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Abstract 7 

 8 

Activated carbon obtained from ayous sawdust, cucurbitaceae (egussi) peelings and the 9 

mixture of the two were studied for the adsorption of phenacetin. Characterisation of 10 

activated carbon by SEM and XRD analysis shows that the mixture of precursors combine the 11 

properties of activated carbon obtained separately. The well-known batch sorption models– 12 

Langmuir (one and two sites), Freudlich, Tempkin, Elovich, Langmuir-Freudlich, Redlich 13 

Peterson, Radke-Prausnitz, Fritz Shlunder)—were tested with experimental data for the 14 

adsorption of phenacetin to estimate adsorption equilibrium parameters—rate constants and 15 

adsorption capacities. The model with the best fit was identified from extensive statistical 16 

analysis of the results of nonlinear regression of the experimental data. Comparison of the 17 

statistical errors in parameter estimation between linear and non-linear isotherm models 18 

shows that transformation of non-linear isotherm equations to linear forms implicitly alter 19 

their error structure. The much smaller size of the various error indicators —Determination 20 

Coefficient, R2; Sum of Square Errors, SSE; Chi Test, χ2; Average Relative Errors, ARE—,  21 

calculated for the case of non linearization when compared to linearization, indicate the 22 

greater accuracy in the application of non linearization. The Langmuir model (one site) gave 23 

the best fit and thus the values of adsorption capacity for each activated carbon were 24 

calculated from it. Kinetic models show that weak and strong interactions are involved in the 25 

adsorption process and that the controlling mechanism may not be limited to intra particle 26 

diffusion. The lower value of the boundary layer thickness in the case of activated carbon 27 

obtained from the mixture, justified the higher adsorbed quantity of this activated carbon 28 

compared to those of activated carbon from each precursor.  29 

 30 

Key words: Activated carbon, mixture of precursor, non-linear kinetics, non-linear isotherms, 31 

SEM, XRD. 32 

 33 

 34 

1. Introduction 35 

In recent years, the growth of the pharmaceutical industry and other chemical 36 

industries using feedstock of chemical nature has raised concerns about the rise in toxicity in 37 

our industrial effluents. Sometimes, these effluents flow into waterways, underground water 38 

sources, streams, etc.  The treatment of water or industrial wastewater from this industry is 39 

thus an emergency for saving the natural environment [1-2].  40 

 Several separation industrial processes are available for purification of contaminants in 41 

liquid phase. Of the numerous techniques available, adsorption is one of the most widely 42 

applied techniques for the depollution of industrial effluents. Activated carbon has been the 43 

preferred material of choice in the process due to the abundance of harvestable biomass waste 44 

from which it can be sourced, and at little cost [3]. Sources include residues from agricultural 45 

and forestry activities which make these wastes available at little cost. For many sub Saharan 46 
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countries, such as Cameroon, their removal has a significant implication for urban sanitation 47 

as they are found in urban dumps.  48 

Wastewater originating from pharmaceutical and animal feedstock industries often found 49 

their way into sources of surface water [4]. Of the drugs produced, phenacetin stands out as 50 

being highly toxic to the liver, and a consumer of it has a high potential for developing 51 

hepatitis and cancer [5]. Phenacetin is metabolized in the liver, mainly to paracetamol which 52 

is conjugated and excreted as glucuronide and sulphate.  Phenacetin dominated the drug 53 

market during the first 50 years of the 20th century. It was the most widely used and 54 

prescribed drug in most countries [6]. Because of the excessive use, phenacetin may end up in 55 

the environment through manufacturing waste, waste from animal excretion, runoff from 56 

animal feeding operations, or leaching from municipal landfills.  It is obvious that with its 57 

frequent use it should be quite frequently present as a micro pollutant in our environment. 58 

The modelling of adsorption is useful in providing the parameters for the design of 59 

adsorption systems. Several mechanisms have been presented to explain the uptake of solute 60 

in a solid–liquid adsorption system under isothermal conditions. Based on these mechanisms, 61 

several isotherm models have been developed. Among these isotherm models, we can cite 62 

those of two-parameters: Langmuir [7], Freundlich [8], Elovich [9], Temkin [10], those of 63 

three-parameters such as: Redlich-Peterson [11], Radke-Prausnitz [12], Langmuir-Freundlich 64 

[12] and those of four-parameters such as: Langmuir 2-sites [13] and Fritz-Schlunder [12]. 65 

Among the kinetic models we can cite, pseudo-first order [13], pseudo-second order [14], 66 

