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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: The adsorption isotherm of alkanols at the haematite|hydrocarbon interface should reflect both
Adsorption chemisorption (chemically bonded fraction) and physisorption (hydrogen bonded fraction).

Alcohols

Experiments and model: Quartz crystal microbalance (QCM) and X-ray photoelectron spectroscopy (XPS) have

ggﬁquwus been used for characterization of Fe,Os|hydrocarbon interfaces with absorbed alcohol. A range of Fe,Os-
Iron oxide terminated surfaces, alkanols, hydrocarbons and temperatures have been investigated. A chemisorption-
XPS physisorption Langmuir model (CPL) has been developed to interpret the data.

Chemisorption Findings: All data show simultaneous physisorption and chemisorption of the alcohol. The CPL analysis reveals

variability of the surface chemistry from one sample to another — different fractions of surface sites have been
determined for FepOgs-coated crystals, FeoO3 powder, stainless steel-coated crystals etc. However, for a given
surface, the fraction of chemisorption sites is stable — it does not change with the alcohol, and changes only
slightly with the solvent. The physisorbed alcohol molecules assume configuration normal to the surface, while
the chemisorbed molecules assume configuration that is either parallel (high homologues) or normal (low ho-
mologues). A transition from normal to parallel orientation has been observed at hexyl. The effects from
branching of the alcohol are captured well by CPL. The temperature has been shown to alter both the strength of
the physisorption and the fraction of available chemisorption sites.
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LE. Salama et al.
1. Introduction

Alcohols and their derivatives are a common component of natural
oils and hydrocarbons widespread in technology. A range of alkanols is
currently used in biofuel blends, especially in gasoline [1-4] but also in
biodiesel [5,6]. Moreover, alcohols are sometimes used as fuel additives
— friction modifiers and active de-icing additives [7]. Some systems
employ alkanols in the form of metal alkoxide, such as Alo(OC,H2,11)3,
as ‘deposit modifiers’ in gasoline [8] — they are thought to become part
of the deposit and beneficially alter its structure. Even when no alcohols
are intentionally added to an engine fuel or lubricant oil, they are still
often present at a significant concentration, due to the inevitable low-
temperature oxidation of the hydrocarbons, especially in the presence
of nitrogen oxides [9]. It is therefore important to understand the
interaction of the alcohols with the metal|oil interface, in particular with
haematite-terminated surfaces, which represent the exposed surfaces of
cast iron and steel.

The adsorption on metal oxides of polar molecules from a solution in
nonpolar solvents, like alcohols from oil [10-14], is a difficult problem
to study. The main complications, among others, are:

(i) The variability of the surface. In most cases, a variety of different
crystal faces are exposed to the liquid phase, and possibly
different terminations of the same face [15-18]. There may be
different levels of hydroxylation [15,19,20] and carboxylation
[21] of the surface. The preparation method of the surface is
essential [22-24]: it may expose layers lying below the top
haematite layer; deposits from mineral particles will be present
after abrasive polishing or sandblasting etc. Surface roughness
may increase significantly the available area and may trigger
capillary condensation and adsorption hysteresis [25]; rough-
ening also seems to have a direct effect on the fractions of
adsorption sites [26]. Surface defects such as steps may serve as
adsorption sites [16]. These effects can result in limited repro-
ducibility of the adsorption data depending on the history of the
surface [22,26].
Trace impurities. The sample solutions and the ambient atmo-
sphere contain components which chemisorb at haematite. The
water content is a significant factor, even for relatively dry hy-
drocarbons in the 10-50 mM range [27]. Chemisorbed organic
impurities are commonly found at significant surface concentra-
tions [23] and are so difficult to remove from metal oxide sur-
faces that their C 1s signal in the X-ray photoelectron spectra is
conventionally used for calibration (i.e. binding energies are re-
ported not as absolute values but relative to the sp®> nonoxidized
carbon signal at 284.8 eV [28]).
Chemical reactions at the surface can be important. For example,
redox processes convert the alkanol to alkoxides; low-
temperature oxidation produces aldehyde and ketone [29] etc.
This reactivity may cause corrosion and accumulation of deposits
[30].
(iv) Competitive adsorption with the solvent [31,32].
(v) Association of the alcohol in the solution, homo- (with itself) [33]
or hetero- (e.g., with water and peroxides present as impurities)
[27].

(i)

(iii)

Here, we present a fundamental study of the surface behaviour of
alkanols, as arguably the simplest polar organic species that adsorb at
the FepO3|hydrocarbon phase boundary. We have attempted to provide
a mechanistic understanding for the effects of the structure of the metal|
oil interface and the alcohol on the parameters of the adsorption
isotherm.
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2. Materials and methods
2.1. Materials

We studied adsorption of the following alkanols: ethanol (>99.8 %
purity), hexan-1-ol (anhydrous > 99 %), hexan-2-ol (>99 %), hexan-3-
ol (>97 %), dodecan-1-ol (>98 %), 2-methylpentan-2-ol (>99 %), 2-
ethylhexan-1-ol (>99.6 %), hexadecan-1-ol (>99 %), from Sigma-
Aldrich. They were chosen so that a range of structures is covered —
different hydrocarbon chain length, branching, and different positions
of the ~OH group (primary, secondary, and tertiary). The solvents we
used were 2,2,4-trimethylpentane (isooctane, anhydrous > 99.8 %),
dodecane (anhydrous > 99 %) and tert-butylbenzene (>99 %), from
Sigma-Aldrich. These three solvents represent the three most important
components of fuel and lubricants (normal alkanes, isoalkanes, arenes);
we chose tert-butylbenzene because it is resistant to autoxidation, to
avoid accumulation of surface active impurities typical for arenes con-
taining a C—H bond in a position (C¢HsCHRj). All structures are listed in
the Supplementary material S1. All samples were used without further
purification apart from ethanol, which was dried over molecular sieves
(3 A). Fe,03 powder was obtained from Sigma Aldrich and confirmed to
be a-Fey03 via powder X-ray diffraction; Brunauer-Emmett-Teller (BET)
surface area was determined as 6.05 + 0.01 rnzog’1 [24]. The iron(III)
oxide- and stainless SS2343 steel-coated quartz crystals (FezogC and
steelQC, for short) were purchased from Biolin Scientific. SS2343 is rich
in Cr (~18 %) and Ni (=12 % molar), and has some Mo, Si, Mn (~1-2 %
each), and C (0.05 %) [34].

2.2. Quartz crystal microbalance (QCM)

A QCM instrument with dissipation monitoring, Q-Sense E4 system,
from Biolin Scientific, was used to measure the adsorption of alcohols
from alkane solution onto Fe,09C and steel°C. Details about the appa-
ratus [35], the cleaning procedures done before each run, and the
measurements are provided in the Supplementary material S3.

When a substance is adsorbed on the vibrating crystal, its resonant
frequency decreases. If the adsorbed mass is small compared to the mass
of the crystal, and is evenly distributed and rigidly attached, with no slip
or deformation due to the oscillatory motion, then the decrease in fre-
quency (Af) is proportional to the mass adsorbed on the crystal (Am)
according to the Sauerbrey equation [36]:

am— AVEPAS _ kaf

2n.f2 n, )

Here, k is a constant equal to 17.7 ng-cm™2-Hz ! for a quartz crystal of
surface area A = 1 cm? and fundamental frequency f, = 5 MHz; Uq is the
elastic shear modulus of quartz (2.947 x 10! g-em™1.s72), pq is quartz
density (2.65 g~cm’3), and n, is the overtone number (1,3,5...); see
supporting material S1 for a list of symbols. The resonant frequency of a
5 MHz quartz crystal can be measured with a precision of about 0.1 Hz in
liquids, according to the manufacturer [35]. Therefore, from Eq. (1),
adsorbed masses on the nanogram scale can be measured by the QCM.
The temperature of the measuring chamber, where not specified, was
kept between 23 and 25 °C. The average temperature in the laboratory
was about 21 °C; the average relative humidity was 45 %. The frequency
shifts were measured for two different crystals running simultaneously;
the shifts were converted to adsorbed mass through Eq. (1) and the re-
sults were averaged over the overtones up to n, = 11.

The device measures simultaneously the variation of the dissipation
energy factor, AD. It reflects the viscoelastic properties of the adsorbed
layer. The dissipation factor D is defined as [37] D = Egjssipated/ 2MEstored,
where Egigsipated is the energy dissipated per oscillation cycle, and Estored
is the net stored energy in the oscillating system. The more viscous the
adsorbed layer is, the more energy is lost from the oscillation. Soft,
dissipating films, or films made of viscoelastic fluids cannot be analysed
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via the Sauerbrey equation [36], which is only applicable [38] if AD < 2
x 107°. This condition is fulfilled for all results reported below. On some
occasions, in particular at alcohol concentration above 50 mM, the
recorded dissipation values were found to exceed the threshold (AD > 2
x 107%); accordingly, the respective measured frequency shifts were not
considered further.

