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Abstract: The traditional qualitative analysis of the individual factors on the kinetic and thermodynamic parameters cannot 

sufficiently reveal the mechanism underlying ammonia volatilization in soil.  This study aimed to determine the effects of 

temperature, moisture content, and their interaction on the kinetic and thermodynamic parameters, which revealed the key 

control mechanism underlying ammonia volatilization, modified the traditional Arrhenius model, and established a quantitative 

prediction model of cumulative NH3-N loss (CNL).  Laboratory culture experiments were conducted under different 

temperatures (T) (15°C, 20°C, 25°C and 35°C) and moisture contents (θ) (60%, 80%, and 100% field capacities).  Soil 

ammonia volatilization was also measured every 2 d.  Results showed that the effects of individual factors and their interaction 

on the values of reaction rate (KN), Activation free energy (ΔG), and activation entropy (ΔS) followed the descending order of 

T>θ>T·θ, whereas those of activation enthalpy (ΔH) and activation degree (lgN) followed the descending order of θ>T>T·θ.  

The interaction showed significant effect on KN value and insignificant effect on all the thermodynamic parameters.  The 

effects of water and temperature were mainly observed during the preparatory stage and the most critical transition state stage 

of the chemical reaction, respectively.  Given that ΔH > 0, ΔG > 0, and ΔS > 0, ammonia volatilization is found to be an 

endothermic reaction controlled by enthalpy.  The new KN(T)-2 model with the determination coefficient (R2) of 0.999 was 

more accurate than the traditional Arrhenius model with the R2 of 0.936.  The new NH3(T, θ) model with the mean absolute 

percentage error (MAPE) of 4.17% was more accurate than the traditional NH3(T) model with the MAPE of 7.11%.  These 

results supplemented the control mechanism underlying ammonia volatilization in soil fertilized with urea and improved the 

prediction accuracy of CNL. 
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1  Introduction 

Ammonia volatilization is the most important 

pathway of N loss in agroecosystems and accounts for 
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approximately 44.1% of N fertilized in certain systems
[1]

.  

Ammonia volatilization causes direct N loss and 

influences global climate and soil acidification
[2,3]

.   An 

official document issued by China’s Ministry of 
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Agriculture in 2015 states that reducing the application 

rate of urea is an effective way to reduce emissions
[4]

.  

Producing more food with low application rate of urea 

requires the efficiency improvement in urea utilization.  

Temperature and moisture content are the most important 

factors for soil ammonia volatilization.  Further 

understanding the kinetic and thermodynamic effects of 

the two factors on ammonia volatilization can help 

identify the control mechanism underlying ammonia 

volatilization and achieve the quantitative prediction of N 

loss, thereby reducing environmental pollution and 

improving the efficiency of urea utilization. 

Ammonia volatilization is a complex process 

influenced by numerous factors, such as soil moisture, 

temperature
[5]

, soil pH
[6]

, rainfall
[7]

, wind speed
[8]

, and the 

amount of organic matter solution
[9]

.  However, soil 

moisture content and temperature are the key factors that 

influence the N cycle and control ammonia 

volatilization
[5,10]

 because these two factors significantly 

influence soil aeration and soil enzymatic activities
[11]

.  

Kinetics and thermodynamics are important methods for 

analyzing the complicated mechanism underlying N 

transformation reaction.  Reaction rate (KN), temperature 

coefficient (Q10), activation enthalpy (ΔH), activation free 

energy (ΔG), activation entropy (ΔS), and activation 

degree (lgN) are the important indicators of the difficulty 

degree and rate of chemical reaction.  In terms of 

kinetics, many reports indicate that the cumulative NH3-N 

loss (CNL) can be quantitatively described by Elovich-1 

model (Equation (1))
[12-14]

.  The value of b in Elovich-1 

model indicates the curvature of CNL curve, but these 

reports improperly consider b as the reaction rate 

(KN)
[12-14]

.  Therefore, these kinetic conclusions about 

KN are questionable and thus should be further studied. 

               ln( )tC a b t    (1) 

where, Ct is the amount of CNL (mg/kg) released at time 

t (d); a and b are constants. 

