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Struvite - unstable surface
Does not fit conventional
adsorption models

ABSTRACT: Anthropogenically derived phosphate-bearing crystal- HAP - stable surface
line materials serve as reactive surfaces for nutrient recycling to the Fits conventional
environment. The reactivity of these surfaces is critical for adsorption models
controlling nutrient release rates and will depend on the relative
humidity at the soil surface. In this study, we investigate water
uptake on these phosphate-bearing minerals as a function of relative
humidity. In particular, this study is focused on the water adsorption
properties of two anthropogenically derived phosphates, hydrox-
yapatite (HAP) and struvite. HAP exhibited a stable surface
structure, and the water adsorption data were fit using Brunauer—
Emmett—Teller (BET) and Freundlich adsorption models. Struvite
surface, on the other hand, exhibited intrinsic instability due to the ()
crystalline water loss at very low relative humidity, leading to the

adsorption data not being well described by traditional models. Diffuse reflectance infrared spectroscopy studies showed that a
relative humidity of <5% resulted in crystalline water removal, as well as the change in the structure of the hydrogen-bonded surface
water and the ammonium ions in the struvite crystals. HAP exhibited a calculated heat of sorption that converged to the water heat
of liquefication, while struvite exhibited transient behavior, which resulted in a nonconvergent calculated heat of sorption.

KEYWORDS: struvite, hydroxyapatite, relative humidity, adsorption, Freundlich, BET

Target RH(%)

X k(Y
m = KGO

B INTRODUCTION cleared land and biomass burning can also contribute a
significant fraction of phosphorus to the ocean."” Finally,
enhanced phosphorus influx into the environment in the form
of aqueous PO,*” ion via surface waterways due to the

The understanding of environmental water vapor uptake as a
function of relative humidity (RH) on the crystalline materials
of anthropogenic origin containing nitrogen (N) and

phosphorus (P) in the form of NH,* and/or PO,*” ions disrupted nutrient cycles has led to major water quality
remains very low compared to that on the natural minerals, concerns including eutrophication and harmful algal blooms,
which are chiefly comprised of oxides/hydroxides or which can have lasting environmental and economic
carbonates.' ™" Recent studies investigated water uptake as impacts."*~"

relative humidity on certain complex anthropogenically derived The above-mentioned natural and anthropogenic sources of
combustion products, such as fly ash,”™” that can become phosphorus to the environment, while contributing a large
incorporated into mineral dust and affect the atmospheric total phosphorus amount, contain rather low nutrient
environment, climate, and hydrological cycles. Emission flux concentrations. For example, volcanic emission sources of
and atmospheric loading of these combustion process- phosphorus, recognized to have high phosphorus flux into

generated particles, chiefly coal fly ash, account for ~300
million U.S. tons annually, while natural minerals have been 1%.1°%° Similarly, Saharan dust contains on average 0.09% of
estimated to reach some 2 billion U.S. tons annually.”’ ’

Importantly, both natural and anthropogenic particles have
been shown to undergo environmental processing, such as
atmospheric transport and aging, and contribute significant
sources of nutrients to the environment.'® For example,
mineral dust was shown to be an important external source of
phosphorus to the ocean'' or Amazon rainforest.'” Similarly,
anthropogenic phosphates derived due to the soil erosion of

localized areas over short time scales, contain only up to
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phosphorus'®*! and chiefly contributes to this nutrient due to

the large overall flux. A new and emerging source of the
reactive highly concentrated phosphorus and nitrogen can be
considered anthropogenically derived fertilizer materials
obtained during the wastewater treatment process via reaction
of the NH,* and PO,*~ ion-containing water with magnesium
and calcium-containing minerals.””~>" Struvite, MgNH,PO,-
6H,0, and hydroxyapatite (HAP), Ca,y(PO,)s(OH),, are
obtained in increasing amounts and returned into the
environment as green fertilizers.”* " Differently from natural
and other anthropogenic nitrogen- and phosphorus-containing
sources (excluding mineral fertilizers), they contain significant
concentrations of nutrients, e.g, 13% of P and 6% of N and
18% P, respectively. These crystalline materials of anthro-
pogenic origin span a rather large solubility range with
solubility product constant, K, ranging from 2 X 1075 t0 2.9
X 107" for struvite and HAP, respectively, and due to their
low solubility are expected to remain with the environment for
extended periods.”””* Importantly, the hygroscopicity of these
materials will affect their particle size, reactivity, and,
ultimately, NH,* and PO,>” ion releases into the environment.
The literature on water vapor adsorption as a function of
relative humidity on HAP and struvite is limited, with some
recent work focusing on understanding the effects of Ca/P
ratio on water adsorption on HAP, as well as the effect of
particle size on the number of adsorbed water layers on nano-
HAP.>*** Correspondingly, the hygroscopic properties of
struvite and HAP are not well understood even though they
may lead to significant negative environmental effects via water
vapor facilitated nutrient release, such as watershed eutrophi-
cation or reactive N-gas (such as N,O or NH;) release.

