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Abstract

In the present study, we investigate the performmand selectivity of terephthalic acid (TA)
as a trapping molecule for the laboratory quarsifan of photogenerate®H in synthetic
water (where the organic and inorganic concenmmaisoperfectly controlled), adopted as a
proxy of natural atmospheric watere( cloud droplets). TA reacts withtOH to yield 2-
hydroxyterephthalic acid (TAOH). First, we focusaat investigation on the reactivity of TA
as a function of pH and temperature of laboratoagen solutions, by using nitrate and
hydrogen peroxide as photochemi¢@H sources. For the pH dependence of the TAOH

formation yield (Yaon), by fitting data using linear regression we ohddl the relationship



Ytaon = (0.0248 + 0.0059) pH + (0.046 + 0.035) at T 828 in the pH range 3.9-7.5. For
the temperature dependence we getoY = (0.0059 = 0.0011) F (1.50 £ 0.31), between
278 and 303 K at pH 5.4. Furthermore, the perfocaand selectivity of TA were assessed
in the presence of different photochemit@H sources (nitrate and,8,) and scavengers
(alcohols and carboxylic acids) at variable conegitns. These species are naturally present
in the atmospheric aqueous phase. From these mqes we obtained the second-order

reaction rate constant between TA &@H, k.., = (4.0 + 0.1) x 10M™ s in aerated

solution, at pH 6.0 and 293 + 2 K.
1. Introduction

The quantification of the hydroxyl radical in aqgoasystems and more particularly in
atmospheric water is of great interest, beca@é¢ is a major oxidant. In the atmosphere, the
relevant impact ofOH (also called the “cleaning agent” of the atm@sph on the chemical
composition of the gas phase, of aerosols andaafdctroplets is well established [1-3]. In
particular, aerosols and cloud droplets could nmyotiié ground radiation budget and play the
double role of cooling (reflecting the incidentaolight) and reheating the Earth (greenhouse
effect) [4-6]. This opposing role strongly depemasthe chemical aerosol composition and,
as a consequence, also on the photochemical faeaunstituents.

A large number of recent studies allows for a pragearacterization of the main physico-
chemical and chemical properties of the partialethe atmosphere [7]. However, as far as the
reactive speciese(g. ‘OH) are concerned, the most important mechanismstheir
photochemical generation and the relevant quaatiéo techniques are still not completely
understood or have not been characterized. Theti§oatmon of the possible sources and
sinks of photogenerated radical species is a lagyistassessing the transformation of organic
and inorganic molecules in the atmosphere, incythe formation of Humic-Like substances
(HULIS) that may play an important role in photosérmed reactions [8].

Moreover, the current atmospheric models are abf@edict the physico-chemical processes
of the atmosphere, to prevent pollution episoded &elp a policy targeted at the
improvement of air quality. However, to predict t@nospheric fate of organic compounds,
the models require more precise estimates of ttheatreactions that take place in the gas,
liquid and on the solid phases. The exact quaatifia of "OH photogeneration in cloud

water is, therefore, of paramount importance.



The radical OH in cloud water could be generated via ozong f@otolysis to electronically
excited oxygen atoms €I§), followed by reaction with water. It could alssach the aqueous
phase by dissolution from the gas phase [1]. Maggoatmospheric hydrogen peroxide is
currently considered as an important photochemisalirce of hydroxyl ‘OH) and
hydroperoxyl (HQ") radicals [1]. In addition, inorganic species amganic pollutants present
in the atmospheric aqueous phase such as,NND, , Fe complexes and more recently nitro-
PAHSs, are known sources 0®H via photochemical and photosensitized react{®n%2].
The relative importance of the cite@H sources is highly variable, depending on the
composition of the aqueous phase.

Due to its high reactivity with the organic and riganic constituents of atmospheric waters,
the quantification of OH is extremely difficult. Moreover, reactive spegisuch as triplet
states, singlet oxygen and Ne€adicals could react with ti®H probe molecules and perturb
as a consequence th®@H measurement. In order to determine its photoata@nformation
and to quantify"OH in natural systems, different technigues are leyao and different
reactive molecules are used as probes: benzene,zoibenacid, salicylate,
hydroxymethanesulfonate (HMSA) and more recentipalhydrazide [13-16].

