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Abstract Currently, there is a lack of research
directly comparing the precision of automatic weigh-
ing systems and manual weighing in the context of
particulate matter (PM) filter equilibration and meas-
urements under different humidity conditions. Dur-
ing experimental measurements, three different types
of PM-loaded filters were weighed using manual and
automatic balances. During manual weighing, every
filter was weighed twice in three different relative
humidity conditions. The same procedure was done
using an automated weighing system. In most cases, it
was found that under relative humidities in the range
of 30-55% RH, the manual and automated methods
can be treated as referential. Regarding device stabil-
ity, very slight but overall better precision was found
for 30% RH, suggesting that 40 CFR Part 50, Appen-
dix L requirements regarding conditioning humidity
(30-40% RH) seem more suitable than those pre-
sented in the PN-EN 12341:2014 standard (45-50%
RH). Understanding the effects of the influence of the
RH% on PM mass measurements is a matter of great
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importance, because water vapor condensed on a fil-
ter can affect the particulate matter concentrations.
This is especially important in areas where regulatory
limits are exceeded. Calculation of uncertainty in the
PM mass measurements is therefore crucial for deter-
mining the actual sample mass and improving air
monitoring practices. In a nutshell, the experimental
results obtained clearly describe how changing RH%
conditions affect the PM weighing precision during
manual and automated measurements.

Keywords Particulate matter - PM mass
measurement - Gravimetric analyses - Robotic
weighing - Manual balances

Introduction

In our investigation, we sought to examine the preci-
sion of manual and automated mass measurements
in the context of weighing particulate matter (PM).
By objectively assessing the precision of manual and
automated mass measurements, our research provides
valuable insights into the potential role of robotic
weighing systems in routine air monitoring. The
impact of particulate matter (PM) on human health
and the environment is a critical issue that neces-
sitates thorough study and effective mitigation strat-
egies. Studies show that exposure to PM in ambient
air has been linked to a number of different health
outcomes, including lung inflammatory reactions (Jia
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et al.,, 2021; He et al., 2017), respiratory symptoms
(Hu et al., 2022; Xing et al., 2016), adverse effects on
the cardiovascular system (Czernych et al., 2023; Qu
et al., 2018; Yang et al., 2021), an increase in chronic
obstructive pulmonary disease (Duan et al., 2023;
Park et al., 2021), reduction in lung function in adults
(Bo et al., 2021), and a reduction in life expectancy
(Apte et al., 2018) owing mainly to cardiopulmo-
nary mortality and probably to lung cancer (World
Health Organization Europe, 2006). As particulate
matter concentration levels are an important subject
of observation and attention, this fact underscores the
continued demand for a thorough and precise study of
this issue.

Accurate measurement of particulate matter
involves employing robust methodologies and instru-
mentation. This is strictly connected with lowering
uncertainties in PM mass measurements (Lacey &
Faulkner, 2015), especially in the case of gravimet-
ric analyses of fine and ultrafine particles. Buonanno
et al. (2011) calculate the average relative uncer-
tainties related to the gravimetric measurement of
each fraction of PM as follows: 8% for PM10, 13%
for PM2.5, and 14% for PM1. Notably, these results
reveal an increasing relative uncertainty as the meas-
ured PM fraction decreases.

In this research, we are trying to concentrate on
the measurements of filters loaded with particulate
matter under sets of different relative humidity con-
ditions with the use of a traditional manual balance
and a robotic weighing system. The currently exist-
ing standards provide general specifications regard-
ing the conditioning of filters: the EN 12341:2014
standard (EN 12341, 2014) specifies conditioning at
19-21°C + 2°C and 45-50 + 5% RH and the 40 CFR
Part 50, Appendix L standard (40 CFR Appendix L
to Part 50 n.d) provides such specifications regarding
the conditioning of PM, 5 sample filters at 20-23°C
+ 2°C and 3040 + 5% relative humidity, However,
the seemingly simple gravimetric analysis procedure
is subject to influence from multiple factors includ-
ing laboratory effects (e.g., temperature and relative
humidity [RH] fluctuations in the weighing environ-
ment, dust contamination, static charge effects) and
non-laboratory activities (e.g., volatilization of sam-
pled PM, decrease in filter mass due to accidental loss
of PM from the filter surface during transportation)
impacting the measured mass of the particles depos-
ited on the filter. Eliminating and/or minimizing these
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interferences during pre-sampling and post-sampling
weighing is critical for a precise calculation of the
PM net mass loading and subsequent mass concentra-
tion calculation (Presler-Jur et al., 2016).

Moreover, questions have been raised about the
way that temperature and relative humidity cause
mass deviations and the best technique to mini-
mize those effects (Widziewicz-Rzonca et al., 2020;
Widziewicz-Rzorca et al., 2022). Studies by Barba-
Lobo et al. (2022) suggest the use of a new and sim-
ple methodology to calculate uncertainty and accu-
rately determine the mass of the particulate matter
deposited onto sampled PM filters, by using a so-
called control filter, which is always exposed to the
environmental conditions present in the laboratory.
Another study (Presler-Jur et al., 2016) compared
manual and robotic weighing systems and proved that
the robotic weighing system had a high degree of pre-
cision and accuracy. This was evident from the lack
of any change in the filter weight for repetitive weigh-
ing of a single filter over a 3-day period (2 pg stand-
ard deviation) and no change in standard weights
(metal reference). While comparing robotic and man-
ual weighing, the robotic weighing system was found
to be minimally impacted by static. Laboratory blank
results also indicate that there is no additional risk of
debris contamination for robotically weighed filters
relative to manually weighed filters (Presler-Jur et al.,
2016). While there are a number of studies related to
the influence of effects of static on PM filters (Chase
et al., 2005; Ji et al., 2023; Swanson & Kittelson,
2008), none provide an understanding of which tech-
nique minimizes the influence of the temperature
and relative humidity on PM mass measurements. In
order to gain some knowledge in this area, we inves-
tigate the influence of relative humidity on PM meas-
urements by performing manual and robotic weighing
for PM mass measurements under three different RH
conditions. The comparison of the two measuring
techniques, manual and robotic, under different RH
will bring an understanding of which technique best
minimizes those effects during measurements.

