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Abstract: Carbon microspheres have been synthesized by the hydrothermal method with fructose
and a phosphoric acid solution at two different concentrations, which were used as precursors.
The obtained materials were characterized by elemental analysis, X-ray powder diffraction (XRPD)
analysis, scanning electron microscopy (SEM), nitrogen adsorption/desorption measurements, and
Fourier transform infrared (FTIR) spectroscopy. Batch sorption experiments were performed to
remove methylene blue (MB) from aqueous solutions by varying the initial concentration of MB (Cy)
from 50 to 500 mg/ dm3, contact period, solution pH value, and temperature. Prepared sorbents
consisted of microsphere particles with diameters in the range of 0.6-2.7 um. The synthetic route
was found to govern the microporous-mesoporous structure and surface acidic functional groups of
the final product. A phosphoric acid concentration of 40 wt.% gave carbon material with a specific
surface area of 932 m?/g and a total pore volume of 0.43 cm3/g. It was found that the extent of
MB sorption by the obtained carbon microspheres increased with initial dye concentration, contact
time, and especially solution pH but slightly decreased with increasing temperature. Kinetic studies
showed that the dye sorption process followed pseudo-second-order kinetics.

Keywords: hydrothermal synthesis; carbonization; fructose; methylene blue; removal

1. Introduction

Size-controlled activated carbon materials with their large sorption capabilities and
high porosity have been widely investigated in advanced material science. Increasing
environmental problems also increase the need for novel materials with a large variety
of applications, primarily as sorbents and filter materials [1,2], catalysts [3,4], superca-
pacitors [5], energy storage and conversion systems [6], drug delivery mechanisms [7],
separation technologies [8], Li-ion battery anodes [9], etc. Spherical activated carbons
are receiving growing attention due to their diverse potential in many applications, in
contrast to granular or powdered carbon materials, and their desirable characteristics such
as high wear resistance and mechanical properties, good sorption capacity, very good
purity, smooth surface and uniformity of particle size and shape, good fluidity, excellent
packaging possibility, low pressure drop, high bulk density and micropore volume, low
ash and impurity content, and controllable pore size distribution [10].
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Activated carbons are usually prepared by pyrolysis and activation of organic starting
materials. The activation process may be conducted by physical and chemical methods.
Both methods can generate carbons with large specific surface areas, which is crucial
for their large sorption capacities [11,12]. Unfortunately, both pyrolysis and activation
methods have many disadvantages, such as high energy costs, low carbon yield, and waste
gas emissions. Numerous investigations at the global level have been conducted in the
last two decades in the field of conversion of carbohydrates to carbon-based materials
by one-step methods and without using catalysts [13,14]. Regarding the preparation of
spherical carbons, the method used for the synthesis process strongly depends on the
selected precursor. In the case of polymeric starting materials, polymerization reactions
are used for the preparation of spherical carbons [15]. For carbohydrates, hydrothermal
treatment has been one of the best methods in recent years considering mild synthesis
conditions [16-18]. There are lots of advantages to using different types of sugar as a carbon
precursor, such as low cost, availability, high purity, and the existence of aromatic rings
that are necessary for forming graphitic carbon structures in the obtained material. The
carbon materials obtained using sugars have been found to possess spherical morphology
in general, great thermal stability, and good electrical conductivity [19,20]. However, the
carbon materials obtained by the hydrothermal carbonization of sugars have limited surface
area and low porosity. This property directly affects their eventual applications. In order to
resolve this shortcoming, it has been proposed to include additional post-treatment after
the hydrothermal heating by pyrolysis or activation step at higher temperatures (>600 °C),
which would result in increased porosity within the structure of the material [21,22]. The
pore organization of the activated carbon material could be controlled by different methods,
such as activation conditions (activation agent, temperature, and time), type of precursor,
or modification after synthesis. The most commonly used chemical activation agents are
NaOH, KOH, and H3POy, [23-26].

