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A  B  S  T  R  A  C  T  

Addressing the challenge of removing polychlorinated biphenyls (PCBs) from transformer fluids is crucial for 

environmental protection in the energy sector due to the widespread use of transformers in various industries. 

However, current methods lack efficiency in enabling fluid reuse, creating a significant research gap. In this 

study, we focus on the recycling of oils from power transformers contaminated with polychlorinated biphenyls 

while preserving the chemical and physical attributes of the original transformer oil. To this end, we employ a 

combination of UV–visible radiation exposure and an adsorption treatment using activated bauXite Fuller’s earth 

(BFE) (containing 92% Al2O3). The effects on fluid remediation are systematically assessed using various 

analytical methods, including nuclear magnetic resonance spectroscopy (NMR), breakdown voltage testing, 

acidity titration, and gas chromatography coupled with mass spectroscopy (GC/MS). 

The experiments in static mode showed that the concentration of PCBs was reduced to a value lower than 50 

ppm after 8 h of irradiation while the formed chlorinated acid compounds can be removed using BFE sorbent. 

The results of our treatment demonstrated the performance of the combination of UV–visible radiation and the 

adsorptive treatment of transformer oils while improving their physicochemical characteristics. 

1. Introduction

Polychlorinated biphenyls (PCBs) are complex organic compounds 

characterized by their high molecular weight, comprising two benzene 

rings substituted by chlorine atoms whose number varies from 1 to 10 

[1,2]. These molecules were extensively manufactured during the 20th 

century mainly as dielectric fluids for their electrical insulation 

properties, outstanding chemical stability, resistance to high tempera- 

tures, and excellent thermal conductivity. They have thus been used in 

electrical devices, such as power transformers, capacitors and even in oil 

bath heaters [3]. PCBs are recognized by various trade names, with the 

most prevalent ones being Pyralenes, Aroclors or Askarels. Nevertheless, 

it has been proven that these molecules are toXic and promote carci- 

nogenic processes, fertility and growth problems as well as a 

Abbreviations: 1H NMR, Proton nuclear magnetic resonance; ASTM D1500, A standard test method for color measurement of petroleum products; BFE, bauXite 
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degradation of the immune system [4]. Another alarming facet of PCB 

exposure lies in its capacity to exert neurotoXic effects on the human 

nervous system. Furthermore, research has demonstrated that PCBs can 

disrupt the intricate balance of the nervous system, impacting both its 

central and peripheral components [5–7]. 

As a consequence of their adverse environmental and health effects, 

PCBs were officially categorized as persistent organic pollutants (POPs) 

under the Stockholm Convention in 2004 [8], and their use was banned 

in 1980 in all applications [9]. Nowadays, used transformer oils 

contaminated with polychlorinated biphenyls (PCBs) are classified as 

“hazardous waste” and Europe in particular has implemented specific 

regulations for their collection and disposal [10]. Furthermore, ac- 

cording to the report from the United Nations Environment Program, the 

total quantity of PCBs has been estimated to exceed 14,000 kilotonnes. It 

is also noteworthy to emphasize that due to the sensitivity of this issue, 

some countries do not disclose the actual quantities in circulation, 

thereby suggesting that the total estimate could be even more substan- 

tial [11]. Hence, it is imperative to recognize that any transformer fluids 

containing PCBs are unequivocally regarded as hazardous waste, 

necessitating stringent monitoring and handling protocols [12,13]. At 

present, it is forbidden to retain products or devices containing PCBs at 

more than 50 ppm while waiting for their total abatement in the Euro- 

pean Union by 2028 [14–16]. In addition, PCBs have a low biodegrad- 

ability, which poses many uncertainties in the long term concerning the 

problem of deterioration of the ecological environment [17,18]. 

In the current state, addressing this issue typically involves shutting 

down transformers and replacing the contaminated oil with fresh oil 

[19]. This procedure needs to be repeated a minimum of two times. The 

process essentially involves the straightforward application of a dilution 

method to reduce PCB derivative concentrations below the levels pre- 

scribed by legislation [20]. As for the treatment of these toXic molecules 

present in the transformers (miXed in a hydrocarbon oil), it is currently 

carried out by the implementation of various techniques. The main 

technique used in an industrial scale is high-temperature incineration 

under strictly controlled conditions because the thermal decomposition 

of PCBs causes the formation of highly toXic compounds such as furans 

(PCDF) and dioXins (PCDD) [21–23]. Due to the risk of release of these 

contaminants into the atmosphere, there have been attempts to develop 

other more environmentally friendly methods. In particular, some 

methods have focused on the dechlorination of PCBs, since the toXicity 

of PCBs depends on the number and position of the chlorine atoms 

substituting the benzene rings [24]. 

