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A B S T R A C T

In this study, potato peel waste was used as feedstock to produce volatile fatty acids (VFAs) by anaerobic
digestion. The effects of different pH levels (pH 5.0, pH 7.0, pH 11.0, and uncontrolled pH) on VFA con-
centration and composition, intermediate products, and metabolic state were evaluated. The results showed that
the highest total VFA production was achieved with pH 7.0 (41.9 g COD/L and 632.2 mg COD/g VSfed), followed
by that with uncontrolled pH. Butyric acid was the dominant product under acidic pH, whereas acetic acid
dominated under alkaline pH. The type of acidogenic fermentation at pH 7.0 was the mixed-acid type. The
change in NADH level in the mixed-acid type of fermentation consisted of small fluctuations, enhancing the
stability and efficiency of fermentation. The enzymatic activities of acetate kinase and butyrate kinase were
slightly inhibited at pH 5.0 and 11.0, resulting in relatively low VFAs production.

1. Introduction

Nearly one-third of global food production—from agricultural pro-
duction to consumers—is lost or wasted annually (Food and Agriculture
Organization of the United Nations, 2011). China has a small food
waste per capita (55 kg annually), but owing to its large population
base, total food waste is about 195 Mt annually (Braguglia et al., 2018).
About 56% of food waste in China is attributed to vegetables and fruits,
which are identified as high-potential sources for generating valuable
compounds (Braguglia et al., 2018; Sindhu et al., 2019). With the
strategy of developing potato as a staple food in China, potato as a
major food crop has become an increasingly essential vegetable in the
human diet. About one-third of potatoes are used for fresh consumption
(Zhu et al., 2016). With regard to transport and storage, some decaying
or germinating potatoes have to be discarded; with regard to daily
consumption, most potatoes need to be peeled, resulting in a large
amount of potato peel residue. Potato waste residue has high contents
of moisture and starch, protein, non-starch polysaccharide, and other
nutrients, rendering it ideal as a carbon source for fermentation (Liang
et al., 2016; Sepelev and Galoburda, 2015). It can be used to produce
lactic acid by mixed culture fermentation (Liang et al., 2015; Liang
et al., 2016), as culture media for bacterial cellulose production
(Abdelraof et al., 2019), as feedstock for biobutanol or bioethanol
production (Chohan et al., 2020; Hijosa-Valsero et al., 2018; Khawla
et al., 2014), as base materials for biodegradable films (Xie et al.,

2020.), as a potential source for the extraction of steroidal alkaloids and
starch (Hossain et al., 2014; Torres et al., 2020), as a precursor to
synthesizing biochar (Sun et al., 2017; Yang, et al., 2018), and for
biogas production by anaerobic digestion (AD) (Liang et al., 2015;
Liang and Mcdonald, 2015).

An alternative approach to potato waste management is AD, which
consists of a series of reactions: hydrolysis, acidogenesis, acetification,
and methanogenesis. Notably, hydrolysis and acidogenesis of mono-
phasic digesters for potato waste can be completed quickly, resulting in
the rapid accumulation of volatile fatty acids (VFAs) and further in-
hibiting the activity of methanogenic microorganisms (Kaparaju and
Rintala, 2005; Pistis et al., 2013). Compared with end products (me-
thane), intermediate products — VFAs, can be more valuable substrates
for some advanced products (Dai et al., 2020). Thus, potato peel waste
(PPW) is an ideal feedstock for the production of VFAs by mixed culture
fermentation. There are some advantages in this way, including ease of
degradation, thus requiring no pretreatment, and the lack of need for an
additional methanogenic inhibitor to stop the conversion of short-chain
fatty acids to methane.

As potential and renewable carbon sources, VFAs can have wider
applications, such as the biosynthesis of polyhydroxyalkanoates (PHAs)
(Lee et al., 2014), biological removal of nutrients from wastewater
(Zheng et al., 2010; Li et al., 2011), or bioenergy (Fei et al., 2011; Zong
et al., 2009). Controlling the composition of VFAs affects the perfor-
mance of downstream processing (Jankowska et al., 2015). Bengtsson

https://doi.org/10.1016/j.biortech.2020.123851
Received 3 June 2020; Received in revised form 10 July 2020; Accepted 11 July 2020

⁎ Corresponding author.
E-mail address: zhuying7711@sdut.edu.cn (J. Zhu).

