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A B S T R A C T   

Target analysis of pre-selected compounds is the standard procedure for monitoring of groundwater quality. 
However, compounds, not included on the target list can still be present but are overlooked in this targeted 
approach. In a previous non-target screening (NTS) study, groundwater samples from catchments covering 
different land uses were analysed by solid-phase extraction, dispersive liquid-liquid microextraction with gas 
chromatography – mass spectrometry analysis (SPE-DLLME-GC-MS), where potential chemical markers for land- 
use, benzoic acid (natural metabolite), ibuprofen (pharmaceutical) and mecoprop (pesticide), were identified but 
not quantified. 

The aim of this study was to develop a strategy for retrospective quantitative analysis and to perform retro-
spective analysis of the identified chemical markers in SPE groundwater extracts stored frozen for 3 years. The 
stored extracts were derivatised to transform carboxylic acid functional groups into methyl-esters and further 
concentrated by DLLME and analyzed by GC-MS. 

Ibuprofen was detected in six replicates from one well in Haderup (0.0070 ± 0.0023 µg /L) and in one well 
from Skive (0.0032 µg/L) indicating anthropogenic input. Mecoprop was detected in two samples with con-
centrations of 0.0095 µg/L and 3.3 µg/L that can be ascribed to agriculture. Benzoic acid was detected in all 
samples in the range of 0.072 - 1.20 µg/L except for Jyderup Skov where concentrations up to 161 µg/L were 
found, probably originating from the coniferous forest dominating this site. 

A combination of NTS analysis and retrospective quantification showed to be a promising strategy for 
monitoring of land-use markers. The strategy is challenged by effects of storage and lack of selectively in the NTS 
sample preparation method. Two additional sample preparation steps were carried out in this study (derivati-
zation and DLLME) to improve the selectivity and sensivitiy of the retrospective analysis.   

Introduction 

Traditional target analysis of groundwater samples includes quanti-
fication of a pre-selected list of compounds of interest. In contrast, non- 
target screening (NTS) analysis indiscriminately looks at what is present 
within the sample, which may reveal new compounds of interest but 
lacks quantitative information. A combination of NTS with retrospective 
quantitative analysis would allow rapid quantification of chemicals of 
new interest such as chemical markers for land-use and chemicals of 
emerging concern directly from stored extracts. However, such 

retrospective quantification may be challenged by effects of storage, and 
lack of selectivity in typical NTS sample preparation methods. 

In a previous study by Christensen et al. (2017), NTS analysis was 
performed by solid phase extraction - dispersive liquid-liquid micro 
extraction - gas chromatography - mass spectrometry (SPE-DLL-
ME-GC-MS) of 15 groundwater samples taken at 3 sites throughout rural 
Denmark. A total of 39 compounds were tentatively identified with a 
NIST match factor > 90 %. Of these compounds, three were found to be 
of special interest due to their potential as groundwater chemical 
markers for land use: Benzoic acid, ibuprofen, and mecoprop. The 
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compound structures and properties are listed in Table 1. 
Benzoic acid has not previously been a compound of focus in 

groundwater monitoring, but were detected at all 3 Danish groundwater 
sites from the NTS analysis (Christensen et al., 2017). Benzoic acid is 
mobile in the soil column and has a high aqueous solubility making it 
prone to leaching into groundwater. Its mobility depends on pH and the 
soil composition, and especially the presence of iron- and aluminum 
oxides can increase retention as benzoic acid makes surface complexes 
with these metal oxides (Stolpe et al., 1993). There are many sources of 
benzoic acid and it is presence in groundwater samples is not surprising. 
Godejohann et al. (2009) found benzoic acid in groundwater extracts 
from a former ammunition destruction site, but did not determine the 
origin of the compound. Benzoic acid is also a transformation product of 
2,6-dichlorobenzamide (BAM), the most well-known break down 
product of the herbicide dichlobenil (2,6-dichlorobenzonitrile), but 
were not found in detectable levels in groundwater samples in the study 
by Jensen et al. (2009). Most likely the major source of benzoic acid is 
due to degradation of natural organic matter, related to the presence of 
coniferous forest. Specific brown rot fungi are able to utilize poly-
saccharides in wood, while leaving the modified lignin in situ and 
forming benzoic acid, benzaldehydes and phenylglycerols (Yelle et al., 
2011). Benzoic acid can hence be found at elevated levels when wood 
degrades in coniferous forests. Szwajkowska-Michałek (2020), Kuiters 
and Sarink (1986) have measured benzoic acid in needles from different 
types of coniferous threes. 

