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A B S T R A C T   

Salt-assisted liquid-liquid extraction (SALLE) and on-column concentration were evaluated to simplify the 
chromatographic determination of phenolic compounds in beer. Resveratrol, flavonoids (quercetin and 
kaempferol), and phenolic acids (caffeic, p-coumaric, and trans-ferulic acids) were used as model compounds 
based on their concentrations reported in craft beers. SALLE with acetonitrile was effective for sample cleanup, 
with recoveries ranging from 84 % to 112 %. The on-column concentration was carried out in high performance 
liquid chromatography by starting the gradient elution with acidified water (sample carrier stream) in a 
reversed-phase mode. Consequently, the analytes were retained in a narrow band, and highly polar/ionic 
potentially interfering species were flushed from the column. The effectiveness of the approach was demon
strated by linear correlations between the peak areas and the injected volumes from 10 to 200 µL (r ≥ 0.999), 
without significant variations in peak width (< 10 %), retention times (< 0.7 %), and peak symmetry (tailing 
factors within the range of 0.8–1.1). For all analytes, a linear response was achieved from 100 to 1000 µg L− 1 (r >
0.999), with limits of detection within the range of 9–82 µg L− 1. The approach was also effective for on-column 
concentrations of resveratrol, quercetin, and kaempferol in sequential injection chromatography (SIC), with 
injected volumes up to 750 µL and linear responses within 100–1000 µg L− 1 (r > 0.997). The proposal reduced 
consumption of organic solvents (with only 770 µL required per determination in SIC) and avoided solid-phase 
extraction cartridges for analyte preconcentration.   

Introduction 

Beer has been consumed as beverage for more than 5000 years [1]. 
The widespread consumption has motivated studies on its nutritional 
effects as a source of carbohydrates, amino acids, minerals, vitamins, 
and other macromolecules [2]. Beer typically contains numerous sec
ondary metabolites, such as phenolic compounds, with remarkable 
antioxidant properties [3]. 

The phenolic compound content depends on the raw material used in 
the beer manufacturing process, with barley and hops providing 
approximately 70 %–80 % and 20 %–30 % of the total phenolics, 
respectively [4]. In addition to their antioxidant properties, phenolic 
compounds contribute to the organoleptic characteristics of the final 
products, such as flavor, astringency, and haze, and affect the filtration 
process and stability of beers during aging, thus affecting their shelf life 

[5]. Despite these significant effects, phenolic compounds are typically 
found in relatively low amounts in beer, e.g., 0.3–2.2 µg kg− 1 caffeic 
acid, 0.6–4.7 µg kg− 1 p-coumaric acid, 7.2–15.8 µg kg− 1 trans-ferulic 
acid, and 0.7–2.1 µg kg− 1 quercetin [6]. Although kaempferol and 
resveratrol are less common in beer, their determination is relevant 
owing to their bioactive properties [7]. For example, 9.0 µg kg− 1 

trans-resveratrol, 3.1 µg kg− 1 cis-resveratrol, and 0.5 µg kg− 1 

trans-piceid (the resveratrol glucoside) were determined in beers using 
liquid chromatography–tandem mass spectrometry (LC-MS/MS) [8]. 

Phenolic compounds in beer are usually determined using liquid 
chromatography (LC), with detection by either UV spectrophotometry 
[9–11] or mass spectrometry [6,8,12,13]. Owing to the complexity of 
the samples and the relatively low concentration of some phenolic 
compounds, these procedures typically require sample cleanup and 
analyte preconcentration. The need for analyte preconcentration was 
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recently demonstrated [11]. Without sample pretreatment, relatively 
high limits of quantification were achieved (1.2 mg L− 1 quercetin and 
2.8 mg L− 1 kaempferol), which hindered the practical applications of the 
proposed procedure [11]. 

