
Vol.:(0123456789)1 3

Waste and Biomass Valorization (2021) 12:1815–1827 
https://doi.org/10.1007/s12649-020-01127-w

ORIGINAL PAPER

Optimization of the Recovery of Anthocyanins from Chokeberry Juice 
Pomace by Homogenization in Acidified Water

Maria Cinta Roda‑Serrat1 · Thalles Allan Andrade1 · Janus Rindom1 · Peter Brilner Lund1 · Birgir Norddahl1 · 
Massimiliano Errico1

Received: 10 February 2020 / Accepted: 13 June 2020 / Published online: 20 June 2020 
© Springer Nature B.V. 2020

Abstract 
The recovery efficiency of waste valorization processes depends on an interplay of different conditions that are sometimes 
overlooked. Process optimization by the means of establishing mathematical relations between the process parameters and 
outputs is a strong tool to identify optimal operating conditions based on experimental data. In this study, the extraction of 
anthocyanins from chokeberry (Aronia melancocarpa) juice pomace using homogenization in acidified water was selected 
as a case study for process optimization using response surface methodology. The parameters studied were the citric acid 
content in the water, the temperature and the liquid–solid ratio. The optimal conditions to maximize both anthocyanin 
concentration and total anthocyanin content extracted were 1.5 wt% citric acid, 45 °C and 34 g solvent/g fresh pomace. 
Furthermore, the model developed predicted satisfactorily the overall anthocyanin content and anthocyanin concentration 
in the extract, as well as the final pH and total dissolved solids. The process optimization performed in this study sets the 
ground for further process design targeting the production of high-value products from byproducts or biowaste to be used 
in food ingredients or supplements.
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Statement of Novelty

Many by-products and biowaste from the food and bever-
age industry are excellent sources for the recovery of high-
value components. This research work presents a case study 
for the valorization of chokeberry (Aronia melanocarpa) 
juice pomace in order to produce extracts rich in bioactive 
natural pigments. This study presents a sustainable approach 
to extraction by homogenization of the plant material in 
acidified water. Based on experimental data, the extraction 
conditions were optimized using mathematical tools, and a 
model was built in order to predict the characteristics of the 
final product. A better understanding of the process condi-
tions and their influence in the final product is of paramount 
importance for the design of successful recovery processes.

Introduction

The label natural, especially when associated with food, 
supplements or drugs, is becoming essential for most con-
sumers. After decades looking for underground resources, 
mainly non-renewable, human beings are rediscovering the 
potential of plant extracts in human nutrition and health. The 
major goal of plant-based dietary supplements is to main-
tain or improve the overall health condition, prevent chronic 
diseases, and to fill the nutritional gap of daily diet [1]. 
Following the COVID-19 world pandemic, nutraceuticals 
have recently been in the spotlight as potential therapeutic 
compounds against RNA viruses like influenza and corona-
virus [2, 3]. The possibility of reducing the risk of devel-
oping various diseases by using supplements has created 
a multibillion-dollar industry [4, 5]. The expected growth 
in demand in the coming years sets the interest in defining 
improved and economically competitive methods to produce 
natural bioactives that can be used as food ingredients and 
nutraceuticals.

Fruit and vegetable processing waste has an untapped 
potential as a source of specific bioactive compounds rang-
ing from proteins to essential fatty acids and polyphenols 
[6–8]. In Europe, juice production residue ranks as the 5th 
main contributor to the total yearly food waste, accounting 
for approximately 3% of the total weight disposed [9]. This 
waste is nowadays mainly used as livestock feed, soil ferti-
lizer, for the production of biofuels or discarded in landfill-
ing [10]. Recovery of bioactives from food processing waste 
thus appears as an attractive opportunity that has received 
attention in recent years [11–13].

Black chokeberry (Aronia melanocarpa) is a perennial 
shrub that produces small dark berries with a very high poly-
phenol content. Their health-promoting effect was already 
known by Native Americans for the treatment of cold [14], 

but since then many other effects have been discovered. 
According to literature, the strong antioxidative properties 
of chokeberries may be effective in the treatment of health 
disorders related with oxidative stress and cancers [15, 16]. 
Other effects under investigation are anti-inflammatory 
effects used for the protection of blood vessels [17], anti-
bacterial activity [18], prevention and treatment of noncom-
municable diseases [19], decrease of the risk of diabetes and 
increase effectiveness of insulin [20]. To this great interest in 
the effects on human health corresponds the increasing focus 
on the study of the bioactive compounds in chokeberry and 
its processing byproducts [21].

