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Abstract: Simple physical characterization of water evaporation can provide detailed information
regarding its component distribution in particulate matter (PM) samples. The water presence in PM
can greatly influence its polarity and subsequent reaction activity, for example, in secondary inorganic
and organic matter formation. In this study, the presence of PM-bound water is detected using the
Karl Fischer titration method in a temperature gradient with an aim to quantitatively assess different
types of water occurrence. The analyses were initiated by testing two reference materials, namely
urban particulate matter 1648a and urban dust 1649b (NIST). Four different types of water were found
in both NIST materials, which helped to optimize the temperature ramp program and its adjustment
for real PM samples. It was found that water contents in total suspended particles (TSP) are similar
to those typically occurring in urban background stations—approximately 7.12-45.13% of the TSP
mass, differentiated into the following water mass contributions: 48.5% of the total water found was
loosely bound water; 23.3% was attributed to the absorption water; while the missing 20% could be
probably attributed to crystal water removed only above 180 °C and artifacts connected with the drift
correction problem. By comparing water release curves for single PM-compounds like pure SiOjy;
Al,O3; NH4NOj3; (NHy),S0O4 and NH4Cl with water spectra obtained for real PM samples, it was
found that water in particulate matter mainly comes from the dehydration of TSP-bound crystalline
like Al O3, 5iO; and to a lesser extent from salts like NH4NO3; (NHy)2,50O4 and NH4Cl. A newly
used thermal ramp method was able to assess water contents from Teflon—polypropylene baked
filters characterized by low melting points and therefore filter degradation even under temperatures
oscillating around 200 °C. The advantage of this new work is the separation of different types of
TSP-bound water contributions, facilitating and promoting further research on the origin of PM-bound
water and its role in atmospheric chemistry, secondary aerosol formation and visibility.

Keywords: air and emission monitoring; Karl Fischer; titration; particulate matter; water; PM-bound water

1. Introduction

The presence of PM-bound water (water bound to PM particles, also liquid water in hygroscopic
particles) is one of the factors responsible for the discrepancy between its gravimetric mass and the
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chemically reconstructed mass calculated by summing up its chemical compounds [1-7]. Water in PM
may occur as loosely bound water (also adsorption water) and constitutional water—strongly bound to
ambient PM and irreversibly associated with the chemical structure of PM-forming compounds under
normal conditions [8-10]. The strength of this binding will vary depending on the chemical composition
of PM, and also on its origin (source of PM emission). An attempt to quantify the water content related
to PM particles supported by qualitative information regarding types (classes) of water present in PM
has so far appeared in only a few papers [8,11]. In general, the mass ratio between loosely/strongly
PM-bound water can be described by two key parameters. The first one is deliquescence relative
humidity (DRH), describing the threshold of relative humidity at which the phase becomes saturated
liquid. The second one is crystallization relative humidity (CRH), the humidity at which nucleation
occurs and initially the aqueous solution goes into the crystalline phase [12]. Constituents like sulfates
and nitrates drive aerosol water uptake, but also hydrophilic organic compounds can promote the
uptake of water [13,14], especially under high humidity conditions [15]. Both the amount of adsorbed
water as well as the presence of secondary ammonium salts can be responsible for generating positive
mass artifacts [16]; for example, gaseous NH3 and HNOj favors the formation of NH4NOj3. Increases in
ambient relative humidity can increase aerosol liquid water and thus the composite particle mass and
particle volume, thereby being responsible for exceeding the regulatory limit values [11]. The amount
of water to PM can vary from a few to several dozens of mass percent [17]. Given the variable
chemical composition of PM, the presence of water will also differ depending on its origin (source of
emission, sampling point location). According to model estimates made by Tsyro et al. (2005) [18],
the share of water associated with PM2.5 at a relative humidity of 50% ranged from 20% to 35%.
Under somewhat lower RH—30%, in Sapporo—water comprised 0.4-3.2% of total particulate matter
(TPM) [19]. Significantly lower water contents of about 10.6% for the PMjq fraction and 13-23%
for PM; 5 were found in Switzerland under 50% relative humidity using mass closure, the most
popular method of determining water as the missing element of PM [1]. In the majority of papers,
the amount of water is given only as the estimation; this mostly applies to the implementation of the
mass closure method, where the missing mass of PM is attributed to the presence of water [1-6,20].
Results obtained by Rogula-Koztowska (2016) [5], when analyzing mass closure for size-segregated
PM indicate that the unidentified share of mass was even 37.5 % in the case of PM;(_49 and greatest
among all shares found in the basic fractions. Apart from water, this mass can be attributed to organic
compounds and to nitrates that evaporate during handling of the PM samples and of unidentified
organic compounds [12,18,21]. An important conclusion from this work was that PM1q_49 is supposed
to be most hygroscopic since this fraction is rich in hygroscopic compounds (Al,O3, CaCly, NaCl, etc.).
The built-in water, like water present in the crystal lattice of crystalline solids, can only be removed from
PM under higher temperatures or under the influence of dehydrating agents. Information regarding
the influence of temperature on the creation of metastable intermediates of PM in relation to the particle
dimensions is of much interest since anhydrous PM have a completely different crystal structure and
physical-chemical properties compared to its stable hydrates. Wet and dry particles differently control
air pollution [5,22], visibility [23] and also health effects due to variations in aerodynamic diameters [8].
The results obtained from cited works suggest that the presence of water in PM is not only an indicator
of its physical and chemical properties, but in well-planned experiments, including the characterization
of the water contribution due to structurally-bound water may be used as a tracer (marker) of its
probable origin [11].

