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ABSTRACT

In order to establish an efficient oxidation process for the mineralization of a model wastewater con-
taining formate species, the effects of some operating parameters such as Fenton reagent dosages and
volume of the treated system were observed during the treatment by the ultrasonic assisted Fenton and
modified Fenton processes. The mineralization kinetics was also examined based on the experimental
data. The overall mineralization kinetics was found to be in the accordance with the first-order reaction
kinetics.

The results obtained within this work indicate an efficient mineralization, achieved by studied sono-
chemical oxidation processes. With the appropriate combination of operating parameters it is reasonable
to expect a mineralization extent of 94%, corresponding to the complete degradation of formate species
with the consequent formation and the degradation of oxalic acid in the system.

The detailed mathematical model describing the ongoing process in the studies batch system was devel-
oped on the basis of a mechanistic reaction scheme, given in the frame of this work. The model has been
validated, pointing at the significance of the assumed reactions and the accuracy of the corresponding

rate constants.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An active interest for studying the new technologies for a possi-
ble implementation in wastewater treatment, grew from the urge
for elimination of hazardous pollutants from industrial effluents.
Wastewaters originating from petrochemical industries are con-
sidered as very complex and hard to treat, with the constituents
that are highly specific [1]. The versatility of advanced oxidation
processes (AOPs) enhanced by the fact that they offer different pos-
sible ways for highly reactive radicals’ production and a consecutive
mineralization of wastewaters, allows a better compliance with the
specific requirements of the environmental and other regulatives
[2]. Sonochemical treatment has been found to be the one of the
successful technologies for a degradation of various organic pol-
lutants due to the emphasised cavitational activity [3]. However,
total mineralization of organic pollutants by means of ultrasound
irradiation alone still remains a difficult task and thus application of
ultrasound for an industrial plant is still impractical. To overcome
the limitation of low degradation efficiency, many efforts have been
made on investigation of various combined ultrasonic systems in
order to reach a desired efficiency of substrate and total carbon
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degradation and reduce the reaction time required for removing
the pollutants [4]. These methods include ultrasound coupled tech-
nologies with oxidants such as hydrogen peroxide (H,03) [5,6]
and ozone [7], electrochemical methods [8], Fenton reagent [9-11]
and photocatalysis [12,13], and other catalytic oxidation processes
[14,15].

The scope of this study was to evaluate the application of
ultrasonic (US) assisted AOPs and a development of a rep-
resentative mathematical model. US assisted Fenton process
and US assisted modified Fenton process, US/Fe2*/H,0, and
US/Fe%*/S,0g2~ respectively, were applied for the treatment of
model wastewaters containing formate ions that is considered as
the major contaminant in industrial wastewater originating from
1,2-DCA/VCM plant [1]. Since previous study [11] as well as the
preliminary results discussed in this work have confirmed that by
application of US/Fe3*/H,0, and US/Fe3*/S,0g2~ process among all
other studied processes, the highest mineralization extent in the
investigated wastewater system was obtained, these two processes
were the subject for further more detailed analyses. Furthermore,
due to the high standard redox potential of sulfate radicals, SO4*~
(E=3.1V), compared to the most common oxidant, hydroxyl radi-
cal, *OH (E=2.72V), an active interest in the sulfate radical based
AOPs is present [16-18].

To establish the effects of the operating parameters and
to optimize the applied process in the terms of reagents
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Fig. 1. Scheme of the reactor used for the experiments involving the sonication.

consumption and an involved energy, i.e. ultrasonic power, cor-
responding to the treated volume, the statistical study of formate
degradation was performed applying Box-Behnken experimental
design for US/Fe2*/H,0, process, and 3 level factorial design for
US/Fe2*[S,0g2~ process. Predictive models were developed and the
effect of each parameter determined. Furthermore, single-response
optimization was attempted through desirability function based
on the developed predictive models [1]. The kinetics of formate
degradation in studied systems was investigated, which led to the
development of mathematical models according to the mechanis-
tic degradation scheme. The applied mechanistic scheme was based
on the part of the previous study [1,11] and on a lot of relevant data
[11,16,19-26]. All the reaction occurring in the studied systems
were grouped as follows; reactions of the Fenton catalytic cycle (i),
ultrasonic induced reactions (ii), free radical propagation and ter-
mination reactions (iii) and formic/formate oxidation scheme (iv).
Within the proposed oxidation scheme, the main assumption was
the formation of the oxalic acid due to propagation reaction over
the carboxyl cage, Eqs. (1) and (2) [20,27,28].

HO' "+ HCO; — H,0 + CO;” (1)

CO2.— + COz._ > [COZO—"'COQL] i /

The developed mechanistical model has been tested and suc-
cessfully validated via independent set of the experiments. The
competitiveness of the model reactions and the role of the ultra-
sound will be discussed later.

