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Abstract The aim of this study is to design and develop a

novel cost effective method for fluoride removal, applica-

ble to rural areas of developing countries. Adsorption is

widely considered as one of the appropriate technologies

for water defluoridation. This study investigates the feasi-

bility of using low-cost biomass based activated carbon

from the bark of Morinda tinctoria coated with aluminum

hydroxide (AHAC) for water defluoridation, at neutral pH

range. Characterization of AHAC was done through IR,

SEM with EDAX studies before and after fluoride treat-

ment. The fluoride adsorption capacity of AHAC as a

function of contact time, pH and initial fluoride concen-

tration was investigated. The role of co-existing interfering

ions also was studied. The isotherm and kinetic models

were used to understand the nature of the fluoride

adsorption onto AHAC. Freundlich isotherm and intra-

particle diffusion were the best-fitting models for the

adsorption of fluoride on AHAC. Fluoride adsorption

kinetics well fitted with pseudo-second order model. The

results showed excellent fluoride adsorption capacity was

found to be 26.03 mg g-1 at neutral pH.

Keywords Aluminum hydroxide coated activated carbon �
Fluoride removal �Morinda tinctoria � Adsorption isotherm
� Adsorption kinetics

Introduction

The quality of drinking water is very important for public

health and for better life. Optimum concentration of fluo-

ride (about 1 mg L-1) in drinking water is good for dental

health and for good bone development. Intake of excess

fluoride (beyond 1.5 mg L-1, WHO guideline) (WHO

2006) for long periods can result in the incidence of fluo-

rosis. Low concentrations of fluoride in drinking water

have been considered beneficial to prevent dental carries.

But researchers are now debating on the health benefits of

fluoride even at low concentrations. It has long been known

that chronic intake of fluoride even though below

1 mg L-1 can lead to severe dental and skeletal fluorosis. It

not only affects teeth and skeleton, but its accumulation

over a long period can also lead to loss of mobility, low-

ering of IQ of children, change in the DNA structure and

interference with liver and kidney functioning (Chen et al.

2011; WHO 2008; Xiong et al. 2007).

Endemic fluorosis is prevalent in at least 25 countries

across the globe including India, Argentina, China, Tan-

zania, Serbia and Srilanka (Ayoob and Gupta 2006; Das

et al. 2005; Kruse and Ainchil 2003; Ba et al. 2009; Shorter

et al. 2010; Mandinic et al. 2010; Waidyasekera et al.

2007) and more than 200 million people worldwide are

affected by excess concentration of fluoride, in their

drinking water (Mohan et al. 2012). In India, there has been

an increase in the incidence of dental and skeletal fluorosis

with about 62 million people at risk (Das et al. 2005). High

concentrations of fluoride in groundwater are common in

all the states of India particularly Andhra Pradesh, Har-

yana, Karnataka, Maharashtra, Rajasthan, Tamil Nadu and

West Bengal (Ayoob and Gupta 2006; Meenakshi and

Maheshwari 2006; Amalraj and Pius 2013).
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In India, the fluoride content in ground water tends to

increase due to heavy withdrawal of water for agriculture

purpose, poor recharging, low rainfalls and pollution from

industrial effluents. Some reports evidenced that the

adverse health effects of fluoride are enhanced by lack of

calcium, vitamins, and protein in the diet (Li et al. 1996;

Jacks et al. 1993). India has declared fluorosis as an epi-

demic and has banned the use of water for drinking and

cooking if the fluoride content is more than 1.5 mg L-1.

According to World Health Organization guidelines, the

fluoride concentration in drinking water should not exceed

1.5 mg L-1 (WHO 2006). However, this guideline value of

fluoride is not universal. Latest guidelines from the Bureau

of Indian Standards (BIS) suggest (Susheela and Majumdar

1998) that the fluoride limit in ground water used for

drinking and cooking purposes should not be greater than

1 mg L-1. Defluoridation of drinking water is thus

important to safeguard public health.

Nowadays, several techniques have been developed for

treating fluoride-polluted water. The commonly used

methods for fluoride removal include coagulation, separa-

tion, precipitation, adsorption, ion-exchange, electrolysis,

electro dialysis, electrochemical methods and reverse

osmosis (Meenakshi and Maheshwari 2006; Fawell et al.

2006; Vasudevan et al. 2009, 2011, 2014). In comparison

to the above mentioned techniques for fluoride removal

from drinking water, adsorption process is widely consid-

ered the most appropriate defluoridation technique. This is

due to its flexibility and simplicity of design, relative ease

of operation, cost effectiveness and it produces high-

quality of water (Lesmana et al. 2009; Kumar et al. 2009).

The search for alternative and suitable fluoride adsorbents

therefore still remains of interest.

Activated carbon (AC) is considered as the universal

adsorbent for removing pollutants from water due to its

high porosity, large surface area, and versatile surface

chemistry (Hernandez-Montoya et al. 2012). Since the

operational costs of adsorption are mainly determined by

the price of the adsorbent, there is a growing interest in

looking for alternative precursors in AC production. The

interest is growing in fluoride removal by biomass based

chemically modified activated carbon due to their lower

cost and availability. The chemically modified bio-sorbents

such as calcium pretreated algal biomass (Bhatnagar et al.

