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ABSTRACT

In the present study, physico-chemical properties of the liquid organic hydrogen carrier (LOHC)
system diphenylmethane/dicyclohexylmethane in the presence of dissolved hydrogen are
presented for temperatures up to 523 K and pressures up to 10 MPa. Solubility of hydrogen,
interfacial tension, and liquid density were measured by the isochoric saturation method, the
pendant-drop method, and vibrating-tube method, respectively, which are realized in two
experimental setups. The solubility of hydrogen increases with increasing temperature and
pressure. For the fully hydrogenated dicyclohexylmethane, it is about 50% higher than for the
non-hydrogenated diphenylmethane and similar to that of a mixture from a deliberately stopped
hydrogenation process containing also partially hydrogenated cyclohexylphenylmethane. While
the interfacial tension decreases slightly with increasing hydrogen pressure at constant
temperature, the density remains approximately constant. The latter properties obtained for
different mixtures with similar degree of hydrogenation show that the influence of the presence

of cyclohexylphenylmethane is small.
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ABBREVIATIONS

AARD average absolute relative deviation

Ar argon

DoH degree of hydrogenation

EoS equation of state

GC-FID gas chromatography with coupled flame-ionization detection
GC-MS gas chromatography with coupled mass spectroscopy

H: hydrogen

HO-BT benzyltoluene

H12-BT perhydrobenzyltoluene

HO-DBT dibenzyltoluene

H18-DBT perhydrodibenzyltoluene
HO-DPM diphenylmethane

H6-DPM cyclohexylphenylmethane
H12-DPM dicyclohexylmethane
HO-NEC N-ethylcarbazole
H12-NEC perhydro-N-ethylcarbazole

HFE-7300 1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-pentane

LOHC liquid organic hydrogen carrier
PEEK polyether ether ketone

RMS root mean square

SLS surface light scattering

VLE vapor-liquid equilibrium



1. Introduction

In an economy based on renewable energy resources, fluctuations in electricity production by,
e.g., wind and solar power, have to be compensated by suitable energy storage technologies to
align power generation and demand [1-5]. Hydrogen (H2) is considered as a promising energy
carrier for this purpose, but its storage in pure form is challenging regarding safety, efficiency,
and transportation aspects [2,4—7]. A currently discussed option for efficient and infrastructure-
compatible logistics of H is the Liquid Organic Hydrogen Carrier (LOHC) technology [2-4,6-9].
This technology uses reversible hydrogenation/dehydrogenation cycles and enables safe storage
of H,. The Hz-lean LOHC compounds are typically aromatic or heteroaromatic liquids [6,10].
For the effective design of optimized devices for LOHC-based H> storage processes, reliable
thermophysical property data such as liquid density, interfacial tension, and H. solubility are
crucial. For instance, solubility data for H. in the LOHC components and mixtures represent
essential information for the design of hydrogenation and dehydrogenation reaction equipment
[11]. Furthermore, interfacial tension influences catalyst wetting [12], while the liquid density is
related to the volumetric H> storage density which is an important performance indicator of

LOHC systems [2,4,7].

The availability of the corresponding data for relevant LOHC systems is, however,
limited so far. This holds in particular true for process-relevant conditions that cover
temperatures T up to 673 K and pressures p up to 7 MPa [6,13] and include the presence of Ha.
The published experimental investigations of the H. solubility in LOHC components have
covered the N-ethylcarbazole (HO-NEC)/perhydro-N-ethylcarbazole (H12-NEC) [14],

dibenzyltoluene (HO-DBT)/perhydrodibenzyltoluene (H18-DBT) [14,15],
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toluene/methylcyclohexane [14,16-18], and benzene/cyclohexane [16,18] systems at T up to 373
K and p up to about 10 MPa. In all these studies, H» was found to exhibit a higher solubility in
the hydrogenated LOHC compounds. Regarding liquid density and interfacial tension, all
published experimental studies were performed in absence of H,. They provide T-dependent data
at ambient or saturation pressure for the HO-NEC/H12-NEC [19], HO-DBT/H18-DBT [20-22],
benzyltoluene (HO-BT)/perhydrobenzyltoluene (H12-BT) [20], benzene/cyclohexane [23-26],
and toluene/methylcyclohexane [24,25,27-29] LOHC systems. In addition, p-dependent liquid-
density data are available for the pure compounds of the toluene/methylcyclohexane LOHC

system [30-32], but not for the NEC-, DBT-, and BT-based systems.

In recent years, the DBT- and BT-based LOHC systems [13,21,33] and corresponding
mixtures [34] have gained attention due to their high thermal stabilities, excellent technical
availability, considerable H> loading capacity, and low melting points. These systems are applied
as mixtures of their regioisomers. This accounts for their low melting points, but complicates
conclusions regarding the influence of structural features on their physico-chemical properties. It
is, therefore, of high fundamental interest to investigate structural analogues which may have
slightly higher melting points, but represent pure compounds. For this reason, we have chosen
the LOHC system diphenylmethane (HO-DPM)/dicyclohexylmethane (H12-DPM) as such a
highly interesting reference LOHC system for our recent study [35]. Moreover, this system is of
considerable technical interest. It is characterized by a higher mass-based H storage capacity
compared to, e.g., the DBT-based LOHC system (6.7 mass% H> compared to 6.2 mass% H) and
by a lower viscosity of H12-DPM compared to H18-DBT [21,35]. The volumetric H> storage
capacity of H12-DPM is 58.5 kgrz/m? at p = 0.1 MPa and T = 298.15 K [35]. Considering pure

H> storage options discussed for mobility applications [36], this capacity is higher than that of



compressed H (39.2 kgnz/m® at p = 70 MPa, T = 298.15 K [37]) and lower than that of liquefied
H2 (70.9 kgnz/m? at p = 0.1 MPa, Tsawration = 20.32 K [37]). The acute toxicity of HO-DPM is low,
but its aquatic toxicity is significant [38]. For H12-DPM, no information on toxicity could be
found, which reflects the need for comprehensive hazard assessment for LOHCs expressed by
Rao and Yoon [10]. A viable option for the major practical drawback of the HO-DPM/H12-DPM
LOHC system, which is the comparatively high melting point of HO-DPM of about 295 K [38],

is the application of mixtures with H12-DPM [35] or biphenyl [39-41].

Until recently, literature data on the physico-chemical properties of the HO-DPM/H12-
DPM LOHC system have only existed for pure HO-DPM in form of density data in the
compressed liquid phase at p up to 30 MPa [42], interfacial tension at ambient p [43,44] as well
as Ha solubility up to T = 702 K and p = 25 MPa [45,46]. These data have been extended by
some of us in our previous study of the liquid density of HO-DPM and H12-DPM at p = 0.1 MPa
as well as their interfacial tensions and viscosities at p ~ 0.1 MPa in argon atmosphere ina T

range from (303 to 593) K [35].

In the present study, the Hz solubility as well as the influence of the presence of Hz on the
liquid density o' and the interfacial tension o were investigated for HO-DPM and H12-DPM.
Additionally, a technical mixture originating from a hydrogenation process of HO-DPM with a
degree of hydrogenation of 0.551 containing also the partially hydrogenated intermediate
cyclohexylphenylmethane (H6-DPM) and a binary mixture of HO-DPM and H12-DPM of the
same degree of hydrogenation were examined. By this, also the influence of the presence of H6-
DPM on o and p’ was checked. For these investigations, two experimental setups were

designed, validated, and applied.



2. Experimental section

2.1 Materials and sample preparation. Information about the used liquid samples and gases as
well as their purities and mixture compositions in terms of mass fraction w or molar fraction x is
summarized in Table 1. Three samples of H12-DPM were produced by catalytic hydrogenation
of purchased HO-DPM in individual hydrogenation runs. Using gas chromatography with
coupled mass spectroscopy (GC-MS) and gas chromatography with coupled flame ionization
detection (GC-FID) for analysis, HO-DPM was found to correspond to the specifications stated
by the manufacturer, while the synthesized H12-DPM samples, further referred to as A, B, and
C, had purities of w = (0.998, 0.975, and 0.990), respectively. The impurities in the H12-DPM
samples were found to consist of HO-DPM, the partially hydrogenated intermediate H6-DPM,
and a residual fraction of other components. In the following, it is indicated which H12-DPM
sample was used for the respective measurements. The slight differences of the H12-DPM
samples under investigation are also considered in our discussion. The investigated technical
LOHC mixture, consisting of HO-DPM, H6-DPM, and H12-DPM, originated from a deliberately
stopped hydrogenation experiment of HO-DPM and is referred to as ‘reaction mixture’ in the
following. A degree of hydrogenation (DoH) of 0.551 was determined for this mixture by
considering the respective hydrogen contents of the individual LOHC compounds and their
respective quantities in the mixture. The DoH is defined as the fraction of the number of
hydrogen atoms bound to an LOHC molecule by the hydrogenation reaction compared to its
maximum molar uptake capacity [34]. An absolute uncertainty of 0.002 for the determined DoH
values results from the evaluation of the mixture composition by GC-FID. The impurity mass
fraction Wimpurities = 0.002 related to all mixture components can be assigned to substances

possibly representing partially hydrogenated products. As these compounds cannot be quantified



accurately and their impact on the DoH is smaller than its uncertainty, they are not considered in
the determination of the DoH. To reproduce the DoH of the reaction mixture in a binary mixture
of HO-DPM and H12-DPM, appropriate amounts of these compounds were weighed using a
balance with a digit precision of 0.1 mg and an estimated expanded uncertainty (k = 2) of 1 mg.
In the preparation procedure of the two binary mixtures using the H12-DPM samples A or B, the
impurities were also not considered. Thus, the finally determined and reported DoH of the binary
mixtures considering only the contributions of HO-DPM and H12-DPM was slightly smaller than

targeted especially for the one prepared with the H12-DPM sample B of lower purity.