Although essential for chromatography, sample treatment tech
niques typically involve several steps, are time-consuming, and generate 
large amounts of waste. These drawbacks have motivated further studies 
focused on sample cleanup and analyte preconcentration methods. One 
promising approach is salt-assisted liquid-liquid extraction (SALLE), in 
which analytes are extracted from aqueous samples using water-soluble 
solvents (e.g., acetone, 2-propanol, ethanol, and majorly acetonitrile), 
with the addition of an inorganic salt (e.g., NaCl, Na2SO4, or MgSO4) to 
promote the formation of a two-phase system [14]. As the saline me
dium reduces the solubility of moderately polar analytes in the aqueous 
phase, they are separated from highly polar, potentially interfering 
species. SALLE is usually carried out in a single closed flask, minimizing 
the exposure of the analyst to volatile solvents and the number of steps 
involved compared to conventional liquid-liquid extraction. Its appli
cability in the isolation of phenolic compounds from several complex 
matrices has been demonstrated [15–20]. Sample pretreatment by 
SALLE has also been applied to determination of toxins in beer using 
LC-MS/MS [18]. 

On-column concentration is an interesting alternative to time- 
consuming approaches for analyte preconcentration. In this strategy, 
analytes are accumulated on the head of the chromatographic column 
(or even on the guard column) by modulating the eluent strength. A 
relatively large volume of the sample in a low-elution strength solvent is 
directed towards the chromatographic column. Analytes with high 
retention factors are effectively retained in a narrow zone and further 
eluted using an appropriate mobile phase, with a higher chromato
graphic elution strength [21]. A similar approach has been used for 
sample stacking in capillary electrophoresis [22] and cold trapping in 
gas chromatography [23], but it has been less usual in high-performance 
liquid chromatography (HPLC) [24,25], including miniaturized LC [26]. 
The feasibility of on-column concentration was demonstrated using 
sequential injection chromatography (SIC) by exploiting its capability to 
handle samples, carrier, and mobile phase under programmable flow 
[27]. By injecting 5 mL of aqueous solution, enrichment factors (EF) as 
high as 435, 405, and 420 were achieved for methyl, ethyl, and pro
pylparaben, respectively [21]. Another application aimed at determi
nation of traces of the emerging contaminant salicylic acid in natural 
waters achieved a limit of detection (LOD) as low as 20 ng L− 1 and an EF 
of 122, consuming only 1.75 mL of sample and 150 µL of organic solvent 
per determination [28]. 

This study presents the evaluation of SALLE for sample cleanup and 
on-column concentration of analytes to simplify the determination of 
phenolic compounds in beer and improve detectability in either HPLC or 
SIC. A stilbene (resveratrol, REV), flavonoids quercetin (QUE) and 
kaempferol (KAF), and phenolic acids, caffeic acid (CAF), p-coumaric 
acid (COA), and trans-ferulic acid (FER) were used as model compounds 
based on the concentrations reported in craft beers and to evaluate the 
efficiencies for species with significant differences in polarities. 

Materials and methods 

Reagents and solutions 

All standards were acquired with analytical grade (purity ≥ 95 %) 
from Sigma-Aldrich, St Louis, MO, USA (caffeic acid ≥ 98 %, p-coumaric 
acid ≥ 98 %, trans-ferulic acid 99 %, and quercetin ≥ 95 %), Oakwood 
Chemical, Columbia, SC, USA (resveratrol, 99 %), and TargetMol, Bos
ton, MA, USA (kaempferol, 99 %), and used without further purification. 
HPLC-grade acetonitrile was purchased from Merck (Darmstadt, Ger
many). Stock solutions of each analyte (1000 mg L− 1) were prepared in 
ethanol and stored in dark at − 10 ◦C. Working multispecies solutions 
within the concentration ranges of 10–1000 µg L− 1 were prepared daily 

by diluting the stock solution with ultrapure water (resistivity > 18 MΩ 
cm− 1). Water was acidified to pH 2.5 with H3PO4 (Sigma-Aldrich), and 
used as the mobile phase, either in isocratic (SIC) or gradient elution 
(HPLC), with acetonitrile as the organic solvent. 