Fang and coworkers [17] investigated the possidetion of OH with TA upon addition to
the aromatic ring. The authors reported that thénmeaction was the attack 6OH to
produce 2-hydroxyterephthalic acid (TAOH) (see Fegd), quantifiable via fluorescence.
The yield was estimated to be at least 84 % in emyfgee solution. However, the presence of
oxygen enables ring-fragmentation reactions thdtige the hydroxylation yield to 35 %.
Unfortunately no literature data are availableotos knowledge, on the dependence of the
TAOH formation yield as a function of pH, temperatiand the presence of inorganic or
organic compounds that could modify the chemicahposition and the ionic strength of the
solution [18-21]. These knowledge gaps could caersidly hinder the applicability of TA as
a molecular probe foOH quantification in laboratory studies.

Therefore, the aim of this work is to assess thiglsility of terephthalic acid (TA) as a probe
for photogenerated hydroxyl radical in water, usimtrate and hydrogen peroxide (both

naturally present in atmospheric water [22]) astptivemical OH precursors:

NO; +hv + H - "NO, + "OH hv < 360 nm (R1)
NOs +hv -~ NO, + OFP) (R2)
H,O, + v - 2°OH hy < 380 nm (R3)



In the first part of the work, we assessed thegoerédnce and selectivity of terephthalic acid
as ‘OH probe, studying the TAOH vyield as a functiontbé pH and temperature of the
aqueous solution. In the second part, we investiban the reactivity of TA toward©H,
photogenerated by nitrate and hydrogen peroxidd, @m the impact that inorganic and
organic compounds present in cloud water can havbereaction.

2. Materials and methods

2.1. Chemicals. Terephthalic acid (Benzene-1,4-dicarboxylic acidldtich) and 2-
hydroxyterephthalic acid (TAOH) (Atlantic ReseafChemical), with a purity of 98 and 97 %
respectively, were used without additional purifica. NaOH, HCIQ, 2-propanol (HPLC
grade) and other solvents were purchased from &idri

The water used to prepare the solutions was pdnfigh a Millipore water system (Millipore
aQ, resistivity 18 M2 cm, DOC < 0.1 mg T%). All synthetic solutions were stored in the dark
at 277 K and their stability was checked reguldxyyion chromatography. Fresh solutions
doped with nitrate or pO, were prepared before each experiment. The coratemirof the
stock solution of KO, in milli-Q water was determined using a molar apson coefficient

of 38.1 + 1.4 M*cm™ at 240 nm [23].

2.2. Quantification of TAOH in aqueous solution. Two different setups were used to
explore and understand the sensitivity and suitglof TA as probe for the quantification of
"OH in irradiated aqueous solutions.

Polychromatic irradiation followed by quantificatioof TA and TAOH concentration via
HPLC analysis was used to explore the effect of pHd temperature on the
phototransformation yield of TA into TAOH. The adeg procedure was the following: 40
mL of TA solution with nitrate (or kD,) were irradiated in a thermostated cylindricalctea
under polychromatic radiatiorh & 300 nm), generated by a 1000 W Xenon lamp eguaipp
with a Pyrex filter. At fixed time intervals an @liot of the solution (200 pL) was withdrawn
and analyzed by HPLC (Waters Alliance instrumentuipped with UV-visible and
fluorescence detectors. The column used was a BiyBS C18 (5 um, 125 mm x 4 mm).
The samples were eluted with a gradient otCMN (A) and HO (B), the latter containing 5
mM tetrabutylammonium bromide at pH 2.8, adjustatth \WsPO,. The gradient used was: 80
% (B)att =10, to 70 % (B) at t =15 min and keep T min, back to the initial conditions in 1



min and keep for 2 min. TAOH was detected by flsoemce Xexc = 320 nm and.er, = 420
nm), TA by UV-vis absorption at 240 nm. The flowteavas 1 mL mift, the injection
volume 50 pL. The column was thermostated at 29ank, under such conditions, the
retention times were (min): TA (4.9) and TAOH (11.8

The time evolution of TA was fitted with pseudostiorder decay equations of the foGn=

