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Recovery of organic carbon from municipal waste streams

Sammanfattning
I kommunala avfallsströmmar finns det en stor potential för resursåtervinning på grund av
det höga organiska innehållet vilket kan användas för biobaserade produkter. På grundval av
detta så fokuserar denna studie på resursåtervinningen av kol från kommunala
avfallsströmmar genom att undersöka nuvarande och nytillkomna tekniker för att få
vattenreningssystem att också bli resursåtervinningssystem.
Första delen av studien undersöker relationen mellan metanproduktion och karaktäriseringen
av anaerobiska granuler med ändamålet att förbättra energiproduktionen genom direkt
behandling av kommunalt avloppsvatten. För detta ändamål så användes två UASB (Upflow
Anaerobic Sludge Blanket) pilotreaktorer. Reaktorerna kördes med olika stora granuler, olika
temperaturinställningar och olika hydrauliska uppehållstider (HRTs). Storlek, mikrobiell
struktur, intern mikrostruktur och specifik metanogenaktivitet av de anaerobiska granulerna
analyserades. Granulerna i UASB1 var 3-4 mm stora med interna multilager av
mikrostrukturer som bestod av acetoklastika-metanogen arkéer. Granulerna i UASB2 var 12 mm stora utan interna multilager och bestod av hydrogenotrofa metanogener. Aktiviteten i
granulerna i UASB1 var 250-437 mL CH4 /g VS·d och i UASB2 var det 150-260 mL CH4 /g
VS·d, vilket bekräftar att de acetoklastisk-metanogesa var mer effektiva i UASB1 än de
hydrogenotrofa i UASB2. Att öka temperaturen från 20 oC till 28 oC under försöket medförde
ingen förändring av den mikrobiologiska strukturen, men gav en ökning i biogasproduktion
i UASB1 och högre och stabilare biogasproduktionshastighet i UASB2. Ökningen av
biogasproduktion berodde på en reduktion i metans löslighet i utflödet och stabilare
metanogenes. Ökning i HRT resulterade i större reduktion av organiskt material mätt som
kemisk syreförbrukning (COD) och större biogasproduktion på grund av längre kontakttid
mellan substrat och mikroorganismer.
Den andra delen av studien fokuserar på att utveckla ett tillvägagångssätt att få en anaerob
rötning att producera flyktiga fettsyror (VFA) istället för biogas. Studien fokuserar på
effekten som kvoten mellan substraten primärslam och externt matavfall (OW) har och hur
robust VFA-systemet skulle vara i stor skala på lång sikt. Olika kvoter av primärslam och
matavfall testades i labbskala i batchstudier med 0 %, 25 %, 50 %, 75 % och 100 % COD
OW. Baserat på resultaten från labbskala så kördes 50% COD OW i ett semi-kontinuerligt
pilotförsök. Batch-testerna i labbskala visade att högre % COD OW, gav högre VFA
produktion på grund av högre koncentration av organiskt material. Ättiksyra var den mest
förekommande VFAn i batch-testerna medan kapronsyra var högst förekommande (50%) i
det semi-kontinuerliga försöket. Denitrifikationsförsök visade att VFA-rik vätska från
pilotskalareaktorerna gav den högsta specifika denitrifikationshastigheten i jämförelse med
acetat och metanol.
Resultaten visar att värdefulla kolkällor kan återvinnas från kommunalt avfall genom anaerob
behandling av kommunalt avloppsvatten och samfermentering av primärslam och matavfall.
Nyckelord: flyktiga fettsyror, biogas, anaerob granul, anaerob samrötning, kommunala
avfallsströmmar
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Abstract
Municipal waste streams in the form of wastewater and solid waste, have huge potential for
resource recovery due the inherent organic content which makes it possible to extract biobased products. In view of this, the focus of the current study was on recovery of carbon from
municipal bio-waste streams by investigating current and emerging technologies to shift
waste treatment systems to resource recovery facilities.
The first part of the study investigated the relationship between methane-producing pathways
and the characteristics of anaerobic granules with the aim of enhancing energy production
through direct treatment of municipal wastewater. For this purpose, two pilot-scale upflow
anaerobic sludge blanket (UASB) reactors with different granule size distribution were run
at different temperatures, hydraulic retention times (HRTs), and the sizes, microbial
community structure, internal microstructure and specific methanogenic activities of
anaerobic granules were assessed. The granules of UASB1 were larger (3-4 mm) with multilayered internal microstructure and the archaeal community was predominated by
acetoclastic methanogens, while the granules from UASB2 were smaller (1-2 mm) without a
layered internal structure and the archaeal community was predominated by
hydrogenotrophic methanogens. Moreover, the acetoclastic methanogenic activities of
UASB1 were 250-437 mL CH4/g VS·d while those of UASB2 were only 150-260 mL CH4/g
VS·d, confirming that acetoclastic methanogenesis was more efficient in UASB1 than
UASB2. Increase in temperature from 20oC to 28oC during presented study did not
significantly change the microbial community structure but resulted in an increase in biogas
production for UASB1. There was also a stable and higher biogas production rate for UASB2.
The increase in biogas production was attributed to a reduction in the methane solubility in
the effluent and stable activity of methanogens. Increase in HRT resulted in higher chemical
oxygen demand (COD) removal efficiency and biogas production due to increase in contact
time between substrate and microorganisms.
The second part of the study aimed at devising an approach to move anaerobic digestion
production from biogas to volatile fatty acid (VFA) due to it higher value. The study focused
on the impact of substrate ratio of primary sludge and external organic waste (OW) and to
up-scale and assess the robustness of the VFA system in the long-term operation. Lab-scale
batch study with different proportions of primary sewage sludge and OW, specifically 0%,
25%, 50%, 75%, 100% of OW in terms of COD and scaled up in a semi-continuous pilot
reactor operation with substrate of 50% OW based on the results of the initial lab-scale study
were performed. There was an increase in VFA production with increase in OW proportion
due to the availability of higher biodegradable organics. Acetic acid was the most dominant
VFA in the lab-scale batch reactors while in the semi-continuous pilot-scale experiments,
caproic acid was the dominant VFA component accounting for about 50% of VFAs.
Denitrification tests showed that VFA-rich liquid from the pilot scale reactor attained the
highest specific denitrification rate when compared with acetate and methanol.
The results therefore demonstrate that valuable carbon resources can be efficiently recovered
from municipal waste through both direct anaerobic treatment of municipal wastewater and
co-digestion of sewage sludge and external organic waste.
Keywords: Biogas, Volatile fatty acid, Anaerobic granules, Co-digestion, Municipal waste
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1

Introduction

Increase in the world’s population has reinforced the demand of materials to meet the needs
of people. Since petroleum-based production is finite and poses serious threat to the
environment, it is now an utmost important to ensure sustainable production in the context
of circular economy. Nations are now putting measures in place to address the issue of
climate change. Notable among such measures is the United Nations sustainable
development goals established in 2015 and has been adopted by all member states to ensure
that the needs both present and future generations will be met in a sustainable manner.
Moreover, the United Nations Sustainable Development Goals 6 and 11 motivate major
research interests, further boosted by the alarming increase in worldwide pollution levels and
climate change primarily caused by overuse of fossil fuels. To achieve these goals, regional
bodies such as the European Union and individual countries like Sweden have new climate
policy framework to curb down greenhouse emission. In view of this, the concept of waste
handling is being shifted from just removal of contaminants to recovery of valuable resources.
There are a number of resources that can be recovered from various waste streams. Waste
streams which are available for resource recovery include municipal waste streams,
agricultural waste, construction waste, commercial waste and industrial wastes. There have
been efforts to recover bioenergy, nutrients, organic chemicals, metals with different
biological and physiochemical technologies from municipal, industrial and agricultural waste
streams (Govindarajan, 2018; Puyol et al., 2017; Solon et al., 2019). Municipal waste streams,
specifically municipal wastewater and municipal solid waste are inevitable by-product of
modern society. It is estimated that over 330 km3 of municipal wastewater is generated
annually in the world (Mateo-Sagasta et al., 2015). These waste streams contain organic
carbon and nutrients which when released into the environment can have severe
consequences on the receiving environment and the climate. The Swedish Environmental
Protection Agency revealed that in 2016 about 35 300 tonnes of organic carbon (as chemical
oxygen demand, COD), 15 400 tonnes of nitrogen and 240 tonnes of phosphorus were
discharged through municipal wastewater (Statistical Agency, 2018). Moreover, it is
estimated that globally about 1.3 billion tons of municipal solid waste is produced yearly
with about 46% organic contents (Campuzano and González-Martínez, 2016). Besides, the
EU estimates that about two-third of its bio-waste comes from municipal waste streams
(Bourguignon, 2015). These show that municipal waste streams have huge potential for
resource recovery and different bio-based products can be valorised from them
(Khoshnevisan et al., 2020). The focus of this thesis is on recovery of carbon from municipal
waste streams by investigating new approaches that can shift waste treatment plants to
resource recovery facilities.
Municipal waste stream comprises of wastewater and solid wastes. Municipal wastewater is
made of domestic, commercial and pre-treated industrial wastewaters. The constituents of
municipal wastewater vary with location and time. Beside water, wastewater contains
microorganisms, organic matter, nutrients (nitrogen, phosphorus), metals, pharmaceuticals
and other pollutants. While it is important to treat the wastewater in order to remove these
contaminants to prevent bad environmental impacts, there are also avenues to recover
resources. Organic carbon is the major contaminant in municipal wastewater. It is estimated
that municipal wastewater has total COD concentration of 500-1200 mg/L (Henze and
Comeau, 2008). The main sources of organic carbonaceous materials in wastewater are
carbohydrates (25-50%), proteins (40-60%) and fats and oil (10%) (Tomei and Mosca
1
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Angelucci, 2017). Volatile acids, detergents, uric acid and creatine are carbon compounds
that contribute minorly to the total organic carbon in municipal wastewater.
On the other hand, municipal solid waste is the solid waste material which often referred to
as garbage originating from households and commercial activities. Municipal waste often
consists of papers, garden wastes, food wastes, plastics (Artiola, 2019). Organic fraction of
municipal solid waste is known to consist of a mixture of paper, garden and food wastes. It
is made up of carbohydrates, protein, fat, oil and grease (Campuzano and González-Martínez,
2016).
The most common handling option for municipal solid waste is landfilling, whereby the
organic content leads to the production of greenhouse gases. Likewise, traditionally, organic
carbon is removed from wastewater through activated sludge treatment process which uses
microorganisms in the presence of air to biologically oxidize the organic compounds.
However, the inherent characteristics of municipal waste streams present an opportunity to
recover resources. It is estimated that municipal wastewater with COD concentration of 400500 mg/L has the potential to produce energy of 1.5-1.9 kWh per m3 and with nutrient and
energy recovery strategy in place, there is a possibility to obtain a net energy yield of 0.24
kWh/m3 of wastewater and cut CO2 emissions by 35% for municipal wastewater treatment
plants (WWTPs) (Khiewwijit et al., 2015). Moreover, it is estimated that a kg of COD in
wastewater is equivalent to about 3.5-4 kWh chemical energy (Kaless et al., 2017; Svardal
and Kroiss, 2011). The energy potential of a WWTP in the US was experimentally
determined and it was estimated that the energy content of the raw wastewater to be about 9
times the energy needed to operate the plant (Shizas and Bagley, 2004). Moreover,
recoverable carbon resources such as volatile fatty acids (VFAs), polyhydroxyalkanoates,
cellulose fibres, extracellular polymers can be obtained from municipal waste streams.
Anaerobic treatment is currently the most proven and widely used technology all over the
world for carbon recovery, usually in the form of biogas from municipal waste (Kehrein et
al., 2020). Anaerobic process has been altered to produce not only end-product but other
intermediate bio-products such as VFAs, and hydrogen gas. Enhancement of bioenergy
production and/or recovery of carbon in more valuable forms from municipal waste with
anaerobic treatment process will increase resource recovery efficiency from waste and
augment the recent advances attained in making waste treatment plants resource recovery
facilities.

2

Anaerobic treatment application in municipal waste streams

2.1 Anaerobic treatment process
Anaerobic treatment process is natured-inspired engineered process involving the use of a
number of stages in which organic matter is broken down by a consortium of microorganisms
in the absence of oxygen and lead to the formation biogas (methane, carbon dioxide and other
gases). The stoichiometric equations of the anaerobic digestion processes depending on the
elemental composition of the substrates is given in equation 1 and 2 (Boyle, 1977; Buswell
and Mueller, 1952):
$
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Table 1: Typical composition of biogas (adapted from Gould, 2015; Lackey et al., 2015)

Biogas component
Methane
Carbon dioxide
Hydrogen sulphide
Ammonia
Moisture
Nitrogen
Oxygen
Hydrogen

Formula
CH4
CO2
H2 S
NH3
H2 0
N2
O2
H2

Content (%)
50-75
25-50
0-3
0-1
0-10
0-10
0-2
0-1

Biogas is composed mainly of CH4 and CO2. There are other gases in biogas with relatively
low percentages. These include hydrogen sulphide, ammonia, nitrogen, moisture and
hydrogen. Table 1 gives the typical percentages of various gases that makes biogas from
anaerobic digestion of waste streams. Four main stages are involved in the anaerobic
digestion process which include hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Bajpai, 2017), as illustrated in Figure 1. These four stages of anaerobic digestion process are
further explained below:

Figure 1: Stages in anaerobic digestion adapted from (Bajpai, 2017; Ersahin et al., 2011; Gould,
2015; Tezel et al., 2011).
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In the first stage of the anaerobic process-hydrolysis, large organic polymers such as
carbohydrates, proteins and lipids are broken down to sugars monomers, amino acids, and
long chain fatty acids by hydrolytic enzymes produced by the anaerobes. Carbohydrates such
as cellulose are hydrolysed by cellulase glucose and proteins are hydrolysed by enzymes
proteases to amino acids. Moreover, enzyme lipase breakdown lipids to long-chain fatty acids
(LCFAs) and glycerol (Pavlostathis, 2011). Equation 3 and 4 shows a typical equation of
how polysaccharides and lipids are hydrolyzed into glucose and LCFA ( C80 H5+ O, , oleate)
and glycerol (C5 H0 O5 ), respectively (Abdelgadir et al., 2014; Angelidaki et al., 1999).
Hydrolysis is a rate limiting step of the anaerobic digestion process and therefore in some
cases, to speed up the anaerobic digestion, hydrolysis is done through other means including
thermal, chemical and physical methods.
3)

C,+ H+9 O,9 : H, O + 3H, O → 4 C= H8, O=

4)

C>? H89+ O= + 3H, O → 3C80 H5+ O, + C5 H0 O5

The second stage is acidogenesis (fermentation), where the simpler organics are
anaerobically oxidised by acid-forming bacteria (acidogens) to VFAs (such as propionic acid,
butyric acid to acetic acid) alcohols, hydrogen (H2) and carbon dioxide (CO2). Acidogenesis
can be carried out by both obligatory and facultative anaerobic bacteria (Manchala et al.,
2017). Equation 5 shows the stoichiometry of acidogenesis of sugar monomer to VFAs
(acetic acid (C, H+ O, ), propionic acid- (C5 H= O, ) and butyric acid (C+ H0 O, )). In the course
of acidogenesis, biomass (C> H? NO, ) is usually formed (Yu and Wensel, 2013). Acidogenic
conversion of Gelatin (amino acid) to acetic, propionic, butyric and valeric acids(C> H89 O, )
is shown in equation 6 (Angelidaki et al., 1999). Equation 7 and 8 shows the stoichiometry
of acidogenesis of an LCFA(oleate) and glycerol to VFAs and H2 (Angelidaki et al., 1999;
Manchala et al., 2017). The equations show that the kind of acidogenic product depends very
much on the composition of the substrate being digested.
C= H89 O> + 0.11115NH5 → 0.1115C> H? NO, + 0.744C, H+ O, + 0.5C5 H= O, + 0.4409C+ H0 O, + 0.6909CO, +
0.0254H, O

5)

CH,.95 O9.= N9.5 𝑆9.998 + 0.3006𝐻5 O → 0.017013C> H? NO, + 0.29742C, H+ O, + 0.02904C5 H= O, +
0.022826C+ H0 O, + 0.013202C> H89 O, + 0.07527CO, + 0.28298NH5 + 0.001H, S

6)

C80 H5+ O, + 15.2398 H, O + 0.2500CO, + 0.1701NH5 → 0.1701C> H? NO, + 8.6998C, H+ O, + 14.500H,

7)

C5 H0 O5 + 0.0291CO, + 0.04071NH5 → 0.04071C> H? NO, + 0.9418C5 H= O, + 1.09305H, O

8)

The third stage is acetogenesis. Acetogenesis involves production of acetate, hydrogen and
carbon dioxide from VFAs and LCFAs by acetogenic bacteria. Moreover, H2 and CO2 can
also be converted to acetate in a process referred to as Homoacetogenesis by acetogens such
as Acetobacterium woodii, Clostridium aceticum, Clostridium thermoaceticum (Diekert and
Wohlfarth, 1994; Pavlostathis, 2011). Equation 9-12 shows stoichiometry conversions of
propionic acid, butyric acid, valeric acid and oleate, respectively (Angelidaki et al., 1999;
Manchala et al., 2017; Yu and Wensel, 2013). Homoacetogenic reaction is shown in Equation
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13 (Diekert and Wohlfarth, 1994). This shows a complex system and it is not straight forward
to know the exact product that was produce at the acetogenesis stage.
C5 H= O, + 1.764H, O + 0.0458NH5 → 0.0458C> H? NO, + 0.9345C, H+ O, + 2.804H, O + 0.902CO,

9)

C+ H0 O, + 1.7818H, O + 0.0544CO, + 0.0544NH5 → 0.0544C> H? NO, + 1.8909C, H+ O, + 1.8909H,

10)

C> H89 O, + 0.8045H, O + 0.5543CO, + 0.0653NH5 → 0.0653C> H? NO, + 0.8912C, H+ O, + 0.02904C5 H= O, +
0.4454CH+
11)
C80 H5+ O, + 15.2398H, O + 0.25CO, + 0.1701NH5 → 0.1701C> H? NO, + 8.6998C, H+ O, + 14.5H,

12)

4H, + 2CO, → C, H+ O, + 2H, O

13)

The final stage of the anaerobic process is methanogenesis. This stage involves the use of
acetate and hydrogen as substrates to produce methane (CH4) and CO2 by methane producing
microorganisms (methanogens). There two main methanogenic pathways: 1) Acetoclastic
methanogenesis (equation 14) during which acetoclastic methanogens produce CH4 from
acetate, and 2) Hydrogenotrophic methanogenesis (equation 15) which involves the
production of CH4 from H2 and CO2 (Manchala et al., 2017). Besides hydrogenotrophic and
acetoclastic archaea, some methanogens can utilize methylated substances (such as methanol,
methylamines, and methyl sulphides) and CO2 to produce CH4. These methanogens are
termed as methylotrophic methanogens (Holmes and Smith, 2016). An example of
methylotrophic methanogenic reaction with methanol (CH5 OH) as substrate is shown on
equation 16 (Hippe et al., 1979). Most of the known methanogens use hydrogenotrophic
pathway to produce CH4, while very few methanogens take the acetoclastic pathway. In fact,
the only known acetoclastic methanogens are from the families Methanosaetaceae and
Methanosarcinaceae – all from order Methanosarcinales (Fournier and Gogarten, 2008). The
Genus Methanosarcina under family Methanosarcinaceae is said to be most diverse genus
because it has distinctive species which produce CH4 from all the three methanogenic
pathways (Holmes and Smith, 2016). In an anaerobic digester, methane could be producing
from different methanogenic pathways depending on the dynamics of the archaea community.
C, H+ O, + 0.022NH5 → 0.022C> H? NO, + 0.945CH+ + 0.945CO, + 0.066H, O

14)

2.804H, + 0.7413CO, + 0.01618NH5 → 0.001618C> H? NO, + 0.6604CH+ + 1.45H, O

15)

4C𝐻5 OH → 3 CH+ + CO, + 2 H, O

16)

As can be seen from the equations above, biogas mainly CH4 and CO2, is the end product of
the anaerobic digestion process. In view of these, biogas (methane) is the main form through
which carbon is recovered from waste streams. Besides biogas, VFAs produced in
acidogenesis and acetogenesis steps are important renewable carbon sources, with various
applications such as bioplastics, hydrogen, biodiesel, bioelectricity, biogas productions, and
biological nutrient removal from wastewater (Lee et al., 2014; Zhou et al., 2018). In an
anaerobic digestion process, VFA production can be promoted by shortening the reaction
time to prevent methanogenesis. Adjusting pH above 8.0 or below 6.0 can also promote VFA
production and inhibit growth of methanogens. Adding methanogenic inhibitor could also be
used to inhibit methanogens and promote VFAs production.
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Anaerobic digestion process has been applied in municipal wastewater treatment for many
years. Anaerobic treatment of municipal wastewater can be done directly or indirectly.
Indirect anaerobic treatment of municipal wastewater involves treatment of primary and
secondary sewage sludge in order to stabilize the sludge and produce biogas in the process.
It is common to find WWTPs employing indirect anaerobic treatment. Moreover, municipal
wastewater can be anaerobically treated directly. An example of anaerobic technologies for
direct wastewater treatment is upflow anaerobic sludge blanket reactors (UASB).
2.2 Direct anaerobic treatment of municipal wastewater
Direct anaerobic treatment involves application of anaerobic digestion in the mainstream
municipal wastewater. Thus, the anaerobic digestion process becomes the core of the WWTP.
Biogas is therefore produced directly and energy which would have been used for aeration in
the case of conventional wastewater treatment can be saved. Mainstream anaerobic treatment
also leads to low excess sludge production which are usually already well stabilized (van Lier
et al., 2008). Moreover, nutrients (N and P) are not removed during direct anaerobic treatment
of municipal wastewater, making it a good candidate for nutrient recovery or application
directly to farmlands. However, in a large WWTPs, this can be a bottleneck and post
treatment may be required before releasing the wastewater into the environment due to
national and regional standards to be met. Another issue with direct anaerobic treatment of
municipal wastewater, is low efficiency especially at low temperature. In addition, due to
generally low COD removal rate of anaerobic treatment of wastewater in comparison with
conventional activated sludge, larger reactor volumes are required, increasing the footprint.
One prominent challenge of anaerobic process application for treatment of mainstream
municipal wastewater is difficulty in retaining anaerobic microorganisms (slow growth rate)
due to low concentration of substrates in the wastewater. In view of this, there are a number
of configurations of anaerobic reactors for treatment of municipal wastewater to which ensure
high efficiency by retaining the biomass regardless of the hydraulic retention time (Ince et
al., 2017). These includes anaerobic baffled reactor, anaerobic filter, anaerobic sequencing
batch reactor, anaerobic fixed film, anaerobic membrane bioreactor and anaerobic granular
based reactors. Some of the high-rate anaerobic processes for direct municipal wastewater
treatment are elaborated below:
Anaerobic baffled reactor (ABR) is one of the direct anaerobic treatment technologies that
have been applied for the treatment of municipal wastewater. It is a high-rate anaerobic
treatment technology that was developed in the 1980s by Bachmann et al. (1982). ABR is an
anaerobic design where influent wastewater passes through a series of compartments
connected by means of baffles with in a downflow or upflow mode in an anaerobic filter
system (Bachmann et al., 1985). Biomass are either attached onto filter media or form
microbial mass due to the upflow process which gives stability and reliability.
Microorganism with different functions are separated in different compartments along the
reactor resulting in occurrence of different stages of the anaerobic process in different
compartments. There are different configurations of ABR depending on the type of
wastewater to be treated. Studies have shown that ABR has been successfully being applied
in the treatment of municipal and domestic wastewater with COD removal of 72-93% (Zhu
et al., 2015). However, application in large scale is limited due to hydrodynamic constraints
which results in high apparent liquid velocity which lower the sludge retention time by

