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Abstract: Activated carbons (ACs) were prepared from the peels of Citrus 

documana, Citrus medica and Citrus aurantifolia fruits. Adsorption of fluoride 

onto these activated carbons was investigated. Effect of contact time in the 

removal of fluoride from aqueous solution at neutral pH was studied. Five 

kinetic models; the pseudo first- and second-order equations, intraparticle 

diffusion, pore diffusion and the Elovich equation, were selected to follow 

adsorption process. Adsorption of fluoride onto adsorbents could be described 

by pseudo second-order equation. Kinetic parameters; rate constants, 

equilibrium adsorption capacities and correlation coefficients, for each kinetic 

equation were calculated and discussed. The good fitting of kinetic data to pore 

diffusion and Elovich equations indicate that pore diffusion plays a vital role in 

controlling the rate of the reaction. 
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Introduction 

Fluoride is found in all natural waters at some concentration. Long term exposure to higher 

levels of fluoride (> 1.5 ppm) in drinking water leads to serious health problems
1,2

 like 

skeletal fluorosis, brain damage, osteoporosis, thyroid disorder and cancer
3,4

. Various 

defluoridation technologies based on the principle of precipitation
5
, ion exchange

6
 and 

electrochemical
7
 methods have been proposed to remove excess fluoride in drinking water 

and industrial effluents. Among various methods, adsorption is a suitable technique. The 

application of activated carbons in the adsorptive removal of inorganics from water has been 

the subject matter of numerous investigators. Activated carbon prepared from rice straw
8
, 

bio-materials
9
, alumina impregnated carbons

10,11
 and waste carbon slurry

12
  are different  
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adsorbents used for defluoridation process. In the present study, activated carbons (ACs) 

prepared from the peels of some selected citrus fruits are used in removing fluoride from aqueous 

solution with the aim of understanding the kinetics of the adsorption process at neutral pH.  

 One of the most important factors in designing an adsorption system is predicting the 

rate at which adsorption takes place, referred to the ‘kinetics of sorption’. In adsorption 

processes, the selection of an adsorbent, its configuration and attainment of equilibrium are 

related to the ‘rate-limiting’ process. An understanding of the rate-limiting step will greatly 

aid in deciding the time of contact to be allowed between the sorbent and sorbate. So, to 

properly interpret the experimental data, it is necessary to determine the rate-limiting step 

for the adsorption process, which governs the overall removal rate and mechanisms of 

sorption. There are essentially three consecutive steps in the adsorption of materials from 

solution by porous adsorbents, namely bulk diffusion, film diffusion and pore diffusion. Any 

of these steps can be ‘rate-limiting’ in adsorption. Generally, both pore diffusion and film 

diffusion were considered to be the major factors controlling rates of sorption from solution 

by porous adsorbents. As they act in series, the slower of the two, was regarded as rate-

limiting in an adsorption process
13,14

.  

Experimental 

The activated carbon adsorbents viz., NCDC, NCMC and NCAC were prepared form the 

peels of Citrus documana, Citrus medica and Citrus aurantifolia fruits respectively. The 

peels of selected citrus fruits were obtained from a local fruit stall at Eluru, Andhra Pradesh. 

The peels were dried, crushed and washed thoroughly with de-ionized water to remove 

adhering dirt. They were air dried in an oven at 100-120 
o
C for 24 h. After drying, they are 

carbonized at 500 
o
C in a uniform nitrogen flow and subjected to liquid phase oxidation with 

0.1 N HNO3 (analytical grade). Further they were washed with double-distilled water to 

remove the excess acid and dried at 150 
o
C for 12 h. 