2. Materials and methods
2.1. Chemicals

All reagents used in this work were analytical or HPLC
grade and used without any further purification. Ferrous sulfate
(FeSO4-(7H,0)), ferric sulfate (Fe;(SO4)3-(H;0)), hydrogen perox-
ide (H,0, 30%), potassium persulfate (K,S,0g), potassium iodide
(KI 1%), ferrous ammonium sulfate ((NHg4),Fe(S04),-(6H,0)),
ammonium thiocyanate (NH4SCN), potassium hydroxide (KOH)
and sulfuric acid (H,SO4 50%) were supplied by Kemika, Zagreb,
Croatia. Sodium formate (HCOONa), ammonium metavanadate
(NH4VO03), and ortho-phosphoric acid (H3PO4 85%) were obtained
from Sigma-Aldrich.

2.2. Experimental apparatus

A schematic drawing of the reactor used for the experiments
involving the sonication is shown in Fig. 1. An ultrasonic homog-
enizer SONOPLUS HD 2200 (Bandelin, Germany) consisted of a
generator, ultrasonic converter (model SH70G; including trans-
ducer, booster and horn) and a probe tip (thin plate) made of
titanium alloy (TT13; 13mm in diameter) operated at 20kHz.
The amplitude in the performed experiments was adjusted at
100% (200W power output) continuously, without pulse length
setup. Experiments were performed in a cylindrical batch reac-
tor made from borosilicate glass with the cooling jacket and the
maximum working volume of 0.75L. The ultrasonic probe was
placed vertically in the middle of the reactor. The temperature of
the system was monitored during the sonication time and kept
constant, 29 & 3 °C. Temperature and pH of the system were con-
tinuously monitored by pH/conductivity meter with the integrated
NTC 30/Pt1000 temperature sensor (Handylab LF 12, Schott, Ger-
many). The position of the sensor was fixed at a middle distance
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Fig. 2. Determination of the cavitational activity in the different reaction volumes; triiodide formation during the sonication of the KI solution (0.1 molL-') (a) and
sonochemical efficiency determined at the operating conditions; 20 kHz, 200 W electric input, 29 +3°C.

between the probe and a rector wall, immersed in the solution
approximately 1cm below the probe level. No additional mixing
was introduced to the system. Experiments that assumed perform-
ing of the processes in the smaller volume (0.1 and 0.3 L) were made
in the ice-water bath cooled glass reaction vessels whose geome-
try (diameter to height ratio) was similar to the cylindrical batch
reactor described previously.

Experiments without sonication were performed as jar-tests in
glass reaction vessels with the maximum reaction volume of 0.6 L
and constant magnetic stirring (650 rpm) in a thermostated bath,
294+2°C.

The experiment involving the employment of UV-C light was
performed in a batch photo reactor of 0.8 L total volume. The reac-
tor was made of borosilicate glass, with sampling ports on the
top, magnetic stirrer and water jacket for temperature control
[29]. The irradiation source was low pressure mercury UV lamp
(PenRay 90-0012-01), UV-C 254 nm, UVP-Ultra Violet Products,
Cambridge, UK) with typical intensity of 4.4 W cm~2 (A =254 nm) at

2 cm distance of the source. UV lamp was placed axially in a quartz
tube inside the reactor. The reaction temperature was also kept
at29+2°C.

2.3. Experimental procedure

The model solution was prepared by dissolving sodium for-
mate in distilled water (in concentration of 250mgL-1, otherwise
indicated). The initial pH of the studied system was adjusted at
3 (optimal pH value for Fenton oxidations [1,30], using sulfuric
acid (1 molL~1), which was followed by the addition of iron salt
and hydrogen peroxide or potassium persulfate. Experiments were
carried on for 30 min. Samples were taken out every 5min (oth-
erwise indicated); in a typical experiment, a grain or two of KOH
was added in each sample in order to precipitate hydroxides of iron
and to ensure the non-reaction after sampling. Samples were then
subjected to further analyses. When investigating the correspond-
ing ferrous/ferric ions concentration in the system with the time, a
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Fig. 3. Conversions achieved by different processes (A - Fe2*/H,0,, B - Fe3*/H,0;,
C - Fe?*[S;08%", D - Fe?*[S;08%", E - US[Fe**[H,0,, F - US/Fe3*|H0,, G -
US/Fe?*[S;0g2~, H — US/Fe3*[S,0g%~, I — UV/Fe?*/H,0,) in the terms of the min-
eralization of a model solution containing HCOONa (250 mg L~ at t=0) (conditions:
[Fe2*/3*]=1.25 mmol L1, [H;0; or S;0g2~ |/[Fe%*]=27.5, pH 3).

small portion of sample (1-2 mL) was taken without precipitating
the iron.

2.4. Analyses

Calorimetry was used to specify the ultrasonic power dissipated
into a liquid. The power was calculated by the following equation,
Eq.(3)[31,32];

P =mG, (%) (3)

where m (g), G, Jg~'°C~1) and AT/At (°Cs~!) denote the solu-
tion mass, the specific heat capacity (4.187]J g~ °C~1 for water) and
the rate of temperature increase, respectively. The power efficiency
obtained by the ultrasonic power dissipated into a liquid divided by
the input electric power was estimated at 27.9% (0.5L) and 16.7%
(0.1L) at 20kHz and 200 W input condition.

