Fuel Processing Technology 165 (2017) 80-86

journal homepage: www.elsevier.com/locate/fuproc

Contents lists available at ScienceDirect

Fuel Processing Technology

Research article

Rapid separation and large-scale synthesis of 3-FeOOH nanospindles for

direct coal liquefaction

Jianping Sheng *°, Murzabek Ispolovich Baikenov ¢, Xiaoyu Liang ®, Xuehui Rao ®, Fengyun

Xintai Su®*, Yi Zhang ®P**

rossMark

2 College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China
b Ministry Key Laboratory of Oil and Gas Fine Chemicals, College of Chemistry and Chemical Engineering, Xinjiang University, Urumgqi 830046,

¢ The Department of Chemistry Technology and Oil, Buketov Karaganda State University, Karaganda 100028, Kazakhstan

ARTICLE INFO ABSTRACT

Article history:

Received 22 December 2016

Received in revised form 15 May 2017
Accepted 15 May 2017

Available online 20 May 2017

facile hydrolysis route, including a sim
dispersivity of 3-FeOOH in the direct coal liquefa
[3-FeOOH exhibited superior catalytic activi
uefaction degree with the oleic acid-coa

Arapid separation method for the large-scale synthesis
EIJ
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1. Introduction

id fuel$ have
nd the lim-
intoliquid fuels
y called “direct

The state-of-the-arts for transferring coal to
attracted numerous attempts, due to large rese
ited reserves of petroleum [1]. Coal can be

hydrogenation process in the pre
cess of DCL, catalyst plays angi

In particular, the use of Fe-
based catalysts in DCL ha uch attention due to their relative
efficiency and activi

ass synthesis and surface modifica-

tion of th bas s are therefore a matter of great interest
and cg |

I at the particle size, morphology, dispersity and surface
state pla key roles on the catalytic properties of catalysts. The de-
crease of particle size and enhancement of dispersity has been

proved effective methods to improve the catalytic properties for DCL
[3,10-12]. Some methodologies have been developed to synthesize
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Fe-based nanocatalysts for DCL, such as aerosol technique, [13-15] pre-
cipitation method, [16-18] hydrothermal method, [19] and impregna-
tion route process [20-22]. Recently, we have prepared 15 nm-sized
Fe30,4 nanocrystals coated with oleic acid by a thermal decomposition
method [10]. The as-synthesized Fe30,4 exhibited excellent catalytic ac-
tivity toward coal. However, this kind of strategy usually yield only a
few tens of grams and need high temperature and expensive high boil-
ing point solvent, which is difficult to meet the requirement of practical
application in DCL.

Inspired by the novel development of Shenhua group in China for
preparing an active Fe-based catalyst for DCL [23], we had developed a
two-phased solution process to achieve the goal of mass synthesis of
Fe30,4 nanocatalysts (875 g) for DCL [24]. However, the process needs
lot of organic solvent, such as toluene and ethanol, which hinder its
practical applications. Meanwhile, the Shenhua catalyst is highly dis-
persed ultra-fine FeOOH loading on coal basis prepared by a impregna-
tion procedure [25,26]. While the dispersivity or lipophilic property of
the FeOOH does not meet to the demand for coal liquefaction. The hy-
drolysis of ferric chloride can obtain a FeOOH colloid sol [27-29]. As a
continual work of our previous research, [10,24,27] in this work, we
have developed a large-scale synthetic method for 3-FeOOH through a
one-step hydrolysis method, and the fulvic acid substance was first
used as flocculant or precipitant to separate the 3-FeOOH from the solu-
tion. The DCL experiments indicate that the as-prepared (also oleic acid-
coated) 3-FeOOH showed a superior catalytic activity. Accordingly, the
higher catalytic activity may be attributing to finer particles and higher
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dispersion of the catalyst species. Significantly, the current strategy of
the large-scale synthesis and fast separation of nanocatalysts display a
great potential for practical applications.