Bioresource Technology 316 (2020) 123851

Available online 17 July 2020
0960-8524/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2020.123851
https://doi.org/10.1016/j.biortech.2020.123851
mailto:zhuying7711@sdut.edu.cn
https://doi.org/10.1016/j.biortech.2020.123851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2020.123851&domain=pdf


et al. (2008) reported that acetate and butyrate tend to form hydro-
xybutyrate monomers in the polymer, and propionate tends to increase
the amount of hydroxyvalerate. PHA with hydroxyvalerate shows in-
creased elasticity and flexibility. Thus, when PHA is to be produced
using the fermentation broth, the fermentation technique has to be
regulated to increase the concentration of propionate. Zhou et al.
(2018) summarized and reviewed the strategies for enhancing VFAs
that can be used to adjust and control their distribution. Environmental
conditions, including pH, organic loading time, and retention time,
affect VFA moieties. Butyric acid production from food waste is domi-
nant under treatment with pH 6.0–7.0, whereas acetic acid production
is promoted under treatment with pH 5.0 or uncontrolled pH (Jiang
et al., 2013). Yu and Fang (2002) indicated that propionate was favored
during AD of dairy wastewater with pH 4.0–4.5, and acetic acid was the
main product when pH was set at 5.0–6.5. Jankowska et al. (2017)
reported that acetate and butyrate were the major products under
acidic conditions, and acetate and propionate were the main products
under alkaline conditions. The distinct research results suggest that the
production of specific VFAs and distribution of VFAs depend not only
on pH but on the type of substrates as well. Elucidating the effects of
regulation on certain types of substrates can guide the selective pro-
duction of VFAs and the application in downstream steps.

The effects of pH on the metabolic mechanism of VFAs during AD of
PPW are rarely reported. In this study, the influence of pH adjustment
on VFA composition and production during AD of PPW was system-
atically evaluated. Changes in VFA, NADH level, activities of key en-
zymes, and intermediate products during digestion were analyzed to
determine the mechanism underlying the effect of pH on the efficiency
of VFA production via AD of PPW.

2. Materials and methods

2.1. Inoculum and substrate

The inoculum came from the reacted active sludge of a mesophilic
liquid anaerobic digester (Zibo, Shandong Province, China) fed with
cattle dung. The inoculum was stored at 4 °C before use. PPW manually
peeled from fresh products, was collected from a student cafeteria at
Shandong University of Technology (Zibo, Shandong Province, China).
The substrate was stored at 4 °C and beaten with a beater machine
before use. The basic properties of the feedstock and inoculum are listed
in Table 1.

2.2. Batch experiments

Batch tests were conducted at 37 °C in a continuous stirred-tank
reactor with working a volume of 5 L. The inoculum and PPW were
mixed in the inoculum size of 8% (based on volatile solids content
(VS)). The total solid content (TS) of the digested material was adjusted
to 10% by using tap water. The temperature was maintained at
37 °C ± 0.5 °C, and the stirring rate was set at 300 r/min. The 4 mol/L
HCl and NaOH solution was used to adjust the pH automatically. The
pH level was maintained at 5.0, 7.0, and 11.0 during AD, and treatment

with uncontrolled pH was used for comparison. Each reactor was flu-
shed with nitrogen gas (N2) for 3 min before sealing. Samples were
collected at the following time points: 4 h, 12 h, 2nd day, 3rd day, and
5th day.

