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ARTICLE INFO ABSTRACT
Keywords: In recent years, the use of a horizontal spinning disc reactor (SDR) as a photocatalytic reactor for
Spinning disc reactor the degradation of various pollutants in aqueous solutions has increased. This study was searched

Photocatalytic degradation
Pollutants
Reaction kinetics

based on the PRISMA method. Two autonomous researchers carried out for the relevant studies
using Scopus, Web of Science (WOS), and Science Direct databases. The search terms expanded
focusing on the performance of horizontal spinning disc photocatalytic reactor (SDPR). In this
review article, the main objective of the effect of operational factors on the efficiency of the
degradation of pollutants with changes in the type of light source (range of visible light and UV
radiation), disc rotational speed, flow rate, initial concentration of pollutants, pH, type of disc
structure and flow regime are considered. Current challenges in SDPR include issues such as
limited mass transfer, uneven light distribution, and difficulties in scaling up. To overcome these
challenges, improvements can be made by optimizing reactor design for better mass transfer,
enhancing light distribution through advanced light sources or reactor configurations, and
developing scalable models that maintain efficiency at larger scales. Additionally, the use of
innovative materials and coatings could improve the overall performance of SDPR.

1. Introduction

Discharge of industrial, agricultural, and other human activities releases various types of chemicals into the water and natural
environments and pollutes existing water resources [1,2]. Hazardous chemicals such as pesticides, dyes, chlorinated pollutants, heavy
metals, drugs, Antibiotics, endocrine disrupting chemicals (EDCs), personal care products, pharmaceutical products (PPCPs), and their
conversion products enter water environments through these types of wastewater [3-6]. The pollution of water resources is a problem
that due to the entry of a wide variety of pollutants is becoming acute today [7]. Chemical pollution due to solvents, dyes, heavy
metals, etc., is considered a great threat to water quality [8,9]. This pollution is caused by the tremendous use of organic and inorganic
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Table 1
Summarizes the different advantages and disadvantages of the suspended/slurry and immobilized/deposited photocatalytic reactors.
Reactor Advantages Disadvantages Reference
Slurry/Suspension « Massive total surface area < Continuous mixing needed to prevent powders from precipitating [56-62]
< Irradiated photocatalytic surface area to reactor volume has higher ratio. < To recovery of the photocatalyst from the treated effluent streams requires expensive
< Adsorption of reactants onto the catalyst surface before entering reactor secondary treatment filtration processes.
< Particles in the form of suspension have better mixing. < The smaller the powder size, the more difficult it is to catalyst recovery
< High mass transfer < At higher catalyst concentrations, suspended/slurry catalysts tend to cause light scattering,
< more effective active sites therewith reducing the rate of photocatalytic reactions.
< There are almost no mass transfer limitations. < shading effect decreases the penetration of photons deep into the pollutant solution
< The effects of fouling by catalyst are largely minimized, if the catalyst in the < Catalytic particles accumulate especially at higher concentrations.
reactor is continuously added and eliminated.
< Distribution of catalysts is uniform.
Deposited/ < Itisvery easy to separate the catalyst from the ultimately treated effluent stream. < Catalyst deactivation and catalyst leaching are possible.
immobilized < It can provide continuous reactor operation. < Lower catalyst availability to photons.
< Removal of organic matter from the liquid phase is improved by the use of < Significant limitations on external mass transfer at low pollutant flow rates
o

immobilizing agents with adsorption properties.

Increasing the thickness of the catalyst film may cause internal mass transfer.
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pollutants from agricultural, urban, and industrial sources (such as the textile and pharmaceutical industries) [10,11]. Some of these
origins of pollutants are not only sources of emerging pollutants (EPs), but also contribute to the release and re-entry of these pollutants
into aquatic environments [7,12]. Synthetic drugs used in the pharmaceutical industry are one of the most dangerous pollutants. Also,
pharmaceutical compounds, especially antibiotics used in medical and veterinary uses in the pharmaceutical industry are among the
most dangerous emerging pollutants [13]. Due to industrial products, pollution is mainly caused by discharging waste into rivers and
water bodies. To maintain and improve the quality of water around factories at a low cost for the profit of the people, many treatment
techniques have been developed to treat polluted water. Therefore, the removal of pollutants from water bodies is very necessary for
water quality conservation and improvement. Removing environmental pollutants using physical, chemical, and biological methods is
often inefficient, expensive, and unsafe [14,15]. Physical methods (e.g. filtration and coagulation, reverse osmosis, adsorption),
chemical methods (e.g. Ion exchange (IX), oxidation, advanced oxidation processes), and biological methods (e.g. biological degra-
dation) have been used over the years in the treatment of municipal wastewater and industries [16-20]. However, most of these
methods are time-consuming, expensive, and produce secondary contaminants [21]. Most of the common water and wastewater
treatment procedures are not able to effectively remove resistant pollutants and as a result cannot meet the strict water quality
standards, so alternative methods are needed [22,23].

As aresult of these treatment methods, the advanced oxidation process (AOPs) as adsorption and degradation technique is attended
an effective method for the complete mineralization of organic and inorganic effluents into eco-friendly products [20,24]. The ad-
vantages of applying AOPs for water and wastewater treatment include rapid degradation, reactions can happen at room temperature,
complete mineralization of organic compounds, other residual oxidants, elimination of effects from disinfectants and degradation
by-products of past treatments [25,26]. Also, the AOPs do not require external energy, they do not produce sludge, pollutants can be
treated at low concentrations, and can be used for persistent pollutants to biodegradation before biological treatments [27,28].

A wide variety of reactor configurations have been reported in the literature. In general, photocatalytic reactors are divided based
on the light source (UV and LED lamps), geometric shape (rectangular, square, cylindrical, and tubular), catalyst, liquid stirring
method, bed dynamics (fixed bed and fluid bed) and the type of reactor. One of the types of classification of reactors is based on the
type of catalyst selected for slurry and immobilized/deposited reactors [29]. In the deposited reactor, the catalyst can be coated on the
substrate of the reactor, preserved on a solid substrate or coated using backing materials such as, silica, glass, alumina, zeolite and
polymeric membranes [30-32]. The difference between the configurations of these two reactor categories is that slurry/suspension
reactors need a secondary segregation unit to recover the photocatalyst in cases where the flow is applied continuously. In addition, at
higher concentrations, the solution becomes duller and the penetration depth of light decreases, and due to the reduction of active
photocatalytic sites, the degradation efficiency decreases [33,34]. To overcome these limitations, photocatalytic reactors are used that
catalyze different substrates such as glass, quartz, alumina, ceramics, stainless steel, activated carbon and zeolite [10,35-38]. But this
method leads to limitations in mass transfer. The contact surface decreases relative to the state where the particles are suspended in the
reactor by deposition of the photocatalyst particles [39]. The relationship between efficiency, investment and operating costs de-
termines the economic viability of a method. Therefore, the use of a photocatalytic method on an industrial scale is subject to the
elimination of the limitations mentioned in this method. Therefore, a spinning disc reactor is one of the multipurpose devices which
has been used so far to investigate biodiesel production, enzymatic reactions, nanoparticles synthesis, heat and mass transfer quick and
homogenous mixing in a continuous operation, photocatalytic degradation of pollutants in aquatic environments and the effects of
flow regimes on photocatalytic degradation and et cet [40-47]. Recently, this type of reactor (SDR) has been considered as a pho-
tocatalytic system for the degradation of textile and resistant pollutants such as pharmaceutical compounds and antibiotics [48-50].
To overcome the limitations mentioned above a spinning disc reactor is evaluated as a photocatalytic reactor [51]. A spinning disc
reactor is a device in which mixing and mass transfer processes are intensified by creating a centrifugal field. Restriction of the
photocatalytic degradation process that reduces efficiency is the lack of exposure of the photocatalyst to light. The farther away the
catalyst is from the light source, because the intensity of the light is not sufficient to activate the catalyst surface, the catalyst activity
decreases and therefore the degradation efficiency decreases. Therefore, designing a new system that can overcome this limitation
seems necessary. A photocatalytic reactor based on a spinning disc in the process of photocatalytic degradation can also overcome the
mentioned optical limitations. In the spinning disc system, owing to the centrifugal force of the liquid film, it forms fine droplets and
thin layers. Light can easily reach the catalyst surface, increase the photocatalytic activity, produce more free radicals, and increase
degradation efficiency.

