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Determination of hydroxyl radicals in an advanced oxidation
process with salicylic acid trapping and liquid chromatography
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Abstract

Liquid chromatography was used indirectly to detect hydroxyl radicals after a trapping reaction with salicylic acid in an
advanced oxidation process. Through the quantitative determination of primary hydroxylated derivatives of salicylic acid, the
concentration of hydroxyl radicals was evaluated relatively. Factors affecting the trapping reaction, such as the ratio of
salicylic acid to hydrogen peroxide and trapping time, as well as the applicability of the method, were investigated. From the
low relative standard deviation for replicate tests under controlled conditions, the method was found to be applicable to the
determination of the generation rate or the concentrations of hydroxyl radicals in advanced oxidation processes for water
treatment.  1998 Elsevier Science B.V.
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1. Introduction ficiency of aqueous organic substances. Unfortuna-
tely, the degradation efficiency is still evaluated

During the past decade, there has been continuous through the post-process determination of residuals,
interest in studies on mineralizing aqueous organic which is time-consuming and inefficient. Moreover,
species with ‘‘advanced oxidation processes’’ [1– it is well known that the reaction pathways of
10]. In these processes, the hydroxyl radical, derived radicals depend on the surroundings, and the ef-
from the Fenton reaction [1,2], simple ozonation [3], ficiency of an advanced oxidation process can be
ozone photolysis [4], semiconductor irradiation [5,6], affected greatly by the aqueous matrix. Therefore, an
photo-fenton reaction [7] and sonolysis [8–10], is understanding of the generation rate and the con-
employed as a powerful oxidant and a highly reac- centrations of hydroxyl radicals in an advanced
tive transient that can rapidly oxidize most organic treatment process and then developing an appropriate
substances. However, the oxidation efficiency of strategy are required to obtain a high degradation
hydroxyl radicals is usually limited by the rates of efficiency.
?HO generation in solution. Therefore, increasing the Several methods have been developed to detect
?HO generation rate and keeping it at a high level are hydroxyl radicals, including EPR methods, which
the main factors that control the degradation ef- measure the electron paramagnetic resonance spec-

trum of a spin adduct derivative after spin trapping
*Corresponding author. [11,12], or chromatographic methods, which deter-
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mine the trapping products after they have been conjunction with a DP 800 analysis system (ICI
reacted with scavengers [13–15]. Because the EPR Instruments), was used to detect and collect chro-
methods require a sophisticated high-cost instrument matographic data. A Waters 484 tunable UV–VIS
system and a skillful operator, they are not suitable detector (Waters, Milford, MA, USA) was also used
for routine analysis. to identify the separated species at 296 nm. The

High-performance liquid chromatography (HPLC) eluent flow-rate was programmed as follows: 1.0
has been employed to measure hydroxyl radicals in ml /min for the first 14 min, then at 1.5 ml /min for
vivo, by determining the hydroxylated derivatives of 10 min, and then back to 1.0 ml /min for 4 min
salicylic acid [15]. Generally, the concentration of before the next injection.
hydroxyl radicals in in-vivo samples is very low. The
trapping reaction was achieved at physiological pH 2.2. Chemicals and reagents
(pH 7.4). However, in an advanced oxidation, hy-
droxyl radicals are produced in relatively large Deionized water was produced using a Barnstead
amounts, and the system is usually optimized for a Nanopure water system (Thermolyne, Dubuque, IA,
specific pH range, such as pH 3–4 for Fenton’s USA) and was used for all aqueous solutions. All
oxidation [1,2,16]. It is well known that radical chemicals were of ACS reagent grade. Standard
reactions are matrix-dependent and that the forma- stock solutions (1000 mg/ml) of salicylic acid, 2,3-
tion of derivatives of salicylate in the trapping dihydroxybenzoic acid (2,3-dHBA), 2,5-dihydroxy-
reaction is also pH-dependent. Therefore, the use of benzoic acid (2,5-dHBA) and catechol (Riedel-de

¨the HPLC method, including trapping with salicylic Haen, Hannover, Germany) were prepared by dis-
acid for hydroxyl radical determination in an ad- solving 0.100 g of them in 50 ml of water and then
vanced oxidation process, is worthy of examination. adding water to adjust the volume to 100 ml. A 1000

