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Abstract

In this study, the microstructure of a series of activated carbons modified on its

chemistry surface was evaluated from X-ray diffraction and porous structure

analysis, and the effect of the stacked graphitic structure on the n-pentane

adsorption capacity. The activated carbons were prepared modifying an activated

carbon (obtained from coconut shell) by carbonization processes at 1073, 1173

and 1273 K and impregnation with 65% nitric acid solution, 60% phosphoric

acid solution and reflux with 30% ammonium hydroxide solution. The activated

carbons were characterized by N2 adsorption at 77 K. It was found that these are

essentially microporous materials with surface areas between 469 and 1113 m2 g-

1, and the evaluation of the microstructure was performed by determining the

number of aromatic layers stacked from the analysis of the observed diffraction

peak between 20-30� 2q which corresponds to the 002 reflection in the plane of

the coal using the STACK XRD technical. The results showed that impregnation

as carbonization favours the development of the crystalline structure to the

activated carbons, which is shown by the increase of the stacked structure at the

same time; this favours the n-pentane adsorption.
.e01156
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1. Introduction

The activated carbon is the most commonly used material in the industry for the

removal of pollutants found in both the liquid phase (groundwater remediation,

filtration of water for human consumption, adsorption of volatile organic compounds

(VOCs), etc.), and the gas phase (air).

The adsorption capacity of an activated carbon is related to its porous structure and

chemical surface. An activated carbon possesses micropores (Ø< 2 nm), mesopores

(2 < Ø < 50 nm), and macropores (Ø > 50 nm) in different proportions, as defined

by the IUPAC [1, 2]. The micropores play an important role in the adsorption of

small adsorbate molecules, while macropores and mesopores are necessary in the

transport of the adsorbate toward the micropores.

The porosity of the activated carbon is due to its microtexture, which results from

stacking the aromatic layers that are responsible for lots of the crystalline structure,

along with aliphatic chains and heteroatoms in the periphery that contribute to the

amorphous structure of [3].

The microtexture of an activated carbon can be assessed by X-ray diffraction; this is

a non-destructive technique that provides useful information for structural character-

ization from the determination of the fraction stacking structure [4, 5, 6, 7]. It has

been made using the Gakushin’s specification for the calculation of the cross-

linkage constants and crystalline sizes of carbonaceous materials [8]. The Committee

of the Japan Society for the Promotion of Science developed this method in 1963 [9].

Then, the activated carbon diffractograms are examined by Fourier analysis, to deter-

mine the number of aromatic layers that make up the stacks. The aromatic fraction of

the stacked structure is equivalent to the fraction of the crystalline structure; this

technique is called Stack-XRD (Standard analysis of coal by XRD) and it was devel-

oped by Hirch and Diamond [3, 5].

The VOCs, within which class is n-pentane, come from the solvents used as con-

stituents in the formulation of resins, pigments, paints, oils, dyes, cosmetics, toi-

letries and cleaning products; this is part of the hydrocarbons that make up the

gasoline among many others [10, 11]. Within the VOCs are alkanes, alkenes, alco-

hols, aldehydes, ethers and carboxylic acids; when they are broken down into re-

agents, these are combined with other impurities in the atmosphere to produce

ozone, which is a precursor to the formation of photochemical smog. Ozone has

been classified as a "Criteria Pollutant" by the Environmental Protection Agency

(EPA) [12, 13].
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In this study, an activated carbon produced from coconut shell was modified by

impregnation at a moderate temperature of 291 K with a solution of nitric acid to

65% and a solution of phosphoric acid to 85%; these modify the surface chemistry

and the porous structure of the activated carbon through the increased number of

acid groups and the cross-linking of phosphate groups, respectively. The activated

carbon treated with nitric acid was submitted to reflux in concentrated solution of

ammonium hydroxide in order to introduce nitrogen as a heteroatom in the carbona-

ceous structure through the formation of amide, amine pyridinic, pyrrolic and qua-

ternary nitrogen groups [14, 15, 16]. Additionally, the original activated carbon is

carbonized in nitrogen atmosphere at 1073, 1173 and 1273 K to reduce the oxygen-

ated group content on the surface. From the Stack-XRD analysis, we want to deter-

mine how these treatments modify the crystalline structure of the activated carbon

and at the same time how the changes in crystalline structure relate to the adsorption

of n-pentane.
2. Materials and methods

2.1. Preparation of activated carbon samples

Different activated carbons were prepared by modifying an activated carbon from

coconut shell. The treatments are described in Table 1.

In all cases, the relationship of activated carbon to impregnation agent was 1:3 p/p.