The presented work aims to quantify the presence of PM-related water in real PM samples using
the Karl Fischer titration method extended by gradual evaporation of water from the sample in the ramp
program. This method allows for the assessment of the content of various types and shares of water
associated with total suspended particle (TSP) samples. An increasing interest in understanding the
dehydration (water release) pathways of PM particles result from the fact that the chemical properties
in the wet state differ from its anhydrous counterparts and therefore differently respond to all chemical
processes occurring in the atmosphere.
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2. Materials and Methods

2.1. Sampling Area and PM Samples Collection

TSP samples were collected at an urban background station in Warsaw (central Poland),
where the Ursynéw meteorological station at the Warsaw University of Life Sciences (WULS) is
located (AE 21°02’52”, N 52°09’38”, 102.5 m a.s.1.) (Figure 1). The sampling site in Warsaw works
under the regional air quality monitoring network in Mazowieckie Voivodship. The sampling point
is representative for an urban background site. However, as presented in a number of our previous
papers [7,24,25], this area is subjected to emissions from traffic, since it is surrounded by a great
number of heavily trafficked streets (the nearest ones are located just 500 m to the southeast and
1000 m to the south from the sampling point) and densely built up with low residential buildings
either connected to the district heating network or heated with local coal-, gas- or electricity-powered
boilers. The distance from the heavily trafficked center of Warsaw is about 7000 m to the north
and northeast and about 3800 m in the northeast direction from the largest Polish heat and power
generating plant “Siekierki” with a heat capacity of 2 MW and power generation capacity of 622 MW.
The 24-h TSP samples were collected in autumn from 4 to 14 October 2018 and were a part of longer
measurement campaign within the project “Atmospheric water as a marker of PM origin” coordinated
by IEE PAS (contract no 2016/23/D/ST10/02705). Both TSP and PM; samples were collected onto PTFE
(Polytetrafluoroethylene)-polypropylene-backed filters (Whatman, & 4.7 cm; 0.5 pm QM-A) using a
low-volume (2.3 m3/h) air sampler, (Twin Dust; Zambelli Milan, Italy) equipped with the TSP and PM;
sampling heads (Atmoservice; Poland). TSP and PM; samples were equilibrated for 48 h and weighed
twice under moisture and temperature conditions set in EN 12341:2014 [26], standard gravimetric
method (air temperature of 20 + 1 °C and relative humidity of 50 + 5%) by means of Mettler Toledo
microbalance (range: 0.001 mg—0.1 mg; resolution 2 ug, USA). After the first weight measurement
(after 24 h) filters were returned to Petri slides and conditioned for another 24 h in the weighing
environment, after which the subsequent mass measurement was performed. Each filter was therefore
measured four times (twice after 24 h and twice after next day). The average samples masses were
further used to calculate water mass as a wt % percentage. Only TSP samples were subjected to water
determinations. Water was measured as PM-bound water without any partitioning for water vapor
and particulate water.

Analysis of PM-bound water was made from PTFE—polypropylene baked filters, which choice
encountered some analytical problems. To establish the temperature behavior of the PM collected
on Teflon media and in single TSP-bound compounds, the conditions of the water release must be
identical. Taking into account the inseparability of the particulate sample from the filter media in the
case of traditional sampling and the fact that the temperature at which the decomposition begins is
around 200 °C [27], followed by a rapid decomposition above 400 °C [28], the maximum temperature
of the water release cannot be set above this point. This discloses the possibility to assess the water
contribution typical for example for carbon compounds (carbon pyrolysis > 400 °C).

2.2. Meteorological Parameters during Measurement Campaign

In the course of observations, basic meteorological conditions were collected at Ursynow-SGGW
(Warsaw University of Life Sciences) meteorological station according to the guidelines and operational
schemes developed by the Institute of Meteorology and Water Management. The following
meteorological parameters were monitored: average air temperature, Tmax, Tmin, air relative humidity,
atmospheric pressure, total precipitation. Hourly gathered meteorological data was averaged for daily
24 h measurements from 12.00 a.m. to 12.00 a.m.
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Figure 1. The map of Poland with marked Warsaw city (left) and Warsaw University of Life Sciences
(right), with exact location of the sampling site 52°9'39.14” N; 21°2'47.72” E (red arrow).