In order to determine the sonochemical efficiency in the whole
reaction system, KI dosimetry (Weissler reaction) was employed.
The method is based on the oxidation of I~ ions to I, due to the
ultrasound irradiation. I, reacts with the I~ ions present in excess,
giving the I3~, with the measurable absorbance at Amax =355nm
[33]. Sonochemical efficiency (SE) was then calculated by Eq. (4)
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Fig. 4. Concentration of H,0; vs. time during the sonication of H,O, model solu-
tion; A - [H,0,]=100mmol L', B - [H,0,]=20mmol L-', C - [H,0,]=20 mmol L-!
(without temperature control), US assisted Fenton (D) and Fenton process,
Fe2*[H,0, (E) studied in this work.
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Fig. 5. Graphical interpretation of the models that describes dependency of the
overall mineralization rate constant to the selected process parameters and their
interactions; (a) effects of the catalyst concentration and oxidant/catalyst ratio on
the performance of the US/Fe?*/H,0, (o - upper base) and US/Fe?*/S,0g%~ (O -
lower base) processes (V=0.5L); (b) combined effects of the catalyst concentration
and reaction volume ([H,0,]/[Fe**]=27.5) and (c) combined effects of the oxi-
dant/catalyst ratio and reaction volume on the overall mineralization rate constant
achieved by US/Fe?*[H,0; process ([Fe?*]=1.25mmol L 1).
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[32,33];
[G]xV

where [I37] (molL-') is the concentration of triiodide formed, V
(L) is the solution volume, P (W) is the calorimetrically determined
power and t (s) is the sonication time. The results of the KI dosime-
try and calculated SE (mol]~1) are presented in Fig. 2. Calorimetric
measurements in the insulated system were repeated at least twice
and the average values (in terms of SE) were reported.

Mineralization extents were determined on the basis of total
organic carbon content measurements (TOC), performed by using
total organic carbon analyzer; TOC-Vcpy 5000 A, Shimadzu.
Concentration of formic and oxalic acid in supernatant were deter-
mined using High Performance Liquid Chromatographer HPLC,
Shimadzu, with SUPELCOGEL H Carbohydrate column, length
250 mm, internal diameter 4.6 mm and UV detection at 210 nm.
The mobile phase was 0.5% phosphoric acid with the flow rate of
0.15mLmin~.

The concentration of H,O, was determined by using the proce-
dure described in the literature [34]. The method is based on the
reaction of HO, with ammonium metavanadate in acidic medium,
which results in the formation of a red-orange colored peroxo-
vanadium cation, with maximum absorbance at 450 nm and its
formation was also monitored by the same UV-vis spectropho-
tometer. The concentration of S,0g2~ ions was also determined by
using the procedure described in the literature, including the reac-
tion of S;0g2~ ions with ferrous ammonium sulfate and ammonium
thiocyanate and detection at450 nm[35]. The concentration of both
H,0, and S;03%~ were monitored during the processes. The con-
centration of ferrous and ferric ions in the bulk was measured by
colorimetric method using the UV-vis spectrophotometer, Lambda
EZ 201, Perkin Elmer, USA. Ferrous ions were identified by the reac-
tion of Fe2* with 1,10-phenantroline giving an orange-red complex
(Amax =510nm). Ferric ions were identified by the reaction of Fe3*
with thiocyanate forming a red-colored complex (Amax =480 nm)
under acidic conditions [36].

2.5. Experimental design

Among response surface methodology (RSM) techniques,
Box-Behnken design (BBD) is commonly chosen for the purpose
of a response optimization [1,37,38]. This is a three-level spherical
design with excellent predictability particularly in cases when pre-
diction of response at the extreme level is not the goal of the model.
ABBD with three numeric factors; ferrous ions initial concentration
(X1), oxidant/catalyst molar ratio (X;) and reaction volume (X3),
varied over three levels (Table 1) was used to determine the oper-
ating conditions for maximizing the organic pollutant degradation,
i.e. mineralization extentin the US/Fe2* /H, 0, process system. Since
BBD was not applicable for the US/Fe2*S,0g2~ process due to tak-
ing into account only two operating parameters, the three-level
factorial design (3) was used, and two numeric factors were var-
ied over three levels as well (Table 1). This experimental design was
chosen since the volume factor has shown an insignificant effect
on the mineralization extent in this particular studied system and
within this particular reactor configuration and geometry. Standard
arrays including combination of the selected factors and corre-
sponding experiments are presented as a Supplementary material
(Tables A.1 and A.2). The observed response was expressed as an

Table 1
Control factors in the applied processes and their levels used for the BBD and 32
factorial designs.

Actual factor Code Level
-1 0 1
US/Fe**/H,0, process
[Fe2*] (mmolL-1) X; 0.50 1.25 2.00
Oxidant/catalyst Xy 5 27.50 50
molar ratio
([H20:]/[Fe**])
Reaction volume, V X3 0.1 0.3 0.5
(L)
US/Fe?*/S;052~ process
[Fe*] (mmol L) X; 0.75 1.27 1.80
Oxidant/catalyst X, 5 17.5 30
molar ratio

(152087 ]/[Fe**])
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overall mineralization rate constant. Obtained models and experi-
mental data were analyzed statistically using Design-Expert 6.0.6, a
DoE software tool from Stat-Ease, Inc.

