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Sulfonic  acid  functionalised  periodic  mesoporous  organosilicas  (PrSO3H-PMOs)  with  tunable  hydropho-
bicity  were  synthesised  via  a surfactant-templating  route,  and  characterised  by  porosimetry,  TEM,  XRD,
XPS, inverse  gas  chromatography  (IGC)  and  ammonia  pulse  chemisorption.  IGC  reveals  that  incorporation
of  ethyl  or  benzyl  moieties  into  a mesoporous  SBA-15  silica  framework  significantly  increases  the  non-
specific  dispersive  surface  energy  of  adsorption  for  alkane  adsorption,  while  decreasing  the free  energy  of
adsorption  of  methanol,  reflecting  increased  surface  hydrophobicity.  The  non-specific  dispersive  surface
olid acid
ree fatty acid esterification
eriodic mesoporous organic materials
nverse gas chromatography
ydrophobicity
iodiesel

energy of adsorption  of  PMO-SO3H materials  is  strongly  correlated  with  their  activity  towards  palmitic
acid  esterification  with  methanol,  demonstrating  the  power  of  IGC  as an  analytical  tool  for  identifying
promising  solid  acid  catalysts  for the esterification  of  free  fatty  acids.  A  new  parameter

[
−�GC

NP−P

]
,

defined  as  the per  carbon  difference  in Gibbs  free  energy  of  adsorption  between  alkane  and  polar  probe
molecules,  provides  a  simple  predictor  of  surface  hydrophobicity  and  corresponding  catalyst  activity  in
fatty  acid  esterification.
. Introduction

The production of second-generation biofuels and platform
hemicals derived from renewable non-food feedstocks such as
ignocellulosic or algal biomass, and agricultural waste such as
orn husks and wood chippings, offers improved sustainability
ver current petroleum derived energy and chemical sources [1].
he conversion of bio-based molecules (e.g. sugars, triglycerides,
atty acids or other platform molecules) often involves reactions
ith highly polar molecules whose transformations liberate H2O

ia condensation or dehydration pathways. Biodiesel produced
rom non-edible plant, algal or waste oil sources is one such com-

ercially available advanced biofuel wherein water content can
ave a detrimental effect on productivity [2]. Biodiesel synthe-
is commonly involves the homogeneously base or acid catalysed
ransesterification/esterification of triglyceride (TAG) and fatty acid
FFA) bio-oil components by short-chain alcohols to the respec-
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functionali
http://dx.doi.org/10.1016/j.cattod.2014.01.042

ive fatty acid methyl ester (FAME). While such soluble alkali base
atalysed biodiesel processes are extremely rapid, their high sen-
itivity to water (which hydrolyses triglycerides to FFAs) makes

∗ Corresponding author. Tel.: +44 121 204 5456.
E-mail address: k.wilson@aston.ac.uk (K. Wilson).

920-5861/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2014.01.042
© 2014  Elsevier  B.V.  All  rights  reserved.

them ill-suited to bio-oils containing significant FFA components,
with associated undesired soap formation and attendant sepa-
ration issues [3,4]. Commercial biodiesel manufacture employs
catalytic pre-esterification of the bio-oil feedstock to convert free
fatty acids to their corresponding esters in order to circumvent
these problems; however water sensitivity remains an issue. Con-
sequently, there is much interest in the application of mesoporous
solid acids in biodiesel synthesis [5], with sulfonated silicas [6–12]
and polymers [13–17], polyoxometallates [18–20], mixed oxides
[17,21,22] and sulfated oxides [17,23–26] amongst others explored
for FFA esterification with methanol. Although high activities are
achievable under mild conditions, delivering high ester yields is
challenging, particularly at elevated water contents [27].