Apparatus 

HPLC 
HPLC analyses were performed using a Shimadzu Prominence LC- 

20A system (Kyoto, Japan) equipped with an LC-20AT quaternary 
pump, CTO-20A column oven operating at 30 ◦C, SIL-20A autosampler, 
and SPD-M20A photodiode array detector with an 8-µL flow cell. Data 
were acquired and processed using the Chrom Perfect software version 
5.93 (Shimadzu). All separations were carried out using a C18 chro
matographic column (Shimadzu Shim-pack VP-ODS, 150 × 4.6 mm i.d., 
5.0 μm particle size; 12 nm pore size) with a 5 mm long guard column. 

Sequential injection chromatography 
Low-pressure chromatography was performed using a SIChrom® 

equipment (FIAlab® Instruments, Bellevue, WA, USA) equipped with a 
4.0 mL S17 PDP syringe pump (Sapphire Engineering Inc., Pocasset, MA, 
USA) and an 8-port high-pressure stainless-steel selection valve (C5H, 
Valco Instrument Co., Houston, TX, USA). Polyether ether ketone tubes 
(0.25 mm i.d.) were used for all connections in the SIC system and a 1.0 
mL, 0.6-mm i.d. coiled polytetrafluoroethylene tube was used as the 
holding coil. The SIC system was controlled by the FIAlab® 5.9 software. 
Separations were carried out in a silica-octadecylsilane (C18) superfi
cially porous particle-packed column (Supelco Ascentis® Express, 
Sigma-Aldrich, 30 × 4.6 mm i.d., 2.7 µm particle size) coupled to a 5-mm 
long guard column. 

The detection system was a multichannel CCD spectrophotometer 
(USB4000®, Ocean Optics, Dunedin, FL, USA), with a deuterium light 
source (DH-2000®, Ocean Optics) and optical fibers with a core diam
eter of 600 µm. The spectrophotometer was coupled to a 9-µL Z-shape 
flow cell with a 20 mm optical path (FIAlab® Instruments). 

Sample cleanup 

Four craft lager beer samples acquired at the local market were used 
to evaluate the SALLE procedure. These samples showed alcohol con
tents between 4.5 and 4.8 % v/v. After degassing under agitation for 2 
min, the sample cleanup by SALLE was adapted from a previously 
described method to determine volatile phenols in beverages [29]. 
Briefly, 1.0 mL of each beer sample and 2.4 mL of acetonitrile were 
vortexed for 1 min in 15 mL Falcon® tubes. Phase separation was 
induced by adding 0.5 g NaCl to the mixture, which was further vortexed 
for 1 min and centrifuged at 2400 rpm (950 × g) for 10 min. All sample 
pretreatment steps were carried out at ambient temperature (25 ± 1 ◦C) 
and, after centrifugation, three distinct phases were observed: excess 
NaCl at the bottom, the aqueous intermediary phase, and the upper 
organic phase. For the on-column concentration, 1.0 mL of the organic 
phase was collected and the solvent was evaporated under N2 flow. The 
solute was suspended in 1.0 mL of water acidified to pH 2.5 and sub
sequently analyzed by HPLC or SIC. 

For the dilute-and-shoot approach in HPLC, beer samples were 
filtered through 0.22 µm PVDF filters and further diluted 1:1 v/v in 
deionized water. 

On-column concentration procedure 

HPLC 
The on-column concentration was carried out with multispecies so

lutions and sample volumes of 10, 20, 50, 100, and 200 µL. Because of 
the capacity of the LC autosampler, the latter volume required two 
sequential injections of 100 µL. Gradient elution (A: water with pH 
adjusted to 2.5; B: acetonitrile) was performed according to the 
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following program: 0 % B (0–5 min), 25 % B (5–25 min), 40 % B (25–40 
min), and 0 % B (40–45 min). The flow rate of the mobile phase was 0.4 
mL min− 1. All measurements were performed in triplicate and based on 
the peak areas at 320 nm (CAF, COA, FER, and REV) and 360 nm (QUE 
and KAF). 

