Available online at www.sciencedirect.com

S . Journal of
ScienceDirect

Hazardous
Materials

Journal of Hazardous Materials 147 (2007) 633-643

www.elsevier.com/locate/jhazmat

Adsorption of fluoride in aqueous solutions using KMnQO4-modified
activated carbon derived from steam pyrolysis of rice straw

A.A M. Daifullah, S.M. Yakout™*, S.A. Elreefy

Hot Lab. Centre, Atomic Energy Authority, Cairo, Egypt

Received 3 August 2006; received in revised form 13 January 2007; accepted 15 January 2007
Available online 20 January 2007

Abstract

Fluoride in drinking water above permissible levels is responsible for human and skeletal fluorosis. In this study, activated carbons (AC) prepared
by one-step steam pyrolysis of rice straw at 550, 650, 750 °C, respectively, were modified by liquid-phase oxidation using HNO3, H,O, and KMnO,.
Characterization of these 12 carbons was made by their surface area, porosity, acidity, basicity, pHy,., pH and ability to remove fluoride anion. Based
on the data of the latter factor, the RS,/KMnO, carbon was selected. Along with batch adsorption studies, which involve effect of pH, adsorbate
concentration, adsorbent dosage, contact time, temperature, and Co-ions (SO4%~, Cl7, Br™). The effects of natural organic matter (NOM) were
also made to remove the fluoride from natural water. On the basis of kinetic studies, specific rate constants involved in the adsorption process using
RS,/KMnOy carbon was calculated and second-order adsorption kinetics was observed. Equation isotherms such as Langmuir (L), Freundlich
(F), Langmuir-Freundlich (LF) and Dubinin—Radushkevich (DR) were successfully used to model the experimental data. From the DR isotherm
parameters, it was considered that the uptake of F~ by RS,/KMnO, carbon proceeds by an ion-exchange mechanism (E=10.46 kI mol~!). The
thermodynamic parameters of fluoride sorption were calculated and the sorption process was chemical in nature. The ability of RS,/KMnO; to
remove F~ from Egyptian crude phosphoric acid (P,Os =48.42%) was tested and the adsorption capacity of F~ in H;PO, was greater than that in

distilled water. This is may be due to fluoride adsorption enhanced at lower pH of crude acid.
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1. Introduction

Of all chemical elements in the Periodic Table, fluorine is the
most electronegative and the most reactive element [1]. Because
of its great reactivity, fluorine cannot be found in nature in its
elemental state. It exists as fluorides.

Fluoride pollution in the environment occurs through two dif-
ferent channels, which are natural and anthropogenic sources.
Fluoride is frequently encountered in minerals and in geochem-
ical deposits and is generally released into subsoil water sources
by the slow natural degradation of fluorine contained in rocks.
Fluorine and its compounds are extensively used in industry; ele-
mental fluorine is necessary in the preparation of many fluoride
compounds, which play an important role in semiconductors,
fertilizers (e.g. phosphate fertilizers), production of high purity
graphite, electrolysis of alumina and in nuclear applications.
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Toxic wastes containing fluorine/fluoride are generated in all
industries using fluorine or its compounds as a raw material [2].

The other perspective is that fluoride is recognized as essential
in the human diet. Maintaining fluoride concentrations of 1 mg/1
in the dietary intake can prevent particularly skeletal and dental
problems. However, when the fluoride concentration is above
this level, it affects the metabolism of elements such as Ca, P
in human body and leads to bone diseases (fluorosis), mottling
of teeth and lesions of the endocrine glands, thyroid, liver and
other organs [3]. According to the World Health Organisation,
the maximum acceptable concentration of fluorides is 1.5 mg/l
[4]. It had been reported that the concentration of fluoride ions
in groundwater of many places exceeds the permissible values
[3]. So, it is imperative and significant for removing excessive
fluorides from water.

There are different materials have been used for defluori-
dation including activated carbon (AC), tricalcium phosphate,
synthetic ion exchangers, lime activated alumina, and alum.
However, in recent years, considerable attention of scientists
has been devoted to the study of different types of low-cost
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materials such as: spent bleaching earth, wollastonite and
chine clay, bentonite and activated bentonite, kaolinitic clay,
agricultural by products, fly ash, carbon slurry, biogas residual
slurry, zeolite, bone char and flax shive [5].

Many methods have been developed to remove excessive
fluoride from water, namely adsorption, ion exchange, precip-
itation, electrolysis, donnan dialysis, and electrodialysis [3].
Among these methods, adsorption is still one of the most exten-
sively used methods for defluoridation of water.

