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Abstract

The emission and deposition of global atmosphehosphorus (P) have long been
considered unbalanced, and primary biogenic aepmticles (PBAP) and phosphine (§H
are considered to be the only atmospheric P soudreesthe ecosystem. In this work, we
found and quantified volatile organic phosphoru®py emissions from plants unaccounted
for in previous studies. In a greenhouse in whaindns were cultivated, the atmospheric
total phosphorus (TP) concentration of particutaggter (PM) was 41.8% higher than that in
a greenhouse containing only soil, and the propomif organic phosphorus (OP) in TP was
doubled.®*P nuclear magnetic resonance te$tB-NMR) of PM showed that phosphate
monoesters were the main components contributgaldnts in both the greenhouse and at
an outside observation site. Atmospheric gaseowaddirectly measured to be 1-2 orders
of magnitude lower than P in PM but appeared tobtowluring plant growing seasons
relative to other months. Bag-sampling and gasmhtography mass spectrometry (GCMS)
tests showed that the gaseous P emitted by plankeigreenhouse was triethyl phosphate.
VOP might be an important component of atmospheribat has been underestimated in

previous studies.

Key words
Growing seasons; \Volatile organic phosphorus; Baggding; Gas chromatography mass

spectrometry®*'P nuclear magnetic resonance
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1. Introduction

Phosphorous (P) plays an important role in ecosystas a major nutritional element
that is necessary for the building blocks of livimystems and participates in the
physiological and chemical processes of life (Caeal., 2016). The biogeochemical cycle
of phosphorus mainly involves the lithosphere, @ptiere, hydrosphere, biosphere and
anthroposphere, and the burden and flow of P irtylee has been studied (Ruttenberg et al.,
2003). P emissions through the atmosphere havedstiemated to be 3.5 Tgyf{Wang et al.,
2014), which is approximately 5% of the global td&low, but atmospheric P could be the
dominant limiting element for some ecosystems (Madld et al., 2005, Krom et al., 2010).
For example, transoceanic dust from deserts aunldaaeias could be an important P source
for some tropical forests and remote islands (Graégal., 1981).

In previous studies, the main sources of atmospherwere combustion (including
anthropogenic and natural combustion), mineral ,dpstmary biogenic aerosol particles
(PBAP), sea salt and small amounts of Phosphing)(ffén freshwater wetlands and rice
paddies (Wang et al., 2014). Several problemsabajlatmospheric P studies remain. In fact,
we have a poor understanding of the chemical sp@ciaf atmospheric P, especially organic
phosphorus (OP) compounds (Violaki et al., 201 Her€&fore, it is difficult to verify the
emissions, immigration, transformation, and depmsitmechanisms of atmospheric P
without knowing its exact forms and properties. fEhmight be an internal circulation of P
In some terrestrial ecosystems, such as the Amazaevhich plants are able to make full use
of P with limited atmospheric P input and violenssd by runoff; however, this remains
unknown to date (Yu et al., 2015).

Based on the limited knowledge of atmospheric Byipus studies have estimated the

global atmospheric P cycle by approximate sectod approaches. This estimation has
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caused an imbalance between global P emission/tieposbservations (3 - 4 TgP yr
Graham et al., 1979, Smil et al., 2000, Tippinglet2014, Wang et al., 2014) and emission
estimations from the earth’s surface (1.39 TgP Mahowald et al., 2008).

Atmospheric P from the organisms in terrestrialsystems has been regarded to be only
PBAP (0.16-1.00 TgP yj and PH (0.2 GgP y), which provide a small part of the total P
flow (Wang et al., 2014). However, this value wamsidered simply proportional to the
biomass of the plants (Mahowald et al., 2008). ®trategy might introduce large system
biases if the types and emission mechanisms fderdrit types of vegetation and other
biogenic aerosols related to bacteria, fungi, aoitep are not considered (Myriokefalitakis
et al., 2016).

In addition, studies of atmospheric P in a gas @has/e mostly focused on RPitom
wetlands or rice paddies (Han et al., 2000, 20dh)ch contribute much less to the total P
flow (0.2 Gg yi', Wang et al., 2014). Few stable gaseous P compouant been reported
but some other studies have proposed a mechanighewpfission in gas (Beck et al., 2005).
This aspect of P was not included in the globalogipheric P inventory.

