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The presence of pharmaceutical compounds in open water streams has become an alarming concern over the couple of years
due to their adverse effect on the environment, especially the emergence of multidrug resistance. Hence, their removal is
quite essential from the open water streams. In this regard, the present work reports a novel approach that involves UV-C
irradiation for the degradation of ciprofloxacin antibiotic present in a highly alkaline environment. It is observed that the UV-
C/NaOH based degradation of ciprofloxacin follows almost zero-order reaction kinetics. Here, the process degradation effi-
ciency is about 83% for an initial concentration of C0 = 10 ppm, NaOH = 0.15 M, UV-C fluence rate = 1.03 mW/cm2, irradia-
tion time = 6 h, reaction volume = 25 ml. Moreover, this process has also shown a remarkable characteristic of negative CO2
emission technologies. Therefore, not similar to other AOPs, this UV-C/NaOH based pollutant degradation approach has strong
potential for the treatment of diverse alkaline cum industrial wastewater streams with simultaneous CO2 sequestration.

Keywords: Advanced oxidation processes (AOPs), alkaline treatment, UV-C irradiation, wastewater treatment, negative emis-
sion technology, CO2 capture.

Introduction
The emergence of micro-pollutants in natural water bod-

ies has become a global concern due to the non-stop indus-
trialization and growth of several manufacturing units (includ-
ing textiles, pharmaceuticals, foods, fertilizers, pesticides,
tanneries, petrochemicals, etc.)1–6. Notably, the pharmaceu-
tical compounds have been emerged as major pollutants in
wastewater streams7–12, especially antibiotics due to their
overuse and successive contribution to the emergence of
antimicrobial resistance10,13,14. Consequently, several
endeavours have been made regarding the removal of phar-
maceutical compounds from the open water streams4,8,15–17.
In the last few years, several water treatment techniques,
especially advanced oxidation processes (AOPs), have been
studied and improvised for effective and efficient degrada-
tion of water pollutants1–6. Conventionally, AOPs offer inevi-
table feasibility to reduce the organic pollutants’ level from

ppm to ppb18. However, the degradation of pollutants present
in real wastewater matrices containing various other con-
stituents such as natural organic matters, inorganic salts,
fatty compounds, surfactants, and many other substances
generally used to be quite challenging and difficult in com-
parison to the treatment of bare water matrices. That pro-
cessing would be more difficult in case of heterogeneous
photocatalysis based water treatments6,19–27. As per the
existing literature, this difficulty is primarily due to limited
penetration of photons through other ions and organic enti-
ties present in aqueous matrices that used to pre-absorb
photons and results in an inadequate activation of
photocatalysts21,24,25,28. In addition, poor dispersion or en-
hanced aggregation of solid photocatalyst in complex water
matrices23,29; and shielding/hindering of solid photocatalyst
by inorganic salts, proteinous and/or fatty compounds19,30

may also cause substantial reduction in the degradation effi-
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ciency of heterogeneous photocatalysts. Since, there are
conjugate pros and cons of established AOPs, the sustain-
able advancement of existing AOPs and the evolution of new
AOPs have become an indispensable necessity. These de-
velopments may provide additional option to choose and opt
for a better and subject effective AOP. Besides this, it should
be consider that most of the established AOPs are effective
in acidic or neutral pH environment only for example Fenton
related AOPs are effective in acidic environment only31–34.
By the way, the industrial wastewater streams used to have
a basic pH environment33,34. Therefore, it is very essential
to establish an alternative way for the treatment of alkaline
wastewater streams without any prior pH correction.

In this regard, we studied the effectiveness of UV-C/NaOH
based degradation of ciprofloxacin antibiotic present in aque-
ous medium. In addition, the degradation kinetics of the same
has also been studied with 4 different initial concentrations
of ciprofloxacin antibiotics. More notably, this process has
also shown the characteristic of CO2 sequestration processes
that makes it more advantageous over other existing AOPs.
Overall, this comprehensive study exploring the applicability
of UV-C/NaOH based novel AOP (that requires a highly al-
kaline environment and continuous UV-C irradiation for its
activity) will add a great value to the existing literature, and
benefit a wide spectrum of researchers around the globe
working in similar directions.

