wo 2020/086952 A1 | I 0000 KO0 O 0

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

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO 00 OO A0

International Bureau % (10) International Publication Number

WO 2020/086952 Al

(43) International Publication Date
30 April 2020 (30.04.2020) WIRPOIPCT

(51) International Patent Classification: Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
BO1J 19/24 (2006.01) CO7C 2/84 (2006.01) HOR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
BO1J 23/745 (2006.01) KR,KW,KZ,LA,LC,LK,LR, LS, LU, LY, MA, MD, ME,

(21) International Application Number: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
P CT/US2019/058040 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,

(22) International Filing Date: TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

25 October 2019 (25.10.2019) (84) Designated States (unless otherwise indicated, for every
(25) Filing Language: English kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

(26) Publication Language: English UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(30) Priority Data: TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
62/751,362 26 October 2018 (26.10.2018)  US EE, ES, FL, FR, GB, GR, HR, HU, [E, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(71) Applicant: UNIVERSITY OF MARYLAND, COL-
LEGE PARK [US/US]J; 7999 Regents Drive, College Park,
MD 20742-5212 (US).

(72) Inventors: LIU, Dongxia; 5904 Westchester Park Drive, Published:

College Park, MD 20740 (US). OH, Su Cheun; 9314 Cher- —  with international search report (Art. 21(3))

ry Hill Road, #310, College Park, MD 20740 (US). — before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of

(74) Agent: ROCHE, Richard, T.; Quarles & Brady LLP, 411 amendments (Rule 48.2(h)

East Wisconsin Avenue, Milwaukee, WI 53202 (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,

(54) Title: DIRECT NON-OXIDATIVE METHANE CONVERSION IN A CATALYTIC WALL REACTOR

(57) Abstract: Disclosed herein are methane conversion devices
isy A that achieve autothermal conditions and related methods using

/ / the methane conversion devices.
I LT
szl o]

Hatural gas)

7 5.:#3: o To Sepaation zx:mie
A fiﬂ BT v 5
W - E;‘:& w‘:i
;g.. 3 ;52? ‘\\\ . S £
2

Canreiey

170
o

I

y
itel

Ol + Al

FIG. 5B



10

15

20

25

30

WO 2020/086952 PCT/US2019/058040

DIRECT NON-OXIDATIVE METHANE CONVERSION IN A CATALYTIC WALL REACTOR

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application claims benefit from U.S. Provisional Application No.
62/751,362 filed October 26, 2018, which is incorporated herein by reference for all
purposes.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] This invention was made with government support under CBET 1351384
and CBET 1642405 awarded by the National Science Foundation. The government has
certain rights in the invention.

BACKGROUND OF THE INVENTION
1. Field of the Invention
[0003] This invention relates to a methane conversion device and methods for
using the methane conversion device.
2. Description of the Related Art
[0004] Methane (CHys), the main constituent of natural gas, is deemed to be an
alternative source to replace crude oil for the production of chemicals and fuell'l.
CH4 conversion has been explored by indirect processes of CH, to synthesis gas
followed by Fischer-Tr@psch synthesis of higher hydrocarbons!? or oxidative
coupling reactions. Even with low efficiency, high capital cost and high carbon dioxide
emissions, the synthesis gas route is the dominant industrial practice. Direct non-
oxidative methane conversion (DNMC) is a promising route to convert natural gas into
value-added petrochemicals such as ethylene and benzene, when combined are
referred to as C,. hydrocarbons, in one step. The reaction, however, is challenged by
high-temperature endothermic nature, low Cy. yields and coke formation!®!.
[0005] Past research efforts have studied non-catalyticl* and catalytic DNMCP!
for CH4 conversion. The non-catalytic route focuses on CHy pyrolysis to achieve high
acetylene yield, but a temperature above 1973 Kis required!? 8l |n catalytic DNMC,
the metal loaded zeolite catalysts are used at temperature below 1073 K, but CH,
conversion is low accompanied with fast catalyst deactivation!’l. The recently
reported iron/silica (Fe/SiO2) catalyst is effective for DNMC, which has high CH,4
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conversion and C2+ yields. [Pl High reaction temperatures exceeding 1200 K and high
heat supply for CH, activation on Fe/SiO, catalyst are required, and these challenge
the fixed-bed reactor design and operation. The Fe/SiO: catalyst was synthesized by a
melt-fusing method and SiO2 was the a-cristobalite phase.*®! An induction period was
needed to activate the catalyst for DNMC. Technoeconomic and environmental
aspects require efficient chemical reactor systems that are low-cost, simple
manufacturing and capable of supplying heat for the highly endothermic DNMC
reaction.

[0006] As such, there is a need in the DNMC technology to design a wall reactor
that manipulates CH4 conversion, product selectivity and coke formation to realize its

technoeconomic viability.
SUMMARY OF THE INVENTION

[0007] To accelerate the application of the DNMC technology, we have

developed a millisecond catalytic wall reactor that enables stable methane conversion,

Ca+ selectivity, coke yield and is durable long-term. These effects originate from
initiation of DNMC on reactor wall, and maintenance of the reaction by gas phase
chemistry in a reactor compartment. Various temperatures and gas flow rates form a
basis for optimizing lighter C, or heavier aromatic products. High carbon and thermal
efficiencies and low cost in reactor materials are realized for the technoeconomic
process viability of the DNMC technology.

[0008] The catalytic wall reactor is either made of the DNMC catalyst materials or
is comprised of the DNMC catalyst material coated onto the quartz support. The DNMC
catalyst is a metal atom containing quartz that has the a-quartz crystalline phase, which
is made by the hydrogen/oxygen (H2/0z2) flame-fusion method. Iron containing quartz
catalyst made by this method is defined as Fe/SiO2(Q), where “Q” stands for a-quartz
crystalline phase of SiOo.

[0009] In one aspect, the invention provides a methane conversion device
comprising a source of methane; a source of gas including oxygen or oxygen containing

compound; a reactor having a first reaction zone and a second reaction zone; a first
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catalyst, and a second catalyst. In the methane conversion device, a first valve is in
fluid communication with the source of methane, the first reaction zone, and the second
reaction zone. The first valve has a first position in which the first reaction zone is
placed in fluid communication with the source of methane, and the first valve has a
second position in which the second reaction zone is placed in fluid communication with
the source of methane. The first valve can also be fluid communication with an oxygen
source.

[00010] In the methane conversion device, a second valve is in fluid
communication with the source of gas, the first reaction zone, and the second reaction
zone. The second valve has a first position in which the second reaction zone is placed
in fluid communication with the source of gas, and the second valve has a second
position in which the first reaction zone is placed in fluid communication with the source
of gas. The first catalyst has a surface exposed to the first reaction zone; and the
second catalyst has a surface exposed to the second reaction zone.

[00011] In the methane conversion device, the first catalyst can be fused to a first
side of a wall and the second catalyst can be fused to an opposite second side of the
wall. The wall can be tube-shaped. The wall can comprise quartz. The first catalyst
and the second catalyst can have the same or different compositions. In one version of
the methane conversion device, the first catalyst and the second catalyst both comprise
Fe/SiO2(Q). In one version of the methane conversion device, the first catalyst at least
partially defines the first reaction zone and the second catalyst at least partially defines
the second reaction zone.

[00012] The methane conversion device can further comprise a controller, wherein
the controller can be configured to execute a program stored in the controller to: (i)
move the first valve from the first position to the second position and move the second
valve from the first position to the second position, when the first catalyst has a pre-
determined level of surface deposits including coke. The controller can also be
configured to execute the program stored in the controller to: (ii) move the first valve
from the second position to the first position and move the second valve from the
second position to the first position, when the second catalyst has a pre-determined

level of surface deposits including coke.
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[00013] The methane conversion device can further comprise a first flow controller
positioned upstream or downstream of the first valve for controlling a flow rate of
methane, and a second flow controller positioned upstream or downstream of the
second valve for controlling a flow rate of the gas. The controller can be configured to
execute the program stored in the controller to: (iii) control the flow rate of methane and
control the flow rate of the gas such that the methane conversion device operates
autothermally. The controller can be configured to execute the program stored in the
controller to: (iv) control the flow rate of methane such that residence time of methane in
the first reaction zone or the second reaction zone is in a range of 1-200 milliseconds.
[00014] In another aspect, the invention provides a methane conversion device
comprising a source of methane; a source of oxygen or oxygen containing compound; a
reactor having a reaction zone; a catalyst having a surface exposed to the reaction
zone; a controller; a first flow controller for controlling a flow rate of methane into the
reaction zone; and a second flow controller for controlling a flow rate of oxygen into the
reaction zone. The controller can be configured to execute a program stored in the
controller to: (i) control the flow rate of methane and control the flow rate of oxygen such
that the methane conversion device operates autothermally. The catalyst can be fused
to a first side of a wall and the catalyst is fused to an opposite second side of the wall,
which can be tube-shaped. The wall can comprise quartz. The wall can comprise high
temperature stable ceramics such as, but not limited to, quartz, alumina, boron nitride,
or silicon nitride. The catalyst can comprise Fe/SiO2(Q). The catalyst can have a BET
surface area of 0.1 to 0.5 m?%/g. The catalyst can at least partially defines the reaction
zone. The controller can be configured to execute the program stored in the controller
to: (ii) control the flow rate of methane such that residence time of methane in the
reaction zone is in a range of 1-200 milliseconds. The controller can be configured to
execute the program stored in the controller to: (iii) control the flow rate of oxygen such
that an oxygen level is 1-10 v/v% in the reaction zone.

[00015] In yet another aspect, the invention provides a method for autothermal
operation of a direct non-oxidative methane conversion (DNMC) device. The method
can include the steps of (a) providing a catalytic reactor, wherein the reactor comprises

a catalyst fused to a first side of a wall and fused to an opposite second side of the wall;
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(b) converting methane (MC) by flowing methane into the first side of the wall; (c)
obtaining products resulting from the methane conversion (MC) reaction; (d) swapping
the MC reaction to the second side of the wall; (e) supplying to the first side of the wall a
gas including oxygen resulting in a combustion reaction with one of the products; (f)
swapping the combustion reaction from the first side of the wall to the second side of
the wall; and (g) swapping the MC reaction from the side of the second wall to the first
side of the wall. The products of step (b) can comprise coke, C2+ hydrocarbons, Hz, or
a combination thereof. The C2+ hydrocarbons can comprise acetylene, ethylene,
ethane, benzene, toluene, naphthalene, or a combination thereof. In one version of the
method, one of the products of step (e) is coke. The method can further comprise
heating the catalytic reactor. The catalytic reactor can be heated to about 1170K to
about 1370K. In one version of the method, a flow rate of methane in step (b) is about
10 ml/min to about 50 mL/min. The method can further comprise heating the catalytic
reactor, wherein the catalytic reactor is heated to about 1170K to about 1370K, and
wherein the flow rate of methane in step (b) is about 10 ml/min to about 50 mL/min.
The method can further comprise adjusting the flow rate of methane and the gas to
regulate a percentage of methane converted and/or a selectivity of the methane
conversion to one or more of the products. The method can further comprise, adjusting
the temperature of the catalytic reactor to regulate a percentage of methane converted
and/or a selectivity of the methane conversion to one or more of the products. Inthe
method, the percentage of methane converted can be greater than 10%, and a yield
C2+ hydrocarbons can be greater than 10%.

[00016] In still another aspect, the invention provides a method for producing a
millisecond catalytic wall reactor. The method can include the steps of: (a) loading
Fe/SiO2(Q) into a tube; (b) heating the Fe/SiO2(Q) and the tube; and (c) discharging the
Fe/SiO2(Q) residue. The tube can have an inner and an outer wall. In the method, step
(b) is can be repeated multiple times. In the method, the heating can be done by a
H2/O2 flame. The Fe/SiO2(Q) can be uniformly dispersed and fully embedded in the
tube wall, resulting in a catalyst embedded in the tube wall. In the method, the inner
and outer wall can comprise a quartz phase. In the method, the Fe/SiO2(Q) can have a
BET surface area of 0.1 to 0.5 m?/g.
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[00017] In yet another aspect, the invention provides a method of converting
methane. The method can include the steps of: flowing methane in a reaction zone of a
catalytic reactor; flowing an oxidative co-feed in the reaction zone of the catalytic
reactor; and removing products from the catalytic reactor, wherein the products
comprise C2+ hydrocarbons and/or aromatics. The catalytic reactor can comprise a
Fe/SiO2(Q) catalyst embedded in a quartz reactor. In the method, the methane flow can
be at a rate of 5 to 500 mL/min. In the method, the volume of the oxidative co-feed can
be up to 15 viv%, the volume % being associated to the volume of methane. In the
method, the volume of the oxidative co-feed can be from 0 to 15 v/v%, the volume %
being associated to the volume of methane. In the method, the volume of the oxidative
co-feed can be from 1 to 15 v/iv%, the volume % being associated to the volume of
methane. In the method, the volume of the oxidative co-feed can be from 0 to 10 v/v%,
the volume % being associated to the volume of methane. The oxidative co-feed can
comprise Oz, CO2, CO, or a combination thereof. The oxidative co-feed can comprise 0
to 15 v/iv% of O2. The oxidative co-feed can also comprise 1 to 15 v/v% of O2. The
method can further comprise adjusting the v/iv% of the oxidative co-feed to regulate a
percentage of methane converted and/or a selectivity of the methane conversion to one
or more of the products. The method can further comprise adjusting the type of the
oxidative co-feed to regulate a percentage of methane converted and/or a selectivity of
the methane conversion to one or more of the products. The method can further
comprise at a same time as the flowing methane, flowing a carrier gas into the reaction
zone. The carrier gas can comprise He, Ar, N2, or a combination thereof. In the
method, the flow rate of the carrier gas can be 0.5 to 50 mL/min.

[00018] These and other features, aspects, and advantages of the present
invention will become better understood upon consideration of the following detailed

description, drawings, and appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[00019] Fig. 1 is a schematic of catalytic wall reactor for CH4 conversion into

C.+ hydrocarbons and H, in a DNMC process.
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[00020] Fig. 2A shows CH4 conversion and product selectivity in different
catalyst/reactor settings: (i) blank quartz reactor, (ii) Fe/SiO>(Q) catalyst packed in
quartz reactor, (iii) catalytic wall reactor coated with Fe/SiO,(Q) catalyst, and (iv)
Fe/SiO2(Q) catalyst packed in catalytic wall reactor.