Several studies reported about CNL under different 

moisture contents.  In these reports, the moisture content 

is 30%
[12]

 and the field capacities (θs) is 20%
[13]

 or 

between 22% θs and 74% θs
[14]

.  In general, the plants 

need to be irrigated when the moisture content is less than 

60% θs.  After irrigation, the moisture content is close to 

100% θs.  These previous reports cannot fully reflect the 

real agricultural conditions and thus require further study.  

Gao
[14]

 showed the individual effect of moisture content 

and temperature on Q10, ΔH, and ΔG, but the coupled 

effect of the two factors remains unknown.  In addition, 

(NH4)2SO4 and (NH4)2CO3 were also used in Gao’s study.  

Urea transformation includes hydrolysis, which is 

different from that of the other two fertilizers.  The 

thermodynamic study on CNL fertilized with urea should 

be further studied.  Several qualitative studies were 

conducted about soil ammonia volatilization
[5,15,16]

, but 

both of the individual and the coupled effects of moisture 

content and temperature on ΔS and lgN remain to be 

elucidated.  Furthermore, the key control mechanism of 

CNL, entropy control or enthalpy control, was also not 

identified in previous reports
[12-16]

.  This study will help 

improve understanding of CNL mechanism. 

The Elovich-1 model cannot provide a meaningful 

rate parameter (KN).  Given the deficiencies of Elovich-1 

model, a reliable Elovich-2 model (Equation (2)) 

proposed by Zhang
[17]

 was used in this study.  The value 

of KN in Equation (2) is the reaction rate
[17]

.  The 

Elovich-2 model is rarely applied in CNL, which does not 

consider the effects of temperature and moisture content 

on KN.  Therefore, Equation (2) must be further 

modified as Equation (3). 

(1/ )ln( ) (1/ )ln( )t NC m K m m t    (2) 

(1/ )ln( ( , ) ) (1/ )ln( )t NC m K T m m t        (3) 

where, KN is the reaction rate constant; KN(θ, T) is the 

modification function, which indicates the reaction rate 

under the coupling of thermodynamic temperature (T) 

and moisture content (θ); T is thermodynamic 

temperature, K; θ is moisture content, mg/kg; m is a 

constant. 

Arrhenius equation (Equation (4)) is a classic theory 

in physical chemistry for describing the linear 

relationship between the logarithm of KN and the 

reciprocal value of T
[18]

.  The Arrhenius equation can 

also be expressed in another form as Equation (5)
[19]

.  

Previous reports did not find a good linear relationship 

between ln(KN) and 1/T because of the interference of 

other factors
[20,21]

.  The Arrhenius equation needs to be 

modified to establish an accurate modification function 
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KN(θ, T). 

ln( ) ln( )N

Ea
K A

R T
 


           (4) 

ln( )N

b
K a

T
                (5) 

where, A is the pre-exponential factor; Ea is the energy 

differential, kJ/mol; R is the gas constant (8.314 

J/mol·K). 

The present study aims to reveal the key control 

mechanism underlying CNL, determine the important 

degrees of temperature, moisture content, and the 

interaction between the two on the kinetic and 

thermodynamic parameters, and establish a prediction 

model of CNL under the coupled effects of moisture 

content and temperature. 

2  Materials and methods 

2.1  Soil sampling 

Sandy loam was sampled from the Pomology Institute 

of the Shanxi Academy of Agricultural Sciences, and the 

samples were air dried and crushed to pass a 10 mesh 

sieve.  Soil type is sandy loam, and the pH is 8.84.  The 

moisture content and field capacity are 21.63 g/kg and 

217.79 g/kg, respectively.  The NO3
−
-N content and 

NH4
+
-N content is 4.1 mg/kg and 5.9 mg/kg, respectively.  

The pH, field capacity, and moisture content were 

measured using previous methods
[22-24]

.  NO3
−
-N and 

NH4
+
-N contents were determined using a continuous 

flow analyzer (AA3, Bran Luebbe, Germany).  All 

chemicals used in the experiments were of analytical 

reagent grade and obtained from Sinopharm Chemical 

Reagent Beijing Co., Ltd.  (Beijing, China). 

