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Abstract: Nipa sap is an excellent microbial nutrient and carbon source since it contains essential
minerals and vitamins, in addition to sugars. In this study, nipa sap was successfully fermented
to acetic acid by the industrially important Moorella thermoacetica without additional trace metals,
without inorganics, or without yeast extract. Although microbial growth kinetics differed from one
nutrient condition to another, acetic acid concentrations obtained without trace metals, without
inorganics, and without yeast extract supplements were in the same range as that with full nutrient,
confirming that nipa sap is a good nutrient source for M. thermoacetica. Fermentations in vials and
fermenters showed comparable acetic acid production trends but acetic acid concentrations were
higher in fermenters. Upon economic analysis, it was found that the most profitable nutrient condition
was without yeast extract. It reduced the cost of culture medium from $1.7 to only $0.3/L, given
that yeast extract costs $281/kg, while nipa sap can be available from $0.08/kg. Minimal medium
instead of the traditional complex nutrient simplifies the process. This work also opens opportunities
for profitable anaerobic co-digestion and co-fermentation of nipa sap with other biomass resources
where nipa sap will serve as an inexpensive nutrient source and substrate.

Keywords: Moorella thermoacetica (f. Clostridium thermoaceticum); minimal media; nutrient; nipa sap;
acetic acid

1. Introduction

An enormous increase in acetic acid demand, together with environmental and politi-
cal concerns about fossil-derived products augmented the demands for bio-based acetic
acid from renewables [1,2]. Cost-effective and efficient bio-based acetic acid production
requires competitive microorganisms.

Acetogenesis by Moorella thermoacetica (formerly known as Clostridium thermoaceticum)
presents important advantages compared to the traditional vinegar process. M. thermoacetica
can convert CO2 as well as a wide range of biomass-derived compounds (glucose, fructose,
xylose, rhamnose, arabinose, decomposed and dehydrated compounds, etc.) to acetic
acid as the sole product in near stoichiometry with a high conversion efficiency of 86 to
98% [3–5], as opposed to only 27% for the vinegar process [6]. M. thermoacetica offers
environmental and chemical advantages but it needs high levels of nutrients to sustain
viability, cell growth, metabolism, and productivity [7–9], which adds significantly to the
cost of fermentation, and can be one obstacle for process commercialization.
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The economic feasibility and viability of producing bioderived organic acids from
fermentation depend on using low-cost nutrients and carbon sources in the medium. Al-
though some minimal mediums for M. thermoacetica have been reported, external inorganic
nutrients were still added in these studies, and the proposed yeast extract substituents add
cost to the fermentation [7–9]. For example, Witjitra et al. [9] proposed soy flour, corn steep,
and ethanol stillage as yeast extract replacements but they are still expensive, accounting
for $0.5/kg. They increase the process cost.

On the other hand, nipa sap is available for only $0.08/L [10]. It is a sugar-rich liquid
collected from nipa (Nypa fruticans), a wild palm that grows along coastal areas, river
estuaries, and mangrove forests with brackish water environments [11]. By tapping the
stalk of the nipa palm, it is possible to extract sap on a daily basis with a mean sap yield of
1.3 L/palm/day [12]. We have demonstrated previously that nipa sap can be converted to
acetic acid [3–5], but fermentation with fewer nutrients has never been explored.

In an effort to reduce fermentation costs, this study focuses on evaluating nipa sap as an
economical nutrient and carbon source for M. thermoacetica. To gain a better understanding
of the fermentation, growth kinetics, and acetic acid production by M. thermoacetica under
various nutrient conditions, experiments were performed using nipa sap as substrate.
The results demonstrated that nipa sap can be fermented effectively to acetic acid by M.
thermoacetica without inorganic nutrient supplements. The inorganics naturally present
in nipa sap played the role of nutrients for microbial growth and the corresponding
fermentation to acetic acid. Most importantly, nipa sap was also demonstrated to be
a yeast extract substitute and drastically reduced medium price.

2. Materials and Methods
2.1. Materials

Concentrated and frozen nipa sap was received from Sarawak, Malaysia. Invertase
solution (EC No.3.2.1.26) with a minimal activity of 4 units/mL was purchased from
Wako Pure Chemical Industries Ltd., Osaka, Japan. M. thermoacetica (formerly Clostridium
thermoaceticum) ATCC 39073 was used for acetic acid fermentation in this study. Freeze-
dried culture of the bacterium was obtained from the American Type Culture Collection
(Manassas, VA, USA).

2.2. Hydrolysis of Nipa Sap

To prepare nipa sap for fermentation, 200 g of the concentrated nipa sap was diluted
with Milli-Q water to a total volume of 1.00 L to reach chemical concentrations similar to
those of the original sap. The enzymatic hydrolysis of sucrose in nipa sap solution was
conducted by 3.92% v/v invertase solution at room temperature for 30 min. To clarify the
role of nutrients in nipa sap, a standard sugar solution including 100 g/L glucose and
100 g/L fructose was also prepared.

