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Abstract
In this research, the removal of 2,4 dinitrophenol, 2 nitrophenol and 4 nitrophenol from aqueous solution using char ash from 
animal bones was investigated using batch technique. Three 2-parameter isotherms (Freundlich, Langmuir, and Temkin) were 
applied to analyze the experimental data. Both linear and nonlinear regression analyses were performed for these models to 
estimate the isotherm parameters. Three 3-parameter isotherms (Redlich-Peterson, Sips, Toth) were also tested. Moreover, 
the kinetic data were tested using pseudo-first order, pseudo-second order, Elovich, Intraparticle diffusion and Boyd methods. 
Langmuir adsorption isotherm provided the best fit for the experimental data indicating monolayer adsorption. The maximum 
adsorption capacity was 8.624, 7.55, 7.384 mg/g for 2 nitrophenol, 2,4 dinitrophenol, and 4 nitrophenol, respectively. The 
experimental data fitted well to pseudo-second order model suggested a chemical nature of the adsorption process. The R2 
values for this model were 0.973 up to 0.999. This result with supported by the Temkin model indicating heat of adsorption 
to be greater than 10 kJ/mol. The rate controlling step was intraparticle diffusion for 2 nitrophenol, and a combination of 
intraparticle diffusion and film diffusion for the other two phenols. The pH and temperature of solution were found to have 
a considerable effect, and the temperature indicated the exothermic nature of the adsorption process. The highest adsorption 
capacity was obtained at pH 9 and 25 °C.
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Introduction

Phenols are considered as priority pollutants by the US 
Environmental Protection Agency (EPA) and the Euro-
pean Union (USEPA 1987; Hamdaoui et al. 2005). This is 
because they have high toxicity even at low concentrations 
(Karimaei et al. 2017). The US Environmental Protection 
Agency (EPA) has set 1 mg/L as a limit for phenol content 
in wastewater (Larous and Meniai 2012). The maximum per-
missible limit of these compounds in water is 0.001 mg/L 
(Mubarik et al. 2012). Phenols have serious adverse effects 

on human beings including liver and kidney damage, protein 
degeneration, tissue erosion, pancreas damage, paralysis of 
the central nervous system, high blood pressure. Phenols 
may also cause high irritation to eyes, skin and mucous, 
headache and dizziness (Senturk et al. 2009; Păcurariu et al. 
2013; Mukherjee and De 2014).

Phenols are released to the environment from the waste-
water produced from many industries including paint, coal 
conversion, petroleum and petrochemical industries, poly-
meric resin, pesticides (Păcurariu et al. 2013; Mukherjee 
and De 2014).

Various processes have been investigated to treat waste-
waters containing phenolic compounds. Existing technolo-
gies for the treatment are distillation, coagulation, electro-
coagulation (Bazrafshan et al. 2012), biological treatment, 
catalytic oxidation, ozonation (Biglari et al. 2017), solvent 
extraction, and adsorption (Arana and Mazzoco 2010; 
Mubarik et al. 2012).

Among these methods, adsorption is preferred by many 
researchers and industries. It has many advantages over 
other treatment processes (Alipour et al. 2017). It can 
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remove many types of pollutants even at very low con-
centration. It is not high energy consumption process and 
its design and operation is convenient (Zeng et al. 2009; 
liu et al. 2010).

Many adsorbents have been tested for the removal of 
phenols from water and wastewater. Examples of these 
adsorbent are activated carbon, zeolites, clay polymeric 
adsorbents (Li et al. 2013; Păcurariu et al. 2013). Several 
agricultural wastes have been investigated as potential adsor-
bents. Examples are saw dust (Larous and Meniai 2012), 
cumin straw ash (Rahdar et al. 2016), tea pulps ash (Saeidi 
et al. 2017), jute sticks (Mustafa et al. 2008), modified saxaul 
(Khaksefidi et al. 2016), Banana peel (Mandi et al. 2009; 
Rahdar et al. 2017), Allium sativum linn peel (Muthamil-
selvi et al. 2012), and tendu leaf refuse (Nagda et al. 2007). 
These biosorbents may have a serious adverse effect which 
is the possibility of leaching new organic pollutants to the 
treated water (Altaher 2014). The search for economic, effi-
cient, and widely available adsorbent for the treatment of 
wastewater containing phenolic compounds is a must.

Many precursors are used for preparing activated carbon 
(Patel et al. 2015). The frequently used raw materials include 
coal, fruit stones, wood, polymer wastes, and bones (Purevs-
uren et al. 2004). When selecting the optimum precursors 
many factors must be taken into consideration including 
availability, efficiency of the produced activated carbon and 
the cost of the precursor.

Many factors play role in the adsorption process. Tem-
perature, for instance, is a key player. If the adsorption takes 
place through physical processes (physical adsorption) 
then increasing the temperature will desorb the adsorbed 
molecules from the pore of adsorbent. On the other hand, 
increasing the temperature will decrease the viscosity which 
results in increasing of molecular motion. This mechanism 
will increase the uptake of molecules into the pores. The pH 
is another important factor that may affect the adsorption of 
pollutants on the surface of a surface adsorbent. The change 
in pH may affect both the status of the adsorbent by chang-
ing its surface charge enhancing or decreasing the adsorb-
ability and also can affect the status of the adsorbate for 
example by hydrolysis or even precipitation. Contact time 
between adsorbent and adsorbate and mass of adsorbent are 
important parameters in designing the adsorption system.