The samples were impregnated at 291 K for 72 hours; then, they were washed with

deionized water until a constant pH was reached and were finally dried in an oven at

378 K until a constant weight was achieved.
Table 1. Preparation of activated carbon samples.

Samples Treatment

G Granular activated carbon produced from
coconut shell (original sample)

GN G Impregnated with nitric solution of nitric
acid to 60% (Nitric acid p. a. 65% Merck)

GNA Reflux of the sample GN in concentrated
solution of ammonium hydroxide solution
for a period of 24 h (Ammonium hydroxide
solution to 25% Merck)

GP G Impregnated with solution of phosphoric
acid to 60% (Ortho-phosphoric acid p.a.
85%)

GC1073 Carbonization of G at 1073 K

GC1173 Carbonization of G at 1173 K

GC1273 Carbonization of G 1273 K
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The carbonization of samples was performed in a horizontal oven at 5 �C min-1 for

two hours in a nitrogen atmosphere.
2.2. Characterization of activated carbon samples

The adsorption of nitrogen, N2, at 77 K was performed in a Quantachrome IQ; the

respective isotherms were built and the values of B.E.T. surface area (S), micropore

volume (Vo), total pore volume (VT) and mesopore volume (Vmeso), were deter-

mined [17]. Additionally the chemical parameters were evaluated by Boehm titration

and pH in the point of zero charge and the analysis of samples for Raman spectros-

copy and Elemental analysis [18].
2.3. Adsorption of n-pentane

The adsorption of n-pentane at 261.15 K on the activated carbons was performed in a

sortometer built in the laboratory (Fig. 1), which operates based on the volumetric

method. Initially, the samples of activated carbon were degassed up to 5.65 �
10�3 mbar. For the n-pentane adsorption, this was brought to the vapour phase heat-

ing in a balance tank at 343 K; subsequently, the n-pentane in the vapour phase was

injected onto activated carbon in the sample holder by opening a valve that connects

the balance tank and the cell with the sample. The amount of n-pentane adsorbed is

determined from the difference between the initial pressure and the pressure balance

obtained after each injection using Eq. (1). The n-pentane adsorption on activated

carbons was carried out until the saturation pressure of the n-pentane at operating

temperature.

nads ¼ ðPe �PiÞV
R*T*m

ð1Þ

where nads (mmol.g�1) is the amount of n-pentane adsorbed, Pi and Pe (mbar) corre-

spond to the pressure of the adsorbate injected initially and on the balance,
Fig. 1. Overview of the sortometer used for the n-pentane adsorption. 1. Thermostat, 2. Cell sample

holder with activated carbon, 3. Solvent holder, 4. Pressure controller #1, 5. Pressure controller #2, 6.

Equilibrium tank, 7. Control panel, 8. Voltmeter, 9. Data register. Diagram made by Luis Ariel Pe~na.
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respectively, V (L) is the volume of the cell, R (mbar.L.mmol�1.K�1) is the gas con-

stant, T (K) is the temperature of adsorption and m (g) is the mass of activated

carbon.
2.4. X-ray diffraction

The X-rays diffraction patterns were determined in a XPERT-PRO diffractometer

with CuKa radiation1, l ¼ 1.541874 �A with an acceleration electric potential of

45 kV and current applied of 40 mA with a range between 4 and 90�.

The activated carbon microstructure analysis was performed determining the number

of aromatic layers stacked from the diffraction peak observed between 20� and 30�

2q, which corresponds to the 002 reflection in c1c the plane of the coal. The intensity

values were softened; subsequently, the correction of the widening of the intensity

line due to the X-ray absorption phenomena, dispersion strengthened and structure

were made by the Lorentz factor (L) Eq. (2), factor of polarization (P) Eq. (3), ab-

sorption factor (A) Eq. (4) and atomic scattering factor of coal (f) Eq. (6) [9],

assuming that the sample consists only of structural carbon.

L¼ 1
1þ sin22qcos2q

ð2Þ

P¼ 1þ cos 2 q
1þ cos22q

ð3Þ

The absorption factor (A) of the sample by x-ray diffraction is expressed as:

A¼
�
1þ sin 2 q

2mbr

��
1� exp

��2mt
sin q

��
þ 2t cos q

br
exp

�2mt
sin q

ð4Þ

where m is the coefficient of apparent absorption of the sample, m ¼ 10; t is the

thickness of the sample in the sample holder equal to 0.2 mm; and br is the ampli-

tude of the X-ray beam in the position of the sample and is expressed as:

br ¼ R sin b ð5Þ
where b and R correspond to the width of the grid of divergence, and the radius of

the goniometer, respectively. The atomic scattering factor was calculated on the ba-

sis of:

f ¼ 2:26069 exp
�� 22:6907S2

�þ 1:56165 exp
�� 656665S2

�
þ 1:05075 exp

�� 9:75618S2
�þ 0:839259 exp

�� 55:5949S2
�þ 0:286977

ð6Þ
where s ¼ sin q/l and the constants are the coefficients of Cromer-Man [19, 20],

which for carbon is Z ¼ 6.
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Finally, the diffraction intensity smoothed is divided by the correction factor TCF ¼
LPAf2 to obtain the intensity corrected (Icorr). The use of the graph of the intensity

corrected as a function of the reciprocal distance S¼ 2 sinq/l has been suggested for

the interpretation of peak 002, in order to obtain the true value of the maximum in-

tensity [21]. The intensity of peak 002 (I002) is obtained from:

I002 ¼ S
f 2
ðIcorr � IbÞ ð7Þ

where Ib is the intensity of a line that connects the minimum peak [3].

The Fourier transform method [4] was used to determine the distribution of the num-

ber of aromatic layers by stacking, N. The Fourier transform that has the form:

PðuÞ ¼ 2
ZN

0

I002
f 2

cos 2 pusds ð8Þ

is called "the Patterson function", which describes the probability of finding an ar-

omatic layer at a normal distance to a layer [3, 22], therefore, this allows us to find

the distribution of the stacks from the calculation of the second derivative of the

weights of each peak in the Patterson function; that is to say, if p(n) is the weight

of the nth peak in the function, then the probability f(n) of finding a stack with N

layers (N � 2) is given by:

f ðnÞ ¼ PðnÞ � 2Pðnþ 1Þ þPðnþ 2Þ
Pð1Þ �Pð2Þ ð9Þ

The relationship between the carbon atoms in a stack of layers aromatic and the total

number of carbon atoms in the structure of the sample was determined from the frac-

tion of stacked structure (Ps) [22], which is estimated from Eq. (10):

PSðSÞ ¼ SI
SIð1� ISPÞ þ ISP

ð10Þ

where SI is the relationship between the intensity of peak 002 above the baseline

and the total intensity. This parameter is calculated from:

SI ¼ Im � Ia
Im

ð11Þ

where Im is the total intensity of peak 002 and Ia is the intensity below the baseline.

ISP represents the intensity generated by the crystalline component; that is to say,

the aromatic layers stacked, which is equivalent to:

ISP ¼ 0:0606
S2

N ð12Þ
on.2019.e01156

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01156
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 The Auth

(http://creativecommons.org/li

Article Nowe01156
The average value �N is estimated from the distribution of the number of aromatic

layers by stacking (N), using Eq. (13):

N ¼
P

f ðnÞP f ðnÞ
n

ð13Þ

3. Results and discussion

3.1. Textural analysis

Fig. 2 shows the adsorption isotherms of N2 at 77 K for samples G, GN, GC1073 and

GC1273, and Table 2 shows the results obtained textural parameters calculated from

nitrogen isotherms at 77 K. In this, it can be see that all of the activated carbons

correspond to microporous solids according to the classification of the IUPAC [2]

with a small hysteresis loop to relative pressures higher than 0.35, indicating that

there are a low amount of macropores calculated for G at 0.020 cm3g-1 due to the

difference between the total pore volume and the micropore volume determined us-

ing the method of Dubinin-Radushkevich [23]; with respect to the activated carbons

prepared from sample G, it can be observed that there are an increase in the meso-

porosity of carbonized samples GC1073 and GC1273 with values of 0.066 and 0.068

cm3g-1, respectively.

It is noteworthy that in the case of the carbonized sample at 1073 K, GC1073 there

was an increase both in the volume of micropores and in the apparent surface area
P/P0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

mc(
ne

mulo
V

3
g.

1-
)

0

100

200

300

400

G
GN
GC1073

GC1273

Fig. 2. Adsorption isotherms of nitrogen to 77 K. Some of the results have been presented above [15].
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Table 2. Textural parameters from adsorption isotherm at 77 K1.

Samples G GN GNA GP GC1073 GC1173 GC1273

SBET (m2g�1) 864 469 786 863 1113 813 708

C 1729 1149 1519 1287 1073 1130 898

DR Model VT (cm3g�1) 0.38 0.22 0.34 0.39 0.51 0.36 0.31
V0 (cm

3g�1) 0.34 0.18 0.30 0.33 0.43 0.32 0.24
Vmeso (cm3g-1) 0.04 0.04 0.04 0.06 0.08 0.04 0.07
E (kJmol�1) 25.8 22.2 26.7 24.1 24.6 25.0 27.7

QSDFT VT (cm3g�1) 0.36 0.21 0.33 0.37 0.49 0.34 0.31
Radio pore (�A) 6.0 10.1 7.6 8.0 6.8 8.0 11.9

1 V0, micropore volume, Vmeso, both calculated from Dubinin Radushkevich (DR) method; VT, total
volume from, C, constant of the BET model.
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SBET, which indicates that carbonization allowed access to the microporous structure

that was occluded, while carbonization at higher temperatures produces loss of both

the surface area and the porous structure as evidenced by the values obtained for the

GC1173 and GC1273 adsorbents.