2.3. Batch Fermentation of Nipa Sap Hydrolysate

The procedures for the revival of M. thermoacetica and the subsequent inoculum
preparation were carried out as reported by Nakamura et al. [13]. Acetic acid fermentations
of hydrolyzed nipa sap and standard sugars under various nutritional supplements were
conducted in 50-mL vials as well as in a 500-mL DPC-2A fermenters (Able Corporation,
Tokyo, Japan) at 60 ◦C with a stirring rate of 300 rpm and under N2 atmosphere.

The vial fermentation method is detailed by Nakamura et al. [13]. Table 1 shows the
classification and concentration of nutrients used for fermentation with M. thermoacetica.
The full media composition and preparation are detailed by Rabemanolontsoa et al. [4]. The
nutrient solution for batch fermentation by M. thermoacetica includes yeast extract (5 g/L),
inorganic compounds (1 g/L (NH4)2SO4, 0.25 g/L MgSO4·7H2O, 0.04 g/L
Fe(NH4)2(SO4)2·6H2O, 0.24 mg/L NiCl2·6H2O, 0.29 mg/L ZnSO4·7H2O, 0.017 mg/L
Na2SeO3), reducing compound (0.1 g/L cysteine·HCl·H2O) and oxidation-reduction indi-
cator (1 mg/L resazurin). Since resazurin is not a nutrient, has no effect on fermentation,
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and is used only to verify anaerobia, it is not listed in Table 1. For vial fermentations,
additional compounds were added as buffer with the following concentrations: 0.415 g/L
of NaOH, 5 g/L of NaHCO3, 4.4 g/L of K2HPO4, 7.5 g/L of KH2PO4. Given that high sugar
concentration can inhibit M. thermoacetica, total sugar concentration in nipa sap hydrolysate
was corrected to be 10 g/L in the broth.

Table 1. Classification, concentration and price of nutrients used for fermentation with M. thermoacetica.

Component

Concentration (g/L)
Price * ($/kg)With full

Nutrients
Without

Trace Metals
Without

Inorganics
Without

Yeast Extract
Without
Nutrient

Inorganics
Trace metals

MgSO4·7H2O 0.25 - - 0.25 - 148
Fe(NH4)2(SO4)2·6H2O 0.04 - - 0.04 - 388
NiCl2·6H2O 0.24 × 10−3 - - 0.24 × 10−3 - 292
ZnSO4·7H2O 0.29 × 10−3 - - 0.29 × 10−3 - 218

Na2SeO3
0.017 ×

10−3 - - 0.017 × 10−3 - 1830

Ammonium sulfate 1.00 1.00 - 1.00 - 139
Vitamin and organic nitrogen source

Yeast extract 5.00 5.00 5.00 - - 281
Reducing agent

Cysteine 0.10 0.10 0.10 0.10 0.10 906
Price per liter of broth ($/L) 1.7 1.6 1.5 0.3 - -

* Prices are from Sigma Aldrich https://www.sigmaaldrich.com/US/en (accessed on 20 October 2022) [14].

Fermentations in 500-mL fermenters are detailed elsewhere [4]. A working volume of
200 mL was created by pouring 14 mL of hydrolyzed nipa sap, 20 mL of M. thermoacetica
inoculum, and 166 mL of nutrient solution into each fermentation system, making a total
sugar concentration of 10 g/L. Concentrations of nutrients in fermenters were the same as
for vial fermentations and are detailed in Table 1. While buffer compounds were added in
vial fermentations, the pH was maintained at 6.5 ± 0.1 in fermenters by automatic titration
with 2 N NaOHaq. solution which was prepared separately and attached to the fermenter.
Anaerobic condition was regulated with a DO sensor.

To determine minimal nutrient requirements, yeast extract and/or inorganics were
systematically explored as designed in Table 1. All fermentation systems, vials, substrate,
nutrient, and buffer solutions were sterilized in an autoclave at 121 ◦C for 20 min. To
correct acetic acid produced from the nutrients, inoculum and invertase, fermentations
without substrates (blank samples) were performed under the same conditions. Samples
were collected at specific time intervals by syringes through a sampling port and then
stored at –31 ◦C for further analyses. Separate experiments working with the same fermen-
tation protocol and substrate were repeated and provided variations in sugars, acetic acid
concentration, and optical density with coefficients of variation of only 4.3%, 2.2%, and
4.9%, respectively.

2.4. Analyses

The concentrations of sucrose, glucose and fructose were determined by HPLC (Shi-
madzu, Kyoto, Japan) equipped with a RI detector and a Shodex sugar KS-801 column
(Showa Denko, Kanagawa, Japan). The column was maintained at 80 ◦C and eluted with
Milli-Q water at a flow rate of 1 mL/min. The inorganic elements in the nipa sap were
analyzed by ion chromatography (IC) and inductively coupled plasma mass spectrometry
(ICP-MS) at AU Techno Services Co., Ltd. (Osaka, Japan). The samples were analyzed in
triplicate, and the results are expressed as the average values.

