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a b s t r a c t 

The potential of quail eggshells for acetaminophen (PCM) removal in aqueous solution was 

studied. Calcination greatly increased the surface area of the raw quail eggshell (RQES). 

Hence, surface area as determined by the Brunauer-Emmet-Teller (BET) surface and poros- 

ity analyzer are 680.80 m 

2 /g for RQES while calcinated quail eggshell (CQES) had 927.30 

m 

2 /g. The scanning electron microscopic (SEM) analysis revealed pores useful for uptake 

of PCM. Adsorption process for the uptake of PCM onto RQES and CQES was pH-dependent 

with optimum pH of 7 and 6 respectively. The Freundlich adsorption isotherms suggested 

a multilayer adsorption of PCM unto RQES and CQES. The Dubinin Raduskevich (D-R) 

model best described the adsorption processes. The energy of adsorption obtained from 

the model for the two adsorption systems were 23.57 and 8.4515 kJ.mol −1 suggesting that 

chemisorption occurred within the systems. The maximum monolayer adsorption capac- 

ities were 10.00 and 15.15 mg/g for uptake of PCM unto RQES and CQES respectively. 

Pseudo-second-order model best explained the kinetics of the adsorption processes, ad- 

sorption process was established to be feasible and feasibility increased with temperature. 

The process economy validation by Ordinary Least Square (OLS) cum ridge estimator fol- 

lowed by model performance judgment using the test mean squared error (TMSE) revealed 

32% and 22.8% in PCM quantity adsorbed per unit changes in time and temperature respec- 

tively. Hence, a valid justification for economy friendliness of the prepared adsorbents in 

acetaminophen removal. 

© 2022 The Author(s). Published by Elsevier B.V. on behalf of African Institute of 

Mathematical Sciences / Next Einstein Initiative. 
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Introduction 

The importance of pharmaceuticals to the world’s population cannot be overemphasized. Pharmaceuticals help to alle- 

viate different types of infections and diseases in human and animals. Subsequently improving the quality of health and 

life expectancy [1] . Acetaminophen (PCM) is a pain-relieving, antipyretic analgesic, which is one of the most frequently 

consumed first-line drug all over the world [2] . Frequent detection of PCM molecules in water has been reported [3] . The

discharge route for PCM into water bodies include the release of industrial effluents, improper disposal of hospital wastes 

and, egestion from man via urine. Up to 68% of the dosage being consumed is released into accessible water bodies through

urine [ 4 , 5 ]. 

Concentrations of PCM in effluents and surface water have been greatly reported to exceed the expected limits [ 2 , 6 ]. High

level of PCM was detected in Jakarta Bay water by Koagouw crew, who concluded that the analyzed concentration level calls

for concern [7] . Varying PCM concentrations have also been reported in different kinds of water in some European countries

[ 5 , 8 ]. These pharmaceuticals have biological activity [9] and accumulative tendency in aquatic organisms. PCM degraded

product (4-aminophenol) is highly toxic and carcinogenic [4] . Unmetabolized PCM has also been reported to inhibit DNA 

synthesis leading to chromosomal aberrations [ 5 , 10 ]. PCM is therefore considered a contaminant that should be removed

from effluents before discharging into the environment. 

Several methods of pharmaceutical residue removal have been employed, which are accompanied by multiple challenges. 

Some of such methods include, advanced oxidation process, which requires large quantity of reagents for the operation [11] .

The membrane filtration process with characteristics high cost and membrane stench over time [12] . The electrocoagulation 

process requires regular electrode replacement thus accumulates cost [13] . However, adsorption has found a wide application 

because of its low operational cost, simplicity and, efficiency [14–16 , 18 , 21] . The use of agricultural wastes and other waste

materials have gained attention due to its low cost, availability and effectiveness. This practice has helped to combat the 

high-cost limitation of commercial activated carbon. Adsorption can be used for pollutants removal even at trace levels [21] .

Activated carbon is porous, with a surface area presenting an exceptional adsorption capacity. Activated carbon has been 

prepared by exploring various waste biomass with excellent quality and characteristics [4] . Some of such biomass include 

castor oil seeds [22] , eggshells [23] , orange peels [2] , kola-nut husks [24] , snail shells [25] , rice husk [26] , cotton stalk

[27] and, avocado seed [28] amongst others. 

Numerous report exists on the use of lignocellulosic materials in adsorption studies, however, the use of protein-based 

waste as alternative adsorbent has been scarcely reported [29] . Protein-based material such as the quail eggshells satisfies 

the query of abundance. Since the introduction of the Japanese quail into Nigeria system in 1992, quail has become a

major domestic and commercial livestock [30] . Hence, the quail eggshell is one protein based material that may serve as a

good adsorbent. Proteins-based materials usually possess functional groups carrying heteroatoms (S, N and, O) which could 

present a good surface for complexation and bonding with pollutants. For instance, the membrane of eggshell is known to 

possess the thiol (-SH), amino (-NH 2 ), carbonyl (C = O), carboxyl (-COOH) and, hydroxyl (-OH) groups amongst others [31] .

