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Abstract: The present study aimed to optimize the recovery of bound phenolic antioxidants from
rice hulls via microwave-assisted alkaline hydrolysis using response surface methodology. The
microwave treatment duration, temperature, and solvent:solid ratio were the independent variables
selected; whereas total phenol content, antioxidant activity (DPPH•, ABTS•+, CUPRAC assays), and
the p-coumaric and ferulic acids concentration were the dependent ones. The optimum conditions
were found to be 3.6 min, 155 ◦C, and 50:1 v/w which were then applied to hulls from different
rice varieties cultivated in Greece [Gladio, Krezo, Scirocco, Karolina (two samples), Europa, Bravo,
Bella (parboiled), and Fino (long-grain rice)]. The results were compared to those obtained using an
optimized ultrasound-assisted alkaline hydrolysis protocol (120 min, 80 ◦C, 50:1 v/w) proposed in
the literature. The values obtained with microwaves were much higher compared to those obtained
by ultrasounds (i.e., p-coumaric acid levels were 1.2 to 2.2-fold higher, and those of ferulic acid were
2.1 to 6.0-fold higher) using almost 2-fold higher temperature but reducing the hydrolysis duration
by ~33-fold. Thus, the optimized approach may assist the valorization of rice hulls as a sustainable
source of natural phenolic antioxidants for novel food applications.

Keywords: rice hulls; microwave-assisted alkaline hydrolysis; bound phenolic compounds; natural
antioxidants; response surface methodology

1. Introduction

Rice (Oryza sativa L.) is the second most important cereal grain in the world after
wheat, and constitutes a staple food for millions of people, especially in Asian countries [1].
The rice-milling process results in the production of high volumes of low-value by-products
and wastes, such as rice bran and hulls (or husks). The latter accounts for nearly 20% of the
grain weight and represents a major disposal issue for the rice-milling industry worldwide
as it is estimated that ~120 million tons of hulls are produced every year. Until now, rice
hulls, which mainly consist of cellulose (~35%), hemicellulose (~25%), lignin (~20%), and
inorganic elements (~17%), are traditionally used as a fuel for power generation and steam
production for parboiling, since their high silicon content, as well as their low digestibility,
limit their food and feed applications [2]. Even though they contain significant amounts of
valuable phenolic compounds (e.g., ferulic and p-coumaric acids) [3], the latter ones are
localized in the cell wall matrix of the plant in bound forms with carbohydrates, lignin,
or silicon via ester or ether bonds. Only a small amount of them is found in free soluble
form [4]. Bound phenolic compounds cannot be easily liberated with mild conditions,
and therefore drastic ones are required. In this frame, alkaline hydrolysis, facilitating the
cleavage of ester linkages of ferulic acid with polysaccharides and ether linkages with lignin,
is the most common chemical hydrolysis method employed to liberate bound phenolics
from rice hulls [5]. Instead with an acidic approach (e.g., using hydrochloric or sulfuric
acid), though glycosidic bonds are broken, the ester and ether bonds remain intact and
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hydroxycinnamic acids may even be degraded. An alternative approach, namely the use of
enzymatic extraction, is considered mild and alkaline hydrolysis is proposed as a reference
regarding how phenolic acids are totally liberated in this way [6]. Furthermore, the need
to find the appropriate mixture of enzymes that could best act synergistically is required
and even if this is achieved, compared to alkaline hydrolysis as recently observed for the
release of ferulic acid from rye and wheat bran via Viscozyme [7], the required duration of
the treatment is long (24 h).

Until now, hydrolysis was performed using time-consuming conventional techniques,
requiring large amounts of solvents, and having a low recovery yield. This was shown
for example in the work of Butsat et al. [8] as well as Butsat and Sirianmornpun [9] who
performed alkaline hydrolysis for the extraction of bound phenolic acids from hulls of
different Thai rice varieties using a 2 mol/L sodium hydroxide (NaOH) solution with the
aid of a shaking incubator for 1 h at 25 ◦C. In the same frame, Nenadis et al. [3] examined
the effect of alkaline and acid digestion on the phenolic content, antioxidant activity, and
phenolic composition of rice hull extracts derived from selected Greek varieties using
1 and 4 mol/L NaOH or hydrochloric acid with the aid of a commercial pressure cooker
(120 ◦C, 120 kPa). The authors managed to reduce the duration of hydrolysis that was
required compared to that using orbital-shaking at room temperature; however, 2 h were
still necessary. Moreover, Vadivel and Brindha [10] used an orbital shaker to carry out
alkaline and acid hydrolysis with 2 mol/L NaOH for 90 min or 2% sulfuric acid for 120 min,
for the recovery of bound phenolic acids from rice hulls. Nevertheless, the extraction of
bioactive compounds from various plant materials is continuously updated and innovative
extraction techniques, such as enzymatic hydrolysis as well as ultrasound and microwave-
assisted hydrolysis approaches, have gained popularity during the last decades [5]. Higher
yields and extraction rates could be obtained using combined novel technologies [11].

