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phous graphite nanoparticles of few
graphene layers.

e ACP adsorbents showed high surface up
to 1700 m?/g with improved meso-
porosity >90%.

e ACPs showed remarkable adsorption
capacity (452 mg/g) for methylene blue
(MB) dye.
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ARTICLE INFO ABSTRACT
Keywords: Developing of high-performance carbonaceous materials from biomass is a significant contemporary research
Nanoporous subject to meet the increasing demand for functional adsorbents with low price, high available and sustainability
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for adsorptive removal processes of industrial pollutants. The present work investigates formation of nano-
structured surface modified P-doped activated carbon (ACP) materials via thermochemical activation of orange
peel (OP) biomass residual materials, by phosphoric acid, H3POg4. Different impregnation ratios of phosphoric
acid to OP (w/w) were investigated at different activation temperatures (400-800 °C). The formed ACP materials
were characterized by TGA—DTA, FTIR-ATR, Raman spectroscopy, XRD, Ny gas adsorption/desorption,
HR—-TEM microscopy, EDX and elemental surface mapping. The results indicated that ACP materials were
structured in the form of plate-like nanoparticles of amorphous graphite that composed of few graphene layers.
The ACP materials exhibited high surface area (up to 1700 m?/g) with high contribution from mesoporosity (up
to 94%) of slit-like pore shape. The point of zero charge was found at pH of 6.3, which permits application at
neutral adsorption conditions. The formed ACP adsorbents exhibited distinguished adsorption capacities, gaqgs, for
methylene blue (MB) with successful recyclability. The adsorption capacities were enhanced (up to qaqs = 452
mg/g) for the materials formed at high acid impregnation ration and activated at high temperatures. The
adsorption process of MB was spontaneous, fits with the Langmuir adsorption isotherm and pseudo-second-order
kinetic. The high adsorption capacities for the ACP adsorbents were correlated with their micro/nano-structures,
which were dominated by nano plate—like amorphous graphite particles composed of few graphene—like layers.
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1. Introduction

Nanotechnology drives the recent development of novel nano-
materials for acting as adsorbents for different pollutants with high
adsorption capacity and selectivity [1]. Biomass-derived porous carbon
materials have recently received extensive attention as
high-performance sustainable adsorbents due to their high surface area,
developed porous texture and graphitic—like structure [2], [3]. Organic
molecules discarded by industrial effluents from many manufacturing
processes, such as textile, paper, drug, pulp, plastic, and printing are
hard to damage when discharged into water due their high resistant to
light and oxidizing agents [4,5]. Thus, a variety of techniques are
available for dyes and organic molecules removal, which includes ul-
trafiltration, ozonation, oxidation, flocculation and adsorption. How-
ever, adsorption is an effective technique for dye removal, due to the low
operational cost and high removal efficiency [6]. Methylene blue (MB)
has a wide range of industrial applications as a dye for paper, cotton,
wools, hair and many other applications. Moreover, MB dye frequently
employs as a model adsorbate molecule to study the separation of
colored dye species and colorless organic molecules from various
contaminated mixtures [7].

Different types of carbonaceous adsorbents can be derived from
Lignocellulose biomass materials. Thus, the native biomass form of fruit
shells, husks, cactus barks, leaves have been utilized for dye removal
process [8], [9]. Moreover, many activated carbons adsorbents have
been obtained by thermodchemical activation of banana trunk [7],
sorghum stalk [3], banana biochar [10] almond shell [11], peanut hulls
[12,13], sugarcane bagasse [14], pineapple peel [15] and date palm pits
[16]. More recently, conversion of biomass materials into carbon
nanotube [6], and graphene-like porous carbon nanostructure [17] for
efficient adsorption of organic dyes have been investigated. Thus, the
main advantages of utilization of renewable biomass derived carbona-
ceous materials includes: availability, low cost, eco-friendly nature and
surface texture tune—ability [18].

There are many thermochemical activation reagents for the con-
version of biomass into activated carbon (e.g. inorganic acids, metal
salts and alkalis) [19]. However, the utilization of phosphoric acid,
H3PO4, as an activation reagents, is very interesting in particular
because it leads to higher carbon yield, high thermal/chemical stability,
and has ecofriendly properties. Phosphoric acid plays many other roles
during thermochemical activation process, especially as a phosphorous
(P) dopant. Doping of P largely improves surface properties, modulates
the electronic structure and provides more active sits ready for
adsorption [20]. Moreover, H3POy4, reduces the formation of surface
carbon-oxygen groups of quinone, (C=0); phenol, (C-OH); carboxylic,
(-COOH); ether, (C-O-C) groups; and replaces them by different C-O-P
type of groups, such as (CO)sPO and (CO)POy; C-O-POs; and Cy-PO»
type of groups [21], [22]. Thereby, insertion of P stabilizes the involved
carbonaceous materials against oxidation at high temperatures.

Biomass-derived carbon materials from orange peel (OP), have been
recently stimulated the interest of many investigators for applications as
adsorbents [23-27], electrode materials [28,29] and super capacitor
[30-32]. However, the above indicated materials were either of low
surface area or suffer from low ratio of mesoporosity [30-32]. However,
the characteristic of the biomass derived carbonaceous materials are
controlled by two groups of factors. The first group is related to pyrolysis
conditions, and the second is inseparably linked with raw material
properties and biomass characteristics [33]. Orange peel (OP) is a soft
lignocellulose material that mainly composed of cellulose, hemi-
celluloses, lignin, pectin and chlorophyll pigments and can be converted
into carbonaceous materails. Therefore, it is important to investigate
micro/nano—structure of the OP derived carbonaceous materials, which
is controlled by the precursor composition. Given that the Global annual
production of OP has been estimated to > 60 million tons of orange
fruits [34]. Thus, it is important to consider valorization of the associ-
ated large amounts of the orange peels. Moreover, orange production
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represents around 65% of total citrus fruits productions and about 30%
of total fruit production in Egypt. Orange production in Egypt enjoys
variety of orange types, among these types “Navel oranges” considers as
Egypt’s top export accounting for 60% of total orange production [35].

The present work investigates the formation and utilization of P-
doped activated carbon (ACP) materials from OP in an effort for valo-
rization of such sustainable, agro-industrial biomass material. Recently,
we have managed formation of efficient group of adsorbents for Cr(VI)
anions from solutions [34], as well as ACP catalyst and support for
WO3/ACP catalysts from OP [36]. The present work aims investigation
of surface texture and micro/nano structural characteristics of the
OP—derived carbonaceous materials, which termed as ACP. The ACP
materials were produced at different phosphoric acid to OP (w/w) ra-
tions and activated at different temperatures up to 800 °C. Moreover, the
work investigates utilization of the formed ACP materials as adsorbents
towards batch adsorption of methylene blue (MB), as a model organ-
ic/colored dye adsorbate. The adsorption kinetics and thermodynamics
were investigated and analyzed to learn about the physicochemical
surface properties of the adsorption process. The adsorption perfor-
mances of the ACP materials were interpreted in terms of their surface
textures and nanostructures.

2. Materials and methods
2.1. Materials

Orange peel (OP) was collected on the midseason time from washed
oranges, Navel type grown in Egypt, as fruit reside. The orange peels
were cut into small pieces, left to dry in air for a few days and drying
further in a drying furnace at 110 °C for an overnight. The dried OP
material was stored and used as a stock.

Chemicals including phosphoric acid, HsPO4 (85%), specific gravity
of 1.69 g/mL; hydrochloric acid (HCl, 36%) and sodium hydroxide
(NaOH, 98%), ethanol (99.5%), HNO3 (70%) were products of Adwic
(Egypt). Methylene bule, C;4H;3CIN3S (MW = 319.85 g/mol, pKa = 5.6,
and Amax = 664 nm) was product of Merck (Germany).

