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ABSTRACT

The degradation of humicacid (HA) was carried out in the presence of the Fenton reagent. The experiments
demonstrated that HA was removed by oxidation and coagulation. Moreover, the oxidation occurred
mainly at the first 60 min and predominated the HA removal efficiency. A new kinetic model was estab-
lished according to the generally accepted mechanism of high active *OH oxidation in order to well
describe the Fenton oxidation reaction in HA aqueous solution. The model embraced two key operating
factors affecting the HA degradation in Fenton process, including the dosages of hydrogen peroxide and
ferrous ion. The experimental data were fitted by using the most commonly used first- and the second-
order reaction models and the new model, respectively. The goodness of fittings demonstrated that the
new model could better fit the experimental data than the other two models, which indicated that this
analytical model could better describe the kinetics of Fenton reaction mathematically and chemically.
Results indicated that the oxidation rate and removal efficiency were strongly dependent on initial pH,
initial concentration of Fenton reagents, initial HA concentration and reaction temperature. The experi-
ments demonstrated that hydrogen peroxide and ferrous ion would approach their saturated value with

increasing dosage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Humic substances are a naturally occurring mixture of organic
compounds, ubiquitous in nature, which play an important role in
both pollutant chemistry and biogeochemistry in aquatic systems
[1]. They can generally be subdivided into three fractions: humin,
which represents insoluble components in aqueous solutions at all
pH values; humic acid (HA), which is soluble in alkaline solution to
weakly acidic solutions, but deposits at or below pH 2.0; fulvic acid
(FA), which is soluble in aqueous solutions at all pH values [2]. They
impart a brown/yellow colour to water, and they are able to bind
heavy metals by complexation [3,4]. Moreover, humic substances
can interact with low molecular weight pollutants by absorbing
them or by forming covalent linkages like ether or ester bonds
[1,5]. The most significantly, humic substances are the precursors of
mutagenic halogenated compounds in water formed after chlorina-
tion [6-8]. Hence, the degradation techniques of humic substances
need to be established.

In common water treatment processes, the removal of humic
substances has been accomplished by physical separation, such as
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coagulation followed by subsequent floc separation, ion exchange,
adsorption of activity carbon, and membrane filtration [3,9].
However, the phase transference of pollutants, instead of their
elimination, is the main disadvantage associated with those tech-
niques. In the last decades, it has been well proven that Fenton
process is one of suitable advanced oxidation processes (AOPs)
techniques for refractory HA degradation because of the lack of tox-
icity of reagents, eventually leaving no residues and the simplicity
of the technology [10-12]. During Fenton process, hydrogen per-
oxide is catalyzed by ferrous ion to produce hydroxyl radicals. The
hydroxyl radicals can oxidize HA by abstraction of protons produc-
ing highly reactive organic radicals (R*), and the organic radicals
can be further oxidized and degraded. However, early works on
HA degradation by Fenton oxidation were typically limited in their
scopes to the investigation of the influences of process parameters,
such as chemical oxygen demand (COD), the amount and the ratio
of hydrogen peroxide and iron salt, and pH. In-depth understanding
of the degradation kinetics of the process has remained relatively
limited until recently.

As we know, the effect of reaction factors should be tested for
implementation of Fenton oxidation at a practical level. Moreover,
knowledge of the kinetics, reaction rate-law and rate constants
obtained are crucial for predicting the performance of factors. Gen-
erally, the first-order and second-order reaction models were the
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most commonly used to describe Fenton reaction [13,14]. However,
actually many reactions cannot be simply fitted by the simple order
models such as the first- and the second- order models [15]. Some
researchers would rather subdivide the reaction period into two
or three phases to fit the experimental data using the first-order
model separately with different values of kinetic constant (k) [16].
This approach may well simulate the experimental data mathemat-
ically, but not chemically. In addition, these results have sometimes
been controversial. For instance, a number of researchers have sug-
gested that Fenton process is a second-order reaction [17], while
others have suggested that it should be a first-order reaction [18].
The reasons for this might be the complexity of the decomposition
pathway of hydrogen peroxide by ferrous ion, and of considerable
uncertainties concerning various equilibrium and kinetic constants
of individual sub-reactions [15,16]. It is necessary to build up a new
model which can satisfy the Fenton reaction kinetic description in
both ways.

