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a b s t r a c t

Substrate properties play a key role in promoting the caproate yield through lactate-
based carbon chain elongation pathway. In the present study, the effect of lactate-
to-acetate (LA/AA) carbon ratio (from 0.5 to 5.0) and substrate loading (in terms of
substrate/inoculum ratio within the range 20–180 mmol-C/g-VSS) on caproate fermenta-
tion was investigated. Results showed that both caproate content and yield increased by
increasing the LA/AA ratio up to 3.0, then decreased at higher ratios due to activation
of acrylate pathway and dispersion of carbon flux at elevated lactate content. At the
optimal LA/AA carbon ratio of 3.0, substrate loading lower than 100 mmol-C/g-VSS was
beneficial for efficient substrate utilization with low caproate selectivity, while higher
substrate-to-inoculums (S/I) ratio led to incomplete substrate utilization and dispersed
carbon flow, which finally reduced the caproate yield. Thus, the highest caproate yield of
0.42 g-COD/g-COD and selectivity of 49.5% were recorded at LA/AA and S/I ratio ratios of
3.0 and 100 mmol-C/g-VSS, respectively. The present study further depictures the novel
approach for caproate production with lactate.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, production of renewable chemicals from organic wastes via carboxylate platform has drawn increasing
ttentions (Agler et al., 2011; Tang et al., 2017b; Wu et al., 2020a). In such eco-friendly sustainable platform, complex
rganic wastes are converted by anaerobic microbes into short-chain carboxylic acids (SCCAs) and/or energy products
biomethane, biohydrogen and bioelectricity) (Duber et al., 2018; Tang et al., 2022). Biogas production through anaerobic
igestion (AD) is a conventional method to recover energy from organic wastes (Deepanraj et al., 2017; Abomohra et al.,
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2022). However, the produced biogas has relatively low value that may subside the AD process into an economically
unattractive technology (Xu et al., 2018), as it is rich in carbon dioxide and other impurities which reduce the calorific
value (Zaks et al., 2011). In addition, biogas leakage during collection and transportation has raised many safety issues
and serious negative environmental impact (Zaks et al., 2011). To overcome these limitations, production of other high-
value chemicals such as short chain fatty acids (SCFAs), ethanol, and lactic acid via anaerobic fermentation has been
widely studied in recent years (Xie et al., 2021; Zhang et al., 2019). However, their hydrophilic characteristics, complicates
separation/purification processes, and energy intensiveness seriously restrict the practical large-scale applications.

As an alternative route, medium chain fatty acids (MCFAs) have been considered as a value-added anaerobic product
Xu et al., 2018). Due to their low solubilities, MCFAs exhibit excellent recovery properties, which simplifies separation
nd purification procedures with relatively low energy inputs (Lonkar et al., 2016; Xie et al., 2021). In addition, MCFAs
ave higher carbon-to-oxygen ratio and much higher energy densities than methane and SCCAs (Han et al., 2019; Wu
t al., 2019). Due to their high demand in food and pharmaceutical industry, MCFAs produced via carboxylate pathways
ave become a hot research topic (Duber et al., 2018; Nzeteu et al., 2018; Wu et al., 2020a).
Carbon chain elongation (CE) via reverse β-oxidization (RBO) pathway is an emerging and efficient biotechnology

to transform SCCAs into MCFAs. In this route, ethanol, lactate and methanol can be utilized as electron donors (ED),
while SCFAs such as acetic acid, propionic acid and butyric acid act as electron acceptors (EA), resulting in elongation
of the carbon chain length (Carvajal-Arroyo et al., 2019; Chwialkowska et al., 2019; Wu et al., 2019). Through RBO,
acetate elongates to butyrate and then to caproate, while propionic acid elongates to valeric acid and/or heptoic acid
(Liu et al., 2017; Xie et al., 2021). In lactate-based chain elongation, pyruvate and NADH are firstly produced from
lactate oxidation, then pyruvate is further oxidized to acetyl-CoA and CO2 with electrons released in the form of reduced
erredoxin (Wang et al., 2018; Wu et al., 2019). The derived acetyl-CoA takes part in RBO processes for n-butyrate and
-caproate generation. Lactate can be easily produced through acidogenic fermentation from organic wastes such as food
aste, excess sludge, and agricultural waste (Tang et al., 2016, 2017a), which could significantly enhance the efficiency
f caproate production. Thus, investigating caproate production from lactate could provide a promising route to combine
rganic wastes management with high-value products recovery.
In CE route, substrate content and composition significantly affect the microbial metabolism and product profile (Duber

