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d starch gelatinization and total
phenolic thermomechanical destruction
moderated via rice bio-extrusion with alpha-
amylase activation

Enbo Xu,ab Zhengzong Wu,ab Aiquan Jiao,ab Jie Long,ab Jingpeng Liab

and Zhengyu Jin *ab

The simultaneous extrusion and enzymatic hydrolysis (bio-extrusion) processing of starchy food materials

shows better bioaccessibility of various bioactive compounds, while its mechanism as well as the conditions

controlling it are still undetermined for industrial application. The aim of this study was to investigate the

influence of bio-extrusion on the kinetics of total phenolics as rapid starch gelatinization occurred.

Glutinous rice was primarily extruded with/without thermostable a-amylase (0–1&) at different feed

rates (F, 1.5–3.0 kg h�1), screw speeds (N, 100–200 rpm), moisture content (M, 22–38%) and barrel

temperature (T, 80–100 �C). High-efficiency enzymatic extrusion (with F and N as independent variables)

was then conducted using response surface methodology when controlled T and M were consistently

stable for enzymatic activity. F, N, M and T all affected the degradation rate constants of phenolics (kP)

and starch (kG). The original positive relationship between kP and kG was inverted when amylase was

introduced into the extrusion process. The activation energy (E) of total phenolic destruction increased

from 37.49 to 70.30 kJ mol�1, mainly because of the great decrease in die pressure, special mechanical

energy and shearing action caused by the enzymatic hydrolysis of starch.
1. Introduction

The utilization of bio-resources (e.g., glucose, fructose, sucrose,
dimeric sugars and polymeric carbohydrates like starch and
cellulose) has dramatically increased with technological
advancements to meet the exponential economical and demo-
graphic growth of both developed and developing countries
including India and China.1–3 It is of interest to use
thermochemical/thermomechanical technologies combined
with various catalysts (enzymes, inorganics, acids, alkalis,
nanomaterials, etc.) in the degradation and conversion of
biomass, cash crops or agro-waste cereals as well as the
extraction of some special matter from bio-resources.1,2,4–9 In
this, extrusion technology combined with enzymatic action is
widely applied not only in fuel and bio-energy (such as bio-
ethanol) industries but also in the food production of syrup or
fermented beverages.9–14

Conventional extrusion is popular for bio-resource process-
ing due to its strong performance of cooperative mixing,
shearing and kneading to produce desirable texture, shape or
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physicochemical reactions. For starchy material, gelatinization
occurs in the more accessible and amorphous intermicellar
areas with the weakest bonding.15 Except for thermal energy
input, starch resulted in more gelatinization, degradation and
digestion, undergoing the mechanical impact and shear stress
of the extruder, especially under extreme conditions.16,17

However, mankind does not always accept the over-processing
of edible sources due to the avoidance of the thermal and
mechanical impact on those trace nutritional or functional
substances (e.g., polyphenols, avonoids, vitamins) that are
vulnerable to loss.18–20

In recent years, consumer demand for extruded food prod-
ucts that are rich in bioactive compounds has gradually been
increasing in consideration of the short-time processing time
which is characteristic of extrusion, giving a potential advantage
for retaining phenolics compared to other heating treatments
such as boiling, blanching and evaporation which oen require
heating for several hours.18,21 These foods are mostly made from
cereals or plants with abundant starch and phenolic
compounds, which have great relevance for human nutrition
and health attributed to their diverse bioactivities of anti-
oxidation, anti-inammation, anti-proliferation and modula-
tion of signal transduction.22 Nevertheless, the relative superi-
ority of extrusion is not obvious as many authors have still
found a great loss (more than 50%) of phenolics during
This journal is © The Royal Society of Chemistry 2017
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extrusion.20,23,24 This dilemma was somewhat reversed when the
thermostable a-amylase was introduced into cereal extrusion
(mainly to achieve a high degree of starch gelatinization and
liquefaction in the industries of starch saccharication, cake
making, ethanol fermentation and liquor brewing) because the
phenolics seem to be indirectly protected both in free and
bound forms.3,19,25,26 The mechanism of rapid starch gelatini-
zation coupled with total phenolic retention during bio-
extrusion is still ambiguous, in spite of the otherwise complex
impact of extrusion processing (without an enzyme catalyst) on
the chemical and antioxidative prole, considering the multiple
operating factors of temperature, moisture content, shear force,
local friction and mechanical energy.18 Thus it is worth
following the idea of modeling reaction kinetics for food
ingredients in extrusion cooking that have been developed
separately for starch gelatinization and degradation,15,16,27–29

amino acid loss,30 vitamin destruction31,32 and phenolic
compounds.21,33 Therefore, the main objectives of this study
were to (1) reveal the dynamic relationship between rapid starch
gelatinization and total phenolic destruction during traditional
and enzymatic extrusion and (2) determine the critical factors of
phenolic retention for high-efficiency enzymatic extrusion as
industrial utilization.
2. Theory

The kinetics of thermal loss of food components or properties
can be described by a general model as follows:

dC

dt
¼ �kCz (1)

where C is the concentration of a component, t is the reaction
time, k is the reaction rate constant and z is the reaction order.
Results from Cai and Diosady,27 Davidson et al.28 and Hirth
et al.21 have shown that both the starch gelatinization and
phenolic destruction during extrusion tend to be rst-order
reactions. Hence, the rate constants of starch gelatinization
(kG) and total phenolic destruction (kP) were calculated from
a simple prediction using eqn (2) and (3):

kG ¼ �ln
ðð1� f Þ=f0Þ

tm
(2)

kP ¼ �ln
ðc=c0Þ
tm

(3)

where f and c are the concentrations of gelatinized starch and
total phenolics, respectively, aer extrusion, c0 and f0 are the
concentrations of gelatinized starch and total phenolics,
respectively, prior to extrusion, and tm is the mean residence
time of the extrusion process. Among these, tm as well as vari-
ance (s2) and Peclet number (Pe, representing the degree of
axial mixing inversely) are mathematically calculated according
to Levenspiel34:

tm ¼
ðN
0

tEðtÞdt ¼
X

tiCiDtiX
CiDti

(4)
This journal is © The Royal Society of Chemistry 2017
s2 ¼
X

ðti � tmÞ2CiDtiX
CiDti

¼
X

ti
2CiDtiX
CiDti

� tm
2 (5)

sq
2 ¼ s2

tm2
¼ 2

Pe
� 2

Pe2
�
1� e�Pe

�
(6)

where C(t) is the tracer concentration, E(t) is the exit age
distribution (s�1), Dt is the time interval and sq is the stan-
dardized s. When axial mixing of extrusion processing was
taken into account, kG and kP could be calculated more accu-
rately using eqn (7) and (8):

