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Abstract

Density measurement with vibrating tube density meters is a fundamental technique in
biotechnology, for example, as the metrological base for spectroscopy calibrations. However,
conventional multi-point adjustments frequently rely on hazardous halogenated solvents.
In this work, green alternatives for density calibration are evaluated with a focus on replac-
ing hazardous substances while maintaining analytical performance. Propylene carbonate
is identified as an intrinsic candidate standard for densities up to 1.20 g/mL, eliminating
reliance on conventional halogenated liquids. For routine verification and system suitability
testing, binary aqueous solutions of sodium chloride and guanidine hydrochloride are
proposed as secondary standards. Guanidine hydrochloride solutions provide particular
advantages due to their moderate viscosity and high refractometric sensitivity, allowing
independent verification of composition and extended usability. In addition, historical den-
sity data for NaCl and CsCl solutions were re-evaluated to showcase that in silico modeling
can derive density-temperature—composition relations with reasonable overall accuracy.
Overall, the proposed approach demonstrates that accurate density calibration in bioana-
lytical laboratories can be achieved using low-toxicity, non-halogenated substances thereby
reducing environmental impact while supporting fit-for-purpose analytical performance.

Keywords: green analytical chemistry; density calibration; sustainable reference materials;
sustainable calibration strategies

1. Introduction

The introduction of oscillating tube density meters more than half a century ago has
revolutionized the density measurement of fluids, i.e., gases and liquids, and facilitated an
accurate determination of partial volumes of mixed liquids and of dissolved solids [1-3].
Density measurement is thus a key technique for accurate calibration with minimum
uncertainty, as calibration solutions, e.g., for main component measurements in multi-
component mixtures by near-infrared, mid-infrared, or Raman spectroscopy, could be
prepared by weighing independent of the ambient temperature.

Accurate density calibration is not only a metrological requirement but also impacts
analytical efficiency and sustainability. Density errors propagate into concentration uncer-
tainties and may bias spectroscopic calibration models, potentially giving rise to repeat
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analyses or recalibration. In routine bioanalytical practice, such avoidable analytical un-
certainty can translate into increased material consumption and waste. Addressing these
issues directly aligns with green analytical chemistry (GAC) principles, including the sub-
stitution of hazardous substances, minimization of waste, extension of reagent lifetime
through verification rather than replacement, and avoidance of additional experimental
campaigns by in silico re-use of legacy data [4-6]. Together, these measures demonstrate
how routine density metrology in bioanalytical laboratories can be aligned with green
analytical chemistry principles without compromising analytical accuracy or robustness.
Green analytical chemistry extends the broader concepts of green chemistry to analytical
processes, translating the design principles of safer chemicals, waste prevention, and energy
efficiency into practical laboratory strategies [7].

In recent decades, the density measurement by the resonance frequency of a fluid-filled
oscillating U-shaped tube has become standard practice in food, beverage, and bioprocess
laboratory work. In state-of-the-art instrumentation, the highly accurate and precise Peltier
thermostatization to approx. 0.01 °C enables a theoretical density accuracy of 0.00001 g/mL.
The maximum measurable density of 3 g/mL exceeds by far the relevant range in biotech-
nology and bioanalytics (up to approx. 1.20 g/mL). Top-of-the-line instruments measure
the resonance frequency f of the sample-filled U-shaped glass tube as the oscillation period
T = 1/f with an internal resolution of up to 0.0000001 ms at a temperature resolution of
0.001 °C with a density resolution of 0.000001 g/mL. The actual achievable accuracy (for the
standard two-point air/water calibration) may however depend on the internal calibration
algorithm and the temperature bias as well as on the temperature, pressure, and relative
humidity accuracy for the calculation of air density.

Surprisingly, topics of user instrument qualification, verification, and system suitability
tests (SSTs) have apparently received little attention [8-10]. As raw data, the density-
dependent oscillation period T of the liquid-filled glass or metal tube is measured. In
routine use, the instruments come factory-calibrated for an optional user adjustment on the
densities of air (depending on the atmospheric pressure and the relative humidity) and of
(air-saturated) water, or water may be at least measured as the SST. The accuracy of the
usual two-point calibration may however be insufficient, not only because of the damping
effect of viscous samples. The first publication on alcoholometry gave the recommendation
to calibrate with a water—ethanol mixture within +15% (by vol.) for the expected ethanol
content for samples containing more than 19% (by vol.) [11]. Follow-up investigations
found that the two-point air-water calibration appeared as sufficiently accurate [12,13], as
the densities measured always remained in the calibration range.

The question of density calibration and viscosity correction by air and water measure-
ment has been recently discussed and investigated experimentally [14] over the practically
relevant density range, demonstrating that even with a top-of-the-line instrument, the basic
two-point air-water calibration leads to a bias up to +0.00010 g/mL for tetrachloroethylene
with its density well above water. Only a three-point liquid calibration with dodecane,
water and tetrachloroethylene gave a good overall agreement of at most ££0.00002 g/mL.
For the highest accuracy, a calibration based on 10 organic calibration liquids and water
and the respective oscillation periods was described soon after the introduction of this
technique [15].

