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A B S T R A C T   

In the present study, a tailor-made plug-flow reactor with 3D-printed parts and a multi-position monitoring of the 
pH-value, conductivity and ORP at the inlet, center and outlet part is introduced and applied in anaerobic 
digestion in order to investigate whether i) the formation of gradients can be detected, ii) ideal single or multiple 
spots for the location of sensors during an acidification process can be identified, and iii) the spatial gradient 
acquisition allows for an indirect monitoring of process performance measures, e.g. the accumulation of short- 
chain carboxylic acids. 

During the acidification of a full digestion and in dark fermentation with maize and grass silage, the multi- 
position monitoring of the liquid phase revealed that the local monitoring of conductivity at the inlet and 
center, the ORP at the center and outlet and the pH-value at the outlet are relevant to gain information of the 
process performance, while the spatial gradient monitoring of the conductivity between the inlet and center and 
of the ORP between the center and outlet are relevant for the early detection of process disturbances.   

1. Introduction 

Any circular bioeconomy concept relies on the utilization of a wide 
range of biogenic residual feedstock. Biogenic residues, like agricultural 
side products or biowaste are regarded as valuable feedstock for AD. 
They are used more and more frequently for AD aside of composting [1, 
2]. AD consists of four major process phases: i) hydrolysis, ii) acido
genesis, iii) acetogenesis, and iv) methanogenesis. While fermentative 
bacteria are the main actors in the three primary phases, methanogenic 
organisms are the drivers of the final conversion of the organic in
termediates into methane (CH4) in the last phase of the process [3]. 
When the methanogenesis is suppressed, a so-called DF, or acidogenic 
mixed culture fermentation, is achieved, in which the carbon feedstock 
is converted, beside biomass, into hydrogen, ethanol, and SCCAs (e.g. 
acetic acid, butyric acid, propionic acid, a. o.) [4]. Biohydrogen pro
duction from biogenic waste through DF is a promising technology as 
biohydrogen is considered as a future energy carrier where, theoreti
cally, 1 mol of glucose produces 4 mol of H2 together with 2 mol of acetic 
acid [5]. Also, SCCAs are intensively used in the chemical industry as 
building blocks of alcohols, aldehydes, alkanes, esters and ketones. They 
can also be used as substrate to produce biofuels and biopolymers, 

namely PHAs [6]. Most recently, SCCAs from DF have been applied for 
the production of valuable polyunsaturated fatty acids like DHA and 
EPA in oleaginous microorganisms [7]. 

DF is a process mode that occurs, if, for example, an anaerobic mixed 
culture is acidified, like it can happen as process disturbance in full AD 
as well, although highly unwanted in the latter case. Process recovery 
takes usually weeks or months until the previous capacity for biogas 
production in full AD is achieved again. However, also a combination of 
these two operation modes, namely DF and AD, is possible, if several 
consecutive reactors or reactors with segregated zones are used. The 
utilization of a PFR proved to achieve a stable process for an increased 
efficiency at a high solid content of 20–30% DM, making it a favored 
system for the anaerobic digestion of the organic fraction of municipal 
waste for biogas production [8,9] While in CSTRs, all or at least several 
AD phases occur simultaneously everywhere in the vessel, the alterna
tive configuration of a PFR allows for the segregation of the different 
phases of AD along the reactor. Thus, at a short HRT, hydrolytic and 
acidogenic reactions occur mainly near the feedstock input in the di
rection of the flow, while methanogenesis occurs at a longer HRT, in the 
second part of the reactor closer to the outlet. The sequential separation 
of AD phases along a PFR has been observed, for example, by Namsree 
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et al. [10]. In a PFR-based digestion of pineapple pulp and peel, acido
genic bacteria dominated near the entrance while methanogens domi
nated the microbial consortium in the central and final section of the 
PFR. The segregation of AD phases has also been observed in a 
PFR-based digestion of cheese whey, in which hydrolysis and acido
genesis were identified in the first part, whereas acetogenesis and 
methanogenesis occurred in the other parts of the reactor [11]. A 
gradient formation in off-line monitored parameters such as pH, FOS/
TAC, sCOD has also been observed in co-digestion of swine manure and 
corn stover at an OLR of 4.7 kgVSm− 3d− 1 and HRT of 28d for biogas 
production [12]. 

In many studies about PFR-based digestion, off-line measurements of 
the pH-value, alkalinity, SCCAs, TS and VS, as well as off-gas analysis 
have been typically performed with samples from ports that were arbi
trarily located along the PFR. Although the separation of the different 
phases of AD should lead to a gradient formation along the reactor 
length, their formation has not been studied systematically yet. On-line 
monitoring in the liquid phase of AD typically covers parameters such as 
pH-value and temperature. Very rarely, the on-line and at least partly 
automated measurement of COD, TOC, SCCA concentration, alkalinity, 
turbidity and biogas composition has been reported [13]. Although 
numerous convenient technologies exist for the on-line monitoring of the 
liquid phase in anaerobic bioprocesses, e.g. as summarized by Bockisch 
et al. [14], they are often not applied in practice yet. This is surprising as 
some examples show promising results and potential for process control. 
The data correlate with parameters that describe the process perfor
mance, which otherwise require laborious off-line analyses: for instance, 
the ORP is known to be a crucial parameter to monitor the hydrolysis of 
waste sludge, while it correlates well with the soluble COD [15]. 
Additionally, a linear relation has been observed between on-line con
ductivity measurements and off-line measurements of SCCA concentra
tions up to 5 g L− 1 [16,17], as well as bicarbonate concentrations and 
methane production rates in AD [18]. 