2.3. Analytical methods

To quantify the VFA, 10 mL of the collected samples was centrifuged
at 12000 rpm for 15 min. The supernatant was filtered with 0.45 μm
nylon syringe filters and 20% formic acid was used to adjust the
pH < 3.0 for subsequent analysis. A gas chromatographer (GC6890,
Agilent Technologies, Wilmington, USA) equipped with a flame ioni-
zation detector (FID) was used to measure the VFA. The Nukol free fatty
acid-phase fused silica capillary column (DB-FFAP,
30 m × 0.53 mm × 1 µm) was used. The heating program was as
follows: the temperature was maintained at 60 °C for 5 min, then in-
creased to 200 °C at a rate of 8 °C/min, and held at 200 °C for 3 min.
High-purity nitrogen (99.999%) was used as the carrier gas at a flow
rate of 2.0 mL/min. The temperatures of the injector and the detector
were set to 250 °C and 300 °C, respectively. The supernatant retained
after centrifugation (12,000 rpm, 15 min), which was filtered using
0.45 μm nylon syringe filters, was used to determine soluble chemical
oxygen demand (SCOD). A chemical oxygen demand (COD) analyzer
(6B-3000A, Shengaohua Co., China) was used to measure the SCOD.
The NADH level was determined using the method described in the
study by Zhang et al. (2019). Glucose was analyzed using the dini-
trosalicylic acid (DNS) colorimetric method (Saqib and Whitney, 2011).
The reaction between pyruvic acid and 2,4-dinitrobenzene can produce
pyruvate-2,4-dinitrophenylhydrazone, which is fuchsia–red in an al-
kaline solution. The mixed solution after the reaction was measured
using an the Shimadzu UV-2550 spectrophotometer at 520 nm to de-
termine the pyruvic acid. Specific steps were conducted as described in
the study by Cooper et al. (2010), with slight modifications. Lactic acid
was determined by p-hydroxybiphenol colorimetry as previously de-
scribed (Wang et al., 2014). The principle is in accordance with the
catalysis of copper ions, lactic acid reacts with concentrated sulfuric
acid to form acetaldehyde, which can interact with p-hydroxybiphenyls
to form a characteristic reddish purple substance at 565 nm. The en-
zymatic activity of acetate kinase (AK) and butyrate kinase (BK) was
determined using ELISA test kits (Meimian Co., China), following the
instructions provided by the manufacturer.

3. Results and discussion

3.1. Effect of pH on VFAs production

Some complex macromolecular organic materials in the PPW, such
as starches and proteins, were converted to organic acids by hydrolytic
bacterium and acidogenic microorganisms (Liang and McDonald,
2014). Changes in SCOD, VFA concentration, and VFA/SCOD are
shown in Fig. 1. For the SCOD, it can be seen as an indication of hy-
drolysis performance (Hussain et al., 2017). The maximum SCOD
concentration of 49.4 g/L was achieved with pH 11.0 after fermentation
for 3 d and then decreased to 31.9 g/L. This reduction could be at-
tributed to the lower production rate of the SCOD than that of its
consumption rate. The SCOD fermented using pH 7.0 reached its
maximum concentration on day 2, maintaining this level until the end
of the fermentation process. These results agreed with the previous
finding that the neutral conditions could improve the hydrolysis effi-
ciency of food waste (Hussain et al., 2017). The maximum SCOD con-
centration achieved using uncontrolled pH was 32.6 g/L, and that
achieved with pH 5.0 was 20.0 g/L. SCOD slightly changed when pH
was set to 5.0 during fermentation. The aforementioned results reveal
that neutral or alkaline conditions can potentially accelerate the solu-
bilization of organic particles, whereas acidic conditions can inhibit the
process. AD of kitchen waste reportedly shows higher efficiency in

Table 1
Characteristics of PPW and inoculum.

Parameter Potato peel waste Inoculum

pH 5.94 7.56
TS (%) 15.75 15.21
VS (%) 14.24 7.16
C (%) 35.36 10.95
N (%) 1.35 1.40
Carbohydrate (%) 8.68 2.10
Ash (%) 1.41 7.66

Note: All parameters are based on wet weight.
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hydrolyzing carbohydrate, protein, and lipid at pH 7 than that at pH
5.0, 9.0, and 11.0 (Zhang et al., 2005). This finding contradicted Ma
et al. (2019). Notably, among all treatments, the treatment with pH 7.0
and 11.0 achieved the highest hydrolysis performance in this study. The
difference might be attributed to the abundance of protein in potato
peel (Jeddou et al., 2016; Choi et al., 2016). That is, the enhancement
of SCOD formation during fermentation with pH set to 11.0 was pri-
marily caused by the hydrolysis and release of proteins under alkali
conditions. Lin and Li (2018) reported that alkali pretreatment mainly
influenced the hydrolysis and acidogenesis of protein. The low extent of
hydrolysis when pH was set to 5.0 could be caused by the low pH,
inhibiting the activity of hydrolytic bacteria. Several studies have re-
ported that amylolytic microorganisms become inactive when pH was
below 5.4 (Therion et al., 1982; Hussain et al., 2017).

