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1. Introduction

World Health Organization (WHO) predicted that chronic diseases 
like hypertension, diabetes, and arthritis will account for 70% of 
the world’s diseases in the 2020s. The reason for this is that the 
global pharmaceuticals market has grown over the past 7 years, 
with an annual average growth rate of 5.2% from 2010 to 2016, 
when it was worth US$1,104.2 billion, with a 4.9% increase from 
the previous year [1]. In South Korea, the pharmaceutical production 
amounted to 18.81 trillion won in 2017, showing a 10.8% increase 
from the previous year, and tended to grow, with an annual average 
increase of 3.1% for the past 5 years [2].

Especially in South Korea, the psychological dependence on 
medications is high, and medication overuse and drug abuse often 
occur. As a result, 30-90% of drugs, which are not metalized, are 
excreted in urine, and expired pharmaceuticals are buried in land-
fills, so that the amount of pharmaceuticals introduced into the 

soil or sewage increases and finally enters the groundwater or 
natural water system, thereby having an adverse effect on the living 
environment [3]. It has been reported that the antibiotic prescription 
rate of South Korea is about 59%, which is more than twice that 
of WHO (23%), and there is a growing concern about environmental 
hazards due to micropharmaceuticals [4]. In addition, the released 
pharmaceuticals enter the aquatic ecosystem, leading to bio-
accumulation and toxicity [5]. Meanwhile, the effluent from sewage 
treatment plants has been reported to be the main cause of the 
introduction of most pharmaceuticals into the aquatic environment, 
so the removal of micropharmaceuticals in sewage treatment plants 
is considered very important.

As more than 95% of the domestic sewage treatment plants 
that are currently in operation, however, use the conventional bio-
logical treatment processes, they pose limitations in removing mi-
cropollutants like pharmaceuticals. Therefore, it is urgent to en-
hance the treatment efficiency by complementing and improving 
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the currently used biological processes. There have been reports 
on the treatment efficiency of pharmaceuticals in municipal sewage 
using ozone oxidation and activated carbon adsorption [6-7]. There 
was also a literature on estimating the amount of ozone needed 
to remove P in wastewater treatment plant effluents [8]. However, 
few literatures have reported the removal efficiency by spiking 
pharmaceuticals artificially on actual pilot plants. In this study, 
a comparative analysis of the variations in the concentrations of 
micropharmaceuticals was conducted on the public sewage treat-
ment plants in K City. In addition, the removal efficiency of micro-
pharmaceuticals was investigated through the pilot plant of the 
biological treatment-ozone-activated carbon process. As of 2016, 
K City has a sewage population of 243,372, and the sewage treatment 
facility has a capacity of 40,000 m3/d, with a treatment efficiency 
of 99.5% [9]. It uses a two-stage anaerobic-anoxic-aerobic treatment 
process [10], and in the case of the standard city sewage, the total 
nitrogen removal efficiency is 60-70%, and the total phosphorus 
removal efficiency is 70-80% [11] with respect to the primary sed-
imentation tank effluent.

As shown in Fig. 1, the pilot plant was constructed with a 100 
m3/d capacity for research purposes, to improve the biological treat-
ment efficiency and increase the removal efficiency of 
micropharmaceuticals. The internal recycling ratio was 150%, and 
the MLSS concentrations in all units (i.e., anaerobic, anoxic, and 
aerobic) were maintained at 3,000 mg/L and 4,000 mg/L in summer 
and winter season, respectively. The configuration of its system 
was the same as that of the public sewage treatment plant in K 
City, and the primary sedimentation tank effluent through the equal-
ization tank was used for the operation of the influent of the pilot 
plant. The bioreactor of the pilot plant was operated as a process 
with higher treatment efficiency than that of the onsite treatment 
plant through the introduction of a carrier, which is reported to 
have higher organic substance removal efficiency [12] than the 

general biological process. In addition, as the use of the biological 
treatment alone has limitations in the removal of micro-
pharmaceuticals, the oxidation and adsorption processes using 
ozone and activated carbon were additionally introduced to analyze 
the samples by process.

