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Abstract Biochar is a carbon-rich product derived
from biomass through pyrolysis. Fluoride adsorption
potential of the biochar derived from orange peel (OP)
and water treatment sludge (WS) at different pyrolytic
temperatures (400, 600, and 700 °C) was investigated
in a batch mode as a function of pH. With respect to
adsorption, two types were considered, i.e., actual and
apparent adsorption where fluoride combined with
metal complexes in solution were counted and not
counted, respectively. The highest actual fluoride ad-
sorption was observed in the pH range of 2.0 to 3.9 for
OP biochar and 5.1 to 6.2 for WS biochar, respective-
ly. For the WS biochar, apparent fluoride adsorption
showed nearly 100 % in the pH range of 2.0 to 4.5,

and then the adsorption capacity diminished drastical-
ly as the pH increased from 5.0 to 10.0. There was no
significant difference between apparent and actual
fluoride adsorption for OP biochar. In the Fourier-
transform infrared spectroscopic analysis of WS bio-
char, a strong and sharp band was observed at around
2,364 cm−1 after adsorption of fluoride. Elemental
content analysis by the energy-dispersive X-ray meth-
od revealed that the fluorine content was higher at pH
6.0 than at pH 3.0 and 9.0 as the results of actual
fluoride adsorption. From these results, we may con-
clude that the biochar derived from OP and WS can be
reused as an economical and effective adsorbent for
fluoride removal in acidic aqueous phase.

Keywords Biochar . Fluoride . Adsorption . Orange
peel .Water treatment sludge

1 Introduction

Fluoride ion at low concentrations of 1.0–1.5 mg l−1 is
essential and beneficial for human health, especially in
promoting the development of strong bones and the
formation of dental enamel (Rao and Karthikeyan
2011). The World Health Organization (WHO) pro-
posed that the maximum concentration of fluoride in
drinking water should not exceed 1.5 mg l−1 (WHO
2006) because chronic ingestion above this level
might cause serious diseases such as dental and skel-
etal fluorosis (Groves 2001; Harrison 2005). However,
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high concentration of the fluoride in water sources was
reported in many areas around the world where the
fluoride concentration is 0.01–3 mg l−1 in freshwater
and 1.0–35 mg l−1 in groundwater (Oh et al. 2009;
WHO 1994). For example, an investigation in Boeun,
South Korea showed that about 23 % of total public
water supply wells have fluoride levels exceeding the
drinking water allowance in South Korea (1.5 mg l−1)
and the maximum fluoride concentration is
3.9 mg l−1 (Chae et al. 2008). Dental fluorosis was
also observed among children in Aichi Prefecture,
Japan, in 1970s, following the unintentional supply of
drinkingwater containing up to 7.8 mg l−1 fluoride since
1960 (Ishii and Suckling 1991). Actually, around
200 million people, from over 25 countries, are under
the dreadful fate of the fluorosis (Ayoob and Gupta
2006).

Extensive researches have been tried to remove ex-
cessive fluoride from water reservoirs by many methods
such as adsorption, precipitation, electrodialysis, ion
exchange, and reverse osmosis. Among many methods,
the adsorption is considered as one of the most widely
used and effective techniques for fluoride removal in
drinking water (Meenakshi and Maheshwari 2006)
because of its high efficiency and easy handling. Recent
research has been focused upon the development of
socially acceptable and economical adsorbents for
the fluoride removal. Porous carbons, such as acti-
vated carbons and carbon nanotubes, are most
common adsorbents for the fluoride adsorption be-
cause they have large surface area and continuous
porosity (Tchomgui-Kamga et al. 2010). However,
despite their effectiveness, their widespread use is re-
stricted due to high associated costs (Chen and Chen
2009). It is therefore necessary and imperative to inves-
tigate the relatively inexpensive but effective and envi-
ronmental adsorbent for the fluoride removal from
contaminated water system.

Biochar is the carbon-enriched and porous material
produced from variety of biomass through pyrolysis
process. The biochar is similar to activated carbon,
which is known as an effective adsorbent for the
fluoride removal from aqueous solutions (Zheng et
al. 2010). The various functional groups on surface
of the biochar may affect the adsorption through the
property of surface charge. The charge definitely
depends upon the pH of solution (Lehmann and
Joseph 2009). Although the biochar would poten-
tially have the adsorption capacity of fluoride, there

is little information on the adsorption of fluoride by the
biochar.

