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The effects of pH value and temperature on the initiation (k;), promotion (k;), inhibition (ks) and direct ozone reaction (ko)
rate constants of natural organic matter (NOM) in water ozonation were investigated in this study. These rate constants
were determined using a newly developed method that integrates the classical R concept, the transient steady-state
hydroxyl radical (-OH) concentration model and the pseudo first-order ozone decomposition model. Suwannee River fulvic
acid (SRFA) was selected as the model NOM. Our results showed that (1) the variation of pH value from 6.5-8.0 had little
influence on kp; while k; showed a peak value at pH 7.5, and ks and kp increased with the increasing pH, (2) at room
temperature, the value of kp is 2.7-5.8 times higher than k,and that of ke is 14-31 times higher than ks at pH 6.5-8.0,
indicating that direct ozone reaction and promotion reaction are the dominant pathway for SRFA to react with ozone and
-OH, respectively, and (3) all rate constants showed a strong dependency on temperature and the activation energies for
initiation, promotion, inhibition and direct ozone reaction were determined to be 55.3, 25.6, 50.1 and 49.1 kJ mol?,
respectively. Functional groups in NOM that are potentially responsible for these reactions were discussed. Our results
provide deeper insights of the reactions between NOM and ozone/-OH and the removal of micropollutants in ozonation
process can be evaluated using the rate constants determined in this study.

1. Introduction

The use of ozone (03) in advanced drinking water treatment has
been increasing over the past several decades. Ozonation is
effective both in the inactivation of pathogensl'5 and removal of
organic contaminants®®. Its use for emerging contaminant
degradation in wastewater has also been demonstrated®™".

O3 is a strong oxidant that selectively attacks the electron-rich
moieties of a compoundlz. It decomposes in natural water primarily
due to its reactions with hydroxide ions (OH’) and natural organic
matter (NOM)® 2. The reaction between O3 and OH’ can lead to the
formation of hydroxyl radical (-OH), a non-selective and stronger
oxidant than 0314’15. Both O3 and -OH, therefore, should be
considered in the removal of contaminants in the ozonation
processle. NOM is present ubiquitously in natural water systemsl7.
It can react directly with O; molecule and participate in reactions
characterized as initiation, promotion and inhibition depending on
the net production and consumption of -OH™ ™™ Determination
of the rate constants of NOM in these reactions is highly desirable
because the influences of NOM on the degradation of organic
contaminants by ozonation can then be quantified.

We recently developed a new method that can be used to
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determine the rate constants of NOM in these reactions’” %, This

method requires the addition of different concentrations of an
external inhibitor (denoted as S with a second-order rate constant
kss with -OH) such as tert-butanol into the experimental solution. By
integrating the Ry conceptzz, the transient steady-state -OH
concentration model”® and the pseudo first-order ozone
decomposition model®, the following two equations can be
established for a carbonate-free system:

1 kg[S]+ks[DOC]
Re 2k,[OH ]+k[DOC] (1)

ct

dlos] 1
dt [0;]

=Ky, =3k, [OH 14k, [DOC]+k, [DOC]+k, [DOCIR,,  (2)

where R is the ratio of -OH exposure to ozone exposure, k; is the
second-order rate constant between OH and O;, [DOC] is the
dissolved organic carbon concentration, k;, kp, ks and ky denote the
DOC-normalized initiation, promotion, inhibition and direct reaction
rate constants of NOM, respectively.