Ibuprofen is an anti-inflammatory drug that through excretion will 
be emitted to the wastewater system. From wastewater treatment plants, 
pharmaceuticals, like ibuprofen, can be spread to the aquatic environ-
ment (Pereira et al., 2020). The concentration of pharmaceuticals in the 
aquatic environment is also influenced by physical-chemical parame-
ters. Thus, concentrations of ibuprofen in lake water was positively 
correlated with total dissolved solids, conductivity, salinity, total car-
bon, phosphate, sulfate and ammonium, and was negatively correlated 
to dissolved oxygen (Ferguson et al., 2013; Fent et al., 2006). Soil 
sorption of ibuprofen is limited but increases with contents of clay and 
organic matter and decreases with increasing pH, i.e. the risk of 
ibuprofen leaching to groundwater is especially high in sandy, organic 
matter-poor soils (Gonzalez-Naranjo et al., 2013; Duran-Alvarez et al., 
2014). 

Mecoprop is a water soluble and mobile herbicide, which has been 
detected in groundwater reservoirs in connection to landfills, waste 
disposal sites and golf courses as well as horticultural and agricultural 
land uses (Buss et al., 2006; Lapworth et al., 2006; Idowu et al., 2014). 
As the two other compounds, soil sorption of mecoprop depends on pH 
and contents of clay and organic matter. Significant degradation of 
mecoprop takes place in topsoil, but in the subsurface, little degradation 
is expected and the compound is rather persistent in aquifers (Buss et al., 
2006; Idowu et al., 2014). Mecoprop is analysed on a regular basis in 
Danish groundwater monitoring programs (Thorling et al., 2021). 

The aim of this study was to develop a strategy for retrospective 
quantitative analysis; and to perform retrospective analysis of the 
identified chemical markers benzoic acid, ibuprofen and mecoprop in 60 
SPE groundwater extracts stored frozen for 3 years using a multicom-
ponent analytical method. 

As the SPE extracts had been stored in methanol under acidic con-
ditions target analytes were found partly as methyl-esters (Christensen 
et al., 2017). Hence for retrospective quantification of the target ana-
lytes, deuterated internal standards were spiked in the SPE extracts and 
treated by methanolic HCl derivatization under heated treatment to 
ensure complete derivatization. Furthermore, seven tap-water samples 
were spiked with varying levels of benzoic acid, ibuprofen and meco-
prop quantification standards and extracted by SPE using the same 
procedure as for the 60 groundwater samples. These extracts were also 
treated by methanolic HCl derivatization after spiking with internal 
standards, and used for preparing calibration curves. The derivatized 
SPE extracts and calibration solutions were further concentrated by 

DLLME and analyzed by GC-MS in selected ion monitoring (SIM) mode 
for trace-level quantification. 

Experimental 

Sampling 

Groundwater samples were collected from 14 Danish groundwater- 
monitoring sites (GRUMO, Fig 1). Samples were suction filtered with 
Whatman® glass microfiber filters 90 mm (GF/F), 2 M HCl was then 
added to the filtrate to lower pH to 2 and the samples treated as 
described in Christensen et al. (2017). The sampling sites (Fig 1a) were 
spread out to different geographic locations in Denmark with varying 
degrees of agriculture and forestry. 

< Figure 1>

Principal component analysis of land use data 

The main land use in the 14 GRUMO areas (60 wells) in a radius of 
800 m from the wells was registered. Principal component analysis 
(PCA) was performed on land use data (percentage distribution of land 
use, see supporting info for Table S1 of data) extracted from GIS soft-
ware (MapInfo professional 10.0) and AIS - land use map (1:25,000) 
produced by National Environmental Research Institute in Denmark 
(“AIS – Land use map 1:25.000,” 2000) at a radius of 800 m from the 
wells. Data were mean-centered and analysed by PCA using LatentiX 
(www.latentix.com). PCA plots of all GRUMO areas (65 in 2011) were 
made to aid in the site selection according to land use. 14 sites of these 
were selected and a PCA model of these sites were made (see Figure 1b 
and 1c). 