Chaychian et al. [25] have suggested the potential degradation of 

PCBs using ionizing radiation, such as electron beams. However, it’s 

important to note that this method also results in the degradation of the 

oil, rendering it unusable and transforming it into a waste product. Feng 

et al. [26] reported that 4-chlorobiphenyl PCB can be dechlorinated in 

hexane using UV radiation with a maximum wavelength of 254 nm. The 

radiation forms free diphenyl radicals, which capture a hydrogen atom 

from the hexane, to form diphenyl. This method remains a laboratory 

method and requires the miXing of the organochlorine aromatic com- 

pound with hexane. Other investigations have reported that it is possible 

to dechlorinate a PCB-contaminated transformer oil containing more 

than 800,000 mg/g of various PCBs. This oil is diluted with 2- propanol 

and triethylamine (v/v/v, 1/79/20). This miXture is introduced into a 

sealed quartz reactor and put under a nitrogen atmosphere. Subse- 

quently, it is irradiated with radiation generated by a xenon lamp, which 

notably emits wavelengths below 300 nm. After 120 h of irradiation, the 

PCBs are completely transformed into biphenyl. It seems that the reac- 

tion involves the transfer of an electron from the tri-ethanolamine to a 

chlorinated or non-chlorinated benzene ring which thus becomes an 

activated radical. This method requires the prior dilution of the 

contaminated oil, making it challenging to apply at an industrial scale, 

as a transformer can contain thousands of liters of contaminated oil. 

Furthermore, this method cannot be used to treat a transformer on site, 

let alone a transformer in operation [27,28]. 

Fig. 1. Generalized chemical structure of polychlorinated biphenyls (PCBs). 

The case n = m = 0 corresponds to the chlorine-free PCB No. 0 (Biphenyl). 

Document EP 0 257 170 A1 describes a dechlorination process for 

dechlorinating halogenated and polyhalogenated compounds which 

comprises an irradiation step in the presence of a reagent selected in 

particular from polyethylene glycols and polyalcohols [29,30]. US 

2008/319246 A1 details a method for treating a PCB-contaminated 

matriX. The described method requires the addition of an oXidant dur- 

ing the irradiation with UV [31]. It’s noteworthy that the matriX under 

consideration can exist in liquid form, encompassing substances such as 

mineral oil or technical fluids. 

All these methods, which require the addition of solvent(s) and/or 

other compounds, are difficult to implement in an industrial way. 

Furthermore, the introduction of solvent or other compounds affects the 

chemical and physical properties of the oils. As a result, this process 

generates large amounts of waste and may only ensure a dilution of the 

initial PCB level in the transformer. 

To the best of our knowledge, there are no other ways to treat PCB- 

contaminated oils. The aim of this work is therefore to propose a process 

for the dechlorination of PCBs contained in transformer oils, which 

remedies some of the drawbacks of prior methods. The process proposed 

in this article enables the achievement of a comprehensive PCB con- 

centration lower than 50 mg per kilogram of transformer oil, while 

preserving the quality and in particular the dielectric properties of the 

oil. 

To this end, we consider two methods of remediation: exposure of 

the contaminated oil to UV–visible radiation and adsorption of the by- 

products generated on alumina-based materials such as activated BFE 

which also allow the regeneration of transformer oils if needed. 

This article includes other research aspects such as the maximum 

number of uses of BFE, and a new method for qualitative analysis of 

PCBs by 1H NMR. In addition to 1H NMR the PCBs, abatement was fol- 
lowed by gas chromatography (GC) coupled with mass spectroscopy 

(GC/MS). This technique is a powerful tool for the identification and 

understanding of the chemical kinetics of the reactions involved. The 

alterations in physicochemical properties, both pre- and post- 

irradiation, as well as after the combined adsorption treatments, were 

assessed using an acid-base titration method, dielectric measurement, 

and impedance spectrometry according to IEC 60296 [32]. 

2. Materials and methods 

2.1. Chemical products 

2.1.1. Polychlorinated biphenyls 

The following PCB molecules were selected for this work (Fig. 1): 

Biphenyl (PCB No.0), 2-Chlorobiphenyl (PCB No. 1), 3-Chlorobiphenyl 

(PCB No. 2), 2,2′-Dichlorobiphenyl (PCB No. 4), 2,3-Dichlorobiphenyl 
(PCB No. 5), 2,4-Dichlorobiphenyl (PCB No. 7), 3,4-Dichlorobiphenyl 

(PCB No. 12), 3,5-Dichlorobiphenyl (PCB No. 14), 4,4′-Dichlor- 

obiphenyl (PCB No. 15), 2,4,4′-Trichlorobiphenyl (PCB No. 28), 2,4′,5- 

Trichlorobiphenyl (PCB No. 31), 2,2′,5,5′-Tetrachlorobiphenyl (PCB No. 

