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Abstract: Ammonia volatilization, which is a main way for nitrogen gaseous loss of farmland, restricts the
promotion of the utilization rate of nitrogen fertilizer, and contains some potential environmental risks. To
investigate the general pattern of ammonia volatilization under actual paddy field conditions, researchers
designed an indoor simulated system to measure the amount of ammonia volatilized within a single time
period by controlling the pH and concentration of NH4* (¢(NHa")) in the solution, the gas-liquid interfacial gas
velocity, and the ambient temperature. In this paper, the influence of these factors, the synergistic effect on
ammonia volatilization and their quantitative relationship were discussed. Researchers use the resolution of
ammonium bicarbonate (SAB) and diammonium phosphate (SDP) for simulation experiments, and the results
show that, there are significant linear relationship between amount of ammonia volatilization and c¢(NH4*). The
correlation coefficient is between 0.9214 to 0.9897 and 0.8932 to 0.9904 for SAB and SDP, respectively. The
quantitative relationship between temperature, pH and the influence factor (CIF), the initial ammonia
volatilization fluxes (IAVF) was analyzed by least-squares method, and the degrees of polynomial were one
and two respectively. The regression equations of the SAB and SDP among the amount of ammonia
volatilization with the concentration of ammonium nitrogen, the temperature and the pH were gotten by using
MATLAB. Considering the effects of temperature and pH on CIF and IAVF under individual conditions, we
use binary cubic model to fit the relationship between temperature, pH to CIF and IAVF, the simulation results
show that the correlation coefficients between CIF and IAVF for SAB are 0.9980 and 0.9680, however the
correlation coefficients are 0.9946 and 0.9708 for SDP, respectively. The quantitative equation takes into account
coefficient of determination and degrees of polynomial, and the ammonia volatilization fluxes can be calculated
by using these equations.

Keywords: ammonia volatilization; influence factors; synergistic effect

1. Introduction

The application of nitrogen fertilizer has effectively promoted agricultural production, but it also
brought many environmental and ecological problems with the increasing fertilizer use [1-3].
Currently, the nitrogen fertilizer consumption of China accounted for about 30% of the world's total
consumption [4]. For a long time, the academic community has been committed to research the way
of nitrogen loss in farmland [5-7], to improve the utilization rate of nitrogen fertilizer, and control
fertilizer dosing amount to achieve the balance between environmental benefits and economic yield.

Early investigation demonstrated that, ammonia volatilization is a main way for nitrogen
gaseous loss of farmland, and it is difficult to improve the utilization rate of nitrogen fertilizer. As the
ammonia volatilization amount is difficult to measure accurately, the ratio of gaseous nitrogen losses
in early research is accounted for 9 to 60 percent of nitrogen dosage [8,9] and accounted for a
considerable proportion in total nitrogen loss [10-12]. Excessively chemical nitrogenous fertilizer was
applying in the field to heighten field production, which caused a great waste of fertilizer and energy,
and also brought the environmental and ecological risk. To reduce the nitrogen gaseous loss, some
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new fertilizers and chemical additive [13-15] are applied to the field, Meanwhile, the fertilization
modes [16,17], water management [18,19] and crop management [20] are attracting extensive
attention.

The ventilation method is a common method of ammonia volatilization determination [21]. Tt
can well simulate the actual conditions of the field, and can also well describe the dynamic effect of
ammonia volatilization under different conditions. A vacuum pump is used as a power source, which
can bring the NHs of the closed vessel to absorption bottle equipped with absorption liquid of boric
acid (2% w/w). And then titration measurement is used to calculate ammonia volatilization [22]. This
approach just takes samples for fixation time to estimate the ammonia volatilization amount of
certain period. In early research, we took samples in 9:00~11:00AM and 14:00~16:00PM to calculate
the ammonia volatilization amount in 24 hours. But such simulation is flawed in the ammonia
nitrogen concentration, temperature and pH in surface water of paddy field which changing
continuously during the whole day, and these three factors have important influence on the ammonia
volatilization rate of paddy fields [23].

In the earlier researches, the effect of ammonia nitrogen concentration, temperature, and pH on
the ammonia volatilization rate was discussed separately [24,25]. Some researchers have done some
research on the coupling factors of ammonia volatilization of solid waste [26], but the quantitative
relationship between these factors on agricultural production has not been found.