Sorption of organic waste from the aqueous phase is one of the most important
applications of carbon-based materials [27]. Environmental pollution caused by textile
industry wastewater has received widespread attention and interest globally in the last
two decades [28,29]. Dyes discharged from the food, leather, textile, and other industries
are the main organic pollutants in natural water. A large number of organic dyes are
environmentally toxic, carcinogenic and mutagenic, mostly non-biodegradable, and cause
severe health damage to humans, animals, plants, and microorganisms [30-32].

Wastewater from the textile and leather industries contains high amounts of azo dyes
such as MB, methyl orange, and Congo red. MB is a cationic dye mostly used for dying
cotton, wood, and silk [29].

In this work, carbon microspheres were obtained by the hydrolysis of fructose with
phosphoric acid through facile and inexpensive hydrothermal carbonization. This method
of synthesis generates carbon-based materials with a high concentration of surface oxygen
functional groups such as carboxyl, carbonyl, lactones, phenols, etc. [33,34]. The sorption
of dyes and pigments onto different activated carbons has been widely investigated [35-37]
and it has shown high efficiency and very good results.

The main objective of this work is to examine the possibility of fructose as a low-cost
precursor for the preparation of carbonaceous material with high surface area and to apply
it for MB sorption from an aqueous solution. For this purpose, carbon microspheres were
synthesized with two different concentrations of phosphoric acid, resulting in dissimilar
textural properties. They were properly characterized and examined in a batch system
for the removal of MB from the aqueous phase under varying experimental conditions,
including initial dye concentrations, pH, contact time, and temperature. In this way, a well-
studied compound was used as a benchmark sorbate for evaluating the sorptive potential
of the obtained carbon microspheres. Finally, the whole study is directed towards the
purification of wastewaters from the textile industry by means of hydrothermally derived
carbons as a concept for their prospective utilization.
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2. Materials and Methods
2.1. Chemical and Reagents

Orthophosphoric acid was purchased from Merck KGaA (Darmstadt, Germany) (85%,
1.71 g/cm?®). Methylene blue was also supplied by Merck KGaA (Darmstadt, Germany)
(purity: for the staining of blood constituents, as declared) was dried for 2 h at 90 °C prior
to use. D (-)-Fructose >95% (C¢H1,06, Mr = 180.16 g/mol, p = 1.59 g/cm3, melting point
105 °C) was obtained from Carl ROTH (Karlsruhe, Germany). Deionized water with a
resistivity of 18 M()/cm was used to prepare all solutions. All chemicals employed were
used without purification.

2.2. Sample Preparation

Hydrothermal synthesis of carbon microspheres was performed in a glass reactor
by using 40% and 80% (wt.%) H3POj, as an activating agent. Fructose solution of 2M
concentration was homogenized by magnetic stirrer for a period of 15 min, poured in a
glass reactor, and then placed into the dry oven at 250 °C under autogenously formed
pressure for 20 h. Prepared samples were washed with distilled water in an ultrasonic bath
at 60 °C. The next step was filtration and washing with distilled water to neutral. Finally,
the samples were dried in an oven at 100 °C and labeled as AC40 and AC80, depending on
the concentration of H3PO, used in the experiment (40% or 80%, respectively).

2.3. Characterization

Elemental analyses of the synthesized carbon microsphere materials were investigated
on a Vario EL IIl C, H, N, 5/0 Elemental Analyzer. The amounts of C, N, and H were
determined directly, while the amount of oxygen was calculated as 100%—C%—N%—H%.
The absence of S is implied.

The crystal structure of the synthesized samples was characterized using X-ray powder
diffraction (XRPD) analysis using an Ultima IV Rigaku diffractometer with a Cu K« 1,2
radiation source. Samples were recorded in the range of 10-90° 260, with a scanning step
size of 0.02° and at a scan rate of 2°/min. The interlayer distance (dgp2) and crystallite
height (L) were determined from the (002) diffraction peak, and crystallite width and size
(La), along the basal plane, from the 6 position of the diffraction peak (100). The calculations
were performed with the Bragg and Scherrer formulas.

The morphology of carbon samples obtained in this work was characterized by SEM—
JEOL JSM-5800. The sphere diameter range was determined by applying the Image Pro
Design program and the results were presented in the form of histograms.