Sequential injection chromatography 
For the on-column concentration and separation of resveratrol, 

quercetin, and kaempferol, the SIC system (Fig. 1) was operated as fol
lows: the syringe pump (SP) sequentially aspirated 250 µL of water (port 
3, 50 µL s− 1) and 750 μL of the sample extract or reference solution (port 
8, 10 µL s− 1) to the holding coil (HC). The flow direction was reversed 
and the sample zone was pumped through the chromatographic column 
(port 7) at 10 µL s− 1 to retain the analytes at the head of the column. 
Subsequently, 2200 µL of the mobile phase (35 % v/v acetonitrile in 
water acidified to pH 2.5) was aspirated through port 4 to the HC and 
further dispensed through the chromatographic column at 10 µL s− 1 for 
analyte elution. All measurements were carried out in triplicates at room 
temperature (25 ± 1 ◦C) and were based on the peak areas at 320 nm 
(REV) and 360 nm (QUE and KAF). 

Analytical figures of merit 

Calibration equations were defined using least-squares regression 
and linearity was evaluated by the lack-of-fit test at the 95 % confidence 
level. The limits of detection were estimated at a 99.7 % confidence level 
from 3xSy/x/m, where Sy/x is the standard deviation of the y-residuals 
and m is the slope of the calibration curve [30]. Recoveries were esti
mated from beer samples spiked with either 0.25 or 1.0 µg mL− 1 of each 
analyte. EF values were estimated from the ratio of the slopes of cali
bration curves obtained with (injected volumes of 200 and 750 µL for 
HPLC and SIC, respectively) and without on-column concentration 
(injected volume of 10 µL). Consumptive indexes (CI) were determined 
from the ratio of the injected volume to the achieved EF values [31]. 
Peak symmetry was evaluated from tailing factors calculated at 5 % of 
the peak height as recommended [32]. 

Results and discussion 

On-column concentration 

HPLC 
The on-column concentration requires modulation of the elution 

strength for the retention of the analytes on the head of the chromato
graphic column and further elution without significant peak broadening. 
This approach is then compatible with gradient elution in HPLC, which 
was exploited in this study. As the separations were carried out in 
reversed-phase mode, the gradient started with water, which was acid
ified to pH 2.5 to favor the retention of the protonated forms of the 
analytes, majorly phenolic acids (pKa1 = 4.43 (CAF), 4.36 (COA), and 
4.52 (FER)) [33]). In this step, acidified water was the carrier solution to 
avoid carryover of the sample and eluent zones. 

The effectiveness of on-column concentration for all the phenolic 

compounds investigated is shown in Fig. 2, in which an increase in the 
injected volume exhibit a negligible effect on the peak widths and 
retention times (RT). Therefore, the chromatographic resolution was 
unaffected even for the species eluted at the closest retention times (COA 
and FER), as shown in the inset Fig. 2. The peak areas (A) increased 
linearly with the sample volume (V) from 10 to 200 µL, as described by 
the following equations: ACAF = 14,353 V − 11,317 (r = 0.9998); ACOA =

16,025 V − 13,566 (r = 0.9998); AFER = 13,720 V − 103,537 (r =
0.9998); AREV = 17,621 V − 13,957 (r = 0.9999); AQUE = 70,312 V +
11,568 (r = 0.9986); and AKAF = 8161 V + 7845 (r = 0.9999). 