In this regard, this study analyzed the monthly variations in 
the concentrations of pharmaceuticals in sewage treatment plants. 
In addition, a pilot plant to which physical and chemical processes 
were added was installed, and spike damage tests were conducted 
to evaluate the characteristics of the micropharmaceuticals 
treatment. The treatment characteristics of the biological treatment, 
ozone, and adsorption process were also examined to present data 
for the directions of treatment process improvement and water 
quality management in sewage treatment plants. 

2. Research Contents and Method

2.1. Target Pharmaceuticals

In this study, micropharmaceuticals, which are frequently detected 
in domestic sewage treatment plants and river water, were selected 
considering the pharmaceuticals that are under study in other coun-
tries, including USA and UK, and the results of the survey conducted 
by the National Institute of Environmental Research in South Korea. 
The substances under research contain a total of five pharmaceut-
icals, including two kinds of anti-inflammatory drugs 
(acetaminophen, diclofenac), two kinds of antibiotics 
(sulfamethoxazole, trimethoprim), and one kind of antiepileptic 
drug (carbamazepine).

2.2. Analysis and Experiment Methods

The samples for each process were collected and analyzed after 

Fig. 1. System configuration of the actual pilot plant.



Shun-hwa Lee et al.

590

the installation of the pilot plant. For the sampling of pharmaceut-
icals, brown glass bottles were used to prevent deterioration, and 
they were washed with acetone once, and ascorbic acid was added 
at a concentration of 1 g/L. Immediately after sampling, the samples 
were kept at 4℃ in a cooling box, and were analyzed via liquid 
chromatography/mass spectrometry (LC-MS/MS). The analytical 
conditions of the pharmaceuticals are summarized in Table S1 
and other influent water qualities are shown in Table S2.

2.3. Test Equipment Configuration

2.3.1. Ozone test equipment
The ozone generators used in the actual pilot plant (100 m3/d) 
are OE’s OZW30 models. The ozone concentration arising from 
the ozone generator was basically maintained at a voltage of 1 
kg/cm2 and an air flow rate of 30 L/min, and then the ozone concen-
tration in the water was analyzed to adjust each ozone concentration 
to the oxygen inflow rate. The ozone concentrations were analyzed 
with KI solution using ozone demands flask [13].

2.3.2. Adsorption process configuration
The adsorption process was installed at the end of the ozone treat-
ment process, and consisted of four basins. This process is a method 
for adsorbing and decomposing the micropollutants in water with 
the use of soil filtration and microorganisms. To cultivate the micro-
organisms, the experiment was conducted after passing effluent 
for the initial 20 days or more to form a biofilm.

In this experiment, 5-10 mm gravel and 2-5 mm and 0.8-1.2 
mm sand were used as filter media. In response to the low treatment 
efficiency of a single process using soil microorganisms, the granular 
activated carbon was mixed at the soil volume ratios of 10, 30, 
and 50%. The charcoal-based granular activated carbon adopted 
an 8 × 30 mesh with a 5% or less moisture content and 95% 
or more hardness. The size of each basin was 1 × 1 × 1.2 m, 
and a detention basis with a 1.2 m3volume was built. The empty 
bed contact time (EBCT) was adjusted to 7-20 min.

3. Results and Discussion

3.1. Variations in the Monthly Concentrations of the 
Pharmaceuticals

The variations in the pharmaceutical concentrations in the influent 
from the sewage treatment plants in K City are shown in Fig. 
S1, and the removal efficiencies in final effluent are summarized 
in Table S2. The average concentration of acetaminophen in the 
influent was 30.3 μg/L, and that in the effluent was 0.013 μg/L, 
which indicates that its removal efficiency was 99.95%. 
Acetaminophen is known to be used more frequently than other 
pharmaceuticals because it is an over-the-counter medicine avail-
able from pharmacies. Therefore, its concentration introduced into 
sewage is considered higher than that of other pharmaceutical 
substances. The octanol/water partition coefficient (log Kow) of acet-
aminophen is 0.4. It has been reported that it is difficult to remove 
hydrophilic micropollutants with log Kow < 1 as they are adsorbed 
on sludge, but they can be combined with coagulants in the anionic 
state depending on the pH condition [14]. Therefore, it was con-

