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a b s t r a c t

On-line measurements of metal emissions in energy conversion systems at very low concentrations are
difficult to perform using existing techniques. Metals are of high importance due to their detrimental
impact on human health, the environment and various industrial processes and/or equipment. Herewith
and for the first time, we report the real-time detection and characterization of metals and trace ele-
ments in a Swiss biogas production plant using a novel technology based on an extractive electrospray
ionization (EESI) source coupled to a high-resolution time-of-flight mass spectrometer (TOF-MS). The
deployment examines the ability of the EESI-TOF to resolve highly transient signals, while providing a
relatively straightforward and well-characterized platform for in-field diagnostic measurements. The
EESI-TOF-MS was operated in the negative ion production and detection mode, and qualitative and
quantitative results for a range of trace metals (e.g. Fe, Cu, Zn, Cd, Pb, etc.) were obtained. On-site results
showed fast responses (1 Hz) and detection limits below 3 ng/m3. In addition, the EESI-TOF-MS was used
for the off-line analysis of condensable trace metals of biogas samples collected using a continuous
liquid-quench sampling system in 2-propanol. The results of the offline and online methods were
compared and show good agreement.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biomass energy is considered as one of the renewable energy
sources that meets climate change goals and contributes to the
circular economy. It refers to the conversion of biogenic waste such
as agricultural, industrial and domestic waste into solid, liquid and
biogas fuel. Bioenergy conversion processes include thermal (i.e.,
combustion, torrefaction, pyrolysis, gasification), biochemical (i.e.
anaerobic digestion, fermentation, composting) and
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electrochemical procedures. One of the most common biogas pro-
duction techniques is anaerobic digestion, during which specific
groups of microorganisms promote a sequence of chemical pro-
cesses and decompose biodegradable organic material (e.g. sewage,
municipal waste, agricultural waste, manure, and food waste). The
chemical composition of the feedstock, the bacterial substrate and
the available nutrients have a direct effect throughout the whole
process and determine the production efficiency and quality of the
final biogas and side products [1]. Raw biogas is a complex mixture
of output gases, primarily consisting of methane (50e75%), carbon
dioxide (20e45%) and traces of other gases such as nitrogen, oxy-
gen and hydrogen as well as volatile organic compounds, hydro-
carbons, organohalogens, organosulfur compounds, or siloxanes
[1e4].

Trace levels of metals have been found in biogas samples in
various concentrations depending on the origin of the feedstock or
the origin of the biogas itself. Representative elements include
mercury, zinc, arsenic, tin, copper and vanadium. In addition,
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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analysis of solid deposit samples from engines using biogas have
shown the presence of trace levels of antimony, zinc, arsenic, tin,
aluminum, and titanium [5e8]. In industrial facilities involving en-
ergetic gas-degrading treatment processes,metals can cause damage
(e.g. corrosion, amalgamation, or deposit formation) to equipment
and installations essential for the biogas synthesis, distribution and
use (e.g., ppb levels of silicon and sulfur compounds can damage the
anode’s of solid oxide fuel cells) [8]. Even though there are recent
regulations and measurement standards set-up for monitoring
biogas composition (e.g. sulfur content, chloride and fluoride con-
centration, ammonia, amines, water, methane, carbon monoxide,
dust impurities, etc.), currently there are not yet established regu-
lations to determine the acceptable concentration levels of metals
[5e10]. The only exception is for volatile silicon compounds, which
according to the technical standard EN 16723 - Part 1 [9] should not
exceed 0.3 (pure) to 1 (diluted) mg/m3 and according to the EN
16723 e Part 2 [10], it should be � 0.5 mg/m3. Metal traces in
biomass feedstock or in combustion gas from sludge have also been
investigated [11e13]. The Commission Implementing Decision (EU)
2019/2010 [14] established the best available techniques conclu-
sions, under Directive 2010/75/EU of the European Parliament and of
the Council, for waste incineration. For a municipal solid waste
incineration plant, the sum of Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V. Cd
should have a value in the range 0.01e0.3 mg/Nm3. During com-
bustion of wastewater treatment sludge, the inorganic components
convert into ash, which contains a major fraction of heavy metals
such as Hg, As, Cd, Cu, Pb, Cr, Ni and Zn and siloxanes [15]. According
to the European legislation [16] (European Commission, Council
Directive 86/278/EEC), the maximum acceptable total heavy metal
concentration for Cd, Cr, Cu, Hg, Pb, Ni and Pb is 5, 800, 800, 5, 500,
200 and 2000 mg/kg of dry solids respectively. The Flemish VLAREA
[17] for the same heavy metals gives the following upper limit
thresholds: 6, 250, 375, 5, 300, 50, 900 2000 mg/kg of dry solids
respectively. Recent works on pyrolysis of end-of-life tires [18] and
polyurethane foam [19] indicate the impact of heavy metals on the
environment and industrial processes.

