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Abstract: Concerns over the potential adulteration of commercially produced foods give rise to a
requirement for a simple and fast analytical method capable of quantifying potential adulterants. This
work demonstrates a simple HPLC method tailored to detect major organic acids and furans within
ingredients in commercial food products, for example, pomegranate molasses, balsamic vinegar,
and apple cider vinegar. The relative importance of this method is in its simplicity and its use of an
environmentally friendly aqueous mobile phase under isocratic conditions, providing results in a less
than 20 min runtime. The chromatographic separation was achieved using an Acclaim® OA, 5 um,
120 A (4.0 x 250 mm) column; a UV-DAD detector set at 210 nm; and a 200 mM Na,SO, mobile
phase with 0.55 mL/L methanosulfonic acid as a pH modifier. The method was then validated by
quantifying the concentration of acetic acid, formic acid, citric acid, and hydroxymethyl furfural
(HMEF) in pomegranate molasses, balsamic vinegar, and apple cider vinegar commercial products.
The concentration of acetic acid and HMF in balsamic vinegar was 80.380 mg/mL (+1.272 mg/mL)
and 2.153 mg/mL (£0.021 mg/mL), respectively. The apple cider vinegar was composed only
of acetic acid with a concentration of 44.139 mg/mL (£0.053 mg/mL). The concentrations of cit-
ric acid and HMF were 123.425 mg/mL (£2.502 mg/mL) and 11.382 mg/mL (£0.582 mg/mL),
respectively, in pomegranate molasses. Furthermore, this method is also capable of determining
various organic acids and furans in biomass: levulinic acid, formic acid, furfurals, diformylfuran,

and gamma-valerolactone.
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1. Introduction

Organic acids and furans are products in various biomass reactions and can be found
in food products. They constitute a wide spectrum of biomass compounds and form a plat-
form of value-added compounds with distinctive properties and applications. For instance,
some compounds derived from 5-hydroxymethylfurfural (HMF) are used in surfactants
that can be included in detergents, pharmaceuticals, cosmetics, and food ingredients [1].
Equally important, y-valerolactone (GVL) has numerous potential applications: for ex-
ample, it is used as a fuel additive and is a crucial compound involved in the polyester
and bioplastic industries [2-6]. Likewise, the advantage of organic acids lies in the role
they provide in producing higher value liquid alkanes via deoxygenating reactions [7,8].
Levulinic acid (LA), for example, is characterized by its carbonyl and ketone functional
groups, identifying it as an attractive organic acid in producing added-value cyclic com-
pounds [9]. Formic acid (FA) is a key acid that is obtained in a nearly equimolar ratio
with levulinic acid by the liberation of carbohydrates via the hydrolysis of lignocellulosic
biomass [7,10-12]. Hydrogenation reactions, hydrogen release, and H; purification have
led to new potential roles for formic acid [13]. Similarly, acetic acid is usually produced by
the fermentation of grapes along with wheat, corn, wine, and sugars derived from sugar
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cane and fruits [14]. In order to understand the constituents which make up vinegar, it
is necessary to have a good understanding of the upstream production process. It is a
sequential two-staged fermentation process of fermentable sugars into ethanol followed by
the oxidation of ethanol into acetic acid using Acetobacter bacteria. Vinegar is considered as
a dilute solution of acetic acid [15]. Similarly, while citric acid is a key natural constituent
used in foods, beverages, and pharmaceuticals, it also features in industrial applications
such as chelation, buffering, pH adjustment, and derivatization, making it an important
additive used in laundry detergents, shampoos and cosmetics, enhanced oil recovery, and
metal cleaning [16]. Equally important, commercially available juices such as lemon and
lime juice concentrates are rich in citric acid at about 1.44 and 1.38 g/ oz, respectively [17].
Pomegranate molasses is a well-known ingredient used for salad dressing and in traditional
Middle Eastern and Turkish cuisine [18]. It is characterized by its bioactive compounds
and antioxidants [19-22].

