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Abstract

This research paper presents the results of an experimental investigation of the degradation of three different contaminants
including progesterone (PGS), ibuprofen (IBU), and naproxen (NAP) using ZnO as the photocatalyst and ultraviolet (UV) light
as a source for catalysts activation. Two operating parameters, namely, catalyst loading and initial concentration of contaminants,
were tested in a batch photocatalytic reactor. To demonstrate the large-scale applications, experiments were also conducted in a
submerged membrane photocatalytic reactor. It has proven that ZnO photocatalyst degraded the three contaminants very effi-
ciently under almost all the studied experimental conditions, with efficiency rates of 92.3, 94.5, and 98.7 % for PSG, IBU, and
NAP, respectively. The photodegradation kinetics study was performed to calculate the reaction rate constant, which is found to
follow pseudo-first order kinetics. The membrane photocatalytic reactor was efficient to remove pollutants and it is observed that
the degradation rate increases with increasing the membrane oscillation frequency approaching that of the stirred reactor.

Keywords Photocatalytic batch reactor - ZnO - Photocatalytic degradation - Progesterone - Ibuprofen - Naproxen - Oscillatory

membrane reactor

Introduction

The release of micro-pollutants such as hormones, pesticides,
pharmaceutically active compounds, and personal care prod-
ucts to the environment has been a growing concern that
attracted much attention from the public and the scientific
community due to their adverse impact on human health,
plants, soil, and aquatic systems. Many studies showed that
their toxicological effects persist even at low concentrations of
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nano- to micrograms per liter and becomes further complicated
by their presence as a mixture (Nigam et al. 2001; Wang et al.
2015). These compounds can be either synthetic or natural
chemicals that generally include a class of chemical contami-
nants found in prescription medicines, over-the-counter thera-
peutic drugs, cosmetics, plastic additives, and other industrial
products (Daughton and Ternes 1999; Mestre et al. 2007). The
rapid increase in population together with the growth of urban-
ization and industrialization increases the demand for the pro-
duction and consumption of such products and subsequently
raises their levels in water sources due to improper disposal
and treatment of municipal and industrial effluents (Rudd et al.
2016). Several research studies have confirmed the presence of
pharmaceuticals and hormones in various aquatic systems
such as rivers, lakes, groundwater, sewage treatment plant
(STP) effluents, and consequently in drinking water (Bortey-
Sam et al. 2015; Hanna-Attisha et al. 2015).

Among the micro-pollutants that have been identified as an
ongoing issue in many water quality studies are endocrine-
disrupting compounds (EDCs) as well as pharmaceutical prod-
ucts such as ibuprofen and naproxen (Han et al. 2012; Liu et al.
2013; Ohko et al. 2002). It has been shown that EDCs, such as
estrone, (E1), 17p-estradiol (E2), estriol (E3), 17«-
ethinylestradiol (EE2), and progesterone (PGS) can interfere
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with the normal functioning of the endocrine system resulting in
adverse effects on human health that include reproductive and
sexual abnormalities, decline in sperm count, neurological dis-
orders, and increased incidents of testicular, prostate, ovarian,
and breast cancer (Brody and Rudel 2003; Carlsen et al. 1992;
Kavlock et al. 1996). Although many environmental studies
have focused on the impact and treatment of streams polluted
with estrogens, less research is done on other steroids such as
progesterone, which has been detected recently in many rivers
and agricultural watershed worldwide (Lin et al. 2008;
Manickum and John 2014). Similarly, the release of pharmaceu-
tical products such as ibuprofen (IBU) and naproxen (NAP) and
their byproducts to the environment is of an equivalent concern
to the health of mankind and the aquatic life. These compounds
belong to the non-steroidal anti-inflammatory drugs (NSAIDs)
characterized by the carboxylic aryl acid moiety that provides
their acidic properties (Georgaki et al. 2014). Toxicity studies
confirmed the potential health risk to human due to long-term
exposure of such compounds that could include kidney failure
and stomach injuries (Hu et al. 2013). Both IBU and NAP have
been detected in hospital wastewater (Kiimmerer 2001), sewage
treatment plants effluents (Carballa et al. 2004), soil (Scheytt
et al. 2006), and seawater (Loli¢ et al. 2015).