The multi-point calibration of an oscillating tube density meter requires calibration
liquids of consistent high purity, which are readily available, e.g., in spectroscopy grade
or as anhydrous solvent. If stored properly, i.e., at the recommended temperature range
protected from light in a tightly closed container, usually an amber glass bottle, the specified
properties are guaranteed by the manufacturer or supplier until the given expiry date.
While such liquids may also be available as certified density standards, the consistent
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purity of the laboratory reagents makes the assumption of a consistent density valid, i.e.,
the suitability as intrinsic standards without any further recalibration or certification [16].
This also reduces the considerable expenses for certified standards [17] and enable a
simple verification of the instrument. Halogenated solvents such as 2,4-dichlorotoluene
or bromobenzene [18] with a density above water should however be avoided as much as
possible for their possible health hazards and ecotoxicity. Toluene and cyclohexane [19] are
low-density calibration liquids. The following subchapters discuss calibration standards
for different density ranges as well as chemical characteristics.

1.1. Low-Density Calibration Standards

For densities below water, pentane, isooctane, cyclohexane, and toluene may altogether
provide very convenient intrinsic calibration standards covering a range from about 0.62 to
0.87 g/mL. (Benzene has been phased out for its toxicity and substituted by toluene [20].)
All these hydrocarbons are available as ultrapure reagents, e.g., for spectroscopy or trace
analysis with a specified water content. Other than alcohols, they are practically immiscible
with water, of tolerably low health hazard (except for toluene, which is classified as a
CMR substance), but they require adequate safety precautions as highly flammable liquids.
Advantageously the volumes consumed are small (~2 mL) and can be recovered. The
aforementioned volatile hydrocarbons evaporate directly and quickly with the stream of
air drying the U-tube; dodecane (d?° = 0.74875 g/mL) with a boiling point of 216.3 °C or
lubricating oils available as certified reference materials (Anton Paar, Graz, Austria; H & D
Fitzgerald, Tremeirchion, UK) require additional flushing with an organic solvent with a
special disposal of the waste. The same applies also for toluene, for which working in a
fume hood reduces the exposure hazard.

1.2. High-Density Calibration Standards: Sugar and Salt Solutions

Aqueous protein and buffer solutions exceed the density of water [21]. For the daily
work with densities up to 1.28 g/mL, aqueous sucrose solutions may offer a simple and
quite convenient intrinsic reference material set, as sucrose is not hygroscopic below at least
~75% relative humidity [22,23], and as the respective densities d? can be calculated from
the mass fraction in vacuo wgyer (0 < w < 1) up to 60% by weight from a fourth degree
polynomial regression with an accuracy better than 0.00001 g/mL [24] or from the sixth
degree polynomial ICUMSA formula [25] even to the solubility limit at 66% (at 20 °C).

d? (kg/m3) = 998.203 + 385.1761 X Wyer + 135.3705 X Weyer? + 40.9299 X Wsuer® — 3.9643 X Wsyert

+13.4853 X Weuer® — 17.289 X Weyer®

Above approx. 40% sucrose by wt., however, the viscosity of the solutions may bias
the oscillation period and require an instrument-specific correction algorithm.

1.3. Halogen-Free Medium Density Liquids

As oxygen-rich short-chain hydrocarbon compounds, carbonic acid esters (dimethyl
carbonate, propylene carbonate), short-chain lipids (glycerol triacetate = triacetin, glycerol
tributyrate = tributyrin), and oxalic and citric acid ethyl esters (e.g., dimethyl oxalate,
triethyl citrate and acetyl triethyl citrate) have densities of about 1.03-1.20 g/mL [26-29]
and are considered as safe ingredients in foods and cosmetics. They are at least moderately
miscible with water (e.g., 61 g triacetin/L; 58.1 g triethyl citrate/L; 7.2 g acetyl triethyl
citrate/L) and may thus contain residual water; for this specific reason they may not all be
suitable as primary intrinsic density standards, but they may be calibrated batch-to-batch
for use as system suitability standards in the daily laboratory routine. Propylene carbonate,
which may absorb water only in humid ambient conditions [30], is a low-viscosity (2.5 cp
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at 25 °C) cosmetics ingredient [31] used also as an anhydrous and acid-free solvent in
electrochemistry, e.g., for lithium batteries. Density data for propylene carbonate—water
mixtures exist only for water as an impurity [32], as both liquids are not fully miscible
at ambient temperature [33]. Glycerol carbonate is a candidate green solvent also for
salts [34], however with a high viscosity of 85.4 cp at 25 °C [35]. Triacetin has been stated as
hygroscopic, however any detailed investigations on this property could not be retrieved.
Triacetin has a medium-low viscosity (23 cp at 20 °C); triethyl citrate and, in particular,
acetyl triethyl citrate differ significantly (32.17 cp at 20 °C and 53.7 cp at 25 °C, resp.), so
that the latter may readily cause a viscosity bias in the density measurements [36]. Densities
of halogen-free heavy liquids at different temperatures are summarized in Table S1.

