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theoretically examined. In our opinion the panel type photoreactors
are the most rational. The prospect of photocatalytic treatment of wastewater from organic pollutants
by the so-called methods of Advanced Oxidation Processes, among which the heterogeneous
photocatalysis with the participation of such a catalyst as titanium (V) oxide is most effective, is also
noted. In order to determine the optimal design of such equipment various available in the literature
types of photoreactors are considered. It is shown that the separation of powdered photo-catalysts
can be successfully implemented using membrane modules. Based on theoretical analysis, the choice
of the panel type photoreactor was substantiated and its calculation was carried out. It has been
shown that for the uniform molar concentration of such pollutants as phenol and dyes (Congo red
and Methylene blue), the different number of lamps and sections of the photoreactor are required. As
a result, the more versatile design, the panel photoreactor is developed. The number of sections in it
can be increased if necessary, and such reactor is capable of providing highly effective photo-
destruction of pollutants of different genesis in sewage of various origins. According to the developed
design of the photoreactor, its 3D modeling is carried out, which allows to visualize all the structural
elements of such unusual type of special equipment.
Keywords: AOPs processes, Photocatalysis, Reactors, Panel reactor design, Water treatment from
organic compounds

Introduction

To date, the development or modernization of special equipment for water treatment of such type
such as photocatalytic reactors is relevant in connection with the rapid development of photocatalysis
for the purification of water bodies from organic matter. Despite intensive scientific research on the
subject of the possibility of organic substances degradation in water, the commercialization of this
purification method and scaling of the photocatalytic process is still very limited. At the same time,
various types of reactors such as microreactors!, advanced LED-driven flow reactors?, water-bell
photoreactors®, FluHelik reactors*®, panel photoreactors®, etc. are considered in the literature.

The design of microreactors is optimized by researchers to achieve greater efficiency both in terms
of quality and quantity in accordance with the application. Considerable attention is paid to capital
and operating expenses. The disadvantages of such reactors are small amounts of water systems,
which can be cleaned with their help.

The advanced LED-driven flow reactors are energy-efficient, but their hydrodynamic regimes have
not yet been worked out, so their overall effectiveness for the profound destruction of organic matter
is still in doubt.

The water-bell photoreactors are an interesting and fairly simple photoreactors by design solution.
Photocatalytic decomposition in this type of reactor takes place in a thin film of water, which ensures
maximum sunlight penetration and does not require continuous saturation with oxygen. Advantages

5

Boaa i BogoouncHi Texnosorii. Haykoso-texniuni Bicti-Nel(24) 2019


mailto:dontsova@ua.fm

of this type of reactors are effective mixing and avoiding dead zones in the photoreactors, and the
drawbacks are the dependence of the cleaning efficiency on the quality of the inlet water.

FluHelik reactors are considered to be innovative modern reactors to reduce the toxicity of actual
effluents, but they are aimed at destroying essentially pharmaceutical preparations.

Panel photoreactors have a diverse design and are capable of cleaning large volumes of aqueous
solutions and, in our view, is the most optimal design for the deep destruction of organic matter in
aqueous solutions, which is flexible, simple and allows for the processing of large water volumes.
But this type of reactor requires a more detailed calculation of the main structural elements depending
on the pollutant type and their optimization for the effective purification of water from organic matter.
The purpose of this work is the theoretical choice of photoreactor's design, its calculation and
optimization of the main structural elements for the effective cleaning of water from dyes (Congo red
and Methylene blue) or phenol and the design of its 3D model in Blender software.

Mechanisms of organic substances photodegradation with the participation of photocatalyst

Recently, processes known as Advanced Oxidation Processes (AOPs) are becoming popular in
wastewater treatment technology. AOPs include the number of methods: oxidation using H20: in the
presence of UV; usage the Fenton reagent in the presence of UV light; ozone oxidation in the presence
of UV; oxidation on TiO: surface in the presence of UV; combinations of the above methods’.The
basis of these methods for liquids purification is oxidation of pollutants, mainly organic, to non-toxic
substances or to their full mineralization. The possibility of full mineralization of organic pollutants
is based on the formation of OHe radicals, whose oxide potential is 2.80 eV and which exceeds the
potentials of other oxidants (O2, Clz, H202, O3, etc.). Thus, the main mechanism of AOPs action is
the generation of radicals that have the extremely high oxidation potential. The main advantage of
the use of these radicals is the high and non-selective reactivity. AOPs have the following
advantages’®: fast kinetics; high potential for full mineralization of highly toxic organic impurities;
no secondary solid or liquid waste. At the same time, AOPs also have certain disadvantages. These
methods require tuning for specific sewage, that is, they have low level of the unification, and almost
all of them are energy-intensive. In our opinion, among the available AOPs methods the
heterogeneous photocatalysis has the greatest prospects, as it characterized by the number of
advantages, namely: the prospect of switching from UV light to visible light, which allows
significantly to reduce energy costs, and it is characterized by the absence of cooling and energy
consumption for ozone generation.

