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a  b  s  t  r  a  c  t

Catalytic  hydrogenolysis  of  the C  O bond  of  diphenyl  ether  (a lignin  model  compound)  was  investigated
as  a function  of  hydrogen  pressure  in scCO2 medium  in  the  presence  of  water.  Using commercially  avail-
able  Rh/C  catalyst,  the C O  bond  cleavage  of  diphenyl  ether  mainly  results  phenolic  monomer  at  80 ◦C.
Hydrogen  pressure  is one  of the  key parameters  because  (i)  C O bond  cleavage  and  the  hydrogenation  of
aromatic  rings  are  two  competitive  reactions;  very  sensitive  to  hydrogen  pressure  and  (ii) hydrogen  has
complete  solubility  in  scCO2. Therefore,  a  critical  control  of  hydrogen  pressure  was  essential  to  reach  the
targeted  cleavage  of  the  C  O bond  when  the  reaction  was  conducted  in  scCO2 medium  under  pressurized
condition.  Depending  on  the  hydrogen  pressure,  a significant  change  in  the  ratio  of monocyclic:bicyclic
products  from  91:9  (0.2  MPa)  to 58:42  (2 MPa)  was  revealed  in  the  shortest  reaction  time  of  5 min.  Thus,
low  hydrogen  pressure  was  the effective  choice  for  the scission  of the  C O bond,  whereas  higher  hydro-
gen  pressure  hydrogenate  the  aromatic  ring  due  to the  higher  coverage  of  hydrogen  on  the  catalytic
surface.  Amount  of the  catalyst  (catalyst:substrate  ratio)  displayed  a  subtle  effect  on  the  breakage  of  the
C O bond.  A threshold  ratio  of  1:5  was  preferred  under  the  present  reaction  condition  as  the  increased
amount  hampered  the  substrate:water  ratio  and  hydrogenation  of  the  aromatic  ring occurred.  In  addition,
as  the  change  in temperature  is associated  with  the  change  in the physical  properties  of  scCO2, hence,
the  effect  on  the  transformation  of DPE  was  complicated  and  difficult  to explain.  Furthermore,  different

organic  solvents  as  neat,  along  with  CO2 and  with  water  also  has  substantial  impact  on  the  rapture  of  C  O
bond.  The  obtained  results  from  the solvent  studies  again  proved  that  scCO2 along  with  water  was  the
best  choice  for C O bond  breakage  and  water  is  the driving  force  to  mediate  the  reaction.  In  addition,  a
combination  catalyst  (Ni+Rh)  was also  tested  for  the  same  reaction  under  the  similar  working  condition.
Preliminary  results  suggested  a synergistic  effect  in  terms  of the  selectivity  of monocyclic  compounds.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lignocellulosic biomass is the most abundantly available plant
aterials on earth and has various sources such as hardwood, soft-
ood and herbaceous plants. It is cheaper than starch and sucrose

ased materials. Lignocellulosic biomass is a composite material,
ontains 15–30% of lignin by weight and ∼40% by energy [1–4].
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
reaction of lignin from biomass in pressurized CO2/water condition, Ca

ignin is a three dimensional network polymer comprised vari-
usly linked phenylpropane units. The phenylpropane units are
onnected by C C and ether linkages such as �-O-4, �-1, �-5, �-O-

∗ Corresponding authors.
E-mail addresses: c-maya@aist.go.jp (M.  Chatterjee), t-ishizaka@aist.go.jp

T. Ishizaka), h-kawanami@aist.go.jp (H. Kawanami).

ttp://dx.doi.org/10.1016/j.cattod.2016.02.050
920-5861/© 2016 Elsevier B.V. All rights reserved.
4, 4-O-5 etc. with strength and stability [5]. Among them 4-O-5 is
the strongest one with bond dissociation energy of 75.1 Kcal/mol.
Depolymerisations of lignin is an important strategy because it
generates valuable chemicals or low molecular mass feedstocks
[6] and challenging because of the stability of the ethereal bond
[7–14]; generally conducted as acid and base catalysed reactions
[15]. Ethereal compound is one of the main components of lignin,
different strategies were developed to break the C O bond, albeit
different catalysts (noble metals or non-noble metals) or methods
which can selectively target the functionality of the aryl ether bond
for removing oxygenated group from aryl ring [16–20] in the pres-
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

ence of hydrogen. However, during the cleavage of C O bond main
competitor is the hydrogenation of the aromatic ring as the dissoci-
ation energy of C O bond is very high of 218–314 kJ mol−1 [21] and
it is difficult to break down the ether bond without hydrogenating

dx.doi.org/10.1016/j.cattod.2016.02.050
dx.doi.org/10.1016/j.cattod.2016.02.050
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:c-maya@aist.go.jp
mailto:t-ishizaka@aist.go.jp
mailto:h-kawanami@aist.go.jp
dx.doi.org/10.1016/j.cattod.2016.02.050
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he aromatic ring. Therefore, to achieve desired cleavage of C O
ond, application of harsh reaction condition was the only choice,
hich resulted a mixture of several compounds. Different noble and

on-noble metal catalysts were attempted for the breakage of C O
ond. Among the non-noble metal supported catalysts [22,23], Ni
as used mostly in the hydrogenation reactions due to its low cost

nd moderate performance. In 2011, a remarkable work of Sergeev
nd Hartwig suggested a Ni based homogeneous catalyst Ni(COD)2
or successful cleavage of aryl C O bond in the presence of a spe-
ific carbene ligand and NaOBu as base [24]. In addition, the same
roup also investigated the selective hydrogenolysis of aryl ethers
sing homogeneous catalyst formed in-situ from the well-defined
oluble nickel precursor Ni(COD)2 or Ni-(CH2TMS)2(TMEDA) and a
ase additive (tBuONa) in m-xylene at 120 ◦C within the reaction
ime of 96 h without any additional dative ligand [25]. Following
heir footsteps, heterogeneous catalysts, which are considered as
ot very selective and require higher temperature for the cleav-
ge of the C O bond was the subject of study. Zhao and Lercher
uccessfully introduced Ni/SiO2 catalyst containing 60% Ni for effi-
ient cleavage of aryl ethers in the presence of hydrogen in aqueous
edium [26]. Ni/ZSM-5 was adopted for the hydrogenolysis of real

ignin as well as model compounds under a comparatively mild
ondition (250 ◦C, 5 MPa) [27]. Moreover, iron (III) acetylacetonate
28], integrated Ni nanoparticles supported on porous SiC compos-
tes [29] were also reported for the desired cleavage of the C O
ond of aryl ether to improve the catalytic activity or reusability
f the catalyst. Hydrolysis of lignin model compound was another
pproach to cleave the C O bond conducted in supercritical water
sing heterogeneous catalysts Ni/ZrO2/K2CO3, which still required
igh temperature of 240–400 ◦C and 25–32 MPa  of hydrogen [30].
hus, from the existing literature, it was evident that Ni-based cat-
lysts (mainly homogeneous) are potential candidate with high
fficiency for the rapturing of C O bond under a comparatively mild
eaction condition. However, homogeneous Ni catalyst suffers dif-
culties of product separation, requirement of expensive ligands,
nd reusability problems. On the other hand, some of the Ni based
eterogeneous catalysts are difficult to handle because of their air
ensitivity and in other cases large amount of metal was  necessary
o achieve best performance [31].

