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Abstract

The kinetic study of the visible-light-driven photocatalytic degradation of methylene blue (MB) dye by the Ag:O@CRA
heterojunction photocatalyst and robust polyvinylidene fluoride membranes incorporating Ag:2O@CRA heterojunction photocatalyst
(PVDF/Ag:20@CRA) was investigated. This study involves a comparison of the outcomes of the kinetic study performed based on
the experimental data of the oxidative photocatalytic degradation of the MB dye. The zero-order, pseudo-first-order, and modified
Freundlich kinetic models were applied to accomplish this study. The results showed that the photocatalytic oxidation of the MB dye
by the Ag2O@CRA photocatalyst followed the pseudo-first-order kinetic model, and the apparent rate constant (k1) value was 0.1231
min-. The photocatalytic oxidation of the MB dye by the modified PVDF membrane with 0.3 wt.% Ag20@CRA photocatalyst
followed the pseudo-first-order kinetic model, and the apparent rate constant (ki) value was 0.0196 min. Also, the Langmuir-
Hinshelwood model was used to model the MB photocatalytic degradation kinetics by the Ag2O@CRA photocatalyst for 10-40 mg/L
inlet MB concentrations. Likewise, the Langmuir-Hinshelwood model was used to model the kinetics of the MB photocatalytic
degradation by the PVDF membrane with 0.3 wt.% Ag.O@CRA photocatalyst for 5-20 mg/L inlet MB concentrations. It was found
that the intrinsic photocatalysis reaction rate constant (kr) was 0.8286 mg/L.min for the Ag2O@CRA heterojunction photocatalyst
and 0.209 mg/L.min for the PVDF/Ag20@CRA photocatalytic membrane. Also, it was found that the equilibrium adsorption
constant (Kad) was 0.3245 L/mg for the Ag2O@CRA heterojunction photocatalyst and 0.218 L/mg for the PVDF/Ag:0@CRA
photocatalytic membrane. The manufacturing cost for the Ag:2O@CRA photocatalyst and PVDF/Ag:O@CRA photocatalytic
membrane was estimated to be $2.45/10 g and $78/m2, respectively.
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1- Introduction
) L . Dyes are important for coloring items such as
The environment, water resources, and living beings are  cosmetics, food, leather processing, paper, pharmaceutical
threatened by the risk of pollution resulting from  proqycts, printing, tannery, textile fibers, etc. [7, 8]. The
unplanned urbanization, industrial ~activities, and  gjgnificant problem of releasing dyes in the aquatic
overpopulation [1]. Agricultural prosperity and rapid  enyironment stems from their high toxicity, low
industrialization make the water streams acces_smle_ to biodegradability, and stability against heat and light [9].
numerous  pollutants such as bacteria, biological  Besides natural dyes, synthetic dyes are a wide range of
substances, heavy metals, microplastics, oil, viruses, and  gj0urs synthesized from organic compounds and used in
other harmful compounds [2, 3]. Wastewater polluted by  4rious applications [10]. Dyes can be one of the
organic dyes poses a factual challenge to the environment following main classes: (i) anionic dyes, which include
because it contains substantial quantities of stubborn acid, direct, and reactive dyes, having a negative charge

g:olourgd solutions infiltrated_ by indust_ries [4]. The mainly because of SO3~group, (ii) cationic or basic dyes
industrial wastewater pumped into the environment holds  pocause of having a protonated amine group, and (c)

about 10%-15% of the dyes used in the processes ponionic dyes (disperse dyes) depending on their

that deal with dyes, and ultimately turns into waste gissociation manner in the aqueous solutions. Azo dyes
material [5]. For long-term exposure, pollution by dyes (cationic or anionic) produce one or even more azoic
can lead to diverse antagonistic effects on human beings, ;5445 (N = N) [11].

for example, allergic diseases, dermatitis, eye irritation, Methylene blue (MB) is a basic, cationic,
etc. [6]. photosensitive, and azo dye; its commercial form is
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exploited in  various industrial, medical, and
pharmaceutical products. MB dye is mostly consumed in
the clothing and textile industries to dye cotton, linen, silk
fabrics, and wool [12]. In contrast to the intake of MB in
polluted water, it has medical uses and can be safely used
when clinically prescribed. Therefore, it is used for
treating Alzheimer, heparin neutralization,
methemoglobinemia, malaria (a treatment dosage of 36-
72 mg/kg over 3 days), and vasoplegia post-transplant
operation. In addition, it is an oral intake to diagnose the
areas of plaque microbial teeth [13].

