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Abstract 

Mechanochemical reaction of urea and catechol affords quantitative formation of a 1:1 

urea·catechol co-crystal that can act simultaneously as a urease inhibitor and as a soil fertilizer. 

The novel compound has been characterized using solid state methods, and its environmental 

activity has been assessed using inhibition of Canavalia ensiformis urease and water vapor 

sorption experiments at room temperature.  The urea molecules within the co-crystal were 

organized in hydrogen bonded dimers bridged by two catechol molecules, with the OH groups 

interacting via hydrogen bonds with the urea carbonyl groups. The inhibition of jack bean urease 

enzyme by URCAT led to the complete loss of urease activity after a 20-min incubation period. A 

large difference of water vapor adsorption was observed between urea and URCAT, with the latter 

adsorbing 3.5 times less water than urea.  Our results suggested that co-crystal engineering 

strategies can be successfully applied to tackle sustainability problems at the food-energy-water 

nexus. 
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Introduction.  Urea is a major nitrogen (N) containing soil fertilizer, synthesized from ammonia 

(NH3) and carbon dioxide (CO2), with an annual production projected to reach 226 million tons in 

2021.1 Once deposited in soil, urea quickly hydrolyzes in moist environment to yield NH4
+ and 

HCO3
-.2 This reaction causes a number of agronomic,3 environmental4–6 and economic7–9 

problems10 and affects the global N cycle.11–13 In particular, too rapid increase of soil pH upon 

urea hydrolysis, catalyzed by urease activity,14 causes the loss of urea nitrogen as gaseous NH3. 

Ammonia is toxic to plants15 contributes to the production of fine inorganic particulate matter 

(PM2.5),16 a well-documented factor for premature population mortality17 as 

ammonium−sulfate−nitrate salts.18 Furthermore, ammonia nitrification produces additional N loss 

due to nitrate leaching and/or denitrification, the latter causing tropospheric pollution by NO, NO2 

and especially N2O, a greenhouse gas with 300 times the heat-trapping capacity of CO2.9,13 

Exogenous inorganic and organic molecules are often introduced into soil with urea in order to 

inhibit urease activity, thus affecting urea chemistry.19 Reversible inhibitors that target the Ni(II) 

ions in the active urease site can be utilized, such as phosphate, diamidophosphate, thiols, sulfite, 

fluoride, as well as hydroxamic, citric and boric acids, while Michael-type reagents such as 

catechols or quinones irreversibly target enzyme cysteine thiols essential for catalysis.14,20–22 A 

widely used urease inhibitor is the organophosphorus compound N-(n-butyl)thiophosphoric 

triamide (NBPT), whose mechanism of action has been recently elucidated.23 Considering that 

some negative effects of NBPT on living cells of plants24,25 and microorganisms26 have been 

reported, conceptually new methods to mitigate urea reactivity need to be developed.  Within this 

framework an approach based on acidic polymers was shown to be effective.27 Recent attempts to 

improve urea stability28–31 in soil have exploited its excellent and well-established propensity to 

form molecular and ionic cocrystals.32–35  In particular, two types of urea co-crystals have been 
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utilized to stabilize its reactivity towards hydrolysis and decrease concurrent emissions of 

ammonia. 

First, urea physicochemical stabilization via encapsulation with ionic metal salts or the 

corresponding acids was utilized.  Some field measurement evidence reveals that urea coordination 

compounds can reduce N losses from soils. For example, agricultural field tests with NH4Cl or 

ZnSO4 have been shown to reduce NH3 losses from soil and improve overall nitrogen uptake 

efficiency when compacted with urea.36  Inhibition of urea reactivity by organic or inorganic acids, 

such as phosphoric acid, was shown to decrease NH3 emissions up to 50 % from soil fertilized 

with urea phosphate ionic cocrystal.37  Von Rheinbaben38 and Fenn et al.39 showed significant 

decrease of NH3 emissions for applied or reactively formed urea⋅Mg(Ca)SO4 (or presumably urea 

adducts with CaCl2 and Ca(NO3)2 formed in situ in soil), but the reaction mechanisms put forth 

were inconclusive, as other authors showed that sulfate salts were not effective NH3 emission 

regulators40. Very recently, green mechanochemical methods were applied to synthesize urea ionic 

co-crystals, including 4urea⋅CaSO4⋅directly from salts30 and using reactive mechanochemistry31 

with urea inorganic acid co-crystals. 