However, to the best of our knowledge, information is extremely limited regarding the
use of such novel techniques in the case of rice hulls. More specifically, Irakli et al. [12] opti-
mized the ultrasound-assisted alkaline hydrolysis conditions (2.5 mol/L NaOH, 120 min,
80 ◦C) for the recovery of bound phenolics from rice hulls. Ultrasounds for 90 min at 40 ◦C
were also applied by Kim et al. [13] to assist the alkaline hydrolysis of bound phenolic
compounds from rice hulls using a 4 mol/L NaOH solution. The enzymatic hydrolysis
with a cellulase mixture at 50 ◦C for 24 h as a pretreatment step has been also reported
for the liberation of phenolic compounds from rice hulls from Thailand [14]. Even though
the use of microwaves has been reported for the extraction of phenolic compounds from
various plant materials (e.g., [15–17]), their application in the case of rice hulls is limited
only to the recovery of free phenolic compounds using ethanol [18] or its mixtures with
water [19]. Microwaves act directly on molecules by ionic conduction and dipole rotation
leading to fast heating of the solvent and the sample resulting in enhanced mass transfer
and extraction efficiency as well as reduced duration and solvent consumption [20].

To address these gaps, the present work aimed to systematically investigate the
relationship between microwave-assisted alkaline hydrolysis conditions (i.e., duration,
temperature, solvent:solid ratio) and the total phenol content, the antioxidant activity
(DPPH•, ABTS•+, CUPRAC assays), and the concentration of the major phenolic com-
pounds (p-coumaric and ferulic acids) of the obtained ethyl acetate extracts derived from
hulls originating from a Greek rice-milling industry.

The microwave-assisted alkaline hydrolysis conditions were optimized using response
surface methodology (RSM). Then, the optimum conditions were applied to a set of nine
rice hull samples and results were compared to those obtained by employing an optimized
ultrasound-assisted hydrolysis protocol proposed in the literature for the same purpose [12].

2. Materials and Methods
2.1. Reagents and Solvents

Ferulic acid (99%) and p-coumaric acid (99%) were purchased from Biosynth (Comp-
ton, UK). Trolox (6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid) (97%) was from
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Aldrich Chemical Co., (Steinheim, Germany). DPPH• (1,1-diphenyl-2-picrylhydrazyl radi-
cal), ABTS [2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt] and
neocuproine were from Sigma Chemical Co. (St. Louis, MO, USA). Potassium persulfate
was from Supelco Inc (Bellefonte, PA, USA), whereas copper chloride dehydrate was from
Thermo Fisher (Kandel) GmbH (Kandel, Germany). Folin-Ciocalteu’s phenol reagent,
sodium carbonate, ammonium acetate, sodium sulfate anhydrous, potassium chloride,
sodium hydroxide pellets, potassium dihydrogen phosphate, di-sodium hydrogen phos-
phate, hydrochloric acid (37%, w/w), and glacial acetic acid, as well as HPLC grade methanol,
ethanol, water, and ethyl acetate, were purchased from Chem-Lab (Zedelgen, Belgium).

2.2. Materials

Rice hull samples from different commercial varieties cultivated in Greece, namely
Gladio, Krezo, Scirocco, Karolina (two samples), Europa, Bravo, Bella (parboiled), and
Fino (long grain rice), as well as a mixture of rice hulls of different varieties, were kindly
donated by Agrino EV. GE. PISTIOLAS S.A. (Agrinio, Greece). The hulls were ground in a
laboratory mill (Arthur H. Thomas Co., Philadelphia, PA, USA), passed through a 0.25 mm
sieve, and stored in a glass jar without headspace in the dark until further use.

2.3. Experimental Design for Optimizing the Microwave-Assisted Alkaline Hydrolysis of
Rice Hulls

A mixture of hulls from different rice varieties cultivated in Greece was subjected
to alkaline hydrolysis with the aid of microwaves for various periods (t), temperature
(T), and solvent:solid ratios (S/S) values. A MARS X microwave digestion oven (CEM,
Model 1000, Matthews, NC, USA) equipped with a 14-vessel carousel, PTFE vessels and a
stirring mechanism was used. During the operation, both temperature and pressure were
monitored in a control vessel. The microwave oven delivered energy at a frequency of
2450 MHz and operated at a constant power of 1200 W, which is the maximum power
output of the instrument. Different amounts of the rice hull sample were weighed directly
into the PTFE vessels and 25 mL of 4 N NaOH were added. At the end of each process,
the mixture was centrifuged at 6000 rpm for 20 min. The supernatant was collected, and
the pH value was adjusted to 1 with 12 mol/L HCl acid in an ice bath. The solution was
then centrifuged once more (6000 rpm, 20 min) and the collected supernatant was then
extracted with ethyl acetate (3 × 50 mL). The ethyl acetate fractions were combined and
dried with anhydrous sodium sulfate. The solvent was then evaporated to dryness and the
dry residue was re-dissolved in 15 mL methanol for further analyses.

