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Abstract:

The behavior of adsorbed species on metal (hydr)oxides under water unsaturated conditions
has been seldom studied despite its major implications in several domains such as geochemistry and
heterogeneous catalysis. In this study, chemical forms of phthalate adsorbed on iron hydroxide
(goethite) were investigated by infrared spectroscopy upon hydration and dehydration of goethite
particle aggregates. Experimental results indicated important changes with relative humidity (RH) on
chemical forms of phthalates adsorbed on goethite. With increasing RH from the dried state, bidentate
phthalate surface complex is partially desorbed to form a protonated monodentate phthalate complex
by using protons from water molecules. This protonated monodentate phthalate is still kept adsorbed
on the goethite surface but becomes deprotonated at high RH values by solvating in liquid-like water
covering on the goethite surface. DFT calculations made on a simplified system support these
adsorption models. These results indicate that further studies are needed on the behavior of adsorbate
in water unsaturated systems including hydration/dehydration processes.

Keywords: phthalate, goethite, infrared, DFT calculations, hydration, dehydration, adsorption,
desorption
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Introduction

Wetting/drying transitions are found in many systems both environmental [1] and surface and
material chemistry [2, 3]. Thus, the speciation of adsorbates on several metal (hydr)oxides substrates
has been studied for decades. For example, the solid/solution interfaces where the adsorption of
different organic pollutants on iron hydroxides [4,5] and aluminum hydroxides [6,7] has been studied.
At the interface solid/vapor or solid/gas, organic molecules can be used as acid-base probes [8,9], or in
the context of catalysis, as reactive compounds [10,11].

Amongst the analytical methods to determine the speciation of adsorbates, infrared
spectroscopy is the most versatile and was used extensively at both interfaces (solid/solution and
solid/gas). In the case of organic molecules, this technique allows to identify the chemical groups in
interaction with the surface [12], in the presence of a solvent like water, or at the solid/gas interface,
and to estimate the strength of the interaction, and so, the geometry of the surface complex [13]. The
interactions between carboxylic (carboxylate) groups and hydrated metal (hydr)oxides surfaces are
especially well documented [14-19]. Adsorption is mainly ascertained by the study of symmetric and
asymmetric stretching of the COO™ moieties (absorption bands around 1350-1450 cm™ and 1500-1600
cm’?, respectively).

In the case of the study of wetting/drying transitions, infrared spectroscopy has the significant
advantage to be able to probe the solvent (water) with a high sensitivity. Moreover, it allows to
determine the environment of the water molecules and the structure of the phase. Thus, infrared
analysis of water vapor on a surface has shown two kinds of water molecules: the first type is closer to
the surface and is called ice-like water because of its spectral features reminding those of ice
(stretching around 3200 cm™) [20, 21] but existing at ambient temperature, and another one more
conventional “ liquid-like” close to bulk water (stretching around 3400 cm™). Thus, these water
species are indicators of the thickness of the water film at the surface and these characteristic bands of
water allow to quantify, in an in situ and real-time manner, the wetting/drying evolution.

The drying of solids without adsorbate has been studied by infrared spectroscopy and has
provided interesting results regarding the way water molecules organize themselves and their
reactivity on a surface under unsaturated conditions [21, 22]. In the presence of dissolved species,
several phenomena have been observed. For instance, the surface polymerization of silicic acid on
ferrihydrite has been shown [23]. The impact of drying has also been studied for sulfate ions on iron
(hydr)oxides [24-27], but without detailing the evolution of the surface speciation during the drying
process (only the comparison between solid/solution and dried interfaces has been done). Other works
have been performed on the drying behavior of diacids on both goethite [28] and clay minerals [29]
with the same approach limited to the two different interfaces. In all those studies, infrared
spectroscopy was the main technique to determine the speciation of the adsorbates. A solid/vapor
system has also been investigated, focused on the gaseous formic acid adsorption on clays at
decreasing relative humidity (RH) [30]. However, further studies are necessary by using more
complex adsorbate including solid/water interfaces.

Few studies have been published on the effect of drying on the speciation of adsorbate, and
even less on the behavior of these molecules while going through the different stages of hydration
including the thin water film covering on the substrate [21]. Moreover, more rigid adsorbates, such as
aromatic cycle containing phthalate molecule, have not been studied with respect to the change of
relative humidity. Phthalates are soil pollutants [31,32] with chronic toxicity used as solvent, additives
and plasticizers in daily life. It is also a simplified model compound representing chemical
functionalities of natural organic matter (NOM) in aquatic and soil environments [33-35].

In this work, the behavior of the phthalate ions adsorbed onto goethite (c-FeOOH), during a
drying/wetting cycle has been investigated. Goethite has been chosen because it is a well-known
model for soil adsorption with a good chemical stability. Infrared micro-spectroscopy was the main
analytical technique, associated with a Quartz Crystal Microbalance (QCM). Moreover, to support
interpretation of results observed at low relative humidity, DFT periodical calculations have been
performed on the system to see the surface reaction evolution with the number of adsorbed water
added one by one.
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Materials and Methods
1. Goethite

Goethite samples were prepared after the methods of Schwertmann and Cornell [36] and
Otsuka and Nakashima [37]. While they used Fe(NOs); and KOH in the methods, we used FeCl; and
NaOH for avoiding remaining nitrate adsorbed on goethite surfaces and for possible future comparison
with different ionic strength conditions.

100 mL of 0.1 mol.L™ FeCl; solution and 180 mL of 5 mol.L™ NaOH solution were mixed and
diluted to 2 L with pure water (MilliQ: Electrical resistivity > 18.2 MQ cm). This suspension with
rapid precipitation of brownish suspension was subdivided into two polypropylene vessels (1 L each)
and incubated at 70 °C for 60 hours. Then yellowish-brown precipitates were filtered using 0.2 pm
Millipore filter. They were washed by pure water three times and dried in an electric oven at 50 °C for
4.5 hours.