2. Materials and methods
2.1. Materials

All chemicals were analytical and used as starting materials without
further purification. The FeCl;-6H,0 and sodium oleate were obtained
from Tianjin Zhiyuan Chemical Reagent Co., Ltd. and Tokyo Chemical In-
dustry Co., Ltd. respectively. The raw coal used in this study is a bitumite
from the Xigou mine in Xinjiang, China. This coal sample has the charac-
teristics of high volatile matter (Vya¢), high vitrinite, low moisture, low
ash (Aq) and low sulfur which indicate that it is suitable for DCL. Its de-
tailed properties of proximate and ultimate analyses are given in Table
1, which were obtained by GB/T 212-2008 and Elementar Vario
Macro, respectively. The expanded uncertainties are estimated 5% and
3% for the proximate analysis and the ultimate analysis, respectively
[30]. The Xigou coal sample was ground to a particle size of less than
200 meshes and dried in vacuum at 100 °C for 12 h prior to its utilization
in the DCL.

2.2. Characterization

The obtained R-FeOOH and oleic acid-coated R-FeOOH were
characterized by X-ray diffraction (XRD) using a Rigaku D/max-ga
X-ray diffractometer with a scanning speed of 2° min~' ranging
from 10° to 70° with Cu Ko radiation (N = 1.54178 A). Each sample
was tested for three times and the spectra are nearly coincident. The
transmission electronic microscopy (TEM) analysis was conducted
on a model Hitachi H-600 with an accelerating voltage of 100 k
Fourier transform infrared (FTIR) spectra were collected wit:
Bruker EQUINOX55 spectrophotometer in the wave number in

spectrum. The uncertainty and expanded unc
0.9 cm~ ' and 0.4-1.8 cm™~ !, respectively, for di
Each sample was tested with FTIR analyzer thre

tra are nearly coincident. The mass fractio i
nanospindles was determined by fla orption spectro-
photometry (Hitachi Z-2000) wi d uncertainty of
0.02 mg L™, after microwave digestion (Milestone ETHOS micro-

wave system). Each sample was read mes to obtain a mean
ected based on volume of acid used
of o

value. Concentration was co
was calculated by subtracting the
ight of the oleic acid-coated p-

sized oleic acid-coat
weight of B-FeOOH
FeOOH.

Table 1
Analyses of the Xigou coal sample.
Proximate analysis (wt%)  Ultimate analysis (wt%, daf) H/C
Maq Aq Vaar C H 0? N S
2.21 3.63 43.92 78.51 5.14 13.92 1.24 0.41 0.7856
(0.11) (022) (261) (235) (0.18) (2.57) (0.04) (0.01)

@ Obtained by difference; daf: dry and ash-free base; M,q: moisture (air dried base); Aq:
ash (dry base, i.e., moisture free base); Vqas: volatile matter (dry and ash-free base). The
expanded uncertainties are provided in parentheses.

described previously [27]. And the fulvic acid substance was used first
for separating the (-FeOOH. Typically, 1.08 g of FeCl;-6H,0
(0.004 mol) was dissolved into 200 mL of distilled water to form a
0.02 mol L™ of Fe* ™ solution. After being stirred for 12 h at 80 °C
under reflux, the solution was transformed into an opaque yellow col-
loidal liquid. Then 7 mL (7.0 g L™ ") of fulvic acid substance dilute solu-
tion was added into the resulting yellow colloidal liquid to make the 3-
FeOOH nanospindles flocculate. Within ten minutes, the yellow prod-
ucts precipitate in the bottom of the vessel. Then the supernatant fluid
was removed and the solid was modified with oleic acid
tion with sodium oleate in the presence of hexane and

ere investigated. The re-
centration increase to
~4c). So, the subsequent
eactor with the highest

large-scale synthesis
feasible Fe>* concent

g and 0.56 mL respectively. Typically, 1.62 kg of
.0 mol) was completely dissolved into 20 L of dis-
ater. Then, the Fe> ™ solution was transferred into a 150 L
e reactor, followed by adding extra 130 L distilled water.
reaction system was stirred at 80 °C for 12 h. Whereafter, the
aque yellow colloidal liquid was taken out. 1.5L (7.0 g L™ ") of
lvic acid substance dilute solution was added into the resulting
rry to make the B-FeOOH flocculate and precipitate. Subse-
quently, the supernatant fluid was removed and the obtained prod-
ucts were modified with oleic acid groups by reaction with sodium
oleate in the presence of hexane and water. When the reaction has
completed, the upper organic layer containing the oleic acid@f-
FeOOH complexes was separated by a separatory funnel. The final
products were kept in a certain amount of tetralin after volatilizing
the hexane.