Activated carbon has been proven to be an effective adsorbent
for the removal of a wide variety of organic and inorganic pollu-
tants dissolved in aqueous media. AC modification are gaining
prominence due to the need to enable ACs to develop affinity
for certain contaminants to cater for their removal from varying
types of wastewater in the industries. It is an established fact that
the AC surface can display acidic, basic and/or neutral charac-
teristics depending on the presence of surface functional groups.
As such, modification of chemical characteristics in this paper
is taken to mean treatment to modify the inherent surface func-
tional groups of AC. It has been widely recognized that chemical
species removal by AC adsorption is due predominantly to the
surface complex formation between the species and the surface
functional groups. This is especially significant in the case of
removing inorganics and metals from aqueous solutions.

The objective of the present work is to asses the ability
of modified activated carbon derived from steam pyrolysis of
rice straw for the removal of fluoride from water at different
concentrations, contact times, temperatures, and pH, as these
parameters are some of the main factors influencing the uptake
of solute at the solid—solution interface.

2. Materials and methods

All solutions were prepared using sodium fluoride in double
distilled water and all reagents were of A.R. grade.

2.1. Preparation of activated carbons

0.5 kg of rice straw was dried and fed into fluidized bed reac-
tor, described elsewhere [6] at heating rate of 50 °C/10 min in

presence of Ny flow (300 ml/min). The steam was introduced
with flow rate of 5 ml/min when the furnace reached 350 °C. The
heating continues up to final temperature of 550, 650 and 750 °C,
respectively. The hold time was 1 h. Then, furnace is switched
off. The carbons were left to cool down and the products are
taken the abbreviations RSy, RS, and RS3, respectively.

2.2. Liquid-phase oxidation of carbons

Activated carbons (RSy, RS», RS3) were oxidized using
HNO3, H,0; and KMnOy to produce modified carbons accord-
ing to the procedures described earlier [7] (cf. Table 1).

2.3. Characterization of the carbons

The surface area and pore characteristics of the prepared
carbons were determined by nitrogen adsorption at 77 K using
(Quantachrome Instruments, Model Noval(000e series, USA).
The samples were outgased at 250 °C under N; flow for 16 h. The
pH of a particular adsorbent is measured with pH meter (Acton,
MA) as mentioned elsewhere [8]. The simple mass titration
method was used to estimate the pHp,c of carbons as reported
[9]. The Boehm titration method [10] was used to estimate the
acidic and basic properties of carbons.

2.4. Carbon selection

Fifty millilitre aliquots of F~ of initial concentration
Co =50 ppm were mixed with 0.1 g of each carbon and shaken
for 24 h. The filtrate was analyzed for residual F~ anion concen-
tration using ion chromatography (IC).

2.5. Adsorption experiments

Series of experiments were carried out using 20 ml solution
of F~ of initial concentration of 20 ppm using RS,/KMnQOy4
carbon to define the factors influencing the sorption process. In
this concern, the following conditions were tested: the carbon
dosages (5-100mg), pH (2-11), temperature (25-55°C);
contact time (1-24 h). The pH of the solutions were adjusted

Table 1

Characterization of activated carbons

Notation SBET (mzlg) Vo (cm3/g) Basicity (meq/g) Acidity (meq/g) F~ removal, R (%) pHpzc pH Ash content (%)
RS/550 71.35 0.055 6.22 5.6 5.6 9.5 9.2 49.0
RS,/650 76.2 0.063 8.13 2.0 5.6 9.3 9.3 44.0
RS3/750 63.0 0.052 3.06 1.79 5.56 94 9.07 41.0
RS{/HNOj3 87.2 0.118 2.79 8.93 46.56 3.0 3.23 64.1
RS,/HNO3 68.8 0.083 591 7.35 50 33 3.26 64.1
RS3/HNOj3 66.3 0.081 3.14 9.26 100 2.95 342 66.8
RS/H,0, 110.9 0.078 5.21 3.75 5.6 8.0 8.08 59.1
RS»/H,0; 96.8 0.06 3.01 2.6 5.5 7.6 7.04 57.2
RS3/H,0, 85.1 0.053 6.12 5.21 10.99 5.6 6.0 52.0
RS{/KMnOy4 87.75 0.095 5.29 4.39 100 8.6 8.25 57.9
RS,/KMNOy4 122.9 0.1 5.77 5 100 7.8 7.8 55.8
RS3/KMNO4 91.5 0.092 6.44 4.81 100 7.8 7.7 51.2




A.A.M. Daifullah et al. / Journal of Hazardous Materials 147 (2007) 633—643 635

to different values by dilute NaOH or HCI solutions after the
addition of carbon to the solution.

2.6. Equilibrium isotherm

Equilibrium adsorption isotherm was determined by shak-
ing 20ml of F~ of initial concentration 20 mg/l with various
amounts of RS>/KMnQOy4 carbon. The mixtures were agitated for
equilibrium at different temperatures 25, 45, and 55 °C, respec-
tively. The residual concentration was analyzed. As well as, the
equilibrium isotherm was studied by using Ismailia canal sur-
face water instead of bidistilled water to investigate the effect of
natural organic matter (NOM) on F~ removal. The application
of F~ removal from crude H3PO4 was carried out by mixing
10 ml of crude phosphoric acid with various masses (0.1-1.0 g)
of RS,/KMnQy carbon at 25 °C.

