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ABSTRACT 

The sorption process of lead (II) ions from textile effluent was investigated using chitosan obtained from 

a snail shell (SSC). The effects of various experimental parameters on Pb (II) ions adsorption were 

studied, and optimal conditions were determined. The equilibrium data were analyzed with Langmuir, 

Freundlich, Temkin, Elovich, Florry Huggins, Jovanovic, Harkin Jura, and Dubinin–Radushkevich 

(DRK) adsorption models. The high correlation factor of Langmuir isotherm indicates the monolayer 

coverage of the adsorbent. Freundlich isotherm fitted the adsorption data excellently. The adsorption 

intensity (n) is 1.68. This means the suitability of the adsorption process. The adsorption process is 

beneficial when the adsorption intensity is between 1 and 10. Adsorption kinetics data for sorption of 

Pb2+ ion unto chitosan were analyzed using the pseudo-first order, pseudo-second order, and 

intraparticle diffusion models. The results indicated that the pseudo-second-order model best described 

the adsorption kinetic data. For the thermodynamic studies, the enthalpy change, ΔH°, and the entropy 

change, ΔS°, for the adsorption processes are -18.10 kJ/mol and -0.0652 KJ/mol K respectively. The 

free energy, ΔG° for the process are 2186.39 J/mol, 3071.761 J/mol, 3689.615J/mol, and 4153.032 

J/mol at 303K, 313K, and 323K respectively. The thermodynamic parameters showed that the 

adsorption of lead into SSC was exothermic and non-spontaneous.  

Keywords: Adsorption, sorption, chitosan, isotherm, kinetic models, intra-particle diffusion. 

 

1. INTRODUCTION 

 

Water pollution by the discharge of harmful heavy metals 

has been one of the problems threatening the human 

health and ecological system. These heavy metals may be 

released naturally into the environment or through 

anthropogenic activities like mining and smelting 

processes, battery and machinery manufacturing, and 

electroplating plants,( Zhang et al, 2020). Pb(II) is highly 

toxic and forms complexes in the liver and kidney, 

resulting in endocrine disorders, and cancer ( Ghorbani et 

al, 2020, Zhu et al, 2021). 

 

Lead is one of the highly toxic heavy metals, that even 

at a low concentration, can cause serious health hazards 

to man and aquatic animals. Thus, there is a growing 

demand for the elimination of toxic metals from polluted 

areas such as water streams and wastewater to avert their 

hazardous impacts. (Zhu et al, 2021) 

 

Several methods such as ion exchange (Li. et al, 2021), 

membrane technology (El-Batouti et al, 2021), 

precipitation (Qasem et al, 2021), ion exchange (Hussain 

et, al, 2021), coagulation (Sylwan et al, 2021), co-

precipitation (Zhao et al, 2021), electrolysis (Kumar, et 

al, 2021), and adsorption are being used to remove heavy 

metals from textile waste. The adsorption technique can 

be considered useful for removing dissolved heavy metals 

from liquid wastes. It is also more effective and 

economical for removing heavy metals from industrial 

wastewater than other conventional wastewater treatment 

methods. (Iconaru et al, 2016) The adsorption method is 

effective in removing from wastewater low  

 

concentrations of heavy metal ions and is also used at the 

industrial level (Khazael, et al 2016 Oliveira, et al 2011). 

Of all the low-cost adsorbents, chitosan has the highest 

sorption capacity for several metal ions. (Babel and 

Kurniawan, 2004; Nomanbhay and Palanisamy, 2005).  

 

The waste derived from snails constitutes environmental 

challenges after removing the inner part, which greatly 

benefits human health. Waste generated from the shells 

of snails is the main precursor for the production of 

chitosan. Chitosan is one of the low-cost adsorbents with 

high sorption capacity for metals removal. It is widely 

used in diverse fields, ranging from waste management to 

food processing, medicine, and biotechnology (Kalut, 

2008). In agriculture, it is used to improve the yield of 

rice and orchid production (Kim, 2010). 

 

Chitosan is the most common derivative of chitin formed 

based on chitin partial N-deacetylation through variations 

of chemical processes with more than one soluble analog. 

As a result of numerous benefits (non-toxicity, 

biocompatibility, biodegradability, and non-antigenicity) 

attributed to chitin and chitosan, they have continued to 

attract interest worldwide (Daniel and James, 2019). The 

Chitosan produced through chitin deacetylation is a high 

molecular weight molecule with a biodegradable polymer 

and consists of-(14)-2-amino, 2-deoxy- Dglucopyranose 

(Islam et al., 2017).  

 

Heavy metals discharged into water from various 

industries are toxic and carcinogenic. They cause severe 

problems for humans and aquatic ecosystems. Thus, the 

removal of heavy metals from wastewater is a serious 
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concern. Both commercial adsorbents and bio-adsorbents 

are used for the removal of heavy metals from 

wastewater, with high removal capacity. The challenge in 

heavy metal removal from wastewater is that it may 

require large amounts of bio-adsorbents and extra 

chemicals to maintain a pH that provides suitable 

conditions for adsorption. 

This study aimed to remove Pb2+ in the wastewater by 

adsorption using chitosan. The chitosan used for 

adsorbent was obtained from a snail shell (SSC).   

 

2. MATERIALS AND METHODS 

 

All the chemical reagents used for this research work 

were of analytical grade and were supplied by Foray 

Enterprises Ltd, Lagos State. The raw material used for 

chitosan production is Archachatina marginata (African 

giant). The reagents are hydrochloric acid and sodium 

hydroxide. Deionized water used for this research was 

obtained from the Chemistry Department, University of 

Lagos, Akoka, Yaba, Lagos. 

 

2.1 PREPARATION OF CHITIN  

There are four basic stages involved in the production of 

chitosan. The stages are Demineralization, 

deproteinization, depigmentation or decolorization, and 

deacetylation. 

 

The first stage in Chitosan production is the 

Demineralization stage. The methods employed for the 

production of chitin from snail shells were as described 

by Moosa et al. (2016). 500 g of the sieved sample was 

weighed and put into a beaker. 2500 ml of 3.2525 M of 

HCl solution was added (1:5w/v). The mixture was stirred 

using a griffin shaker at 30 oC, for 2 hours to avoid 

effervescence and to remove carbonate and phosphate 

content. The resulting solution was washed with distilled 

water and filtered with Whatman filter paper. The residue 

was scraped into a petri dish and dried in an oven at 105 
oC for 2 hours. In the deproteinization process, the 

demineralized chitin was soaked in 870 ml of 2.39M of 

sodium hydroxide (NaOH) solution (1:5w/v). The 

mixture was stirred and boiled in a water bath at 70 oC for 

2 hours. The resulting solution was filtered with 

Whatman filter paper and washed with distilled water 

until the pH of the filtrate was neutral. After washing (as 

shown in plate 3), the mixture was filtered and the residue 

was put in an oven at 105 oC for 2hrs to dry. 

 

2.2 PREPARATION OF CHITOSAN. 

 The obtained chitin was soaked in 750 mL of 50 wt /wt% 

NaOH, heated at 85 oC for 2 hours, 30 mins in a water 

bath, and cooled for 30 min at room temperature. The 

mixture was placed on a magnetic stirrer at 30oC for 4 

hours. The mixture was washed and the pH of the filtrate 

was constantly checked until it was neutral. Thereafter, 

the mixture was filtered using Whatman filter paper to 

retain the solid matter. The chitosan thus produced was 

dried in an oven at 105 oC for 2 hours. This process is 

known as Deacetylation.  

 

3.0. CHARACTERIZATION OF CHITOSAN  

 

3.1 DEGREE OF DEACETYLATION 

The degree of deacetylation (DD) of chitosan is an 

important parameter to be noted as it affects the solubility, 

chemical reactivity, and biodegradability of chitosan.  DD 

may range from 30% to 95% (Martino et al., 2005), 

depending on the available source and procedure.100% 

DD is very scarcely obtained, with commercial chitosan 

with various DD in the range of 75-85%.  IR technique 

was used for determining the degree of deacetylation, 

DD, of chitosan, according to the methods described by 

(Ghimire et al., 2011): The degree of Deacetylation 

(DDA) of the refined chitosan from snail shells was 

calculated using the equation given 

    DD = (100 −
𝐴1320

𝐴1420
 ×

1

0.03133
) 

A1320 and A1420 are the absorbance values at the 

wavelengths 1320 and 1420 cm-1 respectively. the FTIR 

analysis of chitosan, the % transmittance of the 

wavelength 1320 and 1420 cm-1 was obtained as 21.5 %   

and 25.1 % respectively.   This was then converted to 

absorbance [A=2- log (% T), where T is transmittance. 

The degree of deacetylation of the chitosan sample was 

obtained to be 64.50%.   

 

3.2 DETERMINATION OF ASH CONTENT 

A 2g sample of the sample was weighed into an empty 

crucible that had previously been heated, cooled, and 

weighed. This was then kept in the furnace at 600oC for 5 

hrs. and later allowed to cool to about 200oC. The crucible 

was transferred directly into a desiccator to cool to room 

temperature and weighed immediately. The percentage 

(%) ash content was calculated as follows (Baby R. et al. 

2021) 

                                    
(𝑴𝒂𝒔𝒔 𝒐𝒇 𝒄𝒓𝒖𝒄𝒊𝒃𝒍𝒆+𝒂𝒔𝒉)−(𝑴𝒂𝒔𝒔 𝒐𝒇 𝒆𝒎𝒑𝒕𝒚 𝒄𝒓𝒖𝒄𝒊𝒃𝒍𝒆)

𝑴𝒂𝒔𝒔 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 𝒖𝒔𝒆𝒅
× 𝟏𝟎𝟎 

 

3.3 DETERMINATION OF MOISTURE CONTENT 

A clean crucible was dried in an oven at 105 oC for 1 hr. 

cooled in a desiccator, and the mass of the crucible was 

weighed as Wo. A 5 g sample of the bio sorbent was 

placed in an oven at 105 oC for 2hrs, cooled in a 

desiccator, and weighed. The same procedure was 

conducted severally until a constant weight was observed. 

The moisture content of the sample was then calculated 

(Ajala, LO et al. 2012): 

                   
W1−𝑾𝟐

W1−Wo
× 𝟏𝟎𝟎 

Where the mass of the empty crucible is Wo; that mass of 

the sample and crucible before heating = W1 and the mass 

of the sample and crucible after heating =W2 

 

3.4 SOLUBILITY  

Chitosan dissolution was carried out by dissolving 1 gram 

of chitosan in 100 ml of 2% acetic acid. The solution is 

stirred until homogeneous or vortex for 10 seconds. The 

solution was then centrifuged for 15 minutes and then 

filtered to get residue on filter paper. The filter paper was 
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then in the oven at 100-105oC for 2 hours, the process was 

repeated until a constant weight was obtained.  

Solubility is obtained by inserting into the formula (Shon 

et al, 2011):  

 Insolubility (%) = 
𝐹𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑥 100%  

 

Solubility (%) = 100% - Insolubility 

 

4.0 BATCH EXPERIMENTS 

 

Batch adsorption was carried out to study how various 

factors affect the removal of lead (Pb+) from wastewater 

using locally produced chitosan. The factors considered 

are pH, adsorbent dosage, contact time, and temperature. 

50 mL of known lead solution was put into a 250 mL 

Erlenmeyer flask at specific conditions. The effects of pH 

were studied by varying the pH of wastewater using 0.1 

M HCl and 0.1 M NaOH. The effect of time was within 

130 mins at a fixed mass of 0.1g chitosan and at room 

temperature of 30 ±1 oC. Also, a thermodynamics study 

was carried out with temperature ranges from 30 to 50 oC 

at a fixed mass adsorbent of 1g. 

 

4.1 ADSORPTION KINETICS 

Adsorption kinetics describes the rate at which solute is 

adsorbed at the solid–solution interface. This helps to 

understand the sorption process to design a proper 

wastewater treatment plant. The kinetic parameters assist 

in predicting the rate of adsorption and as well as 

equilibrium time. (Sivarajasekar and Baskat, 2014). 

Adsorption kinetics is a major issue in the design of a 

treatment system using adsorbent. Adsorption kinetics 

provides information that assists industry operators and 

planners to effectively treat contaminated wastewater. 

(Olafadehan et. al. 2021). The adsorption kinetics 

examined in this study as illustrated below. 

 

 

4.1.1 PSEUDO-FIRST ORDER MODEL 

The pseudo-first-order kinetic model, shown in equation 

1 below, has been widely used to predict the metal 

adsorption kinetics. The metal adsorption kinetics 

following the pseudo-first-order 

model is given by (Ho and McKay 2000, Sivaraj 2001) 

1
( )t

e e t

dq
K q q

dt
= −

 1 

Where  

1e
K =equilibrium rate constant of pseudo-first order 

sorption (min-1) 

tq = Integrating equation with the conditions 

0 0 ;t

t t

q at t

q q at t t

= =

= =
 

Integrating and applying the boundary conditions give: 

1( )e t eIn q q Inq Ke t− = −

  
Therefore, a straight line should be obtained from the 

plot of (qe-qt) against t, which is adequate to determine 

ke1. 

 

 

4.1.2 PSEUDO-SECOND ORDER MODEL 

The pseudo-second-order kinetic model assumes the 

adsorption of solutes onto adsorbents follows the second-

order mechanism and is expressed as: 

2

2( )t
e e t

dq
K q q

dt
= −

    2

       

  Integrating and substituting equation conditions. 

0 0;t

t t

q at t

q q at t t

= =

= =
 

2

1

( )e t

Ke t C
q q

= +
−

    3

       

     

0 0

1

t

e

q t

C
q

= =

=

 
Substituting C into equation 3 above and re-arranging 

the equation gives 

2

2

1

e e t

t t

Ke q q q
+ =     4

  

The plot of t

t

q
 versus t  should give a straight line if 

pseudo-second-order kinetics are applicable and the 

values of eq
 and 2ek

 can be determined from the slope 

and intercept respectively. 
2

2e eh k q=
.   

 

4.1.3 INTRAPARTICLE DIFFUSION (IPD)  

One of the most widely used techniques for identifying 

the mechanism involved in 

the adsorption process is an intraparticle diffusion model. 

The intra-particle diffusion equation is expressed as 

follows: 

 
1/ 2

e dq k t C= +
      5

  
 

where dk  Is the intraparticle diffusion rate constant 

(mg/gmin1/2 ) and C  Is the intercept (mg/g).   

 

The plot of qt versus t1/2 gives a straight line from which 

the slope of the graph Kd and the intercept C which gives 
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information about the thickness of the boundary layer can 

be calculated. 

  

4.1.4 ELOVICH RATE EQUATION 

Elovich rate equation is used to describe second-order 

kinetic, with the assumption that the actual solid 

surfaces are energetically heterogeneous, (E. Malkoc et 

al.2007). It is given as follows: 

exp ( )t
t

dq
a bq

dt
= −                   6 

Integrating and substituting equation conditions and 

subsequently linearizing the result yields 

1 1

exp( )
t

ab bqt ab
= +

−
.   

      

( ) ( )t obq In ab In t t= + +
   

     
 

0

1 1
( ) ( )tq In ab In t t

b b
= + +

   7

 

 

Where  a  and b are the parameters of the Elovich rate 

equation indicating the initial adsorption rate 

( / .min)mg g   and the desorption constant (g/ mg) 

respectively. This can further be simplified (Rajeshwari 

Sivaraj et al., 2010). 

 

1 1
( )tq In ab In t

b b
= +                                  

           8 

 

4.1.5 AVRAMI KINETIC MODEL 

The Avrami kinetic model assumes arbitrary nucleation 

locations across the reaction surface of the adsorbent. It 

evaluates changes in kinetic parameters as a function of 

reaction time and temperature. The linear form of the 

expression is given (Ahmad et al., 2014; Yoro et al., 

2017): 

 

ln[ ln (
𝑞𝑚

𝑞𝑚−𝑞𝑡
)] =𝑛𝑎𝑣𝑙𝑛𝑘𝑎𝑣 + 𝑛𝑎𝑣  𝑙𝑛𝑡   9 

     

Where KAv is the Avrami adsorption kinetic constant 

and nAv is another constant, which is related to the 

adsorption mechanism changes. The slopes and 

intersections values of this equation provide the nAv and 

lnKAv values, respectively.  

 

4.2 THERMODYNAMIC STUDY: 

 For the determination of thermodynamic parameters, the 

following were used:    

 

                  Kc = 
𝐶𝐴𝑑𝑠

𝐶𝑒
                                        10 

       

        ln Ke =  
∆𝑆0

𝑅
− 

∆𝐻0

𝑅𝑇
                                              11

        

            ∆𝐺𝑜 = ∆𝐻𝑜 − 𝑇∆𝑆0      12 

 

where Kc: Equilibrium constant Cad: Adsorbed heavy 

metals concentration 

Ce: Equilibrium concentration of metal in solution (mg L-

1) 

 

G: Change in standard Gibbs free energy (kJ mol-1) 

H : Change in enthalpy (kJ mol-1) 

S: Change in entropy (J mol-1 K-1) 

T: Temperature 

 

4.3 ADSORPTION ISOTHERMS 

 The Freundlich, Langmuir, Temkin, Jovanovic, 

Harkins-Jura, Flory-Huggins, and Dubinin-

Radushkevich isotherms were used to investigate 

sorption processes. They are expressed in Eq. (13) to Eq. 

(19) as follows:  

A linear form of the Freundlich expression is: 

1
e f eLog q LogK LogC

n
= +    13 

The linear form of Langmuir Isotherm is given as: 

1e e

e m m

C C

q KQ Q
= +

    14 

 

The linearized Dubinin-Radushkevich Isotherm is 

expressed as: 

 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑠 − 𝛽𝜀2    15 

The linearized Temkin Isotherm is expressed as:  

 

qe = B ln𝐴𝑇 + 𝐵 𝑙𝑛𝐶𝑒     16 

𝐴𝑇  = Temkin isotherm equilibrium binding constant 

(L/g) 

𝑏𝑇 = Temkin isotherm constant 

R = universal gas constant (8.314 J/mol/K) 

T = Temperature at 298 K 

B = constant related to heat of sorption (J/mol) 

The plot of  𝑞𝑒 against 𝑙𝑛𝐶𝑒 is required to fit the model 

(Rajeshwari Sivaraj et al., 2010) 

 

The linear form of Harkins- Jura Adsorption Isotherm is 

given as: 

   

       17 

 

eC  Is the equilibrium concentration ( /mg l ) and eq  Is 

the amount adsorbed onto the adsorbent ( /mg g )  

 

Where A and B are constants. The plot of 1/qe against 

Log Ce gives the required fit for the model (Rajeshwari 

Sivarajet al., 2010). 

( )2

1 1
e

e

B
Log C

q A A

    
= −    
    
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The linearized form Jovanovic Isotherm is expressed as: 

 ln 𝑞𝑒 = 𝑙𝑛𝑞𝑚𝑎𝑥 − 𝐾𝐽∁𝑒            18 

 

The linearized form of Flory- Huggins Isotherm is 

expressed as: 

 

 ln
𝜃

∁𝑜
 = 𝑙𝑜𝑔𝐾𝐹𝐻 + 𝛼𝐹𝐻𝑙𝑛(1 − 𝜃)               19

  

where: 𝜃 = 1 −
∁𝑒

∁𝑜
    

      

The values of KFH and αFH are determined from the 

intercept and the slope of the plot of ln
𝜃

∁𝑜
 versus ln(1-θ) 

(Hossain et al, 2016) 

 

5. RESULTS AND DISCUSSION 

 

The experimental data were fitted into different 

adsorption isotherms: Langmuir, Freundlich, Temkin 

isotherm, Toth adsorption isotherm, Dubinin-

Radushkevich (DRK), Harkins-Jura Adsorption 

Isotherm, Jovanovic Isotherm, and Flory-Huggins 

adsorption isotherm. The linear plot of Ce/qe versus Ce 

suggests the applicability of the Langmuir isotherm (Fig. 

1 a) The maximum monolayer coverage (Qm) from the 

Langmuir isotherm model was found to be 50.51mg/g, KL 

(Langmuir isotherm constant) is 0.00374L/mg, RL (the 

separation factor) is 0.217 indicating that the equilibrium 

sorption was favorable.  The coefficient of correlation for 

Freundlich Isotherm was 0.991. (Fig 1 b). The values Kf 

and n are constants that show factors affecting the 

adsorption capacity and the intensity of adsorption. The 

intensity of adsorption is a suggestion for the bond 

energies between Pb2+ and chitosan. The value of 1.68 for 

the adsorption intensity showed that the adsorption is 

more favorable. The heat of the sorption process was 

estimated from the Temkin isotherm model (Fig. 1 e) to 

be 9.92 J/mol and the mean free energy was determined 

from DRK isotherm (Fig. 1g) as 50 KJ/mol. This shows 

that the adsorption experiment followed a physical 

process. The Coefficient of correlation, R2 values were 

used for fitting the experimental data to these isotherms. 

As shown in Fig 1, all eight (8) isotherms fitted to the 

experimental data. Table 1 shows isotherm parameters 

and their correlation coefficients  
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Fig 1(a) Freundlich adsorption Isotherm (b) Langmuir adsorption Isotherm (c) Harkin-Jura adsorption 

Isotherm (d) Jovanovic adsorption Isotherm (e) Temkin adsorption Isotherm (f) Elovich adsorption Isotherm 

(g) Dubinin- Radushkevich adsor(DRK) Isotherm (h) Florry- Hugguins adsorption Isotherm 

  

 

 

Table 1:  Isotherm Constants for Pb2+ ions into Chitosan. 

 

Isotherm Model Isotherm parameters Coefficient of Correlation (R2) 

Langmuir  Qm = 50.51(mg/g) 

KL = 0.00374 (L/mg) 

RL = 0.217 

0.943 

Freundlich 1/n =0.596 

n =1.68 

Kf = 0.818 (mg/g) 

0.991 

Harkin -Jura B =2.74 

A= 63.69 

0.816 

Jovanovic KJ = 0.873 

qmax = 0.774 (mg/g) 

0.873 

Temkin AT = 0.048 (L/mg) 

BT = 249.79  

B = 9.92 (J/mol 

0.946 

Elovich Ke = 0.945 

qm  = 26.11 

0.909 

DRK Qm =22.34 

  β = 0.0002 

 E = 50 (KJ/mol) 

0.694 

Florry-Hugguins αFH = 0.275 

KFH =0.531 

0.801 
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Kinetics of Adsorption of Pb2+ unto SSC 

The kinetics of lead (II) ions adsorption unto chitosan was 

analyzed using pseudo-first order, pseudo-second order, 

Elovich, Fractional Power model, Bangham’s model 

(pore diffusion model), Avrami kinetic model, and 

Intraparticle diffusion models. The kinetic modeling of 

Pb (II) ions adsorption showed that the pseudo-second-

order kinetic model gave the best fit among the 

investigated kinetic models. 

As shown in Fig 2, the experimental kinetic data fitted 

perfectly into all the kinetic models. The R2 values of all 

the models are close to unity. The linear plot of the 

intraparticle diffusion model (Fig.2) did not pass through 

the origin. This showed that the Intraparticle kinetic 

model was not the rate-controlling step in the adsorption 

of Pb2+ into SSC. It means that there is some degree of 

boundary layer diffusion. The sorption can be 

approximated more by the pseudo-second-order kinetic 

model than by the first order kinetic model. 
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Fig 2 (a) Pseudo-first order kinetic (b) Pseudo-second order kinetic (c) Elovich plot (d) Intraparticle 

diffusion plot (e) Fractional power model plot (f) Bangham’s model plot (g) Avrami kinetic model plot 

 

 

Table 2: Parameters in the linearized kinetic models for the adsorption of Pb2+ on chitosan. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kinetic Model Parameters Values 

 H (g/mg min) 0.0706 

Pseudo-Second order K2  (g/mg min) 5.961×10-4 

 qe (mg/g) 10.88 

 R2 0.9531 

   

Pseudo-First   order K1 (min-1) 0.032 

 qe(mg/g) 7.909 

 R2 0.8649 

   

Intraparticle Kd (mg/gmin1/2) 0.5122 

 C (mg/g) 0.964 

 R2 0.9865 

   

Elovich a (mg/g min) 0.1877 

 b (g/mg) 0.5721 

 R2 0.9584 

   

Fractional Power model v 0.757 

 K 0.131 

 R2 0.9927 

   

Bangham KB 0.266 

 b 0.759 

 R2 0.9893 

   

   

Avrami KAV 0.0190 

 nAV 1.226 

 R2 0.9581 
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Proximate Analysis of Chitosan  

 The proximate analysis of SSC is shown in Table 3 

below. The solubility is one of the standards used to 

determine the quality of chitosan. The higher the 

solubility, the better the quality of the chitosan produced. 

The SSC has a solubility of 94.63%. The solubility of 

chitosan was examined using water and acetic acid. It was 

found that chitosan was no soluble in water but partially 

soluble in acetic acid. The Moisture content and ash 

content of chitosan were found to be 3.24 % and 1.21% 

respectively. The protein of the chitosan was 3.11%. 

 

 

 

 

 

Table 3: Results of Proximate Analysis of Chitosan 

Parameters Chitosan 

Solubility (%) 94.63 

Moisture Content (%) 3.24 

Ash content (%) 1.21 

Protein (%) 3.11 

 

Scanning Electronic Microscopy 

The SEM images, in Fig 3 (a) and 3 (b) revealed the 

surface morphology of chitosan from snail shells. The 

morphology of the adsorbent was observed to be rough 

and possessed irregular shape particles capable of 

adsorption of metals from solution. It was observed that 

the SSC biopolymer possesses porous and fibril 

structures. 

 

    
 Fig 3 a: SEM Image of Chitosan at X10000                          Fig 3 b: SEM Image of Chitosan at X12000 

 

EDS Analysis of Chitosan 

The result of Energy Dispersive X-ray Spectroscopy 

(EDS) shows the elements present in the SSC. Oxygen, 

Carbon, Magnesium, Calcium, and phosphorus are 

present in the chitosan sample as shown in Fig 4 below. 

Oxygen has the highest peak in the EDS spectrum 

followed by Carbon and calcium respectively. The EDS 

compositional analysis results obtained on the spectrum 

of the extracted chitosan from snail shells confirm a 

weight percent of Oxygen (45.5wt %), Carbon (25.2 wt. 

%), Magnesium (7.0 wt. %), Calcium (15.7 wt. %) and 

Phosphorus (1.2 wt. %). 

 

 
Fig 4: EDS spectra of Chitosan. 

 

 

 

 

 

 



Removal of lead from textile waste water using chitosan produced from snail shell 
 

ISSN:0794-6759   10 

Fourier-Transform Infrared (FTIR) Analysis  

The FTIR analysis of the adsorbent was determined using 

a Thermo Scientific Spectrometer.  The corresponding 

spectra of the chitosan showed the wavelengths in the 

range 4000 to 350 cm-1 of the different functional groups 

in the samples which were identified by comparison with 

those in the library. As shown in Table 4, The distinct 

band at 3445cm-1 could be attributed to the stretching 

of -NH2 and -OH present in primary amines and 

pyranose ring respectively. The band at 2927.76 cm -1 

could be attributed to -CH2 in the -CH2OH group, while 

the observed peak at 1631.73 cm-1 was assigned to -

C=O in the -NHCOCH3 group (amide I band). The 

characteristic band at 1056.00cm-1 was assigned to -C-

O in the -OH group. Also, the band at 685.36 cm-1 was 

attributed to NH out of the plane. The agreement 

between the characteristic band of standard chitosan 

and the chitosan used in this study confirmed the 

production of chitosan from snail shells. 

 

 
Fig. 5: FTIR Spectra of Chitosan 

  

Table 4: Comparison of FTIR spectrum with standard spectra from Sigma Aldrich 

Wavelength   Functional groups 

Experimental 

cm-1 

Sigma Aldrich Standard cm-1 % error  

3445.00 3422 ±0.67 ʋ(NH2) associated with primary amines 

and ʋ (OH) associated with pyranose ring 

2927.76 2923 ±0.163 ʋ (CH2) in CH2OH group 

1631.73 1655 ± 1.41 ʋ (C=O) in NHCOCH3 group (amide I 

band) 

1562.01 1554 ± 0.51 ʋ (NH2) in NHCOCH3 group (amide II 

band) 

1056.00 1073 ±1.58 ʋ (C–O) in secondary OH group 

685.36 662 ±3.53 δ (NH) out of the plane 

Thermodynamic Study 

The thermodynamic study gives an insight into the nature 

of the adsorption process. As shown in Table 5, the 

increase in the values of ΔG° with an increase in 

temperature indicates that the adsorption process is less 

favorable at high temperatures. The negative value of 

ΔH° means that the adsorption process is exothermic. The 

small negative value of enthalpy showed that the 

adsorption process is physical. The enthalpy change, 

ΔH°, and the entropy change, ΔS°, for the adsorption 

process are -21.384 kJ/mol and 75.44 J/mol K 

respectively. The positive value of entropy (ΔS°) showed 

an increased randomness of the adsorption process.  
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Fig 6: Plot of ln Kc versus 1/T 

 

                 

6.0 CONCLUSION  

The ability of chitosan produced from snail shells as a 

natural adsorbent to remove Pb2+ ions from textile 

wastewater was investigated in this work. The results 

showed that SSC is a good adsorbent for the removal of 

lead Pb (II) from wastewater. It was also observed that 

the removal of Pb2+ increases slightly as the temperature 

increases. The adsorption Isotherms fitted the adsorption 

data of Pb2+ into SSC. 