The FTIR spectra of the as-prepared carbon microspheres, before and after the sorp-
tion of the methylene blue, were recorded using the Perkin Elmer Spectrum Two FI-IR
spectrometer. The diffuse reflectance infrared Fourier transform (DRIFT) technique was
used for collecting the spectra.

Textural characteristics of carbon microspheres were determined by measuring nitro-
gen adsorption/desorption isotherms at 77 K by the gravimetric McBain balance method.
The values of specific surface area (Spgr) were calculated from adsorption data applying
the standard Brunauer-Emmet-Teller (BET) method [38,39]. The best linear fit that was
used for calculation was in the region p/pg < 0.05 (p and p, represent the equilibrium and
saturation pressures). The total pore volume Vi, was measured at the relative pressure
p/po = 0.96, applying Gurvitch’s rule [38]. The Dubinin—-Radushkevich (D-R) equation
was used for calculation of micropore volume (VDR) and characteristic adsorption energy
(Eo) [40].

The effective micropore size (L) distribution was calculated according to the Horvath
and Kawazoe (HK) method [41]. The most commonly applied Barrett, Joyner, and Halenda
(BJH) method for mesopore-containing materials [42] was used to determine the pore size
(w) distribution for pores higher than 1.4 nm. Both methods were applied to the appropriate
part of the desorption branch of the N; isotherm.
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By using the high-resolution as—plot method [43,44], the total surface area (Stor),
external surface area (Sgxt), and micropore volume (Vi) were estimated. Micropore
surface area (Smjc) was calculated by subtracting Sgxt from the Stor [44].

2.4. Sorption Experiments

Batch MB sorption experiments were carried out to investigate the effects of contact
time, initial dye concentration, pH, and temperature on the sorption of MB onto two
synthesized samples of carbon microspheres by varying the parameters under study while
keeping the other parameters constant.

Examination of the MB sorption kinetics on the synthesized materials was performed
by monitoring the change in the concentration of MB (C;) over time (f). During the MB
sorption from aqueous solutions for initial concentrations (Cy) of 50, 100, 150, 200, 300, 400,
and 500 mg/dm3, each concentration was adjusted to two pH values (7 and 12) with 0.1 M
NaOH and 0.1 M HCL. Before that, both samples were tested at three pH values: 5,7, and
12, for the probes with an initial MB concentration of 300 mg/ dm3. Sorption equilibrium
was established by intensive mixing of the given mixture, made of 50 mg of the carbon
sample and 50 cm® of MB solution by magnet stirring at a temperature of 25 °C. For testing
the process kinetics, at certain time intervals, stirring was stopped and the sample was
centrifuged for 1 min. After that, a sample of the liquid phase with a volume of 1 cm? was
taken, and stirring was continued. The sample was diluted 100 times, and the concentration
was measured for a given time on a UV-VIS spectrophotometer, Thermo Fisher Scientific
(Waltham, MA, USA) Evolution 60 S, at a wavelength of 665 nm.

The amounts of the sorbed MB per unit mass of synthesized carbon microspheres
(sorption capacities) were calculated by taking into account the differences between the
initial and final MB concentrations in solution using the following equation:

(Co—Cy)V
— -t/ 1
qt - 1)
where g; (mg/g) is the sorption capacity of MB at any time ¢ (min), Cy and C; (mg/dm?)
are MB initial concentration and concentration at any time , V (dm?) is the volume of the
MB solution, and m (g) is the mass of the sorbent used in the experiments.

3. Results and Discussion
3.1. Elemental Analysis

The content of elements C, H, and O in the carbon microsphere samples obtained after
hydrothermal treatment of fructose with H3PO4 was determined by elemental analysis.
The results are listed in Table 1 and graphically presented in Figure 1. The amounts of C and
H were determined directly, while the amount of oxygen was calculated as 100%—-C%-H%.

Table 1. Elemental analysis and yields of the obtained carbon samples.

