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Svensk Sammanfattning 
I denna rapport beskrivs resultatet av ett doktorandprojekt vid Umeå universitet som initierats 
och finansierats av Naturvårdsverket. Inom detta projekt utvecklades innovativa metoder för att 
skapa och använda digitala arkiv för miljörelaterade prover, såsom biologisk vävnad, sediment 
och rötslam. Digitala arkiv skiljer sig från traditionella miljöprovbanker genom att resultat från 
analys av miljöprover fryses digitalt, istället för att fysiska prover placeras i frys.  

För att testa detta nya koncept utvecklades nya metoder för omfattande kemisk analys av slam 
från avloppsreningsverk. Avloppsslam är spännande för att det kan ge en integrerad bild av vilka 
kemikalier som används i samhället. Slam används också bland annat till gödsling av åkermark 
vilket kan leda till spridning av farliga kemikalier till miljön och därmed exponering av olika 
organismer, inklusive människa. 

De nyutvecklade metoderna möjliggör analys och efterföljande identifiering av miljöföreningar 
med vitt skilda kemiska egenskaper. De inkluderar icke-specifik provberedning och omfattande 
analys av avloppsslam med gaskromatografi (GC) respektive vätskekromatografi (LC) kopplat till 
högupplösande masspektrometri. För beredning av prover för GC-analys utvecklades två olika 
metoder för extraktion av föroreningar och eliminering av potentiellt störande ämnen, 
exempelvis fett och humus. Likaså optimerades extraktionstekniker för LC-analys. Genom att 
komplettera de båda metoderna för GC-analys med en för LC-analys kan miljöföroreningar med 
varierande stabilitet, storlek och polaritet analyseras. Det utvecklades även ett robust 
retentionindexsystem för tvådimensionell gaskromatografi (GC×GC) baserat på relativ retention 
i förhållande till polyetylenglykoler, liksom metoder för att beräkna retentionstider och index. 
Bäst resultat uppnåddes med en multivariat prediktion med hjälp av molekylära deskriptorer. 
Tillsammans underlättar dessa verktyg identifiering av nya potentiella miljögifter. 

Analys av tidstrender användes för att prioritera bland detekterade föroreningar, till exempel 
för att finna föroreningar som ökar i halt med tiden. Tusentals föroreningar med statistiskt säker-
ställda tidstrender upptäcktes och flera hundra av dem kunde ges en preliminär identitet. 
Föroreningar med starkt ökande trender inkluderade exempelvis kemikalier med UV-
blockerande egenskaper som används i solskyddsmedel. Slutligen presenteras nuvarande status 
och utsikter för framtida användning av digitala arkiv. Lämpliga rutiner för digital arkivering 
diskuteras och det ges rekommendationer för varje steg, från insamling av prover, genom 
instrumentanalys till lagring av slutdata. Förhoppningen är att digitala arkiv framöver helt eller 
delvis kan ersätta miljöprovbanker för miljögiftsstudier och därmed undvika problem såsom 
begränsad tillgång till material, nedbrytning eller kontamination under lagring. 
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Abstract 
This report describes the results of a doctoral project at Umeå University, which has been 
initiated and funded by the Swedish Environmental Protection Agency. Within this project, 
innovative methods were developed to create and use digital archives for environmental 
samples, such as biological tissue, sediment and sludge. Digital archives differ from traditional 
environmental specimen banks by the fact that results from analysis of environmental samples 
are digitally frozen, instead of physical samples being stored in freezers. 

To test this new concept, new methods were developed for extensive chemical analysis of sludge 
from sewage treatment plants. Sewage sludge is interesting because it can provide an integrated 
picture of which chemicals are used in society. It is also e.g. used for the fertilization of arable 
land, which can lead to release of hazardous chemicals to the environment and subsequent 
exposure of various organisms, including humans. 

The newly developed methods enable analysis and subsequent identification of environmental 
contaminants with widely differing chemical properties. They include non-destructive sample 
preparation and comprehensive analysis of sewage sludge with gas chromatography (GC) or 
liquid chromatography (LC) coupled to high resolution mass spectrometry. For the preparation 
of samples for GC analysis, two methods were developed for extraction of contaminants and 
elimination of potentially interfering substances, for example fat and humus. In addition, 
extraction techniques for LC analysis were optimized. By supplementing the two methods for GC 
analysis with one for LC analysis, environmental pollutants with varying stability, size and 
polarity can be analysed. It was also developed a robust retention index system for two-
dimensional gas chromatography (GC × GC) based on relative retentions versus polyethylene 
glycols (retention indices), as well as methods for calculating retention times and indices. Best 
results were achieved with a multivariate prediction method using molecular descriptors. 
Together, these tools facilitate identification of new potential environmental pollutants. 

Time trend analysis was used to prioritize among the detected contaminants, for example, to 
find contaminants that increase over time. Thousands of contaminants with statistically 
significant time trends were discovered and hundreds of them could be given a preliminary 
identity. Contaminants with greatly increasing trends included, for example, chemicals with UV 
absorbing properties used in sunscreens. Finally, the present status and prospects for future use 
of digital archives are presented. Appropriate digital archiving routines are discussed, and 
recommendations are made for each step, from sample collection, through instrument analysis 
to data storage. It is likely that, in the near future, digital archives can partially or completely 
replace environmental sample banks in environmental pollutant studies and thus avoid 
problems such as limited access to materials, degradation or contamination during storage. 
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Introduction to non-target screening and digital archiving 
Unknown and new, emerging compounds greatly outnumber the known and regulated 
compounds (like the mass of an iceberg; most of which is hidden under water and is not easily 
detectable). In navigation, technologies such as radar and sonar are used to detect icebergs. 
Similarly, in environmental analysis we use modern technologies such as gas chromatography 
(GC), liquid chromatography (LC) and high resolution (HR) mass spectrometry (MS) to identify 
pollutants in environmental samples. In “target screening” and ”suspect screening” approaches, 
analysts focus on known compounds that are expected to be in the samples (the visible tip of 
the metaphorical iceberg), but “non-target screening” enables capture of new or unexpected 
compounds (some of the previously hidden ice).  
 