[00021] Fig. 2B shows along-term stability test of a DNMC reaction in a catalytic
wall reactor. (1273 K, 20 mL min-! gas flow rate, CH4:N, = 9:1 (N;: internal
standard), 1 atm pressure, 0.075 wt% Fe in Fe/SiO»(Q), 0.375 g catalyst).

[00022] Fig. 3A shows CH, conversion as a function of reaction temperature
and feed gas flow rate. (C>+ selectivity and yield and coke yield are calculated from the
carbon-atom basis).

[00023] Fig. 3B shows C2+ selectivity as a function of reaction temperature and
feed gas flow rate. (C2+ selectivity and yield and coke yield are calculated from the
carbon-atom basis).

[00024] Fig. 3C shows C.+ yields as a function of reaction temperature and
feed gas flow rate. (C2+ selectivity and yield and coke yield are calculated from the
carbon-atom basis).

[00025] Fig. 3D shows coke yield as a function of reaction temperature and feed
gas flow rate. (Co+ selectivity and yield and coke yield are calculated from the carbon-
atom basis).

[00026] Fig. 4 shows energy input for DNMC and output by coke combustion at
corresponding CH4 conversion and coke yield. The dashed line represents the
energy input and output balanced from both reactions. The shaded circle indicates
the feasible operation window of DNMC autothermally in the reactor.

[00027] Fig. 5A shows a process flowsheet of autothermal DNMC in millisecond
catalytic wall reactor coupling both endothermic DNMC and exothermic coke
combustion on opposite sides of the reactor.

[00028] Fig. 5B shows a process flowsheet of autothermal DNMC in millisecond
catalytic wall reactor coupling both endothermic DNMC and exothermic coke

combustion on opposite sides of the reactor.
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[00029] Fig. 6A shows an XRD pattern of the Fe/SiO2(Q) catalyst used for
catalytic wall reactor in the DNMC reaction.

[00030] Fig. 6B shows a N, adsorption/desorption isotherm of the Fe/SiO>(Q)
catalyst used for catalytic wall reactor in the DNMC reaction.

[00031] Fig. 7A shows methane conversion and product selectivity versus
catalyst surface area (or mass) in a fixed-bed reactor with fixed catalyst bed length
by quartz balance particles when catalyst quantity was varied (Reaction
temperature = 1273 K, total gas flow rate = 20 m L min-', CH4:N2 = 9:1, 1 atm
pressure, Fe concentration in Fe/SiO2(Q) = 0.075wt%, Fe/SiO»(Q) catalyst usage:
blank, 0.000, 0.035, 0.090, 0.178, and 0.375 g in sequence in the plot).

[00032] Fig. 7B shows methane conversion and product selectivity of DNMC
reaction in non-active quartz tube as a function of total flow rate at 1273 K (CH4:N>
= 9:1, 1 atm pressure).

[00033] Fig. 8 shows a temperature profile during the 50-hour long-term
stability test of DNMC reaction in catalytic wall reactor presented in Fig. 2B.

[00034] Fig. 9A shows a long-term stability test of the DNMC reaction in a
catalytic wall reactor made from the same synthesis process as that used in Fig. 2B
(1273 K, 20 mL min-! gas flow rate, CH4:N> = 9:1 (N2: internal standard), 1 atm
pressure, 0.075 wt% Fe in Fe/SiO(Q)).

[00035] Fig. 9B shows a long-term stability test of the DNMC reaction in a different
catalytic wall reactor made from the same synthesis process as that used in Fig. 2B.
(1273 K, 20 mL min-' gas flow rate, CH4:N, = 9:1 (N2: internal standard), 1 atm
pressure, 0.075 wt% Fe in Fe/SiO2(Q)).

[00036] Fig. 9C shows a temperature profile during the repeated 50-hour long-
term stability test presented in Fig. 9A.

[00037] Fig. 9D shows a temperature profile during the repeated 50-hour long-
term stability test presented in Fig. 9B.

[00038] Fig. 10 shows a TGA curve of coke formed on Fe/SiO,(Q) powder after
TOS = 4 hours of DNMC reaction (Reaction temperature = 1273 K, total gas flow

rate = 20 mL min', CH4:N, = 9:1, 1 atm pressure).
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[00039] Fig. 11 shows a TPO profile of catalytic wall reactor after TOS = 4
hours of DNMC reaction (Reaction temperature = 1273 K, total gas flow rate = 20

mL min', CH4N2 = 9:1, 1 atm pressure).

[00040] Fig. 12A shows methane conversion as a function of time on stream at
1273 K (total flow rate = 20 mL min-1, CH4:N2 = 9:1, 1 atm pressure).
[00041] Fig. 12B shows coke formation rate as a function of time on stream at

1273 K (total flow rate = 20 mL min-1, CH4:N2 = 9:1, 1 atm pressure).

[00042] Fig. 13A shows a process flow sheet of DNMC in catalytic wall reactor
coupling both endothermic DNMC and exothermic coke combustion, and product
separations.

[00043] Fig. 13B shows a schematic of DNMC and coke combustion on
opposite sides of catalytic wall reactor for autothermal operation in the process
simulation process.

[00044] Fig. 14A shows an Aspen Plus (V10) simulation of a DNMC scale-up
reaction without incorporating heat integration.

[00045] Fig. 14B shows an Aspen Plus (V10) simulation of a DNMC scale-up
reaction using a perovskite-based hydrogen separation membrane with a feed at
atmospheric pressure (1 atm) and hydrogen outlet pressure of 0.5 bar and 973 K,
incorporating heat integration based on HEN design and pinch analysis.

[00046] Fig. 14C shows an Aspen Plus (V10) simulation of a DNMC scale-up
reaction using a polymer-based hydrogen separation membrane under 200 psig
pressure and 355 K incorporating heat integration based on HEN design and pinch
analysis.

[00047] Fig. 15A shows XRD patterns Fe/SiO2, SiO2(Q) and Fe/SiO2(Q) materials.
A and » stand for a-cristobalite and a-quartz crystalline phases, respectively.

[00048] Fig. 15B shows Fe K-edge near-edge spectra showing coordination
environment of Fe species in Fe/SiO2(Q) catalyst.

[00049] Fig. 16A is an SEM image of Fe/SiO2(Q) catalyst at 500 um.

[00050] Fig. 16B is an SEM image of Fe/SiO2(Q) catalyst at 100 um.

[00051] Fig. 16C is a HR-TEM image showing morphology of Fe species and

quartz lattice structure in Fe/SiO2(Q) catalyst.
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[00052] Fig. 16D is a STEM-HAADF image showing morphology of Fe species in
Fe/SiO2(Q) catalyst.

[00053] Fig. 17A shows methane conversion for O2 co-feed volume concentrations
of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC. Error bars are standard deviation
values of methane conversion from multiple (> 3 times) repeating experiments.

[00054] Fig. 17B shows product selectivity for Oz co-feed volume concentrations of
2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00055] Fig. 17C shows hydrocarbon product for Oz co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00056] Fig 17D shows Hz, CO and CO: formation rates for O2 co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00057] Fig. 18A shows methane conversion for CO co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC. Error bars are
standard deviation values of methane conversion from multiple (> 3 times) repeating
experiments.

[00058] Fig. 18B shows product selectivity for CO co-feed volume concentrations
of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00059] Fig. 18C shows hydrocarbon product yield for CO co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00060] Fig. 18D shows H2 and CO:2 formation rates for CO co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00061] Fig. 19A shows methane conversion for CO2 co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC. Error bars are
standard deviation values of methane conversion from multiple (> 3 times) repeating
experiments.

[00062] Fig. 19B shows product selectivity for CO2 co-feed volume concentrations
of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00063] Fig. 19C shows hydrocarbon product yield for CO2 co-feed volume
concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

[00064] Fig. 19D shows H2 and CO formation rates for CO2 co-feed volume

concentrations of 2 vol%, 5 vol%, 7 vol% and 10 vol% in DNMC.

-10 -
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[00065] Fig. 20 shows heat of reaction for formation of hydrocarbon products in
DNMC and heat of release for formation of CO, CO2 and H20 in oxidative reactions due
to O2 co-feed.

[00066] Fig. 21 shows Raman spectroscopy of spent Fe/SiO2(Q) catalyst in
methane-only and 5 vol% co-feed DNMC reactions.

[00067] Fig. 22A shows temperature-programmed oxidation (TPO) results (CO2
product profile) for spent Fe/SiO2(Q) catalysts following reactions under conditions of (i)
no co-feed, (ii) 5 vol% O2 co-feed, (iii) 5 vol% CO2 co-feed, and (iv) 5 vol% CO co-feed.
TPO test conditions: 10 vol% Oz/He, 30 mL/min, 10K/min ramp to 1123K with 30
minutes hold.

[00068] Fig. 22B shows Temperature-programmed oxidation (TPO) results (CO
product profile) for spent Fe/SiO2(Q) catalysts following reactions under conditions of (i)
no co-feed, (ii) 5 vol% O2 co-feed, (iii) 5 vol% CO2 co-feed, and (iv) 5 vol% CO co-feed.
TPO test conditions: 10 vol% Oz/He, 30 mL/min, 10K/min ramp to 1123 K with 30
minutes hold.

[00069] Fig. 23 shows powder XRD patterns for fresh Fe/SiO2(Q) catalyst and of
spent catalysts run with no co-feed and at 7 vol% co-feeds for Oz, CO2, and CO. The
broad graphite oxide peak is shown with a dotted line at the peak maxima. All other
XRD peaks can be attributed to quartz.

[00070] Fig. 24A shows elemental XPS spectra for C 1s photoelectron lines for
fresh, as-is Fe/SiO2(Q) material and for Fe/SiO2(Q) samples following DNMC testing
without co-feed and with Oz, CO2 and CO co-feed, respectively.

[00071] Fig. 24B shows O 1s photoelectron lines for fresh, as-is Fe/SiO2(Q)
material and for Fe/SiO2(Q) samples following DNMC testing without co-feed and with
02, CO2 and CO co-feed, respectively.

[00072] Fig. 24C shows elemental XPS spectra for Fe 2p photoelectron lines for
fresh, as-is Fe/SiO2(Q) material and for Fe/SiO2(Q) samples following DNMC testing
without co-feed and with Oz, CO2 and CO co-feed, respectively.

[00073] Like reference numerals will be used to refer to like parts from Figure 5A

to Figure 5B in the following description of the drawings.

-11 -
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DETAILED DESCRIPTION OF THE INVENTION

[00074] Referring to Fig. 5A, there is shown a non-limiting example embodiment
of a methane conversion device 100 according to the present invention. As used
herein, the term "communication" means that material flow is operatively permitted
between enumerated components. A methane feedstock enters the methane
conversion device 100 through a line 101 in communication with a mixer 102. The
feedstock exits the mixer 102 via line 103, which is in communication with a heat
exchanger 104. The feedstock exits the heat exchanger 104 via line 105.

[00075] The methane conversion device 100 includes a reactor 106 having a
generally cylindrical external housing 107 and an internal tubular wall 108. The wall 108
has a catalyst 108a fused to an outer side of the wall 108, and the wall 108 has a
catalyst 108b fused to an inner side of the wall 108. The catalyst 108b defines a
generally cylindrical first reaction zone 109, and the catalyst 108a and an inner surface
of the housing 108 define a generally tubular second reaction zone 110. The catalyst
108a and the catalyst 108b may be the same catalytic material or different catalytic
materials. In one embodiment, the catalysts 108a, 108b are the same, and both
comprise a quartz-supported Fe-species (Fe/SiO2(Q)) wherein the support is in the
quartz phase. The catalyst can have a BET surface area of 0.1 to 0.5 m?/g.

[00076] Line 105 is in communication with an inlet of the first reaction zone 109 for
supplying a methane containing feedstock to the first reaction zone 109. In certain
embodiments, the gas provided to the first reaction zone 109 of the reactor 106 consists
essentially of methane, i.e., minor concentrations (e.g., <20%) of other gases (such as,
but not limited to, a tracer or inert gas, Oz, CO, CO2, H20, H2S) may be included but do
not otherwise affect the reaction. The methane containing feedstock entering the first
reaction zone 109 interacts with catalyst 108b and undergoes a reaction at elevated
temperatures (e.g., about 1170K to about 1370K) that results in the production of a
product stream of Cz+ hydrocarbons and aromatics. The product stream is conveyed
from an outlet of the first reaction zone 109 through line 111 to the heat exchanger 104

where heat that is recovered from the product stream can be used to preheat the
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methane containing feedstock from line 103. During the methane conversion reaction in
the first reaction zone 109, coke is deposited on the catalyst 108b.

[00077] When the catalytic activity in the first reaction zone 109 decreases to a
predetermined level, the methane containing feedstock can be fed to the second
reaction zone 110 to interact with catalyst 108a and undergo a reaction at elevated
temperatures that results in the production of a product stream of C2+ hydrocarbons and
aromatics. The product stream is conveyed from an outlet of the second reaction zone
110 to the heat exchanger 104 where heat that is recovered from the product stream
can be used to preheat the methane containing feedstock from line 103. During the
methane conversion reaction in the second reaction zone 110, coke is deposited on the
catalyst 108a. During the methane conversion reaction in the second reaction zone
110, a gas including oxygen (e.g., air) can be supplied to the first reaction zone 109 for
combusting the coke on the catalyst 108b to reactive the catalyst 108b.

[00078] The methane conversion device 100 can then be operated using the
material flows shown in Fig. 5A. The methane containing feedstock is fed to the first
reaction zone 109 where the methane containing feedstock undergoes a reaction at
elevated temperatures that results in the production of a product stream including Ca+
hydrocarbons and aromatics. The product stream is conveyed from the outlet of the
first reaction zone 109 through line 111 to the heat exchanger 104. At the same time,
air enters the methane conversion device 100 through a line 112 in communication with
a heat exchanger 113. The air exits the heat exchanger 113 via line 114 to be supplied
to an inlet of the second reaction zone 110 for combusting the coke on the catalyst 108a
to reactive the catalyst 108a. An energy balance between the energy required by the
methane conversion reaction in the first reaction zone 109 and the energy released
from oxidation of the coke on catalyst 108a in the second reaction zone 110 can be
reached to maintain autothermality of the methane conversion reaction.