2.3. Apparatus

After weighing, filters were moved into dried vials (250 °C, 24 h; stored in a desiccator) and closed
by aluminum septum caps (with silicone membrane). Temperature and humidity conditions in the
weighing room were the same as inside the Karl Fischer laboratory room to eliminate the possibility of
additional water sorption. Water determinations were performed by means of the Karl Fischer titration
method with the usage of Karl-Fischer 831 coulometer equipped with an 874 Oven Sample Processor
(fully automated coulometric method; Metrohm AG, Herisau, Switzerland). Hydranal-Coulomat;
AG-Oven, SigmaAldrich, MO, USA was used as titration reagent (150 v/v). The parameters of the water
extraction were adjusted following data published by Canepari et al. (2013) [11]. A fully regenerable
(300 °C for 24 h) Hydranal-molecular sieve 0.3 nm (Metrohm AG, Herisau, Switzerland) was used
as a drying agent for the carrier gas (air). The moisture contained in the sample evaporates and is
transported by a dry carrier gas into the titration cell.

In this coulometric titration method, the end point is determined by electrochemical means.
In other words, water present in a filter sample is consumed by the Karl Fischer reaction until a
slight excess of iodine accumulates, which is detected by double Pt electrode and defines the end
of the titration (end point, EP). When selecting the temperature to be used for driving off the water,
the thermal stability (instability) of the particular sample was taken into account, as well as the fact
that water is only released at a sufficiently rapid rate at temperatures above 100 °C. The maximum
temperature of water release was adjusted to achieve complete samples drying, while keeping the
temperature below the filter melting point (the PTFE filter keeps its stability below 200 °C). Oven
temperature should be chosen as high as possible to ensure short determination times but still be
20 to 30 °C below the decomposition temperature. Therefore, 180 °C was used as upper extraction
temperature limit.

The analyses were performed in a ramp function, which allows to set heating ramps. To compare
water release curves between real PM samples and selected PM compounds, the same ramp program
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in the range of 50-180 °C was used for each measured sample. The thermal steps used in this work
were published previously in a few studies regarding the qualitative detection of water presence in
PM samples [11,29]. In this work, the following thermal ramp process was used: 5 min at 50 °C
(1st heating block; FP1); from 50 to 120 °C at 14 °C/min (2nd heating block); 5 min at 120 °C (FP2) from
120-140 °C at 12 °C/min (3rd heating block); 2 min at 140 °C from 140-160 °C at 14 °C/min (4th heating
block), from 160-180 °C at 14 °C/min (5th heating block), and 20 min at 180 °C (6th heating block; FP3),
adjusted to PTFE filters. Normally, titration to dryness in single heating block is communicated by
obtaining low drift (usually <10 ug H,O/min). When the original stable drift value is reached, titration
stops and the end point value is displayed. Some modifications were made to the default settings
regarding identification of the end point value with an aim of further titration in the 2nd-6th heating
blocks. When using the thermal ramp function it was necessary to exclude the end point identification,
signaled as the return of the drift to its baseline value. Therefore, the minimum value of the difference
between the indicator platinum electrodes was set at 30 mV, and the limit value of the drift was set at
1 pg/min. The total extraction time was significantly elongated to 3000 s. Some modifications were also
made regarding subtraction of the blank water contents from those found in the measured samples.
The software automatically calculates the amount of released water by subtracting the baseline drift
value from the final water contents, where the baseline drift is extrapolated by multiplying its initial
value to the end of the analysis. As a consequence, an elongation of the analysis (extraction time) to
3000 s increases the drift contribution to the final water contents in measured samples. To achieve
the best accuracy of results and reduce the influence of moisture conditions inside laboratory room,
the operative blank measurements were carried out after each 4th sample and the final water contents
were calculated by subtracting the blank water contents from each point of the water release curve,
as presented in Figure 2.
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Figure 2. (Left): Original signal from two examples of the real total suspended particles (TSP) sample:
orange and green line (before blank subtraction) and two blank samples—the red line represents the
relative Teflon filter blank inside the empty dried vial, while the blue one is for the operative blank
(empty vial dried in oven and kept in dessicator). (Right): Karl Fischer analysis of 10 blank samples
(five intra-day blanks and five inter-day blanks).

The intra-day (water release curve performed and inter-day (water release curve repeated on two
consecutive days) variability in the blank water contents were measured (Figure 2) and the results are
presented in the method validation section (Section 2.4).

2.4. Method Validation and Quality Control

Additionally, we used a relative blank value (the remaining air volume, i.e., the moisture adhering
to the vessel walls, vial cap and septum) when calculating the water content of the samples. This was
performed by analyzing ten empty vials at the ramp temperature each day when water analyses were
carried out. The results were presented as intra-day and inter-day variability in the relative blank
water contents.
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The limit of detection (LOD) and limit of quantification (LOQ) were calculated by measuring the
water concentration corresponding to the sample blank value plus three standard deviations and plus
ten standard deviations, as shown in the following equations:

LOD = Xp1 + 3Sp1 1)

LOQ = Xp; + 10Sy,; ()

where Xy, is the mean concentration of the blank, and Sy; is the standard deviation of the blank
(10 replicates).

