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ABSTRACT: Acetophenone is a refractory organic pollutant found in several industrial wastewaters. It can escape
biological secondary treatment systems and cause adverse impacts on aquatic ecology. Further treatment through
advanced oxidation processes, which generate powerful hydroxyl radicals, is a promising option. The intrinsic second-
order rate constant between acetophenone and hydroxyl radicals, as well as its temperature-correction coefficients,
was determined using a homogeneous Fenton-like process at pH 2.5. Using the competitive kinetics technique with
aniline as a reference compound, the intrinsic second-order rate constant for the reaction between acetophenone
and hydroxyl radicals was determined to be 8.97x10° M~'s™! at 25°C and 1 atm. This value remained consistent
across various scenarios involving different reactant concentrations, hydraulic retention times, and operating modes.
Hydroxyl radicals can reach a quasi-steady state during the initial stage of the batch operation. Using the quasi-
steady-state approximation and the initial rate technique, the previously unreported activation energy for the Arrhenius
equation and the thermal coefficient for the Phelps empirical equation were determined to be 29 kJ/mol and 1.035,
respectively, over the temperature range of 20-40 °C. The concentrations of hydroxyl radicals at the quasi-steady state
of the batch reactor and at the steady state of the continuous-stirred tank reactor were found to range from 5.0x 107
and 1.1x107'3 M. This information is very beneficial for reactor design and operational monitoring of acetophenone

removal by advanced oxidation processes.
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INTRODUCTION

Acetophenone (AP) is an important industrial chemical
utilized in various sectors, including the production of
phenols, pharmaceuticals, perfumes, pesticides, and
dyes [1]. It is characterized by its light-yellow lig-
uid appearance, strong odor, and slight solubility in
water under standard conditions. However, AP is
also known to be toxic to aquatic life and can persist
in aquatic environments for extended periods, posing
a significant challenge to biological treatment meth-
ods [2]. Consequently, the development and adoption
of advanced non-biological techniques for its removal
from wastewater are imperative to mitigate its harmful
effects on ecosystems.

Advanced oxidation processes (AOPs) have
emerged as promising solutions for treating refractory
organic pollutants like AP AOPs are advantageous
because they produce hydroxyl radicals (OH-),
which are highly reactive and non-selective oxidants
with a high oxidation potential [3,4]. Through
these processes, complex organic structures can be
oxidized, leading to their transformation into simpler
biodegradable molecules or complete mineralization
into carbon dioxide [5,6]. To effectively simulate
and monitor AP degradation by OH+, knowledge of
its intrinsic rate constant is essential. The reaction
kinetics between any pollutant and OH- can be

described in a second-order manner [7], where both
reactants follow first-order kinetics. The intrinsic
second-order rate constant (k), typically reported at
standard-state conditions (25°C and 1 atm), holds
universal applicability irrespective of varying reactant
concentrations and system conditions [8].  This
makes the intrinsic rate constant more practical than
pseudo-zero- or first-order apparent rate constants,
which are limited to specific experimental conditions.

While several studies have documented the rapid
oxidation of AP by OH* in aqueous phases using various
AOP technologies, e.g., ordinary Fenton process [9], in-
direct ozonation [10, 11], and photocatalysis [12, 13],
there has been a lack of comprehensive data on the
intrinsic second-order rate constant (kapom.). The
only noted result comes from Boonrattanakij et al [9],
who performed measurements using the ordinary Fen-
ton process at pH 3.0. This study aimed to verify
and expand upon these findings by determining the
intrinsic rate constant under a homogeneous Fenton-
like process at pH 2.5. The research also explored
the influence of temperature (20 to 40°C) on the
rate constant and revealed previously undocumented
temperature-correction coefficients derived from Ar-
rhenius and Phelps empirical equations.

The traditional Fenton process facilitates the gen-
eration of OH: through the catalytic decomposition of
hydrogen peroxide (H,0,) in the presence of ferrous

www.scienceasia.org


http://dx.doi.org/10.2306/scienceasia1513-1874.2025.093
http://www.scienceasia.org/
mailto:nonglak.boo@kmutt.ac.th
www.scienceasia.org

(Fe?™). This process consists of a series of complex
reactions (Egs. (1) to (6)) that systematically pro-
duce OH- as reactive oxidants for pollutant degrada-
tion [14].

