w0 20207102148 A1 |0 0000 KO YO0 0 O 00 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
22 May 2020 (22.05.2020)

(10) International Publication Number

WO 2020/102148 Al

WIPO I PCT

(51) International Patent Classification:
GOIN 15/08 (2006.01)

(21) International Application Number:
PCT/US2019/060850

(22) International Filing Date:
12 November 2019 (12.11.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/767,248 14 November 2018 (14.11.2018) US

(71) Applicant: THE JOHNS HOPKINS UNIVERSITY
[US/US]; 3400 North Charles Street, Baltimore, MD 21218
Us).

(72) Inventors: DONOHUE, Marc; 50 Taverngreen Court,

Baltimore, MD 21209 (US). ARANOVICH, Gregory;
3123 Katewood Court, Baltimore, MD 21209 (US).

(74) Agent: HARRITY, John, E. et al.; 11350 Random Hills
Road, Suite 600, Fairfax, VA 22030 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(54) Title: SURFACE AREA DETERMINATION FOR POROUS AND PARTICULATE MATERIALS

100 ——g

Measurement Device 102 /
Data Source 102

154
| Measurement
| Results

|
<-|—
152

Control Signals

Control Device
106

O

166

Measurement
subjects
104

Determine adsorption
capacity based on
adsorption isotherm

Client Device 108 /
Machine Device 108

O

162
Perform response
action based on
output data

160
Output data

<

FIG. 1A

(57) Abstract: In some aspects, a device may receive measurement data associated with a measurement subject. The device may deter-
mine an adsorption isotherm for the measurement subject based on the measurement data. The device may determine a thermodynamic
adsorption capacity of the measurement subject based on the adsorption isotherm. The device may determine a surface area value as-
sociated with the measurement subject based on the thermodynamic adsorption capacity. The device may provide an output based on
the adsorption capacity or the surface area value associated with the measurement subject.

[Continued on next page]



WO 2020/102148 A1 |11} 000000 0 0 00O

TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2020/102148 PCT/US2019/060850

SURFACE AREA DETERMINATION FOR POROUS AND PARTICULATE MATERIALS

GOVERNMENT LICENSE RIGHTS
L This imvention was made with U.S. Government support under grant DE-AR-0000708,

awarded by the Advanced Research Projects Agency-Energy (ARPA-E). The U.S. Government has

certain rights in the invention.

RELATED APPLICATION(S)
L e This application claims priority to U.S. Provisional Patent Application No. 62/767,248, filed

on November 14, 2018, the content of which is incorporated by reference herein in its entirety.

BACKGROUND

fO003] The specific surface area of a material is its surface area per unit mass. The specific surface
area 1s important in characterizing the size of small particles and also 1s important in characterizing the
porosity of porous materials. The specific surface area is used in many scientific and commercial fields
mcluding chemistry, chemical engineering, environmental science and engineering, physics, materials
science, and/or the like to help understand and/or control the properties of materials. Measurements of
specific surface arcas are used in a variety of industries for quality control in the manufacture of
particulate and porous materials. For example, a calculation of a specific surface area may be used in the
characterization of materials used as catalysts of chemical reactions.

HHEER The specific surface area may be determined based on experimental measurements of an
adsorption isotherm and using the Brunauer-Emmett-Teller (BET) equation. In this technique, a device,
which may be referred to as a sorptometer, is used to measure the amount of an inert gas (i.c., an
adsorbate) that is absorbed on a surface of a material of interest (the adsorbent) at a particular temperature
(e.g., the boiling temperature of the inert gas) as a function of the pressure. In one type of sorptometer,
the sorptometer measures the volume of the inert gas (e.g., nitrogen) adsorbed on the surface of the
material of interest. This adsorption determination may be termed a geometric adsorption capacity or a
geometric surface area.

T Based on the geometric adsorption capacity, the specific surface area of the material of
mterest may be derived. If the specific surface area can be determined with a sufficient level of accuracy,
this information can enable design and/or control of chemical processes using this information. For
example, accurate values of a specific surface area for adsorbing materials can enable the design and
operation of separation processes used to purify chemicals, foods (e.g., sugar), pharmaceuticals, and/or

the like. In addition, accurate information about a specific surface area of a catalyst can enable selection
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of one type of material over a second type of material to act as a catalyst or to control a catalytic chemical
reaction. The specific surface area may be calculated with a threshold level of accuracy for a disperse
material, a nonporous material, a macroporous material (¢.g., materials associated with a pore size of

greater than approximately 50 nanometers), and/or the like using the BET equation.

BRIEF DESCRIPTION OF THE DRAWINGS

[B806] Figs. 1A and 1B are diagrams of an example implementation described herein.

HIOD7] Fig. 2 is a diagram of an example environment in which systems and/or methods, described
herein, may be implemented.