Surface functionalisation of sulfonic acid silicas with inert, apo-
lar octyl groups can enhance the FFA esterification by increasing
acid strength and surface hydrophobicity [10]. While promis-
ing, optimising catalyst performance via simple alkyl grafting
routes is restricted by the availability of tethering sites on
the silica surface. In contrast, periodic mesoporous organosili-
cas (PMOs) are an interesting class of materials prepared via the
ergy measurements predict the impact of catalyst hydropho-
sed periodic mesoporous organosilicas? Catal. Today (2014),

co-condensation of Si(OEt)4 with different bridged organo-silane
precursors to create ordered mesoporous silicas incorporating
organic functions directly into the silica walls [28–30]. Such hybrid
organic–inorganic porous solids offer exciting applications across

dx.doi.org/10.1016/j.cattod.2014.01.042
dx.doi.org/10.1016/j.cattod.2014.01.042
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:k.wilson@aston.ac.uk
dx.doi.org/10.1016/j.cattod.2014.01.042


 IN PRESSG Model
C

2 is Today xxx (2014) xxx–xxx

m
(
e
t
b
s
t
a
y
m
s
l
a

v
s
i
p
p
S
s
c
I
t
i
d
a
c
s
c
[
b
r
o
a
n
b

e
c
p
p
t
p

2

2

t
H
(
(
1
9

2

e
t
t
H
B

Table 1
Stoichiometry of reactant mixtures employed in PMO synthesis.

Nominal organic
hybridisation (mol%)

Molar composition

TEOS BTSE (BTSB) P123 HCl H2O

SBA-15 0.0414 0 0.00069 0.0159 8
25%  BTSE (E25) 0.031 0.0052 0.00069 0.0159 8
50%  BTSE (E50) 0.0207 0.0103 0.00069 0.0159 8
ARTICLEATTOD-8890; No. of Pages 7
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aterials science, and to date PMOs possessing organic bridging
RO)3–Si–(OR)3 units with methylene [31–33], ethylene [29,33,34],
thylidene [28,35–37], phenylene [33,38–42], biphenylene [43,44],
hiophene [42,45,46] and anthracene [47–49] substituents have
een reported. Ethyl and phenyl organic linkers are the most widely
tudied in catalysis because they afford a more homogeneous dis-
ribution of organic moieties, and improved surface crystallinity
nd thermal stability [38,39]. The utility of such materials in catal-
sis is of particular interest as the inclusion of different organic
oieties within the framework offers a unique opportunity to tune

urface polarity and hydrophobicity; critical parameters in control-
ing adsorption, reactant activation and product selectivity in liquid
nd vapour phase catalysis.

The development of next generation catalysts for biomass con-
ersion requires improved methods to quantify the impact of
urface hydrophobicity upon adsorption phenomena and the kinet-
cs of liquid phase catalytic reactions [50,51]. The hydrophobic
roperties of porous materials are often empirically defined, ham-
ering our ability to tailor catalyst surfaces in an informed manner.
imple contact angle measurements are ill-suited to the analy-
is of powdered solids [52] since particle morphology/porosity
an influence the shape of probe droplets and their absorption.
nverse gas chromatography (IGC) is a powerful but under-utilised
echnique for characterising catalysts, allowing surface–adsorbate
nteractions to be investigated over porous catalysts, and thermo-
ynamic properties including surface tension, acid/base character
nd heats of adsorption to be determined. IGC is often employed to
haracterise polymers or glassy materials [53] and pharmaceutical
amples, and has been used to study the adsorption properties of
arbonaceous materials [54,55], zeolites [56–58], and amorphous
59,60] and templated silicas [61]. In respect of catalysis, IGC has
een exploited to correlate reactivity with the adsorption of specific
eactants in propene partial oxidation over Pd [62], CO oxidation
ver Pt and Rh [63], VOC combustion over Mn–Zr mixed oxides [64],
nd benzene benzylation over Fe–ZSM-5 [65], however, there are
o previous reports applying IGC to correlate catalyst hydropho-
icity and associated activity.

Here we report the application of IGC to extract a new param-
ter for quantifying the hydrophobic properties of mesoporous
atalysts which correlates with their turnover frequency (TOF) in
almitic acid esterification by methanol; a prototypical reaction
ertinent to biodiesel production wherein high local concentra-
ions of reactively-formed H2O can impede the forward reaction
athway to the desired fatty acid methyl esters [66].

. Experimental

.1. Chemicals

Mercaptopropyl trimethoxysilane (MPTS, Alfa Aesar 95%);
oluene (Fisher 99%); TEOS (tetraethoxyorthosilane, Aldrich 99%);
Cl (Fisher 36 wt%); methanol (Fisher 99%); hydrogen peroxide

Sigma-Aldrich 30 vol%); hexanoic acid (Aldrich 99%); palmitic acid
Aldrich 99%); 1.4-bis(triethoxysilyl)benzene (BTSB, Aldrich 96%);
.2-bis(triethoxysilyl)ethane (BTSE, Aldrich 96%); ammonia (BOC,
9.98%).