The photodestruction process of the pollutants with the photocatalyst participation is by creating the
electron-hole pairs generated by the action of the light quanta. In such reactions, the photocatalyst
plays the role of the initiator, resulting in the formation of active particles ¢O2", «HO2, OHe, H*, and
others that participate in the oxidation processes. The mechanism of the process is as follows. Under
the action of light with sufficient energy, that is, more than the width of the semiconductor bandgap,
the electron valence band is excited and transferred to the conduction band. This creates the separation
of charges and the presence of two particles with opposite charges: electrons and holes. When
particles reach the surface of the semiconductor, they participate in chemical transformations®.
Oxygen molecule Oz dissolved in water captures the electron and forms the superoxide radical «Oz".
After that, it interacts with the proton and forms the over-perooxide radical eHO-. Interactions of
radicals eO2/eHO2/OHe with organic molecules lead to the final mineralization of the latter'®.
Titanium (IV) oxide (TiO2)* is the most promising and widespread photocatalyst for the generation
of photoexcited electrons.
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Comparison of photoreactors types and their application

In the literature, the processes of photodegradation of various pollutants in the aqueous medium have
been thoroughly investigated, mechanisms have been established and kinetics has been studied. In
this case, there are no real photocatalytic reactors for the destruction of pollutants in aqueous
solutions, and there is only single information in literary sources about the types of photoreactors in
which the process of photodegradation of pollutants in aqueous media can be carried out. So,
nowadays there are several types of reactors which are considered for the implementation of
photocatalytic oxidation in aqueous solutions. The most popular are photoreactors?26 shown in
Figures 1 and 2.
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Fig. 1. Photoreactors for oxidizing of pollutants in aqueous media: (a) — photoreactor with the external
radiation source, (b) and (c) — with the internal source of radiation
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In the photoreactor shown in Fig. 1 (a), the oxidation of the pollutants is realized by the powder-like
photocatalyst and there is possibility of using both artificial and natural radiation. For the
photooxidation in cylindrical photoreactors (Fig. 1 (b) and (c)) with the internally installed lamp, the
difference in photoreactors consist in the place of the photocatalyst application. In the case of the
photoreactor shown in Fig. 1 (b), it is applied on the walls of the reactor, and in the case of the
photoreactor in Fig. 1(c) — on quartz tubes located inside the reactor. The feature of photoreactors
with the applied photocatalyst is that it is not necessary to separate the latter after the oxidation
process, but the degree of its use in this case is less than in the case of the powder-like photocatalyst.
All reactors presented in Fig.1 are designed for low consumption and therefore can be used in local
water purification systems.

U-shaped multi-tube photoreactors have other design and can be manufactured either in closed (Fig.
2 (a)) or opened systems (Fig. 2 (b)). The first type is intended for artificial radiation, the second one
is for natural radiation. Such reactors are designed for purifications of the large volumes of
contaminated wastewater. In both cases, the powder-like photocatalyst is used.
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Fig. 2. U-shaped multi-tube photoreactors for oxidizing pollutants in aqueous media:

(a) — photoreactor with the external source of radiation, (b) and (c) — with the internal radiation
source

The main problem with the use of the powder-like photocatalyst is its separation. For solving this
problem either centrifugation or ultrafiltration (membrane methods) can be used. The first way is
inappropriate, since it is too energy-consuming. The second approach is more promising, because it
will allow to separate the fine dispersed photocatalyst fully, economically and quickly enough.
Generally, membrane methods can be implemented in several ways*’: the first is the irradiation of the
additional reservoir for the photocatalyst activating (Fig. 3 (a)), which is located between the mixer
and the membrane module; the second is irradiation directly in the mixer (Fig. 3 (b)); the third is the

irradiation of the membrane at the catalyst separation (Fig. 3 (c)). All methods have perspectives and
should be studied in more detail.
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Fig. 3. Methods of separating the fine dispersed photocatalyst from aqueous solutions:
(a) — irradiation after mixing and before separation, (b) — irradiation in the mixer, (c) — irradiation in

the membrane module

Therefore, based on the above mentioned literature data and its analysis, it can be concluded that the
development of photoreactors for the destruction of pollutants only acquires "turns", but, in our view,
the implementation of photodegradation “irradiation after mixing and before the separation™ is more
promising. In this case, the block for radiation implementation should consist of panels the number
of which can be increased if necessary. So, further the panel photoreactor has been calculated.
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Calculation of the panel photoreactor
Data presented in the Table 1 were used to calculate the panel photoreactor.

