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Sustainable development is one of the most important questions in the contemporary 

world. Wastewater treatment and the search for renewable sources of organic products 

are essential, not only in the future but also for present generations. The existing 

conventional methods used for wastewater treatment are not able to meet these 

challenges. There is an urgent need to develop new technologies. Advanced oxidation 

processes (AOPs), based on hydroxyl radical oxidation, are considered as an alternative. 

Gas-phase pulsed corona discharge (PCD) is one the AOPs, wherein active oxidants 

species, mainly OH radicals and ozone, are generated in situ from oxygen and water. This 

thesis is focused on research about the implementation of cold plasma technology, 

specifically PCD, for wastewater treatment and the modification of organic compounds.  

Such a relative new threat for water usage as pharmaceuticals were the main target 

compounds for investigation. Pharmaceutical compounds are present in natural waters 

and their concentration is continuously growing as most of them, especially antibiotics, 

are not biodegradable and can pass through treatment facilities without degradation. 

Additionally, the applicability of PCD technology for thiosulfate abatement was studied. 

Thiosulfates are considered a potential replacement of hazardous cyanides in the leaching 

process of high-value metals. There are a lot of studies about it; however, water’s 

purification from thiosulfates remains unexplored.  

In order to remove pollutants from water in an efficient and environmentally safe manner, 

it is necessary to investigate the behaviour of the target compounds in the field of cold 

plasma. For this purpose, the formation of oxidation by-products and the degradation 

kinetics of target compounds were studied. The study took into account such parameters 

as pH, the initial concentration of the studied components, gas-phase composition, the 

water flow rate and the pulse repetition frequency. Particular attention was paid to the 

effect of the temperature of the treated solution on the oxidation process. Most of the 

studies about the implementation of electrical discharges for wastewater treatment have 

been done at ambient temperature, and experiments at lower or elevated temperatures 

have not been reported in the related literature. 

Furthermore, a great number of studies reported in the literature are focused on research 

wherein only one component is dissolved in water, and aqueous solution systems with 

several components are little studied. Therefore, one of the objectives of this thesis was 



to investigate the effect of the multicomponent system on the oxidation process. Energy 

efficiency was the main evaluation parameter of PCD performance.  

In order to extend the potential application of cold plasma technology as a technology for 

the formation of value-added products, the thesis also includes a study about the treatment 

of lignin by PCD and its influence on lignin structure. Aldehyde formation was observed 

during the treatment and it was found that PCD considerably altered lignin structure and 

made it polymeric or oligomeric with a high number of carboxyl or carbonyl groups. 

Most of the oxidation reactions of the studied pharmaceuticals can be described by an 

exponential function while the thiosulfate concentration decreases at a constant rate over 

time. Experiments with different temperatures have shown that temperature has no effect 

on reaction order. An elevated temperature of 50 °C significantly decreased the energy 

efficiency and reaction speed compared to 20 °C. No differences in oxidation efficiencies 

were observed between the results obtained at room temperature and at 10 °C. Increased 

pulse-repetition frequency significantly accelerates the oxidation process; however, the 

energy efficiency becomes lower at a higher frequency, except for the thiosulfate 

reactions. An atmosphere with a high oxygen content accelerates the oxidation process 

and contributes to less energy consumption. A low oxygen content leads to milder 

oxidation conditions and, along with a higher initial concentration of lignin, it is 

preferable for the conversion of lignin into aldehydes. The sulfamethizole reaction is not 

sensitive to pH changes while, in the case of other studied pharmaceuticals, pH has a 

significant impact. All the intermediates detected during the oxidation process were 

degraded by the end of the treatment, and the qualitative composition of oxidation by-

products does not depend on whether the system is single- or multicomponent. 

Keywords: wastewater treatment, non-thermal plasma, electrical discharge, advanced 

oxidation processes, pharmaceuticals, lignin, hydroxyl radicals, ozone, kinetic, energy 

efficiency, temperature. 
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1 Introduction 

1.1 Background 

Green chemistry and energy, recovering, biorefining, water purification and sustainable 

development are the key fields of research and investments these days and they will be in 

the future. In this regard, it is very important to make every effort to work in these fields. 

The purification of wastewater is becoming more and more important nowadays. 

Industrialisation, as well as the significant increase in population, leads to increases in 

disposal pollutants entering water bodies. Conventional methods used for wastewater 

treatment are not able to effectively remove many classes of pollutants, especially 

refractory and toxic compounds, such as pharmaceuticals, especially antibiotics [1, 2]. 

Ozonation has high removal efficiency regarding any organics, including pharmaceuticals 

[3]. However, ozonation remains an expensive method and this makes it economically 

unviable [4]. 

Using advanced oxidation processes (AOP) as an alternative to these methods is attracting 

more and more of the attention of researchers. The production of hydroxyl radicals in a 

sufficient amount for the chemical oxidation of organics and inorganics contaminants 

under ambient conditions is the main feature of advanced oxidation processes [5]. AOPs 

implemented for wastewater treatment usually include the Fenton process, UV radiation, 

hydrogen peroxide oxidation, photochemical and electrochemical oxidation, and the 

combination of these methods. One of the main advantages of AOPs is the suitability of 

these processes for water purification that involves direct human contact, for example, 

house wastewater reuse. 

Electrical plasma technology is one of the AOPs, and the implementation of this 

technology for wastewater treatment is of great interest due to its environmental integrity, 

high degree of water purification and its energy efficiency. This technology combines 

several chemical and physical processes: the generation of oxidising species and the 

formation of shockwaves, electrohydraulic cavitation and ultraviolet light [6–8]. 

Plasma can be generated by various types of electrical discharges generated either directly 

in water or above the water surface. Consequently, a large variety of reactors and 

electrode configurations have been used. Several studies were made on the degradation 

of organic pollutants by corona discharges [7–9]. Some other studies involving ultra-

short, gas-phase pulsed corona discharge (PCD) and pulsed dielectric barrier discharge 

(PDBD) [10, 11] effectively showed the generation of OH radicals in humid gas and 

concluded that these processes are a viable means of oxidising air pollutants. It is known 

that PDBD shows lower efficiency in the oxidation of refractory and toxic compounds 

compared to PCD. In the PCD method, the discharge is generated in the gas space 

between non-insulated electrodes. The absence of insulation makes the voltage applied to 

the electrodes work on the formation of active oxidative species in the inter-electrode gap 
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instead of charging the insulation. This makes the PCD method a very competitive 

technique among the AOPs for water treatment. 

The oxidation of organics is a difficult and multi-stage process and can lead to the 

formation of by-products which are more toxic than parent compounds. For example, the 

ozone doses used in traditional ozonation are not enough for the removal of these products 

[12, 13]. However, the appearance of intermediates during oxidation offers opportunities 

for the formation of value-added products from waste. In this respect, one of the most 

interesting compounds is lignin. Lignin is one of the most abundant polymers, extracted 

by a cooking process in the pulp industry and mainly used for energy recover via burning. 

Lignin is a polymeric compound consisting of phenolpropane structural units and has the 

potential to become a raw material for the production of various products (phenolic 

substances and aromatic aldehydes). Attempts to form aldehydes from lignin using PCD 

have been made earlier, but the lignin-to-aldehydes conversion rate was insignificant 

[17]. It is still unknown what happens to the lignin’s structure in the field of plasma. The 

knowledge about structural changes to lignin in the field of cold plasma will help to 

optimise the conversion of lignin into a value-added product.  

The range of PCD implementation is not limited to organic oxidation. The scope of the 

current study also includes unpublished material about the oxidation of an aqueous 

solution of thiosulfate. A lot of research has been made regarding the implementation of 

thiosulfate leaching instead of hazardous cyanide leaching [18,19]. However, the 

presence of thiosulfates in water is not acceptable as it leads to the corrosion of sewer 

pipes, eutrophication, silting and hydrogen sulphide formation [20]. The removal of 

thiosulfates from water has received less attention from scientists. Sulphur compounds 

are usually removed by oxidation (chemical or biological oxidation). There are some 

studies about the oxidation of sulphur compounds in the presence of catalysts. However, 

these catalysts are poisonous and hazardous, and their complete recovery after treatment 

is essential [21]. Photo-oxidation has also been studied, but in the absence of catalysts, 

the process requires high energy consumption. That is not economically suitable for a 

large continuous wastewater treatment process [13]. Thiosulfate oxidation by ozone can 

solve the problem. Oxidation with ozone is rapid, and the complete decomposition of 

thiosulfate can be reached without undesirable by-products. However, ozonation remains 

expensive; the high cost of ozone limits the application of ozonation. 

Oxidation by PCD is also rapid, and no by-products are expected at the end of the 

treatment. PCD technology is superior to ozonation due to the higher energy efficiency 

and lower capital investment cost. However, oxidation of thiosulfates by PCD is an 

unknown process – nobody has tried it before. The objective of this research question is 

to investigate the possibility of the implementation of PCD for thiosulfate oxidation and 

the optimisation of the experiment conditions in order to increase energy efficiency. 
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1.2 Problem statement 

It is well known that pharmaceuticals are present in natural water and their concentration 

is steadily growing, especially in recent years [22]. Increasing the concentration is 

conditioned by three main factors: (i) the rapid growth of the global consumption of 

pharmaceutical compounds [23], (ii) the absence of legislation specifically addressing the 

discharge of wastewaters containing pharmaceuticals into water bodies [24] and (iii) the 

incapability of existing municipal wastewater treatment facilities to effectively remove 

medical drugs from water, especially refractory compounds such as antibiotics, and as a 

result, the accumulation of these compounds in water bodies [1, 2]. 

The greater number of studies related to pharmaceutical abatement from water by AOPs 

are carried out with a single compound while the multicomponent system, as well as the 

effect of one compound on another, is not studied comprehensively. The question of how 

the temperature affects oxidation in the field of cold plasma also remains largely 

unanswered. Mainly, when referring to AOPs and especially to AOPs based on electric 

discharges, it is assumed that the treatment process proceeds at the ambient temperature 

of water. In the laboratory scale it is usually around 20 °C, but in real conditions the initial 

temperature of water can vary from 0 °C to 50 °C, for instance due to seasonal variations 

or in industrial processes. 

Based on previous research, the PCD method proved to be an efficient method for the 

abatement of not only organic compounds but also various inorganic compounds. The 

removal of thiosulfates from water has received less attention from scientists, and there 

were no attempts to implement an electrical discharge technology in the purification of 

water from thiosulfates.  

Experiments have also showed that PCD can be used for the formation of value-added 

products from waste, specifically the formation of aldehydes from lignin. However, the 

mechanism of conducting the oxidation process by PCD remains uninvestigated. 

1.3 Objectives  

The main objective of the thesis is to extend the potential application of cold plasma 

technology, specifically gas-phase PCD, by addressing the following research questions: 

 What is the behaviour of pharmaceuticals in the cold plasma field?  

 Does the water temperature have any effect on the oxidation process? 

 How does the presence of more than one pharmaceutical compound in the water 

influence the oxidation process in the PCD reactor? 

 What happens to the lignin structure during oxidation by PCD? Can this 

technology be implemented for lignin’s conversion into aldehydes?  

 Can we use PCD to remove thiosulfates from water? 
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1.4 Outline of the thesis 

This thesis consists of three international publications in peer-reviewed journals and 

unpublished earlier material. The thesis comprises three main chapters. Chapter 2 

provides the basic knowledge about using electrical technology as an AOP for wastewater 

treatment. This chapter describes the types of reactors and the main reaction mechanisms 

and processes, as well as the main factors influencing the processes. Chapter 2 mainly 

focuses on corona discharge reactors since a corona discharge reactor was used in this 

work. Chapter 3 presents the description of the experimental set-up, experimental 

procedure and analysis, as well as ways of calculating the main process evaluation 

parameters. Chapter 4 provides and discusses the results from all the experiments. 

 



19 

2 Electrical discharge for wastewater treatment 

As was mentioned earlier, the conventional water treatment systems are not able to 

efficiently remove contamination, especially emerging contaminants. In regard to this, 

AOPs are attracting more and more attention. Over the last past few years, the pattern of 

the implementation of plasma technology caused by electric discharges has been 

subjected to considerable scrutiny.  

The plasma technology implemented for water treatment includes different chemical and 

physical processes, such as the formation of oxidising species, UV light, shock waves and 

electrohydraulic cavitation [6–8]. Therefore, it is possible to say that plasma technology 

for wastewater treatment combines several AOPs.  

Traditionally plasma methods can be divided into two groups: thermal plasma and non-

thermal plasma methods, also named as cold plasma [8]. Non-thermal plasma is a plasma 

which is not in thermodynamic equilibrium and formed with less delivered energy while 

thermal plasma is associated with high electrical energy. In the case of thermal plasma, a 

high flux of heat is created, and it can be used for the remediation of the most recalcitrant 

waste. However, the non-thermal plasma is a more common technology for wastewater 

treatment due to the low energy consumption, and safer and more reliable operation [25]. 

2.1 Corona discharge reactors 

A corona discharge itself is a relatively low power electrical discharge that occurs at near 

atmospheric pressure. The typical geometry of a corona discharge reactor has two 

electrodes: one is flat or has small curvature, the other is an electrode with high curvature. 

In such a configuration, a uniform electric field is generated on the curved electrode and 

induces a high potential gradient, therefore the corona inception voltage is reduced. The 

form of corona discharge depends on the polarity of the field and configuration of the 

electrodes. In the case of a negative corona, in the point-plate electrode configuration, 

discharges start with the Trichel pulse corona and proceed to a pulseless corona and spark 

discharge as the applied voltage increases. For a positive corona in the same electrode 

configuration, the initial form of discharge is the burst pulse corona, followed by the 

streamer corona, glow corona and spark discharge as the applying voltage increases. If 

the wire-plate configuration is in use, a negative corona discharge may have the form of 

a general, rapidly moving glow or it may be concentrated into small, active “tufts” or 

“beads”. A positive corona discharge may take the form of a streamer moving away from 

the electrode or it can appear as a tight sheath around the electrode [26]. 

Pulsed corona reactors equipped with a pulsed electric generator create a sharp high 

voltage pulse with a micro- or nanosecond range-duration time. Contrary to the pulsed 

electrical corona, a DC corona can continuously generate radical species, but on the other 

hand, it is significantly affected by water conductivity and the energy consumption is 

higher. Among all the configurations of pulsed corona reactors, the point-plate 
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configuration is the most studied. Usually, such a configuration includes a needle [27] or 

a set of needles as high voltage electrodes [28], placed some distance from a grounded 

plate. There are a lot of options for the electrodes’ location. For example, either both 

electrodes can be immersed in treated water or one electrode can be installed above the 

water. In the first case, oxidative species are generated in liquid and directly interact with 

target compounds. However, according to Locke and Thagard, mass and heat transport in 

the liquid has a low rate and leads to a sharp gradient in temperature and concentration 

between the bulk solution and plasma zone. Only around 10 % of the formed radicals 

spread into the bulk solution to react with target compounds [29]. Jiang et al. reported the 

same difficulties in the case of the configuration, wherein a high voltage needle electrode 

is located above the water surface and a grounded plate is submerged in liquid. All active 

species are generated in the gas phase and react with target compounds after diffusion 

into the liquid phase [28]. If the electrodes are rearranged, the grounded electrode is above 

the water and the high voltage electrodes are under the water surface; in this case, active 

species are generated in the liquid as before, and additionally to that, active species, 

especially ozone (under an oxygen-containing atmosphere), are formed above the water 

in the gas phase. As a result, the process of organic abatement became more effective 

[30]. 

Despite the prevalence of studies about point-plate reactors, the implementation of such 

a configuration on a bigger scale is problematic. From the industry point of view, one-

dimensional electrodes (wire electrodes) are preferable as they allow for creating a bigger 

and more uniform distribution of the plasma zone [31]. One of the pioneers in the 

development of wire electrode reactors was Sano’s research group. Originally they 

proposed a multiple above-liquid wire-plate reactor with a continuous water flow [32]. 

Later they designed a wire-cylinder reactor with wetted walls, which allows purifying not 

only water but also air [28, 29]. Also noteworthy is the reactor design proposed by 

Njatawidjaja et al. It is an electrostatically atomised ring-mesh reactor, consisting of two 

parts: an electrostatic atomisation part and a corona discharge part [35]. The polluted 

water goes from the top of the reactor through these parts. In the beginning, a large 

number of droplets are formed in the first part, thereby increasing a pollutant’s exposure 

to reaction with oxidative species, which takes place in the corona discharge zone. 

However, in order to provide enough residence time for total pollutant removal in one 

pass, a long length of time in the reactor is required. This is one of the main drawbacks 

of this configuration, which is not attractive from the industrial perspective. The aerosol 

reactor proposed by Bystritskii et al. [36] and further explored by Grabowski [37] and 

Pokryvailo et al. [38] solves this problem. Contaminated liquid is supplied to the reactor 

through an atomizing nozzle and treated by a pulsed corona. The implementation of 

atomising nozzles increases the surface-to-volume ratio, which in turn leads to an 

intensification of the purification process. The maximum load of such a reactor depends 

on the number of nozzles. Grabowski managed to reach 200 L/h by installing four 

nozzles. 

The simpler and more convenient configuration of a pulsed corona reactor was studied 

by Panorel et al. [9, 14, 34, 35], Preis et al. [36, 37] and Kornev et al. [38, 39]. A similar 
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reactor configuration was used in the current work. A detailed description of the reactor 

is given in Section 3.2. 

Summing up, it is possible to divide electrical discharge reactors into three groups, 

depending on the distribution of the plasma phase: reactors with electrical discharge 

above the liquid surface, reactors with electrical discharge under the liquid surface and 

reactors with electrical discharges in vapour or bubbles in liquids.  

2.2 Reaction mechanisms and physical processes 

All of the types of reactors described in Section 2.1 combine a number of common 

physical processes and chemical reactions, which are summarised below. 

2.2.1 Formation of molecular and radical species  

Hydroxyl radicals are the strongest and the main oxidising species in AOPs. The reaction 

of these radicals with organics has three main mechanisms: the abstraction of the 

hydrogen atom (Eq. 2.1), electrophilic addition to an unsaturated bond (Eq. 2.2) and 

electron transfer (Eq. 2.3). Hydrogen abstraction is a primary pathway for organic 

degradation in the case of saturated aliphatic hydrocarbons or alcohols. In the case of 

olefins or aromatic hydrocarbons, adding a hydroxyl radical to the unsaturated double 

carbon–carbon bonds of organics leads to the formation of a C-centred radical with a 

hydroxyl group at the α-C atom. The reduction of hydroxyl radicals to hydroxide anions 

by an organic substrate might be of interest in the case where hydrogen abstraction or 

electrophilic addition reactions are disfavoured by multiple halogen substitution or steric 

hindrance. It should be noted that the increase in the concentration of hydroxyl ions leads 

to radical recombination as hydrogen peroxide (Eq. 2.4) [45]. 

HO˙+ RH → R˙ + H2O
 (2.1) 

HO˙ + PhX → OHPhX˙ (2.2) 

HO˙ +RX → RX˙+ HO¯ (2.3) 

2HO˙ → H2O2 (2.4) 

Hydroxyl radicals are formed by discharge in the presence of water via dissociation (Eq. 

2.5), ionization (Eq. 2.6, 2.7) and vibration/rotation excitation of water molecules (Eq. 

2.8). Rotationally or vibrationally excited molecules then transition into a lower energetic 

state, and some active radicals may be formed (Eq. 2.9–2.11)[46]. 

H2O + e → HO˙ + H˙ + e (2.5) 

H2O + e → 2e + H2O+ (2.6) 
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H2O+ + H2O → HO˙ + H3O+ (2.7) 

H2O + e → H2O
* +e (2.8) 

H2O
* + H2O → H2O

 + H˙ + HO˙ (2.9) 

H2O
* + H2O → H2 + O˙ + H2O (2.10) 

H2O
* + H2O → 2 H˙ + O˙ + H2O (2.11) 

Other important species are O-based species. The presence of oxygen in the electrical 

discharge process leads to the formation of an O atom via the dissociation of O2. This 

atom can accelerate hydroxyl radicals’ formation (Eq. 2.12), directly react with target 

compounds and, most interestingly, react with O2 in the formation of ozone [47]: 

O˙ + H2O → 2 HO˙ (2.12) 

Ozone is a strong oxidant. Ozone can directly react with a target compound and indirectly 

via the formation of OH radicals when it decomposes in water. Ozone directly reacts with 

metal ions better if it acts as an electron transfer acceptor. With activated aromatics, ozone 

has an electrophilic reaction in which it behaves as a dipole addition reagent by its 

addition to C–C multiple bonds [48]. Ozone is not stable and has a tendency to decompose 

through a cyclic chain mechanism, yielding hydroxyl radicals in neutral and alkaline 

media. Additionally, in the case of the presence of H2O2, ozone can react with HO2
¯, 

producing hydroxyl radicals (Eq. 2.13, 2.14) [47,49]: 

H2O2 → H+ + HO2
¯ (2.13) 

O3 + HO2
¯ → ˙O2

¯ + HO˙ + O2 (2.14) 

Hydrogen peroxide is not a primary oxidizing species, and it does not react with organics 

sufficiently for water treatment. However, hydrogen peroxide has a significant effect on 

plasma chemistry; its presence increases the formation of OH radicals via various 

reactions, such as photolysis, dissociation and metal-based catalytic reactions. The most 

tangible impact H2O2 has is found in the case of underwater plasma [46]. 