Sample C (%) H (%) O (%)

Fructose 40 7 53
AC80 72 9 19
AC40 76 5 19

The presented results show that the content of carbon in the sample synthesized with
40% H3PO4 was slightly higher (by 4%) compared to the sample obtained with 80% H3POy.
That is followed by a decrease in hydrogen content in sample AC 80.
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Figure 1. Elemental analysis and yields of the obtained carbon samples.

3.2. XRD

The XRPD patterns of the AC80 and AC40 samples, presented in Figure 2, showed
form characteristics for amorphous carbonaceous materials.
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Figure 2. The XRPD patterns of the synthesized carbon microspheres.

For sample AC40, two broad peaks are observed near 26 26 and 42°, which are
attributed to reflections (002) and (100), respectively. These features are attributed to the
carbons-based materials. The value for interlayer distance dyo, is 0.376 nm, the crystallite
height L. is 1.082 nm, and the value for the crystallite width L, is 1.961 nm. Therefore,
these materials have a turbostratic structure with small crystallites with domain sizes in
the range of 1-2 nm.

3.3. Scanning Electron Microscopy

The morphology of the samples is presented by the SEM micrographs in Figure 3a,b.
The obtained carbon materials consist of particles with a spherical morphology as shown by
the SEM micrographs. It is visually noticeable that the microspheres of the sample obtained
with a more concentrated solution of phosphoric acid (AC80) are significantly smaller in
diameter than the sample made with 40% phosphoric acid.
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Figure 3. SEM micrographs of (a) AC80 and (b) AC40, and calculated diameter of (c) AC80 and
(d) AC40 carbon microspheres.

The microsphere diameter range was determined by applying the Image Pro Design
program, and the results were presented in the form of histograms in Figure 3c,d. The
diameter of the obtained particles of the AC80 sample is in the range of 0.75 to 1.37 mm.
The most common are microparticles with a diameter of 1 um (see Figure 3c). The particle
diameter of the sample obtained with less concentrated phosphoric acid (AC40) is larger
and ranges from 1.8 to 2.7 um, with the most pronounced diameter of 2.3 um (see Figure 3d).
It may be seen from the micrographs that the diameter distribution of carbon microspheres
ACS80 has a high degree of uniformity.

3.4. FTIR

The resulting FTIR spectroscopy diagrams of as-prepared carbon microspheres before
and after the MB sorption are shown in Figure 4. These diagrams of the AC80 and AC40
samples are very similar, both before and after MB sorption. The changes after MB sorption
are most pronounced in the fingerprint region in the range of 400 cm~! to 1500 cm !, also
very similar for both samples.

The foremost bands were found, assigning the broad O-H absorption band to the plan
range from 3600 cm ! to 3000 cm ! and the C=0 stretching absorption at 1700 cm~!. The
peak at about 3600 cm ! is attributed to the phenolic functional group, so common to the
carbon materials. The expansion of this OH peak towards 3000 cm~! as well as the C=O
stretching of the absorption at 1700 cm ™! indicate the very intense presence of a carboxyl
group, another characteristic functional group for carbon. We assume that the presence of
the overlapping of OH bands from phenolic and carboxyl groups can be noticed as a broad
O-H absorption band with two peaks at 3600 cm~! and 3000 cm~!. The next characteristic
functional group for carbon-based materials is the carbonyl group. The carbonyl C=O band
is usually the most intense absorption band in a spectrum in the range 1820-1660 cm 1.
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The carbonyl band with a peak at about 1700 cm ™! can be seen in the spectra. The bands
in the range of 1160-1370 and 1675-1790 cm ! are attributed to the lactones functional
groups [27,45,46]. Aliphatic hydrocarbon (-C-H) is found at approximately 2900 cm ™!
and the band at 1620 cm~! could be attributed to the C=C stretching of aromatic and
furanic rings. These bands did not undergo significant changes even after sorption of
MB, and this is valid for both AC80 and AC40. The characteristic bands due to C-O (acid,
alcohol) stretching vibrations are observed in the range from 1300 cm~! to 1000 cm ™!, while
the band at 790 cm ™! is assigned to aromatic C-H out-of-plane bending vibrations [27].
These data reveal that these carbon microspheres contain an aromatic core and resident
functionalities in their shell.
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Figure 4. FTIR spectra of (a) AC80 and (b) AC40 carbon samples—before and after (thick line)
sorption of MB.

