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According to the performance requirements of hydrocracking catalyst with high selectivity to middle
distillate, multi-hydroxyl carboxylic acid (MHCA) and phosphate (AP) were used to achieve combined
dealuminum modification of ultra-stable Y zeolites. The modification effect was influenced by the con-
centration of MHCA and AP, liquid–liquid ratio, reaction temperature and reaction time. In order to find
the optimum modification condition, orthogonal experiment was adopted. L27(313) orthogonal layout
with five factors and three levels was designed and their orthogonal interactions were also included.
After investigating the coupling effect of modification systems, the structure and properties of modified
samples were characterized by means of BET, FT-IR, NH3-TPD, XRD and TG–DTA. The optimum modifica-
tion condition was obtained from variance analysis. When the modification was operated under 100 ◦C
lasting 8 h with MHCA 0.4 mol/L, AP 0.2 mol/L and liquid–liquid ratio 1.5, the modified USY samples could
have developed secondary pore 0.184 cm3/g, 43.7% of the whole pore volume, and appropriate acid dis-
tribution as well as good crystallinity. And then 1 L scale-up test was done. The results showed that the
secondary pore volume of modified samples could reach 0.145 cm3/g, 43.9% of the whole pore volume,
and the amount and intensity of medium strong acid as well as the thermal stability of modified USY

were favorable. Performance evaluation was carried out on a 200 mL fixed—bed single stage hydrogena-
tion unit using Daqing VGO as feedstock. The 140–370 ◦C middle distillate yield was 66.04%, and middle
distilate selectivity could reach up to 80.43%. Compared with commercial catalyst, the yield and selec-
tivity were increased by 5.62% and 4.05%, respectively. This result showed that combined modification
using multi-hydroxyl carboxylic acid and phosphate could meet the need of productive middle distil-
late in the industrial unit, which predicted it might be a potentially industrialized method of Y zeolites

modification.

. Introduction

In recent years, the demand for high quality middle distillate
as been increasing. Especially in China, the demand for aviation
erosene and diesel would increase from actual 38% in 2000 to 45%
n 2010—average annual growths of demand for aviation fuel and
iesel are 3.1% and 3.3% [1]. Distillate hydrocracking technology
an produce middle distillate directly from VGO, taking on many
dvantages [2], such as extensive raw materials, flexible produc-
ng process, good quality of product and high middle distillate

ield. The total liquid yield can reach to 96%, even to 98%. In 2008,
he hydrocracking capacity of China reached up to 9.805 Mt, while
hat of the worldwide was 272.664 Mt [3]. Catalyst is the key to
ydrocracking technology. Y or USY zeolites are widely applied in
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© 2010 Elsevier B.V. All rights reserved.

increasing middle distillate yield as hydrocracking additives. Ideal
hydrocracking catalysts should have well-developed secondary
pore structure, appropriate acid distribution as well as high crys-
tallinity, but the performance of commercial USY is not satisfying.
The mesopore volume of commercial Y zeolite is undeveloped and
high acid strength and density lead to serious secondary cracking,
so modification of Y zeolites is of great significance.

Typical methods to create mesopore of Y zeolites include
hydrothermal method [4–8], chemical methods (involving SiCl4
high temperature gas-phase method [9,10], (NH4)2SiF6 liquid-
phase reaction method [11–13], NH4F [14–17] method and EDTA
coordination reaction method [18–21]) and combined methods.
Appropriate specification of Si and Al is an essential aspect of
obtaining optimal catalyst performance [22]. For hydrothermal

method, destruction process of H–Y zeolite into extra-framework
aluminum and silicon species is visible and is followed by the
structural transformation of H–Y zeolite to kaolinite, silica gel and
probable metakaolinite [23]. Extra-framework siliceous admix-
tures is formed by decomposition of Al-rich and Si-rich regions