1� f

f0
¼

XN
i

expð�kGtiÞEðtiÞDti (7)

c

c0
¼

XN
i

expð�kPtiÞEðtiÞDti (8)

Generally, the temperature dependence of a reaction rate
constant obeys the well-known Arrhenius relation:35

k ¼ k0 exp

�
� E

RðT þ 273:15Þ
�

(9)

where k0 is the pre-exponential factor, E is the activation energy
(thermal-induced reaction for eqn (9)), R is the universal gas
constant and T is the processing temperature. When moisture
content (M) and feed rate (F) combined with screw speed (N), or
shear-induced degradation are taken into account, eqn (9) can
be revised according to eqn (10), (11) and (12), respectively, as
follows:16,27,31,32

k ¼ k0 exp

�
� E

RðT þ 273:15Þ þ lmM þ lnN

�
(10)

k ¼ k0 exp

�
� E

RðT þ 273:15Þ þ lfF þ lnN

�
(11)

k ¼ k0 exp

�
� E0

RðT þ 273:15Þ þ
bGns

T þ 273:15

�
(12)

where E0 is the activation energy in a shear-less environment,
b is the activation volume, G is the geometrical coefficient, n is
the ow behavior index, s is the proportionality constant for
shear stress and lm, lf, ln are the dependence parameters of M,
F and N, respectively, calculated by a genetic algorithm. Among
these, s and n can be calculated as follows:

s ¼ hg (13)

h ¼ h0g
n�1 exp

�
Ea

RðT þ 273:15Þ � lmM

�
(14)

g ¼ GN (15)

s ¼ Gn�s (16)
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where Ea is the activation energy of ow, h is apparent viscosity,
h0 is a pre-exponential factor of apparent viscosity and g is the
shear rate.

3. Materials and methods
3.1. Materials

Non-pigmented glutinous rice (Oryza sativa L.) of commercial
cultivation rich in amylopectin and phenolics was purchased
from a local market and milled to pass through a 0.6 mm
screen. The thermostable liquid a-amylase Termamyl 120L
(from Bacillus licheniformis) was used for bio-extrusion with an
activity of 120 KNU g�1, an optimum pH of 6–8 and a density of
1.2 g ml�1 (Novozymes, Beijing, China). The dye tracer (Eryth-
rosin B sodium salt) for RTD was purchased from Sigma-Aldrich
Co., Ltd. (Shanghai, China). Gallic acid (GA), 1,1-diphenyl-2-
picryl-hydrazyl (DPPH) and 2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox) were purchased from Sigma-Aldrich
(Shanghai, China). Folin–Ciocalteu reagent, sodium acetate
and sodium carbonate were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). Methanol and ethanol
were obtained from Aladdin Industrial Inc. (Shanghai, China).

3.2. Extrusion processing

A laboratory TSE 24 MC (Thermo scientic, MA, USA) co-
rotating twin-screw extruder was used for the trials (tradi-
tional extrusion, TE and enzymatic extrusion, EE). The extruder
has a barrel length to diameter ratio of 25 : 1 and its maximum
single-sha torque, temperature, pressure and screw speed
were 52.5 Nm, 400 �C, 10 000 psi and 500 rpm, respectively. Rice
our for TE or EE trials was pre-mixed with deionized water (22–
38%, db) and thermostable a-amylase (0–1&, db of starch)
(Table 1) in a ribbon blender for 10 min, then put into plastic
bags and stored at 4 �C overnight for the equal distribution of
moisture and enzyme. Another 2 h was required for the stored
mixtures to equilibrate at room temperature, while the enzyme
activity can be negligible prior to extrusion. During the extru-
sion process, the samples were rstly transferred into a vertical
feed hopper based on set feed rates in the range of 0.6–3.4 kg
h�1 according to Tables 1 and 2, then conveyed, mixed, kneaded
and heated through the barrel journey (600 mm length) with
four heating zones (50, 60 and 70 �C for zones 1, 2 and 3 in turn,
while the fourth section was adjusted between 80 and 100 �C
according to Table 1), and nally squeezed out of the barrel die
with a single circular nozzle (diameter 6 mm). The screw speed
of the entire process was controlled in the range of 60–200 rpm
according to Tables 1 and 2. Aer extrusion, the extrudate of TE/
EE was freeze-dried at �40 �C and stored at �20 �C for further
analysis.

3.3. Experimental design

3.3.1. Initial design. An initial design was performed to
investigate the effect of different operating variables on the
phenolic destruction during EE. Briey, 19 treatments of ve
factors, i.e., enzyme concentration (level: 0, 0.5, 1&, db of
starch), feed rate (F, level: 1.50, 2.25, 3.00 kg h�1), screw speed
19466 | RSC Adv., 2017, 7, 19464–19478
(N, level: 100, 150, 200 rpm), moisture content (M, level: 22, 30,
38 rpm) and barrel temperature (T, level: 80, 90, 100 �C), were
conducted (Table 1). The EE trials for this part were dened as
“general enzymatic extrusion” (only in this study) considering
the unstable hydrolysis of thermostable a-amylase to the starch
substrate under a wide range of moisture and temperature
conditions.

3.3.2. Response surface methodology (RSM). A severe
environment would transform enzymatic extrusion to tradi-
tional extrusion when enzyme inactivation occurs, which has no
signicance for the food industry. Thus, we controlled MC and
BT (at 38% and 100 �C, respectively) for amylase (1&, db of
starch), and only determined FR and SS as operating parame-
ters by a second-order central composite design (CCD) (Table 2).
The EE trials for this part were dened as “high-efficiency
enzymatic extrusion” (only in this study), and were tted by
a second-order polynomial model:

Y ¼ c0
X2

i¼1

ciXi þ
X2

i¼1

ciiXi
2 þ

X X2

i\j¼1

cijXiXj (17)

where c0, ci, cii and cij are the coefficients for the intercept,
linear, quadratic and interactive effects, respectively, Xi and Xj

are independent variables and Y is the dependent variable.
3.4. Determination of processing parameters

3.4.1. Product temperature (PT), die pressure (DP) and
specic mechanical energy (SME). The processing parameters
(PT, �C and DP, Mpa) of the extrusion were recorded by a probe
set in the last barrel section of the extruder. SME (kJ kg�1) was
calculated from F, N and torque (f, Nm) as follows:

SME ¼ 2pðN=60Þf
F

(18)

3.4.2. Residence time distribution (RTD). The RTD was
measured for each trial by a pulse stimulus response technique
by the methods of Lin and Armstrong,36 with a little modica-
tion (red dye tracer: rice our ¼ 1 : 10). The value a* (redness
(+)/greenness (�)) of the ground samples was then determined
in triplicate by a Chroma meter UltraScan Pro 1166 (HunterLab
Inc., VA, USA) to calculate the dye concentration.
3.5. Determination of response values

3.5.1. Extent of gelatinization (GE). GE was measured by
the method of Guha et al.,17 calculated from the pasting prole
of treated rice via a RVA 4500 rapid visco analyzer (Perten
Instruments Inc., Sydney, Australia). A modied procedure of
RVA was performed, as described in a previous report,37

considering the extremely low levels of viscosity of bio-extruded
rice (the method of DSC for GE is not sensitive when no areas
occur).