The degradation of contaminants can also occur via reductive degradation pathways in 

the presence of reductive species. For example, an aqueous electron can be generated by 

the irradiation of water with high energy electrons, and because of its high electron 

affinity, it plays a valuable role in the removal of contaminants from water [50]. Other 

important species are H radicals, which typically have two reaction mechanisms with 

organics: hydrogen abstraction from saturated compounds and hydrogen addition to an 

unsaturated bond. They are mainly produced by electron collision with molecules of water 

and also by the interaction of hydrated electrons and acids [51]. 
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2.2.2 UV light and shockwaves 

There is always UV light in plasma-water systems due to the relaxation of excited species 

into lower energetic states (Eq. 2.15). Under the UV irradiation an organic molecule (M) 

absorbs radiation and becomes excited (M*). Because of the short lifetime of the excited 

molecule, it immediately decomposes into a new molecule (Mn) [52]: 

M + hν → M* → Mn (2.15) 

Photolytic degradation is not the only pathway for organic decomposition. It can 

dissociate the hydrogen peroxide and ozone, forming hydroxyl radicals [53]. 

A shockwave can appear if high electric energy is introduced directly to the water. 

Usually, there is no shockwave in gas-phase reactors, but plasma in a gas-phase 

atmosphere has an effect on liquid motion, depending on the plasma generation situation. 

In turn, the shockwave has an influence on the chemical reactions in a liquid via 

electrohydraulic cavitation; more active species, such as hydrogen peroxide and OH 

radicals, can be produced in the liquid via the water dissociation caused by the shockwave 

[54]. 

2.3 Factors affecting process efficiency 

A short list of the most significant factors which have an effect on the wastewater 

treatment process by pulsed electrical discharge is set out below: 

 reactor design  

 energy input 

 pH 

 conductivity 

 temperature 

 gas input 

 the target compound 

2.3.1 Reactor design 

The main goal in the reactor design is to ensure the maximum energy utilisation and 

plasma–water contact surface at a given energy input. The design of electrodes, their 

materials and a mutual bracing combination are some of the main parameters in regard to 

this. Section 2.1 mentioned the most commonly used types of electrodes, their location 

regarding the water surface and the fact that one-dimensional electrodes are preferable to 

zero dimensional electrodes from an industrial implementation point of view. Also of 

note is the distance between the electrodes as it has a huge effect on plasma generation. 

It is possible to decrease the discharge inception voltage by narrowing the gap between 
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high voltage electrodes. However, too small a gap leads to a reduction in the volume of 

plasma generation, which in turn decreases the plasma–water contact surface. The 

optimal gap distance depends on various factors, and it is usually necessary to adjust each 

reactor individually. For example, in the current work, due to the implementation of non-

insulated electrodes and pulsed power, it was possible to increase the gap distance 

between electrodes compared with pulse double barrier discharge, which increased the 

volume of the plasma zone. 

Another important issue is the electrode material. Electrode materials have a significant 

effect on chemical processes in a plasma reactor due to erosion, especially in the case of 

electrical discharge in water. Erosion limits the operating lifetime and even leads to the 

pollution of treated water with metal particles released from the electrodes. When 

platinum is used as a high voltage electrode, it is the least-eroded material and also has 

the ability to promote organics removal from water due to a catalytic effect. On the other 

hand, platinum electrodes reduce the yield of H2, H2O2 and O2 [55].  

2.3.2 Energy input 

The dependency of organic degradation on the energy input is one of the main factors that 

determine the efficiency of plasma reactors. Usually, the increased electron density means 

more HO˙, O˙, H2O2 and O3 are formed. Moreover, the higher energy input leads to an 

intensification of physical effects, leading to an increase in the organic removal rate. The 

energy input can be adjusted by changing the pulse-repetition frequency or by the voltage 

changing. Of course, a higher energy input means higher energy consumption. In general, 

it is not possible to simultaneously get the best pollutant degradation efficiency and the 

best energy efficiency. Therefore, when estimating an electrical discharge technology for 

wastewater treatment, two parameters are usually taken into account: compound removal 

(%) and energy efficiency (g/kWh).  

2.3.3 pH and conductivity 

A lot of studies have been made about the effect of solution pH on the electrical discharge 

process. It is known that OH• emission increases in neutral and alkaline media [56]. In 

strongly alkaline media, hydroxyl radicals can be rapidly converted into O¯. It acts as a 

nucleophile in reaction with organics while OH• behaves as an electrophile that gives an 

opportunity for different reaction pathways and the formation of different intermediates. 

It is also known that during the oxidation process in a plasma reactor, pH decreases due 

to organic compounds degradation into organic acids [50, 51]. 

Solution conductivity is an important parameter in electrical discharge processes. The 

effect of conductivity can differ depending on various discharge processes. For example, 

it has a significant influence on the formation of active species in the case of liquid 

discharges and less influence in the case of gas-phase discharges. However, it is possible 

to make some overall conclusions. High conductivity causes a low rate of formation of 

active species and leads to decreasing the energy efficiency of the process [7]. According 
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to Jiang, high conductivity is undesirable in wastewater treatment using plasma 

technology [28]. 

Conductivity and pH also have an effect on the formation of nitrate and nitrite ions [43]. 

Here we touch upon another important factor – gas composition. The simultaneous 

presence of nitrogen and oxygen in gas composition leads to the formation of such 

products as NO2, HNO2 and HNO3. These products can dissolve in water and cause a 

reduction in pH, cause an increase in conductivity and they take part in various chemical 

reactions. It was shown by Kornev et al. [43] that only nitrates are formed during water 

treatment with corona discharge. The implementation of pure oxygen excludes the 

possibility of nitrates and nitrites’ formation. Besides, a high oxygen level accelerates the 

production of ozone, which in turn leads to an increase in the degradation of target 

compounds. 

2.3.4 Temperature 

Although the temperature is an important operational parameter which has a strong effect 

on the kinetics of chemical reactions, there are only a few studies about temperature’s 

effect on wastewater treatment process when using electrical discharge technologies. For 

example, Chen et al. showed that lowering the water temperature leads to increasing of 

aqueous phenol degradation rate [59]. The same conclusion was made by Jiang [28]. 

2.3.5 Target compound 

The influence of all the listed factors on the process depends to a large extent on the target 

compounds. For the optimisation of the processes, it is necessary to take into account the 

composition of the treated water. For instance, Preis et al. [41] compared the oxidation of 

phenol and oxalic acid in a PCD reactor under equal conditions. They found out that pH 

has no significant effect on oxalic acid oxidation in air and the energy efficiency of 

oxalate oxidation does not depend on the pulse-repetition frequency, meaning that ozone 

plays a minor role in the oxidation. While phenol degradation and energy efficiency are 

influenced by pH and pulse-repetition frequency, an alkaline media and low frequency 

are preferable. Ozone contributes significantly to phenol oxidation, in contrast to oxalic 

acid oxidation.  

One more thing should be noted: the greater number of studies about the implementation 

of electrical discharge technology for wastewater treatment were done using model 

compounds alone. Further, most of the experiments were carried out with one single 

compound while the combined effect of a mixture of various compounds has received 

less attention. Of course, there are a several papers about the treatment of real wastewater 

by electrical plasma technology, for example, the treatment of hospital wastewaters [60], 

surface waters [61] and textile wastewaters [62]. However, much more research is 

required for the investigation of real wastewater treatment.
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3 Materials and methods 

3.1 Materials 

Three antibiotics (sulfamethizole, amoxicillin, doxycycline) and one immunostimulating 

drug (meglumine acridоnacetate [MAA]) were the subjects of study in the current work. 

All the studied antibiotics are commercially available, supplied by Sigma Aldrich with a 

purity exceeding 99 % (according to the manufacturer’s specification). The MAA was 

supplied by Polysan Ltd. The purity of the MAA was not provided by the supplier.  

Sulfamethizole is a typical representative of the sulfonamides group. This group is one of 

the most consumed pharmaceutical groups in Europe, with 121.5 tonnes consumed in 

human medicine and 826.3 tonnes for consumed for veterinary purposes in 2012 [63]. 

Sulfamethizole itself has the ability to excrete 80 % of the administered dose [64]. 

Moreover, it is an abundant antibiotic in livestock farming, with the problem that effluents 

from farms go directly into water bodies. Mostly due to these facts, sulfamethizole is one 

of the most detectable antibiotics not only in environmental waters but also in tap water 

[1, 59].  

Amoxicillin and doxycycline were chosen based on Verlicchi’s proposed risk quotient 

(RQ) [22]. The RQ is the ratio between the average concentration of the compound in the 

secondary effluent and the corresponding predicted no-effect concentration (PNEC). 

According to this quotient, amoxicillin and doxycycline are among the most dangerous 

antibiotics for flora and fauna.  

MAA is a derivative of acridone acetic acid and it is a low-molecular inducer of interferon 

synthesis. Drugs containing this substance are not in great demand in Europe. However, 

they are very popular in the countries of the former CIS and Russia.  

Two types of lignin were selected for investigation. Commercially available kraft lignin, 

purchased from Sigma Aldrich, was used in the studies on converting lignin into 

aldehydes. The same lignin and birch lignin (BLN) were selected for the investigation of 

the influence of PCD treatment on phenolic and aliphatic OH groups and change in 

molecular weight. BLN is acquired from a pressurised hot water extraction and the soda-

pulped biorefinery process [66]  

Commercially available sodium thiosulfate, supplied by Sigma Aldrich, was used for 

experiments. Sodium thiosulfate is implemented in the leaching process of silver and 

gold, as well as being used as a medicine with detoxification and antihistamine activity. 

3.2 Experimental set-up 

Two PCD reactors were used during the experiments. Both are designed on the same 

principle. The reactors differed from each other in geometric dimensions and technical 
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characteristics (see Table 3.1). Each reactor includes an individual working chamber, a 

high voltage pulse generator, a water circulation system and a water tank. The 

experimental set-up is illustrated in Figure 3.1. 

 

Figure 3.1: The experimental set-up [67]. 

 

In a pulse generator, three-phase voltage is rectified, then a pulse with a duration of 5–10 

μs is generated by a thyristor. Then the voltage is transformed to 18–22 kV. As the 

microsecond pulse cannot be applied directly to the electrode system of the corona 

discharge, magnetic compression rungs, which are shortened to the pulse duration of 100 
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ns, are wired up to the high voltage transformer’s secondary winding. Both reactors are 

designed to only generate positive corona discharges. 

The rectangular working chambers of PCD reactors are made of acrylic glass. The 

chamber consists of high voltage wire electrodes placed parallel between two vertical 

grounded plate electrodes and covered by an acrylic glass. The chamber is installed above 

the water tank. 

The operation principle is as follows: an aqueous solution containing target compounds 

is pumped from the water tank to the top of the working chamber, where it is spread by a 

perforated plate and falls by gravity between the electrodes through a plasma zone in 

which reaction with active species takes place. 

Table 3.1: The reactors’ characteristics 

 Reactor 1 Reactor 2 

Max. power 100 W 277 W 

Grounded plates dimensions 210 x 1000 mm 500 x 2000 mm 

Distance between plates 34 mm 34 mm 

Total plasma volume, 𝑉𝑝𝑙 7.14 x 106 mm 34 x 106 mm 

Distance between HV electrodes 29 mm 30 mm 

Diameter of HV electrodes 0.5 mm 0.5 mm 

Material of HV electrodes stainless steel stainless steel 

Single pulse energy, 𝑊𝑝 0.12 J 0.33 J 

Current in pulse peak 180 A 400 A 

Voltage in pulse peak 22 kV 20 kV 

Pulse duration, 𝑇𝑝 100 ns 100 ns 

 

3.3 Analytical part 

The concentration of pharmaceutical compounds was measured by high-performance 

liquid chromatography (HPLC) with a kinetex 2.6 µm C18 100 A 150 x 4.6 mm column. 

The specific HPLC parameters for the measurements of each compound are shown in the 

relevant publications: amoxicillin and doxycycline – Publication I, sulfamethizole – 

Publication II. The parameters for MAA measurements are presented in Table 3.2. 
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Table 3.2: The HPLC parameters for MAA measurements. 

Eluent 0.05 М solution of potassium dihydrophosphate with pH 

2.7 to 2.9, acetonitrile, methanol in the volumetric 

proportion of 65:30:5 respectively 

Column temperature 25 °C 

Retention time around 10 min 

Wavelength 254 

Eluent flow rate 0.35 ml/min 

Injection volume 20 µl 

 

The qualitative analysis of the transformation products of amoxicillin, doxycycline and 

sulfamethizole were carried out by liquid chromatography coupled to an ion trap mass 

spectrometer equipped with an electrospray ionization interface. A detailed description 

of the analysis procedure is given in Publications I and II.  

The tyrosine (tannin-lignin) method was used for the determination of the lignin 

concentration. Is should be noted that this method allows detecting all hydroxylated 

aromatic compounds. Due to this, the results of lignin concentration measurements are 

not absolute but indicative. The PCD effect on phenolic and aliphatic OH groups and 

changes in the molecular weight of lignin were monitored by nuclear magnetic resonance 

(NMR), gel permeation chromatography (GPC) and high-performance size exclusion 

liquid chromatography (HPSEC). Aldehydes concentration, formed after lignin 

oxidation, was measured by the colorimetric method suggested by Evans and Dennis [68].  

The used lignin and aldehyde analysis methods are described in detail in Publication III. 

The analysis of samples taken during thiosulfate oxidation was carried out by ion 

chromatography. An anion column is used for the analysis of the thiosulfate 

concentration. For the mobile phase, 4.5 mM Na2CO3 and 9.1 mM NaHCO3 were used. 

3.4 Experimental procedure  

Aqueous solutions of all pharmaceuticals and thiosulfates were prepared in deionized 

water and tap water was used for the preparation of lignin solutions. The experiments 

were carried out under ambient pressure with different pulse-repetition frequencies under 

neutral, acidic, and alkaline conditions. Here and throughout the text, the term “neutral” 

refers to media without any side additives, the term “acidic” refers to media with sulphuric 

acid as an additive and the term “alkaline” refers to media with sodium hydroxide as an 

additive. The gas composition was mainly air, except for the experiments with MAA 

(which had an oxygen-enriched atmosphere) and with lignin (which had an oxygen-thin 

atmosphere).  
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To answer the question of how the presence of more than one pharmaceutical compound 

in water influences the oxidation process, the experiments with the multicomponent 

system, consisting of a mixture of amoxicillin and doxycycline, were carried out. The 

binary solution was prepared by dissolving only one compound in the water, the ternary 

solutions containing water and two antibiotics were prepared by mixing of 50 ppm of 

both antibiotics.  

The main parameters of all experiments are summarized in Table 3.3. To obtain more 

detailed information, see the relevant publication. All the experiments were repeated 

several times to ensure accuracy and reliability. 

Table 3.3: The main parameters of the experiments. 

Compound 

Pharmaceuticals Lignin 

(Publication 

III) 

Sodium 

thiosulfate 

(unpublished) 
AMX/DXC 

(Publication I) 

SMZ 

(Publication II) 

MAA 

(unpublished) 

Reactor № №1 №1 №2 №2 №1 

Frequency, 

pps 
50/200/500 50/200/500 200/840 840 200/833 

Atmosphere air air 90% O2, /air 

5–7 %O2, 

rest N2/2–

3 %O2, rest 

N2/air 

air 

Temperature, 

°C 
ambient (20) 10/20/50 20 20 20 

Flow rate, 

L/min 
4.5/8 4.5/8 15 15 4.5 

Initial pH 

neutral 

(additives) / 

alkaline (with 

NaOH) 

acid (with 

H2SO4) / neutral 

(no additives) / 

alkaline (with 

NaOH) 

neutral (no 

additives) / 

alkaline (with 

NaOH) 

alkaline 

(with NaOH) 
neutral 

Initial 

concentration, 

ppm 

50 50 100/300/500 370–1600 400/1000 

Pressure ambient ambient ambient ambient ambient 

Volume, L 10 10 40 50 10 
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3.5 Energy efficiency  

Two parameters were chosen for the evaluation of PCD performance: energy efficiency 

(ε, g/kWh) and target compound removal (R%).  

The removal was calculated according to equation (3.1). 

𝑅 = (1 − 𝐶𝑡 𝐶0⁄ ) × 100 (3.1) 

where C0 is the initial concentration of the target compound (mg/L), Ct is the 

concentration at the time t (mg/L) and t is the treatment time (h). 

The energy efficiency was calculated according to equation (3.2): 

ε =  𝐶0 𝑅/𝐸 (3.2) 

where E is the delivered energy (Wh/m3). 

The E value depends on discharge power (P, W), treatment time and the volume of treated 

solution (V, m3), as shown in equation (3.3): 

𝐸 =  𝑃 𝑡/𝑉 (3.3) 

The P value is calculated according to equation (3.4): 

𝑃 =  𝑓𝑊𝑝 (3.4) 

where 𝑓 is the pulse repetition frequency (pps) and 𝑊𝑝 is the energy of a single pulse (J). 

The pulse parameters were determined with an Agilent 54622D oscilloscope and 

calculated according to equation (3.5): 

𝑊𝑝 = ∫ 𝑈(𝑡)𝐼(𝑡)𝑑𝑡
𝑇𝑝

0

 
(3.5) 

where 𝑇𝑝 is the duration of the voltage pulse (ns), and U(t) and I(t) are waveforms of 

voltage (V) and current (A) respectively. 

The amplitude peak at 100 ns duration is similar for both reactors. After the integration 

of Eq. 3.5, the energy of a single pulse is 0.12 J at 22 kV and 180 A for reactor 1, and 

0.33 J at 20 kV and 400 A (see Table 3.1). 

Knowing 𝑊𝑝, it is possible to calculate the P value for each reactor. The results are shown 

in Table 3.4. 
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Table 3.4 The discharge power for PCD reactors. 

Frequency (𝑓, pps) 
Discharge power (P, W) 

Reactor 1 Reactor 2 

50 6 16.5 

200 24 66 

500 60 165 

833 100 - 

840 - 277 

 

Combining Eq. 3.2 and Eq.3.3 we have the following equation for energy efficiency 

calculation: 

ε =  𝐶0 𝑉 𝑅/(𝑃 𝑡) (3.6) 

According to the literature review, the energy efficiency is usually calculated in two ways: 

(i) as half-life energy efficiency (ε1/2), which is the energy efficiency at treatment time 

equal to a half target compound removal, and (ii) as a final energy (ε𝑓𝑖𝑛𝑎𝑙) efficiency 

when compound removal approaches 100 %.  

Lignin conversion into aldehydes was also studied in the current work. The efficiency 

parameters were also energy efficiency (Eq. 3.7) and the conversion rate (Eq. 3.8). 

However, but in this case the energy efficiency shows how much energy is consumed for 

lignin conversion to aldehydes and the conversion rate is the ratio of aldehydes formed 

per oxidized lignin. 

ε =  ∆𝐶𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠 /𝐸 (3.7) 

𝜑 =
∆𝐶𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠

∆𝐶𝐿𝑖𝑔𝑛𝑖𝑛
× 100% (3.8) 

where  ∆𝐶𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠 is the increase in aldehydes concentration and ∆𝐶𝐿𝑖𝑔𝑛𝑖𝑛 is the oxidised 

lignin. 

3.6 Reaction kinetics 

A more comprehensive investigation of the behaviour of the target compounds in the field 

of plasma is impossible without kinetic study. The calculation of the reaction kinetics is 

challenging due to the unknown quantity of active species and the lack of information 

about their individual contribution to the reaction. Two ways of kinetic calculation were 

used in the current work. The first method is based on the assumption that there are always 

constant amounts of oxidants available at any moment in the plasma volume. In this case, 

the water flow rate should not have any effect on the process and the contact surface 

should be constant. Therefore, the combined effect of the oxidants results in a second-
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order reaction rate, and the total amount of oxidants involved in the reactions can be 

characterised by the power delivered to the plasma zone (Eq. 3.9): 

𝑑𝐶 𝑑𝑡⁄ =
𝑘2𝐶𝑃

𝑉𝑝𝑙
 

(3.9) 

where 𝑘2 is the second-order reaction rate constant (m3 J-1), 𝐶 is the concentration of the 

target compound (mg/L), P is the pulse power delivered to the reactor (W) and Vpl is the 

plasma zone volume (m3). 

