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Abstract 

The removal of inorganic arsenic (As) species from water using bone char pyrolyzed at 900 

°C was investigated. Results revealed that the Sips model resulted in the best As(III) 

experimental data fit, while As(V) data was best represented by the Langmuir model. The 

adsorption rate and mechanisms of both As species were investigated using kinetic and 

diffusional models, respectively. At low As(III) and As(V) concentrations of 0.5 and 2.5 

mg/L, the removal was due to intra-particle interactions and pore diffusion following Pseudo-

first-order kinetics. However, at higher concentrations of 5 and 10 mg/L, the pore diffusion 

mechanism was ineffective, and the adsorption was best described by Pseudo-second-order 

and Elovich models. The goodness of the fit of linearized and nonlinear forms of all models 

against experimental data was tested using thorough error function analysis. Nonlinear 

regressions produced lower error values, so they were utilized to calculate the parameters of 

the models. The changes in bone char surface chemistry were examined using FTIR and 

Energy-dispersive X-ray spectroscopy (EDS). Arsenic oxide and complexes with metals were 

the confirmed immobilized forms of As on the bone-char surface. To the authors’ knowledge, 

this study is the first attempt at As(III) adsorption analysis using bone char. 

 

Keywords 

Arsenic; kinetic models; isotherm models; bone char. 

 

1. Introduction 

Arsenic is found in groundwater originating from natural and anthropogenic sources 

constituting a global problem. Arsenic is classified as a Class I carcinogenic contaminant, and 

has affected millions of people globally causing chronic disease and death (Kumarathilaka et 

al., 2020). Arsenic in groundwater is derived from the weathering and erosion of the 

crystalline and sedimental rocks (Yadav et al., 2020). Many countries, especially in Asia, the 

Americas and Europe source potable water from groundwater with As concentration much 

higher than the recommended limit for drinking water of 10 µg/L (WHO, 2011). Inorganic 

As is the dominant form of As in groundwater represented by arsenite [As(III)] and arsenate 
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[As(V)]. Under reducing conditions, As(III) which is the most toxic and mobile phase of As 

is the dominant inorganic As species in groundwater (Amen et al., 2020; Shaheen et al., 

2019). For instance, Kumar and Ramanathan (2019) reported that 74% of samples from 

different areas in Central India, West Bengal and Bangladesh, where reducing aquifers 

dominate, show a prevalence of As(III) in their groundwater. The significant population size 

and low socio-economic status of these communities highlights the need for development of 

sustainable and low-cost As removal technologies.  

Recently, a number of researchers investigated As(V) and As(III) removal from water using 

different adsorbent materials and methods (Liu et al., 2020), such as activated carbon (Dieme 

et al., 2017; Hashim et al., 2019; Kalaruban et al., 2019), zeolite (Meher et al., 2016; Soni and 

Shukla, 2019), biochar (Niazi et al., 2018b; Singh and Mohan, 2020; Tabassum et al., 2019). 

Waste-based adsorbents from the meat industry, such as bone char, can be a potential solution 

for the contamination problem. Bone char has been reported to be an excellent adsorbent for 

fluoride ions (F-) removal from water and discoloration in the sugar industry (Minja, 2020; 

Nigri et al., 2019). However, there are limited studies examined the use of bone char for 

As(V) removal (Alkurdi et al., 2019b) and not known studies for the removal of As(III) due 

to its less amenability to adsorption at natural pH range of groundwater where As(III) species 

are neutral (Zeltner, 2002). With regards to As(V), despite the availability of limited 

investigations that explored its removal with bone char, the mechanism of the removal is still 

not elucidated properly. The thermal transformation of the meat bones into bone char to be 

used for As removal recently has gained special interest in the field of water treatment 

(Alkurdi et al., 2020; Alkurdi et al., 2019a; Alkurdi et al., 2019b; Amin, 2020). Hence, this 

study is dedicated to scrutinizing As species adsorption onto bone char for the first time 

through detailed and careful examination for the effect of the treatment conditions on the 

efficiency and the nature of adsorption process. 
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The aim of this study was to investigate the adsorption of inorganic As species onto bone 

char under different treatment parameters such as pH, adsorbent concentration, adsorbate 

concentration and reaction time. Specific isotherms, kinetics and diffusion models were 

tested to gain a better understanding of the removal rate and behavior for different As species 

onto bone char. Error function analysis was applied to identify the mathematical models with 

the best fit for the obtained experimental data. EDS and FTIR were also applied to explore 

the changes in the bone char structure post adsorption and provide a better understanding of 

the removal mechanism.  

 

2. Materials and methods 

2.1 Reagents and equipment 

All reagents were AR grade chemicals. Stock solutions of 1000 mg/L As(III) and As(V) in 

2% HNO3 were purchased from Choice Analytical, New South Wales, Australia. The pH of 

the test solutions was adjusted using 0.1 M nitric acid (70%, RCI Labscan) and sodium 

hydroxide (Labscan Asia Co. Ltd). The pH measurements were made using a TPS smart 

Chem-Lab pH meter. Arsenic assays were analyzed using ICP-MS (Perkin Elmer NEXION 

300 ICP-MS). The adsorption of As species onto bone char surface was examined using EDS 

(JEOL JSM-7500FA). The applied accelerating voltage and probe current were 10 kV and 

7.475 nA, respectively. The change in the structure of bone char particularly the alteration in 

functional groups was studied using FTIR (Amen et al., 2020). 

 

2.2 Source and preparation of bone char  

The sheep bone waste was obtained from a local meat shop in Toowoomba, Australia. The 

bones were boiled and cut into small pieces and then pyrolyzed at 900 °C for 1 h, in a limited 

oxygen environment (Alkurdi et al., 2020). The pyrolysis conditions selected in this study 
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were based on the outcomes of our earlier investigations into the optimization of bone char 

for As removal (Alkurdi et al., 2020). This pyrolysis temperature provided the highest 

removal for both As(III) and As(V) when the removal efficiency was examined over a 

temperature range of 500 - 900 °C. The pyrolyzed bone char was washed with distilled water 

and then dried at 60 °C for 24 h, and then ground and sieved to the desired particle size (1 - 2 

mm). The ground dried material was then sealed for later use in the adsorption experiments. 

  

2.3 Sorption experiments 

Batch sorption experiments were performed at room temperature (≈ 24 °C). Each 50 ml test 

tube was filled with 15 mL of As(III) or As(V) solution of varying concentrations (1-50 

mg/L) and adjusted to the optimum pH. The optimum pH for each As species was determined 

by examining the maximum As removal from water in the pH range 4-10 using 1 mg/L initial 

As concentration. A 5 g/L of bone char was added to each test tube and agitated for 4 h to 

reach equilibrium (based on the preliminary experiments). The optimal contact time and other 

conditions were selected on the basis of preliminary experiments which demonstrated that 

equilibrium was reached within 4 h. Then, the samples were filtered using Whatman No. 42 

filter paper and analyzed for the final concentrations of As(III) and As(V) in the solution by 

ICP-MS. Arsenic concentrations retained in the adsorbent phase (mg/g) were calculated using 

the following formula: 

   
     

 
   (1) 

where q is the sorption capacity (mg/g), C0 and Cf are the initial and equilibrium 

concentrations (mg/L) of As in the solution, v is the volume (L) and W is the weight (g) of the 

adsorbent. 
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2.4 Isotherm models 

To optimize the design of a sorption system, it is important to use adsorption isotherms to 

establish the appropriate correlation for the equilibrium curves. The experimental data of the 

As adsorption onto BC900 were substituted into equilibrium isotherm models to determine 

the best fit model for the removal process. Four different isotherm models were tested in this 

study. These models include two-parameters Langmuir and Freundlich models and three-

parameters Redlich-Peterson (R-P) and Sips models.  