3.5.2. Total phenolic content (TPC) and total antioxidant
activity (TAA). The TPCs of each sample expressed as free and
bound forms were determined according to the Folin–Ciocalteu
spectrophotometric method.38 The TAA of each sample was
This journal is © The Royal Society of Chemistry 2017
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commonly based on the decolorization of a DPPH radical using
the method of Brand-Willimas et al.39
3.6. Statistical analysis

The experimental data were analyzed using Statistical Product
and Service Solutions (SPSS) version 16.0 (SPSS Inc., Chicago,
IL, USA) and First optimization (1stOpt) version 5.5 (7D-So
High Technology Inc., Beijing, China). Data were reported as
mean � standard deviation.
4. Results and discussion
4.1. Kinetic effects of operating parameters

When thermostable a-amylase was introduced, the reactions in
relation to starch combined with some bioactives were of the
utmost importance to investigate during extrusion. The effects
of different operating parameters on their degradation or
destruction are shown in Table 1 and Fig. 1, and the corre-
sponding rate constants kG and kP are shown in Table 3 for both
TE and EE. A comparison was also made of the simple k values
calculated using eqn (2) and (3) and accurate k values calculated
using eqn (7) and (8) (Fig. 2). The accurate k values were strongly
related to their simple counterparts (R2 ¼ 0.9839 and 0.9981 for
kG and kP, respectively). However, the former were slightly
higher than the latter, especially for kG, according to the slopes
of their linear regressions (Fig. 2a), probably due to the
degraded parts of starch and phenolics caused by axial mixing
in the extruder. To overcome the calculation error, the accurate
k values were used as reliable reaction rate constants in this
study.

4.1.1. Enzyme concentration. The increase in the extent of
gelatinization (GE) was undoubted for enzymatic extrusion
because the starch in rice was the direct substrate of amylase
(Table 1). The observation of samples TEcontrol, EEEC-0.5 and
EEcontrol with enzyme dosages ordered from 0 to 1& (Fig. 1a),
Table 2 Feed rate (F) and screw speed (N) with coded and actual variab
design and its responses (high-efficiency enzymatic extrusion)

Runa

Actual and coded levels
Specic feeding
road (g (h�1 rpm�1))

G
sFb (X1) Nc (X2)

H1 1.0 (�1) 80 (�1) 33 9
H2 3.0 (1) 80 (�1) 13 9
H3 1.0 (�1) 180 (1) 38 9
H4 3.0 (1) 180 (1) 5 9
H5 0.6 (�1.414) 130 (0) 15 9
H6 3.4 (1.414) 130 (0) 26 9
H7 2.0 (0) 60 (�1.414) 17 9
H8 2.0 (0) 200 (1.414) 6 9
H9 2.0 (0) 130 (0) 10 9
H10 2.0 (0) 130 (0) 15 9
H11 2.0 (0) 130 (0) 15 9
H12 2.0 (0) 130 (0) 15 9
H13 2.0 (0) 130 (0) 15 9

a Experimental groups of glutinous rice extruded with thermostable a-amy
and N, screw speed (rpm). d Data were expressed as means � standard de

19468 | RSC Adv., 2017, 7, 19464–19478
showed that the trend of total phenolic content (TPC) retention
(c/c0) coincided with that of GE, which implies that the degra-
dation of starch and phenolics are opposite due to enzyme
addition. This contrast was consistent with their kinetic rela-
tionship, where the rate constant of GE (kG) rose from 1.2 �
10�2 to 5.5� 10�2 s�1 while that of TPC (kP) dropped from 9.3�
10�3 to 2.0 � 10�3 s�1 with increasing EC (Table 3). Compared
to TE, lower losses of TPC were found at much lower DP (�1
Mpa decrease) and SME (�70 kJ kg�1 decrease) and slightly
lower TP (�1.2 �C decrease) for EE samples. Furthermore, the
TPC of bound forms during enzymatic extrusion was high
(Table 1), indicating the covalent bond between bound pheno-
lics and structural components such as lignin and structural
proteins in the cell wall.40 The total antioxidant activity (TAA)
represented by DPPH showed a similar upward trend of (c/c0)
but its rate of increase was more mitigated (Fig. 1a), which may
be attributed to part of the TAA body consisting of polypeptides,
polysaccharides or some Maillard reaction products.19,41

4.1.2. Feed rate. For rice extruded without thermostable a-
amylase, GE signicantly decreased (from 77.0 to 63.5%) with
the increase in FR (Table 1), while the GE of bio-extruded rice
was always at an extremely high level (99.8–99.9%) with
different F applied. As shown in Fig. 1b, both c/c0 and TAA
increased as F increased 2-fold. Ozer et al.42 also reported that
increasing F tended to enhance TAA at higher moisture levels.
From a dynamic perspective, it is interesting that the kP of TE
increased when more materials were conveyed into the barrel;
however, it seems to be opposite to the c/c0 of TE. We guess that
it is likely to be attributable to the greatly shortened MRT at
high F levels. This phenomenon was not found in EE, possibly
due to its relative longer MRT compared to that of TE. Besides, it
is worth noting that the bound phenolics of bio-extruded rice
occupied a larger proportion when F increased, indicating that
a mild extrusion environment created with less time and axial
mixing might be helpful to phenolic compound retention
(Table 1). We did not nd similar results for the free/bound
le levels for the second order factorial central composite experimental

elatinization of
tarch (%)

Phenolic content (mg GAE g�1)