52), 3,3′,4,4′-Tetrachlorobiphenyl (PCB No. 77), 2,2′,4,5,5′-Penta- 

chlorobiphenyl (PCB No. 101), 2,2′,3,4,4′,5′-Hexachlorobiphenyl (PCB 

No. 138), 2,3′,4,4′,5-Pentachlorobiphenyl (PCB No. 118), 2,2′,4,4′,5,5′- 
Hexachlorobiphenyl (PCB No. 153), 2,3,3′,4,4′,5-Hexachlorobiphenyl 

(PCB No. 156), 2,2′,3,4,4′,5,5′-Heptachlorobiphenyl (PCB No. 180), and 
Decachlorobiphenyl (PCB No. 209), which were provided by Sigma- 

Aldrich (St. Quentin Fallavier, France). The choice of PCBs was mainly 
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Table 1 

Characteristics of virgin mineral oil and contaminated mineral oil. 

Oil Name Density 

(g/cm
3
) 

Breakdown Voltage (kV) Acidity (mgKOH/g) Water Content (ppm) Dissipation 

factor 

[PCB] (ppm) 

Unused Mineral oil 0.89 80 0.01 3 0.005 0 

Real system 0.91 24 0.3 38.9 0.12 350 

Table 2 

Characteristics of BFE. 

Loss on Ignition at 1000 ◦C = 6.32%. 

focused on the so-called indicator PCBs accounting for nearly 80% of all 

PCBs: most often PCBs No. 118, 138, 153 and 180, but also PCBs No. 28, 

52 and 101. In 2017, these 7 indicator PCBs among the 209 congeners 

were selected by the Community Reference Office of the European 

Commission in Brussels as being the compounds to be searched for in 

priority in the analysis of organic matrices (sediment, blood, flesh, fat) 

due to their persistence and abundance in the environment as well as 

their toXicological properties [33]. Other congeners of the same family 

with the same chlorine numbers have been added to this study in order 

to obtain more information on the chromatographic separation 

parameters. 

2.1.2. Transformer mineral oil 

Virgin mineral oil (Nytro Taurus) were purchased from Nynas AB 

(Sweden) and the sample of used transformer oil contaminated with 

PCBs (referred to as “real system”) were provided by Arras Maxei, a 

French company. Both oils under investigation (Table 1) were primarily 

comprised three hydrocarbon families: paraffins, naphthenes, and non- 

chlorinated aromatics. The molar mass of the mineral oil was deter- 

 
obtained result indicates that the molar mass of this oil exceeds 100 g/ 

mol. The spectrum reveals mass fragments at 600, 800, and 1200 m/z 

[34]. 

2.1.3. Fuller’s earth 

The Fuller’s earth used in this work is bauXite (BFE) supplied from 

Mineração   Curimbaba   Ltda.   (Brazil)   through   Arras   Maxei   group 

(France). BauXite is a hydrated aluminum silicate of the montmorillonite 

group. This alumina-based adsorbent is suitable for the regeneration of 

PCB-contaminated waste oil after the radiative treatment. The compo- 

sition of the BFE was validated through X-ray fluorescence spectrometry 

(Fig. S1), and is shown in Table 2. 

2.1.4. Description of the irradiation source 

The irradiation of samples was performed out using a Xenon lamp 

LC8 (Hamamatsu Photonics France S.A.R.L, France), which emits a 

broad spectrum in the UV–visible range. This lamp is equipped with an 

optical fiber with an outer beam diameter of 5 mm. The emitted light is 

Fig. 2. Scheme of the protocol for transformer mineral oil treatement. 

Composition SiO2 TiO2 Fe2O3 Al2O3 MgO Na2O K2O mined in our earlier research utilizing MALDI-TOF/MS (MatriX Assisted 

Weight % 2.75 0.33 3.99 92.5 0.05 0.11 0.27 Laser Desorption Ionization - Time of Flight/mass spectroscopy). The 
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Fig. 3. 1H NMR spectrum of unused transformer mineral oil. 

mainly in the UV-A and UV-B range, with wavelengths between 290 and 

390 nm. This specific range of wavelengths facilitates optimal penetra- 

tion of UV, allowing the cleavage of chloroaromatic bonds [20]. The 

efficiency of UV–visible irradiation can be enhanced by agitating the 

sample to vary the surface of the oil exposed to UV–visible irradiation. 

Under optimized conditions, the light intensity was determined to be 13 

mW cm—2 at a wavelength of 365 nm using a C6080-13 dosimeter from

adsorb the products of photodegradation. After treatment, the oil was 

subjected to characterization to verify and ensure its maintenance of 

desired physicochemical properties (Fig. 2). 

