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Abstract This paper presents a new selective adsorbent to remove nitrogen-containing heterocyclic compounds
from model and commercial transportation diesel fuels based on characteristic reaction designed to occur in the
pores of substrate. This reactive adsorbent is composed of formaldehyde, phosphotungstic acid and Santa Barbara
USA (SBA)-15. The experiment was based on assumed hydroxymethylation reaction of nitrogen-containing het-
erocyclic compounds with formaldehyde using phosphotungstlc acid as catalyst in batch and fixed-bed systems.

The nitrogen concentration in the model fuel was 237.33 ng- ul™,

carbazole and toluene were used as model nitro-

gen-containing heterocyclic compound and solvent, respectlvely The effectiveness of reactive adsorbent for re-
moval of nitrogen-containing heterocyclic compounds from commercial 0” diesel fuel containing 224.86 ng- ul™ ni-
trogen was examined in a fixed-bed reactor at 70 °C. The results showed that mtrogen in the model fuel was very

low and the nitrogen concentration in the commercial diesel reduced to 2.44 ng-ul™

fuel with ultra-low nitrogen is satisfied.

. The demand for transportation

Keywords denitrogenation, fuel, carbazole, adsorption, SBA-15

1 INTRODUCTION

Atmospheric pollution and acid rain have
drawn growing concern in recent years. Exhaust gases,
especially SOy and NOy pollutants, contribute to these
phenomena. Thus transportation fuels with ultra-low
sulfur and nitrogen will be needed in the years to come.
However, the reactivity of nitrogen-containing com-
pounds in hydrodenitrogenation is significantly lower
than that of sulfur-containing compounds in hydrode-
sulphurization (HDS). It is difficult to remove nitro-
gen-containing compounds by hydrogenation reaction.
Different content of nitrogen-containing compounds
has corresponding adverse effect on HDS performance
[1-12], so the removal of nitrogen-containing hetero-
cyclic compounds from transportation fuels is crucial
to obtain fuels with ultra-low sulfur and nitrogen [13-20].
There are two kinds of nitrogen-containing compounds
in fuel oils: (1) basic nitrogen-containing compounds,
i.e., aniline, pyridine, quinoline and their derivatives;
(2) non-basic compounds, i.e., pyrrole, indole, carba-
zole and their derivatives. Most refractory nitrogen-
containing compounds in transportation fuels belong
to the family of carbazoles [21]. Carbazole compounds
can adsorb on the catalyst sites prior to refractory sul-
fur compounds, and higher pressure and temperature
and more hydrogen are needed because of their lower
reactivity. Thus, carbazole compounds should be re-
moved for the deep desulfurization of transportation
fuels. Non-hydrogenation denitrogenation technologies
can be applied at mild temperature and atmospheric
pressure. Much work has been devoted to the removal
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of nitrogen-containing compounds from transportation
fuels by intensified selective methods, such as bio-
technology, oxidative-extraction, adsorption and oxi-
dative adsorption methods. Selective adsorbent has
drawn growing concerns in the last few years, which can
selectively remove the nitrogen-containing compounds
from transportation fuels at ambient temperature [22-29].
In this sense, selective adsorbents are promising to ob-
tain ultra-low sulfur and nitrogen fuels, while its se-
lectivity and adsorption capacity for nitrogen-containing
compounds need improvement.

The previous work presented one selective, reli-
able and efficient adsorbent for the removal of thio-
phenic compounds from model and commercial trans-
portation fuels based on characteristic condensation
reaction between thiophenic compounds and formal-
dehyde catalyzed by heteropoly acid under moderate
conditions [30-32]. We recently found that the selective
adsorbent can remove carbazole compounds having
similar structure with dibenzothiophenes in transporta-
tion fuels, but the mechanism for the adsorptive removal
of nitrogen-containing compounds from transportation
fuels may be different. The assumed characteristic hy-
droxymethylation reaction between formaldehyde and
carbazole catalyzed by heteropoly acid in the pores of
adsorbent is shown in Scheme 1: electrophilic substi-
tution reaction between protonized formaldehyde and
carbazole to form hydroxymethyl carbazole.