2002), aluminum hydroxide coated rice husk (Ganvir and

Das 2011), cashew nut shell (Alagumuthu and Rajan 2010),

zirconium impregnated coconut shell (Sathish et al. 2007)

and tamarind fruit shell carbon (Sivasankar et al. 2012) are

reported as fluoride scavengers in water. However, there

are very little studies on the use of activated carbon pre-

pared from biomass particularly wood and bark of trees

(Salame and Bandosz 2000), whereas selected bark is

largely available, inexpensive and may lead to preparation

of activated carbons.

The aim of the present work is to prepare activated

carbon by carbonization of bark of Morinda tinctoria using

sulfuric acid and to modify the surfaces of activated carbon

with aluminum hydroxide coating for fluoride adsorption.

In this study fluoride adsorption is based on the application

of the hard and soft acids and bases (HSAB) concept, and

also on exploring the suitability of using locally available

materials. Due to its high electronegativity and small ionic

size, the fluoride ion is classified as a hard base, which has

a strong affinity towards Al3? which is classified as a hard

acid, therefore Al3? has good affinity towards F- ion.

The fluoride adsorption potential of the aluminum

hydroxide coated activated carbon (AHAC) has been

investigated in batch system. The physicochemical char-

acteristics of AHAC were examined with SEM, EDAX and

FT-IR studies. The impact of thermal treatment of AHAC

on its fluoride adsorption capacity was also investigated.

The effects of contact time, pH and initial concentration on

fluoride removal by AHAC were also examined.

Materials and Methods

Chemicals

All chemical reagents used in this work were of analytical

grade (AR). Aluminum sulfate [Al2(SO4)316H2O], sulfuric

acid (H2SO4), sodium hydroxide (NaOH), sodium nitrate

(NaNO3), sodium sulfate (Na2SO4), sodium bicarbonate

(NaHCO3), sodium chloride (NaCl) and sodium fluoride

(NaF) were purchased from Sigma-Aldrich, India. Milli-Q

ultra pure water was used throughout the study.

Preparation of activated carbon by chemical

activation

Bark of M. tinctoria collected locally were used in this

study. The collected barks were cut into small pieces and

were dried in an oven at 105 �C to constant weight and

then immersed in concentrated sulfuric acid for 4 h. The

impregnated bark was dried at 160 �C till complete

charring for another 4 h. The char was then washed with

Milli-Q ultra pure water until it was free from acid

(Amalraj and Pius 2014). The activation was completed

by heating for 12 h in a furnace at 400 �C to enhance the

porous nature of the activated carbon. The resulting AC

was washed with Milli-Q ultra pure water and dried for

4 h at 100 �C in a hot air oven. The dried adsorbent was

ground and stored in separate vacuum desiccators for

further studies.
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Synthesis of aluminum hydroxide coated activated

carbon (AHAC)

Synthesis of AHAC was carried out with suitable modifi-

cation explained by (Ganvir and Das 2011). Five hundred

milliliter of 0.6 M aluminum sulfate solution was taken in

a reactor tank with stirrer, which was followed by slow

addition of 100 g of already prepared AC to the reactor

tank with proper mixing to ensure complete soaking of AC

in aluminum sulfate solution. Then, 3 M sodium hydroxide

solution was slowly added to the reactor while stirring at

200 rpm. Sodium hydroxide reacts with aluminum sulfate

to produce precipitate of aluminum hydroxide, which gets

deposited on AC surface. The addition of the sodium

hydroxide was stopped when the pH reaches 7. The

resultant slurry mixture contained aluminum hydroxide

(AH) coated AC and sodium salt. This was filtered using

vacuum to produce a filter cake of AHAC and it was dried

in the oven at 110 �C at 5 h. The AHAC was washed

thoroughly with Milli-Q ultra pure water to remove sodium

sulfate salt. The washing was done till the output water

shows less than 1 mg L-1 of sulfate ions. Then washed

AHAC was again dried in an oven at 100 �C for 5 h. This

washed and dried AHAC was characterized and used for

the batch adsorption studies for the fluoride removal.

Adsorption experiments

Fluoride stock solution of 1000 mg L-1 was prepared by dis-

solving 2.21 g of anhydrous NaF in one litre of distilled water.

