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Abstract: In this paper, the experiment of microwave-assisted abelmoschus manihot fiber degumming was carried
out as an example to investigated the non-thermal effect during microwave-assisted heating. And a fitting function
of residual gum content involved in temperature and time based on the analysis of the experiment data was
established with the moving average model. The result of experiment and analysis showed that the best
degumming and the most obvious non-thermal effect of microwave-assisted degumming can be achieved within a
fifteen-minutes microwave-assisted heating process. In addition, the non-thermal effect continues to vibrate within
a certain level range when heated to a specified temperature, and eventually tends to be relatively stable. Especially,
the non-thermal effect performs the most obvious within the period of time when heated to the specified

temperature.
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INTRODUCTION

Microwave radiations are part of the
electromagnetic spectrum and considered to be the
radiation ranging from 300MHz to 300GHz in
frequency, which corresponding to a wavelength
between 1m and 1mm [1,2]. The microwave
heating of a dielectric material, which occurs
through the conversion of electromagnetic energy
into heat within the irradiated material, offers a
number of advantages over conventional heating
such as: (i) non-contact heating; (ii) energy transfer
instead of heat transfer; (iii) rapid heating; (iv)
selective material heating; (v) volumetric heating;
(vi) quick start-up and stopping; (vii) heating from
the interior of the material body; and, (viii) higher
level of safety and automation [3,4].

Due to these advantages, microwaves are widely
used in various technological and scientific fields in
order to heat different kinds of materials, such as
carbon materials [4], drug discovery [5], mineral
treatment [3], environmental engineering [6]. And
the utilization of microwave has been reported in
hemp extraction [7], also, microwaves are observed
to be used in fiber preparation [8,9].

A relevant issue lies in the fact that, according to
the literatures, two types of effects can be ascribed
to microwaves, i.e. thermal and non-thermal

[10,11]. Especially, microwave non-thermal effects
is unrelated to temperature change in the process of
microwave-assisted heating, as suggested in many
experiments [12-14]. However, very little is known
about the mechanisms involved in the putative non-
thermal effects which might involve in direct
energy transfer from electromagnetic field to
vibrational modes of macromolecules altering their
conformation [15]. In recent years, Mahmoodi et al
[16] has researched silk degumming with
microwave -assisted heating, and Wang et al [17]
has explored the microwave degumming
mechanism of sisal fiber, insufficiently, they just
study the thermal and non-thermal effect of
microwave-assisted degumming process through
experiment.

Generally, for the textile processibility of short
natural cellulose fibers, such as flax and hemp,
certain residual pectin and other binding materials
after degumming are necessary to bind individual
short fibers together into bundle [18]. Hence, in this
paper, we took the residual gum content as a key
parameter to evaluate the fiber quality, and we
analyzed the microwave-assisted degumming of
abelmoschus manihot fiber from a theoretical depth
with the moving average model which has been
widely used in various fields [19-21], furthermore,
to validate the model.
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MATERIALS AND METHODS

Materials

The abelmoschus manihot used in our study were
planted in Zibo, Shandong Province, China. The
abelmoschus manihot bast was cut and ripped into
the desirable state before the fiber extraction
procedure, as shown in Figure 1.

Figure 1. Abelmoschus manihot bast

Process

Abelmoschus  manihot bast—  microwave
pretreatment— washing— one bath of alkali-
oxygen [22] with microwave-assisted heating—
washing— drying— weighing

Option of the process parameter

Microwave-assisted degumming
treatment:

H2S04 solution (1 ml/L), temperature 50°C,
liquor ratio 1:20, microwave power 600W, water
bath heating for 16 min.

One bath of alkali-oxygen with microwave-
assisted degumming:

NaOH solution (10 g/L), H202 solution (10 g/L),
MgSO4 -7H20 solution (0.1 g/L), H202 stabilizer
(30% of H202 ), liquor ratio 1:20, temperature
90°C/ 95°C/ 100°C, water bath heating for 48min/
50min/ 52min.

