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ABSTRACT: Mineral wool products, composed of stone wool fibers and organic binder,
are used in many construction applications. Among all their beneficial properties, the most
important requirement is safety for human health, such as when fibers are inhaled. For
determining long-term toxicity, biosolubility and biopersistence studies in vitro and in vivo
are essential. In vitro fiber dissolution rate, which depends on the medium, fiber
composition, and the surface available for dissolution, is a key parameter in determining
biopersistence of the material in vivo. We investigated how organic binder (phenol-urea-
formaldehyde), which can partially shield fiber surfaces from the solution, influences fiber
dissolution kinetics in synthetic lung fluid (modified Gamble’s solution) at pH 4.5 and
temperature 37 °C, in vitro. Dissolution experiments were made in batch and continuous
flow using stone wool fibers with typical insulation product binder amounts (0−6 wt %),
applied by the standard industrial process. Dissolution rates were determined from element
concentrations in the reacted solution, and changes in fiber surface composition and
morphology were monitored. Stone wool fiber dissolution was close to stoichiometric and
was similar, whether or not the material contained binder. The high dissolution rate (508 ng of fiber/cm2/h) is explained by Al
and Fe complexing agents, that is, citrate and tartrate, in the synthetic lung fluid. The organic binder mainly forms micrometer-
sized discrete droplets on the fiber surfaces rather than a homogeneous thick coating. During in vitro tests, fibers with organic
binder preferentially dissolved in the areas free of binder, forming cavities, whereas the untreated fibers dissolved
homogeneously. Propagation of cavities undermined the binder droplets, leading to complete fiber dissolution. Thus, presence
of organic binder on stone wool fibers, produced by the standard industrial process, had no measurable effect on dissolution rate
in synthetic lung fluid containing Al and Fe complexing agents.

1. INTRODUCTION

Mineral wool insulation products have been a cornerstone in
many areas of the construction sector for several decades. The
application of mineral wool insulation products ranges from
thermal and acoustic insulation over faca̧de materials to fire
barriers. One group of mineral wool insulation products is
called stone wool, which is typically produced from natural
rock, that is, diabase, basalt, anorthosite, dolomite, olivine
sand, and often residual materials from various industries. As
for other mineral wool insulation products, stone wool consists
of micrometer diameter fibers that have a characteristic
amorphous glassy structure, which results from hyper
quenching of the melt during manufacturing using external
centrifugation.1,2 Typically, stone wool fibers have a geometric
mean diameter of 2.5−4 μm and a length up to 2 mm. Finished
stone wool products consist of inorganic fibers and shots
(nonfiberized melt) as well as organic binder, which is often a
phenol-urea-formaldehyde (PUF) thermosetting resin,3 that
when cured joins the individual fibers, providing strength and
the desired mechanical properties. An example of the final

stone wool product is shown in Figure 1, where both the
inorganic fibers and the organic binder can be seen.
Product quality and performance are important, but

ensuring safety to humans and the environment is absolutely
essential throughout the life cycle of the product.4,5 The typical
exposure route for humans to mineral wool fibers is via
inhalation. Inhalation is a potential risk if fibers become
airborne during production, installation, or building demoli-
tion. A small portion of airborne fibers can reach the
pulmonary region of the lungs.6 These, called respirable fibers,
which are able to reach the alveoli,7 are defined to be <3 μm in
diameter, >5 μm in length, and aspect ratio (length/diameter)
of >3.8 This fraction of fibers could, according to the 3D
paradigm1,9−11 of fiber toxicity (dose, dimension, and
durability), pose a hazard if they are biopersistent, that is, if
they remain in the lungs and are not adequately cleared. Stone
wool fibers have demonstrated low biopersistence determined
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using in vivo testing.12−18 Based on in vivo results, mineral wool
fibers can be exonerated from classification as carcinogenic
when fulfilling Note Q defined by the European Commission in
Regulation (EC) no. 1272/2008. For clearance in the lungs,
both dissolution and breakdown of the fibers are the important
factors.8,17 The respirable fibers including even thin and long
fibers can potentially end up in the pulmonary region of the
lungs.19,20 Respirable short fibers (<20 μm) can be engulfed
and mechanically cleared by macrophages and thus do not
stimulate inflammatory mediators.19,20 In contrast, long fibers
(>20 μm) cannot be sufficiently phagocytosed and could
potentially lead to frustrated phagocytosis or multiple
phagocytosis events.20 However, the ability of the fiber to
persist in the lung milieu defines whether a long fiber will
stimulate inflammation or not.
Two primarily milieus exist in the lung and both can dissolve

mineral wool fibers. Dissolution of the fibers can happen in two
locations in the lungs: in the extracellular, lung airway surface
liquid and in the intracellular macrophage phagolysosome.21

