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a b s t r a c t

This paper is to investigate the degradation abilities of various chlorinated aliphatics, benzene and its
derivatives in order to treat organic polluted wastewaters efficiently by advanced oxidation processes
(AOPs). A thermodynamic method is proposed to calculate the standard molar Gibbs energy of formation
for aqueous organic species. Using the method proposed, the standard molar Gibbs energies of formation
for 31 aqueous organic species are obtained. Moreover, the molar Gibbs energy change of reaction �rG0

m

eywords:
dvanced oxidation process
hermodynamic data
iO2 photocatalysis
egradation

for the organic species with hydroxyl radicals is calculated from the standard molar Gibbs energy of
formation for aqueous organic species to determine the degradation order of ease for the organic species.
New photocatalytic experiments are carried out for the model verification. The calculation results of the
model agree with the available and new experimental results. This work shows that the thermodynamics
of the degradation reaction for the organic pollutants in AOPs can find the corresponding relationships
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race aqueous organic contaminants with the degradation reac
success of thermodynami

. Introduction

The widespread pollution of surface, ground, and drinking water
r effluents with toxic and hazardous organic pollutants demands
reat efforts toward the technology development for the treatment
f such waters. The removal of the contaminants has tradition-
lly been accomplished using biological treatments, incineration,
dsorption over activated carbon or gas-phase stripping [1,2]. The
dvanced oxidation processes (AOPs) are the alternative and widely
sed processes for the treatment of drinking water sources and for
he remediation of contaminated groundwater. AOPs include high-
requency ultrasound waves, � rays or high-energy electrons, TiO2
nd ultraviolet (UV) radiation, H2O2 and UV, ozone (O3) and UV,
3 with H2O2, the Fenton reaction (H2O2/Fe2+), and various com-
inations of these processes [3–6], which are generally expected to

esult in the complete mineralization of all hazardous compounds.
hey have attracted a growing scientific and technological interest
ver the last 20 years, and their applicability for the oxidation of
everal model pollutants has been experimentally verified [3,5,7,8].
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ate by experimental measurements. The work in this paper represents a
the application in environmental area.
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AOPs are characterized by the generation of hydroxyl radicals
•OH), neutral species of high oxidizing power, to react rapidly
n many organic compounds present in water in an unselective
ay [9]. It is very important to determine the reactivity order

or the better design of integration AOPs. Recently, many kinetic
easurements for AOPs have been performed to obtain the degra-

ation rate constants [8] which indicate the degradation order
f ease for organic compounds [7], i.e. the larger the rate con-
tant, the faster and easier the organic compound is degraded.
owever, for some organic compounds, the degradation order
btained in different research groups is inconsistent. For example,
or chlorinated methane, Ollis [7] investigated the mineralizations
y TiO2 photocatalysis and found that the relative reactivities were
HCl3 > CH2Cl2 � CCl4, and the same results were obtained by the

nvestigations for the efficiency of the H2O2/UV process in reference
10], while in the work of Sabin et al. [8] by TiO2 photocatalysis,
he order was CH2Cl2 > CHCl3 � CCl4, and according to the pho-
ocatalytic degradation over irradiated TiO2 investigated at pH 5
nd pH 11 under anaerobic conditions by Calza et al. [11], dechlo-
ination of chloromethanes was achieved with degradation rates

n the order CCl4 > CHCl3 > CH2Cl2. As for benzene and its deriva-
ives, from the investigations for the efficiency of the H2O2/UV
rocess in reference [10] determined in a flow reactor, the degrada-
ion order was toluene > benzene > phenol > chlorobenzene, while
laze and Kang [12] summarized the rate constants of several

