


Powders

Figure 7 left: The BeDensi T Pro Series with one, two or three cylinders; right: Adding sample to the measurement cylinder

Overview - Density meters of the BetterPyc 380 and BeDensi series

Measuring device

Designation

BetterPyc 380

BetterPyc 380-S

BetterPyc 380-F

BetterPyc 380-FS

Measurement
method

Gas pycnometry

Measured parameters

True Density of powders/granulates

DIN 66137-2:2004-12

True Density of powders/granulates
Solids content of slurries

ASTM B923-22
ASTM D2638-21
ASTM 6093-97

True Density of powders/granulates
Open cell content of foams

I1SO 8130-2:2021
USP 699

True Density of powders/granulates
Solids content of slurries
Open cell content of foams

ASTM C604-02
ASTM D5550-14
and more...

BeDensi T1/T2/T3 Pro

Tap density meter

Tapped Density

DIN EN ISO 787-11
USP 616
Ph.Eur.2.9.34
ASTM D7481
ASTM B527

HFLOW 1

BeDensi B1

BeDensi B1-S

BeDensi P

Bulk density meter

%XON GHQVLW\ DQG ARZ UDYV
pharma powders

I1SO 4490
VISOR2RPHWDO DQG
ISO 3923-1

and more...
Bulk density of non-metal powders GB/T 1679013
USP 616
Bulk density of metal, pharma powders and Ph.Eur.2.9.34
granular materials ISO 3923-2
ASTM B329
Bulk density of plastic ISO 60

and molding materials

GB/T 1636-2008
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Powders

DeepSizer 300

real-time sediment monitoring in rivers, lakes, estuaries,
and coastal waters. It measures concentrations from 0.001
to 100 g/L and particle sizes from 0.1 to 2000 um with high accu-
racy.

DeepSizer 300 is a submersible particle size analyzer for

Powered by six core technologies — including two patented inno-
vations, Differential Path and Adaptive Path Technologies — it
adapts to diverse conditions and remains reliable even in extreme
environments.

DeepSizer 300 overcomes the risks, delays, inaccuracies, and
maintenance burdens of traditional sediment analysis. It delivers
trusted insights for sediment studies, ecological monitoring,
water-quality assessment, and hydraulic engineering-supporting
resilient, sustainable water systems.

| Safer In-situ Measurement
B Real-time Sediment Monitoring
B Accurate Results in High Turbidity

B Reliable Long-term Field Deployment

Particle Size Distribution Measurement

The DeepSizer 300 employs an array of 80 photoelectric detec-
tors to capture the scattering pattern produced as laser light
interacts with particles. The detected signals are converted into
electrical outputs and processed by advanced software. By apply-
ing Mie scattering theory with robust mathematical inversion, the
system delivers precise and comprehensive particle size distribu-
tions in real time.

Concentration Measurement

Concentration is determined based on the extinction principle:
light attenuation is directly proportional to concentration and
inversely related to particle size. By analyzing this attenuation, the
instrument calculates volumetric and mass concentrations, delive-
ring reliable results in real time.

Applications
B Hydrology & Hydraulic Engineering
B Environmental & Ecological Monitoring

B Scientific Research
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Core Technologies for Trusted Insights

Adaptive Path Technology

Utilizes patented technology to automatically adjust the optical
path length for varying sediment concentration levels, thereby
ensuring measurement accuracy.

Automatic Optical Window Cleaning

With its integrated cleaning system, removes deposits and conta-
minants from the optical windows, keeping the instrument in
optimal condition.

Flexible Transmission Modes

Offers three transmission modes — wired, wireless, and offline — to
adapt to diverse monitoring scenarios.

Multiple Scattering Correction

Incorporates advanced correction algorithms that minimize mul-
tiple scattering effects, thereby solving the problem of excessively
high concentrations even after reducing the optical path length.

Differential Path Technology

Applies patented technology, subtracting short-path signals from
long-path signals to isolate pure sediment scattering and elimi-
nate noise and contamination effects.