Experiments aiming to study the effects of three independent variables of the microwave-
assisted alkaline hydrolysis, namely, duration (min) (X1), temperature (◦C) (X2), and sol-
vent:solid ratio (X3), were designed in Minitab 15.1.20.0 (Minitab, Inc., State College, PA,
USA) software, using an unblocked full factorial central composite design (CCD) for the
response surface methodology. Each of these factors had five experimental levels coded
as −a, −1, 0, +1, +a (a = 1.41421), where −1, +1, and 0, correspond to the low, high, and
mid-levels. The low and the high levels were selected for each of the above factors and the
rest were calculated from the equation shown as a footnote in Table 1.
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Table 1. Levels of independent variables in coded and uncoded values used in the experimental de-
sign.

Symbols Variable Level

Coded value 1

−a −1 0 +1 +a

Uncoded value 1

X1 Duration of sonication (min) 0.4 3.5 8.0 12.5 15.6

X2 Temperature (◦C) 59.4 85.0 122.5 160.0 185.6

X3 Solvent:solid ratio (v/w) 60:1 50:1 35:1 20:1 10:1

1 CodedValue = ActualValue− (HighLevel+LowLevel)
2

HighLevel−LowLevel
2

.

The CCD consisted of twenty experimental runs, six of which were conducted at the
center points to detect any deviation in linearity that may exist in the models (Table 2). A
wide range of responses were examined: total phenol content (TPC) (Y1), DPPH• (ADPPH)
(Y2) and ABTS•+ (AABTS) (Y3) radical scavenging activity, plus cupric ion reducing antioxi-
dant capacity (ACUPRAC) (Y4), as well as the concentration of p-coumaric acid (p-CA) (Y5)
and ferulic acid (FA) (Y6). Each experimental response was analyzed, and a second-order
regression equation was obtained:

Υ = β0+ β1X1 + β2X2 + β3X3 + β11X12 + β22X22 + β33X32 + β12X1X2 + β13X1X3 + β23X2X3 (1)

where Υ corresponds to the responses, X1, X2, and X3 represent the factors of duration,
temperature, and solvent:solid ratio, and β0, β1, . . . β23 are the estimated coefficients with
β0 being a scaling constant.

The significance of the models was evaluated by analysis of variance (ANOVA). The
quality of the fit of the polynomial model was expressed by the value of the coefficient
of determination (R2), the significance of each parameter through the F-test (calculated
p-value), and the lack of fit of the model. Coefficients with a p-value lower than 0.05
were considered statistically significant. Where possible, the model was simplified by the
omission of insignificant terms. Multi-response optimization of the fitted polynomials was
also performed using the Minitab software. The optimum conditions found by RSM were
experimentally tested at least in triplicate, aiming to investigate whether the experimental
response values matched with the model prediction outcomes.

2.4. Determination of the Total Phenol Content (TPC)

The total polar phenol content of the prepared rice hull extracts was determined
spectrophotometrically by the Folin-Ciocalteu assay as previously described by Nenadis
et al. [3] using a UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan. Gallic acid was
used as a reference standard and results were expressed as gallic acid equivalents (mg
GAE/100 g dry rice hulls). Measurements were performed at least in triplicate and results
were expressed as the mean value ± s.d.
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Table 2. Experimental design for three-factor-five-level CCD and experimental values for the responses of response surface methodology.

Run

Independent Variables Dependent Variables

Duration of
Sonication
(min) (X1)

Temperature
(◦C) (X2)

Solvent:Solid
Ratio (v/w) (X3)

TPC
(mg GAE/100 g
Dry Rice Hulls)

ADPPH
(µmol Trolox/100 g

Dry Rice Hulls)

AABTS
(µmol Trolox/100 g

Dry Rice Hulls)

ACUPRAC
(µmol Trolox/100 g

Dry Rice Hulls)

p-CA
(mg/100 g Dry

Rice Hulls)

FA
(mg/100 g Dry

Rice Hulls)

1 12.5 160.0 50.0 3614 ± 415 4261 ± 38 35,832 ± 2213 32,509 ± 3725 787 ± 40 189 ± 9
2 3.5 85.0 50.0 1402 ± 132 2052 ± 218 18,633 ± 212 9877 ± 1064 614 ± 58 78 ± 8
3 8.0 122.5 35.0 1447 1563 25,847 9435.35 647 178
4 8.0 122.5 35.0 1836 1578 23,022 8882.50 522 140
5 8.0 122.5 60.0 2655 ± 248 4153 ± 208 26,490 ± 2204 25,428 ± 2227 1110 ± 39 189 ± 23
6 15.6 122.5 35.0 1242 ± 55 2032 ± 215 15,893 ± 916 21,340 ± 1529 662 ± 38 96 ± 22
7 8.0 122.5 10.0 1560 ± 11 1524 ± 58 6928 ± 704 10,679 ± 1239 850 ± 48 101 ± 18
8 3.5 85.0 20.0 1148 ± 77 2246 ± 139 6709 ± 352 9811 ± 380 819 ± 29 83 ± 7
9 12.5 85.0 50.0 1334 ± 101 2302 ± 167 21,257 ± 1284 15,053 ± 804 713 ± 47 81 ± 8