These functional groups would make the membrane of eggshell highly effective for various pollutant uptake. In addition, 

eggshells are known to have catalytic degradation characteristics [32] . The membrane of chicken eggshell and its whole 

eggshell matrix have been previously reported for the uptake of some organic pollutants [ 23 , 31–34 ]. However, to the best

of our knowledge, reports focusing on utilizing the quail eggshell membrane and its whole eggshell matrix in the uptake of

pharmaceutical pollutants are scarce; hence the novelty of this study. 

We herein maximized quail eggshells waste for the adsorption of acetaminophen from aqueous media. The prepared raw 

quail eggshell (RQES) and calcined quail eggshell (CQES) were fully characterized. Various adsorption operational parame- 

ters were studied to validate the applicability of the prepared adsorbents. Kinetics, isotherms and, thermodynamics were 

employed to establish the mechanism and feasibility of the adsorption process. In addition, researchers have continued to 

justify the economic advantage of adsorption process based on the use of low-cost adsorbent thus neglecting the cost im- 

plication of the adsorption process. Hence, we herein for the first time employed the Ordinary Least Square (OLS) to justify

and validate adsorption process economy in acetaminophen uptake unto quail eggshells. 

Materials and methods 

Materials collection and pretreatment 

Quail eggshells were received as a kind gesture from the Teaching and Research Farm, of Landmark University, Omu Aran, 

Kwara State, Nigeria. The shells were thoroughly washed using deionized water and dried at 105 °C for 4 h to eradicate the

moisture and finally powdered as well as screened through a particle size of 150 – 250 μm. Powdered sample (RQES) were

divided into two; while a portion was stored for use, the second portion was further treated via calcination at 600 °C for

4 h. The resulting adsorbent (CQES) was also stored for use in adsorption studies. 

Preparation of PCM solution 

A 200 mg/L solution of PCM was prepared in a 1-liter standard flask using a 200 mg mass of pure PCM active received

as a gracious donation from Tuyil Pharmaceuticals, Ilorin. All other working solutions were prepared by serial dilutions. The 

structure of PCM is presented in Fig. 1 . 
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Fig. 1. Structure of Paracetamol molecule. 

 

 

 

 

 

 

 

Characterization of RQES and CQES 

The morphological character, surface chemistry, surface area and, elemental analysis may provide a better understanding 

of the adsorbate-adsorbent interactions. The morphological features and elemental composition were determined using a 

FEIESEM Quanta 200 for Scanning Electron Microscopy (SEM) and Energy Dispersive Xray (EDX). The average pore diameter 

and Brunauer Emmett Teller (BET) surface area were analyzed with a Micrometrics Tristar II surface area analyzer. The func- 

tional groups present in the prepared samples were detected using Bruker Alpha Fourier Transform Infrared spectrometer. 

The pHpzc of the prepared adsorbents was obtained using an established method [19] . 

Adsorption studies on RQES and CQES 

The efficiencies of RQES and CQES adsorbents for the adsorption of PCM were investigated. Parameters influencing the 

nature and behavior of adsorbate as well as the surface charge on the adsorbent in solution were studied. These parameters

include Initial solution pH (2–10), contact time (240 min) and initial adsorbate concentration (3, 6 and 10 ppm), adsorption 

system temperature (30, 40, 50 and 60 °C) and, adsorbent dosage (1–8 g/L). The amount of unadsorbed PCM at a given time

q t (mg/g) was calculated using Eq. (1) . 

q 
t= ( C i −C t ) X V 

M 

(1) 

Ci and Ct are defined as the mg/L concentrations of PCM solution at initial and at time t, V and M are the adsorbate

volume in liters and adsorbent mass in grams respectively [19] . 

Isotherm studies 

0.1 g of RQES and CQES each was added to 100 cm 

3 of 100 ppm PCM solution. The mixture was agitated at 130 rpm on

a mechanical shaker for 240 min. An optimal pH of 6 and 7 were used for CQES and RQES respectively. These conditions

were used to obtain the equilibrium, kinetics and thermodynamics data with variation of parameters in specific studies. 

