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This study investigates the ozonation kinetics of 2-chlorophenol in wastewater under acidic condition.
Intermediates and by-products generated during the process were rigorously identified and quantified. The
major by-products are four carboxylic acids: tartaric acid. oxalic acid. maleic acid. and hydroxymalonic acid.
The generation of these organic acids is in agreement with theoretical predictions. But hydroxylated
compounds are more favorable to produce than their corresponding non-hydroxylated ones. Based on the
information conceming the generation of organic acids and other aromatic intermediates. the complete reaction
pathways toward mineralization can be proposed and mathematically modeled. The fitted second-order rate
constants are in the same order of magnitude with the results from other studies. Using these oxidation
pathways and the corresponding kinetic model. by-products generated in ozonation process can be predicted.
This can help in optimizing the design and operation of any subsequent treatment processes.
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Introduction

The contamination of chlorophenols in many lakes and
rivers has resulted in serious environmental problems for
decades.'~ These compounds are highly toxic and human
carcinogenic even at low concentrations. Most of these con-
pounds are biologically recalcitrant. Therefore, when a fast
and effective removal method is considered. the advanced
oxidation process (AOP) has the highest potential. Among
various AOP processes, the ozonation is one of the most
economical one since the operation 1s easv and no other
chemical except ozone is needed. Uzone gas can be readily
generated through an ozone generator by passing an elec-
trical charge to oxvgen or air. Ozone has a standard reduc-
tion potential under an acidic condition of about 2.1 volts.
and has a great water solubilitv; therefore, it can react
extremely fast with soluble organics and oxidize them to
smaller or less toxic miolecules. Recent researches have
shown that the ozonation process 1s effective in removing a
wide variety of organic contaminants.**

In the past. researchers focused only on measuring the
disappearance of the parent compound during ozonation.™*
More recently, they have focused on understanding the inter-
mediates and bv-products generated in the process.™ This
information 1s crucial since sometimes by -products could be
more toxic than the parent compounds.” Therefore. it is
important to understand the oxidation mechanisms and path-
ways so that the ozonation process can be better controlled
to generate favorable and less toxic by-products. In addition.
any subsequent treatment processes can be greatly improved
with this information. Although oxidation products and path-
ways of chlorophenols in ozonation have been speculated.
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little attempt has been made to confum the products and
model the pathways. In this study. all the possible by-pro-
ducts during the course of ozonation were rigorously identi-
fied using chemical denvatization method. In addition, the
concentration distributions of those compounds 1dentified
were monitored as a function of time. A possible oxidation
pathway was proposed based on this information. Finally. a
mathematical model consisting of various consecutive and
parallel reactions was developed and fitted to the expen-
mental results.

Experimental Section
Figure | shows the experimental set-up. The ozone gene-

rator is from Welsbach Co. (Philadelphia, PA). A pressurized
air tank from Keen Co. (Wilmington. DE) was connected to
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Figure 1. Experimental set-up of the aqueous ozonation svstem.
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the inlet of the generator to provide oxvgen. The generator
was run for at least 60 min until ozone concentration reached
its steadv-state level before experiment. The 2-chlorophenol
(2-CP) solution in the experiment had a concentration of 100
mg/L with a pH of 3. The total volume of 2-CP solution used
in each experiment is 300 mL. Ozone gas concentrations in
and out of the column were monitored by the 10dometric
method with potassium 1odide as absorbing solution. Im-
mediately after ozone absorption, the KI solution was acidi-
fied to liberate iodine before titration with sodium thio-
sulfate. Each experiment was performed at a semi-batch
condition mixing with a magnetic stirring bar. The ozone gas
applied had a concentration of 6.3 mg-Os/L, and a flow rate
of 100 mL/mun throughout the expenment.

In qualitative experiment to confirm identity of oxidation
by-products. each sample with a volume of 100 mL was
taken at 30, 60, and 90 minutes, respectively. These samiples
were concentrated 50 times using a rotary evaporator
(Brninkmann Co.. Westbury, NY) to ensure a high response in
chemical 1dentification. And then. the concentrated samples
were denvatized using the silvlation method. Each sample
was first evaporated to dryness in a vial under a gentle
stream of nitrogen at a temperature of 40 °C. This was done
on the Reacti-Vap™ svstem (Pierce Co.. Rockford, IL).
After all the moisture was removed, 100 gL of silvlation
reagent (BSTFA + 1% TMCS. Pierce Co.) plus 2 mL of
pyndine was added for derivatization reaction under 70 °C
for 60 minutes. After reaction, the sample was cooled down
to room temperature and then analvzed with GC/MS.