The identification of unknown compounds via LC-MS is considered more complex than 
identification via GC-MS. In GC-MS analysis, spectra generated with electron ionization (EI) are 
comparable across all instruments, and several extensive commercial libraries (for example, the 
NIST library) that facilitate the identification of unknown compounds have been compiled. In 
contrast, since LC-MS usually involves soft ionization techniques (e.g., ESI), often only a 
molecular ion (with various adducts) can be detected and no characteristic spectrum is obtained. 
Using LC-MS/MS, however, allows the generation of fragment ions, but no standard collision 
energy has been defined yet, and big differences between different instrument designs and 
vendors exist. Consequently, only a few commercial libraries are available, and most are MS 
instrument- and vendor-specific. Generally, they include only a few thousand compounds, while 
GC-MS libraries are considerably larger. Nevertheless, the existing libraries can be used for 
suspect screening. In addition to these MS/MS libraries, simple lists of suspected analytes and 
the corresponding formulae as well as chromatographic retention time information (if available), 
can be used to perform a suspect screening. However, to ensure that a compound is correctly 
identified, a reference standard should be used for confirmation. Recently, an article describing 
several levels of confidence for the identification of unknown compounds via LC-MS analysis was 
published [1], see Figure 1.  

 

 
Figure 1. Identification level classification scheme. Adoped from Schymanski et al. 2015 [1]. 
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To reach level 1, the highest confidence level, confirmation using a reference standard is 
necessary. Level 2 confidence is obtained by determining, at one of two sub-levels, a “probable 
structure”. Using MS/MS libraries to perform a suspect screening would result in level 2a 
confidence. Level 2b confidence is reached by excluding all, but one, possible structure. This can 
be done using fragment information obtained from MS/MS spectra (for example, by using 
computer aided in-silico fragmentation tools) or information about the precursor ion (e.g. 
isotope distribution). At level 3, a tentative candidate structure determined from a formula 
(using accurate mass measurements of the molecular ion), MS/MS data, and retention time 
information, is obtained. At level 4, only a molecular formula is assigned, whereas, at level 5, 
only the accurate mass could be determined. 
 
Several different methods exist for the comparison of retention times across different 
instruments. These methods usually involve some kind of reference compounds and calculate 
so-called retention indices (RIs) in relation to those. Although RIs were traditionally developed 
for GC purposes, newer studies developed similar methods for LC. The most widely used RI for 
GC is the Kovats index (isothermal GC temperature) or linear retention index (LRI; temperature 
programmed version of the Kovats index) [5,6]. This retention index uses a series of n-alkanes as 
reference points to calculate the respective RIs, as explained further down.  
 
The ultimate goal, following this project, is to create digital archives. Digital archives are data 
repositories. In this case containing information related to organic pollutants in environmental 
matrices. This information is typically generated using a chromatographic technique (GC, LC, 
GC×GC, or other combinations), which separates the sample components, and an MS detection 
system. Such analysis yields three (or more)-dimensional data, i.e., chromatograms linked to 
mass spectra that show the intensities of ion species. The data size increases with the resolution 
of the analytical system. Thus, GC×GC and high-resolution MS generate very large datasets. 
 
In the future, we would like to store large amounts of data in digital archives, i.e. repositories, 
for use by researchers, authorities, and other stakeholders. In addition to the raw data, 
processed data files could be uploaded in the form of peak tables with accurate masses or 
formulae and intensity information for already obtained results. Such data repositories could be 
either open so that everyone can upload information or restricted so that only a few users can 
upload data. 
 



Methodology 

Introduction 
The analysis of environmental samples always starts with sampling, i.e. collection of samples. 
For the first part of the project; method development, sewage sludge was collected from a 
sewage treatment plant (STP) in Umeå (Sweden). In analytical contexts, such a bulk medium is 
also called a matrix. Other environmental matrices include water, soil and air. After sampling, 
compounds of interest must be extracted from the matrix, and, for example, transferred to an 
appropriate solvent. Since not only compounds of interest but also other, unwanted, compounds 
(for example lipids, i.e. fats and oils) are transferred to the extraction solvent, further clean-up 
of the samples is sometimes needed to remove unwanted substances and thus enable better 
analysis. Chromatographic techniques are used to separate the various man-made and biogenic 
compounds present in the purified extract and mass spectrometry is used for detection, 
identification and (semi-)quantification.  
 

Sample extraction and clean-up 
One of the main aims of the project was to develop a robust approach for comprehensive non-
target screening of sewage sludge. In non-target screening, non-destructive discriminating 
clean-up technique are preferred to retain as many compounds of interest as possible.  
 
To cover all compound contaminant classes in sewage sludge and other abiotic matrices, which 
differ in size and polarity, several methods must be applied. For this purpose, two methods for 
GC-MS analysis (PLE and SPLE) and one method for LC-MS (BeadBeater) was developed. Figure 2 
gives an overview of the three methods and their coverage of the chemical space. 
 
The pressurized liquid extraction (PLE) technique is an exhaustive extraction technique, which 
needs to be combined with a clean-up step. In this case, gel permeation chromatography (GPC) 
was used to remove unwanted macro-molecular matrix compounds. Unavoidably, some large 
analytes will also be lost. Hence, the PLE method will allow analysis of small and medium-sized 
compounds. 
 

 
Figure 2. Overview of methods developed. 
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The PLE/GPC method is complemented with a selective PLE (SPLE) method with silica, a polar 
sorbent, for on-line clean-up to remove polar matrix compounds. Naturally, polar analytes will 
also be removed from the extracts. Hence, the SPLE method will extract analytes of low to 
medium polarity. By decreasing the amount of co-extracted interfering matrix compounds from 
sewage sludge through adsorption of matrix compounds to the clean-up agent, the SPLE extracts 
can be analysed directly after the extraction (including only a small non-invasive step to remove 
bulk sulphur).  
 
To further complement those GC methods, an LC method was developed and used for the 
analysis of larger and more polar compounds. The only compounds that are not covered by any 
of the proposed techniques are very large and non-polar compounds (e.g., plastic polymers). 
Further details on the extraction and clean-up techniques are given elsewhere [2,3]. 
 

Instrumental Analysis 
Since the extracts are usually complex mixtures (containing many compounds of interest and 
other, unwanted compounds), the sample constituents are separated using a chromatographic 
technique, either GC or LC. In GC, a gas is used as a mobile phase that passes through a thin 
capillary column while in LC a liquid solvent is used that passes through an LC column. The 
compounds are partitioned between the mobile phase and column material and thereby 
separated in time depending on their physico-chemical properties. 
 