Test solution of 10 mg L-1 fluoride concentration was pre-

pared from the stock solution. All the experiments were carried

out in 250 mL conical flasks with 0.1 g of adsorbent and

100 mL of test solution. The contents were shaken thoroughly

using a thermostated shaker rotating at a speed of 200 rpm to

study various parameters. At the end of desired contact time,

the conical flasks were removed and filtered using Whatman

No. 1 filter paper. Fluoride levels in filtrate were measured by

using fluoride ion selective electrode Orion ion analyzer

(Thermo scientific Orion 4 Star) by diluting with total ionic

strength adjustment buffer (TISAB III) in 10:1 ratio. The

instrument was calibrated with standard fluoride solutions so

chosen that the concentration of one was ten times the con-

centration of the other and also that the concentration of the

unknown falls between those standards. Then the concentration

of the unknownwas directly read from the digital display of the

meter (Orion Star and Star PlusMeterUserGuide 2008). Batch

studywas conducted to determine the optimumconditions. The

effects of pH, adsorbent dose, initial fluoride concentration, and

contact time on adsorption were investigated. The effect of pH

on fluoride was studied by adjusting the pH of test solution

using 0.1 M HCl or 0.1 M NaOH on fixed quantity of adsor-

bent. For the temperature studies, the effect of different initial

fluoride concentrations viz., 2, 6 and 10 mg L-1 at 303, 313

and 323 K on adsorption rate was studied by keeping the mass

of sorbent as 0.1 g and volume of solution as 100 mLat neutral

pH. The solution was then filtered and the residual fluoride ion

concentration was measured. Duplicate experiments were

performed in parallel to get concordant results. The results

showed that the error was within 2 %.

Co-ion interference studies

The influence of co-existing ions on the adsorption capacity

of AHAC was investigated for fluoride concentration of

10 mg L-1 at neutral pH with equilibrium time of 60 min.

Various co-ion solutions of 50 mg L-1 prepared for the

study were NaNO3, Na2SO4, NaHCO3, and NaCl based on

the presence of these ions in the field sample analysis.

Applications to groundwater samples

Defluoridation of groundwater samples contain more than

3 mg L-1 fluoride was explored for samples from various

locations of Nilakottai block in Dindigul District. The

physicochemical parameters for the ground water samples

were also determined in accordance with standard proce-

dure of the American Public Health Association (APHA)

before and after adsorption experiments (APHA 2005).

Results and discussion

Characterization of AHAC

The FT-IR spectra have shown in Fig. 1a, b represent the

AHAC and fluoride-adsorbed AHAC. The broad band at

Fig. 1 FTIR spectra of a AHAC and b fluoride adsorbed AHAC
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3430 cm-1 was ascribed to the stretching vibration of

hydroxyl functional groups including hydrogen bonding.

The band at 2925 cm-1 indicates the –CH stretching

vibration in –CH and –CH2. The peak at 2854 cm-1 indi-

cates the presence of aliphatic C–H stretching. The pres-

ence of aromatic groups in the AHAC is evidenced by the

peak at 1629 cm-1 may be related to aromatic C–C

vibration (Amalraj and Pius 2014; Lua and Yang 2004;

Khaled et al. 2009). The bands at around 1461 and

1387 cm-1 correspond to C–H in plane bending vibrations

in methyl and methylene groups, respectively (Yang and

Qiu 2010). The sharp peak at 1118 cm-1 could be due to

C–O stretching vibration (Ma et al. 2009). The bands

observed at 1027 cm-1 could be from vibrations of alu-

minum oxide. In addition the metal–oxygen stretching

mode was observed at 615 cm-1 (Das et al. 2003; Legrouri

et al. 1999). After fluoride adsorption, a broadening of band

at 3407 cm-1 in the fluoride adsorbed AHAC may be taken

as an indication of electrostatic adsorption between the

adsorbent and the fluoride (Viswanathan and Meenakshi

2009) and also the band observed at 598 cm-1 is very

strong, sharp and symmetric. This could be due to the

reconstruction of the metal oxide in the presence of fluoride

(Das et al. 2003) onto AHAC.

SEM pictures of AHAC and the fluoride-adsorbed

AHAC are shown in Fig. 2a, b, respectively. The change in

the SEM micrographs of the AHAC before and after flu-

oride treatment indicates structural changes in the

adsorbent. This is additionally supported by EDAX anal-

ysis which provides the direct proof for the adsorption of

fluoride ions onto AHAC. The EDAX spectra of AHAC

and the fluoride adsorbed AHAC confirm the presence of

respective ions in the Fig. 3a, b. The fluoride adsorption

has occurred on AHAC which was confirmed by the

presence of aluminum and fluoride peaks in the EDAX

spectra of fluoride treated AHAC.

Effect of contact time

The fluoride adsorption capacity of AHAC was determined

by varying the contact time in the range of 10–100 min at

0.1 g dose and with 10 mg L-1 initial fluoride concentra-

tion in neutral pH at 303 K. As shown in Fig. 4, the

adsorbent AHAC reached saturation at 60 min. and there-

after remains almost constant. The adsorption reaction was

faster initially due to the participation of particular func-

tional groups and active surface sites on adsorbent’s sur-

faces. Presence of such surfaces and functional groups on

chemically modified AC was reported earlier by other

researchers as well (Ganvir and Das 2011; Salifu et al.

2013). Furthermore, the analysis was carried out to esti-

mate the presence of any traces of aluminum after treated

water by atomic absorption spectrometer (Perkin–Elmer A

Analyst 100). Instrumental conditions: wavelength =

309.3 nm, slit = 0.7 nm, recommended flame = N2O–

acetylene (rich, red) and nebulizer = spoiler. Calibration

Fig. 2 SEM images of a AHAC and b fluoride adsorbed AHAC
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of the instrument was performed using commercial stan-

dards. All measurements were carried out using standard

flame operating conditions, as recommended by the man-

ufacturer. The results showed that there were no traces of

aluminum after treated water. It is clearly indicated that the

aluminum hydroxide well coated with activated carbon.

