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Kinetics of photocatalytic degradation of organic
compounds: a mini-review and new approacht

Hai D. Tran, ©2 Dinh Quan Nguyen, © **¢ Phuong T. Do*® and Uyen N. P. Tran® *¢

Organic compounds are widespread pollutants in wastewater, causing significant risks for living organisms.
In terms of advanced oxidation processes, photocatalysis is known as an effective technology for the
oxidation and mineralization of numerous non-biodegradable organic contaminants. The underlying
mechanisms of photocatalytic degradation can be explored through kinetic studies. In previous works,
Langmuir—Hinshelwood and pseudo-first-order models were commonly applied to fit batch-mode
experimental data, revealing critical kinetic parameters. However, the application or combination
conditions of these models were inconsistent or ignored. This paper briefly reviews kinetic models and
various factors influencing the kinetics of photocatalytic degradation. In this review, kinetic models are
also systemized by a new approach to establish a general concept of a kinetic model for the
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photocatalytic degradation of organic compounds in an agueous solution.

Introduction

Studies on wastewater treatment have focussed on developing
sustainable and suitable technologies for removing organic
pollutants since many detected organic compounds interact
with biological systems, raising concerns about potential
human exposure and ecological health."* Today, there are
various methods for the degradation of organic compounds,
such as wet oxidation,® biological oxidation,* electrochemical
redox,” advanced oxidation processes (AOPs)® or combined
process.” AOPs, including photocatalysis, are considered high
efficiency for degrading organic compounds in water.®® By
generating reactive species, such as hydroxyl radicals ("OH),
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with an oxidation potential of 2.8 eV,'* AOPs are known as
strong oxidation processes with the complete mineralization
capability of organic pollutants.®

Recently, many studies on the photocatalytic oxidation process
focused on developing it by understanding its mechanisms and
kinetics. As in a principle of this route, hydroxyl radical "OH is
formed on a photo-excited catalyst's surface under appropriate
illumination, typically for UV radiation. Generally, a photocatalytic
mechanism for organic degradation using a metal oxide catalyst
(MO,) was described as a chain of reactions from (1) to (4)."*

Photo-excitation:

MO, 2 MO,e;, + MO, h’; (1)

Recombination:
MO, ez, + MO, hf, — MO, + heat (2)
Hydroxyl radical formation:
MO, h}, + H,O —» MO, + "OH + H* (3)
Degradation reaction:
‘OH+P — Q (4)

P is an organic compound, Q represents a product. e, is elec-
tron in the conduction band, hy;, is hole in the valence band.
As photocatalytic degradation (PCD) reactions occur at the
interfaces, most photocatalyzed oxidations in water involve ‘OH
radicals, considered the primary oxidizer to degrade organic
compounds.” However, the lifetime of “OH in water is only several
microseconds.” Therefore, organic compounds are majorly
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degraded at photo-excited catalyst surface where "“OH was carried.
Kinetic studies of PCD of organic compounds have been pre-
sented in the literature and provided specific evidence to under-
stand PCD mechanism and performance. This paper aims to
briefly review the kinetic models of PCD in progress, in which the
Langmuir-Hinshelwood and the pseudo-order kinetic models are
emphasized to analyze. In heterogeneous catalytic reactions, the
use of appropriate kinetic models is crucial. These two models are
reliable kinetic candidates for predicting mechanism and catalytic
performances, which has been the subject of previous extensive
analysis. This review also proposes a new approach to systemizing
the PCD kinetic models that contribute to optimizing and
implementing this wastewater treatment method.

The Langmuir—Hinshelwood model

Langmuir-Hinshelwood (L-H) mechanism was used for char-
acterizing solid catalytic reactions,"” which consists of four
steps: (1) adsorption of molecules on a catalytic surface, (2)
dissociation of adsorbed molecules, (3) reactions of dissociated
molecules to produce products, and (4) desorption of prod-
ucts.’ This model has been reported for the heterogeneous
catalytic degradation of organic wastewater.