Table 1 - Specification of used samples.

Molar mass M Specified / measured purity or

Substance CAS number Source (g'mol™) mixture composition / DoH
HO-DPM 101-81-5 Sigma Aldrich 168.23 w = 0.999%°
w =0.998" (A)
H12-DPM 3178-23-2 Self-made 180.33 w =0.975° (B)
w =0.990° (C)
Binary mixture with Self-made Winpurties= 0.002°

H12-DPM (A)
XH0-DPM = 0.449°
Xn12-opm = 0.551°

DoH =0.551 + 0.002

Binary mixture with
H12-DPM (B)

Self-made Wimpurities= 0.015°
XHo-opm = 0.455°
XH12-ppm = 0.545°
DoH = 0.545 + 0.002
Reaction mixture Self-made Wimpurities= 0.002°
Xro-opm = 0.098¢
Xne-opm = 0.702¢
Xr12-ppm = 0.200°

DoH =0.551 + 0.002



Hydrogen 1333-74-0 Linde AG 2.016 x =0.999999?
Argon 7440-37-1 Linde AG 39.948 x = 0.99999%

8Purity as specified by the manufacturer in the certificate of analysis for the used batch.

bPyrity measured using GC-FID analysis.

‘Calculated from compositions measured for used HO-DPM and H12-DPM samples and their
masses.

dMole fraction of main components excluding impurities as measured using GC-FID analysis
and used to determine DoH.

In the preparation of the binary samples from HO-DPM and H12-DPM, traces of H6-DPM in the
H12-DPM were treated as impurities and were not included in the corresponding DoH
calculations. Argon (Ar) was used as inert gas atmosphere for interfacial tension measurements

without Hz and in the sample flasks during storage. All substances were used without further

purification.

2.2 Density — Vibrating-tube method. Liquid density measurements of the LOHC samples at
ambient air atmosphere were performed by using the vibrating-tube densimeters DMA 5000 M
and 4200 M from Anton Paar for T from (283.15 to 473.15) K. The latter instrument has been
calibrated for measurements with varying p according to the physically-based approach of May
et al. [47] and was also integrated in the setup dedicated to solubility measurements. There, it
was used to measure the densities of the compressed liquid phase of the Ho-free LOHC samples
in a T range from (293.15 to 473.15) K in steps of 25 K at p of (3, 7, and 10) MPa as well as of
the LOHCs close to their saturation with dissolved Hz at T = (323, 373, 423, and 473) K inap
range from (1 to 10) MPa. Detailed information on all corresponding measurement procedures,
processing of measurement data, and the resulting uncertainties is given in section S1 of the

Supporting Information.



2.3 Solubility — Isochoric-saturation method. The solubility of H> in the DPM-based LOHC
compounds was investigated by the isochoric-saturation method [48] using a new apparatus. A
schematic representation of the setup is given in Figure 1. It consists of three major parts, which
are the vapor-liquid equilibrium (VLE) cell, a circulation loop for the liquid phase, and a
manifold for gas handling. The VLE is established in the T-controlled VLE cell, which is made
of Ho-resistant stainless steel and possesses two opposing sapphire windows. The cell exhibits a
specified inner volume of 0.17 L and can be operated upto T =573 K and p =50 MPa. The T
control of the cell is realized by resistance heating, based on T measured in the cell wall close to
its outer surface. For measuring T related to the liquid and the gas phase as well as in the vicinity
of an optical window, three additional T probes are located in the cell wall as close as possible to
the zones of interest. p inside the VLE cell is measured by a pressure transducer. To expedite the
dissolving process of the gas in the liquid phase, a controllable electrical stirrer is integrated in
the sample cell. The circulation loop for the liquid phase allows measurements of the liquid-
phase density o' using the integrated densimeter DMA 4200 M at T up to 473 K and p up to 40
MPa. The liquid is circulated by a centrifugal pump with small pressure gradient and low
pulsation to minimize disturbance of the VLE. Coming from the bottom of the VLE cell, the
liquid flow is guided through a screw pump and the densimeter before being returned to the VLE
cell. The densimeter and the screw pump can be isolated from the remaining system for p’
measurements of the pure LOHC sample under pressure before adding gas, where p is adjusted
by operation of the screw pump and measured by a further pressure transducer. T of the screw
pump and the pump head are controlled by resistance heating, using inserted probes for
corresponding T measurements. With the manifold for gas handling, the complete apparatus can

be evacuated, filled, and pressurized with gas.
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Figure 1 - Schematic representation of the new experimental apparatus for determination of H»
solubility in LOHC compounds as well as density of the gas-saturated and the pure compressed

liquid. (designed for single column, color only in online publication)

The investigated gas is contained in a stainless-steel gas-supply vessel with an inner
volume of about 0.15 L, from which the gas can be dosed to the VLE cell. The vessel can be
charged with gas up to p = 25 MPa by a screw pump. T of the gas in the reservoir is measured
directly in the vessel, while the gas pressure is measured in the connected manifold. The amount
of gas injected into the gas-phase volume of the established VLE can be evaluated using both
gravimetry and equations of state (EoS). For determining the mass difference in the gas-supply
vessel when applying gravimetry, the vessel is placed on a balance providing a digit precision of
1 mg. To ensure mechanical decoupling of the weighed vessel, its connection to the manifold
system is given by a flexible capillary tube made of polyether ether ketone (PEEK). All T

measurements are conducted by using Pt100 resistance probes calibrated to an absolute
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uncertainty (k = 2) of 0.02 K. The pressure measurements are performed using calibrated
pressure transducers with absolute uncertainties (k = 2) of 0.015 MPa.

For the evaluation of the solubility, the total volumes of the VLE cell, the liquid
circulation loop, and the gas supply vessel including its connection to the VLE cell were
calibrated with an estimated expanded relative uncertainty (k = 2) of about 0.35% according to

the procedure explained in section S2a of the Supporting Information.

Before each measurement series, all components of the VLE cell and the liquid
circulation line were thoroughly cleaned. After evacuation of the complete setup, the VLE cell
was filled with Ar while being decoupled from the liquid circulation loop. Between (80 and 140)
g of the liquid sample was filled stepwise into the VLE cell, where the total sample mass was
determined by weighing the used syringe before and after each filling step using a balance with a
digit precision of 0.1 mg and an estimated expanded uncertainty (k = 2) of 1 mg. Then, the VLE
cell was evacuated for a short time and supplied with Ar at p = 0.2 MPa. The bottom valve of the
VLE cell was opened to fill the evacuated circulation line including the densimeter with liquid.
After closing the valve, the liquid-phase density of the pure sample was measured as a function
of T and p according to the procedure described in section S1b of the Supporting Information.
Before being pressurized with H> from the gas supply vessel, the VLE cell was evacuated close
to the vapor pressure of the investigated liquid for a short time. During the following operation
of the setup, T and p were continuously monitored. The pump and the stirrer were switched on
for at least 2 h to establish VLE for each state point. As soon as T and p in the VLE cell and the
oscillation period of the densimeter had stabilized, the stirrer and the circulation pump were
switched off. T and p data recorded during 2 min after about 30 min of further equilibration were

used for data evaluation. Here, the average of T measured close to the gas and the liquid phase in
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the VLE cell as well as the average of p measured in the VLE cell and the liquid circulation loop
were considered. In the following statements, the first value always represents the average for the
considered system and T range, whereas the corresponding maximum is given in brackets. The
difference between the aforementioned temperatures was 0.123 (0.406) K for T < 380 K and
0.867 (1.40) K for T > 380 K for all systems. The increasing difference with increasing T is
associated with the necessary cooling of the magnetic coupling in the installed stirrer. For H12-
DPM, the stability of the individual T probes was better than +3.8 (£12.4) mK and £5.9 (+26.4)
mK in the same T ranges as given above, whereas for HO-DPM and the reaction mixture,
stabilities better than +0.9 (£1.7) mK and +0.9 (£1.9) mK, respectively, were achieved. To
describe the stability of p measured with the two transducers, the double standard deviation is
reported, which is smaller than 0.61 (1.2) kPa for H12-DPM for T > 380 K and smaller than 0.4
(0.6) kPa for all other systems and state points. The p values measured with the individual
transducers always agreed with the reported average within their expanded uncertainty (k = 2) of

U(p) = 15 kPa.

