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Abstract Valorization of onion peel waste, considered to

be a rich source of polyphenolic compounds, by employing

green extraction techniques is the need of the hour. The

aim of the present study was to optimize the microwave-

assisted extraction of bioactive phenolic compounds from

onion peel wastes employing ChCl:Urea:H2O deep eutectic

solvent. Microwave power (100–200–300 W), time (5–15–

25 min) and liquid to solid ratio (40:1–50:1–60:1) were

studied as the major parameters affecting the extraction

efficiency. A Box–Behnken design was adopted including

17 experiments with five centre points. The optimum

conditions determined were 100 W microwave power,

15.03 min irradiation time and 54.97 mL g-1 liquid to

solid ratio. Under the MAE optimized conditions, the

recovery of TPC and FRAP were 80.45 (mg GAE g-1 dw)

and 636.18 (lmol AAE g-1 dw), respectively. Morphol-

ogy of onion peels before and after DES extraction were

also studied to gain an insight in the effect of microwave

irradiations on the biomass.

Keywords Onion peel � Deep eutectic solvents �
Microwave-assisted deep eutectic solvent extraction � Total

phenolic content � Antioxidant activities � Response surface

methodology

Abbreviations

AAE Ascorbic acid equivalents

BBD Box–Behnken design

ChCl:U Choline chloride:urea

DES Deep eutectic solvent

EA Ethyl acetate

FRAP Ferric reducing antioxidant power

GAE Gallic acid equivalents

HBA Hydrogen bond acceptor

HBD Hydrogen bond donors

HPLC High performance liquid chromatography

HSE Heating–stirring extraction

LLE Liquid–liquid extraction

MADESE Microwave-assisted deep eutectic solvent

extraction

MAE Microwave-assisted extraction

PC Phenolic compounds

RSM Response surface methodology

SEM Scanning electron microscopy

TPC Total phenolic content

TPTZ 2,4,6-Trippyridyl-s-triazine

Introduction

Polyphenols are an integral part of large portion of plant

metabolites and play an important role in human and ani-

mal diets. Their main dietary sources are fruits, vegetables,

cereals, chocolate, dry legumes and plant-derived bever-

ages such as fruit juices, tea, coffee and red wine. Pheno-

lics derived from food have immense antioxidant capacity

and have potential in the treatment and prevention of dia-

betes, cancer, cardiovascular disease, asthma, etc. (Bravo

1998). The polyphenols market was valued around USD

757 million globally in 2015, mainly attributed to the
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increasing health awareness about consumption of

polyphenolic compounds (Adebooye et al. 2018). Based on

the present scenarios, there is an expectation of more

boosts in the market up to 2024 owing to huge demand of

polyphenol extracts in the food, beverages, pharmaceutical,

and cosmetics industry (Adebooye et al. 2018). According

to Grand View Research (2016), global natural antioxi-

dants market is anticipated to reach USD 4.14 Billion by

2022 from USD 2.22 Billion in 2014 and with an 8.4%

annual growth rate from 2014 to 2022. The current market

scenarios suggest that the highest demand of polyphenols

of around 40.3% of the global demand would be in Asia

Pacific region (China, Japan and India) in 2024, followed

by 27.8% in Europe. Polyphenols are generally used in the

functional beverages, functional foods, juices, energy

drinks, etc. In the terms of share of polyphenols in indus-

trial utilization, these were used in functional beverages

segment (44%), followed by functional foods (33%)

(Adebooye et al. 2018).

Fruits and vegetables contain large amount of

polyphenols. Onion is one of the vegetables which contain

abundant flavonoids in its outer skins (Benitez et al. 2013).

Quercetin, kaempferol, myricetin and isorhamnetin deri-

vaties are the main flavonoids present in the onion peels

(Pal and Jadeja 2019). India is the second largest producer

of onion after China. 74.25 million tons of onion was

produced in the world in 2016 (FAOSTAT 2016) while the

production in India stood at 20.99 million tons (Department

of Agriculture, Cooperation & Farmers Welfare (Horti-

culture Statistics Division): Agricultural Statistics at a

Glance 2016). Waste part of onion in the form of peels are

generated around 300–500 kg per day in India (Das and

Mandal 2015). Very huge amount of this waste are gen-

erated in the worldwide. 6 MT of onion solid waste (OSW)

was produced by European countries (EUROSTAT 2014).

The onion wastes are generated in the different form of

such as top and bottom of the bulbs, outer fleshy scales and

roots etc. throughout industrial peeling (Benitez et al.