Fe’* +H,0, — Fe’* + OH*+ OH~ €h)
Fe’* +H,0, — Fe’" +HO; +H* 2
HO; « O;*+H" 3

Fe** + OH* — Fe*' + OH~ @
H,0, +OH* — HO; +H,0 (5)

RH+OH* — R +H,0 —— products/CO,/H,0 (6)

This research employed a homogeneous Fenton-
like process that used ferric ions (Fe") as the catalyst
instead of Fe?". Despite the slower overall reaction
rate of the Fenton-like process compared to the ordi-
nary Fenton process, attributable to the necessity of
converting Fe>* to Fe?™ via reaction Eq. (2) prior to
generating OH+ in Eq. (1), the Fenton-like method
is still deemed advantageous. Its widespread appli-
cation stems from the enhanced stability and lower
cost associated with using ferric salts compared to
ferrous salts [15]. This favorable aspect has led to the
adoption of the Fenton-like process in both secondary
and tertiary treatment systems [16,17] and its utility
in sludge pretreatment [18]. The economic viability
and ease of implementation further solidify its role in
wastewater treatment practices.

To accurately measure the kinetics of AP degra-
dation and mitigate potential interference from com-
petitive reactions between OH+ and oxidation inter-
mediates arising from the transformation of AR a
competitive kinetics technique, validated in previous
research [19], was employed. Aniline (AN) was used
as a reference compound in this study due to not only
its intrinsic rate constant with OH* (kay op.) is known
(4.8 x 10° 1/(M-s) [7]) but also it can be precisely
quantified under similar methodologies and conditions
as AP

To further investigate the effect of temperature on
the kup op., the reaction conditions were varied within
the range of 20 to 40 °C. This temperature variation is
critical because it can influence both the reaction ki-
netics and the stability of intermediates formed during
AP degradation. Initial rate technique was adopted
to eliminate interference from these intermediates.
The outcomes from these experiments will allow for
a comprehensive understanding of how varying tem-
peratures impact the reaction dynamics and the appli-
cability of AOPs in real-world wastewater treatment
scenarios. The findings will contribute significantly
to optimizing the operational parameters needed for
effective AP removal while reducing overall treatment
costs and improving process efficiency.

www.scienceasia.org

ScienceAsia 51 (6): 2025: ID 2025093

MATERIALS AND METHODS
Chemicals and analytical methods

In this study, all chemicals utilized were of analytical
grade, ensuring high purity for experimental relia-
bility. The specific chemicals included: anhydrous
ferric sulfate (Fe,(SO,),, Carlo Erba, Val de Reuil,
France), ferrous sulfate heptahydrate (FeSO 4 7H,0,,
Carlo Erba), hydrogen peroxide (H,O,, 35% w/w,
Sigma-Aldrich, Massachusetts, USA), acetophenone
(AB Sigma-Aldrich), and aniline (AN, Sigma-Aldrich).
These chemicals were employed without any pretreat-
ment. For pH adjustments before and during the exper-
iments, sulfuric acid (HZSO4) and sodium hydroxide
(NaOH) solutions prepared at various concentrations
were used. All solutions and reagents were prepared
using deionized water to avoid any potential contami-
nations.

Iron concentrations were analyzed using colori-
metric methods as per the guidelines set forth by
APHA [20]. Concentration of H,0, was determined
through iodometric titration based on the methodology
outlined by Brandhuber and Korshin [21]. Concentra-
tions of AP and AN were quantified using gas chro-
matography (GC2030, Shimadzu, Japan), equipped
with a flame ionization detector and a capillary column
(0.53 mm diameter x 30 m length x 1.50 pm film thick-
ness, HP-5, Hewlett-Packard, USA). A sample volume
of 1.0 pl was injected into the injection port. The
column temperature was initially set to 110°C for the
first 1.5 min, then increased by 15°C/min to 163 °C,
followed by a more rapid increase of 40°C/min until
270°C, and maintained for an additional 5 min. Injec-
tor and detector temperatures were held at 250 °C and
270°C, respectively.

Experimental setup

To ensure the reliability and accuracy of the kap op.,
this study employed both batch reactors and continu-
ous stirred tank reactors (CSTR) with varied configu-
rations. This dual approach allows for comprehensive
validation of the experimental results, leveraging the
strengths of each reactor type to obtain precise kinetic
measurements.

In the batch study, a 600-ml Pyrex beaker equipped
with a magnetic stirrer to facilitate effective mixing
was utilized throughout the experiment. The process
began with the addition of a well-defined solution con-
taining the target concentrations of Fe>", AR and AN
into the reactor, which was measured to a total volume
of 500 ml. To promote the complete dissolution of
Fe,(SO,),, the pH of the solution was adjusted to 2.5
using H,SO,. Throughout the process, the pH was
continuously monitored and adjusted as needed, either
by H,SO, or NaOH addition. Temperature was another
key factor in this study; thus, it was maintained at
precise levels of 20, 25, 30, 35, and 40°C using a
controlled water bath. The reaction was initiated by
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the addition of a predetermined amount of H,O, to
trigger the desired chemical transformations.