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:xingwen1100@163.com
mailto:zfyancat@upc.edu.cn
dx.doi.org/10.1016/j.cattod.2010.02.009
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f the framework and dismutates into an Al rich aluminosilicate
nd silica gel by steaming treatment [24]. Pore size and acid dis-
ribution of individual hydrothermal treatment is unreasonable, so
t cannot meet the needs of hydrocracking [25,26]. Modification
sing SiCl4, (NH4)2SiF6 or NH4F only undergoes harsh conditions
ut also causes environmental pollutants [27], such as Cl−, F−.
ealumination of Y zeolite using SiCl4 results in a good distribu-

ion of A1 and Si atoms in the framework. However, oxygen and
hlorine species formed during dealumination process cannot be
ompletely removed. In addition, crystallinity decreases remark-
bly under high temperature [28]. (NH4)2SiF6 treatment is highly
ensitive to reaction parameters [29] and able to produce a highly
rystalline product, but only a minimal contribution of mesopores
as observed. For severe dealumination levels, a notable loss of
icropores accompanied by the formation of mesopores is noted

long with a considerable structural degradation [30]. Recent years,
solid-state dealumination method using crystalline (NH4)2SiF6
as employed [31–33]. Although it can improve the efficiency of
ealumination, the post treatment is rather complex. For NH4F
ethod, the addition of fluoride ions to aluminum(III) salts or to

eolites in aqueous solutions produces fluoro complexes of the gen-
ral form [AIFn](3−n) which is of low solubility and are thus hard
o remove [34]. Many researchers also tried some inorganic acids,
uch as hydrochloric acid [35], nitric acid [36] and phosphoric acid
37]. Smieskov et al. [38] found the degree of framework dealumi-
ation using HCl depended on the equivalent fraction of protons
+ in the solution. To obtain high process selectivity, the extraction
ad to be carried out at as low H+ as possible. There is no structural
bvious degradation for H3PO4, but its ability to create mesopore is
ot enough. EDTA coordination reaction is of relative high selectiv-

ty to dealumination. Aluminium enrichment in the surface comes
rom accumulation of non-framework aluminium species which

igrate out of the micropore system towards the zeolite surface.
he aluminium extraction with EDTA favors the external layers of
he crystals [39]. But its operating condition is strict and now only
vailable for laboratory research.

Giving consideration to both mesopore and crystallinity, com-
ined method is adopted. This method is actually the combination
f two dealuminum methods or reagents. In 1997, H2SO4–H3PO4
ombined acid treatment was used by Leiras Gomes et al. [40].
2SO4 removes non-framework aluminium located in supercav-

ties without attacking the zeolite framework and H3PO4 could
ncorporates P in zeolite. This is a good method to create mesopore
nd meanwhile maintain high crystallity. But H2SO4 is a strong acid,
t will lead equipment serious corrosion when applied in indus-
ry. Triantafyllidis et al. [41] proved combined steaming-(NH4)2SiF6
ould create secondary pore focusing on 3.6 and 15.6 nm. Inspired

y EDTA, other organic acid may be advisable, such as oxalic
cid [36,42,43] and citric acid [44]. Organic coordination reac-
ion method shows a very attractive potential, because it could be
perated in moderate reaction conditions, and no obvious defects
re shown in the modified samples. Liu et al. [45] tried the dea-

able 1
evel list of orthogonal experiment of USY modification.

Level Concentration of MHCA (A), mol/L Concentration of AP (B), mol/L Liquid–l

1 0.2 0.2 0.5
2 0.3 0.3 1
3 0.4 0.4 1.5

able 2
rthogonal layout of USY modification.

Column 1 2 3 4 5 6 7 8 9

Factor A B A × B C D E B × C1 B × D1
day 158 (2010) 198–204 199

lumination of Y zeolites with the combination of hydrothermal
treatment and oxalic acid. In this work, we attempted to mod-
ify commercial USY zeolites by combined modification method
using multi-hydroxy carboxylic acid (MHCA) and phosphate (AP)
to explore excellent modified routes and laid the technical foun-
dation for hydrocracking catalyst with high selectivity to middle
distillate.

2. Experimental

2.1. Orthogonal experiment design

2.1.1. Factor selection
Single factor experiments showed that stirring rate had uncon-

spicuous effect on the experimental results, so a appropriate
stirring rate 300 r/min was chosen; Liquid–solid ratio in indus-
trial modification is usually less than 10, and thus we fixed the
solid–liquid ratio at 10; when the total volume of two reagents
was 120 mL, the amount of their solution was shifted in the rela-
tionship and it is convenient to be classified as “liquid–liquid ratio”,
a composite factor. Finally, it is just necessary to test the effect of
concentrations of MHCA and AP, liquid–liquid ratio, reaction tem-
perature and reaction time on the modification results.

2.1.2. Choosing level
Three levels were selected for each factor based on experience

and literature, and the letters in the bracket were in accordance
with the corresponding factors (Table 1).