Table 1. Output data for the panel photoreactor calculation

Parameter Value Symbol
Contact time (sec) 1200 T
Consumption (m®/sec) 0.0028 Q
The level of the 98 P
concentration reduction
(%)

Molar concentration of 0.15 Cwm
the pollutant (mole/m?)

Absorption coefficient of 0.5 a

lighted water (sm™)

Flow rate 0.9 Mn
Power flow of the lamp 25 Euw
(W)

Photon energy (J) 5.44-107'° Ens
Quantum yield 0.1 [0)

The calculation of the panel reactor for the phenol oxidation was carried out using the following

algorithm.

The intensity of the photons emission by the lamp:

197,1.1}

Euv

Epg

where Euv — power flow of the lamp, W; Eng — photon energy, J.

Oy = B = 4.596 - 10 sec™?
W 544.1071° ' '
The number of dye molecules decomposable per unit of time is determined by the formula:
Nph =9y, - ¢,

where ¢ — quantum yield.

Nph = 4.596'? - 0.1 = 4.596 - 1018,
The number of pollutant molecules oxidized over time t = 1200 sec:
Nphty = Nph - T = 4.596 - 108 - 1200 = 5.515 - 10%1.

The number of matter moles decomposed over time 1:

Npn _ 5.515 - 102!

Nonan) = N "= 6,02 1073

=9.1576 - 1072 mole.

The amount of degradable substance during time 1 in volume V:

Ndestr(t) =Q -t P-

Cm

100°

where Q — consumption, m¥sec; P — the level of the concentration reduction, %; Cm — the molar
concentration of the pollutant, mole/m?®.

Ngestr(ty = 0.0028 - 1200

0.1493

The number of lamps required for photocatalytic oxidation:
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N _ Ndestr(t) _ 0.4‘915
l - - —
“MPS T Nopm)  9-1576- 1073

= 54 lamps.

The height of the water layer:

n=— [lg(1 —nn)]’
alge

where nn — flow rate; a — absorption coefficient of lighted water, sm™:

_ [lg(1 — 0.9)] — 46sm

0.5 lge

Basic parameters, design and 3D model of the panel photoreactor
As a result of the above calculation, we obtain the following parameters of photocatalytic reactor:
1) lamp dimensions: length liamps = 1,7 m; diameter d1 = 0,04 m;
2) number of sections ns = 10, 6 lamps each (one backup section attached to the case of
lamps replacement) which are located in sections at the distance I1 = 2n/100=0.09 m one
from another, as well as sections; distance between panels I2 = 0.05 m;
3) The length, width and height of the reactor (internal) are defined as Ir = 20n; br = liamps +
O,l; hr = 12n.
Thus, L = 1.7 m, H=1.36 m, W = 0.82 m; reactor volume — Vr =1.98 m?. All obtained data is
summarized in the Table 3

Table 2. Parameters of the panel photocatalytic reactor for the phenol oxidation

Number of lamps 54

Number of sections 10
Lamp Length (m) 1.7
dimensions

Diameter (m) 0.04

Distance between panels (m) 0.09

Distance from reactor walls (m) | 0.05
Reactor Length (m) 1.7
dimensions

Width(m) 1.36

Height (m) 0.82

Reactor volume (m®) 1.98

Based on the data presented in Table 3, the design of the photoreactor is developed, which is shown
in Figure 4. This design has the following advantages: it consists of panels that can be expanded, what
allows to clean sewages of various composition with different power. In addition, the 3D photoreactor
model (Fig. 5) was constructed for the more visual representation, which allows visualizing all
structural elements of this non-typical equipment.
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Fig. 4. Photoreactor designed on the basis of calculation: (a) — top view, (b) — side view

Fig. 5. 3D photoreactor model
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Also, based on the presented algorithm, the parameters of the panel photoreactor for the dyes
destruction (Congo red and methylene blue) with the same power and molar concentration as in the
case of phenol, were calculated. The results are presented in Table 3.

