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Abstract: Volatile fatty acids (VFAs) are the important intermediates indicating the stability and
performance of fermentation process. This study developed the spectrophotometric method for
determining high-range VFA concentration in mixed-acid fermentation samples. The performance
was compared with the gas chromatography (GC) technique. The calibration curves of the modified
method showed linearity over a wide and high concentration range of 250–5000 mg/L for individual
C2–C6 VFAs in both linear and branched chains. In order to evaluate the modified method for
VFA determination in complex fermentation matrices, fermentation samples produced from acido-
genic fermentation of plant materials were spiked with acetic (500–1500 mg/L) and butyric acids
(1000 mg/L). The accuracy and precision of the modified method for VFA determination were in the
range of 94.68–106.50% and 2.35–9.26%, respectively, comparable to the GC method (94.42–99.13%
and 0.17–1.93%). The developed method was applicable to measuring all C2–C6 compounds and
VFA concentrations in the fermentation samples and had an acceptable accuracy and precision. The
proposed method is analytically reliable and offers significant advantages in the rapid determination
of VFAs in mixed acid fermentation of organic residues.

Keywords: modified spectrophotometric method; volatile fatty acid; mixed acid fermentation;
spectrophotometry; gas chromatography

1. Introduction

Mixed-culture fermentations are recognized as a biorefinery platform to produce
higher-value products from organic residues. They have offered a number of advantages
over conventional pure culture fermentation; for example, cross-feeding mechanisms
during syntrophic growth could overcome thermodynamically infeasible processes and
open a new window for bioproduction [1]. One of the essential metabolites in mixed-culture
fermentation is volatile fatty acids (VFAs) which generally refer to low-molecular-weight
carboxylates consisting of two to six carbon atoms (C2–C6): acetic acid, propionic acid, n- or
iso-butyric acid, n- or iso-valeric acid, and caproic acid [2]. VFA is an intermediate product
of several fermentation processes and a major product in acidogenic fermentation that
has become the significant biorefinery platform for upgrading organic wastes to several
products such as biofuels [3], biodegradable plastics [4,5], and biochemicals for many
manufacturing industries, e.g., food, dyes, paints, pharmaceuticals, pesticides, perfumes,
and textiles [2,6]. VFA has gained much attention for its variety of applications and the
high volume of market potential [7].

A variety of VFA species is found in different mixed-culture fermentation processes.
During anaerobic digestion, mixed consortia of hydrolytic, acidogenic, acetogenic, and
methanogenic bacteria work synergistically to convert organic matter to biomethane. All
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forms of VFA could be found in digestate, but acetic acid, propionic acid, and butyric acid
generally are present in relatively higher concentrations than other types [8,9]. Acidogenic
fermentation, sometimes called dark fermentation, produces VFAs as final products, and
the profile of acid types depends on several parameters, e.g., organic loading rate (OLR), hy-
draulic retention time (HRT), substrate types, temperature, and pH [10,11]. Propionic acid
was reported to be in the majority when the feedstock has a high level of biodegradability,
such as molasses, lignocellulose hydrolysate, and crude glycerol [12]. Butyric acid was
reported to be high in acidogenic fermentation with higher pH of 6.5, probably due to chain
elongation of shorter chain acids (acetic acid) [13] or with bioaugmentation of Clostridium
species [14]. The acidogenic phase of acetone-ethanol-butanol (ABE) fermentation also
produces acetic acid and butyric acid as intermediate steps prior to re-assimilating those
acids to produce ABE in the solventogenic phase [15].

Vinegar and bioextract are also produced from acidogenic fermentation of fruit and veg-
etable waste taking advantage of co-metabolisms of several fungi, yeasts (e.g., Saccharomyces),
and bacteria (e.g., Acetobacterium and Clostridium) [16], in which acetic acid, butyric acid, and
propionic acid are commonly found [17,18]. Agricultural biomass, especially plant materi-
als, is not only a carbon source for the fermentation process, but also contains antioxidants,
polyphenolics, flavonoids, and other bioactive compounds, offering additional biological
activity [19–21]. Among biomass reported, mangosteen peel (Garcinia mangostana), spent
coffee ground, and galangal (Alpinia galanga) have shown antimicrobial, antifungal, and
pesticide properties [22–26]. Regarding the fermentation process, the amount and type of
VFAs produced during fermentation is essential and relevant to the performance and stabil-
ity of the process. Therefore, the rapid recognition of the VFA level provides a significant
diagnosis of the process’s success or failure.

Several methods for the measurement of VFA have been published. Gas chromatogra-
phy (GC) and high-performance liquid chromatography (HPLC) are analytical methods
based on the separation and determination of individual VFA concentrations. However,
the limitations of these methods are the requirement of a skilled operator, high cost, and
intensive maintenance, which reduce their advantage for routine monitoring purposes [27].
Many studies determined VFA content by a conventional titration method, which is cheaper
and less complicated for a routine measurement [28,29]. However, losing a fraction of VFAs
during boiling and back titration (only 80% of VFAs incorporated) reduced its accuracy [30].
Furthermore, the method is less precise when applied to real fermentation samples as it
is a complex matrix containing high concentrations of interfering components [31]. This
method depends on the calculation that involves the correction factors, which are primarily
influenced by many ion species, e.g., HCO3

−, HS−, NH4
+, H2PO4

− [32,33]. In addition,
the titration method has insufficient sensitivity to a detect low concentration of VFAs [27].