In a slurry/suspension photocatalytic reactor, the recovery of catalyst particles from the obtained product is a time-consuming step,
especially for catalyst particles with nanoscale properties (high surface area) [52]. To this end, photocatalytic reactors due to the use of
deposited catalysts have been attracted a lot of attention [53,54]. This type of reactors can be used as a continuous system because
there is no need to recover the catalyst. The significant blind spot of these immobilized catalysts backing reactors is that the degra-
dation efficiency of target pollutants has been lower than the slurry/suspension reactors. This is due to the lack of systematic analysis of
the interaction between fluid dynamics and reaction kinetics for these types of reactors and the low reaction rate, mainly due to the
limited mass transfer of reactant species to photocatalytic surfaces. Therefore, according to the mentioned disadvantages of photo-
catalytic reactors based on the type of catalyst application, the SDR was experimented and evaluated for its efficiency as deposited
catalyst photocatalytic reactor with the purpose of eliminate the mass-transfer limitation [54,55]. Table 1 shows the various ad-
vantages and disadvantages of suspended/slurry and immobilized/deposited photocatalytic reactors.

The spinning disc reactor as a photocatalytic reactor depicts important characteristics such as the reduction of mass transfer
limitations as a result of the combination of thin liquid film and flow turbulence, which terminates to the increase of the mass transfer,
acceptable and reliable product quality and the decomposition efficiency increases [63,64]. Therefore, in the last two decades (from
2000 until now), several studies have been concentered on the expansion of the spinning disc photocatalytic reactor, which has various
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configurations (which rotate the disc horizontally and vertically) and further changes of the effective parameters such as flow rate, disc
rotation speed, pH, the initial concentration of the pollutant, the type and intensity of light radiation and temperature have been
investigated on the efficiency of photocatalytic reactions, especially in water environments (water and wastewater treatment) [51,52,
65]. Two major various spinning disc reactor configurations were examined in the published articles as vertical and horizontal discs
models. The vertical reactor configuration implies that the lower half disc is immersed in the liquid or fluid and bringing the upper half
of the liquid to its surface and is exposed to the light source [66]. In this study, the focus is on the horizontal spinning disc photo-
catalytic reactors on which the liquid is placed as a thin film layer and exposed to a light source.

In the SDR system, the quality of the pollutant removal/degradation process relies mainly on the hydrodynamic characteristics of
liquid films and irradiation intensity. Three distinct zones are displayed in the rotational speed profile on a spinning disc; the injection
zone, acceleration zone, and synchronization zone obviously demonstrated in Fig. 1 [67,68]. These films are featured as a surface film
with a solid-liquid interface. The injection zone causes the liquid exiting the nozzle to be slowed down by viscous drag after hitting the
disc. The rotation of the disc in the acceleration zone increases the speed of the radial flow due to the creation of centrifugal force. The
third zone is the synchronization zone, where the liquid rotates close to the disc rotation speed and the liquid film flow behavior
resembles the Nusselt model [69]. The principle of the SDR system is based on a thin liquid film layer that is formed on a spinning disc,
and its size sometimes reaches from 20 to 300 pm [43,44,69]. The liquid film formed on the disc surface creates centrifugal and shear
forces, one reason for which is the tangential and radial acceleration, and the other reason is the ratio of surface area to mass volume
and heat transfer coefficient, which causes the liquid film to high micromixing and very good [69,70]. These characteristics are
beneficial in types of reactions, such as catalytic reactions as homogeneous or heterogeneous are of high significance, because the
quick loss of heat and the high micromixing improve the quality of the product. The micromixing is of special significance when the
reaction time is of the same order as the mixing time, i.e. the reaction time is less than the mixing time. As a result, the reaction is
carried out under heterogeneous conditions, which may lead to the production of unwanted side reactions or lower yields [71-73].

Initially, based on a patent from 1925, spinning disc reactors were commercially extended to intensification of gas-liquid reactions.
Today, to increase the rate of heat and mass transfer, the spinning disc reactor is used with intensified technologies, which are
established through the centrifugal forces generated in the thin liquid film layer by the rotation of the disc. The SDR configuration and
properties change in performance of the needed process yield and reactant species to be extended. In general, the rotation speed of the
disc changes from 100 to 5000 rpm and the diameter of the disc from 10 to 100 cm [66]. Depending on the particular application the
disc surface can be smooth, unstructured, grooved and meshed. Also, the disc material in most applications is usually stainless steel,
but it can be ceramic, glass, alumina, brass to boost heat transfer, and Teflon to reduce clogging problems. Operational temperature
and pressure are in the ranges —4 to 572 °F and 14.5-145 psi, respectively, whilst fluid flow rate entering the SDR depends on disc
properties and rotational speed [64].

Regarding the limitations mentioned in the two types of slurry and immobilized reactors, the spinning disc reactor is considered a
suitable option for the degradation of pollutants in water environments due to the aforementioned advantages. This review systematic
study will focus on the photocatalytic degradation in spinning disc reactor and the influencing factors including hydrodynamic
characteristics (disc rotational speed and flow rate), pollutant concentration, reaction kinetics, pH, irradiation time, disc surface
structure and disc diameter will be investigated.

2. Methods
2.1. Literature survey and search approach

The standard method of Reporting Items for Systematic Review and Meta-Analysis (PRISMA) was selected for the systematic review
[74]. A comprehensive screening route to the decomposition of pollutants by horizontal spinning disc photocatalytic reactor in

Liquid film layer
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Fig. 1. Zoning of spinning disc photocatalytic reactor (injection zone, acceleration zone and synchronization zone positions).
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Fig. 2. Prisma study search and selection flow diagram.

aqueous environments within the documented literature was performed using Web of Science (WOS), Scopus, and Science Direct
databases between January 1, 2001, and January 20, 2023. Once the papers from the mentioned databases were collected in the
referencing administrator, the reduplicative records were eliminated, and a single record of each paper was retained. Afterward, the
title, abstract, and full text of all papers were surveyed respectively. The search included the keywords (“Spinning disk reactor” OR
“Spinning disc reactor” OR “Spinning disk photoreactor” OR “Spinning disc photoreactor” OR “Spinning disk photocatalytic reactor”
OR “spinning disc photocatalytic reactor” OR “photocatalytic Spinning disk reactor” OR “photocatalytic Spinning disc reactor” OR
“SDPR” OR “SDR” OR “pSDR” OR “Rotating Disk Reactor”) AND (“Removal” OR “elimination” OR ‘“degradation” OR ‘“photo-
degradation” OR “treatment”) AND (“Photocatalyst” OR “photocatalysis” OR “photocatalytic” OR “photocatalyze”) AND (“Water” OR
“wastewater” OR “aqueous solution” OR “aqueous media”). The most appropriate papers were chosen based on the inclusion and
exclusion criteria.

