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ABSTRACT
Infrared (IR) evaporation characteristics of Weak Soda Black Liquor (WSBL) were
determined at five different temperatures of 80, 90, 100, 110 and 120oC. The effect of
constant temperature on evaporation rate and moisture content (on a dry basis) of 1.5 gm
approx. WSBL tests were contemplated and required a careful time frame of IR dissipation
to vanish the dampness content at a different consistent temperature. The dissipation rate
expanded with expanding infrared temperature. Therefore, different numerical models, such
as Page and Logarithmic, Henderson, Pabis and Lewis, were utilised to fit the experimental
data properly. A Gaussian model equation was developed for evaporation rate and moisture
fraction of black liquor. The probable empirical parameters, along with the relating of
reduced chi-square (X2), Residual Sum of Square (RSS), and coefficients of determination
(adjusted R2) from non-linear regression analysis of all the numerical model equations, were
examined. In addition, the effect of evaporation temperature on the water removal rate,
the effective diffusion coefficient and activation energy were also estimated. The effective
diffusion coefficient ranges from 2.67 × 10-10 m2/s to 10.4 × 10-10 m2/s, and the activation
energy was 39.19 kJ/mol. The statistical
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INTRODUCTION
In the soda pulping process, the fibres are separated from the agricultural residue. Lignin,
hemicelluloses, and low molecular weight carbohydrates are removed by agricultural
pulping residue in the cooking chemical solution, which contains active chemicals and
caustic soda at high temperature and pressure (approximately 165 to 170oC and 6 to 8 kg/
cm2) in the digester. The digested material coming out from the blow tank contains both
the spent cooking liquor and the fibres. The spent liquor of dark brownish colour is called
black liquor (Do et al., 2020). The back liquor contains a mixture of inorganic chemicals
(NaOH) and a large proportion of organic chemicals, mainly lignin (Alriols et al., 2009;
Hurter, 1991). The weak black liquor normally has dry solids content of 14% to 18%
(approximately) and is not suitable for direct use in the chemical recovery furnace as fuel
(Bajpai, 2017). The main purpose of evaporation of black liquor is to increase the dry
solids content by evaporating excess water until reaching a solids content that is suitable for
burning in the chemical recovery furnace (Goodell & Point, 1933). Since there is probable
danger of smelt explosions, the dry solids content of heavy black liquor (HBL) should be
a minimum of 58%. Nowadays, the dry solids content of 70% to75% is normal, and even
80% to 85% is the target value for the dry solids content with wood to increase the chemical
recovery furnace thermal efficiency (Naqvi et al., 2010; Nasir et al., 2020; Low & Ong,
2020), with agricultural residues black liquor, is normally in the range of 60% to 65 %.
In conventional evaporation of black liquor displays two distinct stages of evaporation.
The preliminary stage of the evaporation process is similar to the evaporation of water
from the free surface. The evaporation rate is not dependent on the water content of the
black liquor. This evaporation stage is known as the “Constant Rate Period (CRP)” in
the evaporation of black liquor. However, through the removal of freely available water
from black liquor, the evaporation rate decreases, then this stage of evaporation is known
as the “Falling Rate Period (FRP)”. The water quantity removed during this interval is
comparatively small compared to the initial stage and the time engaged was extensive. The
longer time interval required during the falling rate period in conventional evaporation
means excess consumption of energy (Mujumdar, 2007; Nasir et al., 2020). Generally,
the usual evaporators used in the paper industry are falling film, rising film and forced
circulation evaporators (Haghsheno & Kouhikamali, 2020).
Evaporation is a complex thermal process in which unsteady heat and moisture transfer
co-occur. From an engineering point of view, it is better to understand this complex
process’s controlling parameters. Mathematical models of the drying processes are used
to design new or improving existing evaporation systems or even control the evaporation
process. The major disadvantages of these evaporators are the long evaporation time
during the evaporation and low energy efficiency. In recent years, infra-red and microwave
evaporation has gained attention as an optional evaporation/drying method in the food and
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beverages industries (Darvishi et al., 2013; Datta & Anantheswaran, 2001; Hatibaruah
et al., 2013; Sandu, 1986). However, there has been not much information available on
infra-red evaporation characteristics of soda black liquor, which is a by-product of the
agricultural residues-based pulp and paper industry. The infra-red heating process may
extensively improve the evaporation quality of black liquor. Reducing energy consumption
and period using infra-red in black liquor evaporation may significantly contribute to the
pulp and paper industry. Thus, this present study aims to explore the influence of infra-red
temperature levels on evaporation kinetics and establish an appropriate model for infra-red
evaporation of weak soda black liquor. It is also helps to design an evaporator equipped
with an infrared heating facility to enhance process and energy efficiency for the pulp and
paper industry.
MATERIALS AND METHODS
Analysis of Black Liquor
From Table 1, the TAPPI methods (TAPPI, Atlanta, USA) and provisional methods have
described the physico-chemical properties from black liquor, where the pH value and
total dissolved solids in black liquor have been measured after constant weight condition
has obtained at 24 hours preservation. The inorganic matter was shown at a combustion
temperature of 525 ±3oC, while the organic matter was figured out as the distinction between
Table 1
Characterisation of soda black liquor
Particulars
Chemical compositions
pH at room temp.
Specific gravity/20°C
Total solids, %w/w
Residual Active Alkali, g/L as NaOH
Total alkali, g/L as NaOH
Silica, as SiO2, % w/w
Inorganics, %w/w
Elemental composition
Carbon, % w/w
Hydrogen, %w/w
Oxygen, %w/w
Nitrogen, %w/w
Sodium, %w/w
Calcium, %w/w
Potassium, %w/w
CV (MJ/kg)

