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Abstract: In the present research, the removal of Total Organic Carbon (TOC) and erythromycin
(ERY), fluoxetine (FLX), amoxicillin (AMO), colistin (COL), ethynylestradiol (EE), and diclofenac
(DIC) from surface water by coagulation is studied. The concentration of selected pharmaceuticals in
24 surface water samples originating from some rivers located in Lesser Poland Voivodeship and
Silesia Voivodeship, Poland, was determined. The removal of TOC and pharmaceuticals was carried
out using the application of Design of Experiments (DOE), Response Surface Methodology (RSM), and
by addition of aluminum chlorohydrate (ACH) as a coagulant. The study found that the concentration
ranges of ERY, FLX, AMO, COL, EE, and DIC in analyzed water samples were 7.58–412.32, 1.21–72.52,
1.22–68.55, 1.28–32.01, 5.36–45.56, 2.20–182.22 ng/L, respectively. In some cases, concentrations lower
than 1 ng/L were determined. In optimal conditions of coagulation process of spiked surface water
(pH = 6.5± 0.1, ACH dose = 0.35 mL/L, Time = 30 min; R2 = 0.8799, R2

adj = 0.7998), the concentration
of TOC, ERY, FLX, AMO, COL, EE, and DIC was decreased by 88.7, 36.4, 24.7, 29.0, 25.5, 35.4,
30.4%, respectively. Simultaneously, turbidity, color, Total Suspended Solids (TSS), Chemical Oxygen
Demand (COD), Total Nitrogen (Total N), and Ammonium-Nitrogen (N-NH4) were decreased by
96.2%, >98.0%, 97.8%, 70.0%, 88.7%, 37.5%, respectively. These findings suggest that ACH may be an
optional reagent to remove studied pharmaceuticals from contaminated water.

Keywords: pharmaceuticals; coagulation; response surface methodology; erythromycin; fluoxetine;
amoxicillin; colistin; ethynylestradiol; diclofenac; RP-HPLC-ESI-MS/MS

1. Introduction

The societal demographic situation of the European Union (EU), which currently com-
prises 27 democratic countries, is changing very dynamically compared with other parts of
the world [1]. The increase in life expectancy over the last century depends on a number of
factors, including the reduction of infant mortality through improved lifestyle, economic
development, increased social awareness, accident prevention, as well as advances in
healthcare, medicine, and pharmacology [2]. Demographic evolution is undoubtedly one
of the main factors influencing the dynamics of the pharmaceutical industry’s development
and the growing consumption of drugs in society, as well as their use in veterinary medicine,
which is inevitably associated with related environmental pollutants [3]. Numerous studies
have confirmed the direct impact of individual pharmaceutical preparations on flora and
fauna [4]. The issue of pharmaceutical residues remains critical from the point of view of
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long-term exposure causing negative effects for humans, animals, and the environment.
An example is the presence of diclofenac in aquatic ecosystems and its harmful effect on the
reproduction of freshwater rowers (Daphnia magna and Moina macrocopa) [5], pathological
changes in the kidneys, hyperplasia, and fusion of the villi in the intestine (Oncorhynchus
mykiss) [6] or a radical decline in the population of the Bengal vulture (Gyps bengalensis) feed-
ing on carrion treated with diclofenac [7,8]. Other examples show that 17α-ethynylestradiol
prevents the natural male-to-female sex change in gilthead seabream (Sparus aurata L.) [9].
Fluoxetine residues found in many freshwater environments significantly influence mating
behavior in male fish [10]. It is similar to the residues of antibiotics, which enter rivers and
lakes, accumulates in the soil, and adversely affect living organisms.

Determining the scale of the problem of water and soil contamination with phar-
maceutical residues is a strategic challenge that the EU has met. The purposefulness of
monitoring environmental pollutants from the Pharmaceuticals and Personal Care Products
(PPCPs) group is dictated by a preventive approach that proves the growing awareness
of the European Commission in the face of the documented and growing threat posed by
biologically active compounds [11–13].

The durability of pharmaceutical preparations is varied and is mainly due to the chem-
ical structure as well as the nature of the aquatic environment. Some of them will be easily
transformed by natural processes, such as biodegradation, photodegradation, or absorption
by plants or microorganisms and the related biotransformation. However, contamination
with compounds from pharmaceutical groups is defined as “pseudo-persistent,” which
results from the fact that their emission is continuous and despite progressing degradation
processes, these compounds have a high potential for persistence in the environment, which
is exacerbated by the increasing consumption of drugs [14–16].

The efficiency of removing pharmaceutical residues depends on the level of treatment,
the degree of advancement of the installation, as well as the nature of the substances
present in the sewage. Pollutants pass through sewage treatment plants and enter the
aquatic ecosystems in varying amounts. On the other hand, non-point sources include
pollutants, the location of which is difficult to identify, such as runoff from agricultural soils,
urban runoff, or unidentified leaks from wastewater treatment systems and plants [17].
Pharmaceutical-related emission sources are classified in two ways: point sources and
area/diffusion (non-point) sources. The first mentioned source refers to single, easy-to-
locate sources of pollution, such as domestic wastewater discharges, domestic solid wastes,
wastewater from the pharmaceutical industry, wastewater, hospital wastes (biomedical
wastes), and wastewater treatment plants. Another point source is treated/untreated
sewage from wastewater treatment plants. The “non-point” sources are defined as any
other pollution sources that do not meet the point source definition. Unfortunately, sewage
treatment plants do not completely eliminate pharmaceutical pollutants [18,19].

Various methods are used to remove pharmaceuticals from water and wastewater,
e.g., physical treatment (primary treatment), aerobic and anaerobic processes (biologi-
cal treatment), adsorption, membrane technologies (tertiary treatment), Fenton process,
O3/H2O2 treatment, photocatalytic processes, ultrasound irradiation, wet air oxidation,
etc., (Advanced Oxidation Processes, AOPs) and hybrid technologies [20]. Chemical co-
agulation is one of the methods used to remove organic pollutants, e.g., pharmaceuticals,
from water. The application of alum (Al2(SO4)3 at pH 6 and ferric sulphate (Fe2(SO4)3) at
pH 4.5 indicated that the removal rate for diclofenac, ibuprofen, bezafibrate was 77%, 50%,
and 36%, respectively [21]. On the one hand, the application of Al2(SO4)3 in the presence
of humic acid resulted in an increase in the removal of naproxen and diclofenac (61% and
59%, respectively). On the other hand, the results showed that neither acetaminophen
nor carbamazepine was removed effectively (<10%) [22]. The use of a bench-scale sys-
tem (coagulation, flocculation, sedimentation, filtration, and chlorination) resulted in the
removal of caffeine, trovafloxacin mesylate, estradiol, and salicylic acid (charge of phar-
maceuticals at pH 8: neutral, zwitterionic, neutral, and negative, respectively) by 3.4–13.0,
21.0–31.0, 6.9–12.0, and 31%–39%, respectively; (Al2(SO4)3 dose 25 mg/L, pH 8, rapid
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mixing 9.3 min, flocculation time 39.2 min) [23]. In other studies for diclofenac (DCF),
naproxen (NPX), and ibuprofen (IBP), a maximum removal rate of 46%, 42%, and 23%, re-
spectively, were obtained [24]. Based on published data, the removal rate for erythromycin
(Al2(SO4)3, 78 mg/L, pH 6.8), fluoxetine (Al2(SO4)3, 78 mg/L, pH 6.8), ethynylestradiol
(polyaluminum chloride (PACl), 5.4 mg/L, pH 6.8–7.2), and diclofenac (Fe2(SO4)3, 94 mg/L,
pH 4.5–4.9) was 33%, 15%, 21% and 8%–77%, respectively [25–27]. Literature data indicate
that Al2(SO4)3), PACl, Fe2(SO4)3, and FeCl3 are commonly used as coagulants [28–30]. In-
organic coagulants have many advantages. They are widely used, easy to apply, relatively
cheap, and do not require high operating costs. Aluminum chlorohydrate (ACH) was
used for the coagulation of river water [31], textile wastewater [32], and others but was not
applied for the removal of ERY, FLX, AMO, COL, EE, and DIC by coagulation.