The control factors and their values were determined based
on prior experiences [1]. The desirability function approach (DFA)
was utilized for the single-response optimization [1], to deter-
mine how input parameters affect the desirability of individual
response.

3. Results and discussion
3.1. Preliminary studies

As shown in Fig. 3, mineralization achieved within the studied
processes was expressed as conversion of organic species present
in the system to the inorganic products, Eq. (5). The initial TOC value
of approximately 45 mgL~1 has been attributed to the 250 mgL~!

of sodium formate.

TOCinitial — TOC(t)
Xm(t) TOCinitial )
When making comparison between those processes, it is obvious
that employment of ultrasound enhanced the conversion, even
within the first 5min of sonication. The beneficial effect of the
ultrasonic energy on the performance of Fenton and Fenton-like
processes was already reported [3,11,39-42]. Obviously, the degra-
dation in US/Fenton system is rapid. As it can be seen from Fig. 3,
the mineralization extent of approximately 81% could be obtained
by classic Fenton process, Fe2*/H,0,, after 30 min of reaction, but
after only 5min by applying the ultrasound (US/Fe2*/H,0,). This
can be explained by the fact that sonication of the system allows a
better homogenization and more effective mass transfer that could
be compared with well-mixing. Furthermore, US waves induce a
cavitation, i.e. formation of a bubble and its consequent collapse
leaving in the system a large amount of energy [21,43]. Outside the
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bubble, water molecules are readily decomposed and radicals are
formed [11] (Eq. (6)).
H,02% He 4+ *OH (6)
When comparing the efficiency of an UV and US assisted Fen-
ton processes (Fig. 3), some conclusion could be drawn. The overall
conversion in terms of the mineralization of the system is almost
the same in both cases. In order to shorten the treatment time and
to reduce the amount of the Fenton reagent needed UV light is
introduced in the systems treated by Fenton-like processes, with
a special emphasis on a heterogeneous ones [44-50]. Furthermore,
sonication could results with the same positive effect [42]. When
observing Eqs. (7)-(11) [51],

Fe* +H,0 — [Fe(OH)]** +H* (7)
[Fe(OH)]>+ "_”)>))Fe2+ +*OH (8)
or

Fe3* + H,0, — Fe(OOH)** +H* (9)
Fe(0OH)2* 2% Fe2+ 4+ HO,* (10)
FeZ* + H,0, — Fe3™ + OH™ +°*OH (11)

it is obvious that both UV irradiation and ultrasonic waves favorize
the formation of hydroxyl radicals within the frame of the Fenton
cycle. Thus, both type of energy employment could be utilized to
enhance the Fenton process yielding in terms of mineralization of
the wastewater systems loaded with different organic pollutants.
The beneficial effect of the US could also be observed on Fig. 3.
Namely, only 32% of mineralization was achieved by the Fe3*/H,0,
process, while the obtained extent of 68% was observed when US
was applied. This enhancement could be attributed to the formation
of *OH and releasing of the catalytic Fe2* ions described by Egs. (8)
and (10).

The other idea presented in the current study, was to change
an oxidant in the Fenton cycle in order to examine a potential
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conversion in terms of mineralization in the system. In the case
where some particular amounts of sulfate ions lapsed in the system
treated by S,0g2~ have a small or even negligible influence on the
quality of the treated system, by utilizing persulfate salt it is pos-
sible to overcome disadvantages referred to the usage of H, 05, i.e.
reagent instability, storage and handling issues. Persulfate anions,
S,0g2~, were chosen as an alternative oxidant due to possibility
for a consequent generation of different nonselective radicals, *OH,
S,0g°~ and SO4°~, Egs. (12)-(15) [11,17,52].

Fe2t + 5,052~ — Fe2 +S04°~ +S04%~ (12)
S042~ +°*0OH — SO4* +OH~ (13)
$,082” +°*OH — S,0g° +OH~ (14)
S04°~ +Hy0 — S042~ +°OH + H* (15)

The additional amount of sulfate radicals is formed during sonica-
tion, Eq. (16) [25]
5,02~ 22250,
205" —2504 (16)
In all the sonicated systems, a small portion of H,0, is gen-
erated due to a recombination of a free radicals formed after the
bubble collapse [11,40]. Nevertheless, a rapid consumption of H, 0,
in the Fenton catalytic cycle has also been observed when US was
employed (Fig. 4), implying on the insignificant influence of the
in situ generation of H,0, on the mineralization efficiency. The
results obtained for the test experiments where only model solu-
tion of H,0, was sonicated, showed the following; the almost
unchanged (steady-state) concentration of H,0, with time (i) and
H,0, decomposition due to the generated heat (ii). Steady-state
concentration of H,0O, in a controlled system can be explained by
the parallel reactions of H, O, formation due to cavitational activity,
Egs. (6) and (17)-(20), and its sonolysis, Eq. (21) [53].

