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MASS TRANSFER INVESTIGATION OF 
TEXTILE DYE REMOVAL WITH 
BIOSILICA AS THE ADSORBENT 
 
Hadiatni Rita Priyantini1,a, Lieke Riadi1,b, Elvira Amanda1, and Ryan 
Rimantoro Tejakusuma1 
 
1 Universitas Surabaya, Jl. Raya Kali Rungkut, Kali Rungkut, Rungkut, Kota Surabaya, 
Jawa Timur 60293  
E-mail: arita_priantini@staff.ubaya.ac.id, blieke@staff.ubaya.ac.id 
 
 
Abstract. Dye waste is one of the largest issues in textile manufacturing company because 
the waste is clearly identified by human eye and not easily biodegraded. One of the most 
significant treatments is to remove it from water with dye adsorbent. The adsorption 
characteristic of Azo (Direct Red-31), one of the most used dye substances in industry, is 
investigated further in this research. Among several possible adsorbent materials from 
biosilica, rice husk ash is used because of its abundance in Indonesia. This experiment has 
been run in batch process with dye concentration varying from 20 ppm, 40 ppm, 60 ppm, 
80 ppm, to 100 ppm. The adsorbent mass was also varied from 2 g/L, 4 g/L, 6 g/L, 8 g/L, 
to 10 g/L. Equilibrium model is determined by running three commonly used models in 
literature: Linear, Freundlich, and Langmuir. For the mass transfer coefficient 
determination, the external adsorption model is used. The experiment results proved that 
the equilibrium model of Direct Red-31 and rice husk ash follows the Langmuir model, as 
it had been expected, with the mass transfer coefficient (kc) of 2x10-5 cm/min. 
 
 
Keywords:. Direct Red-31, rice husk ash, adsorption, Langmuir, kinetic. 



  

1. Introduction 
 
Indonesia is the third largest producer of Asian rice plant in the world with amount of 75.6 million 
ton/year (Food and Agriculture Organization of the United Nations, 2015), which has side product from 
rice milling called rise husks. In general, rice husk is used in ceramic production, brick production, etc. 
However, on the next level, the application of rice husk ash as biosorbent is not commonly found here. 
 
Burnt rice husk can be utilized as biosorbent because it contains high amount of silica. Silica is applied as 
biosorbent because it has a large surface area and positive charge, therefore it can adsorb dye which 
normally has negative charge [1]. Initially, rice husk is necessary to be treated by acid to remove the dirts as 
lignin, cellulose, and hemicellulose [2], as well as increase the electronegativity to improve biosorption 
capacity [3]. 
 
Dye substance is commonly used in several kinds of industry, such as textile, paper, food, cosmetics, and 
pharmacy. Dyeing process performed by textile industry will produce dye waste of 10-15% [4]. Dye 
compound is classified as reactive azo type (-N=N-). This dye compound will be degraded into aromatic 
amine which is colorless yet toxic and carcinogenic [5]. If a waste containing dye compound is thrown away 
directly to water bodies, it can cause a disturbance in aquatic ecosystem [1]. 
 
Waste containing dye compound is generally processed with using electrocoagulation, membrane filtration, 
ion exchange, ozonation, and adsorption with activated carbon [1]. Adsorbent use such as in activated 
carbon needs a large cost, therefore alternative use as in rice husk ash is highly demanded [6], especially in 
industry. Biosorption is one of preferable processes which is easy to apply and has high efficiency [7]. 
 
Material that can be used for biosorption process is side products from nature. Those side products are rice 
husk ash, orange peel, banana peel, wheat straw, sawdust, and bamboo charcoal [8]. In this research, we 
focus on biosorbent from rice husk ash, because of its abundance in Indonesia. Thus, we investigate further 
the characteristics of rice husk ash as biosorbent for dye substance Direct Red-31. 

2. Materials and Methods 
 
This research used biosilica as its main material. Silica is one of the components which can be found in rice 
husk ash. To extract the silica with high purity from rice husk ash, initial treatment should be performed at 
the first place. Two main components to perform treatment are acid processing and combustion. The right 
type of acid should be selected in order to decrease the ion percentage in metal. Secondly, for combustion 
process, right temperature and duration should be applied in the process. 
 