After the chromatography, the separated sample constituents (analytes) are directly introduced 
into a detection system where signals are recorded. Those can be graphically displayed as 
“peaks” in chromatograms, specifying the analytes’ retention times and areas proportional to 
the amount of analyte eluting from the system. If, in addition, masses of the compounds causing 
the signals are recorded as well as the relative amount, spectra are obtained showing masses 
versus signal intensities (mass spectrum). The recorded signals can be transformed to 
corresponding amounts or concentrations through appropriate calibration. 
 
Good chromatographic separation is crucial to obtain “clean” spectra, showing clearly distinct 
peaks with no overlap, for unequivocal identification of compounds. However, in reality 
compounds often co-elute, i.e. have nearly identical retention times on the chromatographic 
column. Thus, their peaks substantially overlap. Several variables influence the separation of 
compounds in GC and LC. In both cases the type of stationary phase in the column is an important 
factor. To increase the separation, two columns that separate compounds by exploiting different 
properties can be used sequentially. This process is called comprehensive two-dimensional 
chromatography (GC×GC or LC×LC) if all analytes eluting from the first column enter the second 
column in small defined portions. The first dimension column in GC×GC is normally non-polar, 
which separates the compounds according to boiling point, coupled to a (semi-)polar secondary 
column, which separates the analytes according to polarity (roughly) [4]. Using GC×GC greatly 
increases peak capacities, and more peaks can be identified, a feature that was exploited 
throughout this project.  
 
In GC×GC small defined portions are introduced from the first chromatographic column to the 
second column in defined time intervals. The size of those portions is typically around one third 
of the first-dimension peak. Hence, the length of the interval is, theoretically, around a third of 
a chromatographic peak width. This value is called the modulation period, and typically ranges 
from 3 to 10 seconds. During this time, all analytes that enter the second column pass through 
it before the next portion enters the column. The second-dimension peaks originating from the 
same first dimension peak are called slices (see Figure 3, upper right corner). The slices are often 
stacked next to each other and used to create a two-dimensional (2D) or three-dimensional (3D) 
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chromatogram (Figure 3, bottom), with first dimension retention time on the horizontal axis, 
second dimension retention time on the vertical axis, and signal height represented by color (2D) 
or peak height (3D). For each time point in the chromatogram, one spectrum is recorded that 
shows which masses were obtained after the ionization including their corresponding intensities. 
 
  

 
Figure 3. GC×GC chromatograms: the translation from 2D to 3D chromatograms. 
 
 
After GC or LC separation the analytes are ionized, i.e. charged, and the mass-over-charge values 
(m/z) are determined by MS. Various techniques are available for ionization. Typically, the 
ionization occurs under vacuum in GC, but at atmospheric pressure in LC. In this project the most 
common ionization techniques for both GC (electron ionization; EI) and LC (electrospray 
ionization; ESI) were used. In EI, the analytes are bombarded with fast electrons. In addition to 
charging analytes, this can also fragment them, i.e. create smaller, sometimes characteristic, 
pieces. In ESI the compounds are ionized in a spray. A current is applied in the source that 
supports formation of small charged droplets from the mobile phase. Charges within the 
droplets are transferred to the analytes while the droplets disperse due to a heated gas flow. 
This is a rather mild (“soft”) procedure that cause little fragmentation of analytes.  
 
After the analytes are ionized or fragmented they are introduced into a mass analyser. There are 
many types of mass analysers. The type used in this study was high-resolution time-of-flight 
(TOF) MS. The charged analytes and/or analyte fragments (ions) are pushed from the ion source 
into the so-called flight tube and the time they spend traveling through the tube is measured by 
the instrument. While low weight compounds travel quickly through the vacuum in the tube, 
high molecular weight compounds are slower. The principle is similar to macromolecular 
phenomena. Imagine throwing a light tennis ball and a heavy football with the same force across 
a tennis field. The tennis ball will be faster than the football and reach the end of the field sooner. 
Similarly, small ions travel faster and reach the end of the flight tube sooner than large ions. So, 
when the ions reach the end of the flight tube, their flight times (which can be converted to 
masses) are recorded, and their numbers are counted in the detector. 
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Identification 
As previously mentioned, EI generates characteristic fragments of analytes that can be 
compared to entries in a mass spectral library. The NIST library was used in this project. It 
contains EI spectra for 267 000 compounds, experimental retention indices for 72 000 
compounds, and predicted retention indices for further > 100 000 compounds. Identification in 
EI-MS generally starts at Level 3 in Figure 1. The question is then, is the evidence strong enough 
to assign a tentative structure? To answer this, the agreement between the experimental and 
library spectrum (match score) and retention indices are considered. In GCxGC two retention 
time/index values are available, which can be used to support or reject a proposed structure. 
The final decision is based on the analyst’s collective experience, so-called “expert judgement”. 
 
In atmospheric pressure ionization (e.g. ESI) generally only the molecular ion can be seen. In 
addition, impurities present in the mobile phase sometimes form complexes with the analytes 
(so-called adducts), which can then also be seen. The term component is used to refer to the 
group of exact masses (i.e. adduct and isotopes) associated with one compound. To obtain 
characteristic fragments with soft ionization techniques, e.g. ESI, tandem mass spectrometry 
(MS/MS) was developed. Here, the ion source is connected to a first mass analyser, which is then 
connected to a collision cell. In this cell the ions are fragmented into smaller pieces, for example 
using collision induced dissociation (CID), and subsequently transferred to a second mass 
analyser and, finally the detector. 
 
In LC coupled to high resolution mass spectrometry (HRMS) the identification normally starts at 
Level 3 for suspect screening workflows and Level 5 for non-target screening (Figure 1). The two 
approaches for identification are summarized here: 
 

• Suspect screening is performed when prior information indicates that a given structure 
may be present in the sample. Thus, although no reference standard is available, the 
exact mass and isotope pattern calculated from the molecular formula plus or minus the 
expected adduct(s) of the suspect substance can be used to screen for this substance in 
the sample. 