2.3. Qualitative and quantitative analyses of PCBs 

1 

Hamamatsu Photonics France S.A.R.L., France. The light source was 2.3.1. Qualitative analysis of PCB by H NMR 

placed 3 cm away from the irradiation zone (5 mm   5 mm) to maintain 

a temperature less than or equal to 70 ◦C. The latter was determined by 
thermogravimetric analysis (TGA) of the oil to avoid any degradation 

(see Fig. S2). 

2.2. Oil treatment process 

Once collected, mineral oils contaminated with PCBs underwent a 

pre-treatment process involving degassing. The vacuum degassing of the 

oil contaminated with 350 ppm of PCBs entailed reducing the pressure 

to 1 mbar while maintaining a temperature of 70 ◦C. This step aimed to 

extract water present in parts per million (ppm) at the oil interface. To 

ensure that PCBs were not released into the atmosphere under these 

conditions, we monitored the concentrations of PCBs in the oil both 

before and after degassing. The results indicated that the concentration 

of PCBs, remained unchanged during degassing under our specified 

conditions. Subsequently, the oils were treated by adsorption on BFE 

powder through a filtration. These first two steps were designed to 

remove moisture, regulate acidity, and eliminate ionic impurities [35]. 

BFE also allowed the discoloration of colored oils. This decrease in the 

opacity of the oils enhances the penetration of the UV–visible treatment 

that follows. Indeed, the UV–visible radiation can deactivate the PCB 

molecules, by providing a higher radiation energy than dissociation 

energy which results in the breakage of aromatic carbon-chlorine bonds. 

Once treated under UV–visible radiation, the oil underwent filtration to 

The 1H NMR analysis was performed using a Bruker AVANCE III HD 

instrument with a magnetic field strength of 300 MHz, following a 

defined preparation protocol: a few milligrams of the external standard 

(acetamide obtained from Merck France) were grinded into crystalline 

powder. Then, an amount of 1–5 mg was solubilized by 0.6 ml of 

chloroform-d (CDC13, 99.8%) in a 5 mm diameter tube. Finally, a 10 

min treatment of the NMR tubes in an ultrasonic bath was applied after 

the addition of the desired amount of the oils to be analyzed. In order to 

verify the qualitative and quantitative reproducibility of the standard 

signal, integrals of the single peak of acetamide with a chemical shift of 

2 ppm were calculated. The response of the curve was proportional and 

linear and therefore allows the qualitative study in the case of pure and 

contaminated mineral oils [36,37]. 

2.3.2. Quantification and quantitative analysis of PCB by GC/MS (EI) 

The oils systems containing PCB compounds were analyzed by GC/ 

MS after drying in a vacuum oven at 70 ◦C. The GC chromatograms and 
their associated MS spectra were obtained using a GC/MS apparatus 

(Clarus 680/Clarus 600 T from Perkin Elmer Waltham, MA, United 
States), equipped with a fused silica capillary column, which was 

maintained at 70 ◦C (Elite-5 (5% Diphenyl) DimethylpolysiloXane, 30 m 

0.53 mm (internal diameter), film thickness df 0.5 μm). The MS 

appliance was equipped with an EI source and a quadrupole filter (ion 

separator) at DC (U) and AC (V) voltages set by the equipment. 

The method and operating conditions of the GC/MS apparatus of 

analysis of PCBs by GC/MS have already been described in detail in our 
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Fig. 4. Zoom on the aromatic zone of the 1H NMR of the mineral oil/PCB No. 209 model system (concentration 200 ppm), non-irradiated and irradiated under 

UV–Visible radiation during 4hr and 8hr. 

 
previous work [34] and are as follow: Initially, the column was held at a 

temperature of 70 ◦C for 4 min, followed by a ramp of 20 ◦C per minute 

until it reached 120 ◦C. Afterward, the temperature was gradually 

increased to 250 ◦C at a rate of 30 ◦C per minute. The oven remained at 
this temperature for 20 min, followed by a temperature increase at a rate 

of 20 ◦C per minute until reaching 300 ◦C. This final temperature was 

sustained for an additional 20 min. The injector and transfer line tem- 

peratures were maintained at 300 ◦C. For the detection and identifica- 
tion of PCB molecules, a reference standard, specifically FC-43 

(Heptacosa), was utilized. Masses obtained through mass spectrometry 

(MS) were confined to the range of 30 to 620 m/z due to the limitations 

of the electron ionization source, which cannot fragment molecules 

exceeding 620 m/z. The ionization source temperature was set at 280 ◦C, 

and the filament voltage applied was 430 V. 