The offerings of heterogeneous catalysts tempted us to develop
 simple and convenient method for hydrogenolysis of aryl C O
ond of diphenyl ether. Noble metal catalysts are widely studied
or their excellent activity in various reactions also used in the
onversion of lignin into different phenolic compounds [32,33].
hus, hydrogenolysis of diphenyl ether (DPE), which mimic  the
-O-5 linkages was conducted over the commercially available
h/C as heterogeneous catalyst in supercritical carbon dioxide
scCO2)/water system [34,35]. The use of diaryl ether model com-
ound represents a firm test of the effectiveness of the catalyst on
he cleavage of ether linkages. The use of scCO2 as reaction medium
as several unique advantages such as clean product separation,
igh product selectivity, non-toxicity, non-flammability etc. and
ost importantly, in the presence of water, CO2 creates an acidic

nvironment [36,37] would be the responsible factor behind the
leavage of the C O bond [38]. Instead of expensive metal hydride,
olecular H2 was used as the source of hydrogen. In the studied

rocess, under a mild reaction condition activated hydrogen breaks
ryl C O bond at 80 ◦C within the reaction time of 5 h.

In our previous report [35], we observed that the transforma-
ion of DPE involves C O bond hydrogenolysis/hydrolysis and the
ydrogenation of aromatic ring, where water played a significant
ole. When using only water or CO2, hydrogenolysis of C O was
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
reaction of lignin from biomass in pressurized CO2/water condition, Ca

ampered, hence a combined effect was required. Similarly, hydro-
en is another important parameter to achieve successful cleavage
f the C O bond because hydrogen has complete solubility in scCO2
nd increased concentration in the reaction medium is inevitable,
 PRESS
oday xxx (2016) xxx–xxx

which require a careful control. In this work we attempted to clarify
the role of hydrogen in terms of product distribution and studied
the effect of temperature, the amount of substrate as well as differ-
ent organic solvents instead of water along with CO2 on the C O
bond cleavage. In addition, the same reaction was also explored in
the presence of a Ni-Rh combination catalyst.

2. Experimental

2.1. Materials

All chemicals were obtained commercially. Diphenyl ether and
phenol were from Wako Pure Chemicals. 5 wt.% Rh/C and cyclo-
hexyl phenyl ether were obtained from Sigma-Aldrich. Carbon
dioxide (>99.99%) from Nippon Sanso Co. Ltd. was used for the
reaction.

2.2. Catalytic activity

The conversion of the model compound was conducted in a
50 ml  stainless steel batch reactor containing required amount of
the catalyst, substrate (wt. ratio of catalyst:substrate = 1:5) and
water. The reactor was placed in an oven with fan heater to
maintain the constant temperature. After reaching the desired tem-
perature, hydrogen of required pressure was first introduced into
the reactor. Liquid CO2 was  charged into the reactor using a high
pressure liquid pump (JASCO). The reaction mixture was  stirred
continuously with a Teflon coated magnetic bar during the reac-
tion. After the reaction, the reactor was  cooled with ice-water
and depressurized carefully by the back-pressure regulator. The
product mixture was separated from the catalyst simply by filtra-
tion. GC/MS (Varian Saturn 2200) was used for identification and
quantitative analysis of the product mixture. Quantification of the
products was  obtained by a multi-point calibration curve for each
product. The selectivity to each product was calculated by the fol-
lowing expression Si = Ci/

∑
Cp, where Ci is the concentration of the

product ‘i’ and
∑

Cp is the total concentration of the product.

3. Results and discussion

Scheme 1 represent possible reaction pathways of the conver-
sion of DPE under the studied reaction condition (PCO2 = 10 MPa,
PH2 = 0.5 MPa, temperature = 80 ◦C, time = 5 h and water = 4 ml).
There are three different routes of conversion: (i) hydrogenolysis,
which results an equimolecular mixture of monocyclic com-
pounds such as phenol (PhOH) and benzene (Bz) followed by
the hydrogenation to cyclohexanone (CHO)/cyclohexanol (CHOH)
and cyclohexane (CH), respectively. (ii) Hydrolysis generates two
molecules of PhOH and subsequently hydrogenated to CHOH and
(iii) hydrogenation of aromatic rings; DPE can be converted to a par-
tial aromatic ring hydrogenated product cyclohexyl phenyl ether
(CHPE), followed by the formation of a completely hydrogenated
dicyclohexyl ether (DCHE). Presence of hydrogen was necessary for
the conversion of DPE, because there was  no reaction in the absence
of hydrogen.

3.1. Dependence of the reaction path on hydrogen pressure

To investigate the effect of hydrogen pressure, the reaction
was conducted at different hydrogen pressure (0.2–2 MPa) keeping
other parameters constant (Fig. 1). Except the very low pressure of
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