Table 2
RSM model equations for the observed responses.
Response Equation
US/Fe**/H,0, process
km (min~1) —0.24498 +0.47413

[Fe2*]+4.39221 x 1073
([H20,]/[Fe?*])+5.61492 x 104
V-0.12748
[Fe2*]2 —5.39358 x 10-5
([H20,]/[Fe?*])? — 8.48250 x 107
V2 - 1.37481x 1073
[Fe>*]-([H202]/[Fe?*]) - 1.01833 x 104
[Fe]V
US/Fe®*/S,0g%  process
ki, (min~1) 478170 x 10-3 +6.42921 x 103
[Fe2*]+3.07907 x 104

([H202]/[Fe?*])

3.2. Statistical analysis, optimization and interpretation

The statistical study of the studied processes; US/Fe2*/H,0, and
US/Fe%*/S,0g2~, was performed using response surface methodol-
ogy BBD and 32 factorial design (Supplementary material, Tables
A.1 and A.2). Individual parameters and their interaction effects
on mineralization kinetics, expressed as the overall mineralization
rate constants according to the pseudo-first-order reaction kinetics,
were determined and statistical models of process were developed
(Table 2.). The presented model equations, given in the terms of the
actual factors, showed the strong dependency of a mineralization
rate on the Fenton reagent dosage while the reaction volume had
an insignificant effect on the mineralization extent in this particu-
lar studied system and within this particular reactor configuration
and geometry.

For current study response surface models were evaluated
using ANOVA. F-values of 51.75 and 15.26 and p-values less
than 0.05 imply that the model is significant. Significant terms
in each predictive model, with the p-value less than 0.1000

2°0OH — H,0 17 . .
2%2 (17) are given as well (Table 3). The dependency of the mineral-
H* + *OH — H,0, (18) ization kinetics on the set of operating parameter is shown on
Fig. 5.
H* + O, — HO,* (19) As it can be seen from Fig. 5, the influence of the reaction
volume on mineralization kinetics as an indirect approximate mea-
2°'0H — H;0 + 1/20;, (20) sure of the sonication power has no significant influence within
" the investigated range. Since, the slightly better mineralization
H;0,—2°0H (21) extent was achieved in the middle of the investigated range, the
Table 3
ANOVA results—model and coefficient validation; fit summary.
Source Sum of squares Mean square Degrees of freedom F-value p-Value R?
US/Fe**/H,0, process (BBD)
Model 0.072 8.957 x 103 8 51.75 <0.0001 0.9810
X 0.034 0.034 1 197.17 <0.0001
Xz 3.470 x 104 3.470 x 1074 1 2.01 0.1944
X3 1.788 x 103 1.788 x 1073 1 10.33 0.0123
X;2 0.022 0.022 1 125.08 <0.0001
X,? 3.139x 1073 3.139x 1073 1 18.14 0.0028
X32 4.847 x 1073 4.847 x 1073 1 28.01 0.0007
X1 Xz 2153 x 1073 2153 x 1073 1 12.44 0.0078
X1X3 9330 x 104 9330 x 104 1 5.39 0.0488
Total 0.073 - 16 - -
Residual errorLack-of-fit 1.036 x 103 2.590 x 104 4 2.97 0.1584
US/Fe%*/S,0g2~ process (32 factorial design)
Model 1572 x 104 7.862 x 1073 2 15.26 0.0009 0.9275
X; 6.836 x 103 6.836 x 10~° 1 13.27 0.0045
X, 8.888 x 10~° 8.888 x 10~° 1 17.25 0.0020
Total 2.088 x 104 - 12 - -
Residual errorLack-of-fit 3.178 x 102 5.296 x 106 6 0.4958
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Table 4
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Single-response optimization of US/Fe?*/H,0, process via DFA and results.

Optimization cycle

Objective

Criteria

Result

Desirability of the result (d) (%)

Predicted value

[Fe**]<1mmolL!

[Fe**]=1.14mmol L~!

1. 5<[H20;]/[Fe**] <30 [H20,]/[Fe**]=27.5 71.0 ki =0.1777 min~"
V= maximum (0.5L) V=05L
[Fe?*] <2mmolL™! [Fe?*]=1.86 mmol L~!

2. km = maximum [H20,]/[Fe?*] = minimum [H20,]/[Fe?*]=5 80.6 km =0.1775 min~!
V= maximum (0.5L) V=05L
[Fe?*] <2mmolL™! [Fe?*]=1.55mmol L-!

3. 5<[H,0,]/[Fe?*] <20 [H202]/[Fe?*]=20 75.5 km =0.1971 min"!
V= maximum (0.5L) V=05L

Table 5

The reactions and rate constants used for the kinetic modeling; based on a mechanistic model and a homogeneous reaction system.

No.