As 𝑃/𝑉𝑝𝑙 does not depend on experimental conditions and remains constant, it is possible 

to write: 

𝑘1 =  𝑘2𝑃/𝑉𝑝𝑙 (3.10) 

Therefore, rewriting Eq. (3.9) we can get the following equation of the first-order 

reaction: 

𝑑𝐶 𝑑𝑡⁄ =  𝑘1𝐶 (3.11) 

where 𝑘1 (min-1) is a pseudo-first-order reaction rate constant.  

In the case of a first-order reaction, the concentration–treatment time curve should behave 

according to an exponential law and 𝑘1is a slope of the ln(C/C0) curve. 

An integration method is another way of determining the reaction order and reaction rate 

constant. Using data from experiments, the linear dependence of functions ln(C/C0) and 

1/C versus treatment time indicates whether the reaction is a first- or second-order  

reaction respectively. The slope of these curves determines the reaction rate constants. In 

this case, the 𝑘2 value unit is L mg-1 min-1. 
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4 Results and discussion 

To answer the question of how the target compounds behave during the oxidation process 

in PCD, it was decided that we should study the kinetics of the reactions, as well as the 

intermediate oxidation products. The effects of such factors as frequency and pH were 

also taken into account. The experiments with the sulfamethizole, doxycycline and 

amoxicillin were carried out with a flow rate of 4.5 l/min and 8 l/min. The flow rate had 

no effect on the results, therefore the following results, figures and tables are for 

experiments with the flow rate of 4.5 l/min. The results of amoxicillin and doxycycline 

are shown in Sections 4.1 and 4.2 are the results for a binary solution when a single 

antibiotic compound was dissolved in the water. Section 4.4. shows the results for the 

ternary solution of these antibiotics, when both amoxicillin and doxycycline compounds 

are present in the same aqueous solution. Section 4.5 includes the results for both cases. 

4.1 Kinetics 

Sulfamethizole (Publication II) and MAA’s reaction kinetic were calculated by the first 

method, described in Section 3.6; 𝑘1 in this case is a pseudo-first-order reaction rate 

constant. Figure 4.1 and Figure 4.2 show the kinetic curves of MAA oxidation, and Figure 

4.3 shows the kinetic curves of sulfamethizole. The kinetic parameters of amoxicillin, 

doxycycline (Publication I) and sodium thiosulfate were calculated using the second 

method (see Section 3.6). The kinetic curves of amoxicillin, doxycycline and sodium 

thiosulfate oxidation are shown in Figure 4.4 and Figure 4.5 respectively. Table 4.1 shows 

the results of experiments with three antibiotics in air–gas composition with different 

frequencies, pH values and with a constant (50 ppm) initial concentration of the target 

compounds. Table 4.2 represents the results of MAA reaction kinetic calculation, with 

different initial concentrations, gas-phase compositions and pH values. The results of 

sodium thiosulfate kinetics are shown in Table 4.3 for experiments with two different 

frequencies and initial concentration in neutral pH and in air atmosphere. All the results 

presented in Tables 4.1, 4.2 and 4.3 are experimental results obtained at ambient pressure 

and temperature (20 °C). 

Table 4.1: The results of experiments with antibiotics. 

 pH 𝑓, pps 𝑘1, min-1 𝑘2
∗, m3 J-1 

𝑘2, L mg-1 

min-1 

ε1/2, 

g/kWh 

SMZ 

neutral 

50 0.03311 6.57 x 10-7 - 122.6 

200 0.08760 4.34 x 10-7 - 81.5 

500 0.15300 3.03 x 10-7 - 56.2 

alkaline 

50 0.03289 6.52 x 10-7 - 120.9 

200 0.09557 4.74 x 10-7 - 88.7 

500 0.1616 3.21 x 10-7 - 60.2 

acid 

50 0.03321 6.59 x 10-7 - 117.8 

200 0.08701 4.31 x 10-7 - 79.4 

500 0.1380 2.74 x 10-7 - 49.1 
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Amo 

neutral 

50 
0.0328 

(0.0240)** - - 
100.6 

(72.9)** 

200 
0.0850 

(0.0633)** - - 
66.4 

(58.8)** 

500 0.1307 - - 33.5 

alkaline 

50 - - 0.0031 149.8 

200 - - 0.0096 110.3 

500 - - 0.0137 63.2 

Doxy 

neutral 

50 
0.0974 

(0.0894)** - - 
239.6 

(266.6)** 

200 
0.2933 

(0.1750)** - - 
163.1 

(137.4)** 

500 0.3328 - - 105.3 

alkaline 

50 
0.1610 

(0.0738)** - - 
643.1 

(212.4)** 

200 
0.3110 

(0.1832)** - - 
192.0 

(120.0)** 

500 n/a - - 91.4 

*   calculated by the integration method (see Section 3.6) 

** the results for a ternary solution 

It should be noted that the ln(C/C0) curves of all sulfamethizole and doxycycline 

experiments, regardless of initial pH and frequency, are straight lines with a coefficient 

of determination not less than 0.99, which indicates a first-order reaction. Amoxicillin in 

its turn behaves differently, it has a first-order reaction in neutral media and a second-

order reaction in alkaline media (as plot 1/C gave the best fitting results). 

The reaction of MAA oxidation is more complicated. MAA concentration only decreases 

with treatment time by an exponential law in the case of the experiment with the 

frequency of 200 pps (see Figure 4.1). The determination coefficient, in this case, 

approaches 1. The behaviour of oxidation curves at a higher frequency depends on the 

initial concentration and composition of the gas phase (see Figure 4.2). All reactions with 

a 500 ppm initial concentration and the reaction with 300 ppm in air can only be described 

by an exponential function with rough approximation. Therefore, it is not correct to state 

that the reaction is first order. The remaining three reactions fit well in the exponential 

model with a high determination coefficient; however, a small number of samples do not 

let us generalise the model. Therefore, the calculated 𝑘1values obtained for the MAA 

experiments at a higher frequency (840 pps) are only regarded as approximate when 

comparing the kinetics to other studied pharmaceuticals. 
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Figure 4.1: MAA concentration over treatment time at 20 °C at 200 pps. 

 

 

Figure 4.2: MAA concentration over treatment time at 20 °C at 840 pps. 
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Figure 4.3: The relative concentration of sulfamethizole over treatment time at 20 °C [67]. 

 

 

Figure 4.4: The relative concentration of amoxicillin over treatment time at 20 °C. 
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Figure 4.5: The relative concentration of doxycycline over treatment time at 20 °C. 
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increase in the production of OH radicals, which in turn should contribute to speeding up 

the reaction. However, during the experiments with MAA, the opposite is observed. This 

can be explained by the fact that, under experimental conditions, MAA reacts better with 

ozone than with OH radicals. In the case of the amoxicillin experiments, pH has a 

significant effect on kinetics. As was mentioned earlier in this section, the oxidation 

reaction of amoxicillin is a first-order reaction in a neutral media and a second-order 

reaction in an alkaline media. 

The influence of the initial concentration of the target compound on reaction kinetics was 

studied using of an example of MAA reactions. As can be seen from Table 4.2, the 𝑘1 

and 𝑘2
∗ values increase with an increase in the initial concentration, regardless of the 

frequency, pH and composition of the gas phase. 

Table 4.2: The results of experiments with MAA. 

C, 

ppm 
pH Atm 𝑘1, min-1 𝑘2

∗, m3 J-1 ε1/2, g/kWh 

   200 pps 840 pps 200 pps 840 pps 
200 

pps 
840 pps 

500 alkaline air 0.00409 - 
0.35 x 

10-7 - 
51.8 

- 

500 neutral air 0.00661 0.02322* 0.57 x 

10-7 

0.48 x 

10-7 * 

85.3 
68.4 

500 neutral oxy 0.01562 0.07067* 1.34 x 

10-7 

1.45 x 

10-7 * 

208.6 
214.5 

300 alkaline air 0.00700 - 
0.60 x 

10-7 
- 

53.3 
- 

300 neutral air 0.01895 0.03313* 1.63 x 

10-7 

0.68 x 

10-7 * 

150.5 
57.4 

300 neutral oxy 0.02323 0.1379 
1.99 x 

10-7 

2.82 x 

10-7 

183.5 
258.1 

100 alkaline air 0.02030 - 
1.74 x 

10-7 
- 

53.0 
- 

100 neutral air 0.02656 0.1677 
2.28 x 

10-7 

3.43 x 

10-7 

70.1 
104.7 

100 neutral oxy 0.07005 0.3386 
6.00 x 

10-7 

6.93 x 

10-7 

182.0 
209.4 

 

Table 4.3: The results of experiments with sodium thiosulfate. 

C, ppm 𝑓, pps 𝑘0, mg/min ε1/2, g/kWh 

1000 
200 13.44 336.0 

833 61.22 367.3 

400 
200 13.26 331.5 

833 61.02 366.1 
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Figure 4.6 shows the degradation curves of sodium thiosulfate. The reaction is apparently 

a zero-order reaction as the concentration–time curve is a straight line. In this case, the 

speed of the chemical reaction should not depend on the initial concentration of the 

substance but should be limited by the delivered energy. This was confirmed 

experimentally. The table shows that 𝑘0 values at 1000 ppm and with 400 ppm are almost 

equal while the increase in frequency from 200 pps to 833 pps leads to the sharp increase 

of the reaction rate constant (by 4.5 times). 

 

 

Figure 4.6: Sodium thiosulfate concentration over treatment time. 
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especially clearly seen in the case of the MAA reaction at a higher frequency (Figure A 

2). As can be seen from this figure, it is possible to divide all the reactions into two phases, 

each of which is a straight line. The breaking point in this case is an E value slightly above 

1 kWh/m3, regardless of the initial concentration and gas phase composition. Unlike 

pharmaceuticals, in the case of thiosulfate, the curves for “concentration vs delivered 

energy” are always straight lines no matter what the initial concentration or frequency is 

(Figure A 7). That indicates that the energy consumed per mass unit of the oxidised 

compound is constant during the process, which is typical for a zero-order reaction. 

The ratio of oxidised mass to the delivered energy is essential for the energy efficiency. 

The figures in Appendix A show the dynamics of changes in the concentration depending 

on the delivered energy but do not describe the energy efficiency of the process. As was 

mentioned in Section 3.5, the most common ways of calculating energy efficiency are the 

half-life energy efficiency (ε1/2), when the target compound removal (R) is 50 %, and the 

final energy efficiency, when compound removal (R) approaches 100 %. To compare the 

energy efficiency of processing different compounds under different conditions, a half-

life energy efficiency was used since it is more convenient for comparison and it is more 

accurate in terms of calculation. The calculated values of ε1/2 are given in Table 4.1, 

Table 4.2 and Table 4.3 and shown for visual clarity in figures. The highest energy 

efficiency, around 643 g/kWh, was achieved for the doxycycline reaction at 50 pps under 

alkaline conditions (see Figure 4.7). Amoxicillin degradation at 500 pps under neutral 

conditions has the lowest value, ε1/2 = 33.5 g/kWh (see Figure 4.8).  

 

Figure 4.7: The half-life energy efficiency of doxycycline degradation [69]. 
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Figure 4.8: The half-life energy efficiency of amoxicillin degradation [69]. 
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Figure 4.9: The energy efficiency of sulfamethizole degradation. Hatched area: final energy 

efficiency (εfinal); solid area: half-life energy efficiency (ε1/2) [67]. 

 

In general, the review of Figures 4.7–4.9 allows one to conclude that elevated pH was 

better for the oxidation of antibiotics at the beginning of the process. However, as the 

treatment progresses, with the decreasing of primary compounds, the effect of pH 

becomes less significant.  

Unlike antibiotics, the efficiency of the MAA reaction is better in neutral media. 

Compared with neutral media, under alkaline conditions at a constant frequency of 200 

pps, energy efficiency reduces 2.8, 1.6 and 1.3 times in experiments with the initial 

concentrations of 300 ppm, 500 ppm and 100 ppm respectively (see Figure 4.10). 
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Figure 4.10: The half-life energy efficiency of MAA degradation. 
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efficiency of oxidation in the oxygen atmosphere at 200 pps increases approximately 2.5 

times for the initial concentrations of 100 ppm and 500 ppm, while in the case of 300 

ppm, under similar conditions, the increase is only 1.2 times. With the increased 

frequency in the oxygen atmosphere, on the contrary, the greatest differences are 

observed in the case of the experiment with an initial concentration of 300 ppm (4.5 

times). Of the three tested initial concentrations (100 ppm, 300 ppm and 500 ppm), the 

highest energy efficiency was achieved for an average concentration of 300 ppm. In the 

air, it was 150.5 g/kWh, and in the oxygen environment, it was 258.1 g/kWh. 

The reaction of thiosulfate oxidation is strongly different from the reaction of the studied 

pharmaceuticals, primarily because the best energy efficiency was achieved at higher 

frequencies, though not to a significant extent. The initial concentration also has no effect 

on energy efficiency (see Figure 4.11).  

 

Figure 4.11: The half-life energy efficiency of sodium thiosulfate degradation. 
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between the pulses, more time to dissolve and more time for the secondary formation of 

OH radicals. 

Higher pH leading to alkaline aqueous solutions accelerates the oxidation process and 

contributes to better energy efficiency for doxycycline and amoxicillin, whereas it has the 

opposite effect in the case of the MAA reaction and does not affect the reaction of 

sulfamethizole. 

A too high (as well as a too low) initial concentration of MAA had a negative effect on 

energy efficiency. In the case of the MAA reaction, it was necessary to determine a certain 

average option – in studied case it was 300 ppm. 

The thiosulfate reaction is unresponsive to changes in the initial concentration, and not 

very sensitive to changes in frequency.  

4.3 Temperature effect 

Sulfamethizole was chosen for the investigation of temperature effect on the PCD 

oxidation process. As the oxidation process of sulfamethizole does not depend on pH and 

flow rate, experiments with different temperatures of aqueous solution of sulfamethizole 

(10 °C, 20 °C and 50 °C) were only carried out in neutral media with a 4.5 l/min flow rate 

at two frequencies (50 pps and 500 pps) and with a 50 ppm initial concentration of 

sulfamethizole. 

All the curves plotted on Figure 4.12 indicate exponential-law behaviour, meaning that 

all the reactions are first-order reactions and the temperature does not change the order. 

Therefore, reaction constants and energy efficiency were calculated as described in 

Section 3.6 and as summarised in Table 4.4. As can be seen from Figure 4.12, the 

oxidation curves at 10 °C and 20 °C merge no matter what the frequency is. A 

temperature rise to 50 °C led to a significant deceleration of the process. Energy 

efficiency at a different temperature is also shown for visual clarity in Figure 4.13. As 

can be seen, all the values 𝑘1, 𝑘2
∗ and ε1/2, ε𝑓𝑖𝑛𝑎𝑙, 𝑡1/2 are similar at 10 °C and at 20 °C 

but differ significantly at the elevated temperature of 50 °C. The drop in the oxidation 

process speed and energy efficiency is clear at 50 °C. This can be explained by decreasing 

ozone’s solubility in water, followed by decreasing the secondary formation of OH 

radicals, which slows down the hydroxyl radical-induced oxidation. Moreover, a decrease 

in solubility should mean that more ozone becomes available for a direct reaction with 

target compounds on the liquid–gas border. However, an elevated temperature speeds up 

the decomposition of ozone, which decomposes according to the equation 2O3 = 3O2 and 

shifts the balance towards oxygen formation. The oxidation potential of oxygen is lower 

compared to ozone. Therefore, the experiments with an elevated temperature give worse 

results from the energy efficiency and reaction speed points of view. Based on this 

finding, a reduced temperature should lead to the intensification of the oxidation. 

However, no difference was observed between experiments at 10 °C and experiments at 

20 °C. The potential increase in energy efficiency at a lower temperature as a consequence 
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of increased ozone reactivity is compensated for by the increase in the reaction speed by 

a factor 2 or 3 per 10 °C, according to the Van ’t Hoff equation. 

Table 4.4: The results of the experiments with sulfamethizole at different temperatures. 

 
Temperature, 

°C 
𝑘1, min-1 𝑘2

∗, m3 J-1 𝑡1/2 
ε1/2, 

g/kWh 

ε𝑓𝑖𝑛𝑎𝑙 

g/kWh 
R 

50 

10 0.03425 6.79 x 10-7 20.24 127.4 49.38 0.99 

20 0.03311 6.57 x 10-7 20.93 122.6 49.92 0.99 

50 0.01622 3.22 x 10-7 42.73 59.8 
30.15 

(20.5)* 

0.97 

(0.99)* 

500 

10 0.1594 3.16 x 10-7 4.35 58.4 20.84 1 

20 0.1530 3.03 x 10-7 4.53 56.2 20.75 1 

50 0.0530 1.05 x 10-7 13.09 19.6 
8.11 

(6.2)* 

0.97 

(0.99)* 

*after approximation by Matlab 

 

Figure 4.12: Sulfamethizole’s relative concentration vs treatment time at different temperatures 

[67]. 
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Figure 4.13: The energy efficiency of sulfamethizole degradation at different temperatures. 

Hatched area: final energy efficiency (εfinal); solid area: half-life energy efficiency (ε1/2); dashed 

line: the εfinal value after approximation by Matlab [67]. 

 

4.4 Multicomponent system 

The multicomponent system, consisting of an aqueous solution of amoxicillin and 

doxycycline (ternary solution), was studied and the results were compared with binary 

solutions. The results are given in Table 4.1. To facilitate comparison, the half-life energy 

efficiency is shown in Figure 4.7 and Figure 4.8, kinetic curves are plotted on Figure A5 

and Figure A6. 

It may first be noted that the amoxicillin reaction in the neutral media remained first order, 

despite the presence of doxycycline. However, its presence slowed down the oxidation. 

Therefore, the reaction rate constant decreased by 26–27 % regardless of the pulse-

repetition frequency. The half-life energy efficiency values of amoxicillin oxidation also 

became lower. Comparing with the binary solution, in the ternary solution more energy 

is required for oxidation of the same amount of amoxicillin, most likely due to 

competitive reactions of oxidants with doxycycline. Thus, half-life energy efficiency of 

amoxicillin decomposition in the presence of doxycycline reduced from 100.6 g/kWh to 

72.9 g/kWh at the frequency of 50 pps and from 66.4 g/kWh to 58.8 g/kWh at 200 pps. It 

should be noted here that the inhibitory effect of doxycycline on amoxicillin oxidation is 

more significant at a lower pulse-repetition frequency.  
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The investigation of amoxicillin behaviour during the treatment in alkaline media was not 

carried out. The implemented analytical method did not enable the detection of 

amoxicillin in an alkaline medium in a ternary solution.  

As mentioned earlier in Section 3.4, the term “neutral” refers to a media without NaOH 

addition. Practically, the doxycycline-added solution has acidic media, with pH ≈ 4.5. 

Amoxicillin begins to hydrolyse under acidic conditions and amoxicillin penicilloic acid 

forms, the analysis of transformation products showed the presence of this acid in the 

untreated samples of the ternary solution. By comparing results of the qualitative analysis 

of oxidation by-products, the presence of amoxicillin penicilloic acid is the only 

difference between binary and ternary solutions (see Section 4.5).   

Doxycycline oxidation in the ternary solution is decelerated compared to the binary 

solution. For neutral conditions, the difference between the values of the reaction rate 

constant in the ternary and the binary solutions is around 8.2 % at 50 pps and 40 % at 200 

pps. For alkaline conditions, this difference is 54 % and 41 % at 50 pps and 200 pps 

respectively. It is important to note here that although high pH enhances the oxidation 

process of doxycycline (see Section 4.1), the reaction rate constant in the ternary solution 

under alkaline conditions is smaller compared with neutral media (0.0738 min-1 against 

0.0894 min-1). This outcome was only observed at a low frequency (50 pps).  

As concerns the energy efficiency of doxycycline decomposition in the ternary solution, 

two main interesting and unexpected findings were made. First, in contrast to the 

experiments with the binary solution, in the experiments with the ternary solution a 

neutral media is more preferable from the energy efficiency point of view. Second, the 

presence of amoxicillin in the system had little impact on the energy efficiency of 

doxycycline oxidation under neutral conditions.  

Also, it should be noted that (as can been seen from Figure 4.7 and Figure 4.8) a low 

frequency is still better than a high frequency from the energy efficiency point of view.  

4.5 Oxidation by-products 

The oxidation of the target compounds leads to the formation of various transformation 

products. Qualitative analysis for the identification of organic by-products was carried 

out for sulfamethizole, doxycycline and amoxicillin. The analysis of the last two 

antibiotics was done for binary solutions (water-single antibiotic compound) and ternary 

solutions (water-two antibiotic compounds). Quantitative analysis was performed for 

monitoring of sulfate formation during sodium thiosulfate treatment.  