Despite the beneficial uses of MB dye, releasing
untreated MB dye-contained wastewater within the
industrial effluents could result in several health hazards
such as breathing problems, cyanosis, eye burns, intestine
complications, nausea, mental disorder, severe sweating,
skin irritation, tissue necrosis, vomiting, cardiovascular
disorders including anemia, dizziness, fever, headache,
and hypertension [14, 15]. Other consequences of the
presence of dyes in the surface water bodies are repulsive
color, increased water hardness and turbidity, and
overfeeding (excessive and rapid growth of algae) due to
disabling the photosynthesis process by impeding sunlight
breakthrough to the water body [16]. Consequently,
effectively removing MB dye from wastewater before
industrial discharge to eliminate its negative effects
becomes crucial.

Various biological, chemical, and physical technologies
have been examined to purify the textile effluents polluted
by organic dyes, such as adsorption, coagulation,
filtration, ion-exchange, oxidation, sedimentation, etc.
[17]. Some of these techniques showed drawbacks
associated with biological and chemical stiffness of the
dyes, unqualification for treating high concentrations,
generation of secondary wastes which require further
treatment, and treatment cost [18]. So far, recent studies
have been keen to develop a renewed treatment method
that guarantees the complete elimination of organic
pollutants from the waste effluents, such as advanced
oxidation processes (AOPs), which include catalytic wet
air oxidation, Fenton process, electrochemical oxidation,
ozone-based processes, and photo-oxidation processes
[19]. AOPs involve the generation of hydroxyl radical
(OH?e) as a primary oxidant because it is a highly reactive
and nonselective oxidant, which allows the decomposition
of many organic compounds simultaneously [20].
Nevertheless, almost all AOPs have the drawbacks of
hard catalyst separation at the end of the process, limited
treated effluent size, and losses of the catalyst during
the regeneration process [21].

Also, the application of membrane filtration techniques
in the removal of some organic compounds has become
widespread because of the simple operation and handling,
low power consumption, and large treated effluent size
[22, 23]. However, the major drawback of implementing
the membrane filtration process is fouling, which
minimizes the treated effluent size, raises the operation
cost, reduces the membrane lifespan, and sometimes leads
to deterioration of the quality of filtrate [23]. Accordingly,
combining the advantages of photocatalytic degradation
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and filtration membrane technologies by constructing new
multifunction membranes implanted with photoactive
catalysts has emerged as a new effective route in
wastewater treatment technologies, which ensures
complete elimination of harmful organics.

This work involves studying the kinetic behaviour of
the photocatalytic degradation process of the MB dye
conducted via the AgO@CRA heterojunctions
photocatalyst and the PVDF/Ag.2O@CRA photocatalytic
membrane. Three kinetic models, including the zero-
order, pseudo-first order, and modified Freundlich Kinetic
models, were used to assess the photocatalytic
degradation performance to understand the kinetic
behaviour of the photocatalytic degradation process. Also,
for more elucidation of the Kkinetic behaviour of
photocatalysis by the developed photocatalyst and
photocatalytic membrane, the first-order kinetic equation
of the Langmuir-Hinshelwood was applied for various
initial MB concentrations to determine the actual rate
constant of the photocatalysis reaction. What is more, the
cost of the synthesized Ag2O@CRA photocatalyst and the
PVDF/Ag:0O@CRA photocatalytic ~membrane was
investigated.

2- The photocatalysis reaction kinetics

Reaction kinetics is one of the fundamental aspects of
reactor engineering because Kinetics provides a
quantitative or qualitative evaluation of the rate of
reactions, and insight into the variables that the reaction
rate depends on, such as light intensity, targeted pollutant
concentration, pH, and  temperature  [24-26].
Comprehension of the reaction kinetics is crucial for
managing the reaction and achieving the purposive yield.
Several kinetic models have been developed to determine
the rate constants required for the reactor design, even
though some assumptions made to determine the reaction
kinetics may not fit the real reactors, since ideal mass
transfer and mixing cannot be attained in non-perfect
situations [27, 28]. It is worth mentioning that the close
matching of the kinetic parameters to the data does not
necessarily mean the solution exactly seizes the actual
kinetic sequence [29]. Therefore, various kinetic models
must be developed, examined, and compared with each
other to trust the kinetic model.