6

Recovery of organic carbon from municipal waste streams

moving sludge with the water through different compartments (van Lier et al., 2015). This
limitation clearly explains why ABR has not attracted high attention and not be further
developed in full-scale application.
Anaerobic sequencing batch reactor (ASBR) is a suspended growth system that operate in
four sequencing steps including feeding, reaction, settling and discharging. During the
feeding step, influent wastewater is added to the reactor while the reactor is continuously
mixed. In the reaction step, there is continuous or intermitted mixing to allow organic matter
conversion to biogas. During the settling step, there is no mixing and the biomass in the
reactor is allowed to settle to the bottom of the reactor. After settling, the treated waste is
decanted at the discharge stage leaving the biomass in the reactor (Zaiat et al., 2001). ASBR,
at the start of operation, usually has high concentration of substrate and decrease towards the
end of the reaction step resulting in variation in the food/microorganism (F/M) ratio. It is said
that this variation is an important characteristics that gives ASBR a unique feature to achieve
high removal efficiency, shock load tolerance and good microbial selection (Ndon, 1995).
Although there have been studies on the application of ASBR for treatment of low strength
wastewater (Donoso-Bravo et al., 2009; Ndon and Dague, 1997), its full-scale application for
municipal wastewater treatment is very limited, probably due to bottleneck of high reactor
volume requirement (Ince et al., 2017).
A more compact anaerobic system for mainstream municipal wastewater treatment is
anaerobic membrane bioreactor (AnMBR) which incorporate solid-liquid separation by
membrane filtration into anaerobic treatment process. There are basically two main
configurations of AnMBR: side stream and submerged. With the side stream configuration,
the membrane system is externally connected to anaerobic bioreactor while for the
submerged configuration, the membrane is directly immersed in the anaerobic reactor or
submerged in a separate chamber connected to the anaerobic bioreactor (Dvořák et al., 2016).
As an emerging technology, AnMBR has a couple of hurdles to overcome before its fullscale application for municipal wastewater can be widely accepted by WWTPs. Notable
among the challenges are membrane fouling and cleaning which lead to high operation cost
making it unattractive for WWTPs. Integration with fluidized activated carbon sludge is seen
as one of the ways to reduce fouling and energy demands of AnMBR (Seib et al., 2016). It
is opined AnMBR can be promising treatment option for municipal wastewater treatment to
produce quality treated effluent for reuse if the membrane system is coupled with high rate
granular based bioreactors such as UASB (Ozgun et al., 2013).
Anaerobic granular based treatment processes are high rate process that uses biomass
immobilized in a granular form as the core of the wastewater treatment technology. When
compared with other technologies for direct wastewater treatment, anaerobic granular based
reactors are seen as the suitable for treatment of municipal wastewater due a number of
advantages of granular sludge which include good settling properties. The settling properties
of anaerobic granules prevent biomass washout and maintain a very high number of
microorganisms in the reactor (Lim and Kim, 2014; Liu et al., 2002). In anaerobic granular
systems, there is sufficient contact between the substrate and microorganisms due to natural
turbulence resulting from gas bubbles released by granules and influent flow (Subramanyam
and Mishra, 2013). Another unique characteristics of anaerobic granules is their high
tolerance level against fluctuation in temperature, pH, substrate concentration and high
salinity (Sudmalis et al., 2018). Anaerobic granular based treatment processes include UASB,
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fluidized bed (FB) reactor, expanded granular sludge bed (EGSB) reactor, internal circulation
(IC) reactor. FB, EGSB and IC are seen as advancement on the UASB system (van Lier et
al., 2015). Even so, UASB is still the most commonly applied high rate anaerobic process for
mainstream municipal wastewater treatment which shows how robust and practicable the
UASB reactor is.
2.2.1 Upflow anaerobic sludge blanket reactor (UASB)
UASB was developed in the 1970s by Lettinga and associates with first full-scale plant built
in 1977 in Halfweg, the Netherlands (Lettinga et al., 1980). UASB operates in such a way
that influent wastewater flows from the bottom of the bioreactor upwards. The combination
of the upward flow and gravity results in suspended sludge blanket. The hydrodynamics of
the reactor results in the formation compact biomass aggregates with anaerobic
microorganisms that degrade organic matter resulting in the formation of biogas. The
granular sludge is suspended throughout operation with help of influent upward flow and gas
bubbles formed during degradation (Rodríguez-Gómez et al., 2014; Rodriguez and Moreno,
2010). UASB reactors have three-phase separators located above the suspended sludge
blanket to separate the mixture of biogas, water and granular sludge after treatment. UASB
has proven to be robust system which has been applied mainly for treatment of high strength
wastewater such as food industrial wastewater. Moreover, there are several applications of
UASB for treatment of low strength wastewaters such as domestic and municipal
wastewaters, especially in the tropical climate. Application of UASB for treatment of lowstrength wastewater in the temperate regions is yet to be materialised due to low temperatures
of the wastewater in such regions. Besides temperature, the performance of UASB reactor is
influenced by a number of other factors including; pH, COD loading, hydraulic retention
time (HRT), upflow velocity and granulation. The factors influencing the efficiency of UASB
reactors are detailed below.
2.2.2 Parameters affecting UASB reactor performance
Temperature: Most anaerobic bacteria and archaea have optimal growth in the mesophilic
pH range of 35-30°C. At this range, metabolic activities of the microorganism are optimum
and therefore the performance of the UASB reactor is high. Decreasing the temperature can
drastically decrease the activities of anaerobic microbiomes. There has been current studies
where UASB is now given attention for treatment of municipal wastewater at low
temperatures (Bandara et al., 2012; Zhang et al., 2013).
pH: Anaerobic microorganisms responsible for breakdown of organic matter in UASB
reactors can function in a certain pH range. pH value out the optimal range for the bacteria
or archaea could drastically reduce their activities which will in turn adversely affect the
performance of the UASB reactor. It has been shown that UASB reactor could handle influent
wastewater of pH 5.5–8.5, however the reactor performed best at neutral pH (Majumder and
Gupta, 2009). At high pH-values, ammonium nitrogen could dissociate and increase the
ammonia concentration thereby inhibiting methanogenic and acidogenic activities (Kadam
and Boone, 1996; Park et al., 2018)
Influent COD concentration: Municipal wastewaters are usually low strength wastewater.
The lower the concentration of the influent COD, the lower UASB reactor efficiency. This is
due to the fact that there is mass transfer limitation at lower dissolved COD concentrations
(Leitao, 2004).
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HRT: The efficiency of UASB reactor increases with increase in the HRT (Bhatti et al., 2014).
The decrease in organic carbon removal with decrease in the HRT can be attributed to sludge
washout and limited contact time between the wastewater and the microorganisms (Leitao,
2004). HRT of 4-10 have been used in full-scale UASB plants treating municipal wastewaters
(van Lier et al., 2010).
Effect of granulation: Granular sludge is the core of the UASB reactor. The quality of
granulation therefore greatly determines the performance of UASB reactor. The
characteristics of the anaerobic granules such as size and internal structure influence the
efficiency of UASB reactors. Bigger granules give higher organic removal and biogas
production (Jijai et al., 2015). The internal structures of granules also influence the efficiency
of UASB reactors due to the fact that mass transfer of substrates and produced biogas bubbles
are influenced by internal micro structure (Jiang et al., 2016).
2.3 Anaerobic digestion of sewage sludge and municipal solid bio-waste
Conventional treatment of municipal wastewater leads to the production of sludge, a semi
solid material which needs to be treated or stabilized before disposal to prevent adverse
impacts on the receiving environment. There are usually two main kinds of sludge that are
produced by WWTPs, primary sludge and secondary (waste activated) sludge. The main
potential for renewable feedstock and energy from wastewater is sewage sludge. In the year
2016 alone, about 5.5 million tonnes of sewage sludge were accounted to have been produced
in the European Union, of which Sweden produced 204.3 thousand tonnes (Eurostats, 2016).
Moreover, 88 million tonnes of municipal solid bio-waste is produced annually in Europe
alone (European commission, 2010).
Treatment of sewage sludge and external organic waste such as food and biodegradable
garden waste offers an opportunity for energy and feedstock recovery from municipal waste
streams. Recovery of resources such as biogas and volatile fatty acids (VFAs) from sludge
and external organic waste can be utilized as fuel and raw material to offset heat, electricity
and raw material requirements of the wastewater treatment sector. Anaerobic digestion is by
far the most proven and widely used technology for stabilizing and treating sewage sludge
and other bio-waste with recovery of resource, usually biogas. Besides biogas, VFA is one
of the renewable energy resources that can be produced from organic wastes through
anaerobic digestion. VFA can be produced through anaerobic digestion by cutting the time
of the process to prevent methanogenesis from taking placing. Moreover, pH adjustment is
one of the common ways to push production of anaerobic digester from biogas to VFA.
Methanogens which are responsible for biogas production can be inhibited by altering pH of
the reactor above 8.0 or below 6.0 (Zhou et al., 2018). Methanogenic inhibitors can also be
added to reduce the activities of methanogens, but this will add to the costs of operation and
may not be cost-effective full-scale application.
2.3.1 Biogas versus volatile fatty acid (VFA)
Now the question is which of the renewable energy sources, biogas and VFA, is more
valuable and will produce the net economic gain?
As it has been shown in Figure 1, generating biogas from sludge will take longer time than
producing VFA. This means that for the same amount of sludge to be digested, the size of a
biogas reactor has to be bigger than that of a VFA reactor. The reaction time of sludge is
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about 25 days for biogas production (Duan et al., 2012), but about 7 days for VFA (Liu et al.,
2018).
VFAs have higher added-value than biogas. Calt (2015) have shown that by allowing volatile
fatty acids to be converted to methane during anaerobic digestion, a significant economic
opportunity is lost, as illustrated in Table 2. Biogas needs to be purified as it contains not
only methane but also carbon dioxide and impurities such as water vapour and hydrogen
sulphide. The carbon dioxide, which is a greenhouse gas, may end up in the atmosphere. If
accidently released into the atmosphere, methane has about 80 times more greenhouse
potential (during a 20-year period) than carbon dioxide (Myhre et al., 2013).
Table 2: Economic loss in converting acetate (VFA) to biogas (modified from Calt (2015)).
Description
Acetate
(VFA) Biogas production
production
Formula
C2H4O2
CH4 + CO2
Carbon available for sale (%)

100

50

Price ($/ton)

600

150

Time to produce (days)

1-7

>25

However, before VFA production from sludge, there may be the need for pre-treatment of
sludge including pH adjustment, which may add to the cost of production. Like biogas
upgrade, recovery can be important step of the VFA production. Depending on the intended
use and the required level of purity, the cost for purification of VFA produced from digestion
of sludge can be high since methods such as electrodialysis and pressure driven membrane
technology are used (Tao et al., 2016; Zhou et al., 2013). In a recent study, biogas and VFA
production from sludge was compared and it was shown that the net profits for VFAs and
biogas productions are 9.12 and 3.71 USD/m3 sludge as shown in
Table 3 (Liu et al., 2018). In that study, VFA produced was used to improve biological
nutrients removal in domestic wastewater and therefore there was no VFA recovery or
purification cost.
Table 3: Economic comparison of VFAs and biogas production processes from sludge by
anaerobic digestion (Liu et al., 2018).
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VFA production from waste streams is influenced by a number of factors including pH,
temperature, organic loading rate, substrate characteristics, seed sludge, etc (Atasoy et al.,
2018). These factors do not only affect the VFA yield but also the composition. There have
been efforts from various studies to understand how each factor influence VFA production
and composition through mixed culture fermentation, however, the outcomes point to the fact
that there are no clear-cut conclusions. It is important to note that the factors don’t act in
isolation but through a complex network to influence quantity and quality of VFA production
(Atasoy et al., 2019). More importantly, the kind of waste stream under question is a key
factor when considering operation parameters. The issue can be even more complex when
mixture of different waste streams is to be treated through co-digestion. A comprehensive
explanation of the factors affecting VFA production can be found in Atasoy et al., (2018), a
review article written during the course of this PhD study (Paper II).
2.3.2 Co-digestion of sewage sludge and external organic waste
Alongside sewage sludge from municipal WWTPs, there are other kinds of organic wastes
which need to be treated. External organic wastes such as food waste, beverage waste, dairy
waste which are usually landfilled and eventually lead to release of greenhouse gases,
increasing the carbon footprint of waste management. It is estimated that about 88 Mt of food
waste is produced in the EU countries. The production and disposal of this amount of food
waste can release about 170 Mt of CO2 equivalent of greenhouse gases into the atmosphere
contributing immensely to climate change (Directorate General for Communication, 2017).
External organic wastes such as food waste usually have higher content of readily
biodegradable organic matter than sewage sludge with enormous inherent energy and
bioproduct potential. Moreover, it is established that many existing sewage sludge anaerobic
digesters of various WWTPs have excess capacities (Ely and Rock, 2014; Nghiem et al.,
2017). This scenario presents a great opportunity to practice co-digestion of sewage sludge
together with external organic waste like food waste. Since co-digestion will divert other
waste streams from landfills, it is seen as innovative waste management system with resource
recovery (Xie et al., 2018). There has been a number of studies and full-scale applications on
co-digestion of sewage sludge and external organic waste for biogas production with very
positive outcomes. However, there are only few studies on VFA production from sewage
sludge and external organic wastes. To shift production from biogas to VFA, co-digestion
can be an ultimate option.
2.3.3 Application of waste-derived VFAs
In general, VFA can be used in various applications including food preservatives, flavours,
supplement antibiotic, fragrances, emulsions. However, waste-derived VFAs is used in areas
such as bioplastics, hydrogen, biodiesel, bioelectricity, biogas productions, and biological
nutrient removal from wastewater (Lee et al., 2014). Here, three applications including
biological nutrient removal, bioplastics and biodiesel, are discussed as found in Atasoy et al.,
(2018).
2.3.3.1 Biological nutrient removal
Biological nitrogen and phosphorus removal from wastewater processes require external
carbon source. Usually petroleum-based acetate, methanol, ethanol and glucose are used as
the carbon sources. These are usually expensive and have environmental consequences.
Waste-derived VFAs which are easily assimilated by nutrient removing microorganisms
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present sustainable and economically viable alternative to petroleum based conventional
carbon sources. There are several studies which have shown that waste-derived VFAs
performed better as carbon source than conventional petroleum-based carbon sources (Kim
et al., 2016; Liu et al., 2016; Zhang et al., 2016; Zhang et al., 2016). Moreover, application
of waste-derived VFAs for biological nutrient removal in full scale has been proven to be
economically feasible (Liu et al., 2018).
2.3.3.2 Bioplastics (Polyhydroxyalkanoates)
Polyhydroxyalkanoates (PHAs) are biodegradable polyesters that can be produced from
waste-derived VFAs. Usually, PHAs are produced from pure culture with pure substrates
which make the production cost high. There has been a number of studies aiming at producing
PHA from mixed microbial cultures using waste derived VFAs as the main substrates
(Bengtsson et al., 2017; Burniol-Figols et al., 2018a; Valentino et al., 2017). There have been
promising results from PHA production from waste-derived VFAs with PHA accumulation
as high as 76% dry cell weight according to (Burniol-Figols et al., 2018b).
2.3.3.3 Biodiesel
Waste-derived VFAs can be converted to microbial lipids for producing biodiesel with the
use of oleaginous microorganisms (Chi et al., 2011; Fei et al., 2011; Ryu et al., 2013). This
can be a sustainable alternative to fossil fuel and prevent the use of food crop for fuel
production as well as growing fuel crops on arable lands. Oleaginous microorganisms can
build up about 70% lipid of the cell biomass (Ratledge, 2004; Ratledge and Wynn, 2002).

3

Motivations and objectives

There is the demand to transform wastewater treatment plants (WWTPs) to resource recovery
facilities to produce new bio-based products and energy from carbon-rich waste streams to
meet the growing world population and associated material needs. This has therefore
warranted increased investigations on the development of next-generation wastewater
treatment technologies to recover feedstock and energy. In view of this, the main focus of the
thesis has been to evaluate existing and up-and-coming biological carbon recovery systems.
The study was divided into two main parts:
1) Carbon recovery in the form of biogas through direct anaerobic treatment of municipal
wastewater.
2) Carbon recovery in the form of VFA through co-digestion municipal sewage sludge and
external organic waste.
Conventional activated sludge treatment system which is usually used for municipal
wastewater treatment requires aeration which increases immensely the cost of operation.
Moreover, organics are converted to carbon dioxide which is usually released into the
atmosphere there by increasing the carbon footprints of WWTPs. Direct anaerobic treatment
of municipal wastewater is a more sustainable option which can change WWTPs from
energy-consuming to energy-producing systems. The use of granule-based systems for direct
anaerobic treatment of municipal wastewater treatment is one of best options due to the
robustness of anaerobic granules. To ensure an efficient system, there is the need for in-depth
understanding of the properties of anaerobic granules and their biochemical pathway and how
they are coupled together with operation parameter to influence process performance. There
have been studies attempting to relate the mass transfer process and structure of anaerobic
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granules, however, these studies lack insight into the relationship between the structure of
granules and the microbial community. Even though the methanogenic pathway of granulebased reactors is determined mainly by the microbial community structure of the anaerobic
granular sludge, there is lack of studies linking the physiology of matured anaerobic granules
to the microbial population and methanogenic pathway at specific operating temperatures.
The main aim of this part of the study was to make an assessment to integrate direct anaerobic
treatment system to WWTP and increase understanding of efficiency and biochemical
processes. The study explored the relationship between the methane-producing pathways and
the characteristics of anaerobic granules treating municipal wastewater. In view of this, the
specific objectives of this part of the thesis included:
i.
ii.
iii.

to investigate the effect of structure of anaerobic granules on the methaneproducing pathway of UASB reactors.
to explore the microbial community dynamics at different levels of UASB
reactors treating municipal wastewater.
to determine the influence of operating parameters on the microbial community
structure and performance of UASB reactors with different granular size
distribution.

While, direct energy recovery from municipal wastewater is interesting option, sewage
sludge is seen as the main potential for bioproduct and energy recovery from municipal
WWTPs. Moreover, external organic waste such as food waste with high readily
biodegradable content can increase the potential of sewage sludge and ensure sustainable
waste management. However, these valuable resources are often deposited in the landfills
with associated climate effect and other environmental impacts. Recovery of carbon from
these rich bio-wastes is a way to ensure sustainable and innovative waste management. There
are a number of studies on co-digestion of sewage sludge and external organic waste for
biogas production with laudable outcomes. VFAs, which are intermediate products, are seen
as alternative to biogas due to high value and lower carbon footprint. Unlike biogas, the
number of studies on co-digestion of sewage sludge and external organic waste for VFAs
production is limited. Moreover, long-term operation of VFA production system and
resilience of such system are yet to be assessed. Consequently, the main aim of the thesis was
to develop strategy to shift production from biogas to VFA through co-digestion of sewage
sludge and external organic waste and to explore long-term performance at larger scale with
the following specific objectives:
iv.
v.
vi.

to determine the influence of substrate proportion on VFA yield and composition
in a short-term batch study.
to study the effect of long-term semi-continuous operation on the VFA production
and composition and upscaling.
to explore the potential of using VFA-rich effluent as carbon source for
denitrification in comparison with conventional carbon sources.

13

Isaac Owusu-Agyeman

4

TRITA-CBH-FOU-2020:23

Materials and methods

4.1 Characteristics of waste streams used in the study
In the first part of the study involving biogas recovery through direct anaerobic treatment of
wastewater, two UASB reactors having different size distributions of granular sludge were
fed parallelly with the same primary settled municipal wastewater from the Henriksdal
WWTP in Stockholm.
Table 4: Characteristics of waste streams used in the study.
municipal
Parameters

Unit

pH

Co-digestion

wastewater a

Primary sludge

Organic waste

Seed sludge

7.5 ± 0.3

5.9 ± 0.5

4.1 ± 0.3

7.0 ± 0.1

Alkalinity

mgCaCO3/L

219 ± 47

16 ± 3

144 ± 10

770 ± 95

TS

mg/L

95 ± 56

28 500 ± 2 500

54 300 ± 6 300

20 600 ± 400

VS

mg/L

78 ± 47

25 200 ± 2 200

47 800 ± 6 200

13 400 ± 100

Total COD

mg/L

308 ± 73

43 200 ± 10 000

148 400 ± 4 200

24200 ± 2 800

Soluble

mg/L

224 ± 55

2 200 ± 100

77 200 ± 11 000

1 600 ± 100

Total VFA

mg/L

-

760 ± 100

6 040 ± 800

260 ± 10

Total

mg/L

-

350 ± 42

3 900 ± 360

1 300 ± 100

mg/L

32.2±5.2

40 ± 4

357 ± 240

209 ± 20

COD

Nitrogen
NH4-N
a

After primary sedimentation

For VFA production through co-digestion, primary sewage sludge (PS) and organic wastes
(OW) were from the Hammarby Sjöstadsverk research facility (Stockholm, Sweden) and
Himmerfjärden WWTP (SYVAB, Sweden), respectively. OW consisted of alcohol and soda
beverage, food, dairy, fruit, fat and oil wastes and which has been homogenized and
hygienized. Seed sludge used as inoculum in both lab-scale and pilot-scale studies of VFA
production was collected from a full-scale anaerobic digestor in Henriksdal WWTP. The
characteristics of the waste streams used in the study are shown in Table 4.
4.2 Direct biogas recovery from municipal wastewater (UASB operation)
4.2.1 System description
Two identical pilot scale UASB reactors having different size distribution of granules and
located at Hammarby Sjöstadsverket, Stockholm were studied. Each of the reactors had a
working volume of 2.5 m3. The difference in the granule size distribution of the two reactors
can be attributed to former series operation strategy where first reactor (UASB1) which
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currently has larger granules received the influent wastewater, whereas UASB2, currently
with smaller granules, received effluent from UASB1 as influent. The reactors were
connected until series for about two years and changed to parallel operation in March 2016.
The current study period was from February 2018 to June 2019. During the study, both
UASB1 and UASB2 were fed parallelly with the same primary settled municipal wastewater
from the Henriksdal WWTP. The schematic of the UASB system is shown on Figure 2.

Figure 2: The schematic of the UASB system used for direct anaerobic treatment of municipal
wastewater. 1.1-UASB1 lower port, 1.2-UASB1 middle port, 1.3-UASB1 upper port; 2.1-UASB2
lower port, 2.2-UASB2 middle port, 2.3-UASB2 upper port. (PAPER 1)

4.2.2 Experimental procedure
The study was in twofold. The first part of the study was about the effect of temperature on
reactor performance of anaerobic granule systems. This spans between February and October
2018. During the temperature study, the HRT was set constant at 3 hours for each of the
reactors and the temperature of the reactors was controlled at 20 °C and 28 °C from MidFebruary to Mid-May and Mid-May to October 2018, respectively. Since different
temperature were used in the first part of the study, the biogas production was normalised to
35°C multiplying by 35 and divided by the operating temperature value. On 19 April 2018
(operating temperature 20°C) and 11 June 2018 (operating temperature of 28°C, granules
were taken from all the ports of each of the reactors for microbial analysis, specific
methanogenic activity (SMA) tests and scanning electronic microscope (SEM) analysis
(Owusu-Agyeman et al., 2019) . Successively, for the second part of the study, the reactors
were operated at different HRTs of 3, 4 and 5 hours between October 2018 and June 2019 to
study the influence of retention time on the system performance.
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4.2.3 Size distribution and internal structure of the anaerobic granules
To determine the size distribution of the granules in the UASB reactors, digital images in
triplicate of each granules were taken with Huawei P20 dual camera which has Leica optics
with 20 MP Monochrome (f/1.6, 1/2.3", 1.55 µm, OIS) and 12 MP RGB (f/1.8, 27mm). The
image was analysed for the size distribution using ImageJ software (v 1.51, National
Institutes of Health, USA) to do particles analysis.
Scanning electronic microscope (SEM) was used to determine the internal microstructure of
the anaerobic granules. Before the SEM analysis, the samples were prepared according to the
protocol described by Araujo et al. (2003). The anaerobic granules were firstly fixed with
2.5% glutaraldehyde (Sigma Aldrich, Germany) in 0.1 M phosphate buffer of pH 7.4 for up
to 12 hours at 4oC and then rinsed in only the phosphate buffer three times for 10 minutes
each. The samples were then graded dehydrated in ethanol/water mixture of 50%, 70%, 80%,
90%, 95%, 100%, 100%,100% for 10 minutes each. Afterwards, the samples were dried in
hexamethyldisilazane (Sigma Aldrich, Germany) for 30 seconds before being examined with
Benchtop SEM (TM 1000, Hitachi, Japan).
4.2.4 Specific methanogenic activity (SMA) test
SMA test was performed to determine the methanogenic activities of the anaerobic granules
in the UASB reactors. An automatic methane potential test system (AMPTS II, Bioprocess
Control, Sweden) a gas volume measuring device was used for the SMA test. The AMPTS
II unit had fifteen 650 mL glass reactors fitted in a water bath with a CO2-capturing unit (3 M
NaOH with 0.4% Thymolphthalein pH-indicator), so that only methane was measured.
The SMA test was carried out with 3000 mg/L of sodium acetate and granular sludge
concentration was adjusted to 2000 mgVS/L by diluting with a medium solution. The
medium solution was adapted from OECD, 2006 and consisted of 270 mg/L KH2PO4, 1120
mg/L Na2HPO4, 530 mg/L NH4CI, 79 mg/L CaCI2.2H2O, 100 mg/L MgCI2.6H2O, 20 mg/L
FeCI2.4H2O, 1 mg/L Resazurin (oxygen indicator), 10 mL/L trace element stock solution and
10 mL/L vitamin stock solution. The trace element stock solution contained 50 mg/L
FeCl2.4H2O, 50 mg/L CoCl2.6H2O, 2; 25 mg/L MnCl2, 1.5 mg/L CuCl2, 2.5 mg/L ZnCl2, 2.5
mg/L H3BO3, 0.5 mg/L NH4 Mo7.4H2O, 2.5 mg/L Na2SeO3, 5 mg/L NiCl2.6H2O, 29 mg/L
EDTA and 0.001 mL 36% HCl and vitamin stock solution 2 mg/L biotin, 2 mg/L folic acid,
10 mg/L pyroxidine dihydrochloride, 5 mg/L riboflavin ; 5 mg/L thiamine, 5 mg/L nicotinic
acid, 5 mg/L calcium D(+)-pantothenate, 0.1 mg/L vitamin B12, 5 mg/L P-aminobenzoic
acid, 5 mg/L lipoic acid, 20 mL NaP buffer (10 mM, pH 7.1) (adapted from Cetecioglu et al.
2013).
4.2.5 Microbial community analysis
Granular sludge taken from the three sampling ports of each of the UASB reactor during
operating temperature of 20°C and 28°C were used for microbial community analysis. DNAs
were extracted from the granular sludges using NuceloSpin Soil DNA kit (Macherey-Nagel,
Germany). The DNA extraction was done using 300 mg of the sludge and by following the
manufacturer’s protocol. All samples were extracted in triplicate.
Polymerase chain reaction (PCR) amplifications of DNA target of the bacterial and archaeal
16S rRNA genes was done using forward and reverse primers, 515F
(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT),
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respectively (Caporaso et al., 2011). The primers were extended on the DNA templates with
MyTaq Red DNA Polymerase (Bioline Reagents Ltd., London, UK) using Master cycler Pro
thermal cycler (Eppendorf UK Ltd., Stevenage, UK). PCR amplification conditions used
consisted of initial denaturation at 95°C for 5 min, 35 cycles at 95°C for 1min, 55°C for 1
min, 72°C for 1.5 min, and a final elongation step at 72°C for 5 min. Charge Switch PCR
Clean-up kit (Invitrogen, CA, USA) was used to clean the PCR products (Owusu-Agyeman
et al., 2019). After preparation, sequencing of the samples was done on Illumina MiSeq (300
bp paired-end, Illumina, Inc, San Diego, CA, USA) at the SciLifeLab (Stockholm, Sweden).
QIIME 2, a next-generation microbiome bioinformatics platform, was used for data analysis
according procedures outlined by Bolyen et al.,(2019). Taxanomy assignments for archaeal
and bacterial populations were done using Greengenes (DeSantis et al., 2006). Sequence
datasets have been deposited into the National Center for Biotechnology Information (NCBI)
Read Archive with the bioproject accession number of PRJNA522972 (Owusu-Agyeman et
al., 2019).
4.3 VFA production by co-digestion of sewage sludge and external organic waste
4.3.1 Literature review
To gain knowledge on VFA production and understand the knowledge gap, current research
articles on VFA production from waste streams published in science citation index (SCI)
journals were searched and reviewed. The review included factors affecting waste-derived
VFA production and composition and upcoming recovery methods for VFA produced from
waste streams.
4.3.2 Lab-scale reactors
Firstly, lab-scale experiments were carried out to investigate the influence of substrate
composition on VFA production. The lab-scale experiments were performed in batch mode
with working volume of 450 mL using an automatic methane potential test system (AMPTS
II, Bioprocess Control, Sweden) with biogas measurement unit (Figure 3). The concentration
of substrate in each reactor was maintained at initial total COD of 15 g/L, whereas the seed
sludge used as inoculum was set at VS of 7.5 g/L in order to achieve substrate/inoculum ratio
of 2 gCOD/g VS. Co-digestion was carried out at pH5 with OW proportion of 0%, 25%,
50%, 75%, 100% as total COD. Thus, 0% OW and 100% OW represent mono-digestion of
PS and OW, respectively. The initial pH was set at 5 and the reactors were operated at
temperature of 35° for 20 days. Samples were taken at day 0, 1, 3, 5, 8, 10, 12, 15, 18 and 20
to study the influence of HRT on VFA production.
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Figure 3: Lab-scale set-up for VFA production.

4.3.3 Pilot-scale reactor
Based on the results of the lab-scale study, there was up-scaling experiment with 50% OW,
which was 70% and 30% by volume of PS and OW, respectively. The reactor volume was
15 L with a working volume of 10 L. The HRT was 7 days with operating temperature of 35
o
C. The pH was maintained at 5 with pH control system which included a pH monitor and
dosing pump with NaOH and HCl solution (Figure 4). The reactor was operated for 184 days
to study the effect of long-term operation on system resilience and performance.