Quantity

Test Methods

11.9
1.04
8.1
7.32
18.5
3.76
32.35

TAPPI T-625 CM-85
TAPPI T-625 CM-85
TAPPI T-625 CM-85
TAPPI T-625 CM-85
TAPPI T-625 CM-85
TAPPI T211 om-93

30.1
4.15
36.85
1.11
19.5
3.46
3.08
11.63

CHNS Analyser (Instrumental method)
CHNS Analyser (Instrumental method)
By difference
CHNS Analyser (Instrumental method)
AAS (Instrumental method)
AAS (Instrumental method)
AAS (Instrumental method)
Bomb calorimeter
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inorganic matter and total dissolved solids. Furthermore, the analyses of Carbon, Hydrogen,
Nitrogen, and Sulphur (CHNS) was performed with CHNS analyser (Vario, Model: E
III). The elemental analysis was performed by Atomic Absorption Spectra (AAS) (Perkin
Elemer, Model: 800) after alkaline fusion by ASTM D368296. The calorific value analyses
of oxygen content in the black liquor solids were determined using a bomb calorimeter
(Toshniwal Technologies Pvt. Ltd., New Delhi, India). The characteristics of the soda black
liquor sample are summarised in Table1.
Infrared Drying Experiments
Weak black liquor samples of 12 to14% solids content used in the evaporation experiments
were collected from M/S Mohit Paper Mills Ltd., Bijnor (U.P), India. An IR moisture
analyser (Model no. XM-120, Precisa Gravimetrics AG, 8953 Dietikon, Switzerland) was
used for the present study. The IR moisture analyser is equipped with the facility to adjust
temperature levels at 90, 100, 110 and 120oC. The dimensions of the IR moisture analyser
(Instrument housing, W×H×D mm) used for drying were 210 mm (W) × 340 mm (D) ×
170mm (H).
The evaporation trial was carried out for a 1.2 gm (approx.) sample at four different
infra-red temperature levels viz., 90, 100, 110 and 120oC. During experiments, each sample
was put on the stationary sample pan filled with 2mm sand to avoid skin formation during
evaporation. The pan was placed in the centre of the moisture analyser. The XM-120 infrared (IR) moisture analyser can be used for reliable and quick determination of the moisture
content of liquid, semisolid and solid substances according to the thermo-gravimetry
method. The moisture content of the black liquor sample was calculated according to
the early moisture content and the mass loss during evaporation. The moisture loss was
determined by thermo-gravimetric analysis
Table 2
of the sample at one-minute intervals. For The technical specification of the IR moisture analyser
better quality, evaporation was resumed apparatus
until the moisture content of the black liquor
Properties
Range
sample concentrated to about 2.5 to 3%. Power consumption max (VA)
470 VA
50 Hz
The TAPPI standards obtained the moisture Frequency (Hz)
Temperature
range/steps(°C)
30-230°C
/1°C
content of the completely dry black liquor
1 °C
samples. Experiments were carried out in Graduation
Time switch (range)
240 min
triplicate to minimise the possible errors.
Weighing range (g)
124 g
In the present investigation, a radiator
Smallest sample weight (g)
0.2 g
is used as drying equipment to transmit Pan Size [Ø mm]
100
electromagnetic radiation in short to medium Readability (g)
0.001g
frequency wave IR radiation (wavelength in Moisture Analysis Readability
0.001
the range of 2 to 3.5 nm, as specified in the (%)
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equipment manual). The technical specification of the IR moisture analyser apparatus
(PRECISA, Series 330 XM - Model XM60, Switzerland) was displayed in Table 2.
Determination of Evaporation Rate and Diffusion Co-efficient
In the present investigation, the variables on the moisture fraction effect of black liquor
and the evaporation rate were studied (Thakor et al., 1999). The moisture fraction (X) of
black liquor samples was calculated using Equation 1.
							(1)
Equation 1 x is the moisture fraction of black liquor and dimensionless term: the
initial moisture content, Mo of the black liquor (gm water/gm solids content). Meanwhile,
the moisture content of black liquor at any time (t), (gm water/gm solids content) was
indicated as Mt and Mo are balanced in the moisture content of black liquor sample (gm
water/g solids content). The value of Me is negligible compared with Mt or Mo specifically
for IR evaporation. Thus, Me was neglected and is assumed as zero. The overall evaporation
rate (ER) was characterised as the variation of moisture fraction in a unit time (t), using
Equation 2.
							(2)