The main purpose of the study was to determine
how changing conditions of humidity influence the
precision of weighing during robotic and manual
measurements of PM-loaded filters. A comprehensive
understanding of the influence of humidity on par-
ticulate matter in both manual and robotic measure-
ment procedures is a significant concern, warranting
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further investigation. Also PM fractionation is a fac-
tor influencing the hygroscopicity of filters (Tian
et al.,, 2016; Wang et al., 2020), which should be
taken into account regarding the repeatability of mass
measurements.

Materials and methods

Filters conditioning, weighing, and weighing
environment

In this research, mass measurements were performed
using the manual weighing device MYA 5.4Y.F as
well as the UMA 2.5Y.FC robotic weighing system—
RWS (Fig. 1) produced and distributed by Radwag
Balances and Scales (http://radwag.com, Radom,
Poland). Also, a DJ-05 antistatic ionizer (Radwag)
was used to minimize the effect of static on the filters
during measurements. The manual weighing device
MYA 5.4Y.F, according to its metrological specifica-
tions, has a maximum capacity of 5.1 g and a read-
ability of 1 pg. The robotic weighing system (RWS)
UMA 2.5Y.FC, according to its metrological parame-
ters, has a maximum capacity of 2.1 g and readability
of 1 pg (http://radwag.com). Prior to manual meas-
urements, the filters were equilibrated in a weighing
room where humidity conditions were maintained by
the automatic humidifier/dehumidifier HB CCS0401S
(HB Polska Sp. z o.0., https://hbpolska.pl/) character-
ized by an operating range of 30-80% RH. Registra-
tion of temperature and humidity conditions during
manual measurements was done by a Q-MSystem

Module (POL-LAB, Pol-Lab.eu) with the following
accuracy of temperature and humidity measurements:
+ 0.5°C and + 3% RH, with the resolution of temper-
ature and humidity, 0.1°C and 0.1% RH, respectively.

The RWS has a built-in environmental chamber
which guarantees constant temperature and relative
humidity conditions. This feature ensures that condi-
tions for filter equilibration will not fluctuate and will
be appropriate in accordance with the EN 12341:2014
standard. During both conditioning and weighing, the
robotic system maintained constant ambient condi-
tions in the chamber with stability of + 1°C operating
temperature and RH stability + 2.5%. During robotic
measurements, the temperature and humidity condi-
tions inside the chamber were registered automati-
cally with the use of in-built sensors with a tempera-
ture measurement resolution of 0.001°C and humidity
measurement resolution of 0.001% (UMA 2.5Y.FC,
Radwag). Before the measurements, each filter was
examined for any damage (e.g., wetting of the edge
of the filter, holes, or any other visible damage, or
loss of its flat form) that might cause unstable mass
measurements.

Following the EN12341:2014 standard, the filters
were subjected to dual weighing sessions with a mini-
mum 12-h interval before exposure. This procedure
ensured the stability of the filter weight. If the weight
discrepancies for non-loaded filters exceeded 40 pg
for LVS, the respective filter was deemed unsuitable
and excluded from analysis. Post-exposure, the filters
underwent another two rounds of weighing. After
being placed in the weighing laboratory or weighing
device (in the case of robotic measurements) for 48

Fig. 1 Manual balance MYA 5.4Y.F (Radwag, Microweight
MYA 4Y.F, http://www.radwag.com), automatic weighing
system UMA 2.5Y.FC (Radwag, Automatic Weighing System

UMA 2.5Y.FC. https://radwag.com/pl/automatyczny-system-
wagowy-uma-2-4y-fc,w1,8J8,401-190), and DJ-05 antistatic
ionizer (Radwag.com)
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h, they were measured twice on a balance. Results
deviating by more than 60 pg were disregarded. This
led to a reduction in the number of observations
compared to the initial 15 measurements, as vividly
depicted by the distributions presented in the Appen-
dix (supplementary materials). The total mass of each
filter is an average from two weighings. Management
of the weighing process, such as calibration during
the robotic measurements, was performed by RMCS
software as well as during manual measurements.

Trials were carried out for three types of filters:
glass (G) and quartz fiber (Q) and PTFE (polytetra-
fluoroethylene) filters supported with a PTFE O-ring
(Table 1).

Measurements were carried out for glass (G) and
quartz (Q) filters loaded with two different fractions
of particulate matter: PM; (particles with aerody-
namic diameter < 1 pm) and PM, 5 (particles with
aerodynamic diameter <2.5 pm), but also for PTFE
loaded with PM, 5, characterized by a pore diam-
eter of 2.0 pm for PM, 5 collection. Fifteen samples
of each type were collected. The filters were condi-
tioned for 24 h before the weighing process under
conditions of 30%, 45%, and 55% RH and in the tem-
perature range specified in the PN-EN 12341:2014
standard. Actual measurements of the filter mass
were performed under the same relative humid-
ity values of 30%, 45%, and 55% RH and the same
temperature range that were kept automatically in
the RWS and the room where the microbalance was
located. Particles were collected using a low vol-
ume (2.3 m’/h) Micro PNS Type LVS16¢c (Umwelt-
technik MCZ GmbH, Germany) equipped with two
sampling heads (PM; and PM,s). Samples were
taken at the Zabrze measurement site during the win-
ter period 24.11.2022-06.02.2023. Simultaneously,

meteorological parameters at the measurement site
were collected as well as the temperature and humid-
ity inside the sampler airstream.