2.3. Depletion isotherms

A few adsorption isotherms of alcohols on Fe;O3 powder were
determined by the solution depletion method described in ref. [14], for
comparison with the QCM data.

2.4. X-ray photoelectron spectroscopy (XPS)

XP spectra were recorded using a SPECS XPS system (SPECS GmbH,
Berlin) at the Cavendish Laboratory in Cambridge. The spectrometer is
equipped with Al Ka monochromatic source (hv = 1486.6 eV) operating
at 30 W, composed of a SPECS XR50 MF X-ray gun and a p-FOCUS 600
monochromator, and PHOIBOS 150 1D-DLD analyser. All binding en-
ergy values reported in this paper are relative to the Fermi level. All
spectra were calibrated against the peak for nonoxidized sp® carbon in
adventitious organic impurities at 284.8 eV [28] and corrected using a
Shirley background. The XPS CASA program (Casa Software Ltd.,
Cheshire, UK) was used to deconvolute the data. Analysis was made of
the Fe;09C and steel°C surfaces before contact with the oil phase
(pristine surfaces) and after contact with hexanol solution in alkane (i.e.
surfaces with pre-adsorbed alcohol and possibly solvent molecules). The
XPS measurements were taken under vacuum where weakly bound
material is expected to evaporate; only strongly adhering molecules
remain at the surface. This certainly includes chemisorbed (i.e. chemi-
cally bonded) alcohol; moreover, we expect that some strongly bound
physisorbed alkanol (e.g., double hydrogen bonded) also remains at the
surface. Indeed, both chemisorbed and physisorbed water are detectable
on iron oxides even after prolonged degassing [39,40].

(a)
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3. Results and interpretation
3.1. XPS of the solid surfaces

The XP survey spectra of both Fe;09¢ and steel°C in Fig. 1(a) show
peaks at binding energies of ~ 710, 530, 285, 95, 55, and 20 eV,
attributable to photoemission from core levels of Fe 2p, O 1s, C 1s, Fe 3s,
Fe 3p, and O 2s/C 2s photoelectrons, respectively. The broad peaks
centred at 974, 894, 847 and 785 eV can be assigned to Auger transitions
of Fe and O. Stainless steel S52343 contains more elements. The XPS
signal from these elements is weak: there are Cr 2p peaks at ~ 575 eV,
but the Ni region at 855 eV (strongly overlapping with Fepyny) does not
imply significant concentration of Ni on the surface, and the same can be
said for Mo, based on the region ~ 230 eV. Ni and Mo indeed have little
affinity to the surface of steel under oxidizing conditions [41]. Mn and Si
may sometimes be dominant components in the outermost oxide layers,
depending on the history of the probe [41,42]; in Fig. 1(a), weak Mn 2p
peaks can be seen around 640 eV, but the Si region (100 eV) differs little
for Fe,09C and steel®C. Thus, the surfaces of our S$2343- and Fe;O3-
coated plates show broadly similar surface chemistry, dominated by
Fey03, with some Cr, and perhaps traces of Ni and Mn on the steel®C
surface.

The high-resolution Fe 2p spectrum of pristine Fe303, Fig. 1(b),
exhibits two distinct signals, Fe 2p3/2 at ~ 710.7 eV and Fe 2p; 5 at ~
724.3 eV, with a satellite located at 718.8 eV, which is a feature of
a-FeyO3 [43,44,45]. The minimum number of peaks sufficient to
deconvolute the Fe 2ps/; signal is three — these are found at binding
energies of 709.5, 710.7 and 712.8 eV, and can be assigned to Fe?*(FeO-
type), Fe3+(Fe203—type) and Fe3+(FeO—OH—type), respectively. The Fe?*
responsible for the ‘pre-peak’ at 709.5 eV is usually assumed to be
produced during the surface preparation [46]. The 2p3/; level is actually
a triplet [46], so this deconvolution is approximate.

The respective high-resolution Fe 2p region of pristine steel?C
surface is shown in Fig. 1(c). The deconvolution of this signal requires at
least 4 peaks; these may be assigned [43,44,46] to neutral iron Fel at
707.1 eV, Fe?" at 709.8 eV, Fe®* (Fe,053) at 710.7 €V, and Fe>* (FeO-OH)
at 712.9 eV. The similarity of the spectra of stainless steel and Fe;O3
shows that steel%C is haematite-terminated, as expected in the presence
of oxygen [47,23]. The signals assigned to Fe® and Fe?* may come from

(b) o
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Fig. 1. (a) XP survey spectra of as received iron oxide- and stainless steel-coated crystals (Fe,0%° and steel®). Fe 2p high resolution peaks for (b) iron(III) oxide and

(c) stainless steel, with deconvolution.
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layers of FeCry04, Fe3O4 and iron lying below the top layer of Fe;Os;
from cementite; or from defects made during the preparation of the
surface. A similar high-resolution Cr 2p spectrum was recorded for the
surface of steel°C and deconvoluted to a main Cr®* feature at 576.5 eV,
another for Cr-OH at 579.3 eV, and a narrow peak at 574.2 eV for
metallic chromium [48,49]. The data agree with a typical oxidized 18 %
chromium steel surface, where the top layer of the iron surface, Fe;Os, is
substituted with a solid mixture FesO3 + Cra03 (Cr-depleted compared
to the base alloy), and the second layer of Fe3O4 is substituted by
partially miscible spinnels (FeCr,O4 and Fe3O4 with some Ni?") [50,47].

Hence, the surface of stainless steel is similar to that of haematite in
terms of main chemical functionality (featuring partial hydroxylation)
but differs to some extent in surface concentration of functional chem-
ical groups and, moreover, has more admixtures and defects, as can be
expected.

3.2. XPS of Fe;09¢ after adsorption of hexanol — Fe 2p region

Fig. 2(a) shows the high-resolution spectra of the pristine Fe;O3-
coated crystals, with no hexanol adsorbed. After adsorption from 10 mM
hexanol in dodecane on Fegogc, we observed a decrease in intensity of
the peaks of Fe 2p; /2 at 724.3 eV and Fe 2p3,» at 710.7 eV, Fig. 2(b).
Moreover, the peak at 710.7 eV shifted to lower binding energy of 710.1
eV. A further increase of concentration to 30 mM hexanol leads to a
further decrease of the intensities of Fe 2p3,2 and Fe 2p; /o, Fig. 2(c), but
without further shift. The FeO-OH peak at 712.9 eV is not shifted, but its
intensity changes in parallel to the main Fe;O3 peak.

The decrease in intensity of the iron signals is due to screening from
the layer of hexanol adsorbed at the surface. The shift may be due to
formation of FeO-OCgH;3 (hexanol chemisorbed as hexoxide). Chemi-
sorption is approximately concentration independent [31,51]; there-
fore, the difference between the spectra at 10 mM and 30 mM shows that

Journal of Colloid And Interface Science 685 (2025) 15-28

a fraction of the physisorbed hexanol remains at the surface, surviving
the drying process before measurement and the vacuum in the XPS
chamber. Similar behaviour has been reported for adsorption of water
vapour [39].

An attempt has been made to desorb the alcohol by sonication in
pure isooctane of the Fe,0%C surface with hexanol pre-adsorbed from
30 mM solution. This did not remove the adsorbed hexanol molecules
completely, as inferred from Fig. 2(d). The XPS peak intensities in Fig. 2
suggest a level of adsorption after the washing the 30 mM probe similar
to that of the unwashed 10 mM probe. A possible explanation is that, at
10 mM, most of the sites that allow chemisorption are already occupied
but without significant physisorption, and a further increase to 30 mM
contributes to the physisorption of alcohol only. The washing process
leaves the chemisorbed molecules at the surface; in contrast, the com-
plete cleaning procedure described in the Supplement S3 (involving
high-temperature treatment in an oven) does return the surface to the
initial pristine state.

3.3. O 1s core level

The high-resolution XP spectrum of pristine Fegogc surface exhibits
an asymmetric O 1s peak. It was deconvoluted into two peaks: one at
529.6 eV, associated with the lattice oxygen (Fe2Os, see Fig. S1(a) in S2),
and a second at 531.1 eV, attributed to surface hydroxyl (FeO — OH)
groups, in agreement with literature [15,52,53]. Organic > C=0 from
adventitious impurities and metal carbonates likely contribute to the
latter signal.