A major technological challenge for highly standardized quality
assurance of biogas production with low contaminants is the
development of on-line process analytical technologies/solutions
that will provide qualitative, quantitative and real-time chemical
information about the metal content. Existing mainstream meth-
odologies available in the scientific literature for the analysis of
trace metals in biogas include mainly off-line techniques. Element-
specific techniques such as inductively coupled plasma coupled to
mass spectrometry (ICP-MS) [20] or to optical emission spectros-
copy (ICP-OES) [21] have been successfully applied for the identi-
fication and qualitative analysis of metals in natural gas,
biomethane and biogas. Atomic absorption spectrometry (AAS) [5]
has also been used for the analysis of the chemical composition of
light and heavy metals in biogas reactors and those present in food
waste and sewage sludge planned to be used as feedstock in biogas
plants. These techniques are standard offline methodologies for
trace and ultra-trace analysis of liquid samples, but despite their
numerous advantageous analytical characteristics they are usually
not used for real-time, in-situ chemical analysis purposes. Samples
need to be firstly collected on filters, trapped in metal canisters or
in tubes filled with absorptive materials, in gas collection bags
(Tedlar bags) or pre-concentrated into organic solvents and then
transported back to the lab, stored, pre-treated and then analyzed
[22e24]. This implies lack of real-time, time-resolved chemical
information, which can be crucial for dynamic industrial processes.
Moreover, artifacts and errors may occur at the various stages due
to sample handling, and potential cross-contamination or chemical
instabilities within the sample matrix over long periods.

Since conversion of biomass to grid-quality biomethane is a
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major technological initiative throughout Europe for renewable
energy providers [1], the optimization of the bioenergy systems
requires versatile online analytical tools capable of measuring at
different process units (to complement existing offline analytical
methodologies). In general, online tools are needed to continuously
monitor the performance of cleaning systems in order to control
the gas quality and to protect the downstream equipment, whereas
offline measurements can be used for validation of the online
systems. The latter has a direct environmental impact if the trace
elements are relatively high and no-adequate adsorbent materials
are implemented during the processing of biogas. In addition, the
role of trace metals (e.g. Fe, Zn, Mo and Se) is to maintain a stable
and an efficient conversion process. These micro-nutrients act as
microbial agents in the anaerobic digestion process. However,
depending of the type of the substrate to be digested, some trace
metals (especially heavy metals) can have toxic effects and an
inhibitory impact on the digestion process at a certain concentra-
tion level. An online tool can monitor these metals, their presence
or absence, and may help to determine the actual demand of the
methane-forming bacteria for certain micro-nutrients [4e6].
Continuous online monitoring of metals is a non-trivial problem,
requiring sampling systems capable of dynamically adjusting to a
wide range of input gas/particle streams.

For this purpose, an extractive electrospray ionization (EESI)
source coupled to a field-deployable, high-resolution time-of-flight
mass spectrometer (TOF-MS), initially developed for metal detec-
tion in ambient atmospheric aerosol particles [25], was installed
and adapted in a biogas production plant in Switzerland to detect
in-real timemetals in the production and processing line. EESI is an
ambient soft ionization scheme that allows a clear molecular
identification and compositional characterization of compounds
from various origins [25e32]. Its novelty lies on the combination of
the selective gentle ionization of target compounds or groups of
compounds with real-time analysis. The operating principle of the
EESI is based on the interaction of a continuously sampled aerosol
plume colliding with a highly charged (positively or negatively)
spray of a solvent or mixture of solvents. Soluble components from
a sample flow are extracted into the spray, ionized by the Coulomb
explosion and then introduced into the mass analyzer for mass-to-
charge separation and detection [25,27]. The combination of the
EESI source with a transportable TOF-MS system fulfills the
demanding analytical requirements for on-site chemical analysis,
offering qualitative and quantitative information, high sensitivity
(low limits of detection e LODs in the sub ng/m3), fast response
times (1 s or faster), compound selectivity (depending on the
operating ionization mode and the selected reagent ions of the ESI
solution), high mass-to-charge resolution (up to 14,000 Th/Th),
repeatability, reliability (elimination of artifacts), robustness and
user-friendliness [25].