cluded that although the influent concentration of acetaminophen 
was high, it was treated efficiently in each sewage treatment plant 
using coagulants, and then discharged into the natural water system. 
In addition, it is a substance that is easily dissolved in water and 
that influences the water quality because its solubility is as high 
as 14,000 mg/L. It has been reported, however, to be rapidly removed 
by various physicochemical reactions (biodegradation, hydrolysis, 
oxidation, etc.) [15]. Meanwhile, acetaminophen, a common an-
algesic and antipyretic, is also used throughout the year for a variety 
of colds and influenza medications. It showed the highest concen-
tration especially in December, during the winter season [16].

In the case of carbamazepine, its average concentration in the 
influent was 0.091 μg/L, and that in the effluent was 0.090 μg/L, 
indicating that its removal efficiency was -6.02% on average. The 
research results showed that carbamazepine exhibits a very rapid 
metabolic response in the human body, but it is very stable in 
the aquatic environment [17, 18]. It has also been reported that 
72% of it is adsorbed even when metabolized, and the remainder 
is released as it is [19, 20]. In addition, as it is a medicinal substance 
that is used as an antiepileptic agent or a psychotherapeutic agent 
for the treatment of bipolar disorder and is thus consumed steadily 
throughout the year, it showed no distinct variations in the monthly 
influent concentrations.

For sulfamethoxazole, it was introduced at a mean concentration 
of 0.03 μg/L and was discharged at a mean concentration of 0.07 
μg/L, which indicates that its removal efficiency was -136.96% 
on average. Like acetaminophen, it has a logKow value of less than 
1 (i.e., 0.68), and thus, it is likely to be combined with cationic 
compounds in water due to its characteristic of being able to sustain 
anions at pH 7 or more. It showed a tendency to have a higher 
effluent concentration, however, because sulfonamide metabolites 
introduced into the sewage are biologically inactive N4-acetylated 
products and return to the original active compounds during sewage 
treatment. In this connection, it has been reported that sulfonamide 
in the biological sewage treatment process leads to a negative (-) 
removal action, and thus, a similar case is also found in methoxazole 
[4]. In addition, as sulfamethoxazole is a medicinal substance used 
for the treatment of urinary tract infection, there are no seasonal 
changes in its concentrations.

The average concentration of trimethoprim in the influent was 
0.028 μg/L, and that in the effluent was 0.020 μg/L, indicating 
that its removal efficiency was 8.35% on average. It is known that 
the adsorption efficiency of residual pharmaceuticals with amine 
group (NH2) is high [17, 21]. Therefore, the removal efficiency 
of trimethoprimwith two amino groups (NH2) was expected to 
be relatively higher than that of other pharmaceuticals, but the 
public sewage treatment plant in K City showed low removal 
efficiency. This is because the non-degradable materials present 
in the sewage affected the removal of micropharmaceuticals, and 
the biological retention time in the anaerobic-anoxic-aerobic proc-
ess was less than 6 hours, shorter than that of other processes. 
Trimethoprim is a type of antibiotic mainly used for the treatment 
of respiratory system and urinary tract infections, and thus showed 
no seasonal changes in concentration as it is taken for a certain 
period of time.

In the case of diclofenac, it was introduced at a average concen-
tration of 0.09 μg/L and was discharged at a mean concentration 
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of 0.14 μg/L, which indicates that its removal efficiency was -60.78% 
on average. Other studies have also reported that it showed a negative 
(-) removal efficiency, which can be due to various factors, such 
as the hydrolysis of the drug conjugates [22]. As diclofenac is 
used as an analgesic and antipyretic drug, it showed the highest 
concentration in December, during the winter season.

3.2. Spike Damage Test

The pilot plant was used to investigate the removal effects of organic 
substances and nutrients and to stabilize the system, and then 
spike damage tests were conducted on pharmaceuticals. The stand-
ard reagents were purchased or manufactured to examine the re-
moval efficiency of micropharmaceuticals by the biological treat-
ment process and by the ozone and activated carbon process.