Based on the poor understanding of P from planecosystems, we posited that plants
were able to emit P compounds into the atmosphede cauld be the missing part of
atmospheric P measured in deposition. Other pBoukl use this part of P and decrease the
losses by water or dust. In this research, we fstlablished the P concentration of
particulate matter (PM) in greenhouses by measureméhen,*P nuclear magnetic
resonance*tP-NMR) tests were used to distinguish the formP @i PM, especially several
kinds of OP from different sources. Then, the mdifum blue spectrophotometric method
and gas chromatography mass spectrometry (GC-M&) weere used to directly analyse the

atmospheric P in the gas phase. Finally, bag sampind corresponding measurements on
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plants in a greenhouse provided a quantitativeltréstugaseous P emitted by plants. From
the results obtained, we identified a previouslyertaoked biogenic volatile organic

phosphorus (BVOP) compound that may lead to a malenstanding of the global P cycle.

2. Materialsand Methods
2.1. PM Sampling conditions and analysis method.

PM is an important form of atmospheric P, and weg/deposition of PM has a great
impact on P transportation (Decina et al., 2018}hls work, we collected and analysed the
P concentration in PM in a greenhouse experiment.

The sampling site was in Beijing, China, which s a northern hemisphere warm
temperate semi-humid monsoon climate zone andes ®1/0 km from the nearest marine
environment, the Bohai Sea. The annual averageeianpe is 11 - 13°C, with altitudes of
below 50 m. In the downstream of cold air from Sifethe coldest month in Beijing is
January. In cold seasons, cold air cyclones framrmMongolia regions carry sand and dust
from parts of North and Northwest China. As thelages move eastward and southward,
the dust affects the Beijing area. The average eurabsandstorm days in 2017-2018 was
6.9 according to the National Meteorological DatantCe online dataset. Precipitation in
summer, ~600 - 800 mm with the north Pacific moms@ecounts for approximately 3/4 of
the annual precipitation. The zonal vegetation asnwtemperate deciduous broadleaf forest
and warm coniferous forest. The greenhouse is dédcat Beianhe, a suburban area with
relatively low population density approximately Bmetres from the centre of Beijing and
approximately 500 metres from the nearest roads. shieds of the greenhouses were used
for fruit and vegetable farms, and the vegetatiomecage was ~68% (Hu et al, 2018).

Peking University (PKU) is located between tffeahd %' ring roads of the city and has an
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average vegetation coverage of 48%. Evergreen, tdeesduous trees, flower thickets and
hedges are all present (Xu et al., 2011). Inddstcavities in Beijing were moved outward
according to the air management policy, and we doilvat there were almost no industrial
emissions within a 10-kilometre area around the pdizign sites. The main influence of
atmospheric conditions is the traffic (Luo et 2016).

Two sheds in the greenhouse and three PM colleaters used in this study, as shown
in Figure 1. The area of one shed is approximai&® nf, and the temperature is
approximately 24°C during the daytime, with venida through a reserved air seam. A
high-flow atmospheric particle collector was ust, Laoying type 2031 (with a 1°min*
flow and 25*20 cm glass fibre filter; produced byin@Qdao Yingying Environmental
Technology Co., Ltd., Qingdao, China). Each inseatnwas run for 48 h to obtain one PM
sample. We collected total suspended particles Y &SPur PM samples in this experiment.
The sampling site at PKU was on the roof of a difloampus building, approximately 24
metres above the ground and approximately 50 mdtoes the nearby street, and the
instrument was the same as those used in the gresedh

The shed where we placed the first PM collector waed for lemon cultivation
(Improved Meyer,Citrus limon (L.) Burm. F.). There were approximately 48 indival
lemon trees 1.5 metres in height in the shed, wiweltalled it “Tree” shed. The other shed,
where we placed the second PM collector, contatfedsame soil but no plants were
cultivated; we called it “No-Tree” shed. The thiRM collector was located outside the
greenhouse in the open environment; we callecitBackground”.

During January 18to April 16" in 2018, we collected 13 samples from the “Tre3,
samples from the “Background” and 6 samples fromn“No-Tree” available for analysis. In

addition, samples from the PKU site for the sam#ogdewere brought for comparison. (We
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collected the PM on the roof of a 7-floor building the PKU campus, approximately 24
metres above the ground and approximately 50 métoes the nearby street from®3
November 2016 to 20March 2019 for atmospheric P observation).