Fig. S1(b) in S2 shows the O 1s core-level spectrum from Fe;09¢ that
had been in contact with 10 or 30 mM hexanol solution in dodecane. In
this case, the high-resolution XP spectrum can be deconvoluted into four
peaks. In the presence of hexanol, the main peak at 531.1 eV is probably
a combination of FeO-OH and oxygen in iron(III) hexoxide (FeO-OC,
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Fig. 2. Fe 2p core-level photoelectron spectra of (a) pristine Fe,O3; (b) after adsorption of hexanol (10 mM); (c) after adsorption of hexanol (30 mM), and (d) after

desorption from the sample from (c).
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formed by dissociative adsorption of alcohol [54-57]). The peak at 533
eV is the physisorbed C¢H130H, and possibly water [58]; its presence
again confirms that the vacuum in the XPS chamber does not remove the
physisorbed hexanol completely. The last peak at 536 eV is difficult to
assign, but the large shift may correspond to a peroxide bond. Peroxides
are the primary products of oxidation of organics [59,9], and the for-
mation of oxidation products resulting from the X-rays exposure of the
alcohols is well-documented; iron catalysis may contribute to the rate of
oxidation [59]; another possible explanation is free water released in the
gas phase [15].

Increasing the hexanol concentration C from 0 to 10 mM and further
to 30 mM decreases the intensity of the main FepOs peak due to
screening of the signal by the adsorbed layer of hexanol, similar to the
drop in the area of the Fe3O3 peaks in Fig. 2. Importantly, the intensity of
the second peak at 531.1 eV increases; this is evidence for alkoxide
formation (i.e. this is a compound signal from screened FeO-OH and
newly appearing FeO-OC).

Sonicating Fe,09€ with pre-adsorbed hexanol (30 mM probe) in pure
alkane desorbed all the physisorbed alcohol and also the hypothetical
oxidation products — the peaks at 533 and 536 eV disappear. Moreover,
the main two peaks in the spectrum return to their 10 mM values. The
intensity of the 531.1 eV peak drops after washing but remains higher
than that of the pristine haematite; this means that some, but not all,
chemisorbed molecules are irreversibly bound to the surface. The full
cleaning procedure (see S3) results in peaks going back to the intensities
of pristine Fezogc.

3.4. C 1s core level

The high-resolution C 1s XPS signal for pristine iron oxide surface is
reported in Fig. S2(a) in S2. The signal can be deconvoluted into three
peaks that we assigned to sp3 chain carbon [60] (C—C—C and C—C—H,
284.8 eV), sp3 carbon adjacent to oxygen [60-63] (C—C—O0O, ~286 eV),
and carbonates and organic sp? carbon in a carbonyl group [60]
(>C=0, ~288-289 eV). This last C 1s signal is a consequence of
adventitious CO2 and organic contamination deposited as a result of the
exposure to air [64]. The first peak was used as reference for the entire
spectrum and was set to [28] 284.8 eV. The observed binding energy
separations from the main carbon peak agree with published values
[65-68].

The adsorption of hexanol from 10 mM dodecane solution onto
FezogC resulted in increased intensity of the three main carbon peaks, as
shown in Fig. S2(b and c). These three peaks changed little upon further
increase in concentration to 30 mM or washing. The increase in the >
C—O0 peak at 288 eV could be due to oxidation of the adsorbed layer to
various products under the action of the X-rays, O3 and iron catalysis; it
is possible that the hexoxide carbon (CsH;2,CH0-Fe) contributes to this
peak. Moreover, two new peaks at 293 and 295-296 eV evolved on the
high-energy side of the C—C component. These disappear after soni-
cation in isooctane. The assignments of these two peaks were not
conclusive.

3.5. Comparison with previous results

There are several spectroscopic studies in the literature that can be
compared to ours. Kataby et al. [55] studied the adsorption of octan-1-
ol, dodecan-1-ol and tridecan-1-ol from concentrated ethanol solutions
on iron nanoparticles using XPS and Fourier transform infrared spec-
troscopy (FTIR) at room temperature. They reported the Fe 2p3,, and O
1s spectra of pristine iron and alcohol-coated iron surfaces; the iron
appears to be FeyOs-terminated, and the solvent used (ethanol) is un-
likely to allow any observable physisorption of the solutes. The FTIR
spectrum of the adsorbed alcohol onto iron oxide nanoparticles showed
that alcohol (either solute or solvent) is bonded to the surface of the iron
nanoparticles mostly through FeO-OC bonds [55]. They also found that
the O—H stretching vibration of the alcohol at 3288 cm™! disappears
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upon adsorption, confirming the formation of a chemical bond between
the alcohol and iron. Thus, in contrast to our systems, physisorption of
the alcohol was negligible for the solutions they studied, probably
because the ethanol solvent dominated the physisorbed layer but
evaporated before the spectrum was taken.

Busca [69] reported IR results that show both physisorbed and
chemisorbed fractions of adsorbed isopropanol vapours on haematite. In
contact with the alcohol vapour, the physisorbed fraction gives the
stronger signal, but after degassing, only the chemisorbed fraction re-
mains at the surface. The chemisorbed isopropanol appears to be in the
form of isopropoxide, FeO-O-i-Pro, formed by dehydration from FeO-OH
and i-ProOH, or possibly by addition to two adjacent oxygens (FexO3 + i-
ProOH — Fe,O(OH)-0-i-Pro). Methanol and ethanol were found to
behave similarly [29,69].

The XPS binding energy shift in Fe 2p and O 1s has been reported
[70] for the adsorption of aqueous phenol (at varying pH) on iron oxide
nanoparticles (probably haematite-terminated magnetite) at 30 °C. The
oven-dried samples showed little, if any, phenol adsorption; the data
may be complicated by a corrosion process.

3.6. Adsorption model

The XPS results show that at least two distinct populations of alcohol
molecules exist at the surface: chemisorbed and physisorbed. The
adsorption isotherm has to reflect this. Moreover, the two populations
can assume different configuration at the surface. The data reported
below indicate that long chemisorbed alcohols tend to lie parallel to the
surface; this is because the chain orientation is restricted by a metal
alkoxide bond of fixed geometry (FeO-OC,Hj,:1), and the shorter
chemical bond facilitates stronger chain-surface interaction. By contrast,
a physisorbed alcohol molecule is linked to the surface by longer and less
specific hydrogen bonds and, therefore, can assume a range of config-
urations; in a dense monolayer of physisorbed alcohol, the hydrocarbon
chains should approach approximately normal orientation with respect
to the surface.

Let the population of chemisorption sites be of surface density I'.
(number per unit area), and let these be completely occupied at any
nonzero concentration of alkanol, as typical for chemisorption [31]. Let
the density of physisorption sites be I'y. For simplicity, we assume that
the areas per physi- and chemisorption site are both equal to a;,. The
value of a;, is perhaps about 15 A2 per site (this is the area per oxygen
atom at the {001} face of haematite [71]). As a further approximation,
we assume that the cross-sectional area of a physisorbed alcohol mole-
cule standing upright is again equal to a, — the crystallographic cross-
sectional area of normal alcohols is ~ 18 A2 [72], close to the site area.

The area a. covered by a chemisorbed molecule may be larger than a,
if the axis of the hydrocarbon chain of the chemisorbed molecule is in-
clined at a small angle to the surface, such that a larger projected area is
covered compared to the upright physisorbed species. Thus, a chem-
isorbed molecule covers simultaneously the chemisorption site to which
it is linked and (a.-ap)/a, adjacent sites. Of these, some are chemi-
sorption and others are physisorption sites, of amount set by their mean
fraction for the surface. If the fraction of chemisorption sites is x. = I'c/
(I'c +I'p) = apl’c, then each chemisorbed molecule covers N. chemi-
sorption sites, where:

a.—a,

Ne=1+——x=

o 1+ (ac

)T, @

For N, chemisorption sites bound by each chemisorbed molecule, the

surface concentration /I"chemisorption Of chemisorbed alcohol is by a factor
of N, smaller than the number 7', of available chemisorption sites:

I X

Ne ™ ap+ (@ — @) ©

I chemisorption —

This formula predicts that the chemisorption decreases as the hydro-
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carbon chain length of the alkanol increases — the larger area a. occupied
by a longer alkanol covers multiple chemisorption sites, preventing
them from binding the head group of another molecule. The minimum
value of a. is ap, (one site covered) and it corresponds to I"chemisorption =
I'. (all chemisorption sites occupied). In the other limit of very large a,
complete coverage of the surface is approached by the chemisorbed
molecules alone (I"chemisorption = 1/ac < I'c), with no available sites for
physisorption.