The obtained precipitate was characterized by visible, Raman and infrared (IR) micro-
spectroscopy, indicating that it was composed of goethite. X-ray diffraction pattern of the iron
hydroxide showed six dominant peaks at 20 = 21,3°, 26,4°, 33,2°, 34,7°, 36,7°, 39,2° 40,1° and 41,3°,
corresponding to reported peaks of goethite [36]. The BET surface area measured on a sample from
another batch was 29.2 m”.g™ [38] and its point of zero charge (PZC) is 8.6 by surface titration. Its
surface charge at pH 6 was about +0.04 and +0.05 mmol/g for ionic strength of 1 = 0.01 and 0.1,
respectively. The morphology of goethite particles characterized by Laser Scanning Confocal
Microscopy in a previous work showed that they are randomly oriented aggregates of a few hundred
nm with some larger aggregates of a few micrometers [39].

2. Phthalate

Phthalic acid powder (Wako chemicals, 163-02462, Lot PKE1851) was dissolved in pure
water to obtain 10 mL of 9.05 mM aqueous solution.

3. Phthalate-goethite suspension

In order to prepare phthalate adsorption on goethite, 1.125 g.L™" of aqueous suspension of
powdered goethite with 0.1 M NaCl was first prepared. Then 5.52 uL of the phthalic acid solution
(corresponding to 50 nmol) was added to 1 mL of the goethite aqueous suspension. The mixture was
stirred during 24 hours by a magnetic stirrer to obtain adsorption equilibrium. Two duplicates were
prepared: one for pH measurement and another for IR measurements. pH values were measured at the
initial and final states during the 24 hours stirring: pH was initially 5.9 and after 24 hours stirring, it
was 6.1. This pH value is close to natural water pH (between 6 and 8) and is expected to change upon
dehydration procedure.

4. Relative Humidity Control System

For infrared (IR) measurements of phthalate-goethite mixtures during wetting/drying cycles, a
plastic humidity control cell (36 x 36 x 14 mm) with a CaF, window (20 mm diameter) was fabricated
(Figure 1). The RH of the cell interior was controlled by flowing a mixture of dry air and water-
saturated air with varying proportions. The dry air was provided from a dehumidifier (Jasco, AM-12)
through a digital flow meter (KOFLOC, D8500). The water-saturated air was made by flowing the
same dry air via another digital flow meter through two bottles of pure water (Milli-Q, Electrical
resistivity > 18.2MQ cm). The humidity and temperature in the cell were monitored every second by a
small temperature and humidity sensor (SENSIRION, SHT 35 with a membrane filter) equipped with
a data logger (Syscom, SCHM-1) connected to a PC with a USB cable. The humidity was increased
from about 0.0 % to 78 % by changing the flow rates of humid and dry air by two flow meters at a
total flow rate of about 1 L.min™.
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5. Quartz Crystal Microbalance

In order to study effects of the wetting/drying cycle on phthalate-goethite mixtures, the
relative humidity control system combined with IR micro-spectroscopy and quartz crystal
microbalance developed by Kudo et al. [40,41] was used (Figure 1).

A QCM system (SEIKO EG&G, QCM922A) was used in this study for measuring weights of
adsorbed water on the phthalate-goethite mixtures placed on a gold electrode coating on an AT-cut
quartz of QCM sensor (SEIKO EG&G, QA-AIMAU(M)(SEP)) in a plastic container. Changes in
resonant frequency of quartz from the initial value (F,) around 9.0 MHz were monitored at every
second when water was adsorbed under various relative humidity. These frequency changes can be
converted to mass changes for the present system [40,41].

a) IR/IRH/QCM system Wet air Infrared transflection
CaF, window
‘ 5 fI/Plastic
/Il

Sample film on Au of QCM

Quartz crystal
Temperature/Humidity sensor

Dehumidifier

QCM data
controller

e)

\.) & ,; o
Pure water (Wet air

Figure 1. Infrared (IR) microspectroscopy combined with relative humidity (RH) control system and quartz crystal
microbalance (QCM): (a) schematic image of the system, (b) photograph of the RH control system, (c) photograph of the
RH control cell under an IR microscope, (d) close-up photograph of the RH control cell with QCM, and (e) QCM data
controller.

6. Preparation of phthalate-goethite particle aggregats

One drop (5 pL) of the phthalate-goethite mixture suspension was placed with a micropipette
on the Au electrode coating on an AT-cut quartz of the QCM in a plastic container (Figure 1). Dried
air was flowed in the plastic container with a flow rate of more than 1 L.min™ for about 30 to 45 min.
The dried phthalate-goethite deposit is expected to have a weight of about 5.625 pg of goethite plus
about 7.4 ng of phthalate. As a reference, the goethite only system was also prepared, following the
procedure described above, using a suspension of goethite without phthalate.

7. Infrared Microspectroscopy

In order to evaluate changes in infrared (IR) spectra of the phthalate-goethite deposit, IR
transflection (transmission-reflection) spectra of the deposit on the Au electrode on QCM quartz

4
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crystal were measured under different RH (0.0 — 77 %). The phthalate-goethite deposit on the QCM in
the plastic cell with a CaF, window was placed under a Fourier transform IR spectroscopy (FT-IR)
microscope (Jasco IRT30+FTIR680: a Cassegrain objective mirror with a magnification of 16, MCT
detector, ceramic IR source, and KBr beam splitter) (Figure 1). The environment outside the RH cell
was the ambient experimental room with normal air conditioning with the temperature around 28°C
and RH of about 60 %.