For blanks prepared in laboratory conditions (dried, empty vials capped in the room, where the
KF apparatus is being kept), the following results were obtained for typical intra-day variability in
the blank water contents: LOD = 12.6 pg and LOQ = 42.05 ug. In the case of inter-day variability,
those values were as follows: LOD = 19.4 pg and LOQ = 64.78 pg. The influence of the drift signal
variability increased with the duration of the analysis. In our conditions, those variations were
0.08 pg/min and 0.13 pug/min for intra-day and inter-day variations, respectively (10 replicates of the
operative blank).

Hydranal Water Standard KF-Oven 220-230 °C (HYD; Fluka Analytical) and Apura Water Standard
Oven 1%, (WSO; ACS Merck KGaA), containing 5.55 + 0.05% and 1.0 + 0.03% of water, respectively
were used for controlling the KF oven. According to information prepared by Fluka (Hydranal Manual)
and given in the certificate of analysis of both certified reference materials the optimum sample quantity
was 80 mg in the case of WSO and 200 mg in the case of HYD (three replicates). The recoveries of water
from WSO and HYD were 0.95 + 0.004% and 5.55 + 0.01%, respectively.

Table 1 presents the recovery values for two standard reference materials used popularly in
KF oven determinations. The amounts of those materials were weighed according to information
presented in Hydranal Manual guidance [30]. In all cases, the recovery value was close to 100%,
while the repeatability estimated on the basis of SD values was better for WSO (Apura Oven) material,
which can be associated with the better stability of water present in this standard, compared to Hydranal.
Good recoveries were also obtained (Table A2) for reduced SRM (Standard Reference Material) mass,
much beneath one recommended in the certificate and close to masses typically obtained for 24 h
TSP sampling using LVS (Low Volume Sampler, approximately 3000 pg per filter). When analyzing
water amount in single TSP compounds, we used as an inorganic carbon imitation a Multiwall Carbon
Nanotubes (SRM 2484, raw soot) produced by NIST.

Table 1. Recovery of water from Hydranal Water Standard KF-Oven (HYD) and Water Standard Oven
(WSO) standard reference materials (n = 3).

WSO SRM Mass ug Water Content ug Recovery %
WSO1 92110 879.6 95
WSO2 84844 804 94
WSO3 97286 9225 94
HYD1 205260 11419 101
HYD2 208954 11603 100
HYD3 170004 9419.7 99

2.5. Statistical Analysis

The obtained results were analyzed using the Statistica package for Windows version 13 (Stat
Soft, Cracow, Poland). Summary statistics (mean, standard deviation, minimum and maximum)
were determined for TSP samples (ug/m3) and TSP-bound water (ug/m3), and also presented as a
percentage of water in TSP mass (%). The water content in the single TSP compounds (SiO,, Al,Os3,
NH4NO3, (NH4);SO4, NH4Cl and carbon nano-tubes) was measured as g/kg of measured substance
and presented in Table 2.
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Table 2. Spearman rank correlation coefficients between 24-h concentrations of TSP, PM;, TSP-bound
water and meteorological factors in Warsaw (p < 0.05).

. Temerature Humidit Pressure . o Tmax ** Precipitation
Variable cl [%] y [hPa] Tmin * [°C] [°C] [rﬁm]
TSP [ug/m3] 0.05 —-0.06 -0.24 0.00 -0.04 -0.10
EP1 total water [ug] -0.08 -0.05 -0.23 -0.23 0.05 -0.40
FP1 water at 50-120 °C [ug] -0.07 0.02 -0.05 -0.23 0.15 -0.40
FP2 water at 120-140 °C [ug] -0.07 0.02 -0.05 -0.23 0.15 -0.40
FP3 water at 140-180 °C [ug] -0.01 -0.05 -0.06 -0.15 0.18 -0.40
TSP [ug] 0.20 -0.07 -0.29 -0.17 0.07 —0.40
PM1 [pg] 0.41 0.05 0.70 0.45 0.54 -0.40
TSP/PM1 [pg] -0.33 0.01 -0.54 -0.29 -0.53 0.40

* minimum Temperature, ** maximum Temperature.

Descriptive statistics regarding TSP, PM; concentrations and meteorological conditions, together
with the results from TSP-bound water determinations, are presented in Table A1 in the Appendix A.

3. Results and Discussion

3.1. Relationship between PM (TSP; PM1) Concentrations and Particulate Water Contents, Including Total
Water and Different Temperature-Dependent Water Contributions

The PTFE filters have many advantages in water determination, like, most importantly,
their hydrophobic (water resistant) character, chemical inertia, and high collection efficiency estimated
at 99.99%. However, next to those advantages stands their disability for longer collection, especially
during high concentration episodes, since they easily become clogged and the declared air volume
capacity cannot be obtained. Therefore, the masses of PM sample possibly collected onto those
filters are much smaller compared to quartz or glass filters, negatively affecting the total amounts
of PM-bound water available for the detection. Some previous research was carried out in order to
characterize the influence of air relative humidity on the amount of water absorbed by filter media [31].
We indicate that blank water values found in quartz fiber filters (2529 ug per filter) are even 30 times
higher compared to those typical for PTFE membranes (81.8 g per filter) under normal conditioning
parameters (50% RH). When comparing the water release curve between operative and relative filter
blanks, it becomes obvious that water contents in PTFE filters are almost inseparable from ambient
air water contents (Figure 2 left). PTFE filters are therefore considered as the most suitable media for
assessing water in PM samples. To optimize the analytical method, further analyses were performed in
order to determine the inter-day and intra-day water variability in PTFE filter blanks. The performed
tests showed a good repeatability in the case of analyzing blanks on the same day (52 + 4.2) and
between subsequent days, with some higher water contents (on average 28 + 6.4 ug) in the case of
inter-day variations (Figure 2 right).