The aim of this present work is to study the potential of 
char ash from animal bones for the removal of 2,4 nitrophe-
nol, 2 nitrophenol and 4 nitrophenol from aqueous media. 
To accomplish this, equilibrium and kinetic study were per-
formed. For equilibrium study three 2-parameter adsorption 
isotherms and three 3-parameter isotherms were applied. 
The kinetic study was performed to determine the rate and 
order of the reaction using pseudo-first order, pseudo-second 
order, and Elovich models. For determining the mechanism 
of the adsorption process, intraparticle and Boyd models 

were used. Parameters affecting the adsorption process such 
as pH and temperature were also considered.

Materials and methods

Adsorbate

The adsorbates used in this study were 2,4 nitrophenol, 2 
nitrophenol, and 4 nitrophenol. These compounds were 
obtained from BDH Chemicals Ltd Poole, England (A.R. 
grade). They were used without any treatment. Stock solu-
tions were prepared by dissolving the substance in bidis-
tilled water. The working solutions were prepared by dilution 
with bidistilled water. The determination of these substances 
before and after adsorption was performed using Shimadzu 
UV–Vis Spectrophotometer, Japan. A calibration curve, at 
an appropriate wavelength, was prepared for each substance 
to help identifying the concentrations.

Adsorbent

The adsorbent which is an animal bone pyrolysis ash was 
prepared and characterized by Difullah et al. (1997). It was 
used without any further treatment. Characterization of this 
adsorbent was performed to identify its chemical and physi-
cal properties. In this concern, elemental analysis, screen 
analysis, and surface area measurements were applied.

Experimental system

The batch equilibrium experiments were made in Pyrex 
125 mL glass conical flasks with stoppers. Different sets of 
these flasks were used for every adsorbate. To every flask 
containing 50 mL of the required adsorbate concentration 
(5–60 mg/L), 1 g of adsorbent was added. The mixture was 
agitated at room temperature (25 °C) for 12 h. The solutions 
were filtered and the final concentration was determined by 
spectrophotometer.

To determine the effect of time, a similar procedure was 
applied. However, to every flask containing 50 mL of the same 
adsorbate initial concentration (40 mg/L), 1 g of adsorbent 
was added. Every flask was agitated at different time intervals 
(30–960 min). The experiments were also performed at room 
temperature. The final concentration of the adsorbate in every 
flask was determined. The effect of temperature on the adsorp-
tion process was studied at three temperatures (25, 35, 45 °C). 
Three sets of conical flasks containing 50 mL of the respec-
tive adsorbate solution (2,4 dinitrophenol, 2 nitrophenol and 
4 nitrophenol) were prepared. The initial concentration of all 
solutions was adjusted at 40 mg/L. To every flask, 1 g of adsor-
bent was added. The flasks were stoppered and the mixtures 
were agitated until equilibrium was attained. The solutions 
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were filtered and the final concentrations of the adsorbate were 
determined. The effect pH was studied similarly but the pH of 
the solutions was adjusted using HCl/NaOH at three pH values 
(3, 6, and 9). The volume of the solution used was 50 mL in 
every flask and the amount of adsorbent added was 1 g. All 
the experiments performed to study the pH were done at room 
temperature (25 °C).

Adsorption isotherms

The equilibrium data were fitted to several isotherm models 
to establish the most appropriate correlation for the adsorp-
tion system. These models were applied to fit the experimen-
tal equilibrium isotherm data of phenols adsorption on the 
adsorbent.

The adsorbate uptake at equilibrium, qe (mg/g), was deter-
mined using Eq. 1,

where Co and Ce (mg/L) are the initial and equilibrium con-
centrations of the adsorbate, respectively, V (L) is the vol-
ume of the solution and W (g) is the mass of the adsorbent 
used.

Langmuir isotherm (Altaher et al. 2015)

The nonlinear model is given by the equation:

The linear form of this model is given by Eq. 3:

where Ce (mg/L) is the equilibrium concentration, qe (mg/g) 
is the adsorption capacity at equilibrium, qm (mg/g) is the 
maximum adsorption capacity, and KL (L/mg) is a constant 
related to adsorption rate. The favorability of the adsorption 
is given by the dimensionless separation factor RL which is 
given by Eq. 4

where Co (mg/L) is the initial adsorbate concentration and 
KL is Langmuir constant.

Freundlich isotherm (Altaher et al. 2015)

The nonlinear and linear forms of the isotherm are given by 
the following equations:

where qe and Ce have the same designation as Langmuir 
equation, kf is a constant related to the bonding energy, and 

(1)qe = (Co − Ce)(V∕W),

(2)qe = qmCe∕(K + Ce ).

(3)1∕qe = 1∕(qm) + Ce(KL∕qm),

(4)RL = 1∕(1 + KLCo),

(5)qe = kfC
1∕n
e

,

(6)ln qe = ln kf + 1∕n (lnCe),

1/n is identifying the adsorption intensity of adsorbate onto 
adsorbent. If the value of exponent n is greater than 1 then 
the adsorption represents favorable adsorption conditions.