Comparing the spectra recorded before and after the sorption, it is noticed that there is
no significant difference in the position or shape of the bands observed in the spectra above
1700 cm~ 1. However, the difference between the FTIR spectra recorded before and after MB
sorption is noticed in the fingerprint region, pointing to the possible places of MB bonding
to the surface of microspheres. Namely, the following changes can be observed on spectra
upon sorption: (1) Presence of the stretching vibration of the carbonyl C=0 bond before the
sorption is confirmed by a strong band at 1705 cm~!. After the sorption of MB, the band is
shifted to 1697 cm~! [47]. Then, the band observed at 1595 cm ! can be attributed to the
C=C starching vibrations of the aromatic ring [47]. It is not shifted after the sorption of MB,
but the relative intensity of the peak increased after the MB sorption, so the peak intensity
ratio of the C=0 and C=C bands was changed. (2) The broad band noticed in the range
1300-1000 cm ™!, which originates from C-O stretching vibrations [45], disappeared after
the MB sorption, and more bands appeared in the same range. (3) A slight shift of the band
observed at 885 (from 879 to 885 cm™!) and an increase in the band at 822 cm ™!, which can
be attributed to the aromatic ring CH wagging [45] or out-of-plane bending [48] vibrations
of carbon spheres, appeared in the spectrum after the MB sorption.

3.5. N Adsorption/Desorption

The synthesized carbon microspheres AC80 and AC40 were also characterized by
isotherms of N, adsorption/desorption at 77 K. The corresponding isotherms are pre-
sented in Figure 5. For both samples, similar isotherm profiles with microporous character
were obtained.
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Figure 5. N, adsorption—desorption isotherms of carbon microspheres obtained by hydrothermal
synthesis using H3PO, with 40% and 80% concentration.

The presence of hysteresis indicates the presence of the mesopores. Also, low-pressure
hysteresis could be attributed to irreversible uptake of adsorptive molecules in pores of
about the same width as that of adsorbate molecules and/or swelling of nonrigid pore
walls [38]. It is obvious from Figure 5 that the carbon microspheres prepared in solution
with a lower concentration show better adsorption characteristics than the sample prepared
with a higher concentration of activating acid. So, sample AC40 has a larger surface area
(SpeT) and total pore volume (Vo) than sample AC80; see Table 2. This was confirmed by
further analysis shown below.

Table 2. N; adsorption/desorption characteristics of carbon microspheres obtained with different
concentrations of H3PO, solution.

Sample Sger (m 2/g)

Viot (cm 3/g) VDR (cm 3/g) Vs (cm 3/g) Ep (kJ/mol) Smic (m ?/g) Sext (m 2/g) Stot (m 2/g)

AC80 664

0.382 0.258 0.268 20.83 531 118 649

AC40 932

0.438 0.334 0.375 22.28 823 59 882

Results of specific surface areas calculated by the BET equation (Sggr) and other
textural properties of the obtained samples are presented in Table 2. The values of Sggr
for materials AC40 and AC80 are 932 m? /g and 664 m? /g, respectively. The dependence
of the specific surface area on the applied concentration of phosphoric acid used as an
activation agent is obvious. The values of St for AC40 and AC80 are 882 m2/ g and
649 m? /g, respectively, and these values are 2.3% and 5.7% lower, respectively, than those
obtained by the BET method. The as method allows us to calculate the specific surface
area of the microporous part of the sample (Spi.) as well as the part of the sample with
meso- and macropores (Sext). The external surface area (Sext) is significantly lower than
the microporous surface area (Sp;c) for both samples, especially for sample AC40. These
values are in agreement with the results obtained for total pores (Viot) and micropore
volumes. Values for VDR and Ej obtained by applying D-R theory are also presented
in Table 2. The values for Ej of the carbon samples are about 20 and 22 kJ/mol, which
could be attributed to the homogeneous structures of the obtained carbon microspheres.
In fact, characteristic adsorption energy is related to pore width, and Ey decreases as the
micropore size distribution spreads to larger values. So, the sample with lower characteristic
adsorption energy, in this case sample AC80, has larger pores. The fact that the micropore
volume is near 30% higher for sample AC40 than for sample AC80 is confirmed by both
calculation methods, a5 (V «s) and D-R (VDR). According to the HK method, the effective
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pore size values (L) are between 0.35 and 1.5 nm. The values for mesopores (w) are below
4.5 nm.