Spectroscopic techniques have been widely used to identify organic compounds, in-
cluding VFAs. Near- and Mid-Infrared Spectroscopy have been developed for online
measurement of VFAs and was reported to accurately and non-destructively measure
individual VFAs [34,35]. They are beneficial for real-time monitoring in industrial-scale fer-
menters or anaerobic digesters. 1H Nuclear Magnetic Resonance (1H-NMR) spectroscopy
has also been used to quantify VFAs in the rumen. However, 1H-NMR is not suitable for
complicated mixtures because the overlapping chemical shift hinders the analysis of target
VFAs [36]. Another method reported for VFA analysis is Mass Spectroscopy (MS), e.g.,
Secondary Electrospray Ionization High-Resolution Mass Spectrometry (SESI-HRMS) [37]
and MS coupled with chromatography [38]. These advanced spectroscopic techniques
provide great analytical competence, and they are extensively used in the quantification
and qualification of target compounds in unknown complex matrices. Still, the drawbacks
are high maintenance costs and the need for a specialized operator and software.

Colorimetric and spectrophotometric methods are quick and inexpensive for VFA
determination, making them suitable for routine monitoring and control. The spectropho-
tometric method for the determination of VFA published by Montgomery [39] was based
on the ferric hydroxamate method for determining carboxylic esters. The modified Mont-
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gomery methods had been developed to improve the accuracy and precision [32,40]. How-
ever, the assays were validated solely on acetic acid determination. Previous spectrophoto-
metric methodologies have not yet been validated by longer chain VFA measurement, and
there was no report on the effect of linear and branched-chain VFAs on accuracy and preci-
sion. In addition, limited information was reported on the assessment of spectrophotomet-
ric methods on real fermentation samples which contain interferences. These factors restrain
the method from practical use in monitoring and controlling the fermentation process.

The objectives of this study were to develop the spectrophotometric method for VFA
determination and to evaluate the accuracy and precision of the developed method with
all VFA compounds in mixed-acid fermentation samples. Comparisons have been made
regarding the accuracy and precision of the GC method. The developed method reduces
chemical usage and detects a higher limit of VFA concentration. The results of this study
could extend the application of the spectrophotometric assay for a rapid, inexpensive, and
reliable method for monitoring VFA levels during a mixed-acid fermentation process.

2. Materials and Methods
2.1. Reagents

Individual VFA standards (≥99%) and samples, including acetic acid, propionic acid,
butyric acid, iso-butyric acid, valeric acid, iso-valeric acid, and caproic acid, were ob-
tained from Sigma-Aldrich (Madrid, Spain). The developed spectrophotometric method
used analytical-grade ethylene glycol (Carlo Erba, Sabadell, Spain), hydroxylamine hy-
drochloride (NH2OH·HCl) (Ajax Finechem, Sydney, NSW, Australia), sodium hydroxide
(NaOH) (EMSURE®, Darmstadt, Germany), sulfuric acid (H2SO4) (QRëCTM, Auckland,
New Zealand), hydrochloric acid (HCl) (EMSURE®, Darmstadt, Germany), and ferric
chloride (FeCl3) (Merck, Darmstadt, Germany).

2.2. Fermentation Process

Mixed-acid fermentation of mangosteen peel (MP) (Garcinia mangostana), spent coffee
ground (SCG), and galangal rhizome (GR) (Alpinia galanga) was fermented separately under
anaerobic conditions by a mixed microbial consortium. The mixed microbial consortium
was received initially from a local fermentation of organic residues (fruit and vegetable
waste) (Nakhon Ratchasima). Before this experiment, the consortium was subcultured
and used in-house in sequential batches for fruit and vegetable waste fermentation. The
initial organic loads were 100 g wet basis (WB)/L of plant biomass, and 100 g dried
basis (DB)/L of supplemented sucrose as a carbon source. The fermentation process
was conducted in a 5-L reactor working volume at 37 ◦C. For each biomass feedstock, a
fermentation process was carried out with three replicate sampling to validate the accuracy
of the developed spectrophotometric method. The VFA concentration for each reactor was
monitored regularly, and they reached a steady state before the 90-d fermentation period.

2.3. Sample Preparation

The fermentate samples were centrifuged at 10,000× g for 15 min to clarify and avoid
interference from insoluble substances. All VFA standards, VFA samples, and fermentation
samples were filtrated with a 0.22-µm nylon filter prior to VFA analysis by the developed
method and GC analysis.