According to step 1, the rate of adsorption and desorption
are expressed as eqn (5) and (6)."”

ra = ka(l — 6)Cp (5)
rq = kd0 (6)

where k, and k4 are an adsorption and desorption rate constant,
6 is a fraction of the coverage site, and Cp is a concentration of P
in a medium.
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At equilibrium, r, = rg, which results in eqn (7)."**

KCp

"= 1 kG @

ka . . R

where K = k—a is the adsorption equilibrium constant.
d

It is noted that organic molecule (P) is adsorbed before PCD.

Therefore, the degradation rate is proportional to 4 as eqn (8).*

kdeg K CP

Fdeg = kdegﬁ = 1 n KCP (8)

with kqee as the degradation constant.
According to the rate law of chemical reaction, the rate of P
degradation is also expressed as follows:

dc
Fdeg = _d—lp ©)

Combining (8) and (9), eqn (10) is obtained, which is known
as L-H kinetic model.*®
dC, ke KC
_ P _ deg P (10)
dr 1+ KGCp
To determine constants in eqn (10), this equation is inte-
grated from Cp = Cp at t = 0 to Cp at the interval time t:

1 Cp 1

——In—+4+-—(Cp — Gpy) = 11
FaK n Cos + kdeg( »— Cpyo) (11)
Or rearranging as (12).
—t _ 1 1 ln(Cp/Cp‘yo) (12)
CP - CP,O kdeg kdegK CP - C‘P,()
— In(Cp/C
Linear plot VS. n(Cr/Cro) generates as inter-

p— Cppo Cp — Cpy deg

1
as slope.”
kdegK

The L-H model is well-compatible with experimental kinetic
data for PCD in previous reports. Irani et al. studied PCD of
methylene blue with ZnO nanoparticles, finding that the L-H
model was better to fit the experimental data in comparison to
other models.”> The kinetic model for PCD of 2-chlorophenol
with TiO, corresponds to the L-H model with a high correlation
coefficient (R*> = 0.987).2* Shaik Basha et al. performed PCD of
amoxicillin using activated carbon-supported TiO, nanoparticles
as integrated photocatalytic adsorbents.>* They found that the
L-H model exhibited a better fit than first-order kinetics. Lin et al.
also indicated the critical application of the L-H model for
kinetic analysis of PCD of acid orange 7 using ordered meso-
porous TiO, supported on carbon fiber.”> However, the synergetic
effect can not be explored from the L-H model.

Some aspects are inadequate in applying the L-H model for
PCD.**?**” Accordingly, two following prominent notes are rec-
ommended to consider:

(i) The L-H model was established based on the Langmuir
adsorption mechanism, in which adsorption and desorption

cept and
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were considered. But the photocatalytic mechanism is beyond
that of L-H mechanism.*® If the rate of chemical reactions of
adsorbed molecules on the catalyst surface is speedy, the
assumed adsorption-desorption equilibrium in L-H mecha-
nism is violated.*®

(ii) In the L-H mechanism, the amount of active sites on
a solid surface is assumed to be unchanged, which is difficult
to accept for photocatalytic processes. The rate of PCD is ex-
pected to increase along with increasing photo-excited site
number, which is considered a function of radiation intensity
at the photocatalyst surface.?*** In the case of photocatalysis
performance in an aqueous solution, the concentration of
organic compound(s) decreases with prolonged PCD time,
assigning a contribution to the variation of light absorbance of
the solution.*"** Consequently, the photo-excited site number
varies vs. time, significantly concerning the colored organic
solution.

The pseudo-order kinetic model

To illustrate the kinetic mechanism for the degradation of an
organic pollutant in the solution, the pseudo-order model was
used to investigate the PCD rate. Overall, if there is the only
variation of organic pollutant's concentration vs. time, the rate
of PCD can be expressed as (13).
dGp
rp = —? = k,, CI’;
where n is reaction order, typically in the range 0 = n = 2.*°
(i) For n = 1. The integral form of (13) is a well-known
pseudo-first-order (PFO) kinetic model, as presented in eqn
(14).