The physisorption takes place on the fraction 1-acl chemisorption Of the
surface area not occupied by chemisorbed molecules. We assume a
simple Langmuir isotherm holds for the physisorbed alcohol:

K,yC

_fart 4
1+ a,K,yC )

thysisorption = (1 - acrchemisorption)

Here, the physisorption constant K, is defined in units [m] (compared to
Langmuir’s constant K = a,K, in units m® or m®/mol); y is the activity
coefficient of the alcohol in the bulk alkane solution.

QCM measures the QC mass change upon exchange of pure solvent
with a solution. Hence, there may be a contribution from the detach-
ment of solvent as the additive adsorbs, depending on the strength of
binding of the solvent to the substratum. If the solvent binding is weak
(more precisely, if the binding of solvent to pristine surface and to sur-
face with alcohol layer do not differ significantly), then additive
adsorption alone will be followed by the QCM. In this case, the alcohol
adsorption measured by QCM corresponds to I' = I'chemisorption +
thysisorptiony or from Egs. (3)&(4):

Xe + a,KyyC

=
[ap + (ac — @p)xc ] (1 + a,KarC)

)

We refer to Eq. (5) as the chemisorption-physisorption Langmuir model
(CPL). It involves four adsorption parameters. It can be assumed that the
first of them, the fraction x. of chemisorption sites, depends on the na-
ture of the surface, but not on the structure of the adsorbed alcohol. For
normal alcohols, the area aj, is expected to have value close to their
crystallographic cross-sectional area. The area per chemisorbed alcohol
a. is at least equal to a, and should not exceed by much (n + 1) x q,
(corresponding to the assumption that each CH; group covers one site
for molecule parallel to the surface). Finally, the physisorption constant,
K,, is related to the free energy of formation of one or two hydrogen
bonds and the loss of transitional degrees of freedom upon adsorption.
K, can be expected to depend strongly on the degree of hydroxylation,
the temperature, the crystal face, and weakly on the nature of the sol-
vent and the hydrocarbon chain of the alkanol.

Alkanols are known to associate in alkanes and hence the activity
coefficient y is appreciably smaller than 1 already at C = 20 mM [33].
The association is represented by an equilibrium of monomer and as-
sociates. The extent of association increases with increasing concentra-
tion and depends on the association equilibrium constant for the studied
system. We calculated the activity coefficient by solving the approxi-
mate monomer-tetramer equation C = yC + 4K4(;/C)4 for y at each
experimental concentration; here, K4 = 780 M3 [33] is the tetrameri-
zation constant of the alcohol in the oil phase (see S5). The association is
driven by the polar head groups and hence we used the same value for all
alcohols in this work. Since K4 does depend to some extent on the
structure of the alcohol and the solvent, the computed y values are
approximate. Nevertheless, the activity correction is rarely important
for the concentration range we study, because the data that are affected
fall in the plateau region of the isotherm, where the correction produces
a shift in the direction of the x-axis that has almost no effect on our
conclusions.

For comparison, McCafferty and Zettlemoyer successfully used a
similar model for water vapour adsorbing on haematite [73]; phys-
isorbed water, however, forms a multilayer, so they used the BET
isotherm for I'physisorption instead of Langmuir’s. The areas a. for hy-
droxyl and a, for H2O are approximately equal, and McCafferty and
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Zettlemoyer were able to control the initial hydroxylation (i.e. x.) of the
fresh surface via the outgassing temperature. Most other studies in the
literature ignore the chemisorption. For example, Lee and Staehle tried
BET without chemisorption to find that it “consistently underestimates
amounts of adsorbed water at low and intermediate relative humidity”
[74]. They had better success with the Frenkel model [75,76], which
qualitatively resembles a chemisorption-physisorption isotherm at low
concentrations (but this model was originally developed for multilayer
physisorption at very high coverages only).

3.7. Adsorption data and adsorption parameters

3.7.1. Effect of hydrophobic chain length

We first investigated the effect of the alcohol chain length on the
amount of n-C,Hy,+10H (n = 2,6,12,16) adsorbed from dodecane on
Fezogc, Fig. 3(a). We limited ourselves to concentration below 20 mM
(30 mM for ethanol), as, above that, the viscosity of the solution changes
and Sauerbrey’s equation is not applicable. In the range considered,
ethanol and hexanol follow 1-type of adsorption [77], with a plateau at
C > 1-5 mM. The isotherms of dodecanol and hexadecanol appear to be
more complex. The adsorption at a given concentration decreases with
the increase in length of the hydrocarbon chain (I'ethanol > Ihexanol >
Tdodecanol > I'hexadecanol)- A similar trend was reported for adsorption of
short chained alcohols from heptane on Fe;0O3 powder [13], from decane
on kaolinite [78], and for n = 2, 8 and 12 from p-xylene and n-heptane
on rutile [79].

We analysed the data by comparing them with the CPL model (5). To
reduce the number of fitting parameters, we assumed that the area aj,
(cross-section of physisorbed molecule & area per site) is independent of
n; moreover, all Fe,09¢ plates were assumed to have the same surface
chemistry, so the fraction x. of chemisorption sites is the same for all
four data sets. The data for the four alcohols (n = 2,6,12,16) were fitted
simultaneously with the remaining 10 parameters (one x, one aj, four a.
and four K,, i.e. 2.5 free parameters per isotherm of each alcohol), by
optimizing the following merit function:

5F = 3> [M(CusiXe, Gen, Gp. Kan) = Tai] /(N — 10) (6)

Here, {Cp i, I'n,i} is the ith experimental data point for the nth alcohol, i.e.
we fit a three-column table (with values of set n and C and measured I')

I’[umol/m?] b

] M: 16
o " 1g(C/mM])

Fig. 3. Adsorption I' vs activity yC of C,Ha,,10H for n = 2,6,12,16 adsorbed on
Fe,03-coated quartz crystal (Fe;09°) from dodecane at 23 °C. Lines are the CPL
model (5), with the parameters in Table 1.
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with a theoretical surface I'(C,n).

The results are presented in Fig. 3 and Table 1. The fitted value of the
fraction of chemisorption sites is x. = 13 %, i.e. one in 7-8 surface sites
binds chemically the alcohols. The area a, found from the regression is
18.5 A2, practically equal to the crystallographic area of solid alkanols
[72], somewhat higher than the area per oxygen atom at Fe,O3 {001}
surface (15 A2 [71]), but close to water’s BET area per molecule on
haematite (21 A2 [80]). The area a. increases with n, as Fig. 4 shows; this
confirms that the chemisorbed molecules have a small inclination angle
with respect to the surface. Chemisorbed ethanol covers a single site (the
fitted a. was at its lowest allowed value equal to ap); hexanol covers 2.5
sites (one occupied chemisorption site and 1.5 additional sites blocked
by the hydrocarbon tail). The tails of chemisorbed dodecanol and hex-
adecanol appear to cover large areas, but the CPL isotherm is not very
sensitive to the exact value of a. in these cases. To avoid unphysically
large areas, we set an upper limit for this parameter: a. = (n + 1)ap, and
the optimization produced values of a. at this limit for n = 12 and 16.
Finally, the physisorption constants of the four alcohols decrease with
the length of the hydrocarbon chain (K, = 90, 14, 2.5 and 0.25 pm for n
= 2, 6, 12 and 16, respectively, see Fig. S6 in S4).

To investigate further the validity of the model and the dependence
of a. and K, on n, we analysed the data by Allen and Patel [13] for
adsorption of butanol, hexanol and octanol from heptane on Fe;O3
powder. The adsorption Eq. (5) agrees well with their data. For this
analysis, to reduce the number of fitting parameters, we set a, equal to
18.5 10\2, as found from our QCM measurements. The rest of the pa-
rameters were obtained from the fit. The comparison between the model
and the data is shown in Fig. S5 in S4, and the parameter values are
listed in Table 1. The fraction of chemisorption sites at the surface of
Allen and Patel’s Fe;O3 powder is higher than that at our Fe;O3-coated
quartz crystal: x. = 22.5 % for Fe;08°"9®" one in 4-5 sites (vs 13 % for
Fezogc). The obtained areas per chemisorbed molecule follow a trend
with n that agrees well with that from our own data, Fig. 4. However, the
adsorption constant derived from Allen and Patel’s measurements is less
dependent on n than ours (K, = 1.2, 2.1 and 2.2 pm for n = 4, 6 and 8;
the dependence is plotted in Fig. S6 in S4).