2.7. Analysis

The F~ anion concentration was determined using Metrohm
690 ion chromatography with conductivity detector. The condi-
tions were: column: 6.1009.000 anion column super-sep; eluent:
0.5 mmol/l phathalic acid, 5% acetonitrile, pH 4.2; flow rate:
1.5 ml/min; injection volume: 100 wl; full scale: 4 wS cm; inte-
grator: C-R5A chromatopac.

3. Results and discussion

Because rice straw is not a dense material, the activation
process is facilitated and occurs much faster than with other
more common carbon precursors. This outcome is desirable
because short activation times result in reduced manufacturing
costs. Conversely, being a soft material limits the development
of very large surface areas. Surface areas for the experimental
carbons were lower than for the commercial carbons. So we
conduct a surface modification for these carbons to obtain the
highest adsorption capacity from it as surface area alone not
affect significantly on the adsorption process. Generally, it is
clear that all methods agree in the order of values giving that the
increase of temperature affects little on the surface area of prod-
ucts (RS, RS;, RS3) while upon treatment the total surface area
is highly increased by treatment with KOH followed by H,O»
and KMNOQO4 while HNOj3 decrease the surface area (Table 1).

Itis clear that, treatment of activated rice straw with oxidizing
agents leads to increasing of ash contents due to increasing the
inorganic constituent such as manganese compounds (MnO») in
case of KMnOy treatment.

Also, itis seen that the values of pH and pHy,,¢ of each sample
are very close. This confirms the conclusion that the former can
be taken as a good measure of the latter. This indicates that
there is no leaching of inorganic oxides constituents from carbon
affecting on the pH measurements of samples, so our carbons are
suitable in water treatment. The carbon pH is mainly affected by
functional groups on the surface, which not contribute in %ash.
The results of number of basic and acidic groups of our carbons
are collected in Table 1. The results indicate that acidic and basic
surface sites coexist in all unoxidized and oxidized carbons. This

means that these materials have amphoteric behaviour, and in
general terms the more acidic samples are the less basic ones.

A preliminary screening study was conducted to assess the
usefulness and abilities of our carbon materials for removal of
fluorides from water (Table 1). It is clear that the fluoride sorp-
tion is dependent on large number of variables such as surface
chemistry, surface charge, pore structure and concentration of
functional groups, etc. and no single property appears to be dom-
inant in anion adsorption from aqueous solutions. RS/KMnOy4
exhibited the highest capacity for removal of fluoride anions
compared to the other carbon adsorbents. RS>/KMnOj4 car-
bon has the highest surface area and pore volume, therefore,
RS>/KMnO4 was selected for further detailed experimental
investigations. The aim was to find out the effect of various
parameters on its affinity towards the uptake of fluoride anions
using RS>/KMnOy carbon.

3.1. Kinetic studies of anions adsorption

3.1.1. Effect of agitation time

The time-profile of adsorption of F~ onto RS»/KMnOy is
presented in Fig. 1. As agitation time increases, anion removal
also increases initially, but then gradually approaches a more or
less constant value, denoting attainment of equilibrium. Obvi-
ously, the equilibrium was attained after shaking for about 3 h,
beyond which there is no further increase in the adsorption. Sim-
ilar equilibrium time was reported for the adsorption of fluoride
onto carbon nanotube [11].

3.1.2. Kinetic rate parameters

The kinetic experimental data of fluoride ions on
RS7/KMnOy sorbent is simulated by the pseudo first-order and
pseudo second-order rate equation [12].
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Fig. 1. Influence of agitation time on adsorption of F~ by RS2/KMnOj.
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Fig. 2. Pseudo-second-order sorption kinetics of fluoride adsorption onto
RSz/KMn04.

where ¢g; and g, are the amount of adsorbed fluoride (mg/g) at
time r and atequilibrium time, respectively, and K> is second-rate
constant of adsorption.

The results are shown in Fig. 2. The correlation coefficient
R? for the pseudo second-order adsorption model has high value
(0.998). The calculated equilibrium adsorption capacities ge cal
(4.7 mg/g) is consistent with the experimental (4.8 mg/g). These
results suggest that the sorption system is the second order, based
on the assumption that the rate-limiting step may be chemical
sorption involving valency forces through sharing or exchange
of electrons between anions and adsorbent [13]. Similar results
were obtained by Ruixia et al. for the adsorption of fluoride onto
ion-exchange fiber [14] and by Fan et al. on low-cost materials
[15].