Fig. 3 shows the change of the surface areas B.E.T. calculated from the adsorption

isotherms of nitrogen to 77 K for the activated carbon samples, using the model of

Brunauer, Emmett, Teller and Elovich [23, 24]. In relation to the micropore volume

also determined from the isotherms of nitrogen to 77 K, the Dubinin-Raduskevich

model was used in the range of P/P0 between 1 � 10�5 and 0.1 from the

expression:
Microppore Volume (cm3.g-1)

0.15 0.20 0.25 0.30 0.35 0.40 0.45

m(
T.

E.
B

aera
ecafru

S
2

g.
1-

)

0

200

400

600

800

1000

1200

GN

GC1273
GNA

GC1173
GP

G

GC1273

Fig. 3. Relationship between the B.E.T. area and micropore volume for the samples in the study.
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ln V ¼ lnV0 �RT
E

ln

�
Po

Pe

�2

ð14aÞ

where V is the volume of N2 adsorbed in liquid phase to the equilibrium pressure Pe
and V0 is the micropore volume [23, 25].

In Fig. 3, it can be seen that in all cases, there are modifications of the surface area

and micropore volume of the original activated carbon G. In the impregnation with

nitric acid, there is a decrease in surface area in 45%, which is associated with the

oxidation of this, and in the carbonization to 1073 K there is an increase of surface

area of 28% that is attributable to opening of the structure occluded in the sample,

while the carbonization at higher temperatures of 1173 and 1273 K shows a loss

of surface area. As for the GNA and GN samples, it is noteworthy that in the case

of GNA there is a recovery of the surface area by 40% with respect to the activated

carbon GN with which it was prepared; this could indicate that the treatment of GN

samples with ammonium hydroxide also generates nitrogen on the surface of the

activated carbon, and reacts with the nitric acid that was obstructing the porosity

of the GN sample or huge amount of surface oxygen groups (especially carboxylic

acids) in the entrance of the pores that impedes the access to the porosity [18, 26, 27].

With regard to GP, the treatment of G sample with phosphoric acid produced only a

loss of surface of 9%. This result is interesting because it suggests that although the

nitric acid is a strong oxidant, the impregnation of the activated carbon with this

agent to 291 K allows it to develop the surface chemistry of this without significantly

affecting the microporous structure.

The evaluation of the total pore volume determined by the Quenched Solid Density

Functional Theory (QSDFT) was carried out on the adsorption branch, assuming a

pore structure composed of slits and cylinders; this presented values with errors less

than 0.029% in general. In the distribution of the average width of the pore (Fig. 4), it

can be observed that the pores are the pores are grouped into three zones: the first

between 3 and 8 �A, the second between 10 and 20 �A. And the third between 20

and 50 �A. These results are interesting because they show that the carbonization

to 1273 K destroyed the microporous structure in the range from 3 to 8 �A, while

the treatment to 1073 K increased the porosity in these ranges in addition to that

found between 20 and 50 �A. In regard to the impregnation with nitric acid, this

decreased the pores between 3 and 8 �A. In general, analysis of the distribution of

pores allows us to observe that all of the treatments modified the porosity of the

initial activated G and new pores are generated this way.
3.2. Chemical characterisation

Table 3 shows the results obtained for chemical characterization by Boehm titration

and pH in the point zero of charge, pHPZC for activated carbon samples.
on.2019.e01156
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Fig. 4. Pore size distribution. (QSDFT method slit/cylinder. Pores, adsorption branch).

Table 3. Chemical parameters of the activated carbons.

Samples Total
Acidity
(mmolgL1)

Total
Basicity
(mmolgL1)

Carboxylic
Groups
(mmolgL1)

Lactonic
Groups
(mmolgL1)

Phenolic
Groups
(mmolgL1)

pHPZC

G 90.5 742 22.2 21.8 46.6 7.48

GN 6560 735 106 489.5 59.9 3.13

GNA 377 799 63.2 289 24.6 7.41

GP 423 849 109 137 177 5.91

GC1073 93.6 1210 66.1 21.2 6.36 7.65

GC1173 93.0 1630 65.5 23.8 3.71 7.89

GC1273 94.1 2040 64.7 46.8 17.5 9.97
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In Table 3, it can be see that all the treatments carried out modified the surface chem-

istry of the starting activated carbon G; in the case of the total acidity produced by

some oxygenated groups in the periphery of the graphene layers of activated carbon,

it is observed that the impregnations with nitric acid and phosphoric acid increased

the content of acid groups of activated carbon G, the functionalization of the pre-

oxidized sample GN with ammonium hydroxide reduced the content of the acid

groups in the oxidized sample by 42%, which can be associated with the formation

of nitrogenous groups from the acid groups produced in the sample GN; in the same

way this increase in the content of acidic groups, is reflected in the values obtained

for the pHPZC of these samples.