http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:xhlu@njut.edu.cn
dx.doi.org/10.1016/j.fluid.2008.10.020
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rganic compounds with •OH radicals according to the work of
arhataziz and Ross [13] and revealed that the degradation rate
rder was benzene > toluene > chlorobenzene, which represented
he different reactivity order of benzene and toluene. Besides, in
he work of Sabin et al. [8] by TiO2 photocatalysis, the first-order
ate constants for the catalytic photo-oxidation of organic sub-
trates under standard conditions were obtained, which were in the
rder: 1,2-dichlorobenzene > benzene > chlorobenzene. It is obvi-
us that the mineralization abilities from the decomposition rate
onstants of some organic compounds reported in the literatures
re not compatible with each other in the order. The differences
f the degradation order may attribute to the different experimen-
al conditions, data analysis using different rate equations and the
xperimental errors. As •OH is the main oxidant generated in AOPs,
he aim of this paper is to find an effective thermodynamic method
o determine the degradation reaction ability for the organic pollu-
ants by studying the mineralization reaction for the organic species
ith the oxidant •OH, which may find the essence of the degrada-

ion reaction ability for the organic pollutants by AOPs.
It is well known that the negative value of the Gibbs free energy

hange of reaction (�rG0) indicates the thermodynamic possibility
f a reaction or process to occur, and the magnitude of �rG0 for
reaction tells us how far the standard state is from equilibrium,
hich shows that the magnitude of �rG0 may indicate the driving

orce for the chemical reactions. Besides, could the value of �rG0 for
he reaction of organic contaminants with •OH in AOPs represent
he mineralization degree of ease accurately and give an insight into
eactivity order? Since no research on the mineralization reaction of
rganic pollutants with •OH in AOPs by applying thermodynamics
ave been reported, the goal of this work is to investigate the reac-
ive abilities of various organic species with •OH in various AOPs
y calculating �rG0 for the mineralization reaction. A simple ther-
odynamic method will be used to calculate the standard molar
ibbs energy of formation for aqueous organic species, and then

he molar Gibbs energy change of reaction �rG0
m for the organic

pecies with hydroxyl radicals will be calculated to determine the
egradation order. The calculation results will be verified by com-
aring with the available and new experimental results carried out

n this work.

. Experimental materials and methods

.1. Reagents, chemicals, analytical equipment and methods

Benzene, toluene, 1,2-xylene, dichloromethane, trichlorome-
hane, Shanghai Lingfeng Chemical Reagent Co. Ltd., AR;
hlorobenzene, Shanghai Lingfeng Chemical Reagent Co. Ltd.,
P; tetrachloromethane, Shanghai Rongrun Chemical Reagent Co.
td., AR.

The titanium dioxide (TiO2) photocatalyst is Degussa P-25 (from
ermany) with the specific surface area of 50 m2 g−1, the mass

atio of the anatase and rutile is about 4. XPA-II Model Pho-
ochemical Reactor (Nanjing XuJiang Company); SP-6890 Model
as chromatograph (Lunan Ruihong Chemical Instrument Com-
any); quartz capillary chromatographic column: fixed phase
E-54, boiling room 210 ◦C, initial temperature 150 ◦C, measur-
ng room 210 ◦C, 0.32 mm × 30 m; filling column: 10% DEGA, 401
rganic support (180–250 �m), 3 mm × 2 m; UV–vis spectrometer
PerkinElmer Instruments, Lambda 35 Model); SCHOTT-GERÄTE
H-meter (Model CG0841, Germany).
.2. Photocatalytic degradation reaction

XPA-II Model Photochemical Reactor is used for the photo-
atalytic degradation reaction of the organic pollutants with an

w
s
x
t
a

ria 277 (2009) 15–19

mmersed medium-pressure Hg lamp of 300 W. The volume of
he reactor is 1.0 l. The reactant solutions are stirred by a mag-
etic stirrer in order to keep the catalyst suspending in the
olutions.

P25 and H2O are dispersed by ultrasonic concussion for 10 min
nd they are put into the reactor with organic solutions. Then the
agnetic stirrer and ultraviolet lamp are turned on, air flow into

he reactor with the flow rate of 200 ml min−1. After the sample
or analysis is taken out, the catalyst is removed by filtration using
ltration membrane with 0.22 �m.

.3. Analytical equipment and methods

The concentrations of benzene, toluene, 1,2-xylene, chloroben-
ene are detected by capillary chromatographic column; the
oncentrations of dichloromethane, trichloromethane, tetra-
hloromethane are determined by measurement of Cl− con-
entrations for the product with ion selective electrodes; the
oncentrations of phenol are measured by ultraviolet spectropho-
ometry.

