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a b s t r a c t
The present study is an exhaustive comparison between three types of reactors for Acid Red 87 
removal using graphene oxide under combined processes. Acid Red 87 or Eosin Y is brominated flu-
orescein structure which forms a red fluorescence. From late 19th century, this dye was extensively 
used in textile industries. The degradation of this fluorescent dye is problematic due to its high molar 
mass and stability. The performance of three reactor types: (1) concentric cylindrical glass tube micro-
reactor (CGTR), (2) UV-LED strip photocatalytic reactor and (3) classical annular reactor were eval-
uated for the Acid Red 87 removal. The maximum of 94.8% dye removal and 61.5% total organic 
carbon removal was achieved at initial pH 6, 2 g/L catalyst dosage and 44 mM H2O2 concentration 
under 60 min in CGTR. Further comparative parameters were calculated and the best parameter 
values were obtained for CGTR in terms of performance and energy efficiency.

Keywords:  Synergistic process effect; UV-LED micro-depth reactor; Comparative study; Photocatalytic 
reactors

1. Introduction

Discharge from textile industries is one of the major 
environmental concern, regarding the pollution of water 
environment. Annually around 15% of 700,000 tons of 
100,000 types of dyes produced gets wasted during the pro-
duction and processing stages [1]. Azo dyes are one of the 
most extensively used dyes in textile industries, which have 
many number of research publications [2,3]. Out of all dye 
degradation studies, only around 1% of works were related 
to fluorescent dye degradation. Acid Red 87 or Eosin Y is 
one of the red fluorescent dyes, which comprises of a conju-
gated Π system. They are used in safety clothing, ink man-
ufacturing and colouring cosmetics. Wastewater containing 
Acid Red 87 causes serious environmental problems due 
to its stability and dark colour [4].

Due to the stringent standards on the quality of treated 
wastewater, removal of these coloured compounds is very 
important prior to the discharge into environment. Till 
now various physical, chemical and biological treatment 
techniques have been carried out for dye removal. In this 
regard, advanced oxidation processes (AOPs) are very 
efficient due to the generation of active hydroxyl radicals 
(OH•) which have high oxidative potential. Most of the 
AOP studies have demonstrated treatments like Fenton 
oxidation [4], solar photocatalysis [5], H2O2 oxidation [6], 
ultrasonic cavitation [7] and hydrodynamic cavitation [8]. 
In general, these processes have advantages which includes 
complete mineralisation and zero end wastes. On the other 
hand, these processes also has its own limitations such as 
pH selectivity, longer reaction time, higher dose of chem-
ical oxidant requirement and higher energy requirement 
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respectively. Coupling of these advanced treatment 
methods could achieve high performance within short 
duration of time.

There are various works which demonstrated the cou-
pling of adsorption/photocatalysis/hydrodynamic cavita-
tion/ultrasonification/oxidant addition and ozonation [9–11]. 
Also recent studies have shown that the use of reactive oxy-
gen species generator such as persulfate/peroxymonosul-
fate in combination with the photocatalysis/electrochemical 
process was very efficient in removal of organics [12,13]. 
The effectiveness of the combined process was accounted 
using a term synergetic index which was always greater 
than 1. Thus this implies that combination of advanced 
oxidation process is a convenient approach in degrad-
ing complex dyes or other wastewaters [9].

The well-known photocatalyst TiO2 is widely used 
because of its chemical inertness, strong oxidizing power 
and long-term stability against the light [14]. But the draw-
back is the rapid recombination rate of photogenerated elec-
tron–hole pairs, resulting in low quantum efficiency [15]. 
On the other hand, graphene alone can act as a good pho-
tocatalyst because of its excellent properties including good 
thermal conductivity of about 3,000–5,000 W/m K, high 
electron mobility of 15,000 cm–2/Vs, high specific surface 
area around 2,630 m2/g and excellent catalytic properties 
[16]. The band structure is mainly dependent on the rela-
tionship between the energy and momentum of electrons. 
There is a constraint in the movement of electrons in two 
dimensional surface. Graphene has zero bandgap because 
the conduction and valence bands meeting at the Dirac 
points. However when graphene is functionalised with 
oxygen and hydroxyl groups, this could enhance optical 
and electronic properties of the graphene oxide. On C–O 
covalent bonds formation, the two carbon in sub-lattices 
gets separated by p and p* orbitals creating a bandgap in 
graphene oxide [17]. The electrons from p valence band 
gets excited to p* conduction band, creating electron–hole 
pairs with less recombination effect.

