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Abstract

This paper reviews the 40-year evolution and application of the magnetic suspension
balance (MSB) and discusses some challenging issues of the technique. An MSB,
as defined herein, is a magnetic suspension coupling (MSC) connected to an ana-
lytical balance. With an MSC, an object can be weighed in a different environment
than the balance itself, making it possible for contactless weighing. Over the past
40 years, the MSB has been commonly used in research areas requiring accurate
object weighings, notably gas density measurements by MSB-based densimeters
and gas adsorption measurements by MSB-based sorption analyzers. More than
15 MSB-based densimeters have been built to date; these are generally called two-
sinker densimeter and single-sinker densimeter. They have produced highly accurate
density data of many pure fluids and fluid mixtures. These data serve as the basis
for the development of reference equations of state, which play an essential role in
various industrial and scientific areas. Moreover, such systems are central to the
metrology program of many countries. The MSB technique is also very successful
in adsorption science: more than 85 MSB-based sorption analyzers have been set up
in over 20 countries. The number of new MSB-based sorption analyzers, and peer-
reviewed publications resulting from them, are both increasing exponentially since
2004. They have produced highly reliable gas adsorption data at high pressures for
many applications, mainly in the energy and environmental sectors. Although fur-
ther development of innovative instruments based on the MSB is threatened by the
proprietary nature of MSB technology, the development will continue, e.g., toward
cryogenic measurements and a more compact design.
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1 Introduction

A magnetic suspension balance (MSB) is a magnetic suspension coupling (MSC)
connected with an (commercial) analytical balance. Here, the MSC is the key com-
ponent that makes it possible for contactless weighing—in other words, it allows
the weighing of an object in a different environment than the balance itself. Over
the past 40 years, the MSB has been commonly used in research areas requiring
accurate object weighings. Most notably, these include densimetry (i.e., determina-
tion of fluid density over wide ranges of temperature and pressure by application
of the Archimedes’ buoyancy principle) and sorption science (i.e., determination of
the quantity of a gas adsorbed onto the surface of a solid object). Other applications
include thermogravimetry, chemical reactions, absorption, diffusion effects, and vis-
cometry. The essential elements of an MSB are two magnets, one on each side of a
wall separating the measuring environment and the balance environment. An elec-
tromagnet with an iron core hangs from the balance and attracts a permanent magnet
inside the measuring space, which is held in a freely suspended state. The object to
be weighed, in turn, is attached to the permanent magnet. Also necessary are a posi-
tion sensor and a feedback control loop that makes fine, continual adjustments to the
current in the electromagnet to maintain the permanent magnet+object in a stable
suspension. Thereby, the weight of the object is transmitted to the balance.

In this review article, we carry out a comprehensive review of the MSB tech-
nique, especially focusing on its applications to densimetry and sorption science.
Section 2 considers the evolution of the different embodiments of this technol-
ogy. For many years, both areas have been part of the research portfolio of Pro-
fessor Roland Span, to whose 60th birthday this paper is dedicated. Sections 3
and 4 focus on the application in densimetry and sorption science, respectively.
Section 5 considers the measurement uncertainties, especially focusing on the
force transmission error (FTE), which is unique to MSB instruments, and Sect. 6
outlines recent challenges to be resolved. The main purpose of this review is to
present a brief history (evolution and application), summarize key information
(measuring principle and uncertainty), discuss current challenges, and propose
future developments for the MSB technique.

2 Evolution of the Magnetic Suspension Balance Technology

This section describes the evolution of the MSB technology. An overview of the
evolution is given in Fig. 1, where the key developers, milestones, and critical
information of the evolution are given briefly. More details are presented in the
following subsections.
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- MSC completely separated from weighing device - Further refinement of the two-position MSB
- allow using highly-accurate analytical balance = !I'!ree weighing P?SKIOHS

- Two sinkers of same mass but different volumes as - Designed for the simultaneous measurements
weighing bodies for fluid density measurements of gas sorption on adsorbent and gas density
- two-sinker densimeter -> gravimetric sorption analyzer

- Only one weighing position
- Position sensor for the vertical position of
the permanent magnet relative to the
coupling housing
- two weighing positions
-> metals for the coupling housing
- Pressures cannow be up to 100 MPa
- MSC combined with a beam balance - single-sinker densimeter
- earlier MSB - Rubotherm GmbH founded in 1990 Dreisbach and Lésch 2000
- Position sensor for the distance between the
permanent magnet in the pressure vessel and
the balance-connected electromagnet outside. o
- only one weighing position Losch 1987
- Commercially available: Sartorius AG, Germany MSB with two positions
until the 1980s.

MSB with three positions

Kleinrahm 1983
Single-position MSB

Gast 1962
The firsttype of MSC
Clark 1947 and MSB
Principle of contactiess 7

weighing

Fig. 1 The evolution of the magnetic suspension balance (MSB) technology based on a magnetic suspen-
sion coupling (MSC)

2.1 Early Systems

The invention and evolution of the MSB technique was originally motivated by the
desire for highly accurate fluid density data. The earliest system for measuring liquid
density that employed an electromagnet to measure forces was developed by Lamb
and Lee in 1913 [1]. Later, a variety of other systems were developed from the
1940s through the 1980s, e.g., densimeters employing magnetic levitation as devel-
oped by Beams et al. [2], Beams and Clarke [3], Haynes et al. [4], Masui et al. [5,
6], and Wolf et al. [7]. In these devices, a sinker (sometimes called a buoy) was held
in a suspended state by means of magnets. These instruments, however, do not fall
within the scope of the MSB as we define it here; they were described in more detail
in a review article by McLinden [8].

The principle of contactless weighing was first developed by Clark in 1947 [9].
The first type of a magnetic suspension coupling (MSC) was developed by Gast and
presented in 1962 [10]. In conjunction with a conventional beam balance, it was
first referred to as “MSB.’ The version presented by Gast in 1967 and 1969 [11, 12]
is shown in Fig. 2. This type was commercially available from Sartorius AG, Ger-
many,' until the 1980s. The equipment was developed for weighing in closed ves-
sels, which may be either evacuated or filled with highly reactive gases, where the
balance was located outside the vessel.

! Commercial materials and sources are identified only for documentary purposes. In no case does such
identifications imply recommendation or endorsement by the National Institute of Standards and Tech-
nology, nor does it imply that the products identified are necessarily the best available for the purpose.
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Weighing device
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————  Thermostatted housing
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Detachable Measuring cell (glass)
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Fig.2 Schematic diagram of the ‘magnetic suspension balance’ (Type 4201) from Sartorius AG. It was
developed by Gast and presented in 1962 [10] and also described in [11, 12]. The distance between the
electromagnet and the suspended magnet was controlled by means of a position sensor and a control
winding in the upper magnet

The operating principle of the MSC presented by Gast in 1967 and 1969 [11, 12]
was as follows: An upper magnet, connected to a conventional beam balance, inter-
acted with a lower magnet (suspended magnet) inside the closed vessel. This interac-
tion kept the lower magnet and the object attached to it in free suspension. In this
way, the suspended load was transmitted without contact from the lower magnet
through the wall of the vessel to the upper magnet. The upper magnet (electromag-
net) consisted of a permanent magnet, an iron casing, a control winding, and a posi-
tion sensor coil. The lower magnet consisted of a permanent magnet, an iron casing,
and a copper disc on its top. Furthermore, the distance between the electromagnet
and the suspended magnet was indicated by the position sensor. Independent of the
suspended load, the distance between the two magnets was adjusted via a control cir-
cuit in such a way that the current through the control winding in the upper mag-
net was driven to near zero. This means that the lower magnet was supported by the
upper one with almost no additional magnetic field from the control winding. A small
current was only needed to keep a stable position of the suspended magnet. Hence,
practically no heat was generated in this coil, a fact which was very important for the
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accuracy of the balance. Due to the measuring principle of the position sensor, the
material of the separating wall between the two magnets had to be made of an electri-
cally non-conductive material (dielectric window), e.g., glass. For higher pressures
up to a few MPa, an autoclave could be used instead of the measuring cell of glass,
and a sapphire window could be used as separating wall. For thermogravimetric anal-
yses, a special autoclave in conjunction with an ‘MSB’ from Sartorius was developed
by Sabrowsky and Deckert [13, 14]; the permissible operating pressure was given
as 30 MPa. This was achieved by installing a special window (as a separating wall)
made of electrically non-conductive and non-magnetic material; the type of material
was not specified by the authors. (In the dissertation of Losch [15], on page 41, a
single-crystal sapphire was mentioned as the material.)

2.2 Single-Position MSB

In the early 1980s, a novel two-sinker densimeter was developed by Kleinrahm [16]
that implemented two key innovations. The first innovation was to completely sepa-
rate the MSC from the weighing device; this allowed the use of commercial ana-
lytical balances and their extraordinary accuracy and simultaneously allowed much
greater flexibility in the design of the measuring cell. The second innovation was
the use of two sinkers, that were of the same mass but very different volumes, as the
suspended load. Moreover, by fabricating the two sinkers to have the same surface
area and same surface material, adsorption effects of gases on the sinker surfaces
were greatly reduced, as discussed in Sect. 3.3. This two-sinker principle is a very
accurate differential (compensation) method, which largely reduced the influence of
various possible sources of errors. For weighing the load of the sinkers in a closed
measuring cell, a modified version of Gast’'s MSC was used; it was developed by
Gast, Kleinrahm, Losch, and Wagner. Figure 3 shows a schematic drawing of this

Fig.3 Schematic diagram of the
. . Analytical balance
two-sinker densimeter at Ruhr-

Electrommagnet
Glass tube (separating wall)
EE_A +————— Position sensor coil
- : Permanent magnet
U i
j

Universitit Bochum [16-18]. Maanetic-susoension
A special magnetic suspension /\ Cougpling P
coupling was used for the trans- - -

mission of the suspendedload |

in th i i —

in the pressurized measuring ‘ ’f Goupling housing

cell to the analytical balance at H
ambient conditions

rr:| «——— Gas inlet/outlet

[l ————— Measuring cell
| ———— Sinker 1: gold disc
T~ Disc-lifting device
I Sinker support
Sinker 2: quartz-sphere
1]1 (gold-plated)
B Sphere-lifting device
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apparatus. This new densimeter and the first measurement results were published by
Kleinrahm and Wagner [17, 18].