Reaction

Rate constant (Lmol~! min~1)

Formic and oxalic acid oxidation pathway

Initiated by radicals

R1

R2

R3

R4

R52

R6

R7

R8

R9
Sonolysis

R10
R11

HCOOH +0OH* — CO,*~ +H,0 +H*

€0,5*~ +C0y° < [COp*~-COy°" ]
[CO2*=-CO*~] = C> 042
[COy*~--COz~ ] — 2€O,

(1 = @)H,C,04 + 20H* — (CO, )," +20H-
(1 —0a) HyC204 +S04°~ — (COz2 )2~ +5042~
(CO2)2°~ +(CO2)2*~ < [(CO2)2~++(CO2)27]
[(CO2)2~+(CO2)2 "] — 2COy + 2042~
(CO5)p*~ —> CO,*~ +CO,

HCOOH2 O, + 2H*
(1 - )H2C2042% 2€0, + H,0

Enhancement of a Fenton catalytic cycle

R12
R13

Fe(OH)?* 2% Fe2+ + OH"
Fe(0OH)** 2% Fe2+ 1 OH,*

Reaction scheme previously established [11,22-26]

Fenton catalytic cycle
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
Complexes formation
R24
R252
Liquid-phase reactions
R26
R27
R28-1
R28-2
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38

FeZ* +H,0, — Fe3* + OH*

Fe3* +H,0, — Fe(OOH)* +H*

Fe2* + OH* — Fe3* + OH~

Fe?* +HO,* — Fe3* +H,0,

Fe3* +HO,* — Fe2* +H* + 0,

Fe3* +0,°~ — Fe2* + 0,

Fe?* +0,°*~ — Fe3* +H,0,;

FeZ* +S,0g2~ — Fe3* +S0,4°~ +S042~
Fe3* +S,0g2 — Fe2* +2504°~

Fe2* +S04°~ — Fe3* + S04

Fe3* +H,0 — [Fe(OH)J?* +H*
Fe3* +a oxalic acid — Fe-oxalate complexes

OH* +H,0; — HO,* +H,0
20H* — H;0,

H,0, - HO,~ + H+

HO,~ +H+— H,0;
OH*+HO,~ — HO,* +H,0
OH* +HO,* — H,0+0,
2HO»* — H,0, + 0,

HOy* — O0y*~ +H*

OH* +H;0; - 0*~ +H,0
HO,*+0,*~ — HO, +0,
OH*+03*~ — 0, +OH~
02°~ +H" - HO,*

SO4°~ +Hp0 — HO® + H* + 5042~
5042~ +*OH — SO4°~ +OH~

Ultrasonic induced radical formation

R39
R40

R41
R42

H,0-2% He + OH*
He +0, — HO,*
H,0, 2% 20H°

5,022 250,

8.4 x 10° [19]
Keq=1x10*Lmol-!
2.4 % 10° min~' [20]
3 x 10° min~!

1.8 x 108

8.4 x 107

Keq=1x 10 Lmol~!
4.62 x 108 min~! [20]
1x 10"

1.76 x 107 min—' [21]
3.16 x 10~3 min~!

300min~!
600 min~"!

4560

0.6

1.92 x 1010
7.2 x107
1.86 x 107
3x10°
6x108

39

29.5
1x10°

1.86x 103
60

7.2 x 108

3.18 x 10!
2.22

1.56 x 1012
4.5x 10"

3.96 x 10"
4.98 x 107
9.48 x 10® min~!
1.62 x 10°
5.82 x 10°

42 x 10

6x 10"

6.3 x107
1.18 x 10 [16]

2 x 107> min~!
1x10"

0.7 min~!

5 x 102 min~!

a Part of oxalic acid that involves in complexation with Fe3* is set at 20%, i.e. «=0.2.
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following could be concluded; (i) when the reaction volume is
rather small, ultrasonic waves are spread easily and the sonica-
tion power at each point within the reaction space is almost the
same and relatively high, (ii) in a larger volume, as the waves
are spreading from the center to the walls of the reactor, passing
through a bigger reaction space, the dissipation of the sonication
power comes to an issue, and (iii) there is a temperature opti-
mum for the sonochemical processes, and a sonication power in
the system should not be increased in a manner that distorts
that optimum. Additionally, the results of the KI dosimetry per-
formed in different reaction volumes (Fig. 2), showed the similar
I3~ yields, but the higher value of the sonochemical efficiency in
the larger reaction volume (0.5L). The given statements can be
also confirmed by the temperature observation with the sonica-
tion time. In smaller reaction volume (<100 mL), the temperature
tends to rise rapidly (>3 °C/min) in comparison with the approxi-
mately 1-1.5°C/min temperature increase observed for the larger
reaction volume (0.5L). The observed difference in the tempera-
ture increase can be attributed to the more pronounced cavitation
activity throughout the reaction space. However, the more exten-
sive bubble collapse and more energy released at a single point
of the reaction space do not guarantee the enhanced efficiency
of the sonochemical wastewater treatment, as the ongoing reac-
tion rates have certain temperature dependence. For example, it
is well known fact that in order to avoid precipitation of iron
hydroxide, simultaneous high reaction temperature (>55°C) and
iron concentration (>9 ppm) should be prevented [54]. Also, H,0,
decomposition rate is increasing rapidly at higher temperatures
(Fig.4)[55]. With this in mind, and including the fact that the inten-
tion explored within this work is to process the oxidation with more
than 1 mmol L~ (56 ppm) of iron ions, but at lower H,0, concen-
tration, rapid temperature increase should be avoided. In the frame
of this work, it was ensured by intensive cooling throughout the
water jacket (Fig. 1) and by performing the further experiments
in the larger reaction volume. The further discussion about the
complexity of the cavitation phenomena and temperature opti-
mum for sono-Fenton performance was given in our previous work
[11].