The application of RMCS filters in the measure-
ments enabled the compensation of air buoyancy. A
correction factor was applied after entering the air
density value and the known density of filters into the
balance’s memory. Subsequent to inputting these val-
ues, the program automatically computed the correc-
tion factor for the weighed filters and displayed their
corrected mass.

Statistical analysis

For statistical analyses, Statistica 13 software (Stat-
Soft, Krakéw) was used. These included testing the
normality of the PM mass distribution using the Sha-
piro—Wilk test (p<0.05) (Appendix 1), and prepa-
ration of descriptive statistics (Table 2). When the
probability was greater than the significance level,
the distribution was treated as log-normal (Appendix
1, Figs. A1-A9). After retrieving all the measure-
ment results of each group of filters of one type, the
standard deviation was calculated using the following
formula:

ey

where:
n—number of repetitions (measurements),
x—result of the mass measurement, and

x—average value for n
measurements.

The effect of the type of mass measurement on the
outcome variable—the filter mass—was tested using

repeated  mass

Table 1 Characteristics of Whatman® filters used in mass measurements

No. Filter type Product no.  Pore size [pum] Whatman grade Thickness [pm]  Water retention Filter
effective-
ness [%]

1. Glass fiber 1820-047 1.6 GF/A 220 *Nd. 98

2. Quartz fiber 1851-047 2.2 QMA 450 *Nd. 98

3. PTFE O-ring**  7592-104 2.0 *Nd. 30-50 Mass addition <10 pg?  99.7

*Nd. no data
**PTFE (polytetrafluoroethylene) with support ring for PM,

! After 24h of exposure under 40% RH in relation to the mass addition after 24h of exposure under 35%

@ Springer



Environ Monit Assess (2023) 195:1393

Page 5of 18 1393

Table 2 Descriptive

. Variable N Mean [g] Min [g] Max [g] Std. dev [g] Coeff. var. [%]
statistics for 10 repeatable
measurements (both manual RH=30%
and robotic) of standard Mass manual 10 0.149814  0.149812  0.149816  0.000001 0.000821
mass piece under different ]
RH% conditions Mass robotic 10 0.149815 0.149814  0.149816  0.000001 0.000451
RH=45%
Mass manual 10 0.149813 0.149812  0.149816  0.000001 0.000858
Mass robotic 10 0.149816 0.149815  0.149817  0.000001 0.000444
RH=55%
Mass manual 10 0.1498138  0.149811  0.149819  0.000002 0.001364
Mass robotic 10 0.1498174  0.149815  0.149819  0.000001 0.000844

Fig. 2 The influence of
variable equilibration
humidity on the mean mass
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Student’s r-test for dependent groups (p<0.05) for
each humidity tested (Tables 3, 4, 5, 6, 7). The pro-
cedure calculates the differences between the values
of the two variables for each observation and tests
whether the averages differ from “0.” Observations of
each pair of data were made under equal conditions
and the differences in means were normally distrib-
uted. This test is characterized by the degrees of free-
dom df = (N-1). Differences between the number of
data in each of the humidity conditions resulted from
some cases where the differences between the first
and second mass measurements after exposure were
greater than 60 pg. In these cases, the data were not
included in the final dataset. The deviations in filter

humidity RH%

mass resulting from relative humidity variations were
visualized using box-plot graphs (including different
types of filter media, PM fractionation, and the influ-
ence of humidity on mass deviations).

Reference filter and standard mass measurements

Furthermore, precision measurements were con-
ducted on 60 instances of a standard mass, which was
a stainless steel mass piece shaped like a Mercedes
badge. Referred to as the “standard mass piece,” this
was subjected to the same relative humidity (RH%)
and temperature ranges as the filter samples.

@ Springer
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Fig. 3 The influence of
variable equilibration
humidity on the mean mass
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45 55
humidity RH%

PM fraction=PM1
filter type = Q

{5} average [mg] manual ¢ outliers # extremes/c average [mg] robotic o outliers # extremes

and deviations of quartz fil- 154

ters loaded with PM, (each
box was drawn based on 153
measurements of 15 filters
from the one batch)
152

151

=3

=)
£
8 = r]
gl — - g- === - 1-----= L3
£ (o= =T e
4
5 150
E
149
148 — = - - = et
147 . )
30 45 55

The reference filter was an unexposed new filter
that was retrieved from the packaging and allowed
to equilibrate at 30%, 45%, or 55% RH for a 24-h
period before measurements were conducted.