Linear calibration graphs were obtained for all analytes, r > 0.999 
(Fig. 3), with on-column concentration (200 µL injected volume), as 
confirmed by the lack-of-fit test at 95 % confidence level. The co
efficients of variation of the retention times were < 0.7 % for all ana
lytes, and peak symmetry was not hindered. Tailing factors were 
between 0.8 and 1.1 for all analytes in the evaluated concentration 
range, with variations lower than 10 % by increasing the injected vol
umes, as shown in the Table 1. The separation efficiency was calculated 
for all analytes and showed values from 8016 plates (COA) to 36704 
plates (REV) using injection volume of 200 µL (1000 µg L− 1 of each 
analyte). The EFs were 20.7 (CAF and FER), 21.3 (COA and REV), 29.7 
(QUE), and 15.7 (KAF), which were close to the expected values for the 
volume ratio of 20. The LODs were estimated to be 38 µg L− 1 CAF, 9 µg 
L− 1 COA, 26 µg L− 1 FER, 29 µg L− 1 REV, 18 µg L− 1 QUE, and 82 µg L− 1 

KAF. These values demonstrate the efficiency of the proposed approach 
for preconcentration of the analytes. 

Sequential injection chromatography 
The feasibility of on-column concentration was also demonstrated in 

SIC, focusing on the rapid separation of resveratrol, quercetin, and 
kaempferol. Because of the low-pressure operation, short monolithic or 
superficially porous particle columns are required for this technique, 
and the selectivity of the stationary phase is decisive for successful 
separation. Therefore, a chromatographic column was selected among 
some options of silica-based monoliths and particle-packed columns 
with different surface chemistries (cyanopropyl, octadecyl, and penta
fluorophenyl). Monolithic cyanopropyl and superficially porous penta
fluorophenyl columns were evaluated based on the moderate polarity of 
the phenolic compounds; however, both yielded poor peak shapes and 
low chromatographic resolution, even with different acetonitrile/water 
mobile phase compositions. Enhanced chromatographic performance 
was achieved using a C18 superficially porous particle column. Isocratic 
elution with 35 % (v/v) acetonitrile in water acidified to pH 2.5 as 
mobile phase was effective in separating compounds with narrower 
peaks. 

Similar to the HPLC procedure, water was selected as the carrier 
owing to its weak solvent strength in reversed-phase chromatography. 
This also contributed for removal of potentially interfering highly polar 
species simultaneously to the analyte retention. The effects of the carrier 
volume are shown in Table 2. Although the RT values were only slightly 
affected, the effects on the peak width and area were significant, 
demonstrating the relevance of the carrier stream in minimizing the 
overlap between the sample and eluent zones. Narrow peaks indicate the 

Fig. 1. Flow diagram of the sequential injection chromatographic system for on-column concentration of phenolic compounds. C: chromatographic column; D: 
spectrophotometric detector; HC: holding coil; MP: mobile phase; S: sample; SP: bidirectional syringe pump; SV: selection valve; W: waste vessel. 
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effective accumulation of the analytes on the head of the chromato
graphic column and that peak resolution was not impaired by the pro
posed approach. 

The capability for handling higher sample volumes in SIC was 
investigated for on-column concentration of up to 750 µL injected vol
umes. The efficiency is demonstrated by the results shown in Fig. 4. 

Neither the peak widths nor RT changed significantly with the increase 
in the sample volume; the peak areas (A) increased linearly with the 
sample volume (V, µL), as described by the equations: AREV = 0.0137 V 
+ 1.18 (r = 0.990), AQUE = 0.0151 V + 1.61 (r = 0.987), and AKAF =

0.0137 V + 0.166 (r = 1). The linear response decreased for sample 
volumes > 750 µL, which was attributed to the saturation of absorptive 
material in the column. In addition to analyte amount, this effect de
pends on the column size, particle diameter, and pore size; thus, it is 
more critical for superficially porous particle columns, as used in this 
study. For a sample volume of 750 µL, a suitable resolution (Rs = 1.8) for 
resveratrol (RT = 1.27 min) and quercetin (RT = 1.47 min) was ach
ieved. Fig. 4 shows the fast chromatographic separation of the three 
analytes (approximately 3 min), a characteristic of SIC. Consequently, 
the consumption of mobile phase decreased (equivalent to 770 µL 
acetonitrile vs. 4400 µL in HPLC for each determination). 