The operating principle of this MSC was the same as explained above, but the
shape of the two magnets was adapted to the new application. For weighing the sus-
pended load in the measuring cell, a commercial analytical balance from Sartorius
was used (type: 2004 MP6, weighing range: 166 g, electrical weighing range: 16 g,
readability: 0.00001 g). This balance was located at ambient environment. For sepa-
rating the permanent magnet in the pressurized measuring cell from the electromag-
net at ambient pressure, a glass tube (outer diameter: 22 mm, thickness: 1.2 mm,
material: Duran 50) with a hemispherical shape at the bottom was used; the permis-
sible pressure was 12 MPa. When the electromagnet was switched off, the perma-
nent magnet with its suspended assembly was held by a support.

This novel densimeter was specially developed for accurate measurements of
saturated-liquid and saturated-vapor densities of pure fluids. The temperature range
covered was T=(50 to 350) K at pressures up to 8 MPa; for liquids, the expanded
uncertainty (k=2) in density was 0.02%. A novel differential method was applied
that was based on Archimedes’ buoyancy principle. Two sinkers of identical mass
and surface area but with a considerable difference in volume were used. One of
the sinkers was a gold-plated quartz-glass sphere (Vg = 24.5 cm’, mg ~ 54 g) and
the other was a disc of solid gold (Vj, ~ 2.8 cm®, mp, ~ 54 g). The sinkers could be
put alternately on a sinker support or lifted from it by means of a sinker-changing
device. The sinker support was connected to the permanent magnet by a thin wire
and, via the MSC, to the analytical balance. This was a “single position” MSB, i.e.,
either “Off” or measuring position “MP.” The Off position was used to change the
sinkers (see Sect. 3.2). The “MP” position of the sphere was used as tare position,
i.e., the balance was tared to 0.00000 g with the sphere in suspension. For a density
measurement the sinkers were usually exchanged 10 to 30 times, so that the weigh-
ing difference of the two sinkers, surrounded by the fluid, could be measured. Thus,
the density p of the fluid in the measuring cell could be determined by the simple
basic equation p = (mp, — mg)/(Vg — Vp), where the subscripts D and S refer to the
disk and sphere. The MSC initially used was replaced a few years later by a new
MSC type with two positions (see Sect. 2.3). Comprehensive measurements of many
fluids were carried out with this densimeter, as summarized in Table 1 in Sect. 3.1.

2.3 MSB with Two Positions

Losch achieved a decisive advance in MSB technology in 1987 [15]. The core inno-
vation was a different type of position sensor. This innovation allowed its applica-
tion to density measurements at extreme conditions and with high accuracy. Moreo-
ver, this new MSC type was used successfully for a variety of other sophisticated
gravimetric applications. Typical versions of the new MSC type and their applica-
tions were briefly presented by Losch et al. [19, 20].

Three significant modifications characterize this 1987 embodiment of the MSC.
(1) Instead of a distance measurement between the electromagnet and the permanent
magnet, only the vertical position of the permanent magnet relative to the coupling
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0.00000g 9.12345¢g ——  Analytical balance

Electromagnet

Permanent magnet

Thermostat

Sensor core
Position sensor

Lifting rod

Load coupling and decoupling

+<—— Gas inlet/outlet

Thermostat

Sample container

Measuring cell

OFF ZP(TP)

Fig.4 Schematic representation of the “OFF” position and the two weighing positions of a typical com-
mercial gravimetric sorption analyzer. OFF: In this position, the electromagnet is switched off and the
permanent magnet with the lifting rod assembly is placed on its base; ZP (TP): zero position or tare posi-
tion, where only the permanent magnet with the lifting rod assembly is in suspension; MP: measuring
position, where the container with its lifting rod and the adsorbent sample inside are lifted. (Analogous
to Losch [15] and Losch et al. [19, 20])

housing (see Fig. 4 which schematically shows a possible arrangement of this MSC)
was determined, and its position was controlled in a direct loop, independent of the
distance to the electromagnet. Hence, this position sensor could now be placed at a
convenient position. For most applications, a moving coil sensor was an appropriate
sensor; it consisted of a sensor core (high-frequency ferrite core), which was located
inside the coupling housing, and a sensor coil, that was located outside the coupling
housing. (2) The use of the new position sensor resulted in another decisive advan-
tage; the only limitation on the material used for the separating wall between the two
magnets is that it should be as non-magnetic as possible. For example, a coupling
housing made of the copper-beryllium alloy CuBe2 is only slightly diamagnetic,
and that caused only a very small, so-called “force transmission error”; this effect is
explained in Sect. 5.2. Due to the possibility of using metals for the coupling hous-
ing, pressures of up to 100 MPa could now be realized in the measuring cell. (3) By
using the new position sensor, which enabled a relatively large measuring range,
two weighing positions could be realized: a zero or tare position (ZP or TP), where
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the balance could be tared and calibrated, and a weighing or measuring position
(MP), where a measuring load could be connected and weighed. This is schemati-
cally represented in Fig. 4. The position of the permanent magnet is detected by a
position sensor and controlled in a direct and fast loop (PID controller). By means of
a superimposed set-point controller and an additional control system, several verti-
cal motions of the permanent magnet are generated automatically. In this way, soft
upward and downward movements of the permanent magnet could be realized, and
via the load coupling and decoupling device the measuring load could be coupled
and decoupled. In both positions, the lower magnet is entirely lifted by the iron core
of the upper magnet, and only a small current in the control winding of the upper
magnet is needed to control and keep a stable position of the suspended magnet.

This type of MSB enabled a variety of applications covering large ranges of tem-
perature and pressure, e.g., densimetry, sorption measurements, and thermogravi-
metric analyses. One type of such equipment implementing an MSB is the so-called
“single-sinker densimeter,” which is now a very important and well-established
method for accurate density measurements of fluids.

2.4 MSB with Three Positions

A further refinement of the two-position MSB of Losch [15] was presented by Dre-
isbach and Losch [21]. Here, there are two measuring positions (MP1 and MP2) in
addition to the zero position (ZP). This highly sophisticated type of MSB was espe-
cially designed for the simultaneous measurement of adsorption equilibria of gases
on the surface of porous material, as well as the density of the gas. For this purpose,
three weighing positions were realized with this type of MSC:; this is shown in Fig. 3
of the paper of Dreisbach and Losch [21]. Here, a schematic arrangement is shown
in Fig. 5. This apparatus and its application is described in detail in reference [21].
Another application, where the adsorbent sample and its container is replaced by
several thin, non-porous metal sheets was presented by Kleinrahm et al. [22] and
Yang and Richter [23] and named a “tandem-sinker densimeter.”

2.5 Commercial Availability

Since 1990, MSBs have been commercially produced and marketed by Rubotherm
GmbH, Germany. A large variety of special instruments with integrated MSBs have
also been available, e.g., for fluid density measurement, sorption measurement, and
thermogravimetric analyses. Since 2016 the company is a subsidiary of TA Instru-
ments, USA. For a number of years, MSBs and instruments with integrated MSBs
have also been available from Rubolab GmbH, Germany and Linseis Messgrite
GmbH, Germany. There are also several high-accuracy gravimetric sorption analyz-
ers produced by Hiden Isochema, UK and used worldwide; these instruments incor-
porate an analytical balance and use magnets; however, they use a beam rather than
an MSC as a lift mechanism. Therefore, the products of Hiden Isochema are not
considered in this review.
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Fig.5 Schematic representation of the three weighing positions of a commercial gravimetric sorption
analyzer. ZP (TP): zero position or tare position, where only the permanent magnet with the lifting rod
assembly is in suspension; MP1: measuring position 1, where the container with its lifting rod and the
adsorbent sample inside are lifted; MP2: measuring position 2, where the density sinker at the top posi-
tion is lifted into suspension as well. For OFF position see Fig. 4. (Analogous to Dreisbach and Losch

[21])

3 Application in Densimetry
3.1 List of MSB-Based Densimeters

A review of MSB-based densimeters for accurate density measurements of fluids
over large ranges of temperature and pressure before 2004 was given by Wagner
and Kleinrahm [24]. Since then, additional MSB-based densimeters were devel-
oped, mainly by Rubotherm. A list of single-sinker densimeters in use in 2015
was given by Yang et al. [25]; starting with this review, a more comprehensive
review of MSB-based densimeters (including single-sinker densimeters, two-
sinker densimeters, and special densimeters, as well as both active and decom-
missioned instruments) are given in Table 1 together with the measured fluids.
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3.2 Sinkers

For density measurements employing any type of Archimedes’ technique, includ-
ing MSB instruments, the sinker is at the core of the measurement. The mass
and volume of the sinker enter directly into the calculation for density (e.g., see
Sect. 3.3) and must be known accurately over the full temperature and pressure
range of the instrument. The uncertainties in the sinker parameters, together with
the weighing uncertainties, dominate the overall density uncertainty obtainable
with an MSB instrument, as discussed in Sect. 5.

A sinker must satisfy a number of requirements. First of all, it must be more
dense than the surrounding fluid so that it sinks, rather than floats. (The entire
Archimedes’ technique could be inverted to employ “floats” with a density lower
than the fluid, with the MSB providing a downward force, as done by Lamb and
Lee in [1], but this approach is rarely taken nowadays.) A relatively low-density
sinker provides a greater buoyancy force and thus greater sensitivity for density.
The sinker must be chemically stable in the fluid—any corrosion would change
its mass and/or volume. The change of sinker volume with temperature and pres-
sure is most commonly calculated from materials properties, and thus the coef-
ficient of thermal expansion and the bulk modulus of elasticity should be well
characterized.

Given these requirements, the sinker materials often used are single-crystal sili-
con, fused quartz (also called quartz glass), and titanium. Silicon, with a density of
approximately 2330 kg-m~, is somewhat more dense that almost all common lig-
uids; its main advantage is that the physical properties are known very accurately,
and because it is readily available as single-crystal material in ultra-high purities,
literature values of the thermal expansion coefficient [129] can be applied. How-
ever, silicon is readily oxidized and this limits its use. Fused quartz has a density
of approximately 2200 kg-m~>, which is similar to silicon, and it is much more cor-
rosion resistant. Although the thermal expansion coefficient of quartz is not known
as well as that of silicon, it is much lower, and this reduces the uncertainty of the
sinker volume with changes in temperature. Titanium with a density of approxi-
mately 4510 kg-m= is a medium-density metal and is corrosion resistant. Hollow
metal sinkers have been employed by some authors [46—48] to combine the corro-
sion resistance of, for example, stainless steel with a low density. A concern here
is the volume can be a strong function of pressure, and hollow sinkers are typically
used only at relatively low pressures.