The purpose of this study was to examine the mg/ml ferrous solution was prepared by dissolving
appropriateness of the HPLC method for determining 0.702 g of (NH ) [Fe(SO ) ]?6H O (Riedel-de4 2 4 2 2

¨the concentration of hydroxyl radicals in advanced Haen) in 100 ml water, and 3% H O was prepared2 2

oxidation processes. The hydroxyl radicals were by diluting 10 ml of 30% H O (Baker, Phillipsburg,2 2

generated by Fenton’s reaction, and then trapped by WI, USA) to 100 ml with water. All of the solutions
salicylic acid. A conventional electrochemical detec- were stored in brown glass bottles, and kept in a 48C
tor coupled with a UV detector was used to monitor refrigerator for a maximum of two weeks. Fresh
the hydroxylated derivatives and salicylic acid after working solutions were prepared daily by appropriate
they had been separated using HPLC. From the total dilution of the stock solutions. The HPLC eluent was
concentration of hydroxylated derivatives, the hy- prepared using 10% (v/v) HPLC-grade acetonitrile,
droxyl radicals used for hydroxylation can be ob- 10% methanol (Mallinckrodt, Paris, KY, USA), 0.03
tained, and the formation of hydroxyl radicals under M citric acid (Baker), 0.3 M acetic acid (Riedel-de

¨the specified conditions can be estimated relatively. Haen) and water. Sulfuric acid (0.01 M) was used to
adjust the pH. All eluents were filtered through a
0.45 mm PVDF membrane filter and degassed ul-

2. Experimental trasonically.

2.1. Apparatus 2.3. Generation and trapping of OH radicals

An LC 1100 pump module (ICI Instruments, The generation and trapping of OH radicals was
Australia) equipped with a Rheodyne 7125 injection achieved by introducing 10 ml of a 100 mg/ml H O2 2

valve (Cotati, CA, USA) and a Supelcosil LC-8 solution (pH 3.0) into 25 ml reaction vessels, mixing
reversed-phase column (25034.6 mm I.D., 5 mm) it with 10 ml volumes of solutions containing
(Supelco, Bellefonte, PA, USA) were used as the appropriate amounts of salicylic acid and 10 mg/ml
chromatographic system. An LC 1260 EC detector of ferrous ion. Samples were then taken for HPLC
(ICI Instruments), set at 0.80 V (vs. Ag/AgCl), in analysis at various times throughout the reaction
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process. Reactions were maintained at 258C using a
water bath.

3. Results and discussion

3.1. Separation and identification of species

In in-vivo studies, only 2,3-dHBA and 2,5-dHBA
were found as the hydroxylated derivatives of sali-
cylic acid in hydroxyl radical trapping. Catechol was
often ignored due to its insignificant distribution
under the conditions used [15]. However, in our
study, a rather high yield of catechol was found in
lower pH acidic trappings. Hence, separation re-
actions involved 2,3-dHBA, 2,5-dHBA, catechol and
salicylic acid. The separation was achieved with a
reversed-phase C column under the elution con-8

Fig. 1. Chromatograms of the hydroxylated derivatives andditions described previously. Because of the oxida-
salicylic acid. Peaks 1 to 4 are 2,5-dHBA, catechol, 2,3-dHBA and

tion inactivity of salicylic acid under the 0.80 V (vs. salicylic acid, respectively.
Ag/AgCl) detection potential of the EC detector, a
UV detector was coupled to the system to monitor
salicylic acid at 296 nm. Because the reactive ml of 2,5-dHBA, 0.05 to 20 mg/ml of catechol, 0.05
character of the EC detector may affect the analytes, to 40 mg/ml of 2,3-dHBA and 1.0 to 600 mg/ml of
the UV detector was linked in front of the EC salicylic acid. The repeatability was examined by
detector. Chromatograms of the hydroxylated deriva- injecting 20-ml volumes of the lowest and highest
tives in an authentic sample are shown in Fig. 1. To concentrations of each species, determined from the
identify these species, not only were the retention calibration plots, in triplicate. The R.S.D.s of re-
behaviors compared with the standards, but they tention times and peak areas were all within 0.8 and
were also reconfirmed using a UV–Vis spec- 3.0%, respectively. The detection limits were calcu-
trophotometer, following fraction collection. As lated from three times the average background noise,
shown in the chromatograms, four species are well and were 0.1 ng for 2,5-dHBA, catechol and 2,3-
separated within 23 min. Peaks 1 to 4 agreed well dHBA, and 1.0 ng for salicylic acid.
with 2,5-dHBA, catechol, 2,3-dHBA and salicylic
acid, respectively. 3.3. Quantitative effect of salicylic acid in radical