 

• Non-target screening involves all remaining components detected in a sample where no 
prior information is available. Because no structural information is available in advance, 
a full non-target identification starting from the exact mass, isotope, adduct, and 
fragmentation information needs to be performed. 

 
The data analysis for environmental contaminants in non-target acquisition data can be 
performed in two main ways [1]. Traditionally, the presence or absence of each suspected 
substance had to be evaluated individually and manually using the extracted ion chromatogram 
(XIC). Nowadays, the screening for suspect and non-target compounds is often performed after 
peak detection with a suitable algorithm, and extraction of exact mass information. Whereas the 
first approach treats suspects preferentially (i.e., they can be detected in cases where the peak 
is of insufficient quality for automated peak detection), in the latter case the suspect compounds 
are effectively a subset of all the non-target components.  
 
Irrespective of the approach, evidence from the measurement data is needed to confirm the 
identification, including the isotope pattern, presence of additional adducts, RT, fragmentation 
information, and other experimental evidence.  
 
If sufficient MS (exact mass, isotope, adduct), MS–MS (i.e., fragmentation), and experimental 
information (e.g. retention behaviour, presence of related substances) is available, suspect and 
non-target components can gain in confidence through to Level 2 and even Level 1 after 
analysis of the corresponding standard for identifications (green arrows in Figure 1). 
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Results 

A new retention index system for GC×GC using polyethylene glycols 
As mentioned in previous sections, chromatographic retention time information can be used in 
the process of identifying compounds. Linear retention indices (LRIs) are widely used in GC 
analyses during compound identification. These indices are based on retention times of 
reference compounds (alkanes of different sizes) that have different elution times [5,6]. If, for 
example, n-decane, n-undecane, and n-dodecane elute after 7, 10, and 13.5 min, respectively, 
retention times of other compounds (for example, limonene) can be defined in relation to these 
times, thereby yielding retention indices (RIs). By definition, n-decane and n-undecane have LRIs 
of 1000 and 1100, respectively. If limonene would elute midway between these compounds 
(after 8.5 min), it would have an LRI of 1050. Indices, such as LRIs, are already used in GC analysis. 
However, no RIs are widely used yet for the second-dimension retention time in GC×GC analyses. 
Therefore, a new method of calculating such indices was developed.  
 
It was noticed that GC×GC analysis of polyethylene glycols (PEGs) resulted in several peaks 
spread almost equidistantly across the 2D space (e.g. Figure 4). This results from the incremental 
increase in both the first- and second-dimension retention times associated with a PEG oligomer 
unit (CH2CH2O). 
 

 

Figure 4. Illustrative chromatogram showing the elution of several PEGs (EG, PEG-2 till PEG-5), 
alkanes and, as an example, azobenzene, which was found at LRI 1641 and a PEG-2I of 67. 

 
Tabell 1. PEG-RI for the retention index markers used in this study. 

Reference compound Molecular formula Abbreviation PEG-RI 

n-alkanes CnH2n+2 
 

Cn 0 

Ethylene glycol C2H6O2 
 

EG 20 

Diethylene glycol C4H10O3 
 

PEG-2 50 

Triethylene glycol C6H14O4 
 

PEG-3 60 

Tetraethylene glycol C8H18O5 
 

PEG-4 70 

Pentaethylene glycol C10H22O6 
 

PEG-5 80 

Hexaethylene glycol C12H26O7 
 

PEG-6 90 

Heptaethylene glycol C14H30O8 
 

PEG-7 100 

Octaethylene glycol C16H34O9 
 

PEG-8 110 

Nonaethylene glycol C18H38O10 
 

PEG-9 120 

Decaethylene glycol C20H42O11 
 

PEG-10 130 

2

t
R,alkane

 

Azo- 

benzene 
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In our system, a value of 10 is assigned to an oligomer unit. The PEGs considered in this study 
have between two and 10 oligomer units (PEG-2 and PEG-10, assigned PEG-2I values of 50 and 
130, respectively. In addition, ethylene glycol (EG) is assigned a PEG-2I value of 20 (Table 1). The 
reference point of the system is the alkane band, i.e., all n-alkanes have a PEG-2I of zero. Hence, 
the PEG-2I is calculated as the distance of a compound from the alkane band followed by using 
a bracketing approach similar to the Kovats RI. 
 
The proposed new RI system is easy to use as it only requires one additional injection of a 
standard mixture containing n-alkanes and PEGs. It was also found to be robust against changes 
in GC settings and moderate changes in secondary-column diameter [7]. 
 

Retention time prediction 
Different compounds have different properties and therefore differing retention times that, 
combined with the corresponding RIs, can be used in the identification of unknown compounds 
by excluding possible structures from a list of candidates. However, the expected retention time 
or RI of a candidate structure is sometimes unknown, so comparison with our measured values 
is prevented. Therefore, two computational models (in-silico tools) for predicting the retention 
times and RIs were developed and compared.  
 
The retention times and RIs of almost 900 compounds have been measured and other properties 
(for example, the structure and molecular weight) of the compounds have been generated. The 
computational models then determine relationships (if any) between these attributes and the 
measured retention times and RIs. These relationships (equations) can be subsequently used to 
calculate the theoretical retention times and RIs of new compounds. 
 
GC×GC-MS analysis was performed with a non-polar × semi-polar column combination. Diverse 
types of compounds — e.g., pesticides, OPs, fatty acids, PAHs, dioxins and furans, bisphenols, 
polybrominated diphenyl ethers (PBDEs), and all 209 PCBs — were included in the analysis. 
These compounds were divided into three sets: a training set, a test set, and an external 
validation set. Molecular descriptors of each compound were then calculated using MOE [8] and 
Percepta [9] software, and two other software packages were used to model the retention times 
and RIs: SIMCA [10] and ChromGenius [11]. Details on the descriptor generation and model 
building are given elsewhere [12]. 
 
Overall, Partial Least Squares Projections to Latent Structures or (in short) Partial Least Squares 
(PLS) in the SIMCA software yielded the best models, Figure 5. The first-dimension models 
exhibited better precision (upper part in Figure 5) than their second-dimension counterparts. 
The average percentage variations in first-dimension retention time and retention index was 5% 
and 4%, respectively. The corresponding values for the second dimension were 5% and 12%.  
 
In the final models, the first dimension is primarily explained through boiling point and size 
related descriptors, while the second dimension is primarily explained through polarity/ 
polarizability related descriptors.  
 