Pomegranate molasses is produced from pomegranate juice by following traditional
methods in which the juice is concentrated by boiling [23]. In brief, upstream processing
consists of cleaning, crushing, extraction, filtration, clarification, and evaporation in either
an open vessel or under vacuum [24,25]. Krueger (2012) published a comprehensive study
that employs statistical tools in order to identify the composition of pomegranate juice
based on the screening of 793 commercial pomegranate juices [26]. The study exhibited a
mean value of fructose and glucose of 6.83 g/100 g and 6.66 g/100 g, respectively, from
which HMF is derived. Citric acid constitutes almost 1.19 g/100 g. In a different study,
HPLC-MS was used in order to quantitatively investigate the total acidity in terms of citric
acid between authentic and commercial pomegranate molasses [27]. Kamal and his team
used matrix solid-phase dispersion extraction coupled with HPLC to study the composition
of antioxidants in commercial pomegranate, which included vitamin C, gallic acid, rutin,
and ellagic acid [28]. It was published elsewhere that sugars such as fructose, glucose,
and sucrose in sugarcane molasses were determined using HPLC with a refractive index
detector [29]. Interestingly, HMF was quantified in pomegranate juice concentrates using
coupled solid phase extraction ultra-performance liquid chromatography (UPLC) [30].
The main question is whether it is possible to have a simple analytical method capable of
analyzing and quantifying major acids and furans. Eventually, insight into the quality of
commercial food products as well as the assessment of some biomass reactions is gained
from quantification analysis.

To the best of our knowledge, no simple and fast HPLC method has been published
to quantify organic acids and furans simultaneously in food products and beverages. In
this work, an analytical HPLC method based on work by Lopes et al. [31] was tailored
to analyze organic acids such as formic, citric, acetic, and levulinic acid as well as furans
such as GVL and HMF. This method is novel in that, while based on an IC protocol, it
provides accurate results with minimum effort using conventional HPLC equipped with a
UV detector at 210 nm.

2. Materials and Methods
2.1. Materials

In this work, formic acid (LC-MS, meets analytical specifications, 98-100%, lot#
SZBD3100V), levulinic acid (99%, EC# 204-649-2), diformylfuran (2,5-furandicarboxaldehyde,
97%, 728373-1G), 5-hydroxymethylfurfural (HMF, >99% FG, product# 53407), y- valero-
lactone (GVL, ReagentPlus®, 99%, lot# STBJ4763), furfural (2-furaldehyde, 99%, lot#
SHBJ4026), acetic acid (analytical grade, >99%, EC# 200-580-7), citric acid (ACS reagent,
>99.5%, lot# BCBW8890), and valeric acid (>99%, lot# STBH0750), methanosulfonic acid
(>99.5% (T), EC# 200-898-6) were all purchased from Sigma Aldrich (Arklow, Co.Wicklow,
Ireland). Anhydrous sodium sulfate (lot# 1689172) for buffer mobile phase was purchased
from Fisher Scientific (Ballycoolen, Dublin 15, Ireland). Ballyhoura™ Irish apple cider
vinegar (pure raw) and Solesta™ balsamic vinegar of Modena were sourced from local
Irish supermarkets (Aldi Stores (Ireland) Ltd., Naas, Co. Kildare). Durra® pomegranate



Beverages 2022, 8, 6

30f13

molasses was a product of Levant Food Products Company, Ltd. (Massachusetts 01843,
United States).

2.2. Instrumentation

The HPLC system used was an Agilent Technologies 1200 series equipped with
a G1312B binary pump SL (serial no. DE63057882), G1322A 1260 degasser (serial no.
JPAAJ82844), and G1315C DAD SL (serial no. DE73458282). The analytes were separated
using an Acclaim® Organic Acid Dionex column (5 um, 120 A, 4.0 x 250 mm, serial no.
001601) supplied by Thermo Fisher Scientific (Ballycoolen, Dublin 15, Ireland).

2.3. Chromatography Conditions

The protocol for the chromatography separation was developed based on isocratic
simple conditions. The injection volume was set at 2 uL. and the column temperature at
30 °C. Ultra-pure water was used as a washing solvent between the samples. The mobile
phase used was 200 mM Na;SOy4 aqueous solution with 0.55 mL of methanosulfonic acid
added per liter of mobile phase (pH = 2.67), and the binary pump was fixed at a flow rate
of 0.3 mL/min. As an attempt to investigate the possibility of achieving a shorter runtime,
the runs were then repeated using the same conditions but with a flow rate of 0.5 mL/min.
All species were detected using DAD wavelengths at 210 nm.