The fact that the such “emerging contaminants” are being
detected in the environment with rising concentrations clearly
indicates that current conventional wastewater treatment tech-
niques such as biodegradation (Joss et al. 2006), coagulation
(Boyd et al. 2003), sedimentation, and filtration (Matamoros
et al. 2009) are ineffective in removing them from discharged
effluents. Furthermore, and beside their high energy demand,
these methods can also result in the production of toxic sludge
(Eccles 1999). Therefore, there is an essential need to develop
advanced techniques for the removal of these compounds from
water sources and aquatic systems. Among the proposed ad-
vanced treatment systems which have better removal efficiency
and less waste byproducts are those based on adsorption, mem-
brane filtration, electrodialysis, and photodegradation (Barakat
2011). The latter, either applied alone or in presence of catalyst
(photocatalysis), is considered to be a very promising advanced
oxidation technique owing to its high efficiency, low operating
and energy costs, and ease of handling (Han et al. 2012; Mai
et al. 2008; Ollis et al. 1991).

Photocatalysis involves the presence of intermediate semi-
conductor catalysts that absorb light photons of sufficient en-
ergy, greater than or equal to the band gap energy of the semi-
conductor (hv>Eg) which results in the production of elec-
trons (eq, ) and holes (he,") in the conduction and valence
bands as electron-hole pairs (Georgaki et al. 2014). Provided
that recombination does not occur, electrons and holes that
migrate to the semiconductor surface can produce hydroxyl
and superoxide radicals that react with and transform organic
molecules causing their degradation (Ghaedi et al. 2007; Han
et al. 2012; Mai et al. 2008).

Although several semiconductors, such as ZnO, TiO,,
Fe,05, and ZnS, were investigated for the degradation of sev-
eral organic pollutants, TiO, and ZnO are the most extensively
studied photocatalyst in recent years. This is mainly due to
their non-toxicity, flat band structure (3.35 eV approx.), spec-
tral overlap with sunlight emission (about 5%), low cost, bio-
logical and chemical stability, and easy applicability in ambi-
ent and harsh conditions (Dong et al. 2015; Martinez et al.
2011). Recently, however, ZnO was reported to have a supe-
rior advantage over TiO, as demonstrated by a comparative
study of photocatalytic degradation of estrone in water done
by J. Han et al (Han et al. 2012). They found that ZnO exhib-
ited markedly high UV absorbance than P25 TiO, (benchmark
photocatalyst, Aeroxide® TiO, P25 (P25TiO,)) within the
wavelength range of 320-385 nm as measured by diffuse
reflectance spectroscopy. Moreover, their experimental results
showed that ZnO enabled a 2.05-3.0 times higher degradation
rate of estrone in water than P25 TiO, under artificial UVA
irradiation. The authors attributed that to the unique open
structure of ZnO which provides many positively charged
sites for scavenging photo-generated electrons, therefore
preventing their recombination with the holes and facilitate
the redox reactions.

In this contribution, the photocatalytic degradation of PGS,
IBU, and NAP using ZnO as a photocatalyst is investigated in
a batch stirred reactor. To demonstrate the large-scale feasibil-
ity of applying the techniques for contaminant degradation,
experiments were also conducted in a submerged membrane
photocatalytic reactor. The latter is based on using a mem-
brane to confine the photocatalyst within the treatment unit
therefore achieving the advantages of suspended catalyst high
interfacial area while eliminating the need for a catalyst recov-
ery step. The studies involved the effect of the operating pa-
rameters on the degradation efficiency including catalyst load-
ing and initial contaminant concentrations.

