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ABSTRACT: Urea is a critical nitrogen carrier molecule that is
abundant in the environment due to its anthropogenic activity to
enhance crop growth. The intrinsic link between its high solubility ¥ ¥ ¥
and volatilization, resulting in the reactive nitrogen species and CO,, aer S L
especially under excessive relative humidity (RH) conditions, —melcculs 42
suggests that the urea hydrolysis-initiated decomposition reaction
can be affecting the global nitrogen balance. Fundamental analysis of g
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using a combination of dynamic vapor sorption (DVS) experiments,
in situ single-particle Raman spectroscopy, and ab initio N
calculations. The DVS data acquired exhibited three RH adsorption

regimes with urea with 74% RH dramatically changing adsorbate—

urea interactions from monolayer- to multilayer-induced deliques-

cence. Several empirical kinetic models were utilized to understand the RH interaction with urea surfaces, and the Guggenheim—
Anderson—de Boer model provided a good description of the adsorption at <60% RH values, while a Van Campen model was used
to fit the data acquired during the urea crystal deliquescence. The experimental water sorption rate using the Van Campen model
showed a gradual rise from 0.02 mg/min at 80% to 0.08 mg/min at 95% in agreement with Van Campen’s model of increasing trend,
albeit at higher rates ranging from 0.03 mg/min at 80% to 0.1 mg/min at 95%. In situ Raman spectroscopy combined with optical
images of a single particle showed that the urea 1009 cm™" peak full width at half-maximum can provide in-depth information on the
transient phenomena taking place on the urea particle surface as well as in the partially liquefied environment. Finally, density
functional theory results suggested that Wulff's reconstruction of a single urea crystal depended on the presence of higher crystalline
planes; particularly, the (111) facet became significant together with (101) and (110), while in the presence of bulk H,0, (101)
became the dominant facet. The results presented in this work will allow for a better understanding of urea—water vapor interactions
in the environment at the molecular level including its potential for aerosol formation in the regions of high agricultural activity.
Further, this study will allow us to better understand urea partitioning into soil pore volume where high RH is prevalent. Finally, it
will provide a microscopic, single-particle understanding of the urea transformations in moist environments and pave the way for a
new, nitrogen-efficient material fertilizer design.
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Bl INTRODUCTION and deliquescence at different relative humidity (RH)
Urea (NH,CONH,) is a ubiquitous chemical compound that conditions asnan increase in solubility leads to higher
plays a vital role across various industries and dailyliving.l’2 Due hygroscopicity’ and lower RH needed for deliquescence to
to the high nitrogen content, urea has quickly emerged as the occur.'” Consequently, urea is well known for its high

most popular solid fertilizer with approximately 180—200

million metric tons of global demand in recent years.”* The Received: July 17, 2023
unique chemical structure of the urea molecule™ results in a Revised:  September 1, 2023
substantial polarity and a high capacity for forming hydrogen Accepted: September 5, 2023
bonds,’ resulting in its high solubility in water® as well as other Published: September 18, 2023

polar solvents, including ethanol and methanol.”'® Generally,
solubility is a key factor contributing to substance hygroscopicity
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hygroscop1c1ty and its ability to undergo deliquescence at high
RH."71° Moreover, RH is a critical factor in ammonia
volatilization from urea.'®~? It has been found that, on average,
N losses resulting from the use of urea range from 20 to 33% and
can be as high as 70% under excessive RH conditions,”* thus
potentially affecting the global nitrogen balance.

The persistent N losses often incentivize the overuse of
fertilizers, causing a surplus of nutrients, notably nitrogen and
phosphorus, within aquatic ecosystems. Such a surplus can lead
to concerning environmental issues, such as eutrophication.
Additionally, NH," resulting from urea hydrolysis is oxidized to
NO;™, which further can be subjected to denitrifying bacteria,
culminating in the release of reactive nitrogen compounds, for
instance, N,O. It is worth noting that the greenhouse gas
potential of N,O is approximately 300 times more potent than
C0,.”°** The implications of N loss extend beyond environ-
mental concerns and intersect with energy pollution. Specifi-
cally, the production of NHj, a precursor to urea, has been
implicated in significant energy consumption accounting for an
estimated 3—5% of the total yield from natural gas and between
1 and 2% of the world’s energy resources.””° Furthermore, due
to the large influx of urea into the environment as a mineral
fertilizer, it significantly contributes to the dissolved organic
nitrogen in rainwater and aqueous aerosols.” As a prominent
urea source within the aerosols, emissions from the cattle have
also been proposed.”” Recent studies have shown that up to 30%
of the water-soluble organic nitrogen in a maritime aerosol can
be derived from amino acids, amines, and urea.*> However, a
large discrepancy in the urea content in water-soluble aerosol
organic nitrogen can be found in the literature ranging by 2
orders of magnitude.**