In the extensive review from Denev et al. [22] chokeberry 
fruits, juices and concentrates are reported as rich sources 
of proanthocyanidins, anthocyanins, flavonols, flavan-3-ols 
and hydroxycinnamic acids. Kapci et  al. [23] reported 
total phenolics, flavonoids and anthocyanins in a variety 
of chokeberry products including the fruit, juice, concen-
trate and pomace, and observed that the pomace had the 
highest content in dry weight basis. Some research works 
have focused on pomace valorization targeting the extrac-
tion of total phenolics, commonly quantified as gallic acid 
equivalents [24–26]. Among polyphenols, anthocyanins are 
perhaps the subgroup that has attracted more interest due to 
their many applications either as bioactives or natural colors 
[27, 28]. Table 1 shows an overview of the research works 
dedicated to the extraction of anthocyanins from chokeberry 
juice pomace.

The anthocyanin extraction yields reported for choke-
berry pomace are mostly within the range of 5–20 mg/g DW 
(dry weight basis) with few exceptions in the higher range 
of 66–115 mg/g DW. It is important to note that the juice 
production methodology influences the composition of the 
pomace and its potential. Vagiri and Jensen [29] compared 
the pomace obtained by different juice production methods 
and observed anthocyanin yields of 1.14 mg/g FW (fresh 
weight basis) for pomace obtained after enzymatic treat-
ment followed by hot pressing (50 °C); and 1.86 mg/g FW 
when the pomace was produced by cold pressing (2 °C). 
Oszmiański and Lachowicz (2016) [30] reported yields 
in pomace obtained from crushed and uncrushed berries 
of 66.5 and 115.7 mg/g DW, respectively. As it could be 
expected, the pomaces obtained in milder juice processing 
conditions retain a larger fraction of the anthocyanins, and 
thus can reach higher absolute yields in the recovery step. 
The comparison of different extraction techniques should 
bear this information in mind in order to be fair to the maxi-
mum potential of any given feedstock.

The extraction solvent is typically selected according to 
the polarity of the target component, in order to maximize 
the solubility and mass transfer. As shown in Table 1, alco-
hols and alcohol-water mixtures are the preferred solvents. 
However, from a processing perspective that needs to be 
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upscaled to produce food ingredients or dietary supplements, 
water remains the safest, cheapest, most readily available 
and environmentally friendly option.

Most of the research works reported in Table 1 have been 
dedicated to the ultrasound-assisted extraction (UAE) of 
chokeberry pomace. D’Alessandro et al. [32] explored the 
UAE process in the following conditions: solvent: 0–50% 
ethanol (v/v); temperature: 20–70 °C; sonication power: 
0–100 W; and duration: 0–4 h. In their study, they report an 
optimum yield of 12.0 mg cyanidin-3-O-glucoside equiv-
alents (CGE)/g DW at 34% ethanol, 70 °C, 100 W, and 
17 min. Extended treatment resulted in anthocyanin degra-
dation, which occurred at all temperatures higher than 45 °C. 
In the same study, they emphasize that if the use of ethanol 
or heating is not desired, the same yield can be reached using 
water at 20 °C for 55 or 184 min, with and without sonica-
tion, respectively. The poor thermal stability of anthocyanins 
is well-known. Sui et al. [38] tested the stability of antho-
cyanin aqueous solutions stored at temperatures in the range 
of 4 to 65 °C and observed that higher temperatures were 
detrimental to anthocyanin preservation. Mauricio et al. [39] 
observed degradation of anthocyanins during decoction of 
sour cherry liquor pomace at 100 °C and recommended to 
keep the extraction process temperature at 25 °C.

Wozńiak et al. [37] compared three different extrac-
tion methodologies: homogenization in methanol, stir-
ring in 50% ethanol and supercritical  CO2 extraction; and 
reported anthocyanin yields of 18.12, 2.45 and 10.02 mg 
CGE/g extract, respectively. Homogenization in metha-
nol showed a superior performance, probably because the 
extraction was repeated 5 times with fresh solvent on the 
same material. In the same study, supercritical  CO2 extrac-
tion required of large amounts of ethanol as co-solvent 
(80% w/w) in order to increase the polarity of the solvent 
mixture. Dulf et al. [35] evaluated extractability of antho-
cyanins in chokeberry pomace after solid phase fermenta-
tion with two different microbial cultures incubated at pH 
5.5. The anthocyanin yield increased from 5.01 mg CGE/g 
DW to 6.1 and 5.9 mg CGE/g DW when using cultures of 
Rhizopus oligosporus and Aspergillus niger, respectively. 
The maximum yields were observed upon 2 days incuba-
tion, after which the yields decreased.

Anthocyanins are known to be more stable in slightly 
acidic media. Ekici et al. [40] studied the stability of extracts 
obtained from red cabbage, black carrot and grape in the pH 
range from 3.0 to 7.0; and observed that anthocyanins were 
more stable in the lower pH range. Howard et al. [41] tested 
the stability of anthocyanins in chokeberry juice at the pH 
levels of 2.8, 3.2 and 3.6 and observed that in this range 
the stability also increased with acidity level, however to 
a minor extent. Most of the works reported in Table 1 use 
formic acid or hydrochloric acid as acidity modifiers. In the 
present study, the acidification of the solvent was performed 

by addition of citric acid, a colorless, odorless, water-soluble 
and non-toxic polycarboxylic acid commonly used in foods, 
beverages and pharmaceuticals [42].