In this study, we investigated the possibility of
biochar as adsorbents for removing aqueous fluoride
by considering the conditions of pH. As the orange
peel (OP) and water treatment sludge (WS) are be-
coming the environmental problem, such as manage-
ment and disposal as agricultural and industrial
biomass, we focused on the biochar derived from OP
and WS at different pyrolytic temperatures. These
biochars seem to have potential of adsorbent because
they look like an activated carbon. We can also deduce
that they typically contain various interesting functional
groups, such as carboxyl and hydroxyl, hydrous oxides,
and rugged surfaces, influencing the adsorption.

2 Materials and Methods

2.1 Biochar Preparation

Two different types of biomass, i.e., OP and WS, were
used as raw feedstock for the biochar preparation. The
orange fruits were obtained in a local fruit market, and
their peels were stripped off with a paring knife. For
easy storage and management, the OP was washed
with distilled water three times to remove dusts and
then was cut into small pieces of an average area of
1 cm2. We also collected the WS from a drinking-
water treatment plants located in Tatara, Fukuoka Pre-
fecture, Japan, in which WS polyaluminum chloride
(PAC) is used as coagulant. These collected OP and
WS were air-dried at room temperature for 3 days and
subsequently oven-dried overnight at 75±5 °C. The
oven-dried feedstock were used for biochar production
via pyrolysis at various temperatures under oxygen-
limited conditions. The biochar preparation was done
according to the method described by Oh et al. (2012).
Initially, the different feedstock were placed into a
stainless steel dish in a muffle furnace, covered with
fitting lid to restrict the access of air during carbon-
ization and then pyrolyzed for 2 h under different
temperatures of 400, 600, and 700 °C. The resulting
biochar were crushed and sieved into less than 2-mm
size and stored in air-tight containers for the following
experiments. For comparison, the oven-dried feed-
stock passed through 2-mm size was also used. In
the following, the prepared biochar are denoted by
OPBxxx or WSBxxx, where OPB and WSB represent
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the OP biochar and WS biochar, respectively, and xxx
refers to the pyrolying temperature in °C.

2.2 Characterization of Samples

The pH of feedstock and biochar were measured in a
1:10 (samples:distilled water) using a pH meter (F-21,
HORIBA). Carbon (C), hydrogen (H), and nitrogen
(N) compositions were analyzed using elemental ana-
lyzer (Yanaco CHN Corder MT-5). Oxygen (O) con-
tent was determined from the mass balance of these
compositions. Ash content was measured by heating
the samples at 900 °C for 4 h and expressed as a
percentage by mass. To determine the pH at the point
of zero charge (pHpzc), we prepared solution of 0.1 g
of sample into 250 ml glass beaker containing 50 ml of
0.01 M NaCl solutions. The solutions were initially
adjusted to have pH of 2.0, 4.0, 6.0, 8.0, and 10.0 by
either adding 0.1 M HCl or 0.1 M NaOH. The equi-
librium pH of supernatant was measured after shaking
for 48 h at room temperature. We determine the pHpzc

as pH at the cross point between the plotted curve of
equilibrium pH against initial pH and the line of pH
(equilibrium) 0 pH (initial). Total specific surface area
of the adsorbent was determined using the ethylene
glycol monoethyl ether (EGME) method described by
Cerato and Lutenegger (2002). Functional groups
were determined by the Fourier-transform infrared
(FT-IR) spectroscopy (FT/IR-620, JASCO). Spectra
were collected with a spectrometer using potassium
bromide (KBr) pellets and the opted wavenumber
region was 400–4,000 cm−1. Surface morphology
and elemental distribution were identified by scanning
electron microscopy (SEM) and energy-dispersive
X-ray (EDX) instrument (SS-550 and Genesis 2000,
Shimadzu). All the FT-IR, SEM, and EDX analyses
were performed in the Analytical Center of Kyushu
University.