Given the ubiquity of urea and the corresponding issues
related to N losses and environmental implications, it is
significantly important to have an in-depth understanding of
its interaction with water vapor. Preliminary literature suggests a
degree of incompleteness in the current understanding of this
interaction, hinting at the potential for further research and
investigation of this subject. Water vapor interactions with urea
were studied earlier under different RHs and showed that at 74%
RH, deliquescence started to occur and referring to this RH level
as the critical RH, and the maximum water uptake was around
150% of the sample dry weight."* When urea was equilibrated
for approximately 2500 min at 81% RH, the water uptake was
around 80% dry basis (d.b.),"* likely underestimating the true
water vapor sorption capacity of urea particles. Another study
investigated the water vapor sorption on urea and aimed to
determine the thickness of adsorbed water layers that alter the
surface properties of urea.”” However, the study did not focus on
showing the water uptake at humidity >40% RH.** The water
vapor isotherm of urea was also reported recently, and it also
showed that the onset of deliquescence in urea was observed at
74% RH.* It was shown that as the humidity increased, the
water vapor gradually condensed, diluting the condensate and
enabling more urea solids to dissolve.”® The process of water
uptake continues until the solid is fully dissolved and further
solution dilution takes place.”® It was shown in this study that
the maximum water uptake at 95% RH was around 260%,°
which is significantly higher than the value reported earlier
(~150%"*), and the accuracy of these measurements was likely
affected by the time allotted to achieve equilibrium conditions.

While urea—water vapor interactions hold substantial
relevance in numerous applications and can have significant
implications for the atmospheric nitrogen balance, there exists a
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lack of fundamental information that interrogates how water as
RH interacts with the urea particle surface at the molecular level.
Furthermore, urea is not incorporated into prevalent aerosol
thermodynamic models, such as E-AIM*” and ISORROPIA IT,*®
which have successfully modeled the behavior of other
nitrogenous compounds, including ammonium sulfate®” and
ammonium nitrate.** The objective of this study is to undertake
a comprehensive attempt to model the water vapor isotherm in
conjunction with urea to better understand the fundamental
interactions of water vapor and urea. In particular, we employ
dynamic vapor sorption (DVS) experiments, in situ single-
particle Raman spectroscopy, and ab initio calculations to
interrogate urea—water vapor interactions at the molecular level.

B MATERIALS AND METHODS

Urea powder was purchased from Sigma-Aldrich (99—100.5%)
and used as received.

DVS Experiments. The DVS Intrinsic (surface measure-
ment systems) was used for all DVS experiments. Urea 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, the RH was
increased from 0 to 95% and then decreased back to <2% 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 previously
reported for high-deliquescence urea particles.*' A probe in the
sample chamber was used to constantly measure the temper-
ature and maintain the temperature at a constant temperature of
25 °C. 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 in all of the DVS experiments.

Modeling Adsorption Isotherms. The Freundlich iso-
therm was initially used to understand water as RH interactions
with urea surfaces at low RH values by transforming it into its
linear form (eq 1)*

log(i) = log(K;) + llog(z]
m n P,

where x and m represent the alteration in mass and the aggregate
dry mass of the sample, respectively. Meanwhile, K; refers to a
constant associated with the Freundlich equilibrium, while the n
term signifies a fitting coeflicient that reflects the binding
attraction on the surface of the adsorbent and P/P, signifies the
relative pressure of the adsorbing gas. It was applied in the two

(1)

linear regions found in the Zvs=—

region (0—20%) and the second in the middle RH region (25—
60%) before deliquescence occurred. While mostly empirical,
the Freundlich adsorption model accounts for intermolecular
interactions between adsorbates and implies heterogeneity of
adsorption sites*’ but is only linear at low pressures.

The traditional BET (eq 2) was utilized to better represent
multilayer adsorption within the RH range of 0.05—0.35 taking
place before deliquescence of urea as eq 2 cannot precisely
depict isotherms for RH values exceeding 0.5***° but is widely
used to describe the adsorbate behavior and quantity on the
surface of the adsorbent.*>*’

plot e.g.,, one in the low RH

https://doi.org/10.1021/acsearthspacechem.3c00210
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Figure 1. In situ Raman experimental setup to monitor urea single-particle reactions with RH.
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as Cis a dimensionless sorption constant that is exponentially
related to the adsorption energy difference between the first and
second layers.”* W denotes the adsorbed amount of the
adsorbate per mass of the sorbent (dry base) at equilibrium
and W, represents the monolayer capacity, while the relative
pressure is represented by P/P,, which can also be expressed by
RH. The method used to compute the Guggenheim—
Anderson—de Boer (GAB) ﬁtting parameters was carried out
in accordance with the literature.”’ The general formula of the
GAB isotherm is as follows

wo_ CKa,,
W, (1 -Kay)[l+ (C~— 1)Ka,] 3)

where W represents the equilibrium water content (% dry-
based), W,, is the monolayer water content, and a,, represents

ERH
00" where ERH represents

equilibrium RH. The parameters K and C are temperature
dependent and expressed by Arrhenius-type equations, with
associated molar sorption enthalpies.”” Equation 3 can be
written in a different form,50 allowing the calculations of K, C,
and W, parameters

the water activity as a, =

Aw

=a+ ba, + ca,’

(4)

where a, b, and ¢ are functions of K, C, and W,, and can be
obtained from the regression analysis of the ;V—W vs a,, plot. The
parameter K can then be obtained as the positive solution of the

quadratic equation (eq 5)

0=akK>+bK + ¢ ©)
while C and W, can be calculated using eqs 6 and 7
b
C=—+2
ak (6)
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1
" b+ 24K

m

(7)

The regression analysis for eq 4 was performed using our
Python-based software tools employing the polyld class, as
available in the numpy library.