Free Bound Total

9.9 � 0.0d 169.8 � 8.0 139.8 � 6.6 309.6 � 14.7
9.5 � 0.2 106.4 � 7.1 161.0 � 10.8 267.4 � 17.9
9.9 � 0.1 192.8 � 17.7 127.7 � 11.7 320.5 � 29.3
9.0 � 0.3 137.9 � 7.2 99.6 � 5.2 237.5 � 12.4
9.8 � 0.3 171.8 � 9.5 112.7 � 6.2 284.5 � 15.7
9.9 � 0.0 131.3 � 10.2 186.8 � 14.4 318.1 � 24.6
9.9 � 0.0 165.9 � 11.0 145.7 � 9.7 311.6 � 20.7
9.1 � 0.2 136.4 � 6.8 103.4 � 5.2 239.8 � 12.0
9.4 � 0.2 108.3 � 5.0 136.0 � 6.3 244.3 � 11.3
9.8 � 0.1 182.5 � 16.4 110.0 � 9.9 292.5 � 26.2
9.8 � 0.0 169.8 � 11.1 106.3 � 7.0 276.0 � 18.1
9.8 � 0.1 159.6 � 4.9 114.6 � 3.6 274.2 � 8.5
9.8 � 0.1 174.2 � 14.6 96.7 � 8.1 270.9 � 22.7

lase achieving high enzymatic activity. b X1 and F, feed rate (kg h�1). c X2
viations.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Comparison of the effect of different operating variables on
total phenolics retention c/c0 and total antioxidant activity of rice
treated by traditional extrusion (TE) and enzymatic extrusion (EE),
respectively: (a) enzyme concentration from 0 to 1&, db of starch; (b)
feed rate from 1.5 to 3.0 kg h�1; (c) screw speed from 100 to 200 rpm;
(d) moisture content from 22 to 38%, db; (e) barrel temperature from
80 to 100 �C.

This journal is © The Royal Society of Chemistry 2017
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ratio of phenolics in TE samples and this may be due to their
relatively higher PT, SME or friction force impacting on the
covalent bonds of insoluble bound phenolics.

4.1.3. Screw speed. GE values slightly increased from 77.0
to 81.4% with the increase in N (100–200 rpm) for TE samples
(Table 1) although the higher N shortened residence time.
Similar results of increased GE were previously reported by Cai
et al.,27 who conrmed that shear is a signicant contributor to
starch gelatinization. The effect of shear stress contrasts to that
of MRT for gelatinization, but in this study was somewhat
obscure compared to control by F. Bhattacharya and Hanna15

found that the effect of N was insignicant on starch gelatini-
zation mainly because increasing N lowers the residence time
which reduces swelling, making the starch granules less
susceptible to shearing action. However, as for EE samples,
increased N would make GE decrease (Table 1), indicating that
the effect of MRT was stronger than that of the shearing action
which was noticeably reduced by starch liquefaction. The
enzymatic hydrolysis of rice starch was well conducted as lower
DP (<0.1 Mpa) and SME (94.5–181 kJ kg�1) were tested for
enzymatic extrusion (Table 1). Furthermore, the kG values of
both TE and EE had a positive relation to N (Table 3). Many
authors have reported that increasing N would decrease TPC/
TAA signicantly for the extrusion of purple-eshed sweet
potato,43 green banana our,44 barley-fruit and vegetable by-
products20 and other mixtures of cereal ours.42 We also found
that enzyme addition did not change but deepened the negative
connection between c/c0 and N (Fig. 3c). Nevertheless, the kP of
EE (2.0 � 10�3 to 3.7 � 10�3 s�1) was still smaller than that of
TE (9.3 � 10�3 to 1.4 � 10�2 s�1) with the same N (Table 3).
Table 3 Degradation rate constants kG and kP as functions of
temperature for starch gelatinization and total phenolic content during
traditional extrusion (TE) and enzymatic extrusion (EE) according to the
initial design in this study

Sample code kG
a (s�1) kP

b (s�1)

TEcontrol 1.2 � 10�2 � 4.9 � 10�4c 9.3 � 10�3 � 4.9 � 10�4

TEFR-2.25 1.3 � 10�2 � 4.4 � 10�4 8.0 � 10�3 � 8.7 � 10�3

TEFR-3.00 1.4 � 10�2 � 1.2 � 10�3 1.2 � 10�2 � 1.2 � 10�3

TESS-150 1.5 � 10�2 � 4.6 � 10�4 1.0 � 10�2 � 4.5 � 10�4

TESS-200 1.7 � 10�2 � 6.0 � 10�4 1.4 � 10�2 � 6.8 � 10�4

TEMC-30 1.5 � 10�2 � 3.6 � 10�4 1.3 � 10�2 � 3.6 � 10�4

TEMC-22 2.1 � 10�2 � 3.0 � 10�4 1.5 � 10�2 � 3.0 � 10�4

TEBT-90 1.1 � 10�2 � 2.8 � 10�4 7.1 � 10�3 � 2.8 � 10�4

TEBT-80 9.1 � 10�3 � 6.3 � 10�4 4.7 � 10�3 � 6.2 � 10�4

EEcontrol 5.5 � 10�2 � 6.0 � 10�4 2.0 � 10�3 � 4.6 � 10�4

EEEC-0.5 4.5 � 10�2 � 3.9 � 10�4 4.7 � 10�3 � 3.3 � 10�4

EEFR-2.25 6.4 � 10�2 � 5.3 � 10�4 1.7 � 10�3 � 4.2 � 10�4

EEFR-3.00 7.7 � 10�2 � 7.7 � 10�4 1.6 � 10�3 � 6.3 � 10�4

EESS-150 6.0 � 10�2 � 5.1 � 10�4 2.8 � 10�3 � 3.8 � 10�4

EESS-200 6.5 � 10�2 � 6.7 � 10�4 3.7 � 10�3 � 5.2 � 10�4

EEMC-30 3.4 � 10�2 � 4.0 � 10�4 4.6 � 10�3 � 3.5 � 10�4

EEMC-22 2.9 � 10�2 � 4.2 � 10�4 5.3 � 10�3 � 3.9 � 10�4

EEBT-90 5.4 � 10�2 � 6.6 � 10�4 2.0 � 10�3 � 5.2 � 10�4

EEBT-80 4.7 � 10�2 � 5.2 � 10�4 2.0 � 10�3 � 4.3 � 10�4

a Degradation rate constant of rice starch. b Destruction rate constant of
total phenolic content in rice. c Data were expressed as means �
standard deviations.
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Fig. 2 Accurate kG and kP values calculated for (a) extent of starch gelatinization and (b) total phenolics destruction, respectively, as related to
their simple values.

Fig. 3 The relationship between calculated kG and kP during tradi-
tional extrusion (TE) and enzymatic extrusion (EE).