Co exp(—deA t), where Cis the concentration of TA at the time t, iI& initial concentration,
and KA the pseudo-first order degradation rate constififo The initial degradation rate of
TA is KA Co. The time evolution of TAOH was fitted with'; = k'raon Co (Kraon — Kra) ™
[exp(H&ra ) — expEraon )], Where lkaon and Kraon are the pseudo-first order rate
constants for the formation and the degradatiohADH, respectively. The initial formation
rate of TAOH isk'raon Co. The error bounds associated to the rate datasepii+o, derived
from the scattering of the experimental data araheditting curves (intra-series variability).
To check the reactivity of TA toward differef®H sources at variable concentrations, we
proceeded as follows: 3 mL of TA solution (50 pMdt otherwise specified) were irradiated
in a stirred quartz cuvette (Hellma QS) under manomatic light (313 nm) by means of a
Hg 200 W lamp (ORIEL) equipped with a monochromaidre incident photon flux at 313
nm was measured as 12 Wnusing ferrioxalate actinometry [24]. At fixed tinietervals
during irradiation, the cuvette was transferred oin Perkin-Elmer MPF 3L
spectrofluorimeter. The formation 6OH was monitored from the fluorescence of TAOH
(Aexc = 320 nmAem = 420 nm), quantifiable using standard solutidmsOH derives from the
‘OH-mediated oxidation of TA. Monochromatic irradbat experiments were carried out at
ambient temperature (293 + 2 K). It should be ndked the direct determination of TAOH by
fluorescence spectroscopy is much easier and fiwsterthe HPLC analysis.

Figure 2 reports the emission spectrum of the MORenon lamp, measured with an Ocean
Optics SD 2000 CCD spectrophotometer (calibratedusdipg a DH-2000-CAL Deuterium
Tungsten Halogen reference lamp), and the absargpectra of TA, nitrate and .8,
measured with a Varian Cary 300 UV-Vis spectrophwter.

2.3. Hydroxylation yield of TA into TAOH. The hydroxylation yield of TA into TAOH

(Y1aon) in the presence 6OH was determined as the ratio between the irfiti@hation rate
of TAOH (R/,.,,) and the initial degradation rate of TRY,). For each experiment, a control

was carried out to evaluate the possible formatfoRAOH in the dark. The initial formation



irradiation dark irradiation

rate of TAOH was then calculated &, = RS- R&  where RS2 " and R%  are

the formation rates of TAOH with and without irration, respectively. No dark formation of
TAOH was appreciated with nitrate as tk¥H source, while in the presence g4 the dark

formation of TAOH had to be taken into account &bcalateR/,,, . In order to evaluate the
possible formation of TAOH and the degradation &f Under the adopted photochemical
conditions, both molecules were irradiated in ujtusie water for 20 min under polychromatic
and monochromatic wavelengths. No variations of thévis spectrum and fluorescence

signal were noticed.

3. Results and discussion

The goal of this work is to assess the performammk sensitivity of TA as a probe fadH
production upon irradiation of laboratory-made $ols, where theOH sources and sinks
can be easily controlled and quantified. In thestfipart we investigated the pH and
temperature dependence of the reactivity of TA towaOH, produced by irradiation of
nitrate or HO,. We continued our work by investigating the rofesmgle constituents of
atmospheric cloud water such as NOH,O, and carboxylic acids, in order to assess the
suitability of TA as an'OH probe in such media. In Table S1 (Supportingrimiation,
hereafter Sl), we report the concentration of majganic (carboxylic acids) and inorganic
constituents of artificial cloud water used durthgs work. The adopted concentration values
and the studied ranges of pH (3.9 - 7.5) and teatpey (278 - 303 K) were chosen with the
purpose of obtaining conditions that are relevardtmospheric waters [1, 22]. Also note that
Fe(ll) and Fe(lll) were not adopted here ‘&H sources, because their complex aqueous
chemistry makes it difficult to quantify their imgance as sources of hydroxyl radicals in
atmospheric waters, which may well be limited unak@ny conditions [20]. Fe(ll) and Fe(lll)
might be associated with Fenton and Fenton-liketieas that produce oxidizing species, the
exact nature of which is still under disput®Kl and/or ferryl ion) and, for this reason, is not
exactly quantifiable [25]. These considerationsndd support the use of Fe(lll) and/or the
Fenton reaction to test a@H probe. Ozone was also not adopted@id source because,
although important in the (photo)chemistry of atptueric water droplets [12], due to its very

short lifetime it would play a negligible role @8H source in most laboratory investigations.