Equilibrium data were subjected to Langmuir, Freundlich, Dubinin-Radushkevich and, Temkin models. Various calculated 

isotherm parameter may provide information depicting many surface properties of the adsorbent cum adsorbent-adsorbent 

interaction. Hence, a vivid picture of the mechanism of adsorption. Table 1 highlights the Isotherms used in this work and

their corresponding important parameters. The favourability of the adsorption process can be justified by the dimensionless 

parameter R L , this can be calculated using equation 

R L = 

1 

( 1 + K L C o ) 
(2) 

Kinetic models 

The mechanism of adsorption process may be well understood via kinetic modeling of adsorption data. Here, The data 

from the kinetics study was fitted to the pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models. 

Table 2 highlights the important information for the mentioned kinetics models. 

Thermodynamic studies 

The feasibility, randomness and spontaneity of PCM adsorption unto RQES and CQES were studied Eqn (3) and (4) . 

lnK 0 = 

�S o 

R 

− �H 

o 

RT 
(3) 

�G 

o = −RT lnK o (4) 

T which is the temperature has its dimension in K, K o , is usually obtained from quantity adsorbed and concentration at

equilibrium, and R is the gas constant. The values of �S o and �H 

o can be gotten from the plot of K o v ersus 1 . 
T 

3 
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Table 1 

Isotherms used and their corresponding important parameters. 

Isotherm Linear equation Plot 

Important 

parameter Reference 

Langmuir 
C e 

q e 
= 

C e 

q max 
+ 

1 

q max K l 

C e 

q e 
v s C e Q max , K L , R L [35] 

Freundlich log q e = 

1 

n 
l ogC e + l ogK f log q e vs logC e k f , n [36] 

Dubinin-Radushkevich l nq e = l nq o − βε 2 

ε = RT ln 

(
1 + 

1 

C e 

)

E = 

√ 

1 

2 β

lnq e v s ε 2 q o , β [37] 

Temkin q e = BlnA + BlnC e 

B = 

RT / b 

q e vs lnC e A T , b T [38] 

q e and C e are the equilibrium adsorptive capacity of the adsorbent and adsorbate equilibrium concentra- 

tion respectively in (mg/L). K L (L/mg) is the Langmuir constant; q max (mg/g) is the maximum monolayer 

adsorption capacity; these parameters are usually calculated from the slope and the intercept of the plot 

C e /q e versus C e . K L is an important parameter in calculating R L which is dimensionless and explains the 

favorability of the adsorption process. n and K f (mg/g) are Freundlich constants that integrate the factors 

affecting adsorption intensity and capacity respectively. T (K) is the temperature, R (J/mol/K) is the gas 

constant, β (mol 2 /kj 2 ) and q o (mg/g) can be calculated from the slope and intercept of the plot of q e v s 
ε 2 . Temkin isotherm assumes linear in the place of logarithm, decreases the heat of adsorption, ignoring 

extremely high and low concentrations. B is a constant relating to the heat of adsorption, with the expres- 

sion B = 

RT / b , A is Temkin constants (L/g). A and B can be evaluated from intercept (BlnA) and slope (B) 

respectively. 

Table 2 

kinetic models used in this study. 

Kinetics Linear equation Plot Important parameter Reference 

Pseudo first order ln ( q t − q e ) = lnq e − k 1 t ln ( q t − q e ) v s t k i , q cal [39] 

Pseudo second order 
t 

q t 
= 

1 

k 2 q 
2 
e 

+ 

1 

q e 
t

t 

q t 
v s t k 2 , q e [40] 

Intraparticle diffusion q t = k id t 

1 

2 
e + C q t v s 

√ 

t k id [41] 

Elovich q = 

1 

β
ln ( αβ) + 

1 

β
lnt q v s t α, β [42] 

q e and q t are the amount of adsorbate adsorbed per mass of adsorbent at equilibrium and at time t (min) re- 

spectively, K 1 is the rate constant of the pseudo-first-order equation (min −1 ), K 2 (g/mg min) is the equation rate 

constant for the pseudo-second-order model, k id is the rate constant of the intraparticle diffusion with dimension 

mg/g min 1/2 , C is the constant (the thickness of the boundary layer surrounding the adsorbent) (mg/g), α is the 

initial rate of adsorption and β is the desorption constant related to the extent of surface coverage and activation 

energy for chemisorption. 

 

 

 

Adsorption operational parameters validation 

The statistical analysis tool employed in this study is the R software. The relationship existing between equilibrium time, 

concentration and, quantity adsorbed was established using the Pearson correlation coefficient. The regression model was 

adopted to model the relationship between quantity adsorbed and the following predictors: concentration and equilibrium 

time. A preliminary evaluation was carried out by regressing quantity adsorbed on its predictors using the method of Ordi- 

nary Least Squares (OLS). 