Due to the small density of Hy, its injected mass was calculated based on the measured p-
and T-differences in the gas supply vessel before and after each injection step. For that, the
corresponding density data obtained from the EoS of Leachman et al. [49] implemented in the
NIST Standard Reference Database REFPROP [37] and the calibrated volume of the gas supply
vessel and its connection line to the VLE cell were considered. The small leakage mass flow of
H. from the VLE cell caused by diffusion through the gaskets being on average 0.16 mg-h** was
considered for the complete experimental time. It was estimated for each individual stabilized
state point based on the slight, linear decrease in gas density during the corresponding data

acquisition period.

13



For each state point, the mass of LOHC and H> being present in the VLE cell and the
circulation loop, the average T and p data, and the liquid density with dissolved H; at this state
point determined according to section S1c of the Supporting Information were considered in
iteration calculations. These are necessary because the volumes of the liquid and the gas phase
are not exactly known. In the first iteration, the liquid volume is estimated using the mass of the
filled LOHC and the aforementioned liquid density. Knowledge of the calibrated overall volume
allows the calculation of the volume of the gas phase. The partial pressure of Hx therein is
determined by subtracting the vapor pressure of the LOHC from the measured average total
pressure p. Vapor pressures were obtained from available data for HO-DPM [50] and H12-DPM
[51-53]. The vapor pressure of H6-DPM was estimated by the arithmetic mean of the vapor
pressures of HO-DPM and H12-DPM. The vapor pressures of the mixtures were estimated by
mole fraction-weighted combination of the vapor pressures of the pure compounds. Assuming an
ideal gas, the vapor pressure of the LOHC and the gas-phase volume are used to calculate the
mass of LOHC therein. With the partial pressure of Ho, its partial density at the measured T was
calculated using the EoS of Leachman et al. [49] and combined with the gas-phase volume to
obtain the mass of H. in the gas phase. Considering the masses of Hz injected into the VLE
system, lost through the gaskets until the evaluated state point was reached, and being present in
the gas phase, the mass of H, dissolved in the liquid phase is determined. These results allow
recalculation of the mass and, thus, the volume of the liquid phase, which represents the start of
the second iteration. At least three iterations were performed until convergence of the final value
for the mass of dissolved H> was found. The relative change in dissolved H> mass for the last

iteration compared to the previous value was always smaller than 0.006%. Based on the
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determined masses of LOHC and H: in the liquid phase, the corresponding mole fraction xs of

dissolved H: representing its solubility is determined.

To estimate the uncertainty of the xs results, error propagation calculations in quadrature
were applied considering all input uncertainties in the final iteration. The initial input
uncertainties are related to the mass of filled LOHC, the calibrated internal volumes of the
apparatus parts, the liquid density of the LOHC with dissolved H. as well as the measured T and
p data. The latter uncertainties are used for worst-case estimations of the uncertainty of the
gaseous H» density data determined by the EoS of Leachman et al. [49], which exceed the
uncertainty inherent in the EoS. For the leakage mass flows of H, and the vapor densities of the

LOHCs, an expanded relative uncertainty (k = 2) of 10% was estimated.

For validation of the experimental setup and the evaluation procedure, solubility
measurements were successfully performed using 1-hexanol and carbon dioxide as a reference
system. The results were compared with corresponding literature data [54]. Details are given in

section S2b of the Supporting Information.

2.4 Interfacial tension — Pendant-drop method. For the investigation of the interfacial tension o
of LOHCs with dissolved H: in corresponding pressurized atmosphere uptop=9 MPaand T =
523 K, another new apparatus has been established. The used principle of pendant-drop
tensiometry relies on the theoretical description of the profiles of axisymmetric drops exposed to
gravity by application of the Young-Laplace equation [55-57]. A schematic representation of the
apparatus is depicted in Figure 2. In this setup, pendant drops are formed at the tip of a stainless-
steel capillary located inside a sample cell made of Ho-resistant stainless steel with an inner

volume of about 45 mL. The cell provides optical access to the capillary and the pendant drop by
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four windows. As the capillary is used as calibration reference, the exact diameter at its tip was
determined using a micrometer screw with an absolute uncertainty (k = 2) of 0.01 mm. In
experiments reported here, two capillaries with outer diameters of (1.575 and 1.595) mm and an
inner diameter of 0.12 mm were used.

ventilation

........................................................
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: pump

N/ N/
A . £\ X
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Al A, b%?fser vessel

dosing

—valve X
—® '

_@

O

camera

A :
/
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=
N

non N
L2

sample cell

fume hood
Figure 2 - Schematic representation of the new experimental setup for determination of
interfacial tension of LOHCs in pressurized H> atmosphere by the pendant-drop method. For
measurements at p = 0.1 MPa, the sample vessel is substituted by a glass syringe. (designed for

single column, color only in online publication)

The T control of the sample cell is realized by resistance heating based on T measured in
the cell body close to its outer wall. Additional resistance heating is placed around the optical
accesses to prevent condensation at the windows. To measure the reported T in the vicinity of the

pendant drops, a T probe is immersed into the gas atmosphere inside the sample cell. Here, T
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stabilities better than £0.03 K at T <448 K, +0.05 K for T = (473 to 498) K, and £0.10 K at T =
523 K were achieved in measurements with Ar atmosphere at p = 0.1 MPa. The T stabilities in
measurements with Hz were better than £0.04 K at T <423 K and £0.08 K for T = (498 and 523)
K.

For evacuating, flushing, and pressurizing with gas, the sample cell is connected to a
manifold system. p inside the sample cell is measured with a calibrated pressure transducer with
an expanded uncertainty (k = 2) of 5 kPa. The p stability in the sample cell during measurements
in pressurized H, atmosphere was better than £(2, 21, 40, 60, and 89) kPa at p = (0.1, 1.5, 3.0,
5.0, and 7.0) MPa, respectively. For measurements at p = 0.1 MPa, the liquid sample was
contained in a gas-tight glass syringe with a volume of 5 mL, which was directly connected to a
dosing valve through which the liquid was supplied to the capillary. For measurements in
pressurized gas atmosphere, the liquid of investigation was contained in a separate T-controlled
H-resistant stainless-steel vessel with an inner volume of 150 mL, which was connected to the
dosing valve in place of the syringe. The vessel allows for preconditioning of the liquid close to
the measurement conditions inside the sample cell. A T probe is immersed into the vessel to
measure T of the gas atmosphere above the liquid level of the sample, which was adjusted within
a range of £5 K around T measured in the sample cell. The vessel can be evacuated, flushed, and
pressurized with the gas of interest for presaturation of the liquid sample. p inside the vessel is
measured by another calibrated pressure transducer of the mentioned type. All T measurements
were performed with Pt100 resistance probes calibrated to an absolute uncertainty (k = 2) of 0.02

K.

The apparatus features a monochromatic CMOS camera with a resolution of 1936 x 1216

pixels for image acquisition, which is equipped with a 10x manual zoom lens as well as a linear
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translational stage for fine adjustment of the camera position. As background illumination, a
monochromatic LED with a nominal wavelength of 470 nm is used to minimize chromatic
aberration effects. Plano-convex lenses (L) are used to focus the light onto a ground glass

diffuser (D) and for its subsequent collimation to optimize the image sharpness.

All LOHC samples were investigated in Ar atmosphere at p = 0.1 MPa in the T range
from (303 to 523) K and in Hy atmosphere at T = (323, 423, and 498 or 523) K within a p range
from (0.1 to 7) MPa. After cleaning of all components contacting the liquid sample, about (1 or
8) mL of the sample were filled into the syringe or the sample vessel, respectively. Then, the
setup was flushed with Ar several times to generate an Ar atmosphere. After each T increase
within a measurement series aiming at o data in Ar atmosphere, p in the closed sample cell was
reduced to p = 0.1 MPa by releasing the excess Ar to the ambience. At the beginning of each
measurement series studying the influence of Hz, a measurement in Ar atmosphere at T = 323 K
and p = 0.1 MPa was performed to obtain a reference value for the identical liquid sample. Then,
the sample cell was evacuated and H. was injected. Here, p in the sample vessel was always set
between (0.006 and 0.212) MPa higher than in the sample cell to ensure liquid flow through the
capillary. The generation of pendant drops was started after T inside the sample cell volume had
stabilized for more than 10 min each time T was varied in measurements with Ar atmosphere,
and after more than 20 min each time T or p were varied in measurement series with Hz. At least
4 pendant drops with a volume of about 10 ulL were generated for each investigated
thermodynamic state, where the time given for droplets to equilibrate prior to starting the
acquisition of images was at least 5 min at T < 448 K and at least 2 min for T > 473 K. For each
drop, several images were saved in time intervals of (15 to 30) s. As rapid shrinking of produced

drops could be observed in measurements at p ~ 0.1 MPa and T =523 K due to the vicinity to the
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boiling points of the investigated substances, images were immediately acquired without
equilibration time in this case. Here, only one image was recorded for each of the at least 9 drops
generated to achieve adequate measurement statistics. During the time span in which images
were saved for each droplet, T and p inside the sample cell were continuously recorded and

averaged for the following evaluation.

