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Abstract
Pharmaceuticals are a group of emerging substances which are present in the environment and ap-
pear to be relatively constant at low concentrations. With the development of modern analyical
methods more pharmaceuticals can be detected in the water sphere of the environment. Study of
the behavior and transport ofpharmaceuticals in groundwater is significant for understanding the
processes ofnatural attenuation and potential use offiltration through the aquifer to evaluate the

most effective way to remove micropollutants that occur under anthropogenic influence. Due to
insuffrcient quantities ofdata on the characteristics ofthe subsurface structure and mechanism and

behavior of the studied pharmaceuticals during groundwater transport, tracer experiments can be a

very effective method for the characterization and examination ofpharmaceutical behavior in rela-

tion to transportation of non-reactive tracer. The implementation of tracer experiment, provide data

on effective parameters and data about breakthrough curves ofpharmaceuticals in relation to the

breakthrough curve of non-reactive tracer, on which basis parameters of transport can be deter-
mined and used for further modeling and forecasting. Removal of pharmaceuticals occurs mainly
due to biological degradation of miuopollutants, while on the other hand sorption retards the

transport. Quanti$ing the effects of biodegradation and sorption during a field tracer experiment

was insuffrciently studied, and therefore the implementation of tracer experiment represents very

useful method to obtaining better and more precise data. This paper represents the results of field
research on the location ofthe drainage system Kovin Dubovac, during which tracer tests experi-

ment was conducted and behavior of selected pharmaceuticals was monitored (Trimethoprim,

Carbamazepine, Diclofenac and metamizole metabolites 4-AAA and 4-FAA). Aim of this paper-

work is to show and analyze the results of tracer experiment during which the tracer NaCl was dis-
charged, and to correlate the obtained data on the characteristics ofthe subsurface, as well as the
results ofthe breakthrough curve ofselected pharmaceuticals so the effects ofsorption and biodeg-

radation can be quantified.
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INTRODUCTION
In Intergranular aquifers simulation and prediction of groundwater flow and transport of substances

in this case pharrnaceuticals require a detailed knowledge of the nature and spatial distribution of
aquifers. In most cases the above data may not be easy to collect and require detailed research and

implementation of experiments. Pharmaceuticals belong to the group of the emerging contaminants

in the environment and tracer test and monitoring of their behaviour was not conducted in Republic

of Serbia. Dimkid conducted tracer tests and monitored behaviour for heavy metals and phenols

near Zidko Polje like it is described in the literature (Dimkii, 2008). Basic need for conducting trac-

er test was the lack of experimental data on the behaviour of pharmaceuticals in groundwater.
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Tracer test represent very powerful tool and method for characterization of subsurface. There is a
large variety of application possibilities: tracer test methods can be applied for classical subsurface
investigation purposes yielding effective transport parameters (transport velocity, porosity, and dis-
persivity), which may describe nonreactive as well as reactive (contaminant) transport processes

within an aquifer like it is case for this study. Information on subsurface structure (preferential flow
paths, and structural anisotropy) can be obtained as well (K[ss, 1998). Tracer tests provide a data-
base (tracer breakthrough curves and their statistical moments respective derived transport parame-
ters) too, which can be applied for testing of forward transport predictions obtained from determin-
istic or stochastic model approaches, for the reduction of prediction uncertainty within stochastic
modeling frameworks, or for the development and application of inverse stochastic flow and

transport modeling methods (Ptak, 2004).

This tracer test was conducted under forced gradient conditions, induced by groundwater pumping

because of the experimental duration and other limiting factors. In this test convergent flow field
approach was used and groundwater was pumped out of an extraction well, the tracer was injected
continuously, over a limited period in the injection piezometer, and breakthrough curves are meas-

ured at the extraction location based on example (Ptak and Schmid, 1996). As a tracer in this case

NaCl was used because of many practical reasons: nontoxic, available and affordable, good solu-
bility for injection, low detection limits, low natural background concentrations, negligible effect on

transport properties (density, viscosity, pH, etc.), stable or well-characterized low and very slow
degradation, thermal or radioactive decay acceptable and no sorption processes on tracer substance.

During this experiment concentration of selected pharmaceuticals (Trimethoprim, Carbamazepine,

Diclofenac and metamizole metabolites 4-AAA and 4-FAA) on extraction well was monitored and

after that sampling program and analysis was established so the breakthrough curve could be de-
fined and obtained.

MATERIALS AI\D METHODS
Experimental setup
During tracer test, nonreactive tracer NaCl and reactive pharmaceuticals were injected in injection
piezometer Bp-21P6, approximately 8,5 meters from monitoring well Bp-2 and 20 meters depth. In

monitoring well peristaltic pump was set up with a constant flow. Also monitoring of groundwater

levels was conducted with CERA divers. Flow was monitored with Thompson overflow, volumetric
method and ultrasonic flow meter Nivus PCM Pro.