The following analysis for PM used the molybdenulmebspectrophotometric method.
In general, we measured the total phosphorus (h@)irsorganic phosphorus (IP) of every
sample, and OP was calculated as the differenceelkatthem (Ministry of environmental
protection of China, 2011). Equilibrating the saesplo the temperature and humidity of the
analysis condition, they were divided into two parOne part was added to excessive
potassium persulfate, which had been acidified gugalfuric acid and dissolved in an
autoclave at 120°C for 2 h. The other part was ddd¢he same volume of sulfuric acid and
was dissolved in an ultrasonic port for 1 h. The samples were each added to the same
amounts of sodium sulfite and sodium thiosulfatestduce any remaining oxidants and were
then added to ascorbic acid, ammonium molybdate aroony potassium tartrate for
coloration. After a 1 h incubation, a spectrophatten was used at 700 mm wavelength, and
the samples were compared with a standard P solammsisting of a monopotassium
phosphate solution of known concentration. The eatrations of total phosphorus (TP) and
inorganic phosphorus (IP) were then calculated ftoentwo samples, and the concentration
of organic phosphorus (OP) was calculated as tiffereince between the TP and IP
concentrations. The various P levels in the atmesphenvironment could be calculated
according to the sampling volume.

The digestion solution for one part of one sampds wulfuric acid (k8O 2.55 molL?,
2 mL), potassium persulfate {80, 0.50 g) and deionized water B ~85 mL). The
reduction solution (5 mL) was sodium sulfite (0mM8IL™") and sodium thiosulfate (9.3*f0

molL™). The coloration solution (4 mL) was sulfuric adid,SO,, 2.55 moll*), ascorbic
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acid (5.4*10° molL™"), ammonium molybdate (6.0*fOmolIL™), and antimony potassium
tartrate (4.1*10molL™). The standard P solution was monopotassium plabepd.2194 g
exact weighing after drying at 120°C for 1 h) amdodized water (1,000 mL). The standard
solution was made in 50 mL volumetric flasks inradgent series from 0.0 mL to 2.0 mL
with intervals of 0.1 mL; these solutions covered tange of colorization of samples used in
this study. The concentrations of TP and IP ofghmples could be calculated according to

the sample volume.

2.2. *'P-NMR

A *'P-NMR test was used to determine the forms of PNhbased on the method of soil
analysis (Jarosch et al., 2015). Tree, No-Tree k@awund and PKU PM samples were
collected as above, and all samples were testezl PRUJ samples were collected from the
26" to 28" September 2017 (within the growing seasons). @hetes from the greenhouses
were collected from'9to 11" January 2018. Additionally, one sample of soilexiked from
the Tree shed was tested for comparison. We cetlettte soil sample by a soil auger of
diameter 38 mm and height 20 cm, then thoroughkenhithe soil and dried it for 24 h in a
drying oven. Finally, 5 g of soil was used in tHB-NMR test. The following preprocess
were the same as the PM samples.

The PM samples (on glass filters) were digesteth Wi@OH (0.25 moll}) and EDTA
(0.05 molLY) at 20°C for 16 h before being purified by negetpressure filtration and
lyophilization. After the powder was dissolved iei@hized water, we injected,O to lock
the agent, adjusted the pH to 14 by adding a Na@#tisn, and centrifuged the mixture at
10,000 rmift for 1 h. The clear liquid in the upper layer wagacted for’’P-NMR analysis.

We used a 400 MHZP-NMR instrument (produced by the Bruker CorporatiGermany)
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with a pulse of 12is, 3.00 db, a P frequency at 161.9 MHz, and aioelatelay pf 2 s,
scanning at least 24,000 times at 25°C. For compayiwe collected one sample of soil
from the “Tree”, preprocessed it the same as thesBivples, and tested it withP-NMR We
were thus able to find the different P compoundsveen PM in the atmosphere and the soil

particles.

2.3. Atmospheric P in the gas phase

We were able to collect and directly analyse thgegas P in the atmosphere, avoiding
the degradation (oxidization into phosphate) or igration (adsorption on PM) of
decreasing gaseous P. The method used was baskd tathnology of collecting biogenic
volatile organic compounds (BVOC). We collected aspheric P in the gas phase at the
same locations as the PM (the PKU site and greesehsites) during Septembét, 2018 to
April 10", 2019. The instrument, a Laoying type 2033, us&® anm-diameter glass fibre
filter to remove PM from the air and a polyurethgdioam (PUF) filter to capture any
remaining organic compounds. The collector operatesty 48 h for each sample. The PUF
was cleaned by Soxhlet extraction with acetoneh(lénd dichloromethane (16 h) followed
by vacuum drying before it was installed in thetimsient. After sampling, the PUF was
hermetically stored under a Teflon plug at -10°@ amas analysed within one week. In this
work, we collected 22 samples for analysis. The ylmbénum blue spectrophotometric