 

Kinetic parameters were analyzed using the Pseudo-first 

order, Pseudo-second order, Intraparticle diffusion, 

Elovich, Fractional power, Bangham and Avrami model. 

All the kinetic models excellently fitted the adsorption 

data Pb2+ into chitosan. Kinetic studies showed that the 

adsorption of Pb2+ ions into SSC followed Elovich kinetic 

model. Intra particle diffusion model was used to 

determine the adsorption mechanism. However, 

Intraparticle diffusion was not the rate-determining step 

because the plot of qt against t0.5 did not pass through the 

origin. This showed that there was some degree of 

boundary layer diffusion.  

 

It can be concluded that chitosan from snail shells (SSC) 

offers an effective and efficient means of removing Pb2+ 

from wastewater. 
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ABSTRACT 

Phenol is considered to be a very toxic pollutant in refinery wastewater which poses danger to man and 

its environment. This study target was to establish the effective assessment of phenol removal using 

chitosan, nano-chitosan obtained from crab shells and their generative potentials. The crab shells were 

prepared and converted to chitin. The experiment conducted was at different conditions for both 

chitosan (CTS) and nano-chitosan (NCTS) to achieve basic polysaccharide of low molecular weight 

chitosan (LMWC) and low molecular weight nano-chitosan (LMWNC) for removal of phenol from the 

refinery wastewater. Various techniques were used to characterize both chitosan, nano-chitosan and 

refinery wastewater, such as Double beam UV- spectrophotometer, Fourier Transforms Infrared 

Spectroscopy (FTIR), X-Ray Fluorescence (XRF) and Dynamic Light Scattering (DLS). The 

characterization of obtained chitosan and nano-chitosan absorbents showed good surface area, high 

pore sizes, effective size reduction yield of over 80% with good content of macro elements and good 

molecular weight. The values of calcium were 6.6972%, 5.6422% for CTS and NCTS respectively. The 

results of interaction revealed at factors of 35% sodium hydroxide, 3 h and 75 oC gives the degree of 

deacetylation (DD) to be 81.75%. The percentages of phenol removal were 87.88% and 98.77% for 

both CTS and NCTS respectively. The maximum regeneration obtained was 93.65 % which occurred at 

50 mins. Hence, this showed that the synthesized nano-chitosan polysaccharide from white shrimp shells 

had the potential for phenolic compounds removal from refinery wastewater and the NCTS enhances 

the adsorption capacity due to higher surface areas.   

Keywords: chitosan; nano-chitosan; phenol; wastewater; refinery; regeneration. 

 

1.0 INTRODUCTION  

Wastewater from industrial sources such as refinery has 

been reported as the nuisance of life-threatening 

contaminating ecosystem (Ibrahim et al., 2022a, 

Ibrahim et al., 2022b). Every year, about 140 billion tons 

of industrial and agricultural wastes are generated of 

which 13 billion tons are from plant biomass waste, only 

3% are used for making goods (Ibrahim et al., 2022b, 

Apollon et al., 2024, Khader et al., 2024). The study of 

Mohammad et al. (2014) reported about 30 million 

tons/year of waste generated from the aquatic 

processing are thrown into the sea or remain on the land 

causing environmental contaminants and public health 

concerns, because of their high perishability and high 

pollution effect (Kesari et al., 2021). The contaminants 

are characterized by the presence of high concentrations 

of toxic organic hydrocarbon like phenols (Khader et al., 

2024).  

 

Phenol is among the most common organic pollutants 

and is present in wastewater from petroleum industries 

(Mohammad et al., 2014, Radha Thirumalaiarasu and 

Mahalakshmi, 2022). Phenol is the 11th of the 126 

chemical priority pollutants by United State 

Environmental Protection Agency (USEPA) with odour 

threshold limit of 0.04 ppm (Ibrahim et al., 2022a, 

Panigrahy et al., 2022). The work of Soto et al. (2011) 

reported that as a result of toxic and inhibitory 

characteristics, phenols are very difficult to remove by 

biological processes (Panigrahy et al., 2022, Filipowicz 

et al., 2020). The removal of the phenol from 

wastewater can be achieved through several techniques 

such as physical, chemical, and biochemical processes 

(Panigrahy et al., 2022, Oliveira et al., 2021, Radha 

Thirumalaiarasu and Mahalakshmi, 2022).   

 

The techniques used for phenol removal from 

wastewater are adsorption, which depends on 

adsorbents with high adsorption capacity, good 

mechanical resistance, and simple restoration (Khader 

et al., 2024, Zhou et al., 2023).  Other methods used are 

membrane separation (Chen et al., 2019, Lee et al., 

2022), electrocoagulation (Sadeghi et al., 2019), Fenton 

oxidation (Fu et al., 2020), and catalytic reduction 

(Gabris et al., 2022, Abdelfattah and Ismail, 2023, 

Salahuddin et al., 2020)  theirs associated problems 

hinder the effective usage (Ibrahim et al., 2022b, 

Ibrahim et al., 2017). These identified challenges make 

mailto:aa
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it very necessary to focus more on eco-friendly methods 

of getting rid of this toxic constituent of effluent before 

being discharged into water body (Ibrahim et al., 

2022a). The needs for a more efficient method for 

synthesizing adsorbents containing natural polymers 

have received reorganization, in particular 

polysaccharides. Nano-chitosan, a natural biopolymer 

derived from chitin, has gained attention due to its 

biocompatibility, biodegradability, and excellent 

adsorption properties (Ibrahim et al., 2022a). Therefore, 

the major focus of this research is using more abundant 

aquatic waste like crab shells.  

The valorization of aquatic wastes through CTS and 

NCTS preparation is to avoid the negative influences on 

human health and the environment (El Kaim Billah et 

al., 2023).  CTS and NCTS are new polymeric materials 

and have demonstrated many good applications 

(Ibrahim et al., 2017). CTS is a semi-crystalline cationic 

polysaccharide that attracts positively charged 

molecules and enhances bonding due to the presence of 

the -NH2 group. In addition, the -OH group is also 

present in the structure and helps to increase the 

adsorption capacity (Kou et al., 2022). Due to their large 

specific surface area, small size, and structures, CTS and  

NCTS have been proven to possess a great potential as 

superior adsorbents for removing many kinds of organic 

and inorganic contaminants from natural water and 

wastewater (Ibrahim et al., 2017, Sivakami et al., 2013). 

Also, studies have shown that this adsorbent 

(CTS/NCTS) is low cost which is yet to be exploited 

with phenol removal from refinery wastewater. This 

research work deems it fit to assess effectiveness of 

phenol removal capacity on CTS and NCTS. The main 

aim of the research is to evaluate the effectiveness of 

phenol removal capacity by CTS and NCTS.   

 

2.0 MATERIALS AND METHODS   

2.1 Chemicals and Materials  

Crab shells was obtained from Dukun, Mokwa Local 

Government of Niger State and wastewater obtained 

from Kaduna Refinery, were stored in a cleaned 

container, put into the freezer and later transported to the 

laboratory for necessary analysis (Ibrahim et al., 2013). 

Chemical used include hydrogen sulphate (H2SO4), 

cupric sulphate (CuSO4), sodium hydroxide (NaOH), 

lactic acid (CH3CH(OH)CO2H), sodium 

tripolyphosphate (STPP), acetone (CH3)2CO and 

hydrogen peroxide (H2O2) all of which were analytical 

grades manufactured by Analar BDH. The apparatus 

and instruments used were weighing balance (Scout pro 

SPU), Fourier Transform Infrared spectrometer (Parkin 

Elmer 200). Dynamic Light Scattering (DLS) - Malvern, 

Double beam UV - spectrophotometer - G5-UV61PC, 

Shaking Water Bath - 030S and Viscometer - NDJ - 5S.  

 

2.2 Deacetylation of Chitin to Chitosan  

The removals of acetyl groups from chitin were done 

with the aid of 35% of NaOH, temperature 75 ºC and 

time 3 h. Then centrifugation was carried out for 20 

mins at 2000 rpm after each washed with distilled water 

until the pH values reached neutral value. The 

supernatant was filtered and residues were oven dried at 

60 ºC for 6 h. The obtained chitosan was ground to small 

particle size of 250 micrometer and stored for further 

analysis. Also, about 7% H2O2 was added to the 

obtained CTS and heated at 60 ºC for 1 h and filtered. 

The distilled water was used to neutralize it and about 5 

ml of ethanol was added to the solution, for 6 h, after 

which it was filtered, dried and weighed (Ibrahim et al., 

2017).   

2.3 Nano-chitosan Synthesis  

About 5 g of milled CTS were primed at various 

concentrations of 2% sodium tripolyphosphate (STPP), 

2% acetic acid solution and time of 2.5 h. The STPP 

were added dropwise and mixed at 450 rpm. The formed 

nano-chitosan (NCTS) washed several times with 

distilled water, filtered and oven dried at 60 ºC (Ibrahim 

et al., 2022a)  for 6 h (Wijesena et al., 2017, 

Vijayalakshmi et al., 2017). The average of particle size 

distribution was calculated with the aid of dynamic light 

scattering (DLS).  

 

2.4 Characterization of Chitosan and Nano-chitosan  

The surface functional groups of chitosan and nano-

chitosan were determined by Fourier Transform 

Infrared (FTIR) spectroscopy. The regeneration 

capacity of nano-chitosan was obtained by Fourier 

Transform Infrared (FTIR) spectroscopy.  The data 

obtained were plotted with the aid of essential Fourier 

Transform Infrared software (Ibrahim et al., 2022a, 

Ibrahim et al., 2024). The structural analysis of the 

samples was conducted using PAN analytical X’ Pert 

PRO MPD X-ray diffraction system PW3040/60 

machine. The average of particle size of nano-chitosan 

distribution was obtained with the aid of Dynamic Light 

Scattering (DLS)-Malvern.  

 

2.5 Digestion of Refinery Wastewater  

About 350 cm3 of wastewater samples were distilled to 

obtain 300 cm3 of distillate which was transferred to a 

separating funnel. Also, about 10 cm3 of buffer solution 

with 2 cm3 each of 4aminiantipyrine and potassium 

hexacyanoferrate were added to separating funnel 

respectively, allowed for 10 mins. The collected phenol 

was dried with sodium sulphate and double beam 

spectrophotometer (G5 - UV61PC) was used to 

determine concentration of phenol at wavelength of 460 

nm.   

 

2.5.1 Phenol removal by both LMWC and LMWNC  

Certain amounts of both low molecular weight chitosan 

(LMWC) and low molecular weight nano-chitosan 

(LMWNC) were added to different conical flasks (250 

ml), filled with the same various volume of known 

phenol concentration in wastewater as shown in Figure 

2.1. Each of the adsorbents and adsorbate (phenol), were 

mixed with aid of oscillating shaker.  

 

The amounts of phenol removed from Refinery 

wastewater (RWW) by the adsorbents were obtained.                                                                                                                      
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Figure 2.1: Sketch Diagram of Phenol Removal (Ibrahim et al., 2024). 

 

2.5.2 Regeneration of nano-chitosan for phenol 

removal  

The economy and environmental importance of 

adsorption depends on efficiency of regeneration.  

Problems associated with adsorption processes are 

disposal of adsorbent after usage. The regeneration can 

reduce the need of new adsorbent and also reduce the 

problem of disposal of used adsorbent. Various 

regeneration methods have been used with different 

degrees of success. These methods include washing,  

 

thermal and chemical regeneration with their respective 

parameters. 

 

3.0 RESULTS AND DISCUSSION  

3.1 Mineral Composition of Chitosan and Nano-

chitosan  

The results of mineral composition of the CTS and 

NCTS were shown in Table 3.1.  

 

 

 

Table 3.1: Mineral Composition of Chitosan and Nano-Chitosan 

Element 
CS (%) 

NCS (%) 

K 0.0052 0.0034 

Ca 7.4132 6.1321 

Mn LOD LOD 

Note: LOD: low detection, CS: Chitosan, NCS: Nano-chitosan 

 

Table 3.1 shows that the species are good sources of 

macro elements such as calcium, potassium while  

phosphorus was obtained from XRF analysis. After each 

stage of preparation, the values of calcium were 7.4132, 

6.1321 (%) for CTS and NCTS respectively.  

The decrease was due to demineralization carried out. 

This is supported by the findings of (Fawole, 2007) and 

(Abdulkarim et al., 2013).  Nevertheless, the very low 

values recorded may be due to the fact that the aquatic 

animal needs the micro elements in trace amounts and 

perhaps the concentrations in the water body is very low 

(Sunday et al., 2012).  

 

3.2 Chitosan and Nano-chitosan Synthesis  

The results revealed at factors of 35% sodium 

hydroxide, 3 h and 75 ºC gives the degree of 

deacetylation (DD) to be 81.75%. These values were 

higher than 60.69% degree of deacetylation reported by 

(Abdulkarim et al., 2013). The deacetylation degree 

showed that the percentage of acetyl groups can be 

removed from the chitin to produce CTS, which play a 

vital role in determine the quality of produced CTS (El 

Knidri et al., 2020, Kou et al., 2022). From the 

experiment carried out, degree of deacetylation and 

molecular weight of CTS produced from waste crab 

shells were 81.76% and 74334.19 Da.   

 

 

 

 

 

 

 

 

 

Wastewater  

Characterization  

Phenol Removal  

Treated water  

Characterization  
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The results of interaction shows that the 2% STTP, 2.5 

h and 2% Acetic acid gives 82% for the percentage size 

reduction.  

 

It was observed from experiment that the particle size of 

NCTS was 82% yields which may be due to the 

accumulation of polymer molecules and intermolecular 

cross linking through TPP spanning (Khorram and 

Fallah, 2018). Surface area of the samples used plays a 

vital role in influencing the application and performance 

of the adsorbent. Increase in surface area of the samples 

was due to the outcome of the treatment processes such 

as demineralization, deproteination, deacetylation and 

nano sizing chitosan. The larger the surface area, the 

better the performance of adsorbent (Choorit et al., 

2008).                     

 

3.3 Fourier Transform Infrared (FTIR)  

The surface functional groups of the chitosan and nano-

chitosan were determined by Fourier Transform 

Infrared (FTIR) spectroscopy. The data obtained were 

plotted with the aid of essential Fourier Transform 

Infrared Software as were presented in Figure 3.1.   

 
Figure 3.1: Infrared Spectra of the Chitosan (CS) Nano-Chitosan (NCS) Obtained from Waste Crab Shells 

  

Table 3.2: Functional Group and their Respective Peak Using FTIR 

Functional Group CS NCS Standard 

C – O 1009.03 1026.09 1300 – 1000 

N – H 3216.03 3261.36 3500 – 3100 

Amide II 1591.13 1620.72 1640 – 1550 

C = O 1587.11 1656.86 1750 – 1625 

O – H 2912.13 2934.64 3400 – 2400 

NH2 1001.31 1026.09 1030 – 1050 

Amide I 1621.15 1621.72 1670 – 1600 

C   O 2030.37 2139.30 2200 – 2100 

 

The FTIR studies of the CTS and NCTS were compared 

with standard commercial species. The major 

absorption band represents the free amino group (-NH2) 

at C2 position of glucosamine, were observed as shown 

in Table 3.2. The absorption bands which represent the 

-C-O stretching of primary alcoholic group (-CH2 - OH) 

were observed for CTS and NCTS. Also, the main 

vibration values obtained were compared with standard 

that indicated the N-H stretching, symmetric CH3 

stretching and asymmetric CH2 stretching, CH 

stretching, C=O stretching in secondary amide (amide I) 

and C-N- stretching in secondary amide (amide II) 

confirms with their structure as shown in Table 3.2 and 

Figure 3.1.  
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The broad and weak absorption bands were due to the 

combined effect of NH2 and OH groups. The absorption 

band of each sample could be attributed to the N-H 

secondary amine stretches. The weak absorption band in 

the region was due to the presence of methylene and 

methyl groups in each sample structure and originates 

due to the C-H bond. The absorption peak at 3216.03 

cm-1 and 3261.36 cm-1 for CTS and NCTS were due to 

the presence of N-H of amide II bond structure in the 

polymer. These spectra values were within the standard 

for CTS and NCTS and thus are similar to vibration 

patterns reported by (Ibrahim et al., 2022a, Ibrahim et 

al., 2024, Pereira et al., 2014) with insignificant changes 

in the positions and intensities which were due to the 

differences in the method of synthesized polymer. 

 

3.4 Assessment of Wastewater and Treated Water  

For this study, the wastewater collected from Kaduna 

Refining and Petrochemical Company (KRPC) was 

analyzed before treated with the developed adsorbents 

as shown in the Table 3.3 and post analysis was also 

carried out.   

 

 

Table 3.3: Analyzed Wastewater and Treated Water from Kaduna Refining Plant 

Parameter Wastewater NCTS CTS WHO 

pH 6.79 7.00 6.70 7.50 

Temperature (ºC) 28.20 27.00 28.00 ˂35.00 

Total Solids (mg/l) 140.71 57.40 80.30 30.00 

Total Dissolved Solids (mg/l) 380.07 241.23 310.51 500.00 

Suspended Solids (mg/l) 89.26 22.51 48.57 ˃10.00 

Dissolved Oxygen (mg/l) 12.31 8.41 10.22 8-10.00 

Biochemical Oxygen Demand (mg/l) 15.94 9.42 11.56 9.42 

Chemical Oxygen Demand (mg/l) 208.72 67.28 124.26 67.28 

Phenol (mg/l) 7.18 0.033 0.40 0.001 

Chloride (mg/l) 57.89 25.08 33.06 250.00 

Sulphate 250.00 125.00 160.00 400.00 

Ammonia (mg/l) 10.75 3.25 6.35 0.20 

Conductivity 733.00 366.00 424.00 200.00 

 

Wastewater sample was collected from KRPC Ltd, 

Kaduna State. The wastewater sample was analyzed for 

general characterization and treated with both CTS and 

NCTS to determine the presence and level of pollutant as 

shown in the Table 3.3. The values of the pollutant before 

and after treatment with the adsorbents observed that pH 

of wastewater increased after treatment from 6.79 to 7.00 

and 6.70 for both NCTS and CTS respectively. The 

electrical conductivity was observed to be reduced after 

treatment from 733 to 366 and 424.00 for both NCTS and 

CTS respectively, reduction of chemical oxygen demand 

was observed after treatment within the range of 208.72 

to 67.28 and 124.26 mg/l for both NCTS and CTS 

respectively and after treatment, the biochemical oxygen 

demand was observed to be reduced from 15.94 to 9.42 

and 11.56 mg/l for both NCTS and CTS respectively. 

This indicates that the low-cost adsorbent has better 

adsorption capacity in wastewater treatment, which could 

be attributed to the modified CTS. However, NCTS has 

higher adsorption capacity of pollutants compared to 

CTS. Consequently, this NCTS from waste crab shells 

could be employed in multi-component wastewater 

treatment.   

 

3.4.1 Influence of contact time  

The influences of contact time between adsorbate on the 

adsorbents (CTS and NCTS) are presented below 

(Figures 3.2 and 3.3) It shows that adsorption process 

was faster at start but get slower as time progresses. This 

could be as result of vacant active site on the adsorbents 

at first stage which later got saturated as the time 

progressed. Also, low mass transfer was observed at 

lower concentration compared to high mass transfer in 

the higher initial concentration. The adsorption capacity 

of the adsorbents increased with an increase in contact 

time, which paves way to the determinant factor in 

evaluating the adsorption capacity and percentage 

removal of an adsorbent as shown in Figures 3.2 and 3.3.  
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Figure 3.2: Percentage Phenol Removal by Nano-Chitosan and Chitosan 

 

 

 
Figure 3.3: Phenol Adsorption Capacity by Nano-Chitosan and Chitosan 

 

Figures 3.2 and 3.3 showed that adsorption capacity and 

removal efficiency of NCTS were 177.30 mg/g and 

98.77% and that of CTS were 87.88 mg/g and 87.88% 

all within 10 to 40 mins. It was also deduced that large 

amount of phenol was adsorbed in the first 10 - 40 mins 

of contact time. This initial fast rate of adsorption may 

be a consequence of the availability of several binding 

sites for solute uptake. The large amount of phenol 

removal in the first few minutes of contact time between 

solute and adsorbent may be due to increased surface 

area resulting from the influence of improved surface 

reactivity from the influence of chemical pretreatment. 

Similar observation of large removal in less than 20 

mins was reported by (El Jamal and Awala, 2011). 

 

3.4.2 Influence of temperature  

The influent of temperature on phenol adsorption on 

CTS and NCTS were presented as the adsorbents 

witnessed an increase in adsorption removal percentage 

and no significant change with further increase of 

temperature. A rapid increase in adsorption was 

observed within initial time at different temperatures 
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and then a gradual increment was observed. At higher 

temperatures the rate of diffusion of solute within the 

pores of the adsorbent increases (Ibrahim et al., 2022a).   

 

3.4.3 Influence of adsorbent dosage  

The influence of adsorbent dosage on adsorption of 

phenol using NCTS and CTS were carried out as 

different doses of adsorbents ranging from 1.36 - 4. 68 

mg/l. The maximum percentage removal of phenol was 

observed as shown in Figure 3.3 and compared to the 

value reported by (Auta et al., 2012). The low 

adsorption percentage can be ascribed to the fact that all 

the adsorbents have a limited number of active sites that 

would have achieved saturation above a certain 

adsorbate concentration (Barkat et al., 2009). Effective 

utilization of synthesis NCTS cum further research to 

domesticate the NCTS adsorbent will contribute to SDG 

goals - SDG 3 (good health and wellbeing) and SDG 6 

(clean water and sanitations).   

 

3.5 Regeneration Effectiveness of Nano-chitosan for 

Phenol Removal  

The following results were obtained after carried of 

regeneration procedure to ascertain the effectiveness of 

reuse of NCTS in phenol removal. However, about 20% 

EDTA solution was found to be effective in desorbing 

phenol and recovering the adsorption. From the results 

obtained, maximum regeneration was 93.65, 92.16, 

91.49, 91.11, 90.11, 86.49 and 80.65% from first to 

seventh cycles which occurred at 50 min intervals as 

presented in Table 3.4. The results indicated that the batch 

gets saturated early and the regeneration efficiency 

increases slightly. The material was tested in seven cycles 

of sorption/desorption and it demonstrated reproducible 

performance, similar results were obtained by 

(Vijayalakshmi et al., 2017).  

 

Table 3.4: Regeneration Data of Phenol Adsorbed on Prepared NCTSP 

S/N Time (min) 10 20 30 40 50 

 Cycles Percentage Regenerations of Nano-chitosan % 

1 Cycle 1 80.81 84.04 85.39 92.31 93.65 

2 Cycle 2 78.57 81.93 83.82 89.47 92.16 

3 Cycle 3 73.91 79.01 84.62 89.29 91.49 

4 Cycle 4 71.91 80.26 83.87 88.46 91.11 

5 Cycle 5 65.91 79.17 80.7 87.23 90.00 

6 Cycle 6 62.2 77.05 76.92 82.93 86.49 

7 Cycle 7 60.81 76.92 70.21 77.78 80.65 

 

3.6 Fourier transform infrared (FTIR) of Adsorbent 

after Regeneration 

The surface functional groups of the based adsorbent 

were determined by Fourier Transform Infrared (FTIR)  

spectroscopy. The data obtained were plotted with Origin 

Software as presented in Figure 3.4.  

 

 

Figure 3.4: Infrared Spectra of the Adsorbent after Adsorption 
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The FTIR studies of the adsorbents were compared with 

standard commercial species. The broad and weak 

absorption bands were due to the combined effect of -NH2 

and -OH groups. The absorption band of each sample 

could be attributed to the N-H secondary amine stretches. 

The weak absorption band in the region were due to the 

presence of methylene and methyl groups in each sample 

structure and originates due to the C-H bond. These 

spectral values obtained were within the standard and are 

similar to vibration patterns reported by (Pereira et al., 

2014) with insignificant changes in the positions and 

intensities which was due to the differences in the method 

of synthesized polymer. 

 

4.0 CONCLUSION   

The results of interaction revealed at factors of 35% 

sodium hydroxide, 3 h and 75 ºC gives the DD to be 

81.75%. This may be accredited to the procedures 

applied during the preparation. The standard quality of 

chitosan is also determined through molecular weight. It 

was observed from experiment that the particle size of 

NCTS was 82% yields as results of interaction of 2% 

STTP, 2.5 h and 2% Acetic acid. The value obtained 

may due to the accumulation of polymer molecules and 

intermolecular cross linking through TPP spanning. The 

percentages of phenol removal were 87.88% and 

98.77% for both chitosan and nano-chitosan 

respectively. 
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ABSTRACT 

Three vegetable oils, palm oil, shea butter, and groundnut oil, were investigated for use as lubricants 

in the orthogonal turning of mild steel. The cutting speed was varied while the depth of cut and feed 

was kept constant; the surface finish was determined using a roughness checker, and the interface 

temperature was measured using a k-type thermocouple. Tool life and coefficient of friction were 

determined. Results show improved tool life and good surface finish were obtained at low and medium 

cutting speeds. Findings show the satisfactory performance of groundnut oil with chip compression of 

0.83 at the speed of 300 rpm and that of the shear butter with a maximum temperature of 62oC within 

the speed range. The cooling effect of the vegetable oils compared favourably with that of the standard 

soluble oil. The order of performance of the oils was palm oil, shear butter, and groundnut oil, which 

decreased in order, a performance attributed to their oiliness. The result of this work can be used to 

source new cutting fluids in cutting operations. 

Keywords: cutting fluid, vegetable oil, tool life, spindle speed, feed rate, chip compression, 

                  coefficient of friction 

 

INTRODUCTION 

Machining is a widespread metal shaping process that 

achieves high precision with good tolerance and surface 

finish. It is versatile in producing complicated free-form 

shapes with many features over an extensive size range, 

which can be made cheaply, quickly, and simply by 

controlling the path of a standard cutting tool. Another 

reason for the success of metal machining is the idea of 

competition to increase productivity, hold market share, 

and find new markets. These have led to significant 

changes in machining practice. The changes include 

machine technology, manufacturing systems, and 

materials technology. Chip formation is a significant 

outcome of machining operations, and cutting parameters 

influence the morphology of the chip. The process of chip 

formation gives a continuous form through crack 

propagation. Thus, the type and shape of the chip depend 

directly on the physical and mechanical properties of the 

machined material. For continuous chip formation, for 

example, once the chip thickness is known, the stresses 

and temperature in the work and tool, which influence 

tool life and quality of machined surface, can be estimated 

(Childs et al., 2000). Notably, cutting speed, depth of cut, 

and feed are major parameters influencing chip formation 

and, hence, the quality of the machined surface. An earlier 

researcher (Biermann et al., 2024) observed that chip 

thickness is influenced by lubrication, and adding a 

lubricant causes the chip to become thinner and reduces 

the friction between the chip and tool. Investigations have 

shown that cutting speed and feed have some influence 

on the cutting force. High cutting speeds increase the chip 

removal rate while the cutting force is decreased. Also, 

heat is generated at the chip-tool interface, adversely 

affecting chip formation mode, cutting force, tool life, 

and machined surface quality.   

 

Metalworking fluids (MWFs) are used to improve 

productivity and the quality of machined products 

through cooling, lubrication, extending tool life, reducing 

process variability, and preventing corrosion (Lawal et 

al., 2012); hence, the necessity for continuous search for 

new and improved machining lubricants to reduce to a 

minimum the adverse effects encountered in machining.  

Water is an effective cooling agent that removes heat 

more rapidly than oil but is a very poor lubricant when 

used alone and causes rusting. Some essential additives 

are generally added to transform water into a suitable 

metalworking fluid (Peterson, 2007). 

