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Hccnedosana Kunemuxa pasnodxceHus napayemamoid 8 e20 600HOM pacmeope noo oei-
cmeuem Ha Hezo pa3pada ROCMOAHHO20 MOKA AMMOCHEPHO20 0A6NeHUSA 6 OKPYIHCAIOUIEM 803-
oyxe. /luanazon uccinedosannvix KORUeHmMpauuii napayemamona cocmaenan 7-37 me/n (0,046-
0,25 mmons/n). Toxu paspaoa mensanuco om 20 00 50 mA. Kunemuxa paznoscenus onpeoensanacs
6 ouanazone eépemen 0-600 c. Konyenmpauusn napayemamona usmepanacs CheKmpoghomomem-
PpuuecKu no nO2oweHUuI0 Ha OJIUHe 60IHbL 242 HM (MAKCUMYM ROJIOCHI NOZIOULEHUSA naApayema-
Mmona). Obpadbomku pacmeopos nPoeoOUTUCH 015 CIyYaes, Ko20a pacmeop AGIANCA HCUOKUM Ka-
mooom u yncuokum anodom. Illoxazano, umo KuHemuKa paznoricenus ORUCHIBAEMCA POPMATbHBIM
YPAGHeHUeM nepeozo KUHEeMU4ecKo20 RopA0Ka no KoHueHmpayuu napayemamona. Onpeoesensl
hopmanvhble KOHCmManmol CKOPOCM el PA3N0HCEHUA, KOMOPbLe 3A8UCelU KAK OM HAYAIbHOU KOH-
yenmpayuu pacmeopa, maxk u moka pazpaoa. Koncmanmeur pocnu ¢ pocmom moxa paspaoa u
YMEHbUATIUCH C POCIOM HA4AIbHOU KoHUenmpayuu. TunuyHsle 3HAUEHUA KOHCHMAHM CKOPO-
cmeit nexcanu ¢ ouanazone ~(8:-102-8:-10°) ¢, a cmenenu paznoycenusn npu nexomopwix napa-
mempax oocmuzanu 100%. Ilpu ¢puxkcupoeannom epemenu naazsmeHHO20 8030€liCHIBUS CHIENEHb
Pasznoxcenusn oviia mem 00abuie, YeM MeHbUIE HAYAIbHAA KOHYEHMpPayus u 00avuie moxK pas-
paoa. Ilpu npouux pasHvix yciosuax KOHCHAHMbL CKOPOCMEN PA3/10)HCeHUA, CKOPOCHU U CHie-
HeHU paznoxicenus 6 pacmeope, KOMopulil CyHCUl Kamooom, Obliau evluie, 4em pacmeope, Komo-
putii cayxcun anooom. Ha ocrnoge amux uzmepenuii paccuumansl InepzemuuecKue xXapaxKmepu-
CmuKu npoyecca pazioxcenus. Beauuunol anepzemuuecKux 6b1X0006 pa3ioxceHus iexcam 6 oud-
nazone ~(0,05-0,019) paznoyxcusuiuxca monexyn napayemamona na 100 3B enoxncennoit snepzuu.
Hecmomps na 6onee gvicoKue cCKOpocmu u Cmenenu pasioxcenus 6 pa3paoe ¢ HeuOKUM Kamooom,
U3-3a paziuuus 6 nApamempax papaoos, IHepzemuueckan IPphexmusnocms 6 papsoe ¢ Hcuo-
KUM aGHO0OM OKa3bléaemcs evluie.

