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A B S T R A C T   

This study presents a quasi-online method for monitoring of dissolved volatile fatty acids (VFAs) in biogas 
fermentation processes with a carrier gas probe by use of thermo-cyclically operated metal oxide gas sensor 
arrays. Each of the two sensor arrays comprises a pure SnO2 and three different SnO2/additive-composites 
(additives: alumina, YSZ, NASICON) but differ by SnO2 synthesis routes, namely Flame Spray Pyrolysis (FSP) and 
Sol-Gel (SG) technique, respectively. This allowed comparative studies of the influence of layer morphology on 
VFA sensing characteristics. For sensitive determination of the dissolved VFAs besides high concentrations of 
biogas components like CO or CH4, first a pre-treatment routine of the fermentation sample was introduced to 
remove those physically dissolved gases without losing VFAs. The Conductance-over-Time-Profiles (CTPs) of 
eight different sensing layers were measured simultaneously at exposure to the gases extracted from the 
fermentation sample at different pH conditions. Almost all the investigated SnO2/additive-composites show CTP- 
features clearly correlating with the undissociated VFA even at concentrations below 120 ppm as referenced by 
GC-analysis. The lower detection limit is well below inhibitory concentration for fermentation processes. As 
expected, most pronounced CTPs representing actual VFAs situation were measured at pH 3, well below the pKa 
of the VFAs. The FSP-layers highlighted clearly better sensitivity and CTP specificity of higher quality compared 
to SG-layers. Among the SnO2/additives, the CTP-features of the SnO2(FSP)/NASICON and SnO2(SG)/NASICON 
layers showed the best specificity to acetic and propionic acid. For the first time, quasi-online analysis of VFAs 
using metal oxide gas sensors for early warning of VFA-development in biogas fermentation processes was 
demonstrated.   

1. Introduction 

With increasing demand for non-fossil and green energy, interest in 
biogas production by anerobic digestion of organic materials from do-
mestic and industrial organic wastes is rapidly increasing. This well 
established biotechnological method has promised to enable utilizing 
wide range of organic wastes, such as livestock waste [1–4], municipal 
solid waste [1], agricultural waste [3,5,6], food waste [4], etc., for 
anaerobic co-digestion to produce green energy, which in future may 
lead to an extensive organic waste management. 

However, anerobic digestion is a complex biochemical process which 
involves several steps of metabolic gasification reactions like hydrolysis, 
acidogenesis, acetogenesis and methanogenesis [7]. The resulting 

biogas is mainly composed of methane and carbon dioxide, with traces 
of intermediate products like hydrogen, carbon monoxide, hydrogen 
sulfide and volatile organic compounds (VOCs) such as, alcohols, and 
volatile fatty acids (VFAs), in particular acetic acid, propionic acid and 
butyric acid. 

The continuous monitoring and control of the biogas fermentation 
processes for biogas production is desirable because it allows to run the 
fermentation process at maximum rate and enables long-term process 
stability. There are several commonly used physical and biochemical 
indicators like pH, alkalinity ratio [8], FOS/TAC (volatile organic acids/ 
total inorganic carbonate) [9], gas production rate, and gas composition 
[10–12], which give crude information with regard to the system sta-
bility. Additionally, even the developments of hydrogen [13,14] and 
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carbon monoxide [14] are considered as process indicators. However, 
most of these indicators can only represent very gradual changes in the 
process. 

It is well acknowledged that the key sensitive indicators, represent-
ing the process status used for early warning of a possible breakdown, 
are some undesired intermediate products like the VFAs [11,15–19]. In a 
stable fermentation process, VFAs are formed as intermediate products 
in acidogenesis phase, but are converted to acetate consuming hydrogen 
in the acetogenesis phase and are ultimately decomposed to methane 
and carbon dioxide in methanogenesis phase [20]. Acidification of the 
fermentation substrate is one of the key reasons for process breakdown 
in anerobic digestion [21]. In particular, high acetate concentrations 
inhibit the acetogenesis process as well as the propionate degradation 
(in acidogenesis phase) resulting in the accumulation of organic acids 
[7]. Thus, acetic acid and propionic acid [22,23] concentrations are 
crucial parameters to be monitored. In addition, the propionate to ace-
tate ratio is also considered as an important process indicator [7,24]. 
The concentration of these two VFA-components beyond a certain 
threshold level can cause system instability. Therefore, continuous 
monitoring of these individual VFAs is assumed to provide quick and 
important information about the actual status of the anerobic digestion 
process [25]. Knowledge of these indicators allows to take preventative 
action to optimize the fermentation process continuously e.g. by adap-
tation of the feed, and, in critical cases, early warning of upcoming 
breakdowns [10,26]. However, the threshold concentration level for the 
individual VFAs is not well defined, but is generally rather low. It varies 
for different fermentation processes and depends on the composition of 
the substrate and other operating conditions [12]. 

In this respect, it is very much desired to have a sensor system for 
detecting the real time change of the individual VFA concentrations 
prior to complete process failure and to use this analytical information 
with feedback control systems for an advanced automated process 
control to avoid such VFA-developments and to optimize the biogas 
fermentation process [17]. 

The other way round, biotechnological cultivation of VFAs does also 
drive interesting applications. In recent years, different studies have 
shown that VFAs produced during anaerobic digestion of organic wastes 
are promising substrates for several second-step refinements, such as 
sustainable biofuels like biodiesel [27,28] and biopolymers like Poly-
hydroxyalkanoates [29]. In this context, in contrast to the biogas 
fermentation process, the anaerobic digestion process is tweaked to 
produce VFAs as the major product and a sensor system for monitoring 
of the production of the VFAs is indeed desirable. 

The well-established and commonly used offline methods for the 
analysis of the VFAs are titration methods [19,30], gas chromatography 
(GC) [31] or high-performance liquid chromatography (HPLC) [16]. 
Analysis by titration is the most simple method which provides the total 
VFA concentration at relatively low costs but fails to identify the con-
centration of the individual VFA components. In addition, there are 
some methods reported about the online analysis of VFA in biogas 
fermentation processes by introduction of in-situ filtration techniques of 
the fermentation sample using a rotating pre-filter with an ultra- 
membrane in combination with a GC [15]. However, the major con-
cerns with the membrane and filters are frequent fouling issues requiring 
a high level of maintenance. This limitation is overcome by extraction of 
the gas from the headspace of the reactor for GC analysis [10]. GC and 
HPLC methods are considered highly accurate and reliable, but require 
high service efforts to avoid any contamination of column which may 
lead to drift in the baseline avoiding accurate analysis, which makes 
them economically unfeasible. Similarly, several other online methods 
for VFA monitoring in biogas fermentation processes using light sources, 
such as UV spectroscopy [32–34], Near IR spectroscopy [35,36], Mid IR 
spectroscopy [16], and Spectrofluorimetric spectroscopy [20] are re-
ported. These analysis methods are without doubt interesting, however, 
again all these methods have in common that they are limited by their 
high service efforts, e.g. to keep deposition of molecules on the windows 

of the excitation chamber at an acceptable level. 
Quite recently, some innovative biosensors, such as a bio-electrolytic 