2.2  Treatment 

Exactly 151 g (oven-dry basis) of soil was added to a 

series of 500 mL glass beakers.  Half of the beakers 

were treated with 0.1 g of CO(NH2)2 solution (equal to 

the rate of 309 mg N/kg).  Deionized water was added to 

the beakers to adjust the moisture content of the soil 

samples to θ60, θ80 and θ100 levels (60%, 80% and 100% 

field capacities, respectively).  The remaining beakers 

were treated with three different levels of distilled water 

as the control.  The beakers were incubated at different 

temperatures (15°C, 20°C, 25°C and 35°C) in the 

incubators for 1-7 weeks.  On the odd days after the start 

of the experiment, ammonia volatilization was quantified 

using acid traps.  Two sponges (2 cm in thickness,   

8.5 cm in diameter) were moistened with 10 mL 

phosphate-glycerol solution (40 mL of glycerol and    

50 mL of phosphate mixed and diluted into 1000 mL of 

deionized water).  The lower sponge was placed 3 cm 

above the soil surface to trap the ammonia from the soil, 

whereas the upper sponge was placed on the rim of a 

beaker to trap the ammonia from the atmosphere.  Soil 

water loss through evaporation was replenished with 

deionized water, and the sponges were replaced every 2 d.  

The lower sponge and 100 mL KCl solution (1 mol/L) 

were added into the flasks, which were then placed inside 

a mechanical shaker and oscillated at a frequency of   

50 Hz for 1 h.  The NH4
+
-N in the pellucid filtrate was 

determined using a continuous flow analyzer (AA3, Bran 

Luebbe, Germany). 

2.3  Calculation of kinetic and thermodynamic 

parameters 

Based on kinetic theory, an Elovich-2 model 

(Equation (2)) was used to describe the dynamic process 

of ammonia volatilization.  A regression analysis was 

conducted using the 1st Opt 7.0 software to calculate the 

parameters of the models from the experimental data.  

The thermodynamic parameters mainly include 

temperature coefficient Q10, lgN, Ea, ΔH, ΔG and ΔS.  

Ea can be calculated by Equation (4).  Other 

thermodynamic parameters can be calculated by the 

following equations: 

 
10 2 1/T TQ K K

              
(6) 

 
10lg lg ( exp( / ( )))N Na Ea R T          (7) 

 H Ea R T                 (8) 

 ln(( ) / ( ))NG R T R T Na h K            (9) 

( ) /S H G T              (10) 

where, KT2 and KT1 are the reaction rate constants under 

temperatures T2 and T1 (°C) (T2 = T1+10), respectively; 

Na is the Avogadro’s constant (6.022×10
-23

/mol); h is the 

Planck’s constant (6.626×10
-34

 J/S). 

2.4  Data analysis and model evaluation 

All data were processed using Microsoft Excel 2013.  

Statistical analysis was performed with IBM SPSS 
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Statistics 19 software, and the figures were plotted with 

Origin 9.1 software.  Statistically significant analyses 

were conducted using one-way and two-way ANOVA.  

The establishment of models was performed with the 

1stOpt 7.0 software.  Model accuracy was evaluated 

using the determination coefficient (R
2
) and the mean 

absolute percentage error (MAPE), which were calculated 

as follows: 

 
2 2

2

1 1
( ) / ( )

n n

i ii i
R C C C C

 
   

     
(11) 

  
1

100%
n

i i i

i

MAPE C C C n


  
     

(12) 

where, 
iC , 

iC  , and C  represent  the  measured,  

calculated, and average amounts of ammonia (mg/kg) that 

were released at t (d), respectively; n is the number of 

evaluated data points. 

3  Results 

3.1  Characteristics of CNL under different treatments 

Figure 1 shows the CNL values under three different 

moisture contents.  All three conditions, which were 

significantly increased at the initial stage and stabilized 

with the increase in reaction time, conformed to the rule 

of logarithmic function.  The starting and ending times 

of the stage with different stages were nearly similar at 

15°C (Figure 1a).  At other temperature conditions, high 

moisture content equated to a short rapidly increasing 

stage and a long stable stage (Figures 1b-1d).  The CNL 

values under the three treatments followed a descending 

order of θ60 > θ80 > θ100 throughout the entire process.  

