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ABSTRACT: Phosphate minerals play an important role in the
natural cycle of phosphorous, both in the solid form used in
agricultural applications and as aerosolized apatite mineral
particles. Mineral surface aging processes, such as organic acid
processing, have a significant effect on the phosphate particle
physicochemical properties, particularly, their hygroscopicity. In
this study, hydroxyapatite was used as a model for low solubility
apatite phosphate minerals and subjected to acid processing with
formic acid (FA) vapor to simulate the atmospheric processing
caused by volatile organic compounds present in the troposphere.
Hydroxyapatite particles were shown to react with the FA vapor to
form Ca(HCOO)2 on the particle surface, resulting in a
heterogeneous microparticle surface, as evidenced by spatially
resolved Raman spectroscopy. Due to the more soluble nature of the Ca(HCOO)2 formed on the surface, the hygroscopicity of the
acid-processed particle surfaces was shown to increase using dynamic vapor sorption studies. The maximum water uptake at 95% RH
was shown to increase from 0.4 to 0.82% and 3.26% after 24 and 48 h of laboratory acid exposure, respectively. Conventional
adsorption models, including Brunauer−Emmett−Teller and Freundlich, were used to fit the adsorption data. The heat of sorption
values of the 48 h acid-exposed sample was shown to converge to the heat of condensation of water at higher coverage values
compared to untreated and 24 h processed hydroxyapatite.
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■ INTRODUCTION

The total mass of particulate matter entering the atmosphere is
estimated to be between 3000 and 5000 Tg, from which
mineral dust is of special interest due to its high propensity to
react with trace atmospheric gases and volatile organic
compounds, resulting in atmospheric processing (aging) of
these particles.1,2 Such atmospheric processing can cause
various physicochemical transformations in the mineral dust
particles by changing their hygroscopic properties.3,4 These
transformations that occur in the troposphere have potential
impacts on chemical cycles and trace gas concentrations by
providing a reactive surface for various heterogeneous
reactions.5 Particles entering the atmosphere can be of natural
or anthropogenic sources and contribute significant sources of
nutrients to the environment through the many atmospheric
aging reactions that occur.6 In particular, the reactions
occurring on mineral dust interfaces with volatile organic
compounds (VOCs) have been of great interest due to the
implications these reaction hold for climate change and air
quality affecting human health.7,8 Biogenic sources emit the
majority of global VOC emissions (∼1150 Tg), but

anthropogenic emissions despite being smaller globally
(∼100 Tg), in urban areas, the local VOC emissions can
often be higher in quantity9 since the presence of mineral dust
in the troposphere can serve as reactive surfaces for
condensation of such VOCs that would alter the surface
properties of mineral dust.10

Phosphorous-bearing minerals play an important role in the
P-cycle as they can contribute to P deposition into the ocean
which increases the amount of bioavailable P in the ocean.11

Saharan dust in particular is rich in Ca-bound P.12 The P
release rate from aerosol particles can be affected by organic
ligands, UV light, and acid processes.13 Apatite minerals [such
as hydroxyapatite (HAP)] are the primary form of P-bearing
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mineral aerosols, and their P release rate is primarily affected
by acid processing as apatites are not photoactive and Ca is not
strongly complexed by organic ligands.14 HAP is an especially
important environmentally relevant phosphorus-bearing min-
eral due to its emerging use in agriculture as a novel slow-
release fertilizer material.15 The solubility product constant,
Ksp, of HAP is reported to be 2.9 × 10−58, resulting in a low
solubility under varying environmental conditions for long
periods and release of P-nutrient at a slow rate.16−18 Sorption
of volatile organic acids such as tropospherically abundant
formic acid (FA) has been studied on the HAP surface, with a
specific focus on (001) and (010) facets.19 The FA was shown
to dissociate and form strong interaction between HCOO−