In this paper, we determined the ammonia volatilization fluxes of different fertilizer solutions
in laboratory conditions to evaluate interaction affection between ammonia nitrogen concentrations,
temperature, and pH on ammonia volatilization and obtained the quantitative relationship between
these three factors. We use ultrapure water for simulating the surface water environment to obtain
the chemical quantitative relationship between these three influence factors and ammonia
volatilization amount. This method ignores the effects of microorganism on ammonia volatilization,
and it just characterization the synergy of the three factors accurately.

Finally, we obtained the coupling equation between these factors of ammonia volatilization.
According to the establishment of quantitative relationship between the three factors, we can
calculate the amount of ammonia volatilization accurately through online ammonium nitrogen
concentration, temperature, pH by using this equation. Therefore, this research has very important
significance to predict and control the ammonia volatilization fluxes.

2. Materials and Methods

2.1. Experimental Materials

Ammonium bicarbonate, diammonium phosphate are used for fertilizer solution preparation
were analytical reagent (AR) grade; boric acid (AR) is used as absorption solution for ammonia;
0.01mol-L' hydrochloric acid (Guaranteed Reagent, GR) is used as titration standard solution;
hydrochloric acid (AR) and sodium hydroxide(AR) are used to adjust the pH of solution. All the
reagents above are provided by Sinopharm chemical reagent Co., Ltd (Shanghai). All solutions are
prepared in ultrapure water (18.2 MQ) obtained from a Barnstead Nanopure UF water system
(Thermo Scientific, USA).

The experimental apparatus showed in Scheme 1. A cuboid (20cm*10cm*10cm,) is made of
organic glass material and used as ammonia volatilization chamber. There are two circular holes
(diameter 4 cm and 1 cm respectively) on the top of the chamber which were desired for the path of
gas inflow and outflow. The flowed gas is supplied by 2XE-0.5 vane vacuum pump, and the flow rate
is controlled by the adjustable gas-flowmeter. The experiment is conducted in the room of 15 m?, and
indoor temperature is adjusted by air-conditioning, room and solution temperature is confirmed with
amercury thermometer. The pH of the fertilizer solution is determined by FE20 (METTLER-TOLEDO
International Inc.).
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Airflow direction

Ammonia volatilization chamber NH; adsorption solution Vacuum pump

Scheme 1. Experimental device for ammonia volatilization absorption.

2.2. Experimental of Ammonia Volatilization

Ammonium bicarbonate (SAB) and diammonium phosphate solution (SDP) in different
concentrations are compounded with ultra-pure water respectively, which is used to simulate paddy
field water in different concentrations. In order to ensure the consistency of test temperature, the
ultrapure water used for the experiment is constant for 4h beforehand. According to the study on
ammonium nitrogen content in field surface water, we find it could be higher than 100 mg-L"! after
fertilization, and temperature in flooded rice growth cycle is usually between 15-30°C. So this
experiment is designed by six ammonium (NHs4*) concentration levels (10 mg-L?, 20 mg-L-1, 40 mg-L-
1, 60 mg-L1, 80 mg-L1, 100 mg-L' respectively), 4 temperature levels (15°C, 20°C, 25°C, 30°C
respectively) and 4 pH levels (pH=7.0, 7.5, 8.0 and 8.5 respectively).

The effluent gas is imported to two gas absorption bottles, which are filled with boric acid
solution with concentration of 2% (w/w). In the experimental process, we use vacuum pump for 1h,
and then mix the two-absorption bottle with boric acid solution after vacuum pump is power off.
Boric acid solution is titration by 0.0lmol-L-! hydrochloric acid, to calculate the ammonia
volatilization amount in 1h, and each concentration, temperature and pH conditions of experiment
are processed three times, and the average value was taken as the final results.

The ammonia volatilization amount under each experiment condition should be tested three
times, and get the average and mean variation.