Effect of pH

In most of the solid/liquid adsorption processes, the solu-

tion pH has great importance in deciding the adsorption

potential of the adsorbent, because it alters the surface

charge on the adsorbents (Meenakshi et al. 1991; Kamaraj

et al. 2015a, b). Hence the fluoride uptake capacity onto the

AHAC was studied at seven different initial pH levels viz.,

1, 3, 5, 7, 9, 11 and 13 by keeping 60 min as contact time,

0.1 g adsorbent dose and 10 mg L-1 as initial fluoride

concentration at 303 K. The pH of the working solution

was controlled by adding HCl/NaOH solutions. Figure 5

shows the fluoride removal capacity of the AHAC as a

function of pH and the maximum fluoride removal took

place at neutral pH. In the acidic pH range, the amount of

fluoride adsorbed is decreased and this can be attributed to

the formation of weak hydrofluoric acid and may also be

attributed to the complexation of fluoride ions with alu-

minum (Raichur and Basu 2001). Beyond neutral pH, a

progressive decrease in fluoride removal was observed.

This may be mainly attributed to the competition for the

active sites by OH- ion and the electrostatic repulsion of

fluoride ions by the negatively charged AHAC surface

(Maliyekkal et al. 2008).

Effect of initial fluoride concentration

The effect of initial fluoride concentration was investigated

by adding fixed amounts of adsorbents onto solutions with

1 2 3 4 5 6 7 8
keV

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 cps/eV

 Al  F  C 
 O 

 Na  S 
S 

b

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
keV

0

5

10

15

20

25

30

 cps/eV

 O  C  Al  S S  Si 

aFig. 3 EDAX spectra of

a AHAC and b fluoride

adsorbed AHAC

Appl Water Sci (2017) 7:2653–2665 2657

123



different fluoride concentrations viz., 2, 4, 6, 8 and

10 mg L-1. The effect of initial fluoride concentration on

the fluoride adsorption capacity is illustrated in Fig. 6. The

results illustrated that fluoride adsorption capacity was

decreased, by increasing the initial fluoride concentration.

The reason is that the capacity of the adsorbent materials

gets exhausted sharply with the increase in initial fluoride

concentration. This is due to the fact that for a fixed

adsorbent dose, the total available adsorption sites were

limited, which became saturated at a higher concentration.

Effect of co-existing ions

The contaminated ground water contains several other

coexisting ions also along with fluoride, which may com-

pete with fluoride for the active adsorption sites. Hence, it

is important to investigate the interference of co-existing

ions on fluoride adsorption onto AHAC for evaluating the

suitability of AHAC for field applications. The influence of

coexisting ions bicarbonate, sulfate, chloride and nitrate on

fluoride adsorption was studied and shown in Fig. 7. The

presence of mono-valent ions except HCO3
- that is NO3

-

and Cl- showed little effect on fluoride adsorption because

of the formation of weak bonds with the active sites at the

outer-sphere complex. The leading competitor against flu-

oride is bicarbonate, which is the conjugate base of a weak

acid, produces hydroxyl ions. These resulting hydroxyl

ions compete against fluoride for the same sites (Si-

vasankar et al. 2012; Onyango et al. 2004). The divalent

nature of sulfate ion in solution may influence strong

coulombic repulsive forces which lead to lessen fluoride

interaction with the active sites (Eskandarpour et al. 2008).

The decrease in the fluoride uptake (Fig. 7) may be due to

the competition between fluoride and other ions for the

Fig. 4 Effect of contact time on fluoride removal (0.1 g of adsorbent

in 100 mL of a solution at 10.0 mg L-1)

Fig. 5 Effect of pH on fluoride removal (0.1 g of adsorbent in

100 mL of a solution at 10.0 mg L-1)

Fig. 6 Effect of initial concentration on fluoride removal (0.1 g of

adsorbent in 100 mL of a solution)

Fig. 7 Effect of co-anions on the fluoride removal (0.1 g of

adsorbent in 100 mL of a solution at 10.0 mg L-1 of fluoride and

50.0 mg L-1 of other co-anions)
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active sites on the surface of AHAC. From the results, it

may be inferred that the fluoride adsorption capacity on

AHAC may be altered by the presence of other competing

ions.

Adsorption isotherms

To quantify the adsorption capacity of AHAC for the

removal of fluoride, three isotherms namely Freundlich

(Freundlich 1906), Langmuir (Langmuir 1916) and Dubi-

nin–Radushkevich (D–R) (Bering et al. 1972) have been

adopted. The linear forms of Freundlich, Langmuir and

Dubinin–Radushkevich are given in Table 1.

Freundlich isotherm

The Freundlich model is an empirical equation based on

adsorption on a heterogeneous surface. The linear form of

Freundlich isotherm (Freundlich 1906) is given in Table 1.