Fig. 2. Variations in the pharmaceuticals concentrations by biological 
treatment (acetaminophen conc. × 10).

3.2.1. Removal efficiency by the biological treatment process
The variations in the concentrations due to the biological treatment 
process in the spike damage tests are shown in Fig. 2. In the case 
of acetaminophen, the removal efficiency by the biological treatment 
process of the pilot plant was as high as 95% or more, similar 
to the above. The trimethoprim removal efficiency was 74.4%, 
the carbamazepine removal efficiency was 40.3%, the sulfamethox-
azole removal efficiency was 30.2%, and the diclofenac removal 
efficiency was 26.0%. Overall, the pharmaceuticals tended to be 
removed somewhat through the bioreactor. The results obtained 
after injecting artificially high levels of concentrations were found 
to be different from those obtained from the removal efficiency 
review tests by process. This suggests that removal effects occur 
even in the biological treatment process. The removal efficiencies 
of carbamazepine, sulfamethoxazole, and diclofenac, however, 
were still lower than 50%.

In the biological treatment process, microorganisms grow in 
a suspended state in the wastewater, and various pollutants are 
made into organic substances and then converted to new cells 
or final products. In this case, the removal efficiency of pharmaceut-
icals, which are high molecular substances, is low due to the slow 
decomposition rate [23]. As a result, acetaminophen, with a molec-
ular mass of 151.2 g/mol, the smallest among the target pharmaceut-
icals, has the highest treatment efficiency. In the case of trimetho-
prim, it has a large molecular mass (290.3 g/mol) but exhibits 

relatively high removal efficiency due to its two amino groups 
(NH2) with high adsorption efficiency. The molecular masses of 
carbamazepine and sulfamethoxazole are 236.3 and 253.3 g/mol, 
respectively, and their biological treatment removal efficiencies 
by microorganisms are similar to each other due to their similar 
physical properties, as both of them have only one amino group 
(NH2) [24]. Diclofenac has the largest molecular mass (296.2 g/mol) 
among the five pharmaceuticals, and it has no amino group (NH2), 
thus having the lowest treatment efficiency.

It has been reported that because most of the pharmaceuticals 
are aromatic compounds, which have complex structures and are 
often polymeric, they cannot be efficiently treated by the existing 
biological treatment methods using microorganisms [25]. Therefore, 
the method using a powerful oxidizing agent like ozone is expected 
to increase the removal efficiency of micropharmaceuticals by trans-
forming non-degradable compounds with complex structures and 
strong binding forces into low-molecular compounds.

3.2.2. Comparison of the removal efficiencies of the spike damage 
test and the biological treatment process in the actual sewage 
treatment plant

The comparison results of the removal efficiency obtained by the bio-
logical treatment process of the actual sewage treatment plant and that 
obtained by the spike damage test are shown in Fig. 3(a) and (b).

The tendency of the removal efficiency by the biological treatment 
process is represented by slope K1, and that by the spike damage 
test is represented by slope K2. As shown in Fig. 3(a), the K1 
value was -0.1621 for acetaminophen, and the K2 value was -1.4135. 
These results suggest that the speed of removal is higher in the 
spike damage test even at similar removal efficiency, and thus, 
large amounts are removed in a relatively short time. It was found 
that when micropharmaceuticals are present in the biological treat-
ment process, they can be almost completely removed by the treat-
ment for 6 hours. In addition, they tend to be removed by degree 
in a shorter time than when high concentrations of pharmaceuticals 
are present. This tendency is similar to the case where the number 
of organic matters is reduced by microorganisms in the A2/O bio-
reactor, and acetaminophen is expected to be removed by the bio-
logical treatment process. In addition, when four micro-
pharmaceuticals are present (K1), a complex matrix effect occurs 
in the substance present in the influent, and thus, the value of 
the slope is positive (+). Therefore, it is difficult to accurately 
evaluate the removal characteristics of micropharmaceuticals. 
According to the results of the spike damage test, the K2 values 
were -0.0109 for carbamazepine, -0.0016 for sulfamethoxazole, 
-0.0149 for trimethoprim, and -0.0058 for diclofenac, showing clear 
removal efficiencies, and these results indicate the possibility of 
removal in the biological treatment process. In addition, as these 
pharmaceuticals showed relatively higher concentrations of re-
sidual substances in the effluent of the bioreactor than acet-
aminophen, while the slope of the removal efficiency is low, the 
biological treatment process alone is expected to pose difficulties 
in removing most of the pharmaceuticals. This means that it can 
take some time for microorganisms to decompose the 
pharmaceuticals. Therefore, to remove then effectively in a shorter 
time, it is desirable to introduce an additional removal process 
at the end of the biological treatment process.
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3.2.3. Removal of micropharmaceuticals by the ozone treatment 
process