sensor [37] and hybrid biosensor arrays [38] were reported for the 
online measurement of VFAs in biogas fermentation processes. The 
former one is based on a microbial electrolysis cell. The sensor signal 
represents the total VFA concentration, which could be linearly corre-
lated with VFA concentrations in the range 0–7000 ppm. However, it 
does not allow the analysis of the individual VFAs. Stable and mainte-
nance free operation of those sensors in lab over 5 months is reported. 
However, for applications in the fullscale reactors, an online sampling 
and sensing system is reported to be still missing. The biosensor array 
[38] works according to the amperometric principle. It integrates 
several analyte-sensing Pt-electrodes loaded with different enzymes se-
lective for different analytes such as acetate, propionate, formate, 
ethanol, L-lactate and D-lactate. But a common procedure for sample 
preparation, which would be suitable for different sensing electrodes 
and different analytes like VFAs (acetate and propionate) and other 
targets such as formate, ethanol-lactate and D-lactate is not yet avail-
able. Nevertheless, the biosensor system is reported to be applied for 
long-term monitoring of a lab-scale biogas reactor (0.01 m3) for a period 
of 2 months and successfully monitored 0–2500 ppm of acetic acid and 
0–1500 ppm of propionic acid. However, the information about the 
maximum concentration limit of measurement is not available. 

Another well-established method for analysis of dissolved VOCs was 
already introduced in [39,40]. Dissolved VOCs are extracted from the 
aqueous liquid phase via a carrier gas probe covered by a gas permeable 
membrane. This method was proven to be quite robust and provides the 
advantage that all ionic components per se cannot percolate the gas 
permeable membrane and, therefore, do not contribute to cross- 
sensitivity. In good approximation the VOC concentration in the car-
rier gas (synthetic air) depends linearly on the VOC concentration in the 
liquid in case of constant carrier gas flow. The carrier gas loaded with 
the analyte is transported to a gas sensor cell outside the fermentation 
reactor for analysis. In general, excellent candidates for VOC detection 
are metal oxide gas sensors (MOGs). However, this type of sensor suffers 
on cross-sensitivities to a big number of oxidizable gas components, as 
for instance CH4, CO, H2, etc., which are all components of biogas. So, 
special procedures for sample conditioning are necessary to enable 
monitoring of low concentrations of VFA developing in the fermentation 
process in presence of high concentrations of biogas. For this purpose 
specific metal oxides had to be found in a screening of SnO2/additives, 
which are highly sensitive to the VFAs [40]. The authors reported about 
different thermo-cyclically operated sensor arrays consisting of different 
SnO2/additive gas sensing layers fabricated in two different kinds of 
morphology. Some show excellent sensitivity and gas specific 
Conductance-over-Time-Profile (CTP) features characterizing the 
composition of dissolved VFAs like acetic acid and propionic acid even 
at low concentrations (about 100 ppm). This makes them promising 
candidates for VFA monitoring in biogas fermentation. 

In this work, the authors present preliminary studies of those sensor 
arrays when utilized for quasi online in-situ analysis of dissolved VFA in 
the biogas fermentation process. CTPs recorded by exposure of analyte 
gas extracted from the liquid fermentation sample by the use of a gas 
carrier probe at constant carrier gas flow are compared with previously 
recorded CTPs measured for different model VFAs dissolved in DI water 
[40]. The detailed experimental procedure is described in Sec. 3.1. From 
earlier investigations it can be expected that if those CTPs of the 
fermentation sample are gas specific enough and comparable with the 
model VFAs, numerical analysis allows even discrimination between 
different VFA components [39,41,42]. For the experimental validation 
of this concept of in-situ analysis of dissolved VOC even for the moni-
toring of the development of VFA in fermentation processes, a fermen-
tation matrix was prepared in the laboratory and the CTPs of different 
SnO2/additive layers were recorded at different pH conditions. The VFA 
concentration states as developed in the fermentation process and 
further simulated by manual addition of well-defined volumes of the 
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acetic and propionic acid were referenced by gas chromatography (GC) 
and correlated with the corresponding changes of the CTPs. All these 
aspects, namely the method of fermentation matrix conditioning, the 
change of the CTPs with fermentation matrix conditioning, and how 
CTPs change with VFA-concentration, are presented and discussed in the 
following sections. Some preliminary results comparing CTPs recorded 
with model VFAs with those with fermentation sample are reported and 
the challenges of in-situ analysis of dissolved VFA in biogas fermentation 
process using the above-mentioned method are discussed. 

2. Materials and methods 

2.1. Fermentation matrix 

The fermentation matrix was prepared with a biological substrate 
from a sewage plant in two glass reactors (1 l volume each) with a 
stainless-steel top cover providing outlet for biogas collection. Over 
several months at room temperature condition, it was fed with beer 
marc dried at 60 ◦C for several days and wood juice [43,44]. The latter 
material was mechanically dewatered from wood chips using a wood 
chip squeezer. 50 ml of wood juice and 10 mg of beer marc were fed in 
intervals of 3 to 4 days. The pH of the sample was frequently monitored 
and was typically in the range of 6.5–6.8. For sensitivity test measure-
ments (Sec. 3.1) 500 ml of the fermentation matrix from each glass 
reactor was transferred to the analysis-reactor (1 l volume) and well 
admixed by continuous stirring. 

2.2. MOG sensor arrays 

The identical two MOG sensor arrays (chip size: 4 × 4 mm2) as 
described in [40], each comprising four different metal oxide (MO) 
layers deposited on Pt- IDEs with a Pt-temperature sensor at the top side 
and a Pt-heater at the reverse side, are used for the analysis experiments 
of the dissolved VFAs in the fermentation matrix. Each sensor array 
provides four different sensitive layers, namely pure SnO2, SnO2/ 
Alumina, SnO2/YSZ and SnO2/NASICON, however, the SnO2-powder of 
one array was prepared on a sol-gel route (SG) and that of the other 
array was prepared by a flame spray pyrolysis technique (FSP). Corre-
spondingly, for distinction, the layers are labeled as SnO2(SG)/additive 
and SnO2(FSP)/additive. Beyond the typical limits of preparation 
reproducibility by the micro dispensing technique, both kinds of MO- 
layers differ characteristically in morphology/porosity and layer thick-
ness. The preparation details of each kind of sensitive layers and their 

comparison with respect to thickness, morphology and particularly gas 
response characteristics as investigated, are described in detail in part I 
[40]. 

The sensor arrays were operated in a sensor measurement cell in a 
thermo-cyclic mode at temperatures between 150(±5) ◦C and 450(±5) 
◦C using a triangular heating voltage with a cycle period of 15 min 
(Fig. 1a). The actual surface temperature of the sensor array chip was 
estimated from the actual resistance of the Pt-resisitive temperature 
sensor [40] after calibration in a temperature controlled tubular furnace 
in advance. The sensor measurement cell provides holders for two sensor 
array chips, which were exposed to analyte gases simultaneously. 
Generally, the CTPs of all the sensitive layers on both sensor arrays were 
measured simultaneously together with the temperature sensor resis-
tance at 128 sampling points of a cycle period. From the measured CTPs, 
absolute sensor response (R) is calculated as the integral of the CTPs 
according to Eq. (1). Gx is the conductance at a sampling point x and n is 
the total number of the samping points in one measurement cylce; in this 
case n = 128. 

