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ABSTRACT

Treatment with non-thermal plasma (NTP) is a promisingmethod to remove potentially harmful phamiaceuticals
from wastewater treatment plant (WWTP) effluent. An applicaäon-oriented püot-scale study was conducted to
investigate the performance of an innovative process combining ultrafiltration (UF) and an NTP unit alternative
to previously investigated thin-film designs. The studied NTP generator produces die plasma air separately and a
specially designed turbine distributes the oxidizmg species in the wastewater to be treated. The process was used
for the treatment of effluents from a conventional acüvated sludge WWTP in Bad Reichenhall, Germany.
DifFerent set-ups in terms of hydraulic retention äme and NTP composition (overall number of ions and ozone
concentration) were tested to examine the removal efficiency of the target pharmaceuticals Diclofenac (DCF),
Carbamazepine (CBM) and Sulfamethoxazole (SMX), äs well äs chemical and physical wastewater parameters.
The reduction of DCF, CBM and SMX with optimal set-up was found to exceed 90% wifh initial concentrations in
ttie WWTP effluent in the microgram per litre-range (0. 80-15. 15 |igL-l). Traces of ozone in the ränge of 120,
200 ppm within the NTP increased the overall perfomiance of the process. Pre-treatment with UP removed
fractions of pharmaceuticals and other oxidable substances, which led to a decrease in ozone demand and an
enhancement of the overall removal efficiency of the process during vaiying influent loadings. Treatment via UF
or NTP alone removed the phamiaceuticals by 46-67% and 54-71%, respectively, but did exceed the 90%-
threshold. The studied NTP technology in combination with UF could be a viable äs fourth treatment Step, äs it is
highly energy-efficient, according to energy yield calculations, and larger amounts ofwastewater can be treated.

l. Introduction

Anthropogenic micropollutants in natural water resources from
human effluent have received increasing attention in bofh the public
sphere and academia [1, 2]. Pharmaceuticals represent a major part of
these, which, after incomplete metabolisadon of die human body, are
usually transported to wastewater treatment plants (WWTP). There are
seven main categories of organic micropollutants (OMPs): (i) antic-
onvulsants, (ii) antibiotics, (iii) anti-rheumatic agents, (iv) lipid low-
ermg agents, (v) oestrogens, (vi) beta-blocker and (vii) diagnostics [3].
Many of these substances cannot be removed effectively with

conventional activated sludge technology and are therefore still present
in plant efiluents [4, 5].

Although most of these compounds only occur in a ränge between
nano- and microgram per litre, they have caused adverse effects on die
enviromnent, and the possible consequences for humans being of con-
standy exposed to them through drinlcing water have provoked incon-
clusive discussions [6]. For instance, a recent study shows a list of
pharmaceuticals which are potential risks to Ae aquatic environment,
based on the predicted no-effect concentration (PNEC), and concludes
that most substances in WWTP effluents in the UK exceed the respective
estimated PNEC, which may serve äs a guide to - so far absent in fhe UK
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or EU - regulatory limits [7]. The overall load of these substances in Ae
environment needs to be reduced either by lower consumption and/or
prescripdon, or by a higher removal efficiency m WWTP. In the near
term, fhe first Option does not seem realistic äs the consumption of
medicine has been increasing for years [8]. The second possibility -
increasing the removal efßciency in WWTP - could be more feasible
and has already shown its first impact on govemmental strategies: the
number ofrecenäy implemented treatment Systems for OMPs in WWTP
effluent in Switzerland and same of Germany's federal states, e.g. North
Rhine-Westphalia and Baden-Württemberg, has been considerably high
[9].

As convenäonal WWTPs, including primary mechanical treatment
and secondary acävated sludge technology, retain only parts of fhe füll
spectrum of pharmaceuticals and other OMPs, a further treatment step
after mechanical (primary), biological (secondary), and chemical or
other advanced (tertiaiy) treatment - the so-called fourth treatment
Step - is necessary to achieve a removal of at least 70%, coming below
the 0. 1 tigL" limit [10]. Membrane fllüration (micro-, ultra- and na-
nofiltration, reverse osmosis), adsorption processes (activated carbon)
and chemical oxidadon (ozone, advanced oxidation) or combinations
have been reported äs fourth treatment process [11].