@ Springer

humidity RH%

The primary influence on measurement accuracy is
expected to be exerted by water vapor upon the filter,
as opposed to alterations within the balance compara-
tor. To scrutinize this influence more closely, a series
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Table 3 Descriptive

o Variable N Mean [g] Min [g] Max [g] Std. dev [g] Coeff. var. [%]
statistics for 10 repeatable
measurements (both manual Glass filters RH=30%
and robotic) for standard Mass manual 10 0241086  0.241082  0.241091  0.000003 0.001128
mass piece together with
reference filters under Mass robotic 10 0241063  0.241062  0.241064  0.000001 0.000339
different RH% conditions Quartz filters RH=30%
Mass manual 10 0.294439  0.294434  0.294447  0.000004 0.001328
Mass robotic 10 0.294405  0.294402  0.294415  0.000004 0.001344
PTFE O-ring RH=30%
Mass manual 10 0.284682  0.284674  0.284685  0.000003 0.001162
Mass robotic 10 0.284687  0.284686  0.284688  0.000001 0.000222
Glass filters RH=45%
Mass manual 10 0.241069  0.241064  0.241074  0.000004 0.001749
Mass robotic 10 0.241066  0.241065  0.241069  0.000001 0.000428
Quartz filters RH=45%
Mass manual 10 0.294422  0.294417  0.294426  0.000003 0.001060
Mass robotic 10 0.294411 0.294409  0.294418  0.000003 0.000906
PTFE O-ring RH=45%
Mass manual 10 0.284665  0.284662  0.284667  0.000002 0.000688
Mass robotic 10 0.284785  0.284778  0.284789  0.000003 0.001100
Glass filters RH=55%
Mass manual 10 0.241083  0.241081  0.241084  0.000001 0.000353
Mass robotic 10 0.241066  0.241065  0.241069  0.000001 0.000428
Quartz filters RH=55%
Mass manual 10 0.294462  0.294458  0.294465  0.000002 0.000785
Mass robotic 10 0.294411 0.294409  0.294418  0.000003 0.000906
PTFE O-ring RH=55%
Mass manual 10 0.284682  0.284679  0.284684  0.000002 0.000549
Mass robotic 10 0.284785  0.284778  0.284789  0.000003 0.001100

of replicable measurements (N=10) were undertaken
for each filter type (Table 3). Measurements were
taken for the standard mass piece both individually
(Table 2) and in conjunction with a reference filter
(Table 3), across varying relative humidity (RH%)
conditions. The aim of measuring the standard mass
piece was to explore repeatability. The aim of adding
the reference filter was to illustrate how shifts in RH
conditions impact the mass of the reference filter.

The repeatability of the standard mass measure-
ments is presented in Table 2. This also shows the
impact of different humidity conditions on the devia-
tion of the mass for the standard mass piece.

The table includes variables such as the aver-
age reference mass and RH% during manual and
robotic measurements, along with statistical values
like the mean, minimum, maximum, and standard
deviation. The total mass of the standard mass piece

exhibited a range of 149.81 + 149.82 mg under the
whole range of tested humidity conditions. This
implies that, under the hypothetical assumption of
“constant” conditioning parameters close to those
outlined in the EN12341:2014 standard, variations
in filter mass occurred solely as a result of inher-
ent filter mass variability and random errors (bal-
ance indication repeatability). This error fell within
the range of +1 pg, +1 pg, and +2 pg respectively
for 30, 45, and 55% relative humidity during man-
ual measurements and +1 pg, +1 pg, and +1 pg for
30, 45, and 55% relative humidity during the auto-
matic measurement, which closely aligned with the
repeatability defined by the device manufacturer,
typically 1-2 pg (Radwag.com), with a coefficient
of variation from 0.04 to 0.13%. Slightly lower sta-
bility was observed under 55% RH compared to
30%.

@ Springer
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Generally, the precision of measurements should
change only as an effect of water vapor influenc-
ing the filter, not because of the changes inside the
balance comparator. The electronic balance UMA
2.5Y.FC is equipped with an automatic calibration
system that ensures precise measurement accuracy.
The internal calibration standard is performed by
the built-in standard mass. This testing assumes that
the laboratory conditions affect the internal weight
to the same degree as the tested material. To gain
a better understanding of this effect, a series of
repeatable measurements (N=10) were conducted
for each filter type, which will be subsequently
referred to as reference filters. These reference fil-
ters consist of unexposed glass, quartz, and PTFE
filters conditioned for 24 h under 30%, 45%, or 55%
relative humidity conditions. Each filter was placed
individually alongside a standard mass piece on the
balance.

Table 3 presents the total effects of humidity con-
ditions under robotic and manual weighing for the
reference filters and the standard mass piece placed
together onto the balance. It was shown that, under
conditions of 30-55% RH, the maximum difference
in the standard and reference filters’ mass was in
repeatable measurements and it was 4 pg (glass fil-
ter, 45% RH). Similar results regarding the reference
filter mass were obtained no matter which method
was used. Under manual and robotic measurement,
the differences in mean mass for the standard mass
piece plus reference filter were found at the fifth
and sixth decimal places (therefore applied to pg
mass changes). For example, the average difference
between the manual and robotic measurements in the
case of glass filters (G) was 23 pg, 3 pg, and 17 pg
under 30%, 45%, and 55% RH, respectively; while for
quartz it was 34 pg, 11 pg, and 51 pg. Similar differ-
ences were found for the PTFE O-ring measurements,
equal to 5 pg, 20 pg, and 3 pg under the mentioned
RH% conditions. It was clearly shown that the total
difference in measurements including reference fil-
ters was higher compared to the standard mass piece,
which suggests that the filter material has a much
greater influence on the mass measurements com-
pared to the effect only from the device. The highest
comparability in the reference filters’ mass between
the two methods was found for the PTFE O-ring fil-
ters, which can be explained by their hydrophobic
characteristic.