Elovich [15] and intra-particle diffusion [16].  67 

The search for the adsorption isotherm model that best fits experimental data and kinetics 68 

is a widely used technique to evaluate the model parameters, and to determine the best-fit 69 

model. However, depending on the mathematical form of the isotherm or kinetic equation, 70 

linearization can modify the distribution of truncation errors, which may affect the accuracy 71 

of the best-fit equation [17]. The problems involved in the linearization of non-linear 72 

adsorption models such as the alteration of the error structures of such linearized equations 73 

can lead to inaccuracies in the choice of the best fitting equation. These issues have been 74 

discussed by Yuh-Shan Ho [18]. In his study of the sorption of cadmium on activated carbon, 75 

he used non-linear regression analysis to determine the best-fit model to the experimental 76 

results. He pointed out that it was not appropriate to use the correlation coefficient or the 77 

coefficient of determination of linear regression analysis, as it could falsify the choice of the 78 

best-fit adsorption model equation.  79 

In yet another study, Hai Nguyen Tran et al. [19] undertook a critical review of what they 80 

characterise as mistakes and inconsistencies in publications reporting results of studies on 81 

adsorption of contaminants from aqueous solutions. On the aspects related to experimental 82 

data and model fitting, they found, in several published works, that the same isotherm or 83 

kinetic model could have more than one linear form that give different model constants [19], 84 

as a results of errors from researchers during linearization, thus leading to faulty parameter 85 

estimates. Furthermore, they found that in several instances, the Pseudo First Order (PFO) 86 

equation for sorbate uptake, in its linearized form, was only appropriate in the first 20-30 87 

minutes of contact time and beyond that, failed to fit the experimental data. Several other 88 

studies have discussed the weaknesses of linearization of adsorption model equations [18-19-89 

20].  90 
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In view of the above weaknesses, more and more researchers are resorting to the 91 

application of non-linear models as they are found to be best suitable to explain experimental 92 

data from adsorption studies because of the use of many error functions compared to linear 93 

models which use only determination coefficient [20-21-22-23]. Amongst the several error 94 

functions which are used to evaluate isotherm or kinetic data, the most used are: nonlinear 95 

Chi-square test (χ²), the Sum of the Squares of the Errors (SSE), the Average Relative Error 96 

(ARE) and the coefficient of  determination (R²) [20-23-24]. The extra computational effort 97 

required, is compensated by appropriate choice of best-fit model equation and the accuracy of 98 

the parameter estimates, and theses have a serious implication for process design.  99 

In this work, non-linear regression method using error analysis method was adopted to 100 

predict the optimum adsorption isotherm and also, to obtain the kinetic and isotherm 101 

parameters to enable us characterize the nature of the adsorption of phenacetin onto activated 102 

carbon. Non-linear kinetic and isotherm models mentioned above were applied to the 103 

adsorption data of phenacetin onto activated carbons. Furthermore, the characterizations of 104 

activated carbons had been done using SEM and XRD. 105 

 106 

2. Materials and Methods 107 

2.1 Adsorbents  108 

10 g of ayous sawdust, Cucurbitaceae peelings (egussi) and mixture of the two biomass 109 

(in proportion ½:½) were weighed and added into beakers containing a solution of phosphoric 110 

acid (0.79 M). The mixtures were labelled as follows: BIM, consisting of activated carbon of 111 

ayous saw dust activated with 1 M phosphoric acid; PIM, Cucurbitaceae peelings derived 112 

carbon material activated with 1 M phosphoric acid and BPIM; a 1:1 mixture of the two 113 

materials the following. Each mixture, maintained at ambient temperature, was manually 114 

shaken for 2 hours, and then dried in an oven set at 105°C overnight. The reactor was loaded 115 

with 10 g of impregnated sample and then placed in a furnace. The furnace was heated  at  the  116 

rate  of  5°C/min  to  the  pre-determined  or  de sired  activation  temperature  of 450°C. It 117 

was then held at this temperature for a period of 1 hour. After allowing to cool to ambient 118 

temperature, the samples were washed several times with distilled water. The washed samples 119 

were dried in the oven set at 105°C for 24 hours. The resulting products were crushed into 120 

powder and well - kept for further tests.  121 

Scanning Electron Microscopy (SEM) and X ray diffraction have been done and the 122 

results are given by Figure 1 and 2 below. X rays diffraction data were collected on a STOE 123 

Stadi X-ray powder diffractometer with Cu K_1 radiation (= 1.54056 A°) in transmission 124 

geometry with an IP-PSD while SEM analysis was done using JSM-6010LA. 125 
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          126 

 127 

Figure 1: Electronic microscopy image of different activated carbon (B1M: activated carbon from 128 
ayous, P1M: activated carbon from egussi and BP1M: activated carbon from the mixture).    129 

10 20 30 40 50 60 70
0

500

1000

1500

2000

2500

3000

In
te

n
si

ty
 (

a.
u

)

2 Theta (degree) 

 B1M

1 0 2 0 3 0 4 0 5 0 6 0 7 0
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

In
te

n
si

ty
 (

a.
u

)

2  T h eta  (d e g re e)

 P 1 M

         130 

10 20 30 40 50 60 70
0

500

1000

1500

2000

2500

3000

3500

In
te

n
si

ty
 (

a.
u

)