trapping
3.2. Calibration plots and reproducibilities for the
hydroxylated derivatives The effective trapping of hydroxyl radicals by

salicylic acid, which produces the primary deriva-
In order to test the applicability of the HPLC tives 2,5-dHBA, catechol and 2,3-dHBA, can be

method for the quantitative determination of hy- used for quantitative determination. However, a
droxylated derivatives and salicylic acid, calibration competition equilibrium is established between the
plots were determined for these four species over the salicylic acid and the primary derivatives for trap-
concentration ranges summarized in Table 1. The ping the hydroxyl radicals. Table 2 lists the relative
linear relationship between the peak area and the rate constants for the hydroxylation of salicylic acid
injected quantity was very good for the four species. and its primary derivatives. It can be seen that
The correlation coefficients were all above 0.999 for although only the 2,5-dHBA has a higher rate
the following concentration ranges: 0.05 to 26 mg/ constant than salicylic acid, the whole primary



286 J.-F. Jen et al. / J. Chromatogr. A 796 (1998) 283 –288

Table 1
Detection characteristics of hydroxylated derivatives

Analyte Linear dynamic Regression Correlation Detection
range (mg/ml) equation coefficient Limit (ng)

2,5-dHBA 0.05–26 Y5569138X124779 0.9999 0.1
Catechol 0.05–20 Y5829841X1140267 0.9998 0.1
2,3-dHBA 0.05–40 Y5608506X285744 0.9999 0.1
Salicylic acid 1.0–600 Y516457X212585 0.9999 1.0
aBased on a signal-to-noise ratio of three (S /N53).

Table 2
Rate constants for the hydroxylation of salicylic acid and its primary derivatives

21 21Species Rate constant, k (l mol s ) Relative rate constant, K Referencerel

102,5-dHBA k 52.4310 K 5k /k 51.09 [14]1 rel 1 4
10Catechol k 51.1310 K 5k /k 50.50 [17]2 rel 2 4
102,3-dHBA k 51.3310 K 5k /k 50.59 [14]3 rel 3 4
10Salicylic acid k 52.2310 K 5k /k 51.00 [14]4 rel 4 4

10k 5k 1k 1k 54.8310 K 5(k 1k 1k ) /k 52.18sum 1 2 3 rel 1 2 3 4

derivatives are in priority to salicylic acid in hy- ferrous ion, the ratio of salicylic acid to hydrogen
droxyl radical trapping. Therefore, an excess of peroxide should be considered. In Fig. 2, it is
salicylic acid is required to ensure that the trapping is obvious that the effective trapping becomes stable at
effective. Fig. 2 shows the effectiveness of trapping a ratio of 5:1. Considering the capacity of the
for various concentrations of salicylic acid. As separation column, 250 mg/ml salicylic acid (ratio
predicted, the effective trapping increases with in- 5:1) was used to trap the hydroxyl radicals through-
creasing amounts of salicylic acid in the low con- out the studies.
centration range (up to 250 mg/ml) and then levels
off. As the hydroxyl radicals are generated from the 3.4. Time required to trap the primary
decomposition of hydrogen peroxide, catalyzed by hydroxylated derivatives

An ideal analytical technique should be able to
complete sample preparation and analysis within a
short time. The reactions between hydroxyl radicals
and salicylic acid, as well as its primary hydroxy-
lated derivatives, are very fast, and have the rate
constants listed in Table 2. Although an excess of
salicylic acid was added, the time required to obtain
sufficient amounts of primary derivatives for quan-
titative determination should be investigated. Fig. 3
demonstrates the net formation of primary deriva-
tives for various reaction times. It can be seen that
the net formation of primary derivatives increased
smoothly with time. It indicates that the generation
and trapping of effective hydroxyl radicals for
quantitative determination are under control in the

Fig. 2. The effectiveness of trapping for various concentrations of
studied conditions within a 35-min trapping reaction.salicylic acid. Hydroxyl radicals were generated using 50 mg/ml
In our studies, a 15-min trapping reaction wasH O and 5 mg/ml of a ferrous solution at pH 3.0, and trapped by2 2

salicylic acid for 35 min. selected.