The result showed that θ100 is the best treatment to 

minimize CNL value with a mean of   13.10 mg/kg, 

which was only 86.9% and 75.3% of θ80 and θ60 

treatments, respectively, at 15°C.  Analogously, the 

results for the two treatments were 87.8% and 75.5% at 

20°C (Figure 1b), 88.9% and 74.4% at 25°C (Figure 1c), 

and 72.9% and 59.4% at 35°C (Figure 1d).  An 

extremely significant (p<0.01) difference at 15°C, 20°C, 

25°C and 35°C and a remarkable (p<0.05) difference at 

35°C for the three treatments (θ60, θ80 and θ100) were 

observed. 

Figure 1 also shows that the CNL values at 15°C, 

20°C and 25°C are close, with the gap becoming 

increasingly small over time (0-15 d).  When the 

temperature increased from 15°C to 35°C, the critical 

times of the two stages decreased from 20 d to 5 d at 

100% field capacities (θs), 20 d to 7 d at 80% θs, and  

20 d to 9 d at 60% θs.  In addition, a high temperature 

equated to fast ammonia emission rate and short emission.  

The CNL in the T35 treatment was higher than that in the 

other three treatments.  As shown in Figure 1, a high 

temperature equated to the steep growth curves of CNL 

and a high initial rate.  The growth rates of CNL under 

different temperature treatments followed a descending 

order of T35 > T25 > T20 > T15 at the same moisture content 

(0-15 d).  Extremely significant (p<0.01) or significant 

(p<0.05) differences were observed among the four 

treatments (T15, T20, T25 and T35), except when the T15 and 

T20 treatments and T15 and T25 treatments were compared.  

After 15 d, the CNL at 35°C presented a nearly stable 

trend.  The CNL at 20°C and 25°C reached a stable 

trend at the same level, and the CNL at 15°C exhibited a 

stable growth and later exceeded those in the other three 

treatments. 

 
a. 15°C b. 20°C 

 
c. 25°C d. 35°C 

Figure 1  Comparison of ammonia volatilization under different 

moisture content treatment (θ60, θ80 and θ100) at 15°C, 20°C, 25°C 

and 35°C (the vertical curve indicated the boundary of the slowly 

increasing stage and the rapidly increasing stage) 
 

3.2  Effects of different treatments on kinetic 

parameters 

The accumulation rate KN is a key parameter in 

chemical kinetics and indicates the degree of speed and 

difficulty of the chemical reaction.  The KN values under 
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different temperatures and moisture contents are shown in 

Figure 2a.  The KN values at different temperature 

treatments were in the following order: T35 > T25 > T20 > 

T15.  The KN values at 35°C were 3.26, 3.09, and 2.98 at 

15°C at 60%, 80% and 100% of field capacities, 

respectively.  Figure 2a indicates that the KN value 

decreased with the increasing moisture content.  The KN 

values under the θ60 treatment were 1.30, 1.29, 1.28, and 

1.42 higher than those under the θ100 at 15°C, 20°C, 25°C 

and 35°C, respectively.  The maximum and minimum 

KN values were found in the areas of low-moisture 

content and high temperature and high-moisture content 

and low temperature, respectively.  When the moisture 

content increased from 60% θs to 100% θs, the average 

change rates of KN ( ) were 1.304, 1.292, 1.283 and 

1.424 at 15°C, 20°C, 25°C and 35°C, respectively.  

When the temperature increased from 15°C to 35°C, the 

values of average change rates of KN ( ) were 0.401, 

0.326, and 0.270 at 60% θs, 80% θs, and 100% θs, 

respectively.  This finding indicated the significant 

difference of  under different temperatures and 

moisture content treatments and thus suggested an 

interaction between temperature and moisture content 

during soil ammonia volatilization.  The result of 

two-way ANOVA indicated that the effects of the 

individual factors and their interaction on the value of KN 

followed the descending order of T > θ > T×θ (Table 1).  

This finding shows the extremely significant effects of 

moisture, temperature, and their interaction on the value 

of KN.  Therefore, these factors should be considered 

during the establishment of quantitative models. 

3.3  Effects of different treatments on thermodynamic 

parameters 

The parameters Ea, ΔH, ΔG, ΔS, Q10, and lgN are the 

key factors in thermodynamic theory.  Different 

parameters play a different role in the chemical reaction.  

