Journal of

ech
al T nique
tic

Analytical & Bioanalytical Techniques

s

of
rnal Analy
ou

Bioan
aly
al &
tic

J

ISSN: 2155-9872

Research Article

Doroodmand and Ghasemi, J Anal Bioanal Tech 2017, 8:3
DOI: 10.4172/2155-9872.1000360

OMICS International

Aerosol Hygroscopic Growth as a New Factor for Trace and Ultra-Trace
Determination of Phosphorous in Flame Containing Optical Trapping-Cavity
Ring-Down Spectroscopy
Mohammad Mahdi Doroodmand* and Fatemeh Ghasemi
Department of Chemistry, College of Sciences, Shiraz University, Shiraz 71454, Iran

Abstract
A new method has been introduced based on aerosol hygroscopic growth as a new factor for trace and
ultra-trace determination of phosphorous in flame containing optical trapping-cavity ring down aerosol extinction
(emission) spectrometer (OT-CRD-AES). In this study, a cavity ring down has been designed using hydrogen and
air as fuel and oxidant during introduction of the aerosols containing phosphorous species using an ultrasonic
generator (humidifier) from an acidic solution by a flow rate of N2, followed by detection of the Mie scattering using
a charged coupling device (CCD) system. Parameters having strong influence during following scattering of the
aerosols during their hygroscopic growth inside the humidified flame (H2/air), include: influence and amount of Na+
as radiation buffer (as light source), flow rates of H2, air and N2, kind and concentrations of acid, evaluation of the
aerosols inside flame, etc. These parameters were optimized using simplex and one at a time methods. Based on
the figures of merit under optimized condition, two linear calibration curves with reverse slopes were evaluated
between 10.0 - 250.0 ng mL-1 and 1.0 - 20.0 µg mL-1 with correlation coefficients (R2) the same as 0.999 and 0.998,
respectively. The calibration sensitivities were also estimated to 57.46 and 0.348 (a.u), respectively, with detection
limit of 5.0 ng mL-1. The mechanism of the radiation (Mie scattering) was also evidenced based on
i) dependency of the scattered radiations to the quantity of an alkali ions such as Na+ as well as the humidity,
ii) presence of acceptable correlation between the response of the cavity with turbidometry,
iii) observation of blue shift from green (color related to the luminescence of HPO* in H2/air flame) to blue
(scattered radiation) and finally
iv) effect of hydration number during stability and growth of the aerosols inside the flames.
No serious interference was evaluated during analysis of at least 500-fold excess of various foreign species.
However, the only observed interference was evaluated during introduction of 200-fold excess of SO42-. Good
correlation was also evaluated between the results obtained from this technique and ion exchange chromatography
during analysis of wastewater samples that clearly revealed the reliability of this method for phosphorous detection
and determination at µg mL-1 and ng mL-1 levels.
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Introduction
Duo to the limitations such as effect of pH, low sensitivity, wide
range of geometries, and/or because of significant dependency of the
binding affinity of anionic species on solvent, anion recognition has
been considered as a challenging task during the last decades [1].
These phenomena point to the importance of the introduction of a
selective, sensitive and reliable method for recognition of anionic
species [2]. Among various forms of anionic species, detection and
determination of phosphorous species in the environmental samples
has been important due to the essential information for monitoring the
health of ecosystems, investigation of biogeochemical processes and
checking compliance with legislation [3]. Also control of the quantity of
phosphorous in fertilizers leads to an excessive growth (eutrophication)
of aquatic plants and algae that disrupts aquatic life cycles [4]. Based
on the perspective of biology, phosphorous species such as phosphate
anion is considered as one of the most important electrolytes that plays
role as an essential component in all living organisms [5].
Phosphorous also has major role in biological processes such
as in the structure of ATP (Adenosine triphosphate) and DNA
(Deoxyribonucleic acid) and also during control of pH in blood or lymph
fluid [5]. In a clinical setting, phosphate level in serum is determined as
part of a routine blood analysis [5]. Also knowledge about phosphorous
level in the body fluids can provide useful information about several
diseases such as hyperparathyroidism, vitamin D deficiency, and
Fanconi syndrome [6]. Concentration fluctuations of salivary phosphate
have been investigated as indicators of ovulation of women, uremic
state, and risk of development of dental caries and formation of dental
calculus [7]. All the mentioned information clearly shows that, analysis of
phosphorous is considered as a biomarker for different diagnostic tests [5].
