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degradation†

Weam Bou Karroum, Abbas Baalbaki, Amir Nasreddine, Nadim Oueidat
and Antoine Ghauch *

The stability of pharmaceutical active ingredients (APIs) and their resistance to conventional treatment

methods necessitates the development of degradation methods as point-source treatment before

mixing with municipal wastewater. Advanced oxidation processes utilize oxidants such as H2O2 or

persulfate (PS) to treat organic contaminants and have shown promising results for eliminating APIs from

wastewater. This research investigated the degradation of tramadol (TRA), a fully synthetic opioid, in

a UVC/PS system, which was selected after evaluating thermal and simulated solar activation techniques.

Different concentrations of PS were tested, and the UVC/PS system with [PS]0 = 0.4 mM achieved

complete degradation of 10 mg L−1 [TRA]0 in 6 min with kobs of 0.90 min−1 and was chosen for this

study. The system was evaluated under different conditions and showed a decrease in reaction rate

under acidic conditions and in the presence of bicarbonates or competing natural organic matter.

Additionally, high levels of chlorides and nitrates inhibited the degradation. Building on insights from

batch treatment experiments, a pilot-scale treatment plant was developed utilizing elements from

commercially available UV water-disinfection kits for continuous-flow treatment of pharmaceutical

industry effluent. After optimization, the system achieved full degradation of 360 L per day of 10 mg L−1

[TRA]0 at a cost of $0.296 per m3.
Environmental signicance

Tramadol is an opioid that causes damage when improperly disposed of in the environment, disrupting aquatic ecosystems and particularly affecting crus-
taceans. One major way pharmaceuticals such as tramadol inltrate the environment is through pharmaceutical industry effluents. This research evaluated
UVC/PS as an advanced oxidation process for the elimination of tramadol from pharmaceutical effluent, hence tackling the issue at the source. The UVC/PS
system was applied in both batch treatment and continuous-ow treatment. A new pilot-scale setup for continuous treatment was developed for this
purpose and showed promising results regarding scalability and adaptability to other pollutants.
1. Introduction

Pharmaceuticals and personal care products (PPCPs) are
organic and inorganic contaminants that have gained global
interest in recent years owing to their occurrence in various
water bodies and the risks they pose to both human and envi-
ronmental health. PPCPs encompass a wide range of chemical
compounds, including medications, cosmetics, fragrances, and
personal hygiene products. The widespread use and improper
disposal of these compounds contribute to their continuous
release into surface, ground, and drinking water. The ubiquity
s and Sciences, Department of Chemistry,

eirut, Lebanon. E-mail: antoine.ghauch@

1350000

tion (ESI) available. See DOI:

44–1258
of these contaminants in the environment1–4 can be linked to
twomain factors: the increases in human population and global
livestock production.5 In 2007, the European Union (EU) added
PPCPs to its list of priority pollutants, aiming to remove them
from the environment within 20 years to protect the ecological
systems to which they are harmful.6 PPCPs inltrate the envi-
ronment through various pathways. Understanding these
pathways is crucial for developing effective strategies to miti-
gate the impact of PPCPs. Major sources of PPCPs include
wastewater treatment plants (WWTPs), agricultural activities,
landll leachate, healthcare centers, and direct discharge from
industrial facilities.7

An important class of compounds contributing to PPCP
pollution are active pharmaceutical ingredients (APIs). These
are biologically active ingredients that are oen resistant to
conventional/biological wastewater treatment methods,4,8–11

which can be attributed to the stability of these compounds,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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rendering them less susceptible to full degradation by natural
photolysis and biodegradation, the latter being one of the main
methods used in wastewater treatment plants (WWTPs).12,13

Many WWTPs employ activated sludge as a primary treatment
process, which is a process combining adsorption and biodeg-
radation to remove contaminants. However, this introduces
another challenge for conventional WWTPs since the low pKa of
many APIs means that they occur as ions in neutral pH condi-
tions and are less likely to be removed by adsorption onto the
sludge.14 Furthermore, the stability of APIs necessitates long
sludge retention times for effective degradation, contributing to
the cost of treatment.15 The removal of pharmaceuticals from
wastewater by adsorption is a widely studied strategy.16 Acti-
vated carbon (AC) is a common adsorbent that can be func-
tionalized to treat different kinds of pollutants owing to its high
surface area, stability, and low cost. Balarak et al. studied the
removal of ciprooxacin from water using AC magnetized using
iron(III) oxide nanoparticles17 and ZnO nanoparticles18 to
improve its adsorptivity. Loading such photocatalysts onto AC
or graphene oxide can lead to hybrid adsorption/
photodegradation strategies where reactive oxygen species are
released under the right activation conditions to further
degrade contaminants. Photocatalysts such as TiO2 are oen
employed in these strategies.19

The transformation products (TPs) produced during the
treatment of APIs present an additional challenge since they
may possess equivalent or higher toxicity than the original
pollutant.8,20

Among these APIs is tramadol (TRA), a fully synthetic opioid
that is widely prescribed for relieving moderate-to-severe pain
and as a serotonin-norepinephrine reuptake inhibitor (SNRI).21

A recent study showed that TRA is one of the most widely
consumed opioids, linking that to its high risk of dependency,
and reported an increase in consumption of TRA globally
between 2009–2019, particularly in high-income countries.22

Multiple studies reported the occurrence of this drug in
multiple wastewater samples at relatively high concentrations
(up to 6 mg L−1).8,23–25 The effects of TRA on the environment are
particularly apparent in terms of the disruption of aquatic
ecosystems,26–28 particularly regarding crustaceans. One study
found that exposure to environmentally relevant concentrations
of TRA causes stress-related heart rate increase in craysh.29

Another study found that the occurrence of TRA in water at
concentrations as low as 1 mg L−1 can affect the behavior of
native European sh, causing them to become inactive and less
exploratory.30

TRA has proven difficult to treat using conventional
methods.31 Studies of multiple WWTPs reported difficulties in
effectively removing TRA.2,32–36 Loganathan et al. emphasized
the challenging nature of the wastewater matrix as one of the
main factors causing difficulty in eliminating PPCPs in WWTPs
using conventional treatment methods.37 Alternatively, treat-
ment of PPCPs can be employed at the point source. Pharma-
ceutical industry facilities and hospitals are the leading sources
of PPCP leaks, including TRA, into the environment. Unlike
municipal wastewater, the effluent makeup from these facilities
and their specic pollutants are oen known, creating an
© 2024 The Author(s). Published by the Royal Society of Chemistry
opportunity to use specically tailored remediation strategies to
ensure environmental compliance before discharge.