FOGOR] Fig. 3 is a diagram of example components of one or more devices of Fig. 2.

{3609} Fig. 4 1s a flow chart of an example process for surface area determination for porous and

particulate materials.

DETAILED DESCRIPTION

{3 The following detailed description of example implementations refers to the accompanying
drawings. The same reference numbers in different drawings may identify the same or similar clements.
[ 1} As described above, techniques based on the BET equation achieve a threshold level of
accuracy for a surface area determination for some materials by basing the surface area determination on
a determination of a geometric adsorption capacity. However, BET-based methods do not achieve a
threshold level of accuracy for mesoporous materials (e.g., materials with pore sizes of less than
approximately 50 nanometers (nm)), microporous materials (e.g., materials with pore sizes of less than
approximately 2 nm), nano-sized particulate materials, and/or the like. In these cases, condensation of an
adsorbate in pores or interstitial spaces of a material of interest may result in the geometric adsorption
capacity differing from the actual adsorption capacity by greater than a threshold amount. Moreover,
mactive pores of the material of interest may cause the geometric adsorption capacity and geometric
surface area to differ from the actual adsorption capacity and actual surface area by greater than the
threshold amount. As a result, a determination of a specific surface arca of a material of interest based on
the geometric adsorption capacity may fail to achieve a threshold level of accuracy necessary for control
of a chemical reaction, accurate selection of a catalyst for a chemical reaction, control of an adsorption-
based separation, accurate selection of an adsorbate, and/or the like.

8612} Some implementations described herein provide an improved method for determining a
specific surface arca of a material of interest, thereby enabling improved control of separation processes
and chemical reactions relative to determinations based on a geometric adsorption capacity. In this case,

a device may use data from a different part of an adsorption isotherm than is used in the BET method and
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may use a different data analysis technique to determine the specific surface area. In particular, the
device may determine a change in sign of a particular thermodynamic characteristic of the adsorbate to
determine a specific surface area. In this way, the device may calculate a thermodynamic surface arca
rather than the geometric surface area.

[H613) For example, a sorptometer may be used to determine the adsorption isotherm of an inert
adsorbate on a material of interest (e.g., mesoporous materials, microporous materials, particulate
materials, and/or the like). However, the portion of the adsorption isotherm used in the present invention
1s different from that used in the BET method and rather than using the data to determine the geometric
adsorption capacity, the data is used to determine the thermodynamic adsorption capacity of the
microporous material. Based on determining the thermodynamic adsorption capacity, the device may
determine a thermodynamic specific surface arca, and may use the determination of the specific surface
area to cause a response action, such as selecting a material for use as a catalyst, selecting an adsorbent
material from a group of available adsorbents for an adsorption separation process, controlling a machine
to cause a desired result to a chemical reaction, and/or the like. In this way, the device may more
accurately control the machine, select a catalyst, and/or the like than is possible using a BET-based
method to perform a surface arca determination.

014} Figs. 1A and 1B are diagrams of an example implementation 100 described herein. As
shown in Fig. 1A, example implementation 100 may include a measurement device 102, a set of
measurement subjects 104, a control device 106, and a client device 108. In some implementations,
measurement device 102 may be a data source 102, as described in more detail herein. In some
implementations, client device 108 may be a machine device 108, as described in more detail herein. In
some implementations, data source 102 may be separate from measurement device 102 and/or machine
device 108 may be separate from client device 108.

[015] As further shown in Fig. 1A, and by reference number 152, control device 106 may provide a
set of control signals to measurement device 102. For example, control device 106 may cause
measurement device 102 to perform a set of measurements of measurement subjects 104, which may be
materials of interest (or multiple samples of a single material of interest) for determining a surface area.
Additionally, or alternatively, control device 106 may cause data source 102 to provide stored information
identifying the set of measurements. For example, when a set of measurements are performed and stored
for subsequent use, control device 106 may communicate with data source 102 to obtain the set of
measurements at a subsequent time.

LTS In some implementations, measurement device 102 may perform a measurement of an

adsorption of a material of interest that is included in measurement subjects 104. For example, based on
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receiving the set of control signals from control device 106, measurement device 102 may measure an
adsorption isotherm for the material of interest by determining a set of measurements of adsorption
relative to pressure at a constant temperature. In some implementations, measurement device 102 may
obtain the set of measurements at a set of configured measurement conditions. For example,
measurement device 102 may cause a set of measurements to be performed at pressures less than 0.05 x
ps, where ps is a saturation pressure of a measurement subject. In this way, measurement device 102 may
enable a surface area measurement based on the phenomena of adsorption compression, which may occur
at such pressures, and may not occur at higher pressures used for BET-theory based techniques.
Similarly, measurement device 102 may cause a set of measurements to be performed at pressures less
than 0.1 x ps, where ps represents the saturation pressure of a measurement subject. As shown by
reference number 154, control device 106 may receive measurement results identifying the set of
measurements of adsorption relative to pressure at the constant temperature.
T As further shown in Fig. 1A, and by reference number 156, control device 106 may
determine an adsorption capacity based on an adsorption isotherm. For example, control device 106 may
determine a thermodynamic equilibrium for adsorptive molecules based on an equation, such as:
lnM =5 x,I'(x))