2.4. Standards Mixes and Sample Preparation

For calibration purposes, three different concentrations of each standard were prepared
by mixing a certain amount of the standard chemical with ultra-pure water (18 M(Q)) in a
test tube. The used amounts of the stock chemicals and water are tabulated in Table S1.
In addition, mixed standard stock solutions were made up by mixing together different
amounts of the already prepared individual standards of formic acid, citric acid, levulinic
acid, and HMF into a 15 mL tube, to which ultra-pure water was then added to dilute to a
final volume (Table S2). This resulted in three different concentrations of standard mixes
labelled as STD1, STD2, and STD3. Similarly, three other mixed standard stock solutions
(STD4, STD5, and STD6) consisting of formic acid, acetic acid, levulinic acid, and HMF
were prepared in the same way for quantification of the components in the samples of
pomegranate molasses (Table S52).

The samples of the three commercial products, pomegranate molasses (POM), balsamic
vinegar (B.VIN), and apple cider vinegar (ACV), were prepared as follows: initially, a
known amount of the original commercial product was weighed and dispensed into a
15 mL plastic tube. Afterwards, the same amount of levulinic acid internal standard was
pipetted onto each sample and subsequently diluted with ultra-pure water to volume in
order to meet the indicated calibration range (Table S3).

All the prepared individual standards, the mixed standard stock solutions (STD1-STD6),
and the commercial products samples were filtered using a 0.2 pum filter while being trans-
ferred to glass vials.

2.5. System Calibration

Firstly, the system was calibrated by running three concentrations of the prepared in-
dividual standards of each analyte at a mobile phase flow of 0.5 mL/min. The approximate
range of concentrations of standards was 55-108 mg/mL for formic, acetic, citric acid, and
levulinic acid, as well as GVL (Table S1). Similarly, three different concentrations within
a range of 0.2-1 mg/mL were selected for HMF, diformylfuran, and furfural (Table S1).
The linear calibration equations and R? values are tabulated in Table S4 and the curves are
shown in Figures S1-58. Secondly, the mixed standard solutions STD1, STD2, and STD3
and STD4, STD5, abs STD6 were run in the same sequence with POM and B.VIN and ACV
samples, respectively. Table S2 displays the range of concentrations of each standard in
the mixed standard solutions used for linear calibration. Figures 59-514 display the linear
calibration plots of peak areas against concentrations in the STD1-STD6 mixed standards.
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The R? values ranged between 0.9995 and 1.0000 are listed in Table S5 along with their
corresponding equations of the linear relations.

3. Results and Discussion

The analysis of the commercial products’ samples was executed on two different
occasions, where on the first event pomegranate molasses samples (POM) were run along
with mixed standard solutions STD1, STD2, and STD3. Then, vinegar products (B.VIN
and ACV) and mixed standard solutions STD4, STD5, and STD6 were run together as a
separate batch. Each commercial product sample (POM, B.VIN, and ACV) was split into
two vials as duplicates denoted by A and B. In order to achieve more accurate results
in terms of response factor, two mixed standard solutions (STD1 and STD2) were run
following POM.A and POM.B samples. These mixed standard solutions were denoted by
STD1-inline-POM (A /B) and STD2-inline-POM (A /B). Thus, as a part of the quantification
analysis of pomegranate samples, the HPLC sequence was performed as per the order in
Table 1.

Table 1. Executed HPLC sequence for the quantification of pomegranate molasses samples.

Sequence Order Sample Name

1 STD1
STD2
STD3
POM.A
STD1-inline-POM.A
STD2-inline-POM.A
POM. B
STD1-inline-POM.B
9 STD2-inline-POM.B

STD1, STD2, STD3—three different concentrations of standard mixes. POM—pomegranate molasses samples.

OO U= WN

The HPLC chromatogram of STD2 mixed standard solution at 210 nm is shown in
Figure 1. The retention times of formic acid, citric acid, levulinic acid, and HMF were at
8.118 min, 8.440 min, 11.793 min, and 15.860 min, respectively. Clearly, all analytes eluted
no later than 18 min at a flow rate of 0.3 mL/min.

Citric Acid, t = 8.440 min,

A=1589.820
: o . . Levulinic Acid, t =11.793 min,
mAU—‘ Formic Acid, t=8.118 min, A =390.181
1 A=558.283 |
50
0 ] HMEF, t=15.860 min,
1 A=736.026
304
204
1 v
10
0+ \ -
5 10 15 2

Figure 1. Mixed standard solution STD2 chromatogram run at UV-210 nm at the following conditions:
flow rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.