R =
∑n

x=0
Gx (1) 

Prior to the measurements with the fermentation matrix, the sensing 
properties of all the sensitive layers of both sensor arrays towards 
different concentrations of acetic acid, propionic acid, ethanol and 
acetone dissolved in DI water were investigated [40]. Each sensitive 
layer showed characteristic CTP-shapes representing the individual 
surface reaction processes with individual analyte and could be identi-
fied as good candidates for monitoring of the VFAs in the biogas 
fermentation process. Here, as an example, CTP profiles of SnO2(FSP)/ 
NASICON when exposed to different VOCs like acetic acid, propionic 
acid, ethanol and acetone dissolved in DI water are shown in Fig. 1b and 
Fig. 1c. 

2.3. Measurement concept for in-situ analysis of VFAs dissolved in 
fermentation matrix 

The concept of in-situ analysis of VOCs dissolved in DI water by 
operation of a carrier gas probe (CGP) complemented with a thermo- 
cyclically operated MOG sensor array, was already introduced in [40]. 
However, for in-situ analysis of dissolved VFAs in anaerobic digestion 
requires a special pre-conditioning treatment of the fermentation matrix 
due to the well-known cross-sensitivity of MOG sensors to biogas com-
ponents (CH4, CO, H2, etc.) and other intermediate VOCs developing at 

Fig. 1. Sensor response of the SnO2(FSP)/NASICON-layer at thermo-cyclic operation. (a) Heater voltage over one temperature cycle (black) and corresponding 
temperature sensor resistance (blue). (b) Temperature profile (dotted line) of a heating cycle and CTPs (G-Go) at exposure to different VOCs (acetic acid, propionic 
acid, ethanol, and acetone) dissolved in DI water at pH 3 condition. Go is Go(hum. air) i.e., the CTP measured in DI water at pH 7. G is the CTP response measured in 
presence of the VOC-analyte dissolved in DI water at pH 3 (c) Normalized CTPs related to the conductance value measured at maximum temperature (b). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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these process conditions. The pre-conditioning treatment is described 
below in a more general manner: 

In a first step, a well-defined volume of the biogas fermentation 
matrix is extracted from the main reactor and transferred to another 
reactor (here, this is the reactor used for the experiments), which could 
be referred as the analysis-reactor. The required volume of the extracted 
sample depends on the volume of the analysis-reactor with a criterion 
that the silicon rubber membrane of the CGP in the analysis-reactor is 
completely immersed in the fermentation sample (necessary for proper 
analysis with CGP). For transformation of the dissolved organic acids to 
the dissociated state, pH of the sample is first shifted to an alkaline value 
(pH 8) by dosage of potassium hydroxide. Now, purging out of the 
biogas and all other non-dissociated and physically dissolved gas com-
ponents which may contribute to the sensor signal is possible by a high 
flow of inert gas like N2 without loss of dissolved VFAs. 

After this purging procedure, a first CTP, called as (CTP-ref), is 
sampled for reference at the same operation conditions of the CGP as 
used for the later measurements. This CTP-ref may represent all residual 
gas components (water vapor, residual biogas, etc.) at this pH-condition, 
but per se is formed without the VFAs, because their pKa is at about pH 
= 4.8 (Fig. 2), i.e., well below the actual pH condition (pH = 8). Using 
CGP enables the uptake of undissociated molecular dissolved organic 
acids from the liquid state into the constant flow of synthetic air (carrier 
gas: 5 ml/min) by permeation through the gas permeable silicon rubber 
membrane. Via the carrier gas, the permeated gas molecules are trans-
ported to the MOG sensor arrays for analysis at condition of high and 
constant oxygen concentration determined by the kind of carrier gas 
(synthetic air). The latter aspect is important for reliable gas analysis 
with MOG sensors in general. 

In the second step, the pH is now shifted (in steps) to pH 3 which is 
clearly lower than the pKa value of the organic acid dissociation equi-
libria under investigation. This is achieved by dosage of phosphoric acid. 
Now, the organic acids are dissolved in molecular state (Fig. 2) and, 
correspondingly, the partial pressure of these molecules is now high 
depending on their liquid phase concentration according to Henry’s law. 
This induces diffusion across the gas permeable membrane and is re-
flected in a gas component specific change of the CTP features in relation 
to the CTP-ref sampled at pH 8 condition. As already demonstrated in 
[40], there was a good but individual correlation between the concen-
tration of the organic acid compound in the liquid phase and the integral 
of the CTPs observed in the concentration range under investigation 
following a power law [40]. 

3. Experimental 

3.1. Test setup and measurement sequence for evaluation of the VFA 
analysis concept 

The experimental setup used for the analysis of VFAs dissolved in a 
real biogas fermentation matrix is illustrated in Fig. 3. In a thermostated 
(18 ◦C) glass fermentation reactor (analysis-reactor) the homogeneity of 
the sample is maintained by continuous stirring. Optimized constant 
carrier gas flow (5 ml/min synthetic air) in CGP [40] was set by a 
commercial mass flow controller (MFC1) when the 3-way magnetic 
valve was set in position (2) (Fig. 3a). The gaseous analyte extracted 
from the fermentation matrix was led to the measurement cell consisting 
of two thermo-cyclically operated MOG sensor arrays (Fig. 3, Sec. 2.2). 
Alternatively, as per requirement the sensor arrays have to be exposed 
by synthetic air, the 3-way magnetic valve is set to position (1). This is 
typically necessary during refilling of the reactor with new bio 
fermentation sample for analysis and during purging of the fermentation 
sample by a continuous flow of N2 (500 ml/min) as adjusted with MFC2 
(Sec. 2.3, first step procedure, Fig. 3b). At this procedure, the 3-way 
hand valve has to be adjusted to enable “gas out”. 

A Keysight 34970A data acquisition unit operates the MFCs, the 3- 
way magnetic valve and measures the 128 conductance sampling 
points per temperature cycle of each gas sensitive layer and the resistive 
temperature sensor of both sensor arrays, simultaneously. The corre-
sponding triangular heating voltages for continuous temperature cycling 
of the sensor array chips are generated by the D/A- converters of the 
same data acquisition unit. 

The measurement sequence over time is given in Fig. 4. The whole 
experimental sequence can be divided into three different phases. The 
first phase (Fig. 4a) is sample pre-conditioning (0–1.75 h) in which 1 l of 
the fermentation matrix, now called analysis sample (Sec. 2.1), is 
transferred to the analysis-reactor. The initial pH of the sample (about 
6.7) is shifted to an alkaline value (pH 8) by dosage of potassium hy-
droxide (5.34 M KOH) at 1 h and, subsequently, all gaseous components 
dissolved are purged out by a N2-flow (500 ml/min) for 45 min. During 
this sample pre-conditioning phase, the sensor arrays were exposed to 
dry synthetic air (flow 5 ml/min). 

In the second phase (1.75-25 h, Fig. 4b), gaseous analyte is contin-
uously extracted from the analysis sample via CGP (carrier gas flow 5 
ml/min, 3-way magnetic valve (Fig. 3) at setting 2) and led to the sensor 
arrays for analysis. As illustrated in Fig. 4b, the sensor signals were 
recorded chronologically at different pH values (pH 8 → pH 5 → pH 
3.85 → pH 3). Decrease of the pH in steps was achieved by dosage of 
phosphoric acid (8.67 M H3PO4). Similarly, in the third phase (25-34 h, 
Fig. 4c), sensor signals were recorded at pH 3 condition after manual 
dosage of different volumes of acetic and propionic acids, which 
correspond to concentrations as indicated, all related to the original 
state of fermentation matrix at pH 3 condition. 