ions and the Ca2+ on the HAP surface.19 Acid-processing of
HAP has clear implications on its inorganic P release and as
such, the study of surface properties of volatile organic acid-
processed HAP has significant potential for understanding
environmental transformations of acid-modified P-bearing
mineral interfaces. While the water sorption properties of
HAP and whether acid-processed HAP shows significant
deviations in water sorption compared to unmodified HAP is a
research area of high importance, very few reported insights are
available. The literature on water sorption on HAP is limited,
with some recent work focusing on understanding the effect of
particle size on the number of adsorbed water layers on nano-
HAP, as well as the Ca/P ratio, which tunes surface
properties.17,18 Furthermore, recent work on water sorption
on HAP has shown that the water sorption isotherm-derived
data are well-fitted to Brunauer−Emmett−Teller (BET) and
Freundlich models.20 The water sorption properties of
minerals are highly dependent on the surface composition,
and as such, the surface modifications caused by VOC
reactions become a key parameter in understanding the
interactions between water vapor and VOC-reacted mineral
dust.

This work is focused on understanding how the water
sorption properties and the surface chemistry of HAP are
affected by exposure to a volatile organic acid, which is aimed
at modeling the heterogeneous reactions that occur on P-
bearing mineral dust in the troposphere. FA was chosen as the
model molecule to study this phenomenon due to its volatility.
Dynamic vapor sorption (DVS) was utilized to study the water
uptake as a function of relative humidity (RH). Further
characterization of the HAP and FA-modified HAP was
performed using X-ray diffraction (XRD), Raman spectrosco-
py, scanning electron microscopy (SEM), and diffuse
reflectance infrared spectroscopy (DRIFTS).

■ MATERIALS AND METHODS

Materials. The HAP was obtained from Millipore-Sigma
(99%). FA was obtained from Fischer Scientific.
FA Processing of HAP Particle Surfaces. The HAP

particles were sealed in a glass chamber mounted above the
saturated FA aqueous solution for 24 or 48 h in an accelerated
aging procedure. The FA solution was obtained by diluting FA
into a 20% (by volume) solution with deionized water. After
the specified exposure time, the sample was removed and used
without further treatments.
Powder X-ray Diffraction. The powder XRD patterns

were acquired using an Empyrean, PANalytical B.V. diffrac-
tometer. The applied current was 40 mA, and the applied
voltage was 45 kV. The X-ray mirror that was used was a
graded, flat Bragg−Brentano HD mirror, and the step size that

was used for the measurements was 0.0131°. The diffraction
patterns were obtained between 5 and 70°. The radiation
source used was Cu Kα1,2, with Cu Kα1 wavelength 1.541 Å
and Cu Kα2 wavelength 1.544 Å. The ratio of Kα1/Kα2 was
0.5. Analysis was performed with a 4 mm mask, 1/8″ incident
beam divergence slit, 1/2″ incident beam anti-scatter slit, 7.5
mm diffracted beam anti-scatter slit, and a 0.04 mm Soller slit.
The powder was placed on a glass slide and pressed into a 1 cm
× 1 cm sized smooth powder film.
Raman Spectroscopy. Raman spectra were acquired using

a WITec alpha300R confocal Raman microscope using a 532
nm laser, Zeiss EC Epiplan-Neofluar ×50, G2: 600 g/mm
grating, 3 s integration time per point. The spectral range was
100−4000 cm−1 with the center at 2000 cm−1, and the spectral
resolution was ∼2 cm−1. Before each experiment, the
instrument was calibrated using a Si wafer. Laser intensity at
the sample was ∼54 mW. Raman mapping of FA-modified
HAP was conducted by scanning a grid of 20 × 20 points over
a single HAP particle using a 2 s integration time.
Scanning Electron Microscopy. All SEM images were

obtained using a Hitachi 4300 SE FE-SEM. A 5.0 kV voltage
setting was used with a gun brightness of 1.
X-ray Photoelectron Spectroscopy. The X-ray photo-

electron spectroscopy (XPS) spectra were collected using an
ex-situ mode in a SPECS near atmospheric pressure XPS
(NAP−XPS) system. The NAP−XPS system is equipped with
an XR 50 MF Al Kα X-ray source with a μ-FOCUS 600 X-ray
monochromator. The Al Kα radiation was used with an X-ray
beam energy of 1486.7 eV and a power of 100 W. A PHOIBOS
NAP in situ 1D-DLD hemispherical electron energy analyzer
(∼0.85 eV energy resolution and 1 mm entrance aperture)
collected the spectra. The pressure during the entire NAP−