2.3 Reagents

In the experiment, the fluoride solution was prepared
using sodium fluoride (NaF) supplied from Wako
Chemicals. Alfusone is the mixed powder of 2.5 %
(w/w) lanthanum-alizarin complexone (mole ratio 1:1)
chelate with potassium hydrogen phthalate and hexa-
methylenetetramine buffer. The alfusone was available
from Dojindo Laboratories (Kumamoto, Japan) as the
chromogenic reagent of the fluoride. A 1 % solution

was prepared by dissolving the alfusone in distilled
water in each analysis.

2.4 Determination of Actual and Apparent Fluoride
Adsorption

Fluoride ion (F−) concentration in the synthetic solu-
tions (this ion exists as the form of HF with less than
pH 3.16, pKa of HF03.16) was determined by the
method reported by Okumura et al. (2003). We added
1 ml of the 1 % alfusone solution, 0.25 ml of filtrated
solutions, 0.4 ml of buffer solution (CH3COONa), and
2 ml of acetone into a test tube. The final volume was
made up to 10 ml with distilled water. After a lapse of
60 min, 620-nm absorbance of the mixtures was mea-
sured by a spectrophotometer (Perkin-Elmer, Lambda
10). Metal-combined F− dissolved in acidic condition
cannot be detected by the spectrophotometer. Since
the adsorbed F− value can be evaluated as the differ-
ence between initial and final concentrations, the ad-
sorption can be referred to as “apparent adsorption.”
As another adsorption measure, we defined “actual
adsorption.” It corresponds to the difference between
the measured F− concentration and the concentration
expected when acetylacetone is added as a demasking
agent to detach F− from metal fluoride complexes.

2.5 Effect of pH on Fluoride Adsorption

The adsorption of fluoride on the feedstock and bio-
char was investigated at pH range of 2.0 to 10.0 using
the method described by Oh et al. (2009). The pH of
suspensions was adjusted by adding either 0.1 mol l−1

(M) HClO4 or 0.1 M NaOH solution in a 10 ml
polyethylene centrifuge tube. In the tube, we basically
mixed 0.1 g of adsorbent samples with the solution of
2 ml of 0.5 M NaClO4 and 2 ml of 5 mM NaF. The
final volume of the mixture was made up to 10 ml with
distilled water. In preliminary experiments, we identi-
fied that the pH was not changed after about 24 h.
Thus, for stable equilibrium state of adsorption, we
conducted the agitation of suspension in a shaker
(Yamato, MK-200D) for 48 h in an air-conditioned
room at 25±1 °C. Thereafter, the suspensions were
centrifuged at 2,100×g for 15 min and filtered through
a 0.22 μm Millipore filter. The solution samples
obtained by the filtration were used for colorimetry
analysis. The residual fluoride concentration in the fil-
trate was determined by using the spectrophotometer.

Water Air Soil Pollut (2012) 223:3729–3738 3731



The adsorption of fluoride was calculated from the
difference between the added fluoride and the final
concentration in the solution.

3 Results and Discussion

3.1 Characteristics of Biochar

The physicochemical properties of raw feedstock and
pyrolyzed biochar are shown in Tables 1 and 2. The
OP and WS contain mainly oxides of calcium and
potassium and oxides of aluminum, silica, and iron,
respectively. These oxides would be hydroxylated to
develop surface charge in aqueous medium and have a
good capacity for fluoride adsorption. As the pyrolytic
temperature increased from 400 to 700 °C, the pH
increased from 11.6 to 12.3 for the OPB and from 6.4
to 6.8 for the WSB, respectively. This result was similar
to that of Lehmann (2007), in which biochar was pro-
duced at a pH between 4.0 and 12.0, and the pH of fresh
biochar increased with production temperature.