Fig 1b shows a principal component analysis (PCA) score plot 
comprising all wells, while a PCA loading plot is shown in Fig 1c. The 
samples can be separated by land use, especially Jyderup Skov (Jy) 
samples showing high levels of coniferous forest, whereas Espergærde 
(Es) samples are characterized by deciduous forest. 

Chemicals and sample preparation 

Methanol and acetonitrile were used as solvents (HPLC grade from 
Rathburn Chemicals Ltd, Mikrolab Aarhus A/S, Denmark). Purified 
water was produced by a Millipore MilliQ Plus system (Millipore A/S, 
Denmark). Hydrochloric acid (≥ 37 %, TraceSELECT), 2,2-dimethoxy-
propane, benzoic acid-2,3,4,5,6-d5 (99 atom % D), ibuprofen-d3 (95 
atom % D, ≥ 98.0 % (HPLC)), ibuprofen (certified reference material), 
and mecoprop (analytical standard) were sourced from Sigma-Aldrich 
Denmark ApS. Benzoic acid (99.5 %) was sourced from Ferak Berlin 
GmbH (Chr. Gerner-Jensen, Denmark). 

SPE were performed by a Gilson GX-271 liquid handler using Waters 
Oasis® HLB cartridges 6 cc/500 mg 60 µm. Five 1 L extractions of each 
groundwater sample was made using the same cartridge eluting with 15 
mL methanol in-between extractions. The five extracts were combined 
and reduced to 5 - 10 mL slowly during one week of evaporation in a 
fume hood at room temperatures (20 - 25 ◦C). SPE extracts were stored 
at - 20 ◦ C until analysis. Further information on sampling and SPE 
extraction can be found in Christensen et al. (2017). 

Optimization of the derivatization 

The derivatization was optimized for temperature, time, volume of 
derivatization agent and use of a drying agent. To a 100 µL mixture of 
benzoic acid (327 µg/mL), mecoprop (333 µg/mL) and ibuprofen (303 
µg/mL) in acetonitrile was added 1.00 mL methanol and 100 µL 0.5 M 
HCl in methanol (derivatization agent). The derivatization efficiency 
was tested in triplicate at mild conditions at 22 ⁰C with reaction times of 
0.45 and 2.22 hours, and more harsh conditions at 59±1 ⁰C with reac-
tion times of 1, 22 and 48 hours. 
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Next, the volume of derivatization agent was changed to 200 µL and 
the derivatized standard solutions were analyzed after 25 hours at 59±1 
⁰C as the final optimization test. 

Then, the effect of water on the derivatization efficiency was inves-
tigated. For this experiment, 40 µl of water was added to 200 µL of the 
derivatization agent, and reaction time was set to 25 hours at 59±1 ⁰C. 

Finally, a drying reagent, 2,2-dimethoxypropane was added to 
investigate the effect of a drying agent on derivitization efficiency by 
eliminating water. Pure acetonitrile samples were used as controls for 
this experiment. 

An HPLC (Agilent 1100 series) using an Agilent Eclipse XDB-C18 
column (5 µm, 4.6 × 150 mm) and UV detection at 230 nm was used 
to investigate the efficiency of the derivatization. Samples (20 µL) were 
injected on the system with a column flow rate of 2.5 mL/min and 25 ◦C 
in the column oven. Mobile phase A: Acetonitrile and 0.1 % phosphoric 
acid (45/55 v/v %) and B: Acetonitrile. The program was 100 % A at 0-1 
min; then a linear gradient to 0 % A at 6 min and back to 100 % at 7 - 9 
min. 