Oxidadon technologies mainly use ozone (Oa) [12], which is in-
jected into a reactor and degrades organic compounds direcüy or via
generation of . OH radicals. Advanced oxidation processes (AOP) rely
on ozone, other oridants (for instance hydrogen peroxide (HzOz) or UV
light), or a combination of fhese, to generate hydroxyl and other radi-
cals and boost the oxidation perfonnance [13, 14]. The main dis-
advantages of most AOP tedmologies are relatively high energy con-
sumption, hazardous by-products, usage of oxidants and necessity of
exhaust air ozone filters [15].

An alternative for radical generation in AOP is the utilisaäon of non-
thermal plasma (NTP). Due to the non-selective oxidation of OMPs
caused by formed oxygen ions, ozone and hydroxyl radicals from am-
bient air, the reaction mechanism is similar to the ozone and hydrogen
peroxide reactions [16, 17]. Several methods for the generation of diese
reactive species in the gas phase are known. Banaschik et ai., Magur-
eanu et ai. and Aziz et ai. recently summarised the degradation of
pharmaceuticals and energy efficiency of NTP treatment compared to
conventional AOP processes and, according to them, the main ad-
vantage is the reduced energy demand compared to ozone treatment
[18-20]. For water treatment, the gas phase is often in contact with a
thin layer of liquid, äs described in Refs. [21-23], or a dielectric barrier
discharge or corona discharge [24-27] is used.

The NTP technology used in this study is based on electrical glow
discharge to form 02+, Oz'-clusters, 0-radicals, OH-radicals and ozone
[28]. In contrast to ofher NTP units (e. g. plasma gas in contact witfa a
thin liquid fitm), the plasma is formed separately and brought into a
water tank via a specially designed turbine. Hence, clogging is not an
issue, äs opposed to fhin-film reactors, in which water passes fine
perforations before entering üie reactor [27]. Lee et ai. used a similar
method [29], but in the present study significantly higher gas flow rates
and ion concentraäons can be reached; thus, larger amounts of water
can be treated. However, besides Gerrity et ai. [26] and Ajo et ai. [27],
who boA treated WWTP effluent in batch with a thin-film NTP unit,

literature is lacking studies of NTP treatment at pilot-scale with real
WWTP effluent, i.e. phannaceutical levels in the low microgram per
litre ränge [19].

The aim of the present study is the proof of principle and the
Parameter invesügaüon of an innovative fourfh treatment step of con-
ventionally treated wastewater (after the final clarifier) in a continuous,
application-oriented pilot-plant setup. It is noted that the effluent in
this study met national and mtemational regulatory Standards, which
do not encompass any of fhe studied pharmaceuticals so far; however,
the PNEC for the substances given in Ref. [7] and other proposed limits
[30,31] were frequently exceeded, hence a fourth treatment was re-
quired. The innovaäve NTP generation unit was coupled with UF to
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Fig. l. Scheme ofthe used pilot plant in Bad Reichenhall, Germany; for detailed
equipment list see Tables Sl and S2.

determine the influence on removal efficiency. Different set-ups were
tested in order to investigate three main hypotheses: (I) moderate ozone
concentrations within NTP act äs enhancer for oxidation; (II) the pro-
posed process set-up with retention times between 20 and 40 min is
sufficient to remove Diclofenac (DCF), Carbamazepine (CBM) and
Sulfamethoxazole (SMX) aver 90%; and (III) hollow fibre UF for pre-
treatment before NTP is suitable to increase the overall efficiency of the
process. The continuous treatment of WWTP effluent and varying
phannaceutical concentrations made the data analysis challenging, but
integrative loading calculations in |igmin- allowed for esümation of
the removal efficiency and comparison of the applied methods.

2. Materials and methods

2. 1. PSot plant set-iy

The pilot plant with two independent treatment Steps consisting of a
submerged UF unit for pre-treatment and NTP äs the main oxidation
Step was positioned at the oudet of the final clarifier of WWTP Bad
Reichenhall (i.e. after tertiary-treated wastewater). A detailed flow
scheme is shown in Fig. l and equipment spedfications are given in
Tables Sl and S2. WWTP effluent (l) between 10.3 and 20.51min"1
was bypassed with a submerged pump into the filtration tank (2)
equipped with the UF System (C-MEM, SFC Umwelttechnik GmbH,
Austria). The UF System had an active filtration surface of 36m2 and

