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DESIGN OF UVA-LED CONCENTRIC GLASS TUBE  
MICROREACTOR AND EVALUATION OF PHOTOCATALYSIS 
WITH SIMULTANEOUS ADSORPTION AND HYDRODYNAMIC 

CAVITATION FOR FLUORESCENT DYE DEGRADATION 

A slurry UVA-LED concentric glass tube reactor (CGTR) with micro-depthof 2 mm was designed 
for plug flow behaviour (length/effective diameter = 150). The reactor design considered uniform radial 
concentration and hydrodynamic cavitation. The 100% Acridine Orange dye (3.77×10–5 M) was re-
moved within 35 min at the graphene oxide dose of 0.3 g/dm3 and initial pH 11. It was observed that 
hydrodynamic cavitation shortened the reaction time and enhanced the apparent reaction rate constant 
from 0.022 to 0.109 min–1. Further, the degradation pathway showed that decolourized dye solution 
consisted of ethylenedione (34%), indicating the oxidative reaction occurred. 

1. INTRODUCTION 

Photocatalysis has widespread applications such as synthesis of pharmaceutical in-
gredients, water splitting, self-cleaning applications and environmental applications in-
cluding water/wastewater/air/soil purification [1]. Concerning dye degradation studies, 
fluorescent dyes when released into water resources cause mutagenic effects when they 
bind with DNA [2]. Fluorescent dyes contain fluorophores, which are similar to chro-
mophores in reactive dyes. However, fluorophores absorb UV and visible radiation and 
emit light of a smaller wavelength since the part of energy absorbed is relaxed internally 
through radiationless vibration [3]. Acridine Orange (AO) is one of the heterocyclic 
fluorescent dyes containing nitrogen atoms. Acridines are widely used in dyeing, print-
ing, lithography and biological applications as stains. These dyes are difficult to degrade 
when compared to reactive dyes due to their stability of combined aromatic planar cyclic 
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molecules with several π bonds. Conventional processes like chemical oxidation, coag-
ulation, biological degradation are insufficient to mineralize these recalcitrants. Heter-
ogeneous photocatalysis seems to be an environmentally sound technology successful 
in the degradation of the recalcitrant organics.  

The common challenge in heterogeneous photocatalysis is the designing of a feasi-
ble photocatalytic reactor balancing various factors including uniform light irradiation, 
throughput and performance. Designs of various photocatalytic reactors have been de-
veloped [4]. The number of immobilized reactors and their variants are comparatively 
more researched than the slurry reactors. This may be due to the difficulty in photocata-
lyst separation at the end of the treatment. 

The performance of the process mainly depends on photon and mass transfer effi-
ciencies. There is a timescale difference between photon-catalyst surface interactions 
(~μs) and catalyst-substrate interactions (~s) [5]. Efficient designing of photocatalytic 
reactor systems can solve this problem. When considering mass transfer limitations, 
slurry photocatalyst systems work better when compared to immobilized photocatalyst 
systems [6]. In slurry photocatalysts, the reacting surface of the catalyst is available 
more to the substrate medium. Thus this reduces the timescale of catalyst-substrate in-
teractions. On the other hand, the type and configuration of the light source are im-
portant to increase the photon transfer efficiency. The light source has evolved from 
conventional lamps to light-emitting diodes (LEDs) in the last three decades. The com-
parison of conventional lamps and LEDs showed that the latter light source consumed 
5 times less energy than the former [7]. Also, the lifetime of LED is much longer of 
around 50 000 h, whereas Hg lamps have a lifetime of around 2000 h. Further several 
other advantages of LEDs are less heat generation, no mercury or other toxic gases, 
flexibility in design and degree of freedom [8]. 

Dye substances get easily adsorbed to carbonaceous materials [9, 10]. Graphene is a sin-
gle layer of easily synthesised graphite that has a large surface area (~2600 m2/g) [11]. Gra-
phene has zero band-gap because the conduction and valence bands meet at the Dirac 
points. Further increasing the oxygen functionalities (O content 20–40%) to the gra-
phene widens the band-gap making an excellent photocatalyst. Therefore graphene ox-
ide was taken as a photocatalyst to have adsorption enhanced photocatalysis. 

