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Abstract 

Volatile fatty acids (VFAs) produced by acidogenic digestion of sewage sludge are very 

interesting bio-products which can contribute to carbon neutrality of wastewater treatment 

plants. Studies on the production of VFAs from sewage sludge from fermenters with 

membrane are limited. In view of above, VFAs from a fermenter pilot plant equipped with a 

membrane bioreactor and fed with real sewage sludge has been monitored. The effect of 

headspace volume (HdV) on VFA production was studied for the first time to elucidate the 

optimal operation conditions. Specifically, three fermenter HdV values (namely, 20, 40 and 

60% of the total volume) have been investigated. Results revealed that the HdV of 20% 

ensured the highest sCOD production (900 mgCOD/L) and VFA/COD ratio (45.4%). High 

value of HdV (namely, 40 and 60%) strongly decreased the acidogenic fermentation 

performance in terms of VFA production.  

 

Keywords: Anaerobic digestion; Headspace effects, Resource recovery from wastewater; 

Sewage sludge; Volatile fatty acids. 

 

1.  Introduction 

Large amount of sewage sludge is every year produced in Europe by urban wastewater 

treatment plants (WWTPs) (12 million tons) (Bianchini et al., 2016; Nieto et al., 2021). Due 

to the grow of global population and the requirements of increasing wastewater treatment 

worldwide, the amount of sewage sludge is expected to increase in the future (Kubonova et 

al., 2021). Sewage sludge is usually stabilized by using anaerobic digestion (AD) before its 
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final disposal (usually in the solid waste landfill) or land application. AD represents a multi-

step process (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) which allows to 

transform organic compounds into carbon dioxide (CO2) and methane (CH4) by means of the 

growth of anaerobic microorganisms (Garrido et al., 2013). Therefore, during AD energy and 

added-value bio-products (such as volatile fatty acids – VFAs) can be produced according to 

the concept of biorefinery (Yang et al., 2015). In view of increasing the opportunity of 

recovering as much as possible bio-products from AD, the multi-step processes can be 

interrupted to the acidogenesis (Nabaterega et al., 2021). Indeed, the acidogenic fermentation 

allows the production of high value chemicals such as VFAs that can be used as renewable 

carbon source (Liu et al., 2020). For example, VFA-rich streams can be used as feeding for 

polyhydroxyalkanoates (PHA) production and consequently bioplastic (Moretto et al., 2020). 

Several operation conditions, initial sewage sludge features and pre-treatments have been 

investigated in literature (Atasoy et al., 2018; Reyhanitash et al., 2019; Aghapour Aktij et al., 

2020; Presti et al., 2021). Previous studies demonstrated that VFAs depend by several factors: 

hydraulic retention time (HRT), temperature, pH, nutrients availability, headspace pressure 

(HP) and plant schemes. Among these factors few studies focused on the mitigation of HP 

on VFAs production using environmental sustainable solutions. Indeed, previous studies 

employ hydrogen (H2) and carbon dioxide (CO2) flushed in the headspace (Koch et al., 2015). 

Recently, Li et al. (2019) studying batch test experiments using vacuum pump for HP control, 

found that VFA production increases under low HP (around 0.02 MPa). Such results were 

related to the capability (under low HP values) of the protein compounds to be degraded 

under acetogenesis fermentation, thus favouring the short-chain VFA production (Li et al., 

2019). Despite the beneficial effects played by H2 and CO2 in attenuating the HP effects for 
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producing VFAs, those gases are strongly in contrast with the concept of environmental 

sustainability (Yan et al., 2017). Very recently, García-Depraect et al. (2022) in view of 

producing VFA from bioplastic fermentation have applied helium gas flushing to guarantee 

anaerobic conditions within the fermenter. However, the fermenter volume adopted by 

García-Depraect et al. (2022) has a bench scale (1 L working volume). Therefore, the cost 

sustainability of adopting helium gas flushing has been neglected García-Depraect et al. 

