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flumequine and sulfaquinoxaline. However, three pharmaceuticals, namely, carba-
mazepine, diclofenac, and sulfadimidine, showed limited removal performances
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Highlights

e Treatment wetland (TW) as a nature-based solution can treat pharmaceutical
wastewater.

o Tidal flow TW with a better aerobic condition was favourable for pollutant removal.

e Jordanian zeolite was a promising wetland media to enhance the treatment
performance.

e The final effluent complied with Jordanian standards for wastewater reuse in
irrigation.

e Some pharmaceuticals could achieve completed removal by the hybrid TW system.
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1 | INTRODUCTION

The pharmaceutical industry generates a significant amount of waste-
water that threatens the aquatic environment, mainly because of its
high content of pharmaceutical micropollutants that are difficult to
treat (da Silveira Barcellos et al., 2022). Jordan is the second most water
scarce country in the world (WHO/UNICEF, 2000). In addition, the
pharmaceutical industry is one of the major pillars of the national econ-
omy and has a big share of the total Jordanian exports (Alabbadi
et al., 2014). Therefore, treating pharmaceutical wastewater is essential
to mitigate its negative impact on the environment and public health.
Traditional wastewater treatment methods are inadequate in removing
many pharmaceuticals (Zhang et al., 2017), and advanced technologies,
such as advanced oxidation processes and membrane filtration, are
expensive and unaffordable in such developing countries because of
high energy costs and capital investments (Ganiyu et al., 2015). Conse-
quently, it is crucial to develop effective, sustainable, and low-cost
wastewater treatment methods for the pharmaceutical industry.

Treatment wetlands (TWs) are a type of nature-based solution
that have shown great potential for treating a variety of wastewater
types (Carvalho et al., 2022; Oral et al., 2020; Wu et al., 2018), includ-
ing domestic sewage, stormwater, agricultural runoff, and industrial
wastewater. TWs can eliminate pollutants, such as pharmaceutical
compounds via a range of physical, chemical, and biological mecha-
nisms (Zhang et al., 2018, 2019). Oxygen plays a vital role in TWs by
supporting the growth and metabolism of microorganisms and plants,
thereby improving the treatment efficiency of the system (Lyu
et al, 2018). Artificial aeration through diffusers or mechanical
devices is the most commonly used approach to introduce oxygen
into the wetland to facilitate pollutant removal (Nivala et al., 2020).
Additionally, TWs can be designed and operated with regular tidal
cycles known as tidal flow TWs (TFTWs). In a TFTW, wastewater is
periodically pumped into the wetland media and then drained, creat-
ing a “passive pump” to draw oxygen from the atmosphere into the
system (Guo et al., 2017; Kizito et al., 2017). TFTWs only require half
of the energy and area to treat the same volume of wastewater com-
pared with aerated wetlands (Austin & Nivala, 2009). While TFTWs
have been proven to remove organics, ammonia, and some organic
micropollutants effectively, it is unclear whether and to what extent
they can eliminate pharmaceutical compounds from real pharmaceuti-
cal industrial wastewater.

Certain pharmaceutical compounds, such as tetracyclines and
metronidazole, are not easily degraded by aerobic microorganisms
(Ahmed et al., 2017). TWs with anoxic/anaerobic conditions, such as
horizontal subsurface flow TWs (HSSF TWs), may be more effective
in removing such pharmaceuticals and their transformation products
(Dhangar & Kumar, 2020). Therefore, it is hypothesized that a hybrid
system with two sequences of TWSs, containing aerobic and anaerobic
conditions, could be an ideal option for treating pharmaceutical
wastewater. The wetland substrate/media is important for providing
the surface area to support microorganism growth and pollutant
removal. River gravels/sands are the most commonly used substrates

in TWs because of their low cost and widespread availability
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(Yazdania & Golestanib, 2019). However, advanced natural and artifi-
cial materials with high surface area and pore volume, such as zeolite,
have been used as wetland substrates to increase pollutants' retention
time in the system through adsorption processes (Bai et al., 2022).
Moreover, it is reported that zeolite materials have significant adsorp-
tion capabilities towards high pharmaceutical compound removal (Al-
Mashagbeh et al., 2021). Besides the increased adsorption capability,
zeolites can stimulate the growth and colonization of microorganisms
leading to better biodegradation efficiency of pharmaceuticals.