2  Theta  (deg ree)

 B P 1 M

 131 

Figure 2: XRD spectrum of different activated carbon. 132 

 XRD analysis of activated obtained from mixture of precursor shows more 133 

crystallinities than B1M and less than P1M.  This implies that the mixture of precursor 134 

combine the properties of activated carbon obtained from each precursor. This result is 135 

confirmed by the SEM analysis shown in Figure 1. 136 

B1M P1M 

BP1M 
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2.1. Adsorbate  137 

The adsorbate used in this study is the phenacetin was provided by Aldrich Chemicals.  138 

The  stock  solution  of phenacetin  was  prepared  by  dissolving  250  mg of phenacetin in 139 

100 mL of hot distilled water (75 °C)  and  then  completing  to  500  mL  with  cold distilled  140 

water. The working phenacetin solution was prepared by diluting the stock solution with 141 

distilled water. Figure 1 below shows the 3D structure of phenacetin. 142 

     143 

Figure 3: 3D structure of phenacetin. 144 

2.2. Batch Adsorption  145 

For batch adsorption experiments, 50 mg of activated was measured and mixed in 30 mL 146 

of phenacetin solution of a known initial phenacetin concentration, and at a pH of 2. The 147 

mixture was shaken at a speed of 200 RPM with a mechanical shaker. After two hours and 148 

thirty minutes, equilibrium is expected to have been attained. The solution and the activated 149 

carbon were separated by filtration, the remaining concentration of phenacetin in the filtrate 150 

was determined by using a JENWAY UV spectrophotometer. 151 

2.3. Equilibrium isotherms 152 

Nine different adsorption isotherm models were tested with experimental data for 153 

parameter estimation and evaluation of fit. The models include Langmuir, Frendlich, Elovich, 154 

Temkin, Redlich-Peterson, Langmuir-Freundlich, Radke-Prausnitz, Langmuir 2-sites and Fritz-155 

Schlunder. 156 

Langmuir isotherm: The Langmuir isotherm is often used for the equilibrium adsorption 157 

of solutes from solutions. It is expressed as [7]: 158 

     =   159 

where,  Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 160 

equilibrium concentration of adsorbate in solution (mg/L),  while  Qm  is  the  maximum  161 

adsorption capacity (mg/g) and KL is the Langmuir constant (L/mg). 162 

Freundlich isotherm: The Freundlich isotherm is an empirical equation employed to 163 

describe the multilayer adsorption. This model predicts that the dye concentration on the 164 

adsorbent will increase with the increase of the adsorbate concentration in the solution. The 165 

model equation is given as [8]: 166 

     =  167 

where, Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 168 

equilibrium concentration of adsorbate in solution (mg/L), Kf (l/mg) is the Frendlich isotherm 169 

constant and 1/n is the heterogeneity factor which can vary between 0 and 1. 170 
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     Elovich isotherm: The Elovich isotherm is an equation employed to describe monolayer 171 

adsorption. This model predicts that chemical bond is formed between adsorbent and 172 

adsorbate. The model equation is given as [9]: 173 

      174 

where, Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 175 

equilibrium concentration of adsorbate in solution (mg/L), while Qm is the maximum  176 

adsorption capacity (mg/g) and KE is Elovich constant. 177 

   Temkin isotherm: The Temkin isotherm assumes that the decrease in the heat of adsorption 178 

is linear and the adsorption is characterized by a uniform distribution of binding energies. It is 179 

expressed by following equation [10]: 180 

      =  181 

where, b = RT/B is related to heat of adsorption (J/mol), R is the gas constant                        182 

(8.314 J. mol-1.K-1), T is the absolute temperature (K) and KT is the Temkin equilibrium 183 

constant (L/g) corresponding to the maximum binding energy. 184 

    Redlich-Peterson isotherm: The Redlisch-Peterson is an empirical isotherm which 185 

incorporates three parameters. It may be used to represent adsorption equilibrium over a wide 186 

concentration range. It combines some elements from both the Langmuir and Frendlich 187 

equation, and consequently, it can be employed either in heterogeneous or homogenous 188 

systems [11]. It can be described as follow:  189 

      190 

where, ARP (L/g) and BRP (L/mg) are Redlisch–Peterson isotherm constants, β is an exponent 191 

which lies between 0 and 1. 192 

    Langmuir-Freundlich isotherm: The Langmuir-Freundlich isotherm includes the 193 

knowledge of adsorption on heterogeneous surfaces. It describes the distribution of adsorption 194 

energy onto heterogeneous surface of the adsorbent [12]. It can be described as follow: 195 

       196 

where,  Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 197 

equilibrium concentration of adsorbate in solution (mg/L),  while  Qm  is  the  maximum  198 

adsorption capacity (mg/g), KLF is the Langmuir-Freundlich constant (L/mg) and β is the 199 

heterogeneous parameter and it lies between 0 and 1. 200 

    Radke-Prausnitz isotherm: The Radke-Prausnitz isotherm model has several important properties 201 

which makes it more preferred in most adsorption systems at low adsorbate concentration [12]. It can 202 

be described as follow: 203 

       204 
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where,  Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 205 

equilibrium concentration of adsorbate in solution (mg/L),  while  Qm  is  the  maximum  206 

adsorption capacity (mg/g), KRaP is the Radke-Prausnitz constant and β is the model exponent. 207 