The ozone degradation pathway of acetaminophen, a representative 
of pharmaceuticals, has been reported. The intermediates follow 
typical phenol ozonation pathways, such as hydroxylation of phenol 
ring, anomalous ozonation to cleave aromatic ring of hydroquinone, 
and decarboxylation by hydroxyl radicals [26]. In addition, it was 
suggested the acid-catalyzed hydrolysis of amidic intermediates 
to occur [26, 27]. Meanwhile in the sewage treatment process, 
ozone is applied to the sewage after the primary sedimentation 
so that the organic matter can be oxidized first to facilitate the 
oxidation of organic substances and pharmaceuticals in the bio-
logical treatment process. This process has disadvantages, however, 
in that the vitality of the microorganisms is highly likely to be 
lowered due to the removal of most of the biodegradable organic 
substances in the advanced oxidation process, and the maintenance 
costs rise as many organic substances react with the ozone oxidation 
[28]. In this regard, in this study, the removal efficiencies by the 
ozone treatment process were examined using the effluent after 
the biological treatment process. The ozone concentrations of the 
ozone generator were measured, and the dissolved ozone concen-
trations of the aqueous solution were changed to 1, 3, and 5 mg/L. 
The variations in the concentrations by ozone dosage are shown 
in Fig. 4.

Fig. 4. Variations in the pharmaceuticals concentrations by O3 dosage 
(acetaminophen conc. × 4).

The purpose of introducing ozone in the sewage treatment plant 
is to remove the color or the non-degradable organic compounds, 
and the typical dosage of ozone is 3-6 mg/L [28]. In this study, 
when the ozone dosages were 1, 3, and 5 mg/L, acetaminophen 
showed the highest removal efficiencies of 56.8, 97.9, and 98.3%, 
respectively, and the removal efficiencies of carbamazepine were 
41.9, 79.6, and 80.8%. In addition, the sulfamethoxazole removal 
efficiencies were 53.3, 64.4, and 86.7%; the trimethoprim removal 
efficiencies were 32.9, 61.4, and 65.7%; and the diclofenac removal 
efficiencies were 52.0, 76.7, and 80.8%. The removal efficiencies 
of the five pharmaceuticals selected in this study tended to increase 
as the ozone dosages increased. As shown in Fig. 5, however, 
the concentration variation was most markedly decreased at the 
ozone dosage of 3 mg/L. Thus, 3mg/L was determined as the optimal 
dosage for economical maintenance. These findings were obtained 
from three or more experiments during the research period, and 
they were consistent with the reported results of the laboratory 
tests in the previous studies [30]. Therefore, when the ozone dosage 
was 3mg/L, acetaminophen showed the highest removal efficiency, 
followed by carbamazepine and diclofenac and then sulfamethox-
azole and trimethoprim.

