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Abstract

The kinetics of elimination of eight benzenesulfonate derivatives (BS) have been studied in agueous solution. Experiments were performed
at 25°C, at pH = 6.0, in a batch photochemical reactor in the absence and the presence of hydrogen peroxide. For all substrates the
degradation was shown to be effective using UV alone (253.7 nm) and the coup{®@V (generating hydroxyl radicals). The quantum
yields for direct photolysis were evaluated to be in the range of 0.03—0.05 for BS except for nitro derivatives for which values about 100
times lower were obtained. The degradation is usually faster in the presence of hydrogen peroxide, but the efficiency depends on hydrogen
peroxide starting concentration. The second order rate constants of reaction between BS aadi¢#l® kgs, have been determined.

Values ranging between 0.7 and.@ 10° M—1s™1 according to the substituent on the benzene ring were obtained by working with
different hydrogen peroxide starting concentration. Hammett-type correlation was obtained for the reactiohraflid@s with BS

logkss = 9.56— 0.87)_ ¢. The optimal hydrogen peroxide concentration leading to the highest rate of BS degradation was calculated. It
mainly depends on the second order rate constant betweemad@als and BS.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Benzenesulfonate derivatives; Hydrogen peroxide? r@icals; Phototransformation; UV

1. Introduction the chemical degradation of benzenesulfonate derivatives.
Sangchark et al. studied the transformation of five BS by
Benzene and naphthalene sulfonates play an importantthe photocatalytic system TEJV (Aexe > 310nm)[8].
role in industrial processes. They are used as intermediatesthe high efficiency of this process is due to the generation
in the production of chemicals such as azo dyes, optical of hydroxyl radicals, very powerful oxidant, able to react
brighteners, detergents, pharmaceuticals, tanning agentswith most of organic pollutants with high second order
etc.[1-3]. These compounds are very soluble in water and rate constant. These constants of reaction between BS and
only very slightly absorb onto the organic material because hydroxyl radicals are only known for benzenesulfonate and
of their low Kow [4]. Because of their extensive use, some 4-methylbenzenesulfonaf®]. Among the well known ad-
of them are detected in natural watef§. Recently, a  vanced oxidation processes (AOP) and beside/Ti9, the
study inventoried the presence of the different naphthaleneactivation of hydrogen peroxide by UV has been extensively
and benzenesulfonates in four landfil&]. Even if these  studied from analytical and kinetic points of vigh0-13}
chemicals are not reported to have any genotoxic or car- The efficiency of HO2/UV is due to the generation of 2 mol
cinogenic effects, their presence may lead to perturbationsof hydroxyl radicals/mol of hydrogen peroxide photolyzed.
of the ecosystems. The presence of substituents signifi-However, hydroxyl radicals also react with hydrogen per-
cantly modifies the biodegradability of benzenesulfonate oxide that limits the efficiency of the process in terms of
derivatives (BS). It has been shown that BS substituted pollutants degradation.
with alkyl groups were easily biodegraded although hy-  The present work studies the efficiency of the UV irradi-
droxy, nitro, amino containing-BS were difficult to elimi- ation (253.7 nm) and of the coupling of UV with,@; for
nate[7]. To our knowledge, only one study investigates for the degradation of BS. Firstly, quantum yields of BS pho-
tolysis have been determined from experiments conducted
"+ Corresponding author. Telt33-5-49-45-39-22: in the apsence of $0». Then, second order. rate constants
fax: +33-5-49-45-37-68. for reaction between BS and hydroxyl radicals have been
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Table 1
Formulas, Hammett constants and molar absorption coefficients at 253.7 nm of BS
Compound BS1 BS2 BS3 BS4 BS5 BS6 BS7 BS8
sof sof SO% o SO:? SO3e SO:’:e
<] $SO3
N @ @ @
Formula @ CH3 CH2CHs Cl NO2 NO2 OH NH2
o (Hammett) 0 -0.17 -0.15 0.23 0.71 0.78 -0.37 —0.66
egs (M~ 1cm 1) 300 285 375 215 7040 8090 570 12950

been shown. Optimal hydrogen peroxide concentrations ex-coefficients at 253.7 nm. The results are gatheréibie 1
ist, depending on the compound. Very good accuracy was observed for this determination
(R.S.D. lowest than 1%).