According to the literature review, concentration of phosphorous
often varies between 0.2-10.0 mg L−1 in natural and wastewater samples
and in the range of 0.2 to 50 mg kg−1 in soil [5]. In addition, maximum
permissible concentration of phosphorous species in river and
wastewater samples is estimated to be between 0.32 × 10−6 and 0.143
× 10−3 mol L−1, respectively [5]. As a diagnostic fluid, the concentration
of phosphate ions in human saliva is usually found to vary between
5.0-14.0 mmol L−1 [8,9]. Whereas the concentration of phosphorous
species is estimated between 0.81–1.45 mmol L−1 in the adult human
serum [10,11]. Precise attention to these, the level of concentration of
phosphorous in biological and environmental samples clearly points
to the importance of introduction of accurate and sensitive methods
for trace and ultra-trace phosphorous detection at both µg mL-1 and ng
mL-1 levels.
During the last decades several analytical methods such
as spectroscopy [12], potentiometry [13], voltammetry [14],
chemiluminescence (CL) [15], immunoassay [15], and ion exchange
chromatographic techniques [15] have been introduced for detection
and determination of phosphorous in various real samples such as
clinical, environmental, industrial, and biological samples. But most
of these analytical techniques are often limited to low sensitivity, less
improved detection limits, small sensitivity, negligible interference
from real sample matrix, cost and/or fast response time for selective
determination of phosphorous species [16-28]. Among these analytical
techniques, CL can be considered as a promising detection system
[15]. Compared to other analytical techniques [5] CL possesses
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significant advantages such as simplicity, low cost and high sensitivity
and selectivity [5]. Consequently, CL-based detection has become
considered as a quite useful and interesting technique for scientists in a
wide variety of disciplines [29-31]. But in spite of great advantages of CLbased detection system, this technique has been still limited because of
limitations such as low selectivity; small sensitivity and/or less improved
detection limit [5]. These problems have not still completely solved even
in the presence of catalytic reagents such as metal nanoparticles [5].
It seems that focusing on sample introduction can solve the current
problems such as low selectivity; small sensitivity and less improved
detection limit. Based on various types of sample introductions [32],
nebulization seems to be considered as an appropriate method for direct
introduction of samples by spraying process during the formation of
aerosols.
Aerosols are defined as small solid or liquid particles suspended in
the atmosphere for a period of a few hours to a few days depending on
their size [33]. They have a complex chemical composition that mainly
depends on their source, which may be natural and/or anthropogenic
[33]. The interest to the molecular aerosols as large molecules with
size distribution from sub nanometers to many microns has been
increased significantly over the past few years [34]. This interest is due
to the critical role in atmospheric/industrial processes, in air pollution
where they pose health risks, and in astrophysical and astrochemical
processes [34]. To improve the understanding of the impact of aerosols
in these various fields, it is crucial to study their physical (size, shape,
architecture, phase behavior), and chemical (composition, reactivity)
properties, along with their formation processes such as aggregation,
chemical reaction, agglomeration, and coagulation [34].
Most researchers efforts in aerosol characterization focus on
physical properties such as size distributions [35]. Comparatively
study on chemical properties of aerosol like chemical composition,
thermodynamics, surface properties, spectral fingerprints, refractive
index, etc. has been traditionally left behind [36]. To achieve a better
understanding of the above-mentioned chemical properties of aerosol
particles, it is necessary to have a fundamental study on single aerosol
particles in different sizes, compositions, optical properties (absorbing
or nonabsorbent), and surrounding environments using a highly
capable technique [36].
During the last decades various researches have been focused
on some physical and chemical properties of aerosols using optical
trapping-cavity ring down spectroscopy (OT-CRDS) in combination
with conventional aerosol characterization methods/techniques
during the hygroscopic process [35]. In this work it is aimed to focus
on a novel intrinsic behavior of hygroscopic growth factor of aerosols
containing phosphorous compounds introduced to a novel OT-CRDS
named as “Hygroscopy”, for their ultra-trace and trace detection and
determination of at both ng mL-1 and µg mL-1 levels.
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Figure 1: Schematic of A) the designed apparatus and B) CRDS system.