The image analysis is realized by custom-made evaluation software using the method of
axisymmetric drop shape analysis (ADSA) [58-60]. Here, o of the investigated fluid is
determined by finding the theoretically calculated drop profile that fits best with the
experimentally obtained drop shape. Calibration of the images was performed for conversion of
the length scale from pixels to metric dimensions by using the outer diameter of the capillary.
For the first image of each investigated droplet, the edges of the capillary tip were identified by a
Canny edge detection algorithm [61]. The horizontal distances of the edge pixels were averaged
over a vertical range of 50 pixels to yield the diameter of the capillary. The corresponding values
obtained for all droplets investigated at the same thermodynamic state were averaged for the
calculation of the calibration factor using the metric capillary diameter. For the analysis of
images of pendant drops, the droplet edge pixels are identified by analyzing the horizontal and

vertical changes in the measured gray values. In a next step, the Young-Laplace equation [55]

dp 2 (pliquid _pgas)gz _sing
os R o X

1)

is solved to calculate theoretical drop profiles. The geometrical quantities included in Eq. 1 are

illustrated in Figure 3, where ¢is the angle between the horizontal axis and the tangent on a
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point P, s is the arc length along the drop contour from the apex point O to point P, and R

represents the radius of a circle whose curvature matches that of the droplet at its apex.

z @ detected edge points
t - best-fitting theoretical profile (Eq. 1)

liquid gas
/ . | \

A < »

Figure 3 - Geometrical quantities for the theoretical description of pendant-drop shapes by the
Young-Laplace equation and the Bond number (left part), droplet image with best-fitting
theoretical profile found by the evaluation software (red line) (middle part), and a magnification
of the droplet edge showing the detected edge pixels (blue dots) and the best-fitting profile (red

line) (right part). (designed for 1.5 column, color only in online publication)

Before the calculation of suitable theoretical drop profiles by numerical solution of the Young-
Laplace equation using a 4"-order Runge-Kutta algorithm [62,63], appropriate starting values for
oand R are determined. For R, the starting value was calculated by applying a circle-fit function
[64] to the apex of the experimentally detected drop shape. Using the determined R together with
an approximation for the Bond number or shape factor proposed by Hansen et al. [65], a starting
value for o was determined. The approximation incorporates the characteristics of the
experimental profile, which are the maximum droplet width dx as well as the droplet width dy at
the vertical coordinate with distance dx from the apex as shown in Figure 3. The horizontal

coordinate of the apex was determined by finding the middle of the lowest pixel line. Further
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quantities required for the calculation are the gravitational acceleration, g = 9.81 m-s, as well as
the densities of the liquid and the gas phase. A first set of theoretical drop profiles was calculated
including independent variation of R and o within a range of about +10% around their starting
values in 40 steps. The theoretical profile with the minimum deviation from the experimental
shape, considering the edge pixels from the apex (z = 0) to the vertical coordinate z = dy,
provides intermediate values of R and o. Around these values, a finer independent variation
within £1% in 40 steps is performed to determine the final values by comparison of the
theoretical drop profiles with the experimental one. This procedure is repeated for several apex
positions to account for possible errors in its detection. Here, the detected apex position is shifted
by £(0.5 and 1) pixels in horizontal and vertical direction in steps of (0.2 and 0.4) pixels,
respectively. From the best-fitting combination of theoretical and experimental drop profile, o is
taken for further processing. The reported o data were obtained by averaging the results for all

individual images recorded for a given thermodynamic state.

The required liquid density o’ of the LOHC substances investigated in Ar atmosphere at p
= 0.1 MPa was calculated from the correlations based on Eq. 2 employing the fit parameters
listed in Table 2, cf. section 3.1. For measurements with pressurized Ha, o' was determined
according to the procedure described in section S1c of the Supporting Information based on the
' measurements close to saturation with Hz. As p’ was not measured in presence of Ha for the
binary mixture, its p' was calculated from Eq. 2 at the corresponding T for the evaluation of o
measured with dissolved H». This can be justified by the observation that for all other LOHC
samples, the deviation of the p' data measured close to saturation with H in the complete p range

from the values obtained at p = 0.1 MPa was within the uncertainties considering also the inter-
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and extrapolation procedures, cf. sections 3.1 and S1c. For determining the densities p" of the
gas phase, its saturation with the investigated liquid close to the pendant drop was assumed. The
contribution of the LOHC vapor is estimated via the vapor pressure of the LOHC samples
determined as described in section 2.3. After subtracting the vapor pressure of the LOHC sample
from the measured p, the contribution of the gas added to the atmosphere was calculated from
EoS for Ar [66] and H2 [49] implemented in REFPROP [37]. Considering all assumptions made
for calculating p" by adding up both contributions, its expanded relative uncertainty (k = 2) is

estimated to be 10%.

To evaluate the uncertainty of o data obtained with the described experimental and
evaluation procedures, results from measurements with n-dodecane, ethylene glycol, water, and
1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-pentane (HFE-7300) were
compared with reference data [67—70]. Detailed information on the reference measurements as
well as the estimation of the resulting uncertainties is given in section S3 of the Supporting
Information. It shows that the expanded relative uncertainty (k = 2) of the reported o data can be
estimated to U(o) = 2%, which also includes a relative uncertainty of p’ up to Ul(p') = 0.3%. If
p' data with larger uncertainty are used, the value by which Ux(p') exceeds 0.3% is added to
U(o) = 2% owing to the direct influence of p’ on the resulting o data. For measurements at T =
523 K and p ~ 0.1 MPa reported here, the additional impact of droplet shrinking is assumed to be

considered by an increased expanded uncertainty of U(o) = 3%.

3. Results and Discussion
3.1 Density. For both investigated mixtures, the liquid densities o' measured at p = 0.1 MPa are
summarized in Table S1 of the Supporting Information. For the preparation of the binary mixture
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investigated here, the H12-DPM sample A was used. A functional relationship between p’ and

the temperature 7 was established by correlation with a second-order polynomial,
Piaic (T)= Py + pIT +p5T7, (2)
where each data point was given the same statistical weight. In Table 2, the fit coefficients p'o,

P'1, and p'2 as well as the standard percentage deviation (rms) of the fit from the experimental p’
data are summarized for both mixtures together with the corresponding information reported for
HO-DPM and H12-DPM (sample A) in our previous study [35].

Due to the good quality of the fits, the experimental uncertainties of the o’ measurements
given in Table S1 can also be assigned to densities calculated using Eq. 2 for T < 473.15 K.
Densities calculated at higher T required for the evaluation of pendant-drop measurements
represent an extrapolation of the fit. Their uncertainties were estimated by calculating the
deviations of Eqg. 2 from unweighted fits of the experimental p’ data using first- and third-order
polynomials. Hence, the estimated expanded relative uncertainty (k = 2) of extrapolated p'cac
within the T range from (498 to 523) K is (0.3 and 0.2)% for the reaction and the binary mixture,
respectively. For p'cac of HO-DPM and H12-DPM, the corresponding uncertainties of

extrapolated values are taken from ref. [35].

Table 2 - Coefficients of Eq. 2 for calculation of the liquid density p'cac(T) of the substances
studied at p = 0.1 MPa. Both mixtures had a DoH of 0.551.

Sample pol (kgm3)  pil(kgm3K?1)  ph/ (kgrm3-K?) rms?
HO-DPMP 1228.59 ~0.742262 —6.47486 x 107 0.011
H12-DPM (A)° 1078.82 -0.679731 -4.11397 x 10° 0.018
Reaction mixture 1133.53 —0.691450 —6.16146 x 107 0.009
Binary mixture® 1135.38 -0.703435 -5.07678 x 10 0.009

aStandard percentage deviation of measured p' data to the fit. °Data from ref. [35]. “The mixture
contained H12-DPM sample A.
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Comparing the measured p' data of both mixtures, o' of the reaction mixture was on
average 0.10% higher than p' of the binary mixture up to T = 363 K for values measured with the
DMA 5000 M, and on average 0.14% higher from (373 to 473) K measured with the DMA 4200
M. Similar deviations can be found in p' data of mixtures of the HO-DBT/H18-DBT system
reported by Miller et al. [22]. For this system, p' of isomeric mixtures containing only the
partially hydrogenated H6-DBT or H12-DBT as well as of several reaction mixtures with
different DoH showed an average relative deviation of 0.2% from binary mixtures of HO-DBT
and H18-DBT with the same DoH. For the HO-DPM/H12-DPM LOHC system, no p' data of

mixtures could be found in the literature.

The measured densities of the compressed liquid phase of HO-DPM, H12-DPM (sample
C), and the reaction mixture in absence of Hy are listed in Table 3 and illustrated in Figure 4 as a
function of p, where the lines represent unweighted linear fits at given T of the data series
including the corresponding p' data measured at p = 0.1 MPa. Since the H12-DPM sample C
exhibits nearly the same purity as sample A, which was used for p’ measurements at p = 0.1
MPa, it is assumed that combination of the data is possible without the need of considering
increased uncertainties. In general, p’ of the H»-free samples increases with increasing p at
constant 7. The relative increase at a given 7 is similar for HI2-DPM and the reaction mixture,
whereas it tends to be slightly smaller for HO-DPM.