The activation energy (Ea) is the energy barrier, wherein 

the reactant molecule transcends in the chemical reaction.  

The activation enthalpy (ΔH) is the thermal energy, 

wherein the reactant molecule is absorbed or released in 

the chemical process.  Activation free energy (ΔG) is a 

measurement of free energy, which is needed during 

formation and decomposition of the activated complex.  

ΔS indicates the probability of achieving the transition 

state.  The analysis of these parameters would reveal the 

ammonia volatilization mechanism under different 

temperatures and moisture content. 

 

a b c d 

 

e f g  
 

Figure 2  Kinetic and thermodynamic parameters of NH3 

accumulation under different temperature and moisture content 

 

The thermodynamic parameters under different 

treatments are shown in Figures 2b-2g.  The Q10 values 

in the high-temperature zone (25°C-35°C) with averages 

of 2.322, 2.236 and 2.091 at 60%, 80%, and 100% field 

capacities, respectively, were 1.47-1.66 times higher than 

those in the low-temperature zone (15°C-25°C) (Figure 

2b).  This finding indicated that the reaction rate KN in 

the high-temperature zone was more temperature- 

sensitive than that in the low-temperature zone.  Q10 

with different water treatments and temperature zones 

was significant (p<0.01).  The value of the activation 

energy (Ea), which is the most important thermodynamic 

parameter, followed a descending order of θ60 < θ80 < θ100 

(Figure 3c).  The Ea difference under different water 

treatments was extremely significant. 

As shown in Figure 2d, when the temperature 

increased from 15°C to 35°C or when the moisture 

content decreased from 100% θs to 60% θs, the activation 

enthalpy (ΔH) decreased.  This result indicated that the 

transformation from ammonia to activated ammonia 

consumed a considerable amount of energy.  During the 

temperature increase, the activation free energy (ΔG) also 
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increased (Figure 2e), but the value of ΔG/T decreased.  

This condition promoted reaction.  During the increase 

in moisture content, the accumulation rate of ammonia 

decreased because of the increase in ΔG (Figure 2e).  

The reactant molecules at 35°C were easily activated 

than those at other temperatures.  Thus, the activation 

degree (lgN) was high (Figure 2f).  In addition, when 

temperature increased or moisture content decreased, the 

value of |ΔS| and the molecules with a directional 

arrangement increased.  This condition favored the 

acceleration of the reaction rate (Figure 2a).  The 

results of two-way ANOVA shown in Table 1 reveal the 

effects of the interaction.  In the two-way ANOVA, 

temperature significantly or extremely significantly 

affects ΔH (p<0.05), LgN (p<0.01), ΔG (p<0.01), and ΔS 

values (p<0.01) (Table 1).  A significant or extremely 

significant difference of water treatments was observed 

on ΔH (p<0.05) and lgN (p<0.01) (Table 1).  The 

interaction between temperature and moisture content 

did not show any effect on the value of the 

thermodynamic parameters in ammonia accumulation 

(Table 1).  According to thermodynamic theory, the 

maximal value of ΔH and the minimal values of |ΔS| and 

KN occurred at T15 and θ100 treatments.  Therefore, 

ammonia volatilization is a process controlled by 

enthalpy. 
 

Table 1  Two-way analysis of thermodynamic parameters 

under coupling of moisture content and temperature 

Treatment 

ΔH LgN ΔG ΔS 

F Sig F Sig F Sig F Sig 

T 3.194 0.042* 9.655 0.000** 16.437 0.000** 8.338 0.001** 

θ 5.281 0.013* 13.742 0.000** 1.147 0.335 0.468 0.825 

T×θ 0.310 0.925 1.009 0.443 1.137 0.371 0.079 0.925 

Note: *, ** indicated significant and extremely significant. 
 

3.4  Establishment of kinetic model of CNL 

Arrhenius model is a classic method for studying the 

chemical reaction kinetics.  The R
2
 value of Arrhenius 

model (KN(T)) is within 0.932-0.949.  Using this method 

to analyze the relationship between ln(KN) and 1/T by 

KN(T) was reasonable and feasible.  However, a new 

KN(T)-2 model (Equation (13)) (mean R
2
=0.999) can 

better describe the relationship between ln(KN) and 1/T 

than the traditional KN(T) model (mean R
2
=0.936). 

ln( ) exp( )N

c
K a b

T
  

           

(13) 

where, c is constant. 

