
* Corresponding author.

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2019.23890

149 (2019) 150–156
May

Boron adsorption onto activated carbon and amorphous carbon prepared 
from sucrose dehydration

Mouna Jaouadi*, Ahmed Hichem Hamzaoui
Useful Materials Valorization Laboratory, National Centre of Research in Materials Science, Technologic Park of Borj Cedria,  
B.P. 73, 8027 Soliman, Tunisia, Tel. +216 99 434 202; email: ing.mouna@gmail.com (M. Jaouadi)

Received 9 January 2018; Accepted 28 January 2019

a b s t r a c t
The comparison of performances of two materials based on carbon, industrial activated carbon and 
carbon obtained from sucrose dehydration, for boron removal from aqueous solution was achieved. 
For that, both materials were at first characterized by the determination of N2 adsorption–desorption 
measurements, X-ray diffraction, infrared and Raman spectroscopies, thermal analysis (TGA-DTA), 
“Boehm” titration and pH of the point zero charge. The tests of adsorption show that despite its 
lowest specific surface area, amorphous carbon from sucrose dehydration exhibits the highest boron 
adsorption uptake (1.8 mg g–1) compared with the industrial activated carbon. The surface chemistry 
particularly rich in carboxylic groups for the prepared carbon was responsible for the high boron 
adsorption. Based on the results of this study Langmuir is the best isotherm model describing 
adsorption of boron onto carbon-based materials, as it gave the maximum R2 value.
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1. Introduction

In nature, boron occurs in the form of undissociated 
orthoboric acid, partially dissociated borate anions in the form 
of polyborates, complexes of transition metals and fluorobo-
rate complexes [1]. In water, boron appears predominantly in 
the form of boric acid.

Boron and its compounds must be removed from 
drinking water with high concentrations. The boron concen-
tration recommended by the World Health Organization for 
drinking water is 2.4 mg L–1.

The amount of boron in water depends on many factors 
such as the geochemical nature of the drainage area and 
input from industrial effluents.

Boron is an important nutrient for plants, the range 
between deficient and toxic levels is very narrow. Some 
species such as blackberry and citrus are highly susceptible 
to boron with a tolerance level less than 0.5 mg L–1 B [2]. As 

well known, boron will be able to damage the reproducibility 
of living organisms at sufficiently high concentrations.

The removal of boron from aqueous solution requires 
several technologies. However, some methods face serious 
limitation in boron removal due to the aqueous chemistry of 
boron-containing species such as in case of reverse osmosis 
[3]. Reverse osmosis could effectively remove boron but is 
costly and requires adjusting pH to the high level [4,5].

Some inorganic materials were used for boron removal 
from water through precipitation [6], complexation, and 
adsorption [7].

The boron adsorption sites for carbon based-materials are 
mainly the hydroxyl groups present at the surface. Carbon-
based materials have got considerable attention during the 
past decades. Numerous types of structures of carbon have 
been prepared.

Carbon exists in a variety of stable forms such as 
graphite, diamond, nanotubes, and amorphous carbon.

Activated carbon is well known as a material used in both 
gas and liquid phases. The large surface area of activated 
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carbon enables it to adsorb diverse pollutants one among 
which is boron. Using activated carbon as an adsorbent, bet-
ter performance could be achieved with the impregnation of 
activated carbon with chemical compounds. Celik et al. [8] 
have studied the adsorption of boron using salicylic acid as 
an impregnant and the result showed the significant enhance-
ment with 15% removal for pure activated carbon and up to 
25% for modified activated carbon.

Amorphous carbon has a lot of interests due to its unique 
properties such as high hardness, low friction coefficient, and 
chemical inertness. Optical and electrical properties of amor-
phous carbon can be tuned by manipulating the sp2 and sp3 
bonding ratio [9].

In addition to that, amorphous carbon is known by the 
high biocompatibility and the high hemocompatibility prop-
erties [10]. Recently there are many researchers that confirm 
that amorphous carbon provides accessible complexation 
sites for boron species [11].