The pH of the lung air surface liquid and alveolar subphase
fluid is close to neutral, between 6.6 and 7.1,21 and the pH
reported for macrophages is from 4.5 to 5.0.22,23 Therefore,
fiber dissolution in the lung can, in a simplified way, be
classified as extracellular, with the pH close to neutral, and
intracellular dissolution by macrophages, where pH of the
environment is more acidic. Hence, the dissolution rate
depends upon fiber and milieu composition and pH. Eastes et
al.17 showed in in vivo studies of two different mineral wool
fibers (glass and stone wool) that long fibers can be cleared by
at least two different dissolution mechanisms. For the
extracellular milieu, the dissolution is uniform for the glass
wool fiber, while for the intracellular milieu the stone wool
fiber dissolves readily and thus the phagocyte attack breaks
long fibers into shorter fragments that are readily cleared by
macrophages physical action.17 Hence, the overall biopersis-
tence of a long fiber depends on its biosolubility, breakage,

macrophage phagocytosis, and mechanical clearance.20 Dis-
solution rates for glass24 and stone wool fibers depend on their
chemical composition.7,18,25,26 They have been determined in
many experiments, in vitro, acellularly, using flow through
setups with different fluids resembling both lung airway surface
liquid and the macrophage environment,27,28 as well as with
cellular models using the various cell types present in lung
fluid.29−33 Correlations between results of in vivo and in vitro
dissolution in the synthetic lung fluids have been reported and
summarized for many fiber materials by Hesterberg et al.5

To simulate lung fluid28,34,35 with in vitro dissolution tests,
several modifications of Gamble’s solution36 can be used to
represent the interstitial liquid in the deep lung. Composition
of the synthetic lung fluid influences stone wool fibers
dissolution rate.28 To standardize the procedure for comparing
biopersistence of several fiber types,37 it was recommended to
use synthetic lung fluid composition based on Gamble’s
solution.38 Citrate and tartrate are added to the Gamble’s
solution to represent proteins present in the lung fluid,36,39−43

and they were found to be responsible for enhancing
dissolution of stone wool fibers.44 Citrate and tartrate increase
dissolution rate of stone wool fibers with high Al/Si ratio
because of Al complexing and depletion of Al from the fiber
surface, similar to ligand promoted dissolution for feldspars45

and other aluminosilicates.46 However, ligand promoted
dissolution of stone wool fibers is pH dependent,9 and
dissolution rates decrease as pH increases.14 The macrophage
phago-lysosome environment can also be simulated using
alveolar lysosome fluid (ALF),47 but it contains a higher
concentration of complexing agents (citric acid/citrate) so the
dissolution conditions would be significantly more aggressive
than with the modified Gamble’s solution. This would
probably have obscured the effects of the binder or other
organics present on the fiber surfaces on the dissolution rate.
In many studies,13−18,25,28,44,48 because of scientific,

regulatory and technical reasons, the dissolution was
investigated for mineral wool fibers that had not been treated
with organic binder. These studies helped to increase the
understanding of health properties and associated mechanisms
of such fibers. An additional layer of complexity was added to
the scientific understanding of health properties of mineral
wool fibers when several epidemiological studies were
conducted, this time focusing on occupational exposure to
industrially manufactured fibers, thus fibers with binder. After
evaluation of all present studies (with and without binder) at
that time, the comprehensive WHO Monograph 81 of the
International Agency for Research on Cancer (IARC)8

concluded in 2002 that mineral wool fibers cannot be classified
for carcinogenicity to humans.8,49 Recently, fibers with binder
have been used within various in vitro dissolution assays under
different scientific point of views.50−53

In this work, we investigated if and how the presence of the
organic binder could influence the dissolution rate of stone
wool fibers in synthetic lung fluid of standard composition38 at
37 °C and pH 4.5, which was intended to simulate intracellular
dissolution by macrophages in human lungs. We compared the
behavior of stone wool fibers with similar inorganic
composition but with different amounts of binder, ranging
from 0 to 6.4 wt %. All fiber samples were produced by the
ROCKWOOL Group, following the standard stone wool
insulation production process. Inorganic fiber composition was
chosen in accordance with Note Q by the European
Commission in Regulation (EC) no. 1272/2008. The amount

Figure 1. SEM image of a final stone wool product with 2.0 wt %
binder. Dark spots on the fiber surface indicated with red arrows are
PUF binder.
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of binder typical for finished stone wool products is 1−4 wt %,
so the investigated amount ranged to a value higher than any
that would be found associated with an airborne respirable
fiber fraction.
We compared the results from static batch dissolution for 4

d and dynamic flow dissolution for 28 d. Although static batch
dissolution experiments are easier and the results often
correlate with dynamic flow test results,54 the dissolution
rate from batch experiments is influenced by increasing
concentrations of the released elements as the system
approaches saturation or equilibrium and by decrease in the
concentration of free ligand. Fiber samples were analyzed with
several techniques to characterize their composition (X-ray
fluorescence), the binder content (thermogravimetry, TG, and
loss on ignition, LOI), and surface area using fiber diameter
distribution. Morphology change after dissolution was
examined with scanning electron microscopy (SEM) and
change in surface chemistry by X-ray photoelectron (XPS) and
energy dispersive X-ray spectroscopies (EDXS). Dissolution
rates were determined from solution concentrations using
atomic absorption spectroscopy (AAS).