Research on the on-site treatment of TRA from industrial
effluent is limited. Treatment of industrial effluents containing
other pharmaceuticals using activated sludge,38 chemical and
electrocoagulation,39 and oxidative treatment methods
including electro-Fenton, photo-Fenton, photocatalytic oxida-
tion, and hydrodynamic cavitation have been reported.39,40

Table 1 presents the results of several studies on the degrada-
tion of TRA in aqueous solutions, specically in DI water or
ultrapure water. These results are comparable to those obtained
in our study. Hybrid processes were also explored. Eniola et al.
recommended the use of hybrid technologies owing to their
ability to achieve higher removal efficiencies of pollutants with
different properties.41 The nature of the treated effluent is
a crucial parameter for choosing the appropriate treatment
strategy. For example, photo-induced oxidation strategies are
not suitable for effluents with high levels of organic contami-
nation, particularly if the contamination results in the colora-
tion of the effluent.39 Combining such techniques with a pre-
treatment process would be ideal.

Persulfate-based advanced oxidation processes (PS-AOPs)
have become a popular choice among AOPs owing to multiple
factors. First, sulfate radicals have more effective redox poten-
tial than hydroxyl radicals, with E° = 2.60–3.10 V compared to
1.90–2.70 V, respectively, at neutral to high pH, which is oen
the relevant pH in developing water treatment strategies.42

Second, sulfate radicals are better mineralizing agents than
hydroxyl radicals owing to faster reaction rates and higher
selectivity for attacking certain functional groups.42 Third, PS-
AOPs systems have lower operational costs owing to the wide-
spread availability of persulfate salts and lower transportation
costs compared to those of hydrogen peroxide, which is liquid
and corrosive.43

The activation of persulfate can be achieved chemically, e.g.,
using Fe2+ (eqn (1))

S2O8
2− + Fe2+ / SO4

2− + SO4c
− + Fe3+ (1)

Other possible methods include thermal,44,45 ultrasound,46

and/or UV-activation (eqn (2))

S2O8
2− + hn / 2SO4c

− (2)

Various heterogeneous catalysts have also been used.42,47,48

Most research on PPCP treatment using oxidation methods
was experimental using batch reactors and focused on the
theoretical aspects rather than the real-world applications.
Some techniques may show promising laboratory results;
however, studies oen emphasize the importance of further
investigating their viability in real-world applications since they
may be difficult to scale up without exacerbating the treatment
cost. Scaling up a technology requires initial evaluation using
a pilot-scale reactor; however, published research is limited.
Continuous treatment systems have the advantage of lower
reactor volume requirements. Therefore, such systems are more
adaptable for pilot and industrial-scale reactors. Grilla et al.
Environ. Sci.: Adv., 2024, 3, 1244–1258 | 1245
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Table 1 Comparison table showing documented outcomes of using batch/continuous AOPs for the degradation of tramadol in aqueous
solutions

Method Operating conditions Mode
Degradation
efficiency kobs Ref.

Gamma irradiation,
nanoltration

[TRA]0 = 20 mg L−1 Batch 100% — 108
Dose rate = 46 Gy min−1

Absorbed dose = 5 kGy
Electro-Fenton [TRA]0 = 26.3 mg L−1, [Fe2+] = 0.2

mM
Batch 100% (in 8 min) 0.70 min−1 103

Constant current = 500 mA
[TRA]0= 39.51 mg L−1, [Fe2+]= 0.1
mM

Batch 100% (in 12 min) 0.498 min−1 109

Constant current = 300 mA
Solar/TiO2 [TRA]0 = 10 mg L−1, [TiO2] =

100 mg L−1
Batch 100% (in 30 min) 0.153 min−1 68

Light source: solar simulator
UV/H2O2 [TRA]0 = 0.005 mg L−1, [H2O2] =

1 mg L−1
Batch 100% (in 15 min) 0.2005 min−1 110

Incident photon ux = 1.04 ×

10−6 Einstein per L per s−1

UVC/Cl2 [TRA]0 = 0.005 mg L−1, [Cl2] =
1 mg L−1

Batch 100% (in 10 min) 0.3785 min−1 110

Incident photon ux = 1.04 ×

10−6 Einstein per L per s−1

UVC/PS [TRA]0 = 8.8 mg L−1, [PS] = 0.380
mM

Batch 99% (in 10 min) 7.85 m3 kW−1 h−1 59

Incident photon ux = 2.84 ×

10−7 Einstein per s
UVC/PS [TRA]0= 10mg L−1, [PS]= 0.4 mM Batch 100% (in 6 min) 0.90 min−1 This work

Incident photon ux = 8.07 ×

10−8 Einstein per s
Pulsed-corona
discharge/PS

[TRA]0 = 8.8 mg L−1, [PS] = 0.380
mM

Continuous ow 94% (in 28 min) 3.10 m3 kW−1 h−1 59

Flow rate = 1 m3 h−1 (circulated)
50 pps with input 9W
Energy consumed = 0.42 kW h
m−3

Dielectric barrier
discharge plasma
treatment

[TRA]0 = 5 mg L−1 Continuous ow 93% (in 60 min) 0.056 min−1 111
Input voltage = 8 kV

UVC/PS [TRA]0= 10mg L−1, [PS]= 0.4 mM Continuous ow 100% 0.090 min−1 This work
Flow rate = 0.014 m3 h−1

Environmental Science: Advances Paper
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developed a pilot-scale continuous ow reactor to evaluate UV/
TiO2/PS in a real-life scenario. The study was conducted on
a solar-powered pilot plant, and different matrix effects were
tested for the degradation of trimethoprim.49 Plakas et al.
developed a fully automated photocatalytic membrane reactor
for the degradation of diclofenac using a UVC/TiO2/ultraltra-
tion system, achieving up to 100% degradation; however, total
organic carbon (TOC) removal was limited to 52%.50

In this work, the degradation of TRA by a UVC/PS system was
evaluated under different matrix conditions. TRA degradation
was evaluated in solutions with varied pH, salinity, hardness,
and nitrate levels, in addition to the presence of natural organic
matter and dissolved oxygen. The performance of the UVC/PS
system was subsequently compared to that of UVC/H2O2 and
UVC/PS/H2O2 systems, and the systemwas evaluated for real-life
application by testing it on a simulated effluent. Furthermore,
the transformation products were identied to elucidate the
1246 | Environ. Sci.: Adv., 2024, 3, 1244–1258
degradation pathway. The ndings were used to optimize
a newly developed, mobile, pilot-scale continuous ow treat-
ment plant. To the best of our knowledge, this is the rst study
that investigated the degradation of tramadol by a UVC/PS and
its application in a continuous-ow system.
2. Chemicals

Tramadol hydrochloride was obtained by dissolving TRAMAL®
50 mg capsules (STADA, Italy) in deionized (DI) water and
ltering twice using 0.45 mm S-Pak® membrane lters (Merck,
Germany). Sodium persulfate (PS) (Na2S2O8, $99.0%) was
purchased from Sigma-Aldrich, China. To study matrix effects
on the degradation, sodium phosphate monobasic (NaH2PO4,
$99.0%), sodium phosphate dibasic (Na2HPO4, 98–100.5%),
sodium bicarbonate (NaHCO3, $99.7%), humic acid sodium
salt (technical grade), and potassium iodide (KI, 99.0–100.5%)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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for the persulfate quantication method were purchased from
Sigma-Aldrich, Germany. Sodium chloride (NaCl, $99.5%),
mild steel (MS)-grade solvents (water, methanol, and acetoni-
trile), and MS-grade formic acid were purchased from Fisher
Scientic, UK. High-performance liquid chromatography
(HPLC)-grade acetonitrile and methanol were purchased from
Honeywell, Germany. Hydrogen peroxide (PERDROGEN™
$30% w/w) for use as a comparative oxidant to PS was obtained
from Sigma Aldrich, Germany. DI water was used to prepare all
solutions used in this research.