(2022) despite it is quite expensive (on average 10 € m-3) (Kornbluth, 2018).   Moreover, 

especially CO2 is among the most important greenhouse gas emissions (IPCC, 2022). 

Therefore, strategies for improving acidogenesis fermentation without using chemicals, 

gases or compounds that may compromise the environmental or economic sustainability of 

the process are required. Despite the effort performed in literature, as far as authors are aware, 

there is a lack of studies regarding VFA production from real sewage sludge from fermenters 

in operation without flushing gases (i.e., CO2, H2) for mitigating the HP effects. Thus, to gain 

insights about best operation conditions, here the role of the headspace volume percentage 

on the short-chain VFA production has been investigated by using a fermenter pilot plant 

equipped with an ultrafiltration membrane for solid/liquid separation. The novelty of the 

study is the improvement of the acidogenesis fermentation performance avoiding the 

adoption of external chemicals to control HP that can have negative environmental impacts.  

2.  Materials and methods 

2.1.      Pilot plant description 

A fermentation pilot plant was built at the Water Resource Recovery Laboratory at Palermo 

University (Mannina et al., 2021) (Figure 1). The pilot plant was composed of a fermenter, 
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an ultra-filtration unit and a permeate tank. The fermenter was a covered Continuous Stirred 

Tank Reactor (CSTR) (V= 225 L) equipped with a mechanical stirrer and liquid sampling 

ports. The fermenter was also equipped of gas sampling ports installed in the cover. Two 

probe ports were installed inside the reactor. An ultra-filtration unit (V= 43 L) with an hollow 

fibre membrane (porosity = 0.03 μm, surface area: 1.4 m2) was connected to the fermenter.      

Once the fermentation experiment ended, the fermented sludge was filtered by the membrane 

with a net initial flowrate of 13.2 L/h (9 min filtration at flow rate of 18 L/h, 1 min 

backwashing at flow rate of 30 L/h). During membrane filtration, the off-gas produced inside 

the ultrafiltration tank was continuously recirculated inside the membrane by using a Gilian 

GilAir Plus (Recom Industriale) set at gas flow rate of 5 LPM. The gas recirculation allowed 

the reduction of membrane fouling by increasing the scouring action on the membrane 

surface. 

      

 

pH, T
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Gas recycle pump
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Figure 1. Fermentation pilot plant layout 

2.2. Analytical methods   

Chemical oxygen demand (COD), total and volatile suspended solids (TSS, VSS), 

ammonium (NH4
+- N) and phosphate (PO4

3--P) concentrations were measured three times 

per week by using the standard methods (APHA, 2012). VFA measurements were performed 

by treating filtered (0.45 µm) fermented sludge samples with dimethyl carbonate (DMC-

OEI) according to Ghidotti et al (2019). Treated samples were analysed with an Agilent 

Technologies 7820A gas chromatograph (GC) equipped with a flame ionization detector 

(FID) and a DB FFAA column (30 m x 0.25 x mm x 0.25 µm).  Formic, acetic, propionic, 

isobutyric, butyric, isovaleric, valeric, isocaproic, hexanoic and n-heptanoic acids were 

analysed according to the protocol proposed by Montiell-Jarillo et al. (2021). Finally, VFA 

concentrations were converted into COD by using the conversion factors as proposed by 

Yuan et al. (2011). Carbon dioxide (CO2) concentration have been measured in the headspace 

gas by using the GC equipped with an Electron Capture Detector (ECD). 

During the membrane operation, the transmembrane pressure (TMP) was continuously 

monitored by using a vacuum gauge indicating TMP both during filtration and backwashing. 

Furthermore, during membrane operation the net extracted permeate volume was measured 

in view of calculating the total membrane resistance (RT) as the ratio between the average 

TMP and the average permeate flux, this latter multiplied to the permeate viscosity (Judd and 

Judd, 2008). The COD solubilization was estimated according to Equation 1 (Mohammad 

Mirsoleimani Azizi et al., 2021): 

𝐶𝑂𝐷 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑠𝐶𝑂𝐷𝑡 − 𝑆𝐶𝑂𝐷0

𝑇𝐶𝑂𝐷0
                                       (1) 
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where (t) and (0) refer to generic and initial time, respectively.  