2. EXPERIMENTAL PROCEDURES
2.1. Stone Wool Fiber Production. Stone wool fibers with

different amounts of PUF binder were produced at the ROCKWOOL
A/S factory in Øster Doense, Denmark utilizing the traditionally
melting unit; a cupola for the production of the stone wool melt. The
amount of binder was chosen to obtain stone wool fiber material with
binder content of 0% (F1), 2.3% (F2), 3.5% (F3), and 6.4% (F4) of
the total sample mass. In addition to PUF binder, mineral oil (0.1% of
the fiber material) and 3-aminopropylsilane (APS, 0.4% of binder
content) were added simultaneously during fiber production. APS
enhances adhesion of the PUF binder to the stone wool fibers, and oil
is used to increase hydrophobicity of the final product and to reduce
dust formation during production, handling, and installation. The
combination of PUF binder, mineral oil, and APS is referred to as the
binder or the organic material throughout the text, and PUF is the
main constituent of this organic material. All stone wool fiber
materials, including the material with 0% binder added, were cured at
230 °C in the curing oven in the factory production line. After curing,
the stone wool products were collected, and cylindrical pieces were
cut randomly in several places from the stone wool products. These
pieces were sieved at ≤63 μm, to separate fibers from shots, the
spherical particles that result from the stone wool fiber forming
process when using the cascade spinning technology. About 30 g of
sieved fiber samples (F1, F2, F3, and F4) were prepared, and
subsamples were taken from them for all the experiments and analyses
unless otherwise specified. The fresh fibers were characterized before
experiments using X-ray fluorescence (XRF), X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy coupled with
energy dispersive X-ray spectroscopy (SEM-EDXS), and total organic
content (TG and loss on ignition, LOI) and material surface area
were determined. After dissolution experiments, the remaining fibers
were examined with XPS and SEM-EDXS.
2.2. Organic Material Concentration. The amount of organic

material in the stone wool samples, consisting of oil, APS, and PUF
binder, was determined by measuring mass loss during heating to 600
°C under air flow using thermogravimetry (TG) (NETZSCH STA
449 F1 Jupiter). At this high temperature, the organic material
degrades into gaseous phases and leaves the sample. Sieved samples
(10−20 mg) were heated in the platinum crucible at 20°/min and
held at maximum temperature (600 °C) for 20 min. Stone wool fibers
are stable at that temperature and are not oxidized in air,55 so mass
increase is not expected to be caused by oxidation during heating. We
compared our results with results from a standard loss on ignition
(LOI). In that analysis, ∼5 g of sample is heated in preannealed
aluminum foil trays at 590 °C.

2.3. Bulk Composition. Chemical composition of the fiber
samples (F1, F2, F3, and F4) was determined using Thermo Scientific
ARL Advant’X 2095 XRF IntelliPower. Samples were initially heated
to 590 °C for 20 min to remove organic material and then ground in a
ball mill. 0.75 g of the sample was mixed with 9.09 g of Li2B4O7 and
melted into a pellet with a Katanax X-300.

2.4. Fiber Diameter Distribution. The fiber sample diameter
distribution was determined using SEM image analysis. Sieved
samples that had been heated to remove the organic material were
distributed on sample holders to avoid overlap. The length weighted
diameter distribution was determined by measuring the diameter of
fibers crossing a slice of the image. Fibers were identified as features
with two parallel sides. For reasonable statistics, the number of fibers
measured was at least 100 times the median diameter in μm in the
sample. For example, if the median diameter was 5 μm, at least 500
fibers were measured.56,57

The diameter distribution is given in d50, which is the median
diameter. The specific surface area can be determined from the
diameter distribution of each sample:58
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where S denotes the specific surface area, ρ is the fiber density
determined from chemical composition (2.8 g/cm3), d50 is the 50%
diameter distribution, and s is the standard deviation (s = 1/2 ×√2 ×
ln(d84/d16), where d84 and d16 represent the 16 and 84% diameter
distributions).

2.5. Synthetic Lung Fluid. Synthetic lung fluid for the fiber
dissolution tests was prepared from salts of ACS purity grade and
deionized water (specific conductivity of 0.1 μS/cm), according to the
composition reported in Sebastian et. al (Table 1).38 Glycine was

PharmaGrade (Ajinomoto, EP, JP, USP, manufactured under
appropriate GMP controls for pharma or biopharmaceutical
production, suitable for cell culture), Na2 tartrate·2H2O was
purchased from EMSURE (EMD Millipore), Na pyruvate from
EMD Millipore, and lactic acid (90%) was supplied by Sigma-Aldrich.
Formaldehyde was added to discourage microbial growth, and HCl
was added for pH control. The solutions were left to degas overnight,
and pH was adjusted to 4.50 ± 0.01.

2.6. Dissolution Experiments. 2.6.1. Static Batch Dissolution.
Dissolution of the stone wool fiber samples, with a range of binder
(F1, F2, F3, and F4), in the synthetic lung fluid was investigated in
batch experiments that lasted 4 d. Samples were taken every 24 h, and
3 repetitions of each sample were made. In all experiments, the fiber
mass-to-solution volume ratio was 0.6 g/L, and the temperature was
set to 37 °C. Samples were shaken, and pH was adjusted with 1 M
hydrochloric acid to 4.50 ± 0.04 once a day. The amount of added 1
M HCl was 120−130 μL per day for all samples. The material was

Table 1. Composition of the Synthetic Lung Fluid

concentration

compound g/L mmol/L

NaHCO3 1.950 23.21
NaCl 7.120 121.71
MgCl2·6H2O 0.212 1.05
CaCl2·2H2O 0.029 0.20
Na2HPO4 0.148 1.04
Na2SO4 0.079 0.56
Glycine 0.118 1.57
Na3 citrate·2H2O 0.152 0.52
Na2 tartrate·2H2O 0.180 0.78
Na pyruvate 0.172 1.56
lactic acid (90%) 0.156 1.56
formaldehyde 2 mL/L 54.33
HCl 5 M ∼ 3.9 mL/L ∼ 19.5
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passed through 8−13 μm cellulose filters, and solution composition
was determined with AAS. Using finer filters for this stage was not
possible because of the filters blockage during filtration. No
transmission of the fibers into the filtrate was observed. Fibers
collected from the experiments were washed with 50 mL deionized
water, dried at 37 °C overnight, and analyzed with SEM-EDXS and
XPS.
2.6.2. Dynamic Flow Dissolution. The procedure for constant flow

experiments was adopted from the work of Sebastian and
colleagues.38 The temperature was set to 37 °C. Temperature and
pH of the input solution were monitored automatically (Orion Versa
Star Pro pH/mV benchtop meter, ROSS electrodes, Thermofisher
8107UWMMD Triode) every 30 min. Fluid flow rate was held
constant at 123.5 mL/d with a peristaltic pump (ISMATEC IPC ISM
930), and flow cells were equipped with magnetic stirrers (Figure 2).
Teflon tubes connected the inlet and outlet to the pump and flow
cells. To prevent fibers loss from the cell during flow, 0.22 μm filters
were used.