To quantify the concentrations of acetic acid, an Aminex HPX-87H column (Bio-rad,
Hercules, CA, USA) was used at 45 ◦C with 5 mM aqueous H2SO4 solution as mobile

https://www.sigmaaldrich.com/US/en
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phase, and the flow rate was set at 0.6 mL/min. Prior to injection into HPLC, samples were
filtered through a 0.45 µm membrane to remove microorganisms.

The sensitivity of the methods was determined by calculating the limit of detection
(LOD) based on the residual standard deviation of a regression line and its slope. The
values of LOD for each instrument to the compounds were measured using the equation:
LOD = (σ/S) × 3.3 [4], where σ is the standard deviation calculated as STEYX by a built-in
formula in the excel program and S is the slope of the calibration curve. The LOD for HPLC
method was between 2.7 and 4.5 mg/L.

The growth of M. thermoacetica was determined by measuring the optical density
(OD) using Shimadzu UV-Vis spectrophotometer (Kyoto, Japan) at 660 nm with water
as reference.

In order to evaluate the performance of the fermentation techniques, conversion effi-
ciency and acetic acid production were calculated, respectively, according to
Equations (1) and (2).

Conversion efficiency (%) =
Acetic acid produced (g/L)
Total sugars added (g/L)

× 100 (1)

Acetic acid production (g/L/h) =
Acetic acid produced (g/L)

Fermentation time (h)
(2)

For economic analysis, nutrient prices were taken from Sigma Aldrich [14]. Supple-
mentary nutrient per liter of media for each condition was calculated according to the
following equation:

Price per liter of media ($/L) =
n

∑
i=0

Concentration of nutrient
(g

L

)
×Unit price

(
$
g

)
(3)

where n represents each supplementary nutrient.

3. Results and Discussion
3.1. Chemical Composition and Hydrolysis of Nipa Sap

The chemical composition of nipa sap before and after hydrolysis by invertase is
presented in Table 2. The raw nipa sap before hydrolysis consisted of 82.7 ± 0.9 g/L of
sucrose, 29.9 ± 0.1 g/L of glucose, 38.5 ± 0.2 g/L of fructose, 1.6 ± 0.1 g/L of lactic acid
and 9.1 ± 3.5 g/L of inorganics. Sucrose is the main component, while hexoses and lactic
acid can be products from spontaneous hydrolysis and fermentation of primary sucrose in
original nipa sap during the collection and storage process [15,16].

Because M. thermoacetica cannot metabolize sucrose directly, enzymatic treatment with
invertase was conducted. After invertase treatment, the concentrations of glucose and
fructose increased to 71.4 ± 1.1 and 83.1 ± 2.6 g/L, respectively. Glucose increased by
41.5 ± 1.1 g/L, while fructose increased by 44.6 ± 2.6 g/L. The total increase in glucose and
fructose was 86.1 g/L, and their anhydride forms account for 81.8 g/L altogether, which
corresponds to the amount of sucrose that was hydrolyzed. This shows that invertase
could cleave the α-1,4-glycosidic bonds of sucrose, resulting in the formation of a nearly
equimolar mixture of glucose and fructose. Although it was suggested elsewhere that
sucrose concentration above 50 g/L can inhibit invertase [17], in this study invertase
could hydrolyze 99% of the 82.7 g/L initial sucrose. It seems that the minor compounds
and minerals in nipa sap did not affect the hydrolysis in a negative way. Only around
0.9 g/L of sucrose remained in the hydrolysate. This might be due to the slight inhibitory
effect of glucose acting as a non-competitive inhibitor for the enzyme and fructose being a
competitive inhibitor [18].

In 9.1 ± 3.5 g/L of total inorganics, Na, K and Cl were identified as the major ele-
ments. In addition, minor concentrations of P, S, Mg, and Ca were (2.6 ± 3.5) × 10−2,
(5.7 ± 0.3) × 10−2, (4.4 ± 0.9) × 10−2, (3.6 ± 3.8) × 10−3 g/L, respectively. Trace amounts
of Mn and Al were also found in this sap.
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Table 2. Chemical composition of nipa sap before and after enzymatic hydrolysis.