2.2. Formation of P-doped activated carbon

The ACP materials were formed by a thermochemical activation
method involving phosphoric acid, H3PO4, as an activation reagent and
P-doping source [34,36]. Portions of dry orange peel (OP) were
impregnated with H3PO4: OP ratios as 1: 2; 1: 1; and 2: 1 (w/w). The
mixtures were kept at 110 °C for 24 h to initiate dehydration by H3PO4,
followed by thermal treatment in a Muffle furnace at ramp rate
(10 °C/min) in a flow of N2 gas (150 mL/min) up to one of the targeted
activation temperature (400, 500, 600 or 800 °C) for 60 min. After this,
the activated materials were allowed for cooling to the room tempera-
ture inside the Muffle furnace under the flow of N2 gas. The pyrolysis
products were washed (and filtered) many times with hot and cold
distilled water until pH value of the filtrates reach 6.5. The formed
materials were dried at 120 °C in a drying furnace for an overnight. The
activated carbon thus obtained with different ratios of phosphoric acid:
OP (1:2, 1:1, and 2:1) were termed as AC1P, AC2P, and AC3P, respec-
tively. The thermal activation products were named after their activa-
tion temperatures (400, 500, 600 or 800 °C), respectively. For example,
AC1P400 indicates ACP materials obtained at the first phosphoric acid:
OP ratio (1:2) and thermally activated at 400 °C. Table 1 summarizes the
preparation parameters and the relative code name given for each pro-
duced materials.

2.3. Characterization techniques
Carbon, hydrogen and nitrogen (C, H, and N) contents in the formed

materials were determined by a Vario-EL elemental analyzer. XRD
characterization was performed utilizing a Model Bruker D8 ADVANCE
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Table 1
The code names, formation parameters and formation yields of the formed ACP
materials.

Code Name H3PO,4: OP(dry) Activation Temperature Formation yield
AC1P400 1: 2 400 40.0
AC2P400 1:1 400 40.4
AC3P400 2:1 400 42.5
AC1P500 1:2 500 39.8
AC2P500 1:1 500 40.1
AC3P500 2:1 500 41.9
AC1P600 1:2 600 37.0
AC2P600 1:1 600 39.8
AC3P600 2:1 600 39.5
AC1P800 1:2 800 34.8
AC2P800 1:1 800 33.5
AC3P800 2:1 800 31.8

X-ray diffractometer, at Cu Ko radiation (A = 1.540 10\). Identifying the
surface functional groups in the ACP adsorbent and/or the adsorbate MB
species were characterized by the FTIR analysis in the attenuated total
reflectance (ATR) mode using a model 6700 Nicollet spectrophotometer
(USA), where the spectra were recorded in the region of 4000-400 cm L.
Raman spectra of the materials were obtained using a Raman spectros-
copy instrument model Senterra Inverted Configuration (Germany)
under ambient condition. A 785 nm laser was used as the exciting source
on the sample surface with a power of 50 mW. Simultaneous (TG—DTA)
analyses were carried out using a Shimadzu Thermal Analyzer; model
TGA-60H (Japan). The analyses were carried out simultaneously upon
heating up to 1000 °C at a ramp rate of 10 °C/min, under a flow of ni-
trogen gas or air of 30 mL/min. Transmission Electron Microscopy was
performed by a model JEOLJEM-2100F electron microscope linked with
an energy dispersion medium unite model (EDS Oxford instrument X-
MAX,80mm?2). Nitrogen adsorption/desorption measurements were
carried out using a Micrometrics Instrument model ASAP 2010 (U.S.A.)
at —196 °C. Prior to analysis, the samples were degased at 300 °C under
vacuum condition (<1 Pa) for 3 h. The adsorption data were processed
by the instrument software to obtain the specific surface area by BET
equation, Spgr. Micropore surface area (Spjc) and external surface area
(Sext) of the ACPs materials were determined via the t-plot method using
Halsey equation. Total pore volume Vy was calculated at p/p® = 0.95.
Pore width distributions were calculated by the BET (Pggr) and BJH
(Pgyy) methods.

2.4. Adsorption study
2.4.1. Adsorption measurements

2.4.1.1. Empirical adsorption equilibrium. Empirical adsorption equilib-
rium study was performed in a set of 100 ml glass bottles under the
selected conditions of temperature = 25 + 1 °C; ACP adsorbent mass =
100 mg/50 mL (MB solution); and pH = 6.5. Different MB concentra-
tions (50-800 mg/L) were employed to investigate the effect of MB
initial concentration. All batch adsorption experiments were made using
an orbital shaker (Dragon Lab model SK-0330-pro) operated at 150 rpm
and equipped with an air thermostatic cabinet controlled by a digital
controller (model MC810, Electrothermal, England). The equilibrium
concentration of MB solution was measured in the filtrate solution using
a double beam UV-vis spectrophotometer (PgT80) at 664 nm. The
amount of adsorption at equilibrium, g. (mg/g) and percentage removal
were calculated by Eq. (1) and Eq. (2), respectively:

9p = Co-Coy @
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Removal % = foZC x 100 2

o

where C, and C. (mg/L) represent the initial and the equilibrium MB
concentrations, V represents solution volume (L) and m represents the
adsorbent mass (g). The obtained empirical adsorption results were
linearly as well as nonlinearly fitted with the examined adsorption
isotherm models as shown below.

2.4.2. Point of zero charge

Measurement of the point of zero charge, pHpyc, was performed for
the test ACP material as described [37]. A mass of 0.025 g of solid test
material was placed in contact with 25 mL of aqueous solution under
different conditions of initial (pH = 2-12). The initial pH values were
adjusting by addition of 0.1 M of NaOH or HCI solution. The mixtures
were subjected for stirring in an air thermo-stated orbital shaker oper-
ated at 150 rpm for 24 h at 25 £ 1 °C. Then, the final pH of each solution
was measured. The values of ApH change against the initial pH values
were graphically represented.

2.4.3. Effect of the initial solution pH on MB adsorption

Effect of the initial solution pH on the adsorption of MB (qaqs, mg/g)
and the removal (%) of MB on the test ACP material was investigated for
different initial pH values (2.0-12.0). The experiments were performed
under fixed conditions of initial MB concentration (100 mg/L), carbon
dose (0.100 g/50 mL), stirring rate (150 rpm), contact time (3 h) and
constant temperature (25 + 1 °C).

2.4.4. Kinetic measurements

The kinetic investigation was carried in a set of 100 mL glass bottles
in a procedure similar to the above equilibrium measurements at the
following conditions of (temperature = 25 + 1 °C; adsorbent mass = 100
mg/50 mL (MB solution); pH = 6.5, and [MB] = 50-800 mg/L).

The charged bottles were mounted on the air thermo-stated orbital
shaker, which was operated at 150 rpm, 25 + 1 °C and left shaking up to
24 h (where no further kinetic change were observed). Small portions of
the solution were withdrawn at successive time intervals and concen-
trations of MB were measured as above. The MB concentration was
calculated at any time (), as g; (mg/g) by:

4oy 3

where Cp and C; (mg/L) represent the initial and any time (t) MB con-
centrations, V is the solution volume (L) and m is the ACP adsorbent
mass (g). The obtained empirical adsorption results were linearly and
nonlinearly fitted with the examined kinetic models. Namely, the
pseudo-first-order [38], pseudo-second-order [39], and intra—particle
models [40] kinetic models to evaluate the kinetic parameters.