Hydrodynamic cavitation has been studied widely in the past decades, due to its 
energy efficiency and easy industrial scalability [12]. In hydrodynamic cavitation, bub-
bles are formed during passing the liquid through the in-line venturi, orifice or plate. 
When the pressure at the constriction falls below the vapour pressure of the liquid, there 
are numerous air bubbles formed, and that subsequently collapses downstream of pres-
sure recovery. The collapse induces shock waves cleaving water molecules to generate 
reactive free radicals and enhances mass transport rates. These radicals oxidize the per-
sistent organic pollutants. This can further enhance the rate of oxidation. Also, the genera-
tion of high-speed micro-jets and intensive shockwaves may be a possibility for the surface 
cleaning of catalyst active sites and enhancement in local mass transport rates [13]. 
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In this article, a novel cylindrical concentric glass tube reactor (CGTR) is designed 
and developed. The main feature of the reactor is the micro-depth substrate, constricted 
reactor inlet, suspended catalyst nature and circumferential LED pattern. There was 
a combined process of adsorption, photocatalysis and hydrodynamic cavitation observed 
contributing to the higher efficiency than individual processes. The dye degradation 
pathway was proposed, which showed that the dye structure was oxidized within a short 
time due to synergism between the three processes. 

2. MATERIALS AND METHODS 

Reactor design. The photocatalytic reactor setup is shown in Fig. 1. The inlet reser-
voir contains 1 dm3 of Acridine Orange (AO) (3.77·10–5 mol/dm3). The molecular 
weight of AO is equal to 265.4 g/mol and the dye molecular formula can be expressed 
as C17H19N3. The dye solution is transmitted to the UVA-LED CGTR using a submers-
ible pump. 

 
Fig. 1. UVA-LED CGTR setup  

There is a constricted inlet in the reactor which leads to the pressure drop and for-
mation of air bubbles downstream (Figs. 2 and 3). These cavities contribute to high 
turbulence enhancing photocatalyst-reactant interaction and formation of oxidation 
products. The reactor assembly consists of a cylindrical concentric glass tube 60 cm 
long and 8 cm in diameter fitted inside a stainless steel vessel 60 cm long and 14 cm in 
diameter. The lateral dimension of the concentric glass tube is 2 mm, which makes the 
light penetration uniform and there is another vessel inside to cover the opposite side of 
the glass. The substrate thickness would be 2 mm to produce micro-depth for an efficient 
photocatalytic reaction. The concentric glass tube is closed at both ends with appropriate 
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enclosures. The capacity of the reactor is 300 cm3. The inlet flow is 2.25 dm3/min and 
the inlet pressure of 0.01 MPa were measured using a pressure gauge. The cavitation number 
was calculated to be 0.9 according to the formula reported by Saharan et al. [13]. In the 
interior walls of a stainless steel vessel, the LED strip containing 300 numbers of UVA- 
-LEDs (λ = 365 nm) is circumferentially placed for uniform irradiation (27 W/m2). The 
distance between dye solution and LED is 3 cm. Ø 

 
Fig. 2. Constricted geometry; ∅ – diameter, t – thickness) 

 Fig. 3. Hydrodynamic cavitation at the inlet zone 

Catalyst characterization. Catalyst graphene oxide (GO) was purchased at Nan-
owings Pvt. Ltd. (R&D Centre). The catalyst was characterized using scanning electron 
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) to study morphol-
ogy and elemental composition (Tescan Vega). The crystal structure was determined using 
an X-ray diffractometer with CuKα radiation. Infrared spectra were obtained by a Fourier 
transform infrared spectrophotometer in the range between 500 and 3500 cm–1. The band- 
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gap was evaluated using UV-Visible diffuse reflectance spectroscopy (JASCO V-650: 
A061861150).  