Beverages 2022, 8, 6

50f13

The remaining chromatograms of the used mixed standard solutions are listed in the
Supplementary Material (Figures S15 and 516).

Figure 2 elucidates the chromatogram of the pomegranate molasses (POM.A) sample
at 210 nm at a flow rate of 0.3 mL/min. The chromatogram shows four major peaks, where
the first, second, and third peak correspond to citric acid, levulinic acid (IS), and HMF,
respectively, whereas the 4th peak did not match with any of the used standards and
was denoted as unknown. All the identified peaks eluted before 20 min (Figure 2). The
chromatogram of POM.B is listed in Figure S17.

Citric Acid, t = 8.444 min,

A=1441.260
Levulinic Acid, t = 11.793 min,
A=418.375
mAU | HMF, t = 15.879 min,
A= 646.624
5
Unknown, t = 18.422 min,
20 A= 323206
15 ‘ /
10 ‘ ‘ :
5 AN
/_' \'\/ \\ _J \ 4 \\\ ~
0 e — >
T T ' T T
5 10 15 20

Figure 2. Pomegranate molasses (POM.A) sample chromatogram run at UV-210 nm at the following
conditions: flow rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.

The concentrations of citric acid and HMF species in pomegranate molasses were
calculated based on the external standard response factor, which was determined by
Equation (1):

Area

RF= —F—
Concentration

)

The calculation footprints were started by determining the response factor of all mixed
standard solutions, including that of STD1-inline-POM (A /B) and STD2-inline-Pom (A /B).
Consequently, the concentration of the samples POM.A and POM.B were calculated via
Equation (1) using the RF value of the inline mixed standard. The relative response factor
RREF of each species was calculated using Equation (2) or Equation (3).

RRF: — RFi,mix standard solution (2)
i =
Rl:"ISD, mix standard solution

RFE: . :
RRFi _ i,mix standard solution (3)
Rl:'ISD, sample(Pom.A/B)

Table 2 exhibits the concentration, standard deviation, and RRF of each constituent of
pomegranate samples.
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Table 2. Concentrations of species in vial: Cj iy (mg/mL), calculated concentration of species in
commercial product: Cj sample (mg/mL), and RRF (relative response factor) of each species based on
LA (levulinic acid) (ISD—internal standard): RRFi.

Sample Ccitric, Vial Ccitric, Sample %Citric Acid RRF CHMF, Vial CHMF, Sample %HMF RRF
Name (mg/mL) (mg/mL) (g/g Molasses) Cittic  (mg/mlL) (mg/mL) (g/g Molasses) HMF
POM. (A) 1.948 121.656 8.814% 6.315 * 0.176 10.970 0.795% 34116 *
POM. (B) 2.004 125.1936 9.070% 6.451 ** 0.189 11.794 0.854% 32.099 **
Standard
Deviation +0.040 +2.502 - - +0.009 +0.582 - -
(mg/mL)

* Calculated by Equation (2). ** Calculated by Equation (3). POM—pomegranate molasses samples. HMF—hydroxymethyl
furfural.

The mean value and standard deviation of citric acid concentration in pomegranate
molasses were 123.425 mg/mL and £2.502 mg/mL, respectively. This is equivalent to
8.814% citric acid content, which is in agreement with the reported values of 7.5% citric
acid [32]. In regard to HMEF, the average concentration and standard deviation were
11.382 mg/mL and +0.582 mg/mL, respectively. This is equivalent to 794.767 mg/100 g
molasses, which is higher than the standard value of HMF of 50 mg/100 g as per the
chemical analysis performed by the same group [32]. This could be attributed to open air
heating for a long time [32] or due to some added glucose syrup, as was the case for one of
the commercial products analyzed to have 1524.98 mg/kg [29]. Moreover, it was proposed
that low pH values (total acidity) facilitate the formation of HMF [33].

Concerning vinegar products, both B.VIN and ACV were run in the same order as the
sequence in Table 1. The HPLC chromatogram of STD4-Inline-B.VIN (A) mixed standard
solution at 210 nm is shown in Figure 3. The retention times of formic acid, acetic acid,
levulinic acid (IS), and HMF were at 8.143, 8.938, 11.909, and 16.085 min, respectively. The
rest of the mixed standard solutions’ chromatograms (S5TD4, STD5, and STD6) used for all
vinegar samples (B.VIN and ACV) are listed in Figures S18-S20.

