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ABSTRACT:

Caffeine is an important component in coffee. As well as its stimulatory effects on the consumer, caffeine has
many negative effects, which has led to the popularity of caffeine-free coffee throughout the world.
Decaffeinating coffee is a laborious and expensive process and only about 40% to 60% successful, but it is
often not possible to tell whether or not the label on a jar or packet of coffee has been successfully decaffeinated
or not. Therefore, it is possible to fraudulently mislabel decaffeinated coffee. The objective of this study was
therefore to assess the caffeine content in blended roasted ground coffee that was made from ground roasted
soybeans adding to ground roasted Robusta coffee. Blended roasted ground coffee samples were prepared by
adding ground roasted soybean to ground roasted Robusta coffee over the range from 1% to 99% (w/w). All
the blended samples were then scanned using a reflectance near infrared hyperspectral imaging (NIR-HSI)
spectrophotometer in the wavelength range of 935-1720 nm. Samples (N = 202) were divided into a calibration
set (N = 142) and a prediction set (N = 60). A regression model was established for determining caffeine
content using partial least squares regression (PLSR). The PLSR model achieved coefficients of determination
(R?) in prediction samples of 0.88 and root mean square error in prediction (RMSEP) of 1.36 mg/g, which
indicates a good predictive accuracy for detecting caffeine content in blended roasted ground coffee using
NIR-HSI technique. Predictive images were created by interpreting every pixel of spectral image from caffeine
content to colors using the model. The visualization of this research revealed that caffeine content could be
rapidly predicted related to the color scale. This non-destructive method would be useful to manufacturers for
producing new products of blended roasted ground coffee since it would provide a monitoring system thus
allowing the level of caffeine to be controlled.

1. Introduction

Coffee is among the most popular beverages throughout
the world, due to its unique flavor and taste [1]. Every
year, 500 billion cups of coffee, or 9.4 million tons of
coffee, are consumed [2]. Drinking coffee has both
benefits and harms, in small amounts, it helps create
alertness [3], but too much, increases the risk of
cardiovascular  disease, nervousness, restlessness,
disturbance of sleep, palpitation of the heart, nervous
tension, headaches, exacerbate migraines and many
chronic diseases [4]-[7]. These symptoms are mainly
due to the caffeine content of the coffee [6]. Caffeine is
an alkaloid of the methylxanthine family, it is an

794

intensely bitter white powder, a chemical formula of
CsH1oN4sOz, and a systematic name of 1,3,5-
trimethylxanthine [5], [8]. A cup of coffee has an
average of 100-150 mg of caffeine [9]. An article
appeared recently in a British consumer magazine [10]
that showed the wide variation in caffeine levels in cups
of coffee purchased in high street cafés. Their findings
showed that Caffé Nero had 1.5, Costa 0.3, Greggs 2.7,
Pret a Manger 6.0 and Starbucks 1.3 mg caffeine per mL
of single-shot expresso coffee, respectively. BaSalamah
et al. [11] recommended that in a day adults should not
excess up to 400 mg, otherwise it will be a health risk.
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Considering the current consumer trends in coffee
consumption, some people avoid the negative effects of
excessive coffee consumption by using coffee substitutes
as a healthy alternative [6]. In recent years, agricultural
products have been used to prepare coffee substitutes,
such as using quinoa (Chenopodium quinoa) to produce
caffeine-free and acceptable coffee substitutes [6], [7] or
preparing good quality coffee from 15% soybean powder
(Glycine max), which can avoid the disadvantages of
coffee due to its highly nutritious beverage that is also
good for health [4], [7]. Roasted ground soybeans can be
used as coffee substitutes, they look like instant coffee,
and have a coffee-like aroma, but retain the unique flavor
of roasted soybeans [7], [12]. Soybeans help to control
high blood pressure, aid digestion, lower blood
cholesterol levels, promote gastrointestinal health, fight
heart disease, and prevent cancer, particularly colon and
rectal cancer, and they also provide eight essential amino
acids that the body cannot produce [4], [7]. Blended
roasted ground coffee is not only suitable for consumers
who are interested in having a healthy diet and concerned
about caffeine, but also for regular coffee drinkers. Thus,
soybeans were used as a substitute for coffee in this study
due to the benefits discussed above. Therefore, fast, and
accurate techniques are needed to determine the caffeine
content in blended roasted ground coffee.