These examples provide a motivation for the utilization of sensors in 
the liquid phase of a PFR-based digestion process: the application of 
multi-position monitoring of parameters such as pH-value, ORP and 
conductivity, as well as the determination of their gradients along the 
HRT, may allow for the early identification of process disturbances like 
acidification or a lack of nutrients [19]. The consideration of spatial 
gradients instead of single one-spot measurements may provide even 
better estimations of the process performance and may be an important 
basis for process models. If so, multiposition measurements might be 
able to improve process control and a secured operation at flexible 
feedstock composition and load in a PFR. 

In order to prove the authors’ hypothesis, a multi-position moni
toring approach has been applied to evaluate the performance of a 
digestion process, mainly operated under acidic conditions in a dark 
fermentation mode with real-time monitoring at the inlet, center, and 
outlet part of a PFR. In order to decrease costs, increase design flexibility 
and allow a fast implementation of reactors in any lab to conduct 
continuous experiments quickly with a broad range of feedstock, a PFR 
made out of 3D-printed and plexiglass material was designed for this 
study. 3D-printing is a rapid, easily customizable and low-cost strategy, 
which has already been used in previous studies to fabricate bioreactors 
for in-vitro cell culture [20], as well as AD [21]. 3D-printed components 
are reusable and have been considered as an excellent option for 
analyzing microbe-mediated bioenergy systems [21]. By coupling such a 
tailor-made, purpose-oriented bioreactor design to programmable data 
collection software, and equipped with multiple sensor ports, a high 
level of flexibility of such an experimental concept is achieved. 

2. Material and methods 

2.1. 3D-printed tailor-made PFR 

The PFR module, as used in this study, consisted of a vessel, which 

was a horizontal cylinder made of clear extruded acrylic glass of a length 
of 750 mm, inner diameter of 144 mm, thickness of 3 mm, with a total 
volume of 12.2L. The dimensions and positions for sampling ports and 
sensors are shown in Fig. 1. STL-files about the 3D-print of the 3-blade 
stirrers, the inside/outside washers and seal plates at the sensor ports 
and dimensions of electrode holders are added as supplementary 
material. 

The parts of the PFR module are briefly described in the following: 
Side plates are made of PTFE. They have a ring groove into which the 
reactor vessel is fitted. In between, an O-ring seals the connection, 
supported with transparent silicone rubber (Liqui Moly GmbH, Ulm, 
Germany). Both side plates are equipped with Iglidur X sleeve bearings 
(IGUS GmbH, Cologne, Germany) in the center to hold a stirrer shaft 
made of stainless steel (V4A) with a diameter of 15 mm and a length of 
770 mm. The stirrer shaft is sealed with a shaft seal made of fluororubber 
(HUG Technik Shop GmbH, Ergolding, Germany) at the inner part of one 
side plate and is fixed by another side plate made of polyoxymethylene 
with a thickness of 15 mm. A polyoxymethylene side plate is also used at 
the side of the outlet to stabilize the construction and to avoid bending of 
the PTFE side plate. Five 3-blade stirrers are 3D-printed with PA2200 
white Nylon (nano sealed plus slide finished), and clamped onto the 
stirrer shaft with stainless steel clamp rings (Mädler GmbH, Hamburg, 
Germany). The distances of stirrer blades from the end of the stirrer shaft 
are 90, 240, 420, 555 and 670 mm. An IKA Eurostar40 stirrer (IKA®- 
Werke GmbH & Co. KG, Staufen, Germany) is used as motor. Ports for 
feed and harvest are made of PVC grommets (ID = 20 mm, ¾” external 
thread) with clamping nuts. A PVC tube (length = 100 mm, outer 
diameter = 20 mm) is clamped into the grommets and closed with a 
rubber plug. All sealing threads of the PFR are reinforced with Teflon 
tape. 

At the bottom of the vessel, Hamilton ARC sensors (Hamilton 
Bonaduz AG, Bonaduz, Switzerland) were installed to measure con
ductivity (ConduCell UPW), pH-value (EasyFerm PHI) and redox po
tential (EasyFerm ORP) at the inlet, center, and outlet zone in the liquid 
phase. All sensors were additionally recording the temperature. The 
ARC sensors were mounted in electrode holders made of PETP, equipped 
with a sealing inside the vessel, which is 3D-printed with Silicone G1H 
Shore 65A and adjusted to the curvature of the reactor vessel pipe of the 
reactor. The washer is printed with white resin FORM2 (formlabs 
GmbH, Berlin, Germany). All electrodes were equipped with VP8 data 
cables (Hamilton) which were connected to a power source (Voltcraft 
HPS 13015) and a Modbus USB-RS485 converter (Hamilton). Hose 
connectors (10 mm/12 mm) made of POM were fixed into drillings (10 
mm) on the reactor vessel and sealed with silicone rubber to connect the 
sampling ports at the inlet, center, and outlet of the reactor. A silicone 

