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ABSTRACT: Hierarchically porous nitrogen-enriched carbon materials
synthesized by polymerization of sucrose and urea (SU) were activated by

KOH and H;PO, (SU-KOH and SU-H;PO,, respectively). Character- ‘e
ization was undertaken and the synthesized materials were tested for their
ability to adsorb methylene blue (MB). Scanning electron microscopic
images along with the Brunauer—Emmett—Teller (BET) surface area T
analysis revealed the presence of a hierarchically porous system. X-ray
photoelectron spectroscopy (XPS) confirms the surface oxidation of SU

upon activation with KOH and H;PO,. The best conditions for removing @ 0897 me/e

dyes utilizing both activated adsorbents were determined by varying the ure. \
pH, contact time, adsorbent dosage, and dye concentration. Adsorption o
kinetics were evaluated, and the adsorption of MB followed second-order

kinetics, suggesting the chemisorption of MB to both SU-KOH and SU-

H;PO,. Times taken to reach the equilibrium by SU-KOH and SU-H;PO, were 180 and 30 min, respectively. The adsorption
isotherm data were fitted to the Langmuir, Freundlich, Temkin, and Dubinin models. Data were best described by the Temkin
isotherm model for SU-KOH and the Freundlich isotherm model for SU-H;PO,. Thermodynamics of the adsorption of MB to the
adsorbent was determined by varying the temperature in the range of 25—55 °C. Adsorption of MB increased with increasing
temperature, suggesting that the adsorption process is endothermic. The highest adsorption capacities of SU-KOH and SU-H;PO,
(1268 and 897 mg g, respectively) were obtained at 55 °C. Synthesized adsorbents were effective in removing MB for five cycles
with some loss in activity. The results of this study show that SU activated by KOH and H;PO, are environmentally benign,
favorable, and effective adsorbents for MB adsorption.

1. INTRODUCTION

Water scarcity as a consequence of the creation of wastewater
has not been helped by the rapid growth of industries that now
use a lot of the earth’s water, and this practice threatens the
well-being of all people, flora, and fauna. Dyes released from

organisms,m ion exchange,10 ozonation,"’ photooxida-
tion,"”~"* chemical reduction,” etc. These methods possess
disadvantages such as sludge production, use of expensive
chemicals, poor efficiency, short half-life, formation of
byproducts, regeneration difficulties,'® etc.

many industries including textiles, paints, paper, cosmetics,
pharmaceuticals, etc., are considered major pollutants that
destroy the quality of water required for safe domestic and
industrial purposes. Dyes are more recalcitrant to biodegrada-
tion due to their complex chemical nature and hence get
accumulated, creating severe hazardous outcomes including an
increase in the biological oxygen demand, an increase in the
chemical oxygen demand,' severe damage done to aquatic
living beings due to the heavy metals, chlorinated compounds,
surfactants released with dyes” ™" declme in the photosynthesis
due to the limited light penetration,” and deterloratlng the
aesthetic value of the planet’s finite water bodies.” Hence, it is
vital to remove dyes from water reservoirs. There are many
methods available for such purposes including membrane
filtration,” nanofiltration,” adsorption,9 remediation by micro-
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An ideal dye removal technique should be able to efficiently
remove a large number of dyes in a short time without
producing secondary pollutants. One such prominent strategy
available is adsorption, as it is known to efficiently remove a
wide variety of dyes. Many adsorbents have been devised in
recent years including silica nanoparticles,'”'® clay,® carbon
nanotubes,'”'? graphene oxide-based composites,”’ metal
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oxides including MgFe,0,”" and ZnO-Al,O;,”* metal—organic
frameworks such as MIL-53(Al)-NH,”’ and zirconium-based
MOFs,** chitosan-based adsorbents,”® and polymers like
polyaniline,”® polypyrrole,”” and poly(vinyl alcohol).”® These
substances can remove dyes including methylene blue,
bromothymol blue, rhodamine B, Coomassie brilliant blue,
Reactive Black S, methyl orange, Congo red,” etc. Carbon-
based adsorbents have attracted much scientific attention due
to their low cost, high surface area, excellent thermal and
electrical stability, hydrophobic surfaces, and tunable textural
parameters.” Activated carbon is prepared by many sources
including agricultural waste such as coconut shells and husk,
tea waste, banana peel, coffee husk, corn cob, peanut shells,
shrimp shells, etc. Biomass has been activated by employing
many activating reagents such as acids like H;PO,, HCI, and
HNO;, bases like KOH and NaOH, and salts such as FeCly
and ZnCl, to obtain a better performance.

Carbon-based materials have been synthesized using many
natural materials including gelatin,”" pumpkin peels,*” chicken
feathers,®® tannin,** crab shells,*® shrimp shells,36 algae,37
sucrose,>® glucose,39 coconut shells,*® etc. Kundu et al.
reported the synthesis of N-doped nonporous carbon using
melamine as the precursor, which effectively adsorbed
methylene blue.*’ Elsewhere, Zhou et al. discovered that N-
containing graphitic mesoporous carbon synthesized using
polyacrylonitrile as the precursor could effectively adsorb acid
red 88,"* while Hou et al. reported the preparation of N-doped
carbon from bamboo waste to remove methyl orange and
rhodamine B.”> Lone pair electrons on nitrogen incorporated
into carbon form electrostatic attractions with dye molecules.
N atoms in pyridinic N form H bonds with the dye molecules,
further enhancing adsorption. Moreover, especially pyridinic N
and pyrrolic N are unlike graphitic N-chemically active and
reduce the inertness of carbon by rearran§ing spin and charge
densities producing more active sites.*”*" N-enriched carbon
has been deployed for other uses including capturing CO,,*
advanced oxygen electrocatalysis,"* supercapacitor applica-
tions,"” etc., in addition to adsorbing dyes.