In low pH, biosorbent surface will transition to positive charge and attract negative charged dye substance. 
Meanwhile, in neutral pH, adsorption will decrease because of hydroxyl ion existence which competes with 
negative charged dye substance. Decolorization will increase along with the increase of biosorbent mass, 
because the surface area to adsorb is also larger. A high dye substance concentration results driving force 
used to pass molecule resistance between liquid phase and solid phase. However, in the long run, adsorbent 
surface becomes saturated along with existence of adsorbate particle which reduces adsorption capacity 
from active side. Whereas, in the constant adsorbent mass with increasing concentration will increase the 
dye substance amount in the solid. 
 
From those two experiments, for various pH, adsorbent mass, and dye substance concentrate used for this 
research is based on the journal of previous work by other researchers [9], because the adsorbent used in 
this research is the same, which is white rice husk ash. 
 
2.1. Materials 
 
2.1.1. Rice husk ash 
 



  

Rice husk is one of the materials for producing biosilica which can result silica with purity of 90%. From all 
components inside rice husk, the percentage of silica is 16.98% [10]. Rice husk ash has a rough physical 
structure with cellulosic fibers which contains silica in the form of hard fibre. Rice husk ash has density of 
70-110 kg/m3 [11]. Morphological structure of rice husk can be seen from scanning electron microscope 
(SEM) analysis [12]. 
 
2.1.2. Silica 
 
Silicon is the second most abundant element in earth’s crust after oxygen. Most of silica is located under the 
soil. Therefore, silica is an important compound for plants. Silica prevents the plants from disease, sunray, 
nutrient toxicity, and assists photosynthesis. Silica is a chemical compound formed by oxygen and silicon. 
Because oxygen and silicon are the first and the second most abundant element in earth’s crust, silica will be 
easily found in the nature. Silica has property to conduct thermal and electricity in high temperature and can 
be insulator in low temperature as already written in the silicon’s physical data [13]. It can be found in 
amorphous form if it originates from animals or plants and in crystalline form if it does not originate from 
animals or plants, such as if it originates from rocks [14]. 
 
The main trait of amorphous silica is its undefined shape and random pattern. Because of its undefined 
atom structure, amorphous silica structure has spherical and complicated shape. That complicated shape 
makes the surface area of amorphous silica become wider [14]. Amorphous silica is more reactive than 
crystalline silica because of hydroxyl group which is obtained after being heated until > 400 0C. Hydroxyl 
group is found in surface layer of silica and becomes reactive. Amorphous silica is classified as harmless 
material, but if it is inhaled for 12-18 months, it can cause minor pulmonary infection. 
 
Rice husk ash is made up from organic and inorganic compounds. Those organic compounds are such as 
carbohydrate, protein, fat, amino acid, etc., while the inorganic compounds constructing rice husk ash are 
from metal group I, such as Li, Na, K, etc. These organic and inorganic compounds should be removed in 
order to produce pure silica. Compound removal is performed in two levels which are thermal and non-
thermal. 
 
Dirt removal inside rice husk ash as metal ion and organic compound can be performed with acid solution 
[15]. This inorganic compound should be removed before combustion because it can prevent amorphous 
silica formation [16]. This initial treatment will produce silica with high purity in rice husk ash. The acids 
used are sulfuric acid, chloric acid, nitric acid, acetic acid, and oxalic acid. Oxalic acid is capable to decrease 
Na composition drastically, therefore oxalic acid is better in metal ion removal and it is harmless for 
environment [17]. 
 
Another method besides removal with acid solution is with combustion or thermal method. Controlled 
combustion temperature will produce rice husk ash with larger surface area. Perfectly combusted rice husk 
ash will have white color and amorphous silica form [18]. Amorphous silica formation is performed by 
drying it, which removes water content. Based on research investigated by other researchers [18], rice husk 
combustion will produce white ash in temperature of 700 0C, but if the temperature is higher, crystalline 
silica will be formed.  
 