[00079] Still referring to Fig. 5A, the product stream including C2+ hydrocarbons
and aromatics exits heat exchanger 104 via line 118 which is in communication with a
cooler 119. Line 120 is in communication with a separator 121. A hydrogen fraction is
recovered from the separator 121 in a line 122. Line 123 is in communication with the

separator 121 and a cooler 124. Line 123a is in communication with a separator 125.
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An aromatics fraction is recovered from the separator 125 in a line 126. A stream
including CH4 and C2+ hydrocarbons is fed via line 127 to a heat exchanger 128. The
stream including CH4 and C2+ hydrocarbons is fed via line 129 to a compressor 130,
and the stream including CH4 and C2+ hydrocarbons is fed via line 131 to a cooler 132
and exits the cooler 132 via line 131a which feeds the stream including CH4 and Ca+
hydrocarbons to a separator 133. A Ca+ hydrocarbon fraction is recovered from the
separator 133 in a line 133a. Methane exits the separator 133 in a line 134 that feeds a
compressor 135. The methane-containing stream is conveyed from an outlet of the
compressor 135 to the heat exchanger 128 where heat that is recovered from the
methane-containing stream can be used to preheat the stream including CH4 and Cz+
hydrocarbons from line 127. The methane-containing stream is conveyed from an
outlet of the heat exchanger 128 via line 137 to a mixer 138. At the mixer 138, CH4
purge is shown as line 139, and CHa is recycled via line 140 back to mixer 102.

[00080] Turning now to Fig. 5B, there is shown a non-limiting example
embodiment of another methane conversion device 150 according to the present
invention for maintaining autothermality of the methane conversion reaction with the use
of a valve system, flow controllers, a controller, and/or oxidative co-feed. A methane
feedstock enters the methane conversion device 150 through a line 151 in
communication with a mixer 152. A flow controller F1 is positioned in line 151 to control
the flow rate of methane. Optionally, an oxygen co-feed enters the methane conversion
device 150 through a line 169 in communication with the mixer 152. A flow controller F2
is positioned in line 169 to control the flow rate of oxygen. The feedstock of methane
and optionally oxygen exits the mixer 152 via line 153, which is in communication with a
heat exchanger 154. The feedstock exits the heat exchanger 154 via line 155 and
enters a valve V1. The methane conversion device 150 includes a reactor 106 as in the
methane conversion device 100 and therefore, the components of the reactor 106 will
not be described again.

[00081] The valve V1 has a first position in which the first reaction zone 109 is
placed in fluid communication with line 155, and a second position in which the second
reaction zone 110 is placed in fluid communication with line 155. A valve V3 has a first

position in which the first reaction zone 109 is placed in communication with line 161 via
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line 159, and a second position in which the second reaction zone 110 is placed in fluid
communication with line 161 via line 158. Line 161 conveys a product stream to the
heat exchanger 154 where heat that is recovered from the product stream can be used
to preheat the methane containing feedstock from line 153. The product stream
including C2+ hydrocarbons and aromatics exits heat exchanger 154 to a separation
zone including components 118 to 140 as in the methane conversion device 100 and
therefore, the components of the separation zone will not be described again.

[00082] A gas including oxygen (e.g., air) enters the methane conversion device
150 through a line 162 in communication with a heat exchanger 163. A flow controller
F3 is positioned in line 162 to control the flow rate of air. The air exits the heat
exchanger 163 via line 164 and enters a valve V2. The valve V2 has a first position in
which the second reaction zone 110 is placed in fluid communication with line 164 via
line 181, and the valve V2 has a second position in which the first reaction zone 109 is
placed in fluid communication with the line 164 via line 182. A valve V4 has a first
position in which the first reaction zone 109 is placed in communication with line 165 via
line 174, and a second position in which the second reaction zone 110 is placed in
communication with line 165 via line 175. Line 165 conveys a stream including CO2
and air to the heat exchanger 163 where heat that is recovered from the stream
including CO2 and air can be used to preheat the air from line 162.

[00083] The methane conversion device 150 includes a programmable logic
controller 170 in electrical communication with the valves V1, V2, V3, V4 and the flow
controllers F1, F2, F3. Fig. 4B has been simplified by the deletion of the electrical
connections between the controller 170 and the valves V1, V2, V3, V4 and flow
controllers F1, F2, F3. The valves V1, V2, V3, V4 and flow controllers F1, F2, F3 may
be actuated and controlled using control signals provided by the programmable logic
controller 170. Such programmable logic controllers are commercially available.
[00084] Having described the components and flow paths of the methane
conversion device 150, operation of the methane conversion device 150 can be further
explained. In one method of operating the methane conversion device 150, the
controller 170 and the flow controller F1 control a flow rate of methane into the reaction

zone 109, and the controller 170 and the flow controller F2 control a flow rate of oxygen
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into the reaction zone 109 such that the methane conversion device 150 operates
autothermally. A flow rate of methane may be about 10 ml/min to about 500 mL/min.
The flow rate of oxygen may be controlled such that an oxygen level is 1-20 v/v% in the
first reaction zone 109. Air is not introduced into the reactor 106 via line 162.

[00085] In another method of operating the methane conversion device 150, the
program in controller 170 is executed to set the valves V1, V2, V3, V4 in positions
where a methane containing feedstock enters the first reaction zone 109 interacts with
catalyst 108b and undergoes a reaction at elevated temperatures that results in the
production of a product stream of C2+ hydrocarbons and aromatics. When the catalyst
108b has a pre-determined level of surface deposits including coke, the program in
controller 170 is executed to set the valves V1, V2, V3, V4 in positions where: (i) a
methane containing feedstock enters the second reaction zone 110 to interact with
catalyst 108a and undergo a reaction at elevated temperatures that results in the
production of a product stream of Cz2+ hydrocarbons and aromatics, and (ii) air is
supplied to an inlet of the first reaction zone 109 for combusting the coke on the catalyst
108b to reactive the catalyst 108b. An energy balance between the energy required by
the methane conversion reaction in the second reaction zone 110 and the energy
released from oxidation of the coke on catalyst 108b in the first reaction zone 108 can
be reached to maintain autothermality of the methane conversion reaction. The
controller 170 and the flow controller F1 can also control a flow rate of methane, and the
controller 170 and the flow controller F3 control a flow rate of air to maintain
autothermality of the methane conversion reaction.

[00086] When the catalyst 108a has a pre-determined level of surface deposits
including coke, the program in controller 170 is executed to set the valves V1, V2, V3,
V4 in positions where: (i) a methane containing feedstock enters the first reaction zone
109 to interact with catalyst 108b and undergo a reaction at elevated temperatures that
results in the production of a product stream of C2+ hydrocarbons and aromatics, and
(i) air is supplied to an inlet of the second reaction zone 110 for combusting the coke on
the catalyst 108a to reactive the catalyst 108a. An energy balance between the energy
required by the methane conversion reaction in the first reaction zone 109 and the

energy released from oxidation of the coke on catalyst 108a in the second reaction zone
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110 can be reached to maintain autothermality of the methane conversion reaction.
The controller 170 and the flow controller F1 can also control a flow rate of methane,
and the controller 170 and the flow controller F3 control a flow rate of air to maintain
autothermality of the methane conversion reaction. Also, the controller 170 and the flow
controller F1 can control a flow rate of methane such that residence time of methane in
the first reaction zone or the second reaction zone is in a range of 1-200 milliseconds.
[00087] The invention also provides a method for autothermal operation of a direct
non-oxidative methane conversion (DNMC) device. The method includes the steps of:
(a) providing a catalytic reactor, wherein the reactor comprises a catalyst flame-fused to
a first side of a wall and fused to an opposite second side of the wall; (b) converting
methane (MC) by flowing methane into the first side of the wall; (c) obtaining products
resulting from the methane conversion (MC) reaction; (d) swapping the MC reaction to
the second side of the wall; (e) supplying to the first side of the wall a gas including
oxygen resulting in a combustion reaction with one of the products; (f) swapping the
combustion reaction from the first side of the wall to the second side of the wall; and (g)
swapping the MC reaction from the side of the second wall to the first side of the wall.
The method steps can further include heating the catalytic reactor. The products
resulting from the methane conversion reaction may be coke, C2+ hydrocarbons, Hz, or
a combination thereof. The C2+ hydrocarbons may be acetylene, ethylene, ethane,
benzene, toluene, naphthalene, or a combination thereof. Where the method includes
the additional step of heating the catalytic reactor, the reactor can be heated from about
1000K to about 2000K. Preferably, the reactor is heated from about 1200K to about
1500K, more preferably from about 1220K to about 1370K. In one embodiment, the
heating temperature is about 1323 K. The method can vary the flow rate at which
methane is flowed in step (b). The methane flow rate can be from about 5 ml/min to
about 500 mL/min, preferably from about 10 ml/min to about 100 mL/min, more
preferably from about 10 ml/min to about 50 mL/min. In one embodiment, the methane
flow rate is about 20 mL/min. The method results in greater than 10% methane
conversion and a yield of C2+ hydrocarbons is greater than 10%. In one embodiment,
the method results in about 50% methane conversion. In one embodiment, the yield of

C2+ hydrocarbons is from about 10% to about 30%.
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[00088] The invention also provides a method for producing a millisecond catalytic
wall reactor. The method includes the steps of: (a) loading Fe/SiO2(Q) into a tube; (b)
heating the Fe/SiO2(Q) and the tube; and (c) discharging the Fe/SiO2(Q) residue. The
method may comprise a heating temperature of about 1850K to about 2200K. The
method may comprise having the Fe/SiO2(Q) uniformly dispersed and fully embedded in
the tube wall, which results in a catalyst embedded in the tube wall. The reactor may
also comprise an inner and outer wall. The inner and outer wall may comprise quartz
phase. The reactor may be completely made of Fe/SiO2(Q) material, which can be
achieved via extrusion method. The Fe/SiO2(Q) catalyst may have a BET surface area
of 0.1 to 0.5 m?/g.

[00089] The invention also provides a method of converting methane. The method
includes the steps of: flowing methane in a reaction zone of a catalytic reactor; flowing
an oxidative co-feed in the reaction zone of the catalytic reactor; and removing products
from the catalytic reactor, wherein the products comprise C2+ hydrocarbons and/or
aromatics. The methane flow rate may be from about 5 mL/min to about 500 mL/min.
The oxidative co-feed may comprise Oz, CO2, CO, or a combination thereof. The
volume of oxidative co-feed may be from 0 to 30 v/v%, the volume % being associated
to the volume of methane. The volume of oxidative co-feed may be from 1 to 30 v/iv%,
the volume % being associated to the volume of methane. Preferably, the volume of the
oxidative co-feed may be from 0O to 20 v/v%, the volume % being associated to the
volume of methane. More preferably, the volume of the oxidative co-feed may be from 1
to 20 v/iv%, the volume % being associated to the volume of methane. Even more
preferably, the oxidative co-feed may be 1 to 15 v/v% of O2. The method steps can
further include, at a same time as the flowing methane, flowing a carrier gas into the
reaction zone. The carrier gas may be He, Ar, N2, or a combination thereof. The flow
rate of the carrier gas may be from 0.5 to 50 mL/min.

[00090] The invention is further illustrated in the following Examples which are

presented for purposes of illustration and not of limitation.
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EXAMPLES
EXAMPLE 1

DIRECT NON-OXIDATIVE METHANE CONVERSION
IN A MILLISECOND CATALYTIC WALL REACTOR

[00091] Direct non-oxidative methane conversion (DNMC) has been recognized
as a key technology for application of natural gas in the chemical and energy
industries. High reaction temperature and low catalyst durability, due to endothermic
reaction nature and coke deposition, are two main challenges. We show that a
millisecond catalytic wall reactor enables stable methane conversion, C,+ selectivity,
coke yield and long-term durability. These effects originate from initiation of DNMC on a
reactor wall, and maintenance of the reaction by gas phase chemistry in the reactor
compartment. The performance results obtained under various temperatures and gas
flow rates form a basis for optimizing lighter C, or heavier aromatic products. A process
simulation done by Aspen Plus explored the practical implications of the catalytic wall
reactor. High carbon and thermal efficiencies and low cost in reactor materials are

realized for the technoeconomic process viability of the DNMC technology.
Introduction

[00092] Methane (CHys), the main constituent of natural gas, is deemed to be an
alternative source to replace crude oil for the production of chemicals and fuell'l.
CH4 conversion has been explored by indirect processes of CH,4 to synthesis gas
followed by Fischer-Tr@psch synthesis of higher hydrocarbons!? or oxidative
coupling reactions. Even with low efficiency, high capital cost and high carbon dioxide
emissions, the synthesis gas route is the dominant industrial practice. Direct non-
oxidative methane conversion (DNMC) is a promising route to convert natural gas into
value-added petrochemicals such as ethylene and benzene, when combined are
referred to as C,+ hydrocarbons, in one step. The reaction, however, is challenged

by high-temperature endothermic nature, low C+ yields and coke formationl®!.
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[00093] Past research efforts have studied non-catalytic!*! and catalytic DNMCF!
for CH4 conversion. The non-catalytic route focuses on CHy pyrolysis to achieve high
acetylene yield, but temperature above 1973 Kis required*? 8l |n catalytic DNMC, the
metal loaded zeolite catalysts are used at temperature below 1073 K, but CHs
conversion is low accompanied with fast catalyst deactivationl’l. The recently
reported iron/silica (Fe/SiO,) catalyst is effective for DNMC, which has high CHy4
conversion and Cx+ yields.PPl The Fe/SiO; catalyst was synthesized by a melt-fusing
method and SiO2 was the a-cristobalite phase.[®®! An induction period was needed to
activate the catalyst for DNMC. High reaction temperatures exceeding 1200 K and high
heat supply for CH, activation on Fe/SiO, catalyst are required, and these challenge
the fixed-bed reactor design and operation. Technoeconomic and environmental
aspects require efficient chemical reactor systems that are low-cost, simple
manufacturing and capable of supplying heat for the highly endothermic DNMC

reaction.
Results

[00094] We innovated the DNMC technology by designing a millisecond catalytic
wall reactor (Fig. 1) that manipulates CH4 conversion, product selectivity and coke
formation to realize its technoeconomic viability. The reactant flows in the reactor
channel, and a reaction initiates on the wall surface and happens both on the reactor
wall and in the reactor channel. The diffusion time of reactant to the reactive wall is
within milliseconds. Such short contact timeis viable for chemical synthesis from
alkanes, such as oxidative dehydrogenation of hydrocarbons for olefins!® or
hydrogen production!®!. Placing catalyst directly onto the inner and outer walls of the
reactor promotes heat transfer in thermal boundary layers so that heat released by
exothermic reaction on one side of the reactor can be effectively coupled to heat
supply for endothermic reaction on the opposite sidel'%. Therefore, the process can
be run autothermally and almost adiabatically with a residence time of approximately a

few milliseconds. It also guarantees a very high throughput using a smaller amount of
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catalyst, energy and capital costs, compared to the traditional technology. However,
such concept has never been attempted in DNMC reaction.