@ Springer

Results and discussion

The dataset consisted of approx. 720 significant
measurements of filter masses. Some results from
this dataset were excluded (as indicated when sum-
ming the number of observations in the histograms in
Appendix 1). This was done because, for a few meas-
urements, the mass difference between the first and
second weighing did not meet the requirement of <60
pg recommended by the PN-EN 12341:2014 stand-
ard. Determining the impact of the variability of the
equilibration conditions (humidity effect) on the mean
mass and deviations of the loaded filter mass [mg]
was started by analyzing the stability of the mass
measurements during repeated weighing of the stand-
ard mass piece. This is a common practice performed
in order to verify the accuracy and precision of the
balance’s measurements. By weighing the standard
mass piece 10 times (in each humidity condition),
we assessed the balance’s precision and determined
that the measurements were consistent. Based on
the findings presented in Table 2, it can be observed
that the differences in the mass of the standard mass
piece under the typical equilibration conditions speci-
fied in the PN-EN 12341:2014 standard (45-55%
RH and 19-21°C) were +1-2 pg. Under the relative
humidity of 30%, the mass of the standard mass piece
was 149.81 mg with the difference in mass equal to
+1 pg, which is negligible. Consequently, it can be
concluded that the fluctuation in the mass of the sam-
pled PM filters that could be attributed to the error in
the balance indication was in the range of +1-2 pg,
assuming that the stability of the balance under the
equilibration conditions used in this study was very
good. Of course, the standard mass piece is made of
stainless steel, which is not easily affected by environ-
mental factors such as humidity or temperature. This
ensures that the mass remains constant, allowing for
consistent testing of the balance’s repeatability.

The repeatability tests were performed not only for
the standard mass piece but also for the so-called ref-
erence filters. Thanks to this simple experiment, we
were able to check the influence of the filter media on
the balance precision. The evaluation of the balance’s
performance under the same conditions in the case of
the reference filters showed that the manual balance
and RWS provided the most consistent results for
repeated measurements for the PTFE O-ring filters
compared to the quartz or glass filters. This precision
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was found to be in the range of 3-20 pg, while for
quartz, it was higher, accounting for 11-51 pg. By
comparing these two methodologies (weighing the
standard mass piece under diverse RH conditions and
weighing the standard mass piece alongside the refer-
ence filter), it became apparent that the overall meas-
urement disparity, encompassing the reference filter,
exceeded that of the standard mass piece alone. This
implies that the filter material exerts a more promi-
nent influence on mass measurements than the effect
solely attributed to the device. Particularly notewor-
thy is the fact that the greatest consistency in the ref-
erence filter mass between these two approaches was
observed for the PTFE O-ring filters, probably owing
to their hydrophobic properties. The assessment of
the balance’s performance under identical conditions
for the reference filters revealed that both the manual
balance and RWS (robotic weighing system) yielded
the most dependable outcomes for repeated measure-
ments when dealing with the PTFE O-ring filters, in
comparison to quartz or glass filters.

Figures 2, 3, 4, 5, 6 display the variability in the
mass of filters loaded with PM; and PM, s size frac-
tions under humidity conditions in the range of
30-55% relative humidity (RH), including the mean
values and the outliers range. These graphs also
indicate the changes in the filters’ mass between the
two different measurement methods. It is important

Fig. 5 The influence of
variable equilibration
humidity on the mean mass

to note that the predefined humidities presented in
Figs. 2, 3, 4, 5, 6 should be treated only as “input”
values. It is essential to remember that, while the
robotic system maintains stable operating condi-
tions within specific ranges, the actual temperature
and moisture levels may deviate slightly from the set
conditions. The actual humidity as well as the tem-
perature inside the weighing room (in the case of the
manual method) and inside the weighing chamber (in
the case of the robotic one) is in fact slightly differ-
ent compared to the input values. This discrepancy
becomes evident when comparing the input tempera-
ture and humidity conditions in the experimental set-
ups for both the manual and robotic weighing with the
feedback from the sensors (the device-related uncer-
tainty is given in the “Materials and methods” sec-
tion). Humidity as well as temperature readings can
be influenced by factors such as opening or closing
doors when speaking about manual weighing, gusts
of air caused by the flow of conditioned air into the
gravimetric laboratory, or, for example (in the case
of robotic measurement), the placement of sensors
inside the weighing chamber and their device-specific
uncertainty. Regarding the “sensors placement” fac-
tor, in order to quantify the influence of the arrange-
ment of the sensors inside the chamber, we installed
two additional temperature and humidity sensors in
the corners of the chamber to be able to carry out
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Fig. 6 The influence of
variable equilibration
humidity on the mean mass
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research regarding the distribution of temperature and
humidity conditions inside the RWS chamber in the
near future. In this study, this effect was not studied.
Fig. 2 and Fig. 3 display the effect of humidity and
the weighing method on discrepancies in the mass of
the glass filters covered by PM; and PM, 5 fractions.
In the case of the PM, 5 fraction, the filters’ mass was
higher, which is obvious when taking into account
that the PM, 5 fraction includes fine PM, particles.
In almost all the tested subgroups, the mean of the
filters’ mass was at the same level. Descriptive sta-
tistics regarding measurements of the location and
dispersion of this variable are presented in Table 3.
Although small differences in the average mass of the
filters were observed, especially between 30 and 45%
RH, the differences were not significant (p>0.05).
The difference in the mean values of the filters’ mass
under 30%, 45%, and 55% RH were 0.02, —0.05, and
<0.00 mg, respectively. This means that the average
difference in the mass of the loaded filters in those
conditions between the robotic and manual weighing
was not greater than 50 pg. A slightly lower differ-
ence was found for the PM, s fraction compared to
PM,. This can be simply explained by the greater sur-
face area of the PM, particles, which probably take in
atmospheric water vapor more effectively compared
to the PM, 5 fraction, but also due to their chemical
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45 55
humidity RH%

characteristics and mass size distribution, as deter-
mined in many previous studies (Klejnowski et al.,
2012; Rogula-Kozlowska, 2015; Rogula-Kozlowska
etal., 2017).

