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Abstract: For pollution control and waste utilization, a promising future direction is to obtain high-
value carbon sources from organic waste. In this experiment, swine manure was efficiently converted
into high concentration volatile fatty acids through continuous hydrolysis-acidification bioreactors.
This study determined the process conditions, the composition distribution of volatile fatty acids
and the availability of fermentation broth. The results showed that the reactor with a hydraulic
retention time of 1.5 days had the optimal production performance of volatile fatty acids. The highest
hydrolysis degree (62.2%) and acidification degree (42.5%) were realized in this reactor at the influent
soluble chemical oxygen demand of 5460 mg/L. Furthermore, when the influent soluble chemical
oxygen demand was 7660 mg/L, volatile fatty acids of 6065 mg-COD/L could be produced stably,
and the proportion of volatile fatty acids in soluble chemical oxygen demand was the largest (75%).
Additionally, the fermentation broth rich in volatile fatty acids could be applied to deep nitrogen
and phosphorus removal. This work provides a productive approach to resource recovery from
swine manure.

Keywords: swine manure; continuous hydrolysis and acidification; volatile fatty acids; hydraulic
retention time; fermentation broth

1. Introduction

With the sharply increasing demand for porcine meat [1,2], the rapid development of
large-scale pig farms has resulted in a massive amount of swine manure emissions. Unrea-
sonable discharge or treatment of swine manure will bring serious environmental pollution
problems, resulting in enormous economic loss and waste of resources. Swine manure is
a potential biomass resource. Proper management and utilization of swine manure can
reduce the pollution of the ecological environment and promote the development of the cir-
cular bio-economy. Anaerobic digestion is one of the most widely adopted technologies for
waste valorization into resources [3,4]. The anaerobic digestion process basically consists of
four main stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [5]. Volatile
fatty acids (VFAs) are produced during the stages of acidogenesis and acetogenesis. Hence,
the production time of VFAs is much shorter than that of methane. VFAs can be used as
raw materials for the production of bioplastics [6] and bioenergy [7,8], as well as additional
carbon sources for nitrogen and phosphorus removal in wastewater treatment [9,10]. The
economic value of producing VFAs from agroindustrial residues has been reported to
be more than three times higher than that of methane production [11]. In view of this,
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directional conversion of organic matter in swine manure to VFAs plays a vital role in the
utilization of resources from swine manure.

The production yield, efficiency and composition of VFAs are significantly affected
by the operational conditions of the hydrolysis and acidification process, such as pH, tem-
perature, hydraulic retention time (HRT), solids retention time (SRT) and organic loading
rate (OLR) [12]. To increase the degree of hydrolysis-acidification and inhibit or reduce
methane production, the optimum process parameters of hydrolysis and acidification of
swine manure were investigated. It has been found that the highest production of VFAs can
be reached at an initial pH of 10.0 in the hydrolysis and acidification of swine manure [13],
and an initial pH 10.0 pretreatment (16 days) achieved similar maximum VFAs production
faster than continued pH 10.0 adjustment (22 days) [14]. Huang et al. [15] also showed that
initial pHs of 11.0 and 10.0 were conducive to VFAs accumulation from the dry anaerobic
digestion of swine manure at 55 ◦C and 20% TS. Therefore, pH 10.0 was set as the initial
pH condition of the experiment. However, the above studies were based on batch experi-
ments. To date, there are few reports on VFAs production by continuous hydrolysis and
the acidification of swine manure. In order to obtain higher yields of VFAs, it is necessary
to establish continuous flow reactors to explore the VFAs production characteristics and
the possibility of deriving VFAs-rich fermentation broth from swine manure.

HRT is a key variable used to control the microbial activity of mixed microflora
in continuous anaerobic systems [16]. Longer HRT allows more time for microorgan-
isms to react with organic substrates, which could be advantageous to the production of
metabolites. However, prolonged HRT may lead to stagnation of VFA production [17].
Kim et al. [18,19] investigated the thermophilic acidogenesis of swine wastewater. Ac-
cording to the optimization results of the response surface methodology, the optimum
conditions for VFAs production were an HRT of 2.0 days and 51 ◦C, at which the net
concentration of VFAs was 1.7 g/L, and VFAs production was more affected by HRT than
by temperature. In addition, with the increase of the concentration of soluble chemical
oxygen demand (SCOD) in influent, the content of organic matter that can be converted into
VFAs in the reactor increases, but too high a concentration of influent SCOD will affect the
stability of the reactor. Based on the relatively few number of current reports, it is essential
to determine the optimum condition of HRT and the maximum allowable concentration of
influent SCOD for continuous hydrolysis and the acidification of swine manure.