Figure 4: Pilot-scale reactor for VFA production from PS and external OW. (PAPER III)

4.3.4 Application of VFA as carbon source for denitrification process
The VFA-rich liquids were taken on day 100 and tested for its denitrification potential in
comparison with other conventional carbon sources for denitrification, acetate and methanol.
Manometric tracking method was used for the denitrification tests. The tests were done using
air-tight glass bottles with a volume of around 320 mL, and two top openings, sealed by
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rubber septa and kept in place by plastic lid. All tests were performed with activated sludge
from membrane bioreactor pilot plant situated at the Hammarby Sjöstadsverk research
facility as inoculum. The reactor design was in such a way that 80 ml phosphate buffer
solution of pH 7.8 and 200 mL of diluted activated sludge was added to the reactor to achieve
volatile suspended solids (VSS) of 4000±400 mg/L. The tests were performed at COD to
nitrate (C/N) ratio of 4.5 with initial nitrate concentration of 28.5 mg NO3-N/L. The test
temperature was maintained at 25oC with the help of a water bath. Each experiment was done
in triplicate. Prior to the start of each experiment, the reactors were purged with nitrogen gas
to remove any residual dissolved oxygen and ensure anoxic conditions. The bottles were
connected with a manometric measuring device, connected to a data logger. Specific
denitrification rate (mg NOx-N / g VSS·h)
was calculated from equation 17:
K L = (a ∙

OPQ ∙RST
UV

8

- ∙ (=9 ∙W

XTT

17)

-

Where:
K L - Specific dentification rate
a - Slope value of the curve calculated with linear regression method describing
changes of pressure in the batch reactor as the function of time
MLQ - Molecular weight of nitrogen gas
V[\ - Head space volume in the batch reactor
R - Universal gas constant
T - Temperature
XR\\ - Amount of biomass in the batch reactor
4.4 Analytical methods
COD, NH4-N, NO3-N, NO2-N, total nitrogen, and alkalinity were measured with respective
cuvette test kits (WTW, Germany) and a spectrophotometer (PhotoLab 6600 UV Vis, WTW,
Germany). Total suspended solids (TSS), VSS, total solids (TS), volatile solids (VS) and
settling velocity were measured according to Standard Methods (APHA, 2005).
Gas chromatography system (Intuvo 9000 GC System, Agilent) with a capillary column (DBWAX Ultra Inert, 30 m x 250 µm x 0.25 µm, Agilent 122-7032UI) and coupled with a flame
ionization detector (FID) was used to measure the concentration of the individual carboxylic
acids, namely, acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid, isovaleric acid, caproic acid, and isocaproic acid. The analytical method consisted of start oven
temperature of 70°C and equilibrium time of 1 minute with ramp rate of 10°C/min and up to
200 °C. The FID was fixed at a temperature of 280°C. The carrier gas was helium with a flow
rate of 2 mL/min. The VFA concentration was converted to COD units using factors of
1.0667 for acetic acid, 1.512 for propionic acid, 1.813 for butyric acid, 1.813 for iso-butyric
acid, 2.036 for valeric acid, 2.036 for iso-valeric acid, 2.207 for caproic acid, and 2.207 for
isocaproic acid according to stoichiometry.
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4.5 Statistical analysis
Paleontological statistics tool (PAST 3.20, University of Oslo, Norway) was used for
Student's t-distribution (T-test) analysis, one-way analysis of variance (ANOVA), correlation
analysis and principal component analysis (PCA).

5

Results and discussions

This thesis evaluated carbon recovery from municipal wastewater through biogas recovery
from direct anaerobic treatment of wastewater and VFA production from co-digestion of
sewage sludge and external organic waste.
5.1 Biogas recovery from direct anaerobic treatment of municipal wastewater
The study was carried out with the two pilot-scale UASB reactors treating the same municipal
wastewater. The characteristics of the anaerobic granules of the reactors in terms of size
distribution, internal structure, microbial community and methanogenic activities were
studied with the effects of temperature and HRT on the reactors’ performance.
5.1.1 Physical characteristics of the anaerobic granules of the UASB
Size distribution analysis of the granules in the reactors were done to establish the difference
between the sizes of the granules in the two pilot-scale reactors. Figure 5 shows the granular
size distribution of the reactors, UASB1 and UASB2. UASB1 has larger granules with most
of the granules having diameter range of 3-4 mm, whereas the sizes of the granules of UASB2
were smaller with modal diameter range of 1-2 mm. Granule sizes of both reactors were
within the typical of 0.5-5 mm (Bhunia and Ghangrekar, 2007; Show et al., 2004). The
difference in the size distribution of the granules of UASB1 and UASB2 can be attributed to
the history of the reactors. The operation strategy employed in the initial granulation stage of
the reactors influence the size of the matured granules. During this stage, UASB1 and UASB2
were operated as in a series, respectively. It means UASB1 received influent wastewater with
higher COD concentration while UASB2 received partially treated wastewater with
relatively lower COD concentration. It has been shown that when concentrations are high
and for that matter at high loading rates, the biological activities of anaerobic microorganisms
and production of extracellular polymer is promoted, thereby enhancing granulation (Zhou
et al., 2007). Moreover, the settling velocities of UASB1 and UASB2 granules were in the
ranges of 86-225 and 27-180 m/h, respectively. The values were higher than the minimum
settling velocity (60 m/h) of a typical methanogenic anaerobic granule (Yi et al., 2016). These
velocities were also higher than the highest upflow velocity (1.1 m/h) and therefore there was
no observable washout of granules, given the influent and effluent VSS values were 50–300
and 0–100 mg/L, respectively.

20

Recovery of organic carbon from municipal waste streams

Figure 5: Size distribution of granular sludge in A) UASB1 and B) UASB2 reactors. (PAPER I)

The internal morphologies of the granules were determined with the aid of SEM (Figure 6).
The granules of UASB which were larger, showed layered internal structure. The individual
layers could correspond to different functional units performing the various stages of the
anaerobic digestion process (Abbasi and Abbasi, 2012). The outer layer is said to be a place
for hydrolysis/acidogenesis where complex organics are broken down into simpler molecules
and organic acids by hydrolytic bacteria and acidogens. The layer after the
hydrolysis/acidogenesis layer is where acetogenesis takes place leading to the production of
acetate and hydrogen. The central layer is the methanogenic layer, where methane-producing
microorganisms use either the acetate or hydrogen to form methane. It is said that connection
of the different stages of the anaerobic process in granules improves the efficacy of substrate
degradation and ensure efficient transfer of intermediate products between the different
functional microorganisms (Agapakis et al., 2012).
While UASB1 granules showed multi-layered internal structure, UASB2 granules which
were smaller in size, had unlayered internal microstructure. UASB2 had smaller anaerobic
granules due to the fact that during the granules’ formation stage, the two reactors were
operated in series and in view of that, UASB2 received effluent of UASB1 as influent. Low
influent wastewater concentration leads to small granule formation (Bhatti et al., 2014).
Moreover, since UASB2 received partially treated wastewater, the organics were mainly
hard-to-mineralized substrates. Anaerobic granules which receive substrates with ratelimiting hydrolytic step do not show internal layered functional units, but the microorganisms
are rather interconnected and dispersed evenly (Fang, 2000). Unlike layered granules, in
anaerobic granules with uniform internal microstructure, organic breakdown kinetics is
through diffusion toward the granule interior without necessarily being hydrolysed near the
surface.
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Figure 6: SEM (cross section) images of granules taken the UASB reactors at operation
temperature of 20°C (A) UASB1 and (B) UASB2; and at temperature of 28°C (C) UASB1 and( D)
UASB2.

5.1.2 Microbial community and acetoclastic methanogenic activities
5.1.2.1 Microbial community structure
The archaeal and bacterial population structures of the anaerobic granules were analysed to
understand the microbial community and the effect on the reactor performance. Microbial
analyses were done with anaerobic granules taken from sampling ports of the UASB reactors
and at different operating temperatures (20 and 28 °C) to know how the microbial population
dynamics changes along the height of the reactor and with temperature.
The high throughput sequencing analysis showed that the dominant archaeal families, at
different reactor sampling ports and operating temperatures, were Methanoregulaceae
(33.7%–52.5%) and Methanosaetaceae (14.2%–34.8%) (Figure 7). The members of family
Methanoregulaceae are hydrogenotrophic methanogens, which utilizes carbon dioxide and
hydrogen for methanogenesis, while Methanosaetaceae members strictly use acetate for
methane generation (Holmes and Smith, 2016; Karakashev et al., 2006; Schnürer, 2016).
Besides these families, other families with significant higher relative abundance included
Methanobacteriales__WSA2
(10.7%–14.9%),
Methanospirillaceae
(2.6%–6.6%),
Methanomassiliicoccaceae (2.4%–5.3%) and Methanobacteriaceae (1.9%–7.7%).
Specifically, in the reactor with larger granules, i.e. UASB1, the relative abundance of
Methanoregulaceae was 39.5 ± 1.2% at 20 °C, which was closely followed by
Methanosaetaceae (30.5 ± 2.8%) (Figure 7A). The dominance of both Methanoregulaceae
and Methanosaetaceae is an indication that methane generation in the UASB1 was through
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both acetoclastic and hydrogenotrophic methanogeneses. The family Methanosaetaceae
were mainly made up of the genus Methanosaeta, whose species are obligatory acetoclastic
methanogens and usually perform the architectural function during the granulation process
to stabilize of anaerobic granules (Leclerc et al., 2004; Zinatizadeh et al., 2007). The higher
relative abunadance of Methanosaetaceae in UASB1 therefore rationalized the larger
granules with layered internal structure. This claim can be supported by the fact that other
studies have shown that acetoclastic methanogenesis usually occurred in the internal layer of
anaerobic granules (Baloch et al., 2008; Cunha et al., 2018). On the other hand, the UASB2
with smaller, had lower relative abundance of Methanosaetaceae (17.5± 3.3) at 20 °C, that’s
only about half of UASB1. However, Methanoregulaceae largely dominated with abundance
of 51 ± 0.5% (mainly genus Candidatus Methanoregula genus, 35.5 ± 1.2%). The high
dominance of Methanoregulaceae imply that the main methane-producing pathway in
UASB2 was hydrogenotrophic. Moreover, the relative abundance of hydrogenotrophic
family, Methanobacteriales__WSA2 was high (11 ± 0.6%). Nonetheless, although lower than
UASB1, the abundance of Methanosaetaceae was relatively high and therefore acetoclastic
methanogenesis also took place. The smaller sizes of granules of UASB2 with no distinct
internal layers could have been as a result of the much lower abundance of Methanosaetaceae.
In terms of bacterial population, in UASB1 at 20°C, family Anaerolinaceae was the most
dominant with relative abundance of 16.9±0.8%, followed by Syntrophaceae (9.0±1.1%)
(Figure 7B). Species of Anaerolinaceae are known to grow fermentatively, producing acetate.
This suggest that there is syntrophic relationship between Anaerolinaceae and
Methanosaetaceae, where the acetate produced by Anaerolinaceae is used by
Methanosaetaceae to produce methane pointing to the fact that acetoclastic methanogenesis
is an important methanogenic pathway in UASB1. However, the bacterial population of the
granules of UASB2 was dominated by Syntrophaceae with relative abundance of 11.7±0.9%
whereas the relative abundance of Anaerolinaceae was only ~4.0%. Members of
Syntrophaceae are known to grow in syntrophic associations with H2-utilizing partners
(Kuever, 2014). Moreover, Syntrophus (~6.5%) was the most dominant genus. Syntrophus
spp. produce H2 from substrate in an anaerobic environment (McInerney et al., 2007). The
bacterial community structure also supports the notion that hydrogenotrophic is the main
methanogenic pathway for the UASB2.
Statistically, principal component analysis (PCA) of microbial population showed that there
was a clear distinction between samples taken from UASB1 and UASB2. The grouping of
samples based on the reactors showed how different the microbial community structure of
the two UASB reactors differ. Conversely, it was shown with one-way ANOVA that there
was no statistically significant difference between the archaeal and bacterial populations of
granules from different sampling ports of the same reactor. Increase in the operating
temperature to 28 °C showed no statistically significance difference between microbial
population of granules from different sampling ports.
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Figure 7: Relative abundance of (A) Archaeal and (B) Bacterial community at family level from
microbial DNA sequences of granules; and the corresponding PCA analyses (C) Archaea and (D)
Bacteria. 1.1-UASB1 lower port, 1.2-UASB1 middle port, 1.3-UASB1 upper port; 2.1-UASB2
lower port, 2.2-UASB2 middle port, 2.3-UASB2 upper port. (PAPER I)

5.1.2.2 Acetoclastic methanogenic activities
Specific methanogenic activities of the anaerobic granules using acetate as substrate was
done to determine the acetoclastic methanogenic activities of reactors at different sampling
points. At operating temperature of 20°C, the SMA of UASB1 and UASB2 were 349–437
and 230–260 mL CH4 /g VS·d. The higher SMA of UASB1 than UASB2 just indicates higher
acetoclastic activities of UASB1 granules than UASB2 granules, which supports the findings
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from microbial analysis that acetoclastic methanogenesis is more prominent in UASB1 than
UASB2. To confirm this hypothesis statistically, correlation analysis of SMA and microbial
data was done. For the microbial population, the first and second principal components (PC1
and PC2) scores of the PCA analysis were used. PC1 scores explained 92.9% and 88.8%, and
PC1 explained 4.1% and 4.7% of variabilities of the archaeal and bacterial communities,
respectively. The results showed that there were significant positive correlations with a
Pearson correlation coefficient of 0.715, between SMA and archaeal PC1 with p-value of
0.0089. The correction between SMA and bacterial PC1 was also positive with correlation
coefficient of 0.838 and p-value of 0.00066 (Figure 8). Moreover, a strong and statistically
significant positive correlation existed between archaeal and bacterial PC1 scores which
explained most of the total microbial variabilities. The strong correlation between SMA and
microbial community reinforces the point that acetoclastic methanogenesis is more
prominent in UASB1 than UASB2.

Figure 8: Correlation between results of SMA and microbial population PCA scores. (With boxes
show p<0.05, thus those that are statistically significant).

5.1.3 Effect of temperature on reactors’ performance
The effect of temperature on the performance of the two UASB reactors with different
granular size distribution was studied by operating both reactors at 20 and 28°C under the
same conditions. At operating temperature of 20°C, there was no significant difference
between the effluent COD concentrations of the two UASB reactors (Figure 9A). However,
in terms of biogas at 20°C, while production by UASB1 was steady, that of UASB2 was
inconsistent during the period (Figure 9B). The unsteadiness in biogas production of UASB2
could be due to the low temperature and to some extent the fluctuation of influent
concentration. This effect was not observed in UASB1 because the granules were larger and
had internal layered structure and therefore had bigger pore size, higher porosity and shorter
diffusion distances which promote better substrate transport and improve biogas production
even at lower temperatures (J. Wu et al., 2016). Moreover, it can be speculated that
hydrogenotrophic methanogenesis which is predominant methane-producing pathway for
UASB2, is less stable at the lower temperature 20°C than acetoclastic methanogenesis, more
important in UASB1. At higher operating temperature of 28°C, there was an increase in
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biogas production for UASB1 and stable and higher biogas production rate for UASB2. The
increase and stability in biogas production rate can be due to fact that methane solubility in
the effluent is reduced whiles the methanogenic activities become high and more stable
(Crone et al., 2016; Zhang et al., 2018). It would have been expected the biogas production
and COD removal efficiency of UASB1 should have been much higher than UASB2,
especially at higher temperature. However, this was not the case due to the fact that both
reactors were operating below their capacity in terms of organic loading rate to volatile solids
ratio.

Figure 9: (A) Influent and effluent COD concentration and (B) biogas production rate of the UASB
reactors. (PAPER I)

5.1.4 Combining effects of HRT and temperature on reactor’s performance
The effects of HRT on the performance of both UASB reactors were studied by operating at
HRT of 3, 4 and 5 hours. There was no significant difference between the performance of
UASB1 and UASB2. Initially, the reactors were at a temperature of 25-28 °C and therefore
COD removal efficiency and biogas production were relatively high at HRT 3 (Figure 10).
At HRT 4, there was a decrease in performance because the operating temperature was
lowered to ≈ 20 ºC. When the operating was maintained at ≈ 20 ºC and the HRT was increased
to 5, the COD removal as well as biogas production increased for both reactors. Whiles there
was only slightly increase in biogas production, increase in COD removal efficiency was
significantly high for both reactors. The increase in COD can be attributed to the sufficient
contact time between microorganisms and the substrate (Musa et al., 2019). However, the
produced biogas could have dissolved in the effluent since the temperature was only at 20
ºC. It has been shown that whiles contact time is necessary for COD reduction, the production
of biogas is extensively subjected to temperature (Schultz et al., 2015).
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Figure 10: (A) COD removal efficiency, (B) Biogas production rate and (C) operation temperature
of the UASB reactors.

5.2 VFA production through co-digestion
The study sought to devise strategy to shift anaerobic digestion production from biogas to
VFA by systematically investigating the impact of substrate ratios of primary sludge and
OW. Effect of long-term operation in a pilot scale on VFA production was studied.
5.2.1 Effect of substrate proportions on VFA and biogas production
Lab-scale experiments with different OW percentages were carried out to determine the
influence of OW proportion of substrate (feed) on VFA and biogas production. OW
proportion of 0%, 25%, 50%, 75%, 100% were studied. The results show that increase in the
percentage of OW in the feed resulted in an increased VFA production. Substrate with 25%,
50%, 75% and 100% reached peak VFA production at day 8 with VFA concentrations of
4134, 4533, 4841 and 5270 mg COD/L, respectively, whereas experiment without OW (i.e.
0% OW) produced VFA of 3052 mg COD/L of VFA at day 8 and reached highest VFA
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production of 4106 mg COD/L only after day 18 (Figure 11A). This development was due
the fact that increase in the OW proportion resulted in increase in easily biodegradable
fractions of the organics which were readily utilized by acid-producing microorganisms.
However, the trend was reverse for biogas production, in that methane production was
highest for 0% OW and lowest for 100% OW (Figure 11B).
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Figure 11: (A) VFA concentration and (B) biogas production as a function of retention time.
(PAPER III)

The VFA yield which was a measure of VFA produced per g volatile solids, was in the same
trend as VFA concentration. Increasing the OW fraction of the substrate increased the VFA
yield as the values were at 250, 301, 301, 291 and 305 mg COD/g VS for 0%, 25%, 50%,
75% and 100% of OW at day 8, respectively (Figure 12A). It was observed that experiments
with 25% and 50% of OW resulted in about 20% higher VFA yield than 0% OW at day 8.
Moreover, there was not much different in the VFA yield between co-digestion and monodigestion of OW. The results suggest that co-digestion create synergistic effect which
increase VFA production from sewage sludge. Thus, co-digestion sped up the VFA
production and increase the yield. Although acetic acid was the most dominant VFA type,
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increasing the OW fraction resulted in the increase of higher value VFA types particularly
valeric acid with 5 carbons and caproic acid with 6 carbons (Figure 12B). From the results
of the small pilot-scale reactors, substrate ratio of 50% OW was chosen and upscaled for
long-term operation study.
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Figure 12: (A)VFA yield in relation with retention time and OW proportion (B) VFA composition
at day 8. (PAPER III)
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5.2.2 Production of VFA in long-term operation
Based on the results of the lab-scale study, there was scale up of co-digestion with 50% OW
in the substrate (70% and 30% by volume of PS and OW, respectively) to study the effect of
long-term operation on VFA production and system resilience. The system was run for 184
days in a semi-continuous feed mode (Figure 13). The results show that the VFA production
initially increased until day 14 and began to decrease due to accumulation of undissociated
acid. It is known that undissociated organic acids can be transported through microbial cell
membrane and cause acidification of the cell interior (Arslan et al., 2017; Roume et al., 2016).
The system recovered and VFA production was high and fairly stable after 50 days of
operation with a maximum VFA concentration of 17200 mg COD/L. The recovery can be
explained by adaptation of the acid producing microbes and/or increase in dominance of
species which are more tolerance to VFA toxicity (Andersen et al., 2017). The maximum
VFA production corresponded to a yield of 520 mg COD/g VS which is similar to results
obtained for only food waste digestion with in-situ recovery (540 mg VFA/g VS) and higher
than yield obtained for co-digestion of sewage sludge and organic fraction of municipal solid
waste in a continuous operation (288.3 mg VFA/g VS) (Garcia-Aguirre et al., 2019; Wainaina
et al., 2019). However, the VFA yield obtained in the current study is lower than what was
obtained in another study on co-digestion of sewage sludge and food waste where a VFA
yield was up to 867.42 mg COD/g VS (Q.-L. Wu et al., 2016). But in the study, higher food
waste/sewage sludge ratio (5) and higher temperature of 40°C were used.

VFA (mgCOD/L)

20000

Acetic acid
Isobutyric acid
Isocaproic acid

Propionic acid
Valeric acid
Caproic acid

Butyric acid
Isovaleric acid
TVFA

15000

10000

5000

0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

Time (d)

Figure 13: VFA production with distribution of various VFA components during the pilot-scale
operation. (PAPER III)

Apart from initial stage (up to day 14), caproic acid was the most dominant individual VFA
with percentage of about 50%, followed by acetic acid and butyric acid. Caproic acid is
usually produced at post-stream step through chain elongation (Agler et al., 2012; Wu et al.,
2018). It is interesting to produce caproic acid because it has higher economic value and
diverse applications such as antimicrobial animal feed additive and jet fuel precursor
(Angenent et al., 2016). Caproic acid is known to be formed through secondary fermentation
involving chain elongation which uses β-oxidation of acetic and/or butyric acid with
reductive substrates such as ethanol, lactic acid, hydrogen and carbon monoxide by
microorganisms such as Clostridium spp. (Agler et al., 2012; Liu et al., 2020; Steinbusch et
al., 2011; Wu et al., 2018). Examples of caproic acid formation reactions are shown in
equation 18 and 19. A pH range between 5-6 is seen as optimal for caproic acid production
due to the facts that methanogenic activities are limited in such range (de Araújo Cavalcante
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et al., 2017; Steinbusch et al., 2011). It can be said that caproic acid was produced in the
current study due to the suitable pH of 5. Moreover, caproic acid would have been formed
because the external OW contains alcohol and soda beverage waste and for that matter
ethanol which would have been used as electron donor for the chain elongation process
leading to caproic acid production. Moreover, hydrogen and ethanol could have been
produced during the acidification process by reduced products of sugar fermentation.
C2H3O2− + 2C2H6O → C6H11O2− + 2H2O

18)

3C2H3O2− + 2H++4H2 → C6H11O2− + 4H2O

19)

It needs to be emphasised that VFA composition of the pilot-scale semi-continuous
experiment was somehow different from the lab-scale batch experiment. In the lab-scale
batch experiment, acetic acid dominated with only 9% caproic acid at retention time of 8 d
for 50% OW experiment. The relatively lower caproic acid concentration in the lab-scale
batch experiments could be attributed to the fact that electron donors like ethanol might have
been limited, whereas in the pilot-scale experiments, reactor was constantly fed with
substrates which could have contained ethanol. The results seem to suggest that the mode of
operation influences the VFA composition in the long term.
A

B

Figure 14: A) Biogas production (the dotted line is trendline); B) percentage of CH4 and CO2
during the pilot scale operation. (PAPER III)
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Generally, biogas production was very low (Figure 14A) because acidogenic environment
helps to maintain low biogas production (Garcia-Aguirre et al., 2019). It would have been
expected that at the low operation pH of 5±0.3, methanogenic activity would have been
completely inhibited, but there was still some methane production because CH4 can be
produced in a pH range of 5.0 and 9.0 (Liu et al., 2012). Moreover, Agler et al. (2012) has
shown that simultaneous production of caproic acid and methanogenesis is possible when
methane is produced only through hydrogenotrophic methanogenesis. The percentage of
methane in the produced biogas after day 46 when production was stable, was 15±5 % and
CO2 percentage was 71±11%. The content of CH4 and CO2 summed up to a total of 96%
(Figure 14B). This indicates that other components of biogas which were not measured in the
study, particularly hydrogen was very low. It could happen that hydrogen produced during
the acidogenesis, was used as electron donor for caproic acid formation (Steinbusch et al.,
2011).
5.2.3 Application of VFA-rich liquid as carbon source for denitrification
To demonstrate that the VFA-rich effluents have a potential to be used directly as external
carbon source in biological nutrient removal process, the VFA-rich liquid from the pilot scale
reactor was tested as carbon source for denitrification in comparison with conventional
external carbon sources, acetate and methanol. The result shows that the VFA-rich liquid
achieved the highest specific denitrification among the three carbon sources. The VFA-rich
liquid achieved a specific denitrification rate of 12.6 mg NOx-N/g VSS·h, while the specific
denitrification rate of acetate was 10 mg NOx-N/g VSS·h (Figure 15). Methanol achieved
specific denitrification rate of less than 5 mg NOx-N/g VSS·h, i.e. specific denitrification
rate of the VFA-rich liquid was almost 3 times higher than methanol because methanol can
be used directly only by methanol-assimilating bacteria (Liu et al., 2016). Acetate is known
to be easily biodegradable, however VFA-rich broth had higher denitrification rate than
acetate probably because VFA-rich broth contains cysteine which helps to reduce toxicity
caused by generation of reactive nitrogen species of denitrifiers during the biological nutrient
removal process (Su et al., 2016). The results of this current study have therefore revealed
that producing VFA from co-digestion of sewage sludge and external organic waste will not
only increase the revenue but also help in closing the material loop for wastewater treatment
plants.
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Figure 15: Specific denitrification rate achieved by the fermentation broth from pilot scale reactor
in comparison with acetate and methanol. (PAPER III)

32

14

Recovery of organic carbon from municipal waste streams

6

Conclusions and future outlook

6.1 Conclusions
The study involving direct biogas recovery from municipal wastewater through anaerobic
treatment with UASB was done to establish the link between the characteristics of anaerobic
granules and methanogenesis and the findings were:
Þ Large granules had multi-layered internal microstructure with relatively higher
abundance of acetoclastic methanogens and associated bacterial population, pointing
to the importance of acetoclastic methanogenesis as a significant pathway for
methane production.
Þ Small granules had uniform internal structure with no distinct strata with archaeal
population highly dominated by hydrogenotrophic methanogens, indicating that
hydrogenotrophic methanogenesis was the main pathway for producing methane.
Þ Increasing temperature from 20ºC to 28ºC during the study period did not
significantly change the dominant archaeal and bacterial families in both UASB
reactors. While there was no significant difference in the microbial community
structure of granular sludge taken from different sampling points of the reactors, SMA
results demonstrated a slight decrease in PMP from lower to upper sludge level due
to the decrease in substrate concentrations.
Þ The specific methanogenic activities of the acetoclastic methanogens in the sludge
from the reactor with large granules was higher, confirming the significance of
acetoclastic methanogenesis.
Þ Increasing temperature to 28°C resulted in an increase in biogas production for
UASB1 and stable and higher biogas rate for UASB2. The increase in biogas
production could be attributed to a reduction in the methane solubility in the effluent
and stable activity of methanogens.
Þ Increase in HRT resulted in increase in the COD and biogas removal efficiency due
to increase contact time between substrate and microorganisms.
The second part of the study involved VFA recovery through co-digestion of sewage sludge
and external organic waste. The findings of the study included:
Þ Increase in the percentage of OW in the feed resulted in an increased VFA production
Þ Acetic acid was the dominant VFA component in the short-term operation of the labscale batch reactors.
Þ Increasing proportion of organic waste increased yield and shifts the VFA
composition to more value products of valeric and caproic acids in the batch reactors.
Þ Up-scaling to a pilot plant with long-term semi-continuous operation resulted in a
shift of dominant VFA from short chain acetic acid to more valuable higher carbon
caproic acid.
Þ Application of the VFA-rich liquid for denitrification resulted in the highest specific
rate in comparison with acetate and methanol.
6.2 Future outlook
From the outcome of the current study, the following research directions are recommended
for direct anaerobic treatment of municipal wastewater to ensure high efficiency:
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Þ Investigating on the possibility of bioaugmentation with specific methanogens which
are known to be more effective to increase conditions to favour extracellular polymer
during granulation to enhance system efficiency.
Þ Research on how the concentration of the influent can impact on structure of the
granules and the process performance.
Þ Research on using omics tools and visualization to understand the aerial distribution
of microbial population in the microstructure of granules in order to better understand
phenomena of substrate and biogas transport in the granules
With the VFA production, the following further research is recommended:
Þ Study at different pH and temperatures to ensure optimal conditions with best
outcome.
Þ Investigation of pre-treatment methods that can enhance VFA production from
external organic waste and sewage.
Þ Study on the possibility of separating of VFA mixture into lower value VFAs and
higher value VFAs. The lower value VFAs can be used directly for denitrification
whereas the higher value VFAs can be used for downstream processing.
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This study was carried out to investigate the relationship between the methane producing pathways and the
characteristics of anaerobic granules treating municipal wastewater. For this purpose, two pilot scale upflow
anaerobic sludge blanket reactors with different granule size distribution (1–2 mm and 3–4 mm) were investigated at operating temperatures of 20 °C and 28 °C for 239 days. There was an increased and stable biogas
production when temperature was elevated to 28 °C likely due to reduction in methane solubility. Larger
granules had multi-layered internal microstructures with higher acetoclastic methanogenic activities
(250–437 mL CH4 g−1 VS d−1) than smaller granules (150–260 mL CH4 g−1 VS d−1). The relative abundance of
acetoclastic methanogens of larger granules was higher, confirming acetoclastic methane producing pathway
was more prominent. However, there was no significant difference in the performance of the two reactors because they were operating below their capacities in terms of organic loading rate to volatile solids ratio.