The intermediates generated dunng the ozonation were
analvzed by gas chromatography-nass spectrometric system
equipped with a HP3971 mass selective detector and DB-3
capillary colunmn (30 m X 0.23 mm 1.d. X 0.33 tan. film thick-
ness). Prior to injection, the samiple was derivatized using
silvlation method. In silvlation. the sample (3 mL) was first
evaporated to drvness, and then 100 gL silvlation reagent
(BSTEA + 1% TMCA) and 1 mL pyndine were added for
reaction. The reaction was carried out at 65 °C for 60 min.
The injection temperature was 250 °C and the column temper-
ature. initially 70 °C was held constant for 3 min.. and then
increased to 280 °C' af temperature rate of 10 °C/min over 24
min n time. The GC/MS interface line was maintained at
300 °C. The mass selective defector was scanned at rate of
1.2 seconds per decade from mass 30 to 350. The mass
spectra were produced using the standard electron ionization
(70 eV) in electron impact (EI) mode.

In another series of quanfitative experiment. to quanfify
the concentration of oxidation by-products. samples of 10
mL were withdrawn at pre-determined reaction times and
immediately mixed with 0.5 mL of 107 M Na-S-0s to quen-
ch any reactions with residual ozone in the sample. A HPLC
system (Hewlett-Packward. series 1100) with a reversed
phase C-18 Vydac™! column (30 mm x 0.5 mm: Wdac Co..
Hesperia. CA) was used to analyze 2-CP and other aromatic
intermediates. The same system with a Supelcogel™ ion-
exclusion chromatographic column (C-610H. 30 cm x 7.8
mm: Supelco Co.. Bellefonte, PA) was used to analyze car-
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boxylic acids. The eluent to separate 2-CP and other aromatic
mtermediates was a mixture of acetomtrile and buffer solu-
tion (H;PO/NaH-PO,. pH = 3.00). and to separate carbox-
vlic acids was 0.1% H;PO,. To determine the chloride 1on
concentration in each sample, a Dionex™ ion chromato-
graphic system with a conductivity detector was used. The
eluent was a mixture of 80% H-O. 10% acetonitrile, and
10% of 191 mM NaQH: the flow rate was | mL/min and the
mjection loop was 30 L in volume. Chloride 1on concen-
tration was also momitored in situ by an Orion (Model 96-
17B) specific combination electrode.

Results and Discussion

The silylation techmque for GC/MS analysis have been
successful in identifving the reaction products of 2-CP by
hydroxyl radicals generated with ozonation. The reaction
products generated from the oxidation of 2-CP by ozonation
was analvzed by GC/MS with or without sililation. Without
silylation, only parent compound peak, 2-CP. and no inter-
mediate peaks were observed. However. with silyation mter-
mediate peaks were observed. Figure 2 shows the typical 1on
chromatogram of denvatized oxidation products of 2-CP
after 60 munutes of ozonation. Eight peaks are observed, and
the mass spectra of four main peaks 2. 6. 7. 8 are given,
representatively in Figure 3. The first two peaks. 1 and 2,
with retention times at 11.8 and 12.3 minutes are the under-
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Figure 2. Total ion chromatogram by the electron impact GC/MS
analysis of the oxidation products of 2-chlorophenol with silyla-
tion. Expenmental condition: [O3] = 6.3 mg/Lg: flow rate 100 mL/
min, [2-chlrorophenol] = 107* M, I=13x107 M NaNO,,
pH=3.0.
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Figure 3. Mass spectra of intermediate A (3-chlorocatechol) and B
(chlorohdroquinone) ozonation of 2-chlorophenol.

vatized and denvatized parent compounds. 2-chrolophenol.
respectivelv. The next group of peaks. 3. 4, and 3 with
retention times [4.3, 14.9. and 15.6 minutes. corresponds to
the incompletely denvatized chlorodihvdroxybenzene pro-
ducts. which shows that only one of two hydroxy] groups of
chlorohvdroxybenzenes has been converted to the silvl
group by the derivatized silvlation reagent.