1.4. Halogenated Compounds as High Density Liquids

For higher densities exceeding ~1.2 g/mL however, the halogenated hydrocarbons
remaining pose certain limitations for a routine application due to their inherent hazards
towards health and environment. Chlorofluorocarbons such as trichlorotrifluoroethane
= “Freon 113” [37] have been restricted and meanwhile phased out as ozone-depleting.
Tetrachloroethene, the solvent common in the dry cleaning of textiles with its relatively
moderate health hazard, is currently the liquid reference standard with the highest den-
sity (d?° = 1.622685 + 0.000035 g/mL) calibrated by hydrostatic weighing [38]. It should
however be gradually phased out for commercial and consumer use as proposed by the
US EPA [39]. Other, heavier halocarbons with bromine and iodide such as, e.g., bromoben-
zene or methylene iodide may be hazardous to health and photodegrade readily upon
illumination with UV or sunlight (as observed for tetrachloroethylene as well).

Fluorinated compounds such as, e.g., hexafluoroisopropanol [40] or sevoflurane
(=1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane) [41] combine a high density with a
low refractive index. Interestingly neither the well-characterized anesthetic sevoflurane
nor the perfluorocarbon perfluorooctane [42], which is available in pharmaceutical-grade
high purity [43-45] as a “medical device” for the short-term (surgical) intraocular endo-
tamponade against retinal detachment, have found attention as potential reference liquids.
The density of perfluorooctane has been given as 1.7672 g/mL [46], 1.7677 g/mL [47],
1.77749 g/mL [48] and later as 1.768496 g/mL for the 98% pure Aldrich reagent [49], as
measured with an air-water-calibrated density meter. To analyze the purity of and pos-
sible contaminants in ophthalmic perfluorooctane, a toolbox of analytical techniques has
been established, such as gas chromatography with mass spectrometric detection, far UV
absorbance spectroscopy (220 nm), and FTIR spectroscopy [45]. The impurities have been
characterized [43,44,50] and lead to the revision of the medical device-related standard ISO
16672.2020 “Ocular Endotamponades” to incorporate a direct cytotoxicity test [51]. Perfluo-
rooctane can thus be qualified and made available in an “ultra-purity” grade well suitable
as a reference material. For their environmental or health hazards, neither perfluorooctane
nor sevoflurane would be suitable as day-to-day system suitability standards. As a perfluo-
rinated hydrocarbon analog, perfluorooctane is virtually immiscible with water (29.9 mg/L,
calculated) and partially miscible with organic solvents such as toluene, ethanol, acetone,
and chloroform. Highly purified to be essentially free from contaminants, it is regarded
as biologically non-toxic, but detrimental to the environment due to its chemical and pho-
tochemical inertia and environmental persistence. By its infrared absorbance, it exerts an
about 8000-fold global warming potential (GWP) in relation to CO, [52,53] and must thus
be handled as carefully, cautiously, and conscientiously as possible. If any evaporation must
be avoided as far as possible, the residual droplets in the densimeter tube may be flushed
with a short-chain hydrocarbon such as pentane [54]. In comparison, sevoflurane with a
short atmospheric lifetime of 1.1 years gives an only about 130-fold GWP over CO; [55,56],
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which would make it much easier to justify implementation as a density calibration or
verification standard; as an anesthetic it is however a regulated substance.

1.5. Density Calibration Techniques: Relative or Absolute?

The internal calibration routines of the common density meters offer either the two-
point air-water calibration or a three-point calibration with an additional heavy liquid. In
general, the actual oscillation period can be displayed in the graphical software interface.
In practice, a density resolution of 0.00001 g/mL and an accuracy of £0.00002 g/mL suffice
in virtually all applications. A measurement resolution of 107 or even 107 ms may
improve an “external” calibration of the oscillation period vs. the density, but for most
liquids, density data have been gauged only to the fifth decimal, with pycnometry and, in
particular, hydrostatic weighing preferable over air-water-calibrated density meters (see
above). With the fixed position of the U-tube and its connections, its oscillation period
can be regarded as absolute, as it is only sample- and instrument-dependent. At least for
low-viscosity samples, such an absolute calibration may thus become possible for each
individual instrument independently of the internal calibration algorithm. As a great
advantage, the aqueous solutions of NaCl, CsCl, and guanidine hydrochloride does not
reach viscosities critical in oscillating tube-density measurements.

1.6. Green Alternatives for High-Density Calibration Standards

For user verification above the density range accessible with sucrose and, in particular,
for a multi-point calibration of a digital density meter, however, the choice of suitable
materials appears to be very limited. High-density liquids may either be pure or mixed
halo-organic compounds with hazards towards health and the environment, or aqueous
solutions of heavy cation or anion salts, the latter termed “brines” for the flotation of
minerals and ores in mining. Other than for sucrose, current and, above all, metrologically
traceable density data does not exist for NaCl, CsCl, or guanidine hydrochloride solutions.
Historical data may require correction from the relative (to water at 4 °C) to the absolute
density [57]. If a temperature conformance at least to the International Temperature Scale
of 1927 (ITS-27) is supposed for the historical “International Critical Tables” (ICT) data,
one must be aware of the differences between the older scale of up to +23 mK at 323.15 K
(50 °C) and the current ITS-90 [58]. The viscosities of such near-saturated salt solutions
remain outside the range of the instrumental viscosity bias [59-62].