.2. Synthesis of SBA-15 and PMO  materials

Periodic mesoporous organosilicas with 0%, 25% and 50%
thyl/phenyl hybridisation were synthesised following the pro-
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functional
http://dx.doi.org/10.1016/j.cattod.2014.01.042

ocol of Sanchez-Vazquez et al. [67]. Briefly, 3 g of Pluronic P123
riblock copolymer was dissolved in 112 cm3 of water and 1 cm3 of
Cl under stirring at 40 ◦C. The appropriate mixture of TEOS and
TSE (BTSB) precursor required to achieve the desired degree of
25%  BTSB (B25) 0.031 0.0052 0.00069 0.0159 8
50%  BTSB (B50) 0.0207 0.0103 0.00069 0.0159 8

hybridisation was  subsequently added to the surfactant solution
(Table 1), and stirred at 40 ◦C for a further 72 h. The mixture was
then aged at 130 ◦C for 24 h and the resulting solid product filtered,
washed three times with deionised water and dried at room tem-
perature. Residual P123 template was extracted via a 24 h reflux
with EtOH/1 M HCl solution and filtered and dried to afford the
final powdered PMO  support.

2.3. Sulfonic acid grafting

PMO  materials were subsequently sulfonic acid functionalised
via a grafting route in which 1 g of each material was added to a
solution containing 1 cm3 of MPTS in 30 cm3 of toluene. The result-
ing suspension was refluxed at 130 ◦C under stirring for 24 h, and
the thiol-functionalised solid then filtered, washed 3 times with
methanol and dried at 80 ◦C overnight. Thiol groups were oxidised
to –SO3H by mild oxidation with 30 cm3 of 30 vol% H2O2 through
continuous stirring of the thiolated PMO  at room temperature for
24 h. The sulfonated product was filtered, washed three times with
methanol and dried at 80 ◦C, and the final PrSO3H-PMO stored in
air and used without further treatment.

2.4. Characterisation

Nitrogen physisorption was  undertaken on a Quantachrome
Nova 2000e porosimeter using NOVAWin software. Samples were
degassed at 120 ◦C for 2 h prior to analysis by N2 adsorption at
−196 ◦C. BET surface areas were calculated over the relative pres-
sure range 0.01–0.2. Pore diameters and volumes were calculated
applying the BJH method to the desorption isotherm for relative
pressures >0.35. Low angle powder XRD patterns were recorded
on a PANalytical X’pertPro diffractometer fitted with an X’celerator

detector and Cu K� (1.54 ´̊A)  source calibrated against a Si standard
(PANalytical). Low angle patterns were recorded for 2� = 0.3–8◦

with a step size of 0.01◦. TEM micrographs were obtained with
a Phillips CM12 transmission electron microscope operated at
100 kV, with images recorded by a SIS MegaView III digital cam-
era. Image analysis was undertaken using ImageJ software. XPS was
performed on a Kratos Axis HSi X-ray photoelectron spectrometer
fitted with a charge neutraliser and magnetic focusing lens employ-
ing Al K� monochromated radiation (1486.6 eV). Spectral fitting
was conducted using CasaXPS version 2.3.14, with binding ener-
gies corrected to the C 1s peak at 284.8 eV and S 2p XP spectra fitted
using a common Gaussian/Lorentzian peak shape. Errors were esti-
mated by varying the Shirley background subtraction procedure
across reasonable limits and re-calculating fits. TGA was  performed
using a Stanton Redcroft STA780 thermal analyser on ∼10–20 mg
samples under a 10 vol% O2/He mixtures (20 cm3 min−1 total flow)
during heating at 20 ◦C min−1 in order to study the decomposi-
tion of organic moieties. Surface energies at infinite dilution were
determined by a fully-automated Surface Measurement Systems
ergy measurements predict the impact of catalyst hydropho-
ised periodic mesoporous organosilicas? Catal. Today (2014),