2013).

In the recent years, many investigators have reported

that the onion peel is a good source of phenolic antioxi-

dants (Das and Mandal 2015; Katsampa et al. 2015;

Mouratoglou et al. 2016). So, it benefits our society to

extract phenolic compounds from onion peels because it

reduces the waste in the environment and these phenolic

compounds can be used as natural antioxidants. Industries

are suffering from this kind of waste disposal problems.

These wastes are harmful for the environment as their

dumping in the open space after industrial processing or

domestic uses results in bad odor generation. Therefore, it

is important to develop novel extraction methods to recover

valuable bioactive compounds from onion peels. Onion

peels have various pharmacological properties such as anti-

carcinogenic activity, anti-mutagenic activity, anti-micro-

bial activity and antioxidant activity etc. (Sharma et al.

2016; Pal and Jadeja 2019). Onion peels contain large

amount of flavonoids which is used in preparing anti-AIDS

drugs by inhibiting the function of viral protein (Yamazaki

et al. 2014).

Of late, deep eutectic solvents (DESs) are emerging as a

new type of green solvents rather than organic solvents and

ionic liquids (ILs). Currently, DESs are widely used by

researchers in place of organic solvents in many chemical

processes. DESs are prepared by mixing a hydrogen bond

acceptor with a hydrogen bond donor (Abbott et al. 2003;

Zhang et al. 2012). Abbott et al. (2003) introduced for the

first time a DES made up of urea as HBD and choline

chloride as HBA. Compared with organic solvents or ILs,

in the recovery of polyphenolic compounds from biomass

waste, green solvents like deep eutectic solvents are used

as suitable extraction medium because it possess relatively

low cost, non-toxicity, biodegradability and easy prepara-

tion (Reinhardt et al. 2008; Yu et al. 2008). Therefore,

DESs are widely being employed as solvents to extract

bioactive compounds from solid plant matrices (Bi et al.

2013; Dai et al. 2013; Nam et al. 2015).

The conventional techniques have been used in the past

decades, but these require longer extraction time thus

running a severe risk of thermal degradation for most of the

phyto-constituents. These are the major drawbacks of tra-

ditional technique. So, there is an increasing growth of new

extraction technique with reduced solvent consumption,

shortened extraction time and increased pollution preven-

tion concern. In the present investigation, one of the novel

extraction methods microwave assisted extraction (MAE)

was employed for extraction purpose using onion peels as

raw materials. The merits of using MAE include easy

handling, automated techniques and shorter extraction time

(Cui et al. 2015; Cvjetko Bubalo et al. 2016).

DES are known for their favorable properties like non-

toxicity, low flammability, negligible vapor pressure,

reduced waste generation and being environmental

friendly; whereas use of microwaves can enhance the

extraction efficiency with reductions in time as well as

solvent consumption compared to that of conventional

methods. Thus, Microwave assisted deep eutectic solvent

extraction (MADESE) has a great potential for the

extraction of phenolic compounds from biomass waste.

MADESE has risen rapidly in the last decade, and for most

applications it has proven to be effective in all aspects

compared to traditional extraction techniques.

In the present study, MADESE was used to extract the

major active compounds from onion peels instead of the

organic solvents. Deep eutectic solvent consisted of mix-

ture of choline chloride: urea: water in the molar proportion

of 1:2:4. Optimized conditions for total phenolic content
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and antioxidant activity as measured by the FRAP were

investigated by BBD with RSM. BBD has been widely

applied to optimize the extraction of bioactive compounds

from natural sources (Maran et al. 2013; Cui et al. 2015;

Das and Mandal 2015; Fattahi and Rahimi 2016; Shirzad

et al. 2017). The Box–Behnken is an excellent design for

response surface methodology because it permits: (1)

evaluation of the parameters of the quadratic model; (2)

structure of chronological designs; and (3) recognition of

lack of fit of the model. It was established that the effi-

ciency of BBD was more than the central composite design

and much greater than that of three-level full factorial

designs (Ferreira et al. 2007).

To the best of our knowledge, this type of an approach

has not been reported elsewhere. Microwave power, time

and liquid to solid ratio are three main operating parame-

ters which have profound effect on TPC and FRAP as

investigated by BBD test. Therefore, the main objective of

this study was to optimize the extraction parameters for

recovery of antioxidant phenolic compounds from onion

peels by employing Box–Behnken design (BBD) consid-

ering total phenolic content (TPC) and ferric reducing

antioxidant power (FRAP) as responses.