XPS experiment was always kept at ∼10−8 mbar. Pass energy of
20 eV was utilized unless noted otherwise. Spectral data were
processed using the CasaXPS software suite.21

Dynamic Vapor Sorption Experiments. The DVS
intrinsic (surface measurement systems) was used for all
DVS experiments. Sample powder (20 mg) was loaded into the
sample pan and exposed to dry airflow (medical grade, RH
<2%) for 24 h to remove weakly bound water from the surface.
After the drying period, the RH was increased from 0 to 95%
and then decreased back to 0% in increments of 5%. During
each cycle, the adsorbed mass was recorded as a function of
time until the mass change rate (dm/dt) was under 0.002 mg/
min where equilibrium was assumed. A probe in the sample
chamber was used to constantly measure temperature and
maintain a constant 25 °C temperature. The SMS DVS
Analysis Suite software package was used to perform data
analysis functions such as baseline correction, isotherm
calculation, and heat of sorption analysis. HPLC grade water
(Millipore-Sigma) was used for all DVS experiments.
Ion Chromatography. Phosphate (PO4

3−) and calcium
(Ca2+) ion concentrations were measured using The Metrohm
Eco 925 IC system (Herisau, Switzerland). Metrosep A supp 5
(4 × 150 mm) and Metrosep C 4 (4 × 150 mm) separation
columns were used to perform anion analysis and cation
analysis, respectively. A solution of 3.2 mM Na2CO3/1.0 mM
NaHCO3 was used as the eluent for PO4

3− ion analysis,
whereas a solution of nitric and dipicolinic acid (1.75 nM
HNO3/0.7 mM dipicolinic acid) was the eluent for Ca2+ ion
analysis. Measurements of all samples were conducted at room
temperature and controlled using MagIC Net 3.2 software.
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HAP Dissolution Experiments. PO4
3− ion dissolution

from HAP was investigated by separately dissolving HAP and
FA-modified HAP for 24 and 48 h in citric acid buffer solution
with the initial pH values of 5, 6, and 7. 0.15 g of the sample
was dissolved in 50 mL of the buffer solution, sealed in a glass
chamber, stirred at 250 rpm for 24 h, and the resulting
dissolved PO4

3− concentration was measured. Ca2+ ion
concentrations were also investigated in the same procedures
as phosphate except that each sample was dissolved in pH 5
citric acid buffer, and concentrations were measured every 2 h
until reaching equilibrium. All sample measurements were
conducted at room temperature.

■ RESULTS AND DISCUSSION

Physicochemical Characterization of HAP and FA-
Modified HAP. The crystal structures of HAP and the HAP
modified using FA for 24 and 48 h were studied using XRD
(Figure 1a). The XRD patterns for HAP modified with FA did

not exhibit new peaks due to the crystalline modification,
indicating that the bulk structure of HAP was not significantly
transformed due to FA exposure. In all cases, the HAP crystal
structure agreed with previously reported XRD patterns.22

Since XRD is not able to discriminate between the surface and
bulk structure of a material, any surface changes that would
occur as a result of FA exposure would not likely be detected
via XRD. Therefore, Raman spectroscopy was used as a
method of understanding whether the surface of HAP was
altered due to FA exposure since a surface overlayer can be
detected using this technique.23 Raman spectroscopy allows for
the spatially resolved analysis of the crystals or for the mapping
of a select region on a crystal to understand whether FA has
modified the HAP crystal. Figure 1b shows the Raman spectra
for select spots on the HAP and FA-modified HAP crystals. All
samples exhibit a symmetric ν1 phosphate stretch located at
960 cm−1, as well as the asymmetric ν3 phosphate stretch
located at 1050 cm−1.24 The ν2 O−P−O bending mode is
located at 428 cm−1 and the ν4 mode at 585 cm−1.24 A small
sharp peak at 3579 cm−1 corresponds to the OH stretching
mode.24 In the case of FA-modified HAP, additional peaks at
1356, 1392, 2880, and 2900 cm−1 were observed. These peaks
are attributed to the formation of Ca(HCOO)2 as the FA
vapor reacts with HAP and exhibits new C−H and C−O
stretching modes.25,26