Raman Spectroscopy. Raman spectra were acquired using
aWITec alpha300R confocal Raman microscope using a 532 nm
laser, Zeiss EC Epiplan-Neofluar 10X, 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. The laser intensity of the sample
was ~54 mW.

In situ RH adsorption measurements on a single urea particle
were performed using a Linkam LTS 350 environmental cell
operating at 23 °C, as shown in Figure 1. In particular, dry air
was supplied via two mass flow controllers and a water bath
saturator. The saturator was held at a constant temperature, and
the mixed air containing water as RH was supplied into a three-
neck round-bottom flask where RH values were recorded. Air
then further passed into the environmental Linkam cell
equipped with a quartz window. The accuracy of the RH sensor
was +2%.

Ab Initio Calculations. Periodic DFT calculations were
performed as implemented in the VASP.”'~>* The projector-
augmented wave (PAW) method of Blochl,> as adapted by
Kresse and Joubert,”® was used to describe the effective
interaction between the valence electrons and the core. The
exchange—correlation energy was described by the spin-
unpolarized version of the PBE functional®” in combination
with DFT-D2 dispersion correction by Grimme.”*>” The
Brillouin zone was sampled using 4 X 4 X 4 for urea bulk
crystal. The Kohn—Sham equations were solved self-consis-
tently in a plane-wave basis set with a cutoff of 400 eV. The
convergence criterion for the electronic self-consistency cycle,
measured by the change in the total energy between successive
iterations, was set to 107 eV per unit cell.

Initial crystalline unit cell parameters for structural
optimization were obtained from the literature for urea.”” A
series of constant volume relaxations was performed to

https://doi.org/10.1021/acsearthspacechem.3c00210
ACS Earth Space Chem. 2023, 7, 2139-2153


https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00210?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00210?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

o

=

=2
-

Relative Mass Change (%)

mass change

H00

80

60

40

20

Relative Mass Change (%)

T T
5000 7500

Time (min)

T
10*

0

1.25x10°

Region
|1

Region

Region I
& m

+
+

Sorption
Desorption

T //

40 60
RH (%)

20 80 100

Figure 2. Water—urea sorption data before deliquescence: (a) water relative mass change with urea as RH changes and (b) water isotherm on urea.

(@)

4x10°
50

40
3x10°F
30

20

Critical Concentration at
S & a
2x10 . 20.1 urea moles/1 Kg water)

L
70

60

10°

Urea Concentration (moles,c, /1000 g, )

20 40 60

RH (%)

80 1

©

1hr

00

7 hrs

b
( ) ]2.5 T T T T T T
=2
g
< 10F 7
2
H
3
§ 75t ]
£ ¥
2
g
g 5 1
b
«
Z 2.5F 1
S
=}
g Supersaturated
2 0 : Liquid | ]
z Solid ;
0 20 40 60 80 100
RH (%)

4 hrs

Figure 3. (a) Urea concentration in water adsorbed over RH with an emphasis on the hysteresis onset region, indicating supersaturation; (b)
transformation of urea across various phases in response to changes in RH; and (c) optical images of deliquescent urea during a desorption cycle at a

steady RH of 50%, revealing time-dependent crystallization patterns.

determine the ground-state volume (V) of the crystal from fit to
the Murnaghan equation of state.’’ Last, one more constant
volume relaxation of atomic positions was performed for the
structure with V;, and the resulting structures were used in ab
initio thermodynamic analyses. Surface slabs were created for
(001), (110), (101), (111), and (200) surface terminations of
urea for various thicknesses of the slabs. (001) possessed
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molecular urea unit orientation perpendicular to the surface
plane with —NH, moieties oriented toward the vacuum. (110)
contained urea units perpendicular to each other, while (101),
(111), and (200) had complex orientation with C=0 moieties
also oriented toward vacuum. The thickness of the slab for each
termination was converged until the energy change with
thickness was negligible. The surface energy of the slab

https://doi.org/10.1021/acsearthspacechem.3c00210
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consisting of n formula units (y) was calculated according to eq
8.