[00095] Our study on the millisecond catalytic wall reactor originated from a
critically low surface area of Fe/SiO»(Q) catalyst to activate DNMC in the fixed-bed
reactor (Fig. 2A). It should be noted that acetylene, ethylene, ethane, benzene,
toluene, naphthalene and coke were the products formed in the DNMC reaction, as
shown in our precious work!'?l. The Brunauer—Emmett— Teller surface area of our
synthesized Fe/SiO»(Q) catalystis 0.38 m? g-'. By fixing the catalyst bed length with
quartz-balanced particles, the surface area of Fe/SiO>(Q) catalyst was varied from O to
0.15 m?, equivalent to 0 to 100 wt% mass percentage of Fe/SiO»(Q) in the catalyst
bed. CH4 conversion was < 1.0% in the blank reactor (Fig. 2B), increased to 5.7% in
the reactor packed with quartz particles, and then increased to 10.3% by using 0.036
m? (or 25 wt%) Fe/SiO2(Q) in catalyst bed, and maintained at ~11.0% with further
increase in Fe/SiOx(Q) catalyst quantity. The coke selectivity was the highest in the
fixed-bed reactor packed with quartz-balance particles but decreased with increasing
Fe/SiO2(Q) usage in the catalyst bed. Clearly, a critically small active surface area of
Fe/SiO2(Q) catalyst is sufficient to enable the DNMC. The further increase in
Fe/SiO2(Q) catalyst usage did not increase CH4 conversion, suggesting that the
DNMC is not an exclusive heterogeneous reaction, but a mixed heterogeneous-
homogeneous network, consistent with report by Bao et al.[**! The Fe/SiO»(Q) catalyst
does not need induction period in the DNMC reaction, different from previous
Fe/SiO: catalyst that a catalyst activation period is required.

[00096] The requirement for small amount (i.e., surface area) of Fe/SiO»(Q)
catalyst in DNMC suggests the potential to develop millisecond catalytic wall reactors
comprised of a catalyst coating layer on the reactor wall that offers equivalent
catalyst surface area to that in the fixed-bed reactor. The calculation shows thata
reactor tube with inner diameter of 4.3 mm and length of 228.6 mm offers 0.036 m? of
surface area, same as that of 25 wt% Fe/SiOx(Q) mixed with 75 wt% quartz-balance
particlesin the catalyst bed in Fig. 2A. We, therefore, explored for the first time the

development of Fe/SiO2(Q) millisecond catalytic wall reactor for DNMC. The
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manufacturing process includes the curving of softened straight quartz tube into a
“U” shape, loading of Fe/SiO(Q) into U-shaped quartz tube channel, heating of both
Fe/SiO2(Q) catalyst and quartz tube to melting temperature, and finally discharging of
unmelted catalyst residue. The low cost and abundance of catalyst materials enabled
fabrication of the catalytic wall reactor using commercial processes such as
extrusion, which produces active surfaces on both sides of the reactor. The simplicity
of reactor manufacturing process indicates the great potential in industrial practice of
DNMC technology.

[00097] We tested the catalytic wall reactor performance and compared it to the
DNMC in a non-catalytic quartz reactor, a fixed-bed quartz reactor packed with
Fe/SiO2(Q) catalyst, and a catalytic wall reactor loaded with Fe/SiO2(Q), respectively.
In sequence, these four reactor/catalyst settings presented 0.8%, 7.9%, 11.3% and
11.0% CHgconversions (Fig. 2A). The result confirms that the Fe/SiO»(Q) catalyst
was successfully incorporated into the quartz tube wall. Coke formation follows a
steady state rate in the catalytic wall reactor. This data suggests that a homogeneous
gas phase reaction might play a dominant role after DNMC initiation by the
heterogeneous catalyst surface. The long-term stability of the catalytic wall reactor
for DNMC was tested by running the reaction at 1273 K for 50 hours (Fig. 2B). CH,4
conversion was kept stable at ~11.3%, C; (30.3%), benzene (21.2%), toluene

(6.6 %) and naphthalene (32.4%) selectivity remained constant, and the total
selectivity to these products (C2+) were kept at >91.0%. The slight spikes at reaction
times of ~12 hours and ~32 hours were caused by the temperature fluctuation, as
shown in Fig. 10. A reproducibility test showed that the datawere reproducible in
multiple tests with multiple catalytic wall reactors made following the same procedure
(Fig. 11). The combination of high CH4 conversion, high product selectivity and
excellent stability in the catalytic wall reactor is undeniably remarkable.

[00098] The dependence of CH,4 conversion, C+ selectivity and yields, and
coke yield on temperatures and gas flow rates were measured (Figs. 3A-3D). CHy
conversion increased proportionally with temperature and inversely with gas flow rate

(Fig. 3A). The C,+ selectivity (Fig. 3B) has opposite dependence, while C+ yield
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shows an increasing and then decreasing trend (Fig. 3C). Coke formation (Fig. 3D)
follows the same trend as CH4 conversion. A maximum (25.4%) C,+ yield was
achieved at 1323 K and 20 mL min-' gas flow rate, which corresponds to 33.9 % CH,
conversion and 25.2% coke selectivity. Both C; and aromatics are desirable
chemicals needed by the petrochemical industry. Although coke is not a popular
product, its formation did not deteriorate the DNMC reaction. Tuning the gas flow
rate and/or reaction temperature can tune the lighter C, or heavier aromatic selectivity,
for the targeted processes and reactor operation. On the basis of our reactor
configuration and coke formation rate, the time required to fill up the reactor by
coking is estimated to vary from 98 hours to infinite amount of time (Table 2), which is
potentially compatible with the industrial practice.

[00099] We carried out the energy balance analysis (Fig. 4), based on standard
heat of reaction from DNMC and coke combustion, respectively, to explore the
techno-feasibility of autothermal catalytic wall reactor. VWWhen CH,4 conversion is

< 20%, the coke yield is < 3%. The heat supply for enabling DNMC reaction is higher
than heat release from combustion of coke formed in DNMC. Oppositely, when CH,
conversion is > 40% and the coke yield is > 15%, the heat release from coke
combustion is higher than heat supply for DNMC. The energy balance between two
reactions can be achieved when DNMC is run at ~33.9% CH, conversion with
25.4% Cy+ yield. Arecentagreement framework analysis for DNMC by Maravelias
et al""l suggests that the economically feasible DNMC is achievable at >25% CH,
conversion, <20% coke formation and low catalyst cost. The DNMC in our catalytic
wall reactor sufficiently meetthese targets.

[000100] The process simulation using Aspen Plus tools was performed to
evaluate the practical implications of the catalytic wall reactor. Fig. 14A presents the
flowsheet for DNMC. A heat exchanger was incorporated to utilize heat released
from coke combustion to raise the feed stream to reaction temperature, mimicking
the autothermal process. Thereactor configuration and operation are demonstrated
conceptually in Fig. 14B. The Aspen Plus Utilities Object Manager and Economic
Solver provided estimates for externally-supplied heating and cooling duties and

costs (Tables 3 and 4). These calculations demonstrate a six-fold reduction in
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supplied energy costs from the autothermal process relative to a conventional
system. The DNMC reaction produces multiple industrially-valuable chemicals and
fuels — hydrogen, ethylene, benzene and naphthalene — whose production rates are
converted into retrievable prices (Tables 5 and 6). These results, in combination with
the low costs of CH, feedstock and reactor material, as well as simple reactor
manufacturing process, demonstrate that DNMC in a catalytic wall reactor is an
economically feasible and transformative technology for shifting the petrochemical
sectorto natural gas feedstock in industry.

[000101] In summary, a catalytic wall reactor made of a quartz tube and
Fe/SiO2(Q) catalyst was created for the first time for DNMC. The performance of the
catalytic wall reactor was studied under a range of temperatures in combination in
combination with different feed gas flow rates. The obtained performance results
form a basis for optimizing reaction conditions towards lighter C, or heavier aromatic
products from CH4 feedstock. The integration of catalyst onto a reactor wall
eliminates catalyst packing and discharging steps that occur in the fixed-bed reactor.
Coke was formed in the catalytic wall reactor, and its yield varied with the operating
conditions, but did not deteriorate the DNMC. The coke formation could enable an
autothermal operation of DNMC. The process simulation demonstrates a six-fold
reduction in supplied energy costs from the autothermal process with integrated
endothermic DNMC and exothermic coke combustion on opposite sides of reactor,
relative to a conventional system. The high carbon and thermal efficiencies, low
cost in reactor materials and simple reactor manufacturing process are concurrently
realized, indicating the great technoeconomic process viability of the DNMC

technology.

Materials and Methods

Synthesis of the Fe/SiO»(Q) catalyst

[000102] To synthesize Fe/SiO,(Q) catalyst, fayalite (Fe>SiO4) was first prepared
as the iron source using the method reported by DeAngelis etal.l"! The synthesis setup

comprised of a 1000 mL three-neck flask equipped with a magnetic stir bar, in which
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the right and left necks of the flask were sealed with rubber septa, while the middle
neck was connected to a condenser that was sealed at the top with a septum. The
flask was heated in an oil bath under constant stirring condition to keep the solvent
under reflux condition and to ensure even mixing in the synthesis process. Theright
septum was removed as needed to add reactants and solvents while aneedle was
inserted through the left septum to deliver argon gas for purging purpose. Thereactor
setup and the condenser were connected to a circulating cooling bath to condense the
evaporated solvents during the synthesis process.

[000103] In the synthesis of Fe;SiO4, 375 mL toluene (ACS Reagent 6 grade,
Fischer) and 175 mL methanol (ACS Reagent grade, Fisher) were first added to the
three-neck flask under magnetic stirring condition. The solution mixture was purged
with flowing argon gas (100 mL-min-") for 30 minutes at room temperature. Next, 8.7 g
of iron (II) chloride (FeCly, 99.5% metal basis, Alfa Aesar) and 9.3 g of sodium
ethoxide (NaOC,Hs, 96%), Acros) were added to the liquid mixture in the flask in
sequence. The mixture was then heated to refluxing condition. During the ramping
process, 7.9 g tetraethyl orthosilicate (TEOS, 98% purity, Sigma-Aldrich) was added to
the mixture. The mixture was kept under refluxing condition for another 30 minutes.
Lastly, 10 mL of 0.2 M NaOH (99%, Sigma-Aldrich) solution was added to the mixture
via a syringe pump (New Era Pump Systems NE-1000) at a flow rate of 0.5 mL-min-".
After the addition, the mixture was continued to stir under reflux condition for 12 hours.
After 12 hours, the heating plate was turned off and the mixture was cooled down to
room temperature. The flask was continuously purged by Argon gas throughout the
whole synthesis process.

[000104] The gel-like mixture in the flask was transferred to a rotary evaporator
(Heidolph Laborota 4000) to remove solvents. The powdered sample formed was
then calcined in a tube furnace (National Electric Furnace FA120 type) for 4 hours
under flowing nitrogen gas (100 mL min") at 1073 K with a ramp rate of 5 Kmin-".
After calcination, the Fe,SiO4 was washed and centrifuged with hot (~353 K)
deionized H>O to remove NaCl. The washing and centrifugation steps were

repeated five times. Finally, the Fe,SiO4 sample was rinsed with methanol and dried

with rotary evaporator. The mixture was then loaded into the center of a quartz tube
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(6.35 mm in outer diameter and 5.00 mm in inner diameter) and heated in a
hydrogen/oxygen (H2/O2) flame using a torch (3A blow pipe). The tube softened and the
packed particles stuck to each other. Once the quartz tube was cooled, the tube was
broken down and the packed particles were collected as the Fe/SiO2(Q) catalyst. The
Fe/SiO2(Q) catalyst was crushed and ground to fine powder for the catalysis tests and

deposition on the wall of quartz tube to form catalytic wall reactor.

Manufacturing of catalytic wall reactor

[000105] The catalytic wall reactor was manufactured by heating the center of a
457 mm in length and 6.35 mm in outer diameter quartz tube to its melting temperature
(~1973 K) with atorch (3A blow pipe) flowing hydrogen and oxygen. The softened part
of the quartz tube was then curved 180 degrees to form a “U” shape. To make the
catalytic wall reactor, the as-synthesized Fe/SiO2(Q) catalystin fine powder form was
packed into the U-shape quartz tube. Both the Fe/SiO2(Q) catalyst and quartz tube
were then heated to ~ 1973 K to fuse the Fe/SiO2(Q) catalyst to the wall of the quartz
tube. This step was repeated several times to make sure the Fe/SiO2(Q) catalyst was
uniformly dispersed and fully embedded into the wall of the quartz tube. The leftover
Fe/SiO2(Q) catalyst that was not fused into the reactor wall was taken out. Eventually,
the reactor with a flow channel and catalyst on inner wall was prepared for the

catalysis tests.

