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Abstract

Jackfruit seeds (JFSs) are an underutilized agro-industrial by-product with considerable
nutritional and functional potential for sustainable food fermentation. This study evaluated
the feasibility of using jackfruit seed flour as a partial malt substitute in beer brewing at
replacement levels of 0%, 25%, 50%, and 75% (w/w). Fresh jackfruit seeds were processed
into flour, gelatinized, and mashed with pale ale malt in the presence of x-amylase before
fermentation with Saccharomyces cerevisiae, Lutra kveik ale yeast. The physicochemical
properties of the raw materials, starch hydrolysis during mashing, beer quality attributes,
and volatile aroma compounds were investigated. Compared with pale ale malt, JFS
contained higher crude protein (13.22%), total phenolic content (476.66 mg GAE/100 g),
and antioxidant activity. HPLC-IR analysis demonstrated the formation of fermentable
sugars during mashing, although starch conversion from JFS remained incomplete at higher
substitution levels. Increasing JFS substitution significantly enhanced beer foamability
(up to 142.22%) and foam stability (112.84 s), which was attributed to the higher protein
content of the seeds. However, beers containing higher proportions of JES exhibited
darker color and increased turbidity, reaching 680 NTU at 75% substitution. HS-SPME-
GC-MS analysis revealed changes in alcohols, esters, and ketones with increasing JFS
substitution. These findings demonstrate that jackfruit seed flour can serve as a sustainable
malt adjunct for beer production, improving selected quality attributes while valorizing
agricultural by-products. The study highlights the potential of jackfruit seeds as a functional
brewing ingredient that supports the development of sustainable and next-generation
fermented beverages.

Keywords: jackfruit seed; beer brewing; fermentation; by-product valorization

1. Introduction

The increasing generation of agricultural by-products and food processing waste has
become a significant challenge for environmental sustainability and resource utilization.
Large quantities of plant-derived residues are generated annually during food processing,
many of which remain underutilized despite containing valuable nutrients and functional
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components. In response, the valorization of agro-industrial by-products into value-added
products has received growing attention as a strategy to reduce waste generation, improve
resource efficiency, and support sustainable production systems [1]. The conversion of
underutilized biomass into food ingredients, fermentation substrates, and other biobased
products is increasingly recognized as an important component of the circular bioeconomy.

Beer is one of the most widely consumed alcoholic beverages worldwide. In addition
to its physicochemical properties, beer quality is largely determined by its volatile and
non-volatile composition. Volatile compounds, including higher alcohols, esters, aldehydes,
ketones, sulfur compounds, and hop-derived terpenes, are the principal contributors to
beer aroma and flavor, thereby strongly influencing sensory quality, consumer acceptance,
and overall product quality. Furthermore, changes in volatile composition can reflect fer-
mentation performance and raw material utilization, making volatile profiling an important
approach for beer quality evaluation and quality control [2]. Non-volatile constituents, par-
ticularly fermentable sugars, are equally important because they govern yeast metabolism,
ethanol production, and the formation of flavor-active metabolites during fermentation.
Consequently, comprehensive characterization of both volatile and non-volatile profiles is
essential when evaluating novel brewing adjuncts. Fermentable sugars are commonly de-
termined using high-performance liquid chromatography coupled with a refractive index
detector (HPLC-RI), whereas volatile aroma compounds are widely characterized using
headspace solid-phase microextraction coupled with gas chromatography-mass spectrom-
etry (HS-SPME-GC-MS) owing to its high sensitivity and minimal sample preparation [3].

Increasing malt costs, fluctuations in barley supply, and growing interest in sustainable
brewing practices have encouraged the exploration of alternative raw materials that can
partially replace conventional malt. Various cereal and non-cereal adjuncts, including rice,
maize, sorghum, cassava, and sweet potato, have been investigated for brewing applications
to reduce production costs, diversify product characteristics, and promote the utilization of
locally available resources [4]. However, the suitability of these adjuncts largely depends
on their ability to generate fermentable sugars during mashing. Differences in starch
composition and enzymatic susceptibility may influence sugar release, yeast performance,
alcohol yield, and aroma development in the final product. Therefore, understanding the
effects of alternative starch sources on sugar formation and fermentation-related metabolites
is critical when evaluating their potential application in brewing systems [5,6].

Jackfruit (Artocarpus heterophyllus Lam.) is a tropical fruit widely cultivated throughout
Southeast Asia. Although highly valued for its edible bulbs, a substantial proportion of the
fruit consists of non-edible portions that are commonly discarded. It has been reported that
only approximately 30-35% of the fruit is consumed, whereas the peel and seeds account
for a considerable amount of processing waste [7]. Jackfruit seeds represent approximately
8-15% of the total fruit weight and are often treated as low-value residues despite their rich
nutritional composition.

Jackfruit seeds (JFSs) contain high levels of starch (70-85%), together with proteins,
dietary fiber, minerals, and phenolic compounds [8,9]. Owing to these characteristics,
JESs have attracted attention as an alternative food ingredient. Previous studies have
incorporated jackfruit seed flour into bakery products such as biscuits, bread, and cakes,
where improvements in nutritional quality have been reported [10-12]. These findings
indicate that JFSs possess considerable potential for value-added applications beyond their
current limited utilization.

In addition to food applications, JESs have demonstrated potential as substrates
for fermentation processes due to their high carbohydrate content. Previous studies have
reported successful ethanol production from fermented jackfruit seed substrates, suggesting
that the carbohydrates present in JES can be effectively converted into fermentable sugars
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and utilized by microorganisms during fermentation [13-15]. Such findings highlight the
possibility of employing JFS as an alternative brewing adjunct capable of contributing
fermentable substrates during beer production.

Despite these advantages, information regarding the use of JFS in beer production
remains scarce. Limited information is available concerning the effects of JFS substitution
on fermentable sugar generation during mashing and the formation of volatile compounds
during fermentation. These parameters are of particular importance because sugar availabil-
ity directly affects yeast metabolism and fermentation efficiency, while volatile compounds
contribute substantially to beer aroma and overall product quality. Therefore, a better
understanding of the influence of JFS on these characteristics is necessary to determine its
suitability as a malt substitute in brewing applications.