Moreover, pH affects not only hydrolysis but acid production as well
during AD. VFA production and its changing trend in each reactor were
significantly different (Fig. 1B). The maximum VFA concentration
(44.2 g COD/L) was achieved in the reactor with pH 7.0, followed by
that with uncontrolled pH (21.6 g COD/L), pH 5.0 (18.1 g COD/L), and
pH 11.0 (58.0 g COD/L). The highest yield of VFAs of 632.2 mg COD/g
VSfed at pH 7.0 was 1.3, 19.1, and 1.0 times higher than those at pH 5.0,

pH 11, and uncontrolled pH (Table 2). Under treatments with un-
controlled pH and pH 5.0, the yield of butyric acid was the highest,
reaching 157.2 and 128.1 mg COD/g VSfed respectively; at pH 7.0, it
mainly produced acetic acid, propionic acid and butyric acid were
mainly produced, and the output levels were 289.5, 180.2, and
153.0 mg COD/g VSfed, respectively; Under treatment with pH 11.0, the
highest acetic acid yield was 28.4 mg COD/g VSfed, which was con-
siderably lower than those under other treatments. Notably, after fer-
mentation for 4 h, acidification of the reactors with pH 5.0 and 11.0
were inhibited, whereas that of the reactors with pH 7.0 and un-
controlled pH increased steadily. This finding can be attributed to the
adaptation of the microorganisms in the inoculum to the neutral con-
ditions and a sudden change in pH, which slightly inhibited the activity
of the microorganisms. Liu et al. (2012) found that the abundance of
microorganisms under neutral conditions was richer than that under
acidic or alkaline conditions. At the uncontrolled pH, VFA production
was maintained at almost 20 g COD/L after 24 h; the pH was then
reduced from 7.0 to 4.9. After fermentation for 2 d, acidogens were
gradually recovered in the reactor with pH 5.0. VFA concentration was
considerably higher during AD with pH 7.0. Acidification with pH 11.0
was almost fully suppressed, whereas hydrolysis was highly activated.

Fig. 1. Variation of SCOD concentration (A), total VFA concentration (B) and VFAs/SCOD (C) at different pH of PPW fermentation.

Table 2
Effects of pH on VFA production from PPW.

Uncontrolled pH pH = 5 pH = 7 pH = 11

VFA yield (mg COD/g VSfed) 309.5 272.6 632.2 31.4
Acetic acid yield (mg COD/g VSfed) 69.3 46.6 289.5 28.4
Propionic acid yield (mg COD/g VSfed) 3.7 6.8 180.2 1.9
Butyric acid yield (mg COD/g VSfed) 157.2 128.1 153.0 1.1
Hexavnoic acid yield (mg COD/g VSfed) 78.3 89.4 0 0
Ethanol (g COD/L) 2.7 1.2 1.1 1.0
SCOD (g/L) 26.8 20.0 47.4 31.9
VFAs/SCOD (%) 76.5 90.4 88.4 6.5
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Lin and Li (2018) indicated that a higher pH led to higher hydrolase
activity. This difference could be attributed to the high concentration of
Na+. Previous studies have indicated that excessive Na+ impeded VFA
production (Jin et al., 2016; Zhao et al., 2017). During the entire fer-
mentation, no methane production was detected, and only a small
amount of CO2 was produced within the first 48 h of fermentation. This
result indicated that the rapid hydrolysis and acidification of PPW in-
hibited the activity of methanogens, prevented the further conversion
of VFA to methane, and improved the accumulation of VFA. Therefore,
PPW was an ideal carbon source for VFA production.