2.3. Experimental of Gas Flow Rate

To determine the ammonia volatilization under different gas flow rate, we inject fertilizer
solutions with pH=8.5 and c¢(NHs*) =100 mg-L! into the ammonia volatilization chamber, and the
space height of the gas chamber above the solution level is 0.5 cm. Using adjustable gas-flowmeter to
set different pumping rates (0.4, 0.8, 1.2, 1.6, 2.0, 2.4 L-s respectively), the ammonia gas volatilized
from the solution were also absorbed by boric acid solution. The experiments of each pumping rate
were repeated for three times, and the average value and average deviation are calculated by these
results. All these experiments were carried out at room temperature of 30°C.

2.4. pH Value of Fertilizer Solution

At room temperature (22+2°C), different fertilizer samples are accurately weighted and
dissolved in ultrapure water, using FE20 to determine the pH value. And then pH of the solution is
adjusted to match the setter value by hydrochloric acid (¢(HCI)=0.1mol-L') and sodium hydroxide
solution (c(NaOH)=0.5 mol-L-!) respectively.

2.5. Data Analysis and Processing

All experiment data were collated and summarized by Microsoft Excel 2013. Data analysis and
equations fitting were performed by using OriginPro 8.5.1 and Matalab R2016a.
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3. Results

3.1. Calculation of Gas Velocity in Gas-Liquid Interface

The determination of gas flow rate in gas-liquid interface is the key point of this experiment. The
closed air chamber is a rectangle chamber, with the certain length (L), width (W), and height (H) from
liquid level to gas chamber end, the sectional area(S) and volume (V) of this gas chamber can be
determined by these constants.

V=LWH=LS 2-1)
Therefore, the average velocity of the gas flow in the gas chamber for
F_ F
u= E = W (2-2)

u- Gas flow rate in volatilization chamber (cm-s?)

F- Gas flow meter in pipeline reading from gas-flowmeter (cm3-s?)

From the formula (2-2) we can see, u was the average gas flow rate in volatilization chamber,
and obviously, the gas flow rate above the water surface was uneven in the volatilization chamber.
If u is used to describe the gas flow rate in liquid surface, the height from water surface to the top of
volatilization chamber must be small enough, and only in this way we can approximate the average
gas flow rate in volatilization chamber as gas flow rate in "gas-liquid" interface.

In this research, we conducted experiments with 6 different pumping rates, corresponding to 6
different pumping rates respectively. The results are shown in Figure 1. When the pumping rate
above 2.4L-min" (equivalent to 40cm?®s'), continuing increase the pumping rate, the amount of
ammonia volatilization has not significantly increased. This implies that when the gas velocity
reaches a certain value, all the ammonia volatized from the system can be absorbed completely and
quickly, and the gas flow rate is not the limiting step of ammonia volatilization.
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Figure 1. The amount of ammonia volatilization of SAB and SDP with different pumping rates.

In this experiment, the space height of the volatilization chamber above the solution level is
unified to 0.5cm; the width of volatilization chamber is 5 cm; volatile of gas-flowmeter is adjusted to
40cm3s? (H=0.5 cm, W=10 cm, F=40 cm?s), all data are in constant, gas flow rate in "gas-liquid"
interface can be calculated by formula (2-2):

40
T 10x%x0.5

Because the ammonia volatilization process is positively correlated to the pH, NHs
concentration and temperature, and the experimental factors we set in this pumping rate experiment

u =8cm-s 1 =0.08m-s7?!
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are the maximal value, so setting the pumping rate to 2.4L-min"!, corresponding gas flow rate to 0.08
m-s™ in our subsequent experiments is appropriated.

3.2. Kinetics Study on Ammonia Volatilization

NHs-NHs system reaction in liquid inside and "gas-liquid" interface is a complex kinetics

process including a variety of factors [27], and generally, chemical balance in solution directly related
to ammonia volatilization is:

NHs4* (liquid) <=> NHs (liquid) <=> NHs (gas)

The factors which can change the reaction chemical equilibrium can affect the ammonia
volatilization amount directly.