 

Due to their advantages, the consumption of MWFs is 

increasing in the machining industry.  Despite their 

widespread use, they pose significant health and 

environmental hazards during use, such as skin cancer 

and soil degradation. Various alternatives such as 

synthetic, solid, and vegetable-based lubricants, dry 

cutting, and minimum quantity lubrication (MQL) are 

being explored as the demand for renewable and bio-

degradable lubricants increases (Ponnekanti and Savita, 

2012). Cutting speed, temperature variation, and tool life 

are part of the criteria for orthogonal turning operations 

and choosing suitable machining lubricant. Machining is 

an effective method for evaluating metal-forming 

lubricants because the cutting fluid alters the forces 

between tool and work, cutting temperature, shear angle, 

wear, tool life, chip form, and surface finish (Sristi and 

Zaman, 2024). The cutting fluid reaches the chip/tool 

interface by diffusing through the distorted structure of 



 

Performance evaluation of cutting fluids made from bio-degradable vegetable oils in machining of mild steel 

 

ISSN:0794-6759   25 

the metal and by capillary action. This study evaluates the 

performance of cutting fluids made from biodegradable 

vegetable oils in machining mild steel. Specifically, it 

comparatively assesses the lubricity effects of palm oil, 

shear butter, and groundnut oil on chip quality, surface 

finish, coefficient of friction, and tool life in the 

machining of mild steel. The result is part of sourcing new 

lubricants as alternative cutting fluids in machining. 

 

Theoretical Background 

The depth of cut t1, existing before the formation of the 

chip, changes into the thickness t2   after the chip has 

been generated. Hence, the chip thickness ratio or chip 

compression λ can be computed as  

 

     λ= t2/t1  (1) 

 

Further analysis (Obi, 1997) will show that the coefficient 

of friction µ, occurring between chip and tool, is given by  

 





−
=

2/

ln
  (2) 

where 

α = rake angle of the tool 

To avoid failure by fatigue in a typical tool lifetime, tool 

material and geometry should be selected to maintain 

maximum tensile stress caused by the cutting forces, and 

the chosen cutting parameters, such as feeds and speeds, 

are within the limit of the temperature increases in the 

tool. Tool life prediction is important for tool 

management, and Taylor’s tool life equation, though old, 

is still widely used for this work. An approximate 

equation due to Ojolo and Ogunkomaiya (2014), given in 

equation 3, is used to compute tool life. 

 

T= L x 60/Nf  (3)  

Where, 

N (RPM) = cutting speed in Revolutions per 

minute 

f = feed rate in Millimetre per revolution 

L = Length of effective cut 

T = Tool life in seconds 

 

 

Chip-tool Interface Temperature 

One of the goals of temperature measurement in 

machining is to quantitatively measure the heat energy 

distribution throughout the cutting region, which is 

difficult because of the high temperatures. Tool failure 

caused by fracture disrupts the machining process so 

suddenly that conditions are chosen to avoid this. The 

heat sources in machining include shear deformation and 

friction between the tool and workpiece and between the 

tool and chip.  

 

However, measuring the average temperature at the 

chip/tool contact is sufficient. In this work, the average 

temperature was measured using a K-type thermocouple 

arrangement developed by Dhar and Islam (2005), as 

shown in Fig. 1. It was mounted on the tool-work 

interface junction, and the temperature was read off a 

calibrated digital multimeter. 

 

 
Fig.1: K-type thermocouple for temperature Measurement (Dhar and Islam, 2005) 

 

It is also important to note that lubricants play a vital role 

in machining, such as the cooling effect to ameliorate 

high temperatures on the tool and workpiece, ensure the 

production of smooth surfaces of the work, reduce 

friction, and prolong tool life. A good lubricant would 

generate the best among these criteria. In this work, three 

local oils are applied separately to determine their order 

of acceptability as machining lubricants through their 

cooling effects, chip compression, coefficient of friction, 

and surface finish. 

 

MATERIALS AND METHODS 

The investigation used mild steel samples soaked in palm 

oil, shea butter, and groundnut oil, with soluble oil as a 

control. Obi et al. (1998) determined the trace elements 

of these oils, which are shown in Table 1.  

 

 

Table 1: Trace Elements in the vegetable oil samples (Obi, 2000) 

Trace elements in samples (µg/g) 

Element Palm oil Shea butter Groundnut 

Al 31.000 44.010 19.350 
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Trace elements in samples (µg/g) 

Element Palm oil Shea butter Groundnut 

Ca 

Ci 

Cu 

Mg 

Mn 

Na 

V 

80.800 

29.600 

1.430 

28.100 

0.940 

29.600 

0.065 

74.750 

60.350 

2.011 

26.890 

1.690 

72.760 

0.0671 

29.890 

11.910 

1.790 

7.320 

0,470 

17.450 

0.039 

 

The cutting tool was of tungsten carbide with a 10° rake 

angle, 9° clearance angle, and 1.5mm nose radius with a 

10mm tool overhang. A lathe machine of Model Metalx 

WARSZAWA, Serial No. TUE40-9800 was used. The 

soluble oil was applied directly to the tool-workpiece 

interface, while the vegetable-based oils were applied 

using a small plastic can.  The mild steel rod, with a 

diameter of 75 mm and length of 120mm, purchased from 

scientific equipment dealers, was used for this work. Its 

chemical composition is given in Table 2. 

 

 

Table 2: Elemental composition of low carbon steel (%) (Faci, 2017) 

C Si Mn P S Cr Mo Ni Cu Al Mg 

0.215 3.350 1.316 0.102 <0.100 0.029 0.015 0.022 0.012 0.130 0.014 

 

The rod was mounted on the lathe and machined at a 

constant feed rate and depth of cut of 0.8 mm/rev and 1.5 

mm, respectively, at 100, 150, 200, 250, and 300 rev/min 

speeds, using soluble oil as a cutting fluid. Excessively 

high turning speeds were avoided because, at high speeds, 

there is less time for the heat generated to be conducted 

through the workpiece. Moreover, the lubricating 

performance of the oils can only best be evaluated at low 

speeds, which helps avoid the splashing of the oils during 

machining and maintains uniform film over the chip-tool 

interface (Obi, 1997). The temperature of the work-tool 

interface at each speed was measured, the chips collected 

and their thicknesses measured with a micrometer screw 

gauge, the chip compression and coefficient of friction 

were computed using equations 1 and 2, respectively 

(Obi, 1997), and the tool life with equation 3. The average 

of four chip thickness measurements was used to compute 

the chip compression in each case. The surface roughness 

of the machined surface after each operation was 

determined using a roughness checker (Taylsurf 

subtronic) with a sampling length of 1cm. The process 

was repeated for the vegetable-based oils; the results are 

recorded in Table 3. The mild steel used in this work was 

used by Faci (2017)  

 

RESULTS AND DISCUSSION 

 

Table 3 presents the results of chip thickness, 

temperature, surface roughness, chip compression, 

coefficient of friction, and tool life at varying spindle 

speeds. 

 

 

 

Table 3: Measured chip thickness, temperature, and surface roughness and computed values of    compression 

and coefficient of friction 

Machining 

Lubricant 

Spindl

e 

speed 

(RPM) 

Thickn

ess of 

chip 

(t)(mm

) 

Chip 

compre

ssion 

(λ)  

Chip-tool 

temperat

ure (oC) 

Surface 

Roughnes

s (µm) 

Tool 

Life 

(min) 

Coefficie

nt of 

friction 

(µ) 

Palm oil 

100 0.42 9.09 58.3 2.00 57.7 0.32 

150 0.40 10.00 65.0 1.40 56.37 0.29 

200 0.38 11.00 63.9 1.20 41.38 0.28 

250 0.38 11.92 69.3 1.25 32.04 0.27 

300 0.40 10.62 73.9 1.20 12.65 0.25 

Soluble oil 

100 0.45 11.50 57.0 2.20 0.33 0.33 

150 0.44 12.70 61.0 1.75 0.30 0.30 

200 0.42 14.50 65.0 1.40 0.28 0.30 

250 0.40 12.50 70.0 1.40 0.27 0.28 

300 0.42 10.30 75.0 1.25 0.26 0.27 
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Figure 2: Variation of chip compression with speed.   Figure 3: Variation of chip tool interface temperature with the speed 

 

Fig. 2 shows the variation of chip compression with 

speed. The profile shows a slight rise in chip compression 

with speed, followed by a general drop as the speed 

increases. The changing values of the cutting angle, 

formation of built-up-edge, and variation of coefficient of 

friction cause the variation in chip compression. Obi 

(2000) has shown that with an increase in cutting speed, 

chip compression is first reduced to a minimum and then 

increased to reach a maximum, after which it drops again 

and varies slightly at high speeds.  Another investigation 

(Obi, 1997) has shown that the reduction of chip 

compression with speed indicates a reduction of cutting 

force, power consumed, and reduction of temperature, 

which depends on the cutting fluid used. Groundnut oil 

performs better than the rest of the cutting fluids with chip 

compression of 0.83 at 300 rpm. Fig. 3 shows that the 

chip-tool interface temperature increases with the speed 

of machining. Previous authors have shown that the 

temperature generated was due to the primary shear of the 

workpiece, average temperature rise due to the rake face  

 

 

of the tool, and heat due to friction between the tool and 

the workpiece and between the chip and the tool and that 

this heat increases with cutting speed. At low cutting 

speeds, the principal factor affecting chip-tool interface 

temperature is the deformation at the shear zone, while at 

high cutting speeds, the tool-chip friction. Theoretical 

analysis of the plane strain deformation of metal showed 

that energy deformation when converted to heat, 

increases the temperature. The rise in temperature is due 

to the heat generated at the primary shear plane and 

friction between chip and tool and between tool and 

workpiece, which increases with speed. Obi (2000) has 

shown that cutting forces decrease with speed, and since 

heat is the product of force and velocity, more heat is 

generated with increasing speed. Among the oils 

investigated, shear butter performed better than the rest, 

with a maximum temperature of 62oC within the speed 

range tested. It was followed respectively by groundnut 

oil (70oC), palm oil (70.9oC), and soluble oil (75oC).  

Machining 

Lubricant 

Spindl

e 

speed 

(RPM) 

Thickn

ess of 

chip 

(t)(mm

) 

Chip 

compre

ssion 

(λ)  

Chip-tool 

temperat

ure (oC) 

Surface 

Roughnes

s (µm) 

Tool 

Life 

(min) 

Coefficie

nt of 

friction 

(µ) 

Groundnut oil 

100 0.38 10.0 61.0 2.40 0.34 0.34 

150 0.37 11.4 64.0 2.20 0.32 0.32 

200 0.45 10.0 67.5 1.75 0.30 0.30 

250 0.46 9.50 70.0 1.40 0.28 0.28 

300 0.43 8.30 72.0 1.20 0.27 0.26 

Shea Butter 

100 0.32 11.4 53.0 1.40 
105.8

3 
0.35 

150 0.35 12.8 55.1 1.20 93.57 0.35 

200 0.34 14.3 62.0 1.20 82.36 0.32 

250 0.35 13.9 60.0 1.00 76.37 0.30 

300 0.37 11.8 58.0 0.60 68.38 0.28 
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Figure 4: Speed-Temperature Characteristics of the oils    Figure 5: Effect of cutting speeds on Tool Life using 

        the oils 

                                                                                                                                     

      

 
Fig 6: Effect of cutting speeds on the coefficient of friction. 

 

The improvement of surface roughness with speed is 

shown in Fig 4. Built-up-edge (BUE) formation occurs at 

low speeds and offers a way of relieving some strains that 

occur at low speeds but at the expense of worsening the 

cut surface finish. The BUE reduces and disappears at 

higher speeds, improving the surface finish. Cutting fluid 

reduces the BUE to a size commensurate with the feed, 

reduces the contact area between tool and workpiece, and 

reduces the tool forces so that power consumption is 

reduced and temperatures lowered, resulting in improved 

tool life. As the cutting speed increases, a limit is reached 

above which the BUE is not formed. The shape of the tool 

changes, and the surface finish improves as the BUE 

disappears. There was a slight surface quality 

deterioration with palm oil at high cutting speeds. 

Previous authors summarized the reason for the lowered 

effectiveness of cutting fluids at high cutting speeds: the 

cutting fluids fly off the chip at high cutting speeds, the 

reaction time for the formation of a chemical compound 

is too short, and the time for convection of heat developed 

at high cutting speeds is too short.  Fig. 5 is the variation 

of cutting speed with tool life. It is observed that tool life 

improves with speed. Thermal damage to tools occurs 

because of temperature increases. As tool damage, by 

wear or fracture, increases the surface roughness and the  

 

accuracy of the machined surface deteriorates, it is 

necessary to adopt an inflexible criterion to evaluate tool 

material machining capabilities, such as temperature 

variation with speed. Fig. 6 is the variation of speed with 

a coefficient of friction. The adiabatic shear band is 

generated during machining due to the workpiece's 

viscoelastic behavior, leading to the workpiece's 

deformation. Subsequently, chips are formed by cracking 

and plasticization following high-pressure stresses. With 

increasing cutting speed, the shearing bands become 

more intense, reducing the width between the segments 

and fragments due to localized deformation in the 

primary shear zone and increased temperature. 

Mechanical properties decrease in the cutting zone by 

reducing resistance to plastic deformation, which causes 

chip shearing. Forces decrease with increased cutting 

speed due to reduced friction between chip and tool, 

hence the shape of Fig. 6. 

 

Physiochemical characteristics of oil that enhance their 

performance 

The properties of vegetable oils that enhance their 

performance in machining operations include the 

presence of fatty acids (Ajala, 1982), which are effective 

as boundary lubricants due to a chemical reaction 
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between the polar head of the acid molecule and the 

surface they react with, to produce the adsorbed layer 

which is sufficiently thick to separate the surfaces thereby 

reducing friction. The presence of surface-active agents 

such as stearic acid and halogens like chlorine help to 

reduce the surface energy and increase its wetting power 

or oiliness. Ajala (1982) has shown that shea butter 

contains 35% by weight of stearic acid compared to 

groundnut and palm oil, with percentage stearic contents 

of 4.5% and 4%, respectively. Also, Obi (2000) has 

shown that shea butter contains 60.35 μg/g of chlorine, 

groundnut oil 11.91μg/g, and palm oil 29.60μg/g. These 

properties have contributed to the satisfactory 

performance of these vegetable oils in machining. 

Conclusion  

This study evaluates the performance of cutting fluids 

made from biodegradable vegetable oils in machining 

mild steel. It comparatively assesses the lubricity effects 

of palm oil, shear butter, and groundnut oil on chip 

quality, surface finish, coefficient of friction, and tool life 

in the machining of mild steel. The findings show that the 

cutting speed significantly affects the quality of turning 

of mild steel. Also, the lubricants improve the cutting 

tool's life, with a better surface finish for machining at 

low and medium cutting speeds. This implies ecology-

friendly vegetable-based oils could successfully replace 

soluble oils as cutting fluids. 

It is therefore recommended that the adoption of shea 

butter and groundnut oil as a metalworking fluid in metal 

cutting operations such as turning and other machining 

operations because of their high thermal conductivity and 

oxidative stability be encouraged; also, the oxidative 

stability of the vegetable oil-based cutting fluid could be 

improved using nature-friendly, uncomplicated and less-

mineralized solution antioxidant to cater for the problem 

of the chlorinated, sulphured and phosphorus-based types 

used which are known to cause health issues to operator 

typical to mineral based oils. 
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ABSTRACT 

This study aims to optimize the removal efficiency of melon husk as a bio-adsorbent for lead ions in 

water. Response Surface Methodology (RSM) and Pyomo were employed to analyze experimental data 

from literature and identify optimal operating conditions. The independent variables used were dosage 

of melon husk and contact time. It was observed that time had a more positive influence on removal 

efficiency than dosage. Using the Stat-Ease 360 software, a quadratic model, exhibiting an excellent fit 

with an adjusted R-squared of 0.6862, was developed to describe the relationship between dosage and 

contact time on lead removal efficiency. RSM identified an optimal melon husk dosage of 0.64 g and a 

contact time of 49 minutes. However, Pyomo optimization revealed a slightly more efficient 

configuration with an optimal dosage of 0.63 g and a contact time of 44.8 minutes. This suggests that 

Pyomo may be a more effective tool for predicting the optimal conditions in this particular application. 

Keywords: Melon husk; Water Treatment; Response Surface Methodology, Pyomo Optimization; 

Process Modelling. 

 

1. INTRODUCTION 

Water is a vital resource needed for various human 

activities, including domestic and industrial purposes. 

Despite natural replenishment through rainfall, increasing 

pressure on water resources is evident due to growing 

demand and pollution has become a major concern 

(Debnath & Saha, 2020). Over the years, industrialization 

has significantly contributed to the pressure on and 

contamination of water bodies through agricultural 

runoffs and improper discharge of effluent water, 

chemical spills, etc. Take the recent incident at Walsall, 

where cyanide spilled into a canal, killing numerous 

fishes and endangering the health and lives of those that 

use the water for domestic purposes (Jessica, 2024). 

Many similar cases of chemical and oil spills have been 

reported in communities in Nigeria, accompanied by 

deaths and illnesses in those who live in the area of 

spillage (Chiamaka, 2024). The presence of heavy metals 

in concentrations above the WHO limits can pose harm to 

aquatic organisms and humans. One of such metals often 

seen in household domestic water is lead (Pb) ions. Lead 

ions contamination typically stems from the corrosion of 

lead-based plumbing systems, pipes, and fixtures, 

industrial discharges, mining runoff, and certain 

agricultural activities. Lead ions exposure can result in 

developmental delays, learning disabilities, and 

neurological problems in children, while adults may 

experience cardiovascular and kidney issues (Igwe, 

2007). According to WHO (2006), the maximum 

acceptable level of lead ions in drinking water is 0.05 

mg/L. Several methods have been used to treat water 

contaminated with heavy metals like lead, including ion 

exchange, reverse osmosis, chemical precipitation, 

adsorption, electro-dialysis, membrane filtration, etc. 

(Camilo et al., 2021; Mesut, 2021; Bhaumik & Hiren, 

2022, Mohamed et al., 2024). Most of these methods 

heavily rely on chemicals like chlorine, coagulants, 

flocculants, which can create toxic sludge and byproducts 

after the treatment process (Seragadam et al., 2024). 

Among these conventional methods, adsorption is a 

relatively simple and inexpensive method for removing 

heavy metals from water. Materials used as adsorbents 

include carbon-based adsorbents like activated carbon 

and graphene, chitosan-based adsorbents, mineral 

adsorbents like zeolites and clay, bio-adsorbents, etc. 

Following the drive for more environmentally friendly 

solutions, there has been a growing interest in using 

agricultural waste materials, such as melon husk, rice 

husk, shea butter husk, orange peels, watermelon rind, 

groundnut husk, etc. as bio-adsorbents for heavy metals 

removal from aqueous solutions (Bernard et al., 2018; 

Kebru et al., 2022; Naik et al., 2022; Hadid et al., 2023). 

These bio-adsorbents are cheaper and readily available 

than the chemical alternatives. They are biodegradable 

and non-toxic and thus safe for use in removal of heavy 

metals in household water. They can also be regenerated 

and reused, making the whole treatment process low-cost.  

The removal of heavy metals like Lead from water using 

bio-adsorbents like melon husk has been proposed to be 

a physisorption process (Mustapha et al., 2016). Bernard 

& Jimoh (2021) investigated the use of melon seed husk-

derived activated carbon for Cr (VI) ion removal from 

electroplating wastewater. The activated carbon 

effectively adsorbed Cr (VI) ions, with ultrasound 

assistance significantly enhancing the adsorption rate. 

The Langmuir model best described the adsorption 

isotherm, and the pseudo-second-order model accurately 

represented the adsorption kinetics. Nwankwo & Mogbo 

(2014) demonstrated the effectiveness of urea-activated 

melon husk as a low-cost adsorbent for removing Cd (II) 

ions from industrial effluents. The adsorption process 

followed pseudo-second order kinetics, and both 

Langmuir and Freundlich isotherm models accurately 

described the adsorption behaviour. Ayantola et al. 
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(2020) studied the removal of Fe (II) and Pb (IV) ions 

from industrial wastewater using melon husk activated 

carbon. They found that adsorbent dosage significantly 

influenced Fe (II) ions removal, with an optimal dosage 

point. Pb (IV) removal was less dependent on dosage, 

except for H2SO4 activated carbon. Adesola et al. (2014) 

investigated the biosorption of Ni (II), Cr (III), and Co (II) 

ions by melon seed husk. The study found that various 

factors, including pH, contact time, biosorbent dose, 

initial metal ion concentration, and temperature, 

influenced biosorption efficiency. Pseudo-second-order 

kinetics best described the biosorption process. Melon 

husk dosage significantly affected metal ion removal. The 

Freundlich isotherm model best fit the experimental data, 

suggesting a multilayer adsorption mechanism. The order 

of spontaneity for metal ion removal was Ni (II) ion > Co 

(II) ion > Cr (III) ion. Adelagun et al. (2014) modified 

melon seed husk with NaOH and studied its Pb (II) ion 

removal efficiency. The Freundlich isotherm model best 

described the adsorption process, indicating 

heterogeneous adsorption. The pseudo-second-order 

kinetic model suggested chemisorption as the dominant 

mechanism with an optimal dosage of 0.6 g. Kabir & 

Samson (2022) investigated the use of H2SO4 modified 

melon husk activated carbon for removing lead ions from 

electroplating wastewater. The adsorption process 

followed pseudo-second-order kinetics, indicating 

chemisorption. The Langmuir and Freundlich isotherms 

fit the data well, with R² values between 0.888 and 1.000. 

Melon husk activated carbon was more effective in 

adsorbing Pb2+ than Fe2+ from the wastewater.  

 

While these studies have demonstrated the potential of 

melon husk as a low-cost, readily available bio-adsorbent 

for lead ion removal from water, there remains a lack of 

comprehensive investigations into the optimal operating 

conditions for maximizing removal efficiency. This study 

aims to evaluate the influence of key parameters (e.g., 

melon husk dosage and contact time) on lead ion removal 

from waste water using melon husk. By employing 

optimization methods like Response Surface 

Methodology and Pyomo, the optimal values of these 

parameters to achieve the highest possible removal 

efficiency is determined.  

 

2. MATERIALS AND METHODS 

This study employs Response Surface Methodology 

(RSM) and the Pyomo Python package to optimize the 

removal of lead ions from water using melon husk and 

identify the influence of key parameters (dosage and 

time) that maximize removal efficiency of melon husk.  

 

2.1 Response Surface Methodology 

Response Surface Methodology (RSM) is a statistical 

technique used to explore and optimize the relationship 

between a response variable like removal efficiency and 

multiple input variables (e.g., dosage and time). 

Typically, RSM involves designing an experiment (DoE), 

however due to the challenges associated with performing 

different runs at different conditions, it has been shown 

that RSM can be used on existing data, especially in this 

age of big data (Mochammad et al., 2022). Stat-Ease 360 

was utilized for modelling and analysis of the data in 

Table 1 adapted from an already conducted experiment 

by Adelagun et al., (2014). 

 

The problem consisted of two (2) factors: Dosage (A) and 

Time (B); and one response variable: Removal efficiency. 

Table 1 shows the response surface design matrix (actual) 

of the existing data. Tables 2 and 3 show the minimum 

and maximum levels of the factors and response. 

 

 

Table 1. Response Surface Methodology (RSM) Design Matrix (Actual) 

Run 
Factor 1 

A: Dosage of melon husk (g) 

Factor 2 

B: Time (mins) 

Response 

Removal efficiency (%) 

1 1 0 0 

2 0.6 60 0.965 

3 1 120 0.989 

4 0.2 120 0.944 

5 0.6 0 0 

6 1 10 0.671 

7 0.6 10 0.656 

8 0.2 60 0.934 

9 0.2 40 0.913 

10 0.2 0 0 

11 0.6 20 0.934 

12 0.2 20 0.212 

13 0.6 60 0.965 

14 0.2 10 0.48 

15 0.6 40 0.952 

16 0.6 120 0.983 

17 1 20 0.983 

18 1 40 0.985 

19 1 60 0.987 
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Table 2. Independent Variables used in the RSM Design 

 

Table 3. Dependent Variable used in the Response Surface Methodology (RSM) Design 

Response Name Unit Observatio

ns 

Minimum Maximum Mean Std. 

Dev. 

R1 Removal 

efficiency 

% 55.00 0 0.989 0.7133 0.3787 

2.2 Pyomo Optimization  

Pyomo is a Python-based modelling library specifically 

designed for optimization problems. It provides a flexible 

and powerful framework for solving mathematical 

optimization problems. It also employs various solvers 

like Interior Point Optimizer (IPOPT), Couenne, and 

Solving Constraint Integer Problems (SCIP) to find the 

optimal values of the decision variables. The model 

developed from Stat-Ease 360 was implemented in 

Pyomo as a Concrete Model. This means that all the 

variables, parameters, constraints, and objective function 

have been defined with specific values and expressions as 

seen in Figure 1.  

 
Figure 1: Pyomo Concrete Model  

 

The Couenne solver was used to solve this optimization 

problem. Couenne is a powerful open-source solver for 

mixed-integer nonlinear programming (MINLP) 

problems such as the one in this study. Couenne employs 

global optimization techniques to ensure that it finds the 

globally optimal solution, rather than just a local 

optimum. 

 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Response Surface Methodology 

 

The factors shown in Table 2 were used as independent 

variables and the response shown in Table 3 was used as 

the dependent variable to be maximized. A quadratic 

model was found to best fit the data. Table 4 shows the 

evaluation of the model terms. From the low R2 values, it 

can be seen that there is no correlation between the terms 

as this would render the model a poor one. VIFs of 1.0 

and close to 1.0 show that there is no multicollinearity in 

the design. 

Factor Name Units Minimu

m 

Maximu

m 

Coded 

Low 

Coded 

High 

Mean Std. Dev. 

A Dosage g 0.2000 1.0000 -1 ↔ 

0.20 

+1 ↔ 

1.00 

0.6000 0.3266 

B Time mins 0.0000 120.00 -1 ↔ 

0.00 

+1 ↔ 

120.00 

42.63 40.39 
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Table 4: Model Terms Evaluation 

Term Standard Error VIF Rᵢ² Power 

A 0.3173 1.2 0.1724 82.9 % 

B 0.3504 1.0 0.0014 75.1 % 

AB 0.4311 1.2 0.1724 57.4 % 

A² 0.4779 1.0 0.0098 97.1 % 

B² 0.5730 1.0 0.0090 89.7 % 

 

The quadratic model developed to describe the process is 

shown below:  

i. Final equation in terms of coded factors: 

Removal efficiency = 1.107544319277 + 0.076937177280551A + 0.36744493679038B 

- 0.056932874354561AB + 0.049742613453826A² - 0.49974190281752B²       

 ---  1 

ii. Final equation in terms of actual factors:  

Removal efficiency = -0.072368478054635+ 0.70774472999147A + 0.024205467565955B  

- 0.0023722030981067AB - 0.31089133408641A² - 0.00013881719522709B²     

----   2 

where A = Dosage, B = Time 

 

3.2 Fit Summary 

Table 5 shows the fit summary of the RSM design. It can 

be seen that the quadratic model best maximises the 

adjusted R2 (0.6862) which is also very close to the 

Predicted R2 (0.5576) indicating that the model is a good 

fit to the data provided. 

 

Table 5. Model Fit Summary Statistics for the Response Surface Methodology Design 

Source Sequential p-value Adjusted R² Predicted R²  

Linear 0.0074 0.3908 0.2130  

2FI 0.6696 0.3583 -0.0764  

Quadratic 0.0038 0.6862 0.5576 Suggested 

Cubic 0.0920 0.7797 0.5046 Aliased 

 

3.3 Analysis of Variance (ANOVA) 

 

 

 

The analysis of variance (ANOVA) for statistical 

significance of the quadratic model is computed on Table 

6. 

Table 6. ANOVA Analysis of the Quadratic Model 

Source Sum of Squares df Mean Square F-value p-value  

Model 2.00 5 0.3993 8.87 0.0008 significant 

A-Dosage 0.0588 1 0.0588 1.31 0.2737  

B-Time 1.10 1 1.10 24.44 0.0003  

AB 0.0174 1 0.0174 0.3874 0.5444  

A² 0.0108 1 0.0108 0.2407 0.6319  

B² 0.7606 1 0.7606 16.90 0.0012  

Residual 0.5851 13 0.0450    

Lack of Fit 0.5851 12 0.0488    

Pure Error 0.0000 1 0.0000    

Cor Total 2.58 18     
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The F-value of 8.87 implies the model is significant and 

the subsequent values for the parameters show their 

degree of effects on the response variable, Removal 

Efficiency. High F-values and P-values less than 0.05 

indicate model terms are significant. In this case, the 

Time terms (B and B²) are the most significant model 

terms.  

 

3.4 Response Surface Design  

The interaction effect of dosage and time is shown in 

Figures 2 and 3. It can be confirmed that time has more 

influence on removal efficiency than dosage. Time 

appears to have a positive effect on the removal efficiency 

until it gets to a maximum at about 81 mins when a 

decline starts to occur. 