Derivatization and DLLME (final method) 

A 2 mL screw cap vial was added 0.5 mL of freshly made derivati-
zation mixture (2,2-dimethoxypropane and 0.5 M HCl in methanol, 3:2 
v/v), 25 µL of 215 µg/mL benzoic acid-d5 and 30 µL of 1.18 µg/mL 
ibuprofen-d3 in acetonitrile. 1 mL of SPE extract was added to the vial 
and it was placed in an oven at 59±1 ◦C C for 24 h. DLLME was made by 
placing 25 µL CCl4 in the bottom of a glass centrifuge tube, adding the 
entire derivatized sample and shaking it using a vortex mixer at 1800 
rpm. 5.00 mL 6 % (w/v) NaCl solution was added rapidly to create an 
emulsion and the sample was vortexed for 10 s at 1800 rpm. After 2 min 
the sample was centrifuged for 3 min at 3000 rpm. The bottom phase 
(and some of the aqueous phase) was transferred to a GC-vial with a 300 

µL insert. The GC-vial was placed in a 15 mL plastic centrifuge tube and 
centrifuged for 3 min at 3000 rpm. 

GC-MS analysis 

For analysis, an Agilent 7890A gas chromatograph with a 7693 
autosampler and 7890A split/splitless inlet coupled to an Agilent 5975C 
mass spectrometer system was used (all from Agilent Technologies). The 
GC-MS was equipped with a Zebron ZB-5 (60 m × 0.25 mm × 0.25 µm) 
capillary column from Phenomenex. 1 µL sample was injected in splitless 
mode at 280 ◦C. The oven was kept at an initial temperature of 40 ◦C for 
1 min and then heated at 60 ◦C/min to 100 ◦C, 15 ◦C/min to 250 ◦C, and 
then 35 ◦C/min to 320 ◦C for 3 min with a total run time of 17 minutes 
using a helium carrier gas flow rate of 1.1 mL/min. The transfer line, ion 
source and quadrupole analyzer temperatures were maintained at 300, 
230 and 150 ◦C, respectively. Detection was carried out using electron 
ionization (70 eV) in SIM mode (benzoic acid-d5 141, 110 and 82 m/z; 
benzoic acid 136, 105 and 77 m/z; ibuprofen-d3 223, 180 and 164 m/z; 
ibuprofen 220, 177 and 161 m/z; mecoprop 228, 169 and 142 m/z) with 
dwell time 20 msec for each ion. The m/z ions in bold were used as 
quantified ions while the remaining ions were used as qualified ions. 

Quantitative analysis 

Peak areas of ibuprofen methyl ester, mecoprop methyl ester, ben-
zoic acid methyl ester, ibuprofen methyl ester-d3 and benzoic acid 
methyl ester-d5 were determined by peak integration in MSD Produc-
tivity Chemstation software (Agilent, E.02.02). Ibuprofen methyl ester- 
d3 was used as internal standard for both ibuprofen methyl ester and 
mecoprop methyl ester. Peak areas were corrected for the weight of the 
total SPE extract (between 5 and 10 mL). For benzoic acid methyl ester, 
two four-point calibration curves were measured in two replicates with 

Fig 1. Map of the 14 Danish GRUMO areas used in this study (A). Green triangle: Albæk, Pink triangle: Ølgod, blue circle: Viborg, light blue circle: Fellerup, purple 
circle: Espergærde, dark blue diamond: Smålyng, green diamond: Jyderup Skov, purple diamond: Skive, orange square: Freltofte, green square: Ejstrupholm, blue 
square: Haderup, orange star: Thisted, brown plus: Store Heddinge, blue cross: Askeby. B) PCA scores plot of land use, and C) PCA loading plot. 
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fresh derivatizations. A linear calibration curve was used for the con-
centration interval 0.0038-0.048 µg/L in 5L tap water, while a second- 
order polynomial was used for concentrations from 0.0096 to 1.20 µg/ 
L. The high-end calibration curve was only used to calculate concen-
trations between 0.048 and 1.20 µg/L. For the four samples from 
Jyderup Skov the concentrations were above the highest standard and a 
single point calibration with a 6.0 µg/L standard was used to estimate 
the benzoic acid concentrations in these samples. Calibration curves 
were made in tap water that contained low levels of benzoic acid. It was 
therefore necessary to set the intercept to zero before quantification. 