Near infrared hyperspectral imaging (NIR-HSI)
spectroscopy is a combination of near-infrared
wavelength  information  coupled with  image
information. It can obtain both spatial and spectral
information from food products [13]. The chemical
composition of food products can be evaluated in a rapid
and non-destructive, thus providing information on the
spatial distribution of major chemical constituents across
asample [14]. Several workers have shown that NIR-HSI
spectroscopy can be used for successfully detecting the
quantity of chemical constituents in certain foods and
agricultural products [15]-[17], including and for
determining the caffeine content in beverages, including:
matcha (green tea) [18] and black tea [19] as well as
coffee [20], [21]. Therefore, a NIR-HSI spectroscope
was tested to determine the caffeine content in samples
of ground roasted Robusta coffee blended beans with
ground roasted soybeans in order to ensure that the final
product meets consumers’ requirements.
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2. Materials and Methods
A. Sample Preparation

Roasted Robusta coffee beans were purchased from
Chumphon, in southern of Thailand, and soybeans were
purchased from a local market in Bangkok, Thailand.
The soybeans were then roasted in a brass pan at 170 °C
for 25 minutes until they became brown. Then, both the
roasted coffee beans and roasted soybeans were crushed
separately in a blender (Blender 480, Kenwood,
Thailand), and then the ground samples were combined
with the soyabeans added to the coffee to give different
combinations from 1 to 99% w/w coffee to soybeans,
with increments every 1% wi/w.

B. NIR-HSI

Each sample was scanned using the NIR-HSI
spectrophotometer (Specim FX17e, Spectral Imaging
Ltd., Oulu, Finland) in the reflectance mode. The speed
of tray movement was set to 20 mm/s, and the integration
time was set to 5.5 ms. This system captured 224 spectral
bands from 935-1720 nm with a spectral resolution of
approximately 3.5 nm, which provided an image size of
640 x 1187 pixels. Both a dark reference and a white
reference were also scanned before every measurement.
The dark image was acquired when the shutter was
closed, and the white image was acquired by scanning a
Spectralon bar (Fig. 1).

|__— Camera
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— | — Imaging spectrograph
—
~— 11— Lens
g '_7 Halogen lamps
W/
| —
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(e] //
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Va A\ White reference
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Fig.1 Sample presentation and NIR-HSI
spectrophotometer.

C. Caffeine determination

After scanning each sample using the NIR-HSI
spectroscopy, their caffeine content was determined
using the method described by [22] with modifications.
The 5 g blended roasted ground coffee sample was
placed in a beaker, and 5 g of sodium carbonate was
added to together with 35 mL of distilled water. The
mixture was then boiled on a hot plate for 5 minutes and
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filtered, using a funnel and coffee filter paper. The filtrate
obtained was transferred to the separatory funnel where
10 mL of dichloromethane (CH.Cl,) was added, sealed
and allowed to separate into layers. The lower layer is
drawn off and placed in an Erlenmeyer flask. The
extraction was repeated with 10 mL of dichloromethane
and then 7 ml of saturated sodium chloride was added to
the Erlenmeyer flask containing dichloromethane and
gently shaken. The mixture was then poured into a
separator funnel, and the layers were allowed to separate
completely. The lower layer containing dichloromethane
was drained off and collected in an Erlenmeyer flask.
Anhydrous powdered sodium sulfate was added to the
Erlenmeyer flask containing dichloromethane, then the
mixture was poured into a separator funnel to separate
the dichloromethane, which was then placed in a beaker,
which was placed on a hot plate and evaporated until it
was dry, allowed to cool to room temperature, and then
weighed and the caffeine content was determined as in

(D).