Sucrose is a widely available, commercially viable, and
naturally renewable material, while urea is a biomolecule
enriched with nitrogen, which is available at a low cost. A
combination of sucrose and urea to synthesize an effective
adsorbent has not been widely explored. N- and S-doped
sucrose-based hierarchically porous carbon has shown to be
effective in adsorbing methylene blue and for hydrogen
storage.*® Sucrose- and urea-based N-enriched porous carbon
activated by KOH has been used to capture CO,,** and the
polymer activated by ZnCl, is used to adsorb methylene
blue.*” Here, we report the synthesis of sucrose—urea polymer-
based N-enriched hierarchically porous carbon by polymer-
ization of sucrose and urea at 250 °C followed by pyrolysis at
800 °C. The obtained carbon material was activated by KOH
and H;PO, and they were evaluated on the adsorption of
methylene blue. The main objective of this study was to
determine the effect of doping of nitrogen and activation by
KOH and H;PO, on the adsorption of methylene blue. It
emerged that not the enrichment of carbon with N but the
textural parameters including the surface area and the
macroporosity and the addition of oxygen-rich functional
groups through the activation process were responsible for the
enhanced adsorption of methylene blue. N-enriched carbon
activated by KOH was superior in adsorbing methylene blue
than that activated by H;PO,. According to our understanding,

the adsorption capacities of both activated carbon materials are
the highest to what has been reported in the literature for
adsorbing methylene blue.

2. MATERIALS AND METHODS

2.1. Chemicals. Sucrose (99.5%) and urea (99.5%) were
purchased from Sigma-Aldrich, U.K. H;PO, (88%) was
procured from Sigma-Aldrich, Switzerland. KOH (85%) was
supplied from Sisco Research Laboratories, India. Methylene
blue was purchased from Himedia Laboratories, India.

2.2. Methods. 2.2.1. Preparation of SU. Sucrose was
dissolved in a minimum volume of distilled water and urea
dissolved in water was added dropwise where the weight ratio
of sucrose to urea was maintained at 1:1. The obtained mixture
was heated at 150 °C for 2 h and was increased to 250 °C,
subsequently maintaining for 5 h. The product obtained is
referred to as SU in the paper’s text.

2.2.2. Preparation of SU-KOH. SU was powdered and
ground with KOH at a SU/KOH weight ratio of 1:4. The
obtained mixture was pyrolyzed at 800 °C for 2 h in N, flow.
The product obtained was washed with distilled water until the
washings were pH neutral and dried at 80 °C. The material is
referred to as SU-KOH in the text.

2.2.3. Preparation of SU-H;PO,. SU was dispersed in 75 mL
of 35 w/v % H;PO, and then stirred at 60 °C for 12 h. The
obtained product was washed with distilled water until the pH
was neutral, and the dried product was pyrolyzed at 800 °C for
2 h in N, flow. The product obtained is referred to as SU-
H;PO, in the text.

2.2.4. Effect of pH. The point of zero charge (PZC) of the
adsorbents was determined by shaking the adsorbents in a 0.1
M KCl solution in which the initial pH was adjusted to 2, 4, 6,
8, 10, and 12. The final pH was measured after 24 h, and the
pH difference was calculated.

The effect of pH on the adsorption of MB to SU, SU-KOH,
and SU-H;PO, was determined by varying the pH at 2, 4, 6, 8,
10, and 12 using MB solutions of 25, 500, and 200 mg L}
respectively. Meanwhile, the weights of the adsorbents used
were 25, 10, and 10 mg, respectively. The adsorbents were
shaken in MB solutions for 3 h.

2.2.5. Effect of the Weight of the Adsorbent. The weights
of both SU-KOH and SU-H;PO, varied in the range of 10—30
mg in S mg increments using 50 mL of MB concentrations of
500 and 200 mg L', respectively. The adsorbents were shaken
with the MB solution for 3 h at room temperature.

2.2.6. Effect of MB Concentration. The MB concentration
on the adsorption of MB to the adsorbents was determined by
varying the MB concentrations in the 100—500 mg L™ range,
in 100 mg L™ increments for SU-KOH. For SU-H,PO,, the
concentration of MB varied, i.e., 25, 50, 100, 150, and 200 mg
L™". The weights of SU-KOH and SU-H;PO, used were 15
and 10 mg, respectively. The experiments were carried out at
room temperature for 3 h.

2.2.7. Effect of Temperature. The adsorption study was
carried out by varying the concentration as described in
Section 2.2.6 for both SU-KOH and SU-H;PO,, and the
temperature varied at 25, 35, 45, and 55 °C, using 15 and 10
mg, respectively. The mixture was shaken for 3 h.

3. CHARACTERIZATION

Scanning electron microscopy (SEM) images were obtained by
a Carl Zeiss EVO 18 Research spectrophotometer equipped
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with an Edax Element EDS system. X-ray diffraction (XRD)
patterns were collected via a D8 Advance Bruker system using
Cu Ka (4 = 0.154 nm) radiation with varying 26 from S to 80°
at a scan speed of 2 © min~!, and Panalytical software was
deployed for analysis. Thermogravimetric analysis was done
using an SDTQ600 thermogravimetric analyzer. Analysis was
conducted using the room temperature to 800 °C range in a
N, atmosphere with a ramping rate of S °C min~". Survey
spectra and the higher resolution spectra of the synthesized
catalysts were acquired by a Thermo Scientific ESCALAB Xi+
X-ray Photoelectron Spectrometer. The instrument was
calibrated with pure graphite and the charge was neutralized
prior to analysis. Surface area and the pore size distribution
were evaluated by a Quantachrome V2.0 instrument, and the
samples were degassed at 200 °C for 10 h. The absorbance of
MB samples was measured by a Shimadzu UV-1990 double-
beam UV—visible spectrophotometer.

4. RESULTS AND DISCUSSION

The sucrose—urea mixtures were homogenized by heating
them at 150 °C, and the melts formed brittle foamy solids on
heating at 250 °C. The urea in the mixtures is trimerized to
produce cyanuric acid when heated at 250 °C and the foaming
is caused by the release of ammonia generated during the
trimerization and the water vapor created during the
condensation. The proposed structure of the polymer is
depicted in Figure 1.