0.2 MPa, DPE was  completely converted to the corresponding reac-
tion products within the reaction time of 5 h. The effect of hydrogen
pressure on product distribution was  significantly prominent. For
instance, the selectivity of CHOH was  increased from 78.4% to 96%

dx.doi.org/10.1016/j.cattod.2016.02.050
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Scheme 1. Possible reaction pa

s the pressure changes from 0.2 to 0.5 MPa  and then decreased
o 31% when the pressure reached to 2 MPa. On the other hand,
he selectivity of DCHE was <5% at 0.2 MPa  and increased to 68.5%
t the higher pressure of 2 MPa. According to the Scheme 1 DPE
ould follow three routes such as hydrogenolysis, hydrolysis and
ydrogenation to transform into different products. Monocyclic
roducts such as CHOH, CHO and CH/Bz were produced through
he hydrogenolysis of C O bond or via hydrolysis, whereas, bicyclic
roducts (CHPE and DCHE) could be generated via hydrogenation.
herefore, low hydrogen pressure was required for the breaking
f C O bond to generate monocyclic products. Contrarily, bicyclic
roduct such as DCHE was observed at higher pressure (>0.5 MPa)

n scCO2/water medium. No partially hydrogenated product (CHPE)
as detected in the final products. The solubility of hydrogen in

he reaction medium is main concern when the reaction was con-
ucted in scCO2 because hydrogen compete with the substrate.
ence, an effective control of hydrogen pressure is necessary to
enerate monocyclic compounds. Otherwise, increased hydrogen
ressure will enhanced the amount of hydrogen in the reaction
edium. As a result, hydrogenation of the aromatic ring could be

asier instead of the cleavage of C O bond. Therefore, it is clear that
ydrogen pressure has significant influence on the reaction path of
PE conversion.
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
reaction of lignin from biomass in pressurized CO2/water condition, Ca

From the scenario presented above it is difficult to get an insight
bout the actual reaction trend occurring in different hydrogen
ressure. A time dependent course of the reaction was  studied at
ifferent hydrogen pressure and the results are shown in Fig. 2a–d.

ig. 1. Effect of hydrogen pressure on the cleavage of C O bond and hydrogena-
ion of aromatic rings. Reaction condition: PCO2 = 10 MPa; catalyst: substrate = 1:5;
emp. = 80 ◦C, reaction time = 5 h and water = 4 ml.
Cyclohexanol

PE conversion in scCO2/water.

Fig. 2a evidences the transformation of DPE at the lower pressure of
0.2 MPa  within the reaction time of 5 min  to 5 h leaving other condi-
tions similar (temperature = 80 ◦C, PCO2 = 10 MPa  and water = 4 ml).
Results revealed that 25.2% of DPE was  converted within the reac-
tion time of 5 min  and the maximum conversion of 77.8% was
reached in 5 h. Considering the product distribution, in the begin-
ning, the product mixture was consisted of monocyclic compounds
such as CHOH (41.9%), CHO (40.2%) and CH (3.5%). No phenol was
detected even in the shortest reaction time (5 min) because of the
faster conversion to CHOH and CHO via two parallel reactions.
As the time progressed the conversion of DPE  was  increased to
77.8% followed by the enhancement of the selectivity of CHOH
from 41.9% to 78.4%. However, the selectivity of CHO was dropped
from 40.2% to 14.7% with the increased selectivity of CHOH. This
result suggested that the hydrogenation of CHO to CHOH was favor-
able under the present reaction condition. Final product mixture
after 5 h of reaction contains 78.4% of CHOH, 14.7% of CHO, 2.9%
of CH/Bz. Noteworthy, the selectivity of deoxygenated monocyclic
compound remain unaltered. On the other hand, bicyclic products
(4.2% DCHE and 10.2% CHPE) were also detected in the product mix-
ture after 5 min. Interestingly, CHPE was completely diminished
within 30 min, and the selectivity of DCHE slightly increased to 10%.
There was almost no change in the selectivity of DCHE even after
5 h of reaction. To interpret this result, it could be suggested that at
very low pressure of hydrogen cleavage of the ethereal C O bond
was the preferred route because substrate has better coverage on
the catalyst surface rather than hydrogen.

At 0.5 MPa, the conversion of DPE was 32% within the reac-
tion time of 5 min, and complete transformation required 30 min.
(Fig. 2b). Main components of the product mixture consisted of
CHOH with the selectivity of 52.9% along with 31.6% of CHO and
3.2% of CH after 5 min  of reaction. Noticeably, the selectivity of
CHOH was  improved compared to 0.2 MPa. Within the reaction
time of 30 min, CHO was  completely converted to CHOH because
of the increased hydrogen pressure and consequently there was
an increased selectivity of CHOH, which reached to 96%. In addi-
tion, partially hydrogenated CHPE and DCHE were also detected
in the product mixture with very low selectivity of 5.1 and 6.4%,
respectively after 5 min  but undetected in the final mixture. A care-
ful observation revealed that even at 0.5 MPa, cleavage of the C O
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

bond was  the main route of conversion as confirmed by the calcu-
lation of the molar ratio of monocyclic:bicyclic compounds in the
beginning (90:10) and after completion of the reaction (100:0).

dx.doi.org/10.1016/j.cattod.2016.02.050
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the catalyst:substrate ratio of 1:30 within the reaction time of 5 h,
but conversion dropped to 48% when the ratio of 1:50 was used.
Moreover, the catalyst:substrate ratio also influenced the selectiv-
ig. 2. Time course of the reaction depending on hydrogen pressure: (a) 0.2 MPa
trate  = 1:5; temp. = 80 ◦C and water = 4 ml.

Fig. 2c revealed the change in the catalytic performance of Rh/C
atalysts after applying 1 MPa  of hydrogen pressure in the reac-
ion time of 5 min  to 5 h. The reaction was very fast and 96% of
PE was converted within 5 min. As the concentration of hydro-
en increased the hydrogenation reaction was the main route of
he conversion, reflected from the composition of the product mix-
ure, which contains mainly DCHE with the selectivity of 60.2%. In
ddition, 30% of CHOH and 9.8% of CHO were also observed as C O
ond cleaved product. It is intriguing that after 5 h of reaction, the
electivity of CHOH was improved to 50% while the selectivity of
CHE was decreased to 49%, thus, a possibility of the conversion of
CHE to CHOH might be speculated during the course of the reac-

ion. However, when we conducted a separate reaction with CHPE,
xcept DCHE no other products were detected even after extend-
ng the reaction time of 18 h as fully saturated ethers are difficult to
reakdown and the possibility of the conversion of DCHE to CHOH
emain unexplained in the studied working condition.

The time course of the DPE conversion at 2 MPa again presents
he same scenario of 1 MPa  (Fig. 2d). Within 5 min. DPE was com-
letely converted mainly into DCHE (59.4%). The selectivity of
onocyclic and bicyclic products were unaltered after 5 h of reac-

ion. Interestingly, exclusive formation of DCHE was not observed
ven after application of higher hydrogen pressure indicating not
nough hydrogen around the aromatic ring for its conversion and
xpect a competition between the C O bond cleavage and the
ydrogenation of the aromatic ring [27].