The flow experiments were run without fiber materials for 2 d to
verify that they functioned properly and no pH change occurred.
Fibers were added to give a flow rate/surface area (F/A) of 0.03 μm/
s. Surface area had been determined for each of the fiber samples. We
sampled the effluent after 1, 2, 3, 4, 7, 11, 14, 21, and 28 d and
measured pH immediately after sampling. The solutions were
analyzed with AAS. After 28 d, the remaining fibers were collected,
washed with 50 mL deionized water, dried overnight at 37 °C, and
analyzed with SEM-EDXS and XPS.
2.7. Scanning Electron Microscopy with Energy-Dispersive

X-Ray Spectroscopy. The fiber samples from the static and dynamic
flow tests were mounted on sample holders with double-sided
conductive carbon tape and analyzed with SEM-EDXS using Tescan
VEGA3 scanning electron microscope. They were carefully pressed
onto the tape for better adhesion, and loose fibers were blown away
with an air stream. After the SEM-EDXS analysis was complete, the
samples were coated with gold for 180 s with a sputtering current of
30 mA for SEM imaging with secondary electrons (SE) for better
topological contrast. Voltage of 30 kV was used for the SEM images,
at a minimum of 2 spots and with 3 magnifications (6890, 724, and
329 times). Low voltage (5 kV) was used for imaging with backscatter
electrons (BSE), because fiber area covered with organic material is
not visible under high voltage.

2.8. X-ray Photoelectron Spectroscopy. XPS experiments were
made using a Kratos Axis UltraDLD system, with a monochromatic
AlKα X-ray source (hν = 1486.6 eV, power = 150 W). The base
pressure of the ultrahigh-vacuum (UHV) chamber was 5 × 10−9 Torr.
Pass energy of 160 eV and step size of 0.3 eV were used for survey
spectra. For the high-resolution spectra for the C 1s region, we used
pass energy of 10 eV and step size of 0.1 eV. The spectra were
analyzed using the commercial software, CasaXPS. The resulting data
were fit with Shirley background correction. All spectra were
calibrated by assigning the characteristic adventitious carbon C 1s
peak energy to 285.0 eV. Samples were analyzed before and after
dissolution.

2.9. Atomic Absorption Spectroscopy. We analyzed the
solutions using a PerkinElmer PinAAcle 900F AAS, to quantify the
concentrations of Si, Al, Mg, Ca, and Fe. To prevent ionization during
analysis, KCl was added.

3. RESULTS
3.1. Characterization of the Initial Fiber Materials:

XRF, Density, TG, Loss on Ignition, Surface Area, XPS.
Table 2 presents the bulk composition and other information
about the samples. The bulk composition of the fiber samples
is similar, within uncertainty. Small amounts (<0.7 wt %, not
included to Table 2) of TiO2, P2O5, and MnO were found in
all samples, in addition to main components. We did not
specifically analyze for trace metals, but in XPS analysis, heavy
metal concentration was below detection for fibers, both before
or after dissolution, as expected. The trace metal concentration
(<0.15 wt %) of the source material for the fiber products is
routinely, carefully monitored to be sure that the product
meets the environmental legislation limits so trace metals
during the dissolution experiments would likewise be very low.
The chemical composition of stone wool fibers can
significantly affect dissolution rate,18 so it was important for
comparison of dissolution rate dependence on binder content
that the four samples were chemically similar. The stoichio-
metric formula for the fibers, based on the XRF analysis and
taking into account that the iron is present only as Fe(II),59 is
K0.02Na0.08Ca0.50Mg0.30Fe0.11Al0.54SiO3.77. The density of the
fibers was determined from the chemical composition and used
for determining the specific surface area (eq 1).
The proportion of organic material, determined from the

loss of sample mass during heating to 600 °C using the TG,
was compared with LOI measurements of unsieved stone wool
after heating at 590 °C (Table 2). Mass loss could be
attributed to organic material decomposition, over the range
from 110 °C to the final temperature. The mass loss below 110
°C was interpreted as water evaporation. The results of LOI
were closer than TG results to the actual amount of binder that
had been deposited on the samples during production,
probably because of higher sample mass used in the LOI
experiments and thus better sample representability. However,

Figure 2. Schematic representation of the Plexiglas flow cell used for
the dynamic flow dissolution experiments. The fluid volume in the cell
is approximately 50 mL.