2.2. Inclusion and exclusion criteria

In this study, only original papers were selected that were published in English and peer-reviewed journals on the photocatalytic
degradation of pollutants in SDR under light irradiation (UV and Visible light). In some studies rotator-stator spinning disc reactor
(RSSDR) and vertical rotating disc reactor (VRDR) were investigated, so we selected the studies where spinning disc reactor had been



Table 2
Spinning disc reactor throughput and degradation efficiencies.
Catalyst Synthetic Disc matter Pollutant Disc light Initial Contact Light Kinetics order Irradiant Flow Rotational Efficiency  References
route diameter source  Conc. time intensity flux rate speed
(mm)
TiO, Sol-gel Glass Methylene blue 200 uv 8 mg/ - 20W second order 13.9-22.9 15 - - [51]
L w/m2 ml/s
TiO, Sol-gel Glass Methylene blue 200 uv 10 - 20 W Pseudo-first- 12-23 w/ 15 50-200 - [44]
pmol/ order m2 ml/s
L
TiO(UV/H0,/ Sol-gel Glass Antipyrine 200 uv 50 120 min 20 W Pseudo-first- — 25 500 95.50 % [48]
TiOy) order
TiOy Sol-gel Glass Dehydroabietic 200 uv 5 - - - - - - - [75]
acid
TiO, Sol-gel Glass Methylene blue 200 uv 8 - - - - - - [75]
TiO, Dip- Glass Methyl orange 60 uv 4 x - 2%4 W first order - 427 280 rpm 50 % [54]
coating 10°° 17d
M
TiO, Sol-gel Stainless steel Phenol 190 uv 100 120 min  2*18 W - - - - 41 % [76]
Fe-TiO, Sol-gel Stainless steel Phenol 190 uv 100 120 min 2*18 W - - - - 70 % [76]
(dip-
coating)
TiO2/H20, Sol-gel Stainless steel Phenol 190 uv 100 60 min 2*18 W - - - - 99 % [76]
TiO, Dip- Aluminium Methyl orange 120 uv 4 x - 2*4 W for first order 130-2760 5ml/ - 96 % [77]
coating 10-5 each layer mW/cm2 min
M
TiOy Sol-gel Stainless steel Phenol 220 uv 30 240 min 8*5 W Second-order — 2000 290 rpm 100 % [78]
mg/L ml/
min
TiO, Sol-gel Stainless steel Phenol 220 uv 30 240 min  8*5W Langmuir- - 2000 290 rpm 100 % [79]
mg/L Hinshelwood ml/
min
TiOy dip- Teflon baffle 1 Phenol 220 uv 30 180 min 8*5 W Langmuir- — - 150-225 100 % [79]
coating mg/L Hinshelwood rpm
TiOo dip- Teflon baffle2  Phenol 220 uv 30 150 min  8*5W Langmuir- - - 150 rpm 100 % [79]
coating mg/L Hinshelwood
TiO, (Degussa P- Immersed Glass 4-Chlorophenol uv 91 pM 240 min  2*15W Langmuir— - 50 350 rpm nearOpM  [80]
25) method Hinshelwood ml/s
TiO,(Tioxide Immersed Glass 4-Chlorophenol uv 91 pM 240 min  2*15W Langmuir— - 50 350 rpm <20 pM [80]
PC1) method Hinshelwood ml/s
TiOz(Degussa P- Immersed Glass 4-Chlorophenol uv 91 pM 240 min 400 W Langmuir— - 50 350 rpm <15 M [80]
25) method Hinshelwood ml/s
TiOo(Tioxide Immersed Glass 4-Chlorophenol uv 91 pM 240 min 400 W Langmuir— - 50 350 rpm 20 pM [80]
PC1) method Hinshelwood ml/s
TiO, Immersed Glass Salicylic acid uv 91 pM 240 min  2*15W Langmuir— 27.9 W/ 50 350 rpm <20 [80]
method Hinshelwood m2 ml/s
TiO, Immersed Glass Salicylic acid uv 91 pM 240 min 400 W Langmuir— 246 W/m2 50 350 rpm <10 pM [80]
method Hinshelwood ml/s
Ag/Ag,0/TiO, sol-gel Ceramic Amoxicillin 200 LED 20 80 min 5*6W pseudo-first- 11 mW/ 061/  225rpm 97.91 % [49]
spin mg/L order cm? min
coating

(continued on next page)
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Table 2 (continued)

Catalyst Synthetic Disc matter Pollutant Disc light Initial Contact Light Kinetics order Irradiant Flow Rotational Efficiency  References
route diameter source  Conc. time intensity flux rate speed
(mm)
TiO>-P25 Ironing Polyethylene p-Nitrophenol 275 mm Uv-C 15 120 min  2*6 W - - 450 rpm 87.60 % [81]
Nanoparticles  method mg/L
Biy03/Ag/TiOy sol-gel Ceramic Penicillin V 200 LED 30 80 min 5*6W Langmuir— 11 mW/ 081/ 180 rpm 97.67 % [50]
spin mg/L Hinshelwood cm? min
coating
B270 with Pt PE-ALD Glass Ammonium 120 VL 2.3 30 min No 1574 w/ 89 150 rpm 86.95 % [82]
mM mentioned m? ml/
min
WO3/Ag/ZnO S- Spray Ceramic Cephalexin 200 LED 40 80 min 5*6W Langmuir— 11 mwW/ 1 180 rpm 98.8 % [83]
scheme pyrolysis mg/L Hinshelwood cm? min
Au-TiOy RF Polycarbonate ~ Methyl orange 120 LED/ 2 M 90 min 34.2 yW/ - - 6ml/ - - [84]
sputtering uv and 2*6W s
10 uM
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operated horizontally. These two types of reactors (RSSDR and VRDR) are not considered in this study due to their conditions and
mechanisms. The inclusion criteria for qualified review were carried out as follows: Using any type of light irradiations, using any type
of catalytic nanocomposites, conducting experiments in a horizontal spinning disc reactor as a photoreactor, and degradation of any
types of pollutants or active substances. Finally, photocatalytic degradation in a horizontal spinning disc reactor was studied. Con-
ference papers, reviews, abstract, the papers with duplicative content, irrelevant topics, books, presentations, and letters to the editor
on pollutants degradation using SDR were excluded from the study.

2.3. Screening and criterion selection
Screening and criterion selection was done in four stages as follows:

1 Duplicate documents were removed using EndNote (version x9) software.

2 The titles of the papers were evaluated by two autonomous reviewers and the studies were selected according to the main purpose
of the current research.

3 The abstract of the formerly chosen studies were investigated and unrelated studies were eliminated from the scope of the research.

4 The full text of the studies selected based on the criteria was fully studied and reviewed.

The comprehensive data extracted from the selected documents were analyzed. This information included photocatalyst type,
pollutant name, hydrodynamic effects (disc rotation speed, flow rate), pollutant concentration, contact time, pH, light source
wavelength (UV and visible light), light intensity (UV and visible light), UV and visible light power, reaction kinetic, and pollutant
degradation efficiency.

3. Results and discussion
3.1. Characteristics of literature

The flow chart of PRISMA based on the number of documents identified from different databases is shown in Fig. 2. All documents
have been evaluated for eligibility according to the purpose of the study and the criteria mentioned. After reviewing the papers and
removing duplicates, 111 documents were retained for further review based on the titles and abstracts. By selecting the papers based
on the title and abstract in the previous stage, the full texts of 24 relevant papers were recaptured. Eventually, 16 papers were chosen
based on the inclusion criteria of the study. The number of 2 photo-oxidative papers (removal of p-nitrophenol), 3 papers on color
removal and 1 paper on photo-copolymerization, although the pollutant removal process has been investigated in SDR, it was excluded
from the documents due to the lack of use of the catalyst deposition on disc surface in SDR.

3.2. Characteristics of the preserved papers

Table 2 summarizes of the photocatalytic degradation of various pollutants in the SDR based on publication in journals. Among the
16 papers, the sum up the number of studies conducted based on published journals was as follows: applied catalysis b: environmental
(n = 1), chemical engineering journal (n = 2), Chemosphere (n = 2), Journal of Environmental Management (n = 2), Applied Sciences
(n =), Journal of Photochemistry and Photobiology A: Chemistry (n = 1), Industrial and Engineering Chemistry Research (n = 2),
Environmental Science and Pollution Research (n = 1), Modern Chemical Industry (n =), Journal of Chemical Engineering of Japan (n
= 1), Catalysis Communication (n = 1), Optical Review (n = 1), Optics Express (n = 1), Environmental Technology (n = 1).

Based on the type of pollutant, 6 papers on dyes degradation, 3 papers on pharmaceutical compounds degradation, 2 papers on acid
removal, 5 papers on phenols removal (3 papers on phenol removal, 1 paper on nitrophenol removal, and 1 paper on chlorophenol
removal) and 1 paper on ammonia removal in spinning disc photocatalytic reactors have been investigated. Based on the type of light
irradiations, 11 papers on UV irradiation, 4 paper on visible light irradiation (LED) and 1 paper on dual irradiation (LED/UV) have
been investigated. Based on the type of catalyst nanocomposites used on the disc surface, 9 papers on TiO3 catalyst alone, 6 papers on
composites with TiO5 as one of its catalysts immobilized on the disc surface have been investigated (see Table 2).