In this work, amorphous carbon was produced from 
sucrose dehydration. Industrial activated carbon and amor-
phous carbon are used as adsorbents to remove boron from 
aqueous solution. The structure and surface properties of 
these adsorbents were characterized using Fourier transform 
infrared spectroscopy (FTIR), Raman spectroscopy, powder 
X-ray diffraction (XRD), “Boehm” titrations, measurements 
of pH of the point zero charge (pHPZC), thermal analysis 
(TGA-DTA) and N2 adsorption–desorption at 77 K.

2. Materials and methods

2.1. Preparation of amorphous carbon

Amorphous carbon was obtained from the dehydration 
of sucrose. Sucrose is commonly known as table sugar, and 
it is obtained from sugar cane or sugar beets. It is a non- 
reducing disaccharide composed of glucose and fructose 
linked via their anomeric carbons.

In this work, 50 g of sucrose was mixed with 50 mL of 
concentrated sulfuric acid in a tall-form beaker. The color 
of the mixture changes from white to yellow and to black. 
At this point, the mixture will begin to expand out of 
the beaker.

Industrial activated carbon, which is used as an 
adsorbent to remove boron from aqueous solution, was 
provided by Sigma-Aldrich (France).

2.2. Characterization of the adsorbents

2.2.1. Determination of the acidic surface functional groups

Boehm titrations quantify the basic and oxygenated 
acidic surface groups on activated carbons [12,13]. Surface 
functional groups such as carboxyl (RACOOH) and 
P-containing acidic groups, lactones (RAOCO), phenols (Ar–
OH), carbonyls or quinones (RR’C‚O) and basic groups were 
determined.

Surface functional groups were quantified by assuming 
that NaOH did not react with the RR′C‚O groups; Na2CO3 did 
not react with RR′C‚O and RAOH groups, and that NaHCO3 
only reacted with RACOOH groups and the P-containing 
acidic groups.

Experimentally, about 0.1 g of each sample (activated 
carbon, amorphous carbon) was mixed in a closed 
polyethylene flask with 20 mL of 0.02 mol L–1 aqueous reac-
tant solution (NaOH, or Na2CO3, or NaHCO3). The mixtures 
were stirred for 48 h at a constant speed of 150 rpm at room 
temperature before being filtered through 0.45 mL membrane 
filters (Millipore 405314). To determine the oxygenated 
group’s content, back-titrations of the filtrate (10 mL) were 
performed with standardized HCl (0.02 mol L–1). The num-
bers of all acidic sites were calculated under the assumption 
that NaOH neutralizes carboxylic, phenolic and lactonic 
groups. Basic groups contents were also determined by 
back titration of the filtrate with NaOH (0.02 mol L–1) after 
agitation of the activated carbon (0.1 g) in HCl (0.02 mol L–1) 
for 48 h.

2.2.2. pH of point zero charge

The point of zero charge (pHPZC) describes the con-
dition when the electrical charge density on a surface is 
null. The pHPZC was determined by the so-called pH drift 
method [12]. The pH of a deoxygenized suspension of 
the activated carbon (0.15 g) in an NaCl aqueous solution 
(50 mL at 0.01 mol L–1) was adjusted to successive initial 
values between 2 and 10. The suspensions were stirred for 
48 h under N2 and the final pHs were measured and plot-
ted against the initial pHs. The pHPZC was determined at the 
value for which pHfinal = pHinitial.

2.2.3. FTIR spectroscopy

The FTIR spectra were recorded with an EQUINOX 55 
FTIR spectrophotometer (Bruker, Germany) on dried pellets 
obtained by pressing a mixture of 1 mg of each sample (well 
dried) and 300 mg of dried spectrometric grade KBr under 
350 MPa. Spectra were recorded in the 4,000–400 cm–1 range 
with a 4 cm–1 resolution; 64 scans were performed on each 
sample.

2.2.4. Raman characterization

Raman analyses were carried out at room temperature 
using a Dilor XY-800 confocal micro-Raman spectrometer 
coupled with a microscope. The spectra were recorded in 
backscattering geometry, at 514.5 nm radiation beam from 
an Ar–Kr laser-focused on the sample (spot of 2 µm power 
of 20 mW). Baseline corrected spectra were computed using 
Origin 6.0.

