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ABSTRACT 

The speedy increase in the pollution of water bodies due to heavy metals discharged from tannery effluents is 

becoming a serious issue, calling for important measures to be taken to order to curtail water contamination. In 

this study, a low-cost adsorbent was prepared by carbonizing sweet dattock shell (Sd) for the removal of nickel 

(Ni) from tannery effluent. The two (Freundlich, Langmuir, Temkin) and three (Redlich Peterson, Sips, Toths) 

parameter isotherm models were used to fit the equilibrium data using linear regression methods by applying 

error functions in determine the best adsorption isotherm model. The scanning electron microscopy (SEM) and 

Fourier transform infrared (FTIR) were used to characterize the adsorbents. Sips and Langmuir were the best-

fitted isotherm models for the process based on error functions. Chi-square error function predicted well for 

two-and three-parameter isotherm study having the lowest errors values. The FTIR showed a shift functional 

groups present at certain vibrations. The SEM affirmed irregular surface texture for the Sd with pore openings 

and whitish spots on the adsorbent. Also, Sd shell adsorption capacity proved efficient as an adsorbent for Ni 

removal from tannery effluents. 
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INTRODUCTION 

The major characteristics of developed countries and the main 

target of developing countries are industrialization and 

urbanization (Dadhaniya et al, 2009). This though brought 

development but the economic solution to its disadvantages 

has become one of the challenging global problems (David et 

al., 2000). To a larger extent, a high number of 

industrialization and urbanization have greatly increased the 

destruction of aquatic habitats through the release of industrial 

wastewater and domestic wastes (Demirbas et al, 2008). 

Poisonous metals posed a serious threat to the environment 

and people’s health due to their high toxicity and 

bioaccumulation, not easily biodegradable in living cells, 

even at low concentrations (Hanna et al,. 2010, Renuga et al., 

2010) Pb (II), Ni (II), Cd and Cr (VI) ions have high solubility 

in the aquatic environment and thus can be absorbed by living 

organisms (Gonen and Serin, 2012), and when these metal 

ions are ingested beyond normal concentration, they generate 

serious health disorder (Garba et al., 2021; Garba et al., 2016; 

Garba et al., 2015)). It has also caused the biological cycling 

of toxic heavy metals (Nilanjana et al., 2008).  A significant 

number of methods have been harnessed over the years to 

remove harmful metals from wastewater; such as chemical 

precipitation, reduction followed by electrochemical 

precipitation, chemical oxidation-reduction, ultrafiltration, 

reverse osmosis, solvent extraction, ion-exchange, 

electrodialysis, electrochemical coagulation and evaporation, 

(Regina et al., 2008; Ahmadpour et al., 2009). Most of these 

methods have amny disadvantages due to high cost, 

operational cost and generation of residual metal sludge after 

treatment (Demirbas et al., 2008; Gupta et al., 2007). These 

disadvantages, and together with the demand for more 

economical and efficient methods of metal recovery/removal 

from wastewater, have indulged inthe development of other 

separation techniques like adsorption (Adetokun et al., 2019; 

Afidah & Garba, 2016; Garba et al., 2021; Garba et al., 2019; 

Labaran et al., 2019; Surip et al., 2020; Tan et al., 2020; Xiao 

et al., 2020; Xiao et al., 2021) .Adsorption of heavy metals by 

adsorbents for reducing domestic and industrial or tannery 

effluents is achieved by green chemistry which minimizes the 

chemical sludge, regeneration of adsorbents and stability of 

metal recovery (Lofrano et al.,2012) 

Deterium microcarpum is commonly known as sweet detar or 

sweet dattock. It is called by various names among the major 

tribes in Nigeria. For example, the Hausas and Igbos name it 

Taura and Ofo while the Yorubas referred to it as Ogbogbo. 

It is an under-utilized leguminous, having a twisted trunk and 

Wide-spreading crooked branches belonging to the subfamily 

Caesalpinioideae. It is widely found geographically in 

tropical western African countries such as Senegal, Sudan and 

Nigeria (Mann, 2003), but not much was reported on its 

capability to be used as an adsorbent after carbonizing. 

Therefore, the inventive aspect of this work is to investigate 

the adsorptive ability of carbonized and uncarbonized Sd for 

the removal of Ni from tannery effluents.   