2.1.3. Orthogonal layout design
During the design process of orthogonal layout, if factor A and

B were put in the first and second column, respectively, according
to the L27(313) interaction table, the interaction between A and B
(represented as A × B) should take up the third and fourth column.
Then factor C, D and E were placed in the fifth, sixth and seventh col-
umn. PO4 hydrolysed by AP might be able to migrate into the zeolite
frameworks [37,40], and this process was concerned with time and
temperature, so the interactions between B and C (represented as
B × C), B and D (represented as B × D), and B and E (represented as
B × E) were all taken into consideration. Volume of secondary pore
was adopted as the criterion, and thus orthogonal layout was given
in the following form (Table 2).

2.2. Sample preparation

Firstly, 0.2, 0.3, 0.4 mol/L MHCA solution and 0.2, 0.3, 0.4 mol/L
AP solution were prepared, respectively. Each time a fixed quan-

tity of 12 g commercial USY were put into 250 mL three-neck flask.
And then according to the orthogonal experiment layout, mea-
sured a certain concentration and a certain amount of MHCA and
AP solution with 100 mL measuring cylinder. At room tempera-
ture, AP solution was first poured into the three-neck flask and

iquid ratio of MHCA to AP Reaction time (D), h Reaction temperature (E), ◦C

4 80
6 90
8 100

10 11 12 13 14

B × E1 B × C2 B × D2 B × E2 Volume of secondary pore, cm3/g
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ixed with USY while MHCA solution was stored in a dropping
unnel which was fixed on a slantwise neck. Installed the stirrer
n the central neck, pluged up the other slantwise neck with a
lass stopper and set a certain temperature of water bath; when
he water bath reached to the set temperature, MHCA solution was
dded dropwise and finished in 5 min; after thermostatic reaction
or a certain time, fetch out the sample, washed and filtrated it to
eutral pH; Finally, the sample was put in 110 ◦C oven, dried for
6 h and grinded after cooling. When the optimum condition was
creened out, scale-up test was carried out in 1 L autoclave, setting
tirring rate 300 r/min, heating voltage 150 V and external auto-
lave temperature 155 ◦C which could maintain internal autoclave
emperature 100 ◦C.

.3. Sample characterization

The nitrogen adsorption of the samples was performed on
in 3000 adsorption instrument (Micromeritics Instrument Cor-
oration, U.S.A.) at liquid nitrogen temperature (77.3 K) and the
amples were degassed at 573 K under vacuum for 4 h prior to
dsorption analysis. Total surface area was calculated using the
lassical BET method and mesopore surface areas and volumes
ere evaluated with the method BJH. XRD-ray diffraction analysis
as mensurated by X’Pert PRO MPD X-ray diffractometer (Hol-

and PANalytical B.V.), using Cu K� radiation, incident wave length
.1542 nm, operating voltage 35 kV, operating current 40 mA, scan

ange of 10◦–40◦ and scan rate of 2◦/min. Fourier transform infrared
FT-IR) spectra was given by NEXUS-type FT-IR infrared spectrom-
ter (Nicolet Instrument Corporation, U.S.A.) using self-supporting
eolite plates. Samples were dehydrated at 300 ◦C under vacuum
or 6 h. The interaction with pyridine was then carried out at

able 3
esults of orthogonal experiment of USY combined modification.

Column 1 2 3 4 5 6 7 8 9
Factor A B A × B1 A × B2 C D E B × C1 B

1 0.2 0.2 1 1 0.5 4 80 1 1
2 0.2 0.2 1 1 1.0 6 90 2 2
3 0.2 0.2 1 1 1.5 8 100 3 3
4 0.2 0.3 2 2 0.5 4 80 2 2
5 0.2 0.3 2 2 1.0 6 90 3 3
6 0.2 0.3 2 2 1.5 8 100 1 1
7 0.2 0.4 3 3 0.5 4 80 3 3
8 0.2 0.4 3 3 1.0 6 90 1 1
9 0.2 0.4 3 3 1.5 8 100 2 2
10 0.3 0.2 2 3 0.5 6 100 1 2
11 0.3 0.2 2 3 1.0 8 80 2 3
12 0.3 0.2 2 3 1.5 4 90 3 1
13 0.3 0.3 3 1 0.5 6 100 2 3
14 0.3 0.3 3 1 1.0 8 80 3 1
15 0.3 0.3 3 1 1.5 4 90 1 2
16 0.3 0.4 1 2 0.5 6 100 3 1
17 0.3 0.4 1 2 1.0 8 80 1 2
18 0.3 0.4 1 2 1.5 4 90 2 3
19 0.4 0.2 3 2 0.5 8 90 1 3
20 0.4 0.2 3 2 1.0 4 100 2 1
21 0.4 0.2 3 2 1.5 6 80 3 2
22 0.4 0.3 1 3 0.5 8 90 2 1
23 0.4 0.3 1 3 1.0 4 100 3 2
24 0.4 0.3 1 3 1.5 6 80 1 3
25 0.4 0.4 2 1 0.5 8 90 3 2
26 0.4 0.4 2 1 1.0 4 100 1 3
27 0.4 0.4 2 1 1.5 6 80 2 1