The relationship between ammonia volatilization fluxes (fluxes in 1 h) and ammonia
concentration in solution is shown in Figures 2 and 3. From these figures we can see that, the
ammonia volatilization fluxes and ammonia nitrogen concentration in solution show positive
correlation. Under this experimental condition, two kinds of fertilizers show good linear relationship
relatively; but in the condition of the same temperature and pH, ammonia volatilization of SDP was
significantly lower than that of SAB. This result illustrates that, ammonia volatilization characteristics
of different nitrogen sources also show provincial difference even with the same NHs*-N

concentration.
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Figure 2. The fluxes of ammonia volatilization of SAB under different temperature and pH levels.


https://doi.org/10.20944/preprints202410.1486.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2024 d0i:10.20944/preprints202410.1486.v1

Amount {mg)
Amount (mg)

T T T T T
20 40 60 80 100

Concentration {mg/L) Concentration (mg/L)

=
!

Amount fmg)
IS
1

Amount (mg}

N
L

o wm oA > =

T T T T T
20 40 60 80 100 20 a0 &0 1] 100
Concentration (mgiL) Concentration (mg/L}
15 ® 20°C 4 25°C ¥ 30°C

Figure 3. The fluxes of ammonia volatilization of SDP under different temperature and pH levels.

The reaction of ammonium ion transformed into NHs hydrate (NHs-H20) can occur all the time
in fertilizer solution. This process is influenced by the temperature and pH condition in the water.
But the ammonia volatilization, that is the transformation of ammonia from liquid phase into gas
phase, can only occurs at the "gas-liquid" interface. When at low pH and low NHs hydrate
concentration, the concentrations of NHs hydrate and ammonia nitrogen show positive relation. And
in this condition, NHs molecules desolating in the liquid did not reach over saturated condition in
the "gas-liquid" interface, and the ammonia volatilization amount increased with the ammonia
nitrogen concentration increasing. In a relatively short time (1 h), ammonia of volatizing from "gas-
liquid interface” completely comes from the volatile of NHs hydrate, without the diffusion of NH3
molecules between "gas-liquid interface” and liquid inside. In this experiment, ammonia
volatilization amount in liquid surface is studied in specified pH, temperature, ammonia nitrogen
concentration. From the result we can see, the dates conform to the linear rule when ammonia
nitrogen concentration is less than 100mg-L-, reaction time is 1h.

3.3. Equation Fitting of Ammonia Volatilization Fluxes

The ammonia volatilization fluxes (Y, mg) and ammonia nitrogen concentration (C, mg-L-!) in
solution are simulated with an equation of Y=4C+b, namely the relationship between ammonia
volatilization fluxes and ammonia nitrogen concentration, and the coefficients of a, b and correlation
coefficient r are listed in Table 1.

In the simulated rate equation, a represents the slope of the rate equation, namely concentration
coefficient of ammonia volatilization fluxes in given of pH, temperature and concentration, which is
called concentration influence factor (CIF); b represents the intercept of the rate equation, namely
ammonia volatilization quantity when the ammonia nitrogen concentration is 0 mg-L-1, that is called
the initial ammonia volatilization fluxes (IAVEF).

From the data in Table 1 we can see, in the same pH and temperature conditions, the value of
CIF of ammonium bicarbonate as nitrogen source is higher than SDP as nitrogen source; a greater
slope value shows SAB volatile ammonia more easily. The double hydrolytic reaction plays an
important role on the dissolution process of SAB and SDP, because ammonium group, bicarbonate
radical and hydrogen phosphate are weak base or weak acid. The aqueous solution of these two
fertilizers is alkaline, but carbonic acid is weaker than phosphoric, who all produced by the hydrolytic
reaction. The basic of the SAB is always stronger than SDP, which is more conducive to the
volatilization process. This implies that different fertilizers show different characteristics of ammonia
volatilization.
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Table 1. The regression coefficients between ammonia volatilization fluxes and ammonia
concentration (SAB and SDP).