The Langmuir isotherm model was originally proposed to describe gas adsorption onto 

activated carbon. Later, the Langmuir model was used to describe adsorption/desorption 

performance for different bio-sorbents. The Langmuir model is a chemical adsorption model 

that assumes a monolayer homogeneous adsorption process in which all sites provide an 

equal affinity to the adsorbate. The nonlinear form of the Langmuir model is given by:  

   
        

       
  (2) 

where kL is Langmuir isotherm constant representing the ratio between the adsorption and 

desorption rate (L/mg), Ce is equilibrium concentration (mg/L), Qo is the maximum coverage 

capacity estimated by the model (mg/g) and qe is the amount of adsorbate at equilibrium 

(mg/g). Different linearized formulae were proposed for presenting equilibrium data. In this 

study, the formula presented below was used and compared to the non-linear regression 

results: 

 

  
 

 

  
 

 

       
 (3) 

The Freundlich isotherm model represents an exponential distribution of the active sites of a 

heterogenous surface and its energy. It is an empirical equation that does not have a physical 

meaning (Wang and Guo, 2020). The nonlinear form of the Freundlich isotherm is given as: 

        
 
 ⁄  (4) 
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where KF is the adsorption capacity (L1/n. mg1-1/n. g-1) and 1/n is the adsorption intensity 

which represents the relative distribution of the heterogeneity and the energy of the 

adsorption sites. When the value of n =1, the Freundlich model reduces to its linear form, 

while when n <1 or n >1 the adsorption process is described as favorable and unfavorable, 

respectively. These parameters may also be determined from the intercept and the slope of 

the linear trend after plotting the log Ce versus log qe based on the linearized form of the 

model as shown in equation 5: 

            
 

 
      (5) 

The Redlich-Peterson (PR) model is a hybrid empirical formula incorporating three 

parameters from the amendment of the Langmuir and Freundlich isotherms, which assumes 

the presence of both homogeneous and heterogeneous surfaces on the adsorbent. The 

parameters of the nonlinear formula of this model (equation 6) were calculated by the non-

linear regression method: 

   
     

        
   

 (6) 

where qe is the experimental adsorption capacity (mg/g), Ce is the final concentration at 

equilibrium (mg/L), KRP is the isotherm constant (L g-1), aRP is the isotherm constant (L mg-1) 

and βRP is the isotherm exponent. Based on the value of βRP, the models either reduces to the 

Langmuir model at βRP =1 or to linear model when βRP=0 or Ce approaches 0 (Wang and 

Guo, 2020). On the other hand, if Ce approaches infinity, the model will reduce to Freundlich 

(Wang and Guo, 2020). The linearized form of this equation is: 

  (   
  

  
  )                 (7) 

Another three-parameters model that is a combination of the Langmuir and Freundlich 

models is the Sips model presented by the equation below: 

   
       

 
 ⁄

      
 
 ⁄

 (8) 
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while the linearized form of this model is: 

  (
  

     
)  

 

 
  (  )    ( )

 
 ⁄  (9) 

where b is the Sips constant related to the energy of adsorption process and n is the 

exponential factor of the isotherm. At low adsorbate concentrations, the Sips model is 

reduced to the Freundlich equation. Then, the removal follows the Langmuir equation at 

higher concentrations (Kumara et al., 2014).  

 

2.5 Kinetic models 

Kinetic models provide an important tool to correctly evaluate the adsorption rate of 

contaminants. Four different kinetic models along with the intraparticle diffusion model were 

used to gain an understanding of the main removal behavior of As(III) and As(V). The 

Pseudo-first-order (PFO) model was tested by exercising the fitting procedure for the 

experimental removal of data against the theoretical model presented in Equation 10 (Qiu et 

al., 2009): 

  
(    )

  
      (10) 

where qe and q represent the amount of solute adsorbed at equilibrium and at any time of the 

adsorption (mg/g), respectively, k1 is the constant rate of first order sorption (min-1) and t is 

the time (s).  

The Pseudo-second-order (PSO) rate equation assumes a second order uptake of the chemical 

constituents onto the surface of the adsorbent (Tan and Hameed, 2017). This model is 

expressed as: 

  
  
    

        
  (11) 

where k2 is the Pseudo-second-order rate constant. These two models are widely applied to 

examine the removal of As from water on different adsorbents. For instance, Liu et al. (2014) 
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reported that the removal of As(V) from an aqueous solution followed the Pseudo-second-

order model. Similarly, Darvishi Cheshmeh Soltani et al. (2017) reported that the removal of 

As(V) on Fe2O3/bone char nanocomposite followed the Pseudo-second-order model. 

The Elovich model was established in 1937 by Zeldowitsch to identify the rate of 

chemisorption reaction (Qiu et al., 2009). This model does not account for desorption with an 

assumption that the equilibrium occurs over a long period of time (Tan and Hameed, 2017). 

The Elovich equation was first used to interpret the data of CO removal on manganese oxide 

(Tan and Hameed, 2017). The linearized form of this model is given by equation 12: 

  
 

 
  (  )  

 

 
    (12) 

where α is the initial adsorption rate in mg/g.min and β is the desorption constant. The plot of 

ln t versus q should provide a straight line, for which the slope is 1/β and the intercept 

represents ln (αβ)/β. This model was found to fit the data of cadmium removal on bone char 

very well (R2> 0.99) (Cheung et al., 2000). Similarly, Cheung et al. (2001) reported that the 

Elovich equation best fitted the removal of cadmium on bone char when compared to the 

Pseudo-first-order, Ritchie second order and Ritchie modified models. 