This study presents for the first time the successful integration
and application of an on-line EESI-TOF-MS to a dynamic industrial
process. The capability of the EESI TOF-MS to adjust to new com-
plex sampling environments is evaluated and its ability to perform
real-time measurements, on-line and off-line, is assessed.

2. Experimental procedure

2.1. Motivation and objectives

The motivation for this work is to apply a recently developed
high-throughput analytical technology for trace metal detection
based on extractive electrospray ionization mass spectrometry in
real-time and on-line bioenergy processes such as combustion and
gasification of dry biomass or anaerobic digestion of wet biomass in
a biogas production plant. For this first industrial field test, biogas
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was selected as the easiest case. The objectives are: a) to identify
which metal elements are present in the raw biogas directly after
its production from the anaerobic digestion of manure and mixed
organic sources, b) to evaluate the quality of the biogas as it passes
through a cleaning system, c) to determine quantitatively the main
metals present along the entire production and processing line and
d) to compare on-line analysis with off-line measurements of raw
biogas samples collected by a continuous liquid-quench sampling
(LQS) system.

2.2. Chemicals

� Ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate
(99.0e101.0% titration) (used as an EESI charge carrier),

� Iron (II) sulfate heptahydrate (99% purity), copper (II) sulfate (4%
(w/v) (prepared from copper (II) sulfate pentahydrate)), zinc
acetate anhydrous (99% purity), cadmium chloride hydrate (99%
purity) and lead acetate trihydrate (99% purity) (used for system
calibration and quantification purposes) were purchased from
Sigma-Aldrich Chemie GmbH (Buchs, SG, Switzerland).

� Methanol (ultrapure for spectrophotometric grade, >99.8% pu-
rity) was provided by Fisher Scientific AG (CH). Ultrapure water
(18.2 MU cm, total organic carbon <2 ppb) was obtained from a
Milli-Q water purification system (Merck, USA).

� 2-propanol was purchased from VWR Chemicals (Switzerland).
2.3. Biogas production process and sampling procedure

Fieldmeasurements using the EESI-TOF-MSwere conducted in a
biogas production plant in Switzerland where biogenic waste
(manure and mixed organic waste) undergo anaerobic digestion to
produce biogas. Briefly, the plant consists of a thermophilic plug-
flow digester and two mesophilic continuously stirred tank
reactor digesters. The plant receives pig manure from farmers and
different kinds of organic waste from the regional food industry as
well as biowaste from the source separated collection of municipal
solid waste, which is treated in the thermophilic digester [33].
When biogenic waste reaches the plant, solids and liquids are
stored in different storage areas and undergo separate fermenta-
tion processes. After an initial pre-separation and shredding pro-
cess of the solid waste, the fermentablematerial is loaded into a dry
fermenter operating at 55 �C for thermophilic fermentation for
around 20 days. Regular feed of substrate ensures the continuity of
the raw biogas and solid by-products production process. Mean-
while, the liquid substrate undergoes mesophilic fermentation at
42 �C generating CH4 and CO2. In both fermentation cases, the
fermentation residues are further digested to produce compost or
liquid fertilizer for agricultural use. The raw biogas produced dur-
ing the solid and wet fermentation process is stored and further
processed (separation from CO2 and H2S) to reach natural gas
quality (with CH4 content > 96%) using a catalytic direct metha-
nation system including a bubbling fluidized bed [34] and after
odorization is then fed into a gas distribution network system.

The EESI-TOF-MS system was installed in an analytical
instrumentation-hosting container connected with the research
pipeline system of the raw biogas (coming from the dry fermenter)
and a two-step absorption-based biogas cleaning system (for the
removal of H2S and other sulfur compounds, terpenes and silox-
anes). The hosting container was equipped with various on-line
analytical instrumentation such as CO2, CH4, CO, O2 sensors, a mi-
cro gas chromatographer (m-GC), a sulfur chemiluminescence de-
tector (SCD) and an LQS system to collect condensable trace
compounds in a suitable organic solvent for subsequent offline
analysis in the laboratory using GC-MS, GC coupled to a flame
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ionization detector (FID), GC and SCD, as well as GC-ICP-MS.