2.5. Effect of temperature on MB dye adsorption

The effect of temperature of MB adsorbate solution was investigated
on the AC3P800 at different temperature (298, 303, 308, 313 and 318 +
1 K) for different initial concentrations (200, 300 and 400 mg/L) of MB
solution using a fixed dose of ACP adsorbent (100 mg/50 mL). From the
thermal interaction results different thermodynamic parameters were
determined by employing of Van’t Hoff equation. The standard Gibbs
free energy change (AG®), standard enthalpy change (AH®) and standard
entropy change (AS°) were estimated in terms of Egs. (4) and (5). Sur-
face coverage (0) was calculated from Eq. (6), the activation energy (E,)
and sticking probability (S*) were estimated in terms of Eq. (7) as given
below.

AS® AH° (1
InK.= — (—) 4
R R T
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AG° =AH° — TAS° 5)
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2.6. Desorption and regeneration studies

Desorption study was performed with the ACP adsorbent saturated
with adsorbed MB as follows. A given adsorbent amount (100 mg) was
added to a solution containing 50 mL of 100 mg/L MB. The mixture was
mounted on an orbital shaker (150 rpm) for 3 h at 25+1 °C, and the
amount adsorbed (g,qs mg/g) was determined. Different eluents were
investigated for desorption of MB (absolute ethanol; HCl (1 mol/L);
absolute ethanol + HCI (1 mol/L), 9:1, (v/v) ratio, HNO3 (1 mol/L), and
NaOH (1 mol/L) solutions. The most efficient eluent, (absolute ethanol
+ HCI (1 mol/L), 9: 1 (volume ratio) was employed.

The solid adsorbent was filtered off quantitatively and treated with
20 mL portion of the elution solvent solution, respectively, stirred for 60
min at 30+1 °C to accelerate desorption of the adsorbed MB [41]. The
mixture was filtrated and the eluent containing desorbed MB was
collected. Then, the regenerated adsorbent was dried at 110 °C, weighed
and subjected to the next adsorption/desorption cycle.

The desorption procedure was repeated many times with a fresh
portions of the eluent till all MB molecules were desorbed (no more MB
was recognized) and all the filtrates were collected together. The
collected desorption filtrates was adjusted to a fixed volume. The total
amount of MB recovered from the sample (qges, mg) during the
desorption cycles was measured. The desorption (%) of MB for the
adsorption/desorption cycle was calculated as:

_ qdes

Desorption (%) = x 100 (8)
qads

Then, the regenerated adsorbent was dried at 110 °C, weighed and
subjected to the next adsorption/desorption cycle. The recycling ex-
periments were carried out four times.

3. Results and discussion
3.1. Formation yield and elemental analysis

The formation yield for the different ACP materials are shown in
Table 1. Formation yield values of 40.0, 40.4 and 42.5% were obtained
for AC1P400, AC2P400 and AC3P400, respectively. The yield values
were slightly decreased with increasing of the activation temperatures to
500 and 600 °C. However, reasonably high yield values of 34.8, 33.5 and
31.8 were preserved for AC1P800, AC2P800 and AC3P800, respectively.
Thus, the formation yields were decreased with increasing of the acti-
vation temperature. This also indicates that larger amount of volatiles
gases were evolved (equals weight loss) during activation at higher
temperatures. Weight loss (100 - yield%) during the thermochemical
activation process of the biomass material depends mainly on the
amount of carbon removed by interacting with O and H atoms in the
form of evolved gases (e.g. CO, COy, H20, CHy) or tar [42]. The high
formation yield values were due to the utilization of phosphoric acid as
activation reagent, which enhanced the dehydration, polymerization,
restructuring of constituent biopolymers and favors the conversion of
aliphatic to aromatic compounds [43].

Elemental analysis of the produced materials, Table S1 (Electronic
Supplementary Materials) showed that carbon (C) contents were
increased (from 76 to 86%) on going from AC1P800 to AC3P800, and
were increased (from 78 to 86%) on going from AC3P400 to AC3P800.
This indicates that carbon contents were increased with increasing of the
impregnation ratio (HsPO4:OP) and with increasing of the activation
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temperature. Moreover, the amount of hydrogen (H) contents was also
decreased with increasing of the activation temperature, which in-
dicates progressive aromatic condensation process [44].

3.2. Structural characterization

3.2.1. XRD diffractometery

XRD patterns for the AC1P, AC2P and AC3P group of materials,
which were activated at different temperatures (400-800 °C) are shown
in Fig. 1 (A, B and C), respectively. The patterns showed clear broad
peaks around 26 = 24.2° and 43.13°, which are due to the (002) and
(101) crystal planes of amorphous graphite structure (File No.,
75-1621) [35,36,45]. On moving from AC1P to AC2P to AC3P and with
increasing of activation temperature, Fig. 1, the intensity of the peak
24.2° was decreased and a new peak at 13.13 was increased. The latter
peak corresponds to (001) crystal plane of graphite oxide structure
[46-48]. This indicates that surface oxidation process was occurred for
the graphite layers at higher activation temperatures, specially, for the
materials obtained with high acid impregnation ratios (AC3P600 and
AC3P800). It is clear that the intensity of the graphite oxide peak was in
the order of AC3P400 < AC3P500 < AC3P600 < AC3P800 i.e. increases
with increasing of the acid ration. This confirms the direct effect of
phosphoric acid on the formation of the graphite oxide peak. XRD pat-
terns for the dried OP precursor and a standard graphite sample are
presented in Fig. S1, for comparison. The OP sample showed amorphous
nature, whereas a of graphite sample showed the crystalline structure of
graphite (File No., 75-1621).

Particle size determination were performed via Scherer’s equation
from the broad diffraction (002) peaks and resulted in values within the

(007)

3 002) (C) AC3P

800°C

(B) AC2P

800°C

Intensity (a.u)

(A) AC1P

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20, degrees

Fig. 1. XRD of the AC1P1, AC2P and AC3P groups of materials at different
activation temperatures as indicated.
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range of 2-3 nm. These results indicates the formation of small nano-
sized amorphous graphite particles <3 nm, where each particle
composed of a few graphene layers.

The distance between graphene layers along the ¢ axis was estimated
by applying the Bragg’s equation (nd = 2dyy sind), to the (002) reflec-
tion planes at 24.2°. Thus, an average values of dyp2 = 0.365 nm was
obtained. Similar procedure was performed to the distance between
(001) reflection planes of graphene oxide at 13.13° for estimating the
distance between planes. Thus, a value of dyg; = 0.650 nm was obtained.
The later value of dyg1 > 2 X dgg2, which can be explained in terms of the
increased separation between the graphene layers due to surface
oxidation.

3.2.2. Raman spectroscopy

Raman spectroscopy was carried to investigate the structure of the
formed carbonaceous materials. Spectra obtained for the AC2P500 and
AC2P600 materials, are shown in Fig. 2. Thus, three peaks related to the
D peak, G peak and 2D (weak) were observed. The D peak of disordered
graphite structure was observed at about 1354 cm™! and 1347 cm ™, for
the AC2P500 and AC2P600, respectively. The G peak of sp? bonded
carbon atoms in hexagonal lattice was observed at about 1601 cm ™! and
1610 cm’l, for the AC2P500 and AC2P600, respectively [49]. The in-
tensity ratio of D peak and G peak (Ip/Ig) were 0.90 and 0.92 for the
AC2P500 and AC2P600 materials, respectively. These ratios indicate
graphene formation, which increases with increasing of activation
temperature. At the same time, very weak degree of graphitization
(ordered stacking of graphene layers) were observed for AC2P500 and
AC2P600 materials as can be reflected from the intensity of the 2D peak
at 2680 cm !, which is highly sensitive to stacking of graphene sheets
[50,51]. Thus, Raman spectra suggested that the nanosized particles
(detected by XRD results above) are composed of distorted graphite
structure with low stacking of graphene layers. That is the nanoparticles
are composed of few graghene layers.