Water Pressure Compensation

Employs sealed metal tubes and telescopic structures at both
ends to automatically balance hydrostatic pressure, ensuring sta-
ble operation down to 200 meters.
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Dr. Dietmar Klank, Dr. Sebastian Ehrling , sebastian.ehrling@3P-instruments.com

Introduction

as sorption analysis is a well-established technique for

quantifying pore volume and surface area in porous

materials. It is versatile, non-destructive, and appli-
cable to micro-, meso-, and, within limits, macroporous sys-
tems. However, while the lower limit of sorption analysis
(micropores below 0.5 nm) is often discussed, the upper limit
of measurable pore volume receives much less attention. In
practice, classical gas sorption provides reliable results only
up to a certain pore size and total pore volume, beyond
which physical and instrumental constraints render the data
incomplete or misleading.

For characterizing macropores, the theoretical upper limit with
nitrogen at 78 K is around 400 nm. When larger pores need to
be filled, mercury porosimetry is often used, although this
method has significant drawbacks, such as the use of mercury
and its destructive nature.

Determination of pore volumes by use of
the liquid densities of the adsorbates

Pore volume characterization by gas sorption relies on the
relationship between the amount of adsorbate condensed
within the pores and the geometry of the porous solid. Two
classical concepts form the foundation of this interpretation:
the estimation of the total pore volume by use of the liquid
density of the adsorbates [1]-[3] and the Kelvin equation as
basis of the BJH-method [4] for relating condensation pres-
sure to specific pore sizes.

The estimation of the total pore volume assumes that at suf-
ficiently high relative pressures p/pg=1, all accessible pores
are completely filled with condensed adsorbate. The total
pore volume V, is then obtained from the adsorbed amount

as at near-saturation using the liquid densityp;fs of the

adsorbate at the measurement temperature:

n

sarl
Mg M

Vp=—— ()
plia,

where M is the molar mass of the adsorbate.

This simple approach provides a fast and reproducible estimate
of the total accessible pore volume and is routinely reported.
However, the method assumes complete pore filling and liquid-
like density of the adsorbate. In reality, the adsorbate does not
exhibit a liquid-like density in very small pores (micropores), and
pores of larger size (macropores) are not completely filled by the
adsorbate. If the isotherm has not reached a fairly horizontal
plateau near p/pg=1, the calculated volume underestimates the
so-called total pore volume.

The Kelvin equation provides the theoretical basis for converting
the relative pressure at which condensation occurs into a charac-
teristic pore diameterd:

"o 4RT @)
where Y is the surface tension, V,, the molar volume of the con-
densed phase, R the universal gas constant, and T the tempera-
ture. This relationship provides the basis for classical methods
such as the Barrett-Joyner—Halenda (BJH) model for deriving
pore-size distributions from the desorption branch of the iso-
therm. Because no liquid meniscus can form within micropores,
Kelvin's equation and, by extension, the BJH method becomes
invalid at pore diameters below a few nanometres. In contrast,
within the mesopore and macropore regions where capillary
condensation occurs, Kelvin's equation provides a physically
meaningful description of the adsorption process.
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n-Butane - a possible candidate
to extend the limit?

"At the upper end of the pore size range there is no theoretical
limit to the applicability of the Kelvin equation to adsorption
isotherms [...]. There is however a practical limitation [...]."

from Sing & Gregg 1967 (Book: "Adsorption, Surface Area
and Porosity”)

To better understand this statement, the Kelvin equation can
be simplified to its variable parameters, such as the adsorp-
tion temperature, which directly affects the surface tension
and molar volume.

4V,

d=——1'm_
T RTInE
Po

3)

In Table 1, these parameters are summarized for the “classi-
cal” adsorbates nitrogen at 78 K and argon at 87 K. In addi-

Table 1 Parameters for use of the Kelvin-equation

tion, n-butane is included as an interesting alternative, since
this adsorptive has a high boiling point and a wide gas—liquid
transition region. The latter is particularly interesting because
it allows the measurement temperature to be significantly
lowered, which in turn reduces the saturation vapor pressure
po and thereby increases the sensitivity of the measurement
by use of suitable low-pressure sensors.