Table 3. Parameters of the photocatalytic reactor for dyes oxidation (Congo red and methylene blue)

Congo Red
Number of lamps 5
Number of sections 2
Lamp dimensions Length (m) 1.7
Diameter (m) 0.04

Distance between panels (m) | 0.09
Distance from reactor walls 0.05

(m)
Reactor dimensions Length (m) 1.7
Width(m) 0.25
Height (m) 0.82
Reactor volume (m®) 0,37
Methylene blue
Number of lamps 11
Number of sections 3
Lamp dimensions Length (m) 1.7
Diameter (m) 0.04

Distance between panels (m) | 0.09
Distance from reactor walls 0.05

(m)

Reactor dimensions Length (m) 1.7
Width(m) 0.39
Height (m) 0.82
Reactor volume (m®) 0,57

As one can see from the data shown in Table 3 for the destruction of dyes, much less lamps and panels
are needed. This is due to the influence of the molar mass of the pollutant that must be oxidized.

Conclusions

Based on theoretical analysis, the choice of the panel type photoreactor was substantiated. A simple
design of the panel reactor was proposed, which was calculated for such popular pollutants as dyes
(Congo red and methylene blue) and phenol. It has been shown that for the equal molar concentration
of such pollutants as phenol and dyes (Congo red and methylene blue), the different number of lamps
and sections of the photoreactor are required. More lamps require substances with higher molar mass:
54 lamps are required for the destruction of phenol, for the destruction of methyl blue — 11 lamps, for
destruction of the Congo red — 5 lamps with the power of 25 W.

It was found that the received number of lamps is inversely proportional to the molecular mass of the
pollutants. This fact may be associated with the higher stability of molecules having smaller
molecular masses of substances. Accordingly, the reaction volume will also change, namely, for the
destruction of phenol in an aqueous solution at a concentration of 0.15 mole/m?, the reaction volume
is 2 m?, while for Congo red with the same concentration is 0.4 m®.

As a result of the calculations, the more versatile design of the panel photoreactor was developed.
The number of sections and lamps in it can be increased or reduced if necessary and such reactor is
capable to provide highly effective photodegradation of pollutants of different genesis in sewage of
various origins. According to the developed photoreactor design, its 3D modeling is carried out,
which allows to visualize all the structural elements of such unique type of special equipment. The
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3D photoreactor model was implemented in a free and available Blender software, which can be
recommended for designing equipment and process circuits.
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PO3PAXYHOK TA 3D MOJEJIb ®OTOKATAJITUYHOI'O TAHEJIBHOT'O
PEAKTOPY IJIAA JEI'PAJJALIII BAPBHUKIB I ®EHOJIY

K. Baabtep, T. lonunona, C. Haripusik, M. Konuena
HamionansHuii TeXHIYHUHN YHIBepcuTeT YKpainu "KuiBcbKui MOMITEXHIYHUN IHCTUTYT iMeH1 Irops
Cikopcbkoro", Kuis, Ykpaina, e-mail: dontsova@ua.fm