Regarding the impregnation with H3PO4, in Table 3 it is observed that for this sam-

ple there is an increase in the content of phenolic groups of 3 times in relation to the
on.2019.e01156
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original sample G which can be attributed to the OH groups in the esters phospho-

carbonaceous and pyrophosphate species that possibly formed with the impregna-

tion of sample G with H3PO4 at 291 K.

The basic sites on the surface of activated carbon arise from the presence of p-elec-

trons, pyro-like structures and chromene-like structures, the results shown in Table 3

indicate that the carbonizations show an increase in the content of these groups in

such a way that as the carbonization temperature of activated carbon increased, an

increase in the content of basic groups was obtained that can be associated with

the increase in graphitic structure.
3.3. Raman spectroscopy

In Table 4, the change in the intensity of bands D and G of the Raman spectra can be

observed with the different treatments performed on activated carbon as well as the

change in the intensity ratio between these bands. It has been reported that the rela-

tive intensity of the band D with respect to the relative intensity of the G band is

associated with the inverse of the crystalline diameter along the basal plane deter-

mined by X-ray diffraction, that is, it can be associated with the degree of structural

disorder [28, 29, 30, 31]. According to the results observed in Table 4 on the inten-

sity of the D band for the different samples, this is in the order GC1273<GNA<GN

< GC1173 < G < GP < GC1073, this indicates that the carbonization 1273 K pro-

duces an increase in the crystallinity of activated carbon.

Likewise, it is observed that the carbonized sample at 1073 K presents the highest

content of discontinuous carbonaceous structure and that the carbonization at

1173 K presents more discontinuous structure than the original sample; this suggests

that during carbonization the temperature increase allows a reorganization of the

microporous structure passing through discontinuous structures towards a crystalline

structure that is obtained as the temperature increases. Regarding the impregnations,

it is observed that the GNA and GN samples increase the crystalline structure of the

sample G.
Table 4. Ratio of the intensities of the D and G bands of the Raman spectra.

Sample Band D Band G ID/IG

G 37.0703 41.7584 0.89

GN 30.597 33.3446 0.92

GNA 29.6345 31.4042 0.94

GP 38.5295 43.5281 0.89

GC1073 45.7945 51.9419 0.88

GC1173 34.1518 34.6486 0.99

GC1273 23.6424 23.3164 1.01
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3.4. X-ray analysis

The comparison between the diffraction profiles obtained for the activated carbon

samples in the study is shown in Fig. 4. The band observed corresponds to the

002 reflection in the plane of the graphite obtained between 20� and 30� 2q once

the corrections to the intensity values are applied by softening the data and correcting

the widening of the 002 band due to the phenomena of X-ray absorption, and

strengthened dispersion and structure. In addition, the baseline was subtracted.

In Fig. 5, it is possible to observe the emergence of a peak at 29� 2q (2senq/l¼ 0.29)

toward the centre of reflection 002, which is accentuated in the order: G < GNA <

GC1173 < GP < GN < GC1073 < GC1273. It has been reported that the intensity of

band 002 is associated with the structure of the stacked aromatic layers [5, 32]. These

results indicate that: 1) carbonization at 1073 K favours the appearance of the

stacked structure, 2) carbonization at 1173 K destroys the structure formed and 3)

carbonization at 1273 K allows the formation of a new stacked structure.

Another interesting result is seen in the impregnation with phosphoric acid (GP) and

nitric acid (GN), where it is also noted that the peak at 29� intensifies. In the impreg-

nation with phosphoric acid, it has been found that this agent promotes the formation

of phosphate and polyphosphate bonds that expand and crosslink the carbon matrix

[33]; also, it was reported that the treatment of activated carbon with phosphoric

compounds at 3273 K induces the development of graphitic crystallites; the results

suggest that the crystalline structure and the area can also be increased by the
Fig. 5. Intensity of the 002 diffraction band in the plane of graphite (I002) as a function of the reciprocal

distance S ¼ 2senq/l
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treatment of activated carbon with phosphoric acid at 291 K. In regard to the impreg-

nation with nitric acid, studies reported that the oxygen-containing functionalities are

obtained by oxidation of the carbon [33], this treatment also destroys part of the

microporous structure which could allow access to the occluded crystalline structure.