Moisture content exhibited a significant effect on KN.  

However, traditional Arrhenius model did not consider 

the effects of moisture content on KN.  The exponential 

function (Equation (14)) can well describe the 

relationship between KN and moisture content (mean 

R
2
=0.997).  Given the significant interaction effects of 

moisture content and temperature on the value of KN, a 

multiplicative model (Equation (15)) based on Equations 

(13) and (14) was established.  When Equation (15) was 

combined with Equation (3), kinetic model (NH3(T, θ)) of 

CNL was obtained.  Analogously, when Equation (4) 

was combined with Equation (2), a traditional kinetic 

model (NH3(T)) of CNL based on Arrhenius equation was 

obtained. 

NH3(T, θ) model was calibrated and validated with 

80% and 20% data samples, respectively.  The best 

parameters of the NH3(T, θ) model are shown in Table 2.  

Figure 3 shows the linear relationship between the 

measured and predicted values and the simulation 

accuracy of the models.  As shown in Figure 3a, the 

slope and R
2
 of the NH3(T, θ) model were 1.021 and 

0.989, respectively.  The MAPE values of NH3(T, θ) 

model were 4.01% and 4.17% with the calibration and 

prediction samples, respectively (Figure 3b).  The 

simulation accuracy of NH3(T, θ) model was compared 

with that of the traditional model (NH3(T)) to show the 

improvement effect of NH3(T, θ).  The MAPE values of 

NH3(T) model were 6.49% and 7.11% with the 

calibration and prediction samples, respectively (Figure 

3c).  NH3(T, θ) model showed better accuracy than the 

traditional NH3(T) model.  NH3(T, θ) model can be used 

to describe the process of CNL under the coupling of 

moisture content and temperature. 

exp( )NK a b                 (14) 

 ( , ) exp( exp( / ) )NK T a b c d T e      
  

(15) 

where, d and e are constants. 
 

Table 2  Fitting parameters of the NH3(T,θ) model 

Model a b c d e m 

NH3(T,θ) 0.227 4.063 624440.805 –462.642 –7.889E
-3

 0.171 
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a. Linear relationship 

 

b. Simulation accuracy of  

NH3(T, θ) model 

c. Simulation accuracy of  

NH3(T) model 
 

Figure 3  Linear relationship between measured and predicted 

values, and the simulation accuracy of models 

4  Discussion 

4.1  Effects of moisture content and temperature on 

CNL 

Most previous studies suggested that high-soil 

moisture content is an important environmental factor 

that leads to high rates of CNL in applied N 

fertilizers
[25,26]

; this finding is different from the results of 

the current work.  In this study, when the moisture 

content increased from θ60 to θ100 level, the total CNL 

value decreased by 25% to 43%.  The difference might 

be due to the different experiment conditions.  In 

previous reports, CNL was determined by the adsorption 

method using sulfuric acid, and the soil surface is 

unobstructed.  Under this condition, when the soil 

moisture content increases, the soil evaporation increases 

and causes the loss of ammonia volatilization
[27]

.  In this 

study, the sponges were placed on the rim of a beaker to 

trap ammonia, thereby affecting the pathway of water 

vapor diffusion.  The effect mechanism of moisture 

content on CNL in the previous study is not applicable in 

the current work. 

The negative effect of moisture content on CNL was 

mainly caused by two reasons.  Firstly, urease used is 

unsaturated in this study, and the hydrolysis rate depends 

on the substrate concentration
[28]

.  When the moisture 

content decreased from θ100 to θ60, the urease activity 

decreased by 9% to 20%, which caused the NH4
+
-N 

content to increase by 28% to 58% (Figure s4).  This 

condition promotes the loss of ammonia volatilization.  

Secondly, the pH under θ60 treatment was between 8.32 

and 9.16, which was higher than that under θ100 treatment 

(between 8.19 and 9.07).  The amount of OH
−
 under θ60 

treatment was between 10
−5.68

 mol/L and 10
−4.84

 mol/L, 

which was higher than that under θ100 treatment (between   

10
−5.81

 mol/L and 10
−4.93

 mol/L).  Therefore, the reaction 

equilibrium with θ60 treatment would shift more easily 

toward the right side of Equation (16) than that with θ100 

treatment. 