The Ritchie equation was also used first for gas adsorption in 1977 (Ho, 2006). The model 

assumes that at t=0, the surface of the adsorbent is not occupied with any molecules and the 

adsorption rate is a function of the sites that are not occupied at time t. The rate of reaction 

using the Ritchie formula can be expressed as follows: 

  

     
      (13) 

where qe is the amount of dye adsorbed at time t (mg/g), k is the rate constant of the Ritchie 

model (min-1) and t is the time (min). 
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2.5.1 Diffusional models 

Understanding the dynamic behavior of an adsorption system is a pivotal step in the design 

and control of the treatment process. Adsorption processes take place throughout three stages, 

in which one or two of these stages are the controlling mechanisms of the removal. First, the 

adsorbent reaches the adjacent layers of the adsorbent particles. In next stage, the adsorbent 

particles diffuse through these adjacent layers to reach the pores on the surface. Finally, the 

interaction between the adsorbate and adsorbent takes place. The adsorption of targeted 

constituents in water onto adsorbents occurs through either intraparticle diffusion, pore 

diffusion, or the combination of these two mechanisms (Malash and El-Khaiary, 2010). Thus, 

the experimental data of As(III) and As(V) adsorption onto bone char was fitted to the 

aforementioned models to identify which model best describe the As species removal with 

bone char. In the case of the intra-particle diffusion model, the following formula was 

adopted in this study (Valderrama et al., 2008):  

       
      (14) 

where qt is the amount of adsorbed As (mg/g), kip is the rate constant of intraparticle diffusion 

model (mg/g min0.5) and c is the intercept. Fitting qt versus t0.5 may provide a straight line 

indicating that the intraparticle diffusion is one of the controlling steps in the adsorption 

process (based on the value of c). If the value of c is zero (the straight line passes through the 

origin), then the intraparticle is the main rate controlling step, otherwise there are other 

factors contributing to the process. If the plot is not a straight line, then different mechanisms 

are involved in the adsorption process other than intraparticle diffusion.  

To test the contribution of the pore diffusion mechanism in As species removal on bone char, 

the Boyd model shown in equation 15 was applied (El-Khaiary and Malash, 2011). Following 

the same interpretation of the intraparticle model, the plot of Bt versus ln (1-qt/qe) from the 

Boyd model determines if the pore diffusion contributed to the adsorption process. This 
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kinetic model can be applied to differentiate between internal and external diffusion in the 

adsorption process (Ermolenko et al., 2020). 

             (      ⁄ ) (15) 

where Bt is the mathematical function of the fractional attainment of equilibrium at different 

time (t). 

 

2.6 Data analysis 

Analysis of variance (ANOVA) was carried out to test the differences between treatments. 

Five different error functions were used to compare the fit of the experimental data to the 

isotherm and kinetic models used to study As(III) and As(V) removal, based on the 

procedures described by Anirudhan and Radhakrishnan (2009) and Ho et al. (2002).  

In brief, minimized errors were determined using the Solver add-in with Microsoft Excel 

software. Then, the sum of the normalized errors was calculated, by calculating the sum of 

the values achieved from the division of each error function by the function’s maximum 

value for each run. These values were compared to each other and the minima were provided 

as the best fit of these models. 

The standard error values which were used to ensure the accuracy of the data fitted to the 

models were the sum of the square of the error (SSE), hybrid fractional error function 

(HYBRID), Marquardt’s percent standard deviation (MPSD), average relative error (ARE) 

and the sum of the absolute error (SAE). These standard errors were calculated applying the 

formulae (16-20) as presented below:  

     ∑ (         ) 
  

    (16) 

  

        
   

   
∑ [

(         )
 

    
]
 

 
    (17) 
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MPSD= [√
 

   
∑ (

         

    
) 
  

   ]      (18) 

  

     
   

 
∑ (

|         |

    
)
 

  
    (19) 

  

SAE= ∑ |         | 
 
     (20) 

 

where qexp is the experimental removal capacity (mg/g), qcal is the theoretical removal 

capacity (mg/g), n is the number of data points and p is the number of the parameters for each 

model. 

 

3. Results and discussion 

3.1 Summary of bone char characteristics  

A detailed characterization of BC900 was presented in our previous study (Alkurdi et al., 

2020). The effect of pyrolysis temperature on bone char ability to remove As(III) was not 

stated in the literature. However, a higher As(V) removal on bone char was observed at 500 

°C compared to 900 °C (Czerniczyniec et al., 2007). Similarly, Begum et al. (2016) and Liu 

et al. (2014) reported the suitability of commercial bone char samples produced at 450 °C and 

500 °C to remove As(V) from water. Table 1 shows the results for the BC900’s 

characteristics.  

3.2 Sorption studies 

3.2.1 Effect of adsorbent dose 

Adsorbent dose plays a significant role in the optimization of adsorption capacity. The effect 

of the adsorbent dose was examined by adding 2.5, 5 and 7.5 g/L of BC900 to 50 mL of 1 

mg/L As(III) and As(V) aqueous solution and shaking for 4 h. It was observed that the 
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As(III) removal capacity increased from 0.009 mg/g to 0.079 mg/g with an increase in 

adsorbent dose from 2.5 to 5 g/L due to the increase in the availability of more adsorption 

sites occupying the adsorbate. However, further increase in BC900 dose to 7.5 g/L resulted in 

a decrease in As(III) uptake on the adsorbent to 0.009 mg/g.  

A similar procedure for evaluating the effect of adsorbent dosage on As(V) adsorption was 

conducted. The removal capacity was increased from 0.075 mg/g to 0.11 mg/g after 

increasing the dose from 2.5 to 5 g/L, followed by a significant decrease to 0.03 mg/g after 

using 7.5 g/L BC900. Thus, the adsorbent dose for carrying out the rest of the experimental 

work was selected to be 5 g/L. Mondal and George (2015) studied the effect of adsorbent 

dose on the removal capacity of total As, As(III) and As(V) on activated carbon. The same 

trend with adsorbent levels was reported in their study as there was a positive relationship 

between the removal capacity and the adsorbent dose. However, after a certain limit of 8 g/L, 

there was no further increase in percentage removal (i.e. a decrease in removal when 

calculated on the basis of mg adsorbate per g adsorbent). 

3.2.2 Effect of pH 

To study the influence of solution pH on the adsorption of As(III) and As(V), experiments 

were performed with 1 mg/L initial concentration and 5 g/L adsorbent at different pH values. 

Since hydroxyapatite dissociates at low pH values <4 (Ramsey et al., 1973), therefore, the 

effect of pH was examined in the range of pH 4-12. Fig. 1 shows the changes in the removal 

capacity of BC900 at different pH values for As(III) and As(V). The removal capacity was 

increased as the initial pH was raised from 4 to 8.6 for As(III) and to 7.5 for As(V). Then, As 

uptake decreased after raising the pH value to 12. Similar observations where reported by 

Nicomel et al. (2016), where high pH favors As (III) removal and low pH promotes As(V) 

removal. The effect of pH on As(III) removal with bone char has not been addressed in 

previous studies. However, there has been a plethora of studies that investigated the optimum 
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pH values of As(V) removal using bone char. For example, Liu et al. (2014) and Begum et al. 

(2016) reported that the maximum As(V) removal on commercial bone char samples was 

achieved at pH 4. On the other hand, Chen et al. (2008) achieved the highest As(V) removal 

on a commercial bone char, but from a different source, at pH 10. The pH dependence of the 

adsorption process is mainly influenced by the overall charge of the adsorbent in an aqueous 

solution. As previously reported in Table 1, the point of zero charge (pHpzc) for BC900 is 8.3.  