method was also used to measure the TP of the sampl

2.4. Bag sampling
Bag-sampling is an improvement of gaseous P samphiat collects P from a single

branch of a plant, as shown in Figure 2. The deeassists of 4 parts. Part A is an inflow
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filter made of one glass pipe of 1.8 cm inside ditan into which we placed a glass-fibre
membrane (after heat treatment at4G0r 4 h), activated carbon (heat treated at' 386 4
h) and clean PUF (cleaned by Soxhlet extractiorh vitetone and dichloromethane as
described above) in that order. The device was tseemove PM and other gases (such as
VOC and gaseous P emitted by the plants) fromriles air. Part B is a small air flow pump
(2 L min™ standard) followed by a flow meter for correcti®art C is a Teflon sampling bag
(10 L) with two interfaces. Part D is a pipe fomgding made of another glass pipe with the
same size as part A, into which we put cleaned tldéllect the gas from the sampling bag.
The device was first connected as subplot a ofrEigu After placing one well-growing
lemon branch into the bag and checking for airtighs, we pumped air into the sampling
bag for 15 min to exhaust the original air in tlag bFiltered with the glass-fibore membrane,
activated carbon and clean PUF, the pumped air suéfciently clean, with no PM and
volatile organic compounds. Then, the device wasghd as in subplot b and constituted a
closed system so that no air would exchange with dbtside atmosphere. During the
sampling (6 h), the air in the system was contislyoaycled with the BVOP adsorbed by
the PUF. After finishing the sampling, the PUF veisred and analysed using the same
method described above. A blank comparison testowaducted to ensure that the collected
OP was emitted from the plant placed in the bagptal of 6 samples from similar growth
and mass on different Lemon plants were availabletifie bag-sampling test and the
calculations that followed; we used the bag witanghes of similar growth and mass on

different Lemon plants during the experiment.

2.5. GC-MS
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A GC-MS test was used to determine the forms of the gaseous phase following the
method of BVOC (lijima et al.,, 2014., Bai et alQ(2, Hardt et al., 2000). Here, we
developed a method to distinguish the gaseous i the gaseous samples we collected
from the greenhouse.

The collected PUFs were treated by Soxhlet extractith dichloromethane for 24 h.
Then, the liquid was concentrated by rotary evapmraand nitrogen sweeping and the
solvent was switched to N-hexane. The GC-MS systesed was a Hybrid
Quadrupole-Orbitrap GC-MS/MS System produced byTthermo Fisher company, which
contained Quadrupole in series Orbitrap electrimstegld orbit trap technology with an
EI/CI ion source. The parameters of our analysisewas follows: GC temperature key
gradient: initial 50°C (hold 1 min), 2.5°C/min t®Q@°C (hold 0 min), and 20°C/min to
300°C (hold 5 min). Inlet condition: 250°C with gplit injection and transmission line at
250°C. Carrier gas: helium at 1.0 mL/min (const@antent mode). Injection volume: 1uQ.

MS method: El source, 300°C, transmission line £508lectron energy 70 eV, full scan
mode, and range 40-600 (m/z). Resolution: 60,00HMW Solvent delay: 3 min. For
gualitative analysis, we directly tested the samaled searched the library attached by the
instrument to distinguish the exact form of the ©®&mpounds in the samples. For
guantitative analysis, we used both an internaldgted (using trimethyl phosphate) and an

external standard method to calculate the condemiraf P in the solution.

3. Results
The results of the greenhouse experiment are sihowigure 3. The TSP concentrations
(values at the head of the figure) at the Backgioamd PKU appeared higher than those in

the greenhouse. The TP concentration (the sumabf gair of blue and red bars of Figure 3)
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at the Background and PKU also appeared highdn, adairge amount of PM. Note that IP in
the Tree samples was lower than in the No-Tree Emnplants would affect the IP in the
atmosphere. Considering the TP/TSP ratio (valugeeahead of Figure 3 with units of pg
TP/g TSP) to eliminate any disturbance of PM cotre¢ion, the Background and PKU
ratios were similar (p>0.40) but were significarihyver than the Tree ratios.

Figure 4 and table 1 show the results of #f®eNMR test with PM samples from the
Tree, No-Tree and PKU sites. One sample of solectdd from the Tree site was included
for comparison. Marks a - e are five symbols foak®ecorresponding to orthophosphate,
phosphate monoesters, phosphate diester, nucldi@ad pyrophosphate, respectively. The
location of the peak was slightly affected by impes or pH, and the non-negligible noise
was caused by the low concentration of phosphartisa samples. The TP concentration in
each sample was different, and the area of thesp#aks could not be exploited for
guantitative comparison.

Orthophosphate (peak a, ~5.5 - 6.5 ppm, the mam & IP and the final degradation
product of OP) was the dominant component of all $dvhples. Except for the No-Tree
samples, where we detected only orthophosphateavkeage relative concentration of
orthophosphate of the other three atmospheric ssEwéas over 60%. In contrast, the soil
sample contained more abundant OP components kPN samples, which led to a
lower orthophosphate profile.