Experimental
Experimental protocol

Stock solutions of PGS, IBU, and NAP were prepared by
adding 1 g of each into 1 L of methanol and stirring until
complete dissolution then storing at — 5 °C for later use. The
diluted solutions of micro-pollutants were prepared by adding
the appropriated aliquot of the stock solution to 100 mL of
deionized water to prepare (20, 40, and 80 ppm) diluted solu-
tions. Prior to conducting the photocatalytic degradation tests,
adsorption of PGS, IBU, and NAP on the catalyst (ZnO) was
evaluated. In order to do so, all tests were started by adding the
catalyst required amount to the diluted micro-pollutant solu-
tions and stirring in darkness for 30 min to ensure adsorption
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equilibrium was achieved. All experiments were done at nat-
ural unmodified pH.

The batch stirred experiments were conducted in the reac-
tor setup shown in Fig. 1. It consisted of a shielded 100-mL
glass reactor (Pyrex) placed on top of a magnetic stirrer/heater
to provide the necessary mixing to maintain a uniform catalyst
suspension for the reaction. The UV lamp was placed hori-
zontally above the reactor surface and was secured using
fasteners.

The membrane reactor photocatalytic degradation experi-
ments were conducted in the submerged membrane photocat-
alytic reactor shown in Fig. 2. It consisted of a rectangular cell
charged with the continuous phase and an oscillatory 0.2-pm
hydrophilic PVDF membrane (Microdyn Nadir GmbH)
housed in a flat surface. The oscillatory motion provided both
mixing for the catalyst suspension as well as surface shear to
minimize catalyst deposition on the membrane surface. The
UV lamp was placed in front of a quartz window located along
the reactor side. A tubular arrangement was used to connect
the membrane housing to a peristaltic vacuum pump driven by
a variable speed motor to provide the necessary driving force
for the permeate flow. The latter was measured by a McMillan
flowmeter (McMillan company, model number S112) before
circulating back to the reactor and was used to determine the
membrane flux J. The transmembrane pressure (TMP) was
maintained at 30 kPa by controlling the pump flow rate.
Before each experiment, the UV lamp was warmed up for
15 min, then the reactor vessel was exposed to the warmed
up lamp. The irradiation time was set at 120 min, during
which multiple samples were taken at specified time intervals
using a syringe filter to separate the ZnO particles from the
samples before analysis.

Result and discussion
Photodegradation mechanism and pathway
The mechanism of photocatalysis of contaminants using ZnO

photocatalyst in presence of UVA irradiation is shown in
Fig. 3 and the associated equations (Shinde et al. 2011):

Fig. 1 Batch stirred experimental apparatus. (1) Magnetic stirrer, (2)
100 mL pyrex reactor, and (3) UV lamp

@ Springer
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Fig. 2 Oscillatory membrane photocatalytic reactor
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Previous studies of the different component degradation and
reaction pathways under UV light irradiation showed that inter-
mediate products are formed before near mineralization is
achieved. For example, three main intermediate products have
been identified to form during naproxen UV irradiation. These
include 1-ethyl-6-methoxynaphthalene, 6-methoxy-2-1-ol-
naphylethan, or 2-acetyl-6-methoxynaphthalene (Bosca et al.
1990; Consuelo Jiménez et al. 1997). Similarly, the investigation
of ibuprofen UV degradation showed the formation of substitut-
ed phenolic compounds and aromatic carboxylic acids including
1-(4-isobutyl-phenyl)-ethanol and hydroxyl-ibuprofen (Jallouli
et al. 2018; Lathasree et al. 2004). For the degradation of pro-
gesterone under direct and assisted UV exposure, the formation
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Fig. 3 The mechanism of photocatalysis of contaminants using ZnO
photocatalyst in presence of UVA irradiation
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of intermediate products such as 4-hydroxyl butanoic acid, ac-
etaldehyde, oxalic, and methanoic acids has been reported
(Ifelebuegu et al. 2016; M¢ité et al. 2016).