Figure 1. Proposed structure of the polymer formed after heating
sucrose and urea.

4.1. SEM Analysis. SEM images (Figure 2) were collected
to study the morphology of the adsorbents synthesized. The
SEM image of SU (Figure 2a) shows a plane structure where
no macropore structure has been developed during the
polymerization. As described above, although a foam-like
structure was formed during the polymerization due to the
release of gaseous molecules produced, it first contributed only
to increasing the volume of the substance and second did not
create any macropore structure. The SEM image of SU-KOH
(Figure 2b) exhibits a well-established macropore structure
where the macropores are connected with each other forming
channels. Further, as revealed by the Brunauer—Emmett—
Teller (BET) analysis, which is discussed in Section 4.4,
mesoporous and microporous structures have been well
developed, indicating the presence of a hierarchical porous
system. Here, the macropores, mesopores, and micropores are
interconnected, creating channels and facilitating the migration
of solutions containing the adsorbate. This process enables the
adsorbates to reach the active sites, and hence, adsorption

occurs. However, the walls of some of the macropores are
damaged (Figure 2c), creating incomplete pores, which could
have occurred during the pyrolysis and washing after
carbonization to remove the solid activating agent, KOH. An
established macropore structure was not observed in SU-
H;PO,. However, irregular random small macropores are
present, as shown in the SEM image (Figure 2d and the inset).
Consequently, it is evident that upon activating carbon with
the activating agents, unique macropore structures were
established and they contributed to the adsorption of dye
molecules immensely.

4.2. XRD Analysis. The XRD patterns of SU, SU-KOH,
and SU-H;PO, are shown in Figure 3a, with broad peaks
centered at 21.5, 25.6, and 25.3° respectively. They
correspond to the (002) planes of amorphous carbon. A
shift in the peak position of 4.1° was observed in SU-KOH
compared to SU, and a slight shift compared to SU-KOH was
observed in SU-H;PO,.

4.3. Thermogravimetric Analysis. Figure 4 shows the
thermogravimetric curves of the SU and SU samples before
subjecting them to pyrolysis (SU-P). The thermogravimetric
analysis (TGA) curve of SU-P showed three distinct regions in
the ranges of 30—300, 300—500, and 500—800 °C, and the
three-stage regions of SU were in the ranges of 30—200 and
200—800 °C. The SU-P sample contains the sucrose—urea
polymer, and during the first stage, highly volatile compounds
such as water vapor are eliminated, leading to a weight loss of
11.0%. Medium volatile compounds like urea are eliminated
during the second stage, creating a weight loss of 31.4%. Then,
during the third stage, a weight loss of 20.1% was calculated
due to the decomposition of the polymer’s structure and the
activated carbon produced. The total weight loss of SU-P
during heating in a N, atmosphere was 62.5%. SU, which is
already pyrolyzed, showed a weight loss of 9.6% during the first
stage, which is less than what resulted with SU-P. This was due
to the water molecules trapped in the carbon framework being
low in number, since most of the water molecules have been
eliminated during pyrolysis. Similarly, the weight loss obtained
during the second stage was significantly low (0.9%), as most
of the urea molecules were eliminated during pyrolysis. The
weight loss that occurred during the third stage corresponds to
the decomposition of the polymer and is 12.9%, which is less
than that obtained with SU-P because most of the
decomposition occurs during pyrolysis at 800 °C.

4.4. Textural Parameter Analysis. Textural parameters
were analyzed by a BET surface area analyzer. Figure Sa shows
the N, adsorption—desorption isotherms, and Figure Sb
illustrates the Barrett—Joyner—Halenda (BJH) pore size
distribution curves. Table 1 summarizes the textural parame-
ters of the carbon—nitrogen adsorbents. Isotherms can be
classified as type V, indicating the presence of mesopores.
However, an extended hysteresis is present between the
adsorption and desorption branches of the isotherm, deviating
from the IUPAC classification and indicating that the pore
structure may be changing as a function of amount adsorbed.>

The pore size distribution curves confirm that most of the
pores are in the 15—100 nm range. Pores indicated by the BJH
pore size distribution curves are produced during the
polymerization of sucrose and urea, during pyrolysis when
small molecules like CO,, NH;, and CH, escape and when the
solid activating agents are washed and removed from the
adsorbents after the pyrolysis.

https://doi.org/10.1021/acsomega.3c00339
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Figure 2. SEM images of (a) SU, (b, ¢) SU-KOH, and (d) SU-H;PO,; inset: high-magnification image of (d).
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Figure 3. XRD patterns of SU, SU-KOH, and SU-H;PO,.

As revealed by both the SEM and BET analyses, a significant
porous structure will be formed when the solids (KOH) are
used as activating agents because they create all three
micropores, mesopores, and macropores upon washing the
carbonized carbon adsorbents. The surface area of SU-KOH
(282.02 m* g') is higher than that of SU-H,PO, (67.81 m®
g™"). SU revealed the smallest surface area (40.19 m* g™'). The
total pore volume also followed the same trend. The total pore
volumes of SU-KOH, SU-H;PO,, and SU are 0.243, 0.136, and
0.04 cm® g7!, respectively. These observations indicate that
KOH as an activating agent has created more pores than
H;PO,. It is evident that the porous structure of SU has not

100 7
. 09 %

X sol 11.0 % 129

n

3 31.4%

=

) 60

401 —Su
—SUu-P
200 400 600 800
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Figure 4. TGA curves of SU and SU-P.

been significantly refined during polymerization and carbon-
ization, leading to a smaller surface area. An improved porous
system has been created as in SU-KOH and SU-H;PO, only
upon treatment with the activating agents.