A four-point linear calibration curve was used for quantification of 
ibuprofen using four quantification standards (in two replicates with 
fresh derivatizations) with concentrations from 0.00019 to 0.023 µg/L 
in 5L tap water. For mecaprop two four-point second-order polynomial 
calibration curves were used in the concentration range from 0.0015 – 
0.18 µg/L in 5L tap water, and 0.037 – 4.60 µg/L in 5L tap water 
respectively. The standards were analysed in replicates with fresh de-
rivatizations. The high-end calibration curve was only used to calculate 
concentrations in the concentration range 0.18 and 4.60 µg/L. 

Detection Limits were calculated as 3.3 times standard deviation of y 
deviations on the calibration curve (Sy) divided by slope (m). Limit of 
quantifications (LOQs) were determined as 10 times Sy divided by m. 

Results and discussion 

Derivatization optimization 

The derivatization was optimized for temperature, reaction time, 
volume of derivatization agent and use of a drying agent (Fig. 2). 
Treatments 1 and 2 at low temperature (22 ◦C) does not show sufficient 
derivatization for any of the compounds. In treatments 3 - 5 we 
increased the temperature to 59±1 ◦C. Here we found an increase in 
derivatization efficiency with longer derivatization time (1, 22 and 48 h 
for treatments 3, 4 and 5, respectively), especially for benzoic acid. 
Treatment 6, shows that derivatization time can be lowered to 25 hours 
if the amount of derivatization agent was increased from 100 µL to 200 
µL of 0.5 M HCl/methanol. The groundwater extracts contained water 
and the derivatization was therefore tested with presence of 40 µL water 
(treatment 7) and further with the addition of a drying agent (treatment 
8). Presence of water reduced the derivatization efficiency, especially 
for benzoic acid, but this limitation was overcome by the addition of 
drying agent (treatment 8). 

The final derivatization conditions chosen were 25 h reaction time, 
59±1 ◦C reaction temperature, 200 µL of 0.5 M HCl and the addition of a 
drying agent (corresponding to treatment 8). Under these conditions 
(with addition of 40 µL water - not done with the samples) the deriva-
tization efficiency were 95.8 %, 98.8 % and 99.3 % for benzoic acid, 
ibuprofen and mecoprop. 

< Figure 2 >

Initial identification of target compounds 

Ibuprofen, mecoprop and benzoic acid were identified in GC-MS scan 
analysis of the 65 extracts (60 wells and 5 analytical replicates from 
Haderup) by visual inspection of extracted ion chromatograms (EICs) 
and spectral comparisons of methyl ester derivatives to the NIST 8 
database (NIST match factor of 98 %, 99 % and 93 %, respectively). Fig 3 
shows the EICs of benzoic acid methyl ester, ibuprofen methyl ester and 
mecoprop methyl ester from three selected samples. 

< Figure 3 >

GC-MS quantification of target analytes 

Benzoic acid 
Benzoic acid was detected in all the analyzed samples (Supporting 

information, Table S2). A few samples, however, deviated strongly from 
the rest. In samples from Jyderup Skov on Zealand, four of five samples 
(Jy1, Jy4, Jy6 and Jy3) contained 37, 55, 125 and 161 µg benzoic acid/ 
L. These concentrations are much higher than those observed in the 
remaining samples where benzoic acidd concentrations ranged between 
0.072 and 1.20 µg/L with an average of 0.230 µg/L. 

In contrast to the other sites, Jyderup Skov is dominated by conif-
erous forest (Fig 1 and Fig S1 and S2). Yelle et al. (2011) also observed 
this relationship between degraded wood in coniferous forests and high 
benzoic acid concentrations in soil and groundwater. The relationship 
between coniferous forest area (in ha) and benzoic acid concentrations 
in groundwater (in µg/L) is shown in Fig 4. The concentration of benzoic 
acid may also decrease with sampling depth due to sorption to soil 
particles and transformation processes. The sampling depth at Jyderup 
Skov was generally more shallow (9.0 – 18.5 m) than at the other sites 
where sampling depth was up to 70 m (Supporting information Fig S3 
and Table S2). 