2. Experimental
4. Direct photolysis at 253.7nm

Benzenesulfonate, 4-methylbenzenesulfonate, 4-ethyl-
benzenesulfonate, 4-chlorobenzenesulfonate, 4-hydroxy- Adueous solutions of BS were irradiated at 253.7nm. A
benzenesulfonate, 4-aminobenzenesulfonate, 3-nitrobenzen@isappearance of the organic compounds is observed accord-
sulfonate and 4-nitrobenzenesulfonate, hydrogen peroxide, N to:
sodium hydroxide, tetrabutylammonium bromide, methanol BS — degradation  $gsl. Bs 1)
were commercial products of the purest grade available.
The chemical formula of 8 BS studied are shown in  Working concentrations were such &@s537nm (ab-
Table 1 sorbance at 253.7 nmy epst[BS] will be lower than 0.02.

All solutions were prepared with purified water (resis- Thus, the rate of photolysis of BS can be simplified from
tivity 18 M2 cm—DOC <0.1mg C 1) obtained using a (1) to (II):
Millipore device (Milli-Q). All the experiments have been d[BS]

performed at pH 6.0. The ionic strength was not controlled. ——— = ¢gslu.s = ¢Bslo(1 — 10-¢eslBSIF) 0]
The irradiation set-up was a batch photoreactor (volume
of irradiated solution= 3.7, optical reactor pathlengtk: d[BS] 230
. —_— =2 I BSJ¢ Il
6.75cm). The lamp (Vuilbert et Lourmat low pressure Hg dr Heslocas[BS] h

lamp T6C) was located at the center of the reactor, in a
quartz sleeve. The number of photons was evaluated with
hydrogen peroxide actinometry as described elsewidie
Actinometries were performed weekly. The value obtained
was 084+ 0.06 x 10 ®einsteint1s~1 during the period

of experiments. Hydrogen peroxide was measured by the
Ti-complexometry method described by Eisenbét§].
UV-Vis spectra were recorded on a Safas double-beam
spectrometer, using either 1 or 5cm cell. The disappearance
of benzenesulfonate derivatives was quantified by HPLC
using a Waters system equipped with a Waters Delta Pak
column (150 mmx 35 mm). A UV absorbance detector was
used; the wavelength was adjusted for each BS. The eluant
was a MeOH-water mixture acidified withzAQy, or in
which tetrabutylammonium bromide was added as an ion
pair-reagent. The reproductibility was within3%.

whereggs andl, are the quantum yield (mol einsteit) and

the rate of light absorption (einsteinis™1), respectively,

lg is the photon fluence rate (einsteit 51), egs the molar
absorption coefficient, [BS] andare the concentration and
the reactor optical pathlength, respectivély. (Il) indicates
that the photolysis of BS should obey an apparent first order
kinetics law (sed-ig. 1).

In [BS], / [BS],

3. UV-Vis characterization of benzenesulfonate 0 20 40 60 80 100 120
derivatives Irradiation time / min

) L Fig. 1. Examples of semi-logarithmic plot of the disappearance of BS
The UV-Vis spectra of benzenesulfonate derivatives ypon irradiation at 253.7 nm in aqueous solution at-pi8.0, [BS] = 1

(BS) were recorded to determine their molar absorption or 0.4uM. Straight lines represent linear regressions.
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Table 2 If hydrogen peroxide concentration is high enough to con-
Quantum yield of BS photolysis at 253.7 nm in agueous solution sider that:
Compound Quantum yieldss (R?) 1. the incident light is completely absorbed by hydrogen
BS1 0.033 (0.998) peroxide;
g:g 8-822 Eg-ggg; 2. the decrease in4®, concentration is low£5%) in the
B4 0.037 (0:997) time scale of the experiments;
BS5 0.0005 (0.996) 3. kn,0,[H202]0 >> kgs[BS]o.
BS6 0.0004 (0.998) .
BS7 0.050 (0.995) ThenEg. (IV) becomes:
BS8 0.038 (0.998) 20P1 % I
0
Standard deviations estimated with three measurements He [HO®Jss = k V)
H,0,[H202]0

