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Abstract: The article deals with the removal of 20 selected drugs from drinking water by sorption
on granulated activated carbon. Two different sorption materials were used, and the efficiency of
removing these micropollutants was compared. Experiments were performed in laboratory conditions
with two different values of pH of water (7.8 and 6.5, respectively), at laboratory temperatures and
with an identical amount of added sorbent (Filtrasorb 400, WG12). Standard additions were made
to drinking water, and the final concentration of 0.44–0.55 µg/L of pharmaceuticals was utilized in
the experiments. Samples were taken after 30, 60, 120 and 240 min of contact of sorbent with water.
The LC-MS method was used to analyze the selected pharmaceuticals, which was performed at the
ALS laboratory in Prague, Czech Republic. The adsorption efficiency of the removal of the given
pharmaceuticals from water, as well as the adsorption capacity of the granulated activated carbon for
the given pharmaceuticals, depends on amount of time that the water and material were in contact.
The adsorption efficiency for two different types of granulated activated carbon ranges from 13 to
90%. Water pH also influences the sorption abilities of granulated activated carbon.

Keywords: drinking water treatment; pharmaceuticals; adsorption; granulated activated carbon;
static test; adsorption efficiency

1. Introduction

Over the previous decades, analytical methods have seen progress in determining
micropollutants, leading to detection of trace concentrations of pharmaceuticals not only in
surface and wastewater, but also in groundwater, and even in drinking water, in concentra-
tions from nanograms to micrograms.

Pharmaceuticals are natural or synthetic substances that are included in the microp-
ollutant group [1,2]. They can travel into surface or groundwater through municipal
wastewater, and they can pose a risk to the environment even in low concentrations. Ap-
proximately 3000 various substances are used in human medicine in the European Union,
such as analgesics, anti-inflammatory drugs, antibiotics, betablockers, lipid regulators,
psychoactive drugs and many more. Many pharmaceuticals are also used in veterinary
medicine, including antibiotics and anti-inflammatory drugs. After application, phar-
maceutical formulae are ejected from the body in their original (unchanged) form, or in
the form of metabolites, and enter water environments by various means [3]. From the
environmental point of view, the biggest concern when using pharmaceutical products is
their persistence and critical biological activity.

Residues of pharmaceutical products may enter the environment during produc-
tion, usage, and liquidation. Medicinal products enter the environment mainly through
runoff from municipal wastewater treatment plants, wastewater from manufacturing-
industrial plants, wastewater from hospitals, application of sewage sludge to fields, veteri-
nary medicine, application of animal manure, leachate from landfills, improper disposal
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of expired pharmaceuticals, improper disposal of unused medicines and contaminated
waste [4].

Pharmaceuticals that are not removed in the wastewater treatment process are dis-
charged into recipients, which leads to the contamination of rivers, lakes, and sometimes
even underground and drinking water. According to studies published to date, the concen-
trations of pharmaceuticals in surface water and groundwater, which have been polluted
by discharged wastewater from sewage treatment plants, are lower than 0.1 µg/L, and if
they occur in drinking water, their concentrations are lower than 0.05 µg/L [5].

Figures 1 and 2 show the number of pharmaceuticals determined in surface, under-
ground, tap and drinking water.
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On the basis of many published works, including monitoring and studies that dealt
with the issue of drugs and their metabolites in water, it has been found that the pollution
of water, whether surface, underground or, to a lesser extent, drinking water, by these
micropollutants is a worldwide problem. Based on the study of the currently available
literature, comprising more than 1000 works, a database was made, which showed that
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drugs or their transformation products were detected in the environment of 71 countries
covering all continents [6].

Pharmaceutical products and their metabolites were also found in Slovak surface wa-
ters, and monitoring results indicated the frequent occurrence of the following pharmaceuti-
cals: valsartan, venlafaxine, telmisartan, metoprolol, tramadol, clindamycin, erythromycin,
carbamazepine and diclofenac. And some of them were even found in the waters of the
High Tatras lakes [7].