Experimental
The experiments were performed in a simple batch pho-

tocatalytic reaction system equipped with an inverted bell-
shaped quartz vessel (with matrix volume of 25 ml) and two
parallel UV-C irradiation rods (Philips TUV-11W-G11 T5, cy-
lindrical low pressure Hg lamp) placed above 15 cm of the
reaction vessel’s base, at ambient temperature (25±2ºC).
The UV-C fluence rate was found to be about 4.778 mW/cm2

(just at the irradiation source) and 1.03 mW/cm2 (on the base
of the reaction vessel). It was measured with the help of EIT
UV Power Puck® II Profiler. The schematic of the whole re-
action system has also been shown in Fig. 1. Here the reac-
tion conditions were fixed at NaOH = 0.15 M, UV-C fluence
rate = 1.03 mW/cm2, irradiation time = 0 to 6 h, reaction
volume = 25 ml.

The details of materials used in this work have been given
in Table 1. All the reaction matrices were prepared in double
distilled water. The pH of the studied matrix was measured

with the help of BIOBASE PH-900 multiparameter water qua-
lity meter (±0.005 pH). The primary degradation of pollutant
species was observed and analyzed using UV-Visible spec-
trophotometer (Shimadzu UV-2600). Here, the absorbance
at max of specific pollutant was calibrated as the concentra-
tion of the respective pollutant species in the studied matrix.
Herein, the individual max under highly alkaline medium for
ciprofloxacin had been identified and calibrated at 271 nm.
Subsequently, the degradation efficiency or percentage deg-
radation of ciprofloxacin was calculated by the formula [(1–
C/C0)×100], where C0 and C were the initial (t = 0) and final
(t = t) concentrations of the studied pollutant species, re-
spectively.

Moreover, the antimicrobial activity of UV-C/NaOH treated
and UV-C photolyzed ciprofloxacin matrices was also stud-
ied with the help of disk diffusion based antimicrobial assay.
The detailed disk diffusion assay protocol has been described
in our earlier publication4. Besides this, to check the carbon
absorption and mineralization level of this process, total or-
ganic carbon (TOC) and total inorganic carbon (TIC) analy-
ses were performed through a total carbon analyzer (OI Ana-
lytical Aurora 1030W).

Results and discussion
Assessment of UV-C/NaOH based degradation of

ciprofloxacin antibiotic:
Initially, 0.15 M NaOH solution (pH 13.0) with 10 ppm of

ciprofloxacin (CIP) antibiotic has been continuously irradi-
ated with UV-C lamp up to 6 h that has caused about 82.8%
primary decomposition of CIP (Fig. 2). In addition, the same
has also been studied for various other initial CIP concentra-

Fig. 1. Schematic of the modified batch photocatalytic reactor used
in this study.
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tions (5, 15 and 50 ppm). The obtained UV-C/NaOH based
degradation profile of CIP present in the distilled water ma-
trix has been shown in Fig. 2 and also fitted with suitable
kinetic models. From Table 2, it has been observed that there
are notable differences between the theoretically calculated
(through the optimal fitting of experimental data) half-life val-
ues for different initial CIP concentrations and their respec-
tive experimental half-life values. Hence, to cover the broad
range of CIP concentrations, degradation kinetics has been
determined through the n-th order kinetic model using the
half-life method for this UV-C/NaOH based degradation of
CIP. For the same, a graph has been plotted between the
experimental ln (C0) vs ln (t1/2). The obtained data points
has been fitted with a straight line having a slope of (1–n), as
per the n-th order kinetic model (Fig. 3). This fitting has given
the overall order of UV-C/NaOH based degradation of CIP

Table 1. List of chemical compounds and media used in this study
Name Molecular formula/Structure Brand/Supplier Purity CAS No.

C17H21ClFN3O4

C20H11N2Na3O10S3

Sodium hydroxide NaOH Merck 97% 1310-73-2
Mueller Hinton Agar – TM Media – –

Fig. 2. UV-C/NaOH based degradation profile of CIP present in dis-
tilled water matrix with different initial concentrations.