was made of high density polyethylene hollow fibre membranes with an
outer diameter of 0.4 mm and mean pore size distribution of 20 nm,
operated in outside-in mode. The backwash tank (permeate tank) (3)
was filled at a flux of 18. 95 Lm-2h-l and a backwash ratio of 15%.
Another submerged water pump mstalled in this tank (3) moved the
water further to the downstream NTP tank (4). The desired flow rate

was adjusted manually with a ball valve. The NTP tank with a net vo-
lume of 500 L and an operating volume of 410 L was equipped with an
NTP unit (Fig. 2) and a submerged turbine (ionOXess GmbH, Austria)
introducing plasma air at different flow rates and compositions. The
NTP tank was operated äs a continuously stirred tank reactor (CSTR)
with bottom inlet and top oudet (5), which was retumed to the WWTP
feed. The used NTP unit operated at a fixed voltage of 16kV and
electrical pulses of 500 and 2000 Hz, respectively. In the present study,
frequendes of 500 Hz at a current of 3 mA, and frequencies of 2000 Hz
at a current of 6 mA were set. Hence, an electrical input power of 48
and 96 W was used for the plasma generaäon unit. Including the

coiled high-voltage electrode
dielectric material

alr ^\\\\\\\\\\\\\\^^^^^^
immmnmnimiimiim

non-thermal

ground electrode

'̂^

turbine

Fig. 2. Cross section of vertically aligned non-thermal plasma generation unit;
turbine submerged at 1. 7 m below water surface.
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Table l
Parameters of Pilot Testing Design.

Mefhod

l

2

3

4

5

6

UF Plasma air
flow
rate/Lmin"1

yes 150

no

yes 70

Plasma
frequency/
Hz

2000

500

2000

500

2000

500

03
content

in

plasma

atr/ppm

120

20

120

20

200

50

Retention
tüne/min

20
25

30
35
40
20
25
30
35
40
20
30
40
20
30
40
30
40
40

Plasma

aü-to

water

volume
raüo/(m

air/m3
water)

7.3
9.1

11.0

12.8
14.6
7.3
9.1
11.0
12.8
14.6
7.3
11.0
14.6
7.3
11.0
14.6
5.1
6.8
6.8

electrical input of the submerged turbine System of 750 W, the overall
power consumption was between 798 and 846 W.

2.2. Investigated process parameters

The selecüon and, where applicable, the ränge and/or exact values
of the mvestigated process parameters, namely retention time, turbine
frequency, NTP frequency and voltage, and UF-treated vs. non-UF-
treated feed, was based on preliminary results [32]. Implications on the
process and best operating conditfons were subsequently derived from
resulting pharmaceutical removal rates. All relevant design parameters
are listed in Table l.

2. 2, 1. Frequency of turbine and retention time ofreactor. raüo ofvolume
piasma air to WWTP efftuent

The parameters retenüon time and turbme frequency influence the
Volumetrie ratio of plasma air to WWTP effluent loaded with OMPs.
While the air flow rate is influenced by the tiirbine frequency, the re-
tention time is determined by the feed flow rate and the exchange rate
of the reactor volume, correspondingly. The operating frequency of the
frequency Converter for the turbine was set to 25 Hz, which is equal to
660 rpm and an air fiow rate of 150 L min" . To investigate the influ-
ence of plasma air to effluent volume ratio, the turbine frequency was
reduced to 15 Hz (400 rpm, 70 Lmm-l). According to preliminary tests
retention times of40 min achieved the best elimination results in a first-

generation NTP unit [32]. As Investment costs and space requirements
for basin construction - decisively determined by the retention time -
should be äs low äs possible in large scale plants, retention times be-
tween 20 and 40 min were selected, which allows for calculation of the
plasma air to water volume rado (Table l).

voltage of 16 kV. The ozone level of the plasma air was measured with
an ozone monitor (Model 106-M, ENVILYSE GmbH, Essen, Germany).

In tenns of oxygen ions, die number of negaüve ions reaches a
maximum value at 500 Hz (3. 5 M ions cm- at 16 kV), whereas posiüve
ions reach a maximum value at 2000 Hz (4. 2 M ions cm- at 16 kV).
The concentration ofthe ions in die plasma air was determined with an
ion-counter Qonometer IM806, Umweltanalytik Holbach GmbH,
Wadem, Germany)

2.2.3. Pre-treaürwnt of NTP feed wilh UF
Conventional final darifiers do not provide a complete Separation of

particulate substances, causmg residual particulate and oxidable sub-
stances to be present m the WWTP effluent and possibly impeding fhe
performance of OMP eliminadon. Consequendy, in order to remove
particulate matter, experünents with a volume flow of 150 L min-
were can-ied out twice - once wiA UF-treated feed and once without UF

pre-treatment.