In this work, dynamic vapor sorption (DVS) experiments
were utilized to investigate water uptake on struvite and
hydroxyapatite particles. DVS has emerged as a useful
technique in understanding the interactions between various
mineral interfaces and water under varying relative humidity
(RH) conditions, as it provides adsorption data that can be
used to investigate isotherms using various sorption model
fits.*>*” In particular, DVS was employed to measure the mass
of water adsorbed as a function of relative humidity at a
temperature of 25 °C (as measured using the onboard
temperature probe). All samples were systematically charac-
terized by powder X-ray diffraction (pXRD), Raman spectros-
copy, scanning electron microscopy (SEM), diffuse reflectance
infrared spectroscopy (DRIFTS), and X-ray photoelectron
spectroscopy (XPS) before water uptake experiments.

B MATERIALS AND METHODS

Materials. The struvite was obtained from Alfa Aesar
(98%), and hydroxyapatite was obtained from Millipore-Sigma
(99%). Both materials were used as received.

Dynamic Vapor Sorption (DVS) Experiments. The
DVS intrinsic (surface measurement systems) was used for all
DVS experiments. Figure 1 shows the schematic representation
of the experimental setup. Sample powder (20 mg) was loaded
into the sample pan and exposed to dry airflow for a set time to
remove weakly bound water from the surface. This period was
different between the struvite and HAP. HAP was dried for 24
h, while struvite was dried for 10 min (discussed vide infra).
After the drying period, the relative humidity 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
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Figure 1. Schematic representation of the dynamic vapor sorption
experimental setup.

0.002 mg/min where equilibrium was assumed. A probe in the
sample chamber was used to constantly measure temperature
and keep 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.

Powder X-ray Diffraction. The pXRD patterns were
acquired using an Empyrean, PANalytical B.V. diffractometer.
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 Kal,2 with Cu Kal wavelength 1.540598 A and Cu Ka2
wavelength 1.544426 A. The ratio of Kal/Ka2 was 0.5. The
analysis was performed with a 4 mm mask, 1/8” incident beam
divergence slit, 1/2” incident beam antiscatter slit, 7.5 mm
diffracted beam antiscatter slit, and a 0.04 mm Soller slit. The
powder was placed on a glass slide and pressed into a 1 cm X 1
cm sized smooth powder film.

Raman Spectroscopy. Raman spectra were acquired using
a WITec alpha300R confocal Raman microscope using 532 nm
laser, a Zeiss EC Epiplan-Neofluar 100X/0.9 objective, G2:
600 g/mm grating, and a 3 s integration time per point. The
spectral range was 100—4000 cm™' with the center at 2000
cm™, and the spectral resolution was ~2 cm™'. Before each
experiment, the instrument was calibrated using a Si wafer.
Laser intensity at the sample was ~54 mW.

Scanning Electron Microscopy. All SEM images were
obtained using a Hitachi 4300 SE FE-SEM. A 5.0 kV voltage
setting was used.

X-ray Photoelectron Spectroscopy (XPS). XPS analysis
was carried out with a ULVAC-PHI VersaProbe III instrument
using a monochromatized Al Ka X-ray source (1486.6 eV).
The pass energy of the analyzer was 55.5 eV, the acquisition
area had a diameter of 100 um, and the scan step size was 0.1
eV. Binding energies were corrected for charging by
referencing the C 1s peak at 285.0 eV. CasaXPS was used
for spectral processing and quantification.”®

Diffuse Reflectance Infrared Fourier Transformed
Spectroscopy (DRIFTS). A Thermo Nicolet iS50 infrared
spectrometer equipped with a mercury—cadmium—tellurium
(MCT) liquid nitrogen-cooled detector was used in combina-
tion with a Harrick Praying Mantis diffuse reflection accessory
equipped with KBr windows. About 30 mg of the powder was
loaded into the DRIFTS cell. The spectra were acquired under
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Figure 2. (a) pXRD patterns of struvite and HAP. (b) Struvite and (c) HAP Raman spectra.

Figure 3. SEM of (a)b) HAP and (c,d) struvite.

10 pm

a 30 mL/min dry airflow (the same dry air as used in the DVS
instrument). All spectra were averaged over 96 scans at a
resolution of 4 cm™'. The CO, adsorption experiment on
struvite was conducted by drying the struvite under N, for 24
h, exposing it to a mixture of CO,/N, for 30 min and
subsequently flowing N, for 30 min to remove the weakly
physisorbed species. Spectra were taken at the initial state with
a mirror reference after 24 h of drying and after CO,
adsorption and N, exposure.