t al., 2020; Wu et al., 2020b). Increasing of lactic acid content can enhance caproate production, but high lactate load
ay activate the acrylate pathway and eventually reduces the caproate yield (Contreras-Dávila et al., 2020; Wu et al.,
019; Xie et al., 2021). Wu et al. (2019) also proved that if lactate is consumed through acrylate pathway, it is difficult to
eturn it in the RBO process and propionate will become the dominant fermentation product. However, Zhu et al. (2015)
tilized lactate as a sole substrate and obtained high caproate content and yield (approximately 70%) without propionate
ccumulation due to existence of particular microbial community (Clostridium cluster IV) in the sludge. Thus, substrate
omposition poses important impacts on the microbial communities and metabolism which affects the final products
Han et al., 2019).

Although the effect of ED and EA on caproate production has been previously evaluated (Wang et al., 2018; Wu et al.,
021; Xie et al., 2021), the conditions of lactate-based chain elongation are not clear yet and few studies evaluated
he impact of ED/EA ratios on CE process. In that context, substrate content could influence the elongation process,
eading to distinctive caproate yield and productivity (Cavalcante et al., 2020). So far, few studies investigated the effect
f lactate content or substrate-to-inoculums (S/I) ratio on caproate production, making it a timely topic to further
xplore the role of these parameters and the optimal conditions for enhanced caproate production in order to set-up
n efficient and robust industrial system. Therefore, the present study aimed to investigate the effect of LA/AA ratios
n the performance of caproate fermentation in order to identify the optimal substrate composition for efficient CE
oute. Moreover, the properties of caproate fermentation at different substrate loading rates were evaluated to provide
nformation on lactate-derived chain elongation.

. Materials and methods

.1. Inoculum and basal medium

The pit mud sludge was collected from a strong flavor alcohol industry at Chengdu city and used in the present study
s inoculum. After being washed with buffer solution, the sludge was incubated in a semi-continuous reactor to enrich the
unctional microbiome, in which lactate and acetate were used under anaerobic conditions at pH 5.5 and 37 ◦C. Thereafter,
he acclimated sludge was washed to remove the residual lactate and carboxylic acids, then utilized further as inoculum.

Components in basal medium used in the batch experiments was adjusted as previously described (Xie et al., 2021).
fter being prepared, the medium was sparged with N2 (99.9%) for 5 min to remove the dissolved oxygen. Certain amounts
f lactate and acetate were added to the basal medium according to the experimental design described in Section 2.2. To
void substrates being converted to methane, 2-bromoethanesulphonate acid (2-BES) was supplemented to inhibit the
ethanogens.
2
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2.2. Experimental design

2.2.1. Substrate optimization
Serum bottles with a working volume of 500 mL/each were used in the present study. Into each bottle, 100 mL of

noculum were added, then lactate and acetate were added at different LA/AA carbon ratios of 0.5, 1.0, 2.0, 3.0, 4.0, and
.0 with a final content of 300 mmol-C/L. Sole lactate and acetate were added into two bottles to investigate the chain
longation properties, in addition to a bottle without acetate nor lactate was used as a blank. The basal medium was then
dded into the reactors at a final volume of 500 mL. The pH in all serum bottles was adjusted to 5.5 using 5 M HCl or
aOH to reduce the methanogenesis and acrylate pathway (Kucek et al., 2016). Thereafter, all bottles were flushed with
ure nitrogen gas for 5 min to ensure oxygen-free environment. Finally, bottles were incubated in a water bath shaker
t 37 ◦C and 140 rpm. Liquid and gas samples were obtained periodically from each bottle to investigate the variations
n carboxylic acids and biogas production. All experiments were performed in triplicates and data are presented as the
ean ± standard deviation (SD).