(1-x,)x, kT )
where x;and xj, represent average normalized densities in adsorbed phase and in the bulk, respectively, &
1s an energy of molecule-surface interaction, & is Boltzmann’s constant, 7 is absolute (Kelvin)
temperature, and I"(x;) 1s an energy of molecule-molecule interactions as a function of density of the
adsorbed phase.

FOG18) In this case, normalized densities in the adsorbed phase, x4, and in the bulk, x;, are relatively
small, such that:
x K1 2)
xp K1 3)
which results in equation (1) being transformed to:
ln% L x I,
’ )

where I is T'(x,) at small values of x;.

819 Therefore, equation (4) can be represented in the following form:
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% _ —Z—f—(a/am)rA
X, T )
where a is the density of adsorbed phase and aj, 1s the adsorbtion capacity.
{H Further, since the thermodynamic adsorption capacity 1s adsorption at the point where
attraction to an adsorbent material 1s compensated by repulsions from neighboring molecules of
adsorbate, an enthalpic part of equation (5) equals 0, which results in:
24 xp IR = 6)

where E,.., = I3 kT represents the energy of repulsion, and xj is x; at @ = @ (i.e., x] = 1), which results
m:

& 4 Erep _

i 0 @)
Applying I} = % in equation (5) and based on equation (7), the thermodynamic equilibrium of equation

(1) takes the form:

InZ - In(a,)+—2-—%q
X, kI a kT @)
As aresult, control device 106 may plot /n(a/x;) versus a to obtain a slope, S, and an intercept, 7, which
are:
_ _ Erep
S = gt ©)
Erep
I =In(ay,) + o (10)

Thus, based on the results of the measurements providing experimental data for S and 7, control device

. . ) E
106 may determine a result of equations (9) and (10) with respect to % and ay.

21 As aresult, control device 106 may determine an energy of adsorbate-adsorbate

mtermolecular interactions without determining adsorption capacity. Further, control device 106 may
determine the thermodynamic adsorption capacity, a». By excluding EIZ% from equations (9) and (10),
control device 106 may determine ay, as:

In(a,,) —Sa,, —1=0 (11
In this case, an area occupied by one molecule of adsorptive may be defined as oy and the adsorption

capacity may be represented in units of surface area, S, as:

S, =05 an (12)
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In this way, control device 106 may implement measurement of a,, at the point where attraction to the
surface 1s balanced by repulsions between adsorbate molecules, thereby enabling the thermodynamic
adsorption capacity determination for macroporous materials, mesoporous materials, microporous
materials, particulate materials, and/or the like.

FO62 21 Although some implementations described herein are described in terms of mathematical
calculations, graph plotting, and/or the like, other determination techniques may be possible, such as use
of look-up tables, use of other mathematical relationships, and/or the like.

fOG23] As further shown in Fig. 1A, and by chart 158 as an example, and as shown in more detail in
Fig. 1B, control device 106 may determine the adsorption isotherm for nitrogen (N3) adsorbed by
microporous subject material zeolite ZSM-3, which is plotted with regard to /n(a/xs) as a function of a. In
this case, control device 106 may determine a slope value, S = -6.3/48, and an intercept, / = 8.9416,
which results, using equation (11), in the thermodynamic adsorption capacity, ¢ = 1.36652 micromoles
per gram (umol/g). Based on a,, control device 106 may determine a surface area for zeolite ZSM-35 as
5.9 square meters per gram (m?/g). In contrast, using a BET-theory based technique, control device 106
would determine the surface area to be 434 m?%/g, a difference of 7355.9%, which would result in
maccurate machine control based on BET-method calculations.

j024] As further shown in Fig. 1A, and by reference numbers 160 and 162, control device 106 may
provide output data to cause client device 108 to perform a response action. For example, control device
106 may cause client device 108 to provide a measurement of a surface area for display. Additionally, or
alternatively, control device 106 may provide information identifying a thermodynamic adsorption
capacity from which the surface area is derivable. Additionally, or alternatively, control device 106 may
provide information identifying an optimal rate of reaction based on the surface arca. Additionally, or
alternatively, control device 106 may cause additional catalyst to be automatically added to a reaction
(e.g., control device 106 may control a catalyst dispenser device to cause the catalyst dispenser device to
add additional catalyst to a reaction. Additionally, or alternatively, control device 106 may measure a rate
of reaction based on the surface arca, and may control steps of a process based on measuring the rate of
reaction. Additionally, or alternatively, control device 106 may cause client device 108 to indicate a
catalyst selected for a particular chemical reaction such that the surface arca of the catalyst causes the
chemical reaction to occur at a desired rate, a predicted rate, and/or the like. Additionally, or
alternatively, control device 106 may cause machine device 108 to alter a parameter. For example,
control device 106 may cause machine device 108 to add a particular amount of a material of interest as a
catalyst, change which catalyst is used, stop or start a process step based on a predicted state of a