Table 4.5 shows the oxidation by-products of sulfamethizole with the highest peak at the 

half-life oxidation time. As can be seen, four organic products (excepting sulfamethizole 

itself) have the highest peak. Some other products, including organic acids and 2-amino-

5-methyl-1,3,4-thiadiazole, were also detected (see Publication II, Supplementary Figure 

S3). The presence of 2-amino-5-methyl-1,3,4-thiadiazole allows us to make an 
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assumption that possible reaction pathways start with the preliminary hydroxylation of 

sulfamethizole, followed by the subsequent breaking of the sulfonamide bond. Klauson 

et al. [70] suggested similar pathways. None of the intermediates detected at the half-life 

oxidation time were found at the end of the treatment when sulfamethizole removal 

reached 99 %.  

Table 4.5: The oxidation by-products of sulfamethizole with the highest peak at the half-life 

oxidation time [67]. 

Compound Structure Identified with note 

Sulfamethizole 

 

Ion trap, positive 

Ion trap, negative 

QToF, positive 

QToF, negative 

4 fragments 

3 fragments 

error 3.7 ppm 

error 3.7 ppm 

OH-

Sulfamethizole 
 

Ion trap, positive 

Ion trap, negative 

3 fragments 

3 fragments 

3 OH-

Sulfamethizole 
 

Ion trap, negative 2 fragments 

4 OH-

Sulfamethizole 

 

Ion trap, negative 

QTOF negative 

2 fragments  

error 6.1 ppm 

Carboxy- 

Sulfamethizole 

 

Ion trap, negative 

QToF, negative 

2 fragments 

error 9.9 ppm 

 

  

Two major intermediate products of the doxycycline reaction were detected: OH-

doxycycline (DXC-C1) and 2-OH-doxycycline (DXC-C2) (see Figure 4.14). 
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Figure 4.14: The proposed oxidation pathway of doxycycline [69]. 

 

For amoxicillin, five transformation products were detected (see Figure 4.15); two of 

them, OH-amoxicillin (AMX-C1) and amoxicillin penicilloic acid (AMX-C2), have the 

largest peak area. 

 

Figure 4.15: The proposed oxidation pathway of amoxicillin [69]. 

 

The relative rates of the transformation products were determined by measuring the areas 

of the peaks in the UV chromatograms for doxycycline and its products and by measuring 

the areas of the extracted ion chromatograms for amoxicillin and its major products. 

Dividing the current peak area by the largest peak area allows observation of the change 

in the content ratio of the studied compound and its intermediate oxidation products. 

Figure 4.16 and Figure 4.17 show the changes in the content ratio of amoxicillin and 

doxycycline, and their transformation products for ternary solution respectively. As can 

be seen from Figure 4.16, excepting amoxicillin itself, there is some quantity of 

amoxicillin penicilloic acid in the untreated sample when the delivered energy is 0 

kWh/m3. This can be explained by the fact that amoxicillin begins to hydrolyse under 



4.5 Oxidation by-products 53 

acidic conditions [71], and the presence of doxycycline in a tertiary solution makes the 

media acidic. Therefore, we can observe the presence of acid in the samples before 

processing. During the treatment, the content ratio of both compounds is steadily 

declining. OH amoxicillin only appears when the PCD treatment starts and its quantity 

grows up to a certain point and then decreases. Figure 4.16 also shows the different 

content ratio behaviour at different frequencies. First, in contrast to experiments at high 

frequency, at low frequency all compounds were decomposed at around 1.4 kWh/m3 of 

delivered energy. Second, the largest mass of components and their diversity is observed 

in the 0.4 –0.5 kWh/m3 interval at a frequency of 50 pps, while at a frequency of 200 pps, 

this interval expands and shifts to the right: 0.5–1 kWh/m3.  

 

Figure 4.16: The changing content ratio of amoxicillin and its major oxidation products [69]. 

 

Figure 4.17 shows the changes in the content ratio of doxycycline oxidation products for 

a ternary solution in neutral and alkaline media at different frequencies. As can be seen, 

in neutral media there are no other compounds except doxycycline itself. The oxidation 

by-products begin to form rapidly with the first doses of energy, especially at low 

frequencies. It is seen that the content ratio of intermediates increases unless there is an 

excess of the primary compound. Starting from a certain moment – 0.2 kWh/m3 at 50 pps 

and 0.4 kWh/m3 at 200 pps – the intermediates start to decompose as well. Some amount 

of 2-OH-doxycycline OH-doxycycline was detected in the untreated samples under 

alkaline conditions. Apparently, doxycycline begins to hydrolyse in the presence of 

NaOH, which was added to the solution to create an alkaline condition. In general, the 

content ratio behaviour in alkaline media is similar to the behaviour in neutral media. 
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Figure 4.17: The changing content ratio of doxycycline and its major oxidation products [69]. 

 

In the case of binary solutions, the same transformation products were detected, and the 

same changes in content ratio were observed. There is only one difference, in the case 

amoxicillin binary solution, no amoxicillin penicilloic acid was detected in the untreated 

sample. Amoxicillin penicilloic acid and OH amoxicillin form during the treatment, and 

their presence increases the beginning of the treatment and then drops. 

To summarise the formation of antibiotics oxidation by-products we can say that, first, 

the analysis of the figures confirms that low frequencies are more preferable for 

decomposition from the energy efficiency point of view. Moreover, they are more 

preferable not only for oxidation primary compounds but also for all intermediates. 

Second, the presence of one antibiotic has no effect on the oxidation of another in the 

frame of formation of oxidation by-products and their content ratio behaviour during the 

treatment.  

During the experiment with sodium thiosulfate, it was observed that the solution does not 

change in colour and no precipitate is formed. Sodium thiosulfate should be oxidised into 

sulphates or sulphuric acid. Sulphuric acid was not monitored, however, pH dropped from 

6 to 2.5 during the treatment, suggesting the formation the sulphuric acid during the 

process. Sulphates were detected, and their concentration was measured during the 
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treatment process, Figure 4.18 shows the result of the concentration measurements as a 

function of delivered energy per unit volume. 

 

Figure 4.18: Sulphate ions’ formation as a function of delivered energy per unit volume. 

4.6 Lignin modification 

Often, the by-products of oxidation are even more harmful substances than the original 

compounds. However, it sometimes happens the other way around. Lignin is a potential 

source of value-added products, including phenolic substances and aromatic aldehydes. 

The earlier literature reported the possibility of using PCD treatment for the conversion 

of lignin into aldehydes. It has been found that an increased initial concentration of lignin 

and soft oxidation conditions contribute to a better yield of aldehydes. In the current work, 

in order to improve the yield of aldehydes, several experiments were carried out with an 

increased initial concentration of lignin (up to 1400 ppm) and with a reduced oxygen 

content in the gas phase (up to 2–3 % oxygen-content), which makes the oxidation 

conditions softer. Kraft lignin was used in these experiments. Figure 4.19 shows the 

conversion rate (calculated by Eq. 3.8) and energy efficiency (calculated by Eq. 3.7) of 

aldehyde formation for different initial lignin concentration in different atmospheres. It 

is seen that in the air the conversion rate decreases with an increased initial lignin 

concentration. In the atmosphere with low oxygen content, there is a tendency to increase 

the conversion rate with an increase in initial concentration. It is especially noticeable in 

the case of experiments in a 2–3% oxygen-content atmosphere when the rise in 
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concentration from 370 ppm to 770 ppm gives a growth in the conversion rate of 16 % to 

33 %. 

It is possible to conclude that the less harsh reaction conditions, provided by the oxygen-

thin atmosphere, are favourable for aldehyde formation.  

 

Figure 4.19: The conversion rate (A) and energy efficiency (B) of aldehyde formation in different 

atmospheres with different initial lignin concentrations [72]. 

 

On the other hand, the worst energy efficiency of aldehyde formation is observed in the 

low oxygen content atmosphere, and the best energy efficiency was observed in the air. 

It should be pointed out, that a further increase of the concentration in air does not lead 

to a significant increase in energy efficiency. In the experiments with low oxygen content 

it is possible to achieve a higher efficiency value, even surpassing those in air, by 

increasing the initial concentration.   

Kraft lignin and BLN were the subjects of an investigation of PCD’s influence on lignin 

structure. Changes in solubility, molecular weight and the proportion of phenolic and 

aliphatic OH groups, as well as lignin repolymerisation, were observed. The treated lignin 

became more soluble in water, which can be explained by the formation of carboxylic 

functional groups. Signals of aromatic compounds could be seen in the 13C NMR 

spectrum for lignin treated in the oxygen-thin atmosphere, but for the lignin treated in air, 

these signals were not detected. The degradation of the aromatic rings or reaction at the 

aromatic C-H position can be clearly seen in HSQC spectra (see Figure 8, Publication 

III). This figure shows a clear degradation of the aromatic C-H correlation peaks 

approximately at 120–105/6.0–7.5 (δC/δH) ppm.  

In general, it is possible to conclude that PCD treatment changed the lignin structure 

significantly. The modified lignin had a polymeric or oligomeric structure with a high 

degree of carboxyl or carbonyl groups. The degradation level is a direct function of the 
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oxygen content in the gas phase. In the oxygen-thin atmosphere, the initial lignin 

depolymerisation, with the subsequent polymerisation of lignin fragments, was observed.
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5  Conclusions 

Two distinct options for PCD implementation were studied: PCD used for the removal of 

organic and inorganic compounds from water and the potential application of PCD 

technology for the modification of organics in order to form value-added products.  

In the first of these two options, several experiments were carried out with three 

antibiotics (amoxicillin, doxycycline, sulfamethizole), one immunostimulating drug 

(MAA) and one inorganic compound (sodium thiosulfate). The kinetics of the reactions 

and formation of the oxidation by-products were studied by taking into account such 

factors as pH, the initial concentration of target compounds, gas-phase composition, the 

recirculation water flow rate, pulse-repetition frequency and the temperature of the liquid 

phase. Special attention was paid to temperature effect on the oxidation process since, for 

instance, due to seasonal variation, the temperature of the wastewaters being treated may 

differ significantly and the influence of solution temperature is not widely studied. In 

addition, this dissertation pays increased attention to the influence of the presence of one 

antibiotic on the degradation of another antibiotic in terms of energy efficiency and also 

in terms of the possible intermediate products of oxidation. 

The main evaluation parameter of the PCD process was energy efficiency, which in order 

to facilitate comparisons, was calculated as half-life energy efficiency when the target 

compound removal was 50 %. The obtained results helped understand how the studied 

compounds behave in the cold plasma field and helped find the optimal conditions for 

their oxidation. 

Therefore, the ideal conditions for the reaction of doxycycline and amoxicillin are 

reduced frequency and alkaline media, for sulfamethizole oxidation, reduced frequency 

and any pH (since pH has no effect on the energy efficiency of sulfamethizole oxidation). 

A neutral media, low frequency and the average initial concentration of the target 

compound provided optimal conditions for MAA oxidation. For all the experiments, an 

oxygen-enriched atmosphere accelerated the oxidation process and contributed to less 

energy consumption. Almost all the studied oxidation reactions were first-order reactions, 

except for the reaction of sodium thiosulfate degradation and the reaction of amoxicillin 

degradation in alkaline media. The reaction of amoxicillin was a second-order reaction, 

and the thiosulfate oxidation was a zero-order reaction. The initial concentration of 

sodium thiosulfate had no effect on its oxidation efficiency, which is typical for a zero-

order reaction, and the frequency had little effect. However, it should be noted that the 

energy efficiency was slightly better at a higher frequency. Therefore, PCD treatment of 

sodium thiosulfate should be carried out at elevated frequencies, which allows reducing 

the treatment time.  

All oxidation by-products detected during the treatment decomposed by the end of the 

treatment process. The presence of more than one dissolved compound in water had no 

effect on the qualitative composition of oxidation by-products. However, there was a 
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decrease in the energy efficiency and reaction speed of the oxidation of individual 

compounds in the multicomponent system. 

The effect of the temperature of the liquid phase was studied by using the example of 

sulfamethizole treatment. It was found that the temperature had no effect on reaction 

order. An ambient temperature (around 20 °C) is the optimal temperature for the 

treatment of sulfamethizole since an increase of up to 50 °C in temperature led to a 

significant deterioration in energy efficiency and a decrease in temperature (relative to 

room temperature) did not affect the process. 

In general, it has been demonstrated that PCD can effectively decompose various 

compounds dissolved in the aqueous solution by utilising the combined physical and 

chemical effects initiated by gas-phase discharge. 

Experiments with two types of lignin were conducted. PCD treatment significantly 

changed lignin’s structure; the modified structure was polymeric or oligomeric and 

contained a high degree of carboxyl or carbonyl groups. The solubility of treated lignin 

changed to a more water-soluble lignin. 

Lignin degradation is a direct function of the oxygen concentration in the gas phase. 

Under less harsh conditions with a lower oxygen content, the initial depolymerisation of 

lignin is observed at the beginning of the PCD treatment with subsequent polymerisation 

of lignin fragments. Aldehyde formation was detected during the PCD treatment, and it 

was found that in a thin-oxygen atmosphere, increasing the lignin’s initial concentration 

made it possible to achieve the best result in terms of the energy efficiency of aldehyde 

formation in the long run. Despite the fact that the formation of aldehydes was observed, 

the most likely PCD technology cannot be used to obtain them since the PCD oxidation 

process is non-selective. However, PSD technology can be used for pre-treatment of such 

materials as lignin in order to improve their chemical reactivity.
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Appendix A: Figures. Concentration vs delivered energy 

 

Figure A 1: MAA concentration as a function of delivered energy per unit volume at 200 pps. 

. 

 

Figure A 2: MAA concentration as a function of delivered energy per unit volume Rat 840 pps. 
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Figure A 3: Relative concentration of sulfamethizole as function of delivered energy per unit 

volume at 20 °C. 

 

 

Figure A 4: Relative concentration of sulfamethizole as a function of delivered energy per unit 

volume at different temperatures. 
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Figure A 5:  Relative concentration of amoxicillin as function of delivered energy per unit volume 

with 50 ppm initial concentration.  

Figure A 6: Relative concentration of doxycycline as function of delivered energy per unit volume 

with 50 ppm initial concentration at different frequencies and pH. 
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Figure A 7: Sodium thiosulfate concentration as a function of delivered energy per unit volume 

with various initial concentrations and pulse frequencies. 
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A B S T R A C T

The presence of pharmaceutical compound residues in water bodies is becoming an increasingly serious pro-
blem. Various pharmaceuticals have been detected in raw municipal wastewaters, after wastewater treatment
plant processes, and even in drinking water. Many common pharmaceuticals are bio-accumulating and they can
have a harmful impact on aquatic and terrestrial organisms.

In this work, pulsed corona discharge technology (PCD) is studied as a potential method for antibiotic
compounds abatement. Two antibiotics, amoxicillin and doxycycline, were chosen as test pharmaceutical
compounds. The aim of the study was to investigate the transformation kinetics of binary solutions (water –
single antibiotic compound) and ternary solutions (water – two antibiotic compounds) of the compounds and to
optimize operational parameters for improved oxidation performance. Ternary solutions were investigated to
obtain data on transformation kinetics when two competing pharmaceutical molecules are present in the so-
lution. The experiments showed that reactions of doxycycline oxidation are always first order reactions. Reaction
of amoxicillin oxidation has second order in the case of experiments with binary solution in alkaline medium. In
other cases, it has first order. The transformation products formed were identified and monitored based on liquid
chromatography mass spectrometer analysis. OH-amoxicillin, amoxicillin pencilloic acid, OH-doxycycline and 2-
OH-doxycycline had the largest peaks areas. All studied compounds and all transformation products can be
easily oxidized by PCD. Approximately 1 kWh/m3 and 0.5 kWh/m3 delivered energy is enough for oxidation of
great part of amoxicillin and doxycycline respectively. Low frequency, 50 pps, and high (pH=12) are preferable
for oxidation of both antibiotics from the energy consumption point of view.

1. Introduction

Pharmaceutical compounds were first detected in natural water
bodies in the 1970s. At the time, these compounds, i.e. active phar-
maceutical ingredients (API), were not considered hazardous as their
concentrations were insignificant. However, a continuously growing
and ageing of population, improving quality of life and greater use of
pharmaceuticals in rearing of livestock have led to increased con-
sumption of pharmaceutical compounds, which in turn has resulted in
greater accumulation of pharmaceutical compounds in the environ-
ment. Furthermore, an absence of legislation specifically addressing the
discharge of pharmaceuticals-containing wastewaters into ground
water and surface water bodies has also contributed to continuous
growth of these compounds in the natural environment [1,2].

Pharmaceutical compounds are developed to be highly bioactive in

order to react with receptors in humans and animals and produce the
desired medicinal effect. They are usually toxic towards health-threa-
tening organisms such as bacteria, fungi and parasites. A significant
amount of lower animals have receptor systems similar to humans and
higher animals. Furthermore, many of the organism groups affecting
human and animal health and targeted by pharmaceuticals play an
important role in natural ecosystems. Therefore, pharmaceuticals may
impact significantly on aquatic and terrestrial organisms [3].

A number of studies have reported on the impact of pharmaceuticals
on environmental health [4–6] and there are special requirements for
environmental risk assessment of the effects of human and veterinary
medicines on aquatic and terrestrial organisms. Such requirements
were first established in 1980 by the US Food and Drug Administration
(FDA) [40], and similar requirements were adopted in the EU in 1997.
These risk assessments investigate potential negative effects on
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daphnids, fish, algae, bacteria, earthworms and plants [3].
One of the main sources of pharmaceuticals contamination in nat-

ural waters is wastewater effluent from municipal treatment plants
treating hospital effluents and human wastes [7]. Municipal wastewater
treatment plants are generally not equipped to deal with complex
pharmaceuticals, as most plants consist of primary and secondary
treatments (mainly activated sludge systems) without tertiary treat-
ment processes able to efficiently remove medical drugs [8,9]. The
concentration of pharmaceuticals in natural water bodies is in the range
of ng/L to µg/L [10].

Ozonation can be applied for removal of pharmaceuticals from
water [11], but the high cost of ozone makes this method economically
unviable [12–14]. The necessity for the novel water treatment methods
is thus clear.

The present work investigates, economically and as regards en-
vironmental safety, the feasibility of ultra-short gas-phase pulsed
corona discharge (PCD) oxidation at ambient conditions for pharma-
ceuticals removal from water. PCD oxidation is a chemical-free method
that generates hydroxyl radicals and ozone as the main oxidation spe-
cies for oxidation of various organic molecules. PCD has been shown to
be an effective method for oxidation of pharmaceuticals by Panorel
et al. [15,16], who studied PCD oxidation for removal of compounds
such as paracetamol, ibuprofen, β-estradiol, indomethacin and salicylic
acid.

Many antibiotics are refractory substances [17] that can pass
through biological treatment facilities without degradation, thus ending
up in water bodies [18,19]. The compounds investigated in this work
were chosen based on risk quotient (RQ), as proposed by Verlicchi [19];
namely, the ratio between the average concentration of pharmaceu-
ticals in a secondary effluent and the corresponding predicted no-effect
concentration (PNEC) [20].

Possible oxidation reaction pathways of these compounds have been
presented by Klauson et al. [21,22]. Most research into degradation of
the studied antibiotics by advanced oxidation processes (AOP) has
considered UV photolysis, ozonation, the Fenton reaction and combi-
nations of these methods. Moreira et al. [23] and Elmolla and Chaud-
huri [24] report extremely low degradation of amoxicillin under direct
single photolysis, and similar results are reported for doxycycline de-
gradation [25]. However, amoxicillin and doxycycline are easily oxi-
dized in processes where ozone is involved [23,26,25]. Although ozo-
nation is an effective approach, its use brings additional costs as the
ozone has be generated separately in the ozone generator and trans-
ferred to the wastewater treatment unit, and the residual ozone gas has
to be recovered. The Fenton process is the most effective method of
commonly used AOPs [27–29] but has the drawback of sludge forma-
tion when ferrous iron chemical is added to the system.

This work focuses on investigation of process parameters with the
aim of increasing the energy efficiency of the oxidation process. Process
parameters considered include pulse repetition frequency, treatment
time, and pH value.

There is a considerable body of work about the effect of carbonate
species (HCO3

−, CO3
2−), natural organic matter and other organic

compounds on oxidation by AOPs. It is well known that such species act
like a OH-radicals scavenger and have a negative influence on oxidation
[30,31]. Some work has also been presented in which real waste water
is used as a solvent for antibiotics [32]. The study found a decrease in
AOP efficiency with surface water and water from a wastewater treat-
ment plant compared with ultra-pure water as a solvent. Although the
effects of various pharmaceutical compounds in water on AOP effi-
ciency have been investigated in numerous studies, the work has tended
to focus on a single parent pharmaceutical compound, and the com-
bined effect of the presence of antibiotics has received little attention.
The present work makes an attempt to evaluate the influence of pre-
sence of one antibiotic on degradation of another antibiotic in terms of
energy efficiency as well as from the point of view of possible inter-
mediate products of oxidation.