The Freundlich isotherm constants 1/n and kF were calcu-

lated from the slope and the intercept of the plot of log qe
vs log Ce. These constants related to the measure of

adsorption intensity or surface heterogeneity and adsorp-

tion capacity, respectively and the constant values are

given in Table 2. Values of 1/n lying between 0 and 1 and

the n-values lying in the range of 1–10 confirm the

favorable conditions for adsorption (Sivasankar et al.

2012). The adsorption capacity kF increases with increase

in temperature suggesting that the fluoride adsorption on

AHAC is an endothermic process.

Langmuir isotherm

The fluoride adsorption capacity of AHAC has been eval-

uated using Langmuir isotherm model (Langmuir 1916).

The linear plot of Ce/qe vs. Ce indicates the applicability of

Langmuir isotherm on the fluoride adsorption capacity of

AHAC. The values of Langmuir constants are given in

Table 2. The Langmuir constants Q0 and b are related to

adsorption capacity and adsorption energy, respectively.

Maximum adsorption capacity (Q0) represents monolayer

coverage of sorbent with sorbate and b represents the

energy of adsorption and varies with temperature.

To find out the probability of isotherm, the important

characteristics of Langmuir isotherm can be expressed in

terms of a dimensionless constant separation factor or

equilibrium parameter, RL (Weber and Chakravorti 1974).

RL ¼ 1= 1þ bC0ð Þ; ð1Þ

where b is the Langmuir isotherm constant and C0 is the

initial concentration of fluoride (mg L-1). The RL-values

between 0 and 1 indicate favorable adsorption for all the

temperatures studied. The values of RL are given in

Table 2.

Dubinin–Radushkevich isotherm

The Dubinin–Radushkevich isotherm helps in understand-

ing the type of adsorption from the data of fluoride both in

the adsorbent and solution at equilibrium. The linear plot of

ln qe vs e
2 indicates the applicability of D–R isotherm. The

values of KDR, Xm and E are shown in Table 2. The mag-

nitude of mean free energy of adsorption E gives infor-

mation about the type of adsorption mechanism. The

E values are less than 8 kJ mol-1 which indicate that the

fluoride removal was governed by adsorption mechanism

(Viswanathan and Meenakshi 2009; Bering et al. 1972).

From the above isotherm analyses, it can be concluded

that based on the values of ‘r’ the isotherms fit with the

fluoride adsorption system in the following order: Fre-

undlich[Langmuir[Dubinin–Radushkevich isotherm.

Thermodynamic treatment of the adsorption

process

Thermodynamic parameters associated with the adsorption,

viz., standard free energy change (DG0), standard enthalpy

change (DH0) and standard entropy change (DS0) were

calculated as follows. The free energy of adsorption pro-

cess, considering the adsorption equilibrium coefficient K0,

is given by the equation

DG
0 ¼ �RT lnK0; ð2Þ

where DG0 is the standard free energy of adsorption

(kJ mol-1), T is the temperature in Kelvin and R is the

universal gas constant (8.314 J mol-1 K-1). The adsorp-

tion distribution coefficient K0 was determined from the

slope of the plot ln (qe/Ce) against Ce at different temper-

atures and extrapolating to zero Ce according to the method

suggested Khan and Singh (1987).

Table 1 Isotherms and their linear form and plot

Isotherms Linear form Plot

Freundlich qe = kFCe
1/n log qe = logkF ? 1/n log Ce log qe vs log Ce

Langmuir qe = (Q0bCe) / (1 ? bCe) Ce/qe = (1/Q0b) ? (Ce/Q
0) Ce/qe vs Ce

Dubinin–Radushkevich Qe = Xm exp(-kDR e2) ln qe = ln Xm-kDR e2 ln qe vs e
2

Appl Water Sci (2017) 7:2653–2665 2659
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The adsorption distribution coefficient may be expressed

in terms of DH0 and DS0 as a function of temperature:

lnK0 ¼ ðDS0=RÞ � ðDH0=RTÞ; ð3Þ

where DH0is the standard enthalpy change (kJ mol-1) and

DS0 is the standard entropy change (kJ mol-1 K-1). The

values ofDH0 and DS0 can be obtained from the slope and

intercept of a plot of ln K0 against 1/T.

The calculated values of thermodynamic parameters are

shown in Table 3. The negative values of DG0 express the

spontaneous nature of fluoride adsorption onto AHAC. The

value of DH0 is positive indicating that the adsorption

process is endothermic. The positive value of DS0 shows

the increased randomness at the solid/solution interfaces

during fluoride adsorption (Kamaraj et al. 2015c, d).

Adsorption kinetics

Adsorption kinetic parameters are useful for the prediction

of adsorption rate that gives important information for

modeling the process and designing adsorption-based water

treatment systems (Ganvir and Das 2011; Lakshmi and

Vasudevan 2013; Kamaraj et al. 2014a, b). Two adsorption

kinetic models, pseudo-first-order and pseudo-second-order

models, were studied by using the data obtained from the

fluoride adsorption on AHAC at different experimental

conditions. A simple pseudo-first order kinetic model

(Lagergren 1898) is given as

log qe � qtð Þ ¼ log qe � k1t=2:303; ð4Þ

where qt is the amount of fluoride on the surface of the

AHAC at time t (mg g-1) and k1 is the equilibrium rate

constant of the pseudo-first-order adsorption (min-1). The

linear plots of log (qe - qt) against t give straight lines

indicating the applicability of pseudo-first-order model.