Kj1 0.102 0.121 0.106 0.106 0.101 0.096 0.098 0.121 0
Kj2 0.109 0.107 0.114 0.116 0.115 0.114 0.116 0.099 0
Kj3 0.120 0.104 0.111 0.110 0.116 0.122 0.117 0.111 0
Rj 0.018 0.017 0.008 0.010 0.015 0.026 0.019 0.022 0

ccording to the experimental design and arrangement, 27 experiments were done for syst

lace of the form. T was the sum of 27 experimental results, T =
∑27

i=1
yi . Kj1, Kj2, Kj3 was

, A × B1, . . ., B × E2). Rj was the range between maximum and minimum, Rj = {Kj1, Kj2, Kj3
day 158 (2010) 198–204

room temperature for 24 h, and weakly adsorbed species were
removed by evacuation at 90 ◦C for 1 h. The amount of B acid and
L acid were evaluated from the heights of the 1540 and 1450 cm−1

bands, respectively. NH3-TPD characterization was carried out on
CHEMBET-3000 TPR/TPD Chemisorption analyzer (Quatachrome
Instrument, U.S.A.).

2.4. Evaluation of catalyst

Prior to the hydrocracking test, USY sample (10 wt.%) and amor-
phous silica-alumina (90 wt.%) were mixed together using alumina
as peptizator, and then the carrier was produced by extrusion
machine in the shape of long column. Ni–W as active component
was loaded on carrier by impregnation method. After drying and
calcination, the catalyst was prepared.

Performance evaluation of the hydrocracking catalyst was
carried out on a 200 mL fixed—bed single stage hydrogena-
tion unit using Daqing VGO as feedstock under the following
conditions: pressure 15.0 MPa, volume space velocity 1.5 h−1,
V(H2)/V(oil) = 1250 and reaction temperature 385 ◦C. 100 mL cat-
alyst was loaded. The main properties of Daqing VGO were as
follows: Density (20 ◦C), 0.8519 g/cm3, distillate range, 240–500 ◦C,
S content, 827 �g/g, N content, 986 �g/g.

3. Results and discussion
3.1. Screening of optimum condition

3.1.1. Results of orthogonal experiment
Hydrocracking catalyst with high selectivity to middle distillate

should have well-developed secondary pore structure, and in that

10 11 12 13 Volume of secondary pore, cm3/g
× D1 B × E1 B × C2 B × D2 B × E2

1 1 1 1 0.081
2 2 2 2 0.090
3 3 3 3 0.142
2 3 3 3 0.069
3 1 1 1 0.126
1 2 2 2 0.127
3 2 2 2 0.046
1 3 3 3 0.131
2 1 1 1 0.108
3 1 2 3 0.160
1 2 3 1 0.104
2 3 1 2 0.104
1 3 1 2 0.065
2 1 2 3 0.123
3 2 3 1 0.118
2 2 3 1 0.104
3 3 1 2 0.110
1 1 2 3 0.096
2 1 3 2 0.148
3 2 1 3 0.131
1 3 2 1 0.128
3 3 2 1 0.117
1 1 3 2 0.107
2 2 1 3 0.109
1 2 1 3 0.118
2 3 2 1 0.109
3 1 3 2 0.111

.114 0.106 0.118 0.106 0.111

T = 2.983
.112 0.107 0.105 0.111 0.101
.105 0.118 0.108 0.115 0.120
.009 0.012 0.013 0.009 0.019

ematic investigation and each result yi (i = 1, 2, . . ., 27) was filled in the corresponding

the average value of the first, second and third level of column j, respectively (j = A,
}max − {Kj1, Kj2, Kj3}min (j = A, B, A × B1, . . ., B × E2).
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Table 4
Variance analysis of orthogonal experiment.

