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INTRODUCTION

Sugar as a sweetener is one of the basic human needs.
The need for sugar will increase along with the increase in
population, welfare and mobility/physical activity. Sugar
is beneficial in providing the body with energy in a short
time. Sugar is widely used in the food industry (Singh et
al., 2020). The plants can produce sweeteners such as sugar
cane, stevia, yacon, coconut, maple, dates, corn and cas-
sava. Sugar cane is the most widely used plant to produce
sweeteners. The most widely used natural sweetener is
made from sugar cane. North Sumatra, with a population
of around 14,800,000 people in 2020, is one of the provinces
in Indonesia as a sugar producer. The amount of sugar pro-
duced is about 144,323 tons per year, but it is still insuffi-
cient to cover the demand. Sugar cane plantations in North
Sumatra are located in the Langkat district and Binjai City.
There is one sugar factory in the Langkat Regency area,
Indonesia. The area of sugar cane plantations owned by the
people and the state and sugar production in Indonesia are
shown in Table 1.

While making sugar cane, bagasse will be produced as
waste used as fuel in the boiler. The moisture content of this
bagasse is about 50%. It is still too high used as fuel. On the
other side, the exhaust gas in the boiler chimney has a tem-
perature of 150 — 200 °C [2], [3]. Utilizing exhaust gas tem-
peratures that are still high enough to dry bagasse will be
very useful for saving energy in sugar factories. Sugarcane
bagasse used in the boiler is about 50% of that produced by
the sugarcane mill. The rest can be used for various other
purposes. Sugarcane bagasse can be used as fuel in boilers,
particle boards, paper, furfural, and feedstock [4]. For some
of the uses above, it is better to dry the bagasse before using
it. Other uses still in the research stage include making
bioethanol, carbon, and coagulant. Drying is an attempt to
reduce the moisture to improve the material’s quality. The
drying of bagasse is intended to increase the calorific value
(as fuel in the boiler), reduce the growth of fungi (as ani-
mal feed), prevent decay (in making particle board), and
shorten storage (in making pulp). Drying is an attempt to
reduce the moisture content in a material to upgrade the
material’s quality. The drying of bagasse is done to increase
the calorific value (as fuel in the boiler), reduce the growth
of fungi (as animal feed), prevent decay (in making particle
board), and shorten storage (in making pulp) (Table 1) [1].

Bagasse dryers that have been studied use micro-
waves, vertical fluidized beds, cyclones, tube dryers and
polyhouses. Simanjuntak and Widyawati, 2020 [5] dried
bagasse utilizing a microwave to determine the effect of
the power used. Meanwhile, [6] used a fluidized bed ver-
tical dryer to dry sugarcane bagasse. The study examines
the impact of the cyclone shape and operating parameters
on determining the residence time and changes in particle
moisture ratio. Wheatly et al., 2020 [7] examined optimiz-
ing the dimensions of industrial-scale rotary dryer tubes.
Other research on bagasse is mainly directed at its function
as bioenergy [8], [9], [10] and biomaterial [11] and [12].

Biomass dryers widely used on industrial scale are sun
drying, flash/pneumatic dryers, and rotary dryers [13].
The disadvantage of sun drying is that it depends on the
weather. Flash/pneumatic dryers use hot air flowing at
25 m/s. Thus, this dryer requires a lot of hot air, so it is
more wasteful regarding heat consumption. According to
Delele et al., 2014 [14], the advantages of rotary dryers are
suitable for products of various sizes and shapes. In addi-
tion, it can be used in low to high-humidity environments
and is suitable for sticky and difficult-to-flow materials.
Rotary dryers are also widely used for extensive materials
drying (> 10 mm) or materials that do not pose a prob-
lem during the handling process [15]. The weakness is the
high capital and maintenance costs. It cannot be used for
brittle materials. Commonly dried materials are biomass,
animal feed, by-products, waste, granules, herbs, and veg-
etables. The industry has widely utilized rotary dryers for
fertilizers, seaweed, cement, and minerals such as lead and
zinc. Besides that, this dryer type is also used to dry various
agricultural products such as rice, corn, coffee beans, and
peanuts [4]. Drying in a rotary dryer takes place in a rotary
drum. This tool consists of a cylindrical shell that rotates
at a certain speed and is supported by bearings. The feed
is entered from one side and exits from the other side. Hot
air can flow in the same direction or opposite to the feed
flow. This hot air can directly or indirectly contact the dried
material. The drying process can take place in a continu-
ous or batch system. Considering some of the above things,
further study into drying bagasse in a rotary drying is quite
interesting.