 

Figure 2: Interaction effect of dosage and time on 

Removal Efficiency 

 

3.5 Numerical Optimization from RSM 

Optimization using the Response Surface Methodology 

approach yielded the following optimal values for a 

maximum Removal Efficiency as seen in Figure 4.  

 

Optimum Dosage = 0.64 g, Optimum Time = 49 mins 

The optimal dosage obtained in this study is close to 0.6 

g reported by Adelagun et al., (2014).

 
Figure 3: 3-dimensional response surface plots showing the effects of dosage and time on Removal Efficiency 
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Figure 4: Optimization Solution from Response Surface Methodology Design. 

 

3.6 Optimal Values from Pyomo 

The model generated from Stat-Ease shown in equation 2 

was used as the Objective Function for the Pyomo 

optimization problem. Optimization using the Couenne  

solver yielded optimal values for a maximum Removal 

Efficiency of 99 % as seen in Figure 5. 

 

Optimum Dosage = 0.63 g, Optimum Time = 44.8 mins 

This is very close to the optimum gotten from Response 

Surface Methodology. 

 
Figure 5. Pyomo Optimization Results 

 

4. CONCLUSIONS 

This study successfully optimized the removal efficiency 

of melon husk for lead ions using Response Surface 

Methodology (RSM) and Pyomo. A quadratic equation 

was determined to be the most suitable model, with an 

adjusted R² of 0.6862 and a predicted R² of 0.5576 

indicating a good fit to the experimental data. Pyomo 
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optimization identified an optimal dosage of 0.63 g and 

RSM yielded an optimal dosage of 0.64 g, both of which 

are close to the experimental value of 0.6 g (Adelagun et 

al., 2014). Pyomo yielded a slightly lesser optimal time 

for maximized removal efficiency, suggesting its 

potential superiority over RSM in this case. While both 

methods yielded similar results, Pyomo's slightly more 

accurate dosage prediction and reduced computational 

time make it a promising tool for future optimization 

studies. The study also found that contact time positively 

affects removal efficiency, while dosage has a less 

pronounced impact. Future research could explore the 

influence of other factors, such as pH, temperature, and 

particle size, to further optimize the removal process. 
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ABSTRACT 

 

Acetylation enhances the hydrophobicity of lignocellulosic biomasses by replacing their dominant 

hydrophilic hydroxyl groups with hydrophobic acetyl groups, thereby increasing their suitability for oil 

sorption. This modification typically results in weight gain due to the higher molecular mass of the 

introduced functional groups. This study employed the Central Composite Design (CCD) Response 

Surface Methodology (RSM) to optimise cotton fibre acetylation to enhance its weight percent gain 

(WPG) and improve its suitability for oil sorption. Reaction time, temperature, and the fibre mass-to-

volume ratio of acetic anhydride were investigated, with WPG as the response parameter. Among the 

20 experimental runs, the highest weight gain of 4.782% was achieved at 2 hours, 137°C, and a mass-

to-volume ratio of 0.011 (0.550 g/50 ml). However, optimisation of the experimental conditions yielded 

a predicted WPG of 4.950% at 2.584 hours, 129.964°C, and 0.258 g of fibre per 50 ml of acetic 

anhydride. Validation of the predicted optimum response resulted in an experimental WPG of 4.896%, 

closely matching the predicted value of 4.950%. The minimal deviation of 0.054 demonstrated the 

model's high accuracy and reliability. Additionally, the desirability score of 1.000 indicated that the 

optimised conditions perfectly aligned with the study’s objectives. Successful acetylation was confirmed 

through FTIR analysis, which provided evidence of the introduction and enhancement of peaks 

associated with acetylated products. 

Keywords: Cotton, Acetylation, Response Surface and Optimisation. 

 

1. INTRODUCTION  

Cotton fibre is a promising natural alternative to synthetic 

sorbents for oil spill cleanup (Silva, et al., 2023; Nguyen, 

et al., 2023; Luo et al., 2013; Adebajo and Frost, 2004; 

Agida, et al., 2017). They are primarily composed of 

cellulose (82-96%), hemicellulose (2-6.4%), lignin (0-

5%), and pectin (<1-7%) (Tu, et al., 2024; Bahlool and 

Kamel 2023), cotton exhibits a robust cellular structure 

due to rigid cellulose chains and extensive intermolecular 

and intramolecular hydrogen-bonding (Fang, et al., 2024; 

Hsieh, 2007). This structure enhances its durability 

compared to fibre-like kapok. However, cotton's 

hydrophilic nature limits its oil sorption capacity, 

necessitating modifications by substitution of hydroxyl 

functional group with hydrophobic moieties. Previous  

 

 

studies of cotton, kapok, rice husk, corn cob, banana and 

orange peel and lignocellulose biomass in their natural 

form show low oil sorption capacity compared to the 

synthetic sorbent (Olawale and Saidu, 2010; Saidu 2011; 

Olawale et al., 2022a; 2022b). Acetylation is one of 

the methods for enhancing the oil-absorbing 

properties of lignocellulosic biomass, transforming 

it into a hydrophobic, oil-absorbing material suitable for 

oil spill cleanup. This process involves replacing the 

hydrophilic hydroxyl groups in the biomass with 

hydrophobic acetyl groups, as represented in Equation 1. 

Since acetyl groups have higher molecular mass than the 

hydroxyl groups, acetylation typically increases the 

biomass weight, hence the use of weight gain to ascertain 

the level of acetylation (Heo et al., 2024; Teli and Terega, 

2022) 

 

LC − OH      +     R2(C = O)2O          →      LC − (C = O)R  +   RCOOH                   (1) 

                   Lignocellulose    Acetic anhydride                    Acetylated LC        Acetic acid 

 

Acetylation of some lignocellulose biomass for oil spill 

clean-up has been reported in the literature (Fasanya, et 

al., 2020; Mahmoud, 2020; Nwadiogbu, et al., 2016; 

Onwuka, et al., 2019; Teli and Valia, 2013a, 2013b; 

Chung, et al., 2011; Sun, et al., 2004; Agida, et al., 2017; 

Adebayo and Frost 2003; Luo, et al., 2013). Whereas, 

previous studies employed the one-factor-at-a-time 

(OFAT) approach, which is limited in capturing factors 

interaction and identifying optimum conditions, this 

study aimed at utilising the response surface methodology 

(RSM) central composite design CCD, considered more  

 

robust, for process optimisation, accounting for factors 

interactions, optimal experimental conditions, deeper 
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understanding of process conditions to enhance 

performance. Luo et al., 2013 have successfully proposed  

the kinetic model for cotton linter pulp acetylation 

catalysed by sulfuric acid. Adebayo and Frost (2004) 

reports have shown successful acetylation of cotton fibre 

by reaction with acetic anhydride in the presence of 

DMAP catalyst as indicated by both FTIR and NMR. 

However, acetylating temperature, time and ratio of the 

mass of the biomass to the volume of the acetylating agent 

are factors which could significantly affect the extent of 

acetylation based on a particular biomass structural 

configuration. The combined effect of these factors on the 

weight per cent gain and extent of acetylation using 

response surface methodology (RSM) are not deeply 

established in the previous studies.  Hence, this study is 

aimed at enhancing the acetylation of cotton fibre for 

crude oil sorption using design expert software response 

surface methodology, having been established as a 

reliable tool for process optimisation. In addition, to 

establish the significance of acetylating temperature, time 

and ratio of cotton fibre to the volume of the acetylating 

agent on the acetylation of cotton fibre.  

 

2. MATERIALS AND METHODS 

2.1 Material Collection and Preparation 

The cotton fibre (SAMCOT-9 variety) was sourced from 

the Fibre Unit of the Institute of Agricultural Research, 

Ahmadu Bello University Zaria, the seed was harvested 

in the 2022/2023 season and manually ginned to remove 

the cotton fibres, and debris was carefully removed from 

the fibre, it was air dried and subsequently oven dried at 

60 0C for 8 hours to remove moisture content. 

 

2.2 Experimental Design 

Design Expert Version 13 software (Stat-Ease, Inc.) was 

employed in the study using the Central Composite 

Design (CCD) as an optimisation tool within Response 

Surface Methodology (RSM) to investigate how the 

variables influence the acetylation process, based on its 

efficiency in model complex relationships between 

variables (Mourabet et al, 2017; Bayuo, 2020). It was 

used to develop predictive equations and identify optimal 

process conditions for the acetylation process. CCD can 

be implemented as circumscribed (CCC), inscribed 

(CCI), or face-centred (CCF) designs. CCC was selected 

for this study due to its larger experimental region 

compared to CCI and CCF (Bhattacharya, 2021).  

 

To enhance the cotton fibre acetylation, three 

independent variables were considered: reaction time, 

temperature, and sorbent mass/acetic anhydride ratio. 

Prior research conducted by Luo et al. (2013) investigated 

the acetylation of cotton linter pulp utilising the One 

Factor at a Time (OFAT) approach, specifically focusing 

on reaction time, temperature, and mass-to-volume ratio 

at 0.5-2 hours, 30-45 °C, and 2g/80ml (0.025) 

respectively. Similarly, Mahmoud (2020) investigated 

the acetylation of flax fibre, which was undertaken 

precisely at 1 hour and 65 °C with a mass-to-volume ratio 

of 5g/100ml (0.05). While, Fasanya et al. (2020) 

examined the reaction time, temperature, and mass-to-

volume ratio for Sansevieria liberica acetylation, 

specifically at 3 hours, 70 °C, and 2g/60ml (0.033) 

respectively.  

Based on the previous studies (Fasanya et al. 2020; 

Mahmoud 2020; Luo et al., 2013), a wider range of 

reaction time, temperature, and mass-to-volume ratio 

were selected for this study as shown in Table 1, using the 

response surface methodology due to its efficacy in 

elucidating the significance of process parameters, their 

interactions, and its capacity to ascertain optimal 

conditions. 

 

 

 

 

Table 1: Experimental Build Information 

Factor Name Unit  Min Max Coded Low Coded High Mean Std. Dev 

A Time hr  0.2000 3.80 -1 ↔ 0.50 +1 ↔ 3.50 2.00 1.14 

B Temperature 0C  53.00 137.00 -1 ↔ 60.00 +1 ↔ 130.00 95.00 26.49 

C Solid/ 

Liquid 

g/50 ml  0.0100 1.09 -1 ↔ 0.10 +1 ↔ 1.00 0.5500 0.3405 

2.2 Fibre acetylation 

A mixture of the oven-dried fibre and acetic anhydride in 

the range of experimental variables (Table 1) with NBS 

catalyst (2 % of the acetic anhydride) was heated between 

53 – 137 0C under reflux in a 250 ml round-bottom flask 

fitted with a condenser for a duration of 0.2 hour – 3.8 

hours.  At the end of the reaction time, the hot reagent was 

decanted off and the acetylated cotton was thoroughly 

washed with ethanol and acetone to remove the unreacted 

acetic anhydride and the acetic acid product.  

Furthermore, drying of the acetylated fibre in an oven at 

60 0C for 16 hours, after which the weight gain was 

determined by Shimadzu ATX224 digital weighing 

balance (0.0001 g) and subsequently stored in a 

desiccator at room temperature as carried out in previous 

studies (Adebayo and Fost, 2004; Sun, et al., 2004; 

Onwuka et al., 2018; Nwadiogbu et al., 2016; Fasanya, et 

al., 2020). 

2.3 Fourier transform infrared (FTIR) Analysis 

The FTIR was performed using Shimadzu-8400S Fourier 

transform infrared (FTIR) spectrophotometer within the 

spectra range of 4000–500 cm−1. The IR spectra were 

analysed using spectroscopic software Win-IR Pro 

(Version 3.0). 2 mg of fibre was mashed, mixed with 200 

https://link.springer.com/article/10.1007/s13201-020-01213-3
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mg KBr, and then pressed into 1 mm-thick disks, the 

sample was placed in the FTIR spectrometer and its beam 

directed at the sample to measure how much of the beam 

and at which frequencies the sample absorbs the infrared 

light to identify the molecular identity of the fibres.  

 

2.4 Optimisation of Experimental Conditions for 

WPG Enhancement and its Validation 

The desirability function was used to predict the best 

conditions, maximizing the response variable while 

considering desired constraints. The selection of optima 

conditions from CCD was based on the highest 

desirability of 1 to maximum predicted response (highest 

fibre weight gain). The optimised conditions were applied 

in a real experiment and the actual response measured and 

compared with the predicted response followed by error 

analysis. The percentage variation between predicted and 

actual values was calculated to assess model accuracy as 

shown in Equation 2. 

 

% Error =
Predicted−Experimental

Predicted
× 100  (2) 

 

3. RESULTS AND DISCUSSION 

3.1 Response surface analysis of cotton weight per 

cent gain after acetylation 

The introduction of acetyl moieties into the cotton fibre 

consequently results in to increase in the mass of the 

acetylated fibre due to the higher molecular mass of the 

hydrophobic acetyl (Heo et al., 2024). However, the 

weight gain varied correspondingly under different 

combinations of reaction time, temperature and fibre-to-

acetic anhydride ratio (solid/liquid) as shown in Table 1 

indicating the influence of the investigated parameters on 

the responses. 

 

Table 1: CCD Experimental Design Template and Corresponding Experimental Responses 

 Factor  

1 

Factor  

2 

Factor  

3 

Response  

1 

Run A: 

Time 

B: 

Temperature 

C: 

Solid/Liquid 

WPG 

 h 0C g/50 ml % 

1 2 53.0 0.55 0.164 

2 0.2 95.0 0.55 0.218 

3 2 95.0 0.55 3.673 

4 2 95.0 0.55 3.691 

5 3.5 130.0 0.10 4.700 

6 0.5 60.0 1.00 0.120 

7 2 95.0 0.55 3.201 

8 2 95.0 0.55 3.691 

9 0.5 130.0 1.00 1.350 

10 2 95.0 0.01 4.000 

11 2 137.0 0.55 4.782 

12 2 95.0 1.09 3.679 

13 3.5 60.0 1.00 0.430 

14 3.5 60.0 0.10 0.400 

15 0.5 130.0 0.10 1.500 

16 2 95.0 0.55 3.891 

17 2 95.0 0.55 3.691 

18 3.8 95.0 0.55 3.255 

19 3.5 130.0 1.00 4.750 

20 0.5 60.0 0.10 0.100 

In Table 2, analysis of the experimental data based on 

weight per cent gain shows a preferable fit to the 

quadratic model compared to the linear and two-factor 

interaction (2FI) with cubic models being aliased within 

the range of the investigated parameters. The preference 

for the quadratic model over the cubic model is attributed 

to the significance of only two out of the three 

investigated factors. While the factors' interaction may be 

described by the cubic model, the quadratic may offer 

better fits where all factors are not significant within the 
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range of investigations (Iro, et al., 2024 Kousha et al., 

2015; Das, 2017). Therefore, the quadratic model offers 

a good balance between capturing essential response 

surface features and keeping the model interpretable and 

manageable. The appropriateness of the model is further 

confirmed by the analysis of variance (Table 3), which 

shows a significant model with an F-value of 57.10 and a 

p-value less than 0.0001. In CCD analysis of variance, a 

p-value greater than 0.05 and an F-value less than 0.05 

typically confirm the significance of the model and its 

terms (Oladipo, et al., 2018; Eletta, et al., 2016). The 

analysis of variance reveals that the most significant 

model terms are acetylating temperature (A) and time (B), 

followed by the interacting terms AB, A² and B². 

However, the data suggests that the fibre-to-acetylating 

agent ratio (C) is the least significant independent 

variable, particularly at elevated temperatures. Implying 

that solid-to-liquid ratio is less critical compared to other 

reaction parameters in the acetylation of cotton.  

 

Table 2: WPG Fit Summary for Cotton Fibre Acetylation  

Source Sequential  

p-value 

Lack of Fit  

p-value 

Adjusted R² Predicted R²  

Linear 0.0015 0.0004 0.5352 0.3309  

2FI 0.4168 0.0003 0.5367 -0.4932  

Quadratic < 0.0001 0.1049 0.9637 0.8791 Suggested 

Cubic 0.0402 0.9286 0.9861 0.9896 Aliased 

While solid-to-liquid ratio generally affects most 

processes as a component moves from the solid to the 

liquid phase and vice versa for efficient mass transfer, 

however, the significance of the solid-to-liquid ratio may 

depend on the specific process with other factors having 

a stronger influence on the response variable as in this 

process. Furthermore, unlike most reactions where 

reactants are fully dissolved, cotton acetylation is a 

heterogeneous process with the cotton and acetic 

anhydride/acetylating agent in different phases and 

reaction occurring at the interface between the solid 

cotton fibres and the liquid acetic anhydride, thereby 

suppressing the solid to liquid ratio effects.  

In addition, the acetylation was carried out in a solvent-

free state with a high concentration of acetylating agent 

in the liquid phase may have enhanced effective 

collisions with cellulose molecules at high temperature, 

thereby limiting the solid-to-liquid ratio effects on the 

responses compared to reaction time and temperature 

which directly influence the rate and extent of acetylation 

within the cellulose fibre. However, minimum amount of 

liquid is still necessary to ensure the proper distribution 

of reactants and efficient mass transfer throughout the 

reaction mixture while maintaining the fibrous structure.  

 

                       

Table 3: Weight Percent Gain Analysis of Variance (ANOVA) 

Source Sum of Squares df Mean Square F-value p-value  

Model 59.25 9 6.58 57.10 < 0.0001 significant 

A-Time 10.83 1 10.83 93.93 < 0.0001  

B-Temperature 25.92 1 25.92 224.79 < 0.0001  

C-Solid/Liquid 0.0174 1 0.0174 0.1510 0.7057  

AB 4.49 1 4.49 38.90 < 0.0001  

AC 0.0055 1 0.0055 0.0478 0.8313  

BC 0.0028 1 0.0028 0.0244 0.8790  

A² 8.95 1 8.95 77.65 < 0.0001  

B² 3.34 1 3.34 28.96 0.0003  

C² 0.1114 1 0.1114 0.9660 0.3489  

Residual 1.15 10 0.1153    

Lack of Fit 0.8883 5 0.1777 3.36 0.1049 not significant 

Pure Error 0.2646 5 0.0529    

Cor Total 60.40 19     

To further verify the model fitness, a residual error (pure 

error) or variability of 0.2646 in Table 3 was obtained in 

the weight per cent gain response analysis, this represents 

an unexplained variability by the experimental factors, 

value this low indicates higher precision in the 

experiment. Signifying that the model is a good fit for the 

data with most of the variability in the response variable 

explained by the experimental factors (Kousha, et al., 

2015). In addition, a value of 0.2646 suggests the chosen 

model captures a very high proportion of the variation 

observed in the response variable. Similarly, a mean 

square error (MSE) of 0.0529, which is an average of the 

squared pure errors, representing the average variability  

in the response variable that is not explained by the model 

was obtained, also confirming the model fitness. The lack 

of fit (f-value) of 0.1049 also confirms the significance of 
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the chosen model, implying that the lack of fit is not 

significant relative to the pure error. In addition, the 

adjusted R² of 0.9637 is in reasonable agreement with the 

predicted R² of 0.8791 with a difference of 0.0846, which 

is less than 0.2 as shown in Table 4. An adequate 

precision of 21.5000 which is greater than 4 was obtained, 

this affirms the ability of the model to navigate the design 

space.  

 

 

Table 4: Weight Percent Gain Fit Statistics 

Std. Dev. 0.3395 R² 0.9809 

Mean 2.56 Adjusted R² 0.9637 

C.V. % 13.24 Predicted R² 0.8791 

  Adeq Precision 21.5000 

WPG = 3.63584 + 0.997647A + 1.54335B - 0.04C + 0.74875AB + 0.02625AC - 0.01875BC  

-1.31387A2 - 0.802413B2 + 0.146545C2                                  (2) 

 

Equation 2 is the predictive empirical model expression 

in terms of the coded factors for the weight per cent gain 

response which indicates the relative impact of the factors 

by comparing the factor coefficients. In Figure 1, the 

closeness of the experimental value to the predicted value 

indicates that the responses obtained from the 

experimental results properly fit within an acceptable 

variance range when compared to the predicted values 

from the empirical model, this is an indication of the high 

R2 value of 0.9809 obtained in Table 4, as seen in Figure 

1 with most of the points distributed relatively near the 

45-degree diagonal line with no much outliers. This 

points to the adequacy of the model for predicting the 

response parameter within the range of the investigated 

variables. 

 
Figure 1: Correlation Between Predicted and WPG Actual Experimental Data 
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Figure 2: 3D Response Surface Plot for the Variables Effects on Cotton Weight Percent Gain  

Figure 2 represents the resultant effect of the independent 

variables on the weight per cent gain response, indicating 

that an increase in acetylating temperature and reaction 

time leads to an increase in the cotton fibre weight per 

cent gain to an optimum point of about 4.782 weight gain. 

However, the weight gain was not significant at a reaction 

time of 0.5 minutes and temperature of 60 0C, suggesting 

the requirement of a higher reaction time and temperature 

for successful acetylation. This is in agreement with Sun  

et al., 2004 and Chung et al., 2011 which reported visible 

acetylation after 1 hour and above 1000C for Sugarcane  

bagasse. However, for cotton, acetylation became more 

substantial at 2 hours and a temperature of 95 0C with an 

increase in weight per cent gain to above 3.60.  

 

3.2 FT-IR results analysis 

Using FTIR spectroscopy, the successful acetylation of 

the fibre was verified based on functional group 

transformation after acetylation, to identify the absence or 

presence of peaks associated with acetylated products. 

Typically, these peaks are visible at 1745 cm-1, 1376 cm-

1 and 1234 cm-1 representing carbonyl stretching of ester, 

C-H in -O(C=O)-CH3 and C-O peak of acetyl group. The 

FT-IR spectra of the acetylated fibre are shown in Figure 

3-8. In Figure 3 the spectral of the cotton fibres acetylated 

at 0.5 hour, 60 0C, shows no significant transformation at 

fibre to the volume of acetic anhydride ratio of 0.1g/50ml 

and 1g/50ml. However, at 0.20 hour, 950 (Figure 4) and 

0.5 hour, 130 0C (Figure 5) a more visible appearance of 

peak at 1745 cm-1 was observed, similarly at 2 hours and 

95 0C (Figure 6) the carbonyl stretching of ester at 1745 

cm-1 became distinctly visible, implying the dependence 

of successful acetylation on reaction time and 

temperature and not singly on each of the factor, this is 

also a confirmation of the significant of these factors in 

the weight gain analysis of variance (Table 3) and 

corresponding model equation (Equation 2).  

 
Figure 3: FT-IR spectral of acetylated cotton fibre at 0.5 hour, 60 0C, 1 g cotton fibre/50ml  

acetic anhydride (C20) and 0.5 hour, 60 0C, 0.1 g cotton fibre/50ml acetic anhydride (C6) 
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Figure 4: FT-IR spectral for acetylated cotton fibre at 0.2 hour, 95 0C, 0.55 g cotton  

fibre/50ml acetic anhydride 
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Figure 5: FT-IR spectral for acetylated cotton fibre at 0.5 hour, 1300C,  

1 g cotton fibre/50ml acetic anhydride 
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Figure 6: FT-IR spectral of acetylated cotton fibre at 2 hour, 950C, 0.55 g cotton fibre/50ml acetic anhydride 

 

A comparison of the FT-IR spectral of unmodified cotton 

fibre (Raw C) with acetylated cotton fibre at 3.5 hour, 130 
0C, 1 g cotton fibre/50ml acetic anhydride and 3.5 hour, 

130 0C, 0.1 g cotton fibre/50ml acetic anhydride (Figure 

7) shows very significant transformation with visible 

appearance of peaks at 1745 cm-1, 1376 cm-1 and 1234 

 

 

cm-1 representing carbonyl stretching of ester, C-H in -

O(C=O)-CH3 and C-O peak of acetyl group respectively. 

However, the typical characteristic peaks associated with 

raw cotton fibres remain present at 1376 cm-1, 2922 cm-1 

and 3420 cm-1, representing the bending vibration of C–

H, the stretching vibration of C-H, and the stretching 

vibration of O-H bond respectively. 

 
Figure 7: FT-IR spectral of unmodified cotton fibre (Raw C) and acetylated cotton fibre at 3.5 hour, 130 0C, 1 

g cotton fibre/50ml acetic anhydride (C19) and at 3.5 hour, 130 0C, 0.1 g cotton fibre/50ml anhydride (C5) 

Cotton fibre is about 90 % cellulose and typically 

hydrophilic due to the predominance of the O-H band 

associated with highly cellulosic biomass. The decrease 

in the intensity of the O-H stretching at 3420 cm-1 in the 

modified cotton fibre is evidence of the successful 

replacement of the hydrophilic O-H bond with the 

enhancement of the hydrophobic acetyl groups (Chung et 

al., 2011); this was further confirmed by the decrease in 

the intensity of the H-O-H bending peak at 1626 cm-

1(Onwuka et al., 2016). The strong absorbance band at 

1034.04 cm-1 is ascribed to the C–O and O–H stretching 

vibration of the polysaccharide in cellulose (Olawale et 

al., 2020a). The FTIR bands of the raw and modified 

cotton fibres also conform with previous reports on cotton 

fibre acetylation (Lv, et al., 2018; Bello et al., 2016; 

Adebajo & Frost, 2004). From the experimental data, a 

maximum weight gain of 4.782% was observed under 

conditions of 137 °C for 2 hours with a fibre-to-acetic 

anhydride ratio of 0.55 g/50 ml, this finding aligns with 

the FT-IR spectra presented in Figure 8. A comparison of 

the unmodified cotton (Raw C) spectrum to that obtained 

under these optimal conditions reveals a significant 

reduction in the hydroxyl band at 3420 cm⁻¹, indicating 

extensive O-H substitution. No peak was observed in the 

region of 1840–1760 cm−1 in the spectra of all the 

acetylated cotton samples indicating that the acetylated 

products are free of unreacted acetic anhydride (Sun et 

al., 2004). 
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Figure 8: Comparison of the FT-IR spectral of the unmodified cotton (Raw C) and optimum extent of 

acetylation cotton (2 hours, 137 0C, 0.55 g cotton fibre/50ml acetic anhydride) (C11) 

Similarly, the absence of a peak at 1700 cm−1 for a 

carboxylic group in all the spectra of the acetylated 

samples also indicates that the acetylated products are 

free of the acetic acid by-product (Chung et al., 2011; Sun 

et al., 2004), these confirms the thorough rinsing of the 

acetylated products with acetone and ethanol after 

acetylation as shown in Plate 4.1, in addition the 

reliability of weight gain as basis for establishing extent 

of acetylation.  

 
Plate 1 (a): Raw cotton fibre    (b): Fibre after acetylation     (c) Rinsed acetylated product 

3.3 Optimisation of Acetylated Cotton Fibre Weight Gain 

Optimizing experimental conditions helps to achieve the 

desired optimum response in response surface 

methodology (Uzochukwu et al., 2024). A study by 

Adebayo and Frost (2004) reported weight gain as a 

reliable index for determining the extent of acetylation in 

cotton fibre. Therefore, an attempt was made to enhance 

cotton fibre weight gain by considering experimental 

conditions within the range of investigated parameters in 

the optimisation constraints, as shown in Table 5. Several 

optimised solutions were generated, as shown in Table 6. 

Solution Number 1 presents the predicted optimal 

conditions of 2.584 hours, 129.964°C, and 0.258 g of 

fibre per 50 mL of acetic anhydride.  

Table 5: Weight Gain Optimisation Constraints 

Name Goal Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 

Importance 

A: Time is in range 0.5 3.5 1 1 3 

B: Temperature is in range 60 130 1 1 3 

C: Solid/Liquid is in range 0.1 1 1 1 3 
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WPG maximize 0.1 4.782 1 1 3 

Oil Sorption 

Capacity 

maximize 32.5 47.01 1 1 3 

 

Table 6: Weight Gain Optimisation Solutions 

Number Time Temperature Solid/Liquid WPG Desirability  

1 2.584 129.964 0.258 4.950 1.000 Selected 

2 3.261 129.137 0.530 4.904 1.000  

3 2.605 129.403 0.118 5.044 1.000  

4 3.500 130.000 0.100 4.988 1.000  

5 2.611 128.856 0.293 4.936 1.000  

 

Table 7: Validation of Optimal Conditions for Weight Gain 

Number Time (h) Temperature 
0C 

Solid/Liquid 

(g/50ml) 

WPG Desirability 

Optima 

(Predicted) 

2.584 129.964 0.258 4.950 1.000 

Validated 2.584 130 0.258 4.896 1.000 

An actual experiment was conducted using the optimized 

(predicted) conditions from Solution Number 1, with the 

temperature rounded to 130°C. The experimental result 

yielded a WPG of 4.896 as shown in Table 7 which 

closely matched the predicted WPG of 4.950. The 

difference between the predicted and actual results was 

only 1.09 %, demonstrating the model’s high accuracy 

and reliability. The desirability score of 1.000 indicates 

that the optimised conditions perfectly align with the 

study’s objectives, confirming that the selected 

conditions are ideal for maximizing cotton fibre weight 

gain. The small error margin in the validation results 

further supports the model’s reliability. 