Optimization of a single response, i.e. overall mineralization
rate constant, was performed including the determination of the
influence of the input parameters on the desirability of the partic-
ular individual response. An optimal design point was achieved by
adjusting the settings for input parameters (criteria) while overall
mineralization rate constant was kept at maximum. Desired set-
tings for input parameters, i.e. criteria are presented in Table 4 along
with the results for an optimal design point for the US/Fe2*/H,0,
and its desirability according to the set criteria. Optimization
was performed in three cycles, changing the criteria adjust-
ments (Table 4). For further investigation the third cycle from
Table 4 was chosen ([FeZ*]=1.55mmolL~!, [H,0,]/[Fe%*]=20).
As far as concern US/Fe2*/S,0¢2~ process, optimization was per-
formed without setting the criteria for the input parameters;
only the mineralization rate was kept at maximum. The estab-
lished optimal conditions were as follows; [Fe2*]=1.8 mmolL!,
[S2052~]/[Fe2*] =30. For the both processes, the reaction volume
was set at 0.5L.

When comparing the results obtained for the US/Fe2*/H,0,
(Table 4) and processes (Fig. 3a), it can be seen that the
initial concentration of ferrous ions (X;) has the highest
influence on the overall efficiency of the US/Fe2*/H,0, pro-
cess, while the oxidant/catalyst ratio (X)) is crucial for the
US/Fe%*/S,0g2~ process performance. It can be explained by
the yielding of the persulfate/Fenton cycle due to a minor
activity of S;0g°~ and SO4°~ compared to a hydroxyl radical.
Since in that particular system, these radical are predomi-
nate to the °OH, the larger amount of persulfate is needed to

achieve the sufficient yield in terms of a free radical genera-
tion.

3.3. Development of a mathematical model

All the observed phenomena in the study could be described
by a mathematical model developed according to a mechanistic
scheme. All the reactions involved in the model development were
given in a Table 5, along with the corresponding rate constants and
literature references. The formate ions as well as a formic acid,
present initially in the system (at a given pH, the molar ratio of
formic acid and formate ions is approximately 57 in a favour of
the acid according to the dissociation equilibrium), can be attacked
by a free radical giving the carboxyl radical, CO,*~, (R1, Table 5)
[19]. The generated CO,*~ radical is present in this form through-
out most of the pH range and only protonated (HCO,*) in strongly
acidic solution (pH < 2). It is suggested that an intermediate of the
cage recombination of these radicals, [CO5*~---CO,*~] is produced
in the next step (R2) [20]. This intermediate can further lead to
the formation of stable products such as oxalate/oxalic acid (R3)
and CO, (R4) or dissociate back to CO,°*~ radicals (R2 - equilib-
rium) [1,28]. A considerable amount of oxalic acid (above the HPLC
detection level) was observed during the experiments (Fig. 6). Its
formation and a consequent degradation were monitored with the
reaction time. The fate of the oxalic acid/oxalate anions has a simi-
lar pathway under the radical attack (R5-R8) [20,56]. In the first
step dicarboxyl radical (CO,),°*, is formed. Following reactions
involve a cage recombination of those radicals, yielding with CO,
and oxalate anion (R8). Again, at the given pH, dissociation equi-
librium goes in favour of oxalic acid over its anions in the studied
system. It is important to point out that the reaction of formic acid
towards carboxyl radicals is induced only by hydroxyl radicals. The
oxidation pathway of formic acid by hydroxyl radical is predom-
inant in comparison with the sulfate radicals. On the other hand,
somewhat slower reaction between oxalic acid and hydroxyl rad-
icals, allows the existence of an oxidation pathway initiated by
sulfate radicals (R6). Degradation of formate and oxalate species
by secondary mechanisms, i.e. pyrolysis in the cavitation bubble
and supercritical water oxidation at the liquid-bubble interphase,
was considered as negligible due to the hydrophilic properties and
relatively low vapor pressure of the formic and oxalic acid, as well
as the low concentration in the system [57] (R10 and R11).

The other reactions accounted for the model development were
reported earlier [11], including the Fenton catalytic cycle, free rad-
ical reactions and ultrasonic induced reactions [22-26] (Table 5).
A homogeneous reaction system was assumed. Regarding the gen-
eral mass balance for a well-mixed, constant volume and constant
temperature batch reactor given by Eq. (22),

_ dai
T odt

where ¢; is concentration of specie i in the bulk and r; is the bulk
phase rate of the same specie; mineralization of a model wastew-
ater in terms of formic acid degradation and axalic acid generation
and a consequent degradation was simulated by Mathematica 7.0
(Wolfram Research) using GEAR method (backward differentia-
tion) to find the numerical solution to the set of ordinary differential
equations.

Values of the rate constants for the following reactions; R4-R6,
R8, R12, R13, as well as the constants for the equilibrium between
the carboxyl and dicarboxyl radicals and their cage recombina-
tion intermediates (R2 and R7) (Table 5) were determined by trial
and error method fitting the experimental values into the model
(Figs. 6 and 7). Accuracy of developed model for the each sys-
tem was evaluated by the mean of the normalized root mean
square deviation (NRMSD) [11,58] as shown in Table 6. NRMSDs

T (22)
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Table 6
Normalized root mean square deviation (NRMSD) calculations for the evaluation of
model accuracy.