Researchers use statistical analysis to obtain a dry-
ing kinetic model. Many studies have been conducted to

Table 1. The total area of sugarcane plantations and sugar production in North Sumatera

Year People’s Plantation State Plantation Total
Area (ha) Production (ton) Area (ha) Production (ton) Area (ha)  Production (ton)
2017 962 939 3,549 8,643 4,511 9,582
2018 905 950 3,249 8,725 4,154 9,675
2019* 3,164 6,514 3,375 10,725 6,539 17,239

*In 2019, based on prediction results
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determine the drying kinetic model that occurs. To get the
model is preceded by statistical analysis. This tool obtains
correlation coefficients, RMSE, Chi-square and several
other parameters. The moisture ratio is obtained from the
moisture content. Then, those data are input into the statis-
tical equations. The most appropriate kinetic model must
meet requirements such as how the value of the statistical
parameters.

Drying kinetics describe the mechanism of microscopic
and macroscopic heat and mass transfer as long as the dry-
ing process, the type of dryer, the drying conditions, and
the characteristics of the material influence it. Studying the
kinetics of drying is useful for choosing the proper drying
method and controlling the drying process. It is important
for process engineering and optimization [16]. Shah dan
Joshi, 2010 [17] researched the modeling bagasse drying
kinetics using a microwave. The most appropriate kinetic
model is the Midilli model. Szadzinska and Mierzwa, 2021
[18] researched the drying kinetics of white mushrooms.
This study stated that Page and Weibull's mathematical
model is the best applied to microwave drying. Kadam,
2015 [19] suggested that the drying models of Wang and
Singh is the most suitable for convective drying of brown
seaweed. Selvi, 2020 [20] stated that using an infrared dryer,
the Midili-Kucuk and Verma drying kinetics model is most
suitable for drying linden leaves. Khaloahmadi et al., 2023
[21] stated that the drying model of logarithmic was the
most suitable for drying homemade food waste on a cab-
inet dryer. Meanwhile, the two-term drying model is the
best for drying rubber sheets using sunlight [22]. In addi-
tion, there are other studies regarding the kinetics of drying
biomass, such as taxus chinensis [23], municipal sewage
sludge [24], and acacia wood [25]. From the existing liter-
ature, research on drying sugarcane bagasse using a rotary
dryer is primarily about moisture content and drying rate.
Ayuni et al. 2024 [26] reported that the Page, Newton, and
Logarithmic models were the most suitable for drying rice
in a rotary dryer. Also, they noted that the more samples
were dried, the more efficient the energy consumption
would be. Drying was done at 56.4 °C and the energy effi-
ciency was 15.64%.

Moisture effective diffusion explains how quickly mois-
ture diffuses into the surrounding air per unit area and time.
This speed will be influenced by various factors such as dif-
ferences in temperature, surface air pressure with the envi-
ronment, differences in water content, air speed used and
others. Simanjuntak dan Widyawati, 2022 [27] dry bagasse
in a microwave and the most suitable model is the rational
model. The study also reported D g 0f 1.044 x 107 to 2.009 x
107 m?/s, the specific energy consumption of 2.1 - 3.1 kWh/
kg and the activation energy of 4.789 W/gr. Research on
drying kinetics and effective moisture diffusion with varia-
tions in mass and temperature is still difficult to find.