The mathematical form of the kinetic models, which
were applied to the data of photocatalytic degradation of
MB dye by both AgO@CRA photocatalyst and
PVDF/Ag.O@CRA membrane, is presented in Egs. 1 - 3,
respectively. The zero-order model is given by Eq. 1 [30,
31].

Cyvgo — Cupe = kot 1)
The pseudo-first-order model is given by Eq. 2 [25].
In(Cypo/Cupe) = kit @

The modified Freundlich model is given by Eq. 3 [32].
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The linearized form of the modified Freundlich model
can be given by Eq. 4.

Cupe = kpr- Cupo-

In(Cupe) = I(Key. Cupo) + (1/m)In(e) (4)

Where Cyp, and Cyp, are the MB dye concentration
(mg/L) at zero and t is the time of irradiation (min). k,
(mg/L.min), k; (min), and kg, (Min"V™) are the apparent
constants of the zero-order, pseudo-first-order, and
modified Freundlich models, respectively. m is the
modified Freundlich exponent [33].
3- Experimental work

The data used for studying the kinetics of the MB
photocatalytic ~ degradation by the Ag.O@CRA
heterojunction photocatalyst were obtained from the batch
study presented in the previous work [34]. However, the
kinetics of the MB photocatalytic degradation by the
PVDF/Ag.O@CRA photocatalytic membrane  was
conducted based on the data extracted after stopping the
filtration role of the PVDF/Ag:O@CRA membrane but
allowing the continuity of the photocatalysis effect of the
developed membrane. The developed PVDF membranes
containing 0.1 wt.%, 03 wt%, and 05 wt%
Ag:O@CRA  heterojunctions  photocatalysts  were
determined to be PM1, PM3, and PM5, respectively.
Moreover, the developed PVDF membrane by 0.3 wt.%
CRA was determined to be PMS. The photocatalysis
performance of the PVDF/Ag:O@CRA photocatalytic
membranes was studied in a batch cylindrical Pyrex flask
irradiated with visible light 50 Watts, at a 10 cm distance
from the liquid surface, as shown in Fig. 1. An 8.4 cm?
piece of the photocatalytic membrane was submerged in
100 mL of 5 mg/L MB dye solution at room temperature.
The visible light was activated after achieving adsorption
equilibrium, and the photocatalytic degradation process
proceeded for 90 min. The concentration of the MB dye
was measured every 10 min using a UV-vis
spectrophotometer UV-9200, at a wavelength of 664 nm.
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Fig. 1. A batch reactor for studying the kinetics of the
photocatalytic activity of the PM3 membrane

Furthermore, the Kkinetics of the MB photocatalytic
degradation for the PM3 membranes using the Langmuir-
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Hinshelwood kinetic equation was studied for the inlet
MB concentrations of 5-20 mg/L at room temperature and
under visible light.

4- Results and discussion

4.1. The photocatalysis reaction kinetics

The plots of fitting the kinetic models for the
photocatalytic degradation of the MB by the CRA and
AgO@CRA photocatalyst are shown in Fig. 2, and the
determined model parameters are presented in Table 1.
The obtained results imply that all three models fitted the
dye removal data with reasonable correlation coefficients
(R? in the range of 0.812 - 0.997. However, a fair
comparison made based on R? values indicated that the
pseudo-first-order model has a comparatively better fit
with the photocatalytic oxidative data of MB than the
other models. Table 1 shows that the values of the rate
constant for the MB photocatalytic degradation by the
Ag.0@CRA photocatalyst were higher than those of the
rate constant for the photocatalytic degradation by the
CRA, which explains the poor degradation of MB dye by
the CRA because of its relatively large band gap (4.2 eV)
[34]. Since rapid photocatalytic degradation can be
obtained at a higher rate constant, as stated and agreed
with Kusworo et al., [31].