E, — nEpy

r= 24

(8)
where Ey is the bulk crystal energy per formula unit and A is
the surface area of the unit slab. To simulate solvated urea
surfaces, the ab initio molecular dynamics (AIMD) calculation
NVT ensemble was performed using an Andersen thermostat®”
(296 K and 1 fs steps) to provide sufficient kinetic energy to the
simulated urea surface-adsorbed water molecule. Similarly,
adsorption of one molecular monolayer was considered in
relaxations of the (001), (110), (101), (111), and (200) surface
slabs. Additionally, the vacuum space above the surface slab was
filled with the explicit bulk water molecules corresponding to SS
molar H,O at bulk water density. The state with the lowest
energy identified was again relaxed by using PBE-D2. The lowest
energy shape of the crystals under vacuum and solvated
conditions was constructed using Wulff®® construction via the

Python-based WulffPack code.®*

B RESULTS

Urea Particle Interactions with RH Using DVS
Measurements. Figure 2 illustrates the hygroscopic behavior
of urea particles via adsorption and desorption isotherms with
raw relative mass change data in Figure 2a and calculated
sorption/desorption branches in Figure 2b. As per the
categorization by Brunauer,” the urea RH sorption isotherm
is identified as type III. The sorption isotherm of urea can be
partitioned into three primary sections. The first region (0% <
RH < 60%) signifies strongly bound water with the water
molecules in this area being considered monolayer water. These
molecules are tightly linked with hydrophilic urea and polar
groups (—OH and —NH,). The subsequent region (60% < RH
< 74%) denotes water with a weaker binding, categorized as
multilayer water. In this section, water is retained within urea’s
solid structure through capillary condensation, and its vapor-
ization enthalpy is marginally greater than that of pure
water.°®®” The third region (RH > 74%) demonstrates urea
going through deliquescence, as free water is found in a solvent-
like state®® dissolving urea. Adsorbed water properties in this
area closer resemble those of bulk water, allowing the water to
actas asolvent and be accessible for chemical reactions with urea
molecules.”” It can be observed that a higher RH (RH > 60%)
leads to a minor increase in moisture content. A critical RH of
approximately 74% was discovered, which is consistent with
previous findings.””’" When the RH exceeds 74%, there is a
drastic rise in moisture content (initially from 0.06% d.b. to
7.64% d.b. at 74% and ultimately to 326.5% d.b. at 95%).

A pronounced hysteresis loop is evident in Figure 2b, which
illustrates an interplay between urea and water during the
desorption cycle. It can be observed that the adsorption
metastability starts at approximately 75% RH, concluding
around 50% RH with each phase achieving equilibrium. To
better understand this region, an analysis was conducted on the
concentration of urea with its adsorbed water molecules across
the full RH range. It was discerned that the urea concentration
exceeds the critical dissolution threshold in a solution which is
20.14 mol/1000 g water at 25.5 °C’ as shown in Figure 3a,
showing a state of supersaturation for urea within this desorption
RH level. At a RH level of 75%, the concentration was calculated
to be approximately 20.21 M, greater than the critical
concentration. This pattern of increase continued, culminating
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in a concentration of 46.2 M at a 50% RH. This allowed direct
quantification of distinct phase regions that urea transitions
through under equilibrium conditions, as shown in Figure 3b. In
particular and based on the saturation concentration,” to reach a
state of supersaturation, it necessitates 2.822 or fewer molecules
of water per mole of urea. Moreover, the ratio of water molecules
to urea moles was calculated to be around 2.748 at 75% RH,
while it further declined to 1.202 at 50% RH.

Optical images as shown in Figure 3¢ were obtained over time
of deliquescent urea at a steady state of 50% RH in the
desorption cycle. Initial observations indicated that urea was
entirely dissolved in the adsorbed water, representing a liquid
state. As time advanced, it was noted that urea began to
crystallize, a consequence of its supersaturated condition. This
hysteresis loop is indicative of a robust affinity between urea and
water molecules as, despite the metastability from 75 to 50% RH
range, the interaction between water and urea molecules
persisted in a manner that remained more favorable than the
interaction between water molecules in the gas phase. This
reveals a preference for water—urea bonds over water—water
bonds under these conditions.

Modeling of Water Vapor Sorption Isotherms on Urea
in the Monolayer and Multilayer Regime (RH < 60%).
Numerous theories have been formulated to explain how
sorbate (i.e., water vapor) interacts with sorbent (i.e., mineral
dust particles) surfaces in conditions where the level of
saturation is both below and above the normal limit. The
Langmuir adsorption isotherm model has been recognized as
the primary and most commonly applied model for adsorption
among various models.”! However, its use is restricted to
adsorption occurring below a single layer. As a result, this model
cannot effectively explain the adsorption of water on mineral
dust particles in situations where high RH is involved.”® Among
other adsorption models, the Brunauer—Emmet—Teller (BET)
equation (eq 2) is widely used to describe the adsorbate
behavior and quantity on the surface of the adsorbent.***” The
BET model makes several adsorption-related assumptions, such
as the gas molecules are monolayer-covered, the heat of
adsorption of the first layer is unique, while the higher layers
are equal to the energy of liquefication, and the Langmuir
isotherm governs the adsorption process. These presumptions
enable the formulation of a mathematical equation that can be
applied to determine the material’s surface area from the volume
of gas adsorbed at various pressures."*’>”?