Table 2. Bulk Composition (Major Components), Density, Organic Material Content, Mean Diameter, and Surface Area for
All Fiber Samples

XRF results, wt %
organic content,

wt %

sample SiO2 Al2O3 FeO CaO MgO Na2O K2O density, g/cm3 TG LOI d50, μm surface area, cm2/g

F1 42.0 19.1 5.5 19.5 8.5 1.8 0.7 2.8 0.3 0.2 3.4 2629
F2 42.0 19.0 5.6 19.3 8.6 1.8 0.8 2.8 2.7 2.1 3.7 2451
F3 42.0 18.8 5.6 19.3 8.6 1.8 0.8 2.8 2.7 3.6 3.7 2437
F4 42.0 18.8 5.8 19.2 8.6 1.8 0.9 2.8 7.9 6.3 3.9 2371
uncertainty ±0.4 ±0.3 ±0.2 ±0.2 ±0.2 ±0.1 ±0.1 − − − ±0.5 −
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TG results confirmed that there was no loss of organic material
on the fibers due to sieving procedure and that the sieved fiber
materials used in dissolution and surface characterization
studies had the desired amount of binder.
Surface composition, determined with XPS, is shown in

Table 3. With increasing organic material, the atom% of C

determined with XPS increased, while the content of other
elements on the surface decreased, but this is completely
logical because the data are relative surface concentration and
more organic material masks the material that is deeper in the
sample. XPS is extremely surface sensitive, probing a depth of
no more than 10 nm. More binder leads to an increase for the
elements typical for PUF, oil, and APS (C and N) and a
decrease of the elements typical for the inorganic fibers (Si, Al,
Fe, Ca, Mg, Na, K). The C/Si XPS ratio increases with the
range of organic material, determined with TG and LOI. The
N/C XPS ratio for the samples with PUF binder (F2−F4) is
constant, indicating that PUF deposited on the fiber surface
has a similar composition for all samples. For samples F2−F4,
a small amount of sulfur was detected which originates from

ammonium sulfate that is added to the PUF binder during
production to decrease pH during binder curing.

3.2. Static Batch Dissolution Tests Results. Figure 3
presents the solution composition (AAS) data from each day
of the 4 d of batch experiments, made at pH 4.5 and
temperature of 37 °C in the synthetic lung fluid. The pH was
adjusted to 4.5 once a day, because of its increase to 4.9 caused
by fiber dissolution. After 4 d of dissolution the ratio
Ca:Mg:Fe:Al:Si is equal to 0.63:0.41:0.13:0.55:1, which is
close to the stoichiometric formula of stone wool fibers,
K0.02Na0.08Ca0.50Mg0.30Fe0.11Al0.54SiO3.77. Ca and Mg are
preferentially leaching. The ratio for the matrix formers, Al
and Si, resembles that in the bulk, so we conclude that fiber
dissolution in synthetic lung fluid is close to congruent. An
important conclusion is that we were unable to demonstrate
any significant difference in dissolution rate or extent whether
the fibers were without binder (F1) or with it (F2−F4). The
presence of PUF binder, which is the major component of
organic material, had no influence on dissolution of the fiber in
the synthetic lung fluid. After 4 d of dissolution, Si
concentration was ∼0.8 mmol/L for all samples. Dissolution
rate determined from Si concentration in the effluent over time
(Figure 3) was 154 ng/cm2/h based on Si or 770 ng/cm2/h
based on fiber dissolution, assuming congruent dissolution.
After 4 d, 81% of the initial sample remained.
For all elements, the change in concentration with time is

described using equation:60,61
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where c represents concentration in mmol/L, cs is the
concentration at saturation or equilibrium concentration in
mmol/L, k is the rate constant in m/s, S is solid surface area in
m2, V is the solution volume in m3, and t stands for time in s.
In case of amorphous SiO2

62 or glass with low Al content,63

the dissolution rate decreases for all elements as the solution
approaches saturation. This can be described by the formation
of silicic acid in the solution by the reaction:62

+ = = −KSiO (s) H O H SiO (aq) 102 2 4 4
2.71

(3)

Table 3. XPS Surface Composition (at.%) of All Fiber
Samples Prior to the Dissolution Experimentsa

sample F1 F2 F3 F4

O 34.5 ± 0.2 10.1 ± 0.7 9.1 ± 0.7 8.1 ± 0.1
C 31.3 ± 0.3 78.9 ± 1.7 80.9 ± 0.8 83.0 ± 0.2
N 2.4 ± 0.1 2.5 ± 0.1 2.5 ± 0.1 2.4 ± 0.1
Ca 5.3 ± 0.1 1.4 ± 0.1 1.2 ± 0.2 0.9 ± 0.1
Mg 3.6 ± 0.1 1.0 ± 0.4 0.9 ± 0.3 0.6 ± 0.1
Si 12.7 ± 0.2 3.4 ± 0.4 2.9 ± 0.1 2.6 ± 0.2
Al 6.6 ± 0.3 1.8 ± 0.3 1.4 ± 0.2 1.3 ± 0.1
S 0 0.8 ± 0.1 0.9 ± 0.2 0.7 ± 0.1
Fe 0.7 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1
Na 0.9 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0
K 0.5 ± 0.1 0 0 0
Cl 0.8 ± 0.1 0 0 0
Ratio

C/Si 2.5 23.2 27.8 31.4
N/C 0.078 0.032 0.031 0.029

aHeavy metal concentrations were below detection.