Overall, the """ term of n-butane at 190 K is approximately
T

three times larger than that of nitrogen or argon. Conse-
quently, at a given relative pressure (p/po), pores that are
roughly three times larger can be accessed compared to
those probed using nitrogen or argon.

The plot of the maximum accessible pore diameter (typically
at p/pg = 0.995) versus temperature (Figure 1A) at a fixed
relative pressure, as well as the illustration of the accessible
and resolvable relative pressure range (Figure 1B), further
highlight this effect.

y*‘/m
¥ / nN m-1 V,,/ 10-6 m3 mol-1 T
10-6 m2 mN mol-1 K-1
Nitrogen 78 8.73 34.88 3.90
Argon 87 12.50 28.68 412
n-butane 273 14.83 96.69 5.25
n-butane 190 25.11 85.04 11.24
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Figure 1 Temperature dependent pore filling of nitrogen and n-butane, A) Maximum accessible pore diameter (typically at p/p, = 0.995) versus temperature
B) Maximum accessible pore diameter (at fixed temperature) versus resolvable relative pressure
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Proof of concept
2.0 0.35
Based on these theoretical considera- 18
tions, initial proof-of-concept measu- " | Hg porosimetry L 0.30
rements were performed on an alumi- 1.6~ pores up to 2000 nm =
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num oxide sample. The pore volume S| - pore valume 031 eyt _toas E
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For the gas sorption measurements,
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under reduced pressure and subse- Diameter / nm

quently analyzed using N, at 78 K and
n-butane at 190 K (Figure 3A). The
nitrogen isotherm shows almost no
adsorption over the entire pressure range, which is expected
for a sample with a surface area of approximately 5 m? g™". At
the end of the isotherm, a slight increase can be observed,
indicating that not all pores of the material are yet filled.

The n-butane isotherm closely parallels the nitrogen iso-
therm up to a relative pressure of 0.95, after which a pro-
nounced increase occurs, characteristic of pore filling. The
pore volume was determined from both measurements using
the liquid densities of the adsorbates, even though neither of
the isotherms reached a complete plateau.

Figure 2 Pore volume and pore size distribution of the Al,O; sample from mercury porosimetry

The total pore volume derived from the n-butane isotherm at
190 K is 0.31 cm® g™, which is approximately 27 times higher
than the 0.0114 cm?® g™" obtained from the nitrogen isotherm
at 78 K. This indicates that nitrogen at 78 K does not fill most
of the pores in the ALO3; sample, whereas n-butane at 190 K
effectively fills the entire pore space (Figure 3B).
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Figure 3 A) Adsorption isotherms of nitrogen at 78 K and n-butane at 190 K

B) Pore filling of Al;O5 with nitrogen at 78 K (black) and n-butane at 190 K (orange), based on mercury porosimetry measurements
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Conclusion

B n-Butane adsorption at 190 K can fill nearly the entire pore
volume of the sample under optimized measurement con-
ditions.

B The use of n-butane at 190 K, enabled by a cryoTune 195
for precise temperature control (Figure 5) offers a new,
non-destructive approach for characterizing macropores
with diameters larger than 1000 nm.

B Further studies are being conducted at 3P Instruments,
not only to characterize additional sample types using
n-butane at 190 K, but also to develop specialized measu-
rement procedures operating near the saturation vapor
pressure.
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Figure 4 isoTune - the next generation in sorption science

cryoTune 87: 82-135 K
cryoTune 77:
77.35-78 K

liquid N, —& | B4—| liquid Ar

cryoTune 120: 115-230 K

dry ice bath

ice bath

Measurement temperature T/ K

10 25 40 55 70 85 100 115 130 145 160 175 190 205 220 235 250 265 280 295

Figure 5 The cryoTune is a compact temperature control unit compatible with most manometric sorption analyzers and positioned within the Dewar.

In this study, the cryoTune 195 enabled precise regulation of the measurement temperature at 190 K for the n-butane adsorption experiments.
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Introduction

is driving demand for better adsorption processes— espe-

cially for separating harmful gases such as methane and
CO,, and purifying hydrogen. These processes must be climate-
friendly, energy-efficient, and low-emission.