MATERIALS AND METHODS 

The chemicals used in this research are of analytical grade, as 

such, they were used without any further purification. The 

sample was bought from Samaru market Zaria, Kaduna State, 

it was taken to the Department of Biological Sciences of the 

Ahmadu Bello University, Zaria, where it was identified as 

Detarium microcarpum. The pericarps were removed and de-

shelled, then the shell was washed off with distilled water, air-

dried for seven consecutive days to dehydrate it completely, 
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and then grounded to smaller forms with mortar and pestle 

(Musah et al., 2016). 

Preparation of adsorbents  

The pre-treated sample was carbonized in a muffle furnace at 

a temperature of 300˚ C for 4 hrs. The sample material was 

allowed to cool to room temperature and washed with distilled 

water until a pH of 7 was obtained, the sample was then 

ground and sieved using 0.2 mm mesh. The sieved 0.2 mm 

particle size material for the carbonized sample was weighed 

and the particles were then dried in an oven at 25˚ C for 48hrs 

before being packed in an Air-tight sample bags for use 

(Abdulrazak et al., 2015; Garba, 2016 ). 

Digestion of Sample 

A measured amount of 20 mL of well-mixed sample was 

transferred to a 100 mL flask beaker in which 7.5 mL of 

concentrated HNO3 and 2.5 mL of concentrated HCl were 

added to the sample. The sample was covered and heated on 

a hot plate at 90 – 95 oC until the volume has been reduced to 

10 mL. The beaker was then removed and allowed to cool. 

After cooling, the beaker was washed down with distilled 

water, filtered and the filtrate was transferred to a 20 mL 

container and adjusted to volume using distilled water 

(APHA, 2005). 

Design of Experiment 

The Central Composite Design (CCD) was used in designing 

the experiment with the help of Design-Expert software 

version 11.0.6 (Stat-Ease, Inc., Minneapolis, MN 55413, 

USA). Factors such as contact time, adsorbent dose and pH 

were varied and the response of the experiment was the 

removal percentage of the Ni metal ion from the collected 

tannery effluent (Garba et al., 2016). The concentrations of 

the Ni were determined using Atomic absorption 

Spectrometer (AAS).  

Adsorption Experiment 

The sorption experiment was done by batch method. The 

method reported by Garba et al., 2016 was adopted. An 

adsorption experiment was carried out in to study and 

evaluate the significance of variables on the percentage 

removal of Ni (II), Cd (II), Cr and Pb (II) according to the pH, 

time as well as the adsorbent dose as shown in table 3. The 

experiment was carried out at room temperature (25 oC) on a 

mechanical shaker (Griffin flask shaker with serial number 

76315) a 100 mL conical flask as the sample container.  A 

significant amount of 50 mL solution of the tannery effluent 

was measured in the flask. The pH of the solution was 

adjusted to the required value throughout the experiment with 

0.1 M NaOH and 0.1 M HNO3. These gave only nitrate ions 

and sodium ions which are already in the medium without 

altering the chemistry of the ions of interest.  Certainly 

weighed grams of the adsorbent were transferred into each of 

these conical flasks; each set was agitated on the shaker at the 

a different time, And the samples were filtered, digested 

according to the APHA method (2005) and analysed for 

residual metals concentrations. The percentage removals were 

obtained using the expression below  

%𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶𝑜−𝐶𝑒)

𝐶𝑜
× 100    (1) 

where Co = initial concentration, Ce= final concentration 

The gram of a particular metal adsorbed per unit gram of 

adsorbent otherwise known as adsorption capacity after a 

given time was calculated using the expression below: 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑊
    (2) 

where V= Volume of the solution, W= Mass of the adsorbent 

Equilibrium adsorption isotherm models 

Adsorption isotherms explain adsorbed 

Molecules’distribution between the solid phase and the liquid 

phase when the adsorption process reaches an equilibrium 

state. To fit the experimental data, the isotherm models used 

include two-parameters (Freundlich, Langmuir, Temkin) and 

three-parameters (Redlich-Peterson, Sips and Toth) isotherm 

models.  

Error functions 

Some of the error functions used are (sum of squares of the 

errors,  residual root mean square error, average relative error, 

coefficient of determination, the standard deviation of relative 

errors, non-linear chi-square test hybrid functional error, 

normalized standard deviation, the sum of absolute error and 

Spearman’s correlation coefficient) for this study. Non-linear 

chi-square test is calculated via summation of squares 

differences between calculated and experimental data with 

each squared difference divided by its corresponding value. A 

sum of squares of the errors is obtained by summing the 

squares of the difference between experimental and calculated 

values for the number of data points considered. The residual 

root means square error is used to find an equilibrium model 

with optimal magnitude.  The Hybrid functional error was 

developed as an advancement on the sum of squares errors 

(SSE) at low concentrations obtained by dividing SSE value 

with the experimental solid-phase concentration with an 

inclusive divisor in the system as a term for the number of 

degrees of freedom (Data points number the number of 

parameters within the isotherm equation). The algorithms for 

the simulation of linear isotherm models using error functions 

were presented as Fig. 1. 
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Table 1: Equilibrium Isotherm Models used for the Heavy Metals Uptake onto Sd 

Models Linear Models Plot Slope and 

Intercept 

References 

Two-Parameter Isotherms 

Freundlich 

 
1

log log loge F eq K C
n

   
log qe vs log Ce Slope = 1/n, 

Intercept = log 

KF 

Piccin et. al. 