Fig. 1. Sketch drawing of the tailor-made plug-flow reactor made of a plex
iglass tube and 3D-printed parts and operated with multi-position monitoring in 
the liquid phase. 
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hose (12 mm ID), which was closed with a hose clip, was connected to 
the hose nozzle for sampling. A polyethylene tubing (12 mm ID), which 
was connected to an Eco silver thermostat (Lauda GmbH, Lauda- 
Königshofen, Germany) was wrapped around the reactor vessel to 
improve temperature control. The reactor was additionally covered with 
insulating material made of latex foam with a thickness of 30 mm. A 
common QS push-in hose fitting was installed for the gas phase outlet 
connection at the top of the outlet side plate. The gas hoses were made of 
thermoplastic polyurethane. The off-gas volume was measured with a 
BlueVcount gas counter (BlueSens GmbH, Herten, Germany). After
wards, the off-gas passed three BCP sensors (BlueSens) to determine the 
concentration of CO2 (BCP–CO2; max. range of 50 Vol-% CO2), CH4 
(BCP–CH4) and H2 (BCP–H2). The software BlueCheck (version 2.2.1.3, 
BlueSens) was used for data collection. All other data were recorded 
with LabView (version 2018 – National Instruments Corp. Ltd., New
bury, United Kingdom). 

2.2. Process operation and sampling 

The tailor-made PFR was used to perform anaerobic hydrolysis in a 
continuous DF mode, at 10 rpm, with agricultural residues, namely 
maize silage and grass silage as feedstock. Although not all of these 
feedstock components can be regarded as purely residual, they are 
suitable to serve as a model substrate. The starting inoculum was 
collected from a German industrial-scale biogas plant, which is contin
uously operated with MS (15% of DM) as main feedstock. Acidic pre- 
treatment was performed as described elsewhere [3]. The reactor 
module was harvested and fed 5 times per week in order to meet the 
conditions as described in Table 1. Both, the fresh MS (87.9 ± 12.4% 
DM, 96.8 ± 0.02% VS) and bench-dried GS (93.1 ± 0.1% VS) were 
sieved with a mesh width of 5 mm. Samples of a volume of 15 mL were 
collected from ports at the inlet, center and outlet of the PFR twice a 
week, a portion was directly used for at-line measurements. The leftover 
was stored for a maximum of two weeks at − 20 ◦C prior to off-line 
analysis. 16 mL of 85% (ww− 1) phosphoric acid was added to inactivate 
the methanogens. 

2.3. At-line and off-line analysis 

Several at-line and off-line measurements were conducted throughout 
the experiments. 

2.3.1. At-line measurements of the frequency-dependent anisotropy 
polarizability (FDAP) 

3 mL of the fresh samples were used for at-line measurements of the 
FDAP of cells (also known as cell polarizability as an estimate about the 
physiological state of a cell). Samples were prepared and analyzed as 
described by Gómez-Camacho et al. [3]. The FDAP was measured with 
EloTrace® (EloSystems GbR, Berlin, Germany) at frequencies of 200, 
400, 900 and 2,100 kHz. The method follows the principles described by 
Bunin [22]. The displayed values of the FDAP do not contain the scale 
coefficient of 5⋅10− 31. Triplicate analyses were performed for each 
sample. 

2.3.2. Off-line analysis 
SCCAs. The SCCA composition in the liquid phase was determined 

using 2 mL of frozen samples, thawed at room temperature, and then 
stored at not more than 4 ◦C for 24 h for further salt precipitation. The 
samples were then centrifuged at 4 ◦C and 13,300×g for 20 min. The 
supernatant was filtered with a 0.2 μm Nylon filter (Carl Roth GmbH, 
Karlsruhe, Germany). Proteins were precipitated with a clarification kit 
(Carrez clarification, Merck KGaA, Darmstadt, Germany). A 1200-series 
HPLC system (Agilent Technologies Inc., Waldbronn, Germany), 
equipped with a refractive index detector and an HyperRez XP Carbo
hydrate H+ column (Fisher Scientific Inc., Waltham, MA), was used for 
analysis as recently described by Camacho et al. [3]. 

Soluble chemical oxygen demand (sCOD). Thawed samples were 
filtered through a regenerated cellulose filter with a pore width of 0.45 
μm (Merck) and diluted 100-fold in deionized water. 2 mL of liquid were 
transferred into a chemical oxygen demand mercury-free TNTplus vial 
test (Hach Lange GmbH, Düsseldorf, Germany), and analyzed according 
to the manufacturer’s instructions. 

FOS/TAC. 5 mL of sample volume were diluted in 50 mL of de- 
ionized water. The pH-value was adjusted to 8.5 (±0.2) with potas
sium hydroxide (25% wv− 1). Samples were analyzed by pH titration 
using the method described by Hach Lange®, adapted from the Nord
mann’s protocol, using a 0.05 M H2SO4 titrant solution under stirring 
[23,24]. 

Viscosity (η). 40 mL of culture broth at room temperature were used 
for torque measurements in a power control-Visc P7 Viscoclick (IKA®). 
The torque measurements were used to calculate the viscosity [PaS] of 
the samples with equations (1) and (2) following the methodology as 
described in Ref. [25]. 

c(Ni) = 148.85Ni + 116.35 −
9.188

Ni
(1)  

η =
2π ⋅Nm

Ni ⋅D3
i ⋅c

(2) 

c is a constant factor, which was obtained by reference measure
ments within a pure glycerol solution and defined dilutions (1:1; 1:2; 
1:3) of it, Ni is the stirring speed [s− 1], Di is the vessel diameter [m], and 
Nm is the torque [Nm], which is measured at the stirrer shaft. 