B RESULTS AND DISCUSSION

Physicochemical Characterization of Hydroxyapatite
and Struvite Crystals. XRD was used to characterize the
crystalline composition of HAP and struvite (shown in Figure
2a). HAP is typically present in the hexagonal crystal structure
(space group P6;/m), and the HAP sample analyzed in this
study showed good agreement with the reference pattern.’”
The HAP lattice parameters are reported as a = b = 9.432 A
and ¢ = 6.881 A* HAP in its stoichiometric formula
Ca;o(PO,)s(OH), exhibits a Ca/P molar ratio of 1.67,
although HAP may be present as a mixture of calcium
phosphate phases, which leads to nonstoichiometric Ca/P
ratios.”’ The most thermodynamically stable form of HAP
crystallizes in the monoclinic structure but is only found at
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high temperatures. The hexagonal HAP structure, which is
dominant at ambient conditions due to its stability, may
contain a minor fraction of nonstoichiometric Ca/P.

Struvite possesses the orthorhombic crystal structure and
belongs to the space group Pmn2, with the lattice parameters a
=6.9650 A, b = 6.1165 A, and ¢ = 11.2056 A2** Magnesium
phosphate hydrates typically form in the orthorhombic crystal
structure, with Mg;(PO,),-4H,0 belongin§ to Cmc21 and
Mg;(PO,),-8H,0 to C2/c space groups.*”** Furthermore,
struvite can form isomorphous analogues by replacing the
NH," with K" and Na' and replacing the PO,’” with
AsO,>~.""* The struvite XRD pattern showed an agreement
with previous literature reports.22

The Raman spectra for HAP and struvite are shown in
Figure 2b,c, respectively, together with the corresponding
optical images of the crystals. The symmetric v; phosphate
stretch for HAP is located at 957 cm™, with the asymmetric v5
phosphate stretch located at 1050 cm™".* The v, O—P—0
bending mode is located around 425 cm™!, and the v, mode
corresponds to the peak at 589 cm™.*® The symmetric v,
phosphate stretch for struvite is located at 943 cm™, while the
v, mode corresponds to 560 cm™".***’ The hydrogen-bonded
hydroxyl/water and ammonium species lead to the increase of
a prominent region in struvite, with a broad band centered
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Figure 4. High-resolution X-ray photoelectron spectra of HAP and struvite: (a) O 2p, (b) N 1s, (c) Ca 2p, (d) P 2p, and (e) Mg 2p regions.
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Figure 5. (a) Relative mass change as a function of time for HAP. (b) Water adsorption isotherms on HAP during three consecutive cycles.

around 3134 cm™" and a shoulder around 2950 cm™.*"*° The
hydroxyl region of HAP does not exhibit similar broad peaks
due to the lack of crystal water but the sharp 3575 cm™" peak
corresponds to the OH stretching mode.*® Struvite contains
tetrahedral NH," groups, as evidenced by the 1442 and 1690
cm™! peaks.*’*°

The particle morphology was studied using SEM. Figure
3a,b shows the images for HAP particles. The HAP particles
exhibit complex structures in the macroscopic images
comprised of a wide range of particle sizes. The particle
shapes are not well defined, and the size range is around 5—50
pum. Struvite SEM images are shown in Figure 3c,d. The
pyramidal struvite crystals were observed, in agreement with
the primary shape reported in previous work.””>"** The
struvite crystals were in the 20—50 ym size range. As shown in
Figure 3d, the struvite crystals exhibit Y-shaped cracks on the
surface, which are attributed to artifacts formed under a high
vacuum during SEM imaging.>

XPS was used to study the surface region of the HAP and
struvite crystals, as shown in Figure 4. The O 1s peaks are
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closely aligned between HAP and struvite, as they centered
around 531.6 eV in agreement with the literature values.>*
Struvite contains ammonium ions leading to the N 1s XPS
peak, which is centered around 401.8 eV, in agreement with
previous reports.”> HAP and struvite contain Ca** and Mg*,
respectively, with 2p peaks centered around 347.6 and 50.8 eV,
respectively.””***” The P 2p region for HAP is centered
around 133.8 eV, while struvite is at 134.0 eV.***>*7 The ratio
of Ca/P in the HAP sample used in this study was found to be
1.14 via the XPS peak ratio of Ca 2p/P 2p, which is P-enriched
compared to that of previous literature reports.”**® This Ca/P
ratio is for the surface region as it is measured using XPS, while
the bulk Ca/P may differ.”®