In this study, the results of the research regarding the content of selected pharmaceu-
ticals in 24 surface water samples originating from some rivers located in Lesser Poland
Voivodeship and Silesia Voivodeship, Poland, were presented. In order to investigate the
applicability and potential of ACH as a coagulant, it was adopted in the spiked river water
purification process. DOE and RSM were used to determine the most favorable conditions
(pH, ACH dose, Time) for the coagulation process. Based on the experimental data, a
process model was created and experimentally verified. The effectiveness of the coagulant
(ACH) under the most favorable conditions was evaluated.

2. Results
2.1. Occurrence of Diclofenac (DIC), Fluoxetine (FLX), Ethynylestradiol (EE), Erythromycin
(ERY), Amoxicillin(AMO), and Colistin (COL) in Surface Water

The standard curve method was used in the quantification of pharmaceuticals. Stan-
dard solutions were prepared in the concentration range from 1 to 1000 ng/L. The coef-
ficients of determination (R2) were over 0.999 for each of the compounds, which proves
the linearity of the method. The limit of quantification (LOQ) was determined from the
signal-to-noise ratio (S/N). The LOQ was 1 ng/L for each of the tested compounds.

Table 1 presents the results of the content of selected pharmaceuticals in samples
taken from rivers, streams, and canals in southern and southwestern Poland in 2021. The
locations of the tested watercourses and the sampling sites are described in Section 4.2. The
overall assessment of the purity of the analyzed watercourses as the sum of determined
pharmaceuticals is presented in Figure 1.

2.2. Removal of TOC, Diclofenac (DIC), Fluoxetine (FLX), Ethynylestradiol (EE), Erythromycin
(ERY), Amoxicillin(AMO), and Colistin (COL) in Surface Water

The research was carried out using river water to which specific amounts of DIC,
FLX, EE, ERY, AMO, and COL were added. The analytical tests were carried out in
accordance with the methods presented in detail in Section 4.3. Table 2 shows the selected
physicochemical parameters of the spiked river water used in the study.

Optimization of the TOC removal process from the spiked river water was performed
by designing the experiments using the Central Composite Design (CCD) and Response
Surface Methodology (RSM). The criteria for selecting independent parameters and their
values, as well as the method of planning the experiments and their way of performing,
are presented in Section 4.4. Table 3 depicts the experimental conditions for RSM and the
results of the experiments (concentration of Total Organic Carbon, mg/L, and Efficiency of
the removal process, %).
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Figure 1. The total content of diclofenac (DIC), fluoxetine (FLX), ethynylestradiol (EE), erythromycin
(ERY), amoxicillin (AMO), and colistin (COL) determined in the studied watercourses, ng/L.

Table 1. Concentrations of diclofenac (DIC), fluoxetine (FLX), ethynylestradiol (EE), erythromycin
(ERY), amoxicillin(AMO), and colistin (COL) in the tested river samples.

No.
Watercourse

Name
Concentration ± SD, ng/L

DIC FLX EE ERY AMO COL

1 Prądnik 75.07 ± 3.75 5.25 ± 0.20 13.90 ± 0.46 132.50 ± 4.69 23.62 ± 0.84 4.25 ± 0.15
2 Wilga 106.33 ± 3.72 <LOQ * 10.77 ± 0.41 55.32 ± 2.10 16.42 ± 0.48 6.24 ± 0.21

3 Rudawa 105.70 ± 4.02 13.06 ± 0.43 14.90 ± 0.43 412.32 ±
11.96 32.31 ± 1.14 12.54 ± 0.63

4 Sanka 97.67 ± 2.83 <LOQ 12.54 ± 0.48 23.40 ± 0.77 3.56 ± 0.19 19.01 ± 0.67
5 Pychowicki 118.00 ± 4.18 1.58 ± 0.08 14.63 ± 0.42 <LOQ 4.65 ± 0.18 10.21 ± 0.34
6 Dłubnia 75.55 ± 2.12 12.55 ± 0.41 <LOQ <LOQ 10.40 ± 0.30 1.35 ± 0.05
7 Wisła (Vistula) 27.05 ± 0.89 12.26 ± 0.64 17.56 ± 0.51 12.50 ± 0.41 15.65 ± 0.59 <LOQ
8 Wisła (Vistula) 45.50 ± 1.91 6.22 ± 0.18 8.26 ± 0.43 42.60 ± 1.41 32.11 ± 1.61 1.28 ± 0.04
9 Skawinka 122.67 ± 3.07 22.00 ± 0.78 19.27 ± 1.00 56.42 ± 1.41 23.67 ± 0.83 7.56 ± 0.27
10 Łączany-Skawina 138.10 ± 4.56 45.24 ± 2.35 27.55 ± 0.69 7.88 ± 0.26 8.50 ± 0.43 25.55 ± 1.33
11 Rudno 38.00 ± 1.19 <LOQ 32.75 ± 1.08 <LOQ <LOQ 2.14 ± 0.08
12 Regulanka 125.27 ± 3.51 2.59 ± 0.09 17.77 ± 0.89 13.40 ± 0.38 35.70 ± 1.26 8.21 ± 0.27
13 Regulanka 100.33 ± 2.51 <LOQ 10.87 ± 0.54 <LOQ <LOQ 3.01 ± 0.11
14 Dunajec 175.36 ± 5.79 12.45 ± 0.31 12.47 ± 0.44 68.03 ± 2.86 45.55 ± 1.28 26.50 ± 1.11
15 Dunajec 182.22 ± 5.10 16.48 ± 0.54 32.04 ± 1.35 184.22 ± 9.58 29.50 ± 0.97 4.02 ± 0.20
16 Kamienica 12.60 ± 0.42 4.25 ± 0.21 12.54 ± 0.53 92.15 ± 4.61 12.54 ± 0.53 7.12 ± 0.27
17 Poprad 116.21 ± 4.88 22.02 ± 0.92 45.56 ± 1.14 245.51 ± 6.87 16.08 ± 0.80 16.55 ± 0.41
18 Olza 12.56 ± 0.53 4.65 ± 0.23 12.59 ± 0.42 9.63 ± 0.24 35.66 ± 1.78 12.51 ± 0.44
19 Bobrówka 7.26 ± 0.24 2.36 ± 0.06 11.89 ± 0.39 <LOQ 68.55 ± 1.92 32.01 ± 1.60
20 Dobka 2.56 ± 0.13 <LOQ 5.68 ± 0.20 <LOQ 1.22 ± 0.03 7.76 ± 0.40
21 Wisła (Vistula) 2.20 ± 0.06 1.21 ± 0.05 5.36 ± 0.28 7.58 ± 0.27 4.25 ± 0.22 15.61 ± 0.76
22 Olza 12.58 ± 0.42 5.65 ± 0.24 <LOQ 8.88 ± 0.31 12.45 ± 0.62 4.65 ± 0.16
23 Olza 7.96 ± 0.33 72.52 ± 3.77 18.50 ± 0.93 100.05 ± 5.20 7.02 ± 0.23 <LOQ
24 Wisła (Vistula) 2.59 ± 0.11 5.22 ± 0.22 <LOQ <LOQ 6.25 ± 0.31 <LOQ

* LOQ—Limit of Quantification.



Molecules 2022, 27, 5740 5 of 22

Table 2. Selected physicochemical parameters of the spiked river water.