Any deviations in temperature, humidity or pressure conditions in the weighing room modulate
water vapor contents but also the hydrophilic or hydrophobic nature of the PM-bound water. To assess
the blank contents of PM-bound water, filter blanks were first equilibrated and their water contents
were determined in the conditions equal to those met during conditioning step (needed to eliminate
any rises/loses of water vapor during weighing and further analysis). In this study, conditions
recommended by EN 12341:2014 standard were used [26]. Our previous research [31] indicates that
in the case of filters made from PTFE, the absolute difference in filter-bound water mass (calculated
for single PTFE filter) conditioned at 40% and 50% RH in the weighing room is only 14 ug, while the
variation in filter mass is approximately two times higher and equal to 28.4 pug. The variations of
weakly-bound water contents due to differing humidity conditions (typically occurring in our weighing
room) is negligible compared to PM-bound water contents. Moreover, the rise of water sorption in the
case of the most hydrophobic Teflon filters was rather stable and almost equal between 20-50% RH
and 50-90% RH. Under 50% RH, the mass concentration of water [%] was 0.06% of the filter mass,
while under 90% RH it was 0.15%. The performed analysis gave us the answer to the question of to
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what extent conditions in the weighing room modulate filter-bound water contents; however, this does
not respond to the question of which part of the filter blanks comes from water vapor and which from
constitutional water embedded in filter material. The presented results cannot be strictly transferred to
loaded filters, where the chemical composition of PM as well as its physical state affect the amount of
water absorbed as both water vapor and particulate water.

After calculating blank water content, the second step was optimization of the thermal ramp
program [Figure 3]. As is well known, the curve profile of each measured substance strongly depends
on the thermal ramp process used (Section 2.3). As previously described by Canepari et al. (2013) [11],
with the usage of linear temperature toward NIST material (1649a), only a single water contribution
is captured, relative to the total water content. When optimizing the thermal process by step-rise in
temperature, different water contributions could be obtained. In this study, the temperature profile was
lowered to 180 °C in the final step, while Canepari et al. (2013) [11] used 250 °C as the maximum upper
temperature. Temperature limitations imposed by the usage of polypropylene-backed Teflon filters
resulted simultaneously in insufficient separation between first and second peak on the water release
graphs in the case of NIST materials. The KF curve in the case of 1649b material is almost identical
as in the case of that used by Canepari et al. (2013) [11] for 1649a standard. A significant difference
is observed, however, when comparing the profiles of 1648a and 1649b samples [Figure 3]. The first
biggest weight loss is observed beneath 120 °C, attributable to loosely bound water, the second peak in
both cases occurred in the range 300-600 s which corresponds to the temperature range of 120-130 °C.
The third highest water loss occurred in the temperature range below 140 °C, followed by the fourth,
with a much smaller peak in the temperature range 150-180 °C and a fifth one, with a large peak in
the temperature range above 170 °C. The first peak in the NIST 1648 water release curve occurs in
the range of 0—400 s and can be described as weakly adsorbed moisture, with the next well-defined
contribution in the range 500-700 s, and the last one above 1300 s. The operational definition of water
contributions used in this study (weakly retained water beneath <120 °C, and strongly retained water
>120 °C) applies only to PM samples conditioned under 50% RH and 20 °C.
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Figure 3. Water release curves for certified reference materials (urban dust): NIST 1648a (6.122 mg)
(left) and 1649b (5.822 mg) (right).