KiroueBble cjioBa: pas3psan, napaneTamModi, BOHHBIﬁ pacTBOP, pa3IOKCHUC, KNHCTUKA
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The kinetics of decomposition of paracetamol in its aqueous solution under the action of a
direct current discharge at atmospheric pressure in the ambient air has been studied. The range of
studied concentrations of paracetamol was 7-37 mg/l (0.046-0.25 mmol/l). The discharge currents
varied from 20 to 50 mA. The decomposition kinetics was determined in the time range of 0-600 s.
The concentration of paracetamol was measured spectrophotometrically by absorption at a wave-
length of 242 nm (maximum of the absorption band of paracetamol). The solutions were processed
for cases when the solution was a liquid cathode and a liquid anode. It is shown that the kinetics
of decomposition is described by a formal first-order kinetic equation with respect to the concen-
tration of paracetamol. Formal decomposition rate constants were determined, which depended
both on the initial concentration of the solution and on the discharge current. The constants in-
creased with an increase in the discharge current and decreased with an increase in the initial
concentration. Typical values of the rate constants were in the range of ~(8:10°-8-10°) s, and the
degree of decomposition reached 100% for some parameters. At a fixed time of plasma exposure,
the degree of decomposition was the greater, the lower the initial concentration and the greater the
discharge current. Other things being equal, the rate constants of decomposition, the rate and de-
gree of decomposition in the solution that served as the cathode, were higher than the solution that
served as the anode. Based on these measurements, the energy characteristics of the decomposition
process were calculated. The energy yields of decomposition lie in the range of ~(0.05-0.019) of
decomposed paracetamol molecules per 100 eV of input energy. Despite the higher rates and de-
grees of decomposition in a discharge with a liquid cathode, due to the difference in the parameters
of the discharges, the energy efficiency in a discharge with a liquid anode is higher.
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few results obtained in other types of discharges will
be considered further in the analysis of the data ob-
tained by us.

INTRODUCTION
Paracetamol (PC) and its toxic metabolites are

present in surface and waste water and drinking water.
Its aqueous solutions have a toxic effect on microor-
ganisms [1, 2]. For example, its content in European
wastewater was 11.3 mg/L [3], in the United States, up
to 150 mg/L [4], and in China, up to 218 mg/L [5].
Therefore, water purification from PC is an urgent task.
The use of non-equilibrium plasma of gas discharges
in contact with a solution is one of the most effective
methods for destroying any organic and inorganic pol-
lution [6-12]. The purpose of this work was to deter-
mine the efficiency of using a direct current discharge
for the decomposition of PC in the case when the solu-
tion served as a cathode and an anode. We are not
aware of such studies for a direct current discharge. A
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EXPERIMENTAL PART

The object of the study was aqueous solutions
of paracetamol (para-acetylaminophenol, HO-CgHa-
NH-CO-CHs) (purity according to GCMS analysis
99.5%, Shimadzu GCMS-QP 2010) with a concentra-
tion in the range of 7-37 mg/L (0.046-0.25 mmol/L).
The pH of the prepared solution was ~5.5. The solu-
tions were processed on a setup, the scheme of which
is shown in Fig. 1.

An atmospheric pressure direct current dis-
charge in air was excited by applying a constant volt-
age between external titanium electrodes and the sur-
face of the treated liquid. An H-shaped reaction vessel

W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 8



was used to separate the processes occurring in the so-
lution under the action of a glow discharge in the anode
and cathode regions. The cells were separated by a cel-
lophane membrane 5 pm thick. The working volume
of paracetamol solution was 200 ml. The distance from
the electrode to the solution surface is 5 mm. The dis-
charge was ignited by breakdown of the discharge
gaps. The treatment was carried out in ambient air at
atmospheric pressure with different durations of dis-
charge burning from 30 to 600 s. The discharge current
was varied from 20 to 50 mA. To find the power de-
posited in the discharge, the electric field strengths in
the plasma and the electrode potential drops were
measured using the moving electrode method [13, 14].

The concentration of PC was determined spec-
trophotometrically (spectrophotometer SF-56, Russia)
by absorption at a wavelength of 242 nm (maximum of
the absorption band of PC [15]).

Fig. 1. The setup of DC glow discharge : 1 — cathode; 2 — anode;
3 - ammeter; 4 — electrode lowering mechanism; 5 — H-shaped
cell; 6 - cellophane membrane; 7 — cell with liquid anode (LA);

8 — cell with liquid cathode (LC); 9 — discharge

Puc. 1. Cxema Tieroriero pa3psaa NOCTOSHHOTO TOKa: 1 — KaToJ;
2 — aHopm; 3 - amnepMeTp; 4 — MEXaHHU3M TEePEIBIKCHHS DIIEK-

Tpona; 5 — H-oOpasHas sueilika; 6 - nemtopanosas MeMOpaHa;

7 — staeiika c xxuakuM anonoM (JKA); 8 — siueiika ¢ JKUIKUM Ka-

tonoM (KK); 9 — paspan

RESULTS AND ITS DISCUSSION

Qualitatively, the dependences of the change
in the concentration of PC for all the studied concen-
trations and currents and the liquid cathode and anode
are similar and have the form shown in Fig. 2, 3. For-
mally, the Kinetic curves are very well (determination
coefficient R? > 0.98) described by a relation of the
form:

[C(O)] = N —[Co] X exp(—Kp x 8) (1)
where N = const, [Co] — initial concentration, Kp - rate
constant.