The data by Nakayama and Studt [10,11] for octadecanol adsorbing
on iron metal powder from hexadecane were analysed similarly

Table 1
The parameters of the CPL model for alcohols at the alkane|haematite interface.
Alcohol Interface a, ac X¢ In(K,/ Sr[pmol/
[A%] [m]) m?] ¢
C,HsOH * Fe,08¢| 1855 9|1 0.1315 -9.34 035
dodecane X ap
CeH;30H * 2.49 —11.20
X (Ip
C15H,s0H E -12.88
N 13| x
a4
C16H330H d —-15.18
a 17|x
ap
C4HoOH " Fe,08°wder| 4 1.53  0.225 -13.60  0.09
heptane 18.55] X ap
CgH30H ° 2.76 —13.06
X (Ip
CgH;,0H ° 7.70 -13.02
X ap
CigH3;OH  FePowder| 4 b 0.0145 -10.99  0.34
N hexadecane 18.55|  19|x
b

2 QCM data, 23 °C.

b From detention time in adsorption column [13], 22 °C.

¢ Depletion isotherms [10,11], Fe,O3 -terminated iron powder|hexadecane,
23 °Cor 30 °C.

4 ']...| indicates fixed value; |... indicates value at the lower limit allowed by
the optimization procedure; ...| means upper limit.

¢ Deviation, Eq. (6).
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Fig. 4. Dependence of the area a. per chemisorbed molecule on the chain
length n of normal alcohols adsorbing at the Fe,Os|alkane interface. Empty
circles are based on our QCM data; solid circles are based on data from ref. [13];
cross is based on ref. [10,11], see Table 1. The horizontal solid line corresponds
to projected area of hydrocarbon chain normal to the surface (0 = 90°); the
inclined solid line stands for chain parallel to the surface (8 = 0°).

(Fig. S5). The outermost layer of metallic iron is expected to be Fe;O3
again. The fitted values indicate fewer chemisorption sites on this sur-
face (x. = 1.3 %). As with our data for dodecanol and hexadecanol, the
area per chemisorbed octadecanol is found to be at the upper allowed
limit, a. = 19 x ap,. The physisorption constant is 17 um, close to ours for
hexanol, but larger than our K, values for higher alcohols (Fig. S6).

The dependence of a. on n in Fig. 4 indicates that short chained al-
cohols (ethanol, butanol) remain inclined at a high angle to the plane of
the surface (6 > 70°) upon chemisorption; in contrast, all higher alcohols
(octanol-octadecanol) are approximately parallel to the surface (6 <
20°). A transition between the two configurations appears at about n =
6, and hexanol shows an intermediate behaviour. Allen and Patel [13]
discovered a related transition taking place at n = 6 in the adsorption
heat of series of alkanols at Fe;O3|alkane.

3.7.2. Solvent effect

The adsorption isotherms of hexanol onto Fe,09¢ from three
different hydrocarbon solvents — dodecane, isooctane and tert-butyl-
benzene — are shown in Fig. 5. Evidently, the nature of the solvent has a
marked influence on the adsorption behaviour for the studied system,
far more significant than what is observed, e.g., for alcohols at water|oil
interfaces [81]. Both the initial slope and the plateau value of the
isotherm are affected.

The CPL model (5) was used to interpret the data in Fig. 5. The area
ap per physisorbed molecule (or per site) was set equal to 18.5 A2 as
found in the previous section. The other three parameters — a,, x., and K,
— were found to change with the solvent (Table 2).

The physisorption constant K, is significantly higher in isooctane (83
pm) and tert-butylbenzene (59 pm) than in dodecane (14 pm). This is
probably due to a combination of effects: (i) the adsorption of hexanol
requires the desorption of a solvent molecule, therefore, the difference
in K, might reflect high adsorption energy of the straight-chain dodec-
ane compared to the branched hydrocarbons. Indeed, n-alkanes are
known to adsorb on metal oxide surfaces with significant adsorption
heats [82] and isooctane’s branched structure makes the contact diffi-
cult. (ii) The difference between isooctane and tert-butylbenzene may
be due to a similar reason (higher affinity of the benzene ring to the
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Fig. 5. Adsorption isotherms of hexanol from dodecane, isooctane and tert-
butylbenzene on Fe,09€ at room temperature. Lines: the CPL model (5), with
the parameters from Table 2.

surface [36,83,84]) or due to tert-butylbenzene, as an aromatic hydro-
carbon, being a better solvent [85] for the polar hexanol. (iii) The state
of the physisorption sites may be affected by the solvent: the partial
hydroxylation and water physisorption of the surface, the chemistry of
the pre-adsorbed organic molecules etc. are likely to vary from solvent
to solvent.

The orientation of the chemisorbed hexanol changes from intermediate
in dodecane (a. = 2.49 x ap) to parallel to the surface in isooctane and
tert-butylbenzene (a. ~ 7 x ap, see Table 2). Fig. 4 shows that hexanol is
at a point of a fine balance, intermediate between the short alcohols
standing normal and the long alcohols lying parallel to the surface. As a
result, chemisorbed hexanol’s orientation should vary more than that of
any other alcohol. A branched hydrocarbon is a worse solvent for the
straight-chain hexyl than n-dodecane, and n-dodecane should adsorb
more strongly at the Fe,O3 surface. Therefore, isooctane favours parallel
orientation of chemisorbed hexanol molecules more than dodecane.

The fraction of chemisorption sites x. may be affected by the solvent
indirectly, by the impurities present. The XPS data in Fig. S2 show
chemisorbed organic impurities even on the pristine surface. Trace
amounts of peroxides in the solvent (the primary product of autoxida-
tion of hydrocarbons [59]) are likely to add up to this pre-chemisorbed
material, i.e. the chemisorption sites can be partly occupied before the
alcohol is introduced to the QCM cell. The fitted values show more
chemisorption sites available in isooctane (x. = 16 %) in comparison
with dodecane (x. = 13 %), and significantly increased x. in tert-butyl-
benzene (23 %). One possible explanation is that, since tert-butylben-
zene is resistant to autoxidation [59], less oxygen-containing impurities
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are pre-adsorbed and more chemisorption sites are free for the alcohol to
occupy in this solvent.

The simultaneous change in K,, a. and x. from one solvent to another
leads to an interesting effect: at high concentration, the adsorption of
hexanol is largest at Fe;O3|dodecane due to smaller area per chem-
isorbed molecule; at low concentrations, however, the hexanol adsorbs
the least at Fe;03|dodecane, due to small K, and x, (Fig. 5).

To confirm these observations, we investigated the adsorption of
hexanol at steel®|dodecane and steel?C|isooctane. Indeed, the adsorp-
tion data at these interfaces agree with a. = 2.49 x q, at steel €|
dodecane and with a. ~ 7 x a, at steelQC|isooctane, same as those for
FegO?C (see Table 2).

Similar trends were reported in the literature for other polar mole-
cules. The adsorbed amounts of 4-n-nonylphenol on Fe;O3 was found to
be higher in a mixture of dodecane (45 %) and isooctane (55 %) than in
dodecane alone [14]. Bewig and Zisman [32] investigated the adsorp-
tion of primary amines on platinum from several alkanes: they found
that adsorption from branched alkanes and aromatic solvents is lower
than that from straight-chain alkanes, which agrees with our results in
Fig. 5 at high C; also, adsorption from long chained hydrocarbons was
found to be higher than that from short chained ones. Groszek [12]
found that the adsorption of hexanol and octadecanol onto Fe;O3 and
iron metal is higher in hexadecane than in heptane. These observations
have been attributed to the formation of a mixed orientated film which
includes solvent molecules. Allen and Patel [86] found butan-1-ol to
adsorb on TiO, powder more strongly from heptane than from benzene
and xylene, which they attributed to competitive adsorption between
the hydrocarbon and the alcohol. Since their data are for monolayers
close to saturation, we think instead that this may be an effect on the
orientation similar to the one discussed above with hexanol (i.e. it comes
from ac, not K3).