Water Adsorption Measurements as Relative Humid-
ity. The water adsorption isotherms for the three consecutive
cycles of adsorption—desorption, as well as the relative mass
change as a function of time for HAP, are shown in Figure S.
The relative mass change is defined as the percentage of mass
change compared to the initial mass of the sample (at t = 0).
Prior to the water adsorption, HAP and struvite were dried
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Figure 6. (a) Relative mass change as a function of time for struvite with 24 h of drying. (b) Water adsorption isotherms for struvite with 24 h of
drying. (c) Relative mass change as a function of time for struvite with 10 min of drying. (d) Water adsorption isotherms for struvite with 10 min of

drying.

under dry air (0% RH) for 24 h to remove any physisorbed
water and the sample mass was measured to assess the stability
of the sample under the dry airflow. Previous work on struvite
has demonstrated that struvite decomposition occurs under
100 °C, and as such, temperature treatment with the goal of
removing all preadsorbed water without changing the sample
composition would be impossible.””” In the case of HAP, due
to the presence of structured water molecule stacking along the
vertical axis along with its characteristic OH™ channels, even at
800 °C, surface adsorbed water is pr<esent.60‘6l Therefore,
temperature pretreatment steps to remove strongly adsorbed
surface water cannot be applied to these two materials. As
such, the drying step is limited to only removing the weakly
bound physisorbed water, as this study intends to investigate
the interactions between phosphate-bearing mineral interfaces
and water under environmentally relevant conditions.

HAP exhibited very weak hygroscopic behavior, as
evidenced by the low mass change as a function of the time
plot in Figure Sa. Furthermore, during the drying stage, HAP
shows no significant mass change, indicating stability under the
drying conditions. The isotherm in Figure Sb showed a
maximum relative mass increase of 0.40% at 95% RH. The
shape of the isotherm is similar to previously reported water
adsorption isotherms for HAP.”> Both HAP and struvite
isotherms exhibit a shape that is similar to that of type II,
which is indicative of a nonporous or macroporous material.**
The unrestricted monolayer—multilayer adsorption gives rise
to the type II shape, while the gradual increase of the
intermediate linear region (under 35% RH) without a clear
knee indicates that the monolayer formation and multilayer
adsorption have a significant overlap without clear definition.
As demonstrated in previous work, HAP leads to the type II
isotherm with a hysteresis loop, which is a slight deviation from
type II isotherm behavior, but due to the lack of significant
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mesoporosity, it does not display type IV isotherm
behavior.”*** During the drying stage, HAP exhibits no
significant variation of mass, indicating that it is stable under
the dry airflow and does not undergo any transformation or
loss of mass. For all three relative humidity exposure cycles, the
HAP water uptake remains very consistent with minimal
variation as shown by the isotherms, indicating a stable surface
that does not undergo dissolution or restructuring that is
common in more hygroscopic materials.”>"%” This is due to
the largely insoluble nature of HAP that is evidenced by the
low K, value. A minor but consistent hysteresis loop was
observed for the HAP isotherms in agreement with literature
data.>***% Over the second and third stages, the hysteresis
loop reaches a constant shape. Previous work on HAP has
shown that irreversible water adsorption can occur on HAP
due to the ability of water to incorporate into the HAP crystal
lattice.”* A small fraction of the adsorbed water can
deprotonate and react with HAP, forming crystal H,O with
OH~ and HPO,>~ with PO,*".° This hydration of HAP
irreversibly occurs when the Ca/P ratio is low (Ca/P = 1.3)
and can cause up to 1% distortion of the (002) interplanar
distance, whereas a high Ca/P ratio HAP (Ca/P = 1.6) does
not irreversibly adsorb water in sufficient quantity to exhibit
such lattice distortion that is detectable.”* The isotherm shape
and hysteresis type exhibited by the HAP used in this study
agree with the previous work done on Ca/P = 1.3 HAP.** It is,
however, important to note that most HAP samples are often
heterogeneous in composition, with the surface region and the
bulk structure containing different Ca/P ratios due to differing
methods of preparation.”®*® And while such Ca/P ratio
changes can induce slightly different water adsorption
behavior, the stability of the HAP bulk crystal structure is
not significantly altered, as the XRD pattern is reported to
remain largely unchanged.34 Therefore, it can be concluded
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Figure 7. BET adsorption isotherms for (a)—(c) HAP and (d)—(f) struvite.

that irreversible water adsorption occurs over the first cycle of
the RH ramp, and HAP remains highly stable over subsequent
cycles.