Table 4 Correlation coefficients amongst processing parameters and re
(EE) of ricea,b

PT DP SME SFL M

PT 1.000 0.286 0.394 0.000 �
DP 1.000 0.875** 0.012 �
SME 1.000 �0.322 �
SFL 1.000 �
MRT 1.
Pe
GE
c/c0
TAA

a PT, DP, SME, SFL, MRT, Pe, GE, c/c0 and TAA represent product temperat
residence time, Peclet number, extent of gelatinization, retention ratio of
0.05; **p < 0.01; ***p < 0.001.

19470 | RSC Adv., 2017, 7, 19464–19478
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4.1.4. Moisture content. M is a special factor not only for
starch swelling and gelatinization but also for the activation of
thermostable a-amylase during bio-extrusion. As for starch gelati-
nization of TE samples, GE signicantly decreased with increasing
M (Table 1), and this agreed with the results of Cai et al.27 This may
be attributed to the increase in viscosity and mechanical energy
dissipation at lower M levels resulting in increased mechanical
shear stress and therefore increasing GE. When the enzyme was
introduced, the reaction went in exactly the opposite direction
against TE because more water was good for amylase to attack the
starch substrate, and this was consistent with their kinetic
constants kG, as shown in Table 3. Although less water would only
spoil the effect of enzymatic hydrolysis, the TPC of EE (122.3 mg
GAE g�1) was still higher than that of TE (73.2 mg GAE g�1) at the
lowestM level of 22% (Table 1). Hence, there was no doubt that the
c/c0 and TAA of EE samples increased with increasingM up to 38%
(Fig. 1d), probably due to the milder extrusion environment where
PT, DP and SME all decreased markedly (Table 1). For traditional
extrusion without enzyme, c/c0 also slightly increased with the
increase in M. Nevertheless, many researchers reported that TPC
sponsive values for traditional extrusion (TE) and enzymatic extrusion

RT Pe GE c/c0 TAA

0.304 �0.019 0.121 �0.441 �0.072
0.236 0.442 �0.246 �0.676** �0.647**
0.234 0.052 �0.079 �0.713** �0.621**
0.395 0.823** �0.183 0.233 0.157
000 �0.235 0.566* 0.431 0.371

1.000 0.273 0.066 �0.186
1.000 0.595** 0.694**

1.000 0.910***
1.000

ure, die pressure, special mechanical energy, specic feeding road, mean
total phenolic content and total antioxidant activity, respectively. b *p <

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Comparison of traditional extrusion (TE) and enzymatic extrusion (EE) as Arrhenius plots of effects of product temperature on the rate
constants kG and kP of starch gelatinization (GE) and total phenolic content (TPC).
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was almost destroyed when more water was added42,43,45 resulting
from the polymerization of phenolics under higher water levels.
Interestingly, we found that even the highest M level (<20%) used
in their experiments was lower than the lowest level (22%) used in
this study, so we guess that when M exceeded a certain limit, the
possibility of TPC retention caused by decreased shearing force,
local friction and SME may be stronger than the tendency of
phenolic polymerization.
Table 5 Results of various models for starch gelatinization and phenol
based on the initial design in this study

Model Target

TE

GEa

k ¼ k0 exp
�
� E

RðT þ 273:15Þ
� k0 924.62

E (kJ mol�1) 34.72
R2 0.6402
RMSE 1.95 � 10�

k ¼ k0 exp
�
� E

RðT þ 273:15Þ þ lmM þ lnN

� k0 531.93
E
(kJ mol�1)

32.01

R2 0.9060
RMSE 1.11 � 10�

lm �0.0176
ln 2.43 � 10�

k ¼ k0 exp
�
� E0

RðT þ 273:15Þ þ
bGns

T þ 273:15

� k0 1055.97
E0
(kJ mol�1)

35.15

R2 0.6406

TE: bGn ¼ bG0.27 RMSE 1.95 � 10�

EE: bGn ¼ bG0.72 bCn

(m3 mol�1)
2.16 � 10�

a GE, extent of gelatinization. b TPC, total phenolic content (in destructio
samples coded as EEMC-22 and EEMC-30 (these two samples are processe
thermostable a-amylase were both added). The errors in calculating the
EEMC-30 were included. d Considering the calculation was conducted with
content) in this table was meaningless and was not detected.

This journal is © The Royal Society of Chemistry 2017
4.1.5. Barrel temperature. T is another special factor
inuencing bio-extrusion directly and tremendously. The
enzyme can express its activity only over a relatively narrow
range of temperature, so a T of 80–100 �C was set to investigate
the kinetics during enzymatic extrusion in this study. It was
inevitable that GE increased with the increase in T, especially
for the rice extruded with thermostable a-amylase (Table 1). As
for the TE samples, some phenolics were very sensitive to
temperature and TPC decreased with rising temperature
ics loss during traditional extrusion (TE) and enzymatic extrusion (EE)

EE

TPCb GE GE0c TPC

3.40 � 103 0.04 11.17 1.56 � 108

39.80 �0.61 16.24 77.49
0.7201 2.994 � 10�4 0.4693 0.3875

3 1.82 � 10�3 0.014 6.48 � 10�3 1.01 � 10�3

2.42 � 103 1.07 —d 7.84 � 107

37.49 16.35 — 72.87

0.8855 0.8094 — 0.7574
3 1.10 � 10�3 6.24 � 10�3 — 7.00 � 10�4

�0.0219 0.0634 — �0.0385
3 2.97 � 10�3 �2.31 � 10�4 — 4.11 � 10�4

2.27 � 104 0.04 12.66 2.03 � 109

45.83 �0.65 16.64 88.29

0.7259 2.975 � 10�4 0.4614 0.4096
3 1.74 � 10�3 0.014 6.48 � 10�3 1.00 � 10�3

3 0.0185 0.0101 3.71 � 10�3 0.87

n). c GE0, extent of gelatinization for enzymatic extruded rice except for
d without high or certain enzymatic hydrolysis for rice starch though
targets in the models were made mathematically when EEMC-22 and
out EEMC-22 and EEMC-30, the second model with variable M (moisture
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Fig. 5 Schematic flow of total phenolics retention of glutinous rice flour related to starch gelatinization and degradation during enzymatic
extrusion (speculation based on the change of active energy E). (Heating process, traditional extrusion and enzymatic extrusion were discussed in
the same temperature conditions).