An equation of this kind is obtained by inte-

grating the following kinetic law:

L = iy x[C]+W. )
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Solution (2) with the initial condition C = Co at
t = 0 has the form
[C] = = [W = W = [Go] - Kp) - exp(=Kp - )] (3)

Expressions (2) and (3) mean that, along with
decomposition at a rate of Kpx[C], the reaction zone is
fed with paracetamol at a constant rate W. Reversible
decomposition of the PC is hardly possible. Therefore,
we assume that such behavior of the dependences is
due to the fact that decomposition takes place in the
near-surface layer (where active particles are formed)
and there is a diffusion flux of PC from the solution
unaffected by the discharge. This flow provides the
rate of W. At long times, this slowly decreasing flux
limits the decomposition rate. A similar behavior was
observed in [16] for the decomposition of phenol. The
results of processing the kinetic dependences accord-
ing to formula (3) for all the studied currents and con-
centrations are given in the Table. Degrees of decom-
position were found according to the ratio:

_ [cI-ICo] (@)
[Col
where [C(t)] — current concentration.

The energy efficiency (the number of decom-
posed molecules per 100 eV of input energy) was cal-
culated for a time equal to Kp™ using relation (5) as
recommended in [16]:

-1
0= ([[Co] [C(Kijjv)]iZ;eXKDXNAV (5)
where V = 0.1 L — cell volume; [C] - concentration,

mg/L; e = 1.6 10% electron charge, C; Nay = 6.02:10%
— Avogadro number, mol; P — power inputted in the
discharge, W; M = 151 — PC molar mass g-mol™.
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1.0
40 F

35 0.8

30

0.6
25

20 0.4

15
0.2

10

0.0

0 100 200 300 400 500 600

t, s
Fig. 2. Dependence of concentration (C) and degree of decompo-
sition (a) on time at a current of 20 mA in a liquid anode. The ini-
tial concentrations of PC 1-3 - 6.3, 15.7, 37.5 mg/L, respectively.
The dots are an experiment. Lines - calculation according to (1)
Puc. 2. 3aBucumocts koH1eHTpaluu (C) U cTeneH: pa3ioxKeHus
(a) TILL oT Bpemenu npu Toke 20 MA B sxuaKoM aHoje. Havyainb-
Hble koHeHTpamu [11] 1-3- 6,3, 15,7, 37,5 mr/mn, cooTBeT-
cTBeHHO. Touku — 3kcnepuMeHT. JInann — pacuer o (1)
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Tabnuua

Koncrantsl ckopocreii (Kd), crenenn pa3inoxenus (o) 1 3Heprerudyeckue 3¢gppexrusHoctu (¢, MoJiexkya Ha 100 3B)
Table. Rate constants (Kd), decomposition degree (o) and energy efficiencies (¢, molecules per 100 eV)

Discharge current 20 mA
Concentration, Liquid anode Liquid cathode
mg/L Kp, s? a, ) Kp, st a /)
7.1 (1.540.3)-10°2 0.88 2.2-102 (3.940.5)-10 0.98 3.2-102
17.7 (1.5+0.1)-107? 0.7 4.4-102 (1.940.3)-10 0.91 3.5-102
375 (8.7+0.1)-10°3 0.57 4.4-10 (9.8+0.1)-10° 0.82 7.1-102
Discharge current 40 mA
8.9 (6.4+1)-102 0.82 6.0-102 (3.7£1):102 ~1 1.8:107
19 (1.9+0.2)-1072 0.76 3.7-10 (2.840.6)-1072 ~1 2.5:102
33.8 (3£0.6)-102 0.6 7.4:107 (1.6+0.3)-1072 0.89 2.4-10
Discharge current 50 mA
7.8 (8.4+1)-1072 0.93 6.5:10 (6.8+2)-102 ~1 2.3-102
18.2 (4.7£1):102 0.84 7.3-102 (3.4%1):102 ~1 2.5:10?
35.6 (2.5+0.4)-107? 0.71 3.2:102 (1.240.3)-102 0.95 1.8-1072