2.6. Reaction of DCL

The DCL catalysis performance of the prepared products was
evaluated in a common DCL reaction system. And the expanded un-
certainty for weight is estimated to 0.02 g. In a typical experiment,
7.43 g of Xigou coal powder, 12.25 g of tetralin (solvent), 0.47 g
(3 wt% dry and ash-free (daf) as Fe) of synthesized B-FeOOH
nanospindles (catalyst), and 0.24 g of sulfur (2.0 S/Fe mole ratio)
(cocatalyst) were well mixed in a 100 mL of autoclave reactor
(Dalian Tongda Reactor Co.). Then, the reactor was sealed and
flushed several times with hydrogen followed by pressurizing the
system to the initial hydrogen pressure of 7.0 MPa at room
temperature and next heated to 435 °C. After stirring at 300 rpm
for 60 min, the resulting product was taken out and extracted
with n-hexane and tetrahydrofuran (THF) successively in a Soxhlet
extractor. The n-hexane-soluble (HS), n-hexane-insoluble but THF-
soluble, and THF-insoluble substances were defined as oil and
solvent, asphaltene and pre-asphaltene (A + PA) and residue,
respectively. The direct liquefactions of Xigou coal with the oleic
acid-coated R-FeOOH and without catalyst were also handled
under a similar procedure. The conversion, oil yield and
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liquefaction degree of coal was calculated using the following
equations: (
a)
Conversion (%) = [1-(W =W sh-W¢)/Wqa¢] x 100 (1) n A A \
_
Oil yield (%) = [(Wis-Ws-Wo)/Wef] x 100 @) 2
N’
o - (b)
Liquefaction degree (%) = [Oil yield (%) + (Wa + Wpa)/Wyat)] E‘-
x 100 3) ‘@
Gasyield (%) = Conversion(%)—Liquefaction degree(%) (4) <}
(o
JC 34-1
where Wy,ris the dry and ash-free weight of coal; W; is the weight
of residue; Wy, is the weight of ash; W, is the total weight of 3-
FeOOH and sulfur; Wys is the weight of HS; Wy is the weight of | | |
the solvent (12.25 g of tetralin); W, is the weight of oleic acid in R | R I | R
the catalysis; Wy is the weight of asphaltene; Whp, is the weight of 10 20 30 60 70
pre-asphaltene. And, all the liquefaction yields presented in this
paper were the average values from three experimental runs, the 2
errors between the three runs were within +2%.
Fig. 2. The XRD images of.the s obtained (a) without and (b) with
3. Results and discussion use of fulvic acid substan
3.1. The separation of the hydrolysate surface of the nanospin 32-34]. Then the nanospindles will be
taken o lution when the fulvic acid flocculation precipitates.
The homogeneous colloidal solution of 3-FeOOH (Fig. 1a) was ob- The phase sition and structure of the products were exam-

tained through a hydrolysis of 0.04 mol L~! FeCls solution for 12 h.
The homogeneous yellow colloidal solution indicated that the B-
FeOOH has a good dispersion and the particle size would be very of. (JCPDS no. 34-1266). No other peaks of impurities
small. However, the filtration of 3-FeOOH from the reaction system is we . Fig. 3 presents TEM images of the 3-FeOOH obtained
difficult because of their small size and homodisperse, and the products ithout use of fulvic acid substance solution. TEM images
can easily enter the filtrate through the filter paper. For this reason, t that all the two products exhibit a regular spindle shape with di-
centrifugal separation was used to separate the products. Nonethele 1 of about 20 nm and length of about 100 nm.

C rom the above data, we can say that the addition of fulvic acid sub-
speed of 10,000 rpm. An efficient fulvic acid substance floccul anee solution can rapidly precipitate the 3-FeOOH from the reaction
system, and the flocculant process has little or no effect on the morphol-
periment, we demonstrated that the addition of fulvi ogy, size and composition of the products.
solution can rapidly precipitate the 3-FeOOH from
(shown in Fig. 1b). A possible speculation for flocc
is as follows. Fulvic acid is a bi-product of hum
complex organic compound comes fro
humic material which is extracted from any
decomposed organic matter-soil, cQ

3.2. Amplification experiments of preparing 3-FeOOH nanospindles

To achieve the batch preparation of 3-FeOOH, the hydrolysis reac-
ial‘containing well- tion was enlarged in a planned way.