Table 6 Degradation rate constants kG and kP as functions of
temperature for starch gelatinization and total phenolic content during
traditional extrusion (TE) and enzymatic extrusion (EE) according to the
second order factorial central composite experimental design

Run kG
a (s�1) kP

b (s�1)

H1 5.0 � 10�2 � 3.6 � 10�4c 1.1 � 10�3 � 3.1 � 10�4

H2 3.3 � 10�2 � 4.2 � 10�4 1.6 � 10�3 � 3.4 � 10�4

H3 6.7 � 10�2 � 8.2 � 10�4 1.1 � 10�3 � 7.1 � 10�4

H4 2.4 � 10�2 � 2.4 � 10�4 1.6 � 10�3 � 1.8 � 10�4

H5 6.5 � 10�2 � 6.0 � 10�4 2.3 � 10�3 � 5.2 � 10�4

H6 1.1 � 10�1 � 1.2 � 10�3 1.9 � 10�3 � 1.1 � 10�3

H7 1.1 � 10�1 � 1.1 � 10�3 2.0 � 10�3 � 9.1 � 10�4

H8 3.4 � 10�2 � 3.9 � 10�4 2.5 � 10�3 � 3.3 � 10�4

H9 6.3 � 10�2 � 7.0 � 10�4 4.3 � 10�3 � 6.0 � 10�4

H10 6.6 � 10�2 � 9.7 � 10�4 2.1 � 10�3 � 8.4 � 10�4

H11 6.9 � 10�2 � 7.4 � 10�4 2.7 � 10�3 � 6.5 � 10�4

H12 6.5 � 10�2 � 3.4 � 10�4 2.5 � 10�3 � 2.9 � 10�4

H13 6.7 � 10�2 � 9.2 � 10�4 2.8 � 10�3 � 8.0 � 10�4

a Degradation rate constant of rice starch. b Destruction rate constant of
total phenolic content in rice. c Data were expressed as means �
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(Fig. 1e). Similar results were reported previously.18,45 However,
the trend in TPC destruction was slowed down for the EE
samples, probably because the increased heat impact on
phenolics was offset to some extent by the enhanced indirect
protection of starch liquefaction on phenolics. By contrast, the
TAA of the EE samples increased due to the generation of other
antioxidants such as Maillard reaction products under higher
temperature, and this agreed with previous observations.19,37

4.1.6. Relationship between kG and kP. The kP was strongly
and positively related to kG during traditional extrusion, while it
was negatively related to kG during enzymatic extrusion (Fig. 3).
This indicates that the more severe reaction environment of the
extrusion process (without enzyme) combined with the greater
thermomechanical energy input, local friction and shearing action
accelerate the degradation of starch and the loss of TPC simulta-
neously. The inverted relationship between kG and kP was caused
by the introduction of thermostable a-amylase, which forces the
starch substrate to degrade and then changes the original intensity
of the extrusion process. Van der Veen et al.46 reported that ther-
mostable a-amylase might be exible and allow a certain align-
ment in the shear eld, making itself less sensitive to the shear
forces. This self-defense mechanism of an enzyme may also
benet the retention of small molecules such as phenolic
compounds, while it is noticeable that the modication of enzyme
addition depends on its activity during extrusion and therefore the
negative connection between the kG and kP of the EE samples was
not very obvious (R2¼ 0.5567), as shown in the red circles of Fig. 3.
In addition, the correlation analysis based on TE/EE showed that
19472 | RSC Adv., 2017, 7, 19464–19478
the c/c0 as well as the TAA were signicantly and negatively related
to DP (R¼�0.676, p < 0.01) and SME (R¼�0.713, p < 0.01) (Table
4). Nevertheless, it was not as expected that there was no signi-
cant relationship between MRT and c/c0, implying that the great
decrease in DP and SME caused by the enzyme was very crucial for
traditional extrusion, whichmay lead to a change inMRT reducing
the TPC loss, as was found here.
standard deviations.

This journal is © The Royal Society of Chemistry 2017
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Table 7 Prediction equations of second-order regression for
response valuesa

Parameters

Regression parameter coefficients

GE (%) c/c0 (%)
TAA (mg
TEAC g�1)

Intercept 99.80 76.84 126.24
F (X1) 0.32*** 8.20*** 5.96***
N (X2) �0.14*** �4.42** �4.73**
F � N (X1X2) 0.12** 1.28 2.61
F � F (X1

2) �0.15*** 0.26 �3.07*
N � N (X2

2) �0.08** 0.14 �2.37
R2 0.9848 0.9185 0.9051
R2 (adj.) 0.9739 0.8603 0.8374
p-Value <0.0001*** 0.0011** 0.0018**
Lack of t 0.0542 0.2265 0.0683

a *p < 0.05; **p < 0.01; ***p < 0.001.
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4.2. Kinetic models for starch gelatinization and phenolic
destruction of TE/EE

Considering a nearly constant temperature prole along the
screw channel in the extrusion cooking zones, the relation of kG
and kP to actual temperature was modeled using eqn (9). The
Arrhenius plots of TE/EE with different levels of operating
parameters were developed (Fig. 4). For traditional extrusion,
a 34.72 kJ mol�1 activation energy (E) was obtained for starch
Fig. 6 Effects of feed rate and screw speed on processing parameters
energy for high-efficiency enzymatic extrusion.

This journal is © The Royal Society of Chemistry 2017
gelatinization. That is close to the results from Wang et al.,47

who reported an E of 9.6 kcal mol�1 for rough rice treated at 85–
120 �C and >45% water. However, the E of starch gelatinization
for rice extruded with enzyme was abnormal (�0.61 kJ mol�1)
with an extremely low condence level (R2 ¼ 2.994 � 10�4)
(Table 5) and the slope of the linear t between 1/T and ln(kG)
was unexpectedly positive (Fig. 4a). These calculation errors
may be due to the presence of samples EEMC-30 and EEMC-22 (red
circle in Fig. 4a), for which the added enzyme would be inacti-
vated at low M level and starch could not be rapidly gelatinized
as in traditional extrusion. Ignoring these two samples, a rela-
tively normal E of 16.24 kJ mol�1 was obtained, but the con-
dence of this result was still not too high (R2 ¼ 0.4693) possibly
because the temperature or other conditions of some EE
samples in the rest of the 7 groups were unfriendly to the
enzyme (Table 5). As for TPC destruction, the indirect protec-
tion of enzyme addition to phenolics could be explained by the
increase in E values from 39.80 to 77.49 kJ mol�1. Guzman-tello
and Cheel31 reported that the E values of thiamine destruction
decreased from 93.9 to 49.9 kJ mol�1 when extrusion cooking
was applied instead of batch heating. This implies that
although extrusion of starch-based materials provided more
thermomechanical energy and physical action to decrease the E
of some small molecules compared to other heating processes,
it can be indirectly reversed by the introduction of an enzyme
under appropriate conditions. Based on this, we inferred and
(a) product temperature, (b) die pressure and (c) special mechanical

RSC Adv., 2017, 7, 19464–19478 | 19473
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summarized the mechanism of phenolic retention related to
starch gelatinization of rice extruded with thermostable a-
amylase by comparison with traditional extrusion or other
heating processes in statistics and kinetics (Fig. 5). The change
in E for reactions was the key factor for explaining the TPC
retention in the complex system of bio-extrusion.