The final models can now be used for non-target screening purposes. A detected peak may 
correspond to several possible structures that match the MS spectrum. If so, retention times or 
RIs can be predicted for each of these structures and compared with the measured values of the 
unknown compound. The deviations between the predicted (first- or second-dimension) and 
measured values for a possible candidate may lie outside the given error range which was 
defined in this study [12]. In such cases the candidate can be excluded, thereby reducing the list 
of probable structures. 
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Figure 5. Predicted vs. experimental values for the first- and second-dimension retention time 
(tR) and index (LRI, 2I) PLS models, respectively. 
 

Time trend analysis of sludge contaminants 
Time-trend studies are performed to determine if, for example, concentrations of certain 
compounds in the samples are increasing or decreasing over time. These are referred to as 
monotonic trends. A decreasing trend may indicate that a certain regulation or law applied to 
ban or limit use of a compound has been successful. However, increasing trends may reveal 
where laws are missing, and attention of both authorities and scientists is required. Increasing 
trends could reflect an increased production and use in society. Time-trend analyses can also 
show if a compound has increased up to a certain point and started decreasing again (or vice 
versa). These more complex patterns are called non-monotonic trends. For all trend analysis, 
statistical tests can be applied to determine if a trend is significant. 
 
The aim of this study was to detect monotonic and non-monotonic time trends in sewage sludge 
from Henriksdal sewage treatment plant (Stockholm) collected over 10 years (2005-2015). The 
sludge samples were obtained from the Swedish Museum of Natural History’s environmental 
specimen bank (ESB). The samples were analysed using the three methods (described above): 

• PLE followed by GPC, sulphur removal, and GC×GC-HRMS 

• SPLE with silica followed by sulphur removal, and GC×GC-HRMS 

• BeadBeater extraction with neutral and acidic solvents followed by LC-MS/MS in positive 
ESI (ESI+) and negative ESI (ESI-) modes 

These methods are referred to hereafter as the PLE/GC, SPLE/GC and BeadBeater/LC/ESI+ and 
BeadBeater/LC/ESI- methods, respectively. The data were first aligned and then reduced in a 
stepwise manner, by removing compounds that were: 

• detected with signals less than three times stronger than blank values 

• detected in less than two out of three replicates 

• detected in samples from fewer than four of the 10 covered years 
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We investigated two types of trends: log-linear and non-monotonic. Log-linear trends were 
investigated by linear regression analysis of the logarithmic data. Only trends that were 
significant with 95% probability (α=0.05) were considered. Slopes of the obtained curves 
represent the yearly increases or decreases of compounds’ concentrations in percent.  
 
Non-monotonic trends were investigated using a 3-point running average smoothing function 
(smoother). Suspected extreme values were detected using the distances between the 
measured and smoothed values. The limit was calculated using the average standard deviation 
for all points in a curve. A value was considered extreme if it deviated more than three standard 
deviations from the smoother function. Extreme values were never excluded from the dataset, 
but particular attention was paid to time series that included an extreme value by manually 
checking the quantification. 
 
Initial peak picking of the raw data resulted in 10 000s of peaks (PLE and GC 22 395 peaks ; SPLE 
and GC 36 560 peaks; LC and ESI+ 13 832 peaks, LC and ESI- 40 059 peaks). The amount of data 
was reduced stepwise, as shown in Figure 6. The first step of this procedure was removal of 
compounds that were found in the laboratory environment (blank removal). The second step 
only retaining peaks detected in at least two out of three replicates and thus eliminating all 
“randomly noise peaks (artefacts of the peak picking process). In the third and final step, 
compounds detected in less than four of the 10 covered years were eliminated. The two last 
steps yielded the greatest reduction in data size. Finally, only a fraction of the initially detected 
peaks was subjected to trend analysis (2-3% for GC and 14-43% for LC). 
 
 

 
Figure 6. Workflow for the time-trend analysis of sewage sludge via gas chromatography, GC 

(PLE and SPLE) and liquid chromatography, LC (ESI+ and LC ESI-). 

 
A log-linear regression and smoother analysis was performed to detect monotonic and non-
monotonic trends, respectively, in the remaining data. Almost identical numbers of compounds 
displaying increasing and decreasing log-linear trends were detected, but a slightly lower 
number of non-monotonic trends was detected in the PLE/GC dataset (Table 2). Significantly 
more compounds displaying decreasing than increasing trends were detected in the SPLE/GC 
dataset. The number of non-monotonic trends was equal to the number of decreasing trends. 

No. of peaks: 
PLE: 22395 
SPLE: 36560 
LC ESI+: 13832 
LC ESI-: 40059 

No. of peaks: 
PLE: 20545 
SPLE: 35858 
LC ESI+: 12025 
LC ESI-: 39870 

No. of peaks: 
PLE: 2755 
SPLE: 2704 
LC ESI+: 6810 
LC ESI-: 17615 

No. of peaks: 
PLE: 685 
SPLE: 813 
LC ESI+: 5964 
LC ESI-: 5570 
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removal 
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Table 2. Numbers of detected compounds in sewage sludge displaying log-linear (increasing 

and decreasing) and non-monotonic (smoother) trends 

Detection method 
Increasing 

trend 

Decreasing 

trend 
Smoother 

PLE/GC 51 55 43 

SPLE/GC 12 95 95 

BeadBeater/LC/ESI+ 939 295 786 

BeadBeater/LC/ESI- 832 229 598 

 

 

Time trends detected in the GC data 

Many hydrocarbons were found and were displaying trends in the SPLE/GC dataset, especially 
with the smoother function (pale green in Figure 7). Hydrocarbons comprised more than half of 
the compounds exhibiting a non-monotonic trend, while a few exhibited decreasing log-linear 
trends. In addition, PAHs (technically also hydrocarbons) constitute the second-largest group of 
compounds with a trend detected in the SPLE/GC dataset. Most compounds in this group 
displayed decreasing trends during the study period. These trends are consistent with the log-
linear trends (i.e., decreasing between 2005 and 2015) detected in the PLE/GC dataset, where 
PAHs rank among the largest groups. PAHs are generated mainly by vehicular emissions. 
However, the number of cars using fossil fuels and the use of cars older than 15 years has 
increased (up to 2016) [13], so the decrease in PAH concentrations is puzzling. It may have 
resulted from technological advances. Moreover, the overall fuel consumption of vehicles may 
have decreased, and the performance of catalysts may have improved, leading to a decline in 
PAH emissions. 
 