The slope of the straight line plot of log (qe - qt)against

t with respect to adsorption at different temperatures viz.,

303, 313 and 323 K gives the values of the pseudo-first-

order rate constant (k1) and r which are listed in Table 4.

In addition, the pseudo-second-order model is also

widely used and the most popular linear form of pseudo-

second-order model is (Ho 2006)

t=qt ¼ 1=hþ t=qe; ð5Þ

where qt = qe
2k2t / (1 ? qek2t), the amount of fluoride on

the surface of AHAC at any time, t (mg g-1), k2 is the

pseudo-second-order rate constant (g mg-1 min-1), qe is

the amount of fluoride ion adsorbed at equilibrium

(mg g-1) and the initial adsorption rate, h = k2qe
2

(mg g-1 min-1). The value of qe (1/slope), k2 (slope2/in-

tercept) and h (1/intercept) of the pseudo-second-order

equation can be found out experimentally by plotting t/qt
against t. The values of qe, k2, h and r of pseudo-second-

order model were obtained from the plots of t/qt vs. t for

fluoride adsorption at different temperatures viz., 303, 313

and 323 K and are presented in Table 4. The values of qe
increase with the increase in temperature indicating that the

fluoride adsorption increases with rise in temperature. The

higher r values obtained for pseudo-second-order model

than pseudo-first-order model show the applicability of

pseudo-second-order model. Fluoride adsorption on AHAC

Table 2 Isotherms of fluoride adsorption on AHAC

Isotherms Parameters Temperature (K)

303 313 323

Freundlich 1/n 0.915 0.958 0.970

n 1.093 1.044 1.031

KF (mg g-1) (L mg-1)1/n 3.626 4.493 5.693

r 0.999 0.999 0.999

Langmuir Q0 (mg g-1) 26.028 52.882 74.239

b (L g-1) 0.162 0.092 0.082

RL 0.117 0.106 0.104

r 0.996 0.993 0.997

Dubinin–Radushkevich KDR (mol2 J-2) 9.135E-8 7.790E-8 6.291E-8

Xm (mg g-1) 4.591 5.001 5.410

E (KJ mol-1) 2.340 2.533 2.819

r 0.979 0.982 0.985

Table 3 Thermodynamic parameters of fluoride adsorption on

AHAC

Temperature

(K)

DGo

(kJ mol-1)

DHo

(kJ mol-1)

DSo

(kJ mol-1 K-1)

303 -4.85 25.17 0.10

313 -6.34

323 -6.83
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is a chemisorption process, involving chemical bonding

between adsorbent active sites and adsorbate valance for-

ces as suggested by earlier study (Ho and McKay 1999).

These results suggest that experimental data for the

adsorption kinetics of fluoride ions on the AHAC better fit

the pseudo-second order kinetic model (Ho and McKay

1999). The values of the pseudo-second order rate con-

stant, k2, quoted in Table 4, decrease with the increase of

the initial fluoride concentration. When the values of cor-

relation coefficients of pseudo-first-order and second-order

kinetic models are compared, the r values for pseudo-

second-order kinetic model are higher than that of the

values of r for the pseudo-first-order kinetic model

(Table 4). This indicates that the kinetic modeling of the

fluoride adsorption onto the AHAC well followed the

pseudo-second-order rate model with the correlation

coefficients record higher than 0.99 in the present work.

Diffusion-based models

For a solid–liquid adsorption process, the solute transfer is

usually characterized either by particle diffusion or by intra

particle diffusion control. An equation for the particle

diffusion controlled adsorption process (Chanda et al.

1983) is given as follows,

ln 1� Ct=Ceð Þ ¼ �kpt; ð6Þ

where kp is the particle rate constant (min-1) which is

obtained from the slope of the plot between ln (1 - Ct/Ce)

and t.

Weber (Weber and Morris 1964) proposed a theory

which refers intra particle diffusion model and its equation

is

qt ¼ kit
1=2

; ð7Þ

where ki is the intra-particle rate constant [mg g-1 (-

min0.5)-1]. The slope of the plot of qt against t
1/2 will give

the value of intra-particle rate constant.

The straight line plots of ln (1 - Ct/Ce) vs. t and qt vs t
1/

2 indicate the applicability of particle and intra-particle

diffusion models, respectively. The kp, ki and r values at

different temperatures viz., 303, 313 and 323 K for both

particle and intra-particle diffusion models are given in

Table 4. The r values of both particle and intra particle

diffusion models are almost comparable and propose that

the fluoride distribution on AHAC follow both the models.