Actually, operating parameters such as F, N andM could also
inuence the E of GE and TPC degradation. Among these, the
effect of F on kP was not relatively signicant for TE samples
(Table 3) and thus, we tted the calculated kG and kP values as
a function of temperature, moisture and screw speed using eqn
(10). Similar tting was conducted by Ilo and Berghofer,32 who
found that increased FR decreased thiamin destruction (p <
0.05) but did not affect its k values. For traditional extrusion, the
E values of both starch gelatinization (E: 32.01 kJ mol�1) and
TPC (E: 37.49 kJ mol�1) destruction made no difference to those
found in the Arrhenius model of eqn (9) (Table 5), and this
result corresponded with other reports on other food ingredi-
ents.30,32 Surprisingly, the tting for GE during enzymatic
extrusion succeeded (R2 ¼ 0.8094, RMSE ¼ 0.0062) using the
revised Arrhenius model, i.e., eqn (10), where M and N were
added as corrective terms. The combined inuence of M on
starch gelatinization and enzymatic hydrolysis was optimized in
calculation, and an E of 16.35 kJ mol�1 was achieved, �2 times
less than that of traditional extrusion of rice. A more precise E
value (72.87 kJ mol�1) was also obtained mathematically for
Fig. 7 Effects of feed rate and screw speed on response values (a) exten
(c) total antioxidant activity for high-efficiency enzymatic extrusion.

19474 | RSC Adv., 2017, 7, 19464–19478
TPC destruction during bio-extrusion (R2 ¼ 0.7574) when the
effects of M and N were considered.

The breakdown of starch granules and phenolics in extru-
sion with/without enzyme addition may be affected by
mechanical shear stress in the cooking barrel. Eqn (12) was
used to model the combined effect of temperature and shear
stress on GE and TPC. The effect of shear stress on enzyme
activation with high E (240 kJ mol�1) could be neglected for
modeling because hardly any enzyme inactivation occurred
when a shear stress lower than �25 kPa was applied.46 The
constant G in eqn (12) was unknown and was combined with
b for modeling. Considering the huge differences in the phys-
ical and rheological properties of TE and EE samples, we used
different coefficients to calculate the apparent viscosity (for
gaining �s subsequently) using the following equations,
respectively:

TE : h ¼ 17:43g�0:73 exp

�
2558

T
� 0:0094M

�
(19)

EE : h ¼ 755:05g�0:28 exp

�
3:73

T
� 0:0716M

�
(20)

The E0 representing the activation energy in a shear-less
environment approached the E calculated by the Arrhenius
model for starch gelatinization during enzymatic extrusion
t of gelatinization, (b) retention ratio of total phenolic content c/c0 and

This journal is © The Royal Society of Chemistry 2017
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(Table 5). However, its R2 was not high, which was also found for
the TPC destruction of the EE samples (R2 ¼ 0.4096). Hence,
modeling the reaction kinetics of extruded starch-based mate-
rial can be a challenge when enzymatic hydrolysis performs well
and the changes in reaction tendency are complex. The
comparison of the coefficients of R2 and RMSE demonstrated
that the revised model of temperature, moisture and screw
speed (eqn (10)) was better than the revised model of temper-
ature and shear stress (eqn (12)) in this study. As previously
reported,32 the kinetic model including shear stress was
empirically predicted and did not adequately reect the true
reaction mechanism during extrusion.
4.3. RSM for high-efficiency enzymatic extrusion

High-efficiency enzymatic extrusion was obtained for RSM as all
13 groups achieved a GE of over 99% (Table 2). Table 6 shows
that the kG ranging from 2.37 � 10�2 to 1.11 � 10�3 were
a magnitude greater than kP (from 1.05 � 10�3 to 4.26 � 10�3).
The undesirable irreversible denaturing of a-amylase (<13%
except for H5) was negligible for complex modeling based on its
high residual enzyme activity (data not shown) aer extrusion.

The second-order regression equations tted for response
values of GE, c/c0, and TAA were as follows:
Fig. 8 Effects of feed rate and screw speed on reaction rate constant (a

Table 8 Correlation coefficients amongst processing parameters and
achieving high enzymatic activitya,b

PT DP SME SFL MR

PT 1.000 �0.098 �0.113 0.339 0.2
DP 1.000 0.268 �0.002 0.1
SME 1.000 �0.837** 0.2
SFL 1.000 �0.
MRT 1.0
Pe
GE
c/c0
TAA

a PT, DP, SME, SFL, MRT, Pe, GE, c/c0 and TAA represent product temperat
residence time, Peclet number, extent of gelatinization, retention ratio of
0.05; **p < 0.01; ***p < 0.001.

This journal is © The Royal Society of Chemistry 2017
GE ¼ 99.00 + 0.61F + 9.16 � 10�4N + 2.36 � 10�3FN

� 0.15F2 � 3.26 � 10�5N2 (21)

c/c0 ¼ 80.62 + 3.83F � 0.15N + 0.03FN + 0.26F2

+ 5.77 � 10�5N2 (22)

TAA ¼ 111.88 + 11.46F + 0.05N + 0.05FN � 3.07F2

� 9.48 � 10�4N2 (23)

The linear terms of F and N for all GE, c/c0, and TAA were
signicant (p < 0.001 or p < 0.01) (Table 7). Changes in GE were
negatively linked to the quadratic terms of both F (p < 0.001) and
N (p < 0.01). There was a positive interaction term of these two
independent variables for GE, while no quadratic or interaction
terms were found to contribute to c/c0. In brief, the regression
models on GE, c/c0, and TAA all expressed good ts with high R2

(0.9848, 0.9185 and 0.9051, respectively) and signicant p-
values (<0.0001, 0.0011 and 0.0018, respectively) for high-
efficiency enzymatic extrusion.