 The stock solution of 100 mg L
-1

 fluoride was prepared by dissolving 221 mg of 

anhydrous NaF in 1 L of distilled water. Test solution of 5 mg L
-1

 F
-
 was prepared from 

fresh stock solution. All the experiments were carried out in 250 mL conical flasks with 100 

mL test solution at room temperature (25±2 
o
C). The flasks, along with test solution and 1 g 

of the adsorbent at neutral pH, were shaken in horizontal shaker at 120 rpm to study the 

equilibration time (5-50 min) for maximum adsorption of fluoride and to know the kinetics 

of adsorption process. At the end of the desired contact time, the samples were filtered using 

Whatman  no. 42 filter paper and the filtrate was analyzed for residual fluoride concentration 

by SPADNS method, described in the standard methods of examination of water and 

wastewater
15

.  

Results and Discussion 

Effect of contact time 

A plot between time t (min) and amount of fluoride adsorbed with time qt (mg g
-1

) is shown 

in Figure 1. As agitation time increases, fluoride removal also increases initially, but then 

gradually approaches a more or less constant value, denoting the attainment of equilibrium. 

Similar trend was observed by other workers during adsorption of fluoride onto protonated 

chitosan beads
16

. With respect to contact time, NCDC, NCMC and NCAC reached 

saturation after 30, 35 and 35 min respectively, which were fixed as their optimum contact 

times. Among the three sorbents, NCDC exhibits higher adsorption capacity followed by 

NCMC and NCAC. 
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Figure 1. Effect of contact time on adsorption of fluoride onto NCDC, NCMC and NCAC 

Fitness of the kinetic models 

The best-fit among the kinetic models was assessed by the squared sum of errors (SSE) 

values. It is assumed that the model which gives the lowest SSE values is the best model for 

the particular system
17,18

. The SSE values were calculated by the equation, 

∑
−

=
.)(exp2

2

.)(.)(exp )(

t

calt

eq

qeqe
SSE                                              (1) 

 Where qe(expt.) and qe(cal.)are the experimental sorption capacity of fluoride (mg g
-1

) at 

equilibrium time and the corresponding value that is obtained from the kinetic models. SSE 

values and various kinetic parameters for all the kinetic models were calculated and are 

summarized in Table 1. 

Adsorption kinetics 

Five simplified kinetic models namely pseudo first-order, pseudo second-order, Weber and 

Morris intraparticle diffusion model, Bangham’s pore diffusion model and Elovich 

equations have been discussed to identify the rate and kinetics of sorption of fluoride onto 

NCDC, NCMC and NCAC. 

Pseudo first-order model 

The Lagergren’s rate equation is one of the most widely used rate equation to describe the 

adsorption of adsorbate from the liquid phase
19,20

. The linear form of pseudo first-order rate 

expression of Lagergren is given as 

303.2
log)log( 1tk

qqq ete −=−                                                              (2) 

 Where, qe and qt are the amounts of fluoride adsorbed on adsorbent (mg g
-1

) at 

equilibrium and at time t (min), respectively, and k1 is the rate constant of pseudo first-order 

kinetics. Figure 2(a) shows the plots of linearized form of pseudo first-order kinetic model 

for the three sorbents. The plots were found linear with good correlation coefficients (>0.9) 

indicating the applicability of pseudo first-order model in the present study. The pseudo 

first-order rate constant (k1) and qe(cal.) values were determined for each adsorbent from the 

slope and the intercept of corresponding plot (Figure 2(a)) and are listed in Table 1.  
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Figure 2. Kinetic  modeling of  adsorption  of  fluoride onto  NCDC,  NCMC and  NCAC 

(a) pseudo first-order; (b) pseudo second-order 

Pseudo second-order model 

The adsorption kinetics was also described as pseudo-second order process using the 

following equation
21

, 

t
qqkq

t

eest
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                                                                      (3) 

 Where, qe and qt have the same meaning as mentioned previously and k2 is the rate 

constant for the pseudo second-order kinetics. The plots of t/qt versus t for the three 

adsorbents are shown in Figure 2(b). The values of qe(cal.) and k2 were determined for each 

adsorbent from the slope and intercept of the corresponding plot and are compiled in Table 1. 