Reynolds number (Re). The Reynolds number for plug-flow was 
determined with equation (3) as described e.g. by Chen [26]: 

Re=
υm ⋅d

ν (3) 

Power input (P/V). The power input into the liquid phase of the 
reactor was calculated as described by Barradas et al. [27] with equation 
(4): 

P=M ⋅ ω (4)  

2.4. Statistical analysis 

Principal component analysis (PCA) was conducted with Origin (Pro) 
(version 16.1, OriginLab Corp., Northampton, MA) in order to identify 
correlations between on-line and off-line parameters. In case of the FDAP 
measurement, two PC score values were used as they contained a major 
linear independent information of the spectra. For regression analysis, 
the weekly average values of on-line measurements were used for com
parison with off-line measurements, which were conducted less 
frequently. Values were normalized to their maximum values and 
analyzed via Pearson’s correlation with SigmaPlot® (version 12.5, 
Systat Software Inc., San Jose, CA). 

3. Results & discussion 

The aim of this work was to investigate the usefulness of gradient 
measurements in the liquid phase of a digestion process in a continu
ously operated PFR. Therefore, not a steady but dynamic state with 

Table 1 
Operational parameters of the plug-flow reactor.  

Week 
[W] 

Feedstock 
mixture 

HRT [d] OLR [gDM L− 1 

d− 1] 
Total DM 
[%] 

0–6 MS 27.5 ±
4.3 

1.5 ± 0.5 28 ± 1.5 

7–10 1:1 MS:GS (DM) 16.4 ±
4.2 

1.5 ± 0.5 24 ± 1.7  
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changing process modes and cultivation conditions were applied to gain 
a variety of different parameter values. The chosen process modes were 
either full AD under increasingly acidic conditions (so-called acidifica
tion) or finally DF with a dominant hydrolytic and acidogenic phase 
under prevention of methanogenesis. Sensors for the measurement of 
the pH-value, the ORP and the conductivity were mounted into the 
liquid phase of the inlet, center and outlet part of a PFR. In the liquid 
phase, no foam formation was observed at all throughout the experi
ments. The on-line data were used for a linear regression analysis 
together with data from at-line and off-line measurements. Linear 
regression served as a basic method for the identification of obvious 
correlations. The at-line and off-line measurements included the con
centration of side metabolites and measures of the cell physiology status. 
Along with the identification of correlations, the question was answered, 
whether a multi-position measurement and finally the determination of 
gradients can provide additional information about the process perfor
mance, and thus brings benefits in comparison to the common single- 
spot measurement at a usually arbitrarily chosen location along a PFR. 

3.1. Flow characteristics and power input 

To describe the systems’ fluid flow behavior, the viscosity of the 
culture broth was measured and the Reynolds number for tubular flow 
was determined (Table 2). Typically, the Reynolds numbers, as obtained 
in this study, describe a strongly laminar plug-flow behavior, which is a 
requirement for the development of gradients along the reactor length. 
Possible back-mixing effects would counteract the development of gra
dients; however, the viscosity is several orders of magnitude higher than 
that of water, and therefore the inner friction within the fluid phase and 
between the fluid phase and vessel walls should theoretically prevent 
back mixing. The viscosity as determined in samples of this study is in 
the same order of magnitude as the one determined at 20 ◦C from 
activated sludge samples with a total solid content of 6% [28]. The 
actual development of gradients, as shown further in the results section, 
supports the assumption of a dominant plug-flow behavior. 

3.2. Assessment of gradient formation in the plug-flow reactor 

The digestion of agricultural residues in the PFR was examined with 
the following tools and methods: i) multi-position monitoring of the pH- 
value, ORP and conductivity at three different HRT in the PFR, ii) on-line 
monitoring of the CO2, H2 and CH4 content in the gas phase at the outlet 
of the reactor and iii) corresponding off-line measurements of sCOD, 
FOS/TAC ratio, and SCCA concentrations in the liquid phase. The one- 
spot monitoring of the gas phase at the outlet of the reactor is 
assumed to be representative for the whole headspace under the 
assumption of a gradient-free gas phase as typically assumed in other 
studies [10]. 

Biogas is typically composed of 50% (v/v) or more CH4 in full 
digestion, while the rest of the off-gas comprises of CO2, 0–1% H2, and 
0–15% of N2, H2S, and probably traces of O2 [29]. The gas composition 
during W0 – W6 leads to the assumption that the feeding of pure MS 
causes a higher release of CO2 and H2 in comparison to the subsequent 
feeding phase, during which a higher portion of the gas phase is likely 
composed of N2. A final transition to a pure DF mode and the nearly total 
depletion of activities of methanogens is characterized by a CH4 

concentration drop from 18.9 ± 0.01% to 2.3 ± 0.15%, together with an 
increase of H2 production from 1.54 ± 0.2% to 6.26 ± 1.5% (Fig. 2a) in 
the first three weeks. Hence, different conditions were achieved in the 
respective period: i) a process mode with a low activity of methanogenic 
organisms under acidification, and ii) a process mode with hardly any 
methanogenic activity, representing a DF. Both modes are dynamically 
changing throughout the time of observation in order to get a variety of 
data for the regression analysis and subsequent evaluation of the 
monitoring concept. 

