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Volatilization characteristics analysis of ammonia from soil by straw
returning to the field based on the infrared spectroscopy technology
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Abstract . The infrared absorption spectral characteristics of ammonia were studied. Moreover, the quantitative in-
version algorithm model was established, especially the correlation analysis and temperature correction function
were optimized. The ammonia volatilization experiment was carried out in the demonstration area in Guoyang, An-
hui in 2015 by the ammonia regional monitoring system based on Open-path Tunable Diode Laser Absorption Spec-
troscopy (OP-TDLAS). Then, ammonia dynamic volatilization character of corn and wheat straw returning to the
field was studied. The monitoring results show that the ammonia concentration has a certain diurnal variation trend ;
it increased during the daytime and got to the maximum value at midday, then reduced gradually at night to the
minimum. The typical hourly concentration varied from 0.6 x 10 to 1. 34 x 10® mmol/mol in summer, and it var-
ied from 1.14 x10” to 1.82 x 10® mmol/mol in autumn. In autumn, the maximum daily average of ammonia vol-
atilization from corn straw returning was 4. 6 x 10™ mmol/mol, and it was 1.7 x 10 mmol/mol from wheat straw
returning in summer. The results indicate that the emission concentration rises significantly after more than one
month of straw returning which has some certain seasonal difference in farmland scale. This infrared spectroscopy

technology provides technical support for clarifying the ammonia emission rules in soil environment.

Key words: infrared laser absorption spectroscopy, ammonia volatilization, straw returning to the field, open-path
monitoring, quantitative inversion algorithm
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Introduction

In recent years, the method of straw returning to the
field has been gradually adopted in China. Straw is one
kind of effective farmland fertilizer for soil fertility im-
provement. Nevertheless straw returning to the field
would affect soil respiration, bacteria activity and the
physical-chemical characteristics of soil, which could in-
fluence the nitrogen exchange features between the earth
and atmosphere. Ammonia (NH,) is the most abundant
alkaline trace gas in the atmosphere in addition to N,0O,
which influences the quality of the regional air and at-
mospheric visibility. In addition, ammonia leads to eco-
system eutrophication and other environmental prob-
lems'"®!. Thus, precise measurement of ammonia emis-
sion concentration with straw returning to the field to e-
valuate its environmental impact becomes an urgent prob-
lem in agricultural and environmental protection fields.

In China, the ammonia measurement methods used
in farmland are local or indirect methods, such as cham-
ber method, micrometeorology method, etc. Chamber
method is used mainly for macroscopic description and
observation of local soil. Micrometeorology method'® is
applied widely, but the observation requirement to un-
derlying surface and atmospheric stability are harsh.
Since ammonia emissions in farmland was influenced by
comprehensive management mode ( such as fertilization,
irrigation, farming, straw returned style and environmen-
tal condition ), it is necessary to establish a real-time
monitoring method in farmland scale in order to acquire
accurate ammonia volatilization information of soil.

These years, many optical methods have been ap-
plied to ammonia continuous measurement, such as chem-
ical ionization mass spectrometry technique, photo-frag-
mentation laser-induced fluorescence technique, and
Open-path Tunable Diode Laser Absorption Spectroscopy
(OP-TDLAS) technology!”®*'. OP-TDLAS is one kind of
non-contact rapid measurement technology with high sen-
sitivity, high resolution and large scale measurement.
Now-adays, many studies have demonstrated the accuracy
of OP-TDLAS technology and its applicability for ammonia
emission monitoring[g’lo]. Moreover, some domestic insti-
tutions have carried out OP-TDLAS research!'™! but
there are only a few reports of ammonia emission measure-
ments with straw returning by this technology in recent lit-
eratures.

In this paper, the infrared spectroscopy detection
methods of ammonia concentration, especially the quanti-
tative inversion algorithm, were studied, and the conti-
nuous monitoring experiment of ammonia volatilization by
the OP-TDLAS monitoring system was carried out to ob-
tain the precise characteristics of ammonia in the demon-
stration area in Guoyang, Anhui. Furthermore, the am-
monia volatilization rules were analyzed on the typical
condition of straw returning to the field with the effective
working parameters.

