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Abstract
With respect to ozonation, plasma treatment involves direct contact between the discharge 
and the contaminated water therefore benefiting, in addition to ozone, also of short-lived 
reactive species. This paper focuses on mechanistic aspects of water treatment based on 
plasma activation (in-situ discharge) and ozonation (ex-situ discharge), using maleic acid 
and fumaric acid as model substrates and dielectric barrier discharges (DBDs) for produc-
ing plasma and ozone. Both types of experiments were carried out at different pH val-
ues and degradation profiles of residual concentration vs treatment time were compared in 
experiments in which each acid was treated individually and in mixture with the other. It 
was found that, under all conditions examined, plasma treatment was more efficient than 
ozonation for both acids, and that fumaric acid was always more reactive than maleic acid. 
Peculiar S-shaped degradation curves were obtained for the decay of maleic acid when 
treated in mixture with fumaric acid under acidic and neutral pH conditions in ozonation 
and in plasma experiments. This effect was not observed when maleic acid was treated 
in mixture with phenol instead of fumaric acid. The experimental data are nicely fitted 
with a simple kinetic model which assumes that a single reactive species, in steady state 
concentration, is responsible for the attack initiating the pollutants degradation. Based on 
the complete set of results obtained the conclusion is reached that, in the DBD reactor 
used, under acidic and neutral pH conditions ozone plays a major role in the degradation of 
maleic and fumaric acids also in direct plasma treatment.
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Introduction

In 2003 Dr. Ulrich Kogelschatz, to whom this paper is dedicated, published the outstanding 
review article “Dielectric-Barrier Discharges: Their History, Discharge Physics, and Indus-
trial Applications” which has since been cited over 2750 times. Among the various appli-
cations of dielectric-barrier discharges (DBD) described in the review, ozone production 
certainly stands out for diffusion and importance still nowadays for water decontamination, 
the topic of the present paper [1].

Water ozonation is carried out in two steps, ozone production in the actual 
ozonizer by DBD discharge followed by ozone mixing with the contaminated water 
to be treated [2]. As opposed to ozonation, which can be viewed as an “ex-situ” dis-
charge-based process, direct plasma treatment involves production of the discharge in 
contact with the contaminated water (“in situ” discharge-based process) and offers the 
obvious advantage of possibly exploiting not only ozone but also more reactive short-
lived species including notably OH radicals [3]. A variety of approaches has been 
proposed to implement in-situ discharge-based water treatment in many lab-scale pro-
totypes and demonstration units, differing for the electrodes configuration and rela-
tive arrangement, the power supply, the reactor design just to cite the most important 
variables [3–7]. In our research we apply DBD discharges in air at atmospheric pres-
sure and room temperature in contact with water and study the degradation of dis-
solved organic compounds. Notably, with the electrode configuration employed in our 
system, the discharge characteristics are not influenced by the solution conductivity 
and pH [8, 9]. Characterization of the pollutants degradation process is carried out 
by determining products, kinetics and the plasma generated reactive species involved 
[8–10]. Such mechanistic studies are propaedeutic to the development of technologies 
and applications.

Most useful insight into the processes activated by air plasma can be acquired from the 
comparison with results obtained in ozonation carried out under the same experimental 
conditions [11]. Ozone is one of the main reactive species produced in air plasma, by the 
well known reaction of atomic oxygen, originating from O2 dissociation, with molecular 
oxygen (reactions 1–2) and, depending on the solution pH, decomposes more or less rap-
idly to form OH radicals [12–16], as detailed below.

Experiments performed recently in the DBD reactor used in the present work have 
demonstrated that if t-BuOH, a known quencher of •OH which does not react with 
ozone [17], is added in large excess (5.0 × 10–2 M) to a phenol solution (5.0 × 10–4 M) 
and this mixture is subjected to plasma treatment, the decomposition of phenol is sig-
nificantly slowed down by the competition for OH radicals by t-BuOH. Moreover, 
if t-BuOH is treated alone (5.0  ×  10–4  M) with air plasma at pH 7.0, it is decom-
posed; on the contrary, if it is subjected to ozonation under the same conditions it 
does not react. One important fact which must be taken into account and that the 
above described experiments helped us clarify is that in air plasma experiments there 
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are two sources of OH radicals: one is plasma itself, in which •OH can be formed by 
dissociation of water (reaction 3) or by reaction of atomic oxygen with water (reac-
tion 4) [1, 3], the other is the decomposition of ozone in water (reactions 5–10). As 
known from the literature, [12–16] this second process is favored at basic pH values.

Experiments of ozonation of t-BuOH alone (5.0 × 10–4 M) were carried out in our group 
at different pH values to verify under which conditions of pH ozone is efficiently converted 
into OH radicals. The results show that in ozonation experiments t-BuOH reacts only at pH 
11, suggesting that at pH 1.8 and 7.0 no significant amounts of •OH are produced from ozone. 
Thus, we concluded that the conversion of t-BuOH observed in plasma treatment experiments 
at pH 1.8 and 7.0 is due to OH radicals produced directly by the discharge [11].

In this paper we report and discuss the results obtained in comparative experiments 
of ozonation and direct plasma treatment within the same experimental apparatus, the 
DBD reactor described previously [8]. For ozonation experiments the DBD discharge 
was kept off and ozone was produced by an external ozonizer and introduced into the 
reactor diluted within a flow of air to match the ozone concentration of the corre-
sponding experiment with direct plasma treatment. This mode of operation is named 
ex-situ discharge as opposed to the in-situ discharge employed for direct plasma treat-
ment. The experiments were performed using maleic acid and fumaric acid as test 
organic pollutants because their properties and reactivities are very well known in 
particular with regard to reaction with oxidants, including notably ozone and the 
hydroxyl radical [18–21]. This is not surprising since they are important degrada-
tion intermediates formed in the oxidation of phenol and of the majority of aromatic 
compounds [8, 22, 23]. The goal of this work was not so much to demonstrate the 
greater intrinsic efficacy of in-situ with respect to ex-situ discharge, but rather to take 
advantage of the extensive knowledge available on ozonation reactions to gain mech-
anistic insight into the plasma activated advanced oxidation, specifically about the 
relative contributions of OH radical and of ozone attack. The experimental degrada-
tion curves were matched by considering a simple kinetic model to verify the validity 
of the assumptions.
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Experimental

Materials

Maleic and fumaric acids and H2SO4 were purchased from Sigma-Aldrich, NaH2PO4·H2O, 
Na2HPO4·12H2O, Na3PO4·12H2O, NaHCO3, and Na2CO3 from Carlo Erba Reagenti. 
Ultrapure grade water (milliQ water) was obtained by filtration of deionized water with 
a Millipore system. Pure air used in the experiments was a synthetic mixture (80% nitro-
gen–20% oxygen) from Air Liquide with specified impurities of CnHm (< 0.5 ppm).