The effect of pH Since component decomposition takes place
on the photocatalyst surface, the degradation process is
strongly influenced by the component adsorption to the cata-
lyst surface. The latter varies depending on the solution pH,
the catalyst point of zero charge (PZC), and the component
molecular structure. The interaction of a photocatalyst with
cationic compounds would be favored at pH greater than the
photocatalyst PZC, while anionic compounds would interact
more favorably at pH less than the catalyst PZC. Since the
PZC of ZnO is ~9.07, its surface is negatively charged above
pH ~9. This would tend to have repulsive interactions of
compounds such as naproxen and ibuprofen due to the depro-
tonation of both components at high pH (pKa ~4.2 and ~4.9
of naproxen and ibuprofen, respectively). For progesterone on
the other hand, and since it is neutral, its adsorption will un-
likely be affected by the change in pH. In view of the above,
all experiments were done at neutral unmodified pH.

Batch stirred photocatalytic degradation

The effect of micro-pollutant initial concentration and catalyst
loading was studied and discussed as the main parameters in
heterogeneous photocatalysis. The photodegradation efficien-
cy was calculated using the following equation:

Co—

where, ¢, and ¢ are the contaminant concentrations at initial
time and time (), respectively (mg/L). As can be seen from
Fig. 4a—c, ZnO photocatalyst degraded the three contaminants
very efficiently under almost all the studied experimental con-
ditions with the efficiency rates of 92.3, 94.5, and 98.7 % for
PSG, IBU, and NAP, respectively.

Effect of contaminant initial concentration

Figure 5a—c represents the concentration removal-time pro-
files of each contaminant as a function of initial concentra-
tion at a catalyst loading of 1 g/L ZnO. As shown in Fig.
Sa—c, the photocatalytic degradation rate increases with in-
creasing the initial contaminant concentration, which agrees
with the results observed by previous investigators (Han
et al. 2012).

Effect of catalyst loading

The effect of catalyst loading is an important factor in hetero-
geneous photocatalysis process. The concentration removal-
time profiles of each contaminant as a function of catalyst
loading at 2 g/L of contaminant initial concentration are pre-
sented in Fig. 6a—c. The results are in good agreement with
previously published studies (Georgaki et al. 2014; Han et al.
2012). The photodegradation efficiency increases with in-
creasing the catalyst loading due to the increase in the active
sites in contact with the target contaminant. However, above
the catalyst loading of ~1-1.5 g/L, the efficiency decreases

c
Photodegradation efficiency = [—] x 100% 1 ; o
g Y c (M) due to several factors. These include a reduction in light
Fig. 4 Photodegradation (a 100 (b) 100
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contaminants. a Progesterone, b 80 80
ibuprofen, and ¢ naproxen 5: 70 32 70
,g 60 _‘9‘ 60
5 50 5 50 # 100 mg Zn0
S 40 ¥ 100 mg ZnO S 20
) ) ¥ 150 mg Zn0
a 30 1200 mg Zn0 3 30
2 2 1 200 mg ZnO
10 10
1} 0
20 40 80 20 40 80
Inital Concentration PGS (mg/L) Inital Concentration IBU (mg/L)

() 120
100
80
60

Degradation %

40

20

¥ 50 mgZn0
¥ 100 mgZn0

20 40

80
Inital Concentration NAP (mg/L)

@ Springer



5376

Environ Sci Pollut Res (2019) 26:5372-5380

Fig. 5 Effect of initial
concentration of contaminants on
the photocatalytic degradation at
1 g/L ZnO catalyst loading. a
Progesterone, b ibuprofen, and ¢
naproxen

20 mg/L PGS, 100mg Zn0
40 mg/L PGS, 100mg ZnO
4 80 mg/L PGS, 100mg ZnO

60 80 100 120
Time (min)

1.20 (b)

20 mg/L 18U, 100mg ZnO
40 mg/L 1BU, 100mg ZnO

A 80 mg/L 1BU, 100mg ZnO

0.00

Time (min)

120

1.00

410 mg/L NAP, 100mg ZnO
20 mg/L NAP, 100mg ZnO
40 mg/L NAP, 100mg ZnO

000 *
o 50 100 150 200
Time (min)
transmission due to higher turbidity, increased light scattering, de kK K,c
reduction in the surface area available for the light to promote "7 = 7 17k K. (2)
al

the generation of h+/e— pairs due to particle agglomeration,

and surface deactivation caused by particle collisions

(Georgaki et al. 2014).