Depending on the hydrogen pressure, we investigated the
urnover frequency (TOF) of C O bond cleavage (TOF C O) and
ydrogenation of aromatic ring (TOFH) within the shortest reaction
ime of 5 min  and after 5 h of reaction (Fig. 3). Results reveal that
OFs depend heavily on the hydrogen pressure. In the beginning of
he reaction, an extremely high TOFs should be noted. For instance,
hen the hydrogen pressure was increased from 0.2 to 2 MPa, the

OF C  O was changed from 365 h−1 to 641 h−1, which reaches a
aximum of 1054 h−1 at 0.5 MPa. On the other hand, the TOFH was

ignificantly enhanced from 68 to 527 h−1 along with the hydrogen
ressure of 0.2–2 MPa. Noticeably, for the breakage of C O bond,
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
reaction of lignin from biomass in pressurized CO2/water condition, Ca

OF reaches a maximum and then decreased indicating the pref-
rence for low hydrogen pressure, whereas, TOFH was  increased
onstantly reflects the higher pressure favored hydrogenation of
he aromatic rings. However, in any case, rate of C O bond cleavage
.5 MPa, (c) 1 MPa  and (d) 2 MPa. Reaction condition: PCO2 = 10 MPa; catalyst: sub-

(TOF C O) was  higher than the TOFH suggesting the hydrogenoly-
sis and hydrolysis were two major routes in the transformation
of DPE in the present system. Furthermore, TOFs after 5 h of reac-
tion reduces significantly for each cases (TOF C O and TOFH). The
maxima of TOF C O and TOFH were dropped to 102 h−1 (0.5 MPa)
and 15 h−1 (2 MPa), respectively, which might be attributed to the
scarcity of the substrate in the system. Moreover, the catalyst in the
system was  still active and can be restarted again by the addition
of the reactant.

3.2. Effect of the amount of substrate

Accumulating the above-mentioned experimental results it
could be inferred that after complete consumption of DPE selectiv-
ity of monocyclic and bicyclic products remain almost same even
after extending the reaction time and the rate of the reaction (TOF)
was decreased considerably. Thus, we  consider to study the impact
of the amount of substrate on the catalytic performances and the
results are shown in Fig. 4. Maintaining the other operating con-
ditions constant, catalyst/substrate ratio was  varied from 1:3 to
1:50. Result shows complete conversion of DPE was achieved up to
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

Fig. 3. Variation of the amount of substrate. Reaction condition: PCO2 = 10 MPa,
PH2 = 0.5 MPa, time = 5 h, temp. = 80 ◦C and water = 4 ml.

dx.doi.org/10.1016/j.cattod.2016.02.050
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[45] first described the effect of different organic solvents on the
ion condition: PCO2 = 10 MPa, PH2 = 0.5 MPa, catalyst: substrate = 1:5, temp. = 80 ◦C
nd  water = 4 ml.

ty of monocyclic and bicyclic compounds. Very high selectivity
f CHOH (96%) was detected until catalyst:substrate ratio of 1:5
nd then dropped sharply to 30.9% for 1:50, whereas the selectiv-
ty of CHO increased from 0 to 25.2% under the selected condition.
his result implied the very fast conversion of PhOH formed by the
reakage of the C O bond even in the highest catalyst:substrate
atio, which can be converted to CHOH and CHO simultaneously.
owever, increased selectivity of CHO reflected that there was
ot enough surface hydrogen to convert CHO to CHOH [39]. On
he other hand, Generation of bicyclic products such as CHPE and
CHE were boosted along with the increased amount of substrate

n the system; hydrogenated products CHPE and DCHE appeared
ith highest selectivity of 26.4% (1:50) and 38.9% (1:30), respec-

ively. From the experimental reactivity trend it is clear that with
ncreasing the amount of substrate, the reaction time for complete
onsumption of DPE varied and restricted the formation of C O
ond cleavage product. It is noteworthy that the conversion was

ow of 48% and the product mixture still contains CHO and CHPE
ven after 5 h, which suggested the deficiency of hydrogen in the
edium due to the higher coverage of the substrate on the catalyst

urface.
From the above results it seems monocyclic products still main-

ained higher selectivity in comparison with the bicyclic one even
ith the very high catalyst:substrate ratio. However, if we com-

are the TOFs between the cleavage of C O bond (TOF C O) and
he hydrogenation (TOFH), using the catalyst:substrate ratio of
:50, the TOFs are turned out as comparable: TOF C O = 7.2 h−1 and
OFH = 5.8 h−1. Hence, an increased amount of substrate restricted
hat C O bond cleavage and enhance the possibility of hydro-
enation of aromatic ring. When the catalyst:substrate ratio was
ncreased it hampered the CO2:substrate (1:0.005 to 1:0.04),

2:substrate (1:10 to 1:1) as well as H2O:substrate (1:0.004 to
:0.036) ratio. After a series of experiments it could be inferred
hat changing the CO2 and the H2 pressure has negligible effect on
he increased amount of substrate. From our previous work [35], it
as been found that presence of water is essential for the scission
f the C O bond and a threshold amount of water was necessary
o achieve monocyclic products with very high selectivity. Hence,
n extended experiment was conducted using catalyst:substrate
atio of 1:50 by increasing the amount of water from 4 to 8 ml
t 80 ◦C and the reaction time of 5 h. Interestingly, the conver-
ion was increased from 48% to 77% with the addition of water.
dditional water also changes the product distribution, which con-
ists of 92.9% (CHOH = 52.3%, CHO = 40%, CH/Bz = 0.6%) and 7. 1%
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
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DCHE = 2.4%, CHPE = 4.7%) of monocyclic and bicyclic compounds,
espectively (Fig. 4; marked part). These findings again proved that
ater is the main reason behind the cleavage of the C O bond of
Fig. 5. Effect of temperature on C O bond cleavage. Reaction condition:
PCO2 = 10 MPa, PH2 = 0.5 MPa, time = 5 h, catalyst:substrate = 1:5 and water = 4 ml.

DPE. The role of water is critical here because DPE is completely
insoluble in water. To understand the role of water an on-water
reaction can be proposed in which the reaction occurred on the
water organic interface and the relative interfacial hydrogen bond-
ing is the key factor for the reaction as the reactant is insoluble in
water [40–42].