HpI/IMG‘IaHI/ICZ OHEPIreTHYCCKast Q(b(beKTI/IBHOCTI) (¢ paCcCUUTHIBAJIACH JI1 BpEMEHH PABHOT'O KD-1. Crenenb Ppas3jioKEHUA O IPUBCICHA

Jutst Bpemenu 600 ¢

Note: energy efficiency ¢ was calculated for a time equal to Kp*. The degree of decomposition o is given for a time of 600 s

It is difficult to compare the obtained results
with the data of other works in a correct way, due to
the use of different types of discharges and reactor de-
signs. In [17], the decomposition of PC under the ac-
tion of DBD in air (frequency 0-20 kHz, power 500 W,
flow rate of the solution circulating in a closed system
with a volume of 1500 ml was 0.84 ml/s) was studied.
It was found that the decomposition Kinetics also obeys
the 1st order equation, and the rate constants fall from
7.4:10% to 4.7-10* s with increasing concentration
from 10 to 100 mg/L.

C, mg/L
45 a
| 1.0

0.8
0.6
0.4

0.2

2\ 0.0

=
0 100 200 300 400 500 600

Fig. 3. Dependence of concentration (C) and degree of decompo-
sition () on time at a current of 20 mA in a liquid cathode. The
initial concentrations of PC 1-3 - 6.3, 15.7, 31.5 mg/L, respectively.
The dots are an experiment. Lines - calculation according to (1)
Puc. 3. 3aBucumocts koHeHTparun (C) U cTeneH: pa3aoXKeHus
(o) IL] oT Bpemenu npu Toke 20 MA B s)xuaKoM kKatoje. Havans-
Hble KoHeHrparuu 111 1-3- 6,3, 15,7, 31,5 mr/n, cooTBeTCTBEHHO
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Complete decomposition at a concentration of
10 mg/L was achieved in 10 min, and at a concentra-
tion of 100 mg/l in 1 h. In [18], the decomposition of
PC was studied in DBD in air (the flow rate of the cir-
culating solution was 1.4 ml/s; the frequency and
power were not indicated, although the power was meas-
ured). The concentration of the solution was 20 mg/L.
The maximum degree of decomposition reached 0.9 at
a treatment time of 18 min. and voltage 24 kV. The en-
ergy efficiency was ~1-10° molecules per 100 eV. This
is about one order of magnitude less than what we have
achieved. An energy efficiency close in order of mag-
nitude to our results (~8-102 molecules per 100 eV)
was found in [13] for DBD in a mixture of gases O2:Ar =
=1:9 (frequency 500-900 Hz, closed in solution system
with a volume of 40 ml, PC concentration 25 mg/L,
power 0.06 W). PC decomposed completely within
~45 min. Thus, the glow discharge in terms of its indi-
cators (degree of decomposition, decomposition rate,
energy efficiency) generally exceeds dielectric barrier
discharges.

The following observed regularities of decom-
position kinetics can be noted. At a given discharge
current, an increase in the PC concentration leads to a
decrease in the effective decomposition rate constants
and decomposition degree. At a given PC concentra-
tion, an increase in the discharge current is accompa-
nied by an increase in the effective constants of the de-
composition rates and degrees of decomposition. The
energy efficiency of decomposition weakly depends on
both the discharge current and the initial concentration.
The rate constants found are effective, i.e., they include

W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 8



the concentrations of active species involved in the de-
composition reactions of PC. As shown in [19], an in-
crease in the discharge current leads to an increase in
the fluxes of almost all active particles in the plasma.
This ensures the growth of effective rate constants. The
decrease in the constants with increasing concentration
indicates that the active species involved in the decom-
position of PC are also consumed in other reactions.
Indeed, the rate of PC decomposition can be written as:

d[C] Kp 'Vp

ar [z Bi+Kp: [c]] ¢l ©)
where VE is the rate of entry of active particles from the
gas phase, 23 is the rate of the death of active particles
in all processes, except for the reaction with PC. The
value in square brackets is the effective rate constant.
As the PC concentration increases, the constant drops
from (Ko-Ve)/2pi to VE/[C]. That is, at high concentra-
tions of PC (Kp-/C] >> Xf), all active particles react
only with PC. The formation of active species becomes
the rate-limiting step, and the reaction must proceed
according to the zero order.