In contrast to HAP, which showed effectively no relative
mass change during the drying period, struvite showed a
significant mass loss during the drying stage. Figure 6a shows
the mass loss for struvite starting at 0.58% and continuing over
the 24 h drying period preceding the relative humidity
adsorption—desorption cycles. As shown in Figure 6b,
isotherms were acquired, and struvite exhibits a significant
variation in the relative mass change between the first cycle and
the two subsequent cycles. The initial mass loss shown in
Figure 6a is attributed to a combination of the loss of water
molecules weakly bound to the surface as well as some of the
water contained in the bulk crystal structure (vide infra). While
the water molecules bound in the bulk crystal structure require
thermal energy to be liberated as shown by previous
thermogravimetric studies,”””" the weakly adsorbed surface
water molecules or crystal water in the surface region that may
be weakly bound are expected to be removed without much
energy input. The first cycle also exhibits a large hysteresis,
which is caused by the replenishment of the surface-bound
water or crystalline water in the surface region that was lost
during the drying stage. The relative mass change over each
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stage of HAP remains consistent, but in the case of struvite,
over each successive step, the higher adsorbed mass of water
decreases, as indicated by the decreasing relative mass change.
This leads to a higher starting mass at the beginning of each
cycle, indicating that the sample mass increases over each cycle
by taking up some water that does not leave during the
desorption portion of the cycle. This observation supports the
hypothesis of surface water that was lost during the drying
stage, which is replenished over the adsorption cycles. Such
reversible water adsorption/desorption and resulting crystal
structure changes have been reported previously on low-
solubility materials, indicating that hydrate structures exhibit
varying stabilities under relative humidity.”” The relative mass
change of struvite over the 24 h drying period at 0% RH
cannot be assigned only to the surface water loss, as a low
surface area material is not expected to lose significant mass
purely from surface water loss. It can be proposed that the loss
of crystalline water leads to changes in the hexahydrate
structure, and thus, a 10 min drying time was used in
subsequent experiments, with four cycles of adsorption/
desorption to study the effect of shorter 0% RH steps.
Figure 6¢ demonstrates the relative mass change and target
RH over the experiment as a function of time with no
prolonged drying, as no dramatic mass loss is observed.
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However, the first adsorption cycle shows a large uptake that is
irreversible in the desorption branch of the experiment. This
observation is consistent with the previous experiment with 24
h of drying, leading to the conclusion that struvite undergoes a
surface hydration step that occurs regardless of the initial
drying treatment. In contrast to the experiment with the 24 h
drying step where the maximum relative mass change was
~0.8%, the 10 min drying step leads to a slightly smaller initial
uptake closer to 0.6%, showing that the shorter drying time
may not have caused the same water loss from the crystal
structure compared to the longer drying time. This large
uptake of water during the first adsorption cycle leads to an
unusual isotherm as shown in Figure 6d for the experiment
with the 10 min drying step, which is similar to that of the
experiment with a 24 h drying step. Furthermore, both
experiments lead to a first cycle with a significant hysteresis
loop. The hysteresis is caused by the large uptake in the
adsorption branch and the relatively small desorption branch.
This discrepancy between the adsorption and desorption
branches indicates that the hydration occurring in the first
cycle of adsorption leads to a permanent change in the struvite
surface structure. The subsequent three cycles show consistent
behavior with no significant variations in the isotherms (Figure
6d). Compared to the first cycle where significant surface
restructuring is occurring, cycles 2—4 do not show such a
drastic difference between adsorption and desorption branches.
Therefore, model fits are performed using cycles 2—4 for
struvite in this work to avoid the surface restructuring, which
would inevitably disagree with common assumptions of
Brunauer—Emmett—Teller (BET) and Freundlich equations.
Water Adsorption Isotherms on HAP and Struvite.
The BET equation is the most widely used equation to
calculate adsorption parameters such as monolayer coverage
and surface area of adsorbent materials.>”® In this work, the
BET equation is used to calculate the monolayer coverage of
water and surface area of HAP and struvite during the
adsorption branch. Equation 1 shows the BET equation used
for monolayer coverage calculation
1 C—-1

v(%-1) ) (1)

The P/P, variable signifies the relative pressure of the
adsorbate molecule of interest, which is varied from 0 to
0.95 in this study. The range of data between 0.05 and 0.35
was used for fitting the linear BET equation since the region
where monolayer adsorption occurs is preferred.”> The
parameters V, and V,, 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.”’
The BET specific surface area was calculated using a molecular
cross-sectional area of 0.125 nm? for a water molecule.”* The
BET model is based on Langmuir adsorption, which adheres to
the following assumptions.”> Namely, (1) the adsorbate—
surface interaction energy is the same for all surface sites, (2)
the surface adsorption site is defined as the area on the surface
where the adsorbate binds to the surface, (3) adsorption of
molecules on the surface occurs independent of the
neighboring adsorbate molecules, (4) the activity of the
adsorbate is directly proportional to the concentration in the
gas phase, (5) a monolayer is formed by the adsorbate
adsorption, and (6) each active site can host only one

P

v.C B

1
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adsorbate. The BET model extends the assumptions to
account for multilayer adsorption by assuming that different
layers do not interact with each other.