    Langmuir 2-sites: The Langmuir 2-sites isotherm is another form of Langmuir isotherm. It 208 

supposes that adsorbents have two types of adsorption sites designated A and B [12]. It can be 209 

described as follow: 210 

         211 

where,  Qe  is  the  adsorption  capacity  at  the equilibrium  concentration  (mg/g);  Ce  is  the 212 

equilibrium concentration of adsorbate in solution (mg/L),  while  Qm  is  the  maximum  213 

adsorption capacity (mg/g), fA, fB, KLA and KLB are Langmuir 2-sites parameters. 214 

    Fritz-Schlunder isotherm: Fritz and Schlunder developed a five-parameter empirical 215 

model that is capable of simulating the model variations more precisely for application over a 216 

wide range of equilibrium data [12]. It can be described as follow: 217 

      218 

where, Ce  is  the equilibrium concentration of adsorbate in solution (mg/L), Qm  is  the  219 

maximum  adsorption capacity (mg/g), AFS, BFS, α and β are Fritz-Schlunder parameters. 220 

2.4. Kinetic models 221 

Four different kinetic models were considered for this study: pseudo-first order, pseudo-222 

second order, Elovich and intra particle diffusion. 223 

Pseudo-first order model: The pseudo-first-order kinetic model describes an adsorption 224 

process base on multilayer adsorption. Lagergren's first-order rate equation is called pseudo-225 

first-order in order to distinguish kinetic equations based on the adsorption capacity of solids 226 

from those based on the concentration of a solution. Their equation is generally expressed as 227 

[14-19]: 228 

      229 

where, Qe and Qt are the adsorption capacity at equilibrium  and  at  time  t,  respectively  (in  230 

mg/g) and  K1 is  the  rate  constant  for  the  pseudo-first order  adsorption  (L/mg.min). 231 

    Pseudo-second order model: The pseudo-second order kinetic model was initially 232 

proposed as a second order rate equation for the removal of heavy metals from water using 233 

natural zeolites and it was based on the strong bond between adsorbent and adsorbate [16-19].  234 

             235 

where, Qe and Qt are the adsorption capacity at equilibrium  and  at  time  t,  respectively  (in  236 

mg/g) and  K2 is  the  rate  constant  for  the  pseudo-first order  adsorption  (L/mg.min). 237 

    Elovich model: The Elovich empirical equation model was firstly for the adsorption of 238 

carbon monoxide onto manganese dioxide. However, this equation is now generally known as 239 
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the Elovich equation and has been extensively applied to chemisorption data. This equation 240 

can be expressed mathematically as follows [13-19]: 241 

      242 

where, Qt are the adsorption capacity at time t, α (mg/g.min) represent  the  initial  rate  of 243 

adsorption  and  β (mg/g.min)  the  desorption  rate constant. 244 

    Intra-particular diffusion model: The intra-particle diffusion model developed by Weber 245 

and Morris is presented as follows [19-20]: 246 

               247 

where, Kid(mg/g.min-1/2) is the rate constant of the intra-particle diffusion model and C(mg/g) 248 

is a constant associated with the thickness of the boundary layer, where a higher value of C 249 

corresponds to a greater effect on the limiting boundary layer. 250 

2.5. Error functions 251 

In this work, four different error functions were examined by minimizing the respective 252 

error function across the concentration and time range studied, using the “SOLVER ADD-IN” 253 

with Microsoft’s spread sheet. The error functions are divided in two: quantitative and 254 

qualitative [26]. The quantitative error functions are studied well in detail in the following 255 

paragraph. 256 

The Sum of the Squares of the Errors (SSE): At higher end of the liquid-phase 257 

concentration and time ranges, the magnitude and squares of the errors tend to increase. This 258 

illustrates a better fit for the isotherm and kinetic parameters derivation [27]. This error 259 

function can be represented by the equation:               260 

……………………………………………………………….. (1) 261 

where Qe,calc is the theoretical adsorbed solid phase concentrations of adsorbate on adsorbent, 262 

that have been calculated from one of the isotherm equations, n the number of experimental 263 

points and Qe,exp is the experimental adsorbed solid phase concentrations of adsorbate on 264 

sorbent. 265 

     Nonlinear chi-square test: This statistical tool is necessary for the best fit of an 266 

adsorption system. It is obtained by judging the sum of squares difference between the 267 

experimental and calculated data, with each squared difference is divided by its corresponding 268 

value [26-27]. The value of chi-square is calculated by using this equation: 269 

    …………………………………… (2) 270 

    The average relative error (ARE): Developed by Kapoor and Yang, this error function 271 

attempts to minimize the fractional error distribution across the entire concentration or time 272 

range. It can be expressed by [26-27]: 273 

          ………………………. (3) 274 
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   Coefficient of determination: The coefficient of determination is used to evaluate the 275 

comparison of kinetic and isotherm models with experimental data [26-27]. It is given as: 276 