Another large group of compounds that characteristically displayed both log-linear and non-
monotonic trends in the PLE/GC dataset are classified as “other compounds” and will be 
discussed later.  
 
The group of flavour and fragrances and (other) natural substances exhibiting log-linear trends 
is rather small, but these compounds were disproportionately abundant in the set of compounds 
with trends detected by the smoother function. Moreover, most of these compounds exhibited 
increasing (log-linear) trends. This may have resulted from an increase in the use of natural 
substances in personal care products and other articles of daily use, as reported previously [14]. 
The last two groups, alkylbenzenes and aldehydes and ketones, constitute a rather small number 
of the detected compounds with significant trends.  
 

Time trends detected in the LC data  

The final evaluation of the BeadBeater/LC datasets is incomplete. So far, we have used two 
approaches to identify unknown compounds. Compounds displaying significant log-linear or 
non-monotonic trends in the ESI+ dataset have been tentatively identified through a suspect 
screening using MS/MS library data. In addition, both the ESI+ and ESI- datasets have been 
searched, using exact masses from compounds that exhibited significant changes in either the 
PLE/GC or SPLE/GC datasets.  

GC 

LC 



 16 

 

 

Figure 7. Percentages of detected compounds displaying significant log-linear and non-

monotonic trends in the PLE/GC and SPLE/GC datasets. In the log-linear trend pie charts, the 

number of compounds displaying increasing/decreasing tends, respectively, are given in bold. 

 

Time trends of selected compounds  

The time trends for individual compounds are summarized in Table 3. 
 
Significant changes (yearly increases of 41% and 19%, respectively) were observed for the UV-
filters homosalate and octocrylene, which are used in sunscreens. Interestingly, the number of 
sun-hours and the intensity of sunlight in Stockholm remained approximately constant during 
the covered period, so the use of UV-filters should have remained steady. However, the Swedish 
Medical Products Agency reported that the use of octocrylene and homosalate as UV-filters in 
cosmetic products increased between 2012 and 2016 [15,16], which may explain the increasing 
concentrations of these products in sewage sludge. Another UV-filter, 3-(4-methyl-benzylidene)-
camphor (4-MBC), displayed an opposite trend. Its concentration decreased (by 18% per year) 
during the study period. However, the overall decrease in 4-MBC only accounts for part of the 
increase in homosalate and octocrylene. Data from the Swedish Medical Products Agency 
indicate that use of 4-MBC remained unchanged between 2012 and 2016 [15,16]. Notably, 4-
MBC, homosalate, and octocrylene were detected in sewage sludge from the same STP in 
Stockholm in samples from 2009 and 2014 [17]. Those data concur with our results, which show 
that homosalate and octocrylene levels increased from 2009 to 2014, whereas the 4-MBC levels 
decreased.  
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Table 3. Results of the time trend analysis performed on GC and LC data showing detection 

with GC, and the level of confidence for identification with LC, yearly increase or decrease of 

log-linear trends, significance of non-monotonic trends (smoother), and extreme values (extr. 

values). For compounds identified in several datasets, results obtained using each of the 

methods are separated by a slash. GC: PLE, GC: SPLE, LC: ESI+, and LC: ESI- refer to the PLE/GC, 

SPLE/GC, BeadBeater/LC/ESI+ and BeadBeater/LC/ESI- methods, respectively. 

Compound 
GC: 

PLE 
GC: SPLE 

LC: 

ESI+ 

LC: 

ESI- 
Log-Linear 

Smoo-

ther # 

Extr. 

value 

Natural substances        

2,6-Xanthine     2a   22%     

Guanine     2a   46%    

Thymine     2a   26%     

Flavor and Fragrances        

1-(1,3,4,4a,5,6,7-Hexahydro-2,5,5-trimethyl-2H-2,4a-

ethanonaphthalen-8-yl)ethanone * 
x   4   -13%/-6%   2005/- 

Similar to Tonalid * x   4   4%    

Galaxolide impurity * x   4   6%    

Galaxolide impurity * x   4   4%    

Galaxolide impurity * x   4   4%    

6-Methyl-5-hepten-2-one * x     4 24%    

Plasticizers        

Tri(2-butoxyethyl) phosphate (TBEP) x   1   -13%/-7%     

Triphenyl thiophosphate    4   7%    

Diethylphthalate x       -4%     

Unknown Phthalate 1 x         *   

Unknown Phthalate 2 x         *   

Bis(2-ethylhexyl) phthalate     1     *   

4-Hexadecylbiphenyl   x    8%     

Pharmaceuticals and personal care products (PPCPs)        