A background reflection spectrum was measured on the Au-coated quartz crystal without any
sample using an aperture size of 100 x 100 pm’ and then a sample transflection spectrum was
measured on the deposit with the same aperture. All the spectra were obtained by accumulating 64
scans at a wavenumber resolution of 4 cm™. RH and temperature were monitored every second and
were averaged for 60 seconds, corresponding to the time needed to record the IR spectrum. These
transflection spectra were obtained in absorbance, and the band areas were measured after baseline
correction at each stable RH value. Every experiment was made in triplicate giving similar results.

8. Computational methods

The total energy calculations were performed within the density functional theory (DFT) and
the generalized gradient Pedrew-Burke-Erzenhoff (PBE) exchange correlation functional was used for
the whole study [42]. To solve the Kohn-Sham equations we use the Vienna Ab initio Simulation
Package (VASP version 5.4.1) [43,44]. VASP performs an iterative diagonalization of the Kohn-
Sham hamiltonian via unconstrained band-by-band minimization of the norm of the residual vector to
each eigenstate and via optimized charge density mixing routines. A smearing of 0.03 eV was used. In
the literature [45, 46, 47], cut-off of 500, 800 or 400 eV have been chosen. Because we wanted to
explore many configurations, we excluded the 800 eV cut-off. A test of convergence of energy with
the value of the cut-off was performed. We concluded that 400 eV was already a value where the
energy was converged. We used an energy cut-off of 400 eV for total energy calculations. The
electronic optimizations were done up to a convergence of 10 eV for the self-consistent loop and
until all forces on the atoms were lower than 0.02 eV.A™ for the geometry relaxations.

Bulk goethite and its surfaces are routinely modelled with periodic density functional theory
(DFT)[47-49] including an on-site Coulomb repulsion term U (GGA + U) [46,50]. The (GGA + U)
was used in order to describe the strong correlation effects of the oxide. Several U values were
compared and the final values (H = 6, J = 1) were chosen to give the best agreement with the cell
parameters. For bulk FeOOH, the magnetic moment of the iron atoms was set at a starting point at the
experimental value, in the AFM order (++/--), and the optimized values were between 3.9 and 4.1, so
in agreement with experimental data and other theoretical calculations. The Van der Waals corrections
are calculated with DFT-D2 method of Grimme [50]. Furthermore, we applied dipole corrections
along the z axis, when calculating the adsorption energies (vide infra), since in our model the
adsorbate interacts only on one side of the slab.

Bulk goethite was considered in the Pbnm symmetry. The optimized cell parameters of bulk
goethite are 4.67x10.1x3.07 A, in agreement with the experimental value of 4.63x9.96x3.02 A [46]
and other theoretical works [46,47]. The K points grid was optimized and to model the bulk, a K
points grid (3x2x4) in the a, b and ¢ directions, respectively, was used. The (001) surface contains four
layers. The three bottom layers were kept frozen. After the great number of configurations tested, the
calculations were performed at the I'-point. Open shell calculations were performed. We found that the
Fe magnetic moments were between 3.9 and 4.1, whatever the Fe location (surface bulk) and the
nature of the ligand (phthalate or water). Surface goethite FeOOH (001) hydration/hydroxylation was
performed by saturating the surface iron atoms with 3 water molecules, thus recovering the bulk
octahedral Fe coordination. Although (001) facets are not the major surfaces exposed in goethite
nanoparticles, they are among the most reactive surface forming the most stable surface complexes.
The results on such a surface are expected to provide the existence of this mechanism on other facets.

We calculated the adsorption energy (AE,4) according to the following equation:

AE,ds = Emolecute+siab— Emotecute — Estab (1)
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where Enorecutersian 1S the total energy of the optimized structure formed after the phthalate (or water)
molecule is (chemically) absorbed on the goethite slab and Eqgecue aNd Egap are the total energies of
the non-interacting phthalic acid (or water) molecule and the slab, respectively. The adsorption of the
molecule may be in the intact form, or in the dissociated form. In the latter case, one proton (for
adsorbed water) or two protons (for adsorbed phthalate) are adsorbed on a vicinal surface O atom.

For the addition of n water molecules on the previously adsorbed phthalate ion, the adsorption
energy is:

AEaddition = EnH20+sIab-phtaIate* n EH20 - Eslab-phtalate (2)

Results
1. IR characterization of the goethite only system

For the goethite only system RH was changed from 0.0 up to 77 % and then down to 0.0%
(Table 1). The RH value became stable within 15 minutes, so after keeping the same RH values for
about 15 minutes it has been increased or decreased (Table 1).

Table 1. Time, temperature, relative humidity (RH), frequency shift (AF), mass changes (Am), and total OH band area
during wetting/drying processes of a goethite particle aggregates. “_ “ correspond to the points where the frequency shows a
complex behavior.

Time Temp RH AF Am  Total OH
(min) (°C) (%) (Hz) (ng) Bandarea
0 298 0.0 0 0 0.00
15 295 00 -120 0.13 0.03
30 294 9.8 -337 0.36 2.05
45 294 20.7 -385 042 4.12
60 29.3 304 -572 0.62 6.45
75 293 398 -701 0.76 7.68
90 29.2 493 -832 0.90 10.10
105 29.1 582 -923 1.00 15.61
120 291 67.8 2460 -2.67 27.21

135 200 749 ~ 92.06
150 290 753 ~ 91.54
165 291 745 ~ 86.00
180 290 77.3 293.89

195 290 741 131 -0.14 183.72
210 290 673 9 -0.10 41.84
225 290 598 131 -0.14 20.25
240 289 514 260 -0.28 15.65
255 289 431 368 -0.40 11.62
270 289 339 604 -0.65 7.93
285 29.0 246 380 -041 5.67
300 289 146 227 -0.25 4.08
315 287 19 061 0.00 0.91

Frequency values measured by QCM during RH changes on the deposits showed complex
changes at higher RH values. Origins of these results will be discussed briefly below. Some of the
results show an expected trend and will be quantitatively analyzed.