10 8.0 122.5 35.0 1353 1691 22,458 11,831 543 84
11 8.0 122.5 35.0 1339 1566 18,981 8514 497 119
12 8.0 185.6 35.0 2857 ± 195 2624 ± 146 25,348 ± 2644 39,228 ± 4186 827 ± 51 97 ± 2
13 8.0 122.5 35.0 1507 1689 18,528 12,200 554 101
14 3.5 160.0 50.0 3262 ± 365 4082 ± 108 32,923 ± 2406 26,720 ± 1096 1220 ± 43 297 ± 14
15 8.0 122.5 35.0 1777 1756 22,632 9988 553 156
16 12.5 160.0 20.0 2816 ± 191 3538 ± 18 12,744 ± 856 20,828 ± 1512 800 ± 52 267 ± 13
17 0.4 122.5 35.0 1468 ± 143 1754 ± 75 14,724 ± 589 17,452 ± 1111 820 ± 58 125 ± 11
18 3.5 160.0 20.0 2919 ± 154 3477 ± 29 13,030 ± 853 22,828 ± 747 1104 ± 91 269 ± 9
19 12.5 85.0 20.0 1156 ± 52 2409 ± 131 7722 ± 364 9249 ± 920 864 ± 47 83 ± 14
20 8.0 59.4 35.0 826 ± 49 1156 ± 100 10,979 ± 560 13,305 ± 1106 647 ± 34 71 ± 5

All responses are expressed as mean ± s.d. values (n = 5), except for the center points no 3, 4, 10, 11, 13, 15 which were measured once.
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2.5. Antioxidant Activity Determination

The DPPH• scavenging activity (ADPPH) was determined according to Nenadis
et al. [3] using 0.1 or 0.05 mL rice hull extracts with the aid of a UV-1800 spectrophotometer.
Radical scavenging activity (%) values (%RSA) were determined by using the formula
%RSA = [Abs515(t = 0) − Abs515(t)] × 100/Abs515(t = 0) after correction with appro-
priate blanks. These values were converted to Trolox equivalents via a calibration curve
(y = 0.6451x + 1.6615, R2 = 0.995). ABTS•+ scavenging activity (AABTS) was evaluated
according to the protocol of Re et al. [21] using 10 or 20 µL of diluted rice hull extracts
(1:10, v/v, with methanol). Inhibition in percent (% Inh) was calculated via the formula
% Inh = [Abs734(t = 0) − Abs734(t)] × 100/Abs734(t = 0) after correction with an appro-
priate blank. These values were converted to Trolox equivalents via a calibration curve
(y = 2.8165x − 0.1907, R2 = 0.999). The cupric ion-reducing antioxidant capacity (ACUPRAC)
of rice hull extracts was measured according to the protocol of Apak et al. [22]. Absorbance
at 450 nm was recorded after 30 min and these values were converted to Trolox equivalents
via a calibration curve (y = 0.0038x − 0.1098, R2 = 0.996). In all cases, measurements were
performed at least in triplicate and results were finally expressed as µmol Trolox/100 g dry
rice hulls ± s.d.

2.6. RP-HPLC-DAD Analysis of Phenolic Compounds

The content of p-CA and FA were determined by RP-HPLC-DAD. The HPLC system
consisted of a Marathon IV series HPLC pump (Rigas Laboratories, Thessaloniki, Greece),
an injection valve with a 20 µL fixed loop (Rheodyne, Cotaki, CA, USA) and a UV6000 LP
diode array detector (DAD, Thermo Separation Products, San Jose, CA, USA). Separation
was carried out on a Fortis C18 (250 mm × 4.6 mm i.d., 5 µm) column (Fortis Technologies
Ltd., UK) using isocratic elution as described by Hegde et al. [23] with slight modifications.
In particular, the elution system was a mixture of water:acetic acid:methanol (70.5:5:24.5
v/v). The flow rate was 0.8 mL/min. Column temperature was set at 35 ◦C with the
aid of a Timberline TL-50 controller and maintained as such in a TL-340 column heater.
Injection volume was 20 µL. The analytical sample was prepared after proper dilution
with methanol and filtration through 0.45 µm PTFE hydrophilic filters (Frisenette, Knebel,
Denmark). Monitoring was in the range 200–600 nm. Identification of p-CA and FA
was achieved by comparing the retention times and spectral characteristics (absorption
maxima) with those of available standards. Their quantification (mg/100 g dry hulls) was
based on the construction of appropriate calibration curves of properly diluted methanolic
solutions of (i) p-CA at 310 nm (y = 26,701.36x + 5,534,707.48, R2 = 0.989, 200–2000 ng/20 µL,
n = 6) and (ii) FA at 324 nm (y = 17,985.51x + 706,053.68, R2 = 0.994, 100–2000 ng/20 µL,
n = 7). Chromatographic data were processed using the ChromQuest version 3.1.6 software
(Thermo Electron Corporation, Beverly, CA, USA).