Factor Sum of squares of deviations, S2
j

Degree of freedom, fj Mean square deviation, MSj F valule Significance

A 1.37 × 10−3 2 6.85 × 10−4 3.70 (*)
B 1.52 × 10−3 2 7.60 × 10−4 4.11 (*)
C 1.26 × 10−3 2 6.30 × 10−4 3.40 (*)
D 3.21 × 10−3 2 1.60 × 10−3 8.65 **
E 2.15 × 10−3 2 1.08 × 10−3 5.84 *
B × C 3.03 × 10−3 4 7.58 × 10−4 4.10 *

5.85 × 10−4 3.16 (*)
1.85 × 10−4 –

T significant, significant and less significant to experimental results.
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Table 5
Interaction list between B and C.

C B

0.2 0.3 0.4

0.5 0.130 0.083 0.090
1.0 0.109 0.119 0.117
1.5 0.125 0.118 0.105

Table 6
Interaction list between B and E.

E B

0.2 0.3 0.4

3.2.1. Surface area and pore distribution of modified USY
“USY” represented original USY samples, “12g” was the samples

obtained from 250 mL flask as the reactor, “48g” was the products
of 4 times scale-up experiment reacting in 1L autoclave. The same
cases were as follows.
B × E 2.34 × 10−3 4
e 1.48 × 10−3 8

he symbols “**”, “*” and “(*)” indicated the factors or interactions that was highly

ase, both the reactants and products could diffuse rapidly from
atalyst to avoid secondary cracking and thus improve middle dis-
illate selectivity and yield of liquid oil. So it was reasonable that
olume of secondary pore was adopted as criterion. The results
ere given in Table 3. We aimed to figure out the optimum con-
ition that was most favorable to create mesopore, and variance
nalysis should be done.

.1.2. Variance analysis
For the variance analysis of three-level orthogonal experiment,

um of squares of deviations (S2
j
) of each factor was given as follows:

2
j = (T2

j1 + T2
j2 + T2

j3)/9 − T2/27

j1, Tj2, Tj3 were the sum of the first, second and third level of column
in Table 3, respectively (j = A, B, A × B1, . . ., B × E2).

2
A×B = S2

A×B1 + S2
A×B2, S2

B×C = S2
B×C1 + S2

B×C2,

2
B×D = S2

B×D1 + S2
B×D2, S2

B×E = S2
B×E1 + S2

B×E2

In principle, variance analysis could not be carried out for the
ull list orthogonal layout, but there was an alternative method to
egard the sum of squares of deviations of a certain column or the
verage value of that of several columns which was or were obvi-
usly smaller than others as the error source. In this experiment,
× B and B × D were adopted as the variance source, so the sum of

quares of deviations of the error was given as follows:

2
e = S2

A×B + S2
B×D = 6.84 × 10−4 + 8.00 × 10−4 = 1.48 × 10−3

Degree of freedom of each factor fj was given in Table 4.
Mean square deviation (MSj) was formulated in the form of

Sj = S2
j
/fj .

The significance of each factor was judged according to F value,
hich was calculated by Fj = MSj/MSe (here j = A, B, C, D, E, B × C,
× E).

According to F distribution table: F0.01(2, 8) = 8.65, F0.05(2,
) = 4.46, F0.10(2, 8) = 3.11; F0.01(4, 8) = 7.01, F0.05(4, 8) = 3.84, F0.10(4,
) = 2.81. It was obviously that factor D was highly significant while
actor E and interaction B × C were significant, and A, B, C, B × E were
ess significant to the results.

.1.3. Interaction analysis
Just as mentioned above, volume of secondary pore was adopted

s criterion, and it was evident that when the concentration of AP
B) was 0.2 mol/L, liqiud–liquid ratio (C) was 0.5, volume of sec-
ndary pore could reach to maximal 0.130 cm3/g (Table 5), so the

actor combination B1C1 was chosen.

Still the same case, it was obvious that when the concentration
f AP (B) was 0.2 mol/L, reaction time (E) was 100 ◦C, volume of
econdary pore could reach to maximal 0.144 cm3/g (Table 6), so
he factor combination B1E3 was chosen.
80 0.104 0.100 0.089
90 0.114 0.120 0.115

100 0.144 0.100 0.107

According to the F values, the rank of the significance was:
D > E > B × C > B > A > C > B × E. Considering the interaction between
B and C, C1 should be chosen, but the results of B1C1 and B1C3
were more or less the same. But from the single factor, result of
C3 was much bigger than that of C1, so C3 was selected. Finally
the optimal condition for combined modification of USY zeolites
was A3B1C3D3E3. That is to say MHCA 0.4 mol/L, AP 0.2 mol/L,
liquid–liquid ratio 1.5, 8 h and 100 ◦C.