Sinkers have been fabricated in a large variety of geometric forms. The most typi-
cal form is illustrated in Fig. 6, which a titanium sinker used in the tandem-sinker
densimeter (see Table 1) at Chemnitz University of Technology (TUC). Metals are
easier to fabricate in complex forms; silicon and quartz are fabricated by grinding,
and this limits the possibilities.

The sinkers in a two-sinker densimeter must be of different densities, and maxi-
mizing the difference increases the sensitivity of the measurement. Kleinrahm and
Wagner [18] used quartz and gold; McLinden and Losch-Will [55] used titanium
and tantalum; Kayukawa et al. [67] used silicon and germanium, and Pieperbeck
et al. [46, 47] as well as Richter et al. [48] used stainless steel for both sinkers with
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Fig. 6 Photo of a typical sinker.
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one being hollow. Gold and tantalum are high-density metals (p,,= 19,250 kg:-m™
and pp, =16,690 kg-m™); both are highly corrosion resistant.

Most measurements with an MSB (e.g., a two-sinker densimeter and a gravi-
metric sorption analyzer to be discussed in Sect. 4.2) require two or more distinct
weighings, and this requires some means to switch between sinkers or adsorbent
samples being weighed. Various mechanisms have been implemented. The simplest
and most common changing mechanism makes use of the vertical motion of the per-
manent magnet as it moves between ZP and one or more measuring positions (see
Sect. 2.3 and 2.4). Alternatively, the two-sinker densimeter developed by Kleinrahm
and Wagner [16-18] and the four-sinker densimeter developed by Moritz, Klein-
rahm, McLinden, and Richter [127, 128] use an external actuator; the two-sinker
densimeter developed by McLinden and Losch-Will [55] uses a rotary mechanism.

3.3 Two-Sinker Densimeters

The accuracy of the Archimedes’ technique, especially at low densities, can be
improved by the use of two sinkers. This technique was first developed by Klein-
rahm and Wagner [16—18] in the 1980s (see Sect. 2.2). For the two-sinker technique,
the density is given by

(m1 - W1) - (m2 - Wz)
(Vi=V)

where the subscripts refer to the two sinkers, which (usually) have the same mass,
same surface area, and same surface material, but very different volumes (either
by use of different materials or by employing solid and hollow sinkers of the same
material). Systematic errors, including gas adsorption on the sinker surface, balance
non-linearity, and the influence of magnetic materials on the coupling are greatly
reduced by the use of two sinkers and the resulting differential weighing.

Although the development of the two-sinker instrument predates the single-sinker
instruments described in Sect. 3.4, only a handful of two-sinker instruments have

: (1)

Pluid =
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been built to date (see Table 1). The greater accuracy of the two-sinker approach
compared to a single-sinker instrument comes at the expense of greater complexity,
and many applications can be satisfied by a simpler single-sinker instrument.

The two-sinker densimeter developed at the Ruhr-Universitit Bochum (RUB)
by Kleinrahm and Wagner [16—18] represented a major advance in density meas-
urement over wide ranges of temperature and pressure. The core of the system is
illustrated in Fig. 3. It operated at temperatures from 60 K to 340 K, with pres-
sures to 12 MPa; the density range was 1 kg-m™ to 2000 kg-m™. The sinkers were
a gold-plated quartz sphere (m=54 g, V=24.5 cm’) and a gold disk (m=54 g,
V=2.8 cm®). These were alternately placed on the “sinker support” for weighing by
a mechanism involving a small winch outside the main thermostat (but immersed
in the fluid), which actuated wires connected to devices which lowered the sinkers
onto the sinker support. The MSC was separated from the measuring cell, and it was
thermostated near ambient temperature. The total experimental uncertainty of this
instrument was 0.01% to 0.02%, depending on the measurement conditions. It has
been used to measure many fluids, as listed in Table 1. The resulting data were key
for the development of reference equations of state for these fluids, as discussed in
Sect. 3.6.

The two-sinker densimeter of Pieperbeck et al. [46, 47] employs the same type
of coupling and sinker-changing mechanism as the instrument of Kleinrahm and
Wagner [16-18]. It was designed primarily for the measurement of natural-gas
mixtures and operated over the temperature and pressure range of natural-gas pipe-
lines, namely 273 K to 323 K, with pressures to 12 MPa; the density range was 1 to
1000 kg-m™. The sinkers were a hollow sphere (m=123 g, V=107 cm?) and a solid
ring (m=123 g, V=15.6 cm®); both were of stainless steel with electro-polished and
gold-plated surfaces. The large volume of the hollow sinker increased the sensitivity
for low-density gas phase measurements. In this context, a special two-sinker den-
simeter should also be mentioned [48], which does not use an MSC. It was devel-
oped for the gas industry to measure the density of natural gases at very low densi-
ties at standard conditions (T=273.15 K, p=0.101325 MPa). The two sinkers are a
hollow cylinder (V & 500 cm3, m ~ 200 g) and a solid triple ring (V & 25 cm?, m ~
200 g) made of stainless steel; the surfaces (A = 360 cm2) of both sinkers are gold
plated. The total measurement uncertainty is given as 0.02% in density.

The two-sinker densimeter at the National Institute of Standards and Technology
(NIST) described by McLinden and Losch-Will [S5] combines the advantages of the
two-sinker technique with those of the compact design of many single-sinker instru-
ments (see Sect. 3.4). It operates over the temperature range from 210 K to 505 K
with pressures to 40 MPa. The sinkers are made of titanium (m=60 g, V=13.3 cm?)
and tantalum (m=60 g, V=3.6 cm’). Sinker changing is accomplished by a mecha-
nism that rotates the electromagnet, which in turn induces a matching rotation of
the permanent magnet; two sets of “lifting forks™ attached to the permanent magnet
engage “pins” on the sinkers (see Fig. 7). The motor operating this mechanism is
located in ambient air, i.e., not in the measuring cell like earlier designs; this largely
avoids moving parts in the measuring cell and possible condensation of gas in a
“remote” mechanism. This densimeter also employs external masses placed on the
balance pan, and while these are very similar to the compensation masses used with
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Fig.7 Sinkers and magnetic
suspension coupling in the
densimeter of McLinden and
Losch-Will. [55] The electro-
magnet at the top hangs from
the balance and levitates the
permanent magnet below it. In
this photo, the bottom (titanium)
sinker is being weighed, while
the top (tantalum) sinker sits on
its rest

single-sinker densimeters (see Sect. 3.4). They are used instead to calibrate the bal-
ance as a part of each density measurement and in the determination of the force
transmission error (see Sect. 5.2). The weighing design for this instrument involves
two weighings of each of the four objects (two sinkers and two external masses) in
a time-symmetric design that largely cancels any small drift in the temperature or
pressure in the measuring cell [61]. This instrument has uncertainties ranging from
0.004% at near-ambient conditions to 0.02% at the extremes of temperature and
pressure [130]. It has been used to measure both pure fluids and mixtures, as listed
in Table 1. It has also been used to investigate adsorption effects, especially near
mixture dew points [64, 131]; this was preparatory work for the four-sinker densim-
eter described in Sect. 3.5.2.

Kayukawa et al. [67] at the National Metrology Institute of Japan describe a two-
sinker system with sinkers of single-crystal silicon (m=61 g, V=262 cm’) and
single-crystal germanium (m=60 g, V=11.3 cm®). The temperature range is 278
K to 323 K, with pressures to 20 MPa. An uncertainty in density of 1 part in 10°
(not including uncertainties associated with the temperature and pressure measure-
ment) is anticipated from this system due to the combination of single-crystal sink-
ers (which are very stable and well-characterized materials), a very detailed finite-
element analysis of the force transmission error, and a coupling that maintains a
constant position of the permanent magnet for the different weighings (as opposed
to maintaining zero-current in the electromagnet, as is the case for most existing
systems). Thus far, preliminary results with tridecane at 7=273.15 K have yielded
an uncertainty of 0.0005%. No further publications on this instrument have appeared
in literature.

3.4 Single-Sinker Densimeters

The main feature of the “two-sinker method,” namely, very high accuracies espe-
cially in the low gas-density range, is of less importance for many scientific and
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technical applications. Compared to two-sinker densimeters, single-sinker densim-
eters are much simpler in construction, easier to use, and simplify the density meas-
urement, especially for medium and high densities.

3.4.1 Measurement Principle

Based on the MSB with two positions (see Sect. 2.3), a new type of densimeter,
called a “single-sinker densimeter,” was developed by Brachthiuser, Kleinrahm,
Losch, and Wagner in the early 1990s [68, 69]. It is based on Archimedes’ buoyancy
principle applied in a special way; its principle is roughly illustrated in Fig. 4, where
a sinker replaces the sample container shown. A more detailed schematic can be
seen in Fig. 2 of the paper of Wagner et al. [69] and Fig. 7 of the paper Wagner and
Kleinrahm [24]. In the system of Brachthiuser et al. [68, 69], the sinker, a cylinder
of quartz glass (Vg =~ 26.5 cm’, mg & 60 g, pg =~ 2200 kg-m™), was contained in a
pressure-proof measuring cell. For density measurements, the sinker was connected
to a commercial analytical balance (Mettler AT 201, weighing range 205 g, resolu-
tion 0.01 mg) via an MSC. The density of the fluid inside the measuring cell can be
determined by the simple equation

Pluid = T 2)

where mg is the ‘true’ mass of the sinker, mg is the ‘apparent’ mass of the sinker
when surrounded by the fluid, and Vs is its volume, which depends on temperature
and pressure. The mass of the sinker, myg, is accurately determined by weighing in
the evacuated measuring cell. For a density measurement, the positions TP and MP
(see Fig. 4) were changed several times, and an average value, mg was calculated
from the readings. The pressure-proof coupling housing is made of beryllium cop-
per, a magnetically neutral metal. The basic design of the single-sinker densimeter
is shown in Fig. 3 of the paper of Wagner et al. [69] and in Fig. 8 of the paper
Wagner and Kleinrahm [24]. The initial version of this single-sinker densimeter was
improved in the following years by Klimeck et al. [70]. With this improved system,
the density of many technically or scientifically important pure fluids have been
comprehensively measured (see RUB III in Table 1). A summarized description of
single-sinker densimeters can be found in reference [24].