Experimental procedure. The following experimental conditions were evaluated in 
this study: 1) dark adsorption, 2) photolysis, 3) hydrodynamic cavitation, 4) photocatal-
ysis with initial adsorption (PCIA), 5) photocatalysis with initial adsorption and hydro-
dynamic cavitation (PCIA + HC), 6) photocatalysis with simultaneous adsorption (PCSA), 
and 7) photocatalysis with simultaneous adsorption and hydrodynamic cavitation 
(PCSA + HC). In photocatalysis with initial adsorption, 30 min of dark adsorption-de-
sorption was attained before photocatalysis. Hydrodynamic cavitation was induced with 
the help of a submersible pump (inlet pressure 0.01 MPa) and constricted geometry 
(effective diameter 0.1 cm) at the inlet. In photocatalysis with simultaneous adsorption, 
the dye solution and catalyst graphene oxide particles were directly injected into the 
reactor without dark adsorption. The samples were collected at the outlet of the reactor 
and analyzed for absorbance with the use of a UV-Visible spectrophotometer at wave-
length 489 nm for every 5–10 min time interval. The colour removal was calculated 
using an equation: 

0

0

Colour removal = A A
A
−   

where A0 and A are the initial and final absorbances of the dye solution. Catalyst dosage 
(0.1–0.5 g/dm3) and initial pH (4–12) were varied and optimized conditions for maxi-
mum colour removal were obtained for the developed CGTR.  

Gas chromatography analysis was used to study the reaction intermediates and deg-
radation pathways. The analysis required 0.05 cm3 of the liquid sample which were dis-
solved in 1 cm3 of GC grade ethyl acetate and mixed using a vortex mixer. Then the 
sample was filtered through a 0.45 μm filter cartridge and injected into the GC-MS in-
strument (Agilent Technologies 7890B). 

In this study, comparison of kinetic behaviour between graphene oxide and Degussa 
P-25 TiO2 was done, where 0.3 g/dm3 catalyst dosage, initial pH 11 was chosen for the 
experiments.  

3. RESULTS AND DISCUSSION 

3.1. CATALYST CHARACTERIZATION 

Figure 4 shows the morphology and composition of graphene oxide (GO); the width 
was about 10 µm. GO had an oxygen content of 34%. The atomic ratio of carbon to 
oxygen was 1.76. The X-ray diffraction spectra shown in Fig. 5 indicate characteristic 
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peaks were at 2θ of 20.53°; 22.9° and 26.57° which correlated with published XRD patterns 
of graphene oxide [14]. Multi-layered graphene oxide had a thickness of 5–20 nm and 
an average particle diameter of 1–10 μm. FTIR spectra (Fig. 6) of GO consist of car-
boxyl C=O stretching band at 1778 cm–1, O–H deformation vibration band at 1396 cm–1 
and C–O stretching vibration at 1069 cm–1 [15]. Figure 7 shows the absorption spec- 
trum of graphene oxide. The bandgap was found out to be 3.1 eV, using the Tauc plot  
(Fig. 8). 

 
Fig. 4. SEM and EDX of graphene oxide 

 
Fig. 5. XRD pattern of graphene oxide 
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Fig. 6. FTIR spectrum of graphene oxide 

 
Fig. 7. UV-visible absorption spectra of graphene oxide 

 
Fig. 8. Tauc plot for the bandgap evaluation 
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3.2. EFFICIENCY OF COLOUR REMOVAL USING CGTR 

The efficiency of dark adsorption of AO on graphene oxide photocatalyst was ob-
served to be 20.9% and 39% in 30 min at natural pH 7.5 and initial pH 11, respectively. 
The reason for dark adsorption was attributed to the presence of oxygen functional 
groups of graphene oxide. Under pure photolysis, the reactor was filled only with the 
dye solution under gravity flow (no hydrodynamic cavitation) and irradiated for 30 min. 
The colour removal amounted to 4.4% and 7.7% at natural pH 7.5 and initial pH 11, 
respectively. This implied that the excitation of dye molecules by photons had an insig-
nificant effect on colour removal. Under hydrodynamic cavitation, dye solution was 
injected into the reactor using a submersible pump with no irradiation. It was observed 
that the colour was removed insignificantly (2–2.5%) at both natural pH 7.5 and initial 
pH 11.  