Chemical Composition Concentration (g/L)

Before Hydrolysis After Hydrolysis

Organic compounds
- Sucrose 82.7 ± 0.9 0.9 ± 0.0
- Glucose 29.9 ± 0.1 71.4 ± 1.1
- Fructose 38.5 ± 0.2 83.1 ± 2.6
- Lactic acid 1.6 ± 0.1 1.6 ± 0.1

Total organics 152.7 ± 1.3 157.0 ± 3.8
Inorganic elements
- Potassium (K) 3.0 ± 0.3 3.0 ± 0.3
- Chlorine (Cl) 5.0 ± 2.8 5.0 ± 2.8
- Sodium (Na) 1.0 ± 0.3 1.0 ± 0.3
- Phosphorus (P) (2.6 ± 3.5) × 10−2 (2.6 ± 3.5) × 10−2

- Sulfur (S) (5.7 ± 0.3) × 10−2 (5.7 ± 0.3) × 10−2

- Magnesium (Mg) (4.4 ± 0.9) × 10−2 (4.4 ± 0.9) × 10−2

- Calcium (Ca) (3.6 ± 3.8) × 10−3 (3.6 ± 3.8) × 10−3

- Manganese (Mn) (2.9 ± 2.2) × 10−4 (2.9 ± 2.2) × 10−4

- Aluminum (Al) (2.4 ± 2.2) × 10−4 (2.4 ± 2.2) × 10−4

Total inorganics 9.1 ± 3.5 9.1 ± 3.5
Total chemical composition 161.8 ± 4.8 162.7 ± 7.3

Similar elements such as Na, K, Mg, Ca, P, S, Si, and Cl in nipa sap from Thailand
were reported by Tamunaidu and Saka [19]. Moreover, Saengkrajang et al. [20] analyzed
elements including K, Na, Ca, Mg, Cu, Fe, Mn, Zn, P, I, Cr and Si in nipa syrup from
Thailand using inductively coupled plasma-optical emission spectrometry. The research
showed the presence of main minerals such as K, Na, P, Mg, Si, and Ca in nipa syrup.
Interestingly, trace amounts of Fe, Cu, I, Mn, Zn, and Cr were detected. Therefore, the
presence of trace inorganics in nipa sap may depend on areas where nipa palm grows [21].
In addition to minerals, minor organic compounds like proteins, phenolics, flavonoids [21],
and vitamin C [22] were reported. As reviewed by Nguyen et al. [23], various proteins and
vitamins exist in many kinds of palm sap. Minerals, proteins, and vitamins may be used
for acetic acid fermentation by M. thermoacetica. Importantly, S, Mg, Fe, and Zn contained
in nipa sap are required nutrients for microbial cultivation [4]. Phenolic and flavonoid
compounds known as powerful antioxidants could have beneficial bioactivities towards M.
thermoacetica [21].

3.2. Batch Fermentation of Nipa Sap Hydrolysate
3.2.1. Fermentation of Hydrolyzed Nipa Sap with and without Nutrient Supplements in
Comparison with Standard Sugars

Figure 1 shows a typical profile of pH-controlled fermentation of nipa sap hydrolysate
with full nutrient in the fermenter. Optical density increased exponentially in the first three
days and then decreased noticeably. Glucose and fructose concentrations were rapidly
reduced in the first three days and were completely consumed after around 4 days. As
a result, acetic acid production quickly increased until about three days, and then the
rate decreased.

To gain first insights into the possible role of minor compounds in nipa sap as a nutrient
source, fermentations with and without nutrients were compared in vials as well as in
fermenters. Control experiments were also run using standard sugars in concentrations
similar to the sugars present in hydrolyzed nipa sap. Figure 2 shows acetic acid production
and cell growth from the fermentation of hydrolyzed nipa sap with and without nutrients
as compared with standard sugars. The dotted line represents the theoretical maximum
amount of acetic acid produced after total sugars are fully fermented which is 10 g/L.
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with full nutrient.

First, with full nutrient supplementation (filled symbols), despite a day of the lag
period in vials, the trends of acetic production from nipa sap and standard sugars were
similar in vials and in fermenters in the first three days. After that, acetic acid concentration
in the vial reached a plateau especially with standard sugars, while it continued to increase
slightly in the fermenter. After six days of fermentation, acetic acid concentrations from
vials with full nutrient were 6.4 g/L from standard sugars and 6.7 g/L from nipa sap, while
in fermenters, they accounted for 8.4 g/L and 8.5 g/L, respectively. This difference is most
probably due to the difference in the pH controlling system. In vials, although buffers
were present, the pH gradually decreased as the acid was produced, especially after three
days when it became way below the optimum pH of 6.5, resulting in only 80% substrate
consumption and lower acetic acid concentration. In the fermenter, however, the pH was
constantly kept at 6.5 by automatic filtration, allowing 100% substrate consumption and
providing a higher acetic acid yield.

In terms of microbial growth with full nutrient, it was observed both in vials as well
as in fermenters that the initial OD in nipa sap was higher than the starting OD in the
broth with standard sugars. This is perhaps due to the presence of optically detectable
elements in nipa sap. OD exponentially increased during the first three days in vials as
well as in fermenters either for standard sugars or nipa sap, and cell densities at three days
were similar, between 1.72 and 1.76, except for vial fermentation of standard sugars which
showed an OD of 2.08. In vials, cell growth on standard sugars was slightly faster than for
nipa sap, maybe because of the pH or some elements in nipa sap when mixed with the
nutrients might have limited the growth. As opposed to that, cell growth was faster in nipa
sap than in standard sugars when the fermentation was performed in the fermenter, but
the maximum ODs after three days were the same. Since the initial ODs were different, this
might mean that the microbes might have adapted their growth based on the initial cell
density. After three days, OD reduced slowly in vials while the decrease was faster in the
fermenter, most probably due to earlier substrate depletion.

