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Abstract
Coffee, with production exceeding 10.3 million tonnes in 2018, is one of the most widespread commodities consumed world-
wide. One of the increasingly popular coffee products is instant coffee, with consumption exceeding 1.6 million tonnes in 
2017. In this work, we present how the combination of 1H NMR and GC–MS allows the characterization of samples from 
the small pilot-scale instant coffee process. Results were compared with measurements for filter coffee made from the same 
coffee beans to better evaluate the effects of processing. In the coffee extracted at lower temperatures, a higher concentra-
tion of aroma compounds can be detected. This is particularly the case for compounds responsible for earthy (pyrazines) 
and woody (guaiacols) aroma notes. Also, for the coffee extracted at the highest temperature, a higher level of cyclotene 
giving undesired burnt and bready aroma is seen. The caffeine content in instant coffees was lower than in the filter coffee 
(49 ± 13 up to 62 ± 5 mg/100 mL brew for instant compared with 84 ± 15 mg/100 mL brew for filter coffee). The same was 
observed for acetic acid, while the concentrations of citric and quinic acids are lower in the filter coffee than in the recon-
stituted instant coffee.
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Abbreviations
LTE  Low temperature extraction
MTE  Medium temperature extraction

HTE  High temperature extraction
IC  Instant coffee
5-HMF  5-Hydroxymethyl-furfural

Introduction

Coffee is one of the most widespread commodities con-
sumed world-wide. Coffee production exceeded 10.3 mil-
lion tonnes in 2018 with Brazil, Vietnam, Indonesia, and 
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Columbia being the main producers with 3.6, 1.6, 0.7, and 
0.7 million tonnes of green coffee beans respectively [1]. 
The estimated gross value of coffee was 173.4 billion USD 
in 2012 [2], in the USA alone the estimated value of the cof-
fee market was ca. 87 billion USD in 2019 [3].

One of the increasingly popular coffee products is instant 
coffee i.e. the dried soluble portion of roasted coffee. The 
consumption of instant coffee products exceeded 1.6 mil-
lion tonnes in 2017, including 0.8 million tonnes of standard 
instant coffee. Further growth is predicted due to consum-
ers demand for convenience and changing consumption 
patterns.

Industrial scale production of instant coffee includes sev-
eral steps [4]. Ground roasted coffee is extracted with water 
at temperatures ranging from 120 to 195 °C, typically the 
first extraction is performed at lower temperatures to pre-
serve the aroma compounds, after which a second extrac-
tion at higher temperatures is done. The extracts are then 
concentrated to ca. 50% dry matter by evaporation or freeze-
concentration and dried by spray- or freeze-drying. Freeze-
concentration is a gentler process that helps to preserve the 
coffee aroma [5]. An alternative to the freeze concentra-
tion is to subject the first, aroma-rich extract to an aroma 
recovery process [5] to concentrate the aroma compounds, 
this concentrated aroma-rich fraction is reintroduced to the 
concentrated extract just prior to drying (Fig. 1).

Coffee is a very complex product [6–8] as it contains 
over 800 volatile compounds, and multiple non-volatile 
compounds vital for its taste, body, and color. Several 
analysis methods have been implemented to characterize 
coffee (green and roasted) and beverages derived from it. 
These included 1D and 2D NMR, GC and GC–MS, sensory 
assessments, HPLC, and NIRS [9, 10]. Some of these were 

combined with advanced statistical methods for flavor pre-
diction [11–13]

Currently, the most commonly used methods are GC–MS 
[14–17] and NMR [12, 18, 19]. However, to our knowledge 
combination of these for combined profiling of volatiles and 
soluble compounds in instant coffee is rarely done.

The literature on the composition of instant coffee is 
very scarce and is mostly limited to the characterization of 
commercial instant coffee samples [13, 20, 21], or samples 
obtained from instant coffee producers [22–24]. Thorough 
characterization of fractions taken during the instant coffee 
processing and investigation of different processing param-
eters while keeping others, including the raw material, con-
stant is still lacking. To our knowledge, there is only one 
published work on the characterization of the aroma com-
pounds in the aroma concentrate coming from an industrial 
aroma recovery process [25].