2.3. Analytics

The concentrations of die selected target phamiaceuticals (DCF,
CBM, SMX) were measured before ((3) in Fig. l) and after the NTP
reactor ((5) in Fig. l) via Indirect-Competitive Enzyme-Linked ün-
munosorbent Assays (EUSA) at the Technical University of Munich,
accordmg to [33] and [34] for CBM [35], for DCF and [36] for SMX.
The advantage of this method is the absence of sample pre-treatment
via solid-phase extracdon, which would be requlred for most chroma-
tographic procedures, and validation with LC/MS-MS revealed highly
satisfactory measurement performance [34]. The target pharmaceu-
ticals were selected based on anticipaäon of pharmaceutical occurrence
due to hospital (SMX), retirement hörne (CBM), and rehabilitadon
centre (DCF) ef&uents m the sewage System. The selection is in ac-
cordance with target substance suggestions based on reviewed litera-
ture on OMP occurrence In WWTP effluent [37]. The mtervals between

the grab samples were 5-95 min before the NTP reactor and 5 min after
the NTP reactor. The experiments were carried out on 7 days between
July 29 2016 and August 8 2016, sparing out intermittent days with
strong rainfalls and ensuring similar sewage flow data. The limits of
quanüfication (LOQ) of each phannaceutical are given in Table 2. In
addition, other relevant wastewater parameters were tested. A sum-
mary of analytical methods is listed in Table 3.

The comparability of the different treatment methods was ensured
by loading calculaäons with the assumpäon that the concentration of
the pharmaceuticals was constant during each measurement interval.
The pharmaceutical loading in |Ag min-1 was calculated äs a product of
the Volumetrie flow rate of the influent/effluent water in L min-1, and
the individual pharmaceuücal concentration in ̂ gL-l. As, due to the
application-oriented experimental design, the influent and efOuent
concenbraäons vary considerably, this integrative measure for tfae
pharmaceutical loading in [ig min - will provide a better comparability
between the applied üreaünent methods than the pharmaceutical con-
centration alone. An example is given m Fig. 3, where the influent
(solid) and effluent loading (dashed) for DCF at a hydraulic retention
time of 20 mm were determined. The removal was calculated from the

average efHuent and influent loading (dotted).

2. 2.2. Frequency and völtage ofNTP umt: ozone kvel and ion nwmber
Frequency and voltage of the NTP unit determine fhe number and

Proportion of die posiüvely and negatively charged oxygen ions and of
the ozone produced. In order to assess the influence of Ae ozone con-
tent on the elimination of phannaceuticals, the two following adjust-
ments were examined: one with a relatively high (120 or 200 ppm) and
one with a relaävely low ozone level (20 or 50 ppm) v/ith plasma unlt
frequency settings of 2000 Hz, and 500 Hz, respectively, both at a

Table 2
Quantitative data of used EUSA method; LOQ... limit of quantification; IC...
Inhibition concentration (50% or 80% inhibition).

LOQ/tlgL-'Substance

DCF

SMX

CBM

0.028 ± 0.004
0.49 ± 0.13
0.15 ± 0.02

IC50/MgL-l

0. 10 ± 0. 01

1.95 ± 0.45
0.61 ±0.13

ICSO/tlgL"'

0. 40 ± 0. 09

7.81 ± 1.70
2.53 ± 0.85
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Table 3
Used analytical methods for the determination of the selected parameters.

Device/Insätutloa

Turbidimeter

Colorimeter

Multiparameter Meter
Photospectrometer
Ozone monitor

TOC Analyzer
loncounter

TU München
TU München

TU München

Description

Hach 2100P ISO Turbidimeter

Hach DR/890 Colorimeter
Hach Senslon 156
Hach DR 3900
Model 106-M; Gemiany
Shimadzu TOC-V series

lonometer IM806

Indirect-competitive enzyme-linked unmunosorbent assays (ELISA)
ELISA
ELISA

Parameter

Turbidity in NTU
Colour of flltrate in Co/Pt equivalent units
Conductivity in ̂ Scm-l, pH value, temperature, Oa in mg L'
BOD5, COD, TP, TN in mg/L-l
03 m ppm
TOCasNPOCinmgL-l
Number of ions in Ions cm-a

Didofenac (DCF) m |igL-
Carbamazepine (CBM) in tigL-l
Sulfamethoxazole (SMX) in (ig L-l

30
.l 25
S 20
g> 15

l 10
u-< 5

Influent
Effluen

20

7,\^/im»n^-. -?.~:^..