J.-f. Jen et al. / J. Chromatogr. A 796 (1998) 283 –288 287

2,5-dHBA, catechol and 2,3-dHBA was very re-
producible, with R.S.D.s of 3.2, 2.0 and 3.8%,
respectively. By evaluating the effective hydroxyl
radical trappings from the summation of these prod-
ucts, the R.S.D. was found to be 3.1%, which is
acceptable.

3.6. Determination of hydroxyl radicals generated
at various pH values

In order to investigate the generation of hydroxyl
radicals by Fenton’s reaction at various pH values,
reactions were carried out in water that had been
adjusted to pH values of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
and 5.0 with sulfuric acid. After being trapped byFig. 3. The net formation of primary derivatives at various
salicylic acid, the generation of hydroxyl radicalsreaction times. Hydroxyl radicals were generated as described in

Fig. 2, and trapped using 250 mg/ml of salicylic acid. was evaluated through the determination of hydroxy-
lated derivatives by HPLC. Table 3 lists the yields of

3.5. Reproducibility of the hydroxyl radical hydroxylated derivatives and their summation after a
trapping process 15-min trapping reaction. It can be seen that the

generation of hydroxyl radicals (sum of products)
In order to test the applicability of the method for increased with increasing pH, was optimal at pH 3.5

the quantitative determination of primary hydroxy- and thereafter decreased. This matches the pH for the
lated derivatives, for evaluation of the generation optimal degradation efficiency of organic species by
rate or the concentrations of hydroxyl radicals, a Fenton’s oxidation.

21solution containing 5 mg/ml of Fe and 50 mg/ml
of H O , pH 3.0, was used to generate hydroxyl2 2

radicals, and 250 mg/ml of salicylic acid were used 4. Conclusion
to trap the radicals for 15 min. The primary hydroxy-
lated derivatives of salicylic acid (2,5-dHBA, cate- In this study, HPLC, with radical trapping by
chol and 2,3-dHBA) were then separated and de- salicylic acid, has proven to be an applicable method
termined using the HPLC system. The same experi- for indirectly determining the relative concentrations
ment was repeated five times. The production of of hydroxyl radicals in aqueous solution under

Table 3
Yields of hydroxylated derivatives and hydroxyl radicals generated by Fenton’s reaction at various pH values

pH 2,5-dHBA Catechol 2,3-dHBA Hydroxyl
b(mM) (mM) (mM) radicals (mM)

a2.0 1.98 (0.7%) 29.68 (2.7%) 18.44 (2.6%) 50.10 (3.8%)
2.5 6.63 (1.9%) 43.11 (2.1%) 37.49 (2.6%) 87.23 (3.8%)
3.0 20.53 (2.5%) 28.28 (2.0%) 49.31 (2.9%) 98.12 (4.3%)
3.5 27.61 (1.5%) 26.26 (3.1%) 57.78 (3.4%) 11.165 (4.8%)
4.0 21.97 (0.5%) 9.48 (0.9%) 30.68 (2.6%) 62.13 (2.8%)
4.5 15.55 (2.0%) 4.15 (3.3%) 19.27 (2.8%) 38.97 (4.8%)
5.0 7.64 (1.9%) 1.38 (1.2%) 11.10 (3.4%) 20.12 (4.1%)

Hydroxyl radicals were generated using 50 mg/ml H O and 5 mg/ml of a ferrous solution, and trapped using 250 mg/ml of salicylic acid2 2

for 15 min.
aAverage data of three determinations, the data in parentheses are relative standard deviations.
bThe hydroxyl radicals were evaluated by the sum of hydroxylated derivatives.
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