2.4. EESI-TOF-MS

On-line and off-line measurements were performed using an in-
house adapted commercial EESI-TOF-MS (TOFWERK AG, Thun,
Switzerland). The system has been previously used for organic and
metal aerosol particles analysis and has been successfully deployed
for laboratory measurements, ground-based sampling of atmo-
spheric aerosol, and aboard aircraft [25,27,32]. It consists of an EESI
source, an atmospheric pressure inlet (API) TOF-MS, and a com-
puter for data acquisition. The technical characteristics of the
hardware of the EESI source and the mass analyzer have been
described previously and details can be found in the literature
[25,27]. Negative ion production and detection mode was specif-
ically selected to allow the detection of trace metals for this
application. The electrospray source consists of a highly negatively
charged (�2.9 kV) working fluid of 1:1 water:methanol solution
doped with 100 ppm of disodium EDTA dihydrate sprayed via a
conventional gas chromatography (GC) fused silica capillary (BGB
Analytik AG, Switzerland) into the heated (at 275 �C) stainless steel
inlet capillary of the API-TOF-MS. The electrospray capillary had a
total length of 70 cm and an inner diameter (ID) of 75 mm, whereas
a microfluidic flow controller was providing a continuous stable
reagent flowof charged droplets through it and close to the TOF-MS
inlet (<1 cm). A metal compound interacting with the generated jet
of charged droplets (Taylor cone jet) produces negatively charged
complexes with the EDTA, which can be then detected by the TOF
mass analyzer. The inlet capillary of the API-TOF-MS had a flow rate
of 1 L/min and the data acquisition frequency was set at 1 full mass
spectrum (m/z 1e1000 Th) per second, while the acquired data
were averaged at 1 full mass spectrum per 30 s.

2.5. Measurement and quantification procedures

Online field measurements: For the on-line measurements in
the premises of the biogas production plant, four sampling points
were installed to deliver a given compressed biogas flow. Fig. 1a
shows the location of the four sampling points related to the two-
step adsorption beds. Sampling point 1 was directly connected to
the raw biogas. Sampling point 2 also connects to raw biogas, but
with the option of introducing a gas mixture which contains H2S,
DMS and COS for gas cleaning experiments; during the measure-
ments, this was not activated, making sampling points 1 and 2
equivalent. Since the metal concentrations measured at Point 1 and
2 were almost the same, they demonstrate the good reproducibility
(signal variation up to 1.6%) of our measurement procedure. Sam-
pling point 3, delivered semi-clean biogas after an absorption col-
umn (AC1) filled with Sulfa Trap™ R7 sorbent material for bulk H2S
removal. Sampling point 4 supplied the clean biogas stream after
passage through a second absorption column (filled with Sulfa
Trap™ R2) (AC2) for polishing and removal of terpenes, siloxanes
and dimethylsulfide (DMS) [35].

The raw, semi-clean or clean biogas stream coming directly from
one of the four individual sampling points was mixed with a pure
nitrogen flow (PanGas AG, Switzerland) to a total flow of 1.5 L/min.
Fig. 1b presents the experimental setup used during the on-line
biogas measurements. The EESI-TOF-MS was sampling at 1 L/min
and the remaining 0.5 L/min was vented to atmosphere. Both
biogas and N2 flows were passing through 6.35 mm ID PTFE tubing
and were adjusted by standard stainless steel integral bonnet
needle valves (Swagelok Switzerlande Arbor Fluidtec AG). The two
gas flows were mixed within a 6.35 mm standard Swagelok T-piece
union at three different ratios (biogas flow/total flow ratio: 1/10,1/5
and 1/2) prior to their introduction into the EESI source and the



Fig. 1. a) Schematic diagram of the locations of the four sampling points with respect to the two-stage absorption beds and b) EESI-TOF-MS sampling set-up used during the on-line
measurements. AC1 and AC2 refer to absorption column 1 and 2, respectively.

Fig. 2. Representative EESI-TOF mass spectrum of raw biogas sampled at sampling
point 1.
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TOF-MS. The sample sequence used was from the most to the least
diluted. In addition, due to the biogas composition (58% CH4 and
42% CO2), dilution with N2 ensured its safe interaction with the
highly charged electrospray reagent ions and its safe operation due
to the flammable and explosive nature of CH4 in case of a unex-
pected electrospray spark in the EESI chamber (even though the
system was properly grounded). A high accuracy portable gas flow
calibrator (DryCal FlexCal, Mesa Labs) was used to measure each
individual gas stream to ensure stability of the mixing ratios and of
the total sample flow. Each dilution step was sampled for 20 min
with a 10-min interval of pure N2 flow prior, during and at the end
of each step. Three measurements were made on each of three
different days. The above-described procedure was followed for all
four sampling points.