. Thermodynamic model

Generally, the toxic organics to be treated in the surface water for
he drinking water production are dissolved in aqueous solutions
ith very low concentrations but high toxicity. The standard ther-
odynamic properties for aqueous organic species are required to

nvestigate the Gibbs free energy change for the degradation reac-
ion in AOPs, the reliable data are unavailable for most of aqueous
oxic organic species. In this paper, a thermodynamic method is
roposed to calculate the standard molar Gibbs energy of formation
or aqueous organic species.

.1. Thermodynamic modeling

For the thermodynamic process (I)—a gaseous organic com-
ound A dissolves into water

(pA, g) → A(xA, aq) (I)

he change of partial molar Gibbs energy can be written as
aq
g Gm = �A(aq) − �A(g) (1)

here �aq
g Gm is the change of partial molar Gibbs energy for the

bove process (I), �A is the chemical potential of A in a gaseous or
queous phase.

The gaseous organic compound A can be considered as an ideal
as because of the low pressure, and

A(g) = �0
A(g) + RT ln

pA

p0
(2)

here �0
A(g) is the standard chemical potential of A in the gaseous

hase; pA is the partial pressure of A in the gaseous phase; and p0 is
he standard pressure. Generally, the standard pressure is defined
s: p0 = 1.01325 × 105 Pa.

Since the solubility of A in water is very low, it is reasonable to
ssume the formed aqueous solutions to be an ideal dilute solution,
nd

A(aq) = �0
A(aq) + RT ln

xA

x0
(3)
here �0
A(aq) is the standard chemical potential of A in the aqueous

olution; xA is the molar fraction of A in the aqueous solution; and
0 is the standard molar fraction in the aqueous solution. Generally,
he standard molality of the solute m0 is defined to be 1 mol kg−1,
nd x0 is obtained by
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Table 1
The calculated standard molar Gibbs energy of formation at 298.15 K for four aqueous organic species �f G0

m,A
(aq, cal).

System Calculated �f G0
m,A

(aq, cal) (kJ mol−1) Experimental [16] �f G0
m,A

(aq, exp) (kJ mol−1)

∣∣∣ �f G0
m,A

(aq,exp)−�f G0
m,A

(aq,cal)

�f G0
m,A

(aq,exp)

∣∣∣ (%)

B 8880
T 6926
E 8198
F 9.7040
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enzene 133.9395 133.
oluene 126.6915 126.
thylbenzene 136.2446 135.
ormaldehyde −126.1777 −12

0 = 1 mol
(1000 g/(18 g/mol)) + 1 mol

× 100% ≈ 1 mol
1000 g/(18 g/mol)

× 100% = 0.018

qs. (2) and (3) are substituted into Eq. (1), and Eq. (4) is obtained.

aq
g Gm = (�0

A(aq) − �0
A(g)) + RT ln

xA/x0

pA/p0
(4)

et �0
A(aq) − �0

A(g) = �aq
g G0

m and (xA/x0)/(pA/p0) = K�, then

aq
g Gm = �aq

g G0
m + RT lnK� (5)

here �aq
g G0

m is the change of standard partial molar Gibbs energy
or the above process (I)

At equilibrium �aq
g Gm = 0. From Eq. (5) we have

aq
g G0

m = −RT ln K� = −RT ln
xA/x0

pA/p0
(6)

The system here follows the Henry’s law [14,15] at the pressure
f P and the temperature of T. That is,

A = kpx
A,w · xA (7)

here kpx
A,w is the Henry’s law constant for organic species A in

queous solution.
From Eq. (6), we have:

aq
g G0

m = −RT ln

(
1

kpx
A,w

)
+ RT ln

x0

p0
(8)

For the process (I),

aq
g G0

m = �f G0
m,A(aq) − �f G0

m,A(g) (9)

here �f G0
m,A is the standard molar Gibbs energy of formation for

rganic species A in a gaseous or aqueous phase and the standard
olar Gibbs energy of formation for aqueous organic species A can

e obtained by Eq. (10).

f G0
m,A(aq) = �f G0

m,A(g) + RT ln
x0

p0
− RT ln

(
1

kpx
A,w

)
(10)

.2. Model verification

The standard molar Gibbs energies of formation for four aqueous

rganic species have been determined experimentally in reference
16]. The thermodynamic method described above was used to cal-
ulate the standard molar Gibbs energies of formation for these
our aqueous organic species in order to verify the reliability and
ccuracy of the method proposed. Both the experimental and cal-
ulated results with the absolute average deviation are listed in
able 1. As shown in Table 1, the maximum deviation is less than
%, which implies that the thermodynamic properties calculated in
his paper are reliable.