(13)

Cp = Cpexp(—ki1) (14)

with k; as the first-order rate constant.
Eqn (14) can be rewritten to a linear form (15), revealing the

. . G
—k, value as the slope of a straight line of In —— vs. ¢.
P,0

Cr
In— =
IlC —kll

P.0

(15)

The PFO model was appropriate for fitting PCD data in some
previous works.**™** Peters et al. reported PCD of rhodamine B
using TiO, supported in ceramic.** This study demonstrated
that kinetic data obeyed the PFO model by fitting eqn (15) with
the contact time, revealing a high correlation coefficient (R> =
0.9923). Investigating PCD for ofloxacin using Mn-doped CuO
photocatalyst, Liu et al. showed that the PFO model exhibited
good compliance with experimental results (R*> = 0.9813).!
Another kinetic study by Gharbani et al. for PCD of methylene
blue using CdSe nanoparticles presented a good fit of experi-
mental result with the PFO model.** Also studying UV-assisted
photocatalytic degradation of methylene blue, Kumar and co-
workers recently investigated the PCD kinetics controlled
under three different manners (UV/TiO,, UV/H,0,, and UV/
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TiO,/H,0,) which followed an apparent PFO rate kinetics.*® For
tetracycline, the PFO model is also compatible with describing
the PCD kinetic on CuzP nanoparticles/hollow tubular carbon
nitride,* the photo-Fenton degradation on ultrathin porous g-
C,N,.4

The rate constant k; in eqn (14) depends on reaction
temperature and the chemical thermodynamic properties of
subtracts.***” However, several experimental parameters also
affected the k; value.*®**° Rytwo and Zelkind reported that
heterogenous and homogenous photocatalysis could effectively
degrade ofloxacin when they studied the evaluation of kinetic
pseudo-order in the TiO,-photocatalyzed degradation of oflox-
acin.** Mahmoud and co-workers proved the photocatalytic
degradation of methyl red dye by SiO, NPs doped with depos-
ited surface particles.”® The primary role of these particles
affected the photocatalytic efficiency of the SiO, NPs and,
consequently, changed the rate of methyl red degradation.

Generally, PCD rate depends on initial photocatalyst
concentration, photocatalytic particle size, initial subtracts
concentration, and light intensity. Therefore, modification of
the PFO model was recommended.

(if) For n # 1. Integrating eqn (13) yields a general expression
(16).

Ch — Chg' = kyn — Dyt (16)
1 . . .
If Cp = ECP,O’ it takes a half-life time (¢;,,)
2)1—1 -1
l—n (17)

tip = m PO

Eqn (17) reveals two cases: (i) ¢, decrease with increasing
Cp for n> 1, and (ii) ¢, increase with increasing Cp  for n < 1.
Rytwo and Zelkind* explored that the ¢, of PCD of ofloxacin
decreased with an increasing initial concentration of ofloxacin,
contracting to PCD of caffeine®* or phenol.*

Generally, the value of n is a real number.*® However, most
reports introduced n as an integer number without explana-
tions. For n = 2, the eqn (16) is rewritten as (18), known as
pseudo-second-order (PSO) kinetic, with a linear relationship

1
between — and t.
Cp

1 1

— — —— =t
G Goo

(18)
where k, is the second-order rate constant.

Only several reports have shown a well-suitable applica-
tion of the PSO model for the PCD to date.***® For example,
the calculation in the Ernawati group's report indicated that
experimental data from PCD of methylene blue on CaTiO;
photocatalyst exhibit good compliance with the PSO kinetic
model.>* The compliance with this model promoted chem-
ical sorption between adsorbent and adsorbate involving
valence forces through sharing or exchanging electrons,
bringing about a non-equilibrium of adsorption and
desorption.*®
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Reciprocity between the L—-H model
and pseudo-order kinetic model

. . . kdegl< . .
Considering eqn (10), if we set &y, = 11Ky this equation can
be rewritten as (19).

dC
_d_[p = kap Cp (19)

Eqn (19) is similar to (13) with n = 1. However, differing from
an unchangeability of k; value, k,, depends on time over
a relationship of Cp ~ t. Therefore, the L-H model and PFO
model can be considered uniform in the case:

(i) variation of Cp is a faint effect on k,,. At a low range of Cp,
the term of KCp < 1, and k,p, = kqepK = k; is a constant. The L-H
model is simplified to the PFO model in which substrate
concentration is less than 10> mol L.