 The correlation co-efficient (R
2
) values for pseudo second-order adsorption model have 

high values, 0.9946, 0.9971 and 0.997 for NCDC, NCMC and NCAC respectively. 

Comparatively in each case, the R
2
 value is higher than that of pseudo first-order model. The 

lower SSE values for pseudo second order model also indicate that the adsorption kinetics of 

fluoride onto NCDC, NCMC and NCAC can be better described by pseudo second order 

model. Similar phenomenon has observed in the literature for the adsorption of fluoride on 

various adsorbents
8,22-24

. 

2a 

2b 
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Table 1. Comparison of pseudo first-order, pseudo second-order, Weber and Morris, 

Bangham’s and Elovich models parameters and calculated qe(cal.) and experimental qe(expt.) 

values at 5 mg L
-1

  fluoride concentration. 

Pseudo first-oder 

Adsorbent 
qe(expt.), 

mg g-1 
k1x10

-1
, 

min
-1

 
qe(Cal.), 
mg g-1 

SSE R
2
  

NCDC 0.3910 0.6955 0.2447 0.14000 0.9900  
NCMC 0.3800 0.6425 0.1898 0.25053 0.9824  
NCAC 0.3660 0.7554 0.217 0.16573 0.9692  

Pseudo second-oder 

Adsorbent 
qe(expt.), 
mg g-1 

k2x10-1, 
 g mg-1min-1 

qe(Cal.), 
mg g-1 

SSE R
2
  

NCDC 0.3910 3.5065 0.4503 0.02300 0.9946  
NCMC 0.3800 4.7403 0.4214 0.01187 0.9971  
NCAC 0.3660 4.6028 0.4098 0.01432 0.9970  

Intraparticle diffusion 

Adsorbent 
qe(expt.), 
mg g-1 

kipx10
-1

, 
mg g

-1
 min

-0.5
 

qe(Cal.), 
mg g

-1
 

SSE R
2
  

NCDC 0.3910 0.4870 0.3807 0.00069 0.9867  
NCMC 0.3800 0.3620 0.3768 0.00007 0.9815  
NCAC 0.3660 0.3640 0.3643 0.00002 0.9896  

Pore diffusion 

Adsorbent 
qe(expt.), 
mg g

-1
 

k0, 
mL, g L

-1
 

qe(Cal.), 
mg g-1 

SSE R
2
 α 

NCDC 0.3910 3.0199 0.3638 0.00484 0.9663 0.2696 
NCMC 0.3800 3.4801 0.3660 0.00136 0.9805 0.2198 
NCAC 0.3660 3.2681 0.3528 0.00130 0.9768 0.2268 

Elovich equation 

Adsorbent 
qe(expt.), 
mg g

-1
 

β 
qe(Cal.), 
mg g-1 

SSE R
2
 Α 

NCDC 0.3910 12.2549 0.3792 0.00091 0.9592 0.0081 
NCMC 0.3800 15.0376 0.3458 0.00810 0.9791 0.0134 
NCAC 0.3660 15.1286 0.3329 0.00818 0.9743 0.0113 

Intraparticle diffusion 

Rate of sorption is frequently used to analyze nature of the ‘rate-controlling step’ and the use 

of the intraparticle diffusion model has been greatly explored in this regard which is 

represented by the following Weber and Morris equation
20

. 

Ctkq ipt += 2/1                                                                      (4) 

 Where, C is the intercept, related to the thickness of the boundary layer and kip is the 
intraparticle diffusion rate constant. According to this model, if adsorption of a solute is 
controlled by the intraparticle diffusion process, a plot of qt versus t

1/2
 gives a straight line. 