Experimental Apparatus

The experimental apparatus employed in the experiments was described in a previous 
report [6]. Briefly, the reactor is a glass vessel (internal dimensions 95 × 75 mm and 60 mm 
height) and has a teflon cover with four passing electrodes of stainless steel which sup-
port two parallel wires of 75 mm length and 0.15 mm diameter fixed upon their tips. The 
wires, made of stainless steel, are placed at a distance of 38 mm between each other and 
are kept above the aqueous solution. Volume and depth of the treated solution were 70 mL 
and 0.98 cm, respectively. The outside surface of the reactor base is covered with a film of 
silver and connected to a grounded plate. The reactor is powered with an AC high voltage 
transformer with 16.5–18 kV and a frequency of 50 Hz.

During the plasma treatment experiments, the voltage was maintained constant and 
voltage and current profiles were monitored with a digital oscilloscope (TDS5032B, band-
width 350 MHz, sample rate 5 Gs/s) to assure the reproducibility of the electrical condi-
tions. A flow of air of 30  mL  min−1 was allowed through the reactor and the discharge 
occurred in the gas phase above the liquid surface. To minimize evaporation phenomena 
from the solution to be treated, the air was humidified to RH 100% by passing it through a 
water bubbler placed before the reactor.

During the ozonation experiments, the electrical discharge was left off and the reactor 
was used as a simple vessel. Ozone was produced by an ozonizer (GAIOFISH 100) and a 
flow of 30 mL min−1 of air containing 1050 ppm of ozone was allowed through the reactor. 
The solution was magnetically stirred.

Experimental Procedure

Solutions of maleic or fumaric acids 5.0 ×  10−4 M and of their mixture (2.5 ×  10−4 M 
each) were prepared in H2SO4 1.7 × 10−2 M (pH 1.8), NaHCO3 4.4 × 10−3 M (pH 7.0), 
Na2CO3 4.4 × 10−3 M (pH 10.0) and Na2HPO4/Na3PO4 2.5 × 10−2 M (pH 11.3). A volume 
of 70 mL was subjected to plasma treatment or ozonation. The efficiency of the decompo-
sition process was determined by measuring the conversion of the acids as a function of 
treatment time. To this end, at desired reaction times a 0.5 mL aliquot of the treated solu-
tion was withdrawn and analyzed by HPLC (Shimadzu LC-10AT pump with a UV–Vis 
Shimadzu SPD-10 detector). A Zorbax-SB 150x4.6 i.d. mm column (Agilent Technolo-
gies) was used with aqueous phosphate buffer 20 mM at pH = 2 containing 1% acetonitrile 
as eluent. The elution was followed at 210 nm. Relative uncertainty on the measured con-
centration was estimated to be ± 2.5%.

In the case of ozonation experiments, to achieve an interaction of ozone with the organic 
compounds as similar as possible to that which takes place in the plasma-induced process, 
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the same reactor used in the experiments with plasma was employed, the concentration of 
ozone was adjusted to be equal to that produced by the DBD discharge (1050 ppm) and 
ozone was not bubbled into the solution but simply flowed above the water surface at the 
same flow rate employed in the experiments with plasma, while the solution was magneti-
cally stirred.

Results and Discussion

Maleic and fumaric acids are geometrical isomers, characterized by similar but well dis-
tinct properties, especially with regard to acid dissociation equilibria and reactivity towards 
OH radicals and ozone. Relevant data  for the work described here are summarized in 
Table  1. The relative contributions of the three possible species for maleic and fumaric 
acids (undissociated acid, mono-dissociated acid and fully dissociated acid) depend on the 
pKa of the acid and on the solution pH.

The solution pH affects not only the speciation of the organic acids but also the lifetime 
and amounts of the reactive species present into the system during the plasma treatment. 
Therefore, the effect of the solution pH was investigated systematically by performing 
experiments in buffered solutions at pH 1.8, 7.0, 10.0 and 11.3, obtained, respectively, by 
addition of H2SO4, NaHCO3, Na2CO3 and of a mixture of Na2HPO4 and Na3PO4. Sulphate 
ions SO4

2− generated by the dissociation of sulphuric acid can be considered unreactive 
in the system in exam, while bicarbonate and carbonate ions are known quenchers of OH 
radicals [12, 20]. However, it was demonstrated previously in experiments with phenol as 
the organic contaminant, that, in the reactor  used in this investigation, at pH around 7–8, 
the type and concentration of the buffer used does not affect significantly the degradation 
rate [9]. In contrast, experiments with t-BuOH show that carbonate 4.4 × 10–3 M used to 
obtain pH 10.0 does act as a competitor for OH radicals (data not shown). Indeed, the rate 
constant for the reaction of carbonate with OH radicals, equal to 3.9 × 108 M−1 s−1 [20], is 
about 50 times higher than that of bicarbonate.