However, due to the limitations of BET fitting of water
adsorption at RH > 50%,**** many modifications attempted to
enhance the applicability of BET. Anderson’s”* modification, for
instance, enhanced both the physical interpretation and the
fitting capabilities of the model. Anderson’s equation was
subsequently derived from a kinetic perspective by de Boer’®
and from a statistical standpoint by Guggenheim,”® leading to
the GAB equation (eq 3).

The GAB equation bears a resemblance to the BET equation;
however, it incorporates an additional parameter (K) to account
for the assumption that the sorption state of water molecules in
all adsorption layers beyond the first is identical yet distinct from
that in the pure liquid state. K adds an extra degree of freedom,
which increases the versatility of the GAB model.”””® The
parameter K denotes the discrepancy in the free enthalpy
between water molecules in the pure liquid state and those in
layers above the monolayer. When K assumes a value of 1, the
GAB equation reduces to the BET equation.”””® It is

https://doi.org/10.1021/acsearthspacechem.3c00210
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noteworthy that the GAB model was applied to fit the water
vapor isotherm on many amides.””™®'

The BET, GAB, and Freundlich models were used to fit the
experimental data shown in Figure 2a with the resulting fitting
parameters and the fitting range and conditions compiled in

Table 1. Figure 4a illustrates the effective fit of the Freundlich

Table 1. Isotherm Models’ Fitting Range and Parameters

statistical
model fitting range fitting parameters parameters
Freundlich 5% < RH < 20% ke=9.4x107° R*=0.985
n=0.924
25% < RH < 60% k=117 X 10™* R*=0.976
n=0.982
BET 5% < RH < 50% W, = 0.0423% R*=10.83
Cyer = 1.848
GAB 5% < RH < 74% K=0978 R*=0.989
W, = 0.0278%
Ceap = 511

equation to the experimental data observed in the two linear
regions; spanning from 5 to 20% RH with a coeflicient of
determination (R”) valued at 0.985, and ranging from 25 to 60%
RH with R* equating to 0.976. Beyond 65% RH, no linear
regions were discernible, where the Freundlich equation could
be applied, thereby indicating the constraints of this
experimental model within the deliquescence region.

As presented in Figure 4b, the BET model shows a reasonable
fitness to experimental data with an R*> of ~0.83, albeit its
applicability is confined up to 50% (RH). In comparison, the
GAB model demonstrates the best fitting capability, with an R
value of 0.989, extending its relevance to a higher RH of 74%.
The monolayer formation according to BET is completed at
0.042% mass change, which is around 49.2% RH, while,
according to GAB, the monolayer formation is found at
0.0278% mass change at 29.6% RH, which is more realistic
and comparable to the literature data of 1.2 layer formation
around 20% RH.* Cypr was determined to be less than 2,
suggesting a type III isotherm and implying that the BET
approach is not appropriate for modeling urea sorption
behavior, as previously discussed in literature reports.”” The
fitting of GAB was only limited to 74% RH before deliquescence
as trials to fit the model for higher RH lead to obtaining K values
higher than 1, which is not physically consistent as the K range
should be from 0 to 1.*” However, Cg,p was higher than 2, which

according to the literature indicates a type II isotherm which is
not consistent with the observation in Figure 2b of urea sorption
isotherm to be type III. Moreover, as mentioned in the literature,
for Cgag >1 and K = 1, as in the case of urea isotherm,
molecules forming multilayers are mainly behaving as in the bulk
liquid state.*’ This finding corroborates the deliquescent
behavior of urea, which can be attributed to the presence of
water adsorbate layers exceeding the monolayer thickness,
creating a liquid-like environment that facilitates urea
dissolution.

As previously shown in the urea hygroscopic behavior, the
sorption isotherm can be divided into three parts with the third
section being the point at which deliquescence takes place.
Consequently, the physical assumptions underlying the BET
and GAB models are inadequate to account for the nature of the
deliquescence process at RH values exceeding 74%, resulting
in significant discrepancies between the models and the
observed data. These discrepancies initiated the need to look
for different methods to describe the hygroscopic behavior of
urea at a RH higher than the critical RH.