It is very likely to cause errors in every data collection
in research. The errors in research can be errors in the tool
or data collection and data analysis. These two things are

substantively different. Akan and Unal, 2021 [28] reported
various data errors in oil-heated convection drying sys-
tems. The data errors include measuring sample thickness,
thermocouple temperature, wind speed, mass and relative
humidity. The most significant error was the temperature
measurement; the study’s total error was 4.8%. Error anal-
ysis is used to explain how accurate the data predictions
made are compared to the existing data. If the predicted
data is getting closer to the existing data, the error that
occurs is very small and can be ignored. If the error is sig-
nificant, the prediction is wrong and needs to be corrected.
However, error analysis carried out in drying research is
still rarely found in the open literature. In addition, deter-
mining the drying stage, which includes constant rate, first
and second stage falling rate is also difficult to find in open
literature. This gap is an opportunity to be discussed fur-
ther in this study.

This literature gap is an opportunity to find interest-
ing topics for further research. This study uses a laborato-
ry-scale rotary dryer based on several previous researchers’
proposed equations to determine the bagasse drying kinet-
ics model mathematics.

METHODOLOGY

Experimental Setup

This study obtained the sample from sugar factories
located around the city of Medan. The sample was chopped
to around 3 cm. The mass of the experimental sample was
100, 125, and 150 gr [17]. The sample is put in the basket,
which rotates at 3 rpm according to the dryer’s capabili-
ties. It was measured by a Lutron DT1236L photo-contact
tachometer with an accuracy of 0.05% and a detecting dis-
tance of 5-200 cm. Sai, 2013 [15] uses a rotational speed of 5
- 15 rpm, while Chia and Chog, 2015 [29] use 1-3 rpm. The
temperatures used are 140, 160, 180, and 200 °C, referring
to the boiler exhaust gas temperature. The temperature is
set by a knob on the dryer and measured again by a mer-
cury thermometer with a range of 0-250 °C. Singh et al.,
2018 [30] state that the exhaust gas temperature can reach
300 °C, while Wheatly et al., 2020 [7] mention 140 -155
°C temperatures. The flue gas actual temperature in many
boilers is 180 — 200 °C [31].

The rotary dryer is modified from a commercial elec-
tric oven Oxone Type OX 8330 with a volume of 30 Itr. The
oven already has a rotating shaft with 3 rpm. The basket is
made from wire mesh so that the hot air can freely heat the
sample, which is placed inside while rotating. Two heaters
are placed at the bottom and top of the sample so the heat
is evener. The operator can adjust the temperature by the
button. The experimental setup is shown in Figure 1.

During the drying process, the sample mass was
weighed every 2 minutes with the basket and then put back
into the dryer as soon as possible. Weighing was stopped
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after the sample mass was constant. The mass balance used
is SF-400C which has an accuracy of 0.01 gr.

Formulations

There are quite a lot of studies on Statistical analysis
to obtain drying kinetics that have been done. Ismail et al.
2016 [32] did it on drying nectarines using the sun, hot air,
microwave and infrared drying techniques; Doymaz and
Kipcak, 2019 [33] and Halig et al., 2023 [34] also did it. The
moisture ratio is the ratio of humidity, which is a dimen-
sionless number representing the moisture content in the
dried material. The moisture ratio is needed to obtain a
mathematical drying kinetics model. The value of the mois-
ture ratio that remains in the dried material for each sample
mass measurement is calculated using equation (1).

Wet sample

!

Mp—M
MR = S (1)

Where MR is the moisture ratio, My, is the moisture con-
tent as wet basis, M, is the moisture content in the initial
condition, and M, is the moisture content on the equilib-
rium condition. For M, is too small, the equation (1) can
be expressed as:

=M

MR = o 2)
The MR values of each experiment were regressed using

CurveExpert software to get the correlation coefficient (R?)

value. The correlation coefficient shows the relationship

between the measurement and predictions based on the

Heater

Thermometer

Basket

Heater

Weighing Dried sample

Figure 1. Experimental setup.
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Table 2. Drying kinetics equation models

No Model Equation Ref.
1 Pages MR = exp(—kt?) [35]
2 Modified Page MR = exp(—(kt)?) (36]
3 Wang and Singh MR =1+ at + bt? (19]
4 Logarithmic drying MR = aexp(—kt) + ¢ (37]
5 Two terms MR = aexp(—k;t) + b exp(—k,t) (38]
6 Verma MR = aexp(—kt) + (1 —a)exp (—gt) [20]
7 Weibull drying [18]

MR = e(_(t/“ﬂ»

k = constant, t = time, y = constant, a = constant, b = constant, g = constant, k, = constant 1, k, = constant 2, g = constant, a = Weibull model scale

parameter, 3 = shape parameter

equations obtained. The value of the R? closest to 1 is the
best equation model due to the slightest deviation from the
experiment data.