In the performance of photocatalysis, the major influ-
encing factors are light source, photocatalyst material and 
photocatalytic reactor design. The parameter that plays an 
important role on the pollutant removal efficiency is design 
of photocatalytic reactor. Besides the shape of reactor, the 
other factors such as inlet pipe, liquid pump, hydrody-
namic regime (CSTR or PFR), depth of substrate, distance 
between light source and fluid also contribute to the over-
all performance efficiency of the photocatalytic process [18]. 
Even though the use of LEDs could increase the energy 
efficiency of the photocatalytic reactor, the LEDs orienta-
tion and depth of pollutant could not be a trade-off to attain 
high performance and energy efficiency.

In this study various comparative parameters such as 
Apparent kinetic constant (kapp), space time yield (STY), 
photocatalytic space time yield (PSTY), specific removal 
rate (SRR), electrical energy consumption (EEC), mmoles 
of organic carbon removed/kWh, mmoles of incident pho-
tons/kWh and photonic yield [3,19,20,46] were calculated 
for the performance evaluation of three types of reactors 
(CGTR, STR, CAR) with same electrical energy input (24 W) 
and residence time (0.133 min). This work approaches to 
deliver a novel procedure to quantitatively compare the 

photocatalytic reactors with 8 comparative parameters. The 
study concludes that micro-depth reactor could be the best 
efficient in terms of performance and energy utilisation.

2. Materials and methods

2.1. Chemicals

Acid Red 87 dye (Chemical formula: C20H6Br4Na2O5, 
Molecular weight: 691.85 g/mol, Absorption maximum: 
516 nm) was procured from Sigma-Aldrich. Graphene 
oxide (thickness 5–20 nm and average particle diameter 
was 1–10 μm) photocatalyst, was purchased from Nano 
Wings Pvt. Ltd., India. Sodium hydroxide (NaOH), hydro-
chloric acid (HCl) and Hydrogen peroxide (H2O2) were pro-
cured from Thermo Fisher Scientific, United States. These 
chemicals were used for the pH adjustment in the initial 
dye solution and peroxide addition to enhance reaction. 
Distilled water was used to prepare all solutions.

2.2. Catalyst characterisation

The photocatalyst graphene oxide was characterized 
for particle size. The X-ray diffractogram was recorded on 
a XʹPERT-3 diffractometer system using Cu Kα1 radiation 
(λ = 0.15406 nm), over the 2θ range 5°–90°. The average crys-
tal size of graphene oxide nanophotocatalysts was calcu-
lated using Debye–Scherrer equation [Eq. (1)] with the shape 
factor K as 0.9 [22].

Crystallite size nm� � � K
W

�
�cos

 (1)

where λ is the wavelength of the X-ray diffraction radia-
tion, W is full width at half maximum (FWHM) in radians, 
and θ is the Bragg’s angle. The morphology and elemental 
composition was analysed by scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS). 
The bandgap energy was determined using UV-Visible dif-
fuse reflectance spectra (UV-Vis-DRS) analysis. The UV-Vis-
DRS were recorded at room temperature in the wavelength 
range 200–900 nm on a JASCO V-650 instrument. The band-
gap energy was calculated according to following equation 
[Eq. (2)] [23]:

Band gap energy eV� � � �
hc
� �

1240  (2)

where h is Planck’s constant (4.1357 × 10–15 eV s), c is the 
velocity of light (2.998 × 108 m/s) and λ is the wavelength 
(nm). Fourier-transform infrared spectroscopy (FTIR) spec-
troscopic studies were carried out using a Perkin-Elmer 
spectrophotometer. The spectra were recorded in the range 
500–4,000 cm–1. The Brunauer–Emmett–Teller (BET) surface 
area was analysed using Micromeritics ASAP 2020.

2.3. Reactor designs

The three photocatalytic reactors chosen for the study 
was operated in closed recirculation with the submersible 
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pump in the reservoir tank of volume throughput of 1 L. 
The three reactor types are cylindrical glass tube microreac-
tor (CGTR), strip photocatalytic reactor (STR) and classical 
annular reactor (CAR) with input electrical energy 24 W, 
but different fluid/substrate depth and fluid-light source 
distance. The working temperature was 25°C. During the 
operation, the change in temperature was negligible in 
CGTR due to high surface area of outer shell, whereas for 
STR and CAR, the temperature was controlled using a cool-
ing jacket. Even though the capacity of reactors are different, 
the residence time per fluid pass (Volume/Flow rate) was 
kept constant in all reactors. The inlet flow rate was con-
trolled using the control valve. The inlet pressure was mea-
sured using 0–1 bar pressure gauge. The cavitation number 
was calculated as per below equation [Eq. (3)] [8].