2.2.5. X-ray diffraction

The XRD diagrams were obtained on a Philips X’Pert 
PRO MRD (PW 3050, Germany) diffractometer at the 
CuKα1 radiation (1.54056 Å). The measurements were 
recorded under Bragg–Brentano geometry in the 5°–70° 2θ 
range (0.05 step).

2.2.6. Thermal analysis

Thermogravimetric analyses (TGA-DTA) were carried out 
using a SETARAM apparatus. Initial sample masses of 17.5 mg 
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were placed in a hemispherical crucible. The use of small 
masses was necessary to reduce the effects of side reactions 
as well as mass and heat transfer limitations. Experiments 
were performed under argon at heating rate of 5°C min–1.

2.2.7. N2 adsorption–desorption at 77 K

N2 adsorption–desorption isotherms of the activated 
carbons were measured at 77 K using an automatic sorp-
tometer (ASAP 2020, Micromeritics, USA), after degassing 
activated carbon and amorphous carbon samples overnight 
at 250°C. The specific surface areas of the activated carbons 
were calculated using the Brunauer–Emmett–Teller (BET) 
equation, assuming 0.162 nm2 area for the nitrogen mole-
cule. As negative unrealistic C factors were obtained by 
applying the BET model in the relative pressure range from 
0.05 to 0.3, the BET specific surface areas were then prefer-
entially computed in the relative pressure range from 0.01 to 
0.05, as for the microporous materials.

2.3. Boron adsorption isotherms

Equilibrium adsorption was studied at 22°C for 3 h using 
1 g of sample in 100 mL of solution containing boron concen-
trations in the 5–100 mg L–1 range. The initial pH was set to 
the pKa value of H3BO3/B(OH)4

–, that is, 9.26, by addition of a 
0.1 mol L–1 NaOH solution.

After adsorption, the dispersions were centrifuged at 
180 rpm for 15 min, and the boron concentrations of the 
recovered solutions were determined by spectrophotometry 
(PerkinElmer (France), Lambda 22, quartz cells) at 410 nm 
using azomethine-H as a complexant. The adsorption uptake 
of boron (qe) onto each adsorbent (AC, amorphous carbon) 
was calculated from the mass balance relationship [11]:

q
C C V
We

t e=
−( )

 (1)

where V (mL) is the solution volume, Ct and Ce (mg L–1) are 
concentrations of the initial and final solutions of boron, 
respectively; and w (g) is the dried adsorbent mass.

3. Results and discussion

3.1. Boehm titrations and pHPZC

Table 1 shows that the pHPZC of amorphous carbon 
is around 4.49. Such value indicates that, at pH below 
approximately 4.49, the surface groups of the adsor-
bent will be protonated, that is, positively charged. At 
pH = 4.49, the net charge of the surface of the adsorbents 
will be equal to zero. Finally, at pH values above 4.49, the 
surface groups will be deprotonated and the surface will 
exhibit negative charge.

The pHPZC value of industrial activated carbon is in 
agreement with the one (i.e., 9) measured by Gamze et al. [14].

Table 1 also shows the highest amount of acidic groups 
was formed in amorphous carbon obtained from sucrose 
dehydration. The high value in acidic groups could be 
explained by the reaction with sulfuric acid and the possible 

formation of sulfonic acid groups. In amorphous carbon, 
among the various oxygenated groups, the carboxylic groups 
were found at the highest content (2.65 mmol g–1). The low 
pHPZC value of amorphous carbon is in agreement with the 
predominance of surface acid groups (5.33 mmol g–1).

3.2. FTIR spectroscopy

FTIR spectra of activated carbon and amorphous carbon 
are shown in Fig. 1. For all the samples, the stretching vibra-
tions of the –OH groups observed around 3,400 cm–1 were 
partly attributed to the residual presence of adsorbed water 
in the carbons.

For all the carbon materials, the band at 1,700 cm–1 is 
assigned to the –C=O bond in carbonyl, carboxyl, anhydride 
and lactone. The intensity of this band was found to be weak 
in activated carbon but quite strong in amorphous carbon 
confirming the dehydration of sucrose in the presence of 
concentrated sulfuric acid.