Ciprofloxacin HCl (CIP) TM MEDIA >98% 86393-32-0

Amaranth (Ama) Sigma-Aldrich 85–95% 915-67-3
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ca. 0.08, which is quite close to zero-order. Furthermore, the
rate constant has been reckoned about 0.051 ppm0.92 min–1.
It may be noted that the UV-C/NaOH based CIP degradation
is following zero-order kinetics at higher CIP concentration,
whereas at lower CIP concentrations, it is clearly showing a
considerable shift in degradation kinetics (from lower order
to higher order). On the other hand, it should be noted that
the UV-C irradiation alone had also shown some degrada-
tion of CIP (at C0 = 10 ppm, the degradation 37% in 6 h of
continuous UV-C irradiation) that was quite insignificant in
comparison to that with UV-C/NaOH based degradation of
the CIP that was around 82.8%. Hence, the synergy between
UV-C irradiation based photolysis and UV-C/NaOH based
AOP could be a prime reason for shifting of degradation or-
der from lower order to higher order in lower concentration
ranges of CIP. Besides this, the disk diffusion assay of vari-
ous combinations has shown a complete loss of bacterial
susceptibility in UV-C/NaOH treated CIP matrices as no zone

of inhibition has been observed in UV-C/NaOH treated ma-
trices (Fig. 4). Moreover, it also indicates that the minimum
inhibitory concentration of CIP matrix is below 10 ppm, as
the CIP matrix with C0 = 10 ppm (after 6 h of UV-C irradia-
tion) has shown no perceptible zone of inhibition.

Table 2. The kinetic parameters for UV-C/NaOH based degradation of different CIP concentrations
Initial CIP Best suited Coefficient of Rate constant Theoretical Experimental

concentration kinetics determination (k) half-life half-life
(ppm) (R2) (t1/2, min)  (t1/2, min)

50 Zero-order 0.998 0.06 ppm min–1 417 390
15 First-order 0.968 0.00474 min–1 146 107
10 First-order 0.952 0.00575 min–1 121 84
5 Second-order 0.946 0.00274 ppm–1 min–1 73 47

Fig. 3. The n-th-order kinetic model fitting of the CIP degradation pro-
file using the half-life method.

Fig. 4. Antimicrobial activity test of UV-C/NaOH treated CIP samples
using the disk diffusion assay (Test microorganism = E. coli
DH5; Growth media = Mueller-Hinton Agar): (1) CIP-50 ppm
after 36 h UV-C irradiation, (2) CIP-50 ppm + 0.15 M NaOH
after 36 h UV-C irradiation, (3) CIP-10 ppm after 6 h UV-C
irradiation, (4) CIP-10 ppm + 0.15 M NaOH after 6 h UV-C
irradiation, (5) CIP-5 ppm + 0.15 M NaOH after 6 h UV-C irra-
diation, (6) CIP-15 ppm + 0.15 M NaOH after 6 h UV-C irradia-
tion, (7) 0.15 M NaOH, and (8) Distilled water. The inset is a
replicate of the same test.

Simultaneous CO2 sequestration during UV-C/NaOH
based degradation:

CO2 is one of the highly emitted greenhouse gases in
the environment that offers an extreme impact on global
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warming35. As a result, there are various carbon capture and
storage techniques that have been evolved in the last few
decades36. However, in the context of this study, there are
some reported studies that have established the application
of NaOH based aqueous solution for CO2 capture or seques-
tration35,37–39. Hence, in this study, the treatment matrix for
different combinations and conditions has also been ana-
lyzed for TIC and TOC contents (where TOC has been mea-
sured through the subtraction of TIC from total carbon con-
tent). Here, a substantial increment in the TIC has been ob-
served in all cases with open air treatment up to 1 h which
implies a CO2 absorption behavior of UV-C/NaOH based
treatment matrix that capture CO2 from open environment
as well as from the degraded pollutant species during the
treatment process (Fig. 5A). However, to confirm these ob-
servations, one more experiment has been conducted for
blank or pollutant free UV-C/NaOH based treatment matrix
(0.15 M NaOH) with increased open air contact area, in the
presence and absence of UV-C irradiation for 1 h. The ob-
tained results have ascertained that UV-C and visible irra-
diations have negligible influence on the CO2 absorption
capability of treatment matrix (Fig. 5B). Conceivably, the CO2
absorption capability of treatment matrix is found to be rela-
tively increased with an increase in exposure or open air
contact area of the treatment matrix that could be further
increased by means of aeration or use of spargers. Besides
this, the mineralization level of UV-C/NaOH based degrada-
tion of Ama dye is found to be about 47%.