When analyzing real TSP samples collected in Warsaw (Figure 2), it was found that water contents
in those samples were on average 250.6 + 166.1 pug and in the range of 42.5-543.1 pg and reached
values typically found in urban background sites. The mean concentrations of TSP-bound water were
in the range 5.30 + 3.07 ug/m3. Such water levels were determined from sample weights typically
found at this site, accounting for 0.59-1.62 mg and similar to those previously tested by Canepari et al.
(2013) [11] (range 0.5-2.9 mg). The masses of collected samples oscillating around 0.5 mg are therefore
sufficiently high enough to obtain analytical signals well above the limit of detection values. In general,
water constituted about 7.12-33.53% of the TSP mass collected in Warsaw and correlates well with
sample mass (Figure 4). The presented work does not aim to analyze the variations depending on size-,
season-, location-, or meteorological conditions in PM-water bound concentrations but is rather a case
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study regarding the qualitative composition of TSP-bound water. Our previously published papers
already provided some explanation regarding the dependencies between the source and the water
presence in the receptor [7] as well as a state of knowledge regarding mass relations between coarse
PM and fine PM in Warsaw [24]. In this work, we found that the fine PM; fraction constitutes about
56% of the TSP, which is in agreement with the findings of Rogula-Koztowska et al. (2019) [7] and
gave us some tips to conclude that a significant portion of PM-bound water can be present in this size
fraction. During summer periods, the PM; mass in Warsaw is the main contributor to PMj, averaging
about 60% of its mass, while in the winter period this relation moves toward PM;g with a PM;/PMjq
mass ratio of approximately 40% [7]. The conclusion is that during the heating season, the TSP at the
SGGW (Warsaw University of Life Sciences) sampling point is dominated by fine particles. Simple
comparisons of particle mass ratio cannot be directly used for any inference about the distribution of
water contents in different size fractions of PM. This aspect is more complicated and needs further
research. In winter periods, water will likely come mainly from organic compounds released into
the atmosphere from residential heating sources and will be assisted by elevated concentrations of
NH, ", 5042_, and Cl” ions. In summer, PM-bound water presence will be correlated with nitrate
concentrations and dust resuspended from roads [5,32], which is also observed in other urban areas
in Poland [33]. In the case of fine PM fractions, those relations will be more prominent compared to
TSP and modulated by seasonal activity of emission sources such as residential heating and enhanced
combustion from motor vehicles. To provide some overview on the probable classes of water occurrence
in TSP, the results from the qualitative analysis are presented (Figures 5-9).
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Figure 4. (Left) diurnal mass of TSP and particulate matter (PM); collected on filter media.
(Right) concentrations of TSP and TSP-bound water pg/m3 at Warsaw urban background station.
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Figure 5. The average for the sampling period amount of TSP-bound water release from
polypropylene-baked Teflon filters in different temperature ranges: total released water (50-180 °C);
water loosely bound to TSP (50-120 °C); water strongly bound to TSP (120-140 °C and 140-180 °C).
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Figure 6. Water release curves (water ug) for real TSP samples and their drift profiles (pg-s’l) over
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Figure 9. Water release curves for NH;NO3 (55-83 mg); (NHy)>SO4 (57-63 mg) and NH4Cl
(52-70 mg) samples.

In most cases, the only water contribution in the case of real TSP samples was found in the range
0-500 s, and this water contribution can be described as loosely bound water—mostly the moisture
present as water vapor. The average amount of water in this step (calculated on the mass basis) was
on average 130 + 102 ug, while under the next temperature steps (120-140 °C) and (140-180 °C),
the amount of water release increased for just about 41 and 38 pg, respectively. This strictly suggests
that TSP moisture is released to the greatest extent in the first temperature step, followed by the
120-140 °C temperature range.
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We see that the amount of TSP-bound water released under the first temperature range constitutes
48.5% of the total water determined (Figure 5). In the case of (120-140 °C) and (140-180 °C) temperature
ranges, those amounts comprised 13.7% and 10.7% of the total TSP-bound water, respectively.
The missing part of water, approximated to 20%, is probably constitutional water embedded in the
crystal lattice of PM compounds. The mass ratio between loosely (50-120 °C) and strongly bound
water (120-180 °C) was on average 1.98%, which suggests approximately a two-times higher amount of
loosely water compared to strongly bound (Figure 5). In terms of concentration, the average amounts
of loosely- and strongly-bound water were 4.73 pg/m?® and 2.39 pg/m3, respectively.

In the left panel of Figure 6, we present examples of the KF titration curves obtained while
analyzing real TSP samples collected in Warsaw (before blank sample subtraction). Most of the
analyzed samples had very similar profiles with a single peak in the time range 0-500 s. Some of them
however (like in the case of the sample featured with red line), show some different thermal profiles
including two peaks. Those two water contributions were observed over 0-500 s and 700-1100 s of the
extraction time. Such a profile was most almost identical to the one typical for Al;O3; and inorganic
carbon water release (Figure 7).