Cavitation number inlet�
P
v� 2 2/

 (3)

where Pinlet is the inlet pressure of fluid, ρ is density of fluid 
and v is the inlet velocity of fluid. The effective fluid/sub-
strate depth (Feff) is the longest distance the light travels 
inside the fluid in order to touch the exterior end of fluid 
or substrate in orthogonal direction to the fluid flow. The 
fluid to light source distance (FL) is the shortest distance 
between light source and outer shell surface (Table 1).

Table 2 presents the dimensions and operating conditions 
of three reactors.

2.4. Concentric cylindrical glass tube microreactor

The CGTR (Fig. 1) consists of concentric glass tube 
(micro-gap 2 mm) of length 60 cm and diameter 8 cm which 
was fitted inside the stainless steel (SS) outer vessel of length 
60 cm and diameter 14 cm and appropriate enclosures onto 
the sides. In the interior walls of outer vessel, 300 num-
bers of UVA LEDs strip (manufactured by LightingWill) of 
λmax = 365 nm was disposed circumferentially. The power 
supply required for UVA LEDs strip was 24 W (80 mW/LED).

2.5. UV-LED strip photocatalytic reactor

The STR (Fig. 2) consists of cylindrical glass tube of 
length 24 cm and diameter 3 cm which was kept inside the SS 

Table 2
Description of reactors

Reactor CGTR STR CAR

Working volume (mL) 300 100 600
Effective fluid substrate (cm) Feff 0.2 3 5.25
Fluid-light source distance (cm) FL 3 5 3
Inlet flow rate (L/min) 2.25 0.75 4.68
Residence time (min) 0.133 0.133 0.133
Inlet pressure (bar) 0.13 0.085 0.2
Cavitation number 0.9 5 0.3

 
Fig. 1. Schematic representation of the CGTR.

Table 1
Fluid depth and fluid-light source distance

Cross-sectional view of CGTR Cross-sectional view of STR Cross-sectional view of CAR
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outer cylindrical shell of length 17 cm and diameter 14.5 cm. 
The UVA LEDs configuration in STR was similar to CGTR.

2.6. Classical annular reactor

The CAR (Fig. 3) consists of SS cylindrical outer vessel 
of length 14 cm and diameter 10 cm. On the top, there are 
three apertures wherein the 3 × 8 W PL-lamps (manufactured 
by Pixnor) of λmax = 365 nm were fitted inside a quartz tube 
(length 13 cm and diameter 3.5 cm).

2.7. Experimental procedure

The photocatalytic experiments were carried out under 
optimised conditions (graphene oxide photocatalyst of dos-
age 2 g/L, initial pH 6 and 44 mM H2O2) for maximum dye 

removal. The 10 ppm of Acid Red 87 dye was the initial 
dye concentration.

The samples were collected at the outlet of the reac-
tor and analysed for absorbance with the use of UV-Visible 
spectrophotometer at wavelength 516 nm for every 10 min 
time interval. The colour removal (%) was calculated using 
below equation [Eq. (4)]:

Colour removal %� � � �A A
A
o

o

 (4)

where Ao and A are the initial absorbance and final absor-
bance of the solution.

Total organic carbon was estimated using TOC analyser 
(Shimadzu TOC-L Series) for the calculation of the mmoles 

 
Fig. 2. Schematic representation of the STR.

 
Fig. 3. Schematic representation of the CAR.
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of organic carbon removed per kWh. The four experimen-
tal conditions were evaluated for the three reactors: photo-
catalysis under simultaneous adsorption and hydrodynamic 
cavitation (PCSA+HC), photocatalysis under simultaneous 
adsorption (PCSA), photocatalysis under initial adsorption 
and hydrodynamic cavitation (PCIA+HC), photocatalysis 
under initial adsorption (PCIA). In PCSA, the photocata-
lyst was suspended simultaneously when the light source 
was switched on. In PCIA, the photocatalyst was added 
30 min prior to photocatalysis, to attain adsorption equilib-
rium. In PCSA+HC and PCIA+HC, the hydrodynamic cav-
ities were induced by the inlet pressure and reactor inlet  
constriction.