Phosphate monoesters (peak b, 3.5 - 5.5 ppm, #ter® is combined with one carbon
atom) were detected in all samples except for tleeTide samples. The content of
monoesters of PKU was close to the soil sample redsethe Tree samples were higher,
which suggests that plants serve as major soufqasosphate monoesters.

Only a small amount of Phospholipids (peak c, ~130 ppm, a kind of phosphodiester



288 released by animals, plants and microbial residwes)detected in the soil sample and none
289 in the four atmospheric samples.

290 Nucleic acids (peak d, ~2 - O ppm, part of phospdsidrs, including nucleic acid and
291 teichoic acid) were detected only in the soil sampihd were more abundant than
292 phospholipids.

293 Pyrophosphate (peak e, ~ -4.5 - -3.5 ppm, actidebamavailable inorganic compounds)
294  was detected in all samples except the No-Tree Ieanfhe line in the figure is cut because
295  of no obvious peak in the high field) and reachedaximum in the PKU sample. The Tree
296 samples had ratios of pyrophosphate similar togludsoil.

297 Gaseous P at the PKU site was measured as 1.5 HAgiurimg the sampling period,
298  which was ~ 1 - 2 orders of magnitude lower thanTP in PM, although it varied between
209 growing seasons (2.3 ngP’mnand other months (1.1 ngP®mp<0.01). In Tree samples,
300 gaseous P was much higher (8.8 ngP px0.01), approximately 31% of the TP in PM.

301 The results of the bagging sampling and GC-MSdestshown in Figure 5. The form of
302 P in the gaseous phase is phosphate ester, meht tiiethyl phosphate according to the
303 fragments of MS and physical parameters. For gizivé analysis, we obtained 19.9 pgP
304 on average during a 6 h cycle of sampling from toee branch.

305

306 4. Discussion

307 In this work, we focused on both PM and gas tordatee if a P compound was emitted
308 from plants. Considering that there are few avenfeesplants to produce PM into the
309 atmosphere other than via PBAP, it is possiblepfants to release P in a gas phase, and the
310 compound can be transformed into PM, thus causie@bvious observed deposition of P.

311
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4.1 Atmospheric P in PM

Wind-transported dust and traffic sources were danohand contributed most of the
atmospheric P in Beijing during the winter becaaké¢he cold air cyclone from the inner
Mongolia regions and North and Northwest China (el Meteorological Data Centre).
The TSP outside the greenhouse was thus much Higdrethat in each shed.

TP in Tree samples was 41.8% higher than thatariNib-Tree samples in the greenhouse,
and the OP/TP ratio was doubled. Therefore, atnmergp® was emitted both from plants
and soil, and there should be an important sourddan the Tree samples. P emitted from
plants had a higher OP profile than that from séhe higher ratio of TP in TSP also
indicated the contribution of plants to P in PM.tiNg the fact that IP in the Tree shed was
lower than that in the No-Tree shed, this resllsitated that the appearance of plants may
decrease the atmospheric P emissions from soiiog season such as humidity.

The OP/TP ratios of Background and PKU samples weweer, although the TP
concentration was approximately 30% higher thangtieenhouse samples. Moreover, there
was no significant difference in OP/TP ratio betwedo-Tree, Background and PKU
samples (No-Tree vs. Background p>0.29 and No-M®ePKU p>0.25). This result
indicated that atmospheric P values for BackgrouPlJ and No-Tree samples were
contributed by dust with low TP concentrations &w OP/TP ratios, with Background and
PKU samples mixed with traffic sources. In additiare inferred that the OP profile in the
Background and PKU samples might be influencedthgrosources such as combustion, in
which a small amount of OP produced at high tentpezawas caught by the sampling
instrument before its degradation. However, P camgs in the two former samples might
be emitted and kept in an open environment forlaively long time, and more OP was

degraded into IP, whereas samples in the greenhmmugd only stay for a relatively short
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time before collection by the instrument. Therefddackground samples had a higher ratio
of OP, and their compositions were intermediatevbeh samples from the Tree and outside
sites.

Bioderived atmospheric P is an important nutribat is part of the ecosystem, although
details of its mechanisms are still unclear. Grggral., 1986 found that vegetation-derived
PM was important for P nutrition in a tropical feteand atmospheric RDconcentrations
above the trees showed a decreasing trend froroethize of the forest (157 ng¥nto the
nearest coastal area (20 ng)mLawson et al., 1979 measured P dry/wet depwositioa
South American rain forest and inferred that theas a local P internal circulation within
the ecosystem via aerosols. P imported by dust thenSahara Desert was considered to be
the main P source for the Amazon basin becausdthe the soil of the local tropical
rainforest ecosystem was exhausted (Gross et(l5)2However, other studies found that
the dust over the Atlantic Ocean only accounted 8% of the amount of P deposition in the
Amazon, approximately the same amount of P expobgdunoff from the Amazon.
Therefore, there might be an internal circulatidnPoin the ecosystem as stated in the

introduction.