3.6. Sorption of Methylene Blue

The effect of contact time on the MB removal by the tested samples for Cy = 300 mg/dm?,
pH =7, and at room temperature (25 °C) is shown in Figure 6. In the case of AC40,
higher sorption capacities were attained for the same time relative to the sample ACS80.
Equilibrium in both cases was attained after 1320 min, although most of the sorption takes
place in the first 150 min from the starting of the process. The superiority in terms of
sorption performance of one sample over another is purely empirical. However, one could
hypothesize that the textural properties of AC40, especially the more developed specific
surface and pore structure, are responsible for the higher uptake of this sample.
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Figure 6. Effect of contact time on MB removal by obtained samples AC80 and AC40 (pH 7, Cy
300 mg/dm?, T 25 °C).

The typical sorption isotherm depicting the dependence of sorption capacity from the
residual MB concentration for equilibrium time conditions in the case of the sample AC40
is shown in Figure 7. The mass transfer driving force increases with the rising initial dye
concentration and results in the boost in dye removal up to Cy of 300 mg/dm? followed by
a pronounced decrease after this point.
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Figure 7. Effect of initial MB concentration on its removal related to sample AC40 (pH 7, 1320 min, T
25°C).
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C/q,(g/dm?)

In this study the maximum amount of MB sorption is reached at an initial concentration
of Cy 300 mg/dm?, reaching the final sorption capacity of 160 mg/g.

The effect of the initial solution pH on the sorption of MB onto the sample AC40 under
the given experimental conditions is shown in Figure 8. As observed, the solution pH
affects the amount of sorbed dye. The MB uptake was found to increase with increasing pH
and it doubles with increasing pH from 5 to 12. The cationic dyes give positively charged
ions when dissolved in water. Thus, in acidic mediums (lower pH), the positively charged
surface of the sorbent tends to oppose the sorption of the cationic sorbent. As the pH of the
dye solution is increased, the surface acquires a negative charge, resulting in an increased
sorption of MB due to an increase in the electrostatic attraction between negatively charged
sorbent and positively charged dye [49]. Due to the lowest MB removal extent at pH =5,
all the other experiments were carried out at pH 7 and 12. The sorption parameters were
evaluated using the Langmuir isotherm model, which sums the formation of a monolayer
on the sorbent surface and can be represented by the equation as follows:

C 1 1

== Ce @
e Lgm qm
220 - Ah =&
A
200 - e
F'y
180 4
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1604 A& -
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O 140 -
g 120 4 =
o . -
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t (min)

Figure 8. Effect of initial solution pH on the sorption of MB for the sample AC40 (Cy 300 mg/dm?, T
25°C).

In Equation (2), ge and gm are sorption capacities (mg/g) at equilibrium and at the
monolayer, respectively. Ce is dye concentration at equilibrium in solution (mg/L). Ky, is
the Langmuir constant (L/mg) related to the affinity of binding sites and the free energy of
sorption. A straight line was obtained when C, /g, was plotted against C; see Figure 9.
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Figure 9. Effect of temperature on the MB sorption onto samples (a) AC80 and (b) AC40.
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As can be seen from Figure 9, with increasing temperature, there is no increase in the
sorption of dye. Room temperature proved to be the most efficient for MB sorption on the
obtained samples of carbon microspheres.