Heteropoly acid and formaldehyde have no ad-
verse effects on the fuel quality because they are pre-
loaded in the pores of the substrate and the products
derived from the nitrogen-containing compounds are
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Scheme 1  Assumed mechanism for the removal of carbazole compounds from transportation diesel fuels occurred in pores

of SBA-15

also adsorbed in the pores. Thus it is feasible and
promising to meet the requirement of ultra-low nitrogen
fuel with the aid of the selective adsorbent. The reli-
ability of this approach is examined for commercial
diesel fuel in the batch and fixed-bed adsorption ex-
periments.

2 EXPERIMENTAL

2.1 Preparation of reactive adsorbent

The reactive adsorbent was composed of 7.6%
(by mass) SBA-15, 33.3% (by mass) phosphotungstic
acid (PTA) and 19.1% (by mass) formaldehyde.
SBA-15 (0.154-0.180 mm) used as substrate was im-
pregnated with 8% (by mass) water solution of PTA.
The mixture was stirred for 1 h, dried at 100 °C for 12
h before placed into a vacuum oven at 120 °C for 5 h.
PTA/SBA-15 was obtained. Carried by nitrogen gas,
formaldehyde vapor passed through a fixed bed filled
with PTA/SBA-15 at room temperature. The adsorbent
was obtained when the loading of formaldehyde reached
19.1% (by mass). SBA-15 and PTA/SBA-15 were
characterized by using N, adsorption-desorption ana-
lyzer at —196 °C.

2.2 Reagents

Carbazole of analytical grade was purchased
from J&K Chemical Ltd. (Beijing, China). Toluene of
chromatography grade was purchased from Kemiou
Chemicals Center (Tianjin, China). PTA of analytical
grade was purchased from Kewei Company (Tianjin,
China). Formalin of analytical grade was purchased
from Sanhe Chemicals (Yantai, China).

2.3 Preparation of fuels

Two kinds of transportation fuels were used in
the adsorption experiments: model fuel containing
237.33 ng-pl™" nitrogen, with carbazole and toluene as
model nitrogen-containing heterocyclic compound and

solvent, respectively. Commercial 0" diesel fuel con-
taining 224.86 ng-ul”' nitrogen was purchased from
Sinopec Tianjin Co., (China). The total nitrogen con-
centration in the fuels was analyzed by TDN-2000
analyzer (Kedi Instrument Plant, Jiangsu, China). The
samples of the fuels were injected into the cracking
furnace tube where the temperature was set to 1000 °C.
Based on chemiluminescence principle, the total ni-
trogen concentration in the fuel was determined ac-
cording to external standard method.

2.4 Batch tests and fixed bed breakthrough ex-
periments

Batch adsorption experiments for removal of ni-
trogen-containing heterocyclic compounds from
transportation fuels were performed in a flask
equipped with a thermostat, which provided circulat-
ing water to keep the temperature constant. The mix-
ture of 2.1 g adsorbent and 30 g fuel in a 250 ml flask
was stirred by a magnetic mixer. The nitrogen concen-
tration in the fuel was detected every 10 min by taking
samples from the fuel. Experimental verification of
denitrogenation effect via commercial diesel fuel was
conducted in the same batch adsorption experiment.

The breakthrough experiments were carried out
in a vertical glass column (length 250 mm, diameter
10 mm) filled with reactive adsorbent at 70 °C. The
fuel was pumped up through the column at the veloc-
ity of 0.5 ml'min". In terms of the breakthrough data,
the transient total nitrogen concentration was plotted
against cumulative fuel and normalized with the total
nitrogen concentration of the feed, while the cumula-
tive fuel with the total substrate weight. The equations
employed to calculate the normalized breakthrough
capacity and the normalized saturation capacity were
the same as that in reference [31].

2.5 Regeneration and recycle of reactive adsorbent

After the reactive adsorbent was regenerated at
400 °C in the air for 3 h and adsorbed formaldehyde at
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room temperature, it was reused in the denitrogenation
of model and commercial diesel fuels.