Temkin isotherm (Ibrahim and Sani 2014)

Temkin isotherm equation is given as

The linear form is given by

where qe (mg/g) and Ce (mg/L) are the same as in Langmuir 
equation, R is the universal gas constant (8.314 J/mol K), b 
(J/mol) is the Temkin isotherm constant related to the heat 
of adsorption and T is the absolute temperature (K). The 
constant KT (L/mg) is the equilibrium binding constant, cor-
responding to maximum binding energy.

Redlich–Peterson (Belhachemi and Addoun 2011)

The equation representing the model is written as follows:

where KR (L/g), aR 
(

L

mg

)bR
 and bR are the isotherm con-

stants. At low concentration, the model approximate to 
Henry’s law, while at high concentration it is similar to Fre-
undlich model.

Toth isotherm (Hamdaoui and Naffrechoux 2007b)

This model is suitable for systems having sub-monolayer 
coverage (Hua et al. 2013) and adsorption in heterogeneous 
systems (Foo and Hameed 2010). One very important fea-
ture of this model is that it satisfies the two end limits (low 
and high concentrations). The equation has the following 
form:

The parameters Kt and t are related to adsorbate–adsor-
bent pairs. The parameter t characterizes the system hetero-
geneity and it is usually less than unity. When t = 1, the iso-
therm reduces to Langmuir equation. at (L/mg) is a constant 
related to surface coverage.

(7)qe = BT ln(KTCe).

(8)qe = BT(lnKT) + BT ln(Ce),

(9)BT = (RT)∕b,

(10)qe =
kRCe

1 + aRC
bR
e

,

(11)qe =
ktCe

(at + Ce)
1∕t

,
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Sips model (Foo and Hameed 2010)

The equation is presented as

where as is a constant related to the adsorption equilibrium, 
qm is the maximum adsorption capacity (mg/g), and ns is a 
constant that is specific to adsorption system. If the value 
of ns is equal to 1 the Sips equation converges to Langmuir 
model. At low Ce values, the equation reduces to the Freun-
dlich isotherm.

Kinetic models

Studying the kinetics of adsorption help determining the time 
required to reach equilibrium. This time is required in design-
ing the batch adsorption systems. It also provides valuable 
information about the mechanism of adsorption and the rate 
determining step. To evaluate the kinetic data, some of the 
commonly used kinetic models were applied. Pseudo-first 
order and pseudo-second order were used to determine the rate 
of the adsorption process. Elovich model was used to deter-
mine the rate of the reaction and the nature of the adsorption 
process. Intraparticle diffusion model and Boyd model were 
applied to determine the rate limiting step.

Pseudo‑first order model (Ashour et al. 2015)

The linear form of this model is given by

where qe (mg/g) and qt (mg/g) are the amounts of adsorbate 
adsorbed on the surface of the adsorbate at equilibrium and 
at any time t (min), respectively; and k1 (min−1) is the rate 
constant of the pseudo-first order equation.

Pseudo‑second order model (Ashour et al. 2015)

The linear form is given by

where k2 (g/mg min) is the rate constant of the pseudo-second 
order equation, qm (mg/g) is the maximum adsorption capac-
ity, and qt (mg/g) is the amount adsorbed at time t (min).

Intraparticle diffusion model

This model (Lorenc-Grabowska et al. 2013) considers the 
intraparticle diffusion as the rate controlling step for adsorp-
tion. It is given by the following equation:

(12)qe =
qm(asCe)

ns

1 + (asCe)
ns
,

(13)ln(qe − qt) = ln qe − k1t,

(14)t∕qt = 1∕k2q
2
m
+ t∕qm,

(15)qt = kidt
0.5 + C,

where qt (mg/g) is the amount adsorbed at time t (min) and 
kid (mg/g min0.5) is the rate constant for the intraparticle 
diffusion model.

Elovich model (Khalil et al. 2016)

A simplified linearized form of Elovich equation is 
expressed as follows:

where α (mg/g min) is the initial adsorption rate and B (g/
mg) is the adsorption constant related to the extent of the 
surface coverage and activation energy for chemisorptions.

Boyd model

This model (Altaher et al. 2014) is applied to distinguish 
between the pore and film diffusion and help determining the 
rate determining step. The model is expressed as

where Bt is the mathematical function of fractional attain-
ment of equilibrium. If the plot of Bt versus t produces a 
straight line that passes through the origin, pore diffusion is 
the rate limiting step. Otherwise, the adsorption process is 
intraparticle diffusion controlled.

Results and discussion

Characterization of adsorbent and adsorbates

To assess the adsorption behavior of the adsorbent and 
adsorbates, it is important to determine their chemical and 
physical properties. The data introduced in Table 1 illustrate 
the different properties of the adsorbent and adsorbates. It 
is clear from the elemental analysis that the ash is the main 
constituent of this adsorbent. This is normal since animal 
bones are the precursor of the adsorbent. The presence of 
metals like Cu, Fe, and Sr will not cause any problem since 
the leaching test proved their concentrations to be lower than 
the permissible level according to the Egyptian standards.

Adsorption equilibrium

Adsorption isotherm is an important design tool that indi-
cates the relation between adsorbate and adsorbent at equi-
librium. It gives an indication about the maximum adsorp-
tion capacity for the adsorbate on adsorbent at certain 
conditions of temperature, pH and initial concentration of 
adsorbate. It also allows the researcher to identify the nature 
of adsorption process; physical or chemical and it gives 
insight into surface properties of adsorbent (Ho et al. 2002).