Literature data for the compressed liquid phase density of the substances studied here in
absence of H. could only be found for HO-DPM, which were experimentally determined by
Chang et al. [42]. For the only matching T of their and our study of 373 K, Figure 4 shows the

agreement within the uncertainties of o’ data from the present work.
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Table 3 - Compressed liquid phase density p' of HO-DPM, H12-DPM (sample C), and the
reaction mixture with a DoH of 0.551 in absence of Hz, measured as a function of total pressure

p and temperature T.2

T/IK  p/MPa (kg-n/ﬁ) p/Mpa (k;-n/ﬁ) o/ MPpa (ké’_n/l_3)
HO-DPM H12-DPM Reaction mixture
298.15 3.009 1003.56 3.006 874.03 3.001 923.91
6.977 1005.64 7.000 876.33 7.006 926.17
9.981 1007.20 10.001 878.03 9.982 927.84
323.15 3.004 984.05 1.007 855.15 3.000 905.79
7.000 986.40 2.013 855.83 6.998 908.32
9.968 988.11 3.008 856.49 10.002 910.18
6.999 859.08
10.001 860.98
348.15 3.002 964.60 2.997 839.02 2.995 887.69
6.997 967.25 7.000 841.99 6.991 890.57
9.995 969.19 9.994 844.12 9.994 892.66
373.15 3.002 945.09 3.007 821.56 3.002 869.52
6.997 948.08 7.002 824.90 6.986 872.76
9.995 950.26 10.030 827.36 10.004 875.19
398.15 3.001 925.52 3.004 804.09 3.005 851.31
6.993 928.89 7.103 808.09 7.001 854.99
9.993 931.36 9.989 810.58 10.004 857.65
423.15 3.008 905.66 3.004 786.34 3.006 832.78
6.990 909.47 6.999 790.66 7.008 836.96
9.998 912.25 9.999 793.73 10.009 839.96
448.15 3.003 885.46 3.000 768.28 3.000 813.91
7.001 889.82 7.001 773.26 7.041 818.73
9.990 893.26 9.995 776.76 10.007 822.10
473.15 3.002 864.83 3.003 749.88 3.003 794.60
6.990 869.82 7.005 755.60 6.997 800.09
9.998 873.41 10.000 759.59 10.013 803.99

&The uncertainties are U(p) = 0.015 MPa as well as U(T) = 0.03 K, while the relative expanded
uncertainty of p' is Ur(0') = 0.1%. All uncertainties are given on a confidence level of 0.95.
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Figure 4 - Compressed liquid phase density in absence of H2 (open symbols, linear unweighted
fit represented as dashed line) as well as liquid density close to saturation with H. (solid

symbols, linear unweighted fit represented as solid line) of HO-DPM (top part), H12-DPM
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(sample C) (bottom part), and the reaction mixture with DoH = 0.551 (middle part) as a function
of p. For HO-DPM, literature data for the compressed liquid phase density in absence of H, from
Chang et al. [42] are shown at T = 373.15 K (open triangles pointing downward). (designed for

single column, color only in online publication)

Figure 4 also shows the density data for the liquid phase close to saturation with Hy. The
corresponding experimental values are given in Table 4 together with their uncertainties and
mole fractions of H> dissolved in the liquid phase. The latter are the experimental values from
the associated solubility measurements, but are referred to as x here as density was measured at
slightly different T. To ensure comparability in Figure 4, the experimental p’ data with dissolved
H> were slightly shifted to the values related to the 7 values applied in the measurements without
H> according to the procedure described in section Slc of the Supporting Information. The p’
data with dissolved H» are significantly smaller than those without H» at the same 7 and p, and
they hardly depend on p for a given 7. The increasing deviation from the data without H> with

increasing p can be attributed to the increasing H> solubility. This may be explained by

weakened interactions between LOHC molecules in the presence of dissolved Ha.

Table 4 - Liquid density o of HO-DPM, H12-DPM (sample C), and the reaction mixture with
DoH = 0.551 close to saturation with Hz as a function of temperature T and pressure p as well as
the corresponding mole fractions x of Hz in the liquid phase measured in the VLE cell by the

isochoric-saturation method given in Table 5.2

T/IK  p°/MPa 100 (ké”_'n/l_3) T/IK  p°/MPa 100 (ké’_;li_3)
HO0-DPM

32415  1.498 049  981.89 7.873 414 94346

2.447 083 98190 42535 1973 131 901.27
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5.526 1.79 982.36 2.337 1.55 901.35

373.85 1.741 0.85 942.64 7.227 4.69 902.29
2.379 1.17 942.69 470.65 2.184 1.75 863.75
6.412 3.11 943.19 7.883 6.25 865.36

H12-DPM (C)

323.15 0.895 0.28 854.54 7.823 5.82 819.03
1.539 0.59 854.59 423.15 3.812 3.39 782.93
2.985 1.30 854.56 4.942 4.56 783.24
3.754 2.18 854.64 8.768 7.75 783.78
6.756 3.74 855.03 473.15 4.241 4.54 745.89
6.548 431 854.07 5.605 5.93 746.58

373.15 3.423 2.33 819.24 9.813 10.14 748.46
4.363 3.39 818.93

Reaction mixture

324.15 2.157 0.99 903.39 423.65 3.963 3.41 829.31
5.169 2.61 903.76 5171 4.62 829.48
6.125 3.03 903.79 7.930 7.10 830.15
7.360 3.90 904.03 8.311 7.61 829.61

373.85 2.493 1.62 866.75 470.65 4.375 4.75 792.60
5.172 3.58 867.01 5.158 5.65 792.68
7.050 4.89 867.07 8.683 9.36 793.36
7.880 5.70 867.36

@The uncertainties are U(p) = 0.015 MPa as well as U(T) = 0.03 K. As x is equal to xs measured
in the VLE cell in solubility measurements, the uncertainty of x corresponds to the uncertainties
of xs listed in Table 5 at the state points close to the state points reported in the present table. The
expanded relative uncertainty of o' is Ur(0') = 0.2%. All uncertainties are given on a confidence

level of 0.95.

by is the average of the values measured with the transducers in the VLE cell and the circulation
loop. In any case, the deviation from the mean value is smaller than U(p).

3.2 Solubility. The Hz solubility in HO-DPM and H12-DPM (sample C) was measured to

determine its difference related to the pure non-hydrogenated and fully hydrogenated

compounds. In addition, a reaction mixture with a DoH of 0.551 obtained from a deliberately
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stopped hydrogenation experiment was studied to evaluate to which extent knowledge on the Hy
solubility in HO-DPM and H12-DPM is transferable to mixtures being present in realistic
technical processes. The measured Hz solubility in the LOHCs expressed in form of the mole
fraction xs of Hz dissolved in the liquid phase as well as the corresponding expanded absolute
uncertainties (k = 2) U(xs) are given in Table 5. The given p’ data used as input for the evaluation
of the solubility were obtained by adjusting measured densities at similar T to that in the VLE
cell by the procedure explained in section S1c of the Supporting Information. A representation of
p as a function of xs at different T, which represent the average of all similar T in the

corresponding measurement series, is shown in Figure 5 for all studied substances.

Table 5 - Experimental H; solubility expressed as mole fraction xs of Hz dissolved in HO-DPM,
H12-DPM (sample C), and the reaction mixture with DoH = 0.551 as a function of temperature T

and pressure p.2

Sample T/K p°/MPa  p'/(kg'm?)  100-xs 100-U(xs)
HO-DPM 323.64+0.02  1.498 982.3 0.49 0.15
323.60£0.02  2.447 982.3 0.83 0.25
32358+0.02 5526 982.8 1.79 0.29
37409+021  1.741 942.4 0.85 0.14
374124022 2379 942.5 1.17 0.22
374.29+0.22  6.412 942.8 3.11 0.29
37421+020  7.873 943.2 4.14 0.32
42526+0.76  1.973 901.3 1.31 0.14
42463077  2.337 901.9 1.55 0.18
42451075  7.227 903.0 4.69 0.29
469.87+126  2.184 864.4 1.75 0.13
469.89 +1.27  7.883 866.0 6.25 0.28
H12-DPM (C)  323.98+0.10  0.895 853.9 0.28 0.14
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323.92£0.05 1.539 854.0 0.59 0.19