Quantification procedure for the on-line measurements: For
quantification purposes, calibration of selected metals detected
during the on-line biogas testing was performed in the laboratory
using a synthetic biogas mixture of high purity CH4 (58%) and CO2
(42%) simulating the bulk gas composition of the industrial biogas.
Figure S1a shows a schematic representation of the calibration
setup used. The output gas flows were controlled using standard
stainless steel Swagelok needle valves and were mixed within a
6.35 mm standard Swagelok T-piece union. Five water-soluble
metals (iron (II) sulfate heptahydrate, zinc acetate anhydrous,
cadmium chloride hydrate, lead acetate trihydrate) were diluted in
Milli-Q water at four different concentration levels (125 ppb,
250 ppb, 500 ppb and 1 ppm). A 2DX autosampler connected to an
Apex Q Desolvating nebulizer (Elemental Scientific Instruments,
France) was used to generate an aerosol containing the five dis-
solved metal compounds. With the temperature set at 60 �C, the
nebulizer was connected with a mass flow controller (red-y smart
series, V€ogtlin Instruments GmbH, Switzerland) providing a nitro-
gen flow rate of 1.2 L/min. Samples were then passed through a
silica gel diffusion dryer and the dry aerosol was blended with the
synthetic 1:5 biogas-N2 mixture resulting in a total flow of 1.5 L/
min (as in the biogas plant). The aerosol was passed through a
multichannel extruded carbon denuder, and split into three parts:
1L/min was introduced into the EESI-TOF, and 0.3 L/min into a
scanning mobility particle sizer (SMPS, TSI Inc., USA), and the
remaining aerosol was released to the exhaust. A Gilibrator II
standard flow kit (Gilibrator II® System) was used to measure the
individual flows and to ensure their stability.

Offline analysis of LQ samples: Raw biogaswas quenched using
a continuous built-in-house LQS system for off-line analysis (from
the sampling point 1 e Fig. 1a). The LQS system was developed at
the PSI for sampling, analysis and characterization of condensable
and non-condensable species in the biogas stream and it is
described in detail elsewhere [36e38]. Its operating principle is
based on the continuous quenching of a gas sample in a liquid
solvent (2-propanol) at low temperature at a given gas-to-liquid
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ratio (G/L). In this study, G/L ratios were between 1037 and 1172
(Table S1). Figure S1b describes graphically the experimental setup
used for the analysis and calibration of the liquid-quench samples
using the EESI-TOF-MS: Liquid-quench samples were transferred in
100 mL Duran laboratory bottles and aerosolized using a Topas
aerosol generator ATM 220. The generated aerosol passed through
an aerosol diffusion dryer (Cambustion Ltd, UK) and then was
mixed with N2. The mixed flow was then introduced into the EESI-
TOF-MS (1L/min) and the SMPS (0.3 L/min), and the remaining
aerosol exhausted. Each sample was measured in two duplicates.
The calibration was carried out using commercial standard solu-
tions of Fe, Cu, Zn, Cd and Pb diluted in pure 2-propanol to the
following concentrations: 125 ppb, 250 ppb, 500 ppb,1000 ppb and
2000 ppb. The 2-propanol based liquid-quench samples define a
new analytical environment for the ionization source compared to
the conventional water-based solutions used for the determination
of organic or metal aerosols in ambient air quality and monitoring
applications.

3. Results and discussion

3.1. On-line biogas measurements

A representative EESI-TOF mass spectrum (m/z 335 to 540 Th) of
the raw biogas sampled from the sampling point 1 during the field
measurements is shown in Fig. 2. The primary ion peaks of the ESI
solution (disodium EDTA) are detected at the following mass-to-
charge (m/z) ratios: 291, 313 and 335 and correspond to the
[EDTA-H]-, [EDTA þ Na - 2H]- and [EDTAþ2Na-3H]-, respectively.
Sampled metal particles interact with the highly charged reagent
analyte spray droplets and bind strongly among them, generating
complexes of the general form: [EDTA þ XM e yH]-, where x is the
atomic mass of the metal isotope and y the number of hydrogen



Fig. 3. Representative measurements obtained for [EDTA þ114Cd -3H]- at m/z 403 in
the field. Signal intensities of m/z 403 show linear responses as the proportion of
biogas and N2 changes. “SP” refers to the sampling point. The intensity at SP1 was
higher of about 0.6% compared to that at SP2.
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cations lost during the deprotonation, which depends on the
oxidation state in which the detected metal exists [25]. From the
collected data, a range of metals were identified (Table 1) based on
their measured stable isotopes which were observed in ratios
similar to their natural abundance. The signal intensities for all data
(field and laboratory) were normalized to the measured signal in-
tensity of the primary ion m/z 291, and a linear regression was
applied for the different measured concentrations.