Figure 1. Flometer Nivus PCM Pro instalation and Thompson overflow
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Tracer NaCl was mixed and dissolved in 1000 liters of water extracted from monitoring well Bp-2
and pharmaceuticals obtained from Sigma Aldrich were dissolved in 1 liter of methanol and after
that mixed with 100 liters of water and injected in same piezometer as tracer NaCl. ln monitoring
well peristaltic pump was set up with a constant flow of 6 Ls-'. During the experiment only specific
conductivity was monitored as a parameter through which accompanied the concentration of tracer
NaCl and for reactive compounds samples were collected periodically and frozen for further inves-
tigation.
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Figure 2. Schematic experimental setup for pharmaceutical injection

Experimental Methods
New boreholes
Drilling of new monitoring well - piezometer was performed by classical method with the use of
flasks. During drilling, water was collected from each three meters, and then composite sample was

extracted from pelit fractions for further examination.
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Each core was packed into crates and transferred to the Jaroslav ierni Institute for the Development
of Water Resources for further investigation and mapping and taking samples for detailed analysis.
The purpose of the drilling was to form injection piezometer near drainage well Bp-2 on Kovin
Dubovac drainage system where experiment took place. Figure 3 shows the gran size of sample
from water bearing layer and core of the sample. Determination of particle size distribution curve
was conducted using the method of dry sieving -Standards SRPS. U.81. 018. Particle size distribu-
tion is determined by sieving materials using sets of sieves according to JUS-u L.J9.010 with the
following openings in mm: 0,063; 0,090; 0,125; 0,250;0,500; 0,7I0; 1,0; 2,0;4,0; 8,0; lI,2; 16,0;

22,4;3I,5;63,0;125,0. Based on the data obtained by sieving analysis calculated hltration charuc-
teristics investigative through use of empirical equations, where d"r=dro

K = dir (l)
According to obtained particle size distribution curve filtration coefficient was calculated and K
value is 7 x10-a ms-r.

Figure 3. Sample core and particle size distribution curve for sample between 16-24 meters below
surface

Sampling
All goundwater samples for pharmaceutical analysis were collected in 1-L plastic bottles from out-

flow of well and kept refrigerated without preservatives until they were processed, usually few days

after sampling. Once prepared collected samples were kept at 4" C until arrival to the laboratory and

processed within 48 h.

Sample Analysis
"In situ" monitoring was carried out with the probe immersion at the outflow of the well and elec-

tric conductivity was monitored continuously during the experiment with "HQ40d" multi parameter

probe. Before experiment started baseline quality was monitored in order to determine the initial

state. Based on the results average electric ionductivity before experiment started was 649 pScm-r.

Previously developed multi residual method for analysis of most commonly used pharmaceuticals

and two metamizole metabolites was employed (Grujid et a\,2009). Water samples were prepared

with method of extraction on solid phase which was developed on Faculty of Technology and Met-
allurgy (TMF) in the Laboratory for the mass spectrometry at the department for the Analytical

Chemistry and Metallurgy (TMF) in Belgrade. This method comprises purification of the sample, as

well as traces of the extraction and before concentrating traces of pharmaceuticals. Calibration was

performed using the standard addition method.
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Surveyor LC system (Thermo Fisher Scientific, Waltham, MA, USA) was used for the separation of
the analytes on reverse-phase Zorbax Eclipse@ XDB{18 columno 75mmx4.6mm ID and 3.5pm
particle size (Agilent Technologies, Santa Clara, CA, USA). A pre-column, 12.5mmx4.6mm ID and

5pm particlo size (Agilent Technologies), was also used. Mass speotra were obtained using the
LCQ Advantage quadrupole ion trap mass spectrometer with electrospray ionization technique
(Thermo Fisher Scientific). All compounds were analyzed in the positive ionization mode. For the
LC-MS' analysis of pharmaceuticals and pesticides in the positive ionization mode, the mobile
phase was composed of methanol (A), deionized water (B) and l0%o acetic acid (C), and gradient
waschangingasfollows:0.0min, Al4.syo,B85yo,C0.5Yo;35.0min,1.99.504,80.0%,C0.05%;
46.0 min, A99.syo, B 0.0%, C 0.5%. The initial conditions were re-established and held for 10 min.

The flow rate of the mobile phase was 0.6mlmin-1. The injection volume was lOpl. The optimal
source working parameters for monitoring all ions were as follows: source voltage (4.5 kV), sheath

gas (25 au, i.e. 25 arbitrary units, from a scale of arbitrary units in the 0-100 range defined by the
LCQ Advantage system) and capillary temperature (290 "C).