Most of the studies reported in Table 1 performed the 
extractions at a constant value of liquid–solid ratio. How-
ever, the characteristics of the final extract are also affected 
by the amount of solvent used in the process. In general, the 
use of large liquid–solid ratios results in higher amounts of 
total product extracted. However, the extracts produced can 
become very diluted, while at the same time the total amount 
of buffer salts or acidity modifiers in the final product rises 
to an unrealistic level.

Besides the extraction techniques already mentioned, 
other methodologies have been reported in the literature 
to aid in the recovery of bioactives, including microwave 
heating [43], combination of high temperature and pressure 
[44], electroporation [45] or enzymatic treatment [46]. As 
discussed above, given the particularity of anthocyanins 
and their stability, a thorough examination of the process 
conditions and their relationship is key for the successful 
implementation of the recovery process.

The present study focuses on the identification of the opti-
mal operative conditions for the sustainable extraction of 
anthocyanins from chokeberry juice production waste using 
homogenization and extraction in aqueous citric acid. The 
conditions studied are the citric acid content in water, tem-
perature and liquid–solid ratio. Response surface methodol-
ogy was used to construct an empirical model that relates 
the process factors to the observed responses. The empiri-
cal model was then used to identify the maximal predicted 
responses, which are discussed from a process-oriented 
perspective. Furthermore, the selected set of process condi-
tions was replicated in the laboratory and compared with the 
predicted results. The aim of this study is not only to provide 
an optimum for the recovery process in laboratory scale, but 
also to open the discussion on the suitability of the different 
sets of conditions in the production of bioactives.

Materials and Methods

Plant Material

Black chokeberry (Aronia melanocarpa) pomace obtained 
by cold pressing was provided by the juice production facil-
ity Elkærholm (Egtved, Denmark) in November 2017. After 
the pressing step, the pomace (moisture content 65 ± 1 wt%) 
was immediately stored at − 20 °C and thawed at 5 °C before 
processing.
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Chemicals and Reagents

Exhaustive extractions were performed using analytical 
grade methanol (VWR Prolabo, Søborg, Denmark) and 
37% v/v hydrochloric acid (Sigma Aldrich, Søborg, Den-
mark). Aqueous extraction media were prepared using dem-
ineralized water and citric acid monohydrate (99.5% w/w) 
(Sigma Aldrich, Brøndby, Denmark). HPLC eluents were 
prepared using milliQ water (ELGA  PureLab® Chorus, 
Glostrup, Denmark), analytical grade trifluoroacetic acid 
(Sigma Aldrich, Søborg, Denmark), and HPLC grade ace-
tonitrile (VWR Prolabo, Søborg, Denmark). Cyanidin-3-O-
galactoside (≥ 97%), cyanidin-3-O-glucoside (≥ 96%) and 
cyanidin-3-O-arabinoside (≥ 95%) were purchased from 
Extrasynthese (Genay, France).

Exhaustive Extraction Process with Acidified 
Methanol

Total extractable anthocyanin in chokeberry pomace was 
assessed following the process reported by Dinkova et al. 
[47] with minor modifications. Shortly, 500 mg of thawed 
pomace were suspended in 15 mL acidified methanol (1% 
HCl v/v). The mixture was vortexed for 10 s, homogenized 
in an UltraTurrax T18 (IKA, Aarhus, Denmark) for 5 min, 
sonicated for 20 min, and finally centrifuged (5000 rpm, 
22 °C, 5 min). The supernatant was collected, and the pellet 
was re-extracted with two more portions of 15 mL acidified 
methanol. The resulting supernatants were pooled together, 
brought up to 100 mL, and analyzed. The anthocyanin con-
tent obtained was taken as a reference for 100% total antho-
cyanin content (TAC) in the pomace (Fig. 1).

