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Abstract: Nadolol (NAD), one of the representatives of B-blockers, is used to treat cardiovascular diseases
such as angina and hypertension. Due to its frequent use, it has been detected in hospital wastewater from
which it is not removed efficiently enough, so it reaches natural waters. The lack of a satisfactorily efficient
method for removing NAD from wastewater has created a need to find a more efficient way for its removal.
This paper aims to investigate the efficiency of photocatalytic degradation of NAD by two TiO,-C nano-
composites with different carbon content (9 and 20 wt%) under UV radiation. The applied nanocomposites,
synthesized by the sol-gel hydrothermal method, showed significant efficiency in removing NAD compared
to direct photolysis. Also, the reaction rate constant, according to which the decomposition of NAD in the
presence of TiO,-C takes place in the pseudo-first order, was calculated. The degradation of NAD was
monitored by HPLC—PDA technique.
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1. INTRODUCTION

Pharmaceuticals are organic compounds syn-
thesized to be resistant to typical biotransformation
mechanisms in order to prolong their existence in
the organism. This means that they are highly stable
compounds, and municipal sewage treatment plants
cannot entirely eliminate them. Since the treatment
process is inefficient, effluent waters are a significant
source of pharmaceuticals in the environment [1].

B-blockers are representatives of cardiovascu-
lar pharmaceuticals used for the treatment of abnor-
mal heart rhythms, high blood pressure, and angina
pectoris [2]. Their presence in the aquatic environ-
ment has been confirmed, leading to questions about
decomposition, potentially harmful effects on aquatic
organisms, and accumulation in the food chain [3]. Na-
dolol ((2R,3S)-5-[3-(tert-butylamino)-2-hydroxyprop-

oxy]-1,2,3,4-tetrahydronaphthalene-2,3-diol, NAD) is
widely used B-blocker which is partially metabolized
in the body. About 24.6% was found to be excreted by
urine [4]. Precisely because of this, it was not surprising
that it was detected in effluent and influent wastewater
at concentrations of 23.3 to 167 ng/dm? [3]. This proves
that conventional processes are insufficiently effective
for its removal, so alternatives are considered.

Advanced oxidation processes (AOPs) have
attracted significant interest in the field of wastewa-
ter remediation because of their superior removal ca-
pability and quick reaction times. AOPs refer to pro-
cesses relying on highly reactive free radicals with
high oxidative power. Free radicals have the ability
to degrade organic pollutants found in aqueous me-
dia, and some AOPs in which they can be formed are
ozonation, Fenton oxidation, photocatalysis, ultra-
sound irradiation, etc. [5].
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Organic contaminants may be efficiently decom-
posed into less hazardous chemicals via photocatalytic
degradation. Nanopowder TiO,, one of the most signif-
icant photocatalytic materials, offers many benefits, in-
cluding excellent chemical stability, high photocatalytic
activity, non-toxicity, low cost, and reusability [6]. TiO,
is an n-type semiconductor with a band gap ranging
from 3.0 to 3.2 eV, which means that UV irradiation is
suitable for its activation as photocatalyst. When UV
irradiation induces the formation of reactive species on
the surface of the TiO,, such as *OH radical, the photo-
catalytic transformation of a pollutant occurs. Although
TiO, is already effective in removing organic pollut-
ants, researchers are still trying to improve its catalytic
activity. Doping TiO, with non-metallic components,
such as nitrogen, carbon, sulfur, and others, is one tech-
nique [7]. Carbon materials with distinctive structure
and morphology, high surface areas, and strong con-
ductivity, such as carbon nanotubes, activated carbon,
graphene, and carbon black (C), are leading candidates
as photocatalyst support. Among the above-mentioned,
carbon black is more easily accessible and less expen-
sive than other carbon compounds, giving it an advan-
tage as a doping material [8].

This paper investigated the efficiency of pho-
tocatalytic degradation of NAD by two TiO,-C nano-
composites with additional carbon content (9 and 20
wt%) under UV radiation. The applied nanocompos-
ites, synthesized by the sol-gel hydrothermal meth-
od, showed significant efficiency in removing NAD
compared to direct photolysis. Also, the reaction rate
constant, according to which the decomposition of
NAD in the presence of TiO,-C takes place in the
pseudo-first order, was calculated. The degradation
of NAD was monitored by HPLC—PDA technique.