Figure 3. Concentration of (a) Si (full symbols) and Al (empty symbols) and (b) Ca (full symbols), Mg (empty symbols), and Fe (crossed
symbols) determined with AAS for stone wool fiber samples with different amounts of binder (F1−F4) during 4 d batch dissolution experiments in
synthetic lung fluid at 37 °C.
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At the investigated pH 4.5, silicic acid is in its protonated form,
and thus saturation concentration of Si in the solution, cs, is
10−2.71 mol/L (1.9 mmol/L). According to eq 2, when the
concentration of silicic acid reaches saturation, the dissolution
rate becomes zero. In our fitting for all stone wool fiber
samples, cs for Si was significantly lower than the saturation
level of silicic acid, at ∼1.1 mmol/L. This means that for stone
wool fiber dissolution in synthetic lung fluid, dissolution is
probably not only controlled by release of silicic acid from the
glass matrix. For Al, cs is 0.56 mmol/L and for and Fe, 0.14
mmol/L (0.7 mmol/L of total Me3+, assuming that released
Fe2+ from fibers is instantly oxidized and converted to Fe3+ in
the solution). It is known that at pH 4.5, citrate in excess forms
complexes with the stoichiometry metal−ligand, Me:L = 1:2
for Al64,65 and 1:1 for Fe(III).66,67 Tartrate forms complexes
with stoichiometry, Me:L = 1:1 with both Al68 and Fe.69,70 In
our system, concentrations of citrate and tartrate are 0.52 and
0.78 mmol/L, which results in binding of 1.13 mmol/L of
Me3+. Thus, we expect that stone wool fiber dissolution slows
after 4 d because of decreased free citrate and tartrate.
Morphology changes of the stone wool fibers after the static

batch dissolution experiments were observed with SEM
(Figure 4). Fibers without binder (F1) showed no significant

morphology changes. However, for stone wool fibers with
binder (F2−F4), we saw similar morphological changes,
caused by the dissolution. Cavities of irregular shape and size
formed on the fibers already after 24 h. Presumably, the treated
fibers dissolved more readily where binder droplets were
absent, resulting in inhomogeneous dissolution for samples
F2−F4. Uncoated fibers dissolved evenly, with no cavity
formation. Similar morphology changes were also reported in
dissolution experiments with Gamble’s solution at pH 7.4 and
4.5, but for stone and glass wool samples where organic resin
and oil were not present.9

The surface analysis shows changes in the ratios for Al/Si,
Ca/Si, Mg/Si, and C/Si (Figure 5). After dissolution, surfaces
are enriched with Si and depleted with other elements,
including Al. In synthetic lung fluid containing Al complexing
agents, that is, citrate and tartrate, Al dissolution is favored so
surface accumulation was not observed.
The surface C to Si ratio decreases for all samples during

dissolution in the synthetic lung fluid, mainly because of
increasing Si concentration, rather than decreased surface C
(Supporting Information, Table S1). This is consistent with
SEM observations, where parts of the fibers that had been

Figure 4. SEM images of the stone wool fibers samples F1−F4 (in rows) before (day 0, imaged with BSE 5 kV) and after static batch dissolution
experiments from days 1 to 4 (imaged with SE 30 kV) (columns) in the synthetic lung fluid at 37 °C.
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treated with binder are not dissolved and other parts, where
binder droplets are absent, dissolve forming cavities (Figure 4).

3.3. Dynamic Flow Experiments. From the results of the
static dissolution experiments, we concluded that Al and Fe

Figure 5. Surface concentration (XPS) ratios (a) Ca/Si, (b) Mg/Si, (c) Al/Si, and (d) C/Si during dissolution in synthetic lung fluid at 37 °C over
4 d for stone wool fiber samples with different amounts of binder (F1−F4).

Figure 6. Concentrations of (a) Si (full symbols) and Al (empty symbols) and (b) Ca (full symbols), Mg (empty symbols), and Fe (crossed
symbols) determined with AAS for stone wool samples with different amounts of binder (F1, F3, and F4) dissolving in synthetic lung fluid over 28
d constant flow experiments at 37 °C.
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complexing agents have a significant role in the stone wool
dissolution process. As the system approached equilibrium, the
citrate and tartrate are complexed, leading to a drop in
dissolution rate (Figure 3). To avoid this, we made constant
flow experiments, where the composition of the solution
passing through the stone wool fiber samples was held
constant. Figure 6 presents the concentrations for Si, Al, Fe,
Ca, and Mg for samples F1, F3, and F4 over 28 d.
During the first week, except for Fe, the concentrations of all

elements increase, then decrease after 11−14 d, causing
effluent pH increase to 5.3 followed by decrease to 5.0 after 2
weeks. The decline in the element concentration after 14 d
could be explained by a significant decrease in surface area as
the mass of the fibers decreases to <50% of the original. To
estimate the decrease of surface area over the course of the
experiments, we estimated the loss of the stone wool mass
(Supporting Information Figure S1) from the amount of
released silica, shown in Figure 6a, assuming congruent
dissolution, which is a reasonable assumption, considering
the ratios for the released elements presented in Figure 6a,b.
The mass loss of the fibers leads to decrease in the fiber radius.
Assuming that fibers are elongated cylinders, the average fiber
radius before dissolution can be found using

ρ
=

×
r

S
2

0
(4)

where r0 stands for the average fiber radius before dissolution,
S is the specific surface area (Table 2), and ρ is the density of
the fibers (Table 2). During dissolution, the decrease of fiber
radius is related to mass loss:

=r
m
m

r1
1

0
0

(5)

where r1 represents average fiber radius after dissolution, m0 is
initial fiber mass, and m1 is fiber mass after dissolution. By
introducing r1 from eq 5 into eq 4 and rearranging it, it is
possible to estimate change in fiber surface area during
dissolution. The quantity of the released elements was
normalized using this surface area. The total release of all
elements is shown in Figure 7.
We determined the dissolution rates for all elements using

slopes of the linear fit to the element concentrations over time
(Figure 7). The results of fitting are shown in Table 4 in
different units: mol/m2/s for all measured elements and log r+
(mol/cm2/s) for Si, where r+ stands for the rate of the
dissolution reaction. The log r+ (mol(Si)/cm2/s) is widely
used for the natural basalts dissolution,71,72 and we used it for
comparison with these published data. The goodness of linear
fit, R2, for the experimental data in Figure 7 was better than
0.98 for all elements, except Mg. The deviation from linearity
for Mg is caused by its concentrations determined in outlet
solution after 14 d of the dissolution. After 14 d,
concentrations of all elements in the outlet solution started
to decline (Figure 6), because of the decrease of fiber surface
area available for dissolution. In the synthetic lung fluid used
for fiber dissolution, concentration of Mg is quite high (Table
1), and thus the concentration of Mg released from fibers after
14 d was just above the background. This makes it difficult for
estimating the correct Mg amount released from fibers after 14
d. The element release rates reflect the trend for the
stoichiometric ratio of the elements in the bulk stone wool
fibers. For samples F1 (without binder) and F4 (with
maximum applied binder), element release rates are similar
throughout the 28 d of dissolution. For sample F3, we did not
determine dissolution rate, because only the data for days 14
and 28 were available. However, Si, Al, and Fe concentrations
for F3 are consistent with the concentrations from F1 and F4,
so we expect no significant difference in dissolution rate for F3.

Figure 7. Total accumulated concentration of dissolved elements normalized by surface area (a) Si (full symbols) and Al (empty symbols) and (b)
Ca (full symbols), Mg (empty symbols), and Fe (crossed symbols) determined with AAS and for stone wool samples with different amounts of
binder (F1, F3, and F4) over the 28 d flow through experiments at 37 °C in synthetic lung fluid.

Table 4. Fitting Results for Element Release Rate, the Rate Ratio, and log r+ for Silica

release rate, 10−9 mol/m2/s

sample Ca Mg Fe Al Si release rate ratio, Ca:Mg:Fe:Al:Si log r+, mol(Si)/cm2/s

F1 6.03 2.29 1.27 6.23 10.1 0.59:0.23:0.13:0.61:1 −12.0
F4 5.31 1.46 1.30 6.19 10.1 0.53:0.14:0.13:0.61:1 −12.0
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Thus, we can conclude that the presence of binder on stone
wool fibers has negligible influence on the rate of fiber
dissolution in the synthetic lung fluid. Si release rate is 102 ng/
cm2/h for F1 and F4, and assuming congruent dissolution, we
estimate stone wool fiber dissolution rate of 508 ng/cm2/h for
F1 and F4. The rate of Si release for our samples is higher than
for fiber dissolution at pH 4.5 in solutions without Al-
complexing agents.44 Gislason and Oelkers71 reported
dissolution rates, log r+(Si) (mol(Si)/cm2/s), of −14.17 (at
25 °C) and −13.67 (at 50 °C) at pH 4.5 in the absence of Al
complexing agents, for basaltic glass with bulk composition not
far from our samples, Na0.08Ca0.263Mg0.281Fe0.188Al0.358SiO3.32.
However, dissolution rate increased by 1−2 orders of
magnitude at pH between 3 and 7 in the presence of oxalate.72

Surface analysis of the stone wool fibers at the end of the 28
d flow experiment showed results similar to those from batch
dissolution. The Al/Si ratio decreased from 0.5 to 0.1 for all
samples and Ca/Si, Mg/Si and Fe/Si dropped to zero,
indicating surface Si enrichment (Supporting Information
Table S2). For samples F3 and F4, decrease of the carbon ratio
to silica was similar to batch experiments, and morphology
changes were also similar to what we saw after 4 d from the
batch experiments (Figure 4). No morphology changes were
observed for sample F1 (Figure 8a), but fibers with binder,

samples F3 and F4, showed more pronounced changes after 28
d than after 4 d in the batch reactors (Figure 8b−d). To
determine the composition of binder droplets, seen in the
Figure 8b−d for F3 and F4 samples, we performed EDXS
analysis on single fiber.
EDXS line scan analysis was done where the binder droplets

are presumably located (Figure 9a,b). Figure 9a shows a fiber
with binder that had been dissolving for 28 d in synthetic lung
fluid at 37 °C. Cavities formed between the patches where we

see binder droplets. EDXS shows that the material in the
cavities was composed of elements typical for stone wool fiber
composition, for example, Si, Al, and Mg, and no C, which is
typical for the binder. The areas of binder gave a high signal for
C. The thickness of this material resulted in almost no signal
for inorganic constituents of the underlying fibers. Thus, we
can confirm that the fibers dissolve around the areas with
organic material droplets. However, it is also clear from Figure
9a that dissolution extends beneath the binder droplets and
can potentially lead to detachment of the organic material. The
left binder droplet could be detached from the fiber surface.
Detachment of binder droplets can explain decreased carbon
content on surfaces, and cavity formation on the uncoated
areas explains increase of Si observed as decreased C/Si ratio
in the XPS analyses (Supporting Information Table S2), from
31 to 20 for sample F4 and from 28 to 14 for sample F3.