4.5, Vibrational Spectroscopic Analysis. Fourier trans-
form infrared (FT-IR) spectroscopy of SU and activated SU
were collected to investigate functional groups present on the
carbon surface (Figure 6a). The peak at 756 cm™ is assigned
to the C—H bending and the peak at 1157 cm™" is attributed
to C—O stretching. The peak at 1427 cm™ represents the O—
H bending present in alcohols. C=0 stretching in lactams is
represented by the peak at 1650 cm™’, the peak at 1680 cm™*
shows the presence of C=0 stretching present in secondary
and tertiary amides, and the peak at 1740 cm™' represents the
C=0O0 stretching in aldehyde and/or esters and/or lactones.
The strong peak at 2360 cm™' is attributed to O=C=0 in
CO, and is not related to the carbon adsorbent prepared. The

https://doi.org/10.1021/acsomega.3c00339
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Figure S. (a) Nitrogen adsorption—desorption isotherms and (b) BJH pore size distribution curves of SU, SU-KOH, and SU-H;PO,.

Table 1. Kinetics Parameters for MB Removal by SU-KOH

and SU-H;PO,

pseudo-first-order pseudo-second-order
sample Quexp (3 mg™) Q (gmg™) K, (min™") R Q (gmg™) K, (mg g™) R
SU-KOH 384 411 0.039 0.77 361 233 x 107° 0.99
SU-H;PO, 108 108 132 0.95 82 7.3 x 1077 0.99

SU-KOH

suU

Transmittance

1427 cm™!
3610 cm”
2360 cm™!
3141¢c 1689 cm™!

4000 3000 2000 1000
Wavenumber (cm™)

Intensity

| SU pBand ®)
(1347 cm™)

1000 1500 2000
Raman Shift (cm™)

Figure 6. (a) FT-IR spectra of SU, SU-KOH, and SU-H;PO,. (b) Raman spectrum of SU.

peak at 2160 cm™ is attributed to N=C=N stretching, while
the peaks at 3610 and 3741 cm™ are assigned to the O—H
stretching in alcohols. The Raman spectrum of SU was
obtained (Figure 6b). The D band at 1346.4 cm™" is attributed
to the breathing modes of sp” atoms in hexagons and the G
band at 1557.9 cm™ corresponds to the bond stretching of all
pairs of sp atoms in both rings and chains.'”"> The intensity
ratio of the D band to the G band is 0.90, indicating that the
sp> atoms in hexagons are higher than those in both rings and
chains, suggesting that SU is more amorphous.

4.6. XPS Analysis. XPS spectra were collected to study the
chemical changes that occur at the surface following treatment
with the activating agents. The higher-resolution spectrum of
the C 1s of SU (Figure 7a) is deconvoluted into three peaks at
284.5, 285.9, and 287.8 eV, which correspond to the sp*
hybridized C—C, C-0O/C—N, and C=O bonds, respec-
tively,51 with relative abundance percentages of 60.61, 20.94,
and 18.45%, respectively. The higher-resolution spectrum of
the C 1s of SU-KOH (Figure 7b) also shows the same bonds

in which the relative abundance of C—O has dramatically
increased. The relative abundance percentages were 60.61,
20.94, and 18.45%, respectively. The higher-resolution
spectrum of the C 1s of SU-KOH (Figure 7b) also shows
the same bonds in which the relative abundance of C—O has
dramatically increased. The relative abundance percentages of
the same bonds are 38.78, 43.25, and 18.00%, respectively.
Indicated here is that more oxygen-containing carbon-based
functional groups have been created upon activation, since the
activating agents oxidize the carbon surface in addition to what
the porous system produces. The higher-resolution spectrum
of the O 1s of SU is deconvoluted into three peaks at 530.5,
531.4, and 532.8 eV (Figure 7c), which are, respectively,
attributed to C—OH, C—0, and C=0."* The same bonding
nature in oxygen was observed in carbon activated with KOH
(Figure 7d). The presence of N is confirmed by the XPS
analysis. The higher-resolution spectrum of the N 1s of SU
(Figure 7e) is deconvoluted into two peaks at 398.1 and 399.5
eV, which, respectively, correspond to pyridinic N (N6) and

16162 https://doi.org/10.1021/acsomega.3c00339
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pyrrolic-N/pyridinic N (N-5).”° Quantitative analysis shows
that 90.87% of N is present as pyridinic N (N6) and only
9.13% of N is present as pyrrolic N/pyridinic N (N-5). The
same chemical environment of N was observed in carbon
activated by KOH (Figure 7f). However, there is an increase in
the binding energy of N species, which is due to the
abundantly present electronegative oxygen-containing func-
tional groups after the activation. The C/N of SU is calculated
to be 11:5. Sucrose was mixed with urea at a weight ratio of 1:1
where the C/N is also 1:1. The ratio has diminished due to the
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evaporation of urea during the polymerization and pyrolysis at
high temperatures.

4.7. Effect of pH. The point of zero charge (PZC) of the
adsorbents was evaluated to determine the surface charge of
the adsorbents in each pH value (Figure 8a). It was observed
that the PZC values of SU, SU-KOH, and SU-H;PO, are 6.3,
7.5, and 7.8, respectively. The surface of the adsorbents is
positively charged at a pH lower than the PZC, where
negatively charged molecules would adsorb, and the surface is
negatively charged at a pH higher than the PZC, in which the
negatively charged molecules would adsorb. The effect of pH
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in removing MB using SU, SU-KOH, and SU-H;PO, over a
pH range of 2—12 was examined. The percentage of dye
removal was calculated at each pH for all four adsorbents. As
shown in Figure 8b, the percentage of MB removed by the
adsorbents varied as SU-KOH > SU-H;PO, > SU, where SU
adsorbed a negligible amount of MB at all of the pH values.
The percentage removal of MB by all three adsorbents was
higher in alkaline pH values, which are greater than the
respective PZC values because the surface of the adsorbents is
negatively charged, hence facilitating the positively charged
MB molecules. The adsorption capacity of all of the adsorbents
increased with increasing pH, where the maximum adsorption
capacity was found at 12, which is greater than the PZC of all
three adsorbents. Adsorption capacities for adsorbing MB by
SU-KOH, and SU-H;PO, at pH 12 are 136.4 and 44 mg g™/,
respectively. MB is a cationic dye and a negative charge on the
carbon surface will result in a higher adsorption ability. The
total OH™ concentration increases with increasing pH, and
hence, the total negative charge rendered on the carbon surface
increases with increasing pH. This in turn enhances the
electrostatic attractions between the positively charged MB
and the negatively charged carbon surface, increasing the
adsorption of MB. The formation of the dimeric form of MB at
pH 12 greatly reduces the adsorption due to the inaccessibility
of the dimeric form to the porous structure due to the steric
hindrance. As the adsorption of MB by SU is negligible at all of
the pH values, it was not considered for further analysis. This
observation means that the presence of N in the carbon
framework does not enhance the adsorption of MB despite N
containing a lone pair electron. The surface activation and the
textural properties only trigger the adsorption of MB to the
adsorbents.