1 Spectrum measurement principle and
method

1.1 Measurement principle

Ammonia molecule has four vibrational modes: two
parallel modes v, and v, which are symmetric, and two
perpendicular modes v; and v, which are asymmetric and
degenerate. In addition to the inversion-splittings, the
ammonia spectroscopy is complicated by strong Coriolis
effects between v, and v, , and it has the main absorption
bands at 1.5 pwm. In the NIR, the perpendicular bands
predominate in intensity. The total internal partition
function Q(T) is the sum of the valid state of all the en-
ergy level at temperature 7', namely the number of aver-
age state in gas molecular system at this temperature. ()
(T) can be described classically as a product of the nu-
clear partition functions (Q,,.) , rotational partition func-
tions (Q,,), and vibrational partition functions (Q ;, ),
if the interactions between vibrations and rotations are
neglected. In general, Q(T) can be expressed approxi-
mately by a third-order polynomial, and the partition
function values can be predicted by Hitran and Gamache
database'"™. Q(T) in Hitran underestimates the classi-
cal partition function as ignoring the (), contribution.

Q(T) =a+bT+cT* +dT°. (1)
Table 1 The partition function values predicted by Hitran
and Gamache

%1 Hitran and Gamache {32 FE 5510 B9 BL 4> iR £

Hitran Gamache
Coefficient 70 < T<500 K 500 <T<1500 K 70 <T<500 K 500 <T<1 500 K
a -42.037 -471.39 -62.293 -0.59594e4
b 2.597 6 5.403 5 3.0915 32.387
c 0.013 073 6.4491e -3 9.4575e -3 —-4.045% -2
d -6.2223e -6 -7.20674e-17 1.8416e -6 3.1843e -5

Fig.1 Partition function curve
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As absorption line strength S(T) is related to the
temperature T', it can be expressed by S (T,) at the
standard temperature T :

S(T) = S(T,) Q(TO)(?)exp[_hCE” 11 E

Q(T) kT T,
[1 —exp(_k;vo)]/[l - exp( _k};?ovo)] ,(2)

where E" is the energy at molecular low level, h is the
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Planck ’ s constant (6. 626 x 10% erg + s) , k is the Boltz-
mann’ s constant(1.38 x10™° erg/K) , ¢ is the speed of
light in vacuum. As OP-TDLAS obeys the Beer-Lambert
law, the laser with original laser intensity I, and frequen-
cy v goes through the absorbing medium, and concentra-
tion ¢ can be expressed as:

A

"L -

c

where P is the partial pressure, L is the optical path
length, A is the integrated absorbance'”'. Replacing A
with a reasonable minimum detectable absorbance
(MDA), the minimum detectivity X, ;. of specie j can
be expressed as;

,min

v - MDA “
mn S(T)PL

1.2 Concentration inversion algorithm

The effective spectral resolution and feature extrac-
tion is the focus for accurate concentration inversion.
First of all, the incident intensity baseline was got by
nonlinear polynomial fitting, the absorption part and no
absorption part should be chosen seriously based on spec-
tral feature extraction. Then, the absorbance curve was
extracted and optical intensity normalization was carried
out. Thirdly, the correlation between the extracted absor-
bance in measurement and the reference spectral absor-
bance was analyzed, so the invalid data of low correlation
coefficient was removed. Moreover, the non-linear fitting
of Lorentzian lineshape function was used to remove dis-
tort absorbance caused by atmospheric turbulence effect
in open-path monitoring. At last, the absorption peak
and integral area were obtained to calculate integrated
absorbance A and gas concentration with line strength
S(T) correction. Comparing with the previous study of
concentration inversion algorithm, the correlation analy-
sis and temperature correction function were optimized.
The flow diagram of concentration inversion algorithm is
shown in Fig. 2.
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Fig.2 Flow chart of concentration inversion algorithm
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As the optical path length is long in open-path mo-
nitoring, the detection signal is often affected by atmos-
pheric turbulence. The correlation coefficient (R*) be-
tween the measured absorbance spectral signal (y[n])
and the reference spectral signal (x[n]) in the main ab-
sorption region can be calculated as Eq.5:

S xln] % yln]
R(x,y) = ——ol (5

Zﬁﬂ*gﬁMJ

n=1

We used different absorbance signals to test this al-
gorithm function and calculate the measurement error, as
shown in Fig. 3. It is concluded that the higher the corre-
lation coefficient is, the lower the measurement error be-
comes. When the correlation coefficient is greater than
85% , the relative error is less than 5% to satisfy signal
detection requirement. So, the effective measured absor-
bance signal for accuracy concentration inversion was se-
lected, and other invalid signal was directly filtered by
the system software.