2.1.3. Direct Red-31 
 
Direct Red-31 is dye substance for textile industry and classified as anionic dye. Direct Red-31 molecule 
weight is 713.65 g/mol with molecular formula of C32H21N4Na2O8S2. The alternative name for Direct Red-
31 is 2-Naphthalenesulfonic acid, 7,7-iminobis4-hydroxy-3-(phenylazo)-, disodium salt. 
 
2.2. Preparation of the Materials 
 
Initially, rice husk is washed with sufficient amount of water, then dried naturally before being put in oven 
in temperature of 105 0C within half an hour. 30 g dry rice husk is treated with oxalic acid 1 N for an hour 
in temperature of 100 0C, then rinsed with water for three times, then put in oven in temperature of 105 0C 



  

for 2 hours. After rice husk dries, it is then burned in the furnace in temperature of 700 0C for 5 hours with 
20 0C increment per minute. 
 
Secondly, spectrophotometer blank is prepared. The blank contains water and rice husk ash with adjusting 
the ratio of each amount depending on how much rice husk ash mass and volume of solution in the 
adsorption process. Then, water and rice husk ash are centrifuged for 15 minutes and their supernatant is 
extracted as blank of water and rice husk ash. The flowchart of initial treatment can be seen in Fig. 1. 
 
2.3. Adsorption Experiment 
 
Direct Red-31 is dissolved with distilled water of 5 ppm concentration. The solution is put in ultraviolet-
visible (UV-Vis) spectrophotometer to obtain the maximum wavelength of Direct red-31. Direct Red-31 
solution is made up with various concentrations, from 20 ppm, 40 ppm, 60 ppm, 80 ppm, to 100 ppm. 
Those solutions are put in UV-Vis spectrophotometer with maximum wavelength, obtaining absorbance 
value for each concentration. The obtained absorbance is used for making absorbance vs concentration 
curve, making it as standard curve for Direct Red-31. 
 
Direct Red-31 solution with concentration of 20 ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm for 200 mL 
in neutral pH is added with rice husk ash of 2 g/L, 4g/L, 6 g/L, 8 g/L, and 10 g/L to each solution and 
stirred with a stirrer. Solution sample is extracted with time interval of 10 minutes during 4 hours. The 
solution sample is diluted and centrifuged, before the absorbance is measured with UV-Vis 
spectrophotometer in maximum wavelength. With using standard curve, concentration data of each sample 
can be obtained in the specific time interval. It is performed for each sample variation. The data obtained 
for each sample is extracted until adsorption process reaches equilibrium. From obtained data, optimum 
concentration of Direct Red-31 and optimum mass of rice husk ash are determined and applied to the next 
pH variation experiment which optimum concentration and mass are obtained from the highest removal 
percentage. 
 
Direct Red-31 solution with initial concentration obtained from the previous experiment is added with rice 
husk ash with optimum mass. The solution is stirred with a stirrer. Variation of pH is 3, 4, 5, 8, and 9 every 
10 minutes for 4 hours, where the solution sample is diluted and centrifuged before the absorbance is 
measured with UV-Vis spectrophotometer in maximum wavelength. With using standard curve, 
concentration data for each sample obtained for specific time interval can be extracted. It is performed for 
each sample variation. The data obtained for each sample is extracted until adsorption process reaches 
equilibrium. From obtained data, optimum pH of Direct Red-31 is determined and applied to the next 
concentration variation experiment which optimum pH is obtained from the biggest removal percentage. 
The adsorption experiment flowchart can be seen in Fig. 1. 
 
2.4. Adsorption Isotherm 
 
If in dye substance adsorption process dye solution concentration is C0 g/L in V L of solution and mP g of 
adsorbent mass, the relations between dye concentration in the solution and adsorbed dye substance in the 
adsorbent’s surface are described in Eq. (1) when adsorption process is running until reaching equilibrium 
in Eq. (2).  

P

L

m
VCCq 0      (1) 
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VCC

C eq
eq

0      (2) 

 
where Cμeq is the equilibrium adsorption amount of dye substance, Ceq is the concentration of equilibrium, 
CL is dye concentration per time unit, and q is adsorbate concentration in adsorbent per time unit. 



  

 
 

Fig. 1. Initial Treatment of Rice Husk Ash and Adsorption Experiment in Laboratorium Flowcharts. 
 