Results and discussion 

Surface area and surface charge analysis 

The adsorbent pore structure and surface chemistry were pivotal to the effectiveness of the adsorption process. Table 3 

shows the Brunauer-Emmet-Teller analysis of CQES and RQES. Calcination greatly enhanced the surface area of the quail 

egg shells with about 50% increase. The surface area of RQES recorded to be 680.80 m 

2 /g increased to 927.30 m 

2 /g after

calcination. Calcination process has been previously reported to increase surface area and porosity [ 43 ]. The pore sizes of

28.40 nm and 32.95 nm were obtained for RQES and CQES respectively ( Table 3 ) falls within the mesoporous range, this

indicates that both adsorbent will effectively provide percolation space for large molecules such as acetaminophens [ 44 ]. 
4 
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Table 3 

Porosity and surface area analysis. 

Adsorbent Pore size (nm) Surface area (m 

2 /g) 

RQES 28.40 680.80 

CQES 32.95 927.30 

Fig. 2. pHpzc curve for (a) RQES and (b) CQES. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pH point of zero charge (pH pzc ) analysis investigates the surface charge of RQES and CQES. The pHpzc of both adsor-

bents existed in the basic region viz 8.5 and 8.3 for RQES and CQES respectively as shown in Fig. 2 (a) and (b). The negative

surface of both adsorbents would provide a suitable surface for the uptake of cationic specie. Acetaminophen is a weak acid

existing with pKa of 9.38 hence can exist in both non-ionized and ionized forms. Its acidic and basic distribution is greatly

dependent on pH [ 45 ]. 

Fourier transformed infrared spectroscopy (FTIR) 

Functional groups contribute greatly to the uptake of pollutants from wastewater. Band shift cum changes in band inten- 

sity justifies functional groups participation in adsorption. FTIR analysis of the RQES and CQES are presented as Figs. 3 a-d;

these shows the spectroscopic features of the adsorbents with major peaks influencing the process of adsorption. It also 

suggests the possible interaction mechanism of PCM with RQES and CQES adsorbents surfaces. Notable absorption bands 

observed in RQES include –OH stretching vibration at 3446 cm 

−1 ( Figs. 3 a) which may arise from adventitious water vibra-

tions. A sharp absorption band was also observed at 3642 cm 

−1 in RQES, depicting N 

–H stretching vibrations of an amino

group. Protein is a major component of the residual organic materials in eggshells [ 46 ]. In addition, a wide absorption

band observed at about 1455 cm 

−1 may be linked to the carbonate minerals in the matrix of eggshells or the NH 2 scissor-

ing of the residual proteins [ 47 ]. Other bands confirming calcium carbonate presence in RQES were observed at 874 cm 

−1 

indicating out-plane and 708 cm 

−1 ; indicating in-plane deformation modes of CaCO 3 . The corroborative amine or amide ab-

sorption bands was observed at 1796 cm 

−1 in RQES. Calcined quail eggshells also showed characteristics absorption bands 

of amine/amide and calcium carbonate/calcium oxides and, Si-O at 3426, 1684, 1199 and 1050 cm 

−1 ( Figs. 3 b). Reduction

in absorption band intensities were observed after PCM uptake for both RQES and CQES ( Figs. 3 a and b). A vivid absorption

band appeared at 1012 cm 

−1 in RQES after PCM uptake which may be attributed to C 

–O stretching and C 

–N stretching vi-

brations. Previous reports suggests that such new appearance of absorption band after PCM uptake indicates the stability of 

PCM on the adsorbent surface [1] . 

Scanning electron microscopy (SEM) 

Surface morphological appearance of RQES and CQES before and after PCM uptake are shown in Figs. 4 a & b and Figs. 5 a

& b respectively. RQES had pores of various sizes before PCM uptake ( Fig. 4 a). Similar pores distributions were observed

on CQES surface before PCM adsorption ( Fig. 5 a). The rough surfaces and heterogeneous pores would provide spaces for

trapping the PCM molecules [ 17,20 , 48 ]. RQES and CQES surfaces had very scanty pores after PCM uptake. 

Energy dispersive X-ray spectroscopic study (EDX) 

EDX analysis which gave the elemental composition of both RQES and CQES. The EDX spectral of RQES and CQES are

presented in Figs. 6 a and b respectively. The high percentage of Ca 2 + (55.1 % and 48.8 % for RQES and CQES respectively) is

typical for eggshell. Calcination of RQES resulted into a slight decrease in percentage oxygen while the carbon content was 

enriched by about 30%. 
5 
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Fig. 3. a. FTIR spectra of RQES before and after the uptake of PCM and b. FTIR spectra of CQES before and after the uptake of PCM. 