Experimental

Instrumentation

tube. The end of the capillary tube is positioned 4.0 cm shorter from the
inside tip of the outer tube. The inner capillary tube transfers air (air
pump, model: pyeunicam ltd) and the outer carries hydrogen gas (H2
cylinder, Isfahan Petrochemical Company, purity: 99.996%). The flow
of hydrogen and air is controlled using flow controllers. An ignition
system is used for automatic ignition of the hydrogen/air flame. A drain
is also located at the end part of the outer tube to transfer the generated
water. To cool the cavity, small fans are used as shown in Figure 1A.
The end part of the outer stainless steel tube is also cooled through
water circulation. To introduce the samples into the flame, a reaction
tubing cell with 20.0 mL volume is fabricated using glass. A sonicator
(model: MIST MAKER, frequency: 500-KHz) is also positioned at the
bottom of the reaction cell for the generation of aerosols. The generated
aerosols are then carried to the flame through a tygon tubing (internal
diameter: 3.0 mm) using N2 gas (N2 cylinder, purity: 99.9, Parsbaloon,
Iran, Shiraz).

Detail of cavity ring down spectroscopy (CRDS) system is almost
similar the molecular emission cavity analysis (MECA) system, described
in the previous study [37]. In this experiment, some modifications are
applied to the cavity in order to be used for phosphorous determination.
The schematic of the modified cavity is shown in Figure 1. Briefly it
consists of two concentric stainless steel tubes. The outer tube is 12.0
mm OD, 10.0 mm ID and the inner is a capillary tube with 3.0 mm OD

In this system, the blue emission of HPO* is monitored using a CCD
camera. The CCD camera used as a detector is placed in front of the
cavity. The cavity system was also placed inside a box (dark room, Figure
1B) to protect the system from any environmental stray lights. The
image of the CCD is saved in a computer. The blue component of the
color related to the chemiluminescence (CL) of phosphorous is analyzed
for further processing using a program written in Visual Basic.

Reagents
Stock solutions of 1000.0 µg mL-1 PO43-, PO23-, H2PO2− and P2O5
(PO43-) were individually prepared by dissolving 1.885, 1.506, 0.675,
and 0.7474 g of, Na2HPO4.12H2O (Merck, Darmstadt, Germany),
Na3PO3.5H2O (Fluka), Ca(H2PO2)2 (Merck, Darmstadt, Germany) and
P2O5 (Fluka), respectively, in 500 mL volumetric flask and diluted to the
mark with deionized water. Standard solutions were prepared daily by
successive dilution of the stock solutions. 500 mL solutions of different
acids with pH 3.0 were prepared by dilution of each concentrated HCl
(37%, Merck, Darmstadt, Germany), HNO3 (65%, Merck, Darmstadt,
Germany), HClO4 (65% Merck, Darmstadt, Germany), acetic acid
(100% Merck, Darmstadt, Germany) and H3BO3 (Fluka).
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For phosphorous speciation, an injection port is introduced for
injection of phosphorous-containing compounds into the glass reaction
cell (height: 12.5, diameter: 5.0). For phosphorous determination in the
CRDS system using a stainless steel as the CL support. The phosphorouscontaining aerosols are directly introduced to the reaction cell during
introduction of 3.0 mL of PO43- along with setting the flow rate of N2 as
carrier gas to the cavity.
The temperature of the chemical reactions cell is controlled using
an electric furnace surrounded the cell. The N2-bubbling reaction cell
contains 20.0 mL of solution of HClO4 acid (pH=2.6) as well as 3.0 mL
of solution unknown phosphorous determination. In this reaction cell,
bubbled nitrogen is considered as carrier gas. Phosphorus-containing
compound is introduced to this reaction cell through the injection port
by a syringe using a septum. For turbidity analysis a turbidimeter (model:
DRT-100) is adopted. The humidity of the system is also measured using
a humidity sensor (model: GCH-2018).

Procedure
For phosphorus determination, a 3.0-mL sample container is halffilled with of HClO4 (pH=2.6). The temperature of the solution was
set to 33°C using an electric furnace surrounded the reaction cell. The
flow rates of hydrogen and air are controlled at 256 and 102 mL min1
, respectively. By injection of 3.0 mL of phosphorus solution into the
vessel through the injection port, the generated phosphorus-containing
aerosols are then swept into the cavity by a stream of N2.

Real sample analysis
The application of the recommended method is adopted for selective
determination of phosphorus in various drinking water samples. For
this purpose the sample preparation was achieved using the procedure
reported in Ref [38]. Then the samples are individually diluted 10-time

and determined using standard addition method. The reliability of these
results is evaluated using ion exchange chromatography (IEC, model:
ASI, 310).