3.2. Methods of gas analysis referencing 

For correlation of the CTP-signals as recorded from the two sensor 
arrays when exosed to different gas conditions in general and the CTP- 
changes measured with change of pH of the analyte in particular, reli-
able classical gas analysis methods were necessary for referencing pur-
poses. Simultaneous FTIR analysis of the analyte was preferred for this 
purpose by use of a flow through setup (Sec. 3.2.1) because it allows 
continuous gas analysis simultaneous to the CTPs of the different sen-
sitive layers recorded. In addition to FTIR-analysis, batch-wise analysis 
of individual samples extracted at every pH–state was made by GC 
analysis. 

3.2.1. FTIR-analysis 
For analysis of the analyte extracted via the CGP, a TENSOR II FTIR 

Spectrometer (Brucker Optik GmbH, Germany) was operated 
Fig. 2. Equilibria curves of relative dissociated and undissociated state con-
centrations of acetic and propionic acid vs. pH-value. 
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simultaneously to CTPs measurements (Sec. 3.1). To optimize sensitivity 
of the FTIR-spectra, a special optical flow-through measurement cell 
with length and open diameter optimized with respect to the optical 
conditions of the instrument was constructed and installed in the setup 
as visualized in Fig. 5a. This measurement cell, complemented by two 
KBr windows on either side, ensured the analyte flow-through mea-
surement by a maximum optical path-length given by the spacing of the 
measurement chamber and helped to adapt the cell-volume to the low 
flow rate (5 ml/min) of the analyte extracted by CGP. 

With this setup, two FTIR gas analysis procedures were investigated. 

(i) For simultaneous CTP sampling and FTIR-analysis, the analyte gas 
from the carrier gas probe was first lead into the sensor cell and then to 
the optical flow-through cell of the FTIR (Fig. 5b). This method provides 
direct, i.e. simultaneous correlation of the CTPs recorded with the FTIR- 
spectra. However, the sensitivity achieved suffers on non-negligible gas 
consumption by the two MOG sensor-chips. 

In order to achieve some further correlations of the CTP-changes 
observed with respect to the composition of the gas released especially 
at pH-transition from 8 to 5 (Sec. 4.1), separate experiments were con-
ducted with the remaining fermentation matrix (1 l) (Sec. 2.1) by 

Fig. 3. Concept for analysis of VFA dissolved in biogas fermentation liquid. (a) Experimental setup, (b) scheme of the sequence of operation.  

Fig. 4. Sequence of sample treatment for CTP-measurements over time referenced by GC analysis. (a) Sample pre-conditioning, (b) course of pH-change in steps. (c) 
Steps of acetic/propionic acid dosage over time at pH 3. The concentrations indicated relate to the manually dosed volumes. 
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repetition of the same experimental protocol for sample treatment 
(Fig. 4). However, these experiments were done without GC analysis and 
without exposure of the MOG sensor arrays to these gases released by 

the fermentation process. In this experiment, clearly better analysis re-
sults with respect to the sensitivity of the FTIR-absorption bands were 
achieved by (ii) collection of the analyte gas from the headspace 

Fig. 5. (a)Tensor II FTIR Spectrometer with modified measurement cell (length: 200 mm, diameter: 10 mm and volume: 10 ml). (b) Schematic showing the 
arrangement for online FTIR analysis. (c) Arrangement of offline FTIR analysis of the gaseous sample collected in gas bag. 

Fig. 6. GC analysis results and sensor response (CTP) of different SnO2/additive-layers vs. time at different pH conditions of the fermentation matrix. (a) SnO2(FSP)/ 
additive-layers and (b) SnO2(SG)/additive-layers. Sample pre-conditioning phase: 0–1.75 h. 
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(Fig. 3a) in a gas bag with the help of a 3-way hand valve (Fig. 3a) and 
offline FTIR analysis afterwards (Fig. 5c). The gas collected in the gas 
bag was guided to the FTIR measurement cell (volume: 10 ml, Fig. 5a) at 
constant flow rate of 20 ml/min with the help of a pump and a rota-
meter. After complete purging of the residual gas component in the 
measurement cell over 5 min, the hand valves at either side of the 
measurement cell (Fig. 5c) were simultaneously closed for subsequent 
FTIR offline analysis. 

3.2.2. GC-analysis 
For additional offline analytical referencing at situations as indicated 

in Fig. 4, 20 ml of the fermentation matrix were extracted, centrifuged at 
3000 rpm for 5 min and then stored in a freezer. The concentration of 
acetic acid, propionic acid, byutric acid and isobyutric acid of these 
samples was analyzed using a gas chromatograph (GC-456 Scion In-
struments). Prior to the gas chromatography (GC) analysis, the samples 
were centrifuged at 10400 rpm at 8 ◦C to get particle free analytes. 

4. Results and discussion 

In this Sec., the CTPs of the eight MO-layers measured simulta-
neously at different fermentation sample conditions (pH-value) are 
visualized and their validity with respect to VFA analysis capability is 
discussed. 

4.1. Sensor response (CTPs) at different pH condition of the fermentation 
sample 

The response of SnO2(FSP)/additive-layers (Fig. 6a) and SnO2(SG)/ 
additive-layers (Fig. 6b) was measured over time according to the pro-
cedure as introduced in Fig. 4b and is illustrated for different pH con-
ditions in Fig. 6. The corresponding CTPs of eight different MO-layers 
provided on two sensor arrays (Fig. 3) are visualized in Fig. 8. 
Furthermore, Table 1 shows the GC analysis results sampled at different 
times of the sequence of sample treatment (Figs. 4 and 6). 

In the sample pre-conditioning phase (0–1.75 h, Fig. 6), the sensor 
arrays were continuously exposed to dry synthetic air and purging 
treatment of fermentation sample with N2 (1–1.75 h, Fig. 6) was intro-
duced to remove the un-dissociatively and physically dissolved biogas 
components like CH4, H2, CO, etc. from the analysis sample, which are 
expected to produce cross sensitivity at the MO-layers with respect to the 
VFA measurements. Immediately after N2-purging, the sensor arrays 
were exposed to the gas extracted from the analysis sample at pH 8 via 
the CGP. This moment is indicated by the rise of sensor responses at 1.75 
h (Fig. 6). At this pH-condition, the VFAs are expected to be completely 
in dissociated state (Fig. 2) and the recorded sensor signals do not 
represent any VFAs but mainly represent the response to humidified air 
and, perhaps, some residual physically dissolved biogas components 
(CO, H2, CH4, etc.) and very low concentrations of other residual non- 
dissociated VOCs in the fermentation sample. Thus, the CTPs 

measured at this sample condition, e.g., the CTPs pH 8@3 h (Fig. 8), are 
observed clearly higher than the CTPs measured at dry synthetic air 
exposure but are considered as the baseline of the VFA analysis. They do 
not represent the small but significant acetate and propionate concen-
tration present in the analysis sample as indicated by GC analysis 
(Table 1, Fig. 6). 