To distinguish the role of ozone among the reactive species formed in the plasma-
liquid system and involved in the process, the results obtained in plasma treatment 

Table 1   Kinetic constants for reaction of maleic acid, fumaric acid and phenol in their various ionization 
states (undissociated, monoanion and dianion) with ozone and with OH radical

Compound pKa k
O

3
 (M−1 s−1) kOH (M−1 s−1)

Undissociated Monoanion Dianion

Maleic acid 1.6, 6.1 1.4 × 103 [21] 4.2 × 103 [21]  ~ 7 × 103 [21] 6 × 109

(pH 4–10.5) [20]
1 × 103 [18] 5 × 103 (pH 6) [18]

2.4 × 104 [19]
Fumaric acid 3.0, 4.4 8.5 × 103 [21] 2.65 × 104

(pH 3.1) [21]
 ~ 6.5 × 104 [21] 6 × 109

(pH 4–10.5) [20]
6 × 103

(pH 2) [18]
1 × 105 (pH 5) [18]

Phenol 9.9 1.3 × 103 [18] 1.4 × 109 [18] 8.41 × 109 (phenol) [24]
9.6 × 109 (phenoxide) [20]
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were compared with those achieved in ozonation experiments. In ozonation experi-
ments, the same reactor used in the experiments with plasma was employed and the 
concentration of ozone in air was adjusted to be equal to that produced by the DBD 
discharge (1050  ppm). Moreover, the ozone containing air was not bubbled into the 
solution but simply allowed to flow above the water surface at the same flow rate 
employed in the experiments with plasma, to achieve an interaction of ozone with 
water and with the organic compounds as similar as possible to that which takes place 
in the plasma-induced process. However, in the case of plasma treatment the effect of 
‘ion wind’ was clearly evident on the water surface, thus mixing the solution, while, 
when ozonation was performed under static conditions, the decay of the organic com-
pounds proceeded irregularly. For this reason, the ozonation experiments reported in 
the paper were all carried out by magnetically stirring the solution and it was assumed 
that the two mixing conditions have a comparable effect also in enhancing the contact 
surface between ozone and the solution.

Experimental Results

The experimental data relative to the degradation of maleic acid are shown in Fig. 1, in 
which relative concentrations C/C0 (where C and C0 are the residual and the initial con-
centrations, respectively) are plotted against the treatment time. The left-hand side panel 
refers to the plasma treatment, whereas the right-hand side panel refers to ozonation. The 
symbols are the experimental outcomes while the solid lines are the interpolating curves 
obtained from the best match between the data and the basic kinetic model presented in 
Sect. "Kinetic Model and Data Elaboration". A preliminary analysis revealed, indeed, that 
the experimental data cannot be fitted by a simple monoexponential decay, as was instead 
the case for all the organic pollutants previously tested in the present reactor [8–10, 25–27] 
and for most plasma-induced degradation processes described in the literature [28]. Thus, a 
simple but physically plausible model was developed, as described later.

From the experimental data reported in Fig. 1, the half-life time of the organic contami-
nant was obtained graphically for each experiment (Table 2). It is evident that the degrada-
tion rate of maleic acid increases in the order pH 1.8 < pH 7.0 ≈ pH 10.0 << pH 11.3, both 
in plasma treatment and ozonation. Moreover, comparing the half-life times obtained in 
plasma treatment and ozonation, it is evident that plasma is more efficient than ozonation 
under all pH conditions tested.

Taking into account the results obtained previously with t-BuOH [11], described in the 
introduction section, it is hypothesized that the decomposition of maleic acid induced by 
ozonation at pH 1.8 and 7.0 is due only to reaction of the acid with ozone, while at pH 
11.0 the contribution of the reaction with OH radicals formed from the decomposition of 
ozone becomes prevalent. Considering that the rate constant of the reaction of •OH with 
maleic acid is six orders of magnitude higher than that with ozone (Table 1), this conclu-
sion explains why at pH 11.0 the decomposition of maleic acid proceeds faster than at 
acidic and neutral pHs (Table  2). On the contrary, the slight increase in the rate of the 
process observed at pH 7.0 with respect to pH 1.8 (Table 2) can be related to the different 
dissociation state of maleic acid at these two different pH values (pKa1 = 1.6, pKa2 = 6.1) as 
the rate constants of the reaction with ozone of the undissociated acid, the monoanion and 
the dianion (Table 1) are different: at pH 1.8 maleic acid is about half undissociated and 
half mono-dissociated, while at pH 7.0 it is almost completely doubly dissociated.



1715Plasma Chemistry and Plasma Processing (2023) 43:1709–1729	

1 3

In the case of plasma treatment, the dependence of the process rate on pH is analogous 
to that observed in the case of ozonation. Considering that the reaction of •OH with maleic 
acid is independent on pH, it is concluded that the main contribution to the decomposition 

Fig. 1   Degradation of maleic acid (5 × 10–4 M) in aqueous solution at pH 1.8, 7.0, 10.0 and 11.3 by plasma 
treatment (left-hand side panels) and ozonation (right-hand side panels). The symbols are the experimental 
data points and the curves are the best fits using the model (see the text for details)
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of maleic acid induced by plasma at pH values of 1.8 and 7.0 is due to ozone; OH radicals 
participate to the oxidation process determining an increase in efficiency with respect to 
simple ozonation but are not responsible for the main process.

The results obtained at pH 10.0 deserve a special comment. Previous experiments 
allowed us to conclude that bicarbonate used in 4.4 × 10–3 M concentration to obtain pH 
7.0 is not able to compete for OH radicals [9], whereas we have verified that carbonate, 
used at the same 4.4 × 10–3 M concentration to obtain pH 10.0, does act as a competitor 
for OH radicals (not shown). This competition thus explains why the results obtained at pH 
10, in the HCO3

−/CO3
2− buffer, both in ozonation and plasma treatment, differ significantly 

from those obtained at pH 11.3, in the HPO4
2−/PO4

3− buffer, also if the dissociation state 
of maleic acid is the same at these two pH values. In the experiments at pH 10, therefore, 
the rate of maleic acid degradation is affected by the effective competition for OH radicals 
by one of the buffer species. These results highlight the complexity of pH effects in this 
system, specifically showing the interplay between effects on substrate reactivity, by deter-
mining its ionization state, and on reactive species distribution and density.