Fitness of the kinetic models

The assessment of the employed kinetic models for fitting

the adsorption data was made with standard deviation (SD)

and the model which possess lower values of SD show

better fit to adsorption data. The SD values of AHAC forT
a
b
le

4
K
in
et
ic

p
ar
am

et
er
s
o
f
v
ar
io
u
s
fl
u
o
ri
d
e
co
n
ce
n
tr
at
io
n
s
o
n
to

A
H
A
C
at

v
ar
io
u
s
te
m
p
er
at
u
re
s

K
in
et
ic

m
o
d
el
s

P
ar
am

et
er
s

3
0
3
K

3
1
3
K

3
2
3
K

2
m
g
L
-
1

6
m
g
L
-
1

1
0
m
g
L
-
1

2
m
g
L
-
1

6
m
g
L
-
1

1
0
m
g
L
-
1

2
m
g
L
-
1

6
m
g
L
-
1

1
0
m
g
L
-
1

P
se
u
d
o
-fi
rs
t-
o
rd
er

k 1
(m

in
-
1
)

0
.0
7
5

0
.0
9
2

0
.0
9
3

0
.0
9
4

0
.1
1
5

0
.0
9
9

0
.0
9
1

0
.1
0
9

0
.1
0
2

r
0
.9
8
6

0
.9
9
1

0
.9
8
6

0
.9
9
2

0
.9
8
0

0
.9
8
8

0
.9
8
0

0
.9
8
0

0
.9
8
8

S
D

0
.1
1
5

0
.1
1
2

0
.1
4
2

0
.1
0
6

0
.2
1
1

0
.1
3
8

0
.1
0
6

0
.2
1
1

0
.1
3
8

P
se
u
d
o
-s
ec
o
n
d
-o
rd
er

q
e
(m

g
g
-
1
)

1
.0
9
3

3
.2
1
3

5
.4
2
1

1
.0
9
7

3
.2
5
1

5
.4
9
9

1
.1
0
0

3
.2
8
8

5
.6
0
7

k 2
(g

m
g
-
1
m
in

-
1
)

0
.0
6
9

0
.0
2
7

0
.0
1
4

0
.0
7
9

0
.0
2
8

0
.0
1
5

0
.0
8
9

0
.0
3
0

0
.0
1
5

h
(m

g
g
-
1
m
in

-
1
)

0
.0
8
3

0
.2
7
6

0
.4
1
0

0
.0
9
5

0
.2
9
9

0
.4
5
0

0
.1
0
8

0
.3
2
2

0
.4
6
8

r
0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

0
.9
9
9

S
D

0
.2
8
5

0
.2
9
0

0
.1
5
6

0
.9
8
5

0
.3
0
8

0
.1
8
2

1
.3
0
5

0
.3
4
0

0
.1
9
5

In
tr
a
p
ar
ti
cl
e
d
if
fu
si
o
n

k i
[m

g
g
-
1
(m

in
0
.5
)-

1
]

0
.0
9
2

0
.2
6
5

0
.4
5
9

0
.0
9
0

0
.2
6
4

0
.4
5
8

0
.0
8
7

0
.2
6
1

0
.4
6
4

R
0
.9
7
7

0
.9
6
0

0
.9
7
2

0
.9
6
3

0
.9
4
5

0
.9
6
6

0
.9
6
1

0
.9
4
1

0
.9
6
4

S
D

0
.0
3
8

0
.1
4
9

0
.2
1
2

0
.0
4
8

0
.1
7
3

0
.2
3
4

0
.0
4
7

0
.1
7
9

0
.2
4
2

P
ar
ti
cl
e
d
if
fu
si
o
n

k p
(m

in
-
1
)

0
.0
4
1

0
.0
5
1

0
.1
1
5

0
.0
4
7

0
.0
6
1

0
.1
1
6

0
.0
5
0

0
.0
7
7

0
.0
9
3

r
0
.9
9
8

0
.9
9
2

0
.9
6
1

0
.9
8
4

0
.9
9
1

0
.9
7
0

0
.9
7
1

0
.9
9
0

0
.9
9
4

S
D

0
.0
5
9

0
.1
4
0

0
.6
9
2

0
.1
7
7

0
.1
7
4

0
.6
1
0

0
.2
5
5

0
.2
2
8

0
.2
1
5

Appl Water Sci (2017) 7:2653–2665 2661

123



all the kinetic models are summarized in Table 4. Smaller

SD values were observed for the pseudo-second-order and

intra-particle diffusion models which indicate that these

two models are significant in the fluoride adsorption pro-

cess and suggest that the adsorption of fluoride ion onto the

pores of AHAC.

Field study

The fluoride adsorption capacity of AHAC was tested using

ground water samples collected from three different vil-

lages of Nilakottai block viz., Thoppinayakan patti,

Akkarakarn patti and Silukuvarpatti. Ground water samples

of these villages are highly contaminated with fluoride.

About 0.1 g of the sorbent was added to 100 ml of ground

water sample and was shaken well for constant time

interval and at room temperature. The data obtained for

fluoride and other physicochemical parameters before and

after treatment are given in Table 5. It is evident from the

results that the AHAC can be effectively employed for

removing the fluoride from water.