 

3. CONCLUSION 

An examination of cotton fibre acetylation under varying 

reaction conditions— temperature, time, and fibre-to-

acetic anhydride ratio revealed that reaction time and 

temperature are critical factors influencing the process. 

This finding was validated by FT-IR analysis. 

Acetylation was limited at 2 hours and 53 °C, 0.2 hours 

and 95 °C, and 0.5 hours and 130 °C, as evidenced by 

weight gain and FT-IR spectra. However, acetylation 

significantly improved at 2 hours and 95 °C, with 

minimal influence from the fibre-to-acetic anhydride 

ratio. Under the condition of 2 hours, 137 °C, and a fibre-

to-acetic anhydride ratio of 0.011 (0.550 g/50 mL) the 

highest WPG was obtained amongst the 20 experimental 

runs. However, the CCD-based optimisation approach 

successfully identified reaction time of 2.584 hours, 

129.964°C, and 0.258 g of fibre per 50 ml of acetic 

anhydride as the optima conditions with predicted WPG 

value of 4.950 %. Validation of the predicted optimum 

response resulted in an experimental WPG of 4.896 %, 

closely matching the predicted value of 4.950 %. The 

minimal variation in the validation results confirmed the 

effectiveness of the optimisation model. 
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ABSTRACT 

The search for alternative building and road construction material in a strained economic situation is 

critical for socio-economic activities to thrive. The Nigerian Building and Road Research Institute 

(NBRRI) has keyed into the technology of making interlocking compressed stabilized earth block 

(ICSEB), as an alternative building materials. Nevertheless, parameters such as decomposition process 

and its microscopic properties have not been studied for the user comfort as friendly building material. 

This paper, examine “the time dependency thermogravimetric and differential thermal analysis (TGA-

DTA), scanning electron microscope (SEM) and Fourier transform infrared (FTIR) of the already made 

ICSEB” based on the 95% laterite and not less than 5% cementing stabilization, with compaction 

pressure of 3 KN/mm2. Results revealed that, the ICSEB TGA takes 41.45 minutes, 33.33 minutes and 

29.58 minutes to decompose at 10 oC/min, 15 oC/min and 20 oC/min heating rates and the combined 

TGA-DTA is endothermic process decomposition. SEM morphology showed heterogeneous phase 

formation with visible cracks, EDX detected 15 elements at 537 µm, having 41.37% carbon, 24.06% 

silicon, 21.35% aluminium, 5.14% Iron, 3.04% calcium, while others are in traces. These results imply 

that low aluminium and silicon content with greater carbon was responsible for early decomposition of 

the block in less than 1 hour heating. This therefore, suggests that the block has low-bearing capacity 

which requires optimization for its sustainability being an affordable and economical material within 

the reach of low-income earners. 

 

 KEYWORDS: Breakthrough, Mechanism, Optimization, Stabilization, Time Dependency 

 

1. INTRODUCTION 

 

The search for alternative building materials either as a 

partial replacement or total replacement of Portland 

cement has become a subject of intense research in the 

recent times, which has led to the exploration of earth soil 

potentials. Earth soil over the years has been the major 

component used in the building and road construction, it 

is therefore desirous that everyone should own a befitting 

and comfortable shelter for successful running of day-to-

day activities for a living. However; owning a house had 

been a major challenge to the low income earners 

especially in developing country such as Nigeria, due to 

high cost of building materials amidst the economic 

hardship occasion by divers’ factors (rural-urban 

migration, security, social amenities, good roads, health 

care services e.t.c). These factors have caused a high 

demand for research into locally sourced, eco-friendly 

and affordable building materials. According to (Hamidu 

and Adamu, 2024), “the high cost of building materials is 

worrisome to low-income earners which are not only 

applicable to developing countries, but to also the 

developed countries”. 

 

Some research works carried out on the Nigerian 

Building and Road Research Institute compressed 

stabilized earth blocks (NBRRI-CSEBs) for the user 

comfort, includes thermal conductivity (Bakam et al, 

2020a), fire resistance (Bakam et al, 2020b), and thermal 

decomposition as a function of temperature (Hamidu and 

Adamu, 2024), all reported that the blocks could not 

withstand temperature above 500 oC of firing, thus; 

making it a low-bearing material that requires surface 

coverage for longevity of the block. Similarly, studies on 

CSEBs by other authors on the acoustical properties 

which analyzed the effect of compaction pressure, water 

hyacinth ash and lime found out that the properties of 

CSEBs can be steered using binder concentration and 

compaction in a controlled manner (Ouma et al, 2023). 

Acoustics of compressed earth blocks bound using 

sugarcane bagasse ash and water hyacinth were also 

studied (Ongwen and Alruqi, 2023). 

 

In related development, (Lyambo, 2012) study on the 

durability of CSEB reported that the durability is 

controlled by three factors: block strength, deterioration 

mechanism and the design of the building. These 

mechanisms were based on the assumption using 

masonry standards (Eurocode, BS, SANS, ASTM) which 
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is ranging between 1.2 and 2.1 MPa (Delgado and 

Guerrero, 2007). The durability in terms of exposure to 

wetting-drying (WD) cycles and high temperature was 

carried out (Nshimiyimana et al, 2022), their finding 

revealed that the stabilization of CEBs with lime-rich 

binder is more resilient to the WD cycles than cement, 

which also shows that the cement stabilized CEBs would 

at least retain their strength after exposure to high 

temperature. (Nurul et al, 2020) did a study on the 

compressive strength of cement-stabilized CEBs; they 

reported that the CEBs gained the highest compressive 

strength of 3.4 N/mm2 when stabilized with 10% of 

cement content over a curing period of 28 days. 

(Muhwezi and Achanit, 2019) conducted a study on the 

effect of sand on the properties of compressed soil-

cement stabilized block reported the quality depends on 

the mechanical and physical properties of the soil test. 

 

Building collapses has been a reoccurring phenomenon in 

Nigeria, which had led to loss of human lives, properties 

and materials. It is therefore imperative to determine 

critical mechanisms such as the rate of decomposition and 

kinetic of the ICSEBs produced by NBRRI to understand 

the durability of such vital building material from the 

abundant natural resources. (Fernandez-Caliani et al, 

2004) reported on the use of TGA/DTA usage for 

determining the pattern of energy transition in clays and 

clay material properties. Decomposition rate and kinetic 

study which is seldom investigated is usually carried out 

using specialized process such as thermogravimetric 

analysis (TGA) or thermogravimetric (TG) and 

differential thermal analysis (DTA) (Al-Gawari, 2022). 

While phase formations of the matrices is analyzed via: 

scanning electron microscope (SEM) in conjunction with 

energy dispersive X-ray (EDX) for their morphological 

and elemental compositions (Hamidu et al, 2019).  

Furthermore; the vibrational frequencies of the active 

functional group for the elements responsible for the 

chemical and physical properties of material is best 

studied using Fourier transform infrared (FTIR) (Tinti et 

al, 2015). This was also reported by (Kamwa et al, 2023) 

on their study on “effect of Curing Temperature on 

Properties of Compressed Lateritic Earth Bricks 

Stabilized with Natural Pozzolan-Based Geopolymer 

Binders Synthesized in Acidic and Alkaline Media” using 

both the FTIR and SEM/EDX for the analysis where 

curing temperatures above 45 °C for the acidic-stabilized 

CEBs and 55 °C for the alkaline-stabilized CEBs, were 

studied. In this study, the use of thermogravimetric 

(TGA) and differential thermal analysis (DTA) 

instrumentation study to investigate the decomposition of 

NBRRI-ICSEB based on American Society for Testing 

and Materials (ASTM) standards as function of time and 

to further examine the morphological composition via 

scanning electron microscope (SEM-EDX) and Fourier 

transfer infrared (FTIR) spectroscope for proper 

understanding of the elemental composition is sort. 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

The material used in this work, was the already made 

interlocking compressed stabilized earth blocks 

(ICSEBs) by the Nigerian Building and Road Research 

Institute (NBRRI), which had composition of not less 

than 5% cement to not more than 95% laterite 

stabilization compacted at 3 KN/mm2 (Bakam et al, 

2020a).  The ICSEB characterization was performed 

using combination of several methods which includes; 

thermogravimetric and differential thermal analyses, 

scanning electron microscope/energy dispersive X-ray 

spectroscope (SEM/EDX) and Fourier transform infrared 

spectroscope (FTIR). 

 

2.2 Methods 

The ICSEB sample was crushed and ground using 

laboratory mortar and pestle to smaller sizes of 1 mm 

(Hamidu and Adamu, 2024). This was followed by the 

TGA-DTA experimentation, where 50 mg of the sample 

was weighed and put into the sample holder, and placed 

in the analysis chamber, covered on the cheallar and 

allowed to cool to 15 oC. It was further connected to the 

desk top computer to obtain all information about the 

sample degas in a static Nitrogen atmosphere with a purge 

rate of 20 mL/minute using TGA 4000 PerkinElmer 

model.  The heating began at 0 minute to 90 minutes for 

each sample at 10 oC/min, 15 oC/min and 20 oC/min 

heating rates until stabilization. At the end of each run, 

data with TGA and combine TGA-DTA curves were 

generated. 

 

The SEM study was carried out in conjunction with 

energy dispersive X-ray spectroscopy (EDX) on the 

NBRRI-ICSEB for morphological and elemental 

compositions, using SEM machine model sputter coater 

Q150T by Quorum UK. The sample was first placed on a 

stub; thereafter it was placed in a sputter coater followed 

by deposition into the SEM machine column for analysis 

at different magnifications, 30, 80, 100 µm and full count 

detection at 537 µm. while the quantitative elemental 

compositions were obtained by linking the EDX analyzer 

coupled to the microscope for the periodic table. Fourier 

transform infrared model FT-IR-8400S, Schmazdu and 

Sputter Coater Q150T UK model was used for the FTIR 

spectroscopic was recorded in the range of 400 – 4000 

cm-1 wavelength using the pressed pellets containing 5 

mg of ICSEB and 95 mg Kbr (Hamidu et al, 2019). 

 

3. RESULTS AND DISCUSSION 

 

3.1 Thermogravimetric Analysis of NBRRI-

ICSEB 

The results from the TGA heating at different heating 

rates of 10, 15 and 20 oC/min is presented on Figure 1, 

with time (min) on the abscissa (X-axis) and weight 

percentage (%) on the ordinate (Y-axis). 
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Figure 1: NBRRI Interlocking Compressed Stabilized Earth Block Thermogravimetric Curves 

 

From Figure 1, the blue line (1CSEB TGA at 10 oC/min) 

shows the time dependency at 10 oC/minute 

decomposition process. The horizontal region became 

stable showing no change in mass of the ICSEB between 

0.54 min and 31.15 min with a weight loss of 4.504 %. 

This implies the ICSEB thermal stability and removal of 

water of hydroxylation. At the second phase, the mass 

loss begins from (31.15 min) 95.458 weight (%) and 

stabilized in between (41.35 min) 18.464 weight (%) 

implying the removal of carbonic compound and organic 

matters as the main stage taking about 81.53% of the total 

initial weight, while the residual 18.47% being the pure 

component of the materials in the ICSEB. According to 

Dilnesa (2020), the removal of water of hydroxylation 

using TGA occurs in the range of 400 to 500 oC, while 

above 600 oC is the decarbonization of the material. This 

short time loss in the properties of the compressed 

stabilized earth block produced by NBRRI at 10 oC/min 

heating rate supports the findings of (Hamidu and 

Adamu, 2024) and (Bakam et al, 2020a) that the NBRRI-

ICSEB cannot withstand heating at temperature above 

500oC (41.35 minutes). The second stage investigation of 

the heating rate at 15 oC/min is indicated by the brown 

line (2CSEB TGA at 15 oC/min), the heating began at (0.8 

min) until the process became stable at 18.83 min.  The 

second phase of the decomposition of organic material 

and other volatile components began at 18.83 min 

progressively to 34.48 min taking 82.28% of the material 

ICSEB, being the volatile carbon and organic matters 

present in the ICSEB, while the residual being the pure 

component material used in the production of ICSEB is 

17.72%. And the third phase of the TGA was the 

investigation of the heating rate at 20 oC/min as indicated 

by the gray line (3CSEB TGA at 20 oC/min). The removal 

of moisture began 0.6 min until stabilization stage on the 

horizontal region of the curve at 15.08 min. While 

complete decomposition reached steady state at 29.92  

 

min taking 91.70% weight of the material being carbon 

content and other volatile organic matters, while the 

8.30% residual being the pure component that makes up 

the ICSEB. The thermal process of the phase transition is 

described by the combined thermograph curves for both 

TGA-DTA which outline the process of energy pattern by 

the NBRRI-ICSEB and its stability. 

 

3.2 Combined Thermogravimetric and 

Differential Thermal Analysis of NBRRI-

ICSEB 

The combined TGA/DTA decomposition process shown 

in Figure 2 illustrates the thermal decomposition of a 

typical material. 

 

Figures (2a, b and c) presents and describe the complete 

process of time dependency of the ICSEB’s removal of 

water of hydroxylation and transition (phase change) to 

final decarbonization of the material resulting to the 

residual as the pure material component that is present the 

matrices. 
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Figure 2a: NBRRI-ICSEB TGA-DTA at 10 oC/min 

 

Figure 2a, describe the transition stages (P1, P2 and P3) 

for NBRRI-ICSEB curve at 10 oC/min. P1 is attributed to 

removal of water of hydroxylation adsorbed in the 

ICSEB, between P1 and P2, endothermic process was 

observed in 35 minutes, depicting the oxidization and 

removal of volatile compound containing in the ICSEB. 

As the heating process continued from P2 to P3, all 

carbonaceous materials were removed and complete  

 

 

decomposition attained in 54 minutes with endothermic 

process taking place, as the ICSEB absorbed more heat. 

This process could be related to the similar work by 

Fernandez-Caliani et al. (2004) reported in the journal of 

clays and clay materials. 

 

Figure 2b; present the combined TGA-DTA of NBRRI-

ICSEB decomposition at 15 oC/min heating rate. 

 

 
 

Figure 2b: NBRRI-ICSEB Combine TGA-DTA at 15oC/min 

 

This Figure shows the thermal decomposition of the 

ICSEB at heating rate of 15 oC/min. Point P1 is attributed 

to the removal of adsorbed water in ICSEB known as the 

water of hydroxylation within 16 minutes of heating time 

(Hamidu and Adamu, 2024). Between P1 and P2 as 

heating progressed, endothermic process  

 

was observed with heat being absorbed by the ICSEB (25 

minute), thereafter, from P2 to P3 is the complete 

decomposition process removing all carbonaceous 

P1 

P2 

P3 
DTA 
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material with the residual as pure components that 

sustained the ICSEB in 43 minutes. This process is 

similar to the work reported by (Hamidu and Adamu, 

2024) and (Fernandez-Caliani et al, 2004) on TGA-DTA 

processes in material characterization. 

 

Figure 2c; present the combined TGA-DTA of NBRRI-

ICSEB thermal decomposition at 20 oC/min heating rate. 

 

 

 
 

Figure 2c: NBRRI-ICSEB Combine TGA-DTA at 20 oC/min 

 

Point P1 in Figure 2c is attributed to the removal of 

adsorbed water in the ICSEB known as dihydroxylation 

process which is removed within 12 minutes of heating, 

as heating progressed, between P1 and P2, an 

endothermic process of decomposition where observed 

with heat being absorbed by the NBRRI-ICSEB and 

complete removal and oxidization of volatile compounds 

in 20 minutes of heating. Between P2 and P3 is the 

removal of the carbonaceous material in the NBRRI-

ICSEB within 32 minutes of heating time and the residual 

is pure material sustaining the ICSEB as also reported in 

temperature dependency thermogravimetric and 

differential thermal analysis of NBRRI-ICSEB (Hamidu 

and Adamu, 2024). 

 

The entire decomposition processes from the TGA results 

in Figure 1 and combined TGA-DTA in Figure 2 results, 

revealed that the NBRRI-ICSEB made from laterite of 

not more than 95% and not less than 5% cement 

stabilization has shown it absorb more heat which is 

referred to as endothermic process of decomposition. 

Based on results from this finding, it implies that the 

NBRRI-ICSEB is a low bearing material and has short 

duration of heating time of less than 1 hour. This fast 

decomposition of the NBRRI-ICSEB could be due to the 

high content of the combustible materials in the earth soil 

that forms major component in making the interlocking 

compressed stabilized earth block. 

 

3.3 Scanning Electron Microscope and Energy 

Dispersive Spectroscope of NBRRI-ICSEB 

The scanning electron microscope (SEM) and energy 

dispersive x-ray (EDX) spectroscope shows the  

 

morphological and elemental compositions of NBRRI-

ICSEB. The results for SEM-EDX is shown on Figure 3 

(a to d), and Table 1 for the elemental compositions. The 

SEM images were taken at 30, 80 and 100 µm to study 

the visibilities of the phase’s formation, while complete 

image detection alongside with the EDX was obtained at 

537 µm running at 15 keV. 

 

Figure 3a show the SEM image at 30 µm, with visible 

cracks within the matrix. In this image, silver like shining 

silicates and alumina are heterogeneously appearing with 

pore at the center implies non-homogeneity in the matrix.  

 

 

DTA 

TGA 

P1 

P2 
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Figure 3a: NBRRI-ICSEB Scanning Electron Microscopy Image at 30µm 

 

Figure 3b is the SEM image at 80 µm detection. 

 

 
 

Figure 3b: NBRRI-ICSEB Scanning Electron Microscopy Image at 80 µm 

 

At 80 µm, all the phases are separated by visible cracks 

and pore formations with colour black implying the 

presence of carbon as dominant elements, with embedded 

silicates and aluminum materials. This separation is an 

indication of the quality of materials used in NBRRI-

ICSEB production. These cracks could create 

permeability for water penetration into the block  

 

 

leading to its deterioration. The carbon dominance could 

be the reason for early decomposition as reported 

(Hamidu and Adamu, 2024), (Bakam et al, 2020a) on the 

thermal stability of NBRRI-ICSEB. 

 

Figure 3c is the NBRRI-ICSEB SEM image at 100 µm 

detection.  
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Figure 3c: NBRRI-ICSEB Scanning Electron Microscopy Image at 100 µm 

 

At 100 µm, the Carbon, Silicon, Aluminium and Silver 

phases are clearly visible with cracks within the regions. 

The result also indicates that, the matrix is not  

 

 

homogenous and thus creating visible phase’s 

separations. At full image detection shown on Figure 3d 

all elements were detected. 

 

   

 

  Figure 3d: NBRRI-ICSEB Full Detection Scanning Electron Microscopy Image at 537 µm 

 

The EDX analysis of NBRRI-ICSEB (Table 1) revealed 

the elemental compositions present in the block, the 

presence of Si, Al, Fe, Ca, and Na above 1% with others 

in traces of less than 1% confirms the formation alumino-

silicon-carbonates binder in the matrix. 
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Table 1: EDX Analysis of NBRRI-ICSEB Compositions 

Element  Number Element Symbol Element Name Atomic Conc. 

14 Si Silicon 24.06 

13 Al Aluminium 21.35 

6 C Carbon 41.37 

26 Fe Iron 5.14 

20 Ca Calcium 3.04 

47 Ag Silver 0.40 

30 Zn Zinc 0.55 

11 Na Sodium 1.06 

12 Mg Magnesium 0.85 

15 P Phosphorus 0.58 

17 Cl Chlorine 0.46 

22 Ti Titanium 0.34 

16 S Sulfur 0.47 

19 K Potassium 0.35 

23 V Vanadium 0.00 

   100.00 

     

 

From the EDX (Table 1), the weight percentage shows 

that carbonaceous material is predominant followed by 

silicone and Aluminium. The carbon dominance in the 

EDX was responsible to the rapid decomposition of the  

 

 

NBRRI-ICSEB as shown in Figure 1 and continued 

reaction (combustion) leads to more energy is absorbed 

(endothermic process) and weakening the properties of 

the materials sustaining the block. 

 

 
Figure 4: NBRRI-ICSEB Energy Dispersive X-ray   Spectra

 

3.4 Vibrational Frequencies of NBRRI-ICSEB 

The vibrational frequencies of the Nigerian Building and 

Road Research Institute-Interlocking Compressed 

Stabilized Earth Block (NBRRI-ICSEB) showing the  

 

key components influencing the chemical and physical 

properties of the material is presented in Figure 5. 
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Figure 5: NBRRI-ICSEB Fourier Transform Infrared Spectrum 

 

The structure is characterized by broad spectra and 

overlapping bands of Si-O-H vibration assigned to clays, 

kaolinite and iron oxides at 3693.8 cm-1 are attributed to 

minerals presence for the NBRRI-ICSEB (Kaze et al, 

2018). Accordingly, the hydroxyl (O-H) stretching which 

occurs between 3719 – 3685 cm-1 and Si-O bending at 

1032.5 cm-1 stretching between 1136 and 1070 cm-1 show 

silicates containing double layers of O − Si − O, implies 

that the material is a composition of hydroxyl silicate 

principally identified as phyllosilicate (Encyclopedia, 

2017). Furthermore; the silicate layer vibrational 

frequency occurring in the absorbance range 3682 cm-1 – 

3577 cm-1 reflects the internal OH groups between the 

tetrahedral and octahedral sheets at 3652.8 cm-1 depicting 

internal H-bonding between the octahedral surface. In the 

ranges of 1478 – 1408 cm-1 vibrational frequency is 

assigned to carbonates, in this range, the absorbance peak 

occurred at 1408.9 cm-1 could be due to the component of 

cements material used in the stabilization of the NBRRI-

ICSEB. The FTIR results revealed that most component 

of ICSEB produced had silicates and carbonates as 

dominating the functional group which also supported the 

EDX elemental composition in Table 1 where carbon had 

the highest percentage followed by silicon and 

Aluminium. According to (Bruckman and Wriessnig, 

2013) and (Grinard et al, 2012), carbonate is a key 

component influencing both chemical and physical soil 

properties as accurately established using FTIR. The 

carbonaceous material is a material that support 

combustion when burning, thus results into more heat 

accumulation (absorb in by the block) thereby weakening 

the residual properties of the components that made up 

the NBRRI-ICSEB. This also supports the combined  

 

 

TGA/DTA results in 3.2 as endothermic process of 

decomposition.   

 

4.0  CONCLUSION 

 

Time dependency thermogravimetric and differential 

thermal analysis, scanning electron microscope and 

Fourier transform infrared studies of the Nigerian 

Building and Road Research Institute Interlocking 

Compressed Stabilized Earth Block (NBRRI-ICSEB) 

was examined. The following conclusions are drawn; that 

the NBRRI-ICSEB has low bearing capacity to withstand 

heating more than 1 hour at 10 oC/min, 15 oC/min and 20 
oC/min heating rates to decompose. The combined 

TGA/DTA results shows the NBRRI-ICSEB absorbs in 

heat energy which could be described as endothermic 

process of decomposition as carbonaceous materials 

continue to combust. The SEM and EDX micrograph, 

revealed the inhomogeneity formation (heterogeneous 

formation) with visible cracks in the regions of 30 µm, 80 

µm and 100 µm. The EDX revealed 15 elements existing 

in the formulated NBRRI-ICSEB with carbon 

dominance, which is responsible to influencing the 

chemical and physical properties of the produced block. 

The FTIR spectrum revealed the presence of 

carbonaceous material as the major functional group, 

which could also aid combustibility of the ICSEB. We 

therefore recommend NBRRI-ICSEB for optimization to 

meet up with the demand for usage as environmentally 

friendly material for user comfort in building. 
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ABSTRACT 

Organic corrosion inhibitors, which are commonly used in the petroleum, refinery, pipeline, and 

automobile applications, are toxic and have negative environmental consequences. A cost-effective 

green inhibitor is undoubtedly a better option. The aim of this study is to use banana stem extract as a 

viable green inhibitor to mitigate corrosion in marine environment using an optimization approach. 

The extract was phytochemically analyzed to find out if it contained any bioactive constituents capable 

of preventing metal corrosion. Box-Behnken design was used to investigate the effects of process 

variables: temperature (30°-60°C), immersion time (3-9 days), extract amount (0.2-0.8 g/l). Scanning 

Electron Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) were employed for 

characterization. The extract was found to be a good inhibitor because it contains alkaloids, phenols, 

tannins, saponins, terpenoids, steroids and flavonoids, according to the results of the phytochemical 

analysis. The experimental design's optimal process levels were found to be 45°C, 6 days of immersion, 

and 0.5 g/l of inhibitor. It was observed that more white patches were present on the SEM and EDS 

results of the mild steel from validated experiment via adsorption. It confirmed that banana stem extract 

is a good inhibitor in 0.1M H2SO4 solution. 

Keywords: Corrosion, Optimization, Phytochemical Analysis, Energy Dispersive Spectroscopy 

 

1. INTRODUCTION 

 

Green corrosion inhibitors are free of hazardous 

substances, biodegradable materials, and heavy metals 

(Alimohammadi et al., 2023), and have been reported to 

be the best technique for mitigating corrosion challenges. 

It has been found that the presence of organic compounds 

such as flavonoids, steroids, tannins and alkaloids make 

some of these plant-biowastes to have inhibitory effects. 

Several researchers claim that inhibitor molecules adhere 

to metal surfaces and stop corrosion in corrosive solutions 

(Qiang et al., 2023). 

 

Some of the plant extracts that had been used as corrosion 

inhibitor are: Bitter kola (Anadebe et al., 2018); 

Polyphenol  extract (Chami et al., 2023); maple leaves 

extract (Wang et al., 2023); waste feverfew root (Zhou et 

al., 2023); Pisum sativum L leaves extract  (Chen et al., 

2023); Glebionis coronaria plant extract  (Kellal et al., 

2023); Convolvulus microphyllus extract (Hladhar et al., 

2023); Tulsi and green tea extracts (Chowdhury et al., 

2023); Chromolaena odorata leaves extract (Liao et al., 

2023); Papaya leaves extract (Tan et al., 2021);  

Medicago sative plant (Al-Turkustani et al, 2011); 

Moringa oleifera and Jatropha curcas leaves extracts 

(Ikubnani et al., 2023); essential oil extracted from the 

leaves (El Aatiaoui et al., 2023); walnut green husk 

extract (Li et al., 2023), Stylosanthes gracilis extract 

(Ofuyekpone etal., 2021); Methyl-5-benzoyl-2-

benzimidazole Carbamate (Mebendazole) (Edoziuno et 

al., 2020); extract of Centrosema pubescens (Ofuyekpone  

 

et al., 2023); Anthelmintic Drug (Edoziuno et al., 2024). 

There are large numbers of  

 

inhibitors reported in corrosion science but no work had 

been reported on the use of Banana stem extract as a 

corrosion inhibitor in 0.1 M H2SO4 environment with 

optimization and optimization studies as at when this 

research was conducted.  This study investigated the use 

of banana stem extract as green inhibitor to mitigate 

corrosion in acidic environment via optimization 

approach. 

 

2. MATERIALS AND METHODS    

 

2.1 Preparation of Banana Stem Extract (BSE) 

The Landmark University teaching and research farm 

provided the banana stem which was air-dried for 4 days 

to remove moisture and retain the bioactive components. 

35 grams of the powdered banana stem was weighed and 

extracted using 350 ml of ethanol as solvent at a 

temperature of 78 oC for 4 hours through a Soxhlet 

extraction process. The entire process was repeated and 

500ml of banana extract was gotten which was used for 

the research. Thereafter, the extract was kept in the 

refrigerator for further use. 

 

2.2 Preparation of mild steel 

Mild steel was cut into 2.2 cm by 1.9 cm coupons with a 

centrally punched hole measuring 0.1 cm. Emery paper 

was used to scrub mild steel in order to remove any dirt 

from the metal surfaces of the samples. Prior to being air-

https://www.tandfonline.com/doi/abs/10.1080/17518253.2022.2032844
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dried and weighed, the samples were washed in distilled 

water and cleaned with acetone. 

2.3 Design of Experiment 

Box-Behnken Design was used to study the interactions 

of process variables. The variables considered were: 

Inhibitor concentration (0.2 g/l-0.8g /l), Temperature (30 
oC-60 oC) and Time (3 days-9 days) which generated 17 

experimental runs. This methodology was adapted from 

Oyewole et al. (2022) and Oyewole et al. (2023b). Table 

1 shows the variables that were tested and levels. Box-

Behnken Design for the interaction of variables for the 17 

experimental runs that were generated is in Table 2.  

