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Abstract

Hydroxyl radicals ((OH) are key players in chemistry in surface waters, clouds
and aerosols. Additionally, ‘OH may contribute to the inflammation
underlying adverse health outcomes associated with particulate matter
exposure. Terephthalate is a particularly sensitive probe for hydroxyl
radicals, with a detection limit as low as 2 nM. However, there is uncertainty
in ‘OH quantification using this method, and potential for interference from
fluorescent compounds and from some transition metals. Terephthalate
reacts with -OH to form a fluorescent product, 2-hydroxylterephthalic acid

(hTA), with a moderate dependence on pH and temperature. However, there
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is disagreement in the literature on the yield of the fluorescent product (Ynra),
which introduces a large uncertainty in the quantification of OH. Additionally,
TA and similar organic probes are known to complex Cu(ll) at high
concentrations, thus if this reaction is important at lower concentrations,
Cu(ll) could reduce apparent hTA formation, and reduce activity of Cu(ll) in
target samples. Using a pH 3.5 dark ferrous Fenton system to generate -OH
radicals, we find that Yya = 31.5 = 7%. This is about double the recent
literature value measured, but in excellent agreement with earlier
measurements. Additionally, we find that interactions between Cu(ll) and
hTA are small enough to be ignored at Cu(ll) concentrations below ~50 uM.
Introduction

‘OH plays an important role in various atmospheric and surface water
processes. Aerosol aging by ‘OH can modify chemical composition
(Shrivastava et al. 2008) cloud condensation nuclei (CCN) activity (Shilling et
al. 2007) hygroscopic properties (Suda et al. 2014), and optical properties of
aerosols (Kim and Paulson 2013). Hydroxyl radical also plays an important
role in the chemistry of surface waters (Lindsey and Tarr 2000, Goldstone et
al. 2002) degradation of drugs after release into the environment (Rosenfeldt
and Linden 2004) in oxidative stress in marine organisms (Lesser 2006) and
in waste water treatment (Fernandez-Castro et al. 2015). Inhalation of fine
particulate matter has shown correlation with adverse health impacts,
including asthma, cardiovascular diseases, pulmonary inflammation, lung

cancer and mortality (Brook et al. 2010, Beelen et al.). While the
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mechanism(s) by which ambient particles impact health is not yet
completely understood, a hypothesized cause under active investigation is
oxidative stress, mediated by reactive oxygen species (ROS) (Bates et al.
2015).

A direct measurement of hydroxyl radical in aqueous solutions is
difficult due to its low concentrations, short lifetime and chemical and
physical similarity to the aqueous solvent. Chemical probes such as benzene
(Faust and Allen 1993), nitrobenzene (Zepp et al. 1992), benzoate (Jung et
al. 2006), and terephthalate (TA) (Matthews 1980, Fang et al. 1996, Saran
and Summer 1999, Snyrychova et al. 2007, Page et al. 2010, Charbouillot et
al. 2011) have been used to quantify OH. These methods depend on
fluorescence (2-hydroxyterephthalic acid) or UV absorption (benzene
derivatives) of oxidation products. Additional approaches such as electron
paramagnetic resonance are also available (Shi et al. 2003).

Of the hydroxyl radical probes, terephthalate has several advantages.
Due to its symmetric configuration, the '‘OH reaction with terephthalate
results in only one ring- preserving product, 2-hydroxyterephthalic acid (hTA,
Fig. 1). Furthermore, 2-hydroxyterephthalic acid is strongly fluorescent
(Armstrong et al. 1963) facilitating detection limits as low as ~2 nM (Sl Tab.
S1), compared to 30 nM for benzoate (Shen and Anastasio 2012). Further, TA
is more soluble, has a more stable fluorescent product and is less susceptible

to pH changes compared to several other ‘OH probes (Son et al. 2015).
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Accurate quantification of ‘OH with the terephthalate probe requires
knowledge of the yield of the fluorescent product, hTA, per molecule of OH
reacted. A handful of prior studies have quantified the -OH formation yield,
each with a different source of hydroxyl radicals: Matthews (1980) used
radiolysis; Charbouillot et al. (2011) used photolysis of nitrate and H.O, (Fig.
1), Page et al. (2010) used photolysis of nitrite and Mark et al. (1998) used
sonication of water. Page et al. (2010) and Mark et al. (1998) but did not
show data or indicate a pH for their measurements. The Matthews (1980)
(30.5 - 35% increasing as pH increased from 2 - 9), Mark et al. (1998) and
Page et al. (2010) (both 35% at unspecified pH) measurements are nearly
double those of Charbouillot et al. (2011) (14 - 23% increasing as pH
increased from 4 - 7.5). As both the high (Son et al. 2015, An et al. 2016,
Batista et al. 2016, Gonzalez et al. 2017) and low (Huang et al. 2013,
Pausova et al. 2015, Li et al. 2016, Tafer et al. 2016) values have been taken
up in the literature, we attempt to address the discrepancy.