The increases in As(V) uptake with increasing pH could be attributed to the electrostatic 

attraction of negatively charged As(V) species and the positively charged BC900 surface at 

pH values below pHpzc. On the other hand, the maximum removal of As(III) was at a pH 

value greater than pHpzc, which suggests that the mechanisms involved in the adsorption 

process of arsenite differ from those of arsenate. Zeta potential reached its highest value 

between pH 5 and 7. However, the higher removal capacity was not in the same range of high 

Zeta potential indicating the contribution of mechanisms other than electrostatic attraction in 

the removal. After identifying the optimum pH value for As species removal (i.e. pH of 8.6 

for As(III) and 7.5 for As(V)), these pH values were applied in the kinetic and isotherm 

experiments. 

 

3.2.3 Effect of initial As concentration 

The effect of As concentration was studied with initial As(III) and As(V) concentrations 

ranging from 0.05 to 50 mg/L. Fig. 2. shows the adsorption capacity versus initial 

concentrations of As(III) (center line) and As(V) (dashed line), respectively. The figure 

shows that the adsorption capacity of As(III) increased with the initial concentration from 

0.05 to 50 mg/L where the increased concentration provided the necessary driving force to 

oppose resistance toward the mass transfer of As(III) between the adsorbent and the 

adsorbate. However, the case is different for As(V) where the adsorption capacity increased 
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with an increase in the initial concentration up to 20 mg/L, and then decreased as the initial 

concentration increased to 50 mg/L. Comparing the effect of initial concentration to the 

results reported by Alam et al. (2018), but in a lower range of 0.5-5 mg/L, the same trend was 

noticed for both As species. Similar results were reported by Roy (2018) with a sharper 

decrease in the percentage removal of As(V) following the rise in the initial concentration to 

0.5 mg/L using thioglycolated sugarcane carbon. 

The maximum removal of As(III) was 2.543 mg/g at an initial concentration of 50 mg/L, 

while maximum removal of As(V) was achieved at the initial concentration of 20 mg/L with 

an equilibrium removal of 1.23 mg/g, and the removal capacity declined at 50 mg/L to 0.898 

mg/g. The removal of As(III) was half the removal of As(V) at the same concentrations up to 

2 mg/L. After this concentration, the uptake of As(III) reached almost the same value of 

As(V) removal at 20 mg/L before the removal trend reversed at 50 mg/L.  

To design a fixed bed column for the purpose of continuous flow treatment, the contact time 

is of great importance in controlling removal efficiency. As can be seen from Fig. 2, As(V) 

had a higher removal rate when compared to As(III) removal at concentrations below 20 

mg/L. With a maximum inorganic As concentration of <2 mg/L in natural groundwater 

globally (Herath et al., 2016; Mukherjee et al., 2006), bone char samples used in this study 

are more efficient in removing As(V) than As(III) at these concentrations ranges. However, 

with the higher percentage of As(III) in groundwater, due to its presence in reducing 

conditions, physical and chemical modification may be required to either improve the ability 

to remove As(III) or oxidize As(III) to As(V).  

3.3 Sorption isotherm modeling 

Fig. 3 shows the plot of the isotherm models and the experimental data for the As(III) and 

As(V) adsorption experiments in the range of 0.05-50 mg/L. It is clear from this figure that 

the experimental data of As(III) were well fitted with all of the isotherm models. However, 
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the comparison for the best fit were based on the coefficient of determination and minimal 

normalized errors provided in Tables 2 and 3. 

Table 2 shows the values of the parameters calculated by nonlinear regression fits for the 

Langmuir and Freundlich isotherms along with the Redlich-Peterson and Sips isotherms 

using the experimental data from the batch experiments. Fitting to the linearized isotherm 

models was also conducted, however, the nonlinear regression results produced a lower error 

values and lower R2 values compared to those provided from the linearized form (data 

presented in SM, Table SM1). The error functions for the examined isotherm models were 

computed for further evaluation of the goodness of the fit of the models and the results are 

presented in Table 3. The use of the linearized form of isotherm models showed that the data 

of As(III) and As(V) adsorption onto bone char best fitted by the Redlich-Peterson and 

Langmuir models, respectively. However, the error analysis showed that the nonlinear forms 

of the models provided more accurate way to calculate the isotherm parameters.  

Comparing the data of As(III) adsorption results using two parameters models, the data 

showed a better fit to the Freundlich model which can be further affirmed by the higher RSQ 

and lower SNE. In addition, the value of 1/n (1.02) at the lowest error calculated, confirms 

the favorable adsorption of As(III) on bone char (Table 2). This could be also noticed from 

the very low value of KL presented in Table 2, which refers to a low affinity in the case of the 

Langmuir model (Li et al., 2008). The value of KL in the Langmuir model is correlated to the 

surface area and pore volume, showing that their increase would result in a higher removal 

capacity. However, our previous study showed a negative correlation between surface 

area/pore volume and the removal efficiency (Alkurdi et al., 2020). This may be explained by 

the results achieved by Samsuri et al. (2013) who examined the removal of As(III) and As(V) 

using empty fruit bunch and rice husk biochar. Both of the adsorbent removed almost the 

same amount of As species regardless of the larger surface area of rice husk. The study 
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alluded to the contribution of some other factors in the removal process such as the point of 

zero charge and the aromaticity and polarity indices. 

Comparing the data of As(III) adsorption fits to the Langmuir and Freundlich models with 

those of the three parameters models (R-P and Sips models), the data of As(III) removal from 

aqueous solution best fitted the Sips isotherm model with the lowest SNE value as shown in 

Table 3. The Sips model fitted the data with R2 value of 0.999 at an exponent factor of n= 

0.858. This result confirms that the removal of As(III) on bone char followed the Freundlich 

model at the lower concentrations and the Langmuir model when the concentrations were 

raised. This may be related to the contribution of both the physical and chemical adsorption 

processes in removal (which may be confirmed by examining the kinetic models). 

Fig. 3b shows the plot of the four models for As(V) data along with the experimental data. 

Similarly, the parameters were calculated using both linearized and nonlinear forms of the 

models, but the analyses were based on the nonlinear results due to the lower SNE value 

provided by this form rather than those of the linearized forms. The least fit of the data was 

with the Freundlich models with either forms; linearized or nonlinearized due to the low R2 

values provided and the higher SNE values calculated. In addition, the value of the 1/n was 

found to be <1, referring to an unfavorable adsorption. The Langmuir model constant KL was 

found to be higher for As(V) adsorption than the one calculated for As(III) adsorption (0.114 

and 0.009, respectively), which explains the best fit of the data to the Langmuir model. 

Furthermore, the lowest SNE value (Table 4) was obtained by the Langmuir model with R2 of 

0.977 (Tables 2 and SM1) suggesting a monolayer homogeneous surface coverage of As(V) 

on bone char (Niazi et al., 2018a). Similar results were reported by Begum et al. (2016) and 

Liu et al. (2014) for As(V) removal on bone char where the data best fitted the Langmuir 

model.  
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3.4 Kinetics modelling 

Adsorption and desorption are time dependent processes. Thus, the evaluation of the design 

and the regeneration of an adsorbent requires the determination of the adsorption rate to reach 

equilibrium (Azizian, 2004). Mathematical models proposed to describe the kinetics process 

of adsorption can be classified into adsorption diffusion models and adsorption reaction 

models. Adsorption diffusion models are based on three main steps: external diffusion 

followed by an internal diffusion or intra-particle diffusion, and finally an exchange process 

between the adsorbate and the active sites of the adsorbent (Qiu et al., 2009). On the other 

hand, adsorption reaction models are based on chemical reactions that are not normally 

considered in adsorption process modelling (Qiu et al., 2009). In this study, some of the 

widely used batch kinetic models were examined to study the behavior of the bone char as an 

adsorbent for As species removal from the water.  