The sinker volume, Vs, should be determined as accurately as possible. Its tem-
perature and pressure dependence is given by a typical solid volume expansion
equation [25]:

Vs(T,p) =V, - 1+3-(;|$0'(T—T0)—ﬁ'(17—l70) (3)

Vo is the volume of the sinker at reference state (e.g., 7,=293.15 K and
DPp=0.10135 MPa), oclg0 is the average value of the linear thermal expansion coeffi-

cient a(7) in the temperature range from 7}, to 7, and K(7) is the isothermal com-
pression modulus. Single-crystal silicon is recommended as the ‘best’ material of a
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sinker because its a(T) and K(7) values are accurately known. In the temperature
range from (293 to 1000) K, a(T) for single-crystal silicon was given by Watanabe
et al. [129] with the uncertainty impact on the value of Vg being less than 7 ppm. In
the temperature range from (298.15 to 423.15) K, K(7) can be calculated by

Cll(T) +2 * C12(T)
3 k]

K(T) = “4)
where ¢ (T) and c¢;,(T) are elastic moduli, values of which can be obtained from
[132, 133]. For the calculation of the temperature and pressure dependence of the

volume, V(T p), of a single-crystal silicon sinker, two simple equations are given in
the Appendices A2 and A3 of [118].

3.4.2 Compensation Masses

To achieve a high level of accuracy with the single-sinker densimeter, especially at
relatively low densities, the analytical balance is only operated close to its tare point
using a basic load compensation mechanism [69, 134] (see principle in Fig. 2 of
[69] and Fig. 7 of [24] as well as the photo in Fig. 8). In the tare position, a tantalum
weight (mp, ~ 82 g, Vy, & 4.9 cm®, pp, &~ 16,700 kg-m= [69]) is placed on the bal-
ance. When switching to the measuring position, the tantalum weight is exchanged
with a weight made of titanium (my; ~ 22 g, Vi & 4.9 cm?, pp; =~ 4500 kg-m™ [69]).
Since in this position the sinker (mg ~ 60 g [69]) is coupled with the balance, the
total load on the balance is again approximately 82 g, as in the tare position. In this
way, errors caused by the non-linearity of the analytical balance used are signifi-
cantly reduced. As both compensation weights have the same volume, the buoyancy
effect of the ambient air on the weights is compensated for.

3.4.3 Compact Version of the Single-Sinker Densimeter
To further simplify the single-sinker densimeter, a compact version was developed

by Docter et al. [75, 76] in the 1990s, which was briefly described by Wagner and
Kleinrahm [24] and whose basic design is illustrated in Fig. 11 of reference [24].

Fig. 8 Photo of compensation
masses with changing device
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In this version, the measuring cell and the coupling housing of the MSC have been
unified, resulting in a very compact design that requires smaller amounts of the fluid
sample. The cylindrical sinker, with a hole through its central axis, is made of, e.g.,
single-crystal silicon (pg ~ 2330 kg-m™); its volume is approximately 20 cm®. On
the basis of this compact version of the single-sinker densimeter, an apparatus for
the combined measurement of the viscosity and the density of fluids was developed
by Docter et al. [75, 76]. Further, a special single-sinker densimeter based on such
a compact version capable of achieving cryogenic temperatures was developed by
Richter et al. [118]; its design is illustrated in Figs. 1 and 2 in [118]. Compact ver-
sions of single-sinker densimeters have been used or are still in use in many insti-
tutes, as listed in Table 1.

3.5 Other Densimeters and Applications

Beyond the two-sinker densimeters and single-sinker densimeters, researchers have
also modified existing commercial systems or developed new systems for other
applications in thermodynamics, e.g., a tandem-sinker densimeter [22, 23, 125,
126], a four-sinker densimeter [127, 128], and a magnetic suspension mass com-
parator [135-137].

3.5.1 Tandem-Sinker Densimeter

In order to carry out a comprehensive uncertainty analysis, especially regarding the
FTE, of an MSC in a single-sinker densimeter or a commercial gravimetric sorption
analyzer (based on an MSB with three positions, see Sect. 2.4), Kleinrahm et al. [22]
and Yang et al. [125] modified an existing gravimetric sorption analyzer to create a
“tandem-sinker densimeter” (as named in their paper). The major modification is the
replacement of the sample basket at the bottom position (see Fig. 5) with another
solid sinker, which was previously done in a similar way by May et al. [138]. The
mechanical mechanism inside the high-pressure cell for sinker lifting and support-
ing was modified as well, as shown in Fig. 1 of the paper of Kleinrahm et al. [22].
The second sinker could be used for accurate density measurements as well. With
such a tandem-sinker densimeter, new insights into the impact of the FTE to den-
sity measurements were gained [22]. Subsequently, various solid sinkers with rela-
tively large surface-to-volume ratios and different surface materials (e.g., without
any treatments, galvanically gold plated and sandblasted with 250 pm particles, see
Fig. 1 of [23]) were used in the bottom position of the tandem-sinker densimeter.
This allowed for the quantification of the fluid adsorption on the sinker surface and
its impact on accurate density measurements near the dew point of fluids [23, 139].
Adopting a similar idea of developing a tandem-sinker densimeter, a dual-bas-
ket sorption analyzer was developed by replacing the sinker at the top position of
a gravimetric sorption analyzer (see Fig. 5) with another basket. The needed den-
sity values can be calculated with an equation of state (EoS) using the measured
temperature and pressure. This idea was first adopted by Pouya 2023 [140] based
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Fig.9 Cut-away of the four-
sinker densimeter’s measuring
cell and the view of the four
sinkers in center of the measur-
ing cell; two top sinkers for
density measurement and two
bottom sinkers for adsorp-

tion characterization. (Figure
taken with minor modifications
from the dissertation of Moritz
[128].)

f
J
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on their commercial gravimetric sorption analyzer [141, 142], which significantly
improved the measurement efficiency since two adsorbent samples could be studied
at the same time rather than just one.

3.5.2 Four-Sinker Densimeter

As revealed by Richter and Kleinrahm [143], there is the need for a more accurate
measurement technique for vapor-phase density measurements that accounts for the
impact of adsorption phenomena on solid surfaces near the dew point. The state-
of-the-art two-sinker densimeter is not able to account for such impacts fully, espe-
cially when the composition of a mixture changes due to adsorption. Even density
measurements of pure fluids are affected by high adsorption in the vicinity of the
dew point. Against this background, a novel four-sinker densimeter was designed
and fabricated by Moritz et al. [127, 128]. The system is based on the well-estab-
lished two-sinker density measurement principle with the additional capability of
quantifying adsorption effects. It combines the traditional two-sinker technique, by
means of two ‘density sinkers’ for accurate density measurements, with two addi-
tional ‘sorption sinkers’ (see Fig. 9). The system was designed for measurements
over the temperature range from (190 to 470) K at pressures up to 15 MPa. A major
advancement of the four-sinker densimeter is that all four sinkers can be weighed
independently in the same coupling position, which largely cancels the FTE.
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The two ‘density sinkers’ have similar geometrical surfaces and are both gold plated
in order to have comparable adsorption loads. Both sinkers have the same mass but dif-
ferent volumes as one is made of silicon and the other of stainless steel. The large vol-
ume difference increases the resolution of density measurements even for low densities.
The two ‘sorption sinkers’ have much larger surface areas than the ‘density sinkers,’
which allows for the detection of gas adsorption onto the sinker surface with relatively
low uncertainty. Both ‘sorption sinkers’ are made of stainless steel and are identical in
construction except for different surface finishes: one is gold plated. The two surface
finishes of the ‘sorption sinkers’ resemble the internal surfaces of the instrument (gold-
plated measuring cell, and, e.g., stainless steel gas distribution line). Hence, accurate
dew-point densities can be determined based on the simultaneous measurement and
correction for adsorption phenomena.

3.5.3 MSB for Mass Metrology

The 2019 redefinition of the International System of Units (SI) presented a challenge
for the dissemination of the unit of mass. Prior to 2019, the kilogram was defined as
the mass of a cylinder of platinum-iridium, known as the International Prototype of the
Kilogram (IPK); in other words, the kilogram was the mass of a physical artifact. The
IPK would be used to calibrate national standard kilograms, which, in turn, were used
to calibrate working standards. All these comparison weighings were carried out in
normal air. The new definition of the kilogram is based on the Planck constant, which
can be measured extremely precisely with a Kibble balance weighing a standard kilo-
gram. Once the highest-achievable precision was achieved, the Planck constant’s value
was fixed and the definition of kilogram inverted, removing its dependence on the IPK.
With the new definition of kilogram, a Kibble balance determines the absolute mass of
a standard in vacuum.

However, practical mass metrology still relies on standard masses (i.e., physical arti-
facts) with weighings carried out in air. To maintain their stability, the Kibble-balance-
calibrated masses are always held under vacuum, while the conventional masses are
always held in air. The dissemination of the kilogram thus requires a comparison of
a standard mass in vacuum with a working standard in air. To address this challenge,
Stambaugh and coworkers at NIST developed a “magnetic suspension mass compara-
tor” MMSMC) [135-137], as schematically illustrated in Fig. 1 in [137]. A commer-
cial mass comparator and the Kibble-balance-calibrated mass are located in an upper
chamber kept in vacuum. A weighing pan, the carriage, and the mass to be measured
are magnetically suspended in a lower, air-filled chamber through the vacuum-to-air
boundary flange using an MSC.