 
Fig. 9. Chemical quenching of AO: A – natural pH 7.5, A0 – initial pH 11,  

A5, A10, A15, A20, A30, A35 – 5, 10, 15, 20, 30, 35 min irradiated samples 

pH is an important parameter in the photocatalysis of ionic structures like dye mol-
ecules. The AO dye shows a strong peak at 489 nm and a weak shoulder at 470 nm, 
which have similar correlations with literature data [16]. This was due to the existence 
of mono-protonated and di-protonated AO species. It was interesting to note that the 
absorption peak was shifted to 420 nm when the initial pH was adjusted to 11. Also, 
there was a decrease in colour intensity due to chemical quenching by hydroxyl anions. 
This may be because, under elevated pH (>10), the weak basic dye becomes mono-
cationic (single proton on acridine nitrogen). This mono-cationic structure forms strong  
H-bonding with hydroxyl anions in the solution. Thus weakening the π bonds in the dye 
structure resulting in a decrease in colour intensity. As the dye gets degraded under 
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photocatalysis with simultaneous adsorption and hydrodynamic cavitation, the absorb-
ance gradually decreased (Fig. 9). The pH effect on photocatalytic activity depends also 
on catalyst zero-point charge, the ionic form of dye and the dissociation constant of dye. 
Electrostatic attraction enhances the kinetics of the reaction, where the catalyst surface 
should possess a charge (positive or negative) countering the charge of dye molecules 
[17, 18]. Since AO dye molecules have amino groups cationic in nature, therefore in an 
alkaline medium, the graphene oxide surface might possess a negative charge. The zero 
point charge of graphene oxide is 2.134 [19]. At pH > 2.1, graphene oxide might be 
negatively charged. Further, the pKa (isoelectric point) of AO is 9.6, thus for pH > 9.6 
the dissociation of dye is enhanced, subsequently the adsorption onto the catalyst parti-
cles is improved [20]. 

 
Fig. 10. Effect of catalyst dosage on colour removal 

 (process PCSA + HC, initial pH 11) 

The catalyst dosage was varied from 0.1 to 0.5 g/dm3 at initial pH 11 for PCSA + HC 
(Fig. 10). It was observed that at the dosage of 0.1 g/dm3, initial adsorption was predom-
inant and rapid, then later there was a decrease in the rate of colour removal. This de-
crease may be attributed to insufficient catalyst dosage for the reaction. In the case of 
0.5 g/dm3 and 0.3 g/dm3, there was similarity in initial adsorption till first 5 min, later 
the colour removal decreased in the case of 0.5 g/dm3 may be due to inhibition of light 
penetration. Therefore it implied that optimum catalyst dosage (0.3 g/dm3) was required 
to offer maximum photocatalytic active sites. Low catalyst dosage (0.1 g/dm3) showed 
no significant photocatalytic activity, although the adsorption rate was faster. High cat-
alyst dosage (0.5 g/dm3) inhibited the light penetration depth and increased the electron- 
-hole recombination centres [21]. 

Photocatalysis with initial adsorption (PCIA) was evaluated with different pH val-
ues as shown in Fig. 11. It was observed that there was a steady increase in % colour 
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removal with reaction time. This showed that the reaction followed pseudo-first order 
kinetics. At initial pH 11, the maximum colour removal was 39% in 60 min reaction 
time. When pH was increased to 12, the colour removal declined. On the other hand, 
the % colour removal decreased gradually when pH was decreased till the initial pH 4. 
This was since the pH influences the surface charge characteristics and the charge of 
organic molecules, which governs the adsorption capacity of molecules onto catalyst 
particles surface and the quantity of hydroxyl reactive radicals [22]. 

 
Fig. 11. The effect of pH on colour removal 
(process PCIA, catalyst dosage 0.3 g/dm3) 

 
 Fig. 12. The effect of pH on colour removal 

(process PCIA + HC, catalyst dosage 0.3 g/dm3) 

Similarly, photocatalysis with initial adsorption and hydrodynamic cavitation (PCIA 
+ HC) was evaluated with different pH values as shown in Fig. 12. It was observed that 
the hydrodynamic cavitation increased the efficiency of the colour removal from 39% 
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(PCIA) to 43% (PCIA + HC) at initial pH 11. This may be due to the enhancement in 
mass transfer by turbulence and the availability of oxidizing radicals by the collapse of 
cavities. On average, the hydrodynamic cavitation increased the colour removal on 
a factor of 1.2 compared to PCIA for all pH values. 