Materials and methods

Chemicals and reagents

Analytical standard quercetin (C 95.0%), kaempferol

(C 97.0%), rutin (C 97.0%) and myricetin (C 96.0%) were

obtained from Sigma-Aldrich, Germany. Ferric chloride

(FeCl3) (anhydrous) and ascorbic acid were from Rankem

Laboratory, Thane, Maharashtra. Methanol was from

Okhla Industries, New Delhi. Folin Ciocalteu’s reagent,

gallic acid, sodium carbonate (Na2CO3) and 2,4,6-Trip-

pyridyl-s-triazine (TPTZ) were supplied by Sisco Research

Laboratories Pvt. Ltd. Taloja, Maharashtra. Ethyl acetate,

hydrochloric acid, urea and choline chloride were pur-

chased from Finar Ltd., Ahmedabad. Millipore ultrapure

water, HPLC-grade acetonitrile and formic acid (Sigma-

Aldrich, Germany) were used for HPLC analysis.

Onion peels collection and pretreatment

Only red-colored onion peels were selected for the

extraction of phenolic compounds. The collected peels

were dried in an oven at 60 �C for 10 h until the wetness

was reduced from the peels (Lee et al. 2014). A high-speed

mixer (Blender 7012S; Waring, Torrington, CT, USA) was

used to grind onion peels and screened with B.S.S sieve

(Kumar Test sieves, Mumbai). In this study, 500 lm peel

powder was randomly selected in triplicate and carried out

extraction process and rest of the peel powder was kept in a

desiccator until used for later extraction operations.

Selection of deep eutectic solvent system

The DES was prepared by employing heating and stirring

method. DESs were prepared in accordance with previ-

ously reported methodologies (Dai et al. 2015; Mour-

atoglou et al. 2016). In this study, four types of DES

systems were screened for an effective solvent system for

recovering phenolic compounds from onion peels (Pal and

Jadeja 2019). The present investigation reveals the use of

eutectic mixtures composed of choline chloride with four

different HBDs like sucrose (4:1), urea (1:2), oxalic acid

(1:1) and sorbitol (3:1) as extractants. ChCl:Urea DES

system showed the best results for total phenolic content

from onion peels while ChCl: Sorbitol DES system showed

relatively lower extraction efficiency. The ChCl:U system

gave the highest TPC at 1:2 (mol/mol). Therefore, ChCl:U

with a molar ratio of 1:2 (mol/mol) was selected for further

experiments. Choline chloride (HBA) and urea (HBD)

were mixed and heated in a beaker at 70 �C, 600 rpm for

60 min resulting in a transparent viscous liquid which was

subsequently used as extraction solvent.

Single factor analyses of different factors, viz., liquid to

solid ratio (10:1–60:1 mL g-1), time (60–150 min), tem-

perature (50–90 �C) and molar ratio of ChCl:U:H2O

(1:1:4–1:3:4 mol/mol/mol) were performed to find the

most significant extraction variables (Pal and Jadeja 2019).

Out of these, four parameters (liquid to solid ratio, time,

temperature and molar ratio) were found to have greater

influence on the extraction efficiency and the same were

chosen for further MADESE experiments.

Microwave assisted deep eutectic solvent extraction

(MADESE)

Phenolic compounds were extracted from onion peels using

modified Samsung microwave oven (Samsung, Seremban,

Malaysia) (Thakker et al. 2016; Pal and Jadeja 2019). The

microwave power ranges from 100 to 850 W. The exper-

iments were performed with microwave power (100, 200,

300 W), irradiation time (5, 15, 25 min) and liquid to solid

ratio of (40:1, 50:1, 60:1 mL g-1) using deep eutectic

solvent (ChCl:Urea). Appropriate quantity of onion peel

was placed into a round bottom flask (100 mL) with DES

solvent which was then placed in the microwave cavity and

subjected to fixed parameters as mentioned by BBD. The

resulting extracts were filtered using Whatman paper No. 1

and then used for subsequent analyses.
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Conventional extractions

Heating–stirring extraction (HSE) was performed by add-

ing 1 g peel powder to 55 mL ChCl:Urea eutectic mixture

stirred at 500 rpm for 180 min. For comparative analysis,

Soxhlet extraction was also implemented to recover the

phenolic compounds from onion peels with the help of

70% aqueous methanol for 360 min. In both the cases, the

slurry was filtered through filter paper (Whatman No. 1)

followed by analysis of the extracts to evaluate the total

phenolic content (TPC) using the Folin-Ciocalteu method.