4-(3,4-Dichlorophenyl)tetralone x       8%     

Homosalate x       41%     

Octocrylene x       19%     

Clozapine     1   5%     

Atazanavir     1     **   

2-Lauryl-p-cresol   x   4 19%    

3-(4-Methylbenzylidene)-camphor     2b   -17%   2005 

Triclosan x     4 -18%/-34%    

7-Pentylbicyclo[4.1.0]heptane x x     -9%   

Technical/Industrial chemicals        

2,5-Dichloroaniline x       30%    

4-tert-Octylphenol x         * 2013 

Tetraethylene glycol (PEG-4)     2b     **  

Hexaethyleneglycol (PEG-6)     2b     **  

4-Octyl-N-(4-octylphenyl)-benzenamine   x     -6%    

12-Hydroxystearic acid (Lexiol G21)     2b   4%    

Nonylphenol isomer 1 x       -10%    

Nonylphenol isomer 2 x       -18%   

Nonylphenol isomer 3 x       -8%    

Nonylphenol isomer 4 x       -10%    

1-Methyl-3-nonylindane or 1-Methyl-4-octyl-1,2,3,4-

tetrahydronaphthalene 
  x       *  

Process chemical        

Tetradecyl phenyl ester carbonate x       14%    

Tetradecyl phenyl ester carbonate x       10%    

Pentadecyl phenyl ester carbonate x       10%   

Pentadecyl phenyl ester carbonate x       10%    

Pentadecyl phenyl ester carbonate x       6%    

Pentadecyl phenyl ester carbonate x       10%     

C1-Carbazole   x       *   

# Compounds with no log-linear trend, but a smoother trend at 95% (*) or 99% (**) significance level. 
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The group of pharmaceuticals and personal care products (PPCPs) also includes pharmaceuticals 
or pharmaceutical impurities, for example, clozapine (an antipsychotic agent) and atazanavir 
(used to treat and/or prevent HIV and AIDS). Both compounds showed moderately strong 
trends. Clozapine exhibited a yearly increase of 5% and atazanavir a non-monotonic trend 
(Figure 8). Atazanavir prescriptions in Stockholm increased from 2006 to 2011 and decreased 
thereafter [18], which is consistent with the trends observed in sewage sludge (Figure 8). 
Similarly, clozapine prescriptions increased slowly, but constantly, between 2006 and 2015 [18]. 
Both compounds have been previously detected in wastewater from Stockholm [19], and 
sewage sludge [20]. Likewise, a yearly increase of 8% was observed for 4-(3,4-dichlorophenyl) 
tetralone (Figure 8), which had not previously been reported in environmental samples. This 
compound is considered a potential impurity of sertraline [21], a pharmaceutical used as an anti-
depressant. The increase in 4-(3,4-dichloro-phenyl)tetralone levels can, possibly, be attributed 
to an increase in the number of sertraline prescriptions in Stockholm between 2006 and 2015 
[18]. Interesting trends were also observed for disinfectants and compounds related to dyes and 
pigments. The concentration of triclosan (a disinfectant) decreased significantly during the study 
period, consistent with previously reported trends for triclosan in sewage sludge collected across 
Sweden [22].  
 

  

Figure 8. Time trends of Atazanavir, 4-(3,4-dichlorophenyl)tetralone and 4-tert-octylphenol 

(outlier indicated by the red circle). 

 
Extreme values among the data may indicate outliers and change points, as suggested by 
significant non-monotonic trends. Such a trend was observed for 4-tert-octylphenol, which 
increased until 2013 and then decreased again, as shown in Figure 8. Octylphenol is an 
intermediate in the production of phenolic resins, rubber, inks, and surfactants (octylphenol 
ethoxylates). In 2011, octylphenol was added to the list of compounds regulated by REACH, the 
EU legislation for chemicals, and classified as a Substance of Very High Concern. Hence, 
companies searching for replacements (in anticipation of its prohibition) might explain the 
decrease in octylphenol use after 2013.  
 

Future work 

Most of the identified compounds were obtained using the two GC methods (PLE and SPLE). The 
LC methods (BeadBeating followed by LC in ESI+ and ESI- modes) revealed many compounds 
with significant time trends. Unfortunately, many of those compounds remain unidentified. The 
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+8% 



 19 

identification of those compounds and a good means of handling the large amount of data will 
be considered in future work. 

Digital archiving 

Basic consideration 
The first question to ask when dealing with digital archiving is: What kind of data do we need? 
Several other questions also arise, including: How much data? What metadata (if any) should be 
included? What types of samples should be covered? How should we treat samples? What 
analytical aspects should be considered? What instrumentation do we need?   
 
The purpose of digital archives is the long-term storage of data over many years. To enable long-
term storage and still ensure good comparability, a harmonized approach for sample collection, 
clean-up, analysis, reporting and storage of data and metadata must be developed, and 
appropriate quality assurance measures must be taken. The key word in this sentence is 
harmonization. Providers of the archive must agree on a common format for data submission 
that will allow present and future (in 10 or 100 years) data analysis, comparison, and evaluation. 
When common ground is set for these values, a digital archive can be successfully created.  
 
The sampling, clean-up and chromatographic analysis is highly application specific and difficult 
to discuss in general terms. However, in the following sections some thoughts about mass 
spectrometric data acquisition, data evaluation, and long-term data storage will be presented. 

Sampling 
The most important part in this section is the proper recording of metadata around the sample 
collection. Sample volumes, types, locations, but also metrological data can be important in this 
step. Rainfall or extreme dryness can influence soils, sludges, or water concentrations and these 
data are often hard to recover after a few years have passed. Furthermore, a representative 
sample should be taken. However, all these considerations are not only necessary for digital 
archives but also for sample collection for environmental specimen banks which are already in 
place. 

Selection of ionization techniques for GC-MS and LC-MS  
Electron ionization (EI) at a standard electron energy of 70 eV is, by far, the most commonly used 
ionization technique for GC-MS. Spectra recorded at this energy are reproducible and can be 
compared across instruments and with entries in libraries. Thus, EI is the recommended 
ionization technique for GC-MS. However, sometimes a molecular ion is lacking, thereby 
hindering identification of unknown compounds. Molecular ions may be obtained during GC-MS 
analysis by using complementary techniques, such as chemical ionization (CI). In CI, ions are 
formed from a reagent gas (for example, methane) and then react with the analytes. This leads 
to formation of molecular or quasi-molecular ions (e.g., protonated molecular ions) that can be 
detected. Molecular ions may also be obtained via low-energy EI, also referred to as soft EI.  
 
In LC-MS, the most common ionization techniques (in descending order of use) are ESI, 
atmospheric pressure chemical ionization (APCI), and atmospheric pressure photoionization 
(APPI). These techniques can all be used in positive and negative modes to target different types 
of analytes. Some studies have reported that the matrix effects in APCI are weaker than those 
associated with ESI. However, ESI covers more compounds and is, hence, more universal than 
APCI. Therefore, ESI remains the generally preferred ionization technique for LC-MS. In contrast 
to ESI and APCI, APPI can ionize non-polar analytes. However, these analytes can generally also 
be analysed via GC-MS. Therefore, if only one ionization technique can be used, ESI is 
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recommended for sample analysis with LC-MS techniques aimed at digital archiving. Ionization 
with ESI should then be performed in positive and negative modes. In cases where two ionization 
techniques for LC-MS analysis can be used, a combination of APCI and ESI is recommended.  

Selection of data acquisition methods  
Full spectrum high-resolution mass analyser that provide accurate mass information should be 
used to maximize the number of identification points, thereby facilitating identification of 
unknown compounds. The two most widely used types of high-resolution mass analysers are the 
time-of-flight mass spectrometer (TOFMS) and orbitrap. 
 