3.2. Sample characterazition
Fig. 1. N2 adsorption–desorption isotherms of modified USY.
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Table 7
Surface area and pore distribution of modified USY.

Sample BET surface area, m2/g Specific area of secondary pore by BJH, m2/g Total pore volume, cm3/g Volume of secondary pore by
BJH, cm3/g

USY 481.97 41.55 0.273 0.049
0.421 0.184
0.330 0.145
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Secondly, some graphite impurities was introduced to modified
samples from rotating shaft, which made the samples become
12g 604.68 138.67
48g 466.26 105.58

As can be seen from Fig. 1, N2 adsorption–desorption isotherms
f original USY was typical isotherm I. At the part of higher rel-
tive pressure, a loop occurred which indicated the existence of
nterstitial holes. It was clear that USY zeolites before modifica-
ion had single channel structure that was composed basically of

icroporous pore. After modification, the modified USY had typ-
cal IV isotherms which indicated the appearance of mesopore
tructure. The volume of secondary pore was 0.184 cm3/g, 43.7%
f the whole pore volume (in Table 7). However compared with
he 12g-class samples, the surface area and pore volume of scale-
p sample of 48g-class experiment decreased distinctly, this should
e associated with the higher pressure, uneven stirring and exces-
ive acidity in the 1 L autoclave. But its volume of secondary pore
ould still reach to 0.145 cm3/g—43.9% of the whole pore volume.
ig. 2 showed that modified USY zeolites had intensive distribution
f secondary pores which focused on around 3.8 nm.

.2.2. Fourier transform infrared (FT-IR) spectra of modified USY
It was clear that there were three peaks on each curve in Fig. 3.

442 and 1542 cm−1 represented the characteristic peak of L and
acid, respectively while 1490 cm−1 was the characteristic peak

oming from the combined effect of B acid and L acid centers
46]. Compared with USY, the peak intensity of 12g-class modi-
ed samples increased significantly, indicating the increment of
cid amounts both in B and L acid. For 48g-class scale-up test,
he increment of L acid was less than that of 12g-class samples,
nd moreover a slight decrease in the peak intensity of B acid was
bserved, demonstrating the diminution of B acid sites.

.2.3. Acid characterazition of NH3-TPD
Compared with the original USY, 200 ◦C peak position of 12g-

lass modified USY shifted to low temperature while 400 ◦C peak

osition moved to high temperature (Fig. 4). It showed that the acid
trength of weak acid reduced, but medium strong acid increased.
ccording to the peak area, the acid amount of both strong acid
nd weak acid increased. 200 ◦C peak position of 48g-class scale-up

ig. 2. The pore size distribution of mesopore volume of modified USY by BJH.
Fig. 3. FT-IR diffuse reflection spectra of pyridine adsorption of modified USY.

samples was a little high-temperature shifted, indicating that the
acid strength of weak acid was enhanced, but weak acid amount
reduced, which might be profitable to avoid secondary cracking.
The acid amount of weak and strong acid of 48g-class was reduced,
and this result contradicted that of 12g-class which might be
brought about by the adverse effects amplification. Firstly, high
temperature and pressure reaction conditions in autoclave led to
the collapse of zeolite structure and reduction of acid amount;
black; At last, stirring in autoclave was inadequate and heating rate
was slower than that of water bath.

Fig. 4. NH3-TPD profile of modified USY.
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Table 8
Crystal structural parameters of modified USY.

Sample SiO2/Al2O3 Degree of
crystallinity (CRX/%)

Cell parameters
(a0/nm)
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Fig. 6. TG–DTA curve of 48g-class scale-up test.

Table 9
Hydrocracking performance of catalyst.