3.2.3. ATR-FTIR spectroscopy

FTIR-ATR spectroscopy of the AC1P and AC3P group of adsorbent
materials, which were activated at different temperatures, are shown in
Fig. 3. The spectra were matched with the reported vibrational group
frequencies characteristic for activated carbon and/or P-doped carbo-
naceous materials [52,53]. Thus, the observed bands were categorized
in two groups; the first was related to C, H, and O bonding, whereas the
second was related to C, O and P bonding.

For the first group of bands, the weak intensity band around 2960
1

cm™ -, was assigned to asymmetric v(C-H) in —CHgs groups; and the weak
D G

E)

s 2D

z

8

£

T T T T T T T
0 800 1600 2400 3200
Raman shift,(cm™)

Fig. 2. Raman spectroscopy of AC2P500 and AC2P600.
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Fig. 3. ATR-FTIR of AC1P and AC3P groups of materials activated at different
temperatures as indicated.

bands at 2920 and 2850 cm ™! were assigned to asymmetric/symmetric
v(C-H) in —-CHy— groups. These different (C-H) bands were disappeared
with increasing of the activation temperature (>600 °C), which in-
dicates increasing of aromatization with increasing of the activation
temperature. The band at 1690 cm ™! was assigned to (C=0) absorption
of carboxylic groups. The intensity of the later (C—=0) band assigned for
carboxylic groups was decreased by increasing of the activation tem-
perature from 400 to 500 °C and completely disappeared at higher
activation temperatures. The band observed at 1570 cm ™! was assigned
to v (C=C) of aromatic rings, which indicates the presence of single or
multiple aromatic rings in the carbon skeleton [54]. The aromatic
character was further confirmed by the bands at 880, 820 and 760 em ™!,
which were related to § (C-H), aromatic out-of-plane bending vibra-
tions. The band at 486 was assigned to § (C-0O) and § (C-C) symmetric
bending vibrations. The band at 1430 cm ! was assigned to § (O-H)
bending of phenol type surface groups. The band observed at around
1150 cm™! was assigned to oxidized carbons and also assigned to v
(C-0) stretching in acids, alcohols, phenols, ethers and esters.

For the second group of bands, which were related to the C, O and P
bonding, the band at 1163 was assigned to the stretching vibration of
hydrogen-bonded P-O groups from phosphates or polyphosphates, and
also to the O-C stretching vibration in the P-O-C (aromatic) linkage and
to O=P-OH. The band at 1060 cm ™ is attributed to the P-O-C bonds of
acidic phosphate esters, in addition to the symmetric vibrations in the
P-O-P chain [55].

The above FTIR—ATR spectra, Fig. 3, showed some more interesting
information about the effect of activation temperature on the stability of
different functional groups. Specially, the less stable CO5 releasing
groups (e.g. carboxylic, lactone groups) that observed for the ACPs
activated at 400 and 500 °C, were completely disappeared for ACPs
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activated at 600 and 800 °C. Also, most of the more stable CO releasing
groups (phenols, anhydride, carbonyl, ether, and quinone) were
removed at 800 °C, specially, for the AC3P800 material formed with
high H3PO4 acid ration. This process is clearly related to the relative
stability of groups at high temperatures, which increased with the
increasing of acid ratio.

3.2.4. Thermal analysis

Simultaneous (TG-DTA) analyses were carried out for the AC1P500,
AC1P600 and AC1P800 materials. The obtained TGA curves along with
their first derivative curves DTG curves in the flow of nitrogen gas or air
are shown in Fig. 4. The decomposition process occurred in the flow of
nitrogen gas can be divided into three steps. The first step RT—400 °C
showed a DTG maxima below 100 °C and a stable mass region in the
range of 100-400 °C. Weight loss of ~15% was recorded in this step,
which associated with loss of moisture and light weight volatiles (CO,
CO5 and some other hydrocarbons), which formed by catalytic degra-
dation of biomass materials with phosphoric acid [56-59]. The second
step 400-800 °C, showed a significant weight losses up to ~79%. The
DTG peaks observed in the second step were large with double
maximum at (575 and 610 C), (589 and 620 °C) and (731 and 776 °C)
for AC1P500, AC1P600 and AC1P800, respectively. Thus, the decom-
position peak maxima were moved to high temperatures with increasing
of the activation temperatures, which indicates increasing of thermal
stability in the ordere of AC1P500 < AC1P600 < AC1P800. The
observed weight losses and degradation of AC1P materials in this step
were originated from the volatilization of phosphorus compounds
(including H3PO4,H,PO4~ and H,P,07%7), which starts to eliminate
from cellulose phosphate esters above 400 °C [44,60]; removal of P,Os
above 500 °C [61,62] and carbon loss due to the oxidation of P5Os [63].
The third step (800-1000 °C) showed no significant weight loss for all
the test samples in flow of Ny The results are summarized in Table S2.

The corresponding TGA results in the flow of air for the AC1P500,
AC1P600 and AC1P800 are shown in Fig. 4, as indicated. TGA curves for
ACP materials in flow of air are largely modified, but the decomposition

N, atomsphere
100 T T T
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still occurs in three steps. The DTG peaks were sharpened and shifted to
lower temperatures (than curves carried out in flow of N3) and showed
one sharp peak maximum at 530, 560 and 587 °C for AC1P500,
AC1P600 and AC1P800, respectively.

The simultaneously measured DTA curves for the AC1P500,
AC1P600 and AC1P800 in the flow of nitrogen gas or air are shown in
Fig. 5, as indicated. In the flow of nitrogen, the DTA curves showed a
strong exothermic peak maximized at 540, 549, and 588 °C for the
AC1P500, AC1P600 and AC1P800 materials, respectively. However, in
the flow of air the exothermic peaks were sharpened and shifted to lower
temperatures at 494, 532, and 578 °C, for AC1P500, AC1P600 and
AC1P800, respectively. The DTA results are summarized in Table S2.

3.3. Texture assessment and nanostructure morphology

3.3.1. Nitrogen adsorption isotherms and porosity

Nitrogen adsorption/desorption isotherms of AC1P, AC2P and AC3P
groups of materials, which were activated at different temperatures, are
shown in Fig. 6. Inspection of the isotherms indicates that there were
rapid increases of Ny adsorption at low relative pressure (p/p°® < 0.10).
Whereas, clear multilayers adsorption regions were formed at higher
relative pressure, > 0.4.

The isotherms of AC1P materials activated at different temperatures
(400—800 °C), Fig. 6, showed large adsorbed nitrogen volumes and were
classified as type IV of isotherms with a hysteresis loops of type H4,
which characterizes narrow slit shaped pores. However, the presence of
some relatively constant adsorbed volume at high p/p°® indicates the
presence of samll size nanoporosity, which was confirmed by the t-plot
analysis, as shown below.

The isotherms of AC2P and AC3P groups of materials activated at
different temperatures (400—800 °C) Fig. 6, showed larger adsorbed
volumes, which were increased with increasing of acid ration (AC2P <
AC3P) and decreased with increasing of the activation temperature
(400 > 500> 600 > 800 °C). The isotherms were classified as type IV of
isotherms with hysteresis loops of type H3, which indicates wide slit
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Fig. 4. TGA and DTG curves of AC1P500, AC1P600 and AC1P800, carried out in flow of N or air atmosphere, as indicated.
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Fig. 5. DTA curves of AC1P500, AC1P600 and AC1P800, carried out in flow of N5 or air atmosphere, respectively.
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Fig. 6. N, adsorption/desorption isotherms obtained with AC1P, AC2P and AC3P groups of materials activated at different activation temperatures as (a) 400, (b)

500, (c) 600 and (d) 800 °C.

shaped porosity. It is known that the type H4 and H3 loops are observed
with aggregates of plate—like particles giving rise to narrow and wide
slit-shaped pores, respectively. Therefore, increasing of acid ratio and
activation temperature can be discussed in terms of widening of the slit
shaped pores that formed by the plate-like aggregates of ACP nano-
particles. This discussion is supported by XRD results shown above, and
HRTEM as shown below.