Temperature SAB Temperature SDP
pH E’C) a b R? pPH E’C) a b R2
15 0.0030 0.0915 0.9214 15 0.0012 0.0433 0.8932
20 0.0046 0.0913  0.9664 20 0.0026 0.0591 0.9314
70 25 0.0070 0.1118 0.9727 70 25 0.0044 0.0477 0.9877
30 0.0098 0.1735 0.9513 30 0.0071 0.1393  0.9549
15 0.0074 0.1510  0.9651 15 0.0050 0.0623 0.9363
20 0.0114 0.1870 0.9718 20 0.0099 0.0843 0.9759
75 25 0.0190 0.2138  0.9779 75 25 0.0143 0.1801 0.9668
30 0.0268 0.3183  0.9839 30 0.0294 0.2273  0.9659
15 0.0235 0.1931 0.9456 15 0.0114 0.1539  0.9527
20 0.0397 0.2949  0.9650 20 0.0202 0.2471  0.9650
8.0 25 0.0606 0.4168 0.9789 8.0 25 0.0354 03770 0.9712
30 0.0990 0.4854 0.9869 30 0.0749  0.4938 0.9861
15 0.0836 0.2014 0.9537 15 0.0483 0.2405 0.9495
20 0.1251 0.3148  0.9602 20 0.0897 0.3491 0.9799
85 25 0.1675 0.6422 0.9863 85 25 0.1274 04277 0.9904
30 0.2434 0.7535 0.9897 30 0.2103 0.6705 0.9756

Theoretically, there should be no ammonia being volatilized when the ammonia nitrogen
concentration is 0 mg-L?, because ammonia nitrogen is the nitrogen source of the ammonia
volatilization process. But, in our simulations, a special phenomenon was found, that is, the value of
IAVF (b) is grossly increased with the increasing of temperature and pH. This phenomenon can be
considered that, the value of b represents the trend of ammonia volatilization under the specified
temperature and pH, in other words, the concentration of ammonia nitrogen increases the same
infinitesimal amount, the higher temperature and the higher pH, the more ammonia being
volatilized.

In addition, the experiment takes different nitrogen fertilizers as ammonia nitrogen source, the
correlations coefficient of ammonia volatilization fluxes and ammonia nitrogen concentration are
higher than 0.9 except SDP with pH 7.0 and temperature 15°C. Therefore, ammonia volatilization
fluxes and ammonia nitrogen concentration show positively relation, which belonging to the zero
order reaction in kinetics.

There are differences between the coefficient of determination (R?) values of the two, which
shows a little variability between volatilization fluxes and concentration.

3.4. Effect of Temperature on Ammonia Volatilization

As can be seen from Table 1, in the same pH condition, the value of CIF and value of IAVF
increase as the temperature increases. To investigate the quantify correlation of temperature and a4, b,
we use the binary, binary quadratic equation models to quantify the correlation between temperature
and the concentration influence factor & initial ammonia volatilization fluxes, the results show that
the binary equation model can welly quantify the relationship between them. The fitting curves were
shown in Figures 4 and 5.

d0i:10.20944/preprints202410.1486.v1
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Figure 4. The fitting curve of CIF and IAVF with temperature (SAB).
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Figure 5. The fitting curve of CIF and IAVF with temperature (SDP).

As can be seen from Table 2, coefficient « is the influencing extent of temperature on CIF, which
can be considered to be the effect of temperature on ammonia volatilization concentration influence
factor, referred as temperature coefficient of concentration influence factor. Coefficient y is the
influencing extent of temperature on IAVF, which can be considered to be the effect of temperature
on the initial ammonia volatilization, namely temperature coefficient of initial ammonia volatilization
quantity. The higher of a and y, the greater contribution of temperature are given on CIF and IAVF.

Table 2. The regression equations between temperature and the value of a and b (a=aT+f3, b=)T+0).

Regression Equation

Fertilizer pH
Value of a R2 Value of b R2
7.0 =0.0005T-0.0042 0.9792 =0.0053T-0.0029 0.6763
SAB 7.5 =0.0013T-0.0134 0.9716 =0.0106T-0.0204 0.8502
8.0 =0.0049T-0.0555 0.9381 =0.0200T-0.1020 0.9837
8.5 =0.0104T-0.0799 0.9625 =0.0397T-0.4147 0.9326
7.0 =0.0004T-0.00492 0.9625 =0.0055T-0.0521 0.4384
SDP 7.5 =0.0016T-0.02025 0.8546 =0.0118T-0.1273 0.9258
8.0 =0.0041T-0.05713 0.8409 =0.0230T-0.1994 0.9940
8.5 =0.0105T-0.11673 0.9423 =0.0274T-0.1940 0.9042

The results shown that, there is no significant difference in the value of a at the same pH
condition. This indicates that the temperature is not the main factor on the ammonia volatilization of
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different fertilizers. The possible reason of this phenomenon will be discussed in the following
chapter.