2. MATERIALS AND METHODS
2.1. Materials
NAD (C_H, NO,, M = 309.4, >99% purity)

was purchasedl}rozgn Sigma—Aldrich and was used
without additional purification. The standard solu-
tions of NAD (0.05 mmol/dm®) were made using ul-
trapure water (UPW, pH = 6.56, k = 0.055 pS/cm).
The solutions were stored in a dark, light-free envi-
ronment at a temperature of 4 °C. Chemicals, such as
99.9% acetonitrile (ACN, C,H,NO, Sigma-Aldrich,
pro analysis) and 85% orthophosphoric acid (H,PO,,
Lachema, Neratovice, Czech Republic, pro analysis),

that were employed as mobile phase components for
liquid chromatography, were also used without pu-
rification. TiO, nanoparticles with different amounts
of carbon black were synthesized using the sol—gel
hydrothermal method [9]. TiO,-C9 and TiO,-C20 re-
fer to samples of TiO, containing 9 and 20 weight
percent of carbon black, respectively.

2.2. Degradation procedures

A Pyrex glass cell with a plain window on
which the light beam was focused (total volume of
ca. 40 cm®) was used for photocatalytic degradation
of NAD. Experiments were performed using 20 cm?
of 0.05 mmol/dm* NAD containing 1.0 mg/cm’ of
TiO,-C9 or TiO,-C20. Before irradiation, the reac-
tion mixture was sonicated for 15 min in the dark
to establish adsorption/desorption equilibrium. Also,
before irradiation, the reaction mixture was thermo-
stated at 25 °C using water circulating jacket in a
stream of O, (3.0 cm*/min). During all experiments,
the solution was stirred using a magnetic stirring bar
under continuous gas flow. A high-pressure mercu-
ry lamp (125 W, Philips, HPL-N, emission bands
at 290, 293, 296, 304, 314, 335, and 366 nm, with
maximum emission at 366 nm) was used as the UV
radiation source.

2.3. Analytical procedures

Aliquots of 0.50 cm® were taken from the reac-
tion mixture at the beginning of the experiment and at
regular time intervals to monitor the kinetics of NAD
removal with High Performance Liquid Chromatog-
raphy with Diode Array Detection (HPLC—PDA, Shi-
madzu) equipped with an Eclipse XDB—C18 column
(150 mm x 4.6 mm i.d., particle size 5 um, 30 °C). The
reaction mixture’s highest volume variation due to ali-
quot sampling was ca. 10%. The solutions were filtered
through Millipore (Millex-GV, 0.22 um) membrane
filters. The absence of NAD adsorption on the filters
was initially examined. Afterward, a 20 uL. sample was
injected and analyzed using a HPLC-PDA. The UV/vis
PDA detector was set at 210 nm (suitable NAD adsorp-
tion wavelength). The gradient method of analysis was
utilized in HPLC-PDA. The mobile phase (flow rate
0.7 cm?/min) was a mixture of ACN and water (0 min
15% ACN, which increased to 25% ACN for 6 min,
after which 30% ACN was constant for the next 2 min;
post time 1 min), the water being acidified with 0.1%
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H,PO,. The reproducibility of repeated runs was around
3—10%. The retention time for NAD was 5.2 + 0.1 min.
A combination of glass electrode (pH-Electrode SenTix
20, WTW) connected to a pH meter (pH/Cond 3401,
WTW) was used to measure the pH.

3. REZULTS AND DISCUSION

The heterogeneous photocatalytic degradation
of NAD in water was investigated in the presence of
two photocatalysts, TiO,-C9 and TiO,-C20, under UV
irradiation. First, in order to determine the contribu-
tion of UV radiation to the degradation of NAD, the
efficiency of direct photolysis for NAD under UV irra-
diations was examined. Using UV radiation, only
4.7% of NAD was degraded after 120 min of irradia-
tion which means that direct photolysis using UV ra-
diation wasn’t efficient for the removal of NAD from
water (Figure 1a). Although the adsorption spectrum
of the NAD and the spectrum of the UV radiation
source overlap to a certain degree, it is not enough for
the efficient degradation of NAD. Further, the effec-
tiveness of TiO,-C9 and TiO,-C20 was examined, and
as can be seen from Figure 1, both catalysts show sig-
nificantly higher efficiency in NAD degradation com-
pared to direct photolysis. TiO,-C20 showed higher
efficiency compared to TiO,-C9, where 81.0% and
65.4% of NAD was degraded after 120 min, respec-
tively. The results obtained by Raman scattering mea-
surements indicate that higher carbon content proba-
bly enhances carbon crystallization during hydrother-
mal synthesis. Also, it was noted that the proportion of
the anatase phase in TiO,-C20 is higher than in
TiO,-C9 [9]. All of the above implies a higher amount
of carbon contributes to the improvement of the pho-
tocatalytic activity of TiO,. The pH change was moni-
tored throughout each experiment (Figure 1b). First,
the initial pH values in direct photolysis and photocat-
alytic degradation are different, which means that the
presence of the catalyst affects the pH. Further, as can
be seen, during direct photolysis, the pH value in-
creases slightly from 7.7 to 8.8 after 120 min of irradi-
ation, while in the case of photocatalytic degradation,
the situation is reversed, the pH value decreases slight-
ly from 8.0 to 7.5 for TiO,-C9 and from 8.0 to 7.2 for
TiO,-C20. This indicates that alkaline intermediates
were formed during direct photolysis, while acidic in-
termediates were formed during photocatalytic degra-
dation, which lowered the pH to a neutral value. If we
take into account that the complete degradation of or-