The concentration of PCBs was calculated from multiple calibration 

curves already performed. The average percent removal of organo- 

chlorine aromatics was calculated by the following formula: 

ARP = Ʃ (X0i. ARmi) 

where ARP: average removal percentage. ARmi: average removal per- 

centage of molecule i. X0i: initial molar fraction of molecule i. 

The limit of detection (LOD) and the limit of quantitation (LOQ) were 

calculated from each calibration curve, according to the international 
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Table 3 
1H NMR results of mineral oil/PCB-209 modal system. 

Parameters Model System (Mineral Oil/PCB No. 

209) 

molecule is saturated in chlorine and does not have any proton 

grouping. After the irradiation, the photodegradation of PCB No. 209 

contained in mineral oil is marked by the increase of the aromatic peaks 

between 7.3 ppm and 8.5 ppm thus forming the biphenyl (PCB No. 0) at 

The light intensity of the source (%) Non-irradiated 

sample 

Sample temperature (C◦) Non-irradiated 

sample 

Radiation exposure time (hr) Non-irradiated 

sample 

100 100 

70 70 

4 8 

a yield of 65% and 85% (Fig. 4), respectively after irradiation of 4 hr and 

8 hr which confirms the substitution of the atoms of chlorine atoms of 

PCB No. 209 by protons coming from the mineral oil hydrocarbons. 

After 8 hr of treatment, it is observed that the aromatic part of the 1H 

NMR spectrum of the model system overlaps with the aromatic part of 
the 1H NMR spectrum of the standard biphenyl molecule (PCB No. 0). 

Integration of the signal on the aromatic 
zone of the 

1
H NMR spectrum (

∫ 
PCBs)

No signal / no 
peak 

0.26 0.36 Table 3 below summarizes the conditions and experimental results of 

1
H NMR integration ratio ( Acetamide)/ 

(
∫ 

PCBs) 

Undefined ratio 1/0.2 

= 5 

1/0.36 

= 2.77 

a series of tests. 

Percentage removal (%) 0 65 85 

regulatory agencies (Table S1). LOD was obtained by 3.3 times the ratio 
of the standard deviation of their response(s) and the slope of the cali- 

bration curve(s), LOD      3.3     (SD of intercept      slope-1). LOQ was 

obtained from LOQ     10     (SD of intercept     slope—1). The precision 

was obtained considering the relative standard deviation for both sam- 

ples and standard solutions. The execution of the measurement pro- 

tocols was carried out in strict accordance with established standards 

(Table S2) and the accuracy of the results was confirmed by the Labo- 

ratory Oskman Séraphin (France) using reference PCB samples certified 

by LGC Labor GmBH (Germany) in accordance with the standard ISO 

17034. The variance between the two measured values falls within the 

uncertainty range of the analysis (±7%) for all PCB samples. 

3. Results and discussions 

3.1. 1H NMR qualitative analysis of treated and untreated mineral oil/ 

PCB model systems 

1H NMR spectrum of the pure unused mineral oil (Fig. 3) reveals, at 

first sight, the presence of the two intense signals corresponding to C- 

CH3 and C-CH2 groups. The latter reflects the composition of the mineral 

oil, thus inducing a considerable loss of sensitivity towards the detection 

of PCBs. It was therefore necessary to zoom in on the aromatic part 

(Fig. 3) in order to see the characteristic signals of the PCB congeners 

between 7.3 and 8.5 ppm which do not overlap with the aromatic part of 

the virgin mineral oil situated between 6.6 and 7.2 ppm. It should be 

noted that the external standard forms a single peak at the chemical shift 

of 2 ppm, and therefore does not overlap with neither the mineral oil nor 

the aromatic signals of the PCB compounds. 

3.2. Effects of UV–Visible irradiation on model systems (mineral oil/ 

PCB) 

In order to test and confirm the feasibility of the radiative treatment 

described above, the model systems of the mineral oil/PCB No. 

0 miXture and the mineral oil/PCB No. 209 miXtures were treated for a 

period of 8 h. The 1H NMR spectra are observed mainly in the area of the 

characteristic PCB peaks between 7.35 ppm and 8.5 ppm. After irradi- 

ation, it was found that the UV–visible radiation has no effect on the 

pure mineral oil as there was no change observed in the spectrum of the 

pure mineral oil irradiated for 8 hr. It is also noted that the radiative 

effect on the model system, pure mineral oil/PCB No. 0, is insignificant. 

Indeed, the intensities of aromatic peaks and the integration ratios ( 

Acetamide) / ( PCB) remain constant, thus confirming the stability of 

the PCB No. 0 molecule [38]. Indeed the electronic cloud created by the 

delocalization of electrons in the aromatic rings reinforces the dissoci- 

ation energies of the bonds that form the aromatic rings of biphenyl 

[39]. 