The low pH-value at the outlet in the first phase is most likely due to a 
previously applied artificial acidification (addition of phosphoric acid 
through the outlet port). It hindered the action of microorganisms in the 
latter part of the reactor, thus the re-assimilation of side products like 
SCCAs might also have been affected negatively by a sudden drop of the 
pH-value below 5.0 [30,31]. Since methanogens are highly sensitive to 
low pH-values below 5.5 [32], the methanogenic stage was clearly 
suppressed and the level of CH4 was very low from W2 on. Conditions 
were obviously dynamically changing in some areas of the PFR, while 
the measurement of the pH-value in the center part remained compa
rably stable. It is noteworthy to mention that most often, one-spot 
measurements in PFRs are conducted in the center part. It becomes 
obvious from Fig. 2 that many of the process dynamics cannot be caught 
at this zone. 

The question remains, however, how relevant the changes, especially 
of the pH-value at the outlet zone, are for process monitoring and con
trol. When considering the development of the conductivity values, it 
becomes obvious that most of the dynamic behavior was monitored at 
the second part of MS feeding, when the pH-value remained rather 
stable at all three positions across the reactor. In contrast, the conduc
tivity showed a very dynamic behavior from the inlet through the center 
to the outlet position during the whole observation period. Values from 
the inlet and center part reflect obviously best the synthesis of SCCAs. 
Dynamic changes were also recorded by the ORP over the whole period. 
In waste activated sludge alkali pre-treatment tests, the sCOD content 
was predicted from ORP values, as a positive correlation existed be
tween these parameters. This strong correlation (R = 0.96) shows that 
the ORP-values can be used to predict the solubilization efficiency of the 
waste activated sludge [15]. In the present study, however, sCOD values 
show an increasing trend with the experimental time, with a slight 
decrease in parallel to the HRT (Fig. 3c). There is no clear correlation 
visible at a first sight, however, the sCOD increased from W0–W6 and 
decreased with the substrate changes from W7 on (Fig. 3c) together with 
the accumulation of total SCCAs (Fig. 3a). 

In general, results of the first weeks are in accordance to expecta
tions: a low pH-value in hydrolysis and acidogenesis leads to an increase 
of the H2 production as shown in a double-stage AD of MS for both, the 
H2 and CH4 production [33] and for many biogenic feedstock and for 
agricultural waste [34]. The low off-gas concentration of CO2 and H2 
after the change from MS to MS/GS co-feeding is probably due to an 
overall lower bacterial growth as before, as an accumulation of butyric 
acid up to 8.5 ± 0.4 g L− 1 at the outlet might have hindered biomass 
formation (Fig. 3b). A similar trend was already seen in the first part of 
pure MS feeding (Fig. 3a). Indeed, in the present study, the acidogenic 
phase is dominated by butyric acid, while the accumulation of acetic 
acid was relatively low (0.6 ± 0.1 to 1.5 ± 0.08 g L− 1, data not shown). 
The production of butyric acid induces self-inhibition [35], which limits 
biomass growth and H2 production. Thus, N2 remains the dominant part 
of the gas phase. 

SCCA concentrations were rather similarly distributed along the 
reactor. Biggest concentration gradients were seen at the outlet part. As 
also previously described for similar conditions of biogenic waste AD for 
biogas production, with an HRT of 16d and an OLR of 14gVSL− 1d− 1, the 
SCCAs concentration tends to decrease along the reactor length [36]. 
This shows that most of the acid accumulation happened in the first part 
of the reactor, while subsequently, either production and re-assimilation 
were rather equal or synthesis ceased. A lower SCCA concentration at 

Table 2 
Viscosity, Reynolds number and power input during operation of the plug-flow 
reactor.  

Time [w] Dynamic viscosity [Pa s] Reynolds number Power input [W m− 3] 

0 3.9 ± 0.6 2.5⋅10− 6 0.10 
2 5.4 ± 0.9 1.9⋅10− 6 0.11 
4 4.9 ± 0.3 2.4⋅10− 6 0.12 
6 5.1 ± 0.6 2.5⋅10− 6 0.18  
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the outlet up to W5 suggests their re-assimilation between the center and 
outlet part. While spatial gradients were small, the synthesis itself was 
highly dynamic under the different process conditions. The accumula
tion of SCCAs started to increase subsequently from W3 on. Most likely, 
an adaptation and/or stabilization of the microbiota after the previous 
artificial acidification led to this increase [37]. Not surprisingly, the 
highest accumulation of SCCAs, namely 10.8 ± 0.4 g L− 1 at the outlet, 
appears in parallel with the highest H2 concentration in the off-gas (13.5 
± 0.7 Vol-%) in W6, but not to the lowest pH-value, which occurred 
before. The decrease of H2 and CO2 concentrations (Fig. 2a) at the 

strongest increase of butyric and acetic acid concentrations (Fig. 3b) 
before W6 might be explained by the presence of strictly anaerobic 
acetogens using the Wood-Ljungdahl pathway. They consume CO2 and 
H2 for acetyl-CoA synthesis, and subsequently acetic and butyric acid 
production. Among these microorganisms are typically Eubacterium 
spp., Butyribacterium spp. and Clostridium spp. [38]. This is also reflected 
in the ORP profile (Fig. 2d), where low values (below − 240 mV) 
describe a state with a low concentration of H+, which is converted to 
H2O through the Wood-Ljungdahl pathway, while an increase might be 
due to a higher H+ concentration and the presence of reducing agents 