(16)qt = 1∕B ln(�B) + 1∕B ln t,

(17)Bt = −0.4977 − ln(1 − qt∕qe),
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The experimental equilibrium data for adsorption of 
phenolic compounds on adsorbent was fitted to sets of 
isotherms; 2-parameter and 3-parameter isotherms. For 
2-parameter isotherms, both linear and linear models were 
used for fitting. The errors in case of linear models were 
calculated using correlation coefficient (R2). For nonlinear 
fitting, square sum of error (SSD) was applied. The solver 
add-in function in Microsoft’s spread sheet was used to 
minimize the error function (SSD).

Two‑parameter isotherm

The linear fitting of the experimental data to Langmuir iso-
therm for the three phenols is presented in Fig. 1 and the 
constants calculated from this linear fitting are introduced 
in Table 2. The R2 values for the three adsorbates are very 
high suggesting that the adsorption of the three phenols 

Table 1   Properties of adsorbent and adsorbates (Difullah et al. 1997)

Adsorbent

Elemental 
analysis

C H Cl N S Ash

10.8 1.3 1.9 3.6 – 81.5

Metal content 
(ppm)

Cu Fe Sr Zn Co Ni Cd

0.0016 0.0133 0.004 0 0 0 0

Miscellaneous Screen analysis Density (g/cm3) Zero point of charge BET surface area (m2/g)

99% less than 495 µm 7.5 7.5 72.9

Adsorbate Mwt Solubility (g/L) Molecular size (Å) Boiling point (oC) Melting point (oC) pKa

2,4 dinitrophenol 185 13.7 6.84 107 112–114 4.09
2 nitrophenol 139 2 8.1 216 46 7.24
4 nitrophenol 139 17 6.7 297 113–114 7.16

Fig. 1   Langmuir model for 
adsorption of phenols on char 
ash y = 2.6171x + 0.1132

R² = 0.9803

y = 2.8203x + 0.1393
R² = 0.9782

y = 4.4283x + 0.0861
R² = 0.9885
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Table 2   Linear adsorption constants for the applied two-parameter 
adsorption models

Isotherm 2,4 Dinitrophenol 2 Nitrophenol 4 Nitrophenol

Langmuir
 R2 0.98 0.978 0.988
 qm 8.85 7.20 11.63
 KL 23.26 20.28 52.63
 RL 0.279 0.253 0.467

Freundlich
 R2 0.921 0.974 0.939
 n 1.61 1.553 1.404
 Kf 0.603 0.496 0.36

Temkin
 R2 0.956 0.94 0.961
 BT 1.855 1.757 1.744
 KT 0.499 0.425 0.363
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follows Langmuir model. Accordingly, the three adsorbates 
form a monolayer on the surface of adsorbent. Moreover, 
every molecule is adsorbed on a separate active site on the 
surface of adsorbent without any interaction between these 
molecules. The RL values of 2,4 dinitrophenol, 2 nitrophenol 
and 4 nitrophenol are 0.279, 0.25, and 0.467, respectively. 
Since 0 < RL < 1 for the three adsorbates, the three adsorp-
tion systems are favorable.

It is clear from Table 2 that the adsorption capacity of 4 
nitrophenol (11.63 mg/g) is higher than that of 2,4 dinitro-
phenol (8.85 mg/g) and 2 nitrophenol (7.2 mg/g). However, 
these values are different when fitting the experimental data 
to the nonlinear form of the isotherm.

The Langmuir constants obtained from the nonlinear 
analysis are presented in Table 3. When comparing the con-
stants obtained from both the linear and nonlinear equations 
for the three phenolic compounds, as indicated in Tables 2 
and 3, we can notice that the transformation from linear to 
nonlinear model has resulted in a considerable change in the 
values of the constants and in the error structure (Ho et al. 
2002). The same result can be obtained when comparing the 
plots representing the different models in Fig. 2. The nonlin-
ear data is nearly superpositioned on the experimental data. 
Thus, it is more appropriate to use the constants obtained 
from the nonlinear model to characterize the adsorption of 
the three phenols on char ash. A similar result was obtained 
by Ho et al. (2002) and Hamdaoui and Naffrechoux (2007a) 
when studying the adsorption of heavy metals onto peat and 
phenol and chlorophenol on activated carbon, respectively. 
As presented in Table 3, maximum adsorption capacity of 
2,4 dinitrophenol, 2 nitrophenol, and 4 nitrophenol are 7.55, 
8.624, and 7.384 mg/g, respectively. These numbers are sig-
nificantly different from that obtained from the linear fitting. 

Table 3   Nonlinear adsorption constants for the applied two-parame-
ter adsorption models

Isotherm 2,4 Dinitrophenol 2 Nitrophenol 4 Nitrophenol

Langmuir
 SSD 1.065 0.606 0.820
 qm 7.55 8.624 7.384
 KL 15.873 27.778 23.810
 RL 0.209 0.316 0.284

Freundlich
 SSD 2.705 1.034 1.714
 n 2.161 1.769 1.849
 Kf 0.996 0.640 0.631

Temkin
 SSD 1.236 1.153 0.834
 BT 1.765 1.742 1.674
 KT 0.539 0.431 0.384
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Accordingly, the constants obtained from nonlinear fitting 
will be considered as the appropriate numbers. That means 
the order of the maximum adsorption capacity (qm) follows 
the order: 2 nitrophenol > 2,4 dinitrophenol > 4 nitrophenol. 
This order agrees with that obtained from the kinetic data 
and will be discussed later on. 