3.1. TAOH formation yield: effect of pH. To understand the pH dependence of the yield of
the reaction TA +OH - TAOH, solutions containing 200 uM TA and 200 pNraie in the
pH range 3.9 - 7.5 were irradiated. The temperatfitbe solution was settled at 288 + 1 K.
As shown in Figure 3A, the formation yield of TAQMaon) decreased with decreasing pH,
ranging from 0.23 to 0.15 at pH 7.5 and 3.9, respely. A linear correlation betweentXoy
and pH followed the relationshipr¥on = (0.0248 + 0.0059) pH + (0.046 + 0.035Y (R0.85
from linear regression analysis). Error bounds espnt+ 10. The Spearman test indicated
that the linear correlation is statistically sigedint (p < 0.03).

The pH values could affect the reactivity of TA tnds'OH, or the photoformation yield of
'OH from nitrate (see reaction R1). To discrimina@ong the two processes, similar
experiments were carried out by irradiating 4 uhOHin the presence of 200 uM TA, at pH
4.3 and 6.7. The results, shown in Figure 3A (enmp&ngles), are in agreement with those
obtained from nitrate photolysis. Because &l photogeneration by @, does not depend
on pH [22, 26], it is possible to conclude that ¢ivserved pH trend ofXon is caused by the
reactivity between TA antOH and, therefore, can be generalized to photodwreystems
other than nitrate under irradiation. The pH trenhd taon Should be taken into account when
studying the formation 6fOH by use of TA in natural samples.

Note that TA is a dicarboxylic acid with gKralues of 3.52 and 4.46 [27]. Therefore, over
most of the studied pH range the doubly dissoci&ech would prevail, which could not
account for the observed pH effect. Given the iredht complex reaction pathways that
define Yraon through competition between ring addition and hgavage [17], it is possible

that the pH effect derives from equilibria involgionne or more reaction intermediates.

3.2. Effect of the Temperature.The temperature effect on the reaction TAOH - TAOH
was investigated upon irradiation of 200 uM TA lre fpresence of 200 uM NOat pH 5.4,
between 278 and 303 K. The value ghyy at 278 K (0.13 + 0.03) was approximately 40 %
of that obtained at 303 K (0.32 £ 0.05). Moreoas,shown in Figure 3B, the data could be
fitted with the linear regressionXon = (0.0059 + 0.0011) F (1.50 + 0.31) (R= 0.84 from
linear regression analysis). The Spearman testcatell that the linear correlation is
statistically significant (p < 0.005).

In analogy with the case of pH, the effect of terapge on Yaon could depend on the
photogeneration yield 6fOH from nitrate and/or on TA reactivity. To clarifitis point, the

degradation and formation rates of TA and TAOH weplatted as a function of solution



temperature. As shown in Figure 4, the degradatitm of TA (RY,) is close to ~7.4 x 16"

M s, while the formation rate of TAOH shows a tempemtdependence and ranges from
1.0 x 10" M st at 278 K to 2.4 x 10" at 303 K. It is also possible to obtain a linear
dependence of the TAOH formation rate on the teatpes: R’ ., = (4.73+0.71) x 18° T

—(1.21 £ 0.21) x 13°. TA is the mairiOH scavenger in the studied systems, ks would

be equal to the formation rate ‘@H by nitrate. Becaus&’ra does not show any significant
temperature dependence (the value is always cto3edtx 10 M s) compared tdR'raon
(see Figure 4), we can argue that the formatiorOsf upon nitrate photolysis is unaffected
by temperature. The temperature variation @foy; would thus be accounted for by changes

in the reaction pathways of the hydroxylation pssce

3.3. Nitrate and hydrogen peroxide photolysisA major issue to be tested is that the TAOH
formation rate really measures the rate @H production through the yieldtXon. Figure
S2A (SI) reports the time evolution of the fluoresce intensity at 420 nm, upon irradiation at
313 nm of solutions containing different concemndrag of nitrate (from 50 uM to 1 mM) in
the presence of 50 uM TA. The linear increase & finorescence intensity with the
irradiation time enabled the calculation of thenation rate of TAOH from the line slope.
The linearity of the TAOH initial formation rate .vsitrate and KO, concentration is shown
in Figure S2B (SI).