. o The rate of BS disappearance can be written according to
Eq. (Il) can be written forthe benzenesulfona}te derivatives rg|ation (V1) (the direct photolysis at 253.7 nm being negli-
a_n(_d glso for hydrt_)gen pv_arOX|de used as an actinometer. Aftergib|e) and the integrated form Bq. (VI1).
division, Eq. (Ill) is obtained: dBS]
_ #m0; X emp0, _ AIN(BS]o/[BS])/Ar “q - eslBSIHOss D
N e AIN([H202]0/[H202],) /At :
BS ([H202]0/[H202]1)/ an o[BSk _ kesx 267 x o,
[BSlo  kn,0,[H202]0

¢BS

(Vi)

The quantum yields of BS direct photolysis were cal- ] o ]
culated according t&q. (Ill). The results are gathered in  Adueous solutions of BS40.5.M) were irradiated in the

Table 2 A quite similar photochemical efficiency is ob- Presence of large amounts of hydrogen peroxideio =
served for the different BS, except for nitro-substituted BS 0-038 or 0.075M) at 253.7nm. No change in BS concentra-
that present a quantum yield about 100 times lower in agree-t'on was observed in the presence of such excess of hydro-

ment with the well-known strong inactivating effect of the 9€n peroxide but in the absence of UV light meaning that
nitro substituent. no dark reaction occurred. In the time scale of the experi-

ments, the concentration of hydrogen peroxide was shown
to remain almost constant: o], /[H202]o > 0.98. The
5. Degradation induced by HO® radicals generated by kinetics of elimination for three BS are shownFig. 2 as
H,0,/UV examples. In agreement witgg. (VII), straight lines are
obtained meaning that apparent first order kinetics law is
verified. The second order rate constants can be calculated

It is well known that the irradiation\gye = 2537 nm) of ) .
from the slopes of the straight lines. The values are shown

hydrogen peroxide in aqueous solution leads to the produc-

tion of HO® radicals. in Table 3 _—
) Tabulated values areZix 10° M~1s™1 for BS1 and 3.7
H202 — 2HO®  ¢P"'I, 1,0, 2 or 6.1 x 10° M~1s~1 for BS2[9]. The values obtained from

our work are in good agreement with those of literature.
The Hammett correlation is classically used to predict
the effect of substituents on reaction-rate constants between

In the presence of BS, hydroxyl radicals react either with
H>O» or BS:

HO® + H2Oy — HO»® + H2O

0.0
krpo, = 2.7 x 100 M 1572 @3) o m
A
HO*® + BS — degradation kgs =? 4) . 04 N
@ -0.6 -
The steady-state concentration of hydroxyl radicals at a % -0.8 v B54
given timet is: 2 10 & © BSS
2¢pri X 14 H,0 T2
HO®]ss = 722 v ) v
MOl kr1,0,[H202] + kgs[BS] V) 1':
) 2 4 6 8 10

wheregP' is the initial quantum yield of hydrogen peroxide
disappearance, equal to ®4], I, H,0,, the rate of light
absorptlon by HO_Z' The reaction of H@_. _(Or OZ._) with . Fig. 2. Examples of kinetics of BS disappearance in the presence of high
BS was not considered because reactivity of these speci€Smounts of hydrogen peroxide upon irradiation at 253.7 nm at0.

is much lower than that of HOradicals[16]. [BS]o = 0.5uM, [H205]0 = 0.038 M (semi-logarithmic plot).