3. Reaction setups
3.1. Batch reactor

A bench scale experimental setup was constructed using
elements of a commercial UVC water disinfection apparatus:
a low-pressure mercury lamp (LPHgL) (Philips TUV 11WG11 T5,
Poland) and its corresponding quartz insert tube (Fig. 1). This
setup was used in previous studies by our research group.51–53 A
full description of the reactor and the methods of operation are
provided in Text S1 of the ESI.† The absorbed photon ux in the
reactor under our experimental conditions was determined to
be 8.07 × 10−8 Einstein per s using iodine/iodate actinometry,
according to the standard IUPAC method.54,55 More detailed
calculations are presented in Text S2.† An initial concentration
[TRA]0 = 10 mg L−1 was used in all degradation experiments,
except where otherwise mentioned. The reaction was initiated
by inserting the preheated UV lamp into the quartz insert. Two
control samples were obtained before and aer PS addition
(labeled t = −2 and t = −1, respectively). This concentration
falls within the expected range for wastewater effluent from
a pharmaceutical production facility aer dilution with the
factory discharge. Our lab has partnered with local pharma-
ceutical manufacturing industries to examine the effluent
resulting from cleaning powder mixers used for capsule
manufacturing. The concentrations of pharmaceuticals in the
effluent were found to range between 10 mg L−1 and
200 mg L−1, depending on the quantity of water used for
washing. A reasonable volume for washing results in 10 ppm of
Fig. 1 Experimental setup for the batch experiment using 11W LPHgLs
irradiating solutions in custom reactors with Vtotal = 350 mL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
TRA wastewater. This was reported in our previous study on
theophylline degradation by UV/PS.56 Therefore, a simulated
effluent of [TRA]0 = 10 ppm was used for this study.

3.2. Continuous-ow reactor

A continuous-ow system (CFS) was built using the same
elements of the commercial UVC water disinfection apparatus
used for the batch experiments, in addition to its corresponding
stainless-steel casing. Five stainless steel reactors were con-
nected in series to two peristaltic pumps: one for pumping the
solution to be treated (KHM-24B3S40, Kamoer) and the second
for pumping PS (KAS-SE-B083, Kamoer). The solutions were
pumped into the reactors through a Tee connector, and mixing
occurred before the solutions passed through the reactors. Aer
passing through the reactors, a portion was diverted to a ow
cell in a Thermo-Scientic GENESIS 10S UV-Vis spectropho-
tometer for online monitoring of the absorbance at 254 nm as
an indicator for organic contamination.57

4. Chemical analyses
4.1. TRA quantication

[TRA] was determined using an HPLC instrument (HPLC,
ThermoFisher Scientic UltiMate 3000 RS series), equipped
with a quaternary pump, a vacuum degasser, an autosampler
unit with coolingmaintained at 4 °C, and a thermally controlled
column compartment set at 30 °C. The HPLC was coupled to
a uorescence detector (FLD) set up for 2D acquisition, with lex

= 200 nm, lem = 300 nm, and temperature maintained at 43 °C.
The column was a Discovery® HS C-18 reverse phase column (5
mm; 4.6 mm internal diameter × 250 mm length), equipped
with a guard column HS C-18 (5 mm; 4.0 mm internal diameter
× 20 mm length) (Pennsylvania, USA). The mobile phase
constituted a phosphate buffer solution (0.01 M, pH = 3) and
acetonitrile (75 : 25) with 1% triethylamine under an isocratic
ow rate of 1 mL min−1. The injection volume was 10 mL. The
TRA peak had a retention time at t = 6 min. The calibration
curve for TRA is shown in Fig. S1.† Four replicates were
produced for each point, and error bars were calculated based
on the formula ts=

ffiffiffi
n

p
, where t is the student's t with degrees of
Fig. 2 UV absorbance spectrum of [TRA] = 10 mg L−1 (inset: tramadol
molecule structure).

Environ. Sci.: Adv., 2024, 3, 1244–1258 | 1247
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freedom = 3, s is the standard deviation, and n is the number of
replicates = 4. The absorbance spectrum of TRA is shown in
Fig. 2. TRA shows three maxima of absorbance at 200, 215, and
272 nm. All three wavelengths were evaluated as excitation
wavelengths for uorescence analysis, and emission scans were
conducted to determine the maximum emission value. While
lex = 215 nm and lem = 320 nm would yield a more specic
chromatographic peak, lex = 200 nm and lem = 300 nm showed
better sensitivity, without sacricing specicity; therefore, it
was chosen for the FLD instrumental method.
Fig. 3 (a) Degradation of TRA in UVC/PS system. Experimental
conditions: [PS] = 0.0–0.8 mM, [TRA]0 = 10 mg L−1, (b) the fluores-
cence spectrum of TRA at different reaction times. Experimental
conditions: [PS] = 0.4 mM; [TRA]0 = 10 mg L−1. Error bars were
calculated using ts=

ffiffiffi
n

p
, where absent bars fall behind the point marker.
4.2. Identication of transformation products

To propose a degradation pathway for TRA, we conducted
a high-resolution mass spectrometry analysis to determine the
TPs. Sample preparation was achieved by diluting samples
taken at t = 2 min by a factor of 10 and later samples by a factor
of 5 and ltering using 0.45 mm PTFE syringe lters. Additional
details regarding the employed LC and MS methods are pre-
sented in Text S3 in the ESI.† The mass spectra of TRA trans-
formation products were acquired using HPLC coupled to
quadrupole time-of-ight tandem mass spectrometry (Sciex
X500R HPLC-QTOF-MS/MS, Sciex Applied Biosystems, Fra-
mingham, MA, USA).
4.3. Persulfate quantication

[PS] was determined by an in-house validated analytical method
developed by Baalbaki et al.58 The method employs a modied
HPLC unit coupled to bypass capillary loop columns and
a diode array detector (DAD). A mobile phase of concentrated
potassium iodide (KI) solution is used to reduce PS inside the
capillary loop columns (eqn (3) and (4)). Triiodide anion (I3

−)
absorbs at 352 nm, minimizing interferences from organic
contaminants (OCs) present in the samples.