Furthermore, very most MO-layers show a clear increase of the ab-
solute sensor signal (Fig. 6) with time in time-interval 1.75–6.5 h. This is 
illustrated even better by the enhancement of specific features of the 
corresponding CTPs (Fig. 8) of all MO-layers at around 1.5–3 min 
(compare CTPs pH 8@3 h with CTPs pH 8@6.5 h) at relatively constant 
pH 8 condition and indicates clearly that the actual analyte gas 
composition is continuously changing over time. This, probably, may be 
due to the activity of the microorganisms in the analysis sample 
resulting in further production of biogas. 

With transition to pH 5, intense gas evolution with foam formation 
was observed. This gas development was intense enough to escape 
through the backflow protection (water filled gas bubbler) (Fig. 3a) and 
was registered as highly increased sensor signals in time period 6.5–7.7 
h (Fig. 6). It is represented in the corresponding CTPs of all MO-layers by 
a sharp characteristic peak between 1 and 3 min, for e.g., as observed for 
CTPs pH 5@7 h (Fig. 8). 

Comparing the normalized CTPs (equalization of the conductance 
values at the peak temperature (Tmax)) measured at pH 8@3 h, pH 
8@6.5 h and pH 5@7 h, for example, of SnO2(FSP)/NASICON (Fig. 9a), 
reveals that the characteristic peaks observed in those three CTPs are all 
at the same position (at about 2.5 min) with respect to cycle time and 
sensor temperature (230 ◦C). This observation suggests that the surface 
reaction of the same gas component could be responsible for those sharp 
peaks. Besides, those characteristic features are in good resemblance to 
the CTP features observed in normalized CTP of SnO2(FSP)/NASICON 
(Fig. 9a) at exposure to 2000 ppm CO with 50% relative humidity 
measured in the automated gas sensor test system [46]. Furthermore, 
the result (Fig. 7b) of an offline FTIR analysis experiment (Fig. 4c) of the 
gas collected during this intense gas development at pH 5 condition 
confirmed the presence of a small concentration of CO admixed with 
high amount of CO2 and water vapor. However, the FTIR spectrum does 
not contain any absorption bands representing acetic or propionic acid 
vapours, but small characteristic features of these vapours are already 
observed in the CTPs (Fig. 9) at this pH-value. As a first conclusion, this 
means that at transition from pH 8 to pH 5 not only more and more 
undissociated VFA is formed (Fig. 2), but also this transition seems to 
trigger an alteration of the microbiological culture activity, which is 
observed as an intensive development of CO/CO2 and, perhaps, other 
gas components like H2, which are not IR-active. From the IR-spectrum 
(Fig. 7), it is concluded as well that the intense gas development is 
related to the formation of a high amount of gaseous CO2 as pH is 
decreased from 8 to 5. The latter pH-value is clearly lower than the pKa 
= 6.5 of the H2CO3/HCO−3 - dissociation equilibrium (Eq. (2)) and, 
consequently, formation of CO2 gas at pH-transition indicates a high 
concentration of bicarbonate dissolved at pH 8. 

CO2+H2O ↔ H2CO3 ̅̅̅̅̅̅→←̅̅̅̅̅̅
pKa=6.5

H+ +HCO−3 ̅̅̅̅̅̅̅→←̅̅̅̅̅̅̅
pKa=10.5

2H+ +CO2−
3 (2) 

This, however, is not in contradiction to the interpretation of the 
high sensor signals observed at this time period of foam forming (see 
discussion above), because the sensitivity of MOG is well known to be 
very low to CO2 but quite high to CO. 

The intense gas development ended abruptly without further change 
of pH at about 7.7 h. This is clearly indicated by a sharp drop of the 
response of all eight MO-layers (Fig. 6) and, correspondigly, by less 
characteristic peak shape at around 2–3 min in CTPs of all MO-layers 
(CTPs pH 5@8.5 h, Fig. 8). The response of most of the MO-layers is 
now, in fact, lower than the response recorded at pH 8 (6.5 h) except for 
SnO2(SG)/Alumina and SnO2(SG)/YSZ-layers. This is due to the fact that 
the CTP-response of the two latter layers is observed relatively low at 

Table 1 
Acetic and propionic acid concentrations as estimated by the GC analysis probed 
at different times of the measurement sequence (Figs. 4 and 6).  

Time / h acetic acid / ppm propionic acid / ppm 

0.2 104 48 
2 138 51 
8 119 45 
10 113 44 
22 114 44 
24 115 44 
27 330 44 
30 636 42 
32 1100 42 
35 2051 43 
46 2120 44  

B. Ojha et al.                                                                                                                                                                                                                                    



Sensing and Bio-Sensing Research 43 (2024) 100606

8

pH 8 (6.5 h) in relation to the other layers. Further, CTPs shape at pH 
5@8.5 h is clearly different compared to the CTPs shape at pH 8@6.5 h 
and, of course, also to the CTP shapes at pH 5@7 h (gas development, 
Fig. 8). These differences may be explained by the escape of gases from 
the analysis reactor during the intense gas development. The escaped 
gas may contain residual physically dissolved gases after N2 purging, 

newly developed biogas components including other byproducts over 
time (1.75–6.5 h) and even some portion of undissociated VFAs, which 
equilibrated with the dissociated form as pH was shifted to 5. The 
intense evolution of CO2 and correspondingly its high portion in the gas 
development may have an additional purging effect of the other (low 
concentrated) gas components.The latter assumption is supported by the 

Fig. 7. FTIR analysis data. Sampled from intense gas evolution at pH 5 (a) Reference FTIR absorbance spectrum of acetic acid, CO2, water, CO and CH4 [45]. (b) 
Measured FTIR background spectrum with N2 and FTIR spectrum of the gas extracted from the analysis sample. 

Fig. 8. CTPs of (a) SnO2(FSP), (b) SnO2(FSP)/Alumina, (c) SnO2(FSP)/YSZ, (d) SnO2(FSP)/NASICON, (e) SnO2(SG), (f) SnO2(SG)/Alumina, (g) SnO2(SG)/YSZ, (h) 
SnO2(SG)/NASICON as absolute conductance values at exposure to gases extracted by the CGP at different pH conditions of fermentation matrix. 
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GC-analysis results (Fig. 6), which show a small, but significant decrease 
of the acetic and propionic acid concentrations after the foam forma-
tion/gas development event. 

Post intense gas development (7.75–9.5 h), the resoponse of the MO- 
layers seems to be very stable (Fig. 6) at constant pH 5 condition. 
However, more detailed study of the CTP shapes (Fig. 8) revealed sig-
nificant changes in the CTPs shape of SnO2(FSP)/NASICON, SnO2(SG)/ 
NASICON and SnO2(SG)/Alumina layer in the time interval over one 
hour from pH 5@8.5 h to pH 5@9.5 h. This is even better illustrated by 
the plot of the normalized CTPs of SnO2(FSP)/NASICON and SnO2(SG)/ 
NASICON (Figs. 9a and c). The response of these layers seems to reflect 
the change in gas composition over time at best in good agreement with 
the former investigations [40]. Theoretically, substantial activity of 
methane-forming bacteria is not expected below pH 6 [25,47]. How-
ever, significant activity of acid-forming bacteria occurs above pH 5 
[47]. Thus, development of biogas along with other byproducts cannot 
be excluded in this period of process. 