Modeling of Water Vapor Sorption Isotherms on Urea
High RH Region (RH > 70%). A theoretical heat transport
model in a prior study was developed by van Campen,”* which
provided a means of quantitatively predicting deliquescence
kinetics, which is essential for understanding and predicting
deliquescence behavior. Van Campen reported a series of
articles that modeled and fitted experimental data of water
uptake on deliquescent materials such as alkali halides and
sugars at high RH.548¢ First, a heat-transfer model was derived
that calculates the water vapor uptake in an atmosphere of pure
water vapor. Next, tests were performed on the models to
validate the experimental data. Finally, in his third article, he
described the same process as in article one, but in an inert
atmosphere such as air.**~*® The heat-transfer model shown in
Figure Sa was developed based on some important assumptions
and considerations such as the time spent in the nonsteady state
is very short, and therefore, only the steady-state stage is
considered in building the model, vapor diffusion can be ignored
as the atmosphere is only pure water, and therefore, the heat flux
and transport limit the rate of vapor condensation with the
necessity of the heat transport to be released and transported to
the surroundings. Furthermore, it was also assumed that the
solid crystalline material’s surface is surrounded by a saturated
liquid film (see Figure Sb), which will maintain its saturation
during steady-state uptake, and therefore, there is no
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Figure 4. (a) Freundlich fit for water adsorption on urea in the two linear regions: 5—20% and 25—65% RH and (b) BET fit for water adsorption on

urea until 50% and GAB fit until 70% RH.
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Table 2. Pure Water Vapor Physical Parameters Used in the Transport Model Equation

parameter

o

value

0.23

10
18,000
—9305

10,500
426 x107°
1.987

298

1.36 X 10712
0.95

unit

cm

cm
mg/mol

cal/mol

cal/mol
cal/cm-sec-deg
cal/K-mole

K
cal/cm?sec-deg”

o

reference

calculated values to maintain the surface area of the hypothetical hollow sphere to be equal to the actual disk surface

area
measured
Reference 82
eq 10%

Cgae = 20.14 mol/1000 g water’

AH,

soln

Reference 82

= 3.67 kcal/mol®’

concentration gradient within the film. In addition, the sample
disk is assumed to be presented as a hypothetical inner sphere of

radius (a) for simplicity in deriving the model while maintaining

RT?

C

60M, -47kab

W =

the same surface area of the sample disk itself. The sample

should be located symmetrically in a hemispherical base of a

cylindrical chamber, which will be presented in the model as an

outer sphere with a radius (b) as shown in Figure 52.%

Based on these assumptions, the heat-transfer model

describes the water vapor uptake rate as follows™*

6OMW'47rkazae
+

AH(b — a) | AH, — RT. In 2=
RH,

4RT?

0

i

X In

AH

AH, — RT. In — RH,
RH

0

)

where W is the water sorption rate, M,, is the water molecular

weight, a is the hypothetical sample radius, b is the chamber
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Figure 6. (a) In situ Raman spectrum of urea in different RH conditions, (b) in situ optical images of urea crystal under the corresponding RH
conditions shown in (a), (c) normalized fwhm variations for the 1009 cm™" peak with RH changes, and (d) peak shift of the same peak under the same

RH conditions.

outer sphere radius, k is the thermal conductivity, R is the gas
constant, T is the temperature of the chamber surface, RH; is the
RH of the atmosphere, RH,) is the deliquescence RH, AH is the
heat generated per unit of vapor condensed, AH, is the heat of
vaporization, ¢ is the Stefan—Boltzmann constant, and e is the
radiation emissivity.** The first and second terms in the heat
transport equation represent conduction and radiation
processes, while convection was found to have a minor effect
on the temperature gradient and therefore it was neglected.**
The parameter values used to calculate the water vapor sorption
rate are given in Table 2. The dimensions of the sample disk
were measured so that the sample radius was 0.28 cm, while its
height was 0.1 cm; hence, its surface area was calculated at ~0.67
cm?, and consequently, the hypothetical a dimension was
calculated to be 0.23 cm to ensure that the surface area of the
hypothetical hollow sphere is equivalent to the actual disk’s
surface area. The chamber radius b was measured to be 10 cm. A
procedure to calculate AH for solutions (eq 10) was
demonstrated in the literature® using AH,, which is water
heat of condensation = —10.5 kcal/mol, AH,, = 3.67 kcal/
mol,%” and saturation concentration, which is around 20.14 mol/
L at 25.5 °C.” The remaining parameters used in eq 9 represent
the physical constants that pertain to pure water.

soln

S8.5

C,.“AH,
AH = —sat " soln

— AH_ +

C

(10)
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Figure Sc shows the comparison between Van Campen’s
model and experimental results of the sorption rate at different
RH % levels. At a 74% RH, the water sorption rate in both cases
was found to be 0, meaning that there is no water sorption at the
moment of deliquescence. As RH increases, the experimental
water sorption rate shows a gradual rise, from 0.02 mg/min at
80% to 0.08 mg/min at 95%. Van Campen’s model also exhibits
an increasing trend, although the rates are slightly higher,
ranging from 0.03 mg/min at 80% to 0.1 mg/min at 95%. The
mean-square error (MAE) between the experimental and
predicted data was 0.01 mg/min, showing a good agreement
between the predicted and experimental values.