1. Introduction
Anaerobic treatment of municipal wastewater is getting more attention as it can change wastewater treatment plants (WWTPs) from

energy consuming to energy producing systems (Foresti et al., 2006;
Verbyla et al., 2013). Among anaerobic reactors for wastewater treatment, granule-based technologies such as upflow anaerobic sludge
blanket (UASB) reactors are advantageous over other reactor types due
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to high performance. Anaerobic granule, an aggregate of biomass with
active anaerobic microorganisms, is the pivot for the operation of
granular based anaerobic systems. Anaerobic granules have good settling characteristics which prevent biomass washout (Kiran et al.,
2016). Additionally, there is adequate contact between the wastewater
and microorganisms owing to natural turbulence resulting from gas
bubbles released by granules and influent flow (Subramanyam and
Mishra, 2013; Wu et al., 2015). Anaerobic granular systems are also
able to tolerate extreme conditions such as fluctuation in temperature,
pH, influent concentration as well as high salinity (Kobayashi et al.,
2018).
While there are several studies on aerobic granules, current studies
on anaerobic granules and their effects on treatment performance are
limited. Anaerobic granules are known to influence the operation of
high rate anaerobic digesters to some extent, but this aspect is yet to be
fully understood. For example, size of UASB granules can influence the
performance of anaerobic reactors (Jijai et al., 2015). It has been shown
that specific methanogenic activity (SMA) of granular sludge increases
with increase in size of granules (Bhunia and Ghangrekar, 2007). The
influence of size of anaerobic granules (0.5–3.5 mm) on biogas production of relatively high-strength wastewater with influent chemical
oxygen demand (COD) concentration of 1000–6000 mg/L in a micro
scale has be studied. It was reported that biogas production rate was
positively proportional to the size of granules (Wu et al., 2016). This
was explained by the fact that large granules exhibited well-developed
internal pore structures including porosity, pore diameter and channel
length, that aid the production of big biogas bubbles. Beside the size of
the granules, the internal micro structure gives insight into the mass
transfer and biodegradation process of anaerobic granules. It is revealed
that small channels inside of anaerobic granule aid transportation of
substrate and biogas production (Jiang et al., 2016). Moreover, there is
relationship between properties of granules and mass transfer processes. It has been validated that large anaerobic granules have better
mass transfer condition and higher biogas production rate due to their
high convective diffusion rates resulting from their bigger permeable
areas (Afridi et al., 2018). These studies attempt to relate the mass
transfer process and structure of anaerobic granules, however, lack
insight into the relationship between the structure of granules and the
microbial community.
Different microbial populations are involved in the formation of
anaerobic granules (Connaughton et al., 2006; McKeown et al., 2009;
Xu et al., 2018). Connaughton et al, 2006 without underplaying the role
of Methanosaeta in granular formation and integrity, opined that,
anaerobic digestion in the sub-mesophilic or psychrophilic range favours hydrogenotrophic methanogenesis. However, it has been observed that Methanosaeta-like organisms remained dominant
throughout psychrophilic methanogenic community development with
the transient appearance of Methanosarcina-like methanogens during a
period of reactor instability due to temperature shock (McKeown et al.,
2009). A methanogenic community analysis of a UASB-digester treating
domestic wastewater at 10–20 °C revealed dominance of both Methanosaetaceae and Methanomicrobiales (Zhang et al., 2018). In a recent
study using high-throughput sequencing, it has been shown that the
microbial community of anaerobic granules can shift from hydrogenotrophic methanogens to acetoclastic methanogens during sludge
granulation (Xu et al., 2018). Furthermore, Methanosaeta spp. play
important role in formation of anaerobic granules as Methanosaeta’s
rod-shape structure provide a network within the granule to which
other microbes become associated (Rocheleau et al., 1999). The microbial community population determines the methanogenesis pathway
of anaerobic granular sludge. However, there has not been studies
linking the physical characteristics of matured anaerobic granules to
the microbial community structure and methanogenic pathway at
specific operating temperatures.
In this regard, two identical pilot-scale UASB reactors, with different
size distribution of anaerobic granules treating the same municipal

wastewater, was operated at 20 °C and 28 °C. Reactor performance,
acetoclastic methanogenic activities and microbial community analysis
were assessed at the different operating temperatures to gain understanding into the relationship between characteristics of anaerobic
granules and the biochemical pathway. Specifically, the study sought to
address the following research questions: 1) How does operating temperature influence the microbial community structure of different sizes
of granules and reactor performance? 2) What is the effect of size distribution of anaerobic granules on the methanogenesis in the UASB
reactors? 3) What is the microbial community structure at different
levels of the UASB reactors that have different sizes of granules?
2. Methodology
2.1. Pilot scale UASB reactor operation
The study was carried out with two identical pilot scale UASB reactors having different size of granular sludge, each of a working volume of 2.5 m3, located at Hammarby Sjöstadsverket, a wastewater
treatment research facility. The first reactor (UASB1) has larger granules than the second reactor (UASB2) due to the history of these reactor.
Previously, the reactors were connected in series with UASB1 receiving
the influent wastewater while its effluent became the influent for
UASB2 until March 2016, when they were changed to parallel operation.
In the current studies, both UASB1 and UASB2 were fed parallelly
with the same primary settled municipal wastewater from the
Henriksdal WWTP. The hydraulic retention time (HRT) was set at 3 h
for each of the reactors. The study was carried out from February to
October 2018. The temperature of the reactors was controlled at 20 °C
and 28 °C from Mid-February to Mid-May and Mid-May to October
2018, respectively. The average COD of the influent wastewater during
operations at 20 °C and 28 °C were 224 ± 55 mg/L and 176 ± 31 mg/
L, respectively. Produced biogas was measured with gas meter. The
biogas production data were normalized to 35 °C as different operating
temperatures were employed in the study. The Normalized biogas (NB)
production was given by:

NB = MB ×

35
T

where MB is measured biogas
T is operating temperature
Wastewater and mixed liquor samples were collected by grab
sampling from the influent and effluent and sampling port UASB reactors for analysis twice a week. Granular sludge samples were collected from the UASB reactors on 19 April 2018 and 11 June 2018
representing operating temperatures of 20 and 28 °C, respectively, for
DNA extraction, SMA test and scanning electronic microscope (SEM)
analysis. The sludge samples were taken from lower, middle and upper
ports of each reactor (Fig. 1).
2.2. Characterization of granules
2.2.1. Size distribution
Size distribution of the granules in the UASB reactors were determined from three digital images of the granules from each reactor.
ImageJ software (v 1.51, National Institutes of Health, USA) was used
to do particles analysis in order to obtain the size distribution of the
anaerobic granules.
2.2.2. Scanning electronic microscope (SEM)
SEM was used to analyse the internal structures of the anaerobic
granules. Granular samples were prepared according to the method
described by Araujo et al. (2003). The samples were fixed with 2.5%
2
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Fig. 1. The flowchart of the anaerobic systems used in this study.

glutaraldehyde (Sigma Aldrich, Germany) in 0.1 M phosphate buffer
(pH 7.4) for up to 12 h at 4 °C. The samples were washed three time in
0.1 M phosphate buffer at 4 °C for 10 min each. The samples were then
dehydrated in ethanol/water mixture of 50%, 70%, 80%, 90%, 95%,
100% for 10 min each. The samples were washed three times in the
100% ethanol. Dehydrated samples were immersed in hexamethyldisilazane (Sigma Aldrich, Germany) for 30 s and air dried for 10 min.
Prepared samples were examined with Benchtop SEM (TM 1000, Hitachi, Japan).

2.4. Microbial community analysis
2.4.1. DNA extraction, polymerase chain reaction (PCR) and high
throughput sequencing
Granular sludge samples were centrifuged at a speed of 4200 rpm
for 5 min and the supernatants were removed. The DNA of the granular
sludge sample was extracted using NuceloSpin Soil DNA kit (MachereyNagel, Germany) in accordance with manufacturer’s protocol.
PCR amplifications of the bacterial and archaeal 16S rRNA genes
were carried out using primers 515F (GTGYCAGCMGCCGCGGTAA)806R (GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2011). Mastercycler Pro thermal cycler (Eppendorf UK Ltd., Stevenage, UK) was
used with MyTaq Red DNA Polymerase (Bioline Reagents Ltd., London,
UK) and amplification conditions of initial denaturation at 95 °C for
5 min, 35 cycles at 95 °C for 1 min, 55 °C for 1 min, 72 °C for 1.5 min,
and a final elongation step at 72 °C for 5 min. The PCR products were
cleaned using Charge Switch PCR Clean-up kit (Invitrogen, CA, USA),
prepared for sequencing according to Caporaso et al. (2012) and sequenced on Illumina MiSeq (300 bp paired-end, Illumina, Inc, San
Diego, CA, USA) at the SciLifeLab at KTH-Royal Institute of Technology
(Sweden).

2.3. SMA tests
SMA tests of the UASB reactors were performed with an automatic
methane potential test system (AMPTS II, Bioprocess Control, Sweden).
The test unit consisted of fifteen 650 mL glass bottles with a working
volume of 400 mL placed in a water bath to control temperature. The
produced biogas passed through a CO2-capturing unit (3 M NaOH with
0.4% Thymolphthalein pH-indicator) to remove CO2 before being
measured by a gas volume measuring device.
In order to determine acetoclastic methanogenic activities, acetate
was used as a substrate and SMA tests were done at a temperature of
35 °C. Acetate concentrations in the range of 1000–5000 mg/L were
initially tested in order to determine the maximum potential methane
production (PMP) rate using both UASB1 and UASB2 granules and
3000 mg/L acetate was found to be optimum concentration for both
reactors (see Supplementary data). The concentration of volatile solids
(VS) in the glass reactors was adjusted to 2000 mg/L by diluting with
medium solution adapted from OECD (2006) and Cetecioglu et al.
(2013).

2.4.2. Sequence analysis
Merging, quality filtering of the raw sequences and taxonomy assignment were carried out using QIIME2. Greengenes database was
used for the taxonomy assignments for bacteria and archaea (DeSantis
et al., 2006). Sequence datasets have been submitted to the National
Center for Biotechnology Information (NCBI) Read Archive under the
bioproject accession number of PRJNA522972.

3
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2.5. Analytical methods

UASB2 (Fig. 2B). The increase in biogas production rate was attributed
to a reduction in the methane solubility in the effluent (Yan et al.,
2018). However, there was no observable difference between the two
reactors in terms of COD removal efficiency and biogas production. This
can be explained by the fact that both reactors were operated below
their capacities. The preliminary SMA results has shown that the PMP
of the sludge could be achieved at substrate concentration as high as
3000 mg/L for 2000 mg/L VS after 10 h. This correspond to an organic
loading rate (OLR) to VS ratio of 3.6 (mg COD/L/day)/g VS. However,
using the average influent COD, the OLR to VS ratios of UASB1 and
UASB2 are estimated as only 0.014 and 0.009 (mg COD/L/day)/g VS,
respectively.

Total suspended solids (TSS), volatile suspended solids (VSS), total
solids (TS), volatile solids (VS) and settling velocity were determined
according to Standard Methods (APHA, 2005). Chemical oxygen demand (COD), NH4-N and alkalinity were measured with respective
cuvette test kits (WTW, Germany) and a spectrophotometer (PhotoLab
6600 UV Vis, WTW, Germany). pH was measured with pH electrode
and a meter (pH 330i, WTW, Germany).
2.6. Statistical analysis
Statistical analysis of COD removal efficiency and methane production as well as principal component analysis (PCA) of the microbial
community were done with paleontological statistics (PAST 3.20,
University of Oslo, Norway). PAST 3 was also used for a one-way
ANOVA to test statistical difference between samples taken from different ports of a reactor; and correlation analysis between the microbial
community and the reactor’s performance.

3.2. Characterisation of granular sludge of the UASB reactors
The modal sizes (diameter) of the granules of UASB1 and UASB2
were 3–4 and 1–2 mm, respectively (Fig. 3). It is known that typical
sizes of anaerobic granules are in the range of 0.5–5 mm (Bhunia and
Ghangrekar, 2007) and it has been hypothesized that 0.3 mm diameter
at specific gravity of 1.01 should be the minimum size of granule for it
to be stable in a UASB reactor (Bhunia and Ghangrekar, 2007). The
granules of UASB1 and UASB2 had settling velocity of 86–225 m/h and
27–180 m/h, respectively. The settling velocities of the granules in both
reactors were higher than the operated upflow velocity (1.1 m/h) of the
reactors and therefore there was no observable washout. The influent
and effluent VSS were in the range of 50–300 and 0–100 mg/L, respectively. Moreover the values of both reactors were in the range of
typical settling velocity of methanogenic granules ≥60 m/h (Yi et al.,
2016).
The SEM images of the internal structure of granules of UASB1
(large size) depicted a multi-layered microstructure (see Supplementary
data). The different layers of UASB granules are known to be composed
of different functional units including outer layer of hydrolysis/acidogenesis where acidogenic bacteria break down biomass into organic
acids; layer of acetate and hydrogen production from the organic acids
by acetogenic, hydrogen-producing bacteria; and methanogenic layer in
the center of the granule where methanogens utilize the acetate or
hydrogen and carbon dioxide to generate methane (Abbasi and Abbasi,
2012). The coupling of these metabolic reactions in granules improves
the efficiency of biomass breakdown by ensuring the efficient transfer

3. Results and discussion
3.1. COD removal and biogas production
The performance of the UASB reactors in terms of effluent COD and
biogas production were determined (Fig. 2). There was no observable
difference between the effluent COD concentrations of the two UASB
reactors at operating temperature of 20 °C. However, there was instability in the biogas production by the UASB2 at operating temperature of 20 °C, while the biogas production by the UASB1 was stable. The
instability in the UASB2 biogas production at 20 °C can be attributed to
lower operating temperature and to some extent, the fluctuation of the
influent COD (224 ± 55 mg/L). However, the stability in the production rate of biogas for the UASB1 can be attributed to larger size and
layered internal structure of the granules including bigger pore size,
higher porosity and shorter diffusion distances which promote better
substrate transport and improve biogas production even at lower temperatures (Wu et al., 2016).
Increasing temperature to 28 °C resulted in an increase in biogas
production for UASB1 and stable and higher biogas production rate for

Fig. 2. (A) Influent and effluent COD concentration and (B) biogas production rate of the UASB reactors.
4
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Fig. 3. Size distribution of granular sludge in (A) UASB1 and (B) UASB2.

of intermediate products between the different cell types (Agapakis
et al., 2012).
On the contrary, the internal structure of the granules of UASB2
(small granules) did not show any distinct layers (see Supplementary
data). The difference in the internal structure of the granules from the
two reactors can be traced back to the initial operation strategy which
might have influenced the granulation process. Formerly, the reactors
where connected in series where UASB1 received the raw wastewater as
the influent whereas UASB2 received UASB1’s effluent as influent. This
means that UASB2 received mainly hard-to-mineralized substrate. It
has been shown that biogranules fed with substrates having a ratelimiting hydrolytic/fermentative step do not exhibit any layered pattern; instead, bacteria are intertwined and distributed evenly (Fang,
2000). Thus, substrate degradation kinetics for uniform granular microstructure is through diffusion of substrate toward the granule interior without being fermented/hydrolysed near the surface.

from different levels (sampling ports) of the UASB reactors at temperatures 20 and 28 °C are shown in Fig. 5A and B, respectively.
3.4.1. Archaeal population
The most dominant methanogen in both reactors was the
Methanoregulaceae family (33.7%–52.5%). This was followed by
Methanosaetaceae-(14.2%–34.8%), Methanobacteriales__WSA2 (10.7%–
14.9%), Methanospirillaceae (2.6%–6.6%), Methanomassiliicoccaceae
(2.4%–5.3%) and Methanobacteriaceae (1.9%–7.7%) (Fig. 5A).
In UASB1, which has large granules, the relative abundance of
Methanoregulaceae was 39.5 ± 1.2% at 20 °C. This was followed by
Methanosaetaceae (mainly the Methanosaeta genus; 30.5 ± 2.8%) and
Methanobacteriales__WSA2 (13.7% ± 1%). The members of family
Methanoregulaceae and Methanobacteriales are hydrogenotrophic methanogens, which use CO2 and H2 or formate as substrates for methanogenesis, while Methanosaetaceae strictly use acetate for methane
generation (Holmes and Smith, 2016; Karakashev et al., 2006;
Schnürer, 2016). This indicates that methane is produced via both
acetoclastic and hydrogenotrophic methanogenesis in UASB1. Methanosaeta spp. are also known to be important for their architectural role
in the granulation process and the stabilization of anaerobic granules
(Leclerc et al., 2004; Yang et al., 2017; Zinatizadeh et al., 2007). Methanosaeta also strive well in harsh environments such as under high
salinity conditions, which enables anaerobic reactors to obtain strong
and healthy granules (Gagliano et al., 2017). This could explain why
the granules of the UASB1 are larger with internal multi-layered microstructure structure. Moreover, it has been reported that acetoclastic
methanogenesis occurred in the internal layer of anaerobic granules
(Baloch et al., 2008; Cunha et al., 2018).
In the UASB2, which has small granules, the relative abundance of
Methanoregulaceae was 51 ± 0.5% when the operating temperature
was 20 °C. Within this family, Candidatus Methanoregula was the most
predominant taxon with relative abundance of 35.5 ± 1.2%.
Moreover, the relative abundance of Methanobacteriales__WSA2 was
found to be 11 ± 0.6%. The dominance of Methanoregulaceae and
Methanobacteriales__WSA2 in UASB2 suggests that hydrogenotrophic
methanogenesis was the main methanogenic pathway in UASB2. In
addition to these hydrogenotrophic taxa, Methanosaetaceae was also
dominant in this reactor with relative abundance of 17.5 ± 3.3%,
suggesting that acetoclastic methanogenesis was also taking place. The
relatively lower abundance of Methanosaetaceae in the granules of
UASB2 than UASB1 can also explain the smaller size of granules of
UASB2 without layered internal structure.
Increasing temperature from 20 °C to 28 °C did not significantly
change the dominant taxa in both reactors, however, there was a slight
increase in the relative abundance of the family Methanobacteriaceae
from 2.8 ± 0.2% and 1.7 ± 0.6% to 5.5 ± 1.9% and 4.5 ± 0.3% in
UASB1 and UASB2, respectively (Fig. 5A). This can be attributed to the
fact that members of this family have optimum temperature between

3.3. Acetoclastic methanogenic activities of the anaerobic granular sludge
SMA test was carried out to quantify acetoclastic methanogenic
activities of the granular sludges. The PMP of granular sludge taken
from UASB1 and UASB2 at operating temperature of 20 °C were
349–437 and 230–260 mL CH4 g−1 VS d−1, respectively, from upper to
lower level (Fig. 4A and B). The decrease in the SMA from lower to
upper port of the reactors can be explained by the fact that the substrate
(dissolved COD) decrease as wastewater flows from bottom to top
which results in lower methanogenic activity at the upper level. It has
been revealed that the bottom zone of a UASB reactor is the main degradation zone due to highest mass transfer as compared to middle and
top zones of the reactor (Afridi et al., 2018; Lu et al., 2015). Increase in
temperature to 28 °C did not lead to change in the PMP of sample taken
from the lower port (1.1) of UASB1, however, there was a decrease in
the SMA of the sludges for middle (1.2) and upper (1.3) ports of reactor
1 and all ports of UASB reactor 2 (Fig. 4C and D). The decrease can be
attributed to the fact that both reactors were operating below their
capacities in terms of organic loading rate to volatile solids ratio. Thus,
when the temperature was increased, the activities of the microbial
cells increases whiles the inflow COD (substrate) remains fairly constant. The higher activity and the low substrate might have eventually
led to the lower SMA. Generally, the SMA of granules UASB1 was
higher than UASB2. The higher PMP obtained by the granular sludges
of UASB1 during the acetoclastic SMA test shows clearly that acetoclastic methanogenesis is more predominant in UASB1 than UASB2.
3.4. Microbial community structure
Understanding the microbial community structures of granular
sludge, is important for predicting the performance of the reactors. The
archaeal and bacterial population structures of sludge samples taken
5
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Fig. 4. SMA of (A) UASB1 and (B) UASB2 of granular sludge taken when the reactors were operated at 20 °C (Owusu-Agyeman et al., 2020); and of (C) UASB1 and
(D) UASB2 when the reactors were operated at 28 °C. (All SMA tests were performed at 35 °C.)

Fig. 5. Relative abundance of (A) Archaeal and (B) Bacterial community at family level from microbial DNA sequences of granules; and the corresponding PCA
analyses (C) Archaea and (D) Bacteria. 1.1-UASB1 lower port, 1.2-UASB1 middle port, 1.3-UASB1 upper port; 2.1-UASB2 lower port, 2.2-UASB2 middle port, 2.3UASB2 upper port.
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mesophilic and moderately thermophilic range (Oren, 2014).
Remarkably, Micrarchaeles spp. were only found in UASB2 reactor
(2.9 ± 0.8% and 3.1 ± 0.17% in 20 °C to 28 °C, respectively) and not
observed in UASB1. There is not any cultured representative of
Micrarchaeles, and therefore only limited information is available about
this archaeal group. They are found in acidic and non-acidic environments such as hot springs, soil and freshwater lakes, implicating that
they are highly adaptive (Chen et al., 2018). It is interesting that this
group was observed only in UASB2, which has small granules.

taken from different ports of the same reactor (UASB1:
F8,5265 = 0.1637, p = 0.9954; UASB2: F8,5265 = 0.1062, p = 0.999).
Moreover, increasing temperature to 28 °C did not lead to significance
difference between the OTUs of samples taken from different levels of
the same reactor in the cases of both archaeal and bacterial microbial
structure (results are presented in the Supplementary data). It is intriguing to know that there was no difference in the abundance of archaeal and bacterial OTUs, even though the SMAs were different for
granules taken from different levels of the reactors, especially the lower
port of UASB1. This is attributed to the fact that microbial community
analysis showed the presence of archaeal and bacterial populations,
while the SMA results revealed the acetoclastic methanogenic activities
of the granules.
PCA was done to determine the relatedness of the relative abundance of the archaeal and bacterial populations of the reactors. The first
principal component (PC1) explained 92.9% and 88.8%, while the
second principal component (PC2) explained 4.1% and 4.7% of the
total variability in the relative abundance of archaeal and bacterial
population, respectively (Fig. 5C and D). PCA for both archaea and
bacteria showed a clear distinction between UASB1 and UASB2 samples
which were either clustered on the left or right of the y-axis. PCA results
confirm the one-way ANOVA outcome and demonstrate the difference
between the microbial community structure of the two reactors. In the
case of archaea, while there was no clear distinction between the
samples taken at different temperature for UASB1, UASB2 samples were
grouped according to the temperature (Fig. 5C). The scenario was reverse in terms of bacterial population, with UASB1 samples clearly
arranged according to temperature, whereas UASB2 ones didn’t show
any clear distinction with reference to temperature (Fig. 5D).
Correlation analysis was done between the archaea, bacteria and
SMA using PC1 and PC2 scores and PMP from different ports of the
reactors. Significant correlation was found between the archaeal PC1
and bacterial PC1 with a Pearson correlation coefficient of 0.883 and a
p-value of 0.000141 (see Supplementary data). Moreover, SMA significantly and positively correlated with both archaeal and bacterial
PC1 with correlation coefficients of 0.715 and 0.838 and p-values of
0.0089 and 0.00066, respectively. This correlation revealed that the
acetoclastic SMA results has a relationship with the microbial communities of the granules. This reinforces the finding that the methanogenesis of the granules from the UASB1 and UASB2 are different.
In order to correlate the performance parameters (COD removal
efficiency and biogas production) with the microbial data, PCA of
average archaeal and bacterial relative abundance was computed. PC1
and PC2 scores and COD removal and normalized biogas at different
operation temperatures were used for the correlation. PCA of average
relative abundance was used because microbial samples were taken
from three different ports of each reactor while COD and biogas were
for a whole reactor. The results show that there was only a positive
significant correlation between the archaeal PC2 and biogas with
coefficient of 0.969 and p-value 0.000662. There were other correlations, for instance between archaeal PC2 and COD removal, but they
were not statistically significance since the p-value were > 0.05 (see
Supplementary data). It can be said that the microbial data didn’t not
correlate so well with the reactors’ performance because the reactors
were operated below their capacity in terms of organic loading rate as it
has been explained in Section 3.1.