6
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IR spectral changes with RH of the goethite only particle aggregates are shown in Figure 2 a)
for wetting and Figure 2 b) for drying. The OH stretching of water molecules is visible in all the IR
spectra during the wetting/drying processes by a broad band from 3600 to 3000 cm™ with a peak
around 3410 cm™ (Figure 2 a), b)). A sharp band around 3123 cm™is due to OH stretching of Fe-OH
species of goethite [53,54]. The 1640 cm™ band is assigned to the bending vibration of H,O molecules
[54]. The peaks around 890 cm™ and 792 cm™ are assigned to bending (deformation) vibrations of Fe-
O-H of goethite [53].

0.7
0.6

0.4

Abs Abs 0.2

1640 cmt i
| . | 0.2 ‘ | ‘ | |

2000 1000 700 _ 4000 2000 1000 700
Wavenumber [cm-1] Wavenumber [cm-1]

0.7 0.7
0.6b) Goethite only 0.6r-d) Goethite + phthalate

0.4 0.4
Abs 02 Abs 02
Ompi | e i
L 0 4y
3410 cm! i
02— 3410 cm™
0.3 I | I | 0.2 ! l | |
4000 2000 1000 700 4000 2000 1000 700
Wavenumber [cm-1] Wavenumber [cm-1]

Figure 2: IR spectral changes with relative humidity (RH: %) of the goethite only system during (a)
wetting and (b) drying processes. c) and d) are for a phthalate sorbed goethite system during (c) wetting
and (d) drying processes.

In Figure 3 a), the OH stretching band area of the goethite particle aggregates with a linear
baseline from 3730 to 2995 cm™ is plotted against RH. During the wetting process, a slight increase
with RH is observed for low RH values, then a sharper increase above 60 %. A similar trend is found
during the drying process. In Figure 4 a), the Fe-O-H band areas around 890 cm™ (950-830 cm™)
during the wetting and drying processes are plotted against RH. The value is relatively constant at low
RHs and decreases greatly at RH higher than 60%. The Fe-O-H band area follows a similar trend for
drying process, without hysteresis.

2. IR spectral changes for goethite + phthalate system

IR spectral changes with RH of the goethite + phthalate deposit are shown in Figure 2 c) for
wetting and Figure 2 d) for drying. The sharp band at 3123 cm™ due to OH stretching of Fe-OH
species of goethite is not clearly observed in the goethite + phthalate system because of the strong
overlap with a band around 3000 cm™ probably coming from non-adsorbed or partially adsorbed
phthalic acid molecules. The broad band in the 3600 — 3000 cm™ region and the 1640 cm™ band is
overlapped with bands of phthalate/phthalic acid molecules. The peaks around 890 cm™ and 792 cm™
due to bending (deformation) of Fe-O-H of goethite are less visible than in the goethite only system.
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The OH stretching band areas were measured with a linear baseline from 3730 to 2995 cm™
for the goethite + phthalate deposit during the wetting and drying processes and were plotted against
RH in Figure 3 b) (Table 2). This wavenumber region may include contributions from OH of goethite
(FeOOH) and phthalate (COOH). The OH bands of goethite around 3125 cm™ are principally kept
unchanged, with some minor changes of surface OH species hydrogen-bonded to water molecules.
Band area for the signal at around 1640 cm™ has been monitored as well and showed a similar trend to
the OH stretching band in Figure 3. The same position of the goethite particle aggregates on the gold-
coated quartz crystal has been monitored throughout the entire experiment. As a consequence, any
spectral change observed is attributed to water adsorption/desorption. As observed in the goethite only
experiments, the OH stretching band of goethite + phthalate deposit first increased slightly with RH
and greatly from 60 % during the wetting process. The OH band follows the similar trend during the
drying process but showing with a small hysteresis loop between RH = 60 — 80 % (Figure 3 b)). If
compared to the goethite only system, the maximum band area is smaller.
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Figure 3: OH stretching band area as a function of relative humidity for a) goethite only and b) phthalate-adsorbed
goethite. Open circles correspond to the wetting branch and closed circles to the drying branch. Vertical lines are guides
to see the transitions between regions B and C mentioned in the literature [21], the region A is difficult to isolate.

Table 2. Time, temperature, relative humidity (RH), frequency shift (AF), mass changes (Am) and total OH band area during
wetting process of a goethite particle aggregates after adsorption of phthalates.” » correspond to the points where the
frequency shows complex behavior.
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Time Temp RH AF Am  Total OH
(min) (°C) (%) (Hz) (ug) Bandarea
0 29.0 0 0 0 174
15 29.0 6.6 -21 0.02 21.32
30 289 175 -140 0.15 25.53
45 288 273 -132 0.14 27.66

60 288 365 ~ 29.23
75 288 459 ~ 3153
90 287 531 ~ 32.85
105 286 60.1 36.65

120 286 683 -219 0.24 46.68
135 28.7 75.6 1253 -1.36 57.26
150 286 756 -46 0.05 48.28
165 286 753 -1257 1.36 51.24
180 286 78.1 -3677 3.98 81.93
195 286 739 3802 -4.12 40.62

210 285 667  _ ~ 34.00
225 285 589 ~ 28.97
240 285 505 ~ 25.67
255 284 421 26.55

270 285 332 -194 021 21.76
285 284 247 298 -0.32 14.91
300 284 139 284 -031 15.81
312 284 23 214  -0.23 14.62

The Fe-O-H band areas around 890 cm™ (950-830 cm™) of the goethite + phthalate deposit

during the wetting and drying processes were plotted against RH (Figure 4 b)). During wetting, it

ncreases quasi-linearly at low RHs (<30%), remains relatively constant at RH =30-60% and decreases

at RH higher than 60%. The band area does not show a similar trend for drying process: first the band