Surface areas of the OPB and WSB increased by
26.0–392.0 and 67.4–127.8 m2 g−1, respectively, com-
pared with those of their feedstock. Ash contents of
the OP and OPB were below 10 %, while those of WS
and WSB ranged from 76 % to 90 %. Compared with
the OPB, the higher ash content of the WSB can be
attributed to the difference in carbon content between
the WS and OP. This result was similar to that of Krull
et al. (2009). Table 2 also shows the elemental con-
tents of C, H, O, and N and their associated ratios,
indicating the maturation degree of the biochar. As
expected in the pyrolytic process, the C content of
the biochar increased with increasing pyrolytic tem-
perature, whereas the H and O contents decreased. The
H/C and O/C ratios for the OPB and WSB tend to be
the highest in low temperature and decreased with
increasing pyrolytic temperature. According to Antal
and Grønli (2003), this is a typical feedstock re-
sponse in the pyrolytic process, i.e., the feedstock loses

surface functional OH− groups due to dehydration at
higher temperatures and also loses O and H atoms
bound to C due to structural core degradation. In addi-
tion, Knicker et al. (2005) inferred the change in bond-
ing arrangements from the H/C ratio of organic
materials. These changes of the biochar surface may
affect the fluoride adsorption.

3.2 Effect of pH on Fluoride Adsorption

The pH of aqueous solution is an important parameter
controlling the adsorption process. The pH values may
affect the surface charge of adsorbent, the degree of
ionization, and the type of adsorbing element during
adsorption process (Rahman and Islam 2009). Thus,
we investigated the effect of pH on the adsorption of
fluoride ions in the pH range of 2.0 to 10.0. Figures 1
and 2 show apparent and actual fluoride adsorption as
a function of the pH for the OPB and WSB, respec-
tively. No significant difference was found between
apparent and actual fluoride adsorption (Fig. 1a and
b). For OPB, the highest fluoride adsorption was
found in between pH 2.0 and 3.3 and then the fluoride
adsorption diminished drastically with increasing pH
from 6.0 to 10.0. The fluoride adsorption was higher
for OPB600 and OPB700 than for OPB400. The OP
adsorbed only a small amount of the fluoride in the
whole pH range. On the other hand, apparent adsorp-
tion for the WS and WSB showed nearly 100 % in the
pH range of 2.0 to 4.5, which adsorption quite differed
from actual one. For the pH above 4.5, apparent ad-
sorption decreased with increasing pH (Fig. 2a). The
actual adsorption was greatly changed with pH
(Fig. 2b). The maximum actual adsorption was
84.6 % for WS, 71.9 % for WSB400, 57.7 % for
WSB600, and 76.4 % for WSB700, respectively. From
these values, the adsorption decreased sharply to
4.4 %, 16.1 %, 10.2 %, and 0.8 % at pH 10.0, respec-
tively. For higher than pH 6.0, actual adsorption almost
coincided with apparent adsorption. This demonstrates

Table 1 Principal chemical compositions of orange peel and water treatment sludge used as feedstock

(Unit: %) Feedstock Al2O3 SiO2 Fe2O3 CaO K2O TiO2 SO3 P2O5 MnO Total

Orange peel – – 1.0 66.1 28.4 – 2.8 1.7 – 100.0

Sludge 49.9 40.0 5.6 1.4 1.4 0.6 0.4 0.4 0.3 100.0
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that the fluoride separated by acetylacetone from metal
fluoride complexes exists with conformation of HF or
F− . In the actual adsorption for the WS and WSB, the
maximum values appeared in the pH range of 5.1 to 6.2

(Fig. 2b). This result was similar to those in the fluoride
adsorption experiments in literatures, i.e., at pH 5.5 for
refractory grade bauxite (Mohapatra et al. 2004), pH
6.0 for montmorillonite (Tor 2006), and pH 5.5 for

Table 2 Physicochemical properties of the each biochar prepared under different pyrolytic temperatures

Feedstock Pyrolysis
temperature (°C)

pH (1:10) pHpzc (1:10) SSA
(m2 g−1)

Element content (%) H/C ratio O/C ratio Ash (%)

C H N O

Orange peel 0 4.1 4.1 24.0 41.9 6.4 1.0 47.9 1.8 0.9 2.9

400 11.6 7.4 428.0 68.4 4.8 2.0 19.8 0.8 0.2 5.0

600 12.1 9.8 137.1 74.7 2.1 1.7 13.4 0.3 0.1 8.1

700 12.3 10.0 110.2 74.8 1.6 1.7 13.4 0.3 0.1 8.5

Sludge 0 5.7 5.7 93.5 6.6 1.8 0.3 15.3 3.2 1.7 76.0

400 6.4 6.2 126.4 8.5 1.0 0.3 6.4 1.4 0.6 83.7

600 6.6 6.5 114.4 8.4 0.6 0.2 2.0 0.9 0.2 88.8

700 6.8 6.2 135.2 8.1 0.5 0.2 0.6 0.7 0.1 90.7

SSA Specific surface area, H/C atomic ratio of hydrogen to carbon, O/C atomic ratio of oxygen to carbon