_|_he shift toward renewable energies and a circular economy

Temperature Swing Adsorption (TSA) is a key method for these
separations. It uses heat to regenerate adsorbent materials,
making it cost-effective and versatile. However, repeated heating
and cooling can degrade materials like silica gels and activated
carbons over time, reducing their efficiency.

This project aims to develop a fast, efficient method to test
the long-term stability of porous materials in TSA processes.
Within this project two critical applications are in the focus.

Firstly the drying of natural gas/methane and, in the future
hydrogen (removing moisture and impurities). Secondly, sol-
vent recovery (regeneration of activated carbon).

Our approach includes a new adsorption-desorption unit
that speeds up heat transfer, allowing rapid cycling to predict
material lifespan. The goal is a lab-scale testing tool that
contributes to the development of better adsorbents, optimize
existing systems, and detect aging effects and with that benefi-
ting manufacturers, researchers, and process engineers.

This method is not limited to these applications, but it can be
adapted for broader use in TSA processes, supporting inno-
vation in material and technology development.

Benefits and

Amount Adsorbed

0.0 A

o
»
o
-

challenges of TSA

T, . L . .
s A comparison of the variation in condi-

tions is presented in Figure 1, illustrating
the differences between applying pres-
sure swing and temperature swing pro-
cesses. Temperature swing adsorption
(TSA) processes are employed for trea-
Tyt ting large volumes of gas at low or ambi-
ent pressure conditions, thereby elimina-
ting the need for energy-intensive com-
pression of substantial gas quantities.

The TSA method offers the advantage of
minimizing or even avoiding compression

0.0 0.2 0.4 0.6
Relative Pressure

o By

[e2]

15 costs by varying temperature during
' adsorption and desorption, rather than

Figure 1 Illustration of idealized isotherms of a fluid adsorbed on a solid: Showing pressure- and
temperature-swing cycles (PSA and TSA). Here, n denotes the adsorbed equilibrium amount and P
the pressure. The working capacity, or sorption swing, is defined as nggs-nges. In PSA, a reduction
of the desorption pressure (pges) increases the working capacity, while in TSA the same effect

is achieved by raising the desorption temperature (T )

relying on the pressure changes required in
pressure swing adsorption (PSA) processes.
Another benefit of TSA is the ability to
exploit differences in sorption isotherms,
which are strongly temperature-depen-
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dent. This allows for the production of highly pure products
through the adsorption of impurities at low temperatures (where
adsorption is strong), while the release of strongly adsorbed
impurities can be achieved through high-temperature desorption.

A significant drawback of existing TSA systems and processes is
the considerable time required to adjust the temperature of the
adsorbent beds across the range necessary for the desired sepa-
ration (transitioning between adsorption and desorption or vice
versa).

Key technical requirements

First, the structure of the functional pattern needs to be planned.
For this, several key requirements have already been defined

B Rapid temperature cycling (up to 300°C, +20 K/min,
10-50 cycles/day).

B Flexible integration with various dosing and
analysis systems.

B Cyclic studies at up to 300°C and ambient
pressure (1 bar).

B Particle size compatibility (up to 4 mm) with real-world
flow conditions (gas speeds up to 0.3 m/s).

B User-friendly, robust design—prevents condensation and
external interference.

B Comprehensive data capture for adsorption/desorption
efficiency, capacity, and performance metrics.

B Customizable test sequences — adjust cycle count,
desorption temperature, and stop criteria.

B Predictive tool for long-term behavior based on test
results.

B Adaptable for different gases/processes.

B Automated operation with software-based analysis.

Technical concepts

Two distinct concepts have been developed to meet the
requirements outlined above.

The first approach involves a system with two temperature
control loops. Silicone oil is used to provide both a cold and
a hot loop simultaneously. Adsorption typically occurs at cold
temperatures, while regeneration and rapid temperature
switching are achieved by cleverly toggling valves to replace
the cold silicone oil with hot oil. The adsorber is designed
with a double-walled structure to ensure fast heat transfer.
Due to the chemical properties of the oil, the upper tempe-
rature limit achievable is 200 °C.

