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11 " H-ZSM-5, H-ZSM-11, H-L and H-Y
12 provide 100% n-butanol conversion
13 at T P 300 �C.
14 " The products are liquid hydrocarbons
15 C5–10, gaseous hydrocarbons C<5 and
16 water.
17 " The yield of liquid fraction is higher
18 on the H-pentasils than on H-L and
19 H-Y.
20 " H-ZSM-5 provides 50–55 wt.% yields
21 of liquid hydrocarbons from spent
22 alcohol.
23 " Liquid phase obtained on H-ZSM-5
24 includes aromatics mainly whereas
25 on H-Y–olefins.
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43n-Butanol conversion to hydrocarbons over H-ZSM-5, H-ZSM-11, H-L and H-Y zeolites at 300–400 �C using
44a fixed bed flow reactor has been studied. It was shown that all studied H-zeolites provide 100% alcohol
45conversion at T P 300 �C. The conversion products are liquid hydrocarbons C5–10, gaseous hydrocarbons
46C<5 and water. Their weight ratios are equal to 1:0.4:0.4 for H-ZSM-5 and 1:0.6:0.5 for H-Y (at 350 �C).
47The yield of liquid hydrocarbons over the H-pentasils is higher (52–55 wt.%) than/over large pore H-L
48and H-Y (43–48 wt.%)Q2 . The liquid fraction obtained over H-ZSM-5 includes aromatics mainly whereas
49on H-Y–olefins. It was shown that H-ZSM-5 (Si/Al = 20) is capable to provide the yield of liquid hydrocar-
50bons on the level of 50–55 wt.% from spent alcohol at load on a catalyst up to 20 mmol C4H9OH g�1

cat h�1.
51� 2012 Elsevier Ltd. All rights reserved.

52

53

54 1. Introduction

55 Now conversion of bioalcohols, first of all of ethanol and
56 butanol, over H-zeolite catalysts is considered as an alternative
57 pathway for motor fuel production [1–9]. The catalytic transforma-
58 tion of ethanol into gasoline hydrocarbons has been extensively
59 studied [1–6]. Less articles concern butanol conversion [7–9]. It
60 was known that dehydration of butanol as well as ethanol is the

61first step of alcohol–gasoline conversion over solid acids [8]. Then
62formed butenes transform in gasoline hydrocarbons via dimeriza-
63tion, isomerization, aromatization, and alkylation reactions which
64occur in zeolite pores with participation of the B-sites [8].
65In the present work the data of conversion of n-butanol into
66hydrocarbons over acid forms of some zeolites are presented.

672. Experimental

68The ZSM-5 and ZSM-11 samples with an atomic ratio of
69Si/Al = 20 were synthesized hydrothermally according to the
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70 procedure described in [10,11]. Highly dispersed aluminum-con-
71 taining silica (alumoaerosil) with Al2O3 content of 4.0 wt.%
72 (Khlorvinil, Kalush, Ukraine) served as the source of silicon and
73 aluminum. Tetrapropylammonium bromide (>98%, Fluka) and tet-
74 rabutylammonium bromide (99%, Aldrich) were used as templates
75 for H-ZSM-5 and H-ZSM-11, respectively. The molar ratio of the
76 components in the initial mixture corresponded to the formula:
77 100SiO2:2.45Al2O3:8.6RBr:11.4NaOH:1580H2O (R = (C3H7)4N� or
78 (C4H9)4N�). Calculated quantities of sodium hydroxide and tem-
79 plate were dissolved in the distilled water. Then alumoaerosil
80 was added to solution. The obtained suspension was stirred in or-
81 der to obtain a homogeneous mixture which was further crystal-
82 lized in a stainless-steel autoclave at 170 �C for 24 h. The
83 obtained solid product was filtered, washed with distilled water,
84 dried overnight at 100–110 �C, and calcinated at 560 �C for 4 h to
85 remove organic template.
86 Zeolite L (Si/Al = 2.9) was obtained by dissolution of the hy-
87 drated alumina in a solution of potassium hydroxide, by addition
88 of sodium hydroxide and amorphous silica to the mixture with
89 subsequent treatment in an autoclave at 150 �C for 46 h. The
90 formed solid material was filtered, washed to a pH about 9, and
91 dried at 100 �C [12]. Also Na–Y faujasite (Si/Al = 2.6) (Reakhim,
92 Russia) was tested.
93 H-zeolite samples were prepared by a twofold ion exchange
94 with 2 M ammonium chloride at 90 �C under reflux, followed by
95 washing with distilled water and calcination of samples at 550 �C
96 for 4 h in air.
97 XRD patterns of the zeolites were recorded on a DRON-4-07 dif-
98 fractometer with Cu Ka radiation. Parameters of porous structure
99 of catalysts were obtained from isotherms of nitrogen adsorp-