1.1. Methods of Removal of Pharmaceuticals from Water

Pharmaceuticals are a diverse group of chemicals with various physical and chemical
properties. The removal efficiency depends on their physical and chemical characteristics
(e.g., hydrophobicity) and their reactivity to various removal processes, drug concentration,
water temperature and hydraulic conditions. Therefore, treatment processes can only
achieve a certain level of removal depending on the pharmaceutical product and used
technology. These processes, such as reverse osmosis, ozonation and advanced oxida-
tion technologies, can generally achieve higher drug removal rates compared to classical
processes [8–10].

According to the available literature, the effectiveness of classical treatment of drink-
ing water is low, usually up to 30% [5]. The literature [11] reports interesting results of
the removal of some drugs (diclofenac, ibuprofen, bezafibrate, carbamazepine and sul-
famethoxazole) from water by chemical coagulation. Based on the results of drug removal
from water, which were achieved by coagulation, experiments were done with two types
of water: MilliQ water and water reservoir, containing humic acids. Iron (pH 4,5) and
aluminum (pH 6) salts were used as coagulants, and HPLC and UV detection were used
to determine drugs in the monitored water samples. By coagulating MilliQ water with
ferric sulfate, the removal efficiency reached less than 10% with the exception of diclofenac,
which was removed with an efficiency of 66%. When using aluminum sulfate to coagulate
water from the reservoir, the results were similar, i.e., less than 10% removal efficiency with
the exception of diclofenac, which was removed by 30%.

In the presence of dissolved humic substances, diclofenac, as well as ibuprofen and
bezafibrate, can be removed by coagulation with iron (III) sulfate with a maximum effi-
ciency of 77% for diclofenac, 50% for ibuprofen and 36% for bezafibrate. A high amount of
high molecular weight NOM improved the removal of ionizable drugs. The efficiency of
removing non-ionizable compounds of carbamazepine and sulfamethoxazole by coagula-
tion was very low. In the case where water had a high humic substance content, low pH
values and iron coagulant, the effectiveness was higher, but basically, based on the results
achieved with coagulation, removing drugs from water in this way is not effective.

Based on the research devoted to the removal of drugs from water, it follows that more
suitable methods are the use of slow sand filtration and adsorption on granular activated
carbon filters or the addition of powdered activated carbon to the water [5].

Adsorption on GAC is used in the water treatment processes, and it removes pharma-
ceuticals from water with higher efficiency than coagulation. Their efficiency is high, in
some cases up to 98%, but this is not true in all situations. The efficiency depends on the
nature of the organic substance being removed, the pH of the water and the presence of
substances that affect sorption (e.g., humic substances, turbidity).

In the research carried out at Brno University of Technology (BUT), the effectiveness of
removing ibuprofen (at a concentration of 1.02 µg/L) [12] and diclofenac (at a concentration
of 1.28 µg/L) [13] from drinking water using the sorbents Filtrasorb F100, Bayoxide E33
and GEH was monitored. The measurements took place in a column with an internal
diameter of 4.4 cm and a filling height of 70–80 cm, sampling 1 to 6 min after the start of
the experiment. At the same time, the change in water quality influenced by the material
used (pH, temperature and turbidity) was monitored. Ibuprofen removal efficiency ranged
from 71 to 88% for F100, 85–92% for Bayoxide E33 and 81–85% for GEH in the first two
minutes, then desorption occurred. In case of diclofenac, the GEH material achieved the
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best adsorption efficiency (99%), followed by Filtrasorb F100 (92–99%) and Bayoxide E33
(only 24–50%), depending on the sampling time (from 1 to 6 min).

Groundwater used for drinking purposes is water that is, in most cases, equal to the
quality of drinking water. When treatment of such water is necessary, it is due to increased
iron, manganese and heavy metal contents; the concentration of these materials must be
reduced to values corresponding to drinking water. Often, it is sufficient to use disinfection.
Disinfectants have demonstrated the ability to reduce drug concentrations in water; as
stated in the WHO document [5], chlorine disinfectant can remove up to 50% of monitored
drugs from water. The chlorine compound chloramine was also monitored, but here, the
antibiotic removal efficiency was very low. Chlorine dioxide and ozone also show high
removal efficiency [14–16].