An option for a green high-density calibration standard is guanidine hydrochloride. It
is available as a high purity-reagent specified for protein fluorescence spectroscopy and
is hygroscopic slightly above 50% relative humidity [63,64]. Binary aqueous solutions
of guanidine hydrochloride cover a density range of approx. 1.00-1.20 g/mL [61]. A
key advantage of aqueous guanidine hydrochloride solutions is their high refractometric
sensitivity to concentration changes [65]. Consequently, their actual concentration can be
confirmed by refractometry. In this work, the experimental groundwork for employing
binary aqueous solutions of guanidine hydrochloride as a high-density calibration standard
is demonstrated.

An alternative, resource-efficient and “green” approach for obtaining density data
covering a wide density and temperature range could be reassessing available historical
data sets using in silico modeling, thus avoiding extensive manual preparation work and
handling of significant quantities of chemical materials. Suitable historic data sets are
available for NaCl and CsCl aqueous solutions, which are both viable candidates for use as
high-density calibration standards. NaCl shows saturation slightly above 26 m-%, limiting
the maximum density to approx. 1.19 g/mL, while CsCl as specified for preparative
density-gradient ultracentrifugation can achieve densities of up to 1.90 g/mL. The latter
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is sufficiently stable in air-conditioned environments (40-50% relative humidity) with its
hygroscopic point of 65.7% r. h. at 25 °C [66].

This study aims to evaluate a green, non-hazardous calibration and verification
framework for vibrating tube density meters in the biotechnology-relevant density range
(1.00-1.20 mg/mL). Specifically, it assesses anhydrous propylene carbonate as a non-
halogenated primary calibration candidate to replace toxic organic solvents. Additionally,
binary aqueous guanidine hydrochloride solutions are investigated as proposed secondary
standards for routine verification using refractometry. Finally, as a resource-efficient proof
of principle, in silico modeling of legacy NaCl and CsCl data is applied to derive empirical
interpolation models.

2. Materials and Methods

The present study, performed in an industrial research laboratory, does not and cannot
claim metrological scrutiny such as is standard for a dedicated metrology institute. The
instrumentation used was calibrated, maintained and verified to an extent as necessary
in a regulated environment, however without any deeper metrological examination and
characterization of measurement uncertainty, which are well beyond the capacities and
capabilities of the applied research. Reagents were chosen according to the purity grade and
profile as specified by the manufacturer or supplier, with tabulated reference data such as
liquid density from literature sources presumed reliable and accurate. Sample preparation
and measurements were done usually in a single series, as weighing for gravimetric
dilution, oscillation time for density, and refractive index constitute the primary and only
instrument-dependent measurement values.

In general, anhydrous solvents with a specified purity and residual water content
(Table 1) were selected for the oscillation period calibration [15]. The densities of pentane,
cyclohexane, and water were taken from the literature [20,67], the densities of isooctane
and of toluene from the NIST SRM certificates. The densities of propylene carbonate and of
perfluorooctane pooled from ophthalmic medical device samples (with the purity and water
content not specified = n. s.) were internally determined using a Reischauer borosilicate
glass pycnometer (50.002 mL at 20 °C). The actual temperature of the thermostating water
bath (Lauda Ecolab 306 cryostat) was checked with a digital thermometer (Testo 735 with
PT100 sensor and 0.05 °C resolution, verified with melting ice from Milli Q-water). For
pycnometry, a semi-micro balance (Sartorius MC210P) enabled a weighing resolution of
0.00002 g up to 110 g and 0.00005 g up to 210 g.

The density meter (Rudolph Research DDM2911 in “User Selectable Resolution” mode)
was initially calibrated with air and water at 20 °C; water was then measured to obtain
the oscillation periods at 20 °C and at 25 °C. The hydrocarbons and propylene carbonate
were injected with a glass syringe, water and perfluorooctane with a plastic syringe with a
rubber piston. Oscillation period values were rounded to 0.00001 ms. After measurement,
the hydrocarbons and perfluorooctane were recovered and recollected into waste bottles or
for re-use; only the residual droplets in the tube (<0.1 mL) were allowed to evaporate with
the drying air stream. A 4th degree polynomial regression which still allowed a solution by
radicals was calculated from 6 density points (n-pentane to propylene carbonate at 20 °C,
isooctane to perfluorooctane at 25 °C) with a correlation term R? = 1.0000000 required to
obtain a minimum residual error.

The refractometer (Rudolph Research J357, Rudolph Research Analytical, Hack-
ettstown, NJ, USA, 0.00001 nD resolution) was verified with sucrose solutions at 20 °C
according to the ICUMSA refractive index table in OIML R142.