Jordan is one of the world's largest producers of natural zeolite,
presenting a unique opportunity to use local sources of zeolite in TWs
for wastewater treatment. In this study, a pilot-scale hybrid TW system
consisting of a TFTW and an HSSF TW was constructed in a local phar-
maceutical factory to treat wastewater. Water quality, common pollut-
ants (i.e., organics, nitrogen, and phosphorous), and 10 pharmaceutical
compounds were monitored at different stages of the system. The focus
of this study was to evaluate the feasibility of using TWs as nature-
based solutions for real pharmaceutical wastewater treatment in Jordan.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

All reagents utilized for liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) detection were analytical grade. Acetonitrile,
acetone, and methanol were acquired from Carlo Erba (99.9% purity).
Formic acid (298% purity) and ammonium formate (99% purity) were

obtained from Scharlau and Merck, respectively.

2.2 | Experimental set-up and operation

A pilot-scale hybrid TW system was built at a local pharmaceutical
factory in Amman, Jordan (Figure 1), and this factory produces more
than 100 generic and branded pharmaceuticals, including anti-
infective, dermatological preparations, diabetes treatments, eye-ear
preparations, analgesics, and vitamins. In this study, 10 pharmaceutical
compounds with the highest concentrations were reported out of
17 detected compounds representing three types of medicine (anti-
convulsant, antibiotic, and analgesic). The wetland system consists of
a TFTW and a saturated HSSF TW. Both systems were built in 1 m®
intermediate bulk container (IBC), with dimensions of 1 m in height,
length, and width. The TFTW and HSSF TW were each composed of
a drainage layer (20 cm in height) at the bottom and a main treatment
layer (70 cm in height) at the top. The drainage layer was filled with
clean gravel (3-5 cm in diameter), while the main treatment layer was
filled with washed local zeolite (0.6-1 cm in diameter) obtained from
Agriculture Green Zeolite CO. in Amman, Jordan. The total height of
the media layer was approximately 90 cm in both TWs, and the water
level in the HSSF TW remained consistent at a height of 80 cm. One
of the most common wetland plants in Jordan, that is, Typha angustifo-

lia (Typha), was collected and planted in both systems. The pilot was
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FIGURE 1
Jordan.

installed after the secondary activated sludge system operated at the
factory. Therefore, the plants were irrigated directly by this water
without any stabilization period.

The system was commissioned in July 2022 receiving the
activated sludge treatment effluent and operated for 5 months. The
first 2 months of operation was the stabilization period enabling
the development of biofilms and plant growth. The sampling
campaigns were conducted for 3 months until December 2022.
During both stabilization and sampling periods, pharmaceutical
industrial wastewater was induced to the surface of the TFTW in
batch mode with a hydraulic loading rate of 1.26 m/day. The tidal
operation was controlled by a pump and an automatic drain valve
that was controlled by a timer under a flooded/drained time ratio
of 3:3 h (four cycles per day). The HSSF TW was continuously
saturated with a hydraulic retention time of 0.25 days (hydraulic
loading rate of 1.26 m/day).

2.3 | Water quality and pollutant analysis

Water samples were collected in 1 L clean sampling bottles from the
influent and effluent of each TW approximately every 2 weeks.
The collected samples were tested for pH, electrical conductivity (EC),
and turbidity using multiprobes (Multi 9630 IDS WTW, Hach,
Germany). The concentrations of chemical oxygen demand (COD),
total phosphorus (TP), total nitrogen (TN), NH4"-N, and NO3 ™ -N were
analysed using a Lovibond spectrophotometer (XD 7000 (VIS), Lovi-
bond, Germany) and commercially available test kits. COD and TP
were quantified using Lovibond LR test kits (0-150 mg/L) and VARIO
Total Phosphorus LR reagent set (1.5-20 mg/L), respectively. The
Lovibond VARIO Total Nitrogen LR Reagent Set (5-150 mg/L) was
used for TN measurement. Lovibond Ammonia HR (1-50 mg/L) and

Nitrite LR (1-30 mg/L) reagent sets were used to determine NH4"-N,
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The (a) photo and (b) schematic diagram of the pilot-scale treatment wetland system at a local pharmaceutical factory in Amman,

and NO3™-N concentrations, respectively. All operations followed the

manufacturer's instructions.