Methods

According to Degumming of Decorticated Ramie
for Textile Purposes, we measured the residual gum
content of abelmoschus manihot fiber prepared in
strict accordance with the above mentioned process.
Five replications of abelmoschus manihot fiber
were simultaneously measured and their average
values were defined as the standard results.

pre-acid

RESULTS AND DISCUSSION
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The residual gum rate of microwave-assisted
degumming

After the microwave-assisted degumming
process of abelmoschus manihot fiber, the
measured residual gum content as shown in Table 1.
As we can see from the above table, with the
increasing of microwave-assisted degumming time,
the residual gum content gradually decreasing when
the temperature of 90°Cand 95°C; additionally, it’s
the opposite trend when the temperature of 100°C.
In this paper, we established the corresponding
residual gum content model of the above table
based on the moving average model, and explained
the mechanism of microwave non-thermal effect on
the degumming of abelmoschus manihot fiber.

Table 1 Residual gum content of abelmoschus
manihot fiber

Time /h and

temperature 48 50 52
/C
90 1.86 1.32 1.27
95 15 1.46 1.32
100 1.62 1.63 1.69

To establish the moving average model

We established the mathematical model of the
residual gum content in the microwave-assisted
degumming process of abelmoschus manihot fiber
based on the moving average method of statistical
principle, as follows:

Y=TQCI

Among them, T is time factor, C is cycle factor,
Q is trend factor, | is non-thermal effects factor,
these four factors collectively determine the
residual gum content of abelmoschus manihot fiber
heated by microwave, and independent of each
other.

The ultimate aim of the above mathematical
model is to build a direct relationship between
residual gum content (Y) and non-thermal effects
(I, so time factor T, cycle factor C, trend factor Q
of the residual gum content was eliminated in turn.
Especially, time factor refers to the time span of
microwave-assisted degumming which is an
important factor affecting residual gum content as
we can see in Table 1. Trend factor Q has the
character of certain tendency after residual gum
content excluding time factor T, and cycle factor C
reflects the periodic law that microwave-assisted
degumming time varying with different temperature.

Analysis of the microwave irradiation model

We obtained the center moving average(CMA)
corresponding to the residual gum content (YY) in
table 3.1 based on moving average method, and the
time ratio(Y/CMA) is the basal data for subsequent
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analysis, the result is shown in the following Table
2.

Table 2 Center of the moving average value (CMA)
and time ratio(Y/CMA)

Resid
Temperatur ~ Time/ ual CM Y/C
e/C min A MA
gum
content/Y%
48 1.86
90 50 1.32 148 0.89
52 1.27 115 1.1
48 15 1.39 0.616
95 50 146 169 0.863
52 1.32 139 0.885
48 1.62 1.44 1.02
100 50 1.63 1.6 1018
52 1.69

Time factor plays an important role in affecting
the residual gum content, so we ruled out its impact
on residual gum content firstly, the corresponding
formula is:

Y _TQCI

—~= —QCl
71 @

To eliminate time factor and calculate time index.

Firstly, implementing three times moving weighted
average on residual gum content in Table 3.1, and
then calculating time index according to center
moving average (CMA) and residual gum content
average, the results is shown in Table 3.

Table 3 Time index

Time/min
and time 48 50 52
index
90°C 0 0.89 0.93
95°C 1.06 1.02 0.9
100°C 1.07 0.99 0
Time index — 097 092
average
Correction 11 1 0.95
time index

The above table shows that it is essential to
correct time index because the average of time
index is 0.97 which is not equal to 1, subsequently,
excluding time factor according to the index of
correction time. It takes 2.5min/ 3min/ 3.4min
when heating from the starting temperature
respectively to 90 'C/ 95°C/ 100 'C in the
experiment, consequently, we can obtain the actual
time of heating process. Then, excluding time
factor, as shown in Table 4.
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Table 4 Residual gum content excluding time factor
and the original residual gum content

Residual
Original gum
. . residual content
Time/min .
gum excluding
content/% time
factor/%
50.5 1.86 1.68
51 15 1.36
51.4 1.62 1.47
52.5 1.32 1.32
53 1.46 1.46
53.4 1.63 1.63
54.5 1.27 1.34
55 1.32 1.39
55.4 1.69 1.78
Residual qum content excluding time factar and the onginal residual qum cantent
—8—Original residual gum content
isl Residual gum rate excluding time factor
: /p
: 16F\ |\ A "‘\ ‘:“’
; o\ & /
e L g 1 /
14F \‘\\ \ : L ;"s“‘
Ny ;//E,

fime/min

Figure 2. The residual gum content excluding time
factor and the original residual gum content
We have made the appropriate data curve
according to table 4, as shown in Figure 2.
Considering that these data points are concentrated
and the trend is obvious after excluding time factor,
so single function

y=ax+b

was introduced to fit, to obtain the best linear
regression equation, and then to obtain the value of
trend factor. Obviously, the curve of residual gum
content excluding time factor is more smooth with
a certain trend, therefore, we can get a single
function

y =0.00911x +1.00988

via the fitting of Origin. Further, the trend value
can be obtained by considering time factor into the
fitting function, as shown in Table 5.
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Y  TQCI

Table 5 Time factor and trend value L =Cl
T T
Time/min Trend value/Q . Q . Q .
The results is shown in the following Table 6.
50.5 1.47 .