Table 3
Variation of the value of k; and k,, (reaction constants within eq.) with lamp type used and radiation intensity for the degradation of 4-chlorophenol
and salicylic acid [80].

Pollutant Lamp type used UV intensity (W/m?) ky (dm3/|,1M) ko (uM/min)
4-chlorophenol LP 14.0 0.0507 6.25

LP 27.9 0.0439 7.24

MP 27.9 - 2.53

MP 49.0 - 2.72

MP 98.2 0.0562 4.23

MP 240 0.0505 4.64
Salicylic acid LP 27.9 0.0562 4.65

MP 246 - 3.11
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3.3. Modeling in spinning disc photocatalytic reactor (SDPR)

In explaining the modeling and kinetic analysis of photocatalytic reactions, it should be noted that heterogeneous photocatalysis is
principally based on the kinetics of the Langmuir-Hinshelwood type (L-H), which can be linear or mixed linear and square root and
depends on the light intensity [85,86]. The main problem in this type of kinetics is the use of reaction rate with mean light intensity,
and it can only be valid when the reaction rate measures linearly with the light intensity at any point of the reaction position in the
reactor [32]. The reaction kinetics in the photocatalytic degradation of pollutants depends on the reactor geometry, dimensions,
irradiation sources, illuminations, flow conditions, hydrodynamics (turbulent and laminar flow type, batch, continuous,
semi-continuous, rotation) and hydrodynamic factors (disc rotation speed in SDRs and flow rate) [87].

3.3.1. Reaction kinetic modeling in SDPR

In reaction kinetics, one of the important factors influencing the reaction rate and pollutant degradation efficiency is the reaction
rate constant. In most researches, the kinetic rate constant is dependent on the effects of mass transfer in the reactor. Reaction rate
constants are reported to be different due to mass transfer effects. These effects have been investigated according to the volume of
liquid inside the reactor, stirring speed, disc rotation speed, light intensity, etc [88-90]. The effective rate constant is higher in
high-volume reactors than in low-volume reactors, which indicates that the overall reaction occurs faster. It is remarked that an in-
crease in the initial concentration of the pollutant leads to a decrease in the degradation rate. The reason is that the active sites of the
catalyst with higher pollutant concentration and light scattering affect the route of induced photons [90].

3.3.2. Most of the reaction kinetics in SDPR follow the Langmuir-Hinshelwood model (Eq. (1)). In this model

dC  kik,C

‘dt " 1+KkC M

—r= —

wherein.

V] = the volume of treated liquid

k; = the absorption equilibrium constant for the reactant species

ko = the reaction rate constant.

C = the concentration of pollutant

t = the time of reaction (min).

It can be stated that ks illustrates the restricted rate of pollutant reaction, while k; is related to the pollutant absorption with the
catalyst surface that is proportional to the intensity of the incident photon at the catalyst surface.

As soon as the light radiation is transmitted to the liquid film on the disc surface, the contaminant absorption in the film occurs. The
pollutant adsorption process in the liquid film is described by the Beer-Lambert equation (Eq. (2)) [54,77].

ehC= — logll (&)

wherein.
¢ = molar absorptivity.
I = light intensity at the bottom of the liquid film.
I, = light intensity at the surface of the liquid film.
Substituting Eq. (2) into Eq. (1) gives Eq. 3

14
11 y=11191x + 1.2339
2_ ;
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Fig. 3. The reaction kinetic models for the photocatalytic degradation of Amoxicillin (a) [49] and Cephalexin (b) [83].
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Yatmaz et al. investigated the kinetics of the reaction based on Langmuir-Hinshelwood kinetics (Eq. (3)) for radiation intensity. In
their work, TiO; catalyst was deposited on a glass disc, and UV lamp with low (LP) and medium (MP) pressures were used as a source of
radiation to degrade two pollutants (4-chlorophenol and salicylic acid). Table 3 shows the results of experiments to evaluate the effect
of UV radiation intensity and wavelength on the reaction rate. The results showed that doubling the intensity of UV radiation with low
pressure for the degradation of 4-chlorophenol was significant, but it had little effect on limiting the reaction rate or ky. However, the
value of k; or the absorption equilibrium constant for reactant species when exposed to different radiation intensities, did not show a
significant effect [80]. Yatmaz et al.’s reason was that the change in the k; value was caused by experimental error instead of the real
value. They also could not calculate the value of k; in the intensity of the lower medium pressure lamp due to the compliance of the
degradation rate of the pollutant to zero-order. The values of k; and ks for the degradation of salicylic acid followed zero-order kinetics
in the case of medium-pressure lamps and mixed kinetics for low-pressure lamps. Since the value of ky depends on the amount of coated
catalyst in the SDR reactor, it can affect the radiation intensity and degradation efficiency. Therefore, the comparison of Yatmaz et al.’s
study with other studies showed that the catalyst coating technique used in this study was not sufficient for SDR and reported that a
supported catalyst with better mechanical properties is needed. The results of the experiments depicted different k; values in SDR.
These values can be attributed to the production of a very turbulent liquid film, which increased the transfer rate of organic substances
to the catalyst film [80].

Mirzaei et al. obtained different adsorption coefficients in different concentrations of phenol. They obtained k; coefficient for initial
phenol concentrations of 30, 50, and 70 mg/1 as 17.493, 0.06, and 0.008 L/mg and for ko as 0.062, 0.074, and 0.097 mg/s.L,
respectively. At higher concentrations, more phenol molecules were adsorbed on the surface of the TiO5 catalyst in the SDR system and
causing competition between pollutant molecules and reaction intermediates for adsorption in the active sites of the TiO; catalyst. In
general, the increase in the initial concentration of the pollutant led to an increase in the amount of adsorbed phenol molecules, which
result in a decrease in the contact between the molecules and the active sites of the catalyst, and finally caused a change in the
equilibrium of adsorption and relative coefficients [78].

Zamani et al. investigated the kinetics of the reaction under the optimal conditions of irradiation time of 80 min, initial concen-
tration of amoxicillin of 20 mg/1, flow rate of 0.8 L/min, disc rotation speed of 225 rpm, pH = 6 and aeration speed of 20 L/min. They
obtained the Langmuir-Hinshelwood (L-H model) rate and adsorption constants of 0.729 mg/min. L and 0.0261 L/mg, respectively
(Fig. 3-a) [49]. In another study for photocatalytic degradation of cephalexin in an SDR system, they calculated photocatalytic reaction
rate, Langmuir-Hinshelwood rate and absorption constants as 0.0456 1/min, 0.81 mg/min. L and 0.011 L/mg, respectively (Fig. 3-b)
[831.

3.3.3. Modeling the passed flow of the disc in SDPR

Considering that the disc rotational speed and flow rate are different in the SDRs, the reactor must be modeled to contrast the
kinetic rate constants between the work cycles. In reaction kinetic modeling, the overall reaction rate can be obtained by considering
the concentration of catalyst and oxidant, light absorption rate, and mass transfer rate. It is also possible to calculate the mass balance
in the reactor and the reservoir containing the pollutant as separate control volumes in SDR systems [44,75]. In the modeling of this
system, it is assumed that the reactant tank behaves as an entirely mixed and ideal continuously stirred tank where the output con-
centration is equal to the tank volume concentration (Eq. (4)). Therefore, the variation of concentration in the tank with respect to time
is calculated from differential equation.

dCinlet o Q

d t - E (Coutlet - Cinlet) (4)

wherein.

Cinlet = the pollutant concentration in the tank and SDR input.

Coutlet = the SDR output concentration and tank input.

Q = the volumetric flow rate.

Vest = the volume of the tank.

To modeling the reaction rate in the reactor, the total degradation rate of the pollutant solution is used. SDPR modeling requires
that the fluid volume across the spinning disc be determined. In order to predict the liquid thickness across the disc surface, the Nusselt
model presented in Eq. (5) is used, through which the SDPR volume can be calculated. This model presumes quite expanded laminar
flow throughout the disc surface with no shear [69].