.2.2. Substrate to inoculum ratio
To investigate the effect of substrate loading on caproate production, another series of experiments were carried out.

or that, 100 mL of sludge were used as inoculum, then the mixture of LA/AA at a ratio of 3 was added into each bottle
o a final content of 100, 300, 500, 700 and 900 mmol-C/L based on preliminary experiments. Thereafter, the contents of
ach bottle were completed to 500 mL with basal medium. After adjusting the pH to 5.5, all bottles were flushed with
itrogen gas to remove the dissolved oxygen and incubated in a shaking water bath at 37 ◦C and 140 rpm. Liquid and gas
amples from each bottle were analyzed periodically, and all tests were performed in triplicates.

.3. Chemical analysis

The concentration of fatty acids (C2–C6) was measured by gas chromatograph (Agilent 7820 GC, USA) equipped with
flame ionization detector (FID) and 30 m × 0.32 mm × 0.25 µm column. The operating temperature of the GC oven
as started and held at 60 ◦C for 2 min, increased to 210 ◦C at a rate of 25 ◦C/min, then maintained at 210 ◦C for 2 min.
he injector and detector temperatures were maintained at 230 ◦C and 250 ◦C, respectively. Lactate was analyzed by high
erformance liquid chromatography (Shimadzu, LC20 A, Japan) equipped with 4.6 mm × 150 mm × 5 µm C18-WP HPLC
olumn and ultraviolet detector (210 nm). The temperature of the HPLC column was 40 ◦C and the flow rate of the mobile
hase (10% acetonitrile in water) was 1.0 mL/min. Biogas volume was measured with a gas syringe, while its composition
as analyzed using gas chromatography (Shimadzu, GC2010, Japan) equipped with a thermal conductivity detector (TCD)
nd 2-m stainless steel column packed with Porapak Q. The operating temperature of the GC column, injector and detector
as 60 ◦C, 100 ◦C, and 150 ◦C, respectively.

.4. Calculations

Electron efficiency and selectivity based on electron equivalent balance was used to indicate the fermentation
ffectiveness (Wu et al., 2019), which were calculated using Eqs. (1) and (2);

Electron efficiency =
Eproducts

Elactate
(1)

Selectivity =
Eproducts

Esubstrates
(2)

where Eproducts represents the electron number of products, Elactate indicates the electron number of added lactate, and
Esubstrates represents the electron number of consumed substrate. All acids and their electron numbers (mol electron/mol
acid) are 12/lactate, 8/acetate, 14/propionate, 20/butyrate, 26/valerate, and 32/caproate.

3. Results and discussions

3.1. Effect of LA/AA ratio

3.1.1. Variations in caproate content
Fig. 1 shows the effect of LA/AA ratio on caproate fermentation. In the reactor with acetic acid as a sole feedstock,

caproate was not detected, as a non-electron donor (lactate) was provided (Han et al., 2019; Wu et al., 2019). Increasing
of LA/AA ratio to 1.0 slightly promoted the fermentation process, and caproate gradually increased to 0.07 mmol/L at
the 12th day, confirming that lack of electron donors results in incomplete CE processes and longer chain carboxylate
cannot be effectively synthesized (Contreras-Dávila et al., 2020). More caproate was obtained at higher LA/AA ratios due
to enhancement of CE process and caproate production by providing more electrons and energy (Wang et al., 2018; Xie
et al., 2021). The highest caproate content (11.02 mmol/L) was recorded at 3.0 LA/AA ratio, while it decreased to 6.11 and
3
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Fig. 1. Variations in caproate (CA) content during 18 days of batch experiment (a) and CA yield (b) under different lactate-to-acetate (LA/AA) ratios.

3.11 mmol/L at LA/AA ratios of 4.0 and 5.0, respectively (Fig. 1a). These results indicate that LA/AA ratio higher than 3.0
is not suitable for caproate fermentation, which is in consistent with previous studies (Wu et al., 2018).