Fig. 3 shows the plots that fit the kinetic models for the
photocatalytic degradation of MB dye by the developed
PVDF/Ag.O@CRA photocatalytic membranes. The
fitting parameters of the studied models are presented in
Table 1. For all developed PVDF/Ag:20@CRA
photocatalytic membranes, Table 1 shows that R? values
were the highest for the pseudo-first-order model (0.915 -
0.996) compared with the other studied models, which
can be attributed to the low concentrations of the
pollutant. This means all the examined membranes in the
photocatalytic degradation of MB dye followed pseudo-
first-order Kinetics. It was observed that the assessed
value of the rate constant for the photocatalytic
degradation by the PM3 membrane was the highest
compared with other developed PVDF/Ag:O@CRA
photocatalytic membranes. The PM3 membrane exhibited
the highest rate constant with a value of 0.0196 min,
confirming it has a powerful photocatalytic ability that led
to a faster photocatalytic degradation performance of MB
dye. According to the assessed values of the rate
constants, the examined photocatalytic membranes
showed the following order: PM3 > PM1 > PM5. These
results can be attributed to the embedding of the 18%
PVDF membrane by more than 0.3 wt.% of the
Ag:O@CRA photocatalysts reduced the photon
penetration through the photocatalyst membrane reactor
and thus reduced the photocatalytic degradation of the
MB dye. Furthermore, a surplus photocatalyst content in
the photocatalytic membrane may result in agglomeration
of the photocatalyst particles, which minimizes the
surface area of exposure of the photocatalysis sites to the
light photons to commence the photodegradation process.
Therefore, the quantity of the Ag2O@CRA heterojunction
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photocatalyst must be optimized to guarantee the
absorption of sufficient light photons for effective
photomineralization. Therefore, the PM3 membrane
consisting of 0.3 wt.% Ag.O@CRA heterojunctions
photocatalyst was the best among other membranes. Also,
the low photocatalyst content (less than 0.3%) was
insufficient relative to the pollutant concentration,
resulting in limited catalysis sites for photocatalytic
reactions. This imbalance reduces the degradation rate
and extends the time required for effective pollutant
removal. Therefore, the results of the kinetic study agreed
with the results of the membranes' performance presented
in the previous work [35].

The PMS membrane exhibited the lowest rate constant
(0.0053 mint) because it contains CRA, which has low
photocatalytic properties as presented in previous work
[35]. It is worth noting that the rate constant of the PM3
membrane (0.0196 min?) was comparatively low when
compared with that of the Ag.O@CRA photocatalyst
(0.1231 mint) because of its low content of this
photocatalyst (0.3 wt.%). On the other hand, the PM3
membrane exhibited a comparatively higher rate constant
than others calculated in previous studies involving
PVDF-based photocatalytic membranes, as shown in
Table 2.
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Fig. 2. The plots of fitting the kinetic models for: (a) CRA, and (b) Ag:2O@CRA photocatalyst

Table 1. The determined parameters of the kinetic models studying the photocatalytic degradation of the MB dye

Kinetics Model parameters Ag.O@CRA PMS PM1 PM3 PM5
model and R? CRA photocatalyst membrane membrane membrane membrane
Zero ko (Mmg/L.min) 0.128 0.1567 0.0222 0.0408 0.054 0.0303
order R? 0.850 0.812 0.991 0.933 0.962 0.962
Pseudo-first- k; (min™) 0.027 0.1231 0.0053 0.012 0.0196 0.0078
order R? 0.915 0.971 0.996 0.991 0.995 0.979
Modified Ker (Min¥m) 0.417 1.0809 0.0783 0.1727 0.2807 0.1147
Freundlich R? 0.997 0.952 0.930 0.973 0.929 0.963

Moreover, the Langmuir-Hinshelwood Kinetic model
(Eq. 5) describes the relationship between the initial
pollutant concentration and the photocatalytic degradation
rate [40].