R
t
u

4
r

A

0.0385
0.0009
0.3128
2.7187

. Results and discussions

.1. Thermodynamic calculation

.1.1. Calculation of standard molar Gibbs energy of formation for
queous organic species

Using the thermodynamic method proposed, �f G0
m,A(aq) for the

1 common-used organic species in AOPs are calculated from Eq.
10) in which the standard molar Gibbs energies of formation for
aseous A and their corresponding Henry’s law constants are taken
rom literatures. Table 2 summarized the data used and the calcu-
ated results.

.1.2. Calculation of the molar Gibbs energy change of reaction
rG0

m for the organic species with •OH
From the standard molar Gibbs energy of formation for aqueous

rganic species, the molar Gibbs energy change of reaction �rG0
m

an be calculated for AOPs. In this paper, �rG0
m for 8 organic species

ith •OH have been investigated. To make the �rG0
m comparable,

ll the reactions are studied with the carbon dioxide produced as
mol.

The mineralization reaction equations for halogenated hydro-
arbon are described as in references [7,8] with O2 as the initial
xidant reactant. However, actually the produced •OH was the
ffective and contributing oxidant because of its high oxidizing
ower. So here, •OH is used as the oxidant instead of O2 in the
ineralization reaction equations. In order to describe the calcula-

ion process, benzene is selected as an example. In the calculation
f �rG0

m, the standard molar Gibbs energy of formation for •OH,
O2 and halogen ions in aqueous solutions are required. The requi-
ite thermodynamic data are obtained from literatures and listed
n Table 3.

The reaction equation of benzene with •OH can be written as

1
6 C6H6(aq) + 5•OH(aq) � 3H2O(l) + CO2(aq) (II)

For Reaction (II), the molar Gibbs energy change of reaction can
e calculated as

rG0
m =

∑
B

�B�f G0
m(B) = 3�f G0

m(H2O(l)) + �f G0
m(CO2(aq))

− 1
6

�f G0
m(C6H6(aq)) − 5�f G0

m(•OH(aq))

= −1185.0308 kJ · mol−1 (11)

The molar Gibbs energy change of reaction for other organic
ompounds with •OH can be calculated by the same method as
eaction (II). The reaction equations for the �rG0

m calculation and
he calculation results are listed in Table 4. The corresponding data
sed are listed in Table 3.
.2. Comparisons of the calculation results with the experimental
esults

The degradation ability of some typical organic species by
OPs is investigated. All the investigated organic pollutants by
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Table 2
The �f G0

m,A
(g) obtained from literatures and the calculated �f G0

m,A
(aq) at 298.15 K for 31 organic species.

System �f G0
m,A

(g) [17] (kJ mol−1) Henry’s law constant Calculated �f G0
m,A

(aq) (kJ mol−1)