(2011) 

Langmuir 

 

max max

1e e

e L

C C

q K q q
      

1

1
L

L o

R
K C




    

e

e

C

q
 vs eC  

Slope = 

max

1

q
,     

Intercept =

 max

1

LK q
  

Langmuir 

(1918) 

Temkin 

 
e T T T eq b InA b InC      

qe vs ln Ce Slope = Tb , 

Intercept = 

T Tb InA  

Temkin et. 

al. (1940) 

Three-Parameter Isotherms 

Redlich-

Peterson 

 

 
1e

RP RP e RP

e

C
In K InC Ina

q

 
    

 
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q

 
 

 

 vs eInC  
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Intercept = 
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al. (1959) 

Sips 
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q
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q q n

 
  
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 
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vs eInC  

Slope = 
1

n
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Intercept = 

 
1
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sIn b  

Sips (1948) 

Toth 

 
t

t t

n

e
t e t tn n

m e

q
In n InC n InK

q q

 
  

 
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n n

m e

q
In

q q

 
 
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vs eInC  

Slope = tn , 

Intercept = 

t tn InK  

Toth (1971) 

qe (mg g-1): experimental adsorption capacity of Sd adsorbent at equilibrium, KF (mg g−1) (L mg−1)1/𝑛: Freundlich isotherm 

constant related to the sorption capacity, 𝐶𝑒 (mg L−1): heavy metals adsorbate equilibrium concentration, 𝑛: a constant which 

gives an idea of the grade of heterogeneity, 𝐾𝐿 (L mg−1): Langmuir constant related to the affinity of the binding sites and the 

energy of adsorption, Co (mg L-1): highest initial adsorbate concentration, RL: dimensionless Langmuir equilibrium parameter, 

𝑞𝑚 (mg g−1): maximum monolayer adsorption capacity of the Sd adsorbent, 𝑅 (8.314 Jmol−1): universal gas constant, 𝑇 (∘K): 

absolute temperature, 𝑏𝑇 (J mol−1): Temkin constant related to heat of adsorption, 𝐴𝑇 (L mg−1): equilibrium binding constant 

corresponding to the maximum binding energy, 𝐸 (kJ mol−1): mean free energy of adsorption and KRP (L/g): Redlich–Peterson 

isotherm constant, aRP (L/mg): Redlich–Peterson isotherm constant, β: Redlich–Peterson exponent which lies between 0 and 

1, bs: Sips isotherm constant related to energy of adsorption, Kt: Toth model adsorption isotherm constant, nt: Toth model 

exponent, bK: Khan model constant, aK: Khan model exponent. 
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Table 2: List of Error Functions 

Error Function Abbreviation Model Reference 

Nonlinear chi-square 

test 

2   
2

,exp ,2

1 ,exp

n
e e calc

i e

q q

q


   

Ho et al. 2006; 

Boulinguiez et al. 

2008 

Sum of squares of the 

errors 

SSE 

 
2

,exp ,

1

n

e e calc

i

SSE q q


   

Kumar et al. 2006 

Average relative error ARE 
,exp ,

1 ,exp

100 n
e e calc

i e

q q
ARE

n q


   

Subramanyam et al. 

2014 

Residual root mean 

square error 

RMSE 

 
2

,exp ,

1

1

2

n

e e calc

i

RMSE q q
n 

 

  

Vijayaraghavan et al. 

2006 

    

Standard deviation of 

relative errors 

SRE 

 
2

,exp ,

1

1

n

e e calc

i
RE

q q ARE

S
n



  
 





 

Boulinguiez et al. 