          ……………………… (4) 277 

   The qualitative error function is the residual plot. This important criterion allows access to 278 

the adequateness of a regression model [27]. The residual plot with a clean pattern indicates 279 

that the isotherm or kinetic model has fixed model errors and is not adequate while a uniform 280 

distribution of residual indicates the adequacy of the model. The residue is calculated using 281 

the following formula:     282 

       …………………………………………………… (5) 283 

where  is the ith experimental adsorbed quantity and  is the ith theoretical adsorbed 284 

quantity   285 

    286 

2.6. CALCULATION PROCEDURE APPLYING NON-LINEAR 287 

REGRESSION PROCEDURE CASE FOR LANGMUIR ISOTHERM 288 

      To execute non-linear regression analysis in the case of Langmuir isotherm, the following 289 

procedure was formulated: 290 

 We input in the spreadsheet, the equilibrium concentration and the experimental 291 

adsorbed quantities. We also input different set of the model constants and the Langmuir 292 

model equation was used to calculate the theoretical adsorbed quantities. For each set of 293 

model constants input, equation (1) was used to calculate the sum of squares of the errors. The 294 

values obtained were calculated using Solver. The final model parameter estimates were those 295 

that minimize the sum of square error.  296 

 The function errors given by the other Isotherm Model equations (2), (3) and (4) were 297 

also calculated after estimating the set of model parameters which minimize the sum of square 298 

of the errors.  299 

The same procedure was followed for all the models used in this work. In the case of 300 

kinetic studies, we introduce in the spreadsheet the agitation time and the adsorbed quantities.     301 

 302 

 303 

3 Results and Discussion 304 

The result obtained by the application of non-linear regression analysis on kinetic and 305 

equilibrium data are presented below. 306 

 307 

2.7. Isotherm study 308 

In general, the adsorption isotherm indicates the distribution of molecules are distributed 309 

between the liquid and solid phase when the adsorption processes attains equilibrium. It is 310 

employed to establish the maximum capacity of adsorption of adsorbate on adsorbents, which, 311 

in this case is expressed in terms of quantity of phenacetin adsorbed per unit of mass of 312 

adsorbent used. 313 

3.1.1. Isotherm with two parameters 314 

The non-linear plots of those isotherms are given on Figure 4 to 6 bellow. 315 
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Models Adsorbents Parameters R² Errors 

SSE χ² ARE 

 

 

 

Langmuir 

B1M KL (L/mg) 1.22 0.456 0.024 0.0002 1.133 

Qm (mg/g) 4.82 

P1M KL (L/mg) 0.64 0.990 0.009 0.00005 0.298 

Qm (mg/g) 5.33 

BP1M KL (L/mg) 0.59 0.931 0.64 0.0065 2.349 

Qm (mg/g) 15.43 

 

 

 

Freundlich 

B1M KF (mg/L) 3.92 0.694 0.016 0.0034 0.902 

1/n 0.055 

P1M KF (mg/L) 4.08 0.980 0.004 0.0007 0.363 

1/n 0.099 

BP1M KF (mg/L) 8.33 0.984 0.144 0.0012 1.057 

1/n 0.19 

 

 

 

Temkin 

B1M KT (L/mg) 6511.18 0.739 
 

0.031 0.0070 1.306 
 

b 9837.92 

P1M KT (L/mg) 4128.39 0.977 

 

0.005 

 

0.001 

 

0.449 

 b 660.74 

BP1M KT (L/mg) 1039.68 0.976 

 

0.222 

 

0.019 

 

1.281 

 b 24.35 

 

 

Elovich 

B1M KE 0.039  -0.081 

 

0.537 

 

0.122 

 

6.626 

 Qm 18.39 

P1M KE 0.058 0.544 

 

0.296 

 

0.058 

 

3.661 

 Qm 16.26 

BP1M KE 0.348 0.646 

 

6.730 

 

0.613 

 

7.787 

 Qm 10.51 
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316 
 317 

318 
 319 

Figure 4: Non-linear isotherm and residual plot for two parameters in the case of B1M. 320 

           321 

322 
 323 

Figure 5: Non-linear isotherm and residual plot for two parameters in the case of P1M. 324 
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 325 

 326 

Figure 6: Non-linear isotherm and residual plot for two parameters in the case of BP1M. 327 

    Table 1 shows isotherm with two parameters obtained by using non-linear equations. 328 

Table 1: Value of parameters and error analysis for two parameters isotherms models. 329 

 330 

      The coefficient of determination and the other errors present on Table 1 and particularly 331 

the residual plot show that non-linear Elovich is not adequate to describe phenacetin 332 

adsorption on different activated carbons. For Langmuir, Freundlich and Temkin isotherm, 333 

the residual plot shows that those models are adequate for adsorption description. In the case 334 

of Elovich model, the asymmetry in residual distribution around the zero axis suggest that one 335 

of the basic hypothesis of the model is not able to describe the adsorption process. The small 336 

error values and coefficient of determination near 1 suggest that in the case of P1M and 337 