CraTTs npucBsdyeHa po3paxyHKy Ta 3D MozentoBaHHIO (POTOKATATITUYHOIO MAHEIBHOTO PEaKTOPy
Ui ierpajaanii 6apBHUKIB Ta genony. s nporo 0yjao TEOPETHUHO PO3IIIHYTO (POTOKATAIITHYHI
peaKkTopu Pi3HUX TUMIB I GOTOMECTPYKIlli OpraHiyHUX TOJIOTAHTIB y BOJHUX po3unHax. Cepen
HaBeJICHNX (JOTOPEAKTOPH MAHEIHLHOTO THUITY, HA HAII MOTJIS, € HAWOUIBII parlioHaATbHUMU. TaKoxk
3a3Hauy€Ha MEpPCHEKTUBHICTh (POTOKATANITUYHOTO OYHUIIEHHS CTIYHMX BOJ BiJl OpraHivYHUX
MOJIIOTAHTIB Tak 3BaHMMH Meronamu Advanced Oxidation Processes, cepen SIKMX reTepOreHHHN
(dboTokaTani3 3a y4acti Takoro ¢orokaranizatopy sk tutany (IV) okcup € HaiOiIbI ePeKTUBHUM.
Jnst mpoBeneHHsT (HOTOAECTPYKIIT 3a0pYTHIOIOUUX PEUOBHH y BOJHUX PO3YMHAX PO3IIISIHYTO Pi3HI
TUIH POTOPEAKTOPIB, IO POTIIAIAIOTHCS Y CYYaCHUX JIITEPATYPHHX JDKEPEIax, 3 METOI BU3HAYCHHS
HalOIIbIl ONTHUMAJbHOI Horo koHCcTpykuii. IlokasaHo, 10 BiAJUIEHHS MOPOLIKOMOAIOHOTO
(doTokaTagizaTopy BiJl BOJAHOTO PO3UMHY MicCJIs 3aBepLIeHHS (POTOKATATITUYHOTO IPOLECY YCHIIIHO
MOJKHa peayli30oBYyBaTH SK 3a JOMOMOIOI0 yibTpadinbTpauii, Tak ¥ MeMOpaHHuX MoxayiiB. Ha
I1JICTaB1 IPOBEIEHOT0 TEOPETUUHOI0 aHAJII3y 0OIPYHTOBAHO BUOIp (OTOPEAKTOPY HAHEIBbHOTO TUILY
Ta TPOBEIEHO PO3PaXyHOK MOro KOHCTPYKUIHHMX mnapameTpiB. IlokazaHo, 1m0 Ais OJHAKOBOI
MOJIIPHOI KOHIEHTpALlli TAaKUX MOJIIOTAHTIB SIK ()EHOJ Ta KaTIOHHUM 1 aHIOHHUN OapBHUKU (KOHTO
YepBOHUH Ta METUJIICHOBUH TOTyOHil) He0OXiqHA pi3HA KUTBKICTh JJaMII Ta MaHENiB Yy (OTOPEeaKTopy,
a oTKe 1 pi3HUH 00’ eM hoTopeakTopy. B pe3ynbrarti po3pobieHo 01k yHIBEpCaIbHy KOHCTPYKITIO
— HaHeIbHUN (POTOKATANITUYHUI PEaKTOp, IKUH MOXKHA Y pa3i HEOOXITHOCTI HAPOLILYBAaTH 3 METOIO
30UIBIIEHHS SIK 00’ €My (DOTOpEaKTOpy, TaK U JJIs JOCSITHEHHSI HEOOX1THOTO CTYTICHS OYUIIEHHS Bl
MOJIFOTAHTIB, 1 AKUHN 3/1aTHUM 3a0€3MeYNTH BUCOKOEPEKTHBHY (DOTOAECCTPYKLIIIO MOITIOTAHTIB Pi3HOTO
TeHEe3UCY Yy CTIYHMX BOJIaX PIZHOMAHITHOIO TOXO/KEHHs. 3TiTHO pPO3pOOJIEHOI KOHCTPYKIIi
(OTOKATATITUYHOTO PEAKTOPY MPOBeAeHO Horo 3D MoJentoBaHHs, 110 J03BOJISIE HAOUHO YSIBUTH BCl
KOHCTPYKIIIHI €IEMEHTH TaKOTO HETHIIOBOTO CIIEIIAIBHOTO 00JIaTHAHHS.

Kurouosi caoBa: IIponecu AOIL, doTokarani3, peakTop, NPOSKTYBaHHS MaHEIbHUX PEaKTOPiB,
OYHMIIEHHS BOJH BiJl OPTaHIYHUX CIIOTYK

References

Q) Heggo, D.; Ookawara, S. Multiphase Photocatalytic Microreactors. Chem. Eng. Sci. 2017,

169, 67-77. https://doi.org/10.1016/j.ces.2017.01.019.

(2 Radjagobalou, R.; Blanco, J. F.; Dechy-Cabaret, O.; Oelgeméller, M.; Loubicre, K.

Photooxygenation in an Advanced Led-Driven Flow Reactor Module: Experimental Investigations

and Modelling. Chem. Eng. Process. - Process Intensif. 2018, 130, 214-228.

https://doi.org/10.1016/j.cep.2018.05.015.

3 Abdel-Maksoud, Y. K.; Imam, E.; Ramadan, A. R. TiO2 Water-Bell Photoreactor for

Wastewater ~ Treatment. Sol. Energy 2018, 170 (December 2017), 323-335.

https://doi.org/10.1016/j.solener.2018.05.053.

4) Espindola, J. C.; Cristovao, R. O.; Araujo, S. R. F.; Neuparth, T.; Santos, M. M.; Montes, R.;
14

Boaa i BogoouncHi Texnosorii. Haykoso-texniuni Bicti-Nel(24) 2019


mailto:dontsova@ua.fm

Quintana, J. B.; Rodil, R.; Boaventura, R. A. R.; Vilar, V. J. P. An Innovative Photoreactor, FluHelik,
to Promote UVC/H202 Photochemical Reactions: Tertiary Treatment of an Urban Wastewater. Sci.
Total Environ. 2019, 667, 197-207. https://doi.org/10.1016/j.scitotenv.2019.02.335.