Results and Discussion
“Hygroscopy” is the ability of a substance to attract and hold water
molecules from the surrounding environment [34]. This property is
achieved through either absorption or adsorption on the absorbing or
adsorbing materials such as phosphorous species [39]. This property
causes an increase in volume, stickiness, or other physical characteristics
of the material, as water molecules become suspended among the
material species in the process [39]. The quantity of this parameter is
usually evaluated and estimated in a term called “Hygroscopic Growth
Factor”. Atmospheric aerosols can scatter and absorb the incident light.
Therefore the atmospheric visibility is reduced with the increase of their
mass [39]. Furthermore, the visibility would sharply decrease when the
ambient relative humidity (RH) is high at the same level of aerosol mass
[39]. It seems that this factor can significantly promote the luminescent
property of species such as phosphorous, even in a cool flame of H2/
air, especially when having water molecules as the product of the flame
reaction. Therefore, it is expected to achieve major improvement in
some figures of merit such as sensitivity and detection limit.
Among the current reported analytical techniques, “Cavity RingDown spectroscopy” (CRDS) seemed to be considered as selective and
sensitive detection system for determination purposes. This method
was also considered as a highly sensitive optical spectroscopic technique
that enabled measurement of absolute optical extinction by samples that
scatter and absorbed light. The CRDS has been widely used to study
gaseous samples which absorb light at specific wavelengths, and in turn
to determine mole fractions down to the parts per trillion levels [40-42].
Briefly a typical CRDS setup consisted of a laser that is used to illuminate
a high-finesse optical cavity, in which its simplest form consists of two
highly reflective mirrors. When the laser was in resonance with a cavity

Figure 2: Red and blue components vs. different concentrations of HPO4-2 (10.0 ng mL-1 and 10.0 µg mL-1). Trace: histogram for green component.
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mode, intensity built up in the cavity due to constructive interference.
The laser was then turned off in order to allow the measurement of the
exponentially decaying light intensity leaking from the cavity [40-42].

of PO43- clearly revealed the blue component obvious. This detection
system was therefore considered as an appropriate detection system for
phosphorous detection and determination.

In the CRDS system, the laser light was reflected back for about
thousands of times between the mirrors giving an effective path
length for the extinction on the order of a few kilometers. Some
characteristics of this analytical technique included the independency
of both the exponentially decaying light and the ring-down time from
the fluctuations of the light source that caused to get accurate results
during the detection purposes without any fluctuations [40-42]. These
characteristics of the CRDS led to have significant advantages such as

As shown in Figure 2, the green component can be attributed
to the molecular emission of phosphorus species. As expected, the
green component for 10.0 µg mL-1 (green component=171 a.u.)
phosphorus species was more intensive than that for 10 ng mL-1 (green
component=98 a.u.). Also, the red component can be attributed to
the emission intensity of sodium introduced to the flame during
phosphorous analysis. As evaluated partially, the same red components
were detected during introduction of PO43- (from Na2HPO4) with
10.0 ng mL-1 and 10.0 µg mL-1. Unexpectedly, the intensity of the blue
component for 10.0 ng mL-1 was significantly higher than that of 10.0
µg mL-1.

i) high sensitivity due to the multi-pass nature (i.e., long path
length) of the detection cell,
ii) possibility to shot variations in laser intensity during the
measurement in a fixed rate constant,
iii) wide range use for a given set of mirrors; typically, ± 5% of the
center wavelength,
iv) high throughput because of the individual ring down events,
occurred in the millisecond time scale and
v) finally, no need for a fluorophore.
which made it more attractive for some techniques such as rapidly
pre-dissociating. However, this method had disadvantages [40-42]. For
instance, the spectra could not be acquired quickly due to the use of a
monochromatic laser source. Also, analytes were limited only to the
availability of tunable laser light at the appropriate wavelength as well as
the availability of high reflectance mirrors at those wavelengths and iii)
high expense. The requirement for laser systems and high reflectivity
mirrors often made CRDS orders of magnitude more expensive than
some alternative spectroscopic techniques [40-42].
To solve these problems, hereby in this study for the first time a
new, simple, sensitive and selective methodology has been introduced
for trace and ultra-trace detection of phosphorous in various real
samples without needing any external laser. In another word, presence
of trace amount of Na+ as radiation buffer in the matrix of the sample
solution provided the capability for playing role as initial light source
during evaluation of the intensity of scattering throughout the
determination process via the formation of aerosol. This detection
system was based on the observation of blue emission (instead of
green phosphorous emission) during the introduction of phosphorous
samples to the analyzing volume via formation of aerosols. As shown
in Figure 2 the RGB components for 10.0 ng mL-1 and 10.0 µg mL-1

Figure 3: Effect of Na+ as radiation buffer during analysis of various types of
phosphorous species (10.0 ng mL-1) at pH pH ̴~2.6.
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To interpret this phenomenon the influence of aerosols was
evaluated in detail. For this purpose, aerosols containing phosphorous
species were often generated via ultrasonically irradiation using a water
humidifier (frequency: 500 KHz), followed by transferring into the
analyzing system (CRDS) using N2 as carrier gas.
Parameters having strong influence during following luminescence
and scattering of the generated aerosols as well as during their
hygroscopic growth inside the humidified flame (H2/air) were the
amount of Na+ as radiation buffer (initial light source(, flow rates of
H2, air and N2 gases, kind and concentrations of acid during formation,
introduction and evaluation of the aerosols inside flame, etc. These
parameters should be well optimized to reach the highest sensitivity for
HPO* emission on the stainless steel as support during introduction of
phosphorous species through the port to the reaction cell. In this study,
the optimization process was achieved using both one at a time and
simplex methods as reported in detail in the supporting information
1.1 (Sections: 1.1. S.P.-1.3. (S.P.)).