Extraction with Citric Acid Aqueous Solution

The aqueous extractions were performed in batch mode on 
1 L jacketed glass extractors coupled to an external thermo-
static bath. 1000 mL solvent were heated to the desired tem-
perature shown in Table 2 and the pomace was added. The 
extraction mixture was then homogenized using an Ultra-
Turrax T18 (IKA, Aarhus, Denmark) operated at 9500 rpm 
for 30 min. The homogenization treatment allowed mix-
ing and re-circulation of the particles in suspension in the 
extraction liquid. Sampling was performed at regular time 
intervals, as shown in Fig. 2, by pipetting 10 mL aliquots 
from middle depth in the reactor, in order to ensure that 
the sample was well mixed and representative of the whole 
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Table 2  Experimental design for the 3-level-3-factor response surface 
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Factor Abbreviation Level

Low Center High

Temperature (°C) T 30 50 70
Liquid–solid ratio (g/g) LSR 20 50 80
Citric acid (wt%) CA 0.25 0.75 1.5
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Fig. 2  Total anthocyanin content (TAC) extracted with and without 
homogenization, with respect to time. Operating conditions: CA: 
0.75 wt%; T: 50 °C; LSR 50 g/g
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system. A control extraction test without homogenization 
was performed for 60 min. The samples collected were cen-
trifuged (5000 rpm, 22 °C, 5 min) and the supernatant was 
further analyzed for total anthocyanin content, pH and total 
dissolved solids. 

The experimental plan followed a face-centered central 
composite design with three factors and three levels, requir-
ing a total of 15 experiments. The experiments were per-
formed in random order in three individual replicates (n = 3) 
and the results are shown as mean ± standard deviation. The 
factors and levels tested are shown in Table 2. The range of 
temperatures (T) selected was 30–70 °C following litera-
ture data for optimal extractability and minimum degrada-
tion of anthocyanins as summarized in Table 1. The ranges 
of liquid–solid ratios (LSR) and citric acid content (CA) 
were selected based on the following constraints: (1) that 
the pH of the mash should be ≤ 3.0 for stability reasons, 
and (2) that the weight ratio of citric acid added and total 
anthocyanins in the extract should be ≤ 50, in order to give 
a realistic boundary.

Analytical Methods

Quantification of Anthocyanins

Anthocyanins were quantified by high-performance liquid 
chromatography (HPLC) (HP 1200 series, Agilent Tech-
nologies Aps, Nærum, Denmark) equipped with a photodi-
ode array detector. The stationary phase was a C18 column 
(Gemini 5μ C18 110A, 250 × 4.6 mm i.d., Phenomenex Aps, 
Værløse, Denmark) operated at 25 °C. The mobile phase 
was a gradient of 0.05% trifluoroacetic acid in water (sol-
vent A) and 0.05% trifluoroacetic acid in acetonitrile (sol-
vent B), as follows: 0–1 min, 1–10%B; 1–20 min, 10–20%B; 
20–24 min, 20–24%B, 24–30 min, 24–100%B, 30–32 min, 
100%B; 32–33  min, 100–1%B; 33–35  min, 1%B. The 
sample injection volume was 20 µL, and the solvent flow-
rate 1 mL/min. All samples were microfiltered through a 
0.22 µm syringe filter and stored in dark vials. Quantifica-
tion of cyanidin-3-O-galactoside, cyanidin-3-O-glucoside, 
cyanidin-3-O-arabinoside were based on calibration curves 
created with pure external standards fitted to linear equa-
tions  (R2 > 0.990). Cyanidin-3-O-xyloside was quantified as 
cyanidin-3-O-glucoside equivalents.

Particle Size Distribution, Total Dissolved Solids and pH

The particle size distribution of the samples was measured 
in a LS 13 320 Laser Diffraction Particle Size Analyzer 
(Beckman Coulter, Inc., Krefeld, Germany), and the total 
dissolved solids were measured as Brix degrees using a 
digital refractometer (A. Krüss Optronic GmbH, Hamburg, 
Germany). The pH was measured using a digital pH meter 

equipped with a PHG301 electrode (Radiometer Analytical, 
Copenhagen, Denmark).

Data Analysis

Statistical significance (p < 0.05) was assessed by one-way 
analysis of variance (ANOVA) and Tukey’s test using IBM 
SPSS Statistics version 26.

Response surface methodology (RSM) was used to evalu-
ate the effect of the parameters on the extraction of antho-
cyanins and construct the predictive model. The software 
Statistica version 13.5 (TIBCO Sofware Inc.) was used to 
optimize the anthocyanin concentration as well as the total 
anthocyanin extracted as a function of the extraction tem-
perature, citric acid concentration and liquid–solid ratio. 
RSM was also used to predict the final pH and total dis-
solved solids in the extract. The response surface plots were 
developed using the fitted quadratic polynomial equations 
obtained from the regression analysis, changing two vari-
ables while the third factor was held at a constant value.

Results and Discussion

This section describes the optimization of the extraction of 
anthocyanins from chokeberry juice pomace. First, the total 
extractable anthocyanin content in the feedstock is quan-
tified using sequential exhaustive extractions in acidified 
methanol.

The process to be optimized consisted of homogenization 
and extraction using aqueous citric acid. The duration of the 
homogenization treatment was selected targeting a constant 
particle size distribution in the mash. The extractions were 
performed under different conditions following the experi-
mental design shown in Table 2. The experimental outputs 
measured were used to construct the empirical model based 
on response surface methodology. The quadratic equations 
were then used to assess the influence of the process con-
ditions in the responses, and the optimal conditions were 
rationalized and discussed from a process-oriented mindset. 
The selected strategy was finally replicated in the laboratory 
and compared to the values predicted by the model.