Multiple compounds contribute to coffee taste making it 
a very complex product to analyze. Some of the compounds 
responsible for the bitter taste include caffeine, trigonel-
line [6], chlorogenic acids [26] and their lactones [27] and 
4-vinyl catechol oligomers [28, 29]. As it was already shown 
[30] differences in caffeine and chlorogenic acid in freshly 
brewed coffee can be very dramatic, as they are affected by 
the type and amount of coffee used and brewing method. 
Similar differences can be expected in instant coffees.

Organic acids that contribute to the sourness of the coffee 
brew are acetic, citric, formic, lactic, and malic acids [6, 7] 
and also glycolic acid [31]. In this work, we focus on caf-
feine and trigonelline, which contribute to coffee bitterness, 
and acetic, citric, formic, and lactic acids, as compounds 
contributing to sourness. Both bitterness and sourness being 
important qualities of coffee beverages.

Fig. 1  Flow diagram of the 
instant coffee production pro-
cess with aroma recovery
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Many compounds present in coffee brew or instant coffee 
can affect its aroma and taste. Therefore, it is important to 
apply methods that allow identification and quantification of 
several compounds in one analysis. Moreover, as both taste 
and aroma are important for the perception of the final prod-
uct, a combination of analyses allowing characterization of 
both the water soluble and volatile compounds are required for 
thorough characterization and full profile of coffee samples.

In this work, we present how the combination of 1H NMR 
and GC–MS allows to characterize samples coming from the 
small pilot-scale instant coffee process. Having control of the 
processing, comparison between the freshly brewed and instant 
coffees made from the same coffee beans was possible, giving 
a unique opportunity to study the effects of the process itself.

Materials and methods

Instant coffee samples used were commercially available in 
Europe. All chemicals were analytical grade.

Coffee extraction: instant coffee production in pilot 
scale

Roasted coffee (mixture of Arabica and Robusta, dark roast) 
was ground to D50 of 1.2 mm. 400 g of ground coffee was 
prewetted with 160 g of deionized water and loaded onto 
the extraction column. Coffee was extracted with deionized 
water at a flowrate of 12.6 L/h and preselected temperatures: 
140 °C and 160 °C. Extraction was done to yield 13 kg liq-
uid extract (3 kg primary extract + 10 kg secondary extract). 
For the extraction at 160 °C spend grounds were collected 
and further extracted at 195 °C yielding tertiary extract. The 
primary extracts were distilled under reduced pressure on 
rotary evaporator giving aroma distillate and stripped frac-
tion. The fractions were combined as follows:

• Low-temperature extraction: stripped primary extract 
from 140 °C extraction, secondary extract from 140 °C 
extraction

• Medium temperature extraction: stripped primary extract 
from 160 °C extraction, secondary extract from 160 °C 
extraction

• High temperature extraction: stripped primary extract 
from 160 °C extraction, secondary extract from 160 °C 
extraction, tertiary extract (from 195 °C extraction)

Combined fractions were concentrated to ca. 50% dry 
matter by thermal evaporation, aroma distillate was added, 
and samples were freeze dried.

Sample preparation

For instant coffee 1.5 g powder was dissolved in 100 g 
deionized water at 95 °C. For filter coffee 5.0 g of ground 
coffee (the same grind as used for the pilot scale extrac-
tion) was transferred to a Whatman grade 2 paper filter 
(GE Healthcare, Chicago, USA) and extracted with 100 g 
deionized water at 95 °C. Samples for GC–MS were stored 
frozen until the analysis was performed.

Dry matter

Dry matter was determined gravimetrically after drying 
approximately 20 g of the sample at 80 °C for 16 h.

The extraction yield was calculated as extracted solids 
relative to the solids in the coffee beans.

1D 1H NMR

Samples for NMR analysis were prepared by mixing of 
250 µl of the liquid coffee sample with 250 µl of phosphate 
buffer (ionic strength 200 mM; pH 3.55) and 55 µl of  D2O 
containing 5.8 mM TSP-d4.