Ltd inverse GC system. Samples were outgassed for 2 h at 120 ◦C to
remove physisorbed water and impurities on the surface prior to
exposure to ethyl acetate, methanol or alkane pulses. Full details of
the experimental procedure are given in the ESI. Surface properties

dx.doi.org/10.1016/j.cattod.2014.01.042


 IN PRESSG Model
C

is Today xxx (2014) xxx–xxx 3

w
a
M
f
N
q

2

S
1
o
g
c
t
d
t
p
1
r
s
a
w
f
E
fi
a
e

3

(
s
p
p
P
s
s
m
1
b
t
n
S
m
p
i
c
b
h
e
t
h
e
o
w
n
o
S
e
s
i
g

d

c

b

a

e

0

2

4

6

8

10

12

14

16

18

20

22

0 0. 2 0. 4 0. 6 0. 8 1

V
ol

um
e 

ad
so

rb
ed

 / 
cm

3 .
g-1

P/P0

decreased availability of siloxane groups for grafting of MPTS as the
degree of organic hybridisation is increased. MPTS grafting was per-
formed in toluene in order to ensure consistency with our previous
work, however it should be noted that these conditions give rise to
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ere determined according to literature methods [68,69]. Surface
cidity was measured via NH3 pulse chemisorption and on-stream
S detection. Briefly, 50 mg  of sample was outgassed at 120 ◦C

or 2 h and then cooled to 100 ◦C. Consecutive injections of 100 �l
H3 were passed over samples and the resulting eluted ammonia
uantified until the signal saturated.

.5. Catalytic esterification

Reactions were performed using a Radleys Carousel Reactor
tation at atmospheric pressure. 12.5 cm3 (300 mmol) or methanol,
0 mmol  of hexanoic (C6) or palmitic (C16) acid, and 2.5 mmol
f hexylether (as an internal standard) were added to a sealed
lass reactor tube under stirring at 60 ◦C. 0.05 g of sulfonic acid
atalyst was subsequently introduced, and aliquots of the reac-
ion mixture periodically withdrawn and filtered and diluted with
ichloromethane for analysis on a Varian 450-GC. Analysis of reac-
ion products from palmitic acid esterification employed a 1079
rogrammable, direct on-column injector and Phenomenex ZB-
HT Inferno 15 m × 0.53 mm × 0.15 �m capillary column. Initial
ates were calculated over the first two hours of reaction, wherein
imilar acid conversions of 5–10% were obtained, so as to be in

 regime where the concentrations of reactively-formed water
ere comparable. Product yields determined from response factors

or methyl palmitate, with mass balances determined to be >98%.
rrors in TOF were calculated from the variance in the line of best
t to initial rate plots, and repeat measurements of initial rate and
cid site titrations on selected catalysts, from which a composite
rror of ±5% was determined.

. Results and discussion

The successful synthesis of ethyl and phenyl derivatised PMOs
E25, E50, B25 and B50) was first assessed by detailed bulk and
urface characterisation to confirm the existence of ordered meso-
orous structures and quantify the degree of organic incorporation
rior to sulfonation (Figs. S1–5). Porosimetry of the as-prepared
MO  materials confirmed that they all exhibit type IV isotherms
imilar to that of SBA-15 mesoporous silica. Corresponding pore
ize distributions show only a slight contraction in the BJH mean
esopore diameter of the PMOs (5–8–6.7 nm)  compared with SBA-

5 (7 nm), with the smallest pores associated with incorporation of
ulky phenyl bridges or a high concentration of ethyl bridges. Since
hese pore contractions are small, they are unlikely to induce sig-
ificant differences in mass-transport for the PMOs with respect to
BA-15. The latter is important if the impact of organic framework
odification of SBA-15 upon reactivity is to be isolated from any

otential textural variations (which can strongly influence ester-
fication as reported for SBA-15-Pr-SO3H versus KIT-6-Pr-SO3H
atalysts [11,12]). Likewise, BET surface areas were all compara-
le to pure SBA-15 decreasing only from 850 to 757 m2 g−1 for the
ighest loading B50 sample (Table S1). Low angle XRD patterns
videnced common peaks for SBA-15 and all PMOs, attributable
o the 1 0 0, 1 1 0 and 2 0 0 reflections characteristic of p6mm
exagonal close-packed architectures [70], showing that the par-
nt SBA-15 structure is retained even following the incorporation
f 50 mol% organic bridges into the silica framework. TEM like-
ise confirms that all four PMOs possess well-ordered mesopore
etworks with the same micron-long parallel channels and hexag-
nal architectures observed for SBA-15. Although the unit cell of
BA-15 and all four PMOs are essentially identical, wall thickness
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functionali
http://dx.doi.org/10.1016/j.cattod.2014.01.042