The major product peak. 6, 7. and 8. with retention times.
16.0, 16.5, and 16.9 minutes, are the completely denvatized
chlorodihvdroxybenzene products, whose mass spectra show
the same molecular 10n peak, M", at m/e 218 and the same
base peak, M-[Si-(CH3);]" at m/e 144 as the derivatized
chlorodihydroxvbenzene standard. The difference in m/e
values between the M* and M-[Si-(CH:):]™ peaks is due to
the loss of silvl radicals. which unplies the presence of OH
radicals. The mass spectra of these two peaks of denvatized
intermediates A and B with retention time [4.9(16.5) and
15.6(16.9) min. show a near 3 : ] ratio of 1sotope 10n peaks
at m/e 144 and 146. indicating the presence of a chlorine
atom. which also shows 1sotope 10n peaks at m/e 35 and 37.
A shight difference mn other fragment ion peaks is observed
between peak A and B. which imphes that these two inter-
mediates have similar chemical structures. Chlorodihvdro-
xvbenzenes are suggested as the peaks A and B. which also
have two hydroxyl 1ons and one chlorine atom. Essentially.
these three isomeric products show mass spectra sunilar to
each other, except for slight differences in the fragment 1on
peaks such as m/e 51. 63. 79, 108. 115, 186. and 218. For
example, the relative abundances of peaks 6 and 7 at m/e 31
and 79 are larger than peak 8 and the relative abundance of
peak 7 at m/e 108 is larger than peaks 6 and 8 With a
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Table 1. GC/MS analysis of qualitative experiment result

Q7 Authentic chemical formula®
90% HOCH,COOH (Glycolic acid)
64% (COOH): (Oxalic acid)
93% HOCH,COCH.OH (N/A)
1% HOCH-CH{OH)CH:OH (Glycerol)
83% COOHCOCH(CH:): (3-Methyl-2-oxobutyric acid)
93% HOOC(CH:)COOH (Suceinic acid)
1% HOOCCH=CHCOQOH (Maleic aid)
36% HOOCCH(CH:)COOH (Methymalonic acid)
1% HOOCCHOHCOOH (Hydroxymalonic acid)
2% HOOC(CHOH»COOH (Tartaric acid)
1% HOOCCH-CHOHCOOH (Malic acid)
AQ 15 the match quality when compared with the spectrum in the NIST

database; “The authentic structure is obtained by substituting TMS graup
(i.e. Si(CHa)a) with hydrogen atom from the silylated compounds

identified by GC/MS.

comparison of both retention tunes and mass spectra of these
three peaks 6. 7, and 8 are identified as the derivatized 3-
chlorocatechol. 4-chlororesorcinol and chlorohydroquinone,
atm/e 144. respectively.

Table 1 shows the results of qualitative experiment by the
GC/MS. Comparing the mass spectra of the silylated com-
pounds and the spectra in the database (NIST Mass Spectral
Library, 1998), one can confinn their identities. It is seen
from Table 1 that most identified compounds have a high
match quality. Since the silylation reaction replaces the hyvdro-
gen on the carboxylic group with a trimethyl silyl (TMS)
group. the TMS must be substituted with hydrogen atom to
become the compound prior to silylation (7.e.. the authentic
carboxylic acid). Therefore. the authentic organic acids pro-
duced in ozonation process can be reduced (see Table 1).
These organic acids have two to four carbons. Most of these
acids are common. However. a few of them are very specific
and sometimes not commercially available. The standard
solutions of these 1dentified organic acids were prepared and
analyzed using HPLC. Therefore. the relation between re-
tention tune and identity of these acids m HPLC system can
be established.

Figure 4 shows the chromatrograms of samples analyzed
prior to ozonation (Figure 4(a)) and after 90 munutes of
ozonation (Figure 4(b)). It 1s an evident that several high
peaks which are not seen prior to ozonation appeared in
Figure 4(b). These peaks were 1dentified by comparing the
retention time with those of standards established previ-
ously. The 1dentities of these acids are listed in the figure.