Product distribution, % Modified catalyst Commercial
catalyst

HK-140 ◦C 16.07 18.68
140–370 ◦C 66.04 60.42
>370 ◦C 16.90 20.16
Loss 0.99 0.74
Conversion of >350 ◦C feedstock, % 75.7 75.0
Selectivity to middle distillate, % 80.43 76.38

◦ ◦
USY 8.9 50.3 24.4978
12g-class 17.0 36.7 24.3668
48g-class 19.0 27.1 24.3569

.2.4. XRD-ray diffraction analysis
Table 8 gave us the crystal structure parameters of USY sam-

les before and after modification. Compared with original USY,
he Si–Al ratio of the modified samples increased significantly, unit
ell parameters became smaller and crystallinity decreased. The
mprovement of Si–Al ratio was in certain extent due to dealumi-
ation and silicon reinsertion; Besides, insertion in framework of
hosphoric acid hydrolysised by phosphate should also be taken

nto account. Because aluminum atoms could connected phospho-
us atoms through oxygen bridge bonds [47], so the Si–Al ratio
ight include the contribution of P–Al ratio. Unit cell parameters

ecame smaller which may be attributed to the replacement of alu-
inum by silicon or phosphorus, for both Si–O bond length and

–O bond length are shorter than Al–O bond length. Significant
ecrease in crystallinity was ascribed to the appearance of meso-
ore caused by the interpenetration of micropore and meanwhile
ome local collapse. In Fig. 5, we could see the modified samples
till keep the characteristic peaks of USY, but the relative intensity
as much weaker than parent USY. It should be noticed that the

rystallinity of 48g-class modified USY was even lower than that of
2g-class modified samples. The reasons might be that the starting
oncentration and volume of acid in autoclave was stoichiomet-
ic composition as that in flask, but acid strength was different.
esides, the pressure in autoclave was higher than that in flask, so
oth might be the induction factors of the easier collapse of USY
amples in scale-up test.

.2.5. TG–DTA analysis of 48g-class scale-up test
As can be seen from the TG curve of 48g-class modified USY

ample (Fig. 6), a peak of mass loss occurred around 100 ◦C indicat-
ng the removal of physically adsorbed water, and then its quality

emained stable. A corresponding endothermic peak also appearred
t 100 ◦C in the DTA curve, while the wide exothermic peak from
00 to 500 ◦C might come from the condensation of residual phos-
horus hydroxyl on the zeolites surface and the collapse peak of

Fig. 5. X-ray diffraction patterns of modified USY zeolites.
Conversion = (1 − >350 C fraction of production/>350 C fraction of feed oil) × 100%.
Yield = (140–370 ◦C middle distillates fraction of production) × 100%. Middle
distillates selectivity = (140–370 ◦C fraction of production/<370 ◦C fraction of pro-
duction) × 100%.

zeolite structure was not observed until 800 ◦C. This showed that
the thermal stability of combined modified zeolite was enough to
meet the requirement of industrial hydrocracking (<430 ◦C).

3.3. Evaluation of catalyst

As it can be seen from Table 9, under the 75.7% conversion
of >350 ◦C feedstock, modified catalyst exhibited excellent hydro-
cracking performance. The 140–370 ◦C middle distillate yield of
hydrocracking product was 66.04%, and at the same time, the
selectivity to middle distilate could reach up to 80.43%. Compared
with commercial catalyst, the yield and selectivity were increased
by 5.62% and 4.05%, respectively. This result showed that com-
bined modification of ultra-stable Y zeolites using multi-hydroxyl
carboxylic acid and phosphate could meet the need of produc-
tive middle distillate in the industrial unit, which predicted it
might be a potentially industrialized method of Y zeolites modi-
fication.

4. Conclusion

It is available to achieve combined dealuminum modifica-
tion of USY zeolites using multi-hydroxyl carboxylic acid (MHCA)
and phosphate (AP). According to L27(313) orthogonal experi-
ment, when the optimum modification condition was operated

under 100 ◦C lasting 8 h with MHCA 0.4 mol/L, AP 0.2 mol/L and
liquid–liquid ratio 1.5, the modified USY samples had developed
secondary pore 0.184 mL/g, 43.7% of the whole pore volume and
appropriate acid distribution as well as good crystallinity. For 1 L
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cale-up test, the results showed that the pore volume of modified
amples could reach 0.145 mL/g, 43.9% of the whole pore volume

and an intensive distribution of secondary pores focusing on
.8 nm around. The amount and intensity of medium strong acid as
ell as the thermal stability of modified USY were favorable. After
erformance evaluation, the 140–370 ◦C middle distillate yield was
6.04%, and middle distilate selectivity could reached up to 80.43%.
ompared with commercial catalyst, the yield and selectivity were

ncreased by 5.62% and 4.05%, respectively.
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