In wastewater treatment, commercial chemical carbon sources, such as methanol,
glucose and acetate, are conventionally used as additional carbon sources to improve the
efficiency of nitrogen and phosphorus removal, but at a high price. It is a cost-effective
alternative to use VFAs produced from waste as additional carbon sources for both den-
itrification and phosphorus uptake [20]. A number of studies have demonstrated that
VFAs derived from waste are superior to traditional carbon sources in improving biolog-
ical nutrient removal [21–23]. Therefore, it has enormous potential to use swine manure
fermentation broth as an additional carbon source to enhance nitrogen and phosphorus
removal, and the feasibility of using fermentation broth in this field should be explored.

The aim of this study was to establish a continuous hydrolysis-acidification system
to obtain a large number of high-quality organic carbon sources rich in VFAs from swine
manure. Specifically, the effects of HRT and influent SCOD on the product characteristics
of continuous hydrolysis and acidification were investigated, and the optimum operat-
ing conditions for VFAs production were determined. Moreover, the VFAs composition
distribution and the application feasibility of fermentation broth in enhanced nitrogen
and phosphorus removal were analyzed. These results can offer the theoretical basis for
controlling and optimizing the production and application of VFAs from swine manure.

2. Materials and Methods
2.1. Swine Manure

The swine manure used in this study was obtained from a pig farm located in Yueyang
City, Hunan Province, China. The raw swine manure was sealed and stored in a −20 ◦C
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freezer for subsequent experiments. An appropriate amount of swine manure was thawed
in a 4 ◦C refrigerator prior to use. The characteristics of swine manure are shown in Table 1.

Table 1. Characteristics of swine manure.

Parameter Unit Value

pH – 7.1 ± 0.1
Total solids (TS) % 26.9 ± 0.1

Volatile solids/total solids (VS/TS) % 83.1 ± 0.2
Soluble chemical oxygen demand (SCOD) mg/L 71,867 ± 1820

Total chemical oxygen demand (TCOD) mg/L 191,822 ± 7705
Soluble proteins mg/L 10,073 ± 368

Soluble carbohydrates mg/L 2714 ± 93
Ammonium nitrogen (NH4

+-N) mg/L 1954 ± 78
Soluble phosphorus (PO4

3−-P) mg/L 664 ± 41

2.2. Experimental Design

Four continuous hydrolysis-acidification reactors with the same specification and
structure were employed in this study. The experimental device is depicted in Figure 1. The
HRTs of four reactors were set as 1.0 day, 1.5 days, 2.0 days and 2.5 days, which were labeled
as #1, #2, #3, and #4, respectively. Each cylindrical reactor was made of polypropylene
with a diameter of 95 mm, a height of 490 mm and an effective volume of 2 L. The reactors
were placed in the thermostat water bath at 30 ± 2 ◦C. The tops of the reactors were sealed
with rubber stoppers, and the walls were wrapped with tin foil to avoid light. Each reactor
operated independently and continuously to demonstrate the characteristics of continuous
production of VFAs under different operating conditions.

Figure 1. Schematic diagram of continuous hydrolysis-acidification reactors.

After of the swine manure samples were mixed uniformly, and 240 g of each sample
was added into reactors #1–#4 and diluted with distilled water. The initial pH was adjusted
to 10.0 with 5 M NaOH, which was the initial state of each reactor (day 0). In this exper-
iment, the microbial community of the hydrolysis-acidification function was gradually
enriched and acclimated from swine manure without additional inoculation sludge. In
addition, some manure samples were taken, and distilled water was added to adjust to
the set concentration of SCOD. The prepared influent was pumped into each reactor, and
the continuous hydrolysis-acidification reactors were started. The operational process
was divided into four stages (I, II, III and IV), with the concentrations of influent SCOD
maintained at 3670 ± 80, 5460 ± 140, 7660 ± 180 and 10,130 ± 230 mg/L, respectively
(Table S1 in the Supplementary Materials). The concentrations of influent total chemical
oxygen demand (TCOD) in four stages were 7480 ± 180, 11,200 ± 290, 15,850 ± 430 and
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21,800 ± 610 mg/L, respectively. When the variation ranges of concentrations of SCOD and
VFAs in the effluent of each stage were less than 10%, the hydrolysis-acidification system
could be regarded as a stable state, and the concentration of influent SCOD could be further
increased. During the experimental period, the reactors operated continuously for 55 days.