To monitor the reaction kinetics effectively, several
samples were taken at designated time intervals. Two
samples were concurrently withdrawn using two mi-
cropipettes. The first sample was promptly injected
into a sample tube containing 2 ml of 0.1 M NaOH,
which served to precipitate iron ions and effectively
terminated any further progress of the Fenton reaction.
This step was crucial for preparing the sample for
subsequent analysis of residual organic compounds.
The second sample, on the other hand, was subjected
to immediate analysis for the concentrations of iron
and H,0, without any pretreatment.

In the CSTR study, a 250-ml Pyrex filter flask
equipped with a magnetic stirrer was used. This
configuration allowed for optimal mixing and ensured
that the reagents interacted effectively throughout the
reaction process. To initiate the experiment, synthetic
solution and Fenton-like reagents, each at the desired
concentrations, were separately and continuously fed
into the reactor using a multichannel peristaltic pump,
which precisely regulated the flow rate of each com-
ponent. By adjusting the flow rate accordingly, the
required hydraulic retention time (HRT) was achieved.
The temperature and pH of the solution in the reactor
were controlled at 25 °C and 2.5, respectively, through-
out the experiment. As the reactions progressed, the
effluent was periodically collected from the overflow
port of the reactor. This effluent was then subjected
to analysis using the same methods established in the
batch study. The sampling was conducted repeatedly
until a steady-state condition was achieved, during
which the concentrations of all reactants stabilized
within the system.

RESULTS AND DISCUSSION

Determination of rate constant at standard-state
condition

In an ideal batch reactor, the oxidation processes of
the target pollutants, AP and AN, with OH* can be
mathematically described by second-order reaction ki-
netics as mentioned previously. The respective rate
expressions governing the decay of the concentrations
of the pollutants over time are represented by Egs. (7)
and (8):

% = —knp on [OH* J[AP] %)
LN — o lOBTANT ®

In this framework, the concept of competitive ki-
netics, where both pollutants exposed to the same con-
centration of OH* simultaneously, was applied. This
leads to the derivation of Eq. (9), which illustrates the
relationship between the decay of AP and AN in the

ideal batch reactor. In this equation, [AP], and [AN],
denote the initial molar concentrations of AP and AN,
respectively, while [AP], and [AN], represent their
concentrations at any given time. The slope derived
from the linear relationship defined by Eq. (9) enables
the determination of the ratio of the rate constants for
the oxidation of AP and AN.

ln( [AP], ) = ap o ln( [AN], ) ©)

[AP]o/  kanom \[AN]o

To validate the experimental approach, several
control experiments were conducted. Under the spe-
cific experimental conditions, neither AP nor AN was
subject to volatilization. Furthermore, the potential
for direct oxidation by H,0, molecules, along with
any adsorption onto ferric hydroxide (Fe(OH),) pre-
cipitates that formed after alkaline pretreatment prior
to organic analysis, was found to be negligible.

To assess the accuracy and precision of the ex-
perimental setup as well as the laboratory analyses,
triplicate experiments under identical initial conditions
were performed (Runs #1 to #3 as shown in Table 1).
The consistency of results across these runs is illus-
trated in Fig. 1. Notably, within the first 45 min of
the reaction, a remarkable average removal efficiency
of 97% for AP and 85% for AN were observed as
depicted in Fig. 1a. However, once the H,0, was
totally exhausted at the 45th min, the degradation
of both AP and AN ceased. This indicates that the
complete consumption of H, O, is a critical factor in the
continuous oxidation process of the target pollutants.
Additionally, Fig. 1a reveals a crucial insight regarding
the reactivity of AP compared to AN; specifically, AP
exhibited higher reactivity with OH-. This suggests
that the kup op. is likely greater than the kay op.-

The relationship between the natural logarithm
of the molar concentration ratios of AP and AN was
investigated, as evidenced by the linear plots corre-
sponding to Eq. (9). The linearity of these plots
was validated with coefficients of determination (R?)
exceeding 0.998 across all replicate experiments, as
depicted in Fig. 1b. Each slope of these linear rela-
tionships, indicative of the ratio between the rate con-
stants kyp op. and kay om., yielded values of 1.9271,
1.9379, and 1.9212. These correspond to kup op.
values 0f9.25x10°, 9.30x10%, and 9.22x10° 1/(M-s),
respectively. The consistency of these results confirms
the reliability and accuracy of the experimental setup
as well as the laboratory analyses applied.