FeOH Band Area

ncreases greatly, then a decrease is observed around 30 % relative humidity.
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N . * % % = g ) a)_ Qpen. weFtlng s O & b)
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Figure 4: Fe-O-H bending band areas as a function of relative humidity for a) goethite only and b) phthalate adsorbed
goethite. Open circles correspond to the wetting branch and closed circles to the drying branch. Vertical lines are guides
to see the transitions between regions B and C mentioned in the literature [21].
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Discussion

1. Amounts of water adsorbed to the goethite particle aggregates with and without
phthalate

Quartz Crystal Microbalance (QCM) data on frequency changes of the QCM sensor during
wetting/drying cycles of goethite (+phthalate) deposits gave complex changes with RH at higher RHs
(figures not shown). At low RHs (RH < 50%), QCM frequencies decreased with RH with some
fluctuations. Between RHs of 50 to 75 %, frequencies showed complex fluctuations with RH. These
changes can be related to viscoelastic perturbations due to adsorption of multiple water molecular
layers and structural modification of aggregates of goethite nanoparticles. As RH is raising, small
menisci may appear between the grains of goethite (and especially at contact points between the grains
at first), applying some hydrostatic pressure on the solid particles. As a result, the forces applied may
be responsible for small displacements of the grains with respect to their resting (dry) state. Moreover,
the formation of menisci is associated with the appearance of a liquid phase between the grains. It is
possible that electric charge is building up on the surface that is producing some small rearrangements
of the deposit, impairing the oscillations of the QCM device [54]. The deposit is contacting the gold
surface of the QCM plate and the small displacements of the grains may change the oscillating
frequency of the plate and eventually change the resulting current, producing some important changes
in the measurements. At RH of about 75 % to 78 %, QCM frequencies decreased greatly, in agreement
with the significant increase of OH band areas (Figure 3).

The final values of AF (Hz) during each RH step for RH = 0 — 50 % and 78 % can be
converted to mass changes Am (ug) (Table 2). In Figures 5 and 6, they have been plotted against the
total OH band areas (shown in Figure 3). For the goethite only system, OH band area shows a quasi-
linear trend with the cumulated mass change area from 0 to around 1.5 pg (Figure 5 a)), while the
goethite + phthalate system shows a different trend with the cumulated mass change (Figure 6 a)),
resulting in a strong hysteresis phenomenon. Such measurements reflect the evolution of the integrated
molar absorption coefficient with the change of surface hydration state. The differences between
Figure 5 and Figure 6 shine a light on the difference of interaction of water vapor with goethite surface
after adsorption of phthalate. However, such changes should be interpreted with caution as they
correspond to an average of the many OH species present in the system. The water mass
measurements by QCM are not converted to numbers of water layers, because high levels of
approximation are necessary. We prefer to stay on a monolayer/multilayer picture of the surface
hydration.

For more quantitative comparison, the OH band areas should be normalized by some band
areas characteristic of the solid. Although the Fe-O-H band area showed unexpected changes for the
goethite + phthalate system (Figure 4 b)), it is the most representative band of goethite. Therefore, the
normalized OH band areas were divided by the Fe-O-H band areas and are plotted against RH in
Figure 7. The use of the normalization enables to confirm the changes of the OH band area with
respect to the amount of solid. The presence of phthalate molecules adsorbed on the goethite surface
results in a hysteresis loop on the OH band area.
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Figure 5: OH stretching band areas as a function of cumulated mass changes of a goethite film for the a) wetting branch
and b) drying branch.
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Figure 6: OH stretching band areas as a function of cumulated mass changes of a phthalate adsorbed goethite particle
aggregates for the a) wetting branch and b) drying branch.

Weight ratios of adsorbed water to goethite particle aggregates are about 3.6 times larger for
the goethite only system than the goethite + phthalate system at about RH = 78% (Tables 1 and 2). On
the other hand, the normalized OH band area are about 1.6 larger for the goethite only system than the
goethite + phthalate system at about RH = 78% (Figure 7). It should be noted that this factor can be
considered as a minimum value, since the surface Fe-O-H bands can be decreased by the adsorbed
phthalates on the goethite surface. Thus, the presence of phthalate on the goethite particle aggregates
was found to decrease greatly the adsorption behavior of water both from the QCM data and the
infrared OH bands.
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Figure 7: Normalized OH stretching band areas (divided by Fe-O-H band areas) as a function of relative humidity for a)
goethite only and b) phthalate adsorbed goethite. Open circles correspond to the wetting branch and closed circles to the
drying branch. Vertical lines are guides to see the transitions between regions B and C mentioned in the literature [21].

2. Water adsorption isotherms

Before examining phthalate bands, we will first discuss shapes of the water adsorption
isotherms of the goethite only and goethite + phthalate systems. Since adsorbed water masses could
not be obtained for all the RH range, the normalized OH band areas will be used for representing
adsorption isotherms (Figure 7). These can be discussed in terms of three regions based on some
typical literatures for adsorption isotherms [57, 21]: region A; monolayer adsorption of ice-like water
molecules, region B; multilayer adsorption of various water molecules, region C; capillary
condensation of liquid-like water. Ice-like water corresponds to water molecules strongly interacting
with the surface via short hydrogen bonding. This strong interaction is very likely to impair the
mobility of these water molecules at the surface and therefore limit any transport in this relative
humidity region. On the other hand, C region is mainly composed of liquid-like water molecules
whose properties (such as mobility) are close to those of liquid water. Transport phenomena are
assumed to be favored in this region. B region is a transition region and exhibit a mixture of the
respective behaviors of A and C.