The plots obtained from fitting the experimental data to 
the linear form of Freundlich isotherm are introduced in 
Fig. 3 and the constants calculated from these plots are pre-
sented in Table 2. Examining the figures and data indicate 
good fitting of the experimental data to the model. The lin-
ear correlation coefficients (R2) of the 2,4 dinitrophenol, 2 
nitrophenol, 4 nitrophenol are 0.921, 0.974, and 939, respec-
tively. These numbers are reasonably high which again sug-
gest good fitting especially for 2 nitrophenol. However, com-
paring these correlation coefficients with that obtained by 
fitting the experimental data to Langmuir model suggests 
that the later is more suitable for fitting the data.

The magnitude of the exponent n obtained from fitting the 
experimental data to Freundlich equation gives an indication 
about the favorability of the adsorption system. If the value 

of exponent n is greater than 1 then the adsorption represents 
favorable adsorption conditions. Examining the value of n 
for the three phenols (Table 2), leads to the same conclusion 

Fig. 3   Freundlich linear model 
for adsorption of phenols on 
char ash y = 0.6206x - 0.5061

R² = 0.9218

y = 0.6443x - 0.7028
R² = 0.9744

y = 0.7123x - 1.0177
R² = 0.9394
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Fig. 4   Fitting of the experimental and model data to Freundlich isotherm for adsorption of phenols on char ash
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obtained from Langmuir models. Since the value of n for 
the three phenols is greater than 1, the char ash is a good 
adsorbent for these phenolic compounds.

The comparison of the experimental data to both lin-
ear and linear model (for the three phenols) is presented in 
Fig. 4. The plots in Fig. 4 show that the nonlinear fitting of 
2 nitrophenol is better than that for 2,4 nitrophenol and 4 
nitrophenol. This is supported by the values of SSD obtained 
from Table 3. The value of SSD in case of 2 nitrophenol is 
1.034 compared to 2.705 and 1.74 for 2,4 dinitrophenol and 
4 nitrophenol, respectively. Low value of SSD indicates bet-
ter fitting of the data. The values of the parameter n are still 
greater than one, which assure the favorability of adsorption 
of the three phenols on char ash.

Fitting of the experimental data to the linear for of Tem-
kin isotherm is shown in Fig. 5. The parameters calculated 
from this linear fitting are introduced in Table 2. The figure 
and the high correlation coefficient values indicate that the 

model provides good fitting to the three adsorbates. The 
good fitting of the experimental data to the Temkin model 
indicates that the adsorption process depends on the heat of 
adsorption (Hanbali et al. 2014). The values of the parameter 
b in Temkin equation (related to heat of adsorption) are 12.5, 
10.8, and 11.21 kJ/mol for 2,4 dinitrophenol, 2 nitrophenol, 
and 4 nitrophenol, respectively. These high values indicate 
the chemical nature of the adsorption process. Since these 
values are positive, the adsorption reaction is exothermic 
(Hamdaoui 2006).

Comparing the constants obtained from both linear and 
nonlinear models indicate that the linearization has a minor 
effect (also illustrated by Fig. 6). The deviation of the values 
of BT obtained by the two methods is in the range of 0.5–5%. 
The deviation of the values of KT is in the range of 1.4–6%. 
This means that both linear and nonlinear forms of Temkin 
isotherm can be used for fitting the experimental data (Ho 
et al. 2002).

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60

q
e,

 m
g/

g

Ce, mg/L

experimental

non-linear model

linear model

2,4 dinitrophenol

0

1

2

3

4

5

6

0 10 20 30 40 50 60

qe
, m

g/
g

Ce, mg/L

experimental

non-linear model

linear model

2 nitrophenol

0

1

2

3

4

5

6

0 10 20 30 40 50 60

qe
, m

g/
g

Ce, mg/L

experimental

non-linear model

linear model

4 nitrophenol

Fig. 6   Fitting of the experimental and model data to Temkin isotherm for adsorption of phenols on char ash

Fig. 7   Relation between adsorp-
tion capacity and molecular size 
of adsorbate y = 0.8725x + 1.5588

R² = 0.9989

7.2

7.4

7.6

7.8

8

8.2

8.4

8.6

8.8

6 6.5 7 7.5 8 8.5

qm
, m

g/
g

Molecular size, Å



Applied Water Science (2018) 8:26	

1 3

Page 9 of 15  26

Many factors are responsible for the selective adsorp-
tion of a certain molecule on the surface of a certain 
adsorbent. From these factors, the molecular size, pore 
size and the interaction between the functional groups of 
adsorbate molecule and functional groups on the surface 
of adsorbent play important roles. The molecular size of 
adsorbate and the pore size of adsorbent must be compa-
rable. If the molecular size is larger than the pore size, 
the steric effect will hinder the diffusion of the molecule 
inside the pore, thus decreasing the adsorption. Weak 
adsorption may also take place if the molecular size is 
much smaller than the pore size. In this case, desorption 
may take place especially if the adsorption process has a 
physical nature (Gokturk and Kaluc 2008; Liu et al. 2010; 
Mohamed 2011). Figure 7 illustrates the relation between 
the adsorption capacity of the three phenolic compounds 
and their molecular sizes. Increasing the molecular size of 
the phenol increases its adsorption capacity. The correla-
tion coefficient of this phenomenon is very high (0.998). 
The high adsorption of 2 nitrophenol on the surface of 
char indicates the compatibility of the size of its molecules 
and the pore size of this adsorbent (Xiaohong et al. 2011).