This study calculated the moisture ratio from 7 model
equations, as shown in Table 2. Other researchers often use
these equations to obtain a mathematical drying kinetics
model. The R?is calculated based on equation (3):

RZ — 1 _ Z(MRPred_z MREX)Z]

Y (MRpred— X MREx)?

©)

Where MRy, 4 is the moisture ratio predicted, MR, is
the moisture ratio experimental, and (MRp,.y) is the aver-
age moisture ratio predicted.

The next step is calculating the Root Mean Square Error
(RMSE) and Chi-Square (x?) values for each experiment
using MS Excel. Then, the most appropriate drying kinetics
model is obtained.

RMSE is the magnitude of the error rate prediction. The
prediction data will be accurate when the RMSE is closest
to 0. The RMSE value is calculated according to equation
(4).

1

RMSE = (Z(MRPM]\: MREX)Z)E

(4)

The reduced chi-square (x?) was used in the fit test. The
square root was the standard error of the regression. The
equation with the smallest chi-square value is the best. Chi-
square (x*) was calculated according to equation (5)

2 — X(MRgx— MRPred)2
X N-n

(5)
Where x* is the reduced chi-square, n is the number of
positive integer parameters and N is the number of obser-
vations. The assumptions used in this chi-square test are
that both variables are categorical, observations are inde-
pendent, cells in the contingency table are mutually exclu-
sive, and the number of data is more than 5. This study

calculated the moisture ratio from 7 equation models, as
shown in Table 3. An assessment was carried out using
CurveExpert Professional 2.3.0 software to see the correla-
tion coefficient (R?) values. After that, further analysis was
carried out on the three best equations. Then, a statisti-
cal analysis was conducted to obtain the best Root Mean
Square Error (RMSE) and Chi-Square (x*) values.
Equation (6) shows the value of the moisture ratio as a
result of modifying the Fick equation for rectangular, cylin-
drical, and round materials.
Mp
M;

8 woo 1 (2n+1)2n?Degr
== — ex —
2 Xnzo (2n+1)2 p( 412

)
Where n is the positive number, D4 is the effective
moisture diffusion and L is the half-length of a sample.
The above equation can also be applied to objects like
plates such as bagasse, assuming a uniform moisture ratio.
For drying over a sufficiently long period, equation (6) can
be written as equation (7):

2
T Defr

8
InMR =In— — —=

(7)

Equations 6 and 7 are used to obtain the value of the
effective diffusion (D). Moisture effective diffusion (D)
describes the moisture movement rate from the inside of
the material to the surface area.

Graphically, the coefficient of effective diffusion is the
slope of the curve, which can also be obtained by plotting
the In MR value and drying time [39] and [40]. The D
value is calculated using the following equation:

412
De¢s = slope x =

(8)

The error in each experiment is also calculated in this
study. This error is calculated to see the difference in results
obtained between the equation model and the experimen-
tal results. A slight difference indicates that the equation
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obtained is good. The error that occurs is calculated from
equation 9 [41].

100 @y

E(%) = v &i=1

Experimental value—Predicted value|

)

Experimental value |

RESULTS AND DISCUSSION

The equilibrium moisture content in the experiment
is obtained when there is a significant change in the sam-
ple’s mass. The investigation was carried out by varying
the drying temperature of bagasse, namely 140, 160, 180,
and 200 °C, with the longest time being 46 minutes. The
moisture ratio is calculated based on equation 2 for each
mass sample. The results of experiments for different sam-
ple masses are shown in Figures 2, 3, and 4. There are three
stages in drying: constant rate, first-stage falling rate and
second-stage falling rate. In this study, constant drying
cannot be seen because this stage usually lasts very briefly.