Hence, in this study, a new kinetic model for HA degradation
by Fenton oxidation in aqueous solution was established math-
ematically and chemically according to the generally accepted
mechanism of high active *OH oxidation. The new model was vali-
dated and evaluated by the experimental data. Effects of operating
parameters such as initial pH, dosages of Fenton’s reagents, initial
HA concentration and temperature on the degradation of HA have
been quantitatively discussed.

2. Experiments
2.1. Reagents

Commercial HA (CAS No. 308067-45-0) was purchased from
Shanghai, China and was used as received. The chemical com-
ponents of HA indicated that the H/C atomic ratio and the O/C
atomic ratio were 0.956 and 0.412, respectively. HA was dissolved
in 0.1 M sodium hydroxide solution (NaOH, CAS No. 1310-73-2)
and then it was separated by 0.45 wm membrane. The filtrate was
diluted to a desired concentration ranging from 250 to 1000 mg/L.
Analytical grade hydrogen peroxide solution (H,0,, CAS No. 7722-
84-1, 30%, w/w) and ferrous sulfate heptahydrate (FeSO4-7H,0,
CAS No. 7782-63-0) were purchased from Tianjin Chemical
Reagents Co., China and were used as received. All other chemi-
cals and solvents were analytical grade and used without further
purification.

2.2. Experimental procedure

Fenton reactor was a 2.0-L beaker equipped with a variable
mixer and a water jacket for temperature control. Temperature
was maintained at pre-determined temperature by circulating the
water through the jacket around the reactor. The initial pH value
of the HA sample was adjusted to given levels by adding concen-
trated sulfuric acid (H,SO4, 96%, CAS No. 7664-93-9) or sodium
hydroxide solutions (NaOH, 10 M, CAS No. 1310-73-2). After gran-
ular ferrous sulfate addition, the reactions were initiated by adding
hydrogen peroxide to the solution under vigorous magnetic stir-
ring. At selected time interval, two aliquot of 5 mL reaction mixture
were taken and immediately 10 M sodium hydroxide solution were
added dropwise to increase the pH over 8.0 to terminate Fenton
reaction. Then they were heated in a 55 °C water bath for 30 min to
remove any residual hydrogen peroxide in solution. Subsequently
an aliquot sample was brought to room temperature for a 60 min
sedimentation period and another aliquot sample was taken to mix
uniformly by vigorous magnetic stirring. The precipitated super-
natant and the uniformly mixed sample were filtered with 0.45 pm
membrane and for analyses. All experiments were repeated at least

three times and averages were reported, while reproducibility of
the experiments was within 5%.

2.3. Analyses

UV-HA and TOC methods were used for the measurement of
HA concentration [9,19]. Specific UV absorbance of filtered samples
was monitored at 254 nm with UV-vis spectrophotometer (Unico
UV-2800A, China), which was used to represent aromatic moieties.
Additionally, UV/Vis spectrum was recorded from 200 to 650 nm.
The progress of mineralization of HA was monitored by measuring
the TOC with TOC analyzer (Liquid TOC, Germany). COD was ana-
lyzed following the standard method with potassium dichromate
[20].

Generally, Fenton’s process is composed of following stages:
pH adjustment, oxidation reaction, neutralization and coagula-
tion, and precipitation [21]. The refractory organic substances are
removed at two stages of oxidation and coagulation. It is neces-
sary to isolate and separate that oxidation process from coagulation
process, in order to evaluate and quantify the oxidation process
respectively. A slight modification of the methods of Kang and
Hwang [21] and Deng [22] was used to measure and analyze the
parameters of overall removal, removal by oxidation and coag-
ulation. The supernatant was taken to measure as the overall
decontamination process—Fenton’s oxidation plus coagulation [as
(COD|TOC/HA)oyeran]- An aliquot of uniformly solution mixed by
continuous stirring with a magnetic stirrer was taken to mea-
sure as oxidation removal [as (COD/TOC/HA)qyiq]. The coagulation
removal [as (COD/TOC/HA)coag] was the difference between the
overall removal value and the oxidation removal value:

[(COD/TOC/HA)coag = (COD/TOC/HA)oyeran — (COD/TOC/HA)oxiq]

3. Results and discussion
3.1. Degradation performance

Spectroscopic data were compared with those before reac-
tion to clarify the degradation characteristics of HA. The UV-vis
absorbance values of HA exhibited a featureless increase with
decreasing wavelength (Fig. 1). The absorbance at 200-650 nm
decreased with the increase of reaction time as a result of Fen-
ton process. Consequently, it was confirmed that HA could be
degraded effectively by Fenton process. Since HA was removed by