< Figure 4 >
Although Jyderup Skov is dominated by coniferous forest, a large 

variation in benzoic acid concentration was observed between ground-
water wells (e.g., Jy3 with 161 µg/L and Jy5 with 0.19 µg/L). A likely 
explanation for the low concentration at Jy5 is its location in the south- 
west corner of the forest (Supporting information, Fig S1 and S2). South 
of Jy5 is an area of deciduous forest which is upstream of Jy5, which 
might explain the low concentrations of benzoic acid. In contrast, east of 
Jy3 along the hydraulic flow is an area of coniferous forest (see Fig. S1 
and S2), which might explain the high concentrations of benzoic acid 
observed in this sampling well. 

The benzoic acid concentrations were compared with chloroform 
concentrations, which has been reported elsewhere as a potential 
biomarker for coniferous forest (Albers et al., 2010; Grøn et al., 2012; 

Fig 2. Derivatization efficiency of benzoic acid (green bars), mecoprop (yellow bars) and ibuprofen (blue bars) at various temperatures, reaction times, volume of 
derivatization agent, water addition and use of a drying agent. Treatment 1) 0.45 h, 22 ◦C, 100 µL 0.5 M HCl, 2) 2.22 h, 22 ◦C, 100 µL 0.5 M HCl, 3) 1 h, 59±1 ◦C, 100 
µL 0.5 M HCl, 4) 22 h, 59±1 ◦C, 100 µL 0.5 M HCl, 5) 48 h, 59±1 ◦C, 100 µL 0.5 M HCl, 6) 25 h, 59±1 ◦C, 200 µL 0.5 M HCl, 7) 25 h, 59±1 ◦C, 200 µL 0.5 M HCl, 40 
µL water and 8) 25 h, 59±1 ◦C, 200 µL 0.5 M HCl, 40 µL water and drying agent. 
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Hunkeler et al., 2012). The concentrations of both chloroform and 
benzoic acid is the highest at Jy3. Otherwise the correlation between the 
biomarkers is weak, e.g., chloroform is <0.02 µg/L at Jy6 where the 
concentration of benzoic acid is second highest; while Jy5 contain the 
second highest concentration of chloroform (0.16 µg/L) but the lowest 
concentration of benzoic acid (0.19 µg/L). 

The soil types seems to not explain the observed difference between 
Jy3 and Jy5 benzoic acid concentrations, as layers at the wells consist 
mainly of sand and gravel, which would facilitate leaching of benzoic 
acid formed in the topsoil (Supporting information, Fig. S3). In the 
upper soil (0-1.5 m) within a radius of 800 m from the wells there are a 
higher content of clay at Jy3 (31.8%) then Jy5 (19.4%) (Supporting 
information, Table S3). If sorption of benzoic acid to the clay is 
contributing significant to the concentrations then Jy3 should have the 
lowest content, which is not the case. 

When comparing the main chemical constituents in the groundwater 
(see supporting information Table S4) at Jy5 with Jy1, Jy3, Jy4 and Jy6, 
it has higher content of hydrogen carbonate (376 mg/L, 205-367 mg/L), 
non-volatile organic carbon (2.4 mg/L, 1.2-2 mg/L), nitrate (45 mg/L, 
16-32 mg/L) and sulphate (79 mg/L, 32-75 mg/L). Nevertheless, lower 
values for oxygen (3.4 mg/L, 8.3-11.0 mg/L), pH (7.13 mg/L, 7.18-7.83 
mg/L), phosphorus/total-P (0.010 mg/L, 0.012-0.028 mg/L) and 
orthophosphate-P (0.009 mg/L, 0.010-0.028 mg/L). The small differ-
ences in the main chemical constituents at Jyderup Skov cannot explain 

the lower concentration of benzoic acid at Jy5. 
Table 1 
Szwajkowska-Michałek et al. (2020) found that the concentration 

range of benzoic acid in needles from different types of coniferous threes 
varies [fir (216.4-239.3 mg/kg d.w. needles), larch (48.5-60.5 mg/kg d. 
w. needles), pine (8.5-12.5 mg/kg d.w. needles) and spruce (0.7-6.9 
mg/kg d.w. needles)]. The groundwater catchment area at Jy5 might 
have coniferous three types with lower needle content of benzoic acid 
then the other wells in Jyderup Skov (Jy1, Jy3, Jy4 and Jy6). This could 
be a reason why Jy5 has a lower concentration of benzoic acid. 