High surface area, Sggr, values of 1144—580, 1452—1067, and
1706—-1204 mz/g, were obtained for the AC1P, AC2P and AC3P groups
of materials, respectively. Generally, the Spgr values increased with
increasing of the acid ratio (AC1P < AC2P < AC3P) and decreased with
increasing of the activation temperature (400 > 500> 600 > 800 °C).
The highest Sggr value (1706 mz/g) was obtained for the AC3P400
material. Textural details including Sggr, St, and Sp;c, values are cited in
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Table 2. The t-plot analysis for the ACP materials showed linear fitting
for all plots at the initial portion of the t—curves that can be interpolated
to intercept at the origin point of the plot. These behaviors indicate the
presence of small size mesoporosity and/or supper-micro porosity
(1.0-2.0 nm).

Further textural details including total pore volume, V,, (estimated at
p/p° of 0.95) and micro pore volume, Vp;. (estimated at p/p® = 0.1),
(Vineso = Vp —Vmic)> Pmeso% (Vmeso/(Viic + Vimeso) X 100), pore width,
and W), (by the average 4V,/Sggr and BJH methods) were calculated and
cited in Table 2. Both of the V and Vyeso values were found to increase
with increasing of the acid ratio and decrease with increasing of acti-
vation temperature. However, mesoporosity percentages, Pmeso(%), and
W, were generally increased with increasing of both of acid ratio and
activation temperature. Little, exception was found for AC3P800, which
was due to the blocking or reducing of the pore size as a heat shrinking
effect [64]. Pore size distributions, PWDs, obtained by the BJH method,
for AC1P, AC2P and AC3P group of materials are presented in Fig. 7.
Inspection of the PWDs confirms progressive enhancing and widening
for pore size distribution with increasing of the acid ratio (AC1P < AC2P
< AC3P).

Textural comparison of the formed materials with recently reported
materials, reflects that the present ACP materials show higher surface
areas as well as higher contribution from mesoporosity (up to 94%), as
shown below.

3.3.2. Transmission electron microscopy (SEM), EDX and elemental
mapping

Nanostructure morphology at different magnifications was investi-
gated with TEM and HRTEM imaging. The micrographs obtained for the
AC3P800 at different successive magnifications are presented in Fig. 8
(A, B, and C), respectively. The HRTEM micrographs confirmed the
plate-like nature of the graphite particles. Moreover, Selected Area
Electron Diffraction (SAED) pattern, Fig. 8 (D), showed a diffuse type
diffraction rings, which indicates that the 3D nanostructure is disor-
dered, i.e. without well ordered graphene layer stacking into graph-
ite-like structure. This result is on line with the Raman spectroscopy
results shown above. The micrographs confirm the plate—like particles
formation, which were resulting from the interaction of phosphoric acid
with the OP material, which subsequent volatilization of gaseous spe-
cies, leaving behind the observed carbonaceous plate-like material [65].

Moreover, EDX spectra for AC3P800 was obtained and presented as
shown in Fig. 9 along with the elemental mapping for the main con-
stituent elements (C), (O), and (P), which were amounting to 85.96, 7.53
and 5.96%, respectively. Some other minor elements (Na, Si and K) were

Table 2
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also detected, which were of 0.16, 0.12 and 0.26 mass %, respectively.
Elemental mapping for the main constituent elements (C), (O), and (P) in
the AC3P800 material showed very homogenous dispersions [36].

3.4. Adsorption of methylene blue, MB
3.4.1. Preliminary investigation

3.4.1.1. Effect of ACP dosage and contact time. The adsorption capacity
and removal percentage of MB were investigated at different adsorbent
dosages (0.200-8.00 g/L), fixed initial concentration of MB (600 mg/L)
and pH of 6.5. Results obtained with the AC3P800 material, indicated
that with increasing of the ACP dosage the adsorption capacity and
removal percent were increased due to the presence of more carbon
surface and more adsorption sites (Fig. S2).

The removal percentage was explored against the effects of (i)
increasing of phosphoric acid ratio (at constant activation temperature),
and (ii) increasing of activation temperature (at constant acid ratio).
Results indicated that the removal percent was amounting to 59, 61, 80
and 96 for AC3P activated at 400, 500, 600 and 800 °C respectively.
Whereas, the removal percent was amounting to 55, 66 and 96 for AC1P,
AC2P and AC3P activated at 800, respectively. Thus, the adsorption
capacity and removal percentage were increased with increasing of
phosphoric acid ratio and with increasing of activation temperature
(Fig. S3). Therefore, the AC3P800 material was the most active adsor-
bent towards MB.

3.4.1.2. Point of zero charge and effect of pH. The pH value at the point
of zero charge, pHpyzc, was evaluated from the graphical plot of ApH
against the initial pH values, as shown in Fig. 10 (A). The determined
PpHpzc was of 6.3, which indicates that the adsorbent surface is positively
charged for pH < pHpy, and the adsorption of cationic dye was lowered.
Whereas, the adsorbent surface is negatively charged for pH > pHpyc,
and the adsorption of cationic dye was enhanced.

The effect of pH on the gn4s and the removal percentage of MB are
shown in Fig. 10 (B). The adsorption capacity was lowered at lower pH
values, due to the presence of more H™ in acidic solution that compete
with the active adsorbent sites towards the MB molecules. However,
significant increase in adsorption capacity was observed at neutral and
alkaline pH conditions. This was because more negative charge were
created on the adsorbent surface, which led to adsorption of more MB
cationic species by electrostatic attraction [66].

3.4.1.3. Desorption and regeneration studies. Different eluents were

Surface Texture characteristics of the OP_derived ACP materials (specific surface area (Sprt), external surface area (Sgx), micropore area (Sp;c), total adsorbed volume
(Vr1), micropore volume (Vy;c), mesopore volume (Viyeso), mesoporosity percentage (Ppeso %) and pore diameter (Pp).

Sample SBET SExt Smicro Vr Vmicro Vmeso PMeso PW(BET) PW(BJH)
(m®/g (m*/g) (m*/g) (ccm/g) (ccm/g (cem/g) %) @) a)
AC1P400 1144 492 652 0.635 0.272 0.364 57.2 22.2 35.4
AC2P400 1452 970 482 0.984 0.200 0.784 80 27.01 41.2
AC3P400 1706 1394 283 1.536 0.123 1.419 92.3 36 50.2
AC1P500 983 426.3 557 0.553 0.233 0.320 58 23.1 34.4
AC2P500 1356 894 462 0.894 0.191 0.703 79 26.6 38.3
AC3P500 1600 1324 276 1.630 0.111 1.520 93.2 41.4 54.2
AC1P600 855 343 512 0.460 0.189 0.271 59 23.3 329
AC2P600 1265 865 400 0.892 0.179 0.714 80 28.2 38.9
AC3P600 1522 1212 310 1.713 0.111 1.602 94 42.3 57.3
AC1P800 580 277 303 0.328 0.129 0.199 61 22.6 34
AC2P800 1067 724 346 0.6782 0.1809 0.4973 73 25.4 37
AC3P800 1204 923 281 1.0145 0.1112 0.9033 89 34 50

Vr calculated at at (p/po = 0.95).
Vimic calculated at (p/po = 0.10).
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Fig. 7. Pore size distributions (BJH method) obtained from the adsorption branches of N, adsorption/desorption isotherms obtained with AC1P, AC2P and AC3P

groups of materials.