3.1.3. Surface mass transfer coefficient

Mass transfer analysis for the removal of fluoride was car-
ried out using kinetic model proposed by Mckay et al. which
describes the transfer of adsorbate in solution; with the assump-
tion the adsorption obeys the Langmuir model. This model is
expressed as follows [16]:

o 1
n(=L-— )=
Co 1+mKy

where C; is the concentration after time ¢ (mg/l), C, the initial
concentration (mg/1), m the mass of adsorbent per unit volume
of particle-free adsorbat solution (g/1), K1, the constant obtained
by multiplying ¢° and b in Langmuir equation (1/g), AL the mass
transfer coefficient (cm/s), and Ss is the outer surface of adsor-
bent per unit volume of particle free solution (cm™!), given
as:

1+mKp

mKi,
5 BLSst  (3)

In —
14+mKy, mK

. 6m
T Dd(1 —¢)

where D, is the particle mean diameter (cm), d the density of
adsorbent (g/cm?) and ¢ is the porosity of the adsorbent.

As shown in Fig. 3, plot of In (Cy/C,) — (1/1+mKy) versus ¢
for fluoride gives the straight line. The linear nature of the plot
confirms the validity of the diffusion model for the F~carbon
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Fig. 3. Mass transfer plot for the adsorption of fluoride onto RS2/KMnOy.

system. The value of mass transfer coefficient 81 was calculated
from the slope of the straight-line plot in Fig. 3 and was found
to be as 5.2 x 1079 cmmin~! for fluoride. This value indicates
that the velocity of F~ transport from liquid phase to the surface
of RS>/KMnOQy carbon is rapid enough to use of this carbon for
F~ removal from water. In spite of the transportation of fluoride
to solid surface is mainly dependent on agitation and the fluoride
concentration in the solution.

3.1.4. Intra-particle diffusion

In the model developed by Weber and Morris, the rate of
intra-particle diffusion is a function of /> and can be defined
by Eq. (5) as follows [17]:

qr = kpt®? 5)

The intra-particle diffusion rates (k,) were determined from
the plots of g; versus #ys. If intra-particle diffusion is a rate-
controlling step, then the plots should be linear and pass through
the origin. In most cases these plots give general features of
three stages; initial curved portion, followed by an intermediate
linear portion and a plateau. The initial portion due to external
mass transfer, the intermediate linear part is due to intra-particle
diffusion and the plateau to the equilibrium stage where intra-
particle diffusion starts to slow down due to extremely low solute
concentrations in the solution.

A plot of the quantity of the anion adsorbed against square-
root of time is shown in Fig. 4. It can be observed that the plots
are not linear over the whole time range and the graphs of this
figure reflect a dual nature, with initial linear portion followed
by plateau. This implies that the external surface adsorption
(stage 1) is absent and the stage of intra-particle diffusion (stage
2) is attained and continued to 120 min. Finally, equilibrium
adsorption (stage 3) starts after 120 min. The anions are slowly
transported via intra-particle diffusion into the particles and
are finally retained in the pores. Similar dual nature of intra-
particle diffusion curve with initial linear portion was found
for adsorption of phosphorus onto calcined alunite [18]. The
rate constant of intra-particle diffusion was calculated from the
slope of the straight line and was found to be 3.05 mg/g h® for
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q,, mg/g

Fig. 4. Intra-particle diffusion plot for F~ adsorption onto RS,/KMnOj4 carbon.

fluoride. However, the linear portion of the curve does not pass
the origin and the latter stage of F~ adsorption does not obey
Weber—Morris equation. It may be concluded that the adsorption
mechanism of this anion from aqueous solution is rather com-
plex process and the intra-particle diffusion was not the only
rate-controlling step.

3.2. Effect of concentration

3.2.1. Effect of carbon dose

Fig. 5 shows that increasing the carbon dose increases the
percent removal (R%) but decreases the adsorption capac-
ity, i.e. increasing the adsorbent dosage increases the percent
removal (R%) from 20 ml solution containing 20 mg/l of F~ and
attained constant removal after a particular carbon dose (opti-
mum dosage) beyond which there is no significant increase in
removal. A minimum adsorbent dosage of 30 mg (i.e 1.5 g/1) was
required for F~. There are many factors, which can contribute
to this adsorbent dose effect: (i) as the dosage of adsorbent is
increased, the adsorption sites remain unsaturated during the

70
1 14
60
50 Contact time = 3h, 12
e Initial F" = 20ppm, L 102
a&\ Temperature =25°C E’
30 g ©
20+
6
104
0 T T J i T =
0 20 40 60 80 100 120

Carbon doses, mg / 20 mi

Fig. 5. Effect of carbon doses on adsorption capacity and percent removal of
fluoride ion onto RS,/KMnQy.
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Fig. 6. Influence of fluoride concentration on the percentage adsorption (R%)
and the equilibrium uptake (g.) using RS2/KMnOy carbon.

adsorption reaction leading to drop in adsorption capacity (ge)
[19]; (ii) the aggregation/agglomeration of sorbent particles at
higher doses, which would lead to a decrease in the surface area
and an increase in the diffusional path length [20].