The acidogenic efficiency could be calculated using the ratio VFA/
SCOD (Jankowska et al., 2017; Jin et al., 2019). The variation in VFA/
SCOD is presented in Fig. 1C. As shown in the figure, the acidogenic
efficiency under treatment with pH 7.0 is significantly higher than at
other pH levels. The average VFA/SCOD values at different pH levels
were as follows: 59.6% with uncontrolled pH, 48.3% with pH 5.0, 8.7%
with pH 11.0, and 85.1% with pH 7.0. The lowest conversion rate of
SCOD into VFA was achieved with pH 11.0, indicating that a higher
hydrolysis rate does not indicate a higher rate of acidogenesis. This
result contradicted other studies (Liu et al., 2012; Jankowska et al.,
2017). This inconsistency could be attributed to the high salt content
and alkaline conditions that caused irreparable injury to microbes
during the initial fermentation. The changes in VFA production, SCOD
concentration, and VFA/SCOD under treatment with pH 5.0 indicated
that the activity of the hydrolytic and acidogenic bacteria was inhibited
by the acidic conditions (Farouk et al., 2019).

3.2. Effect of pH on VFAs composition

The type of VFA plays a significant role in its further application,
rendering the analysis of VFA composition important (Jiang et al.,
2011). The high percentage of acetate in waste-derived VFAs promotes
electricity generation (Lee et al., 2014). Waste-derived VFA is one of the
renewable resources for the production of mixed culture PHA. Acetate
and propionate are precursors for the synthesis of polyhydroxybutyrate
and polyhydroxyvalerate, respectively (Jiang et al., 2011). On the basis
of the distribution of major products, AD can be divided into 6 types:
the acetate–ethanol, propionate, butyrate, mixed, lactate, and the
homoacetogenic pathway (Zhou et al., 2018). Fig. 2 shows the per-
centage of individual VFAs by using different pH levels, with acetic and
butyric acid as the main products. Acetic acid was the primary product
treated with pH 7.0 and 11.0, comprising 46%-77% and 74%-92% of
the total VFA, respectively, whereas butyric acid comprised the main
product with pH 5.0 and uncontrolled pH, comprising 11%-75% and
38%–82% of the VFA mix, respectively. Acetate–ethanol fermentation
only occurred during the first 12 h under treatment with pH 5.0 and 7.0
and uncontrolled pH, whereas with pH 11.0, this type of fermentation
was maintained throughout the process. Owing to the robustness of the
acetate metabolic pathway under alkaline conditions (Huang et al.,
2016), acetic acid was still produced even when fermentation was al-
most inhibited under treatment with pH 11.0. After 12 h, butyrate type
fermentation was the main reaction under treatment with uncontrolled
pH, and mixed-type metabolic pathway was the main reaction with pH
7.0. Moreover, BK exhibited increased activity in the first 2 d under
treatment with uncontrolled pH, suggesting that the butyrate-type
pathway was dominant (Fig. 5). The butyrate-type metabolic pathway
was also favored under acidic conditions (Zhou et al., 2018). Under
treatment with pH 7.0, the percentage of propionic acid increased as
fermentation continued, whereas the content of acetic acid deceased.
When the pH was set to 5.0, butyric acid was the dominant product, and
the percentage of acetic acid decreased after 2 d. This result is con-
sistent with the data on the activities of BK and AK (Fig. 5). Notably,
with an increase in pH, the percentage of butyric acid decreased. Under
treatment with pH 5.0 and uncontrolled pH, the hexanoic acid content
comprised about 20% of total VFAs at the end of fermentation. This
result could be attributed to the chain elongation reaction between

acetate, butyrate, and ethanol (Agler et al., 2011). The ethanol con-
centration gradually decreased as the pH increased (Table 2). Under the
treatment with uncontrolled pH, the highest concentration of ethanol
was obtained—that is, more than twice as high as other groups. The
VFA products from PPW were relatively simple and were beneficial for
separation and purification.

3.3. Effect of pH on intermediate products

On the basis of the metabolic pathways of hydrolysis and acid-
ogenesis, glucose, pyruvic acid, and lactic acid were the primary in-
termediate products. Starch in PPW is converted into glucose by hy-
drolase, glucose is converted to pyruvate by glycolysis, and pyruvate is
converted into lactic acid, acetic acid, propionic acid, butyric acid, and
so on (Chen et al., 2013). The variations in the concentration of glucose,
pyruvic acid, and lactic acid during AD of PPW are presented in Fig. 3.
It can be concluded that the glucose concentration was higher under
acidic and alkaline conditions than under neutral conditions during the
initial stage. Under treatment with pH 5.0 and 11.0, organic matter was
more easily hydrolyzed because of the acid treatment or alkali treat-
ment, resulting in increased glucose. Therefore, when the pH decreased
to lower than 5 after 12 h, the glucose concentration at uncontrolled pH
suddenly increased. After fermentation for 24 h, the glucose con-
centration in all treatments was below 1000 mg/L, indicating a balance
between production and consumption of glucose. On the basis of the
results of VFA production, the higher concentration of glucose did not
coincide with the highly efficient VFA production. This lack of agree-
ment shows that acidification, rather than hydrolysis, was the rate-
limiting step for VFA production from PPW by AD.