(ii) The L-H model is applied for the initial stage of photo-
degradation. In this case, k,, depends on Cp, revealing the
relationship (20). A linear form of eqn (20) is expressed by (21)
and is commonly applied in numerous studies.?**%

kdezK
k= ——— 20
'S T KGon (20)

1 1 1
— Cry (21)

= — 4 —
kl kdegK kdeg

If KCp < 1 then 1 + KCp = KCp and eqn (10) becomes
dce

Cde
order model).** Moreover, there is no clear reciprocity prin-

ciple between the L-H model and another pseudo-order kinetic
model mentioned in the previous works.

= kyeg, which matches to (13) with n = 0 (pseudo-zero-

Effect of various factors on
photocatalytic degradation kinetics
Effect of light intensity

Several factors significantly affect the PCD of organic
compounds, including light intensity.®* The radiation intensity
is attenuated due to light absorption of suspension, accounting
for photocatalyst concentration, medium and contaminants
concentration.®® For d,/A < 0.1, the light absorption due to
particulate dispersions is described by extinction eqn (22).” For
each PCD experiment, the photocatalyst concentration in
suspension can be assumed to be unchanged, suggesting I as
a constant.

Is = [H107# (22)
where I, is the intensity of incident light, u is attenuation
coefficient, Cs is the concentration of particle in suspension.

Contaminants in solution may play a significant cause in the
attenuation of light intensity, especially for colored organic
compounds.® Ollis et al. estimated that 46% to 99% of UV light

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(254 nm) was absorbed in solophenyl green BE solution in
a range of concentration from 5 to 50 mg L™ '.°> In comparison
to the anion dye solution, UV light absorbance of several cation
dye solutions is higher.®® According to Beer-Lambert law, the
UV intensity at a catalyst surface relates to the concentration of
dissolved contaminants as eqn (23).%°
Ip = [)10#< (23)
Therefore, light intensity at photocatalyst in PCD is
expressed as (24).

I, = 10 HsCsmeCr (24)
And the total absorbance caused by particles and dissolved
contaminants is expressed as (25).
A= As+ Ap = psCs + upCp (25)
It notes that Cp in eqn (23) decreases with the increasing
contact time due to degradation, resulting in I, as a function
of time. In the case of the faint effect of organic compounds’
presence on the solution's light absorption, I, can be
considered a constant. An example of this case is a low range
of initial concentration of orange G (<40 ppm).>* Oppositely,
the dependence of rate constant and I, must be expressed.
Kinetic constant is proportional with I, at low light inten-
sity®*” and I3 at high light intensity.”*”> Generally, k o
1 373 in which 8 is named an exponential effect factor of light
intensity.

Effect of other factors

Effect of catalytic particle size. The smaller photocatalyst size
was more favorable photoactivity toward PCD because of
enhancing the number of active sites.” In the range from
58.2 nm to 150.2 nm of spherical CeO, particle size for the PCD
of rhodamine B, the experimental result obeys the PFO model
with &, relating to 1/d,.”” A similar trend was observed for the
PCD of methylene blue with TiO,.”*”” Xu et al. reported that the
PCD rate of methylene blue in suspended aqueous solution well
complied with the PFO model with modified %, as a function of
d,, expressed in (26) for d, from 12 nm to 49 pm.”

ky = —0.0641n d,, + 0.260 (26)