Identification and Quantification of Anthocyanins 
in Chokeberry Pomace

Four monoglycosylated anthocyanins were identified in the 
chokeberry pomace extracts based on their retention time 
and spectral properties: cyanidin-3-O-galactoside (62%), 
cyanidin-3-O-arabinoside (30%), cyanidin-3-O-xyloside 
(4%), and cyanidin-3-O-glucoside (2%). The total anthocy-
anin content in the pomace was 62.8 ± 5.5 mg/g DW (Dry 
Weight) as measured by exhaustive extraction with acidified 
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methanol. This content is taken as a reference for the maxi-
mum yield of 100% Total Anthocyanin Content (TAC) in 
this feedstock.

The value reported falls towards the higher range of 
anthocyanin yields reported in Table 1, being in close agree-
ment with the yield reported by Oszmiański and Lachowicz 
(2016) for the pomace of crushed berries of 66.5 mg/g DW. 
The chokeberry juice pomace used in this study had been 
produced by cold pressing of the berries, which explains 
the high anthocyanin content left in the waste. Based on 
this observation, chokeberry juice pomace is confirmed to 
have great potential as a feedstock for the recovery of antho-
cyanins, and the optimization of the process is of utmost 
relevance.

Effect of Homogenization on the Extraction Rate 
and Extraction Yield

In this section, extractions were performed with and without 
homogenization under constant process conditions as fol-
lows: aqueous citric acid content 0.75%; temperature 50 °C; 
and liquid–solid ratio 50 g solvent/g fresh pomace.

In solid–liquid extractions from plant material, the rate 
limiting step is the diffusion of the solute from the solid 
matrix into the extraction solvent [48]. Decreasing the size 
of the solid particles is one effective way of increasing the 
contact area between solvent and solid matrix, that typi-
cally results in enhanced diffusion, higher extraction rates 
and reduced extraction times. Figure 1 shows an effective 
decrease in the size of particles in suspension during homog-
enization. After 30 min treatment, the distribution converged 

into a constant median diameter of ~ 200 µm, and with 80% 
of the particles volume within the range of 150 and 550 µm 
particle diameter. The homogenization treatment resulted in 
a much faster extraction process. As shown in Fig. 2., con-
ventional extraction with stirring required 45 min to achieve 
a constant anthocyanin yield; while the tests with homogeni-
zation required only 5 min.

It is important to note that for the homogenization 
study, the maximum yield was reached before the median 
particle diameter became constant (5 min and 30 min, 
respectively). Thus, it can be concluded that the particle 
size reduction obtained in the first 5 min of homogeni-
zation was already sufficient to maximize anthocyanin 
extraction. Despite this observation, further experiments 
were performed with 30 min homogenization in order to 
nullify the possible influence of particle size variations 
in the observed responses. This decision was made on 
the basis that prolonged homogenization treatment did 
not show a detrimental effect on the total anthocyanin 
extracted, as seen in Fig. 2.

Whereas the homogenization treatment clearly 
increased the rate of extraction, the overall extraction yield 
was not affected. The extractions performed with and with-
out homogenization resulted in the same anthocyanin yield 
of ~ 41.8 mg/g DW, which corresponds to 66.5% of the 
total content in the raw material, as measured by exhaus-
tive sequential extractions in acidified methanol.

Table 3  Experimental design, 
independent factors, levels and 
measured experimental outputs

LSR liquid–solid ratio, TAC  total anthocyanin content, [AC] anthocyanin concentration, TDS total dissolved 
solids