Fig. 7a and b show that TPC retention as well as GE
increased with a decrease in N and an increase in F, and this
was close to the observation in the experiments for the initial
design. The same trends in the inuence of F and N on TAA
were found (Fig. 7c), which was similar to the results previ-
ously reported.42 At a high level of F, GE slightly decreased
) kG of GE and (b) kP of TPC for high-efficiency enzymatic extrusion.

responsive values for rice extruded with thermostable a-amylase

T Pe GE c/c0 TAA

81 0.189 �0.223 �0.061 �0.172
93 �0.102 �0.184 0.024 �0.610
80 �0.823** �0.794** �0.805** �0.859***
380 0.914** 0.723** 0.868*** 0.688**
00 �0.555* �0.737** �0.564* �0.600*

1.000 0.816** 0.787** 0.844***
1.000 0.871*** 0.898***

1.000 0.747**
1.000

ure, die pressure, special mechanical energy, specic feeding road, mean
total phenolic content and total antioxidant activity, respectively. b *p <

RSC Adv., 2017, 7, 19464–19478 | 19475
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Table 9 Results of revised model for starch gelatinization and phenolics loss based on the second order factorial central composite experi-
mental design

Model Target

EE

GEa TPCb

k ¼ k0 exp
�
� E

RðT þ 273:15Þ þ lfF þ lnN

� k0 0.02 3.02 � 106

E (kJ mol�1) 0.24 70.30
R2 0.9362 0.7747
RMSE 8.29 � 10�3 4.36 � 10�4

lf 0.39 �0.03
ln 3.52 � 10�3 8.83 � 10�3

a GE, extent of gelatinization. b TPC, total phenolic content (in destruction).
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when the rotation speed was added, but its reaction constant
kG greatly increased (Fig. 8a). This indicates that increased N
shortened the residence time of starch gelatinization, and
potentially inhibited the enzyme activity due to the increased
mechanical energy and friction. A similar result was observed
for TPC loss and its kP with N (Fig. 8b). For processing
parameters, the effects of F and N on die temperature and
pressure were irregular, but PT and DP for enzymatic extrusion
decreased overall (Fig. 6a and b). The change in SME may
contribute to starch gelatinization and phenolic destruction as
it expressed the opposite response on F and N to those of GE, c/
c0, and TAA (Fig. 6c). The correlation analysis also showed that
c/c0 and TAA were negatively linked to SME (R ¼ �0.805 and
�0.859, p < 0.01 and 0.001, respectively) as well as MRT (R ¼
�0.564 and �0.600, respectively, p < 0.05) (Table 8). A negative
relationship was found between GE and SME (R ¼ �0.794, p <
0.01), which may be attributed to the mechanical impact on
enzymatic activity thereby inhibiting starch gelatinization.
Besides, c/c0 had positive correlations with SFL and Pe, indi-
cating that increased barrel ll with less axial mixing of rice
would contribute to TPC retention.
4.4. Kinetic models for high-efficiency enzymatic extrusion

Considering the dramatic inuence of F and N on GE and TPC
during high-efficiency bio-extrusion, we calculated their E
values using a revised model of eqn (11). An extremely low E of
0.24 kJ mol�1 was obtained for starch gelatinization (Table 9),
probably due to the enzymatic attack on the starch substrate
notably decreasing its reaction barrier. This data based on the
experiment of high-efficiency enzymatic extrusion was much
lower than that tted from the “general enzymatic extrusion”
groups using eqn (10), but even more reliable (R2 ¼ 0.9362,
RMSE ¼ 0.0083). As for TPC destruction, a high E of 70.30 kJ
mol�1 was achieved and was similar to that calculated above
(72.87 kJ mol�1 shown in Table 5). Zorić et al.48 reported
a relatively low range of 8–27 kJ mol�1 E of the degradation of
phenolic acids and avonol glycosides in freeze-dried sour
cherry Marasca paste. The difference between that data and
the TPC in this study may be partly due to their different
treatment environments, and partly due to the composition of
the ingredient.
19476 | RSC Adv., 2017, 7, 19464–19478
5. Conclusions

We concluded from the study that both macromolecules of
starch and micromolecules of phenolic compounds were very
unstable during traditional extrusion processing. The addition
of thermomechanical energy input, local friction and shearing
action in extrusion accelerated the degradation and destruction
of these food ingredients by reducing their activation energies,
although the residence time of the extrusion treatment was
quite fast compared to other heating treatments.

When thermostable a-amylase was introduced to achieve
rapid gelatinization and liquefaction of starch, its activation
energy dramatically decreased while that of the phenolics
increased apparently and indirectly because of the modied
reaction environment with less mechanical impact, die pressure
and shear stress. Thus, the original positive relationship
between the reaction rates of phenolic destruction and starch
gelatinization in traditional extrusion was totally inverted by
enzyme addition in terms of its kinetics.

Nomenclature
TE
 Traditional extrusion

EE
 Enzymatic extrusion

GE
 Extent of gelatinization (%)

TPC
 Total phenolic content (mg GAE g�1)

TAA
 Total antioxidant activity (mg TEAC g�1)

PT
 Product temperature (�C)

DP
 Die pressure (Mpa)

SME
 Specic mechanical energy (kJ kg�1)

c
 Concentrations of gelatinized starch aer extrusion (%)

c0
 Concentrations of gelatinized starch prior to extrusion

(%)

C
 Concentration of a component (%)

C(t)
 Tracer concentration (%)

E
 Activation energy (thermal-induced reaction) (kJ mol�1)

E0
 Activation energy in a shear-less environment (kJ mol�1)

Ea
 Activation energy of ow (kJ mol�1)

E(t)
 Exit age distribution (s�1)

f
 Concentrations of total phenolics aer extrusion (%)

f0
 Concentrations of total phenolics prior to extrusion (%)

G
 Geometrical coefficient
This journal is © The Royal Society of Chemistry 2017
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k0
This jou
Pre-exponential factor

kG
 Degradation rate constants of starch (s�1)

kP
 Degradation rate constants of phenolics (s�1)

n
 Flow behavior index

Pe
 Peclet number

t
 Reaction time (s)

tm
 Mean residence time of extrusion process (s)

Dt
 Time interval (s)

R
 Universal gas constant (J (mol�1 K�1))
Greek letters
b
 Activation volume

g
 Shear rate (N m�2)

z
 Reaction order

h
 Apparent viscosity (cP)

h0
 Pre-exponential factor of apparent viscosity

lm
 Dependence parameters of M calculated by genetic

algorithm

lf
 Dependence parameters of F calculated by genetic

algorithm

ln
 Dependence parameters of N calculated by genetic

algorithm

s2
 Variance

sq
 Standardized s
s
 Proportional to shear stress

f
 Torque (Nm)
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