323.93+0.06 2.985 854.0 1.30 0.23
325.03 £ 0.08 3.754 853.3 2.18 0.26
323.84 £0.05 6.756 854.5 3.74 0.31
324.94 £ 0.09 6.548 852.8 4.31 0.30
37492 £0.41 3.423 818.0 2.33 0.22
377.40 £0.10 4.363 815.9 3.39 0.25
377.28 £0.13 7.823 816.1 5.82 0.30
425.63 = 0.56 3.812 781.2 3.39 0.22
425.74 + 0.52 4,942 781.4 4.56 0.25
425.76 £ 0.43 8.768 781.9 1.75 0.29
476.66 = 0.69 4.241 743.4 4.54 0.21
476.64 + 0.67 5.605 744.1 5.93 0.25
480.86 = 0.49 9.813 743.0 10.14 0.28
Reaction mixture ~ 323.69 + 0.10 2.157 903.7 0.99 0.17
323.22 £0.02 5.169 904.5 2.61 0.32
323.10 £ 0.02 6.125 904.6 3.03 0.34
323.12 £ 0.02 7.360 904.8 3.90 0.40
373.49 £ 0.16 2.493 867.0 1.62 0.16
373.38 £0.24 5.172 867.4 3.58 0.29
373.11£0.24 7.050 867.6 4.89 0.34
373.07 £ 0.26 7.880 868.0 5.70 0.38
423.84 £ 0.84 3.963 829.2 3.41 0.20
423.84 + 0.87 5.171 829.3 4.62 0.26
423.21 £ 0.79 7.930 830.5 7.10 0.33
423.08 £ 0.82 8.311 830.0 7.61 0.36
471.50 £ 1.40 4.375 792.0 4.75 0.20
471.68 £1.35 5.158 791.9 5.65 0.23
468.47 + 1.34 8.683 795.0 9.36 0.33

“The uncertainty U(p) is 0.015 MPa. The uncertainty U(T) is given in the table. It considers the
uncertainty of the calibrated T probes of 0.02 K. If this value is exceeded by the difference
between the mean values obtained with the individual T probes close to the gas and liquid phase
and their average value, the reported uncertainties U(T) are expressed by this difference. The
relative uncertainty Ur(o") estimated according to section S1c is 0.2%. The absolute uncertainties

30



10

U(xs) are calculated by error propagation in quadrature and are given in the table. All
uncertainties are specified on a confidence level of 0.95.

by is the averaged pressure measured with the transducers in the VLE cell and the circulation
loop. The deviation of the individual pressures from the reported mean values are smaller than

U(p).

T T
6 F -8~ 32361K -8~ 323.28 K 1 8- 32427 K .
- 37418 K - 373.26 K - 376.53 K
—A— 424 80 K —& 423.49K -4 42571 K
469.88 K 470.55 K T 478.06 K T
L
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HO-DPM Reaction mixture H12-DPM
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
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Figure 5 - Toxital pressure p at VLE of Hz with HO-DPM (left), the reaction mixtu);se with DoH =
0.551 (middle), and H12-DPM (sample C) (right), as a function of the mole fraction of dissolved
H> xs at different averaged temperatures T. The lines represent linear fits of the data as a function
of Xs intercepting the vertical axis at the vapor pressures of the LOHC samples. (designed for

double column, color only in online publication)

xs shows linear p-dependent trends within the investigated p range for all T and
substances. Therefore, the corresponding slope in form of the constant H is determined for each

T by approximating Henry’s law using the relation

p=Hx+ Pvap 3

where pvap IS the vapor pressure of the solvent at the averaged T. The data at given T are fitted
linearly in the full p range studied with constraining xs = 0 to the vapor pressures of the LOHC
samples. Apart from the series at T = 323 K for H12-DPM, all measured values match within
uncertainties with the linear fits. For this exceptional case, equilibrium of the system had
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probably not been reached for the three smallest p due to a too low pumping speed at the
beginning of the measurement series. The results for H are summarized in Table 6 for each
substance and T and are shown as a function of T in Figure 6. The worst-case limits associated
with each H value were determined by repeating the linear fitting after varying xs £ U(xs) for

each data point.
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Figure 6 - Constants H of Eg. 3 for HO-DPM, H12-DPM (sample C), and the reaction mixture
with a DoH of 0.551 as a function of T. The lines represent the fits of the corresponding systems
by Eqg. 4 with the coefficients given in Table 6. (designed for single column, colors only in online

publication)

+

Table 6 — Determined constants H of Eq. 3 with their upper and lower worst-case limits U(H)
and U(H) for HO-DPM, H12-DPM (sample C), and the reaction mixture with a DoH of 0.551 as

a function of temperature 7.2

Sample T/K H/MPa U(H)* / MPa U(H) / MPa
HO-DPM 323.61 +0.03 306.3 3785 255.8
374.18 +0.11 196.4 215.4 180.3

32



424.80 + 0.46 153.6 164.8 143.6

469.88 + 0.01 125.7 132.0 120.0

H12-DPM (C) 324.27 +0.76 169.3 184.4 156.0
376.53 £ 1.61 134.5 143.2 126.7

425.71 £ 0.08 111.8 117.1 107.0

478.06 + 2.81 95.3 98.6 92.2

Reaction mixture 323.28+0.41 195.5 220.0 175.9
373.26 £0.23 141.9 152.6 132.5

423.49 £ 0.41 111.0 116.8 105.8

470.55 + 2.08 92.0 95.7 88.6

@The reported T values are the averages of the individual values given in Table 5. The given T
intervals represent the maximum differences between the individual T values and their average.
U(H)" and U(H) represent the estimated worst-case limits of H.

The H values obtained for each substance were correlated by
In[H(T)/MPa]=H,+H,(K/T) (4)

as proposed by Hefter and Tomkins [71] with a power series with truncation after the second
term. The fit coefficients Ho and H1 and the quality of the fit, expressed by the average absolute
relative deviation (AARD) of the individual H data from the fit, are summarized in Table 7. By
using H(T) obtained from Eq. 4, the H2 solubility Xscac(T,p) can be calculated from Eq. 3, as
realized in the present study to determine xs for the state points investigated by the pendant-drop

method.

Table 7 - Coefficients of Eq. 4 for the calculation of H(T) for the LOHC systems studied.

Sample Ho Hi AARD / %?
HO-DPM 2.87 917 1.97
H12-DPM (C) 3.35 579 0.71
Reaction mixture 2.87 778 0.15

aAverage absolute relative deviation (AARD) of H(T) reported in Table 6 from the fit.

33



The solubility of H. at a given p and T is about 50% higher in the fully hydrogenated
H12-DPM than in the dehydrogenated HO-DPM, which agrees with findings for the behavior of
H> solubility in other LOHC systems, i.e.,, HO-DBT/H18-DBT, HO-NEC/H12-NEC,
toluene/methylcyclohexane, and benzene/cyclohexane [14,16]. Furthermore, the reaction
mixture, which mainly consists of H6-DPM, exhibits similar Hz solubility as the fully
hydrogenated H12-DPM. Considering the associated uncertainties of H(T) for H12-DPM and the
reaction mixture, no significant difference is found. This might be partially related to the smaller
mole fraction Xwo-opm = 0.098 compared to Xn12-ppm = 0.200 in the reaction mixture. However, a
more detailed analysis on intermolecular interactions in the mixtures would be necessary to find
the exact reasons for the observed behavior. Literature data for Hz solubility in mixtures of the
compounds of specific LOHC systems that could be used for comparison are not available to the

best of our knowledge.

For all systems and the T range studied here, the H> solubility increases with increasing T
as it has been reported in the literature for HO-DPM [45,46]. Cukor and Prausnitz [45]
investigated HO-DPM at p < 0.1 MPa by the isochoric-saturation method realized as described by
Dymond and Hildebrand [72]. For the dilute mixtures studied, they reported Henry constants that
are not directly comparable with the H values deduced from our solubility measurements at
higher p. The Henry constants of Cukor and Prausnitz [45] agree with those calculated by
Simnick et al. [46] from their solubility data measured for p = (2 to 25) MPa and 7 = (463 to
702) K. Simnick et al. [46] used a flow apparatus where after equilibration, a sample was
extracted and separated into liquid and gas phase at ambient conditions in a trap. xs was

determined by measuring the volume of the desorbed H, and weighing the residual liquid phase.

34



To allow comparison with our H data, the experimental solubilities reported by Simnick et al.
[46] at p < 10 MPa enclosing the pressures investigated in the present study were fitted
employing Eq. 3. The resulting H values displayed in Figure 6 are significantly larger than our
data for HO-DPM, which also holds in the process-relevant regime of 77> 473 K where Eq. 4

applied to our H data for HO-DPM is extrapolated.

3.3 Interfacial tension. Interfacial tensions o of the LOHC samples investigated in Ar
atmosphere at p = 0.1 MPa are listed as a function of 7" in Table 8 together with the liquid- and
gas-phase densities p’ and o'’ used as input for the evaluation. Here, sample B of H12-DPM was
used as pure substance and as component of the binary mixture. o' data at the reported T were
calculated by Eq. 2 using the corresponding fit coefficients from Table 2. Although a 7-
dependent p’ correlation for the H12-DPM sample B is available from Berger Bioucas et al. [73],
the fit parameters for the H12-DPM sample A from Kerscher et al. [35] were used in this work,
as the latter are based on p' data measured up to 7= 473.15 K. The influence of the deviation of
about 0.2% between these o’ data for the samples A and B on the determined o is covered by the
measurement uncertainties described in section 2.4. At state points where measurements were
performed several times, corresponding data shown in Table 8 represent the average of the
individual results. The deviation of the average o values obtained from different images of the
individual droplets from the average value for all droplets at a given state point was within the
uncertainties in all cases except for HO-DPM at T = 373.20 K. Here, a larger negative relative
deviation of about 5.1% was found for the images of an individual droplet, which was not

excluded since no obvious experimental reason could be found.
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Table 8 - Interfacial tension o of HO-DPM, H12-DPM (sample B), and both mixtures with DoH
~ 0.55 in Ar atmosphere at p = 0.1 MPa as a function of temperature T as well as liquid density
o from Eq. 2 and gas-phase density o calculated as described in section 2.4 and used for the

data evaluation.?