The hTA yield has also been found to depend on O, concentration in
the sample (Matthews 1980; Saran and Summer 1999); all yields discussed
here are for agueous solutions in equilibrium with air at one atmosphere.
Charbouillot et al. (2011) found that the hTA yield is not influenced by ionic
strength, ammonium or sulfate ions within the 0.25 - 2 mM range studied,
but that the yield has a fairly strong temperature dependence; the yield

increases by about a factor of 2 between 278 and 303 K at pH 5.4.
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The discrepancy between the measurements of Matthews (1980), Page
et al., (2010) and Charbouillot et al. (2011) were suggested by Page et al.
(2012) suggested to be due to the photolysis light source used by
Charbouillot et al. (2011) also photolyzing hTA, reducing its apparent yield.

While previously unrecognized by the community using TA as a probe
for hydroxyl radicals, formation of metal-terephthalate complexes at high
concentrations are well known, including with Cu(ll), Co(ll), Fe(ll), Mn(ll) and
Ni(ll) (Acheson and Galwey 1967, Sherif 1970, Rabu et al. 2001, Carson et al.
2009). This presents the possibility that metal interactions with TA might
impact the outcome of the assay, either by changing the ability of metals to
contribute to chemistry that leads to formation of ‘OH or by reducing metal
ion availability in solution.

Here, we report a new measurement of the hTA yield, using a different
source of OH. Because of the substantial discrepancy between the published
datasets, and because there is little data available for the yield of hTA under
acidic conditions relevant to water in the atmosphere, such as cloud, fog and
rain water (Falconer and Falconer 1980) we measure Yna at pH 3.5 using a
dark ferrous Fenton system to generate OH. Further, due to its abundance in
the atmospheric samples (Wang et al. 2010) here we examine the ability of

Cu(ll) to interfere with the hTA assay.

Materials and Methods

Materials
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Disodium terephthalate (TA) was purchased from TClI America. 2-
hydroxy terephthalic acid (hTA) was purchased from Apollo Sci. Methanol
(HPLC grade) and sulfuric acid (reagent grade), Chelex® 100 sodium form
(50-100 dry mesh), uric acid (>99%), sodium Citrate tribasic
dihydrate (>99%), L-ascorbic acid (BioXtra, >99%), L-glutathione reduced
(>98%), ethylenediaminetetraacetic acid (EDTA), horseradish peroxidase
type Il, para-hydroxyphenyl acetic acid, potassium hydrogen phthalate, H.0O;
(30%) and FeSO. (>98%) were purchased from Sigma-Aldrich. Sodium
phosphate dibasic and potassium phosphate monobasic were purchased
from Acros Organics. Ferrozine (4,4'-[3-(2-pyridinyl)-1,2,4-triazine-5,6-diyl]
dibenzenesulfonate) was purchased from Fluka Analytic. Hydrophilic
Lipophilic Balance cartridges were purchased from Waters (Oasis, 10mg). All
materials were used as received.

A rigorous cleaning process was followed for all glass and Teflon
containers. After each use, the glass/plastic ware was washed with warm
water and soap, then rinsed in deionized (18 MQ DI) water (3x), ethanol
(3x), and finally DI water (3x). The vessels were then soaked in a 1 M nitric
acid bath overnight, rinsed with DI water (3x) and air dried. Nitric acid baths
were replaced after being used twice.

Stock solutions were prepared with 18 MQ DI water after further
purification by passing through a Chelex column to remove trace metals. pH
was measured with a bench top pH meter (HANNA instruments, HI 3220),

calibrated daily. Stock solutions of hTA (103 M) and Fe(ll) (5.1 mM) were

6



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

wrapped in foil; hTA was kept refrigerated for a few months and Fe(ll) was
prepared daily and refrigerated. Dissolved oxygen was present in all
solutions as solutions were in contact with air and were not degassed.
Fluorescence Spectroscopy and quantification of hTA

hTA fluorescence intensity was measured in single wavelength mode
at excitation/emission wavelengths of 310/420 nm with a Lumina
Fluorescence Spectrometer (Thermo Scientific). For the purposes of the
measurements carried out here, hTA calibration curves were prepared in pH
3.5 or 7.4 solutions at hTA concentrations of 50, 100, 500 and 800 nM. An
EEM scan of hTA fluorescence recorded performed with 10 nm excitation and
emission slit widths, 5 nm intervals scanning at 60 nm/s with 10 ms
integration time (Sl Fig. S1). A 103 M Stock solution of hTA in milli-Q water
(18 MQ) was prepared using an acid cleaned Teflon bottle which was
wrapped in aluminum, and stored in the refrigerator. A 5-point calibration
was performed prior to each experiment.