Effect of Na+ as radiation buffer
In this study, it was observed that no significant light emission was
detected in the absence of alkali ions such as Na+ during only analysis
of ultra-trace phosphorous species. The phenomenon was clearly
evidenced when preparing phosphorus solution using phosphorus salts
such as Ca(H2PO2)2 or P2O5 according to the histogram shown in Figure 3.
As phosphorus pentoxide was a chemical compound with
molecular formula P4O10, this white crystalline solid reagent was the
anhydride of phosphoric acid. Phosphorus pentoxide was therefore a

Figure 4: Effect of Na+ as radiation buffer trace and ultra-trace analyses of
phosphorous species.
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potent dehydrating agent as indicated by the exothermic nature of its
hydrolysis (Eq. 1.). In fact, both phosphorus salts using each P2O5 and
NaH2PO4 reagents in aqueous media produced the same anion. This can
be considered as suitable probe during using the effective role of Na+ as
radiation buffer. It seemed that Na+ radiation with (wavelength=589.0
nm) played role as initial light source (pulsed laser), which made it as low
cost and excellent module for phosphorus determination during several
reflections between the aerosols inside the flame that acted as mirrors.
This effect was attributed to the interaction between hydrogen radicals
and Na+ (as radiation buffer) during scattering process according to the
following reactions based on the Le Chatelier's principle (Eqs. 2 and 3).
Therefore, trace quantity of sodium metals (with zero oxidation state)
played role as the source of light at λmax of 589.0 nm. It should be noted
that this effect was dependent to the H2 flow rates. At high H2 flow rates
from one side, high concentrations of radical hydrogen reduced Na+
to the metallic form in the analyzing volume. From the other side, the
temperature of the flame became so high that the generated sodium
metal was oxidized inside the bulk solution in the flame. Consequently,
competition between the other two factors (temperature and reducing
behavior of the flame) determined the sensitivity of the system during
analysis of ultra-trace of phosphorous species by scattering process.
P4O10+6H2O → 4H3PO4		

(–177 kJ)

(Eq. 1)

It be also noted that due to the necessity of the ring-down
spectroscopy to an initial light source during the scattering process,
trace amount of Na+ (~ 5 µg) was needed. This low quantity also
prevented the light interfering effect of the sodium-containing
impurities during the analysis of ultra-trace of phosphorous species
using image processing. However this effect was further limited due to
the high acidic environment of the solution (pH: 2.6) according to the
Le Chatelier's principle based on Eq. 2. In addition, Figure 4 compares
the emission and scattering. As clearly shown, during analysis of
phosphorous species with 10.0 µg mL-1 concentration, the emission
was predominant. But during ultra-trace determination of phosphorus
species (10.0 ng mL-1) reverse sensitivities (blue component intensity)
were detected due to the presence of Na+ in some phosphorous species
(Na3PO3, and Na2HPO4).
Na++H0

→

Na

→

*

Na*+H+ in the bulk solution
Na+hν

Proposed mechanism of the detection system
The mechanism of the radiation (Mie scattering) was also evidenced
based on briefly
i) dependency of the scattered intensity to the presence of Na+,
ii) relationship between the scattered and both the humidity of the
detection system,
iii) good correlation between the response of the cavity with
turbidimetry,
iv) observation of blue shift from green (emission light related to
the luminescence of HPO* in H2/air flame) to blue (scattered radiation)
and
v) the effect of hydration number during stability and growth of the
aerosols [39] inside the flames.
Details of these evidences are as follows:
As among the geometrical shapes sphere has minimum surfaceto-volume ratio therefore, maximum surface tension was estimated for
sphere in comparison with other geometries. Consequently, aerosols
intrinsically tend to have spherical shape. In many optical studies of
aerosols, particles can be assumed to be spherical in shape, allowing
the application of Mie scattering theory [34]. A Mie resonance often
exhibits more than one maximum in the radial distribution of the
light intensity within the droplet [34]. If the levitated particle is a
homogeneous liquid droplet, then the light-scattering pattern consists
of a parallel fringe structure (Mie scattering) [34]. This phenomenon
was observed during analysis of phosphorous species at ng mL-1 levels.
Good correlation as well as the same behavior was obtained

(Eq. 2)
(Eq. 3)

In this study, selection of Na as radiation buffer was attributed
to its emission wavelength (λmax=589.0 nm), which was partially
in the middle of the visible light range. For more evaluation of this
phenomenon, the effect of Na+ was compared to that of K+ (λmax=766
nm). Based on result, no significant response was observed when K+ was
used instead Na+. This phenomenon was probably due to wavelength
emission of potassium that was shifted to red. Therefore Na+ solution
was considered as the selective radiation buffer during the detection of
the phosphorous emission radiations.
+

Figure 5: Turbidity vs. phosphorous conventions, inset) magnified diagram.