2.3. Experimental campaign 

The pilot plant fermenter was fed with real sewage sludge produced from a biological pilot 

plant for carbon and nitrogen removal installed at the Water Resource Recovery at Palermo 

University Campus (Mannina et al., 2021). In Table 1 the main features of the sewage sludge 

are reported. Three different fermenter pilot plant experiments (T1, T2 and T3) were carried 

out. The headspace volume percentage (with respect to the total volume) for T1, T2 and T3 

was respectively equal to 60, 40 and 20%.  

Table 1. Sewage sludge features. 

Parameters T1 T2 T3 

pH 7.21 7.15 6.6 

Total Suspended solids, TSS (g/L) 4.5 4.8 4.27 

Volatile Suspended Solids, VSS (g/L) 4.33 3.91 3.64 

Total Chemical Oxygen Demands, 

TCOD (mg/L) 

7340 4801 6201 

Soluble Chemical Oxygen Demands, 

sCOD (mg/L) 

99 37 103 

Ammonium, NH4
+-N (mg/L) 6.5 28.20 19.81 

Phosphate, PO4
3--P (mg/L) 6.1 5.21 5.20 

EPS proteins (mg/g VSS) 136.9 96.1 15.9 

EPS carbohydrates (mg/g VSS) 16.9 9.8 4.7 
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The VSS concentration for each fermenter pilot plant experiments was around 4.3 gVSS L-1 

(more precisely the VSS concentration was equal to 4.34, 4.80 and 4.27 gVSS L-1 for T1, T2 

and T3 respectively). 

The duration of each acidogenic fermentation experiment was 15 days. pH, temperature and 

Oxidation Reduction Potential (ORP) have been continuously monitored inside the fermenter 

by using a WiFi - Multi 3630 IDS “WTW” (Xylem brand) and related probes. 

 

3. Results and Discussion 

3.1. sCOD, nutrients and SMP concentrations 

Figure 2a and 2b reports sCOD concentration trend and COD solubilization. The highest 

sCOD concentration was recorded for T3 revealed during day 8 (900 mg COD/L and 12.85% 

of the initial total COD in term of solubilisation). T2 and T1 reached the COD peak  both on 

day 11 (615 and 146 mg COD/L, respectively). T1 maintained the highest pH value during 

the test while the lowest value was recorded for T3. This latter result shows the different 

hydrolysis rate and its relative sCOD production: different headspace volume influenced CO2 

solubility in the supernatant thus rapidly decreasing pH in T3 (Figure 2e) (Nabaterega et al., 

2021). Indeed, in T3 acidic pH was rapidly reached (2nd-3rd day) thus enhancing the 

hydrolysis step and reaching sCOD production peak 3 days before T1 and T2 (Ma et al., 

2016). However, COD solubilisation was low in all the experiments (Fig. 2b) which could 

be correlated to the low EPS concentration. T3, which had the lowest EPS concentration of 

all the experiments, showed the highest COD solubilisation (13%), while T2 and T1 reached 

10 and 1% of COD solubilisation, respectively. These results confirm that in T3 the 



9 

hydrolysis step was enhanced compared to the other experiments (T1 and T2). Indeed, during 

test T3 the highest values of sCOD concentration and COD solubilisation were achieved 

despite the low EPS fraction availability. 

Figure 2 also shows the NH4
+ (c) and PO4

3- (d) concentrations trend during the experiments. 

T3 revealed the highest NH4
+ concentration (70.2 mg NH4

+/L).  

 

Figure 2. sCOD (a), COD solubilization (b), ammonium (a) and phosphate (b) concentration trends during the 

experiments.  