3.3. Reaction temperature vs. C O bond cleavage

To investigate the effect of temperature, the reaction was con-
ducted at various temperature of 35, 50, 80, 100 and 130 ◦C and
the results are shown in Fig. 5. Unlike the reactions in liquid sol-
vent, there was  no straight forward effect on the catalytic activity
when the reaction was  conducted in scCO2. Noticeably, there was
no effect of temperature on the conversion. Independent to the
temperature, DPE was  completely converted to the corresponding
products. However, the change in temperature manifested an inter-
esting result in terms of product distribution. At lower temperature,
hydrogenation and C O bond breakage co-existed. As the tem-
perature increased the selectivity of monocyclic product (CHOH,
CHO and CH/Bz) increased and reached a maximum of 100% at
80 ◦C; dominating the C O bond cleavage. No hydrogenated prod-
uct was detected in this condition. To explain this result it could be
suggested that hydrogenation of aromatic ring was the most favor-
able process at the lower temperature due to the presence of large
amount of hydrogen, but C O bond has higher energy, thus, higher
temperature has beneficial effect on the cleavage of C O bond. Fur-
thermore, it is reported that lower temperature and high hydrogen
pressure prefers hydrogenation instead of hydrogenolysis [43,44].
Therefore, one could expect a better performance regarding the
generation of monocyclic compounds after further elevation of
temperature. Unfortunately, the increased temperature of >80 ◦C
causes hydrogenation of the aromatic ring rather than C O bond
rapturing, consequently the selectivity of monocyclic product was
dropped substantially from maximum of 96–10% with the change
in temperature from 80 to 130 ◦C. As the reaction was conducted in
scCO2 medium under the fixed pressure condition when the tem-
perature increases there is every possibility that it could disturb
the solubility of CO2 in water and then the system behaves like no
water system which favored hydrogenation.

3.4. Effect of solvent

As a part of the catalytic system, reaction medium also needs
attention to the cleavage of the C O bond. Wang and Rinaldi
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

hydrogenolysis of DPE using Raney Ni catalyst and suggested that
solvent is an important part of the reaction, which strongly influ-
enced the catalytic activity. To study the effect of the reaction

dx.doi.org/10.1016/j.cattod.2016.02.050
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Table 1
Impact of different organic solvents on C O bond cleavage.

Entry Solvent Conv. (%) Selectivity (%)

CHOH DCHE CHPE CHO CH/Bz

Solvent (neat)
1 EtOH 14.0 1.5 17.9 66.1 0.8 –
2  MeOH 100.0 22.5 43.4 – 6.7 –
3  Propanol 100.0 30.2 23.9 – – 0/11.6
4  THF 100 26.6 65.1 – – 8.3/0
5  Hexane 100.0 8.7 91.3 – – –

Solvent + CO2

6 EtOH 3 – – 100 – –
7  MeOH 5 – 11.0 89.0 – –
8  Propanol 94 19.3 57.3 2.1 10.8 9.7/0
9  THF 100.0 23.4 – 61.2 10.9 5/0.3

10  Hexane 18.0 3.9 26.9 61.5 3.9 1.8/1.7

Solvent + H2O
11 EtOH 100.0 54.2 2.4 – 13.0 0.3
12  MeOH 57.0 38.9 18.2 11.5 29.0 1.6/0.8
13  Propanol 100.0 100.0 – – – –
14  THF 95.5 44.9 34.9 – 9.9 4.5/0

70.6 – 1.1 2.3/0

R ubstrate = 1:5 and water = 4 ml.
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eaction condition: PCO2 = 10 MPa, PH2 = 0.5 MPa, time = 5 h, temp. = 80 ◦C, catalyst:s

edium on the conversion of DPE under the present reaction
ondition, the reaction was conducted in the neat organic sol-
ents (methanol, ethanol, propanol, tetrahydrofuran and hexane),
rganic solvents + CO2 and organic solvents + H2O at 80 ◦C and
ydrogen pressure of 0.5 MPa  (Table 1). From the results it is
vident that except ethanol (14%) complete conversion of DPE
as achieved for all other solvents in neat condition (Table 1:

ntry 1–5). These results indicate that solvent has strong impact
ndeed. Considering the selectivity of targeted monocyclic prod-
cts (CHOH, CHO and CH) varies from 2.3 to 41.6%, however,
he selectivity range of bicyclic products (DCHE and CHPE) were
3.1–91.3%. The selectivity orders for monocyclic and bicyclic
ompounds are: propanol > THF > methanol > hexane > ethanol and
exane > THF > methanol > propanol > ethanol, respectively. Thus, it
ould be predicted that hydrogenation of the aromatic ring was  the
ajor route of DPE transformation because of the possible change

n the mode of adsorption of the substrate. In the presence of CO2,
he conversion was very poor in methanol (5%), ethanol (3%) as
ell as in hexane (18%), but propanol and THF provide very high

onversion of 94% and 100%, respectively (Table 1: Entry 6–10).
he solubility of CO2 in ethanol and methanol were comparatively

ower than in propanol and THF and accordingly CO2 in presence of
HF offers best environment in terms of mass transfer limitation,
onsequently higher activity [46,47]. The organic solvents in asso-
iation with CO2, shows very high selectivity of bicyclic products
specially CHPE (61.5%). Analyzing the obtained data on product
istribution evidences that hydrogenation of aromatic ring was
he main route of DPE conversion in the solvent + CO2 and the
electivity order was same for both of mono and bicyclic com-
ounds (THF > Propanol > hexane > methanol ≈ ethanol). It should
e addressed that in the presence of organic solvents CO2
an form CO2-expanded liquid, which improved the trans-
ort properties and increased the solubility of reactant gasses
uch as hydrogen, which facilitate the hydrogenation reac-
ion [48–51]. Clearly THF offers better performance in terms
f activity and selectivity (Table 1; Entry 9). The scenario
hanged when those solvents were used along with H2O.
igher conversion was detected in each solvent and fol-

ows the order of ethanol ≈ propanol ≈ hexane > THF > methanol
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
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Table 1: Entry 11–15). Regarding the product distribution,
ropanol shows highest selectivity of 100% for CHOH and
xcept hexane in each case monocyclic products were the
Fig. 6. Ni-Rh combination catalysts for DPE conversion in scCO2/water medium.
Reaction condition: PCO2 = 10 MPa, PH2 = 0.5 MPa, temp. = 80 ◦C, time = 5 h, cata-
lyst:substrate = 1:5 and water = 4 ml.