ganic compounds leads to their mineralization to CO,
and H,O, lowering the pH from alkaline to neutral
during photocatalytic degradation is reasonable.
Namely, with the use of TiO,-C9 and TiO,-C20, a high
degradation efficiency was achieved, which means
that the mineralization and the formation of CO, may
have occurred, which lowered the pH.
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Figure 1. Degradation efficiency of NAD (0.05 mmol/
dm’) in the presence of TiO,-C9 and TiO,-C20 under UV

irradiation (a) and change of pH during the processes(b)

Figure 1a shows that after 15 min of sonification
in the dark, NAD has adsorbed to the surface of TiO -C9
and TiO,-C20 to 45.7% and 55.42%, respectively. Also,
during the first five minutes of irradiation, NAD de-
sorbs from the surface of the photocatalysts, and during
the next 115 min, degradation takes place. It is import-
ant to note that with the TiO,-C20, desorption occurs to
a minor degree, probably because degradation occurred
more quickly, which is the consequence of the photo-
catalyst’s higher efficiency. Since adsorption occurs us-
ing TiO,-C9 and TiO,-C20 before UV irradiation, the
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adsorption efficiency of both photocatalysis was further
investigated in the dark (Figure 2a). As can be seen,
NAD is again most adsorbed during 15 min of sonifica-
tion. After 5 min from the start of mixing the suspen-
sion, NAD desorbs from the surface of the photocata-
lysts, after which adsorption/desorption equilibrium is
established. A higher percentage of adsorption was ob-
served with TiO,-C20 than with TiO,-C9, which can be
related to the carbon content. It is known that carbon
black has a high adsorption capacity [10], which ex-
plains the higher adsorption of NAD using a photocata-
lyst with a higher carbon black content. Figure 2b
shows the change in pH value during the adsorption of
NAD in the presence of TiO,-C9 and TiO,-C20 in the
dark. In the presence of TiO,-C9 the pH increased from
8.0 to 8.2, while in the presence of TiO,-C20 the pH
decreased from 8.0 to 7.7. These slight changes in pH
imply that the carbon content in the photocatalyst af-
fects the change in pH.
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Figure 2. Adsorption efficiency of NAD (0.05 mmol/dm’)

in the presence of TiO-C9 and TiO,-C20 in the dark (a)
and change of pH during the processes (b)

The photocatalytic degradation kinetics of
NAD in the presence of TiO,-C9 and TiO,-C20 fit
the Langmuir-Hinshelwood model:

_de __kKC
dt 1+KC

&

where £ is the intrinsic reaction rate constant (mmol/
(dm’ min)), K is the Langmuir—Hinshelwood adsorp-
tion constant (dm3/mol), and C is the concentration
of the substance. When the concentration of the sub-
stance is very low, the term KC << 1 and Eq. (1)
simplifies to a pseudo-first-order kinetic law:

dc

dr klc 2
where k is the pseudo-first-order rate constant
which can be calculated from the linear dependence
of In(c/c) vs. irradiation time. The first five minutes
after the degradation started were excluded from the
constant calculation since this was when the equilib-
rium between adsorption and desorption was estab-
lished (Figures 2 and 3). The rate constants for ki-
netics of photocatalytic degradation of NAD with
Ti0,-C9 and TiO,-C20 under UV irradiation were
calculated as 6.96-10° 1/min and 7.47-10° 1/min
with the linearity correlation coefficient of 0.97 and
0.95, respectively.
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Figure 3. Determination of the reaction rate constant

(k) of NAD degradation in the presence of TiO ,-C9 and
TiO -C20 under UV irradiation

Considering all that has been said so far, it is
certain that TiO_-C20 is a more effective photocata-
lyst for the degradation of NAD than TiO,-C9. How-
ever, both TiO,-C9 and TiO,-C20 show significant
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efficiency under UV irradiation compared to direct
photolysis. Also, changes in pH imply that interme-
diates formed by applying TiO,-C9 and TiO,-C20 are
similar. Adsorption occurs with both photocatalysts,
which can be explained by the presence of carbon
black, which is proven to be a promising adsorbent.