3.5. Effect of pH on Ammonia Volatilization

Comparing the data in Table 1 we can find that, a and b in linear equation of ammonia
volatilization (Y) and ammonium concentration (C) after ammonium bicarbonate and diammonium
phosphate treatment both increasing with the increase of pH when on the condition of same
temperature. It indicates that a and b are related to pH of the solution. We use binary quadratic
equation model to fit the correlation between CIF and pH at the same temperature, while use binary
equation model to fit their correlation of IAVF, and the results were shown in Table 3. As shown in
Table 3, the coefficient of determination (R?) of CIF, IVAF and pH are all higher than 0.9, except
ammonium bicarbonate treated at 15 °C, which indicates that these equations can welly expound the
relationship between them.

Table 3. The regression equations between pH and the value of a and b  (a=epH*+CpH+n,
b=0pH+1).

Temperature Regression Equation
Fertilizer
Q) Value of a R2 Value of b R2
=0.0557pH?-
15 0.9624 | =0.0744pH-0.4170 0.8679
0.8114pH+2.9564
=0.0785 pH2-
20 0.9794 | =0.1557pH-0.9846  0.9099
1.1385pH+4.1306
SAB
=0.0950 pH2-
25 0.9880 | =0.3589pH-2.4349  0.9626
1.3679pH+4.9289
=0.1274 pH2-
30 0.9987 | =0.3814pH-2.5234  0.9668
1.8207pH+6.5112
=0.0332 pH*-
15 09166 | =0.1366pH-0.9338 0.9126
0.4846pH+1.7695
s 20 =0.0623 pH2-0.9111pH+3.331  0.9019 | =0.2066pH-1.4163  0.9091
DP
25 =0.0822 pH2-1.195pH+4.3490  0.9437 | =0.2674pH-1.8144 0.9375
=0.1132 pH2-
30 0.9733 | =0.3721pH-2.5007 0.9532
1.6235pH+5.8283

From Table 3, we find that the apex of fitting equation of CIF value is concentrated between pH
7.1 and 7.3, which means that the value of CIF increases rapidly with the increase of pH when the
solution is alkaline. This indicates that the effect of pH was significantly greater than that of
temperature on ammonia volatilization. Further analysis shows that the value of e increases
gradually with increasing temperature, which indicates that the changing rate of ApH/Aa increases
rapidly as the temperature increasing.

From the fitting equation of IVAF value, we find that when the ambient temperature is low (15
°C and 20 °C),the coefficient i of SAB, which is the effect strength of pH on IVAF, is lower than SDP.
When the temperature rises to 25 °C and 30 °C, the values of 1 of these two fertilizer solutions are
contrary to low temperature. This result show that the pH plays an important role on ammonia
volatilization trend of SDP in low ambient temperature, however, the impact of SAB is even greater
at high temperature.

d0i:10.20944/preprints202410.1486.v1
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4. Discussion

4.1. Effect of Temperature and pH on Volatilization Process

The process of ammonia volatilization from ammonium ion in solution can be divided to

NHa+(liquid) <=> NHs(liquid) <=> NHs(gas)

There is a dynamic chemical equilibrium process in de solution:

NHa4+OH- <=> NH3-H20 <=> NHj3(liquid)+H20

The chemical equilibrium constant (Kc) of this process is a constant for the equilibrium
concentration of various ions in the solution system. In this solution, the K. is related to ammonium
nitrogen, hydroxyl concentration and temperature. Obviously, different fertilizers, ammonium
bicarbonate or diammonium phosphate, will not affect the concentration of all ions in this chemical
equilibrium, so it will not change the chemical equilibrium. This can explain the phenomenon that
the values of @ between different fertilizers at same temperature are almost the same.

Form the other side, the temperature will affect the process that ammonia molecule from liquid
to gas. Ammonia molecules closing to the liquid-gas interface, break free from the shackles of the
liquid molecules by molecule motion, and finally escape into the air. As the temperature rises, the
movement of ammonia molecules in the solution become more intense, meanwhile, the chemical
equilibrium moves toward to generate ammonia molecules, which leads to the phenomenon that the
CIF value increasing as the temperature increases.