Second, urea co-crystals with urease inhibiting metals or organic compounds have been utilized.  

Recently, it has been shown that metal ions acting as urease inhibitors, such as Zn2+, can be 

associated within the same ionic co-crystal with plant nutrients, such as K+, and with urea.28 The 

co-crystal urea⋅ZnCl2·KCl has been shown to effectively inhibit urease activity in a concentration-

dependent manner. An old study on the inhibition of urease activity in soils showed that diphenols 

and quinones are particularly effective.14 Recently, the kinetics of urease inhibition by 

benzoquinone, and the structure of the corresponding urease-inhibitor complex, have been 

elucidated.41 Catechol (1,2-dihydroxy benzene) is another type of polyphenol that has been known 
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for several decades to inhibit soil urease,14 but only recently its mode of action was elucidated 

through a combined kinetic and structural study.42 

In this paper we report on the preparation, structural characterization and evaluation of the 

environmental activity of a novel double-action material based on the association of urea with 

catechol. The objective is providing, simultaneously, a potent urease inhibitor, catechol, together 

with a fundamental high N content fertilizer, such as urea. 

 

Experimental 

Reagents and solutions.  All reagents were purchased from Sigma-Aldrich or Alfa Aesar and 

used without further purification. 

Solution Synthesis. Equimolar quantities of the starting materials (0.58 mmol) were dissolved in 

water or ethanol and left to evaporate at room temperature.  

Solid State Synthesis. The co-crystal was obtained by ball-milling urea (1 mmol) with catechol 

(1 mmol) in an agate jar for 60 min in dry conditions or with the addition of a drop of water.  

Single crystal growth. Single crystals suitable for X-ray diffraction were grown from an ethanol 

solution of the reagents in 1:1 stoichiometric ratio.  

Slurry experiments. Slurry experiments were performed in water at room temperature for one 

week, to check for the possible formation of different solid forms. In all cases the urea∙catechol 

co-crystal was recovered.  

Differential Scanning Calorimetry.  DSC traces were recorded using a Perkin-Elmer Diamond. 

The samples (1-3 mg range) were placed in open Al-pans. All measurements were conducted in 
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the ranges 40-150/160/170 °C (for urea, catechol and URECAT) at a heating rate of 5 ºC min-1. 

DSC traces are reported in the SI. 

Thermogravimetric analysis (TGA).  TGA measurements were performed with a PerkinElmer 

TGA7 in the temperature range 30-300 ºC and 30-450 °C for urea, catechol and URCAT, 

respectively, under N2 gas flow at a heating rate of 5 ºC min-1. 

Single Crystal X-ray Diffraction.  Single Crystal data were collected at room temperature with 

an Oxford X´Calibur S CCD diffractometer equipped with a graphite monochromator (Mo-Kα 

radiation, λ = 0.71073 Å). Data collection and refinement details are listed in Table S1 (Supporting 

Information). The structure were solved with SHELXT-201443 and refined on full-matrix F2 by 

means of SHELXL-201443 implemented in the Olex2 software.44  All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms bound to nitrogen or oxygen atoms were either located 

from the Fourier map or added in calculated positions; HCH atoms were added in calculated 

position.  All H atoms were refined riding on the corresponding C/N/O atoms. The software 

Mercury 3.1045  was used to simulate powder patterns based on single crystal data. The program 

Schakal was used for graphical representations.46 CCDC 1880413 contains the supplementary 

crystallographic data for this paper. These data are provided free of charge by The Cambridge 

Crystallographic Data Centre (CCDC). 