Currently, some of the most effective ways to remove drugs from water are membrane
processes. In the case of using membrane processes, the efficiency is influenced not only by
the properties and nature of the drugs, but also by the properties of the membranes. The
removal efficiency can reach up to 90% [17].

At present, pharmaceutical removal strategies can generally be divided into physical,
chemical and biological methods. The advanced oxidation processes (AOPs), enzyme
degradation, carbonaceous material Biochar, carbon nanotubes, nanoparticles, metals,
biosorbents, granular activated carbons, resins, etc. may be an effective method for treating
serious environmental pollution [18–25]. Of these methods, some are already being used in
practical application to reduce the danger of the presence of drugs that threaten not only
the aquatic environment, but also human health.

1.2. Pharmaceuticals Used in This Research

The supplied standard mixture contained the following types of pharmaceuticals:
anti-inflammatory agents (diclofenac, indomethacin, ketoprofen, naproxen, paracetamol),
antibiotics (metronidazole, sulfamethazine, sulfamethoxazole, trimethoprim), contrast
agents (iomeprol, iopamidol, iopromide), circulatory system agents (valsartan, warfarin,
hydrochlorothiazide) and others (bezafibrate, fluoxetine, ifosfamide, carbamazepine, caffeine).

For example, carbamazepine is an anticonvulsant drug used primarily to treat epilepsy
and neuropathic pain. It is used to treat schizophrenia, along with other drugs, and is
a second-line agent in bipolar disorder. Caffeine is a central nervous system stimulant
from the methylxanthine group. It is the most widespread psychoactive drug in the world.
Caffeine concentrations in surface waters were detected in the range of 0.1–6.9 µg/L.

Bezafibrate is a drug used as a lipid-lowering agent to treat hyperlipidemia. Fluoxetine
is a drug used mainly in the treatment of depression. Ifosfamide is a chemotherapy drug
used to treat many types of cancer. These include soft tissue sarcoma, osteosarcoma, bladder
cancer, small cell lung cancer, cervical cancer and ovarian cancer.

Diclofenac is one of the most commonly prescribed medications, used to treat pain
and inflammatory diseases. It is available in the form of a variety of medicinal, some of
them are free of the counter without a prescription, but only at certain doses.

The occurrence of pharmaceuticals, their metabolites and transformation products
in the environment has become the subject of research from the point of view of toxicity,
monitoring and analytical determination. Various pharmaceuticals have been detected in
many samples of environmental components around the world. Their occurrence has been
recorded in runoff and sludge from wastewater treatment plants, surface water, seawater,
groundwater, soil and sediments as well as in drinking water.

Therefore, the aim of our research was to verify the effectiveness of granular activated
carbon in removing selected drugs from water to compare two different GACs, as well as
the effect of water pH on their effectiveness.

2. Materials and Methods

The pharmaceutical standard was purchased from the ALS Czech Republic company
in Prague, which also provided us with sample boxes and determined the drugs in the
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samples. The standard contained 20 different drugs. Granulated activated carbon WG12
(manufactured by Gryfskand Co., Hajnówka, Poland) was supplied by Envi-Pur, LtD. and
Filtrasorb F400 (manufactured by Calgon Carbon Co., and delivered by Chemviron Carbon,
Feluy, Belgium) by Jako LtD., both from the Czech Republic. The basic properties of the
used granular activated carbon are summarized in Table 1.

Table 1. Properties of activated carbon WG12 and F400.

Parameter WG12 F400

Form pellet granular
Iodine number [mg·g−1] min. 1000 min. 1050
Methylene blue [mg·g−1] min. 30 min. 260

Specific surface (BET) [m2·g−1] min 1000 min 1050
Particle size [mm] 1.0–1.5 0.42–1.68

Operational density [g·cm−3] 0.450 ± 30 0.425
Abrasion [-] min. 85 min. 75
Hardness [-] min. 95 min. 95

Uniformity coefficient max. 1.3 max. 1.9
Moisture [wt.%] max. 2 max. 2

A model solution with a drug content in the range from 0.44 µg/L to 0.55 µg/L was
obtained by adding 50 mL of the drug mixture standard to 5 L of drinking water. The model
water sample prepared in this way was divided into Erlenmayer flasks; 400 mL of model
water was added to each sample, and 400 mg of granular activated carbon (Filtrasorb F400
and WG12) was added to the samples that were prepared in this way. The volume of model
water together with activated carbon was mixed for 4 h using an OHAUS orbital shaker
(OHAUS Europe GmbH, Nänikon, Switzerland) at 400 rpm. During the mixing, water
samples were taken from the flasks at time intervals of 0, 30, 60, 120 and 240 min. The
samples were collected in glass vials (40 mL) which contained a preservative (0.32 mL of
1% sodium thiosulfate).