Before irradiation, the aromatic part of the 1H NMR spectrum of the 

mineral oil/PCB No. 209 system does not show any peak since this 

3.2.1. Mechanism for PCB No. 209 dechlorination 

Drawing upon the outcomes of 1H NMR spectroscopy assessments, 

we were able to suggest a subsequent mechanism for PCB No. 209 

dechlorination (see Fig. 5). Initially, PCB molecules dispersed in mineral 

oil absorb UV photons in the 290–390 nm range, which trigger elec- 

tronic transitions, leading to electron excitation. As a consequence, 

absorbed photons raise PCB electrons to higher energy levels, generating 

PCB* species in an excited state. In this excited state, PCB* undergoes 

homolytic cleavage of one or more C-Cl bonds, leading to the production 

of PCB radicals (PCB*) and chlorine radicals (Cl*) [40,41]. 

The specific chlorine atom that can be removed during the early 

phase of PCB No. 209 photodechlorination depends on the reaction 

conditions and the structural characteristics of PCB No. 209. Neverthe- 

less, in a simplified representation, it is common for one of the terminal 

chlorine atoms in the para- or meta-position of PCB No. 209 to be 

removed first. This is because these species are more reactive and can be 

more easily split off in free-radical reactions, as the chlorine atoms are 

less sterically hindered than chlorine atoms closer to the center of the 

molecule. 

Chlorine atoms located closer to the molecule’s center (ortho posi- 

tion) may encounter steric hindrance owing to neighboring substituents 

(atoms or groups) and the presence of central benzene rings. This 

congestion or hindrance surrounding these central chlorine atoms can 

pose challenges for their involvement in chemical reactions. In addition, 

the electrons in ortho position of chlorine atoms are more engaged in the 

electronic system of the molecule PCB No. 209 [42]. 

The resultant PCB* radicals, featuring unpaired electrons, are 

exceptionally reactive entities. They can engage with hydrocarbons 

present within the mineral oil by abstracting hydrogen atoms from these 

hydrocarbons. When a PCB* radical interacts with the hydrocarbons in 

the mineral oil, it can extract a hydrogen atom (H*) from the hydro- 

carbon molecules, leading to the formation of PCB species with reduced 

chlorine content. The precise site of hydrogen atom abstraction on the 

PCB molecule may vary, resulting in different products exhibiting 

varying chlorine content. Collectively, these sequences of reactions 

culminate in the gradual elimination of chlorine atoms from PCB No. 

209 molecules, ultimately transforming them into non-chlorinated or 

less chlorinated products. 

3.3. Effects of UV–Visible irradiation on real system 

The real mineral oil sample recovered from a PCB-contaminated 

transformer was processed and analyzed under the same conditions as 

the model system. After 4 h of irradiation, a significant increase in ar- 

omatic signals is observed, similar to what has been found with model 

systems. This radiative effect is more notable after 8 hr (Fig. 6). This 

phenomenon is due to the aromatic substitution between chlorine atoms 

of the PCB miXture contained in the mineral oil and H protons taken 

from the hydrocarbon chains of oil molecules, thus forming biphenyl at a 

yield of 49% and 86.1% and some weakly chlorinated PCBs (such as PCB 

No. 1, PCB No. 2 and PCB No.15), after irradiation of 4 hr and 8 hr 

respectively. One observes in particular a very weak decrease of the 

groups C-CH2  and C-CH3 belonging to the  pure mineral  oil, which 



C.E. Gherdaoui et al. Separation and Purification Technology 334 (2024) 126028 

7 

 

 

 

 

  
 
 
 

 

 
 

 

 

 

Fig. 5. Suggested dechlorination mechanism for PCB No. 209 from mineral oil under UV–visible irradiation. 
 

confirms that the radiative effect on the pure oil (not represented by the 

figure) remains very weak. 

Table 4 below summarizes the conditions and experimental results of 

a series of tests. 

 
3.4. Photodegradation of PCBs in a real system monitored by GC 

 
After UV–visible irradiation, a progressive decrease in the PCBs 

concentration is observed as the exposure time of the real mineral oil 

system increases [43–45]. At the end of 8 h of irradiation, the objective 

fiXed by the current European legislation, which imposes concentrations 

in PCBs lower than 50 ppm is reached, with a concentration of 48 ppm, 

down from an initial 350 ppm. The calculated removal rate of PCBs from 

the real system is approXimately ~88% (see Fig. 7). The by-products of 

the radiation treatment are present in small quantities and are therefore 

not likely to deteriorate the electrical and dielectric properties of the 

treated oil. 