While Raman spectra acquired at select spots for the FA-
modified HAP suggested the formation of Ca(HCOO)2, to
investigate the spatial distribution of new Raman signals over

the particles, Raman mapping was used. Figure 2a,b shows the
optical confocal images of HAP particles exposed to FA for 24
and 48 h, respectively. Figure 2c,d shows the spatial
distribution of the 960, 1356, 1392, 2800, 2900, and 3541
cm−1 peaks across the highlighted area on the particle (as
shown by the red rectangle in Figure 2a,b). Importantly, the
1356 and 1392 peaks, as well as the 2800 and 2900 peaks, are
all co-localized over the same area on the map. This suggests
that this area corresponds to Ca(HCOO)2 formation as
previous studies have shown that FA adsorption on HAP
(010) occurs through the transfer of the acidic proton on FA
to the surface and HCO− bonding to the surface Ca site.19,25,26

Since the confocal Raman analysis depth is several hundred
nanometers into the crystal, HAP parent structure peaks were
detected in the areas where Ca(HCOO)2 was detected, as
shown in the combined images. Raman mapping indicates the
formation of Ca(HCOO)2 on the HAP particles but localized
to distinct parts of the HAP particles.

Figure 3 shows the SEM images for HAP and FA-modified
HAP. HAP particles exhibit a wide size range and do not have
a well-defined shape. The FA exposure did not lead to
significant morphological changes in the HAP particles.
XPS Analysis of HAP and FA-Modified HAP. The

surface region properties within the elastically scattered
photoelectron escape depth of a few nanometers of HAP
and FA-modified HAP were studied using XPS. Figure 4 shows
the XPS spectra for O 1s, Ca 2p, C 1s, and P 2p regions for
HAP and the FA-modified HAP. The O 1s peak is centered
around 530.8 eV and shifts to 531.5 eV with exposure to FA
for 48 h. The Ca 2p regions are shown with the Ca 2p3/2 peak
centered at 347.0 eV for untreated HAP but shifts to higher
binding energy with FA exposure. The P 2p peak for HAP is
centered around 132.9 eV, consistent with previous re-
ports.27,28 For FA-exposed HAP samples, the 48 h exposed
sample also exhibited a peak shift to a higher binding energy
side. For untreated HAP, the C−C peak is centered around
285.0 eV (also used for charge calibration of the XPS data),
while the O�C−O is centered around 288.8 eV, agreeing with
previous studies.28 The intensity of the O�C−O peak with
respect to the C−C peak at 285.0 eV increases with longer
exposure times to FA. The major Ca(HCOO)2 peak is
centered around 288.8 eV.29 As the HAP is exposed to FA
vapor, the formation of Ca(HCOO)2 leads to the O�C−O
region growing, which is similar to observations seen on
CaCO3 surfaces exposed to FA vapor.29 XPS data suggest the
growth of an organic Ca-salt overlayer, as observed in this
study, and are consistent with observations reported on
CaCO3 with FA as well as other studies on acetic acid
adsorption on MgO.29,30

Water Sorption on HAP and FA-Modified HAP as a
Function of Relative Humidity. The water sorption
properties of HAP and FA-modified HAP were studied using
DVS. Before water vapor sorption, HAP samples were
pretreated by flowing dry air for 24 h to remove weakly
physisorbed water molecules from the surface according to
similar procedures for non-hygroscopic materials, including
HAP.20,31,32 To preserve the native surface of HAP (and FA-
modified HAP) that would be observed under environmentally
relevant conditions, the 24 h drying pretreatment is used
instead of high-temperature or vacuum treatments that would
alter the surface properties that would be observed in the
natural state of HAP. HAP demonstrated a type II isotherm for

Figure 1. (a)XRD patterns for HAP and FA-modified HAP and (b)
Raman spectra for HAP and FA-modified HAP (Raman spectra
correspond to single-spot acquisitions).
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the adsorption branch (Figure 5a), in agreement with the
literature.17

Type II behavior arises from unrestricted monolayer−
multilayer adsorption.33 Both HAP and FA-modified HAP do
not display a clear transition point where the monolayer
transitions into a multilayer. An H3 type hysteresis loop was

observed both in HAP, as well as FA-modified HAP (both 24
and 48 h exposures), which indicates a deviation from true
type II behavior in the desorption branch. This is reported to
be caused by the metastability of the adsorbed multilayer.34 All
three cycles of adsorption/desorption on untreated HAP show
consistent behavior with no change in the adsorbed water