With a 750 µL injected sample, linear responses were achieved from 
100 to 1000 µg L− 1, as verified by the lack-of-fit test at the 95 % con
fidence level, with coefficient of variation (CV) < 7 % for inter-day 
precision (n = 5). The LOD values were 89, 150, and 35 µg L− 1 for 
REV, QUE, and KAF, respectively. The CV of the retention times and 

Fig. 2. On-column concentration from different sample volumes in HPLC. The inset shows a larger view of the separation of p-coumaric acid (COA) and trans-ferulic 
acid (FER) and the linear correlation of peak areas and the sample volume. CAF: caffeic acid, REV: resveratrol; QUE: quercetin; KAF: kaempferol. Analyte con
centrations: 1.0 mg L− 1. 

Fig. 3. On-column concentration in HPLC from solutions with increasing concentrations of the analytes (injected volume = 200 µL). The inset shows the corre
sponding calibration graphs. CAF: caffeic acid, COA: p-coumaric acid; FER: trans-ferulic acid; REV: resveratrol; QUE: quercetin; KAF: kaempferol. 

Table 1 
Tailing factors of the chromatographic peaks with on-column concentration of 
phenolic compounds by HPLC.  

Concentration 
(µg L− 1) 

Injected 
volume (µL) 

CAF COA FER REV QUE KAF 

10 200 1.0 1.0 0.9 1.1 – 1.1 
100 200 1.1 1.1 1.0 1.1 0.8 1.1 
1000 10 1.0 1.0 1.0 1.1 1.1 1.0 

20 1.1 1.0 1.0 1.0 1.1 1.0 
50 1.1 1.0 1.0 1.0 1.1 1.0 
100 1.1 1.0 1.0 1.0 1.1 1.0 
200 1.1 1.0 1.0 1.0 1.0 1.0 

Tailing factors were calculated at 5 % of the peak height [32]. 
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peak areas (0.45 and 2.1 %, respectively) were comparable to those 
previously obtained for separation using SIC [27,34,35]. 

Peak symmetry was more affected in SIC in comparison to HPLC. In 
fact, by increasing the injection volumes, tailing factors were between 
1.2 to 1.8, 1.3 to 1.9, and 0.8 to 1.6, for REV, QUE, and KAF, respec
tively. This reflects the different operational conditions, including 
different column characteristics and mobile phase flow rates. However, 
the chromatographic resolution was not hindered (Fig. 4). The enrich
ment factors for REV, QUE, and KAF were 104, 79, and 67, respectively. 
These values are not comparable to previous works in SIC, which 
involved higher sample volumes (1.5 and 5.0 mL for preconcentration of 
salicylic acid [28] and parabens [21], respectively). Alternatively, this 
comparison may be based on CI [31], which demonstrates the efficiency 
of sample utilization in the preconcentration step. The achieved CI 
values (7.2, 9.5, and 11.2 µL for REV, QUE, and KAF, respectively) were 
comparable or superior than the previously reported values for 
on-column concentration in SIC (CI within 11.5–12.3 µL for parabens 
[21] and 14.3 µL for salicylic acid [28]), demonstrating the effectiveness 
of the approach for analyte preconcentration. 

Salt-assisted liquid-liquid microextraction 

Beer samples have complex matrices with diverse constituents in 
larger amounts than those of phenolic compounds. In addition, the 
composition may change significantly among different samples, partic
ularly craft beers. 

The chromatograms of 2-fold diluted samples (Fig. 5) show the dif
ficulties in direct sample analysis. Despite the good resolution of some 
peaks, the determination of some of the investigated analytes was hin
dered by co-elution or baseline drift (sample 1: CAF and FER; sample 2: 
CAF and REV; sample 3: FER and REV; and sample 4: REV). In addition, 

direct sample injection may affect long-term chromatographic perfor
mance by introducing high amounts of concomitant species into the 
chromatographic column. Because loading a column with high amounts 
of foreign species is more critical for higher injected volumes, a previous 
sample cleanup is also beneficial for on-column concentration. 