3.2.2. Effect of adsorbate concentration

The effect of fluoride concentration on the adsorption pro-
cess was studied under the optimized conditions of shaking time
and carbon dose. Fig. 6 shows that, as fluoride concentration
increases, the adsorbed amount of fluoride increases too. How-
ever, increase in fluoride concentration beyond about 18 mg/l
causes little increase in the amount of fluoride adsorbed indi-
cating that the adsorption sites are almost saturated. Also, the
percentage adsorption of F~ decreases with increasing initial
concentration of F~. The percentage is high (>70), but the
adsorbed amount is low. This suggests that RS>/KMnOy car-
bon can remove >70% F~ from water if its concentration is
below 5 ppm. These results may be explained considering that,
at low adsorbate concentration, the ratio of surface active sites
to total fluoride is high, hence the fluoride ions could interact
with the sorbent to occupy the active sites on the carbon surface
sufficiently and be removed from the solution [21]. But with
the increase in adsorbate concentration, the number of active
adsorption sites is not enough to accommodate fluoride ions.

3.3. Effect of pH

It can be seen that the adsorption of fluoride on RS2/KMnOy4
is strongly pH dependent. Fluoride removal decreases with
increasing pH and the removal of fluoride is maximum at pH
2.0. The pH-dependence of fluoride sorption shown in (Fig. 7), is
similar to that observed for fluoride adsorption onto aluminum-
impregnated activated carbon [22], onto acid treated spent
bleaching earth [5], onto low-cost materials [23] RS2/KMnOg4
acquires a positive charge at low pH (pH < pHy,c). Therefore,
high efficiency in acidic medium can be attributed to the grad-
ual increase in attractive forces and low efficiency in alkaline
medium can be explained by the repulsion between the nega-
tively charged surface and fluoride [22,5].
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Fig. 7. Effect of pH on the adsorption of F~ by RS2/KMnOy carbon.

3.3.1. Possible working mechanisms

The fluoride adsorption can be explained by this two-step
ligand exchange reaction mechanism similar to that reported in
literature [24,25]:

—-COH + H" & —-COH, "

~-COH," +F~ & —CF + H;0
which give the net reaction
-COH + F~ +H" & —CF + H;0

where —COH represents the surface hydroxyl group.

These reactions indicate that the F~ ion can be considered as
fully located on the surface, and the sorption is specific. The
pH of the solution after the sorption reaction occurs should
increase. In addition, the F~ sorption capacity should increase
with decreasing pH [25]. Also, another mechanism can be pro-
posed [25]

—COH + F~ & —CF + OH™

In that an increase in solution pH there will be competition
between the OH™ and F~ ions for the adsorbent site. Egs. (5)
and (4) is valid at very high concentration of fluoride loading per
unit weight of RS>/KMnQyj. For both suggested mechanisms, an
equivalent number of OH™ must be produced (or H* consumed)
to maintain electroneutrality [25].

Moreover, the presence of MnO; on the carbon surface may
participate in the removal of F~ anion.

3.4. Equilibrium adsorption isotherm

The sorption equilibrium isotherm of F~ on RS2/KMnOy4
carbon is given in Fig. 9. According to Giles classification [26],
the isotherm was classified as L-type with steep initial portions
and a plateau starting at relatively low concentration, the plateau
covers a wide range of solution concentrations.

3.4.1. Isotherm modeling

The experimental data of equilibrium isotherm for F~ ions
onto RS»/KMnQO,4 carbon were modeled using the most fre-
quently used isotherms Freundlich (F), Langmuir (L), and
Langmuir—Freundlich (LF) [27]

ge = KiCY/"™ (6)
q°bCe
1t 7-° 7
=110, ™
o(bC 1/n
ge = & (8)

1+ (bCH'/"

The isotherm parameters are given in Table 3. The appli-
cability of the isotherm equation is compared by judging the
correlation coefficients R2. In a view of value of R?, Langmuir
and Langmuir-Freundlich isotherm gives satisfactory fit to the
experimental data of fluoride.

3.4.2. Dubinin—Radushkevich (D—R) isotherm

To distinguish between physical and chemical adsorp-
tion, the adsorption data can be further interpreted by
Dubinin—Radushkevich (D-R) isotherm [28]. This isotherm
is more general than Langmuir isotherm because it does not
assume a homogenous surface or a constant adsorption potential
[29].

The D-R equation is given as:

ge = qm exp(—Be?) )
with
1
&€= RT In (1 + C) (10)
€

where gy, is the maximum amount adsorbed and can be called
the adsorption capacity, B a constant related to the adsorption
energy (mol®/kJ?), and, ¢ the potential energy of the surface
given by, R the gas constant (kJ mol~! K~!) and T the absolute
temperature.The constant B gives the free energy E (kJ mol ')
of the transfer of 1 mol of solute from infinity to the surface of
adsorbent and can be computed using the relationship [30]:
1

_ b 11
E Y (11)

The D-R equation can be linearized as:
Inge = Ingy — Be? (12)

A plot of In g, versus &2 gave straight lines. The values of gy,
(mg/g), B (mol?/kJ?) and thus the mean free energy of adsorption
E (kJ mol~!) were obtained from the intercept and slope of the
straight line.