Levulinic Acid, t = 11.909 min,
A=441.581

Acetic Acid, t = 8.938 min,
A=122.610

mAU |
Formic Acid, t = 8.143 min, HME, t = 16.085 min,

A=165.862 A=213.836

5 10 1 20

Figure 3. Mixed standard solution STD4-Inline-B.VIN (A) chromatogram at UV-210 nm at the
following conditions: flow rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.
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The chromatogram of the balsamic vinegar sample B.VIN (A), executed at the same
HPLC conditions, is shown in Figure 4. This chromatogram demonstrates four major
peaks, where all of them eluted no later than 20 min. Using the elution order of analytes
in the mixed standard solution STD4-Inline-B.VIN (A) displayed in Figure 3, the second
peak, third peak, and fourth peak correspond to acetic acid, levulinic acid (IS), and HMEF,
respectively. The first peak was not relevant to any of the selected standards and was
denoted as unknown. The chromatogram of the second sample of the duplicates of balsamic
vinegar B.VIN (B) is displayed in Figure S21.

Levulinic Acid, t=11.902 min,

A=444512
Acetic Acid, t = 8.935 min,
A=365.355
mAU}
12
0 1 Unknown, t=7.776 min, HME, t = 16.107 min,
A=234.201 A=167.586
8 \
64 |
4+
27
0_:_ e e A A At e Ao ———
) 10 15 2

Figure 4. Balsamic vinegar B.VIN(A) chromatogram at UV-210 nm at the following conditions: flow
rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.

As mentioned previously, the ACV sample relating to pure apple cider vinegar of
Modena® was run along with B.VIN as one batch sequence. In order to identify the nature
of the peaks, the mixed standard solution STD4 was run again in between ACV duplicates
and was labeled as STD4-Inline-ACV(A/B). Undoubtedly, a similar chromatogram was
reproduced having four peaks that correspond to formic acid, acetic acid, levulinic acid
(IS), and HMF (Figure 5).

The chromatogram of ACV (A) was composed of two major peaks at retention times
near 8.934 min and 11.888 min (Figure 6). In order to identify the nature of the peaks,
the chromatogram of mixed standard solution STD4-Inline-ACV (A) in Figure 5 was
considered. The first component eluted at 8.934 min and it corresponds to acetic acid, while
the second element is relevant to the internal standard levulinic acid (Figure 6). Indeed,
this chromatogram conclusively confirmed the high purity of apple cider vinegar as it
constitutes only acetic acid. The chromatogram of the second sample of the duplicates of
apple cider vinegar ACV (B) is included in Figure S22.
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Acetic Acid, t = 8.934 min,

J——— Levulinic Acid, t = 11.8960 min,
A=442.133
Formic Acid, t = 8.141 min,
1 A=170.818
mAU 1 !
- HMEF, t = 16.0700 min,
10 | A=220.027
8
6
] v
44
2 \
04— et - s
5 10 15 20

Figure 5. Mixed standard solution STD4-Inline-ACV(A) chromatogram at UV-210 nm at the following

conditions: flow rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.

Levulinic Acid, t = 11.888 min,
A=440915

Acetic Acid, t = 8.9340 min,
mAU 1 A=218.065

ro N
P PR B -

\
{
|

L

5 10 15 20

Figure 6. Apple cider vinegar (ACV(A)) chromatogram at UV 210 nm at the following conditions:
flow rate, 0.3 mL/min; column temperature, 30 °C; and run time, 20 min.

The concentrations of acetic acid and HMF in balsamic vinegar (B.VIN) were quantified
using the RF of the inline mixed standard solution STD4-Inline-B.VIN (A), whereas the
concentration of acetic acid in apple cider vinegar was determined using the response factor
(RF) value of STD4-Inline-ACV (A) mixed standard solution. In a similar fashion, RRF was
calculated using Equations (2) and (3) as done previously for pomegranate samples.