The second concept addresses this limitation by replacing the
hot loop with an electric heater. This allows temperatures up
to 350 °C to be reached and enables the use of inexpensive
water as a cooling medium instead of costly and environmen-
tally unfriendly silicone oil. Additionally, the reduced tempe-
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rature range of the heat transfer medium simplifies the
requirements for valve technology. However, a challenge
emerged during planning: the temperature control system,
filled with the cooling medium, must be automatically drained
or vented before the electric heater is activated. The presence
of a large amount of water, with its high heat capacity, would
otherwise absorb a significant portion of the heating power to
evaporate and recondense, preventing the desired desorption
temperatures from being achieved.

The adsorption-desorption unit is manufactured with gas
inlet and outlet ports that can be flexibly connected to a
dosing device. The transfer points are designed as 1/4" VCR-
Swagelok® fittings, allowing for easy coupling to other exis-
ting measuring devices/systems via a seal-guided screw
connection with reduced wear. From previous projects, the
construction of gas dosing units, particularly for providing
vapors (e.g., water/humidity), is well established. The piping
system for alternating gas flow between adsorption and
desorption, with minimal dead volumes, has been developed
and optimized for small volumes using various connection
options.

The integration of analytical systems such as infrared spectro-
scopy (IR), thermal conductivity detectors (TCD), or mass spec-
trometry (MS) poses no issues during the adsorption phase.
However, desorption of adsorbed components during the
desorption phase can lead to significantly increased concentra-
tions, particularly of water. This raises the risk of condensation
in the gas outlet lines, which would be detrimental to any ana-
lytical system. Therefore, an optional bypass on the outlet side
has been planned to protect the analytical system.

Characterization of Reference Materials
for Long-Term Stability in Natural Gas
Drying Applications

In this part, we focus on building a detailed understanding of
the adsorbents used in natural gas drying and with that crea-
ting a solid data foundation to evaluate their long-term per-
formance during adsorption-desorption processes.

A significant application of temperature swing adsorption
(TSA) is drying and more specifically, the removal of water/
moisture or other components to reduce the water dew point
and hydrocarbon dew point in natural gas and, in the future,
in hydrogen. The presence of water vapor in gas causes
numerous problems, particularly during transport through
gas pipelines. It reduces the heating or calorific value of
natural gas. Additionally, condensed water accelerates corro-
sion and complicates flow measurement, especially when the
gas contains carbon dioxide and/or hydrogen sulfide.
Therefore, it is essential to dehydrate the gas before trans-
port or processing.

Typically, silica-based adsorbents such as silica gels or silica-
te-containing molecular sieves with specific textural proper-
ties are used for drying.



Key properties required for such materials include:

B High adsorption capacity, dependent on surface area
and pore volume,

B High selectivity,
B Non-toxic and non-corrosive effects,

B Mechanical strength, resistant to rapid temperature
increases during regeneration,

B Resistance to liquid water,

B Mechanical and chemical stability for long-term use.

Internal studies have shown that long-term use of these sili-
con-based adsorbents leads to changes in their microstruc-
ture. For example, Figure 2A displays nitrogen sorption iso-
therms at 77 K of silica gels provided from an industrial dry-
ing process. These materials were subjected to varying loa-
ding cycles (differences in adsorption/desorption loading)
during the drying process. The nitrogen sorption isotherms
reveal a decrease in pore volume and a noticeable change in
the isotherm profile of the materials. This indicates alterations
in the microstructure such as partial destruction of pore
walls, resulting in a shift from larger micropores and smaller
mesopores to larger mesopores.

To simulate the aging of reference materials in the laboratory,
five silica gels with different textural properties were selected. All
of these silica gels are commercially available and used in drying
processes. For two of the selected materials, plant operators can
provide samples at reqgular intervals to characterize their real-
world condition in operational environments. These samples are
continuously analyzed, and the results will later be used to eva-
luate the materials in their actual operating conditions.

The selected materials were examined for their capacity to
adsorb hydrocarbons with chain lengths of 5 to 10 carbon atoms.