Effect of dissolved oxygen. Dissolved oxygen can adsorb onto
the photocatalyst surface and then trap electrons, preventing
the recombination of hole-electron pairs and positively
affecting PCD rate.>*** The non-competitive L-H model (eqn
(27)) is commonly adopted for the adsorption of dissolved
oxygen on the surface of TiO,.**”® Moreover, the non-
competitive adsorption between dissolved oxygen and organic
compounds was confirmed in the literature.”®”

KOz [02}

o — 2t
P T 1 Ko, O]

(27)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Effect of temperature. Generally, reaction temperature
slightly affects photocatalysis.®* With increasing temperature,
the adsorption capacity of photocatalysts increases, enhancing
the PCD rate of organic compounds.*® This finding is in line for
orange G in the range of 20-50 °C,* indigo carmine in the range
of 20-40 °C,** and rhodamine B in the range of 30-50 °C.** The
relationship between the rate constant of PCD and temperature
obeys the Arrhenius equation (eqn (28)). Unfortunately, the
recombination of hole-electron pairs is also improved at higher
temperatures.® Therefore, the suitable temperature for PCD of
organic compounds needs to be determined from the experi-
ment. As in an investigation by Chen and Hsu, the PCD rate of
methylene blue reaches maxima at 50 °C in a temperature range
from 0 to 70 °C.*

K(T) = ko exp( - RE:T) (28)

Effect of initial concentration of organic compound. Find-
ings from various reports for a dilute solution revealed that
PCD rate increases along with increasing Cp (.>****** The
recombination time of hole-electron pairs is very short (a few
nanoseconds),®* causing that photo-excited sites only react in
a very narrow area. Therefore, a high Cp, enhances the
collision probability between organic molecules and photo-
excited sites.®* This rule is accepted when Cp is less than
a critical concentration. Over this level, the light absorption
of organic compounds significantly contributes to the
attenuation of light intensity, resulting in a demotion of PCD
rate.>>*>8%8¢ Relationship (20) is typically applied to express
an inverse proportion of Cp, and rate constant according to
PFO model.

New approach for photocatalytic degradation kinetics

As above overview, various factors have been interested in
investigating the kinetic of PCD of organic compounds. It notes
that particle size, dissolved oxygen, and temperature are the
initial set-up conditions for each experiment and are not
changed over contact time. However, this is opposite to light
intensity, which depends on contaminants concentration.
Therefore, the light intensity may be a significant factor
affecting PCD kinetics.*

In suspension, not all the catalyst particles are photo-excited
due to stretching/preventing the light of other particles. The
total amount of talent sites, which can be photo-excited to
photoactive sites under radiation, is represented by an apparent
concentration [-]. The [-] is a function of photocatalyst prop-
erties, initial concentration of photocatalyst, and considered as
a constant for each experiment. Under illumination, a part of
talent sites is photo-excited to photoactive sites, expressed over
apparent concentration [*],. The [*], depends on light intensity
as an exponential function (29).

m — kglﬂ — kglge‘ﬂ}"scse‘ﬂ#l’CP

a

(29)
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The photoactive sites exist in a liquid solution with an
abundant amount of water, resulting in an immediate reaction
with water to form *OH. Therefore, [*OH], = [*],. After photo-
excitation, the mechanism of PCD is assumed over the
following elementary reactions:

Water separation:

ks

* + H,0O = *OH + H' (r1)
Adsorption:
P+*OH & P*OH (r2)
Desorption:
P*OH & P 1 *OH (r3)
Degradation reaction:
P*OH Q + * n-order reaction (r4)
Balance of photoactive sites:
[*OH] = [*]o — [P*OH] (30)
According to reaction rate law, it reveals expressions:
P*OH
% — k[*OH]Cy — kg[P*OH] — K[P*OH]"  (31)
_4C _  *OH|Cp — ka[P*OH] (32)

dr

Eqn (30) and ordinary differential eqn (31) and (32) reveal
a kinetic model for PCD with variations Cp and [P*OH] as
a function of time. The PCD can be distinguished into two
particular cases: (i) the rate of degradation reaction is signifi-
cantly faster than the adsorption rate, and (ii) vice versa.