4.2°'P-NMR tests

Comparing the samples of Tree and No-tree orignosphate monoester appears to be
an important OP source from plants in PM, and wWerrad that the P emitted from plants
may have a structure similar to that of phosphataagaster. This compound is mainly found
In inositol phosphoric acids, single nucleotide gadtial degradation products of nucleic
acids, and it is able to degrade into phosphatkarenvironment (Reitzel et al., 2007). Soil

contributed both OP and IP with different constttns, and we could distinguish the P
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emissions of inorganic dust from soil in the inagt Comparing the samples from the
greenhouse with those from PKU, a similar emis@orfile indicated that both urban and
suburban areas emitted biogenic OP because of Vegletation coverage in the PKU
campus.

Based on Zhang et al., 2012 and Turner et al., 2088*'P-NMR method has been
widely used for P analysis of environmental sampéegh as soil, aquatic sediments and
animal manures, since its first application in 198@wman et al., 1980). It is quite difficult
to apply this method directly to PM analysis beeao$ the small mass of the samples
compared with the soil or sediment used (approxeipdi g for one sample). We prolonged
our sampling time and merged two samples togetberofe test to obtain a sufficient
amount for testing. The results were searched agaispectrum library (Cade-Menun et al.,
2014).

Turner et al.,, 2003 showed that orthophosphateptiodphate monoester stayed stable
during the process of storage and analysis tredfnagthout obvious deterioration within
two weeks. DNA is more stable than RNA and phodplds, and phospholipids can easily
decompose into phosphate monoesters. The extrawtiO® from soil by the NaOH-EDTA
method might be selective, and the recovery rawoofe kinds of OP components might be
as low as 63%, which would lead to an underestonadf the PM (Giles et al., 2016). Other
studies also agree with the OP loss during therpoegsing of samples (Jarosch et al.,
2015).

3IP_NMR is a relatively simple method used to clasie compounds into several types
that is used when the species are not known bedfotehhowever, the approach is
constrained by the quantity and concentration efshmples. For analyses of soil, fertilizer,

retardants and pesticides, gas chromatography (@@j high-performance liquid
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chromatography with mass spectrum (HPLC-MS) havenbeidely applied and have a
much lower detection limit, on the order of pg P lbut the target species to be
guantitatively analysed must be known. Proton-fiexagaction-mass-spectrometry
(Ruuskanen et al., 2011) and silicone tubes (Ob#l.e2008) are also common methods for
VOC analysis.

Recently, a single-particle mass spectrometry ntettas been used to demonstrate that
the particle size of biogenic sources is distriduae ~0.2 - um (Zawadowicz et al., 2017),
which accounts for ~0.04% - 2% of the total amoohthe particles in the range, and a
biological aerosol may exist in the form of intdrnaxing. The P in PM may have 2%~17%
derived from biogenic sources. It is necessary dtemhine the specific components and

develop a method of testing.

4.3P in gaseous phase

In addition to the evidence of plants being a sewt atmospheric P in PM from the
PKU and greenhouse sites, we also detected anctlgdiemalysed the P compounds in the
gas phase. Since we treated the samples with theodchef IP, there was no obvious signal
of P for the PUF. However, the method of TP workaa] we could thus conclude that the
materials on the PUF were almost all OP.

Our bag-sampling device was developed from a metised for collecting BVOC from
the atmosphere. There are some more-widely usedoo®tto collect and analyse BVOC
(lijima et al., 2014). Active carbon has been usegrevious studies (Uzmez et al., 2015),
with good repeatability and acceptable accuracythmisampling time is relatively long, and
the interruption by temperature and humidity isstltonsiderable. Fewer studies use active

carbon in precise and trace VOC analysis. Solicsphaicroextraction (SPME) fibres have
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become popular in recent studies (Uzmez et al.5Pb@kcause of the method’s strong
capacity of extraction for a wide range of compaynids high recovery rate and high
accuracy and its short sampling and analysis thogiever, the shortages are expensive for
the column and preprocess device. This would bal idethod for BVOC analysis but we
did not use this method due to instrumentationtdtrons. PUF is widely used in the
measurement of polycyclic aromatic hydrocarbonstaasla good capacity in the adsorption
of VOC (Ho et al., 2009). In this work, it met theeds of our sampling conditions (a long
time and cycled airflow in bag-sampling) and wamparable with our analysis method of P
in PM, and we chose PUF to enrich the gaseousdanmexperiments. This result could be
used to estimate the emission factor of the plants.