NRMSDs Process

Observed value US/Fe?* [H,0, US/Fe?*[S;082%~
[Formic acid] 0.0424 0.0906

[Oxalic acid] 0.1693 0.0010
[IC-CO,] 0.0566 0.0278

[H202] 0.0131 0.0739
[S208%7] - 0.0082

[Fe?*] 0.0184 0.0384

[Fe3*] 0.0234 0.0225

pH 0.0628 0.0475

obtained for the monitored values; concentration of formic and
oxalic acid, difference for the TOC content an a system, H,0, and
S,052~ concentration, pH, ferrous and ferric ions concentration,
are around 0.05, indicating the good match between the observed
values and the ones predicted by the model. It can be also stated
that the assumed reactions of the Fenton catalytic cycle and reac-
tions involving the US implication are confirmed owing to these
observations.

In order to validate the developed model, an additional set
of experiments has been performed (V1-V4, Table 7). The model
solutions consisting of the higher initial concentration of the
HCOONa (i), a mixture of the HCOONa and oxalic acid (ii) and a
model solution consisted of the oxalic acid only, were treated by
the studied processes, US/Fe2*/H,0, and US/Fe2*/S,0g2~. Model
solutions were chosen carefully to examine the validity of the
model in the case of the different initial organic loadings and acid
compositions. The specific conditions for each validation exper-
iment are stated in Table 7. These conditions (V1, V3 and V4)
were set specifically to explore the application of the developed
model outside the previously set design space. Only experi-
ment V2 was performed at the established optimal conditions for
the US/Fe2*/H,0, process. The results showed the good match

Table 7
Validation of the developed models for US/Fe2* /H,0, and US/Fe2*/S,0g%~ processes.

Description NRMSDs

[Formic acid]  [Oxalic acid]  [IC-CO3]

V1
US/Fe* [H,0,
[Fe?*]=3.75 mmol L'
[H202]=80 mmol L'
Model solution:
TOCipitia =275 mgL~!
w(HCOONa)=3/7
W(H2C204)=4/7

V2
US/F82+/H202
[Fe2*]=1.55 mmol L-!
[H,0,]=20 mmol L1
Model solution (HCOONa only):
TOCipitia =100 mg L'

V3
US/Fe?*[S, 032
[Fe?*]1=3 mmol L-!
[H0,]=50 mmol L1
Model solution (H,C,04 only):
TOCipitia =7.5mg L~

V4
US/Fe2*[S,052~
[Fe?*]=3.75 mmol L'
[H0,]=80mmol L1
Model solution:
TOCinitia =50 mg L1
w(HCOONa)=3/7
W(H2C204)=4/7

0.0224 0.0096 0.0583

0.0173 0.0010 0.0504

0.0012 0.0124 0.0732

0.0190 0.0103 0.0556

with the model simulations, as shown in Fig. 8 and Table 7
(NRMSD values), thus confirming the models validity and appli-
cability.

4. Conclusion

The scope of this study was to evaluate the application
of sonochemical AOPs; ultrasonic (US) assisted Fenton pro-
cess, US/Fe2*|H,0,, and US assisted modified Fenton process,
US/Fe%*/S,0g2~ for the treatment of model wastewaters contain-
ing formate ions/formic acid. Preliminary results emphasised the
beneficial effect of the US; e.g. the reduction of time needed
to achieve mineralization in a considerable extent. It is reason-
able to expect a mineralization extent of 94%, corresponding
to the complete degradation of formate species with the con-
sequent formation and the degradation of oxalic acid in the
system.

To establish the effects of the operating parameters and to
optimize the mineralization rate observed within the applied
process in the terms of reagents consumption and an involved
energy, i.e. ultrasonic power, corresponding to the treated vol-
ume, the statistical study of formate degradation was performed
applying Box-Behnken experimental design for US/Fe2*/H,0,
process, and 3 level factorial design for US/Fe2*/S;0g4%~ pro-
cess. Predictive models were developed and the effect of each
parameter determined, pointing on the major effect of the cat-
alyst concentration [Fe%*] in the US/Fe2*/H,0, process, and
a great influence of the oxidant amount [S;0g%~] regarding
the US/Fe%*/S,042~ process. Investigation of the influence of a
reaction volume on the overall mineralization kinetics raised
an issue of the sonication performance regarding the reaction
temperature and the transposition of the ultrasonic waves. Fur-
thermore, single-response optimization was attempted through
desirability function based on the developed predictive mod-
els.

The detailed mathematical model describing the ongoing pro-
cess in the studies batch system was developed on the basis
of a mechanistic reaction scheme, taking into account free rad-
ical mechanism of formic acid degradation over carboxyl radical
towards oxalic acid and CO,. Developed mathematical model has
been successfully validated, thus confirming the model applicabil-
ity and accuracy in the assumptions made regarding the reaction
scheme.

Moreover, US assisted Fenton process compared with the UV
assisted Fenton process, UV/Fe2*[H,0,, showed the possibility for
an eventual consideration for the replacement of UV light sources
with the ultrasonic technology on a larger scale.
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