 

(a) (b)

(d)(c)

0

200

400

600

800

1000

0 1 4 6 8 11 15

sC
O

D
 c

o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (days)

0

20

40

60

80

0 1 4 6 8 11 15

N
H

4
+
-N

 c
o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (days)

(e)

0

3

6

9

12

15

1 4 6 8 11 15
C

O
D

 s
o
lu

b
il

iz
at

io
n
 (

%
)

Time (days)

0

10

20

30

40

0 1 4 6 8 11 15

P
O

4
3

- -
P

 c
o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (days)

6.5

6.7

6.9

7.1

7.3

7.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

p
H

Time (days)



10 

During T2 showed similar NH4
+ concentration to T3 was achieved (60.6 mg NH4

+/L). 

Conversely, during T1 very low NH4
+ concentration was obtained (4.8 mg NH4

+/L). These 

results suggest according to Feng et al. (2019) an effective protein hydrolysis during T2 and 

T3. In terms of phosphate release, T3 revealed the highest concentration (31.4 mg/L).  

In order to corroborate the previous statement related with the protein hydrolysis, Figure 3 

shows how soluble proteins and carbohydrates concentration varied from the start to the end 

of the fermentation experiments. T3 reached the highest soluble proteins and carbohydrates 

concentrations at the end of the test (46.1 and 15.6 mg/g VSS), followed by T2 (30.8 and 

12.1 mg/g VSS) and T1 (22.5 and 7.2 mg/g VSS).  

sCOD, nutrients and SMP concentrations during the experiments highlight the effect of the 

HdV in the acidogenic fermentation process. Low HdV shifted CO2 gas-liquid equilibrium 

towards its solubilisation in the supernatant liquid thus leading to carbonic acid formation, 

whose subsequent ionization produces hydrogen ions (H+) (Li et al., 2029). Similar results 

were found by other authors investigating the VFA production from organic waste (Iglesias-

Iglesias et al., 2019; Lü et al., 2021).  Free H+ ions were generated mostly in the first days of 

the experiment since acidic conditions were rapidly reached in T3 (Figure 2e), thus enhancing 

the organic matter disruption. 
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Figure 3. Protein (a) and carbohydrate (b) concentration at the start and end of T1-T3. 

 

3.2.  Effect of the headspace volume on the acidogenic fermentation 

VFAs concentrations during the experiment are reported in Figure 4a. By analysing Figure 

4a one can observe that the trend was similar as sCOD production. T3 reached the highest 

VFA concentration (409 mg COD/L) and VFA/sCOD (45.4 %) on day 8. A slight decrease 

from T3 was registered for T2 (198 mg COD/L and 31.2 %) on day 11, as expected since 

higher pH in T2 compared toT3 may have worsened the organic matter disruption. T1 

reached the VFAs concentration peak at the 11st day (30 mg COD/L). Finally, none of the 

experiments reached at least 30% of VSS reduction or a VFA yield higher than 200 mg 

COD/g VSS (Fig. 4b).  
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Figure 4. VFA concentrations, VFA /sCOD ratio (a) and VFA yields and VSS reduction (b) for T1-T3 

 

Figure 5 a-c shows VFA composition during the experiments. The predominant species of  

VFA was acetic acid both in T2 (average 96.6 %) and T3 (92.43%).  

Butyric and iso- butyric acid accounted for 2.5 and 0.9 % for T2 respectively,  while lower 

amounts were measured in T3 (0.8 and 3.3% respectively). Propionic acid was the second 

most abundant acid in T3 (3.5%) while it was the predominant acid in T1 (33.8%). Compared 

to other experiments, T1 showed lower amounts of acetic acid (33.72%) and was also the 

only experiment where iso valeric acid was detected (32.52%).  

As already discussed for COD, headspace volume clearly affected not only the fermentation 

process but also its rate. T3 reached the highest VFA concentration faster than T1 and T2, 

thus assuming that lower pH value enhanced acidogenesis as well (Li et al., 2017). Also, T1 

trend shows a probable methanogenic activity that hindered the VFA production, especially 

on day 8. Methane measurements were not performed to confirm these results, but CO2 

concentration started increasing after day 6 (5.67, 10.21, 12.29, 15.64 and 26.82% for days 

4, 6, 8, 11 and 15 respectively). Also, propionic acid was the only VFA produced in the first 
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days of experiment (Fig, 6a). These results suggest, according to previous literature, that 

hydrogenogenic and acetate methanogenic archaea activity could be possible (Lyberatos and 

Skiadas, 1999). Propionic acid was consumed rapidly to produce acetate and hydrogen. 

