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Abstract

Starch sludge (SS) is a bulky main waste from modified tapioca starch production, a high potential
substrate for alternative volatile fatty acids (VFA) production. Because it has relatively high organic
content in SS is easy and fast to convert into VFA. However, there are limitations when fed overloading
rate to anaerobic digestion (AD) system affecting the VFA production yield and system performance.
This research aims to study the effect of initial feeding concentrations of SS between 0.5 and 2.5 % total
volatile solids (TVS) on the VFA production efficiency by applying a batch continuously stirred tank
reactor (CSTR) for digestion. The maximum VFA yield was 115 mg VFA/g TVS at a feeding rate of 2.0
% TVS of SS after 4 days of digestion. The digestion system could run under proper system performance
and stability by showing higher pH. Besides, acetic acid was the predominant VFA intermediate
indicating great effective digestion. Finally, the main bacteria in the inoculum were Arenimonas up to 33
% because it preferred to grow on glucose. And inoculum obtained from the beverage plant’s wastewater
treatment system. These were so useful to select the inoculum for organic starch digestion.
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Introduction

VFA are valuable intermediates in the AD process. Many VFA types, such as acetic acid, propionic
acid, butyric acid, etc., each type of VFA is widely used in the food, pharmaceutical, and chemical
industries [1,2]. They can be applied as the building blocks for chemical and biofuel, offering a vital
economic advantage [3]. Recently, World VFA demand is projected to be around 18,500 million tons in
2020, representing 97 % of acetic acid, 2.5 % of propionic acid and 0.5 % of butyric acid. Moreover, there
has been a continuous increase in demand every year [4].

More recent works show that both starch and glucose are suitable for VFA production under
appropriate conditions [3]. For instance, Strazzera et al. [2] found that food waste was fed with an organic
loading rate of about 10 kg of TVS/m’d operating at thermophilic temperatures. Obtaining the optimal
VFA yield was 0.27 g VFA/g total solid (TS) at an operating pH of 7. Also, canteen food waste [5] and
lignocellulosic sugar [6] have a high potential in acetic acid production. Typically, VFA production from
oil generates several hazardous wastes such as heavy metals and organic solvents, including greenhouse
gasses [3]. Thus, the way to seek other substitutes for VFA production is an appropriate choice.

In Thailand, approximately 1.01 million tons of SS annually in the tapioca starch industries were
discarded as waste [7]. Typically, it was mostly sold for animal food production at a relatively low price
of 73 - 97 dollars per ton [8]. Moreover, it is not sustainable to treat efficiently because of its non-
environmentally friendly resulted in the strong bad smell, the spread of insects and the important aspect of
leachate in the rainy season. On the other hand, starch generally contains 20 to 25 % amylose and 75 to
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80 % amylopectin [9] is interesting to produce potentially VFA using AD process. Also, solving the SS
waste management problem because it operates as closed systems [10].

The main aim of this work was to study the VFA production efficiencies from SS varying base on
the initial concentration. Also, we assessed bacterial diversity and distribution in the inoculum to
understand the relationship between this AD condition and the bacterial community. These found out the
optimum possible choice to increase the value of SS waste for VFA production.

Materials and methods

Substrate and feedstock preparation

SS is the substrate for this AD (Figure 1) that was collected from the dewatering filter press
machine. It received sludge from the primary sedimentation pond of the tapioca starch wastewater
treatment plant located in Rayong province of eastern Thailand. The inoculum utilized for seeding
digestion came from the up-flow anaerobic sludge blanket reactor (UASB) system of the brewery plant in
Nonthaburi province.

(A) (B)
Figure 1 The features of (A) SS and (B) Inoculum.

Table 1 The characteristics of SS and inoculum.

Parameter Substrate
SS Inoculum
pH 4.53 -
C/N 258 8.51
%TVS 31.78 6.73
%TS 61 6.95
TVS/TS 0.53 0.96

The SS and inoculum were characterized in terms of pH, carbon to nitrogen (C/N) ratio and TVS to
TS (TVS/TS) ratio as shown in Table 1. The SS be acidic, which may be beneficial for VFA production.
It could help to balance and maintain the optimal acid pH for digestion to produce VFA. There were
suggestions of pH value as 4-6[11,12]. Including, SS had the high applicable organic content with
TVS/TS ratio of 0.53 higher than the recommended value of 0.5 [13]. Significantly, a relatively high C/N
ratio was a sign that it could be digested rapidly to VFA causing the sharp reduction in pH [14].
Therefore, its usage must concern about pH affecting digestive stability. The feedstock was prepared as a
solution mixture of SS and inoculum by diluting with distilled water. The filled SS and inoculum
determinants can be calculated using the following Eq. (1). Each batch feedstock was prepared of 5 L.
The concentrations of inoculum were fixed at 2.5 % TVS for every digestion.