Therefore, this study aimed to evaluate the potential of jackfruit seed flour as a partial
substitute for malt in beer production. Different substitution levels were investigated
to determine their effects on beer quality, with particular emphasis on reducing sugar
formation and volatile compound development. High-performance liquid chromatography
(HPLC) was employed to monitor individual sugars during the mashing process, while gas
chromatography-mass spectrometry (GC-MS) was used to characterize volatile compounds
in the final beer. The results of this study provide insight into the feasibility of utilizing
JES as a sustainable brewing adjunct and contribute to the valorization of an underutilized
agricultural by-product within the brewing industry.

2. Materials and Methods
2.1. Materials

Jackfruit seeds (Thong Prasert variety, Artocarpus heterophyllus Lam.), harvested during
May-June of 2025, were purchased from Chainatfruitfire (Chinat, Thailand). Chateau Pale
Ale malt, Cascade hop pellets (Yakima variety, harvest year of 2025), and x-amylase were
obtained from Homebrewthai (Bangkok, Thailand). Lutra kveik ale yeast (Saccharomyces
cerevisine) was purchased from Thaibrewshop (Samut Prakan, Thailand). All raw materials
used in this study were obtained from a single purchase and used throughout the study
to minimize batch-to-batch variation. Fresh jackfruit seeds were purchased from the
same local supplier and processed immediately after procurement. Malt, Cascade hops,
yeast, and «x-amylase enzyme were obtained from the same suppliers and used for all
brewing treatments.

Analytical-grade chemicals were used throughout the study. Concentrated sulfuric
acid (H»SO4) was purchased from Acros (Geel, Belgium). Sodium hydroxide (NaOH),
Folin—Ciocalteu reagent, D-(+)-glucose, and ferric chloride (FeCl3) were obtained from
Loba Chemie (Mumbeai, India). Hydrochloric acid (HCI), petroleum ether, and sucrose
were purchased from Qrec (Auckland, New Zealand). Sodium carbonate (Na;COs),
methanol, and acetonitrile were obtained from Labscan (Bangkok, Thailand). Gallic acid
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Methyl red was obtained from Fisher Scientific (Hampton, NH, USA), while
L-(+)-ascorbic acid and sodium chloride (NaCl) were supplied by Univar/Ajax Finechem
(Seven Hills, NSW, Australia). Fructose and maltose were purchased from TM Media
(Delhi, India).

2.2. Methods
2.2.1. Preparation of Raw Materials

Fresh JFSs were washed thoroughly with clean water to remove surface impurities.
The cleaned seeds were drained and visually inspected for defects. Seeds showing sprout-
ing [16], discoloration, deformation, or physical damage were discarded [17]. Only intact
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seeds with typical oblong-ellipsoidal shape, smooth and uniform surface, and a wax-like
seed coat were selected for further processing [18]. The selected seeds were cut longitudi-
nally into halves and dried in a tray dryer at 65 °C for 48 h [19]. After drying, the outer
seed coats were manually removed. The dried kernels were then ground using an electric
stainless-steel pulverizer grinder (Retsch, Haan, Germany) to obtain coarse powder. The
JES powder was sieved to a particle size of 0.5-1.0 mm using a vibratory sieve shaker
(Retsch, Haan, Germany) (AS 200 control) operating at 3.0 amplitude, for 5 min [20]. The
resulting ground JFS was collected and stored in sealed plastic bags in a cool, dry, and dark
environment until analysis.

Chateau Pale Ale malt (Castle Malting, Beloeil, Belgium) was processed using a
hammer mill (Generic, DAM-MHM), which gives an output particle size of 3-15 mm. The
milled malt was used immediately to prevent moisture absorption and oxidation.

Lutra kveik ale yeast (Saccharomyces cerevisiae) (Omega Yeast, Chicago, IL, USA) was
used as the fermentation starter. The strain is characterized by medium-to-high flocculation,
an apparent attenuation of 75-82%, and an optimal fermentation temperature range of
20-35 °C. The yeast was stored in sealed packages at —18 °C until use. x-Amylase enzyme
powder (1000 U/g activity; Shanghai Shinge Biochemical Industry Co., Ltd., Shanghai,
China), exhibiting optimal activity at 50-75 °C and pH 5.5-7.5, was stored in airtight
containers at 4 °C until use. Cascade hops (Yakima Chief Hops, Yakima, WA, USA) were
vacuum-sealed in laminated aluminum foil and stored at —18 °C until use.

2.2.2. Analysis of Chemical Composition in Raw Materials

The chemical composition of the raw materials, including malt and JFS, was de-
termined by measuring moisture content, crude protein, and crude fat according to the
standard methods of the Association of Official Analytical Chemists (AOAC). Moisture
content was determined by the oven-drying method (AOAC 925.10) [21], crude pro-
tein by the Kjeldahl method (AOAC 2001.11) [22], and crude fat by Soxhlet extraction
(AOAC 960.39) [23,24].

Sample extraction was performed according to the method described by Xu et al. [25]
with minor modifications. Briefly, 1 g of each sample was transferred into a 50 mL centrifuge
tube and extracted with 9 mL of 80% (v/v) methanol at room temperature (29-31 °C) for
30 min under shaded conditions to minimize photodegradation. The extract was then
centrifuged at 5000 rpm for 10 min, and the supernatant was collected and stored in amber
glass bottles at 10-12 °C until further analysis.

Total phenolic content (TPC) was determined according to the method described
by Lim et al. [26] with minor modifications. Briefly, 0.3 mL of the sample extract was
mixed with 1.5 mL of 10% (v/v) Folin—Ciocalteu reagent and 1.2 mL of 7.5% (w/v) sodium
carbonate (Na,CQO3) solution. The reaction mixture was vortex-mixed and incubated in
the dark at room temperature for 30 min. The absorbance was measured at 765 nm using a
UV-Vis spectrophotometer (GENESYS 180, Thermo Scientific, Waltham, MA, USA). Total
phenolic content is expressed as milligrams of gallic acid equivalents per 100 g dry matter
(mg GAE/100 g DM) and calculated using Equation (1).

(y—b) * V « DF %100
a % m * (100% — MC%) * 1000

where y = sample absorbance, b = y-intercept of the calibration curve, V = extract volume

TPC = (mg GAE/100 g DM) 1)

(mL), DF = dilution factor, a = slope of the calibration curve, m = sample mass (g), and
MC = moisture content (%).