Measurement of total phenolic content (TPC)

The method of total phenolic content of onion peels from

deep eutectic solvents extracts using Folin Ciocalteu

reagent (Blidi et al. 2015). The content of total phenolics in

each extract was determined using calibration curve

(Y = 0.0005x; R2 = 0.993) prepared for gallic acid and the

results were expressed as mg GAE g-1 dw through the

calibration curve of gallic acid (25–500 mg L-1). UV-

spectrophotometer (HACH DR-6000) was used and the

absorbance was recorded at 760 nm.

Ferric reducing antioxidant power (FRAP) assay

Blidi et al. (2015) developed methodology to determine

FRAP. Calibration curve was prepared of ascorbic acid

(30–220 lmol). The FRAP of the extracts was determined

from the standard curve (Y = 0.001x; R2 = 0.995) and the

results were represented in the form of lmol AAE per

g-1 dw. Each extract (0.05 mL) was diluted with 0.05 mL

of 4 mM FeCl3 buffer which was kept in a water bath at

40 �C for 30 min. After this, 0.9 mL of 1 mM (0.05 M

HCl) TPTZ solution was added in each extract. After10 -

min, the absorbance of each extract was recorded at

620 nm using UV-spectrophotometer (HACH DR-6000).

Recovery of phenolic compounds by liquid–liquid

extraction

Ethyl acetate as an aprotic solvent plays an important role

to separate phenolic compounds from DES extracts (Liu

et al. 2016). The ratio of DES extract and ethyl acetate was

maintained at 1:3 (v/v) in separating funnel. Two layers

were formed, with ethyl acetate portion settling on the top

which contains maximum amount of phenolic compounds.

This was filtered through filter paper using sodium sulfate

anhydrous (Na2SO4) to absorb water. The remaining sol-

vent was evaporated using rotary evaporator (Heidolph,

Germany). Crude sample was dissolved with 25 mL of

methanol. 0.5 mL of this dilute sample was added to

0.5 mL pure methanol. This sample was centrifuged at

6000 rpm at 28 �C for 10 min and filtered through 0.45 lm

membrane filter before HPLC analysis.

Quantification of flavonoids in onion peel extracts

by HPLC

The identification and quantification of flavonoids mainly

quercetin, kaempferol and myricetin in DES extracts was

according to the procedure described by Makasana et al.

(2017). HPLC system (Shimadzu Corporation, Kyoto,

Japan) equipped with UV–Vis detector (model SPD-20A),

a degasser (model DGU-20A3), a quaternary pump (model

LC-20AD), a column oven (model CTO-10ASvp) and an

autosampler (model SIL-20ACHT) connected to CBM-20

communication bus module system was employed. The

separation was done on a C18 chromatographic column

(Altima, 250 9 4.6 mm ID, 5 lm, Grace, UK) with col-

umn temperature at 40 �C. The mobile phase consisted of

isocratic acetonitrile (45%) and 0.1% formic acid in water

(55%) at a flow rate 1.0 mL min-1 for a total run time of

20 min and the peaks were detected at wavelength of

370 nm using UV absorbance.

Morphological characterization of onion peels

by SEM

Scanning electron microscopy (SEM) (Hitachi Series

3400 N) was applied to study the morphological changes of

the peel samples before and after MADESE treatment. The

samples were prepared using double sided adhesive tape

and also gold coated before imaging for comparing the

micrographs of the samples.

RSM

In this study, three variables were considered as indepen-

dent: microwave power (A), time (B) and liquid to solid

ratio (C). In BBD design, five centre points are needed to

investigate the effects of independent parameters on two

(TPC and FRAP) dependent responses. Three codes (- 1,

0, 1) were transformed for independent variables of three

levels. In all, 17 experiments with five centre points (as

shown in Table 1) were performed.

RSM was performed using the Design Expert 10.0.8

software (Stat-Ease, Inc., Minneapolis, MN, USA) and

quadratic polynomial Eq. (1) was obtained. Experiments

were performed with different ranges of microwave power

(A = 100, 200 and 300 W); time (B = 5, 15 and 25 min);

and liquid to solids ratio (C = 40, 50, and 60 mL g-1).