3/ 3Q9
h= 2nr2m? ®
Wherein h is the liquid film thickness at radius r on the disc, Q is the volumetric flow rate, 9 is the kinematic viscosity of liquid, and w is
the rotational speed. For simplicity, all of the constants are integrated into a single variable a (Eq. (6)).
h=ar %3 6)

To achieve mass balance, it is assumed that the SDR behaves as a plug-flow reactor. Therefore, the following differential equation is
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obtained for the change of pollutant concentration on the substrate with respect to the radius across the disc.

1
dc 39 3 1
T (m) Rrs 7
wherein.

R = the volumetric rate of reaction

r = the radius of disc.

According to Eq. (8), most of the reaction kinetics are second-order and this is unusual for photocatalytic reactions. For the
photocatalytic reactions of the first order reactions, the Langmuir-Hinshelwood simplified kinetic expression is due to dilute pollutant
concentrations [91,92].

R=k,C* 8

Substituting Eq. (8) into Eq. (7) and integrating between the input and output radius (Rinet and Roytier respectively) equation (9) for
the reaction across the SDR is obtained:

1
3
3Q9 4/3 4/3 1
27k <21312> {Rinlet - Routlet} + Cintet

Another factor expressing the reaction kinetics is surface area or volumetric in heterogeneous photocatalysis with a catalyst
deposited on a substrate, where the surface area used is the irradiated surface, not the surface area of the photocatalyst. Surface re-
action rate constants are carried out for comparative purposes because the effect of various reaction volume per surface area under
various flow conditions and disc rotation speed on a SDR can be eliminated [75]. As a result, the reaction merely takes place on the
surface of the spinning disc, and the surface rate constant can be expressed from the volume rate constant using Eq. (10).

©)]

Cnutlet =

=

ks =—_k, 10

where.
ks = the first or second order surface reaction rate constant
ky = the first or second order volume reaction rate constant.
S = the irradiated surface area of the photocatalyst.
V = the volume of the reactor.

3.3.4. Flow modelling pass the disc
To model the flow across the disk in the SDR system, the film thickness distribution should be clear, and for this, the Nusselt model
is the most widely used. In this model, it is assumed that the flow is completely laminar across the surface of the disc without shear at
the gas-liquid interface. As mentioned in Eq. (5), the average film thickness can be calculated by the Nusselt model. The Nusselt model
overpredicts the film thickness and cannot represent the surface waves [44]. To investigate the deviation of the film thickness from the
Nusselt model, it can be approximated with the Ekman number. Ekman’s number (E) is defined as the ratio of viscosity forces to
coriolis forces and is expressed by Eq. (11):
3
E=—s an
In this equation, when the Ekman number is greater than 10, the film thickness can be approximated by the Nusselt model. But for low
values of Ekman number, the inertial forces overcome and the film thickness significantly deviates from the Nusselt model [69,93].
Table 2 lists the selected results of catalyst-based SDR for pollutants removal published in the last two decades. In all studies
performed so far batch and continuous reactors have been usually used for pollutants removal of spinning disc photocatalytic reactor,
including phenol, chlorophenol, dyes (e.g. methylene blue, methyl orange) and drugs (e.g. antipyrine, penicillin V, Ciprofloxacin and
amoxicillin) [44,48,49,76,78,79].

3.4. Effective factors on the performance of SDPR

In the documents presented in this systematic review article, the effect of one or more factors on pollutant degradation or SDR
performance has been investigated. Therefore, some factors considered in the discussion may not be comparable. In other words, due
to the challenges and gaps in the photocatalytic performance of SDR, some factors that have not been investigated by previous re-
searchers or need further data have been experimented and investigated by new researchers.

3.4.1. Effect of radiation intensity and photonic efficiency
As respects photocatalytic processes need the attendance of an active catalyst and light illumination in order to accelerate the

reaction, limitations of mass transfer and photon transfer are the two main and definite limitations for achieving these types of
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processes on an industrial scale [94,95]. Due to these two limitations, slurry-type reactors, spinning discs and microreactors have
shown significant performance in solid/liquid systems [94]. Because photocatalytic reactions caused by light radiation are mostly
carried out in liquid environments, therefore the most contact between the photocatalyst and the pollutant occurs in the liquid so-
lution. Although research work has been done in this field, more research is still needed to achieve industrial scale [95]. Among the
various reactors designed so far for photocatalytic performance, spinning disc reactors and microreactors to maximize reactant mass
transfer to the catalyst’s active surface showed the highest coating surface with catalyst per volume of the reaction liquid. In other
words, it represents the amount of illumination surface per unit volume of the reactive liquid solution inside the reactor [94]. In this
case, Gorges et al. observed the highest catalyst coating surface area per reactive liquid solution volume of 12,000 m?/m? for their
microreactor, while Van Gerven et al. reported a much higher catalyst-coating surface area per reaction liquid volume (20,000-66000
mz/mS) for the spinning disc reactor system [94,96].

The photonic efficiency in photocatalytic degradation can be defined by the overall quantum yield in terms of moles of reacted
substrate per absorbed photon. Since it is difficult to determine the rate of photon absorption, so the photonic efficiency was used as an
alternative (Eq. (12)) [97].

Rq

e 100 12)

wherein.

@ = photonic efficiency

Rq = initial degradation rate (mol/s).

J¢ = photon flux (mole photons/mzs).

A = the surface area of the rotating disc radiation (m?).

The photon flux (J) can be determined by.

To calculate the photon flux (Jp), Planck equation is used to determine the energy of 1 mol of photon and convert the measured
radiation from light radiation to photon flux (Eq. (13)).
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Fig. 4. (a) Irradiation profile inside spinning disc reactor [44] (b) and (c) effect of radiation intensity and photonic efficiency [51] and (d) effect of
light intensity on the photonic efficiency [83].
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h
E,—=N, (13)
i
1 1y
J=mo = 14
f Ep hCNA ( )
wherein.

Ep = Photon energy (J/Einstein).

h = planck’s constant (6.626 x 107347 s).

¢ = the speed of light (3 x 108 m/s).

A = the wavelength of the light (m).

Na = Avogadro’s constant (6.023 x 1023 photons/mole).

I = the incident light intensity (W/m?).

According to equation (14), the photon efficiency is determined by dividing the pollutant photocatalytic degradation rate by the
photon flux. This means that the number of pollutant molecules degraded is related to the number of photons that have incident from
the light source. The photon efficiency changes during the photocatalytic process in SDR according to the changes in the pollutant
concentration inside the reactor and causes a change in the reaction rate (Eq. (15)).

(C, — C)V
wherein.

R = the reaction rate.

C, = the initial pollutant concentration (mg/L).

C; = the reactant content at the time of t (mg/L).

V = the reactor volume (L).

M,, = the molecular weight of pollutant (mg/mole).

t = time of reaction.

Finally, to fit the photonic efficiency in the reactor, the experimental relationship based on the power law model (Eq. (16)) is used.

p=al’ (16)

where o and fp are constant values that are obtained based on the experimental conditions and give the best fitting model.

Zamani et al. investigated the effect of radiation intensity on photon efficiency for the degradation of cephalexin antibiotic using an
LED lamp. From Eq. (12), they obtained the best fit of the photonic efficiency in the SDR reactor. In Fig. 4(a-b), the range of radiation
intensity is 5-17 mW/cm? and LED photon flux is 1.94 x 10~%-8.61 x 10> E/m?. s. The photonic efficiency has reached from 0.08 % at
the radiation intensity of 5 mW/cm? to less than 0.03 % at the radiation intensity of 17 mW/cm?. At higher photon flux, WO3/Ag/ZnO
S-scheme photocatalytic composite absorbed higher photons, which will lead to the generation of more electron-hole pairs. They also
reported that the initial apparent photon efficiency was lower at high photon fluxes compared to low photon fluxes. The reason for this
is the lower use of light energy at high photon fluxes [83].
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Fig. 5. Methyl orange degradation by the irradiation of red LED lamp (visible light) and Low pressure mercury lamp (UV) for PC/TiOy (sample A),