3. Results and discussions

3.1. Photocatalyst characterisation

The average crystal size of graphene oxide was calcu-
lated to be 22.23 nm. The graphene oxide showed broad 
peak at 2θ = 26.57°, which corresponds to the diffrac-
tion line (002) with the intercellular spacing in the crys-
tal 0.3354 nm shown in Fig. 4. The distance between fields 
in the graphene oxide was due to the presence of oxy-
gen-functional groups and water molecules into the carbon 

layer structure [24]. The other peaks (004) and (110) were 
also observed at 2θ = 54.7° (d = 0.1677 nm) and 2θ = 77.7° 
(d = 0.1228 nm) [25]. Along with the above peaks, peaks at 
2θ = 42.63° (d = 0.2120 nm), 44.75° (d = 0.2025 nm) and 83.83° 
(d = 0.1153 nm) corresponding to planes (100) and (101), 
and (112) were observed. This indicates that three-dimen-
sional stacking regularity of the carbon layers was main-
tained in the graphene oxide as in the case of graphite.

The SEM and EDS images of graphene oxide are 
shown in Fig. 5. The SEM micrographs of graphene oxide 
showed the formation of flaky sheet like structure [26]. 
The elemental composition revealed the presence of car-
bon (59.98%) and oxygen (34.01%). Oxygen functionaliza-
tion influenced the band gap of graphene oxide. The oxy-
gen/carbon ratio of 50% opened the band gap to 3–3.2 eV 
[27]. Also when comparison between three types C/O ratio 
(1.5, 2.1 and 3.5) of GO membranes were previously inves-
tigated showed that there was an influence on the proton 
and electron conductivities by the functional groups. The 
hydrophilicity of C/O (1.5) resulted in higher water intake 
than C/O (2.1 and 3.5) which resulted in better conductivity 
and photocatalytic activity [28].

The FTIR spectrum is shown in Fig. 6. The presence of 
oxygen containing functional groups in GO was observed 
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Fig. 4. X-ray diffraction spectra of graphene oxide.

 
Fig. 5. SEM and EDS of graphene oxide.



303K.P. Sundar, S. Kanmani / Desalination and Water Treatment 250 (2022) 298–311

in FTIR spectroscopy. The presence of OH groups was 
confirmed by the broader peaks around 3,200–3,800 cm–1. 
There was also two broad bands of C=O (carboxyl and car-
bonyl groups) stretching vibrations from carboxyl and car-
bonyl groups (1,681.45 and 1,778.70 cm−1). The intensity of 
O–H bending vibrations was higher due to the presence of 
more hydroxyl groups (1,396.24 cm–1). Also C–O–C vibra-
tions (1,226.43 cm–1) and C–O (alkoxy) stretching peak at 
1,069.47 cm–1 were observed [29]. There was no formation 
of stronger peaks around 1,600–1,620 cm–1 corresponding 
to the absorption bands of C=C skeletal vibrations from 
unoxidized sp2 C–C bonds, which indicated that graphite 
was oxidized to graphene oxide.

The UV-Vis diffuse reflectance absorption spectra of 
graphene oxide was shown in Fig. 7. The absorbance data 
with respect to wavelength were used to calculate the mod-
ified band gap energies using Kubelka–Munk equation. 
The band gap of graphene oxide was calculated to be 3 eV 
respectively. The band gap values were reported the same 
according to previous literature [30]. The bandgap of the 

graphene oxide increased with the increase of oxygen cov-
erage density. Graphene is a zero-bandgap material. To 
widen the bandgap, defect engineering plays an impera-
tive role. In a study of GO bandgap, the increase in O/C 
ratio from 11% to 50% increased the bandgap from 0.78 eV 
to 3.2 eV [27]. Therefore the photocatalyst was suitable 
for activation under UVA irradiation (λmax = 365 nm).

To determine the surface area of graphene oxide, BET 
analysis was carried out using liquid nitrogen adsorption–
desorption isotherms as shown in Fig. 8. The isotherm curve 
along with pore-size distribution was calculated using the 
Barrett–Joyner–Halenda (BJH) method [31]. The specific 
surface area of graphene oxide was 8.68 m2/g. The pore 
volume and pore width of graphene oxide was 0.06 cm3/g 
and 35 nm respectively.