Liquid coffee samples were analyzed using a Bruker 
Avance DRX 500 (11.7 T) spectrometer (Billerica, USA) 
operating at Larmor frequencies of 500.13 and 125.76 MHz 
for 1H and 13C, respectively, employing a double-tuned 
inverse detection BBI probe equipped with Z-gradients. 
All samples were analyzed at 298 K. 1D 1H experiments 
were performed using the zgcppr pulse sequence—presatu-
ration followed by a composite 90 degree pulse [32]. For 
each sample, 128 scans were acquired using a recycle delay 
of 16 s, a spectral width of 10,000 Hz, and an acquisition 
time of 1.63 s. As a part of the processing procedure, the 
residual water resonance (4.7–4.9 ppm) was removed from 
the spectra prior to further analysis. Spectral assignment was 
achieved by recording of 2D NMR (DQ-COSY, TOCSY, 
13C-HSQC, and 13C HMBC) spectra of selected samples. 
All spectra were referenced to TSP-d4 at 0.0 ppm for both 
1H and 13C.

All 1D NMR spectra were processed in Topspin 4.0 and 
analyzed using MestreNova version 12.0. The 2D spectra 
were processed in NMRPipe and spectral assignment was 
performed using NMRFAM-Sparky.

Yield, [%] =
mPrimaryExtract ⋅ DMPrimaryExtract + mSecondaryExtract ⋅ DMSecondaryExtract

mCoffeeBeans ⋅ DMCoffeeBeans
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GC–MS

The aqueous coffee samples were spiked with the internal 
standards (2,3-dimethoxytoluene for all odorants except 
for 3-methylbutanal, 2,3-pentadione, dimethyldisulfide and 
pyridine, for which 4-heptanone was used) and stirred. 
Mixture (3 mL) was transferred to a Chromabond XTR 
column (Machery-Nagel, Düren, Germany) and extracted 
with dichloromethane (4 mL) after equilibrating for 3 min. 
The equilibration and extraction steps were repeated.

The gas chromatograph was a GCMS-QP2010 Ultra 
EI (Shimadzu, Kyoto, Japan) equipped with on-column 
injector and a fused silica capillary column of the type 
SPB-1701, (60 m × 0.32 mm, film thickness 0.25 µm). 
Helium was used as the carrier gas at a constant flow rate 
of 2.3 mL/min and the detection was done using a quad-
rupole MS detector. After application of the sample by 
on-column injection at 35 °C, the temperature was raised 
at 6 °C/min to 180 °C, then raised at 30 °C/min to 250 °C 
and kept at this final temperature for 15 min.

Results and discussion

Commercial samples

To establish the composition range that is expected in instant 
coffee products, commercially available instant coffees were 
analyzed by 1H NMR (Fig. 2) to quantify a variety of com-
pounds including organic acids, caffeine and trigonelline. 

Also, lipids could be compared across the samples based on 
the wide peaks at ca. 0.9 and 1.3 ppm (Fig. 3).

Differences in the composition of the commercially 
available instant coffee products can be observed (Fig. 2). 
Especially the levels of caffeine (34–50  mg/100  mL 
brew), citric acid (24–42 mg/100 mL brew), lactic acid 

Fig. 2  Concentrations of selected compounds in the reconstituted commercial instant coffee, determined by 1H NMR

Fig. 3  1H NMR spectra (spectral region 0.6–1.5 ppm) of eight recon-
stituted commercial instant coffees. Wide peaks at 0.9 and 1.3 ppm 
correspond to lipids
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(3–22 mg/100 mL brew), trigonelline (17–34 mg/100 mL 
brew) and acetic acid (8–24 mg/100 mL brew) vary greatly 
across the samples. Differences in the content of organic 
acids may influence the perceived sourness of the coffee, 
while caffeine and trigonelline levels may influence the 
perceived bitterness. These differences can be caused by 
many factors: choice of raw material, extraction param-
eters, the addition of microground roasted coffee or drying 
parameters.