Another factor that play important role in the adsorption 
process is the polarity of adsorbate. The adsorption of some 
adsorbate may take place because of their low polarity. In 
this case, they are rejected by the aqueous medium (Yonli 
et al. 2011; Carvajal-Bernal et al. 2015). 2 nitrophenol is 
less polar the 4 nitrophenol and as has been observed it 
has a higher maximum adsorption capacity. The same sce-
nario can be applied when comparing 2 nitrophenol and 2,4 
dinitrophenol.

Three‑parameter isotherm

The experimental data were analyzed according to the non-
linear form of Redlich–Peterson, Toth and Sips model. The 
nonlinear fitting will not cause any distortions in the error 
distribution since no transform has taken place in the dataset. 
Accordingly, better parameter estimate is expected (Belha-
chemi and Addoun 2011). The parameters obtained from this 
fitting are presented in Table 4. The low SSD values obtained 
for the three adsorbates indicate good fitting of the experi-
mental data to the model. According to the values of SSD 
for the fitting, Toth isotherm showed the best fitting (lowest 
SSD) followed by Sips and Redlich-Peterson comes last.

Toth isotherm is widely used to predict the monolayer 
adsorption (Whittaker 2015). This agrees with the previous 
result of Langmuir fitting which proved to be the suitable 
model that gives best fitting. As illustrated by Table 4 the val-
ues of t for the three phenol are below 1 which is a condition 
of Toth isotherm. The parameter t is considered to charac-
terize the system heterogeneity. Deviation of this parameter 
from unity means the system is more heterogeneous (Hua et al. 
2013). According to the value of t in Table 4, the system is 
considerably homogeneous which again agrees with the previ-
ous results of fitting the data to Langmuir model. The value 
of t in case of 2 nitrophenol is higher than that of two other 
phenols which indicates more homogeneity of this adsorption 
system. The maximum adsorption capacities (for the three phe-
nols) determined using the Toth model are much higher than 
those of Langmuir. Even the order of this parameter changed 
from that introduced by linear and nonlinear Langmuir model 
(Tables 2, 3). It can be concluded, taking into consideration 
the values of SSD, that for fitting of the equilibrium adsorption 
data for the tested phenols the two parameter models are better 
than that of the three-parameter models.

On the basis of the values of SSD of the three phenolic 
compounds, Sips model provides weak fit of the experimen-
tal data. The reason maybe Sips equation is not valid at low 
concentration which means it cannot be applied on the whole 
tested concentration range (Terzyk et al. 2003). However, 
the values of the maximum adsorption capacity obtained 
using the Sips model are comparable to that obtained by 
nonlinear Langmuir equation and have the same order (2 
nitrophenol > 2,4 dinitrophenol and 4 nitrophenol). When 
ns = 1, the Sips equation reduces to the Langmuir equation 
(Kumara et al. 2014).

As can be noticed in Table 4, the value of the exponent ns 
is very close to unity (0.9, 0.9, and 0.99 for 2,4 dinitrophe-
nol, 2 nitrophenol, and 4 nitrophenol, respectively), which 
explains the values of qm obtained from this model.

The Redlich–Peterson model clearly shows poor correla-
tion (SSD for the three phenols are in the range 1.03–2) to 
the experimental data. The ratio Kr/Ar (0.99, 0.6397, and 
0.631 for 2,4 dinitrophenol, 2 nitrophenol, and 4 nitrophenol, 

Table 4   Nonlinear adsorption parameters for the applied three-
parameter adsorption models

Isotherm 2,4 Dinitrophenol 2 Nitrophenol 4 Nitrophenol

Redlich–Peterson
 SSD 2.705025 1.034224 1.713727
 KR 3153.906293 2876.966634 2855.930235
 aR 3167.36408 4497.052641 4525.102362
 bR 0.537207898 0.434694151 0.459154108

Toth
 SSD 0.51764 0.566836 0.59104
 KT 38999.00006 66.28798177 3837.002988
 aT 78.09352008 48.49430142 80.46230195
 t 0.379177565 0.716967813 0.460049318

Sips
 SSD 1.780349 0.93539 1.444713
 qm 7 8.048416709 6
 as 0.081 0.041887224 0.07
 ns 0.9 0.9 0.99
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respectively) is identical to that of Kf obtained from the non-
linear fitting of the data to Freundlich model. However, the 
exponent bR does not have the same correspondence to the 
exponent n of Freundlich which is similar to that obtained 
by Hamdaoui and Naffrechoux (2007b). However, they are 
between 0 and 1 which indicate favorable adsorption.