Without nutrients, fermentation of standard sugars could not occur, and no cell
growth was detected in vials and fermenters. These results confirm that M. thermoacetica
actually needs essential nutrients for growth and acetic acid production. In contrast, slight
increases in acetic acid concentration and OD were observed during the fermentation of
hydrolyzed nipa sap without nutrients. In vials, a lag period of around two days was
observed. Then, acid was gradually produced and reached 1.6 g/L in the fermenter after six
days of fermentation. In fermenters, acetic acid production started from the beginning of
fermentation without a lag period and reached 2.5 g/L towards the end. The difference in
acetic acid production between vials and fermenters might be explained by the starting pH.
In fermenters, the initial pH of 6.5 is already optimal, while in vials, the buffers set the pH at
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around 7.0, and concomitantly with the absence of external nutrients, the microorganisms
in vials might have needed more time to adapt before growth and acetogenesis.
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Figure 2. Comparison of acetic acid production and cell growth during fermentation in (a) vials and
(b) fermenters of hydrolyzed nipa sap (square) and 1:1 mixture of glucose and fructose (circle) by M.
thermoacetica; filled symbols: with full nutrient, open symbols: without nutrient.

Maximum optical densities from nipa sap fermentation without supplementary nutri-
ents were 0.63 in vials and 0.79 in fermenters, while they were negligible with standard
sugars. Microbial growth with nipa sap as compared to no growth in standard sugar
fermentation indicates that minor compounds in nipa sap could have sustained viability,
metabolism, and growth of M. thermoacetica to some point. However, acetic acid production
was relatively low, perhaps due to the absence or limitation of some nutrients available in
nipa sap. For this reason, fermentations without each class of nutrient were performed so
as to determine which one can be eliminated.

3.2.2. Fermentation of Hydrolyzed Nipa Sap without Trace Metals

Figure 3 reports acetic acid production and cell growth from the fermentation of
hydrolyzed nipa sap without trace metals as compared with full nutrient supplementation
as treated in the fermenter. Precisely, the trace metals in question are MgSO4·7H2O,
Fe(NH4)2(SO4)2·6H2O, NiCl2·6H2O, ZnSO4·7H2O, and Na2SeO3.
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Nipa sap could be fermented without trace metals. Even if fermentation was slower
than with full nutrient on the first day, it accelerated afterward and overall acetic acid
production without trace metals accounting for 0.055 g/L/h was close to the one with full
nutrient which was 0.059 g/L/h.

Although maximum optical density with trace metal was slightly lower than that with
full nutrient, accounting for 1.5 and 1.7, respectively, acetic acid concentrations after six
days of fermentation were not much different, corresponding to 7.9 and 8.5 g/L. Therefore,
the above-mentioned metals are not required for the growth and activity of M. thermoacetica
when nipa sap hydrolysate is used as substrate. Hence, the mineral compounds present in
nipa sap could fulfill the microbial needs for trace metals.

In more detail, Table 3 compares the concentration of inorganic elements required
for M. thermoacetica with their amount in nipa sap. It shows that six out of eight required
trace elements are present in nipa sap. The concentrations of five elements in nipa sap that
are magnesium Mg, Fe, Cl, Zn, Na, and N accounting for (4.4 ± 0.9) × 10−2, 5.9 × 10−3,
5.0 ± 2.8, 0.5 × 10−3, 1.0 ± 0.3 and 0.6 ± 0.1 g/L could largely cover the needs of M.
thermoacetica that account for 2.5 × 10−3, 5.7 × 10−3, less than 0.24 × 10−3, 0.066 × 10−3,
less than 1.0 × 10−3 and 0.7 g/L, respectively. This confirms that mineral compounds
in nipa sap fulfilled most microbial requirements and can also explain why fermentation
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without trace metal occurred successfully. In the particular case of S, it is mainly brought by
ammonium sulfate as a nitrogen source in the full nutrient condition and will be discussed
in the next section.

Table 3. Concentration of inorganics elements required for M. thermoacetica in full nutrient condition
compared with their amount in nipa sap.