Although pharmaceutical oxidation products are usually less phar-
macologically active than the parent compound, it has been shown that
advanced oxidation processes can lead to the production of oxidation
products with enhanced toxicity compared to the parent compound
[33–35]. Thus, it is important to study not only the concentration of the
parent compound, but also the transformation products formed when
pharmaceuticals are oxidized.

2. Materials and methods

Two commercial antibiotics, amoxicillin and doxycycline, were
used as test compounds. Both antibiotics were supplied by Sigma
Aldrich and the purity of the antibiotics exceeded 99% (analytical
grade). Liquid chromatography eluents were prepared with MilliQ
water and LC–MS grade acetonitrile (VWR). Formic acid (98%, Merck)
was used as an additive.

The experimental system comprised a pulsed corona discharge re-
actor and a high voltage pulse generator with the setup illustrated in
Fig. 1. The chamber of the PCD reactor consists of two grounded ver-
tical plate electrodes and a high voltage wire electrode located parallel
between two plate electrodes. The dimensions of the plates are 210mm
in width and 1000mm in height. The plates are located 34mm from
each other. The total plasma volume is 7.14× 106mm3. The high
voltage electrodes are placed at a distance of 29mm from each other.
The diameter of the wire electrode is 0.5 mm. The chamber is covered
by a transparent acrylic glass frame. An oscilloscope, Agilent 54622D,
was used for determination of the pulse parameters. The energy of a
single pulse was calculated using the following equation:

∫=W U t I t dt( ) ( )p
T

0

p

(1)

Fig. 1. Experimental setup of 100W PCD reactor.
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where, Wp is the energy of a single pulse, J; Tp is the duration of the
voltage pulse, ns; U(t) and I(t) are waveforms of voltage and current
respectively.

The energy of a single pulse produced by the generator is 0.12 J at
22 kV and 180 A in the amplitude peak at 100 ns duration, which
corresponds to average energy density of 16.8 J/m3 in the plasma vo-
lume [12].

Aqueous solutions of the test compounds were circulated from the
reservoir tank through the reactor by a pump. The solution is fed to the
top of the reactor, where it is spread with a perforated plate and falls by
gravity between the electrodes. The solution contacts the electrodes and
is treated by the oxidants.

The flow rate of the re-circulating water was 4.5 L/min, which en-
sured sufficient trickling and adequate mixing. The key studied ex-
perimental parameters were pH level and pulse repetition frequency.
All experiments were carried out at ambient pressure and temperature.
Deionized water was used in the solutions.

The experiments were done with constant initial concentration of
antibiotics of 50 ppm with two different initial pH levels, neutral and
alkaline (in the presence of NaOH). Such relatively high concentration
was chosen to make possible to investigate the behavior of tested
compounds during PCD treatment. It should be noted that media
without the NaOH additive are henceforth referred to as “neutral”. The
compounds were tested separately with binary and ternary solutions.
Ternary solutions were prepared by mixing of 50 ppm of both antibiotic
compounds. Initial solution concentration was chosen high enough to
obtain accurate data on oxidation rates of the substance. As pulse re-
petition frequency is one of the primary parameters that determines the
efficiency of the process, three different pulse repetition frequencies of
50 pps, 200 pps and 500 pps were used. The samples were taken with
treatment time as indicated in Table 1. The total number of experiments
is 20, as listed in Table 2. Each experiment was repeated several times.
All plots and calculations were based on mean values of compound
concentrations. Standard deviation was calculated to estimate the re-
producibility of experiments. The maximum values of standard devia-
tion for each experiment are shown in Table 2. As the table shows, the
maximum standard deviation is around 0.05 indicating quite high ex-
periment reproducibility. The concentration of pharmaceuticals was
measured at least four times after each experiment. The accuracy of
these measurements was around± 0.3 ppm.

The concentration of pharmaceuticals was measured by high per-
formance liquid chromatography (HPLC). A Kinetex 2.6 µm C18 100A
150×4.60mm column was used for analysis of the studied solutions.
The specific HPLC parameters for each compound are shown in Table 3.

Analysis of the transformation products of doxycycline and amox-
icillin was performed using liquid chromatography coupled to an ion
trap mass spectrometer (Agilent 1100 series LC/MSD Trap) equipped
with an electrospray ionization interface. The analysis was conducted in
both positive and negative mode using full scan and auto MS/MS
modes. The neutral samples were injected without prior sample treat-
ment and the pH of the alkaline samples was adjusted to 3 with formic
acid before injection. For chromatographic separation, an XBridge C18

column (2.1×50mm, 3 μm, Waters) and an Atlantis T3 C18 column
(2.1× 100mm, 3 μm, Waters) were used for doxycycline and amox-
icillin respectively. The flow rate was 0.4mL/min and MilliQ water
with 0.1% formic acid and acetonitrile with 0.1% formic acid were
eluents A and B, respectively. The gradient applied in the doxycycline
method was: 0–1min, 5% B; 1–25min, 5–95% B; 25–26min, 95% B;
26–27min, 95–5% B; 27–35min, 5% B. The gradient applied in the
amoxicillin method was: 0–1min, 0% B; 1–24min, 0–60% B;
24–25min, 60–0% B; 25–35min, 0% B. The injection volume was
30 μL. The LC instrument was equipped with a variable wavelength UV
detector adjusted to 275 nm in the doxycycline method and 229 nm in
the amoxicillin method. The source parameters in the doxycycline
method were: capillary voltage of± 3.5 kV, gas temperature 350 °C,
gas flow 8 L/min, nebulizer 40 psi. Parameters for the amoxicillin
method were the same with the exception that the capillary voltage
was± 4.5 kV.

Further evaluation of the transformation products was carried out
with a quadrupole time-of-flight mass spectrometer (Bruker MicrOTOF)
equipped with an electrospray ionization interface. The analysis was
carried out in positive mode in full scan mode. An Agilent series 1200
LC was used for chromatographic separations. The chromatographic
method was the same as for the ion trap spectrometry.

3. Results and discussion

The present work studied the effect of pH and pulse repetition fre-
quency on energy consumption during the oxidation process of each
model compound. The main parameter to determine the efficiency of
the PCD treatment was energy efficiency (ε, g/kWh):

Table 1
Corresponding energy delivered with treatment time.

Delivered energy
dose (kWh/m3)

Treatment time
for 50 pps (min)

Treatment time
for 200 pps (min)

Treatment time for
500 pps (min)

0 0 0 0
0.05 5 – –
0.1 10 2.5 –
0.2 20 5 –
0.4 40 10 4
1 100 25 10
1.6 160 40 16
2.4 240 60 24

Table 2
List of experiments.

Frequency pH changing № of experiments Max SD

1 DXC 500 pps 4.3→ 3.3 2 0.0497
2 DXC 500 pps 11.8→ 11.7 2 0.0532
3 DXC 200 pps 4.2→ 3.4 4 0.0387
4 DXC 200 pps 11.8→ 11.7 4 0.0406
5 DXC 50 pps 4.0→ 3.5 4 0.0351
6 DXC 50 pps 11.9→ 11.7 4 0.0389
7 AMX 500 pps 6.6→ 3.3 3 0.0412
8 AMX 500 pps 11.8→ 11.7 3 0.0426
9 AMX 200 pps 6.3→ 3.4 4 0.0299
10 AMX 200 pps 11.8→ 11.7 4 0.031
11 AMX 50 pps 6.7→ 4.0 4 0.0309
12 AMX 50 pps 11.9→ 11.7 4 0.0312
13 Mix DXC 200 pps 4.3→ 3.9 3 0.0352
14 Mix DXC 200 pps 12.2→ 12.1 3 0.036
15 Mix DXC 50 pps 4.7→ 4.4 3 0.03
16 Mix DXC 50 pps 12.2→ 12.1 3 0.032
17 Mix AMX 200 pps 4.3→ 3.9 3 0.049
18 Mix AMX 200 pps 12.2→ 12.1 3 –
19 Mix AMX 50 pps 4.7→ 4.4 3 0.048
20 Mix AMX 50 pps 12.2→ 12.1 3 –

Table 3
Analysis methodology and parameters used in HPLC analysis.

Amoxicillin Doxycycline

Eluent 95% phosphate buffer
solution (0.01mol/L)
and 5% acetonitrile

Methanol, acetonitrile, 0.01M
oxalic acid solution in
volumetric proportion of 2:3:5
respectively

Column
temperature

25 °C 25 °C

Retention time Around 4min Around 3min
Wavelength 229 nm 350 nm
Eluent flow rate 0.6 ml/min 0.8 ml/min
Injection volume 20 µl 20 µl
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=ε C E0.5 /0 (2)

where, E is the delivered energy dose, corresponding to the treatment
time required for 50% compound degradation, kWh/m3; C0 is the initial
concentration of the compound, mg/L. In other words, the energy ef-
ficiency shows how much energy was consumed to oxidize a half of
initial concentration of tested compound.

To make sure, that amoxicillin and doxycycline do not degrade
them self and do not react with each other in aqueous solution, a sev-
eral controlling experiments were done. Binary solution of each anti-
biotic was pumped through the reactor without power supply for 5 h.
Samples were taken after each hour. Changes in concentration of both
antibiotics were not detected. The same run was carried out for ternary
solution. The concentration of doxycycline remained in the same initial
level. Decreasing in amoxicillin concentration was observed. It dropped
at the beginning by 16% and remained on the same level during 5 h. We
assumed that happened due to acidic condition only, and not because of
chemical reaction with doxycycline. Explanation of concentration de-
creasing is given in Chapter 3.3.

3.1. Amoxicillin oxidation

Fig. 2 shows the oxidation results for amoxicillin. The experiments
were carried out in neutral and alkaline conditions. The binary test
solution was prepared with one compound, in this particular case with
amoxicillin only, and the ternary solution contained both amoxicillin
and doxycycline. During the treatment in alkaline conditions, the pH
remained constant, around 12. In the experiments without sodium
hydroxide, the pH dropped from neutral to acidic, Table 2. In treatment
of the ternary solution, detection of amoxicillin in the alkaline condi-
tion failed. It would thus appear that the implemented analysis method
does not give reliable results in the presence of doxycycline and sodium
hydroxide.

Description of the reaction kinetics is quite demanding due to the
unknown concentration of the oxidants and their share in the reaction.
However, using data from the experiments, the reaction order and re-
action rate constant can be determined by integration method.
Functions ln(C/C0) and 1/C versus treatment time were plotted to de-
termine whether the reaction is first or second order. The linear de-
pendence of logarithmic amoxicillin degradation in a neutral medium
confirmed the first order reaction with respect to the concentration in
both binary and ternary solutions, which is agreement with results
presented by Dogan and Kidak [36], who also observed a first order
reaction. In the alkaline medium, the reaction is a second order reaction
(plot 1/C gave the best fitting results). The first order reaction rate
constant (k1, min−1) was determined as the slope of ln(C/C0) versus
treatment. The second order reaction rate constant (k2, L mg−1 min−1)
was determined as the slope of 1/C versus time. Calculated reaction

rate constants are given in Table 4. As amoxicillin could not be detected
at alkaline conditions, the reaction order was not calculated for the
experiment with ternary solution in an alkaline medium. It is clearly
seen that the reaction rate increases with increase in frequency, as ex-
pected.

From Fig. 2, it can be concluded that amoxicillin is easily oxidized
by PCD. The highest degradation was observed at the beginning of the
PCD treatment. After energy delivery of 1 kWh/m3, the great part of
amoxicillin was oxidized. It can further be observed that the lowest
pulse repetition frequency leads to the fastest degradation rate. In an
alkaline medium, the oxidation is more energy-efficient at the very
beginning of the treatment than with neutral solutions. It is clearly seen
from Fig. 2 that, at constant frequency, the oxidation of amoxicillin is
enhanced at higher pH. This result is especially noticeable at higher
frequency, when influence of OH-radicals is more significant comparing
with ozone, and since the alkaline medium contains more hydroxyl
radicals, the oxidation efficiency is higher at high pH. With pulse re-
petition frequency of 50 pps, alkaline conditions are still preferable but
the influence of pH is smaller. At the lowest frequency, 50 pps, amox-
icillin seems to almost oxidize fully at delivered energy around 1 kWh/
m3. On the other hand, the treatment time at lower pulse repetition
frequency becomes longer. In this case, ozone has more time to accu-
mulate during the pauses between pulses and has more time for reac-
tion with target compounds. Consequently, at low frequency, ozone-
plays a more significant role in the oxidation. Furthermore, the effect of
pH decreases at the end of the oxidation, which is clearly seen from
Fig. 2.

Energy efficiency of amoxicillin oxidation was calculated according
to Eq. (2) after degradation of 50% of the initial amount of the test
compound (see Fig. 3). Energy efficiency decreased with high pulse
repetition in both alkaline and neutral solutions. The highest energy
efficiency was obtained in alkaline solution at pulse repetition fre-
quency of 50 pps with 149.75 g/kWh, indicating that 149.75 g of
amoxicillin can be oxidized per 1 kWh. The minimum energy efficiency,
33.46 g/kWh, was detected at 500 pps frequency in neutral media. For
comparison, Jin et al. [37] obtained a maximum 6.025 g/kWh for de-
gradation of amoxicillin in aqueous solution with contact glow dis-
charge electrolysis. With PCD treatment, even the worst result gave 5.5
times better efficiency, showing the considerable potential benefits
from PCD utilization.

When treatment of the binary solution is compared with ternary
solution treatment, it can be concluded that oxidation of amoxicillin in
the presence of doxycycline occurs more slowly. The reaction rate
constant decreased by 26–27% for the ternary solution irrespective of
frequency. Moreover, more energy was required for oxidation of the
same amount of amoxicillin than in treatment of the binary solution,
most likely due to competitive reactions of oxidants with doxycycline.
Energy efficiency of amoxicillin degradation in ternary solution de-
creased from 100.62 g/kWh to 72.86 g/kWh at frequency 50 pps, and
from 66.4 g/kWh to 58.79 g/kWh at 200 pps. It should be noted here,
that the inhibitory effect of doxycycline on amoxicillin degradation is
more significant at lower pulse repetition frequency. Comparison of
amoxicillin behavior during PCD treatment under alkaline and neutral
conditions was not carried out. As mentioned earlier, the implemented
analytical method did not enable detection of amoxicillin in an alkaline
medium in the presence of doxycycline.

3.2. Doxycycline oxidation

Fig. 4 presents the oxidation of doxycycline in binary and ternary
solutions in neutral and alkaline conditions. It is important to note, that
the term “neutral” means absence of NaOH, practically the pH of
doxycycline solutions was around 4.

Doxycycline can be oxidized with lower energy consumption than
amoxicillin, and at delivered energy above 0.4 kWh/m3, doxycycline
concentrations reached the detection limit of the HPLC analysis methodFig. 2. Amoxicillin relative concentration vs delivered energy.
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used.
In the range of 0–0.4 kWh/m3, the trends of the obtained oxidation

curve are very similar as with amoxicillin. However, unlike amoxicillin
degradation, the doxycycline degradation is a first order reaction in
both alkaline and neutral media. Because of the fast doxycycline oxi-
dation at a frequency of 500 pps under alkaline conditions, it was
possible to take only two samples, and therefore, the reaction rate
constant could not be determined in this case. As with the amoxicillin
experiments, in alkaline conditions the pH remained constant in dox-
ycycline solutions, around pH 12. However, without NaOH, the initial
pH was around 4.5 and dropped to 3.5 after PCD oxidation (see
Table 2). Calculated reaction rate constants are shown in Table 4. It is
clearly seen that the reaction rate constant increases with increasing
pulsed repetition frequency in both binary and ternary solutions irre-
spective of pH. Comparing results for the binary and ternary solutions,
it can clearly be seen that the reaction rate constant is higher with
binary solutions. For neutral conditions, the difference between the
values of reaction rate constant in ternary and binary solutions is
around 8.2% at 50 pps (k1= 0.0974min−1 in binary solution against
k1= 0.0894min−1 in ternary solution) and 40% at 200 pps.
(k1= 0.2933min−1 in binary solution against k1= 0.175min−1 in
ternary solution). For alkaline conditions, this difference is 54%
(k1=0.161min−1 in binary solution against k1= 0.0738min−1 in
ternary solution) and 41% (k1=0.311min−1 in binary solution against
k1= 0.1832min−1 in ternary solution) at 50 pps and 200 pps respec-
tively. The presence of amoxicillin significantly slows down the dox-
ycycline oxidation process. In general, high pH enhances the oxidation,
but it is important to note that in the case of ternary solution treatment
in alkaline media, the doxycycline oxidation reaction rate constant is a
little bit lower than with neutral media. This outcome is observed only
at 50 pps.

Energy efficiency of amoxicillin oxidation was calculated according
to Eq. (2). The calculation results are presented in the Fig. 5. As in the
case of amoxicillin oxidation, lower pulse repetition frequencies are
preferable from the energy consumption point of view. As in the case of
experiments with amoxicillin, the highest energy efficiency (643.11 g/

kWh) was obtained in alkaline condition in binary solution at pulse
repetition frequency of 50 pps. This value is four times higher than the
similar value for amoxicillin treatment (643.11 g/kWh against
149.75 g/kWh). This proves that oxidation of doxycycline is much more
easily comparing with amoxicillin. It can be seen from the Fig. 5, that
with increasing of frequency, energy efficiency decreasing. It is inter-
esting observation, that at higher frequency, the influence of pH on
energy efficiency become insignificant. The results presented in on the
Fig. 5 suggest, that energy efficiency at 200 pps is almost the same in
neutral and alkaline conditions, and higher at 500 pps in neutral con-
dition. Better result in energy efficiency in neutral condition at 500 pps
is surprising. However, it could be explained by insufficient quantity of
samples, only two sample were taken during treatment at 500 ppm.
Obviously, two sample are not enough for accurate analysis.

Comparing energy efficiency of treatment in binary and ternary
solutions, we can see from the Fig. 5, that low frequency is still pre-
ferable in the case of ternary solution. Of course, the absolute value is
lower compared to binary solution. The most interesting and un-
expected finding is that, in ternary solution energy efficiency

Table 4
Reaction rate constants; k1, min−1; k2, L mg−1 min−1.

Frequency, pps Binary solution Trenary solution

Amoxicillin Doxycycline Amoxicillin Doxycycline

Neutral Alkaline Neutral Alkaline Neutral Alkaline Neutral Alkaline

k1 k2 k1 k2 k1 k2 k1 k2 k1 k2 k1 k2 k1 k2 k1 k2

50 0.0328 – – 0.0031 0.0974 – 0.161 – 0.024 – n/a n/a 0.0894 – 0.0738 –
200 0.0850 – – 0.0096 0.2933 – 0.311 – 0.0633 – n/a n/a 0.175 – 0.1832 –
500 0.1307 – – 0.0137 0.3328 – n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Fig. 3. Energy efficiency of amoxicillin degradation.

Fig. 4. Doxycycline relative concentration vs delivered energy.
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performance is higher in neutral media.
As stated earlier, the initial concentration of the treated solutions

was 50 ppm. However, HPLC analysis suggests that the initial con-
centration of the untreated samples was lower than prepared. The dif-
ference is particularly noticeable with acidic and alkaline conditions.
The ternary solution is an acidic medium due to the presence of dox-
ycycline. It is known that amoxicillin starts to oxidize under acidic
conditions and amoxicillin penicilloic acid appears [38]. It is reason-
able to assume that this is the cause of the lowered concentrations
found in the HPLC analysis. Further (see Chapter 3.3) analysis showed
the presence of amoxicillin penicilloic acid in untreated solution.

3.3. Identification of transformation products

As stated earlier, the initial concentration of the treated solutions
was 50 ppm. However, HPLC analysis suggests that the initial con-
centration of the untreated samples was lower than prepared. The dif-
ference is particularly noticeable with acidic and alkaline conditions.
The ternary solution is an acidic medium due to the presence of dox-
ycycline. It is known that amoxicillin starts to oxidize under acidic
conditions and amoxicillin penicilloic acid appears [38]. It is reason-
able to assume that this is the cause of the lowered concentrations
found in the HPLC analysis. Further analysis showed the presence of
amoxicillin penicilloic acid in untreated solution.

To investigate the transformation products formed during PCD
oxidation, LC-ESI-ion trap analyses were carried out. Oxidation of both
doxycycline and amoxicillin leads to the formation of several trans-
formation products. Identification of the major transformation products
was based on their fragmentation patterns using ion trap MS and MS2

analyses in both positive and negative mode and their exact mass re-
corded by a time-of-flight mass spectrometer (Table 5).