The presence of the bending vibrations (out of plane) of 
C–H bonds ranging from 900 to 700 cm–1 both in amorphous 
carbon spectrum might be the signature of the dehydration 
of sucrose.

The band around 1,220 cm−1 is typically attributed to the 
C–O band.

The band intensity around 2,920 cm−1 was characteristic 
of C–H stretching of aliphatic moieties; most likely associated 
with the glicydic part of sucrose [15]. Particularly, this band 
was more intense for amorphous carbon.

Table 1
pHPZC and total surface acid groups of the adsorbents 
(determined by Boehm titrations)

Activated carbon Amorphous carbon

Carboxylic (mmol g–1) 0.2 2.65
Lactonic (mmol g–1) 0.2 2.41
Phenolic (mmol g–1) 0.04 0.27
Acidic (mmol g–1) 0.44 5.33
pHPZC 9 4.49
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Fig. 1. FTIR spectra of activated carbon and amorphous carbon.
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The band at 1,250 cm–1 reflects the presence of sulfur in 
amorphous carbon, it might be due to the presence of sul-
fonic acid groups. Moreover, the bands in the 700–900 cm–1 
region might refer to S–O–R stretching [11].

It will be concluded that valuable information about the 
chemical compositions of the carbon based-materials were 
provided by FTIR spectra.

3.3. Raman spectroscopy

Raman spectroscopy is a non-destructive tool for struc-
tural characterization of carbon films.

The Raman spectra of activated carbon and amorphous 
carbon (Fig. 2) exhibit two broad Raman bands at about 
~1,360 and ~1,570 cm–1 assigned to the disordered structure 
mode (D mode) and the graphitic structure mode (G mode), 
respectively [16].

The ID/IG ratio (where ID and IG are the intensities of D and 
G bands, respectively) can be related to the coherence length 
along the basal plane (La).

The ID/IG ratios are 0.76 for amorphous carbon and 1.5 for 
activated carbon, which reveals that the disorder degree of 
amorphous carbon surfaces increases after the dehydration 
of sucrose.

Intensity ratio ID/IG and G-band position have been 
reported to depend on the sp2 content in the material [17]. 
In amorphous carbons, ID/IG is a measure of the size of the 
sp2 phase organized in rings. If ID/IG is negligible, then the 
sp2 phase is mainly organized in chains, or even if rings 
are present, the Π bonds are not fully delocalized on the 
rings [17].

It should be noted that Raman spectroscopy is a suitable 
tool for the characterization of carbon-based materials. The 
ID/IG ratio has been successfully used to evaluate the degree 
of disorder in amorphous carbon obtained from sucrose 
dehydration.

3.4. X-ray diffraction

The XRD results are presented in Fig. 3. Two broad 
maxima, in activated carbon diffractogram, corresponding to 
(002) and (101) reflections of a turbostratic carbon structure 

[18]. The peak at around 25.4° (d = 0.348 nm) was due to the 
stacking structure of aromatic layers of carbon [19].

The spectrum of pure amorphous carbon showed a 
peak at 2θ ~43.5° that corresponds to the (1 0 1) band and a 
broad peak in the range of 20°−45° (2θ), which was typical 
for amorphous solids, confirmed the absence of an ordered 
crystalline structure, this result is in good agreement with the 
literature [20].

XRD analysis is a fundamental method for studying the 
amorphous carbon obtained by dehydration of sucrose.

3.5. Porosity characterization

Fig. 4 shows the N2 adsorption–desorption isotherms 
(at 77 K) of activated carbon and amorphous carbon.

Activated carbon exhibits isotherms with evident 
hysteresis loops in the relative pressure range of about 0.4–0.9.

The surface properties of the carbon materials are 
summarized in Table 2. The amorphous carbon showed very 
low specific surface area (1.73 m2 g–1).

The carbon from sucrose dehydration, with a small 
specific surface area, was mainly mesoporous contrary to 
activated carbon.

It may be concluded that the sucrose dehydration leads 
to a sample showing a well-developed porous texture so it 
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Fig. 2. Raman spectra of amorphous carbon and activated 
carbon.
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Fig. 3. X-ray diffraction of amorphous carbon and activated 
carbon.
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is possible to prepare amorphous carbon showing tailored 
properties in terms of micro- or mesoporous texture and 
surface area.