Yn ¼ b0 þ
X3

i¼1

biXi þ
X3

i¼1

biiXij þ
X3

i 6¼j¼1

bijXiXj ð1Þ
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where TPC and FRAP stands (Yn) for the predicted

responses for X1–X3; b0 represents the constant coefficient;

b1, b2, and b3 are the linear coefficients; b11, b22, and b33

show the quadratic coefficients; and b12, b13, and b23 are

the cross-coefficients.

ANOVA method and maximum R2, adjusted R2 gave

the accuracy of the estimated coefficient and also exhibited

low p values for quadratic model exhibiting most appro-

priate model for the extraction of phenolic compounds

from onion peels (Table 2). The model adequacy was

checked by an F-test at 1 and 5% by representing coeffi-

cient R2.

Statistical analysis

Response surface analysis was performed using the Design

Expert 10.0.8 software (Stat-Ease, Inc., Minneapolis, MN,

USA). The Chi square (v2) test was employed to check the

significant differences in the experimental and the pre-

dicted values. All the experimental results are the average

of triplicate runs and are expressed as mean ± standard

deviation (SD).

Results and discussion

A Box–Behnken design (BBD) approach was adopted for

microwave assisted deep eutectic solvent extraction

(MADESE) of phenolic compounds from onion peels.

Table 1 show the detailed experimental design along with

predicted values of TPC and FRAP.

Fitting the RSM models

Table 2 represents the ANOVA conclusion for the RSM

models which indicate the p values of \ 0.01 were con-

sidered to be significantly accurate for each of the two

responses. In this study, the value of regression models R2

and R2-adj for TPC and FRAP were (R2 and R2-adj[ 0.99

and 0.99) recommends the fitness of the RSM. Regarding

lack of fit in the RSM model, p values for all two responses

were greater than 0.05 (non significant) means that the

model fits well and there is significant effect of parameter

on output response (Puertolas et al. 2011). The values were

TPC (0.0864), FRAP (0.3242). In addition, Table 2 illus-

trates that the coefficients of responses p values showed

that in the linear terms of TPC was highly significant,

effective variables were time and liquid to solids ratio

(p\ 0.01) while on FRAP highly significant variable was

microwave power (p\ 0.01). Interaction effects of the

independent variables AB, AC and BC were highly sig-

nificant in the case of TPC and BC was highly significant

on FRAP. If the values greater than 0.1 represent the model

terms are not significant. From the above discussions, it can

be seen that the lower p value and higher R2 show the

higher significant effect on the respective response

variables.

Experimental data by RSM models for each of the

responses are expressed based on the below equations:

YTPC ¼ 148:95552 � 0:60452Aþ 2:39366B� 3:45470C

þ 7:56176 � 10�3AB� 4:38186

� 10�3AC þ 0:0446BC þ 1:79578 � 10�3A2

� 0:21093B2 þ 0:05012C2

ð2Þ

YFRAP ¼ �1849:65106 þ 3:56586Aþ 53:35229B

þ 75:18251C þ 7:03873 � 10�3ABþ 6:60784

� 10�3AC � 0:36290BC � 0:010642A2

� 1:21883B2 � 0:7184C2

ð3Þ

Table 1 Box–Behnken design with experimental and predicted val-

ues of TPC and FRAP

Run Factors Experimental Predicted (RSM)

A B C TPC FRAP TPC FRAP

1 1 0 - 1 67.66 545.38 67.88 539.49

2 - 1 0 - 1 56.57 598.49 57.49 603.70

3 0 1 1 53.59 505.58 53.09 502.91

4 0 0 0 52.58 746.02 53.77 742.93

5 - 1 0 1 93.69 568.92 93.25 574.94

6 0 0 0 53.80 738.94 53.77 742.93

7 1 - 1 0 45.86 476.99 45.24 480.74

8 1 0 1 86.80 542.51 86.11 537.16

9 1 1 0 55.44 488.34 56.53 495.82

10 0 - 1 1 49.40 575.31 51.03 577.31

11 - 1 1 0 38.74 535.56 39.78 532.74

12 0 0 0 53.12 755.27 53.77 742.93

13 - 1 - 1 0 60.26 554.23 58.74 545.81

14 0 1 - 1 17.05 595.68 15.42 593.68

15 0 - 1 - 1 30.70 520.25 31.20 522.92

16 0 0 0 54.43 735.46 53.77 742.93

17 0 0 0 54.90 738.94 53.77 742.93

Variables Symbols Coded levels

- 1 0 1

Microwave power (W) A 100 200 300

Time (min) B 5 15 25

Liquid to solid ratio (mL g-1) C 40 50 60
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Y indicates the predicting responses and A, B, and C rep-

resent microwave power, time and liquid to solid ratio,

respectively.