Figure 5 shows the results of carboxyvlic acid concen-
trations as a function of ozonation time. The results indicate
that the 1dentified orgamic acids with unsaturated carbon-
carbon bonds (f.e.. muconic acid and maleic acid) have very
low concentrations compared to the compounds with satu-
rated carbon-carbon bonds (f.¢.. tartaric acid. oxalic acid.
glvcolic acid). This 1s mainly due to high reactivity of those
unsaturated carbons, which normally have much larger rate
constants.” It is evident from Figure 5 that the chloride ion
concentration increases almost proportionally to 2-CP de-
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Figure 4. HPLC chromatogram of carboxylic acid analysis using
the ion-exclusion column. (a) Initial sample before ozonation starts
(ozonation time = 0 minute). The onlyv peak is the inorganics which
cannot be retamed m the acid colunum. (b) Sample taken after 90
mimutes of ozonation. The identity of each peak is listed.

gradation. In addition, low concentrations of both 3-chloro-
catechol (3-CCA) and chlorocatechol (CCA) were detected.
From the results, it is possible that the dechlorination occurs
either as a first step immediately after 2-CP removal or as a
second step after 3-chlorocatechol and chlorocatechol removal.
This also unplies that chloride does not exist in the com-
pounds after the aromatic nng cleavages. Therefore. the
formation of hyvdroxylated hvdroquinone (HH() probably
proceeds before ning cleavage.

Four reaction products, catechol. 3-chlorocatechol, 4-chloro-
resocinol. and chlorohyvdroquionone are observed from the
oxidation of 2-CP by ozonation. A reaction scheme used to
descnibe the formation of reaction products is given in
Scheme 1.

The first product is due to the attack of hvdroxyl radical at
the position of chlorine located the ortho position.” The
other three compounds are products generated from the
hydroxylation of 2-CP at the position of hyvdrogen located at
ortho. meta. and para sites. respectivelv. With a 84.7%
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Figure 5. Results of quantification of varicus oxidation by-
products m ozonation of 2-chlorophenol. Marked svmbols are
experimental results, and lines are results from the Kinetic
modeling. 2CP = 2-Chlorophenol; MaA = Maleic Acid, HMA =
Hydroxymalonic acid; OA = Oxalic Acid; TA = Tartaric Acid; C1”
= Chloride.

conversion of 2-CP, the % product vield of catechol is 0.8,
the % wield of 3-chlorocatechol 1s 6.1, the % vield of 4-
chlororesorcinol 1s 2.0. and the product vield of chloro-
hydroquinone 1s 11.2%. Apparently, the ortho and para
hydroxvlated products (3-chlororesorcinol and chlorohydro-
quinone) are the main reaction product, whereas the meta
hydroxvlated product(3-chlororesorcinol) and dechlornated
product{catechol) are less important products (Figure 6).
That the dechlorination pathway is less important can be
explaimed by the electron-withdrawing properties of chlorine
group. The formation of a lesser amount of 4-chlorore-
socinol can be explained by the electron donating properties
of the hyvdroxyl group located on the nng of monochloro-
phenols. The hyvdroxyl groups are stronger ortho and para
directing groups,! which are able to stabilize the nter-
mediate radicals at the ortho and para position rather than the
meta position. As a result. the generation of ortho and para
products will be lugher than that of the meta product.
Further oxidation of hydroxylated hyvdroquinone leads to
muconic acid (AMuA). which has been identified as a pre-
cursor of various short-chain carboxylic acids.”*!* Four major
short-chain carboxvlic acids found are tartaric acid (74),
oxalic acid (OA). maleic acid (MaAd) and glycolic acid (GA).
Tartaric acid along with other two acids, malic acid and
succinic acid (see Table 1), are possibly formed from either
oxidation of mucome acid or maleic acid. Since maleic and
succmic acid concentrations are insignificant compared to
tartaric acid. it can be concluded that the by-products with
more hvdroxylated groups are more preferable during oxi-
dation. The majonty of oxalic acid can generate at the same
time as muconic and maleic acids are oxidized to tartaric
acid. Some oxalic acid can be generated from the oxidation
of tartaric as well; however, thus 1s probably not an important
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Scheme 1. The mitial reaction products observed from 2-chlorophenol.