The sorption capacities determined from these tests enable for
an initial estimate of the minimum duration required for a rele-
vant adsorption experiment in a fixed bed. Figure 2B illustrates
the sorption isotherms for heptane on the five silica gels.
Depending on the surface area, pore width, and pore volume,
typical trends emerge. For all narrow-pore materials, at least
85 % pore filling is observed above a heptane partial pressure of
15 mbar. Further increasing the partial pressure in loading expe-
riments during the adsorption phase of the cyclic model experi-
ment accelerates loading (shortening adsorption time) but does
not lead to unexpected oversaturation of the silica gel's pore
system.

For the wide-pore silica gel, the isotherm shape suggests a more
complex adsorption front in dynamic experiments, resulting in
lower loadings within the same adsorption time compared to the
other silica gels. Figure 2C exemplarily shows the sorption iso-
therms of C6—C8 hydrocarbons on silica gel 1. It is evident that
in the case of silica gel with narrow pores, at least 30 % of the
saturation vapor concentration must be supplied to the adsorber
during the adsorption phases to generate corresponding mini-
mum loadings.

This collected information is used to determine optimal condi-
tions for accelerated aging tests in cyclic experiments.

Outlook

The concepts 1 and 2 have already been designed, partially
manufactured, and tested within the project. In addition, materi-
al-specific data for potential adsorbents have been collected,
which will serve as the basis for the aging prediction tool. During
the duration of the project, the test rigs will be commissioned
and validated, in order to provide a measurement method at the
end of the project that can be used to evaluate the suitability of
novel adsorbents for use in temperature swing processes on a
laboratory scale.
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Figure 2 A) Nitrogen sorption isotherms (used to determine textural parameters such as specific surface area, pore volume, and pore size distribution) of three silica gels

B) Heptane sorption isotherms at 20 °C for the selected silica gels

C) Sorption isotherms of hexane, isohexane, heptane, isoheptane, and octane at 20 °C on silica gel 1

3P Instruments Particle World « Edition 26 « January 2026

25



26

Two anniversaries —
one close collaboration

== 30 years Bettersize Instruments
=% 35 years 3P Instruments

INSTRUMENTS

3P impressions

The 3P team gathered at our Leipzig
location to celebrate the company's
35th anniversary. In addition to
moving into our new premises and
holding the corresponding events,
we took an extra day for a company
outing to the beautiful Leipzig Zoo
and the lovely city center, where we
enjoyed dinner at the famous
Auerbach's Keller.

o, el

7 el
Beltersize| 3P

International 3P presentations

3P Instruments was very active in 2025,
our specialists participated in exhibitions,
gave lectures at scientific conferences, or
conducted webinars. Highlights of our
international presentations included the
Fundamental of Adsorption (FOA) confe-
rence in Porto/Portugal, and EUROMOF at
Heraklion/Greece.

g 13

3P booth at POWTECH 2025 3P dispersion specialists at POWTECH 2025
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Impressive collaboration

2025 was an anniversary year for both our
partner Bettersize Instruments and 3P
Instruments. A particular highlight for our
dispersion specialists was their participati-
on in the Bettersize 2025 global distributor
conference in Dandong, China, in August
2025. In addition to the anniversary celeb-
rations honoring Bettersize's tremendous
successes over the past 30 years, a num-
ber of technical training sessions were
held. Particularly impressive was the insight
into new product developments that we
can expect from Bettersize in the near
future.

3P Instruments in action

Last year saw many events at which
representatives of 3P Instruments
made international appearances.
Colleagues from 20 countries took part
in a comprehensive exchange of expe-
riences at our 3P-European meeting.
The practical part took place directly at
our application lab LabSPA by use of
the many analytical instruments. In
addition, 3P specialists gave technical
presentations at international scientific
conferences, and conference partici-
pants also had the opportunity to
engage in an intensive exchange of
experiences with the 3P specialists.

§ A A ¥
Shs o i S AR s

Group photo with participants from 20 countries at the 3P-Euromeeting in June 2025

EUROMOF 2025 - Participants interested in 3P EUROMOF-lecture by Dr. Sebastian Ehrling/3P
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