Kinetic study

The study of kinetic results is useful in evaluating the qual-
ity of adsorbent, its efficiency for adsorbate removal, the 

rate of the adsorption reaction, the equilibrium time of the 
adsorption process and the mechanism of the adsorption. 
The relation between the contact time and adsorbate uptake 
(qt, mg/g) for the three phenolic compounds is introduced 
in Fig. 8. It is clear from the figure that the adsorption took 
place through two stages. In the initial stage (3 h), a sharp 
increase of adsorption was attained. This stage may be 
attributed to the high concentration gradient at the begin-
ning of adsorption. This concentration gradient provides 
the driving force for the adsorption process to take place 
rapidly. In the second stage, the adsorption is slower since 

Fig. 8   Effect of contact time 
on adsorption of phenols on 
char ash
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the molecules remaining in solution will compete for the 
remaining active sites. Equilibrium is attained after around 
10 h where the rate of adsorption and desorption is equal. A 
similar result was obtained by Yaacoubi et al. (2015). The 
maximum adsorption capacity of adsorbates on the surface 
of adsorbent follows the order 2 nitrophenol > 2,4 dinitro-
phenol > 4 nitrophenol, which is the same order obtained 
from Langmuir adsorption isotherm.

Rate equations

The experimental data of the adsorption of the three phe-
nolic compounds on adsorbent were fitted to the pseudo-
first order and pseudo-second order equations. Figure 9 
show the fitting of the experimental data to the pseudo-first 
order model and the calculated constants are introduced in 
Table 5. From the three plots it is clear that the data does 
not fit well to the pseudo-order model. This is indicated by 
the low values of the linear correlation coefficients (R2). 
On the other hand, fitting the data to the pseudo-second 
order equation, as illustrated by Fig. 10, show better fit with 
higher correlation coefficients. The plot of 2 nitrophenol 
indicates a single-stage adsorption process, while the plots 
of 2,4 dinitrophenol and 4 nitrophenol show two stages of 
adsorption; initial and final stages. So, multiple regressions 
were performed on these two stages to get two equations for 
each adsorption system. Every equation is valid for a single 
stage. These equations and their correlation coefficients are 
shown in Fig. 10 and Table 5. The linear correlation coeffi-
cients for all equations are highly significant and show a high 
degree of correlation between the experimental data and the 
pseudo-second order model. It is clear that the adsorption 
of these nitrophenols on adsorbent follows this model. This 
indicates the chemical nature of the adsorption process. This 
conclusion is supported by the values of E obtained from 
D–R adsorption isotherm (data is not shown) which are 
higher than 10 kJ/mol for the three adsorbates. The follow-
ing of the phenolic compounds to the pseudo-second order 

Table 5   Kinetic parameters for adsorption of phenols on char ash

Kinetic model 2,4 Dinitrophenol 2 Nitrophenol 4 Nitrophenol

Pseudo-first order
 R2 0.512 0.571 0.670
 K1 0.003 0.003 0.002
 qe 4.06 3.418 3.487

Pseudo-second 
order

 Initial stage
  R2 0.973 0.973 0.993
  K2 1403 1231 1215
  qm 4.85 6.94 2.88

 Final stage
  R2 0.999 – 0.982
  K2 173 – 1386
  qm 5.07 – 5.65

Elovich
 Initial stage
  R2 0.964 0.877 0.940
  B 1.101 1.05 1.453
  α 0.044 0.319 0.028

 Final stage
  R2 0.904 – 0.905
  B 4.15 – 0.769
  α 173,580 – 0.047

Intraparticle dif-
fusion

 R2 0.926 0.918 0.941
 Kid 0.191 0.201 0.174
 C 0.417 0.419 0.371

Boyd
 Initial stage
  R2 0.994 0.987 0.993

 Final stage
  R2 0.94 – 0.997
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model was observed by many other researchers (El-Sheikh 
et al. 2013; Altaher and Dietrich 2014; Masomi et al. 2014; 
Xiaohong et al. 2011).

Elovich model

Elovich equation does not provide a definite mechanistic of 
adsorption. However, if the experimental data fits well to this 
equation, then the adsorption process has a chemical nature.

Fitting of the experimental data to Elovich model is illus-
trated by Fig. 11 and the kinetics constants obtained from the 
equation are introduced in Table 5. It is clear that the data, 
for the three adsorbates, fits well to the modified Elovich 
equation. This is indicated by the high values of correlation 
coefficients.

It can be observed from the data in Table 5 that the val-
ues of α and B varied from one adsorbate to another. For 
example, the value of α for 2, nitrophenol is 0.319 mg/g min 
compared to 0.044 and 0.028 for 2,4 dinitrophenol and 4 

nitrophenol, respectively. As have been indicated before, α 
is related to the initial adsorption rate. This indicates the 
fast nature of adsorption of 2 nitrophenol compared to the 
other two adsorbates. This is in agreement with the results 
obtained from the second order model. Accordingly, we can 
conclude that the interaction of the three adsorbates with the 
adsorbent is chemisorption. The functional groups on the 
surface of adsorbent may interact with that in the adsorbates.