In the case of photocatalysis with simultaneous adsorption (PCSA), there was two-
stage degradation observed (Fig. 13). In the first stage, adsorption was predominant till 
30 min, although photocatalysis reaction takes place simultaneously. In the second stage 
of 30 min, the photocatalysis was steady and more dominant than adsorption. At initial 
pH 4, the colour removal was the lowest due to the low adsorption affinity between di- 
or tri-cationic acridine structures and protonated catalyst particles. At natural pH 7.5 
and 9, there was moderate colour removal efficiency of up to 24–27%. At pH 11, there 
was 71% colour removal in first stage adsorption (30 min), followed by 80% colour 
removal in remaining 30 min of reaction time. The rapid adsorption might be due to 
increased attraction between mono-cationic acridine structures and hydroxylated cata-
lyst particles. The electrostatic attraction increases the probability of photocatalytic deg-
radation of AO under UVA irradiation.  

 
Fig. 13. The effect of pH on colour removal 
(process PCSA, catalyst dosage 0.3 g/dm3) 

Similarly, photocatalysis with simultaneous adsorption and hydrodynamic cavita-
tion (PCSA + HC) also consisted of two stages of dye degradation (Fig. 14). But PCSA 
+ HC was quite faster and more efficient than PCSA due to mixing and cavitation. Hy-
drodynamic cavities are formed when liquid undergoes a dynamic pressure reduction 
due to constricted inlet geometry under constant temperature (according to Charles law). 
At the downstream, when the pressure recovers, the cavities collapse. Cavitation bub-
bles collapse induces mixing, homogenization and dispersion of solid–liquid system. 
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Fig. 14. The effect of pH on colour removal 

(process PCSA + HC, catalyst dosage 0.3 g/dm3) 

The collapse of the cavities at the liquid–solid particles boundaries results in the 
dispersion of these catalyst particles in the fluid retaining the slurry nature of the photo-
catalytic system. Other than mechanical effects, the cavity collapse initiates physico- 
-chemical effects initiating shock waves. These shock waves create extreme temperature 
and pressure dissociating H2O molecules to OH• and H• radicals. At first 5 min, adsorp-
tion was predominant, then later photocatalysis was dominant till 35 min resulting in 
100% colour removal. The observations revealed that synergism between pH adjust-
ments, light irradiation, hydrodynamic cavitation, catalyst suspension and reactor ge-
ometry contributed to process intensification achieving complete colour removal. Sim-
ilar works were carried out using Degussa P-25 TiO2, which demonstrated that the 
combination of photocatalysis and hydrodynamic cavitation was twice better than indi-
vidual processes in terms of pseudo-first-order rate constant [23]. 

3.3. PERFORMANCE ANALYSIS 

The apparent reaction rate constants were calculated to compare the performance of 
the used CGTR under selected experimental conditions, i.e., photocatalysis with initial 
adsorption (PCIA), photocatalysis with initial adsorption and hydrodynamic cavitation 
(PCIA + HC), photocatalysis with simultaneous adsorption (PCSA) and photocatalysis 
with simultaneous adsorption and hydrodynamic cavitation (PCSA + HC). The plug 
flow model (PFR) was assumed for CGTR (length to effective diameter ratio is 150). 
Using the following equations, the reaction rate constant k for the PFR model can be 
calculated 

 dC kC
dt

− =   (2) 
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0

ln C kt
C

− =   (3) 

where k is the reaction rate constant at full surface coverage (min–1), C is the dye con-
centration, C0 is the initial dye concentration, and t is the reaction time (min). 