A 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging assay was performed
according to the method described by Phuong et al. [27]. A DPPH working solution was
prepared by dissolving 3.94 mg of DPPH in 100 mL of methanol. Briefly, 0.6 mL of the
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sample extract was mixed with 2.0 mL of the DPPH solution, vortex-mixed, and incubated
in the dark at room temperature for 30 min. The absorbance was measured at 517 nm using
a UV-Vis spectrophotometer. Antioxidant activity is expressed as milligrams of ascorbic acid
equivalents per 100 g dry matter (mg AAE/100 g DM) and calculated using Equation (2).

(y—b) V=« DF %100
axm* (100% — MC%) x 1000

Antioxidant Activity = (mg AAE/100gDM)  (2)

where the variables are the same as described for Equation (1).

2.2.3. Wort Preparation

Ground JFS was used as a partial substitute for pale ale malt at levels of 0%, 25%, 50%,
and 75% (w/w). JFS was mixed with water at a ratio of 1:5 (w/v) and boiled for 30 min
to gelatinize the starch. Subsequently, pale ale malt was added to achieve the desired JFS
substitution levels, and the total volume was adjusted to 12 L with water. The mashing
step, controlled at a pH of 5.2-5.4, was carried out at 70 °C for 60 min with the addition of
0.5% (w/w) w-amylase, based on the weight of JFS, to enhance the conversion of starch into
fermentable sugars [28,29].

2.2.4. Sugar Profile Analysis

Sugar profiles of wort samples collected every 15 min during the mashing process
were analyzed using a Waters Acquity Arc HPLC (Milford, MA, USA) system equipped
with a refractive index (RI) detector, following a method adapted from Muntean and
Barascu [30]. Prior to analysis, samples were purified using SEClute HLB solid-phase
extraction (SPE) cartridges (6 cc/200 mg, S*Pure Pte Ltd., Singapore). The cartridges were
conditioned with 4 mL of ultrapure water at a flow rate of 1 mL/min. A 5 mL aliquot
of sample was loaded onto the cartridge, the first 1 mL of eluate was discarded, and the
remaining eluate was collected. The purified samples were filtered through a 0.45 pm
membrane filter and transferred into HPLC vials fitted with caps. Chromatographic
separation was performed using a VertiSep GES NH; column (4.6 x 150 mm, 5 um, Vertical
Chromatography Co., Ltd., Nonthaburi, Thailand) maintained at 30 °C. The mobile phase
consisted of acetonitrile and water (75:25, v/v) delivered isocratically at a flow rate of
1.0 mL/min. The RI detector temperature was maintained at 35 °C, and the injection
volume was 20 pL. Individual sugars were identified by comparing retention times with
authentic standards and confirmed by spiking experiments. Quantification was performed
using the external standard method based on five-point calibration curves prepared from
maltose, fructose, glucose, and sucrose standards.

2.2.5. Filtration and Wort Boiling

Following mashing, the mash was filtered through a double layer of cheesecloth to
collect clear wort. The wort was then boiled for 60 min for microbial inactivation and
flavor development. After boiling, the wort was cooled to 80 °C, and 9 g of Cascade
hop pellets (packed in sterile cheesecloth) were added for aroma extraction [31-39]. The
hopped wort was subsequently cooled to room temperature (22-26 °C) and transferred to
the fermentation tank.

2.2.6. Fermentation

Lutra kveik ale yeast (Saccharomyces Cerevisiae, 11 g) was rehydrated in sterilized water
(35-39 °C) at a 1:10 (w/v) ratio for 30 min prior to inoculation [40]. The rehydrated yeast
was aseptically added to 10 L of the cooled wort in the fermentation tank. Fermentation was
carried out at room temperature (22-26 °C) for 7 days [41,42]. One independent brewing
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batch was prepared for each treatment (0%, 25%, 50%, and 75% JFS substitution), and all
physicochemical analyses were performed in triplicate.

2.2.7. Carbonation and Bottling

After fermentation, the tank was chilled at 4 °C to promote sedimentation, allowing
yeast and other particulates to settle at the bottom [43-45]. The clear beer was carefully
decanted into a keg maintained at 4 °C and carbonated by applying 50 psi of CO; for 5 min.
The carbonated beer was then aseptically filled into 250 mL sterilized aluminum cans and
manually sealed under sterile conditions [46].

2.2.8. Analysis

A commercially available India Pale Ale (Tawandang IPA, Tawandang German Brew-
ery Co., Ltd., Bangkok, Thailand) was used as a reference sample for comparison with
the experimental beers. The reference beer was selected because it belongs to the same
beer style as the beers produced in this study and therefore provides a practical market
benchmark for evaluating the physicochemical and volatile characteristics of experimental
products. The commercial IPA was stored according to the manufacturer’s recommen-
dations and analyzed under the same experimental conditions as the brewed samples.
Since differences in recipe formulation, raw materials, hop composition, yeast strain, and
industrial-scale brewing conditions may differ from those used in this study, comparisons
among experimental treatments were based on the 0% JFS beer, which was brewed using
the same formulation and processing conditions as the JFS-substituted beers.

Physical Analysis

The physical properties of the finished beer, including color, turbidity, foamability,
and foam stability, were analyzed [47,48]. Beer color was determined using a UV-Vis
spectrophotometer at a wavelength of 430 nm. The results are expressed as standard
reference method (SRM) units, calculated according to Equation (3):

SRM = 12.7 x A430 3)

where A430 represents the absorbance of the beer sample [49]. Turbidity was assessed
using a calibrated turbidity meter (Lovibond, Amesbury, UK), with values reported in
nephelometric turbidity units (NTU). Foam properties were evaluated to determine both
formability and foam stability. Foamability was quantified based on the relative height of
the foam generated immediately after pouring. It was calculated using Equation (4):

Foamability (%) = (Foam height/Beer height) * 100% 4)

Foam stability was evaluated using the Rudin method. Briefly, a 100 mL aliquot of
beer was transferred into a 250 mL graduated cylinder from a standardized height of 30 cm
to induce foam formation. The initial foam height was recorded immediately, and the
decrease in height was monitored. Stability is expressed as the foam half-life (t1/2), defined
as the time required for the foam to collapse to 50% of its original height; higher t1/2 values
indicated superior foam retention [50].