chemical reaction based on a surface area of a catalyst, and/or the like. As an example, machine device
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108 may determine when to stop a step of a chemical reaction process. Based on a more accurate
determination of a surface arca of the catalyst, machine device 108 may more accurately predict when to
stop the step of the chemical reaction process, thereby improving results of the chemical reaction process.
HH AT In this way, control device 106 enables thermodynamic adsorption capacity determination,
thereby improving an accuracy of a surface area determination for a material of interest and thereby
improving process control for processes that are dependent on the surface area of the material of interest.
[926] As indicated above, Figs. 1A and 1B are provided merely as examples. Other examples may
differ from what was described with regard to Figs. 1A and 1B.

827 Fig. 2 is a diagram of an example environment 200 in which systems and/or methods
described herein may be implemented. As shown in Fig. 2, environment 200 may include server device
210, measurement device 220, data source 230, client device 240, machine 250, network 260, and/or the
like. Devices of environment 200 may interconnect via wired connections, wireless connections, or a
combination of wired and wireless connections.

28] Server device 210 includes one or more devices capable of storing, processing, and/or routing
mformation associated with determining a surface area of a subject material based on an adsorption
capacity of the subject material. In some implementations, server device 210 may include a
communication interface that allows server device 210 to receive information from and/or transmit
iformation to other devices in environment 200,

U] Measurement device 220 includes one or more devices capable of performing a measurement.
For example, measurement device 220 may include an adsorption sensor, a pressure sensor, a temperature
sensor, and/or the like. Additionally, or alternatively, measurement device 220 may include one or more
devices capable of setting conditions for a measurement. For example, measurement device 220 may
mclude a temperature control device, a pressure control device, a material discharge device (e.g., to
expose a first material to a second material), and/or the like. In some implementations, measurement
device 220 may include a communication interface that allows measurement device 220 to receive
information from and/or transmit information to other devices in environment 200.

O3 Data source 230 includes one or more devices capable of receiving, generating, storing,
processing, and/or providing information associated with a measurement. For example, data source 230
may include a data repository storing measurement data relating to one or more subject materials for use
in determining a surface area of a material of interest. In some implementations, data source 230 may
mclude a communication interface that allows data source 230 to receive information from and/or

transmit information to other devices in environment 200.
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(a3 Client device 240 includes one or more devices capable of receiving, generating, storing,
processing, and/or providing information, such as information described herein. For example, client
device 240 may include a computer (e.g., a desktop computer, a laptop computer, a tablet computer, a
handheld computer), mobile phone (¢.g., a smart phone), a wearable communication device (e.g., a smart
wristwatch, a pair of smart eyeglasses, etc.), and/or a similar type of device. In some implementations,
client device 240 may include a display device to display a result of determining a surface arca of a
subject material, to provide a user interface to enable client device 240 to receive input via a user
mterface, and/or the like. In some implementations, client device 240 may include a communication
mterface that allows client device 240 to receive information from and/or transmit information to other
devices in environment 200.

IR Machine 250 includes one or more devices capable of receiving, generating, storing,
processing, and/or providing information associated with controlling a process. For example, machine
250 may include a machine to control a chemical reaction process that includes a subject material. In this
case, the chemical reaction may be dependent and controllable based on a surface area of the subject
material, and machine 250 may alter one or more steps of the chemical reaction process (e.g., stop a step,
start a step, change a parameter for a step, and/or the like) based on a determination of the surface arca of
the subject material and/or based on one or more determinations associated therewith. In some
implementations, machine 250 may include a communication interface that allows machine 250 to receive
mformation from and/or transmit information to other devices in environment 200.

[H633] Network 260 includes one or more wired and/or wireless networks. For example, network
260 may include a cellular network (e.g., a long-term evolution (LTE) network, a code division multiple
access (CDMA) network, a 3G network, a 4G network, a 5G network, another type of next generation
network, etc.), a public land mobile network (PLMN), a local area network (LAN), a wide area network
(WAN), a metropolitan area network (MAN), a telephone network (e.g., the Public Switched Telephone
Network (PSTN)), a private network, an ad hoc network, an intranet, the Internet, a fiber optic-based
network, a cloud computing network, or the like, and/or a combination of these or other types of
networks.