The solvent-specific trace level of water may be a factor in the
observed trends, since removing water completely from the hydrocar-
bon is a challenge. Water hydroxylates the Fe,O3 surface; moreover, it
can physisorb, and can associate with dissolved alcohol in the organic
solvent. For example, the adsorption of octadecanol and octanol from
dry xylene and heptane onto TiO, was higher than that from solutions
containing traces of water [87,88], attributed to competition with
water. The solubility of water in aliphatic hydrocarbons decreases
slightly as the chain length increases [89,90] and it is higher in aromatic
hydrocarbons than that in aliphatic ones. The degree of branching of the
side chains decreases water solubility in aromatic hydrocarbons, but has
the opposite effect in aliphatic hydrocarbons [89]. For our solvents, the
water solubility at 20 °C decreases in the following order [89]: tert-butyl
benzene (19.5 mM) > isooctane (7.9 mM) > dodecane (estimated 3.4
mM) > hexadecane (3.0 mM). The presence of more water in tert-
butylbenzene could contribute to the observed decrease in absorption of
hexanol compared to dodecane at high concentration. However, water
explains neither the difference between dodecane and isooctane nor the
adsorption behaviour at low concentration of hexanol.

3.7.3. Effect of the nature of the surface
From the discussion so far, it is already evident that the nature of the
FeoO3 surface changes depending on the way of preparation and the

Table 2

Role of the solvent and the surface on the adsorption parameters.
alcohol interface a, [A?] a. Xe InK,[m] 5r[pmol/m?]
CeH;130H Fe,09¢|dodecane 18.55 2.49 x a, 0.1315 —11.20 see Table 1
CeH;30H Fe,0%¢|isooctane |18.55| 7|xay 0.1616 -9.40 0.20
CeH;30H Fe,05¢| tert-butylbenzene |18.55| 7| xap 0.233 —9.74 0.18
CeH,30H steel%|dodecane |18.55| |2.49| xa, 0.0855 —8.55 0.49
CeH;30H steel°C|isooctane |18.55| |7|xap 0.053 -8.12 0.28
CgH130H Fe,08°"4"|isooctane |18.55| |7|xap 0.050 —13.51 0.75
CoHsOH [14] Fe,08°"4"|isooctane |18.55| [1]xap 10.050| -13.10 0.6

|...| indicates fixed value, |... indicates value at the lower limit allowed by the optimization procedure; ...| means at the upper limit.
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actual material. This is informed by (i) the XP spectra (Fig. 1), and (ii)
the difference between the parameters K, and x. of the adsorption iso-
therms for our Fe,0% and steel®C, the iron powder of Nakayama and
Studt, and the haematite powder of Allen and Patel (Table 1 and
Table 2). To analyse the role of the surface, we compare in Fig. 6 the
adsorption of hexanol at three different Fe,Os|isooctane surfaces, with
Fe03 being the top layer of either haematite- or stainless steel-coated
quartz crystal (QCM measurement), or of Fe;O3 powder (measured via
the depletion method). Although all these surfaces are haematite-
terminated, the preparation of the surface results in large differences
in the measured adsorption.

The respective adsorption parameters of CPL are listed in Table 2.
The physisorption area a, was fixed to the value 18.5 A2 found before.
We also fixed a. = 7 x ap (chemisorbed molecules parallel to the sur-
face), as found in the previous section for hexanol at Fe;0O3|isooctane.
The values of x. and K, depend on the surface. Steel?C has lower fraction
of chemisorption sites than Fe;0%C (x. = 5 % compared to 16 %); the
FeoO3 powder is also of low x. (5 %, like steel°). K, is strikingly
different for the three surfaces: very high for steel® (300 pm), and very
low for Fe;O3 powder (1.4 pm), compared to 83 pm for Fe,03. We
compared our results with data for hexanol at Fe,08°"9¢"|heptane of
Allen and Patel [13]. Their Fe;O3 was found to have a similar adsorption
constant to our powder, K, = 2 pm, but with a higher fraction of
chemisorption sites, x. = 22.5 % (Table 1).

These trends were confirmed with a couple of additional measure-
ments (see Table 2):

(i) We studied the adsorption of hexanol at steelQC|dodecane (rather
than isooctane). Fixed values of the areas a, = 18.5 A% and a. =
2.5 x ap, as for Fegogc|dodecane, agree well with the data, i.e.
the orientation of both physi- and chemisorbed molecules indeed
seems to depend on the solvent but not on the nature of the
surface. The number of chemisorption sites was again found to be
smaller for steel®C (xc = 8.5 %) than for Fe208C|dodecane (13 %).
The physisorption constant for SteelQC|dodecane is again very
high (K, = 200 pm).

 1g(C/[mM])

Fig. 6. Adsorption isotherms of hexanol from isooctane onto Fe,O3 for different
haematite surfaces. Solid lines are Eq. (5) with the parameters from Table 2.
The data by Allen and Patel [13] for hexanol at Fe,08°9¢"|heptane are given
for comparison.
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(ii) We studied the adsorption of ethanol (rather than hexanol) at
Fe20§°Wder|isooctane, using the depletion method. We investi-
gated the data for below 6 mM only. We fixed the values of all
parameters known from the previous sections: for ethanol, a, =
a. = 18.5 A%, see Table 1; for Fe;08°"9¢'|isooctane, x. = 5 %
(obtained from the fit of the data for hexanol in Fig. 6). The only
parameter left, the physisorption constant of ethanol, was ob-
tained by regression as K, = 2 pm, close to the value for hexanol.
Above 6 mM, the measured apparent adsorption corresponds to
multilayer coverage. While not impossible, it is unlikely that
multilayer structure can form on Fe,O3 powder but not on Fe;O3-
coated quartz crystal (see Fig. 3). The apparent multilayer
adsorption may be an artifact due to capillary condensation in the
pores of the powder or because of the alcohol inducing dispersion
of the FeyOg particles (i.e. the specific surface of the powder may
be increasing in the presence of excess of alcohol).

3.7.4. Effect of the position of the functional group and chain branching

Position of the functional group. Fuel additives often have a
branched hydrocarbon chain, and their functional groups are often
attached at a secondary or tertiary carbon. Moreover, autoxidation
typically produces secondary and tertiary alcohols. Therefore, we
investigated the role of the position of the functional group on the
adsorption of hexan-m-ol at Fe209C|dodecane, where m = 1, 2, 3. The
measured adsorption decreases in the series I'hexan-1-ol > I 'hexan-2-ol >
Ihexan-3-0ol (Fig. 7); both the initial slope and the plateau value of the
isotherm are affected in the same direction.

The data were compared to CPL, with the fraction of chemisorption
sites fixed to the value x, = 13 % found for Fezogc|dodecane above
(Table 1). The fits are illustrated in Fig. 7; the CPL parameters are listed
in Table 3. While independent of the length n of the chain of normal
alcohols, the area a, per physisorbed molecule increases with m (ap,
hexan-1-ol < dp,hexan-2-0l < ap,hexan-B-ol)c This is expected — when the
functional group that binds the surface is in the middle of the alkyl
chain, it drags the adjacent CH, moieties onto the surface. The value for
hexan-3-ol, 34 A2, is close to that of two sites overlaid by the two chain
fragments, CoHs— and —-C3Hy, in C2Hs—CHOH-C3Hjy. The value of a;, for
physisorbed hexan-2-ol is intermediate between those for hexan-1-ol
and hexan-3-ol. The fitted value for a. suggests that, unlike hexan-1-
ol, the chemisorbed hexan-2-ol lies flat on the surface (covering ~7
sites). However, for chemisorbed hexan-3-ol, it appears that the
—CHOH-C3Hy fragment is parallel to the surface but CoHs-is normal to
it, not covering additional sites, resulting in ~5 sites covered. Finally,
the physisorption constants K, of hexan-1-ol (14 pm) and hexan-2-ol

I'[umol/m?] 1

hexan-1-ol

hexan-2-ol

" hexan-3-ol

0 T T T
15

yC [mM]

Fig. 7. Effect of the position of the functional group on the adsorption of hexan-
m-ol for m = 1,2,3 at Fe2ogc|dodecane
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Table 3

The parameters of the CPL model for alcohols at the alkane|haematite interface.
alcohol interface a, a. Xe In(K,/[m]) or

[A%] [A%] [pmol/m?]

hexan-1-ol * Fezogc\n-Cqus 18.55 2.49 x 18.55 0.1315 -11.20 see Table 1
hexan-2-ol * Fe,059¢|n-C1oHae 28.1 6.96 x 18.55 |0.1315| -11.41 0.31
hexan-3-ol * Fe;09|n-Cy2Hos 34.2 4.75 x 18.55 [0.1315] ~14.20 0.32
CiH3,0H ° FePo"der|n.Cy gHay ©|18.55| €19|x18.55 0.0145 -10.99 0.34
cyclohexanol FePoWder|n.Cy gHay 42.1 2 % 42.1 |0.0145] -12.29 0.13
2-ethylhexan-1-ol * Fe,09C|isooctane 32.03 6.97 x 18.55 |0.1616| -11.57 0.18
2 Our QCM data.
b Data from ref. [10,11], depletion method, 23 °C or 30 °C.
¢ |...| indicates fixed value, |... indicates value at the lower limit allowed by the optimization procedure; ...| means at the upper limit.