The collected water samples (10 mL) after centrifugation and microfiltration were
injected into a liquid chromatography device (Acquity UPLC I-Class, Waters Co., Milford,
CT, USA) connected to a mass spectrometer (XEVO TQ-XS, Waters Co., Milford, CT, USA).
The compounds were separated by a chromatographic column (InfinityLab Poroshell 10
EC-C18 (3.0 × 150 mm; 2.7 µm, Agilent Technologies, Santa Clara, CA, USA) mobile phase
consisted of 0.01% HCOOH in water (A) and MeOH (B). The obtained data were evaluated
with the Tar-getLynx quantification software. Quantification of analytes was conducted
using the method of isotopically labeled internal standards addition.

3. Results and Discussion

To monitor the efficiency of the removal of drugs listed in Figures 3 and 4, two types of
activated carbon, Filtrasorb F400 and WG12, were used in static tests. The efficiency of the
sorbent materials was monitored at pH values of 7.8 and 6.5. The concentration of drugs in
the water at the beginning of the tests was in the range of 0.44–0.55 µg/L, and the contact
time of the model water with activated carbon varied in 30 min intervals up to four hours.

The adsorption efficiency (in %) and immediate adsorption capacity (in µg/g) of
activated carbons WG12 and F400 were calculated for the individual pharmaceuticals
depending on the water–material contact time on the base of the measured concentrations
of the individual organic compounds [25]. The following formulas were used:

η =
(c0− cm).100

c0
[%] (1)

at =
(c0− cm).V

m
[µg/g] (2)
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where at is the immediate adsorption capacity in µg/g, η is the adsorption efficiency [%],
co is the concentration of pesticides before the adsorption, cm is the concentration of drugs
after the adsorption at the time t [µg/L], V is the volume of water solution of 0.4 L and m
is the weight of sorption material, 0.4 g.
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Figure 3. Concentration of drugs (µg/L) before and after 60 min adsorption with WG12 and F400 at
the pH value 7.8.
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Figure 4. Concentration of drugs (µg/L) before and after 60 min adsorption with WG12 and F400 at
the pH value 6.5.

Figures 5 and 6 show the efficiencies for each granular activated carbon calculated for
60 min of water contact time with the material used at the different pH of water.
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Figure 5. The efficiency of drug removal (in %) before and after 60 min adsorption with WG12 and
F400 at the pH value 7.8.
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Figure 6. The efficiency of drug removal (in %) before and after 60 min adsorption with WG12 and
F400 at the pH value 6.5.

As is obvious from Figures 3 and 4 the sorption materials F400 and WG12 have differ-
ent adsorption efficiency for all pharmaceuticals used in this study. Adsorption efficiency
ranges from 4 to 98%. There are few differences between pH value of water, but they are
very significant. The pH value affects the efficiency of the removal of individual drugs.

Adsorption capacity for adsorption materials used was different. Adsorption capacity
for F400 and contact time 60 min was between 0.023 to 214 µg/g, and for WG12, it ranged
from 0.006 to 0.163 µg/g.

4. Conclusions

The results shows that Filtrasorb F400 achieved a higher drug removal efficiency from
water than the WG12 material. At the same time, the results show the different effectiveness
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for individual drug. Therefore, it is necessary to verify the use of granular activated carbon
directly for a specific contaminant and the quality of treated water. For some drugs, the pH
of the water and the contact time of the water with granular activated carbon also play an
important role. The higher the contact time, the greater the resulting effect of the method
used. After 4 h of sorption, the removal efficiency of contaminants from water was more
than 90% for each material.
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