The pseudo-first order rate constant of ozone decomposition
(kops) and the R, value for each addition of tert-butanol are
measured. The values of k; and k, can be determined from the slope
and intercept of the plot of 1/R.; vs. kss[S], respectively (Figure 1(a))
and those of k, and kp can be determined from the slope and
intercept of the plot of kops Vs. Ry, respectively (Figure 1(b)). This
method has been validated with model compounds and the rate
constants of three NOM isolates were determined”® **.
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Nonetheless, the current development still lacks the
fundamental understanding of the behavior of NOM at different pH
and temperature. Although these two parameters have been
extensively studied in the ozonation process, the information on
their effects in the presence of NOM especially on the degradation
of organic contaminants are generally limited and qualitative in
nature. For instance, it was only known that the removal of organic
contaminants in the ozonation process depended strongly on the
presence of NOM 2% 24 \While some contaminants showed effective
degradation, those that are more ‘OH-reactive were inhibited 2, 2>
2 |n addition, a change in pH and temperature can greatly
influence the specific roles of NOM that affect the removal of
organic contaminants but such effects have not been quantitatively
reported. A detailed evaluation of the roles of NOM at different pH
and temperature, therefore, is important to elucidate the effects of
NOM on the degradation of organic contaminants in water
ozonation under different environmentally-relevant circumstances.

The objective of this study was to apply the new method to
investigate the influences of pH value and temperature on these
rate constants of NOM in the ozonation process. The information
can improve basic understandings of how NOM responds in terms
of these reaction modes to the change of pH value and temperature
that can affect the ozone exposure, -OH exposure and contaminant
removal. The rate constants determined at different temperatures
allowed us to calculate the activation energy associated with each
reaction mode to explore the thermodynamic characteristics of
these NOM reactions. Suwannee River fulvic acid (SRFA), a well-
characterized NOM isolate, was used as the model NOM.

2. Materials and Methods

2.1 Chemicals

All chemicals used in this study were of 98% purity or greater
except for phosphoric acid which was 85% pure, and were used as
received. Potassium indigo trisulfonate, para-chlorobenzoic acid
(pCBA), sodium thiosulfate and tert-butanol were purchased from
Sigma-Aldrich (USA). Hydrochloric acid (HCI), methanol, phosphoric
acid, sodium hydroxide (NaOH), sodium hydrogen phosphate and
sodium dihydrogen phosphate were supplied by Merck (Germany).
All stock and experimental solutions were prepared using ultrapure
water produced by Milli-Q Direct 8 Ultrapure Water Systems
(Millipore, USA) with a resistivity of 18.2 mQ cm. Ozone gas
generated from pure oxygen by the Anseros ozone generator
(Model COM-AD-02, Germany) was continuously sparged through a
gas-washing bottle containing ultrapure water chilled in an ice bath
to acquire fresh aqueous ozone stock solution®®. This generally
yielded a concentration of approximately 60 mg/L of ozone.
Suwannee River fulvic acid (SRFA, 25101F) purchased from the
International Humic Substances Society (IHSS) was dissolved in
ultrapure water without pH adjustment and the solution was
filtered with a 0.45um pore size Whatman (UK) membrane filter
before use. The measured carbon content and specific UV
absorbance at 254 nm (SUVA254) were 0.47 mg C per mg of SRFA
and 5.5 L(mg o'm?, respectively.

2.2 Experimental Methods

Prior to each experiment, the ultrapure water was pre-ozonated to
minimize its ozone demand™. The pre-ozonated water was acidified
with 1.0 M HCl to achieve a pH value of 3.5. The background
dissolved inorganic carbon (bicarbonate/carbonate) which could
react as an inhibitor was removed by purging the acidified water
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with nitrogen gaszz. A 1 L screw-top glass bottle equipped with a 10
mL bottle-top dispenser was utilized as the reaction vessel’.

Ozonation of NOM was initiated by adding ozone stock solution
into experimental solutions containing phosphate buffer (1.0 mM),
tert-butanol (0.03 to 0.3 mM), SRFA (2.0 mg/L), and the -OH probe
compound pCBA (0.5 uM) at various pH values (pH 6.5-8.0) and
temperatures (12°C-50.5°C). Because of the Ilow pCBA
concentration employed in the experiments, its ‘OH scavenging
capacity was negligiblezz. The solution pH was adjusted to the
desired pH value using 1.0 M NaOH and HCI under a gentle stream
of nitrogen gas. The solution temperature was controlled by
immersing the reaction vessel in a water bath connected to a water
circulator (Polyscience 9100 series, USA). Samples were taken
periodically from the reactor and quenched with indigo solution for
ozone and sodium thiosulfate solution for pCBA measurements. The
variations of pH value during the experimental period were within
10.15 unit.