Due to the lack of ED in substrate, caproate yield in reactors with LA/AA ratio lower than 1.0 was very low (Fig. 1b),
hile it gradually increased and reached the maximum value of 0.29 g-COD/g-COD at 3.0 LA/AA ratio. Further increase of
A/AA ratio resulted in lower caproate yield. It was reported that high LA/AA ratio would affect the microbial metabolic
athways and activate the competitive metabolic processes, which disperses lactate-carbon flow and finally reduces the
aproate yield (Han et al., 2019; Wu et al., 2019).
Electron efficiency is an indicator to evaluate substrate utilization effectiveness during fermentation. Under theoreti-

ally optimal LA/AA ratio of 2.0, electron efficiency for caproate production was only 13.1%, which is much lower than that
or butyrate generation (32.9%). This might be attributed to participation of a part of electron donors in other reactions,
nd cannot provide sufficient reducing equivalents for CE processes. However, the highest electron efficiency for caproate
roduction (29.4%) was recorded at 3.0 LA/AA ratio (Fig. 1b), where propionate and valerate were the dominant electron
ools at higher LA/AA ratios. Thus, LA/AA ratios less than 3.0 result in butyrate accumulation due to the shortage of valid
lectrons, while higher LA/AA ratios may augment the acrylate pathway and enrich propionate and valerate. Therefore, a
.0 LA/AA ratio was considered as a proper value for caproate fermentation in the present study.

.1.2. Variations in substrate content
Lactate content showed continuous reduction during the whole fermentation period (Fig. S1, Supplementary data). In

he reactor with LA/AA ratio of 0.5, lactate content decreased sharply from 33.3 mmol/L to 0.7 mmol/L in 10 days. In
he other reactors, lactate content also rapidly decreased to the lowest level in a very short fermentation period. Even
n the reactor with only lactate, microbial activity was not inhibited by high lactate content, which is in consistence
ith other studies (Nzeteu et al., 2018; Zhu et al., 2015). The high degradation efficiency of lactate was beneficial for CE
rocess by providing energy and electrons. Acetate can be produced through lactate degradation and also be utilized as
A during CE. In the reactor with sole acetate, substrate content remained almost constant (Fig. S1, Supplementary data).
owever, acetate content slightly increased at the earlier stages by adding lactate, and gradually decreased thereafter. In
he reactor with sole lactate, acetate showed increase up to 14.3 mmol/L at 8th day, then gradually decreased to 10.57
mol/L, which might be attributed to microbial conversion of lactate into acetate which was then utilized as EA for
utyrate and caproate production. After 10 days of fermentation, acetate content in all reactors remained constant due
o the exhaustion of lactate.

.1.3. Variations of product content
In the reactor with LA/AA ratios lower than 3.0, propionate content was relatively lower (Fig. S1, Supplementary data),

hich increased to 11.56 mmol/L by increasing of LA/AA ratio to 4.0. Further increase in lactate concentration to 83.3
mol/L (LA/AA = 5.0) resulted in obvious accumulation of propionate (19.8 mmol/L). It was previously reported that
igh concentration of lactate activates the acrylate pathway and promotes propionate generation (Prabhu et al., 2012;
u et al., 2019). The highest propionate content of 22.9 mmol/L was recorded in the reactors with sole lactate, which can
e explained by formation of lactyl-CoA and propionyl-CoA under lactate-rich conditions (Kucek et al., 2016; Wu et al.,
019), which further transformed into propionate to achieve electron balance (Candry et al., 2020). Since propionate can
e utilized as EA for CE, the concentration of propionate gradually decreased over time when its consumption rate was
igher than the generation rate.
Butyrate is an intermediate product of CE and can be utilized also as electron acceptor for caproate production. In the

eactor with sole acetate, butyrate was not detected (Fig. S1, Supplementary data), which increased gradually in other
eactors. The final butyrate content in the reactor with 0.5 LA/AA ratio was around 10.47 mmol/L, which increased to

8.91 mmol/L by increasing of LA/AA ratio to 1.0. Much higher butyrate content was detected in other reactors, indicating

4
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Fig. 2. Metabolic pathways under different lactate-to-acetate (LA/AA) ratios.

that high LA/AA ratio could enhance chain elongation and butyrate production. However, in the reactors with LA/AA
ratio between 2.0 and 5.0, butyrate firstly accumulated and then gradually decreased. In the reactor with LA/AA ratio
of 3.0, butyrate gradually increased to 31.81 mmol/L, while it decreased to 18.26 mmol/L, which might be attributed to
microbial utilization of substrates to produce butyrate through chain elongation at the early stages of fermentation, then
the generated butyrate was transformed into caproate after enough butyrate accumulation. Similar trend was observed
in other reactors, particularly in the reactor with sole lactate where 3.71 mmol/L of butyrate were detected, confirming
that lactate could simultaneously produce acetate as acceptor and also acts as electron donor for CE (Zhu et al., 2015).