Intraparticle and Boyd diffusion models

It is important to determine the mechanism of the adsorp-
tion process. This will help controlling and designing the 
process. The adsorption takes place through four main stages 
(El-Sheikh et al. 2013). In the first stage, the adsorbate will 
migrate from the bulk of the solution until reaching the 
layer adjacent to the adsorbent particles. In the second and 
third stages, the molecules diffuse through the layer until 
reaching the adsorbent particles and through the pores on 
the surface of adsorbent. In the last stage, the adsorbate 
is adsorbed by the adsorbent. One or more of these stages 
control the adsorption process and is considered as the rate 
limiting step. The first and the last stages are usually fast 
and will not be taken into consideration when determining 
the rate limiting step. To identify which one of the remain-
ing two steps are controlling the adsorption, two models 
are applied; intraparticle and Boyd diffusion models. Fit-
ting the data to intraparticle diffusion model is performed 
by plotting qt against t0.5. If a straight line passing through 
the origin is obtained, then intraparticle diffusion is the only 
mechanism responsible for adsorption. If the straight line is 
not passing through the origin, the adsorption is simultane-
ously controlled by two mechanisms. If the line obtained is 
not straight, then intraparticle diffusion is not controlling 
the adsorption. According to the Boyd model and similar 
to intraparticle diffusion model, if plotting ln(1 − (qt/qe)) 
against t produces a straight line passing through the origin, 
then film diffusion is the only mechanism responsible for 
adsorption. The fitting of the experimental data to the two 
models is illustrated by Figs. 12 and 13. It is clear from 
the plot that the experimental data well fits Boyd model for 
2 nitrophenol as illustrated by Fig. 13. The data produced 
straight line passing through the origin which indicates that 
the film diffusion is the only controlling step for the adsorp-
tion of 2 nitrophenol onto adsorbent. The other two phenols 
have a considerable good fit to intraparticle diffusion model. 
This is illustrated by the high correlation coefficients. How-
ever, the produced lines did not pass through the origin sug-
gesting that another mechanism participate in controlling 
the adsorption. When drawing the Boyd plots for these two 
adsorbates and taking into consideration the two adsorption 
stages that have been mentioned before, straight lines with 
very high R2 values were produced. That indicates that both 
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intraparticle diffusion and film diffusion control the adsorp-
tion of 2,4 dinitrophenol and 4 nitrophenol onto char ash 
(El-Sheikh et al. 2013).

Effect of temperature

To study the effect of temperature, the adsorption of the 
three phenols was performed at three different temperatures; 
25, 35, and 45 °C. The initial concentrations of the adsorb-
ates were set at 40 mg/L and the solutions were agitated for 
12 h. The results are summarized in Table 6. It is clear that 
the adsorption capacity of the three phenols decreased with 
the increase in temperature. That means that the adsorption 
process has an exothermic nature. This result is in agree-
ment with the result obtained from Temkin isotherm and that 
obtained by other researchers (Masomi et al. 2014).

Effect of pH

As indicated in Table 1, the zero point of charge of the 
adsorbent is 7.5. The surface of the adsorbent will be nega-
tively charged at pH values greater than this value and posi-
tively charged at pH lower than this value. The pKa values 
of 2,4 dinitrophenol, 2 nitrophenol, 4 nitrophenol are 4.09, 
7.24, and 7.16, respectively. If the pH of the solutions is 
lower than pKa, the adsorbate will be in the protonated state. 
So, at pHs 3 and 6 both adsorbent and adsorbate will have 
positive charge which causes electrostatic repulsion. This 
is clear from Table 7 where the lowest adsorption capacity 
was obtained at these acidic pHs. On the other hand, at pH 
9, the adsorbates will be in the deprotonated state while the 
adsorbent will have a negative charge on the surface, thus 
increasing the adsorption capacity (Masomi et al. 2014).

Conclusion

This study was conducted to investigate the potential use of 
char ash prepared from animal bones to remove three phe-
nols, namely 2,4 dinitrophenol, 2 nitrophenol, and 4 nitro-
phenol. The adsorption process was found to be favorable for 
the three adsorbate systems with 2,4 dinitrophenol having 
the highest adsorption capacity of 8.624 mg/g. The best fit 
of the experimental data was using Langmuir adsorption 
isotherm (R2 value between 0.978 and 0.988). The pseudo-
second order model provided good fit for the adsorption of 
the phenolic compounds on the adsorbent (R2 value between 
0.973 and 0.999). The rate limiting step for 2 nitrophenol 
was the intraparticle diffusion. On the other hand, both 
intraparticle diffusion and film diffusion were controlling 
the adsorption of 2,4 nitrophenol and 4 nitrophenol. Prop-
erties of adsorbate, adsorbent and adsorption system, viz. 
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Fig. 13   Boyd plot for phenols adsorption onto char ash

Table 6   Effect of temperature on the adsorption capacity of phenolic 
compounds

Adsorption capacity 25 °C 35 °C 45 °C

qe, 2,4 dinitrophenol 6.905 5.960 4.315
qe, 2 nitrophenol 5.575 4.075 3.430
qe, 4 nitrophenol 6.275 4.850 3.790

Table 7   Effect of pH on the adsorption capacity of phenolic com-
pounds

Adsorption capacity 3 6 9

qe, 2,4 dinitrophenol 4.625 5.460 5.935
qe, 2 nitrophenol 3.705 4.852 6.911
qe, 4 nitrophenol 3.310 4.075 5.22
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molecular size of adsorbate, pKa of adsorbate, point of 
zero charge of adsorbent, temperature and pH of adsorp-
tion system, were found to have considerable effect on the 
adsorption process. Highest adsorption was achieved at low 
temperature (25 °C) indicating the exothermic nature of the 
adsorption process. On the other hand, highest adsorption 
was obtained at pH 9. Finally, Char ash produced from ani-
mal bones is a potential adsorbent to remove phenols from 
aqueous system. Further study is required to determine its 
ability to remove other pollutants.
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