Exp Independent factors Experimental outputs

# CA ( wt%) T (°C) LSR (g/g) TAC (mg/g DW) [AC] (mg/L) TDS (°Brix) pHfinal

1 0.25 30 20 23.6 ± 1.3 413.1 ± 24 1.0 ± 0.1 2.93 ± 0.02
2 0.25 30 80 41.8 ± 1.4 182.9 ± 6.1 0.4 ± 0.1 2.77 ± 0.04
3 0.25 50 50 41.9 ± 1.7 288.8 ± 9.7 0.7 ± 0.1 2.75 ± 0.02
4 0.25 70 20 18.1 ± 0.2 315.3 ± 3.6 1.2 ± 0.1 2.96 ± 0.01
5 0.25 70 80 42.6 ± 2.0 186.6 ± 8.9 0.4 ± 0.0 2.76 ± 0.04
6 0.75 30 50 41.9 ± 1.4 295.2 ± 7.4 0.9 ± 0.1 2.43 ± 0.03
7 0.75 50 20 37.8 ± 2.4 663.2 ± 41 1.6 ± 0.1 2.58 ± 0.01
8 0.75 50 50 41.8 ± 2.5 293.3 ± 17 1.2 ± 0.1 2.44 ± 0.01
9 0.75 50 80 45.7 ± 0.3 200.1 ± 1.8 1.1 ± 0.1 2.41 ± 0.01
10 0.75 70 50 43.8 ± 1.4 304.8 ± 13 1.5 ± 0.1 2.44 ± 0.02
11 1.5 30 20 41.0 ± 2.9 717.9 ± 51 2.1 ± 0.1 2.38 ± 0.05
12 1.5 30 80 51.0 ± 1.2 222.6 ± 5.4 1.5 ± 0.1 2.26 ± 0.04
13 1.5 50 50 46.0 ± 1.0 322.7 ± 6.5 1.5 ± 0.0 2.28 ± 0.00
14 1.5 70 20 39.8 ± 2.9 696.1 ± 50 2.1 ± 0.1 2.33 ± 0.02
15 1.5 70 80 47.7 ± 1.6 209.0 ± 7.5 1.7 ± 0.1 2.29 ± 0.00
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Optimization of the Extraction Conditions

In this study, the extraction of anthocyanins from choke-
berry pomace was optimized with regard to total antho-
cyanin content extracted and anthocyanin concentration 
in the extract. The parameters selected for the extraction 
optimization were the following: temperature, liquid–solid 
ratio and citric acid content in the water. In order to ensure 
reproducible particle size distribution, all extraction exper-
iments were performed with a homogenization treatment 
of 30 min. Table 3 shows the independent factors and lev-
els tested, as well as the experimental outputs observed of 
total anthocyanin content extracted, anthocyanin concen-
tration in the extract, total dissolved solids and final pH 
of the extract.

Response Surface Quadratic Model

The response surface regression model selected was based 
on second-order quadratic equations, accounting for the 
relations between the independent factors and the meas-
ured output variables total anthocyanin content (TAC, %), 
anthocyanin concentration in the extract ([AC], mg/L), final 
pH of the extract  (pHfinal) and total dissolved solids (TDS, 
°Brix). Good adjustments were obtained, with regression 
coefficients  R2 of 0.914, 0.953, 0.994, and 0.953 for TAC, 
[AC],  pHfinal and TDS, respectively. This model includes the 
linear, quadratic and interaction effects of the factors and are 
presented in Eqs. 1–4. The standard error of the calculated 
coefficients is reported in Supplementary Information.

(1)

TAC = 2.18 × 10
−2 + 0.399(CA) − 7.16 × 10

−2(CA)
2

+ 5.11 × 10
−3(T) − 6.34 × 10

−5(T)
2

+ 9.83 × 10
−3(LSR) − 4.79 × 10

−5(LSR)
2

− 6.84 × 10
−5(CA × T) − 2.47 × 10

−3(CA × LSR)

+ 1.40 × 10
−5(T × LSR)

None of the three factors tested had a significant effect 
on the total anthocyanin content extracted at a 95% confi-
dence level. Nevertheless, the highest influence observed 
was that of the LSR (p < 0.08), followed by the synergistic 
influence of LSR and citric acid (p < 0.08). The antho-
cyanin concentration was mainly influenced by the LSR 
(p < 0.05), with minor influences of the amount of citric 
acid used (p < 0.06) and the temperature (p < 0.07). The 
only significant synergistic effect was that of LSR and cit-
ric acid (p < 0.01). The total dissolved solids in the extracts 
were mainly influenced by the amount of citric acid used 
(p < 0.00001), the LSR (p < 0.001); and the synergy of the 
two (p < 0.05), as expected. Likewise, the final pH was also 
influenced by the citric acid content (p < 0.05) and the LSR 
(p < 0.05).

In general, the liquid–solid ratio was the factor with the 
most significant effect on all the output variables, while the 
temperature had the least influence. This observation can 

(2)

[AC] = 517.88 + 466.04(CA) − 95.63(CA)
2

+ 4.31(T) − 6.49 × 10
−2(T)

2 − 15.51(LSR)

− 0.117(LSR)
2 − 0.516(CA × T)

− 3.99(CA × LSR) + 2.29 × 10
−2(T × LSR)

(3)

pHfinal = 3.39 − 1.09(CA) + 0.365(CA)2

− 9.31 × 10
−4(T) + 9.68 × 10

−6(T)2

− 1.10 × 10
−2(LSR) − 7.10 × 10

−5(LSR)2

− 6.03 × 10
−4(CA × T) − 1.24 × 10

−3

(CA × LSR) + 1.25 × 10
−5(T × LSR)

(4)

TDS = 1.10 − 1.60(CA) − 0.491(CA)
2 + 7.45 × 10

−4(T)

+ 4.93 × 10
−5(T)

2 − 3.07 × 10
−2(LSR)