2.3 Analytical Methods

Ozone concentration in the stock solution was measured
spectrophotometrically at 258 nm (g = 3100 M* cm'l) and that in
the experimental solution was determined using the Indigo method
at 600 nm (g = 20,000 M’lcm’1)3°' 32 Both measurements were
performed using a Shimadzu UV-1800 (Japan) spectrophotometer.
Agilent 1200 series (USA) high performance liquid chromatography
system consisting of a variable wavelength detector and Zorbax SB-
C18 column (150 x 2.1 mm) was employed to determine the
concentration of pCBA. pCBA was eluted using an isocratic mobile
phase consisting of methanol (55%) and 10 mM phosphoric acid
buffer (45%) at a flow rate of 0.2 mL/min and detected at 234 nm at
25°C 2. The minimum detection limit of pCBA obtained from eight
replicates was 0.004 uM. The pH value was measured using a
Horiba pH meter (Japan) equipped with an Ag/AgCl pH electrode
(Accumet, Cole-Palmer, USA) calibrated with pH 4.0, 7.0 and 10.0
standard buffers (Fisher Scientific, USA). Dissolved organic carbon
(DOC) was quantified using the Shimadzu TOC-VCSH analyzer
(Japan).

3. Results and Discussions

3.1 Effects of pH values

NOM is a heterogeneous macromolecule consisting of a variety of
functional groups33'36. The change of pH value can result in the
protonation/deprotonation of certain acidic functional groups and
potentially affect the values of kp, k|, kp, and ks of NOM. Ozonation
of NOM-containing water typically can be characterized as the
initial rapid ozone decomposition and high R, stage (~20 s)
followed by a relatively slow ozone decomposition and low R
stagezo' 22,3739 The two-stage ozone decomposition kinetics was
also observed in our experiments (Fig S17). Due to the limitation of
the experimental setup in collecting data for the initial stage, the
discussion in this paper was focused on the second stage.

Fig. 2 shows the plots of 1/R; vs. kss[S] and ko vs. R for pH 6.5
to 8.0 at 211 °C with the addition of 0.03-0.3mM of tert-butanol as
the external inhibitor. Linear correlations were found for all pH
conditions in both plots, corresponding well to the theoretical
correlations shown in Fig 1. The values of k|, ks, kp and kp calculated
from the slope and intercept for each pH value are summarized in
Table 1. The value of kyused in the calculation was 160 M™'s™ 20,21

The value of k; increased 5 times as pH value increased from 6.5
to 7.5 followed by a slight decline from pH 7.5 to 8.0, although the
decrease was not statistically significant. Ozone selectively attacks
electron-rich functional groups of a compound, such as olefins,
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amines, and activated aromatic rings12 which are ubiquitous
moieties in the NOM macromolecule®® Free amines,
deprotonated phenols as well as electron-rich aromatic
components have been suggested to be the key moieties in NOM
that react as initiators and contribute to the formation of -OH in
ozonation” **. In addition to -OH formation via electron transfer, the
attack of ozone at the electron-rich aromatic components in NOM
may also produce new phenols via the hydroxylation pathway,
which has been suggested to be responsible for the continuing -OH
production after the original reactive sites are consumed’. The pK,
values for simple phenols are typically greater than pH 9.5 except
those with halogen and nitro substitutions. The pK, values for
protonated amines vary over a wider pH rangelz. The complexity of
NOM molecule could affect the pK, values of the phenolic and
amine groups in its structure. The deprotonated form of the acidic
groups and the free amines possessed much greater rate constants
with O3 than their protonated counterparts, resulting in the so
called “reactivity pK” phenomenon, i.e., a significant variation of
rate constant can be observed even at the pH range much less than
the pK, values™. The variation of k, over the pH range investigated
in this study, therefore, should be a collective result of the
corresponding abundance of free amine and deprotonated phenolic
groups and the “reactivity pK” phenomenon. It should be noted
that some of these functional groups involving in the initiation
reaction might be very reactive and consumed in the fast reaction
stage (< 20 5)42’ * which could not be captured by the batch
experimental procedures employed in this study.