It is known that the Langmuir and Freundlich isotherm con-
stants do not give any idea about the adsorption mechanism. In
order to understand the adsorption type, equilibrium data was
tested with Dubinin—Radushkevich isotherm. The plot of In g,
against &2 for fluoride sorption on RS>/KMnQOj carbon is shown
in Fig. 8. The D-R parameters B and gy, are calculated from the
intercept and the slope of the line in Fig. 8, respectively, and the
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Fig. 8. D-R plot for fluoride sorption onto RS2/KMnOy carbon.

Table 2
Values of the D-R parameters for fluoride sorption onto RS2/KMnO4

¢m (mg/g) B (mol%/kJ?%) E (KJmol™1) R?
Value 57.52 457 x 1073 10.46 0.97

values are given in Table 2. The mean free energy of adsorp-
tion (E), defined as the free energy change when 1 mol of ion is
transferred to the surface of the solid from infinity in solution
[30] was calculated from b values (Table 2). It is known that
magnitude of E is useful for estimating the type of adsorption
and if this value is between 8 and 16kJ mol~!, the adsorption
type can be explained by ion exchange [31]. The value of E
for F~ ions was found to be (E=10.46kJImol~!) and within
the energy range of ion exchange. This observation support the
ion-exchange mechanism proposed for fluoride adsorption.

3.5. Temperature effect

Fig. 9 shows that temperature has great effect on the adsorp-
tion process. As the temperature increased the uptake of F~ onto
carbon was decreased. Similar results were reported by Das et
al. [32] and by Mohapatra et al. [33].

The isotherm constants that are obtained for the sorption
of F~ ions onto RS,/KMnQOy4 carbon by the three models:
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Fig. 9. Temperature effect on fluoride adsorption by RS,/KMnOy4 carbon.
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Fig. 10. Van’t Hoff plot of F~ sorption onto RS2/KMnOQOy4 carbon.

Freundlich, Langmuir, and Langmuir—Freundlich at different
temperatures are presented in Table 3. Langmuir-Freundlich
isotherm presented the experimental data over the whole con-
centration range with the highest correlation coefficient value,
i.e. the Langmuir—Freundlich isotherm provides a good model
for this sorption system. The ¢° values were found to decrease
by increasing temperature. This may be due to raise of tempera-
ture affects the solubility of F~ and thus it tends to escape from
the solid phase to the bulk phase with increasing temperature of
solution.

3.5.1. Thermodynamic parameters

The value of AH®, and AS° were obtained from the slope
and intercept of Van’t Hoff plot of In K, with the reciprocal
temperature 1/T as shown in Fig. 10. The thermodynamic equi-
librium constant K, equal to ¢° x b of Langmuir isotherm. The
thermodynamic parameters determined for the adsorption of F~
onto RS2/KMnOy4 carbon were determined using the following
thermodynamic equations [34]:

K AS®  AH° a3
n = — — —

© R RT
AG® = —RT InK, (14)

where AG° is the standard free energy, R the universal gas con-
stant (1.987 cal/mol K or 8.314 J/mol K) and T is the absolute
temperature in Kevin (K). The data are given in Table 4. The
exothermic nature of adsorption is indicated by a decrease in K,
with the temperature and the negative value of AH°. The entropy
value is negative and suggests no significant change occur in the
internal structure of RS2/KMnOQy4 carbon during the adsorption
[35] and the sorbate ions are stable on the solid surface result-
ing loss of degrees of freedom at solid/liquid interface [36]. The
sorption process causes an increase in the order of the system.
The small and negative value of AG® at lower temperature indi-
cates the feasibility of the process and the spontaneous nature
of adsorption especially at lower temperature, i.e. the adsorptive
forces are strong enough to overcome the potential barrier [37].

It is clear from Table 4 that fluoride sorption is chemical in
nature (AH° > 10 kJ mol~!). This may be due to the higher elec-
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Table 3

Characteristic parameters of Langmuir, Freundlich and Langmuir-Freundlich models for the adsorption of F~ onto RS,/KMnOy carbon