When comparing the oxidation rates of AP and AN
in the Fenton-like process with those in the traditional
Fenton process, a noteworthy distinction emerged, i.e.,
the rates in the Fenton-like process were significantly
slower, as expected (Fig. 2a). Under identical con-
ditions involving a fixed amount of iron (either in
Fe?* or Fe* form), the remaining concentrations of
AP and AN after 60 min were 80.80% and 89.70%
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Table 1 Values of kxp oy. under batch studies with 60 min of reaction time.

Run No. [AP]0 (mM) [AN]0 (mM) [Fe3+]0 (mM) [Hzoz]o (mM) kap ope (1/(M-5))
1 5 5 5 20 9.25%x10°
2 5 5 5 20 9.30x10°
3 5 5 5 20 9.22x10°
4 5 5 1 20 9.64x10°
5 5 5 1 ([Fe**1)) 20 8.82x10°
6 5 5 4 20 9.30x10°
7 5 5 3 20 9.62x10°
8 5 5 5 60 8.41x10°
9 5 5 4 60 8.53x10°
10 5 5 3 60 8.46x10°
11 5 5 5 40 8.59x10°
12 5 4 5 20 9.46x10°
13 5 3 5 20 9.55x10°
—&— AP (Run#) AR ()
1.0 —aA— AP (Run#2) ORun#l:y=1.9271x + 0.0824; R? = 0.9985
08 —o0— AP (Runt#3) = ARun#2: y = 1.9379x + 0.1206; R? = 0.9989
. a -4 4 Sy = .R2 =
- . ---#--- AN (Run#1) .i:. ORun#3:y 1.9212x + 01029, R 09?94
g 0.6 - ----A---- AN (Run#2) = -
" \0 AN (Run#3) % 5
0.2 4 -
0.0 T T 0 T
0 15 30 45 60 0 -1 -2
Time (min) In[AN]/[AN],

Fig. 1 Triplicated experiments under the conditions of 5 mM AB 5 mM AN, 5 mM Fe®", 20 mM H,0,, pH 2.5, and 25°C:

(a) organic degradation; (b) rate constant determination.

for the Fenton-like process, respectively, compared
with 33.50% and 52.80% for the traditional Fenton
process. Despite these differences in pollutant removal
efficiencies, the calculated kup op. values, determined
using the same methodology as previously mentioned,
were comparable across both methods of 9.64 x 10°
and 8.82 x 10° 1/(M-s), respectively, as illustrated in
Fig. 2b and Table 1 (Runs #4 and #5).

one | T A e
o064 T T
S —A— AP Fenton-like e u

0.4 1 —8— AN Fenton-like A

0.2 --—-#&---AP Fenton

00 ---i--- A'.\l Fenton . . .
0 15 30 45 60

Time (min)

The investigation into the various concentrations
of reactants allows the evaluation of their influence
on the reaction kinetics. The Fe** concentration was
systematically decreased from 5 mM to 4 mM and
finally to 3 mM, while maintaining H,O, at either
20 mM (Runs #1 to #3, #6, and #7) or 60 mM (Runs
#8 to #10). Under both H,O, concentrations, the
disappearance rates of both AP and AN decelerated as

-1.0
(b) OFenton: y = 1.8383x + 0.0197
° R?=0.9961
E A Fenton-like: y = 2.0081x + 0.0065
< R? = 0.9948
= -0.5 A
< B8
c B =
) M
0.0 T
0.0 0.2 0.4

In [AN]/[AN],

Fig. 2 Comparison between Fenton and Fenton-like processes under the conditions of 5 mM AB 5 mM AN, 20 mM H,0,,
1 mM Fe;' (Fenton), or Fe* (Fenton-like), pH 2.5, and 25°C: (a) organic degradation; (b) rate constant determination.
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Fe" decreased, indicating Fe®" limitation under the
studied conditions (data not shown). Nevertheless,
subsequent analysis confirmed that the kxp og. values
remained consistent with those from prior conditions
(Table 1), suggesting that variations in Fe>* concen-
tration did not have any significant effect on kup og.,
which aligns with theoretical expectations.