Inorganics Elements Required Concentration for
M. thermoacetica (g/L)

Concentration in Nipa Sap
(g/L) Reference

Trace elements
Magnesium (Mg) 2.5 × 10−2 (4.4 ± 0.9) × 10−2 This work

Sulfur (S) 0.28 (5.7 ± 0.3) × 10−2 This work
Iron (Fe) 5.7 × 10−3 5.9 × 10−3 Saengkrajang et al. [20]

Nickel (Ni) 5.9 × 10−5 Unknown -
Chlorine (Cl) Less than 0.24 × 10−3 5.0 ± 2.8 This work

Zinc (Zn) 0.066 × 10−3 0.5 × 10−3 Saengkrajang et al. [20]
Sodium (Na) Less than 1.0 × 10−3 1.0 ± 0.3 This work
Selenium (Se) 7.8 × 10−6 Unknown -

Nitrogen source

Nitrogen (N) 0.2 from ammonium sulfate
0.5 from yeast extract 0.6 ± 0.1 Tamunaidu and Saka [19]

Whether Ni and Se are included in nipa sap is not certain yet. The device used for
elemental composition in this study was not equipped for their quantification. However, a
study reported the presence of Ni in nipa sap vinegar [24]. That said, if nipa sap does not
have Ni and/or Se, and since fermentation without trace metal was successful, it might
mean that these elements are not vital for M. thermoacetica or other trace elements in nipa
sap might have played their role.

3.2.3. Fermentation of Hydrolyzed Nipa Sap without Inorganics

Total inorganics here are defined as the sum of trace minerals and ammonium sulfate
which is an inorganic nitrogen source. The difference with the trace minerals-free condition
is the further removal of inorganic nitrogen. The fermentation profile in the vial and
fermenter without inorganic supplementation is shown in Figure 3 as open diamond, and
the obtained acetic acid concentrations were 5.0 and 7.4 g/L, respectively, most probably
due to a better pH control in the fermenter.

Trends of acetic acid production in vials and fermenters were similar despite the small
lag period in the vial. In the fermenter, acetic acid was produced from the beginning of
fermentation but in a slower manner than with full nutrient. Optical density remained
more or less constant for two days. Rates of protein synthesis in clostridial cells starved
for external nitrogen were reported to be lower than in non-starved cells [25]. Due to
the non-addition of ammonium sulfate, less nitrogen was present in the broth without
inorganic addition, as compared with full nutrient. This might explain the fact that cell
growth was lower in fermentation without any inorganic supplement as compared with
the one without trace metals and the one with full nutrient.

It was only after one day that cell growth was observed in the fermenter and OD
reached 1.1 after three days. This resulted in an exponential increase in acetic acid con-
centration which attained 7.4 g/L after six days of fermentation. Such a value is not
far from the value of 8.5 g/L with full nutrient but it took longer to reach without
inorganic supplementation.

Interestingly, while growth ceased after three days in the fermenter, acetic acid contin-
ued to be produced gradually because the living cells present after three days could have
still continued their metabolism even though cell multiplication did not happen anymore
or happened but at a slower rate than cell lysis.
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Quantitatively, as seen in Table 3, nipa sap contains 0.6 ± 0.1 g/L of nitrogen, and
M. thermoacetica requires similar total amount with 0.2 g/L from ammonium sulfate and
0.5 g/L from yeast extract. This shows that nipa sap can somehow fill the nitrogen needs of
M. thermoacetica even though a lag period was observed in the condition without inorganics.
There was a delay and an adaptation period in that case because the nitrogen sources in
nipa sap might not be as readily assimilable by the microorganism as the nitrogen provided
by ammonium sulfate.

Sulfur (S) is an element brought mainly with ammonium sulfate in a rather high
amount of 0.28 g/L. Since fermentation without inorganics was successful despite the
lower available amount in nipa sap, it might imply that S is not necessarily required in
such a high amount for M. thermoacetica.

3.2.4. Fermentation of Hydrolyzed Nipa Sap without Yeast Extract

Yeast extract is known to be an effective nitrogen source for bacterial cell growth stim-
ulation and also a source of vitamins. Fermentation without yeast extract was performed
to test whether the nitrogen and vitamins included in nipa sap can replace yeast extract
supplementation. As seen in Table 3, and as mentioned earlier, the amount of nitrogen in
nipa sap is equivalent to the requirements for M. thermoacetica.

In more detail, Figure 3 shows the fermentation profile when nipa sap was fermented
without yeast extract. Fermentation kinetics in vials and fermenters were similar, with
a lag phase of 2–3 days, followed by exponential growth and acetic acid production. In
fermenters, trends in acetic acid production and microbial growth were comparable with
those without inorganics. Similar to fermentation without inorganics and most probably
for the same reasons, acetic acid continued to be produced even though optical density
decreased after three days. Acetic acid of 7.2 g/L without yeast extract in the fermenter was,
however, slightly lower than without inorganics after six days of fermentation, accounting
for 7.4 g/L. A possible reason is that organic nitrogen and other elements brought by
yeast extract were better at promoting microbial metabolism than inorganic nitrogen in
ammonium sulfate under the amounts used in this study.

Yeast extract is one of the most expensive nutrients for microbial cultivation, especially
for M. thermoacetica. Some research has been performed to find cheaper alternative nutrient
sources [9]. This work demonstrates that even without yeast extract, cell growth and acetate
production could occur when nipa sap is used as a substrate because the nitrogen and
vitamins present in nipa sap could serve as nutrient sources for M. thermoacetica.