Pyruvic acid is a critical control point in the metabolic network. A
higher concentration of pyruvic acid was achieved with pH 11.0 than
when other pH levels were applied, which could be attributable to
acidogenic bacteria being suppressed by high salt concentrations and
resulting in the accumulation of pyruvic acid. This result agreed well
with VFAs production. The concentration of pyruvic acid increased at
the beginning of the reaction (0–12 h) at uncontrolled pH and pH 7.0
and was then maintained at a relatively stable station. Compared with
the production of VFAs and lactic acid, pyruvate was mainly converted
into acetic acid, propionic acid and butyric acid after 12 h under
treatment with pH 7.0. The concentration of pyruvic acid in the reactor
with pH 5.0 was nearly constant after fermentation for 4 h. On day 2 of
fermentation, pyruvate remained at a low concentration, however, the
VFA concentration barely increased and the lactic acid concentration
sharply increased, indicating that most of the pyruvate was converted
to lactic acid by the action of lactate dehydrogenase at this stage
(Phypers and Pierce, 2006).

Lactic acid is an intermediate in the production of propionic acid
(Lee et al., 2008). The concentration of lactic acid under acidic condi-
tions was generally higher than that under alkaline and neutral con-
ditions during the entire fermentation process. The highest propionic
acid production was achieved with pH 7.0, but the concentration of
lactic acid was slightly lower than that at other pH levels. The reason
could be that propionic acid was mainly produced by some acidogenic
bacteria such as Propionibacterium and Bifidobacterium (Zhou et al.,
2018).

3.4. Effect of pH on NADH level

NADH and NAD+ are crucial in electron transfer in biological sys-
tems (Farabegoli et al., 2003). Some studies have suggested that NADH
and NAD+, as well as the energy metabolism, death, and various cel-
lular functions in cells are closely interrelated (Ying, 2006). Various
oxidation/reduction reactions in cells are facilitated by the electron
transfer between the oxidized and reduced forms of this coenzyme
(Zhang et al., 2019). When the fermentation is conducted under anae-
robic conditions, a large amount of NADH produced by substrate

Y. Lu, et al. Bioresource Technology 316 (2020) 123851

4



degradation needs to be re-oxidized to NAD+ during acidification to
achieve NADH recycling to allow glycolysis and fermentation to con-
tinue (Chu et al., 1996; Zhou et al., 2018; Zhang et al, 2019). NADH is
fluorescent, and its oxidized forms (NAD+) exhibit no fluorescence.
When the cellular redox state changes, the autofluorescence signal
changes accordingly (Piston and Knobel, 1999). Thus, NADH levels can
be regarded as an indicator of the metabolic state in the reactors (Zhang
et al., 2019). Within NADH standards, NADH concentration is propor-
tional to fluorescence intensity (Wos and Pollard, 2006). Fig. 4 shows
that the fluorescence intensity of NADH ranges from 1.3 to 3.0 AU at
different pH levels. The fluorescence intensity under treatment with pH
7.0 exhibited a trend similar to that under treatment with pH 11.0 and
uncontrolled pH, but the value and margin of fluctuation of fluores-
cence intensity with pH 7.0 were significantly smaller than those under
treatment with other pH levels. Wos and Pollard (2009) found that
when the cell metabolism was active, the concentration of NADH was
the lowest. As mentioned in previous sections, the markedly high SCOD
and VFA concentration were also achieved with pH 7.0. These results
suggest that when the NADH level achieves a relatively low and ba-
lanced state in the system, the fermentation process also reaches an
appropriate balance (Chu et al., 1996), and VFA production is im-
proved.