Previous studies have reported that the reactivity of residual 
pharmaceuticals with ozone is related to the radicals and benzene 
rings [29]. Acetaminophen consists of a single aromatic carbon 

Fig. 5. Variations in the pharmaceuticals concentration by EBCT 
(acetaminophen conc. × 5).

a b

 

Fig. 3. Removal efficiency of various pharmaceuticals in the spike damage test. (a) Removal efficiency of acetoaminophen and carbamazepine
in the spike damage test. (b) Removal efficiency of sulfamethoxazole, trimethoprim and diclofenac in the spike damage test.
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ring and is smaller in molecular mass and harder to decompose 
than the other four pharmaceuticals, resulting in higher treatment 
efficiency by ozone oxidation. In addition, Huber et al. reported 
that the reaction of OH radicals with carbamazepine, diclofenac, 
and sulfamethoxazole was 2-3 times faster in ozone treatment. 
Thus, ozone treatment can be applied as an effective method for 
removing pharmaceuticals [29, 31]. In the relevant studies in South 
Korea, the concentration of trimethoprim was reduced by 33.5% 
to the residual concentration of 6.65 μg/L at an ozone dosage of 
1 mg/L, by 78.6% to the residual concentration of 2.14 μg/L at 
an ozone dosage of 2 mg/L, and by 88.9% to the residual concen-
tration of 1.11 μg/L at an ozone dosage of 3 mg/L. In addition, 
the removal efficiency was 99% or more, which is below the de-
tection limit, at the ozone dosages of 5 and 8 mg/L. In addition, 
the removal efficiency of micropharmaceuticals has been reported 
to be lower in the case of solutes containing organic substances 
than in the case of pure water solutes [32]. Therefore, it is considered 
that the low removal efficiencies in this study were due to the 
differences in solutes, and the introduction of an additional process 
is required to treat micropharmaceuticals, which are not removed 
by the ozone treatment process in the present sewage treatment 
plants. In this regard, there is a need to introduce an adsorption 
process using activated carbon after the ozone treatment process.

3.2.4. Removal of micropharmaceuticals by adsorption
3.2.4.1. Variations in the removal efficiencies by EBCT
The results of the experiment designed to determine the optimal 
EBCT for the adsorption process are shown in Fig. 6. To investigate 
the changes in the treatment efficiencies according to EBCT, soil 
without granular activated carbon was used, and the EBCT was 
adjusted to 7, 10, 15, and 20 min at temperatures of 26-28℃. The 
experiment results showed that acetaminophen had a removal effi-
ciency of 26.2-31.6%; carbamazepine, 23.7-25.7%; sulfamethox-
azole,7.3-27.3%; trimethoprim,12.9-16.6%; and diclofe-
nac,-0.7-17.3%. The treatment efficiencies of the five pharmaceut-
icals selected in this study showed a tendency to increase with 
increasing contact time with the activated carbon. As it was difficult 
to expect higher removal efficiency after 10 min, however, a 10-min 
EBCT was set as the optimal EBCT, which was consistent with 
the standard EBCTs of 10-15 min recommended by the U.S.

Fig. 6. Variations in the pharmaceuticals concentrations by activated 
carbon dosage (%) (acetaminophenconc. × 4).

Environmental Protection Agency (USEPA) [33-35]. The removal 
efficiency of acetaminophen was the highest, and the carbamaze-
pine and trimethoprim removal efficiencies were 24.7 and 23.8%. 
The removal efficiencies of sulfamethoxazole and diclofenac were 
16.4 and 14.5%, respectively.

3.2.4.2. Variations in the removal efficiencies by activated carbon 
dosage

The results of the experiment conducted on a fixed-bed detention 
basin using soil microorganisms and on four fixed-bed detention 
basins incorporating granular activated carbon at 10, 30, and 50% 
are shown in Fig. 6. The activated carbon was injected at 0, 10, 
30, and 50% after the EBCT was fixed at 10 min. When the activated 
carbon dosage was 30%, acetaminophen showed the highest re-
moval efficiency (58%), followed by carbamazepine (49%), trime-
thoprim (48%), diclofenac (34%), and sulfamethoxazole (28%). The 
treatment efficiencies of all the five pharmaceuticals selected in 
this study tended to increase with increasing mixing ratio of the 
granular activated carbon. As the concentration applied to the actual 
treatment plant was less than 60%, however, which ensures that 
the residual concentration does not affect the ecosystem, the appro-
priate dosage was determined to be 30%.