Chemical Analysis

The chemical properties of the beer, including pH, alcohol content, total soluble solids
(TSS), total phenolic content (TPC), antioxidant activity, and volatile compounds, were
evaluated [51]. The pH was measured using a calibrated pH meter (FiveEasy FE28, Mettler
Toledo, Greifensee, Switzerland), alcohol by volume (ABV) was determined using an
ebulliometer (Dujardin-Salleron, Noizay, France), and TSS was measured as °Brix using a
digital refractometer (PAL-1, ATAGO, Tokyo, Japan). All beer samples were analyzed under
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identical analytical conditions using the same instrument and measurement. Total phenolic
content and antioxidant activity (DPPH radical-scavenging assay) were determined as
described in Section 2.2.2.

Volatile compounds were analyzed by headspace solid-phase microextraction cou-
pled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) according to the
method of Claudia Gonzalez Viejo [52] with minor modifications. Briefly, 5.0 mL of beer
was transferred into a 20 mL screw-cap headspace vial and sealed with an 18 mm mag-
netic screw cap fitted with a polytetrafluoroethylene/silicone (PTFE/silicone) septum.
The sealed samples were stored at 4 °C for 24 h prior to analysis to minimize excessive
foam formation.

GC-MS analysis was performed using an Agilent 8890 gas chromatograph coupled
with a 5977B mass selective detector (Agilent Technologies, Santa Clara, CA, USA) equipped
with a PAL3 autosampler (CTC Analytics AG, Zwingen, Switzerland). Separation was
achieved using an HP-5MS capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness;
Agilent Technologies). Samples were incubated at 60 °C for 1 min under agitation prior
to extraction. The fiber was exposed to the sample headspace for 10 min, followed by
thermal desorption in the GC inlet for 5 min. The fiber was conditioned in a dedicated
conditioning station at 230 °C before and after each analysis. Separation was achieved
using an HP-INNOWax capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness;
Agilent Technologies) with helium as the carrier gas at a constant flow rate of 1.5 mL min~!.
The oven temperature program was as follows: initial temperature of 60 °C held for 1 min,
increased to 250 °C at 5 °C min~!, and held for 10 min. The injector was operated in
splitless mode at 240 °C. The mass spectrometer was operated in full-scan acquisition mode
over an m/z range of 29-330, with the ion source and quadrupole temperatures maintained
at 230 °C and 150 °C, respectively. No internal standard was employed; therefore, the
GC-MS data should be regarded as semi-quantitative, and peak areas were used only for
comparison of volatile profiles among treatments.

A total of 1381 detected features were initially obtained. Features detected at low
frequency were excluded, followed by one-way ANOVA (p < 0.05) and fold-change filtering
(>2.0). Partial least squares-discriminant analysis (PLS-DA) was subsequently performed,
and variables with a variable importance in projection (VIP) score greater than 1.0 were
selected for further interpretation.

Statistical Analysis

The experiment was conducted using a completely randomized design (CRD). All
physical and chemical measurements were performed in triplicate (1 = 3). The collected
data were analyzed using IBM SPSS Statistics software (Version 31.0.1.0). One-way Analysis
of Variance (ANOVA) was employed to determine statistical differences between samples.
Where significant effects were observed, means were compared using Duncan’s Multiple
Range Test (DMRT) at a significance level of p < 0.05.

3. Results and Discussion
3.1. The Chemical Compositions of Raw Materials

The comparative analysis of raw materials revealed significant compositional distinc-
tions between malt and JFS (Table 1), which directly impact brewing potential. The JFS
exhibited a notably higher crude protein content (13.22% dwb) compared to the malt 9.99%
dwb), aligning with the literature confirming JFS as a protein-rich material [53-55]. This
protein advantage suggests improved yeast nutrition and potential enhancement of foam
stability in the final beer. Furthermore, the JFS contained significantly greater TPC and
antioxidant activity determined by DPPH assay compared to the malt. The TPC of JFS
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(476.66 mg GAE /100 g DM) is supported by its known abundance in bioactive compounds,
such as phenolic acids [56]. This elevated antioxidant activity is a crucial finding for val-
orization, as it predicts enhanced oxidative stability and potentially longer shelf-life for
the beer. While the crude fat levels were comparable, the higher moisture content of the
JES must be accounted for during grist formulation [53]. In summary, JFS is not merely a
starch source but also a functionally superior adjunct regarding protein and antioxidant
contribution, offering tangible benefits for beer quality and stability.

Table 1. Chemical compositions of raw materials.

Parameters Malt Jackfruit Seed
Moisture Content (%) 5.63 + 0.06 P 12.68 4+ 0.122
Crude Protein (dwb) (%) 9.99 +1.26b 1322 +0.112
Crude Fat (dwb) (%) 0.89 +0.08 @ 0.81 +0.072

Total Phenolic Content (mg/100 g DM) 316.54 +£8.70 b 476.66 +7.47 2
Antioxidant Activity (mg/100 g DM) 73.46 + 0.06 ® 77.65 £0.06%

Values are expressed as mean + standard deviation (1 = 3). Values in the same row with different superscript
letters are significantly different (p < 0.05). dwb = dry weight basis, DM = dry matter.

3.2. Effect of JFS Substitutions on Physical Properties of Beer

The incorporation of JFS significantly altered the physical properties of the beer
(Table 2). A direct correlation was observed between the level of JES substitution and the
increase in both color and turbidity of melanoidins and other color-forming compounds
introduced during seed preparation [57-59]. Similarly, turbidity increased substantially
across all substitution levels, reaching a peak of 680 NTU at 75%. This haze formation is
likely associated with the increased concentrations of proteins, non-starch polysaccharides,
and polyphenolic compounds introduced by JFS, which may promote the formation of
protein—polyphenol complexes that contribute to colloidal haze in beer [29], in addition to
the effects of non-starch polysaccharides on beer turbidity [60,61]. In contrast, the foam
characteristics showed an increase in amount according to the higher substation level for
both foamability (142.22%) and foam stability 112.84 s. This improvement is primarily
attributed to the higher protein content of JFS (Table 1), as foam-active proteins adsorb at
the gas-liquid interface and strengthen the beer foam. Furthermore, interactions between
proteins and polyphenols may further stabilize the foam while also contributing to haze
formation. Therefore, the enhanced foam stability and increased turbidity observed at
higher JFS substitution levels are likely interconnected, indicating a trade-off between
improved foam performance and reduced beer clarity [62].