The variation of ky was not significant over the investigated pH
range. It has been shown that compounds comprising aliphatic
hydroxyl (including polyalcohols and sugars), carboxyl as well as aryl
groups could react as promotersB, suggesting that these functional
groups could be important moieties contributing to the promotion
characteristics of NOM. The relative constant k, determined at pH
6.5-8.0 should be a result of the similar reactivity of these
functional groups toward -OH to form superoxide radical and
ultimately another -OH at this pH range. It has been reported that
aliphatic hydroxyacids such as hydroxymalonic acid reacts with -OH
primarily via the abstraction of the carbon bound H atom to form -
0OO0OC-C(OH)-COO radical and the rate is nearly constant at pH 6-
10*. In the presence of oxygen, OOC-C(OH)-COO’ radical can
transform to hydroxyperoxyl radical ((OOC-COO(OH)-COO’) and
then release a superoxide radical®. Similar reaction schematic may
exist for tartaric acid®. It should be pointed out that carboxylic
group can also contribute to the inhibition reaction. Leitner and
Dore (1996)45 reported that -OH attacks unsubstituted carboxylic
acids, such as malonic acid and succinic acid, primarily at the C-C
bond and causes its cleavage without forming peroxyl radicals,
suggesting that the hydroxy substitution could be a crucial factor to
make a carboxylic acid or similar moiety in the NOM molecule a
potential promoter.

In general, the ks value increased with the increasing pH value
although the increment from pH 6.5 to 7.5 was not statistically
significant. It is well established that simple molecules such as tert-
butanol and acetate act as effective inhibitors, although under high
concentrations they may partially contribute to the promotion
reactions due to bimolecular decay of their peroxyl radical formed
from the reactions with -OH***, Carboxylic, aliphatic hydroxyl and
aryl groups could be important moieties responsible for the
inhibition properties of NOM®™. It is known that the rate constant of
an acid with -OH generally is higher when the acid is deprotonated.
For example, the rate constant of bicarbonate with -OH (8.5><106 M

s is higher than that of carbonate (4><108 M™s)™2. The observed

This journal is © The Royal Society of Chemistry 20xx
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increase of kg as a function of increasing pH could be attributed to
the deprotonation of the responsible acidic moieties in NOM.

The value of kp was found to increase with the increasing pH
value. It is known that olefins can react directly with ozone
without -OH formation according to the Criegee mechanism®2.
Aromatic compounds may also react directly with ozone
contributing to the direct reaction pathway although it may be
accompanied by a small yield of -OH™. These functional groups can
contribute significantly to the direct reaction of NOM with ozone.
When an acidic group is present, the deprotonated anion can
supply additional electron density to C-C double bond and increase
the rate of direct reaction due to the elecrophilicity of ozone. The
trend of a higher ky at a higher pH should result from the
deprotonation of acidic functional groups and the “reactivity pK”
phenomenon described earlier.

It is interesting to compare k,; versus kp, both resulting from the
reactions of NOM with ozone and ksversus kp, both resulting from
the reactions of NOM with -OH. As shown in Table 1, kg is 2.7-5.8
times higher than k|, indicating that 73-85% of the reaction between
SRFA and ozone proceeded via the direct reaction pathway, most
likely for the cleavage of C-C double bond. kp is 14-31 times higher
than ks, indicating that 93-97% of the reaction between SRFA
and -OH proceeded via the promotion reaction pathway to form
secondary organic radicals, in which superoxide radical can be
formed in the presence of oxygen and reacts with additional ozone
to ultimately generate another -OH. The importance of promotion
characteristics of NOM in accelerating ozone decomposition has
been highlighted in ozonation of surface water’® but its
contribution has never been quantified. Using the described
approach, the relative contribution of initiation and direct reaction
of NOM toward ozone decay and that of promotion and inhibition
toward -OH reaction can be quantitatively described.