3.2.5. Nipa Sap as Nutrient Source for Minimal Medium Supplementation

Table 4 presents the summary of acetic acid fermentation of hydrolyzed nipa sap
under different nutrient supplements and Table 5 compares the total number of additives
used for fermentation with M. thermoacetica in this study and in the literature.
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Table 4. Summary of fermentation in vials and fermenters of 10 g/L hydrolyzed nipa sap and 10 g/L
standard sugars by M. thermoacetica under different nutrient supplements after 6 days of fermentation.

Experiment

Substrate
Concentration (g/L)

Substrate
Consumption (%) Acetic Acid

Max. Cell
Density

at 660 nmGlc * Frc * Glc * Frc * Overall Concentration
(g/L)

Conversion
Efficiency

(%)

Production
(g/L/h)

Nipa sap
With nutrient

Vial 4.69 5.31 63 100 80 6.7 67 0.046 1.72
Fermenter 4.78 5.22 100 100 100 8.5 85 0.059 1.75

Without trace metals
Vial - - - - - - - - -
Fermenter 4.75 5.25 98 100 99 7.9 79 0.055 1.48

Without inorganics
Vial 4.64 5.36 37 100 71 5.0 50 0.034 1.33
Fermenter 4.77 5.23 98 91 94 7.4 74 0.051 1.08

Without yeast extract
Vial 4.68 5.32 29 100 67 4.4 44 0.030 0.92
Fermenter 4.77 5.23 98 92 95 7.2 72 0.050 0.98

Without nutrient
Vial 4.69 5.31 10 31 21 1.6 16 0.011 0.63
Fermenter 4.77 5.23 67 52 59 2.5 25 0.018 0.79

Standard sugars
With nutrient

Vial 5.12 4.88 74 85 80 6.4 64 0.044 2.08
Fermenter 5.11 4.89 100 100 100 8.4 84 0.059 1.76

Without nutrient
Vial 5.10 4.90 20 18 19 0.0 4 0.000 0.13
Fermenter 5.10 4.90 1 2 1 0.0 0 0.000 0.19

* Glc: glucose, Frc: fructose.

Table 5. Comparison of total number of supplements used for fermentation with M. thermoacetica.

References Carbon
Source

Nitrogen
Source Vitamin Reducing

Agent

Number
of Other
Mineral

Salts

Chelator

Total
Number of

Supple-
ments

Conversion
Efficiency

(%)

Lundie et al. [8] Glucose Ammonium
sulfate

Nicotinic
acid Cysteine 19 Potassium

sulfate 23 Not
reported

Seifritz et al. [26] Vanillin,
glucose

Yeast
extract and

various
amino-
acids

Nicotinic
acid - 15 - 27 Not

reported

Ehsanipour et al. [27] Xylose,
glucose Yeast extract Cysteine 11 - 13 71

This work With full
nutrient

Nipa
sap

Yeast extract,
ammonium sulfate Cysteine 5 - 8 85

Without
trace metals

Nipa
sap

Yeast extract,
ammonium sulfate Cysteine - - 3 79

Without
inorganics

Nipa
sap Yeast extract Cysteine - - 2 74

Without
yeast

extract

Nipa
sap

Ammonium
sulfate - Cysteine 5 - 7 72
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Cell growth and acetic acid production were more affected by the elimination of
nitrogen sources either inorganic as in ammonium sulfate or organic as in yeast extract than
by the elimination of trace metals. Although it took a longer time than with full nutrient or
without trace metals, fermentations without inorganics and without yeast extract provided
similar acetic acid concentrations.

The removal of trace metals did not drastically affect fermentation as attested by
the values in Table 4 because the minerals in nipa sap could be used as nutrients by M.
thermoacetica. This is a great advantage for producing bioderived acetic acid in remote
regions where commercial trace metals are not available. In more detail, the full nutrient
formula reported in this study has five sorts of trace metals that are normally required to
cultivate M. thermoacetica. One of Drake’s minimal media required even more mineral salts:
15–19 as reported in Table 5. Replacing those elements with only nipa sap can be extremely
profitable and practical in an industrial setting.

Other researchers have previously attempted to define a minimal medium for M.
thermoacetica [8,26,28]. Table 5 shows the total number of additives used in those studies as
compared with this work. In Drake’s famous minimal media [8,26], 23 to 27 additives are
still necessary. In a more recent work by Ehsanipor et al. [27], the medium was composed
of 13 chemicals. In this work, however, the starting full nutrient included 8 elements and
could be further reduced to 2 since nipa sap could be used as a carbon, nitrogen, vitamin,
and mineral salt source.

While few publications have previously reported the use of nipa sap as a nutrient
source for yeast fermentation [19,29], to the best of our knowledge, this is the first work
demonstrating the capability of the anaerobic M. thermoacetica to grow and ferment nipa
sap with minimal nutrient supplementation consisting only of two chemicals.