40

Time / min

60 80

Fig, 3. Selected example (DCF, Method l) for calculation of influent and ef-
fluent loadings at a retention time of 20 min; Dotted lines represent mean;
Removal is 76%.

3. Results and discussion

A pilot-plant study was conducted at the WWTP Bad Reichenhall,
Germany, to investigate if the process combinadon of UF and NTP is
suitable to remove DCF, CBM, and SMX äs target pharmaceuticals fa-om
the investigated wastewater.

3. 1, Chemical ond physical parameters offeed and treated water

Several chemical and physical parameters were tested so that the
pharmaceutical removal, apart from different UF-NTP process para-
meters, can also be related to the overaU pollution of the WWTP ef-
fluent (Tables 4 and 5). The WWTP Bad Reichenhall was operated at
around 30, 000 population equivalents CPE) at the time of carrying out
the experiments, but was designed for 55, 000 PE. As a result, the high
sludge age and low hydraulic loading of die final clarifier led to rela-
tively low effluent values in terms of carbon, nitrogen and phosphorous
content. Gennan national regulatory Standards for WWTP effluent
quality [38] äs weil äs guidelines from the United States Environmental
Protection Agency (USEPA) [39], which both do not encompass OMP

limits, are met by fhe effluent. When membrane ßltration is applied,
particulariy the colour and turbidity can be fürther reduced - up to 77
% and 96%, respectively. The phosphorus content was also reduced in
membrane filtraäon experiments, which indicates that particulate
phosphorous was retained by fhe UF membranes. The COD reducäon is
in a similar ränge - of 6-9 % - with or without membrane flltration,
indicatmg a high soluble organic content and very Uttle mineralization
via NTP, which is consistent with reviewed literature [19]. Interest-
ingly, BODa values increase after treatment meAods wifhout mem-
braue filtration by 27%. Possibly, parts of the remaining particulate
COD were converted to biodegradable fractions through NTP, which
has also been observed before [19]. Total nitrogen concentration varies
and ranges from a slight increase of 4 % with membrane filtration to
reduction of 11% without pre-filtration. This only minor increase and,
most notably, the reduction wifhout UF treatment preclude fhat ni-
trogen from ambient air used for NTP production is transferred into the
water by generated NOx compounds. Regardless of the used treatment
method, there is also a slight increase of pH which is ascribed to the
degradation of acidic organic compounds and the by-products of the
reactive oxygen species after treatment.

3. 2. Removal of pharmaceuticaU (Testing ofhypotiwses I, S, and SO

The results from the different experünents were tested for three
hypotheses, namely: (I) moderate ozone concentrations wiAin NTP act
äs erihancer for oxidation; (II) the proposed process set-up witfa reten-
äon times between 20 and 40 min is suffident to remove DCF, CBM and

SMX aver 90%; and (III) hollow fibre UF äs pre-treatment before NTP is
suitable to increase the overall efficiency of the process.

The concentration in the WWTP effluent (measured at (3), Fig. l,
when no UF was used) ranged from 0.80 to 4.07 ̂ gL-l for DCF, from
0. 97 to 2.71 \igL~1 for CBM, and from 2. 45 to 15. 15 pgL-1 for SMX,
respectively. These levels partially exceed PNEC estimated by Comber
et ai. [7] (DCF: 0. 05 ̂ gL-l, CBM: 2. 5tigL-l) and proposed guidelines
for Switzerland [30, 31] (DCF: O. OStigL-1, CBM: 2. 5tigL-1, SMX:

Table 4
Chemical and physical parameters after WWTP (mfluent, (3) in Fig. l) and after treatment process (effluent, (5) in Fig. l) for methods with UF and NTP treatment
(methods l, 2, 5 and 6).