The rate constant of the reaction between SRFA and -OH has
been determined using electron pulse radiolysis to be 1.60-2.06 x
10® L (mol ©)*s™(or 1.33-1.72 x 10* L(mg C)"s™)*" *®, which are
between the inhibition and promotion rate constants obtained in
this study. These rate constant are usually referred as the -OH
“scavenging” rate constant and are useful in characterizing non-
ozone based advanced oxidation processes. In ozonation, however,
the “scavenging” reaction comprises both promotion and inhibition
reactions, which must be distinguished to fully characterize the
influences of NOM on the ozone decomposition and -OH formation
that are important for quantifying the degradation of organic
contaminants in water treatment. The rate constants determined in
this study could fulfill these demands.

3.2 Effects of temperature
Fig. 3 shows the plots of 1/R. vs. ks[S] and kg vs Ry for
temperature ranging from 12.0 to 50.5 °C with the addition of 0.03-
0.3 mM of tert-butanol at pH 7.0. The ozone decomposition and R
plot are shown in Fig. S2t. The values of k|, ks, kp and kp of SRFA
calculated from the slopes and intercepts of the two plots are
summarized in Table 2. All rate constants of different reaction
modes of SRFA increased with the increasing temperature. k,
exhibited the highest increment of 20-fold as the temperature
increased from 12 2C to 50.5 C, followed by kp, ks and kp which
increased by 13-, 9- and 4-fold, respectively.

The activation energy for each of the reaction modes can be
determined from the Arrhenius equation as shown in Equation (3).

In(k)=—E—al+InA (3)
RT
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where E, represents the activation energy, R represents the
universal gas constant (8.314 J mol* K%, T represents the
temperature in Kelvin and A is the pre-exponential factor.

According to the activated complex theory or transition-state
theory, following relationships app|y49:

A= kB_TxeASt/R (4)
h
¥ 5
E,=AH +RT (5)
t t t t 6
AG =AH -TAS =-RT InK (6)

where kgis the Boltzmann’s constant (1.38x10’23J K’l), h is Planck’s

t E

constant (6.626x10™* J s), AS and AH are the change of entropy

and enthalpy between the reactants and the activated complex,
+

E
respectively, AG is the Gibbs free energy of activation, and K is the
equilibrium constant of the activation.

It should be noted that the value of k; used in the calculation also
depends on the temperature, which can be determined via the
integrated form of Arrhenius equation as shown in Equation (7) if
the activation energy for the reaction between ozone and OH'is

known.
k (7)
In( ”a):E_a 11

ky,© R(T, T

a

where a and b represent two different temperatures.

Based on the kinetics of ozone decomposition in pure water®?,
kops is directly proportional to k; value (Equation (8)).

Kope =3k, [OH7] (8)

Therefore, the activation energy associated with k; should be equal
to that associated with kg, determined in pure water. Three
activation energies determined in pure water were found in the
literature: 7648.3, 79.5+8.0 and 82.5+8.0 kJ mol™>%>%, The values of
k, at different temperatures were computed using the average of
the three activation energies, i.e. 79.3 kJ mol™. Our previous studies
have found that k; was 160 M7st at 21¢12C 22, Employing this k;
value and the average activation energy, k; values were calculated
to be 57, 490, 1326 and 3083 M''s™* for temperature at 12.0, 31.5,
41.5 and 50.5 9C, respectively.

The Arrhenius plots for k;, ks, ke and kg are shown in Fig.4. Good
linear correlations were found indicating that no significant
configurational changes of SRFA structure over the temperature
range studied*®. The determined E, InA, AS*, AH*, AG* and K* based
on Equations (3)-(6) are summarized in Table 3. In general, we
found distinct differences in ASi, AG' and K* between the reactions
involving ozone (direct reaction kp and initiation reaction k) and
those involving -OH (promotion reaction k, and inhibition reaction
ks), indicating that different mechanisms and thermodynamic
properties are involved in these two groups of reactions (i.e., the
Criegee mechanism and ozone electron transfer vs. H-abstraction
and -OH radical addition). The E, for direct reaction and initiation
reaction are 49.1 and 55.3 kJ/mol, respectively. These values are