Guanidine hydrochloride (molecular biology grade with UV absorbance specified
at 280 and 260 nm) was vacuum-dried (Thermo-Fisher Vacutherm 6025, Thermo-Fisher
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Scientific, Waltham, MA, USA) and either weighed directly for refractometry or diluted
gravimetrically from a weighed stock solution for density measurement on a precision
balance with 1 mg resolution. The refractive index was measured at 20 °C. Densities were
measured based on the oscillation periods at 20 and 25 °C.

Table 1. Specifications of calibration liquids.

Calldlil;lait;on Grade Supplier Catalog No. Batch % Purity % Water
pentane anhydrous zigil:; 236705-250 mL éggggigﬁ >99 <0.001
isooctane Sped’z([’jssgf(ﬁ)grade Supelco 1.04718.0500 11290818329  >99.8  <0.005
cyclohexane SpeCtr(‘I’jS‘f:nggrade Supelco 1.02822.0500 11224622230  >99.9  <0.005
toluene analytical grade Supelco 1.08325.1000 K5329521 725 >99.9 <0.03
wae, e lipore
air-saturated freshwater Milli-Q
E;‘r’l‘;’g’rll‘:‘t‘: anhydrous :ﬁi‘; 310325-500 mL 5110{2]36(22%699767 >99.7  <0.002
perfluorooctane °P hthaér:;izcrenedlcal not disclosed - - n. s. n. s.
Note: Sigma-Aldrich, Supelco, Millipore, and Milli-Q are affiliate brands of Merck KGaA, Darmstadt,
Germany.

In order to enable the comparison of the environmental hazards and operator safety
considerations of the substances discussed in this manuscript, relevant information was
summarized in Table S2.

3. Results and Discussion

Density standards serve distinct purposes in routine bioanalytical workflows and
should be applied accordingly. Pure, chemically stable liquids such as propylene carbonate
act as absolute (intrinsic) standards and are appropriate for multi-point calibration and trace-
ability. Binary aqueous systems (e.g., guanidine hydrochloride or NaCl solutions) are best
suited as secondary standards for routine verification within the relevant sample density
range. SSTs are used for frequent day-to-day checks close to the expected sample density
and are not intended to establish primary traceability. Accordingly, this work introduces
propylene carbonate as an absolute density standard and aqueous guanidine hydrochloride
solutions as secondary standards for routine verification in bioanalytical laboratories.

3.1. Propylene Carbonate as a Non-Hazardous Halogen-Free Absolute Density Standard

The selection of propylene carbonate was motivated by the need for an environmen-
tally non-hazardous and halogen-free density standard that can replace commonly used
medium-to-high-density halogenated reference liquids for daily laboratory work. In the
density range relevant to biotechnology and bioanalysis (approx. 1.00-1.20 g/mL), the avail-
ability of reference liquids combining high chemical purity, low viscosity, environmental
safety, and long-term compositional stability is very limited. Propylene carbonate uniquely
meets these criteria while remaining compatible with existing laboratory workflows.
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In this study, its density at 20 °C and 25 °C was determined by pycnometry as
1.20477 g/mL and 1.19975 g/mL, respectively. (The density at 15 °C as given in the
Supplemental Table S1 was measured separately with an oscillating tube density meter,
but not considered as relevant for ambient temperature bioprocessing.) Such results
from pycnometry as a laboratory procedure are likely inherently flawed with all related
sources of uncertainty, so that only the metrological reference technique of hydrostatic
weighing minimizes the measurement uncertainty to the degree required for a reference
material, of which the low viscosity enables its use without any viscosity correction. As
the battery-grade purity must be essentially anhydrous and free from acid, this should
qualify propylene carbonate from a metrological perspective as a promising candidate for
an absolute density reference liquid. The regular commercial availability of such a purity
grade would justify an evaluation of the respective products from leading manufacturers
for their suitability as an intrinsic density calibrant, as well as the calibration and issue as a
certified reference material.

In contrast to traditional high-density calibration liquids such as tetrachloroethylene
or brominated hydrocarbons, propylene carbonate is non-halogenated, non-volatile, and
classified as bio-degradable without any hazards to aquatic organisms, having low acute
toxicity, which enables its use in cosmetics. Its implementation therefore aligns directly
with key principles of green analytical chemistry, notably the replacement of hazardous
substances, waste minimization, and operator safety.

3.2. Multi-Point Calibration of the Digital Density Meter

Improved calibration accuracy directly reduces repeat measurements as well as the
propagation of imprecision and bias into derived data. By an oscillation period-based
multi-standard calibration technique based on pure substances (six points with a fourth-
order polynomial regression) such densities of aqueous salt and buffer solutions as are
relevant in biotechnology may be measured with a very high nominal accuracy, as seen
from the residual errors (Table 2) and likely from the second derivatives demonstrating
the absence of inflection points, which might indicate an “overfitting”. Furthermore, it
could be demonstrated that the coefficients A and B in the equation as derived from the
two-point (air and water) calibration, assumed as instrument-specific constants in the
original publications [1,2], may actually depend on the reference densities. Density data
obtained for aqueous sucrose solutions indicates a good agreement (<£0.00005 g/mL)
between the measured and the calculated values up to 45 m-% sucrose.