Reaction kinetics

in which &'is the rate constant, K, the adsorption constant of the

reactant on the photocatalyst, c the reactant concentration, and ¢
the time. At low concentration, Eq. (1) can be integrated as

1n(ﬁ) — K Kot =kt (3)

c

The kinetics of photocatalytic degradation of organic dyes

usually follows the Langmuir-Hinshelwood mechanism

(Rahman et al. 2013):

Fig. 6 Effect of catalyst loading
on the photocatalytic degradation
of contaminants at 20 mg/L initial
concentration. a Progesterone, b
ibuprofen, and ¢ naproxen
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where ¢, is the initial concentration of the reactant and k= kK,

is the apparent rate constant given by the slope of the graph of

(a)
12

10

# 20 mg/L PGS, 100 mgZnO

M 20 mg/L PGS, 200 mgZnO

150
Time (min)

12 4 20 mg/L 1BU, 100 mgZnO
B 20 mg/L 1BU, 150 mgZnO

4 20 mg/L 1BU, 200 mgZnO

Time (min)

(c)

# 20 mg/L NAP, 100 mgZnO
= 20 mg/L NAP, SOmgZnO

100 150 200

Time (min)




Environ Sci Pollut Res (2019) 26:5372-5380

5377

In (c,/c) versus t. The linear relations shown in Fig. 7d for the
different components are in agreement with the Langmuir-
Hinshelwood behavior model for describing the reaction kinet-
ics and can be used to estimate the rate constant.

Figure 7b—d shows the change in k of the different compo-
nents with the initial concentration. The results are also summa-
rized in Table 1 for all the investigated experimental conditions.
It can be seen that naproxen have the highest rate constant com-
pared to progesterone and ibuprofen. Furthermore, the R values
confirm that the reaction followed a pseudo-first-order kinetics
with an increase in & with increasing the initial concentration for
the range of experimental conditions used in this study.

It must be pointed however that such trend may not necessar-
ily extend to higher concentration values since more available
surface contact would be required between the targeted com-
pounds and catalyst surface at elevated concentrations (Han
et al. 2012; Xiang et al. 2016). As a result, the contaminants
could occupy all the active sites on the catalyst surface which
would lead to zero-order kinetics (Pouretedal et al. 2009). The
fact that a pseudo-first-order kinetics was observed in this study
indicates that the initial concentrations used were below the crit-
ical values which would have led to zero-order kinetics.

Component degradation in membrane photocatalytic
reactor

The experimental measurements of the photocatalytic degrada-
tion of NAP, IBU, and PGS in an oscillatory membrane reactor
are shown in Fig. 8 together with data from our previous studies
of photocatalytic degradation of methylene blue dye contami-
nant (MEB) using the same experimental conditions and setup
(Neppolian et al. 2002; Zhang et al. 2017). The experiments

Table1 Pscudo-first-order model rate constant at different ZnO loading

Initial concentration (mg/L) k (min™!) R?

Progesterone with 1 g/L ZnO catalyst loading

20 0.065 0.998

40 0.075 0.960

80 0.093 0.994
Progesterone with 2 g/L. ZnO catalyst loading

20 0.0391 0.986

40 0.039 0.980

80 0.059 0.967
Ibuprofen with 1 g/L ZnO catalyst loading

20 0.0152 0.984

40 0.0230 0.982

80 0.0279 0.846
Ibuprofen with 2 g/ ZnO catalyst loading

20 0.0098 0.909

40 0.0120 0.962

80 0.0143 0.932
Naproxen with 0.5 g/L ZnO catalyst loading

10 0.0413 0.961

20 0.0761 0.997

40 0.112 0.987
Naproxen with 1 g/L ZnO catalyst loading

10 0.062 0.996

20 0.111 0.994

40 0.167 0.867

were conducted for a component initial concentration of
100 mg/L and catalyst loading of 1 g/L.. The plot is presented
in terms of the effect of the oscillation on the dimensionless
degradation factor £ defined as