2.4. Bacteria Community Analysis by 16S rRNA Gene Sequencing

The microbial consortium used for the mixed acid fermentation process was col-
lected from an earlier fermentation batch and stored in the storage medium (DNA/RNA
Shield Fecal Collection Tube R1101, PANGEA LaboratoryTM, Zymo Research, Irvine, CA,
USA) at 4 ◦C. Microbial DNA was extracted with a ZymoBIOMICS®-96 MagBead DNA
Kit (Zymo Research, Irvine, CA, USA) and removed polymerase chain reaction (PCR) in-
hibitors, according to manufacturer’s instructions. PCR was performed in a real-time PCR
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machine with the custom-designed primers by Zymo Research (Quick-16STM Primer Set
V3-V4, Zymo Research, Irvine, CA, USA).

2.5. Determination of VFAs by the Modified Spectrophotometric Method

The spectrophotometric method developed in this study was modified from the
Montgomery method [39]. It is based on the well-known ferric hydroxamate reaction.
VFAs are organic chemicals consisting of two to six carbon atoms with the carboxylic group
(–COOH). The carboxylic group can react with alcohol under the acid condition to generate
the derivative ester, in which the –OH (hydroxyl) group is replaced by an –O–alkyl (alkoxy)
group. Ester can then react with hydroxylamine in a nucleophilic reaction in an alkaline
medium, and then the pH is decreased to produce hydroxamic acid [41]. Hydroxamic acid
can form a stable complex with a transition metal, particularly iron (III) ion, that generates
the color and can be detected by UV-Vis spectrophotometric analysis (Figure 1).
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Figure 1. Reaction steps for VFA determination by the modified spectrophotometric method.

This study aimed to improve the assay performance for measuring high-molecular-
weight VFAs. The specific modifications were increasing esterification time, varying chemi-
cal concentration and the ratio of reagents, reducing reaction volume (previous methods:
15 mL), and increasing a higher detection range (previous methods: 100–1400 mg/L). More-
over, we separated the single-step formation of the iron-hydroxamic acid complex into
two steps to improve the formation rate of hydroxamic acid in acidic pH before forming
the complex with iron. In this modified method, the calibration curve for each VFA was
prepared at 250, 500, 1000, 2000, 3000, 4000, and 5000 mg/L by diluting individual VFA
standards (≥99%) in distilled water. The other analytical-grade VFA samples used for
validating the methods were prepared for three replicates at 2000 mg/L. For the reaction
assay, 0.4 mL of sample was mixed with 0.4 mL of concentrate ethylene glycol and 0.1 mL
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of 90 g/L H2SO4 in a screw-cap test tube. The mixture was heated at 100 ◦C for 10 min.
After cooling down to room temperature, the mixture was added and mixed vigorously in
a separate step with 0.5 mL of 18 g/L NH2OH·HCl and 0.5 mL of 75 g/L NaOH, followed
by 0.5 mL of 140 g/L HCl, and 2 mL of 3.5 g/L FeCl3. The reaction assay was analyzed by
UV-Visible spectrophotometer at 513 nm.

2.6. Determination of VFAs by Gas Chromatograph

Similar to the modified spectrophotometric method, the individual VFA standards were
prepared at 250, 500, 1000, 2000, 3000, and 5000 mg/L in five replicates to quantify VFA concen-
tration in the samples. Each VFA standard was injected separately to identify peaks and reten-
tion times. The analysis was performed on a GC-2014 gas chromatograph (GC-2014, Shimadzu,
Japan) equipped with an automatic sample injector and a flame ionization detector (GC-FID).
The analytes were separated on a polar capillary column of fused silica with nitroterephthalic
acid modified polyethylene glycol (DB-FFAP, Agilent 25 m × 0.32 mm ID × 0.50 µm). He-
lium (99.999%) was used as carrier gas at 42 cm/sec. The oven temperature was fixed constant
at 162 ◦C for a total analysis time of 6 min. The injection volume of the sample was 0.2 µL
and was performed in 50:1 split mode at 250 ◦C. The detector temperature was maintained at
250 ◦C with nitrogen (99.999%) makeup gas at 40 mL/min.

2.7. Assays Validation

Fermentation samples were withdrawn from SCG, GR, and MP reactors and diluted
in distilled water. Spiked fermentation samples were prepared by adding certified VFA
standards (≥99%) (acetic acid or butyric acid) into the fermentation samples with the target
analytes at 500, 750, 1000, 1500 mg/L of acetic acid, and 1000 mg/L of butyric acid. Blank
samples were diluted fermentation samples before spiking. The modified spectrophotomet-
ric method was validated for its precision and accuracy compared with the GC methods.
The method precision was evaluated by calculating the relative standard deviation (RSD),
while the accuracy was comparing the measured and prepared concentrations.

2.8. Statistical Analysis

The statistical analysis was conducted using SPSS Statistics 25 software. The descrip-
tive statistics (means and standard deviations) of the total amount of VFA were analyzed
using One-Way ANOVA with a 95% confidence interval (statistically significant at the alpha
level of 0.05). Statistical differences were compared using Duncan Post Hoc testing.