 

 

 

 

 

 

 

 

Various operational parameter effects on PCM uptake onto RQES and CQES 

pH effect 

The uptake of PCM onto RQES and CQES at varying solution pH is presented in Fig. 7 . pH effects on PCM adsorption has

not been well explored therefore some researchers did focus on selected pH studies [30] . However, pH is of great importance

in adsorption studies. PCM can exist in both ionized and a non-ionized forms, and the acidic or basic distribution is strictly

pH dependent [ 4 8 , 4 9 ]. The optimum percentage adsorption of PCM onto RQES and CQES were 86.29 and 83.83 at pH 7

and 6 respectively. PCM uptake decreased at higher pH, this can be attributed to the deprotonation of PCM. Percentage 

adsorption was observed to rise gradually until maximum adsorption was obtained at pH of 6 for CQES and pH of 7 for

RQES. The pHpzc of RQES and CQES were obtained to be 8.5 and 8.3 respectively hence adsorbent surface is expected to

be positively charged at lower pH and negatively charged at pH greater than pHpzc. Also at the lower pH, PCM would

exist in its protonated form up to pH of 7, hence adsorption efficiency rises with pH up to pH of 7 [ 50 ]. The phenol group is

subsequently deprotonated and above PCM’s pKa (9.38), PCM molecules will exists in its deprotonated form hence attraction 
6
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Fig. 4. RQES before adsorption (a) and RQES after adsorption (b). 

Fig. 5. CQES before adsorption (a) and CQES after adsorption (b). 

 

 

 

 

towards adsorbent’s surface drops drastically due to repulsion of like charges. The existence of PCM in its non-ionized form 

facilitated higher adsorption at low pH while electrostatic repulsion resulted in decrease adsorption at more basic media 

[ 31 , 52 , 53 ]. 

Initial concentration and contact time effect 

Increased driving force provided by increased concentration of PCM in solution resulted to higher adsorption at higher 

initial PCM concentrations ( Figs. 8 a and b). A huge percentage of the total PCM adsorption within the 120 min kinetics

occurred within the first 20 min. The rapid initial adsorption of PCM unto RQES and CQES subsequently slowly goes to

equilibrium. The initial rapid adsorption of PCM unto the adsorbent surface may have occurred due to numerous numbers 

of active sites on the fresh adsorbents as well as the presence of many molecules of PCM at the initial time. Rapid adsorption

kinetics within the first 20 min has previously been reported [ 45 ]. 

Isothermal studies of PCM adsorption unto RQES and CQES 

Adsorption data for the uptake of PCM unto RQES fitted well to Freundlich adsorption isotherm suggesting that uptake 

of PCM was unto multi-surface. The multi-surface adsorption observed may have occurred in stages; first to the available 

surface adsorption sites followed by adsorbate-adsorbate interactions. The adsorbate-adsorbate interactions were accounted 

for by the high R 

2 value obtained for Temkin adsorption isotherm. The Dubinin-Radushkevich model provided the best fit 

for the uptake of PCM onto CQES; although in Langmuir/Freundlich comparison, multilayer adsorption also occurred in the 

CQES-PCM system. The favorability of PCM uptake onto RQES and CQES was established by the values of dimensionless R L 

( Table 4 ). The d -R values for energy of adsorption obtained for the RQES-PCM and CQES-PCM interactions were 23.57 and

8.54 KJmol −1 respectively suggesting that chemisorption process occurred in both systems. The qe obtained for both RQES 

and CQES were 10.64 and 9.89 mg/g respectively. Also the maximum monolayer adsorption capacities were obtained to 
7 
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Fig. 6. a. EDX spectrum of RQES b. EDX spectrum of CQES. 

Fig. 7. pH effects (operational conditions: adsorbent dosage (1 g/L), temperature (26 ± 2 °C), contact time (120 min), initial adsorbate concentration 

(6 mg/L) and agitation speed (130 rpm). 

Fig. 8. Effects of Concentration and contact time on paracetamol adsorption unto (a) RQES and (b) CQES respectively (operational conditions: pH (7 & 6 

for a & b respectively), adsorbent dosage (1 g/L), temperature (26 ± 2 °C), and agitation speed (130 rpm). 

8 
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Table 4 

Isotherm parameters of PCM adsorption unto RQES and CQES. 

Isotherms constants RQES CQES 

Langmuir q max (mg/g) 10.00 15.15 

R 2 0.9362 0.8919 

R L 0.05169 0.06371 

K L (L.mg −1 ) 1.7391 1.3983 

Freundlich K F 0.1686 0.0865 

R 2 0.9999 0.9793 

n 0.7392 1.0064 

Temkin A (L/g) 8.1721 0.8183 

R 2 0.9582 0.9979 

b (J/mol) 334.33 459.53 

B 7.535 5.482 

D-R q o (mg/g) 20.43 15.08 

R 2 0.9861 1.0000 

E (KJmol −1 ) 23.57 8.4515 

β(mol 2 .KJ −2 ) 0.0009 0.007 

Table 5 

Comparing previously reported maximum adsorption capacities of vari- 

ous adsorbents used in the removal of PCM. 