BP1M, Langmuir, Freundlich and Temkin models are adequate. The small quantities 338 

adsorbed by B1M imply that the adsorption sites of B1M have high energy than those of P1M 339 

and BP1M [28]. Freundlich isotherm suggests that P1M and BP1M have heterogeneous 340 

surfaces with a non-uniform distribution of adsorption energy on the surface. The values of 341 

1/n high in BP1M than P1M suggest that adsorption site in BP1M is more dense [29]. This 342 

shows that the mixture of precursor in activated carbon preparation can increase the 343 

adsorption sites density.  344 

2.7.1. Isotherm with more than two parameters 345 

The non-linear plots of those isotherms are given on figure 7 to 9 below. 346 
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 347 

 348 

Figure 7: Non-linear isotherm and residual plot for more than two parameters in the case of 349 

B1M. 350 

       351 

 352 

 353 

Figure 8: Non-linear isotherm and residual plot for more than two parameters in the case of 354 

P1M. 355 
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       356 

  357 

          358 

Figure 9: Non-linear isotherm and residual plot for more than two parameters in the case of 359 

BP1M. 360 

      Table 2 shows isotherm models with three parameters obtained by using non-linear 361 

equations 362 

Table 2: Value of parameters and error analysis for three parameters isotherm models. 363 

Models Activated 
carbon 

Parameters R² Errors 
SSE χ² ARE 

 
 
 
 

Langmuir-
Freundlich 

 
B1M 

Qm (mg/g) 7.87  
0.675 

 

 
0.0167 

 

 
0.0036 

 

 
0.922 KLF (L

β.mg-β) 0.75 
β 0.12 

 
P1M 

Qm (mg/g) 6.18  
0.991 

 

 
0.0017 

 

 
0.0003 

 

 
0.235 KLF (L

β.mg-β) 0.93 
β 0.72 

 
BP1M 

Qm (mg/g) 61.51  
0.983 

 

 
0.1604 

 

 
0.0141 

 

 
1.104 KLF (L

β.mg-β) 0.0004 
β 0.24 

 
 
 

Redelich-
Peterson 

 
B1M 

ARP (L.mg²/g) 13.20  
0.635 

 

 
0.0192 

 

 
0.0041 

 

 
1.008 

 
BRP 3.09 
β 0.96 

 
P1M 

ARP (L.mg²/g) 5.46  
0.991 

 

 
0.0017 

 

 
0.0003 

 

 
0.240 

 
BRP 1.02 
β 0.97 

 
BP1M 

ARP (L.mg²/g) 19.59  
0.966 

 

 
0.3053 

 

 
0.0263 

 

 
1.585 

 
BRP 1.79 
β 0.88 

  Qm (mg/g) 3.72     
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Radke-
Prausnitz 

B1M KRaP (L/mg) 5.22 0.713 
 

0.0183 
 

0.0039 
 

1.007 
 β 0.95 

 
P1M 

Qm (mg/g) 5.008  
0.991 

 

 
0.0019 

 

 
0.0003 

 

 
0.239 

 
KRaP (L/mg) 1.18 

β 0.95 
 

BP1M 
Qm (mg/g) 8.70  

0.973 
 

 
0.2558 

 

 
0.0226 

 

 
1.323 

 
KRaP (L/mg) 2.22 

β 0.85 
 364 

       The residual plot shows that three parameter models are adequate for adsorption 365 

description. The symmetry in residual distribution around the zero axis suggests that the basic 366 

hypothesis of those models are followed by the adsorption process. The low value of the error 367 

functions particularly ARE indicate that adsorption process follow the models. Langmuir-368 

Freundlich model confirms that adsorption surface is heterogeneous with distribution of 369 

adsorption energy between the surfaces [30]. It also suppose that if adsorption surface is 370 

homogeneous, adsorption is due to adsorbent-adsorbate interactions. Redelich-Peterson 371 

isotherm is based ideal multi-layer adsorption layer [26]. Radke-Prausnitz model present the 372 

same conclusion and those of Langmuir-Freundlich and Redelich-Peterson but have the 373 

advantage to be adequate on a large concentration range [32]. The value of heterogeneous 374 

parameter β of Langmuir-Freundlich model range between 0 and 1 confirms the 375 

heterogeneous nature of the adsorption surface. The heterogeneous parameter of both Radke-376 

Prausnitz and Redelich-Peterson less than 1 suggests that this two models cannot be reduce to 377 

Langmuir model and conduct to non-homogeneous adsorbent surface. 378 

      Table 3 shows isotherm parameters with more than three parameters obtained by using 379 

non-linear equations. 380 

Table 3: Value of parameters and error analysis for four and five parameters isotherm models. 381 

Models  Activated 
carbon  

Parameters R² Errors  
SSE χ² ARE 

 
 
 
 
 
 
 