This design enables direct comparisons to be made between masses in vacuum in
the upper chamber with masses in air in the lower chamber. The technology required
to achieve a comparison of objects to a precision of 1 part in 10® (i.e., a precision of
0.01 mg for 1 kg objects) was quite sophisticated. The complexity of the MSMC pre-
cludes its general application to density or adsorption measurements, but it does illus-
trate the potential of MSB technology.
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Table2 Examples of high-

Fluid EoS citation MSB data source(s)

accuracy (p-p-T) data measured

with MSB—based densimeters Methane [151] [18, 26,27]

used in the development of L

reference-quality equations of Carbon dioxide [152] (29-31]

state (EoS) Helium [153] [55, 154]
Nitrogen [155] [33-35, 47, 70]
Argon [156] [36, 37, 70]
Ethene (ethylene) [157] [38, 72]
Sulfur hexafluoride (SFy) [158] [40-42, 72]
Ethane [159] [43, 44, 72]
Propane [160] [45, 57, 58]
n-Butane [161] [45]
i-Butane [161] [45]
R-12 [162] [32]
R-22 [163] [32]
R-1234z¢(E) [164] [59]
R-1234yf [60] [60]
R-1233zd(E) [62] [62]
C¢F,0 (Novec-649) [63] [63]
R-1336mzz(Z) [65] [65]
Cyclohexane [165] [74]
Ethanol [166] [74]

3.6 Applications

Nowadays, there are many software packages (such as REFPROP 10.0 [144],
TREND 5.0 [145], and CoolProp 6.4.1 [146]) for accurate thermophysical property
calculations of industrially important pure fluids and fluid mixtures. These packages,
playing important roles in both industrial applications and scientific research, are
based on reference EoS for thermophysical properties of each pure fluid and their
binary pairs. Among these reference equations, most are multi-parameter Helm-
holtz EoS, which were fitted using comprehensive high-accuracy experimental data.
The density measurements using MSB-based densimeters were generally evaluated
as having the highest quality and are almost always given high weight in develop-
ing such fundamental Helmholtz EoS; Table 2 gives examples. Please note, not all
experimental data of pure fluids listed in Table 1 were used for reference Helmholtz
EoS fitting because either the current reference EoS (e.g., for propylene [147], tolu-
ene [148], R-32 [149], n-heptane [150], n-nonane [148]) was developed before the
measurements were available, or the reference EoS is yet to be developed (e.g., for
2.4-dichlorotoluene and bromobenzene) or published (e.g., neon [144]).

In recent years, the MSB-based densimeters have been used more for measure-
ments of fluid mixtures than pure fluids. The measured fluids are mainly: natural gas
[48, 61, 87-92, 143] and mixtures of natural gas components [49, 64, 98, 102-104,
117-121, 124] for the gas and oil industry, CO, mixtures [25, 50-54, 100-102, 116,
117] in advancement of a low-carbon society, refrigerant blends [106—109, 111-115]
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for environmentally friendly next-generation refrigeration, and H, mixtures [49, 52,
53] and biomethane-like mixture [122] for renewable energy. Many of these meas-
urements were also used for fitting the reference EoS of fluid mixtures, e.g., data
from references [61, 90, 91, 98] for the GERG-2008 EOS [167], data from refer-
ences [99-102] for the EOS—-CG [168], data from references [49, 118, 119, 124] for
the EOS-LNG [169].

In addition to providing highly accurate fluid density (and some viscosity) data
largely for the fields of energy and the environment, the MSB-based densimeters
were also used for fundamental research. The two-sinker densimeter at NIST and
the tandem-sinker densimeter at TUC (originally at RUB) were both used for the
highly accurate quantification of adsorption phenomena on solid surfaces near the
dew point [23, 126, 131], which are less likely to be measured by other measure-
ment techniques. The four-sinker densimeter, currently under development at TUC,
is aimed at highly accurate density measurements of fluid mixtures near and on
the dew line, where adsorption is so significant that ordinary techniques or typical
MSB-based densimeters fail to eliminate its effect on density measurements (see
Sect. 3.5.2).

4 Application in Sorption Science
4.1 List of MSB-based Sorption Analyzers

Although the MSB was originally developed for accurate fluid density measure-
ments, it turns out that the major application of the technique lies in the field of
sorption science. This was attributed to the great success of the product of Ruboth-
erm (now TA Instruments): Gravimetric Sorption Analyzer—IsoSORP. For many
years, IsoOSORP was the only commercially available system that measured adsorp-
tion isotherms of gases on porous materials up to very high pressure (e.g., 30 MPa)
using a gravimetric technique. A list of institutes with publications using an MSB-
based sorption analyzer is given in Table 3, which is based mainly on the results of
a search in https://scholar.google.com/ using the keyword “Rubotherm IsoSORP.”
Please note, Rubotherm GmbH was founded in 1990 and most of its “MSB-based
sorption analyzers” delivered in the 1990s were MSBs with two positions. The
Rubotherm IsoSORP was first introduced in the early 2000s and it is based on an
MSB with three positions. The earlier papers (before 2000) were not found under
the keyword “Rubotherm IsoSORP” and were very few. For each institute, to reduce
the size of this review paper, only the oldest and most recent references are listed;
all the literature found in this review are listed in Table S1 in the supporting infor-
mation (SI). The applications in Table 3 are based on the title and keywords of the
referenced literature.

The number of peer-reviewed publications and the number of institutes with
their first published paper based on an MSB-based sorption analyzer during each
3-year period are statistically illustrated in Fig. 10a and b, respectively. Please
note, Fig. 10 is based on Table S1 in the SI (Table 3 in the paper is a reduced
version), where it cannot be guarantee that all institutes and publications have
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Fig. 10 (a) Number of peer-reviewed publications and (b) number of institutes with their first published
paper based on an MSB-based sorption analyzer. (c) Number of institutes that have published papers
using an MSB-based sorption analyzer, by country. The ‘others’ in (c) refers to 12 countries (Denmark,
Spain, UAE, Brazil, Belgium, France, Switzerland, Poland, Qatar, Netherlands, Sweden, Canada) each
having one instrument

been listed. It is clear that the number of publications is increasing almost expo-
nentially. Also, the present review was completed in March 2023, and there
will be more publications in 2023. The number of new systems, represented
by their first publication, is also increasing exponentially. However, as shown
in Fig. 10b, there is a decrease from the period 2016-2019 to 2020-2023. The
main reasons could be (1) the present review was completed in March 2023 and
(2) the COVID-19 pandemic hindered the development of new systems.
According to Table 3, there are more than 80 institutes in more than 20 coun-
tries that have publications using an MSB-based sorption analyzer. The number
of institutes categorized by countries is shown in Fig. 10c. There are 31 insti-
tutes owning an MSB-based sorption analyzer in China, followed by Germany
(where Rubotherm was founded) and the United States, both with 11 institutes
each. The other 20 countries, see Fig. 10c, own 31 sorption analyzers. Most of
the MSB-based sorption analyzers in China were setup over the last 10 years.
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4.2 Pure Fluid Adsorption

The first MSB-based sorption analyzer was developed by Dreisbach and Losch
[21]. As mentioned in Sect. 2.4, this system was especially designed for simulta-
neous measurements of gas adsorption on the surface of porous materials and the
gas density. This system has been used for adsorption measurements of pure CH,,
H,S, and their binary mixtures on a zeolite sample [21] as well as pure CH,, N,
CO,, and their ternary mixtures on activated carbon [311].

To describe the measurement principle of pure-gas adsorption using an MSB-
based sorption analyzer as illustrated in Fig. 5, it is necessary to describe the dif-
ferences between the three concepts of gas adsorption: net, excess, and absolute
adsorption. The details are given in [312-314]; here, only a brief explanation is
given based on Fig. 1 of Yang et al. [314]. At the same temperature and pres-
sure, in a closed pressure vessel with a fixed volume, the net adsorbed mass, m,,,
could be considered as the difference between the total masses of the gas (includ-
ing adsorbed gas) in the vessel with and without the porous material. The net

adsorbed mass, m,,, is related to the excess adsorption mass, m,,, as

Mexe = Mper + Piuid * VP’ (5)

where Vp is the skeletal volume of the porous adsorbent sample. The absolute
adsorbed mass, m,, is the mass of the adsorbate (adsorbed gas), and it is related to
Mgye AS

abs?

exe
Mapg = Mexe + Pfluid * Vsorb = Meye * psorb/(psorh - pﬂuid)’ (6)

where V,, and p,, are the volume and density of the adsorbate, respectively, with
Viorb * Psorb = Maps- 1N application, m,, is an important value to assess an adsorbent’s
capability for a gas storage application, m,,, is the direct (compared to m,, and m, )
measurement result of a sorption analyzer based on a volumetric technique, and m,
is directly modeled by most of the adsorption models (e.g., Langmuir model, Toth
model [315]).

In an MSB-based sorption analyzer, two weighings of the adsorbent sample
with its lifting mechanism (sample basket and lift rods see Fig. 5, which are typi-
cally made of a stable material, relatively lightweight, and have minimal adsorp-
tion characteristics of their own) are carried out with the measuring cell being
evacuated, mg;, and filled with fluid, m, , respectively. According to the Archi-

medes’ buoyancy principle: o
msy, — mig = Mg = Pagia - (Ve + Voo + V1) @)
where V| is the volume of the lifting mechanism. Combining Eqgs. 5-7 yields
My = Mgy — Mgy + Ppyig * Vi ®)

According to Eq. 8, the net adsorbed mass, m,., is a direct measurement (com-

pared to m,,, and m,, ) with a gravimetric technique.
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The volume of the lifting mechanism, V;, can be determined by conducting a
typical isothermal measurement using pure nitrogen without adsorbent sample in
the basket, and V| is the slope of the data set (pgyq, m; — m, ), where m; and m;
are the weighings of the lifting mechanism with the measuring cell being evacu-
ated and filled with nitrogen, respectively. The skeletal volume of the adsorbent
sample, Vp, can be determined by a similar method but with the sample in the
basket and using pure helium instead of pure nitrogen assuming helium is a non-
adsorbing gas on any adsorbent. There is no experimental technique for measur-
ing the volume, V., or density, p., of the adsorbate accurately, nor is there
a reliable model to predict them. The values of V, , and p,, can only be esti-
mated, e.g., by the Ono—Kondo model [316].

4.3 Gas Mixture Adsorption

The measurement of gas mixture adsorption equilibria remains one of the most
challenging fronts in the adsorption field. The first MSB-based sorption ana-
lyzer developed by Dreisbach and Losch [21] provided such data, but the excess
adsorption and absolute adsorption are not distinguished in their data analysis and
there is no mechanism to achieve thorough mixing of the gas mixture. A compre-
hensive review given by Shade et al. [317] in 2022 identified 18 experimental
techniques for gas mixture adsorption equilibria. Those based on an MSB-based
sorption analyzer are always very complicated, combining either gas composition
analysis equipment, such as a gas chromatograph, or a volumetric system [318].