Effects of process parameters on TPC and FRAP

based on RSM

Total phenolic content (TPC)

From the regression equations mentioned above, it can be

seen that except A (microwave power) all model terms

were highly significant for total polyphenolic content. 3D

surface plots represent the interaction between variables A

to C for TPC as shown in Fig. 1a–c.

The interaction between microwave power (A) and time

(B) are presented in Fig. 1a. Initially, the extraction

efficiency increased by enhancing the time but after some

time, it is clearly seen that there was continuous falling in

the response with no effect on the extraction yield; this is

probably due to the degradation of polyphenols and

decrease in the polarity of solvent at higher microwave

power (Maran et al. 2013). Polarity is one of the most

important properties affecting the solubilizing capacity of

DESs. The effective polarity of choline chloride combined

with urea was found to be fairly dipolar. Urea has higher

dipolarity with associated choline chloride in a 2:1 molar

ratio because it contains –NH2 group and does not have any

saturated carbons (Pandey et al. 2014). According to

Fig. 1b, liquid to solid ratio (C) was another important

independent parameter which was used for extraction of

phenolic compounds from onion peels. Initially, the

extraction efficiency was marginally significant in the

Table 2 ANOVA results
Source Sum of squares df Mean square F value p value Prob[ F

TPC

Model 5099.63 9 566.63 249.61 \ 0.0001 Significant

A-power 5.28 1 5.28 2.33 0.1710

B-time 28.89 1 28.89 12.73 0.0091

C-sample ratio 1429.82 1 1429.82 629.87 \ 0.0001

AB 233.30 1 233.30 102.77 \ 0.0001

AC 78.34 1 78.34 34.51 0.0006

BC 79.57 1 79.57 35.05 0.0006

A2 1225.57 1 1225.57 539.89 \ 0.0001

B2 1873.32 1 1873.32 825.25 \ 0.0001

C2 105.77 1 105.77 46.59 0.0002

Residual 15.89 7 2.27

Lack of fit 12.34 3 4.11 4.63 0.0864 Not significant

Pure error 3.55 4 0.89

R2 = 0.9969

Adj R2 = 0.9929

FRAP

Model 1.588 9 105 9 17,646.70 225.75 \ 0.0001 Significant

A-power 5200.98 1 5200.98 66.53 \ 0.0001

B-time 1.97 1 1.97 0.025 0.8783

C-sample ratio 474.21 1 474.21 6.07 0.0433

AB 202.14 1 202.14 2.59 0.1519

AC 178.15 1 178.15 2.28 0.1749

BC 5267.86 1 5267.86 67.39 \ 0.0001

A2 43,040.75 1 43,040.75 550.61 \ 0.0001

B2 62,549.33 1 62,549.33 800.17 \ 0.0001

C2 21,729.26 1 21,729.26 277.98 \ 0.0001

Residual 547.19 7 78.17

Lack of fit 297.72 3 99.24 1.59 0.3242 Not significant

Pure error 249.46 4 62.37

R2 = 0.9966

Adj R2 = 0.9922
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range of liquid to solid ratio (40–50 mL g-1) but when

liquid to solid ratio was increased (55–60 mL g-1) with

respect to microwave power (100–120 W), high extraction

efficiency was obtained.

When a higher liquid to solid ratio is used in the

extraction operation, concentration gradient which is the

driving force during mass transfer within the solid was

higher between the liquid and solid, resulting in an increase

in the diffusion rate. When the quantity of solvent com-

pared to solid is not ample to obtain adequate transfer,

various equilibria may take place, leading to a non negli-

gible resistance to mass transfer. So, it is necessary to have

(a) 

(b) 

(c)
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a precise liquid solid ratio for better mixing leading to

enhanced diffusion rate of the solute and subsequently

improving the extraction yield (Cacace and Mazza 2003;

Katsampa et al. 2015). The highest TPC

80–93.69 mg GAE g-1 dw was achieved in the range of

liquid to solid ratio (55–60 mL g-1) and microwave power

(100–150 W). There was a significant effect of time on

TPC in the middle range (14–16 min) (Fig. 1c). Initially,

no impact was observed on TPC in the time range

(5–10 min) owing to improper mixing during this period.

However, TPC reduced after 20 min as prolonged time

might be due to degradation of polyphenolic compounds.