Caffeine content (mg/g) = (weight of caffeine from
extraction (g) x 1000) / weight of sample (g) (1)

D. Data processing and statistical analysis

The procedure of analysis in this study is shown in a
process block diagram (Fig. 2). The spectral images of
each sample, acquired using NIR-HSI spectroscopy,
were averaged and used for statistical analysis. The
average spectra of 202 samples were divided into a
calibration set (142 samples) and a prediction set (60
samples) that is a ratio of 70:30. Partial least squares
regression (PLSR) can analyze spectral data as
independent variables and create a calibration model for
predicting concentrations of component as dependent
variables [23]. In this study, the PLSR was applied to
correlate the spectral data and caffeine content in blended
roasted ground coffee. The spectra of samples in the
calibration set were pre-processed using the following
spectral pretreatment methods: smoothing, the first and
second derivative using Savitzky-Golay, multiplicative
scatter correction (MSC), standard normal variate (SNV)
and combinations of these methods. From these the
optimal conditions were selected for establishing the
calibration model. The coefficient of determination (R?)
and root mean square error (RMSE) are considered to be
the most important factors for evaluating the
performance of the model in order to achieve high
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predictive efficiency and overcome potential mistakes in
evaluating the accuracy of the model. The optimum
calibration model for determining caffeine content was
selected based on the highest R? and the lowest RMSE.
The accuracy of the calibration model was evaluated by
using samples in the prediction set.

E. Predictive image processing

The ability to create predictive images for predicting
chemical components in every pixel of spectral images is
one of the advantages of NIR-HSI spectroscopy. The
calibration model was used to predict the chemical
component in every pixel and interpreted to colors based
on the color scale that related to the concentration of the
chemical component. In this study, the predictive images
would display the concentration and the distribution of
the caffeine content in blended roasted ground coffee by
using the PLSR model.

The Unscrambler X 10.4 software (COMO, Trondheim,
Norway) and the Prediktera Evince software (Prediktera
Evince version 2.7.9, Prediktera AB, Umea, Sweden)
were used for analysis in this study.

Blended roasted ground
coffee samples

Spectral image Determining
acquisition by NIR-HSI caffeine content

Spectral data of
ROI

Spectral pretreatment methods:
smoothing, 1* derivative. 2
derivative, MSC and SNV

Establishing PLSR models
from the calibration set
Selecting the best PLSR

model

Evaluating the accuracy of
the model from the
prediction set

Creating predictive
images of caffeine
content in samples

Fig. 2 Diagram of spectral analysis for creating the
model and predictive images.

3. Results and Discussion
A. NIR spectral data

Original spectra of blended roasted ground coffee from
NIR-HSI spectroscopy showed the absorption bands in
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the NIR region that were complex and had broad and
overlapping bands. These overlapping bands were
difficult to interpret. Therefore, the 2" derivative
spectral pretreatment method was used for identification
of the chemical composition in the blended roasted
ground coffee sample, which showed the peaks of
caffeine content that were associated C-H stretching and
C-H deformation of caffeine at the wavelength range of
1360 and 1446 nm (Fig. 3). This effect supports the
findings of [24], [25]. The average 2nd derivative spectra
between 100% ground roasted coffee and 100% ground
roasted soybean were considered, as shown in Fig. 4. The
wavelength range of 1360 and 1446 nm has a clearly
different absorbance.
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Fig. 3 The second derivative spectra of blended roasted
ground coffee containing different levels of roasted
soybeans.
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Fig. 4 The second derivative spectra between 100%
roasted ground coffee and 100% roasted ground soybean.

B. The calibration model

All 202 samples were divided into two groups:
calibration and prediction at a ratio of 70:30. The range
of caffeine content in each group is shown in Table 1.