The general Gaussian model equation is given by Equation 3,
					(3)
Where, a is the amplitude, b is the centroid (location), c is related to the peak width, n is
the number of peaks to fit, and 1 ≤ n ≤ 8 (Guo 2011).
The determination of effective diffusivity of the evaporation of weak black liquor has
occurred in both the Constant Rate Period (CRP) and Falling Rate Period (FRP). Therefore,
Fick’s second law of diffusion displayed in Equation 4,
						(4)
Subsequently, the internal mass transfer element has controlled the evaporation process.
Therefore, Equation 4 defined the evaporation process and determined the experimental
data during the Falling Rate Period (FRP). Assuming that the moisture migrates barely by
diffusion and no shrinkage occurred. Therefore, the actual diffusion co-efficient is constant,
Pertanika J. Sci. & Technol. 29 (4): 2845 - 2862 (2021)
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and the water evaporation is only from the free surface of the black liquor sample, then
the empirical solution for the Ficks second law of diffusion can be described as Equation
5 (Crank, 1975),
		 (5)
Where Deff is moisture diffusivity (m2/s), r is the average radius of the sand particles (m),
and t is time (sec). Equation 6 could be additionally streamlined by taking the initial term
of the arrangement as (Tütüncü & Labuza, 1996).
						(6)
Taking natural logarithm both sides, Equation 6 becomes Equation 7,
					(7)
The effective moisture diffusivity Deff was analysed by plotting experiential evaporation
data in ln(X) versus time (t). From Equation 7, a plot of ln(X) versus time (t) gives a straight
line with a slope ko as Equation 8,
							(8)
In addition, the influence of temperature on effective diffusivity (Deff) can be illustrated by
Arrhenius Equation 9 (Madamba et al., 1996; Sanjuán et al., 2003),
						(9)
Therefore, from Equation 9, Ea is activation energy (kJ/mol). Meanwhile, Do is the preexponential factor of the Arrhenius equation (m2/s), R is the ideal gas constant (kJ/mol K),
and T is the evaporation temperature (K). Further, the value Ea /R was obtained by plotting
ln (Deff) versus the mutual of temperature (1/T).
Statistical and Mathematical Modelling of the Evaporation Curve
The experimental evaporation data were tested to find the most appropriate model among
seven different models defining evaporation/drying process put forward by several
authors. Furthermore, the seven mathematical model equations effectively utilised in other
2850
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exploration were utilised to assess the relationship between evaporation time (evaporation
curve) and moisture fraction (X) of black liquor using a non-linear regression procedure
(Table 3).
The test data in this present study was additionally fitted with other regression
equations and has indicated a high degree of fitting at the non-linear regression method.
The non-linear regression method, was constructed by the Levenberg–Marquardt (LM)
algorithm, where it has extensively used algorithm in non-linear least square fitting. The
Levenberg–Marquardt algorithm, starting with some initial parameter values, minimises
RSS by presenting a series of repetitions on the parameter values and computing RSS at
every stage. Therefore, to perform this method, the initial partial derivatives were analysed
for all values of the input parameters (Ranganathan, 2004).
The coefficients were estimated using OriginPro 9 software (The OriginLab
Corporation, USA) according to the non-linear least square method. The three parameters
reduced chi-square (X2), residual sum of square (RSS), and determination coefficient (R2)
were used to evaluate the deviation between the predicted values and the experimental data
for the dependent variable. These can be used for comparing various models representing
the same dependent variable. The fitness parameters among distinct models were performed
at p < 0.05 of variance (ANOVA) analysis (Table 4). Thus, the best model used for defining
the evaporation characteristics of black liquor samples under infra-red (IR) radiation heating
was preferred with the lowest reduced data of chi-square (X2), residual sum of square (RSS)
and highest coefficient of the determinant (R2) or adjusted R-squared (R2adj). The statistical
values were calculated with below Equations 10-13 as,
						(10)
					(11)
Table 3
Mathematical models of the evaporation curves of black liquor sample
No.