Table 2. Results of density calibration.

Caiiit’lfit;” d? (g/mL) (;é‘?é) d® Cale. Residue d? (g/mL) (szlTé) d® Cale. Residue
pentane 0.62624 271709 0.62624  0.00000  0.62139 2.71264
isooctane 0.69187 277059 0.69186  —0.00001  0.68775 276708  0.68775  0.00000
cyclohexane  0.77855 2.83964 077856  0.00001  0.77389 2.83556  0.77389  0.00000
toluene 0.86686 2.90828 0.86685  —0.00001  0.86222 290431  0.86221  —0.00001
water 0.99820 3.00754 099820  0.00000 099704  3.00627  0.99704  0.00000
propylene 1.20477 3.15715 120477  0.00000  1.19975 315296  1.19975  0.00000
carbonate
perfluorooctane  1.76657 3.53254 --- - 1.75411 3.52397 1.75411 0.00000

Advantageously, the low volume of propylene carbonate consumed (~3-5 mL) can
be simply discarded together with all the other water-miscible samples in a bioanalytical
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laboratory as non-hazardous waste. The density of propylene carbonate encompasses the
densities of aqueous NaCl and guanidine hydrochloride solutions up to the respective
saturation limits of ~26 m-% and ~68 m-%, so that such solutions may then be utilized as
secondary standards in the actual sample density range.

3.3. Guanidine Hydrochloride Solutions as Binary Aqueous Density Standards

Binary aqueous reference solutions offer a practical way to cover the density range of
typical biotechnological samples while avoiding hazardous pure-liquid standards. Their
composition can be prepared and independently verified gravimetrically, enabling routine
control without certified reference materials. Among common salts, guanidine hydrochlo-
ride is particularly well suited, as its aqueous solutions combine moderate viscosity with
high refractive index sensitivity, allowing small concentration changes, and thus density
deviations, to be reliably detected in routine use. The ability to independently verify compo-
sition by refractometry enables prolonged re-use of a single preparation, directly reducing
chemical consumption and waste generation. As vibrating tube density meters respond to
physical fluid characteristics (density and viscosity) rather than biological identity, aqueous
guanidine hydrochloride solutions serve as an ideal surrogate for high-density bioprocess
solutions. They span the 1.00-1.20 g/mL density interval characteristic of chromatogra-
phy elution buffers, cell culture media, and protein formulations, while maintaining a
low-viscosity regime that avoids shearing artifacts.

The density determination of the guanidine hydrochloride solutions was based on a
near-saturated stock solution of 8.45 mol/L, i.e., 67.40 m-% guanidine hydrochloride in air
(UV spectroscopy-grade Pierce 24110, batch AD 405988, vacuum-dried for 72 h at 70 °C to
a residual pressure of 4 mbar). The gravimetric dilutions were weighed into conical 50 mL
screw-cap polypropylene tubes, requiring to be degassed by ultrasonication before density
measurement. Results based on the oscillation periods at 20 and 25 °C are tabulated in Table 3.

Table 3. Density measurement of aqueous guanidine hydrochloride solutions (mass content in air) at
20 °Cand 25 °C.

GquCIIkg (;(;T(S:) gl LA r;)o!g (215/21(52) gl LA 1211501%

000000  3.00754 099820 000000  0.00000  3.00627 099704 000000  0.00000
3995660 301620 100987 4035097 042239  3.01481 100856 4029862  0.42184
7971649  3.02463 102126 8141126 085221 302313 101981  81.29568  0.85100
11915123 303293 103250  123.02364 128780 303132 103092 12283538  1.8583
15899800  3.04126 104382 16596623 173732 303956 104213 16569752 173451
198.14407  3.04943 10549  209.03406 218815  3.04764 105315  208.67542  2.18440
23786192 305774  1.06631 25363455 265503  3.05588 106443  253.18737  2.65034
27760621 306619 107789 29902895  3.13230  3.06427 107594  298.68762  3.12664
31699580  3.07442  1.08920 34527183 361428  3.07243 108717 34462833  3.60754
35653858  3.08276 110070 39244202 410805  3.08071  1.09860 39169329  4.10021
39668144 309133  1.11255 44132793 461978 308930 111049 44051077 461123
13611710 309985 112436 49035262  5.13297  3.09769 112214 48938444 512284
47571684 310836 1.13620 54050948 565801  3.10620 113400 53946290  5.64705
51537253 311699  1.14824 59177135 619461 311472 1.14590 59056538  6.18199
55498081 312570 116043  644.01638 674151  3.12349 115818 64276767  6.72844
59437440 313442 117267 69700503 729619 3132038 117019 69553098  7.28076
63399010 314326 118512  751.35434  7.86511  3.14086  1.18263 74977571  7.84859
67400155 315201 119749 80711012 844876  3.14958  1.1949 80540489 843091
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Owing to material availability, for the refractive index determination, a different UV
spectroscopy-grade material (Sigma-Aldrich 50933, batch BCBD6210V, dry mass deter-
mined by vacuum drying as 99.92%) was used, potentially introducing batch-to-batch
variability. It was weighed as the dry salt together with water into conical 50 mL screw-cap
polypropylene tubes to a concentration of about 8.5 mol/L (Table 4).