The rate of degradation is significantly faster than the rate of
adsorption

In this case, all of P adsorbed onto *OH speedy change to
product Q. Therefore, [P*OH] is near zero, resulting [*OH] =
[*]o from (30) and eqn (32), can be rewritten:

dGp
—q; = KlhCr (33)
In combining with (29), eqn (34) is obtained.
dG
_d—[P — kakg[.]lge‘ﬂﬂscse‘ﬂﬂl’cl’ Cp = kltape‘ﬁ#PCP Cp (34)

where ky ap = kakg[ - Jl0e %
If Cp < 1, e *" is near 1. The simplified form (35) can be
obtained from (34).

(35)
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The eqn (35) for the PCD matches the PFO model.

Although the PFO model (eqn (35)) has been accepted for
describing the kinetic of PCD, it may be inaccurate in some
cases. Numerical solutions of eqn (34) (solid plots) and the PFO
model (discrete points) were figured out for varying Cp o, ip,
k1,ap, 6 and shown in Fig. 1 and S17. The difference between the
PFO and eqn (34) results is contributed by the light attenuation
due to the contaminant's absorbance, represented through the
term of e P,

The apparent rate constant (k;.p,) and exponential effect
factor of light intensity (8) barely affect the difference between
the PFO and eqn (34) model, as presented in Fig. S1.} However,
this difference is more significant with an increase in the
initial concentration (Cp ) and attenuation coefficient (up), as
presented in Fig. 1, in which the Cp, is more considerable
than. For small Cp 4 (<0.01 mol L") and pp (<2 L mol '), the
solid line of eqn (34) also matches the dash-dot line of the PFO
model, which proves the similarity of eqn (34) of the PCD with
the PFO model. It means the contaminant's light absorbance
is a faint contribution to the PCD kinetic. Similar comparison
works were also built to apply for PCD of various organic
compounds such as tetracycline,*® rhodamine B,** methylene
blue, and congo red.** At low Cp, good fits of the PFO to
experimental kinetic data presented for PCD of tetracycline
(Cp,o = 0.11 mmol L") on Fe-doping g-C;N,,*® rhodamine B
(Cpo = 0.01 mmol L") on TiO, supported porous ceramic.*
For PCD of methylene blue on flower-like titanium nano-
particle, the compatibility between the experimental result
and the PFO model was weaker with an increase in Cp,
through the reduction of R* value from 0.9953 down to 0.9664
corresponding to Cp, from 0.03 up to 0.22 mmol L™ "> Qu
et al. studied the PCD of methylene blue and congo red on
photocatalytic nanoparticles derived from marine clam
shells.® The R> values from fitting the PFO model with
experimental result were found to be 0.953 and 0.921 for
methylene blue at Cp o = 0.24 and 0.031 mmol L™, and 0.986
and 0.856 for congo red at Cp = 0.11 and 0.14 mmol L,
respectively. The weaker compatibility of the PFO model for
PCD of congo red compared to methylene blue at the lower
range of Cp o might be due to the stronger UV light absorption
of congo red.*"*>

The rate of degradation is very lower than the rate of
adsorption

Because of degradation reaction at a slow rate, adsorption-
desorption equilibrium of P on *OH can be achieved, resulting
d[P*OH]
dt
ranging of eqn (31).

= 0. Therefore, eqn (36) is obtained from the rear-

k,[*OH]Cp — k4[P*OH] = k,[P*OH]" (36)

Value of [*OH] can be calculated from eqn (30) and
substituted to (36).

ka([*lo — [P*OH])Cp — kq[P*OH] = k,[P*OH]" (37)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Difference between results from the PFO model (discrete points) and eqn (34) (solid plots) at varied parameters of (a) initial concentration

and (b) attenuation coefficient.