3.4.2. Bacterial population
The sequence analysis of the bacterial populations in the UASB1
samples at 20 °C show that Anaerolinaceae was the predominant family
with relative abundance of 16.2%–17.5%, followed by Syntrophaceae
(7.9%–10.1%; Fig. 5B).
The Anaerolinaceae species can grow fermentatively and therefore, it
is suggested that they have a syntrophic cooperation
with Methanosaeta, which use acetate produced by Anaerolinaceae
(Liang et al., 2015; McIlroy et al., 2017). The dominance of Anaerolinaceae and Methanosaeta in UASB1 therefore demonstrates that acetoclastic methanogenesis is the main methanogenic pathway in UASB1.
Moreover, members of Anaerolinacea are multicellular filaments and
play important role in the formation and settleability of granules
(Yamada and Sekiguchi, 2009). This has possibly contributed to the
larger size and faster settling velocity of the granules in UASB1.
Other notable bacterial genera found in the granular sludge of
UASB1 were Paludibacter (2.0%–3.0%), Desulfomicrobium (2.0–2.7%),
Proteiniclasticum (1.7%–2.1%). These genera are fermentative bacteria
with acetate as major fermentation product from a number of substrates
(Copeland et al., 2009; Ueki et al., 2006; Zhang et al., 2010). This
supports the finding that acetoclastic methanogenic pathway is important in UASB1. Temperature rise from 20 °C to 28 °C did not change
the bacterial community structure in UASB1.
In UASB2, the predominant bacterial family was Syntrophaceae with
relative abundance of 10.8%–12.5%, which has either a respiratory
type or fermentative type of metabolism, or grow only in syntrophic
associations with H2/formate-utilizing partners (Kuever, 2014). At the
genus level, Syntrophus was the most dominant taxon with relative
abundance of ~6.5%. Syntrophus spp. contribute to the production of
hydrogen from biomass in an anaerobic environment (McInerney et al.,
2007). Furthermore, the relative abundance of Anaerolinaceae was only
~4.0%. The low abundance of Anaerolinaceae together with the dominance of Syntrophaceae imply that the hydrogenotrophic methanogenesis was the main pathway to methane production. Similar to
UASB1, increasing the temperature from 20 °C to 28 °C did not significantly change the dominant bacterial families in UASB2.
3.5. Statistical analysis
T-test was done to determine if there was difference between UASB1
and UASB2 in terms of COD removal and biogas at 5% significance
level. The T-test resulted in p-values of 0.647 and 0.710 for COD removal efficiency and biogas production, respectively. This point to the
fact that there was no statistical difference at 5% significant level, and it
has been explained in Section 3.1.
A one-way ANOVA was conducted to determine if there was statistical difference in the archaeal and bacterial communities of granule
samples taken from different ports (levels) of the same reactor. There
was no statistically significant difference between samples taken from
different ports of the same reactor as determined by the one-way
ANOVA using the operation taxonomic units’ (OTUs) abundance. For
instance, at operation temperature of 20 °C, there was no statistical
significance difference between the archaeal OTU abundance of granular samples taken at different ports of UASB1 (F8,216 = 0.2405,
p = 0.9827) and UASB2 (F8,216 = 0.2863, p = 0.97). There was also no
significant difference between the bacterial OTU abundance of samples

4. Conclusion
The relationship between characteristics of anaerobic granules and
methanogenic pathways of two UASB reactors with different granular
size distribution, treating municipal wastewater was studied at different
operating temperatures. Increasing temperature from 20 to 28 °C led to
increased and stable biogas production for both reactors due to decrease in methane solubility. The internal microstructure, acetoclastic
activities and microbial community of the granules were different
7
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resulting in different methane producing pathways. Large granules with
layered internal structures had higher acetoclastic activities and
abundance of acetoclastic methanogens, whereas small granules had
uniform internal structures with higher hydrogenotrophic methanogens
abundance.
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Bio-based volatile fatty acid (VFA) production from waste-stream is getting attention due to increasing market
demand and wide range usage area as well as its cost-eﬀective and environmentally friendly approach. The aim
of this paper is to give a comprehensive review of bio-based VFA production and recovery methods and to give
an opinion on future research outlook. Eﬀects of operation conditions including pH, temperature, retention time,
type of substrate and mixed microbial cultures on VFA production and composition were reviewed. The recovery
methods in terms of gas stripping with absorption, adsorption, solvent extraction, electrodialysis, reverse osmosis, nanoﬁltration, and membrane contractor of VFA were evaluated. Furthermore, strategies to enhance biobased VFA production and recovery from waste streams, speciﬁcally, in-line VFA recovery and bioaugmentation,
which are currently not used in common practice, are seen as some of the approaches to enhance bio-based VFA
production.

1. Introduction

consumption of raw materials and decreasing amount of waste.
Resource recovery from waste streams, which is dealing with United
Nations Sustainable Development Goals 6 and 11, is a major research
interest, further boosted by the alarming increase in worldwide pollution levels and climate change primarily caused by overuse of fossil
fuels. Energy and feedstock demand should be accommodated by

Environmental sustainability is a goal for the 21st century and to
accomplish it, transition into a circular economy which includes resource recovery, reuse and recycling is required. Resource recovery
contributes to environmental sustainability by reducing the
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Table 1
General properties of VFAs.
VFAs

Chemical formula

Market size
(kton/year)

Market price
(€/ton)

Usage/application

Production methods

References

Acetic acid

14000–17000

400–800

Vinyl acetate monomer (polymers,
adhesives, dyes),
Food additive, Solvent, Vinegar,
Ester production, Chemicals

Chemical synthesis (carboxylation of
methanol) and microbial fermentation
(oxidative and anaerobic)

Bhatia and
Yang (2017))

Butyric acid

90–105

1500–1650

Animal and human food additive,
Chemical intermediate, Solvent,
Flavouring agent

Chemical synthesis (oxidation of
butyraldehyde), Extraction from butter,
microbial fermentation

Zigová and
Šturdík
(2000)

Propionic acid

350–470

2000–2500

Esters used food industry as aroma
additive, Food additive, ﬂavoring,
Pharmaceuticals, Animal feed
supplement, Fishing bait additive

Chemical Synthesis (ethylene hydro
formylation, carboxylation of ethylene,
direct oxidation of hydrocarbons), by
product of acetic acid manufacturing,
microbial fermentation

Cheryan
(2009)

recovery approach and applications of VFA-rich streams. Most of these
studies focused on operational factors which inﬂuence acidiﬁcation.
However, there are still barriers to prevent market scale VFA production from waste streams. Two main obstacles should be overcome: 1)
Uncontrolled metabolic activities and persistence of methanogens in
VFA production via bioprocess and 2) limitations in the recovery of the
produced VFAs. Therefore, this review addresses not only recent developments of VFA production but also current challenges on the enhancement of VFA production and their recovery. Moreover, this review presents a critical evaluation of the future application of VFA-rich
eﬄuents.

renewable resources. This puts high demands on the development of
next-generation wastewater treatment technologies to produce new
chemicals and material from carbon-rich waste streams. This approach
could include e.g. microbial consortia to procure energy and valuable
products such as volatile fatty acids (VFAs) for downstream industrial
applications. Therefore, new approaches are required to achieve the
paradigm shift to a bio-based, circular economy.
VFAs are important building block chemicals with a greatly increasing market demand. VFA production is traditionally based on nonrenewable petrochemical sources, causing serious negative health and
environmental eﬀects. Reported greenhouse gas (GHG) emissions from
acetic acid production in the petrochemical industry are 3.3 t CO2eq./t
for cradle-to-grave (by incineration without energy recovery). Given
that in 2009 in the Energy Savings 2020 Report, the EU committed to
reducing its GHG emissions by between 80% and 95% by 2050, this
process needs to be replaced with one utilizing renewable sources and
bio-based production methods.
Recently, VFA production and recovery are getting more attention
due to their high potential as a renewable carbon source, wide range
usage area in pharmaceutical, food, chemical industries, and a valuable
raw material for products such as biogas (Begum et al., 2018a,b), biodiesel (Fortela et al., 2016), bioplastics (Fradinho et al., 2014;
Venkateswar Reddy et al., 2014), biohydrogen (Sydney et al., 2018),
electricity via microbial fuel cells (Zheng et al., 2017). Therefore, VFA
recovery via anaerobic digestion is gaining traction as a research topic.
As the opposite of the linear economy which is established on “take,
make and dispose” model of production, VFA recovery from waste
streams is perfectly matched with the one type of circular economy that
aimed to circulate at high quality in the production system without
entering the biosphere to being restorative and regenerative by design.
For example, while potential VFA production capacity of EU countries
from dairy industry wastewater is projected as 10 Mt/year (acetic acid
eq), an estimated 2 Mt of acetate, 1.28 Mt of butyrate and 1.54 Mt of
propionate could be recovered annually. In the global scale, the values
are 9.15 Mt acetate, 5.39 Mt butyrate and 6.47 Mt propionate. The
calculations were done according to data from European Commission
Statistics (http://ec.europa.eu/eurostat/data/database).
The total global market demand for acetic, butyric and propionic
acids will be 18,500 kilotons in 2020 which includes; with growing at a
compound annual growth rate (CAGR) of 4.27% of 18,296.90 kilotons
acetic acids by 2023 (Mordor Intelligence, 2018) with growing at a
15.1% CAGR of 105 kilotons butyric acids in 2020
(Marketsandmarkets, 2018); and with growing at a CAGR of 2.7% of
470.0 kilotons propionic acids by 2020 (Research Grand View, 2018).
The main focus of this review was on VFA production from waste
streams by mixed microbial culture and its recovery. There are many
current studies from lab scale to pilot scale focusing on VFA production
from diﬀerent waste streams, however, most of them are limited in

2. VFA production
VFA is a valuable intermediate product produced by anaerobic digestion of substrate including waste streams such as primary sludge,
waste activated sludge and food waste. Anaerobic digestion process
involves a number of stages in which organic matter is broken down by
a consortium of microorganisms in the absence of oxygen and usually
lead to the formation of biogas with VFA as an intermediate product. In
an anaerobic digestion process, VFA production can be promoted by
shortening the reaction time to prevent methanogenesis. Adjusting pH
above 8.0 or below 6.0 can also promote VFA production and inhibit
the growth of methanogens. In lab scale studies, adding methanogenic
inhibitor could also be used to inhibit methanogens and promote VFAs
production (Liu et al., 2018; Zhou et al., 2018).
2.1. Properties of VFA
There are diﬀerent types of VFAs with diﬀerent properties and applications. A variety of VFAs is on the market including formic, acetic,
propionic, butyric, valeric, caproic acid. In this review, the focus was
mainly on most common VFAs produced from waste streams. These are
acetic, propionic, butyric acids and they are summarized in terms of
their chemical structure, market size, applications, properties and
production methods in Table 1. In addition to their wide usage area in
the chemical, pharmaceutical and food industries, each type of VFA has
attractive properties which were given.
Acetic acid is a key building block to manufacture of paint, rubber,
plastics, synthetic ﬁbres, textile ﬁnishes, pesticides, polymer emulsions,
paper coating, in the chemical industries and it is one of the major
components of ﬂavours, acidity regulators and preservatives used in the
food and beverage industries. In addition to use as a raw material in the
various industries, acetic acid producing bacteria are used as producers
of certain foods, drinks and cellulose (Bhatia and Yang, 2017; Xu et al.,
2011).
Propionic acid is used as a calcium and sodium salts, herbicides,
ﬂavours, fragrances, emulsions, environmentally friendly solvents for
774
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coating formulations, artiﬁcial fruit ﬂavours, modiﬁed synthetic cellulose ﬁbres etc. Also, it can be used as a preservative for food (especially
bread and other baked goods as its sodium or calcium salts), animal
feed (directly or as its ammonium salt), and grains due to its inhibition
of growth of mould and various bacteria. Moreover, propionic acid is
not only favourable preservative but also the key element in the manufacturing of vitamin E (Babu, 2014; Moresi and Parente, 2014; Xu
et al., 2011).
Butyric acid is the valuable biodiesel source. At the same time, it
uses in the animal feeding sector both as a supplement and an antibiotic, due to it has anti-pathogenic properties and the regulations
about a usage of antibiotics in the animal feeding. Therefore, it is accepted as a most eﬃcient energy source for animals, especially for
poultry and swine. Also, butyric acid is well known for its anticancer
eﬀects as it induces morphological and biochemical diﬀerentiation in a
variety of cells (Xu and Jiang, 2011; Zacharof and Lovitt, 2014). The
bio-based butyric acid production is growing due to the fact is it is
approved a food ﬂavouring agent (taste and aroma additive) by the U.S.
Food and Drug Administration (FDA).
In general, VFAs are produced both synthetically from petrochemical derivatives and biologically through fermentation process. These
large amount market demand of VFAs is supplied by about 90% petrobased production methods. Though the production methods for acetic,
butyric and propionic acids depend on similar processes, they have
some speciﬁc production methods. For instance, acetic acid is largely
produced from fossil-based feedstocks through carboxylation of methanol (Maitlis et al., 1996; Qian et al., 2016) Even though there are
bio-based production methods (oxidative and anaerobic fermentations),
they have low productivities due to the inhibition of bacteria at low pH.
In the acetic acid production by fermentation, the acetic acid bacteria
are classiﬁed in ten genera in the family Acetobacteriaceae. Although a
variety of bacteria can produce acetic acid, mostly members of Acetobacter, Gluconacetobacter, and Gluconobacter are used commercially
(Raspor and Goranovič, 2008). Researchers are focused on improving
acetic acid productivity by developing bacterial strains with optimised/
improved the operation conditions. In butyric acids production, the
most used one is chemical synthesis via oxidation of butyraldehyde,
which is obtained from propylene derived from crude oil by oxo
synthesis. Despite the chemical synthesis of butyric acid is preferred
mainly because of its lower production cost and the availability of the
starting materials, this way cannot be regarded as a natural product.
Therefore, it is not used in the food or beverage industries (Hatti-Kaul
et al., 2007). The other semi-chemical production method is extraction
from butter which includes 2–4% butyric acid. However, the process is
diﬃcult and expensive. A third way is through fermentation which has
garnered more attention due to both a growing consumer desire for
organic and natural products and a continuous increase in the prices of
crude oil (Hatti-Kaul et al., 2007).
Butyric acid is produced as an end product of fermentation of sugar
by obligate anaerobic bacteria, ﬁrst discovered in 1861 by Pasteur;
Clostridium butyricum being the most prominent and main bacterium,
but other organisms such as C. kluyveri, C. beijerinckii, C. barkeri, C.
acetobutylicum, C. thermobutyricum, C. thermopalmarium, C. pasteurianum, Butyribacterium sp., Sarcina sp., Megasphaera sp., Fusobacterium
nucleatum, Peptococcus asacelarolyticus, Butyrivibrio ﬁbrisolvens,
Pseudobutyrivibrio ruminis, and Eubacterium limosum are also used. For
propionic acid production, is mainly carried out via chemical synthesis
from petroleum feedstocks by three process routes: ethylene hydro
formylation/oxidation, carboxylation of ethylene with carbon monoxide and water, and direct oxidation of hydrocarbons (Xu and Jiang,
2011; Zacharof and Lovitt, 2013).
Propionic acid is also produced, in minor quantities, as a by-product
of acetic acid manufacturing. However, fermentation is an attractive
alternative method to produce propionic acid from renewable resources. Due to the exhaustion of petroleum resources and the serious
environmental pollution caused by the utilization of fossil resources,

biological production of propionic acid from renewable resources has
increasing attention. In the bio-based production process,
Propionibacterium freudenreichii, Propionibacterium acidipropionici,
Propionibacterium
thoenii,
Propionibacterium
shermanii,
and
Propionibacterium jensenii species have been used mostly (Du et al.,
2015).
Bio-based production methods cannot compete economically with
the petro-based production methods. In general, there are two most
important reasons; one of them is the lower manufacturing cost of
petro-based production methods and another one is the lower eﬃciency
of bio-based production methods. However, both adverse eﬀects on the
environment (GHG emissions, high amount of chemical requirement,
high amount of energy requirement, huge amount of waste and wastewater production during and after production process, and depleting
sources of petroleum make to shift the petrol-based production to biobased methods obligatory (Besselink et al., 2017; Mansouri et al., 2017;
Wu et al., 2016). On the other hand, recent researches and developments have suggested shifting the current production methods for
VFAs, to cradle to cradle technologies (like bio-based methods) from
waste/wastewater. The importance of bio-based VFA production
methods was deﬁned by Bhatia and Yang (2017) in terms of renewability, degradability, and sustainability. These terms are key parameters to limit global temperature rise to well below 2 °C and given the
grave risks, to strive for 1,5°C which was addressed in The Paris
Agreement (2016).
The bio-based VFAs production methods have started to improve in
terms of increasing eﬃciency, optimization the operation conditions,
providing renewable and sustainable source as a substrate, deﬁning and
evaluating the microbial communities with their interactions, and new
separation techniques.
One of the most important subjects about bio-based VFAs production methods is optimizing the operation conditions. Therefore, the
operation conditions in terms of pH, temperature, type of substrate,
retention time, mixed microbial cultures and reactor type eﬀects on
VFAs production are evaluated in detail in Section 2.2.
2.2. Eﬀects of operation conditions on VFA production and composition
There have been many studies that have to investigated the eﬀects
of operation conditions such as pH, temperature, organic loading rate,
retention time, substrate on VFA production (Khan et al., 2016). A
comprehensive evaluation was given below for each variable in terms
of pH, temperature, retention time, mixed microbial culture, and substrates, respectively. The literature studies were evaluated regarding
their maximum VFA production yields, operational conditions and type
of substrate in Table 2.
2.2.1. pH
pH is one of the most critical parameters that aﬀects the VFA concentration and composition since it inﬂuences both acidogenic process
and hydrolysis rate (Begum et al., 2018a,b; Zhao et al., 2018).
Zhao et al., (2018) stated that the stepwise pH fermentation strategy
(from pH 9 to 11) does not only enhance the activity of acid-producing
bacteria (pH 9) but also inhibit the activities of methanogens (pH 11),
which resulted in higher production of VFA.
Chen et al. (2017) deﬁned microbial interactions with pH change.
Their results indicated that pH change (from 7 to 10) does not only
aﬀect VFA concentration (423 mg COD/g VSS) and composition, but
also the microbial community. Moreover, they found that Clostridia was
the most dominant population in high pH (8,9) while the relative
abundance of Euryarchaeota decreased sharply from 58% to 2% with
increased pH.
Huang et al. (2018) conducted a study to investigate the eﬀect of pH
on VFA production by using diﬀerent pH (3, 5, 7, 9, 10, and 12). Their
results indicated that the optimal VFA production occurred under pH
10 and the microbial community interactions were quite diﬀerent
775
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Table 2
Literature on kinds of VFAs produced from waste streams.
Waste stream

Microalgae biomass
Municipal solid
waste
Food waste
Food waste
Poultry litter
Tuna waste
Waste activated
sludge

Operational conditions

pH 11, RT 15 days, 35 °C, lab scale
anaerobic batch reactors
pH 10, RT 10 days, 35 °C, lab scale
anaerobic batch reactors
pH 6, RT 20 days, 30 °C, anaerobic
batch reactor
pH 6, RT 17 days, 30 °C, lab scale
anaerobic batch reactors
pH 5.5, RT 4 days, 35 °C, anaerobic
batch reactors
pH 8, RT 32 days, 35 °C, continuous
anaerobic reactor
pH 9, RT 6 days, 55 °C, semi continuous
fermenter

VFA production

VFA composition (%)

References

Acetic acid

Propionic acid

Butyric acid

others

0.83 gVFA/gsCOD

70

10

7

13

Jankowska et al. (2015)

8.320 mgCOD/L as VFA with
94% VFA/sCOD
0.918 gVFA/gVSS

70

7

13

10

70

5

17

8

Garcia-Aguirre et al.
(2017)
Wang et al. (2014)

0.79 gCOD/gVS for VFA

30

2

60

8

Yin et al. (2016)

0.67 kg VFA/kgVS

Kuruti et al. (2017)

30.611 mgCOD/L

60

423 mgCOD/gVSS

15

10

15

Bermúdez-Penabad et al.
(2017)
Chen et al. (2017)

Bolaji and Dionisi, (2017) used 10, 20, and 30 days as retention
times for the anaerobic fermentation of vegetable and salad waste.
Their results showed that an increase in retention time resulted in
better volatile solids (VS) reduction. Also, they detected caproate after
20 and 30 days as a product, although the main products were butyrate
and acetate (Bolaji and Dionisi, 2017). Their results suggest that retention time can inﬂuence not only VFA yield but also composition.

under alkaline and acidic pH conditions. Also, the acetic acid was the
most important factor to distinct the bacterial community.
In addition to enhancement of VFA production by extracellular pH
regulation, recent studies speculated that intracellular pH aﬀects the
metabolic pathways in fermentation and inﬂuences the VFA composition (Mohd-Zaki et al., 2016; Zhou et al., 2017). The only explanation
which still needs a proof was that lower pH makes the consumption of
NADH more favourable to increase the NADH/NAD+ ratio, which
causes a shift of main product(s) (Temudo et al., 2007).
In some studies, the eﬀects of pH were explored with temperature
on VFAs production. One of them was conducted by Garcia-Aguirre
et al., (2017). They explored the VFA production under acidic (pH 5.5)
and alkaline (pH 10) conditions at both mesophilic and thermophilic
temperature. Their result stated, even so, the high temperature inﬂuences the VFA production positively (8.320 mg COD/L), the most effective parameter was pH resulting in high VFA production yield
(Garcia-Aguirre et al., 2017).

2.2.4. Mixed microbial culture
In addition to the operation conditions, the type of mixed microbial
culture may aﬀect the VFA concentration and composition. Beside
mixed microbial cultures from engineering designed reactors treating
waste streams, other mixed microbial cultures from natural sources
such as sediments, rumen have been used (Blasig et al., 1992; Fu and
Holtzapple, 2010). However, the eﬀects of mixed microbial culture
from engineering designed reactors on VFA production and composition are discussed.
Though, there is a limited study to reveal the eﬀects of mixed microbial culture on VFA production, one of the study was conducted by
Wang et al., (2014). They evaluated the diﬀerent mixed microbial
cultures (aerobic and anaerobic activated sludge) under various pH (4,
5, 6, and no-control), on VFA production with food waste. Their study
indicated that the anaerobic activated sludge achieved almost double of
the VFA yield (0.918 g VFA/g VSS) when compared with aerobic activated sludge (0.482 g VFA/g VSS). Moreover, VFA composition was in
the order of butyric, acetic and propionic acids from the highest to the
lowest concentration (70% butyric, 17% acetic, 5% propionic, and 8%
others) (Wang et al., 2014).

2.2.2. Temperature
Temperature is an important operational factor to improve VFA
production due to the fact that it aﬀects the growth of microorganisms,
enzyme activity and hydrolysis rate (Zhou et al., 2018). The eﬀect of
thermophilic conditions on the microbial community for VFA production under alkaline conditions is not clear yet. However, Hao and Wang
(2015) found that thermophilic fermentation led to 10 times more VFAs
production compared to mesophilic conditions without pH adjustment
and Zhang et al. (2009) informed that thermophilic conditions increased the hydrolysis rate compared to mesophilic conditions which
resulted in higher production of VFA.
Like pH, temperature also aﬀects the type of main VFAs product in
fermentation. Jiang et al. (2013) reported that butyrate was the main
product at 55 °C whereas acetate and propionate were the main products at 35 °C.
Nevertheless, thermophilic conditions positively aﬀect the microbial growth rate. The mesophilic temperature is the most optimum and
economical favourable condition for VFA production as the VFAs yields
are quite similar at both thermophilic and mesophilic conditions (Jiang
et al., 2013; Gruhn et al., 2016).