HAP and struvite adsorption data were fitted to the BET
model as shown in Figure 7 to calculate surface area and
monolayer capacity. The BET fitting was done over the range
of 5-35% RH as this range is used for type II isotherms, as
discussed in previous literature reports.”” Across all three
cycles, HAP indicates a strong fit to the BET model (as shown
in Figure 7a—c) with R* > 0.9. HAP exhibits a monolayer
capacity in the range of 3.0 X 107° to 4.3 X 10™° mol/g over
the three cycles, while the calculated surface area (Spgy) varied
between 1.83 and 2.74 m’/g. Previous reports on HAP have
shown higher monolayer capacity values in the range of 8.9 X
107° to 2.5 X 1073 mol/g, but these HAP samples exhibited
higher porosity and surface area, as well as nanostructure,
which lead to higher monolayer capacities.”*** In contrast to
HAP, struvite shows a low R* values (under 0.9) across all
three cycles (Figure 7d—f). The surface instability evidenced
by the water loss discussed earlier may be the reason for the
weak fit of the adsorption data to the BET model, which does
not apply to heterogeneous or dynamic surfaces. HAP does not
contain significant crystal water, so it does not show this
reversible water loss and thus fits the BET model with higher
R? values. In all cases, the HAP and struvite C parameters
exceed 1, which is a characteristic behavior for type II
adsorption.”> The monolayer capacity for struvite is in the
range of 1.2 X 107 to 2.3 X 107° mol/g, which is consistently
an order of magnitude lower than that of HAP. Similarly, the
surface area for struvite is also an order of magnitude lower
than that of HAP, as it was measured to be in the range of
0.07—0.14 m*/g. The lower monolayer coverage of struvite is
due to this lower surface area.

Provided the low quality of fit to the BET equation in the
case of struvite, the conclusion that the struvite surface does
not represent the basic assumptions of the BET model can be
drawn, and thus, the Freundlich model can be applied as an
alternative method of interpreting the adsorption data. The
surface heterogeneity can be caused by hydrogen bonding with
surface hydroxyl groups, and this can cause deviations from the
BET model, which assumes uniform adsorption.”> The
Freundlich model, in contrast, does not assume uniform
surface adsorption but accounts for heterogeneity." The
Freundlich equation is shown by eq 2. This empirical equation
is used to model the adsorption of gas molecules on a
heterogeneous surface with an exponential energy distribution
of adsorption”®

)

The Ky term denotes a Freundlich equilibrium constant, while
n denotes a fitting coeflicient that is indicative of the binding
affinity on the adsorbent surface. The K term is dependent on
temperature. The terms x and m denote the mass change (in
mg) and the total dry sample mass (in mg), while P/P,
denotes the relative pressure of the adsorbate gas. The
Freundlich equation has been applied over a wide variety of
adsorption reactions, and it is a;pplicable for both solid—liquid
and solid—gas interfaces.”>’*”” The Freundlich equation was
applied to the two linear regions in the low RH region (0—
20%) and high RH range (25—60%).
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Figure 8. Freundlich adsorption isotherms for (a)—(c) HAP and (d)—(f) struvite.
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Figure 9. Heat of adsorption as a function of mass change: (a) HAP and (b) struvite.

The adsorption data and Freundlich model fits for HAP are
shown in Figure 8a—c and for struvite are shown in Figure 8d—
f. HAP shows good agreement with the Freundlich model in
both linear regions 0—20 and 25—60% with R* values equal to
or above 0.99. The K; parameters for HAP in the 0—20% RH
region of cycles 1,2, and 3 were 1.0 X 1072, 7.7 X 1073, and 1.1
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X 1072, respectively. The Ky parameters in the 25—60% RH
range for cycles 1, 2, and 3 were 9.3 X 107, 8.7 X 1073, and 8.9
X 1073, 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. The struvite
adsorption data do not fit the Freundlich equation in either
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RH regime with acceptable R* values across all three cycles,
with cycle 2 not showing adsorption data that could be fitted to
the Freundlich model due to negative x/m values. Struvite
relative mass change values during the adsorption branch of
the 2nd cycle show some negative values across both of the
duplicate experiments on separate struvite samples, leading to
this poor fit. Cycles 3 and 4 fit the Freundlich model with R*
values under 0.93. The K values for the 0—20% RH range of
cycles 3 and 4 were 4.2 X 107 and 1.8 X 107, while the values
for the 25—60% range were 3.8 X 107 and 7.6 x 1075,
respectively. The n values for the 0—20% RH range of cycles 3
and 4 were 1.11 and 0.75, while the values for the 25—60%
range were 1.09 and 1.11, respectively. The struvite Ky values
were 3—4 orders of magnitude smaller compared to HAP,
while n values were largely similar. This indicates that the
adsorption strength between water and the adsorbent surface is
similar for the two materials, while the Freundlich adsorption
capacity of water is larger for HAP.