As revealed by the BET analysis, the surface area, total pore
volume, and micropore volume of the activated adsorbents
varied as SU-KOH > SU-H;PO,, reflecting the exact variation
trend in the adsorption capacity (Figure 8c). Confirmed here is
that the textural parameters play a major role in adsorbing MB
to the carbon surface. As shown by both BET and SEM
analyses, a well-developed hierarchical porous system was
evident mainly in SU-KOH, where the porous system was not
properly established in SU-H;PO,. MB molecules-containing
adsorbate solution easily migrates through the channels formed
in the hierarchical porous system due to the connection
between macropores, mesopores, and micropores. The surface
of the activated carbon is enriched with oxygen- and nitrogen-
containing functional groups as discussed in the FT-IR and
XPS analyses. Additionally, as revealed by the XPS analysis, the
oxidation of the carbon surface by the activated reagents varied
as KOH > H;PO,. Oxidation creates negatively charged
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oxygen-containing functional groups, which readily adsorb
positively charged MB. Therefore, it is evident that the textural
parameters including the surface area and the pore volume
along with the surface-active sites created by the activating
agents mainly govern the adsorption, and the contribution
made by the nitrogen incorporated into the polymer by urea is
negligible.

4.8. Variation of the Adsorbent Dosage. The effect of
the adsorbent’s weight on the adsorption of MB was studied
with all three activated carbon materials by varying the weight
of the adsorbent in the range of 10—30 mg in 5 mg increments.
Concerning the adsorption kinetics, the weight of the
adsorbent added to the MB solution varied in the 10—30 mg
range in 5 mg increments in both SU-KOH and SU-H;PO,
materials where 50 mL of 200 and 500 ppm MB solutions were
used, respectively.

A larger amount of dye molecules was adsorbed with
increasing weight of the adsorbent dosage due to the presence
of more active sites on the surface.

4.9. Adsorption Kinetics. The kinetics models were
examined to understand the adsorption mechanism and
dynamics. The initial dye adsorption rate by the activated
carbon materials was high, as the empty adsorption sites are
freely available for dye molecules to get adsorbed. The rate
eventually slowed down and reached a plateau at 180 and 120
min in SU-KOH and SU-H;PO,, respectively, as the
adsorption sites get saturated with prolonged dye adsorption.
The adsorption capacity was calculated using eq 1, and the dye
removal efficiency (R) was calculated by eq 2.

_ (G -V
e m (1)
o = (Co = C)100%
Co (2)

where g is the amount of MB adsorbed per unit mass of the
adsorbent (mg g™'), V is the volume of MB in L, m is the mass
of the adsorbent in g, C, is the initial concentration of MB, and
C, is the concentration of MB at time t.

The highest adsorption capacities of SU-KOH and SU-
H;PO, are obtained with 15 and 10 mg, respectively, as shown
in Figure 9b,c, respectively. The adsorption capacity of SU-
KOH increased to 384 mg g~* for 15 mg of the adsorbent from
108 mg g~ with 10 mg of SU-KOH and decreased when the
adsorbent dosage was further increased. The highest
adsorption capacity of SU-H;PO, (108 mg g~') was obtained
with the lowest adsorbent dosage and declined when the
adsorbent dose was increased. The percentage removals of MB
by SU-KOH and SU-H;PO, in different adsorbent dosages are
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shown in Figure 9a. The amount of SU-KOH removed
increased with a larger dosage of SU-KOH (up to 25 mg)
where 34% of 500 ppm MB was removed in 180 min and fell
to 29% with 30 mg of SU-KOH. This is due to the slowdown
of the mass transport that occurred due to the coagulation of
adsorbent particles at higher dosages, limiting the access of the
adsorbate, MB, to the active sites of the adsorbent, SU-KOH.
The percentage removed by SU-H;PO, increased with an
increasing adsorbent dosage where a maximum of 16% of 200
ppm MB was removed by 30 mg of SU-H;PO,. The number of
active sites available in the increasing adsorbent weight
resulted in more MB molecules being removed.

The pseudo-first-order and the pseudo-second-order kinetics
models were built using the derived expressions given in eqs 3
and 4, respectively. The parameters of the expressions are
defined as follows

In(g, — q,) = —kT + In(q,) 3)
t t 1

- = + >

% 4.k, @)

where g, is the amount of MB adsorbed at ¢ time interval per
unit mass of the adsorbent (mg g™'), q. is the amount of MB
adsorbed at equilibrium per unit mass of the adsorbent (mg
g "), k, is the adsorption rate constant for pseudo-first-order
kinetics (1/min), k, is the adsorption rate constant for pseudo-
second-order kinetics (g min~"*mg™"), and t is the time (min).

Additionally, g, is the calculated amount of MB adsorbed
at equilibrium per unit mass of the adsorbent (mg g™"). All of
the calculated kinetics parameters are tabulated in Table 2. The

Table 2. Kinetic Parameters of the Intraparticle Diffusion
Model of SU-KOH

diffusion type k; (mg g 'min~") C (mgg™)
bulk diffusion 124.8 —450.6
film diffusion 66.4 —268.3
pore diffusion 39.1 —140.3

pseudo-first-order kinetics models of SU-KOH and SU-H;PO,
are shown in Figure 10a,b, respectively, while the pseudo-
second-order kinetic models of the adsorbents are exhibited in
Figure 10c¢,d, respectively. The best-fitting kinetic model was
selected depending on the linear correlation coefficient (R?).
That for the adsorption of MB to both SU-KOH and SU-
H,PO, of the pseudo-second-order model is 0.99 and those for
the pseudo-first-order model are 0.77 and 0.95, respectively. It
can be concluded that the adsorption of MB to the activated
carbon materials follows the pseudo-second-order model, thus
confirming the chemisorption of MB to the activated carbon
materials.