2.2.5. Substrate
The production of VFA produced is greatly inﬂuenced by the kind of
substrate used. The amount of VFA produced from a given feedstock
depends on the degree of acidiﬁcation (Begum et al., 2018a,b). The
degree of acidiﬁcation is a key factor in the fermentation process for the
production of VFA and it is deﬁned as the percentage of initial COD
converted into organic acids and other fermentation products (Jin et al.,
1999). The degree of acidiﬁcation is determined by the readily fermentable organic fraction of the waste stream. In a study with approximately the same initial organic matter and biomass concentration
of 8 g COD /L and 2 g VSS/L respectively, it was observed that the
fermentation of the eight organic waste streams resulted in diﬀerent
VFA productions due to signiﬁcant variance in the degree of acidiﬁcation as shown in Fig. 1 (Silva et al., 2013). Cheese whey, molasses and
organic fraction of municipal solid waste streams achieved the highest
degree of acidiﬁcation (up to 40%) with total VFA production of
2707–3374 mg/L as COD, whereas soapy slurry waste and landﬁll
leachate produced only 634 and 240 mg/L as COD with low degrees of

2.2.3. Retention time
In literature studies, the best retention time depends on the type of
substrate due to its hydrolysis rate. However, the retention time can
diﬀer with the same substrate (glucose) in some cases. Therefore, retention time does not only depends on the type of substrate but also
other operation conditions (Jankowska et al., 2015). Jankowska et al.,
(2015), showed that the highest VFAs concentration was achieved after
15 days when 5, 10 and 15 days as a retention time were used.
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Fig. 1. Impact of waste streams on (A) the degree of acidiﬁcation and (B) VFA production and composition (Silva et al., 2013).

fermentation of waste streams with mixed culture needs to be systematically investigated.

acidiﬁcation of 6 and 2% respectively. Glycerol, olive mill eﬄuent and
winery eﬄuent achieved medium acidogenic potential with degree of
acidiﬁcation up to 11–13% corresponding to total VFA production of
934–1460 mg/L as COD (see Fig. 1A). Primary sludge is known to
produce higher amount (197–256 mg COD/g VSS) of VFA than waste
activated sludge (11.3–25 mg COD/g VSS) for a given organic matter to
biomass due to a higher readily fermentable organic fraction (Ucisik
and Henze, 2008).
In addition to the impact on the quantity of VFA produced, the kind
of substrate inﬂuences VFA production qualitatively. The composition
of VFA reﬂects the prevailing metabolic pathways of the fermentation
process. Several discrete pathways exist simultaneously within the digester of anaerobic fermentation of waste streams. In a mixed culture
system, the proportion of pyruvic acid converted to each VFA can be
determined by the kind of waste stream used as a substrate and the key
enzymes taking part in the VFA production (Chen et al., 2013).
Acetic acid often accounts for 30–80% of VFA produced from waste
streams. Valeric acid and other kinds of VFA are usually produced in
relatively low quantity. The reason for the diﬀerence in VFA composition produced from waste streams can be explained by the characteristics of the organic matter content of the waste stream (Table 2).
It has shown that whereas carbohydrate-rich waste streams support
propionic and butyric acid production, valeric and iso-valeric acids
production are supported by protein-rich waste streams (Garcia-Aguirre
et al., 2017; Shen et al., 2014). The fact that protein-rich substrates
support valeric acid production, has been conﬁrmed in a study with
protein-rich substrates, tofu and egg white, where valeric acid accounted for 18–25% of the total VFA produced, being the second
highest after acetic acid (Shen et al., 2017).
Propionic acid is supported by glycerol-rich wastewater. It was
observed that waste stream with 84.7% of the total organic carbon as
glycerol produced VFA which was predominantly made of propionic
acid of 90.5% (Shen et al., 2014). However, another study by Silva et al.
shown contrast results for glycerol waste stream, where 80% of VFA
produced was acetic acid with propionic acid accounting for less than
20% (Silva et al., 2013). It has been shown that the operating conditions could have accounted for the diﬀerence. It has been observed that
the primary fermentation product was propionic acid (74%) at pH 5.5
and 35 °C whereas at pH 10 and 55 °C, with acetic acid was the predominant VFA component (Garcia-Aguirre et al., 2017). It is therefore
not very clear how substrate really aﬀects the composition of VFA. To
understand in detail the eﬀect of feedstock on VFA composition, the
intricate interplay between feedstock characteristics and operating
condition and their coupling eﬀect on VFA composition during

2.2.6. Combined eﬀects of factors
Besides evaluating the eﬀects of operation conditions on VFA production and composition separately, some studies assessed the coupling
eﬀects of the operation conditions. Lee et al., (2014) examined the
production and application of VFAs from waste. They reviewed the
eﬀects of operation conditions in terms of pH, temperature, retention
time, organic loading rate and additives on VFA production. As a
conclusion, they suggested further research about not only regulating
the operation conditions but also examining the microbial community
to feasible VFA production.
Jankowska et al. (2015) conducted a study to determine the eﬀect of
pH and retention time on VFA production. They selected a wide pH
range from 4 to 12 and diﬀerent retention times of 5, 10 and 15 days.
Following the study, Jankowska et al. (2017) used four diﬀerent substrates (maize silage, cheese whey, microalgae biomass and glucose)
with acidic (5), neutral (7) and alkaline (11) pH conditions for same
retention time range to understand the eﬀect of substrate on VFA
production and concluded alkaline environment favoured hydrolysis of
complex organics while neutral pH was beneﬁcial for VFA production.
However, the distribution of VFA depended on the kind of substrate.
Fang et al. (2017) investigated the eﬀect of pH (pH from 4 to 12) to
enhance the VFA production by using spent mushroom compost (SMC)
as a substrate. Hao and Wang (2015) determined the eﬀect of temperature on VFA production by using thermophilic and mesophilic
conditions. Also, Yin et al. (2016) used three diﬀerent substrates (glucose, peptone and glycerol) to determine the eﬀect of substrate on VFA
production. Moreover, Slezak et al. (2017) researched the eﬀect of initial organic loading rate (from 4.1 to 48.2 g VS/L) on the process
performance in terms of VFA and H2 production. Yin et al. (2016)
conducted a study to understand the eﬀects of redox potential (ORP)
and mixed microbial culture on VFA production. These studies demonstrate the importance of synergistic eﬀects of operational parameters on VFA production.
In addition to the eﬀects of pH and temperature on VFA concentration and composition, Zhang et al., (2015) investigated the effects of hydrogen partial pressure. According to their results, the
composition of the products was changed from acetate, butyrate and
hydrogen at pH 4, to acetate, ethanol, propionate and formate at pH 7
(Zhang et al., 2015).
Kuruti et al., (2017), evaluated the eﬀects of diﬀerent F/M ratios
(0,4 – 0,6 – 0,8 – and 1), with cattle manure and poultry litter under pH
777

778

Membrane
contractors

Reverse osmosis (RO)

Nanoﬁltration (NF)

Solvent extraction

Electrodialysis

Adsorption

5 L fed-batch bioreactor at pH 5 and 35 °C. After digestion,
concentrations of VFAs to be recovered were
3.3–184 mmol
4 L anaerobic reactor at pH 10–11 and 35–55 °C. VFA
concentration after digestion were up to from 94.4 mgCOD/g-VS
21 g and ∼400 mL of model solutions for fermented
wastewater were used for static (batch) and dynamic
(column) absorption respectively. Initial conc of each of
VFAs were 0.25–1.25 wt%
Batch mode adsorption of volume 1 or 50 mL of VFA-rich
liquid phase. Grape pomace acidogenic digestate and
synthetic mixture of VFA concentrations 19.8 and 19.1 g/L
were used
250 mL model VFA solutions with 1000 mg/L each of VFAs
and hydrogen fermentation broths from fed batch reactors
with volume 500 mL
Model solution and olive mill wastewaters digestate of
VFA concentrations of 3900–5820 and 14500 mg/L
Synthetic fermentation broth or digestate was fed into a
working chamber of volume 40 mL Initial VFA
concentration of 30–150 mM
Single-stage and multi-stage cross-current liquid–liquid
extraction with 3 mL of a solvent and 5 mL VFA model
solution. Initial conc of each of VFAs were 2.5–10 g/L
Simultaneous acidiﬁcation of sugar industry wastewater
and beet-pulp with eﬀective volume of 500 mL. Digestate
VFA concentration was 2910 mg/L. 10 mL of each
fermentation broth and solvent was used for extraction
3 mL of the aqueous VFA solution and 3 mL of the
extractant solution were used. VFA concentration was1 wt
%
100 mL of VFA rich water was ﬁltered to give 10 mL
retentate and 90 mL permeate. Synthetic solutions and
digested agricultural wastewater with concentrations
50–100 and 15.81–21.08 mM
10 L model solution with acetic acid concentration of
2–10 g/L

N2 gas and CaCO3 slurry

Gas stripping with
absorption

PTFE membrane

Synthetic VFA mixture (1250 mg/L each VFA) and three
diﬀerent anaerobically digested organic-rich wastes.
Membrane was placed plastic container ﬁlled with 430 mL
pure extractant solution
Synthetic model solution of VFA concentration 0.01–0.1 M
and eﬄuent from fermented organic solid waste. 150 mL
reservoir for feed and stripping solutions

10 L model solution with acetic acid concentration of
2–10 g/L

RO98pHt

Air-ﬁlled and tertiary amine extractant-ﬁlled
PTFE membranes

10 L model solution with acetic acid concentration of
2–10 g/L

RO98pHt and RO99 RO membranes

GE Desal-5 DK and Alfa Laval-NF

Medium-chain fatty acids (hexanoic,
octanoic and decanoic acids) diluted in
organic solvents (Toluene, n-Hexane)
NF270, HL, DL, DK and LF10 NF membranes

Trioctylphosphine oxide (TOPO) in kerosene

ED stack with Neosepta AMX-CMX
membranes
Bipolar (fumasep FBM), anion exchange
(AMI 7001) and cation exchange (CMI 7000)
membranes
Trioctylamine (TOA) in n-octanol and ionic
liquid

ED 64,002 membrane stack with 20 cell pairs

Ion exchange amino resin

Polystyrene-divinylbenzene-based resins

Air and acid for ammonia absorption

Conditions and scale

Materials used

Methods

Table 3
VFA recovery methods and their performances.

Jones et al. (2015)

Up to 99% of VFAs from model solutions,

Acetic, propionic, iso-butyric, nbutyric, iso valeric, and n-valeric
acids.
Acetic, propionic and butyric
acids
Acetic, propionic acid, butyric

Acetic, propionic, isobutyric,
butyric, isovaleric, valeric,
caproic acids

Acetic, propionic, butyric,
valeric, and caproic acids

Acetic acid

Acetic acid

Acetic acid

Up to 1.599 membrane selectivity of VFAs
over water

For GE Desal-5 DK, acetic acid separation
factors were 8.87 and 56.5 over xylose
and glucose
For RO98pHt, maximum acetic acid
separation factors were 223.2 and 348.7
over xylose and glucose
maximum separation factors of acetic acid
over xylose and glucose were 211.5 and
228.4.
Up to 95% VFA recovery

Tugtas (2014)

Aydin et al. (2018)

Zhou et al. (2013b)

Zhou et al. (2013a)

Zhou et al. (2013a)

Zacharof et al. (2016),
Zacharof and Lovitt
(2014)

Rocha et al. (2017)

Up to 80% extraction eﬃciency

Retention ratios up to 75% with retentate
of concentration 53.94 mM acetate for
digested agricultural waste.

Alkaya et al. (2009)

Up to 98% VFA recoveries from AD
reactor

Acetic, propionic, butyric, isobutyric, valeric, iso-valeric,
caproic, iso-caproic and
heptanoic acids.
Acetic, propionic, butyric acids

Acetic, butyric acid

Reyhanitash et al.
(2016)

VFAs loading of up to 10 wt%.

Acetic, propionic, butyric and
lactic acids

Zhang and Angelidaki
(2015)

Rebecchi et al. (2016)

Up to 88% absorption yield

Acetic acid and total VFAs

VFA recovery of 98.3%

Reyhanitash et al.
(2017)

Butyric acid was obtained in mole
fractions of up to 0.8

Scoma et al. (2016)

Huang et al. (2016)

Separated 20.0 mg/g-VS of ammonia-N
from 94.4 mg-COD/g-VS of VFAs

Acetic, propionic, iso-butyric, nbutyric, iso-valeric and n-valeric
acids.
Acetic, butyric, propionic and
lactic acids

VFAs removals ranged from 30% to 35%

Li et al. (2015a,b)

0.92–29.5 mmol of VFA recovered

Acetic, butyric, propionic, valeric
acids

References

Recovery eﬃciency

Kind of VFA recovered
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most challenging part of the VFA production chain (Zacharof and
Lovitt, 2013). It is even more diﬃcult if individual VFAs, instead of the
mixed VFAs, are to be recovered. Recovery of both mixed VFA and
individual VFA have been discussed. In this section, various methods
for recovery of VFA and current development has been discussed.
Table 3 lists the key VFA recovery methods and their performance.

4,5 and 5,5 by using thermal and acidic pretreatments on rapid generation of VFA. Their results indicated that the best VFA yield
(0.67 kg VFA/kg VS) achieved at F/M ratio was 1 under pH 5,5 during
4 days retention time (Kuruti et al., 2017).
2.3. Bio-augmentation: A promising strategy
Bio-augmentation is a strategy to improve the removal of speciﬁc
compounds (e.g., refractory organics or overall chemical oxygen demand) by enhancing the yield of speciﬁc microorganisms who are
working for particular aims (Peng et al., 2014). Bio-augmentation has
been carried out worldwide with four main methods. These include (1)
a pre-adapted pure culture addition; (2) a pre-adapted consortium addition; (3) genetically engineered bacteria addition and (4) biodegradation- relevant genes in a vector addition (Herrero and Stuckey,
2015; Peng et al., 2014).
The bio-augmentation methods have been used in anaerobic systems to enhance biogas production or to prevent inhibition caused by
acid accumulation in the system. Strang et al., (2017) used mixed cellulolytic consortium to enrich the microbial community for biogas
production. The methane yield was increased 22–24% more than nonbioaugmented reactors (Strang et al., 2017). In one of the study, hydrolytic microbes were used to improve methane production during
agricultural waste fermentation. The result indicated that the methane
yield was increased by 34% (Tsapekos et al., 2017). Likewise, Peng
et al., (2014) conducted a study by using cellulolytic bacteria to improve methane production from lignocellulosic substrate fermentation.
They increased the methane yield 13% when compared to nonbioaugmented tests (Peng et al., 2014).
There is only one known study on the application of bio-augmentation for VFA production (Reddy et al., 2018). In the study, it was
shown that bio-augmented culture gave higher butyric acid (8.9 g/l)
and caproic acid (8.1 g/l) production in comparison with non-augmented conditions (6.5 g/l butyric acid and 2.68 g/l caproic acid). This
study, together with other studies on the application of bio-augmentation in anaerobic digestion systems, depicts the potential of employing the bio-augmentation strategy for enhancing VFA production
from waste streams.
However, the possibility of failure of inoculum for bio-augmentation
needs to be addressed in order to ensure successful application (Dianne
Stephenson, 1992). Researches focusing on inoculation eﬃciency
should test behaviour under conditions as closely as possible in mimicking the intended microbial conditions (Herrero and Stuckey,
2015). The interaction of the inoculated microorganisms with their new
biological and non-biological environments in terms of activity, survival, and migration can be critical in the success of any bio-augmentation strategy (Saïd El Fantroussi and Agathos, 2005). Also, bio-augmentation can change the composition of the indigenous microbial
community in either positive or negative ways (competition or inhibition).
An envisaged problem of bio-augmentation method that needs to be
overcome is the possibility of the wash-out of new strains. Bio-augmentation can potentially take advantage of compartmentalisation, or
the use of membranes in advanced bioreactors, as a way of preventing
the wash-out of introduced microorganisms within the bio-system. To
support successful bio-augmentation strategies, along with enhancing
biodegradation kinetics of the target pollutant, the use of molecular
techniques is needed to monitor both the survival and/or activity of the
added microorganisms.

3.1. Gas stripping with absorption
Air/gas stripping is a method that is normally applied in the removal of volatile organic contaminants from water by contacting clean
air with contaminated water across a high surface area (Kavanaugh and
Trussell, 1980; Singh et al., 1992). Gas stripping process is governed by
Henry’s law which relates aqueous-phase concentration of a compound
to its gas-phase concentration. Recently, the gas stripping phenomenon
has been applied for recovery of VFAs from anaerobic digestion reactors. In this method, the bioreactor contents, containing VFAs, are
stripped with headspace gas entering via an open tube. The gas containing the VFAs stripped from the bioreactor is then passed through a
recovery system containing the absorbent. Salts of VFA are formed
which can be recovered after evaporation.
Using the gas stripping and absorption method, Li et al. (2015b)
recovered VFAs from an anaerobic digester of meat work sludge fed
repeatedly with glucose doses. In that study, a combination of nitrogen
gas stripping and absorption with calcium carbonate slurry was used to
recover VFA as calcium salts which consisted of 80% butyrate and 20%
acetate with minor quantities of propionate and valerate. It is of interest
to know that gas stripping which led to a reduction of pH promoted
lactic acid conversion to other valuable VFAs as stripping was done
intermittently during the fermentation process.
In a recent study, the gas stripping technique was used in a diﬀerent
way to purify VFA by rather stripping ammonia directly from VFA-rich
digestate obtained from dry anaerobic digestion of swine manure or
from resultant VFA-rich ﬁltrate from the solid-liquid separation of the
mixture of digestate and added water (Huang et al., 2016). The results
showed ammonia removal eﬃciencies up to 99.7% from total VFAs
concentration of 94.4 mg-COD/g-VS. It was remarked in the study that
the separated liquid containing mixed VFA was a marketable product.
3.2. Adsorption
Adsorption is a surface-based process which involves the adhesion
of compounds, ions or molecules from a gas or liquid to a surface. The
method of adsorption for recovery of VFA is done by passing VFA-rich
digestate through a column of absorbent (usually ion exchange resin).
In the process, the carboxylate anion of the VFA is absorbed on the resin
by often exchanging with the resin’s functional anion and other means.
The exhausted resin column is afterward regenerated with an appropriate solvent. Usually, the resin can be used for a number of cycles.
Previous studies have shown that mixed VFAs, particularly acetic and
butyric acid are well retained by anionic resins with the mechanism of
adsorption explained by ion pairing between the carboxylic acids and
the resin amine groups as well as non-ionic sorption (Edmiston et al.,
2018; Fargues et al., 2010). Those studies did not aim at recovery but
rather to remove VFAs which were acting as inhibitory compounds to
fermentation processes and there was no focus on recovery of individual VFA.
There are current studies where the use of adsorption as a VFA recovery tool has been investigated (Bertin et al., 2016; CabreraRodríguez et al., 2017; Rebecchi et al., 2016; Reyhanitash et al., 2017).
Rebecchi et al. (2016) investigated the VFA recovery eﬃciency of four
diﬀerent amino resins (including primary amine, tertiary amine and
quaternary amine) and concluded that the tertiary amino resin was the
best due to its high ion exchange performances in the presence of acetic
acid and low price. VFAs adsorption yields of up to 76 and 85% were
achieved from grape pomace acidogenic digestate and synthetic VFA

3. Recovery of VFA
Recovery of VFAs produced from waste streams is as important as
the fermentation process and optimisation of VFA production. It does
not make sense to produce VFAs if they cannot be recovered for the
intended purpose. However, in a complex waste stream, recovery is the
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Fig. 2. Schematic of a conventional electrodialysis stack showing the principle for recovery of VFA (Jones et al., 2015).

toxic extractors with the microbes (de Araújo Cavalcante et al., 2017).

mixture, respectively. Close to 100% total VFA desorption yields were
obtained with ethanol plus 1 M NaOH and water plus 1 M NaOH solutions. There was the recovery of mixed VFA, however, separation of
individual VFA was not studied. Adsorption is seen as a promising and
cost-eﬀective choice for recovery of VFAs from waste streams as
Reyhanitash et al. (2017) did not observe any decrease in adsorption
capacity of polystyrene-divinylbenzene-based resins during four successive adsorption–regeneration cycles. However, the presence of
chloride, sulphate, and phosphate salts severally reduced VFA adsorption eﬃciency which calls for further investigation before adsorption
can be concluded as the ultimate VFA recovery technique.

3.4. Electrodialysis
Conventionally, electrodialysis is a membrane separation process
used to transport ionic solutes from one solution to another through
anion- and cation exchange membranes separated by a spacer gasket in
an alternating pattern forming individual cells between two electrodes.
If a feed solution is pumped through the cells under the inﬂuence of
electrical potential diﬀerence, the cations migrate towards the cathode
and pass through the cation exchange membrane but are retained by
the anion-exchange membrane. A reverse happens to anions moving
towards the anode, passing through the anion-exchange membrane but
being retained by the cation exchange membrane (Strathmann, 2010).
This results in concentrating of an electrolyte (salt, acid or base) in
alternate compartments (concentrate chambers) while solutions in
other compartments (diluent chambers) are depleted of ionic components as illustrated in Fig. 2 for the recovery of acetic (CH3COOH) and
butyric acids (CH3(CH2)2OOH).
Jones et al. (2015) used conventional electrodialysis to remove inhibitory VFAs from fermentation broths. Within 60 min of operation,
the conventional electrodialysis removed up to 99% of VFAs from
model solutions and real fermentation broths, containing up to
1200 mg/1 each of diﬀerent VFAs. It was remarked that the removed
VFAs were recoverable for marketable use. In an attempt to produce
biodegradable polyhydroxyalkanoates (PHAs) from waste activated
sludge, an integrated system of microﬁltration and conventional electrodialysis achieved a VFA concentration of 19.8 g/L (Tao et al., 2016).
Besides the conventional electrodialysis, bipolar membrane electrodialysis system has been assessed for recovery of mixed VFAs from
both synthetic and real waste streams where VFAs recovery eﬃciency
of up to 87% was achieved (Shi et al., 2018; Tang et al., 2014; Zhang
and Angelidaki, 2015).

3.3. Solvent extraction
Solvent extraction is a puriﬁcation method that is used to separate
compounds or metal complexes, based on their relative solubilities in
two diﬀerent immiscible liquids. Solvent extraction is popular for the
recovery of VFAs from dilute aqueous solutions because it provides an
eﬀective separation. The mechanism of solvent extraction for recovery
of VFA is based on the fact that the extraction equilibrium of the VFAs
with extractant (e.g. trioctylamine) can be obtained when a VFA is
dissociated in water and extracted into the extractant phase through the
solubility of the solute in the extractant phase (Li et al., 2002).
The eﬃciency of VFA recovery with solvent extraction depends on
operational parameters such as pH, kind of VFA, extractant type and
composition of the VFA rich digestate. Recovery of VFAs from anaerobic acidiﬁcation broth obtained by digestion of sugar beet processing
wastes using trioctylphosphine oxide (TOPO) in kerosene as an extractant was investigated (Alkaya et al., 2009). It was observed that the
maximum VFA recoveries of 61–98% following the trend, acetic <
propionic < butyric < valeric acids, were achieved at pH 2.5 and
extractant concentration of 20 wt%. Reyhanitash et al. (2016) investigated the VFA extraction eﬃciency of a number of solvents and
found 20 wt% trioctylamine (TOA) in n-octanol, a conventional solvent
and trihexyl(tetradecyl)phosphonium bis-2,4,4-(trimethylpentyl) phosphinate [P666,14][Phos], an ionic liquid to be the most promising VFAextracting solvents due to the relatively high acetic acid distribution
coeﬃcients (8.8 and 17 wt%/wt% respectively) obtained for an idealized aqueous solution containing 1 wt% acetic acids.
It is noteworthy to know that dissolved salts could negatively inﬂuence VFA recovery eﬃciency due to co-extraction of salt anions and
an increase in of the pH of the aqueous solutions (Reyhanitash et al.,
2016). As co-existing anions are inevitable in wastewater, there is a
need to devise strategies to overcome such inﬂuence or use a more
robust system such as electrodialysis for recovery of waste derived VFA
with little or no negative eﬀect by co-existing anionic species (Zhang
and Angelidaki, 2015). Another downside of solvent extraction is that
some extraction solvents may be toxic or inhibitory to microorganisms
used for in-line recovery of VFA (Playne and Smith, 1983). In view of
this, pertraction (membrane-based solvent extraction) is getting attention as an alternative recovery method for VFA to avoid contact of the

3.5. Reverse osmosis and nanoﬁltration
Reverse osmosis and nanoﬁltration are membrane processes which
use semi-permeable membranes to separate solutes such as salt, organic
molecules from solvent (typically water) by allowing the water to pass
through the membranes while rejecting the solutes under an elevated
working pressure in excess of the osmotic pressure of the solution. In
wastewater treatment application, reverse osmosis is used for water
reclamation or reuse, nutrient concentration and recovery (Masse et al.,
2010; Owusu-Agyeman et al., 2015; Rajabzadeh et al., 2012; Shang
et al., 2011).
Recently, reverse osmosis and nanoﬁltration are getting attention
for recovery of VFAs from waste streams. Zhou et al., 2013a employed
commercial reverse osmosis membranes to separate acetic acid from
monosaccharides in model hydrolyzate solutions and achieved acetic
acid separation factors of 223.2 and 348.7 over xylose and glucose
respectively (Zhou et al., 2013a). However, the recovery technique was
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current study used vapor permeation membrane contractor and
achieved VFA recovery of greater than 86% and 95% from landﬁll
leachate and fermentation broth of anaerobically digested organic
waste, respectively (Aydin et al., 2018). It is important to state that the
recovery depended very much on the kind of VFA with a trend of
acetic < propionic < butyric < valeric < caproic acid in order of
increasing recovery eﬃciency.

not used to separate individual VFA from VFA mixture.
In terms of the application of nanoﬁltration for recovery of VFAs,
the suitability of commercial nanoﬁltration for recovery of VFAs has
been investigated (Weng et al., 2010; Zacharof et al., 2016; Zacharof
and Lovitt, 2014; Zhou et al., 2013a). It has been shown that nanoﬁltration membranes are capable of achieving VFA retention of up to
75%, giving VFA-rich concentrates of up to 53.94 mM acetate and
28.38 mM butyrate from the agricultural wastewater (Zacharof et al.,
2016; Zacharof and Lovitt, 2014). Moreover, Xiong et al. (2015)
acidogenic digestion with VFA separation by nanoﬁltration membranes
and recovered 86% of the VFAs during a 21-day digestion run reducing
VFA concentration in the digestate by nearly 90% relative to a control
without acid removal.
Performances of reverse osmosis and nanoﬁltration are inﬂuenced
by a number factors including solution pH, temperature, solute concentration and pressure. These factors speciﬁcally aﬀect the mechanisms governing the retention of solutes by reverse osmosis and nanoﬁltration (Roy et al., 2017). The retention mechanisms include charge
interaction, size exclusion, dielectric eﬀect, Donnan eﬀect (Epsztein
et al., 2018; Wadekar and Vidic, 2017; Yaroshchuk and Bruening,
2017).
The eﬀects of pH, temperature, pressure and feed concentration on
the VFA retention from a fermentation broth by reverse osmosis were
investigated with a synthetic xylose–glucose–acetic acid model solution
(Zhou et al., 2013b). The results showed that acetic acid retention increased with the increase in pH and pressure while it decreased with
temperature increase. The increase in acetic acid with pH was explained
by an increase in charge repulsion between the membrane and acetic
acid molecules due to the fact that acetic acid gets deprotonated to
negatively charged molecules and the same time the polyamine membrane which was used become more negative with pH increase. Pressure and temperature eﬀect was explained by solution diﬀusion and
transport of solute (Zhou et al., 2013a).
Considering the fact that reverse osmosis/nanoﬁltration membranes
have a range of pore sizes and molecular weight cut-oﬀs, it may be
possible to separate individual VFA from mixed VFA produced from
waste streams based on the molecular weights of the VFA composition.

3.7. In-line VFA recovery
The approach to VFA recovery can have a signiﬁcant eﬀect on the
recovery eﬃciency regardless of the method used. In-line or in situ
recovery of VFA has been shown to increase the recovery eﬃciency
compared to the conventional way where VFA is produced and then
later recovered (Ataei and Vasheghani-Farahani, 2008; Roume et al.,
2016). Moreover, in situ recovery is beneﬁcial to the VFA production
process due to the fact that there is the prevention of inhibitory eﬀects
of the VFAs or their consumption in internal conversion reactions
especially in the mixed culture environment (Arslan et al., 2017; Trad
et al., 2015). In-line recovery of n-caproic acid from fermentation reactor with pertraction system was used to prevent inhibition resulting
in a higher production rate of ∼3.4 g/(L·d) (Ge et al., 2015).
In a recent study, an acidogenesis-electrodialysis integrated system
that coupled a continuous acidogenesis with a batch process of VFA
concentration was developed for recovery of high-concentration VFAs
from wastewater and gross current eﬃciency of 75% for acetate, propionate, and butyrate recovery was achieved (Pan et al., 2018). This
corresponded to up-concentration of acetate by 4-fold and propionate
and butyrate by over 3-fold in the integrated system after 528-h operation. However, there was a decline in VFAs recovery ratios at the
later stage which was attributed to reverse diﬀusion, suggesting the
need for optimization before scaling up.
Continuous removal of VFA from the fermentation reactor, while
they are being formed, may create a driving force for higher production
rates. Ataei and Vasheghani-Farahani (2008) investigated and compared in situ separation of lactic acid from fermentation broth using ion
exchange resins with a conventional fermentation system. It was observed that the conventional fermentation system (Batch) without inline recovery system yielded a maximum lactic concentration of 22 g/L
after 5 days. But in extractive fermentation with in situ separation, a
maximum value of 37.4 g/L was obtained within 38 h, corresponding to
an increase in VFA yield of 60%. It was shown in another study that
VFA productivity increased by 1.4 times when fermentation was coupled in line with VFA recovery system of bipolar membrane electrodialysis (Arslan et al., 2017).
It has been suggested that in addition to increased production, an insitu combination of fermentation and electrodialysis with bipolar
membranes for production of lactic acid from fermentation has the
potential to reduce VFA production cost by saving a part of the initial
investment on membrane materials (Wang et al., 2013, 2012).