Manipulating (36) to (32), we obtain

_4G i pron)”

dr (38)

v If n = 0, PCD exhibits a pseudo-zero-order kinetic model.

dCp
—=k 39
& (39)
v If n = 1, the apparent concentration of P*OH can be ob-
tained from (37):

ka[*]y Cp
* — at 1o
[P*OH] = ka + ke + k. Cp (40)
And eqn (38) becomes:
7@ B krka[*]OCP 3 krkakg[.]lge‘ngSCSe‘ﬁﬂPCP Cp (a1)
dr  kg+hk+kCo kg + ke + k. Cp
Devising (41) through (kq + k):
kekakg[-[IePsSs o
7@ _ kd =+ kr e G . KAeﬂBMPCP Cp (42)
dr - 1+ ka C T + Kz Cp
ko +he
, kekaky -] 15 e PHsCs ka
thky = ——28L170% gndKe= —2
with K kitk P T katk
A minor case for Cp < 1, e 7" is near 1. Eqn (42) can be
simplified to (43).
dCp KA Cp
= 0 43
dr 1+ KgCp (43)

© 2023 The Author(s). Published by the Royal Society of Chemistry

Eqn (43) is uniform with the L-H model (10).

To evaluate the closeness of the L-H model and eqn (42), the
numerical solutions for these models were found and shown in
Fig. 2 for varying Cp o, p, and in Fig. S27 for varying K, Kz and
6. As presented in Fig. S2a and b,T the discrepancies between
the two models was maintained with increasing K, and K. It
indicates that the contaminant's light absorption cause an
unchanged difference between the two models. It notes that
Kg = ka = k represents the adsorption equilibrium. A

ka+k  kq

large Kg (k. >> kq) represents the irreversible adsorption
(chemical adsorption) and a small Kg (k, < kq) represents the
reversible adsorption (physical adsorption) of organic
compound on a photocatalyst surface. The result indicates that
both the L-H model and eqn (42) can be applied to all types of
adsorption. The variation of ¢ affects the match of the L-H
model and eqn (42) (Fig. S2ct) insignificantly.

Fig. 2a and b show more differences between the solutions of
the L-H model and eqn (42) in increasing Cp, and up. For small
Cpyo (<0.01 mol L") and up (<0.1 L mol "), the two models are in
better agreement. Study on PCD of metsulfuron-methyl on TiO,
photocatalyst, Kim et al. showed that the L-H model reduced in
compatibility with the experimental result through R* = 0.942 for
Cpo = 0.052 mmol L and R* = 0.905 for Cp, = 0.131 mmol L.
As this trend applied for PCD of dye Auramine O on ZnO photo-
catalyst, R* = 0.9594 for Cp = 0.13 mmol L' and R* = 0.5457 for
Cpo = 0.53 mmol L~".* The contribution of the contaminant's light
absorption to the L-H kinetic was discussed by Lilov et al*
However, this group did not investigate different Cp, values.
Alvarez-Ramirez et al. also concluded that the L-H model is inap-
propriate for describing the PCD kinetic in a high range of reactant
concentration.” In fact, it is rare for publications to show the
results of processing PCD kinetic data according to the L-H model.

v If n = 2, solve (37) to obtain [P*OH].

RSC Adv, 2023, 13, 16915-16925 | 16921
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~(kaCo + k) + 1/ (koo + ko)’ + 4k 4], Co

3k —
[P*OH] = T

(44)

Substituting (44) into (38) with n = 2 to get:

2
{ —(kaCo k) + 1/ (ki Co + k) + 4kakr[*]0Cp}
4k,

_dG _
dr

(45)

Approximating a square root for (45)° to achieve a simplified
equation:

Aok, [*], Co

2 E3 ~ _
V (kaCo + ko) + 4 H,Co = Koo+ Ko + 2(koCp + kq)

(46)

Therefore, eqn (45) becomes:

4G 1R ELG (RG(
dr 4k, | k. Cp + ky k,Cp + kq

Substituting (29) into (47) to obtain:

1 JB e—BusCs g —BupCr 2 ~Bup Cp 2

(4G [hlhersTe P Gl T [ el Cr (48)
dt kd/ka + Cp ' ku + Cp

k

where &, o = ki(kg[ Jloe ?%)* and ky = sy

A minor case for Cp < 1, e P#Cr ig nearﬁ?‘l and Cp < ky. Eqn

(49) is an approximate form of (48), known as the PSO model.