2.3. Analytical Methods

Total solids (TS) content was measured by drying the manure sample at 105 ◦C until
a constant weight was reached, and the volatile solids (VS) content was determined by
igniting the dried manure at 600 ◦C for 3 h. SCOD and TCOD were measured by the
dichromate reflux method, ammonium nitrogen (NH4

+-N) was determined by Nessler’s
reagent spectrophotometry method, and soluble phosphorus (PO4

3−-P) was measured
by the ascorbic acid reduction method [24]. The pH was measured by pHS-3C (REX,
Shanghai, China). The concentrations of soluble proteins and carbohydrates were measured
using the Coomassie brilliant blue method [25] and anthrone-sulfuric acid colorimetric
method [26]. The concentrations and compositions of VFAs (C2-C5) were analyzed by
gas chromatography (Echrom A90, Shanghai, China) equipped with a flame ionization
detector (FID) and a capillary column (DB-FFAP, 30 m × 0.32 mm × 0.50 um, Agilent, Santa
Clara, USA). The carrier gas was high purity nitrogen with a flow rate of 20 mL/min and
a split ratio of 10:1. The temperatures of injector and detector were 250 ◦C and 300 ◦C,
respectively. In the experiment, six kinds of VFAs were mainly produced by hydrolysis and
the acidification of swine manure, which were acetate, propionate, iso-butyrate, n-butyrate,
iso-valerate and n-valerate, respectively, according to the peak order. The conversion factors
used to calculate the COD equivalents of organic compounds were (g COD/g compound):
1.07 for acetate, 1.51 for propionate, 1.82 for iso-butyrate and n-butyrate, 2.04 for iso-valerate
and n-valerate, 1.44 for soluble proteins, and 1.19 for soluble carbohydrates [27].

2.4. Calculation Method of Acidification Degree

The acidification degree was calculated by converting each VFA in the effluent of each
reactor into COD units, and then adding these values to obtain the concentration of VFAs
(VFAs in mg-COD/L) and dividing it by the concentration of influent TCOD (TCODIn in
mg/L). The equation is shown by Equation (1) referring to the previous research [28]:

Acidification degree (%) =
VFAs

TCODIn
× 100 (1)

2.5. Statistical Analysis

The results were subjected to statistical analysis to test for significance using SPSSAU
at a significance level of p < 0.05. All of the figures were developed by Origin 2018.

3. Results and Discussion
3.1. Hydrolysis-Acidification Effect and Determination of Process Conditions
3.1.1. Hydrolysis Performance

The existence of soluble organic matter is the premise of VFAs production in the
hydrolysis and acidification process. A large amount of organic matter in swine manure
exists in the solid form (particulate matter). In order to produce a high concentration of
VFAs, particulate organic matter must be effectively converted into soluble organic matter
through the hydrolysis process. As reported by the literature, hydrolysis can be expressed
by the variation of SCOD concentration [29,30]. Figure 2 shows the changes of SCOD under
different concentrations of influent during the operation of four continuous flow reactors
with different HRTs.
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Figure 2. Changes of SCOD under different HRTs and influent SCOD during the continuous operation.

As shown in Figure 2, in stage I, the SCOD of each reactor decreased rapidly, then
fluctuated up and down, and became stable after 17 days of operation. The main reason
was that the original soluble organic matter in each reactor flowed out with the effluent or
was consumed by indigenous microorganisms, while the particulate organic matter was
converted into soluble organic matter slowly. When the release and degradation rate of
soluble organic matter gradually reached equilibrium, the system was in a stable state.
When the influent concentration increased in stage II, the SCOD of each reactor continued
to increase, and the differential concentration gradually became more conspicuous. The
SCOD concentrations in reactors #1–#4 were stable at 5570 ± 53, 6965 ± 175, 6510 ± 101
and 5360 ± 37 mg/L after 28 days, respectively. In stage III, the SCOD in reactor #2 (HRT
of 1.5 days) was maintained at the highest level (8080 ± 28 mg/L) after stable operation.
In stage IV, the SCOD of the four reactors rose to the highest value (reactor #2 reached
9120 mg/L), and then decreased rapidly and sharply. This fall can be ascribed to the
slow transfer of fermentation products under high influent concentration, which affected
the enzyme activity [31]. Moreover, a high substrate content may lead to imbalance of
osmotic pressure and destroy the metabolism of bacteria [31]. Compared to other reactors
in hydrolysis performance, reactor #2 attained the highest concentration of SCOD in most
cases, and hence the optimum HRT of 1.5 days was appropriate to maximize hydrolysis
and avoid methane production.