In general, log Kow is used to examine the removal efficiency 
by adsorption of activated carbon, and EPA is used to predict the 
qualitative removal of substances during the wastewater treatment, 
and to provide important information for the removal of micro-
pharmaceuticals, such as the water solubility, soil adsorption, and 
biological adsorption [15]. Therefore, the results of this study were 
analyzed based on the above.

The removal efficiency of acetaminophen was high even in the 
biological treatment process because it ensures high solubility and 
has easily oxidized properties [15], as shown in section 3.1. Clara 
et al. reported that carbamazepine did not undergo any decom-
position or adsorption while passing through groundwater [36], 
and Stamatelatou et al. argued that removal by adsorption is more 
likely to occur in soils with an organic content of 10% or more 
than those with a 1-2% organic content [21, 37]. Rogers categorized 
the adsorption capacities against the hydrophilic and hydrophobic 
properties of micropharmaceuticals in three stages: low adsorption 
capacity (log Kow < 2.5), intermediate adsorption capacity (log Kow 

> 2.5 and < 4.0), and high adsorption capacity (log Kow  > 4.0) 
[38], and the log Kow of carbamazepineis 2.47, indicating a low 
adsorption capacity. Therefore, it is difficult for carbamazepine 
to be adsorbed on suspended solids and removed in the actual 
sewage treatment plant and pilot plant, which are the subjects 
of this study.

In this study, sulfamethoxazole showed the lowest removal effi-
ciency with respect to the activated carbon dosage, and this result 
was similar to that in the European Union (EU) report that although 
the activated carbon adsorption process is a very effective treatment 
process for removing residual pharmaceuticals, it is inappropriate 
for some limited residual pharmaceuticals, such as sulfamethoxazole. 
It has been reported that sulfamethoxazole is negatively charged 
at pH 6 or more, which poses difficulties in removal with activated 
carbon [38]. In this study, as the pH of the adsorption process 
was 7 or more, it is considered that the lowest removal efficiency 
occurs for the same reason reported by EU.
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Trimethoprim is a hydrophilic pharmaceutical whose log Kow 

is 0.91, and its water solubility is 400 mg/L, showing a relatively 
high removal efficiency of 57.6%. The log Kow (hydrophobicity 
and hydrophilicity), solubility, and photoreactivity of anti-
biotic-based pharmaceuticals has been reported to be subject to 
change depending on the pH [40], and the removal efficiency varies 
greatly depending on the treatment plant and environmental 
conditions.

The log Kow of diclofenac was 4.02, showing a high adsorption 
capacity, but the treatment efficiency was low, unlike in the results 
of previous studies. Therefore, it is considered that further research 
is needed to address this problem.

3.3. Suggestion and Application of an Optimal Treatment 
Process for the Removal of Pharmaceuticals

The optimum operating conditions of 3 mg/L ozone, 10-min EBCT, 
and 30% activated carbon dosage were derived through spike dam-
age tests in the biological treatment process and ozone and adsorp-
tion process on the influent in actual treatment plants. The results 
of the continuous pilot plant experiments under the optimal con-
ditions are shown in Fig. 7(a). In addition, the optimal treatment 
conditions for each process were applied, and the application results 
by process using the actual influent of the treatment plants for 
3 months, from September to December 2018, are shown in Fig. 
7(b). For sampling, samples were taken from all the processes, 
including the biological treatment process, considering the hydraul-
ic retention time (HRT), to reduce the error as much as possible.