UK gy e ot K gemd) g o)
HO-DPM H12-DPM (B)
303.11 997.66 1.55 38.40 303.13 868.99 1.55 31.93
323.15 981.97 1.46 36.30 323.13 854.88 1.47 29.69
348.16 962.32 1.36 33.40 348.07 837.24 1.36 27.65
373.20 942.57 1.28 30.56 373.11 819.48 1.29 25.44
398.18 922.77 1.24 29.06 398.15 801.66 1.26 23.22
423.17 902.89 1.24 25.75 423.06 783.89 1.34 21.11
448.34 882.79 1.37 24.31 448.19 765.91 1.60 19.22
473.35 862.74 1.64 21.93 473.16 747.99 2.10 17.18
498.35 842.61 2.18 19.60 498.09 730.04 2.92 15.35
523.27 822.46 3.07 17.58 523.00 712.07 4.12 13.88
Reaction mixture, DoH = 0.551 Binary mixture, DoH = 0.545"
303.09 918.30 1.55 32.25 303.11 917.50 1.55 32.91
323.17 903.59 151 31.57 323.14 902.77 1.48 30.51
348.14 885.35 1.36 29.56 348.05 884.40 1.36 28.30
373.16 866.94 1.29 26.89 373.15 865.82 1.29 26.93
398.26 848.38 1.24 24.77 398.10 847.30 1.25 24.82
423.20 829.88 1.30 22.86 423.14 828.63 1.30 23.36
473.14 792.59 1.89 18.71 472.97 791.32 1.89 18.57
522.89 755.13 3.61 14.68 522.89 753.68 3.63 14.59

“The relative uncertainty Ur(o) is 2% for T < 498 K and 3% for T = 523 K. The relative
uncertainties for p’ of the mixtures are given in Table S1 of the Supporting Information for T <
473 K, which are identical to Ux(p") of HO-DPM and H12-DPM (sample A) reported for
measurements with the different densimeters at the corresponding T [35]. The uncertainties of p’
data extrapolated for T > 473 K are (0.3 and 0.2)% for the binary mixture and the reaction
mixture, respectively, while the corresponding uncertainties for HO-DPM and H12-DPM in this
T range are 0.2% [35]. The estimated relative uncertainty of the gas phase density is Ur(p") =
10%. The uncertainty of measured T is U(T) = 0.05 K from (303 to 448) K, U(T) = 0.07 K from
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(473 to 498) K, and U(T) = 0.12 K at 523 K, considering both the uncertainties of the used
resistance probes of 0.02 K and the achieved T stabilities. All uncertainties are given on a

confidence level of 0.95.
The mixture contained H12-DPM sample B.

Figure 7 shows the interfacial tensions measured in Ar atmosphere, where the lines
represent their unweighted linear fits as a function of T,

O (T)=0p+0,T. (5)

Here, ovand o1 are the fit coefficients that are given together with the AARD of the

experimental data from the fit in Table 9.
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Figure 7 - Interfacial tension o of the studied LOHCs measured in Ar atmosphere at p = 0.1
MPa (symbols) and their correlations as a function of T based on Eq. 5 (lines). (designed for

single column, color only in online publication)

o of the dehydrogenated HO-DPM is clearly larger than that of the fully hydrogenated
H12-DPM. This behavior could already be found for the HO-DPM/H12-DPM system by surface

light scattering (SLS) measurements in a previous study [35] and for other LOHC systems [19-

37



21]. It was attributed to dispersive intermolecular forces being more pronounced in the case of
the unsaturated aromatic molecular structure of HO-DPM [35], which goes along with the higher
liquid density of the dehydrogenated compounds. The o data of the studied mixtures with a DoH
of about 0.55 agree within their uncertainties and are between those of HO-DPM and H12-DPM.
Thus, the partially hydrogenated H6-DPM species that is present at high concentration in the
reaction mixture appears to have no noticeable impact on o. As the o data of the mixtures tend to

be closer to those of H12-DPM, the latter seems to dominate the interactions at the liquid-gas

interface.

Table 9 - Fit coefficients of Eq. 5 for calculation of the interfacial tension ocaic(T) of the LOHC

samples studied in Ar atmosphere at p = 0.1 MPa.

Sample oo/ (MN-m™) o1/ (MN-m2-K?) AARD?

HO-DPM 66.30 —0.09389 1.25%

H12-DPM (B) 56.30 —0.08230 1.25%
Reaction mixture, DoH = 0.551 57.84 —0.08260 0.80%
Binary mixture, DoH = 0.545° 57.02 —0.08095 1.13%

aAverage absolute relative deviation (AARD) of experimental data points from the fit.
bThe mixture contained H12-DPM sample B.

Figure 8 shows the relative deviation of the present experimental o results and SLS data [35] for
HO-DPM and H12-DPM from Eg. 5. In addition, the deviations of literature values from
Koefoed and Villadsen [43] and Harkins and Ewing [44], which were measured by a modified
capillary-rise method and the drop-weight method, respectively, are given for HO-DPM.
Literature data for the mixtures are not available. To ensure legibility, error bars are presented
only for some data from the present study. For HO-DPM, agreement of most of the present data
points with the SLS data and the remaining literature data within combined uncertainties can be
found. For H12-DPM, however, the results from the pendant-drop measurements exhibit
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significantly larger values compared to those from SLS. This may be related to the different
purities of the H12-DPM samples used in the pendant-drop and SLS experiments. The difference
of the results could also be explained by the different experimental procedures that affect the
impact of impurities. While the liquid-gas interface of the same sample is maintained and
analyzed over long time intervals in SLS measurement series [35], the frequently substituted
pendant drops are produced from the bulk of the liquid sample. Thus, less surface-active
impurities should be able to accumulate at the surface of the pendant drops than at the interface

studied by SLS.
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Figure 8 - Data comparison for o of HO-DPM (upper part) and H12-DPM (lower part). The solid
baselines represent the fits to the experimental data of this work based on Eq. 5. (designed for

single column width, color only in online publication).
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For the measurements of interfacial tension in the presence of Hy, the small droplet size, the
waiting time between droplet generation and image acquisition as well as the preliminary
equilibration time in the saturation vessel before the start of measurements allow the assumption
that the droplets were in macroscopic thermodynamic equilibrium when the images were
recorded. This is supported by the observation that o determined from the individual images of a
given droplet as well as the average o values for the different droplets at a given state point
showed no time-dependent trends. The results of the pendant-drop measurements conducted with
pre-saturated LOHC in pressurized Hz atmosphere are listed in Table 10. For studying H12-DPM
with dissolved H», sample C was used, while sample B was contained in the binary mixture.
Comparison of the o values of sample C measured in Ar atmosphere before the injection of H»
with the results for sample B determined in the T-dependent measurement series in Ar
atmosphere, however, yields agreement within uncertainties. Also in the measurement series
performed in the presence of Hy, the deviations of the averaged o values from the different
images of individual droplets from the average of all droplets at each state point were usually
within the uncertainties. Only for H12-DPM at T = 523.09 K and p = 0.163 MPa, a minimum
and maximum deviation of (4.2 and 4.9)% was found. This can be attributed to images of single
droplets where the stability of the corresponding droplets was probably more affected by
shrinking due to evaporation compared to all other studied droplets at this state point. Thus, an
uncertainty of 3% can still be assumed for the reported average value of at least 9 single droplets
before considering the impact of the uncertainty of density. The stated mole fractions xs of Hz in
the liquid phase were obtained from Eq. 3 using H(7T) determined from Eq. 4. To illustrate the
influence of Hz on the interfacial tension, Figure 9 depicts the relative deviations of the measured

o from the value obtained at p = 0.1 MPa in H> atmosphere, o1 mpa. FOr the sake of legibility,
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error bars are only plotted for one T. In addition, the results of measurements performed for the
identical samples in Ar atmosphere at p = 0.1 MPa and 7 = 323 K before the injection of H» are
included in Figure 9. For the LOHC mixtures, they agreed with those in H, atmosphere close to

0.1 MPa within combined uncertainties, while the agreement is within uncertainties for HO-DPM

and H12-DPM.
2 T T T T T T T T T T
HO-DPM Binary mixture Reaction mixture H12-DPM
0 B I | — L1 b1 = T
& u ®
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7!:6 2 A - 1
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Figure 9 - Interfacial tension o of HO-DPM, H12-DPM, the reaction mixture, and the binary
mixture, both with DoH ~ 0.55, as a function of p at different T. The results are given as relative
deviations from ov1 mpa, Which was measured at p ~ 0.1 MPa in H; atmosphere at the
corresponding T, and include the data for the identical samples at T = 323 K in Ar atmosphere at

p = 0.1 MPa. (designed for double column, color only in online publication)