Characterization

[000106] The crystallinity of the catalysts was examined by powder X-ray
diffraction (XRD) patterns using a Bruker D8 Advance Lynx Powder Diffractometer
(LynxEye PSD detector, sealed tube, Cu Ka radiation with Ni B-filter). N, adsorption—
desorption isotherms of the samples were measured using an Autosorb-iQ analyzer
(Quantachrome Instruments) at 77 K. The specific surface areas of the samples were
determined using (Brunauer, Emmett and Teller) (BET) method. The Fe composition
of the catalyst was determined by inductively coupled plasma optical emission

spectroscopy (ICP-EOS, Optima 4300DV Instrument, Perkin-Elmer). The amount of
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coke deposited on the Fe/SiO, catalyst obtained from setting (ii) in Fig. 2A was
investigated on a thermo-gravimetric analyzer (TGA) (Shimadzu, TGA-50). In the
TGA analysis, the temperature was increased to 1273 K under flowing air (50 mL min-",
breathing grade, Airgas) at a ramp rate of 10 K min-'. The amount of coke formed on
the catalytic wall reactor was examined using temperature-programmed oxidation
(TPO). Typically, the coked catalytic wall reactor was placed inside a temperature-
controlled furnace. The temperature of the furnace was held constant by a Eurotherm
Controller (2408 series). The catalyst temperature was monitored by a K-type
thermocouple attaching to the outer wall of the catalytic wall reactor. The furnace was
ramped to 1123 K at a ramp rate of 10 K min" under flowing He (35 mL min~,

ultrapure, Airgas) and O, (5 mL min~', ultrapure, Airgas) atmosphere. The O>-TPD

profile was recorded using a mass spectrometer (ABB Extrel) during this step.

DNMC Reaction Tests

DNMC reaction in fixed-bed reactor

[000107] The DNMC reaction was performed in a non-active U-shape quartz
reactor under atmospheric pressure and at 973 K. Typically, 0.375 g of Fe/SiO2(Q)
was loaded into the quartz reactor in which the reactor was placed inside a
temperature-controlled furnace (National Electric Furnace FA120 type). The
temperature of the furnace was held constant by a Watlow Controller (96 series).
The catalyst temperature was monitored by a K-type thermocouple attaching to the
outer wall of the reactor. The catalyst was heated in N> atmosphere (20 mL min™',
ultrapure, Airgas) to the desired reaction temperature prior to the DNMC reaction.
CH4 (research grade, Airgas) and N, (ultrapure, Airgas) were then introduced to the
reactor at a total gas flow rate of 20 mL min' (10% N internal standard). The product
effluents were analyzed on-line using gas chromatograph (Agilent Technologies,
6890N) equipped with ShinCarbon ST packed column connected to a TCD and DB-
WAX column connected to a FID to determine methane conversion and product

selectivity.
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DNMC reaction in catalytic wall reactor

[000108] Same experimental setup as that of fixed-bed reactor was used to
perform DNMC reaction in catalytic wall reactor. After the catalytic wall reactor was
heated in N> atmosphere (20 mL min-!, ultrapure, Airgas) to the desired reaction
temperature, CH4 (research grade, Airgas) and N (ultrapure, Airgas) were then
introduced to the reactor. The reaction was run at atemperature range of 1223K -

1363 K and at a total gas flow rate range of 10 to 50 mL min-".

Characterization and DNMC performance results

Catalyst properties

[000109] The XRD pattern in Fig. 6A shows the crystalline phase of SiO; (a-quartz)
inthe Fe/SiOz(Q) sample. Neither Fe nor FeOx diffraction peaks were observed in the
XRD pattern, hinting that only very small amount of Fe was present in the catalyst.
Fig. 6B shows the N, adsorption/desorption isotherm of the Fe/SiOx(Q) sample. The

surface area of the catalyst was found to be 0.38 m2-g-'.

Catalytic wall reactor properties

Residence time analysis

[000110] A simple dimensional calculation was performed to estimate the diffusion
time of reactant to the catalytic wall reactor?l. The time for diffusion, tto the reactive
wallin laminar flow is approximated as

T WY T o S
RSSO 3wy
e

T e 2 ~ = 0.048 8

D SO iy

where x is the inner diameter (4.31 mm) of the catalytic wall reactor and D is the
methane diffusion coefficient estimated to be 10 mm? s™! at reaction temperatures.
Therefore, the diffusion time of the reactant to the catalytic wall is much shorter than

the experimental residence time.
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Blank (non-active) reactor performance

[000111] Control experiments were performed by running DNMC reactions in a
non-active quartz reactor at 1273 K at total gas flow rate range of 10-30 mL min-'. The
result showed that methane conversion was kept below 2% when there was no active

species deposited onto the wall of the reactor (Fig. 2A).

Long-term stability test

[000112] A positive spike in benzene/toluene selectivity and negative spike in
naphthalene selectivity at ~10 and 30 hours on stream were observed in the
reproducibility tests. Such behavior originated from the slight periodic temperature
fluctuation with time-on-stream (TOS) during the DNMC reaction. The periodic
fluctuation originated from the temperature program setting in the temperature
controller (Omega Engineering Inc., Catalog #: CN7823). There were 8 ramp/soak
segments in the temperature program. The maximum time duration of each soak
segment was 15 hours. Since the long-term stability tests were carried out for 50-
hour, three soak segments were needed in the entire tests. The temperature stability
was slightly disturbed during the moment of soak temperature segment transition.
The DNMC reaction was started ~3-4 hours after the first soak segment. Since the
transition from the first temperature soak segment to the second one happened at
~11-12 hours of the reaction, first spike was observed in Fig. 2B. The second spike
appeared at ~30 hours of the TOS in Fig. 2B, which corresponded to the transition

from the second soak segment to the third one in the temperature program.

Reproducibility study on the 50-hour long-term stability test

[000113] A reproducibility study on the 50-hour long-term stability test was
performed with another two catalytic wall reactors that were made following the same
procedure, and the results are shown in Figs. 9A-9C. The long-term stability data
shows that the DNMC performance was reproducible even with different catalytic wall
reactors in multiple tests. The temperature profile for these two sets of reaction data

was shown in Fig. 9C and Fig. 9D. The slight instability in the reaction temperatures
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shown in these two figures was minimized in these tests, so that slight spikes in the

reaction datain Fig. 2B were not clearly seen in Figs. 9A-9D.

Coke formation analysis in catalytic wall reactor

Methods to quantify total amount of coke formed in DNMC reaction

[000114] The amount of coke formed in the catalytic wall reactor was
determined by three methods: (i) weight-difference, (ii) TGA and (ii)) TPO. For the
weight difference method, before loading the reactor to the reactor system, the
weight of the clean catalytic wall reactor was measured. After the DNMC reaction at
each reaction condition was done, the weight of the catalytic wall reactor with now coke
deposited on it was measured again. The difference in weight of the catalytic wall
reactor was regarded as the amount of coke formed during the DNMC reaction. One
example of coke formation rate quantified using weight difference method is shown

below.

Method 1. Weight-difference method

Sample calculation of coke formation rate using weight-difference method:
Reaction condition: 1273 K, 20 mL min™, total reaction time = 4 hours
Mass of reactor before DNMC reaction: 19.68379g

Mass of reactor after DNMC reaction: 19.7002g

. 19.7062g8—19.6837
Average coke formation rate = e 2
240 minute+12 g/mole

=7.81 x10° mole min™
TGA

[000115] The TGA profile of the Fe/SiO»(Q) powder obtained from setting (ii) in
Fig. 2B is shownin Fig. 10. The weightloss in the temperature range of 835 K to 945
K'in Fig. 10 reveals the burning-off of the coke deposited on Fe/SiOx(Q) catalyst. A

total weight loss of 2.86 % was observed on the catalyst after 4 hours of DNMC

reaction, which is equivalent to 8.51 x10-® mole min-! of coke formation rate.
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TPO

[000116] TPO of the catalytic wall reactor was performed to check the feasibility
of weight-difference method to quantify coke. Fig. 11 shows the TPO profiles of
catalytic wall reactor after 4 hours of DNMC reaction while Table 1 presents the

amount of O, consumed and CO and CO; generated during the TPO process.

Table 1. Amount of O, consumed and products formed during TPO process.

Gases Concentration Consumption/Formation rate over TOS = 4 hours
(moles) (moles/min)
02 1.80 x 103 7.48 x10°
CO2 1.85 x 107 7.72x10°
CO 4,70 x 108 1.96 x 101°

[000117] From the TPO results, the coke formation rate in the catalytic wall
reactor over the course of 4 hours during DNMC reaction was ~ 7.60x10®° mole
min-! (average of O, consumption rate and CO, and CO formation rates). Since the
coke formation rate determined from TPO method is similar to the coke formation rate
determined from weight-difference method (7.81 x10° mole min-'), we employed the

weight-difference method in all our catalytic performance data analysis later on.

Time required for coke to completely fill up the catalytic wall reactor

[000118] We estimated the amount of time required for the coke to completely fill
up the reactive reactor at each reaction conditions, and the results are shown in
Table 2. The coke growth rate was assumed to be uniform throughout the wall of the

catalytic wall reactor. One example of time required calculation is shown below.

Sample calculation of time required to completely fill up the reactor:

Reaction temperature: 1303 K

Gas flow rate: 30 mL min’

Volume of catalytic wall reactor: 8.11 cm?3
Density of coke: 2.267 g cm-3

Mass of coke formed in 2.5 hours: 0.0318 g

Volume of coke formed in 2.5 hours: &85’3 =0.013 cm?®
2.267 g/cm

Therefore, the time taken to completely fill up the catalytic wall reactor is 1445 hours.
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Time required for coke to completely fill up the catalytic wall reactor

[000119] We estimated the amount of time required for the coke to completely fill
up the reactive reactor at each reaction conditions, and the results are shown in
Table 2. The coke growth rate was assumed to be uniform throughout the wall of the

catalytic wall reactor. One example of time required calculation is shown below.

Coke formation rate versus time-on-stream

[000120] The coke formation rate in the Fe/SiO2(Q)-based catalytic wall reactor
was also studied over the course of 50-hourours and the results are shown in Figs.
12A-12B. The coke formation rate increased significantly from TOS = 0 hourto TOS
= 0.25 hours. After 0.25 hours, the coke formation rate started to decrease until it

reached a plateau starting from TOS = 1.0 hour onward.

Heat of reaction analysis for autothermal catalytic wall reactor

Analysis of enerqy input for DNMC reaction and enerqgy release from coke

combustion

[000121] The energy balance analysis was performed to explore the techno

feasibility of autothermal catalytic wall reactor for DNMC. The analysis was simply
based on the standard heat of reaction (AH°) calculation from each product formation

reaction equation at each reaction temperature. Standard heat-capacity (AC°) was

assumed to be independent of temperature.

Sample calculation of heat required for DNMC and heat released by coke
combustion reactions:

[000122] Reaction temperature: 1323 K
Gas flow rate: 20 mL min-1

Methane in feed: 1 mole basis
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Methane Acetylene Ethylene Ethane Benzene Toluene Naphthalene Coke
Conversion Selectivity Selectivity Selectivity Selectivity | Selectivity Selectivity Selectivity
(%) (%) (%) (%) (%) (%) (%) (%)
33.9 3.8 12.7 0.77 16.9 1.05 39.7 25.1
[000123] Product formation reaction equation from DNMC:

CH4 > 1/2 C2H2 + 3/2 H2
CH4 > 1/2 C2H4 + H2
CH4 > 1/2 C2Hes + 1/2 H2

CH4 > 1/7C7Hs + 10/7 H2
CH4 = 1/7C10Hs + 8/5 H2

(1)
(2)
(3)
(4) CHa > 1/6CeHe + 3/2 H2
(5)
(6)
(7)

CHs> C +2H:2

[000124]

We assumed that the coke is mainly comprised of carbon, so the product

formation reaction equation from coke combustion in air is:

(1)C+ 02> CO2

Thermal properties of gases:

Gas Heat capacity Enthalpy of
(J mol! K-hya formation (kd mol)
(298 K, 1 atm)®
Hz 29.1 0
Oz 293 0
CHa4 35.7 -74.5
CoH2 44.2 226.9
CaH4 43.7 52.51
CoHs 52.7 -84.7
CsHs (9) 81.7 82.9
CzHs (9) 104.4 50.0
C1oHs (9) 133.9 150.6
CO: 372 -393.52
Coke 20.8 0

@ Source: National Standard of Institute and Technology (NIST) Chemistry WebBook.

[000125]

where n (mole) is the number of moles of product, AH§ (kJ mol') is the standard

enthalpy of formation, ACP (J mol' K') is the standard heat capacity, T (K) is the

The heat of reaction was calculated based on the following equation:

AH® = n[AH§ + ACJ(T — Tp)]

reaction temperature and T, (K) is the temperature at standard condition.
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[000126] For reaction (1) from DNMC,

AH$ = n[AH§ + ACJ(T — Ty)]
33.9 3.8

= (—) x (—) {E %2269 +0— (—74.5)] «1000 + E* 442 +3+29.1 - 35.7(1323 - 298)]}/1000

100/ \100
= 3.82 k] mol™?!

[000127] Same calculation steps were applied to the rest of the reaction equations
for DNMC as well as the reaction equation for coke combustion.
[000128] The results for DNMC reaction and the corresponding coke combustion

is summarized in Table 2 below.

Table 2. Summary of DNMC reaction and the corresponding coke combustion at

different reaction conditions.