X-ray Diffraction from Powder.   X-Ray diffraction patterns were collected on a PANalytical 

X´Pert Pro Automated diffractometer equipped with an X´celerator detector in Bragg-Brentano 

geometry, using Cu-Kα radiation (λ = 1.5418 Å) without monochromator in the 3-50º 2θ range 

(step size 0.033º; time/step: 20 s; Soller slit 0,04 rad, antiscatter slit: ½, divergence slit: ¼ ; 40 

mA*40kV).  
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Urease inhibition experiments.  The inhibition of urease by URCAT was characterized at room 

temperature through pre-incubation experiments carried out by following a spectrophotometric 

assay in which cresol red was exploited as a colorimetric probe to monitor the overtime change in 

absorbance at 573 nm due to the increase of pH caused by urease activity.42 A 100 µL solution of 

30 nM urease from Canavalia ensiformis (jack bean) urease (JBU) dissolved in 50 mM HEPES 

buffer at pH 7.5, was diluted to 0.3 nM in 9.86 mL of 2 mM HEPES buffer at pH 7.50, also 

containing 2 mM EDTA and 30 mg L-1 cresol red (CR solution). A 40-µL solution of 10 mM 

URCAT or catechol, dissolved in the same buffer, were added, taking the time when the enzyme 

solution and URCAT (or catechol) were mixed as zero time of incubation. After appropriate 

periods of time, 1-mL aliquots were withdrawn from the incubation solution, an 8 M solution of 

urea was added to a final concentration of 100 mM, and the change in absorbance over time was 

followed (λ= 573 nm). The activity was calculated by a linear fitting of the straight portion in the 

absorbance vs. time curve and normalized to the activity measured at time zero of incubation. 

Dynamic Vapor Sorption experiments.  The DVS Intrinsic (Surface Measurement Systems Ltd, 

USA), equipped with SMS Ultrabalance TM having a mass resolution of ±0.1 µg, was used to obtain 

ramping and equilibrium water vapor sorption isotherms. An approximately 5 mg of powder 

samples were placed in the apparatus using aluminum pans and initially dried over 600 minutes 

with a stream of dry nitrogen to establish a dry mass at 25 °C. The dry mass was calculated after 

the end of first drying stage (0% RH). The sorption cycle experiments were performed from 0% 

relative humidity (RH) to 95% RH in a step of 5% RH in a preprogrammed sequence before 

decreasing to 0% RH in a reverse order. The instrument maintained a constant target RH until the 

moisture content change per minute (dm/dt) was less than 0.002% per minute over a 10-minute 

period.  
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The GAB analysis (Guggenheim-Anderson-DeBoer) isotherm,47 with constants C and K, was 

converted to a second-order polynomial, giving a quadratic equation. The curve fitting parameters 

was evaluated using mean square error and mean relative percentage deviation. 

The GAB model is given (1) 

   𝑊𝑊
𝑊𝑊𝑚𝑚

= 𝐶𝐶𝐺𝐺∗ 𝐾𝐾∗𝑎𝑎𝑤𝑤
(1−𝐾𝐾∗𝑎𝑎𝑤𝑤)[1−𝐾𝐾∗𝑎𝑎𝑤𝑤+ 𝐶𝐶𝐺𝐺∗ 𝐾𝐾∗𝑎𝑎𝑤𝑤]

     (1) 

where w is water content on a dry weight basis, wm is one molecule water per active sorption site, 

𝑎𝑎𝑤𝑤 is water activity,𝐶𝐶𝐺𝐺 is G.A.B sorption constant and K is a parameter in GAB equation.  Most 

isotherm models in the literature, including BET and GAB, assume surface sorption only.  For 

instance, BET and GAB describe monolayer water adsorption followed by multilayer water. These 

models are not able to accurately describe bulk, solution or absorbed water.  Therefore, a GAB 

fitting procedure was applied here only to compare urea and URECAT qualitative differences upon 

water vapor adsorption. 

 

Results and Discussion 

The urea·catechol co-crystal structure.  The urea·catechol (URCAT) co-crystal of urea and 

catechol was prepared by milling of the two reactants in the 1:1 stoichiometric ratio (see the 

Experimental Section). Single crystals suitable for X-ray diffraction were grown from an ethanol 

solution of the reagents. Structural identity between the product of the solid-state synthesis and the 

product of the recrystallization via seeding was verified by comparing the XRPD pattern, 

calculated on the basis of the single crystal structure, and the experimental pattern measured for 

the crystalline powder (see Figure 1).  
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Figure 1. Comparison between the experimental patter (black line) measured of the product of the 

solid-state synthesis and the pattern (red line) calculated on the basis of the single crystal structure. 