3.2. Qualitative Determination of Water Bound to TSP and to Selected Pure TSP Compounds

We compared the water release curves for real TSP samples (Figure 6) and their single compounds
(Figures 7-9). This was initiated by comparing water curves between TSP real samples, aluminum
oxide and inorganic carbon (multiwall carbon nanotubes) (Figure 7), which are the compounds
most often present in TSP samples collected near communication sites [32,34,35]. Especially during
summer periods, elemental carbon and crustal matter near communication sites can be present at
even equivalent quantities [32,36]. While the occurrence of inorganic carbon is usually connected
with exhaust emissions, aluminum oxide together with other crustal elements—Si, K, Ca, Ti, Mn, Fe,
Zn and Sr—originate mostly from dust resuspension and vehicle abrasion sources (i.e., tyre wear).
Those compounds were tested for their water contents in many papers [37] and are characterized by
thermal stability and high chemical purity. PM-bound oxides as well as inorganic carbon contain water
in different kinds of bonding states: adherent moisture, enclosed water and crystal water. Since both
tested compounds are hydrophilic [11,38], we suspected that water will be present mostly as weakly
bound species. It must be remembered, however, that the PM-bound water is a function of both the
relative amount of different chemical compounds and the their respective hygroscopicity under a
given RH, which means that larger quantity of a specific chemical (e.g., Al- and Si-oxides) does not
necessarily translate to larger contributions to PM-bound water. The results presented in Figure 7
(water release curves for Al,O3 and soot inorganic carbon nanotubes) indicate high contribution of
adherent moisture in the temperature beneath 120 °C in the time range of 0-500 s; with the tendency to
release water also in the range from 700-1100 s, probably due to significant portion of water inside the
pores. In Figures 8 and 9, examples of KF curves for silica (5i0;) and salts typically occurring in PM
samples are presented: ammonium nitrate (NH4NO3), ammonium sulfate (NHy4),SO, and ammonium
chloride NH4Cl. The second peak in Figure 8 occurring in the range 1900-2300 s (temperature around
180 °C) was characteristic for the NO;~ group, while the water release in the case of the NH4* group
occurred in the first temperature step (0-120 °C) and its kinetics for both NH4Cl and NH4NO; were
almost identical. When comparing those profiles with one obtained for real TSP samples (Figure 6),
the absence of water associated with NO3 ™ was observed. This is probably due to the fact that the mode
of NH4NO3-bound water occurs at the temperature close to 240 °C [11] and therefore was not detected
in our study. The water loosely bound to TSP was less than water strongly bound to PM particles.
No unique peaks were detectable when separating water from real TSP samples. This supports our
previous findings that TSP collected in Warsaw agglomeration consists in the most part of large
particles resuspended from roads and communication tracks.

The total amounts of water determined in the case of pure TSP compounds [Figure 10] were:
45.7-46.21 ug/mg (Si0;), 1.08-2.42 pg/mg (NH4NO3), 1.27-1.36 ng/mg ((NH4),SO,), 1.31-1.73 ug/mg
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(NH4Cl). The first water contribution in the range of 0-500 s is due to weakly adsorbed water
and is contained in all measured samples in the average amounts oscillating around 5.68 ug/mg
(5103y), 1.41 pg/mg (NH4NO3), 1.38 pg/mg ((NH4)2SO4), and 1.34 pg/mg (NH4Cl). In the case of SiO»,
the second water contribution occurs in the range 1100-1600 s and amounted to 1.33 pug/mg (Figure 9).
The results obtained by Canepari et al. (2013) [11] while measuring pure PM compounds indicate
somewhat different moisture contents. In their work, the measured water amounts were 0.9 + 0.07%
for chloride, 1.6 + 0.1% for nitrate and 8.5 + 0.4 for sulfate, while in this study, the amounts were
0.15 +0.02, 0.18 + 0.06 and 1.4 + 0.14, respectively. The most important differences regarding water
release curves occur above 180 °C, since water bound to ammonium salts were found in great amount
over 1500-3000 s (in Canepari et al. (2013) [11] in the temperature range 180-250°C).

50
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Si02 Al203 carbon NH4NO3 (NH4)2504 NHACI NH4HSO4
nanotubes
. 50-120 120-140 mmmE 140-180 emmm—fp]

Figure 10. Water contents in the single TSP compounds (SiO,, Al,O3, NH4NO3, (NHy4),SO4 and
NH,4Cl, carbon nano-tubes) measured as pug/mg of measured substance (1 = 3).

Obtained results were in compliance with the water adsorption ability published previously by
Canepari et al. [11] and Zotov et al. [39]. Thermal decomposition points for most inorganic salts used
int his work oscillates above 200 °C; while the extraction temperature used in this study was 180 °C
(a direct limitation of the usage of polypropylene coated Teflon filters for testing, which decompose
above 200 °C). Therefore it is possible that water bound to PM inorganic salts was not fully evaporated
and therefore not determined over titration process, artificially suggesting crustal matter as a main
PM-bound water contributor.

3.3. Relationship between 24-h Measurements of TSP, TSP-Bound Water and Meteorological Factors

Due to a short period of the PM collection any far-reaching conclusions regarding PM pollution
level and its correlation with meteorological parameters cannot be drawn. However, some well
documented observations are observed even in this study and can be helpful during discussion.
During the October campaign, we found that temperature affected the level of PM pollution. Both the
TSP concentrations as well as TSP and PM1 masses were correlated with average daily temperature,
with higher coefficient found in the case of smaller fraction—PM; (r = 0.41)—and lower r in the
case of TSP (r = 0.20). The year 2018 was a rather hot year with an average maximum temperature
of 17.8 °C. This means that household heating practices do not have as strong an influence on PM
pollution as they did a few decades ago (for example, during 1960-2015 the mean annual temperature
in Poland was 10.6 °C) [24]. Rather high daily temperatures over the measurement campaign (11.9 °C)
resulted in low TSP and PM; concentrations—23 and 16.7 jig/m3, respectively (Table A1). Apart from
temperature, precipitation also affects the concentration of air pollutants, especially of particulate
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matter [22]. TSP, as well as PM; and TSP-bound water, was negatively correlated with precipitation,
which strictly means that PM pollution decreases under increasing precipitation amount. Correlation
coefficients between TSP and precipitation values (r = —0.40) correspond well with correlations between
TSP-bound water and precipitation (r = —0.40). Both the TSP mass and TSP-bound water mass were
negatively correlated with air relative humidity RH%, which is probably due to the effect of pollutants
scavenged by fog or cloud droplets and their gravimetric deposition onto the ground surface, leading
to lower ambient concentrations [24]. This effect was not, however, observed in the case of TSP
concentration. In almost all cases the correlations between TSP-bound water (both its total contents
and thermal-dependent contributions) and meteorological parameters were similar, since subsequent
thermal ramps are only the portions of the same water released under some different temperature
ranges. The complex character of PM-bound water concentrations and meteorological factors needs a
much longer monitoring campaign and more in-depth research.