In Fig. 2, mass peaks of selected metals are presented.

� The peaks atm/z 344, 342 and 345 with a relative intensity ratio
of 100%: 7%: 2% correspond to the complexes of EDTA with Fe
([EDTA þ56Fe -4H]-, [EDTA þ54Fe -4H]- and [EDTA þ57Fe -4H]-),
whereas the peaks at m/z 347, 349 and 351 correspond to
[EDTA þ58Ni -3H]-, [EDTA þ60Ni -3H]- and [EDTA þ62Ni -3H]-.

� The mass peaks at m/z 352 and 354 with relative intensity ratio
100%: 45% correspond to [EDTA þ63Cu -3H]- and [EDTA þ65Cu
-3H]-.

� The peaks at m/z 353, 355, 356, 357 and 359 correspond to the
following complexes: [EDTA þ64Zn -3H]-, [EDTA þ66Zn -3H]-,
[EDTA þ67Zn -3H]-, [EDTA þ68Zn -3H]- and [EDTA þ70Zn -3H]-,
respectively. Their relative intensity ratio is 100%: 56%: 7%: 3.8%:
1%. Similarly, EDTA chelates with the isotopes of Cd, Ba and Pb in
the ionization chamber and produces complexes that are then
detected by the mass analyzer.

An important part of the on-line measurements was to inves-
tigate how the biogas stream interacts with the electrospray
droplets and whether the sample matrix affects the detection ef-
ficiency. As part of the development of the measurement protocol,
three different biogas to total flow ratios were individually tested
using N2 to dilute the biogas (namely, the following ratios 1/2, 1/5,
1/10). Nitrogen was used as dilution gas for several reasons: the
content of solid material in the raw biogas was not known, the EESI
performance under N2 atmosphere was investigated and well
determined [25], as well as for safety reasons. Due to the ionization
energy of CH4 and CO2, the signal intensity of the primary ions of
the EDTAwas about 5 times (for the biogas to total flow ratio of 1/2)
higher compared to the case of a pure N2 gas flow. As expected, the
net intensity of a metal normalized to the net intensity of EDTA
primary ion increased linearly with increasing biogas/(biogasþ N2)
ratio. Fig. 3 shows this result form/z 403 ([EDTA þ114Cd -3H]-) with
a linear regression coefficient R2 value of 0.9954. For all metals
detected at different sampling points, the R2 was ranging from
Table 1
Summary of the metal compounds detected during the on-line biogas sample
analysis by our EESI-TOF-MS system. The characteristic integer m/z are presented
from the most to the least abundant.

No Metal Main ion observed m/z (Th)

1 Li (I) [EDTA þ7Li -2H]- 297: 296
2 Ag (I) [EDTA þ107Ag -2H]- 397: 399
3 Mg (II) [EDTA þ24Mg -3H]- 313: 315: 314
4 Ca (II) [EDTA þ40Ca -3H]- 329: 333: 331
5 Ni (II) [EDTA þ58Ni -3H]- 347: 349: 351: 350: 353
6 Cu (II) [EDTA þ63Cu -3H]- 352: 354
7 Zn (II) [EDTA þ64Zn -3H]- 353: 355: 357: 356: 359
8 Se (II) [EDTA þ80Se -3H]- 369: 367: 365: 371: 366
9 Mo (II) [EDTA þ98Mo -3H]- 387: 385: 384: 381: 389: 386: 383
10 Cd (II) [EDTA þ114Cd -3H]- 403: 401: 400: 399: 402: 405: 395: 397
11 Sn (II) [EDTA þ120Sn -3H]- 409: 407: 405: 408: 406
12 Ba (II) [EDTA þ138Ba -3H]- 427: 426: 425: 424: 423
13 Pb (II) [EDTA þ208Pb -3H]- 497: 495: 496: 493
14 V (III) [EDTA þ51V -4H]- 339: 338
15 Cr (III) [EDTA þ52Cr -4H]- 340: 341: 338: 342
16 Fe (III) [EDTA þ56Fe -4H]- 344: 342: 345: 346
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0.9927 to 0.9999. These results show that the matrix effects due to
biogas can be adequately corrected and any ratio between 1/2 and
1/10 can be used for the calibration.