3 RESULTS AND DISCUSSION
3.1 Characterization of SBA-15 and PTA/SBA-15

As shown in Fig. 1, type IV isotherms of SBA-15
and PTA/SBA-15 confirm the existence of mesoporous
structure. The values of pore structure parameters of
SBA-15 after loading PTA are smaller than those of
SBA-15 (see Table 1). Brunauer-Emmett-Teller (BET)
method was used to calculate the specific surface area
of the adsorbent on the basis of N, adsorption isotherm
[33]. Pore size distribution of SBA-15 and PTA/SBA-15
was calculated according to Barrett-Joyner-Helena
(BJH) method [34]. The results show that the highly
ordered pore structure of PTA/SBA-15 is unchanged
and the N, adsorption-desorption isotherms indicate
the full dispersion of PTA in SBA-15.
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Figure 1 N, adsorption-desorption isotherms of SBA-15
before and after loading PTA at —196 °C
m SBA-15; @ 70% PTA/SBA-15

Tablel Pore structure parameters of SBA-15 before and
after loading PTA

Sample Sper/m?*-g! Opoe/nm — V/em®-g™!
SBA-15 798 7.7 1.31
70%PTA/SBA-15 (by mass) 374 6.2 0.79

3.2 Denitrogenation of model and commercial
diesel fuels

Figure 2 shows remarkable improvement for the
denitrogenation reaction rate with formaldehyde present
in the reactive adsorbent. The total removal of carba-
zole from model fuel occurs at 20 min with formalde-
hyde, while it is only 40.34% after 40 min without
formaldehyde, in which the adsorption reaches equi-
librium with the acid-base interaction between heter-
opoly acid and carbazole compounds.

The effectiveness of denitrogenation using the
reactive adsorbent was investigated in commercial 0
diesel fuel and the result is shown in Fig. 2. The nitro-
gen concentration is reduced from 224.86 ng: ulfl to
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Figure 2 Effect of formaldehyde on the removal of nitrogen-
containing compounds from model and commercial fuels
in batch tests at 70 °C (reactive adsorbent: 2.1 g; fuel: 30 g)
m model fuel; ® model fuel in the absence of formaldehyde;
A commercial fuel, ¥ commercial fuel in the absence of for-
maldehyde

2.44 ng-ul”', while the removal of nitrogen-containing
compounds is only 22.24% without formaldehyde. In
general, most of the nitrogen-containing compounds
in diesel are carbazole compounds and their content in
nitrogen-containing compounds is even higher than
90% in China diesels. The results show that most car-
bazole compounds in the commercial diesel are re-
moved and the reactive adsorbent is effective for the
removal of carbazole compounds from transportation
diesel fuel.

Breakthrough curves of reactive adsorbent for
model and commercial diesel are shown in Figs. 3 and
4. Breakthrough capacity of unit mass fresh SBA-15
for model fuel and commercial diesel is 10.68 mg-'g ™'
and 1.67 mg-g', respectively. The adsorbent was re-
generated and recycled in the breakthrough experi-
ment. The regenerated adsorbent was recycled 5 times
in the denitrogenation of model fuels and the nitrogen
breakthrough capacities of the regenerated adsorbent
accounted for 98.9%, 98.0%, 85.6%, 84.5%, and
83.3% of the original value, while the nitrogen satura-
tion capacity recovered 92.8%, 90.7%, 88.9%, 87.9%,
and 86.7%. The regenerated adsorbent maintains rela-
tively high capacity and the efficiency decline of the
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Figure 3 Breakthrough curves of reactive adsorbent for
model fuel at 70 °C
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Figure 4 Breakthrough curves of reactive adsorbent for
commercial fuels at 70 °C

m original one; @ regenerated 1st; A regenerated 2nd;

v regenerated 3rd

capacity may attribute to the loss of catalyst during
recycle process or the poisonous effect of carbazole on
the active sites of catalyst.

The breakthrough curves of regenerated adsorb-
ent in the denitrogenation of commercial diesel agreed
well with the one with fresh adsorbent. The nitrogen
saturation capacity of recycled adsorbent for the diesel
fuel accounts for 96.0%, 91.2% and 86.4% of the
original value. The results indicate that the regenerated
adsorbent maintains relatively high efficiency in deni-
trogenation of commercial fuels at mild temperature.
The breakthrough results show that the reactive ad-
sorbent is promising to obtain ultra-low nitrogen fuels
at mild temperature and atmospheric pressure. Figs. 5
and 6 show scanning electron microscope (SEM) and
transmission electron microscopy (TEM) morpholo-
gies of the reactive adsorbent with multi-cycle ex-
periment in the denitrogenation of model fuels after
regeneration. The highly ordered pore structure of
reactive adsorbent is unchanged and the structure of
substrate still appears to be of two-dimensional hex-
agonal column after recycled five times.