Figure 2. Optical images for (a) HAP + FA 24 h and (b) HAP + FA 48 h (the red square denotes the area over which the mapping was
performed). Raman maps for (c) HAP + FA 24 h and (d) HAP + FA 48 h show select peaks and their spatial distribution over the particle in the
mapped area and the combined images.
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amount. FA-modified HAP exhibits a hysteresis loop that
becomes wider with longer FA exposure. Permanent hysteresis
is in general attributed to adsorption layer metastability and/or
pore network effects such as capillary condensation.33

However, since the porosity in HAP is attributed to the
presence of macropores, the hysteresis may be caused by the
pore condensate not filling the macropores.33,35,36 Compared
to the HAP isotherms, the hysteresis loop widens in the case of
HAP exposed to FA for 24 h (Figure 5b), with the 48 h
exposed HAP showing the widest hysteresis loop and a higher
water uptake at 95% RH. Untreated HAP exhibits a maximum
relative mass change of 0.4% at 95% RH exposure in cycle 1,
while the HAP samples exposed to FA for 24 and 48 h exhibit
maximum uptakes of 0.82 and 3.26%, respectively, in cycle 1.
The increase in the water uptake as a function of exposure time
to FA indicates the formation of Ca(HCOO)2 on HAP
particles, which are significantly more soluble compared to
HAP.37 As shown in Figure 5d, Ca(HCOO)2 leads to 0.73%
maximum water uptake at 95%, compared to the 0.4% of HAP,
indicating that Ca(HCOO)2 is more hygroscopic. As the more

soluble component Ca(HCOO)2 adsorbs more moisture
content during the higher RH levels (≥80%) a higher overall
water uptake of the composite particle is expected. As the HAP
is exposed to FA for longer periods, a larger fraction of its
surface is expected to be converted to Ca(HCOO)2. This is
also possibly a contributing factor to the growing hysteresis as
the dissolution of these Ca(HCOO)2 regions would contribute
to the widening hysteresis loop observed in both FA-treated
HAP samples compared to untreated HAP. These findings are
consistent with previous reports demonstrating that hydrated
formates of Ca and Mg can exhibit highly hygroscopic behavior
at high RH due to the amorphous nature of the formate
phase.38 If such amorphous formate domains are being formed
on the HAP surface in this work, the increased uptake of water
at RH greater than 90% can be attributed to these surface
domains. These observations indicate that longer FA
processing times of mineral dust can potentially increase
their hygroscopicity, which may have important implications
for their nutrient release into the environment. This effect of
altered hygroscopicity in composite materials has been

Figure 3. SEM images of (a) HAP, (b) HAP + FA 24 h, and (c) HAP + FA 48 h.

Figure 4. XPS spectra for (a) O 1s, (b) Ca 2p, (c) C 1s , and (d) P 2p regions.
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reported in ternary and binary co-crystals between highly
soluble urea and sparingly soluble materials such as thiourea,39

salicylic acid,40 and gypsum,41 which in turn alter their nutrient
release rates.
BET Analysis of Water Sorption on HAP and FA-

Modified HAP. The BET model is one of the most widely
used equations in the analysis of the surface area, pore texture,
and fitting sorption data for a variety of molecules.33,42

Previous reports on the use of the BET equation have stated
that in the case of type II isotherms with a linear region and
reasonable (20 < C < 100) C values, the BET equation
provides accurate data, while for C < 20, a clear monolayer/
multilayer distinction is difficult.43 Water sorption on environ-
mentally relevant mineral interfaces such as clays and fly ashes
has been analyzed using the BET equation.31,32,44,45 In this
work, the BET equation is used to calculate the monolayer
coverage of water and surface area of HAP and FA-modified
HAP during the adsorption branch (Figure 6). Equation 1
shows the BET equation used for monolayer coverage
calculation.