  

 

Table 1: Variables with different levels 

Variables Unit 
Levels 

Low High 

Time of immersion Days 3 9 

Temperature 0C 30 60 

Inhibitor concentration g/l 0.2 0.8 

 

 

Table 2: Box-Behnken Design for interaction of variables 

  Variable  1 Variable 2 Variable 3  

 Run A: Temperature (°C) B: Inhibitor Concentration 

(g/l) 

C: Time (days)  

 1 45 0.5 6  

 2 45 0.5 6  

 3 45 0.8 3  

 4 60 0.5 3  

 5 45 0.2 3  

 6 45 0.8 9  

 7 45 0.2 9  

 8 45 0.5 6  

 9 45 0.5 6  

 10 30 0.5 3  

 11 60 0.2 6  

 12 30 0.8 6  

 13 30 0.5 9  

 14 60 0.5 9  

 15 60 0.8 6  

 16 45 0.5 6  

 17 30 0.2 6  

 

 

2.4 Phytochemical Analysis 

The phytochemical analysis of the banana stem extract 

was performed to determine the presence of bioactive 

constituents. 

 

2.4.1 Test for Tannins 

In a water bath containing 30 cm3 of water, 0.30 g of 

(Banana Stem Extract) BSE was weighed and boiled for 

10 minutes. Filtration was carried out after boiling using 

Whatman filter paper (125 mm). Three drops of 0.1 % 

ferric chloride were applied to 5 cm3 of the filtrate. This 

methodology was adopted from Ejikeme et al. (2014). 

 

2.4.2 Test for Saponins 

Water bath with a volume of 30 cm3 of water, 0.30 g of 

BSE was boiled for 10 minutes and filtered using 

Whatman filter paper (125 mm). A mixture of 5 cm3 of 

distilled water with 10 cm3 of filtrate was centrifuged for 

a stable persistent froth. This analysis was adopted from 

Ejikeme et al. (2014). 

 

 

2.4.3 Test for Terpenoids 

To 0.5 ml of BSE, 1 ml of trichloroacetic acid was added. 

The appearance of red colouration indicated the presence 

of terpenoids as adopted from (Ahmed et al., 2022; 

Kancherla et al., 2019). 

 

2.4.4 Test for Flavonoids 

BSE (0.30 g) was weighed and transferred into a beaker. 

The BSE was extracted with 30 cm3 of distilled water at 

room temperature, for 2 hours and filtered with Whatman 

filter paper (125 mm). 10 cm3 of the aqueous filtrate of 

the BSE was added to 5 cm3 of 1.0 M of dilute ammonia 

solution, thereafter; 5 cm3 of concentrated 

tetraoxosulphate (VI) acid was added. This method was 

adopted from Ezeonu and Ejikeme (2016). 

https://www.tandfonline.com/doi/abs/10.1080/17518253.2022.2032844
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2.4.5 Test for Alkaloids 

Diluted HCl was added to 2 g of BSE, then mixed evenly 

and filtered. Mayer reagent was added to 2-3 ml of the 

filtrate and Mayer’s test was conducted. The formation of 

a yellow precipitate showed Alkaloid was present. This 

method was adopted from (Parbuntari et al., 2018). 

 

2.4.6 Test for Steroids 

2 ml of chloroform was added to 2 ml of BSE and 1 ml of 

concentrated H2SO4 was added by the side of the test 

tube. After shaking, the formation of red colouration in 

the upper layer and a greenish-yellow fluorescence in the 

acid layer indicates the presence of steroids. 

 

2.5 Weight Loss Analysis 

The weight loss was calculated using the experimental 

runs generated by the software. 

The weight loss was calculated using equation (1) 

       ∆W = Wp − Wf    

      (1) 

where ΔW is the weight loss (g), 

Wp is the weight before immersion (g);  

Wf is the weight after immersion (g). 

The corrosion rate in the absence and presence of 

inhibitors was calculated using equation 2.; 

      CR =  
∆W

At
             

      (2)  

t is time of exposure in days 

A is area of the specimen (cm2)  

CR is the corrosion rate at each exposure time. 

 

2.6 Scanning Electron Microscopy (SEM) and Energy 

Dispersive Spectroscopy (EDS) Characterization  

SEM-EDS were used to characterize and determine the 

surface morphology and elemental compositions for mild 

steel of: optimal process level (validated); blank and 

maximum inhibition efficiency. The type of SEM-EDS 

used was JCOL-model JSM-6390 at Covenant 

University, Ota, Nigeria. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Result of Phytochemical Analysis 

Table 3 displayed the findings of phytochemical analyses 

conducted on banana stem extract. This demonstrated the 

presence of alkaloids, terpenoids, flavonoids, phenols, 

tannins, and saponins. These components were reported 

to be components of a good inhibitor in a number of green 

inhibitors made from plant biomass, supporting the 

research result of (Oyewole et al., 2023a). 

 

Table 3: Phytochemical Analysis 

S/N 
Phytochemical 

constituents 
Result 

1 Tannnis + 

2 Saponins + 

3 Steroids + 

4 Terpenoids + 

5 Flavonoids + 

6 Alkaloids + 

 

+ indicated presence of phytochemicals 

- indicated absence of phytochemicals 

 

3.2 Result of Weight Loss Measurements 

The tests were performed under total immersion. The 

results of the third experimental run showed the lowest 

corrosion rate. Table 4 displays the weight loss analysis 

results, while Table 5 displays the inhibition efficiency 

results. The conditions of 45 oC, 6 days, and 0.5 g/l of 

inhibitor concentration resulted in highest level of 

inhibition efficiency. 

 

 

Table 4: Result from Weight Loss Measurement 

  Variable 1 Variable 2 Variable 3 Response 2 Response 3 

Std Run A: Temperature 

(°C) 

B: Inhibitor 

Concentration 

(g/l) 

C: Time (days) Corrosion Rate 

(g/days.cm2) 

 

Weight Loss 

(grams) 

8 1 60 0.5 9 0.0130 0.4890 

3 2 30 0.8 6 0.0061 0.1530 

11 3 45 0.2 9 0.0022 0.0840 

9 4 45 0.2 3 0.0136 0.1700 

10 5 45 0.8 3 0.0200 0.2590 

2 6 60 0.2 6 0.0046 0.1160 

14 7 45 0.5 6 0.0024 0.0600 

7 8 30 0.5 9 0.0037 0.1380 

1 9 30 0.2 6 0.0082 0.2060 

5 10 30 0.5 3 0.0152 0.1900 

6 11 60 0.5 3 0.0093 0.1170 

17 12 45 0.5 6 0.0024 0.0600 
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  Variable 1 Variable 2 Variable 3 Response 2 Response 3 

Std Run A: Temperature 

(°C) 

B: Inhibitor 

Concentration 

(g/l) 

C: Time (days) Corrosion Rate 

(g/days.cm2) 

 

Weight Loss 

(grams) 

16 13 45 0.5 6 0.0024 0.0600 

13 14 45 0.5 6 0.0024 0.0600 

12 15 45 0.8 9 0.0041 0.1530 

4 16 60 0.8 6 0.0051 0.1270 

15 17 45 0.5 6 0.0024 0.0600 

 

 

Table 5: Result of Inhibition efficiency 

  Variable 1 Variable 2 Variable 3 Response 1 

Std Run A: Temperature 

(°C) 

B: Inhibitor 

Concentration (g/l) 

C: Time (days) Inhibitor 

Efficiency 

8 1 60 0.5 9 92.9058 

3 2 30 0.8 6 97.7638 

11 3 45 0.2 9 98.2989 

9 4 45 0.2 3 83.0000 

10 5 45 0.8 3 96.2590 

2 6 60 0.2 6 98.1220 

14 7 45 0.5 6 98.5667 

7 8 30 0.5 9 98.0069 

1 9 30 0.2 6 97.0115 

5 10 30 0.5 3 95.6640 

6 11 60 0.5 3 98.1798 

17 12 45 0.5 6 98.5667 

16 13 45 0.5 6 98.5667 

13 14 45 0.5 6 98.5667 

12 15 45 0.8 9 97.8011 

4 16 60 0.8 6 98.2380 

15 17 45 0.5 6 98.5667 

 

3.3 Result of ANOVA for the Corrosion Rate, CR 

The model is significant, according to the model's F-value 

of 4.70. The probability that an F-value this large could 

be the result of noise is only 2.67%. P-values less than 

0.0500 indicate model terms which are significant. In this 

case C² and AC are the significant term. The Adjusted R2 

of 0.6757 and coefficient of regression R2 was 0.8581 

were observed from the ANOVA as shown in Table 6. 

Regression equations generated in terms of coded terms 

is in equation 3 respectively. The result of ANOVA is in 

Table 6. 

Regression Equation 

 

 

Corrosion rate = 0.0024 - 0.001A + 0.0008B - 0.0044C - 

0.0006AB + 0.0038AC - 0.0012BC + 0.0020A2 + 

0.0016B2 + 0.0059C2    

   (3) 

 

Table 6: ANOVA 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value  

Model 0.0004 9 0.0000 4.70 0.0267 significant 

A-temperature 1.554 1 1.554 0.0159 0.9031  

B-inhibitor 

concentration 

5.532 1 5.532 0.5672 0.4759  

C-Time 0.0002 1 0.0002 15.81 0.0054  

AB 1.629 1 1.629 0.1670 0.6950  

AC 0.0001 1 0.0001 5.88 0.0451  

BC 5.428 1 5.428 0.5565 0.4800  

A² 0.0000 1 0.0000 1.66 0.2390  
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B² 0.0000 1 0.0000 1.17 0.3144  

C² 0.0001 1 0.0001 15.21 0.0059  

Residual 0.0001 7 9.753    

Lack of Fit 0.0001 3 0.0000    

Pure Error 0.0000 4 0.0000    

Cor Total 0.0005  

 

 

Adj 

R² 

 

 

 

0.6757 

  
 

R2      

 

 

0.8581 

 

 

  

       

 

3.4 Surface Response Plots 

The 3D interactive effect of process variables on 

corrosion rate are shown in Figures 1–3. These showed 

relationship between the variables and corrosion rate 

response. 

 

3.5 Experimental Validation 

The design of experiment predicted variables optimal 

process level as Time: 7.03 days, Temp: 55.3oC and 

Conc: 0.62g/l. This has been validated, and an inhibition 

efficiency of 96.935% was obtained.   

 

 
Figure 1: 3-D Response Surface Plot for the interaction of Temperature and Inhibition Conc 
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Figure 2: 3-D Response Surface Plot for the interaction of Time and Inhibition Conc 

  

 
Figure 3: 3-D Response Surface Plot for the interaction of Temperature and Time 

 

3.6 Results of Scanning Electron Microscope (SEM) 

Analysis  

The acidic medium caused the blank surface to be 

severely damaged, as shown in Figure4a, with significant 

cracks and serrated edges. In contrast, Figure 4b, showed 

less damage and smoother surface, due to inhibitor 

present. In addition, Figure 4c demonstrated a  

 

more protective bio-film which was caused by interaction 

of bioactive constituents on the outer layer of mild steel 

at the optimal process level (validated). 
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         4a    4b        4c                    

Figure 4a: Blank surface morphology 

Figure 4b: Mild steel with highest inhibition efficiency, morphology 

Figure 4c: Mild steel of validated experiment surface morphology. 

 

3.7 Results of EDS Analysis 

EDS was used to examine the elemental compositions of 

mild steel blank, mild steel with the highest inhibition 

efficiency, and mild steel with optimal process variables 

(validated), as illustrated in Figures 5a-c. The elemental 

composition of the blank showed presence of O, Fe, N, 

and C; in Figure 5a. O, Fe, higher amount of O which is 

a heteroatom was seen in Figure 5b. There is decrease in 

amount of O while amount of Fe increased as seen in  

 

Figure 4c, which supported the findings of 

(Alimohammadi et al., 2023; Oyewole et al., 2023b, 

Abaei, et al., 2023). Furthermore, in the validated 

experiment, interphase functioned as a physical barrier to 

further impede corrosion in the mild steel. H2 + BSE was 

the van der Waals interaction, and the extract adsorbed 

SO4- ion. As a concentrated oxide hydroxide inhibition 

component, the corrosion and  

proactive types' active site was blocked.   

 

 

 
Figure 5a: EDS spectra of the mild steel of the Blank 

 
Figure 5b: EDS spectra of mild steel obtained via highest inhibition efficiency  

 Element 

symbol 

Element 

name 

Atomic conc       

% 

Weight conc 

% 

 O Oxygen 54.57 29.05 

 Fe Iron 35.85 66.61 

 N Nitrogen 7.75 3.61 

 C Carbon 1.83 0.73 

 

 Element 

symbol 

Element 

name 

Atomic conc  

% 

Weight conc 

 % 

 O Oxygen 63.89 39.83 

 Fe Iron 25.33 55.12 

 C Carbon 10.78 5.05 
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Figure 5c: EDS spectra of mild steel of optimal process level 

 

4. CONCLUSIONS 

 

The presence of saponins, flavonoids, tannins, phenols, 

steroids, terpenoids, and alkaloids was revealed by the 

phytochemical analysis, confirming the effectiveness of 

banana stem extract as a corrosion inhibitor. The 

validated experiment was carried out at an optimal 

process level of 7.03 days, 55.33 oC and 0.62 g/l inhibitor 

concentration. The result of SEM and EDS showed that 

more protective film was formed on the surface of the 

mild steel. This confirmed that more adsorption was 

responsible for the blockage of corrosion on mild steel of 

validated experiment than from highest inhibition 

efficiency. It can be concluded that Banana stem is a good 

inhibitor for the corrosion of mild steel in 0.1M H2S04. 

This research can be replicated to solve corrosion 

problems in petroleum, oil and service  

 

 

industries because it is cost effective and also an eco-

friendly approach. 
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ABSTRACT 

Chitosan/clay materials from periwinkle shells and clay soil at a 50:50 ratio was made adsorbent and 

characterized, used for the adsorption of CO2 from flue gas at elevated temperatures (50 oC – 500 oC) 

in a fixed bed column (length 1.5m, and internal diameter 0.02m). Flue gas with composition of Methane 

(0.003), Ethane (0.002), Hydrogen (0.05), CO2 (0.15), Water Vapour (0.02), and Nitrogen (0.76), of 

pressure 49KPa, temperature of 500 oC, and flow rate of 75min/L from the exhaust tank; enters the 

fixed bed column for the adsorption process where the adsorbent is already placed. The results of the 

characterization of the adsorbent showed that 5.283nm, 2.64nm, 434.7m2/g, 704.2m2/g, 0.202cc/g, and 

56.73% were best the values for the adsorbent’ pore width, pore diameter, microspore surface area, 

pore volume, and porosity, obtained using Dubinin-Raduskevich (DR), density functional theory (DFT), 

hydraulic diameter (DH), Langmuir, DH, and scanning electron microscope (SEM) analysing 

techniques respectively. The Fourier transform infrared (FTIR) Spectrum showed the presence of 

halogen (C-Cl), 20 alcohol (C-O), Nitro (N-O), and amine (N-H) compounds in the nanoparticles, 

revealing a strong affinity for CO2 particles in the flue gas. Another analysis showed the presence of 

elements (Ca, Si, Al, and Sr) in high compositions (0.470, 0.202, 0.186, and 0.092, respectively), 

revealing that the adsorbent is resistant to high temperatures. X-ray diffraction (XRD) analysis of the 

adsorbent gave Ca (OH)2, CaCO3, and TiO2 with compositions of 0.78, 0.19, and 0.026, respectively 

which revealed the strong affinity of the adsorbent for CO2. The Surface morphology of the adsorbent 

revealed that the surface was very rough and contains variety of pores or holes with wide capacities, 

indicating that more CO2 was captured and accommodated within the surface. Thermal analysis using 

the Barrett-Joyner-Halenda (BJH) method revealed that the adsorbent could withstand high 

temperatures up to 9000C, at this temperature, the adsorbent is only about 18% of the amount that 

enters the fixed-bed column for adsorption, but 100% of it can remain in the process for temperatures 

ranging from 0 oC – 300 oC. Finally, it was revealed that 95% of CO2 was adsorbed at the maximum 

value for the temperature (50 oC – 350 oC), time (0.5 - 5hr), and bed height (1 - 6cm).  

Keywords: Adsorption, CO2, flue gas mixture, elevated temperature, chitosan/clay nanoparticles.   

 

1. INTRODUCTION 

Carbon nanotubes and activated carbon have been studied 

to promote pollutants adsorption, but there are some 

limitations on their use as adsorbents (Dadet et al., 2024), 

since the choice of its usage is dependent on the 

exceptional adsorption efficiency and the technique 

applied, especially locally sourced materials that are 

converted to adsorbent(s). Adsorption process using 

activated carbon from neat chitosan is relatively 

expensive, and microporous, although efficient, but 

limited, because of the relatively large size of some 

molecules, weak mechanical properties, low specific 

gravity, swells and floats when dissolved in water, and 

has low stability in acidic media (Breck, 2018). Similar to 

activated carbon and carbon nanotubes, chitosan/clay 

nanoparticles contain zeolites that are easily obtained 

from the environment because they are locally sourced 

from soil (Ruthven, 2012) and the zeolites adsorbent can 

easily be regenerated and the solute can be separated from 

the gaseous solution after the adsorption process is 

completed (Younas et al., 2016). Nanoparticles are 

discrete particles or clusters with dimension between 10-

100 nm, but metallic nanoparticles exhibit size-and-

shape-dependent properties that are of interest for 

applications ranging from catalyst and sensing to optics, 

antibacterial activity, and data storage (Thambimuthu et 

al., 2019). The particle size, shape, and morphology of 

nanoparticles are checked and controlled; because the 

catalytic activity of nanoparticles is dependent on their 

size, structure, shape, size distribution, and chemico-

physical environment (Kanniche et al., 2021). A 

nanocomposite is made up of a blend of two or more 

materials in which at least one of the components is 

nanosized (Yang et al., 2018), comprises of different 

physicochemical properties and apparent interface, 

advantageous to individual components, including higher 

toughness, higher stiffness, high specific strength, gas 
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barrier characteristics, flame retardancy, corrosion, and 

resistance (Wang et al., 2021). Nanocomposites have 

diverse applications in the biological sciences, drug 

delivery systems, and wastewater treatment, for instance, 

nanocomposite materials are incorporated into functional 

materials like carbon nanotubes, activated carbon, 

reduced graphene oxide, and different polymeric matrices 

for numerous applications, including the efficient 

handling of water pollutants and removal of other gases 

from gas mixtures (Bonenfant et al., 2018). Polymer-clay 

nanocomposite materials have attracted great interest 

owing to their improved properties such as elasticity, 

strength, hardness, flame retardancy, dimensional 

stability, electrical conductivity, solubility, heat 

resistance, wettability, and dyeability, depending on the 

type and content of the material used for the catalytic 

adsorption of gases such as carbon dioxide (Montalvo et 

al., 2021). Chitosan-based composites have also been 

reported for their improved mechanical, thermal, and 

adsorption properties, and have received a great deal of 

attention in recent years, with several studies conducted 

on the development of composite materials as adsorbents 

for non-ionic and anionic pollutants, organic pollutants, 

and herbicides (Triebe, 2017). For Carbon capture 

systems (CCS) to be implemented on a global industrial 

scale, it is of paramount importance that more suitable 

capture technologies, such as adsorption, that are both 

cost-effective and efficient are developed, and CCS will 

only gain public acceptance and implementation in 

industry once it has been confirmed to be economically 

viable. Many factors affect the economic viability of 

CCS, and one of these factors is the lack of inexpensive 

technology and high-performance materials for selective 

removal of CO2 from flue gas. Therefore, various novel 

materials for post-combustion CO2 capture have been 

developed and studied (Khelifa et al., 2021; IEA, 2016).  

 

Several studies conducted in this area of research have 

been revisited, and it was found that the most recent and 

established technologies for CO2 capture are chemical 

absorption using liquid amine-based solvents using 

monoethanolamine (Dadet et al., 2024), which can pose 

health risks when released into air from CO2 capture 

plants, as well as an efficiency penalty, and the huge costs 

associated with the regeneration of spent amine based 

liquid solvents. Activated carbon produced from 

agricultural waste via chemical or physical activation, has 

gained wide attention as a brilliant adsorbent for the 

removal of pollutants owing to its high surface area, 

stability, array of functional groups and excellent pore 

structures (Afshin et al., 2019). Chemical activation 

enhances its specific surface area and porosity (Piriya et 

al., 2021) and (Silva, 2015) explored the use of activated 

char obtained from the pyrolysis of a mixture of non-

recyclable plastics for the adsorption of CO2 in fixed-bed 

columns in which 15 oC – 45 oC, 10% - 40% by volume, 

and 1g - 2g of adsorbent loaded in the bed, were the input 

temperature, and amount of CO2 and adsorbent, 

respectively. (Schumann et al., 2021) applied a type 4A 

zeolite produced from clay mineral as an adsorbent to 

adsorb CO2 from flue gas present in power-fuelled plants, 

and the synthesized materials were characterized by X-

ray diffraction (XRD), Fourier Transform Infrared 

Spectroscopy (FTIR), N2 adsorption–desorption at 196 oC 

and CO2 adsorption at 600C (up to 10 bar) isotherms, and 

Nuclear Magnetic Resonance (NMR). In addition, the 

adsorption capacity of CO2 was evaluated using CO2 

adsorption–desorption isotherms at 25 oC up to 

atmospheric pressure, with the synthesized zeolite 4A 

successfully prepared from natural kaolinite (via meta 

kaolinization) at 100 oC for 48h under alkaline conditions, 

revealing the physicochemical properties similar to those 

of the commercial 4A zeolite. It has been reported that 

CO2 was captured successfully at low temperatures with 

locally sourced adsorbents, such as zeolite types made 

from activated basolites/clay, palm shell immersed in 

chitosan solution, biochar synthesized from chitosan at 

50:50 material ratios (Ruthven, 2012; Ho et al., 2017; 

Pham et al., 2018), and synthetic adsorbents such as 

ethanolamine base solution and amine modified and 

moisture- swing nanoparticles (Dadet et al., 2024; 

Hudson et al., 2017). 

 

Limited or no studies have been reported on the use of 

locally sourced adsorbents to capture CO2 from flue gas 

at elevated temperatures. Therefore, this study is the first 

attempt to formulate and characterize composites of 

chitosan (periwinkle shells) and clay materials (clay soil), 

combined at a 50:50 ratio, to serve as an adsorbent for the 

removal of CO2 from flue gas at elevated temperatures. 

 

2. MATERIALS AND METHOD 

 

2.1 Materials  

Periwinkle shells and clay soil were obtained from Creek 

town (Obio Oko), located in Odukpani local Government 

Area of Cross River of Nigeria (Nair, 1977), situated 

about 8miles Northeast from Duke town (Hallett, 1964), 

and is one of the city-states that comprise of old Calabar 

region (Aye, 2000; Daniell, 1848). Flue gas from cracked 

natural gas with composition of methane (0.3%), ethane 

(0.7%), hydrogen (5%), CO2 (15%), water vapour (2%), 

N2 (78%) (IEC & FL, 2016), and distilled water 

(Chemical/Petrochemical Engineering laboratory, Port 

Harcourt). Instruments used are analytical balance (Scout 

Pro, Ohaus, London, UK), pH meter (pH ep® pocket-

sized pH meter, Hanna Instruments, Inc., United States of 

America (USA), grinding mill (Biocotek, China), shaker 

(Ro-tap, England), stop watch (Quartz, China), 

Thermometer (Pyrex Technico, England), Fourier 

transform infrared (FTIR) spectrometer (Thermo 

Scientific, Nicolet ISI 10, USA), scanning electron 

microscope (SEM)/ energy dispersive analysis of x-ray 

(EDX) spectrophotometer (Karl Zeiss, Germany), 

Brunauer-Emmett-Teller (BET) surfer machine (Thermo 

Scientific, USA), thermogravimetric analyzer (Orton 

Simultaneous DTG/TGA, USA), UV-Vis 

spectrophotometer (Angstrom Advanced Inc, model 752, 
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Massachusetts, USA) A multi-gas detector/analyser, 
and muffle furnace (TT-EF-12, Techmel, USA).   

 

 

2.2 Method 

Chitosan was extracted and composite nanoparticles was 

prepared from chitosan and clay materials. 

 

2.2.1 Extraction of Chitosan  

Periwinkle shells were washed and dried in an electric air-

drying oven for 6h at 105 ℃.   The completely dried shells 

were ground using a mechanical grinding machine and 

then sieved through a 100µm mesh size. Deproteinization 

was conducted by heating approximately 300g of 

grounded periwinkle shell powder, add 1000 ml 2M 

NaOH placed to a water bath set to a constant temperature 

of 70 ˚C for 4 h.  The product was neutralized by washing 

with tap water until the pH reaches 7. The solid was 

collected, washed again with distilled water, and the solid 

product dried in an air-dry vacuum oven. The dried 

product underwent demineralization through treatment 

with 1000 ml solution of 3.25M HCl at an ambient 

temperature of approximately (30±3) ℃. The mixture 

was stirred intermittently at 30-minute intervals for 4 h 

and the solid product was collected and rinsed with 

distilled water until it reached a pH of 7, after which it 

was dried. The demineralized sample was subjected to 

deacetylation by treating it with a 500 ml solution of 

8.75M NaOH. The sample was then placed on a constant 

temperature magnetic stirrer and heated at 100 ℃ for 12 

h. Subsequently, the sample was deacetylated, filtered, 

and washed with distilled water and it was subsequently 

dried in a vacuum oven, and the dried powder was sieved 

through 0.45µm mesh size and kept as nanosized particles 

in an air-tight container until use. 

2.2.2 Preparation of Clay Soil for 

nanoparticles/Composite  

Clay soil collected from Calabar creek was filtered and 

the filtrate was placed in a beaker, where it was calcinated 

into nanoparticles after extraction of the clay sample at 

800 oC. 

2.2.3 Characterization of chitosan/clay adsorbent  

The surface functional groups of the chitosan/clay 

mixture of the 50:50 ratio nanoparticle adsorbent samples 

were determined using an FTIR analyzer in the 

wavenumber range 4000-500 cm-1. Textural properties 

were measured using a surface area analyzer (Thermo 

Scientific, USA), and SEM images of the adsorbent 

surface and texture were obtained using a Karl Zeiss 

instrument (Germany). Thermal decomposition of the 

adsorbent sample was determined using a standard Orton 

simultaneous DTG/TGA analyzer. The elemental 

composition of the adsorbent was obtained using EDX, as 

the individual fluorescent energies detected were specific 

to the elements were present in the sample. 

2.2.4 Adsorption Experiment  

The CO2 adsorption was conducted in a fixed bed 

comprising a cylindrical column made of Pyrex glass 

with a total length of 150cm and an internal diameter of 

2.01cm. The column was packed at various heights of 

adsorbents between 1cm and 6cm and placed within a 

high-temperature chamber with dimensions of 30cm x 

40cm which helped to maintain a temperature range of 50 

– 250°C. Flue gas of Pressure 0.5kg/cm2.G, flow rate of 

75L/min and temperature of 1850C enters the adsorber 

where the chitosan/clay nanoparticles were placed inside 

the column for the adsorption process. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Result of Characterization of the Chitosan/Clay 

Composite Nanoparticles Chitosan/clay nanoparticles 

prepared from locally sourced periwinkle shells and clay 

soil were characterized using a gas chromatography (GC) 

analyzer to obtain the results presented in Table 1. 

Characterization of the nanoparticles from chitosan/clay 

showed that it is a weakly acidic material with high 

porosity and large surface and micropore areas. This 

indicates that the chitosan/clay material is a good 

adsorbent for the adsorption of pollutants (CO2) from flue 

gas. The large surface and micropore areas proved this 

reason, as these are properties that determine the 

adsorbent performance. A larger pore volume allows 

more adsorption of CO2 particles onto the surface of the 

adsorbent and with nanosized particles, indicating that the 

adsorbent material is a nanoparticle and composite, which 

is specific and targeted for its functionality. Different 

methods were used for the characterization of the 

adsorbent, among them, DR gave the best pore width of 

the adsorbent of 5.283nm and best pore surface area value 

of 400.6m2/g, pore size determination (DA) analysis gave 

the best result of pore diameter value of 2.64nm, 

hydraulic diameter (DH) method of cumulative 

adsorption pore volume analysis gave the best value of 

pore volume of 0.2015cc/g, and finally, the Langmuir 

surface area gave the best value of surface are as 

704.2m2/g.  