Parameter Unit Result *

pH - 7.7 ± 0.1
Specific Electrical Conductivity (SEC) µS/cm 5060 ± 506

Salinity mg NaCl/L 2660 ± 266
Turbidity NTU 26 ± 2

Color mg Pt/L 29 ± 3
Total Suspended Solids (TSS) mg/L 90 ± 9

Chemical Oxygen Demand (COD) mg O2/L 676 ± 101
Total Organic Carbon (TOC) mg/L 151 ± 23

Chloride mg/L 1420 ± 213
Sulphate mg/L 172 ± 26

Total Phosphorus (Total P) mg/L <0.3
Total Nitrogen (Total N) mg/L 3.7 ± 0.4

Ammonium-Nitrogen (N-NH4) mg/L 0.08 ± 0.01
Diclofenac (DIC) µg/L 9.90 ± 0.61
Fluoxetine (FLX) µg/L 10.06 ± 0.63

Ethynylestradiol (EE) µg/L 9.99 ± 0.61
Erythromycin (ERY) µg/L 10.81 ± 0.67
Amoxicillin (AMO) µg/L 10.22 ± 0.60

Colistin (COL) µg/L 9.87 ± 0.64
* parameter value ± the measurement uncertainty for an extension factor k = 2.

Table 3. Experimental conditions for the RSM and results (TOC, mg/L, Efficiency, %) for the spiked
river water.

Run
Experimental Conditions Experimental Results *

pH ACH (mL/L) Time (min) TOC (mg/L) Efficiency (%)

1 5.0 0.10 10 87.1 ± 8.7 42.3
2 5.0 0.10 30 69.4 ± 6.9 54.0
3 5.0 0.30 10 42.2 ± 4.2 72.2
4 5.0 0.30 30 26.9 ± 3.0 82.2
5 9.0 0.10 10 125.6 ± 12.6 16.8
6 9.0 0.10 30 85.0 ± 8.5 43.7
7 9.0 0.30 10 91.1 ± 9.1 39.7
8 9.0 0.30 30 71.0 ± 7.1 53.0
9 3.6 0.20 20 140.2 ± 14.0 7.2

10 10.4 0.20 20 142.3 ± 14.2 5.8
11 7.0 0.03 20 103.1 ± 10.3 31.7
12 7.0 0.37 20 23.6 ± 2.4 84.4
13 7.0 0.20 3 89.2 ± 8.9 40.9
14 7.0 0.20 37 38.1 ± 3.81 74.8

15 (C) ** 7.0 0.20 20 75.9 ± 7.6 49.7
16 (C) 7.0 0.20 20 77.1 ± 7.1 48.9

* parameter value ± the measurement uncertainty for an extension factor k = 2, ** (C)—center of plan.

The experimental data were statistically analyzed using Statistica 13. Table 4 presents
the initial evaluation of the effects and the R2 and R2

adj values assuming the participation
of all independent parameters and their possible linear (L) and quadratic (Q) interactions.

Table 5 shows the evaluation of the effects and the change in the R2 and R2
adj values

after removing statistically insignificant linear interactions, i.e., pH (L)–ACH dose (L), pH
(L)–Time (L), and ACH dose (L)–Time (L).
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Table 4. Analysis of the experimental results: evaluation of the effects.

Parameter

Evaluation of Effects, Efficiency, %, R2 = 0.8977, R2
adj = 0.7442, 3 Parameter, 1 Block, 16 Experiments,

MS = 148.1306

Effect Standard
Error p-Value *

−95%
Confi-
dence

Interval

+95%
Confi-
dence

Interval

Factor
Standard
Error of
Factor

Lower
Confi-
dence

Interval

Upper
Confi-
dence

Nterval

Constant
value 48.317 8.581 0.0013 27.320 69.313 48.317 8.581 27.320 69.313

pH (L) * −14.609 6.587 0.0684 −30.726 1.509 −7.304 3.293 −15.363 0.754
pH (Q) ** −25.517 7.997 0.0188 −45.085 −5.948 −12.758 3.999 −22.543 −2.974

ACH
dose (L) 26.189 6.587 0.0073 10.072 42.307 13.095 3.293 5.036 21.153

ACH
dose (Q) 10.935 7.997 0.2205 −8.634 30.504 5.467 3.999 −4.317 15.252

Time (L) 17.429 6.587 0.0382 1.312 33.546 8.715 3.293 0.656 16.773
Time (Q) 10.793 7.997 0.2258 −8.776 30.362 5.397 3.999 −4.388 15.181
*** pH (L)
relative to
ACH dose

(L)

−6.450 8.606 0.4819 −27.508 14.608 −3.225 4.303 −13.754 7.304

*** pH (L)
relative to
Time (L)

4.600 8.606 0.6122 −16.458 25.658 2.300 4.303 −8.229 12.829

*** ACH
dose (L)

relative to
Time (L)

−3.800 8.606 0.6742 −24.858 17.258 −1.900 4.303 −12.429 8.629

* statistically significant if p < 0.05, * L—linear effect, ** Q—quadratic effect, *** (L) relative to (L)—linear
combination of the parameters.

Table 5. Analysis of the experiment results after eliminating statistically insignificant linear interac-
tions ((L) relative to (L)) of the parameters–evaluation of the effects.

Parameter

Evaluation of Effects, Efficiency, %, R2 = 0.8799, R2
adj = 0.7998, 3 Parameter, 1 Block, 16 Experiments, MS =

115.9099

Effect Standard
Error p-Value *

−95%
Confi-
dence

Interval

+95%
Confi-
dence

Interval

Factor
Standard
Error of
Factor

Lower
Confi-
dence

Interval

Upper
Confi-
dence

Interval

Constant
value 48.317 7.591 0.0001 31.146 65.488 48.317 7.591 31.146 65.488

pH (L) * −14.609 5.827 0.0335 −27.789 −1.428 −7.304 2.913 −13.895 −0.714
pH (Q) ** −25.517 7.074 0.0057 −41.520 −9.513 −12.758 3.537 −20.760 −4.757

ACH
dose (L) 26.189 5.827 0.0015 13.008 39.370 13.095 2.913 6.504 19.685

ACH
dose (Q) 10.935 7.074 0.1566 −5.068 26.938 5.467 3.537 −2.534 13.469

Time (L) 17.429 5.827 0.0152 4.248 30.610 8.715 2.913 2.124 15.305
Time (Q) 10.793 7.074 0.1614 −5.210 26.797 5.397 3.537 −2.605 13.398

* statistically significant if p < 0.05, * L—linear effect, ** Q—quadratic effect.

Table 6 shows the results of verification of the adequacy of the model by ANOVA, and
Table 7 presents calculated linear (L) and quadratic (Q) coefficients of the fitted model.

Figure 2 shows the relationship between observed and estimated efficiency from the
model, and Figure 3 presents a bar chart of the standardized effects. The 2.2622–value
indicated the absolute value of the standardized effect assessment for p = 0.05.
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Table 6. Analysis of the experimental results: verification of the adequacy of the model by ANOVA.

Parameter

Evaluation of Effects, Efficiency, %, R2 = 0.8799, R2
adj = 0.7998,

3 Parameter, 1 Block,
16 Experiments, MS = 115.9099

SS *** **** MS ***** F p-Value *

pH (L) * 728.642 728.642 6.286 0.0330
pH (Q) ** 1507.951 1507.951 13.010 0.0057

ACH dose (L) 2341.706 2341.706 20.203 0.0015
ACH dose (Q) 276.930 276.930 2.389 0.1566

Time (L) 1037.138 1037.138 8.948 0.0152
Time (Q) 269.814 269.814 2.328 0.1614

Error 1043.189 115.910 - -
* L—linear effect, ** Q—quadratic effect, *** SS—predicted residual error of sum of squares, **** MS—mean square
error, ***** F statistics.

Table 7. Calculated linear (L) and quadratic (Q) coefficients of the fitted model.