tc. Though to date Firstly, the effect of Fe>* concentration in the hydrolysis reaction
ar, but it is sure that was investigated. The experiment phenomena and results are listed in
H,, —COOH, —SH etc. in Table 2. And some obvious phenomena were observed during these ex-
fluvic acid [31]. These heterdate inpaired electrons, in func- periments, for example, we can get a homogeneous yellow colloidal so-
tional groups (N, O, S ete lution of 3-FeOOH when the Fe* ' concentration were 0.02 (Fig. 4a) and

Fig. 1. The photographs of the colloidal solution of 3-FeOOH nanospindles (a) before and (b) after use of fulvic acid substance solution.
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0.04 mol L~ ! (Fig. 4b), or a red precipitate of Fe,O5 when the Fe** con-
centration increased to 0.06 mol L™ (Fig. 4c). This indicated that
0.04 mol L=! was the highest concentration of Fe>** to obtain -
FeOOH through hydrolysis reaction of FeCls. Besides, the TEM images
(Fig. 5b) also show spindle-shape morphology with slight increase in
size. So, the concentration of Fe>* was determined as 0.04 mol L~ in
the following experiments.

Subsequently, the preliminary large-scale synthesis was conducted
in a 2 L of reactor, and the obtained products were characterized by
XRD (Fig. 4d) and TEM (Fig. 5c). The XRD and TEM patterns show that
there are almost no obvious changes on the morphology, size and com-
position before and after the preliminary large-scale synthesized pro-
cess. This result indicates that the preliminary large-scale synthesis i
feasible.

Lastly, the large-scale synthesis of 3-FeOOH was carried o
150 L autoclave reactor. And 422 g of 3-FeOOH were synthe

tetragonal phase 3-FeOOH, and the TEM images (Fi
regular spindle shape with diameter of about
about 100 nm.

3.3. The surface modification of the la
nanospindles

Fig. 4f is the typical XRD pa

¢ acid-coated p-FeOOH
gonal phase of 3-FeOOH. And,

peak strength decreasi

gands on the na e surface.
harac om\was applied to investigate the morphology
and fure o olei€ acid-coated 3-FeOOH. There are not obvious

) ogy, size and composition before (Fig. 5d) and
after (Figgbe) the surface modification process.

pectra of the hydrophilic (also oleic acid-coated) 3-FeOOH are
6. Two typical bands at 854 and 674 cm ™! can be ascribed
to —OH vibrations in 3-FeOOH. The adsorption peak at 413 cm~ ! is
assigned to Fe—O bending vibrations in 3-FeOOH [35]. The occurrence
of absorption peaks caused by vibrations of the Fe—O bond and —OH

Table 2

The effect of Fe>* concentration on the products.
Fe*/mol L~! 0.02 0.04 0.06
Phenomenon Yellow colloid Yellow colloid Red precipitate
Products 3-FeOOH 3-FeOOH Fe,05

bond in the infrared s
FeOOH. The differen
FeOOH and oleic acid-
coated R-FeOO i

e stretching vibration of the —CH,
ain of the oleic acid ligands, and the bands

s of COO— originating from the carboxylates in the
]. Besides, the adsorption peaks at 1623 cm™ ! in

is dispersed in the organic phase, whereas the hydrophilic 3-
OH is dispersed in the aqueous phase. Based on the results of XRD,
M and FT-IR, we have reasons to believe that the oleic acid-coated
eOO0H has successfully obtained hydrophobic surface and it is be-
cause of the oleic acid ligands layer coated on the P-FeOOH
nanospindles make the 3-FeOOH obtain a lipophilic surface, which is
beneficial to the DCL process.

3.4. Catalytic performance of the samples on DCL

The catalytic activities of the hydrophilic (also oleic acid-coated) -
FeOOH toward the DCL were investigated. As shown in Fig. 7, the

A \ “l L \ (a)
A A Lo \ (b)

;: - A Ko Doiisalser le(c)
2 (d)
'z L ()
- A i A g

- ol ®

| | JCPDS 34-1266 JCPDS 33-0664

10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 4. The XRD images of the products obtained under the synthesis conditions of (a) 0.2 L
(0.02 mol L~ ! of Fe**), (b) 0.2 L (0.04 mol L~ " of Fe**), (c) 0.2 L (0.06 mol L~ " of Fe**),
(d)2L(0.04mol L' of Fe**) and (e) 150 L (0.04 mol L~ ! of Fe>*) of reactor; (f) the oleic
acid-coated [3-FeOOH.
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Fig. 5. The TEM images of the products obtained under the synthesis conditions of (a) 0.2 L (0.02 mol L™