{0034} The number and arrangement of devices and networks shown in Fig. 2 are provided as an
example. In practice, there may be additional devices and/or networks, fewer devices and/or networks,
different devices and/or networks, or differently arranged devices and/or networks than those shown in
Fig. 2. Furthermore, two or more devices shown in Fig. 2 may be implemented within a single device, or

a single device shown in Fig. 2 may be implemented as multiple, distributed devices. Additionally, or
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alternatively, a set of devices (e.g., one or more devices) of environment 200 may perform one or more
functions described as being performed by another set of devices of environment 200.

fO635] Fig. 3 is a diagram of example components of a device 300. Device 300 may correspond to
or include server device 210, measurement device 220, data source 230, client device 240, and/or
machine 250. In some implementations, server device 210, measurement device 220, data source 230,
client device 240, and/or machine 250 may include one or more devices 300 and/or one or more
components of device 300. As shown in Fig. 3, device 300 may include a bus 310, a processor 320, a
memory 330, a storage component 340, an input component 350, an output component 360, and a
communication interface 370.

{0636} Bus 310 includes a component that permits communication among the components of device
300. Processor 320 is implemented in hardware, firmware, or a combination of hardware and software.
Processor 320 is a central processing unit (CPU), a graphics processing unit (GPU), an accelerated
processing unit (APU), a microprocessor, a microcontroller, a digital signal processor (DSP), a field-
programmable gate array (FPGA), an application-specific integrated circuit (ASIC), or another type of
processing component. In some implementations, processor 320 includes one or more processors capable
of being programmed to perform a function. Memory 330 includes a random access memory (RAM), a
read only memory (ROM), and/or another type of dynamic or static storage device (e.g., a flash memory,
a magnetic memory, and/or an optical memory) that stores information and/or instructions for use by
processor 320.

837} Storage component 340 stores information and/or software related to the operation and use of
device 300. For example, storage component 340 may include a hard disk (e.g., a magnetic disk, an
optical disk, a magneto-optic disk, and/or a solid state disk), a compact disc (CD), a digital versatile disc
(DVD), afloppy disk, a cartridge, a magnetic tape, and/or another type of non-transitory computer-
readable medium, along with a corresponding drive.

{I038] Input component 350 includes a component that permits device 300 to receive information,
such as via user input (e.g., a touch screen display, a keyboard, a keypad, a mouse, a button, a switch,
and/or a microphone). Additionally, or alternatively, input component 350 may include a sensor for
sensing information (e.g., a global positioning system (GPS) component, an accelerometer, a gyroscope,
and/or an actuator). Output component 360 includes a component that provides output information from
device 300 (e.g., a display, a speaker, and/or one or more light-emitting diodes (LEDs)).

6039 Communication interface 370 includes a transceiver-like component (¢.g., a transceiver
and/or a separate receiver and transmitter) that enables device 300 to communicate with other devices,

such as via a wired connection, a wireless connection, or a combination of wired and wireless
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connections. Communication interface 370 may permit device 300 to receive information from another
device and/or provide information to another device. For example, communication interface 370 may
mclude an Ethernet interface, an optical interface, a coaxial interface, an infrared interface, a radio
frequency (RF) interface, a universal serial bus (USB) interface, a Wi-Fi interface, a cellular network
mterface, or the like.

HHIE Device 300 may perform one or more processes described herein. Device 300 may perform
these processes based on to processor 320 executing software instructions stored by a non-transitory
computer-readable medium, such as memory 330 and/or storage component 340. A computer-readable
medium is defined herein as a non-transitory memory device. A memory device includes memory space
within a single physical storage device or memory space spread across multiple physical storage devices.
{HIZ Y § Software instructions may be read into memory 330 and/or storage component 340 from
another computer-readable medium or from another device via communication interface 370. When
executed, software instructions stored in memory 330 and/or storage component 340 may cause processor
320 to perform one or more processes described herein. Additionally, or alternatively, hardwired
circuitry may be used in place of or in combination with software instructions to perform one or more
processes described herein. Thus, implementations described herein are not limited to any specific
combination of hardware circuitry and software.

8042} The number and arrangement of components shown in Fig. 3 are provided as an example. In
practice, device 300 may include additional components, fewer components, different components, or
differently arranged components than those shown in Fig. 3. Additionally, or alternatively, a set of
components (¢.g., one or more components) of device 300 may perform one or more functions described
as being performed by another set of components of device 300.

[HG43) Fig. 4 i1s a flow chart of an example process 400 for surface arca determination for porous and
particular materials. In some implementations, one or more process blocks of Fig. 4 may be performed by
a server device (e.g., server device 210). In some implementations, one or more process blocks of Fig. 4
may be performed by another device or a group of devices separate from or including a server device
(e.g., server device 210), such as a measurement device (e.g., measurement device 220), a data source
(e.g., data source 230) client device (e.g., client device 240), and a machine (e.g., machine 250).