After next step of pH-decrease to pH 3.85 (Fig. 6), namely to a value 
well below the pKa of the VFAs (4.87 and 4.76 for acetic and propionic 
acid, respectively), almost 90% of the VFAs are transformed to the un-
dissociated state (Fig. 2) and, as expected, there is an increase of the 
response of all the MO-layers, which is better visualized as CTPs at pH 
3.85@12 h (Fig. 8). These relatively small CTP-changes of all of the MO- 
layers (e.g., related to CTPs at pH 5@9.5 h) increased significantly over 
the time span of 10 h at constant pH 3.85 condition, and the CTPs 
became more and more characteristic (compare CTPs at pH 3.85@12 h 
with those CTPs at pH 3.85@22 h (Fig. 8)). Assuming that the small but 
significant increase of the CTP is not a consequence of a very slow signal 
response, this observation has to be interpreted as a slow increase of the 
VFA-concentrations (or other gas components) over time. At pH 3 which 
is now far below the pKa value of the VFAs, almost all the VFAs are in 
undissociated state (Fig. 2) and, as expected, the sensitivity of the 

measurement is highest for all the MO-layers resulting in highly specific 
CTP shape represented as pH 3@25 h (Fig. 8). But the CTPs of the 
different SnO2/additive –layers are observed very different in intensity 
and shape specificity. The CTPs at pH 3@25 h of the FSP-layers (Figs. 8a 
– d) have an additional sharp peak at around 1 min in common, which is 
shifted to about 2.5 min in case of SnO2(FSP)/NASICON –layer. The 
position of those peaks with respect to time and temperatue is clearly 
different to the peaks observed in the CTPs pH 8@6.5 and pH 5@7 h and 
they may represent the undissociated VFAs and/or other byproducts 
formed in state of pH 3. However, the CTP shape of SnO2(FSP)/NASI-
CON (Fig. 8d)at pH 3@25 h shows a very similar structure (double peak 
vs. peak and shoulder) as those observed at pH 3.85@12 h and even at 
pH 5@9.5 h. This again indicates that this composite-layer enables very 
sensitive VFA-analysis even at pH-states at which only a lower portion of 
the analyte can be measured in the undissociated state. The SnO2(SG)/ 
additive– layers show similar signal trends, but the CTP shapes are 
clearly less structurized and therefore less specific. 

The exceptional sensing behavior of SnO2(FSP)/NASICON and 
SnO2(SG)/NASICON layers is even more impressively illustrated by 
comparing the normalized CTPs at pH 5@9.5 h, pH 3.85@22 h and pH 
3@25 h (Figs. 9a andc). Comparing those normalized CTPs with those 
CTPs recorded at exposure with 100 ppm model acetic acid and propi-
onic acid dissolved in DI water (Figs. 9b and d) reveals that the CTP 
features observed at different pH conditions of the fermentation samples 
are in good resemblace with the position of the peaks observed in 
measurements with the model VFAs. For instance, the peak observed at 
around 4 min of CTP pH 5@9.5 h, in case of SnO2(FSP)/NASICON is 
specifically at the same position as observed for the propionic acid. 
Similarly, the relatively wide maxima observed in CTP pH 5@9.5 h at 
about 4.3 min for SnO2(SG)/NASICON represents both, propionic and 
acidic acid peaks. As already stated above, it is quite impressive that 
SnO2(FSP)/NASICON and SnO2(SG)/NASICON-layers show such clear 

Fig. 9. Normalized CTPs of (a) SnO2(FSP)/NASICON and (c) SnO2(SG)/NASICON at different pH conditions of the fermentation sample. For comparison, the 
corresponding normalized CTPs, given as G-Go-values measured on model gases, are illustrated in (b) and (d). Go (used for CTP at 2000 ppm CO) is the reference CTP 
measured at synthetic air with 50%rH, whereas for the CTP-measurements of the dissolved acids Go was measured via CGP in DI water at pH 7. 
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variation in CTP shape and integral even for such small changes in un-
dissociated VFA concentration at pH 5 (Fig. 9) with only around 36% 
and 43% (Fig. 2) of the dissolved acetate (115 ppm) and propionate (44 
ppm) (Fig. 6), respectively, in un-dissociated state. This could be asso-
ciated with the enhanced sensing behavior induced by NASICON 
[40,48]. The other SnO2/additive layers do not show this correlation of 
the CTP shapes with the model acids so clearly (Fig. 10). 

As an intermediate summary, the results clearly demonstrate the 
proof-of-concept that use of CGP after sample pre-conditioning (increase 
of pH for N2-purging and then lowering of the pH value below pKa value 
of VFAs) enables the applicability of well selected SnO2/additive gas 
sensitive layers for acetic/propionic acid analysis in biogas fermentation 
processes. Further, the MOGs could be used even for monitoring of the 
actual process condition as well. As shown by the results, the response of 
the MO-layers to any change in the gas composition is rather fast (at 
least two thermal cycle i.e., around 30 min). However, the time required 
for sample conditioning (N2-purging) has to be considered as well. The 
detection limit of the MO-layers, for e.g., SnO2(FSP)/NASICON and 
SnO2(SG)/NASICON-layers is well below 100 ppm as shown by the re-
sults from the measurements at pH 5. In Sec. 4.2, the MO-layers response 
to higher changes in the VFA concentration will be discussed. 

4.2. Sensor response and CTPs at varying VFA concentrations 

In this Sec., the sensor responses to additional dosage of acetic and 
propionic acids into the fermentation sample are studied in relation to 
the CTPs measured at pH 3@25 h. By comparison of the corresponding 
CTP shapes, some disclosure about the correlations between those CTP 
shapes representing the “original fermentation matrix” and those ach-
ieved by increase of the acetic/propionic acid content in the fermenta-
tion liquid, is expected. An overview of the responses of the FSP and sol- 
gel prepared layers at differently adjusted acetic acid and propionic acid 
concentrations at pH 3 is given in Fig. 11. As a general trend, a clear 

stepwise increase of sensor response upon pH-change from 5 to 3 - as 
already discussed in Sec. 4.1 - and further addition of acetic acid (200 
ppm, 500 ppm,1000 ppm and 2000 ppm) up to around 35th h was 
observed in all the MO-layers with different individual sensitivity. This 
stepwise response is more clearly illustrated for the FSP-layers related to 
the SG-layers, except for SnO2(FSP)/Alumina, which shows no response 
to pH-change and to the first acetic acid dosage (1#). The corresponding 
CTPs measured at different acetic acid concentrations increased in steps 
by manual dosage and are visualized in Fig. 12. As a matter of fact, there 
is a monotonic increase of all the CTPs observed in relation to the CTPs 
measured at pH 3@25 h. In good agreement with the discussion in Sec. 
4.1, this indicates that, indeed, the CTP-structure at pH 3@25 h is 
dominated by some acetic acid-content. The characteristic feature of FSP 
prepared layers is predominantly the sharp increase of the peak at 
around 1 min with increasing acetic acid concentration, which is shifted 
to about 3 min in case of the SnO2(FSP)/NASICON –layer (Fig. 12d). In 
contrast, the SG-layers (Figs. 12e-h) are characterized by a double peak 
or shoulder/peak during heating phase (~3 min and 5 min) of the 
temperature cycle. This characteristic structure becomes more pro-
nounced with increasing acetic acid concentration. Hypothetically, this 
may indicate roughly two different kinds of reaction sites, which may be 
a consequence of the much broader SnO2 grain size distribution of the 
SG-prepared layers [40]. In case of SnO2(SG)/NASICON, those two 
features are not well separated for lower acetic acid concentrations but 
could be clearly distinguished, for example, as double peak in CTP pH 
3_2000ppm_ac.acid_35h (Fig. 12h). 