Fig. 7 Degradation kinetics of (a) 0.12 ® o003
contaminants. a Progesterone, b A
: & 0.1 y=0017x0408 . 0.025 y=0.0073x2%6 ..
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(C/C,) vs time (min) 0.08 e A y = 0.0119x9-3581 0.02
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0.16 y=00256:04728 - © 50 100 150 200
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0 10 20 30 40 50 : R?=0.994 R?=0.9918
Co (mg/L) 3.5 ) .
4Zn0O50mg ©ZnO 100 mg Time (min)

@ Springer



Environ Sci Pollut Res (2019) 26:5372-5380

5378
@IBU ¢PGS ANAP mMEB [38] @Flux
1.30 80.0
[ Amplitude a= 6mm
110 |
1 60.0
< T
‘; 0.90 5
= 1 400 =
< x
S 070 3
g ™
41 20.0
0.50
0.30 . . i : L 0.0
0 2 4 6 8 10 12

Frequency (Hz)

Fig. 8 Contaminant degradation in a submerged oscillatory membrane
photocatalytic reactor

&= (4)

in which k., and kg are the component rate constants in the
membrane and stirred reactors, respectively. The choice of the
above ratio as a degradation factor is based on the assumption
that the degradation rate in the stirred reactor would represent
the maximum achievable rate under the specified experimental
condition. This may be justified based on several factors. First
is the higher energy dissipation per unit volume in the stirred
reactor arrangement which results in efficient catalyst suspen-
sion and maximizes the catalyst-reactant interfacial area and
consequently the reaction rates. Second is the near-full utiliza-
tion of the catalyst load compared to the membrane reactor
where catalyst unavailability occurs due to both sedimentation
and membrane pore entrapments. Third is the the closer prox-
imity of the UV light to the reaction medium and absence of
barriers in the stirred reactor, which provides higher photonic
energy per unit reactor volume. As can be seen, the data shown
in the plot supports the above assumptions where the degrada-
tion rate in the membrane reactor is low at low oscillation
intensities and increases with increasing the membrane oscilla-
tion frequency approaching that of the stirred reactor. Such an
effect could not be attributed to mass transfer enhancement
since the latter typically does not limit the rate of heterogeneous
catalysis involving slurries of fine catalyst particles due to the
very small diffusion length scale. Accordingly, the other most
probable explanation for such observation would be related to
the increase of the catalyst concentration fraction in suspension
due to the decrease in both catalyst sedimentation as well as the
deposited catalyst layer on the membrane surface. The latter is
further supported by the observed increase in the membrane
flux (as shown in Fig. 8), which increases with increasing the
oscillation intensity indicating lower catalyst deposition on the
membrane surface. Such dual augmenting effect on both per-
meate flux and the photocatalytic reaction rate would result in
enhancing the overall process productivity.

@ Springer

Conclusions

In this study, the photodegradation of three pharmaceutical
contaminants, progesterone (PGS), ibuprofen (IBU), and
naproxen (NAP) in water, was studied be means of artificial
UVA. Several experimental parameters, such as initial con-
taminant concentration and catalyst loading, were investigat-
ed. The results of the investigation showed that ZnO
photocatalyst is highly efficient photocatalyst with
photodegradation efficiency of up to 92.3, 94.5, and 98.7 %
for PSG, IBU, and NAP after 120 min of UVA irradiation,
respectively. The photodegradation kinetics followed a
pseudo-first-order kinetics model with satisfactory regression
coefficient. Moreover, it was found that the rate constant in-
creases with increasing the initial contaminant concentration
and decrease with increasing catalyst loading above an opti-
mal value. By comparing the rate constant of the three con-
taminants, the NAP photocatalytic degradation was found to
be overall faster than the two other remaining contaminants.
This indicates that NAP is highly reactive under UVA irradi-
ation. Finally, and based on results of the component degra-
dation in a membrane photocatalytic reactor, it is concluded
that the photocatalysis of pharmaceutical compounds may be
considered as a promising advanced process for wastewater
treatment applications.
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