Weber and Morris plots of qt versus t
1/2

 are shown in Figures 3(a), 3(b) and 3(c) for 
NCDC, NCMC and NCAC respectively. It is evident from the plots that there are two 
separate stages; first linear portion (Stage I) and second curved path followed by a plateau 
(Stage II). In Stage I, nearly 50% of fluoride was rapidly up taken by carbon adsorbents 
within 5 min. This is attributed to the immediate utilization of the most readily available 
adsorbing sites on the adsorbent surfaces. In Stage II, very slow diffusion of adsorbate 
from surface site into the innerpores is observed. Thus initial portion of fluoride 
adsorption by carbon adsorbents may be governed by the initial intraparticle transport of 
fluoride controlled by surface diffusion process and later part is controlled by pore 
diffusion. Similar dual nature with initial linear and then plateau were found in the literature

8,25
. 
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Though intraparticle diffusion renders straight lines with correlation co-efficients (>0.98) for 

all the three sorbents, the intercept of the line fails to pass through the origin in each case may 

be due to difference in the rate of mass transfer in the initial and final stages of adsorption
26

 

and indicates some degree of boundary layer control which implies that intraparticle diffusion 

is not only the rate controlling step
19

. The data were further used to learn about the slow step 

occurring in the present adsorption system using pore diffusion model. 

 
 

 
 

 
 

Figure 3. Intraparticle diffusion plots of (a) NCDC; (b) NCMC and (c) NCAC 
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Pore diffusion model (Bangham’s model) 

Bangham’s equation
27

 (Equation (5)) has been used to describe pore diffusion during 

adsorption process. 

t
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 Where, Ci is the initial concentration of the adsorbate in solution (mg L
-1

), V is the 

volume of the solution (mL), m is the weight of adsorbent (g L
-1

), qt (mg g
-1

) is the 

amount of adsorbate retained at time t and α (less than 1) and k0 are the constants. As 

such log log[Ci/(Ci-qtm)] was plotted against log(t) in Figure 4 for all the three sorbents. 

The plot was found to be linear for each adsorbent with good correlation co-efficient 

(>0.9) indicating that kinetics confirmed to Bangham’s equation and therefore the 

adsorption of fluoride onto NCDC, NCMC and NCAC was pore diffusion controlled. 

Similar trend was observed in the literature for the adsorption of fluoride onto waste 

carbon slurry
12

. 
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Figure 4. Pore diffusion plots of NCDC, NCMC and NCAC 

Elovich equation 

The Elovich equation
28

 is given as follows: 

 )ln(
1

)ln(
1

)ln(
1

tttqt
β

αβ
β

αβ
β

+==                                                       (6) 

 Where α (mg g
-1

 min
-1

) is the initial sorption rate and the parameter β (g mg
-1

) is related 

to the extent of surface coverage and activation energy for chemisorption. The kinetic results 

will be linear on a qt versus ln(t) plot (Figure 5), if the results follow an Elovich equation. It 

was suggested that diffusion accounted for the Elovich kinetics pattern
29

; conformation to 

this equation alone might be taken as evidence that the rate-determining step is diffusion in 

nature
30

 and that this equation should apply at conditions where desorption rate can be 

neglected
31

. The kinetic curve of sorption demonstrated good fitting with the model 

(R
2
 > 0.9) which may indicate that the diffusional rate-limiting is more prominent in fluoride 

sorption by NCDC, NCMC and NCAC. 
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Figure 5. Elovich equation plots of NCDC, NCMC and NCAC 

 Conclusion 

The fitting of the kinetic data demonstrate that the dynamics of sorption could be better 

described by pseudo second-order model indicating a chemisorptive rate-limiting for all the 

three adsorbents, NCDC, NCMC and NCAC. Though the plots of intraparticle diffusion 

renders straight lines with good correlation co-efficients, they fail to pass through origin in 

each case. This suggests that the process is ‘complex’ with more than one mechanism 

limiting the rate of sorption. The good fitting of the kinetic data, to Bangham’s and Elovich 

equations indicates that pore diffusion plays a vital role in controlling the rate of reaction. 
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