2008 

Normalized standard 

Deviation 

NSD 2

,exp ,

1 ,exp

1
(%) 100

1

n
e e calc

i e

q q
NSD q

n q

 
       

  

Wang et al. 2010 

Hybrid functional 

Error 

HYBRID 

 

 ,exp ,

1 ,exp

100 n
e e calc

i e

q q
HYBRID

n p q





  

Ng et al. 2002 

Sum of absolute error EABS 

,exp ,

1

n

e e calc

i

EABS q q


   

Ng et al. 2003 

𝑞𝑒,exp (mg g−1): value obtained from the batch experiment, 𝑞𝑒,calc (mg g−1): calculated value from the isotherm for corresponding 

𝑞𝑒,exp, ,e calc
q  (mg g−1): mean of 𝑞𝑒,calc, n: number of experimental data points, and p: number of parameters in the respective 

model. 
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Figure 1: Algorithm for Linear Isotherm Models Regression using Error Functions (Popoola et al., 2019) 
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RESULTS AND DISCUSSION 

Table 3: Design Matrix of the Experimental Runs and the percentage removal of Ni 

Run Ph Adsorbent dose (g) Contact Time (min)  Ni removal (%) 

1 6 0.55 24 99.6444 

2 6 0.55 14 98.6444 

3 4 0.3 20 99.7444 

4 6 0.13 14 99.3424 

5 8 0.3 8 93.6203 

6 8 0.8 8 93.6203 

7 6 0.55 14 98.6324 

8 8 0.3 20 94.1763 

9 9 0.55 14 87.1763 

10 6 0.55 14 98.6203 

11 6 0.55 3.9 99.6324 

12 6 0.97 14 98.6324 

13 4 0.8 8 98.1763 

14 8 0.8 20 93.6203 

15 3 0.55 14 96.687 

16 6 0.55 14 98.6203 

17 6 0.55 14 98.1763 

18 4 0.3 8 99.7407 

19 6 0.55 14 98.7407 

20 4 0.8 20 99.6369 

 

The table above shows the adsorption experiment which was carried out in to tudy and evaluate the gnificance of variables on 

the percentage removal of Ni according to the pH, time as well as the adsorbent dosage. 

Material characterization 

 

Figure 3: SEM micrograph (a) carbonized and (b) carbonized Sd  

The image of the carbonized (×500 magnification) Sd as shown in plate 3(b) shows more whitish spots appearing as flakes 

and grain-like structures on the surface of the Sd than on the micrograph of the uncarbonized Sd in figure 3(a) which is a good 

adsorbent property for an adsorption process. Such porosities and irregularities were also reported on adsorbents prepared from 

coconut shells as obtained by Song et al. (2014). 

(a) (b) 
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Figure 4: FTIR spectra of Sd 

From the IR spectra of the Sd presented in Fig 4. There is the presence of –OH group which is attributed to the Vibration at 

3276 cm-1. Strong vibration at 2922 cm-1  shows the presence of C-H of alkanes while vibration at 1606 cm-1   potrays the 

existence of C=C and lower vibration at 1028 cm-1  identified C-O  as the functional group in the adsorption process(Absorption 

table, 2014; Spectroscopic tools, 2018). 
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(a) 

 

 (b) 

 

(c)                                                               

                                                

Figure 5: Linearized (a) Langmur (b) Freundlich and (c) Temkin isotherm plots for Nickel adsorption onto which adsorbent 

carbonised Sd 
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 (a) 

 

 (b) 

 

                          (c) 

 

Figure 6: Linearized (a) Redlich-Peterson (b) Sips and (c) Toths isotherm plots for Nickel adsorption onto which adsorbent 

carbonized Sd 

Linear Regression of two-Parameter Isotherm Models 

Fig 5 a, b and c revealed linear plots for all the linearized two-

parameter isotherm models for Ni adsorption on Sd.  Among 

the investigated two-parameter isotherms, R2 value of 0.8925 

was obtained for Temkin isotherm while R2 values for 

Langmuir and Freundlich isotherms were 0.9751 and 0.9527 

as obtained respectively in (fig 5). A similar result result had 

been presented elsewhere (Anilkumar et al 2016). 
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Conforming results were revealed by Kooh et al., 2016 and 

Hamzaoui et al., 2018 while Nethaji et al., 2013 found a 

contrary result. 

 Linear regression of three-parameter isotherm models 
Fig 6. a, b and c showed linear plots for all the linearized 

three-parameter isotherm models for Ni adsorption on Sd. The 

R-p isotherm fitted well for the adsorption of Ni using Sd with 

R2 value of 0.9862 while the R2 values for Toth and Sips 

isotherms were 0.9098 and 0.891, respectively. The similiar 

results had been showed elsewhere (Dahri et al., 2017).  