Model name

References

1.

Equations

Lewis

(Bruce, 1985)

2.

Page

(Chen, 2009)

3.

Modified Page-I

(Overhults et al., 1973)

4.

Henderson and Pebis

(Bhargava, 1966)

5.

Wang and Singh

(Ahou et al., 2014)

6.

Logarithmic

(Yagcioglu et al., 1999)

7.

Decay

Present study
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					(12)
					(13)
Where, is the average value of the experimental moisture ratio, X i p re d and X i e x p are
predicted, and experimental moisture ratios, respectively, p is the number of evaporation
constants, and n is the number of observations.
RESULTS AND DISCUSSION
Analysis of Evaporation Curves and Model Fitting
The changing of the moisture fraction versus evaporation time for black liquor samples
is shown in Figure 1. It was shown that the moisture fraction is affected by the isothermal
temperature and evaporation time of black liquor. Moreover, from Figure 1, the evaporation
time was significantly reduced from 9.5 to 4 minutes as the temperature increases; besides,
an increase of the temperature has shortened the evaporation duration up to 55%. From
the observation from the Figure 1 curve, the moisture fraction constantly decreases with
evaporation time, and no constant evaporation rate period exists.
These observations are validated with previous literature studies on the evaporation/
drying of organic compounds (Gögüs & Maskan, 2001; Meziane et al., 2006; Amin et al.,
2019). As shown in Figure 2, the rate of moisture loss of black liquor was high at the initial

80oC
90oC
100oC
110oC
120oC

Moisture fraction (X)

1.0
0.8
0,6
0.4
0.2
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0
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20

25

Time (min.)

Figure 1. Evaporation curves of soda black liquor at different temperatures
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Figure 2. Variation of evaporation rate with evaporation time of black liquor

stage. In contrast, equally two-thirds of the time has been spent removing the last onethird of the moisture content due to the slow diffusion process. However, the black liquor
evaporation at a higher temperature is significantly less. Thus, the overall evaporation time
of the black liquor was reduced significantly with the increase in temperature. Thus, the
physical mechanism prevailing in moisture transfer of the black liquor sample has resulted
in a falling rate period (FRP) and internal diffusion throughout the evaporation process.
Moreover, other studies also have reported similar behaviour (Karlsson, 2020).
From Figure 2, every plot has two stages in which evaporation progresses, where
the evaporation rate rapidly increases and then slowly decreases. Otherwise, from this
present study, it has been found that the evaporation rate will decrease corresponding
to the period or with the reduction of the moisture fraction. Furthermore, the moisture
fraction of the black liquor is high in the initial phase of evaporation, which has resulted in
greater absorption of IR radiation and a higher evaporation rate due to the higher moisture
diffusion. As the evaporation progresses, the reduction in moisture fraction in the black
liquor causes a decrease in the absorption of IR radiation, and the results of evaporation
rate fall tremendously. A higher evaporation rate was obtained at higher Infrared output
temperature. Thus, the infrared output temperature had a significant consequence on the
evaporation rate of black liquor. In comparison, the total evaporation times required to
reach the final moisture content were 33, 27, 18, 14, and 10 minutes at 80, 90, 100, 110, and
120oC, respectively, as shown in Figure 1. Meanwhile, the evaporation time until moisture
fraction up to 0.5 was 3.3, 4.8, 6.6, 9.6, and 15.5 minutes at 120, 110, 100, 90, and 80oC,
respectively. The evaporation rates were more at the beginning of the evaporation process
due to the evaporation of moisture from black liquor and then reduced with reducing
moisture content (Figure 2).
Pertanika J. Sci. & Technol. 29 (4): 2845 - 2862 (2021)
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The thin layer evaporation model equation of the infra-red evaporation process was
suitable for the preliminary evaluation and constant evaporation stages. It can convey the
important equation characteristic parameters such as heat, thermal diffusivity, moisture
diffusivity, and mass transfer coefficients. Moreover, various models have been advised to
depict the rate of moisture loss throughout the thin layer drying process of organic materials.
Therefore, this present study has nominated seven mathematical models (Table 3) of the
evaporation curves used in previous studies. Besides, the non-dimensional in Equation
1 has been used to compile data in experimental of moisture fraction. Meanwhile, the
regression analysis was prepared for seven distinct thin layer drying models by correlating
the dimensionless moisture fraction (X) for 80, 90, 100, 110, and 120oC temperatures and
evaporation time. The statistical analysis values obtained from fitting the experimental data
to the widely used semi-theoretical thin layer models (Table 3) are presented in Table 4.
Table 4
Fitness of different models for IR evaporation of black liquor
Equation