Accumulation of valerate has positive correlation with propionate generation and initial lactate concentration, as high
content of LA was reported to promote propionate production (Wu et al., 2019). Therefore, in the reactor with LA/AA
ratio less than 3.0, valerate content was very low (<0.5 mmol/L), which increased to 2.39 and 5.29 mmol/L at LA/AA ratio
f 4.0 and 5.0, respectively (Fig. S1, Supplementary data). In the reactor with sole lactate, valerate sharply increased to
.87 mmol/L, which is much higher than that of caproate (1.59 mmol/L), verifying that high lactate content is not suitable
or caproate fermentation. Due to the competition of acrylate pathway, chain elongation for caproate generation would
e seriously restricted (Wu et al., 2019). Although high caproate yield was observed with sole lactate (Zhu et al., 2015),
bvious accumulation of propionate was previously reported at high lactate concentrations (Kucek et al., 2016), which
ight be attributed to different microbial community structures.

.1.4. Metabolic pathways under different LA/AA ratios
The impacts of LA/AA ratio on microbial metabolic pathways were further analyzed (Fig. 2). It can be concluded

hat acrylate pathway was enhanced but CE process was weakened at high LA/AA ratios. In the reactors with LA/AA
atio lower than 1.0, lactate was mainly utilized in other metabolic activities (e.g. cell growth and energy production),
ndicating that low concentration of initial lactate was not proper for caproate production. Similarly, small amounts of
actate (7.7% at a LA/AA ratio of 0.5 and 4.4% at a LA/AA ratio of 1.0) participated in the acrylate pathway, confirming
hat low lactate content was beneficial to restrict propionate production. Lactate for CE increased from 31.7% (at LA/AA
atio 0.5) to 52.9% (at LA/AA ratio 3.0), indicating that increasing of LA/AA ratio could enhance CE and promote caproate
roduction. Nevertheless, due to enhancement of acrylate pathway under lactate-rich conditions, more lactate will be
ransformed into propionate or valerate (Wu et al., 2019). As a result, lactate used for chain elongation sharply decreased
nd lower caproate content was detected. In the reactor with sole lactate, 59.9% of lactate was consumed in acrylate
athway and only 7.0% entered into CE pathway, which further explained the high content of propionate and low caproate
ield under these conditions. Additionally, the reactor with LA/AA ratio of 3.0 showed the highest proportion of acetate
roduction and lowest percentage of other pathways, verifying that more lactate was consumed for CE. It can be seen
hat different fermentation product showed similar variations (Fig. S2, Supplementary data). Thus, LA/AA ratio of 3.0 is
avorable for caproate production, which might be related to enzymes activity and microbial communities in the reactors,
hich requires further validation studies.

.2. Effect of substrate/inoculum (S/I) ratio

Based on the above discussions, LA/AA ratio of 3.0 was optimal for caproate production. In this section, the effect of
ubstrate loading (S/I ratio) on caproate fermentation was further investigated.
5



J. Tang, Y. Pu, J. Huang et al. Environmental Technology & Innovation 28 (2022) 102918

3

l
C
r
d
w
r
f

l
w
i
t
F
o
(
h
c
1

b
o
m
m
v

3

t
A
c
t
f
w
s

Fig. 3. Variations in acids content, substrate removal rate, and caproate yield at different substrate-to-inoculums (S/I) ratios, CA refers to caproate.