Examining the suitability of these models to represent the experimental data of the As(III) 

and As(V) batch experiments was evaluated by determining the parameters of fitting and 

error function as described earlier. The examination of the goodness of fit applying the 

linearized forms of the aforementioned kinetic models revealed that these forms do not 

provide adequate representation of the experimental data confirmed by the value of the errors 

presented in the SNE calculation tables in most of the fittings (Tables SM2 and SM3). 

However, the use of nonlinear regression methods had resulted in a deviation of the 

calculated qe values from the experimental with a lower R2 in some cases. The explanation 

for these differences was studied and reported by Lin and Wang (2009). The authors reported 

that using the nonlinear form of the models is much more accurate for two reasons. First, the 

alteration of a nonlinear form to linear changes the error structure of these functions, and thus 

the parameters of the models. Second, the use of experimental qe to fit the empirical model 

increased the error of the parameters, while this value is calculated independently from the 
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mathematical forms in the case of the nonlinear form of the models. Thus, regardless of the 

lower R2 value (in some cases), the nonlinear form of the models was presented in the study 

and the differences were stated in the supplementary materials (Table SM4). 

Fig. 4. shows the fitting curves of the kinetic models to the data of As(III). Based on these 

results, As(III) adsorption onto bone char was found to follow the Pseudo-first-order kinetic 

model at an initial concentration of 0.5 mg/L with R2=0.996. However, increasing the initial 

concentration to 2.5 and 5 mg/L revealed that the removal kinetic behavior started following 

the Pseudo-second-order model with R2 of 0.988 and 0.978, respectively. At 10 mg/L initial 

concentration, the data were found to best fit the Elovich model due to its very low value of 

SNE compared to the other models (R2=0.986). This indicates the significant effect of the 

initial concentration on the rate of As(III) removal on bone char. The parameters that were 

found to best fit the data (used in Fig. 4) are presented in Table 5.  

Table 5 shows the error analysis of the kinetic models for As(III) removal at 0.5 mg/L initial 

concentration. The results of the same analysis for 2, 5 and 10 mg/L initial concentration are 

provided in the supplementary materials (Tables SM5-SM7). Given the unavailability of data 

in the literature pertaining to As(III) removal with bone char, we believe that this study is the 

first attempt to scrutinize As(III) adsorption onto bone char, and can be used as a base for 

further investigations. 

Similar to As(III), kinetic models of As(V) adsorption onto bone char were examined for an 

initial concentration of 0.5 mg/L and the results are presented in Table 7. Error analyses were 

also conducted for the fitted models to help identify the best fit for the experimental data of 

As(V) adsorption. Fig. 5 shows the data fittings of As(V) using these models. The outcome of 

the kinetic models fitting of As(V) adsorption with higher initial concentrations is presented 

in Table 7. The data show that the Pseudo-first-order model produces the best fit for As(V) 

adsorption with the highest coefficient of determination value and lowest SNE. However, 
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when raising the initial concentration to 2.5 and 5 mg/L, the Pseudo-second-order model had 

the best fit for the experimental adsorption data (Table SM8-SM10). While at 10 mg/L the 

data best fitted the Elovich model indicating a chemical adsorption at higher concentrations. 

The removal of As(V) on bone char was reported in recent studies to follow the Pseudo-first-

order model by Chen et al. (2008) and Pseudo-second-order by Begum et al. (2016) at an 

initial concentration of 10 mg/L. Furthermore, Liu et al. (2014) reported that the removal of 

As(V) at 2.5, 5 and 10 mg/L also followed the Pseudo-second-order model. Recent studies 

for As(V) removal on bone char mostly use the Pseudo-first and second-order models to 

examine the fit of experimental data. Therefore, the comparison was only made with these 

two models. 

Based on the observations obtained from the kinetic models, both As(III) and As(V) removal 

followed the PFO model indicating physical adsorption at low concentrations. However, at 

higher concentrations, Pseudo-second-order and Elovich models provided the best fit the 

adsorption indicating chemical interaction between bone char and As species. 

 

3.4.2 Adsorption diffusion models 

The fit of the experimental data to the intraparticle and pore diffusion models is illustrated in 

Fig. 6 and 7. As(III) plot shows that the linear plot did not pass through the origin which 

indicated that the intraparticle diffusion was not the only rate controlling step and other 

factors controlled the removal to some degree. Similar results were achieved when examining 

the suitability of the Boyd model to fit the data at 0.5, 2.5 and 5 mg/L as the fit of the straight 

line had a high R2. On the other hand, the experimental data at 10 mg/L failed to produce a 

straight line with an R2 of 0.87, suggesting the contribution of other diffusion mechanisms at 

a concentration of 10 mg/L (Fig. 7).  
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As(V) adsorption onto bone char could also be said to occur due to intraparticle diffusion 

mechanism as the plot of qt versus t0.5 resulted in a linear relationship. However, there seem 

that two phases of the intraparticle diffusion occurred; low adsorption, represented by the first 

segment of the fitting line (at time of approximately ≤ 45 min), followed by high adsorption 

beyond 45 min. The fitting lines of the all the concentrations did not pass through zero 

indicating that the removal of As(V) was not solely due to intraparticle diffusion, but another 

mechanism would have to be considered. Fig. 7 shows the plot of data after applying the 

Boyd model for the four concentrations of each As(III) and As(V). Two concentrations are 

presented on each sub-figure for the sake of clarity as the data interfere with each other when 

presented together. From Fig. 7, it can be seen that the pore diffusion mechanism might also 

contribute to the removal process at 0.5 and 2.5 mg/L initial concentration. Raising the initial 

concentrations to 5 and 10 mg/L reduced the linearity of the fit. This means that at higher 

concentrations, the pore diffusion mechanism had no contribution to the adsorption process. 

Similar results were reported by Chen et al. (2008) when examining the mechanism of As(V) 

removal on bone char at initial concentrations of 0.5,1,and 1.5 mg/L. Their study confirmed 

that the removal was complex and due to surface adsorption and the intraparticle diffusion 

mechanism. Moreover, studying the controlling rate of As(III) and As(V) on graphene 

showed that the intraparticle and the outer diffusion were both contributing to the adsorption 

process (Yu et al., 2015). Similarly, the outer diffusion is the controlling mechanism of the 

removal when the pore diffusion is applicable since the line fittings do not pass through the 

origin.  