Table 4. Refractive index measurement of aqueous guanidine hydrochloride solutions (mass content

in air).

GquCIIkg np* GquCIIkg np?® GquCI/kg np?
0.00000 1.33299 266.96325 1.38389 500.94625 1.43267
47.18156 1.34184 307.96977 1.39206 535.39774 1.44032
93.30225 1.35042 346.38692 1.39995 574.93965 1.44923
137.53567 1.35879 383.75305 1.40767 606.78900 1.45657
182.34288 1.36736 428.93154 141717 642.74647 1.46495

224.75766 1.37557 455.87763 1.42289 677.63970 1.47317

Regressions were approximated by a fourth-order polynomic function both for
the refractive index and the densities. The maximum residual error did not exceed
40.00011 g/mL for densities and -0.00004 np?° for the refractive index.

The correlation of the calculated density with the calculated refractive index at 20 °C
can also be expressed by a fourth-order polynomial function as

d? = -28.24396310 np2° 4 + 159.82002349 np2° 3 — 339.74964666 np2°2 + 322.99060497 np2° — 115.22379765

R? = 0.99999999

A refractive index variation of 0.00001 np2°

0.00001-0.00002 g/mL.
Guanidine hydrochloride constitutes a particularly convenient and economic sub-

corresponds to a density variation of

stance for user-prepared secondary density standard solutions, with the advantages of
stability against microbiological spoilage (as a chaotrope) and high refractometric sensi-
tivity, by far better than sodium chloride or cesium chloride. A near-saturated 26 m-%
NaCl solution has a refractive index np2° of just 1.3795 [68], while for a saturated CsCl
solution (65.779 m-%), the high density d® of 1.92536 g/mL corresponds to a comparably
modest refractive index np?® of 1.41937 [69]. If such an alkali chloride solution loses water
by evaporation as detectable from the refractive index, the change in density could be
calculated only with considerable uncertainty.

High-purity reagents such as UV spectroscopy-grade guanidine hydrochloride as
required for such intrinsic standard solutions are expensive, so that such user-prepared
standards may be in use for a prolonged time, with repeated opening and closing of the
container, e.g., a screw-cap bottle. For a single density check, a volume of just about 2 mL
would be consumed, what means that a batch of 100 g may be used up through several
weeks. A refractometric check of the actual concentration extends the shelf-life of such a
solution, thereby reducing the costs significantly. Furthermore, such high-purity reagents
may require power-consuming purification steps to remove impurities, such as melamine
in guanidine hydrochloride. The cautious use and sparing consumption of high-purity
reagents thus also contribute to sustainability.

3.4. In Silico Modeling of Historical Data

The wide concentration and temperature ranges covered in historical ICT data sets
make modeling a practical and resource-efficient alternative approach to experimentally re-
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measuring these uniquely comprehensive data sets. Reproducing such data experimentally
would require extensive manual labor, prolonged instrument time, and the preparation
and disposal of substantial quantities of concentrated salt solutions. By attempting to
reconstruct and harmonize legacy data, these experimental efforts and associated chemi-
cal consumption can be avoided, while still enabling the derivation of practically useful
calibration functions.

For in silico modeling, the relative densities of NaCl and CsCl from 10 to 50 °C, as
tabulated in the “International Critical Tables” (CsCl: Table S3, NaCl: Table S8), were
corrected for the absolute density of water (d' = dT4 x 0.999972) (CsCl: Table S4, NaCl:
Table S9). Each data set was modeled using a polynomial surface fit employing a fifth-
degree polynomial for m-% and a fourth-degree polynomial for temperature for CsCl
(Equation (S1), R? = 0.99999998, RMSE = 2.971 x 10>, coefficients in Table S5), and a
fourth-degree polynomial for m-% and a third-degree polynomial for temperature for NaCl
(Equation (S2), R? = 0.99999994, RMSE = 1.666 x 10>, coefficients in Table S10). These
polynomial relations were then used to calculate modeled density values for CsCl (Table S6)
and NaCl (Table S11) across the full concentration and temperature ranges covered by the
ICT data set. The resulting residuals are below £0.00008 g/mL for CsCl (Table S7) and
below +0.00005 g/mL for NaCl (Table S12). Although the high density of data points
with concentration increments of at most 5% supports polynomial surface fits with high
internal precision, these statistics reflect only goodness-of-fit to the legacy data and must
not be confused with true metrological accuracy. The absolute accuracy of these early
measurements remains limited by the metrological constraints of the period. To ensure
appropriate application, each fitted equation is bounded by its specific calibration envelope.
For calculation of the density of CsCl solutions, Equation (S1) is valid in the ranges of
10-50 °C and 1-60 m-%, whereas uncertainties increase at higher concentration ranges
(see Table S7). Equation (S2) is valid for calculation of the density of NaCl solutions in
the ranges of 10-50 °C and 1-26 m-%. High-order polynomials are prone to severe edge
artifacts and rapid divergence outside their parameterized boundaries. Consequently,
these equations should not be used for extrapolation beyond the stated concentration and
temperature ranges.