1,2 ~

s

Moisture Ratio
ur::
(=2}
ode

Time (min)

From the beginning, the drying that occurs is the first stage
falling rate followed by the second stage. At a temperature
of 140°C for a mass of 100 gr, the first stage falling rate ends
at around minute 20 (Fig. 2). While at 200 °C drying and
a mass of 100 gr, the first stage falling rate ends at around
minute 12, After that, the second stage of falling rate occurs
until drying is complete or reaches equilibrium. Figures 2,
3 and 4 also show the change in the drying stage from the
first-stage falling rate to the second-stage falling rate. The
change is faster when the temperature is higher and the
mass is smaller. In the first stage falling rate, the drying rate
will be controlled by the rate of moisture diffusion from the
inside to the object’s surface. In the second stage falling rate,
the drying rate is controlled by the moisture concentration
gradient between the inside and the object’s surface [42].
This condition is seen in all Figures 2, 3, and 4 even though
it is at different times and in different moisture content. For
drying 150 gr and temperature 200 °C (Fig. 4.), this change
occurs around the 22" minute.

@ T=140"C

B T=160°C
- T=180°C
@ T=200"C

Figure 2. Moisture ratio for 100 gr sample mass at various temperatures.

1,2 -

1,0 |,

0,6 -

Moisture Ratio

0,0

0 5 10 15
Time (min)

—@— T=140°C
—@— T=160°C
—A— T=180"°C
—e— T=200"°C

Figure 3. Moisture ratio for 125 gr sample mass at various temperatures.
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Figure 4. Moisture ratio for 150 gr sample mass at various temperatures.

The three figures show an exponential trend of decreas-
ing moisture ratio. The results showed that the lightest
sample mass and the highest temperature required 22 min-
utes. This sample was the fastest in reaching equilibrium
moisture content. The moisture content is decreased rap-
idly in the first 20 minutes. The graph shows that constant
rate drying and falling rate dominate the drying process
and last until the end of drying. This condition is the same
as in previous studies conducted by Akpinar, 2010 [43]
and Simanjuntak et al., 2019 [44]. Figure 2 shows that the
moisture ratio approaches zero for temperatures 140, 160,
180, and 200 °C after 36, 28, 24, and 24 minutes of drying,
respectively. For temperatures 160 and 180 °C, insignificant
differences occur until the 10" minute and then widen until
the end of drying. Figure 3 shows that a temperature of 200
°C dries faster than a lower temperature. Temperatures of
160 and 180 °C did not significantly differ in moisture ratio
from the beginning to the end of drying. For a temperature
of 200 °C, the moisture ratio approaches zero after the sam-
ple is dried for 35 minutes. Meanwhile, a temperature of
200 °C will approach zero after 28 minutes.

Figure 4 shows that for temperatures of 140 and 160
°C, the moisture ratio approaching zero takes 38 minutes.
For temperatures of 180 and 200 °C, it takes 36 minutes.
Temperatures of 140 and 160 °C do not significantly differ
in moisture ratio, as do the temperatures of 180 and 200 °C.
Figures 2, 3 and 4 show that increasing the sample mass will
increase the drying time, especially at lower temperatures.
For a temperature of 140 °C, an additional mass of 50 grams
or 50% will affect drying time from 22 to 38 minutes or
around 58%. It is shown that adding heat is in line with the
speed of evaporation of the water mass in the sample.

In constant-rate drying, there is sufficient moisture in
the material so that the diffusion rate is controlled by the
moisture diffusion from the inside to the surface. In the fall-
ing rate section, the drying rate will be affected by the diffu-
sion rate to the surface and in this condition, the amount of

moisture is low. In all drying conditions, it can be seen that
the highest temperature and the least mass will experience
the fastest drying. It occurs because the material absorbs
more energy to evaporate the moisture of the material.