Removal (positive indicates decrease, negative indicates increase)Parameter

Temperature
Conductivity
COD
NPOC

BODs
total Nitrogen
total Phosphorus

pH
Turbidity
Colour

Unit

"c
MSan'
mg L
mg L
mg L
mg L
mg L

pH
NTU
Pt/Co

üifluent (n -=

mean

22.4

1. 014

10.5
6.3
0.8
5.3
0.7
6.9
1.3
31.3

13)

SD

0.6
117.0

0.8
0.9
0.2
0.7
0.0
0.0
0.2
6.6

Effluent (n =

mean

25.7
1,050
9.6
6.1
0.6
5.5
0.6
7.8
0.3
1.1

26)

SD

1.0
207.3
1.0
0.4
0.2
0.9
0.0
0.1
0.4
1.1

Remoi

-4%
9%
3%

25%
-4%

14%

77%
96%
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Table 5
Chemical and physical parameters after WWTP (influent, (3) in Fig. l) and after treatment process (effluent, (5) in Fig. l) for methods with NTP and without UF
treatment (methods 3 and 4).

Removal (positive indicates deciease, negative indicates increase)

1%
6%

-27%
11%
0%

9%
46%

Parameter

Temperature
Conducüvity
COD
NPOC
BODs
total Nitrogen
total Phosphorus

pH
Turbidity
ColoUT

Unit

"c
|iSan-'
mgL'
mgL~
mgL-
mgL'
mgL

pH
NTU

Pt/Co

Influent (n

mean

22.3
1617
13.4
8.2
1.1
8.5
0.6
6.9
1.1
40.2

=6)

SD

0.9
42.2
1.2
0.5

0.1

0.3
0.1
0.1
0.3
17.5

Effluent (n =

mean

25.5
1,609
12.6

1.4
7.6
0.6
7.8
1.0
21.8

12)

SD

0.9

46.4
1.2

0.6
3.2
0.1
0.1
0.1
11.1

0.6 ̂ gL-), and hence the necessity for a fourth treatment Step is as-
sumed. The conslderable amounts measured in the WWTP effluent most

likely originate from Ae hospital, fhe rehabilitation centre, and the
retirement home in Bad Reichenhall, which are connected to the
WWTP's sewer. The pharmaceutical loadings for each compound in the
influent to the pilot plant were calculated with die Volumetrie flow rate
äs shown in Fig. 3.

As ünplied in hypoAesis II, die hydraulic retention üme in die NTP
unit theoretically influences fhe removal of pharmaceuticals. Wi& an
increase in hydraulic retention time, higher degradation rates would be
expected at constant concentration of the phaimaceuticals and other
oxidable substances due to pseudo first-order degradaüon with the NTP
[26]. However, removal rates calculated from the pharmaceutical
loading for only the NTP unit in Figs. 4 and 6 indicate no clear trend for
removal with higher retenäon times. It is noted that in the present
study die mfluent concentration varied considerably, äs the experi-
ments were perfonned in an application-oriented setup with conänuous
WWTP effluent treatment at different times of the day. This seems
reasonable, äs a peak in pharmaceuticals intake and toilet flushing takes
place in the moming hours of each day. Thus, loading calculations
provided for a better estünate of the individual method efficiency, al-
though normalizadon to the retention dme only allowed for compar-
ison of the method efficiencies, and no influence of the retention üme
was observed. Consequendy, in order to compare the efficiency of the
NTP unit for each method, die removal rates for only the NTP step

averaged aver all retention times are tabulated in Table 6.
The comparison between method pairs 1&2, 3&4, and 5&6 indicates

that best removal rates were achieved by using plasma air with mod-
erate Os-concentraäons of 120/200 ppm (methods l, 3, 5) compared to
plasma treatment with lower Os-concentrations of 20/50 ppm (meAods
2, 4, 6). These findings confinn the assumption tfaat adjusting die NTP
unit towards moderate ozone producüon is favourable for OMP re-
moval, because ozone acts äs promoter for the oxidation process äs
stated in hypothesis I. The simultaneous fonnation of peroxides and
ozone is assumed to react to foim hydroxyl radicals with a higher
oxidation sbrength compared to pure ozone. However, die exact reac-
don and degradation mechanisms remain undear. The similar removal
ranges for the pharmaceuticals in each method (61-75% for Ml,
24-44% for M2, ... ) confirm that NTP is a non-selective treaünent

method, äs opposed to, for instance, activated carbon adsorption [40].
For esämation of the overall process efficiency of the UF-NTP

combination, the average WWTP effluent loading was calculated from
fhe loadings m (3), Fig. l, when no UF pre-treatment was applied, i. e.
method 3 and 4 (on average 44. 82 [ig min-l for DCF, 33.73 |igmin-l
for CBM, 182.29 tigmin"1 for SWQ. These two methods were sampled
on two different experiment days (August 2 2016 and August 3 2016)
and the deviation from the mean loading was less Aan 15%. Although
the actual WWTP effluent loading might have deviated during the re-
maüung experiment days, this is the best esämate for the mean WWTP
effluent loading, äs in the experimental design it was not sampled for
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Table 6
Wastewater loading of selected drugs before ((3) in Fig. l) and after NTP
trcatment ((5) in Fig. l); mean values aver all retention times for each applied
method; Ozone to NPOC ratio.