The MB molecule is aromatic, and the electrons of the =z
bonds interact with the electrons of the 7 bonds of the
aromatic rings present in the activated carbon materials
forming m—r interactions. Further, the negatively charged
oxygen- and nitrogen-containing functional groups readily
interact with the positively charged MB molecules, forming
electrostatic interactions. The g, ., values of all three materials
match with the g, values further, confirming that the MB
molecules adsorb to the carbon surface following pseudo-
second-order kinetics. The experimental adsorption capacities
of SU-KOH and SU-H;PO, are 384 and 108 mg g/,
respectively. As discussed in the pH section, the surface-active

sites created during the activation of the surface area and the
pore volume also contributed to the resulting variation. Kinetic
data were further fitted to the intraparticle diffusion model
according to the expression given in eq 5.

1)
q, = kt’“+ C (s)

where k; is the diffusion rate constant, C is the intercept, and ¢
is the time in min.

The intraparticle diffusion models of SU-KOH and SU-
H,;PO, are shown in Figure 10e/f, respectively. According to
Figure 10e, it is evident that the kinetics of the adsorption of
MB to SU-KOH consist of three consecutive stages, i.e., bulk
diffusion, film diffusion, and pore diffusion. More specifically,
the first phase observed at 3.8 < t;,, < 5.4 min represents the
surface and intraparticle diffusion process with a diffusion
constant of 124.8 mg g-min_l, and the thickness of the
boundary layer is —450.6 mg g~'. The thickness is negative,
suggesting that the sorption is negative and spontaneous. The
second phase resulted in the range of 7.7 < t,, < 8.7,
representing the liquid film diffusion, while the third phase
obtained at 11.6 < t;;, < 13.4 represents the diffusion of MB
dye molecules through the pores to the active sites of SU-
KOH. The k; and C values for the adsorption of MB to each
activated carbon material are tabulated in Table 2. The rate of
bulk diffusion is the highest, and the rate of film diffusion is
greater than the rate of pore diffusion in the SU-KOH system.
The thickness of the boundary layer decreased when the
diffusion mechanism changed from bulk to film and to pore
diffusion. However, being different from the adsorption of MB
to SU-KOH, the adsorption of MB to SU-H;PO, does not
show three stages and the rate of adsorption increased
gradually. This observation is consistent with the observation
made with the adsorption of MB to SU-H;PO,; although the
adsorption capacity is comparatively lower in the SU-H;PO,
system, the rate of adsorption was high.

4.10. Adsorption Isotherms. The effect of MB
concentration on the removal of MB by SU-KOH and SU-
H,PO, was studied by varying the MB concentration in the
ranges of 100—500 and 25-200 ppm, respectively. The
adsorbent dosage was kept constant at 10 and 10 mg,
respectively, and 50 mL was used for the study. The variation
in adsorption capacity and the percentage of MB removed with
respect to the concentration of MB of SU-KOH and SU-
H,;PO, are shown in Figure 11a,c, respectively. Meanwhile, the
efficiency of dye removal by both activated carbon adsorbents
is reported in Figure 11b,d, respectively. The adsorption
capacity increased with increasing concentration of MB, where
the highest adsorption capacity of SU-KOH (384 mg g™') is
obtained with 500 ppm MB, while that of SU-H;PO, (108 mg
g™!) resulted with a 200 ppm MB solution. The concentration
gradient established between the MB solution and the
adsorbent surface increased with increasing concentration of
MB. However, the dye removal efficiency decreased with
increasing MB concentration. The highest removal efficiency of
34% was obtained with 100 ppm MB, which fell to 21% with
500 ppm MB using SU-KOH. Similarly, the largest amount of
dye removal (20%) resulted when 25 ppm MB was used, and
the lowest percentage of dye removal (10%) was obtained with
a 200 ppm MB solution.

Adsorption data were fitted to four different isotherm
models: Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich. The Langmuir adsorption isotherm model
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(d) SU-H;PO, with respect to the concentration of MB.

assumes the monolayer adsorption of adsorbates to homoge-
neous adsorbate surfaces containing definite localized sites.
Further, the model assumes uniform energies of adsorption to
the surface with no lateral interactions and no steric hindrance
between the adsorbates. The Langmuir isotherm model can be
represented by eq 6.

1 1 1

= +
9, 9.KC g,

(6)

where C, is the equilibrium concentration of the adsorbate (mg
L"), g. is the amount of adsorbed (adsorbate) at equilibrium
per unit mass of the adsorbent (mg g™'), K is the Langmuir
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constant related to adsorption capacity (L mg™"'), and q,, is the
practical limiting adsorption capacity (mg g™").

The g, and K values are calculated from the slope and the
intercept of a plot constructed between C./q. versus C,, as
shown in Figure 12a,b. These correspond to the Langmuir
isotherms of SU-KOH and SU-H;PO,, respectively.

The Freundlich isotherm assumes that adsorbates adsorb to
a heterogeneous surface and describe the nonideal reversible
adsorption process. The linear form of the Freundlich isotherm
model is given in eq 7.

1
In(g) = ln(Kf + " 1n(Ce)) )
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Table 3. Isotherm Parameters of Langmuir, Freundlich, Temkin, and Dubinin Isotherm Models for MB Removal by SU-KOH

and SU-H,;PO,

Langmuir Freundlich Temkin Dubinin
sample K (L mg™) R* K@Lgh R* Ky (L mg™) R? Kp (mol® kJ%) R?
SU-KOH 4.1 % 1073 0.93 18.17 0.83 32 %1072 0.99 9.2 x 107 0.87
SU-H,PO, 7.6 X 1072 0.90 3.65 0.95 6.0 X 1072 0.90 14 x 1074 0.56

where g, is the amount of adsorbed (adsorbate) at equilibrium
per unit mass of the adsorbent (mg g™"), C, is the equilibrium
concentration of the adsorbate (mg L"), Ky, is the Freundlich
adsorption capacity (mg g™'), and 1/n is the adsorption
intensity.