Fig. 1 Apparent (open) and actual (solid) fluoride adsorption as
a function of pH. (■ and □, OP; ◆ and ◇, OPB400; ▲ and △,
OPB600; ● and ○, OPB700). Conditions: Adsorbent 0.1 g, fluo-
ride concentration (NaF) 1 mM, time 24 h, NaClO4 0.1 M, final
volume 10 ml
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Fig. 2 Apparent (open) and actual (solid) fluoride adsorption as
a function of pH. (■ and □, WS; ◆ and ◇, WS400; ▲ and △,
WS600; ● and ○, WS700). Conditions : Adsorbent 0.1 g, fluoride
concentration (NaF) 1 mM, time 24 h, NaClO4 0.1 M, final
volume 10 ml
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manganese-dioxide-coated activated alumina (Tripathy
and Raichur 2008).

Unlike the OP and OPB, the fluoride adsorption for
WS and WSB depicted significantly different behaviors
between apparent and actual adsorption (Fig. 2a and b).
These differences would occur in acidic range depending
on the fluoride conformation dissolved in the solution. In
the range of pH 2.0 to 4.5, the fluoride can be exchanged
by hydroxyl group (-OH) combined with metal ions such
as aluminum and iron on theWS andWSB surfaces. The
metal fluoride complexes can be ultimately detached
from the WS and WSB surfaces into an aqueous phase.
As shown in Table 1, the WS contains oxides of alumi-
num and iron to a large extent. These oxides on the WS
and WSB surfaces would be hydroxylated to develop
surface charge in the aqueous solution (Oh and Chikushi

2010). This suggests that most of the fluoride may exist
as soluble metal fluoride such as fluoro-aluminates com-
plexes (AlFi

3−i) in the acidic condition. The effect of pH
on the fluoride adsorption for the WS and WSB can also
be explained on the basis of the point of zero charge
(pHpzc). When solution pH is below the pHpzc, positively
charged surfaces can adsorb anions such as fluoride due
to the electrostatic attraction. For pH above the pHpzc, the
reduction of fluoride adsorption can be attributed to the
electrostatic repulsion from the negatively charged surfa-
ces or to the competition between hydroxide and fluoride
anions.

From these results, reasonable reaction mechanisms on
the biochar surface are described in acidic condition as:

S�OHþ Hþ þ F� ¼ S�Fþ H2O ð1Þ
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Fig. 3 Fourier-transform in-
frared (FT-IR) spectroscopy
changes of OPB (a) and
WSB (b) produced at 600 °C
without and with fluoride
adsorption at pH 3.0, 6.0,
and 9.0
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and in basic condition as:

S�OHþ OH� þ F� ¼ S�O� þ F� þ H2O ð2Þ

where S represents the surface of biochar.
It can be deduced that the biochar surface had more

positive charges (mainly S–OH2
+ groups) in acidic con-

dition and was able to adsorb easily the fluoride ions,
indicating a high adsorption rate. In basic condition, the
biochar surface had more negative charges (mainly
S–O− groups) and tended to inhibit the adsorption of
fluoride ions to the biochar surface. In short, the adsorp-
tion of fluoride on the biochar is strongly pH-dependent.