In the acidification stage of AD, two molecules of NADH are excess
during acetate production, and generating butyrate can consume two
molecules of NADH (Zhou et al., 2018). The reduction in the fluores-
cence intensity of NADH at uncontrolled pH during the first 2 d could
be attributed to the consumption of NADH in the conversion of pyr-
uvate to butyric acid. Under treatment with pH 7.0, the slight fluc-
tuation of NADH in the whole fermentation might be caused by the
different ratios of acetic acid, propionic acid and butyric acid produc-
tion. Under treatment with pH 5.0, the fluorescence intensity of NADH

decreased after 2 d, and the activity of BK increased simultaneously
(Fig. 5). The reason could be that the butyric acid production rate was
higher than the substrate degradation rate during this period, causing
the total amount of NADH to decrease. This result was consistent with
the dominance of the butyrate-type pathway in the late stages of fer-
mentation with pH set to 5.0. Under alkaline conditions (pH = 11), the
signal intensity of NADH decreased to 1.73 AU on day 2 and increased
to 3.03 AU on day 3, which was higher than the signal intensity under
other treatments. This difference could be attributable to the enzyme in
the metabolic process of NADH consumption being inhibited to a cer-
tain extent by the strong alkaline condition in the initial stages. The
activity of BK was considerably lower than that under other treatments.
After 3 d, the high production of acetic acid resulted in a large surplus
of NADH (Zhou et al., 2018; Chu et al., 1996).

3.5. Effect of pH on the activity of AK and BK

To further analyze the mechanism of different metabolic types at
different pH levels, the key enzymes in the production of each organic
acid were determined. In the metabolic pathway of pyruvate conversion
to acetic acid, the key enzymes are AK and phosphotransacetylase
(Bock et al., 1999). In the pathway of butyrate production, the key
enzyme is BK and phosphotransbutyrylase (Zhu and Yang, 2004).
Changes in key enzymatic activities in different types of acidogenic
fermentation are shown in Fig. 5. With pH levels set to 5.0 and 11.0, the
enzymatic activity of AK was higher than that of BK, and all enzymatic
activities were lower than those at uncontrolled pH and pH 7.0. These
findings are consistent with the data on total VFA production and VFA/
SCOD. The results indicated that constant acidic and alkali conditions
inhibited the activity of acidogenic bacteria to a certain extent. At
uncontrolled pH and pH 7.0, the activities of AK and BK were consistent

Fig. 2. Variation of VFA composition at different pH (A: uncontrolled pH; B: pH = 5; C: pH = 7; D: pH = 11) of PPW fermentation.
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with the production of acetic and butyric acid, suggesting that the ac-
cumulation of acetic and butyric acid at those pH levels were mainly
derived from the pyruvate produced by glycolysis. The NADH results
revealed that the change in NADH was consistent with the enzymatic
activity. When the activity of BK was higher, the fluorescence intensity
of NADH decreased; when the activity of AK was higher, a certain
amount of NADH was released, and the fluorescence intensity of NADH
increased accordingly. The activity of AK and BK when pH was set to
7.0 was higher than when other pH levels were used, which was con-
sistent with the VFA production (Fig. 1B). With pH set to 5.0, the

activity of AK decreased gradually, and the activity of BK decreased first
and then increased. The behavior of the butyric acid production sug-
gests that the glycolytic pyruvate pathway is the main metabolic
pathway for the formation of butyric acid. The activity of AK was
considerably higher than that of BK with pH set to 11, which was
consistent with the results for NADH (Fig. 4). This result indicated that
the dominant acetic acid was converted from pyruvate. At the end of
the fermentation process, the activity of AK increased when pH was set
to 11 and was even higher with other pH levels. As discussed in pre-
vious sections, VFA production increased in the reactor with pH 11.0 at
the end of fermentation. These results were consistent.

4. Conclusion

In this study, the highest VFA production of PPW by AD was
achieved under the treatment with pH 7.0, followed by that with un-
controlled pH, pH 5.0, and pH 11.0. Methane production was sup-
pressed by rapid VFA accumulation. Under treatments with un-
controlled pH and pH 5.0, butyric acid was the main VFA product. The
fermentation types at pH 11.0 and 7.0 were acetate and mixed-acid
types, respectively. A stable and low NADH level improved VFA pro-
duction. The enzymatic activities of AK and BK at pH 5.0 and 11.0 were
lower than those at pH 7.0 and uncontrolled pH.
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