Fig.3 (a)The measured absorbance spectra of different cor-
relation coefficient, (b) the measurement relative error of dif-
ferent correlation coefficient

B3 (a) ARIMECRERE T HMERIOCREES, (b) A
[ A 2C ZR BT B A X 1R 22

During the research, the absorption line strength S
(T) is calculated as 0.01932 at 288 K and 0.016 04 at
308 K respectively (if we use the S(T) at 288K for con-
centration inversion at 308 K, the calculation error is
high) , so the concentration inversion with temperature
correction is important to reduce the calculation error.
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2 Measurement system

The OP-TDLAS ammonia monitoring system was set-
up in our lab which mainly comprises of a tunable infra-
red diode laser at 1.53 pm and its controller, the elec-
tronic elements, and optical elements( telescope & retro-
reflector) , the details were summarized in literatures''®’
of our group. The multiple reflection cell whose optical
path length is 35. 8 m was connected to this OP-TDLAS
system to build the detection path. Then, we inflated a
set of distributed ammonia gases into the cell controlled
at 308 K. The absorbance spectral signal by profile fit-
ting was obtained and the inversion cycle was about 1s to
achieve fast detection. Then the inversion results were
compared to analyze the system accuracy by relative er-
ror, as shown in Fig. 4 and Table 2. The results show
that the maximum of relative error before and after tem-
perature correction is 5.78% and 2.75% , respectively,
so the inversion concentration algorithm with temperature
correction is more accurate.

The detection sensitivity of OP-TDLAS system de-
pends on the optical path length and the gas species. Ac-
cording to the Beer-Lambert law, the detection limit is
inversely proportional to the path length. This system
minimum detectivity is about 4. 0 x 10° mmol/mol - m
by the stability experiment and standard deviation calcu-

lation when SNR = 1.
3 Experiment environment

3.1 Measurement parameters

For the OP-TDLAS system, the poor detection limit
for short path length is inadequate to meet the monitoring
requirement of trace NH,. However, the alignment of the
optical path is not always stable for effectively monitoring
in large scale because that the turbulent fluctuations
caused by wind is quite complex. As a matter of experi-

ence, the optical path length was chosen about 400 m for
NH,; detection with OP-TDLAS. According to this, the

corresponding system detection limit is about 1.0 x 107
mmol/mol.

The path height is defined as the average of the path
center height of the transmitter telescope and reflector.
Generally, there are heights at which the influence of at-
mospheric stability on concentration is minimized, which
can be regarded as the best measurement position. It is
suggested that concentration measurements should be
made at a suitable height, about 2 ~2.5 m, for a homo-
genous surface layer to avoid detection at the plume
edge. In addition, the measurement is not affected by

Fig. 4
after temperature correction, (b) relative error comparison
before and after temperature correction

K4 (a) RIS ILEL, (b) R
TEHJE PAHXT 1 22 LU

(a) Concentration results comparison before and

the plant canopy, the obstructions and other factors.
Thus, the optical path height was chosen about 2.4 m in
our experiment.
3.2 Planting mode

The farmland is at demonstration area in Guoyang,
Anhui in China which was chosen as the experimental
site on the typical condition of straw returning to the
field, and the kind of soil is typical sand ginger black
soil. The experiment was carried out in the field from
June to December in 2015. This field is a uniform under-
lying surface as a 700 m x 300 m rectangular area, and
the experimental site is essentially flat with no obstruc-
tions, as shown in Fig. 5. The prevailing wind here is

Table 2 Results comparison before and after temperature correction

K2 BREMBEMBHERILR

Ture concentration Concentration after temperature

%10 =3 mmol/mol correction X 10 =3 mmol /mol

Concentration before temperature

correction x 10 = mmol /mol

Relative error after Relative error before

temperature correction /% temperature correction /%

1.02 1.048
2.00 2.038
5.01 5.060
10.05 10. 120
20.03 20.080

1.079
2.103
5.231
10. 441
20.759

2.75 5.78
1.9 5.13
1.0 4.42
0.697 3.89
0.25 3.64
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south wind during the experiment.

The wheat straw was returned to the field on June
6", 2015 and the basic fertilizer was deeply fertilized a-
long with sowing to the soil on June 10", then the addi-
tional fertilizer was broadcast with the rain on July 16".
The corn straw was returned to the field on Oct. 15",
and the basic fertilizer was fertilized along with sowing to
the soil on 18" without additional fertilization. The back-
ground concentration of ammonia here is about 8.0 x 107
mmol/mol.