The three samples with higher lipid content, showing 
as a broad peak at 1.3 ppm accompanied by a smaller 
peak at 0.9 ppm (Fig. 3), were coffees A, D and H, which 
were instant products with added microground roasted 
coffee (as declared by the manufacturer). Small amounts 
of 5-hydroxymethyl-furfural (5-HMF) can be detected in 
coffee F, even smaller in coffees B, G and H suggesting 
they were subjected to higher temperature extraction com-
pared to other samples analyzed. In the remaining samples 
(A,C,D and E) no 5-HMF was detected. 5-HMF presence 
can also be explained by the use of medium roasted beans 
as the 5-HMF concentration is known to peak at medium 
roast degree [12], as this compound is generated at high 
temperatures, but it can also be degraded when heat treat-
ment is continued. In the preliminary experiments (data 
not shown) 5-HMF could only be detected when apply-
ing the highest temperatures (above 190 °C) during coffee 
extraction.

Pilot‑scale samples

Pilot-scale instant coffees were made by extracting 400 g 
roast and the ground blend of Arabica and Robusta beans 
with deionized water at 140 °C (Low-Temperature Extrac-
tion, LTE), 160 °C (Medium Temperature Extraction, MTE), 
and 160 °C followed by further extraction of spend grounds 
at 195 °C (High-Temperature Extraction, HTE). These tem-
peratures were chosen as they are relevant in the commercial 
production of instant coffee.

Yield of extraction, calculated as a percent of the dry 
matter extracted from the coffee beans, is significantly 
(p < 0.01) increased by extracting at higher temperatures: 
at 140 °C total yield was 36.6 ± 0.2%, while at 195 °C it 
reached 61.8 ± 0.5% (Table 1). It is also worth noticing that 
the yield of the primary extract is very similar for different 
extraction conditions (27.9 ± 0.7% and 29.9 ± 0.2%).

Chosen compounds relevant for coffee taste and aroma 
were quantified in the primary extract and final instant cof-
fee products by 1H NMR and GC–MS. Chemical shifts for 
selected compounds can be found in Table 2. For easier com-
parison between the samples, GC–MS results are presented 
relative to the filter coffee and the NMR results are normal-
ized relative to the amount of coffee beans used.

Primary extract

The differences between the amounts of volatiles in the 
primary extracts from LTE and MTE/HTE are not big, but 
the general trend is that more aroma compounds are kept 
in the primary extract of the LTE samples (Fig. 4). For few 
compounds (4,5-dimethylthiazol, trimethylpyrazine and 
furfurylmethylsulfide) these differences are highly statisti-
cally significant (p < 0.05). It needs to be noted that in the 
time necessary for primary extraction the final extraction 
temperature was not reached (the temperature at the column 
outlet was ca. 130 °C and 145 °C for LTE and MTE/HTE 
respectively). This temperature range corresponds to tem-
peratures applied in commercial primary extraction.

Table 1  Yield of extraction at different temperatures (LTE – 140 °C, 
MTE – 160 °C, HTE – 160 °C followed by 195 °C) for different frac-
tions

LTE MTE HTE

Primary extract 27.9 ± 0.7% 29.9 ± 0.2% 29.9 ± 0.2%
Secondary extract 8.7 ± 0.8% 22.1 ± 0.4% 22.1 ± 0.4%
Tertiary extract – – 9.8 ± 0.4%
Total Yield 36.6 ± 0.2% 52.0 ± 0.3% 61.8 ± 0.5%

Table 2  1H NMR chemical shifts for selected compounds. For coupling patterns singlet is abbreviated by s, doublet is abbreviated by d, and 
multiplet is abbreviated by m

Compound Chemical shifts (ppm, functional group, coupling pattern) for quantifica-
tion

Additional chemical shifts (ppm)

Caffeine 3.33 (CH3, s), 3.52 (CH3, s), 3.94 (CH3, s), 7.88 (CH, s)
Citrate 2.75, 2.87 (2 × CH2, AB-system, J = 15.6 Hz)
Formic acid 8.38 (CH, s)
Lactic acid 1.36 (CH3, d, J = 6.9 Hz) 4.12 (CH)
Quinic acid 3.56 (CH, dd, J = 3.2, 9.3 Hz), 4.16 (CH, m) 1.88 (CH2), 1.97 (CH2), 4.02 (CH)
Trigonelline 4.43 (CH3, s), 9.12 (CH, s) 8.08 (CH), 8.83 (2 × CH)
Acetic acid 2.06 (CH3, s)
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The biggest differences between the LTE and MTE/HTE 
samples were observed for compounds with lower boiling 
points, while compounds with higher boiling point (above 
ca. 200 °C: ethylguaiacol, vinylguaiacol, skatol and vanillin) 
were mostly unaffected. One notable exception is cyclotene, 
which despite its relatively low boiling point (179 °C) is not 
affected by the extraction temperature. Cyclotene has lower 
relative volatility than other compounds with a similar boil-
ing point, which can explain this observation.