Fig. 2. On-line monitoring during acidified 
digestion of agricultural feedstock in a plug-flow 
reactor. On-line measurements of the gas phase (a) 
and measurements for the multi-position on-line 
monitoring of the conductivity (b), pH (c) and ORP 
(d) in the liquid phase at the inlet, center, and outlet 
part of the PFR are depicted by black squares, orange 
circles, and blue triangles, respectively. The period of 
feeding MS is depicted in grey (W0 – W6), while the 
period of feeding with MS:GS feedstock mix is 
depicted in white (W7 – W10). In both periods, an 
OLR of 1.5 ± 0.5 gDM L− 1 d− 1 was applied. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 3. Off-line parameters during acidified 
digestion of agricultural feedstock in a plug-flow 
reactor. Samples of the liquid phase from the inlet 
(black squares), center (orange circles), and outlet 
(blue triangles) of the PFR were analyzed for the total 
SCCA (a) and butyric acid (b) concentrations, sCOD 
(c) and FOS/TAC (d). MS (grey area) and a GS:MS 
mix (white area) were used as feedstock with a final 
OLR of 1.5 ± 0.5 gDM L− 1 d− 1. (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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from W8 on. A low ORP value can be a sign for a an accelerated butyric 
acid production [39]. 

The determination of FOS/TAC values are a suitable and frequently 
applied analysis to control feeding of a continuous process. A value 
between 0.4 and 0.6 is considered optimal. Below 0.4, the system is 
considered to be operated at starvation, above 0.6 it is usually consid
ered to be overfed [40]. Hence, starvation conditions were detectable 
throughout certain weeks of operation. The gradient observed in the 
FOS/TAC ratio at W0 suggests a non-linear distribution and consump
tion of the feedstock, reflecting the process of microbial segregation and 
adaptation in dependence of the HRT. The gradient was lower at short 
HRTs (0.35 ± 0.3 d at the inlet and 0.33 ± 0.3 d at the center during the 
first 3 weeks of operation). The COD and sCOD are values that charac
terize indirectly the amount of material that can be degraded in the 
liquid phase [41,42]. High values indicate either a high load of fresh 
feedstock or a slow degradation process as it was detectable in the 
middle of the experiment. This is exactly where the metabolic activity 
decreased, which might have caused this dynamic behavior (Fig. 3c and 
d). 

3.3. At-line monitoring of frequency-dispersed anisotropy polarizability 

The polarizability of a cell suspension depends on the cell’s physio
logical state, while the time of response to an electrical field intensity 
change depends on the electron content and conductivity in cell com
ponents. The electrooptically determined polarizability has been used as 
a predictive method for the cells’ activity to metabolize substrates and 
release products, also in anaerobic cultivation. FDAP was used for 
metabolic flux prediction and the estimation of the cell shape and 
length, as e.g. applied for Clostridium acetobutylicum batch cultures [43]. 
This measurement technology was included in our study to gain addi
tional information that could be correlated with the on-line measure
ments in the liquid phase. Since both, the FOS/TAC and sCOD, as well as 
the accumulation of SCCAs, showed a highly dynamic behavior, the 
physiological cell status should also have changed during the course of 
the experiment. 

In our study, no major differences were observed for the measure
ments at higher frequencies of 900 and 2,100 kHz, while variations were 
observed for measurements at 200 and 400 kHz at the inlet, center and 
outlet of the PFR (Fig. 4, S1). Acidification conditions, as applied here, 
put cells under environmental stress. The transport mechanisms through 
the cell wall are likely affected, possibly because the acid flow is redir
ected to uptake and conversion into other products. A gradient forma
tion along the HRT was detected, in which cell viability and activity are 
the lowest at the outlet of the reactor, where the pH-values are also the 
lowest (between W0 and W2) and methanogens are distressed by growth 
conditions. In between W3 and W5, cell viability and activity are higher 
during hydrolysis and acidogenesis at shorter HRTs, as a response to the 
acidification strategy in the PFR, reflecting microbial adaptation and 
process stabilization. This is in good agreement with the increase of the 
SCCAs production (W3, Fig. 3a), while the pH-value remains stable 
during this phase (W4, Fig. 2c). Studies with E. coli (and other micro
organisms) showed that variations in the FDAP allow to distinguish 
between high and low consumption of substrates [44], also in DF [3]. 
The signal intensity’s increase in samples of week 1 and 5 reflects the 
microbial adaptation to the acidified process mode (and finally DF) in 
parallel with accelerated synthesis. The decrease in FDAP in weeks 3–6 
at the inlet and center part of the reactor (Fig. 4a and b) could be a 
response to induced stress by the accumulation of SCCAs up to 9.7 ± 0.2 
and 9.5 ± 0.4 g L− 1, respectively (Fig. 3a). Rather constant values of the 
FDAP at the outlet can be explained by a better adapted microbiota to 
acidogenic conditions, leading to an SCCA accumulation up to 10.8 ±
0.6 g L− 1 (Fig. 3a). The further decrease from W7 on is mostly due to the 
low FOS/TAC ratio and a low sCOD value. In parallel to the low polar
izability, the concentration of SCCAs declines. It is noteworthy that the 
values at the inlet are consistently higher because, as is evident from the 

higher FOS/TAC values, there is likely more substrate available. The 
deviations for some measurements, however, are large, so any inter
pretation has to be taken with care. 