Figure 5 SEM morphology of reactive adsorbent after
recycled five times

3.3 The roles of heteropoly acid, formaldehyde
and SBA-15 in denitrogenation process

Formaldehyde plays a key role in denitrogenation.

Both the denitrogenation reaction rate and break-
through capacity of substrate are benefited from it.

50 nm

(b) Electron beam perpendicular to the direction of
main channels

Figure 6 TEM morphologies of reactive adsorbent after
recycled five times

Similar to the desulfurization of transportation fuels,
their denitrogenation also accords with the first order
reaction kinetics [31]. At the initial stage, the character-
istic reaction occurs in the pores of the substrate where
the concentration of formaldehyde is excessive com-
pared with that of heterocyclic compounds. The reac-
tion continues with the diffusion of heterocyclic mole-
cules into the pores. The products formed from het-
erocyclic compounds increases, so the concentration
of formaldehyde and the reaction rate decrease. The
denitrogenation reaction rate in the adsorbent without
formaldehyde is much less than that with it. The ad-
sorbent is saturated soon after the protonation of het-
erocyclic compounds reaches equilibrium, which is
based on the interaction between heteropoly acid and
heterocyclic molecule.

Heteropoly acids also produce a dramatic effect
on the denitrogenation reaction rate. The rapid reaction
needs more heteropoly acid, reducing the specific sur-
face area, pore diameter and pore volume, so that less
formaldehyde is adsorbed and denitrogenation reac-
tion rate is lower. Therefore, the load of heteropoly
acids should be appropriate. Both the denitrogenation
reaction rate and breakthrough capacity of reactive
adsorbent are benefited from larger specific surface
area and pore diameter of SBA-15.

Table 2 shows the nitrogen breakthrough and
saturation capacities of regenerated adsorbent, indicat-
ing that the adsorbent still has relatively high efficiency



562 Chin. J. Chem. Eng., Vol. 21, No. 5, May 2013

Table 2 Breakthrough capacities of SBA-15 for model and commercial diesel fuels after recycled

Fuel Recycled times Original nitrogen concentration Cy/ng-pl™" Qumg-g™! Qy/mg-g™!
model fuel fresh 237.33 10.68 13.94
recycled 1st 237.33 10.56 12.94
recycled 2nd 237.33 10.47 12.64
recycled 3rd 237.33 9.14 12.39
recycled 4th 237.33 9.02 12.25
recycled 5th 237.33 8.90 12.08
commercial diesel fuel fresh 224.86 1.67 6.26
recycled 1st 224.86 1.61 6.01
recycled 2nd 224.86 1.57 5.71
recycled 3rd 224.86 0.97 5.41

after regenerated and the efficiency decline of the ca-
pacity may arise from the poisonous effect of nitro-
gen-containing compounds on the active sites of cata-
lyst or the loss of catalyst in recycle processes.

4 CONCLUSIONS

It is demonstrated that the reactive adsorbent can
effectively remove carbazole compounds from model
fuel and remove nitrogen-containing heterocyclic
compounds from commercial diesel fuel at mild tem-
peratures. The transportation fuels with ultra-low ni-
trogen can be obtained. The regenerated reactive ad-
sorbent is almost totally recovered and maintains rela-
tively high efficiency after recycled a few times. The
reaction rate for the removal of carbazole from fuels is
much faster than that of dibenzothiophene under the
same conditions. The reactive adsorbent can efficiently
remove nitrogen-containing heterocyclic compounds,
which have adverse effect on the catalytic reaction in
the HDS process. Thus it is feasible and promising to
satisfy the ultra-clean fuel demands after the treatment
of hydrogenation followed by the selective adsorption
of reactive adsorbent.

NOMENCLATURE
C initial total nitrogen concentration in fuel, ng-pl™
Ooor normalized diameter, nm
P/Py pressure ratio
Qb normalized nitrogen breakthrough capacity, mg-g™'
Qs normalized nitrogen saturation capacity , mg-g ™"
SBET BET specific surface area
t time
\ volume
Subscripts
BET Brunauer-Emmett-Teller
nor normalized

REFERENCES

1 Kun, L., Flora, T.T.N., “Effect of the nitrogen heterocyclic com-
pounds on hydrodesulfurization using in situ hydrogen and a dis-
persed Mo catalyst”, Catal. Today, 149 (1-2), 28-34 (2010).