4| J. Name., 2012, 00, 1-3

comparable with those determined for simple organic compounds
reacting with ozone' *** The E, for promotion and inhibition
reactions are 25.6 and 50.1 kJ/mol. The difference could result from
the different electron densities caused by the hydroxy substitution
in the attacked carbon center that differentiates these two types of
reaction modes. As discussed above, promotion reaction
predominates inhibition reaction, which should reflect in the overall
reaction between -OH and NOM. Mckay et al. (2011)® reported
that E, for reaction of -:OH with different NOM samples including
SRFA ranges from 14.4-29.9 kJ/mol based on rate constants
obtained using electron pulse radiolysis (E, for SRFA = 14.4 kl/mol).
Although the promotion E, for SRFA determined in this study is
higher than the reported value, it falls in the range determined for
NOM collected from different sources, signifying the important role
of NOM as a promoter rather than an inhibitor in water ozonation.
3.3 Predicting the Degradation of Micropollutants in the
Presence of NOM

Removal of micropollutants by ozonation can be affected by NOM,
pH and temperature. The removal can be modeled using Equation
(9) and (10) where the theoretical R, and ks can be obtained from
Equation (1) and (2), respectively.

(9)

[[P]t J =exp(—~(koppRe +Ko,pp )[[0;]dt)
[Pl

_ 105, (10)

[[051dt)= > (1—e )

obs

where P denotes micropollutant, ko and ko s, represent the

second-order rate constant of ‘OH and O; with micropollutant,
respectively, and [[O;]dt is the ozone exposure.

Typically, K oyp is in the order of 10° M7s™ and ko, can vary

over several orders of magnitude. Owing to the limited rate
constants of micropollutants at different temperatures, the
simulation of their removal was only considered at different pH
values. The effects of temperature, however, can be evaluated in
the same fashion discussed below if required rate constants are
available.

Six micropollutants including five pharmaceutical compounds
(diazepam, N(4)-acetyl-sulfamethoxazole, bezafibrate, metoprolol
and penicillin G) and a pulp bleach (zinc
diethylenediamintetraacetate), which have all been detected in
surface waters were studied® . They were selected because of
their kog/P were significantly different, varying over three orders of

magnitude. Their pK, and second-order rate constants with O3 and
‘OH are shown in Table 4. 2 mg/L SRFA and 2 mM carbonate
alkalinity were considered to mimic the real water condition. The
modeling results are shown in Fig. 5 and the impacts of pH on their
removal are summarized in Table 4. It should be noted again that
these results represent the removal in the second R, stage.

The simulation indicated that the removal of diazepam was
enhanced by the increasing pH value (Fig. 5 (a)). The small rate
constant of ozone with diazepam (k03/P =0.820.2 M's™) suggests

that ‘OH is the main contributor to its removal. In fact, comparing
its degradation due to -OH oxidation capacity (K.oupRe [[031t)

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 16


http://www.wikipedia.org/wiki/Pre-exponential_factor

Page 5 of 16

and ozone oxidation capacity (kOS/PI[O3]dt ), the latter can be

neglected. According to Equation (1), the total initiation capacity
(2k;[OH]+k,[DOC]) increased approximately 8-fold when pH
increased from 6.5 to 8.0, in which at < pH 7.0 the contribution of
OH’ to the total initiation capacity was less than 30%, i.e., more
than 70% of the ‘OH was contributed by the initiation reaction of
SRFA. As pH increased to 7.5 and 8.0, OH contributed 43% and 63%
to the total initiation capacity. For zinc
diethylenediamintetraacetate, its removal was not affected by pH
initially (<400 s), thereafter, decreased with the increasing pH value.
Although the ‘OH oxidation capacity increased 7 times as pH
increased from 6.5 to 8.0, its contribution to the removal of zinc
diethylenediamintetraacetate at pH 8.0 was at most 39%, i.e., the
removal due to ozone oxidation became significant due to the
higher ozone rate constant (koa/P =100 M’ls’l). Similar trend was

observed for N(4)-acetylsulfamethoxazole removal (Fig. 5(c)) but
the differences among the four pH values became less significant
because of its even higher rate constant with ozone (kg ;=250 M’