Table 2. The physical properties of commercial and JFS-substituted beer.

Sample Color (°SRM) Turbidity (NTU) Foamability (%)  Foam Stability (s)
Commercial 936+ 0.04¢ 111.67 + 0.58 ¢ 110.56 =+ 2.55 P 92.9 + 14.14°
0% JFS 17.49 +0.27 ¢ 339.33 +5.13 4 82.78 + 3.47 4 59.01 +1.294
25% JFS 28.71 +£0.20 ¢ 390.67 + 3.51 ¢ 100.56 =+ 2.55 ¢ 68.63 £ 1.60°¢
50% JES 3148 +0.22°P 41533 +2.89b 111.11 + 4.19P 93.85 +3.31°P
75% JFS 39.67 £ 0.012 680.00 & 3.612 142.22 + 34772 112.84 +2.344

Values are expressed as mean = standard deviation (1 = 3). Values in the same column with different superscript
letters are significantly different (p < 0.05). Commercial = the commercial IPA beer, °SRM = degree SRM (Standard
Reference Method), NTU = Nephelometric Turbidity Unit, s = second.

3.3. Effect of JFS Substitutions on Sugar Profiles During Mashing

The release of soluble sugars during the 60-min mashing process is presented in
Figure 1. In all treatments, sugar concentrations increased rapidly during the first 3045 min
before reaching a plateau toward the end of mashing, indicating that most of the accessible
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Figure 1. Sugar profile kinetics (maltose, glucose, fructose, and sucrose) quantified by HPLC-RI
during a 60-min mashing process at different JFS substitution levels: (a) 0% JFS control, (b) 25% JFS,
(c) 50% JFS, and (d) 75% JFS. Values represent mean =+ standard deviation (1 = 3).

Increasing the substitution of malt with JFS markedly reduced the concentration of
quantified sugars, particularly maltose. The control treatment (0% JFS) produced more
than 50 g/L of maltose after 60 min of mashing (Figure 1a), whereas only approximately
18 g/L was detected in the 75% JFS treatment (Figure 1d). A similar decreasing trend was
observed for glucose, demonstrating that increasing JFS substitution reduced the efficiency
of starch conversion into those quantified sugars.

Although JFS contains a high starch content (70-85%), it lacks the endogenous diastatic
enzymes naturally present in malted barley, especially 3-amylase, which is responsible for
releasing maltose from starch during mashing. To improve starch hydrolysis, commercial
a-amylase was added to all JFS-containing treatments. However, x-amylase primarily
hydrolyzes internal «-1,4-glycosidic linkages, producing dextrins and short-chain oligosac-
charides, whereas 3-amylase sequentially releases maltose from the non-reducing ends
of starch molecules. Consequently, the reduction in malt-derived 3-amylase with in-
creasing JFS substitution limited maltose formation despite the addition of commercial
a-amylase, resulting in the accumulation of dextrins that are largely unfermentable by
brewing yeast [63].
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Fructose and sucrose remained at relatively low concentrations throughout the mash-
ing process and exhibited only minor changes among treatments (Figure 1a—d). Unlike
maltose and glucose, these sugars are not produced through the enzymatic hydrolysis of
starch during mashing. Instead, they originate from naturally occurring free sugars present
in barley malt and JFS, which readily dissolve into the wort upon heating [64]. Because
their concentrations depend primarily on the composition of the raw materials rather than
enzymatic starch degradation, increasing the proportion of JFS had only limited effect on
their levels. Moreover, fructose and sucrose represented only a small fraction in the wort
compared with maltose and glucose, indicating that they contributed minimally to the
overall sugar profile and subsequent fermentation process.

3.4. Effect of JFS Substitutions on Chemical Properties of Beer

The chemical properties of the final beers are presented in Table 3. Alcohol by volume
(ABV) decreased significantly (p < 0.05) as the level of JFS substitution increased, declining
from 4.83% in the control beer to 3.13% at 75% JFS substitution. This reduction is consistent
with the sugar profile observed during mashing (Figure 1), where increasing JFS substitu-
tion resulted in markedly lower concentrations of fermentable sugars, particularly maltose
and glucose. As these sugars are the primary substrates utilized by S. cerevisiae during
alcoholic fermentation, their reduced availability limited yeast metabolism and ethanol
production. ABV was determined using an ebulliometer, and the reported values should
be interpreted as comparative measurements among treatments because residual extract
and other volatile compounds may affect the accuracy of absolute alcohol determination.
Although commercial x-amylase was added during mashing to enhance starch hydrol-
ysis, the amount of fermentable sugars produced was still considerably lower than that
of the control treatment. This indicates that the added x-amylase alone could not fully
compensate for the reduction in endogenous malt enzymes associated with increasing JFS
substitution. Consequently, starch conversion into fermentable sugars became less efficient,
reducing the sugar available for yeast fermentation and resulting in lower alcohol pro-
duction [65,66]. Similar reductions in ABV have been reported when starch-rich adjuncts
partially replaced malt, as these materials possess limited endogenous enzymatic activity
and therefore produce lower concentrations of fermentable sugars, ultimately reducing
fermentation efficiency [67]. These findings demonstrate that although JFS is rich in starch,
its limited enzymatic capacity restricts starch saccharification and ethanol production as
the substitution level increases.

Table 3. The chemical properties of commercial and JFS-substituted beer.

Sample Alcohol pH TPC DPPH
(%ABV) (mg GAE/L) (mg AAE/L)
Commercial 5.47 + 0.06 2 4.79 + 0.01¢© 580.64 + 5.70 © 807.02 £2.19¢
0% JFS 483 +0.15b 493 +0.014 755.07 + 2.74 4 803.86 + 1.224
25% JFS 470 +£0.20P 5.33 +0.06 ¢ 940.46 £ 4.19 ¢ 812.28 + 0.61 ¢
50% JES 3.97 +0.06 553 +0.02P 979.73 + 5.48b 818.95 + 1.05P
75% JFS 3.13+0.124 5.74 +0.012 1050.96 + 4.752  837.19 + 0.612

Values are expressed as mean = standard deviation (1 = 3). Values in the same column with different superscript
letters are significantly different (p < 0.05). %ABV = percentage alcohol by volume, GAE = gallic acid equivalent,
AAE = ascorbic acid equivalent.