(a) before reaction
40 (b) after 20min reaction
(c) after 120min reaction

20+
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Fig. 1. UV-vis absorption spectra of commercial HA before and after Fenton
process. (a) Before reaction; (b) after 20 min and (c) after 120 min (conditions:
[Fe2*]p =40 mM; [H0;]o = 160 mM; [HA]o = 1000 mg/L; temperature =30°C).
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Fig. 2. Removal performance of humic acid (conditions: [Fe?*]o=40mM;
[H202]0 =160 mM; CODg =512 mg0,/L; TOCy =445 mgC/L; [HA]o = 1000 mg/L; tem-
perature=30°C). Error bars represent the +SD (n=5) for measurements made in
triplicate.

both oxidation and coagulation, it was very interesting to observe
from Fig. 2 that the oxidation removal of HA was retarded after
60 min, but the overall removal of HA increased due to the coagu-
lation removal increased gradually with extending reaction time.
In addition, the results that HA removal by oxidation was greatly
four times higher than that by coagulation, which indicated that
the oxidation dominated the overall removal. A decrease of TOC
indicated that approximately 27.6% of the carbon in HA was min-
eralized to CO, after 2h of reaction time. It can be seen clearly
that the reduction of TOC was approximately three times lower
than the reduction of HA, and the reduction of COD was about 20%
lower than the HA reduction. Moreover, the COD and TOC oxida-
tion removal kept steady around 24% and 60%, respectively, after
40 min of reaction time, even though HA was still being oxidized.
The results implied that HA was not completely oxidized to carbon
dioxide during Fenton oxidation but rather transformed to some
intermediates which no significant decrease of TOC and COD.

3.2. Kinetic modeling

The reactivity of Fenton system was first observed in 1894 by its
inventor H.J.H. Fenton, but its utility was not recognized until the
1930s when a mechanism based on hydroxyl radicals was proposed
[23]. It is generally believed that a typical Fenton reaction should
involve these key reactions:

Chain initiation

Fe2t + H,05— Fe3* +*0OH + OH~ k;~ 70M~!s~! (Reaction 1)
Chain propagation

Organic + *OH — H,0 + products

— further oxidation k; (Reaction 2)

*OH + H;0, — Hy0 + HO»*
ky=3.3x10"M 15! (Reaction 3)
H,0, + Fe3+ — Fe?* 4 *HO, + H*

kys= 0.01M 15! (Reaction 4)

Fe3+ + HO,* — Fe?t + 0, + HT

ks=1.2x10°M 151 (Reaction 5)

Chain termination

Fe2t+HO,* — Fe3t +HO~ kg= 1.3x10°M~1s~! (Reaction 6)

*OH + Fe?t - OH™ +Fe3* k;=3.2x108M~'s~! (Reaction 7)

Therefore, to establish a new kinetic model for describing Fenton
reaction, we may assume that HA is primarily degraded by the *OH.
Accordingly, the degradation rate of HA can be expressed:

d[HA]

ia = = = ka[HAJ[*OH] (1)

Since k4, ks and kg are about one or two order smaller than k3 and
k7 according to the data in the literature [10], Reactions (4)-(6) can
be made unimportant. From Reactions (1)-(3) and (7), the change
of *OH concentration can be shown below:
d[*OH]

dt

= kq[Fe**][H,02] — ko[HA][*OH] — k3[H,0][*OH]

— ky7[*OH][Fe®*] (2)

Based on the pseudo steady state assumption, at a certain time,
the concentration of reactive *OH radical will not vary with reaction
time and its change rate was normally considered to approach zero,
Eq. (2) can be re-arranged as Eq. (3):

ki[Fe?*][H;0,]
ka[HA] + k3[Hz03] + k7[Fe2*]

Substituting Eq. (3) into Eq. (1), we obtain:

_ d[HA] _ _ kiky[HA][Fe?+][H,0,]
HA = — ko[HAJ[-OH] = ky[HA] + k3[H205] + k7 [Fe2+]

[*OH] =

(3)

On the other hand, the consumption of H,0, and Fe%* concen-
tration can be expressed by Egs. (5) and (6):

%:—h [Fe2t][H;0,] — k3[-OH][H205] — ka[H20,][Fe3+] (5)
d[l;e:Jr] — —k][F62+][H202] + k4[Fe3+][H202] + k5[F€3+][H02']

— ks[Fe**][HO2*] — ky[Fe**][*OH] (6)

Since kq, k4 < k3 and kg, ks < k7 [10,13], Egs. (5) and (6) can be
simplified as Eqs. (7) and (8).

d[H0,]

ar = “ks[-OHI[H20,] (7)
AFe) _ ofomliFet) (8)

Since *OH is a highly reactive free radical with an extremely
short lifetime of nanoseconds [24], its concentration is normally
considered to be constant but at a low level, the residual concentra-
tion of hydrogen peroxide and ferrous ion in the reaction solution
depends on its initial concentration and consumption rate. They
can be eventually expressed as Eqs. (9) and (10).