In contrast, the pH value plays an important role in this chemical equilibrium. The increasing of
hydroxyl concentration leads the chemical equilibrium shift toward to generate ammonia molecules,
which is the source of ammonia volatilization. Theoretically know that when the pH value increase
one unit, the concentration of hydroxyl is actually increased by an order of magnitude. Form the
chemical equilibrium constant expression, the concentration of ammonia molecules is increased by
the hydroxyl because the K. is constant in the same temperature. However, in our study, we found
that the amount of ammonia volatilized was increased rapidly when the pH value increases one unit,
but, it did not reach as much as 10 times, which may due to the restraints of other ions on ammonia
molecule in the solution.

4.2. Synergistic Effect of Temperature and pH on Concentration Influence Factor and Initial Ammonia
Volatilization Fluxes

From the above analysis we can see that, CIF and IAVF, who are the coefficient in linear equation
of ammonia volatilization rate and concentration, all shown a certain quantitative relationship with
temperature and pH. The effects of Temperature and pH on CIF and IAVF have superposition effect,
so it is not comprehensive to consider the effects of temperature or pH on ammonia volatilization
amount.

In order to fully consider the effects of temperature and pH on a and b, the binary, binary
quadratic and binary cubic equation models were used to quantify the CIF (a) and IAVF (b) of SAB
and SDP by using MATLAB R2016a. These equations were shown in Tables 4 and 5.
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Table 4. Fitting equations of quantitative relationship between temperature, pH and CIF (a).

Fertilizers Model types Fitting equation R?
Binary =-0.7915+ 0.09719pH + 0.004289T 0.7755
SAB Binary quadratic  =5.779-1.436pH-0.05468T+0.08915pH2+0.006714pH-T+0.000154T2 0.9772
Binary cubic =-20.01+7.513pH+0.3245T-0.9496pH2-0.07564pH-T-0.002611T2+0.0402pH? +0.004628pH2T + 0.000236pH-T2 +0.00001387T3 0.9980
Binary =-0.6173+0.07323pH+0.004133T 0.6681
SDP Binary quadratic  =4.966-1.2pH-0.05615T+0.07263pH?+0.006563pH-T+0.0002093T2 0.9447
Binary cubic =-35.71+13.35pH+0.3913T-1.676pH2-0.08671pH-T-0.003744T2+ 0.07017pH?3+0.005198pH2-T+0.0002822pH-T2+0.00002617 T3 0.9946

Table 5. Fitting equations of quantitative relationship between temperature, pH and IAVF (b).
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Fertilizers Model types Fitting equation R?
Binary =-2.015+0.2426pH+0.01889T 0.7999
SAB Binary quadratic =~ =3.80-0.7272pH-0.1661T+0.02993pH>+0.02249pH-T+0.0002378T2 0.9510
Binary cubic =5.812-2.943pH+0.2989T+0.6076pH?-0.1751pH-T+0.0137T2-0.03883pH?3+0.01445pH?2-T-0.0005874pH-T2-0.000132T3 0.9608
Binary =-2.047+0.2457pH+0.01693T 0.8708
SDP Binary quadratic =~ =3.197-0.6862pH-0.1311T+0.03785pH2+0.01534pH-T+0.000647T2 0.9588
Binary cubic =120.1-46.4pH-0.04929T+5.932pH?2+0.02923pH-T-0.005468T2-0.2517pH?-0.001904pH>T+0.0003472pH-T2 +0.00005073T? 0.9708
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According previous research we find that temperature and pH show superposition effect on the
CIF and IAVF. Meanwhile, the effect of temperature and pH on the CIF should be expressed as binary
cubic correlation, and their effect on IAVF should be binary quadratic correlated. Considering the
results of coefficient determination on Tables 4 and 5, binary cubic model is suitable to express the
quantitative relationship between temperature, pH and CIF, however, binary quadratic model is
suitable to express the quantitative relationship of temperature and pH on IAVE.