2.4 | Pharmaceutical analysis

Ten pharmaceutical compounds frequently detected in the wastewater
effluent, that is, carbamazepine (anticonvulsant), enrofloxacin, ciproflox-
acin, ofloxacin, lincomycin, trimethoprim, flumequine, sulfaquinoxaline,
sulfadimidine (antibiotics), and diclofenac (analgesic), were monitored in
this study. Pharmaceutical compounds in the water samples were
detected using the method developed by Al-Mashagbeh et al. (2019).
Initially, the polymeric hydrophilic-lipophilic balance Oasis 6 cc car-
tridge (Milford, MA, USA) was conditioned by passing 6 mL acetone
and 6 mL methanol sequentially, followed by 6 mL distilled deionized
water. Then, 50 mL of the water sample flowed through the solid phase
extraction cartridge and was kept at a flow rate of approximately
10 mL/min or less. The cartridge was rinsed with 5 mL of deionized
water, and room air was allowed to flow through the cartridge by con-
tinued suction for at least 5 min to dry the cartridge. All extracted sam-
ples were eluted by adding 10 mL of methanol. The pharmaceuticals
were analysed using liquid chromatography-mass spectrometry
(AB SCIEX Triple Quad 5500, USA) with a limit of detection (LOD) of
0.02 pg/L for the targeted compounds in this study. If the detected
concentration was below the LOD, the LOD value was used for calcu-
lating the removal performance. The LC-MS/MS is equipped with Luna
Omega polar C18 embedded column (100 mm * 3.0 mm, particle size
of 3 um). Gradient elution mode was considered in the following order:
Eluent A is 5 mM ammonium formate and 0.1% formic acid, and eluent
B is acetonitrile and 0.1% formic acid. Among the reagents, formic acid
was utilized to provide essential protons for LC-MS/MS analysis and
improve the peak shapes of the resulting separations. The initial mobile
phase conditions started with 98:2 A/B for 1 min; then, a linear
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gradient pattern was used to reach a ratio of 70:30 A/B at 2 min, and
then, the ratios were changed to reach 60:40 A/B at 3 min. The ratios
were changed to 50:50 A/B at 6 min; then, the ratios were changed to
reach 0:100 A/B at 8.5 min. Before returning to the initial conditions,
the last ratio was maintained for 10 min. The flow rate was set at
0.6 mL/min and the injection volume of 5 pL. Multiple reaction moni-
toring was conducted with AB-Sciex 5500 equipped with an electro-
spray ionization interface, using the positive- negative ion mode.
Instrument control, data acquisition, and quantitation were run using
analyst software. The temperatures of the drying gas, column oven, and
autosampler were set at 500°C, 30°C, and 5.0°C, respectively. The
detection time lasted for 13 min.

2.5 | Calculation and statistical analysis

The difference in pollutant concentrations between the influent and
effluent of each system was obtained through Kruskal-Wallis one-
way analysis of variance using PAST 4.03 software at a 95% confi-
dence level. Different forms of nitrogen were calculated based on the
deduction of the concentrations of TN and NH,;"-N and NO3-N.

3 | RESULTS AND DISCUSSION

3.1 | Dynamics of pH, EC, and turbidity

Pharmaceutical industrial wastewater can exhibit varying pH levels
depending on the specific substances involved in the manufacturing
process (Gadipelly et al., 2014). The wastewater generated by the
Jordanian pharmaceutical factory in this study was found to be
neutral, with a pH of 7.5 + 0.2 (Figure 2a). Although the removal of
NH4*-N from the wastewater can lower the pH level in the efflu-
ent (Lyu et al., 2018), the presence of wetland plants and microor-
ganisms as well as the buffer capacity of zeolite can contribute to
ion uptake or release, thereby regulating pH (Ram & Vineet, 2015).
As a result, after treatment by both TFTW (7.2 + 0.4) and HSSF
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TW (7.3 £ 0.2), the pH of the water was maintained at a neutral
level.