)

Where K represents the actual photocatalysis reaction
rate constant (mg/L.min) and Ka represents the
Langmuir-Hinshelwood constant of adsorption (L/mg).
To solve Eq. 5, Celi¢ et al. [41] assumed the first-order
reaction kinetics. However, Chakachaka et al. [25]
simplified Eq. 5 to Eg. 6 by assuming a low initial

g = —dCyp/dt = (k:Kaa/(1 + KaaCupo))Ciip
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concentration of the targeted pollutant; consequently, the
rate of reaction will be dependent on reaction time rather
than the concentration of the pollutant.
Tmp = Kr-Kaa Cys (6)
Herein, the above results demonstrated that the reaction
kinetics of the MB photocatalytic degradation by the PM3
photocatalytic membrane followed the pseudo-first-order
model. Therefore, the n value in Eqg. 5 was set to 1, and
the rate of reaction is as shown in Eq. 7, which was also
reported by Utomo et al. [39] and Azarniya et al. [42]:
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Tup = Ky Cup (7
Therefore:

key = kpKagq./(1+ KagCuso) (8)
1/ky = 1/kKag. + (1/k)Cuigo 9)

The values of k; and Kaqg. in Eg. 9 can be found by the
linear plot of 1/k, vers Cygo.

Table 3 shows that the apparent rate constant decreased
with increasing initial MB dye concentration and thus
reduced the photocatalytic effectiveness. This can be
attributed to the excessive pollutant concentrations, which
slow the photocatalytic degradation rate because they can
vary the solution's impenetrability, and consequently,

pollutants absorb light instead of the photocatalyst.
Chakachaka et al., [25] reported that the photocatalytic
degradation reaction is sped up by raising the initial
pollutant concentration within a limited range because
high concentration increases the chances of effective
collisions between oxidative radical species and target
pollutants. Also, this table presents the values of k. were
0.8286 and 0.2090 mg/L.min for the Ag.O@CRA
heterojunction photocatalyst and the PVDF/Ag.O@CRA
photocatalytic membranes, respectively. At the same
time, the values of Kaq. were 0.3245 and 0.2180 L/mg for
the Ag.0@CRA heterojunction photocatalyst and the
PVDF/Ag.0@CRA photocatalytic membranes,
respectively, which indicate the predominant effect of the
photocatalytic degradation reaction.
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Fig. 3. The plots of fitting the kinetic models for: (a) PMS, (b) PM1, (c) PM3, and (d) PM5 membranes
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Table 2. Comparison based on the apparent rate constant of the pseudo-first-order model

Photocatalytic membrane Pollutant ki (min?) Reference
(16 %) PVDF/(1 %) TiO- Congo red 0.0061 [36]
(16 %) PVDF/(2 %) NiFe,04/(2 %)GO Industrial dye wastewate 0.0088 [32]
PVDF/(0.5 g)NCQDs-BiOBr-TiO, Tetracycline 0.01342 [37]
(17 %)PVDF/(2 %) MoS,@WO; Natural rubber wastewater 0.00293 [38]
(18 %)PVDF/(4 %) Ce0,@GO-COOH Ciprofloxacin o0 [39]
(18 %)PVDF/(0.3 %) Ag.O@CRA Methylene blue 0.0196 Current work

Table 3. The apparent rate constant and the Langmuir-Hinshelwood model constants of the MB photocatalytic
degradation by the Ag.O@CRA heterojunction photocatalyst and the PM3 photocatalytic membrane

Initial MB dye Ag.O@CRA heterojunction

Initial MB dye The PM3 photocatalytic

concentration (mg/L) K (miﬂq())tocatalyst Rz concentration (mg/L) P (miﬂimbrane Rz
10 0.1231 0.970 5 0.0196 0.995
20 0.0948 0.980 10 0.0150 0.987
30 0.0474 0.957 15 0.0120 0.993
40 0.0325 0.953 20 0.0080 0.991

kr = 0.8286 mg/L.min
Kag, = 0.3245 Limg

kr = 0.2090 mg/L.min
Kag. =0.2180 L/mg

4.2. Estimation of the manufacturing cost of the
Ag.0@CRA photocatalyst and PM3 membrane

The overall manufacturing cost of the Ag:O@CRA
photocatalyst and PM3 membrane was calculated using
Eq.10 and Eq. 11, considering that the official electricity
rate for government institutions in Iraq is 120 1QD/kWh,
which is 0.09091 $/kWh [43]. The prices of the materials
utilized in the membrane production were established
based on local store sales.