4. CONCLUSION

The presence of pharmaceutical compounds in
surface waters is a growing environmental problem
that is partly a consequence of the municipal sew-
age treatment plants that have difficulties in effec-
tive removal of pharmaceuticals from hospitals and
industrial and domestic wastewater. In this context,
sewage treatment methods must be improved. Re-
cently, heterogeneous photocatalysis, one example
of AOPs, has received lots of attention because of its
ability to completely mineralize very stable pollut-
ants by using highly reactive ‘OH radicals.

The subject of this paper is the determination
of the efficiency of photocatalytic degradation of
NAD under UV irradiation with TiO, catalysts with
different carbon content (TiO,-C9 and TiO,-C20).
HPLC-PDA technique was used to monitor the deg-
radation kinetics, and a pH meter was used to moni-
tor the pH change. First, the direct photolysis of NAD
under UV radiation was investigated and shown to
be inefficient, wherein 4.7% of NAD was degrad-
ed after 120 min of irradiation. Further, the kinetics
of photocatalytic degradation using TiO,-C9 and
TiO,-C20 under UV irradiation was monitored. The
obtained results showed that TiO,-C20 is more effi-
cient in the photodegradation of NAD than TiO,-C9,
where 81.0% and 65.4% of NAD was degraded af-
ter 120 min, respectively. In all cases, photocatalytic
degradation of NAD followed the pseudo-first order.
Because the adsorption of NAD on the surface of
both photocatalysts was observed on the degrada-
tion kinetic curves, the adsorption efficiency of NAD
in the dark was investigated. After 120 min, 10.9%
and 34.2% of NAD was adsorbed on the surface of
TiO,-C9 and TiO,-C20, respectively.
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YKIIAIbAIBE HAJ1IOJIOJIA ITPUMEHOM KYIIJIOBAHUX
HAHOMATEPHNJAJIA HA BA3U TUTAHA U YI''bEHUKA

Cazxerak: Hamomon (HAJ), jenan on mpeacraBuuka P-Onokaropa, ymorpebspaBa ce y Jieucwmhy Kap-
JTMOBACKYJIapHHUX OOJIECTH Kao IITO Cy aHTWHA W XHIIepTeH3Hja. 300r "ecTe yrnorpede AeTEKTOBaH je y
OTIIAJHAM BoJaMa OOJHHIIA U3 KOjUX C€ HE YKJIama JOBOJHHO e(UKACHO, 300T Uera je IeTeKTOBAH H Y
mpupoaHUM Bomama. Hemocratak 3amoBosbaBajyhe epukacHe meTone 3a ykinamame HAJl n3 otmaganx
BOJIa CTBOPHO je OTpedy /1a ce mpoHalje epuKacHUjU METON 32 FeTrOBO YKiIamame. L{nip oBora pasna je
MCTINTHBaM€ e(PUKAacHOCTH (oToKaranmnTHyuke pasrpaame HAJl npumenom asa TiO,-C nanokommosnra
ca pa3JIMuuTHM cajpxkajeM yriberuka (9 u 20 B1%), y npucyctBy YB 3pauema. [IpumemeHr HaHOKOM-
MO3UTH, CHHTETUCAHU COJI-TEJ XUIPOTEPMATHOM METOIOM, MTOKa3aJIi Cy 3Ha4ajHy e(UKaCHOCT MPUIIH-
koM ykiamama HAJl y onmHOcy Ha nmupektHy doroimsy. Takole, u3padyHara je ¥ KOHCTaHTa Op3UHE pe-
akuuje npema kojoj ce pasrpaama HAJ[ y mpucyctsy TiO,-C onBuja no nceynonpsom peny. Pasrpanma
HA/JI npahena je HPLC-DAD TexHukom.

Kibyune peun: Hasonon, GoTokaraauTHIKa pasrpajmba, KHHETHKA.
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