The percentage of SCOD in influent TCOD can reflect the hydrolysis degree of swine
manure and organic matter solubilization rate [30,32]. As Table 2 illustrates, the hydrolysis
degree of reactors #2 and #3 was the highest in stage II, and the hydrolysis degree of
reactors #1 and #4 decreased with the increase of influent SCOD. The maximum hydrolysis
degree in this experiment (62.2%) was much higher than the reported hydrolysis degree of
swine manure (24%) [29]. Nonetheless, in stage IV, SCOD removal began to occur in all
four reactors, and the hydrolysis degree decreased drastically. Consequently, the influent
SCOD could exert a clear effect on the hydrolysis degree. For appropriate substrate supply,
the concentration of influent SCOD should be less than 7660 mg/L.

Table 2. The hydrolysis degree of four reactors during the stable phases of stages I–IV.

Reactor
Hydrolysis Degree (%)

Stage I Stage II Stage III Stage IV

#1 56.5 ± 0.4 49.7 ± 0.5 46.2 ± 0.4 29.4 ± 0.6
#2 59.1 ± 0.3 62.2 ± 1.6 51.0 ± 0.2 29.9 ± 0.8
#3 56.9 ± 0.4 58.1 ± 0.9 48.3 ± 0.2 24.3 ± 0.3
#4 61.7 ± 0.4 47.9 ± 0.3 37.8 ± 2.1 21.1 ± 0.5
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3.1.2. Acidification Performance

The variations of VFAs concentration and SCOD concentration in four continuous flow
reactors with different HRTs were similar. As exhibited in Figure 3, the optimal conditions
of VFAs production were determined as HRT of 1.5 days and influent SCOD of 7660 mg/L,
under which VFAs concentration of 6065 ± 19 mg-COD/L was obtained continuously.
This advantage of reactor #2 can be attributed to acidogenic bacteria making full use of
hydrolysate to produce VFAs, and the fact that shorter HRT can prevent methanogens from
dominating.

Figure 3. Changes of VFAs concentration under different HRTs and influent SCOD.

When the concentration of influent SCOD rose within the allowable range, there would
be more available carbon sources and nutrients for the growth of acidogenic bacteria, and
the activity of microorganisms would also be improved. Furthermore, the VFAs production
rate of acidogenic bacteria was not correlated with the VFAs degradation rate of acetogenic
and methanogenic bacteria [3,33]. Therefore, the continuous increase of VFAs concentration
in each reactor from stage II to stage III was observed. However, the sudden increase of
influent SCOD might break the balance between substrates and the microbial community,
and change hydrolysis-acidification reactors from steady states to unsteady states [34].
Stage IV showed that although all reactors achieved high concentrations of VFAs at high
influent SCOD, they were unable to sustain high production. For instance, the maximum
concentration of VFAs produced in reactor #2 reached 6961 mg-COD/L, but then it dropped
rapidly and stabilized at about 5244 mg-COD/L. The results indicated that the activity of
acidogenic bacteria in each reactor had been affected by the high organic loading in the
influent. It is known that the accumulation of VFAs can adversely affect the fermentation
process [35], and the production rate of VFAs can be inhibited by the accumulation of
undissociated VFAs [36]. Hence, when the concentration of influent SCOD increased to a
certain level, the hydrolysis and acidification process of swine manure would be inhibited,
and the VFAs accumulated in each reactor would be consumed by methanogens, acetogenic
bacteria and sulfate-reducing bacteria. The system did not reach a steady state until the
production rate and degradation rate of VFAs were basically consistent.

The acidification degree is an important parameter in assessing the hydrolysis-acidification
system, as it represents the percentage of initial organic matter converted into VFAs and the
VFAs production level during operation. Hwang et al. [37] reported that the acidification
degree of swine wastewater was less than 25%. Figure 4 shows the changes of acidification
degree during the operation of continuous flow reactors. It can be observed that each reactor
reaches a relatively stable VFAs production level after seven to nine days of fluctuation
after increasing the influent SCOD. Among them, the average acidification degree of reactor
#2 in the stable phase of each stage was the highest, which followed a descending order as
stage II (42.5%) > stage III (38.3%) > stage I (33.7%) > stage IV (22.2%). For reactor #1, the
average acidification degree of stages I–III during the stable phases was almost at the same
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level, showing that the hydrolysis-acidification system was relatively steady. However,
the acidification degree of reactor #4 revealed a downward trend, from 32.1% in stage I to
12.8% in stage IV.

Figure 4. Changes of acidification degree during the operation process.