To further assess the impact of H,O,, its concentra-
tion was sequentially changed from 20 mM (Runs #1
to #3) to 40 mM (Run #11) and finally to 60 mM (Run
#8), while keeping Fe3" constant at 5 mM. Increasing
the concentrations of H,O, significantly accelerated
the degradation of both AP and AN, i.e., complete
degradation occurred at 20, 30, and 45 min, respec-
tively, which was accompanied by an increase in H, O,
consumption. The observed scavenging effect from
H,0, was particularly evident, as concentrations were
raised to 40 and 60 mM, demonstrating the reactive
interactions among the constituents. Nevertheless,
the kap op. values during these varying conditions re-

mained stable, ranging from 8.41 x 10° to 8.59 x 10°
1/(M-s) (Table 1).

To assess the influence of organic concentration
on the performance of the Fenton-like reaction, the
concentration of AN was systematically reduced from
5 mM (Runs #1 to #3) to 4 mM (Run #12) and
subsequently to 3 mM (Run #13). Throughout this
investigation, the concentrations of AB Fe**, and H,0,
were maintained constant at 5 mM each. The oxidation
rates of AP exhibited no significant differences across
the varying concentrations of AN, i.e., AP reduction
profiles were comparable, and AP was completely ox-
idized at 45 min. This observation can largely be at-
tributed to the k,p oy. values being nearly twice as high
as those of kay op., suggesting that AP is more selective
and susceptible to reaction with OH* compared to AN.
As a result, AP retained its competitive advantage even
within the studied concentration ranges. Moreover, the
kap on. values derived from different AN concentration
scenarios were comparable, as shown in Table 1.

In addition to the batch reactor experiments, a
CSTR, with different forms of the mass balance equa-
tion, was also employed to validate the kap oy values
obtained from the batch studies. By applying the com-
petitive kinetics concept to an ideal CSTR operating at
steady state, new equations to determine kp oy. Were
formulated. Specifically, the mass balance equations
for AP and AN in the CSTR at the steady state condition
are expressed in Egs. (10) and (11). In these equa-
tions, V represents the effective volume of the reactor,
while Q;,r and Q. signify the influent and effluent flow
rates. Additionally, [AP];,¢ and [AN]. denote the in-
fluent and effluent molar concentrations of AP and AN
at steady state, respectively. Sequentially, Eq. (12) can
be derived for the determination of the kap on. values
using the parameter relationships defined above, thus
facilitating a validation of the findings from the batch

5
experiments.
d[AP
V% =0 = Qinf[APlins — Qe[ APlesr
—kap o [APleg[OH* (V) (10)
d[AN
v [dt 1 0 = Qinf[ANTin¢ — Qe[ AN] e
—kap or. [ANTeg[OH* ]o(V)  (11)

Kapone ( [AP Jins — [AP gt )([AN]eff) (12)
kan, one [AN]ip—[ANTegr J\ [AP g

The impacts of Fe**, H,0,, and hydraulic reten-
tion time (HRT) on the kp og. were comprehensively
examined. The results of these investigations are
summarized in Table 2. The steady-state results from
the CSTR experiments showed strong agreement with
the batch study findings. AP demonstrated greater sus-
ceptibility to OH-attack compared to AN. The removal
efficiencies for both compounds were significantly de-
pendent on the concentrations of Fe** and H,0,. In
experiments with initial concentrations of 1 mM for
both AP and AN, a Fe?' concentration of 0.5 mM
(Run #14) proved inadequate for effective H,0, de-
composition catalysis with the removal efficiencies of
34.77% (AP) and 22.63% (AN). Increasing Fe’* to
1 mM (Run #15) resulted in substantial improvement
in removal efficiencies for both compounds (41.15%
(AP) and 28.11% (AN)), while further elevation to
1.5 mM (Run #16) provided lesser additional benefits
(45.59% (AP) and 32.49% (AN)). Parallel behavior
was observed with H,0,, where 20 mM concentration
(Run #18) delivered optimal removal efficiency at a
15-min hydraulic retention time (46.38% (AP) and
31.48% (AN)). Progressive HRT extension from 15 to
30 and finally 60 min (Runs #15, #19, and #20)
led to corresponding enhancements in AP and AN
removal efficiency (41.15% to 52.74% and 60.90%
(AP) and 28.11% to 38.03% and 46.69% (AN)). While
H,O0, consumption exhibited direct correlation with
both Fe** concentration and HRT, measurable resid-
ual H,O, persisted in all effluent samples (Table 2),
thereby maintaining Fenton cycle continuity. However,
given that both Fe3* and H,0, can function as OH:
scavengers, careful optimization of Fenton reagent
ratios relative to pollutant concentrations is crucial for
treatment efficacy. The kyp op. values derived from the
CSTR experiments following Eq. (12) showed a range
from 8.36 x 10% t0 9.17 x 10° 1/(M-s) as summarized
in Table 2, which are considerably comparable to those
observed in the batch mode experiments.