[H20,] = e™*11[H,0,]o (9)
[Fe?*] = e~*2![Fe?*], (10)

where Aq=k3[*OH], Ay =k7[*OH], [H203]o, [F82+]0 and [H;0,],
[Fe2*] represent the initial concentration (t=0) and the resid-
ual concentration (t=t) of hydrogen peroxide and ferrous ion,
respectively. According to k3, k7 >3.0 x 107 M~1s~1, assuming that
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Fig. 3. Relationship between observed and predicted residual HA concentration of
the first-order model, the second-order model and the new model.

(kse=*1t[Hy0,]y + k7e~*2t[Fe2*],) can keep constant, and using
Egs. (9) and (10) to replace the [H,0,] and [Fe2*] in Eq. (4), the
rate of HA can be further expressed as follows:

rin =~ SAL _ o [HAJ[*OH]

kikye*1te=*2t[Fe2+]o[Hy04]o

= . [HA]

(11)

ka[HA] + k3[H;0, o + k7[Fe2+]y

After integration, the [HA] becomes a function of experimen-
tal time, decreasing from [HA]g at the beginning of reaction (t=0)
gradually as described by Eq. (12):

k3[H20,]o + k7[Fe?*]o [HA]o 1 ~

< k1kz2[H202]o ) : [HA] k][Hzoz]O([HA]O [HAT)
—¥ _ (At
R ) (12)

This equation demonstrates that [HA] in Fenton reaction
depends on two factors of [Hy0,]o and [Fe2*]y. Eq. (12) can be
re-arranged in a simplified form as follows:

[HA]o

b In [HA]|

+a([HAly ~ [HAT) = 1(1 — =) (13)

where a=1/(k1[H202]0), b=(ks[H202]o +k7[Fe?*]g)/k1k2[H20]o,
C=A1+Ay.

Eqgs. (12) and (13) show that the main kinetic model for Fen-
ton reaction to describe the degradation of HA in aqueous solution
against reaction time has been established.

3.3. Validation of the new kinetic model

A set of experiments were carried out in aqueous HA solution to
validate the new model for its application in Fenton reaction system
by varying hydrogen peroxide and ferrous ion dosages, as well as
initial HA concentration, respectively. Each experiment with initial
pH 4.0 lasted for up to 120 min at 30 °C temperature. Fig. 3 depicts
the comparisons between the observed and predicted residual con-
centration of HA by using the first-order model, the second-order
model and the new model, respectively. The linear regression for
the first-order model, the second-order model and the new model
with the slope of 1.0125, 0.9786, 0.9952 and R? of 0.9948, 0.9984,
0.9995, respectively, indicated that the new model was the most
justified.
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Fig. 4. The effect of initial pH (a) HA degradation during Fenton reaction fitted by
the new kinetic model; symbols and lines represent the measured data and the
fit of the hypothetical reaction model, respectively; (b) initial rate and oxidation
removal efficiency; (c) solution pH (conditions: [Fe?*]o =40 mM; [H,0,]o = 120 mM;
[HA]o =1000 mg/L; temperature=30°C). Error bars represent the +SD (n=5) for
measurements made in triplicate.

3.4. Kinetic studies

In this study, oxidation degradation kinetic of HA in Fenton pro-
cess was performed by using an initial rate technique in order to
eliminate any interferences from intermediate competition.

3.4.1. The role of initial pH

The experiments were performed in the initial pH range of
1.0-8.0. It can be seen clearly in Fig. 4(a) that the new model can
well describe the variation of residual HA concentration at various
initial pH. Both the experimental data and the model simulation
showed that initial pH significantly influenced the HA degrada-
tion. As shown in Fig. 4(b), the oxidation degradation rate quickly
increased when the initial pH increased from 1.0 to 3.0, subse-
quently it kept constant when the initial pH was raised from 3.0
to 5.0, and then dropped off sharply with the increase of pH higher
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Fig. 5. The effect of H,0, dosage on (a) HA degradation during Fenton reac-
tion fitted by the new kinetic model; (b) initial rate and model parameter b
(conditions: initial pH 4.0; [Fe?*]o =40 mM; [H,02]o = 120 mM; [HA]o = 1000 mg/L;
temperature =30 °C). Error bars represent the +SD (n=>5) for measurements made
in triplicate.