 

Figure 2 shows the main packing feature of crystalline URCAT: urea is organized in hydrogen 

bonded dimers, similarly to what observed in its pure crystal,48 as shown in Figure 3a; all dimers 

are bridged by two catechol molecules, with the OH groups interacting via hydrogen bonds with 

the urea carbonyl groups [OOH∙∙∙OCO 2.717(3) Å].  

 

 

Figure 2. The main packing feature in crystalline URCAT: urea is organized in hydrogen-bonded 

dimers, which are bridged by catechol molecules, thus resulting in the formation of infinite 

ribbons. C (urea) atoms in grey, C (catechol) atoms in orange. 
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This results in the formation of infinite ribbons extending along the crystallographic a-axis. When 

comparing the crystal packing of the co-crystal with that of catechol48 shown in Figure 3b, it can 

be seen that in pure catechol all molecules form hydrogen bonded dimers. In turn, each dimer 

interacts with four neighboring dimers arranged perpendicularly to the dimer plane. Therefore, the 

main difference arises from the fact that catechol in the co-crystal is hydrogen bonded only to urea; 

a similar pattern is present in the known catechol·2DMSO solvate49 (refcode EPAVUN, Figure. 

4): here hydrogen-bonded tetramers can be identified, formed by catechol molecules only, while 

the tetramers are bridged by the DMSO S=O groups, resulting in the formation of rings similar to 

those observed in crystalline URCAT (Figure. 2); all units are arranged in infinite ribbons 

extending along the crystallographic c-axis. 

                                                         

       (a)       (b) 

Figure 3. Hydrogen-bonded dimers in crystalline urea (a) and catechol (b).  

 

Figure 4. Hydrogen-bonded ribbon involving catechol and DMSO in the catechol·2DMSO solvate 

(EPAVUN). HCH atoms not shown for clarity; small grey spheres represent the methyl groups.  
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Thermal stability of the co-crystal. DSC measurements were performed using the urea-catechol 

co-crystal and the starting materials, i.e. urea and catechol, in the 40-150 °C range. No thermal 

events are present for the co-crystal before melting, which occurs at 76.4 °C (peak temperature). 

The co-crystal thus melts at a temperature that is definitely lower than those of its components, as 

can be seen from Figure 5. TGA measurements also show that, on heating, the co-crystal is stable 

up to ca. 80 °C, i.e. melting is almost immediately followed by decomposition.  

 

Figure 5. Comparison of the DSC traces for (from left to right) URCAT, catechol and urea. 

Urease inhibition experiments.  The inhibition of Canavalia ensiformis (jack bean) urease (JBU) 

by URCAT was studied by pre-incubating the enzyme with 40 µM inhibitor for increasing periods 

of time as previously described41,42 and the residual activity was monitored using UV-Vis 

spectrophotometry. The inhibition of the enzyme by 40 µM catechol was also determined and used 

as a control and it is in complete agreement with previously published data.42 The data in Figure 6 

reporting the residual activity of urease as a function of pre-incubation time show a time-dependent 

inactivation process. In particular, a short initial lag phase is followed by an acceleration of the 
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inactivation course that yields a 50 % inactivation in ca. 5 mins leading to the eventual complete 

loss of urease activity in a 20-min period. The inactivation efficiency of URCAT on urease is 

largely comparable to that of catechol in the experimental conditions used, demonstrating that 

URCAT is a catechol-urea co-formulate efficient in controlling urease activity, in vitro.  

 

Figure 6. Residual JBU activity as a function of pre-incubation time of the enzyme in the presence 

of 40 µM URCAT (black dots) or 40 µM catechol (red dots). Data were measured as triplicates, 

mean and standard deviation (as bars) are reported.  