Chemical stability of the phosphorous solution
For investigating the stability of the phosphorous solutions, effect
of some species such as ethylene diamine tetra acetic acid (EDTA) was
also investigated. For this purpose, 3.0 mL of EDTA solution (1.0 mM)
at pH ~2.6 was added to phosphorous standard solution (10.0 µg mL-1).
Based on the results no significant change was observed in the results
during the analysis in the presence and absence of EDTA. This result
clearly revealed the stability of the phosphorous standard solutions
during the analyses.
J Anal Bioanal Tech, an open access journal
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Figure 6: Diagram of RH% vs. different concentrations of PO43-.
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between the results of the CRDS and the turbidimetry. The results
are shown in Figure 5. It should be noted that due to low precision,
small sensitivity, no linearity as well as presence of high interference,
turbidimetry cannot be adopted for detection of phosphorous species
instead of CRDS. Consequently, turbidimetry as the detection system
was only used to approve the scattering phenomenon.
Phosphorus species like any other salt had tendency to hydration.
This phenomenon, therefore, changed the size and thickness of the
hydrated layer [39]. This effect also converted the hygroscopic growth
factor, and thus changing in the scattering and turbidity.
In the H2/air flame, H2O was considered as a product according to
the flowing reactions (Eqs. 4 and 5). Based on these results, aerosols
containing compounds such as phosphorus species provide the ability
to absorb H2O molecules from surrounding environment their size
is larger [39]. The main reason for this was that the mass scattering
efficiency of aerosols would increase when water soluble aerosols grow
to become larger in diameter. Consequently, at low concentrations the
scattering phenomenon was majorly occurred in comparison with
luminescence radiation. This phenomenon can also be interpreted
somewhat like the formation of crystal salts in a supper saturated
solution. The lower concentration of salts, the larger crystalline size
is generated; therefore, larger aerosols (i.e., more hydration no.) are
expected from diluted phosphorous species.
H2+O2
H2+OH

·

→

2OH

(Eq. 4)

→

H +H2O

(Eq. 5)

·

A reverse correlation was observed between the relative humidity
percentage (RH%) and concentrations of PO43- at ng mL-1 levels in
different environments such as about 15 and 45% RH according to the
results shown in Figure 6. This behavior again pointed to the effective
role of hygroscopic growth factor during scattering the phosphorous
species inside H2/air flame, which generated water as the product of the
reaction between hydrogen and oxygen (Eqs. 4 and 5). This result was
in good agreement with the results obtained during estimation of the
scattering radiation using instruments such as online forward-scatter
visibility meter, integrating nephelometer and multi-angle absorption
photometer [39].

Figure 7: CCD images related to the introduction of various phosphorous
species to the CRDS system.

Figure 8: Trace diagram during analysis of PO43- 10.0 µg mL-1.

Hygroscopic growth factor was also defined as the ratio of aerosol
scattering coefficient, f(RH) at wet condition to that at dry condition (RH ≤
30%) according to the equation reported in Ref. [39]. In this system, based
on the results shown in Figure 6, the RH% of the two different conditions
(RH% 15 and 45) was found to be 1.36, which pointed to the effective role
of the environmental RH%. This factor was considered as aerosol particle
backscatter coefficient, which was dependent on the size and morphology
of the aerosols particles [43]. The relationship between the hygroscopic
growth effects and the aerosol volume concentration was evaluated by
observing a stronger increase in the fine mode volume concentration of the
phosphorous-containing aerosols during increase in the quantity of RH%
inside the H2/air flame.
The relationship between the size of aerosols and the phosphorous
concentration can also be evaluated via following the hydration number of
the phosphorous species. In this study, the same behavior can be observed
for phosphorous species inside a humid flame generated using H2 and O2.
However, hydration number of phosphorus aerosol can be discussed using
the extended Debye-Hückel equation using the parameter called “mean
distance approach of the hydrated ions”. Based on this term, the thicker the
hydrated layer of phosphorus species, the more was the activity coefficient
and the higher was the activity of phosphorus species.
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Figure 9: Calibration curve of phosphorous compounds at ng mL-1 and µg mL-1
levels.