[OG44] As shown in Fig. 4, process 400 may include receiving measurement data associated with a
measurement subject (block 410). For example, the measurement device (e.g., using bus 310, processor
320, memory 330, storage component 340, mmput component 350, output component 360, communication
mterface 370, and/or the like) may receive the measurement data associated with the measurement

subject, as described in more detail above.

10



WO 2020/102148 PCT/US2019/060850

HHIN L] As further shown in Fig. 4, process 400 may include determining an adsorption isotherm for
the measurement subject based on the measurement data (block 420). For example, the measurement
device (e.g., using bus 310, processor 320, memory 330, storage component 340, input component 350,
output component 360, communication interface 370, and/or the like) may determine the adsorption
1sotherm for the measurement subject based on the measurement data, as described in more detail above.
HHIETY As further shown in Fig. 4, process 400 may include determining a thermodynamic
adsorption capacity of the measurement subject based on the adsorption isotherm (block 430). For
example, the measurement device (e.g., using bus 310, processor 320, memory 330, storage component
340, input component 350, output component 360, communication interface 370, and/or the like) may
determine the thermodynamic adsorption capacity of the measurement subject based on the adsorption
1sotherm, as described in more detail above.

1047} As further shown in Fig. 4, process 400 may include determining a surface area value
associated with the measurement subject based on the thermodynamic adsorption capacity (block 440).
For example, the measurement device (e.g., using bus 310, processor 320, memory 330, storage
component 340, input component 350, output component 360, communication interface 370, and/or the
like) may determine the surface area value associated with the measurement subject based on the
thermodynamic adsorption capacity, as described in more detail above.

0048} As further shown in Fig. 4, process 400 may include providing an output based on the surface
arca value associated with the measurement subject (block 450). For example, the measurement device
(e.g., using bus 310, processor 320, memory 330, storage component 340, input component 350, output
component 360, communication interface 370, and/or the like) may provide the output based on the
surface area value associated with the measurement subject, as described in more detail above.
Additionally, or alternatively, the measurement device may provide an output based on the
thermodynamic adsorption capacity.

049] Process 400 may include additional implementations, such as any single implementation or
any combination of implementations described below and/or in connection with one or more other
processes described elsewhere herein.

00S56] In some implementations, the measurement device may determine a control signal for a
machine associated with the measurement subject based on the surface area value, and may provide the
control signal, as the output, to control the machine. In some implementations, the output relates to a
selection of the measurement subject as a catalyst from a plurality of available catalysts. In some
implementations, the output relates to controlling a chemical reaction that includes the measurement

subject. In some implementations, the adsorption isotherm is determined for one or more pressures, p,
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such that p < 0.05 ps, wherein ps is a saturation vapor pressure of the measurement subject. In some
implementations, the adsorption isotherm is determined for one or more pressures, p, such that p < 0.1 pc,
wherein pc is a critical pressure of the measurement subject.

LHINE§ In some implementations, the measurement device may determine a result of a first equation
In(a,,) — Sa,, — I = 0, wherein a,, represents the thermodynamic adsorption capacity, S represents a
slope of a second equation, and I represents an intercept of the second equation, and wherein the second
equation 1s n(a/xs) = a, and wherein a represents an adsorbed amount of the measurement subject and x»
represents a ratio of a gas density of the measurement subject to a liquid density of the measurement
subject. In some implementations, the measurement subject 1s a porous material or a particular material.
In some implementations, the measurement subject is a microporous adsorbent. In some
implementations, the measurement data is derived from a supercritical adsorption condition. In some
mmplementations, the measurement data is derived from a balance of surface attraction to repulsion.
{0052} Although Fig. 4 shows example blocks of process 400, in some implementations, process 400
may include additional blocks, fewer blocks, different blocks, or differently arranged blocks than those
depicted in Fig. 4. Additionally, or alternatively, two or more of the blocks of process 400 may be
performed in parallel.

[OS3 The foregoing disclosure provides illustration and description, but is not intended to be
exhaustive or to limit the implementations to the precise form disclosed. Modifications and variations
may be made in light of the above disclosure or may be acquired from practice of the implementations.
TR As used herein, the term component is intended to be broadly construed as hardware,
firmware, and/or a combination of hardware and software.