We inferred that the plants emitted gaseous Pwhatrapidly converted to a solid phase,
which resulted in little P remaining in the gas gdhdecause there are almost no stable
compounds of P in gas phases according to pregiases (Beck et al., 2005). Our results
suggest that plants emit P not only in the formP&AP as reported in previous studies
(Heald et al., 2009) but also in some volatile compoundsavgas phase. We suggest that
atmospheric P emissions from plants is a commonrafladively wide phenomenon that
increases the atmospheric P flux depending on ye of land use. Emission rates and
constituents might vary for different plant species

Most gaseous P emission studies have focused osppime. Glindemann et al., 1996
found that the PEconcentration appeared higher at night than irddéngime, higher in the
lower terrestrial troposphere than at high altisjdend higher in urban areas than in rural
areas, and the authors noted several observatioRglzoaround Germany in the range of
0.04—157 ngPKHm?*. Liu et al., 1999 found that Btppeared more in specific areas around

Beijing, China, such as reservoirs and landfilisd @ maximum of 65 ngRHM* in the
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summer was noted. In general, Hsirelated to reducing atmospheres, such as vastiand
marine areas, which are suitable for the survi¥ahimroorganisms. Plants are not able to
directly release PHland the estimates of their Péimission are rather small.

Other P compounds found in the gas phase werendoided in the estimation of global
atmospheric P emissions. Wang et al., 2014 exmaihat the imbalance between global
atmospheric P emissions and deposition was caugednflerestimation of combustion
sources. However, this estimation of combustioateel P emissions contains large
uncertainties (0.5-4.4 TgP ywith a 90% confidence interval). Wang's methodeateted on
the P concentration in fuel and ash as well atmelitions of combustion; however, there
are studies that proposed gaseous P emissionangfises from combustion (Beck et al.,
2005). Ahl et al., 1988 inferred that gaseous Psisbed of soluble orthophosphate;dy)
and tetraphosphine oxide,®,0) and that these compounds condensed and mixecbtin
particles in a short time given their unstable citamproperties at normal temperatures,
which resulted in concentrations of P in partiasmall size that were much higher than
those in patrticles of larger size. There is a a®rsible concentration of phosphorus on
particulate matter smaller than O0.0% during coal combustion but it is difficult to celate
this concentration to the concentration of fly &W. Raison et al., 1985 found that volatile P
was important during combustion and inferred them as FO,o and ROs. Volatile P
condensed and mixed with other particles in a shore due to its unstable chemical
properties at normal temperatures, which resultedhe concentration of phosphorus in
particles of a small size being much higher thaat th large particles. This result indicated
that there could be large uncertainties when wienagtd the P emissions by Wang’s method
and that the emission estimation could be impravigal respect to this sector.

Moreover, there were several sources of atmospherigot included in the previous
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inventory because of the small amount of emissant the complexity of human activity.
For example, organophosphate pesticides (Degrerededd., 2015, Coscolla et al., 2011)
appeared at a 12 pghmconcentration in agricultural land. Gaseous orghosphate
ester-flame retardants (OPE) are an abundant sofi®@® (Castro-Jiménez et al., 2016) and
were measured as 0.04-0.8 ng (Ragels et al., 2009). However, the fluxes andiémiof
these sources are difficult to estimate and coalddnsidered in future work.

We designed our experiment using a single spedigdaat, lemon trees, and a single
sampling area in Beijing in this research, whichgiminot be representative of global
emissions. For example, the TP concentrations innilyht vary with the climatic zones,
length of the growing seasons and plant typesdditian, we did not distinguish OP emitted
by plants from that of combustion. This limitationght have resulted in an overestimation
of OP from plants. It is necessary to consider géhegriables when we refine the global

emission inventory of P.

5. Conclusions

In this work, we found a contribution of atmosphkeld emitted by plants in an OP form.
IP.NMR testing showed that the main composition jle¢ by plants is phosphate
monoesters. The P in the gas phase was measueetlydand appeared to be 1 - 2 orders of
magnitude lower than the TP concentration in PM Wwat higher during plant growing
seasons. According to the bag-sampling and GC-NiS,teve inferred that the atmospheric P
emitted by plants was in the form of triethyl phloafe. Due to the instability of this
substance, triethyl phosphate might rapidly traneféo PM and then be counted as PBAP
In aerosol studies. More research into the mechenend measurements of atmospheric P

emissions should be conducted without neglectirgtimgenic source.
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Table 1. A summary result of tH&P-NMR test. It shows the normalized area ratioid f
signal peaks in every sample. Names of each saapl@iven in the first column. Tree
represents the sample from the shed under lemdinatidn. No-Tree represents the sample
from the shed without plants. Soil is one soil seevgollected from the Tree shed. PKU is
the long-term observation. Mark a ~ e are 5 symbmnal peaks, representing

orthophosphate, phosphate monoesters, phospholiidleic acid and pyrophosphate,

respectively.
Name a b c d e
Soil 384% 275% 105% 16.8% 6.7%
PKU 595% 25.6% 0.0% 0.0% 14.9%
Tree 100.0% 0.0% 0.0% 0.0% 0.0%