Table 4: Error Functions for Linear Regression of Nickel  

 Error 

functions 

       

 

Models 

SSE X2 ARE RMSE SRE NSD HYBRID EABS 

Two-parameters isotherm models         

Freundlich 
8.2777 1.3647 12.8614 2.1538 8.7901 21.5713 25.7228 4.4254 

Langmuir 9.0902 1.2834 27.0343 2.1319 16.6466 39.5111 54.0686 6.1444 

Temkin 1399.2 129.861 209.408 26.45 112.881 218.475 418.82 77.182 

Three-parameters isotherm models         

R-P 
0.641 5.609 11.692 1.675 15.025 16.906 6.038 3.888 

Sips 0.657 5.100 12.849 1.597 16.709 18.189 51.396 3.796 

Toth  38.528 421.380 115.562 14.515 125.100 119.444 462.247 42.336 

Table 4 presented the values obtained from the simulation of 

error functions using linearized isotherm models of two and 

three parameters. The result showed Langmuir isotherm 

model to be the best two-parameter model fit for heavy metal 

adsorption from tannery effluent using Sd having the lowest 

values for the error functions while Sips is the best three-

parameter isotherm model that best describes the adsorption 

process with lowest error functions values. The sequence of 

best fit for two-parameter isotherm models is Langmuir, 

Freundlich and Temkin as presented in Table 4 while the best 

is Sips, R-P and Toth for three-parameter models. Evidently, 

of all the error functions used, chi-square was the best error 

method that can accurately determine isotherm model 

parameters as it gave the lowest error value of 1.2834 and 

5.100 for two and three- parameters isotherm models as 

obtained in Table 4 respectively (Neibi et al., 2008). The 

results from error functions were also confirmed with the 

linear regression analysis for the isotherm models as both 

Langmuir and Sips were shown to be the best model 

describing heavy metal adsorption from tannery effluents 

using Sd adsorbents having the lowest error values. Previous 

research have also revealed similar results. (Bera et al., 2013 

and Hamdaoui et al., 2007) 

Table 5: Two-Parameter Adsorption Isotherm Constants and R2 Values for Ni Uptake on Sd 

Isotherms Elements 

 Ni 

Langmuir 

Qmax (mg g-1
) 

KL(L mg-1) 

RL 

R2 

 

Freundlich 

KF [(mg g-1)(L mg g-1)1/n] 

1/n  

R2 

 

Temkin 

AT 

bT 

R2 

 

16.716 

1.714 

0.028 

0.9751 

 

 

6.338 

0.352 

0.9527 

 

 

16.493 

2.608 

0.8925 

 

Table 5 shows the two two-parameter adsorption isotherm constants and R2 values for Ni adsorption on Sd. The langmuir has 

R2 value of 0.9527 while Freundlich and Temkin have 0.9751 and 0.8925 respectively. The Best-fitted adsorption isotherm 

model here is Langmuir followed by Freundlich and Temkin respectively due to their lowest error values as shown in table 4. 
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Table 6: Three-Parameter Adsorption Isotherm Constants and R2 Values for Ni Uptake on Sd 

Isotherms Elements 

 Ni 

Redlich-peterson 

KRP  (L g1) 

ARP (L mg1) 

βRP 

R2 

 

Sips  

qmax (mg g-1) 

1/n 

bs (L g1) 

R2 

 

Toths  

qmax (mg g-1) 

nt 

Kt 

R2 

 

63.71 

8.044 

0.747 

0.9862 

 

 

6.156 

0.285 

1.791 

0.8911 

 

 

55.14 

0.084 

9.058 

0.9098 

Table 6 shows the three three-parameter adsorption isotherm 

constants and R2 values for Ni adsorption on Sd .The Sips has 

R2 value of 0.891 while Redlich-peterson and Toths have 

0.9862 and 0.9098 respectively. The best fitted adsorption 

isotherm model here is Sips followed by Redlich-peterson and 

Toths respectively due to their lowest error values as shown 

in table 4. 

 

CONCLUSION 

Linear regression of isotherm models having two and three 

parameters hasbeen studied using a several of error functions 

for Ni removal from tannery effluents using Sweet dattock 

shells (Sd). In two and three parameters, Langmuir and Sips 

used fitted well for Ni adsorption from tannery effluents using 

Sd. Chi-square (χ2) predicted well for Langmuir, Freundlich 

and Temkin isotherm  models for heavy metals adsorption 

onto Sd. The images from SEM showed irregular surface 

texture with pore openings and whitish spots confirming Sd 

efficacy for the adsorption process. The FTIR result showed 

the functional group present at different vibrations. 
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