Dynamic Vapor Sorption (DVS) analysis.  The amount of the adsorbed water and urea and 

URCAT response to changes in relative humidity were investigated using constant temperature 

adsorption/desorption experiments by varying water as relative humidity.  Results are shown in 

Figure 7.  In particular, URCAT, when normalized per unit of surface area, m2, adsorbs ~3.5 less 

water than urea at high RH.  The relative humidity (RH) here is defined as where Po is the saturated 

vapor pressure of water at 298 K and 1 atm and P is the actual water pressure at the same 

temperature and pressure, e.g.  
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𝑅𝑅𝑅𝑅 = 𝑃𝑃
𝑃𝑃𝑜𝑜

 𝑥𝑥 100 (%)         (2). 

Additionally, both urea and URCAT DVS data exhibited hysteresis between the adsorption and 

desorption branches, albeit of different shapes.  During the hydration of urea, water uptake 

remained negligible until deliquescence phase transition at 74 % RH, indicating sharp size increase 

and liquid layer formation on urea.  Subsequently, with further increases in RH, the aqueous 

droplet underwent continuous hygroscopic growth. During the dehydration process, the 

representative urea particle showed a two-stage phase transition. The liquid droplet decreased 

gradually in size with decreasing RH and became supersaturated with respect to urea below RH of 

74%.  With further decrease in RH, effloresced particle was formed at RH of 50%.  Notably, 

URCAT lacks a distinct efflorescence point as exhibited by a continuous hysteresis down to low 

(<20 % RH) values of a desorption branch.  The direct absence of observable efflorescence point 

after deliquescence is reached suggests that some water remains bound in a structural form (H-

bond or monolayer), especially at low RH.  Further, water, still bound at intermediate RH (70 to 

30 %), can be regarded as the continuous transition of the bound-to-free water with the 

vaporization enthalpy slightly higher than that for pure water.50  It potentially indicates that strong 

hydrogen bonds were formed with URCAT hydrophilic and polar groups.   
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Figure 7. Adsorption/desorption branches of RH on urea and URCAT. 

The water sorption (and retention) of URCAT was further elucidated using the GAB analysis 

(Guggenheim-Anderson-DeBoer) isotherm47,51–53 as shown in Figure 8. The GAB model 

represents a refined extension of the BET theory postulating that the state of the sorbate molecules 

in the second and higher layers is equal, but different from that in the liquid-like state.54  The fit 

parameters mo (the monolayer moisture content), C and K (constants related to the energies of 

interaction between the first and further molecules, e.g. monolayer and multilayer regions at the 

individual sorption sites), are related to the sorption enthalpies.   
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Figure 8. Resulting fits to the GAB model of urea and URCAT. 

Accordingly, URCAT exhibited greater monolayer capacity (mol/g) than urea, as shown in Table 

1.  Further, the sorption constant C – describing a monolayer formation propensity - is greater for 

urea than for URCAT, while the multilayer region constant K is very similar for both samples.  

The higher monolayer capacity in URCAT can be related to its ability to retain water even at low 

humidity, as shown in Figure 7.  Urea, on the other hand, shows stronger binding affinity towards 

monolayer water, as C can be directly related to the difference between the monolayer and 

multilayer molar sorption enthalpies.55,56 

 

Table 1. Calculated RH absorption parameters obtained using GAB model 

Sample mo, monolayer 
capacity, mol/g 

Sorption constant K Sorption constant C 

Urea 5.73x10-6 1.221 9.931 
URCAT 3.59x10-5 1.264 4.850 
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Solubility test. Solubility of urea at room temperature ranges from 1 to 1.2 g mL-1
, Therefore, a 

control experiment was conducted in which 1 g of urea was added to a vial and dissolved in 1 mL 

of bi-distilled water. In a second vial an amount of URCAT (2.8 g) containing 1 g of urea and 1 

mL of bi-distilled water were then added: the dissolution was not complete after 5 minutes, as can 

be seen in Figure 9.  

 

Figure 9: solubility test for URCAT in bidistilled water. 

The undissolved solid was filtered and weighed, resulting in ca. 500 mg of powder material, which 

corresponds to a ca. 15% reduction of the solubility of urea in URCAT with respect to pure urea. 

The undissolved powder was analyzed via X-ray powder diffraction and found to be URCAT 

(Figure 10). 
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Figure 10. Experimental X-ray powder patterns for URCAT measured before the solubility test 

(red line) and on the residual powder after the solubility test (black line). 