4 3 2 0NH OH NH H    
        

(16) 

Previous studies indicated a significant positive 

correlation between the rate of ammonia volatilization 

and temperature
[29-31]

.  The results of the present study 

generally support this trend.  The urease activity 

increased by 33%-41% when the temperature increased 

from 10°C to 35°C.  Consequently, urea hydrolysis 

intensified, thus enhancing NH4
+
 accumulation and 

solubility.  The rate of ammonia diffusion from fluid 

phase to vapor phase was also accelerated.  In 

conclusion, a high temperature equates to a large amount 

of ammonia volatilization. 

4.2  Analysis of kinetic and thermochemical 

mechanisms 

A new kinetic model (NH3(T, θ)) of ammonia 

volatilization under the coupled effects of moisture 

content and temperature was established in this study.  

NH3(T, θ) model showed more accurate physical meaning, 

better prediction accuracy, and more general applicability 

than the traditional NH3(T) model.  Firstly, the accurate 

acquisition of KN is the basis for building a reliable model.  

The value of b in Elovich-1 model indicates the curvature 

of CNL curve, and some reports consider b as the 

reaction rate
[12,13]

, which is inaccurate.  In the present 

study, the reaction rate of KN was determined by using the 

reliable Elovich-2 model proposed by Zhang et al.
[17]

.  

The results are more reliable and accurate than those from 

previous reports.  Secondly, when the Elovich-2 and 

NH3(T) models were adopted to quantify the CNL, 12 and 

4 kinds of models should be established to satisfy the 

different treatments, respectively.  By contrast, one 

NH3(T, θ) model can satisfy all the treatments.  NH3(T, 
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θ) model is more applicable than the other two models.  

Thirdly, NH3(T) model and NH3(T, θ) model were 

established based on the Arrhenius equation and KN(T)-2 

model, respectively.  During modeling, the traditional 

Arrhenius equation was revised as KN(T)-2 model.  The 

average R
2
 of the new KN(T)-2 model was 0.999, which 

was better than that in the Arrhenius equation (R
2
=0.936).  

This result helps improve the model precision of 

ammonia volatilization.  Fourthly, the MAPE value of 

NH3(T, θ) model was 4.17%, which showed better 

prediction accuracy than the traditional NH3(T) model 

(MAPE=7.11%). 

In this study, Q10 value was 1.38-1.43 in the 

low-temperature zone (15°C-25°C) and 2.09-2.32 in the 

high-temperature zone (25°C-35°C).  The result is 

different from that of a previous work.  Gao
[14]

 indicated 

that the Q10 values are 1.53-1.74 at 15°C-25°C and 

1.39-1.58 at 20°C-30°C when the soil was fertilized with 

ammonium sulfate ((NH4)2SO4), whereas the Q10 values 

are 1.49-1.71 and 1.93-2.48 when the soil was fertilized 

with ammonium carbonate ((NH4)2CO3).  Gao’s reports 

show that a high-temperature zone equates to a low value 

of Q10, whereas the present study shows an opposite trend.  

The difference might be due to the difference on fertilizer 

types, soil types, and moisture content level.  Firstly, 

(NH4)2SO4 and (NH4)2CO3 were used in Gao’s reports, 

whereas urea was used in the current study.  The 

thermostability of urea was different from that of the 

other two fertilizers.  Secondly, the previous proportions 

of sand, silt, and clay are 25.1%, 65.2%, and 9.0% 

respectively.  By contrast, the present results are 34.6%, 

51.5%, and 13.9% respectively.  Therefore, the texture 

of the two soil samples varied.  Thirdly, the moisture 

content level is between 60% θs and 100% θs in the 

current study and is between 22% θs and 74% θs in the 

previous work
[14]

.  In general, the plants need to be 

irrigated when the moisture content is less than 60% θs.  

After irrigation, the moisture content is close to 100% 

field capacities.  Therefore, according to these two 

experimental designs, the current study reflects more real 

agricultural conditions than the previous reports. 