3.6. Membrane contractor
A membrane contactor is a membrane separation system that allows
a gas phase and a liquid phase to contact with each other in order to
promote mass transfer between the two phases through a membrane,
without dispersion of one phase within another. Membrane contractors
use common hydrophobic microﬁltration membranes, but the system
diﬀers from pressure-driven ﬁltration systems such as microﬁltration
and ultraﬁltration because an externally applied pressure is not the
driving force and there is no convection ﬂow.
Dissolved gases and volatile species such as VFAs be transferred
through the hydrophobic membrane from the liquid to gas phase depending on the partial pressure diﬀerence or concentration gradient
between the two sides of the membrane (Aydin et al., 2018).
Recent attention to VFA production from waste streams has seen
some research works towards the recovery of VFA from waste using
membrane contractors.
Tugtas, (2014) investigated the use of membrane contractor for
recovery of VFA from leachate of fermented organic solid waste and
achieved 1.599 selectivity of VFA over water. Moreover, Yesil et al.
(2014) observed acetic acid permeate ﬂux of 13.12 g/m2 h for synthetic
water. However, using eﬄuent from anaerobic fermentation of organic
municipal solid waste the ﬂux was reduced to 0.240 g/m2 h. The low
selectivity for the real wastewater was explained by an increase in pH
which left the VFA, particularly acetic acid in their ionic form which
was not volatile.
Their result is an indication that the form of VFA is extremely important if a membrane contactor is used as a recovery technique. A

4. Application of VFA produced from waste streams
VFAs derived from waste streams have been used in diﬀerent applications including bioplastics, hydrogen, biodiesel, bioelectricity,
biogas productions, and biological nutrient removal from wastewater
(Lee et al., 2014). Three of the applications, namely biological nutrient
removal, bioplastics and biodiesel, are reviewed in detail below.
4.1. Biological nutrient removal
A practical application of VFA produced from wastewater treatment
plants is the use as a carbon source in a denitriﬁcation process.
Biological nitrogen removal from wastewater involves aerobic nitriﬁcation process and anoxic denitriﬁcation. The denitriﬁcation stage
requires a carbon source. Conventionally, commercial chemical carbon
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accumulation phase in MMC by using microbial biomass enriched in the
absence of 1,3-PDO. This led to PHA accumulation of 76 wt%.

sources such as methanol, glucose and acetate are used. VFAs produced
from waste streams presents an economical alternative as the carbon
source for the denitriﬁcation process.
It is interesting to know that several studies have shown that when
used as carbon source, waste derived VFAs perform better than commercial chemicals in terms of removal eﬃciency and denitriﬁcation
rate (Kim et al., 2016; Liu et al., 2016a,b; Zhang et al., 2016a,b). It was
observed in a study that the removal eﬃciency of nitrogen and phosphorus improved from 44% and 37% to 92% and 73%, respectively
when VFA was used as a carbon source (Lim et al., 2000). Another study
has shown that acidogenic liquid with high VFA content (39.26%
acetate, 32.14% propionate, 24.52 isobutyrate and 4.04% isovalerate)
from the fermentation of food waste outperformed commercial sodium
acetate considering the higher denitriﬁcation eﬃciency and the faster
denitriﬁcation rate (Yan et al., 2018).
The composition of the waste-derived VFA can inﬂuence denitriﬁcation eﬃciency and rate. In a study with diﬀerent kinds of VFAs as
carbon sources to feed denitrifying processes, it was observed that
acetic and propionic acid-fed processes attained the highest nitrate removal rates. In addition, it was concluded that nitrite accumulation
occurs in short-chain VFAs with ≤3C (formic, acetic and propionic
acid) which exhibited two denitrifying stages (fast and slow) by reaction kinetic analysis (Li et al., 2015a,b).
Full-scale production of waste derived VFAs for biological nitrogen
removal is proven to be economically feasible. In a recent study, a fullscale reactor has been used to produce VFA which was then used as an
external carbon source for improving biological nitrogen and phosphorus removal in wastewater treatment plant (Liu et al., 2018). It was
found that the use of VFA-rich fermented liquid with VFA gave similar
eﬃciency as a commercial acetic acid, obtaining removal eﬃciencies of
nitrogen and phosphorus up to 72.39% and 89.65%, respectively.

4.3. Biodiesel
The emergence of biodiesel as a possible alternative to fossil fuel is
largely welcomed due to environmental consideration and the fear of
running out of petroleum deposit. However, the issue of using food crop
for fuel production as well as growing fuel crops on arable lands has
raised concerns. The use of waste-derived feedstock for biofuel production is therefore given the needed attention. Studies have shown
that waste-derived VFA can be converted to microbial lipids for biodiesel production (Chi et al., 2011; Fei et al., 2011; Ryu et al., 2013).
As an alternative to edible lipids such as rapeseed oil, palm oil and
soybean oil, oleaginous microorganisms carrying microbial high lipid
content can be used for biodiesel production. Oleaginous cells convert
some organic acids into acetyl-CoA which is then used for the biosynthesis of polyunsaturated fatty acids and lipid accumulation. In an
oleaginous cell, lipids can account for more than 70% of the cell biomass (Ratledge, 2004; Ratledge and Wynn, 2002). Oleaginous yeast
species such as Cryptococcus albidus, Yarrowia lipolytica, Cryptococcus
curvatus have been investigated for economical biodiesel production
using VFA produced from waste stream or acetic acid as the only carbon
source (Fei et al., 2011; Fontanille et al., 2012; Huang et al., 2018; Liu
et al., 2017; Park et al., 2017).
Fei et al., 2011 investigated the use of VFAs for microbial lipid
accumulation in cultures of C. albidus and achieved lipid content up to
27.8% with lipid yield coeﬃcient on VFAs of 0.167 g/g of C. albidus at
acetic, propionic, butyric acids ratio of 8:1:1. In another study, VFAs
produced via anaerobic digestion of rice straw hydrolysates were used
as a carbon source by oleaginous yeast C. curvattus (Park et al., 2017).
The lipid content in the cells increased up to 28% in batch cultures.
Interestingly the waste-derived VFAs from the rice straw resulted in a
yield of 0.43 g VFAs/g substrate and 40% higher speciﬁc growth rate
(0.305 h−1) than synthetic VFAs. VFAs as the carbon source resulted in
a cetane number of 56–59, which is suitable for biodiesel production.
Factors such as VFA composition, pH, temperature, strains, concentration can inﬂuence the lipid production (Fei et al., 2011; Liu et al.,
2017). VFA rich eﬄuent from dark fermentation (bioconversion of organic substrate into biohydrogen. VFA was a by-product) were further
used to cultivate oleaginous microalgae for lipid production and the
results showed that the maximum algal biomass and lipid content
reached 1.01 g /L and 38.5%, respectively, for butyrate-type fermentation eﬄuent (Ren et al., 2018). Propionate-type fermentation eﬄuent
gave moderate biomass concentration of 0.9 g/L and total lipid content
of 30.2%. The results emphasize the importance of VFA composition in
lipid production.
It has been observed that the use of mixed VFAs as carbon source
resulted in high lipid production and lipid yield (Liu et al., 2017). This
makes the use of VFA from a waste stream a qualiﬁed source for lipid
production. In studying the eﬀect of temperature and pH on the use of
VFAs for microbial lipid accumulation, it was concluded that the optimum culture temperature and pH were 25 °C and pH 6.0 (Fei et al.,
2011). However, another study showed that an alkaline pH is more
suitable for the synthesis of lipids when using a high concentration of
acetic acid as the carbon source (Liu et al., 2017). It is important to
know that diﬀerent oleaginous yeast species were used. Poontawee
et al. (2017) screened 418 yeast strains to ﬁnd eﬃcient oleaginous
yeasts and found varying lipid accumulation abilities under the same
conditions.
Moreover, inoculation concentration and nitrogen to carbon ratio
are important factors for lipid production (Béligon et al., 2015; Liu
et al., 2017). Whereas Béligon et al., (2015) highlighted that changes in
nitrogen to carbon ratios do not induce drastic changes of lipid content,
Liu et al. (2017) concluded that nitrogen to carbon ratio was crucial for
the utilization of high-content VFAs. It has been shown in a study that

4.2. Bioplastics (Polyhydroxyalkanoates)
Polyhydroxyalkanoates are thermoplastic biodegradable polyesters
that can be produced from renewable sources. Production of PHA from
mixed microbial cultures (MMC) will signiﬁcantly reduce the cost of
PHA. PHA production from waste streams using MMC typically involves
the following steps: (1) acidogenic fermentation to obtain VFAs; (2)
Enrichment of PHA accumulating MMC i.e. production of biomass
yielding MMC with PHA accumulation potential (3) accumulation of
PHA in the biomass (4) recovery of biopolymer (Valentino et al., 2017).
In a pilot-scale demonstration, it was observed that biomass was able to
accumulate up to 49% PHA of volatile suspended solids with VFAs from
fermented organic residues as substrates (Bengtsson et al., 2017).
VFA composition determines the PHA composition. A study has
shown that PHA produced from fermented cheese whey with VFA
composing of lactic (58%), acetic (16%) and butyric (26%) acids was
made up of only 3-hydroxybutyrate (3HB), while those obtained from
fermented cheese whey composed of acetic (58%), propionic (19%),
butyric (13%), lactic (6%) and valeric (4%) acids, were composed of
40% of 3-hydroxyvalerate (3HV) and 60% of 3HB (Colombo et al.,
2016). In another study, a fermented substrate contained a mixture of
VFAs including acetic, propionic, butyric, valeric and caproic acids and
as a result produced PHA containing monomers of 3HB and 3HV
(Bengtsson et al., 2017).
A major challenge of PHA production from waste streams with MMC
is the diversion of carbon for microbial growth instead of PHA accumulation. This occurs normally due to co-existence of substrates such as
methanol, ethanol and 1,3-propanediol (1,3-PDO) with VFAs (BurniolFigols et al., 2018a; Marang et al., 2014; Tamis et al., 2014). To overcome this challenge, Korkakaki et al. (2016) introduced a sedimentation step after PHA enrichment phase and the supernatant containing
methanol was discharged. This increased maximum PHA storage capacity of the culture from 48 to 70 wt%. Recently, Burniol-Figols et al.
(2018b) achieved selective consumption of VFA over 1,3-PDO in the
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Fig. 3. Schematic diagram showing VFA production and recovery process from waste streams. Bioaugmentation and in-line recovery will enhance production and
recovery of VFA respectively.

production. Nevertheless, there are some challenges for application of
bio-augmentation which are discussed in Section 2.3. These challenges
need to be addressed through research studies before bio-augmentation
can be used to enhance VFA production from waste streams.

lipid contents in a batch cultivation of C. curvattus increased from
10.2% to 16.8% when carbon to nitrogen ratio increased from about 3.5
to 165 (Liu et al., 2016a,b).
5. Current challenges and future perspectives

5.2. VFA recovery
Bio-based VFAs production from waste stream would be a promising
way for resource recovery. However, further developments are still
required to enable sustainable and economically feasible production
and recovery methods. In this paper, the eﬀects of diﬀerent operational
parameters, substrates, and mixed microbial cultures have been reviewed for bio-based VFA production as well as recovery methods have
been examined as summarised in Fig. 3. Moreover, new technologies
and methods such as in-line recovery methods for proper VFA recovery
have been reviewed. However, there are many challenges that need to
be resolved to make VFA production and recovery from waste streams a
proﬁtable option for carbon recovery. It is seen from this study, the
most important challenges are optimizing the operational parameters
for VFA production and selecting feasible recovery method.

Recovery will inevitably add to the total cost for VFA production
from waste streams. In as much as VFA produced from waste streams
needs to be recovered for usage, care needs to be taken in order not to
incur too much cost which will not be economically feasible. The
challenge now will be to select cost-eﬀective recovery methods that will
lead to maximum VFA recovery at a minimal cost. There is, therefore,
the need for an extensive cost-beneﬁt analysis for all VFA recovery
methods.
It needs to be emphasized that decision on the choice of recovery
methods will need to take into consideration the intended application of
the recovered VFA. Some of the recovery methods such as pressure
driven reverse osmosis and high voltage electrodialysis can be costly
due to high energy cost, even though they may recover VFA with high
purity. Knowledge of how diﬀerent recovery methods will aﬀect the
suitability of applications of VFA will help in the selection of methods.
In that case, if VFA recovered from a low-cost method with relatively
low purity will be suitable for a particular application, there will be no
need to use a high-cost method even if it can produce VFA with better
purity. This suggests that that studies on the suitability of diﬀerent VFA
recovery methods for various application are essential.
It has been seen from section 3 that the recovery methods can recover total VFAs from VFA-rich eﬄuents, however, separation of the
various VFA composition is a major challenge. Strategies to separate the
various components of VFA recovered will make the VFA from waste
streams more valuable. The application of new methods, modiﬁcation

5.1. VFA production
In bio-based VFA production from the waste streams, besides a
number of studies about optimizing operation conditions, it is momentous to consider the following suggestions which are needed to be
ﬁlled through more studies to analyse microbial community structure
and to evaluate their interactions with VFAs production metabolic
pathways. Moreover, using new waste-streams as a substrate such as
diﬀerent industries waste/wastewater will ensure sustainable, economically feasible and environmentally friendly approach.
Application of bio-augmentation strategy would be proper for enhancing the VFAs production as well as ensure one-type acid
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of existing methods and/or combination of methods to recover and
separate the individual VFAs present opportunity for new research.

Wielen, L.A.M., Straathof, A.J.J., 2017. Esters production via carboxylates from
anaerobic paper mill wastewater treatment. Bioresour. Technol. 237, 186–192.
Chen, Y., Luo, J., Yan, Y., Feng, L., 2013. Enhanced production of short-chain fatty acid by
co-fermentation of waste activated sludge and kitchen waste under alkaline conditions and its application to microbial fuel cells. Appl. Energy 102, 1197–1204.
Chen, Y., Jiang, X., Xiao, K., Shen, N., Zeng, R.J., Zhou, Y., 2017. Enhanced volatile fatty
acids (VFAs) production in a thermophilic fermenter with stepwise pH increase –
Investigation on dissolved organic matter transformation and microbial community
shift. Water Res. 112, 261–268.
Cheryan, M., 2009. Acetic Acid Production. Appl. Microbiol. Ind. |, 144–149.
Chi, Z., Zheng, Y., Ma, J., Chen, S., 2011. Oleaginous yeast Cryptococcus curvatus culture
with dark fermentation hydrogen production eﬄuent as feedstock for microbial lipid
production. Int. J. Hydrogen Energy 36, 9542–9550.
Colombo, B., Sciarria, T.P., Reis, M., Scaglia, B., Adani, F., 2016. Polyhydroxyalkanoates
(PHAs) production from fermented cheese whey by using a mixed microbial culture.
Bioresour. Technol. 218, 692–699.
de Araújo Cavalcante, W., Leitão, R.C., Gehring, T.A., Angenent, L.T., Santaella, S.T.,
2017. Anaerobic fermentation for n-caproic acid production: a review. Process
Biochem. 54, 106–119.
Dianne Stephenson, T.S., 1992. Bioaugmentation for enhancing biological wastewater
treatment. Biotechnol. Adv. 10, 549–559.
Du, G., Liu, L., Chen, J., 2015. White Biotechnology for Organic Acids, Industrial
Bioreﬁneries & White Biotechnology. Elsevier B.V.
Edmiston, P.L., Gilbert, A.R., Harvey, Z., Mellor, N., 2018. Adsorption of short chain
carboxylic acids from aqueous solution by swellable organically modiﬁed silica materials. Adsorption 24, 53–63.
Epsztein, R., Shaulsky, E., Dizge, N., Warsinger, D.M., Elimelech, M., 2018. Role of ionic
charge density in donnan exclusion of monovalent anions by nanoﬁltration. Environ.
Sci. Technol. 52, 4108–4116.
Fang, W., Ye, J., Zhang, P., Zhu, X., Zhou, S., 2017. Solid-state anaerobic fermentation of
spent mushroom compost for volatile fatty acids production by pH regulation. Int. J.
Hydrogen Energy 42, 18295–18300.
Fargues, C., Lewandowski, R., Lameloise, M.L., 2010. Evaluation of ion-exchange and
adsorbent resins for the detoxiﬁcation of beet distillery eﬄuents. Ind. Eng. Chem.
Res. 49, 9248–9257.
Fei, Q., Chang, H.N., Shang, L., Choi, J., Kim, N., Kang, J., 2011. The eﬀect of volatile
fatty acids as a sole carbon source on lipid accumulation by Cryptococcus albidus for
biodiesel production. Bioresour. Technol. 102, 2695–2701.
Fontanille, P., Kumar, V., Christophe, G., Nouaille, R., Larroche, C., 2012. Bioconversion
of volatile fatty acids into lipids by the oleaginous yeast Yarrowia lipolytica.
Bioresour. Technol. 114, 443–449.
Fortela, D.L., Hernandez, R., French, W.T., Zappi, M., Revellame, E., Holmes, W.,
Mondala, A., 2016. Extent of inhibition and utilization of volatile fatty acids as
carbon sources for activated sludge microbial consortia dedicated for biodiesel production. Renew. Energy 96, 11–19.
Fradinho, J.C., Oehmen, A., Reis, M.A.M., 2014. Photosynthetic mixed culture polyhydroxyalkanoate (PHA) production from individual and mixed volatile fatty acids
(VFAs): substrate preferences and co-substrate uptake. J. Biotechnol. 185, 19–27.
Fu, Z., Holtzapple, M.T., 2010. Consolidated bioprocessing of sugarcane bagasse and
chicken manure to ammonium carboxylates by a mixed culture of marine microorganisms. Bioresour. Technol. 101, 2825–2836.
Garcia-Aguirre, J., Aymerich, E., González-Mtnez. de Goñi, J., Esteban-Gutiérrez, M.,
2017. Selective VFA production potential from organic waste streams: assessing
temperature and pH inﬂuence. Bioresour. Technol. 244, 1081–1088.
Ge, S., Usack, J.G., Spirito, C.M., Angenent, L.T., 2015. Long-term n-caproic acid production from yeast-fermentation beer in an anaerobic bioreactor with continuous
product extraction. Environ. Sci. Technol. 49, 8012–8021.
Gruhn, M., Frigon, J.C., Guiot, S.R., 2016. Acidogenic fermentation of Scenedesmus sp.AMDD: comparison of volatile fatty acids yields between mesophilic and thermophilic conditions. Bioresour. Technol. 200, 624–630.
Hao, J., Wang, H., 2015. Volatile fatty acids productions by mesophilic and thermophilic
sludge fermentation: biological responses to fermentation temperature. Bioresour.
Technol. 175, 367–373.
Hatti-Kaul, R., Törnvall, U., Gustafsson, L., Börjesson, P., 2007. Industrial biotechnology
for the production of bio-based chemicals – a cradle-to-grave perspective. Trends
Biotechnol.
Herrero, M., Stuckey, D.C., 2015. Bioaugmentation and its application in wastewater
treatment: A review. Chemosphere 140, 119–128.
Huang, W.W., Huang, W.W., Yuan, T., Zhao, Z., Cai, W., Zhang, Z., Lei, Z., Feng, C., 2016.
Volatile fatty acids (VFAs) production from swine manure through short-term dry
anaerobic digestion and its separation from nitrogen and phosphorus resources in the
digestate. Water Res. 90, 344–353.
Huang, X., Shen, Y., Luo, H., Liu, J., Liu, J., 2018. Enhancement of extracellular lipid
production by oleaginous yeast through preculture and sequencing batch culture
strategy with acetic acid. Bioresour. Technol. 247, 395–401.
Jankowska, E., Chwialkowska, J., Stodolny, M., Oleskowicz-Popiel, P., 2015. Eﬀect of pH
and retention time on volatile fatty acids production during mixed culture fermentation. Bioresour. Technol. 190, 274–280.
Jankowska, E., Chwialkowska, J., Stodolny, M., Oleskowicz-Popiel, P., 2017. Volatile
fatty acids production during mixed culture fermentation – The impact of substrate
complexity and pH. Chem. Eng. J. 326, 901–910.
Jiang, J., Zhang, Y., Li, K., Wang, Q., Gong, C., Li, M., 2013. Volatile fatty acids production from food waste: Eﬀects of pH, temperature, and organic loading rate.
Bioresour. Technol. 143, 525–530.
Jin, D., Chen, J., Lun, S., 1999. Production of poly(hydroxyalkanoate) by a composite
anaerobic acidiﬁcation–fermentation system. Process Biochem. 34, 829–833.

6. Conclusions
Production of VFA from waste streams is getting the needed attention due to its beneﬁts. Eﬀects of operation conditions, substrate and
mixed microbial cultures on VFA production and composition were
reviewed. To understand in detail the eﬀect of operating conditions and
their combined eﬀects on VFA production and composition, systematic
studies are required. In addition, recovery methods have been evaluated and it is opined that the choice of recovery methods is based on
the application of VFA. In-line VFA recovery and bioaugmentation,
which are not used in common practice, are discussed as the approaches
to enhance bio-based VFA production and recovery.
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a b s t r a c t
Volatile fatty acids (VFAs) are intermediates of anaerobic digestion with high value and wide range of
usage. Co-digestion of sewage sludge and external organic waste (OW) for VFA production can help
achieve both resource recovery and ensure sustainable and innovative waste management. In view of
this, the effect of substrate proportions on VFA production from co-digestion of primary sewage sludge
and OW is studied. Long-term operation in a semi-continuous reactor was performed to assess the resilience of such a system and the VFA-rich effluent was tested for its ability to be used as carbon source for
denitrification. Co-digestion was initially carried out in batch reactors with OW proportion of 0%, 25%,
50%, 75%, 100% in terms of COD and scaled up in a semi-continuous reactor operation with 50% OW.
In the short-term operation in the batch mode, acetic acid dominated, however, increasing OW fraction
resulted in increased valeric and caproic acid production. Moreover, in the long-term semi-continuous
operation, caproic acid dominated, accounting for 55% of VFAs. The VFA-rich effluent from the semicontinuous reactor achieved the highest denitrification rate as a carbon source when compared with
acetic acid and methanol. The results demonstrate that co-fermentation can increase VFA yield and shift
products from acetic acid to caproic acid in long-term operation and the VFAs can be used within
wastewater treatment plants to close the loop.
Ó 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Resource recovery from waste streams is an important contributing factor dealing with the United Nations Sustainable Development Goals 6, 7 and 11. Wastewater treatment process results in
the production of sludge, a semi-solid material that needs to be
treated before disposal. In the year 2010 alone, about 9 million
tons of dry solids of sewage sludge were produced in the European
Union (EU) (Mateo-Sagasta et al., 2015). The energy contents of
primary (2.0–8.0% total dry solids) and secondary (0.83–1.16% total
dry solids) sludge are estimated as 6.4–8.1 and 5.2–6.4 kWh/kg
respectively (Nazari et al., 2018). Sewage sludge, therefore, offers
an opportunity for energy and material recovery from wastewater
treatment plants (WWTPs). Anaerobic digestion is a well-known
sludge treatment method that can lead to energy and material
recovery from waste.

⇑ Corresponding author.
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zeynepcg@kth.se (Z. Cetecioglu).