3. Results and Discussion
3.1. Figures of Merit of the Modified Spectrophotometric Methods

The calibration curves of the developed spectrophotometric method were examined
and compared with the GC method. The calibration curves were plotted over a wide
and high concentration range from 250 to 5000 mg/L for individual C2–C6 VFAs. The
linearity and precision of the calibration curves for the developed method and GC for VFA
determination are presented in Table 1. The linear work ranges (250–5000 mg/L) were
established for all C2–C6 VFAs in both methods, showing the correlation coefficient (R2)
ranges of 0.9872–0.9993 for the proposed method and 0.9992–0.9998 for the GC method,
respectively. The precisions of inter-day determination of VFA standards were determined.
The relative standard deviations (RSD) were found from 7–12% for the proposed method
(n = 3), and 8–15% for GC method (n = 5). The GC chromatograms of C2–C6 VFA standards
showed a good peak separation at different retention times, as shown in Figure 2. The
corresponding calibration curves were plotted between the theoretical concentrations and
the peak area for the GC method, and between the concentrations against the absorbance
for the modified spectrophotometric method, as shown in Figure 3. The results showed
that high-molecular-weight VFAs have a higher voltage signal based on the GC peak area,
whereas they showed a lower absorbance value, especially for the branched-chain VFAs.
The results indicated the difference in detection sensitivity of C2–C6 VFAs.
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Table 1. Linearity and precision of the calibration curves for the developed spectrophotometric
method and GC for VFA determination.

Acetic
Acid

Propionic
Acid

Butyric
Acid

Isobutyric
Acid

Valeric
Acid

Isovaleric
Acid

Caproic
Acid

Calibration curves of the developed method
Linear range (mg/L) 250–5000 250–5000 250–5000 250–5000 250–5000 250–5000 250–5000

Slope ± SD 0.1854 ± 0.0047 0.1227 ± 0.0017 0.0924 ± 0.0024 0.0526 ± 0.0025 0.0712 ± 0.0037 0.0294 ± 0.0011 0.0654 ± 0.0034
Intercept ± SD 0.0114 ± 0.0171 0.0124 ± 0.0089 0.0042 ± 0.0073 0.0066 ± 0.0051 0.0089 ± 0.0074 0.0032 ± 0.0022 0.0174 ± 0.0032
Determination
coefficient (R2) 0.9984 0.9985 0.9948 0.9989 0.9993 0.9992 0.9872

Precision (%) (n = 3) 10.99 8.10 6.94 12.14 9.34 11.45 9.70
Calibration curves of GC method
Retention time (min) 1.677 1.923 2.286 2.015 2.947 2.496 3.927
Linear range (mg/L) 250–5000 250–5000 250–5000 250–5000 250–5000 250–5000 250–5000

Slope ± SD 10,793 ± 792 17,119 ± 1511 20,801 ± 1543 21,426 ± 1377 21,821 ± 1186 22,669 ± 2520 18,922 ± 1390
Intercept ± SD −937 ± 614 −1035 ± 1049 −957 ± 1705 −1567 ± 930 −1430 ± 1012 −1158 ± 937 −245 ± 1480
Determination
coefficient (R2) 0.9993 0.9992 0.9995 0.9994 0.9997 0.9998 0.9997

Precision (%) (n = 5) 11.22 10.89 9.63 8.00 9.17 15.00 14.70
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Figure 3. Calibration curves plotted between (a) the theoretical concentrations of C2–C6 VFAs versus
the peak area for GC; (b) the theoretical concentrations of C2–C6 VFAs versus the absorbance at
513 nm for the developed method. Acetic acid (HAc), propionic acid (HPr), butyric acid (HBu),
iso-butyric acid (Iso-HBu), valeric acid (HVa), iso-valeric acid (Iso-HVa), and caproic acid (HCa).
Error bars represent the standard deviations for GC (n = 5), and the developed method (n = 3).

3.2. Determination of C2–C6 Volatile Fatty Acids

The accuracy and precision of the developed method were investigated by different
C2–C6 VFAs in both linear and branched chains (n- and iso-forms) at the concentration
of 2000 mg/L. In this study, the analytical results from GC were used as a reference for
comparing with the modified method.

For the developed method, the measured C2–C6 VFA concentrations were 1910–2102 mg/L,
with an accuracy of 95.51–105.11% and a precision of 1.67–5.58%. The measured VFA
concentrations ranged from 1941–2013 mg/L for the GC method, with relatively higher
accuracy of 97.03–100.65% and a precision of 0.55–3.23%, as shown in Table 2. From the
statistical analysis, the measured concentrations for each C2–C6 VFA were not significantly
different (p-value > 0.05) between the modified and GC methods, as shown in Figure 4.

Table 2. Analytical results of VFA determination, the accuracy (%), and precision (% relative standard
deviation; RSD) of the developed method (n = 3) and GC (n = 3).