one since tartaric acid has a much smaller second-order rate
constant with respect to ozone compared to mucomc and
maleic acids. The pathway for the generation of glvcolic
acid is similar to that of acetic acid from muconic acid.’
According to this pathway, muconic acid 15 first oxidized to
malonic acid. and then to acetic acid. It 1s seen from Table |
that hyvdroxymalonic acid (HMA) appears mstead of malonic
acid, and the product is glvcolic acid instead of acetic acid.
These observations further enforce the conclusion that hvdro-
xvlated products are more preferable. All those carboxylic
acids with saturated carbon-carbon bonds (f.e., tartaric.
oxalic, and hydroxv¥malonic acids) are stable compounds
and remain as major ozonation by -products.

The above oxidation pathways can be described in Figure
6. To kinetic model this system. several assumptions were
made. First, oxidation reactions between ozone and any organic
intermediates or by-products were assumed to be second-
order with respect to ozone and the organic. respectively.”
Second, the two-film theory- was emploved in describing
the gas-liquid mass transfer process. Since there are multiple
consecutive and parallel reactions involved in this pathway,
a system of kinetic equations can be derived:

2CP] — o+ kop2cP)i0) M

A2CEA — fp2eP0s] - KI3CCATI0] @
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Figure 6. Proposed reaction pathways of ozonation of 2-chlorophencl under acidic condition.
d[Oa] _ Kiu( O ~03) — (e 2CPY[03] Table 2. Fitted results from kinetic modeling
’ 3 B . ? J-a —Lemnl
— I5[3CCA[04] - k[CHON[O4] Compourid ZhE (M sec”)
2-Chlorophenol (2CF) 1500
— ks — (kgtherthy s R ] .
KIHHQN[Os] - (ksthrthathn) [MuA] (O3] 3-Chlorocatechol (3CCA) 3600
- ka[74](O5) = kn [Mad][O5] = ki [HMA][ O] Chlorohydroquinene (CHQ) 3600
- ki3[Mad][0s] - kis[OA][O5] = ku[GA][O5] Hydroxyhyvdroquinone (HHQ) 9000
uconic Acid (MuA)
13 M i id (MuA 6000
(13) Tartaric Acid (TA) 100
where £; is the second-order reaction rate constant (M~'sec™) M‘fle": %‘Cld (Mas) _ ol
between ozone and each organic compound in Figure 6. K., H-‘_dr,‘m malanic Aeid (HMA) .
is the volumetric mass transfer coefficient (sec™). O. is the Onalic Acid (OA) 001
Glveolic Acid (GA) 0.01

saturated ozone concentration at the gas-hquid interface. and
the abbreviation for each reactants can be seen from Figure
6. This system of ordinary differential equations has an mitial
constant 2-CP (i.e.. 1= 0. [2CP] = 5.45 x 10~* M) and initial
zero concentrations for all other species. The K., value used
is 0.01 sec™. which is around the average of various aerated
reactors.” These equations were solved numerically by
fourth-order Runge-Kutta method, and MATLAB™! was the
programming language emploved. The second-order rate
constants obtained from fitting the model are listed in Table
2 and the fitted results are shown as lines in Figure 3. These
fitted rate constants have the same order of magmitude with
other independent studies.” Therefore, this reaction pathways

=, 1s the stoichiometric coefficient between ozone and each compound,
and 4; is the secand order rate canstant.

and kinetic modeling can properly describe the concen-
tration change during the course of ozonation.

Conclusions

The ozonation by-products generated under an acidic
condition are mamly orgamc carboxylic acids. From this
study, an easy and accurate analytical method was establish-
ed to monitor the organic acid as a By-products generated by
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ozonation. This procedure can also applicable for future
analysis of ozonation on various organic contaminants. Final
stable compounds found in this study have relatively low
reaction rate constants (see Table 2) compared to the parent
compound (2-CP); therefore. it 15 no longer economical to
degrade these organic acids by ozonation when the parent
compound is entirely removed. Since these short-chain
organic acids are favorable for biological degradation. a
biological treatment umit following the ozonation process
should be considered. The kinetic mathematical model can
describe the concentration change of the parent compound,
chloride 1on. and several other organic acids well with
reasonable rate constants.
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