The values of n and Ky can be calculated by the slope and
the intercept of the plot of log g, versus log C,, respectively.
The Freundlich isotherms of SU-KOH and SU-H;PO, are
shown in Figure 12¢,d, respectively.

The Temkin isotherm model considers the effects of indirect
adsorbent/adsorbate interactions on the adsorption process. It
also assumes that the heat of adsorption of all molecules in the
layer would decrease linearly as a result of an increase in
surface coverage. The linear form of the Temkin isotherm
model is given in eq 8.

g, = BIn(C,) + BIn(K;) ®)

where g, is the amount of adsorbed (adsorbate) at equilibrium
per unit mass of the adsorbent (mg g™'), C, is the equilibrium
concentration of the adsorbate (mg L™"), R is the universal gas
constant (J mol™ K™'), T is the absolute temperature (K)q. K
is the Temkin isotherm constant (L g™'), and b is the Temkin
constant, which is related to heat (J mol™").

The values of b and Ky can be calculated from the slope and
intercept of the plot constructed g, versus In C.. The Temkin
isotherms of SU-KOH and SU-H;PO, are shown in Figure
12e,f, respectively.

The Dubinin—Radushkevich isotherm model was developed
to determine the effect of the porosity of the adsorbents in
which the adsorption process was related to micropore filling
compared to the layer-by-layer adsorption on pore walls.”>>"*
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The linear form of the Temkin isotherm model is given in eqs
9 and 10.

In(q,) = In(q,) — K’ )

e=RT In(1+1/C,) (10)

where g, is the amount of adsorbed (adsorbate) at equilibrium
per unit mass of the adsorbent (mg g'). C, is the equilibrium
concentration of the adsorbate (mg L™"), R is the universal gas
constant (J mol™ K™'), T is the absolute temperature (K), K4
is the Dubinin constant (mol* kJ™2), and ¢ is the potential
energy (kJ mol™).

The parameters calculated from the isotherm models are
tabulated in Table 3. The best-fitting model was determined by
considering the correlation coefficient (R?) values. The SU-
KOH adsorbent followed the Temkin isotherm model with an
R? 0f 0.9939, and SU-H;PO, followed the Freundlich isotherm
model with an R? of 0.9546. The monolayer adsorption values
determined using the Langmuir isotherm model were 469 and
129 mg g~ ' for SU-KOH and SU-H;PO,, respectively, and
they agree with the value obtained from the experimental data:
387 and 108 mg g~". The adsorption feasibility is calculated by
eq 11.

1

Ri=———

1+ K. C, (11)
where K| is the Langmuir constant in mg L™ and C, is the
initial MB concentration in mg L.

The R, value denotes the type of isotherm: favorable (0 < R,
< 1), irreversible (R, = 0), unfavorable (R; > 1), and linear (R,
= 1). Ry values determined for the adsorption of MB to SU-
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Table 4. Kinetic Parameters Calculated at Different Temperatures

equilibrium rate constant (K)

pseudo-second-order rate constant (k,)/mg g~

temperature (K) SU-KOH (Kp)/L mg™ SU-H;PO, (Kg)/L g™* SU-KOH SU-H,PO,
298 3.12 X 1072 3.11 x 10! 233 x 107¢ 7.32 X 1077
308 7.51 X 1072 6.26 X 10* 1.11 x 107™* 1.75 X 107*
318 1.71 x 107! 4.55 x 10° 2.74 x 107* 231 x 1073
328 4,62 x 107! 2.18 x 108 6.76 x 107* 2.68 X 1073

KOH and SU-H;PO, are 0.0037 and 0.0089, respectively, and
indicate favorable adsorption.

4.11. Adsorption Thermodynamics. The thermodynam-
ics of adsorption of MB onto SU-KOH and SU-H;PO, was
studied by varying the concentration of MB as described in
Section 2.2.6 at four different temperatures, i.e., 25, 35, 45, and
5SS °C. The obtained data were fitted to the Temkin and
Freundlich isotherms for SU-KOH and SU-H;PO,, respec-
tively (see Figure 13a,b), to calculate the respective
equilibrium rate constants at each temperature that are needed
to plot the van’t Hoff plots, as shown in Figure 13c,d,
respectively. The equilibrium rate constants of both isotherm
models increased with increasing temperature (Table 4).
Temkin and Freundlich isotherm models were selected to be
consistent with the conclusion asserted in Section 4.10.

The thermodynamic parameters, change in enthalpy (AH®),
change in entropy (AS°), and change in Gibbs free energy
(AG®) were calculated for the adsorption of MB using eqs 12
and 13.

an — A_H + E
RT R (12)
AG = AH — TAS (13)

where R is the universal gas constant (8.314 J mol™' K™'), T'is
the temperature in K, and K is the equilibrium constant.

The changes in entropy and enthalpy were determined from
van’t Hoff plots of In(K; ) versus 1/T, as shown in Figure 13¢c,d
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for SU-KOH and SU-H;PO,, respectively. All of the
thermodynamic parameters are tabulated in Table S.

Table 5. Thermodynamic Parameters Calculated for the
Adsorption of MB to SU-KOH and SU-H;PO,

parameter SU-KOH SU-H;PO,
activation energy (kJ mol™") +92.4 +133.6
enthalpy (kJ mol™) +65.5 +32.4
entropy (J mol™ K™') +223.6 +112.8
Gibbs free energy (k] mol™) 298 K -1.13 —121
308 K -3.37 —-2.34
318 K —5.60 —-3.47
328 K —7.84 —4.26

Adsorption capacity values obtained at different temper-
atures are summarized in Table 6.