S2O8
2− + 2I− / 2SO4

2− + I2 (3)

I2 + I− / I3
− (4)
5. Results and discussion
5.1. PS activation method

An initial assessment was conducted to determine the appli-
cability of different activation techniques for TRA removal.
Three common activation techniques were investigated for this
purpose: UVA (simulating solar radiation), UVC, and thermal.
The results are presented in Fig. S3.† UVA activation with T5-
UVA lamps (F8T5/BL, Haichao) was ineffective for the treat-
ment of [TRA]0 by direct photolysis (DP) or by a UVA/PS system.
Less than 10% degradation of TRA was achieved aer 60 min in
the UVA/PS system ([PS]0 = 1 mM), and no signicant degra-
dation was observed under DP. The emission spectrum of the
UVA lamps used is presented in Fig. S2.† Thermal activation was
inefficient since only temperatures >60 °C showed positive
results. Full degradation of [TRA]0 with [PS]0 = 1 mM at T = 70 °
1248 | Environ. Sci.: Adv., 2024, 3, 1244–1258
C required more than 60 min. No signicant degradation was
achieved by heating the solution without PS. The high energy
required for the thermally activated PS system is inapplicable
for treating industrial effluents.

On the other hand, TRA was degraded much faster under DP
by UVC and UVC/PS systems (Fig. 3a). DP by UVC achieved
99.7% degradation of TRA in 30 min. The main advantage of
UVC/PS was the elimination of a recalcitrant transformation
product (TP-X) that persisted in the UVC-only system. The FLD-
generated chromatogram showed TP-X aer 10 min of reaction
at a retention time of 13 min using [PS]0 = 0.4 mM. The UVC/PS
system was successful in fully degrading TRA in only 6 min with
[PS]0 = 0.4 mM. The ratio of [PS]:[TRA] in our study was 11 : 1.
The required stoichiometrically amount could be theoretical or
empirical/experimental. However, the theoretical value is
seldom used since the required reaction coefficients are diffi-
cult to obtain in such reactions. The experimental ratio was only
once in the literature and was found to be similar to our ratio of
11 : 1.59 Notably, the amount of sulfates added to the solution in
this process was calculated to be 76.85 mg L−1, which is below
the limit of 250 mg L−1 set by the WHO60 and the EPA61 for
drinking water. The decline in the absorbance and uorescence
spectra of TRA and its TP was recorded using 3D acquisition
setting on the DAD and FLD detectors, ensuring the complete
elimination of any light absorbing/uorescent compounds in
detectable concentrations (Fig. 3b). Therefore, UVC activation
was selected for this study.60,61

5.2. Kinetic order determination

The degradation of OCs by PS-AOPs typically follows pseudo-
rst-order kinetics.62,63 In this study, the rate of degradation of
TRA was evaluated at four different [PS]0 (Fig. 3a). The results
were successfully tted into a pseudo-rst-order kinetic model,

as proven by the regression coefficients when ln
½TRA�
½TRA�0

for

different [PS]0 was plotted against time (Fig. S4†). kobs was then
calculated using eqn (5) and proved to be proportional to [PS]0
within the studied range. The degradation followed pseudo-
rst-order kinetics under all experimental conditions, regard-
less of the tested matrix/pH conditions.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ln
½TRA�
½TRA�0

¼ �kobst (5)

where kobs is the observed pseudo-rst-order rate constant
(min−1) and t is time (min).
5.3. pH effects

The performance of the UVC/PS system was evaluated in 20 mM
phosphate buffer solutions under acidic (pH= 4), neutral (pH=

7), and basic (pH = 10) conditions. The degradation curves
under these conditions are shown in Fig. 4a. The results show
complete degradation of TRA at t = 10 min in neutral and basic
buffered solutions. Acidic pH hindered the degradation of TRA,
and full degradation required 15 min, with a signicant
decrease in kobs from 0.90 to 0.59 min−1 (Table 2). Studies in the
literature have reported a more efficient degradation of phar-
maceuticals under acidic conditions;51,62 however, other studies
showed agreement with our ndings of improved degradation
efficiency under basic conditions.64–67 This variation in results
suggests that the degradation efficiency of the UVC/PS system
under different pH conditions is dependent on the nature of the
analyte/contaminant, which dictates its degradation pathway.62

The changes in the rate constant Dkobs for pH = 7 and pH = 10
were minimal at +6% and −5%, respectively. The inhibition
observed under acidic conditions could be attributed to the
abundance of the protonated tertiary amine under acidic
conditions, causing this site to be less susceptible to oxidation
by electrophilic radical species.68 Interestingly, no detectable
TPs were observed aer 10min in solutions buffered at pH= 10,
whereas acidic and neutral conditions showed lower degrada-
tion efficiency of the TPs. Similar results were reported by Gao
et al. who investigated the degradation of sulfamethazine in the
Fig. 4 (a) Degradation of [TRA]0 = 10 mg L−1 using [PS]0 = 0.4 mM (a)

conditions, [NaCl] = 0–20 000 mg L−1, (c) [NaHCO3] = 0–100 mM, (d)

reaction time corresponding to the experiments shown in (a)–(d), respe
behind the point marker.

© 2024 The Author(s). Published by the Royal Society of Chemistry
UV/PS system.67 In general, PS activation is enhanced under
basic conditions, partly due to the formation of superoxide
radicals (O2c

−) (eqn (6))51,69–71 and further formation of highly
oxidative (E° = 1.8–2.7 V)66 and less specic cOH through eqn
(7), leading to the degradation of a wider range of contaminants
in solution.

2S2O8
2� þ 2H2O �!OH�

3SO4
2� þ SO4

�� þO2
�� þ 4Hþ (6)

SO4c
− + OH− / SO4

2− + cOH (7)

5.4. Matrix effects

5.4.1. Chloride effect. Industrial pharmaceutical effluent
may contain signicant concentrations of chlorides, particu-
larly in coastal locations where brackish water can be mixed
with the pharmaceutical effluents. We tested the effect of
chlorides on the degradation efficiency of the UVC/PS system
using three concentrations, 200, 2,000, and 20 000 mg L−1

(Fig. 4b), simulating fresh, brackish, and saline water, respec-
tively. In fresh and brackish conditions, chlorides in solution
resulted in a 9% decrease in kobs from 0.90 for the control to
0.82 min−1 in both. A more signicant decrease of 27% reach-
ing 0.65 min−1 was observed under saline conditions (Table 2).