2.7. Application of Optimum Conditions to Rice Hull Samples of Different Varieties and
Comparison to Ultrasound-Assisted Alkaline Hydrolysis

The optimized microwave-assisted alkaline hydrolysis conditions were then applied
to hull samples of different rice varieties cultivated in Greece [Gladio, Krezo, Scirocco,
Karolina (two samples), Europa, Bravo, Bella (parboiled), and Fino (long grain rice)]. For
comparison purposes, extraction conditions of an optimized ultrasound-assisted extraction
protocol proposed in the literature [12] for the recovery of bound phenolic compounds
from rice hulls were also applied to the same samples. According to this protocol, 0.2 g
rice hulls were extracted with 10 mL of 2.5 N NaOH with the aid of a sonication bath for
120 min at 80 ◦C. During sonication, the temperature was measured periodically with the
aid of an external thermometer. At the end of this process, the mixture was centrifuged
at 1500× g for 5 min, the pH value of the collected supernatant was adjusted to 1 with
12 mol/L HCl acid in an ice bath and the solution was centrifuged once more (1500× g,
5 min). The collected supernatant was then extracted with ethyl acetate (3 × 25 mL), and
the ethyl acetate fractions were collected, combined, and dried over anhydrous sodium
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sulfate. The solvent was then evaporated to dryness and the dry residue was re-dissolved
in 5 mL of an ethanol-water mixture, 50:50, v/v, for further studies.

2.8. Statistical Analysis

To identify significant differences between the mean values obtained for each measured
parameter by applying microwave- and ultrasound-assisted alkaline hydrolysis, a two-
tailed paired t-test was carried out (p = 0.05) using the IBM SPSS Statistics for Windows
software, Version 27.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Model Fitting for TPC, ADPPH, AABTS, ACUPRAC, p-CA, and FA

RSM was applied to investigate the effects of duration of microwave-assisted alkaline
hydrolysis (X1), temperature (X2), and solvent:solid ratio (X3) on the TPC, ADPPH, AABTS,
ACUPRAC, p-CA, and FA values. Treatment with microwaves was selected, as these electro-
magnetic waves, which cause the rotation of dipole molecules (e.g., water) and generate
heat, can lead to enhanced extraction efficiency and reduced duration compared to con-
ventional techniques, contributing to energy saving [24]. Experimental responses (Table 2)
for all the examined variables were analyzed by ANOVA (Table 3) to test the validity of
each model. The experimental data in all cases were fitted to the second-order polynomial
model Equation (1). Models for DPPH• scavenging activity and FA content revealed a
non-significant regression. On the other hand, the models for TPC, AABTS, ACUPRAC, and
p-CA showed a statistically significant regression, non-significant lack-of-fit, and R2 rang-
ing from 0.804 to 0.919, indicating that they could explain > 80% of the variability of the
responses. Simplified second-order polynomial equations [Equations (2)–(9)] obtained for
the four responses (Models A–D) are shown in Table 4.

Table 3. Analysis of variance of TPC, ADPPH, AABTS, ACUPRAC, p-CA, and FA values.

TPC ADPPH AABTS ACUPRAC p-CA FA

R2 (%) 89.69 78.58 93.59 95.76 90.84 54.45
R2

adj (%) 80.41 59.29 87.82 91.95 82.60 13.46

p-values

Regression 0.001 0.059 0.000 0.000 0.000 0.331
Lack of fit 0.057 0.000 0.442 0.068 0.059 0.038
X1 0.889 0.640 0.451 0.138 0.022 0.531
X2 0.000 0.003 0.000 0.000 0.003 0.012
X3 0.029 0.041 0.000 0.001 0.574 0.714
X1

2 0.814 0.148 0.031 0.003 0.009 0.777
X2

2 0.068 0.150 0.276 0.000 0.010 0.803
X3

2 0.013 0.005 0.096 0.011 0.000 0.342
X1X2 0.770 0.924 0.902 0.910 0.005 0.559
X1X3 0.719 0.910 0.563 0.085 0.766 0.588
X2X3 0.505 0.380 0.054 0.201 0.088 0.820



Sustainability 2023, 15, 8425 8 of 13

Table 4. Model equations for TPC, AABTS, ACUPRAC, and p-CA responses.

Model Response
Polynomial Equation

Coded Value of Factors Actual Value of Factors

A TPC TPC = 1529.47 + 804.50X2 + 250.17X3 + 289.12X3
2

(2) TPPC = 3167.91 − 98.18X3 + 1.28X3
2 (3)

B AABTS
AABTS = 21,840.5 + 4713.7X2 + 7420.4X3 − 1871.5X1

2

(4) AABTS = −16,101.2 − 92.4X1
2 (5)

C ACUPRAC
ACUPRAC = 10,256.5 + 7504.7X2 + 3386.4X3 +

2522.2X1
2 + 4951.3X2

2 + 2047.5X3
2 (6)

ACUPRAC = 63,507.6 − 2551.6X1 −
733.1X2 − 875.7X3 + 124.6X1

2 + 3.5X2
2 +

9.1X3
2 (7)

D p-CA
p-CA = 551.689 − 62.836X1 + 88.207X2 + 72.779X1

2 +
71.440X2

2 + 157.331X3
2 − 110.100X1X2

(8)

p-CA = 1951.03 − 59.41X3 + 3.59X1
2 +

0.05X2
2 + 0.70X3

2 − 0.65X1X2 (9)

3.2. Main Effects of Microwave-Assisted Alkaline Hydrolysis Conditions on Total Phenol Content,
Antioxidant Activity, and Concentration of Major Phenolic Acids

TPC values of the obtained extracts were found to range from 826± 49 to 3614 ± 415 mg
GAE/100 g dry rice hulls (Table 2). Analysis of variance for TPC values (Model A) showed
that both linear and quadratic X3 and linear X2 had a significant and positive effect, with
linear X2 exerting the strongest impact [Equation (2)]. Linear and quadratic X1 were
statistically non-significant. Figure 1A–C shows the generated three-dimensional surface
plots for each pair of factors keeping the third one constant at its middle level (Table 1).
As is shown, TPC reached its highest absolute values upon microwave treatment at high
temperatures with high solvent:solid ratio.