The relative rates of transformation of the antibiotics and the
transformation products were determined by measuring the areas of the
peaks in the UV chromatograms for doxycycline and its products and by
measuring the areas of the extracted ion chromatograms for amoxicillin
and its major products. Dividing the current peak area by the largest
peak area enables the behavior of the content ratio of the tested

compound and its degradation products during PCD treatment to be
seen. Figs. 6 and 7 show the change in the content ration of amoxicillin
and doxycycline and their transformation products for ternary solution
respectively.

Qualitative analysis of trenary solution showed five transformation
products of amoxicillin (Fig. 8). The identification was based on ob-
served molecular mass and the fragmentation patterns. The exact
masses were recorded for the products OH-amoxicillin (AMX-C1) and
amoxicillin penicilloic acid (AMX-C2) and used for structural determi-
nation. The structure of the transformation product AMX-C4 has pre-
viously been reported by Trovó et al. [39]. Fig. 6 shows the change in
the content ratio of amoxicillin and its major (with the largest peak
areas) oxidation products. As can be seen from the figure, along with
amoxicillin there are some amount of amoxicillin penicilloic acid in the
sample without treatment (Delivered energy= 0 kWh/m3). This is
largely due to acidic conditions in ternary solution, and, as was men-
tioned before amoxicillin starts to hydrolyze under acidic conditions
and it leads to amoxicillin penicilloic acid formation. The presence of
both compounds decreases continuously until the end of the treatment.
At the same time, there is now OH-amoxicillin in the 0 sample, it ap-
pears when treatment starts and its quantity increases up to certain
point, where the value peaks as the hydroxyl radicals start to react with
amoxicillin. Finally, all three compounds decompose by the end of the
treatment.

The transformation products of both antibiotics were detected in
neutral samples. In alkaline samples, only doxycycline oxidation pro-
ducts were detected. Qualitative analysis of amoxicillin oxidation in-
termediate products in alkaline samples did not give reliable results.
The implemented analytical method requires modification to enable
detection of amoxicillin and its oxidation products in alkaline media.

Qualitative analysis of the binary solution showed the same trans-
formation products of amoxicillin. The difference is there is no amox-
icillin penicilloic acid in the 0 sample. Both amoxicillin penicilloic acid
and OH-amoxicillin appear during the experiment, and their quantity
increases at the beginning of the treatment and then drops.

For doxycycline, two major transformation products, OH-doxycy-
cline (DXC-C1) and 2-OH-doxycycline (DXC-C2), were detected (Fig. 9).
The products were identified based on their exact mass, which suggests
the addition of one and two OH groups respectively. The OH groups
were most probably added to the aromatic rings. Fig. 7 presents the
behavior of the content ration of doxycycline ant its degradation pro-
ducts during PCD treatment of ternary solution with and without the
presence of NaOH. Binary solution of doxycycline was also studied and
gave approximately the same results in that the relative change in
compounds was the same. As can been seen from Fig. 7, in the absence
of NaOH, only doxycycline is found at the beginning of the treatment,
while other compounds start to appear later due to the reaction of

Fig. 5. Energy efficiency of doxycycline degradation.

Table 5
Accurate mass observed by LC-ESI-TOF-MS of amoxicillin and doxycycline transformation
products.

Product Calculated exact mass Experimentally determined mass Error, ppm

AMX-C1 382.10673 382.1091 4.4
AMX-C2 384.12238 384.1220 0.9
DXC-C1 461.15546 8.4
DXC-C2 477.15037 6.1
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hydroxyl radicals with doxycycline. It is clearly seen that the con-
centration of intermediate products increases unless there is enough
primary component. In other words, as long as we have excess of

primary compound in the system, we can observe an increasing of
concentration of intermediate products. When the required amount of
primary component in the system is no longer available, the

Fig. 6. Changing of the content ratio of amoxicillin and its
major oxidation products.

Fig. 7. Changing of content ratio of doxycycline and its
major oxidation products.

Fig. 8. Proposed oxidation pathway of amoxicillin.
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intermediate products start to oxidize as well. In experiments with
NaOH, some amount of 2-OH-doxycycline and some OH-doxycycline is
found at the beginning of the treatment. As against treatment in neutral
media, doxycycline and OH-doxycycline oxidize quite fast under alka-
line condition, whereas the 2-OH-doxycycline is more resistant to oxi-
dation.

4. Conclusion

The studied antibiotic compounds, amoxicillin and doxycycline, are
relatively easy to oxidize with PCD and pulsed corona discharge oxi-
dation is thus an effective degradation approach for these compounds,
achieving high rate of degradation in a short period of time with low
energy consumption.

The energy efficiency of oxidation of all the compounds increases
with reducing pulse repetition frequency. At low frequency, ozone ac-
cumulates during pauses between the pulses. Thus, the in situ con-
centration of ozone increases, it has more time to react with target
compounds and the role of ozone in the oxidation becomes more sig-
nificant.

High pH is preferable for oxidation at the beginning of the process;
however, as the treatment progresses, with decreasing of primary
compound, the effect of pH becomes less significant.

The reaction of amoxicillin is first order in a neutral medium and
second order in an alkaline medium. The doxycycline oxidation reac-
tion is a first order reaction in both neutral and alkaline media.
However, the reaction rate constant is higher at alkaline conditions.

Five and two intermediate compounds were detected during oxi-
dation of amoxicillin and doxycycline respectively. OH-amoxicillin,
amoxicillin pencilloic acid, OH-doxycycline and 2-OH-doxycycline had
the largest peaks areas. All products were oxidized by the end of the
treatment. The behavior of all intermediate products was similar to that
of the original compounds, i.e. better degradation under alkaline con-
ditions, and low pulse repetition frequency is to be preferred from the
energy efficiency point of view.
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Behaviour of aqueous 
sulfamethizole solution and 
temperature effects in cold plasma 
oxidation treatment
Alexander Sokolov  1 & Marjatta Louhi-Kultanen1,2

The increase in volume and variety of pharmaceuticals found in natural water bodies has become 
an increasingly serious environmental problem. The implementation of cold plasma technology, 
specifically gas-phase pulsed corona discharge (PCD), for sulfamethizole abatement was studied in the 
present work. It was observed that sulfamethizole is easily oxidized by PCD. The flow rate and pH of 
the solution have no significant effect on the oxidation. Treatment at low pulse repetition frequency 
is preferable from the energy efficiency point of view but is more time-consuming. The maximum 
energy efficiency was around 120 g/kWh at half-life and around 50 g/kWh at the end of the treatment. 
Increasing the solution temperature from room temperature to 50 °C led to a significant reaction 
retardation of the process and decrease in energy efficiency. The pseudo-first order reaction rate 
constant (k1) grows with increase in pulse repetition frequency and does not depend on pH. By contrast, 
decreasing frequency leads to a reduction of the second order reaction rate constant (k2). At elevated 
temperature of 50 °C, the k1, k2 values decrease 2 and 2.9 times at 50 pps and 500 pps respectively. 
Lower temperature of 10 °C had no effect on oxidation efficiency compared with room temperature.

Despite pharmaceuticals having first been detected in natural water bodies more than 40 years ago, these com-
pounds were, until recently, not considered hazardous as their concentrations were very low. To date, there is a 
trend of increasing pharmaceuticals concentrations in lakes, rivers and seas, due to a general increase in usage 
of pharmaceutical compounds for both medicinal purposes and in livestock production. Through the use of 
advanced analytical techniques, pharmaceuticals in extremely low concentrations have been detected in tap 
water1,2. The continuous increase in the prevalence of these compounds in natural water bodies is also due to 
an absence of legislation specifically addressing the discharge of pharmaceuticals-containing wastewaters into 
ground water and surface waters3. Existing municipal wastewater treatment plants are not designed for efficient 
removal of medical drugs from water, especially refractory compounds such as antibiotics4–6.

Over recent years, the global consumption of antibiotics has increased rapidly. According to Van Boeckel7, 
global consumption of antibiotics in the first decade of the 21st century increased by 36%. One of the classes of 
antibiotics with greatest use is compounds belonging to the sulfonamide functional group. In Europe, total con-
sumption of sulfonamides for human medicine was 121.5 tonnes of active pharmaceutical ingredient in 2012, 
which places the compound as the fifth most commonly used antimicrobial antibiotic. According to the European 
Centre for Disease Prevention and Control, Finland is among the largest per capita consumers of sulfonamides in 
Europe8. As regards consumption of veterinary antibiotics (mainly in livestock production), sulfonamides are the 
third most commonly used antibiotic in Europe with consumption of 826.3 tonnes of active ingredient in 2012.

Sulfamethizole is a typical representative of the sulfonamides group. It is quite popular in livestock farming, 
which poses problems as effluents from farms often go directly into water bodies bypassing wastewater treatment 
facilities4,9. Furthermore, according to Scholar and Pratt10, about 80% of the original intake of sulfamethizole is 
excreted. Other sources of antibiotic release into the environment are leaching from landfills11, recycled water 
utilized for groundwater recharge and irrigation12–14, and disposal of unused and expired pharmaceuticals15. 
Sulfamethizole was chosen as the test compound in this study for the following reasons: it is among the most 
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commonly used antibiotics and overall consumption is high; a large amount of the administered dose is excreted; 
and it is among the most often detected antibiotics in environmental waters and, most importantly, in tap water.

As mentioned earlier, conventional wastewater treatment methods are inadequate for effective abatement 
of pharmaceuticals in the environment. Implementation of activated carbon treatment, separation by mem-
brane using reverse osmosis, micro- and nanofiltration could be effective methods, but the high maintenance 
and operational costs of these processes limit the use of such approaches16. Ozonation has been found to be a 
quite effective method for antibiotics removal in general17,18 and for sulfamethizole in particular16. However, 
the ozone dosages commonly implemented in water treatment are insufficient for mineralization. Incomplete 
mineralization leads to the formation of oxidation byproducts and these products can show greater toxicity than 
the parent compounds19–21. Furthermore, ozonation remains an expensive method for water purification22,23. In 
light of the drawbacks of alternative approaches, advanced oxidation processes (AOP) based on hydroxyl radical 
oxidation have attracted increasing research interest. Ikehata et al. review the most popular AOPs and present 
the advantages and disadvantages of the different approaches24. For sulfamethizole, the most studied AOPs are 
photocatalytic oxidation, oxidation via the Fenton reaction, and oxidation by Ferrate(VI)25–27. Cold plasma tech-
nology can be considered as a novel AOP technology. For the most part, cold plasma treatment, in the form of 
oxidation of various compounds, has been associated with electric discharge systems. The current work studies 
implementation of gas-phase pulsed corona discharge for the treatment of recalcitrant pharmaceuticals. This 
method allows the generation of short-living OH radicals and long-living ozone from water and oxygen. The 
generation of oxidants takes place in situ with low delivered energy, and with minimum production of heat in the 
working chamber of the PCD reactor.

According to Ikonen et al.28, in 2014 there were 154 large (>5000 users or >1000 m3 drinking water/day) 
EU-regulated waterworks in Finland; 41% of them used groundwater in their drinking water production, 19% 
used artificially recharged groundwater, and the remaining 40% used surface water sources. Drinking water treat-
ment is strongly dependent on water temperature. Due to the northern location of Finland, the temperature of 
water in water bodies can vary from 0 °C to 20 °C. Wastewater disposal from industrial plant can reach tempera-
tures of 40–50 °C29. PCD has already proved an efficient method for pharmaceutical oxidation30–32 but the effect 
of the water temperature on the PCD oxidation treatment has not been studied. The current research investigates 
the oxidation of aqueous solutions of sulfamethizole in a cold plasma field at different water temperatures. The 
main aim is to estimate the effect of temperature on the oxidation kinetics, oxidation by-products and energy 
efficiency of the process.

Materials and Methods
Commercially available sulfamethizole, supplied by Sigma Aldrich, was used for the experiments. The purity of 
the test compound, based on the manufacturer’s specification exceeded 99%.

The concentration of sulfamethizole in the studied aqueous solutions was measured by high performance 
liquid chromatography (HPLC). A Kinetex 2.6 µm C18 100 A 150 × 4.60 mm column was used for analysis of 
the studied solutions. The column temperature was 35 °C, retention time was around 13 minutes, and the wave-
length was 254 nm. The eluent included 1% acetic acid solution and methanol in a volumetric proportion of 85:15 
respectively. Eluent flow rate was 0.6 ml/min. Sample injection volume was 20 µl. The accuracy of these measure-
ments was ± 0.1 mg/L.

The qualitative analysis of the oxidation by-products was carried out with chromatography coupled to an ion 
trap mass spectrometer (Agilent 1100 series LC/MSD Trap) equipped with an electrospray ionization interface. 
The analysis was performed with full scan and auto MS/MS modes in both positive and negative polarity. The 
neutral samples were injected without prior sample treatment and the pH of the alkaline samples was adjusted to 
3 with formic acid before injection. An XBridge C18 column (2.1 × 50 mm, 3 μm, Waters Corp.) was used for chro-
matographic separation. The eluent consisted of acetonitrile with 0.1% formic acid, and the flow rate was 0.4 ml/
min. The gradient applied was: 0–1 min, 5% eluent; 1–25 min, 5–95% eluent; 25–26 min, 95% eluent; 26–27 min, 
95–5% eluent; 27–35 min, 5% eluent. The injection volume was 30 μL. The LC tool was equipped with an adjust-
able wavelength UV detector set at 275 nm. The source was: gas temperature 350 °C, gas flow 8 L/min, capillary 
voltage of ± 3.5 kV, nebulizer 40 psi.

A quadrupole time-of-flight mass spectrometer (Bruker MicrOTOF) equipped with an electrospray ionization 
interface was used for further investigation of the intermediates. The chromatographic method was the same as 
for the ion trap spectrometry. An Agilent series 1200 LC was used for chromatographic separations.

A schematic drawing of the experimental setup is shown on Fig. 1. The setup includes the PCD reactor, 
water circulation system, high voltage pulse generator and thermostat. The PCD reactor consists of two vertical 
grounded plate electrodes and a horizontal high voltage electrode wires between them. More detailed information 
on the reactor configuration is provided in our previous publication32. The sulfamethizole solution was pumped 
from the water tank to the top of the reactor, where it was spread by perforated plate and fell by gravity through 
the system of high voltage electrodes back to the water tank. The reaction between the target compound and oxi-
dants takes place in the plasma zone between the grounded plates. In the plasma field, two main oxidants, ozone 
and hydroxyl radicals, are generated from water and oxygen via the oxidation reactions:

+ → + ⋅− −e H O e OH (1)2

+ → +− −e O e O3 2 (2)2 3

+ →O H O OH2 (3)2
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To compare our results with other studies on the degradation of pharmaceutical compounds in water by 
electric discharge, target compound removal (R, %) and energy efficiency (ε, g/kWh,) were used as the main eval-
uation parameters. According to the literature review, these parameters are the most frequently used evaluation 
parameters in the field of degradation of various compounds by cold plasma treatment.

The compound removal and energy efficiency were calculated according to Equation (4) and Equation (5), 
respectively:

= − ×R C C(1 / ) 100 (4)t 0

ε = C V R P t/( ) (5)0

where C0 is the initial concentration of the target compound (mg/L) and Ct is the concentration at the time t 
(mg/L); t is the treatment time (h); V is the volume of treated solution (L); and P is the discharge power (W).

The value P depends on the pulse repetition frequency, which comprised 50, 200 and 500 pulses per second 
(pps), corresponding to P = 6 W, P = 24 W and P = 60 W, respectively. More detailed description of calculation of 
the P value is available in previous publications22,32.

All experiments were divided into three parts (see Table 1). The first part included experiments without 
power supply. The aqueous solution of sulfamethizole was pumped through the reactor for 5 hours at various 

Figure 1. Experimental setup.
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temperatures of solution (20 °C and 50 °C) under neutral, alkaline and acidic conditions. Here and throughout 
the work, the term “neutral” refers to media without any additives (initial pH is around 7), the term “acidic” 
refers to media with sulfuric acid as an additive (initial pH is around 4), and the term “alkaline” refers to media 
with sodium hydroxide as an additive (initial pH is around 12). Samples were taken after each hour. This set of 
experiments was necessary to make sure that the sulfamethizole is stable and does not degrade by itself without 
treatment.

The second set of experiments were carried out at three different pulse repetition frequencies (50 pps, 200 pps 
and 500 pps) under initial neutral, alkaline and acidic conditions. The process was operated with two flow rates 
of circulating aqueous solution – 4.5 L/min and 8 L/min. Samples were taken with treatment time as indicated 
in Table 2. The second set was necessary to obtain information about the general behavior of sulfamethizole in a 
cold plasma field.

The third set of experiment were carried out at two temperatures (10 °C and 50 °C) with two pulse repetition 
frequencies (50 pps and 500 pps) under neutral condition. The temperature, which differed from room tempera-
ture, was kept constant with a T4600 Lauda process thermostat. All experiments were carried out under ambient 
pressure with 50 mg/L initial prepared concentration of sulfamethizole. A list of all experiments with operating 
parameters is shown in Table 1. With the exception of experiments without power supply, all experiments were 
repeated 4 times in order to improve accuracy and make sure that the experiments are reproducible. The standard 
deviation did not exceed 0.05 for all experiments.

Frequency, pps T, °C
initial pH  
(after treatment)

Total treatment  
time, min k1, min−1 k2, m3/J t1/2, min ε 1/2, g/kWh ε final, g/kWh Removal rate

First set of experiments (without power supply)

0 20 7.1 (7.1) 300 — — — — — —

0 20 12.2 (12.2) 300 — — — — — —

0 20 3.5 (3.5) 300 — — — — — —

0 50 7.2 (7.2) 300 — — — — — —

0 50 12.0 (12.0) 300 — — — — — —

0 50 3.5 (3.5) 300 — — — — — —

Second set of experiments*
50 20 7.1 (4.0) 100 0.03311 6.57 × 10−7 20.93 122.6 49.92 0.99

50 20 12.1 (11.9) 100 0.03289 6.52 × 10−7 21.07 120.9 49.17 0.99

50 20 3.5 (3.1) 100 0.03321 6.59 × 10−7 20.87 117.8 48.11 1.00

200 20 7.2 (4.0) 40 0.08760 4.34 × 10−7 7.91 81.5 30.89 1.00

200 20 12.2 (12.0) 40 0.09557 4.74 × 10−7 7.25 88.7 31.47 0.99

200 20 3.6 (3.1) 40 0.08701 4.31 × 10−7 7.97 79.4 30.45 1.00

500 20 7.2 (4.1) 24 0.15300 3.03 × 10−7 4.53 56.2 20.75 1.00

500 20 12.1 (12.1) 24 0.1616 3.21 × 10−7 4.29 60.2 21.00 0.99

500 20 3.5 (3.2) 24 0.1380 2.74 × 10−7 5.02 49.1 19.92 1.00

Third set of experiments

50 50 7.0 (5.8) 160 0,01622 3.22 × 10−7 42.73 59.8 30.15 (20.5)** 0.97 (0.99)**

50 10 7.0 (4.7) 100 0,03425 6.79 × 10−7 20.24 127.4 49.38 0.99

500 50 6.9 (4.4) 60 0,05295 1.05 × 10−7 13.09 19.6 8.11 (6.2)** 0.97 (0.99)**

500 10 7.0 (4.9) 24 0,1594 3.16 × 10−7 4.35 58.4 20.84 1.00

Table 1. List of experiments. *The same set was repeated with the flow rate 8 L/min. **After approximation.

Delivered energy 
dose (kWh/m3)

Treatment time 
for 50 pps (min)

Treatment time 
for 200 pps (min)

Treatment time 
for 500 pps (min)

0 0 0 0

0.1 10 2.5 —

0.2 20 5 —

0.4 40 10 4

1 100 25 10

1.6 160 40 16

2.4 240 60 24

4,0 — — 40

6,0 — — 60

Table 2. Corresponding energy delivered with treatment time.
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Data Availability. The datasets generated during the current study are available from the corresponding 
author on reasonable request.

Results and Discussion
As mentioned earlier, three sets of experiments were carried out (see section 2, Table 1). In this section the three 
sets are considered separately and then a summary of the main findings is given.

First set of experiments. The experiments without power supply showed that the sulfamethizole is stable 
and does not degrade itself. No changes in sulfamethizole concentration were detected. Neither pH nor temper-
ature had any effect on oxidation without power supply. The experiments were carried under ambient pressure 
and at room temperature (20 °С).