3.6. TGA-DTA

In order to investigate the thermal stability of carbon 
adsorbents, we carried out TGA-DTA experiments. This 
technique is quite useful as it provides information about 
the temperature range where these adsorbents are stable. 
The results of thermal analysis of TGA are shown in Fig. 5(a). 
For both carbon materials, the first mass loss steps, from 
about 22°C to 150°C, concerns mainly the loss of physically 
adsorbed water.

The TGA curves reveal more accurate differences in the 
thermal behavior of the samples. The amorphous carbon 
exhibits the highest total mass loss (about 50% at 1,000°C) 
compared with activated carbon. For amorphous carbon, 
TGA signal shows a more important weight loss in the range 
300°C–500°C than activated carbon. This was attributed to 
the decomposition of the amorphous carbon.

The decomposition of amorphous carbon at a lower 
temperature can be explained by the characteristics of the 
organic compounds present in sucrose before the dehydra-
tion with sulfuric acid. The results of thermal analysis of DTA 
are shown in Fig. 5(b).

The strong endothermic peak at 111°C confirms the grad-
ual removal of the H2O molecules in both carbon materials. 
The second endothermic peak at 450°C of amorphous carbon 
is assigned to the degradation of carbon material. It can occur 
from 100°C to 400°C for carboxylic acid groups, from 200°C 
to 600°C for lactone groups, and over 600°C for phenol, car-
bonyl, ether, quinone, and anhydride groups which includes 
CO [21].

The endothermic reaction occurred on the DTA curve 
of amorphous carbon at about 760°C, which should be 
attributed to the elimination of carbon dioxide and sulfur 
dioxide, which was released from the dehydration of sucrose 
with sulfuric acid.

3.7. Boron adsorption

As shown in Fig. 6, the boron adsorption isotherms 
at 25°C can be divided into two stages in the range of 
experimental equilibrium concentrations. Boron removal 

capabilities measured at pH 9.26 in water, the highest one 
was found for the adsorption on the amorphous carbon 
(1.8 mg g–1) compared with activated carbon (1.3 mg g–1). 
At the working pH (~9.26), the main existing forms of boron 
were both H3BO3 and B(OH)4

– [22]. As the pH of point zero 
charge of activated carbon and amorphous carbon were 

Table 2
Porosity characteristics of activated carbon and amorphous 
carbon

Activated 
carbon

Amorphous 
carbon

SBET (m² g–1) 957.26 1.73
Diameter (Å) 53.35 86.43
Micropore volume (cm3 g–1) 0.27 –
Micropore area (cm3 g–1) 601.36 –
Mesopore area (cm3 g–1) 355.9 –
External area (cm3 g–1) 355.89 2.50
Vtot (cm3 g–1) 0.59 0.000902
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Fig. 5. Thermogravimetry (TGA) (a) and differential thermal 
analysis (DTA) and (b) of activated carbon and amorphous 
carbon.
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Fig. 6. Experimental adsorption isotherms of boron on amor-
phous carbon and activated carbon (m = 1 g, V = 100 mL, T = 25°C, 
pH = 9.26, contact time = 3 h).
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found to be acidic, their surfaces at the working pH were 
negatively charged. Thus the main adsorbed species were 
H3BO3 and B(OH)4

– underwent repulsion from the carbon 
surfaces [23].

Fig. 6 shows the high affinity of boron for the amor-
phous carbon surface. The highest capacity for amorphous 
carbon despite its lowest specific surface area was explained 
by the presence of high content of carboxylic groups formed 
through the dehydration of sucrose. This result confirmed 
that adsorption of boron on carbon materials is mainly gov-
erned by the complexation of boron species with electron 
donors (mainly OH groups or carbonyl groups).

The amorphous carbon sample exhibits a remarkably 
high capability of boron removal (~1.8 mg g–1 at a concentra-
tion of 20 ppm) higher than the value of 1.41 mg g–1 reported 
by Mouna et al. [11].