4. EDS analysis 

The adsorption of As(III) and As(V) onto BC900 was confirmed through EDS analysis as 

illustrated in Fig. 8. The surface elemental analyses of pristine bone char are in line with 

those reported in (Rojas-Mayorga et al., 2016) where Ca, P and O being the major elements 
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of the structure. Comparing the mass percentage of surface elements of BC900 to those 

loaded with As species, it can be seen from Fig. 8 that there are changes in the elemental 

composition after adsorption. The main changes occurred due to loading As(III) onto the 

bone char was due to the reduction in the C, O, Na, Mg and P percentage mass and the 

appearance of As(III). On the other hand, As(V) affected the content of C, O, Na and Mg. A 

study conducted by Shakoor et al. (2019) also observed changes in EDS peaks of O, Ca, Na 

and Mg after the adsorption of As species onto egg shell (resembling structure to bone char) 

(Katsoyiannis et al., 2015; Tsai et al., 2006). The changes in these elements suggest that the 

immobilization of As species on bone char was in the form of As oxides and metal complexes 

(Alkurdi et al., 2020; Cheng et al., 2016). Similar findings were reported by Niazi et. a. 

(2018) who tested inorganic arsenic specisies removal with Japanese oak biochar.  

5. FTIR analysis 

The FTIR spectra of As(III) and As(V) loaded bone char revealed a shift in the position of 

some spectral peaks. Fig. 9 shows the FTIR spectral bands of bone char (red line), As(III) 

loaded (purple line) and As(V) loaded bone char (green line). The FTIR analysis was used to 

detect the changes in the bone char structure after loading it with As(III) or As(V). The main 

changes was in the region of oxygen functional group peaks (OH group at the range of 3303-

3690 cm-1 (Amen et al., 2020)) and the 750-1640 cm-1 region which is associated with metal 

and inorganic complexes formation such as As-Mg and As-PO4. The FTIR results match well 

the EDS analysis where changes in O, P, Mg were detected after the adsorption of As onto 

bone char. Our results are in agreement with the finding of (Chen et al., 2008) where change 

in the peak intensity in the region 3303-3690 cm-1 was observed. Chen and co-workers 

attributed this change to the exchange of OH group on bone char surface with HAsO4. 

Similarly, (Shakoor et al., 2019) observed changes in FTIR spectra of egg shell after loading 

it with As (III) and As (V) in 600-1650 cm-1 and 3000-3700 cm-1 regions. From FTIR and 
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EDS analysis, one can deduce that the main adsorption mechanisms of As species onto bone 

char are interaction with functional groups and formation of metal complexes. 

 

6. Conclusion 

The removal of As(III) and As(V) with bone char was thoroughly examined in this study 

taking into consideration the adsorption kinetics, isotherms and diffusion models. Four 

isotherm models were tested for each of the As species: Langmuir, Freundlich Redlich-

Peterson and Sips models. Similarly, the kinetics were examined using Pseudo-first-order, 

Pseudo-second-order, Elovich and Ritchie models. Both the linear and nonlinear forms of the 

models were tested for fitting against the experimental data. Five error functions namely 

square of the error (SSE), hybrid fractional error function (HYBRID), Marquardt’s percent 

standard deviation (MPSD), average relative error (ARE) and the sum of the absolute error 

(SAE) were utilize to scrutinize the models’ goodness of fit. The results of the fitting for 

isotherm and kinetic models of As species were found to be different, with a best fit provided 

by the Sips model for As(III) and the Langmuir model for As(V). On the other hand, the 

kinetic models were dependent on the initial concentration of As species. At low 

concentrations of 0.5 mg/L, Pseudo-first-order best described the adsorption kinetics of As 

species. When higher concentrations tested, Pseudo-second-order and Elovich models 

provided the best fit for the adsorption experimental data. It was found that at low 

concentration, intraparticle diffusion and pore diffusion were both effective for As(III) and 

As(V). However, the pore diffusion model was not suitable for describing adsorption when 

the initial concentration of As(III) increased beyond 10 mg/L. For As(V) adsorption, fitting 

against the intraparticle diffusion model exhibited a two-stage linear trend; low adsorption 

capacity at time ≤ 45 min and high adsorption capacity beyond this time. Furthermore, the 

effect of the pore diffusion model was valid up to 5 mg/L for As(V) adsorption. Structural 
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analysis using EDS was used to confirm the adsorption of As species by BC900 and 

examining the changes in the chemical composition of the As loaded samples. FTIR was used 

to detect the changes in the functional groups and the fingerprint region after adsorption. The 

results showed that the adsorption of As species onto bone char was possibly due to the 

formation of As oxides and metal complexes on bone char. For future work 

recommendations, it would be useful to explore the efficiency of the identified optimum 

removal parameters for As species in column packed reactors.  
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Figures 

 

Fig. 1. The effect of solution pH on the removal capacity of 1 mg/L (a) As(V) and (b) As(III) 

using 5 g/L BC900. 

 

Fig. 2. Effect of initial concentration of As(III) and As(V) on removal capacity using 5 g/L 

BC900 at pH 8.6 and 7.5, respectively. 
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Fig. 3. Isotherm models fit for the experimental data of (a) As(III) and (b) As(V) using 5 g/L 

BC900 at pH 8.3 and 7.5, respectively. Jo
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Fig. 4. Fitting of the kinetic models and the experimental data for As(III) at an initial 

concentration of (a) 0.5 mg/L, (b) 2.5 mg/L, (c) 5 mg/L and (d) 10 mg/L using 5 g/L BC900 

at pH 8.3. 
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Fig. 5. Fitting of the kinetic models of As(V) removal on bone char to the experimental data 

at (a) 0.5 mg/L, (b) 2.5 mg/L, (c) 5 mg/L and (d) 10 mg/L using 5 g/L BC900 at pH 7.5. 

 

Fig. 6. Plot of intra particle diffusion model for (a) As(III) and (b) As(V) experimental data 

using 5 g/L BC900 at pH 8.6 and 7.5, respectively. 
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Fig. 7. Plot of the Boyd model for different concentration of (a) As(III) and (b) As(V) 

experimental data using 5 g/L bone char at pH 8.6 and 7.5, respectively. 
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Fig. 8. EDS analyses for (a) BC900, (b) As(III) and (c) As(V). 
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Fig. 9. FTIR analysis for As-loaded and unloaded BC900 (Alkurdi et al., 2020). 

 

Table 1. Characteristics of bone char. 

Charring temperature (°C) 900 

Surface pH 11.64 

Point of zero charge 8.3 

Surface acid groups (mmol/g) 3.526 

Surface basic groups (mmol/g) 2.382 

Surface area  69.063 m2/g 

Pore volume 0.235 cm3/g 

Pore size 13.588 nm 
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Table 2. Parameters of isotherm models for As(III) and As(V) adsorption onto bone char 

based on the error function calculation from nonlinear regression fitting. 

 

 2-Parameters  3-Parameters 

 Freundlich  Redlich-Peterson 

 KF 1/n R2   KRP aRP β R2 

As(V) 0.189 0.939 0.888   0.220 0.095 1 0.969 

As(III) 0.100 1.0204 0.998   0.113 0.102 0.517 0.999 

 Langmuir     Sips  

 KL Qo R2   qm b n R2 

As(V) 0.114 2.042 0.969   2.453 0.083 1.000 0.964 

As(III) 0.009 9.822 0.999   2.659 0.040 0.858 0.999 

 

 

Table 3. Error analysis comparison for As(III) isotherm parameters. 