100 tion–desorption on a Quantochrome AS1Win analyzer. The total
101 content of acid sites (BH) in the zeolites was determined by a stan-
102 dard method of back-titration of n-butylamine in cyclohexane with
103 hydrochloric acid using bromothymol blue as indicator.
104 Catalytic experiments were performed in a flow steel reactor
105 with a fixed catalyst bed at 250–400 �C under atmospheric pres-
106 sure. The zeolite powder was pressed into pellets which were
107 crushed. The sieved fraction (1–2 mm) of pressed zeolite (2.4 g,
108 4 cm3) was placed in the reactor. The values of butanol LHSV were
109 varied in the interval of 0.3–1.7 h�1. It was corresponded to load on
110 a catalyst of 5–28 mmol C4H9OH g�1

cat h�1. All zeolites were pre-
111 treated in an argon flow at 500 �C for 1 h. As a rule, the experi-
112 ments were performed without any carrier gas. Its role was pro-
113 vided by the gaseous products of reaction. The liquid products
114 were collected in an ice-cooled trap and separated into two phases
115 (gasoline and water). The gaseous products were trapped using an
116 ethanol bath refrigerated with liquid nitrogen. Propane–propene
117 and butane–butene fractions were condensed in the interval
118 temperature from �70 to �65 �C and from –35 to –30 �C, respec-
119 tively. Ethane–ethene fraction which condenses at a temperature
120 below �80 �C was not trapped. The liquid phases (organic and
121 aqueous) and condensed gaseous products were weighted for mass
122 balance calculation.
123 The liquid products, defined as gasoline, were analyzed using a
124 gas chromatography (Chrom-5 with a 50 m capillary column), GC–
125 MS spectroscopy (Thermo Trace GC Ultra/ISQ) and 1H NMR spec-

126troscopy (Bruker Avance-400). Usually gasoline is defined as a
127complex mixture of liquid aliphatic and aromatic hydrocarbons,
128ranging from C4 to C12 carbon atoms, whose boiling point range
129is 30–225 �C [13].

1303. Results and discussion

131The XRD patterns of synthesized ZSM-5, ZSM-11, L- and Y-zeo-
132lites are identical with those published in [14]. The values of
133surface area (SBET), pore volume (VS) and other textural parameters
134of zeolite samples are shown in Table 1. The content of acid sites in
135the structure of medium pore H-ZSM-5 and H-ZSM-11 zeolites is
136higher than that of large pore H-L and H-Y.
137According to provided experiments n-butanol completely trans-
138forms into gaseous and liquid hydrocarbons and water at
139T P 300 �C over all studied zeolites. Full conversion of n-butanol
140on H-ZSM-5 at these temperatures was observed in [7] also. The
141yield of liquid hydrocarbons (Y, wt.%) from spent alcohol at differ-
142ent temperatures over various zeolites is shown in Fig. 1. The Y val-
143ues are practically unchanged in the interval of 300–400 �C and
144reach 52–55 wt.% for H-ZSM-5 and H-ZSM-11 and 43–48 wt.% for
145H-L and H-Y zeolites. The yield of formed water is equal to
14621–23 wt.% of total products that almost corresponds (24%) to
147the stoichiometrical dehydration of butanol to butenes. In contrast,
14839 wt.% of ethanol is lost stoichiometrically as water at its conver-
149sion to hydrocarbons.
150The obtained breakups of gaseous hydrocarbons formed at
151350 �C over H-ZSM-5 and H-Y (LHSV = 0.3 h�1) are as follows:
152C1–C2–5, C3–8, C4–10 wt.% and 6, 10, 12 wt.%, respectively.
153Thus, the weight ratios of formed liquid hydrocarbons:gaseous
154hydrocarbons:water are equal to 1:0.4:0.4 for H-ZSM-5 and
1551:0.6:0.5 for H-Y (at 350 �C).
156The liquid phase yields are not changed significantly with time-
157on-stream (TOS) (Fig. 2). The zeolite activity is kept at least for 8–
1589 h at rather high temperature (300–350 �C). It is not typical of acid
159catalysts. Evidently that formed water prevents coke deposition on
160the catalyst surface. The effect of water on deactivation of H-ZSM-5
161at ethanol conversion to hydrocarbons was studied in [16–18].
162The yield of liquid product obtained over H-ZSM-5 and H-ZSM-
16311 does not significantly decrease at increasing LHSV values from
1640.3 to 1.65 h�1 (Fig. 3). In contrast, for H-L and H-Y the yield dimin-
165ishes by 15–25 wt.%. Conversion of n-butanol begins to decrease on
166H-ZSM-5 and H-ZSM-11 at LHSV >1.2 h�1 whereas it falls on H-L
167and H-Y at 0.9 and 0.3 h�1, respectively (Fig. 3).
168The H-ZSM-5 and H-ZSM-11 samples keep their activity at high
169loads on a catalyst up to 20 mmol C4H9OH g�1

cat h�1 (LHSV = 1.2 h�1,
170Fig. 3). The productivity of H-L and H-Y samples decreases at loads
171above 10 mmol C4H9OH g�1

cat h�1.
172The yield of liquid fraction over H-ZSM-5 decreases from 52–54
173to 40–43 wt.% (300 �C, LHSV = 0.9 h–1) in the case of using Ar as
174carrier gas due to the diminishing contact time of acid sites in zeo-
175lite pores with formed butenes for their subsequent transformation
176into heavier hydrocarbons Q4.
177The obtained liquid products include aliphatic, olefinic, and
178aromatic hydrocarbons (Tables 2 and 3). According to the

Table 1
Structural parameters and content of acid sites in studied H-zeolites.

Catalyst SBET (m2 g–1) VS (cm3 g–1) Vmicro (cm3 g–1) Vmeso (cm3 g–1) Pore size (nm) [15] BH (mmol g–1)

H-ZSM-5 390 0.219 0.162 0.057 0.51 � 0.55 1.7
0.53 � 0.56

H-ZSM-11 380 0.224 0.165 0.059 0.53 � 0.54 1.5
H-L 300 0.197 0.089 0.108 0.71 � 0.71 0.9
H-Y 600 0.312 0.243 0.069 0.74 � 0.74 0.8
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