No-Tree 58.0% 35.1% 0.0% 0.0% 6.9%
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515 Figure 1. The sampling condition used in the greesk experiment. The first shed of the
516 greenhouse is used for lemon cultivation (shed)Trebile the other shed contained the
517  same solil but no plants (shed No-Tree). One PMectl was placed in each shed. The third
518 PM collector was located outside the greenhous@osed to the open environment

519  (Background).
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Part C: Sampling Bag

a b
® > Outflow into air @ >
Part A: Inflow filter
glass fiber, active carbon Part D: PUF sampling

and cleaned PUF

*——— ——

Part B: Pump and flow meter

Figure 2. Construction of the bag-sampling devigebplot a and b is the two successive
steps of sampling on one single branch of plantt Raan inflow glass pipe filter with a
glass-fiber membrane, activated carbon and cle&tu#eito remove PM and other gas from
the inlet air. Part B: a small air flow pump antbbowing flowmeter for correction. Part C:
the Teflon sampling bag with two interfaces. Para@3ampling glass pipe with cleaned PUF

to collect the gas from the sampling bag.
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Figure 3. The results of the greenhouse experinidrd.blue and red bars represent the IP
and OP concentration (ngP3musing the left Y-axis) in PM, respectively, ar torange
boxes represent the OP/TP ratio (%, using the Negutis); the upper error bar, upper edge,
middle line, lower edge and lower error bar of & lawe the maximum, 75% 50%, 25%
guantiles and minimum of the OP/TP ratios, respelti Tree, No-Tree and Background
represent the three sampling conditions in the ex@gat. PKU represents the results of
observation at the PKU site during the same pedsdhe greenhouse experiment'(25

December 2017 to"BApril 2018) for comparison.
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Figure 4. The results of tH&P-NMR test of the three PM samples and one soiptariThe
X-axis is the chemical shift of the signals. Treed aNo-Tree represent two sampling
conditions in the experimental plants. There wa®lngous peak showing in the high field
of the No-Tree sample, and it was removed automtiby the instrument. PKU represents
the results of observation at the PKU site fronT 26 28" September. 2017 (within the
growing season) for comparison. Soil is one sam@a collected from Tree. Marks a to e
are five signal peaks, presenting orthophosphdttesghate monoesters, phosphate diester,

nucleic acid and pyrophosphate, respectively.



558

559 00 b

50

560 40

30

561 20 | q .

Relative Abundance

562 0 o Joad W e Mt e~

563 Time (min)

564 80
60

565 40

20
125

566 0147 5965 8283 13 17 137 155 457 4gp 211
100 o

567 o

60

568
40

| 127
20 8 125 155

45
569 | 117
0 1l IR
| LIS N N N B S N B S B B B S B B B S N B B N B B B B B B
40 60 80 100 120 140 160 180 200
570 miz

571  Figure 5. The results of the GC-MS test of one ®agpling analysis in the shed Tree. The
572 upper subplot is the GC result, in which the X-agithe retention time in GC and the Y-axis
573 Is the relative abundance of the signal. The 5 peagresent compounds, while we ignored
574 the other compounds, such as BVOC at a low coratsonror without P. The 5 compounds
575 are:B-pinene, d-limonene, triethyl phosphate, citrongad dipropyl phthalate. The lower
576  subplot is the comparison of the results of the \@&1{est and standard data attached to the
577  instrument. The X-axis shows the mass-to-charge fai/z) in the MS test, and the Y-axis is
578 the relative abundance of the signal. The uppeplstils the result of the sample, and the

579 lower subplot is the data of triethyl phosphatéhim database.
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Atmospheric total phosphorus and organic phosphorus on particulate matter was higher
while plants were present.

Phosphate monoesters is the main form of phosphorusin PM contributed by plants.
Atmospheric gaseous Pis 1-2 orders of magnitude lower than Pin particulate matter.
Atmospheric gaseous P appeared to double during plant growing seasons relative to other
months.

P emitted by plantsisidentified as triethyl phosphate.
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