4G _ o

dt K

sz = k/2,ap sz (49)

The increase of rate constants k; ., and the decrease of ki led
to a faster decrease of C/Cp o as shown in Fig. S3a and b.{ But the

16922 | RSC Adv, 2023, 13, 16915-16925

difference between the results from the PSO model and eqn (48)
is almost independent of the variation of both k., vs. ky.
Notably, kg = ka/k, is related to the adsorption type. The
difference between the PSO model and eqn (48) is unchanged
with the variation of ky constant. As a result, both the PSO
model and eqn (48) can be applied for the physical and chem-
ical adsorption in the PCD process. Fig. S3ct) presents virial
discrepancies between the solutions for the eqn (48) at 8 = 0.5
and ¢ = 1. Through the discussion mentioned, it can be seen
that varying the values of § didnot have much effect on the
compatibility between the PSO and eqn (48).

The approximation of the PSO model to eqn (48) is signifi-
cantly unacceptable with a large Cp ¢ and up, as shown in Fig. 3.
This result suggests that the PSO model cannot be used to
describe the kinetics of PCD at a high solute concentration
(high Cp ) or the solute has good light absorption (high up). At
low Cp 4 (0.057, 0.086, and 0.115 mmol L"), the PCD kinetic of
congo red on NiS nanoparticles was well described according to
the PSO model with high R* (0.9986, 0.9982, and 0.9987).*” For
PCD of methyl orange on borohydride-reduced Fe reported by
Shahwan et al., the experimental kinetic data followed the PSO
model with R* = 0.9771 at Cp o = 0.03 mmol L' and R* = 0.9737
at Cpo = 0.3 mmol L.’

Overall, the kinetics of the PCD process for organic
compounds are affected by the absorbance of dissolved
contaminants through the exponential effect factor of light
intensity (8), attenuation coefficient (up), and concentration. At
low concentrations, the general equation for each case can be
simplified. The curves of C/Cp, vs. time from the simplified
model are always steeper than those from the general equations.
The discrepancies between the simplified models and general
equations barely change with variations of the apparent rate
constant and @, but become more significant with rising
concentration and up. Although evidence for the concentration's
effect on these discrepancies was demonstrated in the literature,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Photocatalytic degradation: dt
dC,

t

‘—> Rate of degradation << Rate of adsorption: —

Order of degradation reaction

dC
dtp =huCe

C -
dtP - k‘,ape "’“‘C’CP

k,[*OH|Cp —k,[P*OH] —k,[P*OH]"

-Z22 _j,[*OH] Cp —k,[P*OH]

dCp n
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dt

_dCp _K,e™%Cp
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Pseudo-second-order:

dt P\ ky +Cp

Fig. 4 Kinetic model flowchart of photocatalytic degradation in aqueous solution.

the effect of up on PCD kinetics has not been explored. The
summary of the obtained models is presented in Fig. 4.

Conclusions

The mechanism and characteristics of PCD can be explored
through kinetic studies. Common kinetic models of PCD were
reviewed, giving some limits and remarks for application in

© 2023 The Author(s). Published by the Royal Society of Chemistry

different experimental conditions. The effects of various factors
on PCD kinetic, such as catalytic particle size, dissolved oxygen,
temperature, initial concentration, and light intensity, are also
discussed. Based on previous reports, elementary reactions in
the PCD process are proposed, including the effect of light
intensity. It found that the kinetic models of PCD are in ordi-
nary differential equations. In low concentrations of

RSC Adv, 2023, 13, 16915-16925 | 16923
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contaminants, simplified kinetic modes are a good match to the
L-H and pseudo-order kinetic models.
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