Some studies have found that the degradation efficiency of
UV/PS systems is enhanced in freshwater compared to DI water
conditions owing to the formation of reactive chlorine radicals
(Clc);51,72–75 however, other studies found that even low concen-
trations of chloride ions in solution can inhibit the degradation
efficiency of the studied contaminant.76–79 Different target
molecules undergo different mechanisms during their
in solutions buffered at pH = 4, 7 and 10, (b) under different salinity

[NO3
−] = 0–100 mg L−1 (e)–(h) show the plots of ln

½TRA�
½TRA�0

vs. elapsed

ctively. Error bars were calculated using ts=
ffiffiffi
n

p
where absent bars fall
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Table 2 kobs calculated at different degradation conditions, Dkobs
showing the difference in kobs compared to the control, and initial and
final pH values

Matrix elements kobs (min−1) Dkobs pHi pHf

None (control) 0.90 � 0.04 0% 5.04 3.22
pH = 4 0.59 � 0.02 −35% 4.04 3.60
pH = 7 0.84 � 0.02 −6% 7.19 7.13
pH = 10 0.94 � 0.03 5% 9.85 8.95

Chloride
[Cl−] = 200 mg L−1 0.82 � 0.03 −9% 5.02 3.47
[Cl−] = 2000 mg L−1 0.82 � 0.10 −9% 5.05 3.60
[Cl−] = 20 000 mg L−1 0.65 � 0.02 −27% 5.45 3.59

Bicarbonate
[HCO3

−] = 1 mM 0.48 � 0.03 −47% 8.38 7.95
[HCO3

−] = 50 mM 0.49 � 0.04 −45% 8.55 8.41
[HCO3

−] = 100 mM 0.43 � 0.01 −52% 8.53 8.47

Nitrate
[NO3

−] = 1 mg L−1 0.95 � 0.02 6% 6.82 3.41
[NO3

−] = 10 mg L−1 0.92 � 0.09 3% 6.53 3.41
[NO3

−] = 100 mg L−1 0.70 � 0.07 −22% 5.81 3.34

Humic acids
[HA] = 0.5 mg L−1 0.73 � 0.05 −19% 6.14 3.40
[HA] = 5 mg L−1 0.39 � 0.01 −57% 6.09 3.20
[HA] = 20 mg L−1 0.16 � (0.03 × 10−1) −82% 6.34 3.43

Anoxic 0.56 � 0.03 −37% — —

Chloroform 0.51 � 0.01 −43% — —

UVC/H2O2 0.86 � 0.09 −7% — —

UVC/PS/H2O2 0.95 � 0.06 3% — —

Simulated effluent 0.77 � 0.06 −14% — —
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degradation process, and Clc (E° = 2.432 V),80 while having
a lower redox potential than cOH and SO4c

−, is more reactive
towards electron-rich OCs.81 Therefore, TRA, which has an
amine group and an aromatic ring connected to an electron-
donating group (−OCH3), would be susceptible to oxidation
by Clc. This could explain how only minor inhibition was
observed under freshwater and brackish conditions. Further-
more, cOH forms in solutions containing chlorides (eqn (10))
and contributes to the degradation of TRA and its TPs. The
results obtained under brackish and saline conditions are in
agreement with previous reports.51,74,76–79 As the concentration
of chloride ions increases, the scavenging of cOH and SO4c

− in
solution (eqn (8) and (10))78,82 results in a more signicant
decrease in kobs. Additionally, self-quenching reactions of
chlorine radicals that convert into less-reactive form Cl2c

− (E° =
2.126 V), according to eqn (11),74 may lead to further inhibition.
Similar results were observed by Ghauch et al. regarding the
degradation of o-toluidine and chloramphenicol.52,83 The
detection of two unidentied TPs at retention times of 3.69 and
4.80 min under saline conditions indicates that the presence of
an excess of chlorides in solution has an inhibitory effect on the
1250 | Environ. Sci.: Adv., 2024, 3, 1244–1258
mineralization. Regardless, full degradation of TRA was
successful in all studied systems.

SO4c
− + Cl− / SO4

2− + Clc, k = 3.1 × 108 M−1 s−1 (8)

Clc + H2O # ClOHc− + H+, kfor = 1.3 × 103 M−1 s−1, (9)

ClOHc− # ccOH + Cl−, kfor = 6.1 × 109 M−1 s−1,

krev = 4.3 × 109 M−1 s−1 (10)

Clc + Cl− / Cl2c (k = 2.1 × 1010 M−1 s−1) (11)

5.4.2. Bicarbonate effect. To study the effect of bicarbonate
and ionic strength on the degradation of TRA, experiments were
performed in solutions containing [HCO3

−]0 = 1, 50, and
100 mM (Fig. 4c). The addition of sodium bicarbonate inhibited
the degradation of TRA at all studied concentrations. [HCO3

−]0
= 1 and 50 mM conditions caused kobs to decrease by 47% and
45%, respectively. A slightly more pronounced decrease of 52%
was observed when [HCO3

−]0 was increased to 100 mM (Table
2).

The added bicarbonate leads to an equilibrium of the
H2CO3/HCO3

−/CO3
2− due to the hydrolysis of HCO3

− (eqn (12)
and (13)).74 These ions can scavenge reactive radicals and
generate HCO3c and CO3c

−with lower redox potentials.81 HCO3
−

and CO3
2− react with SO4c

− and cOH (eqn (14)–(17))65 to
generate HCO3c and CO3c

− with lower redox potentials.84 The
addition of bicarbonates to the reactionmedium had a similarly
signicant inhibitory effect in studies using UVC/PS
systems.66,79,83,85–87

HCO3
− + H2O # H2CO3 + OH−, pKa = 6.35 (12)

HCO3
− # H+ + CO3

2−, pKa = 10.3 (13)

SO4c
− + HCO3

− / HCO3c + SO4
2−, k = 2.8 × 106 M−1 s−1(14)

SO4c
− + CO3

2− / CO3c
− + SO4

2−, k = 6.1 × 106 M−1 s−1 (15)

cOH + HCO3
− / HCO3c + OH−, k = 8.5 × 106 M−1 s−1 (16)

cOH + CO3
2− / CO3c

− + OH−, k = 3.9 × 108 M−1 s−1 (17)

An increase in the degradation efficiency of target molecules
in the presence of carbonate/bicarbonate anions was observed
in previous studies using UV/PS-activated systems.53,64,74,75,78

Notably, the observed increase in kobs in the aforementioned
studies reaches a plateau or reverses, and the degradation effi-
ciency starts decreasing when the concentration of bicarbonate
exceeds a certain threshold.53,64,65,74,76,78 This may be attributed
to the dominance of the scavenging reactions over the reactions
with the OC and its TPs. In real-life applications, the presence of
bicarbonate in the matrix negatively affects the degradation
efficiency of the system; therefore, longer treatment times or
higher [PS]0 counteracting the quenching should be considered.

5.4.3. Nitrate effect. The inuence of nitrates on the
degradation of TRA was investigated by adding sodium nitrate
at three increasing concentrations: 1, 10, and 100 mg L−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4d). The results showed that the addition of [NO3
−]0 = 1

and 10 mg L−1 had an insignicant positive effect on the
degradation rate of TRA, increasing kobs by 6% and 3%,
respectively. The addition of [NO3

−] = 100 mg L−1 led to a 22%
decrease in kobs (Table 2).