Water as Relative Humidity Adsorption Thermody-
namics. The Clausius—Clapeyron equation shown by eq 3
was used to calculate the isosteric heat of sorption

B 1)
In| = | = —38| — - —
B (3)

R \T 5
The heat of sorption for an adsorption process can be
calculated if the two pressure values (P, and P,) are known for
two temperature values (T} and T,). R denotes the universal
gas constant and AH_ 4, denotes the isosteric heat of sorption.
Figure 9 shows the heat of sorption calculated for HAP and
struvite, using the water adsorption data as a function of the
mass change. Figure 9a shows the heat of sorption for HAP.
The isosteric heat of sorption becomes more negative as the
amount of water adsorbed increases. The variation of the heat
of sorption in the initial stage (under 0.1% mass change) is
attributed to the heterogeneity of the surface and the
interaction of the adsorbate water molecules with each other.
As more water adsorbs on the HAP surface, the heat of
sorption approaches —42 kJ/mol, which is approximately the
heat of condensation for water.”® Such behavior is consistent
with the previous work on HAP” and has also been observed
in ZnO in the previous work where a monolayer of water is
formed initially, followed by multilayer adsorption, which
approaches the heat of liquefication of water due to the
formation of a water layer on the surface where the incoming
adsorbate water interacts with the already adsorbed water
instead of the surface of the material.”® In contrast, struvite
shows strikingly different behavior (Figure 9b). The values
calculated from the first adsorption branch converge to the
approximate heat of condensation for water (similar to HAP),
but all subsequent cycles exhibit a positive heat of sorption
values in the lower coverages, which become negative as more
water adsorbs. The heat of sorption values for cycles 2, 3, and 4
on struvite converge to less-negative values than the heat of
liquefication of water and furthermore become more positive
with each cycle at the same coverage values. The surface
instability evidenced by variations across all four cycles of
water adsorption on struvite is most likely the cause of the
large variations of the heat of sorption across all four cycles.
Unlike HAP where the multilayer adsorption leads to the heat
of sorption to converge to the heat of liquefication of water,
struvite does not exhibit such stable adsorption behavior,
leading to nonconvergent values.
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DRIFTS Study of HAP and Struvite Surface Stability.
The quality of the isotherm fit to adsorption data depends on
the nature of the adsorbate—surface interactions, as well as the
surface stability of the adsorbent. Therefore, assessing the
surface stability of HAP and struvite becomes a key
consideration in choosing the appropriate models to describe
water adsorption data. DRIFTS studies were conducted to
assess the stability of the HAP and struvite surfaces and to
specifically understand the dynamic nature of the struvite
surface during the drying stage, which led to anomalous
adsorption behavior, as discussed in the previous section.
Figure 10 shows the spectra of HAP and struvite under (<1%
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Figure 10. DRIFTS spectra under airflow at times 0, 30, 60, and 120
min for (a,b) HAP, (c,d) struvite, and (e,f) CO, adsorption study on
struvite.

RH) dry airflow. As shown in Figure 10ab, HAP does not
undergo any significant changes during the drying, as also
evidenced via the DVS studies as the relative mass change of
HAP remained constant over time during the drying stage. The
3571 cm™ band is assigned to the stretching mode of OH™
ions.** The broad region centered around 3400 cm™' is
assigned to the hydrogen-bonded OH groups present on HAP.
The 1086 cm™ is assigned to the 13 PO, mode, while the 962
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cm ™! band is assigned to the v; PO,. The 1455 and 1410 cm™
bands are assigned to the v; mode of a trace amount of
CO;>"."** The 1647 and 1180 cm™ bands are assigned to the
5(COH) bicarbonate.*”*”*' The 868 cm™ band is assigned to
the HPO,>” impurities present in HAP."® The HAP structure
remains stable throughout the drying period, indicating that
the stable surface leads to adsorption data that is well described
using conventional adsorption models.