3.2. Comparison of dye removal

The results of various experimental conditions (1. PCSA+ 
HC, 2. PCSA, 3. PCIA+HC, 4. PCIA, 5. photolysis, 6. HC) 

 
Fig. 6. FTIR spectrum of graphene oxide.

 
Fig. 7. UV-Vis diffuse reflectance absorbance of graphene oxide.
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are illustrated in Fig. 9, which indicated the dye removal % 
for the three reactors for 10 ppm of Acid Red 87 under opti-
mised conditions. The optimised conditions were initial pH 
6, graphene oxide dosage 2 g/L and H2O2 44 mM. All the 
dye removal experiments were repeated thrice to obtain the 
results with a standard deviation error of <5%.

Among all the experimental conditions, PCSA+HC 
showed the highest dye removal of 94.8% in CGTR (Fig. 10). 
The second highest removal (87.4%) was observed in the 
STR at PCSA+HC. In CAR, 57.1% of dye was removed at 
PCSA+HC. These results implied that CGTR was the 
best configuration compared to STR and CAR.

It was observed that PCSA+HC exhibited highest per-
formance in all reactors, due to the increased synergetic 
effect of photocatalysis, adsorption and hydrodynamic 
cavitation [11]. In PCSA+HC, there was simultaneous 
occurrence of two events, that is, affinity of dye molecules 
towards photocatalyst for adsorption and activation of pho-
tocatalyst by photons (Fig. 11a). But in the case of PCIA 

or PCIA+HC, the photocatalyst and dye attained adsorp-
tion equilibrium before the start of irradiation [32]. This is 
the case where the photocatalyst surface would be satu-
rated with dye molecules, hindering the passage of light 
photons onto to catalyst surface for activation (Fig. 11b).

The individual processes such as photolysis and hydro-
dynamic cavitation showed insignificant effect in dye 
removal. But, there was 17.5% and 30% colour removal at 
natural pH 8 and initial pH 6 under adsorption at 2 g/L 
graphene oxide. This may be attributed to the adsorption 
ability of carbonaceous materials for organic and inorganic 
molecules [33].

The kinetic constants were derived plotting –ln(C/Co) 
and reaction time for all three reactors for various experi-
mental conditions (Figs. 12–14). The two stage dye removal 
process was observed at PCSA+HC, consisting of adsorp-
tion dominant kinetic constant (K1) and photocatalysis 
dominant kinetic constant (K2). Similarly for PCSA, there 
was an adsorption dominant kinetic constant (K1ʹ) and 

 
Fig. 8. N2 gas adsorption–desorption isotherms and pore-size distribution of graphene oxide.
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photocatalysis dominant kinetic constant (K2ʹ). In the case of 
PCIA+HC and PCIA, the linearity was observed while plot-
ting –ln(C/Co) and t. This implied that the processes followed 
pseudo-first-order reaction [34].

Generally, Langmuir–Hinshelwood model is used to 
derive apparent reaction rate constant for heterogeneous 
photocatalysis. In Langmuir–Hinshelwood, both the reactant 
species (dye molecules and H2O) are adsorbed to the cata-
lyst. The rate (r) is influenced by the coverage constant (θ) 
of both dye molecules and water, expressed as below equa-
tions [Eqs. (5)–(7)] [35], where k is fundamental representa-
tion of catalyst activity, Kdye and Kwater the adsorption equilib-
rium constant of the Langmuir isotherm for dye and water 
respectively.

r k� � �dye water  (5)

�dye
dye dye

dye dye

�
�

K C
K C1

 (6)

�water
water water

water water

�
�
K C
K C1

 (7)

The H2O is in higher concentration, coverage constant 
of water tends to unity, simplifying the rate equation as 
below [Eq. (8)].

r k
K C
K C

�
�

dye dye

dye dye1
 (8)

If Cdye < 10–3M, then denominator tends to unity, further 
simplifying the equation [Eq. (9)].

r kK C K C= =dye dye app dye  (9)

In the case of PCSA+HC and PCSA, the dye molecules 
were not stirred under dark, prior to the start of irradiation. 
Therefore the Langmuir–Hinshelwood model is invalid 
in this case. Therefore Eley–Rideal model was adopted in 
this case to derive the apparent reaction rate constant [38]. 
In Eley–Rideal model, the rate is dependent concentration 
of dye molecules alone (Cdye) [Eq. (10)].

r kC� dye water�  (10)

 
Fig. 10. Acid Red 87 decolourization.