Ferric reducing antioxidant power (FRAP)

Figure 2a–c represent 3D surface plots of FRAP which

explain the interaction between variables A to C. For

reducing power, A, BC, A2, B2 and C2 were highly sig-

nificant; C was significant while rest of the variables were

not significant on the model terms.

From the Fig. 2a, it can be seen that the maximum

reducing power was obtained in microwave power range

180–220 W and time range 14–16 min. By increasing

microwave power, the diffusion coefficient increased

which in turn raised the extraction rate and reduced the

extraction time. As seen from the 3D surface plots, increase

in microwave power beyond 250 W leads to a sharp

decline in reducing power due to rise in temperature. This

type of behavior is also observed in case of TPC. Hence,

the reducing power is dependent on both TPC and the

relative amounts of various polyphenols (Karakashov et al.

2015).

The extraction recovery rate was increased by enhancing

the liquid to solid ratio but it was subsequently decreased

when microwave power was increased up to 300 W. The

higher reducing power was determined at middle power

ranging between 180–220 W and liquid to solid ratio

50–55 mL g-1 (Fig. 2b). The cause for the stability of

reducing power activity can be attributed to the formation

of Maillard reaction products which posses antioxidant

activity. This occurs due to heating which increases

antioxidant activity in fruits and vegetables (Sharma et al.

2015). It was reported that, after heating there was an

increase in reducing power due to alteration in phenolic

compounds (Tsai and She 2006). Maximum FRAP was

achieved between in 14–16 min (Fig. 2c) and similar sit-

uation was observed in the case of TPC. Under optimal

conditions, the maximum reducing power activity was

obtained 636.18 lmol AAE g-1 dw.

Simultaneous optimization of response values

Simultaneous optimization of two responses, namely, TPC

and FRAP were carried out based on the desirability values

at the optimal parameters viz; extraction time 15.03 min,

microwave power 100 W and liquid to solid ratio was

54.96 mL g-1 are listed in supplementary information (SI)

Fig. S1. In addition, under the optimum conditions, the

corresponding desirability values were more than 0.76.

The corresponding values under the optimum conditions

for TPC and antioxidant assay FRAP were 80.45

(mg GAE g-1 dw) and 636.18 (lmol AAE g-1 dw)

respectively, which were very near to the experimental

values performed under the optimized conditions. In order

to validate these results, the experiments were performed at

optimized conditions in duplicates and values were aver-

aged. The results obtained were 80.09 (mg GAE g-1 dw)

for TPC and 636.14 (lmol AAE g-1 dw) for FRAP.

Accuracy of RSM models

Chi square value (v2) also known as ‘‘goodness of fit’’

statistics measures how well the observed distribution data

are fitted with the expected distribution data (Fattahi and

Rahimi 2016). If variables are independent, Eq. (4) can be

used for calculation of Chi square value (v2).

v2 ¼
Xn

i¼1

Yexp � Ypred

� �2

Ypred

ð4Þ

where Yexp and Ypred represents respectively, the experi-

mental and the predicted real value of responses (TPC,

FRAP) and n shows the number of sample points.

Generally, researchers have considered significance

levels in the range of 0–1. In this study, all the two

responses have 9 degrees of freedom and Chi square cal-

culated values were 0.42 for TPC and 0.88 for FRAP,

which clearly show that all the both response values are

less than one (SI Fig. S2). High R2 values were observed

between experimental data and predicted (RSM) data.

Smaller Chi square calculated value point out the accept-

able model fit for the predicted values with experimental

values. Specially, optimized models of RSM can be

employed for extractions of TPC from onion peels and in

evaluating FRAP of the extracted polyphenolic

compounds.

Polyphenolic profile by HPLC

Main three flavonoids were quantified; quercetin

(4.225375 mg g-1), kaempferol (0.091649 mg g-1) and

myricetin (0.036879 mg g-1). Deep eutectic solvent exhi-

bits very important properties such as solvation. That is
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robustly affected by hydrogen bonding. Protic solvents

such as ethanol, methanol and water are miscible with

DES, while aprotic solvents like hexane, ethyl acetate,

toluene etc. are immiscible. Therefore, it is feasible to

employ one of those aprotic solvents to be used in liquid–

liquid extraction. EA was used to recover phenolic

compounds from DES extract in this study. The mass

transfer will take place among DES droplets and nearby

aprotic solvents. Partition coefficient plays a key role in the

separation of phenolic compounds between dispersed phase

and aprotic solvents (Liu et al. 2016). Figure 3a, b show the

HPLC chromatograms.
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Scanning electron microscopy

The morphological characterizations of raw as well as

MADESE treated samples were carried out using a scan-

ning electron microscope (Hitachi Series 3400 N).