than 5.0. Such an initial pH range is clearly in accordance with that
suggested in the literature as being the ideal initial pH for Fen-
ton oxidation of many chemicals [25]. In addition, the oxidation
removal efficiency progressed at a higher value at initial pH 2.0-
5.0. As the initial pH was raised above 7.0, HA showed resistance
to degradation due to the coagulation of Fe3* complex molecules
inhibited the catalytic reaction of Fe2* ions with the oxidants. At a
pH below 2, the contributing factors for the low reaction rate may
be due to the formation of oxonium ion (i.e. H30,") [26], complex
species [Fe(H,0)5]%* and [Fe(H,0)s]?* [27], as well the enhance-
ment of *OH scavenging by H* [28]. The changes of solution pH
values during Fenton oxidation process are presented in Fig. 4(c).
The solution pH dropped rapidly to around 2.5 under initial pH val-
ues 3.0-6.0, and then pH reached a steady state for the remaining
time. The changes of pH could be explained by two reasons: firstly,
the hydrolysis of ferrous sulfate caused the pH to drop; secondly,
low-molecule weight organic acids produced by decomposition of
organic pollutants and other organic compounds could lead to the
rapid pH fluctuation. Some similar results have been proved in
other researchs on Fenton oxidation [29,30]. The initial pH of 4.0
was selected for further experiments.

3.4.2. Therole of H,0, dosage

The dosage of hydrogen peroxide plays a very important role in
the degradation of HA wastewater in Fenton process. Fig. 5 presents
the effect of hydrogen peroxide dosage from 40 to 360 mM on
the HA degradation for fixed initial concentrations of HA and fer-
rous ion of 1000 mg/L and 40 mM, respectively. The HA degradation
profilesin the presence of different concentrations of hydrogen per-
oxide followed the new kinetic model with R? value higher than
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Fig. 6. Effect of Fe?* on (a) HA degradation during Fenton reaction fitted by the
new kinetic model; (b) initial rate, model parameter b/a and oxidation removal
efficiency (condition: initial pH 4.0; [H202]o =160 mM; [HA]o =1000 mg/L; tem-
perature =30°C). Error bars represent the +SD (n=5) for measurements made in
triplicate.

0.99 (Fig. 5(a)). Judging from Fig. 5(b), at a fixed ferrous dosage,
generally the higher the hydrogen peroxide dosage, the faster and
higher the HA degradation. The enhancement of degradation is
due to the addition of hydrogen peroxide increased the produc-
tion of *OH radicals by Reaction (1). However, when the value
of hydrogen peroxide dosage was over 160 mM, the degradation
rate was almost unchanged or even decreased. The results implied
that hydrogen peroxide was present in excess in the system with
hydrogen peroxide dosage above 160 mM. This is possibly due to
hydrogen peroxide in high concentration acted as a scavenger of
the *OH radicals to produce perhydroxyl radicals (*OOH), which
had much lower oxidation capabilities than hydroxyl radicals (*OH)
(Reaction (3)). Almost no degradation of HA occurred without fer-
rous ion.

The lumped parameter a is defined as a=1/(k1[H203]o). In this
lumped parameter, k; is invariant under the evaluated experimen-
tal conditions, so the variables in a are [H,0; ]o. It could be observed
inFig. 5(b) that a value decreased with the increase of hydrogen per-
oxide dosage up to 160 mM. Increasing hydrogen peroxide dosage
from 160 to 360 mM did not show significantly the change of the a
value. The 160 mM dosage of hydrogen peroxide corresponding to
the minimum a value was consistent with its critical excess hydro-
gen peroxide concentration in system as had been discussed above.
Therefore, the trend of a value as a function of hydrogen perox-
ide concentration was most likely responsible for the saturation of
hydrogen peroxide.