For a combination of two treatment processes, the linearity is not obtained between 
–ln(C/C0) and reaction time. Therefore two-stage degradation kinetic constants were 
derived by splitting the graphs. In the first stage, the reaction might be the adsorption 
dominant with reaction rate constant (K1) and in the second stage, the reaction might be 
the photocatalysis dominant with reaction rate constant (K2). The apparent reaction rate 
constant kapp was derived assuming a time-weighted average of K1 and K2 

 1 1 2 2
app

1 2

K t K tk
t t

+=
+

  (4) 

The apparent reaction rate constant was 0.009 min–1 for PCIA and PCIA + HC with 
the regression coefficient R2 = 0.98. In PCSA and PCSA + HC cases, the first order 
reaction expression was not observed due to combined effects of adsorption, photoca-
talysis and hydrodynamic cavitation.  

 
Fig. 15. Results of the kinetic study: 

 1) K1 = 0.238, R2 = 1, 2) K2 = 0.088, R2 = 0.99, 3) 1K ′ = 0.039, R2 = 0.98, 4) 2K ′ = 0.0067, R2 = 0.95,  
5) k3/k4 = 0.009 min–1, R2 = 0.98, where K1, K2 – first and second stage reaction rate constants  

for PCSA + HC, 1 2,K K′ ′ – first and second stage reaction rate constant for PCSA, k3, k4 – reaction rate 
constants for PCIA + HC and PCIA, respectively; catalyst dosage 0.3 g/dm3, initial pH 11 

In Figure 15, the lines were split into two stages to calculate the stage-wise reaction 
rate constant (where R2 is near 1). Therefore, the time-weighted apparent reaction rate 
constant was calculated for comparison. Table 1 shows the value of time-weighted ap-
parent reaction rate constants for the selected experimental conditions. 
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Table 1. Reaction rate constants for 4 operating conditions 

Condition type kapp  
[min–1] 

t 
[min] 

PCIA 0.009 60 
PCIA + HC 0.009 60 
PCSA 0.022 60 
PCSA + HC 0.109 35 

 
In the case of PCSA + HC, the slope line was steeper than observed for PCSA, due to 

mechanical and physicochemical effects intensifying the colour removal efficiency. For 
PCSA, the first-stage reaction rate (adsorption dominant) constant K1 was 0.039 min–1  

(R2 = 0.98) and the second-stage reaction rate (photocatalysis dominant) constant K2 

was 0.006 min–1 (R2 = 0.95). For PCSA + HC, the first-stage reaction rate (adsorption 
dominant) constant 1K ′  was 0.238 min–1 (R2 = 1) and the second-stage reaction rate (pho-
tocatalysis dominant) constant 2K ′  was 0.088 min–1 (R2 = 0.99). This implied that in the 
presence of hydrodynamic cavitation, the rate constants K1 and K2 increased 6 and 14.6 
times, respectively. 

3.4. COLOUR REMOVAL WITH GRAPHENE OXIDE GO AND DEGUSSA P-25 TiO2 

The optimized conditions (process PCSA + HC, catalyst dosage 0.3 g/dm3 and initial 
pH 11) were evaluated with Degussa P-25 TiO2 (thickness 0.5 nm and lateral size 1–10 µm) 
which resulted in 61.9% colour removal in 30 min of reaction time (kapp = 0.032 min–1).  

 
Fig. 16. Data for kinetics Degussa P25-TiO2 and GO at 0.3 g/dm3 catalyst dosage and intial pH 11 

1) K1GO = 0.238, R2 = 0.99, 2) K2GO = 0.088, R2 = 0.99, 3)
21TiOK = 0.127, R2 = 1, 4)

22 TiOK = 0.013, R2 = 0.99, 
where 

21GO 1TiO,K K  – first and 
22 GO 2 TiO,K K  – second stage reaction rate constants  

for PCSA + HC using GO and Degussa P25-TiO2; catalyst dosage 0.3 g/dm3, initial pH 11 

The reaction rate constant was 3.4 times higher in the case of graphene oxide com-
pared to Degussa P-25 (Fig. 16). This may be due to the point of zero charge value for 



 UVA-LED concentric glass tube microreactor 19 

Degussa P-25 TiO2 which is 6.5–7.5 as noted by several authors [24]. The higher pH 
value compared to that of graphene oxide implied that there was slow OH– consumption 
of Degussa P-25 TiO2 [25]. Therefore the electrostatic attraction between dye molecules 
and TiO2 was comparatively less and slower, which made the photocatalytic degrada-
tion slower than graphene oxide. 