As illustrated in Figure 5, the pH of reactor #1 was at a high level in stages II and
III. Too short an HRT may have caused the reactor to be greatly affected by the influent,
which brought about pH changes and ultimately affected the hydrolysis and acidification
performance of reactor #1. Meanwhile, the pH of four reactors increased in stages I–III,
because the consumption of VFAs, the production of NH4

+-N, and the reduction of sulfate
could lead to the increase in alkalinity. Previous reports have shown that methanogens
mainly prefer nearly neutral pH conditions, with the optimum range being between 6.5
and 8.2 [38,39]. The change of pH may promote methanogenesis, resulting in the decrease
of acidification degree in stage III. As mentioned above, a better acidification degree (42.5%)
can be achieved by the continuous hydrolysis-acidification of swine manure at an HRT of
1.5 days and an influent SCOD of 5460 mg/L, thereby realizing efficient bioconversion of
organic matter.

Figure 5. Changes of pH during the operation process.

3.1.3. NH4
+-N and PO4

3−-P Release

The degradation of organic matters containing nitrogen or phosphorus will lead to the
release of NH4

+-N or PO4
3−-P during the fermentation process. In addition, considering the

feasibility of swine manure fermentation broth as an additional carbon source for enhanced
nitrogen and phosphorus removal, NH4

+-N and PO4
3−-P produced in the hydrolysis and

acidification process are two important parameters.
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NH4
+-N is a necessary nitrogen source for the growth of anaerobic microorganisms,

and can also be used as a buffer in the system, but a high concentration of NH4
+-N will

inhibit microbial activity [40]. Yang et al. [16] indicated that the NH4
+-N concentration of

less than 1200 mg/L had no significant effect on the biochemical acidogenic potential of
swine wastewater. According to Figure 6a, the low ammonium level in this experiment
did not adversely affect the hydrolysis and acidification process. The NH4

+-N of reactor #4
remained the highest during the stable phases of stages I and II, illustrating that reactor
#4 had the best degradation effect of nitrogenous organic matter in this period, but the
SCOD and VFAs concentration of reactor #4 was the lowest in stage II due to the role of
methanogens. Furthermore, as the SCOD and NH4

+-N of the influent increased in stages
II–IV, the NH4

+-N of each reactor increased. However, the NH4
+-N first rose and then fell

in stage IV. The possible reason was that the degradation process of nitrogenous organic
matter was inhibited after the reactor failed, and NH4

+-N was utilized by microorganisms
or reacted with coexisting ions to form precipitates. In stages II–IV, the NH4

+-N of each
reactor had no significant difference, and the variation trend was roughly the same. This
indicated that the release of NH4

+-N was less affected by HRT and was mainly related to
the influent substrate concentration.

Figure 6. Changes in the concentrations of (a) NH4
+-N and (b) PO4

3−-P during the operation process.

As shown in Figure 6, the release of PO4
3−-P during the operation process was less

than that of NH4
+-N, which was also observed by Ucisik and Henze [41] and Banister

et al. [42] in their fermentation studies. There are high concentrations of calcium and
magnesium in swine manure, which can form chemical precipitates with PO4

3−-P [43,44],
and the precipitation reaction is more complete at higher pH values [45]. In stage II, the
PO4

3−-P decreased the most in reactor #1 and increased the most in reactor #3, which
was mainly related to the pH changes of the two reactors (Figures 5 and 6b). Likewise, in
stage III, the pH value of each reactor increased, accompanied by a decrease in PO4

3−-P. To
sum, the PO4

3−-P in the swine manure fermentation broth was negatively correlated with
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the change of pH in the reactor. The main reason was that the acidic environment could
enhance the dissolution of phosphorus, while the alkaline environment could promote the
precipitation of phosphorus.

3.2. VFAs Composition Distribution Characteristics

During the hydrolysis and acidification process, the metabolic pathways can be influ-
enced by multifarious factors such as the concentration and characteristics of the substrates,
the operational conditions, and the type of inoculum bacteria [46,47]. Generally, the dis-
tribution of VFAs can reflect the metabolic pathways during acidogenic fermentation.
Accordingly, the variations of VFAs distribution during the continuous operation in four
reactors with different HRTs were analyzed in this study. As presented in Figure 7, the
percentage of acetate accounting for VFAs in each reactor shows a general downward trend,
especially in reactors #3 and #4, where the proportion of acetate decreased from 40.0% on
day 0 to 17.2% and 15.1% on day 55, respectively. This is mainly due to the enrichment
of methanogens, which use acetate to produce methane. Moreover, the proportions of
iso-butyrate and iso-valerate in all reactors indicated an overall upward trend. The pro-
portion of iso-butyrate in reactor #4 increased from 3.2% on day 0 to 13.2% on day 55, and
the proportion of iso-valerate increased from 6.2% to 24.8%. This trend can be attributed
to the conversion between VFAs through β-oxidation followed by isomerization [48]. On
the other hand, the decomposition rates of VFAs with a straight chain (normal form) are
greater than those of their respective isomers with a branched chain (iso form) [49].