Results show that the metabolic activity and cell physiology evolve 
along the reactor length from a high metabolic activity for hydrolysis 
and SCCAs production at the beginning and for the presence of consid
erably high amounts of SCCAs at the outlet of the PFR, reinforcing the 
conclusion that one-spot on-line monitoring might not be sufficient to 
catch the potentially different responses of cells, especially when 
comparing the state at the outlet to the other reactor zones. 

3.4. Benefits of multi-position monitoring in plug-flow digestion 

In order to assess eventual benefits of multi-position measurements 
for gradient monitoring in the PFR-based digestion, Pearson’s correla
tions were determined for the average of weekly gained values of the on- 
line, at-line and off-line measurements during W0 and W6. The goal of 
this study was to examine if there are benefits of multiposition on-line 
monitoring at process disturbances and if at least some off-line analysis 
can be replaced or efforts be reduced. Therefore, correlations between 
off-line (PC1, PC2 and SCCAs) and on-line (pH, ORP, and conductivity) 
monitored parameters were analyzed. Not surprisingly, CO2 and H2 
contents in the off-gas depict a strong positive correlation, both values 
correlate negatively to the CH4 content. This is typical as the accumu
lation of both gases are a sign of low activity of methanogens [29]. 
Similarly, for the same reason, the CH4 content also tends to be nega
tively correlated with the SCCAs concentration at all ports (Fig. 5a–c). 

The pH-values depict positive correlations with PC1 (gained from the 
FDAP spectra, Fig. S1) at the inlet port of the PFR (Fig. 5a), however this 
correlation is not present at the center and outlet ports, possibly because 
the pH gradient disappeared at longer HRTs (center – outlet) around W4 
when the process became rather completely acidified. Good correlations 
have also been found between ORP and SCCA production at center and 
outlet ports (Fig. 5b and c). However, while these correlations were 
positive at the center part, a negative correlation was found at the outlet 
of the PFR. This is possibly due to the fact that ORP values depict a 
decreasing trend at the outlet of the reactor (recall Fig. 2d), but the SCCA 
concentrations did not reflect such behavior (Fig. 3a and b). The ORP is 
known to correlate positively with the sCOD content, but it shows a 

Fig. 4. Electrooptical measurement of the frequency-dispersed anisotropy 
polarizability (FDAP) as measured at frequencies of 200 kHz (empty dots) and 
400 kHz (full dots) in cell suspension samples from the inlet (black squares), 
center (orange circles) and outlet (blue triangles) in acidified full digestion in a 
plug-flow bioreactor. (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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negative correlation with the pH-value, as it has been also observed for 
the solubilization of waste activated sludge [15]. Indeed, a negative 
correlation trend has been observed at the outlet port between ORP and 
pH-values, suggesting that the pH-value affects the ORP more than the 
sCOD content in our study. Conductivity depicts a strong positive cor
relation with the SCCAs accumulation at the inlet and center ports, 
however, the correlation is lost for longer HRTs at the outlet of the 
reactor. Additionally, good correlations between the conductivity and 
pH-values, as well as CO2 and H2 content in the off-gas were observed at 
the center of the PFR. These observations are in good agreement with 
previous studies, which have suggested that conductivity can be used as 
a monitoring parameter for biogas production, pH-value and SCCA 
accumulation in AD processes [16,17]. 

Overall, the various correlations found between the on-line and the 
off-line parameters indicate that the application of sensors in different 
positions along a PFR for monitoring the gradients can be advantageous 
over monitoring at a single-position in a dark fermentation mode. 

Among the most important off-line parameters that describe the 
process disturbance under unwanted acidification or the process per
formance in DF mode is the accumulation of SCCAs. At the inlet, the 
SCCA accumulation positively correlated with the conductivity mea
surements (Fig. 5a). At the center part, SCCA accumulation positively 
correlated with the conductivity and ORP measurements (Fig. 5b). 
However, at the outlet (Fig. 5c), the SCCA accumulation negatively 
correlated with the ORP measurements and positively with pH-vales. 
This may indicate that measuring the pH at different locations does 
not provide additional information, but that, different of what is done in 
practice, the outlet is a better location for a pH probe than the center. It 
is interesting though that measurements are correlated positively, which 
also provides a hint that a drop in the pH-value at the outlet part of the 
PFR might prevent a further accumulation of SCCAs (too strong acidi
fication and loss in process performance). In contrast, if only low SCCA 
concentrations would appear (below the values obtained throughout our 
experiments), the pH-value would naturally remain higher. Then, the 
relation as described previously between the SCCAs concentration and 
the pH-value would not make sense. Hence, the identified correlation 
might only be valid below a certain threshold pH-value. Additionally, as 
it can be seen at the SCCA accumulation against conductivity plots at the 
inlet and center (Fig. 5a and b) as well as against the pH-values at the 
outlet (Fig. 5c), the curve is following a non-linear behavior. Thus, 
applying non-linear correlation yields greater determination 
coefficients. 