In Fig. 5, the widening of band 002 is further noted, which has been associated in

other studies with the presence of amorphous structure in the activated carbon [5];

other studies report that in the analysis of a carbonaceous material by XRD, the

widening of the 002 band can be attributed to coals and non-graphitic carbons, as

resulting from structures made up of associations, roughly parallel, of hydrocarbon

(polycyclic) moieties (for the macromolecular structure of coal) and of quite defec-

tive, non-planar but roughly parallel associations of carbon and termed the defective

micro-graphene layers. That is, there is no planarity, only strain and defects [34].

The ratio of intensities of bands D and G in the Raman spectra for the activated car-

bon samples are compared with the fraction of the stacked structure (PS) in Fig. 5.

In Fig. 6, it can be seen that as a general trend, the fraction of stacked structure Ps,

increases with the fraction of crystalline structure; an interesting behavior is

observed for the carbonized samples GC1073, GC1173 and GC1273, where the carbon-

ization at 800�C of sample G produces an increase of the stacked structure, and this

decreases with carbonization at 900�C while an increase in the crystalline structure

occurs and finally, the carbonization at 1000�C generates again an increase of the
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Fig. 6. Comparison between the ratio of intensities of bands D and G in the Raman spectra with the frac-

tion of the stacked structure Ps.
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stacked structure; these results are interesting because they show a reorganization of

the crystalline structures which first passes through an amorphous structure. This

suggests that, at an increased crystalline structure in the activated carbon, the amor-

phous structure decreases, which indicates that the crystalline structure is produced

from amorphous structures during the carbonization processes.

Fig. 7 shows the function of Patterson and the distribution of the number of aromatic

layers by stacking (N) to the carbons in the study.
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The Patterson model is a function that correlates the electron density evaluated at

each point of a unit cell [35]; therefore, each peak in the function is associated

with the probability that a stack is made up of N layers, for example, a value of

P(u) of 0.6 for a stack N ¼ 2 means that there is a 60% probability that the graphitic

stacks contain 2 layers, taking this into account, the distribution of N estimated from

Eq. (9) indicates that, on average, all samples of activated carbon are approximately

60% graphitic stacks of two layers, 25% stacks of 3 graphitic layers, about 30%

graphitic stacks of 4 layers and less than 1% stacks of more than 4 layers.

An interesting result is observed for the sample impregnated with phosphoric acid

GP) and the sample carbonized at 1273 K (GC1273), is the increase of the probability

of the existence of graphitic layers by stacking above 5 increases; in particular, for

carbonized sample there is a 5% probability that small stacks (according to the calcu-

lation) of between 5 and 23 graphitic layers will be formed. These results are consis-

tent with those presented to date and corroborate the formation of structures

intertwined when activated carbon is treated with phosphoric acid and the formation

of crystalline structures during carbonization.

Finally, the relationship between the fraction of stacked structure and the area BET

for the carbons can be seen in Fig. 8. Here, it is possible to appreciate the decrease

in surface area with the increase in the stacked structure as a general trend of the

samples; this indicates that the crystalline structure formed does not contribute to

the porosity of the activated carbons and, therefore, neither does the increase in

the area.
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3.5. Adsorption of n-pentane

The adsorption isotherms of n-pentane on different activated carbons at 261.15 K

are presented in Fig. 9. Here, it is noted that the amount of n-pentane adsorbed in-

creases proportionally with pressure at low relative pressure values of less than 0.1;

at relative pressure values between 0.1 and 0.4, the isotherm is concave with

respect to the axis of the relative pressure, indicating that the n-pentane monolayer

adsorption reaches its maximum point, and above this pressure, the increase in

adsorption is low compared to the increase in relative pressure. This behavior

has been described by different models within which the Langmuir is one of the

most commonly used. This implies that the maximum adsorption corresponds to

a saturated monolayer of molecules of adsorbate that adsorb in defined places on

the surface; in this, all sites are energetically equivalent. The adjustment of the

data of the Langmuir adsorption model (Eq. 14a, b) [36], is summarized in

Table 3, and the relationship between the fraction of structure stacked PS and

the maximum capacity of adsorption Qo n-pentane-determined by the Langmuir

model is presented in Fig. 10.