During the experiment, the EC values of the effluent from
TFTW and HSSF TW were slightly higher than those of the influent
(2.1-2.2 mS/cm) (Figure 2b). TWs can effectively remove various
types of pollutants, such as organics, N, and P, and lead to a
decrease in EC values for domestic sewage treatment (Wang
et al,, 2021). The slight increase in the EC might be because of the
warm climate weather at Jordan which causes more evapotranspira-
tion. In this study, some pharmaceutical compounds may have been
difficult to remove completely and/or their transformation products
may have remained in the water as dissolved ions, leading to similar
EC values in the effluent. However, TFTW achieved a removal effi-
ciency of 72.7% for turbidity, which increased to a total removal
efficiency of 82.4% after the second stage of treatment (Figure 2c).
These findings are consistent with previous studies demonstrating
that TFTW can provide a turbidity removal range of 70-99% during
wastewater treatment (Hamisi et al., 2022). Furthermore, TFTW can
offer better performance in terms of turbidity reduction compared
with conventional HSSH TW under the same conditions (Saeed &
Sun, 2017).

3.2 | Removal of organics and nutrients

The average removal efficiency of COD in TFTW was found to be
50.5% at an influent concentration of 309 mg/L (Figure 3a). Further
treatment by HSSF TW resulted in an overall removal efficiency of
61.4%. Similar trends were observed for the reduction of NH4"-N
(Figure 3d), where TFTW removed 57.7% of influent NH4"-N and the
final treatment efficiency was 61.9%. When comparing the loading
removal capacity of the two systems, TFTWs exhibited significantly
higher removal rates for COD (196.6 g/m?/day) and NH,"-N (7.27 g/
m?/day) compared with the HSSF TWs, which had removal rates of
42.4 and 0.53 g/m?/day for COD and NH4"-N, respectively. This can
be attributed to the sufficient oxygenation of the TW beds during the
drained cycles under tidal operation. Previous studies have shown
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FIGURE 2 The levels of (a) pH, (b) electrical conductivity (EC), and (c) turbidity in the inlet and outlet of the first stage tidal flow treatment
wetland (TFTW) and second stage horizontal subsurface flow treatment wetland (HSSF TW). The numbers above the bars represent the mean

values (+ standard deviation).
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dynamics of different forms of nitrogen along the two treatment stages.

that sufficient oxygen entrapped within the TFTW supports microbial
degradation of organics and ammonia adsorbed onto the medium dur-
ing the flooded period, by organotrophic and nitrifying bacteria during
the drained periods (Guo et al., 2017; Hamisi et al., 2022; Lv
et al.,, 2013).

Phosphorus removal in TWs can occur via various processes, such
as substrate adsorption, chemical precipitation, bacterial immobiliza-
tion, plant and algal uptake, and sediment accretion (Dotro
et al., 2017). However, the removal capacity tends to be much lower
and more variable, and TWs can be either sources or sinks of phos-
phorus (Bhomia et al., 2015). Previous studies have demonstrated that
the overall P-removal capacity of a TW is strongly dependent on the
sorption characteristics of the substrate, with the removal usually in
the range of 45-60% in traditional TWs (Vymazal, 2010). Several
studies have suggested that the use of zeolite in TWs can increase
the removal of P because of its high surface area and ion-exchange
capacity and provide a habitat for microorganisms for biological P
removal (Andrés et al., 2018; Vera et al., 2014). In this study, the over-
all removal efficiency of TP was found to be 52.6% against an influent
TP level of 6.5 mg/L (Figure 3b). Surprisingly, HSSF TW showed much
less ability for TP removal compared with TFTW, which may be
because of the characteristics of the pharmaceutical wastewater. The
active sites of zeolite were primarily occupied by pharmaceutical com-

pounds, which were competitive with P.

Unlike the removal of NH,"-N, the concentration of NO3; -N sig-
nificantly increased from 2.6 to 8.6 mg/L from the influent to TFTW
effluent (Figure 3e). Moreover, the sum of NH4"-N and NO; -N did
not exhibit a significant difference from the influent to the TFTW efflu-
ent (Figure 3f). The results demonstrate that the increased concentra-
tion of NO3 -N in the TFTW effluent primarily resulted from the
transformation of NH,"-N via the nitrification process in the well-
oxygenized TFTW bed. Meanwhile, the removal of TN in TFTW
(Figure 3c,f) was mainly attributable to other forms of nitrogen, such as
nitrogen-containing organic compounds like proteins, amino acids, and
urea in pharmaceutical wastewater (Wang et al., 2022). The subsequent
stage of HSSF TW with the anoxic condition was found to be more con-
ducive for the denitrification process, leading to significant removal of
NO3~-N (Figure 3e) and contributing to the reduction of TN (Figure 3c).
However, it was not as effective in removing NH,;"-N (Figure 3d).