Stability tests. URCAT (2.8 g) and a physical mixture of urea (1 g) and catechol (1.8 g) were 

placed in two separate watch glasses inside a chamber at controlled humidity (82% RH) (see Figure 

11, top). Degradation of catechol, visually observed after ca. 5 hours as a colour change from white 

to pinkish-brown  (see Figure 11, bottom left), was confirmed via X-ray powder diffraction (see 

Figure 12); the URCAT co-crystal, on the contrary, did not show any modification after 5 hours, 

suggesting that the stability of catechol is markedly improved in URCAT with respect to pure 

catechol. 
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Physical mixture at t = 0  URCAT at t = 0 

 

Physical mixture at t = 5h URCAT at t = 5h 

Figure 11. Visual comparison of the physical mixture of urea and catechol (left) and the URCAT 

co-crystal (right) at t=0 (top) and after 5 hours at 82% RH (bottom). 

 

Figure 12. Comparison of the XRPD pattern measured on the physical mixture after 5 hours of 

exposition to 82% RH (black line), and the calculated patterns of the pure components (blue line 

for urea, red line for catechol). 
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Conclusions and sustainability impact.   

A co-crystal of urea and catechol (URCAT) has successfully been synthesized by milling of the 

components. The resulting compound has been investigated thoroughly with a combination of 

solid state and biotechnological methods. Single crystals of URCAT have been grown from 

solution, and fully structurally characterized. The urea molecules within the co-crystal are 

organized in hydrogen bonded dimers bridged by two catechol molecules, with the OH groups 

interacting via hydrogen bonds with the urea carbonyl groups. The co-crystal exhibits a melting 

temperature of 76.4 oC, lower than that of pure reactants. The inhibition of jack bean urease 

enzyme by URCAT leads to the complete loss of urease activity after a 20-min incubation period. 

These data are comparable to that of catechol itself, demonstrating that URCAT is a catechol-urea 

co-formulate efficient in controlling urease activity, in vitro. Stability of URCAT as compared to 

urea in the presence of H2O vapor was inferred using dynamic vapor sorption experiments. A large 

difference of water vapor adsorption was observed between urea and URCAT, with the latter 

adsorbing 3.5 times less water than urea. A higher propensity of URCAT to retain adsorbed water 

at low relative humidity as compared to urea was also observed.  

In conclusion, while inhibition of urease activity with the previously investigated urea⋅ZnCl2·KCl 

co-crystal was achieved via inorganic salts complexation,28 the co-crystallization of urea and 

catechol affords an organic-only material that can act both as soil fertilizer and efficacious urease 

inhibitor. Our results lend further support to the idea that co-crystal engineering strategies57 can be 

successfully applied to tackle agricultural, food production, and environmental issues.  In 

particular, the food, energy, and water systems are delicately linked in conventional agricultural 

production, especially with respect to fertilizer systems. As world’s population and the 

corresponding food production continues to grow, meeting the fertilizer demands for crops will 
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become more difficult and add increasing pressure on our water and energy systems.  This is 

partially due to the nitrogen losses associated with the little environmental stability of urea under 

humid conditions.  Our results show that URCAT can serve not only as an inhibitor to minimize 

urea nitrogen losses but it also possesses improved environmental stability.  Utilizing such urea 

co-crystals has the ability to decrease a significant portion of fertilizer demand while potentially 

enhancing this food-energy-water system sustainability.  If effective in the field, it may help lower 

ammonia emissions, increase nitrogen use efficiency by using less product (smaller environmental 

footprint) to maintain crop yields for a growing population.  Finally, if effective in the field, it may 

help lower the amount of nitrate leaching. This would allow plants more of an opportunity to 

uptake nitrate before the nitrate is leached beneath the rooting zone.  
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TOC. Dual-action urea co-crystal:  Mechanochemical co-crystallization of urea and catechol 
affords an organic-only material that can act both as soil fertilizer and efficacious urease 
inhibitor. The novel compound has been characterized using solid state methods, and its 
environmental activity has been assessed using inhibition of Canavalia ensiformis urease and 
water vapor sorption experiments. 

 