xpands with increasing organic hybridisation as expected upon
ubstitution of siloxane with ethyl/phenyl silyl linkers (Table S1),
ndicative of a mechanically robust material. Temperature pro-
rammed oxidation was used to quantify the organic content of
Fig. 1. Nitrogen adsorption–desorption isotherms of sulfonic acid grafted SBA-15
and  PMOs; (a) PrSO3H-SBA-15, (b) PrSO3H-E25, (c) PrSO3H-E50, (d) PrSO3H-B25, (e)
PrSO3H-B50. (Note—isotherms offset for clarity).

the PMO  materials (Fig. S5), and hence degree of hybridisation, from
the fractional mass loss occurring between 300–400 ◦C (E25/E50)
and 600–800 ◦C (B25/B50). SBA-15 exhibits negligible change over
this temperature regime, whereas the PMOs display significant high
temperature mass losses, which increase from ∼3 to 13 wt% across
the series with the degree of hybridisation and carbon content of
the BTSE or BTSB precursor (Table S1).

Structural and textural properties of the parent SBA-15 and
PMOs are preserved after sulphonic acid derivatisation via MPTS
grafting and oxidation; porosimetry shows the retention of type
IV isotherms (Fig. 1), while XRD (Fig. 2) and TEM (Fig. 3) showed
the expected p6mm hexagonal close-packed architecture. Surface
areas, pore volumes and mesopore diameters only decrease slightly
as expected due to the introduction of in-pore sulfonic groups
(Table 2).

The sulphur content, acid site loadings and densities of
PrSO3H–PMOs are summarised in Table 3 and decrease with
increasing BTSE and BTSB incorporation. This is attributed to
ergy measurements predict the impact of catalyst hydropho-
sed periodic mesoporous organosilicas? Catal. Today (2014),

 / °

Fig. 2. XRD patterns of sulfonic acid grafted SBA-15 and PMOs; (a) PrSO3H-SBA-15,
(b) PrSO3H-E25, (c) PrSO3H-E50, (d) PrSO3H-B25, (e) PrSO3H-B50.

dx.doi.org/10.1016/j.cattod.2014.01.042
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Fig. 3. TEM picture of sulfonic acid grafted PMOs; (a) PrSO3H-E25, (b) PrSO3H-E50, (c) PrSO3H-B25, (d) PrSO3H-B50.

Table 2
Summary of textural and structural properties for Pr-SO3H/PMO materials.

Catalyst BET (m2 g−1 Vp (cm3 g−1) WBJH (nm) Plane spacing (nm) Unit cell parameter (nm) Wall thickness (nm) Framework organic contenta (wt%)

Pr-SO3H-SBA-15 800 1.34 7.2 9.5 11 3.8 <1
Pr-SO3H-E25 825 1.2 6.7 9.6 11.1 4.4 3
Pr-SO3H-E50 760 1.07 5.8 9.3 10.8 5 4.1
Pr-SO3H-B25 746 1.14 5.8 9 10.4 4.6 10

10.9

ring t
d

l
a
s

c
a
b

s
a

�

T
S

Pr-SO3H-B50 698 0.82 5.8 9.4 

a Mass loss observed between 300 and 400 ◦C (BTSE) or 600 and 800 ◦C (BTSB) du
erivatisation.

ower loadings of grafted species [71,72] since competitive toluene
dsorption at organic domains hinders thiol access to neighbouring
ilanol groups during grafting [73].