To investigate possible further advantages of the on-line measure
ments to detect process disturbances, the acquisition of spatial gradients 
rather than local measurements was investigated by performing a linear 

correlation analysis with respect to gradients between the inlet and 
center (IC), as well as the center and outlet (CO) part. It is shown in Fig. 6 
that the IC and CO gradients develop differently in the liquid phase and 
consequently show different correlations. Naturally, the correlations 
found for the off-gas contents regarding CO2, H2, and CH4 are consistent 
with what has been observed in local measurements. No strong corre
lation was found between the gradient of SCCA concentrations and the 
on-line monitored parameter gradients of the pH-value, conductivity and 
ORP, neither for the IC nor the CO part (Fig. 6). Moreover, the CO2 and 
H2 concentrations correlate positively with the SCCA concentration 
gradient in the CO part and, interestingly, the pH gradient correlates 
also positively with the gradient of the PC1 from the FDAP spectra in the 
CO part (Fig. 6b). This means that an increased gradient of the pH-value 
favors a higher FDAP value in the outlet part of the bioreactor. No other 
correlations between the gradients of on-line and off-line monitored pa
rameters have been found in this study. The pH-values, however, depict 
a negative correlation with other on-line monitored parameters, namely 
the conductivity and ORP for the CO (Fig. 6b), as well as a positive 
correlation with ORP for the IC (Fig. 6a). The latter also presents a 
positive correlation with the conductivity in the CO part (Fig. 6b). 

Concerning the gas production, the strong positive correlation of the 
CO2 and H2 content with conductivity at shorter HRTs, but strong 
negative correlation with both conductivity and ORP at longer HRTs, 
suggests that production has been favored only at the inlet and center of 
the reactor, during hydrolysis and acidogenesis. In fact, methane was 
only produced at the expense of these gases at longer HRTs, as shown by 
the positive correlation between the CH4 content, conductivity and ORP 
in the CO part (Fig. 6b). 

4. Conclusion and outlook 

Acidification and DF represent either a process disturbance of a full 
digestion or an interesting process mode if SCCAs and H2 shall be the 
final products. In our study, it was investigated if multi-position moni
toring in the liquid phase can contribute to detect acidification early or 
maintain a DF state better than with a common one-spot measurement in 
a plug-flow bioreactor. Overall, the local measurements are beneficial at 
the inlet and center ports for the conductivity measurements, at the 
center and outlet ports for the ORP measurements and at the outlet port 
for the pH measurement with respect to the SCCA accumulation. This 
SCCA accumulation is one of the most interesting parameters to be 
predicted by on-line measurements. In case of the spatial gradient 
acquisition, the conductivity gradients in the first and second part of the 
plug-flow bioreactor are correlated with CO2 and H2 accumulation. 
Gradients of the ORP in the center to outlet part of the bioreactor 

Fig. 5. Pearson’s correlation coefficients for local measurements at the inlet (a) center (b) and outlet (c) in acidified digestion in a plug-flow bioreactor during weeks 
1–6. The average of the local measurement values of pH, conductivity and ORP, CO2, H2 and CH4 during a week and at-line measurements of the FDAP represented by 
PC scores 1&2 and off-line measurements of the SCCA accumulation at each port were considered. 
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correlate with H2 accumulation in the off-gas. However, no clear ben
efits from the measurement of gradient formation with respect to the 
SCCA accumulation were observable. Interestingly, the pH gradient in 
the inlet to center part correlates with the first PC of the cell polariz
ability spectrum. Further process states and disturbances will be applied 
in future studies to prove whether the correlations that were found are 
consistent over a wide range of operation modes or if other or further 
benefits will occur at those cases. 

Together with an expert system built based on the gradient acqui
sition of selected local measurements of conductivity, ORP and the pH- 
value, improved process monitoring and control can be achieved. This 
finding is relevant as independent, well-controllable operation is 
particularly required in decentralized production concepts. These allow 
an operation close to the source of biogenic feedstock, ideally residues, 
when transport is too costly or hardly feasible, like in remote regions in 
many countries of the world. The demonstrated concept in a low-cost 
tailor-made lab reactor with installation costs of approx. 1,500 € (w/o 
the sensor technology) allows to examine many feedstock combinations 
and monitoring strategies in plug-flow digestion processes. Any progress 
to increase the autonomous operation of such processes would 
contribute to an increased amount of material that can be valorized 
either for energy or material use. 
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COD chemical oxygen demand 
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DHA docosahexaenoic acid 
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HRT hydraulic retention time 
IC inlet to center 
ID inner diameter 
MS maize silage 
ORP oxidoreduction potential 
PC principal component 
PETP polyethylene terephthalate 
PFR plug-flow reactor 
PFTE polytetrafluoroethylene 
PHAs polyhydroxyalkanoates 
PVC polyvinyl chloride 
SCCAs short-chain carboxylic acids 
sCOD soluble chemical oxygen demand 
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TS total solids 
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Selective VFA production potential from organic waste streams: assessing 
temperature and pH influence, Bioresour. Technol. 244 (2017) 1081–1088, 
https://doi.org/10.1016/j.biortech.2017.07.187. 

[38] H.L. Drake, Acetogenesis, in: Chapman, Hall (Eds.), Acetogenesis, Springer Science 
& Business Media, New York, 1994, pp. 3–60. 

[39] K. Schuchmann, V. Müller, Energetics and application of heterotrophy in 
acetogenic bacteria, Appl. Environ. Microbiol. 82 (2016) 4056–4069, https://doi. 
org/10.1128/AEM.00882-16. 

[40] R. Nkuna, A. Roopnarain, C. Rashama, R. Adeleke, Insights into organic loading 
rates of anaerobic digestion for biogas production: a review, Crit. Rev. Biotechnol. 
42 (2022) 487–507, https://doi.org/10.1080/07388551.2021.1942778. 

[41] A. Donoso-Bravo, C. Sadino-Riquelme, D. Gómez, C. Segura, E. Valdebenito, 
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