Irradiation of 200 uM N@ with different TA concentrations (50, 300 and 500)

was performed to determine the amount of TA necgdsatrap all the photogeneratédH.
If the amount of TA is high enough to react rapidiigh all the’OH radicals, R/,,,,would
depend on the rate 6OH formation and would, therefore, be independeihthe TA

concentration. The experimental data confirm sudoradition and suggest that the adopted

50 uM TA is able to quantitatively tra@H produced by nitrate photolysis in water.

3.4. Quantum yield of "OH production. In order to compare the use of TA with other

methods of'OH quantification, the quantum yield value®.( ) obtained upon nitrate

photolysis in this and other studies are reportedable 1. From the experimental data of

Ytaon Obtained during this work we were able to derive guantum yieldDd.  of nitrate

photolysis at 313 nm, as 0.0012 £ 0.002, 0.0160860and 0.014 + 0.001 at T = 298 K, for



pH 5.1, 6.0 and 7.6, respectively. The estima@H quantum yield valuesd. ) are in

good agreement with the published data obtaineérusichilar pH and temperature conditions

[28-30]. It can be concluded that TA is a suitablgecule for OH detection.

3.5. Effect of inorganic ions.The assessment of the role of inorganic ions, asiep able to
interfere with the reaction TA *OH - TAOH, was carried out in the presence of acetic,
formic, succinic and oxalic acids as major orgammpounds identified in the cloud agueous
phase (see Table S1, SI) [31].

Experiments were carried out with 50 uM TA and atiéint amounts of nitrate (200
UM, 700 uM and 2 mM). No change in the initial faton rate of TAOH was observed upon
addition of inorganic ions relevant to the atmosjzhaqueous phase, such as,®IH," and
SO [32]. The data also indicate that%y is independent of the ionic strength (I) of the
solution in the range of | = 250 uM - 2 mM. Therefoit is concluded that these ions do not
interfere with the TA/TAOH probe reaction, underndgions that are relevant to the

atmospheric aqueous phase.

3.6. "OH formation rate and reaction rate constant betwee TA and "OH. In order to
derive the second-order rate constant between TA@H, aqueous solutions of 50 uM TA
were irradiated in the presence of 200 uM3NOr 200 uM HO,, with the addition of
different concentration values of 2-propanol (2AMis alcohol is dOH scavenger, with a
second-order rate constakyf, .. = 1.9x 16° M™ s™ [33].

In the case of nitrate, which does not react W@hi, there is only competition between TA

and 2-propanol for reaction withtDH. With R as the formation rate 6fOH upon

OH,NO;

irradiation of nitrate one obtains:

er _ YTAOH R OH,NC; kTA,'OH [TA]
homNes kTA,'OH [TA] +k2Pr,'OH [2Pr]

(1)

From the data fitting of the nitrate experimenthngquation (1), which is reported in Figure

5A, and by using Yaon = 0.19, we obtained = (2.01 + 0.11) x 18° M s* and

OH, NO;

..=(89+0.1)x1Mt s
Kra-on

10



The photolysis of kD, is also a rather clean source ‘6H (R3), although the reaction

between HO, and’OH introduces some complications into the systé&m, =2.7x10

(-on
M~ s [33]. However, the formation of HOO, ™ might only cause limited interference
because hydroperoxide and superoxide are poortyivealn the presence of irradiated®4,
there is competition for photogenerafé@H between KO, itself, TA and 2-propanol. With

R. oH 0, 35 the formation rate 0OOH upon irradiation of hydrogen peroxide ahg\.OH as

the reaction rate constant between TA a@H, upon application of the steady-state

approximation to’[OH] one derives the following equation:

YTA0H R'OH,HZOZ kT/-\'OH [TA

f —
RraoH,H,0, Kra-on [TAL+K ,0,]+k

H.0,0n [H [2pn (@

2Pr; OH
From the fit with equation (2) of the,B, data, which is reported in Figure 5A, and by using
Ytaon = 0.19 we obtainedR = (262 +0.14x 10° M st andk ., = (4.1 0.1)

OH, H,0,

10° M s™. Note the very good agreement of the. . values obtained upon irradiation of

nitrate and HO,. The agreement constitutes further evidence ofthibility of TA as’OH
probe. The value of the second-order rate condterween TA andOH obtained in these
experiments compares well with the results of SaramhSummer [34]. These authors reported

a reaction rate constarit,.., = 3.3x 10° M™ s™, showing a possible competition of the

probe molecule (TA) with biomolecules under physgital conditions.
The data obtained with both NOand HO, suggest that TA undergoes selective reaction
with *OH, with rate constark ... = (4.0 £0.1x 1° M~ s™,

3.7. "OH quantification in artificial cloud water. As discussed in the materials and methods
section, synthetic solutions were used as proXietad water compaosition.