Temp.(K)

Lewis

RSS

Adj. R2
0.99062

k
353K

0.05452

6.47E-04

0.02005

363K

0.07387

5.11E-04

0.01328

0.9932

373K

0.11233

6.35E-04

0.01079

0.99203

383K

0.15209

4.39E-04

0.0057

0.99463

393K

0.22638

7.20E-04

0.00648

0.99239

k

n

353K

0.03414

1.16567

5.27E-05

0.00158

0.99924

363K

0.05136

1.14043

4.28E-05

0.00107

0.99943

373K

0.08077

1.15162

9.67E-05

0.00155

0.99879

383K

0.12537

1.10208

1.97E-04

0.00236

0.99759

393K

0.18174

1.14522

2.25E-04

1.80E-03

9.99E-01

k

n

353K

0.05518

1.16599

5.27E-05

0.00158

0.99924

363K

0.07403

1.14002

4.28E-05

0.00107

0.99943

373K

0.11249

1.15155

9.67E-05

0.00155

0.99879

383K

0.15196

1.10195

1.97E-04

0.00236

0.99759

393K

0.22562

1.14479

2.25E-04

0.0018

0.99762

a

k

353K

1.04392

0.0575

3.87E-04

0.0116

0.99439

363K

1.04645

0.07788

2.31E-04

0.00577

0.99693

373K

1.04138

0.11771

4.07E-04

0.0065

0.9949

383K

1.02584

0.15658

3.63E-04

0.00435

0.99556

393K

1.03465

0.23501

5.72E-04

0.00457

0.99396

Page

Modified Page

Henderson
and Pebis
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Table 4 (continue)
Equation

Temp.(K)