The acquisition of GC-MS or GCxGC-MS data is straightforward. Full spectrum data is collected 
over the mass range of interest at a data collection rate that yields at least 10 data points across 
a peak. In environmental and human monitoring studies the mass range is often restricted to 
the size of compounds that may pass over biological membranes and, thus, be assimilated by 
organisms. Traditionally, this size limit has been 1000 Dalton, but somewhat larger compounds 
are sometimes detected in biota and the mass range may, therefore, be extended to 1200 Dalton 
or even 1500 Dalton if the instrumentation allows. 
 
Characteristic LC-MS fragment spectra, like EI spectra from GC-MS, can be generated by using 
MS/MS following LC. There are several possible operational modes. However, the two options 
suitable for non-target purposes (if the instruments support these modes) are auto-MS/MS and 
all-ion-MS/MS. Auto-MS/MS is a data-dependent acquisition method where a pre-scan is 
performed and the most abundant ion(s) is/are chosen for fragmentation and subsequent 
analysis. In practice, the number of ions that can be selected is limited to 3-10. In all-ion MS/MS 
mode, all ions are fragmented in the collision cell and detected.  
 
Both all-ion MS/MS and auto-MS/MS, can be performed at different collision energies. The 
advantage of auto-MS/MS is that a product ion can be directly linked to a precursor ion. The 
disadvantage is that ions (or analytes) with low signal intensities have low likelihoods of 
triggering MS/MS fragmentation, so their identification is difficult.  One of the main aims of 
digital archiving is to ensure high comparability of samples and maximize the coverage of 
analytes, so ideally fragmentation spectra are collected for all (or most) analytes and similar 
spectra are obtained across samples. This is prevented if some of the data are missing, owing to 
different precursors being chosen for fragmentation in auto-MS/MS. Hence, we recommend use 
of all-ion MS/MS at different collision energies if a specific fragmentation mode must be 
selected. If time and funding allow, auto-MS/MS could also be performed to create a 
complementary dataset.  
 

Data collection and storage  
Data that are stored in digital archives are collected over many years. However, changes in the 
sampling or analytical procedures may occur, possibly due to improvements in these procedures, 
the workflow or analytical techniques. As previously mentioned, providing maximum 
information about the samples and analyses (metadata) is essential for data archiving. The 
information and metadata will be helpful for data interpretation. Changing the analytical 
instrument directly affects the resulting measurements and can lead to time series artifacts. 
Hence, when changing to a newer analytical technique or different sampling procedure, 
simultaneous processing of samples using the old and new methods is recommended.  
 
Furthermore, a harmonized Data Collection Template (DCT) should be used to ensure that 
enough information is always provided when data are uploaded. Such a DCT has been developed 
and are used by the Network of reference laboratories, research centers and related 
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organizations for monitoring of emerging environmental substances (NORMAN). It requires, e.g. 
use of retention reference compounds to ensure good comparability between datasets.  
 
Ideally, open data formats should be used to ensure that data stored in digital archives can be 
accessed by everyone. One of the most common open formats is mzML, which was developed 
by merging the previously used formats mzXML and mzData, through joint efforts of various 
organizations (including instrument vendors) and is based on Extensible Markup Language 
(XML). Another XML based format, Analytical Data Interchange Format for Mass Spectrometry 
(ANDI-MS), is based on netCDF and was developed by the American Society for Testing and 
Materials (ASTM). The netCDF or ANDI-MS file format is often used for GC-MS data. The most 
common open source or vendor-independent file format for LC-MS is mzML. This format is, for 
example, supported by the NORMAN Digital Sample Freezing Platform (DSFP), which was 
recently released [23]. 
 
The DSFP holds a project description and DCT for non-target screening, while the actual raw data 
is stored at the site of the data provider. An automated peak picking operation may be 
performed, followed by a retention-time normalization. Thereafter, individual compounds can 
be searched by specifying a mass of interest and a retention index or by selecting one of several 
suspect lists. The compounds can then be searched in all chromatograms in the selected studies. 
In addition, interactive maps are available. These can be used, for example, to show the 
detection of compounds across Europe, thereby allowing the determination of sources. In the 
current test phase, only LC-MS data are included, but the inclusion of GC-MS data is planned. 
 

What can digital archives be used for?  
How can we use the archived data and why do we want to create digital archives? Archives 
enable retrospective analysis. For example, imagine that analysis of a recently collected sample 
of sewage sludge (or any other matrix) reveals a new compound that has not been previously 
detected. Retrieving data files for samples from previous years (if available) and extracting the 
necessary information from digital archives will enable researchers to find out if the compound 
was not previously present in the sampled matrix, or was simply unidentified or undetected due 
to the use of automated processes.  
 
The archived data can also be used for time-trend analysis, as presented above. The data can be 
aligned using the retention markers previously suggested and then normalized through labelled 
reference standards that were added to compensate for changes in instrument sensitivity. This 
will allow comparison of data collected during different years, thereby enabling subsequent 
time-trend analysis.  
 
As previously mentioned, digital archives would also allow comparison of data from different 
countries (if the archives are open for this purpose) or different matrices. For example, if a 
compound is found in sewage sludge, the compound’s origin, such as the wastewater, may be 
of interest. Similarly, sediment or water from a lake can be subsequently compared with fish 
samples obtained from that same lake, other lakes or nearby rivers. The archived data can be 
used in several ways and many research questions can be addressed. The accessibility of data 
(easy, quick, and transnational if allowed by the archive), is a major advantage of digital archives. 
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Conclusion 

Through the use of several complementary untargeted analysis methods it is possible to cover a 
large part of the universe of organic chemicals. However, non-targeted analysis procedures are 
prone to artefact formation and it is important to use carefully crafted data evaluation methods 
to distinguish meaningful information from background/system noise. The final identification of 
sample constituents is often a tedious and time-consuming task. Therefore, hypothesis-directed 
studies are recommended over wide non-target screening to limit the number of sample 
constituents that needs to be identified. 
 
Digital archiving is a very attractive alternative to storage of physical samples (specimens) but 
requires careful harmonization to allow future retrospective analyses. It is recommended that 
such digital archiving efforts are started on a small scale and is expanded once the methodology 
has reached maturity. 
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