This treatment limits the production of harmful species, of which 

biphenyl (PCB No. 0) is the ultimate waste product. Once dechlorinated, 

the chlorides combine with the protons of the oil chain branches (-C–H) 

to form chlorinated acid compounds such as Dichloroacetic acid, 2-pen- 

tadecyl ester [15]. After the PCB removal step, the real oil system un- 

dergoes a regeneration treatment. During this treatment, the chlorinated 

acidic compounds formed after UV–visible irradiation are adsorbed onto 

the reactivated BFE. The GC/MS results of the photodecomposition 

obtained from the transformation of chlorinated PCBs into PCB No. 0 in 
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Fig. 6. Zoom on the aromatic zone of a 1H NMR spectrum of the real system: (a) non-irradiated (b) irradiated during 4 hr (c) irradiated during 8 hr. 

 
total acid number (TAN) of the real oil system was reduced from 0.3 mg 

Table 4 1 KOH/g to 0.03 mg KOH/g. The TAN obtained after recovery of the re- 
Conditions and H NMR results of real system.  

Parameters Real system (Used mineral oil 

contaminated by PCBs) 
 

generated and decolorized real oil system (S2) is comparable to the TAN 

of the unused oil. After irradiation of the system (S2), the oil becomes 

slightly more yellow under the effect of UV–visible radiation (S3). This 

The light intensity of the source (%) Non-irradiated 

sample 

Sample temperature (C◦) Non-irradiated 

sample 

Radiation exposure time (hr) Non-irradiated 

100 100 

 
70 70 

 
4 8 

yellowing effect corresponds to the breakage of the C-Cl bonds and some 

C–H bonds of the oil chain branches. The irradiated oil system undergoes 

a second regeneration/decolorization resulting in an oil (S4) similar to 

the unused oil with a TAN close to 0.03 mg KOH/g (see Table 6). 
The color of the oil system is an important property that can be used 

 
Integration of the signal on the aromatic 

zone of the 
1
H NMR spectrum (

∫ 
PCBs) 

sample 

0.07 0.23 0.5 
as a diagnosis and contains critical information about the condition of 

the transformer. Generally, the dark color of the oil represents the 
1
H NMR integration ratio ( Acetamide)/ 

(
∫ 

PCBs) 

Non-irradiated 

sample 

1/0.23 

= 4.35 

1/0.5 

= 2 

inferior quality of the used/regenerated oil [46,47]. Nevertheless, in the 
oil recovery process, only the removal of colored contaminants from the 

Percentage removal (%) 0 49 86.1 
 

 

 
the real oil system are presented in Table 5. The other PCBs not listed in 

(Table 5) are omitted as they were not detected in transformer oil. 

LOD and LOQ values were determined from the data of the calibra- 

tion curves of PCBs (Table 5). These values confirm the reliability of the 

separation method described above, showing that the pre-treatment 

used is consistent for complex matrices such as transformer oils. 

3.5. Regeneration of the physicochemical properties of mineral oils using 

BFE 

The regeneration of the real oil system (S1) by the BFE presents 

excellent performances. Indeed, after 4 runs through the adsorbent, the 

used oil can be evaluated according to the color criterion. 

The color change of the oil after the regeneration process is quanti- 

tatively compared on the basis of ASTM D1500 [47,48]. The corre- 

sponding qualitative change in color is presented in Fig. 8. as shown in 

the latter, the color of the real oil system S1 (dark brown) changes to a 

clear yellowish color after its recovery from a first color treatment (S1) 

corresponding to a reduction from 6 to 0.5 according to the standard. 

After irradiation the color of the oil changes from 0.5 to 1 (S3), before 

being effectively reduced to 0.5 (S4) thus having the same characteris- 

tics of an unused oil (Table 6). 

3.5.1. Adsorbent reactivation 

The reactivation of BFE is done by thermal treatment in a closed 

system [51]. The system temperatures range from 250 ◦C to 800 ◦C. 



C.E. Gherdaoui et al. Separation and Purification Technology 334 (2024) 126028 

9 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. Kinetics and photodecomposition efficiency of PCBs in a real mineral oil system from a used oil transformer after 8 hr treatment under UV–visible irradiation, 

the error bars represent the average standard deviation of the results obtained from repeating the experiment three times. 

 

Table 5 

Removal rate, LOD and LOQ obtained for each PCB detected in the real system. 

 
 
 
 
 
 
 
 
 

of PCBs (%) 

LOD: limit of detection; LOQ: limit of quantification; PCBs: polychlorinated biphenyl, real system: Oil contaminated with PCBs from a power transformer collected by 

Arras Maxei Group. 

 

Table 6 

Characteristics of the unused oil, the used oil, and those after the regeneration of used oil. 