The PLSR was used for creating models for
determination of the caffeine content and cross-validated
by samples in the calibration set. Spectral data were
pretreated with smoothing, the 1% derivative, the 2"
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derivative (Savitzky-Golay), multiplication scatter
correction  (MSC), standard normal  variate
transformation (SNV), and combined methods. The
model from MSC spectral pretreatment showed the most
accurate results for caffeine content with highest
coefficient of determinations (R?% = 0.89 and R%,, = 0.89)
and lowest root mean square errors (RMSEC = 1.30 mg/g
and RMSECV = 1.32 mg/g) (Table 2). Therefore, the
optimum model from MSC spectral pretreatment was
selected for use in this study. The model was tested by
samples in the prediction set for evaluating the accuracy
of the model. The results show a good prediction with
R?, of 0.88 and RMSEP of 1.36 mg/g (Table 3), which
indicates that NIR-HSI technique has good potential to
use for predicting caffeine content in blended roasted
ground coffee. Therefore, this acquired model was used
to determine the predicted values of the caffeine content
compared with the actual values of caffeine content. The
results showed the plots were close to the 45° line (Fig.
5), indicating that the model was a good fit and was
reliable in predicting the caffeine content of blended
roasted ground coffee.

Table I Caffeine content in samples in the calibration
set and prediction set of the blended samples.

Number of  Range Mean Staﬁdr?lrd
Datasets samples (mglg) (mglg) deviation
(mg/g)

Calibration set 142 0-17.50 9.14 3.99

Prediction set 60 0-15.23 9.11 3.94

Table Il Results of the partial least squares regression
(PLSR) models for determination of the caffeine
content using various spectral pretreatment methods in
the calibration set.

Pre-treatment PLSR models
methods R2, RMSEC R%v RMSECV
(mglg)

Original 2 089 1.33 0.88 1.36
Smoothing 3 0.89 1.33 0.89 1.36
1%t derivative 1 088 1.36 0.88 1.40
2n derivative 2 089 1.33 0.87 1.44
MSC 4 0.89 1.30 0.89 1.32
SNV 1 089 1.32 0.89 1.34
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alth Risks

1stderivative +
MSC
1stderivative +
SNV

2 088 1.39 0.87 1.42

1 088 1.38 0.88 141

F = factors

Table 111 The accuracy of the PLSR model for
predicting caffeine content.

Pre- Calibration set Prediction set
treatment F N ) RMSEC ) RMSEP
method © (malg) " (mgly)

MSC 4 142 0.89 1.30 60 0.88 1.36

F = factors

N = number of samples

MSC = Multiplicative scatter correction

R?; = correlation coefficients of calibration
RMSEC = root mean square error of calibration
R?% = correlation coefficients of prediction
RMSEP = root mean square error of prediction

164
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Fig. 5 Scatter plots of actual values versus predicted
values of caffeine content in (a) the calibration set and
(b) the prediction set.
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C. Predictive images

The acquired model that MSC was used for spectral
pretreatment was the best PLSR model for predicting
caffeine contents in blended roasted ground coffee. This
model was used to create predictive images for
predicting the caffeine content in each pixel of spectral
images of blended roasted ground coffee as shown in Fig.
6. The pixel color of the image with the high caffeine
content was displayed in red, while the image with the
low caffeine content was shown in blue. The
visualization of caffeine content showed the
concentration and distribution of caffeine contents in
blended roasted ground coffee.

90% Robusta 80% Robusta

100% Robusta

P=17.22
A =16.79

70% Robusta
5 i SRV

-

100% Soybean )
Caffeine contents

(mg/g)

Fig. 6 Predictive images of caffeine content of blended
roasted ground coffee (P is the predicted value; A is the
actual value).
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4. Conclusion

The objective was to test whether it was possible to
determine, non-destructively, the level of caffeine in
blended roasted ground coffee by using a model that was
established using the acquired spectra from NIR-HSI
spectroscopy measurements.  Various preprocessing
methods of the spectra were tested, and MSC spectral
pretreatment was found to be the most suitable for
developing the model, giving good accuracy for
prediction of R?, = 0.88 and RMSEP = 1.36 mg/g. It was
therefore concluded that NIR-HSI spectroscopy could be
used to determine caffeine content in blended roasted
ground coffee. This technique has potential to be useful
to commercial companies for developing new products
of blended roasted ground coffee enabling them to
determine and predict caffeine content and to control
caffeine content based on consumers’ preferences.
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