The sensor response of FSP-layers and SnO2(SG)/NASICON (Fig. 11) 
started to decrease abruptly without further change of pH or acetic acid 
concentration after the acetic acid concentration had reached 2000 ppm, 
with individual rate beyond ~35 h but with much lower rate beyond 
37.5 h for the other SG-layers. The reason for this decrease of the sensor 
response is not clear up to now. It may indicate the change in gas 
composition over time by still running bio-fermentation processes. Such 

Fig. 10. Normalized CTPs of (a) SnO2(FSP), (b) SnO2(FSP)/Alumina, (c) SnO2(FSP)/YSZ, (d) SnO2(SG), (e) SnO2(SG)/Alumina, (f) SnO2(SG)/YSZ measured at 
different pH conditions (pH 8, pH 5 and pH 3). For comparison, the CTPs of 100 ppm acetic acid and 100 ppm propionic acid dissolved in DI water at pH 3 are 
visualized as normalized G-Go - values. Here, Go is the CTP measured in DI water at pH 7 [40]. 
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a change in the gas composition could be represented by the decrease of 
the most characteristic CTP-peak of the FSP-layers at ~1 min (Figs. 13a- 
c) and at ~2.5 min measured on the SnO2(FSP)/NASICON–layer 
(Fig. 13d), respectively. Also the SG-layers show systematic decrease of 
the corresponding CTP-features, but with lower rate. Regarding the FSP- 
layers, this trend of CTP-change is opposite to that observed by dosage of 
acetic acid (Fig. 12), which could give rise to the assumption that 
decomposition of acetic acid is observed here (Fig. 13). However, this 
assumption is not so clearly confirmed by the CTP-changes of the SG- 
layers (Fig. 13). 

Further addition of acetic acid at 48.8 h (Fig. 11) resulted in small 
but significant increase of the response of FSP layers (Fig. 11a) 
compared to SG-layers (Fig. 11b) which is better visualized in Fig. 14 (e. 
g., compare CTPs ph3_2000ppm_ac.acid@48.5 h and ph3_2300ppm_ac. 
acid@51.5 h). The response of SG-layers to acetic acid appears to be 
saturated which may be related to their lower signal range and lower 
sensitivity to acetic acid compared to the FSP layers [40]. However, the 
addition of 500 ppm and 800 ppm propionic acid at 51.5 h and 54.5 h 
resulted in a clear stepwise increase of the response of all the MO-layers 
(Fig. 11), which is even better illustrated in the CTPs (Fig. 14) by clear 
increase of the absolute conductance in the temperature range between 
3 min (about 250 ◦C) and the peak temperature, i.e., clearly beyond the 
temperature where the main response to acetic acid was observed. This 
effect could be related to the higher sensitivity to propionic acid 

compared to acetic acid [40] and gives some hint for some ability to 
discriminate between both kinds of acids. Again, CTPs of SnO2(FSP)/ 
NASICON and SnO2(SG)/NASICON, as well as SnO2(FSP)/YSZ and 
SnO2(SG)/YSZ, show excellent sensing behavior and specificity to acetic 
acid and propionic acid which will now be discussed a little bit closer. 
Further increase of acetic acid concentration (2000 ppm to 2300 ppm) 
shows decrease of the CTPs at the lower temperatures at 1 min respec-
tively 1.5 min (Figs. 14c and d). Additional dosing of propionic acid 
results in a general increase of the CTPs, but major increase is observed 
at the higher temperatures between about 250 ◦C and 400 ◦C. Finally, 
further increase to 2600 ppm acetic acid leads to further decrease of the 
peak at 1.5 min measured on SnO2(FSP)/NASICON (Fig. 14d), but to a 
general increase of conductance in the whole CTP-range in case of 
SnO2(FSP)/YSZ (Fig. 14c). 

These results show that there seems to be a clear correlation between 
the dosed VFA type and the CTP features. However, different kinds of 
correlations are observed at different layers, i.e. these may represent 
different surface processes dependent on the additive. In case of 
SnO2(FSP)/NASICON, increase of acetic acid concentration seems to 
depress surface reactions represented by the CTP-peak at 1.5 min. This is 
not observed in the CTPs measured on SnO2(SG)/NASICON (Fig. 14h), 
perhaps, due to less pronounced CTP-shape specificity. 

A better overview of sensor response vs. VFA-dosage may be given by 
the dependency of the absolute sensor resoponse represented by the 

Fig. 11. Sensor response over time of different (a) SnO2(FSP)/additive-layers and (b) SnO2(SG)/additive-layers to different VFA concentrations (#1: 200 ppm acetic 
acid, #2: 500 ppm acetic acid, #3: 1000 ppm acetic acid, #4: 2000 ppm acetic acid, #5: 2300 ppm acetic acid, #6: 2300 ppm acid +500 ppm propionic acid, #7: 
2300 ppm acid +800 ppm propionic acid, #8: 2600 ppm acid +800 ppm propionic acid) at pH 3 provided by additional dosage of the corresponding VFAs. 
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integral of the CTPs of different SnO2/additive-layers as calculated ac-
cording to Eq. (1) (both, acetic and propionic acid) at pH 3 condition 
(Fig. 15). In general, two different dependencies could be observed, one 

up to 1200 ppm, which represent pure acetic acid dosage, and the other 
at 2000 ppm VFA and beyond. The first dependency represents the sit-
uation between 20 h and 35 h (Fig. 11) of measurement whereas, the 

Fig. 12. CTPs measured as absolute conductance G of (a) SnO2(FSP), (b) SnO2(FSP)/Alumina, (c) SnO2(FSP)/YSZ, (d) SnO2(FSP)/NASICON, (e) SnO2(SG), (f) 
SnO2(SG)/Alumina, (g) SnO2(SG)/YSZ, (h) SnO2(SG)/NASICON at exposure to different acetic acid concentrations (200 ppm, 500 ppm, 1000 ppm, and 2000 ppm) in 
the fermentation matrix at pH 3. 

Fig. 13. CTPs measured as absolute conductance G of (a) SnO2(FSP), (b) SnO2(FSP)/Alumina, (c) SnO2(FSP)/YSZ, (d) SnO2(FSP)/NASICON, (e) SnO2(SG), (f) 
SnO2(SG)/Alumina, (g) SnO2(SG)/YSZ, (h) SnO2(SG)/NASICON at constant acetic acid concentration (2000 ppm) in the fermentation matrix at pH 3. 
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second dependency represents the CTP increase vs. acetic/propionic 
acid dosage (Fig. 14) after the considerable decrease of the CTPs within 
13.5 h (35 h – 48.5 h) at constant acetic acid concentration (2000 ppm, 
Fig. 13). 