To evaluate the adequate concentration of TA neddeduantitatively determinéOH
photoformation in synthetic cloud water, a seriésegperiments was performed and the
results indicated a plateau Bf,,, for [TA] > 900 uM.

Further experiments were carried out with 1 mM TA artificial cloud water, with the

composition reported in Table S2. Figure 5B repdis,,,, upon 313 nm irradiation of

11



artificial cloud water, as a function of the conication of added 2-propanol. In the systems
under study, the expected source’©H is nitrate and the possible scavengers are FA, 2
propanol and the organic acids. The reaction mstants witiOH are 1.9 x 1M s (2-
propanol), 7.0 x 10M™ s (acetic acid), 2.4 x fav™ s (formic acid), 5.0 x 1M s*
(succinic acid), and 7.7 x 4017 s™* (oxalic acid) [33, 35]. For the reaction rate dans of
TA with "OH, we used 4.0 x foM™ s as previously evaluated in this paper. The

experimental data reported in Figure 5B were fittaith the following equation:

YT/-\OH R‘OH,No; kTA,'OH [TA]
kTA,'OH [TA] + kZPr,'OH [ZPI’] + Zi kS [SI]

I:e'l'fAOH = (3)

where Yraonx R. was the only fit variable. The value &fks; [S] was calculated as the

OH,NO;
sum of the contributions of 20.0 uM acetic acid,514M formic acid, 1.5 uM succinic acid
and 3.0 pM oxalic acid, with the reaction rate ¢ants reported above; ks; [S] = 4.0 x 106

s ! was obtained. Figure 5B shows the very good fiequiation (3) to the experimental data,
taking into account the detection limit of our me®s quantified as 5 x 18 M s* (obtained

by taking into account the signal-to noise ratiotled fluorescence detection system). It is
further confirmed that TA is a goo®H probe under the adopted conditions and that, for
instance, its reaction yield wiflOH is not modified by the adopted cloud water conguds
(organic acids and inorganic anions). This conoluss further supported by the agreement

between the value OROH,No; measured in artificial cloud water containing 200 nitrate

((2.00 + 0.03) x 10° M s %) and that reported in Figure 5A for 200 uM nitratene ((2.01 +
0.11) x 10*°M s™).

4. Conclusions and atmospheric implications.

This paper shows that the reaction between TA @ttlin oxygenated solution gives TAOH,
with pH and temperature trends that should be tak#o account for a laboratory
guantification of' OH photogeneration in atmospheric waters. The wabfeYraon are not
affected by common cloud water components suchasganic anions (C] NH;" and SG%)
and carboxylic acids (formic, acetic, succinic, l&¥a at atmospherically relevant

concentration. TA appears as a more selectdd probe compared to nitrobenzene and

12



benzoic acid, which undergo significant interfereiy additional reactive species (possibly
nitrogen dioxide and atomic oxygen) that are predudy nitrate photolysis [36]. In
oxygenated solution the TAOH vyield is relativelyMaompared to the phenol yield from
benzene, but the reverse is true in oxygen-fragtisal [17, 37]. Two important advantages of
TA versus benzene are the safer use and the limdkdility, which allows the degradation
rate of TA to be taken into account. In contrasiattof benzene is often biased by
volatilization [30, 36]. The accurate determinatadrthe rate of TA degradation in addition to
TAOH formation is interesting as it allows the wdeYtaon to identify possible interference.
That would be more useful in surface-water photoubiy, where the excited triplet states of
organic compounds are likely to play a more impdrtale than in atmospheric waters [38,
39]. Moreover, the fluorescence of TAOH allows maensitive detection (by direct
fluorescence spectroscopy or HPLC-Fluorescencepaosd to non-fluorescent compounds.
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Figure 1. TA and TAOH chemical structures.
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