Based on the pioneering work of Dreisbach and Losch [21], Yang et al. [319]
made minor modifications to a commercial gravimetric sorption analyzer and pro-
posed a new data analysis method for the measurement of binary gas adsorption
equilibria. The modified system did not rely on gas composition analysis equip-
ment, thus, the accuracy was not limited by such equipment, and it was also less
complicated than the volumetric—densimetric method [318]. Compared to pure-
gas adsorption measurements, for the binary gas adsorption equilibria, only one
extra value, i.e., the internal volume of the high-pressure measuring cell, V,,, (or
more specifically, the internal volume of the cell with the sinker and the lifting
mechanism inside the cell and without adsorbent sample), needs to be measured.
The measurement principles are described in detail in Yang et al. [319], and the
system is illustrated in Fig. 1 of [319]; only the key information is given here.

Similar to pure-gas adsorption measurements, temperature, T, pressure, pg,
density, p,, of the gas mixture inside the measuring cell, and the net adsorbed
mass, m,, of the gas mixture on the porous material can be acquired. With Ty,
Peas» and pg, known, the mass fractions, y,,, and y,,, and the mole fractions, y,
and y,, of each component in the gas phase can be calculated using an EoS (e.g.,
GERG-2008 EoS [167]). Please note, y, and y, are values at adsorption equilib-
rium, which are different from those of the injected gas y; , and y, , (e.g., reported
by the gas supplier).
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According to the definition of the net adsorbed mass, m,,, as discussed in
Sect. 4.2.1, the total mass of the gas injected into the measuring cell, m;,;, can be
calculated with

inj?

Mipj = Mpey + Paas * Vcell )

and the absolute adsorbed mass, m., ., can be calculated with

abs’
Myps = Mpep + Pgas VP + Pgas Vsorb = (mnel + Pgas VP) : psorb/<psorb - pgas)'

(10)

The value of pg,, for mixtures can be estimated as the reciprocal of the average

molar volume of the pure components. The absolute adsorbed mass of each com-

ponent, m; and m,, on the adsorbent sample can then be determined by solving the
following mass balance equations:

my +my = My (11)

Minj * Ymi1,0 — M Ymi1

=== 12
Mini * Ym2,o — M2 Y2 (12)

The results are as follows:
my :minj ' (yml,o'ymZ_ymZ,o 'yml) + Ymi1 * Mgps (13)
my = Myy; - (ym2,o *Yml ~ Ymlo® ym2) T Ym2 - Mgps- (14)

With m, and m, determined, the mass fractions, x,,,; and x,,,, and mole fractions,
x; and x,, of each component in the adsorbed phases can be easily calculated.

4.4 Applications
4.4.1 Application Category

Based on Table 3, the number of institutes categorized by applications is shown in
Fig. 11. Here, a sorption analyzer in an institute might have multiple applications.
We are not experts in each research field, thus, there is no guarantee that the respec-
tive assigned application category is the best one. However, qualitative results can
still be obtained. Sorted by the number of institutes, sorption analyzers were mainly
used in the following applications: carbon capture and storage, shale gas explora-
tion, porous material characterizations (mainly metal-organic framework), hydrogen
storage/fuel cells, ionic liquid characterization, membrane studies, other gas sorp-
tion studies (mainly methane), and others.

The applications mainly lie in capture and removal of CO, for environmental
protection, as well as adsorption and storage of CH, and H, in the energy sector.
Carbon capture and storage (CCS) is the process of capturing carbon dioxide emis-
sions from power plants and other industrial sources and storing them underground
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Fig. 11 Number of institutes that have publications using an MSB-based sorption analyzer, categorized
by application area. Please note, a single sorption analyzer in an institute might have multiple applica-
tions

or reusing them for industrial purposes; CCS is an important technique to achieve a
low-carbon society. Research into membranes or adsorbent materials for CO, separa-
tion and storage is one of the greatest applications of MSB-based sorption analyzers.
Shale gas, with CH, as the main component, is an important energy source extracted
from shale formations and is an unconventional energy resource, which is cleaner
compared to coal and oil. Most of the research over the past 6 years from China has
focused on shale gas exploration and the relative mechanism studies. Hydrogen is
non-polluting and produces no harmful emissions throughout the cycle if the hydro-
gen is produced from renewable sources. Hydrogen storage in an affordable way is
a bottleneck toward large-scale adoption of hydrogen energy applications. Lots of
research using MSB-based sorption analyzers is intended to identify suitable porous
materials, mainly metal-organic frameworks (MOFs), for hydrogen storage.

Recent research has also focused on the development of new materials for gas
adsorption and separation processes, including zeolites, MOFs, ionic liquids (ILs),
and activated carbon. In recent years, MOFs have gained considerable attention due
to their large surface area and tunable pore size. Finally, MSB-based sorption ana-
lyzers are also used in other fields, such as the development of fuel cell membranes
and the production of microcellular biodegradable polymeric foams. Some projects
are also focused on the adsorption of gases in foodstuffs, such as shrimp and fish
mince, indicating the diverse applications of MSB adsorption analyzers.

4.4.2 ScientificImpacts

It has been commonly recognized that the results of adsorption measurements of
the same gas on the same type of porous material performed by different research
groups show large deviations. An example is illustrated in Fig. 1 of [125], where
the relative deviations of the measured CO, adsorption on zeolite 13X (a com-
mercially available standardized porous material) at the same temperature and
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Fig. 12 Hydrogen adsorption on IRMOF-1 (MOF-5) at 298 K measured by different authors [324-350]
with only the values at the highest pressure shown. Data were obtained from the NIST isotherm database
(ISODB) [351]

pressure conditions of four different groups [320-323] are higher than 100%.
Another example is given in Fig. 12, where hydrogen adsorption on IRMOF-1
(also called MOF-5, which is the most studied material for hydrogen storage) at
T=298 K at the highest pressure measured by different authors [324-350] are
plotted. It is clear that there are significant deviations among different measure-
ments, and it is hard to judge which measurements can be trusted.

Against this background, there is increasing research aimed at the standardi-
zation of gas—solid adsorption measurements. The most typical research is that
carried out by Nguyen et al. [352, 353]. In their work, twenty laboratories par-
ticipated in international inter-laboratory studies led by NIST on the measure-
ments of high-pressure gas adsorption on NIST reference materials. Reference
equations of the adsorption isotherms for the studied systems were developed,
which is a big step toward the standardization of sorption experiments. MSB-
based sorption analyzers play a key role in such studies. For example, for the
CO, adsorption measurements on NIST Reference Material RM 8852 (ZSM-5)
[353], 11 gravimetric systems and 18 volumetric systems were involved. Meas-
urement results from all gravimetric systems, compared to only 10 of 18 volu-
metric systems, were utilized for reference equation development. According to
Table 3 and [353], one can infer that most of the 11 gravimetric systems are
MSB-based sorption analyzers.

In addition to producing highly accurate experimental data for the standardi-
zation of sorption measurements, MSB-based sorption analyzers are commonly
used to provide reference data for the development of novel sorption meas-
urement systems based on techniques such as Raman spectroscopy [354] and
nuclear magnetic resonance [283, 285, 355]. Furthermore, many of the MSB-
based sorption analyzers are used as they are, while some institutes modify their
system for various purposes. For example, a tandem-sinker densimeter (see
Sect. 3.5.1) was built by replacing the basket with another sinker for the quan-
tification of gas adsorption on quasi-non-porous materials [23, 126, 139], and
comprehensive systems were built combining an MSB-based sorption analyzer
with other measurement techniques for binary gas adsorption measurements
[318].
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5 Measurement Uncertainty

MSBs are capable of very low uncertainties, but these are not automatically
obtained—careful attention to several aspects of the experiment is required. The
uncertainties actually obtained vary widely among different MSB instruments, and
it is not possible to state an uncertainty for this entire class of instruments. Rather,
we summarize some of the important effects that impact measurement uncertainty.

5.1 Weighings

Weighings of a sinker or adsorbent sample are at the heart of all MSB measure-
ments, and uncertainties in these weighings arise from the used balance, the MSC
itself, and the stability of conditions in the laboratory and measuring cell. Modern
analytical balances are capable of extraordinary precision. A resolution of 1 pg for
loads of 100 g (1 part in 10%) is available with commercially available “mass com-
parator” balances, and resolutions of 10 pg for loads of 200 g (5 parts in 10%) are
common for high-quality analytical balances. The reproducibility of a weighing
is typically 3 to 5 times the resolution, and the linearity (i.e., the uncertainty over
the entire weighing range) is typically 10 to 15 times the resolution. The linearity
effect can be greatly reduced by employing compensation masses (as discussed in
Sect. 3.4.2) so that the total load on the balance is similar for the different weigh-
ings, and this would bring the balance uncertainty close to the reproducibility. It
must be recognized that balances will drift with changes in ambient conditions,
including changes in barometric pressure (i.e., air density in the laboratory). This is
not a defect of the balance, but a result of the internal structures of the balance being
affected by air buoyancy effects. Thus, regular calibration of the balance is essential
to achieve its quoted performance; ideally, this would be performed as an integral
part of each measurement, by using, for example, the built-in calibration masses of
the balance or the compensation masses (see Sect. 3.4.2).

A well-tuned MSB (i.e., one that is stable to the level of the balance precision) is
equally important to maintain the precision of the balance and minimize weighing
errors. While the tuning of the MSB is a job for the manufacturer (or exceptionally
experienced users), the alignment of the balance/coupling/sinker system is clearly
the responsibility of the user. If any part of the coupling or sinker (or adsorbent
sample) contacts the wall of the coupling housing or measuring cell, stable weigh-
ings will be impossible. The weighing uncertainty is also affected by the stability
of the conditions inside the measuring cell. Any changes in the density of the fluid
(whether by changes in temperature or pressure in a density experiment or resulting
from adsorption) will, of course, affect the weighings. Instability of the temperature
can give rise to convection currents, which can exert forces on the sinkers.

With a well-tuned and aligned MSB and stable conditions inside the measur-
ing cell, the reproducibility of weighings in a density experiment can approach
the reproducibility of the balance itself. (A sorption experiment, by its nature,
involves a changing mass of the object and is likely to have larger variations.) And
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considering that the balance is typically under a draft hood and the different objects
being weighed are loaded with a sinker-changing mechanism or (in the case of
compensation masses) robotic arms, the balance may even give more stable results
than a manual weighing involving the opening of doors and the thermal influence
of a human operator. As an example, a weighing precision of 10 pg for a density
sinker with a volume of 10 cm® yields a density precision of 0.001 kg-m=, which
is 0.0001% (1 ppm) for a liquid-like density or 0.08% for the density of ambient air.
But the overall uncertainty will be substantially higher due to effects discussed in
the following sections.