Fig. 11. Schematic representation of (a) PCSA and (b) PCIA.
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Fig. 12. Kinetics of different test conditions for CGTR.
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If coverage constant of water tends to unity due to its 
high concentration, then the equation gets simplified further 
as below equations [Eqs. (11)–(12)].

r kC= dye  (11)

r
r K
PCSA
PCIA dye

� �
� � �

1  (12)

Generally adsorption constant (Kdye) was noted to be 
less than unity [36]. Therefore it was inferred that rate of 
PCSA > rate of PCIA. The apparent reaction rate constant 
[Eq. (13)] was calculated assuming time-weighted average 
of K1 (adsorption dominant kinetic constant) and K2 (pho-
tocatalysis dominant kinetic constant).

k
K t K t
t tapp �
�
�

1 1 2 2

1 2

 (13)

In PCSA+HC and PCSA, initially the process was rapid 
and adsorption might be predominant. Later the pro-
cess was gradual and photocatalysis might be predomi-
nant. The highest kapp (0.047 min–1) was observed for CGTR 
(PCSA+HC). This may be attributed towards the micro-depth 
of the substrate [37,38] and synergism between adsorption, 
photocataysis and hydrodynamic cavitation [39].

The kapp for STR (PCSA+HC) was 0.49 times lesser than 
CGTR. The decrease in kapp might be due to the increase in 
effective substrate depth (3 cm). The kapp for CAR (PCSA+HC) 
was 0.17 times lesser than CGTR, where the effective sub-
strate depth was 5.25 cm. This may be also due to further 
increase in substrate depth led to gradual decrease in inci-
dent photons throughout the reaction volume. The light 
photon penetration had a major influence in the reaction 
efficiency [40]. Further in case of PCSA+HC, hydrody-
namic cavities were formed and subsequently collapsed in 
nanoseconds. This released high amount of energy, which 
caused water molecules to break into hydroxyl radicals 
or other oxidative radicals enhancing the mineralisation 
of dye molecules [9].

In the cases of PCSA, kapp was 0.015, 0.006 and 0.003 min–1 
for CGTR, STR and CAR respectively. On average, kapp for 
PCSA was 0.3 times lesser than PCSA+HC. This may be 
due to the absence of hydrodynamic cavitation, leading to 
decrease in hydroxyl radical generation.

The K3 (0.011 min–1) and K4 (0.01 min–1) for PCIA+HC 
and PCIA in CGTR was same. But in the cases of STR and 
CAR, hydrodynamic cavities increased the reaction rate 
by 1.5 times. This indicates that the STR and CAR behaved 
like a continuous stirred tank reactor (CSTR) and not a 
Plug Flow reactor (PFR). In CSTR model, the system is 
perfectly mixed (the concentration inside the reactor is the 
same throughout the reactor). Instead in the PFR model, 
the concentration decreases along the flow without perfect 
mixing [41]. Even though the CSTR has higher mixing, yet 
poses various drawbacks such as less performance and less 
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Fig. 14. Kinetics of different test conditions for CAR.
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energy efficiency. The absence of axial mixing in the PFR 
makes the reactor more effective than CSTR.

In a previous study consisting of Fenton-like oxida-
tion of Crystal Violet dye, the CSTR showed 64.11% dye 
removal whereas PFR showed 98.88% in 15 min residence 
time [42]. In another study, fixed-bed reactor was operated 
in plug flow behaviour where 100% inactivation of E. coli 
was achieved [43].

The CGTR behaved as a plug flow reactor (PFR) which 
followed linear kinetic model. The similar kinetic analysis 
of hybrid processes for the removal of cephalexin antibi-
otic by ultrasonic/persulfate/nickel oxide nanoparticles fol-
lowed the pseudo-first-order kinetics [44].

The PFR behaviour was mainly influenced by micro-
depth longitudinal flow of CGTR [21]. On the other hand, in 
the case of STR and CAR, there was higher substrate depth 
or thickness, which induced higher mixing.

This CSTR flow regime of STR and CAR was validated 
by the second-order polynomial obtained in second-stage 
process of PCSA+HC. When using linear model the correla-
tion coefficient was not near 1. Kinetic studies of adsorption 
and fenton-like process indicated that the best suitability 
of pseudo-second-order kinetic model was observed for 
the experimental data [45].