In order to fulfil the Paris agreement, countries are taking measures to cut down the emission of greenhouse gases. A typical
example of such measures is the Swedish new climate policy
framework which has the ambitious goal for Sweden to have zero
net emissions of greenhouse gases by 2045 and thereafter achieve
negative emissions (Ministry of the Environment and Energy,
2018). The end products of anaerobic digestion are mainly
methane and carbon dioxide, very well-known greenhouse gases.
In view of this, the Stockholm Municipality, for instance, has
decided to use electric buses in public transport instead of biogas
buses by 2021. This puts high demands on the development of
next-generation wastewater treatment technologies to turn these
carbon-rich waste streams into new bio-based chemicals and
materials instead of biogas.
Volatile fatty acid (VFA) is an intermediate product of anaerobic
digestion. Thus, the reaction time of VFA production is much
shorter than biogas production. VFA production is currently getting
attention due to its higher value and a wider range of usage than
biogas (Atasoy et al., 2018; Lee et al., 2014). The prices of VFAs
can range from USD 600 to 3,815 /ton depending on the number
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of carbon atoms in the molecular structure, whereas biogas is valued at only USD 150/ton (Calt, 2015). When the acidogenic and
methanogenic potential of six different agroindustry residues
was determined, it was shown that the production of VFA from
the residues can have economic value more than three times
higher than if the residues are valorised for methane production
(Perimenis et al., 2018). Thus, a total of 304 tonnes of brewery residues has a potential economic value of € 29,250 if used for VFA
production, composed mainly of acetic (10–43%), butyric (30–
52%) and caproic (0–45%) acid, but only €8,600 if used for methane
production. It should be mentioned that the study only considered
the value of the final products. In a recent full-scale study, a more
comprehensive economic comparison of VFAs and biogas production processes from sewage sludge by anaerobic digestion was
done and it showed that VFA had a net profit of 9.12 USD/m3, while
biogas has a net value of only 3.71 USD/m3 (Liu et al., 2018). Focus
on VFA recovery can turn WWTPs to a biorefinery with the possibility of recovering other products such as phosphorus. A recent
study showed that recovery of VFA together with phosphorus
released during the acidogenic fermentation before biomethanization can increase the potential market value of cellulosic primary
sludge from 0.46 €/capital.year up to 1.95 €/capita.year (Crutchik
et al., 2018).
Besides sewage sludge, there are other bio-wastes with inherent value, that need to be treated. Even though sewage sludge
has an enormous tendency to produce energy and bio-based products, the production rate can be lower due to lower biodegradable
organic matter content. Anaerobic co-digestion of sewage sludge
with external organic wastes such as food waste, beverage waste,
dairy waste, has the potential to enhance resource recovery efficiency from waste streams (Xie et al., 2018). Moreover, in the EU
alone, about 88 Mt of food is wasted. There is the potential of
170 Mt of CO2 emission from the production and disposal of the
amount of food that is wasted (Directorate General for
Communication, 2017). Therefore, co-digestion of sewage sludge
and external organic waste such as food waste can help achieve
resource recovery and sustainable waste management, concurrently. It has been shown that anaerobic digesters at most WWTPs
are operating below their capacities and therefore co-digestion can
be a sustainable option (Nghiem et al., 2017). However, while there
are a number of studies on co-digestion of sewage sludge and
organic waste for biogas production with a number of full-scale
plants, there is limited literature on VFA production through codigesting of sewage sludge and external organic wastes. This presents an opportunity to maximise resource recovery from waste
streams.
The kind of substrate used for VFA production is known to influence not only the amount of VFA produced but also the composition (Atasoy et al., 2018). This is because the degree of
acidification and the prevailing metabolic pathways of the fermentation process, are influenced by the properties of the substrate
(Chen et al., 2013; Silva et al., 2013). It is therefore important to
understand how co-digestion of sewage sludge and external
organic waste will influence VFA production and composition.
The effect of the proportion of external organic waste on the VFA
yield and composition is yet to be studied. In view of this, a comprehensive study of the effect of co-digestion of sewage sludge
with different proportions of external organic waste was carried
out in the current study.
It has been shown that co-digestion of sewage sludge with food
waste can increase VFA yield up to 867.42 mg COD/g VS without
external pH adjustment (Wu et al., 2016). In a more recent study,
co-digestion of sewage sludge and organic fraction of municipal
solid waste (OFMSW) in a continuous operation was investigated
and achieved a yield of 288.3 mg VFA/g VS at pH of 9 (GarciaAguirre et al., 2019). The above studies on VFA production through

co-digestion are usually narrowed to sewage sludge and a specific
organic waste in a short-term operation of a maximum of 30 days.
To have an insight in the performance of VFA production system
when there is a scale-up, long-term operation of semi-continuous
reactor for more than 100 days was carried out to investigate the
effect of long-term operation on the VFA yield and composition
during co-digestion of sewage sludge and external organic waste.
Moreover, waste-derived VFA can be used as a carbon source for
biological nutrient removal within WWTPs (Zhang et al., 2016).
Using VFA from waste streams as a carbon source is a sustainable
option to replace fossil-based carbon sources such as methanol.
This will close the loop for WWTPs. Thus, VFA-rich liquid has great
potential to be used directly as an external carbon source in biological nutrient removal which can make WWTPs self-sufficient
plants in terms of chemical use (Liu et al., 2018). Therefore, in
the current study, the VFA produced from co-digestion of sewage
sludge and external organic waste is employed as a carbon source
for denitrification in comparison with traditional external carbon
sources, methanol and acetate.
The main objective of the study was to systematically investigate the impact of substrate ratio of sewage sludge and external
organic waste with complex composition on VFA production and
application. Specifically, the following research questions were
sought to be answered: (1) What is the impact of substrate proportion on VFA yield and composition in a short-term batch reactor at
pH 5? (2) How does substrate proportion affect biogas production?
(3) What is the effect of long-term semi-continuous operation on
the VFA production and composition when there is an upscaling?
(4) How could the produced VFA be used in other processes?
2. Materials and methods
2.1. Substrate and inoculum
Primary sewage sludge (PS) and organic wastes (OW) were collected from the Hammarby Sjöstadsverk research facility (Stockholm, Sweden) and Himmerfjärden WWTP (SYVAB, Sweden),
respectively. The external OW consisted of alcohol and soda beverage, food, dairy, fruit, fat and oil wastes. At Himmerfjärden WWTP,
the OW is ground and hygienised at 71 °C for 61 min. Digested
sludge taken from a full-scale anaerobic digestor (Henriksdal
WWTP, Stockholm, Sweden) was used as seed sludge. Fresh PS
was collected prior to feeding while OW was collected in bulk, aliquoted and frozen. An aliquot of OW was thawed at room temperature prior to feeding. Characteristics of the PS, OW and seed
sludge are shown in Table 1.
2.2. Experimental set-up and procedure
2.2.1. Batch tests
Batch experiments were carried out using an automatic
methane potential test system (AMPTS II, Bioprocess Control,

Table 1
Characteristics of substrates and seed sludge.

a

Parametersa

Primary sludge

Organic waste

Seed sludge

pH
Alkalinity
TS
VS
Total COD
Soluble COD
Total VFA
Total Nitrogen

5.9 ± 0.5
16 ± 3
29 ± 3
25 ± 2
43 ± 10
2.2 ± 0.1
0.8 ± 0.1
0.6 ± 0.1

4.1 ± 0.3
144 ± 10
54 ± 6
48 ± 6
148 ± 4
77 ± 11
2.4 ± 0.1
2.6 ± 0.2

7.0
770 ± 95
21 ± 1
13 ± 0
24 ± 3
1.6 ± 0.1
0.3 ± 0.1
1.3 ± 0.1

units of parameters are in g/L except pH and alkalinity (mgCaCO3/L).
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Sweden) with a biogas measurement unit and glass reactors. The
test system consists of fifteen glass bottles with a working volume
of 450 mL placed in a water bath to control temperature. The temperature of the reactors was maintained at 35 °C. The produced
biogas passes through a CO2-capturing unit (3 M NaOH with 0.4%
Thymolphthalein pH-indicator) to remove CO2 before being measured by a gas volume measuring device.
The amount of substrate was maintained at initial total chemical oxygen demand (COD) concentration of 15 g/L, whereas the initial amount of seed sludge was set at VS of 7.5 g/L to achieve
substrate/inoculum (S/I) ratio of 2 gCOD/gVS because S/I ratio of
2–4 gCOD/gVSS has been found to maximize VFA production
(Silva et al., 2013). Reactors’ contents were diluted with tap water
(left overnight in fume hood) to achieve the desired initial TCOD
and VS concentration. Co-digestion was carried out in triplicate
with OW proportion of 0%, 25%, 50%, 75%, 100% as total COD. Thus,
0% OW and 100% OW represent mono-digestions of PS and OW,
respectively. The pH of the reactors was adjusted to 5 at the beginning of the experiments and was not controlled. Methanogenic
activities are known to be inhibited at pH above 8.0 or below 6.0
(Atasoy et al., 2018).

2.2.2. Semi-continuous reactor
Based on the results of the batch tests, there was a scale up to a
long-term operation in semi-continuous mode with a total volume
of 15 L and a working volume of 10 L volume. The semi-continuous
reactor employed in the study was a two walled glass reactor with
an agitator driven by brushless DC motor. The reactor was connected to a gas meter (MILLIGASCOUNTER, Type MGC-10, Ritter)
as well as methane and carbon dioxide sensors (TDS0068 and
TDS0054, Dynament) for biogas measurement and analysis
(Fig. 1). A pH sensor (PHEX 112 SE, Prominent) with measurement
and control unit (DULCOMETER, Prominent) was installed to automatically control the pH of the reactor. 2 M HCl and 5 M NaOH
were used as dosing solutions to maintain the pH to 5 throughout
the experimental period. The system was equipped with a temperature probe and heated water was circulated through the two walls
of the reactor to keep the temperature of the process at 35 °C. A

data acquisition, process control, and data analysis system,
DAQFactory (AzeoTech) was used to control and record data
online.
The semi-continuous experiment was carried out with a feed of
PS:OW ratio of 50%:50% in terms of COD. At the set-up, seed sludge
was added together with the feed in such a way to achieve a substrate/inoculum ratio of 2 gCOD/gVS. The reactor was allowed to
run for 7 days for acclimation. Subsequently, the reactor was run
in a semi-continuous mode with a retention time of 7 days by
withdrawing and feeding three times a week. The 7-day retention
time was chosen based on the results of the batch study. The semicontinuous reactor was operated for 115 days.

2.3. Denitrification test
VFA-rich effluent from the semi-continuous reactor was tested
for its suitability as a carbon source for denitrification in comparison with acetate and methanol. Manometric tracking method
was used for the denitrification tests. The tests were done using
airtight glass bottles with a working volume of around 320 mL,
and two top openings, sealed by rubber septa and kept in place
by a plastic lid. The bottles were connected with a manometric
measuring device, featured with a data logger. The test temperature was maintained at 25 °C with the help of a water bath. All
tests were performed with activated sludge from a membrane
bioreactor pilot plant situated at the Hammarby Sjöstadsverk
research facility as inoculum. The tests were performed at a
carbon-nitrogen (C/N) ratio of 4.5 with an initial nitrate concentration of 28.5 mg NO3-N/L. All experiments were conducted in
triplicate.

2.4. Analytical methods
Total solids (TS), volatile solids (VS) and volatile suspended
solids (VSS) were determined according to Standard Methods
(APHA, 2005). Chemical oxygen demand (COD), Total nitrogen
and alkalinity were analysed with respective cuvette test kits

Fig. 1. Photo and schematic diagram of the semi-continuous reactor.
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(WTW, Germany) and a spectrophotometer (PhotoLab 6600 UV Vis,
WTW, Germany).
The VFA compositions and concentrations were analysed by gas
chromatography (Intuvo 9000 GC System, Agilent) equipped with a
Flame Ionization Detector (FID) and a capillary column (DB-WAX
Ultra Inert, 30 m  250 lm  0.25 lm, Agilent 122-7032UI). The
temperature of the FID detector was set at 280 °C with helium as
the carrier gas at a flow rate of 2 mL/min. The oven started with
a temperature of 70 °C and an equilibrium time of 1 min and a
ramp rate of 10 °C/min and a maximum of 200 °C. The peaks corresponding to each VFA components were identified using mixed
VFA standard solution (Volatile Free Acid Mix, CRM46975 Supelco)
and individual pure VFA solution to match each pick. Concentration was calculated from the area of peak based on calibration with
standards using Agilent OpenLab Software. The VFA concentration
was expressed in COD units using stoichiometric COD factors of
1.0667 for acetic acid, 1.512 for propionic acid, 1.813 for butyric
acid, 1.813 for isobutyric acid, 2.036 for valeric acid, 2.036 for isovaleric acid, 2.207 for caproic acid, and 2.207 for isocaproic acid.
2.5. Statistical analysis
For the batch scale experiments, PAST 3 (PAST 3.20, University
of Oslo, Norway) was used to conduct a two-way ANOVA to test
the statistical difference of the VFA yields between experiments
conducted with different OW proportions and between retention
times. PAST 3 was also used to conduct a T-test to determine if
there was a statistical difference between the total influent carbon
and total effluent carbon during the semi-continuous experiment.
3. Results and discussion
3.1. Batch tests
3.1.1. Effect of substrates proportions on VFA production during
co-digestionwit
Batch tests were done with different percentages of OW proportion up to retention time of 20 days to study the effect of OW proportion on the VFA production during co-digestion of sewage
sludge and organic waste under acidic condition. Increasing the
proportion of OW content in the substrate resulted in an increase
in the VFA produced. Substrate without OW produced only
3052 mg COD/L of VFA at day 8 and reached maximum VFA concentration of 4106 mg COD/L only after day 18. However, for
25%, 50% and 75% of OW the VFA concentrations at day 8 were
4134, 4533, 4841 mg COD/L, respectively, while mono-digestion
of OW resulted in VFA concentration of 5270 mg COD/L (Fig. 2A).
The increase in VFA production with an increase in the percentage
of OW can be attributed to the increase in the biodegradable
organics which were readily available for utilization by acidproducing bacteria. It has been shown that co-digestion enhances
the solubilization of hard-biodegradable organics which can
improve VFA productivity (Wu et al., 2016). There was a slight
decrease in VFA concentration at day 10 particularly for the codigestions (i.e. 25%, 50%, 75%) and began to rise again till day 18.
This rise and fall in VFA concentration can be probably due to different fractions of organics with different degrees of biodegradability of the substrates. Thus, relatively easily biodegradable fractions
led to an initial rise of VFA concentration, methanogenesis reduced
the VFA concentration, later relatively slowly biodegradable fractions are converted to VFA. This was not the case in monodigestion of PS, where the substrate was more uniform.
In all experiments, the pH initially increased from 5 to about 5.5
for 0%-75% and 5.3 for 100% OW in day 1 when the VFA production
was low. The aforementioned slight increase in pH during batch
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fermentation can be due to the release of ammonia and other alkaline substances that are produced through biodegradation of
nitrogenous organic matter (Fang et al., 2019). The initial increase
in pH was minimal for the mono digestion of OW in comparison
with the other experiments probably due to the relatively higher
buffer capacity of OW due to higher alkalinity than PS (see Table 1).
The pH decreased again at day 3 to 4.9, 4.9, 5, 5.1 for 0%, 25%, 50%,
and 75% respectively, while the pH of 100% OW rather increased to
5.4. The decreasing trend in the change of pH with an increase in
OW proportion can be attributed to the fact that the alkalinity of
OW was much higher than PS and therefore the production of acid
didn’t have much influence on the pH (Labatut and Pronto, 2018).
Nonetheless, from day 15 the pH began to increase resulting in the
reduction of VFA concentrations.
The VFA yield which took into consideration the initial VFA concentrations and the VS of the reactors were used to better understand the concurrent effect of retention time and PS:OW ratio on
the actual VFA production. VFA yield in all the different ratios
increased sharply up to day 8 and stayed fairly constant (Fig. 3).
VFA yield of 250, 301, 301, 291 and 305 mg COD/gVS were
achieved for 0%, 25%, 50%, 75% and 100% of OW at day 8, respectively. The results suggest that the addition of 25% and 50% of
OW led to about 20% increase in the VFA yield which was only
5 mg COD/g VS lower than mono-digestion of OW (100%). Thus,
co-digestion sped up the VFA production and increase the yield.
The VFA yield obtained for the current co-digestion (25–75% OW)
was similar to what was obtained in another study of codigestion of sewage sludge and OFMSW but at pH 9 (288.3 mg
VFA/g VS) even though the study was conducted at a higher temperature of 55° C (Garcia-Aguirre et al., 2019). However, the yield
values obtained were lower than a study by Wu et al., (2016) with
pH range (5.2–6.4), similar to the current study, where a VFA yield
of up to 867.42 mg COD/g VS was obtained. The higher VFA yield
than this study could be due to the fact that, in that study, a higher
organic loading of 9 VS/L-d was used and experiments were carried
out under a higher temperature of 40 °C. In the current study in the
batch reactor, the organic loading at day 8 is estimated as only 1.2–
1.5 VS/L-d and the temperature was set at 35 °C.
The VFA yield began to decrease after retention days 18 and 15
for experiments with 0% and 25–100%, respectively. The decrease
can be attributed to an accumulation of acids that reduce microbial
activity and/or conversion of organic acids to methane (Arslan
et al., 2017). A two-way ANOVA was conducted to determine if
there was a statistical difference in the VFA yields between the different OW proportions and between the retention times. The
results show that statistically there was a significant difference
in the VFA yields between the different OW proportion and
between the retention times with p values of 0.009244 and 7.02
x10-14, respectively.
3.1.2. Effect of substrates proportions on VFA composition during codigestion
The VFA composition showed that acetic acid accounted for a
relatively higher percentage of the VFAs with propionic acid as
the second abundant VFA component accounting for 25 ± 3% in
all retention times without any much difference among the different PS:OW ratios. While the percentage of acetic acid remained
fairly constant (45 ± 4%) throughout the study period for 0% OW
experiments, there was a decrease in the acetic acid percentages
from 59 to 38%, 67 to 35, 74 to 25% and 88 to 20% for 25, 50, 75
and 100% OW experiments from day 0 to 20, respectively
(Fig. 2C). The decrease in acetic acid percentages led to a corresponding increase trend of VFAs with higher numbers of carbons
in their molecular structure, particularly, valeric and caproic acids.
Valeric acid increased from 0 to 11%, 0.2–13%, 0.1–19%, 0.1 to 22%;
and caproic acid increased from 1.3 to 7%, 1.6 to 9%, 2 to 11%, 2 to
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Fig. 2. (A) VFA production, (B) pH and (C) composition of VFA as a function of retention time during the batch experiments with different OW proportions.

13% for 25, 50, 75 and 100% OW experiments from day 0 to 20,
respectively. The increase in valeric acid percentage with an
increase in the OW proportions can be attributed to the increase
in protein content of the OW substrate which is evident from the
total nitrogen concentration (Table 1). A similar study has recorded
protein-rich substrates can produce VFA with up to 25% valeric
acid composition (Shen et al., 2017). Higher molecular weight VFAs
such as valeric acid are associated with Stickland fermentation of
protein through either reductive deamination of single amino acids
or by oxidation–reduction between pairs of amino acids (Parawira
et al., 2004). Moreover, the reduction of acetic acid percentages and
consequent increase in caproic acid and valeric acid proportions
can also be attributed to conversion between the VFAs through
b-oxidation followed by isomerization (Parawira et al., 2004). The

results, therefore, demonstrate that co-fermentation of sewage
sludge and organic waste does not only increase the VFA yield
but it also enables product shift from acetic acid to valeric and
caproic acid which are more valuable products.
3.1.3. Effects of substrates proportions on biogas production
The cumulative volume of biogas was up to 175 NmL CH4 for
the O% OW experiment and only 73.4 for 100% OW at a retention
time of 7 days (Fig. 4). Thus, generally, there was a decrease in
the cumulative volume of biogas with an increase in the percentage of OW in the substrate. It can be inferred from the results that
PS has a higher tendency to form biogas even at acidic pH of 5
where methanogenic activities are minimal. This can be attributed
to the composition of VFA formed by the PS substrate. Shin et al.,
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3.2. Long-term operation of the semi-continuous reactor

Fig. 3. VFA yield as a function of time and OW proportion during the batch
experiments with different OW proportions.

2001 have shown that different kinds of VFA resulted in different
biogas yield. Moreover, the relatively higher VFA formed with the
addition of OW could have resulted in the inhibition of biogas production in the reactors with higher percentages of OW (Jiang et al.,
2018). The current results show that the co-digestion of sewage
sludge and organic waste presents a good opportunity to shift production from biogas to VFA which has a more economical value.
It was noted that the production of biogas stopped after day 7
for 0% and 25% OW, while biogas production for the reactor with
50% OW substrate rose steadily with time. The production of biogas for reactors with 0% and 25% OW substrate stopped due to
the fact that the pH in the reactors has reduced to 4.7 and 4.9
respectively. At such low pHs, methanogenic activities might have
been completely inhibited. On the other hand, the production of
methane by reactors with 75% and 100% OW reactors increased
steadily with time until after day 17 where there was a steep rise
in biogas production. The sharp increase in methane production
can be attributed to rise in pH (Fig. 2B) which might have led to
an increase methanogenic activities thereby decreasing VFA concentration. However, the rise in methane was only steady for 0%,
25% and 50% after day 17 even though there was a decrease in
VFA concentration, particularly for 25% and 50% OW experimental
sets. It could be that other content of biogas which was not measured in the study such as hydrogen was formed instead of
methane.

3.2.1. VFA production and composition
Semi-continuous experiment was run for 115 days to understand the performance of the VFA production system in the longterm operation when there is a scale-up. The VFA concentrations
from the semi-continuous experiments were higher than those of
the batch experiments because the initial total COD of the batch
experiments was set at only 15 g/L to ensure uniformity for the
various substrate ratios. However, with the semi-continuous
experiment, the total COD concentration of the feed was about
75 g/L. The total VFA production increased initially steeply up
to 14287 mg COD/L on day 16 (Fig. 5A). The VFA production began
to drop after day 16 to 6450 mg COD/L at day 23 probably due to an
accumulation of VFA which might have resulted in inhibition
(Roume et al., 2016). Accumulation of VFA in fermentation reactors
with mixed cultures is known to have an adverse effect on the process due to the fact that there is inhibitory effect of the VFAs and
their consumption in internal conversion reactions (Arslan et al.,
2017). Undissociated VFAs can be transported through microbial
cell membranes and cause acidification of the cell interior. Acidification of the cell interior has a potential inhibition of enzymatic
processes and imposes a metabolic burden through the use of
the ATP-dependent ATPase enzyme to remove the excess protons.
Acidification of microbial cell interior can also cause cell turgor and
disruption of key amino acid pools (Jarboe et al., 2013). It was
shown in a study that the production rate of VFAs was affected
by accumulating undissociated VFAs which inhibited the microbial
species (Ge et al., 2015). This explains the decrease in VFA production after day 16.
After day 23, the concentration of VFA was in the range of 4805
to 7696 with an average value of 6772 ± 1007 mg COD/L until day
51 when there was a rise in the VFA production to about 11000 mg
COD/L. The VFA reached a maximum of 17242 mg COD/L on day
113. The rise in VFA concentration from day 51 can be attributed
to the adaptation of the acid-producing microbes and/or increase
in the dominance of species which are more tolerant to VFA toxicity. Andersen et al., 2017 found out that in continuous fermentation of biorefinery thin stillage, the production of VFA which was
declining initially recovered owing to an increase in the dominance
of species with high tolerance to VFA toxicity. It seems the changes
in the VFA concentration didn’t change much the volatile solids.
The VS initial increase from about 21 g/L and reach a stable value
after day 10 with an average of 32.3 ± 6.8 g/L (Fig. 5B).
The various components of VFA showed that initially acetic
acid, propionic acid, butyric acid and valeric acid were the dominant species. Caproic acid kept rising and became the dominant

Fig. 4. Cumulative biogas production for batch experiments with different OW proportions.
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Fig. 5. (A) VFA production with the distribution of various VFA components; (B) pH and VS of the reactor during the semi-continuous operation.

species on day 14. Caproic acid reached a percentage of about 55%
on day 23 and remain fairly constant as the dominant VFA
throughout the operation with a maximum concentration of
9334 mg COD/L. The result of the current study is an interesting
one since caproic acid has now become the focus of many bioproduction because it can be used in diverse applications including
antimicrobial animal feed additives and jet fuel precursors
(Angenent et al., 2016). Caproic acid is produced through chain
elongation of short-chain VFA such as acetic acid and butyric acid
through b-oxidation whereby some species can gain energy by
increasing the chain length of VFA with reductive substrates such
as ethanol and lactic acid (Agler et al., 2012; Wu et al., 2018).
The percentages of individual VFAs in the semi-continuous reactor
were different from the batch scale experiment where the percentage of caproic acid was only 9% at retention 8 d for 50% OW experiment. The external organic waste consisted of alcohol and soda
beverage wastes and therefore the possible presence of ethanol.
The higher concentrations of caproic acid observed in the semicontinuous reactor can be attributed to the fact that the continual
feeding resulted in the constant availability of ethanol which could
act as an electron donor for caproic acid formation from acetic acid
and hence the lower acetic acid concentration (Steinbusch et al.,
2011). However, in the batch experiments, ethanol could have
been limited and therefore acetic acid concentration remained
higher. This shows that the mode of reactor operation can influence the VFA composition.
3.2.2. Biogas production and carbon balance
Fig. 6A and B show the biogas flow including methane and carbon dioxide flow rates. At the initial stage until day 23 when the
VFA production was high, the biogas production was very low. It

has been shown in a similar study that an acidogenic environment
helps to maintain low biogas production (Garcia-Aguirre et al.,
2019). Although the pH was set at acidic pH of 5 ± 0.3 at which
methanogenic activity was supposed to be limited, there was still
some biogas production. It has been reported that CH4 is produced
in fermentation systems with a pH range between 5.0 and 9.0 (Liu
et al., 2012). Agler et al. (2012) discovered that the simultaneous
production of caproic acid and methanogenesis is feasible when
methane is produced only from hydrogen and carbon dioxide
and not from acetic acid. However, the high VFA production rate
helped to maintain low methane values. The methane content of
the produced biogas, after day 46 when production was fairly constant, was 15 ± 5% while CO2 content was 71 ± 11%. These sum up
to a total of 96% indicating that other biogas contents that were not
measured particularly hydrogen were very low. Hydrogen production in fermentation systems depends on many factors including
VFA concentration, pH, substrate type, temperature, etc.
(Jankowska et al., 2017; Kothari et al., 2017).
Carbon balance was calculated from the influent TCOD,
methane and effluent TCOD. There was a good balance between
total influent carbon and effluent carbon in terms of COD
(Fig. 6C). Statistical analysis using a T-test was done to determine
if there was a statistical difference between the influent carbon and
effluent carbon. The T-test showed that there was no statistical difference between the influent carbon and effluent carbon at 5% significant level with a p-value of 0.11787. The carbon mass balance
result confirms that there was little loss of carbon through other
contents of the produced biogas which was not measured. Moreover, the carbon balance shows that methane accounted for only
a small percentage (with an average of 3%) of the total effluent carbon during the period of stable biogas production (from day 46).

I. Owusu-Agyeman et al. / Waste Management 112 (2020) 30–39

37

Fig. 6. (A) Biogas production (the dotted line is trendline); (B) percentage of CH4 and CO2 and C) Carbon balance obtained for the semi-continuous reactor.

Meanwhile, total VFA achieved a maximum value of 24631 mg
COD/d which is about 33% of the total effluent carbon. This means
about 67% of carbon could not be utilise and hydrolytic pretreatment could have led to a higher percentage of the VFA. Pretreatment methods such as hydrothermal, alkaline are known to
increase the solubility of organic compounds which can be used
readily by acidogenic microorganisms for VFA production
(Moretto et al., 2019). It has been shown that hydrothermal pretreatment of food waste and sewage sludge can increase VFA yield
by 45.8% and 44.6%, respectively, through the promotion of hydrolysis and acidogenesis of the organic substrates (Yu et al., 2018;
Zhang et al., 2019).

tion potential in comparison with other conventional carbon
sources for denitrification, specifically acetate and methanol. The
result shows that the VFA-rich liquid achieved the highest specific
denitrification among the three carbon sources. The VFA-rich liquid achieved a specific denitrification rate of 12.6 ± 0.7 mg NOxN/(g VSS h) while the specific denitrification rate of acetate was

3.3. Application of VFA for denitrification
To demonstrate that apart from the high value of the produced
VFAs due to the high content of caproic acid, the VFA-rich effluent
has the potential to be used directly as an external carbon source in
the biological nutrient removal process, the VFA-rich liquid from
the semi-continuous reactor was used for denitrification. The
VFA-rich liquid was taken on day 100 and tested for its denitrifica-

Fig. 7. Specific denitrification rate achieved by the fermentation broth from semicontinuous reactors in comparison with acetate and methanol. (error bars represent
the standard deviation of triplicates).

38

I. Owusu-Agyeman et al. / Waste Management 112 (2020) 30–39

10 ± 0.6 mg NOx-N/(g VSS h) (Fig. 7). Methanol achieved a specific
denitrification rate of less than 5 ± 1.1 mg NOx-N/(g VSS h), i.e.
specific denitrification rate of the VFA-rich liquid was almost 3
times higher than that of methanol. The low specific denitrification
rate for methanol as a carbon source can be explained by the fact
methanol can be used directly only by methanol-assimilating bacteria while acetate and VFA-rich broth are easily biodegradable
(Liu et al., 2016). The protein in a substrate is hydrolysed into
amino acids during an anaerobic digestion process (Angelidaki
et al., 1999). One other advantage of VFA-rich broth from fermented sludge as carbon source which could have resulted in
higher denitrification rate than acetate is the fact that VFA-rich
broths are known to contain denitrifier toxicity reduction compounds such as amino acids. A study has shown that Sulphurcontaining amino acid called cysteine helps to reduce toxicity
caused by the generation of reactive nitrogen species of denitrifiers
during the biological nutrient removal process (Su et al., 2016).
This helps to increase the biological nutrient removal performance.
4. Conclusion
The study sought to investigate the effect of substrate proportions and long-term operation in a semi-continuous reactor on
VFA production from co-digestion of sewage sludge and organic
waste. Acetic acid dominated during the short-term operation in
batch mode. Increasing organic waste fraction increased yield
and percentages of valeric and caproic acids. Up-scaling to a reactor with long-term semi-continuous operation resulted in a shift of
dominant VFA from short-chain acetic acid to more valuable higher
carbon caproic acid. The application of the VFA-rich liquid for denitrification resulted in the highest specific rate in comparison with
acetate and methanol.
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