Having verified that the organic content of our PrSO3H-PMOs
ould be readily varied, IGC at infinite dilution was subsequently
pplied to explore their surface energies and associated hydropho-
icity. The surface energy of an adsorbent

(
�S

)
is given by the( ) ( )
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functional
http://dx.doi.org/10.1016/j.cattod.2014.01.042

um of dispersive �S
D and specific free energy �S

SP components
ccording to Eq. (1):

S = �S
D + �S

SP (1)

able 3
urface composition, acid site loading and IGC parameters for PrSO3H-PMOs and PrSO3H

Catalyst Surface composition and acidity 

Surface S
content (wt%)

Surface C:Si
atomic ratio

Acid site loading(
mmolH+ g−1

)

PrSO3H-SBA-15 0.26 0.18 0.2 

PrSO3H-E25 0.60 0.55 0.07 

PrSO3H-E50 0.47 0.83 0.05 

PrSO3H-B25 0.5 0.91 0.06 

PrSO3H-B50 0.28 2.58 0.03 

a Dispersive energy and specific free energy measured from the extracted materials pr
b For alkanes it is assumed that �S

SP = 0 and hence �S = �S
SP.
 5 13.3

emperature-programmed oxidation on parent PMO  material prior to sulfonic acid

The standard free energy of adsorption �Gads is likewise deter-
mined by the dispersive and specific energies for adsorption
according to Eqs. (2) and (3) [74], wherein VN is the specific reten-
tion volume of the adsorbate:

[−�Gads] =
[
−�GD

ads

]
+

[
−�GSP

ads

]
(2)

�G = −RT × ln V + constant (3)
ergy measurements predict the impact of catalyst hydropho-
ised periodic mesoporous organosilicas? Catal. Today (2014),

ads N

Non-polar molecules adsorb via non-specific, attractive London
forces, whereas the adsorption of polar molecules also includes
specific contributions arising from e.g. acid/base, hydrogen and

/SBA-15.

IGC measurementsa,b

Acid site density
(H+ nm−2)

�S
D

(mJ m−2) −�GSP
ads

(MeOH) (kJ mol−1)

0.15 34.1 22.2
0.05 47.8 30.8
0.04 64.5 18.9
0.05 70.8 20.5
0.03 72.3 18.0

ior to derivatisation with sulfonic acid groups.

dx.doi.org/10.1016/j.cattod.2014.01.042
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Table 4
Performance of PrSO3H-SBA-15 and PrSO3H-PMO catalysts in palmitic acid esteri-
fication with methanol.

Catalyst Palmitic acid
conversiona(%)

Palmitic acid
TONa

Initial rateb

(mmol h−1)
TOFc,d (h−1)

Pr-SO3H/SBA-15 55 540 0.4046 41
Pr-SO3H/E25 47 1338 0.2983 85
Pr-SO3H/E50 46 1702 0.2995 111
Pr-SO3H/B25 49 1570 0.3138 95
Pr-SO3H/B50 38 2441 0.1836 118

a After 24 h reaction.
b Initial rate calculated from ester yield after 2 h reaction.
c TOF calculated from initial rate mmolH+ (obtained from NH3 pulse titration).
d Catalyst leaching to validate these calculations was verified by hot filtration

tests (Fig. S9) which showed no residual activity after catalyst removal, and sulfur
ig. 4. IGC plot for (a) SBA-15 and (b) B50 showing the general method for deter-
ining �S

D
and −�GSP

ads
.

-bonding interactions with the surface. Dispersive surface ener-
ies (�D),  which are related to non-specific Van der Waals
nteractions, can be obtained by studying the adsorption of a
omologous series of e.g. C6 to C10 alkane probe molecules
nto each PrSO3H-PMO sample. A linear relationship is predicted
etween RT × ln

(
Valkane

N

)
and the dispersive components of sur-

ace energies for the adsorbent and probe molecules �S
D and �L

D,
espectively, according to Eq. (4) [75], where N is Avogadro’s num-
er, a is the surface area of the probe molecule, and �alkane

N the
pecific retention volume of an alkane with N carbon atoms which
n turn is proportional to its specific retention time as measured by
GC:

T × ln
(

Valkane
N

)
= 2N × a ×

(
�S

D

)1/2 ×
(

�L
D

)1/2 + constant (4)

A plot of RT × ln
(

Valkane
N

)
against a ×

(
�L

D

)1/2
should yield a

traight line with slope 2N × a ×
(

�S
D

)1/2
, as observed in Fig. 4.

easurement of the retention time (volume) for a series of alkane
dsorbates thus enables determination of the non-specific disper-
ive component of the surface energy

(
�S

D

)
across our family of

rSO3H-PMO adsorbents [76]. Extrapolating horizontally from the
esulting gradient yields an intersect with the ordinate indicative
f the non-specific, dispersive component of the adsorption energy
−�GSP

ads

)
. The same procedure can be adopted for polar probe

olecules with acid, base or amphoteric character by similarly
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functionali
http://dx.doi.org/10.1016/j.cattod.2014.01.042

easuring their retention time (volume) and calculating RTlnV
hich is proportional to their total free energies of adsorption
�Gads.
analysis of spent catalysts which showed only a small (<5%) decrease in S content
post-reaction, confirming catalyst stability under these mild reaction conditions.