Reaction Condition CH, Cos Coke Heatsupplied  Heatreleased  Time required
Temperature Total gas flow conversion yield yield for DNMC (kJ from coke to fill reactor
(K) rate (mL min’") (%) (%) (%) mol") combustion up by coke
(kJ mol") (Hours)
10 1.7 1.7 0 2.7 0 0
1223 15 0.8 0.8 0 1.3 0 =
20 0.7 0.7 0 0.8 0 o
30 0.5 0.5 0 0.7 0 o
10 9.5 8.3 1.2 10.3 -4.7 6050
1253 15 7.4 6.8 0.6 8.2 -2.3 8187
20 4.2 3.9 0.3 5.3 -1.2 11393
30 0.9 0.9 0 1.7 0 0
10 20.4 16.4 4.0 221 -16.4 1580
1273 20 11.2 10.1 1.1 12.6 -4.3 3402
30 2.5 2.3 0.1 3.4 -0.6 15885
40 1.3 1.3 0 2.4 0 0
20 26.2 22.0 4.3 28.0 -17.3 743
1303 30 16.6 15.0 1.6 18.2 -6.6 1445
40 13.0 11.9 1.0 14.5 -4.3 1782
50 5.4 5.2 0.2 6.8 -0.8 6967
20 33.9 25.4 8.5 34.4 -34.8 362
1323 30 25.1 20.4 4.8 25.7 -19.1 488
40 20.8 17.9 3.0 22.4 -13.8 517
50 18.7 17.3 1.5 19.2 -5.5 984
20 40.2 22.6 17.7 443 -71.9 190
1343 30 30.1 18.3 12.0 32.5 -48.8 223
40 24.8 16.2 8.8 26.6 -35.6 263
50 21.4 15.0 6.4 22.8 -26.1 355
20 49.0 19.3 30.0 55.6 -121.9 98
1363 30 40.0 18.9 21.2 44 .4 -86.5 113
40 33.2 16.6 16.7 36.9 -68.0 147
50 29.1 15.8 14.2 37.3 -57.9 198
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Model simulations for DNMC process with autothermal catalytic wall reactor

[000129] The process flowsheet of DNMC in catalytic wall reactor coupling both
endothermic DNMC and exothermic coke combustion, and product separations is
shown in Fig. 13A. The schematic of the catalytic wall reactor in the process is
demonstrated in Fig. 13B. The catalytic wall reactor has catalyst coating layers on
both sides of reactor wall, enclosed in a larger diameter housing tube. The inner wall
can be firstly used for the DNMC reaction. After an optimal reaction period and coke
formation quantity, the DNMC reaction is switched to the opposite side while the inner
tube is supplied with air for coke combustion and catalyst regeneration. From now on,
the two reactions, endothermic DNMC and exothermic coke combustion, are
swapped periodically and thus, achieving autothermal operation of DNMC. The
reactor coupling both endothermic DNMC and exothermic coke combustion on
opposite sides of reactor wall was considered in the process simulation, as detailed
below.

[000130] A theoretical scale-up design was simulated in Aspen Plus (V10) to
assess the feasibility of the DNMC reaction at an industrial scale. A yield-specific
reactor was used to input conversion data based on the experimental reaction results
from 1323 K and 20 mL min-" using an initial feed of 1000 kmol/hr. To model the coke
combustion process demonstrated in the concentric cylindrical autothermal reactor,
an additional separator and reactor following the product stream from the reaction
are proposed. The coke-free stream s cooled to 973 K and a hydrogen-permeable
membrane is used to separate hydrogen from the product stream without energy-
intensive separation units. The resulting hydrocarbon stream is then separated into
light (C1 & C>) and heavy (aromatics) hydrocarbons, then the distillate is compressed
and enters a demethanizer to separate and recycle methane. Fig. 14A presents this
system without using heat integration to obtain the overall energy requirements for
the process. Six total heat exchangers using external utilities are required; three use
various pressure and temperature steam for heating, two require cooling water, and

one requires cryogenic liquid to reduce the temperature significantly for methane/C,

separation. Table 3 shows the heating and cooling duty for each exchanger while
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Table 4 shows the hourly duties and costs for system operation without heat

integration.

Table 3. Heating and cooling duties for heat exchangers with and without using

heat integration and their hourly costs, respectively.

Unit Heating/Cooling duty (x 108 Utility Utility Cost
kJ/hr) ($/hr)
COOL1 -172.5 Cooling Water 36.44
CcoO0oL2 -35.08 Cooling Water 7.43
Without heat integration COoOoL3 -6.481 Liguid Propane 17.75
HEAT1 10.35 High Pressure 389.59
Steam
HEAT2 2.145 High Pressure 80.89
Steam
HEAT3 10.20 Low Pressure Steam 19.28
With heat integration COOL1 -66.527 Cooling Water 14.12
(700°C CcOooL2 -19.386 Liquid Propane 53.10
perovskite H2 separation)
COOL3 -65.051 Cooling Water 13.81
COOL1 -305.316 Cooling Water 64.82
With heat integration (polymer H2 CcOooL2 -2.2439 Liquid Propane 6.15

separation membrane)

5
Table 4. Hourly duties and costs for system operation with and without heat integration.
Without heat With heat integration (700°C With heat integration
integration perovskite H, (polymer H separation
separation) membrane)
Total heating duty (x 10° kJ/hr) 198 0 0
Total cooling duty (x 10° kJ/hr) 214 152 308
Net duty (x 10° kJ/hr) -15.5 -152 -308
Total heating cost flow ($/hr) 489.76 0 0
Total cooling cost flow ($/hr) 61.62 82.70 72.57
Total cost ($/hr) 551.38 82.70 72.57
Table 5. Current costing and hourly production rates for feed and product species in the
DNMC reaction.
Methane Price ($/cu ft) .00288 Methane Cost ($/hr) -2632
Hydrogen Price ($/kg) 1.39 Hydrogen Cost ($/hr) 3658
Ethylene Price ($/kg) 1.16 Ethylene Cost ($/hr) 1707
Benzene Price ($/kg) 0.73 Benzene Cost ($/hr) 1326
Naphthalene Price ($/kg) 0.52 Naphthalene Cost ($/hr) 4205
10
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Table 6. Annual plant operational utility and raw material costs and sales credit for heat-

integrated process Aspen model.

Operation Cost [USD/yr] Sales Credit [USD/yr]

Utility/Material | ’;;;;‘Lsr’;ﬁz - Polymer Membrane Product . Both Variations

Liquid propane 480,459 68,710 Hydrogen 32,044,080
””””””” Coolngwater . oa4543 . se7306  Ethylene . 14953320
7 Methane (eed) . 23.086.320 | 23086320  Benzene . 11615760
“““““““““ Electricty | 17571200 . 17233523 Naphthalene | 36,835,800
““““““““““ Catalyst 438000 . 438000
“““““““““ Totalcost | 41790102 41,363,949 TotalCredit 62448960

[000131] In Fig. 14B, a heat exchanger network is incorporated to introduce heat
integration into the system as an energy - and cost- saving technique and to model the
autothermal nature of the reaction process. The feedstream needs toreach the
reaction temperature of 1323 K, and the product stream following the combustion
reaction provides adequate heat release from the exothermic reaction to maintain this
feed stream temperature following the initial heating process. This energy-saving step
eliminates the requirement for any external heating in the entire process. Furthermore,
heating methane following the demethanizer with the heat released from the
pre-treatment of the demethanizer feed stream is another optimization performed in
the second simulation. As previously done for the simulation shown in Fig. 14A, the
heating and cooling duties for the remaining heat exchangers and for the overall
system were determined in the case of incorporating heat integration. The results from
these calculations are tabulated in Table 3 and Table 4.

[000132] Comparing the results obtained from each simulation, the use of heat
integration has a significantimpact on the total cost of heating and cooling duties
within the system. Due to the lack of further heating requirements in the system, we
are able to sell all hydrogen gas produced in the process for a profit and avoid
burning the hydrogen for an additional heat source. Finally, the potential profitability of
this reaction is assessed, with some results in Table 5. Four products - ethylene,
benzene, naphthalene and hydrogen- are valuable and can be sold for a substantial
profit due to the low cost of obtaining natural gas. Additional electricity costs are also

incorporated for powering some of the equipment operating under highly energy-
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intensive conditions. Table 6 provides an overall cost analysis of the annual plant
operation expenses for utility and raw material use and the annual creditreceived from
selling valuable reaction products. However, this analysis does not account for the
costs of equipment, plant operators, separation of the desirable products, or storage.
As such, the hourly cost of plant operation would be significantly higher than that
determined by utility of heat exchanger costs alone.

[000133] The price of methane was obtained from the Bloomberg energy database
online as was reported on July 26, 2018 I3 Ethylene prices were determined using
2018 projections from ICIS pricing models based on historical data through 2012 . A
linear correlation between crude oil and ethylene prices was observed and was used
to determine the current price of ethylene based on the reported oil price of 69.65
USD/bbl in the morning on Monday, June 23, 2018 Bl. Benzene prices were
determined using data from the ICIS analysis of CIF ARA prices in Europe in 2016 Bl.
Naphthalene prices were obtained using bulk costs for crude naphthalene on the
Alibaba world trade website [l. The market value for hydrogen was determined using a
correlation between the cost of natural gas and hydrogen prices using historical data
and projections assembled by the US Department of Energy in 2012. The hydrogen
cost presented here correlates to the natural gas cost of 3 USD/MMBtu, which is

representative of current market conditions 1.
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Table 7. Equipment list for Aspen Plus simulation without heat integration.

Name Type Description

CcO0oL2 cooler step 1in C; & Czproduct cooling (cocling water)

HEAT1 heater heats methane feed to 1050°C (electricity )

REACTOR yield reactor DNMC reaction occurs

AIRCMIX mixer combines air with coke

COMP2 turbine reduces unreacted methane pressure

HEAT2 heater heats air/coke to reaction temperature (high-pressure steam)

COKESEP separator separates gas products from coke

B1 demethanizer used to thermally separate methane and C ;

AROMSEP separator separates aromatics from C; and methane

COOL3 cooler uses cryogenic liquid to cool methane and C; (liquid propane)

COOL1 cooler reduces gas product temperature (cooling water)

MEMBRANE membrane semi-permeable membrane used to separate hydrogen
separator

HEAT3 heater returns cryogenically cooled methane to room temperature (low-pressure steam)

CREACT reactor coke combustion reactor

COMP compressor increases methane and C, products before demethanizer

PRGSPLIT splitter splits unreacted methane into recycle and purge streams

FEEDMIX mixer mixes methane feed and recycle before reaction
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Table 8. Stream compositions for Aspen Plus simulation without heat integration.

CH4FEED | FEED 3 P1 P2H P2C H2 P3
Temperature °C

25 24.99993 1050 1050 1133.178 | 100 100 100
Pressure bar 1.01 1 1 1.01 1.01 1.01 1.01 1.01
Molar Vapor Fraction 1 1 1 1 1 1 1 1
Molar Liquid Fraction 0 0 0 0 0 0 0 0
Mole Flow kmol/r 1 1600 2434.722 2434722 | 3251223 | 3044.134 | 3044.134 | 1305.308 1738.826
Mass Flow kg/hr

1604276 | 39059.67 3005967 | 39050.67 | 3657227 | 3657227 | 2631.344 33040.93
Methane kg/hr 1604276 | 39059.67 3005067 | 25832.67 | 2583267 | 2583267 | 0 25832 .67
Hydrogen kg/hr 0 0 0 2631.337 | 2631344 | 2631344 | 2631.344 0
Ethane kg/hr

0 0 0 955026 | 9550226 | 9550226 | o 95.59226
Ethylene kg/hr 0 0 0 1471.016 | 1471.014 | 1471014 | o 1471.014
Acetylene kg/hr 0 0 0 4085548 | 4085541 | 4085541 | o 408.5541
Benzene kg/hr 0 0 0 1816.885 | 1816.882 | 1816.882 | o 1816.882
Toluene kg/hr 0 0 0 114.1366 | 114.1397 | 1141397 | o 114.1397
Naphthalene kg/hr

0 0 0 4202.088 | 4202.077 | 4202077 | o 4202.077
Carbon kg/hr 0 0 0 2487.389 | 0 0 0 0
Nitrogen kg/hr o o o o o o o o
Carbon kg/hr
Dioxide 0 0 0 0 0 0 0 0
Oxygen kg/hr 0 0 0 0 0 0 0 0
Water kg/hr o o o o o o o o

AROM PaH ¥ 2 Pac C2PROD | CH4H 3
Temperature °C

100 100 4513005 | 14 -91 -91 -91 -161.644
Pressure bar 1.01 1.01 21 21 21 21 21 1
Molar Vapor Fraction 0 1 1 1 0968928 | o 1 0.992597
Molar Liquid Fraction 1 0 0 0 0031072 | 1 0 0.007403
Mole Flow kmollhr | o 58251 | 1681.544 1681.544 | 1681.544 | 1681.544 | 87.40771 | 1594.136 1594.136
Mass Flow kg/hr
Methane kg/hr

6133.009 | 27807.83 27807.83 | 27807.83 | 27807.83 | 2233.487 | 2557434 25574.34
Hydrogen kg/hr 0 25832.67 2583267 | 25832.67 | 2583267 | 258.3267 | 2557434 25574.34
Ethane kg/hr o o o o o o o o
Ethylene kg/hr

0 95.59226 95.50226 | 9550226 | 9550226 | 9550226 | o 0
Acetylene kg/hr 0 1471.014 1471.014 | 1471.014 | 1471014 | 1471014 | 0 0
Benzene kg/hr 0 408.5541 4085541 | 4085541 | 4085541 | 4085541 | o 0
Toluene kg/hr 1816.882 | 0 0 0 0 0 0 0
Naphthalene | kg/hr 1141397 | o 0 0 0 0 0 0
Carbon kg/hr

4202077 | 0 0 0 0 0 0 0
Nitrogen kg/hr 0 0 0 0 0 0 0 0
Carbon kg/hr
Doide 0 0 0 0 0 0 0 0
Oxygen kg/hr

v9 ¢ 0 0 0 0 0 0 0 0

Water kg/hr o o o o o o o o
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CH4C CH4PURGE | CH4REC | COKE AIRFEED | s1 AIR+COKE | CO2+AIR
Temperature | °C 25 25 25 1133.178 | 25 166.7769 | 1050 1050
Pressure bar

1 1 1 1.01 1.01 1.01 1.01 1.01
Molar Vapor Fraction 1 1 1 1 o 1 0.828357 1
Molar Liquid Fraction o o o o 1 o 0171643 o
Mole Flow kmol/hr

1594.136 | 159.4136 1434.722 | 207.0026 | 1000 1207.003 | 1207.248 999.9997
Mass Flow kg/hr 25574.34 | 2557.434 23016.91 | 2487.380 | 288504 | 31337.79 | 31337.79 31312.9
Methane kg/hr 2557434 | 2557.434 23016.91 | 0 0 0 0 0
Hydrogen kg/hr o o o o o o o o
Ethane kg/hr o o o o o o o o
Ethylene kg/hr

0 0 0 0 0 0 0 0
Acetylene kg/hr o o o o o o o o
Benzene kg/hr o o o o o o o o
Toluene kg/hr

0 0 0 0 0 0 0 0
Naphthalene kg/hr o o o o o o o o
Carbon kg/hr 0 0 0 2487.389 | © 2487.389 | 2487.389 2.47E-06
Nitrogen kg/hr 0 0 0 0 2213065 | 2213065 | 2213065 22130.64
Carbon kg/hr
Do 0 0 0 0 0 0 0 9022.961
Oxygen kg/hr

0 0 0 0 6719.748 | 6719.748 | 6719748 159.3008
Water kg/hr o o o o o o o o
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Table 9. Equipment list for Aspen Plus simulations using heat integration.
Name Type Description
HEX1 heat exchanger heat exchange between methane feed (cold) & combustion product stream (hot) —
represents autothermal process
HEX2 heat exchanger heat exchange between unreacted methane (cold) & C |+ C; products (hot)
REACTOR yield reactor DNMC reaction occurs
AIRCMIX mixer combines air with coke
COMP3? compressor increases product pressure for hydrogen separation
COMP2 turbine reduces unreacted methane pressure
COKESEP separator separates gas products from coke + air (theoretical step)
C2SEP demethanizer used to thermally separate methane and C ;
AROMSEP separator separates aromatics from C2 and methane
CcO0oL2 cooler uses cryogenic liquid to cool methane and C 2 (liquid propane)
COOL1 cooler reduces gas product temperature (cocling water)
COOL3b cooler reduces gas product temperature (cocling water)

MEMBRANE/ POLY
SEP

membrane separator

semi-permeable membrane used to separate hydrogen

CREACT reactor coke combustion reactor

COMP compressor increases methane and C2 product pressures
PRGSPLIT splitter splits unreacted methane into recycle and purge streams
FEEDMIX mixer mixes methane feed and recycle before reaction
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Table 10. Stream compositions for Aspen Plus simulation with heat integration using
perovskite membrane for Hz separation

(feed 1.01 bar, Hz product 0.5 bar, temperature 700°C).