Statistics in Table 3 show a mean value and standard deviation of acetic acid concentra-
tion in balsamic vinegar of 80.3795 mg/mL and £1.2715 mg/mL, respectively. Moreover,
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the average value of HMF concentration was 2.1526 mg/mL with a standard deviation of
£0.021 mg/mL (Table 3). The concentration of acetic acid of 80.380 mg/mL was equivalent
to 70.011 g/kg, which was close to the composition of 63.57 & 5.8 g/kg [34]. Also, the
average HMF concentration of 2.153 + 0.021 mg/mL, equivalent to 1909.285 mg/kg, is
approximately equal to the value of 1812 £ 105 mg/kg reported by the same team [34]. The
formation of HMF in balsamic vinegar is due to the thermal degradation of sugar [35,36]
and is considered a sign of how optimized the production process is, with high HMF
values of 3300 and 5000 mg/kg [37]. Of note is that the resulted concentration of HMF
of a value of 1909.2846 mg/kg was much less than the reported values of 4035 £ 260
and 4947 + 390 mg/kg [34]. Therefore, the HMF level marks the quality of commercial
balsamic vinegars in terms of their production technique.

Table 3. Concentrations of species in vial: Ci,yj, (mg/mL), calculated concentration of species in
commercial product: Cisample (mg/mL), and relative response factor (RRF) of each species based on
LA (ISD): RRFi.

Cacetic, vial  Cacetic, sample  7oAcetic Acid CHME vial CHME sampl %HMF

Sample (o/mL) (f:g/};amp ° (ggSample) RRFaceic (o) (mgiml) (g Sample)  NRIHMF
B.VIN (A) 1.547 79.480 7.001% 1.888 * 0.044 2.168 0.191% 31.330 *
B.VIN (B) 1.582 81.279 7.159% 1.878 ** 0.044 2.138 0.188% 31.166 **
Standard
Deviation +0.025 +1.272 - - +0.0004 +0.021 - -
(mg/mL)

ACV (A) 0.939 44.384 4.249% 1.922 % - - - -
ACV (B) 0.928 43.884 4.201% 1.930 ** - - - -
Standard
Deviation +0.008 +0.354 - - - - - -
(mg/mL)

* Calculated by Equation (2). ** Calculated by Equation (3). POM—pomegranate molasses samples. HMF—hydroxymethyl
furfural.

The analysis of apple cider vinegar (ACV) demonstrated a pure acetic acid content of
44.134 mg/mL (Table 3). This confirms the high purity written on the label of Ballyhoura™
Irish apple cider vinegar (pure raw). It was noticed that in both samples there was no
presence of any other organic acid, such as lactic acid sourced from orange vinegar [38] or
the tartaric acid and ethyl acetate found in wine vinegar [38]. This implies that there were
no fraudulent practices conducted by adding some blends.

The method was also tested to detect a further variety of compounds that are involved
in biomass platform reactions. Indeed, it proved an excellent ability in sensing a wide
spectrum of compounds, ranging from organic acids to furans. A mix of standards was
prepared and labelled as ‘Biomass” and was run using the same method at flow rates of
0.5 mL/min and 0.8 mL/min. The chromatograms generated at 0.5 and 0.8 mL/min are
shown in Figures 7 and 8, respectively.

The chromatograms in Figures 7 and 8 revealed a good separation of the eight peaks,
where furans are completely distanced from each other. It is worth noting that peaks with
higher absorbance correspond to the run of the slower flow rate of 0.5 mL/min despite the
fact that all the analytes were eluted at 0.8 mL/min.
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Acetic Acid, t = 3.336 min,
A=434.5365

*DFF, t=7.520 min, A =273.5542

Formic Acid, t = 3.090 min,

Levulinic Acid, GVL, t=

t=4.169 min,
A=046.8535

6.356 min,
A=62.5866

A=558.8044 \

mAU -

HMF, t=15.366 min,

Valeric Acid, t = 11.445 min,
A=910.0653

] A=93.6511
50

Furfural, t = 10.234 min,
A=342751

-
30

B

25 5 15 10 125 15

Figure 7. Mixed standard solution ‘Biomass” chromatogram at UV-210 nm at the following conditions:
flow rate, 0.8 mL/min; column temperature, 30 °C; and run time, 15 min. . DFF: Diformylfuran.

Acetic Acid, t =5.318 min,

A=701.4785
Formic Acid, t=4923 min | Jepulinic Acid, t = 6.660 min .
A=2886.7112 A= 1032.808] GVL, t=10.223 min,
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Figure 8. Mixed standard solution ‘Biomass’ chromatogram at UV-210 nm at the following conditions:
flow rate, 0.5 mL/min; column temperature, 30 °C; and run time, 20 min. . DFF: Diformylfuran.