= · +

( )V

C

V C

P

P V C

1

1

1 1
P

Pa m 0 m
0

(1)

The P/P0 variable signifies the relative pressure of the
adsorbate molecule of interest, which varied from 0 to 0.95.
The range of data between 0.05 and 0.35 was used for fitting
the linear BET equation as this region is typically treated at
that of monolayer formation.33 The parameters Va and Vm

denote the volume of adsorbed molecules and the specific
monolayer capacity, respectively. The C parameter is a BET
sorption constant, which is exponentially related to the
monolayer adsorption energy.33 The BET-specific surface
area was calculated using a molecular cross-sectional area of
0.125 nm2 for a water molecule.46

BET fits for untreated HAP across all three cycles resulted in
monolayer capacities between 3.0 × 10−5 and 4.3 × 10−5 mol/
g, and the BET surface area (SBET) varied between 1.83 and
2.74 m2/g. The R2 values for the fits varied between 0.91 and
1.00. HAP exposed to FA for 24 h exhibited monolayer
capacities between 3 × 10−5 and 8 × 10−5 mol/g, and the SBET
varied between 1.83 and 4.9 m2/g. The R2 values for the first
ranged between 0.97 and 1.00. Finally, HAP exposed to FA for
48 h showed monolayer capacities between 4.1 × 10−5 and 6.4
× 10−5 mol/g, and the SBET varied between 2.57 and 4.1 m2/g.
The R2 values for the first ranged between 0.94 and 1.00. In all
three cases, the C value was calculated to be greater than unity,
which confirms the type II multilayer adsorption behavior of
water on HAP and FA-modified HAP.32 The two HAP
samples exposed to FA for 24 and 48 h exhibit increasing
monolayer coverage with each subsequent cycle, indicating
that the presence of the more soluble Ca(HCOO)2 overlayer is
lending to more water sorption, potentially by forming a
saturated liquid layer at high RH values, as discussed in
previous literature reports.47 While no bulk particle deli-
quescence occurs, the surface of the material may undergo
slight dissolution to form a liquid overlayer in the multilayer
adsorption regime.47,48 This may lead to the observed increase
in monolayer capacity and overestimation of surface area.
Freundlich Analysis of Water Sorption on HAP and

FA-Modified HAP. The Freundlich equation has been applied
over a wide variety of adsorption reactions, and it is applicable
for both solid−liquid and solid−gas interfaces.32,49−51 This
empirical equation is used to model the adsorption of gas
molecules on a heterogeneous surface with an exponential
energy distribution of adsorption.52 The Freundlich equation is
shown using eq 2.
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Figure 5. Water adsorption isotherms on (a) HAP, (b) HAP exposed to a 20% FA aqueous solution saturated vapor for 24 h, (c) HAP exposed to a
20% FA solution saturated vapor for 48 h, and (d) commercial Ca(HCOO)2 [(a) data taken from the previous study.20
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The KF term denotes a Freundlich equilibrium constant,
whereas n denotes a fitting coefficient that is indicative of the
binding affinity on the adsorbent surface. The KF term is
dependent on temperature. The terms x and m denote the
mass change (in mg) and the total dry sample mass (in mg),
whereas P/P0 denotes the relative pressure of the adsorbate
gas. The Freundlich equation was applied to the two linear
regions in the low RH region (0−25%) and high RH range
(25−60%), as shown in Figure 7. Across all three samples, the
Freundlich equation fits the adsorption data with high R2

values (R2 > 0.98), indicating that the Freundlich equation
models the adsorption data in both linear ranges well.

As the Freundlich model is based on the assumption that the
adsorbent surface interactions with the adsorbate molecules are
heterogeneous, the fit is believed to be improved compared to
the BET model, which assumes homogeneous behavior.
Untreated HAP shows good agreement with the Freundlich
model in both linear regions 0−20 and 25−60% with R2 values
equal to or above 0.99. The KF parameters for HAP in the 0−