Acid
Added 1

(mg/L)

Spectrophotometric GC

Measured 2

(mg/L)
Accuracy

(%)
Precision
(% RSD)

Measured 2

(mg/L)
Accuracy

(%)
Precision
(% RSD)

Acetic 2000 2019 ± 91 100.93 4.49 1989 ± 34 99.46 1.72
Propionic 2000 2102 ± 110 105.11 5.24 2013 ± 30 100.65 1.49

Butyric 2000 2032 ± 39 101.62 1.92 1977 ± 47 98.85 2.36
Isobutyric 2000 2023 ± 38 101.14 1.88 1941 ± 18 97.03 0.92

Valeric 2000 2033 ± 114 101.66 5.58 1991 ± 11 99.55 0.55
Isovaleric 2000 2034 ± 34 101.70 1.67 1986 ± 45 99.29 2.25
Caproic 2000 1910 ± 77 95.51 4.03 1967 ± 63 98.35 3.23

1 added concentration and 2 measured concentration.
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(95.4%) and Firmicutes (4.0%) were the most abundant phyla accounting for 99.4% of the 
total bacteria population. Two bacteria families with relative abundances above 1.0% were 
identified in this study, whereas Acetobacteraceae was the most dominant family account-
ing for 93.9% of the total bacteria community, followed by Lactobacillaceae (1.5%) (Figure 
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Figure 4. Comparison of VFA determination between theoretically added concentration (black)
and the VFA determination by the developed method (grey) and GC (white). Acetic acid (HAc),
propionic acid (HPr), butyric acid (HBu), iso-butyric acid (Iso-HBu), valeric acid (HVa), iso-valeric
acid (Iso-HVa), and caproic acid (HCa). Error bars represent the standard deviations of the developed
method and GC (n = 3) with statistical analysis. Statistical differences between each measurement
were represented by letters (a–c). Measurements with the same letter are not significantly different
(p-value > 0.05).

In this work, the spectrophotometric method was modified and examined for detecting
high-molecular-weight and branched-chain VFAs. In previous developments, only acetic
acid was the only VFA compound used as a reference for method evaluation [32,39,40].
The results showed that the modified method accurately measured propionic acid, butyric
acid, valeric acid, and caproic acid in linear and branched chains at a high concentration
range comparable to the GC method. However, the branched-chain VFAs (iso-butyric and
iso-valeric acids) had lower absorbance values than the linear forms (n-butyric acid and
n-valeric acid). A previous study from Thompson (1950) found that iso-butyric acid and
iso-valeric acid had a slow rate of hydroxamic acid formation; therefore, they had a less
intense final color [42]. Using this assay to determine branched-chain acids might need
a longer time for the reaction to complete. Based on the ferric hydroxamate reaction, the
modified assay developed in this study showed comparable results for determining all
types of VFA with the analytical GC method.

3.3. Application of the Developed Methods to Fermentation Samples

The applicability of the developed method was investigated in mixed-acid fermen-
tation samples with different matrices from plant materials (SCG, GR, and MP). From
16S rRNA gene sequence analysis of the microbial consortium used for fermentation, two
bacteria phyla were identified with relative abundances above 1.0%, whereas Proteobacteria
(95.4%) and Firmicutes (4.0%) were the most abundant phyla accounting for 99.4% of the
total bacteria population. Two bacteria families with relative abundances above 1.0% were
identified in this study, whereas Acetobacteraceae was the most dominant family accounting
for 93.9% of the total bacteria community, followed by Lactobacillaceae (1.5%) (Figure 5a).
Three bacteria genera were found with relative abundances of more than 1.0%. The most
abundant genus was Acetobacter accounting for 93.9% of the total population, followed by
Komagataeibacter (3.1%) and Lactobacillus (1.5%).
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to evaluate the performance of the developed method for VFA determination in real fer-
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Figure 5. Relative abundance and composition of the microbial community at (a) Family; (b) Genus
levels and the corresponding VFAs profile of the fermentation samples (fermentate) from spent coffee
ground (SCG), galangal rhizome (GR), and mangosteen peel (MP), and the spiked samples with
1000 mg/L of acetic acid (spiked-HAc) and with 1000 mg/L of butyric acid (spiked-HBu). Error bars
represent the standard deviations for the developed method and GC (n = 3).

According to the dominant genus Acetobacter, the main VFA product in the fermenta-
tion samples was acetic acid with a small amount of propionic acid. The VFA profile of the
initial fermentation samples and the spiked samples representing mixed-VFAs are shown in
Figure 5b. Fermentation samples were spiked with acetic acid and butyric acid to evaluate
the performance of the developed method for VFA determination in real fermentation
matrices. Acetic acid, propionic acid, and butyric acid were commonly found in acidogenic
fermentation [10,18,19]. The variety of VFAs produced depends on biomass feedstock,
microbial inoculum, and operational conditions [11,18,19].

The GC chromatograms of the initial fermentation samples showing volatile com-
pounds (VFAs and alcohols) were presented in Figure 6. The samples from acidogenic
fermentation contained acetic acid as a major VFA component with a small amount of
propionic acid and ethanol.
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Figure 6. GC chromatograms of the fermentation samples from (a) spent coffee ground (SCG);
(b) galangal rhizome (GR) and (c) mangosteen peel (MP). Peak identifications are (1) acetic acid and
(2) propionic acid.