[HO55] Some implementations are described herein in connection with thresholds. As used herein,
satisfying a threshold may refer to a value being greater than the threshold, more than the threshold,
higher than the threshold, greater than or equal to the threshold, less than the threshold, fewer than the
threshold, lower than the threshold, less than or equal to the threshold, equal to the threshold, or the like.
056} It will be apparent that systems and/or methods, described herein, may be implemented in
different forms of hardware, firmware, or a combination of hardware and software. The actual
specialized control hardware or software code used to implement these systems and/or methods is not
limiting of the implementations. Thus, the operation and behavior of the systems and/or methods were
described herein without reference to specific software code—it being understood that software and
hardware can be designed to implement the systems and/or methods based on the description herein.
(0857 Even though particular combinations of features are recited in the claims and/or disclosed in

the specification, these combinations are not intended to limit the disclosure of various implementations.
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In fact, many of these features may be combined in ways not specifically recited in the claims and/or
disclosed in the specification. Although each dependent claim listed below may directly depend on only
one claim, the disclosure of various implementations includes each dependent claim in combination with
every other claim in the claim set.

Y3 No element, act, or instruction used herein should be construed as critical or essential unless
explicitly described as such. Also, as used herein, the articles “a” and “an” are intended to include one or
more items, and may be used interchangeably with “one or more.” Furthermore, as used herein, the term
“set” 1s intended to include one or more items (e.g., related items, unrelated items, a combination of
related and unrelated items, etc.), and may be used interchangeably with “one or more.” Where only one
item is intended, the term “one” or similar language 1s used. Also, as used herein, the terms “has,”
“have,” “having,” or the like are intended to be open-ended terms. Further, the phrase “based on™ is

mtended to mean “based, at least in part, on” unless explicitly stated otherwise.
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WHAT IS CLAIMED IS:

i. A method, comprising:

receiving, by a device, measurement data associated with a measurement subject;

determining, by the device, an adsorption isotherm for the measurement subject based on the
measurement data;

determining, by the device, a thermodynamic adsorption capacity of the measurement subject
based on the adsorption isotherm;

determining, by the device, a surface arca value associated with the measurement subject based
on the thermodynamic adsorption capacity; and

providing, by the device, an output based on the surface arca value associated with the

measurement subject.

2. The method of claim 1, further comprising:

determining a control signal for a machine associated with the measurement subject based on the
surface area value; and

wherein providing the output comprises:

providing the control signal, as the output, to control the machine.

3. The method of claim 1, wherein the output relates to a selection of the measurement subject as a

catalyst from a plurality of available catalysts.

4, The method of claim 1, wherein the output relates to a selection of the measurement subject as an

adsorbent material from a plurality of available adsorbents for an adsorption separation process.

S The method of claim 1, wherein the adsorption isotherm is determined for one or more pressures,
p, such that:

p < 0.05 ps, wherein ps is a saturation vapor pressure of the measurement subject.
8. The method of claim 1, wherein the adsorption isotherm is determined for one or more pressures,

p, such that:

p < 0.1 p., wherein p. is a critical pressure of the measurement subject.
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7. The method of claim 1, wherein determining the thermodynamic adsorption capacity comprises:
determining a result of a first equation:
In(a,,) —Sa,,—1 =0,
wherein a,, represents the thermodynamic adsorption capacity, S represents a slope of a
second equation, and / represents an intercept of the second equation, and wherein the second
equation is:
Infa/xs) = a,
wherein a represents an adsorbed amount of the measurement subject and x;
represents a ratio of a gas density of the measurement subject to a liquid density of the

measurement subject.

8, A device, comprising;:
one or more memories; and
one or more processors communicatively coupled to the one or more memories, configured to:
receive measurement data associated with a measurement subject;
determine an adsorption isotherm for the measurement subject based on the measurement
data;
determine a thermodynamic adsorption capacity of the measurement subject based on the
adsorption isotherm;

provide an output based on thermodynamic adsorption capacity of the measurement

subject.
9, The device of claim 8, wherein the adsorption 1sotherm is determined for one or more pressures,
p., such that:

p < 0.1 pc, wherein pc is a critical pressure of the measurement subject.

10, The device of claim 8, wherein the one or more processors, when determining the thermodynamic
adsorption capacity, are configured to:
determine a result of a first equation:
In(a,,) —Sa,,—1 =0,
wherein a,, represents the thermodynamic adsorption capacity, S represents a slope of a
second equation, and / represents an intercept of the second equation, and wherein the second

equation is:
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In(a/xp) = a,
wherein a represents an adsorbed amount of the measurement subject and x;
represents a ratio of a gas density of the measurement subject to a liquid density of the

measurement subject.

1L The device of claim 8, wherein the measurement subject is a porous material or a particular
material.

12. The device of claim 8, wherein the measurement subject is a microporous adsorbent.

13 The device of claim 8, wherein the measurement data is derived from a supercritical adsorption
condition.

14, The device of claim 8, wherein the measurement data is derived from a balance of surface

attraction to repulsion.

15 A non-transitory computer-readable medium storing instructions, the instructions comprising:
one or more instructions that, when executed by one or more processors, cause the one or more
processors to:
receive measurement data associated with a measurement subject;
determine an adsorption isotherm for the measurement subject based on the measurement
data;
determine a thermodynamic adsorption capacity of the measurement subject based on the
adsorption isotherm; and
provide an output based on the thermodynamic adsorption capacity of the measurement
subject or a surface area value for the measurements subject that is derived from the

thermodynamic adsorption capacity of the measurement subject.