TVS,W, = TVS,W, (1)

where TVS; =TVS of the initial SS or inoculum (%TVS);
W, = Weight of SS or inoculum (g);
TVS, =TVS of prepared feedstock (%TVS); and
W, = Weight of prepared feedstock (g).
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Figure 2 presents the presence of C/N ratios and inoculum to substrate ratios (ISR) in feedstock
varying with the SS concentrations between 0.5 and 2.5 % TVS. Their values were compared to the range
of recommended C/N ratio of 20-30 [15] and ISR of 0.3-1 [16,17]. These cover the recommended
ranges, which may contribute sufficiently to VFA production.
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Figure 2 The C/N and ISR ratios of feedstock at various concentrations.

Setup and analytical methods

Six L batch continuous stirred tank reactor (CSTR) was applied with a fermentation volume of 5 L.
The CSTR was operated at room temperature with the hydraulic retention time (HRT) for 10 days. It was
mixed with a propeller at a rotating speed of 70 rpm every 15 min an hour (Figure 3). After the stop
stirring for 15 min, the supernatant was kept analyzing the inner pH, VFA and alkalinity (ALK). The
analytical methods were made according to the American Public Health Association standard [18].
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Figure 3 The CSTR reactor.

At the concentration achieved the optimum VFA yield and performance, the VFA composition was
classified by gas chromatography (GC) method with flame ionization detection (FID) (Model Shimadzu
GC-2014, capillary column: ULBON HR-20 (0.25 pm Film thickness, 0.25 mm Inner diameter, 25 m
length), column temperature program 100 °C, injection temperature 190 °C). The helium was applied as a
carrier gas at a flow rate of 59 mL/min.
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Bacterial classification in the CSTR

The application of 16S rRNA (ribosomal ribonucleic acids) gene sequences was to study bacterial
taxonomy in the CSTR. The inoculum was collected and extracted using sodium dodecyl sulfate (SDS)
and cetyltrimethylammonium bromide (CTAB) method. The specific primers (16S V4: 515F-806R, 18S
V4: 528F-706R, 18S V9: 1380F-1510R) were amplified with the polymerase chain reaction (PCR)
method. Samples with a bright main strip between 400 - 450 base pairs were selected for analysis. After
that, the PCR sample was purified with Qiagen Gel Extraction Kit, Germany. The reference database
(Gold database, http://drive5.com/uchime/uchime download.html) was applied to identify the type of
bacterial tag. The same operational taxonomy units (OTUs) were more similar than 97 %.

Results and discussion

VFA concentrations and yields

As presented in Figure 4, the digester was monitored immediately in the concentration of VFA.
Besides, VFA yields were calculated per unit of TVS added. VFA concentrations were found to increase
with the increase of feeding SS concentration. Significantly, their concentrations had sharply raised at the
beginning 1% day. Later, all the concentrations had not any increase showing consistency values. Both 2
and 2.5 % TVS of SS were arranged on the same highest line. This refers to the system that produced the
nearby concentration of VFA.

In considering VFA yield, the system had the highest yield of about 160 mg VFA/g TVS when the
initial loading rate was 0.5 % TVS of SS. In comparison, the most loading rates between 0.5 and 2.0 %
TVS of SS achieved the VFA yield at around 98 - 115 mg VFA/g TVS. Apparently, at the loading rate 2.5
% TVS of SS could be seen the more different from others. By the VFA, yields went down by
approximately 45 % from the highest value. Compared with other works, the maximum was 208 mg
VFA/g TVS production from microalgal biomass using CSTR under mesophilic conditions [19]. Several
digestion scenarios obtained VFA yields of 175-243 mg VFA/g TVS from sewage, adding different
concentrations of wollastonite [20]. The VFA yield in this work was lower than the previous one. But it
was rather near the VFA yield produced from household food waste that gets the highest yield of 104 mg
VFA/g TVS [2]. It illustrated that the SS fermentation is the possible suitable and effective choice to
further develop for VFA production. Especially at the SS concentrations between 0.5 and 2 % TVS when
focusing on VFA yields.