51 147 g:ycle facto_r can be ca!cu_lated by using the
514 1.48 weighted moving average, similarly, we can obtain
52'5 1' 49 the cycle factor via three moving weighted average

53 149 calculation. Then, according to formula
53.4 15 Y TQCI
54.5 1.51 S S|

55 1.51 TQC TQC
55.4 151

The non-thermal effect can be obtained as
following Table 7.

Similarly with excluding time factor, trend factor
can be excluded by the following formula

Table 6 Excluding the trend factor

Tti?;[;%a T'mﬁlm' i%sr:?eunatllgg/om ;Idrgi Excluding T Trend Q Cycle Cand |
#1 #2 #3 #6 HIHO=HT #8 H#7/#8=#9
48 1.86 11 1.68 1.47 1.143
90 50 1.32 1 1.32 1.49 0.886
52 1.27 0.95 1.34 151 0.887
48 15 11 1.36 147 0.925
95 50 1.46 1 1.46 1.49 0.98
52 1.32 0.95 1.39 151 0.921
48 1.62 11 1.47 1.48 0.993
100 50 1.63 1 1.63 15 1.087
52 1.69 0.95 1.78 151 1.789

Table 7 Excluding cycle factor

Cycle C Non-thermal
C time Y Time index Excluding T Trend Q Cycle C
and | effect |
#1 #2 #3 #6 H#3HO=HT #8 #7/#58_# CMAg#Q—#l #9/#10
90 48 1.86 11 1.68 1.47 1.143
50 1.32 1 1.32 1.49 0.886 0.972 0.912
52 1.27 0.95 1.34 151 0.887 0.899 0.998
95 48 15 11 1.36 1.47 0.925 0.93 0.995
50 1.46 1 1.46 1.49 0.98 0.942 1.04
52 1.32 0.95 1.39 151 0.921 0.965 0.95
100 48 1.62 11 1.47 1.48 0.993 1 0.99
50 1.63 1 1.63 15 1.087 1.29 0.84
52 1.69 0.95 1.78 151 1.789
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The impact of non-thermal effect on residual gum content

A —=—curve of the non-themnal effect degree

>

il

T T

thermal effect factor/%

| | J

08 1 1 I
535 54 545 5%

51 515 82 525 8
fime/min

Figure 3. The impact of non-thermal effects on
residual gum content

We made a curve of the non-thermal effects degree
according to the corresponding data in the table, as
shown in Figure 3.In this way, we can know the
impact of non-thermal effect on residual gum content.
Analytically, the non-thermal effect of abelmoschus
manihot fiber by microwave-assisted degumming
varied with different temperature and time condition,
even different time period.

In order to validate the model, we predicted and
confirmed the residual gum content of a 48min
heating at 80°C according to the model. Further, as
what we analyzed by the fitting function of trend
factor, it takes 2min when heating to 80°C, so totally
in 50 min. Then, considering time factor into fitting
function

y =0.00911x +1.00988

The result is 1.465. Especially, the residual gum
content is 1.611% when we considering the time
index which is 1.1 as we can see from the above
analysis. In summary, the residual gum rate of a
50min heating at 80°C is 1.611%, which is consistent
with the experimental result.

CONCLUSION

In this model, we obtained the relationship
between non-thermal effects (I) and residual gum
content (Y) by eliminating time factor, temperature
factor and trend factor. Furthermore, we explored and
got the non-thermal effects mechanism of
abelmoschus manihot fiber with microwave -assisted
degumming. It is that the role in promoting of
microwave non-thermal effects for degumming is
mainly in the period of time when the temperature is
just heated to a specified temperature. Additionally,
non-thermal effects is relatively faint when the
temperature is stable and fluctuating continuously
within a certain level range, and eventually stabilize.
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