For the goethite only system, the adsorption isotherm appears to have S shape with region A
possibly between RH =0 - 30% based on a literature [21] with only minor amounts of adsorbed water.
Based on the surface of deposited goethite and the adsorbed water mass, the thickness of the water can
be estimated to 0.84 nm for 8.1 %RH. For the region B, the water mass is unknown, and this
calculation cannot be made. For the region C, the thicknesses of water layers can be more than 6.5 nm
(ca 67.8 %RH, see Table 1), which is consistent with the thickness threshold for the liquid-like
expected behavior. For the goethite + phthalate system, the adsorption isotherm has also a S shape
with region B for RH = 30 - 55 % and region C above 55 %, rather similar to the goethite only system.
Region A is difficult to isolate. Due to the fact that the sample is composed of particle aggregates
instead of a flat surface as studied in the literature [21], it has been difficult to interpret the data in
terms of numbers of water layers (one, two...). For this reason, only the region A (mono to few-layers)
and region C (multilayers) are considered. It could result from the low surface area (Sger = 29.2 m.g’
1) of the goethite used and therefore the expected increase of the band area of the A region is difficult
to be observed.

3. Phthalate Bands (COOH)

A magnification of the IR spectra focused on phthalate/phthalic acid molecules are shown in
the supporting information part (Figures S1 and S2). An IR band in the 3000 — 2830 cm™ region
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results from the combinations of fundamental bands of COOH groups of fully or partially protonated
phthalic acid [59]. Due to its smaller bandwidth with respect to the other wide signals (3730-2995 cm’
1, this band is always observed throughout the hydration/dehydration cycle. Moreover, they are
isolated, which is not the case in the 1770 - 1300 cm™ wavenumber range, characteristic of the
carboxylic acid/carboxylate signals. The band area is plotted vs. time in Figure 8a. The COOH
combination band area increases gradually from RH = 0 to 76 % but drops around the highest RH =
78 %. Upon the start of dehydration step, the 3000 — 2830 cm™ band increases and returns to its value
at ca 76 RH%. A partially reversed trend with some fluctuations is observed during the drying process.
Results can be displayed in the form of an isotherm in Figure 8 b), where the same trend as Figure 8 a)
as a function of RH can be observed.
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Figure 8: a) Evolution of the COOH combination band area (red filled circles) and relative humidity (blue open circles)
as a function of time. Vertical lines are separating the increases and decreases of RH. b) Evolution of the COOH
combination band area as a function of relative humidity. Open circles correspond to the wetting branch and filled circles
to the drying branch. The vertical line is a guide to see the transition between regions B and C.

It should be noted that the COOH band does not follow the RH change steps but shows
somewhat a gradual change. This is very surprising, since even if the change is related to kinetics of
the evolution of the COOH group, it should at least be influenced by the increase of the thickness of
the water film on the solid surface. A possible explanation would be the relation between the increase
of COOH band and the protonation of COO™ groups of phthalate adsorbed on the positively charged
goethite surface. Indeed, the molecular water adsorbed at the goethite surface might dissociate to
provide protons to form carboxylic acid. The resulting OH™ would react with the protonated surface
groups of goethite to give Fe-O-H species. In fact, the Fe-O-H band area shows similar kinetic
behavior to the COOH bands, supporting such a mechanism (Figure 9).
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Figure 9: a) Evolution of the FeOH bending band area (red filled circles) and relative humidity (blue open circles) as a
function of time. Vertical lines are separating the increases and decreases of RH. b) Evolution of the FeOH bending band
area as a function of relative humidity. Open circles correspond to the wetting branch and filled circles to the drying
branch. The vertical line is a guide to see the transition between regions B and C based on the literature [21].

The sudden decrease of the COOH band at RH > 76% corresponds to the region C with the
presence of liquid-like water. In these conditions, the system is closer to the solid/solution equilibrium,
dominated by the adsorption of carboxylate ions. Therefore, this decrease can be explained by the
deprotonation of RCOOH, which results in a lower concentration of carboxylic groups.

4. Phthalate Bands (CO)

IR bands in the 1130 — 1191 cm™ region are considered to be due to stretching of CO groups
of phthalate [59]. The CO band areas are plotted against time together with RH values (Figure 10 a)).
The CO band area increase gradually with time from RH = 0 to 76 % but decreased greatly around the
highest RH = 78 %. As observed in the analysis of the COOH phthalate bands, a complete reversibility
of the decrease of the CO band upon the start of the dehydration procedure is observed. For the rest of
the dehydration process, band area showed a reverse trend with some fluctuations during the drying
process (Figure 10 a)).

The trend of this CO band is very similar to the one of the COOH band (Figure 8 a)). This
increase of CO stretching band confirms the protonation of COO" groups of phthalate adsorbed at the
goethite surface. The inverse changes of the CO band area together with that of the COOH band
around RH = 78% (Figure 8 a), Figure 10 a)) can be interpreted as the deprotonation of the phthalic
acid in contact with bulk water at pH higher than its pK,.
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Figure 10: a) Evolution of the CO stretching band area (red filled circles) and relative humidity (blue open circles) as a
function of time. Vertical lines are separating the increases and decreases of RH. b) Evolution of the CO stretching band
area as a function of relative humidity. Open circles correspond to the wetting branch and filled circles to the drying
branch. The vertical line is a guide to see the transition beth@en regions B and C based on the literature [21], but region
A is difficult to isolate.
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5. Phthalate adsorption model

Based on the above results and discussion, the following model for phthalate behavior during
its adsorption on goethite can be proposed.