The oxidative removal of fumaric acid induced by plasma treatment and by ozonation at 
different pH values is shown in Fig. 2. As in the case of maleic acid, degradation induced 
by plasma treatment is faster than ozonation. This can be seen in Table 2 but at pH 10.0 
and 11.3 half-life times obtained in plasma and ozonation are not significantly different. 
However, evidence that plasma treatment is faster than ozonation is found considering the 
residual concentration of fumaric acid after 60 min, which in the case of ozonation is twice 
that obtained in plasma treatment. The order of reactivity as a function of pH, based on 
fumaric acid half-life time, is pH 1.8 < pH 7.0 ≈ pH 10.0 ≈ pH 11.3 in both plasma treat-
ment and ozonation. This order reflects the ionization state of fumaric acid which is undis-
sociated at pH 1.8 while it is completely dissociated at pH 7.0, 10.0 and 11.3 (pKa1 = 3.0, 
pKa2 = 4.4). As in the case of maleic acid, the higher decomposition rates obtained in the 
oxidation induced by plasma can be ascribed to the additional contribution of OH radicals 
produced by the electrical discharge. On the contrary, at pH 11.3 the conversion of ozone 
to •OH does not induce any significant increase in the decomposition rate of fumaric acid 
either in ozonation or in plasma treatment, as is instead observed in the case of maleic acid. 
This can be ascribed to the higher reactivity of fumaric acid with ozone with respect to 
that of maleic acid (Table 1), probably making the contribution of attack by ozone equally 
important as that by OH radicals.

Degradation of maleic and fumaric acid induced by plasma treatment and ozonation 
was then studied using a 1:1 mixture of the two compounds. It is known that the decom-
position efficiency of a compound treated individually in a plasma system depends on its 

Table 2   Observed half-life time for the degradation of maleic and fumaric acids treated individually in 
plasma and ozonation experiments under various pH conditions

Experimental conditions t1/2, min

Maleic acid Fumaric acid

Plasma Ozone Plasma Ozone

pH 1.8 (H2SO4 1.7 × 10–2 M) 70 110 45 73
pH 7.0 (NaHCO3 4.4 × 10–3 M) 62 79 15 29
pH 10.0 (Na2CO3 4.4 × 10–3 M) 59 87 24 27
pH 11.3 (Na2HPO4/Na3PO4 2.5 × 10–2 M) 24 40 24 25
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initial concentration, C0, the rate usually decreasing with increasing C0. This phenom-
enon is due to competition for the reactive species by reaction products/intermediates 
generated from the original compound [25] and is to be taken in due consideration when 

Fig. 2   Degradation of fumaric acid (5  ×  10–4  M) in aqueous solution at pH 1.8, 7.0, 10.0 and 11.3 by 
plasma treatment (left-hand side panels) and ozonation (right-hand side panels). The symbols are the exper-
imental data and the curves are the best fits using the model (see the text for details)
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comparing the reactivity of a compound measured when treated alone and in mixture 
[29]. In the experiments performed with mixtures of maleic and fumaric acids, the ini-
tial concentration of each of the compounds was thus halved with respect to the experi-
ments in which each was treated as single component. In general, when two compounds 
are treated in mixture three different scenarios are possible:

	 (i)	 the two organic compounds react with different oxidizing species, thus they do not 
influence each other. The kinetic constants obtained in the experiments in mixture 
are equal to those obtained when the compounds are treated individually at the same 
initial concentration;

	 (ii)	 the two organic compounds react with the same oxidizing species, thus their com-
petition for it (or them) can be evaluated by comparing the rates observed in the 
experiments carried out with mixtures with those obtained in experiments carried 
out with single compounds, each treated at a double initial concentration than used 
in the mixtures. Specifically, the rate of reaction observed for compound A when 
treated in mixture with B, each with an initial concentration of 2.5 × 10–4 M (com-
petition between Compound A 2.5 × 10–4 M + Compound B 2.5 × 10–4 M), was 
compared with that observed when A was treated alone at an initial concentration of 
5.0 × 10–4 M (a situation which can be viewed in this context as a “self-competition”, 
i.e. Compound A 2.5 × 10–4 M + Compound A 2.5 × 10–4 M). Similarly for com-
pound B;

	 (iii)	 the decomposition efficiency of the organic compounds increases or decreases when 
they are treated in mixture because one of them or a species originating from one of 
them reacts with the other.

Due to the very similar structures of maleic and fumaric acids and to the available 
data on their reactions with ozone and OH radicals (Table 1), case (ii) is expected.

The decomposition curves obtained in the experiments of plasma treatment and ozo-
nation of the 1:1 mixture of maleic and fumaric acids are reported in Fig. 3.

It can be seen that at pH 1.8 and 7.0 the concentration vs reaction time profiles of 
these acids change dramatically when they are treated in mixture: in particular, the 
decomposition of maleic acid shows an induction period in which its reaction is slowed 
down by the presence of fumaric acid followed by an acceleration when fumaric acid 
has been largely degraded. At first, the hypothesis of an isomerization reaction between 
the two compounds was considered to explain this particular behavior, but ruled out 
since no significant amount of the other isomer was detected in the experiments per-
formed with only one of the acids. Moreover, in the literature it is reported that ozona-
tion does not induce the isomerization of maleic and/or fumaric acid in water [21]. The 
data were thus interpreted considering the model presented in Sect. "Kinetic Model and 
Data Elaboration".