Test Standard Unused Mineral oil
a

 Real system S1 Real system S2 Real system S3 Real system S4 

TAN (mg KOH/g) IEC 62,021 0.01 0.3 0.03 0.09 0.03 

Color ASTM D1500 < 0.5 6 0.5 1 < 0.5 

Interfacial Tension (mN/m) ASTM D971 Min. 22 18 43 33 44 

PCB (ppm)  0 350 301 48 40 

DDF at 90 ◦C IEC 60,247 Max 0.005 0.12 0.006 0.006 0.009 

Breakdown Voltage (kV) IEC 156:1995 Min 30 24 50 60 75 

a  Unused oil specifications [49,50]. 

 
During this treatment, the active sites release the acidic compounds and 

undesirable adsorbed by-products. After 350 cycles of reactivations, it 

was observed that the adsorption efficiency of the activated BFE was 

drastically reduced under the effect of thermal combustion reactions, 

from ~100% to 2% (Fig. 9). 

This effect of thermal aging is the loss of adsorptive activity of the 

earth due mainly to the sintering of aluminum oXides which represents 

between 85% and 92% of the composition of BFE [52]. It should be 

noted that sintering is generally stronger from 350 cycles onwards due 

to the higher temperatures that are observed as a result of the heat 

 

transfer from the combustion reactions (exothermic). 

The phenomenon is translated by a thermally activated phase 

change. In the case of aluminum oXide, there is an allotropic trans- 

formation of its crystallographic forms, shifting from gamma to delta. 

(850–1050 ◦C), then theta (1050–1150 ◦C), and even alpha (greater 

than1150 ◦C), leading to a growth and coalescence of the particles and 

an elimination of the pores. The water vapor favors the phenomenon. 
This results in a decrease of the specific surface, closing of the pores (the 

alpha form presents a typical specific surface of 1–5 m2/g) [52–55]. 

Type of PCB Concentration of PCBs before irradiation (ppm) Concentration of PCBs after irradiation (ppm) LOQ (ppm) LOD (ppm) percentage of removal (%) 

PCB No. 180 27.9 0 1 1 100 

PCB No. 153 14.0 0 1 1 100 

PCB No. 52 24.6 0 1 1 100 

PCB No. 31 52.4 0 1 1 81.3 

PCB No. 18 1.3 0 1 1 100 

PCB No. 15 14.2 12.2 1 1 14 

PCB No. 7 61.4 0 1 1 100 

PCB No. 2 70.5 10.3 1 1 85.4 

PCB No. 1 85.4 22.8 1 1 73.2 

PCB No. 0 91.8 200   increasing the concentration 

Average removal  87.45    
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Fig. 8. Real system color before and after BFE treatment. 

4. Conclusion 

Fig. 9. BFE adsorption efficiency after 350 reactivations. 

adsorption and UV–visible radiation treatment of PCB-contaminated 

mineral oil systems has proven to be an effective and innovative reme- 

The focus of this study was to explore novel and straightforward 

techniques for decontaminating transformer oils loaded with PCBs. 

These organochlorine compounds have been widely used for a long time 

because of their excellent dielectric and flame-retardant properties, then 

progressively classified and banned because of their harmfulness. In 

order to elaborate a systematic study, model systems, such as pure oils, 

oil/PCB miXtures have been considered. Real systems coming from old 

transformers have also been treated and analyzed. The combination of 

diation method. A first qualitative proton nuclear magnetic resonance 

spectroscopy (1H NMR) evaluation via model systems allowed us to 
qualitatively identify the occurrence of PCBs in the contaminated min- 

eral oil. The application of 1H NMR, as a new method to address this 

issue, allowed us to track the process of photodegradation and provided 
qualitative information about PCBs in oil by the integration of the aro- 

matic part of the 1H NMR spectra. The GC/MS allows at the same time to 

separate, identify and quantify the PCB congeners with precision, which 
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constitutes a big advantage. The multiple analyses carried out (dielectric 

spectroscopy, breakdown voltage, interfacial voltage, TAN, etc.) on the 

mineral oil systems, contaminated or not, confirm the preservation of 

their physical and chemical properties after treatment by the combina- 

tion of UV–visible irradiation and adsorption processes on the BFE. The 

studies in static mode showed that the concentration of PCBs could be 

reduced to a value lower than 50 ppm after 8 hr of irradiation. The main 

by-products generated by the radiative treatment, which include chlo- 

rinated acids, mono-, bi-, tri-chlorinated and non-chlorinated biphenyl 

molecules, are neither toXic nor prohibited by the legislation. The BFE 

used as an adsorbent for the formed chlorinated acid compounds can be 

thermally reactivated from 250 to 350 times. 
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