Antioxidant activity values of the rice hull extracts using the DPPH• assay varied
from 1156 ± 100 to 4261 ± 38 µmol Trolox/100 g dry rice hulls. A statistically insignificant
regression model was found for DPPH• scavenging activity. A lack of a statistically
significant model for DPPH• has also been reported by Pyrka et al. [25] who optimized
olive leaves’ thin layer using intermittent near-infrared-drying. The authors attributed
this finding to synergistic and/or antagonistic phenomena of phenols that may occur
upon testing the extracts [26], having as a consequence the minimization of differences
in the estimated antioxidant activity, despite variations in their phenolic content. On the
contrary, the model B for ABTS•+ scavenging activity described 93.59% of the variability
of the responses (Table 3). This could be attributed to the presence of p-CA, which is the
major phenolic acid in the obtained extracts, and although inactive toward the DPPH•, is
reported to be a very efficient ABTS•+ scavenger, more than ferulic acid [27,28]. Regarding
ABTS•+ scavenging activity, linear X2 and X3, as well as quadratic X1, were found to
have significant positive and negative effect, respectively [Equation (4)]. As is shown
in Figure 1D–F, illustrating the corresponding response surface plots, maximum ABTS•+

scavenging activity could be obtained when high temperature and high solvent:solid ratio
are used upon microwave-assisted alkaline hydrolysis keeping the duration of irradiation
up to its middle level. A statistically significant model was also found for CUPRAC
assay, which is also based on an electron transfer mechanism, such as Folin Ciocalteu,
indicating that the hydrolysis influences the redox properties of the rice hull extracts. A
similar trend between the results obtained with Folin-Ciocalteu and CUPRAC assays has
also been observed by Pyrka et al. [25], where the authors suggested that drying affects
the redox status of olive leaves. Temperature (X2) and solvent:solid ratio (X3) exhibited
significant and positive linear and quadratic effects on CUPRAC response, whereas the
duration of microwave treatment (X1) exhibited a significant and positive quadratic effect.
In Figure 1G–I, a trend toward higher CUPRAC redox potential can be noted by increasing
temperature and solvent:solid ratio up to their high levels.
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sponses (Table 3). This could be attributed to the presence of p-CA, which is the major 
phenolic acid in the obtained extracts, and although inactive toward the DPPH●, is 

Figure 1. Surface plots for total phenol content (A–C), ABTS•+ scavenging activity (D–F), cupric
ion reducing antioxidant capacity (G–I), as well as p-coumaric acid content (J–L) values affected by
duration of microwave-assisted alkaline hydrolysis, temperature, and solvent:solid ratio. In all cases,
the third factor was kept constant at its middle level.

A statistically insignificant regression model was found for FA. On the contrary, model
D for p-CA values, which were ~4-fold higher on average than those of FA, could describe
90.84% of the variability of the responses (Table 3), with linear and quadratic effects of X1
having a significant negative and positive effect, respectively. Moreover, the linear and
quadratic effects of X2 as well as the quadratic effect of X3 had a significant positive effect
whereas the X1X2 interaction had a significant negative effect [Equation (8)]. As shown in
the corresponding surface plots in Figure 1J–L, maximum values could be obtained when
a short duration of microwave treatment, high temperature, and solvent:solid ratio are
used. Generally, high temperatures tend to degrade monomeric phenolic acids. However,
p-CA, as well as FA, are expected to exhibit higher stability during microwave treatment
due to the presence of a single hydroxyl group in the aromatic ring [29]. The increased
stability combined with a short irradiation time further improves the recovery. A similar



Sustainability 2023, 15, 8425 10 of 13

observation on the effective combination of short time-high temperature (90 s, 190 ◦C)
has also been reported in the case of microwave-assisted extraction of the same bound
phenolic acids (p-CA and FA) from sorghum, maize bran, and flour fractions upon alkaline
hydrolysis (2 mol/L NaOH) [15].

3.3. Multiple Response Optimization for Microwave-Assisted Alkaline Hydrolysis Conditions

Application of RSM following a multiply response optimization approach for the inde-
pendent variables (the duration of microwave-assisted alkaline hydrolysis, the temperature,
and the solvent:solid ratio) based on TPC, AABTS, ACUPRAC, and p-CA values were found
to be 3.6 min, 155 ◦C, and 50:1 v/w, respectively. The predicted values 2941 mg GAE/100 g
dry rice hulls, 30,370 µmol Trolox/100 g dry rice hulls, 26,670 µmol Trolox/100 g dry rice
hulls, and 1130 mg/100 g dry rice hulls, respectively, fitted well with the experimental
ones of the respective responses (2659 ± 218, 33,543 ± 2268, 21,500 ± 1963, and 956 ± 49,
respectively) as shown in Table 5.