In the Langmuir model, qe (mmol.g�1) is the amount of solute adsorbed per unit

weight of the adsorbent in the balance, Ce (mmol.L�1) is the concentration of solute

in solution at equilibrium, Q0 (mmol.g�1) is the maximum capacity of adsorption

and KL is the Langmuir constant related to the free energy of adsorption

(L.mmol�1).
Fig. 9. Adsorption of n-pentane on activated carbons at 261 K. The lines correspond to the adjustment of

the data to the Langmuir adsorption model.
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qe ¼ Q0KLCe

1þKLCe
ð14bÞ

Table 5 shows that with the exception of impregnation with nitric acid, the other

treatments favour the adsorption of n-pentane. For the impregnated samples, the

maximum adsorption capacity Q0 is increased in the order GN < GP < GNA;

this behavior can be attributed to the oxygen groups in sample GN, phosphate groups

in sample GP and nitrogen groups in sample GNA, as observed in Table 6 in which

the results obtained for Elemental Analysis are shown. These groups make the n-

pentane adopt a temporary dipole due to an excess of electrons on one side of the
Table 5. Adjustment of the n-pentane adsorption data to the Langmuir model.

Sample Q0 KL R

mmol.gL1 L.mmolL1

GN 6.2 130.9 0.9968

G 9.1 147.1 0.9838

GP 10.4 38.7 0.9978

GNA 10.5 52.7 0.9986

GC1073 10.6 36.4 0.9978

GC1173 12.6 27.4 0.9995

GC1273 13.6 31.6 0.9939
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Table 6. Elemental analysis.

Element N (%) C (%) H (%) O (%)

Retention time (min) 45 70 265 N.A.

G 0.22 69.88 0.47 29.43

GN 0.90 69.13 0.37 29.60

GNA 1.38 61.05 0.36 37.21

GP 0.31 69.00 0.53 29.83

GC1073 0.33 81.20 0.63 17.84

GC1173 0.24 78.46 0.44 20.85

GC1273 0.27 77.74 0.36 21.64
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molecule and, therefore, the adsorption in specific sites of the surface by ion-dipole

interaction [37]; in additionally, in Table 6 it is possible to observe the increase in

carbon content for the carbonized samples GC1073 > GC1173 > GC1273 relative to

the starting adsorbent G; this can be attributed to the increase in the graphitic struc-

ture caused by the carbonization process, these results are consistent with those ob-

tained from X-ray diffraction analysis, in addition it is also observed that the carbon

content decreases with the increase in the carbonization temperature, which can be

attributed to the loss of surface groups.

With respect to the carbonized samples, the value of Q0 increased in the order

GC1073 < GC1173 < GC1273; this behavior can be attributed to several phenomena:

the destruction of the microporosity, increasing of the pore radius which would allow

greater accessibility of the n-pentane to the microporous structure, increase in the

stacked structure and increasing of basic groups.

With regard to the values for the constant KL, these are between 27.4 and 147.1

L.mmol�1, indicating that the adsorption of n-pentane is physical in all cases;

higher values of KL correspond to samples G and GN but at the same time these

presented the lowest values in the maximum adsorption capacity Q0 and in the

stacks of aromatic layers. Taking into account that this constant is related to the

energy produced by the interaction between the n-pentane and the surface, this

would confirm that the adsorption of the n-pentane on these samples of activated

carbon GN and G is performed at specific sites on the surface by Van der Waals

forces resulting from the presence of oxygenated groups on the surface, as already

described.

In Fig. 10 is possible to observe the negative correlation between the amount of

surface oxygen groups per surface area of sample and the n-pentane adsorption ca-

pacity for GNA, GP and GN samples, positive correlations between carbonized

samples; this indicate that Ps is related with clean carbon surfaces for heat treated

carbons.
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As mentioned above, since the process of the adsorption of n-pentane on the carbons

in the study is physical in all cases, an equation that has been used to describe the

physical adsorption of gases and vapours on microporous solids is the Dubinin Ra-

dushkevich model. This was used in the current study to evaluate the adsorption of

the n-pentane on the microporous structure in the range of relative pressures between

1� 10�5 and 0.1 using Eq. (14a, b). The adjustment results for the n-pentane adsorp-

tion isotherms on the activated carbon samples to the DR model are presented in

Table 7. With comparative purposes, the immersion enthalpies of samples in n-

pentane are also presented.

One aspect to highlight in the results shown in Table 7 is the values obtained for the

micropore volume of activated carbon samples GNA and G, which indicate that the

n-pentane agreed to a higher percentage with the porosity of the sample; the differ-

ences between the values of micopore volume from Tables 2 and 7 indicate that the

n-pentane molecule does not access all the available microporosity in the adsorbents

due to its larger size compared to the nitrogen molecule; in relation to the carbonized

samples, a contrary tendency is observed in the micropore volume to which is pre-

sented in Table 2, this could be associated to the greater affinity of the n-pentane with

a greater graphitic surface that is also evidenced in the higher values obtained for the

enthalpy of immersion of the carbonized adsorbents compared with the starting

adsorbent G.