Adsorbents q max (mg/g) References 

Rice husks 7.65 [ 50 ] 

Oil palm fiber 7.30 [ 54 ] 

Iron nanoparticles 11.627 [ 55 ] 

Hemp activated carbon 16.18 [ 51 ] 

Composite geomaterial 14.67 [ 56 ] 

Sugar cane bagasse 0.32 [ 57 ] 

Corn cob 0.47 [ 57 ] 

Horse chest nut shell 1.091 [ 58 ] 

Raw quail egg shells 10.00 This study 

Calcined quail egg shells 15.15 This study 

 

 

 

 

 

 

be 10.00 mg/g and 15.15 mg/g for RQES-PCM and CQES-PCM respectively. These have been compared with other previous 

works reported ( Table 5 ). RQES and CQES was found efficient. 

Whereas, for CQES, the Dubinin-Radushkevich model provided the best fit 

Kinetic studies 

The kinetics of PCM uptake unto RQES and CQES was observed to be first rapid and subsequently went to equilibrium.

The pseudo-second-order kinetics model best explain the adsorption kinetic data. The quantity at equilibrium calculated 

(q e calculated ) for the pseudo-second-order closely agree with experimentally obtained quantity at equilibrium (q e experimental ) 

( Table 6 ). In addition to the immediate aforementioned, the high correlation coefficient of the pseudo-second-order kinetics 

analysis further subtantiate that the RQES-PCM and CQES-PCM are controlled by the pseudo-second-order kinetics. This sug- 

gested that chemisorption governed the uptake of PCM unto RQES and CQES [ 59 ]. The correlation coefficients for the Elovich

kinetics models are well over 0.8 across concentrations considered for both RQES-PCM and CQES-PCM systems hence further 

support to the pseudo-second-order kinetics. This further confirmed that RQES-PCM and CQES-PCM ran on chemisorption 

and the chemisorption rate ( αEl ) increased with concentration. Although the intra-particle diffusion was not the rate limit- 

ing step as the q t versus t ½ did not pass through the origin (Figure not shown). The boundary layer thickness was observed

to increase with concentration. 

Adsorbent loading effect 

Percentage PCM removal was found to be highest at a dosage of 1 g/L of RQES and CQES ( Fig. 9 ). Optimum percent-

age PCM removal were 90.75% and 73.63% for RQES and CQES respectively. Overlap of adsorbents may have resulted into 

blockage of many adsorption sites at high adsorbent dosage hence, the low PCM removal at higher adsorbent dosage. 

Temperature effect 

PCM percentage uptake unto CQES increased from 57.60 to 69.12% as temperature of the system increased from 30 to 50

°C ( Fig. 10 ). This suggests that there is rapid mobility of PCM molecules to interact with the active sites of CQES adsorbents

as temperature increased. Decrease in viscosity at high system temperature, aided increased mobility of PCM molecule to 

break through the internal and external boundaries on the adsorbent surfaces. Hence, CQES trapped more PCM molecules 
9
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Table 6 

Kinetic studies of PCM adsorption onto RQES and CQES. 

Constants Initial concentration (mg/L) 

RQES CQES 

3.0 0 0 0 6.0 0 0 0 10.0 0 0 0 3.0 0 0 0 6.0 0 0 0 10.0 0 0 0 

q e exp. (mg/g) 2.5281 5.1721 10.464 2.5281 5.1721 9.8893 

Pseudo first order 

q e cal. (mg/L) 1.8953 1.1538 1.1636 2.1016 2.7137 1.7668 

K 1 x 10 −2 (min −1 ) 6.0300 2.8600 4.0100 5.2800 4.5900 3.7100 

R 2 0.9436 0.7317 0.8987 0.9766 0.9051 0.9561 

Pseudo second order 

q e cal. (mg/g) 2.6645 5.2466 10.5263 2.7108 5.3793 9.9900 

K 2 x 10 −2 (gmg −1 min −1 ) 6.8840 8.8490 12.1470 4.7270 4.5500 7.0500 

R 2 0.9950 0.9989 0.9998 0.9920 0.9970 0.9995 

Elovich 

αEl (mg/g.min) 1.0781 482.731 61.33 × 10 10 0.6114 4.7845 2.229 × 10 6 

βEl (g/mg) 2.004 2.2051 3.1348 1.7593 1.1616 2.0092 

R 2 0.8972 0.8602 0.9487 0.9419 0.8766 0.9469 

Intra particle diffusion 

C (mgg −1 ) 1.0848 3.7875 9.4286 0.8118 2.69 8.2419 

K diff. (mgg −1 min −1/2 ) 0.1636 0.1502 0.1112 0.1906 0.2813 0.1756 

R 2 0.7371 0.7219 0.8815 0.8098 0.7160 0.9017 

Fig. 9. Effects of adsorbent loading on PCM adsorption unto RQES and CQES (operational conditions: pH (7 & 6 for a & b respectively), temperature (26 ± 2 

°C), contact time (120 min), agitation speed (130 rpm) and initial adsorbate concentration (6 mg/L). 