= 2,500 200
E | I . e 25%Tvs 2
8 2,000 ’ = i 150 - 25%TVS
% 2
:., 1,500 P T e E;‘g 25TV
(:n s A 15%TVS ‘; T:x 100 e S e e = S B
£ 1,000 T - ~1%TVS S et R * v
é 0 50 0S%TVS
= 500 0.5%TVS /
0 0
01 2 3 4 5 6 7 8 910 01 2 3 4 5 6 7 8 9 10
Date Date
(A) (B)

Figure 4 Represents VFA (A) concentrations and (B) VFA yields at various initial SS concentrations.
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Figure 5 Represents (A) Inner pH values and (B) temperatures at various initial SS concentrations.

The digestive condition

The digester parameters such as pH, temperature, and VFA/ALK were applied to monitor system
performance and stability. Obviously, the substantial reduction of pH in the CSTR reactor occurred
within the 1% day of digestion (Figure 5(A)). Most concentrations of SS had acidic pH values close to 5,
except only at the concentration of 0.5% TVS of SS. There were few differences between the most
concentrations. These were a little smaller than the recommended pH value between 5.5 - 6.5 for system
stability. Significantly, at 2.5 % TVS of SS had a high risk of failure showing the lowest pH value.
Therefore, the high concentration application of SS should be aware of this issue. Since the rapid
digestion of starch causing the pH to drop immediately [1]. These corresponded roughly with the
temperature values (Figure 5(B)). There was also an extreme increase in inner temperature on the 1* day
of digestion. The highest temperature was 34.8 °C at the concentration of 2.5 % TVS of SS, while the
other concentrations were higher than 33 °C. Then, most of the concentrations declined to similar
temperatures as the beginning of digestion. Only at the 2 % TVS of SS kept the high static temperature on
the 2™ day. It indicated that the digestion still occurred in the reactor due to the heat generated normally
from organic digestion [21]. Lastly, the digestion of 0.5 % TVS of SS showed the smallest rise because
the smaller volume of SS was filled into the system. The results supported that this digestion should not
take more than 4 days since the digestion systems approached the constant in all VFA yield, pH and
temperature.
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Figure 6 The ratios of VFA/ALK.
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Figure 7 Represents (A) VFA and (B) ALK values at various initial SS concentrations.

The ratios of VFA/ALK were considered more vital than pH values to monitor system stability
(Figure 6). The increase of VFA/ALK varied directly with the increase of SS concentrations. Markedly,
these ratios as 4.8 - 5.2 at 2 % of SS were quite close to 4.6-5.1 at 2.5 % TVS of SS. However, the ratio
of the VFA/ALK stayed high compared to other studies. For example, Schievano ef al. [22] showed the
proper VFA/ALK of 0.95+ 0.06 from the co-digestion of pig manure with market waste in the CSTR at
thermophilic condition. Gnanapragasam et al. [23] found that the VFA/ALK of 1.48 -1.51 was
appropriate for mesophilic acidogenesis of textile dyeing effluent using a pilot UASB reactor. Lastly, the
thermophilic acidogenesis stage of the 2-stage AD of palm oil mill effluent had the proper VFA/ALK
ratios between 1.59 - 2.49 [24]. But this work was near the acid production in the leach bed reactor (LBR)
of AD of napier grass with the ratio of VFA/ALK at 3.0 [25]. Since the SS substrate consisted of much
glucose, it looks like in the napier grass comprising mainly cellulose and hemicellulose that could convert
into many glucoses and other sugar monomers [26].

When considering both VFA and ALK values in detail, as shown in Figures 7(A) and 7(B),
respectively. It was found that the VFA of both SS concentrations was to get laid on the same value.
While at 2.5 % of SS had a slightly higher ALK value than at 2.0 % TVS of SS. As the result of SS
consisted of the main content of starch (70 - 85 % of amylopectin and 15-30 % of amylose) that was
digested into glucose [27]. Therefore, ALK buffering in this system came from carbonate (COs>) and
bicarbonate (HCO5") ions, which occurred from the digestion of glucose to VFA acetic acid (CH;COOH),
butyric acid (CH;CH,CH,COOH) and carbon dioxide (CO,) (Egs. (2) and (3)) [28,29]. Subsequently,
CO, reacted with H,O converting into HCO™ (Eq. (4)) and COs> (Eq. (5)) [30]. The HCO; ion may be
the main alkaline factor in this digestion due to the system operated with a pH lower than 6 [31]. The
ALK varied little directly with the change in the SS concentration.