Figure 7. Variations of VFAs distribution and HPr/HAc (propionate/acetate) ratio during the
continuous operation of reactors (a) #1, (b) #2, (c) #3, (d) #4.

In terms of the VFAs distribution during the stable phases of stages I–III (Table 3), the
order of individual VFA percentage in reactors #1–#3 was acetate > propionate > n-butyrate
> iso-valerate > iso-butyrate > n-valerate, which indicated that acetate-type fermentation
was the prevailing metabolic pathway of the reactors. Rajagopal and Béline [29] found a
consistent order and a similar proportion of acetate (37.2%) corresponding to the highest
VFAs production time of swine manure (842 mg/L of VFAs on day 0.5). In stages I–III,
the proportion of acetate in reactor #2 had more subtle changes (33.9–50.2%) than in the
other reactors, revealing that acetate-type fermentation in reactor #2 was more stable
within the influent concentration range of 3670–7660 mg/L. In stage IV of reactors #1–#3
and stages II–IV of reactor #4, the prevailing metabolic pathway changed from acetate-
type fermentation to propionate-type fermentation, and the proportion of propionate
was 21.1–28.3%, 20.6–29.9%, 20.4–37.0% and 23.3–41.1%, respectively. Meanwhile, acetate
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(Figure S1 in the Supplementary Materials) and n-butyrate had the greatest reduction
in concentration among the VFAs components in each reactor. This can be explained
by the fact that the degradation rates of acetate and n-butyrate are higher than that of
propionate [49].

Table 3. The mean and standard deviation of the percentage of individual VFA accounting for VFAs
in four reactors during the stable phases of stages I–IV.

Reactor Stage Acetate
(%)

Propionate
(%)

iso-Butyrate
(%)

n-Butyrate
(%)

iso-Valerate
(%)

n-Valerate
(%)

#1

I 42.6 ± 0.7 25.9 ± 0.5 4.6 ± 0.1 15.0 ± 0.7 7.7 ± 0.3 4.2 ± 0.1
II 37.4 ± 1.1 25.0 ± 0.4 6.0 ± 0.1 16.7 ± 1.2 10.1 ± 0.0 4.8 ± 0.4
III 31.2 ± 1.7 25.3 ± 0.5 6.6 ± 0.1 20.5 ± 0.2 11.4 ± 0.8 5.0 ± 0.2
IV 26.7 ± 1.2 26.4 ± 0.5 9.0 ± 0.6 17.7 ± 0.3 15.2 ± 0.9 4.9 ± 0.4

#2

I 41.6 ± 1.3 27.1 ± 0.4 4.4 ± 0.2 15.9 ± 0.7 7.2 ± 0.5 3.8 ± 0.2
II 38.9 ± 0.8 25.6 ± 0.2 6.0 ± 0.1 15.4 ± 0.4 10.2 ± 0.1 4.0 ± 0.0
III 34.8 ± 1.2 22.2 ± 0.1 6.4 ± 0.3 19.4 ± 0.5 11.7 ± 1.0 5.6 ± 0.3
IV 23.7 ± 2.2 29.3 ± 0.7 10.2 ± 0.6 16.4 ± 0.4 16.0 ± 1.0 4.5 ± 0.3

#3

I 40.9 ± 0.5 29.2 ± 0.6 4.4 ± 0.1 14.4 ± 0.4 7.5 ± 0.3 3.5 ± 0.2
II 36.1 ± 0.6 29.2 ± 0.2 5.5 ± 0.2 16.4 ± 0.1 9.1 ± 0.4 3.9 ± 0.1
III 27.7 ± 1.1 26.3 ± 1.0 7.1 ± 0.3 20.8 ± 0.5 12.6 ± 0.5 5.5 ± 0.3
IV 18.5 ± 1.4 35.2 ± 1.6 12.2 ± 0.8 7.1 ± 0.8 21.7 ± 0.6 5.3 ± 0.4