(5) Moreira, F. C.; Bocos, E.; Faria, A. G. F.; Pereira, J. B. L.; Fonte, C. P.; Santos, R. J.; Lopes,
J. C. B.; Dias, M. M.; Sanroman, M. A.; Pazos, M.; et al. Selecting the Best Piping Arrangement for
Scaling-up an Annular Channel Reactor: An Experimental and Computational Fluid Dynamics Study.
Sci. Total Environ. 2019, 667, 821-832. https://doi.org/10.1016/j.scitotenv.2019.02.260.

(6) Sutisna; Rokhmat, M.; Wibowo, E.; Khairurrijal; Abdullah, M. Prototype of a Flat-Panel
Photoreactor Using TiO2 Nanoparticles Coated on Transparent Granules for the Degradation of
Methylene Blue under Solar Illumination. Sustain. Environ. Res. 2017, 27 (4), 172-180.
https://doi.org/10.1016/j.serj.2017.04.002.

(7) Sharma, S.; Ruparelia, J.; Patel, M. A General Review on Advanced Oxidation Processes for
Waste Water Treatment. Int. Conf. Curr. trends Technol. 2011, 8-10.

(8) Prihod’ko, R. V.; Soboleva, N. M. Photocatalysis: Oxidative Processes in Water Treatment.
J. Chem. 2013, 2013, 1-8. https://doi.org/10.1155/2013/168701.

9 Honnosa T.A., b. I. B. Mexani3zm ®otokaranizy Ha TiO2. Haykosei eicmi KI1I 2013, 114-118.
(10) Ameta, R.; Sharma, S.; Sharma, S.; Gorana, Y. Visible Light Induced Photocatalytic
Degradation of Toluidine Blue-O by Using Molybdenum Doped Titanium Dioxide. Eur. J. Adv. Eng.
Technol. 2015, 2 (8), 95-99.

(11) Honmona, T. A. Xapakrepuctuka Ta IlepcnexktuBu Bukopucranus Turtan (IV) Oxcuny y
Bonoouunmenni (Orisin). Booa ma éo0oouucki mexnonoeii 2015, 1, 66—72.

(12) Li, D.; Zhu, Q.; Han, C.; Yang, Y.; Jiang, W.; Zhang, Z. Photocatalytic Degradation of
Recalcitrant Organic Pollutants in Water Using a Novel Cylindrical Multi-Column Photoreactor
Packed with TiO2-Coated Silica Gel Beads. J. Hazard. Mater. 2015, 285, 398-408.
https://doi.org/10.1016/j.jhazmat.2014.12.024.

(13) Ray, A. K. A New Photocatalytic Reactor for Destruction of Toxic Water Pollutants by
Advanced Oxidation Process. Catal. Today 1998, 44 (1-4), 357-368. https://doi.org/10.1016/S0920-
5861(98)00210-7.

(14) Morawski, A. W.; Bubacz, K.; Janus, M.; Zatorska, J.; Kusiak-Nejman, E.; Czyzewski, A.
NOx Photocatalytic Degradation on Gypsum Plates Modified by TiO2-N,C Photocatalysts. Polish J.
Chem. Technol. 2015, 17 (3), 8-12. https://doi.org/10.1515/pjct-2015-0042.

(15) Sheidaei, B.; Behnajady, M. A. Mathematical Kinetic Modelling and Representing Design
Equation for a Packed Photoreactor with Immobilised TiO2-P25 Nanoparticles on Glass Beads in the
Removal of C.I. Acid Orange 7. Chem. Process Eng. - Inz. Chem. i Proces. 2015, 36 (2), 125-133.
https://doi.org/10.1515/cpe-2015-0010.

(16) Lazar, M.; Varghese, S.; Nair, S. Photocatalytic Water Treatment by Titanium Dioxide:
Recent Updates. Catalysts 2012, 2 (4), 572-601. https://doi.org/10.3390/catal2040572.

(17) Mozia, S. Photocatalytic Membrane Reactors (PMRs) in Water and Wastewater Treatment. A
Review. Sep. Purif. Technol. 2010, 73 (2), 71-91. https://doi.org/10.1016/j.seppur.2010.03.021.

15

Boaa i BogoouncHi Texnosorii. Haykoso-texniuni Bicti-Nel(24) 2019