.2.1. Effect of S/I ratio
The effect of S/I ratio (20–180 mmol-C/g-VSS) on CE process was further studied (Fig. 3). At 20 mmol-C/g-VSS, the final

actate and acetate contents were only 0.30 and 0.75 mmol/L, respectively. However, increasing of S/I ratio to 180 mmol-
/g-VSS resulted in sharp increase of lactate and acetate to 45.5 and 76.5 mmol/L, respectively. Accordingly, substrate
emoval rate was almost stable (between 93.7% and 82.4%) at S/I ratio lower than 140 mmol-C/g-VSS, while it sharply
ecreased to 68.0% by increasing S/I value to 180 mmol-C/g-VSS. It was reported that higher substrate concentration
ould increase the cellular osmotic pressure, damage the microbial cell membrane, limit the microbial enzyme activity,
educe the metabolic capability, and may be kill the microbes involved in fermentation process (Jarboe et al., 2013), which
inally results in low substrate utilization rate and product yield.

Caproate content in fermentation broth increased by increasing S/I ratio from 20 to 140 mmol-C/g-VSS. Butyrate was
argely accumulated (7.89 mmol/L) in the reactor with S/I ratio of 20 mmol-C/g-VSS, while only 1.1 mmol/L of caproate
as detected, indicating that low substrate concentration was not suitable for CE. However, caproate content sharply

ncreased to 11.02 mmol/L by increasing of S/I ratio to 60 mmol-C/g-VSS. Butyrate with a content of 18.26 mmol/L was
he dominant intermediate, while a relatively small amount of propionate (4.06 mmol/L) was accumulated in the reactor.
urther increase of S/I ratio to 100 and 140 mmol-C/g-VSS showed higher caproate and propionate contents. At S/I ratio
f 180 mmol-C/g-VSS, lactate was mainly transformed into propionate and valerate, leading to a lower caproate content
10.25 mmol/L). Thus, low S/I ratio cannot provide enough substrates for CE and results in butyrate accumulation, while
igh S/I ratio would also reduce the caproate production due to enhancement of acrylate pathway which disperse lactate-
arbon flow to propionate and valerate (Wang and Yin, 2022). Therefore, results confirmed that reactor with S/I ratio of
00 and 140 mmol-C/g-VSS showed the relatively higher caproate content (Fig. 3).
It was reported that high substrate content would damage the cell membrane of functional bacteria and restrict their

iological activities or destroy the enzyme activity (Jarboe et al., 2013). The highest caproate yield (0.42 g-COD/g-COD) was
btained at S/I ratio of 100 g-COD/g-VSS. This can be mainly attributed to two reasons; firstly, higher substrate content
ay affect the microbial growth and metabolisms which results in lower substrates conversion. Secondly, higher S/I ratios
ay activate the competitive metabolic pathways and restrict the RBO pathway. Although fermentation conditions are
aried, caproate yield and selectivity in this study are comparable to other studies (Table 1).

.2.2. Product selectivity under different S/I ratios
The product selectivity exhibits electrons transferred from substrate to fermentation products. It can be clearly noted

hat when S/I ratio is lower than 100 mmol-C/g-VSS, the selectivity of caproate increased by increasing of S/I ratio (Table 2).
t S/I ratio of 20 mmol-C/g-VSS, 40.4% of electrons flowed into butyrate, and only 9.0% electrons participated in the
aproate fermentation. Increasing of S/I ratio to 60 mmol-C/g-VSS, electrons for butyrate production slightly decreased
o 32.7%, while 34.0% of electrons were used to produce caproate, indicating that higher substrate content was beneficial
or CE. Further increase of S/I ratio to 100 mmol-C/g-VSS resulted in the highest recorded caproate selectivity (49.5%),
hich explains the highest caproate yield. However, too high S/I ratio was not suitable for CE, due to increasing the
electivity for valerate and propionate. In addition, total selectivity sharply reduced as the S/I increased. It was reported
6
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Table 1
The caproate yield and selectivity in different studies compared to the present study.
Substrate Inoculum ED/EA

ratio
Substrate
load

pH and
temperature

CA
content

CA
yield

CA
selectivity

References

Lactate (30 g/L) Pit-mud – – 6.0–6.5, 30 ◦C 12.54 g/L 0.85 g-COD/g-COD 86.5% Zhu et al.
(2015)

Lactate (20 mM),
butyrate (80 mM)

Excess activated
sludge

0.25 – 5.0, 30 ◦C 3.2 mmol/
L

0.056 g-COD/g-COD 5.6% Xie et al.
(2021)

Lactate (22.35 g/L),
Butyrate (16.48 g/L)
and sucrose (13.3 g/L)