20% RH region of cycles 1, 2, and 3 were 1.0 × 10−2, 7.7 ×

Figure 6. BET fits for (a−c) HAP, (d−f) HAP + FA 24 h, and (g−i) HAP + FA 48 h [(a−c) data taken from the previous study.20
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10−3, and 1.1 × 10−2, respectively. The KF parameters in the
25−60% RH range for cycles 1, 2, and 3 were 9.3 × 10−3, 8.7 ×
10−3, and 8.9 × 10−3, respectively. The n parameters for the 0−
20% region in HAP in cycles 1, 2, and 3 are 1.11, 1.38, and
1.16, while in the 25−60% region are 1.24, 1.23, and 1.41. For
HAP exposed to FA for 24 h, the KF parameters in the 0−20%
RH region of cycles 1, 2, and 3 were 6.0 × 10−4, 3.9 × 10−4,
and 3.9 × 10−4, respectively. The KF parameters in the 25−
60% RH range for cycles 1, 2, and 3 were 7.0 × 10−4, 4.4 ×
10−4, and 5.3 × 10−4, respectively. The n parameters for the 0−
20% region in cycles 1, 2, and 3 are 1.51, 1.31, and 1.26, while
in the 25−60% region are 1.66, 1.39, and 1.45. Finally, for
HAP exposed to FA for 48 h, the KF parameters in the 0−20%

RH region of cycles 1, 2, and 3 were 2.2 × 10−4, 2.6 × 10−5,
and 2.4 × 10−4, respectively. The KF parameters in the 25−
60% RH range for cycles 1, 2, and 3 were 9.0 × 10−5, 1.5 ×
10−4, and 1.4 × 10−4, respectively. The n parameters for the 0−
20% region in HAP in cycles 1, 2, and 3 are 1.21, 1.18, and
1.15, while in the 25−60% region are 0.94, 0.99, and 0.98.
These are summarized in Table 1. Typically, an n value greater
than 1 describes a strong interaction between the surface and
the adsorbate. In contrast to HAP and HAP exposed to FA for
24 h, the HAP exposed to FA for 48 h shows an n parameter
lower than 1, indicating that in the multilayer regime, water is
not tightly bound to the surface. As discussed in the previous
section, water forming a saturated solution on the surface of

Figure 7. Freundlich fits for (a−c) HAP, (d−f) HAP + FA 24 h, and (g−i) HAP + FA 48 h [(a−c) data taken from the previous study.20

Table 1. Tabulated KF and n Values Obtained for the Freundlich Model Fits in Linear Regions of 0−20 and 25−60%

KF N

cycle 0−20% RH 25−60% 0−20% RH 25−60%

HAP 1 1.0 × 10−2 9.3 × 10−3 1.11 1.24

2 7.7 × 10−3 8.7 × 10−3 1.38 1.23

3 1.1 × 10−2 8.9 × 10−3 1.16 1.41

HAP + FA 24 h 1 6.0 × 10−4 7.0 × 10−4 1.51 1.66

2 3.9 × 10−4 4.4 × 10−4 1.31 1.39

3 3.9 × 10−4 5.3 × 10−4 1.26 1.45

HAP + FA 48 h 1 2.2 × 10−4 9.0 × 10−5 1.21 0.94

2 2.6 × 10−5 1.5 × 10−4 1.18 0.99

3 2.4 × 10−4 1.4 × 10−4 1.15 0.98

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.2c00273
ACS Earth Space Chem. 2022, 6, 3043−3053

3050

https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00273?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00273?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00273?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00273?fig=fig7&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the particles facilitated by the Ca(HCOO)2 dissolution may
lead to this behavior as well as in the decreasing KF term with
increased formic acid exposure.
Heat of Sorption Analysis of Water Sorption on HAP

and FA-Modified HAP. The heat of sorption for water
adsorption on HAP and FA-modified HAP was calculated
using the Clausius−Clapeyron equation, as shown using eq 3.
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The heat of sorption was calculated using the adsorption
data for each cycle (Figure 8). The heat of sorption for an
adsorption process can be calculated if the two pressure values
(P1 and P2) are known for two temperature values (T1 and T2).
R denotes the universal gas constant, and ΔHads denotes the
isosteric heat of sorption. Figure 8a shows the heat of sorption
for HAP. The heat of sorption for HAP stays relatively
consistent between all three cycles, and as the coverage of
water increases, the heat of adsorption approaches the heat of
liquefaction of water. As shown by the previous literature,
water sorption before the formation of a monolayer shows a
trend of the heat of sorption becoming more negative, and as
the transformation from monolayer to multilayer occurs, the
heat of sorption reaches a plateau. Previous work on HAP and
ZnO has shown similar trends.53,54 The HAP sample exposed
to FA for 24 h approaches the heat of liquefaction under 0.4%
mass change, similar to HAP, but the 48 h exposed sample
approaches this value around 1% mass change and continues a
slight upward trend up to 3.6% in the first cycle and then 2.6%
in subsequent cycles. Due to the higher water uptake on the

HAP exposed to FA for 48 h, the multilayer formation may be
occurring later compared to untreated HAP, leading to the
heat of sorption converging at higher mass change values.