Fig. 8. HRTEM micrograph for the AC3P800 material at successive magnifications (a), (b) and (c) as indicated by the inserted scale bars (50, 20 and 5 nm,

respectively), along with a typical small area electron diffraction, SAED (d).

examines (absolute ethanol, HCl (1 M), ethanol-HCI (9:1) mixture,
HNOj3 (1 M) and NaOH (1 M) solutions) for desorption of MB from the
spent adsorbent. Results showed that the desorption efficiency of MB
were 88.6, 73, 42, 18 and 3.2%, for the ethanol—-HCI mixture, absolute
ethanol, HCl, HNO3 and NaOH solutions, respectively (Fig. S4). Thus,
the best eluent was employed.

Desorption of the adsorbed MB molecules and reusability of the
adsorbent materials for successive cycles was investigated, Fig. 10 (C). It

was found that reasonable MB adsorption percentages (96.89, 93.58,
87.17 and 76.82%) and desorption percentages (of 88.61, 79.92, 71.85
and 65.99%) were obtained for the first, second, third and fourth cycles,
respectively. This result reflected that the adsorbent exhibited good
regeneration and reusability characteristics.

3.4.2. Adsorption isotherms of MB
Empirical adsorption isotherms of MB on the AC1P, AC2P and AC3P
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Fig. 9. TEM-EDX elemental analysis of the AC3P800 material along with elemental mapping for C, O, and P elements as indicated.

adsorbent groups are shown in Fig. 11 (A, B and C), respectively. In-
spection of the isotherms showed that the (qq4s) values were increased
with increasing of the acid impregnation ratio (AC1P < AC2P < AC3P)
and with increasing of the activation temperature within each group
(400 < 500 < 600 < 800 °C). Results showed that high adsorption ca-
pacity, qads, as high as 452 mg/g were obtained for the most active
sample (AC3P800) at equilibrium concentration, Ceq, of 300 mg/g.

More information can be gained by inspection of the empirical
adsorption isotherms in light of Giles classification [67,68] for adsorp-
tion from solutions. Accordingly, the examined materials can be classi-
fied into two categories. The first category, which includes all the
isotherms obtained with adsorbents formed at low acid ratios and low
activation temperature, were classified as type L (Langmuir class) of
subclass (L4). Whereas, the second category, which includes all the
isotherms obtained with adsorbents formed at high acid ratios and high
activation temperature, were classified as type L (Langmuir class) of
subclass (L2). Thus, the classification characterizes multilayer and
monolayer adsorption of cationic MB species for the first and the second
categories, respectively. The departure of the subclass from L4 to L2
emphasized that number of adsorption sites was increased with
increasing of acid ratios and activation temperature.

To characterize the nature of the adsorption process, the adsorption
isotherms were examined with a group of potential adsorption isotherm
models, which are frequently employed for similar adsorption processes.
Namely, the Langmuir [69], Freundlich [70], Tempkin [71],
Dubinin-Radushkevich [72] isotherm models. The nonlinear and linear
equation forms as well as the parameters describing these isotherm
models are cited in Table 3.

The numerical values obtained by application of the above indicated
isotherm models for the AC1P, AC2P and AC3P group of adsorbents

10

were calculated (Table S3 (A, B, and C), respectively). Accordingly, the
Langmuir model fits gave rise to r* values close to unity (> =
0.9999-0.8952). Wheareas, lower values were obtained for Temkin (r?
= 0.9664-0.6396), Dubinin—Radushevish = 0.9564-0.4143) and
Freundlish (r? = 0.9761-0.5172) isotehrms. Therefore, the applicability
of the examined isotherms models for the present adsorption process
was in the order of: Langmuir > Temkin > Dubinin- Radushevish >
Freundlich isotherm model (Fig. S5).

The applicability of Langmuir isotherm model implies energetically
homogeneous surface for the ACP materials and monolayer coverage of
the MB dye molecule. This situation was met for the ACP adsorbent
materials, specially, for those obtained at higher activation
temperatures.

In terms of the applicability of Langmuir isotherm model, the
favorability of the adsorption process was examined. The values of the
dimensionless separation factor (Ry) were calculated for the ACP ad-
sorbents, Table S3 (A, B and C). The values of the separation factor was
found to be 0.001 (i.e. 0 > Ry, < 1), which confirms favorable nature of
the adsorption process.

Therefore, statistical analysis of the different models for the most
active sample (AC3P800), Table 3, confirmed that the best fit was ob-
tained with the Langmuir model. Therefore, the nonlinear Langmuir
model fitting was generated for the most active sample are shown (along
with the experimental data) in Fig. 12.

Furthermore, statistical assessment of the fitting accuracy of with
each model was tested by a group of statistical parameters. Thus, the R
(coefficient of determination), RMSE (root-mean-square error, and ARE
(absolute relative error) were calculated according to the following Eq.
(9—11), respectively.
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The statistical parameters R%, RSME and ARE values obtained from
nonlinear fits are listed in Table 4. Analysis of these parameters allows
more information about the nature of the adsorption process and the
surface properties of the adsorbent [73-75]. Thus, the best non-linear fit
was obtained with the Langmuir adsorption model as the highest R?
(0.93817) beside lowest value for RSME (23.15) and ARE (11.98were
obtained. This in fact confirms the above predicted applicability of the
Langmuir isotherm model.

3.4.3. Kinetics of MB adsorption

The adsorption kinetic studies were carried out to evaluate the ACP
adsorbent materials on MB adsorption against time in order to obtain
more information the adsorption processes.

Results for AC3P800 adsorbent material at different MB initial con-
centrations (50-800 mg/L) were investigated. The rate of reaction was
investigated with the pseudo-first-order, pseudo-second-order, and
intra—particle kinetic models to find out the suitable kinetic model to
explain the mechanism of adsorption process. The linear forms expres-
sions Egs. (12)-(14); as well as the non-linear expressions Egs. (14)-(16)
for the pseudo-first-order, pseudo-second-order, and intra—particle
models, respectively, are represented below.
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Fig. 11. Adsorption isotherm of MB from solutions obtained with AC1P, AC2P
and AC3P materials activateg at different activation temperatures as (a) 400,
(b) 500, (c) 600 and (d) 800 C.

Table 3
The examined adsorption model names, equations (nonlinear and linear) form,
and their parameters.

Models Equation Parameters
Langmuir isotherm g = Gmax—KiC. C. = the equilibrium concentration
[69]. 1+ Kic, (mg/1), g. = the equilibrium adsorption
Co_ 1 . capacity (mg/g),
e GmaxKL Qmax = the maximum adsorption
LCE capacity (mg/g), and Ky, is the
Gmax Langmuir constant (I/mg).
Ry, = the separation factor = 1/
(14+K..Co)
Freundlich isotherm 1 Kg = Freundlich adsorption constant
Qe = kel (mg/g) (mg/D'™
logge = logKy + 1/n = the adsorption intensity
(1 /n)logCe parameter (1/n), with a value b
Dubinin- g = gse~Pone®) qs = the theoretical monolayer
Radushkevich (D- saturation capacity (mg/g),
R) [72]. ¢ =RTIn (1 + $ = the D-K model constant (mol*
1 k3,
a) € = the Polanyi adsorption potential,
Inge=In g - e=RTIn(1 + 1/Co),
pe2 E = the mean free energy of sorption
(kJ/mol)
1
E=E=1/ o
Temkin and Pyzhev ge =BInAC, B = RT/by is related to the heat of
isotherm [71]. ge = Bln Kt + adsorption (J/mol), where 1/br
BInC, indicates the adsorption potential of

the adsorbent, and Ky = the isotherm
constant, dimensionless.
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Fig. 12. The nonlinear fits for the Langmuir, Freundlich, Temkin isotherms and
Dubbin-Radushakevich of MB adsorption on AC3P800.