Across Tables 4, 5, 6, 7, 8, a notable increase in
mass can be discerned for all three filter types within
the 30 to 45% relative humidity (RH) range. How-
ever, in the transition from 45 to 55% RH, only the
quartz filter exhibited a marked and statistically sig-
nificant mass augmentation. Concerning the abso-
Iute mass and filter mass, the quartz filters exhibited
the most pronounced hydrophilicity. The disparities
in water content across the various temperature and
humidity scenarios were also most pronounced in the
case of quartz filters, as was presented in our previ-
ous study (Widziewicz-Rzonca & Tytla, 2020). This
observation concurs also with the findings of Perrino
et al. (2013), where an evaluation of quartz and Tef-
lon filters for atmospheric water absorption during
PM collection yielded similar outcomes. The inher-
ent variability in filter masses, stemming from their
production, leads to substantial variations in their
weights. To determine whether these deviations are
primarily a result of natural variability and to which
extent humidity plays a role, we compared the mass
under steady conditions (30% RH) with the filter
mass under 45%RH and 55%RH humidity conditions
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5 S (Figures A10-A12, Appendix). Our experience shows
nz 3 that, while natural variability is apparent among the
g E 15 filters, the impact of humidity is still discernible
E g g § § and substantial.

Z o [ [ Similar differences were found when testing the
g quartz fiber filters for PM, and PM, 5 (Figs. 4, 5).
:;; B The averaged difference in mean mass for the batch
g 0 of PM, filters was 0.02 mg and for PM, s it was 0.03
i £ mg, suggesting a difference of approx. 20 and 30 pg
E ug § § § between the manual and robotic indications (Tables 6,
El O [ [ [ 7). For the PM, 5 fraction, a difference in mean fil-
g ter mass between the two gravimetric methods was
g © 2 < 0.11~111 pg (Table 7). This large difference was
2 S = = probably caused by the inaccurate placement of the
8 = < < < filter in the holder of the RWS device rotor, possibly
g resulting in an incorrect measurement result (such a
E s = = = situation was observed for the third filter), but did not
% result in a significant difference (p>0.05). Significant
& =) b= = differences were found under the 45% RH condi-
g - g § ¥ tions when comparing automatic and manual weigh-
e o ing (p<0.05) (Tables 5, 6, 7, 8). This result should
§ S be studied further, however, especially at 50% RH
5 é such differences did not appear. The last compari-
%) g E" § g § son between manual and robotic weighing refers to
o the PTFE O-ring filters, which are most often used
3 for PM sample collection in the USA air monitoring
E E‘J network. They are characterized by a high collection
g, ; efficiency, chemical inertness, low background levels,
'fb E _ _ _ and heat resistance, but also easy handling and com-
«E g gl % SI patibility. PTFE O-ring filters have gained acceptance
°:’ in air quality monitoring practices and are recognized
= by US regulatory bodies. Their use is supported by
% =z = = 2 standardized protocols and methods established by
g @ @ @ organizations such as the US Environmental Protec-
£ = é" é" é tion Agency (EPA). In Poland, routine use is made,
% é o & & instead, of quartz, and sometimes also glass filters.