(11 pm) are similar, but hexan-3-ol physisorbs less strongly (0.7 pm).
One should keep in mind that, strictly speaking, the simple CPL model
(5) is inapplicable for a system where the area per molecule (30-40 A2
for hexan-2-ol and hexan-3-ol) is significantly larger than the area per
site (~15-18 }o\z) — when this is the case, instead of Langmuir’s isotherm,
Everett’s model must be used for I'physisorption (Where one physisorbed
molecule covers multiple sites [91]). Such an analysis is complicated
and is more appropriate for a dedicated future work, but we expect that
the fitted value of K, will be strongly affected.

Cyclohexanol. We supplemented our measurements with analysis of
the data by Nakayama and Studt [10] for cyclohexanol at the ironPW4'|
hexadecane interface (see Fig. S7 in S4). We assumed that the fraction of
chemisorption sites is unchanged in comparison with x, = 1.5 % ob-
tained for octadecanol on the same powder (see Table 1). Since X, is so
low on this interface, the chemisorbed cyclohexanol is of small amount
and, as a result, the area of the chemisorbed alcohol is not a very sen-
sitive parameter. We therefore chose for it the value a. = 2 x ap
(alternative choices in the range a. = 1 x ap, ...3 X ap lead to similar
results). Two free parameters remain: the fit of the data with Eq. (5)
yields a, = 42 AZ (reasonable for cyclohexanol standing upright) and K,
= 4.6 pm (compared to 17 pm for octadecanol). Thus, the CPL analysis
indeed yields realistic areas, and the tendency that the adsorption con-
stant is lower for secondary alcohols than for primary is confirmed.

Chain branching. To study the role of branching, we measured the
adsorption of 2—ethylhexan-1-ol at Fe;0%C|isooctane. It follows the CPL
isotherm, with a, = 32 A? (intermediate between a, of hexan-2-ol and
hexan-3-ol), a. = 7 x a (around 7 sites covered by the chemisorption
molecule, as for hexan-1-ol in isooctane) and K = 9 pm (compared to 83
pm for hexan-1-ol at the same interface). The value of the fraction of
chemisorption sites was fixed to x. = 16 %, as obtained previously (see
Table 2). Thus, the effect of branching is similar to the effect of changing
the position of the functional group: a, increases, K, decreases.

However, several other experiments showed unusually high
adsorption of branched alcohols, significantly higher than that of hexan-
1-ol. This was the case at Fe209C|dodecane with both 2—ethylhexan-1-ol
and 2-methylpentan-2-ol (Fig. S8). The high adsorption can be either
due to multilayer formation, oxidation of the adsorbed branched alcohol
or fragmentation of the molecule at the surface. However, it is unclear
why this phenomenon takes place in dodecane but not in isooctane. We
also studied the adsorption of 2-ethylhexan-1-ol at steelQC|isooctane;
adsorption was again higher than the simple CPL model could explain.

3.7.5. Temperature

The effect of temperature on the adsorption of hexan-1-ol at Fe;0%|
dodecane was investigated. As shown in Fig. 8, the adsorption decreases
as T increases, indicating an exothermic process. This is unsurprising for
adsorption driven by hydrogen bonding [31,13,14,92,93] and for iron
alkoxide formation. What is surprising is the strong effect of T on the
plateau value of the adsorption: the higher the temperature, the larger
the limiting area per molecule (less absorbed alcohol is sufficient to
cover the surface completely).

We compared the data with our model (5), under the following

24
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Fig. 8. Adsorption isotherms of hexanol from dodecane onto Fe,09C at several

temperatures. Solid lines represent the fitting to the CPL model (5), with the
parameters from Table S1.

assumptions: (i) the area per physisorbed molecule (or per site) remains
constant, a, = 18.5 A2, From our experience with adsorption at fluid
interfaces at varying T, this is reasonable for the projected cross-
sectional area of the hydrophobic chain [94,95]. (ii) The phys-
isorption constant follows a Van 't Hoff dependence, In K,(T) = In
K,(296 K)-A;H/Rx(1/T - 1/296 K), where A H is the heat of phys-
isorption and R is the gas constant. Since we know the parameters at
23 °C (see Table 1), we are left with 5 unknowns: a. and x. at 45 °C and
60 °C, and A,H. Fitting the data at 45 °C and 60 °C simultaneously leads
to the parameters in Table S1 in S4. The area a. per chemisorbed
molecule increases with T — from 2.5 sites covered at 23 °C to 6-7 at
45-60 °C. A possible explanation is that at the higher temperature the
solvent dodecane molecules desorb, which allows the hexyl chain of the
chemisorbed CgH130H to attach to the surface. The fraction x. of
chemisorption sites increases from 13 % to 24 % at 45 °C, and it does not
change further at 60 °C. This could be due to partial desorption of H,O
and adventitious organics from the chemisorption sites. Finally, the heat
of physisorption is A,H = —53.8 kJ/mol; this corresponds to two O:-HO
bonds per alcohol, or perhaps a coordination bond to an iron atom. The
large enthalpy of adsorption results in a significant decrease in K, with T
(14, 3.0 & 1.2 pm for 23, 45 & 60 °C).

To support these findings, the data by Nakayama and Studt for
octadecanol at ironP®"%¢’|hexadecane, studied at room temperature and
at 65 °C, were reanalysed (unfortunately it is unclear from ref. [10,11]
whether ‘room temperature’ refers to 23 °C or 30 °C). In this case, a, =
18.5 A% and a. = 19 x a, were fixed, leaving two fitting parameters at
65 °C, x. and K,. The data are presented in Fig. S9. The fit produced x. =
3.8 %, i.e. the fraction of chemisorption sites increases with T again. The
adsorption constant drops from K, = 6.2 pm at room temperature to 4.7
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pm at 65 °C. This corresponds to heat of adsorption of A,H = —25.3 or
-31.1 kJ/mol (depending on whether “room temperature” means 23 °C
or 30 °C). Thus, for the iron powder studied by Nakayama and Studt, the
heat of physisorption is lower than for the FeyO3-coated quartz crystal
we studied, and corresponds to one O:-HO hydrogen bond. Similar
trends appear to be followed also by other polar compounds onto
different solid|hydrocarbon interfaces [31,13,14].

4. Conclusions

The main conclusion from this study is that, on haematite-terminated
surfaces, alcohols adsorb as two distinct fractions: chemisorbed (chem-
ically bound alcoholate FeO-O-R and products of its oxidation) and
physisorbed (hydrogen-bonded, like FeO-OH—HOR, Fe;03—HOR etc.).
The XP spectra provide direct evidence for this. This is hardly surprising
— it is well known that the same is true for water [39,40,73], and also for
alcohol vapours [29,69]; however, few studies of adsorption of polar
organics consider both fractions, especially from solvent, and even fewer
provide a quantitative analysis of the combined adsorption [31].

A realistic adsorption isotherm model must take the chemisorption
into account. Therefore, we developed a version of the Langmuir model
with chemisorption (CPL, Eq. (5)), which treats explicitly the two pop-
ulations of surface sites and adsorbed alcohol molecules. It builds up on
work done for water [73] but tuned to organic molecules, and is an
improvement over existing models of adsorption of fuel and lubricant
additives, corrosion inhibitors etc. on metal oxides, which neglect either
the chemisorption or the physisorption.

CPL has four parameters of clear physical meaning: the areas a, and
a. per physisorbed and chemisorbed alcohol, the fraction x. of chemi-
sorption sites at the surface, and the physisorption constant K,. We
studied the dependence of these parameters on the nature of the system
and the conditions, by measuring and analysing a large body of QCM
data. We varied the alkanol structure, the solvent, the nature of the
haematite surface, the temperature. We also analysed literature data for
alkanols with CPL, to demonstrate that the model captures well the
physical chemistry of this class of systems.