Langmuir 2 
sites 

 
 

B1M 
 
 

KLA (L/mg) 0.0017  
 

0.527 
 

 
 

0.0240 
 

 
 

0.0052 
 

 
 

1.117 
 

fA 0.059 
KLB (L/mg) 1.18 

fB 0.95 
Qm (mg/g) 5.05 

 
 

P1M 
 

KLA (L/mg) 0.12  
 

0.991 
 

 
 

0.0017 
 

 
 

0.0003 
 

 
 

0.276 
 

fA 0.10 
KLB (L/mg) 0.86 

fB 0.89 
Qm (mg/g) 6.02 

 
 

BP1M 

KLA (L/mg) 0.82  
 

0.951 
 

 
 

0.4643 
 

 
 

0.0406 
 

 
 

1.873 
 

fA 0.86 
KLB (L/mg) 0.066 

fB 0.22 
Qm (mg/g) 15.30 

 
 
 

 
B1M 

AFS (mg/g)² 4.82  
0.688 

 

 
0.0164 

 

 
0.0035 

 

 
0.906 

 
BFS (mg/g) 0.242 

α 0.035 
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Fritz-
Schlunder 

β -0.13 
 
 

P1M 

AFS (mg/g)² 6.35  
 

0.981 
 

 
 

0.0039 
 

 
 

0.0007 
 

 
 

0.348 
 

BFS (mg/g) 0.569 
α 0.069 
β -0.10 

 
BP1M 

AFS (mg/g)² 5.67  
0.987 

 

 
0.1156 

 

 
0.0101 

 

 
0.961 

 
BFS (mg/g) -0.35 

α 0.262 
β -0.24 

 382 

   Table 3 shows small error values and residual plot shows error distribution around the zero 383 

axis. This confirms the hypothesis given by the other models which is heterogeneous 384 

adsorption surface. The Langmuir 2 sites adsorption model confirms the presence of more 385 

than one type of adsorption site.  386 

Comparison between the error functions of non-linear and linear isotherm 387 

models 388 

 In order to confirm the fact that non-linear is better than linear, the error given by the 389 

equation (2), (3) and (4) were calculated and the results are presented in table 4 below. This 390 

table shows the error of non-linear models and those for linear isotherm models with two 391 

parameters since it is not possible to linearize the models with more than two parameters. 392 
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Table 4: Non-linear and linear isotherms with two parameters error functions 393 

Models Activated 
carbons 

Linear isotherm errors Non-linear isotherm errors 

R² SSE χ² ARE R² SSE χ² ARE 

 

Langmuir 

B1M 0.645 0.032 0.007 0.052 0.456 0.024 0.0002 1.133 

P1M 0.990 0.002 0.0003 0.002 0.990 0.009 0.00005 0.298 

BP1M 0.935 0.748 0.068 0.197 0.931 0.64 0.0065 2.349 

 

Freundlich 

B1M 0.677 0.0163 0.0035 0.025 0.694 0.016 0.0034 0.902 

P1M 0.081 7.134 1.091 8126. 0.980 0.004 0.0007 0.363 

BP1M 0.101 53.160 5.489 10.548 0.984 0.144 0.0012 1.057 

 

Temkin 

B1M 4.18×10-6 4842044.46 1175.05 7671887.85 0.739 0.031 0.007 1.306 

P1M 4.90×10-5 445999.96 305.20 517508.90 0.977 0.005 0.001 0.449 

BP1M 0.003 32210.62 35.52 7014.32 0.976 0.222 0.019 1.281 

 

Elovich 

B1M 0.002 5.782 0.886 9.209 -0.081 0.537 0.122 6.626 

P1M 0.232 0.629 0.261 0.725 0.544 0.296 0.058 3.661 

BP1M 0.647 4.621 0.020 1.193 0.646 6.730 0.613 7.787 

 394 

In general, Table 4 shows that, non-linear isotherm models with two parameters have good R², SSE, ARE and χ² than linear isotherm. This allows us to 395 

confirm the fact that non-linear form of equation describes well the adsorption process than linear models. The less value of χ² in the non-linear compare to 396 

those of linear confirms that linearization modified the distribution of error between the experimental and predicted value. However, this table also confirms 397 

that transformations of non-linear isotherm equations to linear forms implicitly alter their error structure and may also violate the error variance and normality 398 

assumptions of standard least squares.  399 
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  400 

2.8. Kinetic studies 401 

To simulate the adsorption kinetics, commonly used models such as: pseudo-first and 402 

second-order, Elovich equation and the intra-particle diffusion equations, were applied for 403 

phenacetin-activated carbon interactions. The results are shown in Figures 10 to 12. 404 

           405 

 406 

Figure 10: Non-linear kinetic models and residual plot in the case of B1M. 407 

408 

 409 

Figure 11: Non-linear kinetic models and residual plot in the case of P1M. 410 
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411 

 412 

Figure 12: Non-linear kinetics models and residual plot in the case of BP1M. 413 

Table 5 below shows kinetic parameters obtained by using non-linear equations. 414 