Fig.5 Experimental site

&5 SEEeiH

4 Results and analysis

4.1 Continuous results

The continuous daily average concentration is shown
in Fig. 6. It illustrates that the ammonia concentration
had an obvious rising trend after fertilization about two
weeks; after the additional fertilizer and wheat straw re-
turning in July, the ammonia concentration obviously
rose to the peak in August and decreased gradually from
September, but it was still higher than that at the begin-
ning of the observation; then it rose again in November
after corn straw returning. It illustrates that the concen-
tration rises after straw returning to the field and fertiliza-
tion. During the experiment, the maximum of the real-
time concentration was 2. 5 x 10° mmol/mol, and the
minimum was 3.2 x 10* mmol/mol. The performance of
OP-TDLAS system was verified as stable and reliable.

The monitoring time was divided into eight periods,
and the average concentration of each period was com-
pared and the ammonia volatilization effect with different
planting mode was studied, as shown in Fig. 7.

(1) June 1™ ~ June 9"-before fertilization and straw
returning

Fig.6 Continuously monitoring results
6 LGS

(2) June 10" ~ June 30"-basic fertilization effect

(3) July 16" ~ July 31%"-additional fertilization
effect

(4) Aug. 1" ~ Aug. 31"-wheat straw returning
effect

(5) Sep. 1" ~Oct. 15"-weak straw returning effect

(6) Oct. 16" ~ Oct. 31" -basic fertilization effect

(7) Nov. 16™ ~ Nov. 26™-corn straw returning
effect

(8) Dec. 1" ~ Dec. 31" -weak straw returning effect

Before fertilization and straw returning, the average
concentration was low, and it increased after fertiliza-
tion; one and a half months after wheat straw returning to
the field, the daily average concentration rose to the
maximum as 1.7 x 10° mmol/mol, after four weeks it
decreased ; one month after corn straw returning, the dai-
ly average concentration rose to 4.6 x 10™ mmol/mol and
then decreased again. The maximum daily average con-
centration with wheat straw returning was about 3.7 times
of that with corn straw returning.

Fig.7 Monitoring results comparisons between typical periods
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4.2 Seasonal variation

As shown in Fig. 8, there are relatively seasonal
variations of NH; emissions in the experimental field.
The ammonia concentration increased significantly with
wheat straw returning in summer, impacted by weather
factors and temperature, and the straw stalk rot metamor-
phic to form the fertilizer. In the same way, the ammonia
concentration increased with the corn straw returning,
but the ammonia volatilization concentration was lower
than that in summer as the temperature reduction in au-
tumn and winter in entirety.
4.3 Diurnal variation

The typical diurnal variations were compared during
the observation, as shown in Fig. 8.

(1) June 5"-on behalf of the situation before fertili-
zation and straw returning ( background)

(2) June 15"-on behalf of the situation only after
fertilization

(3) Aug. 15"-on behalf of the situation after wheat
straw returning effect in summer
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(4) Nov. 20"-on behalf of the situation after corn
straw returning effect in autumn

Fig.8 Variation results comparisons between typical periods
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The ammonia concentration had a same daily varia-
tion trend both in summer and autumn, which increased
during the daytime and got to the maximum near midday,
and then reduced gradually in afternoon and reach to the
minimum at night. Ammonia volatilization from soil was
closely related to the factors of atmospheric temperature,,
soil temperature, wind speed and many other meteoro-
logical conditions which promote ammonia volatilization.
During the observation, the ammonia concentration was
relatively low when it is cloudy or windy.

5 Conclusion

In this article, the OP-TDLAS system for NH, moni-
toring has been developed with high sensitivity, rapidly
measurement without gas sampling. The quantitative con-
centration inversion algorithm is mainly studied for char-
acteristic spectrum analysis which was verified to be ef-
fective in our experiment. The detection limit of this sys-
tem is about 4.0 x 107 mmol/mol - m.

This OP-TDLAS method was used to obtain the dy-
namic characteristics of ammonia volatilization concentra-
tion from soil of straw returning in Guoyang. As shown
by the monitoring results, the ammonia concentration is
closely related to straw returning. The daily concentration
increases during the daytime and gets to the maximum
near midday, and then reduces at night. It increases af-
ter straw wheat returning to the field about more than one
month impacted by weather factors and temperature at the
same time. Moreover, the corn straw returning effect for
ammonia volatilization is weaker than the wheat straw re-
turning effect as the low temperature and slow volatiliza-
tion speed in autumn and winter.

It is verified that this method is able to provide tech-
nical support for analyzing the influence of ammonia e-
missions with straw returning to the field and clarifying
the ammonia exchange rule between the soil and the at-
mosphere.
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