Second set of experiments. To investigate the effect of temperature, the general behavior of sulfamethizole 
in a cold plasma field should be studied. This was the main goal of the second set of experiments. Figure 2 shows 
the oxidation curves of sulfamethizole with the 4.5 L/min flow rate of circulating aqueous solution. It is possible 
to conclude that sulfamethizole is easily oxidized by PCD. The highest degradation was observed at the beginning 
of the PCD treatment followed by a deceleration. The concentration of sulfamethizole decreases below the meas-
urement limit after 24 min, 40 and 100 min of treatment time at 500 pps, 200 pps, and 50 pps respectively. As can 
be seen from the figure, initial pH has no significant effect on the oxidation. At 50 pps, the three oxidation curves 
merge into one. At higher frequencies, a slight difference in the behavior of the oxidation curves can be observed 
in the case of alkaline media. It seems that high pH is a little bit more preferable for oxidation, but in general, the 
effect of pH is insignificant. It should be noted that throughout the treatment process the temperature remained 
constant (around 20 °C) regardless of treatment time or energy supplied. The experiments with 8 L/min of circu-
lating aqueous solution gave similar results, indicating that the flow rate has no effect on the process.

The unknown quantity of OH-radicals and ozone, as well as lack of knowledge about their individual con-
tribution to the reaction may pose a considerable challenge for calculation of the reaction kinetics. Taking into 
account that the water flow rate has no effect on the process and assuming that contact surface remains constant, 
it is possible to conclude that there are constant amounts of oxidants available at any moment in the plasma zone. 
Therefore, the reaction rate constant can be calculated by assuming that the combined effect of the oxidants 
results in a second order reaction rate (first order relative to the sulfamethizole and first order relative to oxi-
dants). Power delivered to the volume of the plasma zone can be used for characterization of the total amount of 
oxidants involved the process:

=dC dt k CP V/ / (6)pl2

where k2 is the second order reaction rate constant (in m3 J−1), C is the concentration of the sulfamethizole (in 
mg/L), P is the pulse power delivered to the reactor (in W), and Vpl is the plasma zone volume (in m3).

The V value depends on the reactor design, in our case Vpl = 0.00714 m3, and the P value depends on the pulse 
repetition frequency (see section 2). For each experiment, P/Vpl is a constant, and therefore it is possible to rewrite 
Eq. (6) in the following way:

=dC dt k C/ (7)1

Equation 7 is a first order reaction, where k1 (in min−1) is a pseudo-first order reaction rate constant:

Figure 2. Relationship between sulfamethizole relative concentration (C/C0) and treatment time at different 
pulse frequencies (50 pps, 200 pps, 500 pps) and initial pH. Temperature of treated solution is 20 °C.
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=k k P V/ (8)pl1 2

In the case of a first order reaction, the function of the change in concentration with the treatment time should 
behave by exponential law. An approximation of the experimental data was made using the MatLab software 
package. Oxidation curves for all experiments are functions of exponential type with a coefficient of determina-
tion not less than 0.99, which indicates a first order reaction. The k1 value, calculated by MatLab, and k2, calculated 
from Eq. 8, are given in Table 1. As can be seen, the pseudo-first order reaction rate constant grows with increase 
in pulse repetition frequency and does not depend on pH. In the case of the calculated k2 values, by contrast, 
decreasing frequency leads to a reduction of the second order reaction rate constant. The obtained kinetics results 
are comparable with other studies. For example, Chamberlain and Adams33 utilized chlorine and monochlora-
mine for sulfamethizole oxidation. In their study, the reported values of a pseudo-first order reaction rate con-
stant (0.015 min−1, 0.021 min−1 and 0.006 min−1) are lower than the results found herein.

The experimental results in this work showed that after 1 kWh/m3 delivered energy the great part of sul-
famethizole was oxidized. The dependence of sulfamethizole concentration on delivered energy is presented 
in Supplementary Figure S1. It can be observed that the lowest frequency leads to the fastest degradation rate. 
With the lowest frequency (50 pps), sulfamethizole seems to have been completely oxidized at around 1 kWh/m3, 
whereas operating with 500 pps more than 2 kWh/m3 is required to reduce the sulfamethizole concentration to 
the detection limit.

Energy efficiency is calculated by Equation (5). The most common ways of calculating energy efficiency are 
half-life energy efficiency (ε1/2) at treatment time equal to a 50% reduction in the target compound (t1/2), and 
energy efficiency when compound removal approximates 100%, which can be termed the final energy efficiency.

Knowing k1 values, it is possible to calculate t1/2 by the following equation:

=t ln k2/ (9)1/2 1

Substituting t1/2 in Eq. (5) gives the ε1/2 value.
As mentioned earlier, in this study the sulfamethizole seems to have been completely oxidized after 24 min, 40 

and 100 min of treatment time at 500 pps, 200 pps, and 50 pps, respectively. The final energy efficiency was calcu-
lated for these times for maximum compound removal (R = 9%). The calculated values of ε1/2, and εfinal are given 
in Table 1 and shown for visual clarity also in Fig. 3. As can be seen, the maximum half-life energy efficiency, 
around 120 g/kWh, was achieved at 50 pps, which is 1.5 and 2.2 times higher than with the experiments at 200 pps, 
and 500 pps respectively. A similar trend persists in the case of final energy efficiency. It should be noted that pH 
has insignificant effect on both efficiencies. The better result, from the energy efficiency point of view, with the low 
pulse frequency can be explained by the greater contribution of ozone in the oxidation process. Hydroxyl radicals 
and ozone react with target compounds directly in the gas-liquid interface. Ozone has lower oxidation potential 
than OH-radicals, and it reacts with target compound more slowly; furthermore, when dissolved in water ozone 
may also decompose via formation of OH-radicals. Such formation of OH-radicals can be considered as second-
ary formation. Dissolving of ozone and secondary formation of OH-radicals take time. In the case of experiments 
with low pulse frequency, the treatment time to reach the same value of delivered energy increases compared with 
the high pulse frequency experiments (see Table 2). Consequently, ozone has more time to accumulate during the 
pauses between the pulses, and more time to dissolve and for the reaction. The results for the impact of ozone on 
the oxidation process are consistent with earlier gas-phase PCD studies34,35.

Oxidation of sulfamethizole leads to the formation of several transformation products. Qualitative analy-
sis focused on identification of organic by-products only. Except sulfamethizole itself, the 4 identified organic 
products have highest peak at the half-life oxidation time (see Table 3). Some other compounds, including 

Figure 3. Energy efficiency of sulfamethizole degradation at different pulse frequencies (50 pps, 200 pps, 
500 pps) and initial pH. Hatched area – final energy efficiency (εfinal), solid area – half-life energy efficiency 
(ε1/2).
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organic acids, were also detected and are given in Supplementary Figure S3. The presence of organic acids 
explain the decreasing of pH during PCD treatment. This is especially noticeable with neutral initial pH36. As 
2-amino-5-methyl-1,3,4-thiadiazole was also observed in the samples, it is reasonable to assume that possible 
reaction pathways start with preliminary hydroxylation of sulfamethizole with subsequent sulfonamide bond 
breaking. Similar pathways were suggested by Klauson et al.25. At the end of the treatment time, when sulfame-
thizole compound removal reached a maximum (R = 99%) none of the mentioned intermediates were detected 
at the resolution of the analysis method used.

Based on the second set of experiments, it is possible to present a number of interim findings. pH and circu-
lating aqueous flow rate have no significant effect on the oxidation process either in terms of energy efficiency or 
reaction kinetics. Treatment at low frequency is preferable from the energy efficiency point of view. The second 
reaction rate constant decreases with increasing pulse repetition frequency. The ozone as an oxidant starts to 
play a more significant role in the oxidation process at low pulse frequency. None of the transformation products 
detected at the time of 50% sulfamethizole compound removal were identified during the final period of the 
treatment process.

Third set of experiment. As the oxidation process is not dependent on pH and flow rate, experiments 
with temperature variation were carried out only in neutral media and only with 4.5 L/min flow rate. Pulse fre-
quency of 50 pps and 500 pps were used in these experiments. Three temperatures were tested – room tempera-
ture (approx. 20 °C), 10 °C and 50 °C.

Figure 4 shows the oxidation curves of sulfamethizole at different temperatures. As can been seen, there is no 
difference between treatments at 10 °C and room temperature, whereas a temperature of 50 °C leads to significant 
deceleration of the oxidation process. 24 and 100 minutes treatment time at 500 pps and 50 pps respectively were 
sufficient for almost complete removal of sulfamethizole, but at a temperature of 50 °C and with the same frequen-
cies, removal takes 60 and 160 minutes. Nevertheless, the dependency of concentration changes on treatment 
time remains exponential. Reaction order, reaction constant, half-life oxidation time, and energy efficiency were 
determined in the same way as described in section 3.2 (see Table 1). All values in Table 1 were calculated based 
on experimental data. Energy efficiency at different temperatures is shown in Fig. 5.

At elevated temperature of 50 °C, it is possible to observe a decrease in the k1, k2, ε1/2, values and increase in 
the t1/2 value of 2 and 2.9 times at 50 pps and 500 pps respectively. Half-life energy efficiency at 50 °C and 50 pps 
becomes almost equal to the half-life energy efficiency at 20 °C (10 °C) and 500 pps. With the temperature of 50 °C, 
the final energy efficiency decreased 1.7 times at 50 pps and 2.5 times at 500 pps (see Fig. 5). It is worth mention-
ing that unlike the second set experiments, when ε1/2 was calculated for R = 0.99 with increased temperature, the 
removal rate was 0.97 in the calculation of final energy efficiency. The curve (relative concentration vs delivered 
energy) at 50 °C and 50 pps almost merges with the curves at 20 °C and 10 °C and 500 pps (see Supplementary 

Compound Structure Identified with note

Sulfamethizole
Ion trap, positive
Ion trap, negative
QToF, positive
QToF, negative

4 fragments
3 fragments
error 3,7 ppm
error 3,7 ppm

OH-Sulfamethizole Ion trap, positive
Ion trap, negative

3 fragments
3 fragments

3 OH-Sulfamethizole Ion trap, negative 2 fragments

4 OH-Sulfamethizole Ion trap, negative
QTOF negative

2 fragments 
error 6,1 ppm

Carboxy- Sulfamethizole Ion trap, negative
QToF, negative

2 fragments
error 9,9 ppm

Table 3. Oxidation by-products with the highest peak at the half-life oxidation time.
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Figure S2). It is reasonable to assume that if the process is prolonged at 50 °C and 50 pps until compound removal 
reaches 0.99, the final energy efficiency will also become equal to the final energy efficiency at 20 °C (10 °C) and 
500 pps. An approximation made by Matlab software lends support to this assumption (See Table 1).

The drop in oxidation process speed and energy efficiency at elevated temperature can be explained by the 
decrease in ozone solubility with temperature increase. Moreover, decomposition of ozone increases at higher 
temperature. As mentioned earlier, ozone can react with the target compound directly on the border of liquid-gas 
interface or in the bulk. Dissolved ozone also reacts with compounds in the solution by formation of OH radicals. 
The lower ozone solubility in the aqueous solution at higher temperature leads to decrease in the secondary for-
mation of OH radicals, which in turn slows down the OH radical-induced oxidation; and, secondly, more ozone 
becomes available for direct reaction on the border of liquid-gas interface. However, gaseous ozone decomposes 
according to the equation 2О3=3О2. Elevation of the temperature accelerates the ozone decomposition and the 
balance shifts towards oxygen formation. Oxygen, in turn, has lower oxidation potential compared to ozone. 
Therefore, the role of ozone in such a case is small. It should be noted here that when discussing the temperature, 
the temperature of the treated solution is meant. The temperature in the plasma zone consisting of a continuous 
gas phase and dispersed liquid droplets is slightly different.

The results in this set of experiments are slightly inconsistent with those of the second set of experiments. 
It was concluded based on the second set of experiments that ozone starts to play more significant role in the 
oxidation process at lower pulse frequencies. Consequently, excluding ozone from the process, it was reasonable 
to assume that the oxidation reaction will slow to a greater degree at lower frequency than higher frequency, but 
the results evidence the opposite. It is possible to explain this in the following way: already at 40 °C the ozone 
solubility is about zero, and thus it can be considered that there is no ozone in the bulk solution. However, there is 
still gaseous ozone in the plasma zone, and oxygen formed after ozone decomposition and atomic oxygen are also 

Figure 4. Sulfamethizole relative concentration (C/C0) vs treatment time at different temperature (10 °C, 20 °C, 
and 50 °C) and pulse frequencies (50 pps and 500 pps). Initial pH is neutral.

Figure 5. Energy efficiency of sulfamethizole degradation at different pulse frequencies (50 pps, 500 pps) and 
temperature (10 °C, 20 °C, and 50 °C). Initial pH is neutral. Hatched area – final energy efficiency (εfinal), solid 
area – half-life energy efficiency (ε1/2), dash line – ε1/2 value after approximation by Matlab).
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present in the gas phase. Such oxidants require longer reaction time, as they are less reactive towards the target 
compound comparing with OH radicals, and treatment at lower frequency extends the time available for the reac-
tion. Therefore, even with high temperature, a low frequency is preferable for sulfamethizole oxidation from the 
energy efficiency point of view. Based on this hypothesis, a reduction in temperature should be followed by inten-
sification of the oxidation process. However, the same results were observed with 10 °C and room temperature. It 
appears that the potential increase in energy efficiency at lower temperature as a consequence of increased ozone 
reactivity is compensated by the increase in the reaction speed with a factor 2 or 3 per 10 °C according to the 
Van ‘t Hoff equation. That is why, change in temperature of water between 10 °C and room temperature does not 
affect the outcome of the sulfamethizole oxidation process. Such temperature range corresponds to the average 
and maximum water surface temperature in Finland. Thus, PCD technology can be applied for water purification 
or disinfection just after potable abstraction from water bodies. From the point of view of energy efficiency, the 
results of this study show that PCD technology is an effective method for sulfamethizole removal. For compari-
son, Klauson et al.25, who implemented aqueous photocatalytic oxidation, managed to obtain a maximum 21 g/
kWh after removal of 25% of target compound. With PCD treatment, the best result gives almost 6 times better 
efficiency, which is an indication of the considerable potential benefits from PCD utilization.

Conclusion
The plasma field in the PCD reactor promotes fast and effective oxidation of sulfamethizole. By replacing oxidants 
concentration with power delivered to the plasma zone, the oxidation reaction could be expressed by a second 
order reaction and then well approximated as a pseudo-first order reaction.

The parent compound and its aromatic by-products seemed to be fully degraded after relatively short treat-
ment time and with low energy consumption. Neither pH nor water recirculation flow rate had any significant 
effect on the process. Treatment temperature of 50 °C dramatically decreased energy efficiency and slowed down 
the process compared to room temperature. No differences in oxidation efficiencies were observed between the 
results obtained at room temperature and at 10 °C. Treatment at low pulse frequency is preferable from the energy 
efficiency point at any temperature within the studied framework. In the case of low frequency treatment, ozone 
has more time to react with target compound and makes the most significant contribution to the oxidation pro-
cess at low frequency. However, temperature increasing leads to decreasing of ozone contribution due to reducing 
its solubility in water.
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A B S T R A C T

Lignin has the potential to become a significant resource of renewable aromatics for the chemical industry. The
current work studies pulsed corona discharge (PCD) as an alternative method for lignin modification. The effect
of initial lignin concentration and gas phase composition on aldehydes formation was studied experimentally.
Kraft lignin was used as a test compound. It was concluded in the work, that treatment in low oxygen content
atmosphere and high initial lignin concentration leads to higher lignin conversion to aldehydes. Despite the
proven aldehydes formation, the precise nature of the changes in the lignin structure during oxidation with PCD
remained unclear. To address this question, a number of advanced analytical techniques were implemented:
NMR, GPC, HSQC, HPSEC, and GCMS. The effect of PCD treatment on lignin structure was studied for two types
of lignin: kraft lignin, purchased from Sigma Aldrich, and birch lignin acquired from a pressurized hot water
extraction and soda pulped biorefinery process (BLN lignin). Changes in solubility, molecular weight and pro-
portion of phenolic and aliphatic OH groups, as well as lignin repolymerization were detected. The findings are
of value to efforts to make lignin modification tunable to the production of desired products.

1. Introduction

Lignin is a potential raw material for the production of various
products including phenolic substances and aromatic aldehydes. The
pulp and paper industry is currently the main source of lignin. For
annual production of 130 million tons of chemical pulps, approximately
60 million tons of kraft lignin and 4 million tons of lignosulfonates are
produced. It has been estimated that only 1–2% of the lignin is isolated
from pulping liquors and used for chemical and material applications;
the major part of industrial lignin is used as fuel for the production of
process steam and energy [1].

Lignin decomposes very slowly and generates very high amounts of
solid residue compared to other lignocellulose components. Thus, most
biorefinery processes focus on utilization of more easily convertible
fractions, and lignin has attracted much less attention [2]. However,
lignin is a complex chemical compound and potentially a good source
of valuable chemicals. One of the main challenges to its utilization is
the irregular structure of lignin arising from the uncertain order of the
phenylpropane unit linkages. Moreover, the structure of isolated lignin
differs from that of native lignin, and composition, structure, types of
monolignols and their combinations depend on the origin of the lignin,
the pulping method, and the lignin isolation method [3–5]. The pro-
portions of the structural elements derived from the three

phenylpropanoid units (trans-coniferyl, trans-sinapyl, and trans-p-cou-
maryl alcohols) can vary significantly [6,7].

In spite of the difficulties, the subject of lignin chemical modifica-
tion and its conversion to more value-added products has attracted
researchers’ attention since the beginning of the twentieth century.
Currently, products obtained from lignin are mostly phenolic products.
The reported yields for production of vanillin and syring aldehydes
range from 8 to 15% depending on the lignin type [8]. However,
drawbacks of existing methods include severe toxicological problems
with nitrocompounds. Furthermore, current methods are only effec-
tively applicable to lignosulfonates and are not well-suited to kraft and
hydrolysis lignins. Since only lignosulphonates are used as a raw ma-
terial, the production of phenolic products, especially vanillin, exists as
a supplementary operation in pulp mills with sulphite cooking. Other
lignin types give much smaller yield [9–11].

The pulp and paper industry generates a significant amount of
wastewater containing high concentrations of lignin, which cause in-
creased COD and brown-colored effluents. The problem of high lignin
concentration in wastewaters is more acute with thermomechanical and
mechanical pulping processes than chemical pulping [12]. Lignin is
difficult to degrade by microorganisms, and the lifetime of lignin in
aqueous media in nature is counted in months. Consequently, conven-
tional biological wastewater treatment is insufficient from the lignin
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removal point of view [13].
Pulsed corona discharge (PCD) can be applied as a treatment pro-

cess not only for lignin removal from water but also for lignin mod-
ification to transform the lignin into a high value feedstock. The method
has hydroxyl-radicals and ozone as the main oxidation species and is
effective in oxidation of many organic molecules. The application of
this electric discharge technique has previously been investigated by
[14–17]. These studies showed a concentration of gas-phase discharges
in close vicinity of the gas-liquid border.

The commercial application of electric discharge systems for such
treatments is still in its infancy, and they are the subject of much study.
The various systems and phenomena studied include: pulsed streamer
discharges in liquid and gas-bubbled reactors with pulses at micro-
second diapason [18,19], gas-phase dielectric barrier discharge (DBD)
of various configurations [16,20,21], spark discharge (SD) in gas bub-
bles [22], pulsed corona discharge (PCD) over the water surface
[23,24], plasmotrons utilizing gliding arc discharge (GAD) for

bombardment of treated surfaces with ionized gas [25–27], and PCD in
water aerosol [28].

PCD generates plasma in the gas-phase atmosphere. While some
research has been presented investigating how plasma affects lignin,
very little work has specifically considered effect of plasma on lignin
structure modification. Zhou et al. [29] studied the effect of oxygen
plasma treatment on the glass transition temperature of enzymatic
hydrolysis lignin. However, the lignin structure after treatment was not
reported. Chirila et al. [30] and Nistor et al. [31] investigated mod-
ification of organosolv lignin powder with different carboxylic acids
such as oleic, lactic and butyric acids and butyrolactone under cold
plasma discharge. Although these papers studied the influence of car-
boxylic acids and butyrolactone, the plasma effect was not considered.
In general, most work on lignin and plasma discharge effects presents
information about changes in solubility, decrease in particle size, re-
duction in conductivity of the aqueous solutions and decrease in
homogeneity, whereas consideration of changes in phenolic and

Fig. 1. Experimental setup.
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aliphatic OH groups of lignin and changes in molecular weight have
attracted less attention.