1s'l). For bezafibrate (Fig. 5(d)), metoprolol (Fig. 5(e)) and penicillin
G (Fig. 5(f)), increase in pH did not affect their removal as they can
be predominantly removed by ozone (kOS/P >500 M'ls'l). Althogh

the results presented here are based on model simulation, the
importances of understanding the kinetic behaviors of organic
matter and the contribution of ozone and-OH to contaminant
degradation have been demonstrated in experimental works™.

4. Conclusions

NOM has long been known to simultaneously react as the initiator,
promoter, inhibitor and direct ozone consumer in the ozonation
process. Although the R concept provides an empirical approach
to characterize ozone exposure and -OH exposure, the lack of NOM
rate constants for these reactions is one of the major obstacles to
fully understand how NOM affects micropollutant degradation
when ozone is used. In this study, the rate constants of NOM in
these reactions at various pH values and temperatures were
determined and wused to investigate the thermodynamic
characteristics of these reactions and model the removal of
micropollutants. Future study can be devoted to determine the rate
constants of NOM collected from different water sources (surface
water, groundwater or even wastewater effluent), as well as their
values in the initial stage (< 20 s) to provide a more thorough
understanding of the behaviors of NOM and its impact on
contaminant removal in the ozonation process.
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Tablel  The second-order rate constants of initiation (k;), inhibition (ks), promotion (kp) and direct ozone reaction (kp) of SRFA at
different reaction pH values. Values in the parenthesis indicate the standard deviation calculated from triplicate experiments. Experimental
conditions: pH 6.5-8.0, initial ozone concentration = 0.1 mM, tert-butanol = 0.03 to 0.3 mM, pCBA = 0.5 uM, phosphate buffer = 1.0 mM,
and temperature = 21+1°C.

pH ki ks kp ko
(L(mol ©)s™) (L(mol ©)'s™) (L(mol ©)'s™) (L(mol ©)"s™)
6.5 0.64(%0.03) 2.41(10.21)><1O7 7.54(i0.66)x108 3.77(£0.27)
7.0 1.53(+0.29) 3.50(10.85)><107 8.32(1-0.92)><108 4.96(0.78)
7.5 3.01(+0.09) 3.56(10.39)><107 8.37(1-0.82)><108 8.01(+0.88)
8.0 2.37(%0.68) 6.01(10.21)><1O7 8.44(i0.90)x108 9.28(+0.40)
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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Table2  The second-order rate constants of initiation (k;), inhibition (ks), promotion (k) and direct ozone reaction (k) for 2.0 mg/L of
SRFA at different temperature ranging from 12.02C to 50.52C. Experimental conditions: pH 7.0, initial ozone concentration = 0.1 mM, tert-
butanol =0.03 to 0.3 mM, pCBA = 0.5 uM and phosphate buffer = 1.0 mM.

Tem o] k| kS kp k

(e0) (L(mol €)'s™) (L(mol C)'s™) (L(mol ¢)'s™) (L(mol DC)'ls'l)
12.0 0.47(£0.03) 2.70(+1.30)x10’ 7.24(+1.06)x10° 2.42(+0.06)
21.0 1.53(£0.29) 3.50(+0.85)x10’ 8.32(0.92)x10° 4.96(+0.78)
315 1.87(0.31) 12.89(+5.22)x10’ 12.42(+1.32)x10° 6.83(+0.64)
41.5 4.51(+0.84) 19.40(+2.54)x10’ 13.42(+1.09)x10° 16.75(£2.31)
50.5 9.38(+1.50) 25.12(+4.73)x10’ 29.66(+4.80)x10° 30.95(9.21)
8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Table3  Activation energy (E,), pre-exponential factor (In A), entropy of activation (ASt), enthalpy of activation (AH*), Gibbs free energy
of activation (AGi) and equilibrium constant of the activation (K*) of initiation (k), inhibition (ks), promotion (kp) and direct ozone reaction
(kp) rate constants for SRFA. Experimental conditions: pH 7.0, initial ozone concentration = 0.1 mM, tert-butanol = 0.03 to 0.3 mM, pCBA =
0.5 puM and phosphate buffer = 1.0 mM, temperature =12.0 to 50.52C.