#4

I 42.6 ± 1.5 26.7 ± 0.2 5.0 ± 0.4 13.0 ± 0.8 9.2 ± 0.2 3.5 ± 0.3
II 22.6 ± 1.0 32.7 ± 0.6 8.0 ± 0.2 18.3 ± 0.4 13.5 ± 0.1 5.0 ± 0.1
III 19.1 ± 1.0 30.7 ± 1.1 9.4 ± 0.7 17.4 ± 0.7 16.1 ± 0.4 7.3 ± 0.4
IV 14.6 ± 0.7 39.6 ± 1.2 13.4 ± 0.2 4.0 ± 0.2 24.4 ± 0.7 4.0 ± 0.2

The HPr/HAc ratio is an important parameter in the evaluation of the stability of
an anaerobic system, and can be used as a warning indicator of reactor failure caused by
organic overload [50]. However, the HPr/HAc ratio depends on feedstock composition
and operational conditions. Hill et al. [51] considered that an HPr/HAc ratio greater than
1.40 indicates impending reactor failure, while Weiland [52] proposed that the HPr/HAc
ratio in a stable system should be lower than 1.00. Variations of HPr/HAc ratio in four
reactors during the operation process were statistically evaluated, as shown in Figure 8.
The HPr/HAc ratios of reactors #1–#3 basically obey normal distributions, which may
make HPr/HAc an effective indicator for monitoring the hydrolysis-acidification system.

Figure 8. Variations of HPr/HAc ratio in four reactors during the operation process.
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Figure 8 illustrates that the longer the HRT, the greater the fluctuation range of the
HPr/HAc ratio, and the lower the stability of the hydrolysis -acidification system. The
distribution of HPr/HAc ratio in reactor #2 was the most concentrated, ranging from 0.58
to 0.68 (1st and 3rd quartiles). Also, more than 95% of HPr/HAc values in reactors #1 and
#2 did not exceed 0.95, which was the upper limit of reactor #1 and could be used to judge
the status of the hydrolysis-acidification system. It can be seen from Figure 7 that the stages
of each reactor with HPr/HAc ratio greater than 0.95 were stage IV of the reactors #1 and
#2, stages III and IV of reactor #3, and stages II–IV of reactor #4. Obviously, the HPr/HAc
ratios of reactors #3 and #4 in stages III and IV were large, indicating poor system stability,
while the VFAs production performances of reactors #1 and #2 were relatively stable in
long-term operation. The HPr/HAc ratio of reactor #2 (0.57–0.65) was significantly kept at
the minimum among all the reactors, especially in stage III.

The above results suggest that a high influent concentration may change the distribu-
tion of VFAs and affect the prevailing metabolic pathway in the reactors. The continuous
fermentation at an HRT of 2.5 days was conducive to methane production, while the
hydrolysis-acidification system was more stable at an HRT of 1.5 days, which promoted
VFAs production and reduced VFAs consumption. In addition, the HPr/HAc ratio was a
reliable indicator for assessing the performance of VFAs production and the stability of the
continuous hydrolysis-acidification system. According to the HPr/HAc ratio, the stable
operation conditions of the system for VFAs production were an HRT of 1.5 days and an
influent SCOD of 7660 mg/L.

3.3. Application Feasibility Analysis of Fermentation Broth
3.3.1. Distribution of Organic Carbon Sources

Figure 9 provides the distribution of organic carbon sources in four continuous flow
reactors at different HRTs on days 20, 31, 42 and 55, which were in the stable phases of
stages I–IV, respectively. The main components of SCOD were VFAs, soluble proteins and
soluble carbohydrates. The variations of soluble proteins and soluble carbohydrates are
shown in Figures S2 and S3 in the Supplementary Materials. Besides, the remainder of
SCOD may include lipids, long-chain fatty acids, amino acids, some peptides insensitive to
Coomassie brilliant blue reagent, other soluble C1–C5 metabolic products, etc., [53]. As
illustrated in Figure 9, VFAs were the largest component of SCOD in the four reactors. In
most cases, the VFAs/SCOD ratio of reactor #2 is the largest among all reactors, with the
ratios of 57%, 69%, 75% and 75% on days 20, 31, 42 and 55, respectively. Rajagopal and
Béline [29] examined the anaerobic fermentation potential of various organic substrates and
determined that the VFAs/SCOD ratio of pretreated and untreated secondary sludge was in
the range of 66–70%, whereas that of swine and cattle manure was 34–39%. Garcia-Aguirre
et al. [54] found that during the fermentation of slaughterhouse wastewater, paper mill
wastewater, winery wastewater, crude glycerol, sewage sludge, municipal solid waste, and
meat and bone meal at an initial pH of 10 and a temperature of 35 ◦C, the VFAs/SCOD
ratios can reach 11%, 37%, 57%, 47%, 50%, 94% and 52%, respectively. In this study, the
VFAs/SCOD ratios of reactors #1–#4 were all more than 50% during the stable phases,
and all reached the maximum values in stage IV, which were 82%, 79%, 79% and 66%,
respectively. In conclusion, a fermentation broth with a high VFAs/SCOD ratio could be
acquired in the continuous flow reactors after the initial pH of swine manure was adjusted
to 10.0, which indicated that swine manure had immense potential for VFAs production,
and the fermentation broth rich in VFAs had broad application prospects.
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Figure 9. Distribution of organic carbon sources during the operation process.