(0.04 mol L™" Fe3™) of reactor; (e) the oleic acid-coated 3-FeOOH.

percent of conversion, oil yield, and liquefaction degree in non-catalytic
liquefaction reaction are 86.4, 57.7, and 69.0%, respectively, which indi

hydrophilic p-FeOOH have shown a satisfactory perfi
When the oleic acid-coated p-FeOOH were used in t

relatively further increased to 92.6, 73.8, and 80
ther understand the real reasons of the in

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 6. FT-IR spectra of (a) hydrophilic 3-FeOOH and (b) the oleic acid-coated 3-FeOOH.
Inset: Photograph of hydrophilic 3-FeOOH dispersed in water phase (left) and oleic
acid-coated 3-FeOOH dispersed in tetralin phase (right).

are compared in Fig. 8. From Fig. 8 we can see that the yields of
altene and pre-asphaltene, residue and gas are all reduced

3-FeOOH. The above data indicate that no matter hydrophilic or
oleic acid-coated 3-FeOOH can promote the asphaltene and pre-
asphaltene transform more sufficiently to oil species. The inherent
catalysis activity of FeOOH will be responsible for this phenome-
non. And another important reason to the improved DCL
performance is the effective inhibition of residue and gas
production. That is why the oleic acid-coated 3-FeOOH can further

100
] 92.6 == No catalyst
90 & 88.3 (7] Hydrophilic B-FeOOH
1 864 Oleic acid-coated B-FeOOH
s B P
= 80.8
804 =
X2 = T
= o 69.002
L= 7
604 = — %
50 — ¢ — %

Conversion  Oil yield Liquefaction degree

Fig. 7. The percent of conversion, oil yield, and liquefaction degree of the direct
liquefaction of Xigou coal with different catalysts.
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25

{ E=No catalyst
20 /77 Hydrophilic B-FeOOH

BEZY Oleic acid-coated p-FeOOH 174

. .y %14.6
Pt 113 117 -
ERNEES — —

- —7.0 7.0 zé 4 H

5+ — E —]

0- = = 4 —

(A+PA) Residue Gas

Fig. 8. The percent of asphaltene and pre-asphaltene, residue and gas of the direct
liquefaction of Xigou coal with different catalysts.

improve the DCL performance when its asphaltene and pre-
asphaltene yield is the same with hydrophilic 3-FeOOH.

From our perspective, the inherent catalytic activity, relatively
small and uniform morphology and hydrophobic surface are the
main reasons for the outstanding catalytic activity of the hydrophilic
3-FeOOH and the oleic acid-coated 3-FeOOH. Nevertheless, a large
amount of active sites of the surface of the hydrophilic B-FeOOH
nanospindles will lose impute to the serious agglomeration o
catalyst particles in the DCL system. Undoubtedly, the sodium ole,
modified hydrophobic 3-FeOOH nanospindles won more opportu
ties to display higher catalytic activity owing to the hyd i

be prevented with the help of oleic acid
nanoparticle. The superiority of oleic acid- coat
an integrated result of inherent catalytlc i
and dispersion. Previous reports hav
initially transformed into active pha
cocatalyst (S) in the DCL process [38].

that B-FeOOH is
en reacting with
sorption and split of
Fe; _ «S. Finally, the
generated hydrogen radical (
coal and take part in the
vent. The excellent dispersibility
e specific surface area make the
anospindle very suitable for the above

in DCL system and r
oleic acid-coate
steps.

loped a facile method to produce 3-FeOOH nanospindles
with length”of about 100 nm and diameter of about 20 nm in large-
scale, and also a rapid separation on a large-scale through a one-step hy-
drolysis process. After a simple two-phase coating method to link oleic
acid onto 3-FeOOH, the hydrophobic 3-FeOOH exhibited an excel-
lent catalytic performance for the DCL. With the oleic acid-coated
3-FeOOH, the percent of conversion, oil yield, and liquefaction
degree reached to 92.6%, 73.8% and 80.8%, respectively. The
synthetic procedure is simple, inexpensive, and scalable for mass
production, and the oleic acid-coated 3-FeOOH nanocomposites
have great potential for industrial applications.
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