major part of the mixture and the selectivity order was:
propanol > methanol ≈ ethanol > THF > hexane. Among the selected
organic solvents, alcohols are miscible in water, THF has compar-
atively low solubility and hexane shows lowest solubility. From
the selectivity order it is clear that miscibility of the organic sol-
vent is an important part of the reaction. The developed method
for the conversion of DPE to monocyclic compound using Rh/C
catalyst revealed that the presence of water changes the mode of
reaction from hydrogenation to hydrogenolysis. Thus, water is not
only a spectator for this system, it could dictate the product selec-
tivity. Mechanism behind the cleavage of the C O bond of DPE in
scCO2/water medium is critical. Previously, we observed that water
in the presence of CO2 influenced the pH of the medium and con-
sequently the C O bond cleavage. However, water in combination
with organic solvent (miscible) also results monocyclic compounds.
Thus, it could be predicted that solvents like water cannot absorb
directly on the Rh surface, but it can modify the surface by creat-
ing a hydrophilic environment and thereby a favorable situation
for the adsorption of DPE via C O bond followed by the enhanced
selectivity of monocyclic compounds [52,53].

3.5. Reactivity of combination catalyst
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

We  already proved that the use of Rh/C as a supported noble
metal catalyst is an effective choice for the cleavage of the C O
bond under a mild reaction condition and there was no reaction
without any catalyst. Among the non-noble metal catalysts, Ni is

dx.doi.org/10.1016/j.cattod.2016.02.050
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he most preferred and efficient for hydrogenolysis of C O bond
n the form of homogeneous or heterogeneous way [54–59]. How-
ver, under the present working condition, Ni catalyst performed
ell on the conversion of DPE, but not in the hydrogenolysis of the

 O bond. Bimetallic catalysts are sometimes reported as better
erformer in terms of hydrogenolysis of C O bond. There are sev-
ral reports on bimetallic catalysts on different supports [54–60].
hang et al. reported that instead of pure Ni, a combination of Ni
ith other metals such as Au [61] and Ru, Rh and Pd gave better

esults [62]. It is well-known that a combination of two differ-
nt metals significantly change the catalytic activity in comparison
ith their individual counterpart [63]. Here, our intention is to try a

imple approach to investigate the effect of two different catalysts
fter mixing them together. If mechanical mixing results syner-
ism it could be a guide to the probable effectiveness of bimetallic
atalyst. Hence, a series of catalysts were prepared by the mechan-
cal mixing (wt./wt.) of Rh/C and Ni/MCM-41 of different ratio
o perform the reaction under the selected condition (tempera-
ure = 80 ◦C, PCO2 = 10 MPa, PH2 = 0.5 MPa, water = 4 ml,  time = 5 h)
nd the results are shown in Fig. 6. To avoid the complexity arises
rom Ni salt and support material, Ni supported on inert material
ike MCM-41 was used. Fig. 6 shows a comparison of only Rh and
i catalysts with the different combination of Ni and Rh catalysts

or the conversion of DPE. Individually, 50.9% DPE was  converted
o bicyclic (CHPE) and monocyclic (CHOH) products with the selec-
ivity of 78.9% and 11.2%, respectively, using Ni/MCM-41. On the
ontrary, DPE was completely converted to 96% of CHOH and 4%
f CH/Bz via hydrogenolysis/hydrogenation over Rh/C. The exper-

mental data obtained under identical reaction condition shows a
ignificant difference in the behavior of the catalytic activity when
h/C and Ni catalyst were mixed together. We  conducted the reac-
ion using Rh/C and Ni/MCM-41 mixed in different ratios of 1:1
o 1:10 under the same reaction condition. Starting the reaction
ith 1:1 (Rh/C:Ni/MCM-41) mixture; complete conversion and a

ery high selectivity to CHOH (98%) was evidenced along with
he formation of CHPE (2%) indicating the predominate effect of
h. Now, if the ratio was  changed from 1:1 to 1:5, the conversion
ropped to 89% and then further reduced to 45.2% as the ratio was
hanged to 1:10 shows that the absence of a synergistic effect on the
onversion of DPE after combining the two catalysts. Considering
he product distribution, the product mixture contains only CHOH
monocyclic) and CHPE (bicyclic). No deoxygenated monocyclic
roducts and completely hydrogenated products were detected.
ixing gave better selectivity of CHOH compared to only Ni (11.2%),
hich changes from 54.5% to 98% as the ratio changed from 1:1 to

:5. However, a further increase of the ratio led to a decrease of
he selectivity in the reaction time of 5 h. If one takes into account
n the product mixture, in the presence of Ni, it could be sug-
ested that hydrolysis and hydrogenation were two reactions to
onvert DPE. The improved selectivity of CHOH might be consid-
red as a synergistic effect and can be explained by the bifunctional
echanism which required an acid support and a metal func-

ion [64]. When the ratio was changed to 1:10, the selectivity of
HOH was dropped to 26%, with an increase in the selectivity of
HPE (74%). In order to verify the influence of reaction time on the
:10 catalyst, the reaction was extended for 18 h (Fig. 4; marked
art). Surprisingly, the conversion was increased to 77.2% and an

mproved selectivity of CHOH (53.3%) was also detected. It is too
arly to predict the actual reason behind this observation. Prelim-
nary results of the addition of Ni with Rh/C emerged out as an
nteresting one for further studies as there are the lot of open-
ngs to modify this process to achieve a simple and easy to handle
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atalyst for the hydrogenolysis of DPE under a mild reaction con-
ition,

[

[

[

 PRESS
oday xxx (2016) xxx–xxx 7

4. Conclusion

In conclusion, we  have demonstrated a successful application
of Rh/C catalyst in the transformation of DPE to monocyclic com-
pounds via hydrogenolysis of C O bond under a mild reaction
condition. In the present reaction condition, the role hydrogen is
critical, and could have substantial impact on the cleavage of the
C O bond of DPE. A time course of the reaction based on the hydro-
gen pressure gave an insight on the reaction pathway. From the
beginning of the reaction, a strong influence of hydrogen pressure
on the conversion and product distribution was evident. A lower
hydrogen pressure was preferable for the rapturing of C O bond,
because of the preferable adsorption of DPE through the C O bond.
Higher hydrogen pressure resulted fully saturated bicyclic prod-
ucts but further hydrogenolysis of the C O bond of the bicyclic
product did not occur under the applied condition. A prominent
effect of temperature on the product selectivity suggested that
at lower temperature the transformation of DPE was occurred
via hydrogenation as higher temperature required for C O bond
cleavage. However, very high temperature again favored hydro-
genation because it could affect the solubility of CO2 in water.
Due to the high coverage of the catalyst active site, large excess
of substrate also hampered the hydrogenolysis of C O bond. Stud-
ies on different solvents in the neat condition or in the presence
of CO2 and water strongly suggested that a rational choice of the
solvents is extremely important part as they affect activity and con-
trol the selectivity. Solvents as neat and in the presence of CO2,
mainly produces bicyclic product whereas monocyclic products
were detected in the presence of water. A combination catalyst of
Rh/C and Ni/MCM-41 was prepared by mixing in different ratios
and attempted for this reaction. Interesting preliminary results
could serve as the starting point of further systematic studies to
achieve better performances on solid catalysts for DPE hydrogenol-
ysis.