The negative effect of nitrates on the degradation of organic
contaminants in water has been reported by multiple
studies.79,82,83,85,86 The photolysis of NO3

− can generate cOH (eqn
(18) and (19)),88 which contributes to the degradation of TRA.
However, themolar absorption coefficient and quantum yield of
NO3

− at 254 nm is low; therefore, this effect is predicted to be
insignicant at low concentrations.89 Additionally, multiple
studies reported that NO3

− does not play a role in the quench-
ing of cOH and emphasized that the rate of SR scavenging by
NO3

− (eqn (20)) is too low for this reaction to have a signicant
effect, particularly at low [NO3

−]0.82,86 This can explain why low
[NO3

−]0 does not signicantly impact the degradation of TRA.
Meanwhile, higher concentrations exacerbate the “inner lter
effect” caused by the nitrate ions and signicantly inhibit the
degradation. To further understand this inner lter effect,
Sörensen et al. investigated the effect of nitrates on the degra-
dation of EDTA in a UV/H2O2 system.90 Interestingly, the
authors found that the DP of EDTA benets from increasing the
concentration of nitrates (up to 100 mg L−1), and the opposite
effect occurred in the UV/H2O2 systems. This could indicate that
the inner lter effect reported by some studies may inhibit the
photolysis of H2O2 and reduce the concentration of generated
oxidative radicals, rather than hinder the DP of the organic
contaminants. Studies on the thermal activation of PS for the
degradation of OCs show less dependence on [NO3

−], with
minimal to no inhibition observed.91–94 These results further
Fig. 5 Degradation of [TRA]0 = 10 mg L−1 using [PS]0 = 0.4 mM, (a) in s
20 mg L−1, (b) in oxic UVC/PS (control), anoxic UVC/PS (purged with N2)
0.4 mM), UVC/H2O2 ([H2O2]0 = 0.4 mM), and UVC/PS/H2O2 ([PS]0 = 0.2 m

show the plots of ln
½TRA�
½TRA�0

vs. elapsed reaction time corresponding to (a)

bars fall behind the point marker.

© 2024 The Author(s). Published by the Royal Society of Chemistry
indicate that the inner lter effect is the main factor inhibiting
the degradation of TRA in the UVC/PS system.

NO3
� !hn NO2

� þO�� (18)

Oc− + H2O / cOH + OH− (19)

SO4c
− + NO3

− / SO4
2− + NO3c, k = 5.0 × 104 M−1 s−1 (20)

5.4.4. Humic acids. To simulate the effect of natural
organic matter (NOM), three different concentrations of humic
acids (HA) were tested: [HA]0 = 0.5, 5, and 20 mg L−1. An
inhibitory effect on the degradation was observed, with
a signicant decrease in kobs with each increased concentration
(Fig. 5a). When [HA]0 was increased from 0 to 0.5 mg L−1, kobs
decreased by 19% from 0.90 to 0.73 min−1. When [HA]0 was
increased to 5 and 20 mg L−1, kobs decreased to reach values as
low as 0.39 and 0.16 min−1, respectively (Table 2).

These results are consistent with the outcomes reported in
the literature.64,74,76,87,95–98 The observed inhibition can be linked
to two main factors. First, the addition of HA to the solutions
caused a visible color change from clear to light brown. The
inner lter effect caused by the added light-absorbing HA
inhibits both the DP of TRA and the UVC-activation of persul-
fate. Second, the added HA competes with TRA, and the
oxidation of HA consumes the reactive species in solution,
signicantly reducing the degradation efficiency of TRA.97

5.5. Effect of dissolved oxygen

Dissolved oxygen (DO) is an inuential factor in the UVC/PS
system. To evaluate the effect of dissolved oxygen on the
ystems containing different concentrations of humic acids, [HA] = 0–
and the UVC/PS/CHCl3 (CHCl3 quenches O2c

−), (c) in UVC/PS ([PS]0 =

M, [H2O2]0 = 0.4 mM), (d) under simulated effluent conditions, (e)–(h)

–(d), respectively. Error bars were calculated using ts=
ffiffiffi
n

p
where absent

Environ. Sci.: Adv., 2024, 3, 1244–1258 | 1251
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degradation of TRA, the reactor was purged with nitrogen gas
for 1 h before spiking with persulfate to ensure the elimination
of most of the O2 in solution.53 The results show a decrease in
kobs by 37% in the anoxic system. This may be linked to the
generation of superoxide radicals (O2c

−) under oxic conditions,
which in turn promote the generation of more H2O2,99 leading
to more cOH. Additionally, studies have reported that the
quantum yield of persulfate activation is lower under anoxic
conditions (1.4 mol Einsteins s−1) compared to oxic (1.8 mol
Einsteins s−1).100,101 This could be linked to the ability of O2c

−

generated in solution to activate PS and further generate SO4c
−

(eqn (21)).

O2c
− + S2O8

2− / SO4c
− + SO4

2− + O2 (21)

To further evaluate the role of O2c
− on the degradation of

[TRA], chloroform was used as a superoxide quencher (Fig. 5b).
A 43% decrease in kobs was observed aer the addition of CHCl3
to the UVC/PS system (Table 2). This decrease is comparable to
that observed under anoxic conditions, possibly indicating that
the generation of O2c

− under oxic conditions is the main cause
for the enhanced degradation of TRA.
5.6. Comparative study: UVC/H2O2 vs. UVC/PS vs. UVC/
H2O2/PS

PS was compared to H2O2, a common oxidative reagent in UVC/
AOPs systems, to assess its performance and evaluate the
viability of systems with different oxidants for the continuous
ow system (CFS) in development. The degradation of TRA was
evaluated in UVC/PS, UVC/H2O2, and UVC/PS/H2O2 systems
(Fig. 5c). One mole of each oxidant generates two reactive
radicals; therefore, the total concentration of the oxidant(s)
added was kept the same at 0.4 mM to achieve comparison. In
the UVC/PS/H2O2 system, [PS]0 = 0.2 mM and [H2O2]0 = 0.2 mM
were adopted. The results showed no signicant difference in
the performance of the three systems. A 4% decrease in kobs was
obtained in the UVC/H2O2 system compared to a 6% increase in
kobs in the UVC/PS/H2O2 system. The insignicant difference
between the three systems can be attributed to the relatively low
contribution of SO4c

− in the UVC/PS system when compared to
DP. This would lead to similar results when PS is replaced with
H2O2 since both contribute to the degradation of TRA primarily
by generating cOH.