Temperature (°C) Frundlich Langmuir Langmuir-Freundlich
K (mg/g) n R ¢° (mglg) b (Vmg) R? ¢° (mglg) b (1/mg) n R?
25 4.54 2.63 0.90 15.9 0.27 0.97 15.5 0.28 0.95 0.97
45 1.3 1.46 0.9 18.9 0.05 0.92 8.18 0.17 0.3 0.995
55 0.6 1.2 0.83 16.7 0.03 0.84 4.25 0.16 0.15 0.995
Table 4
Thermodynamic parameters of F~ sorption onto RS2/KMnOy carbon
Anion K, (/g) AH° (kJmol ") AS° (J/mol K) AG® (kJmol™1)
298K 318K 328K 298K 318K 328K
F- 434 1.4 0.7 —48.6 ~150.7 -3.6 -0.9 0.9
tronegativity of fluoride and the specific substitution of fluoride C, mg/l
for hydroxide onto RS>/KMnQy4 carbon surface. 0 2| ‘Ii ? ? 1|0 1|2 1‘4 1|5 118 20
16 :
36 E Co-i de ad . | Contact time = 3h,
.6. Effect of Co-ions on fluoride adsorption 14| Initial F = 20ppm, o
] pH=20 - only
The influence of coexisting ions, sulphate, chloride and bro- 12 o
. . . . Temperature =25°C
mide, on fluoride adsorption was studied. Tests were conducted 1
in the presence of 50 ppm of fluoride and 50 ppm each of ion. It o101
was observed that the adsorption capacity for fluoride decreased E’ 8 ]
from 100 to 91% in case of sulphate and to 94% in case of & | F/NOM
bromide but chloride does not affect fluoride adsorption. It is 6
expected that the presence of anions in solution would enhance 1 /
coulombic repulsion forces between the anions and fluoride or 4__
would compete with fluoride for the active sites [30]. 2
Sulphate had more effect on fluoride adsorption, could be 1
partly attributed to its higher negative charge compared to that 0 \ : T g T g T :
. . S . . . 45 50 55 60 65
of chloride or bromide. Considering the Lewis classification of C. mgil
e

bases and acids, the order from the weakest to the strongest
is: Br—, C1~, F~, SO42~ (Bernard and Burnot [38]). Hard acids
react preferably and rapidly with soft bases while soft acids sim-
ilarly react with soft bases [39]. Bromide and chloride are too
weak to react with surface functional groups while sulphate rel-
atively strong to compete fluoride but it needs two close surface
groups, which reduces its effect.

According to our observation these anions preferred surface
sites or mechanisms were different from those of fluoride. It is
well documented that fluoride uptake is due to ion exchange
and inner-sphere surface complexation, on one hand, while
on the other hand, chloride ions form outersphere but sul-
phate forms partial inner-sphere complexes with sorbents [30].
This high selectivity and affinity for fluoride adsorption, makes
RS2/KMnOy carbon a highly suitable sorbent for water treat-
ment applications.

3.7. Effect of NOM on fluoride adsorption

The effect of natural organic matter on the adsorption of
F~ onto RS>/KMnO4 was discussed using the surface water
of Ismailia canal. Fig. 11 shows the isotherm tests of fluoride

Fig. 11. Effect of NOM on fluoride adsorption.

adsorption onto RS>/KMnQy carbon using natural water com-
pared to bidistilled water. The Langmuir-Frundlich constants
were listed in Table 5. As can be seen, the presence of the NOM
decreases F~ adsorption. NOM has negative charged molecules
(attributed to carboxylic acid and phenolic functionalities) [40]
can compete with fluoride for the available active sites on car-
bon surface. The process reduction of carbon adsorption capacity
due to presence of NOM is known as “carbon fouling” and is of
particular concern in water treatment plants [40].

Table 5

Langmuir-Frundlich constants of F7:(RS2/KMnOy) adsorption system
(with/without) NOM

Parameter F~ F~/NOM
¢° (mg/g) 15.5 5.7

b 0.28 0.021

n 0.95 0.03

R? 0.97 0.94
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Table 6
Comparison of fluoride sorption capacity using RS2/KMnOy carbon with pub-
lished data

Table 7
Mass of adsorbent required to decrease the fluoride concentration from 4 to
1 mg/l in solution volume 1 m?

Adsorbent q° (mg/g) Reference Adsorbent q (mg/g) Vim (1/g) m (kg)
RS2/KMnOy4 15.9 This work RS2/KMnOy4 34 1.13 0.9
Acid treated spent bleaching earth 7.75 [5] Plain carbon 0.07 0.025 40.5
Lignite 7.1 [42] Al,O3/CNTs 9.68 3.2 0.31
Bituminous coal 7.44 [43] AlC-300 carbon 0.54 0.179 5.6
Fly ash 20 [5] a-Alumina 0.82 0.273 3.6
Hydroxyapatite 4.54 [15] v-Alumina 2.25 0.75 1.3
Fluorspar 1.79 [15] IRA-410 polymeric resin 10.0 3.33 0.3
Calcite 0.39 [15]
Quartz 0.19 [15]
paoanan byt gg 4 and 1.5 times less than that of the AIC-300 carbon (5.6kg),
ain activated carbon . . . .
La* impregnated cross-linked gelatin 213 (44] a-alumina (3.6kg) and y-Al;0O3 (1'.3 kg?, respectively, and is
Activated alumina 241 [45] greater to that of IRA-410 polymeric resin (0.3kg) and Al,Os3
China clay 0.66 [37] supported on carbon nanotubes, Al;O3/CNTs (0.31kg) [41].
Zn/Al hydrotalcite 16.2 [32] These results indicate that KMnO4 modified activated carbon
gc,“‘,’at‘*id rgd mzd g'il [g] produced from rice straw has a large potential to be an adsor-
a_rfll;lsﬁ;z mu 8.42 } 4]6] bent for fluoride removal. The high adsorption capacity for this
y-Alumina 12.04 [47] material is probably related to the sorption mechanism including
Polymeric resin IRA-410 18.88 [46] both ion exchange and complexation.