5 g z z Z In this study, only the PM, s fraction collected on
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5 2 maamS w 2 . PTFE filters (Table 8) is presented, while the PM,
2 £ £ £ S fraction was collected on PTFE cellulose—supported
I _ ES s IS = filters. The reason for this choice was the behavior of
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< |z |§€85%5£5%9 ¢ Unlike the PM, s filters, which remained flat, the
Z = EQASEDG ES G| PTFE- rted filters underwent a change in form
e |= 2~ -2~ -2~ —|% Suppo g .
£ & & & 2 causing their corners to rise and adopt a more “U”
%E % 3 % 3 % 3 § shap?, instead of staying ﬂ?lt.. Therefore, to ensure
E E g é % g é % g é _§ £ consistency anfi comparability in the study, .the
w & | o 52 o35 >285 52 5|8 researchers decided to focus on the PM, 5 fraction
2 2|E EEEEEEEEE|T collected on the PTFE filters, which maintained their
$ils [g2%z°223°%7|3 :
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address this issue, a simple solution was imple-
mented. We folded the corners of the PTFE-sup-
ported filters to the opposite side while holding them
with tweezers. This folding action helped bring the
filters closer to their original flat shape, resulting in a
larger contact surface when they were placed on the
measuring element of the manual balance. By per-
forming this procedure, the masses of the filters
remained stable instead of fluctuating constantly.
However, the challenge became more difficult to
overcome during the robotic weighing. The main
problem arose during the period when the filters were
in the RWS (robotic weighing system) magazine. In
the RWS, all 15 filters were positioned in a circular-
shaped magazine, and they were measured one after
another, without the option of adjusting the filter form
immediately before the measurement, as in the man-
ual measurements. Consequently, the challenge of
maintaining a consistent filter form became more sig-
nificant in the robotic weighing process. Some trials
were done to adjust the filter shape while putting the
filters into the magazine, but while the RWS is still
scanning, the conditioned filters begin to lose their
shape and when the measuring element arrives, the
filters” distorted form means that they cannot be stabi-
lized on the measuring element, making the measure-
ment results completely invalid. As in the case of
quartz filters, statistically significant mass differences
(p<0.05) were found for glass filters (PM, 5 fraction)
under all the tested humidity conditions, for quartz
filters under 45% RH, as well as for the PTFE filters
(PM, 5 fraction) under 45% RH and 55% RH. These
differences in the case of the quartz and glass filters
were probably connected with a too-short condition-
ing time compared to the standard 48 h suggested
(Widziewicz-Rzonca et al., 2022). Very often, espe-
cially when the filters are kept for a longer period of
time in conditions significantly different from labora-
tory conditions, they need more time for equilibra-
tion. Another possible explanation for this phenome-
non is water absorption, depending on the structure
and material of the filter itself, but also on the chemi-
cal composition of the PM. The differences found
mostly applied to the PM, 5 fraction, enriched in inor-
ganic ions, since PM-bound water-soluble ions make
up the greater part of the mass in PM, s, especially in
urban areas in the heating period (Rogula-Kozlowska
et al., 2017). PM-bound water-soluble ions play a sig-
nificant role in atmospheric chemical reactions,
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acting as precursors for new particles, especially sul-
fates (SO42‘), nitrates (NO;7), and ammonium
(NH4+) (Blaszczak et al., 2019; Juda-Rezler et al.,
2020), but also favor water sorption by PM. In the
case of PM, s particles, secondary inorganic aerosol,
responsible for the PM particles’ water affinity, may
constitute as much as half of the PM, 5 concentrations
at regional background stations (Guerreiro, 2013),
and this can significantly affect the PM hygroscopic-
ity, particularly during severe haze events with high
RH% (Sun et al., 2020). Another explanation could be
the numerical concentration of the tested PM parti-
cles. Previous studies performed in Zabrze indicate
that approximately 99% of the particles in this loca-
tion had aerodynamic diameters <1 pm, suggesting
that the particles originate mostly from the combus-
tion of fuels in domestic stoves or in car engines (Kle-
jnowski et al., 2013). A numerical domination of fine
and ultrafine particles, causing an increase in the
sorption surface, will stimulate water condensation
and mass addition. Another explanation could be the
charging of the filters. Knowing that static charge
decreases the accuracy of gravimetric analysis, one
possible explanation, especially in the case of PTFE
O-ring filters, is ineffective ionization by the anti-
static stand (positioner) installed in the RB 2.4 YF
weighing machine. To eliminate static charges on the
filters, this device is equipped with a built-in anti-
static frame, installed in the microbalance chamber.
Our previous research leads us to suspect that nylon,
polyamide, and PTFE filters require a longer charge
reduction time. The information reported in the litera-
ture regarding the required neutralization duration to
effectively diminish static charge to acceptable levels
is inconsistent. In the study by Engelbrecht et al.
(1980), the authors discovered that 47 mm Nuclepore
filters remained inadequately neutralized even after a
30-s exposure, leading to potential bias of up to 150
pg attributed to static charge. Similarly, Allen et al.
(1999) observed that, even with a 30-s exposure to 4
to 6 210Po sources, Teflon filters could not be
weighed accurately due to measurement errors, with
some cases experiencing errors exceeding 20 pg. In
future research, we plan to lengthen the neutralization
time and to investigate possible charging during
weighing of the filters to look for this source of uncer-
tainty. Research studies show that gravimetric meth-
ods are still preferable regarding air pollution moni-
toring with PM (Lagler et al., 2011). Therefore,
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nowadays, automation of the weighing process is
being employed and more advanced instruments are
being developed. These systems may include robotic
arms or automated platforms that handle the filters,
load them onto the balance, and record the mass
measurements. The data can be stored electronically
and integrated into data acquisition systems for fur-
ther analysis. The use of automated balances for
weighing PM filters offers several advantages over
manual weighing, such as high precision and good
repeatability, even at the level of microgram mass,
which is most important when dealing with small
amounts of particulate matter collected on filters,
especially when analyzing samples collected in low
contaminated areas. Manual weighing can be influ-
enced by various factors, such as operator technique,
environmental conditions, and human error. Auto-
mated balances help eliminate these inconsistencies
by providing standardized and controlled weighing
procedures. The automated process ensures that each
filter is handled and weighed in the same manner,
reducing measurement variability. Weighing a large
number of PM filters manually can be time-consum-
ing, especially if it is a routine task that needs to be
performed regularly. Automated balances can weigh
filters more quickly, increasing overall efficiency and
allowing researchers to process a higher volume of
samples in less time. According to the analysis con-
ducted in 2016 by Presler-Jur et al., who examined a
significant number of PM, s filters, the automated
weighing method yielded results that were compara-
ble to those obtained through the manual method, in
terms of both accuracy and precision. This suggests
that the automated method can provide reliable and
consistent measurements, making it a viable alterna-
tive to the traditional manual weighing method for
PM, ; filters. In their study, the researchers conducted
a comparison between manual gravimetric weighing
and automated weighing using a robotic system. As
part of their investigation, they also examined the
impact of the human factor on the weighing results.
The research findings led the group to conclude that
the automated system successfully mitigated the vari-
ability in weighing results that can be caused by
human factors. This improvement resulted in more
consistent measurements. Additionally, the research-
ers demonstrated that the automated weighing pro-
cess offered several other advantages over the manual
method. Firstly, it led to faster processing times, so