Considering the insignicant difference between the three
systems, PS presents valuable advantages for real-world appli-
cations. The ease of transport and storage of PS salts compared
to the liquid, corrosive H2O2, its longer shelf life, and lower cost
allow it to be a more desirable choice for AOPs treating indus-
trial wastewater.
5.7. Simulated effluent

The degradation of TRA by UVC/PS was attempted under
simulated effluent conditions to evaluate the performance of
the system in real-life applications. The simulated effluent
constituted a non-ltered stock solution of TRA prepared using
TRAMAL® 50 mg capsules (STADA, Italy). To obtain comparable
1252 | Environ. Sci.: Adv., 2024, 3, 1244–1258
data to the control conditions, the initial TRA concentration was
maintained at 10 mg L−1. The results showed a 14% decrease in
kobs (Fig. 5d).

This decrease in degradation efficiency can be primarily
linked to the inner lter effect of the excipients present in the
drug formulation: microcrystalline cellulose, sodium starch
glycolate, colloidal anhydrous silica, and magnesium stearate.
Notably, the aforementioned excipients are all insoluble;
therefore, they do not affect the degradation by competing for
reactions with reactive species in solution.

5.8. Identication of transformation products

Samples from the UVC/PS system with [TRA]0 = 10 mg L−1 and
[PS]0 = 0.4 mM were screened for common TRA oxidation TPs
obtained from the literature. These possible TPs are compiled
in Table S3.† Eight species with [M + H]+ of m/z 280.1914–
280.1919 Da were observed in the extracted ion chromatogram
(XIC). These peaks belong to TPs with m/z equal to an added
oxygen onto TRAH+; therefore, they might correspond to either
TP280a (N-OXID) or it's a single hydroxylation product
TP280b.68,102 The MS Spectra obtained for each of the eight
peaks are shown in Fig. S7 and S8.† The highlighted red portion
shown in the XIC (Fig. S6†) is the background selected to be
subtracted from the spectral data. Additional hydroxylation
products were possibly formed, with two TPs having m/z =

296.1865 Da (Fig. S12†), indicating double-hydroxylated TP296,
and m/z = 312.1816 Da, indicating triple-hydroxylated TP312
(Fig. S13†).

The XIC for formula C15H24NO2 showed two major peaks
with m/z = 250.1810 ± 0.01 Da (Fig. S9†). These peaks may
belong to the dealkylation TPs N-desmethyltramadol (TP250a)
and O-desmethyltramadol (TP250b). TP236 possibly corre-
sponds to further dealkylation at the nitrogen atom (Fig. S10†).
The XIC for C14H21NO2 shows a clear peak at 2.778 min, with
the MS spectrum showing a peak at 236.1653 Da.

Finally, TP278 with formula C16H24NO4 andm/z = 278.1759–
278.1762 could be formed by the addition of oxygen to one of
the carbons around the nitrogen, resulting in either an alde-
hyde or a ketone.102 Fig. S11† shows all the MS spectra for
TP278.

Based on these ndings and previous research on the
oxidation of TRA by various AOPs,68,102,103 three degradation
pathways, A, B and C, were proposed, as shown in Fig. 6.
Pathway A begins with the oxidation of the methyl group on
either the tertiary amine or the methoxy group, followed by
demethylation. Pathway B is the oxidation of the amine by
oxygen transfer. Pathway C is a multi-hydroxylation pathway
that begins with the hydroxylation of the aromatic or cyclo-
hexane ring.

5.9. Continuous-ow system

Our research group has been conducting studies on AOPs,
primarily PS-based technology. The studies rst tested chemical
and thermal activation of PS, followed by UVC activation. The
rst few projects using UVC activation were conducted via
research-grade tools, i.e., reactors and lamps, which do not
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed TRA degradation mechanism. Experimental conditions: [TRA]0 = 10 mg L−1 and [PS]0 = 0.4 mM.
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resemble the working conditions within an industrial environ-
ment. The research evolved to incorporate commercially avail-
able, common, low-cost elements, such as UVC water
disinfection elements, as a replacement for the reactors;
however, the elements were not used as per their original
design. Instead, they were used in a batch process to study the
degradation of pharmaceuticals under different conditions.
This step is important for optimizing the system's performance
under different conditions.

Aer conducting several successful studies on the elimina-
tion of PPCPs using UVC/PS batch treatment, which requires
the collection and storage of the effluent, increasing process
complexity and cost, it became necessary to develop a skid-
mounted continuous-ow system (CFS) at a pilot-scale. The
system had to be portable, easy to operate, and ultimately
a stand-alone plug-and-play unit capable of being installed in
industries with hazardous wastewater treating separate streams
in-line with production. For this purpose, the unit shown in
Fig. 7a was developed by our research group and was tested for
the treatment of TRA at a ow rate of 360 L per day of [TRA]0 =
10 mg L−1.

The operation parameters of the CFS were adjusted to mimic
the batch conditions required for the full degradation of [TRA]0
= 10 mg L−1. These parameters include the volume of the
reactor, the UVC dosage, and the temperature of the solution.
The batch reactor had a total volume of 350 mL and required
6 min for the total elimination of TRA. To achieve an equivalent
UVC irradiation time in the CFS with 5 lamps turned on and
a total reactor volume of 1434 mL, a ow rate of 239 mL min−1

should be set.
© 2024 The Author(s). Published by the Royal Society of Chemistry
A volume of 2.5 L of TRA solution was pumped into the CFS
via the main pump, with the ow rate set to 235 mL min−1. To
achieve [PS]delivered = 0.04 mM, the PS ow rate was set to 4
mL min−1. At this ow rate, 24 mM of PS solution was required.

To ensure that the set ow rates were delivering the correct
concentrations, the system was operated at the selected
parameters with the lamps kept off and only one solution being
pumped at a time. The temperature of the solution was moni-
tored before and aer passing through the CFS. The increase in
temperature was <5 °C. The parameters of the system, i.e., the
ow rate of uid exiting each pump and the UV dosage are
controlled using the user interface shown in Fig. 7b. The system
was modeled to mimic the batch reactor andmaintain the same
experimental conditions. [PS]nal was below the detection limit
in both the batch and continuous ow experiments. Control
experiments conducted without PS showed a similar degrada-
tion prole to that of the batch experiments: TRA was almost
completely degraded, whereas TPs persisted.

The results of the degradation experiment are shown in
Fig. 8. Full degradation of [TRA]0 = 10 mg L−1 was achieved
under the aforementioned CFS parameters. Samples were ob-
tained at every minute from the start of the run and [TRA] was
determined using HPLC/FLD. TRA was not detected in any of
the samples. The system was subsequently operated with 4, 3, 2,
and 1 lamp(s), reducing the irradiation time in the UVC reac-
tors. The results showed almost full degradation of TRA, with
a minimum percentage reached, e.g., 75.57% for the congu-
ration using one operational lamp. However, the degradation
improved to 84.79, 93.19, 99.86, and 100% for the congura-
tions using 2, 3, 4, and 5 lamps, respectively (Fig. 8b). These
results showed the high potential of a similar system to fully
Environ. Sci.: Adv., 2024, 3, 1244–1258 | 1253
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Fig. 7 (a) Schematic diagram of the continuous-flow system devel-
oped for the treatment of industrial effluent ((1) PS pump, (2) influent
pump, (3) reactor containing UVC lamp, (4) PS solution, (5) influent, (6)
Spectrophotometer containing a flow cell for online monitoring, (7)
system output/treated effluent). (b) User interface used to control the
flow rates of the pumps and the number of UVC lamps in use.