16, The non-transitory computer-readable medium of claim 15, wherein the one or more instructions,
when executed by the one or more processors, further cause the one or more processors to:
determine a control signal for a machine associated with the measurement subject based on the

thermodynamic adsorption capacity or the surface area value; and
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wherein the one or more instructions, that cause the one or more processors to provide the output,
cause the one or more processors to:

provide the control signal, as the output, to control the machine.

17, The non-transitory computer-readable medium of claim 15, wherein the output relates to a

selection of the measurement subject as a catalyst from a plurality of available catalysts.
18. The non-transitory computer-readable medium of claim 15, wherein the output relates to a
selection of the measurement subject as an adsorbent material from a plurality of available adsorbents for

an adsorption separation process.

149, The non-transitory computer-readable medium of claim 15, wherein the measurement subject is a

microporous adsorbent.

2. The non-transitory computer-readable medium of claim 15, wherein the measurement data is

derived from a supercritical adsorption condition.

17



PCT/US2019/060850

WO 2020/102148

1/5

.;
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ 4
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ . <
BAYYB G gy Lt Lo
- LN
B
7 i
Sy .
o N
.
e,
.
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 5g
Py

ejep ndjnho
uo paseq uoljoe
asuodsal wlioped
29l

801 30IA8(Q aulydep
/801 838 uslID

ejep indino
09l

wJayjos! uondiospe
uo peseq Alloeded
uondiospe sulwlsiaq

140]"
syoelgns
Juswiainses|y

og1L _q —_———_——_——— I_
| (= _
| |
| I

o0l 5 _

80IA8(] [0JJU0)D s|eublg [0Jju0) | _
Zsl _ _
i _
|
- | |
siinsay |
JuswiaINses| | |
M (SSp—

12513

20l ©0In0g ejeqd
/ 201 ©0IA8( JusWaINses|



PCT/US2019/060850

WO 2020/102148

2/5

OLY6'8 + X8irle'9-= A

> sl




PCT/US2019/060850

WO 2020/102148

3/5

¢ Old

0lc

8oIne(g
NETNELS

05z ovc

aulyoe SoIned

Iyoe / waln

09¢
—L
NIOM}BN
0eZ 0cc

92JN0S EBle solned

S Eed Juswianses|y

00¢



PCT/US2019/060850

WO 2020/102148

4/5

JAS

soelaU|
uonesIuNWWo)

¢ Old

09¢

usuodwo)
Indino

ge

wsuodwon
indu

ove

wsuodwon
abelioig

o
™
™

Aows\

JO0SS9201d

oLe
sng



PCT/US2019/060850

WO 2020/102148

5/5

¥ Old

108lgns juswainseaw ay) YIm
Pa]eIDOSSE aNnjeA Bale a0BlNS ay) Uo paseq Jndino ue spiAoid

»

.

Aoeded uondiospe olweuApowlay} 8y} uo paseq joslgns
JuswiaINseaw 8y} YIIM PajeIoosSSe anjeA Bale 80BUNS B aulwle}e(

v

»

wuayjosi uoidiospe ay) uo paseq joalgns Juswainsesw
ay} Jo Ajioeded uondiospe olweuApouwlay)l B sulwlislaq

»

BIEP JUSWalnsSeaW ay) Uo paeseq
108lgns JuswaJinsesw ay) Jo) WJiaylos! uondiospe ue sulwigla(g

»

108lgns
JuswaINSEaW B Y}IM PaleID0SSE Blep JUSWSINSEaW SAI808Y

N

0Gv

0] 47

ocy

0cvy

Olv



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 2019/060850

A. CLASSIFICATION OF SUBJECT MATTER

GOIN 15/08 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOIN 15/00, 15/08, 13/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch (RUPTO Internal), USPTO, PAJ, Espacenet, Information Retrieval System of FIPS

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A CN 107421864 A (CHINA PETROLEUM & CHEMICAL CORP et al.) 01.12.2017 1-20
A JP 634517 A (SHIMADZU CORP.) 08.02.1994 1-20
A US 2004/0206161 A1 (POROUS MATERIALS, INC.) 21.10.2004 1-20
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T”  later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier document but published on or after the international filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other

special reason (as specified)

“0”  document referring to an oral disclosure, use, exhibition or other
means
“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

04 March 2020 (04.03.2020)

Date of mailing of the international search report

19 March 2020 (19.03.2020)

Name and mailing address of the [SA/RU:

Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59,

GSP-3, Russia, 125993

Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37

Authorized officer
T. Schukina

Telephone No. 8(495) 531-64-81

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - wo-search-report