The following equations [Eqs. (14)–(17)] validated the 
second-order polynomial for continuous stirred tank reac-
tor (CSTR), where k is the kinetic rate constant, Co and C 
are the dye concentration at the start and at any time 
respectively.

C
C kto

�
�
1

1
 (14)

ln lnC
C

kt
o

� � �� �1  (15)

Expanding the power series for –ln(1 + kt),

� � � �ln C
C

kt k t k t

o

2
2

3
3

2 3
 (16)

While k < 1, k3, k4, k5…. tends to 0.

� � �ln C
C

kt k t

o

2
2

2
 (17)

The second-order polynomial equation fitted well for 
STR and CAR. In the case of CGTR as PFR, the kinetics model 
obeyed linear dependence as below equation [Eqs. (18) 
and (19)].

C
C

e
o

kt� �  (18)

� �ln C
C

kt
o

 (19)

Table 3 shows the parameters [3,19,20,46] that were 
calculated for the three reactors: apparent kinetic constant 
(kapp), STY, PSTY, SRR, EEC, mmoles of organic carbon 
removed/kWh, mmoles of incident photons/kWh and pho-
tonic yield.

The STY is the m3 throughput of wastewater treated 
per m3 reactor per day for the conversion of 100 to 0.1 mM 
wastewater. The STY was calculated to be 32.65, 0.195, 
0.019 m3/m3/d for CGTR, STR and CAR respectively. The 
CGTR showed the highest STY among three reactors. 
Followed by STR which has the second highest STY, which 
was 167 times lesser than CGTR. The STY of CAR was the 
least, which was 10 times lesser than STR. The PSTY was 
the m3 throughput of wastewater treated per m3 reactor 
per day per kW for the conversion of 100 to 0.1 mM waste-
water. The PSTY was calculated to be 1,360, 8, 0.8 m3/m3/
kW/d for CGTR, STR and CAR respectively. The CGTR 
showed the maximum PSTY so far achieved from our lit-
erature review [20]. This might be due to the highest pho-
ton utilization by the micro-depth fluid under recirculation 
of wastewater. The highest PSTY showed that the energy 
in terms of kilowatts was efficiently utilised for the dye 
removal. The SRR shows the specific removal of pollutant 
per amount of catalyst per hour of reaction time. The SRR 
was calculated as 4.74, 4.37, and 2.86 mg/g h for CGTR, STR 
and CAR respectively. The SRR was pollutant and catalyst 
specific. In all cases, the photocatalyst dosage used was 
2 g/L. But the dye removal was 94.8%, 87.4% and 57.2% 
for CGTR, STR and CAR respectively for one hour of reac-
tion time. Therefore this implied that highest amount of 
dye was removed in case of CGTR. EEC showed the elec-
trical energy consumed per m3 reactor for the specific log 
reduction of pollutant. The EEC was calculated to be 0.008, 
0.01, 0.03 kWh/m3 for CGTR, STR and CAR respectively. 
The electrical energy utilised was lowest in case of CGTR. 
In case of STR, the EEC was 1.25 times higher than CGTR. 

Table 3
Comparative parameters for reactors and test conditions

Parameters CGTR STR CAR

K1, min–1 0.28 0.059 0.024
K2, min–1 0.026 0.0156 0.0047
kapp*, min–1 0.047 0.023 0.008
K1ʹ, min–1 0.061 0.024 0.014
K2ʹ, min–1 0.006 0.002 0.001
kapp, min–1 0.015 0.006 0.003
K3, min–1 0.01 0.006 0.003
K4, min–1 0.01 0.004 0.002
STY, m3/m3/d 32.65 0.195 0.019
PSTY, m3/m3/d/kW 1360 8 0.8
SRR, mg/g h 4.74 4.37 2.86
EEC, kWh/m3 0.008 0.01 0.03
mmoles of C removed/kWh, 
mmoles/kWh

8.33 5.73 3.96

mmoles of incident photons/
kWh, mmoles/kWh

0.1 0.098 0.087

Photonic yield 5.64 5.172 3.963
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Further in the case of CAR, the EEC was 3.75 times higher 
than that of CGTR. This implied that CGTR exhibited the 
maximum energy efficiency compared to the other reactors.

When calculating the mmoles of organic carbon rem-
oved/kWh, CGTR showed highest (8.33 mmoles/kWh) 
among the three reactors. Although the energy spent for all 
the reactors was 24 W (equivalent to 0.024 kWh) during the 
reaction, the mmoles of carbon removed/kWh for STR and 
CAR was 0.69 and 0.47 times lesser when compared to that 
of CGTR. This implied that maximum total organic carbon 
(TOC) was reduced for one kWh of energy spent in CGTR.