Accurate and comparable measurements of aerosol water contents, including the influence of
meteorological parameters are challenging. Numerous aerosol inorganic equilibrium models have been
developed to properly estimate aerosol water content like: ISORROPIA II, SCAPE II, EQSAM or AIM.
We recently compared the results from water modelling and chemical mass balance methods with direct
water measurements [40]. We, for example, found that in the EMEP model, the fraction unaccounted
by chemical analysis (possibly attributable to PM-bound water) can comprise as much as 30—40%
of gravimetric PMjg or PM; 5 mass; while in the SCAPE thermodynamic gas/aerosol equilibrium
model [41], the 50th percentile values of calculated water content were in range 1.92-25% (winter)
and 0.03-10.2% (summer), which is similar to our results (water constituted about 7.12-33.53% of
the TSP mass). In the article published by Metzger et al. [42], results from SCAPE II were compared
to ISORROPIA 1II results for a wide variety of aerosol conditions that cover typical urban, remote
continental, marine and nonurban continental environments. For aerosol water content and total
PM mass, the two models agreed within approximately 13%. ISORROPIA II predictions also agree
well with measured water mass fraction and reasonably approximates the aerosol water content [43].
Future research should be directed towards the calibration of equilibrium models using data from
aerosol networks like EMEP but also on comparing modelling results with the direct chemical methods
for aerosol water determination.

4. Conclusions

The study showed that the TSP-bound water contents collected in the Warsaw urban background
location were probably impacted by the emissions from transport together with soot release from both
residential heating and vehicle engine combustion. This was marked by a relevant fraction of soot
and crustal matter represented by Al,Oj in the chemical structure of released water. The proposed
qualitative determination of TSP-bound water shows a good analytical performance and can be applied
for routine field studies. The obtained results confirm our previous observations, suggesting that
water bound to PM particles reaches even 30% of the TSP mass. It was found that TSP mass accounts
for 10.6 pg/m?, even. Such a portion of water constitutes an important fraction of the measured PM
pollution and can artificially overestimate PM mass. By using the thermal ramp process, we were able
to distinguish TSP-water into one loosely bound to particles and absorption water, whose percentages,
regarding the total determined water, were 48% and 24%, respectively. The usage of the thermal ramp
process should be further developed for higher resolution studies able to separate water contributions
released even under similar temperature conditions, but they should also include higher temperature
ranges under which pyrolysis of carbon matter will be possible. This suggests providing similar
analysis with the KF apparatus coupled to an oven characterized by an operative temperature above
250 °C. The results presented in this study are not sufficient for inference about TSP origin, since they
are based on exclusive information regarding PM-bound water contents and water types found in
PM. More in-depth research, including, for example, chemical mass balance integrated with water
determination, will be more helpful in concluding about probable sources of PM-bound water.
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Appendix A

Table Al. Descriptive statistics regarding TSP and PM1 concentrations, masses, amount of released water

and meteorological conditions during measurement campaign at Warsaw urban background station.

Variable n Mean Minimum Maximum SD
Temperature [°C] 11 119 7.9 15.3 2.2
Humidity [%] 11 74.1 65.4 815 6.0
Pressure [hPa] 11 1012.0 1000.4 1017.1 49
Tmin [°Cl 11 6.2 23 11.1 24
Tmax [°C] 11 189 13.2 21.8 3.2
Precipitation [mm] 11 0.0 0.0 0.1 0.0
TSP [ng/m?] 11 23.0 11.8 38.6 8.1
PM1 [ug/m3] 11 16.7 6.8 25.6 6.4
EP1 total water [ug] 11 250.8 425 543.1 166.9
FP1 water at 50-120 °C [pg] 11 130.6 254 265.3 102.6
FP2 water at 120-140 °C [pg] 11 171.2 9.1 345.3 143.6
FP3 water at 140-180 °C [ug] 11 190.3 bdl 379.2 153.5
TSP mass [pg] 11 1094.3 597.0 1620.0 333.5
PM1 mass [ug] 11 615.3 262.0 1020.0 243.0
TSP/PM1 mass ratio 11 1.6 0.5 4.4 1.0

Table A2. Water recovery testing from WSO standard reference material under its reduced mass

(close to TSP mass typically collected on filters in summer season).

WSO SRM Mass ug Water Content ug Recovery %
WSO1 2520 21.5 84
WSO2 2792 253 90
WSO3 3201 29.6 92
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