Chloroethylene 56.3 0.038 [18] 64.3952
1,2-Dichloroethane −73.9 0.95 [19] −73.7843
Dichloromethane −68.9 0.41 [20] −66.7012
1,1,1-Trichloroethane −76.2 0.068 [19] −69.5474
1,1-Dichloroethylene 25.4 0.039 [18] 33.4308
1,2-Dichloroethylene(cis) 28.6 0.24 [21] 32.1263
Trichloroethylene 19.9 0.12 [19] 25.1446
Bromodichloromethane −42.5 0.4 [22] −40.2400
Dibromochloromethane −18.8 0.73 [22] −18.0313
Trichloromethane −76.0 0.27 [19] −72.7656
Tetrachloroethylene 3 0.07 [19] 9.5808
Tetrachloromethane −53.6 0.038 [19] −45.5048
Dibromomethane −16.2 1.1 [21] −16.4478
Tribromomethane −5 1.4 [22] −5.8455
Aniline −7 459.09 [23] −22.2056
Ethylbenzene 131 0.12 [24] 136.2446
1,2-Xylene 122.1 0.25 [19] 125.5251
Toluene 122 0.15 [24] 126.6915
Styrene 213.8 0.37 [25] 216.2533
Benzene 129.7 0.21 [19] 133.5574
Chlorobenzene 89.2 0.26 [20] 92.5279
Phenol −32.9 2900 [26] −52.6749
1,2-Dichlorobenzene 82.7 0.53 [27] 84.2624
1,4-Dichlorobenzene 77.2 0.42 [18] 79.3391
Hexachlorobenzene 44.4 2.1 [28] 42.5493
1,3-Xylene 118.9 0.16 [19] 123.4315
1,4-Xylene 121.1 0.17 [19] 125.4812
F 3100 [29] −122.4400
1 0.11 [18] 29.8603
P 40,000 [30] −170.3800
D 57 [31] 58.4660
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Table 3
Standard Gibbs energies of formation of species at 298.15 K obtained from literatures.

System �f G0
m(aq) (kJ mol−1)

•OH(aq) 13 [32]
C
H
C
H
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M
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D
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T
1
T
C
P

ormaldehyde −102.5
,2-Dichloroethylene(trans) 24.4
entachlorophenol −144.1
imethylamine 68.5

he photocatalytic experiments and theoretical calculation in this
aper could be divided into the following two kinds: chlorinated
ethane; benzene and its derivatives. As the degradation reaction

ate may indicate the degradation order of ease for the organic
ollutants, the photocatalytic experiments are performed. All the
xperiments are carried out in the same conditions (the same reac-
or and light intensity) and the similar initial concentrations of
he organic pollutants. According to our experimental results, the
egradation order of ease for the organic pollutants with a longer
imes’ degradation (an hour) is the same as that with the 5 min
egradation. So we believe that the degradation reaction rate for
he initial 5 minutes may indicate the degradation order of ease
ery well for the investigated organic systems in this work. And all
he photocatalytic degradation reaction of the organic pollutants
re performed for 5 min. The degradation reaction rate investi-
ated by the photocatalytic experiments are sequenced from larger
o smaller and represented in Table 5. Our calculation results are
ompared with the experimental results.
.2.1. Chlorinated methane
�rG0

m for the degradation reaction of three different
hloromethanes with •OH are calculated respectively. The
egradation of organic species is easier and the reactivity is

T
e
d
a
e

able 4
ineralization reaction equations and the calculated molar Gibbs energy change of react

ystem Mineralization reaction equation

ichloromethane CH2Cl2(aq) + 4•OH(aq)�2H2O(l) + CO2(aq)
richloromethane CHCl3(aq) + 2•OH(aq)�CO2(aq) + 3H+(aq) +
etrachloromethane CCl4(aq) + 2H2O(l)�CO2(aq) + 4H+(aq) + 4C
,2-Xylene 1

8 C8H10(aq) + 21
4

•OH(aq) � 13
4 H2O(l) + CO

oluene 1
7 C7H8(aq) + 36

7
•OH(aq) � 22

7 H2O(l) + CO2
hlorobenzene 1

6 C6H5Cl(aq) + 14
3

•OH(aq) � 8
3 H2O(l) + CO

henol 1
6 C6H5OH(aq) + 14

3
•OH(aq) � 17

6 H2O(l) + C
O2(aq) −385.97 [33]

2O(l) −237.19 [34]
l−(aq) −131.228 [35]
+(aq) 0 [35]

tronger if the calculated �rG0
m is smaller. The experimental

esults by TiO2 photocatalysis from Ollis [7] and the experimental
esults by the H2O2/UV process introduced in Legrini’s review
3] showed the degradation rate of chloromethanes followed the
rder: CHCl3 > CH2Cl2 � CCl4; and the order of degradation rate
y Calza et al. [11] was CCl4 > CHCl3 > CH2Cl2; While Sabin’s work
8] represented CH2Cl2 > CHCl3 > CCl4. According to our calcula-
ion results as is shown in Table 4, the mineralization ability of
hloromethanes follows the order: CH2Cl2 > CHCl3 > CCl4, and from

able 5, our experimental work shows the degradation order of
ase for chloromethanes is CH2Cl2 > CHCl3 � CCl4 according to the
egradation rate, which is consistent with our calculation results
nd verifies the validity of our calculation work. Our calculation and
xperimental results are in accord with Sabin’s experimental work.

ion �rG0
m .