Ferrioxalate actinometrical experiments were carried 
out to determine the total amount of incident photons for 
the three reactors [3]. The intensity of colour represented 
in Fig. 15 implied the extent to which light photons were 
captured by potassium ferrioxalate resulting in oxida-
tion. The absorbance difference was maximum for CGTR, 
which showed that this reactor configuration was energy 
efficient. The incident photons count was calculated to be 
as 6.74 × 10–10, 6.58 × 10–10 and 5.77 × 10–10 moles/s. It was 
observed that for CGTR and STR had almost same inci-
dent photons count, due to the similar configuration of 
LEDs inside the outer vessel. In case of CAR, the incident 
photons were 0.85 times lesser than CGTR. The photonic 
yield was calculated by dividing the number of moles 
pollutant transformed and number of incident photons. 
The photonic yield was calculated to be 5.644, 5.172 and 
3.963 for CGTR, STR and CAR respectively. Further, if we 

calculate the mmoles of photons incident per kWh, CGTR 
had the highest (0.1 mmoles incident photons/kWh) fol-
lowed by STR (0.098 mmoles incident photons/kWh) and 
CAR (0.087 mmoles incident photons/kWh). This implied 
that CGTR and STR showed better incidence of light 
photons onto the substrate when compared to CAR. The 
exhaustive comparison of 8 parameters showed that CGTR 
was the most efficient in term of both performance and 
energy efficiency. Further it was inferred that micro-depth 
reactors could be a transitional design between classical 
annular reactors and advanced microreactors.

3.3. Cost comparison of reactors

One of the major criteria important for building large 
scale photocatalytic reactor is cost. Total cost involves 
amortization cost, electricity cost, maintenance cost, labour 
cost etc. In general, around 60% of the total costs are influ-
enced by amortization costs.

The following Table 4 shows the comparison of amor-
tization costs for the three types of reactors. The electricity 
unit consumed for an hour was 0.024 kWh for the three reac-
tors, which makes the operational cost quantitatively small. 
It was observed that for LED-based photocatalytic reactors 
(CGTR and STR), 70%–80% of total amortization cost was 
influenced by LEDs. In the case of conventional lamps-
based photocatalytic reactor (CAR), the light source con-
tributed around 50% of the total amortization cost.

Although the cost of UV-LEDs were higher than con-
ventional lamps, there were no heating problems faced by 
LED-based photocatalytic reactors. In addition, the photon 
incident was higher in case of LED-based photocatalytic 
reactors (CGTR and STR) when compared to CAR. Therefore 
it was inferred that in building the large scale reactor, 
LED-based photocatalytic reactors would encounter lesser 
problems with respect to replacement of light source and 
heating of reactor when compared to conventional lamps-
based photocatalytic reactor.

4. Conclusions

The study is about an exhaustive comparison between 
three photocatalytic reactors (CGTR, STR and CAR). The 
comparative parameters for performance and energy effi-
ciency were calculated. The best parameter values were 
obtained for CGTR: apparent kinetic constant (0.047 min–1), 
space time yield (32.65 m3/m3/d), photocatalytic space time 
yield (1,360 m3/m3/d/kW), specific removal rate (4.74 mg/g h), 
electrical energy consumption (0.008 kWh/m3), 8.33 mmoles 
of organic carbon removed/kWh, 0.1 mmoles of incident 
photons/kWh and 5.64 photonic yield. The study con-
cludes that micro-depth pollutant could be a transitional 
design for achieving the maximum performance and energy  
utilization.

5. Research suggestions

Future researchers could explore on various other designs 
for high-throughput microreactors. Also efforts could focus 
on demonstration of other novel suspended catalyst mate-
rials for the removal of other emerging contaminants in a 
combined/coupled advanced oxidation processes.

 
Fig. 15. Ferrioxalate solution after addition of 0.1% 1,10-phenan-
throline (1. Reference, 2. CGTR, 3. STR, 4. CAR).

Table 4
Cost comparison of reactors

Cost component/reactor CGTR STR CAR

Amortization costs $/L of wastewater treated

1. Stainless steel 30 20 20
2. Light source 195 195 40
3. Pump and piping systems 10 10 10
4. Glass tube 30 10 10
Total 265 235 80
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