The statistical parameters like constant, R?, RMSE, and
(x?) values are shown in Tables 3, 4, and 5. These values are
important to determine which equation model best suits
the experiments carried out in this research. The most suit-
able equation model is the one that has the R? value closest
to 1 and the smallest RMSE and chi-square values. The R?
value is calculated according to equation 3, and then the
R-value is found. The results of statistical analysis in those
tables show that the Wang and Singh equation model is the
most suitable for this study. The coefficient of correlation R
was obtained from 0.9987 - 0.9998 or 0.9974 - 0.9996 for R*
values. The RMSE value is calculated according to equation
4. It is obtained that the smallest RMSE value is 0.00307
in Wang and Singh’s drying model for the 160 °C experi-
ment and 150 gr sample mass. This value indicates a slight
deviation from the prediction, represented by the equation
model and the observation results. These results are also
consistent with research conducted by Nurafifah et al. [45].

The chi-square value (x?) is calculated based on equa-
tion 5. The chi-square value (x?) results from a test that mea-
sures how the model compares to the observed data. Wang
and Singh’s model shows the smallest value of x* the most
of all types of experiments conducted. Overall, the value of
X’ ranges from 0.00001 - 0.01290. The small values indicate
slight deviations between predictions and experiments.

Of all the experiments conducted, the Wang and Singh
equation model was the best because the correlation coef-
ficient value was the closest to 1. Then followed by the
Logarithmic equation model and Modified Page. Wang and
Singh’s Model as the best-fit model was also found by [46]
on carrot drying by using a tunnel dryer and [47] on tincal-
conite drying by using a microwave.
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Table 3. The results of statistical analysis at different temperatures for a mass of 100 gr

Temperature (°C) Model Constant R? RMSE Chi-square (x?)
140 Wang and Singh  a =-5.224 E-02; b = 6.798 E-04 0.9995 0.00640 0.00005
Two terms a=-2.983 E+03;k, = 1.000 E+00; b = 2.984 E+03;  0.9992 0.00830 0.00008
k, = 1.001 E+00
Verma a=8.664 E+00; k = 1.060 E+00; g = 9.314 E-01  0.9992 0.00840 0.00008
160 Wang and Singh  a=-6.262 E-02; b =9.777 E-04 0.9996 0.00672 0.00005
Two terms a=2.821 E +03; k, = 1.007 E +00; 0.9972 0.01255 0.00017
b =-2.819 E +03; k, = 1.007 E +00
Verma a=1229E +0;k=1.132 E +00; g=1.049 E +00 0.9969 0.01461 0.00024
180 Wang and Singh  a=-6.512 E- 02; b = 9.845 E- 04 0.9978 0.03915 0.00121
Two terms a=-2203 E+03;k, =9.964 E-01;b=-2.201 E-03  0.9963 0.01717 0.00035
k, = 9.957 E-01
Verma a=1.022E +01;k=8933 E-01;g="7.589 E-01  0.9966 0.01726 0.00035
200 Wang and Singh  a=-1.276 E-03; b =4.011 E -07 0.9993 0.00781 0.00070
Two terms a=-1224E +05k, =1.011 E+00;b=1224 E+05 0.9930 0.02592 0.00780
k, = 1.011 E +00
Verma a=38.894 E +00; = 1.000 E +00 0.9986 0.01164 0.00016
k=1.013 E +00; g=28.839E +01
Table 4. The result of statistical analysis at different temperatures for a mass of 125 gr
Temperature (°C) Model Constant R? RMSE Chi-square (x?)
140 Wang and Singh  a=-4.319 E -02; b = 4.486 E-06 0.9995 0.06770 0.00515
Two terms a=-3.308 E +03; k;=9.996 E - 0; b = 3.309 E+03;  0.9986 0.06250 0.00400
k,= 1.000 E -00
Verma a=8989E+00;k=9.769 E-01;g=9305E-01  0.9984 0.06970 0.00546
160 Wang and Singh  a=-5.357 E-02; b =7.085E -04 0.9996 0.05574 0.00352
Two terms a=-2983E+03;k, =9.991 E-01;b=2.984E+03  0.9983 0.05768 0.00377
k, = 9.994 E - 01
Verma a=1220E +01; k= 1.026 E +00; g=9434E-01 0.9974 0.05809 0.00382
180 Wang and Singh  a=-5.395E -02; b = 6.927 E -04 0.9980 0.01354 0.00210
Two terms a=-2.656 E +03; k, = 1.000 E +00; b=2.657 E+03;  0.9973 0.01429 0.00002
k, = 2.000 E +00
Verma a=1051E+01;k=1493E-01;g=8223E-01  0.9964 0.01671 0.00032
200 Wang and Singh  a=-6.090 E -02; b = 9.009 E -04 0.9988 0.01049 0.00013
Two terms a=3.711E+01;k, =2.684 E +00; b=3.809 E+01  0.9957 0.02132 0.00052
k, =2.622 E +00
Verma a=9.100 E +00; k=9.612E +01; g=8212 E-01 0.9971 0.01636 0.00031