Panorel et al. [32] investigated implementation of PCD for lignin
removal from water and for conversion of lignin into aldehydes. The
PCD method was found to be an energy-efficient form of wastewater
treatment, including for lignin removal from water. It was shown that
the lignin oxidation efficiency of PCD is significantly higher than that of
ozonation. Aldehydes formation was also detected during PCD treat-
ment, but the yield was insignificant. Panorel used tannin-lignin
method for determination of lignin concentration [33], however the
test measures all hydroxylated aromatic compounds, including tannin,
lignin, phenol and aldehydes. Therefore, it is not possible to accurately
measure the concentration of lignin. Due to this reason, the results of
calculations reported by Panorel can be unreliable. Nevertheless, the
main findings of the Panorel’s research are unquestionable – if recovery
of aldehydes is the main purpose, reduced oxygen content and high
initial lignin concentration would offer potential for higher yields.

In spite of recent research, PCD methods can be considered as being
under-investigated, especially as regards their use in modification of
various materials into valuable products. This study has two main goals:
to improve the lignin conversion to aldehydes during PCD treatment,
and to investigate the influence of PCD treatment on phenolic and
aliphatic OH groups and changes in molecular weight.

2. Materials and methods

Kraft lignin was selected as a test compound for investigation of the
lignin conversion to aldehydes. The kraft lignin was a commercially
available lignin purchased from Sigma Aldrich. Two types of lignin
were selected for investigate the influence of PCD treatment on phe-
nolic and aliphatic OH groups and changes in molecular weight; Sigma
Aldrich kraft lignin and BLN lignin. BLN lignin was a birch lignin ac-
quired from a pressurized hot water extraction and soda pulped bior-
efinery process [34,35].

The experimental system contains a pulsed corona discharge reactor
and a high voltage pulse generator in the setup illustrated in Fig. 1.

The reactor has a wire-plate corona geometry typical for electro-
static precipitators where the electrode wires are located between
grounded plate electrodes. The high voltage electrodes are made from
stainless steel, have a diameter of 0.5mm, and are located 17mm from
the vertical grounded plate electrodes. The distance between the HV-
electrodes is 30mm. The discharge pulse parameters are voltage am-
plitude of 20 kV, current of 400 A, and pulse duration of 100 ns, giving
single pulse energy of 0.33 J at a pulse repetition frequency of 840
pulses per second (pps). The treated solution is circulated from the 100-
L tank through the reactor by a pump. The solution is dispersed be-
tween the electrodes, where it is treated with the oxidants.

The main parameters of estimation of the efficiency of PCD treat-
ment are energy efficiency (ε, g/kW h) and lignin conversion rate to
aldehydes (hereinafter – conversion rate, φ, %). The energy efficiency
shows how much energy PCD consumes for lignin conversion to alde-
hydes and is calculated with following equation:

=ϵ ΔC/E (1)

where ΔC is the difference between the initial and the final con-
centration of aldehydes, g/m3; E is the delivered energy dose, kWh/m3,
calculated with the equation:

= ×E P t/V (2)

where P is the pulse integral power delivered to the reactor, 0.25 kW; t
is the treatment time, h; and V is the volume of the treated sample, m3.

The conversion rate is the ratio of aldehydes formed per oxidized
lignin. It is calculated according to the equation:

= ×φ
c

c
Δ

Δ
100%Aldehydes

Lignin (3)

where ΔCAldehydes is the increase in aldehydes concentration; and
ΔCLignin is the oxidized lignin concentration.

The oxidized lignin concentration is the difference between initial
lignin concentration and lignin concentration after PCD treatment. It
should be noted here, that tannin-lignin method (see description below)
is used for determination of lignin concentration. This method measures
all hydroxylated aromatic compounds. Due to this reason, the results of
lignin concentration measurements are not absolute but indicative.

To prepare working solutions, the lignin was dissolved in 1 L of
millipore water in the presence of NaOH. This solution was later diluted
with tap water at ambient temperature in the reactor tank. The desired
volume was 50 L. The flow rate of the re-circulating water was 15 L/
min, which ensured sufficient trickling and mixing. The samples were
taken after 5, 10, 20, 30 and 40min of PCD treatment. After each in-
terval, but before sample collection, the treated solution circulated
continuously for 7min without power supply for PCD in order to unify
the concentration in the tank. The experiments were carried out with
different initial concentrations of 370 to 1400mg/L of lignin. The pH
was in the range 11–12 during all experiments. The temperature was
around room temperature (20 °C). The composition of the gas phase
was air and nitrogen-enriched air with volumetric oxygen concentra-
tion of 5 to 7% and 2 to 3%, respectively. Every experiment was re-
peated several times to ensure accuracy and increase reliability.

The concentration of lignin was measured photometrically using the
tyrosine method (tannin-lignin method). In this colormetric method,
the chromogenic reaction of the sodium carbonate solution and
Tanniver® solution (tannin-lignin reagent, HACH), also known as a folin
tannin-lignin reagent, which contains tungstophosphoric and mo-
lybdophosphoric acids, forms a blue colour with phenolic groups [33].
The result is reported as mg/L of tannic acid recalculated to lignin mass
concentration units based on a calibration plot for the particular lignin.
A HACH DR/2000 spectrophotometer was used as the analytical tool.

Aldehydes concentration was determined by the colorimetric
method presented in [36]. A mixture of 5mL of lignin-containing
sample, sulphuric acid, sodium arsenite solution and 3-methylben-
zothiazol-2-one hydrazone hydrochloride was immersed in boiling
water for 6min with subsequent cooling to room temperature. Iron (III)
chloride-sulphamic acid reagent was then added to the cooled mixture,
which was then allowed to stand for 20min before measurement. An
HACH DR/2000 spectrophotometer was used for aldehydes quantita-
tive analysis. The analysis was carried out at a wavelength of 630 nm
and absorbance was shown in relative units. The aldehydes con-
centration was recalculated based on a calibration curve where the
absorbance was related to the concentration of glyoxylic acid.

NMR, GPC and HPSEC analyses were carried out to determine the
effect of PCD treatment on phenolic and aliphatic OH groups and
changes in molecular weight of the lignin.

31p NMR sample preparation: 20 to 25mg of the lignin sample was
dissolved in 400 μL of a 1.6/1 (v/v) mixture of dry pyridine and deut-
erated chloroform. 100 μL of a standard solution comprising 1mmol of
cholesterol and 50mg of a spin relaxing agent Cr(III) acetyl acetonate in
10mL of the aforementioned solvent mixture was added. For char-
acterization of aromatic OH groups, 100 μL of 2-chloro-4,4,5,5 tetra-
methyl-1,3,2 dioxaphospholane was added, and the reaction mixture
was stirred at room temperature for two hours. For characterization of
aliphatic OH groups, 2-chloro-1,2,3 dioxaphospholane was used instead
of 2-chloro-4,4,5,5 tetramethyl-1,3,2 dioxaphospholane. The mixture
was directly transferred into an NMR tube, and the sample was mea-
sured immediately.

GPC analysis of the Kraft lignin after acetobromination: A 5mg sample
was stirred for 2 h at room temperature in a 9/1 (v/v) mixture of glacial
acetic acid and neat acetyl bromide before the reagents were removed
in a vacuum. The residue was dissolved in 1mL of HPLC grade tetra-
hydrofuran (THF) and the volatiles were removed, again in a vacuum.
This procedure was repeated once. Final residues were dissolved in
1mL of HPLC grade THF and filtered through a 5 μm syringe filter
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before being injected into a 20 μL sample loop. GPC-analyses were
performed using a set-up consisting of a pumping unit (LC 20AT), a
degasser unit (DGU-20A3), a column oven (CTO-20AC), a diode array
detector (SPD-M20A), a refractive index detector (RID-10A) and, if
required, a controller unit (CBM-20A). For the analyses, two analytical
GPC columns (each 7.5× 30mm) were connected in series: an Agilent
PLgel 5 μm 500 Å column followed by an Agilent PLgel 5 μm 1000 Å
column. The columns were heated to 30 °C. HPLC-grade THF was used
as a solvent for sample preparation and GPC analyses. An isocratic flow
rate of 0.5 mL/min was applied for a run-time of 60 min. Calibration
was performed using polystyrene beads with molecular weights in the
range between 100000 and 200 Da. Final analyses of each sample were
performed using the intensities of the UV signal at λ=280 nm.

HPSEC analysis of the crude lignin: 10mg of lignin sample was dis-
solved in 5–10mL of DMSO, ultrasonicated for 20min and stirred
overnight. The solutions were filtered with a Teflon syringe filter,
0.2 μm, and then subjected to HPSEC analysis. The molar-mass char-
acteristics of underivatized lignins were determined by HPSEC using an
Agilent 1100 Series liquid chromatograph (Hewlett-Packard Comp.,
USA) equipped with either a Jordi Gel GBR Mixed Bed (Glucose)
250mm×10mm i.d. column+a Jordi Gel (Glucose) DVB 500° A
50mm× 7.8mm i.d. guard column or a Waters Linear column, with
DMSO and 0.05M LiBr as the mobile phase with the flow rate
0.5 mLmin−1. The temperature of the column oven was 60 °C. An
Agilent 1100 Series G1315B diode-array detector and a Shimadzu RID-
10A refractive index detector were connected in series. The injection
volume was 30 μL.

3. Results and discussion

Previous research [32] has reported that the highest lignin con-
version to aldehydes was obtained by increasing initial lignin con-
centration to 600mg/L for a reaction in a 5–7% volumetric oxygen gas
phase. With the aim of improved conversion rate, lignin concentration
was raised to 1400mg/L and the volumetric oxygen content was re-
duced to 2–3%. The results of these experiments are given in Fig. 2.

The trend of improved conversion rate with increasing initial lignin
concentration in a low oxygen content atmosphere can be clearly seen.
The opposite trend is observed in the air atmosphere. The highest re-
corded conversion rate was around 33% at 2–3% oxygen content with
770mg/L initial lignin concentration.

However, determination of aldehydes and lignin concentration after
PCD treatment in an oxygen-thin atmosphere is rather complex. At
2–3% volumetric oxygen, the oxidation rate is rather low and changes
in concentrations insignificant. Analytical tools with higher accuracy
are thus required, and it would be rash to assert the high accuracy of the
obtained results without additional investigation using more advanced
analytical tools. Nevertheless, an oxygen-thin atmosphere provides less

harsh reaction conditions due to limited availability of oxidants
[37,38]. Based on results of our experiments, it is possible to say, that
such atmosphere is favorable for aldehydes formation.

From the energy efficiency point of view, PCD treatment in oxygen-
thin conditions is less efficient than treatment in an air atmosphere (see
Fig. 2). At the same time, higher initial lignin concentration contributes
to better energy efficiency. However, it is significant that the relation-
ship between energy efficiency and initial lignin concentration is not
linear, especially in air conditions. In air conditions, increase in initial
lignin concentration by 17.5 times, from 80mg/L to 1400mg/L, results
in energy efficiency enhancement of 2.3 times only. Furthermore, the
rate of increase in energy efficiency slows with increasing initial lignin
concentration. As can be observed in Fig. 2, energy efficiency increases
rapidly at first, as the lignin concentration rises from 80mg/L to
370mg/L, and is then followed by a reduction in the energy efficiency
growth rate. It is arguable that further increase in initial lignin con-
centration will not lead to any significant improvements in energy ef-
ficiency. Similar calculations for the oxygen-thin atmospheres show
that energy efficiency increases 8.3 times (at 5–7% O2) and 6.7 times
(at 2–3% O2) with increased initial lignin concentration of 17.5 times
and 9.6 times, respectively. It is possible to conclude that the energy
efficiency growth rate will continue to increase with increasing initial
lignin concentration and will not decline in the same way as with the
experiment in an air atmosphere. Consequently, by increasing the lignin
concentration and using oxygen-thin conditions, it may be possible to
exceed the energy efficiency rate of the experiment in an air atmo-
sphere.

To study the effect of the PCD treatment on lignin, two types of
lignin were tested: kraft lignin and BLN lignin. Initially the kraft lignin
was subjected to the PCD treatment for 40min in air atmosphere and
2.2% O2 in N2 atmosphere. Each of the solutions was then acidified to
pH 5.5, freeze-dried and analyzed by HP-SEC (see Fig. 3).

The kraft lignin PCD treated in air atmosphere was not completely
soluble in DMSO which indicates a change in solubility during the
treatment but both of the lignin analyzed was still polymeric. The kraft
lignin was then subjected to further PCD treatment for 20 and 40min in
an air atmosphere, in 5–7% O2 in N2 atmosphere and in 2–3% O2 in N2

atmosphere (see Table 1). All experiments were performed with three
different concentrations of lignin (400, 800 and 1600 ppm).

It was then attempted to precipitate the lignin from the alkaline
solution by neutralization with aqueous HCl followed by isolation by
centrifugation. With most of the samples, no precipitate could be iso-
lated; and where precipitate could be isolated, only small amounts were
found. In an attempt to isolate any lignin degradation fragments from
the samples, the water phase was extracted with EtOAc. However, no
EtOAc soluble compounds could be isolated. Based on these results it
was concluded that the solubility of the treated lignin had changed to a
more water soluble lignin. The small amount of precipitate that had

Fig. 2. Conversion rate (A) and energy efficiency (B) of aldehydes formation in different atmospheres with different initial lignin concentration.
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been isolated was analyzed by GPC and 31P NMR and the differences
between the experiments were summarized in Table 1. It should be
noted that the samples are not representative of the whole lignin but the
precipitated fraction could give us information of the PCD induced
changes to the lignin. The experiments in an air atmosphere yielded no
precipitates; the experiments done in 5–7% O2 in N2 atmosphere
yielded small amounts of precipitate from experiments of 40min
duration with concentrations of 400 and 800 ppm; and all of the ex-
periments performed in 2–3% O2 in N2 atmosphere yielded small
amounts of precipitate except for experiments of 20min duration with
concentrations of 800 and 1600 ppm lignin, which yielded no

precipitate. Based on the change in solubility, the PCD treatment clearly
induces changes in the kraft lignin, and as most of the precipitation
occurs after the longer 40min PCD treatment, it would appear that the
lignin continues to react, possibly in the form of condensation of the
lignin. The PCD treatment with the lowest O2 concentration yielded the
most filtrate, which indicates that it is less oxidized and as such is
possible to re-polymerize.

To study the PCD induced structural changes further, a lignin iso-
lated from a pressurized hot water extraction and soda pulp biorefinary
process (BLN lignin) was subjected to PCD treatment. All the PCD
treatments were done for 40min at a concentration of 400 ppm lignin

Fig. 3. HPSEC using DMSO as eluent and a UV-detector. A) Sigma Aldrich kraft lignin, B) 40min in air atmosphere and C) 40min in 2.2% O2 in N2 atmosphere.

Table 1
PCD treatment of kraft lignin.

Air 5–7% O2; rest N2 2–3% O2; rest N2

0min, untreated
sample

GPC: Mn= 5951Mw=16711. NMR: primary aliphatic OH groups=4.34mmol/g, secondary aliphatic OH groups= 1.89mmol/g, coniferyl
alcohol= 1.05mmol/g, sinapyl-type phenolic end groups= 1.83mmol/g, p-coumaryl-type phenols= 0.32mmol/g

initial lignin concentration 400 ppm
20min no precipitate no precipitate small precipitate, no enough for full NMR. Only aromatic OH

characterization was done. No significant changes comparing with
untreated sample. GPC: Mn=3484Mw=10029 – significant
decreasing comparing with untreated sample

40min no precipitate small precipitate, not enough for NMR. GPC:
Mn= 3287Mw=10995, significant decreasing comparing with
untreated sample

NMR: Significantly increasing of primary (from 4.34mmol/g to
7.51mmol/g) and secondary (from 1.89mmol/g to 4.46mmol/g)
aliphatic OH groups comparing with untreated sample. Coniferyl
alcohol and sinapyl phenolic units stay in the same level; the p-
coumaryl-type phenols seem to be slightly decreased. GPC:
Mn=6579Mw=19020 increased and exceeded of untreated
sample values

initial lignin concentration 800 ppm
20min no precipitate no precipitate no precipitate
40min no precipitate small precipitate. NMR: slight increasing of coniferyl end groups, and

slight decreasing amounts of p-coumaryl and sinapyl-type phenolic
end-groups. Mn= 5715Mw=15109 GPC: insignificant decreasing
of Mn and Mw comparing with untreated sample

small precipitate, small precipitates, no enough for full NMR. Only
aromatic OH characterization was done. No significant changes.
GPC: Mn= 5271Mw=15230 insignificant decreasing of Mn and Mw

comparing with untreated sample
initial lignin concentration 1600 ppm

20min no precipitate no precipitate no precipitate
40min no precipitate no precipitate small precipitates, no enough for full NMR. Only aromatic OH

characterization was done. No significant changes comparing with
untreated sample. GPC: Mn=5842Mw =19877

A. Sokolov et al. Chemical Engineering & Processing: Process Intensification 126 (2018) 141–149

145



in either air atmosphere, 5–7% O2 in N2 atmosphere or 96% O2 at-
mosphere. The experimental procedure after the PCD treatment was
similar to that of the kraft lignin; the pH of the alkaline solution was
reduced to pH 2.5 with 1M HCl. The aqueous solution was then ex-
tracted with MTBE to remove any small organic compounds that could
have been cleaved during the process. Both the MTBE and aqueous
phases were then concentrated separatelyby evaporation. Only small
amounts of MTBE soluble compounds were isolated, and based on
GCMS analysis, the compounds consisted of fatty acids, impurities and
small amounts of lignin fragments (see Fig. 4 and 5).

Due to the high amount of inorganics in the remaining solid, at-
tempts were made to selectively dissolve the organics from the dried
aqueous phase with organic solvents (THF and acetone). However, all
attempts were unsuccessful or only partially dissolved the lignin. All the
samples were dried and analyzed as such with HPSEC, 13C NMR and
HSQC. While the size of the PCD treated lignin was slightly reduced in
all samples (see Fig. 6) the lignin was still polymeric or oligomeric and
no smaller structures could be observed in the HPSEC-chromatogram.

From the NMR experiments, it was concluded that the aromatic
rings were partially cleaved compared to the starting material and it
was noted that a large amount of carboxyl/carbonyl groups were
formed (see Fig. 7).

The amount of oxygen used in the treatment seems to correlate to
the amount of degradation of the starting material. Aromatic signals
could still be seen in the 13C NMR spectrum of the sample subjected to
PCD treatment in 5–6% O2 atmosphere, but the samples PCD treated at
higher O2 concentrations had considerably less aromatic signals. From
the HSQC spectra (see Fig. 8) a clear degradation of the aromatic CeH
correlation peaks approximately at δC/δH (120-105/6.0-7.5) ppm is
observed, which indicates degradation of the aromatic rings or reac-
tions at the aromatic CeH positions.

The formation of carboxylic functional groups may explain the
drastic change in solubility of the lignin. The sharp peaks from the NMR
experiments indicate the presence of small molecules, presumably
water soluble, such as carboxylic acids, which would explain why the
MTBE extraction was unsuccessful. Low or no UV-absorbance could

Fig. 4. GC–MS of salivated MTBE soluble compounds after 40min of PCD treatment of BLN lignin in air atmosphere.
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explain the absence of these molecules in the HPSEC-chromatogram.

4. Conclusion

PCD treatment is able to oxidize lignin to aldehydes, but also may
further oxidize aldehydes to carboxylic acids and induces oxidative
cleavage of aromatic rings. To avoid this undesirable effect, softer
oxidation conditions are required.

Increasing the lignin concentration in oxygen-deficient conditions
consequently increased the aldehydes formation relative to the oxidized
lignin.

Diminished oxygen conditions are more favorable for aldehydes
formation, as seen by the higher conversion rate, and potentially have
better energy efficiency

Two different lignins, a kraft lignin and BLN lignin, were subjected
to PCD treatment. The treatment considerably altered the structure of
the lignins. The results indicate that the formed structure is polymeric
or oligomeric and contains a high degree of carboxyl or carbonyl

Fig. 5. GC–MS of salivated MTBE soluble compounds after 40min of PCD treatment of BLN lignin in 5–6% O2 in N2 atmosphere.

Fig. 6. HPSEC using DMSO as eluent and a UV-detector. A) BLN Lignin; B) 40min in 96%
O2 atmosphere; C) 40min in air atmosphere; and D) 40min in N2 atmosphere with 5–7%
O2.
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groups. The amount of degradation seems to be a direct function of the
oxygen concentration in which the PCD treatment is performed.

Under less harsh conditions with lower oxygen content, initial

depolymerization of lignin occurs at the beginning of the PCD treatment
with subsequent polymerization of lignin fragments.

Fig. 7. C-13 NMR spectra. A) BLN lignin; B) 40min in 96% O2 atmosphere; C) 40min in air atmosphere; D) 40min in 5–6% O2 in N2 atmosphere.

Fig. 8. HSQC spectra. A) BLN lignin; B) 40min 5–6% O2 in N2 atmosphere; C) 40min in air atmosphere; and D) 40min in 96% O2 atmosphere.
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