Different VFA concentrations were spiked into the samples with the added concen-
trations of 500, 750, 1000, and 1500 mg/L for acetic acid and 1000 mg/L for butyric acid.
For the modified spectrophotometric method, the measured VFA concentrations of the
native fermentation samples were 923–1047 and 923–2547 mg/L after spiking. The selected
concentration ranges represented acidogenic fermentation which the VFA concentrations
are typically high.

The performance of the developed method was determined based on the theoretical
VFA concentrations added and compared to the GC method, as shown in Table 3. The
accuracy and precision of the modified method applied to the spiked fermentation samples
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were 94.68–106.50% and 2.35–9.26%, respectively. In comparison, the accuracy and precision
of the GC method were 94.42–99.13% and 0.17–1.93%, respectively.

Table 3. Analytical results of VFA determination in fermentation samples, and the accuracy (%) and
precision (% relative standard deviation; RSD) of the developed method (n = 3) and GC (n = 3).

Sample
Initial
VFAs
(mg/L)

Added
Acetic
Acid

(mg/L)

Added
Butyric

Acid
(mg/L)

Estimated
VFAs
(mg/L)

Spectrophotometric GC

Total
Found
(mg/L)

Accuracy
(%)

Precision
(% RSD)

Total
Found
(mg/L)

Accuracy
(%)

Precision
(% RSD)

SCG 1 992 ± 16 - - 992 1056 ± 85 106.37 8.06 992 ± 16 100.00 1.58
SCG 2 992 ± 16 500 - 1492 1563 ± 99 104.71 6.32 1436 ± 12 96.23 0.80
SCG 3 992 ± 16 750 - 1742 1844 ± 104 105.85 5.64 1659 ± 21 95.23 1.24
SCG 4 992 ± 16 1000 - 1992 2026 ± 93 101.71 4.57 1903 ± 3 95.50 0.17
SCG 5 992 ± 16 1500 - 2492 2558 ± 163 102.64 6.35 2353 ± 45 94.42 1.93
SCG 6 992 ± 16 - 1000 1992 2120 ± 150 106.43 7.08 1967 ± 24 98.75 0.59
GR 1 1047 ± 21 - - 1047 1077 ± 47 102.86 4.37 1047 ± 21 100.00 2.03
GR 2 1047 ± 21 500 - 1547 1506 ± 112 97.39 7.45 1488 ± 5 96.23 0.32
GR 3 1047 ± 21 750 - 1797 1747 ± 162 97.25 9.26 1736 ± 5 96.61 0.26
GR 4 1047 ± 21 1000 - 2047 2013 ± 63 98.37 3.13 2018 ± 13 98.60 0.66
GR 5 1047 ± 21 1500 - 2547 2528 ± 115 99.25 4.56 2419 ± 16 94.98 0.66
GR 6 1047 ± 21 - 1000 2047 1972 ± 58 96.34 2.95 2010 ± 13 98.22 0.57
MP 1 923 ± 8 - - 923 942 ± 27 102.08 2.84 923 ± 8 100.00 0.90
MP 2 923 ± 8 500 - 1423 1408 ± 38 98.94 2.72 1410 ± 12 99.13 0.82
MP 3 923 ± 8 750 - 1673 1618 ± 92 96.72 5.68 1624 ± 18 97.07 1.14
MP 4 923 ± 8 1000 - 1923 2048 ± 48 106.50 2.35 1861 ± 14 96.78 0.75
MP 5 923 ± 8 1500 - 2423 2294 ± 65 94.68 2.83 2314 ± 21 95.50 0.91
MP 6 923 ± 8 - 1000 1923 1965 ± 47 102.17 2.38 1906 ± 19 99.13 1.01

In this experiment, some native fermentation samples (SCG1 and GR1) containing
mixed acids with a small amount of propionic acid (in the range of 100–124 mg/L), the
accuracy of the developed method on the total VFA determination in native SCG1 and
GR1 samples were in the range 102.86–106.37%, which is slightly higher than that of the
analytical GC method. However, the results from the two methods were not significantly
different (p-value > 0.05). In comparison, the accuracy of native MP1 containing only
acetic acid was slightly better than that of SCG1 and GR1 (102.08%). The accuracy on the
fermentation samples and the spiked samples (500–1500 mg/L VFA added) were in a good
accuracy and precision range.

Among 18 fermentation samples tested, in most samples, the VFA results measured by
the modified method were not significantly different (p-value > 0.05) from those measured
by GC, as shown in Figure 7. The spectrophotometric results from SCG samples tended
to have a higher measured value than the GC method. This might be attributed to the
interfering components in the complex plant-derived matrix since SCG contains a high
level of polysaccharides and phenolic compounds. These compounds extracted during
the fermentation process showed a high absorbance value at the wavelengths close to the
wavelength used in the developed method (513 nm) [43]. Thus, these compounds could
interfere with the measurement.