3.4.3. The role of Fe* dosage

The amount of catalysts is one of the main parameters for the HA
degradation process. An increase of Fe2* supplement was supposed
to accelerate the *OH generation rate and should consequently
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enhance the oxidation rate of HA. As can be seen in Fig. 6, the
higher the Fe?* dosage, the faster the HA degradation rate until
the limiting Fe2* concentration of 60 mM while other constituents
remained constant. The efficiency of oxidation removal was drasti-
cally improved from 47.5% to 74.2% after 60 min reaction, while
the Fe2* dosage increased from 5 to 20mM. It was noted that
the limiting Fe2* concentration of 60 mM was found to be a turn-
ing point for the enhancement of HA degradation reaction under
our experimental condition. Above the concentration of 60 mM,
an abrupt decrease of degradation was observed, i.e., the oxida-
tion rate decreased almost one half and the oxidation removal
efficiency reduced 30%. These were due to higher Fe2* concentra-
tions favoured the occurrence of the scavenging reaction (Reactions
(6) and (7)). These results indicated clearly that there must be an
optimum ferrous ion concentration in Fenton reaction. The fitting
parameter bja=(k3[H,0;]o +k7[Fe%*]p)/ky was a function only of
[FeZ*]g if the [H,0;]o concentration was fixed. As shown in Fig. 6
(b), b/a decreases with the increase of [Fe%*], from 5 to 40 mM sig-
nificantly, and changes slightly while further enhanced [Fe2*], up
to 60 mM. These results further confirmed that there was a crit-
ical concentration of [Fe2*]y around 40-60 mM. The 40 mM Fe2*
was thought to be a suitable concentration to achieve an efficient
rate of HA degradation under our experimental condition consider-
ing two adverse factors: the corresponding disposal costs increased
according to the amount of Fe(OH); sludge, as well as the initial
investment costs increased according to the increasing reaction
time.

3.4.4. The role of initial HA concentration

The effect of initial HA concentration on the oxidation rate
was studied at various HA concentration of 250, 500, 750 and
1000 mg/L of HA with fixed 160 mM of hydrogen peroxide and
40 mM of ferrous ion. The experimental data were fitted using the
first-order model, the second-order model and the new model,
respectively. Fig. 7 presents the results of fittings in a linear
form of the two simple order models and our new model of
In[1 — (ac)([HA]o — [HA]) — (bc)In([HA]o/[HA])]/(—c) vs. time. The
correlation coefficients for fitting by the new model were much
higher than those by the two simple order models. Furthermore,
it was seen from Fig. 8 that the initial oxidation degradation rate
was accelerated as the initial HA concentration increased. Possible
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explanation for this observation was that higher HA concentration
increased the ability of HA to compete with Fe2* for *OH. A sim-
ilar trend was found by Ntampegliotis et al. [31]. However, the
initial rate increased slightly at extremely high initial HA. As the
initial HA concentration increased from 500 to 750 mg/L, the initial
rate increased 141.7%; whereas only 9.8% of initial rate increment
was achieved as the initial HA concentration enhanced from 750
to 1000 mg/L. This was due to the fact that a relative lower con-
centration of *OH resulted from the increasing concentration of HA
but the same dosage of hydrogen peroxide and ferrous ion, which
slowed down the oxidation rate of HA.

3.4.5. The role of temperature

Temperature is one of the important factors influencing oxida-
tion reaction. A series of experiments were conducted at 5, 15, 25,
35, 45 and 55°C at 4.0 of initial pH, 120mM of hydrogen perox-
ide dosage and 40 mM ferrous ion dosage. The results are shown
in Fig. 9. As can be seen, temperature has a positive impact on the
oxidation degradation rate of HA. The oxidation removal efficiency
increased from 61% to 81% linearly when the temperature increased
up to 45°C. Increasing the temperature from 45 to 55 °C reduced
the yield of the process. This could be explained that increasing
temperature had two opposite effects on the reaction yield. On one
hand, higher temperature enhanced the generation rate of *OH and
therefore enhanced the oxidation efficiency of HA. On the other
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hand, extremely high temperature over 55°C started to acceler-
ate the hydrogen peroxide decomposition into oxygen and water
significantly, so the HA oxidation efficiency declined.

4. Conclusions

In this study, a new model could satisfy the kinetic description
of the degradation of HA in Fenton process in both mathematical
and chemical ways according to the generally accepted oxidation
mechanism of hydroxyl radicals. In addition, it could be suggested
that the fitting parameter a was most likely related to the effect
of [H,03]o, and b/a reflected the effect of [Fe2*]y. The rate equa-
tions for HA degradation by Fenton process, which account for
the *OH scavenging effects, matched experimental results at wider
Fenton reagent’s dosages, initial HA concentration and reaction
temperature comparing with the first- and second- order models.
However, the new model was only validated by the experiments of
HA degradation so far. Further studies to apply this kinetic model
in degradation of other organics become necessary.
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