The final pH increased significantly from 4.93 in the control beer to 5.74 at 75% JFS
substitution. This increase may be attributed to the relatively high protein and mineral
contents of JFS (Table 1), which can enhance the buffering capacity of the wort and reduce
the extent of pH decline during fermentation. Wort naturally possesses a buffering system
that resists changes in pH during mashing, and differences in raw material composition
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can influence this buffering capacity. Although the mash pH was maintained within the
recommended brewing range (5.2-5.4) using distilled water during wort preparation, the
elevated final beer pH at higher JFS substitution levels suggests that the buffering properties
of JFS and reduced acidification during fermentation had a greater influence on the final
beer pH than the mash conditions. In addition, the lower concentrations of fermentable
sugars and the corresponding reduction in alcohol production observed at higher JFS
substitution levels may have limited yeast metabolism and the production of organic acids
during fermentation, thereby contributing to the higher final pH. Similar effects of protein-
rich adjuncts on beer pH have been reported previously [68,69]. The elevated final beer pH
may also have implications for beer quality because the naturally low pH of beer is one of
the intrinsic hurdles that contributes to microbiological stability by inhibiting the growth of
spoilage microorganisms. In addition, beer pH is an important quality parameter that can
influence flavor perception and colloidal stability during storage [70].

TPC and DPPH antioxidant activity increased significantly with increasing JFS substi-
tution, reaching 1050.96 mg GAE/L and 837.19 mg AAE/L, respectively, at 75% substitution.
This trend reflects the naturally high phenolic and antioxidant contents of JFS (Table 1),
which were transferred into the final beer during the brewing process. Phenolic compounds
are known to contribute to the antioxidant capacity of beer by scavenging free radicals
and protecting against oxidative deterioration. Similar increases in phenolic content and
antioxidant activity have been reported when phenolic-rich plant materials or brewing
adjuncts were incorporated into beer formulations, resulting in beer with enhanced func-
tional properties while maintaining acceptable brewing performance [71-73]. However,
increased concentrations of phenolic compounds may also influence sensory characteristics,
as polyphenols can contribute to bitterness and astringency depending on their composition
and concentration [74]. Furthermore, the beers containing higher levels of JFS exhibited
increased turbidity and elevated final pH. Although these characteristics may be associ-
ated with the compositional properties of JES, elevated beer pH and haze may influence
product stability during storage. Beer pH is an important intrinsic factor contributing to
microbiological stability, while excessive haze may affect the physical quality and consumer
perception of beer [75]. Overall, these findings demonstrate that although JFS was less
effective than malt in supporting ethanol production, it substantially enhanced the phenolic
content and antioxidant capacity of the beer. Therefore, JFS shows considerable potential as
a sustainable functional brewing adjunct, particularly for developing beers with improved
bioactive properties while simultaneously promoting the valorization of an underutilized
agricultural by-product.

3.5. Volatile Profiles of Beers Produced with Different Levels of JES Substitution

Principal component analysis (PCA) was performed using the 32 discriminant volatile
compounds (Variable Importance in Projection or VIP > 1) to evaluate the effect of JFS
substitution on the volatile profiles of the beers (Figure 2). The first two principal compo-
nents explained 74.61% of the total variation, with PC1 and PC2 accounting for 50.47% and
24.14%, respectively, indicating that they captured most of the variation among the samples.
Replicate samples clustered closely within each treatment, demonstrating good analytical
reproducibility. The PCA score plot showed clear separation among beers containing differ-
ent levels of JFS substitution, suggesting that replacing malt with JFS altered the overall
volatile composition. The commercial IPA formed a separate cluster from the experimental
beers, reflecting differences in formulation and brewing process. Therefore, subsequent
discussion focuses primarily on comparisons among the experimental beers (0-75% JFS).
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Figure 2. Principal component analysis (PCA) score plot of the volatile profiles of beers brewed with
different levels of jackfruit seed flour (JFS) substitution based on the 32 selected volatile compounds
(VIP > 1).

Hierarchical cluster analysis (HCA) combined with the heatmap provided a detailed
visualization of the abundance patterns of the 32 selected volatile compounds across the
different beer formulations (Figure 3). Among the identified compounds, 3,7-dimethyl-
1,6-octadien-3-0l, acetic acid, 2-phenylethyl ester, dodecanoic acid, ethyl ester, and hex-
adecanoic acid, ethyl ester exhibited the highest relative abundances. The predominance
of these compounds is likely attributable to their important roles as major fermentation-
and hop-derived aroma constituents in beer. Esters such as acetic acid, 2-phenylethyl
ester and dodecanoic acid, ethyl ester are synthesized by brewing yeast through alcohol
acetyltransferase-mediated reactions between higher alcohols and acyl-CoA molecules,
whereas long-chain fatty acid ethyl esters, including hexadecanoic acid, ethyl ester, are com-
mon products of yeast lipid metabolism during fermentation [2]. Likewise, 3,7-dimethyl-
1,6-octadien-3-ol is a terpene-related alcohol associated with hop-derived floral and citrus
aroma characteristics. The relatively high abundances of these compounds therefore likely
reflect the combined contributions of hop-derived precursors and normal yeast fermenta-
tion metabolism [76]. Furthermore, substitution of malt with JFS, which exhibited higher
protein, TPC, and antioxidant activity than malt (Table 1), may have altered the nutritional
composition of the wort. Changes in wort composition can influence yeast metabolism
and the formation of aroma-active volatile compounds by modifying the availability of
nutrients required for yeast growth and fermentation [77].

Compounds including ethanone, 1-(1H-pyrrol-2-yl)-, 15-bromo-2-pentadecanone,
4-vinylphenol, and 6-[(E)-2-phenylethen-1-yl]-9-phenylmethyl-8H-purin-8-one exhibited
relatively higher abundances in beers containing higher levels of JFS substitution, suggest-
ing that replacement of malt with JFS modified the formation or occurrence of specific
volatile compounds. The increased relative abundances of these compounds may be as-
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sociated with changes in wort composition resulting from malt replacement. Because JFS
contains higher levels of protein and phenolic compounds than malt, its incorporation may
have altered the availability of nitrogenous compounds, phenolic precursors, and other
metabolites required for yeast metabolism and secondary metabolite biosynthesis [78].
In addition, the higher antioxidant capacity of JFS could influence oxidative reactions
occurring during brewing and fermentation, thereby affecting the stability, transformation,
and retention of certain volatile compounds.
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Figure 3. Heatmap with hierarchical cluster analysis (HCA) of the 32 selected volatile compounds in
beers with different levels of jackfruit seed flour substitution.