The intensity of the scattered light was independent from that
proposed by Saha equation [44]. The Saha ionization equation was
an expression that relates the ionization state of an element to the
temperature and pressure. In this study the Saha equation described the
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Linear dynamic range

Correlation coefficient (R)

Calibration sensitivity

RSD (%)

Detection limit (ng mL-1)

PO43- (1-20 µg mL-1)

0.998

0.348

11.0

-

PO43- (10-250 ng mL-1)

0.999

-57.46

12.0

5

Table 1: Analytical figures of merit during phosphorus detection and determination. Note: The data are the average of 70 sequential analyses.
Foreign species

Tolerance ratio

Interfering effect (%)

Comments

1000

No interference

-No interaction with phosphorus species
-Not emission radiation

NO3-

500

~3% enhancement

-No interaction with phosphorus species
-Low emission radiation

K+, Co2+

500

No interference

-No interaction with phosphorus species
-Not emission radiation

NH4+

1000

No interference

-No interaction with phosphorus species
-Not emission radiation

Ca2+

500

No interference

interaction with phosphorus species and
formation precipitate Calcium phosphate
(KSP=2.07 × 10-33)

Fe3+

500

No interference

interaction with phosphorus species and
formation precipitate iron phosphate
(KSP=1.3 × 10-22)

Ni2+

500

No interference

interaction with phosphorus species and
formation precipitate nickel phosphate
(KSP=4.74 × 10-32)

SO42-

200

~20% Enhancement

Molecular emission of sulfur

CH3COO−, Cl-, Br-, ClO4-, I-, CN-, COO-,
CO32-

Table 2: Effect of foreign species on phosphorus determination.
Methods

Analyzed sample

Linear range

Detection limit

Spectrophotometry

Seawater

0.034-1.134 µM (3.213-107.163 ng
mL-1 )

-1

1.4 nM (0.1323 ng mL )

[48]

Fluorimetry

River and marine waters

0.3-4.0 µM (28.35-378 ng mL-1)

0.3 µM (28.35 ng mL-1)

[49]

Wastewater

0.026-0.485 mM (2475-45832 ng
mL-1)

7.4 µM (699.3 ng mL )

[50]

Water

2.0 × 10 -1.0 × 10 gmL (0.2-10
ng mL-1)

Electrochemistry

Human serum sample

Ion exchange chromatography

Spectrophotometry

Reference

-1

gmL (0.08 ng
mL-1)

[36]

1.0 × 10 - 100.0 × 10 mol L (94.5945000 ng mL-1)

3 × 10 mol L (283.5 ng
mL-1)

[51]

Drug product

2-200 µg mL-1 (2000-200000 ng mL-1)

1 µg mL-1 (1000 ng mL-1)

[52]

Present study

Drinking water

10.0-250.0 ng mL-1 and 1.0-20.0 µg
mL-1 or (1000-20000 ng mL-1)

5.0 ng mL

This work

Real sample

Proposed method
(ng mL-1)

Drinking water 1
Drinking water 2

Electrochemiluminescence

-10

-8

-6

-1

-6

-1

8.0 × 10

−11

-6

−1

-1

-1

Ion exchange chromatography
(ng mL-1)

Relative error (%)

19.00

19.51

-2.60

17.01

17.30

-1.68

Drinking water 3

10.15

10.43

-2.68

Well water1

25.82

26.35

-2.01

Well water 2

8.71

8.43

+3.32

1

Table 3: Real sample analysis. Where, 1Ion exchange chromatography was considered as Ref. method [47].
Electrochemistry

Human serum sample

1.0 × 10-6- 100.0 × 10-6 mol L-1 (94.5945000 ng mL-1)

3 × 10-6 mol L-1 (283.5 ng
mL-1)

[51]

Ion exchange chromatography

Drug product

2-200 µg mL (2000-200000 ng mL )

1 µg mL (1000 ng mL )

[52]

Drinking water

10.0-250.0 ng mL-1 and 1.0-20.0 µg
mL-1 or (1000-20000 ng mL-1)

5.0 ng mL

This work

Present study

-1

-1

-1

-1

-1

Table 4: Comparison between the introduced method and the previously reported method.

degree of ionization of the atomizer as a function of the temperature,
density, and ionization energies of the species [45]. If Saha ionization
occurred, the amount of emission would increase a little. However the
Saha equation only held weakly ionized plasmas for in which the Deby
length was large [46,47]. The independency of the scattered light with
the Saha phenomenon was evidenced via observation of no significant
response during independently analysis of inorganic species such as
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Na+, K+ or H3PO4. Consequently, this phenomenon clearly pointed
to the presence of strong interaction between Na+ and phosphorous
species during introduction of aerosols to the H2/air flame.
Based on this principle, trace quantity of Na+ ions as radiation
buffer was stabilized inside the flame and played a role such as the
incident laser light for scattering process, resulting to get blue radiation
instead of green chemiluminescence of phosphorous species or even
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standard solution. The results are reported in Table 2. The only observed
interference was evaluated during introduction of 200-fold excess of
SO42-. These results clearly pointed to the selectivity of the recommended
technique for rapid and sensitive determination of phosphorous species
in various real samples without any interfering effects.