Mefhod Compound Mean before
NTP/tigmin"

l (UF) DCF
CBM

SMX

2 (UF) DCF
CBM
SMX

3 (no UF) DCF
CBM
SMX

4 (no UF) DCP

CBM
SMX

5 (UF) DCF
CBM
SMX

6 (UF) DCF
CBM

SMX

100

14.90
18.85
71.39
31.92
24. 29

95.25
49.76
36.07
182.99
39.87
31. 39

181. 59

16.13
13.00
35.89
14.45
16.71
39.26

DCF

Mean after

NTP/pgmm"

3.69
5.81
27.95
24.30
13.81
63. 74
14.24
11.84
82.87
26.26
22.26
136.38
2.27
2. 10

17.68
12.88
9.31
15.06

CBM

Mean

removal

byNTP/

75
69
61
24
43
33
71
67
54
34
29
25
86
84
51

11

44
62

Ozone to

NPOC
rado/

(g03/
gNPOC)

0. 25-0. 65

0.04-0.07

0.21-0.49

0.04-0.07

0.33-0.44

0.11

SMX

80

60

40

20
UF M1 M2 M3 M4 M5 M6

Method

Fig. 7. Overall removal efficiency of different treatment methods assuming
constant influent loading; Ml, M2, M5, M6 with UF pre-treatmen^, M3, M4
without UF pre-treatment; for method details see Table l.

although, due to considerable WWTP effluent loading Variation, re-
moval values are to be taken äs estimates of the overall process efß-
ciency. Filtration with UF prior to NTP treatment is suitable to mcrease
the overall efficiency of die process, äs oxidable substances and ad-
sorbed pharmaceuäcals are removed with UF, leading to better effi-
ciency of the subsequent NTP step.

3. 3. Ozone to NPOC raüo

In order to relate the studied technology to other AOPs, fhe results
are compared to a previous study by Schaar and Kreuzinger [42], who
investigated the influence of the Os to NPOC ratio äs weil äs the reac-
tion time on Ae removal of pharmaceuäcals from municipal waste-
water via conventional Os treatment without UF pre-treatment. Ac-
cording to them, when using pure Os, a minimum ratio of 0.4 g Oa per g
NPOC should be applied to reduce ozone-affine compounds such äs DCF
and CBM. However, a ratio of 0. 7 is recommended to also degrade only
moderately ozone-affine compounds by 60% and more. For more stable
compounds such äs Benzotriazole, a minimum ratio of 0.9 is necessary.
Moreover, a reaction time of 10min is (usually) enough for sufßcient
degradation [42].

In the present study, die use of UF in combinaüon with NTP resulted

in 03 to NPOC rados between 0. 03 and 0.65, depending on the method
and the retenüon times (see Table 6). Methods with low Os-con-

centrations (2, 4, and 6) represented the lowest ratios, but also fhe
lowest removal. This once more Supports hypothesis I, äs the combi-
nation of Os with oxygen-ions produced in the NTP imit acts äs an
enhancer for the degradation. Comparing method l and 3 indicates Aat
fhe NPOC level was reduced by UF, leading to higher a higher Oj to
NPOC raäo, which, in turn, leads to an enhanced degradation rate,
supporäng hypothesis III. Method 5 achieved an overall pharmaceutical
removal (Fig. 7) aver 90% wifh relatively low Os to NPOC ratios
(0.33-0.44). However, äs no clear trend for the removal with higher
retention time was observed (Figs. 4-6), no suggesäon for a specific
retention time in the NTP reactor can be derived from the results.