Irradiation time / min
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Table 3 8
Second order rate constant of M@action with BS

Compound kgs + S.D. (M~1s™1) (R?) 6
BS1 3.7+ 0.4 x 10° (0.998) f
BS2 5.3+ 0.3 x 10° (0.998) g 4
BS3 6.14 0.7 x 10° (0.998) ~ ]
BS4 2.94 0.2 x 10° (0.997) °OJ
BS5 0.7+ 0.1 x 10° (0.996) L 5]
BS6 0.7+ 0.1 x 10° (0.998)

BS7 5.6+ 0.2 x 10° (0.995)

BS8 12.6+ 0.2 x 10° (0.998) 0

0.000 0.001 0.002 0.003 0.004 0.005 0.006

Standard deviations estimated with at least four measurements with two
different [Hx05]o (0.038 and 0.075 M). [H,0,],/ M

Fig. 4. Evaluation of the initial steady-state concentration of hydroxyl
radicals as a function of [}D]o, in the presence of UM of BS.

organic compounds and oxidants (§8)17,18). The Ham- Calculations according t&q. (V)

mett constantd) reflects the inductive and resonance ef-

fects of substituents on the electron density of the aromatic means that hydrogen peroxide acts as a hydroxy! radicals
ring. Foro > 0, substituents have an electron'WithdraWing scavenger in terms of BS elimination because of Competi_
effect (e.g. —-NG@), whereas fow < 0 substituents exert an  tjon between reactions (3) and (4). This phenomenon is well
electron-releasing effect (e.g. —MH The non-substituted  known and has been extensively described (£6,21).
benzenesulfonate was used as a reference compoungyhen the concentration of hydrogen peroxide decreases, the
(3_00.m,p = 0). Values ofo were taken from Murov et al.  direct photolysis of BS is no more negligible. For a given
[19] and they are gathered ifable 1 Fig. 3 shows the  concentration of BS, the highest initial rate of BS disappear-
correlation between the second order rate constants anthnce will be obtained when the highest initial steady-state
Hammett constants. concentration in hydroxyl radicals will be reached, beside
A good linear plot is obtained for lagss/kH) versuso. the direct photolysis of the organic compounds. Among BS
The linear regression for the reaction of hydroxyl radicals selected, three different cases can be distinguished. BS1
with the eight BS is loggs = 9.56 — 0.870. The negative  \yeakly absorbs at 253.7 nm and reacts quite efficiently with
sign of the Hammett slope is typical of electrophilic reaction v and hydroxy! radicals. BS6 strongly absorbs light at
because decreasing the Hammett constant corresponds t953 7 nm but reaction with UV and hydroxyl radicals is less
increasing the activating effect of the substituents. This quite efficient. BSS strongly absorbs light at 253.7 nm too and re-
low value also agrees with the high reactivity and weak acts very efficiently with UV and hydroxyl radicals. Com-
selectivity of hydroxyl radicals. puter calculations of the initial steady-state concentration of
Hydrogen peroxide concentrations previously used for the HO*[HO*]% (Eq. (lll) rearranged a&q. (VIII)) as a func-
determination of the rate constants are not optimal concen-tjon of [H205]o give the curves plotted iffig. 4. Primary

trations that allow the highest rate of BS elimination. Actu- py-products arising from BS transformation are not taken
a”y, hydroxyl radicals react with hydrogen perOXide. That into account as HO radicals trap_

(HO*]0. = 2¢P x Io x ((e1,0,[H202]0)/ (61,0,[H202]0 + £8[BS]0)) x (1 — 10 “(€H20,[H202l0tees[BSlo)) Vi
= ki1,0,[H202]0 + kas[BS]o

As expected, [Hqgs reached a maximum for an optimal
1.0 initial starting hydrogen peroxide concentrationp{bb]opr.
Garcia Einschlag et al. recently described similar curves for
nitro aromatic derivative20]. In H,O» solutions containing

K 05 log (kBszl k,)=-0.870 BS, [HO']SS decreases in the same orderkas increases.
2 oo R"=0.967 Simultaneously, [HO,]opT increases. Values of D] opt
= 0 equal to 0.40, 0.85 and 1.70mM have been estimated for
< BS6, BS1 and BS8, respectively.

-0.5

Simulations of pollutants degradation irp®,/UV pro-
cess by Gepasi softwar@2,23] have been successfully
-1.0 achieved in our lab24,25] The values of [HO2]opT,
-1.0 05 0.0 05 10 kas, ¢Bs Were introduced in the kinetic modeling software
Gepasi and simulations were performed. Reactions (1)—(3)
Fig. 3. Correlations between the second order rate constants and theWere taken mto_account together with recombination of rad-
Hammett constants. icals. The fraction of light absorbed by,B, and BS, the
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