The unusual competition effect observed for the mixture was never seen before in 
experiments with mixtures of organic compounds treated together in this reactor or in a 
companion larger prototype (7-wires) [10, 29]. To gain insight into this peculiar behavior 
observed with maleic and fumaric acids, additional competition experiments were run in 
which each was treated in equimolar mixture with phenol, which, as stated before, is the 
prototypal organic pollutant used to test advanced oxidation processes in general and, spe-
cifically, our plasma reactors. The results, reported in Fig.  4, show regular decay for all 
treated compounds with no evidence, specifically, of an initial induction period in the reac-
tion of maleic acid.
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Fig. 3   Degradation of a 1:1 mixture of maleic and fumaric acids (2.5 × 10–4 M each) in aqueous solution at 
pH 1.8, 7.0, 10.0 and 11.3 by plasma treatment (left-hand side panels) and ozonation (right-hand side pan-
els). The symbols are the experimental data (full circles for maleic acid, empty circles for fumaric acid) and 
the curves are the best fits using the model (see the text for details)
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Kinetic Model and Data Elaboration

Kinetic Model

In order to account for the experimental profiles, a kinetic model was built on the basis of 
a few assumptions. Let Vg and Vl be the volumes of the gas and liquid phases, respectively, 
within the reactor. First, it is assumed that a reactive species Xg is produced at constant 
source rate S in the gas phase. Due to advection through the reactor, Xg has a certain resi-
dence time τg in the gas phase given by the ratio Vg∕Fg , where Fg is the volumetric flow 
of gas phase. The species Xg is also transferred into the liquid phase. We assume that the 
mass transfer flow of Xg in the direction gas-to-liquid through the whole surface of con-
tact (moles per unit of time) is proportional to the concentration of Xg in the gas phase, 
with an effective proportionality coefficient ρgl (having physical dimensions of volume over 
time) that depends on the physical mechanism of transfer and on the area of the contact 
surface. In the liquid phase, the species can persist as Xg and react with the compound M 
or it can quickly and quantitatively convert into a different species that then reacts with M. 
Comprising both possibilities, such a reactive species is indicated with X. If X coincides 
with Xg, the species is allowed to return back into the gas phase and the mass-transfer flow 
through the whole contact surface is assumed proportional to the concentration of Xg in the 
liquid phase with proportionality coefficient ρlg. On the contrary, if X differs from Xg, the 
transfer into the gas phase is ignored (i.e., �lg = 0 in what follows) or possibly incorporated 
in the irreversible decomposition (“global sink process”) of X.

As pointed out in “Appendix A”, the effective coefficients �gl and �lg depend on the 
geometry of the reactor (both are proportional to the contact area A between gas and liq-
uid), on the operative modality, and on some physico-chemical properties of Xg in the gas 
and liquid phases at the interface. Note that, at the level of our basic model, the kind of the 
transfer mechanism is not specified (although the transfer via diffusion in stagnant films is 
the most plausible one, at least in the ozonation modality). Therefore, a specific interpreta-
tion of �gl and �lg is not required, provided that the rate Eqs. (A1) and (A2) are applicable.

In solution, the species X attacks M according to M + X → … where the dots stand 
for a product species that can further react with X generating a cascade of other inter-
mediates each reacting with X up to a termination process. Finally, it is assumed that X 
is irreversibly quenched via a first-order process. Figure 5 depicts the global scheme and 

Fig. 4   Plasma treatment of equimolar mixtures of: a phenol and maleic acid (each 2.5 × 10–4 M) and b phe-
nol and fumaric acid (each 2.5 × 10–4 M) in aqueous solution at pH 7.0
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sets the notations. In the modelling it is assumed that steady-state conditions are rapidly 
attained for both X in solution and Xg in the gas phase.

The details of the model are provided in the Appendix. In what follows we summa-
rize the outcomes of the elaboration, distinguishing the case of a single species M (i.e., 
fumaric acid alone or maleic acid alone) from the case of mixtures of two species MA 
and MB.

Degradation of Single Species

Let C(t) be the volumetric (molar) concentration of the species M at time t, and C0 its 
initial concentration. As shown in the first section of Appendix A, the evolution of C(t) 
is approximately described by the following differential equation:

where σ and ε, which have physical dimensions of an effective rate constant and of an 
inverse-of-concentration, respectively, turn out to be related to the kinetic parameters of the 
model (see Fig. 5) as follows:

and

(11)
dC(t)

dt
= −

� C(t)

1 + �C(t)

(12)� =
kX �g �gl

�lg + k
deg

X
Vl

(

1 + �g�gl∕Vg

)

S

Fig. 5   The kinetic scheme. The species X (the reactive species in solution) can coincide with Xg produced 
in the gas phase or can be a different species which is quickly and quantitatively generated from Xg in solu-
tion. In the latter case, the transfer coefficient from liquid phase to gas phase (ρlg) has to be set equal to 
zero. The dots stand for intermediate species or waste products that are irrelevant in the model
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Note that both σ and ε linearly depend on the degradation rate constant kX, and that σ 
is also proportional to the source rate S. The integration of Eq. (11) yields the following 
equation that implicitly specifies the concentration C(t) at the generic time:

Equation (14) tells us that the temporal decay of C is not monoexponential. The simple 
mono-exponential decay is obtained only in the limit C0 ≪ 𝜀−1 . In other words, if one tries 
to fit the profile of C versus t with a monoexponential decay, the procedure would yield 
an apparent C0-dependent effective decay rate that asymptotically tends to level off to the 
value σ as C0 is smaller and smaller. However, it is interesting to note that an approx-
imate monoexponential decay is always predicted for the long-time limit tail regardless 
of the value of ε. Indeed, in the long-time limit the approximate solution of Eq.  (14) is 
C(t) ≅ C0e

�C0e−�t.
The effectiveness of Eq.  (14) has been tested for fumaric and maleic acids under the 

various pH conditions, both for ozonation and plasma treatment. In each case, the best 
parameters ε and σ have been determined by means of a ‘fitting procedure’ based on the 
minimization of an objective function (OF) built on the basis of the experimental data tak-
ing the summation of the squares of the difference between the two members of Eq. (14) at 
each time. The best estimates of ε and σ have been obtained by means of a scan on a grid 
of values.