Singh and
Wang

Reduced, X2

RSS

Adj. R2

a

b

353K

-0.04468

5.56E-04

2.05E-05

6.16E-04

0.9997

363K

-0.06154

0.00109

5.04E-05

0.00126

0.99933

373K

-0.0927

0.00245

6.38E-05

0.00102

0.9992

383K

-0.12789

0.00476

6.13E-05

7.35E-04

0.99925

393K

-0.1884

0.0102

1.33E-04

0.00106

0.99859

a

k

c

353K

1.21969

0.04085

-0.20557

5.94E-05

0.00172

0.99914

363K

1.10363

0.06741

-0.07277

1.36E-04

0.00326

0.99819

373K

1.1294

0.09592

-0.10766

2.11E-04

0.00316

0.99735

383K

1.07066

0.13986

-0.05545

3.12E-04

0.00344

0.99618

393K

1.08303

0.20869

-0.05849

5.23E-04

0.00366

0.99447

a

b

c

Logarithmic

Decay
353K

0.89654

0.11

0.05

1.68E-05

4.86E-04

0.99976

363K

0.87489

0.14

0.07

2.05E-05

4.91E-04

0.99973

373K

0.88186

0.13

0.10

5.08E-05

7.63E-04

0.99936

383K

0.86006

0.14

0.14

6.56E-05

7.22E-04

0.9992

393K

0.87696

0.13

0.21

5.91E-05

4.13E-04

0.99937

The capability of the model is based on the value of X2, RSS and adjusted R2. The
absolute mathematical model has indicated the highest value in R2, lowest reduced X2and
lowest RSS. The regression coefficients and standard deviations of single-layer drying
models for black liquor during infra-red evaporation under the infra-red temperature range
of 80-120oC are shown in Table 4. The modified Page and Page equation model was an
exponent ‘n’ added to the drying constant ‘k’, which contributes to the evaporation constant
of distinct magnitude. All the models exhibited great concurrence with the IR evaporation
data of black liquor. The experimental data of the Decay model in Equation 14 has illustrated
the closest fit to the black liquor evaporation for all the infra-red temperature range tested.
				(14)
From Equation 14 above, X indicates the moisture fraction and t was signified the
evaporation time, respectively. The valued parameters of this model (a, b, and c) and values
of reduced X2, RSS and adjusted R2 are emphasised in Table 4. The Decay model has been
stated as the improved fitting evaporation model, which features the highest R2, lowest
reduced X2 and RSS values for the entire infra-red temperature range of 80 to 90oC. The
adjusted R2 values were higher than 0.9992, and reduced X2 and RSS values were lower
than 6.56 × 10-5& 7.63 × 10-4, respectively, for the entire infra-red evaporation conditions.
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2855

Surendra Pratap Singh, Mohammad Jawaid, Bhoomika Yadav and Mohd Supian Abu Bakar

Moisture fraction (Predicted)

1.0

0.8

0,6

0.4
80oC
90oC
100oC
110oC
120oC

0.2

0.0

0.0

0.2

0.4
0.6
Moisture fraction (Experimental)

0.8

1.0

Figure 3. Experimentally determined and predicted moisture fraction of black liquor from Decay model
Equation 14.

Although, the fitted evaporation curves based on the Decay model initiated to deliver
outstanding fits of the test temperatures of 80, 90, 100, 110, and 120oC shown in Figure 3.
The parameter of the evaporation constants (a, b, and c) in the Decay model indicates
that the relative magnitude of the parameter accurately reflects the evaporation behaviour.
Meanwhile, the values of the evaporation constants “a” and “b” were in the range of
0.89654-0.86006 and 0.11-0.14 under the infra-red (IR) temperature range of 80-120oC,
respectively (Table 4). Moreover, the value of the evaporation constant “c” increased with
the increase in infra-red (IR) temperature. Besides, the higher “c” values demonstrate higher
moisture removal rates and improve evaporation potential. Thus, though the Decay model
could function to simulate the evaporation curves of black liquor with satisfactory test
results, in spite the parameters of these models should improvise due to lack of physical
sense.
Mathematical Modelling of Evaporation Rate
The variations of the drying rates versus moisture content are shown in Figure 4. The
evaporation rate for black liquor at different temperatures based on Gaussian law Equation
3 was derived from the plot of evaporation rate (dx/dt) versus moisture fraction (X) in
Figure 4.
General model Gaussian 3 given by Equation 15,
(15)
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Figure 4. A variance of evaporation rate with a moisture content of black liquor
Table 5
Regression coefficients of black liquor through infra-red evaporation
Temperature
a1
(oC)
80
0.0369
90
0.06368
100
0.08122
110
-0.4649
120
-2.77E+13

b1

c1

a2

b2

c2

a3

b3

c3

2.388
1.374
1.814
0.3825
-26.42

1.481
2.734
1.227
0.4103
4.711

0.02291
-0.08997
0.04908
-0.7202
0.2282

6.206
-1.54
4.199
2.446
-1.275

4.277
3.584
2.434
4.471
6.724

0.02881
0.04065
0.05342
0.842
-

15.99
9.36
9.258
1.97
-

11.91
13.27
5.08
5.188
-

Coefficients (with 95% confidence bounds)
Table 6
Standard deviations of goodness on fit of Gaussian model for black liquor
Temperature(oC)
80
90
100
110
120