C=Cn+ G, (10)

Cp = Pi*Cyp (11)

Where C; represents the overall manufacturing cost ($),
Cm denotes the total cost of materials ($), Cp signifies the
total cost of the used electrical power ($), Pi indicates the
power of instruments utilized in membrane manufacture
(kwh), and C,, refers to the official price of power
($/kwh). The overall expense of the utilized electrical
energy encompassed the power consumed during the
preparation of the polymeric solution and photocatalyst
(including sonication, drying, furnace operation, and
stirring). Also, the membrane fabrication process (casting)
was based on the duration allocated to each process, as
shown in Table 4 to Table 7. The calculated cost of
manufacturing the Ag:O@CRA photocatalyst was
$2.45/10 g. While, the cost of manufacturing the PM3
membrane was $78/m?. The cost of the PM3 membrane
was very close to the price of the modified PVDF by
SnO, nanoparticles prepared in a work published by
Saleem and Al-Jubouri [1].

In terms of initial cost per unit, the photocatalyst ($2.45
/10 g) is markedly less expensive than the PM3
membrane ($78 /m?); however, for applications
demanding extended operational lifespan and minimal
maintenance expenditure over multiple years, the PM3
membrane may prove superior despite its higher capital
cost. Consequently, the most economically viable choice
depends on three critical parameters: the consumption rate
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(quantity of catalyst or membrane area required), the
service life (number of operational cycles before
maintenance or replacement), and the associated
operational and maintenance costs (such as catalyst

separation or membrane cleaning and energy
consumption).
Table 4. Cost assessment of the Ag.O@CRA
photocatalyst
User device  Time Power
h w w Wh  $/kWh
Furnace 6 3000-6000 4500 27000 27
Total cost of the Ag;O@CRA photocatalyst $/10 g 2.45

Table 5. Cost assessment of the materials used for PM3
membrane preparation

Price of the used

Materials Used quantities Price -
guantity
wt.% g $/g $
PVDF 18 3.6 1.515 5.454
DMF 81.7 16.34 0.074 1.209
Ag.0@CRA 0.3 0.06 0.245 0.015
Total price $6.68

Table 6. Cost assessment of the power used in the PM3
membrane preparation

. Consumed Cost of
Device Operating Dngff electrical consumed
time (h) p(W) power electrical
(kwh) power ($)
Ultrasonic 2 500 1 0.091
Dryer 5 1000 5 0.455
Magnetic 37 450 16.65 1514
tirrer
Casting
Machine 0.5 370 0.185 0.017

Table 7. Total cost of the prepared PM3 membrane

Cost of the used materials $6.68
Cost of the used power $2.08
Total cost of the PM3 membrane $8.75
Total cost of the PM3 membrane $78/m?
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5- Conclusion

In conclusion, the kinetics of the photocatalytic
degradation reaction of the MB dye by the Ag2O@CRA
heterojunction  photocatalyst and the flat sheet
PVDF/Ag.O@CRA photocatalytic membranes driven by
visible-light irradiation have been investigated and
elucidated in the current study. The zero-order, pseudo-
first-order, and modified Freundlich kinetic models were
fitted to the experimental data. The pseudo-first-order
kinetics model matched the results of the MB dye
photocatalytic degradation reaction by the Ag.O@CRA
heterojunction photocatalyst and the PVDF/Ag.O@CRA
photocatalytic membranes with high R? values. The
apparent rate constants of the first-order model of the
Ag:0@CRA heterojunction photocatalyst and the
PVDF/Ag.O@CRA photocatalytic membranes were the
highest because they have improved band gaps.

Moreover, the MP3 membrane showed the highest
apparent rate constant (0.0196 min?) and rapid
photocatalytic degradation reaction rate. Studying the
influence of the initial dye concentration showed that
increased concentration decelerated the photocatalytic
degradation rate. Also, applying the Langmuir-
Hinshelwood model showed that the intrinsic
photocatalysis reaction rate constants were 0.8286 and
0.2090 mg/L.min for the Ag.O@CRA heterojunction
photocatalyst and the PVDF/Ag.O@CRA photocatalytic
membranes,  respectively.  Also, the equilibrium
adsorption constants were 0.3245 and 0.2180 L/mg for the
Ag.O@CRA heterojunction photocatalyst and the
PVDF/Ag.0@CRA photocatalytic membranes,
respectively. The estimated manufacturing costs of the
Ag:0@CRA photocatalyst and PVDF/Ag:0O@CRA
photocatalytic membrane were $2.45/10 g and $78/m?,
respectively.
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