The original Montgomery’s study validated the application of the method on samples
from crude sewage sludge, digested sewage sludge, and effluent from bacon factory by
spiking 200–600 mg/L acetic acid. The accuracy can be calculated at 95.0–120.0%. The
spectrophotometric method developed in this study showed extended advantages on
different fermentation matrices with the recovered analysis of spiked acetic and butyric
acid at higher concentrations (500–1500 mg/L) and slightly better accuracy (94.7–106.5%).
A developed method by Chatterjee et al. [32] was tested on anaerobic digestate samples
containing VFAs concentration in the range of 394–1662 mg/L. The accuracy of the modified
spectrophotometric method compared to VFA concentration measured by GC was in the
range of 99.18–116.22%. The modified spectrophotometric method showed an improvement
over the distillation method, which obtained only 66.2–76.1% recovery with respect to
results measured by the modified method.
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Figure 7. VFA determination using the modified spectrophotometric (SP) method and GC for
(a) spent coffee ground (SCG); (b) galangal root (GR) and (c) mangosteen peel (MP). Error bars
represent the standard deviations the developed method and GC (n = 3). Statistical differences
between each measurement were represented by letters (a–h). Measurements with the same letter are
not significantly different (p-value > 0.05).

The modified method accurately determined both small and large VFA compounds,
represented by acetic acid and butyric acid. These VFAs are commonly found in acidogenic
fermentation and anaerobic digestion [9,17,18]. The sensitivity of individual VFA com-
pounds toward a measuring technique is different; for example, the peak area or voltage
signal detected by GC. Similarly, the different sensitivity in spectroscopic absorption of
each VFA compound affects its concentrations read. For mixed-type VFA fermentation, the
ratio of major VFA components in the samples should be quantified or known to prepare
the calibration curve accordingly. Thus, the modified method can be used for routine
monitoring of VFA levels.
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3.4. The Improvement of the Modified Spectrophotometric Method

The comparison of this proposed method and the previous developments, in terms
of VFA type, detection range, the total volume of the reaction, precision, and accuracy, is
presented in Table 4. This study validated the precision and accuracy of the determination
of all C2–C6 VFAs, including linear and branched chains, while the previous studies were
validated solely with acetic acid. In this study, the accuracy of acetic acid determination
was 96.98–105.88%, comparable to previous studies (82.10–115.35%) [32,40]. The standard
curves developed in this study were in the range of 250–5000 (R2 = 0.9872–0.9993), compared
to 10–1200 (R2 was not reported) and 100–1400 mg/L (R2 = 0.9920) from the previous studies
of Siedlecka et al. [40] and Chatterjee et al. [32], respectively. As mentioned previously in
the methods, a very high concentration of chemicals resulted in intense color production
and high absorbance. According to Beer–Lambert’s law, the absorbance higher than a
specific value (normally around one) will have a non-linear relationship with sample
concentration, caused by the shading effect of chromophore molecules to each other or so-
called inhomogeneity in the optical medium [44]. After the hydroxamic reaction, Chatterjee
et al. [32] reported the need for a dilution step to reduce the color before measuring
absorbance (final volume after dilution is 49.7 mL), in which the final absorbance was still
high (1.8 at an acetic concentration of 1400 mg/L). This study modified the method by
reducing reaction concentration and adjusting the chemical ratio in each step to obtain
ready-to-measure final color. As a result, the developed method in this study can increase
the detectable concentration up to 5000 mg/L with satisfactory linearity, which could
benefit the measurement of high VFA concentration in fermentation samples. Reducing the
total volume of the reaction to 4.3 mL per sample asserts the advantages of this developed
assay more than previously proposed methods. This developed assay also consumed
around 15 min to get the concentration result. The spectrophotometric method developed
in this study is rapid, simple, and accurate for VFA determination and thus suitable for
routine analysis of a large number of samples.

Table 4. Comparison between the proposed spectrophotometric method and previous developments.

Acid
Concentration

Range of Standard
Curve (mg/L)

Total Volume of
Reaction (mL)

Accuracy
(%)

Precision
(% RSD) References

Acetic-Caproic 250–5000 4.3 95.51–105.11 1.67–5.58 This study
Acetic 250–5000 4.3 100.93 4.49 This study
Acetic 10–1200 14.7 82.10–104.2 1.3–14.0 [40]
Acetic 100–1400 49.7 95.76–115.35 1.38–27.63 [32]

Among simple techniques for determining total VFA concentration, a titration method
has been used for monitoring VFAs in fermentation process. The titration method was
firstly proposed by DiLallo and Albertson as two-point back titration [45]. The method
requires adding standard acid and base and includes boiling to remove carbonic acid and
CO2, which are prone to gross inaccuracy. Boiling, in particular, could result in losing a
fraction of VFAs, and the back-titration (increase pH from 4.0 to 7.0) incorporates only 80%
of VFAs in the measurement [30]. Although several titration methods were developed after
that, such as 5 and 8 pH point titration [46], they are not very precise when applied to real
fermentation samples with a complex matrix containing high concentrations of interfering
components [31]. Therefore, the spectrophotometric method would offer a better recovery,
be more specific to VFAs, and be less sensitive to interferences.