  Langmuir isotherm  

 
SSE HYBRID MPSD ARE SAE 

Qo 9.822 8.305 21.379 21.379 21.375 

KL 0.009 0.012 0.004 0.004 0.004 

RSQ 0.999 0.998 0.997 0.997 0.997 

SSE 0.010 0.0121 0.029 0.027 0.028 

HYBRID 0.601 0.576 0.873 0.9990 1.025 

MPSD 30.341 33.077 27.739 28.104 28.200 

ARE 20.533 22.656 19.544 19.437 19.517 

SAE 0.187 0.245 0.375 0.353 0.351 
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SNE 3.255 3.626 4.553 4.530 4.605 

 Freundlich isotherm  

 
SSE HYBRID MPSD ARE SAE 

KF 0.119 0.100 0.080 0.078 0.102 

1/n 0.847 1.020 0.900 1.015 0.889 

RSQ 0.999 0.998 0.993 0.993 0.998 

SSE 0.008 0.015 0.473 0.302 0.008 

HYBRID 0.970 0.651 2.631 1.997 1.013 

MPSD 103.619 60.693 27.569 27.721 106.656 

ARE 62.579 37.178 19.592 19.200 64.324 

SAE 0.245 0.245 0.245 0.245 0.245 

SNE 3.329 2.427 3.563 2.956 3.401 

 Redlich-Peterson isotherm  

 
SSE HYBRID MPSD ARE SAE 

KRP 0.189 0.113 0.081 0.081 0.081 

aRP 0.679 0.102 0.004 0.005 0.005 

β 0.265 0.517 1.000 1.000 1.000 

RSQ 0.999 0.999 0.997 0.998 0.998 

SSE 0.008 0.009 0.029 0.019 0.019 

HYBRID 0.716 0.573 0.970 0.950 0.950 

MPSD 73.772 45.273 29.239 29.288 29.288 

ARE 44.370 27.996 19.544 19.409 19.409 

SAE 0.219 0.196 0.375 0.288 0.288 

SNE 3.587 2.655 3.839 3.243 3.244 

Sips isotherm 
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SSE HYBRID MPSD ARE SAE 

qm 2.659 8.305 9.822 1.957 4.729 

b 0.040 0.012 0.040 0.061 0.010 

n 0.858 1.000 1.000 0.824 0.768 

RSQ 0.999 0.998 0.960 0.922 0.997 

SSE 0.010 0.012 0.399 0.884 0.028 

HYBRID 0.668 0.640 2.617 4.684 2.415 

MPSD 31.982 34.866 21.298 21.895 63.380 

ARE 20.533 22.656 14.068 12.988 47.855 

SAE 0.187 0.245 0.978 1.227 0.372 

SNE 1.240 1.373 2.438 3.617 2.851 

 
 

 

Table 4. Error analysis comparison for As(V) isotherm parameters. 

  Langmuir isotherm  

 
SSE HYBRID MPSD ARE SAE 

Qo 1.961 2.042 2.217 2.042 2.313 

KL 0.138 0.114 0.098 0.114 0.095 

RSQ 0.977 0.969 0.969 0.974 0.974 

SSE 0.104 0.143 0.227 0.991 0.155 

HYBRID 5.126 1.888 2.510 9.158 2.230 

MPSD 153.069 39.166 20.556 30.398 50.690 

ARE 99.622 27.041 16.567 15.42 32.492 

SAE 0.758 0.659 0.827 1.171 0.568 

SNE 3.312 1.440 1.510 3.353 1.543 
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 Freundlich isotherm  

 
SSE HYBRID MPSD ARE SAE 

KF 0.251 0.182 0.164 0.189 0.179 

1/n 0.637 0.779 0.866 0.939 0.736 

RSQ 0.906 0.913 0.905 0.888 0.932 

SSE 0.045 0.057 0.061 0.055 0.055 

HYBRID 1.396 0.948 0.976 1.010 1.010 

MPSD 28.843 17.715 17.536 18.912 18.912 

ARE 19.733 11.127 11.303 10.693 10.693 

SAE 0.440 0.406 0.385 0.344 0.348 

SNE 4.733 3.704 3.7545 3.596 3.596 

 Redlich-Peterson isotherm  

 
SSE HYBRID MPSD ARE SAE 

KRP 0.271 0.220 0.242 0.245 0.245 

aRP 0.138 0.095 0.297 0.322 0.322 

β 1.000 1.000 0.612 0.645 0.642 

RSQ 0.977 0.969 0.947 0.953 0.953 

SSE 0.045 0.057 0.101 0.109 0.109 

HYBRID 1.570 1.067 1.511 1.650 1.649 

MPSD 30.593 18.790 17.655 18.001 18.008 

ARE 19.733 11.127 11.272 10.733 10.733 

SAE 0.440 0.402 0.529 0.460 0.460 

SNE 4.196 3.109 3.991 4.003 4.003 

 Sips isotherm  

 
SSE HYBRID MPSD ARE SAE 
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qm 1.373 1.897 2.982 2.453 2.453 

b 0.120 0.117 0.067 0.083 0.083 

n 0.581 0.897 0.995 1.0 0.997 

RSQ 0.992 0.978 0.957 0.964 0.964 

SSE 0.018 0.041 0.082 0.084 0.084 

HYBRID 2.046 0.979 1.269 1.324 1.324 

MPSD 73.059 28.991 17.313 17.548 17.548 

ARE 51.181 20.803 10.982 10.345 10.345 

SAE 0.389 0.380 0.476 0.407 0.407 

SNE 4.817 3.065 3.036 2.915 2.915 

 

Table 5. Kinetic models’ parameters for As(III) adsorption onto bone char from nonlinear 

regression. 

 PFO  PSO 

Conc. (mg/L) k1 qe R2   k2 qe R2 

0.5 0.001 0.345 0.996   0.012 0.152 0.992 

2.5 0.010 0.226 0.963   0.059 0.247 0.988 

5.0 0.001 1.261 0.973   0.001 1.258 0.978 

10.0 0.007 0.583 0.979   0.006 0.904 0.983 

        

 Elovich     Sips  

 α β R2   k2  qe R2 

0.5 0.001 76.623 0.858   0.002 0.156 0.996 

2.5 0.009 18.592 0.976   0.292 0.010 0.956 

5.0 0.005 7.460 0.975   0.001 0.954 0.971 
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10.0 0.015 7.368 0.986   0.005 0.904 0.983 

 

Table 6. Error analysis for kinetic models of As(III) adsorption onto bone char. 