2.4.1. Freundlich Adsorption Isotherm 
 
Freundlich isotherm is more to the empirical isotherm assuming Van der Waals force that happens between 
adsorbate surface and adsorbent; between adsorbate in the first layer and adsorbate in the second layer. 
Therefore, Freundlich isotherm is known to be physisorption (physical adsorption) as defined in Eq. (3) 
which is specific to the solute adsorption without involving gas in the process. 

n
eqFeq CkC
1

      (3) 
where kF and n are Freundlich constants. Freundlich isotherm will deviate if concentration or pressure is 
too high, therefore it is improved further by Langmuir isotherm. 
 
2.4.2. Langmuir Isotherm 
 
Langmuir proposed that adsorption mechanism is as follows: ASSgA , where A is gas molecule 
and S is adsorbent’s surface. The process mechanism is expressed in two opposite processes, which are 
molecule adsorption to the surface and molecule desorption from adsorbent back into the solution.  

eqL

eqL
eq Ck

CkC
C

1
max      (4) 

Equation (4) links up adsorbate concentration in liquid phase with adsorbed phase, where Cμmax is 
maximum amount of mol adsorbate to form monolayer, and kL is Langmuir constant. To obtain kL and 
Cμmax from equilibrium data, mathematical modification is applied to Eq. (4) and it becomes Eq. (5). 

eqLeq CkCCC
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Plot between 
eqC

1
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eqC
1

is known to be Lineweaver-Burk or double reciprocal plot. 

 



  

2.4.3. Linear Isotherm 
 
Referring to Henry Law, equilibrium in liquid-solid system can be approximated with linear isotherm. 
Adsorption isotherm with this linear approximation is limited to the low concentration equilibrium, which 
is below 50 ppm [19]. In this case, concentration in liquid phase is proportional to concentration in solid 
phase. Ratio between concentration in liquid phase and solid phase is expressed as distribution constant kD 
as used in Eq. (6). 

eq
D

eq C
k

C 1       (6) 

2.5. Adsorption Kinetics 
 
Adsorption with external mass transfer phenomena assumes that adsorption only occurs on the surface of 
adsorbent and there is no intraparticle concentration gradient. The adsorption mechanism is adsorbate 
mass transfer in convection from bulk liquid phase to adsorbent’s surface from film layer on the outer 
surface of adsorbent and adhesion of adsorbate in adsorbent/liquid interface on the adsorbent’s surface. 
 
In liquid phase, the declining velocity of adsorbate concentration is defined as mass transfer velocity of 
solute convection from solution to adsorbent as shown in Eq. (7). 

 eq
C CC
V

Ak
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dC

    (7) 

where kC is mass transfer coefficient of convection process, A is surface area of outer adsorbent, C is 
adsorbate concentration in liquid phase, Ceq is adsorbate concentration on the surface of adsorbent, and V 
is total volume of solution. Meanwhile, solute mass transfer velocity from solution to adsorbent causes an 
increase of adsorbate in adsorbent (q) with the same rate, hence Eq. (8). 

eq
P
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m

Ak
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where mP is particle mass of adsorbent and q is adsorbate concentration in solid phase. 
 
The removal percentage of dye substance from the solution is described as Eq. (9). 

%100%
0

0

C
CC

removal eq     (9) 

where C0 is initial concentration of dye solution and Ceq is concentration of dye solution in equilibrium 
point.  
 
 
2.6. Modeling 
 
Mathematical equations are solved with numerical approximation method assisted by MATLAB software. 
The steps of the modeling are described by flowchart in Fig. 2. 
 



  

 
 

Fig. 2. Flowchart for Adsorption Isotherm Modeling. 
 
 
3. Results and Discussion 
 
The purpose of this research is analyzing adsorption isotherm and kinetics of Direct Red-31 dye substance 
with rice husk ash adsorbent. Adsorption isotherm is limited to Langmuir, Freundlich, and linear isotherm. 
From obtained isotherm, mass transfer coefficient for each isotherm is calculated. This research is also 
investigating the effect of pH in adsorption process for obtaining optimum pH which gives the biggest 
removal percentage. 
 