Plausible mechanisms of ROS formation, pollutant deg-
radation, and CO2 sequestration in UV-C/NaOH based AOP:

The mechanism of UV-C/NaOH based AOP for degrada-
tion of pollutants present in an aqueous matrix involves mul-
tiple steps, and the feasibility of these steps has been sup-
ported by the suitable references. The steps are as follows:
Step 1: The first step of UV-C/NaOH based AOP is the disso-
ciation of NaOH into hydroxyl anions (OH–) and its respec-
tive cations (Na+)40; Step 2: Next, the UV-C irradiation causes
the photoionization of OH– ions and convert them into OH

radicals by generating equivalent aqueous electrons41,42;
Step 3: After that, the aqueous or solvated electron (e–

aq)
reacts with the dissolved oxygen molecule (O2) and produces
O2

– radical41,43; Step 4: Finally, all the available free radi-
cals attack the pollutant species either separately or com-
bined, and readily oxidize the organic pollutant compounds

Fig. 5. Total organic carbon (TOC) and total inorganic carbon (TIC)
content of different combinations. (A) For double distilled wa-
ter matrix (P), matrix with 10 ppm Ama dye (Q), matrix with
0.15 M NaOH (R), and matrix with 10 ppm Ama dye + 0.15 M
NaOH (S) in closed vessels; for double distilled water matrix
with 0.15 M NaOH alone (T) and in the presence of 10 ppm
Ama dye + 0.15 M NaOH (U) under 1 h UV-C irradiation in
open vessels; for 10 ppm Ama dye + 0.15 M NaOH under 1 h
UV-C irradiation in close lid vessel (V). (B) For double distilled
water matrix (P) and matrix with 0.15 M NaOH stored in an
airtight vessel (Q); Matrix with 0.15 M NaOH under UV-C irra-
diation (R), under dark condition (S) and under visible light
exposure (T) for 1 h in open vessels. Note: Ama dye was used
here as direct visual indicator of degradation process; Error
bars are standard error of mean.

into some intermediates, and/or go through the complete min-
eralization (that produces CO2, H2O and inorganic salts)4,5;
Step 5: It’s a simultaneous step that involves absorption of
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CO2 from the open air as well as capturing of CO2 evolved
from the mineralization of pollutant species, and finally fixing
it into carbonates and bicarbonates35.

Step 1: Dissociation of NaOH
NaOH + H2O  Na+ + OH– + H2O + Heat
Step 2: Photoionization of OH– ion
OH– + UV-C (h)  OH + e–

aq
Step 3: Scavenging of solvated electrons
e–

aq + O2  O2
–

Step 4: Degradation or mineralization of pollutants
O2

– + Pollutant/Intermediates + OH 
Simple/Intermediate products + H2O + CO2

Step 5: CO2 absorption in the form of carbonates and
bicarbonates

CO2 (from pollutants’ mineralization and open air) +
Na+ + OH–  Na2CO3 and/or NaHCO3

Conclusions
In brief, this study reports a novel AOP for the degrada-

tion of organic pollutant species; namely ciprofloxacin, a phar-
maceutical compound present in an aqueous medium. In
addition, unlike other AOPs, this UV-C/NaOH based AOP
used to follow almost zero-order reaction kinetics for the
degradation of ciprofloxacin antibiotic. Furthermore, the plau-
sible mechanisms of ROS formation followed by pollutant
degradation and CO2 sequestration via this UV-C/NaOH
based AOP have also been proposed. The observations of
this study are very useful to the scientific community dealing
with the limitations of other AOPs, and global CO2 emission
issues. Overall, this UV-C/NaOH based AOP seems to be
very promising for the oxidation cum degradation of various
organic pollutant species. It could be quite advantageous for
the treatment of versatile aqueous matrices over other exist-
ing AOPs (especially for the alkaline pollutant streams).
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