Fig. 10. Effects of temperature on PCM adsorption unto RQES and CQES (operational conditions: adsorbent load (1 g/L), pH (7 & 6 for a & b respectively), 

contact time (120 min), speed (130 rpm) and initial adsorbate concentration (6 mg/L). 

 

 

 

at higher temperature. Percentage PCM uptake unto CQES however dropped from 69.12% to 62.12% as temperature changed 

from 50 °C to 60 °C; previous report states that adsorbate which are weakly bonded to adsorbent surface may lose their

attachment at high temperature resulting in sudden decrease adsorption quantity [ 60 ]. In the RQES-PCM system, the uptake

of PCM decreased from 69.12 to 62.21% with increase in system temperature from 30 to 50 °C. The adsorption of PCM unto

RQES subsequently increased to 69.12% as the temperature increased to 60 °C. Activation of some adsorption site is said 

to occur at high temperature hence increase adsorption capacity [ 61 ]. Depending on system activity viz-a-viz temperature 

suggests either an exothermic or endothermic process [ 20 , 62 ]. 
10 
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Table 7 

Thermodynamics studies of PCM adsorption onto RQES and CQES. 

Adsorbents 

�H 

o 

(KJmol −1 ) 

�S o 

(Jmol −1 K −1 ) �G o (KJmol −1 ) 

313 323 333 343 

RQES −193.3 0.027 −0.202 −0.1988 −0.2072 −0.402 

CQES 279.08 11.45 −0.0765 −0.1336 −0.335 −0.404 

Table 8 

Correlation analysis output. 

CONC EQUI QUAD 

CON 1 .450 .994 

EQUI .450 1 .400 

QUA .994 −0.400 1 

Table 9 

Diagnostic check using OLSE. 

Variables Coef Eigenvalue Condition Index 

Intercept. −2.176 2.834 1.000 

Concentration. 1.131 .154 4.288 

Equilibrium time. 0.015 .012 15.639 

R 2 0.991 F-test 172.129 (0.001) 

Table 10 

Validation Output. 

Coef. OLSE Ridge 

Intercept. 0.1220 0.2671 

Concentration. 0.9864 0.5979 

Equilibrium time. 0.2500 0.3243 

TMSE. 0.3349 0.1166 

 

 

 

 

 

 

 

 

 

 

 

Thermodynamic studies 

The positive values of �S o indicate an increase in the randomness of the adsorption process as it approached equilibrium.

Increased randomness at the solid-liquid interface may be attributed to the possibility of the displaced water possessing a 

higher translational entropy than that lost during the uptake of PCM. The negative value of �H ° for RQES indicates an

exothermic process while that of CQES is endothermic. The feasibility of the adsorption systems were established by the 

negative values of calculated �G 

o ( Table 7 ). Process feasibility increased with increase in temperature [ 62–64 ]. 

Statistical validation 

The result in Table 8 revealed a strong positive relationship between quantity adsorbed and concentration. This further 

validates the possibility of a higher driving force at higher concentration with consequential increased quantity adsorbed. 

There is a low positive correlation between the following pairs: concentration and equilibrium time, equilibrium time and, 

quantity adsorbed. This established the fact that at equilibrium time only slight increase in quantity adsorbed may have 

been recorded. The estimate of Ordinary Least Square (OLS) and its diagnostic result are available in Table 9 . The F-test

shows that the fitted model fits the data well. Concentration and equilibrium time explains approximately 99% of the vari- 

ation in quantity adsorbed (R 

2 = 0.991). However, following [ 65 ], when R 

2 exceeds 0.8, there is tendency that the model

suffers from the problem of multicollinearity. Multicollinearity is a threat to the performance of the method of ordinary 

least squares [ 66–69 ]. The use of condition index is a more formal way to assess if a model suffers multicollinearity [ 70 ].