Parameter

Regression Coefficients, R2 = 0.8799, R2
adj = 0.7998, 3 Parameter, 1 Block, 16 Experiments,

MS = 115.9099

Regression
Coefficient *** SE t-Value

**** df = 9
95% Confidence

Interval
Lower Limit

95% Confidence
Interval
Upper
Limit

***** p-Value *

Intercept −82.5682 53.9597 −1.5302 −204.634 39.497 0.1603
pH (L) * 41.0017 12.4655 3.2892 12.803 69.201 0.0094

pH (Q) ** −3.1896 0.8843 −3.6069 -5.190 −1.189 0.0057
ACH dose (L) −87.7514 144.4556 −0.6075 −414.533 239.030 0.5586
ACH dose (Q) 546.7425 353.7185 1.5457 −253.424 1346.909 0.1566

Time (L) −1.2872 1.4446 −0.8911 −4.555 1.981 0.3961
Time (Q) 0.0540 0..354 1.5257 −0.026 0.134 0.1614

* L—linear effect, ** Q—quadratic effect, *** SE—standard error, **** df—degree of freedom, ***** statistically
significant if p < 0.05.
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Figure 4A–C show the changes in the value of the dependent parameter (Efficiency, %)
depending on the combination of two independent parameters selected from pH-value,
ACH dose, mL, and Time, min. The value of the third independent parameter not shown
in the graph is constant.

Table 8 displays the results of experimental model verification. Table 9 shows the
changes in selected physicochemical parameters of spiked river water after treatment in
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optimal conditions based on the model, including TOC and concentration of DIC, FLX, EE,
ERY, AMO, and COL.
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Table 8. TOC of spiked river water after RSM application (optimal conditions, pH = 6.5 ± 0.1, ACH
dose = 0.35 mL/L, Time = 15, 20, 25, and 30 min)—experimental model verification.

Parameter Effect, %
After 15 min

Effect, %
After 20 min

Effect, %
After 25 min

Effect, %
After 30 min

Total Organic Carbon, predicted 81.2 82.5 86.5 93.5
Total Organic Carbon, experimental 77.5 78.5 81.0 88.7

Table 9. Selected physicochemical parameters of spiked river water after RSM application (optimal
conditions, pH = 6.5 ± 0.1, ACH dose = 0.35 mL/L, Time = 30 min).

Parameter Unit Result * Effect (%) **

pH - 6.5 ± 0.1 ↓ 25.3
Specific Electrical Conductivity (SEC) µS/cm 5350 ± 535 ↑ 5.7

Salinity mg NaCl/L 2820 ± 282 ↑ 6.0
Turbidity NTU 1.0 ± 0.1 ↓ 96.2

Color mg Pt/L <2 ↓ >98.0
Total Suspended Solids (TSS) mg/L 2.0 ± 0.1 ↓ 97.8
Chemical Oxygen Demand mg O2/L 203 ± 30 ↓ 70.0

Total Organic Carbon mg/L 17.0 ± 2.6 ↓ 88.7
Chloride mg/L 1525 ± 229 ↑ 10.6
Sulphate mg/L 160 ± 24 ↓ 7.0

Total Phosphorus (Total P) mg/L <0.3 Not significant
Total Nitrogen (Total N) mg/L 1.7 ± 0.2 ↓ 88.7

Ammonium-Nitrogen (N-NH4) mg/L 0.05 ± 0.01 ↓ 37.5
Diclofenac µg/L 6.89 ± 0.43 ↓ 30.4
Fluoxetine µg/L 7.58 ± 0.49 ↓ 24.7

Ethynylestradiol µg/L 6.45 ± 0.42 ↓ 35.4
Erythromycin µg/L 6.88 ± 0.41 ↓ 36.4
Amoxicillin µg/L 7.26 ± 0.44 ↓ 29.0

Colistin µg/L 7.35 ± 0.43 ↓ 25.5

* parameter value ± the measurement uncertainty for an extension factor k = 2, ** Effect = (C1−C2)×100%
C1 and

** Effect = (C2−C1)×100%
C1 (for SEC, Salinity, chloride), where c1-concentration in spiked river water, c2-concentration

in treated river water, ↑–increase in the parameter value, ↓–decrease in the parameter value.
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Figure 4. Response surface plots for Efficiency, % with respect to pH and ACH dose (mL/L) for
constant Time = 20 min (A), pH and Time (min) for constant ACH dose = 0.2 mL/L (B), and ACH
dose (mL/L) and Time (min) for constant pH =7.0 (C).
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3. Discussion
3.1. Occurrence of Diclofenac (DIC), Fluoxetine (FLX), Ethynylestradiol (EE), Erythromycin
(ERY), Amoxicillin(AMO), and Colistin (COL) in Surface Water

All results are measurements of instantaneous concentrations and not continuous
monitoring of a given watercourse, which could be carried out, for example, with the use of
passive samplers with long-term sorption of the analyte. Nevertheless, instantaneous con-
centration measurements provide information on the leakage of pharmaceutical residues
into the aquatic environment in a given area. They can be a valuable source of information
in risk assessment.

The total content of tested pharmaceuticals (Figure 1) in the analyzed watercourses
indicates that the sample taken from the Rudawa river in Kraków (sample no. 3) was
most contaminated. The result was determined by the high content of ERY at the level of
412.32 ± 11.96 ng/L. It is also the highest concentration of all the results obtained. The
remaining analytes in this sample have concentration values comparable to the remaining
samples. The high concentration of erythromycin in the sample in question may be related
to the use of this compound in the treatment of farm animals, the leachate of which may
flow into the Rudawa River from its source to its mouth or by deliberate pollution.

The next rivers with a high total content of pharmaceuticals were the Poprad (sample
no. 17) and the Dunajec (samples no. 14 and no. 15). The highest concentrations in these
samples were observed for DIC and ERY. The Poprad River is a right tributary of the
Dunajec in the city of Nowy Sącz. Sample no. 14 was collected within the city, while sample
no. 15 was collected within the village of Łącko, near the Nowy Sącz. Pharmaceutical
contamination of these rivers may be related to the leachate from households along the
course of these rivers as well as problems with wastewater treatment, which has been
repeatedly pointed out by the Polish media [33].

The following samples were the cleanest in relation to the content of the tested pharma-
ceuticals: sample no. 24, taken from the Vistula from an area behind the sewage treatment
plant, sample no. 20 from the mountain stream Dobka, flowing to the right into the Vistula
within Ustroń, which is a spa town, then sample no. 21 from the municipal water intake
point on the Vistula and sample no. 22 from the Olza River in the sparsely populated
village of Pogwizdów.

DIC was determined in all tested samples. In samples from the Vistula River collected
in Krakow, the DIC concentration values were observed at a level of 75.55 ± 2.12 ng/L
(sample no. 7) and 27.05 ± 0.89 ng/L (sample no. 8). A positive aspect is that these values
are lower than those recorded by researchers [34] in 2012 in the Vistula (140 ng/L).

The highest concentration value for FLX (72.52 ± 3.77 ng/L) was observed in sample
no. 23, collected from the Olza River before the sewage treatment plant, and the lowest
concentration (1.22 ± 0.05 ng/L) was obtained in sample no. 21 from the municipal water
intake point on the Vistula in Cieszyn Silesia. Within samples from the Vistula in Krakow,
FLX levels were determined as 12.26 ± 0.64 ng/L (sample no. 7) and 6.22 ± 0.18 ng/L
(sample no. 8). These values are higher than those obtained in the Vistula River flowing
through Warsaw in 2014 [35].

When assessing individual measurement values, the physicochemical properties of
individual pharmaceuticals and the location of the sampling points should be taken into
account. The concentration of individual analytes will be influenced by the location of
watercourses in highly populated and urbanized regions, in front of or behind wastew-
ater treatment plants, or on the contrary—in rural, less populated areas but not always
connected to wastewater treatment plants. The presence of pharmaceuticals in farm-
land will also depend on intensified breeding of animals that are treated with antibiotics
such as ERY, AMO, and COL. For example, the content of EE (12.59 ± 0.42 ng/L), AMO
(35.66 ± 1.78 ng/L), and COL (12.51± 0.44 ng/L) in sample no. 18 was significantly higher
than in sample no. 22, in which EE was < LOQ, and the concentrations of AMO and COL
were almost three times lower (12.45 ± 0.62 ng/L and 4.65 ± 0.16 ng/L, respectively). Both
samples were taken from the Olza River, but sampling point 18 was located in the vicinity
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of two large border cities: Cieszyn and Český Těąín. In contrast, sample 21 was collected
in a smaller city, behind the sewage treatment plant. DIC, FLX, and ERY were present at
similar concentrations in these samples, but the values were not very high compared with
the other samples.