Fig. 4 shows a representative plot of such surface energy cal-
culations for SBA-15 and B50 using methanol and ethyl acetate as
the polar probe molecules. The free energy of adsorption −�Gads
for polar probes lies above the extrapolated line arising from the
homologous alkane series (whose adsorption is dominated by non-
specific dispersive interactions). This extrapolation enables −�GD

ads
for a hypothetical n-alkane having the same saturated vapour pres-
sure [77] and number of carbon atoms as the polar probe. According
to Eq. (3), the difference between these free energies gives the spe-
cific free energy for adsorption of that polar molecule

(
−�GSP

ads

)
.

Similar plots for the other PMO  materials are shown in Fig. S4.
Table 3 summarises the resulting non-specific surface energies �S

D

and specific free energies of methanol adsorption −�GSP
ads (MeOH).

The data in Table 3 shows that the non-specific dispersive energy
�S

D for the PMO  surfaces increases with the degree of organic func-
tionalisation of support walls, following the order E25 < E50 and
B25 < B50. Phenyl groups within the silica framework increases the
strength of alkane adsorption relative to ethyl functionalised sil-
ica. This increased organophilicity can be rationalised in terms of
the number of CHx groups per phenyl versus ethyl unit, and is in
accordance with the overall organic content reported in Table 2.
Trends in the corresponding −�GSP

ads (MeOH) for the PMOs show a
contrasting decrease with increasing organic character, suggesting
that methanol binding to surface Si–OH and Si–O–Si [78] moieties
is significantly weakened.

Palmitic acid esterification with methanol was subsequently
investigated to explore the impact of PrSO3H-PMO surface prop-
erties upon their corresponding activity (Fig. S7 and Table 4).
All PrSO3H-PMOs solid acids show promising initial rates, which
are ∼25–50% lower than the benchmark PrSO3H-SBA-15 catalyst
despite the latter possessing 65–85% more acid sites. Consequently,
the acid site normalised turnover number (TON) thus increases
systematically with framework organic content (Fig. S8). Turnover
frequencies (TOFs) (calculated from initial rates at comparable con-
version levels to ensure similar concentrations of reactively formed
water), were likewise found to increase monotonically with frame-
work organic content (Table 4).

Fig. 5 compares the trends in palmitic acid esterification TOF,
non-specific dispersive surface energy

(
�D

S

)
, and −�GSP

ads (MeOH)
across the PMO  series. The rise in �D

S is mirrored by that in cat-
alytic esterification activity, precisely as −�GSP

ads (MeOH) decreases.
Since �D

S reflects non-specific adsorbate interactions, it provides a
measure of the surface affinity for alkyl chains such as integral to
FFAs (lipophilicity). In contrast −�GSP

ads (MeOH) provides a mea-
sure of surface hydrophilicity and hence unsurprisingly displays
ergy measurements predict the impact of catalyst hydropho-
sed periodic mesoporous organosilicas? Catal. Today (2014),

the reverse behaviour.
It is interesting to note that the relative changes in TOF and �s

appear to show some non-linearity on going from 4.1 to 10 wt%

dx.doi.org/10.1016/j.cattod.2014.01.042
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ig. 5. Impact of framework organic content on PMO  surface properties (non-
pecific dispersive energy and free energy for methanol adsorption) as determined
rom IGC and TOF for palmitic acid esterification with methanol.

rganic content. These samples correspond to the E50 and B25
aterials, respectively, and this non-linearity may reflect the dif-

erent distributions, and associated adsorption characteristics, of
thyl versus phenyl framework moieties. BTSE, having only two car-
on atoms, and similar molecular compatibility with TEOS, may  be
ore uniformly distributed through the silica framework at lower

oadings than the bulkier BTSB phenyl substituent. The different
lectronic properties of CH2 versus CH substituents in ethyl versus
henyl functions may  also impact upon surface adsorption. Calcula-
ions of the change in surface dispersive surface energy per C atom
n introduction of BTSE or BTSB (Fig. S10) show that while �s per
H2 site for E50 and E25 is the same, that for CH centres from phenyl
roups in B50 and B25 is almost three times lower. This suggests
hat despite having a lower overall C content, ethyl groups are more
ffective in modifying the surface energy than phenyl moieties.