We found that the height of the plateau and the shape of the
adsorption isotherm depend strongly on the orientation of the chem-
isorbed molecules. Long normal alkanols tend to assume parallel
orientation upon chemisorption, hence covering large area a. (Fig. 9).
Thus, relatively few chemisorbed dodecanol and hexadecanol molecules
are sufficient to cover 66-72 % of the available surface, leaving little
space for physisorption and producing flattish isotherms. By contrast,
short homologues and branched alcohols assume upright configuration
upon chemisorption and the total adsorption is dominated by

alkane

physisorbed

chemisorbed

Fig. 9. Four populations of adsorbed alcohols on Fe,Os-terminated surfaces
identified in this study: (1) physisorbed alkanol bound with a single hydrogen
bond to the surface; (2) physisorbed, two hydrogen bonds; (3) chemisorbed
long alcohol, parallel to the surface; (4) chemisorbed short alcohol, normal.
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physisorption. When the solvent is a normal alkane, hexanol marks the
boundary between these two limiting behaviours (Fig. 4). The transition
in adsorption behaviour at C¢H;3— has been detected empirically half a
century ago [13], but we provide for the first time the explanation,
allowed by the explicit account for chemisorption in CPL.

The presence of chemisorption in the adsorption model means that
the adsorption isotherm is sensitive to the initial state of the surface,
including level of hydroxylation, dominant crystal faces, surface defects,
pre-adsorbed adventitious organics occupying a fraction of the chemi-
sorption sites. This is demonstrated by Fig. 6 and the XPS data in S2. The
CPL analysis of the QCM data demonstrates that the area parameters a,
and a. are independent of the surface. However, the fraction x. of
chemisorption sites changes from 1.5 % for iron powder, past 5-9 % for
steel®® and 13-16 % for Fezogc, up to 23 % for FepO3 powder. The
physisorption constant K, varies even more dramatically — by two orders
of magnitude (Table 2).

The temperature dependence of the adsorption is also well captured
by CPL. The isotherm is affected by T not only through the trivial Van ’t
Hoff dependence of the physisorption constant K,; the fraction of
chemisorption sites also increases — for the surfaces we studied, it dou-
bles at 45-60 °C compared to room temperature, resulting in a signifi-
cant drop of the isotherm plateau (Fig. 8 and Table S1). The shift of the
plateau with T is also a well-known phenomenon [10,11,31] that cannot
be explained by a model considering physisorption only.

Limitations and future work. The CPL model is a simplified version
of reality. Although it captures well much of the adsorption behaviour
observed experimentally, it has four important limitations. One obvious
difficulty is that the molar mass of chemisorbed and physisorbed alcohol
can be different. For example, one possible chemisorption process is:

FeO-OH + C,H2,4+10H — FeO-OC;Hapn 41 + H20.

For chemisorption of ethanol, this reaction corresponds to increase in
mass of the solid by 28.1 g/mol (EtO- substitutes HO-), compared to
46.1 g/mol for physisorbed ethanol. If the water produced by the re-
action remains on the surface, then the mass increase per ethanol
chemisorption event will be 46.1 g/mol, as for physisorption, but then
the newly adsorbed water provides a new adsorption site, which is not
reflected by CPL. There are other possible chemisorption reactions, e.g.,
Fe;03 + 2ROH — Fey05(0OR)y + Hy0, subsequent oxidation of the
adsorbed alcohol etc. Since we could not identify the dominant chemi-
sorption process, we assumed that the mass added to the QC per
adsorption event is equal to the molar mass of the alcohol. This
approximation affects mostly the data for the short chained alcohols.

The second limitation of CPL is that it assumes the population of
physisorbed alcohol is uniform, having the same binding energy to the
surface. The variability of the value of the physisorption constant K,
(from 1.4 pm for haematite powder|isooctane to 300 pm for steel“C|
isooctane, see Table 2) and the heat of physisorption (from 25 to 54 kJ/
mol) is a clear proof that several kinds of physisorption sites coexist at
haematite-terminated surfaces. The most probable source of variability
is the surface density of hydroxyl. Surface —OH groups are classified into
isolated OH and hydrogen bonded OH. The distribution of these groups
depends on T, acidity, humidity and the preparation method [96,97].
Heating of a-Fe;O3 powder to only 373 K is sufficient to reduce signif-
icantly the number of H-bonded hydroxyl group via condensation of
adjacent OH groups [43]. On neat FeyOs, alcohols will form a single
hydrogen bond with the surface (hydrogen from ROH to oxygen from
Feq0s3, Fig. 9). Next to an isolated single hydroxyl group, two hydrogen
bonds will be formed (the second will be hydrogen from FeO-OH to
oxygen in ROH, Fig. 9), causing much stronger adsorption. At high
density of hydroxyls, the oxygen available at the surface will be already
saturated with hydrogen bond from adjacent hydroxyls, and the phys-
isorption will be weakened again. On top of the variability in hydrox-
ylation, the studied surfaces correspond to a mixture of crystal faces, and
the physisorption on each face is of different strength. The surface of the
coated QC plates were in prolonged contact with air; therefore, they
should be oxygen- and —~OH terminated (i.e. R-Fe-Fe-O3, R-{Fe-Fe-O5}-



LE. Salama et al.

(OH),, or partially reduced forms such as R—{O3-Fe-Fe}-O-OH and R-
{O3-Fe-Fe}-(OH)3 that are of zero dipole moment). However, the
termination of the powders may be iron-terminated (R-Fe-Os-Fe, or a
hydroxylated variant of this [15,16]); in such case, the physisorption of
alcohols may be through coordination bond rather than H-bond. Also,
stainless steel contains Cr in the top Fe,Og3 layer.

A third limitation of CPL is the assumption that the area per site
(perhaps ~ 15 A?) is equal to the area per physisorbed molecule. This is
not fulfilled even for normal alkanols (cross-sectional area 18.5 10\2, ie.
each physisorbed alcohol covers 1.2 sites), and is a serious approxima-
tion for branched alkanols which could cover 2-3 sites per physisorbed
molecule. Everett’s isotherm [91] should be used instead of Langmuir’s
Eq. (4) to account for this effect.

Finally, we assumed that the chemisorption sites are completely
covered at any nonzero concentration of the adsorbing alcohol [31].
This is rarely true: at low concentration, we often see adsorption lower
than expected from the CPL model alone (the first few points of the
isotherm of hexanol in Fig. 3a are an example; cf. also water chemi-
sorption [15] reaching a plateau at relative humidity of 1077). This can
be taken into account by substituting Eq. (3) for a Langmuir or Everett
isotherm of a high chemisorption constant K. (like McCafferty & Zet-
tlemoyer’s model for water [73]). We suspect, however, that the
experimental effect may be kinetic rather than thermodynamic. The
stepwise protocol we used for QCM measurement allows many hours for
relaxation of the chemisorbed fraction for the concentrated alcohol so-
lutions, but the least concentrated solutions have 30 min for equilibra-
tion, which may be insufficient (see S3).

Some of our results are artifacts due to these limitations. For
example, the dependence of the physisorption constant on the chain
length of the alkanol (Fig. S6 and Table 1) can be explained with the
existence of a fraction of strong physisorption sites that is accessible to
small molecules only. Another option is that chemisorption is localized
in energy-rich regions of the surface (e.g., next to step defects), and in
these regions physisorption is also stronger. If this is the case, the
chemisorption of large molecules will block preferentially strong phys-
isorption sites, effectively reducing K,. Both scenarios cannot be ana-
lysed based on Eq. (5) alone.

Let us finally briefly compare the Fe,O3|hydrocarbon interface with
Fe,03|water and Fe,O3|air. Fe;O3|air is similar to Fe;03|hydrocarbon in
terms of (i) variability; (ii) significant chemisorption [73,29,69]; (iii)
alcohol physisorption is driven mostly by hydrogen bonding on both
interfaces. However, on Fe;Ogslair, the alkyl-Fe,O3 Van der Waals
interaction contributes to the adsorption, resulting in higher adsorption
of higher alcohols at a fixed vapour pressure [29,69]. In contrast, on
Fey03|hydrocarbon, the desorption of alkane solvent cancels the Van
der Waals contribution to alkanol adsorption [98]. In addition, the
significant lateral alkyl-alkyl Van der Waals attraction renders Lang-
muir’s isotherm unsuitable for Fe;O3|air — attraction has to be accounted
for (e.g., through Frumkin’s isotherm).

Fe,O3|water, however, is a very different interface. First, water binds
all chemisorption sites, and the haematite surface will be completely
hydrated, and therefore not as variable. Water competes for the
hydrogen bonds at the surface with the alcohol; moreover, similarly to
the hydrocarbon solvents, it cancels the Van der Waals component in the
adsorption energy (water has Hamaker constant similar to that of al-
kanes [98]). The existing data [99] suggest that the adsorption of al-
cohols on Fe;O3|water is driven by the hydrophobic effect - as indicated
by the fact that Traube’s rule is approximately followed. Finally, as with
Fe,0s|air (but unlike Fe;O3]oil), lateral cohesion is a feature of alkanol
monolayers on Fe203|water [99].
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