Ruminococcaceae
bacterium CPB6

1.0 – 5.5–5.8, 37 ◦C 16.73 g/L 0.68 g-COD/g-COD 69% Wang et al.
(2018)

Lactate (100 mM),
acetate (33.3 mM)

Excess sludge
and pit-mud

4.5 – 7.0, 35 ◦C 14.57 mM 0.31 g-COD/g-COD 31.8% Wu et al.
(2018)

Lactate (125 mM),
acetate (62.5 mM)

Pit-mud 3.0 100 mmolC/
g-VSS

5.5, 30 ◦C 26.71 mM 0.42 g-COD/g-COD 42.7% This study

‘‘–’’ not provided.

Table 2
Selectivity of the fermentation products (%) under different S/I ratios.
S/I ratios Propionate Iso-butyrate Butyrate Iso-valerate Valerate Caproate

20 0.50 0.00 40.42 0.00 0.00 9.02
60 5.47 2.51 32.65 0.41 0.62 33.96
100 9.14 0.99 26.59 0.25 3.39 49.51
140 12.93 0.47 31.12 0.19 6.68 39.26
180 20.79 0.44 23.60 0.17 18.70 13.43

that higher substrate concentrations would restrict microbial activity and reduce the product yield. Moreover, at higher
S/I ratios, microorganisms would transform the substrate into other products such as propionate and valerate. Based on
these findings, it can be concluded that lower substrate content is more beneficial for caproate production, while too low
S/I ratio would also restrict the RBO process due to substrate shortage. Thus, 100 mmol-C/g-VSS was considered as the
optimal S/I ratio for effective caproate fermentation.

3.2.3. Carbon fluxes at different S/I ratios
The suggested carbon flux of lactate at different substrate concentrations is shown in Fig. 4. It can be seen that lactate

as utilized in similar fermentation pathway (RBO pathway, acrylate pathway, and other metabolic processes), but the
lux was quite different. At S/I ratio of 100 mmol-C/g-VSS, approximately 72.6% of carbon in lactate was flowed into CE
rocess and resulted in higher caproate content. Only 16.4% of carbon was utilized for propionate and valerate production.
owever, at higher S/I ratio, more lactate was utilized for propionate and valerate production (36%), which explains the
ower caproate yield. Carbon flux analysis provides a way to investigate the effect of lactate load on caproate and SCCAs
roduction. Obviously, by increasing of lactate loading, the carbon flux of acrylate pathway was enhanced while caproate
roduction was suppressed, resulting in higher valerate production.

.3. Metabolic pathways of lactate-based chain elongation

.3.1. RBO pathway
Chain elongating microorganisms utilize lactate and short-chain fatty acids (e.g. acetate, propionate and butyrate)

o produce butyrate, valerate and caproate through RBO pathways. Thus, lactate and SCFA are determining factors for
he fermentation efficiencies and final products. Different lactate and acetate loadings would lead to discrepancy in the
roduct structures (see Fig. 1). Results showed that caproate was almost not produced at early stages of fermentation,
hile it slowly increased until butyrate accumulated to a certain level, which confirms that butyrate is an important
riving factor for caproate production (Wu et al., 2019). Based on the carbon flux (Fig. 4), caproate formation was strongly
etermined by butyrate. Therefore, it can be concluded that when lactate and acetate are used as substrates, butyrate is
irstly generated and accumulated to a certain level before caproate synthesis.

Based on the reactions shown in supplementary data (Eqs. S1–S3), LA/AA ratio of 2.0 is the theoretically optimal
atio for caproate synthesis and the stoichiometric caproate yield should be 0.69 g-COD/g-COD. However, the present
tudy showed caproate yield of 0.13 g-COD/g-COD, which might be because consumption of substrates in other metabolic
ctivities (Kang et al., 2022). Additionally, microbial communities in the reactors may not be optimized, which also reduces
he fermentation efficiency (Li et al., 2021). Interestingly, higher caproate content and yield were obtained at 3.0 LA/AA
atio, indicating that more lactate could enhance the CE processes and promote the caproate production (Wu et al., 2022;
hu et al., 2017). Even though lactate is the main electron donor for chain elongation, high proportion of lactate is also
ot proper for caproate fermentation, and may results in high content of by-products. For example, increasing of LA/AA
7
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Fig. 4. Carbon flux at substrate-to-inoculums (S/I) ratio of 100 mmol-C/g-VSS (a) and 180 mmol-C/g-VSS (b).

ratio from 3.0 to 4.0 and 5.0, the caproate yield decreased by 44.8% and 72.4%, respectively, due to enhancement of other
metabolic pathways (such as acrylate pathway and valerate production), which is in consistent with previous studies
(Contreras-Dávila et al., 2020; Wu et al., 2019).