A simple procedure based on SALLE was then investigated for sample 
cleanup to isolate phenolic compounds from the sample matrix. This 
process is favored because of the higher solubility of analytes in polar 
organic solvents (such as acetonitrile) in comparison to water [36]. 
Although SALLE is not a selective extraction approach, it is effective for 
separation of moderately polar analytes from highly polar species and 
ions that tend to remain in the aqueous saline phase. The experimental 
conditions were established by varying the acetonitrile volume from 1.5 
to 3.0 mL, for 1.0 mL of beer sample and excess NaCl (0.5 g). Superior 
phase separation and higher analyte recoveries (from 92 to 108 % for 
samples spiked with 1.0 µg mL− 1 of each analyte) were achieved with 
2.4 mL of acetonitrile. Sodium chloride was selected for SALLE based on 
previous results on the extraction of phenolic compounds [37]. Aceto
nitrile was evaporated from the sample extracts, and the solute was 
dissolved in acidified water (pH 2.5) to ensure that the injected solutions 
had a low elution strength medium needed for on-column concentration. 

The effectiveness of this approach for the cleanup of beer samples is 
shown in Fig. 6, which demonstrates a superior resolution of the 
analytical peaks and elimination of baseline drifts, notably related to the 
more polar compounds eluted at the beginning of the chromatographic 
run (up to 15 min). This result was mainly reflected in the determination 
of the phenolic acids. As shown in Fig. 6, SALLE was poorly efficient in 
removing a matrix compound that eluted between COA and FER and 
affected analyte resolution (Rs = 1.1 for both COA-peak and peak-FER). 
However, for potentially co-extracted matrix compounds that are eluted 
close to resveratrol, higher peak purity is achieved after SALLE, as 
evaluated from the absorption spectra (see the resveratrol spectra in the 
inset of Fig. 6). As shown in Table 3, because of co-elution, the con
centrations determined by the direct injection of 1:1 v/v diluted samples 
were 3.7 to 5.3-fold higher for CAF and 2-fold higher for COA and FER 
than those determined after SALLE. Although the discrepancies tended 
to be lower for REV, QUE, and KAF, the values determined without 
SALLE were 30 %–80 % higher for sample 4. SALLE also prevents the 
hindrance of loading matrix components by the direct injection of raw 
beer samples. 

Under the established experimental conditions, the effectiveness of 
SALLE for the cleanup of beer samples was demonstrated by recoveries 
within 84 % and 112 %, except for REV in sample 4 (Table 4). For 
comparison, recoveries of 63 % (CAF), 88 % (COU), 92 % (QUE), and 
100 % (FER) were achieved by SPE/HPLC-DAD [9]. 

Comparison to literature methods 

Compared to previously described LC methods for the determination 
of phenolic compounds, the proposed method exhibits a lower con
sumption of organic solvents in both chromatographic separation (from 
3.5 to 19.5-fold lower than previously described approaches, Table 5) 
and sample cleanup (e.g. up to 300 mL of toluene and cyclohexane are 
consumed per determination [38]), and a shorter analysis time, 

Table 2 
Effect of the carrier volume on the retention time and peak width of phenolic compounds in SIC (1.0 mg L− 1 each).  

Carrier volume (µL) Retention time (s) Peak area Peak width (s) 

REV QUE KAF REV QUE KAF REV QUE KAF 

0 75.5 86.7 141.2 2.3 2.2 1.9 30.6 36.6 37.8 
250 75.6 87.6 141.6 5.4 5.1 3.2 17.4 23.4 23.4 
500 75.6 88.2 141.6 5.5 4.4 2.8 18.6 22.2 24.6 
750 76.2 88.2 142.2 5.5 6.1 3.8 16.8 23.4 22.8 
1000 75.6 88.1 141.6 5.4 6.1 3.8 15.1 22.2 21.1 

REV: resveratrol; QUE: quercetin; KAF: kaempferol. 