Single-Particle In Situ Raman Spectroscopy of Urea
Interactions with Water Vapor. Under environmental
conditions of RH, aerosols and fertilizer particles undergo
abrupt and rapid fluctuations in humidity, failing to attain
equilibrium promptly and causing their physical and chemical
characteristics to undergo many changes.* Furthermore, the
statistical generalization when analyzing bulk samples can
sometimes lead to not accurately capturing the true nature of
gas—particle interactions due to inherent compositional
variations among individual particles.*””" Consequently, to
investigate the different modifications in the crystal structure of
urea induced by fluctuations in RH, an in situ analysis employing
Raman spectroscopy was conducted on the urea particles. In
particular, to facilitate clear monitoring of both the physical and
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chemical changes, and to comprehensively study the character-
istic compositional peaks and interactions between molecules
via shifts in peak positions and changes in peak widths, the
single-particle analysis was conducted while systematically
varying the RH conditions, ranging from 10 to 80%, and
subsequently decreasing it from 80% back to 10%. The time
between RH changes was 10 min to address the quick
nonequilibrium changes due to urea—water interactions.

Upon inspection of the spectra for varying RH as depicted in
Figure 6a, several noteworthy alterations in band frequencies
were noticed.

Primarily, bands situated at 548 cm™, typically ascribed to the
NCN bending mode,”" and 1536 cm™!, which corresponds to
the NH, bending mode,**”” were observed at low RH.
However, following the deliquescence of urea at RH > 70%,
these bands became significantly more challenging to detect.
Simultaneously, as deliquescence occurred and urea initiated the
formation of more hydrogen bonds with water, the bands
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corresponding to the stretching modes of the free and hydrogen-
bonded C—O group’” at 1577 and 1645 cm™" increased in
intensity accompanied by the bands at 1621 and 1673 cm™".
Additionally, the presence of the bands at 3435, 3357, and 3242
cm ™!, with a shoulder at 3323 cm ™', which are typically linked to
the antisymmetric and symmetric NH, stretching vibrations of
urea,”’ was observed at low RH. These bands are then
overlapped in deliquescent urea by the broadened peak
representing the OH stretching mode” at 3410 cm™,
attributable to the predominant water presence during this
phase. Subsequently, as the system undergoes a desorption cycle
leading to the elimination of all water content, these bands start
to reappear strongly at 10% RH. Furthermore, the significant
band observed at 1009 cm™, which is typically assigned to the
NCN symmetric stretching mode,”* underwent a minor
broadening, and demonstrated a shift to a lower wavenumber
at 1003 cm™". The evolution from a solid crystalline structure,
transitioning into a liquid state upon deliquescence and
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ultimately concluding in recrystallization at lower RH values, is
demonstrated in Figure 6b, which presents optical images
elucidating the varying phases of a singular urea crystal under
rapid and drastic alterations in RH. The significant alteration in
the peak full width at half-maximum (fwhm) was utilized as a
marker for phase transition,”””*”° while the observed shift in the
peak’s position might serve as an indicative signal of
crystallization.” Typically, a substance in its liquid phase
exhibits a broader fwhm compared to that of its solid phase. This
is attributable to the less dense molecular configuration in the
liquid phase, which permits minor discrepancies in vibrational
characteristics.” Figure 6¢ illustrates the expansion of the band
at 1009 cm™ following the critical RH, as evidenced by the
increase of the normalized fwhm from 1 to approximately 3. This
widened state persists until all water molecules are eradicated at
10% RH, at which point the normalized fwhm reverts to its initial
value. Also, a red shift of 1009 cm ™ band was noticed as shown
in Figure 6d when deliquescence occurs at RH > 70% and it
remained consistent until fully drying the crystal as the peak
witnessed a blue shift to its initial value. A blue shift is consistent
with the recrystallization of the sample as it has been reported in
the literature with decreasing RH and water content.”’ "

Subsequently, an investigation was undertaken to understand
the behavior of the urea single crystal during its initial stage of
deliquescence. This was achieved by performing a depth-
resolved Raman scan in the initial phase when the RH reached
80%, before the crystal’s complete transition into a liquid state.
Figure 7 presents the optical image of the urea single crystal,
distinctly combining both the solid and liquid phases, with the
red line indicating the horizontal dimension of the acquired
scan. The subsequent subsection of Figure 7a elucidates a
computed map of 20 ym in depth by 200 ym in width, based on
the 1009 cm ™ band normalized fwhm. This mapping effectively
visualizes the distribution of the liquid and solid phases,
represented by a gradation from heightened to decreased values,
respectively. Building on and corroborating the previously
illustrated Raman spectra, Figure 7b reveals the distinctive
features of dissolved urea, characterized by the broadened OH
vibration mode band at approximately 3400 cm™'. Conversely,
solid crystalline urea is denoted by its spectral bands at 3435,
3357, and 3242 cm™". Finally, Figure 7c depicts the depth maps
of the broadened OH vibration band, highlighting the ensuing
distribution of dissolved urea in its adsorbed water, and
concurrently, the depth mapping of NH, stretching bands
offers a comprehensive view of the distribution of crystalline
urea.