E3 T T E3
E, In(A) AS AH AG K
(kJ/mol) (J/K/mol) (kJ/mol) (kJ/mol) (Mh
Direct reaction (kp) 49.1+7.1 21.6+2.9 -73.9+21.4 46.6£7.0 68.8+13.4 (1.051-0.19)><10'12
Initiation (k) 55.3+4.8 22.742.0 -64.6116.3 52.8+4.8 72.249.7 (2.7110.32)><10'13
Promotion (kp) 25.616.9 31.1+2.8 5.1+0.1 23.1+0.2 21.610.1 (1.74+0.88)x10™
Inhibition (ks) 50.1+2.6 38.1+0.8 63.5+6.6 47.6£2.9 28.5+0.9 (1.0810.31)><10'5
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9
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Table 4 Influences of pH on the removal of selected pharmaceutical and organic compounds.
koz/P k~OH/P
Compound pK, Impact of pH
(M7s™) M5

Diazepam®"® 3.4 (0.8+0.2) (7.2+1.0)x10° +

Zinc diethylenediamintetraacetatesg‘ 63 5.6,6.1 100 (2.410.4)><109 -

N(4)-acetylsuIfamethoxazoleeo’ b4 5.9 250 (6.8~:O.1)><109 +(<4005s); —(>4005s)

Bezafibrate® ®° 3.6 (590 +50) (7.4+1.2)x10° x

Metoprolol®® 9.7 1.4x10° (8.4+0.1)x10° x

Penicillin G** 2.8 4.8x10° (7.3+0.3)x10° x

Note: +: enhance removal efficiency; — : inhibit removal efficiency; x: no effect in removal efficiency
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Fig. 1 Theoretical relationships of (a) 1/R vs. kss[S] and (b) kops Vs. R 2
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Fig. 2 (a) 1/R¢ vs (kss[S]) and (b) kops Vs R plots at various pH value (6.5-8.0). Experimental conditions: SRFA = 2.0 mg/L, temperature
=21+19C, initial ozone concentration = 0.1 mM, tert-butanol = 0.03 to 0.3 mM, pCBA = 0.5 uM and phosphate buffer = 1.0 mM. The error
bar represents the standard deviation obtained from triplicate.
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Fig. 3 The plots of (a) 1/R; vs (kss[S]) and (b) kops Vs Re; for 2.0 mg/L SRFA at temperature ranging from 12.02C to 50.52C. Experimental

conditions: pH 7.0, initial ozone concentration = 0.1 mM, tert-butanol = 0.03 to 0.3 mM, pCBA = 0.5 uM and phosphate buffer = 1.0 mM.
The error bar shows that the experiments were conducted in triplicate.
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Fig. 4 Arrhenius plots for (a) direct reaction (kp) and initiation (k;) rate constants and (b) promotion (kp) and inhibition (ks) rate

constants of 2.0 mg/L of SRFA at pH 7.0. Error bar represents the standard deviation obtained from triplicate experiments.
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Simulation of the removal of selected micropollutants, (a) diazepam, (b) zinc diethylenediamintetraacetate, (c) N(4)-acetyl-

sulfamethoxazole, (d) bezafibrate, (e) metoprolol and (f) penicillin G, in the presence of 2.0 mg/L SRFA. Ozonation conditions: pH 6.5-8.0,
initial ozone concentration = 0.021 mM, carbonate alkalinity =2 mM, [P] = 0.5 uM.
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pH and temperature affect the kinetics of specific reactions of NOM and influence organic
contaminants removal in the ozonation process.