SSE
0.000216
0.000242
0.000361
0.000117
4.23E-05

R2
0.9614
0.9649
0.9778
0.9954
0.9731

Adjusted R2
0.949
0.9501
0.9601
0.9893
0.9462

RMSE
0.002939
0.003567
0.006011
0.004421
0.002908

The regression coefficient of the Gaussian model Equation 3 is shown in Table 5. The
statistical analysis values obtained from fitting the experimental data to the Gaussian model
equation is presented in Table 6. The R2, SSE and RMSE values ranged from 0.9614-0.9954,
0.0000423-0.000361 and 0.002908-0.006011 for black liquor, respectively (Table 6).
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Calculation of Effective Diffusivity and Activation Energy
The effective moisture diffusivity is an important transport property in food and other
materials drying processes modelling, being a function of temperature and moisture content
in material (Liu et al., 2009). The effective diffusivity and activation energy calculation
has indicated that the isothermal condition was founded instantaneously and sustained
throughout the evaporation of the black liquor process. In this method, with negligible
sample shrinkage and uniform initial moisture distribution assumptions, the D e f f can be
defined with an appropriate mathematical solution of Fick’s second law for diffusion in
Equation 5. Meanwhile, Figure 5 has displayed the plots of the experimental results as
ln(X) versus time, corresponding with different temperatures. The values of the effective
moisture diffusivity were calculated using Equation 9 and are shown in Table 5 and Figure 5.
The D eff values were varied in the range of 2.67 × 10-10 m2/s to 10.4 × 10-10 m2/s (Table
7). It was noted that D eff values increased greatly with increasing drying temperature. When
samples were dried at a higher temperature, increased heating energy would increase the
activity of water molecules leading to higher moisture diffusivity.
Arrhenius plot, ln D eff versus 1/(T + 273.15) Equation 9. The ln D eff as a function of the
reciprocal of absolute temperature was plotted in Figure 6. The slope of the line is (-Ea/R),
and the intercept equals to ln(Do). The activation energy data achieve with formulation
from Equation 8. Therefore, the results have displayed with linear relationship shown in
Figure 6 due to the Arrhenius-type dependence (R2= 0.9651). Therefore, the linear slope

-0.2
y = -0.0618x + 0.0892

ln(x)

-0.7

y = -0.0806x + 0.0666
y = -0.1241x + 0.0733
y = -0.1599x + 0.0343

-1.2

80oDeg.C
C
90oDeg.
C
C
oDeg.C
100 C
Deg.C
110oC
120oDeg.C
C

y = -0.2399x + 0.0387
-1.7
-2.2

0

5

10

15

20

25

30

35

Time (min.)

Figure 5. The plot of lnX versus time for infra-red evaporation of weak black liquor at different temperatures
Table 7
Effective diffusivities of black liquor under the infrared temperature range of 80-120oC
Temperature (oC)
Deff (m2/s)
2858

80
2.67 × 10-10

90
3.48 × 10-10

100
5.37 × 10-10
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110
6.93 × 10-10

120
10.4 × 10-10
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-20.5

In Deff

-21.0

-21.5

-22.0

-22.5
0.0025

0.0026

0.0027

0.0028

0.0029
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Figure 6. Arrhenius type correlation for temperature and effective diffusivity of black liquor

from the graph has denoted 39.19 kJ/mol of activation energy value, and pre-exponential
factor 1.6 × 10-4 m2/s was determined for evaporation of black liquor. The activation energy
values were within the general range of 12.7 to 110 kJ/mol for various food materials
(Zogzas et al., 1996).
CONCLUSIONS
The effect of infra-red evaporation temperature on moisture fraction, evaporation rate and
effective diffusivity of soda black liquor was studied. Soda black liquor with an initial
solids content of 13.5 to 15 % was evaporated to the final moisture fraction approx. 0.025
in 33 minutes at 80oC, and it is performed within 10 minutes at 120oC. Increasing the
infrared (IR) temperature increased the evaporation rate and consequently decreased the
evaporation duration within a certain infrared (IR) temperature range (80-120oC in the
present investigation). Major evaporation occurred in the falling rate period (FRP). The
decay empirical model showed a good fit for all the conditions than the other six thin layer
evaporation models for describing soda black liquor’s infra-red (IR) evaporation behaviour.
The adjusted R2 values were higher than 0.9992, and reduced R2 and RSS values were lower
than 6.56×10-5 and 7.63×10-4, respectively, for the entire infra-red evaporation conditions.
The values of evaporation constant “a” and constant “b” were in the range of 0.89654
to 0.86006 and 0.11 to 0.14 under the infra-red (IR) temperature range of 80 to 120oC,
respectively. The effective moisture diffusivity of black liquor under an infrared temperature
range of 80-120oC was in the range of 2.6 × 10-10 m2/s to 10.4 × 10-10 m2/s. The experimental
results have shown that the moisture diffusivity of black liquor is lower than other organic
materials, which could be discovered in the literature under similar evaporation conditions.
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