3.3 FT-IR Analysis

The fluoride adsorption by the biochar may be affect-
ed strongly by the functional groups and by the carbon
behavior on the biochar surfaces. The FT-IR spectra
were, therefore, investigated to analyzed major func-
tional groups present in the OPB and WSB. Figure 3

shows the results of the FT-IR spectra for OPB600 and
WSB600 without (no F− in solution) and with adsorp-
tion conditions at pH 3.0, 6.0, and 9.0. In the spectra
of the OPB600, various bands are observed on C0O
(1,570–1,600 cm−1), C–H (1,450–1,460 cm−1), and
CH2 (880 cm

−1). In the OPB600 without the adsorption
condition, the strong and broad –OH peak over 3,400–
3,680 cm−1 was revealed, and the intensity of the peak
decreased with the adsorption conditions at pH 3.0 and
6.0 (Fig. 3a). The spectra of WSB600 were different
from those of OPB600 in intensity and shape. This
might be caused by the difference of constituents
between two types of the raw feedstock. In the
WSB600, the band between 400 and 800 cm−1 can be
attributed to the superposition of the specific vibra-
tions of various oxides. The occurrence of peak
around 1,630 cm−1 may be due to the vibrating prop-
erty of C0C. With the adsorption conditions, the band
observed at around 2,364 cm−1 becomes strong and
sharp. This suggests that the appearance of the
2,364 cm−1 peak may be due to the fluoride adsorption

Fig. 4 Scanning electron micrographs(SEM) image and associated energy dispersive X-ray (EDX) quantification changes of OPB
produced at 600 °C without (a) and with fluoride adsorption at pH 3.0 (b), 6.0 (c), and 9.0 (d)
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on the corresponding carbon dioxide. The analysis of
FT-IR at different pH conditions suggested that OH−

groups may affect the adsorption of fluoride because
OH− and F− anions have approximately same size,
which can be isomorphously replaced each other
(Ayoob et al. 2008). Thus, the reduction of fluoride
adsorption observed under basic conditions can be
explained by the competition between hydroxide and
fluoride anions.

3.4 SEM and EDX Analyses

To understand the properties of fluoride adsorption at
the different pH conditions, the SEM image and EDX
quantification of the OPB600 and WSB600 were per-
formed without and with adsorption conditions at the
pH 3.0, 6.0, and 9.0. The results are shown in Figs. 4
and 5, respectively. The OPB600 and WSB600 were
composed of very coarse and heterogeneous surfaces,
having significantly irregular forms and sizes of the
particles, especially the OPB600 was imaged with

many hollow channels of around 10–20 μm in diam-
eters. These structures of the OPB and WSB are likely
to provide a high internal surface area and adsorption
ability as an absorbent for the fluoride. Elemental
analysis by the EDX demonstrated the presence of
fluoride dissolved in the sample solutions at the dif-
ferent pH conditions. Comparison of the elemental
content in Figs. 4 and 5 showed that fluorine content
was higher at pH 6.0 than at pH 3.0 and pH 9.0. This
result coincided with those in Figs. 1 and 2. That is,
the relatively low F content at pH 3.0 implies that the
fluoride combined with metal ions such as aluminum
and iron in the WSB could be detached from the
surface and these fluoride complexes could be kept
in the aqueous solution (Fig. 5). According to Sujana
and Anand (2010), the SEM–EDX analysis revealed
the fluoride adsorption on adsorbent surface and indi-
cated that both iron and aluminum contributes to the
fluoride adsorption. Kumar et al. (2011) also reported
from the EDX analysis that elemental constituents
interacts with fluoride adsorbent.

Fig. 5 Scanning electron micrographs(SEM) image and associated energy dispersive X-ray (EDX) quantification changes of WSB
produced at 600 °C without (a) and with fluoride adsorption at pH 3.0 (b), 6.0 (c), and 9.0 (d)
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4 Conclusions

Fluoride adsorption is strongly dependent on pH con-
ditions. This study reveals that the fluoride ion in acidic
conditions can be efficiently adsorbed by biochar pro-
duced from OP and WS. The reduction of fluoride
adsorption in the basic condition would occur because
of the competition between hydroxide and fluoride
anions. In theWSB containing Al as major components,
the difference of apparent and actual fluoride adsorption
would occur because of the fluoride conformations dis-
solved in the solution. That is, considerable amount of
fluoride leached from the functional groups in WSB
with the adsorption condition and existed as soluble
fluoro-aluminate complexes in low pH solutions. This
reaction was also identified by comparison of elemental
contents measured by EDX at different pH conditions.
In conclusion, the use of biochar derived from OP and
WS are found to be an environmental and cost-effective
adsorbent for fluoride adsorption and hence can be
considered as a promising alternative for defluoridation
in acidic aqueous phase.
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