 

Table 1: Characterization of Adsorbent 

Property Value 

Bulk density (g/cm3) 1.473 

Ph 6.74 

Porosity (%) 56.73 

Surface area (m2/g) 704.2 

Micropore area (m2/g) 400.6 

Pore volume (cc/g) 0.2015 
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Pore width (nm) 5.283 

Pore diameter (nm) 2.64 

 

 

3.1.2 Result for the Physiochemical Analysis of the 

Adsorbent 

The chitosan/clay composite particles (adsorbent) were 

determined based on the different analyses performed. 

The FTIR method was the best method to determine the 

functional group present in the adsorbent, as shown in 

Table 2, depicts FTIR analysis result showing the wave 

number, nature of frequency, bond type and the type of 

functional group present (see Figure 1). The analysis 

showed the presence of an olefin alkene functional group 

(C-double bond), indicating a strong affinity for the 

addition reaction process, such that the attraction of the 

pollutant to the adsorbent is very strong, and hence a good 

adsorbent. In addition, the halogen compound (C-Cl), 20 

alcohol compounds (C-O), nitro compound (N-O), and 10 

amine compounds (N-H), with their functional groups 

having excess lone pairs of electrons at the surface, are 

capable of undergoing the reaction process, indicating 

that there is a strong energy within the adsorbent pores 

and surface areas that are created to have a very strong 

affinity for capturing CO2 from the flue gas.    

 

Table 2: Functional Group Analysis of Adsorbent with FTIR 

Wavenumber (cm-1) Nature of frequency  Assignment Comment 

712.65 Strong C=C bending 
Alkene disubstituted 

(cis) 

856.57 Strong C-Cl stretching halo compound 

1095.60 Strong C-O stretching 
Secondary 

Alcohol 

1500.73 Strong N-O stretching nitro compound 

3436.29 medium  (N-H stretching) Primary amine 

 

 
Figure 1 Functional Group Analysis of Adsorbent with FTIR 

3.1.3 Elemental Composition of the Adsorbent  

The chitosan/clay nanoparticles were also characterized 

to determine their elemental composition as shown in 

Table 3. The elemental analysis of the adsorbent, as 

shown in Table 3, indicates that Ca, Si, Al, and Sr have 

higher concentrations by weight, meaning that the 

adsorbent is electron affinity or electrovalent in nature. 

The presence of these elements proved that the adsorbent 

could withstand high-temperature applications. Other 

elements, such as Ti, Mg, Sb, and K, were present at very 

low concentrations by weight. This adsorbent is very rich, 

as it may have diverse applications in chemical 

engineering, with the lowest concentration by weight 

being Pb, a very good indication of the essentiality of the 

nanoparticle because Pb is poisonous at high 

concentrations (see Figure 2 for more clarification). 
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Figure 2 Elemental Composition of the Adsorbent 

 

Table 3: Elemental Analysis of the Adsorbent 

Element Concentration (wt%) 

Calcium (Ca)  47.0388 

Silicon (Si)  20.2151 

Aluminum (Al) 18.5732 

Strontium (Sr)  9.17707 

Titanium (Ti)  1.08093 

Magnesium (Mg)  1.51206 

Antimony (Sb)  0.88979 

Potassium (K)  0.54609 

Iron (Fe) 0.42161 

Niobium (Nb)  0.18649 

Zirconium (Zr) 0.08452 

Sulphur (S)  0.08219 

Phosphorus (P)  0.07948 

Chlorine (Cl)  0.02590 

Manganese (Mn)  0.02125 

Vanadium (V) 0.01812 

Lead (Pb)  0.01584 

 

Based on the compound made up of the adsorbent using 

XRD analysis, it showed from the pie-chart of Fig. 3 that 

slake lime have the highest presence in the adsorbent with 

78%, followed by limestone of 19% and oxide of Ti with 

2.62%.  
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Figure 3 The Composition of the Compounds Present in the Adsorbent using XRD Analysis 

 

Figure 3 depicts the compounds present in the adsorbent 

and its percentage spread within the make up of the 

adsorbent. Ca (OH)2, CaCO3 and TiO2 were present after 

XRD analysis. Their compositions were 78%, 19% and 

2.62% respectively. The presence of slake lime, which 

has a strong affinity to react with CO2 showed selective 

adsorption of the adsorbent to attract CO2 from the stream 

of flue gas; hence, maximum removal of the pollutant 

from the mixture was achieved. Ca can retain heat; hence, 

at elevated temperatures, the adsorbent can still perform 

adsorption without denaturation.  

 

    3.1.4 Results of XED-EDS Analysis  

The XED and energy dispersion X-ray spectrometry 

(EDS) analysis of the adsorbent provided the elemental 

composition of the make-up of the nanoparticles, and the 

surface analysis results are presented in Table 4 and 

Figure 4. The elemental composition of the adsorbent, as 

discussed earlier in Table 4, indicates the presence of Ca, 

Al, and Si with the highest weight concentrations of 

42.98%, 23.91%, and 22.04% respectively, whereas, Na, 

Ti, Mg, P, Fe, K, S, and Cl have low weight 

concentrations of 3.51%, 1.95%, 1.35%, 1.21%, 1.03%, 

0.92%, 0.56%, and 0.52%, respectively, and the atomic 

concentration by percentage is also in the same order. As 

shown in Table 4, the presence of these elements is 

indicative of the ability of the adsorbent to withstand 

high-temperature adsorption of the pollutant from the flue 

gas mixture.  

 

 

Table 4: Elemental Composition of the Adsorbent showing Atomic and Weight Concentration in % 

Element Number Element Symbol 

 

Element Name Atomic Concentration Weight Concentration 

20 Ca Calcium 34.53 42.98 

13 Al Aluminum 28.53 23.91 

14 Si Silicon 25.27 22.04 

11 Na Sodium 4.92 3.51 

22 Ti Titanium 1.31 1.95 

12 Mg Magnesium 1.80 1.36 

15 P Phosphorus 1.26 1.21 

26 Fe Iron 0.59 1.03 

19 K Potassium 0.75 0.92 

16 S Sulfur 0.56 0.56 

17 Cl Chlorine 0.47 0.52 
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  (a)          (b) 

Figure 4 Surface Morphology of the Adsorbent at: (a) 2000X Magnification, and (b) 1000X magnification 

 

Figure 4 shows the surface morphology of the 

chitosan/clay nanoparticles used as adsorbent for the 

adsorption of CO2 from flue gas, which is very rough with 

pores, indicating that the adsorbent is very good for the 

adsorption of pollutants, as many active sites are present 

on the surface for the attraction of the pollutant or CO2 

onto the surface, which can accommodate more 

pollutants for efficiency. The image scanned produce 

15kV of dimension 7.039mm and pressure of 60Pa.  

 

 
Figure 4c Surface Morphology of the Adsorbent at 500X Magnification 

 

Figure 4c shows the surface morphology of the 

chitosan/clay nanoparticles used as adsorbents for the 

adsorption of CO2 from flue gas, with lengths and 

diameter of the adsorbent sampled for analysis as 100μm 

and 537μm respectively. The surface morphology 

showed that it is very rough with pores, indicating that the 

adsorbent is very good for the adsorption of pollutants as 

many active sites are present on the surface for attraction  

 

of the pollutant or CO2 into the surface. This surface can 

accommodate more of the pollutants into it for efficiency, 

with the scanned image produce 15kV of dimension 

6.995mm and pressure of 60Pa.  
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 3.1.5 Thermal Analysis of the Adsorbent  

Thermal analysis of the adsorbent determined the 

temperature range in which the adsorbent could withstand  

 

adsorption without destruction. PerkinElmer thermal 

analysis and the BJH method were the best methods to 

check the adsorbent capacity as shown in Figure 6. 

 
Figure 5 Effect of Temperature on the Weight and Derivative Weight of the Chitosan/Clay Nanoparticles 

 

The adsorbent produced from chitosan/clay materials, as 

shown in Figure 5, is very effective and capacitated in the 

sense that it can withstand temperatures up to 800 oC and 

above, but without destruction, the adsorbent can 

withstand 100% temperature upto 400 oC, meaning that, 

at this temperature, the amount of adsorbent present 

remains intact without reducing, but as the temperature 

further increases above 400 oC, the 100% by weight of 

adsorbent in the absorber column drops to approximately 

20% by weight of the absorbent and until its weight drops 

further to approximately 18% at a temperature of 

approximately 850 oC. This indicates that the adsorbent 

made up of chitosan/clay materials is useful for 

adsorption at elevated temperatures, as it proved that the 

choice of adsorption of CO2 from the stream of flue gas 

at elevated temperatures is successful, as upto 95% of 

CO2 is captured from the flue gas at such temperatures.  

 

4. CONCLUSION 

 

Chitosan/clay nanoparticles were successfully produced 

as adsorbents than can resist thermal degradation up to 

4000C as it was noticed in the BJH analysis of the 

adsorbent, where 100% of the adsorbent was maintained 

in the temperature range of (0 oC to 300 oC) and 18% of 

the adsorbent from 100% was able to withstand high 

temperatures up to 9000C. Chitosan/clay nanoparticles 

are highly effective and efficient for the removal of CO2 

from flue gas at elevated temperatures. The 95% CO2 

captured at the surface of the particles is evidence, and 

the presence of pores, large surface areas, and rough 

surfaces of the adsorbent proved this claim. 
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ABSTRACT 

Acha (Digitaria exilis) is a cereal crop, rich in carbohydrates, dietary fibre, minerals, and amino acids.  

Acha sourdough in powder form has several advantages including longer shelf life, constant product 

quality, and low cost of maintenance and transportation. This study aims to investigate the impact of 

feed rate on the spray drying process of acha (Digitaria exilis) sourdough into powder form. A fresh 

acha sourdough was prepared and spray-dried into powder at different feed pump rates (3, 3.5. 4, 4.5, 

and 5 Hz). Performance indicators of the process were analyzed. The spray dryer exit air temperature 

ranged from 70 ℃ to 55℃, while the relative humidity varied from 7% to 21%.  The thermal efficiency 

and evaporation rate ranged from about 67% to 79% and 4.5 g/min to 13.0 g/min respectively. Powder 

yield and moisture, respectively varied from 45% to 50% and 8 % to 5%. The maximum powder yield 

of 50% was achieved at a feed pump rate of 4Hz.  The viability of Lactic acid bacteria and yeast ranged 

from about 4.9 log (CFU/g) to 6 log (CFU/g) and 4.6 log (CFU/g) to 5.8 log (CFU/g) respectively. The 

total titrable acid ranges from 1.5 ml to 1.6 ml, while the pH varied from 4.3 to 4.2. The bulk density 

varied from about 4.6 g/ml to 6.0 g/ml. The results showed that the spray-drying approach produced 

stable sourdough powder with standard functional properties for production of gluten-free baked foods.    

Keywords: Acha; feed rate; ; impact; sourdough; and spray-drying1. 

INTRODUCTION  

Sourdough is a mixture of flour and water, fermented by 

a microbial consortium of lactic acid bacteria (LAB) and 

yeast (Calvert et al., 2021; De Vuyst et al., 2017; De 

Vuyst et al., 2021; De Vuyst et al., 2023). Research on 

the application of biotechnology to develop sourdough-

based food has increased due to its health benefits 

(Olojede et al., 2023). Besides, due to whole grain 

fermentation with LAB and yeasts, sourdough is rich in 

bioactive compounds such as phenolic acids and 

bioactive peptides (Luti et al., 2020). The total titratable 

acids (TTA), and pH of the sourdough are an indicator of 

the quality of the sourdough fermentation. The TTA is the 

total acidity of the sourdough, including both organic and 

inorganic acids, while the pH reflects the concentration of 

hydrogen ions. The pH and TTA can also indirectly 

indicate the level of microbial activity in the sourdough. 

A lower pH and higher TTA indicate higher acidity. Most 

sourdoughs are wheat-based. Recently attention has 

shifted towards gluten-free cereals such as acha 

(Digitaria exilis) whole grain, due to its enhanced 

nutritional and health benefits compared with wheat flour 

(Babatuyi et al., 2023).  

 

The application of sourdough in baked foods is 

challenging due to the difficulties and costs of 

maintaining a live microbial culture. To mitigate this 

issue, sourdough is dried to stabilize the microbes 

(Albagli, et al., 2019; Caglar et al, 202, Montemurro et  

 

al., 2019; Reale et al., 2021). Different drying approaches 

such as freeze-drying, spray drying, drum drying, oven 

drying, and fluidized bed drying have been used to 

dehydrate sourdough (Brandt, 2019). Reale et al. (2019) 

suggested that a stabled sourdough requires moisture 

content to be less than 7%, because high moisture content 

can trigger unwanted biochemical and microbiological 

processes in the dried powder. Tan et al. (2018) stated that 

dried sourdough is easy to store, transport, and market, 

but drying at high temperatures may reduce the survival 

of yeast and LAB cells due to heat stress during 

dehydration. Huang et al. (2017) relate the cell viability 

during drying, to the applied method, process parameters, 

and the use or absence of protectant compounds. In 

literature, freeze-drying offers greater cell viability but is 

expensive and time-consuming. In contrast, spray drying 

is a cheaper method, a continuous process, and is good 

for a large-scale production (Caglar et al., 2021). Besides, 
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spray-drying has a reasonable rate of cell survival but 

requires a comprehensive study of drying conditions, 

equipment configurations, vis-a-vis feed material, 

powder yield, and powder quality (Peighambardoust et 

al., 2011). The spray drying process comprises three 

phases: atomization, droplet-to-particle conversion, and 

particle collection (Moreira et al., 2021). In the 

atomization stage, the atomizer converts the feed into fine 

droplets. These droplets dried, on contact with the hot air 

in the drying chamber. The dried particles separate from 

the drying medium through a cyclone, and are collected 

in a container (Santos et al., 2018). A high cell survival 

rate in spray drying is accomplished based on the 

optimization of drying parameters and the use of cell-

protective agents (Mantzourani et al., 2019; Mohd Roby 

et al., 2020; Peighambardoust et al., 2011; Stefanello et 

al., 2019). Studies on the spray drying of sourdough have 

been reported in the literature (Caglar et al., 2021; Ilha et 

al., 2015; Reale et al., 2019; Rozylo et al., 2015; Tafton 

et al., 2013a; Tafti et al., 2013b). To the best of author's 

knowledge, no work related to spray drying of acha 

sourdough  is found in the open literature. This study aims 

to investigate the impact of feed rate on the spray drying 

process of acha (Digitaria exilis) sourdough. 

 

2. MATERIAL AND METHODS  

2.1 Production of Sourdough and its Spray Drying 

 Dehulled acha (Digitaria exilis) was sourced from Kenyi, 

Kagarko local Government Area of Kaduna state. The 

acha was thoroughly washed with potable water, to 

remove adhering dust on the grains and reduce microbial 

load. Sedimentation technique was used to separate sand 

particles from the acha grains, and then the grains were 

oven-dried. The dried grains were milled into flour using 

a sterile laboratory-sized ball mill. The milled product 

was sieved through a 63-mµ sieve.  

 

Acha sourdough was prepared following the approach of 

Edema et al. (2013) but with modification. The acha flour 

was mixed with tap water in a ratio, of 1:1.5 in a sterile 

3L transparent container, and stirred thoroughly until no 

dry spot was noticed. The container was covered with a 

clean cloth, and the mixture was allowed to 

spontaneously ferment at room temperature. The process 

was propagated by back-slopping (feeding) every 24 h, 

adding 50 % of the previous sourdough to a fresh mixture 

of acha flour and water for 6 days. Lactic acid bacteria 

count, yeast count, pH, and total titratable acid (TTA) of 

the sourdough were determined.  

 

The fresh sourdough was diluted to 10% solid, and drying 

was made using a pilot plant concurrent flow spray dryer 

(Armfield  FT 80). The sourdough was pumped into the 

drying chamber using a progressive cavity pump and 

atomization was performed using a two-fluid nozzle 

(nozzle inside diameter 1 mm). To study the effect of feed  

pump rate, experiments were performed at different feed 

pump rates (3, 3.5, 4, 4.5, and 5Hz). In all experiments, 

inlet air temperature, inlet air fan rate, exit air fan rate, 

atomizing air pressure, and sample size were kept 

constant at 170℃, 35 Hz, 40Hz, 3bar and 500 ml 

respectively. The sourdough powder samples obtained 

were collected in an air-tight-capped plastic containers 

and kept in the dark at room temperature, for further 

analysis. 

 

2.2 Evaluation of the spray drying process 

2.2.1 Exit air temperature 

 Process parameters including outlet temperature 

influence considerably the physicochemical properties of 

the produced powders (Jain et al., 2012). At each inlet air 

temperature, the exit air temperature was taken from the 

display on the control panel. 

2.2.2 Exit air humidity 

 The outlet air relative humidity at each inlet air 

temperature was gotten from the reading display on the 

control panel. 

2.2.3 Powder yield 

 Powder yield (PY) was determined according to 

Equation (1) (Tontul et al., 2017): 

𝑃𝑌 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑜𝑤𝑑𝑒𝑟 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑  

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑 𝑖𝑛 𝑓𝑒𝑒𝑑
× 100            (1) 

 

2.2.4 Efficiency of spray dryer 

The efficiency of the spray dryer was described in terms 

of the overall thermal efficiency of the spray dryer (TE), 

approximated by Equation (2) (Cheng et al., 2023): 

                                   𝑇𝐸 =
𝑇𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑜𝑢𝑡𝑙𝑒𝑡

𝑇𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑎𝑡𝑚

                     (2) 

Where: TE = Thermal efficiency (%) 

             𝑇𝑖𝑛𝑙𝑒𝑡  = Inlet air temperature (℃),  

               𝑇𝑜𝑢𝑡𝑙𝑒𝑡  = Outlet air temperature (℃),  

               𝑇𝑎𝑡𝑚 = the atmospheric temperature (℃). 

2.2.5 Evaporation rate 

 The evaporation rate (ER) was determined according to 

Equation (3) (Bahnasawy et al., 2010): 

                   𝐸𝑅 =
𝐹𝑅×(%𝑇𝑆𝑃𝑜𝑤𝑑𝑒𝑟−%𝑇𝑆𝑓𝑒𝑒𝑑)

%𝑇𝑆𝑓𝑒𝑒𝑑
                 (3)   

Where: ER = Evaporation rate (g/min), 

             FR = Feed rate (g/min), 

                𝑇𝑆𝑝𝑜𝑤𝑑𝑒𝑟  = Total solids in powder, 

                𝑇𝑆𝑓𝑒𝑒𝑑  = Total solids in the feed. 

2.2.6 Moisture content (MC) 
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The moisture content of the powder was determined 

following the official methods of analysis of the 

Association of Analytical Chemists (AOAC, 2000). 

About 5g of the sample in an aluminum plate was placed 

in a drying oven, dried at 103℃ until constant weight. 

Percentage moisture content was calculated using 

Equation (4): 

                    𝑀𝐶 =  
𝑊2 − 𝑊3

𝑊2 − 𝑊1

× 100                 (4) 

Where: 𝑀𝐶 = 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%), 

              𝑊1 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑚𝑝𝑡𝑦 𝑑𝑖𝑠ℎ , 

              𝑊2 = Weight of dish with sample before drying, 

             W3 = Weight of dish with sample after drying.              

2.2.7 Total titratable acid (TTA) and pH 

About 1 g of the sourdough was mixed with 9 ml of 

distilled water. The pH of the mixture was carried out 

using a pH that had been standardized using buffer 

solutions. Readings (in triplicates) were taken on the pH 

meter scale.  

 

Measurement of titratable acid (TTA) produced in the 

sourdoughs was done according to AOAC (2000). 

Sourdough and distilled water were mixed in a ratio of 

1:9 and 3 drops of phenolphthalein indicator were added. 

The mixture was titrated against 0.1 M NaOH solution, 

and the TTA was expressed TTA as the amount (ml) of 

0.1 M NaOH necessary to achieve pH of 8.3. 

 

2.2.8 Microbial enumeration 

 About 1 g of the sourdough was suspended in a 9 ml 

saline solution (0.85% (w/v) sodium chloride). The 

mixture was serially diluted. From appropriate tenfold 

dilutions, the microbial enumeration was made by pour 

plate technique using plates with 30–300 colonies. The 

LAB was enumerated on MRS agar (Merck, Darmstadt, 

Germany) and incubated anaerobically for 48 h at 35 °C 

while the yeast enumeration was determined on potato 

dextrose agar (PDA) (HiMedia, Mumbai, India) and 

incubated for 72 h at 27 °C.  

 

2.2.9 Bulk density  

An empty graduated cylinder of volume (25 ml) was 

weighed, (𝑊1).  The cylinder was filled with the powder 

sample up to the 25ml mark gently, tapped several times 

on a laboratory bench, and more powder sample was 

added until there is no space for more. The filled cylinder 

was weighed, ( 𝑊2) . Finally, the bulk density was 

calculated as:  

         𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
(𝑊2−𝑊1)𝑔

25𝑚𝑙
                    (5) 

 

3 RESULTS AND DISCUSSIONS 

3.1 Effect of feed Pump Rate on Exit Air    

Temperature (EAT) and Relative Humidity (RH)   

The influence of the feed pump rate (FPR) on exit air 

temperature (EAT) and relative humidity (RH) is shown 

in Figure 1. The EAT and the RH varied from about 71℃ 

to 55℃ and 7% to 21% respectively.  The EAT  

Figure 1. Effect of Feed Pump Rate on exit air 

 temperature and relative humidity 

 

reduces, with an increase in the FPR, while the RH 

increases, with an increase in the  FPR. These trends 

occurred because an increase in FPR increases the 

cooling effect of evaporation.  An increase in FPR also 

leads to more liquid flow and bigger droplets into the air 

stream (Pinon-Balderrama et al., 2020). These droplets 

absorb more heat from the air, widening the difference 

between the temperatures of the inlet air and the exit air. 

Furthermore, the air gains more water vapour, leading to 

an increase in its relative humidity. Tan et al. (2011) 

earlier reported a similar trend of results. 

3.2 Effect of Feed Pump Rate on Thermal Efficiency 

(TE) and Evaporation Rate (ER) 

The variation of thermal energy (TE) and evaporation rate 

(ER) due to feed pump rate (FPR) is shown in Figure 2. 

The TE and DR increase, with an increase in the FPR. 

The TE and ER ranged from 67 to 79 % and 4.5 to 13.0 

g/min respectively. 
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        Figure 2. Effect of Feed Pump Rate on  

       Thermal Efficiency and Evaporating Rate  

 

The TE of the spray dryer increases with an increase in 

the FPR because an increase in FPR, increases liquid 

available to the hot air for evaporation. With more liquid 

available to the hot air, heat utilization is increased, and 

reflected as an increase in TE. An increase heat utilization 

also mean an increase moisture removal from the 

material, which appears as an increase in ER. Golman and 

Julklang (2014) evaluated the performance of a spray 

dryer and reported that the thermal energy efficiency of 

the spray dryer increased, with an increase in the feed 

flow rate. 

 

3.3Effect of Feed Pump Rate on Powder Yield 

        (PY)   and Moisture Content (MC) 

The quantity of powder obtained in the spray drying 

process via cyclone separation is influenced by the drying 

air flow and local velocities, the spatial geometry of the 

cyclone separator, and the interaction of the particles with 

the cyclone walls (Behboudi-Jobbehdar et al., 2013). In 

this study, the airflow was kept constant. Therefore, 

parameters that affect the surface stickiness of the 

microparticles such as the hygroscopicity, glass transition 

temperature, moisture, and temperature of the droplets in 

the drying chamber detect the powder recovery. The 

influence of FPR on PY and MC is shown in Figure 3.  

 

 
Figure 3. Effect of Feed Pump Rate on 

Powder Yield and Moisture Content 

 

The PY increased, with an increase in FPR but later 

decreased with an increase in the FPR.  The maximum PY 

attained was about 50 % at an FPR of 4Hz. The moisture 

content (MC) continues to increase, with an increase in 

the FPR. The MC varied from 4.7 to 8.5%. Authors 

including Chegini and Ghobadian (2005), Jain et al. 

(2017), and Hong et al. (2021), reported similar pattern 

of results. The possible explanation to these scenarios is 

that an increase in FPR shortens the contact time of the 

feed droplets with the hot air, hence lessening 

evaporation. A reduction in evaporation increases the MC 

and density of the powder. An increase in density can 

increase the powder yield due to an increment in weight 

per unit volume. However, beyond FPR of 4Hz, the MC 

of the powder might have increased to the level of causing 

powder particles to stick to dryer walls, reducing the PY.    

 

3.4 Effect of Feed Pump Rate on Lactic Acid  

          Bacteria (LAB) and Yeast Viability 

When a Sourdough is spray-dried, the viability of LAB 

and yeast cells is reduced (Caglar et al., 2021). During 

spray drying, the LAB and yeast cells suffer mechanical, 

thermal, osmotic, and oxidative stresses which reduced 

their viability (Khemetal et al., 2015; Liu et al., 2018; 

Schutyser et al., 2019).  

 

Figure 4 shows the effect of FPR on the viability of LAB 

and yeast. The viability of LAB and yeast varied from 

about 4.1 to 5.00 and 3.9 to 4.5 log (CFU/g) respectively. 
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Figure 4. Effect of Feed Pump Rate on Viability 

of Lactic  Acid Bacteria and Yeast 

 

The viability of LAB and yeast increases with an increase 

in FPR. This is because an increase in the FPR increases 

the feed flow rate. An increase in the feed flow rate 

reduces the residence time of the particles in the dryer 

chamber, likewise the EAT.  A reduction in particle 

residence time, and EAT lowers thermal stress on the 

microbes, favouring their survival. This agrees with the 

findings of Atalar and Dervisoglu (2015) who 

investigated the effect of spray drying parameters on kefir 

powder. These authors reported that a high feed pump rate 

and low exit air temperature favoured the survival rate of 

lactococci. The microbial count of the spray-dried 

sourdoughs obtained in this study, satisfied the minimum 

requirement set by FAO/WHO of 6.27 log CFU/g of live 

organisms in sourdoughs (Olojede et al.2023).  

 

3.5 Effect of Feed Pump Rate on Total Titratable 

               Acid (TTA) and pH 

 Spray drying of sourdough can lead to a slight increase 

in pH due to the loss of acidic compounds. The variation 

of the TTA and the pH of the spray-dried sourdough due 

to an increment in FPR is shown in Figure 5.  

 
Figure 5. Effect of Feed Pump Rate on pH and TTA 

 

 From Figure 5, an increase in FPR reduces the pH, but 

an increase for TTA. Even though the changes in pH and 

TTA were small, it did show that an increase in FPR 

might have reduced the severity of the drying air 

temperature, which reduced the disintegration of the 

acidic compounds present in the sourdough. The pH and 

the TTA ranged from about 4.3 to 4. 19 and 1.5 to 1.6 ml 

respectively.  Caglar et al. (2021) reported similar results 

in pH from their investigation of a sourdough spray 

drying.   Reidzane et al. (2021) stated that the pH of a 

well-developed sourdough is from 3.5 to 4.3. The pH 

range obtained in this study is within this range.   

3.6 Effect of  Feed Pump Rate on Bulk Density  

The effect of flow rate on bulk density is shown in Figure 

6. It can be seen in Figure 6 that the bulk density 

increases, with an increase in the feed pump rate (FPR). 

Chegini and Ghobadian (2005), and Padma et al. (2022) 

reported similar observation. The increase in the feed 

pump rate caused inadequate drying of the sourdough 

powder, which increased the moisture content of the 

powder and hence the bulk density (Jain et al., 2017). 
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Figure 6. Effect of Feed Pump Rate on Bulk Density 

In Figure 6, the bulk density of spray-dried sourdough 

varied from about .0.46 to 0.60 g/ml. A bulk density of 

450 to 700 kg/ 𝑚 3  for spray-dried sourdough, was 

reported by Caglar et al.(2021).  

 

4. CONCLUSIONS 

Dehydration of sourdough into powder form has several 

advantages including longer shelf life, constant product 

quality, and lower transportation cost. The effect of feed 

pump rate on the spray drying of acha sourdough was 

investigated. Results of evaluation of the response 

parameters showed that the feed pump rate was a critical 

process parameter in the spray drying of the acha 

sourdough. The highest powder yield was 50% at a feed 

pump rate of 4 Hz. Beyond this feed pump rate, the 

powder yield reduces. The exit air temperature and pH 

responded negatively, with an increase in feed pump rate. 

The thermal efficiency, evaporation rate, moisture 

content, microbial counts, and bulk density, varied 

positively with an increase in feed pump rate.   

From the analyses results of moisture content, pH, total 

titratable acid, and microbial counts, the spray drying 

process produced dehydrated acha sourdoughs with 

standard functional properties. These show that spray 

drying feed rate can be manipulated to produce acha 

sourdough for the production of gluten-free baked foods. 