+ 1.89 × 10
−4(LSR)

2 − 7.94 × 10
−4(CA × T)

+ 2.54 × 10
−3(CA × LSR) − 1.11 × 10

−18(T × LSR)

Fig. 3  Variation of the percent-
ages of (a) cyanidin-3-O-galac-
toside and (b) cyanidin-3-O-ara-
binoside in chokeberry extracts 
produced at 30 and 70 °C
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be interpreted in two ways; either that the influence of the 
temperature in the mass transfer was masked by the higher 
influence of the LSR, or that the increase in anthocyanin 
extraction was counteracted by degradation. However, with 
the current empirical model, it is not possible to discern 
between the two possibilities. In order to identify selective 
anthocyanin degradation, the profile of products obtained at 
different temperatures was compared.

Anthocyanin Profile in Extracts Obtained at Different 
Temperatures

Selective degradation of given anthocyanins in the extract 
may not be noticed when comparing the absolute total 
content extracted. However, selective degradation could 
undoubtedly affect the proportion of individual anthocya-
nins in the mixture.

Fig. 4  Response-surface plots showing the effect of the independent factors (T, °C; CA,  wt%; and LSR, g/g) on TAC, % and [AC], mg/L
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The effect of temperature on the profile of anthocya-
nins was investigated at the two ends of the temperature 
range of interest: 30 and 70 °C, and for a period double 
the selected extraction time (60 min). The following pro-
cess conditions were kept constant: CA: 0.75 wt% and LSR: 
50 g/g; in order to ensure that the pH in the extracts was 
the same (2.44 ± 0.01) and did not influence the outcome of 
the stability study. For clarity, the results focus on the two 
main anthocyanins in chokeberry: cyanidin-3-O-galactoside 
(cyd-3-gal) and cyanidin-3-O-arabinoside (cyd-3-ara) which 
combined account for approx. 92% of the anthocyanins in 
the extracts.

Figure 3 shows that the proportions of cyd-3-ara and 
cyd-3-gal during the extractions performed at 30 °C remain 
constant for the whole 60 min period. However, at 70 °C 
cyd-3-ara decreases steadily and this is compensated by 
an increase in the proportion of cyd-3-gal. This observa-
tion confirms that the extraction temperature can have an 
influence, even minor, on the anthocyanin profile. In the 
scenario with highest temperature (70 °C), the variation in 
both components was less than 1% and was not considered a 
problem for the characteristics of the extract at this or lower 
temperatures. However, this influence should not be totally 
neglected, especially when operating at high temperatures 
or when operating with extracts composed of anthocyanins 
with different thermal stabilities.

Selection of the Optimal Extraction Conditions

The optimal set of conditions for the extraction process 
would be one that maximizes the two responses related to 
the target product: the TAC and the [AC]. Figure 4 shows 

these two modelled responses as a function of pairs of vari-
ables, with the third one being fixed. Both TAC and [AC] 
are mainly influenced by the LSR. However, increasing LSR 
results in a higher amount of anthocyanin content extracted 
(higher TAC), but less concentrated extracts (lower [AC]). In 
this section, the two responses have been optimized indepen-
dently and a compromise between the two has been reached 
for an overall optimal set of conditions.

The individual optimization of TAC provided the 
optimal parameters of CA: 1.5 wt%; T: 47 °C; and LSR: 
71  g/g, with predicted responses of 79.42% TAC and 
240.7 mg/L [AC]. This results in an extract concentration 
that is, however, among the lowest reported in this study. 
Following this set of experimental conditions, consequent 
downstream processing into a final product could become 
costly and inconvenient.

Individual optimization of [AC] provided the follow-
ing parameters: CA: 1.5 wt%; T: 43 °C; and LSR: 20 g/g. 
Whereas CA and T were in close agreement with the optimal 
parameters for the TAC separate optimization, the optimal 
LSR of 20 g/g was, in this case, the lowest of the range stud-
ied (20-80); resulting in a somewhat lower TAC of 67.26%, 
but overall largest [AC] of 737.3 mg/L.

In order to truly optimize the recovery method from a 
process-oriented perspective, a cost-effective analysis would 
need to consider not only the economy of the extraction pro-
cess, but also the eventual product downstream purification. 
The choice of downstream unit operations will depend on 
the product formulation targeted in terms of product design. 
For instance, if the process envisions a final drying step, a 
moderate increase in TAC due to large solvent usage would 
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probably not justify the high cost of concentration and evap-
oration associated to it, and an optimum LSR value should 
be allocated. In the case of other separation technologies like 
filtration, membrane distillation or molecular distillation, 
the extract volume to be treated will undoubtedly influence 
the dimensioning of the equipment as well as the operating 
costs. Adsorption–desorption processes, on the other hand, 
are not that much concerned with the LSR, since the product 
is selectively adsorbed in a solid phase and then desorbed 
in a new liquid stream of known volume. In the particular 
case of chokeberry anthocyanins, the solvent of choice in 
adsorption–desorption processes is an organic solvent [49, 
50]. Even if this research work is focused on the extrac-
tion unit operation, the authors would like to emphasize the 
importance of a good synergy between the extraction pro-
cess, downstream processing and product design.