Alcohols represented one of the major groups of volatile compounds detected in the
beers (Table 4). Among them, 3,7-dimethyl-1,6-octadien-3-ol increased significantly with
increasing JFS substitution. This hop-derived terpene alcohol is associated with floral
and citrus aroma characteristics [79]. The higher abundance observed in beers containing
greater proportions of JFS is likely related to the changes in wort composition and fer-
mentation behaviors resulting from malt replacement, as discussed in Table 3. Among the
remaining alcohols, 2-undecanol showed a moderate increase with increasing JFS substitu-
tion, whereas «-cadinol and humulenol-II were detected only in beers containing 50% and
75% JFS. Both compounds are hop-derived sesquiterpene alcohols associated with woody
and herbal aroma characteristics [80].

Esters represented another major class of volatile compounds detected in the beers
(Table 4). Among the identified esters, acetic acid, 2-phenylethyl ester and dodecanoic
acid, ethyl ester exhibited significant decreases in relative abundance with increasing JFS
substitution, whereas hexadecanoic acid, ethyl ester showed only a slight decrease. These
esters are important contributors to the floral, fruity, and sweet aroma characteristics of
beer and are primarily produced by yeast during fermentation. The reduction in ester
abundance observed with increasing JFS substitution may be attributed to changes in yeast
metabolic activity resulting from partial malt replacement. As discussed in Table 3, JFS
substitution reduced fermentable sugar availability and alcohol production, which could
have decreased the availability of metabolic intermediates required for ester synthesis [81].
Furthermore, the altered nutrient composition of JFS-containing wort may have affected
yeast metabolism, thereby influencing the production of fermentation-derived esters.
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Table 4. The volatile compounds found in different levels of JFS-substituted beer.

Peak Area
Chemical Volatile Compound Rtl" Od.or. Commercial
Group (min) Description Beer 0% JFS 25% JFS 50% JFS 75% JFS
234,255.85 + 39,318.49 + 47,115.96 + 81,764.64 + 78,982.61 +
2-Undecanol 16.78 Floral 18,025.93 2 3380.81°¢ 2519.29 © 11,025.45° 6678.05°
. . . 3,526,529 + 538,680.75 + 624,133.29 + 1,151,005.77 1,589,709.27 +
37-Dimethyl-1,6-octadien-3-ol - 1298 Floral citrus 54 g0 534 31,487.70 4 19043279 +£122524.02¢  112,811.73"
. 175,748.24 + 26,419.96 + 26,430.01 +=
«-Cadinol 25.63 Woody 37.288.79 2 n.d. n.d. 342032 425009 b
153,191.14 + 55,096.51 + 202,860.23 +
Humlenol-IT 27.69 Woody 5405.13 b n.d. n.d. 4848.87 ¢ 45,040,707
Alcohol
. 119,073.20 £ 126,051.43 + 40,038.91 +
Glycerin 29.01 Sweet 98.181.13 2 24.997.8 2 34746.89 2 n.d. n.d.
(Z)-11-Tetradecen-5-yn-1-ol 24.45 Green n.d. n.d. n.d. n.d. 923487225;18;?
(IR,55,8R,9R)-4,4,8-
trimethyltricyclo 25.91 Woody n.d. n.d. n.d. %15816732% f 1%’29520 26; ai_
[6.3.1.0(1,5)]dodeca-2-en-9-ol ’ ’
L Floral, rose, 1,145,064.60 791,235.90 + 391,901.01 £ 225,975.45 + 189,060.65 +
Acetic acid, 2-phenylethyl ester 1886 honey +35598.14  35372.75° 10,856.51 ¢ 42,992.70 4 17,821.73 9
Dodecanoic acid, ethyl ester 19.30 Fruity, sweet, 616,996.58 + 276,203.70 + 186,608.39 + 184,730.41 + 152,211.20 +
s ety : fatty 60,540.58 2 15,609.21 © 17,268.15 © 21,389.27 © 9470.94 ©
. . . 103,879.95 + 64,254.89 + 49,412.92 +
Tetradecanoic acid, ethyl ester 23.37 Fruity, fatty 39.487.57 % 7095.58 b 18,173.06 ® n.d. n.d.
. . 81,679.51 + 156,711.26 £ 130,643.63 + 48,462.91 + 46,900.56 +
Hexadecanoic acid, ethyl ester 27.11 Fatty, waxy 30,362.26 24.377.09 7 5135.19 a 732337 b 9550.85 b
. . Fruity, 137,110.89 + 38,442.18 +
Ester Heptanoic acid, ethyl ester 8.22 pineapple-like n.d. 1465.80 @ 66,582.08 n.d. n.d.
Pentadecanoic acid, 19.71 Waxv, fatt 278,610.79 + 23,232.92 + 20,241.54 + 13,237.51 + nd
3-methylbutyl ester ’ ¥, ratty 38,904.55 2 20,325.25° 1585.87 11,927.82° o
. 18,212.12 + 3858.97 £ 129247 +
Ethyl 4-hydroxybutanoate 18.74 Fruity n.d. 2893.93 2 3353.32 b 2236.89 b n.d.
Methyl 17,494.26 + 9058.49 +
2,12-dimethyltetradecanoate 24.66 Fatty, waxy nd. 3653.24 2 7847.52 P nd. nd.
4-Hexen-1-ol, . 38,229.98 + 37,435.98 +
2-isopropenyl-5-metyl-, acetate 1751 Herbal, fruity nd. 3416.61° 1943.14 2 nd. n.d.
. Woody, spicy, 150,325.31 + 17,102.90 + 100,642.66 +
Humulene epoxide I 277 hop-like 65,505.75 2 nd. n.d. 15,051.06 © 32,399.78
. 6055.33 + 70,368.25 +
(E)-x-Bergamotene 17.09 Citrus, woody n.d. n.d. 104.41° n.d. 103937 3
Terpene 19,613.79 + 65,184.22 +
trans-Calamenene 20.19 Herbal, woody 171168:69 b n.d. n.d. n.d. 1’190.'21 a
trans-2,6-Dimethylocta-1,4,7- . 4130.76 +
trieno 21.79 Citrus, terpene n.d. n.d. n.d. n.d. 49339 4
. 14,399,582.00
Fruity, herbal e 18,542.22 + 57,004.04 + 166,522.58 £
2-Undecanone 14.14 7 ! + ‘ b n.d. g b . b
citrus 1,044,633.20 ° 32,114.33 4295.29 8651.25
7839.62 + 13,195.15 +
15-Bromo-2-pentadecanone 19.34 - n.d. n.d. n.d. 104.41 b 9791.02 @
Ketone
2,4-bis(t-Butyl)-2- 1645.10 += 4971.08 +
hydroxycyclobutan-1-one 2653 B nd. n.d. 2847.67° nd. 480.89 2
68,408.10 £ 175,277.42 + 255,021.31 £
Ethanone, 1-(1H-pyrrol-2-yl)- 22.16 Roasted, nutty n.d. n.d. 50,337.16 ¢ 13,570.33 b 8348.70 2
. X Clove, spicy, 11,152.38 + 12,720.31 +
Phenolic 4-Vinylphenol 29.68 smoky n.d. n.d. n.d. 9658.00 @ 8379.77
. . 4642.53 + 40,588.34 +
Aldehydes (4RS)-4,7-Dimethyloct-6-enal 17.18 Citrus, green n.d. n.d. 803.94 b n.d. 8816.95 4
. 274,979.61 + 120,087.22 + 92,725.88 +
1-Propanol, 3-(methylthio)- 16.85 Sulfur n.d. 21.763.27 2 27,062.66° 31.210.85° n.d.
(1R*,6R*,75*,105%)-4,10-
Dimethyl-7-(1'-methylethenyl)- 23.05 Sulfur, nd 78,113.80 + 9767.22 + nd 6194.15 +
Sulphur 10-mercaptobicyclo[4.4.0]dec-4- ’ hop-like o 62,826.19 2 393.31° - 1072.68°
ene
7-Methylthio-1,2,3,4-
tetrahydroisoquinoline 32.29 Sulfur n.d. 813 ;L g :735 ai n.d. n.d. n.d.