The hydraulic conductivity may vary within short distances 
depending on clay content and soil porosity. Fig. 4 and Fig. S3 demon-
strates the large variation in soil properties often found even within 
short distances. Other soil properties also may vary within short dis-
tances affecting organic matter decay and hence benzoic acid concen-
trations. Consequently, more samples at each site are needed to 
determine the impact of short scale variation on benzoic acid 
concentrations. 

Ibuprofen 
Ibuprofen is expected to enter groundwater solely from anthropo-

genic inputs, and most likely due to contamination with wastewater 
from households. Ibuprofen was quantified in six replicates from one 
well in Haderup (0.0070 ± 0.0023 µg /L) and in one well from Skive 

Fig 3. EICs of benzoic acid methyl ester (136 m/z), ibuprofen methyl ester (220 m/z) and mecoprop methyl ester (228 m/z), marked with stars. Inserted are the 
compound structures. 

Fig. 4. Area of coniferous forest in hectare (ha) 
in a radius of 800 m from each well (National 
Environmental Research Institute of Denmark, 
2000). Blue diamonds: Jyderup Skov (Jy) and 
all other samples in black circles. 
Peter Christensen conceived the idea and all 
Authors conceptualised it. Peter Christensen 
collected the samples and carried out the 
experiment, Peter Christensen, Jan H Chris-
tensen and Mette Christensen wrote the manu-
script with support from Hans Christian B 
Hansen and Ole K Borggaard. Jan H Christensen 
and Mette Christensen verified the analytical 
methods and the data. All authors discussed the 
results and contributed to and accepted the 
final manuscript.   
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(0.0032 µg/L) indicating anthropogenic inputs. Ibuprofen was below 
detection limit in all other samples. 

At Haderup the groundwater table is shallower than at the other sites 
and the sediments are dominated by sand (Fig S3). Both factors favor 
ibuprofen occurrence in the groundwater, especially because soil sorp-
tion and persistence of ibuprofen is very limited compared with other 
pharmaceuticals and care personal products (Xu et al., 2009). Together 
these factors may explain that only one Haderup well (Ha4) contained 
measurable ibuprofen as sediment composition and/or microbial ac-
tivity at the three sampling plots may be slightly different. Once again, 
the importance of sampling strategy and the number of samples are 
emphasized, especially when looking for easily degradable and leach-
able compounds such as ibuprofen. Ibuprofen has, to the authors’ 
knowledge, never been quantified in Danish groundwater samples and is 
not included in the Danish monitoring program (GRUMO) (Thorling 
et al., 2021). 

Mecoprop 
Mecoprop was detected in two samples, sample Es8 (Espergærde) 

and Fe4 (Fellerup), at concentrations of 0.0095 and 3.3 µg/L, respec-
tively. The EU threshold for pesticides in water of 0.1 µg/L (Council 
Directive 98/83/EC) is thus severely exceeded for the Fe4 sample. The 
depth of the vadose zone at Espergærde is very different from 7 m (as at 
Es8) to 70 m as is the sediment composition (Fig S3). However, the 
sediments are dominated by sand, which together with the rather 
shallow groundwater may explain the mecoprop occurrence in Es8. The 
sediments at Fellerup have higher clay contents, and the difference in 
the depth to the groundwater is more modest than at Epergærde. 
Mecoprop is included in the Danish monitoring program for ground-
water (GRUMO) and analyses performed in this program showed <0.01 
µg/L in Es8 and 4.6 µg/L in Fe4, in fair agreement with the results of the 
present investigation. Mecoprop is mainly associated with agricultural 
use (Buss et al., 2006; Lapworth et al., 2006; Idowu et al., 2014), and 
most of the sampling wells are dominated by agriculture, including Es8 
and Fe4 where 34 and 76 % of the main land use in a radius of 800 m 
from the groundwater abstraction well is agriculture. 