Fig. 8 (a) Absorbance spectra of the effluent from the CFS, recorded
by the online spectrophotometer during experiments testing the
effect of UV dosage on the degradation of TRA (inset: absorbance at
215 nm under different UV dosage conditions), (b) % degradation of
TRA at different UV dosages. The samples taken for this experiment
were analyzed using HPLC/FLD. Experimental conditions: [TRA]0 =

10 mg L−1 and [PS]0 = 0.4 mM.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 6
:0

9:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
degrade industrial effluents charged with OCs, i.e., pharma-
ceuticals, while performing effluent characterization and opti-
mizing parameters such as the concentration of PS used, the
retention time of the effluent in the in-series reactors, and the
related ow rate of the effluent entering the CFS.

5.10. Economic feasibility

The economic feasibility was assessed based on a method by
Bolton et al. published in an IUPAC technical report.104 The
required energy is represented by the electric energy per order
(EEO). EEO (kW h per m3 per order) is dened as the electric
energy required to degrade contaminants by one order of
magnitude, e.g., from 10 mg L−1 to 1 mg L−1, in 1 m3 of
contaminated water, and is calculated using eqn (22) for a batch
system and eqn (23) for a continuous ow system.

EEO ¼ P� t� 1000

V � log
�
Ci

�
Cf

� (22)

EEO ¼ P

F � log
�
Ci

�
Cf

� (23)
1254 | Environ. Sci.: Adv., 2024, 3, 1244–1258
where P is the power supplied to the system in kW, t is the
duration of treatment in hour, V is the volume treated in L, Ci

and Cf are the inuent and effluent concentrations, respectively,
and F is the inuent ow rate in m3 h−1. The conversion factor
from L to m3 is 1000.

This equation assumes rst-order kinetics; therefore, log(Ci/
Cf) is equivalent to 0.4343 × kobs × t, where kobs is the rst-order
reaction rate constant (min−1) and t is the reaction time (min).
By substitution, eqn (22) can be written in the form of eqn (24),
simplied to yield eqn (25) for a batch reactor.

EEO ¼ P� t� 1000

V � 0:4343� kobs � t� 60
(24)

EEO ¼ 38:4� P

V � kobs
(25)

In eqn (24), 60 is the conversion factor from min−1 to h−1.
The electrical energy cost for each system is calculated using

the price of $0.079 per kW h, based on the average cost for
industries in the US.105,106 The cost of reagent, i.e., persulfate, is
based on the price of $2 per kg of sodium persulfate (price
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Total system cost based on electricity price rates in the US

System EEO (kW h per m3 per order)
Electrical cost
($ per m3)

Reagent cost
($ per m3) Total cost ($ per m3)

Control (batch) 1.341 0.106 0.190 0.296
Control (CFS) 5.177 0.409 0.113 0.522
Simulated effluent (batch) 1.567 0.124 0.190 0.314
Simulated effluent (CFS) — — — 0.554 (projected)
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obtained from Jinan Shijitongda Chemical Co., Ltd). The
calculation steps used to obtain the mass and price of sodium
persulfate required per m3 in this system and other systems are
elucidated in Table S4.†

For the batch system, EEO was evaluated for the UVC/PS
control system using [PS]0 = 0.4 mM and [TRA]0 = 10 mg L−1,
with total reactor volume V = 0.35 L, power of the UVC lamp
used P = 11 W, and kobs = 0.90 min−1. The electric energy per
order was calculated accordingly using eqn (25) to be EEO
(control, batch) = 1.341 kW h per m3 per order. The total cost
was $0.296 per m3. The detailed cost for each considered system
is presented in Table 3. According to the survey done by Miklos
et al., the median value 0.67 kW h per m3 per order for UV/PS
systems.107 Our EEO value of 1.341 kW h per m3 per order is
above the median considered in their study. It falls within the
data set and is lower than studies where the EEO reaches an
order of 101.

For the continuous ow system, the total power is equivalent
to the sum of power used by the 3 lamps (since 3 lamps are
needed to achieve a degradation of one order of magnitude), the
pumps used, and miscellaneous power use (mainly computing
power). Each lamp uses 11 W of power, the inuent pump uses
20 W, the PS pump uses 10 W, and the general required
computing power was rounded to 10 W. The total power used
was equal to 73 W. The ow rate of inuent treated was equal to
235 mL min−1. Using eqn (23), EEO (control, CFS) = 5.177 kW h
per m3 per order, which translates to an electrical cost of $0.409
per m3 and a total cost of $0.522 per m3.

The batch UVC/PS system treating simulated effluent uses
the same amount of PS; therefore, it has the same cost of
reagent. On the other hand, EEO (simulated effluent, batch) =
1.567 kWh perm3 per order, leading to an electric energy cost of
$0.124 per m3 and a total cost of $0.314 per m3.

The total cost for control conditions moving from batch to
continuous increased by 77%. Therefore, the cost for treatment
of simulated effluent using the developed CFS is projected to be
$0.554 per m3.
6. Conclusions

The degradation of TRA by UVC/PS was investigated in this
research. Experiments in a lab-scale batch treatment setup
showed that the system achieved full degradation of TRA
(10 mg L−1) using low [PS]0= 0.4 mM, at a cost of $0.296 per m3.
The performance of the system under the effect of various
factors including the pH, the presence of inorganic ions such as
chloride, bicarbonates, and nitrates, the presence of NOM, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
the level of dissolved oxygen was evaluated. The results showed
that the degradation was signicantly inhibited by low pH, the
presence of bicarbonates, and elevated concentrations of chlo-
rides and nitrates. The degradation also benets from the dis-
solved oxygen in solution, as shown by the decrease in
degradation efficiency under anoxic conditions. NOM present
in solution signicantly slowed down degradation and scav-
enged reactive species that oxidize TRA. The systemmanaged to
fully degrade TRA under simulated effluent conditions. The
UVC/PS system was employed in a pilot-scale continuous ow
treatment system that was able to replicate the results obtained
in the batch treatment. Full degradation of [TRA]0 = 10 mg L−1

at a rate of 360 L per day was achieved at a cost of $0.296 per m3.
Notably, this system is modular/scalable and can be modied to
accommodate effluents from industries of greater capacity.
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31 T. Mackǔlak, L. Birošová, I. Bod́ık, R. Grabic, A. Takáčová,
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