According to Fig. 4, noteworthy structural changes were

shown on the peel surface before and after treatment with

MADESE. Figure 4a shows the scanning electron micro-

graph of external surface of the raw samples. It can be seen

that the raw sample is flaky in shape having a rough sur-

face. The roughness of the raw materials surface is a

valuable property because it increases the surface area.

Moreover, the magnified image Fig. 4b shows the

presence of pores. Figure 4c shows the SEM image of the

extracted sample with deep eutectic solvent by microwave

assisted extraction. After extraction using MAE for 15 min,

plant cells were not clear and appeared completely dis-

rupted and collapsed in solvents. It can be seen that the

surface of the sample is smooth and in rhombus shape. The

diameter of this shape was * 0.5 mm which is in the range

recommended for extraction operation. From Fig. 4d, it can

be easily seen that in the process of MAE, pressure build-

up within the glands could have exceeded their capacity for

expansion and caused their rupture more speedily and

completely. Therefore, higher extraction efficiency was

achieved and the time utilized was less in the operation.

MAE results represent that the material cells were effort-

lessly disrupted in DESs conditions because deep eutectic

solvents break the cell wall with fiber dissolution (Gunny

et al. 2015) and the bioactive compounds were extracted

from the biomass waste. Swatloski et al. (2002) also

demonstrated that cell rupture had a significant effect on

extraction subsequently increasing efficiency.

Comparison of extraction methods

TPC obtained in case of MADESE, HSE and Soxhlet

extraction were 80.09 (mg GAE g-1 dw),

63.27(mg GAE g-1 dw), 54.73 (mg GAE g-1 dw),

respectively. The phenolic content of MADESE extract

was superior to that of heating–stirring extract and that too

achieved with a 12 fold reduction in extraction time. The

enhanced extraction efficiency of MADESE was attributed

to the mechanical effects of internal heating based on

conduction and dielectric polarization caused by micro-

wave irradiation, and the pressure built up within the cells.

This leads to capable delivery of phenolic compounds to

the plant material through the molecular interaction with

the electromagnetic field (Proestos and Komaitis 2008).

Therefore, MAE facilitated desorption and release of the
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TPC from plant matrix, thus accelerating the extraction

process as well as increasing the extraction yield. The

flavonoids in HSE extract were quercetin (3.287065 mg g
-1), kaempferol (0.184662 mg g -1) and myricetin

(0.045651 mg g -1) whereas Soxhlet extraction resulted in

6.185366 mg g-1 quercetin, 0.349224 mg g-1 kaempferol

and 0.105077 mg g-1 myricetin. Some degradation of

polyphenols was observed in case of MADESE extract

owing to the high microwave energy. Nevertheless, the

results are in agreement with those reported by Benitez

et al. (2011)

Conclusion

The BBD approach was effectively useful to maximize the

extraction of TPC and FRAP from onion peels. In addition,

three independent variables microwave power (W), time

(min) and liquid to solid ratio (mL g-1) were investigated

by RSM using green solvent such as deep eutectic

(ChCl:Urea:H2O) in the proportion molar ratio of 1:2:4.

The results represents that the purpose of microwave for

the duration of extraction and the process variables had a

noteworthy outcome on the highest extraction of TPC and

antioxidants from onion peels. Model summary data

showed that the model was sufficient and accurate with the

observed data. The ANOVA results representing the value

of R2 for TPC, FRAP (R2 = 0.996, 0.996) showed the

adequate fitness of the response surface methodology. To

evaluate the interactive impact of the process parameters

on the response variables these were used to the contour

and response surface plots. Various models were fitted to

the experimental data to develop a relevant model. The

models were extremely significant (p\ 0.01) for all the

response variables. After optimizing for multi-response the

optimum conditions were 100 W microwave power,

15.03 min irradiation time and 54.97 mL g-1 liquid to

solid ratio. Under the MAE optimized conditions, the

recovery of TPC, FRAP were 80.45 (mg GAE g-1 dw),

636.18 (lmol AAE g-1 dw) respectively, which were

consistent to the experimental values performed under

optimized conditions. According to SEM analysis, MAD-

ESE procedure confirmed that cell disruption also affected

the extraction efficiency.

Fig. 4 SEM images of onion peel samples. a Raw materials, b magnified porous raw material, c MADESE based treated sample, d magnified

MADESE based treated sample
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