3.3.2. Availability Analysis of Fermentation Broth Applied to Enhanced Nitrogen and
Phosphorus Removal

When the swine manure fermentation broth is used as an additional carbon source
for enhanced nitrogen and phosphorus removal, the presence of NH4

+-N and PO4
3−-P in

the fermentation broth will consume VFAs and reduce the utilization rate of carbon source.
Studies have shown that 2.86 and 6–9 mg COD are needed to remove 1 mg N and 1 mg P
from wastewater by biological methods, respectively [9]. During the stable phases of stage
II, the mean concentrations of NH4

+-N and PO4
3−-P in the fermentation broth of reactor #2

were 371 and 91 mg/L, respectively, and the available VFAs in reactor #2 were calculated
to be 2880 mg-COD/L, accounting for 41% of the original SCOD. In stage III, after reactor
#2 operates stably, it is calculated that the VFAs in the fermentation broth need to consume
2070 mg-COD/L to remove NH4

+-N and PO4
3−-P, and the remaining 3995 mg-COD/L

VFAs account for 49% of the original SCOD in the fermentation broth. Based on calculations,
it is feasible for fermentation broth to be used as a high-quality carbon source for enhanced
biological nitrogen and phosphorus removal. Furthermore, other easily degradable carbon
sources produced in the hydrolysis and acidification of swine manure can also be utilized
by denitrifying bacteria and phosphorus accumulating organisms (PAOs). Su et al. [55]
demonstrated that cysteine in sludge fermentation broth can reduce excessive reactive
nitrogen species produced during the denitrification process and recover the biological
nutrient removal performance. According to Nguyen et al. [56], Tetrasphaera, an abundant
PAO in enhanced biological phosphorus removal (EBPR) systems, is able to absorb amino
acids, glucose, and acetate.

The effect of enhanced nitrogen and phosphorus removal depends not only on the
content of VFAs, but also on the composition of VFAs. For the denitrification process,
the denitrifying bacteria consume acetate first, followed by butyrate, then propionate,
and finally valerate [57]. Furthermore, the average specific denitrification rate of acetate
is more than double that of propionate [57]. This indicates that the concentration and
proportion of acetate should be augmented when the swine manure fermentation broth is
utilized as an additional carbon source of denitrification. Accordingly, the fermentation
broth produced by reactor #2 in stage II is more suitable for denitrification as an additional
carbon source. Previous studies have demonstrated that Accumulibacter PAOs have similar
uptake rates of acetate and propionate, while different species of glycogen accumulating
organisms seem to have different preferences for carbon sources [10,58,59]. Nevertheless, a
better phosphorus removal performance is frequently observed in propionate-fed EBPR
systems [60]. Chen et al. [61] suggested that increasing propionate content would result in
superior EBPR in long-term cultivation. Therefore, on the basis of the concentration and
proportion of propionate, the fermentation broth produced in stage II of reactor #3 is more
conducive to improving phosphorus removal efficiency.

From the distribution of VFAs in the fermentation broth, the high-quality carbon
source obtained from swine manure in this study is expected to have important value in
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improving the micro-ecological environment and population structure of nitrogen and
phosphorus removal microorganisms.

4. Conclusions

This study ascertained that the optimal operation conditions for continuous stable pro-
duction of VFAs by hydrolysis and acidification of swine manure were an HRT of 1.5 days
and influent SCOD of 7660 mg/L, under which the VFAs concentration attained 6065 mg-
COD/L continuously. The remarkable VFAs production performance was attributable to
the stabilization of acetate-type fermentation and the inhibition of methanogenesis. An
application feasibility analysis suggested that the fermentation broth could be utilized as a
high-quality external carbon source for enhanced nitrogen and phosphorus removal. The
findings of this study have a number of practical implications for the recycling of resources
from swine manure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14121935/s1, Figure S1: Changes in acetate (HAc) concentra-
tion during the operation process; Figure S2: Changes in soluble protein concentration during the
operation process; Figure S3: Changes in soluble carbohydrate concentration during the operation
process; Table S1. Operational parameters of the experiment.
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