Table 5. Optimum values of the duration of microwave-assisted alkaline hydrolysis, temperature,
and solvent:solid ratio as well as predicted and experimental response values.

Factor Optimum Actual Values Predicted Values Mean Experimental Values

Duration (min) 3.6
TPC (mg GAE/100 g dry rice hulls)

2941 2659 ± 218

Temperature (◦C) 155

AABTS (µmol Trolox/100 g dry rice hulls)

30,370 33,543 ± 2268

ACUPRAC (µmol Trolox/100 g dry rice hulls)

Solvent:solid ratio (v/w) 50:1

26,670 21,500 ± 1963

p-CA (mg/100 g dry rice hulls)

1130 956 ± 49

All responses are expressed as mean ± s.d. values (n = 5).

3.4. Application of Optimum Conditions to Greek Rice Hull Samples and Comparison to
Ultrasound-Assisted Alkaline Hydrolysis

The optimum microwave-assisted alkaline hydrolysis conditions were then applied
to hull samples of nine different Greek rice varieties (Table 6, Protocol 1). The values of
all measured responses were found to range from 2259 to 2995 mg GAE/100 g dry rice
hulls (TPC), 3218 to 3642 µmol Trolox/100 g dry rice hulls (ADPPH), 21,191 to 29,110 µmol
Trolox/100 g dry rice hulls (AABTS), 10,667 to 15,318 µmol Trolox/100 g dry rice hulls
(ACUPRAC), 711 to 1269 mg/100 g dry rice hulls (p-CA), and 160 to 289 mg/100 g dry rice
hulls (FA), respectively. These values were much higher compared to the respective ones
obtained for extracts of the same rice hull varieties that were prepared by employing an
optimized ultrasound-assisted alkaline hydrolysis protocol (Table 6, Protocol 2) proposed in
the literature [12] that had a ~33-fold longer duration (120 min). For example, and focusing
on the recovery of the two acids, the levels of p-CA measured after microwave irradiation
were 1.2 to 2.2-fold higher, and those of FA were 2.1 to 6.0-fold higher, thus highlighting the
efficiency of the proposed technique in the present work for better evaluating the bound
phenol content and for obtaining more potent extracts in terms of antioxidant activity.

Concerning the determined values, the data shown in Table 5 indicate that rice hulls,
regardless of the variety, contain a total phenol content higher than that of other agro-industrial
by-products, such as orange peels (1583 mg/100 g), citrus pulp (566 mg/100 g) [30], potato
peels (977 mg/100 g) [31], tomato peels (36 mg/100 g) [32], etc. Moreover, both the
total phenol content, as well as the p-CA and FA ones, were found to be relatively high
compared to those reported in the literature for hulls of Thai rice varieties that ranged from
180 to 219 mg GAE/100 g dry rice hulls, 156 to 390 mg/100 g dry rice hulls, and 14 to
25 mg/100 g dry rice hulls, respectively [9]. Such differences, beyond the biotic and abiotic
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factors, could also be attributed to the higher efficiency of the 4 mol/L NaOH solution for
breaking the bonds between bound phenolic acids and carbohydrates and silicon, assisted
by microwaves. The values of the present study are also higher compared to those reported
for rice hulls of the Greek variety Axios that were found to range from 346 to 660 mg
GAE/100 g upon ultrasound-assisted alkaline hydrolysis carried out with 3.4 mol/L NaOH
solution at 80 ◦C for 110 min [10]. Such a finding was rather expected considering the
presented evidence upon comparison for the nine samples. Slightly lower levels (total
phenol content; 1966–2790 mg GAE/100 g dry rice hulls, p-CA content; 488–637 mg/100 g
dry rice hulls, FA content; 151–204 mg/100 g dry rice hulls), have been reported by Nenadis
et al. [3] who examined hulls from four Greek varieties (Gladio, Karolina, Krezo, Scirocco)
upon alkaline hydrolysis using 4 mol/L NaOH solution with the aid of a pressure cooker
(120 ◦C, 120 kPa, 2 h), although these results were not derived with an optimum Design
of Experiments (DoE). The levels reported in the present study are also higher than those
reported by Wanyo et al. [14] (total phenolic content; 124 mg GAE/100 g dry rice hulls)
who carried out enzymatic hydrolysis of husks from Thailand rice samples using a cellulase
mixture (pH = 5, 50 ◦C, 24 h). A total phenol content of 199 mg GAE/100 g dry rice hulls
has been reported for hulls from rice samples from Korea upon alkaline hydrolysis of
bound phenolic compounds using a 4 mol/L NaOH solution with the aid of ultrasounds
for 90 min at 40 ◦C [13]. The authors observed an increase in the recovery of bound phenolic
compounds of up to 890 mg GAE/100 g dry rice hulls with a prior heat treatment of the
hulls at 140 ◦C for 1 h.