Fig. 4. Chromatographic separation of REV, QUE, and KAF (3.0 mg L− 1 each) 
after on-column concentration from different injection volumes in SIC. The 
inset shows the increment of peak areas with the sample volume. 
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demonstrating the advantage of on-column concentration. In the eval
uation of the run times in Table 5, it should be considered that the re
ported studies have focused on analytes other than the six species 
evaluated in this study; primarily, those involving MS detection may 
yield diverse results, thus making the run times less relevant. Moreover, 
the extraction cartridges and drawbacks of conventional solid-phase 
extraction (time-consuming, risks of analyte loss, and contamination) 
were prevented. The precision achieved was better than that previously 
reported, and both the acquisition and operational costs were signifi
cantly lower than those for LC-MS/MS [6,8,13]. The LODs and linear 
working ranges were consistent with the analyte concentrations typi
cally found in beers. 

Conclusions 

The effectiveness of two approaches for sample cleanup and analyte 
preconcentration in the chromatographic determination of phenolic 
compounds was demonstrated, contributing to a reduction in the 
analytical steps and operational costs involved in the chemical analysis 
of beers. SALLE was effective in extracting a stilbene (resveratrol), fla
vonoids (quercetin and kaempferol), and caffeic, p-coumaric, and trans- 
ferulic phenolic acids, resulting in improved chromatographic resolu
tion and preventing baseline drift. On-column concentration was effec
tive in both HPLC and SIC, which stood out because of its improved 
sensitivity/detectability and sample throughput/environmental friend
liness. By avoiding the use of solid-phase extraction cartridges and the 
need for organic solvents in the washing step, on-column concentration 

Fig. 5. Chromatograms obtained from direct injection of 1:1 v/v diluted beer samples in HPLC. Sample volume: 10 µL. CAF: caffeic acid, COA: p-coumaric acid; FER: 
trans-ferulic acid; REV: resveratrol; QUE: quercetin; KAF: kaempferol. 
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also minimizes the risks of analyte loss and contamination by sample 
manipulation. Sample preparation was simplified compared to previous 
proposals, requiring only SALLE for effective isolation of the analytes 
with minimal solvent consumption. The combination of these ap
proaches was successfully applied to complex matrices such as beer. 
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Fig. 6. HPLC chromatograms of a beer sample (sample 4, diluted 1:1 v/v) before (A) and after (B) SALLE. Sample volume: 10 µL. CAF: caffeic acid, COA: p-coumaric 
acid; FER: trans-ferulic acid; REV: resveratrol; QUE: quercetin; KAF: kaempferol. 

Table 3 
Concentrations of phenolic compounds (µg L− 1) in beers determined by HPLC with and without SALLE.  

Sample CAF COA FER REV QUE KAF 

Without 
SALLE 

SALLE Without 
SALLE 

SALLE Without 
SALLE 

SALLE Without 
SALLE 

SALLE Without 
SALLE 

SALLE Without 
SALLE 

SALLE 

1 374 70.6 870 451 1864 882 < LOD < LOD 656 527 117 150 
2 293 78.3 323 145 728 347 44.4 43.7 467 430 154 141 
3 527 133 604 298 1365 638 62.5 54.7 553 481 183 170 
4 1032 243 696 333 1562 687 98.2 73.8 1318 873 749 426  

Table 4 
Recoveries of phenolic compounds from beer samples determined by HPLC after 
SALLE. Samples spiked with 250 µg L− 1 of each species.  

Sample Concentration, µg L− 1 (recovery) 

CAF COA FER REV QUE KAF 

1 254 (102 
%) 

239 (96 
%) 

257 (103 
%) 

243 (97 
%) 

261 (105 
%) 

191 (77 
%) 

2 264 (106 
%) 

249 (99 
%) 

252 (101 
%) 

239 (95 
%) 

252 (101 
%) 

236 (94 
%) 

3 250 (100 
%) 

250 (100 
%) 

275 (110 
%) 

200 (80 
%) 

257 (103 
%) 

238 (95 
%) 

4 241 (97 
%) 

238 (95 
%) 

255 (102 
%) 

167 (67 
%) 

257 (103 
%) 

256 (102 
%)  
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