Table 6. Variation of Adsorption Capacity with
Temperature

Q. (mgg™)
temperature (K) SU-KOH SU-H,PO,
298 387 108
308 528 184
318 835 361
328 1268 897
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Figure 15. (a) Variation of adsorption capacity with the cycle numbers of SU-KOH and SU-H;PO,, and variation of C/C, with the cycle numbers

of (b) SU-KOH and (c) SU-H,PO,,.

The adsorption capacity improved with increasing temper-
ature in which the maximum adsorption capacity was obtained
at 55 °C for SU-KOH and SU-H;PO, as 1268 and 897 mg g~*,
respectively, where the adsorption capacity of SU-KOH is 1.4
times greater than that of SU-H;PO,, which was 3.6 times at
25 °C. Further, the adsorption capacity of SU-KOH increased
by 3.3-fold and that of SU-H;PO, by 8.3 times when the
temperature increased from 25 to S5 °C. Therefore, it is
evident that the increase in the temperature has greatly affected
the adsorption of MB to SU-H;PO, compared to SU-KOH.
Further, it could be concluded that the adsorption of MB to
the activated materials is endothermic where the change in the
Gibbs free energy (AG) increased with increasing temperature.
AG being negative at all of the temperatures shows that the
MB adsorption to the adsorption materials is spontaneous in
nature and feasible.

The pseudo-second-order kinetic graphs were plotted at four
different temperatures for the adsorption of MB to SU-KOH
and SU-H,;PO, (Figure 14a,b, respectively) to calculate the
pseudo-second-order rate constants required to construct the
Arrhenius plots shown in Figure 14c,d, respectively. The rate
constants increased with increasing temperature, as shown in
Table 4. The Arrhenius equation is represented in eq 14.
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In(K) = —I;E; + In(A)

(14)

where k is the rate constant, A is the pre-exponential factor, E,
is the activation energy, R is the universal gas constant, and T is
the absolute temperature.

The activation energies for the adsorption of MB to SU-
KOH and SU-H;PO, calculated from the slope of the plots are
+92.4 and +133.6 kJ mol™, respectively. The pre-exponential
factors calculated for SU-KOH and SU-H;PO, are 4.23 x 10"
and Ag 5.9 X 10", respectively.

4.12. Reusability Study. The reusability of an adsorbent is
an important parameter to especially evaluate the suitability of
the adsorbent to industry. Variation in the adsorption capacity
of both activated carbon materials with respect to the cycle
number is shown in Figure 15a, while the variation of the C/C,
of MB adsorption to SU-KOH and SU-H;PO, are given in
Figure 15b,c, respectively. The adsorption capacity of SU-
KOH declined from 387 mg g~ (first cycle) to 159 mg g~ in
the fifth cycle and that of SU-H;PO, dropped from 108 mg g~*
(first cycle) to S8 mg g~ in the fifth cycle. The percentage
reduction in the adsorption capacity of SU-KOH (58.9%) is
greater than that of SU-H;PO, (46.3%). The reduction in the
adsorption capacity in both carbon materials could be due to
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Table 7. Comparison of MB Removal by Carbon Activated by KOH and H;PO, Derived from Other Sources

KOH H,PO,
adsorbent Q. (mgg™) reference adsorbent Q. (mgg™) reference
sucrose—urea 1268 [the present study] sucrose—urea 897 [the present study]
wheat straw 146.8 55 rice husks 578.0 56
peanut hulls 388.5 57 peanut hulls 422 57
coconut leaves INK 58 carpet waste-activated carbon 699.3 59
dragon fruit peel 195.2 60 tea waste 238.1 61
sugarcane bagasse waste 136.5 62 mangosteen peel 163.6 63
coffee husk 357.4 64 watermelon rind 284 65
bamboo chip 305.3 66 grass 2413 67
Egyptian agricultural waste 333 68 corn stigma fiber 330.5 69

the pore obstruction caused by the coagulation of MB
molecules. Further, the active sites are saturated with
chemisorbed MB molecules because they do not get washed
off when the materials are washed with distilled water and
ethanol. Moreover, as the weight of the adsorbent used is very
small (SU-KOH—1S mg) and (SU-H;PO,—10 mg), there
could be a loss of the adsorbent during constant washing, thus
further leading to a reduction in adsorption.

Adsorption capacities obtained in this study were compared
with other carbon materials from different sources, which in
the literature were activated by KOH and H;PO, (Table 7).
The adsorption capacity of SU-KOH is higher than that of the
carbon derived from other sources, which were also activated
by KOH. Similarly, the adsorption capacity of SU-H;PO, was
higher than that of carbon materials originating from other raw
materials, which were activated by H;PO,. Based on our
findings, we could not detect any carbon-related source
activated by KOH and H3;PO, showing a higher adsorption
capacity than what we obtained in this study (1268 and 897
mg g, respectively).

5. CONCLUSIONS

Nitrogen-enriched carbon materials were successfully synthe-
sized by pyrolyzing the sucrose—urea polymer at 800 °C. A
hierarchically porous system was devised after removing the
activating agents KOH and H;PO, from the activated carbon.
The best pH level for the adsorption of MB to both activated
adsorbents is 12. Adsorption capacity enhanced with increasing
concentration of MB but fell with increasing adsorbent dosage.
The maximum adsorption capacity of SU-KOH was 1.4 times
higher than that of H;PO, due to the high surface area, high
total pore volume, and large number of surface functional
groups created during the activation. Adsorption of MB
followed pseudo-second-order kinetics, indicating the chem-
isorption of MB to the adsorbents. The best-fitted isotherm
models for the adsorption of MB to SU-KOH and SU-H;PO,
are the Temkin and Freundlich variants, respectively. Both the
activated adsorbents were effective in removing MB for
consecutive five cycles with some activity loss after each
cycle. An increase in the adsorption of MB with increasing
temperature suggests endothermic adsorption of MB to both
SU-KOH and SU-H3;PO,. The nitrogen-enriched carbon
materials activated by KOH and H;PO, show potential in
treating wastewater contaminated by methylene blue econom-
ically and efficiently.
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