4. Conclusions

Due to the continued concerns over adulterations of commercially produced foods,
finding a simple and fast HPLC method capable of determining the major organic acids
and furans ingredients is considered very important. Additionally, the increasing research
interest in biomass hydrolysis processing places increased emphasis on robust analytical
methods for quantifying the products of hydrolysis. The simple HPLC method reported in
this work provides a fast, quantitative analysis for both these tasks. The tailored method
was applied to test three commercial food products: pomegranate molasses, balsamic
vinegar, and apple cider vinegar. Acetic acid, citric acid, and HMF were the three main
ingredients which were detected and quantified. The level of HMF composition in the tested
products signifies possible fraudulent practices due to added glucose syrup. Similarly,
the ability to test the purity of acetic acid in vinegar products marks the importance of
developing such a chromatography technique to avoid unfair practices.
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each individual standard; Table S3. Recipe of commercial products samples with internal standard
(LA) of V =15 mL; Table S4. Linear calibration of individual standards: 3-pts concentrations run
at 0.5 mL/min mobile phase; Table S5. Linear calibration of standards in mix solutions: 3-pts
concentrations run at 0.3 mL/min mobile phase; Figure S1. Formic acid standard calibration curve
at mobile phase flow rate 0.5 mL/min; Figure S2. Acetic acid standard calibration curve at mobile
phase flow rate 0.5 mL/min; Figure S3. Citric acid standard calibration curve at mobile phase flow
rate 0.5 mL/min; Figure S4. Levulinic acid standard calibration curve at mobile phase flow rate
0.5 mL/min; Figure S5. Hydroxymethylfurfural standard calibration curve at mobile phase flow rate
0.5 mL/min; Figure S6. Gamma valerolactone standard calibration curve at mobile phase flow rate
0.5 mL/min; Figure S7. Furfural standard calibration curve at mobile phase flow rate 0.5 mL/min;
Figure S8. Diformylfuran standard calibration curve at mobile phase flow rate 0.5 mL/min; Figure S9.
Formic acid in mix standard solutions STD1, STD2, & STD3 calibration curve at mobile phase flow rate
0.3 ml/min; Figure S10. Citric acid in mix standard solutions STD1, STD2, & STD3 calibration curve at
mobile phase flow rate 0.3 mL/min; Figure S11. HMF in mix standard solutions STD1, STD2, & STD3
calibration curve at mobile phase flow rate 0.3 mL/min; Figure S12. Formic acid in mix standard
solutions STD4, STD5, & STD6 calibration curve at mobile phase flow rate 0.3 mL/min; Figure S12.
Formic acid in mix standard solutions STD4, STD5, & STD6 calibration curve at mobile phase flow
rate 0.3 mL/min; Figure S13. Acetic acid in mix standard solutions STD4, STD5, & STD6 calibration
curve at mobile phase flow rate 0.3 mL/min; Figure S14. HMF in mix standard solutions STD4, STD5,
& STD6 calibration curve at mobile phase flow rate 0.3 mL/min; Figure S15. Mix standard solution
STD1 chromatogram run at UV-210 nm at conditions: flow rate: 0.3 mL/min., column temperature:
30 °C, run time: 20 min; Figure S16. Mix standard solution STD3 chromatogram run at UV-210
nm at conditions: flow rate: 0.3 mL/min., column temperature: 30 °C, run time: 20 min; Figure
517. Pomegranate molasses (Pom.B) sample chromatogram run at UV-210 nm at conditions: flow
rate: 0.3 mL/min, column temperature: 30 °C, run time: 20 min; Figure S18. Standard mix solution
STD4 chromatogram run at UV-210 nm at conditions: flow rate: 0.3 mL/min, column temperature:
30 °C, run time: 20 min; Figure S19. Standard mix solution STD5 chromatogram run at UV-210 nm
at conditions: flow rate: 0.3 mL/min., column temperature: 30 °C, run time: 20 min; Figure S20.
Standard mix solution STD6 chromatogram run at UV-210 nm at conditions: flow rate: 0.3 mL/min,
column temperature: 30 °C, run time: 20 min; Figure S21. Balsamic vinegar B.VIN (B) chromatogram
run at UV-210 nm at conditions: flow rate: 0.3 mL/min, column temperature: 30 °C, run time: 20 min;
Figure S22. Apple cider vinegar ACV (B) chromatogram run at UV-210 nm at conditions: flow rate:
0.3 mL/min, column temperature: 30 °C, run time: 20 min.
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