The average kapoy. value calculated across all

experimental scenarios was found to be 8.97 x 10°
1/(M-s). Notably, this average is in close agreement
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Run No. [Fe3+ ]inf (rnM) [Hzoz] (mM) [AP] (mM) [AN] (mM) HRT kAE OH*

Influent @ SS Influent @ SS Influent @ SS (min) (1/M-s))
14 0.5 10.0 8.8 1.06 0.69 1.00 0.77 15 8.75x10°
15 1 10.0 8.3 1.02 0.60 1.00 0.72 15 8.59x10°
16 1.5 10.0 7.7 1.06 0.58 1.01 0.68 15 8.36x10°
17 1 5.0 2.4 1.02 0.60 1.00 0.74 15 9.17x10°
18 1 20.0 17.8 1.04 0.56 1.01 0.69 15 9.06x10°
19 1 10.0 7.1 1.04 0.49 1.01 0.63 30 8.73x10°
20 1 10.0 6.5 1.02 0.40 1.02 0.54 60 8.53x10°

with the 9.29x 10° 1/(M-s) reported for the traditional
Fenton process (Fe**/H,0,) at pH 3.0 by Boonrat-
tanakij et al [9], further validating the consistency and
accuracy of these results. Additionally, the steady-state
mass balance equations for AP and AN, as presented
in Egs. (10) and (11), can be utilized to estimate the
molar concentration of OH+ in the reactor at steady
state ([OH-],). Since the mass balance accounts for
known parameters, the [OH-],,, which equals [OH* .4,
can be determined. The calculated values for [OH-]
ranged from 5.0 x 107 to 1.1 x 1071 M, consistent
with the values reported by Pignatello et al [22],
highlighting the highly reactive and transient nature
of OH- in the system.

Effect of temperature

This section aims to explore the thermal effects on the
kap on. @ topic that has not been previously examined,
by using a batch reactor approach. The temperature
dependence of reaction rate constants is often char-
acterized by the Arrhenius equation, represented in
Eq. (13). In this equation, A, is the frequency factor,
E, is the activation energy, R denotes the universal
gas constant (8.314 x 1072 kJ/(mol-K), and T is the
absolute temperature expressed in Kelvin. The Arrhe-
nius constants, A, and E,, can be derived from the
linearized form of Eq. (13) as shown in Eq. (14):

E
k=A ——= 13
oexP( RT) (13)
E. (1
Ink=InA,— =2 = 1
n nAy R(T) (14

While this methodology offers a theoretical basis
for assessing the temperature dependence, quantita-
tively determining these Arrhenius parameters in the
context of the Fenton-like process presents distinct
challenges. This complexity arises from the presence of
multiple sequential reactions leading to the formation
of OH-, as well as the competitive transformations
involving all reactive substances. Current literature
presents very limited temperature-dependent rate con-
stants for these related reactions [23].

To address these intricacies, this research employs
the quasi-steady-state approximation for OH+ along-
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side the initial rate technique. Previous temperature-
dependent kinetics studies often assume the OH:
generation rate to be thermally independent, e.g.,
Chin and Wine [24] in a H,0,/UV system and
Kowaguchi et al [25] in an O,/H,0, system. This as-
sumption also aligns with the low activation energy for
OH- formation reported by Buxton et al [7] and further
supported by recent studies [26,27], which highlight
the minimal thermal influence on radical initiation in
aqueous advanced oxidation processes. However, se-
quential reactions in homogeneous Fenton-like system
are highly complex, as elaborated in previous works
[22,28], where multiple initiation, propagation, and
termination steps govern OH+ dynamics. To verify the
validity of the existence of the quasi-steady state under
Fenton-like conditions, the initial rate technique was
adopted to minimize interference from competitive re-
actions between OH+ and intermediates formed during
AP oxidation. It is necessary to note that AN cannot
serve as a reference compound in this part, as its
temperature-dependent kap oy. value is not available.
Eq. (7) can be simplified to a pseudo 1st-order rate
expression (Eq. (15)), a form widely used by several
studies, including that of Chaisrisongkram et al [29].
In this equation, k/’\P’ op. Tepresents the pseudo-first-
order rate constant.

d[AP )
( [dt ])0 — Ky o [APTy (15)