Table 4

The statistical analysis parameters for non—linear fits obtained with the indi-
cated adsorption isotherm models for MB adsorption on the most active sample,
AC3P800 adsorbent.

Nonlinear Isotherm type Parameters

Langmuir isotherm Gmax (mg//g) = 370
K (mg/D =1

R? = 0.93817

RSME = 23.15

ARE =11.98

Ky (mg/g)(l/mg)*/
=155.06 n = 0.2169

Freundlich isotherm

R? = 0.8665
RSME = 51.6
ARE = 43.84

Dubinin—Radushkevich isotherm qs (mg//g) = 352.5
p (mg/1) = 0.02312
R? =0.44374
RSME = 179.6
ARE = 95.10
A =257.23
B =39.89

R? =0.51209
RSME = 50.27
ARE = 66.86

Tembkin isotherm

In(ge-g,) =Ingq. - Kyt (12)
t 1
= + — (13)
a Kq@ g
@ =Kut"? +C a4
Gi=g.(1— ) @15)
2
q,‘Kz‘t
__ 4 16
q: 1+ quKot (16)

Where, g and q; are the amounts of MB adsorbed (mg/g) at time t (min),
at equilibrium. The rate constants k; (h™H and ko (g/mg h) are for
pseudo-first order and pseudo-second-order kinetic models, respec-
tively. Whereas, kin; and c are the intra—particle diffusion constants.
The validity of the examined models was first checked from the
corresponding linear plots. The values of rate constants (ky, ky and kin)
and regression coefficient () obtained for the different kinetic models
were obtained (Table S4 (A)). It was found that the pseudo-second order
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kinetic model (* > 0.9999) represents the adsorption of MB better than
the pseudo-first order and intera—particlemodels. The successful fits
obtained with the linear pseudo-second order kinetics are shown in
Fig. 13 (A)

Nonlinear fits of the above models were generated and the fits pa-
rameters obtained at several initial dye concentrations are listed
(Table S4 (B). The statistical fits accuracy was tested using error analysis
R, RSME and ARE. Thus, the nonlinear plots for the pseudo-second
order model presents highest R? (0.999-0.983) and lowest RMSE
(0.040-29.16) and ARE (0.15-6.57) values (Table S4 (B)). The suc-
cessful fits obtained with the nonlinear pseudo-second order kinetics
along with the empirical results are shown in Fig. 13 (B)

This confirms that pseudo—second order model is the most suitable
model to describe the empirical adsorption behavior. Moreover, the
inapplicability of the intra—particle diffusion plots confirms non-
prevailing intra—particle diffusion, i.e. the system approaches equilib-
rium together with the saturation of adsorption sites.

3.4.4. Effect of temperature on MB adsorption

The effect of temperature on the adsorption processes of MB on the
adsorbent material was investigated at different temperature (on the
range of 298-318 K), at different initial concentrations of MB (200, 300
and 400 mg/L). Plotting of the results obtained with AC3P800 adsorbent
at different initial concentrations reflected that the removal (%) was
decreased with increasing of temperature, which confirms the
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Fig. 13. (A and B): The Linear (A) and nonlinear (B) fits for pseudo-second
order adsorption of MB at different initial concentrations (50-800 mg/L, as
indicated) on the AC3P800 adsorbent. The symbols represent experimental
values and lines represent the fits..
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adsorption nature of the present surface process. Thus, the plots of InK,
against 1/T (the Van’t Hoff plots), were obtained for the MB adsorption
process on AC3P800, (Fig. S6(A)). The main thermodynamic parameters
were calculated using of Egs. (4) and (5), as standard Gibbs free energy
change (AGO), —(13.27-14.27); standard enthalpy change (AHO),
—(12.19-8.78); and standard entropy change (ASC), +(0.00362-0.017
kJ/mol). The obtained results confirmed that adsorption of MB on
AC3P800 was a favorable process and spontaneous in nature (Table S5).
The negative value of (AH®) confirmed that the adsorption process was
exothermic. The observed small value of AS° (<0.017 kJ/mol) however,
confirmed good affinity for adsorption of MB on AC3P800. The observed
positive sign of randomness in the system for higher concentration was
due to replacement of some of the small molecules from the surface of
adsorbent due to the presence of large crowd of adsorbate molecules at
the adsorbent surface. However, the small values of AH°, AS° indicated
that weak interaction between adsorbent and adsorbate was occurred,
which confirms a phyisorption nature of interaction [76,77].

The values of activation energy (E,) and sticking probability (S*)
were estimated using a modified Arrhenius type equation given in Eq.
(7), which related to surface coverage (0) [78]. The parameter (S*) is a
measure for the potential of an adsorbate to remain on the adsorbent.
The (S*) values correspond to the adsorbate—adsorbent system were
obtained (1.93, 8.09 and 15.73 x 1073 kJ/mol) with different concen-
trations (200, 300 and 400 mg/L), respectively. The values were in the
range 0< S*< 1 and are dependent on the temperature of the system.
The surface coverage (0) can be calculated as given by Eq. (6). The linear
fits of In(1-0) against 1/T was plotted, Fig. S6 (B), and the results were
listed, Table S5.

Activation energy (E,) values amounting to (13.40, 10.16, 8.78 kJ/
mol) were obtained with concentrations (200, 300 and 400 mg/L),
respectively. The obtained low values of E, (<13.40-8.78 kJ/mol) are in
agreement with the magnitude of the calculated AG°® values [79], and
further confirms the physisorption nature of the present adsorption
process.

3.4.5. FTIR-ATR of the MB adsorbate on the adsorbent

The FTIR—ATR spectra of the adsorbate MB molecules, MB(ads),
with the spent adsorbent can give some information about the presence
of active functional group and their interaction with the adsorbate
molecules during the adsorption process. Thus, FTIR-ATR spectra for the
AC3P800 adsorbent before and after MB adsorption are shown in
Fig. 14. Typical group of bands related to ACP materials were observed
in both cases, however, some new bands were appeared, while some
other were disappeared due to the interaction with adsorbed MB mol-
ecules, MB(ads). Thus, new bands were appeared at 1578 and 1445
cm™}, which attributed to the asymmetric and symmetrical axial
deformation of the carboxylate anion [80]. The latter band is also
characteristic for heterocyclic stretching vibration of v (C=N) in MB and
(C=C) [81]. The new bands at 2970 and 2890 cm ! are corresponding
to the stretching vibrations of aliphatic v (C-H). The new set of bands
appear at 1083, 1228 and 1383 cm ™, are related to aromatic nitro
compound and v (S=O) stretching vibration. Similar bands have been
attributed to the existence of MB molecules on the surface of AC mate-
rials [82]. On the other hand, the bands in the region from 1800 to 2660
cm ™! were completely disappeared after adsorption of MB. These data
emphasized the mutual nature of the interaction between MB(ads) and
the AC3P800 adsorbent material.

3.4.6. Mechanism of MB adsorption on the adsorbent
The mechanism for MB removal from solutions by adsorbent mate-
rials can be divided into the following steps [83-85].

1. Migration of MB from the solution bulk to the adsorbent surface.

2. Diffusion of MB through the boundary layer to the adsorbent surface.
3. Adsorption of MB at the active sites of the adsorbent.

4. Intra-particle diffusion of MB into the interior pores of the adsorbent.
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Fig. 14. FTIR—ATR for AC3P800 adsorbent before and after adsorption of MB
from solution.