Soluble compounds were analyzed by 1H NMR (Table 3). 
The concentration of caffeine and quinic acid is much higher 
in the primary extracts than in the filter coffee: in extract 
over 200 mg/100 mL of caffeine and 380 mg/100 mL of 
quinic acid was present, while for filter coffee these were 
84 mg/100 mL and 166 mg/100 mL, which seems to be 
a result of higher concentration (ca. 5 times on dry mat-
ter basis). When comparing concentration corrected for 

the amount of coffee beans used (Fig. 5) difference in cit-
rate (4.74 ± 1.31 – 8.10 ± 1.33 mg/g) in the extracts made 
at different temperatures can be seen. Concentrations of 
other analytes as caffeine, trigonelline or lactic acid were 
very similar for different extraction conditions (filter coffee 
extraction and the two pilot-scale extractions), when com-
paring values corrected for the amount of coffee beans used.

Pilot‑scale instant coffee

In the coffee extracted at lower temperatures higher con-
centration of aroma compounds can be detected, which 
partially could be attributed to the lower yield of solid 
extracted at lower temperatures (Fig. 6). This is particularly 
the case for compounds responsible for earthy (pyrazines) 
and woody (guaiacols) aroma notes, which show statisti-
cally significant differences when comparing low- and high 
temperature extracted instant coffee (p < 0.05). Compounds 
responsible for roasty (2-acetylpyridine, 2-acetylpyrazine) 
and sulfurous (dimethyldisulfide, furfurylmethylsulfide) 
notes are almost completely absent in instant coffees. Also, 
for the HTE coffee higher level of cyclotene giving unde-
sired burnt and spicy aroma can be observed. This becomes 
more apparent, when correcting results for the extraction 
yield: cyclotene concentrations are 0.07 ± 0.01, 0.09 ± 0.01 
and 0.17 ± 0.03 mg/g coffee for LTE, MTE and HTE coffee 
respectively. This indicates that higher extraction tempera-
ture promotes higher cyclotene content in the product.

Differences in the composition of instant coffees pro-
duced at different extraction temperatures can be clearly 
seen (Table 4). Caffeine content in instant coffees was lower 

Fig. 4  Concentrations of selected aroma compounds in the primary extracts relative to their concentrations in the filter coffee made from the 
same coffee beans, determined by GC–MS. LTE, MTE and HTE—low, medium and high temperature extraction respectively

Table 3  Concentration of selected compounds in primary extract 
obtained in the pilot scale and filter coffee made from the same coffee 
beans, determined by 1H NMR

LTE, [mg/100 mL] MTE/HTE, 
[mg/100 mL]

Filter coffee, 
[mg/100 mL]

Caffeine 208 ± 31 237 ± 51 84 ± 15
Citrate 62 ± 17 105 ± 17 33 ± 10
Formic acid 37 ± 7 31 ± 11 18 ± 3
Lactic acid 11 ± 2 15 ± 2 4 ± 1
Quinic acid 388 ± 82 384 ± 103 166 ± 43
Trigonelline 72 ± 10 91 ± 13 37 ± 6
Acetic acid 45 ± 5 60 ± 12 33 ± 10
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Fig. 5  Concentrations of 
selected compounds in the 
primary extracts and filter cof-
fee, corrected for the amount of 
coffee beans, determined by 1H 
NMR. LTE, MTE and HTE—
low, medium and high tempera-
ture extraction respectively

Fig. 6  Concentrations of selected aroma compounds in the instant 
coffees made in pilot scale relative to their concentrations in the fil-
ter coffee made from the same coffee beans, determined by GC–MS. 