As the raw biogas is compressed and then passed through the
two-stage absorption column cleaning system, the particulate
metal concentration decreases and the chemical composition
changes, and the relative signal intensities respond correspond-
ingly. This is true for all the metals detected, as shown in Fig. 4 for
the measured complexes of EDTA with Li, V, Cr, Fe, Ni, Se, Mo, Ag,
Cd, Sn, Ba, Pb, Cu and Zn. During on-line measurements, the most
abundant complexes detected at all sampling points were those
containing Cu and Fe, whereas the least abundant elements were
Cr, Ba and Pb. A small difference (up to 1.6%) of net intensity was
found between the sampling points 1 and 2. The latter were a few
meters apart from each other and no equipment was installed in
between, resulting in minimal losses. The semi-clean biogas exiting
the first sorbent column (Point 3) shows a lower trace metal con-
tent than does the raw biogas. The net signal intensity decreases by
about 62% for Sn, 23% for Cd, 59% for Pb, and 50% for Ba while the
decrease of the remaining 14 metals ranges between 23% and 42%
(Fig. 4). Similarly, all metals showed a further decrease after the
second sorbent column (Point 4), with the Ba and Pb content
decreasing below the detection limits of the EESI-TOF-MS. These
results show that the installed cleaning system dedicated to adsorb
other organic compounds was able to remove 35e100% of the
metals present in the raw biogas (Table S2). The evolution of the
signal intensities of the metals detected as they pass through the
cleaning system is shown in Table S3.

Targeted water-soluble metal compounds were used for the off-
site calibration of the EESI-TOF-MS in order to quantify specific
metals identified during the on-line measurements. Their selection
was based on their presence in the biogas (values were greater than
LOD for all four sampling points) and their relevant environmental
impact (e.g. Cd, Pb and Zn are hazardous air pollutants). Figure S2
shows the calibration curves for the compounds containing Cd, Fe
Fig. 4. Signal intensities evolution of the metals detected as they pass through the
cleaning system. Relative standard deviation of the EESI signal is 7% (black lines).



Fig. 5. Quantitative information for Cu, Fe, Zn, Cd and Pb found in the online biogas
analysis. Pb at the sampling point 4 was below the LOD. The black lines at the top of
the columns are error bars.
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and Zn. In addition, previous investigations [16] showed that the
sensitivity changes by 5e8% when different compounds containing
the same metal were analyzed with the EESI-TOF-MS. Even though
the chemical form of the detected metals is not known, an accurate
quantification can be achieved using specific metal chelation with
EDTA. Table 2 summarizes the analytical characteristics (the coef-
ficient of determination R2, LOD and limit of quantificatione LOQ of
the metal compounds, and LOD of the individual metals) of the
EESI-TOF-MS system. The LOD was calculated as 3 times the stan-
dard deviation (s) of the blank, and the LOQ as 10 times s. Detection
limits for the individual metals were in the low ng/m3 concentra-
tion range (<3 ng/m3). The concentrations of all five metals were
found to be below 2 mg/m3 for all biogas measurements (Fig. 5). At
each individual sampling point the Cu concentration was the
highest, and that of Pb the lowest. Going from the raw to the clean
biogas the overall collection efficiency of the five metals was 64%
(Cu), 60% (Fe), 62% (Zn), 36% (Cd) and ~100% (<LOD for Pb). Indi-
vidual efficiencies are in Table S2.

3.2. Offline measurements

Offline measurements of condensable trace compounds present
in the rawbiogas streamquenched by 2-propanolwere performed at
sampling point 1. Five samples from two different dates were
analyzed with G/L ratios (water tar free normalized, for conditions at
0 �C and 1013 mbar pressure) ranging between 1037 and 1172 by
volume (the G/L corresponding to each sampling point can be found
in Table S1). Three blank samples were also measured (two blank
samples of 2-propanol obtained from the operating LQ system and a
blank sample obtained from the solvent storage bottle). Tradition-
ally, liquid-quenched samples are analyzed by GC-MS, GC-FID or ICP-
MS for the determination of different organic and inorganic species
(such as terpenes, siloxanes andmetals). Here, we employed an EESI-
TOF-MS as a complementary alternative methodology for metals
detection. All metals detected in the online measurement were also
measured in the liquid samples (Table S4). For reasons of comparison
with the online measurements, Cu, Fe, Zn, Cd and Pb in the LQ
samples were quantified. Table S5 summarizes the individual con-
centrations of the five metals in the different samples given in ng/
mL. Multiplying the concentration of each metal found in the liquid
sample by the corresponding G/L ratio themetal concentration in the
biogas (in mg/m3) was calculated (Table 3). This results in values for
the off-line measurements that are 24%, 9%, 17%, 34%, and 34% lower
for Cu, Fe, Zn, Cd and Pb, respectively, compared to the on-line
measurements. Most probably, this is due to a different composi-
tion of the feedstock loading for anaerobic digestion. Still, these
concentrations from the off-line measurements appear to be com-
parable to the on-line measurements. .