Urea Single-Crystal Dissolution from Ab Initio Calcu-
lations from Monolayer to Bulk Water. Table 3 shows the
resulting surface energies, in meV/A? of urea single-crystal
surfaces under vacuum as well as those in the presence of a single

Table 3. PBE-D2 Calculated the Surface Energies of (001),
(101), (110), (111), and (200) Urea Crystal Facets upon
Varying Degrees of Solvation and the Corresponding Wulff
Reconstructions

facet Yeacuumy MEV/A? YiMLios meV/A? Vulk 120, meV/A?
(001) 19.7 202 52
(101) 182 15.8 3.6
(110) 9.6 125 8.6
(111) 19.0 125 77
(200) 9.6 180 11.8
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monolayer and bulk water simulated as 55 M H,O. Five different
surface facets, including (001), (101), (110), (111), and (200),
were selected as they represent the most stable facets
determined exPerimentally and theoretically upon the growth
of the crystals, 00,101 55 shown in Figure 8. The resulting Wulff
reconstructions are shown in Figure 9. While mainly (110) and
(200) were determined to be prevalent under idealized vacuum
conditions, the presence of 1 ML of water significantly changed
the crystal shape of urea. In particular, the (111) facet became
significant together with (101) and (110), while, in the presence
of bulk H,O, (101) became the dominant facet, notably, the
extent to which this result can, in part, be affected by the
particular structure of water in each surface slab model due to
the multiple local minima where even modest changes in H-
bonding can have significant consequences in surface energy
calculations. Interestingly, the (101) facet has been shown to
contribute little to the overall particle morphology but possessed
higher binding energy toward H,O molecules."”’ Thus,
solvation of the urea crystal, as a first approximation as inferred
from ab initio calculations, is predicted to be associated with the
increased relative surface area of the (101) facet compared to
other facets. Experimental observation in Figure 6b does not
allow for the direct correlation between the experiment and
theory since the as-received microcrystal growth conditions did
not result in a well-defined crystal shape. However, data in Table
3 suggest that solvation results in the stabilization of higher order
phases such as (111) and (101), which are normally of little
relevance under idealistic vacuum conditions. Phenomenolog-
ically, single-crystal evolution shown in Figure 9 obtained using
DEFT calculations agrees with the single-particle imaging results
in Figure 6b and suggests that high RH cycling changes the
initial shape of the particle via new surface chemistry due to the
interaction of urea and intercalated water molecules, as
suggested by the appearance of new bands at 1673 cm™" in
the Raman spectrum that remain stable after desorption cycle
and extended purging at 2% RH.

Bl CONCLUSIONS

A detailed investigation of water as RH adsorption on urea
particle surfaces was explored using a combination of DVS
experiments, in situ single-particle Raman spectroscopy, and ab
initio calculations. Raw DVS data showed three regimes of RH
interactions with urea with 74% RH dramatically changing
adsorbate—urea interaction behavior. The GAB model provided
a superior description of the adsorption at <60% RH values,
while a rigorously developed Van Campen model was used to fit
the data acquired during the urea crystal deliquescence. The
experimental water sorption rate showed a gradual rise from 0.02
mg/min at 80% to 0.08 mg/min at 95% in agreement with Van
Campen’s model of increasing trend, albeit at higher rates
ranging from 0.03 mg/min at 80% to 0.1 mg/min at 95%. The
MAE between the experimental and predicted data was 0.01
mg/min, showing a good agreement between the predicted and
experimental values. In situ Raman spectroscopy combined with
optical images of a single particle showed that the urea 1009
cm™ peak fwhm can provide in-depth information about the
transient phenomena taking place on the urea particle surface as
well as in a partially liquefied environment. Finally, DFT results
suggested Wulff's reconstruction of single urea crystals was
dependent on the presence of the higher crystalline planes;
particularly, the (111) facet became significant together with
(101) and (110), while in the presence of bulk H,O, (101)
became the dominant facet. Overall, these results suggest that
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Figure 8. Lowest energy structures of the adsorbed water molecules on the predominant urea single-crystal facets (001), (101), (110), (111), and
(200) terminated under vacuum in the presence of 1 ML as well as bulk H,O.

particulate urea can undergo deliquescence in moist environ-
ments, those corresponding to high RH conditions, including
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both atmospheric and soil levels alike, and their environmental
cycling will result in profound particle shape differences.
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Figure 9. Wulff crystal reconstructions of urea crystals terminated under vacuum in the presence of 1 ML as well as bulk H,O.

Concomitantly, this environmental cycling will stabilize new,
potentially more reactive single particle facets which will be
more prone toward interaction with soil moieties and undergo
hydrolysis, especially in high pH soils, thus resulting in reactive
nitrogen loss. The results outlined here also suggest that there is
a need to actively explore soil component—urea interactions at
the molecular, single-particle facet-dependent level under moist
environments to better understand the resulting reactivity
descriptors.
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