According to the achieved degrees of decom-
position and rate constants, the action of the discharge
on the liquid anode and liquid cathode leads to similar
results. But the energy efficiency for a liquid anode is
about 2-3 times higher. This is due to the specific fea-
tures of the electrical characteristics of a DC glow dis-
charge. In a glow discharge, the total voltage drop
across the discharge gap is the sum of the voltage drop
on the positive column of the discharge and the voltage
drops near the electrodes (cathode and anode potential
drops). The cathodic potential drop for different metal
electrodes is 100-300 V. At the same time, the cathodic
potential drop for distilled water lies in the range of
600-800 V [20]. For this reason, at a given discharge
current, the total input power for a discharge with a lig-
uid cathode should be 2-3 times greater than for a dis-
charge with a liquid anode. Measurements (Fig. 4)
show that, in fact, the power inputted in a discharge
with a liquid anode at the same current is approxi-
mately 2 times less than for a discharge with a liquid
cathode.

CONCLUSION

Thus, exposure to a direct current glow dis-
charge in air is an effective means of purifying water
from paracetamol. Almost complete decomposition of
PC is achieved in a short time (less than 10 min.) with
satisfactory energy consumption. In this case, it is en-
ergetically more favorable to use a solution that serves
as the discharge anode.

The work was supported by the Ministry of
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Fig. 4. Dependence of the power inputted in the discharge on the
discharge current. 1 - liquid cathode. 2 - liquid anode
Puc. 4. 3aBuUCMMOCTbh MOIIIHOCTH, BKJIaJIbIBAEMOI B pa3psij, OT
TOKa paspsiia. 1 — )KUIKUH KaTo. 2 - )KUJIKUH aHOJ

REFERENCES
JUTEPATVPA

1. Antunes S.C., Freitas R., Figueira E., Gonc¢alves F., Nunes
B. // Environ. Sci. Pollut. Res. 2013. V. 20. P. 6658-6666.
DOI: 10.1007/s11356-013-1784-9.

2. Lépez Zavala M.A., Estrada E.E. // Water. 2016. V. 8.
P. 383-395. DOI: 10.3390/w8090383.

3. Roberts P.H., Thomas K.V. // Sci. Total Environ. 2006. V. 356.
P. 143-153. DOI: 10.1016/j.scitotenv.2005.04.031

4. Blair B.D., Crago J.P., Hedman C.J., Treguer R.J.F.,
Magruder C., Royer L.S., Klaper R.D. // Sci. Total En-
viron. 2013. V. 444. P. 515-521. DOI: 10.1016/j.sci-
totenv.2012.11.103.

5. YuY. WuL, Chang A.C. // Sci. Total Environ. 2013. V. 442.
P. 310-316. DOI: 10.1016/j.scitotenv.2012.10.001.

6. ManyksH A.C., Ceitoym M.B., Poiokun B.B. // /36. 6y306.
Xumust u xum. mexnonoeus. 2021. T. 64. Beim. 3. C. 4-12.
Manukyan AS., Seyoum M.B., Rybkin V.V. // Chem-
ChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.].
2021.V.64.N 3. P. 4-12. DOI: 10.6060/ivkkt.20216403.6339.

7. Magureanu M., BileaF., Bradu C., Hong D. // J. Hazard.
Mater. 2021. V. 417. P. 125481. DOI: 10.1016/j.jhaz-
mat.2021.125481.

8. Hlyros I.A., UBanoB A.H., Peiokun B.B., Manyksn A.C.

Il H36. 6y306. Xumusi u xum. mexnonozus. 2020. T. 63. Bpi. 2.
C.91-98.
Shutov D.A., Ivanov A.N., Rybkin V.V., Manukyan A.S. //
ChemChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim.
Tekhnol.]. 2020. V. 63. N 2. P. 91-98. DOL:
10.6060/ivkkt.20206302.6194.