C¢H},06 + 2H,O————— 2CH;COOH + 2CO, + 4H, )
C¢H;,0¢ ——— 3 CH;CH,CH,COOH +2CO, + 2H, 3)
CO,+H,0 » H,CO; ———— H +HCO;" 4)
HCO; + OHF —— CO;* + H,0 5)

Lastly, the overall results represented that the equative appreciated VFA concentration in 2 and 2.5
% TVS of SS. Moreover, the VFA yield, system stability, and performance were considered. The 2 %
TVS of SS was seen as greater VFA yield and proper stability showing the higher pH and VFA/ALK
ratios. While at 2.5 % TVS of SS obtained the lower VFA yield and lower pH, it would adversely impact
VFA production. Thus, the next step at the 2 % TVS of SS was appropriate to select for VFA, and
bacterial analysis involved classification and quantitation.
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The VFA composition

The significantly maximum acetic acid content was detected as 79.4 % by weight in the produced
solution of CSTR digester (Table 2). The small rest portions were isovaleric acid and propionic acid, only
11.5 and 9.1 % by weight, respectively. The acetic acid was the main product since in this fermentation
operated at pH 5, bacteria could produce acetic acid from glucose. According to the theory, the anaerobic
digestive pH ranges from 5 to 6 generates acetic acid as a major VFA [32]. The study of Patel and Pandya
[29] confirmed to this work that acetic acid was formed during the fermentation of glucose if acidic pH
was maintained at around 4.5 at mesophilic condition. At the same time, the ratio of propionic acids and
isovaleric acids to acetic acids was evaluated as in dictator for digestion capacity by bacteria. The very
lower values for these ratios of 0.11 and 0.15, respectively (ratios less than 1.4 [25]), indicated that the
more effective organic conversion to make up for acetic acids by almost 79.4 % by weight. Some reports
in the research literature showed the acetic acids from AD could be beneficially used as natural contact
herbicide for weed control in the organic farm [33]. Also, the use was as an additive to coal-fired
combustion units to control sulfur emission [34]. Thus, using the produced acetic acid from this
experiment is possible, according to the founding information.

Table 2 The analysis of VFA composition at the optimum initial SS concentration.

Type of VFA Percent by Weight
Acetic acid 79.4
Propionic acid 9.1

Isobutyric acid -
Butyric acid -
Isovaleric acid 11.5
Valeric acid -

The bacterial diversity

The bacterial diversity of granular sludge in CSTR at a loading rate of 2 % TVS of SS was selected
to identify. An overview of the 5 predominant bacterial genera was depicted in Figure 8. The main
bacteria were affiliated to the Aremimonas over 33 %. The following predominant bacteria were
Longilinea, Desulfovibrio, and Syntrophomonas, equal to 13, 11 and 11 %, respectively. It is well known
that Arenimonas can be found generally in the water resource to produce drinking water [35] which
corresponds to the source of inoculum in this research getting from the beverage and drinking water
production factory. Moreover, such data pointed out that Arenimonas prefers to grow in solid media
containing glucose the sole carbon source [36]. It can grow in the wide pH range of 5 - 10 at mesophilic
conditions [35]. In contrast, Longilinea, Desulfovibrio and Syntrophomonas like to use the other organics;
protein [37], and VFA [38], respectively. Therefore, the selection of the inoculum for the SS digestion
should be based on as bacterial domains tend to favor glucose. Such as Aremimonas was found to be a
significant genus.
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Figure 8 The analysis of bacterial diversity in CSTR at the optimum initial SS concentration.
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Conclusions

The results indicated that SS waste from the modified tapioca starch plant had sufficient potential
for VFA production. But the user must be aware of their overconcentration feeding that may affect the
efficiency, system performance and stability. This research suggested that at 2 % TVS of SS could
achieve the high VFA yield, including the proper system stability. The higher concentration of SS feeding
should be studied further as a suitable way for improvement such as chemical adding, operating
adjustment, etc.
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