The fraction of stacked structure (Ps) calculated with Eq. (11) for samples of acti-

vated carbon in relation with the characteristic energy for the adsorption of n-

pentane calculated with the DR model are presented in Fig. 11. Here, it can be

observed that for both carbonized and impregnated samples, there is an increase

in the n-pentane adsorption energy as the fraction stacked structure increases; how-

ever, the GNA sample comes out of the trend by presenting the lowest value of

characteristic energy and, at the same time, has one of the highest values in the
Table 7. Dubinin-Radushkevich model parameters obtained from the n-pentane

adsorption isotherms at 261.15 K.

Sample Vmicro Adsorption Energy n-pentane

mm3gL1 KJ molL1 -DHimm, J.gL1

GC1073 1.30 15.14 74.5

GP 1.39 15.54 51.1

GC1173 1.47 13.31 75.4

GN 1.49 15.28 39.6

GC1273 1.79 12.95 73.8

GNA 3.38 10.03 44.9

G 4.14 11.41 70.6
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fraction of stacked structure. This change in the trend could be attributed to the fact

that this sample has the highest number of nitrogen groups on the surface, meaning

that there are more interactions between the n-pentane and nitrogen groups in this

sample than in others, possibly by an increase of permanent dipole-induced-dipole

interactions.

As already mentioned, the increase in the value of Ps indicates the increase in the

number of carbon atoms in a stack of aromatic layers in relation to the total number

of carbon atoms in the structure; that is to say, this value increases with the increase

in crystalline structure. The sample that presents the greatest fraction of stacked

structure and at the same time the lower value of BET area is the sample carbonized

at 1273 K. As noted in Fig. 3, the carbonization at this temperature resulted in the

destruction of the microporosity between 0.4 and 0.5 nm; in addition, in Fig. 6, it

was noted that the carbonization process at this temperature increased the number

of aromatic layers by stacking. It is also important to note that the sample of initial

activated carbon G is the one that presented the smallest fraction of stacked structure

and one of the lowest values in the adsorption energy. These results suggest that the

increase in the stacked structure could facilitate interactions between the n-pentane

and the surface of the activated carbon.

Fig. 12 show the results of the scanning electron microscopy SEM analysis that was

performed on the activated carbon sample G, GNA and GC1273.
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Fig. 12. Scanning electron microscopy SEM: GNA, G and GC1273 (a), (b) and (c) respectively.
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The SEM images presented in Fig. 12 show that the modification made with HNO3,

and NH4OH have a corrosive effect on the activated carbon surface, which is evi-

denced in the appearance of amorphous structure for the GNA sample; with respect

to the image of the carbonized sample GC1273 it is possible to observe that the

carbonization favored the increase of ordered structure and this is consistent with

the results obtained from the X-ray diffraction analysis shown above.
4. Conclusions

From textural parameters, Boehm titration, stakc XRD analysis, and n-pentane

adsorption isotherms, it is possible to conclude that the impregnation of carbons

to a moderate temperature of 291 K with concentrated solutions of nitric acid, phos-

phoric acid and reflux of preoxidized sample with a concentrated solution of ammo-

nium hydroxide, as well as the carbonization temperatures of 1073, 1173 and 1273

K, modifies the amorphous structure, the crystalline structure, the porosity, the sur-

face area and the n-pentane adsorption capacity of the activated carbons.

Impregnation with a solution of phosphoric acid at a moderate temperature of 291

K generates an increase in the number of aromatic layers by stacking N via cross-

linking of the phosphate group on the activated carbon surface; therefore, there is

an increase in the crystalline structure, the surface area and the capacity to adsorb

n-pentane.

The GNA activated carbon prepared by reflux of the preoxidized sample in a

concentrated solution of ammonium hydroxide presents nitrogen groups formed

from the acid groups in the activated carbon pre-oxidezed GN. This favours the

adsorption of n-pentane in the microporous structure because the nitrogen groups

have a couple of unpaired electrons, which increases the possibility of altering

the electron density of the molecule of n-pentane and generates a more induced

ion-dipole interactions (Van der Waals) between the n-pentane and the surface

of the activated carbon.
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The relationship between the carbon atoms in a stack of aromatic layers and the total

number of carbon atoms in the structure of the sample increases with carbonization;

these facts favour the interaction between the surface of the activated carbon and n-

pentane, which is reflected in the increase in energy of the adsorption calculated by

the DR model.

The values of micropore volume of 3.38 mm3g-1 for the GNA samples indicates that

the access of the n-pentane to the microporous structure is favoured by the presence

of nitrogen groups on the surface.
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