3.5. DYE DEGRADATION PATHWAY 

The intermediate products formed during AO colour removal by PCSA + HC pro-
cess under optimized conditions (graphene oxide 0.3 g/dm3 and initial pH 11) were iden- 
 

 
Fig. 17. Proposed degradation mechanism of AO 

(PCSA + HC process, 0.3 g/dm3 catalyst dosage initial pH 11) 
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tified using GC–MS results. The detected molecular weight of degraded organics mol-
ecules provides the degradation pathway of the dye and the proposed mechanism is pre-
sented in Fig. 17. The parent molecule AO, i.e., N,N,N′,N′-tetramethylacridine-3,6- 
-diamine (m/z 265.2) was initially mono-protonated and forms high electrostatic bond-
ing with graphene oxide at alkaline pH. The electrostatic attraction enhances the mass 
transfer between catalyst and dye molecules. When photo-generated hydroxyl radicals 
attacked the AO, N-demethylation occurred resulting in the N,N,N′,N′-de-tetramethyl 
acridine orange (m/z 209.16) [30]. Further, the amines were removed with the formation 
of 3,3-dimethyl acridine (m/z 208.17) and the ring structure was cleaved in the formation 
of 2-(carboxymethylamino) benzoic acid (m/z 160.1) and 4-methyl-2-pentenoic acid 
(m/z 96.06). These compounds got cleaved to form unstable organic radicals, which 
resulted in the formation of ethylene dione (m/z 56.02), N,N′-dimethyl acetamide 
(m/z 87.05), tertiary amide (m/z 73.04). The quantitative compositions were evaluated 
by the ratio of area under the peak for an individual compound and total area (Fig. 18).  

 
Fig. 18. GC-MS obtained for 35 min degraded AO solution 

(PCSA + HC process, 0.3 g/dm3 catalyst dosage, initial pH 11) 

There was 34% of ethylenedione (18.73 min), 30% of 2-(carboxymethylamino) 
benzoic acid (28.75 min), 11% of 4-methyl-2-pentenoic acid (25.84 min), 9% of N, N′- 
-de-dimethyl acridine orange (35.01 min), 6% of N,N,N′N′-de-tetramethyl acridine or-
ange (31.72 min), 4% of N, N′-dimethyl acetamide (17.01 min) and 2% each of tertiary 
amide (4.08 min) and 2% of AO (39.455 min) present in the PCSA + HC treated solution 
under optimized conditions. 

4. CONCLUSIONS 

A photocatalytic reactor with a suspended catalyst system was designed for the mi-
cro-depth substrate. The length/diameter ratio for CGTR was 150, which incorporated 
the radial uniformity of reactant concentration. Through the constructed pathway in the 
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inlet zone, cavitation bubbles were formed. Further, the catalyst and pH-adjusted dye 
solution was injected into the reactor without dark adsorption, unlike the typical photo-
catalytic study. The AO colour intensity was decreased due to chemical quenching at 
the alkaline pH. Then the catalyst and dye molecules rapidly got attracted due to the 
electrostatic attraction and dye molecules got mineralized, which was shown in the deg-
radation mechanism. The complex structure of AO dye (m/z 265.2) was broken to vari-
ous intermediates such as N,N′ -de-dimethyl acridine orange, N,N, N′,N′-de-tetramethyl 
acridine orange, 3,3-dimethyl acridine, 2-(carboxymethylamino)benzoic acid and 4-methyl- 
-2-pentenoic acid. Final step of oxidat021ion gives ethylenedione (m/z 56.02),  N,N′- 
-dimethyl acetamide (m/z 87.05) and tertiary amide (m/z 73.04). Although 80% dye was 
removed within 60 min in photocatalysis with simultaneous adsorption (PCSA), hydro-
dynamic cavitation accelerated the reaction by achieving 100% colour removal within 
35 min. Hydrodynamic cavitation enhanced the rate of reaction by mixing, homogeni-
zation and hydroxyl production. Therefore, it was implicated that hybrid processes were 
more efficient when compared to individual processes. 
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