PC/TiOy/TiOy(sample B), and PC/TiOx/Au-TiO, (sample C) discs [84]. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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The UV radiation measurements in SDR at disc surface were performed by Boiarkina et al. [51]. They performed this measurement
in a 3*3 grid arrangement with a total of 9 points, with each measurement repeated three times at each location, before and after the
experiments. The results of before and after measurements showed that were consistent in the margin of error (MOE), so the mean of
the two profiles was used to calculate the irradiation flux on the surface of the spinning disc, shown in Fig. 4. The maximum radiation
of the lamp occurs at 22.7 + 2.9 W/m? at the central axis, which is aligned with the lamp. In this research, the heterogeneous nature of
the radiation profile was reported to be undesirable for modeling the SDPR, because depending on the radiation flux at that stand,
there is a local change in the reaction rate on the disc surface [51]. The maximum radiation flux obtained was more than 1.5 times the
minimum (13.9-22.9 W/m?), which was more homogeneous compared to the study by Dionysiou et al. [52]. They reported that the
mean photon flux reaching the catalyst surface at SDR was 3.99 x 105 4+5.1 x 10 ®E/m2 s [51]. The results showed that in the initial
concentration of methylene blue (8 mg/1) and in half of the initial concentration, the average photonic efficiency was 0.19 + 0.08 %
and 0.05 + 0.02 %, respectively. The overall maximum photonic efficiency was obtained at a flow rate of 15 mL/s and a rotation speed
of 100 rpm for the initial concentration of methylene blue and at half of the initial concentration of 0.88 + 0.07 % and 0.44 + 0.02 %,
respectively [51].

In another study conducted by Boiarkina et al. the radiation intensity was calculated as 12-23 W/m? The results of their work
depicted that UV radiation is the most uniform radiation for SDPR. The reason for that is the parabolic mirror used with the UV lamp
with relatively uniform radiation on the disk surface. The photonic efficiency is presented in Fig. 4(c—d) according to the disc rotation
speed and flow rate [44].

3.4.2. Effect of a dual light source on the pollutant degradation

Light is divided based on wavelength to visible light and nonvisible light. Visible light wavelength is 400-700 nm. Nonvisible light
is divided into ultraviolet (UV) light (wavelength< 400 nm) and infrared light (wavelength >720 nm). The visible wavelength range
starts from violet light (400 nm) with a wavelength close to UV light and continues to red light (700 nm) with a wavelength close to
infrared light [98,99]. The photocatalytic reaction rate depends on the intensity of the incident light achieving the catalyst surface.
Therefore an exact designation of the local light flux striking the catalyst surface is required. Photocatalytic reactors are naturally
irradiated by UV/visible lamps that are located at an optimum distance to the catalyst film for maximum reaction [98,99].

Huang et al. evaluated the effect of a dual light source including two types of visible (red LED; 637 nm, 34.2 pW) and ultraviolet
(Low pressure mercury; 254 nm) lamps in the absorption of methyl orange by three types of catalytic compounds in the circular plate
waveguide of a spinning disc reactor [84]. They used a polycarbonate (PC) disc with three deposited thin film catalytic compounds of
PC/TiOy, PC/TiOx/TiO, and PC/TiOx/Au-TiO5 to compare the effect of two types of light source on the degradation of methyl orange.
Flow rate 6 ml/s, pollutant concentration was considered for PC/TiOx 2 pM as a reference and for PC/TiOx/TiO2 and PC/TiOx/Au-TiO;
10 uM and at a certain rotation speed. Fig. 5 depicts that the disc sample of PC/TiOy has a low photocatalytic efficiency under mercury
lamp irradiation, with or without red LED light (sample A at Fig. 5). The final concentration of methyl orange (C/C,) for the disc
sample of PC/TiO/TiO2 with or without red LED (sample B) was 0.71 and 0.62, respectively, and for the disc sample of PC/TiOx/-
Au-TiO, with or without red LED (sample C), 0.54 and 0.65 were obtained, respectively. The photocatalytic efficiency of the Au-TiO,
composite under the combined irradiation of UV light and LED light was approximately 24 % higher than the photocatalytic efficiency
of TiO, under UV light alone. The reason for that was that the irradiation of the red LED lamp with a wavelength of 637 nm produced a
plasmonic photocatalytic reaction on the composite Au-TiOy nanoparticles, which is associated with the Au plasmon element [84].

3.4.3. Effect of disc surface structure on pollutant degradation

The disc surface structure affects the pollutant degradation efficiency due to the creation of turbulence and mixing. The effect of
disc surface structure on phenol degradation in aqueous media under optimal conditions of rotation speed = 290 rpm and flow rate = 2
1/min was investigated by Mirzaei et al. In this study, three types of smooth disc (Stainless steel), baffled discs type I and II (Teflon)
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Fig. 6. Different structures of disc surface (smooth, baffled disc I and baffle disc II) (a) and effect of disc surface structure on the pollutant
degradation in SDPR (b) [79].
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Fig. 7. Effect of lamp type (a) for 4-chlorophenol, (b) catalyst type and (c) for salicylic acid on the performance of SDPR [80].

were tested (Fig. 6-a). According to the results for these three discs, the complete degradation of phenol was at 240, 180 and 150 min,
respectively (Fig. 6-b). The reason for complete degradation in a shorter period of time is the presence of baffle discs due to increased
turbulence and as a result good mixing in the reactor [79]. Another reason for the results was residence time. This is because each
baffle acts as a barrier to the liquid thin film, thus increasing the residence time under similar operating conditions. Finally, more
pollutant solution remained in the reactor reaction zone and faster and better degradation was obtained [79]. Obviously, the surface of
catalyst was the same for both baffled discs and the differences between their efficiencies related to the distinct embellishment of
baffles. The presence of baffles creates barriers that enhance turbulence, leading to better mixing and shorter degradation times.
Additionally, the residence time of the liquid thin film is increased due to the presence of baffles, allowing for more efficient
degradation under similar operational conditions. Despite the catalyst surface being consistent across the baffled discs, the differences
in their efficiency can be attributed to the unique design of the baffles. This study highlights the importance of disc surface structure in
optimizing pollutant degradation efficiency within spinning disc reactors.

3.4.4. Effect of lamp type (UV and visible) on the degradation of pollutant

Yatmaz et al. investigated the effect of two types of mercury lamps, low pressure (15 W, 254 nm) and medium pressure (400 W,
365) on the degradation of 4-chlorophenol and salicylic acid in photocatalytic studies in a SDPR. The catalyst used was titanium
dioxide (Degussa p-25). Their best results were obtained when a low pressure lamp was used (Fig. 7-a). They used the full output power
of a medium pressure lamp but the results were better in low pressure lamp conditions. This could be due to the photochemical reaction
at the wavelength emitted by low pressure lamps. However, little photochemical decomposition occurred when the 4-chlorophenol
solution was irradiated with low pressure lamp without the presence of a catalyst, but no photochemical decomposition occurred
in medium pressure lamps. They eventually concluded that the improvement in the performance of low-pressure lamps was due to its
photocatalytic nature [80]. Also, two types of catalysts (TiO, Degussa p-25 and Tioxide, PC1) with the mentioned conditions in two
types of lamps were examined. Their results showed that in both types of lamps, a higher degree of degradation of organic matter was
obtained in the Degussa p-25 catalyst (Fig. 7-b). To evaluate the type of catalyst and lamp, the performance of the SDPR was examined
by salicylic acid (Fig. 7-c). According to Fig. 7-c., the low pressure lamp again produced a higher photocatalytic behavior and it was
found that the photocatalytic effect of the low pressure lamp is independent of the nature of the organic compound [80].