The previous reports showed that the NH3 loss from 

soils display a decreasing trend with the increasing field 

capacity and decreasing temperature
[32-34]

.  At 

15°C-25°C and 30% θs-70% θs, the interaction between 

soil moisture and temperature is significant for NH3 

loss
[35]

.  Although the results of this study supported 

these trends, a slight deficiency was found in the previous 

study.  The moisture content is usually between 60% θs 

and 100% θs in the agricultural system.  The 

temperature level in Yan’s report is lower than that in the 

real agricultural condition
[35]

.  As shown in the 

experimental methods, the current study reflects more 

real agricultural conditions than previous reports. 

The average values of Ea, ΔH, and ΔG were     

47.6 kJ/mol, 45.1 kJ/mol, and 104.1 kJ/mol with 

(NH4)2SO4, whereas 48.7 kJ/mol, 46.2 kJ/mol, and  

105.8 kJ/mol with (NH4)2CO3 in Gao’s report and    

34.5 kJ/mol, 40.6 kJ/mol, and 68.9 kJ/mol in this study, 

respectively
[14]

.  The difference might be mainly due to 

the difference on the chemical properties of the three 

fertilizers.  Although the fertilizer type used in Gao’s 

report is different from those in the current study, the 

previous result is still important for revealing the effects 

of temperature and moisture content on ammonia 

volatilization.  Given the inadequacies of the previous 

report, this study performed a complementary research.  

Firstly, the coupled effects of the two factors on kinetic 

and thermodynamic parameters remains unknown in the 

previous reports.  In the current study, the result shows 

that the interaction between the two factors exhibited a 

significant effect on the kinetic parameters and an 

insignificant effect on the thermodynamic parameters.  

Secondly, the relevant parameters were obtained in the 

previous report, but the key control mechanism of 

ammonia volatilization remains to be clarified.  The urea 

concentration under θ100 treatment was 1.42 mg/mL.  

The substrate concentration increased by 20% when the 

moisture content increased to θ100.  When the 

temperature increased from 15°C to 35°C, the lgN of 

solute molecules increased by 0.51 unit.  On the one 

hand, these two points help increase the amount of 

NH4
+
-N, thereby accelerating the right moving of 

chemical equilibrium (Equation (16)).  On the other 

hand, these two points also help increase the percentage 

of activated molecules and collision efficiency, thereby 
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increasing the probability of a chemical reaction and 

reducing the reaction rate.  In addition, under T35 and θ60 

treatments, ΔH value was a minimum of 40.1 kJ/mol.  

Simultaneously, |ΔS| and KN were in a maximum of 

97.7/mol and 11.6 mg/kg∙d, respectively.  Therefore, 

ammonia volatilization is a process controlled by 

enthalpy according to thermodynamic theory.  In 

conclusion, this study identified the control mechanism of 

ammonia volatilization in soil fertilized with urea and 

improved the prediction accuracy of CNL. 

5  Conclusions 

(1) The effects of the individual factors and the 

interaction on the value of KN, ΔG, and ΔS followed the 

descending order of T > θ > T·θ, whereas that of ΔH and 

lgN followed the descending order of θ > T > T·θ.  The 

interaction showed a significant effect on KN and an 

insignificant effect in all thermodynamic parameters.  

The roles of water and temperature were mainly observed 

in the preparatory stage and the most critical transition 

state stage of the chemical reaction, respectively.  These 

new findings determined the key and specific role of the 

two factors during ammonia volatilization. 

(2) Given that ΔH > 0, ΔG >0 and ΔS < 0, ammonia 

volatilization is an endothermic reaction controlled by 

enthalpy.  The results represent an important stepping 

stone toward good understanding of the key control 

mechanism. 

(3) The new KN(T)-2 model with R
2
 of 0.999 was 

more accurate than the traditional Arrhenius model with 

R
2
 of 0.936.  The new NH3(T, θ) model with the MAPE 

of 4.17% was more accurate than the traditional NH3(T) 

model with MAPE of 7.11%.  The development of these 

two models represents an important stepping stone 

toward good understanding of the relationship between 

KN and temperature and the relationship between CNL 

and environmental factors.  Therefore, this study 

provides a valuable tool for predicting ammonia 

volatilization loss. 
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