Taking into account the Jordanian standards for treated wastewa-
ter reuse in irrigation (European Environment Agency, 2014), the water
quality of the final effluent complied with the Class B standard for
COD, TN, and NO3™-N with concentrations below 500, 70, and 45 mg/
L, respectively, and the pH within 6-9. Nevertheless, our results sug-
gest that hybrid TW systems with the combination of different types of
TWs, such as the well-oxygenated TFTW and saturated HSSF TW,
show promising potential for industrial wastewater treatment to

address water security and scarcity issues in Jordan.
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3.3 | Removal of pharmaceuticals compared with the lower values typically reported in domestic and
hospital wastewater (Escher et al., 2011; Reis et al., 2019). The influ-
Ten compounds were selected in this study because of their high pro- ent concentrations of pharmaceuticals obtained here were consistent
duction in the factory and frequent detection in wastewater effluent. with those of similar studies on the treatment of pharmaceutical
These compounds were detected in high concentrations ranging from industry wastewater in Jordan (Al-Mashagbeh et al, 2019). The
121 to 1350 pg/L in the industrial wastewater, as shown in Figure 4, removal of pharmaceuticals in TWs varied significantly depending on
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removal efficiency of corresponding pollutants against the inlet.
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their chemical structure and characteristics. In this study, the removal
of those 10 compounds can be categorized into three groups
(Figure 4), that is, completed removal (five compounds), moderated
removal (two compounds), and insufficient removal (three

compounds).

3.3.1 | Completed removed compounds
(enrofloxacin, ciprofloxacin, ofloxacin, lincomycin, and
trimethoprim)

In this study, a comprehensive removal (>96%) of enrofloxacin,
ciprofloxacin, ofloxacin, and trimethoprim was observed by the first
stage TFTW (Figure 4a-d), regardless of their initial concentrations
(ranging from 100 to 770 pg/L). The second stage HSSF TW further
improved the removal efficiency to almost 100%. The results from
this study agreed with the findings of Carvalho et al. (2013) and
Santos et al. (2019), who have reported a removal efficiency of
90-98% for enrofloxacin in lab- and pilot-scale TWs. Ciprofloxacin
(97%) (Liu et al., 2019), ofloxacin (38-98%) (Dan et al., 2020), and
trimethoprim (65-99%) (Dan et al., 2013) have also been found to
be significantly removed in previous TW studies for pharmaceutical
removal.

It is difficult to quantify the contributions of HSSF TW in the
removal of these compounds in this study, because the first stage
treatment by TFTW was already effective in eliminating the majority
of the compounds. Dan et al. (2013) found that vertical flow TWs
operated under aerobic conditions had higher removal efficiency for
trimethoprim compared with HSSF TW that operated under anaerobic
conditions. The aerobic conditions appear to be more favourable for
the removal of these compounds in TWs. The involvement of aerobic
bacteria in the degradation of some pharmaceuticals may require oxy-
gen to carry out metabolic processes that break down the structure.
Additionally, oxygen can help promote the growth of plants and other
macrophytes, which can further enhance the removal of antibiotics
through processes, such as adsorption and uptake.

For lincomycin (Figure 4e), TFTW removed 65.4% of the com-
pound from the influent (207 pg/L), and the final removal efficiency
of 93.6% was achieved with the second stage treatment. The results
were supported by the findings from llyas and van Hullebusch
(2019), who reviewed and summarized that the vertical flow wet-
land under aerobic conditions achieved a removal efficiency of 70-
74% of lincomycin while the HSSF TWs under anaerobic/anoxic
conditions had lower removal efficiency (40-46%). In general, this
study highlights the potential of TWs equipped with Jordanian zeo-
lite as nature-based solutions to effectively remove these com-
pounds and emphasizes that aerobic conditions can enhance
treatment performance. It is important to mention here that there
are many removal pathways of antibiotics in TWs systems that were
reported in the literature, such as microbial degradation, photode-
gradation, sorption, plant uptake, and phytodegradation (Carvalho
et al., 2013).
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3.3.2 | Moderated removed compounds
(flumequine and sulfaguinoxaline)