The phthalate species are considered to be adsorbed on the goethite surface during the 24
hours stirring of the mixture with a surface coverage of 0.8 umol.m™, mainly in the form of inner
sphere complex both in the monodentate and the bidentate forms [59]. After dehydration of the
suspension on the QCM plate, surface density of phthalate is expected to be 1.6 pmol.m?. Under
optical microscope, NaCl crystals have been observed in the dried phthalate-goethite particle
aggregates on the QCM sensor. Although no elemental analysis has been performed on the crystals,
the fact that the same images are observed during the experiment on goethite alone tends to confirm
their chemical identity. Moreover, NaCl was a thousand time more concentrated than phthalic acid in
the suspension, thus NaCl reaches its solubility limit long before sodium phthalate does. While NaCl
crystallization is starting, the concentration of Na* and CI" is above the solubility limit (ca 6 M) and is
impairing both outer-sphere and inner sphere complex formation [56]. Therefore, the subsequent water
evaporation leads to the precipitation of NaCl, and sodium phthalate remains under-saturated, allowing
the adsorption of phthalate species. Even though sodium phthalate is not expected to precipitate, by-
products of the drying phenomenon could be solvated ion pairs with Na* ions or the surface (i.e. outer
sphere complexes).

One way to understand these experimental observations is the following model: with
increasing RH, water is going to substitute part of the phthalate molecules adsorbed on the goethite
surface, forming partially desorbed and therefore unstable carboxylate moiety such as the following
reaction scheme:

CooFe + H,0 > ¢500-Fe-H,0 (1.1)
coo- designates the phthalate molecule with adsorbed (COO) moiety and free (COO") moiety. From

this reaction scheme, the initial state is assumed to be a physically sorbed bidentate surface complex,
which is implied by the existence of the reversibility of the C region (ca 78%RH). The chemical
sorption of phthalate molecules can occur either as a monodentate or a bidentate configuration. The
hydration of the surface can induce a protonation and desorption of a carboxylate group of the
adsorbate. If the monodentate surface complex is protonated, it becomes an outer-sphere complex free
to diffuse outside of the IR spot at high relative humidity. As a complete reversibility of the COOH
and CO band areas is observed between hydration and dehydration cycles, such expected transport did
not take place. This can be explained by the fact that the phthalate molecule are still anchored to the
surface by another COO. Thus, this surface reaction is leaving one COO" still bound to goethite
surface. This type of behavior has been noticed in another work studying the behavior of formic acid
in water unsaturated atmosphere [10]. Although water can solvate carboxylate groups in aqueous
solution, the thin water film is preventing to have solvation shell stabilizing the COO™ group newly
formed, and a chemisorbed surface water could deprotonate and trigger a proton transfer to form a
carboxylic acid group that is able to fit in the hydrogen bond network of the surface. This would result
in the formation of new hydroxyl groups parallel to the protonation of carboxylic acid.

deoo_Fe-H0 > dco0, Fe-OH (1.2)

By the formation of a carboxylic group, a band at 1700 cm™ (C=0O stretching) would be
expected to appear, but could not be recognized in the spectra. Interaction of the COOH with surface-
bonded ice-like water could red-shift this C=0 band overlapping with COO™ and H-O-H bands around
1600 cm™. Strong hydrogen bonding, such as in carboxylic acids for example, has been known to shift
IR bands of carboxylic acids tremendously (around 100 cm™) [60]. Strong hydrogen bonding is also
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found at the surface of metal oxide at low relative humidity, thanks to the ice-like water molecules and
would explain why typical signals of COOH moieties are not observed in the spectra. Such a trend is
confirmed by the DFT calculations.

At highest RHs with capillary condensation of liquid-like water, the acid-base equilibrium of
carboxylate group at pH > pKa could take place to deprotonate COOH forming hydronium ion H;O™:

oo Fe-OH + H,0 > ¢c00_Fe-OH + H;0" (1.3)
Since the partially deprotonated phthalates are still confined to the surface, they will be
returned back to dimer upon drying of liquid-like water.

In order to confirm the above interpretation, DFT calculations have been performed. The
calculations are detailed in the materials and methods section. After finding the most stable phthalate
molecule on the (001) facet, which is a binuclear adsorption mode, more stable by 0.6 eV than the
mononuclear one, we gradually completed the coordination sphere of the surface Fe atoms. In total, 25
configurations were studied, where the positions of the water molecules were changed in order to
reach the best local minimum. More adsorbed water molecules warrant more configurations tested per
model. Again, the scope of the study was not to perform an exhaustive study of the potential energy
surface, but rather to compare, at a given water coverage, and in a given water configuration, the
mono- versus binuclear configurations of phthalate adsorption. The binuclear configuration is
compared to the configuration with the same amount of water molecules adsorbed, but in which the
phthalate adsorption mode is mononuclear. The schematic view in Figure 11 aims at helping to
understand how the phthalate molecule is interacting with the surface, as well as the fate of the vicinal
Fe sites. the site “Fe 17 is the site accepting the COO moiety in a bidentate adsorption mode. The siteS
“Fe 3” and “Fe 4” are saturated with two adsorbed water molecules. The site “Fe 2” receives either the
COOH adduct, the COOH adduct and one water molecule, or two water molecules. When phthalate is
adsorbed only on “Fe 17, the adsorption is mononuclear. When phthalate is co-adsorbed on “Fe 1” and
“Fe 27, the adsorption is binuclear.

. Q‘ e . .\3 S
5 P 4 " 5
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a® .a% ] ..
‘ b Q b | o Tl qz | W Figure 11: Schematic views from
./g E e “ . above :a) pristine (001) surface a)
‘ ,& b b y b and b) with phthalate adsorbed on
.~ \'~ "\' : ® “ o ;r;ifacegoethite surface  (001)
g : Site Fe 1 Feg, saturated with bidentate COO adsorption
As-cut Surface Site Fe 2 Fe,to Feg, site for H,0 / unidentate COO adsorption
Site Fe 3 Feg, saturated with H,0

Site Fe 4 Feg, saturated with H,0

For example, the bidentate (Bi) configuration (Bi, 1,0), in which “Fe 2” coordination is
saturated, is compared to the monodentate (Mono) configuration with the same water loading, (Mono,
1,0) in which “Fe 2” is 5 fold coordinated. Note that in the mononuclear configuration, a surface
proton is transferred to the desorbed COO to stabilize the COOH moiety. This re-protonation of COO
was indeed observed experimentally in the present work (see above).