CHA4FEED | FEEDC | FEEDH | AIRFEED ALLMATL | AIR*COKE | CO2+AIR CO2AIRC
Temperature| °C 25 24.9999 | 1050 1050 1050 1050 4747.86 988.793
Pressure bar 1.01325 1.01 1.01 1.01325 1.01 1.01 1.01 1.01
Molar Vapor Fraction 1 1 1 1 951 .829 1 1
Molar Liquid Fraction 0 0 0 0 0 0 0 0
Molar Solid Fraction o o o o 0.0488 0.172 o o
Mole Flow kmol/hr

1000 2432.207 | 2438.166 | 1000 4245.52 1206.73 1000 1000
Mass Flow kg/hr

16042.76 | 39019.32 | 39019.32 | 28850.4 67910.07 31333.4 31106.9 31106.9
Methane kg/hr 1604276 | 39019.32 | 2001932 | 0 25787.4 0 0 0
Hydrogen kg/hr

yerog ¢ 0 0 0 0 2626.72 0 0 0

Ethane kg/hr

0 0 0 0 95.425 0 0 0
Ethylene kg/hr

0 0 0 0 1468.44 0 0 0
Acetylene kg/hr

0 0 0 0 407.839 0 0 0
Benzene kg/hr 0 0 0 0 18137 0 0 0
Toluene kg/hr

0 0 0 0 113.937 0 0 0
Naphthalene| kg/hr

0 0 0 0 4194.72 0 0 0
Carbon kg/hr

0 0 0 0 2483.03 2483.03 0 0
Nitrogen kg/hr

0 0 0 22130.6 22130.6 22130.6 22130.6 22130.6
Carbon kg/hr
Dioxide 0 0 0 0 0 0.0 8268.08 8268.08
Oxygen kg/hr

0 6719.75 6719.75 6719.75 708.161 708.161
Water kg/hr o o o o o o o o

P2H P2C H2 P3 AROM P4H 12 13
Temperature| “C 1050 100 100 100 100 100 -68.0288 204.709
Pressure bar

1.01 1.01 0.5 1.01 1.01 1.01 1.01 21
Molar Vapor Fraction

1 1 1 1 1 0 1 1
Molar Liquid Fraction o o o o o 1 o o
Molar Solid Fraction

0 0 0 0 0 0 0 0
Mole Flow [ kmolfhr 303879 | 303879 | 130302 | 173578 57.1822 1678.6 1678.6 1678.6
Mass Flow kg/hr

36508.2 36508.2 | 2626.72 | 33881.4 6122.36 27759.1 27759.1 27759.1
Methane kg/hr

25787.4 25787.4 | 0.0 25787.4 0 25787.4 25787.4 25787.4
Hydrogen kg/hr

2626.72 2626.72 | 262672 | 0.0 0 0 0 0
Ethane kg/hr

95.425 95.425 0 95.425 0 95.425 95.425 95.425
Ethylene kg/hr

1468.44 1468.44 | O 1468.44 0 1468.44 1468.44 1468.44
Acetylene kg/hr

407.839 407839 | 0 407.839 0 407.839 407.839 407.839
Benzene [ kg/hr 18137 18137 | o 1813.7 18137 0 0 0
Toluene kg/hr 113037 | 1139037 | 0 113.937 113.937 0 0 0
Naphthalenef kg/hr 410472 | 410472 | 0 419472 4194.72 0 0 0
Carbon kg/hr

0 0 0 0 0 0 0 0
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Nitrogen kg/hr
0 0 0 0 0 0 0 0
Carbon kg/hr
Dioxide 0
0 0 0 0 0 0 0
Oxygen kg/hr 0 0 0 0 0 0 0 0
Water kg/hr
0 0 0 0 0 0 0 0
P4C c2PrROD | 14 I5 CH4TOT | CH4REC CH4PURGE
Temperature| “C -91 -91 -91 -161.644 25 25 25
Pressure | bar 21 21 21 1.01 1.01 1.01 1.01
Molar Vapor Fraction 0.9689 o o 1 0.9926 1 1
Molar Liquid Fraction
0.03107 1 1 0 0.007407 | 0 0
Molar Solid Fraction 223E-17 | O 0 441E-17 | © 0 0
Mole Flow | kmol/hr 1678.6 87255 | 159134 | 159134 1591.34 1432.21 159.134
Mass Flow kg/hr
27759.1 222057 | 255205 | 255205 25529.5 22976 6 2552.95
Methane kg/hr 25787.4 | 257.874 | 255205 | 255295 25529.5 22976 6 2552.95
Hydrogen kg/hr o o o o o o o
Ethane kg/hr 95.425 95425 | o 0 0 0 0
Ethylene kg/hr 1468.44 1468.44 | 0 0 0 0 0
Acetylene kg/hr
407839 | 407839 | 0 0 0 0 0
Benzene kg/hr o o o o o o o
Toluene kg/hr o o o o o o o
Naphthalene| kg/hr
0 0 0 0 0 0 0
Carbon kg/hr o o o o o o o
Nitrogen kg/hr o o o o o o o
Carbon kg/hr
Dioxide 0 0 0 0 0 0 0
Oxygen kg/hr 0
Water kg/hr o o o o o o o
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EXAMPLE 2

IMPROVING HYDROCARBON YIELD AND AUTOTHERMALITY WITH OXIDATIVE
CO-FEED IN DIRECT NON-OXIDATIVE METHANE CONVERSION ON
IRON/QUARTZ CATALYST

[000136] Direct non-oxidative methane conversion (DNMC) into larger
hydrocarbons over an iron/silica (Fe/SiO2) catalyst is a promising solution for developing
liquid fuels and chemicals from methane feedstock. This reaction has typically been
studied using pure methane on cristobalite-supported Fe-species that was made via the
quartz-cristobalite transformation at 1973 K. The endothermicity nature of DNMC
requires high temperatures to obtain attractive methane conversion, but high
temperatures require high energy input to initiate and maintain the DNMC reaction.
Here, we report an oxidative co-feed addition method to concurrently supply energy for
DNMC and improve methane conversion as well as hydrocarbon product yield over a
quartz-supported Fe-species (Fe/SiO2(Q), “Q” denotes for quartz) catalyst. The catalyst
was prepared via a flame-fusion method that maintains quartz crystalline phase of the
support. Oxidative co-feeds including oxygen (Oz), carbon dioxide (CO2) and carbon
monoxide (CO) were introduced in DNMC. The O2 co-feed demonstrates the positive
impact on methane conversion, lighter hydrocarbon selectivity and hydrocarbon yield;
while CO2 and CO are unable to provide advantages regarding either methane
conversion or hydrocarbon product selectivity. In a non-limiting embodiment, an energy
balance between energy required by DNMC and energy released from oxidation
reactions was reached at around 15 vol% O2 co-feed to maintain autothermality of the
DNMC reaction.

Introduction

[000137] Methane (CHa4) is the primary component in natural gas whose abundance
in the world has gained intensive attention as a potential source, alternative to
petroleum, for hydrocarbon fuel and chemical production. Methane is also the second
most abundant anthropogenic greenhouse gas after carbon dioxide (COz2) in the earth’s
atmosphere, roughly 30 times more potent as a heat-trapping gas than CO2. Therefore,

methane conversion into liquid fuels has been a focus of current research efforts, which
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aims to reduce the world’s reliance on dwindling fossil fuel reserves, while also to
decrease the concentration of this potent greenhouse gas in the earth’s atmosphere.
[000138] The leading technology used in industry to achieve conversion of methane
to liquids consists of oxidative reforming of methane to syngas (CO and H2) followed by
Fischer-Trepsch synthesis of higher hydrocarbons.! This process involves multiple
steps, is energy-intensive and emits CO2 greenhouse gas. This leads to high capital
cost, low overall energy efficiency, and low carbon efficiency. The direct conversion of
methane to ethylene (C2Ha) through the oxidative coupling of methane is being studied
at the lab-scale, but suffers from a low C2Ha yield and substantial waste as a large
fraction of CHa is fully or partially oxidized to CO2 and carbon monoxide (CQO). The
direct non-oxidative methane conversion (DNMC) reaction is promising since it converts
CHa4 in one-step to olefins and aromatics (such as ethylene and benzene) and hydrogen
(Hz2) co-product. The DNMC pathway is significantly simple, requires a lower
investment, and all the products are highly valuable for the fuel, chemical, and polymer
industries. However, this reaction, using molybdenum loaded zeolite such as
Mo/ZSM-5 as a catalyst in the past, suffers from low methane conversion and rapid
catalyst deactivation, due to the high endothermicity of the reaction and coke deposition
on the catalyst, and the low hydrocarbon product yield?3.

[000139] Investigation into improved catalyst for DNMC has resulted in the
development of a silica material containing embedded single iron sites (Fe/SiO2). This
catalyst demonstrated superior DNMC performance, with very high methane
conversions and high selectivity for ethylene and aromatics. A mixed heterogeneous -
homogeneous reaction network was hypothesized for the DNMC on Fe/SiOz2 catalyst, in
which the silica lattice confined Fe species initiate CH4 dehydrogenation to generate
methyl (-CHs) and hydrogen (-H) radicals and the radicals enable a series of gas-phase
reactions to form dehydrogenated and cyclized larger hydrocarbon products. The
Fe/SiO:z catalyst prepared from fayalite and quartz by a melt-fusing at 1973 K showed a
higher resistance to structural sintering and coke deposition than other Fe-containing
catalyst analogues. The involvement of -H radicals in the reaction network was verified
by the thermal decomposition of hydrogen-donor molecules, such as 1,2,3,4-

tetrahydronaphthalene and benzene, in the DNMC which improved methane conversion
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to olefins and aromatics. It should be noted that the catalyst support in the Fe/SiO2
catalyst in previous studies was cristobalite due to the silica phase transformation from
quartz-to-cristobalite upon melting at 1973 K in a heating furnace. The reaction,
however, is still challenged by a high reaction temperature (i.e., exceeding 1200 K) and
high heat supply for CH4 activation due to the highly endothermic nature of the DNMC.
[000140] The past research in our group aims o achieve the technoeconomic
feasibility of DNMC by concurrently surpassing the challenges of low methane
conversion, low larger hydrocarbon product selectivity, low catalyst durability, and high
energy input via advanced reactor designs and reaction operations. The hydrogen (Hz)
permeable mixed ionic-electronic membrane reactor that holds the promise of
circumventing limitations of thermodynamic equilibrium by removal of Hz by-product in-
situ and resulting in increased product yields and Hz product separation was designed
for DNMC over the Fe/SiOq catalyst. The methane conversion, product selectivity
towards Cz or aromatics were manipulated purposely by adding or removing Hz from the
membrane reactor feed and permeate gas streams. A simple energy balance
calculation shows that the membrane reactor can self-sustamn its heat requirement {i.e.
autothermality) by combusting ~36% of the Hz permeate. The usage of other type of
sweep gases such as CO2 in the Hz permeate side can lead {o the reverse water gas
shift reaction. The single hydrogen-permeable membrane reactor integrated dual
reactions in one device, realizing the potentials to produce value-added hydrocarbons
from CH¢ and COz2 greenhouse gases. In addition, we created the catalytic wall reactor
comprised of the Fe/Si0O2{Q) catalyst coating layer on a quariz reactor wall for the
DNMC reaction. The catalytic wall reactor enabled stable methane conversion, Ca+
selectivity, coke yield, and long-term durability. These effects originate from initiation of
the DNMC on a reactor wall and maintenance of the reaction by gas-phase chemistry
within the reactor compartment. The energy balance analysis based on standard heat of
reaction from both DNMC and coke combustion indicated the techno feasibility of the
autothermal operation of the catalytic wall reactor for DNMC reaction.

[000141] In this Example, we report another strategy to initiate DNMC on
Fe/Si02(Q) catalyst with high methane conversion, larger hydrocarbon selectivity, low

coke formation and concurrently realizing reaction autothermality of this highly
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endothermic reaction. The Fe-species in the Fe/Si02(Q) catalyst maintains similar
coordination structure to that of activated in the DNMC. Therefore, catalyst deactivation
is not required in the beginning of DNMC, different from the Fe/SiO2 catalyst. This was
achieved by adding oxidative co-feed in DNMC on a quartz-supported Fe-species
(Fe/Si02Q)) catalyst. The flame-fusing method was employed to prepare the
Fe/Si02(Q) catalyst which maintained the quartz crystalline phase of catalyst support.
Oxidative co-feeds including oxygen (O2), carbon dioxide (COz) and carbon monoxide
(CO) were introduced in DNMC. The Oz co-feed demonstrates the positive impact on
methane conversion, lighter hydrocarbon selectivity and hydrocarbon yield; while CO:2
and CO are unable to provide advantages regarding either methane conversion or
hydrocarbon product selectivity. An energy balance between energy required by DNMC
and energy released from oxidation reactions might be reached at ~15 vol% Oz co-feed
to maintain autothermality of the DNMC reaction. The present Example also provides a
guidance towards DNMC reaction using natural gas feedstock that often contain
oxidative compounds since the use of natural gas over purified methane is energetically

and economically desirable.