5.2 Force Transmission Error

A properly designed MSC very efficiently transmits the forces acting on the sinker
to the balance, but it is slightly influenced by nearby magnetic materials, external
magnetic fields, and the fluid being measured. These give rise to a “force transmis-
sion error” (FTE), which was discussed by Brachthiuser et al. [68], Klimeck et al.
[70], and McLinden et al. [356] for densimeters, and by Kleinrahm et al. [22] and
Yang et al. [125] for both densimeters and gravimetric sorption analyzers. The FTE
of densimeters has also been analyzed for special applications in references [357,
358]. With the appropriate analysis, the force transmission “error” becomes an effect
that can be calculated and compensated for rather than a source of significant error
in measurements.

The comprehensive FTE analysis carried out by Kleinrahm et al. [22] using a
tandem-sinker densimeter concluded that, for density measurements, the FTE must
be accounted for to realize the full accuracy of MSB, while for adsorption measure-
ments on porous material, the FTE is negligibly small compared to other uncertainty
sources. Therefore, here, we only provide a brief summary of the FTE analysis for
two-sinker densimeters and single-sinker densimeters, based on McLinden et al.
[356].

The analysis for a two-sinker densimeter starts with writing out the forces act-
ing on the balance for each of the weighings; these include not only the sinker, but
also the permanent and electromagnets of the MSB and air buoyancy forces. For the
weighing of sinker 1

Wl =a- [d) : {ml + My _mag ™~ Pfiuid * (Vl + Vp—mag)} + (me—mag_pair : Ve—mag) + erro]’

15)
where a is a balance calibration factor, ¢ is the “coupling factor” due to FTE, W,
is the balance reading with nothing on the balance pan, and the subscripts p-mag
and e-mag refer to the permanent magnet (in the fluid and including the lifting
device) and to the electromagnet (in air), respectively. The key assumptions implicit
in Eq. 15 are that (1) the force transmitted to the balance by the MSC is propor-
tional to the suspended load and this is characterized by the coupling factor ¢, (2)
all quantities are constant over the time needed for a complete density determina-
tion, and (3) the balance reading is linear with the applied load. The electromagnet
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Fig. 13 Coupling factor as a function of density for measurements on air (with 7=250 K to 460 K) and
propane; figure adapted from McLinden et al. [356]

and permanent magnet (plus lifting device) are always weighed, and the W, is the
same for each weighing, so that these can be lumped together as

p= ¢'{mp—mag_pﬂuid : Vp—mag} + (me—mag_pair : Ve—mag) + erro' (16)

Similar equations can be written for the weighing of the second sinker and also
for the separate weighings of the two compensation masses directly on the balance
pan (with the coupling in zero position). The result is a system of four equations
with the four unknowns pg,4, @, B, and the coupling factor ¢. A coupling factor
¢ =1 corresponds to a “perfect” coupling. The balance factor a accounts for the fact
that a balance is a force transducer, but displays mass units. Furthermore, by con-
vention, a balance will read “1.000 g” when a 1 g standard mass, with a density of
8000 kg-m™, is placed on the pan, even though it will experience an air buoyancy
force of approximately 0.15 mg per gram.

McLinden et al. [356] go on to demonstrate that the ¢» can be divided into appara-
tus and fluid-specific contributions. ¢, is the value of ¢ in vacuum and is the appa-
ratus contribution; it is obtained by weighing the sinkers in an evacuated measur-
ing cell. The fluid-specific effect is proportional to the fluid density and the specific
magnetic susceptibility of the fluid y,, with a proportionality constant & :

b =g+, s Pruia- a7)

The coupling factor ¢ is shown in Fig. 13 as a function of density for measure-
ments on propane (a diamagnetic fluid with y,=-1.10X 10 m*kg™) and air (a
paramagnetic mixture with y, varying with temperature from 35.74 X 10 m* kg™
at T=250 K to 19.12x 107 m>kg™! at T=460 K). Note that these results are for
a particular densimeter (the one at NIST in Table 1) and illustrate only the general
trends and the magnitude of the effect.
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A similar analysis can be carried out for a single-sinker densimeter, except that
there are only two or three equations, but still four unknowns. The balance calibra-
tion can be integrated with the sinker weighings (using compensation masses) or
carried out separately to obtain a. Weighings in vacuum yield the ¢, but the fluid-
specific effect (as quantified by the parameter ¢,) must be obtained by a separate
determination. There are two methods for obtaining ¢,. The first involves measure-
ments with a fluid at the same (p, p, T) at different times using two different sinkers;
thus, creating a sort of “sequential” two-sinker densimeter that allows an analysis by
the above equations. A simpler, but less accurate, approach requires measurements
on a fluid with a well-characterized magnetic susceptibility, such as oxygen (or a
well-known oxygen—nitrogen mixture), and comparison with an accurate EoS.

The magnitude of ¢ is typically 1+0.000 020. Ignoring the FTE corrections
in a two-sinker densimeter will result in a relative (percentage) error that is small
(typically less than a few 10’s of ppm), except for strongly paramagnetic fluids.
For a single-sinker densimeter, however, the force transmission errors can be sub-
stantially larger, and ignoring the FTE introduces an absolute error that is propor-
tional t0 (Pgnrer — Pauia)- This is most pronounced at low densities. The apparatus
portion of the FTE can be determined with a simple experiment in vacuum, and
this correction should always be applied. Taking the example of a 60 g sinker of
silicon with a volume V,=25.76 cm?, a force transmission error of 1.2 mg (i.e.,
60 g - (1 — 1.000020)) would result in an error in density of 0.047 kg-m=. For a
liquid density of 1000 kg-m~, this would be 0.0047%, but for a gas at 20 kg-m™ the
error would be 0.14%.

The above analysis of FTE is largely empirical. Kuramoto et al. [83] and also
Kano et al. [359] presented a physical model for the FTE, but they are complex and
require detailed knowledge of the magnetic properties of both the apparatus and
fluid, which may not be available, and would be applicable only to a specific instru-
ment, in any case.

A recent analysis of the FTE by Kleinrahm et al. [22], which focuses on single-
sinker densimeters, describes the correction of the FTE in an alternative way:

-1
PAuid = Pexp,uncorr © (1 + €y T 6fse) ’ (18)

where py,;q 1s the density of the fluid, pey, uncorr 1 the measured density without cor-
rection of the FTE, ¢, is the apparatus contribution of the FTE (which is usually
less than +0.000 020, but it depends on temperature), and &, is the FTE contribu-
tion of the fluid being measured (fluid-specific effect). The fluid-specific effect can
easily be calculated by

Ere =€, (= X/ 40) = (5] Po=Pruial Po)- (19)

where ¢, is a proportionality constant (typical value 0.000 053), ¥ is the specific
magnetic susceptibility of the measured fluid, x = 108 m*kg! is a reducing con-
stant, p, is the density of the sinker used (e.g., p, & 2329 kg-m™ for single-crystal sil-
icon), and p,=1000 kg-m~ is also a reducing constant. By use of Eq. 19, errors due
to the fluid-specific effect can be calculated; e.g., for pg,ia/pPo=0.1 and p/p,=2.329,
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the error is &4, =0.000 161 for methane (diamagnetic fluid, x/x = —1.36), and
€5, =0.003 224 for air (paramagnetic fluid, x /X =~ 27.29 at T=293.15 K). Note,
in the case of two-sinker densimeters, the term p/p, does not exist in Eq. 19, e.g.,
ps/pOZO'

Since we know that the environment of the MSC (coupling housing and fluid
sample) is not completely magnetically neutral, the cause of the FTE can be
explained briefly as follows. The increase in the strength of the magnetic field and
the increase in the force transmitted from the permanent magnet to the electromag-
net are approximately proportional to the lifting height of the permanent magnet in
the entire range between the tare position and the measuring position. As a conse-
quence, also the FTE is approximately proportional to the lifting height of the per-
manent magnet; this applies to both cases, for the evacuated measuring cell and the
cell filled with fluid.

For example, the application and effectiveness of this correction method can be
seen in the result of the density measurement of a mixture (0.21 oxygen +0.79 nitro-
gen, mole fraction). These measurements cover a temperature range from (100 to
298.15) K at pressures up to 8 MPa and have been published in 2021 by von Preetz-
mann et al. [123]. With respect to strongly paramagnetic fluids, a special study of
Lozano-Martin et al. [357] should be mentioned. To determine the fluid-specific
effect of oxygen on the single-sinker densimeter used by their group, they measured
the density of pure oxygen in the temperature range from (250 to 375) K at pres-
sures up to 6.1 MPa. The results should serve as a basis for future measurements on
oxygen-containing gas mixtures.

5.3 Density Uncertainties due to Sinker Effects

The basic working equations of an MSB densimeter, i.e., Eqs. 1 and 2, require the
mass and volume of the sinker(s). A determination of the sinker mass can be carried
out with the balance used on the densimeter according to standard protocols (e.g.,
the double-substitution weighing design of Harris and Torres [360]). It is important
to note that balances are calibrated with standard masses with a density of approxi-
mately 8000 kg-m~, and a direct reading of the balance display will be correct only
for objects of similar density. The standards can be standard masses manually placed
on the balance pan or the built-in standards in balances with an automated calibra-
tion function. Densimeter sinkers, on the other hand, are typically of significantly
lower or higher density, and air buoyancy effects must be taken into account for
an accurate mass. This effect amounts to approximately 0.04% for a silicon sinker
(ps;~2330 kg'm™).

Sinker volumes are equally important in Egs. 1 and 2; for example, a detailed
uncertainty analysis of the NIST two-sinker densimeter [130] revealed that uncer-
tainties in the sinker volumes were the largest source of error, especially at high
or low temperatures. Sinker volumes are typically determined with a hydrostatic
(weighing-in-water) technique taking the density of the water as a known quan-
tity. This can yield volumes with an uncertainty of 0.01% (or lower), but great care
is required to minimize systematic errors due to surface tension, gas bubbles, etc.
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McLinden and Splett [130] describe a hydrostatic comparator technique based on
Bowman and Schnoover [361, 362] where the unknown object (i.e., sinker) is com-
pared to a solid density standard. The density of the fluid need not be known, and
this allowed the use of a high-density (p~ 1630 kg-m™) fluorinated liquid which
increased the buoyancy effect on the sinker (and thus the sensitivity of the meas-
urement). This liquid also had a much lower surface tension and larger ability to
dissolve gases compared to water, minimizing systematic errors. They used stand-
ards of single-crystal silicon with density uncertainties of 0.2 ppm, as determined by
Physikalisch-Technische Bundesanstalt (PTB). The result was a volume uncertainty
of the sinkers of approximately 10 ppm at t=20.0 °C, p=0.1 MPa.