 Pseudo-first-order (PFO)  

 
SSE HYBRID MPSD ARE SAE 

qe 0.345 0.089 0.075 0.096 0.096 

k1 0.001 0.003 0.004 0.003 0.003 

RSQ 0.997 0.996 0.993 0.997 0.992 

SSE 0.0001 0.000 0.000 0.000 0.000 

HYBRID 0.044 0.014 0.016 0.015 0.015 

MPSD 20.747 13.933 13.571 14.525 14.525 

ARE 12.582 5.767 7.552 5.507 5.507 

SAE 0.023 0.007 0.013 0.007 0.007 

SNE 5.000 1.903 2.456 1.925 1.925 

Pseudo-second-order (PSO) 

 
SSE HYBRID MPSD ARE SAE 

qe 0.302 0.140 0.101 0.152 0.152 

k2 0.003 0.015 0.033 0.012 0.012 

RSQ 0.996 0.995 0.986 0.992 0.996 

SSE 3.1E-05 9.9E-06 3.5E-05 9.6E-06 9.6E-06 

HYBRID 0.030 0.014 0.021 0.015 0.015 

MPSD 18.798 13.822 12.739 14.543 14.543 

ARE 9.5541 6.0720 8.5852 5.5367 5.5367 

SAE 0.0148 0.0075 0.0168 0.0063 0.0063 

SNE 4.776 2.573 4.287 2.498 2.498 
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 Elovich  

 
SSE HYBRID MPSD ARE SAE 

α 0.001 0.001 0.001 0.001 0.001 

β 60.636 76.623 100.317 102.173 49.128 

RSQ 0.975 0.975 0.975 0.975 0.975 

SSE 0.0003 0.0004 0.001 0.001 0.0004 

HYBRID 0.264 0.185 0.258 0.253 0.656 

MPSD 55.860 35.724 29.991 31.699 98.657 

ARE 30.157 25.422 24.049 22.715 34.526 

SAE 0.046 0.054 0.072 0.068 0.037 

SNE 2.805 2.585 3.393 3.209 3.994 

 Ritchie  

 
SSE HYBRID MPSD ARE SAE 

qe 0.268 0.149 0.122 0.156 0.156 

KR 0.001 0.002 0.003 0.002 0.002 

RSQ 0.996 0.996 0.993 0.996 0.996 

SSE 2.9E-05 10E-06 1.9E-05 1.1E-05 1.1E-05 

HYBRID 0.026 0.014 0.0159 0.014 0.014 

MPSD 17.539 13.653 13.265 14.017 14.017 

ARE 9.046 5.914 7.640 5.590 5.590 

SAE 0.015 0.007 0.013 0.007 0.007 

SNE 5.000 2.801 3.738 2.797 2.797 
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Table 7. Kinetic models’ parameters for As(V) adsorption onto bone char based on the 

nonlinear form of the model. 

 PFO  PSO 

Conc. (mg/L) k1 qe R2   k2 qe R2 

0.5 0.002 0.087 0.963   0.104 0.048 0.878  

2.5 0.100 0.228 0.942   0.059 0.247 0.988 

5.0 0.001 0.261 0.973   0.001 1.258 0.978 

10.0 0.003 1.191 0.922   0.003 1.134 0.903 

        

 Elovich     Sips  

 α β R2   k2  qe R2 

0.5 49E-7 43.544 0.945   0.004 0.062 0.896 

2.5 0.009 18.592 0.976   0.100 0.292 0.956 

5.0 0.005 7.460 0.975   0.001 0.954 0.971 

10.0 0.015 7.368 0.986   0.005 0.904 0.983 

 

Table 8. Error analysis for kinetic models of As(V) adsorption onto bone char at an initial 

concentration of 0.5 mg/L. 

  Pseudo-first-order (PFO)  

 
SSE HYBRID MPSD ARE SAE 

qe 0.065 0.072 0.079 0.079 0.087 

k1 0.004 0.003 0.002 0.002 0.002 

RSQ 0.945 0.956 0.963 0.964 0.963 

SSE 0.0002 0.0002 0.0003 0.000 0.0002 

HYBRID 0.111 0.078 0.084 0.098 0.064 
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MPSD 26.718 18.177 14.951 15.351 17.739 

ARE 19.018 13.417 10.432 9.874 12.564 

SAE 0.036 0.032 0.033 0.035 0.028 

SNE 4.629 3.642 3.627 3.930 3.148 

 Pseudo-second-order (PSO)  

 
SSE HYBRID MPSD ARE SAE 

qe 0.054 0.048 0.043 0.048 0.052 

k2 0.122 0.122 0.129 0.104 0.100 

RSQ 0.851 0.868 0.867 0.878 0.873 

SSE 0.001 0.001 0.001 0.001 0.001 

HYBRID 0.283 0.244 0.311 0.273 0.219 

MPSD 45.640 31.484 29.371 27.943 30.650 

ARE 33.187 23.614 22.411 21.183 22.907 

SAE 0.057 0.059 0.067 0.062 0.056 

SNE 4.283 3.774 4.319 3.928 3.520 

 Elovich  

 
SSE HYBRID MPSD ARE SAE 

α 486E-7 491E-7 488E-7 491E-7 469E-7 

β 43.544 48.659 53.939 56.939 44.780 

RSQ 0.945 0.945 0.945 0.945 0.945 

SSE 0.0001 0.0001 0.000 0.000 0.0001 

HYBRID 0.052 0.041 0.048 0.057 0.054 

MPSD 19.544 14.035 12.657 13.061 20.181 

ARE 11.825 10.373 9.730 9.452 10.63 

SAE 0.019 0.019 0.022 0.023 0.017 
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SNE 4.164 3.693 4.071 4.447 4.121 

 Ritchie  

 
SSE HYBRID MPSD ARE SAE 

qe 0.057 0.062 0.068 0.0752 0.083 

KR 0.006 0.004 0.003 0.0026 0.003 

RSQ 0.861 0.896 0.916 0.9263 0.918 

SSE 0.001 0.001 0.001 0.0006 0.0003 

HYBRID 0.263 0.176 0.177 0.1767 0.135 

MPSD 27.469 43.772 23.404 22.9378 28.329 

ARE 31.745 21.253 17.932 16.9302 20.717 

SAE 0.050 0.055 0.049 0.0486 0.040 

SNE 4.362 4.203 3.648 3.6120 3.059 

 

 

  

Jo
urn

al 
Pre-

pro
of



50 
 

Graphical abstract 

 

  

Jo
urn

al 
Pre-

pro
of



51 
 

Author Contributions: S.S. Alkurdi contributed to the conceptualization of the research 

idea, conducted experiments, data collection, analyses and produced the original draft. Jochen 

Bundschuh contributed to the conceptualization of the research idea and provided supervision 

and guidance during the experimental work and writing. Raed A. Al-Juboori provided 

support and guidance during the experimental work, performed EDS analyses, contributed to 

data analysis and revised and amended the final draft. Les Bowtell provided support during 

bone char production and contributed in editing the manuscript. Alla Marchuk provided 

support for arsenic measurements. 

  

Jo
urn

al 
Pre-

pro
of



52 
 

Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests:  
 

 
 

 

 

  

 

Jo
urn

al 
Pre-

pro
of



53 
 

Highlights 

 Removing inorganic arsenic species from water using bone char was investigated.  

 Arsenite adsorption onto bone char was systematically studied for the first time. 

 Isotherms and kinetics studies were employed to identify the nature of adsorption.  

 Intraparticle and pore diffusion models were used to study As-char interaction.   

 Initial concentration of both species determines the nature of adsorption.   
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