Acknowledgements

H. Kawanami is funded by the Japan-U.S. cooperation project
for research and standardization of Clean Energy Technologies, The
Ministry of Economy, Trade and Industry (METI), Japan and CREST,
Japan Science and Technology (JST).

References

[1] Y. Román-Leshkov, J.N. Chheda, J.A. Dumesic, Science 312 (2006) 1933–1937.
[2] G.W. Huber, J.N. Chheda, C.J. Barrett, J.A. Dumesic, Science 308 (2005)

1446–1450.
[3] C.H. Bartholomew, R.J. Farrauto, Fundamentals of Industrial Catalytic

Processes, Wiley: Hoboken, NJ, 2006, pp. 996.
[4] Y. Sun, J. Cheng, Bioresour. Technol. 83 (2002) 1–11.
[5] E. Sjöström, Wood Chemistry: Fundamentals and Application, Vol. 2,

Academic Press, Orlando, 1993, pp. 293.
[6] A.J. Ragauskas, G.T. Beckham, M.J. Biddy, R. Chandra, F. Chen, M.F. Davis, B.H.

Davison, R.A. Dixon, P. Gilna, M.  Keller, P. Langan, A.K. Naskar, J.N. Saddler, T.J.
Tschaplinski, G.A. Tuskan, C.E. Wyman, Science 344 (2014) 709–721.

[7] J. Zakzeski, P.C.A. Bruijnincx, A.L. Jongerius, B.M. Weckhuysen, Chem. Rev. 110
(2010) 3552–3599.

[8] J. Harkin, Recent Developments in Lignin Chemistry, Vol. 6, Springer, Berlin,
1996, pp. p10.

[9] K.V. Sarkanen, C.H. Ludwig, Lignins: Occurrence, Formation, Structure and
Reactions, Wiley-Interscience, New York, 1971, pp. 91.

10] D.W. Goheen, Chemicals from Lignin, Organic Chemicals from Biomass, CRC
Press, Boca Raton, FL, 1981, pp. 143.

11] C. Amen-Chen, H. Pakdel, C. Roy, Bioresour. Technol. 79 (2001) 277–299.
12] G.W. Huber, S. Iborra, A. Corma, Chem. Rev. 106 (2006) 4044–4098.
13] E. Dorrestijn, L.J.J. Laarhoven, I.W.C.E. Arends, P.J. Mulder, Anal. Appl. Pyrol. 54

(2000) 153–192.
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

14] R.B. Santos, P.W. Hart, H. Jameel, H-min Chang, Bio. Resour. 8 (2013)
1456–1477.

15] (a) J. Gierer, Wood Sci. Technol. 14 (1980) 241–266;
(b) A.D. Venica, C. Chen, J.S. Gratzl, Holzforschung 62 (2008) 627–636.

16] E. Furimsky, Appl. Catal. A General 199 (2000) 147–190.

dx.doi.org/10.1016/j.cattod.2016.02.050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0005
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0010
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0015
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0020
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0025
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0030
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0035
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0040
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0045
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0055
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0060
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0065
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0070
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0075b
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0080


 ING Model
C

8 lysis T

[
[
[
[

[

[

[
[
[

[
[
[

[

[
[
[

[
[

[

[

[

[
[
[
[
[

[

[
[
[

[

[

[
[

[

[
[

[
[
[

[

[

[

[

[

ARTICLEATTOD-10084; No. of Pages 8

 M. Chatterjee et al. / Cata

17] P.Á. Bercedo, R. Martin, J. Am.  Chem. Soc. 132 (2010) 17352–17353.
18] M.  Tobisu, N. Chatani, ChemCatChem 3 (2011) 1410–1411.
19] A. Maercker, Angew. Chem. Int. Ed. Engl. 26 (1987) 972–989.
20] P. Dabo, A. Cyr, J. Lessard, L. Brossard, H. Ménard, Can. J. Chem. 77 (1999)

1225–1229.
21] Y.R. Luo, Comprehensive Handbook of Chemical Bond Energies, CRC Press,

Boca Raton, FL, 2007.
22] K. Barta, G.R. Warner, E.S. Beach, P.T. Anastas, Green Chem. 15 (2014)

191–196.
23] D.J. Rensel, S. Rouvimov, M.E. Gin, J.C. Hicks, J. Catal. 305 (2013) 256–263.
24] A.G. Sergeev, J.F. Hartwig, Science 332 (2011) 439–443.
25] A.G. Sergeev, J.D. Webb, J.F. Hartwig, J. Am. Chem. Soc. 134 (2012)

20226–20229.
26] C. Zhao, J.A. Lercher, Angew. Chem. Int. Edn. Engl. 51 (2012) 5935–5940.
27] J. He, C. Zhao, J.A. Lercher, J. Am.  Chem. Soc. 134 (2012) 20768–20775.
28] Y. Ren, M.  Yan, J. Wang, Z. Conrad Zhang, K. Yao, Angew. Chem. Int. Ed. Engl.