Table 6. Application of the optimized microwave-assisted alkaline hydrolysis conditions to hull sam-
ples of different Greek rice varieties and comparison with an ultrasound-assisted alkaline hydrolysis
protocol found in the literature.

Variety Protocol 1

TPC
(mg

GAE/100 g
Dry Rice
Hulls) 2

ADPPH
(µmol

Trolox/100 g
Dry Rice
Hulls) 2

AABTS
(µmol

Trolox/100 g
Dry Rice
Hulls) 2

ACUPRAC
(µmol

Trolox/100 g
Dry Rice
Hulls) 2

p-CA
(mg/100 g

Dry
Rice Hulls) 2

FA
(mg/100 g

Dry
Rice Hulls) 2

Gladio
1 2832 ± 299 3504 ± 195 28,625 ± 4550 13,561 ± 402 885 ± 86 210 ± 12
2 1286 ± 13 1430 ± 52 15,700 ± 401 3626 ± 127 397 ± 3 75 ± 6

Krezo
1 2683 ± 158 3761 ± 67 27,980 ± 1609 14,993 ± 848 1026 ± 46 289 ± 9
2 1048 ± 25 1520 ± 107 14,729 ± 798 3579 ± 348 608 ± 55 73 ± 11

Scirocco
1 2621 ± 230 3642 ± 106 25,438 ± 2381 12,333 ± 1187 885 ± 86 286 ± 13
2 1066 ± 32 1470 ± 28 13,977 ± 2074 3579 ± 348 397 ± 3 48 ± 2

Karolina-1
1 2259 ± 128 3218 ± 93 24,344 ± 1432 11,105 ± 696 701 ± 10 163 ± 7
2 1070 ± 541 1535 ± 313 13,834 ± 428 4868 ± 439 535 ± 45 53 ± 6

Karolina-2
1 2580 ± 60 3368 ± 122 23,562 ± 485 12,947 ± 263 711 ± 53 160 ± 13
2 1324 ± 89 1445 ± 163 16,325 ± 1371 3114 ± 219 593 ± 44 76 ± 17

Europa 1 2764 ± 202 3428 ± 102 24,750 ± 1335 10,842 ± 526 1017 ± 17 238 ± 11
2 1176 ± 75 1374 ± 16 15,962 ± 476 3833 ± 382 834 ± 58 83 ± 8

Bravo
1 2267 ± 206 3252 ± 128 21,191 ± 871 10,667 ± 924 689 ± 68 172 ± 8
2 1202 ± 117 1473 ± 183 14,704 ± 550 2237 ± 219 564 ± 60 51 ± 10

Bella
1 2794 ± 224 3570 ± 119 29,110 ± 611 15,318 ± 1393 1152 ± 18 256 ± 4
2 1029 ± 28 1124 ± 23 13,690 ± 577 3711 ± 348 756 ± 44 52 ± 2

Fino
1 2995 ± 144 3560 ± 48 25,958 ± 1130 13,912 ± 996 1269 ± 53 245 ± 6
2 1311 ± 48 1494 ± 156 16,221 ± 290 3333 ± 219 844 ± 71 65 ± 2

Statistical analysis 2

t 18.16 26.41 10.90 14.98 5.87 9.17

Conclusion t > t (critical
value)

t > t (critical
value)

t > t (critical
value)

t > t (critical
value)

t > t (critical
value)

t > t (critical
value)

1 Protocol 1: Experimental conditions as defined in Table 5 and in Section 3.3. Protocol 2: Experimental conditions
of Irakli et al. [12] as described in Section 2.7. 2 Two-tailed paired t-test; t critical value: 2.31.
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4. Conclusions

To conclude, an optimized microwave-assisted alkaline hydrolysis combined with
ethyl acetate extraction is proposed for the efficient recovery of bound phenolic acids
from rice hulls. The short duration of microwave treatment (3.6 min), along with high
temperature (155 ◦C) and solvent:solid ratio (50:1, v/w), were found to favor the release of
these valuable compounds and consequently their effective recovery. Such a release was
considerably more efficient as evidenced by all tests carried out and the determined levels
of p-CA and FA, and significantly faster (~33-fold) compared to an optimum ultrasound-
assisted extraction protocol proposed for the same purpose in the literature (average values;
TPC: 2995 vs. 1311 mg GAE/100 g dry rice hulls, ADDPH: 3478 vs. 1429 µmol Trolox/100 g
dry rice hulls, AABTS: 25,662 vs. 15,016 µmol Trolox/100 g dry rice hulls, ACUPRAC: 12,853
vs. 3542 µmol Trolox/100 g dry rice hulls, p-CA: 926 vs. 614 mg/100 g dry rice hulls, FA: 224
vs. 64 mg/100 g dry rice hulls). Consequently, the hulls from various Greek varieties were
found to contain significant amounts of phenolic acids, namely p-CA (564–1269 mg/100 g
dry rice hulls) and FA (160–289 mg/100 g dry rice hulls) compared to others of similar or
different origin. Thus, the proposed methodology can be a useful tool to pave the way
for rice hull valorization as a sustainable source of valuable phenolic acids that could be
used as a source of natural antioxidants for novel food applications (high added-value
applications). In this way, additional profit for local economies may be obtained.
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