Table 1. Physico-chemical characteristics of the investigated compounds

Compounds

Water

log Ko* SolubilitY

(2s"c) (mg L-t)
(25"C)

pKa ,#o,, Sources

Trimethoprim
4-FAA
4-AJA.A

Carbamazepine
Diclofenac

905 a, b
63.6 a

240.7 a

3871 a. b
833.3 a, b

0.91
0.5

-0.13
2.45
4.5r

2334
I 1300
1590
17.7
4.5

7.1

,.0
4.1

"Ihe e{hemical Compound Database, http://www.chemspider.com;
bThe e-Hazardou s Substances Data Bank, http ://www.toxnet.nlm.nih. gov;

Table 2 shows limits of detection and quantfication. The values shown in the table below were ob-
tained experimentally by recording standard low concentrations.

Table 2.Limitof qantification (LOQ) for analysed pharmaceuticals and pesticides

Analytes LOQ (ngl--_')

Trimethoprim
Carbamazepine

Diclofenac

4-formylamino antipirine(a-FAA)

N-acetyl4-aminoantipyrine (a-AAA)

5

5

t5

t5

5

REASULTS AND DISCUSSION
After successful dissolution of NaCl in the 1000 liter tank for injection, injection of tracer NaCl was

started at 15:07 and it lasted 52 minutes. Average specific electric conductivity in the injection res-

ervoir was74.3 mS / cm. At the beginning of experiment 50 kg of NaCl was dissolved in the reser-

voir. The measured value shows that the amount of pure NaCl, which is poured into the reservoir,

was 35.7 kg, calculated on the basis of dependence diagams between electrical conductivity and

concentrations of NaCl.
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Next picture shows the breakthrough curve for the tracer NaCl. Maximum concentration of tracer

NaCL was established after 201 minutes from beginning of experiment which is consistent with the
data obtained by analysing the filtration properties of the aquifer and average filtration coefficient
of 7xl0-a ms-l.
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Figure 4. Tracer NaCl breakthrough curve

After successful injection of tracer NaCl, injection of pharmaceutical started. Initial concentrations

in injection reservoir of 100 litres were: Trimethoprim 2.5 ffigl-', Carbamazepine I ffigL',
Diclofenac 1 mgLr, metamizole metabolites 4-formylamino antipirine (4-FAA) 0.1 mgl-' and N-
acetyl-4-aminoantipyrine (4-AAA) with concetration of 1 mgl--'. After injection which lasted con-

tinuously about 36 minutes, sampling started based on the established program. Next diagram

shows the representative breakthrough curve for Diclofenac. Based on the results obtained from the

experiment we can conclude that for example Diclofenac reached maximum concentration after 315

minutes or that the delay of Diclofenac with respect to tracer NaCl was approximately 1.56 times.

Based on the following equation we can calculate Kd for all pharmaceuticals.

Rd = 
vuuct 

= l+PLKd (Z)
Vpharmaceutical n

where Rd is Retardation coefficient; v7,1ag1is the velocity of tracer NaCl; vpharmaceutical is velocity of
pharmaceutical; p6is bulk density ; n is porosity; Kd is the partition coefficient.
The next table shows data calculated from the experimental results for Kd.

Table 3. Partition coefficient for aceuticals

Analytes Kd [cm'g']
Trimethoprim

Carbamazepine
Diclofenac

4-formylamino antipirine(4-FAA)

N-acetyl-4-aminoantipyrine (4-AAA)
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According to results of tracer experiment velocities
culated, other data (n-porosity and p6- bulk density
retically.
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On the other hand the degradation is calculated based on the amount of matter that was lost after the

implementation of the experiment, and based on the budget balance of selected pharmaceuticals

during the experiment. Results for budget balance were calculated using next equation

m = (L, +L )/2) . (C,.r -C" ) ' Q ' 60s (3)

where rn - is mass of the pharmaceutical,761 andT, is time of sample collection and Cn*t and C, is

concentration after time Tn and T,+t, Q * is average flow at the outlet of well.

After the calculation of the remaining mass of pharmaceuticals after experiment, degradation time

can be calculated. Next table shows the results of degradation time for selected pharmaceuticals.

Table 4. Degradation constant for analysed pharmaceutic?ls

Analytes Half life [daY]
Trimethoprim

Carbamazepine
Diclofenac

4-formylam ino antipirine(a-FAA)

N-acetyl-4-aminoantipyrine (4 AAA)

11.6
27.7
3 r.3
75

20

CONCLUSIONS
Based on the results of tracer experiment sorption capacity can be easily calculated of selected

pharmaceuticals under experimental conditions. It is very important that sorption of selected phar-

maceutical with relatively small calculated partition coefficients compared to the literature data rep-
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resent a very important factor that influences the behavior of pharmaceuticals in groundwater dur-
ing filtration.

On the other hand many literature data gave the results for laboratory experimental conditions and
the mentioned results cannot be applied in practice when calculating real transport parameters
Groundwater represents a huge bioreactor in which numerous processes taking place in different
conditions so even with a very small extension of transport time it seriously affects the removal of
these compounds in goundwater and in this way it is possible to make a concept to protect existing
and future drinking water sources and health of people.
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