In this research, Direct Red-31 dye substance is employed as anionic dye compound where this dye 
substance possesses OH- ion around active site. Meanwhile, rice husk ash has Si4+ ion which gives positive 
attraction on the surface of adsorbent initiating the adsorption process. Equilibrium curve in Direct Red-31 
adsorption process with rice husk ash using UV-Vis spectrophotometer blank containing water and rice 
husk ask is expressed in Fig. 3. 

 

 
 

Fig. 3. Equilibrium Curve for 20 ppm of Direct Red-31 and 10 g/L of Rice Husk Ash Adsorbent. 
 



  

From Fig. 3, it can be concluded that the data have a strong similarity with Langmuir approximation. It is 
also supported by these isotherm data in Table 1. 
 
Table 1. Equilibrium parameters of Direct Red-31 and rice husk ash. 
 

Isotherm Model Parameter Regression 

Langmuir Cμmax 4.59559 mg/g 0.9059 kL 0.11988 L/mg 

Freundlich kF 1.16288 0.899 
N 0.3539  

Linear kD 13.787 g/L 0.8898 
 
From Table 1, it can be seen that the square of regression value of Langmuir isotherm model has the 
highest value among all, approximately 1, compared to the Freundlich and linear isotherm model. In 
Langmuir isotherm model, adsorption process follows these assumptions [20]. 

a. Adsorbent has homogeneous active site and can only adsorb one layer of adsorbate molecule 
(monolayer) 

b. No interaction between adsorbed molecules 
c. Same mechanism for every adsorption process 

 
The amount of dye substance adsorbed by adsorbent depends on the initial concentration of dye solution 
and maximum capacity possessed by the adsorbent. Following is relation between solid phase equilibrium 
(mg/g) versus adsorbent mass (g) and initial concentration of dye solution (ppm). 
 

Fig. 4. Equilibrium Curve of Adsorbent Mass (g/L) vs Equilibrium Concentration in Solid Phase (mg/g). 
 
 

Fig. 5. Equilibrium Curve of Direct Red-31 Initial Concentration (ppm) vs Equilibrium Concentration in 
Solid Phase (mg/g). 



  

From Fig. 4, it can be seen that Cμeq values happen to decrease when adsorbent mass is increasing in the 
constant dye solution concentration. The larger the adsorbent mass, the more even the adsorbate is 
distributed following the amount of the adsorbent. 
 
From Fig. 5, it can be seen that Cμeq values are increasing when dye solution concentration increases. With 
constant adsorbent mass and higher dye solution concentration, it is possible that the amount of adsorbed 
adsorbate is also increasing. 
 
Table 2. Cμeq value (mg adsorbate/g adsorbent) for each adsorbent mass variation. 
 

Adsorbent 
Mass 

Dye Solution Concentration 
20 ppm 40 ppm 60 ppm 80 ppm 100 ppm 

2 g/L 5.9200 5.6818 8.6650 11.1365 19.0011 
4 g/L 3.5049 4.3920 6.7058 5.0186 10.1129 
6 g/L 2.6257 2.8520 4.6849 3.7476 6.9720 
8 g/L 2.0725 3.2548 4.8795 4.3291 4.1350 
10 g/L 1.8568 2.7987 3.4100 3.8476 5.8712 

 
From Table 2, the biggest Cμeq value is in the concentration of 100 ppm and adsorbent mass of 2 g/L with 
value of 19.0011 mg substance/g adsorbent. It means that 19.0011 mg dye substance is adsorbed by 1 g 
adsorbent. However, Cμeq value in the adsorbent does not indicate that adsorption process is maximum, it 
can be seen from removal percentage instead. 
 
Table 3. Removal percentage (%) for each adsorbent mass variation. 
 

Adsorbent 
Mass 

Dye Solution Concentration 
20 ppm 40 ppm 60 ppm 80 ppm 100 ppm 

2 g/L 53.5089 30.4125 28.3780 26.3161 33.2588 
4 g/L 68.1658 45.8303 41.8697 23.8443 35.6190 
6 g/L 73.9857 47.1132 45.1714 26.6059 35.9796 
8 g/L 77.7678 67.9895 59.1936 42.4659 29.7866 
10 g/L 83.8801 72.0943 54.5589 46.7135 53.9128 

 
From Table 3, the biggest removal percentage is attained in concentration of 20 ppm and adsorbent mass 
of 10 g/L, which is 83.8801%. Removal percentage describes that 83.88001% is from adsorbed dye 
substance concentration in the overall adsorbent, not very 1 g of adsorbent. Therefore, initial concentration 
of dye solution and adsorbent used for next experiments of pH variation are 20 ppm and 10 g/L, 
respectively. 
 