3.8. Comparison with other adsorbents

The adsorptive capacity of RS2/KMnOy4 to remove fluoride
has been compared with those of other adsorbents reported in
the literature (Table 6). Although, these values were obtained
at different pH range they can be useful criterion of the adsor-
bent capacity. It can be seen that RS2/KMnQOy4 carbon exhibits
considerably greater F~ adsorption potential when compared by
less-attractive and low-cost materials. It is important to empha-
size that the specific surface area of aluminum-impregnated
activated carbon at 300 °C (ALC-300) and plain carbon are 950
and 1044 m?/g, respectively [22], which are higher than that
of RS2/KMnOQy, but their fluoride adsorption capacity is much
lower than that of RS>/KMnOy. This is due to unique structure
of RS2/KMnOy. Also, RS;/KMnO4 have ¢° value comparable
with polymeric resin IRA-410 and fly ash. This result is very
interesting since fly ash has a very small surface area. It is known
that fly ash contains SiO, and Al,O3 as the major constituents
and be responsible for the adsorption [5]. However, based on
the adsorbent mass, the comparison between these adsorbents
was necessary to decide the required mass to reduce the F~ con-
centration from 4 ppm (average of F~ concentration in potable
water) to 1 ppm (reasonable concentration for health standard).
In this concern, the amount of adsorbent was estimated using a
mass balance equation [22,41].

VCoy = mqg + VCs (15)

Because g and Cr must be in equilibrium, g for RS2/KMnOy4
can be calculated by substituting ¢° = 15.9 and b=0.27 of Lang-
muir equation, C,, Cr and V are 4, 1 mg/l and 1 m3, respectively.
The results are listed in Table 7.

Activated rice straw carbon treated by KMnO4 exhibits
promising results. The mass required for RS2/KMnQy is only
0.9kg, which is greatly less than plain carbon (40.5kg), 6.0,

3.9. Application: fluoride removal from phosphoric acid

The presence of fluorine in the phosphoric acid is undesir-
able. This may cause corrosion or precipitation problems in the
evaporators during the concentration of the acid. It will also con-
taminate the fertilizer produced from such acid and therefore will
lower its P,O5 content [48].

The ability of RS2/KMnOy4 carbon to remove F~ from
Egyptian crude phosphoric acid (P,O0s5 =48.42%) was tested.
Isotherm experiments were carried out by mixing 10 ml of crude
phosphoric acid with various masses of RS2/KMnOy4 carbon
ranged (0.1-1.0g) at 25°C. The adsorption isotherm of fluo-
ride from phosphoric acid was presented in Fig. 12 and the
Langmuir—Frundlich parameters were calculated and listed in
Table 8. It clear that the adsorptive capacity, ¢°, of fluoride in
phosphoric acid is greater than in distilled water. This may be

24 4

Contact time = 3h,

Temperature =25°C

10 T T T T i T T T T T v T T T
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

C, mg/ *10°

Fig. 12. Adsorption isotherm of fluoride in phosphoric acid.
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Table 8
Langmuir-Frundlich parameters of fluoride adsorption onto RS;/KMNOy in
distilled water and phosphoric acid

Parameter Distilled water Phosphoric acid
q° (mglg) 15.5 233

b (l/g) 0.28 2.96

n 0.95 0.035

due to the pH in phosphoric reach zero which highly enhance
fluoride adsorption onto RS>/KMnOy.

4. Conclusion

On the basis of this study it is concluded that KMnOy4-
modified activated carbon derived from steam pyrolysis of rice
straw has good potential as a cheap and effective scavenger for
fluoride anion present in aqueous solutions and can be effectively
utilized for waste management and environmental protection
purposes. The factors influencing adsorption process of F~ by
this carbon showed that reaction rate was fast and temperature
dependent.

The main conclusions that can be drawn from batch adsorp-
tion study are given below:

(1) The solution pH was the most important parameter affecting
adsorption. The optimum pH for maximum adsorption was
determined to be 2.0 for fluoride.

(2) The adsorption followed Langmuir-Freundlich isotherm.

(3) Fluoride sorption is better occurred at lower temperature.

(4) The presence of NOM decreases F~ adsorption.

The results obtained in this study are expected to provide
useful guidelines for engineers and chemists who work in waste
water systems.
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