It is also worth paying attention to the results of COL and AMO in samples 19 and 20.
In the Bobrówka stream (sample 19), which is a tributary of the Olza River, the highest
concentrations of COL and AMO among the tested samples were recorded. The course
of the Bobrówka can be observed in a highly agricultural area with many farms breeding
cattle and pigs. In addition, not all nearby houses and industrial plants are properly
channeled. These results are not surprising because the Bobrówka stream is attributed to
the source of domestic sewage runoff from nearby houses, workplaces, and leachate from
the surrounding fields and meadows.

The Rudno stream (sample 11) is a good example confirming the dependence of the
concentrations of pharmaceuticals on the location of the watercourse. Both the source and
the course of the Rudno stream mean that the river meanders through the Tenczyński Land-
scape Park and the Nature Reserve, passing densely populated areas with intensive animal
husbandry, it is not surprising that the concentrations of FLX, ERY, and AMO were <LOQ,
and the concentration of COL was determined in trace amounts (2.14 ± 0.08 ng/L). How-
ever, this stream partly flows along a 1.5 km section of the village of Przeginia Duchowna,
and perhaps the uncontrolled runoff of domestic sewage had an impact on the determina-
tion of DIC (38.00 ± 1.19 ng/L) and EE (32.75 ± 1.08 ng/L) in the sample.

When comparing individual rivers and streams with respect to individual pollutants,
attention should also be paid to the possibility of the dilution of pollutants in large water-
courses, differences in water depth and purity, the size of bottom sediment, or the presence
of fauna and flora. Such differences occur between samples no. 12 and 13 from the Regu-
lanka River. Sampling point no. 12 is located within the sparsely populated city center of
Alwernia, while sampling point no. 13 is situated outside the city in an unpopulated area.
In sample no. 12, taken from the city, all pharmaceuticals tested had higher concentrations
than in the sample outside the city, where FLX, EE, and AMO were determined < LOQ.
This may indicate the possibility of the accumulation of drugs in the bottom sediment
because Regulanka is classified as a meandering river so a large amount of sediment is
retained along its course. Additionally, after passing through the city, this river is diluted
with treated wastewater from a chemical plant located in Alwernia.

When analyzing samples taken from rivers within Krakow (samples 1–8), it is noticed
that in the Vistula and its tributaries, the studied pharmaceuticals are present at compa-
rable levels of concentration. This confirms that pollutants dissolved in water, such as
pharmaceuticals, have the ability to accumulate in the bottom sediments of tributaries, as
confirmed by other researchers [36–38].

3.2. Removal of TOC and Diclofenac (DIC), Fluoxetine (FLX), Ethynylestradiol (EE),
Erythromycin (ERY), Amoxicillin(AMO), and Colistin (COL) from Spiked Surface Water

The spiked river water used in the study was slightly alkaline (pH = 7.7), and the
concentration of TOC and COD responsible for the presence of organic compounds in the
tested water was 151 ± 23 mg/L and 676 ± 101 mg O2/L. The other parameters of tested
water, including the initial concentration of pharmaceuticals, are presented in Table 2. The
tests were carried out in accordance with the experimental plan (Table 3) to find the optimal
conditions for the coagulation process and TOC removal. TOC is considered one of the most
important water quality indicators [39]. The experimental results showed that the lowest
efficiency (<8%) was obtained in the experiments numbered 9 and 10. The same ACH dose
(0.2 mL/L) and coagulation time (20 min) were used in both experiments. However, in
both cases, extreme pH values were used, i.e., pH = 3.6 and pH = 10.4, respectively. In the
case of ACH and the tested water used in this study, the results indicated that extreme pH
values are not appropriate and will not achieve the maximum efficiency of TOC removal.
The highest efficiency (>80%) was achieved in experiments no. 4 and 12, in which pH = 5
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and pH = 7 were used. In both cases, 0.3 and 0.37 mL/L of ACH were used, and a reaction
time of 30 and 20 min was applied. The analysis of the obtained results suggested that
the maximum efficiency of TOC removal can be achieved when the pH value of treated
spiked river water is between 5 and 7. Overall, the TOC value varied from 23.6 ± 2.4 to
142.3 ± 14.2 mg/L, and the process efficiency was in the range of 5.8–84.4%.

The obtained experimental results were statistically evaluated. The evaluation of the
effects indicated four statistically significant parameters, i.e., constant value, pH (Q), ACH
dose (L), and Time (L). As a result of performed analysis, the non-statistically significant
linear interactions were identified, i.e., pH (L)–ACH dose (L), pH (L)–Time (L), and ACH
dose (L)–Time (L). The coefficient of determination denoted R2, is the proportion of the
variation in the dependent variable (Efficiency, %) that is predicted by the statistical model.
In other words, the R2 value reveals what percentage of the variability in the target variable
(Efficiency, %) is explained by the regression model. Adjusted R2 is a corrected goodness-of-
fit (i.e., model accuracy) measure for linear models but adjusts for the number of parameters
in a model. Adding more statistically insignificant input parameters to the model causes a
decrease in the R2

adj value while adding more significant parameters causes an increase in
the R2

adj value (R2 ≥ R2
adj). R2 and R2

adj were calculated as follows:

R2 = 1− SSresidual
SSmodel + SSresidual

(1)

R2
adj = 1− n− 1

n− p
(1− R2

)
(2)

where SS is the sum of the squares, n is the number of experiments, and p is the number of
predictors, not counting the constant value [39–41].

The coefficient of determination (R2) and the adjusted coefficient of determination
(R2

adj) were 0.8977 and 0.7442, respectively (Table 4). After removing the indicated linear
interactions from the model, five statistically significant independent parameters were
identified, i.e., constant value, pH (L), pH (Q), ACH dose (L), and Time (L). The coefficient
of determination (R2) and the adjusted coefficient of determination (R2

adj) were 0.8799 and
0.7998, respectively (Table 5). The R2 value reveals that 87.99% of the variability in the target
variable (Efficiency, %) is explained by the regression model. After removing the indicated
linear interactions from the model, the R2

adj value increased from 0.7442 to 0.7998. The
R2

adj value increased because the newly added predictor (pH (L)) improved the model’s
predicting power. It is clear because adding independent and not statistically relevant
predictors to the regression model results in a decrease in the R2

adj value. Generally, it can
be assumed that if 0 < R2 ≤ 0.5, the fit of the model is unsatisfactory if 0.5 < R2 ≤ 0.6, the fit
of the model is poor if 0.6 < R 2 ≤ 0.8, the fit of the model is satisfactory if 0.8 < R2 ≤ 0.9,
the fit of the model is good if 0.9 < R2 ≤ 1, the fit of the model is very good. For instance, in
other studies, the following values of R2 and R2

adj were obtained and evaluated: 0.9683 and
0.9208 (very good fit) for removal of cadmium from polluted water [42], 0.8799 and 0.7999
(good fit) for treatment of textile wastewater using potassium ferrate and Fe(III)/H2O2 [41],
0.9307 and 0.8845 (very good fit) for removal of heavy metal ions industrial wastewater
by sodium trithiocarbonate [43], 0.9161 and 0.8961 (very good fit) for removal of chelated
copper ions from industrial wastewater [40], 0.9143 and 0.8530 (very good fit) for TOC
removal by alum in the coagulation process [39]. The R2 and R2

adj obtained in this study
(0.8799 and 0.7998, respectively), indicating a good fit of the model to experimental data.

The adequacy of the model coefficients was verified by means of ANOVA. The con-
ducted analysis showed (Table 6) 4 statistically significant input parameters, i.e., pH (L),
pH (Q), ACH dose (L), and Time (L).