hydrochloride
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Table 4. Cont.

Peak Area
Chemical Volatile Compound RT Odor i
Group P (min) Description C"“]‘;::rmal 0% JFS 25% JFS 50% JFS 75% JFS
2-Furancarboxylic acid, 6142.98 +
2-dimethylaminoethyl ester 17.61 Caramel n.d. nd. n.d. nd. 130.43 2
it
Nitrogen = 1 ) 2 phenylethen-1-y11-9- 16,46 ] o 4 o 46,497.19 + 4453254 +
phenylmethyl-8H-purin-8-one ’ h h o 52,379.702 17,201.23 2
2-[2-[2-[2-[2-[2-[2-[2-[2-[2-(2-
Hydroxyethoxy)ethoxylethoxy] B 45,582.33 + 1,640,120.20 +
Polyether ethoxy]Jethoxy]ethoxy]ethoxy] 4331 nd. nd. 78,949.19 nd. 1,776,491.58 @

ethoxyJethoxy]ethoxy]ethanol

Values are expressed as mean + standard deviation (1 = 3). Values in the same row with different superscript
letters are significantly different (p < 0.05). n.d. = not detected.

Ketones contribute to the complexity of beer aroma through buttery, caramel-like,
roasted, and nutty sensory notes, depending on their chemical structure. Among the identi-
fied ketones, ethanone, 1-(1H-pyrrol-2-yl)-exhibited a significant increase in relative abun-
dance with increasing JFS substitution (Table 4). This compound is a nitrogen-containing
heterocyclic ketone belonging to the pyrrole family, a class of aroma compounds primarily
formed through Maillard reactions during thermal processing [82]. Therefore, the higher
abundance of this compound observed with increasing levels of JFS substitution is likely
attributable to the enhanced formation of Maillard reaction products.

4. Conclusions

This study demonstrated that jackfruit seed can be successfully used as a partial substi-
tute for pale ale malt in beer production, providing a sustainable approach to valorizing an
underutilized agricultural by-product. JFS exhibited higher protein, total phenolic content,
and antioxidant activity than pale ale malt, contributing to the functional properties of
the resulting beer. Although increasing JFS substitution reduced the production of fer-
mentable sugars during mashing and consequently decreased alcohol content, satisfactory
fermentation was achieved using S. cerevisiae Lutra kveik yeast. The incorporation of JFS
also enhanced foam stability and produced beers with distinct physicochemical charac-
teristics, including increased turbidity, which is consistent with the sensory attributes of
contemporary hazy beer styles. Furthermore, HS-SPME-GC-MS demonstrated that partial
replacement of malt with JFS altered the volatile composition of the beers by modifying the
relative abundance of key aroma-active compounds. These findings suggest that changes
in wort composition associated with JFS substitution influenced yeast metabolism and the
production of fermentation-derived volatiles. Overall, JES shows considerable potential as
an alternative brewing adjunct for developing functional and sustainable craft beers. Future
studies should optimize starch hydrolysis during mashing through the application of com-
plementary amylolytic enzymes to improve fermentable sugar production, fermentation
efficiency, and alcohol yield.

Author Contributions: Conceptualization, N.K.; methodology, N.K., N.M.P., W]., S.T. and D.Q.N.;
formal analysis, N.M.P.,, W]., S.T. and D.Q.N.; investigation, N.M.P.,, W.J., S.T., D.Q.N. and S.N.; re-
sources, N.K.; writing—original draft preparation, N.M.P., W]. and S.T.; writing—review and editing,
S.N., N.K,; visualization, N.M.P,, W], S.T. and D.Q.N.; supervision, N.K.; project administration,
N.M.P. and WJ.; funding acquisition, N.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Mae Fah Luang University through the final-year project
research fund.

Institutional Review Board Statement: Not applicable.

https://doi.org/10.3390/fermentation12080368


https://doi.org/10.3390/fermentation12080368

Fermentation 2026, 12, 368 16 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

JES Jackfruit seed

HPLC High-performance liquid chromatography
GC-MS  Gas chromatography-Mass spectrometry
AOAC  Association of Official Analytical Chemists
TPC Total phenolic content

SPE Solid-phase extraction

SRM Standard reference method

NTU Nephelometric turbidity units

TSS Total soluble solid
PTFE Polytetrafluoroethylene
IPA Indian pale ale
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