Quantification of Fe(ll)

Fe(ll) was quantified with the ferrozine method (Stookey 1970) using a
liquid waveguide capillary cell (LWCC-3100, World Precision Instruments
Inc.), a UV-Vis light source (AvalLight-DHS, Avantes) and UV-Vis spectrometer
(AvaSpec 2048L, Avantes). The Fe(ll)-ferrozine complex has a maximum
absorbance at 562 nm (Asez). To account for instrument drift and solution
turbidity, the absorbance at 700 nm (A;q0) was subtracted from Ase.. Aliquots

were analyzed by adding 10 pL of 5.1 mM ferrozine to 2.0 mL aliquots. Fe(ll)
7
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calibration curves are made by preparing a stock solution of 2 mM Iron
Sulfate (Sigma-Aldrich) at pH 3.5 and diluting to between 0.012 and 0.75 uM
Fe(ll).

Quantification of H.0;

Quantification of aqueous H,0, was performed using a High
Performance Liquid Chromatograph equipped with a fluorescence detector
(Shimadzu RF-10AXL detector) (Arellanes et al. 2006). The eluent, water with
0.1 mM EDTA adjusted to pH 3.5 with 0.1 N sulfuric acid, was delivered at 0.6
mL/min to a C18 guard column. H,0, elutes at 0.5 min, after which it is
mixed with a fluorescent reagent containing horseradish peroxidase and
para-hydroxyphenyl acetic acid (POHPAA). The peroxidase enzyme catalyzes
a reaction between H,O, and POHPAA to form a fluorescent dimer, which is
detected at the Aex/Aem 320/400nm. The solution is mixed with ammonium
hydroxide (30%) to increase its fluorescence intensity prior to detection. The
HPLC was calibrated at least weekly with 102 to 10® M standards prepared
from a 0.3% stock solution, titrated with sodium thiosulfate to determine the
concentration.

Oxidation of TA via a Ferrous Fenton System

Experiments to derive hTA yields were carried out as follows. Triplicate
samples of 4.44-4.77 uyM FeSO, and 5.38-6.00 uM H.O, (Sl Tab. S2) were
mixed with excess terephthalate (~500 uM, 100-fold excess) in 60 mL Teflon
bottles and allowed to react in the dark with gentle shaking (25 rpm,

Heidolph Rotamax) at 20° C. FeSO. was added last as to initiate the Fenton
8
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reaction. The resulting solution was monitored in triplicate for H,O,, Fe(ll)
and hTA every 20 minutes for 2 h. Initial concentrations of H.O, and Fe(ll) are
shown in SI Tab. S2. Blanks consisted of TA in pH 3.5. Aliquots were diluted
by 5 - 10x to fall within the ranges of detection for Fe(ll) and H,0,. At uM
concentrations, the system is sensitive to trace contaminants, including
metals and organics, which can change ‘-OH formation chemistry and/or the
ability of terephthalate to scavenge all available OH, thus rigorous cleaning,
dust exclusion and high purity reagents were critical for these experiments.

A 54-reaction chemical kinetics model (Sl Tab. S3) including reactions
describing Fenton chemistry, acid-base equilibria, iron sulfate chemistry and
odd oxygen free radical chemistry was developed to derive hTA yields.
Concentrations as a function of time were calculated from initial
concentrations using FACSIMILIE (MCPA Software, UK).
Interference of Cu(ll) with the hTA assay

EEM scans were performed to probe fluorescence of terephthalate and
Cu(ll) complex, if any. The potential reduction of hTA fluorescence intensity
by Cu(ll) was probed by adding 1uM to 250 uM of Cu(ll) to 800nM hTA, and
measuring fluorescence using the single-wavelength scan mode after 2
hours. Additionally, H,O, formation from 20 um Cu(ll) with different
concentrations of TA (0.5 to 10mM) was measured every 30 minutes for 2
hours. 20 uM of Cu(ll) was chosen because in aqueous solutions at pH 3.5
this concentration produces significant amounts of H,O, in the dark (this

work, S| Fig. S2).
9
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Results
Hydroxyterephthalate Yield