The calculated intercept, linear (L), and quadratic (Q) coefficients of the fitted model
are listed in Table 7. The regression model enables the modeling of the response as a mathe-
matical function of several continuous factors, and good estimates of the model parameters
are necessary. Each response (e.g., Efficiency, %) can be expressed by a mathematical equa-
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tion that describes the response surface. The following second-order polynomial equation
is suitable for a mathematical description of the response function:

Efficiency, % = β0 +
k

∑
i=1

βixi +
k

∑
i=1

k

∑
j=i+1

βijxixj + β1x1 +
k

∑
i=1

βiix2
i (3)

where Efficiency, % is the dependent parameter, β0 is the constant coefficient, βi, βij, and
βii are the coefficients of linear and quadratic interactions, respectively, k is the number
of independent parameters, xi is input predictors or controlling variables (i = 1, 2) [44,45].
Therefore, Efficiency % can be expressed as follows:

Efficiency, % = −82.5682 + 41.0017 [pH]−3.1896 [pH]2−87.7514 [ACH dose]
+ 546.7425 [ACH dose]2−1.2872 [Time] + 0.0540 [Time]2 (4)

Figure 2 depicts observed vs. estimated values of dependent parameters, and Figure 3
presents a bar chart of standardized effects. In the graph, the points form a roughly
straight line, which indicates a good fit between the data estimated from the model and the
experimental data. A similar relationship was obtained for the removal of malachite green
and auramine-O by NaX nanozeolites [46], optimization of lead removal from an aqueous
solution by nanocomposite [47], and also for optimization of the removal of ammonium
ions from aqueous solutions by pumice as a natural and low-cost adsorbent [48]. In the
case of a poor fit, the points would be far away from the straight line [49].

For water treatment, aluminum chlorohydrate (ACH) as a coagulant was used. Ac-
cording to some scientists, ACH is the most concentrated aluminum-based coagulant with
the highest basicity [50]. The selected physicochemical parameters of ACH used in this
study are shown in Table 10.

Figure 4A,B depicted response surface plots for Efficiency, % with respect to pH and
ACH dose (mL/L) for constant Time = 20 min (A), and pH and Time (min) for constant
ACH dose = 0.2 mL/L (B). On the one hand, the analysis of the graphs shows that under the
established conditions, the highest TOC removal efficiency is achieved at a pH of about 6.5
and using the maximum ACH doses (0.30–0.35 mL/L) and coagulation time (30–35 min).
On the other hand, the same conclusions can be drawn in the case of the analysis of graph
4C for the constant pH = 7.0. On this assumption, the highest efficiency is also obtained for
the maximum ACH doses (0.30–0.35 mL/L) and coagulation time (30–35 min).

ACH is the water solution of aluminum pentachloride with the general formula
Al2(OH)5Cl·nH2O. ACH added to water undergoes hydrolysis like other soluble aluminum
salts used as coagulants, i.e., polyaluminum chloride (PAC), alum (Al2(SO4)3·14H2O), and
aluminum chloride (AlCl3·6H2O), etc.

Al2(OH)5Cl + H2O→ 2Al(OH)3↓ + H+ + Cl− (5)

As a result of hydrolysis, soluble monomers and polymers are formed, as well as
precipitates like Al(OH)3. The hydrolysis processes are related to the reduction of alkalinity
and pH of the treated water, which depends on the pH of the coagulant solution as well as
the aluminum dose applied [51]. The studies carried out so far have shown that the lowest
solubility value of Al(OH)3 depends on the type of aluminum salt used and is about 6 for
alum and about 6.2–6.4 for PACl. The use of aluminum coagulants under these conditions
produces the highest amount of Al(OH)3 and, at the same time, the lowest concentration of
residual aluminum in the treated water. Consequently, the number of removed impurities
should be the highest. Studies by other authors have shown that the use of aluminum
coagulants is possible at a minimum pH of 5.5–5.8, and additionally, the temperature of
the water and the content of other ions in water, such as sulfate (SO4

2), phosphate (PO4
3−),

etc., should be taken into account [51,52]. However, in the case of the application of alum
for coagulation of grey wastewater, initial pH is of prime importance because the solubility
of aluminum compounds strongly depends on pH. In the case of PACl, these dependencies
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are not strong,; therefore, they can be used in the pH range of 4.5–9.5 [53]. In addition,
optimum alum dose increases with an increase in pH in the pH range of 4.5–7.0 [54]. In the
other study, a similar observation in the pH range of 5.5–8.4 was described [55].

Aluminum coagulants form soluble monomeric and polymeric molecules and precipi-
tates as follows: Al3+, Al(OH)2+, Al(OH)2

+, Al(OH)3↓, Al(OH)4
−, Al2(OH)2

4+, Al3(OH)4
5+,

and Al13O4(OH)24
7+. The solid phase particles, i.e., AL(OH)3, contain amphoteric hydroxyl

groups that can be positively or negatively charged. The type of charge strongly depends
on the pH value. In addition, PACl-type coagulants contain highly charged polymeric
forms of aluminum than alum. Al13

7+ was found to be the most common polymeric form.
In addition, it is the most stable form over a wider pH range [51–56]. Similarly, in the
case of ACH, the existence of polymer structures was demonstrated. The Al13 polymer,
Al13O4(OH)24(H2O)12Cl7, is thought to be a major component of the aluminum chlorohy-
drate (ACH) polymer system. Al13 entity is roughly spherical, with a central tetrahedral
Al3+ ion surrounded by four shells consisting of O, OH, and H2O groups [57]. Nonethe-
less, the structures of aluminum chlorohydrate monomer, dimer, trimer, and hexamer
species were described [58]. Therefore, similar to the PACl-type coagulants, the removal
of contaminants is possible thanks to flocs formed by charge naturalization and sweep
flocculation [59,60]. Other research findings showed that destabilization of the particles
occurs through charge neutralization by adsorption of hydroxide precipitates [61].

Based on the analysis of graphs 4A and 4B, the optimal coagulation pH was assumed
to be 6.5, with the dose ACH = 0.35 mL/L. The experimental verification of the model
was carried out with a 15-, 20-, 25-, and 30-min coagulation time. The predicted and
experimental values of the dependent variable are presented in Table 8. Under these
conditions, the highest TOC removal efficiency was achieved after 30 min coagulation
time (88.7%). Extending the coagulation time did not increase the efficiency of TOC
removal. Predicted and observed (experimental) values were comparable (93.8% vs. 88.7%).
Therefore, the following optimal conditions for the coagulation process were assumed:
pH = 6.5, ACH dose = 0.35 mL/L, Time 30 min.

Table 9 presents the selected physicochemical parameters of spiked river water after
RSM application. Under these conditions, turbidity, color, TSS, COD and TOC decreased by
96.2%, 100%, 97.8%, 70% and 88.7%, respectively. With optimal conditions for the coagula-
tion process of spiked surface water (pH = 6.5± 0.1, ACH dose = 0.35 mL/L, Time = 30 min;
R2 = 0.8799, R2

adj = 0.7998), the concentrations of TOC, ERY, FLX, AMO, COL, EE, and DIC
decreased by 88.7%, 36.4%, 24.7%, 29.0%, 25.5%, 35.4%, 30.4%, respectively. Other studies
indicated that the removal rate for diclofenac was 77% [22]. The use of a bench-scale system
resulted in the removal of estradiol by 6.9–12.0% [24]. In other studies for DIC, a maximum
removal rate of 46% was obtained [25]. Based on published data, the removal rate for ERY,
FLX, EE, and DIC was 33%, 15%, 21%, and 8–77%, respectively [22,26–28].

Additionally, it should be noted that the total effectiveness of pollutant removal may
depend not only on the action mechanisms of coagulants and the process conditions but
also on the presence of suspensions in treated water (90± 9 mg/L). The suspended particles
may support the coagulation and flocculation processes, act as adsorbents, and contribute
to the overall efficiency of the removal process. It is clear that the characteristics of the
suspended particles in water also affect the performance of coagulation and flocculation
processes [62].

4. Materials and Methods
4.1. Reagents and Chemicals

Ultrapure pharmaceutical standards of DIC, FLX, EE, ERY, AMO, and COL, were
purchased from Sigma-Aldrich (St Louis, MO, USA). Acetonitrile for LC-MS, water for
LC-MS, and acetic acid ReagentPlus®, ≥99%, were purchased from Merck (Darmstadt,
Germany). The selected properties of the tested pharmaceuticals are summarized in
Table 10.
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Table 10. Selected properties of the tested pharmaceuticals [63].