Obviously, SnO2(FSP)/additive-layers (Fig. 15b) show clearly higher 
absolute sensor response compared to SnO2(SG)/additive-layers 
(Fig. 15a). However, among SnO2(SG)/additive-layers (Fig. 15a) the 
CTP integrals of SnO2(SG)/NASICON-layer are clearly the highest 
(Figs. 12 and 14). whereas among the FSP-layers (Fig. 15b) SnO2(FSP)/ 

NASICON layer shows highest absolute sensor response only to dosed 
acetic acid, but beyond 2000 ppm acetic acid, SnO2(FSP)/YSZ shows 
highest sensitivity (CTP-integral change) vs. dosed propionic acid 
(Fig. 15b). 

5. Conclusion and outlook 

The intention of this work was to demonstrate that the quasi-online 
analysis of VFAs (acetic and propionic acid) in biogas fermentation 

Fig. 14. CTPs measured as absolute conductance G of (a) SnO2(FSP), (b) SnO2(FSP)/Alumina, (c) SnO2(FSP)/YSZ, (d) SnO2(FSP)/NASICON, (e) SnO2(SG), (f) 
SnO2(SG)/Alumina, (g) SnO2(SG)/YSZ, (h) SnO2(SG)/NASICON after further increase of acetic acid and propionic acid concentrations in steps by manual dosage to 
the fermentation matrix at pH 3. 

Fig. 15. Absolute sensor response (integral of CTP) of (a) different sol-gel prepared layers and, (b) FSP prepared layers vs. manually dosed VFAs concentration in 
fermentation sample at pH 3 condition as given in Figs. 12 and 14. Zero concentration value represents the total VFA concentration at pH 3 condition before dosage i. 
e., the sum of acetic and propionic acid concentrations as analyzed by GC analysis. The next concentration values represent the additional VFA concentration (acetic 
and propionic acid) manually dosed according to Fig. 4b. For 2000 ppm manually dosed VFA concentration two absolute sensor responses of each of the sensitive 
layers are presented. They represent the absolute sensor response at 35 h and 48.5 h (marked by *) and clearly indicate the decrease of the sensor response within this 
time span as observed in the CTPs in Fig. 13. 
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processes is possible by use of thermo-cyclically operated metal oxide 
gas sensor arrays complemented by a carrier gas probe. For demon-
stration and characterization of this advanced monitoring method, two 
sensor arrays each comprising a pure SnO2 layer and three different 
SnO2/additive composites (additives: alumina, YSZ, NASICON), were 
fabricated, but they differ by the SnO2 preparation routes, namely Flame 
Spray Pyrolysis (FSP) and sol-gel (SG) preparation and, correspondingly, 
by the SnO2-morphology. 

The challenge was to analyze the development of the VFAs during 
the fermentation process in presence of high concentrations of biogas 
(CO, H2, CH4, etc.). Faced to the well-known cross sensitivity of MOG 
sensors to those biogas components, a pre-treatment process had to be 
introduced to get rid of the biogas without loss of the VFAs. This was 
possible by purging with N2 for 45 min at pH 8. After decrease of the pH 
to three in several steps by dosage of phosphorous acid, the gas sensing 
behavior of the pure SnO2 and SnO2/additive-layers could be investi-
gated by analysis of the Conductance over Time Profiles (CTPs) 
measured. These measurements at different pH conditions (pH 8, pH 5, 
pH 3.85 and pH 3) allowed variation of the fraction of undissociatively 
dissolved VFAs in the fermentation sample, their concentration in the 
carrier gas and, consequently, their influence on the CTPs. This means, 
by analysis of the corresponding CTP shapes the CTP-features repre-
senting the VFAs could be identified. All these experiments were refer-
enced by GC-analysis. Obviously, CTPs measurements at pH 3, which is 
well below the pKa value of the VFAs (about pH 4.8), means that all the 
VFAs are in undissociated state and yield most pronounced CTP-features 
representing the VFAs. According to the authors knowledge, this kind of 
quasi online monitoring of VFAs by use of MOGs as introduced in this 
work, is reported for the first time. For better verification of the CTP- 
features representing the VFAs, CTPs at different VFA-concentrations 
experimentally simulated by manual dosage of acetic acid and propi-
onic acid to the fermentation sample at pH 3 were measured as well and 
their rather similar shape characteristics to the CTPs measured for the 
original fermentation liquid at pH 3 was confirmed. 

An essential part of this work are the experimental facts that the 
additives and the SnO2/additive-layer morphology take profound in-
fluence on the CTPs. The FSP-prepared layers show clearly better 
sensitivity compared to SG-prepared layers and provide CTP specificity 
of higher quality. This is related to the particular morphology consisting 
of nano-scaled fine SnO2-grains with extremely high surface to volume 
ratio of the grains, very narrow grain size distribution, very high 
porosity and, probably, higher surface state energy. 

Some preliminary investigation results showed that the gas devel-
opment triggered by lowering of the pH value of the fementation matrix 
from pH 8 to pH 5 and the continuous change of the analyte gas 
composition over time take clear influence on the CTPs of the SnO2/ 
additive-layers. This means, it could be clearly demonstrated that these 
changes of the CTP shape reflect changes of the actual biochemical sit-
uations, although the underlying biochemical reaction processes are not 
yet known in detail. In particular, the CTPs of SnO2(FSP)/NASICON and 
SnO2(SG)/NASICON were found to show very high sensitivity and 
strikingly enhanced specificity to acetic and propionic acid and are 
remarkably well reproducible. These outstanding sensing characteristics 
were related to special e− /Na+ − interactions across the SnO2/NASICON 
interface, as already reported in earlier studies. 

Finally, these preliminary studies clearly show that thermo-cyclically 
operated tin oxide gas sensors could be very interesting candidates for 
early in-situ monitoring of developing VFA in biogas fermentation 
processes if appropriate additives well adapted to the analysis problem, 
for example, highly sensitive SnO2(FSP)/NASICON-composites, allow 
the extraction of representative CTP-features of the target gas compo-
nent. However, further studies will be necessary in future (i) to correlate 
those CTP-features with the underlying biochemical processes and (ii) to 
gain quantitative VFA-concentration data by numerical analysis of the 
CTPs after calibration of the sensor elements and (iii) to develop a nu-
merical CTP-analysis procedure, as introduced in Sec. 1, to quantify the 

VFA-concentrations. However, also machine learning methods may be 
interesting and even more economic in this context, if they are enabled 
to learn analysis of the VFA representing CTP-features from repeated 
sampling of the CTPs at changing fermentation environments. In this 
context, even further enhancement of the analysis quality provided by 
the SnO2(FSP)/additive-composite is expected, if the homogenity of the 
SnO2(FSP)/additive-composites, in particular the SnO2(FSP)/NASICON- 
composite, could be considerably enhanced, i.e. the additive powder 
could be prepared even finer (e.g., by extended ball-milling or by 
modification of the preparation route) with grain size comparable to 
those of SnO2 powder prepared by FSP technique. This would probably 
further enhance the sensitivity amplification effects, as already assumed 
in a hypothetical model for SnO2/NASICON-composites in the past. 
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