Conclusion 

A combination of NTS analysis and retrospective quantification was 
used to quantify three chemical markers in Danish groundwater samples 
(benzoic acid, ibuprofen and mecoprop). After storage of a methanolic 
SPE extracts at -20 ◦C for 3 years the method was able to reliably 
quantify the compounds. 

Benzoic acid was quantified in all sample wells. Our results indicate 
that benzoic acid is a biomarker for coniferous forest as on average 330 

times higher concentrations of benzoic acid were detected in areas with 
extensive conifer forest in comparison to areas without. In contrast, the 
drug Ibuprofen and the pesticide mecoprop were only detected in a few 
sample wells indicating hot-spot contamination of the groundwater due 
to human activities. 

We found that land-use has a clear effect on the concentration of the 
three chemical markers but our results also indicate that the hydraulic 
flow and the thickness and composition of the vadose zone has an effect 
on a local scale as even closely located wells can have several orders of 
magnitude different concentrations. Thus, sampling strategy and num-
ber of samples at each site must be strictly controlled in order to allocate 
contents of compounds such as benzoic acid, ibuprofen and mecoprop as 
chemical markers of specific land-uses. 
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Szablewska, K., 2020. Phenolic Compounds in Trees and Shrubs of Central Europe. 
Appl. Sci. 10, 6907. https://doi.org/10.3390/app10196907. 

Thorling, L., Ditlefsen, C., Ernstsen, V., Hansen, B., Johnsen, A.R., Troldborg, L., 2021. 
Grundvand. Status og udvikling, Copenhagen, 1989 –2019.  

Xu, J., Wu, L., Chang, A.C., 2009. Degradation and adsorption of selected 
pharmaceuticals and personal care products (PPCPs) in agricultural soils. 
Chemosphere 77, 1299–1305. https://doi.org/10.1016/j. 
chemosphere.2009.09.063. 

Yelle, D.J., Wei, D., Ralph, J., Hammel, K.E., 2011. Multidimensional NMR analysis 
reveals truncated lignin structures in wood decayed by the brown rot basidiomycete 
Postia placenta. Environ. Microbiol. 13, 1091–1100. https://doi.org/10.1111/ 
j.1462-2920.2010.02417.x. 

Council Directive 98/83/EC of 3 November 1998, on the quality of water intended for 
human consumption. Council of the European Union, Official Journal of the 
European Union L 330 5.12.1998, 32: 2015. 

P. Christensen et al.                                                                                                                                                                                                                            

https://doi.org/10.17221/590/2012-PSE
https://doi.org/10.1007/s10661-011-2035-5
https://doi.org/10.1021/es204585d
https://doi.org/10.1080/09593330.2014.891658
https://doi.org/10.1080/09593330.2014.891658
https://doi.org/10.1016/j.chroma.2009.05.009
https://doi.org/10.1016/j.chroma.2009.05.009
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0015
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0015
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0015
https://doi.org/10.1111/j.1747-6593.2005.00007.x
https://doi.org/10.1111/j.1747-6593.2005.00007.x
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0001
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0001
https://doi.org/10.3390/molecules25051026
https://doi.org/10.1016/0269-7491(93)90211-6
https://doi.org/10.3390/app10196907
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0020
http://refhub.elsevier.com/S2666-7657(22)00016-3/sbref0020
https://doi.org/10.1016/j.chemosphere.2009.09.063
https://doi.org/10.1016/j.chemosphere.2009.09.063
https://doi.org/10.1111/j.1462-2920.2010.02417.x
https://doi.org/10.1111/j.1462-2920.2010.02417.x

	A retrospective quantification study of benzoic acid, ibuprofen, and mecoprop in Danish groundwater samples
	Introduction
	Experimental
	Sampling
	Principal component analysis of land use data
	Chemicals and sample preparation
	Optimization of the derivatization
	Derivatization and DLLME (final method)
	GC-MS analysis
	Quantitative analysis

	Results and discussion
	Derivatization optimization
	Initial identification of target compounds
	GC-MS quantification of target analytes
	Benzoic acid
	Ibuprofen
	Mecoprop


	Conclusion
	Acknowledgements
	Supplementary materials
	References