4. Conclusions

The on-line analytical technology, based on an extractive elec-
trospray ionization (EESI) source coupled to a field-deployable,
high-resolution TOF-MS is the first of its kind that was applied for
Table 2
Summary of the analytical characteristics (R2 values, LOD and LOQ for the metal compou
selected metal compounds.

No Compound R2 LOD for metal compound (ng/

1 FeSO4 $ 7H2O 0.9979 6.6
2 CuSO4 0.9963 3.1
3 ZnC4H6O4 0.9994 7.2
4 CdCl2 $ xH2O 0.9996 3.6
5 Pb (CH3CO2)2 $ 3H2O 0.9969 5.6
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the real-time detection and monitoring of trace metals at an in-
dustrial facility processing biogenic waste and producing biogas for
commercial use. Raw biogas and processed biogas passing through
a two-stage cleaning systemwas continuously sampled at different
points and several metals were qualitatively and quantitatively
analyzed. The presented analytical technique showed very good
performance in monitoring the level of the metal content at various
steps in the process of biogas production, to assist the performance
of metal removal of the installed gas cleaning systems, and con-
trolling the biogas quality regarding these contaminants. The
installed sorbent materials, dedicated to remove particular organic
contaminants, show a relatively high efficiency of the metal
removal in a non-selective way. In total, 14 metals were detected
successfully. From quantification measurements, about 64% (for
Cu), 60% (for Fe), 62% (for Zn), 36% (for Cd) and 100% (for Pb) were
removed from the raw biogas, respectively. This obtained infor-
mation can help in the development of cleaning and filtering sys-
tems that are able to efficiently remove metals from the raw biogas,
and/or sorbent beds dealing with different contaminants including
hazardous metals (for minimizing the cleaning steps). It will also
assist regulation offices to set and control the biogas quality and
emission standards regarding toxic metals and heavy metals. In
addition, the proposed technique could be expanded and adapted
for use in other thermo-chemical conversion methods (e.g. pyrol-
ysis or gasification of biomass or waste feedstock).

Furthermore, off-line qualitative and quantitative analysis of
raw biogas sampled by a cold solvent (2-propanol) using a
continuous liquid-quench system was performed using the EESI-
TOF-MS. The results were comparable to the online measure-
ments. The EESI-TOF-MS presents a very promising technique to
determine the content of trace metals in LQ biogas samples and is
able to complement other analytical technologies (e.g. GC-MS,
GC-ICP-MS, GC-FID) focusing on the analysis of organic sub-
stances such as siloxanes, terpenes, etc. In this way, a complete
dataset can be generated providing insights into the chemical
profile of biogas for quality assurance and policymaking activities
and decisions.

The EESI-TOF-MS is currently the only available transportable
nds, and LOD of the metals) of the EESI-TOF-MS during the quantitative analysis of

m3) LOQ for metal compound (ng/m3) LOD for the metal (ng/m3)

21.78 1.33
10.23 1.22
23.76 2.51
11.88 2.24
18.48 3.11



Table 3
The calculated concentrations of fivemetals in the biogas based on the analysis of the liquid samples. Comparisonwith on-line data obtained from the same sampling point on
different dates.

Concentration (mg/m3)

Metal/
Sample

VA203-LQ-20190802-
1144

VA203-LQ-20190802-
1116

VA203-LQ-20190809-
1345

VA203-LQ-20190809-
1412

VA203-LQ-20190809-
1439

On-line data e

VA203

Cu 1.21 1.18 1.30 1.33 1.28 1.64
Fe 1.03 1.13 1.05 1.13 0.92 1.15
Zn 0.66 0.64 0.88 0.96 0.83 0.96
Cd 0.47 0.48 0.52 0.59 0.56 0.77
Pb 0.11 0.11 0.14 0.16 0.14 0.21
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system offering real-time measurements of trace metals with high
sensitivity, high m/z resolution, reliability and robustness that can
compete with existing conventional off-line approaches. The on-
line measurement capabilities eliminate any potential chemical
artifacts due to sample transportation, contamination or instability
risks and provide a unique analytical solution for on-site chemical
analysis especially for monitoring of industrial processes.
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