In the biological process, the concentrations removed from the 
influent through the anaerobic-anoxic-aerobic reactors were found 
to be constant for each type, and the removal efficiency of the 
biological process ranged from 10 to 25% in the case of high 
concentrations. Abnormal removal efficiencies as in Table S1 were 
not observed. However, when the actual influent of the sewage 
treatment plant in K city was used, the removal efficiency through 
the biological process was found to be negligible. This result suggests 
that since micropharmaceuticals are present in extremely small 
quantities, the biological process has little effect on the removal. 
It was found that acetaminophen shows a high removal efficiency 
of more than 96% in the biological process, but it is difficult to 
remove other substances through the biological treatment process 
along. As a result, in the ozone oxidation process, diclofenac showed 

the highest removal efficiency (57%) compared to the influent.  
When pharmaceuticals through the ozone process with an ozone 
dosage of 3 mg/L were subjected to continuous adsorption treatment, 
considering economic efficiency, the removal efficiencies of the 
final effluent were 98.6% for acetaminophen, 87.0% for carbamaze-
pine, 86.0% for sulfamethoprim, 87.2% for trimethoprim, and 89.5% 
for diclofenac, and all of them showed a high removal efficiency 
of 85% or more. In particular, carbamazepine, sulfamethoprim and 
diclofenac were rarely removed by the biological process alone, 
but showed the possibility of removal through the introduction 
of the ozone process. In addition, the stable removal of sulfametho-
prim and diclofenac was difficult through either ozone process 
or adsorption process, but the stable treatment could be expected 
in the continuous process of ozone-adsorption, which exhibited 
more than 80% removal efficiency. Therefore, it is expected that 
the addition of ozone oxidation and activated carbon adsorption 
process to the existing sewage treatment process can effectively 
increase the removal efficiency of micropharmaceuticals. These 
parameters were applied to the pilot plant, and the results of the 
pilot plant operation for three months are shown in Fig. 7(b). The 
concentrations of pharmaceuticals showed a tendency to decrease 
steadily in the ozone process and the activated carbon adsorption 
process after the biological process. In the ozone process, about 
30 to 60% of micropharmaceuticals except for acetaminophen were 
removed, and 10 to 20% of them were additionally removed in 
the adsorption process. In the biological process, variations in con-
centrations were unstable, and the concentrations tended to increase 
in the final settling basin. However, as the concentrations were 
low in the ozone process and the adsorption process, the removal 
efficiency was about 30 to 60% compared to the influent. 

This study suggested the optimal treatment conditions in the 
actual treatment plant, and presented removal efficiencies. It is 
difficult, however, to show the constant and stable tendencies of 
the micropharmaceuticals introduced into the actual treatment 
plant. Therefore, it is expected that the application of stable parame-
ters experimented on with variations in high concentrations can 
be utilized as invaluable data for the direction of water quality 
management. In addition, as the factors influencing the removal 
of micropharmaceuticals in sewage treatment plants can be affected 
by various elements, such as the characteristics of each substance, 
the treatment process employed, the temperature and environ-

a b

Fig. 7. Pharmaceuticals concentrations at each sampling point in the pilot plant (acetaminophen Conc. × 10). (a) With spike damage test. (b)
Without spike damage test.
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mental conditions, and the operating status, specific research on the 
characteristic of the influencing factors is needed to improve the tech-
nologies for the management of residual micropharmaceuticals.

4. Conclusions

In this study, the research trends of life-based micropharmaceuticals 
in domestic and overseas sewage treatment plants were investigated, 
and the current treatment and management status of pharmaceut-
icals was examined. After that, the variations in the concentrations 
of the pharmaceuticals in domestic sewage treatment plants were 
analyzed, and the results of the analysis revealed that it is difficult 
to treat pharmaceuticals in the biological treatment process. 
Therefore, an actual pilot plant consisting of the ozone oxidation 
process and the activated carbon process, which are phys-
icochemical processes performed after the biological treatment proc-
ess, was installed to investigate the removal efficiencies. In addition, 
spike damage tests designed to raise the concentrations of micro-
pharmaceuticals were conducted to investigate the variations in 
the removal efficiencies, and the optimal treatment process that 
exhibits 80-85% removal efficiencies of micropharmaceuticals, 
which are not efficiently removed by the biological treatment proc-
ess, was proposed through the combination of parameters derived 
from a single process test. In conclusion, it was confirmed that 
the stable removal of micropharmaceuticals can be achieved by 
applying the optimal parameters to the treatment of the influent 
in the treatment plant to remove 30-60% of such micro-
pharmaceuticals in the ozone treatment process, and an additional 
10-20% in the adsorption process.
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