The calibration of sinker volumes is typically carried out at 20 °C, and the vol-
ume as a function of temperature and pressure can be a major source of uncertainty.
This is often calculated from materials properties (e.g., Eq. 3); here lies the major
advantage of single-crystal silicon, since its thermal expansion is known very accu-
rately (e.g., Richter et al. [118], Appendixes A2 and A3). Fused quartz (quartz glass)
is also good, because of its low thermal expansion coefficient. Metal sinkers are
more problematic; literature values for the thermal expansion of metals often have
large uncertainties, and they can vary significantly depending on the exact alloy and
even heat treatment.

Given the above discussion, it might seem like an in-situ calibration of the sinker
volume with a known fluid would be easier, as Yang et al. [25] did using pure N,.
In this way, other uncertainty sources like sinker weighings, and temperature and
pressure measurements are taken into consideration as well. The uncertainty of the
densimeter can be relatively easily estimated according to the calibration results;
however, the ‘calibrated’ sinker volume might be distorted from the true value due
to other uncertainty sources, mainly the pressure measurement. Nevertheless, for
moderate accuracy requirements, several liquids can be used as density reference
fluids, e.g., n-heptane, n-nonane, 2,4-dichlorotoluene, and bromobenzene as meas-
ured by Schilling et al. [73], and cyclohexane, toluene, and ethanol as measured by
Sommer et al. [74]. These density measurements cover a temperature range from
(233.15 to 473.15) K at pressures up to 30 MPa. The uncertainty is given as 0.02%
or 0.015% in most cases, and the uncertainty of the fitted correlation equations is
given as 0.02% in most cases. The seven mentioned fluids can serve as reference flu-
ids for the calibration of the pressure and temperature dependence of the sinker vol-
ume in a large temperature and pressure range. However, the volume of the sinker
at reference conditions, e. g., 7=293.15 K, p=0.1 MPa, must be calibrated with
another reference liquid.

5.4 Adsorption Measurements

With great efforts spent on calibrations and improvements of a densimeter, very
low density-measurement uncertainty could be achieved, e.g., generally on the order
of 0.02% to 0.08% as listed in Table 1. However, for adsorption measurements, as
studied by Yang et al. [125], the major uncertainty sources for the adsorption capac-
ity (g) is the purity and then the skeletal volume of the adsorbent sample. If absolute
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adsorption capacity, g, is the target, the estimation of the density of the adsorbate
(Psorp) 18 also a significant source of uncertainty. The impurities of a porous material
include not only the different solid materials and defects of the structure attributed
to the sample synthesis, but also the remaining adsorbate due to the incomplete acti-
vation after the previous measurement. Quantifying the impurity is difficult; the 2%
used in [125] is simply an empirical estimation. A 10% uncertainty in the estimation
of pyorp could yield approximately 1% uncertainty in adsorbed mass (and capacity),
see Table 4 in [125]. Without considering the above two major uncertainty sources,
the remaining effects (temperature, pressure, calculated or measured density, mass,
and volume of the adsorbent sample and lifting mechanism) combine to contribute
approximately 0.2% [125]. Among the remaining uncertainty sources, mass and vol-
ume of the porous material are the dominant factors.

According to binary gas adsorption equilibria (8), to estimate the uncertainty of
the net adsorption mass, m,, the uncertainty in mass weighings of the activated
sample and lifting mechanism, fluid density (or density calculation using an EoS
with measured temperature and pressure), and volume of the lifting mechanism need
to be determined. For uncertainty estimation of the excess adsorption mass, m,,,, an
additional contributor, the skeletal volume of the adsorbent sample, Vp, needs to be
taken into consideration, see Eq. 5; and for absolute adsorbed mass, m,,,, an addi-
tional factor is the density of the adsorbate, p ,, see Eq. 6. In this context, m,,  has
the highest uncertainty, followed in sequence by m,,. and m

abs

exe net*

6 Challenges and Outlook
6.1 Continued Availability of MSB Systems

Continued development of innovative instruments built up around MSB is threat-
ened by the proprietary nature of MSB technology. Many of the innovations in
experimental thermodynamics and sorption science described in this review were
developed using custom systems by the founders of Rubotherm GmbH. But, as
Rubotherm evolved from a university spin-off (with its attendant receptiveness to
explore new research areas) to being a subsidiary of a mainstream instrumentation
company (TA Instruments), its focus has shifted to standard products, and custom
systems are no longer readily available. A potential successor, Rubolab, was founded
in 2014, but was soon sold to JWGB, Beijing, China in 2022.

The expertise to develop, for example, systems capable of magnetically suspend-
ing a 60 g load with microgram precision (as is done in the NIST two-sinker den-
simeter [55]) has apparently disappeared.

While there are recent examples of research groups building up, from scratch,
their own MSB systems [67, 83, 135, 363], this requires specialized expertise
beyond that of the typical thermodynamics or adsorption research group. There
is a need to make public the technology behind MSB before knowledge is further
lost. An “open source” design based either on traditional technology or based on
direct digital control, which could be built up by a competent electronics technician,

@ Springer



International Journal of Thermophysics (2023) 44:169 Page410f52 169

would be highly desirable and would enable continued innovations employing MSB
technology.

6.2 Outlook for MSB-Based Techniques

According to Fig. 10, there is no doubt that the number of MSB-based sorption
analyzers, which are well commercialized, will keep growing. However, there have
been no new single-sinker densimeters developed since 2016 and no new two-sinker
densimeters since 2012 (see Table 1). In addition to the limitations of availability
discussed in Sect. 6.1, there are reduced demands for highly accurate pure-gas den-
sity data from industry. As for gas mixtures, experimentalists have long realized that
the major uncertainty source is the composition of the mixtures rather than the den-
sity measurement techniques. Therefore, less accurate but simpler techniques, such
as vibrating tube densimeters, become more attractive for liquid density measure-
ments. Nonetheless, vibrating tube densimeters are hardly suitable for measuring the
density of gases because of the large measurement uncertainty at low gas densities.
Moreover, other techniques such as torsional resonators must be further performance
tested by the scientific community to establish reliable uncertainty statements.

However, the overall need for accurate MSB-based densimetry remains. Very few
industrial applications require high-accuracy density data, for its own sake. (The
major exception would be the flow metering of chemicals of very high economic
value, such as natural gas and other fuels.) Density data have always been required
for the development of accurate EoS and the other thermodynamic properties (heat
capacity, enthalpy, etc.) needed in process calculations that can be calculated from
an EoS. Here, the first and second derivatives of density are required, and these
require data of higher accuracy and over wider ranges of temperature and pressure
than would be required by the industrial process itself.

Furthermore, while molecular simulation cannot currently provide reliable values
of liquid-phase properties, it continues to improve, and as it does so, the need for
lower-accuracy data will decrease (just simulate, rather than measure). The need for
high-accuracy data, such as those that can be provided by MSB-based densimeters,
will still be required to verify simulations. Further advancements in the state-of-the-
art of EoS also require high-accuracy data for reference fluids; such advancements
would enable reliable EoS to be developed for fluids with lesser data sets.

Scientific applications for MSB-based densimetry remain, most likely as a refer-
ence instrument for density measurement in a country’s national metrology institute,
such as those of NIST in the USA and the National Metrology Institute of Japan. As
far as we know, some National Metrology Institutes (e.g., of China, South Korea and
Italy) have shown interest in setting up MSB-based densimetry in their laboratories.

Regarding the future development of the MSB-based densimetry, a potential
path could be the simplification of the whole system while avoiding a signifi-
cant accuracy loss. A complementary path is to extend its capability and, thus,
complexity to measurements at cryogenic temperatures. The first step has been
done by Richter et al. [118] whose system is capable of measurements down to
a temperature of 90 K using liquid nitrogen for cooling. A further step could be
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the use of liquid helium for cryogenic cooling since it is likely that cryocoolers
impact the proper function of the MSC, e.g., due to subtle vibrations or mag-
netism. This would clearly extend the capability of such techniques down to lig-
uid hydrogen temperature, i.e., T=20 K. However, in case the MSC is cooled to
such low temperatures, challenging issues might arise, e.g., the used cell material
becoming magnetic and the permanent magnet becoming extremely strong. Both
issues would significantly increase the FTE and thus the measurement uncer-
tainty or might even cause the MSC function to fail. To avoid this problem, the
MSC would have to be placed, e.g., at ambient temperature while the measuring
cell is at cryogenic temperature. However, when measurements on mixtures are
the goal, this would lead to the problem of fractionation described in detail by
Richter et al. [118], so that only measurements on pure cryogenic fluids would be
possible.

Moreover, a step toward advancing the vapor-liquid equilibrium modeling of
fluid mixtures is the provision of accurate dew-point density measurements. There
is a need for a more accurate measurement technique for vapor-phase density meas-
urements that accounts for the impact of sorption phenomena on solid surfaces near
the dew point. The state-of-the-art two-sinker densimeter is not able to fully account
for such impacts, especially when the composition of the gas mixture under study
changes due to sorption effects. As mentioned in Sect. 3.5.2, the on-going develop-
ment of the four-sinker densimeter aims at tackling this challenge.

Finally, extending the capability of an MSB-based sorption analyzer for gas
sorption measurements down to liquid nitrogen temperature (77 K) would be of
great scientific and industrial interest. Most current sorption measurements at
high pressures (e.g., up to 10 MPa) and low temperatures (e.g., 77 K to 273 K)
were carried out with a volumetric technique which has much higher uncertain-
ties than a gravimetric one. The resulting data are unreliable and have hindered
the development of low-temperature processes based on gas adsorption. A cryo-
genic MSB-based sorption analyzer could yield much more accurate and reliable
data, and thus become indispensable to overcome this bottleneck for the develop-
ment of those processes. For example, if a porous material could be found for
larger volume-density and mass-density of hydrogen storage at 7=77 K than
compressed hydrogen at p=70 MPa, the technique based on this could become
widely used in a future hydrogen economy.
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