3.4. Energy consunytion

According to Magureanu et ai. [19], the energy yield for each
compound based on the plasma generation energy consumption was
calculated by the following equation:

y= CO-V-R l
P-t 100

where V is the energy yield (in mgAWh), Co is the initial concentration
(in mg/L), V is the solution volume (in L), R is the removal rate through
the NTP unit (in %), P is the discharge power of the plasma unit (in
kwh) and t is the treaünent time (in h). Compared to fhe review by
Magureanu et ai. [19], who calculated the energy yield from previous
studies [21, 22, 24], an enhanced energy yield for CBM of 81. 4 to
470 mg/kWh compared to 18. 5 to 44. 4 was determined, whereas for
DCF the yield is in the same ränge or lower (see Table 7).

The values for the electrical energy per order (EEO) of magnitude
degradation were calculated äs described by Gerrity et ai. [26], who
based their work on a first order degradation [43]. They reported that
in the described single-pass experiment on tertiary-treated wastewater,
which is comparable to the present methods, the median EEO value of
CBM is 1.8kWh/m3, whereas in the present study the values, de-

pending on the utilised method, ränge from 0.081 to 0.74kWh/m3 (see

Table 8). These comparisons indicate that the studied process is highly
energy-efficient. However, it is noted that both the energy yield and Ae
EEO calculations in this and other studies were based on only the NTP
generation. For a holistic evaluation, the skid energy (e. g. 3 kW in Ref.
[26], 750 W turbine power in Ais study) should also be induded.

4. Conclusion

The successfül application-oriented pilot-scale study dearly in-
dicates that the combination of an innovative non-thermal plasma
technology wiA membrane processes leads to a significant reduction of
measured pharmaceuticals in a conventionally treated WWTP effluent.
The studied NTP generator could be a viable alternative to other (e.g.
thin-film) designs, äs it produces the plasma air separately and a spe-
cially designed turbine distributes the oxidizing species in the waste-
water to be treated. A lack of studies treating WWTP effluent with
pharmaceuticals at ambient concentrations via NTP in continuous pilot-
scale setup also motivated the present work. NTP Pharmaceutical
loading calculadons allowed for evaluation of the removal effidency,
even though the influent and effluent concentrations varied

Table 7
Comparison of the

Pharmaceutical

Compound

CBM

DCF
SMX

energy yields of CBM and DCF.

Energy yidd / mg/kWh
(data ftum Ref. [19])

18.5 [2l], 44.4 [22]
760 [24]
N/A

Energy yields/mgAWh
(present study)

81.4-^69.7
20-715
134-1720
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CBM
DCF
SMX

1.8
N/A
N/A

Table 8
Mean NTP-specific EEO values in kWh/m3-log.

Phamiaceuäcal EEO According Ml M2 M3 M4 M5 M6
Compound to Ref. [26]

0. 29 0.38 0.081 0.74 0. 17 0.31
0. 29 0.67 0.089 0. 51 0.20 1.55
0.35 0.36 0.17 0.73 0.43 0. 19

considerably throughout the experiments. The treated effluent met
national and international regulatory Standards, which do not en-
compass any of the studied pharmaceuticals so far, but predicted no-
effect concentrations for the substances proposed limits were partially
exceeded. The proposed treatment combinaüon ofUF and NTP showed
aver 90% removal for DCF, CBM and SMX with retention times of be-
tween 20 and 40 min by in WWTP effluent (hypothesis II), whilst in-
creasing biodegradability of the treated wastewater. Moderate ozone
concentraäons of up to 200 ppm generated within die NTP unit in-
creased the performance significandy by acting äs an enhancer for
oxidation process (hypothesis I). Pre-filtration with UF increased the
overall removal efficiency of the process by eliminating pharmaceu-
ticals attached onto sludge paräcles and other oxidable substances and
lowered thc dcmand of ozone äs enhancer; also, UF improved the
chenücal and physical effluent quality (hypothesis III). As a remarkably
smaller amount of ozone was injected than in conventional ozone
treatment fadlities, it is assumed that exhaust air treatment is not ne-
cessary. Further research in terms of stability of the process, in-
vestigation of degradability of other pharmaceuticals, the degradation
mechanism, and the number of hazardous by-products are ongoing. In
addition, compared to conventional methods like ozone and compar-
able pilot-scale NTP degradation, the present study indicates a very low
energy consumption at comparable or higher degradation rates, while
larger amounts of wastewater can be treated. After careful review and
analysis of the data collected from this study, the authors conclude that
this iimovative treatment method coidd be a feasible technology for
removal of pharmaceuticals from WWTP and ofher industrial waste-
water effluents.
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