Simultaneously, according 3D plot drawing by MATLAB R2016a we find that, CIF of SAB
(Figure 6) and SDP (Figure 7) show fast and non-linear tendency as pH increasing. And the change
of ApH/Aa increases fast as pH increasing, which show consistence with the previous projections.
Otherwise, the effect of temperature on CIF exhibits a rapid increase with pH increasing, and the
influence of temperature on CIF is less than that of pH.

Concentration influence factor

Initial ammonia volatilization fluxes

25 85

Temperature(°C)
75 pH

Figure 7. The 3D fitting curve of temperature, pH on CIF and IAVF (SDP).

From fitting results of temperature, pH and IAVF by binary quadratic model, we find that the
fitting curve is more linear (Figures 6(b) and 7(b)). This result indicates that the effect of pH and
temperature on IAVF is simply superposition, and there isn’t significant mutual promotion effect.

4.3. Synergistic Effect of Ammonia Volatilization Rate Among Concentration, Temperature and pH

From the specific fitting equation model selected in Tables 4 and 5, we find that the coefficient
of CIF and IAVF with temperature and pH is greater than 0.95, which reached a significant level. This
result indicates that the fitting equation is accurate, and also confirmed that the temperature-pH
superposition of ammonia volatilization process exists. Coupled with the concentration factor, the
quantitative coupling relationship of ammonia volatilization and ammonia concentration,
temperature, pH can be written in following;:

Ammonium bicarbonate:

Y=(-20.01+7.513pH+0.3245T-0.9496pH?-0.07564p-T-0.002611T%+0.0402pH3+
0.004628pH?>T+0.000236pH-T?+0.00001387T3)C+(3.80-0.7272pH-0.1661T+0.02993pH?  (3-1)
+0.02249pH-T+0.0002378T2)
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Diammonium phosphate:

Y=(-35.71+13.35pH+0.3913T-1.676pH?-0.08671pH-T-0.003744T>+0.07017pH?
+0.005198pH>T+0.0002822pH-T>+0.00002617T3)C+(3.197-0.6862pH-0.1311T+0.03785pH? (3-2)
+0.01534pH-T+0.000647T7)

Using the formulas (3-1) and (3-2), we can obtain the ammonia volatilization amount in one hour
with different ammonia concentration, different temperature and different pH condition. In field
experiment, we can estimate the ammonia volatilization rate (milligram per hour) only need to
measure the water temperature, the ammonia concentration and pH. Now, these parameters can be
easily obtained through online monitoring devices. The cumulative ammonia volatilization amount
over a period can be calculated by repeated sampling.

5. Conclusions

There are many researches on soil nitrogen transformation process at home and abroad, which
mostly focus on individual factors, but often ignore the joint action between multiple impact factors.
Actually, a comprehensive system analysis method should be adopted to study the influence factors
paddy ammonia volatilization, because of its interconnectedness and working on the whole
transformation process. Therefore, the establishment of mathematical model for single factor is far
from the research, and the coupling mathematical model for a variety of key influence factors is
necessary in quantitative research on ammonia volatilization of actual ecological environment.
According to the combination research on affecting factors of ammonia volatilization, some valuable
and guiding index of adjusting crop growth and reasonable fertilization can be obtained.

In this paper, we have constructed a mathematical model of temperature, pH, ammonia nitrogen
concentration with ammonia volatilization. The result shows that the ammonia volatilization
characteristics of different kinds of nitrogen fertilizer have divergence; ammonium bicarbonate is
more easily to release ammonia than diammonium phosphate. In this research, ammonia nitrogen
concentration, temperature and pH have obvious positive effects on ammonia volatilization; the
fitting relation of ammonia volatilization treated by ammonium bicarbonate and diammonium
phosphate with concentration, temperature, and pH are obtained.

The authors believe that this exploration can provide a new way to estimate the ammonia
volatilization amount, especially for all time in-suit ammonia volatilization surveillance. In field
experiment, ammonia nitrogen concentration, temperature, pH can be obtained conveniently
through online monitoring instruments. Ammonia volatilization rate (milligram per hour) under
those conditions can be easily estimated using this formula and cumulative ammonia volatilization
amount in a certain period can be calculated by adjusting sampling frequency per hour.
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