For the present investigation steps number (2) and (4) can be rolled
out, respectively because the boundary layer resistance normally
reduced by increase in contact time; and the intra-particle pore diffusion
model was confirmed non-prevailing as the system approaches equi-
librium together with the saturation of adsorption sites. This in fact
highlights the advantage of the formed slit-shaped pores of wide opining
on the adsorption process by the ACP adsorbents, which were widening
at high activation temperatures by the effect of surface oxidation and
formation of graphene oxide as reflected by XRD.

Moreover, since the uptake of MB at the adsorbent active sites of ACP
is a rapid process. The adsorption rate is due to be controlled by the rate
of MB species transfer in liquid phase.

Thus, the mutual affinity of MB species and the adsorption active
sites of ACP adsorbents can be attributed to the following interaction
forces:

L. electrostatic interaction between anionic oxygenated carbon groups
and MB cationic site

This interaction occurred between surface oxygenated groups of the
ACP adsorbent and MB cationic (N") site in the conjugated MB dye
structure. This interaction was supposed to take place for the adsorbent
obtained at low acid ratios and low activation temperature (400-500 °C)
where the low thermally stable groups (carboxylic and lactone) are
present as well as the highly thermally stable groups (phenols, anhy-
dride, carbonyl and ether). However, for the adsorbent obtained at high
activation temperatures (600-800 °C), the low thermally stable bulky
groups were removed. Thereby, facilitating diffusion of MB species to
the adsorbent slit—shaped pores.

II. Electrostatic interaction between anionic phosphate groups and MB
cationic site

This type of interaction occurred between different phosphate group
(e.g. =PO, =P0O3 and —PO3) and cationic (N sites in the conjugated MB
dye structure. This interaction was supposed to take place for the
adsorbent obtained at high acid ratio and high activation temperatures,
which associated with the formation of acidic phosphate groups.

III. Hydrogen bonding

This type occurred between surface hydroxyl groups of the ACP
adsorbent and basic sites at tri—bonded (N) atoms, and di—bonded (S)
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atom in MB adsorbent.

The domination and participation of each interaction is based on the
characteristic of each ACP materials and the formation parameters in
terms of impregnation acid ratio and activation temperature.

Finally, the performance of the formed ACP adsorbent materials can
be judged by comparison of (i) the surface area and (ii) MB adsorption
capacity for the present ACP materials with some recently reported
materials, as shown in Table 5. Thus, high surface area values, as well as,
exceptionally high adsorptive capacity results can be recognized for the
present ACP materials. This confirms that ACP materials are benefit
from the effect of phosphoric acid in developing oxygenated (P) sites,
oxidized (C) sites as well as development of slit-shaped porosity
throughout the thermochemical activation. This process occurred via
replacing the less stable groups with the formation of more stable
(C-0O-P) groups that retard heat shrinking effect and protect the porous
texture against collapse at high temperature. It should be emphasized
that the chemical composition and structural nature of OP were assisted
the effect of phosphoric acid to take place and facilitated the formation
of the indicated plate-like mesoporous particles of graphene like
structure.

4. Conclusions
The above results demonstrate that high quality P-doped activated

carbons, ACP, were obtained from orange peel as a soft lignocellulose

Table 5
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material. The effect of P-doping and thermal activation were assisted the
formation of stabilized nanoporous texture with improved adsorption
behaviors towards methylene blue.

Thus, the following conclusions can be made:

P-containg activated carbons (ACP)s with high carbon contents were

formed by activation of orange peel biomass materials with phos-

phoric acid through the dehydration, polymerization and restruc-
turing. Due to the nature of the orange peel biomass material, and the
action of H3POy4, nanostructured graphene—like layers were formed.

Increasing of P-doping ratio (H3PO4 impregnation ratio) and acti-

vation temperature assisted porous texture stability against collapse

and substantially limits the formation of unstable bulky functional
groups at high activation temperature.

P-doping led to preservation of high surface area and improves for-

mation of thermally stable nanostructured graphene-like layers and

plate like amorphous graphite particles with limited number of
graphene layers (each particle composed of few graphene layers).

e The adsorption isotherms if MB showed monolayer adsorption
behavior for ACP materials obtained at high acid ratios and high
activation temperatures, which indicates formation of more active
sites that led to high adsorption capacity.

e The proposed adsorption mechanism give insight into the effect of P-

doping and textural improvement to the adsorption behavior which

based on electrostatic interaction and hydrogen bonding.

The comparison between specific surface, Spgt, area and methylene blue adsorption capacity, gmax, Of some reported activated carbons with the present OP derived

ACP adsorbent materials.

Raw material Biomass activation (act) conditions MB adsorption (ads) conditions Surface area Adsorption capacity Reference
Reagent (Re), MB conc = [MB], pH of ads (pH), SBET (mz/g) max (Mg/8)
Re: Biomass (Ratio), Temp of ads (Tads),
Temp of act (Tact), Mass of adsorbent (m), time of contact (t.c)
Atmosphere (At)
Time of act (t.a)
Rice straw Re= ZnCl, [MB] = 2-12 mg/L, pH =7 942.7 399 [86]
Ratio = 1/5 w/w Tads = 25 °C,
Tact = 700 °C. m = 2 mg/100 mL MB soln
At= N, (250 cm®/min) ta=1h tc=24h
Litsea glutinosa Re= NaHCO3 [MB] = 10-200 mg/L pH = 3-11 33.16 29.03 [87]1
seeds Ratio=0.1 M Tads = 25-50 °C, m = 4-12 g/L
Tact = 300-500 °C tc=24h
At= NA;
ta = 15-75 mint
Rattan Re= NaOH [MB] = 25 mg/L, pH =7 1135 359 [88]
Furniture Ratio = 3:1 (w/w) Tads =30°Cm =0.20¢g
Tact = 600 °C tc=8h
At= N, (150 cm®*/min) ta=1h
Pineapple Re= ZnCl, [MB] = 5-400 mg/L pH =7 914.67 288.34 [89]
Ratio = 1:1 (w/w) Tads =30°C,m =0.1-5.0 g
Tact = 500 °C t.c=12h
At=N, (150 cm®*/min) ta=1h
Date pits Re= FeCLg [MB] = 50-450 mg/L pH =7 780.06 259.25 [90]
Ratio = NA Tact = 700 °C Tads = 303-323 Km = 0.02 g
At=NAta=1h tc=45h
Orange peel Re= H3PO,4 [MB] = 50-800 mg/L pH = 6.5 1204-1706 384-452 This work
Ratio = 1: 2; 1: 1; and 2: 1 (w/w). Tads =25+ 1 °C
Tact = 400 -800 °C M = 100 mg/50 mL, t.c = 3h
At= N, (150 cm®/min) ta=1h
DOC-AC Re= K,CO3 [MB] = 25-400 mg/L pH = 3-11 988.75 359.38 [74]
Ratio =1.0 -5.0(w/w) Tads = 30-50 °C
Tact = 600-800 °C M=0.20g,
At = N5 (100 ml/min) t.a = 60-120 min t.c=0-26 h
Sterculia foetida Re = H3PO4 [MB] = 50-500 mg/L pH = 2-12 89.9-302.6 181.81 [84]
Ratio = 40% (w/v) Tads = 298-328 K
Tact = 600 °C M=1-4g/1
At = N5 (150 ml/min) t.a = 30-120 mint t.c=0-24h
Macadamia nutshells Re= K,CO3; HySO4 [MB] = 70 mg/L 426.3-459.8 250.2-261.5 [91]
Ratio = 50% (w/w) pH= 2-12

Tact = 650 °C
At = NA t.a =0-90 min

Tads = 298-328 Km = 0.2-2 g/L
t.c = 0-90 min
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