Table 3 collects the best values of ε and σ obtained for each of the experimental conditions. 
We do not provide uncertainties on the parameters since the fitting procedure implemented 
here is unconventional and an objective quantitative assessment of the likelihood has still to 
be devised. What can be said is that the objective function revealed to be very sensitive to 
the variation of σ, but less sensitive to the variation of ε. This means that σ is determined in 

(13)� =
kX Vl

(

1 + �g�gl∕Vg

)

�lg + k
deg

X
Vl

(

1 + �g�gl∕Vg

)

(14)�
[

C0 − C(t)
]

− ln
C(t)

C0

= � t

Table 3   Parameters σ and ε from the best matching between model and experimental data for the degrada-
tion of single species (fumaric acid 5 × 10–4 M or maleic acid 5 × 10–4 M) by means of plasma treatment or 
ozonation at several pH values

pH σ of maleic acid 
(min−1)

ε of maleic acid (M−1) σ of fumaric acid 
(min−1)

ε of fuma-
ric acid 
(M−1)

Plasma treatment
 1.8 0.060 1.5 × 104 0.11 1.8 × 104

 7.0 0.052 9.4 × 103 0.068 1.5 × 103

 10.0 0.022 2.4 × 103 0.087 5.8 × 103

 11.3 0.051 2.1 × 103 0.086 4.5 × 103

Ozonation
 1.8 0.016 4.8 × 103 0.033 7.0 × 103

 7.0 0.016 2.5 × 103 0.060 4.3 × 103

 10.0 0.0087 3.9 × 102 0.036 1.3 × 103

 11.3 0.028 1.9 × 103 0.074 4.8 × 103
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a relatively sharp way, while a greater uncertainty is expected to bear on ε. A proper sensitiv-
ity analysis with respect to σ and ε, and also with respect to the form of the OF, is beyond the 
scope of this work whose main goal is showing that a minimal kinetic model can explain the 
experimental trends with few effective parameters. With ε and σ at disposal, Eq. (14) was then 
employed to generate the best-matching profiles of C(t)∕C0 shown in Figs. 2 and 3. As can be 
seen, there is a qualitative well matching between the experimental data and calculated pro-
files also taking into account the experimental error bars.

Since σ is proportional to kX, it could be expected that σ values reflect the trend of t1/2 
reported in Table 2 because the experimental setup is the same in all cases (and under the 
assumption that the mass-transfer coefficients �gl and �lg are nearly the same under all condi-
tions tested). Namely, although the kinetic law is not a simple first-order decay, it is expected 
that lower t1/2 are associated with higher σ values. Effectively, the σ values relative to experi-
ments with fumaric acid are all higher than those obtained with maleic acid carried out under 
the same conditions, and σ values relative to experiments of ozonation are all lower than in 
the corresponding experiments of plasma treatment. On the other hand, the σ values obtained 
under different pH conditions do not follow the observed monotonic order of reactivity 
deduced from t1/2. Unfortunately, the uncertainty that bears on σ, and the fact that the values 
are relatively close to each other, do not allow us to establish if the non-monotonic trend of 
the σ values is a real (physical) fact or if it is merely due to the limits of the fitting procedure. 
However, the important fact to note is that our basic two-parameter model fits well the experi-
mental data. This leads us to believe that the underlying hypotheses are valid, in particular that 
at a given pH only one main reactive species is active.

Binary Mixtures

In the case of the binary equimolar mixture of maleic and fumaric acids, indicated as MA 
and MB, under the assumptions made in Sec. "Experimental Results", the evolution of the 
concentrations can be described by the following system of differential equations:

where the parameters σA and σB are defined exactly as in Eq.  (12) with reference to the 
MA and MB reactants, while the parameters εA and εB are defined as in Eq. (13). The inte-
gration of Eqs. (15) is analytical. For the sake of notation, the dimensionless quantities 
xA(t) = CA(t)∕CA,0 and xB(t) = CB(t)∕CB,0 are introduced. In the second section of Appen-
dix A it is shown that xA is implicitly defined, at each time, through the following equation

and that the companion quantity xB is given by

Ultimately, three parameters have to be determined from the best-matching with 
the experimental data: �A , �A and �B . As for the solutions of single compounds, these 

(15)

dCA(t)

dt
= −

�A CA(t)

1 + �A CA(t) + �B CB(t)

dCB(t)

dt
= −

�B CB(t)

1 + �A CA(t) + �B CB(t)

(16)�A CA,0

(

1 − xA
)

− ln xA + �ACB,0

(

1 − x
�B∕�A

A

)

= �A t

(17)xB = x
�B∕�A

A



1724	 Plasma Chemistry and Plasma Processing (2023) 43:1709–1729

1 3

parameters have been determined through the minimization of an objective function built 
with the experimental data. With �A , �A and �B at disposal, Eqs. (16)–(17) were used to 
generate the profiles of CA(t)∕CA,0 and CB(t)∕CB,0 . Clearly, the assignment of the labels ‘A’ 
and ‘B’ to fumaric or maleic acid is irrelevant (in the numerical analysis here performed, 
‘A’ was assigned to fumaric acid and ‘B’ to maleic acid). Table 4 collects the parameters 
obtained from the best-matching route. We must stress that the uncertainty on the ‘fitting’ 
outcomes is here much higher than in the case of the single species since the number of 
parameters was increased from two to three. As a consequence, the outcomes show an 
irregular trend and high variations that make it difficult to attribute a change of σ and/or ε 
exclusively to the different experimental conditions. In spite of this, some qualitative and 
provisional argumentations can be made.

Figure 3 shows that the experimental data are qualitatively well-matched by the devel-
oped model, also considering the experimental error bars. This means that, to explain the 
S-shape of the degradation curve of maleic acid observed at pH 1.8 and 7.0 both in plasma 
treatment and ozonation, it is not necessary to consider additional processes (e.g. isomeri-
zation) possibly taking place into the system besides the ones reported in Fig. 5. Moreover, 
the observation of the S-shape of the maleic acid curves is observed under the two pH 
conditions, pH 1.8 and 7.0, in which the main reactive species is considered to be the same, 
i.e. ozone, as discussed in Sect. "Experimental Results", reinforcing the hypothesis itself. 
When treated in mixture, maleic and fumaric acid compete for ozone, which is evidently 
in large defect with respect to the reactants, and fumaric acid prevails in the competition 
thanks to its higher reactivity with ozone (Table 1). Comparing plasma treatment and ozo-
nation at the same pH, degradation is faster in plasma treatment than in ozonation and, 
accordingly, σM and σF are higher in plasma treatment; this can be explained, as in the case 
of experiments with the single compounds, considering the contribution to the oxidation 
activated by plasma due to OH radicals produced by the electrical discharge.