2 Choi, K., Korai, Y., Mochida, I., Ryu, J.W., Min, W., “Impact of re-
moval extent of nitrogen species in gas oil on its HDS performance:
An efficient approach to its ultra deep desulfurization”, Appl. Catal.
B., 50 (1), 9-16 (2004).

3 Alvarez, A., Escobar, J., Toledo, J.A., Pérez, V., Cortés, M.A., Pérez,
M., Rivera, E., “HDS of straight-run gas oil at various nitrogen con-
tents. Comparison between different reaction systems”, Fuel, 86 (9),
1240-1246 (2007).

4 The, C.H,, Liang, Q., “Competitive adsorption of nitrogen species in
HDS: Kinetic characterization of hydrogenation and hydrogenolysis
sites”, J. Catal., 269 (2), 291-301 (2009).

5  Kwak, C., Lee, J.J., Bae, J.S., Moon, S.H, “Poisoning effect of nitrogen
compounds on the performance of CoMoS/AL,O; catalyst in the hy-
drodesulfurization of dibenzothiophene, 4-methyldibenzothiophene
and 4,6-dimethyldibenzothiophene”, Appl. Catal. B, 35, 59-68 (2001).

6  Turaga, U.T., Ma, X.L., Song, C.S., “Influence of nitrogen compounds
on deep hydrodesulfurization of 4,6-dimethyldibenzothiophene over
AlLO;- and MCM-41-supported Co-Mo sulfide catalysts”, Catal.
Today, 86 (1-4), 265-275 (2003).

7  Sano, Y., Choi, K. H., Korai, Y., Mochida, I, “Adsorptive removal of
sulfur and nitrogen species from a straight run gas oil over activated
carbons for its deep hydrodesulfurization”, Appl. Catal. B, 49 (4),
219-225 (2004).

8 Laredo, G, De los Reyes, A., Cano, L., Castillo, J., “Inhibition ef-
fects of nitrogen compounds on the hydrodesulfurization of diben-
zothiophene”, Appl. Catal. A, 207 (1), 103—-112 (2001).

9  Brunet, S., Mey, D., Pérot, G., Bouchy, C., Diehl, F., “On the hydro-
desulfurization of FCC gasoline: a review”, Appl. Catal. A, 278,
143-172 (2005).

10 Eri Ito, J.A., Rob, V.V,, “On novel processes for removing sulphur
from refinery streams”, Catal. Today, 116, 446-460 (2006).

11 Babich, I.V,, Moulijn, J.A., “Science and technology of novel proc-
esses for deep desulfurization of oil refinery streams: a review”, Fuel,
82, 607-631 (2003).

12 Song, C., “An overview of new approaches to deep desulfurization
for ultra-clean gasoline, diesel fuel and jet fuel”, Catal. Today, 86,
211-263 (2003).

13 Kim, J.H.,, Ma, X.L., Zhou, A., Song, C.S., “Ultra-deep desulfuriza-
tion and denitrogenation of diesel fuel by selective adsorption over
three different adsorbents: A study on adsorptive selectivity and
mechanism”, Catal. Today, 111, 74-83 (2006).

14 Shiraishi, Y., Tachibana, K., Hirai, T., Komasawa, 1., “Desulfuriza-
tion and denitrogenation process for light oils based on chemical
oxidation followed by liquid-liquid extraction”, Ind. Eng. Chem.



Chin. J. Chem. Eng., Vol. 21, No. 5, May 2013 563

15

16

17

18

19

20

21

22

23

Res., 41 (17), 4362-4375 (2002).

Shiraishi, Y., Hirai, T., Komasawa, I., “Photochemical desulfuriza-
tion and denitrogenation process for vacuum gas oil using an organic
two-phase extraction system”, Ind. Eng. Chem. Res., 40 (1), 293-303
(2001).

Asghar, M.D., Mohammad, A.S., Mohammad, A.N., “Oxidative
desulfurization of non-hydrotreated kerosene using hydrogen perox-
ide and acetic acid”, Chin. J. Chem. Eng., 17 (5), 869-874 (2009).
Zhou, X.R., Gai, H.T., Wang, J., Zhang, S.S., Yang, J.Z., Zhang, S.F.,
“Oxidation of benzothiophenes using tert-amyl hydroperoxide”,
Chin. J. Chem. Eng., 17 (2), 189-194 (2009).