More recent density data sets for these salts are available from 15 to 55 °C, traceable
to pycnometric measurements [62], see Table 513 for CsCl and Table S18 for NaCl. After
conversion from mol-% to m-% (Table 514), the CsCl data were modeled by a polynomial
surface fit employing a fifth-degree polynomial for m-% and a second-degree polynomial for
temperature (Equation (S3), R? =0.99999987, RMSE = 9.671 x 10~5, coefficients in Table S15).
The modeled density data for CsCl are shown in Table 516, residuals (Table 517) are below
£0.00021 g/mL. The converted density data for NaCl (Table S19) were modeled by a poly-
nomial surface fit employing a fifth-degree polynomial for m-% and a second-degree poly-
nomial for temperature (Equation (54), R? = 0.9999995, RMSE = 4.892 x 1075, coefficients
in Table S20). The fitted density values for NaCl are summarized in Table S21, residuals
(Table S22) are below £0.00008 g/mL, when disregarding the residual of ~0.00022 g/mL
of the data point at 30 °C and 10.46 m-%. This data point was flagged as a potential typo
during data integrity testing identified through a clear deviation from the empirical trend
of the concentration-temperature series. As reflected by the larger residuals, particularly for
CsCl, these more recent but also less dense data traceable to pycnometry did not support a
fit with comparably low residuals and RMSE values for the overall fit. Also, here, it should
be noted that Equations (S3) and (54) should only be used for interpolating density values,
which are covered by the specific data set ranges, i.e., 15-55 °C, 0-57.39 m-% for CsCl and
15-55 °C, 0-22.26 m-% for NaClL
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By reconstructing and harmonizing these legacy data sets, practical density—temperature—-
composition interpolation models can be established as a proof-of-principle for routine
verification in bioanalytical workflows. Tables 523 and 524 show the differences between
calculated NaCl and CsCl densities derived from historical CsCl values from “International
Critical Tables” or from the more recent pycnometric measurements [62]. The differences
are generally below 0.0001 g/mL at low concentrations; however, these discrepancies
increase substantially at higher concentrations, reaching up to 0.001 g/mL for concentrated
CsCl. This discrepancy is an order of magnitude larger than the internal fit residuals
and highlights the impact of historical uncertainties in mass-fraction determination and
viscosity effects at high solute concentrations. In this region, uncertainties in mass-fraction
determination and viscosity effects are substantially amplified, causing small experimental
inaccuracies to propagate non-linearly into density values. In this context, the critical
question about the actual accuracy of such historical data must remain open, however, as
the mechanical beam balance weighing technology was limited by the overall accuracy
of the weight sets used. The models can thus be regarded with all due caution only as a
proof-of-principle, but not as a valid definition.

4. Conclusions

In conclusion, this study demonstrates that an oscillation period-based multi-point
calibration using green, low-toxicity reference materials provides an effective alternative to
conventional halogenated standards for vibrating tube density meters in the biotechnology-
relevant range (1.00 to 1.20 g/mL). Propylene carbonate was successfully evaluated as a
non-hazardous primary calibration candidate, effectively minimizing residual measure-
ment bias across the target density range. For routine verification, binary aqueous guani-
dine hydrochloride solutions proved highly suitable as proposed secondary standards for
routine system suitability testing, offering high refractometric sensitivity that allows rapid
compositional verification and extended solution re-use.

The proposed calibration and verification strategy is readily transferable to routine
analytical laboratories. All reference substances discussed are commercially available in
high-purity reagent grades from established suppliers. No specialized waste handling or
disposal procedures are required, as halogenated and otherwise hazardous reference liquids
are deliberately avoided. The use of gravimetrically prepared aqueous standards, traceable
temperature control, and documented verification steps is fully compatible with regulated
(GxP) laboratory environments, making the approach suitable for routine deployment
beyond the present study.

Finally, in silico modeling of historical NaCl and CsCl data set established practical
empirical interpolation models as a proof-of-principle for data re-use. In view of the
multi-source ICT data compiled about a century ago from a multitude of earlier works, a
state-of-the-art recalibration traceable to fundamental metrics as feasible only by or through
metrology institutes would nevertheless be desirable, but may require considerable efforts
(and thus expenses) as reported by the work on sucrose and other sugar solutions in the
past. The criticality of accuracy in pharmaceutical biotechnology may however justify such
a joint effort by industry, academia, and metrology institutes with the benefit of green,
non-hazardous, and user-accessible candidate standard materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/analytica7030060/s1, Table S1: Densities of halogen-free heavy
liquids at different temperatures. Table S2: Environmental hazards and operator safety considerations
of density calibration substances. Table S3: Relative densities of CsCl from 10 to 50 °C as tabulated in
the “International Critical Tables”. Table S4: Densities of CsCl from 10 to 50 °C as tabulated in the
“International Critical Tables”, corrected for the absolute density of water. Equation S1: Equation
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