3.4.5. Effect of pH on the degradation efficiency of pollutant

The pH is a variable controlling the charges of catalyst and pollutant, adsorption effectiveness of pollutant on the catalyst surface
and further give an effect on the degradation efficiency [15]. In general, the effect of pH on the degradation of pollutants in spinning
disc photocatalytic reactors has not been investigated. Zamani et al. studied the effect of pH on the efficiency of photocatalytic
degradation using the Ag/Ag>0/TiO5 thin film catalytic compound in the range of 2-10 as shown in Fig. 8-a [49] and Table 2. They
found that the degradation efficiency of Amoxicillin by SDR was increased by decreasing the initial pH of the solution. The reason was
firstly the production of hydroxyl radicals as a result of oxidation of hydroxyl ions, secondly the process of hydrolysis of amoxicillin at
high pH, due to the instability of the p-lactam fraction of antibiotics [49,100]. The best performance was achieved in weak acidic
conditions with pH = 6. In another study on the degradation of antipyrine drug using UV/H302/TiO; heterogeneous in SDR, the
highest rate of degradation was obtained in pH = 4 and Hy0, = 1500 mg/1 (Fig. 8-b) [48]. Huang et al. studied the pH changes in
ammonium oxidation by SDR in the presence of visible light with plasmonic photocatalytic enhancement (Fig. 8 c-d). For this, they
used a modified soda-lime glass substrate with or without a platinum film (B270 glass substrate with or without Pt thin film) [82]. In
another study by Zamani et al. when WO3/Ag/Zn0O S-scheme composite was used to coating the disc surface as a photocatalytic thin
film, the degradation of cephalexin was experimented at pH between 2 and 10 and irradiation time of 20-100 min (Fig. 8-e). According
to Fig. 8-e, they obtained the maximum efficiency of cephalexin degradation at pH = 6. The reason for this degradation efficiency is
reported to be the interaction between the active sites of the photocatalytic composite and cephalexin molecules. Also, increasing the
time of light irradiation due to prolonging the contact time of the pollutant with the photocatalyst surface has led to more free radicals
and as aresult, increased degradation efficiency [83]. Therefore, pH can play a very important role in the photocatalytic degradation of
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Fig. 8. Effect of pH on the pollutant degradation in SDPR for amoxicillin (a) [49], antipyrine(b) [48], various initial pH levels on the final pH for
NH; oxidation(c), various initial pH levels on the oxidation of NHZ(d) [82] and for cephalexin(e) ([83]).

pollutants and controlling adsorption on the catalyst surface.

3.4.6. Effect of hydrodynamic factors (rotation speed and flow rate)

Two very important hydrodynamic factors in spinning disc photocatalytic reactors is the rotation speed of the disc and the flow
rate, which has a significant effect on the degradation efficiency of pollutants and the performance of SDPR [51,101]. One of these
hydrodynamic factors is the rotational speed of the disc, which can be investigated with an extra degree of freedom in the control of
spinning disc photocatalytic reactors, because the mixing intensity, residence time and degradation/conversion efficiency, may be
controlled by modifying the rotational speed, instead of more common methods used of varying flow rates [102]. Mirzaei et al. by
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examining the rotational speed of the disc on two types of smooth and baffled disc, showed that when the disc rotation speed increases
from 0 to 300 rpm in smooth discs, the amount of phenol removal increased from 78.3 % to 100 % within 4 h reaction time [79]. For
baffled discs, the highest disc rotation speed to reach the highest efficiency was 150 rpm. They explained that at disc rotation speeds
above 150 rpm, phenol removal does not increase significantly because baffled discs create turbulence and agitation and improve mass
transfer properties (Fig. 9-a-c). Therefore, above the critical rotation speed, the reaction rate is limited by surface and kinetic reaction
and not by mass transfer. This means that the new discs influence on mass transfer and kinetic is explicit, but a higher critical rotational
speed reaction is controlled by reaction kinetics [79,103,104]. Exposito et al. investigated the removal of antipyrine drug compound at
100-500 rpm of disc rotation speed. Their results showed that the highest rate of antipyrine degradation occurred at a rotation speed of
500 rpm (Fig. 9-d). Their justification for increasing the destruction of antipyrine was to improve mass transfer due to extra effect of
oxygen into reactor through water-air interface on the thin film of antipyrine solution of spinning disc [48]. Behnajady et al. inves-
tigated the percentage of p-nitrophenol (PNP) photodegradation using TiO>-P25 thin film at horizontal spinning disc reactor as a
function of disc rotation speed. They indicated for initial PNP concentration of 15 mg/L and solution pH of 5.5 increased PNP pho-
todegradation efficiency with increasing disc rotation speed to 450 rpm and afterward starts to decrease. The decrease in efficiency was
reported below the optimal speed of the disc rotation due to the thickness of the PNP solution film on the disc surface, and above the
optimal speed was due to the reduction of the residence time (Fig. 9-e) [81]. Chang and Wu depicted in Fig. 9-f that the photo-
degradation rate of methyl orange is a function of the disc rotation speed for different flow rates (3, 5, 10, 20 and 25 mL/min). For a
constant flow rate, the degradation of methyl orange increased with increasing rotation speed, but it decreased when the rotation
speed of the disc was higher than 600 rpm [54]. The decreasing trend at high disk rotation speeds is more evident for lower flow rates.
On the other hand, at a constant rotation speed, the pollutant degradation increases with decreasing flow rate.

The comparison of the studies carried out in spinning disc photocatalytic reactors shows that the disc rotation speed plays a role in
the degradation efficiency for three reasons. The first reason is that by increasing the disc rotation speed, centrifugal forces increase up
to a certain amount (where Foo?r) and cause high shear of the liquid film on the surface of the disc and turbulence. Due to its important
role in mass transfer characteristics and liquid mixing, turbulence increases with increasing rotation speed and leads to high pollutant
degradation efficiency. The second reason for pollutant degradation efficiency is the thickness of the liquid film, which the Nusselt
model predicts the thickness of the film on the disc surface, and there is an inverse relationship between the film thickness and the disc
rotation speed (where h « 1/w). As the disc rotation speed increases according to equation (5), the thickness of the liquid film de-
creases. Decreasing the thickness of the liquid film leads to an increase in the penetration of light throughout the liquid film and the
production of more radicals, thus increasing the degradation efficiency. The last reason is that unreacted pollutant molecules are
quickly returned to the reaction zone. This means that increasing the rotation speed of the disc reduces the residence time and causes
pollutant molecules to quickly return to the storage tank and is placed in the reactor entrance, so it returns to the reaction zone. As a
result, reducing the residence time in the reaction zone reduces the degradation efficiency [49,51,75,78,83].

Another important hydrodynamic factor in SDR system is solution flow rate. The pollutant solution flow rate has different positive
and negative effects on the degradation efficiency [83]. The effect of flow rate changes on the degradation of phenol pollutant in
aqueous solution was investigated by Mirzaei et al. (Fig. 10) [78]. In their study, the phenol degradation efficiency increased from 81
to 87 % under constant disc rotation speed with increasing flow rate from 500 to 2500 mL/min (Fig. 10-a). Increasing the flow rate
from 500 to 2500 mL/min causes strong waves on the surface of the liquid film, which leads to the creation of turbulence in the film
layers, and as a result, the mass transfer coefficient and pollutant degradation increase [105]. Using the Nusselt model to determine the
film thickness showed that increasing the flow rate from 500 to 2500 mL/min has increased the film thickness from 125.6 to 214.8 pm.
However, according to the concentration of phenol (30 mg/1) and the molar absorption coefficient of its solution, the reduction of light
penetration of the liquid film due to the increase in film thickness is insignificant [78]. Zhang et al. investigated the effect of flow rate
on the degradation of phenol with a concentration of 100 mg/L (Fig. 10-b). By increasing the flow rate from 40 to 100 L/h, the

Degradation percent
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Fig. 11. Effect of disc diameter on the pollutant degradation [78].
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efficiency of phenol degradation was obtained from 22.63 % to 31.85 % during a period of 120 min [76].

In general, the researchers’ results showed that when the flow rate of the solution exceeds a certain value, the efficiency decreases.
This behavior is probably due to the reduction of the residence time of the pollutant in the reactor, which leads to the reduction of the
exposure time of the photocatalyst to light. Another reason for this could be the formation of thicker solution films, which leads to a
decrease in the area of the solid-liquid interface, which reduces the degradation efficiency under these conditions. In addition to these
cases, the penetration of light through the thick film is more difficult and causes the photocatalytic particles that are located deep in the
film to be unable to be active. The influence of light irradiation time shows that with the increase of irradiation time due to the
exposure of more photocatalytic particles to light and more activity, the degradation efficiency increases. When the flow rate is lower
than a certain value, it leads to the breakdown of the film and the mixing capability of the film decreases and the degradation efficiency
decreases [72]. The reason is the improper distribution of the solution on the surface of the disc and the reduction of efficiency.
Therefore, by increasing the area of the interface between the photocatalyst particles and the pollutant molecules, the mass transfer
rate increases and the degradation efficiency increases.