9. CwmmupnoBa K.B., lllyroB J.A., UBanoB A.H., ManyksH
A.C., Poiokun B.B. // 136. 6y306. Xumus u xum. mexHono2us.
2021. T. 64. Beim. 7. C. 83-88.

139



AA.

10.

11.

12.

140

Urnartbes u ap.

Smirnova K.V., Shutov D.A., lvanov A.N., Manukyan A.S.,
Rybkin V.V. /[ ChemChemTech [lzv. Vyssh. Uchebn. Zaved.
Khim. Khim. Tekhnol]. 2021. V. 64. N 7. P. 83-88. DOI:
10.6060/ivkkt.20216407.6409.

yTtoB [I.A., Cynryposa A.B., Manyksn A.C., U3BexoBa
A.A., Poiokun B.B. // Xumus evicoxux snepeuii. 2019. T. 53.
Ne 5. C. 385-389. DOI: 10.1134/S0018143919050126.
Shutov D.A., Sungurova A.V., Manukyan A.S., Izvekova
A.A., Rybkin V.V. /[ High Energy Chem. 2019. V. 53. N 5.
P. 385-389. DOI: 10.1134/S0018143919050126.

Ilyros J.A., CynrypoBa A.B., Manyksan A.C., PbiOkun
B.B. // Xumus eévicoxux snepeuii. 2018. T. 52. Ne 5. C. 415-418.
DOI: 10.1134/S0018143918050144.

Shutov D.A., Sungurova A.V., Manukyan A.S., Rybkin
V.V. // High Energy Chem. 2018. V. 52. N 5. P. 429-432.
DOI: 10.1134/S0018143918050144.

CmupnoBa K.B., Uanos A.H., lllytoB [.A., Manyksin
A.C., Poiokun B.B. // JKypn. neope. xumuu. 2022. T. 67. Ne 3.
C. 281-285. DOI: 10.1134/S0036023622030123.

Smirnova K.V., Ivanov A.N., Shutov D.A., Manukyan
A.N., Rybkin V.V. // Russ. J. Inorg. Chem. 2022. V. 67. N 3.
P. 262-266. DOI: 10.1134/S0036023622030123.

13.

14.

15.

16.

17.

18.

19.

20.

Shutov D.A., Artyukhov A.l., Ivanov A.N., Rybkin V.V. //
Plasma Phys. Rep. 2019. V. 45. N 11. P. 997-1004. DOI:
10.1134/S1063780X19100052.

Shutov D.A., Smirnova K.V., lvanov A.N., Rybkin V.V. //
Plasma Chem. Plasma Proc. 2023. V. 43. N 3. P.577-597.
DOI: 10.1007/s11090-023-10322-1.

Baloul Y., Aubry O., Rabat H., Colas C., Maunit B., Hong
D. /I Eur. Phys. J. Appl. Phys. 2017. V. 79. N 3. P. 30802.
DOI: 10.1051/epjap/2017160472

Bobkova E.S., Rybkin V.V. // Plasma Chem. Plasma Proc.
2014. V. 35. N 1. P.133-142. DOI: 10.1007/s11090-014-
9583-8.

Xiao-Y. P., Xiu-Ch. Q. // Ecotoxicol. Environ. Saf. 2019. V. 180.
P. 610-615. DOI: 10.1016/j.ecoenv.2019.04.037.

Zhang G., Sun Y., Zhang C., Yu Z. // J. Hazard. Mater. 2017.
V. 323. P. 719-729. DOI: 10.1016/j.jhazmat.2016.10.008.
Bobkova E.S., Smirnov S.A., Zalipaeva Ya.V., Rybkin V.V.
/I Plasma Chem. Plasma Proc. 2014. V. 34. N 4. P.721-743.
DOI: 10.1007/s11090-014-9539-z.

Titov V.A., Rybkin V.V., Maximov A.l.,, Choi H.-S. //
Plasma Chem. Plasma Proc. 2005. V. 25. N 5. P. 503-1-518.
DOI: 10.1007/s11090-005-4996-z.

Iocmynuna ¢ pedaxyuio 13.02.2023
Ipunsima x ony6auxosanuio 16.03.2023

Received 13.02.2023
Accepted 16.03.2023

W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 8



