by the interaction of 4-chloro-
biphenyl cationic radical with nitrite. Fischer and Warneck>
found in the study of the photochemical reaction between
benzene and HONO that phenol, the product of benzene's
reaction with HO" in the photolysis process of HONO, would be
nitrated by HONO to produce nitrophenol. Thus, 4-(4-
chlorophenyl)-2-nitrophenol could be produced by nitration of
4-chlorophenyl-4-ol by HONO (formed by eqn (8)).*

3.5 Atmospheric implication

In the troposphere, long-wavelength radiation could not directly
excite 4-PCB, it primarily undergoes indirect photo-
transformation via radical-induced reactions, while the role of
highly reactive radicals such as "OH, 'SO, and 'NO; radicals
could be considerable. Assuming that the air-water interface etc
heterogeneous reactions was not considered, the oxidation rate
constant of 4-PCB reacted with reactive radicals in the liquid
phase could be theoretically calculated as:*

ks-pc-on = kou[OH JoqLRT (9)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where koy was the reaction constant of 4-PCB with the OH"
radical and was measured to be 9.0 x 10° L mol " s~ in this
work; kso,—- was the reaction rate constant of 4-PCB with SO,
and was 8.7 x 10° L mol™' s™'; kno, was the reaction rate
constant of 4-PCB with NO; and was 6.9 x 10° Lmol " s % L
was the liquid water concentration (g m>); R was the thermo-
dynamic constant, which was 8.314 J mol ' K™ *; and T was the
thermodynamic temperature (K).*>** [OH'],q was the concen-
tration of OH" radicals in liquid water such as clouds, and OH"
radical concentration 1 x 10~ " mol L ™" in atmosphere.
[NO3],, was the concentration of NOj radical in the liquid phase
of the atmosphere, and NOj radical concentration was 7.0 X
107 mol L. SO, " radical concentration was 1.0 X
10" mol L™ in the liquid phase.

The oxidation rates of OH radical (Fig. 9), NO; radical and
SO, " radical with 4-PCB were estimated 4.46 x 10 °-2.23 X
107* 571, 2.4 x 107°-1.2 x 107% 571, 4.32 x 107°-2.16 x 10™°
s~', respectively. The corresponding lifetime were 0.26-0.05
days, 4822-964.5 days, and 2.68-0.53 days, respectively. It
indicated OH radical played a leading role in the atmospheric
oxidation of 4-PCB.

k4—PCB—SO4" = kSOf'[SO“ﬂ]aqLRT
k47PCB7NO; = kNOS [NO3] aqLRT

54,55

4. Conclusions

The photochemical reaction kinetics and mechanisms between
4-PCB and HONO in the aqueous solution were investigated.
The results showed that HONO produces HO" attacking 4-PCB
to form 4-PCB-OH adduction, and its second-order rate
constant was (9.0 + 1) x 10° L mol~* s™*. Then, the 4-PCB-OH
adjuncts continue to react with HO, NO and O,, and the
second-order rate constants were (5.3 + 0.1) x 10° L mol ' s *
and (4.9 + 0.2) x 10° L mol™" s, respectively. The main
transient intermediates, 4-PCB-OH adjuncts, had a variety of
decay pathways and were eventually converted into stable
products including 4-hydroxybiphenyls, 4-chlorophenyl-4-
alcohols, 4-chloro-4’-nitrobiphenyls, and 4-(4-chlorophenyl)-2-
nitrophenol. The atmospheric model indicated OH radical
played a leading role in the atmospheric oxidation of 4-PCB.
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