Comparative evaluation of chemically modified

biomass based adsorbents

Comparisons of various chemically modified biomass

based adsorbents are given in Table 6. The AHAC used in

this study showed adsorption capacity of fluoride

26.03 mg g-1, which was higher than chemically modified

bio-sorbents such Zirconium impregnated cashew nut shell

carbon (Alagumuthu and Rajan 2010), Pecan nut shell

carbon modified with eggshell carbon (Hernandez-Mon-

toya et al. 2012), Pine wood bio-char (Mohan et al. 2012),

aluminum hydroxide coated pumice (Salifu et al. 2013),

Scandinavia spruce wood modified with aluminium and

iron oxides (Tchomgui-Kamga et al. 2010), KMnO4 mod-

ified activated carbon from steam pyrolysis of rice straw

(Daifullah et al. 2007), ammonium carbonate activated

carbon of Tamarindus indica fruit shell (Sivasankar et al.

2012), activated bagasse carbon of sugarcane (Yadav et al.

2013), polypyrrole grafted peanut shell carbon (Li et al.

2016), Pine sawdust modified with AlCl3-Binary system

(Vazquez-Guerrero et al. 2016) and K 2CO3 activated

Table 5 Variations of water quality parameters before and after treatment

Water quality parameters Thoppinayakanpatti Akkarakaran patti Silukuvarpatti

Before treatment After treatment Before treatment After treatment Before treatment After treatment

F- (mg L-1) 3.14 0.17 3.32 0.19 3.30 0.15

pH 8.12 7.92 7.66 7.89 7.11 7.41

EC (ms) 1558 1.414 3397 3184 2789 1983

TDS (mg L-1) 1013 919 2373 1948 1952 1289

Salinity (mg L-1) 1424 1244 1843 1728 1504 1443

Na? (mg L-1) 146.1 128.1 251.2 178.7 230.2 154.8

K? (mg L-1) 9.6 7.2 8.29 7.45 10.36 8.14

TH (mg L-1) 152.8 114.4 189.8 127.9 94.2 67.8

Table 6 Comparison of the fluoride adsorption capacities of different chemically modified adsorbents

Adsorbent pH Adsorption capacity

(mg g-1)

References

Ammonium carbonate activated carbon of Tamarindus indica fruit shell 7.1 22.33 Sivasankar et al. (2012)

Zirconium impregnated cashew net (Anancardium occidentale) shell carbon 7.0 2.32 Alagumuthu and Rajan (2010)

Pecan (Carya illinoinensis) nut shell carbon modified with eggshells carbon 7.0 2.51 Hernandez-Montoya et al.

(2012)

Pine wood bio-char 2.0 9.77 Mohan et al. (2012)

Scandinavian spruce wood modified with aluminium and iron oxides 6.9 13.64 Tchomgui-Kamga et al. (2010)

KMnO4 modified activated carbon from steam pyrolysis of rice straw 2.0 15.9 Daifullah et al. (2007)

Aluminum hydroxide coated pumice 7.0 11.90 Salifu et al. (2013)

Activated bagasse carbon of sugarcane 6.0 1.15 Yadav et al. (2013)

Polypyrrole grafted peanut shell carbon 8.0 17.15 Li et al. (2016)

Pine sawdust modified with AlCl3-binary system 7.0 9.16 Vazquez-Guerrero et al. (2016)

K2CO3 activated cotton nut shells 7.0 2.47 Mariappan et al. (2015)

Aluminium hydroxide coated activated carbon from bark of Morinda

tinctoria

7.0 26.03 Current study
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cotton nut shells (Mariappan et al. 2015). Experiments

were initially conducted to evaluate the effect of fluoride

adsorption capacity of prepared activated carbon alone, the

results were showed very minimum adsorption capacity

was 3.48 mg g-1. After coating of activated carbon with

aluminum hydroxide, the fluoride removal capacity were

tremendously increased up to 26.03 mg g-1, this is attrib-

uted due to the increase amount of aluminum hydroxide on

activated carbon. As a result, the entire study was carried

out with AHAC. The performance of AHAC was better

when compared to other adsorbents. As the adsorption

capacity of AHAC for fluoride removal is maximum in

neutral pH, it is suitable for field level application, since no

pH adjustment is required.

Conclusion

The present study concludes that bark ofM. tinctoria can be

effectively used as a raw material for the preparation of

aluminum hydroxide coated activated carbon by chemical

modification. Prepared AHAC was found to be a promising

material for the removal of fluoride from aqueous solution

even at domestic level. Adsorption capacity was found to be

maximum at neutral pH, which is one of the merits of the

adsorbent used. Freundlich isotherm and intra-particle dif-

fusion were the best-fitting models for the adsorption of

fluoride on AHAC. The DH0 value was positive in the tem-

perature range of 303, 313 and 323 K. This indicates that the

adsorption process was endothermic. The negative DG0

values at different temperatures indicate the spontaneous

nature of the sorption of fluoride onto the AHAC. The pos-

itive DS0 value suggests good affinity of fluoride ions

towardsAHAC. The rate of reaction follows pseudo-second-

order kinetics. Adsorption process follows chemisorption.
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