To gain more insights into the most economical nutrient condition, Table 1 compares
the cost of supplementary nutrients per liter of media for each nutrient condition. First,
with full nutrient, a liter of medium costs $1.7/L. Without trace metals, it is reduced to
$1.6/L and further to $1.5/L without inorganics. The cheapest nutrient condition is without
yeast extract at a price of $0.3/L. The unit price of yeast extract is in the same range as
that of the other nutrients, but a higher concentration of yeast extract is required for the
growth of M. thermoacetica, while the minerals are added in trace amounts. This explains
the fact that yeast absorbs the major part of the nutrient cost. As seen in Table 3, nipa
sap was fermented without yeast extract with a conversion efficiency of 72%, reducing by
80% the price of supplementary nutrients per ton of acetic acid produced from nipa sap as
compared with the full nutrient.

In that sense, this study presents a double advantage in terms of cost saving as
no external yeast extract is necessary, and nipa sap contains sugars that represent an
inexpensive carbon source. Furthermore, cost savings will be significantly more important
when nipa sap is hydrolyzed with oxalic acid. Indeed, we have previously demonstrated a
cheaper alternative for hydrolysis by using oxalic acid as a catalyst [3–5]. Oxalic acid can
also be converted to acetic acid by M. thermoacetica [3–5] and can, therefore, interfere with
the material balance. For this reason, we have chosen enzymatic hydrolysis in this nutrient
study to make sure that the obtained acetic acid comes only from the carbon in nipa sap. In
an industrial setting though, oxalic acid hydrolysis is recommended to reduce cost.

Further enhancement of sugar uptake and growth by nutrient adaptation may also
accelerate and improve fermentation without yeast extract and may consist of an extra cost
saving for acetic acid production.

3.3. Comparison with Vinegar Process

Saithong P. et al. [30] tried to optimize vinegar production from nipa sap without
nutrients by using a two-step surface culture fermentation process including alcoholic
fermentation for four weeks and vinegar production for 10 days, accounting for 38 days of
fermentation in total. With such a long process, they obtained only 15–20% v/v conversion
of ethanol into acetic acid, and thus a maximum of 7–10% sugar conversion to acetic acid.
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This is due to the fact that the two-step vinegar production using yeasts and Aceto-
bacters [31] releases two moles of CO2 during fermentation [32], as shown in Equation (4),
while the homoacetogenic M. thermoacetica can directly convert all carbons in the substrate
to acetic acid as a sole metabolite without by-products [33,34], as seen in Equation (5).
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C6H12O6 → 3CH3COOH (5)

Furthermore, the selectivity is low during the subsequent acetic acid fermentation by
Acetobacter since lactic and other organic acids are by-produced [30]. Long fermentation
times also lead to ethanol losses by evaporation [30].

Other research on vinegar production from different fruit concentrates showed ethanol-
acetic acid conversion efficiency between 37 and 55% [35], and the subsequent ethanol-acetic
acid efficiency was 45–55% [36] so the net sugar conversion efficiency to acetic acid varied
between 21 and 24% only. In these studies, yeast Lalvin QA23 and yeast extract were used
as nutrients for alcoholic and acetic acid fermentations, respectively [35,36].

In this process, although the sugar conversion efficiency to acetic acid without any
nutrient was 25%, high efficiencies of 72%, 74%, and 79% were achieved without yeast
extract, without inorganics, and without trace metals, respectively, thanks to the high
selectivity of the homoacetogen M. thermoacetica and the absence of CO2 by-production.
These values were attained in only six days of fermentation as opposed to 38 days for
the vinegar production process and demonstrate the superiority of anaerobic acetic acid
production by M. thermoacetica as compared with the vinegar process.

4. Conclusions

Minimizing the amount of nutrient supplementation to reduce cost has always been
a point of concern in fermentation processes. In this work, the potential of nipa sap as a
nutrient and carbon source was investigated, and the following conclusions can be made:

â Natural nipa sap contains crucial inorganic elements and vitamins in addition to its
high sugar content.

â Using only one feedstock, namely nipa sap, covered all inorganic needs of M. ther-
moacetica. Nipa sap was demonstrated to be a good source of nutrients for M. ther-
moacetica in small as well as in higher fermentation scales and can reduce the number
of media supplements from 8–27 chemicals to as few as 2. The most economical
nutrient condition was without yeast extract. It could reduce the price of a liter of the
medium by 83%, and the price of supplementary nutrients by 80% per ton of acetic
acid produced.

â Sugar conversion efficiencies to acetic acid in fermenters without additional inorganics
or yeast extract are more than threefold those obtained from the vinegar process and in
a much shorter fermentation time. Thus, anaerobic fermentation using M. thermoacetica
and nipa sap can be economically viable to afford efficient commercial acetic acid
production from renewable resources.

â The results also open opportunities for inexpensive co-digestion or co-fermentation
of nipa sap with other biomass resources where nipa sap will serve both as a carbon
and nutrient source.
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