4. DISCUSSION

From the SEM images (Figures 1 and 8−10), we can see that
the binder does not smoothly coat the fiber surfaces for any of
the samples investigated, but instead is distributed as droplets
on the fiber surface. Organic material on the stone wool fiber
surfaces could potentially affect the dissolution rate of the
fibers in the aqueous media,50−53 especially if it forms a
homogeneous, impermeable coating. Therefore, binder dis-
tribution on the stone wool fibers is a critical factor for
dissolution. At the current stage, the fraction of the fiber coated
with organics is not quantified. QUASES-XPS modeling
proposed that fibers treated with binder may contain 4 nm
organic surface layer, which presumably consists of binder
material and oil, and can be partially destroyed and rearanged
upon contact with water at elevated temperatures.73 In the
production of stone wool fibers, organic matter is sprayed on
the fibers in water emulsion which results in inhomogeneous
distribution of binder over the fibers surface. Increasing the
amount of binder from 2 to 6% during production does not
lead to a significant change in the homogeneity of the binder
distribution or to the formation of impermable layer on the
fiber, as seen in the SEM images (Figures 10). Coverage is still
very low, leaving considerable surface area free for attack by
the solution.
For the untreated fibers, high dissolution rate leads to

homogeneous dissolution with overall decrease of fiber
diameter, whereas for samples with binder, cavities form in
the areas where binder droplets are not present (Figures 8 − 9)
but the mass of material moving from the solid to the solution
is the same. Thus, proposed by modeling with QUASES-XPS,
a 4 nm-thick surface organic layer73 is not sufficient to protect
the fibers. The solution has access to the fiber that was treated
with binder so the dissolution rate is unaffected and cavities
formation increases the surface area available for the
dissolution. Morphology change and formation of cavities are
observed already after day 1, and Figure 9 shows that binder
droplets can be potentially displaced from fiber surfaces when
the cavities extend beneath them. Cavity formation and
inhomogeneous dissolution are also observed in in vivo
biopersistence studies with biosoluble stone wool fibers with
no binder added. Cavities locally reduce the thickness and the
mechanical strength of the fibers, leading to breakage of the
fibers into shorter fragments that can be mechanically cleared
by the macrophages.17 We suggest that dissolution of the
samples with binder proceeds as shown in Figure 11.

Figure 8. SEM images (BSE 5 kV) of the stone wool fibers samples:
(a) F1, (b) F3, and (c, d) F4 after dissolution for 28 d in the synthetic
lung fluid at 37 °C. Red arrows indicate areas where binder is present
after dissolution of F3 and F4 samples.
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The SEM images and the other results of this study suggest
that the fibers dissolve regardless of the presence of binder.
Stone wool fiber dissolution in synthetic lung fluid at 37 °C is
significantly faster than in solutions at similar pH, where there
are no Al or Fe complexing agents.44 Dissolution rate was 508
ng of fiber/cm2/h in flow through experiments over 28 d and
770 ng/cm2/h for 4 d in the batch reactors, with similar
amounts of released elements, whether the fibers were with
binder or not. We could potentially expect higher dissolution
rates if pH would be stabilized precisely at 4.5, because of
increasing dissolution rate of stone wool fiber with decreasing
pH.74 In our experiments, the dissolution reaction in fact took
place at a slightly higher pH of 4.9−5.3 caused by cation
leaching from the fibers to the solution. The higher rate for the
batch experiments after 4 d compared to rate in flow through
experiments can be explained by the higher concentration of
complexing agents (citrate and tartrate) compared to fiber
mass and daily pH adjustments. For the static batch
experiments, dissolution rate decreased after 4 d because of

the concentration of free citrate and tartrate drops, while in
constant flow experiments, dissolution rate remains constant
because the complexing anions are constantly renewed.

5. CONCLUSIONS
We investigated the influence of organic material that was
predominantly a phenol-urea-formaldehyde (PUF) binder (0−
6 wt %) on the dissolution rates of stone wool fibers in
synthetic lung fluid at 37 °C and pH 4.5, using in vitro static
batch and dynamic flow methods. The results demonstrated
that there is no effect of binder on the stone wool fiber
dissolution rate either in batch experiments over 4 d or in flow
through constant composition experiments for 28 d. The
concentrations of species released from the fibers, with
different amounts of binder, to the solution are similar to
those without binder.
Stone wool fiber dissolution in the synthetic lung fluid at 37

°C and pH 4.5 is close to congruent with slight preferential
leaching of matrix cations (Ca, Mg). High dissolution rates are

Figure 9. (a) SEM image and (b) EDXS line scan (red line) on a single fiber from F4 after dissolution for 28 d in the synthetic lung fluid at 37 °C.
The left binder droplet is detached from the fiber surface.

Figure 10. SEM images illustrating the inhomogeneity of the binder on samples with the different amounts of organic binder (F2−F4). Black spots
on the fiber surface are PUF binder similar to that indicated in Figure 1.
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explained by the presence of Al and Fe complexing ligands,
that is, citrate and tartrate, which promote the dissolution.
Morphology changes observed with SEM-EDXS showed that
stone wool fiber samples with binder dissolve first in the
uncovered areas by formation of cavities, which eventually
undermine the binder, while fibers without binder dissolve
evenly. The different modes of dissolution have no effect on
the overall amount of elements released because there is
enough surface area available for the reaction. Cavity
propagation with time eventually leads to complete under-
mining of the organic material and would facilitate mechanical
breakage of the fibers into shorter fragments. In summary, the
in vitro results of this work demonstrate that the PUF binding
agent with oil and APS at the concentrations used in the
production process of a commercial stone wool product has no
effect on the fiber dissolution rates in a synthetic lung fluid.
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