When the condition index (CI) is between 10 and 30, it is evident that there is multicollinearity. The CI in Table 9 is 15.639,

which shows there is multicollinearity. The ridge estimator was adopted for effective modeling [ 71 , 72 ]. See [ 72 , 73 ] for the

cross-validation procedure. The model performance is judged using the test mean squared error (TMSE ) . The regression co-

efficients, estimated test mean squared error are reported in Table 10 . The test mean squared error supported the use of the

ridge estimator as alternative to the OLS because it gives a smaller TMSE (0.1166). There is about 65% change in the value

of the OLS TMSE to the ridge TMSE. We observed that quantity adsorbed rises by about 60% as concentration increased and

by 32% as time increased. This suggests efficient performance of the prepared adsorbents in the phase of highly polluted 

aqueous effluent. In addition, the high percentage increase in quantity adsorbed with time greatly justify the economy of 

operational processes. 
11 
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Table 11a 

Regression Output of Quantity adsorbed on Temperature RQES. 

Model 

Unstandardized Coefficients 

t Sig. 
B Std. Error 

1 (Constant) 67.282 8.739 7.699 0.016 

Temperature −0.023 0.188 −0.123 0.914 

Table 11b 

Regression Output of Quantity adsorbed on CQES. 

Model 

Unstandardized Coefficients 

t Sig. 
B Std. Error 

1 (Constant) 51.941 10.198 5.093 0.036 

Temperature 0.228 0.220 1.035 0.409 

Table 12 

t -test for Equality of Means. 

t df Sig. (2-tailed) Mean Difference Std. Error Difference 

−1.339 6 0.229 −4.055 3.02881 

−1.339 5.346 0.235 −4.055 3.02881 

Table 13 

Regression Output of Quad. on time. 

Quad Type Concentration Model 

Unstandardized Coefficients 

t sig 
B Std. Error 

Calcined 3ppm Intercept 1.090 0.276 3.946 0.004 

Time 0.017 0.005 3.477 0.008 

6ppm Intercept 2.764 0.622 4.447 0.002 

Time 0.030 0.011 2.680 0.028 

10ppm Intercept 6.731 1.318 5.107 0.001 

Time 0.040 0.023 1.693 0.029 

Raw 3ppm Intercept 1.239 0.298 4.159 0.003 

Time 0.016 0.005 2.967 0.018 

6ppm Intercept 3.271 0.657 4.976 0.001 

Time 0.023 0.012 1.999 0.081 

10ppm Intercept 7.493 1.463 5.121 0.001 

Time 0.038 0.026 1.470 0.030 

 

 

 

 

 

 

 

 

 

The regression analysis output in Table 11a and 11b shows that temperature effect on the quantity of PCM adsorbed

onto RQES and CQES vary. For instance, as the temperature increase in Table 9 , quantity adsorbed onto CQES increases by

22.8 percent. This shows a huge compensation for economy viz-a-viz energy consumption. The temperature effect however 

showed a reverse trend in the RQES-PCM system. With increase in temperature, quantity adsorbed onto RQES decreased by 

about 2 percent ( Table 11a ). The RQES-PCM is therefore better to run at ordinary room temperature. We examined if there

is significant difference between the quantity of PCM adsorbed onto CQES and RQES using the t -test. The result is provided

in Table 12 . The result shows there is no significant difference between the mean of PCM quantity adsorbed onto CQES and

RQES. Table 13 presents the effect of time on the quantity of PCM adsorbed at varying concentrations. The highest time

impact was observed at 10 ppm and lowest at 3 ppm for CQES. The results follow a similar trend for RQES-PCM system. 

Conclusion 

Adsorbents prepared from quail eggshells were investigated for the uptake of PCM. The porosities of the prepared adsor- 

bents indicated suitability for large molecule uptake and this was validated. Uptake of PCM was pH-dependent and optimum 

pH were 7 and 6 for RQES and CQES respectively. PCM removal was more favorable at high temperature for the CQES-PCM

system while the RQES-PCM system would work better at ordinary room temperature. Adsorption of PCM to the adsorbent 

surfaces occurred via the chemisorption process. The negative values of �G 

o established the feasibility of the adsorption 

process and feasibility was observed to increase with temperature. Strong correlation exists between quantity adsorbed and 

concentration, therefore justifying the strong driving force that is usually experienced at higher concentration. About 32% 

increase in quantity adsorbed with changes in time accounted for great economic advantage viz-a-viz process time. Percent- 

age PCM removal increase to the tone of 22.8% per unit increase in temperature showed a huge compensation for energy

cost hence a justification for economical process. Therefore, in addition to the low cost of RQES and CQES; their PCM re-
12 
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moval efficiency cum percentage increase viz-a-viz time and temperature changes greatly justified the economic advantage 

of these adsorption processes. Economy advantage of the adsorption process would be of great interest to the low- and 

middle-income nations. The utilization of agricultural waste in adsorption process is green and would provide access to 

safety and sustainability. Hence, the findings of this research serve as an important tool in achieving a target in the quest

for a “Prosperous Africa” an Africa’s Union’s Agenda 2063; as well the drive for Clean Water and Sanitation Sustainable 

Development Goal. 
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