Chen, L.J., GUO, S.H., Zhao, D.S., “Oxidative desulfurization of
simulated gasoline over metal oxide-loaded molecular sieve”, Chin.
J. Chem. Eng., 15 (4), 520-523 (2007).

Chen, L.J., Guo, S.H., Zhao, D.S., “Oxidation of thiophenes over
silica gel in hydrogen peroxide/formic acid system”, Chin. J. Chem.
Eng., 14 (6), 835-838 (2006).

Chu, X.M., Hu, Y'F, Li, J.G, Liang, Q.Q., Liu, Y.S., Zhang, X.M.,
Peng, X.M., Yue, W.J., “Desulfurization of diesel fuel by extraction
with [BF4]-based ionic liquids”, Chin. J. Chem. Eng., 16 (6),
881-884 (2008).

Peter, W., Kim, K., Per, Z., Duayne, W., “Assessing compositional
changes of nitrogen compounds during hydrotreating of typical die-
sel range gas oils using a novel preconcentration technique coupled
with gas chromatography and atomic emission detection”, Ind. Eng.
Chem. Res., 39 (2), 533-540 (2000).

Almarri, M., Ma, X.L., Song, C.S., “Selective adsorption for re-
moval of nitrogen compounds from liquid hydrocarbon streams over
carbon- and alumina-based adsorbents”, Ind. Eng. Chem. Res., 48,
951-960 (2009).

Macaud, M., Sevignon, M., Favre-Reguillon, A., Lemaire, M.,
“Novel methodology toward deep desulfurization of diesel feed

based on the selective elimination of nitrogen compounds”, Ind. Eng.

Chem. Res., 43 (24), 7843-7849 (2004).

24

25

26

27

28

29

30

31

32

33

34

Zhang, H., Li, G, Jia, Y., Liu, H., “Adsorptive removal of nitro-
gen-containing compounds from fuel”, J. Chem. Eng. Data, 55 (1),
173-177 (2010).

Kwon, J.M., Moon, J.H., Bae, Y.S., Lee, D.G,, Sohn, H.C., Lee, C.H.,
“Adsorptive desulfurization and denitrogenation of refinery fuels
using mesoporous silica adsorbents”, Chem. Sus. Chem., 1 (4),
307-309 (2008).

Bae, Y.S., Kim, M.B., Lee, H.J.,, Lee, C.H., “Adsorptive denitroge-
nation of light gas oil by silica-zirconia cogel”, AIChE J., 52 (2),
510-521 (2006).

Shiraishi, Y., Yamada, A., Hirai, T., “Desulfurization and denitroge-
nation of light oils by methyl viologen-modified aluminosilicate ad-
sorbent”, Energy & Fuels, 18 (5), 1400-1404 (2004).

Ishihara, A., Wang, D.H., Dumeignil, F., Amano, H., “Oxidative
desulfurization and denitrogenation of a light gas oil using an oxida-
tion/adsorption continuous flow process”, Appl. Catal. A, 279 (1-2),
279-287 (2005).

Arturo, JH.M., Ralph, T.Y., “Denitrogenation of transportation fuels
by zeolites at ambient temperature and pressure”, Angew. Chem. Int.
Ed., 43 (8), 1004-1006 (2004).

Wang, S.Q., Zhou, L., Long, L., Dai, W., Zhou, Y.P., “Thiophene
capture with silica gel loading formaldehyde and hydrochloric acid”,
Ind. Eng. Chem. Res., 47 (7), 2356-2360 (2008).

Wang, S.Q., Zhou, L., Su, W., Sun, Y., Zhou, Y.P., “Deep desulfuri-
zation of transportation fuels by characteristic reaction resided in
adsorbents”, AIChE J., 55 (7), 18721881 (2009).

Zhou, L., Wang, S.Q., Dai, W., Zhou, Y.P., “Intensified reaction of
dilute thiophenes in nanoreactor”, J. Phys. Chem. A, 112 (9),
1887-1890 (2008).

Brunauer, S, Emmett, P.H., Teller, E., “Adsorption of gases in mul-
timolecular layers”, J. Am. Chem. Soc., 60, 309-319 (1938).

Barrett, E.P., Joyner, L.G., Halenda, P.P., “The determination of pore
volume and area distributions in porous substances. I. Computations
from nitrogen isotherms”, J. Am. Chem. Soc., 73, 373-380 (1951).