The relationship between the amount of boron adsorbed 
and equilibrium concentration of boron in solution can be 
described by isotherms. Langmuir and Freundlich models are 
often used to describe the experimental isotherm data [24,25].

The Langmuir isotherm can be applied for type I 
equilibrium adsorption [26]:

q q
b C

bCe
e

e=
×

+








0 1

 (2)

where Ce is the equilibrium concentration of the boron 
solution (mg L–1) and qe is the amount adsorbed at equi-
librium (mg g–1), q0 (mg g–1) and b (L mg–1) are Langmuir 
constants related to the adsorption capacity and the energy 
of adsorption.

The linear plot of Ce/qe vs. Ce shows that adsorption follows 
a Langmuir isotherm (Fig. 7), the constants q0 and b were cal-
culated from the slope and intercept of the linear plots and 
are presented in Table 3. As shown in Table 3, the correlation 
coefficients found of the isotherms by the Langmuir-model 
are higher than 0.99. The increased b value can be used to 
explain that the mechanism of adsorption is different for 
amorphous carbon and activated carbon and the affinity was 
enhanced after dehydration of sucrose.

The Freundlich model would be applicable. The 
Freundlich equation is represented by the equation:

log log logq K
n

Ce e= +
1

 (3)

where K (mg g–1) is the Freundlich capacity constant and n is 
the Freundlich intensity constant. A plot of linear Freundlich 
equation log Ce vs. log qe is shown in Fig. 8.

The fit of data to the Freundlich equation may indicate 
the heterogeneity of the activated carbon surface. The low 
value of K showed difficulty uptake of boron from aqueous 
solution with a low adsorptive capacity of the sorbent [27]. 
The n values are related to the Giles classification, S, L, and 
C type isotherm. n > 1 correspond to S shape, n = 1 to C type, 
and n < 1 to L type [28]. As can be seen from Table 3, the 
n value of the boron sorption isotherms on activated carbon 
confirms S-shape. The Freundlich constant n should have 
a value lying in the range of 1–10 for the classification of 
adsorption as favorable.

Boron adsorption onto industrial activated carbon fits 
both the Freundlich and the Langmuir isotherms [29], but at 
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Fig. 7. Langmuir plots for boron removal by adsorption 
(at pH 9.26 and 22°C).

Table 3
Langmuir and Freundlich constants

Langmuir Freundlich

q0 (mg g–1) b (L mg–1) R2 n K (mg g–1) R2

Activated carbon 1.3 0.06 0.993 5.88 10 exp (–0.15) 0.92
Amorphous carbon 1.85 0.25 0.994 – – –
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Fig. 8. Freundlich plots for boron removal by adsorption onto 
activated carbon (at pH 9.26 and 22°C).
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low boron concentration, adsorption fits neither Freundlich 
nor the Langmuir isotherms [30]. Based on all results, it can be 
concluded that the amorphous carbon prepared from sucrose 
dehydration allowed a high capacity for boron removal from 
an aqueous solution. This opens new perspectives in the field 
of adsorbent materials, in order to prepare very efficient car-
bon adsorbents for boron remediation by the dehydration of 
carbohydrates.

4. Conclusion

In this work, an amorphous carbon was prepared from 
sucrose dehydration. The amorphous character of the atomic 
structure was confirmed by Raman spectroscopy and X-ray 
diffraction. Amorphous carbon displays very low specific 
surface areas compared with the industrial activated carbon. 
The surface of amorphous carbon is very rich in carboxylic 
groups, were an advantage for boron removal from water.

For boron removal capabilities measured at pH 9.26, the 
highest one was found for the adsorption on the amorphous 
carbon (1.8 mg g–1) compared with industrial activated carbon 
(1.3 mg g–1). The presence of very high content of carboxylic 
groups in the amorphous carbon prepared from sucrose 
dehydration allowed a high capacity for boron removal. This 
result confirmed that adsorption of boron on carbon-based 
materials is mainly governed by the complexation of boron 
species with electron donors (mainly OH groups).

Based on the results of this study, Langmuir is the 
best isotherm model describing adsorption of boron onto 
carbon-based materials, as it gave the maximum R2 value.
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