Effective moisture diffusion D, is important for drying.
It shows the amount of moisture that moves through a unit
of surface area in a unit of time. The D, value will be influ-
enced by temperature. Higher temperatures will increase the
difference in moisture in the air and the material’s surface.
In addition, it also causes vapor pressure on the surface of
the material. High surface vapor pressure will make moisture
more easily diffused into the air. Effective moisture diffusion

D calculated in this equation is an average value or linear-
ized from the data that occurs during drying.

Effective moisture diffusion (D) is calculated based
on equation 8. Its value can be obtained by linearizing the
value of the moisture ratio. In this study, D¢ was obtained
from experiments at a temperature of 200 °C with varying
masses. The linear relationship between the bagasse dry-
ing time and In (MR) is shown in Figure 5. The effective
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Table 5. The result of statistical analysis at different temperatures for a mass of 150 gr

Temperature (°C) Model Constant R? RMSE Chi-square (x?)
140 Wang and Singh  a=-3.804 E-02;b=3.492E - 04 0.9974 0.10540 0.01212
Two terms a=-3.799 E +03; k, = 1.002 E +00; b = 3.800 E +03; 0.9977 0.10780 0.01268
k, = 1.003 E +00
Verma a=1225E+01;k=9447E-01;g=9.399E - 01 0.9954 0.10430 0.01187
160 Wang and Singh  a=-5333E-02;b=6.975E - 04 0.9996 0.25920 0.07250
Two terms a=2.819 E +03; k,; = 1.000 E +00; b = -2.818 E +03; 0.9987 0.25982 0.07651
k, = 9.999 E -01
Verma a=1361 E+01;k=8821E-01;g=8.042E-01 0.9983 0.25578 0.07415
180 Wang and Singh a=-4704E - 02;b=5.334E - 04 0.9981 0.01398 0.00022
Two terms a=-3418 E +03;k, = 1.001 E +00; b = 3.149 E +03; 0.9968 0.01828 0.00037
k, = 1.002 E +00
Verma a=1.090 E +01; k =9.677 E - 01 0.9965 0.02146 0.00051
g=8491E-01
200 Wang and Singh  a=-4.807 E - 02;b=5.456 E - 04 0.9993 0.00932 0.00010
Two terms a=2.820E +03;k; =9.982E-01;b=-2.820E+03;  0.9988 0.01041 0.00012
k, = 9.977 E -01
Verma a=1110E-02,k=9.065E-01;g=7.849E-01 0.9983 0.01288 0.00031

3 T—A—100 gr

A T—a—125g R*=0,
51

®— 150 gr
6 1

Time (min)

1.6 18 20 22 24 26 28 30 32

P -0,2117x + 0,6251
@ R”= 0,9117

y =-0,2851x + 0,7863
R* = 0,9044

Figure 5. The relationship between drying time and Ln (MR) at T = 200°C.

diffusion values of D, for each sample mass of 100, 125,
and 150 gr for a sample mass of 200 °C were 2.72x 107, 2.60
x 10, and 1.93 x 10° m?/s. This means that lighter samples
will dry more quickly than heavier samples. A significant
moisture diffusion effective (D) value indicates that mois-
ture leaves the material more quickly and vice versa. The
moisture diffusion effective (D) value for the 100 gr sam-
ple is lower than the others. Bagasse has higher porosity, so
moisture diffuses more easily into dry air. The high tem-
perature of the drying air causes moisture to diffuse into
the air much more quickly. This value is not much differ-
ent from the highly porous material reported by Tong dan
Lung, 1990 [48] in bread drying. This study reported a D 4
value of 2.5 x 107 to 5.5 x 10~ cm?/s in drying at 20 - 100 °C

temperatures. In addition, Kupzack et al., 2018 [49] stated
that the effective moisture diffusion in the paper was 2 x
10° m?/s measured at a temperature of 24 °C. Paper is also
a porous medium and sugar cane fiber can be used as pulp.