Calculated �rG0
m (kJ mol−1)

+ 2H+(aq) + 2Cl−(aq) −1108.1048
3Cl−(aq) −732.8884

l−(aq) −390.5472

2(aq) −1240.7781
(aq) −1216.3156

2(aq) + 1
6 H+(aq) + 1

6 Cl−(aq) −1116.4360
O2(aq) −1109.8958
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Table 5
Comparison of representative organic compounds reaction rate by photocatalytic
degradation reaction experiments.

Organic species C0 (ppm) r0
a (ppm min−1)

Chlorinated methane
Dichloromethane 132 2.52
Trichloromethane 120 2.07
Tetrachloromethane 80 0.11

Benzene and its derivatives

1,2-Xylene 100 2.56
Toluene 90 1.57
Benzene 90 1.56
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Chlorobenzene 100 1.47
Phenol 100 1.17

a The average degradation rate in the initial 5 min.

.2.2. Benzene and its derivatives
The calculation results for benzene and its derivatives

re sequenced according to �rG0
m from smaller to larger

nd are shown in Table 4. From Table 4, we can see
he order of reactivity for benzene and its derivatives is
,2-xylene > toluene > benzene > chlorobenzene > phenol, while the
rder results reported by Legrini et al. [3] is toluene > benzene >
henol > chlorobenzene. The comparison of our calculation results
ith the experimental results [3] shows some order differ-

nces between chlorobenzene and phenol. According to the
ummary of Glaze and Kang [12] for the rate constants of sev-
ral organic compounds with hydroxyl radicals from the work
f Farhataziz and Ross [13], the degradation rate order is ben-
ene > toluene > chlorobenzene, which represents the different
eactivity order of benzene and toluene from the results of [3] and
ur calculation results. However, according to our experimental val-
dation as is shown in Table 5, the order of reactivity for benzene
nd its derivatives is consistent with our calculation results, which
erifies the reliability of our calculation work. The work here shows
hat it is reasonable, effective and reliable to evaluate the mineral-
zation reaction abilities for the organic contaminants in AOPs by
he calculation of the �rG0

m.
The work in this paper represents the validity and reliability of

ur thermodynamic calculations and shows a success of thermody-
amics for the application in environmental area. And it shows that
he thermodynamics of the degradation reaction for the organic
ollutants in AOPs can find the corresponding relationships with
he degradation reaction rate. This work shows that the essence
f the mineralization reaction ability of the organic pollutants by
OPs is determined by the reaction thermodynamics if the miner-
lization reaction equations are provided reasonably and written
omparably.

Although the limited systems do not bring any generalizations,
ome trends are obvious. Thermodynamic calculation can also give
uch useful information for the determination of the mineraliza-

ion ability of the organic species in AOPs.

. Conclusions

The aim of the present study is to investigate the degrada-
ion abilities of various chlorinated aliphatics, benzene and its
erivatives in advanced oxidation processes by thermodynamic cal-
ulations. We use a simple and effective thermodynamic method to

alculate the standard molar Gibbs energy of formation for aque-
us organic species. The �rG0

m for the organic species with •OH
re calculated to determine the degradation order of ease for the
rganic species. This work shows that the thermodynamics of the
egradation reaction for the organic pollutants in AOPs can find the
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orresponding relationships with the degradation reaction rate by
xperimental measurements. The calculated results for the miner-
lization ability are generally in accordance with the reported and
ur experimental results, which verifies the validity and reliabil-
ty of our thermodynamic calculation. This work shows that the
ssence of the mineralization reaction ability of the organic con-
aminants by AOPs is determined by the reaction thermodynamics
f the mineralization reaction equations are provided reasonably
nd written comparably. The work in this paper represents a suc-
ess of thermodynamics for the application in environmental area.
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