Given the scope of this study and since information about 
the economy of downstream alternatives was not available to 
the authors at present time, both outputs TAC and [AC] were 
given equal weight in the optimization. For this reason, [AC] 
was normalized to the highest [AC] reported in this study 
and is hence expressed as  [AC]Norm (%).

Figure 5 shows the variation of TAC and  [AC]Norm as a 
function of LSR in the range studied, being the citric acid 
content and temperature fixed to 1.5% and 45 °C, respec-
tively. The individual optimums obtained from the model 
are shown as TAC optimum and  [AC]optimum at 71 and 20 LSR, 
respectively.

The intersection of the two lines provides the overall com-
bined optimum for the two outputs at an LSR value of 34 g/g. 
In a similar manner, Fig. 6 shows the predicted variation of 
pH and TDS also as a function of LSR. Even though the 
total dissolved solids and final pH were not prioritized in the 
optimization, these parameters have a strong influence on 
the characteristics of the product. First, the acidity level is of 
paramount importance for anthocyanin stability both during 
processing or storage [51]. Because of this, all extractions 
performed in this study had pH values equal or below 3.0, 
which is a reasonable threshold for acceptable anthocyanin 

preservation. On the other hand, the amount of total dissolved 
solids influences the anthocyanin concentration in the extract 
on dry basis, which is related to its purity. Furthermore, 
downstream processing may need to accommodate the char-
acteristics of the extract in terms of desired TDS and acidity 
to given applications as a food ingredient or supplement.

The combined optimization reported in this study pre-
sents a set of operation conditions that results in a com-
promise between the total component extracted and extract 
concentration. The mathematical model developed can be 
used as a predictive tool to establish relations between con-
ditions and responses, and thus aid in the selection of opti-
mal processing conditions for a given application in terms 
of product yield and composition.

Validation of the Model

The combined optimal set of conditions selected (CA: 1.5 wt%, 
T: 45 °C, LSR 34 g/g) was replicated in the laboratory in order 
to validate the model. The experimental results were compared 
with the predicted output variables, as shown in Table 4. In all 
cases, the experimental values were slightly lower than those 
provided by the model. TAC, TDS and  pHfinal were predicted 
with a relative error < 10%, whereas for the anthocyanin con-
centration the relative error was of 18%, which is in agreement 
with the larger standard error of the predicted value.

Conclusion

This research work presents the extraction of anthocya-
nins from chokeberry pomace as a case study for process 
optimization. The total anthocyanin content extracted and 
anthocyanin concentration in the extract were optimized 
using response surface methodology. The most influential 
factors were in both cases the liquid–solid ratio followed 
by the citric acid content in the solvent. The optimal con-
ditions that maximized both outputs were the following: 
1.5 wt% citric acid, 45 °C and 34 g solvent/g pomace. The 
optimized set of conditions was validated in the laboratory, 
resulting in 71 ± 3% of total anthocyanin content extracted, 
and an anthocyanin concentration in the final extract of 
456.7 ± 19 mg/L. The experimental results observed for the 
optimal conditions deviated from the calculated outputs by 
a relative error lower than 10% for TAC, TDS and  pHfinal, 
and of 18% for the anthocyanin concentration.

An optimized extraction process is the first stone laid 
towards the building of a successful recovery process for a 
given feedstock. In this study, a compromise between total 
component extracted and extract concentration has been 
reached. However, economic considerations including the 
cost of downstream processing need to be taken into account 
in order to locate the optimal parameter conditions in an 

Table 4  Overview of the observed and predicted responses for the set 
of conditions CA: 1.5 wt%; T: 45 °C, LSR: 34 g/g

a The result is expressed as the value ± the standard deviation of three 
individual replicates
b The result is expressed as the predicted value ± the standard error of 
the prediction

Output Experimental 
 responsea

Predicted  valueb Rel. error (%)

TAC, % 70.62 ± 2.99 73.03 ± 4.03 3
[AC], mg/L 456.7 ± 19.3 539.2 ± 40.4 18
TDS, Brix 1.7 ± 0.1 1.8 ± 0.12 5
pHfinal 2.19 ± 0.02 2.30 ± 0.02 7
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eventual cost-effective production. Nevertheless, the model 
developed in this study can be used as a prediction tool for 
the characteristics of chokeberry extracts produced by acidi-
fied water extraction, that can hopefully bring more atten-
tion to by-products or biowaste as renewable sources for the 
sustainable production of high-value products.
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