52  (2013) 1–6.
29] M.  Zaheer, J. Hermannsdcrfer, W.P. Kretschmer, G. Motz, R. Kempe,

ChemCatChem 6 (2014) 91–95.
30] M.  Roberts, R.T. Knapp, X. Li, J.A. Lercher, ChemCatChem 2 (2010) 1407–1410.
31] J.S. Miller, K.I. Pokhodnya, J. Mater. Chem. 17 (2007) 3585–3587.
32] N. Yan, C. Zhao, P.J. Dyson, C. Wang, L.-t Liu, Y. Kou, ChemSusChem 1 (2008)

626–629.
33] Y. Ye, Y. Zhang, J. Fan, J. Chang, J. Bioresour. Technol. 118 (2012) 648–651.
34] M.  Chatterjee, A. Chatterjee, T. Ishizaka, H. Kawanami, Catal. Sci. Technol. 5

(2015) 1532–1539.
35] M.  Chatterjee, T. Ishizaka, A. Suzuki, H. Kawanami, Chem. Commun. 49 (2013)

4567–4569.
36] J.D. Holmes, D.C. Steytler, G.D. Rees, B.H. Robinson, Langmuir 14 (1998)

6371–6376.
37] J.D. Holmes, K.J. Ziegler, M.  Audriani, C. Ted Lee Jr., P.A. Bhargava, D.C. Steytler,

K.P.  Johnston, J. Phys. Chem. B 103 (1999) 5703–5711.
Please cite this article in press as: M.  Chatterjee, et al., Hydrogenoly
reaction of lignin from biomass in pressurized CO2/water condition, Ca

38] H.W. Lin, C.H. Yen, H. Hsu, C.-S. Tan, RSC Adv. 3 (2013) 17222–17227.
39] H. Liu, T. Jiang, B. Han, S. Liang, Y. Zhou, Science 326 (2009) 1250–1252.
40] C.H. Yen, H.W. Lin, C.S. Tan, Catal. Today 174 (2011) 121–126.
41] R.N. Butler, A.G. Coyne, Chem. Rev. 110 (2010) 6302–6337.
42] Y. Jung, R.A. Marcus, J. Am.  Chem. Soc. 129 (2007) 5492–5502.

[

[

[

 PRESS
oday xxx (2016) xxx–xxx

43] T. Sato, O. Sato, K. Arai, E. Mine, N. Hiyoshi, C.V. Rode, M.  Shirai, J. Supercrit.
Fluids 37 (2006) 87–93.

44] M.  Makabe, H. Itoh, K. Ouchi, Fuel 69 (1990) 575–579.
45] X. Wang, R. Rinaldi, ChemSusChem 5 (2012) 1455–1466.
46] G. Xu, H. Wei, Y. Ren, J. Yin, A. Wang, T. Zhang, Green Chem. (2015), http://dx.

doi.org/10.1039/c5gc01914a.
47] G. Combes, E. Coen, F. Dehghani, N.R. Foster, J. Supercrit. Fluids 36 (2005)

127–136.
48] M.  Wei, G.T. Musie, D.H. Busch, B. Subramaniam, J. Am.  Chem. Soc. 124 (2002)

2513–2517.
49] X. Xie, C.L. Liotta, C.A. Eckert, Ind. Eng. Chem. Res. 43 (2004) 2605–2609.
50] H. Fan, Q. Wang, J. Guo, T. Jiang, Z. Zhang, G. Yang, B. Han, Green Chem. 14

(2012) 1854–1858.
51] B. Subramaniam, R.V. Chaudhari, A.S. Chaudhari, G.R. Akien, Z. Xie, Chem. Eng.

Sci.  115 (2014) 3–18.
52] N. Yan, Y. Yuan, P.J. Dyson, Dalton Trans. 42 (2013) 13294–13304.
53] H. Yoshida, Y. Onodera, S. Fujita, H. Kawamori, M.  Arai, Green Chem. 17 (2015)

1877–1883.
54] P. Aı́lvarez-Bercedo, R. Martin, J. Am.  Chem. Soc. 132 (2010) 17352–17353.
55] E.M. Van Duzee, H. Adkins, J. Am. Chem. Soc. 57 (1935) 147–151.
56] A.L. Jongerius, R. Jastrazebski, P.C.A. Bruijnincx, B.M. Weckhuysen, J. Catal. 285

(2012) 315–323.
57] A.C. Atesin, N.A. Ray, P.C. Stair, T.J. Marks, J. Am.  Chem. Soc. 134 (2012)

14682–14685.
58] R.S. Assary, A.C. Atesin, Z. Li, L.A. Curtiss, T.J. Marks, ACS Catal. 3 (2013)

1908–1914.
59] Z. Li, R.S. Assary, A.C. Atesin, L.A. Curtis, T.J. Marks, Am.  Chem. Soc. 136 (2014)

104–107.
60] A. Marinoiu, G. Ionita, C.-L. Gaspar, C. Cobzaru, D. Marinescu, C. Teodorescu, S.

Oprea, Reac. Kinet. Mech. Catal. 99 (2010) 111–118.
61] J. Zhang, H. Asakura, J. Rijn, J. Yang, P. Duchesne, B. Zhang, X. Chen, P. Zhang,

M.  Saeys, N. Yan, Green Chem. 16 (2014) 2432–2437.
62] J. Zhang, J. Teo, X. Chen, H. Asakura, T. Tanaka, K. Teramura, N. Yan, ACS Catal.
sis/hydrogenation of diphenyl ether as a model decomposition
tal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.050

4  (2014) 1574–1583.
63] Y. Kusunoki, T. Miyazawa, K. Kunimori, K. Tomishige, Catal. Commun. 6

(2005) 645–649.
64] A. Marinoiu, G. Ionita, C.L. Gaspar, C. Cobzaru, S. Oprea, React. Kinet. Catal.

Lett. 97 (2009) 315–320.

dx.doi.org/10.1016/j.cattod.2016.02.050
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0085
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0090
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0095
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0100
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0105
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0110
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0115
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0120
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0125
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0130
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0135
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0140
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0145
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0150
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0155
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0160
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0165
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0170
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0175
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0180
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0185
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0190
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0195
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0200
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0205
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0210
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0215
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0220
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0225
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
dx.doi.org/10.1039/c5gc01914a
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0235
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0240
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0245
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0250
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0255
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0260
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0265
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0270
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0275
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0280
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0285
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0290
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0295
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0300
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0305
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0310
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0315
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320
http://refhub.elsevier.com/S0920-5861(16)30158-4/sbref0320

	Hydrogenolysis/hydrogenation of diphenyl ether as a model decomposition reaction of lignin from biomass in pressurized CO2...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Catalytic activity

	3 Results and discussion
	3.1 Dependence of the reaction path on hydrogen pressure
	3.2 Effect of the amount of substrate
	3.3 Reaction temperature vs. CO bond cleavage
	3.4 Effect of solvent
	3.5 Reactivity of combination catalyst

	4 Conclusion
	Acknowledgements
	References