3.4.7. Effect of disc diameter

One of the factors that has not been studied much on pollutant degradation in the SDPR system is the effect of disc diameter on
pollutant degradation efficiency. The only study done on this topic was done by Mirzaei et al., in 2017. They experienced discs with
diameters of 18-22 cm in their research (Fig. 11). The results of their study showed that by increasing the diameter of the disc from 18
to 22 cm, the amount of phenol degradation increased from 80 to 94 %. By increasing the diameter of the disc, the surface of the
catalyst exposed to light increases, and as a result, the active sites of the catalyst to produce more electron-hole pairs and more radicals
are produced, which leads to an increase in the degradation efficiency [78].

3.4.8. Effect of flow regime

Various flow regimes can form on the surface of the disc depending on hydrodynamic characteristics (flow rate, disc rotational
speed) and liquid physical features [44,93]. Several flow regimes (from smooth to concentric waves, irregular waves, spiral waves and
film break-up) were investigated on the photocatalytic degradation of methylene blue and dehydroabetic acid on a thin
film-immobilized UV-irradiated spinning disc reactor by Boiarkina et al. [44]. According to the experiments, they found that the
photocatalytic surface rate for pollutant degradation is independent of flow regimes [44].

3.5. Durability test for catalytic coating on substrate surface

One of the most important features in photocatalytic degradation efficiency is the durability of coated films on the substrate.
Durability and adhesion tests are performed for the strength of the bond between the substrate and the thin film of the catalyst [106].
Adhesion test shows whether the thin layer created on the substrate has the necessary resistance against distortions caused by envi-
ronmental conditions such as impact caused by heavy winds, applied forces (e.g. centrifugal forces), dust impact, corrosive substances
and other environmental hazards. Therefore, it is used for various adhesion test methods, such as tensile adhesion test, cross hatch,
scotch tape, peeling test, scratch test, pull-off test, etc [107-110]. The only study conducted on the durability of the catalytic coating on
the surface of the substrate in the spinning disc photocatalytic reactor system was conducted by Mirzaei et al., in 2017. The tensile
adhesion test method was based on the applied pressure to test the durability and adhesion of the catalyst between the disc as a
substrate and the thin film of the catalyst. The results of their findings under optimal conditions before and after the photocatalytic
tests showed that the adhesiveness of the catalytic coating was 3.2 and 2.74 MPa, respectively. They reported that these values were
due to the high thickness of the catalytic coating and the decrease in durability was due to the centrifugal force exerted by the disc
rotation speed, which weakened the interface between the catalytic film and the disc surface [78]. But other studies on the durability of
the catalyst on the disc surface in the SDR were carried out by conducting experiments under optimal reactor conditions during various
runs. All studies showed that the efficiency of pollutant degradation remained high after several working runs, and there was no
significant decrease in efficiency. Therefore, the results indicate the durability and reusability of the catalytic film [4,6,48,49,83].

3.6. Degradation mechanism in SDR

Photocatalytic mechanisms in heterojunction systems involve the interaction of different semiconductors to enhance the efficiency
of photocatalysis. In a Type II heterojunction system, the photoexcited electrons and holes are spatially separated between two
different semiconductors. This spatial separation reduces the recombination of charge carriers, leading to improved photocatalytic
activity [111]. In a p-n heterojunction, one semiconductor is doped with p-type material (electron acceptor) and the other with n-type
material (electron donor). When light is absorbed, electron-hole pairs are generated and separated at the interface between the two
semiconductors, enhancing the photocatalytic process [111]. In a Z-scheme system, two different semiconductors with suitable band
positions are used. The photoexcited electrons in one semiconductor are transferred to the other semiconductor, creating a continuous
flow of electrons and enhancing the overall photocatalytic efficiency [112]. In an S-scheme system, two semiconductors are used
where one semiconductor acts as a photosensitizer and the other as a catalyst. The photoexcited electrons from the photosensitizer are
transferred to the catalyst, promoting the generation of reactive species and improving the photocatalytic activity [113,114].

Zamani et al.’s study on degradation mechanism using photocatalytic Ag/Ag>0/TiO» p-n junction film for amoxicillin degradation
in SDR system showed that when the heterojunction photocatalyst is exposed to light, photons are absorbed by the TiOy semi-
conductor, leading to the generation of electron-hole pairs. The photogenerated electrons in the TiO, conduction band can migrate to
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the Ag metal nanoparticles due to the Schottky barrier at the Ag/TiO, interface. The holes in the TiO5 valence band can migrate to the
Ag>0 nanoparticles due to the favorable band alignment at the Ag,0/TiO interface. The migration of electrons and holes to the Ag and
Ag»0 nanoparticles, respectively, can lead to the reduction of Ag" ions to Ag metal and the oxidation of Ag metal to Ag™ ions. This
redox reaction can generate reactive oxygen species (ROS) such as hydroxyl radicals and superoxide ions, which are highly reactive
and can degrade organic pollutants or bacteria present in the environment [49]. In another study by Zamani andet al, the mechanism of
decomposition using the ZnO/Ag/WOj3 S-scheme photocatalyst film for cephalexin degradation in the SDR system was shown. It was
demonstrated that when Ag/WO3 and ZnO are in close contact in a photocatalytic system, electrons flow from Ag/WOj3 to ZnO until
their Fermi levels reach equilibrium, causing band bending and the formation of a potential barrier at the common interface. This
process leads to the creation of an interfacial internal electric field directed from ZnO to Ag/WOs. During light excitation, the
interfacial internal electric field helps in the combination of less powerful electrons and holes on the conduction band (CB) of Ag/WOs3
and valence band (VB) of ZnO. This separation allows the stronger redox powers (the electrons on the CB of ZnO and holes on the VB of
Ag/WO3) to be geometrically separated. The more reducing electrons provide a higher driving force for the generation of O, radicals
and the photodegradation of cephalexin. Additionally, photogenerated OH radicals attack cephalexin, leading to its complete
decomposition [83]. These heterojunction systems offer unique advantages in photocatalytic processes by optimizing charge sepa-
ration, enhancing redox reactions, and improving overall efficiency compared to single-component photocatalysts.

4. Conclusions

This review systematic is principally focused on pollutant degradation using the spinning disc photocatalytic reactor and effective
factors on system performance. The effect of various parameters such as flow rate, disc rotation speed, flow regime, pollutant con-
centration, pH, reaction kinetics, radiation time, photon efficiency and radiation intensity, disc diameter, type of lamp (UV and visible)
and disc surface structure are investigated. After screening the related articles that cover the purpose of the present study, it was found
that in various fields, there are effective factors to achieve high performance in spinning disc photocatalytic reactors and to modify the
existing challenges. In addition, various catalysts composites have been used to improve system performance and the modification of
gaps created in SDR for aqueous environments treatment. Due to the effect of various parameters on the performance of spinning disc
photocatalytic reactors, there are challenges in using this system on a scale-up and industrializing it, which should be resolved. Since
spinning disc photocatalytic reactors have been investigated by researchers as a new system in pollutant degradation with high
performance and efficiency. However, in the field of the effect of inhibitory factors, intermediate compounds resulting from degra-
dation of pollutants, toxicity of compounds resulting from degradation, toxicity of catalysts and its leakage from the reactor, and the
use of actual samples of wastewater or contaminated water has not been investigated so far. It is suggested that future research be
conducted in field conditions to experiments and investigate the performance of spinning disc reactors in the degradation of different
pollutants released from polluted water environments and wastewater treatment plant effluents. Also, research should be done on the
stability and durability of the catalyst immobilized on the disc and the economic cost of this system compared to other photocatalytic
reactors. Therefore, by optimizing the factors affecting SDR performance, scalable designs for persistent operation can be extended for
industrial scale implementation. Finally, it is highly considered that the application of SRD in the photocatalytic degradation of
resistant pollutants deserves further investigation and we hope that this review can be appropriate for readers who follow the aim of
effective and efficient removal of pollutants and the use of this system on an industrial scale.
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