Name (Shortcut) Formula,
Molar Mass, g/mol CAS No. Type Action

Diclofenac
(DIC)

C14H11Cl2NO2,
296.15

15307-86-5
15307-79-6 (sodium salt)
15307-81-0 (potassium

salt)

non-steroidal
anti-inflammatory drug

anti-inflammatory, analgesic.
antipyretic

Fluoxetine
(FLX) C17H18F3NO, 309.30 54910-89-3 antidepressant drug

treatment of depressive and
obsessive -compulsive

disorders
Ethinylestradiol

(EE)
C20H24O2,

296.40 57-63-6 synthetic estrogen component of two-component
contraceptives

Erythromycin
(ERY) C37H67NO13, 733.93 114-07-8 an antibiotic from the

group of macrolides
infections of the upper and

lower respiratory tract

Amoxicillin
(AMO)

C16H19N3O5S,
365.40

26787-78-0
34642-77-8 (sodium

salt)
34642-78-9 (potassium

salt)

a semi-synthetic
β-lactam antibiotic

gastrointestinal and urinary
infections, upper and lower
respiratory tract infections

Colistin
(COL)

C52H98N16O13
1155.45 1264-72-8 an antibiotic belonging

to polymyxins
urinary tract infections, mainly

used in veterinary medicine

For pharmaceutical removal studies, all chemicals were at least analytical grade. In
addition, deionized water (<1 µS/cm) was used for the preparation of chemicals and
dilution of water samples. For pH adjustment, 15% solutions of NaOH or H2SO4 were
used (Chempur, Piekary Śląskie, Poland). Technical grade aluminum chlorohydrate (ACH)
was used in this study (Kemipol SA, Police, Poland). Presented in Table 11, the selected
physicochemical parameters of the applied coagulant are based on the supplier’s certificate
and conducted research.

Table 11. Selected physicochemical parameters of the aluminum chlorohydrate (ACH).

Parameter Unit Result

pH - 3.5 ± 0.1
Appearance - clear
Aluminum % 12.4

Aluminum (as Al2O3) % 23.5
Basicity % 82.5

Total Iron (as Fe) mg/L 24

4.2. Sampling Methodology and Spiked River Water

Sampling was carried out in accordance with PN-EN ISO 5667–6: 2016–12 [64] using a
bucket with an extension arm. Each sample was taken from places where the water was
well mixed. In the case of deep rivers, samples were taken from a depth of about 30 cm
below the water table. From rivers whose depth does not exceed 50 cm, extraction was
carried out at about 1/3 of the river depth. The sampled bottles were placed in thermal bags
at a temperature not exceeding 8 ◦C and delivered to the laboratory. Analytes extraction
was made on the day of sample collection, and until analysis, the extracts were stored at
approximately 4 ◦C. Table 12 presents the description of the samples. The sampling sites
are marked on the map in Figure 5.
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Table 12. A detailed description of the water samples.

No. Watercourse Name Location Marker

1 Prądnik Krakow in the Dąbie district
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10 Łączany-Skawina Kopanka in a village located near the Krakow

Molecules 2022, 27, x FOR PEER REVIEW 17 of 23 
 

 

Table 12. A detailed description of the water samples. 

No. Watercourse Name Location Marker 
1 Prądnik Krakow in the Dąbie district   
2 Wilga Krakow in the Ludwinów district  
3 Rudawa Krakow in the Salwator district  
4 Sanka Krakow in the Bielany district  
5 Pychowicki Krakow in the Podgórze district  
6 Dłubnia Krakow in the Mogiła district  
7 Wisła (Vistula) Krakow in the city center  
8 Wisła (Vistula) Krakow in the city center  
9 Skawinka Skawinka in the city center  

10 Łączany-Skawina Kopanka in a village located near the Krakow  
11 Rudno Czernichów in a village located near the Krakow  
12 Regulanka Alwernia in the city center  
13 Regulanka Okleśna in a village located near the Alwernia  
14 Dunajec Nowy Sącz  in the city center  
15 Dunajec Łącko in a village located near the Nowy Sącz  
16 Kamienica Nowy Sącz in the suburbs  
17 Poprad Nowy Sącz in the city center  
18 Olza Cieszyn border crossing between Poland and the Czech Republic  
19 Bobrówka Cieszyn tributary to the Olza river  
20 Dobka Ustroń the source of a mountain stream  
21 Wisła (Vistula) Ustroń for municipal consumption  
22 Olza Pogwizdów a small village with a small population  
23 Olza Marklowice at the sewage treatment plant  
24 Wisła (Vistula) Hermanice after the sewage treatment plant  

 

11 Rudno Czernichów in a village located near the Krakow

Molecules 2022, 27, x FOR PEER REVIEW 17 of 23 
 

 

Table 12. A detailed description of the water samples. 

No. Watercourse Name Location Marker 
1 Prądnik Krakow in the Dąbie district   
2 Wilga Krakow in the Ludwinów district  
3 Rudawa Krakow in the Salwator district  
4 Sanka Krakow in the Bielany district  
5 Pychowicki Krakow in the Podgórze district  
6 Dłubnia Krakow in the Mogiła district  
7 Wisła (Vistula) Krakow in the city center  
8 Wisła (Vistula) Krakow in the city center  
9 Skawinka Skawinka in the city center  

10 Łączany-Skawina Kopanka in a village located near the Krakow  
11 Rudno Czernichów in a village located near the Krakow  
12 Regulanka Alwernia in the city center  
13 Regulanka Okleśna in a village located near the Alwernia  
14 Dunajec Nowy Sącz  in the city center  
15 Dunajec Łącko in a village located near the Nowy Sącz  
16 Kamienica Nowy Sącz in the suburbs  
17 Poprad Nowy Sącz in the city center  
18 Olza Cieszyn border crossing between Poland and the Czech Republic  
19 Bobrówka Cieszyn tributary to the Olza river  
20 Dobka Ustroń the source of a mountain stream  
21 Wisła (Vistula) Ustroń for municipal consumption  
22 Olza Pogwizdów a small village with a small population  
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14 Dunajec Nowy Sącz in the city center

Molecules 2022, 27, x FOR PEER REVIEW 17 of 23 
 

 

Table 12. A detailed description of the water samples. 

No. Watercourse Name Location Marker 
1 Prądnik Krakow in the Dąbie district   
2 Wilga Krakow in the Ludwinów district  
3 Rudawa Krakow in the Salwator district  
4 Sanka Krakow in the Bielany district  
5 Pychowicki Krakow in the Podgórze district  
6 Dłubnia Krakow in the Mogiła district  
7 Wisła (Vistula) Krakow in the city center  
8 Wisła (Vistula) Krakow in the city center  
9 Skawinka Skawinka in the city center  

10 Łączany-Skawina Kopanka in a village located near the Krakow  
11 Rudno Czernichów in a village located near the Krakow  
12 Regulanka Alwernia in the city center  
13 Regulanka Okleśna in a village located near the Alwernia  
14 Dunajec Nowy Sącz  in the city center  
15 Dunajec Łącko in a village located near the Nowy Sącz  
16 Kamienica Nowy Sącz in the suburbs  
17 Poprad Nowy Sącz in the city center  
18 Olza Cieszyn border crossing between Poland and the Czech Republic  
19 Bobrówka Cieszyn tributary to the Olza river  
20 Dobka Ustroń the source of a mountain stream  
21 Wisła (Vistula) Ustroń for municipal consumption  
22 Olza Pogwizdów a small village with a small population  
23 Olza Marklowice at the sewage treatment plant  
24 Wisła (Vistula) Hermanice after the sewage treatment plant  
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The spiked water sample was prepared as follows: 10 µg/L of the determined phar-
maceuticals (dissolved in a small amount of methanol using ultrasound) were added to
the watermarked No. 7, taken from the Vistula River in the center of Krakow, in order
to evaluate the suitability of the aluminum chlorohydrate coagulation process to remove
pharmaceutical residues.