Similar to the traditional titration method, the limitation of the spectrophotometric
method is on separating individual VFAs. Thus, it can only determine the total concen-
tration of VFAs present in the samples. Identifying VFA type and measuring individual
VFA concentration requires an analytical method with the separation techniques, such as
GC and high-performance liquid chromatography (HPLC). An analytical method with the
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separation techniques is needed to acquire information on particular VFA types to reflect
the stages of fermentation or biological processes. In addition, the chromatographic meth-
ods provide a high resolution, low limits of detection (LOD), a wide linear dynamic range
(LDR), and good reproducibility [27]. However, the limitations of these methods are the
requirement of a skilled operator, high cost, and intensive maintenance, which reduce their
advantage for routine monitoring purposes [27]. Therefore, a cheap and straightforward
VFA determination method with acceptable accuracy is essential for monitoring a known
fermentation process.

For a spectrophotometric method, VFA concentration is determined based on the ab-
sorbance value of all VFA types combined. With a known ratio of major VFAs, an adjusted
calibration curve or mixed-acid standard can be employed to improve the measurement’s
accuracy. In other words, the accuracy would be off by the differences in absorbance
sensitivity of the VFAs underestimated. In this experiment, using the fermentation samples
containing mixed acids with a small amount of propionic acid, the accuracy of the devel-
oped method on the total VFA determination in SCG1 and GR1 samples was in the range of
102.86–106.37%, which is slightly higher than that of the analytical GC method. However,
the results from the two methods were not significantly different (p-value > 0.05). Further
related research would include improving the absorbance sensitivity of individual VFAs to
be more comparable, the characterization of interferences and correction, and the potential
applications to other fermentation processes.

In this study, the spectrophotometric method was developed for rapid and straight-
forward monitoring VFA in the mixed-acid fermentation of organic residues, typically
containing a high level of VFAs (acetic, propionic, and butyric acids) [16–18]. All C2–C6
VFAs and real fermentation samples proved the method’s accuracy and precision. VFAs
or short-chain fatty acids (SCFA) can also be found in other fermentation matrices for
example, fermented food by Lactobacillus [47]. VFAs are often produced by fermentation
of lactose, lipolysis, and degradation of amino acids, which greatly influence the taste
of cheese or fermented milk products [48,49]. This situation illustrates the benefit of this
modified spectrophotometric method for monitoring VFA-related metabolic reactions in
various bioprocesses. However, since this method is based on the esterification of VFAs, it is
likely to be interfered with by traces of dissolved esters in fermentation matrices [39], thus
affecting the analysis accuracy. In wine fermentation, for instance, 2-phenylethyl acetate
and isoamyl acetate, the two acetate esters produced by yeast in genera Hanseniaspora
and Pichia [50], might cause a false positive. In fermented dairy products, the analysis of
VFAs might be affected by the composition variables, e.g., cheese salt and fat contents [48].
Other fatty acids might also be esterified and interfere with the analysis. Moreover, colored
and colloidal matrices generally interfere with the spectrophotometric method. Further
effort should be given to verify this developed method on real fermentation samples with
different compositions to evaluate its application.

Through the simple spectrophotometric method developed for detecting a high range
of VFA concentration, after clarification, fermented liquid can be directly used for analysis.
However, the sample with low VFAs, such as effluent from a healthy anaerobic digester,
might need to be up-concentrated to be detectable by this method. Up-concentration
of VFAs has been performed by solvent extraction using, for example, n-octanol, ionic
liquid (trihexyl(tetradecyl)phosphonium chloride), dimethyl carbonate, dichloromethane,
and methyl-tert-butyl-ether [38,51,52]. In future work, solvent extraction coupled with
this developed spectrophotometric method could be investigated to extend the limit of
quantification for application in low VFAs samples. However, the effect of solvent type on
the accuracy and precision of the method needs to be verified.

4. Conclusions

Determining total VFA concentration is essential for monitoring the performance
and stability of the fermentation process. The modified spectrophotometric method was
developed for determining a high-ranged concentration of C2–C6 VFAs in mixed acid
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fermentation samples. A detection limit was improved for a high concentration range of
250–5000 mg/L. Using VFAs prepared in distilled water, the proposed method had an
excellent accuracy of 95.51–105.11%, with a precision range of 1.67–5.58%. For the spiked
fermentation samples, the accuracy and precision of the modified method were in the range
of 94.68–106.50% and 2.35–9.26%, respectively, compared to the GC (94.42–99.13% and
0.17–1.93%). The developed method is applicable to measure all VFA types in acidogenic
fermentation samples with a complex matrix. The developed spectrophotometric method
offers a reliable and accurate measurement of VFAs. The developed method has advantages
over others in lessened time, cost, and chemical usage allowing a practical application in
the fermentation process. The limitation of the spectrophotometric method is on separating
individual VFAs. Therefore, it only determines the concentration of total VFAs present in
the samples. Further related research would include improving the absorbance sensitivity
of individual VFAs, the characterization of interferences and correction, and the potential
application to other fermentation processes.
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