IC—Instant coffee. LTE, MTE and HTE—low, medium and high 
temperature extraction respectively

Table 4  Concentration 
of selected compounds in 
reconstituted instant coffee 
obtained in the pilot scale and 
filter coffee made from the same 
coffee beans, determined by 1H 
NMR

LTE, [mg/100 mL] MTE, [mg/100 mL] HTE, [mg/100 mL] Filter coffee, 
[mg/100 mL]

Caffeine 62 ± 5 55 ± 9 49 ± 13 84 ± 15
Citrate 67 ± 12 37 ± 5 21 ± 2 33 ± 10
Formic acid 23 ± 5 13 ± 1 12 ± 1 18 ± 3
Lactic acid 9 ± 2 5 ± 0.2 4 ± 0 4 ± 1
Quinic acid 375 ± 46 229 ± 33 213 ± 21 166 ± 43
Trigonelline 46 ± 8 29 ± 5 19 ± 3 37 ± 6
Acetic acid 20 ± 5 8 ± 4 4 ± 1 33 ± 10
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than in the filter coffee (49 ± 13 up to 62 ± 5 mg/100 mL 
brew for instant compared with 84 ± 15 mg/100 mL brew 
for filter coffee), but exact values per serving would depend 
on how the end-user prepares the coffee (in this work 1.5 g 
of instant coffee and 5.0 g of roasted coffee per 100 g water 
was used). The same was observed for acetic acid, while 
the concentrations of citric and quinic acids are lower in 
the filter coffee than in the reconstituted instant coffee. 
This indicates that some of the compounds as acetic acid 
are much less efficiently extracted or are lost, for example, 
due to evaporation, in the instant coffee process than in the 
filter coffee process, while others as citric acid seem to be 
much more efficiently extracted in the instant coffee process. 
Also, the clear dependency of citric acid, acetic acid, and 
trigonelline concentration on the extraction temperature can 
be seen—respectively, 67 ± 12 – 21 ± 2 mg/100 mL, 20 ± 5 
– 4 ± 1 mg/100 mL and 46 ± 8 – 19 ± 3 mg/100 mL. Concen-
trations lie within the range seen for the commercial samples 
(Fig. 2), but as the raw material used was the same, it is 
much easier to see the influence of the extraction process.

To correct for the differences in extraction yields for the 
instant coffees and be able to easier compare them with the 
filter coffee, results were recalculated (Fig. 7). In general, a 
decrease of citric and acetic acid with increasing extraction 
temperature can be seen (p < 0.05). Moreover, when correct-
ing for the amount of coffee beans used for making extracts, 
caffeine contents in all the instant coffees, as well as the filter 
coffee, are not statistically different from each other (p > 0.10). 
All instant coffees contained more quinic acid than filter cof-
fee (p < 0.05). This is in contrast to comparison of the primary 
extracts and filter coffee as shown in Fig. 5, where no sig-
nificant differences were observed. Overall, this demonstrates 
that almost 2/3 of the quinic acid observed in the instant cof-
fees originate from the secondary extracts. Since the level of 

quinic acid did not differ amongst the instant coffee it appears 
that the tertiary fraction (extraction at 195 °C – present in 
HT IC) did only contain very low amounts of quinic acid. In 
HTE coffee small amounts of 5-HMF were detected (data not 
shown), while in the LTE of MTE it was below the detection 
limit, analysis of the fractions (data not shown) confirmed that 
5-HMF was only detected in the fraction extracted at 195 °C 
and not at 140 °C or 160 °C.

Conclusion

A combination of GC–MS and 1H NMR allowed the charac-
terization of both the water-soluble and volatile compounds 
in the instant coffee samples. Differences in the composition 
of instant coffees produced at different extraction tempera-
tures can be clearly seen. In the coffee extracted at lower 
temperatures, higher concentration of aroma compounds as 
well as citric acid can be detected. Interestingly citric acid 
seems to be more efficiently extracted by the instant coffee 
process compared to filter coffee, while for acetic acid the 
opposite was observed. Lower concentrations of acetic acid 
can also be explained by losses due to evaporation. Such dif-
ferences can influence the taste profile of the final products 
and require further investigation.
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