4.3. Analytical Methods

Solid phase extraction (SPE) was used to isolate and concentrate the analytes. 100 mL
of each water sample was extracted in a vacuum chamber for the SPE. (Chromabond,
MACHEREY-NAGEL, Dueren, Germany). Oasis HLB columns were purchased from
Waters (Etten-Leur, The Netherlands). The columns are packed with polymer consisting of
two monomer components: lyophilic divinylbenzene and hydrophilic N-vinylpyrrolidone.
It is a sorbent commonly used to extract compounds with a pH ranging from 1 to 14,
showing strong retention of reversed phases.
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The determination of pharmaceuticals was performed by reversed-phase liquid chro-
matography (Nexera, Shimadzu, Kioto, Japan) coupled with tandem mass spectrometry
equipped with an electrospray ionization interface (QTrap 3200, AB Sciex, MA, USA). The
separation of analytes was performed on a Kinetex 100 × 2.1 mm × 2.6 µm XB C18 100A
chromatography column (Phenomenex, CA, USA) with a C18 pre-column (Phenomenex
SecurityGuard, CA, USA). The mobile phase was a gradient mixture of 0,1% CH3COOH
in water and 0,1% CH3COOH in acetonitrile. Detection was carried out in the multiple
reaction monitoring (MRM) mode. MS/MS parameters for the tested pharmaceuticals are
summarised in Table 13.
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Table 13. MS/MS parameters for diclofenac (DIC), fluoxetine (FLX), ethynylestradiol (EE), ery-
thromycin (ERY), amoxicillin (AMO), and colistin (COL).

Analyte Precursor Ions, m/z Fragmentation Ions, m/z Collision Energy, eV

DIC 294.000 250.000
214.000 36

FLX 309.700 148.000
44.200 15

EE 295.000 159.000
145.000 15

ERY 734.600 158.400
576.500 39

AMO 366.200 348.800
114.000 16

COL 585.500 341.000
100.800 30

The determination of pH-value, specific electrical conductivity (SEC), and salinity
were performed electrometrically (CPC-401, Elmetron, Poland) according to PN-EN ISO
10523:2012 [65] and PN-EN 27888:1999 [66], respectively. Turbidity and color were per-
formed using a nephelometer (Cyberscan, TBD IR 1000, Eutech Instruments Pte Ltd.,
Singapore) and spectrophotometer (PF-11, Macherey-Nagel GmbH, Germany) according
to PN-EN ISO 7027-1:2016-09 and PN-EN ISO 7887:2012, respectively [67,68]. Gravimetric
methods described in PN-EN 872:2007 and PN-ISO 9280:2002 were used for the evaluation
of Total Suspended Solids (TSS) and sulfate, respectively [69,70]. The concentration of chlo-
ride was determined titrimetrically by Mohr’s method according to PN-ISO 9297:1994 [71].
Chemical Oxygen Demand (COD), Total Organic Carbon (TOC), Total P (TP), Total Nitrogen
(TN), and Ammonium Nitrogen (N-NH4) were determined spectrophotometrically (PF-11
and NANOCOLOR 500D spectrophotometer) by test kits (Macherey-Nagel, Dueren, Germany).

4.4. Design of Experiments (Central Composite Design, CCD and Response Surface Methodology, RSM)

In order to optimize the TOC removal from spiked river water, CCD/RSM was used
for three independent parameters, i.e., pH, ACH dose (mL/L), and Time (min). On the
basis of some preliminary experiments and literature data, initial ranges for pH, ACH dose,
and Time were adopted. TOC was chosen as a dependent parameter because it is one
of the main parameters that allows the determination of organic contaminants in water.
On the basis of the TOC concentration before and after coagulation, the TOC removal
efficiency (%) was calculated. The following parameters were assumed to be constant:
temperature (22 ± 2 ◦C), stirring speed (initially 500 RPM, 1 min, subsequently 100 RPM
for the established time), and volume of the treated water (500 mL in each experiment). The
planning of the experiments was carried out using the CCD and Statistica 13.3.0 (TIBCO
Software Inc., Palo Alto, CA 94304, USA). The implementation of CCD made it possible to
obtain the experimental plan presented in Table 3. The plan consisted of 16 experiments
(2 experiments in the center of the plan) and was the combination of the set values of three
independent parameters (pH, ACH dose, mL/L, and Time, min).

4.5. Experimental Study

The experiments were performed with the use of 600 mL beakers and magnetic stirrers
with adjustable mixing speeds (Magnetic Stirrer 06-MS-PB, Chemland, Poland). In each
experiment, 500 mL of spiked river water was measured into the beaker, the fixed amount of
ACH dose was added, and the pH was adjusted to the pH value specified, shown in Table 3.
The adjustment of the pH value was performed at 500 RPM for a maximum time of 1 min.
The correction of the pH value of treated water was performed with a 15% solution of NaOH
or H2SO4. Thereafter, treated water was stirred for the established time. After a set time,
the agitation was turned off, and the samples were left for 30 min for the sedimentation
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of the precipitated sludge. The determination of turbidity and TSS were performed using
unfiltered samples. In the case of other parameters, the treated water was filtered through
a 0.45 µm syringe filter. In addition, before RP-HPLC-ESI-MS/MS analysis, the water
samples were filtered through a 0.22 µm syringe filter. On the basis of the determined
concentration of TOC, it concluded the efficiency of TOC removal in individual experiments.
The obtained results of the experiments were analyzed using Statistica 13 to determine how
the independent parameters influence the changes of the dependent parameter (Efficiency,
%). The results were evaluated statistically, and dependencies between parameters were
depicted and presented in 2D graphs. Experimental verification of the model was also
carried out in order to check whether the values of the dependent variable estimated from
the model are consistent with the experimental values.

5. Conclusions

The analysis of twenty-four watercourse samples confirmed that residues of phar-
maceuticals such as DIC, FLX, EE, ERY, AMO, and COL are present in samples taken
from the Vistula and Olza rivers and their tributaries. It is therefore highly advisable to
search for effective methods to remove these compounds from water. This is what future
research should focus on. The present study found that the concentration ranges of ERY,
FLX, AMO, COL, EE, and DIC in analyzed water samples were 7.58–412.32, 1.21–72.52,
1.22–68.55, 1.28–32.01, 5.36–45.56, 2.20–182.22 ng/L, respectively. In optimal conditions of
the coagulation process of spiked surface water, the concentration of TOC, ERY, FLX, AMO,
COL, EE, and DIC was decreased by 88.7%, 36.4%, 24.7%, 29.0%, 25.5%, 35.4%, 30.4%,
respectively. Simultaneously, turbidity, color, TSS, Total N and N-NH4 were decreased
by 96.2%, >98.0%, 97.8%, 70.0%, 88.7%, 37.5%, respectively. The study suggests that the
effectiveness of the removal of pollutants depends not only on the action mechanisms of
coagulants and the process conditions but also on the presence of other substances in the
water, including suspensions. These indicated that ACH may be an optional reagent to
remove studied pharmaceuticals from contaminated water.
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35. Giebułtowicz, J.; Nałęcz-Jawecki, G. Occurrence of antidepressant residues in the sewage-impacted Vistula and Utrata rivers and
in tap water in Warsaw (Poland). Ecotoxicol. Environ. Saf. 2014, 104, 103–109. [CrossRef]

36. Savcı, S. A review of occurrence of pharmaceuticals in sediments. Afr. J. Biotechnol. 2013, 12, 4539–4541. [CrossRef]
37. Kondor, A.C.; Molnár, É.; Jakab, G.; Vancsik, A.; Filep, T.; Szeberényi, J.; Szabó, L.; Maász, G.; Pirger, Z.; Weiperth, A.; et al.

Pharmaceuticals in water and sediment of small streams under the pressure of urbanization: Concentrations, interactions, and
risks. Sci. Total Environ. 2022, 808, 152160. [CrossRef] [PubMed]
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