Indeed, during day 8 acetate was detected and no propionic acid was measured. After day 11, 

methanogenic activity led to acetate consumption and CO2 production. 

 

Figure 5. VFA composition during the experimentation period for T1 (a), T2 (b) and T3 (c). 

Considering the effect of different carbon sources (VFAs) in the mixed microbial community 

(MMC) PHA production process (Tu et al., 2020), T3 showed the best composition compared 

to other experiments but, despite the encouraging results obtained, mere sewage sludge 

fermentation without pre-treatment or other substances addiction isn’t enough to convert all 

the organic matter into VFA and more research is needed to optimize the pilot scale process. 
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3.3  Membrane fouling 

Table 3 summarizes the results in terms of average initial and final parameters related to the 

membrane filtration and fouling. By analysing data of Table 3 one can observe that the 

membrane fouling on average increases with the decrease of the headspace.  Indeed, as 

reported in Table 3 the average final TMP value during filtration increased from 0.8 bar (for 

T1), till to 0.95 bar (for T3) with a value of 0.95 bar for T2. Consequently, the average final 

net permeate flow rate decreased from 12 L h-1 (for T1) to 4.3 L h-1 (for T3).  These data are 

mainly due to the increase, with the reduction of the headspace, of the filtration duration time, 

without any membrane cleaning excepting for the backwashing cleaning (every 9 min 

filtration). Moreover, with the decrease of the headspace volume the amount of the total 

soluble (both protein and carbohydrate) concentration increased (Figure 3a-b) likely due to 

the sludge deflocculation effect during the acidogenic fermentation (Li et al., 2019a).  

 

 Table 3. Initial and final parameters related with membrane filtration and fouling 

Parameters Unit T1 T2 T3 

Average initial net 

permeate flow rate  
L h-1 13.2 13.2 13.2 

Average final net 

permeate flow rate 
L h-1 12 5.6 4.3 

Average initial TMP  bar 0.11 0.11 0.11 

Average final TMP  bar 0.8 0.95 0.98 

Filtration duration time  day 1 2.5 4 
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Indeed, the highest TMP value and the lowest average final flow rate were achieved for 

experiment T3 (0.98 bar and 4.27 L h-1, respectively) during which the highest soluble SMP 

was obtained.   

Figure 6 shows the results obtained in terms of initial and final RT for each fermentation 

experiment. 

Consistently with the results discussed above, there was an increase of RT with the decrease 

of the headspace volume. Indeed, RT value was equal to 35.9 1012 m-1, 88 1012 m-1 and 96 

1012 m-1 T1, T2 and T3, respectively. 

 

 

Figure 6. Initial and final total resistance RT obtained for each fermentation experiment  
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This result could have important economic implications in terms of operational costs, because 

decreasing the headspace volume the availability of fermentation volume increases (resulting 

in a highest sludge volume that can be subjected to formation). However, the filtration time 

and the membrane fouling increase with the headspace volume decreasing thus influencing 

the electric power requirement and the potential membrane life duration. This issue is out of 

the scope of this manuscript and will be tested using different membrane types in the future.  

4. Conclusions 

Sewage sludge was tested in fermentation experiments investigating the influence of 

headspace volume and therefore pH with the aim of enhancing VFA production improving 

the process environmental sustainability. Results showed that low HdV enhanced organic 

matter disruption by an increase in sCOD production (from 146 to 615 and 900 mgCOD/L 

for 60, 40 and 20% HdV, respectively) and acidogenesis (112 mg VFA/g VSS). Also, high 

HdV (60%) inhibited VFAs production which led to CO2 production. Future research will 

focus on maximizing the COD and VFA production of this sludge, investigating inexpensive 

and environmentally friendly pre-treatment. 
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