Table 5: Value of parameters and error analysis in the case of kinetic models. 415 

Models Activated 
carbon  

Parameters R² Errors 
SSE χ² ARE 

 
 

Pseudo-
first oder 

B1M K1 (min-1) 0.14 0.966 
 

0.4304 0.1159 4.403 
 Qe (mg/g) 3.76 

P1M K1 (min-1) 0.04 0.782 
 

10.1307 
 

2.3676 
 

16.948 
 Qe (mg/g) 6.49 

BP1M K1 (min-1) 0.06 0.875 
 

16.9449 
 

1.7969 
 

11.640 
 Qe (mg/g) 11.75 

 
Pseudo-
second 
oder 

B1M K2 (min-1) 0.07 0.978 
 

0.2738 
 

0.0734 
 

3.481 
 Qe (mg/g) 3.96 

P1M K2 (min-1) 0.007 0.852 
 

6.5510 
 

1.3764 
 

13.099 
 Qe (mg/g) 7.49 

BP1M K2 (min-1) 0.007 0.943 
 

7.6817 
 

0.7905 
 

7.829 
 Qe (mg/g) 13.11 

 
 

Elovich 

B1M α (mg/g.min) 521.6 0.547 0.5057 0.1479 
 

5.036 
β (mg/g.min) 3.26

P1M α (mg/g.min) 1.26 0.783 
 

4.3172 
 

0.8049 
 

10.046 
 β (mg/g.min) 0.72 

BP1M α (mg/g.min) 7.15 0.940 2.7904 0.2693 
 

4.370 
β (mg/g.min) 0.49

 
Intrapar-

ticular 
diffusion 

B1M Kid (mg/g.min)1/2 0.20 0.146 
 

6.0186 
 

2.6741 
 

3.326 
 C 1.92 

P1M Kid (mg/g.min)1/2 0.48 0.864 
 

5.5964 
 

2.2001 
 

12.328 
 C 1.39 

BP1M Kid (mg/g.min)1/2 0.80 0.782 
 

24.8123 
 

5.0261 
 

11.828 
 C 3.87 

 416 
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    Pseudo-first order is based on a multi-layer adsorption on adsorbent surface. This type of 417 

adsorption is based on weak interaction between adosrbate and adsorbent such as Van der 418 

Waals forces. The residual plot and the different errors in the case of pseudo-first order show 419 

that this model does not adequately describe the phenacetin adsorption process but the 420 

proximity between the experimental adsorbed quantity and the predicted one allow us to say 421 

that adsorption of phenacetin do not follow ideal multi-layer adsorption. This conclusion is 422 

same as the one obtained in linear plot [25]. The pseudo-second order is based on π-π 423 

interaction between adsorbent and adsorbate [19]. This interaction implies mono-layer 424 

adsorption and in the case of phenacetin adsorption, the proximity between the experimental 425 

and predicted adsorbed quantity and the low error values in the case of pseudo-second order 426 

allow us to say that π-π interactions are the major bonds formed in phenacetin adsorption. The 427 

residual plot in the case of pseudo-second order shows asymmetry of the distribution of the 428 

residuals about zero and suggests a problem with the model i.e the absence of a parameter in 429 

model definition [33]. The value of 1/β of Elovich model suggests that adsorption sites of 430 

BP1M are greater than those of B1M and P1M [34]. Weber and Morris intra-particular 431 

diffusion model shows that diffusion of phenacatin molecule is not rate limiting step. The 432 

increase of the thickness of the boundary layer by the mixture of precursor can be observed in 433 

table 10. This increase is responsible for the high adsorbed quantities obtained in the case of 434 

BP1M [35]. The residual plot shows that kinetic models are more appropriate in the case of 435 

B1M and the asymmetry in residual distribution around the zero axis suggests the absence of 436 

one of important variable in models definition or a systematic error in data collection.  437 

3. Conclusion 438 

The non-linear kinetic and equilibrium isotherm models were applied to the adsorption of 439 

phenacetin onto activated carbon obtained from ayous sawdust and cucurbitaceae peelings. 440 

SEM and XRD analysis show that the mixture of precursor combines the properties of 441 

activated carbon obtained from each precursor. Non-linear equilibrium isotherm models show 442 

that phenacetin adsorption is done on heterogeneous surface and do not form ideal monolayer. 443 

Comparison between linear and non-linear isotherm models with two parameters shows that 444 

transformations of non-linear isotherm equations to linear forms implicitly alter their error 445 

structure. Non-linear kinetic models show that more than one process is responsible for the 446 

adsorption of phenacetin and the mixture of the precursor increase the boundary layer. 447 

Residual plots show that equilibrium isotherm models are appropriate to study the adsorption 448 

of phenacetin while one of the important variable do not consider in kinetic models or an 449 
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existence of a systematic error in kinetic data collection. This study confirms that mixture of 450 

precursor is one of the new ways to prepare activated carbon.  451 

 452 
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