Struvite DRIFTS spectra over the drying period are shown
in Figure 10c,d. The struvite surface changes significantly over
the drying time. Struvite exhibits a broad hydrogen-bonded
water—ammonium region centered around 3320 cm™, shown
in Figure 10c.*” This region undergoes significant change over
2 h of drying, as the band intensity decreases and the shape of
the band changes. As some surface water is removed, the
emergence of sharper 3650 and 3676 cm™" bands is observed.
These sharp bands that appear after losing water may be
attributed to the formation of isolated crystalline ammonium
units that are no longer close to the Mg** hydration shell,
bicarbonate groups,®” as well as the recently reported dangling
OH group, which does not undergo hydrogen bonding and
thus is shifted to a high frequency.’® Figure 10d shows the
lower wavenumber region for the DRIFTS spectra of struvite
under drying conditions. This region exhibits structural
complexity due to the presence of ammonium and hydroxyl
bending modes, as well as various carbonate/bicarbonate
modes. Stefov et al. have conducted extensive work on struvite
Fourier transform infrared spectroscopy (FTIR) as well as its
multiple isomorphous analogues (wherein NH,* units are
replaced by other cations).”*” A study using deuterated
ammonium ions showed that 1480 cm™ can be assigned to the
v, mode of NH,"** Due to significant overlap in the 1800—
1300 region, assigning between carbonate modes and
ammonium modes becomes nontrivial. Computational work
of struvite reports that 1670 cm™' can be either H-N—H or
H-0O-H bending modes,” whereas HAP (which lacks NH,
units) contains bicarbonate bands in this region.48

Finally, CO, adsorption was used to determine whether
1670, 1405, and 1215 cm™" bands are carbonate/bicarbonate
species. Figure 10e shows the high wavenumber region for the
CO, adsorption experiment, and no appreciable changes were
observed in this region. Figure 10f shows the low wavenumber
region, and there is no change in the 1215 cm™" band, while
1670 and 1405 cm™! bands show minor changes. Therefore,
bicarbonates and carbonates are not expected to be a major
fraction of the surface species, and as such, the low
wavenumber bands are expected to be consistent with the
hydroxyl and ammonium bending modes, as shown with
previous computational and experimental work."*” The 1405
cm™! species is assigned to the v, mode of NH,*, while the
1650 cm™' band may be assigned to both water and
ammonium bending modes.’”® DRIFTS studies definitively
show that struvite undergoes some degree of dehydration
under dry airflow and that leads to reconstruction phenomena
occurring on the surface. This surface instability can be seen as
one reason for the deviation from the typical heat of sorption
trends (observed in HAP) on struvite as the adsorption does
not follow the ideal behavior of monolayer formation, and
subsequent multilayer formation, due to the transient nature of
the surface water structure.
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B CONCLUSIONS AND ENVIRONMENTAL
IMPLICATIONS

The environmental and health effects of N and P fertilizers,
long an established area of research importance, are of late
gaining a great deal of public interest. For example, beyond
several scientific studies recently published on the topic,
commentaries have appeared over the past few years in both
the scientific literature and more broadly disseminated
periodicals and popular media such as newspapers (see
Nitrogen Triggers Extra-Toxic Algal Blooms in Lake Erie
and the related scientific discussion in refs 83, 84). It is now
evident that mineral fertilizers in general, due to their extensive
use, result in negative effects on the environment, including
groundwater contamination, eutrophication of freshwater and
estuarine ecosystems, tropospheric pollution related to
emissions of nitrogen oxides and ammonia gas, and
accumulation of nitrous oxide (N,O), a potent greenhouse
gas that depletes the stratospheric ozone.®”**™!
the corresponding reactive N and P nutrient influx, their
recovery from various wastewater streams is gaining
importance and is projected to significantly increase to provide
a path toward more sustainable development. As the influx of
the recovered fertilizer materials expands and the associated
delivery to soil becomes even more widespread, there are many
outstanding questions, and thus opportunities for research,
related to the consequences that they may have on the
environment.

In this work, struvite and HAP have been identified as
important anthropogenically derived sources of nutrients
returned to the environment at an increasing rate. However,
their hygroscopic properties that will affect their dissolution
rates and heterogeneous reactivity are poorly understood. HAP
was shown to have a stable surface that provides water
adsorption data modeled by both the BET and Freundlich
models. HAP has been recently reported as a matrix for novel
controlled-release urea-based nitrogen fertilizer materials due
to its insoluble nature.’*’®”* The findings in this study
regarding its stability under high RH conditions show that such
fertilizer applications would find success under a variety of RH
conditions. In contrast to HAP, struvite exhibits a complex
behavior of surface instability. The surface-bound water, as well
as some fraction of the crystal water, indicates the propensity
to be removed under dry airflow as shown by DVS and
DRIFTS experiments, leading to significant structural alter-
ation of the surface region. This loss of water causes complex
water adsorption isotherms for struvite, which are not
accurately modeled by BET or Freundlich models, which do
not account for complex surface restructuring phenomena.
These novel findings of the unstable struvite surface have
implications for its use as a fertilizer material under varying RH
conditions due to the proclivity to undergo surface
restructuring.

To decrease
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