From the experiment, it can be inferred that for linear isotherm model, only adsorbent mass variation gives 
effect to the linear kinetics. Meanwhile, in the same model with concentration variation, all regression lines 
are coincident, meaning that initial concentration of dye solution has no effect to the kinetic model. On the 
other hand, Langmuir and Freundlich isotherm model can approach the experiment data more precisely 
than linear isotherm model. For each concentration and mass variation, those isotherm models show 
different curve. Figure 6. shows the accuracy of each isotherm model by plotting the experimental data vs. 
the modeling. The Fig. 6(b), which is Langmuir model, shows the best fit to the curve. Because the 
difference of the error is so small that it is not visible from the graphs, the numerical calculation is 
performed to get the quantitative error, which is provided in Table 4. 
 



  

 
 
Fig. 6. Comparison between Experimental Concentration Data and Concentration Data from Modeling 

of Three Models: (a) Linear; (b) Langmuir; and (c) Freundlich. 
 
Table 4. Average error (%) for each isotherm model. 
 

 
 
Average Error (%) 

Isotherm Model 
Langmuir Freundlich Linear 
17.45331 18.02507 31.69087 

 
From the Table 4, it can be seen that the average error of Langmuir isotherm model is the smallest of all, 
although the difference with Freundlich is not significant. Since Freundlich isotherm is more to the 
empirical method, which the correlation between equation’s variable and physical parameter is not 
completely proven yet, Langmuir isotherm model is more preferable to approximate the experimental data. 
 
The analysis of pH is performed at the variation which results the best removal percentage. In this case, the 
initial concentration is 20 ppm and adsorbent mass is 10 g/L with pH varies from 3, 4, 5, 8, to 9 with 0.1 N 
HCl and 0.1 N NaOH increment. Initially, the solution has the pH of 6. 
 
Table 5. Removal percentage (%) for each variation of pH. 
 

 
Removal 

Percentage (%) 

pH 
3 4 5 6 8 9 

87.0904 85.6401 84.3658 83.8801 77.8359 69.4028 
 
From Table 5, the more alkaline the solution, the lower the removal percentage. When the solution pH is 
acidic, silica molecule with positive charge will be more positive because the surface of the silica is 



  

surrounded by formed H+ ion. This case makes the silica will adsorb more anionic dye substance. On the 
other hand, if adsorption process occurs in alkaline ambient, OH- ion will be formed and can prevent 
adsorption process, because of the attraction between OH- molecule and Si4+ molecule.  
 
The mass transfer velocity constant (kC) can be calculated based on Eq. (7) with some mathematical work, 
such as integration in Eq. (8) and numerical method, until the fittest regression curve is obtained. Figure 7. 
shows the regression method for cuve-fitting with satisfying result. From the regression, the slope is 
calculated as -0.0133, resulting kC of 1.78x10-5 cm/min. 
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Fig. 7. Curve-fitting by Linear Regression of Experimental Data. 
 

 
 

Fig. 8. Comparison of Experimental Data, Regression Data, and Matlab Modeling. 
 
Figure 8 shows the accuracy of each isotherm model compared to experimental data and regression data. 
Matlab model results kc value of 2x10-5 cm/min, having the difference of 10.6% from the regression data. 

4. Conclusions 



  

 
Based on this work, it is demonstrated that from pH analysis, maximum adsorption occurred in pH 3. The 
highest removal percentage is 83.88% with dye solution concentration of 20 ppm and 2 g/L rice husk ash. 
Direct Red-31 adsorption with rice husk ash satisfied the Langmuir isotherm model with kL is 0.11988 
L/mg and Cμmax is 4.59559 mg/g. Mass transfer velocity constant (kC) is 0.00002 cm/minute with Matlab 
and 0.0000178 cm/minute with regression method. 
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