A comparison of the moisture ratio between the exper-
iment and the Wang and Singh model for temperatures
of 140 and 200 °C is shown in Figures 6 a, b, ¢ and d.
Differences can be seen according to data collection from
time to time. Generally, there are no significant differences
between the types of experiments that were carried out. The
average error values that occur can also be seen in Table 6. It
shows that the Wang and Singh model is not much different
from the experiments carried out.
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Figure 6. Validity experiment and Wang and Singh model on the temperature of (a). 140 °C, (b). 160 °C, (c). 180 °C and

(d). 200 °C.

Error analysis compares experiments and predictions
based on the kinetic model used. It will be reflected in
RMSE (Root Mean Square Error), where the calculation is
based on equation 4. It can also be calculated using equa-
tion 9, as researchers did [42]. The error obtained for this
method is shown in Table 7, for the most significant error
is obtained when the Moisture ratio becomes smaller. It is
normal, considering that slight differences in numbers will
significantly influence the value received. The value is still
low on average. The error values obtained were 4.14, 4.00,
and 2.25% for masses of 100, 125, and 150 gr, respectively,
for experiments with a temperature of 200 °C. These val-
ues are quite small, as are the RMSE values. Generally, the
error value is below 5%, which means it is an extremely
good fit. The most significant error was obtained in experi-
ments with a temperature of 180 °C. The error values above
10% (poor agreement) were obtained in experiments with
masses of 100 and 125 gr. Errors in MR calculations are
shown in Table 7.

Table 6. Error analysis (%)

Temp Sample mass

100 gr 125 gr 150 gr
140 °C 2.6 2.93 3.99
160 °C 4.5 4.75 2.77
180 °C 14.88 13.03 2.05
200 °C 4.14 4.00 2.25
CONCLUSION

This research was carried out to obtain a drying kinetic
model for bagasse, moisture effective diffusion, drying stage
and error calculation. The samples were dried in a rotary
dryer with 3 rpm and temperatures of 140, 160, 180, and 200
°C. The sample masses are 100, 125, and 150 gr with lengths of
3 cm. The sample’s moisture content decreased significantly
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after drying for 35 minutes for all experiments. This research
shows that the most suitable drying model is the Wang and
Singh model due to the highest correlation coefficient. This
model also has low Root Mean Square Error and chi-square
(x?) values. In this model, the R* value is 0.9974 - 0.099969,
the RMSE value is 0.00640 — 0.06770. The chi-square value
is 0.00005 - 0.07250. The constant drying rate cannot be
known because this phase lasts very briefly. The first and sec-
ond falling rate stages are quite clear and are influenced by the
temperature and mass of the sample. The effective moisture
diffusion is evaluated at the highest drying air temperature of
200 °C. The D values of 100, 125, and 150 gr sample masses
are 2.72 x 107, 2.60 x 10° and 1.93 x 10° m?/s, respectively.
The error between the experimental and the Wang and Singh
model was mainly below 5% except at a temperature of 180 °C
for sample masses of 100 and 125 gr.

NOMENCLATURE

My moisture ratio

M, moisture content on a wet basis, %
M, initial moisture content, %

Mg,  equilibrium moisture content, %

R? the correlation coefficient

MRp,.q the (dimensionless) predicted moisture ratio

MR, experimental (dimensionality) moisture ratio

MRp,; average predicted moisture ratio

k constant

T time, min

y constant

a constant

b constant

g constant

k, constant

k, constant

RMSE root mean square error

N number of observations

n number of parameters that are positive inte-
gers.

L the half-length of material, m

D,  the moisture effective diffusion, m?*/s

Greek symbols

a Weibull model scale

B shape parameter

X chi-square
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