Figure 9 illustrates that oshows a decreasing tendency with increasing p of the H»
atmosphere and, thus, increasing xs of dissolved H». Clear trends as a function of 7 cannot be
resolved as the measured data at given p agree within their combined uncertainties. Furthermore,
the p-dependent decrease in o for a given T is similar for all LOHC samples studied although the
solubility of H, was found to be significantly higher in H12-DPM than in HO-DPM. It seems that
the p-dependent behavior is rather dominated by the presence of H. directly at the interface than

by its integral concentration in the liquid phase.
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Table 10 - Interfacial tension o of HO-DPM, H12-DPM (C), and both mixtures with DoH ~ 0.55

in Hz atmosphere as a function of p and T as well as mole fractions xs of dissolved H> calculated

from Eq. 3, liquid density o' obtained from the procedure reported in section Slc of the

Supporting Information, and gas phase density o calculated as described in section 2.4. The

results of the measurements in Ar atmosphere of the identical sample before injection of H; are

also listed.?
TK e 199 WP UG em?) o) Uo)
HO-DPM
323.16° 0.099P - 981.96 0.01 1.47 36.58° 2.0
323.44 0.111 0.04 981.8 0.3 0.08 36.32 2.0
323.45 1.996 0.66 982.0 0.3 1.48 36.03 2.0
323.44 2.995 1.00 982.1 0.3 2.21 35.70 2.0
323.44 4,931 1.64 982.3 0.3 3.64 35.38 2.0
323.46 6.957 232 982.5 0.3 5.02 35.37 2.0
423.34 0.116 0.07 902.2 0.3 0.24 26.49 2.0
423.34 1.482 0.96 902.2 0.3 1.02 26.25 2.0
423.25 2.950 1.91 902.3 0.3 1.84 26.13 2.0
423.35 4,949 3.22 902.3 0.3 2.95 25.46 2.0
423.25 6.836 4.44 902.5 0.3 3.97 25.96 2.0
498.16 0.128 0.08 842.4 0.6 1.66 19.89 2.3
498.33 1.482 1.30 842.4 0.6 2.32 19.47 2.3
498.40 2.946 2.62 8425 0.6 3.02 19.83 2.3
498.44 4,919 4.40 842.9 0.6 3.95 19.57 2.3
498.41 6.896 6.18 943.1 0.6 4.87 19.19 2.3
H12-DPM (C)
323.13° 0.100P - 854.88 0.01 1.49 29.51° 2.0
323.31 0.105 0.06 854.6 0.3 0.08 29.07 2.0
323.32 1.497 0.87 854.5 0.3 1.11 29.07 2.0
323.32 2.997 1.75 854.5 0.3 2.21 28.95 2.0
323.31 4,996 2.92 854.5 0.3 3.65 28.28 2.0
323.31 6.998 4.08 854.4 0.3 5.05 27.97 2.0
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423.52 0.109 0.09 783.1 0.3 0.36 21.13 2.0
423.52 1.480 1.31 783.1 0.3 1.14 20.81 2.0
423.51 2.974 2.64 783.0 0.3 1.98 20.51 2.0
423.49 4.989 4.44 783.0 0.3 3.09 20.30 2.0
423.49 6.980 6.21 783.1 0.3 4.17 20.80 2.0
523.09 0.163 0.07 710.9 0.8 4.15 13.77 3.5
523.61 1.455 1.57 710.6 0.8 4.79 13.30 2.5
523.59 2.908 3.25 710.7 0.8 5.45 13.14 2.5
523.54 4.854 5.50 710.9 0.8 6.32 13.22 2.5
523.61 6.847 7.81 711.0 0.8 7.21 12.77 2.5
Reaction mixture, DoH = 0.551
323.24>  0.109° - 903.59 0.01 1.62 31.25 2.0
323.28 0.104 0.05 903.6 0.3 0.08 32.07 2.0
323.28 1.500 0.77 903.8 0.3 1.12 31.67 2.0
323.28 2.999 1.53 904.1 0.3 2.21 31.19 2.0
323.29 5.000 2.55 904.4 0.3 3.65 30.67 2.0
323.29 7.003 3.58 904.6 0.3 5.05 30.16 2.0
423.29 0.108 0.09 829.7 0.3 0.30 22.93 2.0
423.29 1.492 1.34 829.7 0.3 1.09 22.48 2.0
423.26 2.971 2.68 829.7 0.3 1.92 22.22 2.0
423.30 4.980 4.49 829.9 0.3 3.03 21.72 2.0
423.28 6.982 6.30 860.0 0.3 4.12 22.08 2.0
522.81 0.142 0.07 754.7 0.7 3.53 14.90 3.4
523.33 1.472 1.77 754.1 0.7 4.18 14.50 2.4
523.39 2.987 3.72 753.8 0.7 4.87 14.60 2.4
523.38 4.936 6.22 753.3 0.7 5.75 14.30 2.4
523.35 6.958 8.81 752.9 0.7 6.64 14.04 3.4
Binary mixture, DoH = 0.545°¢
323.07° 0.101° - 902.82 0.01 151 31.22° 2.0
323.19 0.104 - 902.73 0.3 0.08 32.06 2.0
323.21 1.508 - 902.72 0.3 1.12 31.75 2.0
323.21 3.000 - 902.72 0.3 2.21 31.27 2.0
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323.21 5.005 - 902.72 0.3 3.65 30.67 2.0

323.16 6.997 - 902.76 0.3 5.05 30.73 2.0
423.01 0.109 - 828.73 0.3 0.30 23.65 2.0
423.01 1.489 - 828.70 0.3 1.09 23.11 2.0
423.06 2.973 - 828.70 0.3 1.92 22.84 2.0
423.05 4.960 - 828.70 0.3 3.02 22.36 2.0
423.07 6.967 - 828.69 0.3 411 21.88 2.0
522.33 0.156 - 754.10 0.7 3.52 15.07 3.4
523.01 1.467 - 753.59 0.7 4.17 15.05 2.4
523.02 2.970 - 753.58 0.7 4.86 14.80 2.4
522.93 4.948 - 753.65 0.7 5.74 14.65 2.4
523.03 6.952 - 753.58 0.7 6.64 14.75 2.4

2 The estimated absolute uncertainty of measured T is U(T) =0.06 Kat T <423 Kand U(T) =0.1
Kat T = (498 and 523) K, considering the uncertainties of used resistance probes of 0.02 K and
the achieved T stabilities. The reported p data have an estimated absolute uncertainty of U(p) =
(7, 27, 45, 66, and 94) kPa at p ~ (0.1, 1.5, 3, 5, and 7) MPa, respectively, considering the
uncertainties of used pressure transducers of 5 kPa and the achieved p stabilities. The relative
uncertainties Ur(p") of the liquid density, which result from the procedure reported in section Slc
of the Supporting Information, are given in the table. The estimated relative uncertainty of the
gas phase density is Ur(p') = 10%. The relative uncertainties of the measured interfacial tensions
U(o), which also consider the uncertainty of p’, are given in the table. All uncertainties are given
on a confidence level of 0.95.

bMeasurement performed in Ar atmosphere with the identical liquid samples before injection of
Ho.

“The listed p’ of the binary mixture are calculated from Eq. 2, since o’ of the binary mixture was
not measured in presence of Hz. The uncertainty of this assumption is covered by the
uncertainties stated for p’ of the other LOHC substances, which were calculated by the procedure
described in section S1c of the Supporting Information. Therefore, the stated uncertainties of p’
of the reactor mixture are also assumed for the binary mixture. The mixture contained sample B
of H12-DPM.

4. Conclusions
Using two experimental setups, the Hz solubility as well as interfacial tension and liquid density
with and without dissolved H> were measured for the LOHC system HO-DPM/H12-DPM under

process-relevant conditions. Besides the pure LOHC compounds HO-DPM and H12-DPM, a
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reaction mixture with a degree of hydrogenation of 0.551 was studied to verify the influence of
the reaction intermediate H6-DPM on the measured physico-chemical properties. Corresponding
binary mixtures of HO-DPM and H12-DPM with the same degree of hydrogenation were

additionally investigated for this purpose.

For T up to 473 K and p up to 10 MPa, the solubility of H> was found to be about 50%
higher in the fully hydrogenated H12-DPM and in the reaction mixture compared to HO-DPM
under the same conditions. Pressure-dependent measurements of the liquid density in absence of
H2 as well as close to saturation with H> up to 473 K and 10 MPa revealed that dissolved H> leads
to nearly constant values for a given T and varying p. Measurements of the interfacial tension of
the LOHC samples with dissolved Hz up to T = 523 K in Hz atmosphere up to 7 MPa indicated a
slightly decreasing tendency with increasing p. Comparison of the results obtained for the
reaction mixture and the binary mixture of the same degree of hydrogenation shows that the
presence of H6-DPM does not influence interfacial tension and density significantly. With the
successful application of the two experimental setups, a sound basis for further investigations of
pure LOHC compounds and LOHC compound mixtures under the influence of Hz and other

gases has been established.
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