At pH 11.3 the decomposition of ozone into OH radicals, which react at the same rate 
with maleic and fumaric acids, induces a change in the shape of the degradation curve of 
maleic acid. However, if •OH were the only reactive species, the same degradation rate 
would be observed for the two acids. The fact that maleic acid is degraded more slowly 
evidences some contribution by O3 also at basic pH.

At pH 10.0, the competition of carbonate for the OH radical complicates further the sys-
tem. The rather large difference in reactivity observed between maleic and fumaric acids 
indicates a strong contribution of ozone, while the higher reactivity of both acids in plasma 

Table 4   Parameters σ and ε 
from the best-matching between 
model and experimental data 
for the degradation of a 1:1 
binary mixture of fumaric acid 
(subscript ‘F’) 2.5 × 10–4 M 
and maleic acid (subscript ‘M’) 
2.5 × 10–4 M by means of plasma 
treatment or ozonation at several 
pH values

pH σM (min−1) εM (M−1) σF (min−1) εF (M−1)

Plasma treatment
 1.8 0.076 1.2 × 104 0.24 3.8 × 104

 7.0 0.045 4.7 × 103 0.40 4.2 × 104

 10.0 0.017 4.8 × 102 0.058 1.7 × 103

 11.3 0.040 1.7 × 103 0.070 2.9 × 103

Ozonation
 1.8 0.017 4.8 × 103 0.064 1.8 × 104

 7.0 0.025 3.5 × 103 0.32 4.6 × 104

 10.0 0.0077 10 0.030 40
 11.3 0.022 9.7 × 102 0.046 2.0 × 103
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treatment with respect to ozonation indicates that carbonate competes for OH radicals but 
does not completely quenches them.

In conclusion, the simple model adopted here achieved a remarkable fit of all experi-
mental data in spite of its simplifying assumptions, such as the attainment of stationary 
conditions. For instance, the details of the mass transfer at the gas–liquid interface are not 
here taken into account in detail, whereas several studies stressed the importance of con-
sidering the occurrence of chemical reactions both in the surface film and in the bulk liq-
uid phase [30, 31], and of focusing on the interplay between chemical reaction and mass-
transfer rate [32]. Interestingly, the assumption of a single reactive species proved effective 
as a work hypothesis, despite the fact that both ozone and OH radicals are expected to be 
involved in these processes. This leads to the interesting conclusion that, depending on 
the pH conditions, one reactive species prevails, ozone under acidic conditions and OH 
radicals under basic conditions. The results of competition experiments with phenol are 
consistent with this proposal (Fig. 4). It is seen indeed that the degradation of maleic acid 
carried out in the presence of an equimolar amount of phenol does not show an induction 
period, as is found instead in competition experiments with fumaric acid. This is because 
the main route of phenol degradation does not involve attack by ozone but by OH radicals 
[11]. So, while fumaric acid competes very effectively with maleic acid for ozone, phenol 
does not. In Table 1 rate constants for reaction of undissociated phenol and of phenoxide 
anion with O3 and •OH are reported. Interestingly, at acidic pH phenol reactivity is very 
similar to that of maleic acid but its rate constant with OH radical is instead significantly 
higher than that of maleic and fumaric acids.

Conclusions

The following conclusions can be drawn:

•	 it is demonstrated that, with respect to ozonation, direct plasma treatment achieves 
faster oxidation of maleic acid and fumaric acid, an effect attributed to the possible 
engagement of OH radicals produced by the discharge in addition to those derived from 
ozone itself;

•	 under all conditions tested, fumaric acid is more reactive than maleic acid. Since both 
react with OH radicals at the same rate, whereas the reaction with ozone is faster for 
fumaric acid than for maleic acid, the important role of direct attack by ozone in bring-
ing about the degradation of both compounds under acidic and neutral pH conditions is 
unveiled;

•	 the prevalent role of direct attack by ozone under acidic and neutral pH conditions 
is also evident in the results of experiments in which maleic and fumaric acids were 
treated together in equimolar amounts, showing an induction period for the reaction of 
maleic acid;

•	 a simple kinetic model was developed, based on the assumptions, among others, that 
steady-state conditions are rapidly attained and that a single reactive species is respon-
sible for the degradation of the compounds in solution. In spite of its simplicity, the 
model proved capable of accounting for the experimental data, suggesting that the rel-
evant physical features of the process are captured. Specifically, it supports the con-
clusion that, depending on the solution pH one reactive species prevails, ozone under 
acidic conditions and OH radicals under basic conditions;
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•	 The results of competition experiments with phenol provide support for the conclusion 
that direct attack by ozone is important in the degradation of both maleic and fumaric 
acids in experiments of plasma treatment at neutral pH. Thus, no induction period was 
observed in the reaction of either maleic or fumaric acids treated in competition with 
phenol, a compound which was shown earlier to react via prevalent attack by OH radi-
cals [11].

Appendix A

Degradation of Single Species

Let us indicate with Xg the reactive species introduced/produced in the gas phase with a 
given source rate S, and let X be the reactive species that in solution does degrade the com-
pound M (either maleic or fumaric acid). Let us bear in mind that Xg and X might be the 
same species, or Xg could be the precursor of X; in the latter instance, we assume that X is 
immediately generated by Xg as soon as Xg passes from the gas phase to the solution.