A series of additional batch experiments were
conducted with varying concentrations of AP ranging
from 1 to 10 mM (without AN) while maintaining
identical experimental conditions. Fig. 3a illustrates
the concentration profiles of AP during the initial
2 min of the reaction and demonstrates that these
profiles could be satisfactorily fitted using third-degree
polynomial equations. This numerical approach has
been successfully employed for slope estimation of
non-linear curves in several studies [30-32]. The
initial reaction rates, (d[AP]/dt),, were derived by dif-
ferentiating these polynomial equations with respect
to time and evaluating the limit as time approaches
zero. The resulting plot of (d[AP]/dt), against the
initial concentration of AB [AP],, indicated a linear
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(a) ©1mM: y=-0.018+0.091x - 0.142x + 0.999
10 #---@----m = R?=0.987
s 8 *3mM: y=-0.026x +0.156x2 - 0.320x + 3.063
E 6 R?=0.952
E 4 ASMM: y=-0,046x3 +0.225x2 - 0.399x + 5.192
= R?=0.998
2 XTMM; y=.0,053¢ +0.288x - 0.491x + 6.952
0 . . . R?=0.992
0 05 1 15 2 M10mM:y =-0.067x + 0.383x’ - 0.680x + 10.018
Time (min) R?=0.968
1.0 (v y =0.0568x +0.108
2=
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Fig. 3 AP degradation by Fenton-like reaction under the
conditions of 3 mM Fe®*, 20 mM H,0,, pH 2.5, and 25°C:
(a) AP degradation; (b) relationship between the initial rate
and the initial AP concentration.

relationship, exhibiting the R? of 0.9869, as shown in
Fig. 3b.

This relationship implies that the initial disappear-
ance rate of AP was solely dependent on the concen-
tration of AR suggesting that the OH+ concentration
generated during this initial phase remained relatively
constant irrespective of the varying AP concentrations.
This finding strongly supports the existence of a quasi-
steady-state condition during the initial reaction phase
under the experimental conditions, consistent with
previous findings [24, 25]. This transient steady-state
behavior has also been observed in other Fenton sys-
tems [33]. However, further analysis revealed that this
proportionality only held during the initial stage, as
subsequent rates, (—d[AP]/dt),, deviated from linear-
ity with AP concentration, [AP],, likely due to accu-
mulating scavenging effects arising from intermediates
[34,35]. Thus, the quasi-steady-state approximation
for [OH-] is only applicable during the brief initial
phase under the experimental conditions. From the
slope value derived from the linear plot (0.0568 1/min
or 9.46 x 10~* 1/s) and the determined kyp op. value
0f8.97x10° 1/(M-s), the quasi-steady-state concentra-
tion of OH* was calculated to be approximately 1.1 x
107'3 M. This concentration range is notably low and
aligns well with values observed in the CSTR studies
and in Pignatello et al [22].

Furthermore, to explore the thermal effects on the
degradation process, another set of batch experiments
was performed under similar conditions, with temper-
ature variations of 20, 25, 30, 35, and 40°C (293,
298, 303, 308, and 313 K, respectively) including a
duplicate run at 40 °C. The results clearly indicated that
the oxidation rates of AP increased with rising tem-
peratures and were appropriately fitted using third-
degree polynomial equations similar to the case of

4
y =-3,489.094x + 9.087
2 —
3 R? = 0.959
Z N E/E/D/E‘/E
1
0 T
3.15E-03 3.30E-03 3.45E-03
1/T (1/K)

Fig. 4 Effect of temperature on k};, ;. under conditions of
5 mM AR 3 mM Fe?*, 20 mM H,0,, and pH 2.5.

Table 3 Activation energy (E,) of the reactions between
hydroxyl radicals and aromatic hydrocarbons in water.

Compound E, (kJ/mol) Temperature (K) Reference
Anthracene 51.3 278-333 [36]
Benzoate 8.8+0.6 284-343 [37]
Benzene 50.3+2.5 288-305 [38]
Phenol 63.3+2.3 288-305 [38]
Toluene 10.33 303-340 [39]
Acetophenone 29 293-313 This study

. L . ,
quasi-steady-state verification. The resulting kj; o

at different temperatures were correlated using the
linearized form of the Arrhenius equation (Eq. (14)),
and the resulting fit is presented in Fig. 4. This analysis

yielded the Arrhenius constants for k), ;. of 8.84x 10°

1/min or 1.47 x 10% 1/s and 29 kJ/mol for A, and
E,, respectively. This E, value should be identical for
kap on. as well, since the conversion from an intrinsic
second-order to a pseudo-first-order preserves the ex-
ponential term in the Arrhenius equation (unlike the
Ay, which incorporates [OH-]). Table 3 compares the
E, value for AP oxidation by OH* obtained in this work
with literature values for other aromatic hydrocarbons.
Notably, the measured E, for AP falls at the middle of
this reported range.