The relationship between catalytic esterification and surface
hemistry was further explored by examining the difference in
bsolute (rather than extrapolated) free energies for adsorption
f polar and non-polar probe molecules. The magnitude of non-
pecific dispersive interactions of hydrocarbon chains with a
urface depends on chain length. In order to decouple non-specific
nd specific adsorption via polar and non-polar probe molecules,
e hypothesised that the difference in adsorption free energies per

arbon atom −�GC
NP−P (Eqs. (5a) and (5b)) should be proportional

o FFA adsorption and inversely proportional to water adsorption.

�GC
NP−P = −�G(CnHx)

ads

n −
[
−�GMeOH

ads

] (5a)

�GC
NP−P = RT × ln (VNP)

n − RT × ln (VP)
(5b)

Values of −�GC
NP−P calculated across the family of PrSO3H-PMO

atalysts are shown in Fig. S11, and are essentially independent
f alkane chain length. Fig. 6 reveals a strong positive correla-
ion between −�GC

Decane−MeOH and �D
S with TOFs for palmitic acid

sterification. Palmitic acid esterification is thus promoted as the
dsorption of polar molecules such as methanol and water becomes
isfavoured, and adsorption of the palmitic acid hydrocarbon back-
one via non-specific dispersive interactions is enhanced. This
nding is consistent with a Langmuir–Hinshelwood mechanism for
sterification wherein methanol and FFA competitive adsorption
Please cite this article in press as: C. Pirez, et al., Can surface en
bicity upon fatty acid esterification over sulfonic acid functional
http://dx.doi.org/10.1016/j.cattod.2014.01.042

s anticipated to dictate the rate of FAME production. Methanol-
lled pores prevalent at high MeOH:FFA ratios will likely hinder
FA diffusion and adsorption within the hydrophilic pores of SBA-
5, and hence slow esterification. In contrast, methanol binding
Fig. 6. Correlation of dispersive energy and
[
−�GC

NP−P

]
for decane and methanol,

with TOF for palmitic acid esterification with methanol.

to the more lipophilic PMO  surfaces is significantly weakened rela-
tive to palmitic acid, and should facilitate a higher surface coverage
and residence time for FFAs, and thus accelerate esterification.
Reactively-formed water will desorb more rapidly from hydropho-
bic PrSO3H-PMO catalysts, suppressing the (undesired) reverse
hydrolysis reaction [71,79,80] which lowers FAME yields.

The direct correlation between TOF and −�GC
Decane−MeOH and �D

S
demonstrates that these parameters can be reliably used to predict
the relative TOFs of sulfonated solid acid catalysts towards fatty acid
esterification. Since −�GC

Decane−MeOH requires only two  adsorption
measurements, this parameter offers a simple but powerful guide
to the impact of hydrophobic surface modification upon catalyst
activity without recourse to multiple alkanes necessary to calculate
non-specific dispersive surface energy.

4. Conclusions

Periodic mesoporous organic SBA-15 materials have been syn-
thesised with different concentrations of framework ethyl and
phenyl bridging groups, offering porous solids with tunable sur-
face energies and hydrophobicity. IGC was employed to measure
the non-specific dispersive and specific surface energies for respec-
tive adsorption non-polar alkanes and polar oxygenates over hybrid
organosilicas; non-specific dispersive surface energies rise steadily
with the degree of organic functionalisation. Palmitic acid ester-
ification with methanol was explored over sulfonated PMOs as a
prototypical reaction that is sensitive towards water adsorption.
PrSO3H-PMOs with the highest non-specific dispersive energies
exhibited the highest per site activity. Turnover Frequency in cat-
alytic esterification is proportional to the difference in (chain length
normalised) free energy of adsorption between non-polar and polar
probe molecules −�GC

NP−P , offering a simple method to estimate
surface hydrophobicity and its attendant impact on FAME produc-
tion from free fatty acids.
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