The overall removal efficiencies of flumequine (Figure 4f) and sulfa-
quinoxaline (Figure 4g) in the hybrid TW systems were 68.2% and
59.2%, respectively. To our knowledge, no previous study has investi-
gated the removal of these compounds in TWSs. However, our study
suggests that a TW with a better aerobic condition would be favour-
able for the removal of these compounds. In a lab-scale hydroponic
experiment conducted by Forni et al. (2001), the aquatic plants Azolla
filicuolides Lam., Lythrum salicaria L., and Lemna minor L. were evalu-
ated for their capacity to remove flumequine from wastewater. Flu-
megquine induced hormesis in Lythrum (with a higher effect at 50 mg/
L), while Lemna growth and photosynthetic pigments were weakly
affected. The tested concentration was much higher than the level in
this study, which supports the idea that TWs could maintain a healthy
condition and function for the treatment of pharmaceutical wastewa-
ter in real implementations.

The results demonstrated that the system could provide promis-
ing capabilities to effectively remove various pharmaceuticals, which
enhanced the safety of using the treated wastewater for irrigation
reuse. It should be noted that the degradation of pharmaceuticals in
TWs relies primarily on microbial-mediated biodegradation processes
(llyas & van Hullebusch, 2020). Thus, there is a high potential for anti-
microbial resistance (AMR) to be generated and present in the dis-
charged effluent (Bai et al., 2022). AMR monitoring was not included
in the current study. However, future efforts to determine and miti-
gate AMR will be important to safeguard the environment and human
health associated with water reuse procedures. Additionally, it is
important to assess the transformation by-products of pharmaceuti-
cals to ensure that the treated wastewater is safe for reuse and to

help address the water scarcity issues faced in Jordan.

3.3.3 | Insufficient removed compounds
(carbamazepine, diclofenac, and sulfadimidine)

Limited removal of carbamazepine, diclofenac, and sulfadimidine (1.1-
20.5%) was observed in the hybrid TW (Figure 4h-j). These results are
consistent with previous studies that reported low removal efficiency
of carbamazepine in TWs (1-12%) and even negative removal (—8.5%
to —2.5%) (llyas & van Hullebusch, 2020). The low removal of carba-
mazepine could be because of the main removal mechanism in TWs.
A major fraction of carbamazepine is removed by the adsorption pro-
cess; however, these adsorbed compounds can be released back
because of changes in operational/environmental conditions that
affect binding, such as fluctuations in pH and temperature. Addition-
ally, the non-biodegradable and refractory nature of carbamazepine
may also contribute to its low removal efficiency. In this study, a simi-
lar trend of carbamazepine removal occurred with a maximum
removal (20.5%) achieved, which may be attributed to the selection of

zeolite, which could provide high adsorption capabilities.
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The low removal efficiency of diclofenac may be attributed to

the presence of chlorine in its structure, which makes it highly recal-
citrant to biodegradation (Kimura et al., 2005). There is a lack of
available references to compare the removal of sulfadimidine in TWs.
As the removal of diclofenac and sulfadimidine in both TFTW and
HSSF TW was not significant in this study, further optimization or
incorporation with other treatment technologies is needed to address
the risks of these recalcitrant compounds and protect the receiving

waters.

4 | CONCLUSION

The results of the current study demonstrate that nature-based
solutions in the form of a hybrid TFTW and HSSF TW system show
promise as an approach for pharmaceutical wastewater manage-
ment. The configurations achieved removal efficiencies of 61.4%,
52.6%, 60.1%, and 61.9% for COD, TP, TN, and NH,"-N, respec-
tively, with final effluent water quality meeting Jordanian Class B
standards for treated wastewater for irrigation. Encouragingly, nearly
complete removal (93.6-99.9%) was observed for 5 of the 10 phar-
maceuticals present in the industrial wastewater. Moderated
removal performances (59.2-68.2%) were achieved for two other
compounds. With three recalcitrant pharmaceuticals remaining at
low removal levels (1.1-20.5%), this highlights opportunities to fur-
ther optimize the approach or integrate it with complementary tech-
nologies to achieve comprehensive removal of a wider range of

pharmaceuticals.
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