Except for LA/AA ratio, substrate concentration also showed obvious impacts on RBO pathway. Although caproate
content increased with the increase of substrate content, the highest yield was observed at S/I ratio of 100 mmol-C/g-VSS.
Higher substrate concentration resulted in lower caproate content and selectivity, while lower substrate concentrations
led to reduction of electron efficiency. Therefore, the most advantageous substrate load was 100 mmol-C/g-VSS in this
study.

Caproate productivity was lower than that of acetate and butyrate at the early stages (Section 3.1), which might be
due to the fact that microorganisms had an urgent need of energy for self-sustainability during this period (Wu et al.,
2019). Lactate was firstly oxidized to produce acetyl-CoA, then part of acetyl-CoA was converted to acetate and ATP to
maintain self-growth of microorganisms, while others will participate in the RBO cycle (Wang and Yin, 2022; Wu et al.,
8
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2019). Accumulation of acetate indicates the enhancement of microbial activity at the initial stage. Although the elevated
lactate content facilitates this process, acrylate pathway will also be augmented (Prabhu et al., 2012; Wu et al., 2019).
The complex competitive reactions led to a low caproate production under lactate-rich conditions.

3.3.2. Acrylate pathway
It has been confirmed that acrylate pathway is the main competitive pathway in CE process induced by lactate,

specially under high lactate content (Han et al., 2019; Wu et al., 2019). Similarly, in this study, more lactate participated
n acrylate pathway when its concentration was higher (Section 3.2). Propionate is the dominant by-product from lactate
ransformation, which finally results in reduction of carbon flux participating in caproate fermentation. Through acrylate
athway, propionate was produced and then elongated to valerate with lactate as electron donor. Thus, a lot of lactate
as consumed after acrylate pathway is activated, which reduced the utilizable substrate for caproate production and

inally resulted in low caproate yield (Wu et al., 2019; Xie et al., 2021).
At LA/AA ratios over 3.0, propionate appeared and sharply increased in a short term (Section 3.1), and then the content

f propionate gradually reduced with valerate generation, indicating that the generated propionate was further elongated
o valerate by residual lactate. It is worth noting that accumulation of valerate was faster at higher lactate content, which
ight be due to the fact that high lactate is more suitable for acrylate pathway, and can provide more substrates for

urther CE (Candry et al., 2020; Prabhu et al., 2012). In the acrylate pathway, lactate is converted to lactyl-CoA as an
ntermediate. Once lactyl-CoA is generated, the microorganisms are committed to convert lactyl-CoA to propionyl-CoA
Prabhu et al., 2012). There is a driving force for lactate to be converted into its thioester via propionyl-CoA transferase
ith a relatively high concentration of lactate (Wu et al., 2019, 2018), which explains the easier conversion of lactate
o propionate in a lactate-rich environment. Therefore, low lactate concentration is not conducive to the formation of
ropionate and increases the carbon flux toward caproate generation.

. Conclusions

The effect of different LA/AA ratios and substrate loading (S/I ratios) on lactate-based caproate fermentation was
nvestigated in the present study. It was found that LA/AA ratio lower than 3.0 could not provide enough electron donors
or CE process and resulted in butyrate accumulation. However, higher LA/AA ratio would activate the acrylate pathway,
eading to high propionate content and low caproate yield. In addition, low S/I ratios result in higher carbon loss in other
etabolic activities, but high substrate loading rate leads to incomplete substrate utilization and carbon flow disperse.
hus, a LA/AA and S/I ratios of 3.0 and 100 mmol-C/g-VSS could be regarded as the preferable conditions for maximum
aproate production (0.42 g-COD/g-COD).
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