The Arrhenius equation for ky, oy, over the tem-
perature range of 20 to 40°C can be expressed as in
Eq. (16). A comparison of the observed versus pre-

0.20 - oArrhenius Eq: y = 0.9910x; R? = 0.9969
A Phelps Empirical Eq: y = 1.0178x; R? = 0.9964
- 0.15 4
20.10
ot
0.05 1
0'00 1 1 1 1
0.00 0.05 0.10 0.15 0.20
k'Observed

Fig. 5 Plot between observed ky;, ;. and calculated kj, . -
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. , . . .
dicted kyp oy, values according to this Arrhenius equa-

tion produced a linear line with the slope of 0.9910
and the R? of 0.9969 as shown in Fig. 5, indicating the
accuracy and reliability of the Arrhenius estimation.

3,489.1 )

T (16)

k'(1/s) = 1.47 x 10? exp(—
Assuming that the OH: concentrations under
quasi-steady-state conditions do not differ significantly
between the 20°C and 40°C conditions, as demon-
strated in previous studies [23,24], the temperature-
dependent kap oy. can be approximated using the fol-
lowing expression (Eq. (17)). This provides valuable
insight into the thermal response of the reaction ki-
netics, enhancing the applicability of the Fenton-like
process regarding temperature variations in practical
scenarios.

kap orear, ~ kap oneor, €xp(—3,489.1(£—2)) 7)

In addition to utilizing the Arrhenius equation
to assess the temperature dependence of the k;\E OHe
under quasi-steady-state conditions, the temperature-
dependent kI/\P, op. €an also be characterized using a
temperature correlation coefficient (0) in accordance
with the Phelps empirical equation, as represented in
Eq. (18). This empirical approach provides an alterna-
tive means of evaluating the effects of temperature on
reaction kinetics.

k/

0 T,—T
AR OH*@T,

=K

AR OH*@T,

(18)

To determine the temperature correlation coeffi-
cient, a nonlinear least-squares method was applied,
resulting in a calculated 6 value of 1.035. Similar to
the analysis conducted using the Arrhenius equation,
the Phelps-calculated values of k;E op. demonstrated
a strong correlation with the observed kll\P, op. Vvalues.
The linear regression analysis yielded a slope of 1.0178
and the R? of 0.9964 (Fig.5). This high degree of
correlation further supports the reliability of applying
the Phelps correlation for modeling the temperature
dependence in the context of the Fenton-like oxidation
process. Moreover, the determined 6 value can be ef-
fectively applied to the rate constant k,p oy. under the
assumption that the quasi-steady-state concentration
of OH: remains independent of temperature, as shown
in Eq. (19).

kap ome@t, ™ kap OH-@T2(1-035)T1_T2 (19

The Arrhenius and Phelps equations developed
in this research quantify the thermal effects on OH--
mediated reactions. Based on the reaction mechanisms
proposed by Boonrattanakij et al [9], the degradation
of AP by OH+ under various temperatures can be
simulated and precisely monitored. This provides vital
information for designing and optimizing operational
conditions for both Fenton-like and other AOPs.
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CONCLUSION

The kpon. Was successfully determined through a
combination of the Fenton-like process and a com-
petitive kinetics approach. The values obtained for
kap oy varied with different reactant concentrations,

HRT, and operational modes, ranging from 8.36 x 10°
to 9.64 x 10° 1/(M-s). The average kap on. across all

experiments was calculated to be 8.97x10° 1/(M-s) at
25°C and 1 atm. Notably, OH* could achieve a quasi-
steady state during the initial period of the reaction
under the studied conditions. Utilizing this quasi-
steady-state approximation, the E, of the Arrhenius
equation within the temperature range of 20 to 40°C
was 29 kJ/mol. Furthermore, the 6 derived from
the Phelps empirical equation was found to be 1.035.
These temperature-correction coefficients enhance the
application of the obtained kup op. values in varying
ambient conditions, facilitating a broader application
across different thermal environments. Additionally,
calculated concentrations of OH+ at quasi-steady-state
conditions in the batch reactor and at steady state in
the CSTR showed comparable results, ranging from
50x107t0 1.1 x 107 M.
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