The most stable configurations obtained are reported in Table 3. For each water coverage,
both configurations, mononuclear and binuclear are reported, together with the difference in energy
between these configurations. It clearly appears that, at low water loading (4 water molecules adsorbed
on iron atoms, coverage 4.2 molecule/nm?), the binuclear configuration is more stable by 0.61 eV than
the mononuclear one, which is explained by the fact that the surface iron “Fe 2” has not its full
coordination sphere. This is also true for the water loading 5.3 molecules.nm?, for which the “Fe 2” is
penta-coordinated (5c), thus its coordination sphere is not complete. Adding one water molecule
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(coverage 6.4 molecules.nm™), now the coordination sphere of all Fe are complete, and the difference
in the structures is that in the binuclear mode, the substituted water molecule is physisorbed at the
surface. Now, the configurations are iso-energetic. This can be understood in the following way: the
difference between mono- and bidentate being around 0.6 eV when no additional physically adsorbed
water is present, the loss of energy due to the bidentate to monodentate transition may be compensated
by the energy of one water molecule physisorbed at the surface.

From water loading 7.4 molecules.nm? and above, the additional water molecules are
physically sorbed at the surface. Now, the mononuclear configuration is more stable than the
binuclear one. We note that additional water molecules tend to form a solvation-like structure around
the COOH moiety. In the calculations, no spontaneous COOH deprotonation was observed. However,
direct correspondence of this simple DFT modeling with a minimal number of water molecules to the
multi-layer adsorption models of water on the goethite surface including the formation of “liquid-like
water film” is difficult. The possibility of local solvation of COOH to COO" by co-adsorbed water
molecules will be studied in a next paper.

Table 3: Most stable configurations obtained as a function of water loading for 0, 1, 2, 3, 4 and 5 water molecules (values of
molecule/nm? are shown). The energy differences between bidentate (Bi) and monodentate (Mono) configurations (AE = Mono - Bi) are

givenineV.
a) 4.2 b) 5.3 c) 6.4 d) 7.4 e) 8.5 f) 9.6
(Bi, 0,0) (Bi, 1,0) (Bi, 1,1) (Bi, 1,2) (Bi, 1,3) (Bi, 1,4)
%% b
M P2 4
Fe 2 6¢
(Mono, 0,0) (Mono, 1,0) (Mono, 2,0) (Mono,2,1) (Mono, 2,2) (Mono, 2,3)

o

o &

'}d

Fe 2 5¢
Fe 2 4c Fe 2 5¢c Fe 2 6¢
AE =0.61 0.31 -0.04 -0.69 -0.29 -1.07
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(Bi, 1,1)

{Mono, 2, 0)
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Figure 12: Adsorption energies of water on a-FeOOH
(001) (with phthalate pre-adsorbed, as a function of the
number of water molecules adsorbed for the
monodentate (Mono: green circles) and the bidentate
(Bi: red squares) adsorption modes. The dashed line
represents the net difference between the energies of
the two structures (values shown in Table 3).
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Figure 12 shows the cumulative adsorption energies of water at the goethite surface, in the
case of monodentate and bidentate adsorption. Both curves have a negative slope, indicating the
stabilization of the system with water loading. The water adsorption energy for monodentate
adsorption is higher than that for the bidentate adsorption at low water loading with 0 and 1 water
molecules. This can be understood by the fact that at low water loading, water completes the Fe
coordination sphere. For increasing water coverage, the monodentates become more stable and water
molecules are physisorbed around the adsorbed phthalates, playing a secondary solvation role for the
adsorbed phthalates.

These DFT calculations confirm the possibility of protonation of COO™ to COOH of
phthalates adsorbed on the goethite surface with low water coverage. As a consequence, one of the
carboxylate groups of the adsorbate can desorb and stay in a desorbed state and such a transformation
is observed through the study of the different IR bands shown in the experimental part of this paper.
The computational results obtained here are in good agreement with the experimental data with
somewhat a better resolution of the phenomenon by adding water molecules one by one, which cannot
be done with this experimental setup. The results provided by geometry optimization do not directly
reproduce the spectroscopic trends but support the interpretation of experimental results.

Conclusion

By using IR spectroscopy combined with QCM and RH control system, we have been able to
examine effects of a hydration/dehydration cycle on the speciation of phthalate ions adsorbed on
goethite surface.

At low RH conditions, only small amounts of (ice-like) water are adsorbed on goethite surface
and phthalates are considered to be adsorbed as bidentate by two carboxyl groups (COQO") bound to the
goethite surface. With increasing RH, water molecules are increasingly adsorbed and parts of carboxyl
groups adsorbed on the goethite can be protonated to COOH by accepting protons from water
molecules. The phthalates are still kept adsorbed by another carboxyl groups bound to the goethite
surface. At high RHSs, liquid-like water molecules are abundant at the goethite surface and some of
protonated carboxyls can be deprotonated and solvated in water to form COO'.

In order to test the above adsorption models based on experimental results, DFT simulations
have been performed by adding 0 to 5 molecules of water to the goethite (001)/phthalate system. With
low water coverage, water molecules participate in the coordination sphere of Fe with phthalates with
bidentate more stable. At higher water coverage, monodentate becomes stable leading to partial
desorption of phthalates. These DFT results support the above adsorption models.

These conclusions of this work can be a starting point for other environmentally and
industrially relevant systems, such as the mobility of pollutants in geosphere during
hydration/dehydration cycle, or for catalysts prepared by impregnation of dissolved precursors.
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