that the automated system could complete the weigh-
ing task more efficiently. Moreover, the automated
process reduced the labor requirements by minimiz-
ing the involvement of researchers. This reduction in
manual labor is beneficial as it alleviates both the
physical and mental workload placed on researchers.
By automating the weighing process, we are able to
eliminate the need for repetitive manual tasks, such as
handling filters and recording measurements. This
further streamlines the workflow, allowing a focus on
other important aspects of research work. Overall, the
adoption of automated weighing systems brings
enhanced efficiency, consistency, and reduced work-
load to the measurement process. Automated bal-
ances can be connected to data acquisition systems or
laboratory information management systems (LIMS)
for seamless integration and data transfer. By estab-
lishing this connection, the weighing data from the
automated balances can be directly transmitted to the
data acquisition systems or LIMS (laboratory infor-
mation management system), facilitating efficient
data management and analysis. In certain cases, such
as when using PNS samplers (MCZ, Umwelttechnik)
with the Comde-Derenda Model AWS-1 (automatic
weighing system), an RFID (radio-frequency identifi-
cation) system can also be employed. The RFID sys-
tem allows for the identification and tracking of indi-
vidual filters or sampling media, enabling automated
weighing and recording of data associated with each
specific sample. This technology further enhances the
automation and traceability of the weighing process.
By leveraging these connectivity options, researchers
can streamline their workflows, improve data accu-
racy, and reduce the potential for manual errors. The
integration of automated balances with data acquisi-
tion systems brings efficiency and reliability to the
weighing process in various laboratory settings and
allows for seamless recording and storage of meas-
urement data. It also facilitates data analysis, sharing,
and retrieval in a digital format. While comparing the
change in filter mass for five filters to the average
mass of each corresponding filter on day 1, L’Orange
et al. (2021) found that the average absolute mass
change from day 1, compared to any given day, was
0.8 pg = 0.5 pg (N = 125). This value was signifi-
cantly lower than the 15 pg requirement set by the US
EPA. Throughout the 35-day period of repeated
measurements, the average mass change for each filter
remained within 4 pg of the mass recorded on day 1,
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which clearly suggested that the AIRLIFT robotic
system achieves the measurement repeatability neces-
sary for air quality monitoring requirements. The
results of this study indicated that the automated
weighing method provided comparable accuracy and
precision to the manual method. The automated sys-
tem demonstrated consistent performance across dif-
ferent conditions and sample masses. It also showed
advantages in terms of reduced human errors, faster
weighing times, and improved data management. The
research conducted by L’Orange et al. in 2021 pro-
vides compelling evidence regarding the significant
number of gravimetric measurements collected over a
substantial time span, specifically from May 2018 to
October 2020. The impressive figure of 80,000 meas-
urements exemplifies the potential of automation to
enhance operations within a gravimetric laboratory,
bringing about notable improvements in efficiency
and productivity. Our study demonstrates that auto-
mated weighing systems can offer reliable and effi-
cient alternatives to manual weighing of PM filters.
However, it is important to consider the specific
equipment and protocols used in each study, as the
performance of different automated systems may
vary. Additionally, validation and calibration of the
automated systems are crucial to ensure accurate and
traceable results.

Conclusions

In the present work, a new and simple methodol-
ogy was developed to accurately determine the mass
of different PM size fractions deposited onto filter
membranes by using manual and robotic methods.
Remarkably, the study has revealed that fluctuations
in humidity levels within the tested ranges of 30%,
45%, and 55% had only a minor effect on the mass
variations of the standard mass piece, amounting
to approximately 1-2 pg. These results signify the
robustness of the mass measurement process under
varying humidity conditions. The negligible influence
of humidity fluctuations prompts a pertinent consid-
eration of the buoyancy correction procedure in rela-
tion to these findings.

The observed insensitivity of mass variations to
humidity variations implies that, at the scale of pre-
cision investigated in this study, the buoyant force
resulting from the displaced air caused by humidity
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changes did not significantly contribute to the meas-
ured mass differences. Consequently, the need for
extensive buoyancy correction adjustments might
be reduced or even deemed unnecessary within the
humidity ranges studied. However, it is essential to
exercise caution when extrapolating these conclu-
sions to broader applications. Different objects and
experimental setups might exhibit varied sensitivi-
ties to humidity-induced buoyant forces. As such,
while the present study shows promising outcomes
regarding the influence of humidity fluctuations, pru-
dent consideration of buoyancy correction techniques
remains a cornerstone of accurate mass measurement,
especially when dealing with objects of varying vol-
umes and densities. The investigation suggests that,
within the humidity ranges tested, the role of buoy-
ancy correction in mitigating humidity-induced mass
variations may be relatively minor due to the minimal
impact observed. When laboratory workers imple-
mented high labor quality control measures for manu-
ally weighed filters, the precision between the ana-
lysts and RWS was very high, while the repeatability
between the two measurement methods was compat-
ible. Using stability tests for reference filters, it was
clearly observed that standard mass drift is due to
the filter media, not due to the instruments, and was
greater for quartz filters than for glass or PTFE O-ring
filters. Based on a simple comparison of the standard
deviation under repeated measurements of the filters’
mass after exposure, it was not possible to state which
measurement method is more accurate. The overall
differences in the filters’ mass measured by the two
methods under 30-55% RH was not greater than 50
pg. Both the MYA 5.4Y.F (Radwag) microbalance
and the automatic weighing system UMA 2.5Y.FC
were characterized by a very good reading accuracy
equal to 1 pg and a maximum standard repeatability
of 1.6 pg (for MYA 5.4Y.F) and 1-2 pg (for UMA
2.5Y.FC). While manual weighing may still be suit-
able for certain applications or when dealing with a
small number of filters, automated balances offer
increased accuracy, efficiency, and consistency, mak-
ing them a preferred choice in many research and
monitoring settings. The choice regarding the method
used varied depending on the specific requirements,
the application, and the level of precision needed.
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