Dissolution of HAP particles in aqueous solutions of citric
acid was carried out to simulate the soil effects on phosphorus
availability. Citric acid is exuded by the plant roots and
contributes to phosphate availability in the plants.55,56 In the
first step of investigating the simulated atmospheric processing
effect with FA on PO4

3− ion release, dissolution experiments
were performed at pH of 5, 6, and 7 for 24 h of dissolution.
The results are shown in Figure 9a. It can be seen that at lower
pH of 5, there is a statistically significant increase in dissolved
PO4

3− ion amount from 500 to 600 ppm for HAP modified
with FA for 48 h. While the PO4

3− ion dissolution in citric
acid-buffered solutions was equilibrium limited and enhanced
by the FA processing of HAP, measurement of dissolved Ca2+

showed kinetically dependent behavior, as shown in Figure 9b.
In particular, there was a statistically significant enhancement
in Ca2+ ion dissolution in the early stages of the experiment
while under equilibrium, dissolved Ca2+ ion concentration
approached the same 240 ppm. It can be proposed that
Ca(HCOO)2 particles, formed on the HAP surface, facilitate
Ca2+ ion dissolution kinetics in the early stage of the
experiment before equilibrium is approached. Collectively,
the data shown in Figure 9 suggest the profound effect of the
atmospheric processing with FA on the enhanced availability of
nutrients, both P and Ca, after HAP deposition in soil.

Figure 8. Heat of sorption (kJ/mol) as a function of mass change (%) for (a) HAP, (b) HAP + FA 24 h, and (c) HAP + FA 48 h. (HAP heat of
sorption data taken from the previous study20). Phosphate (PO4

3−) and calcium (Ca2+) ion dissolution from HAP and FA-modified HAP.

Figure 9. (a) Phosphate (PO4
3−) ion concentrations in solution dissolved from HAP and FA-modified HAP under initial pH values of 5, 6, and 7 in

citric acid buffer solutions after 24 h of dissolution. (b) Calcium (Ca2+) ion concentrations in solution dissolved from HAP and FA-modified HAP
in pH 5 citric acid buffer.
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■ CONCLUSIONS AND ENVIRONMENTAL
IMPLICATIONS

Water sorption properties of mineral dust and other environ-
mentally relevant mineral interfaces provide valuable insights
into understanding how critical nutrients can enter the nutrient
cycles.11,14,40 The water sorption properties of HAP were
altered by FA vapor exposure as the hygroscopicity of HAP
particles increased, with increasing FA exposure time. This was
attributed to the formation of distinct Ca(HCOO)2 particles
on the surface of HAP particles, leading to the overall
hygroscopicity of the composite particle increasing due to the
soluble nature of Ca(HCOO)2. The formation of such
Ca(HCOO)2 domains was confirmed using spatially resolved
Raman mapping and XPS studies. BET model fitting of the
water sorption isotherms showed that the water monolayer
capacity increased over subsequent adsorption cycles on the
FA-exposed HAP, indicating that the dissolution of the soluble
Ca(HCOO)2 surface may be contributing to the increased
monolayer capacity despite the particles themselves not
undergoing bulk deliquescence. The heat of sorption analysis
showed that in all three cases, the heat of sorption approached
the heat of water liquefaction with increasing water adsorption,
but for the HAP exposed to FA for 48 h, the heat of sorption
converged at mass change values higher than those of HAP or
HAP exposed to FA for 24 h. This study shows that acid
processing of apatite minerals has a significant impact on the
hygroscopicity and water sorption properties of mineral
particles due to the surface modification, indicating that acid
processing of mineral apatite dust particles may have significant
environmental implications for nutrient cycling, especially the
P-cycle.
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