Real sample analyses

Figure 10: Effect of various kinds of phosphorus species 10 µg mL-1 at pH 2.6.

the emission of Na+/Na inside the flame. All these evidences pointed
to the effective role of a parameter called hygroscopic growth factor
during formation of aerosols.

Analytical figures of merit
Figure 7 exhibits the CCD images related to the introduction
of various phosphorous species to the CRDS system. Figure 8 shows
sample trace diagram during analysis of po43- (10.0 µg mL-1) during
the image analysis. The calibration curves had also been shown in
Figure 9. As shown, the calibration curves had two significant linear
ranges. Based on the calibration curve, sensitivity with positive slope
was observed in the emission intensity depending on the concentration
of phosphorus species at µg mL-1 levels during both scattering and
luminescence phenomena. Whereas reverse behavior was exhibited
during analysis of phosphorous compounds at ng mL-1 levels by the
scattering phenomena. Based on the literature, this was related to the
“Aerosol Hygroscopic Growth Factor” [39]. Two linear calibration
curves with reverse slope was therefore observed between 10.0 – 250.0
ng mL-1 and 1.0 – 20.0 µg mL-1 with correlation coefficients (R2) of 0.998
and 0.999, respectively (Figure 9). The calibration sensitivity was also
estimated to be 0.348 and -57.46 (a.u.), respectively.
The detection limit was defined as the concentration of phosphorous
species giving a signal equal to the blank signal plus triple values of the
standard deviation of the blank. Based on this definition, the limit of
detection was found as 5.0 ng mL-1.
The relative standard deviation (RSD%, reproducibility) for 5
replicate analyses for each 10.0 ng mL-1 and 10.0 µg mL-1 PO43- was
found to be 12.0 and 11.0%, respectively. Based on the definition of the
response time, 90% of maximum response (t90), the maximum response
time was evaluated to be ~10.0 s. Table 1 shows analytical figures of
merit during phosphorus detection and determination.
Figure 10 compares the HPO* emissions measured during the
introduction of 3.0 mL of each phosphorus in 10.0 µg mL-1 solution to
the reaction cell containing 20.0 mL HClO4 at pH 2.6. As shown partially
the same emission intensity was detected during introduction of 10.0
µg mL-1 of each phosphorous species such as Na2HPO4 (RSD=4.3%,
n=28), Na3PO33 (RSD%=6.1%, n=37), Ca(H2PO2)2 (RSD=6.1%, n=38),
and P2O5 (RSD=6.8%, n=40) at pH ~2.6.
No serious interference was evaluated during analysis of at least
500-fold excess of various anions such as CH3COO−, Cl-, Br-, ClO4-,
I-, CN-, CO32-, NO3-, I3- and various cations such as, NH4+, Na+, Fe3+,
K+, Ni2+, CO2+, Ca2+ to a 10.0 µg mL-1 and 10.0 ng mL-1 of phosphate
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The reliability of this method was evaluated via selective
determination of phosphorus in various drinking water samples
according to the recommended preparation procedure. For this
purpose standard addition method was used during the analyses of
some drinking water samples. The results are reported in Table 3. As
shown good correlation was evaluated between the results obtained
from this technique and ion exchange chromatography during analysis
of drinking water samples that clearly revealed the reliability of this
method for detection and determination of species such as phosphorus
compounds.

Conclusions
In this study, a new method has been introduced based on
aerosol hygroscopic growth as a new factor for trace and ultra-trace
determination of phosphorus in flame containing OT-CRDS. The
advantages and disadvantages of the technique for phosphorous
determination have been compared to the articles shown in Table 4.
Compared to these reports, this technique has significant characteristics
such as high sensitivity, high selectivity, capability to determine
phosphorus compounds in a wide range between 10.0 - 250.0 ng mL-1
and 1.0 to 20.0 µg mL-1 with improved detection limit, simplicity, and
low cost. To the best of our knowledge this study is the first report that
Mie scattering is followed for determination purposes using a simple
design of OT-CRDS.
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