Nevertheless, a holistic investigation is needed to 

optimize the entire process parameters, for a tradeoff for 

low moisture content and high powder yield. 
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NOTATION 

                  CFU = Colony forming unit 

                   FPR = Feed pump rate (%) 

                   EAT = Exit air temperature (℃) 

                   RH   = Evaporation rate (%) 

                   TE = Thermal efficiency (%) 

                    ER = Evaporation rate (g/min) 

                    PY = Powder yield (%) 

                    MC = Moisture content (%)             
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ABSTRACT 

 This study dwell on the removal of color of two different dye types namely Acid Red-27 (AA27) and 

Brilliant Green (BG) in a simulated waste dye water. An adsorption process in which the parameters 

were optimized with response surface methodology was adopted. Numerical optimization was 

determined at optimum conditions for BG and AA27, respectively and was used in carrying out a batch 

equilibrium studies while studying the effect of contact time, initial concentration and adsorbent dosage. 

The outcome of the experimentation indicate that the adsorbent dosage of the dye solution had a 

significant impact on adsorption. The result also showed that Freundlich isotherm fit the isotherm model 

for AA27, and Langmuir isotherm fit that of  BG.  The overall experimental data indicate a maximum 

removal of 96.24 % and 83.10 % was found for Brilliant Green and Acid Red 27 respectively while the 

maximum dye adsorption capacity of BG and AA27 was obtained at 68.02 and 3.43 mg/g, respectively. 

Activated Nigerian Laumontite zeolite has capability for adsorption and hence can be used for effective 

removal of  dyes from wastewater. 

Keywords: Laumontite zeolite; Brilliant green dye; Acid red 27; Adsorption; Laumontite 

 

1. INTRODUCTION 

The production of numerous pollutants due to 

industrialization and modernization has negatively 

impacted the environment (Bushra et al., 2021). The use 

of water by many different process industries and its 

attendant effects through discharges pose an enormous 

challenge environmentally.  Brilliant green is currently 

used in industry worldwide for a variety of tasks, 

including dying paper, leather, wool, and silk. Veterinary 

care, dermatological products, biological stains. Acid red 

27 is  useful as a food dye . It is also used in cosmetics, 

natural and synthetic fibers, leather, paper, and phenol-

formaldehyde resin. This usefulness in the mentioned 

processes entails they are present in the wastewater 

released by several process industries, including textile 

industry (Zafar et al., 2020). The level of Water pollution 

beyond the threshold limit is directly related to the 

general effects such as gastrointestinal tract which can 

lead to other secondary effect including nausea, vomiting, 

and diarrhea, and even coughing and shortness of breath.  

 

There are several technologies available that are used for 

the removal of organic contaminants. These include 

oxidation method (Pathania et al., 2016), treatment using 

biotic processes (Santos and Boaventura, 2015), the use 

of membrane process [Lau and Ismail, 2009], 

coagulation/flocculation, and adsorption (Wu et al., 

2017).  Adsorption processes are the most widely used 

treatment techniques for eliminating organic 

contaminants (Mahmoud et al., 2020) because of its 

simplicity and effectiveness as well as economical 

advantage over other processes (Albadarin et al., 2017).   

There are several adsorbents well known to possess good 

adsorption properties such as activated carbon, fly ash, 

clay minerals and zeolites.   Zeolite is an aluminosilicate 

material (both synthetic and natural) with a polyhedral 

three-dimensional structure made up of [SiO]4- and  

 

[AIO]5- complexes. These compounds have a specific 

chemistry and qualities that make it possible for them to 

adsorb various environmental pollutants (Alakhras et al., 

2020). Laumontite natural zeolites which have been 

studied extensively used as adsorbents was recently 

discovered in part of Nigeria and they are known to have 

good surface area, porous structure, and ion-exchange 

capabilities. This study is therefore aim to assess the 

efficacy of this new natural zeolite (NZ) sourced from 

Adamawa , Nigeria  as an adsorbent for wastewater 

treatment by removing Acid Red 27 and Brilliant Green 

dye.  

 

2. MATERIALS AND METHODS 

2.1. Materials 

Natural laumontite zeolite (NLZ) was sourced from 

Ganki, Fufore LGA in Adamawa State, Nigeria. All 

chemical used in this work were of analytical grade.  

 

2.2. Purification and Modification of the Adsorbent 

material 

First, 100 g of NLZ was crushed and sieved using 300 μm 

mesh, this was then followed by washing of the sieved 

NLZ with large quantity of deionized water to remove 

impurities and finally dried in oven for 6 h at 110 °C. The 

activation of the natural zeolite was carried with the aid 

of NaCl. The activation process to convert LAU-NZ in 

Na-form was prepared according to previous procedures 

described in the literature (Hasan, 2023). 28.89 g of NLZ 

was added to 1M NaCl solution which was stirred for 20 

h at 50 rpm. The material was decanted, and was washed 

mailto:kovo@futminna.edu.ng
https://www.wikidoc.org/index.php?title=Food_dye&action=edit&redlink=1
https://www.wikidoc.org/index.php/Cosmetics
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https://www.wikidoc.org/index.php?title=Leather&action=edit&redlink=1
https://www.wikidoc.org/index.php?title=Paper&action=edit&redlink=1
https://www.wikidoc.org/index.php/Phenol-formaldehyde_resin
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four times with deionized water to remove excess sodium 

chloride and finally dried in the oven at 110 °C for 9 h. 

 

2.3. Characterization of natural Laumontite zeolite 

The analysis  of NLZ and activated NLZ before and after 

the adsorption of brilliant green and acid red 27 was 

carried out using  by Fourier transform infrared 

spectroscopy (FT-IR) for it functional groups, the 

microstructure/morphology  was performed  by a 

scanning electron microscope (SEM), the X-ray 

fluorescence was  used to determine a material's  oxide  

composition,  and the crystallographic structural 

properties  was determined by X-ray powder diffraction 

(XRD) (Model: EMPYREAN from Netherlands) in the 

2𝜃 range of 5-70. 

 

2.4 Empirical optimization design 

 Box-Behnken (BBD) was employed to evaluate the 

impact of process factors on the removal efficiency of BG 

AND AA27 on NLZ. The selected variables were initial 

concentration (40 – 200 mg/l), Contact time (30 – 240 

min) and adsorbate dosage (0.05 -0.3 g). 17 experiment 

runs were generated using Design Expert software 

(Ver.13.0).  

 

Table 1 Independent factors and their chosen level of 

the experimental design 

Name Symbol Low High 

Contact time 

(min) 
A 30 240 

Adsorbent 

dosage (g) 
B 0.05 0.3 

Intial 

concentration 

(mg/l) 

C 40 200 

 

Table 2 Full BBD Experimental Design Table 

 Factor 1 Factor 2 Factor 3 

Runs 

A: Initial 

concentration 

(mg/l) 

B: 

Contact 

time (min) 

C: Adsorbent 

dosage (g) 

1 40 30 0.175 

2 120 240 0.05 

3 40 135 0.05 

4 120 135 0.175 

5 40 135 0.3 

6 200 30 0.175 

7 120 30 0.3 

8 120 135 0.175 

9 120 135 0.175 

10 120 135 0.175 

11 200 135 0.3 

12 120 30 0.05 

13 40 240 0.175 

14 200 135 0.05 

15 120 135 0.175 

16 200 240 0.175 

17 120 240 0.3 

 

Diagnostic plots and analysis of Variance (ANOVA) 

were utilized in the statistical study to evaluate the 

statistical significance of the regression coefficient of the 

suggested models and optimum conditions for the 

adsorption process. 

 

 

2.5 Numerical Optimization 

Numerical optimizations were performed using the 

‘optimization’ selection on Design Expert v13.0. 

Maximizing removal efficiency within the parameters 

and keeping all process variables within them were the 

objectives of the numerical optimization, subject to a few 

carefully considered constraints (Bader et al., 2018; Cui 

et al., 2019). 

 

2.6 Adsorption experiment 

The adsorption of BG and AA27 on activated NLZ was 

carried out by batch method. This was done by shaking 

50 ml of a known initial dye concentration with known 

amount the adsorbent NLZ in 250 mL and the solution 

was stirred at 210 rpm according to the experimental 

variables obtained from the design factors as given by the 

BBD experimental design. The solution of the adsorbent 

and adsorbate were separated using a filter paper and the 

filtrate was tested for the absorbance using a UV-visible 

spectrophotometer.  All samples were filtered before the 

residual acid red 27 and brilliant green quantity were 

quantified using UV spectroscopy at 519.50 nm and 

624.50 nm respectively. 

The amount of dye adsorbed at equilibrium qe (mg/g) was 

calculated at equilibrium condition using Eq. (1): 

𝑄𝑒 =
𝐶0−𝐶𝑒

𝑤
∗ 𝑉                                             (1) 

 

Where C0 and Ct are the initial concentration and final 

concentration of Acid red 27 and Brillant green in the 

solution (mg/L); V is the volume of Acid red 27 (L); W 

is the weight of adsorbent (g). 

 

The removal efficiency was calculated using equation 2: 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100%                                                       (2) 

Where C0 and Ct are the initial concentration and final 

concentration of Acid red 27 and Brillant green in the 

solution (mg/L). 

 

2.6.1 Adsorption isotherms 

The experimental data was analyzed using Langmuir and 

Freundlich isotherms, and the molecular distribution of 

adsorbate on the adsorbent surface was done for [Jahan et 

al., 2023] acid red 27 and brilliant green (Zafar et al., 

2020; Mansour et al., 2020) for their adsorption 

characteristic.  

 

Equation 3 represents the linear Langmuir model: 
ce

qe
=

ce

qmax
+

1

q max kL
                                            (3) 

where qe is the equilibrium adsorption, and qmax is the 

maximum adsorption capacity (mg/g), Ce is the 
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equilibrium concentration (mg/L) related, and kL is the 

Langmuir isotherm constant (L/mg) related to the affinity 

of the binding sites to the adsorbate 

 

 Equation 4 represents the linear Freundlich model: 

Log qe = log Kf + 
1

𝑛
 log Ce                                             (4) 

 

The parameter in equation 3 are describe as follows, qe is 

the equilibrium adsorption (mg/g), Ce is the equilibrium 

concentration (mg/L), kF is the Freundlich isotherm 

constant (mg/g), and 1/n is dimensionless representing 

the heterogeneity of the adsorbent sites and also indicates 

the affinity between adsorbate and adsorbent. 

 

3. RESULTS AND DISCUSSION 

3.1. Zeolite Analysis  

The first five 2-theta peaks in the diffractogram clearly 

match the pattern of typical peaks for NLZ as described 

in the literature, which displays all of the peaks that are 

characteristic for Laumontite (Treacy and Higgins, 2007). 

The X-ray diffractograms of NLZ in (Fig.2a) show that 

the main diffraction peaks at 2θ angles, major peak values 

for the first five 2-theta of the samples are seen at around  

7.5°, 12.5°, 25.0°, and 28.5°  corresponding to  hkl plains 

of (110), (200), (-112), and (330), respectively. The SEM 

images of NLZ as shown in fig 2b micrograph displayed 

a large plate-like structure, suggesting that the silica and 

alumina are sliding over one another, and the SEM 

micrograph revealed a uniform particle size of the sample 

with a regular shape when compared with literature 

(Hosaka et al., 1995). 

 

 

 

 

 

 

 

 

 

Figure 2. (a) X-ray diffractogram of LAU-NZ and (b) SEM image of LAU-NZ 

 

The XRF analysis result as shown in Table 3 was used to 

determine the oxides and elemental compositions of the 

NLZ. The result as shown in table 3 present results from  

 

 

the X-ray Fluorescence analysis clearly indicate the 

preponderance of various oxide composition of the 

natural material  

 

 

Table 3 shows the oxides, elements, and percentage weight concentrations of LAU-NZ. 

OXIDES CONCENTRATION WT.% ELEMENT 
CONCENTRATION 

WT.% 

SiO2 46.524 O 45.545 

V2O5 0.068 Al 11.194 

Cr2O3 0.150 Si 21.747 

MnO 0.135 S 2.036 

Fe2 O3 15.170 Cl 0.487 

(a) 

Laumo

ntite quartz 

low, syn Anort

hite Kaoli

nite Montmorillo

nite (Clay) 

NATURAL 

ZEOLITE_202

30906_08301

3_G01 

_S01_M01 

https://www.sciencedirect.com/science/article/pii/S2405844024000379#fig2
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OXIDES CONCENTRATION WT.% ELEMENT 
CONCENTRATION 

WT.% 

Co3 O4 0.051 K 1.348 

NiO 0.041 Ca 6.021 

CuO 0.040 Ti 0.538 

Nb2O3 0.015 V 0.038 

MoO3 0.023 Cr 0.103 

SO3 5.085 Mn 0.104 

CaO 8.424 Fe 0.611 

K2O 1.624 Co 0.037 

BaO 0.073 Ni 0.032 

Al2O3 21.150 Cu 0.032 

Ta2O5 0.004 Zn 0.015 

TiO5 0.897 Zr 0.016 

ZnO 0.019 Nb 0.012 

ZrO2 0.022 Ba 0.066 

The sample has Si/Al ratio greater than one (1.942 as 

shown in Table 3). Given that the minimal Si/Al ratio 

should be 1 and 1.3 – 3.3.  the outcome appears to be in 

line with Breck DW and Loewenstein's rule for aluminum 

in four-fold coordination respectively (Soscún et al., 

2001). 

 

FTIR spectra of activated NLZ, adsorbed AA27, and 

adsorbed BG in Fig.3 shows the band (4000 - 2500 cm-1) 

is the stretching vibrations of Si-OH and Si-OH-Al, the 

band at (2500 - 2000 cm-1) are attributed to the bending 

vibrations of water molecules H-O-H, (2000 - 1500 cm-1) 

is due to asymmetric stretching vibrations of (C=O), and 

(1500 -400 cm-1) asymmetric and symmetric stretching 

vibration of internal (Kumar, 2019). In Fig.3c, distinct 

absorption peaks at (1192.7 -1,786.5 cm-1) are attributed 

to the asymmetric stretching vibration of internal T-O(T) 

bonds and symmetric stretching vibration of internal T-

O(T) bonds (Hasan, 2023) and Fig.3b, The minimal shift 

of the T-O bond and C=O bands after loading the dye  is 

due to the strong intensities surface complexation of the 

dye substance with these functional groups. 

 

 

 

(a) 
(b) 



 

10.51975/254001010.som 

Journal of the Nigerian Society of Chemical Engineers, 40(1), 2025 

 

ISSN:0794-6759   91 

 

 
 

Figure 3. FTIR analysis on (a)Activated zeolite, (b)Adsorbed AA 27, and (c)Adsorbed BG 

 

3.2 ANOVA and Diagnostic model 

The results of the ANOVA demonstrated that the 

relationships between each response and the important 

factors were accurately reflected by the equations. 

According to the model, A, B, C, AB2, AC2, BC2, A2, B2, 

and C2 were significant model terms. Additionally, lack 

of fit became critical because of certain systematic 

fluctuations that this model was unable to account for. 

Equations (5) and (6) of the software's model showed how 

the independent parameters taken into account and % 

removal of BG and AA27 are related. 

% Removal = +91.5231 + 4.51816 A - 0.159446 B + 

0.478342 C + 0.440712 AB  

                       - 0.167962 AC + 0.795563 BC -3.72207A2 

- 0.12296 B2+ 0.347415 C2           (5) 

 

% Removal = +99.40 + 0.9539 A - 0.0380 B + 0.1481 C 

- 0.2492 AB – 0.6224 AC + 0.4053                                                           

BC - 0.9194 A2 + 0.0669 B2 – 0.4996 C2                                                                                    

(6) 

 

An increase or decrease in response resulting from 

independent and interaction factors is indicated by a 

positive or negative sign in the equation. The adsorption 

yield is greatly influenced by all three of the parameters, 

according to the ANOVA analysis. In contrast, for both 

dyes, the adsorption yield is positively impacted by the 

dye concentration and adsorbate dosage in solution; the 

activated zeolite contact time has a negative impact 

according to the correlation coefficients 

 

The preparation conditions and experimental results for 

the studied responses are shown in Table 4. Values of 

adsorption capacities varied between 9.50 and 184.95 

mg/g for AA27 and between 6.52 and 198.78 mg/g for 

BG. The highest values of 184.95 and 198.78 mg/g were 

obtained for the activated zeolite of 0.05 g. 

 

 

Table 4: Box-Behnken design actual values and experimental results responses 

Run 

  Actual values  

Qe 

(mg/g) 

  %Re

moval 

 

 

Contact 

time 

(min) 

Adsorbate 

dosage (g) 

 

Dye 

Concentration 

(mg/g) 

 

AA27 

 

BG 

  

AA27 

 

BG 

1 30 0.175 40 9.50 11.12  83.14 97.31 

2 240 0.05 120 109.42 117.99  91.18 98.33 

3 135 0.05 40 33.65 38.50  84.13 96.24 

4 135 0.175 120 31.33 34.04  91.38 99.30 

5 135 0.3 40 5.47 6.52  81.10 97.82 

6 30 0.175 200 52.75 56.98  92.32 99.72 

7 30 0.3 120 18.14 19.76  90.72 98.81 

(c) 
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Run 

  Actual values  

Qe 

(mg/g) 

  %Re

moval 

 

 

Contact 

time 

(min) 

Adsorbate 

dosage (g) 

 

Dye 

Concentration 

(mg/g) 

 

AA27 

 

BG 

  

AA27 

 

BG 

8 135 0.175 120 31.52 34.10  91.92 99.47 

9 135 0.175 120 31.10 34.12  90.70 99.51 

10 135 0.175 120 31.30 34.08  91.29 99.39 

11 135 0.3 200 30.70 33.16  92.11 99.48 

12 30 0.05 120 110.04 119.23  92.70 99.36 

13 240 0.175 40 9.64 11.19  84.31 97.88 

14 135 0.05 200 184.95 198.78  92.48 99.39 

15 135 0.175 120 31.66 34.06  92.33 99.35 

16 240 0.175 200 53.04 56.74  92.81 99.30 

17 240 0.3 120 18.68 19.88  93.39 99.39 

 

 

Table 5: Analysis of variance for AA27 model 

Source Sum of Squares df  Mean Square F-value         p- value        

Model 227.60 9      25.29 52.20     < 0.0001 significant 

A-Initial 

concentration 
163.31 1      163.31 337.06     < 0.0001  

B-Adsorbate dosage 0.2034 1      0.2034 0.4198        0.5377  

C-Contact time 1.83 1      1.83 3.78        0.0930  

AB 0.7769 1      0.7769 1.60        0.2459  

AC 0.1128 1      0.1128 0.2329        0.6441  

BC 2.53 1      2.53 5.23        0.0561  

A² 58.33 1      58.33 120.39      < 0.0001  

B² 0.0637 1      0.0637 0.1314         0.7277  

C² 0.5082 1      0.5082 1.05         0.3398  

Residual 3.39 7      0.4845    

Lack of Fit 1.83 3      0.6095 1.56         0.3305 
not 

significant 

Pure Error 1.56 4      0.3908    

Cor Total 230.99 16     

 

Table 6: Analysis of variance for BG model 

Source Sum of Squares df Mean Square F-value p-value  

Model 14.75 9 1.64 148.95 < 0.0001 significant 

A-Initial concentration 7.28 1 7.28 661.60 < 0.0001  

B-Contact time 0.0115 1 0.0115 1.05 0.3401  

C-Adsorbate dosage 0.1755 1 0.1755 15.95 0.0052  

AB 0.2484 1 0.2484 22.57 0.0021  

AC 1.55 1 1.55 140.82 < 0.0001  

BC 0.6572 1 0.6572 59.73 0.0001  

A² 3.56 1 3.56 323.48 < 0.0001  

B² 0.0189 1 0.0189 1.71 0.2319  

C² 1.05 1 1.05 95.54 < 0.0001  
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Residual 0.0770 7 0.0110    

Lack of Fit 0.0467 3 0.0156 2.06 0.2488 
not 

significant 

Pure Error 0.0303 4 0.0076    

Cor Total 14.83 16     

 

Fig. 4, provides statistical actual and predicted values to 

test the significant effects of regression coefficients for 

the proposed models. In Fig. 4a, which showed the 

distribution of BG adsorption data points close to the 

straight line, while AA27 data in Fig. 4b deviated from 

the straight line. Consequently, there was a reasonable 

agreement between the "R2" and the "R2
adj". Additionally, 

"R2" was higher than "R2
adj". It is evident that over 90% 

of these reactions are accurately anticipated by these 

models, suggesting that the terms taken into account in 

the suggested models were important enough to produce 

predictions that could be accepted (Tounsadi, et al., 

2016). 

 

 

 
 

Figure 4: Predicted values vs. actual values for (a) BG, and (b) AA27 

 

3.3 Numerical Optimization 

Maximizing removal efficiency within the parameters 

and keeping all process variables within them were the 

objectives of the numerical optimization, subject to a few  

 

carefully considered constraints (Bader et al., 2018; Cui 

et al., 2019). These constraints are presented in Table 7 

and 8 for the dyes below. 

 

Table 7: Factor and response constraints on the numerical optimization for BG 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

A: Initial concentration is in range 40 200 1 1 3 

B: Contact time is in range 30 240 1 1 3 

C: Adsorbate dosage is in range 0.05 0.3 1 1 3 

Removal maximize 96.2417 99.721 1 1 3 

 

Table 8: Factor and response constraints on the numerical optimization for AA27 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

A: Initial concentration is in range 40 200 1 1 3 

B: Adsorbate dosage is in range 0.05 0.3 1 1 3 

C: Contact time is in range 30 240 1 1 3 

% Removal maximize 81.9975 93.387 1 1 3 

(a) 
(b) 
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Table 6 and 7, shows the maximum removal efficiencies 

were observed to be 96.24% and 81.10% for BG and 

AA27 dyes, respectively. The optimum condition for BG 

is at initial concentration of 190.428 mg/l, adsorbent 

dosage of 0.159 g, and contact time of 69 min and that of 

AA27 at initial concentration of 166.649 mg/l, adsorbent 

dosage of 0.274 g, and contact time of 210 min The 

desirability values of these parameters which is a show of 

the ideal and desired values were observed to be 1.000 

(unity) for the two dyes. The result indicate the 

acceptance of the predicted  adsorption removal 

efficiencies and the  applicationn of the model for the 

dyes removals . 

 

3.4 Batch adsorption experiment 

3.4.1. Effect of initial concentration 

A plot of removal efficiency of the BG dye is shown in 

Figure. 5a, while keeping other factors constant 

(adsorbent dosage = 0.159 g, contact time = 69 min). It 

can be observed that the number of active sites on the 

surface of the adsorbent is more available at low initial 

dye concentrations than it is at high initial dye 

concentrations. The removal efficiency of BG rises 

proportionally with the initial concentration  (Alene et al., 

2020). In Fig. 5b, while keeping other factors constant 

(adsorbent dosage = 0.274 g, contact time = 210 min), the 

removal efficiency of AA27 increases inversely with the 

initial concentration. The number of effective adsorption 

sites on the adsorbents exceeds the number of competent 

AMD molecules at lower starting concentrations. 

Because of this, a greater percentage of AA 27 molecules 

exhibit increased adsorption effectiveness when they are 

bound to the adsorbent surface (Rahaman et al., 2022). 

This show that these process favors at higher 

concentration. 

 

Figure 1: Effect of initial concentration on adsorption of (a)BG dye, and (b) AA27 onto AZ 

3.4.2 Effect of adsorbent dosage 

The plot of removal efficiency against adsorbent dosage 

as presented in Figure. 6 shows that adsorbent dosage is 

one of the independent variables that can alter the dye. 

removal efficiency. The study was at constant conditions 

of initial concentration = 190 mg/l and contact time=69 

min for BG and initial concentration = 167 mg/l and 

contact time= 210 min for AA27, respectively. Between 

the two dyes, the removal efficiency of BG is greater than 

that of AA27 as shown in the plot with changes in the 

activated zeolite dosage which is due to the amount of 

more adsorbent active sites and more adsorbent specific 

surface area become available, leading to an increase in 

the removal percentage of both dyes onto activated 

zeolite (AZ) (Alene et al., 2020). 
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Figure 2: Effect of adsorbent dosage on adsorption of (a)BG dye, and (b)AA27 onto AZ 

 

3.4.3 Effect of contact time 

 

The effect of removal efficiency on contact time was 

studied at constant conditions of (Adsorbent dosage = 

0.159 g and initial concentration = 190 mg/L) for BG and 

that of AA27 (Adsorbent dosage = 0.274 g and initial 

concentration = 167 mg/L) efficiencies of both dyes were 

affected by contact time as observed from Fig. 7. From 

the plot, it was noticed that the removal efficiency for the 

dyes increased with longer time of contact between the 

activated LAU-NZ and adsorbate. In Fig. 7a, It is evident 

that the dye's initial removal efficiency increased during 

the first 59 minutes, and that this was followed by a slow 

removal rate until the 89-minute mark. However, as 

equilibrium takes longer to reach, the number of surface 

sites that remain will decrease and it will become more 

difficult to occupy these ions (Samaka, 2021) whereas, in 

Fig. 7b, it was observed that there was a steep increase in 

the amount of dye adsorbed from 210 - 230 minutes 

which follows by a steady increase. Due to the 

unavailability of the active adsorption sites on the 

adsorbent surface, the adsorption effectiveness falls as the 

contact time increases (Munagapati et al., 2021). 

 

 

Figure.3: Effect of contact time on adsorption of (a)BG dye, and (b) AA27 onto AZ 

3.5 Adsorption isotherm 

Fig.8a and 8b represented the Langmuir isotherm plots of 

BG and AA27 respectively. Table 9 shows the adsorption 

parameters in the adsorption on activated LAU-NZ, along 

with the correlation coefficient R2 of nearly 1. In Fig 8, 

the maximum adsorption capacities (qmax) of the AZ were 
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found to be 68.02 mg/g, and 3.43 mg/g for BG and 

AA27.Therfore, the adsorption of BG on activated LAU-

NZ was best described using this model which showed 

single monolayer adsorption of BG on the surface of 

activated LAU-NZ as compared to AA27. 

 

 

Figure4: Langmuir isotherm plots of (a) BG and (b) AA27 27 onto AZ 

 

The Freundlich isotherm shows the plot of log Ce vs. log 

qe as shown in Fig. 9a for BG and Fig.9b for AA27, 

respectively and both the values of 1/n and Kf can be 

calculated from the slope and intercept. It is considered 

good adsorption if the n value is (0> n <1) (Munagapati 

et al., 2021). In this study, the n value obtained from  

 

Freundlich model for BG and AA 27 was found to be 

10.47 and 0.37, respectively, indicating the adsorption of 

BG is unfavorable and that of AA27 is favorable. This 

indicate that this isotherm is a better representation model 

for Acid red 27 dye. 

 

 

Figure 5: Freundlich isotherm plots of (a) BG, and (b) AA27 onto AZ 

Table 9: The adsorption isotherms parameters for 

Langmuir and Freundlich model 

Adsorption 

parameters 

Brilliant 

Green 
Acid Red 27 

Langmuir 

isotherm 
  

KL (L/mg) 2.72 5.62 

qmax (mg/g) 68.02 3.43 

R2 0.9951 0.8193 

RL 0.0017 0.0015 

Adsorption 

parameters 

Brilliant 

Green 
Acid Red 27 

Langmuir 

isotherm 
  

Freundlich 

isotherm 
  

Kf (mg/g) 54.58 27.42 

1/n 0.0953 2.6941 

R2 0.8421 0.8534 

 

4. CONCLUSION 
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The removal efficiency and maximum adsorption 

capacities of BG and AA27 were 68.02 and 3.43 mg/g 

respectively with optimum removal efficacy of 96.24% 

and 83.14%. Characterization on the LAU-NZ by SEM, 

XRD and XRF. FTIR analysis was done on the activated 

and after adsorption. The optimal experimental 

conditions for the removal of the maximum dye were 

determined on contact time, initial concentration, and 

adsorbent dosage. From ANOVA, it showed that the 

BBD model was statically significant. It was observed 

that the independent variables were all significant which 

implies that all factors variable studied had specific 

impact on its removal efficiency. Numerical optimization 

(unity) was found to be the desirability values of these 

parameters, which represent the ideal and desired values. 

Isotherms models of Langmuir and Freundlich were 

applied to study  adsorption of BG and AA27 on activated 

natural zeolite. The adsorption behavior of Langmuir was 

best represented (R2 = 0.9951) for BG with maximum 

adsorption capacity of 68.02 mg/L and AA27 is described 

by Freundlich isotherm (R2 = 0.8534). The current 

investigation reveals that the activated Laumontite  

zeolite that has been made using  inexpensive method was 

effectively used in the removal Acid Red 27 and Brilliant 

Green, from simulated dye wastewater that  and the 

results prove very successful. 
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