Fig. 1 shows experimental data (symbols) and model best fit (lines) for
the average of three experiments; error bars show the standard deviation of
nine measurements at each time point (three replicates from each of three
experiments). The model is most sensitive to the rate constant for Fe(ll)
reacting with H,0O, to make ‘OH and co-products (the Fenton reaction, kisin Sl
Tab. S3). Most published rates for this reaction fall within the range 55 -76 M-
st (Zuo and Hoigne 1992, De Laat and Le 2005). The best fit between the
model and the measured H,0, and Fe(ll) was obtained using 76 M*s™* for the
Fenton reaction. This results in mean square errors (MSEs) of 4.3 and 3.1 %
for Fe(ll) and H,0,, respectively (Fig. 1). We then adjusted the yield of hTA
(Ynta) to minimize the MSE between the model and the average concentration
of hTA, and found a best-fit Yira = 31.5 = 7%, with and MSE of 0.24%.
Altering Ynra does not affect the modeled Fe(ll) and H,O. concentrations. The
error bars for the yield were derived by finding the best fit Yara for £ 1 o of
the measured hTA concentrations (Fig. 1). At pHs above 4, formation of iron
hydroxide and iron sulfate precipitates increase (De Laat and Le 2005),
compromising the utility of the Fe(ll)/H.0, system as an ‘OH source, so we
were not able to measure Ynra at higher pHs.

Fig. 2 summarizes reported measurements of hTA yields as a function

of pH. Our results are in excellent agreement with the results of Matthews
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(1980) and about double those of Charbouillot et al. (2011). Some of the
difference is explained by the temperature dependence reported by
Charbouillot et al. (2011) (above). Differences in the temperature of this
work (293 K) and Charbouillot et al. (2011) (288 K) would suggest a
difference of about 20% (Matthews et al. (1980) did not report a
temperature. To generate '‘OH radicals, Matthews (1980) used radiolysis,
while Charbouillot et al. (2011) photolyzed either nitrate or H,O, using a
1000 W xenon lamp (A > 300 nm). In a separate study, Page et al. (2010)
reported that the UV absorption spectrum for hTA contains a weak
absorption between 275 - 365 nm, with a slight pH dependence.
Wavelengths below 365 nm were observed to cause some decomposition of
hTA, leading the researchers to conclude that nitrate photolysis could not be
used to probe hTA formation (Page et al. 2012). Charbouillot et al. (2011)
had good agreement between their results using nitrate or H,0, as the -OH
source, but since they used the same lamp, similar degradation of hTA likely
occurred. We conclude that the Matthews (1980) yields, together with this
work and Page et al. (2010) are correct and recommend a yield of 35% for
pHs above 9, decreasing monotonically to 30.5% at pH 2 with the expression
Yinra (%) = 30 + 0.43 x pH, and possibly decreasing more below pH 2.
Potential interference of Cu(ll) with hTA assay

We performed several experiments to explore the potential for Cu(ll) to
interfere  with TA of hTA, and vise-versa. At high concentrations,

terephthalate and Cu(ll) in water at pH3.5 rapidly form a blue precipitate
11
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(Carson et al. 2009). However, mixtures of 1 - 250 pM Cu(ll) and 10 mM TA
did not produce an observable precipitate (this study), and further did not
exhibit fluorescence in EEM scans. Next, we investigated if TA changes Cu(ll)
reactivity by investigating the effect of added TA on the formation of H,0;
from 200 uM Cu(ll). The results indicate a decrease in H,0, formation that,
while statistically significant at the p < 0.5 level (Sl Fig. S2s), was very slight;
over the TA concentration range of 0.5 to 10 mM, the decrease was less than
2%.

Fig. 3 shows the reduction in fluorescence intensity of 800 nM hTA with
added Cu(ll) in both pH3.5 and phosphate buffer. The result showed that
significant reduction (>10%) of hTA intensity occurs only at concentration
above about 50 uM of Cu(ll) (Fig. 3), a high concentration relative to copper
concentrations in many environmental extracts (e.g., Wang et al. 2010). We
conclude that under most conditions, Cu(ll) does not interfere with the TA

assay, or vis-versa.

Conclusions

The terephthalate method for quantification of hydroxyl radical is a
robust, straightforward method under most conditions, and it can often be
used with a stand-alone fluorescence spectrometer without the need for prior
separation. To calculate the ‘OH concentration, the yield of hTA from the ‘OH
reaction with TA is required; best estimates off this yield are 35% at pH 9 or

above, decreasing monotonically to 31% at pH = 2. The potential for direct
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interactions between TA and soluble metals such as Cu (ll) should be
considered if target samples contain high (high pM - mM range)

concentrations of metals.
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Figure 1. Concentration profiles of Fe(ll), H.O. and hTA averaged from
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triplicate measurements of three experimental trials. Error bars
represent = one standard deviation of 9 samples. Dashed lines
indicate model fit to experimental data. Average initial concentrations
of Fe(ll) and H,O, were 4.59 and 5.56 uM, respectively. The yield of hTA
is estimated to be 31.5 +7%.
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