Following the conventional notation, let us adopt square brackets to indicate the volu-
metric concentration of a species. Under the assumption of well-mixed bulk phases, we 
can adopt standard mass-action rate equations for the evolution of the concentrations. By 
taking into account the kinetic processes sketched in Fig. 5 (to which we address for the 
notation), the rate equations for the reactive species read

and

The transfers of the reactive species from gas to liquid, and viceversa, are treated as 
first-order processes. The division of the last two terms on the right-hand-side of Eq. (A1) 
by Vg (volume of the gas phase) is required for turning from the quantity of species trans-
ferred through the whole gas–liquid contact surface per unit of time, to the associate rate of 
variation of the concentration in the gas phase. Similarly, the division by Vl (volume of the 
liquid phase) is required in the corresponding terms on the right-hand-side of Eq. (A2). Let 
us recall that the coefficient ρlg has to be set equal to zero if X differs from Xg. The contri-
bution −[Xg]∕�g that enters Eq. (A1) corresponds to the removal by advection due to the 
flowing of the gas phase through the reactor. Here, τg is the residence time of Xg in the gas 
phase under stationary conditions.

Concerning the mass-transfer terms, the effective parameters �gl and �lg depend on reac-
tor’s geometry (both are proportional to the gas–liquid contact area A), on the operative 
modality, and are specific of Xg. Note that our model is generic and an interpretation of �gl 
and �lg is not required. In particular, the physical nature of the transfer mechanism is not 
specified, although the transfer via diffusion in stagnant films is the most plausible one, at 
least in the ozonation modality. In such case, according to standard models of transfer in 
multimedia systems under steady-state conditions, �gl and �lg would be given, respectively, 
by A divided by the global resistances of the double-layer from gas to liquid and from 

(A1)
d[Xg]

dt
= S −

[Xg]

�g

−
�gl

Vg

[Xg] +
�lg

Vg

[X]

(A2)
d[X]

dt
=

�gl

Vl

[Xg] −

(

�lg

Vl

+ k
deg

X
+ kX[M]

)

[X]
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liquid to gas, Rgl and Rlg , which are determined by the diffusion coefficients of Xg in the 
gas and liquid stagnant films, by the thickness of the films, and by the partition constant of 
Xg between the two phases.

Concerning the source rate S of Xg in the gas phase, in the ozonation modality the spe-
cies is introduced with a given concentration [Xg]in , hence S = Fg [Xg]in where Fg is the 
volumetric flow of the gas phase. In the plasma modality, S is controlled the setup parame-
ters of the plasma generation. In writing Eq. (A2) we are implicitly neglecting the possible 
intermediate species that are produced by the reaction of X with M and that further react 
with X up to a termination process. For the degradation of M in solution we have

Let us assume that (quasi) stationary conditions are attained for both Xg in the gas phase 
and X in solution. This corresponds to assume that the concentrations of Xg and X rapidly 
follow the slower evolution of the concentration of M. Such assumption is expected to be 
licit as long as some of the creation/loss processes of X are much faster than the degrada-
tion of M. With this working position, the quasi-stationary concentrations [Xg] and [X] are 
obtained setting d[Xg]∕dt = 0 and d[X]∕dt = 0 in Eqs. (A1) and (A2). Then, by substitut-
ing [X] into Eq.(A3), and recalling the parameters σ and ε defined in Eqs. (12) and (13), 
the effective rate equation Eq. (11) is obtained.

Degradation of Binary Mixtures

The elaboration made in the first section of the Appendix can be straightforwardly adapted 
to the case of two compounds MA and MB that are simultaneously degraded in solution. 
The rate equation (A2) is now replaced by

and two degradation processes have to be taken into account:

By assuming quasi-stationary condition for Xg and X, and substituting the resulting con-
centration [X] in Eq. (A5), the effective rate equations for the evolution of [MA] and [MB] 
are derived. Using the scaled quantities xA = [MA]∕[MA]0 and xB = [MB]∕[MB]0 , the rate 
equations read

and

where the effective rate parameters σA and σB are expressed exactly as in Eq. (12) using the 
specific kinetic rates for the compound MA or MB, respectively. For the sake of notation we 

(A3)
d[M]

dt
= −kX[M][X]

(A4)
d[X]

dt
=

�gl

Vl

[Xg] −

(

�lg
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deg

X
+ kA

X
[MA] + kB

X
[MB]

)

[X]

(A5)
d[MA]

dt
= −kA

X
[MA][X],

d[MB]

dt
= −kB

X
[MB][X]

(A6)
dxA(t)

dt
= −

�A xA(t)

1 + �A xA(t) + �B xB(t)

(A7)
dxB(t)

dt
= −

�B xB(t)

1 + �A xA(t) + �B xB(t)
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have introduced the dimensionless quantities �A = �A [MA]0 and �B = �B [MB]0 , where the 
parameters εA and εB are expressed as in Eq. (13) for MA or MB.

The system of equations (A6) and (A7) can be elaborated by taking into account 
that �

−1
A
d ln xA(t)∕dt = �

−1
B
d ln xB(t)∕dt = −[1 + �A xA(t) + �B xB(t)]

−1 , which implies 
d ln

(

xA(t)
1∕�A∕xB(t)

1∕�B
)

∕dt = 0 , hence the argument of the logarithm is conserved 
in time. Since its value at the time-zero is equal to 1, we get the following relationship 
between the two unknowns:

This relation allows us to get rid of xB. The insertion of Eq. (A8) into Eq. (A6) yields the 
following equation for xA:

By separating the variables we get d[ln xA + �AxA + �B(�A∕�B)x
�B∕�A
A

] = −�A dt . The inte-
gration between time-zero (at which xA(0) = 1 ) and the generic time t yields

Now, let us rewrite the factor �B(�A∕�B) as �A
[

(�A∕�A)∕(�B∕�B)
]

 , and hence as 
�A

(

[MB]0∕[MA]0
)

×
[

(�B∕�A)(�A∕�B)
]

 . Since �B∕�A = kB
X
∕kA

X
 (from Eq.  (13) written for 

the compounds MB and MA and then taking the ratio) and �A∕�B = kA
X
∕kB

X
 (from Eq. (12) 

for MB and MA and taking the ratio), it follows that

By using Eq. (A11) in Eq. (A10) we finally get Eq. (16).
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