Predicting batch sorption processes is essential for modeling sorption kinetics. In this
study, the applicability of the pseudo-first-order and pseudo-second-order equations was
tested for fitting the experimental data of MB sorption onto AC40 [50]. As per Lagergren’s
first-order model, a plot of log (e — qt) versus t gives a straight line with a low linear
regression coefficient (R?), and it is therefore not presented here. The sorption data were
then analyzed using the pseudo-second-order kinetic model [50]. The pseudo-second-order
rate model is defined by the following Equation (3).

t 1 1
=1t 3
q kog?  qe ®)

where k, (min!) is the rate constant of the pseudo-second-order equation.

Figure 10 shows pseudo-second-order kinetic model fittings with experimental data for
varying Cy and pH. Plots between t/g; versus t are straight lines with values of correlation
coefficient R? in the range between 0.9902 and 0.9999; see Table 3. The values of k? and ge
were determined from the intercept and the slope of these plots. Kinetic parameters for
the removal of MB by the obtained carbon microspheres are given in Table 3. The initial
sorption rate, 1 (mg/g min) was used as a measure of sorption rate at the beginning of the
sorption. The & can be determined by the following Equation (4):

_ 2
h = koq? (4)
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5] o C=200mghpH=12 2
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144 o C=300mgfl;pH =12 P
12] 4 Cc=500mglpH= 7 /
&€= 500 mgll; pH =12 R =

o A0 /{/ -
E £ -
S g5 / o
E.» 06 / o
g S

0.4 e

= -
024 i p.@-ib,—ﬁ—'"’r
1 Mg DS
0] 2
0.2 T T T T T
-50 0 50 100 150 200 250

t, min

Figure 10. Pseudo-second-order kinetic model for MB sorption onto carbon microspheres AC40 at
different Cy and pH values.

Table 3. Pseudo-second-order kinetic parameters for MB sorption on carbon microspheres AC40.

Co (mg/dm 3 200 200 300 300 500 500
pH 7 12 5 12 7 12
R? 0.996 0.999 0.999 0.999 0.991 0.990
e 148.81 200.00 123.00 227.79 150.60 500.00

(mg/g)
ky . 0.00034 0.00758 0.00073 0.00154 0.00030 0.00120
(g/mg min)
h

. 7.53 303.20 11.04 79.91 6.80 300.00
(mg/g min)
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The initial sorption rate & significantly increases at a higher pH.

According to the obtained results presented in Table 3, dye quantities sorbed onto the
sorbent surface at equilibrium (ge) significantly increase with pH increase. The sorption of
MB in basic solution was described earlier [51].

4. Conclusions

The hydrothermal synthesis of carbon microspheres using fructose and phosphoric
acid as an activating agent has demonstrated significant differences in the structural and
sorption properties of the resulting materials depending on the concentration of H3PO4.
The elemental analysis confirmed a high carbon content in both samples, while the XRPD
patterns confirmed their amorphous structure. SEM analysis revealed that carbon micro-
spheres synthesized with higher phosphoric acid concentration had smaller and more
uniform diameters of particles compared to AC40. Most commonly, particles have di-
ameters around 1.0 and 2.3 um for AC80 and AC40, respectively. In addition, AC80
microspheres displayed a higher degree of uniformity. N, adsorption/desorption analysis
demonstrated that the textural properties of the materials were highly influenced by the
activation agent concentration. In the case of AC40, a larger surface area (932 m?/g) and
total pore volume (0.438 (cm3/ g)) was evidenced. While equilibrium required 1320 min to
be reached for both sorbents, most sorption was completed within the initial 150 min. The
sorption kinetics followed a pseudo-second-order model, with AC40 achieving faster and
more efficient MB removal, especially at higher pH levels. It was shown that the sorption
of dye does not improve with increasing temperature, making room temperature the most
effective for MB sorption on both the carbon microsphere samples.

Overall, this study confirms that lower concentrations of H3POj in the synthesis
process lead to carbon materials with superior sorption characteristics, making them a
promising candidate for environmental applications such as dye removal from wastewater.
Future research could further explore the optimization of synthesis parameters to enhance
the removal properties.
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