Experimental
Synthesis of Fe/SiO»(Q) catalyst

[000142] Prior to synthesizing the Fe/SiO2(Q) catalyst, fayalite (Fe2SiO4) was
prepared using the method reported by DeAngelis et al* to serve as the Fe source.
Details on the preparation of Fe2SiO4 were also reported in our previous work. The
as-prepared Fe2SiO4 and quartz (SiO2) particles were mixed together and ball milled for
12 hours. The mixture was then loaded into the center of a quartz tube (6.35 mm in
outer diameter and 5.00 mm in inner diameter) and heated in a hydrogen/oxygen
(H2/02) flame using a torch (3A blow pipe). The tube softened and the packed particles
stuck to each other. Once the quartz tube was cooled, the tube was broken down and

the packed particles were collected as the Fe/SiO2(Q) catalyst.
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DNMC reaction on Fe/SiO2(Q) catalysts

[000143] The DNMC reaction was carried out using a tubular U-shaped packed-bed
quartz reactor (10 mm inner diameter). Experiments were performed at 101 kPa gas
pressure, and temperature was held constant using a Watlow Controller (96 series) to
control the resistively-heated furnace (National Electric Furnace type FA120). The
catalyst temperature was measured using a K-type thermocouple whose tip was placed
at the bottom of the catalyst bed on the external surface of the quartz reactor.
Fe/SiO2(Q) catalyst (0.375 g) was heated from room temperature to 1273 K under
flowing helium (50 mL min', UHP grade, Airgas) controlled by a Brooks (SLA15808S,
200 sccm) mass flow controller at a ramping rate of 10 K min™'. After reaching the
reaction temperature, argon (internal standard) at 4 mL min-', methane at 16 mL min-',
both managed using an AALBORG (GFC17, 200 sccm) mass flow controller, and the
highest concentration of co-feed (O2, CO2, or CO) at 2 mL min- (10 v/v%) using an
MKS MFC was introduced into the catalyst bed. After 6 hours of reaction, the co-feed
concentration was reduced to 1.4 mL min-' (7 v/iv%) and held for 6 hours. This process
was repeated for each co-feed concentration, 1 mL min-! (5 v/iv%) and 0.4 mL min (2
viv%) and concluded with a 0 v/v% co-feed control experiment. Effluents from the
reactor were analyzed using a gas chromatograph (Agilent 7890A) containing a methyl-
siloxane capillary column (HP-1, 50.0 m x 320 um x 0.52 um) connected to a flame-
ionization detector (FID) and a packed column (ShinCarbon ST Columns, 80/100 mesh,

6 feet) linked to a thermal conductivity detector (TCD).
Catalyst characterization

[000144] Powder X-ray diffraction (XRD) using a Bruker D8 Advance Lynx Powder
Diffractometer (LynxEye PSD detector, sealed tube, Cu Ka radiation with Ni B-filter) was
used to measure the crystalline phase of the fresh and spent Fe/SiO2(Q) catalysts. The
nitrogen (N2) adsorption-desorption isotherm was measured using an Autosorb-iQ
analyzer (Quantachrome Instruments) at 77 K. The specific surface area of the catalyst
was determined using the Brunauer, Emmett and Teller (BET) method. The Fe
composition of the catalyst was determined by inductively coupled plasma optical

emission spectroscopy (ICP-EQS, Optima 4300DV Instrument, Perkin-Elmer). Raman
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spectroscopy was conducted on the spent catalysts using a LabRAM HR Evolution
instrument ARAMIS, CCD detector) under ambient conditions with a 633 nm HeNe laser
source for excitation. X-ray photoelectron spectroscopy was performed to measure the
bonding environment of elements in the catalysts. X-ray absorption spectroscopy (XAS)
measurement was conducted to determine the coordination structure of Fe species in
the catalyst under ambient conditions. Fe K edge XAS measurement of the Fe/SiO2(Q)
sample was conducted at beamline 5-BMD at the Advanced Photon Source in Argonne
National Laboratory. The XAS data were recorded under fluorescence mode. Fe foil,
FeO, Fe203 and Fe3O4 were used as references and measured using the same
beamlines. The X-ray absorption near edge structure (XANES) of the XAS data were
analyzed using Athena software.

[000145] High-resolution transmission electron micrographs were acquired using
transmission electron microscope (TEM) operated at 200 keV. The high-angle annular-
dark-field (HAADF) image was acquired with the illumination semi-angle of 25 mrad and
probe current of 100 pA. The dwell time for image acquisition was set at 10

microseconds per pixel to ensure an appropriate signal to noise ratio was achieved.

Analyses of coke on spent Fe/SiO2(Q) catalysts

[000146] The coke quantity and formation rate on the spent catalysts at different
reaction conditions was measured using a Thermogravimetric analysis (TGA,
Shimadzu, TGA-50) instrument. In the measurement, 0.01 g of spent catalyst was
exposed to 50 mL min™' flowing air and ramped from room temperature to 1273 K at 10
K min'. The weight loss resulting from combustion of coke on the catalyst was
recorded. The coke formation rate was calculated by division of coke weight by the total
reaction time.

[000147] The coke nature on the spent catalyst was examined using temperature-
programmed oxidation (TPO) experiment. The coked catalyst was placed inside a
quartz tube and held in place with quartz wool, which was then set in a temperature-
controlled furnace with temperature held constant using a Eurotherm Controller (2408

series). The catalyst temperature was monitored by a K-type thermocouple attached to
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the outer wall of the quartz sample holder. The furnace was ramped to 1123 K at a
ramp rate of 10 K min' under a flowing He (35 mL min~", ultrapure, Airgas) and O2 (5
mL min~', ultrapure, Airgas) atmosphere. The O2-TPD profile was recorded using a

mass spectrometer (ABB Extrel) during this step.

Results and Discussion

Structural properties of the Fe/SiO2(Q) catalyst

[000148] The Fe/SiO2(Q) catalyst prepared by the flame-fusing method was firstly
characterized for structural properties prior to the DNMC tests. Figure 15A shows the
XRD patterns of Fe/SiO2(Q), Fe/SiO2 and SiO2(Q) materials. SiO2(Q) is the support
precursor of Fe/SiO2(Q) and Fe/SiO: catalysts, and Fe/SiO2 was prepared by the high-
temperature (1973 K) melting method. The appearance of the same pattern of XRD
peaks between Fe/SiO2(Q) and SiO2(Q) indicates there was no crystalline phase
change in the catalyst preparation process. The catalyst support maintains the a-quartz
phase. The Fe/SiO2 sample, however, shows different XRD pattern to SiO2(Q),
indicating a crystalline phase change in the high temperature melting process. The
SiO2 support in the Fe/SiO2 sample belongs to the a-cristobalite phase.

[000149] Figure 15B shows the XANES spectra of fresh and spent (after 15 minutes
DNMC test) Fe/SiO2(Q) catalysts, together with FeO, Fe foil and Fe203 samples for
comparison purposes. Both Fe203 and FeO exhibited a pre-edge peak, which is
indicative of a 1s-3d transition in Fe3* on tetrahedral sites. It was also observed that
the white line position of Fe203 appeared at a higher energy than that of FeO due to its
higher oxidation number. The fresh Fe/SiO2(Q) catalyst exhibited white lines at similar
position to that of FeO. Compared with those of the fresh catalyst, the XANES profiles
of spent Fe/SiO2(Q) catalysts were similar to those of Fe foil. The shift in edge energy
position in the spent catalysts implies that a reduction of Fe3* or Fe2* to Fe® occurred
during the reaction. The coordination status of Fe species in Fe/SiO2(Q) prepared by
the flame-fusing method is different from that of Fe/SiO2 prepared by the high-
temperature melting method since the XAS data of the latter sample show that Fe-
species has similar coordination environment to that of Fes04, according to precious

reports.
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[000150] The morphologies of the catalyst surfaces and Fe species in the fresh
Fe/SiO2(Q) catalysts were investigated by SEM analyses as shown in Figures 16A and
16B and by TEM analyses as shown in Figure 16C. The particle sizes are in the range
of sub-millimeters. This is consistent with its low surface area of 0.4 m? g, as
measured by the BET method from the N2z isotherm. There are no clear iron oxide
nanoparticles visible in the Fe/SiO2(Q) catalyst. This could be attributed to the low
concentration of Fe-species in the catalyst, which contains 0.075% Fe as determined by
the ICP-OES analysis. The isolated nature of the Fe sites was evidenced by sub-
angstrom-resolution high-angle annular-dark field (HAADF) scanning transmission
electron microscopy (STEM) in Figure 16D. The STEM-HAADF image of the
Fe/SiO2(Q) catalyst reveals many bright dots of atomic size scattered across the
SiO2(Q) matrix. Each dot represents an individual Fe atom, considering the much lower
contrast of Si and O in the HAADF image. This result suggests that the iron species are

distributed as isolated atoms during the catalyst preparation for the DNMC reactions.
Catalytic performance of Fe/SiO2(Q) in oxidative co-fed DNMC reactions
DNMC reactions on Fe/SiO2(Q) with Oz co-feed

[000151] The oxidative O2 co-feed was added into the methane stream at
concentrations of 2 vol%, 5 vol%, 7 vol%, and 10 vol% to test its effects on the
performance of the Fe/SiO2(Q) catalyst in the DNMC reaction. Figures 17A-17B show
the methane conversion and product selectivity measured in each case. The
performance of the catalyst in DNMC in the absence of O2 co-feed was included in
Figures 17A-17B for comparison. The O2 co-feed increased the methane conversion
beyond that of the methane-only reaction over Fe/SiO2(Q), with further improvements
on methane conversion occurring with increasing Oz concentrations. The methane
conversion was 11.45% in the absence of any O2 co-feed and increased to 14.56%,
20.75%, 21.11%, and 25.43% in sequence with O2 concentration from 2 vol% to 10
vol%. The product selectivity was changed accordingly with different O2 co-feed
concentrations. In the absence of O2 co-feed, the product distribution mainly contains
naphthalene (60.78%), benzene (14.04%), and ethylene (15.17%), accompanied with

small amounts of acetylene (2.10%), ethane (1.17%), toluene (2.02%) and coke
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(4.71%). The presence of Oz in the methane feed led to formation of CO2 and CO
products in addition to the species produced from the co-feed free reaction listed above.
The selectivity toward these two oxidized products increased with increasing Oz co-
feed. The selectivities toward all hydrocarbon products decreased, and the same trend
is observed for coke selectivity.

[000152] Figure 17C shows hydrocarbon product yields from the DNMC reaction
over the Fe/SiO2(Q) catalyst in the absence and presence of O2 co-feed at the four
different concentrations. Although the hydrocarbon product selectivities were reduced
in each case involving Oz co-feed, their yield, however, exhibited interesting behavior,
i.e. a volcano-shape, with increasing O2 concentrations. For instance, the Ca+ yields
were 10.91%, 12.72%, 16.28%, 14.92%, and 13.85, corresponding to Oz co-feed
concentrations of 0 vol%, 2 vol%, 5 vol%, 7 vol% and 10 vol% in sequence. The Co+
yield was maximized at an O2 concentration of 5 vol%. If we consider the individual
hydrocarbon product yields in Figure 17C, it is interesting to see that the naphthalene
yield follows the same volcano trend as that of the Cz+ products. The yield of ethylene
or benzene, however, continued increasing with increasing Oz co-feed concentrations.
The coke yield is 0.54%, 0.44%, 0.39%, 0.40%, and 0.47% for Oz concentrations of O
vol% to 10 vol%, respectively, demonstrating an inverse trend to that of the C2+ yields,
with the minimum coke yield existing at the 5 vol% O2 co-feed concentration. The
current market analysis shows that ethylene and benzene are more valuable products
than naphthalene across industries; the capability of increasing ethylene and benzene
product yields by introducing an Oz-cofeed in the methane feed stream offers a new

approach for producing more valuable hydrocarbon products from the DNMC process.
DNMC reactions on Fe/SiO»(Q) with CO co-feed

[000153] Since CO is one of the dominant by-products in the O2 co-fed DNMC
reaction, we purposely examined the effect of CO addition in the methane stream on the
DNMC over the Fe/SiO2(Q) catalyst. Figures 18A-D show the methane conversion,
product selectivity and hydrocarbon product yield, and H2 and CO2 formation rates at
the CO concentrations of 0 vol%, 2 vol%, 5 vol%, 7 vol% and 10 vol%, respectively. In

the tested CO concentration range, the methane conversion (Figure 18A) and product
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selectivity (Figure 18B) were kept nearly constant, which led to comparable
hydrocarbon product yields across the tested CO concentration range (Figure 18C).
Figure 18D shows that the formation rate of H2 did not change obviously with the CO
co-feed. The COz2 formation rate was increased with an increase in CO concentration in
the methane stream, but its rate was low, more than 200-fold lower than that of H2 by-
product. The CO co-feed showed trivial impact on performance of the DNMC reaction.
[000154] The CO co-feed primarily interacts with the Fe/SiO2(Q) and CH4 reactant
in the DNMC reaction. The low oxidation status of Fe-species in the catalyst hints that
CO is not necessary to reduce active sites to activate methane reactant. The
thermodynamics of CO interaction with CH4 or higher hydrocarbons or Hz by-product in
the DNMC reaction determines that these reactions are not favorable. As noted by in
previous studies on effects of CO co-feed on DNMC over the Mo/ZSM-5 catalyst, the O
atom in CO can only be used to produce another CO or to form water. The water
formed would react with the predominant CH4 reactant to re-form CO and Hz. Overall,
there is no reasonable reaction stoichiometry or pathway for CO involvement in the
DNMC chemistry, and thus we did not observe consistent and obvious impact of CO co-
feed on the DNMC over the Fe/SiO2(Q) catalyst. The slight increase in COz formation
could be due to the Boudouard reaction (2 CO - COz2 + C) at the tested DNMC

conditions.
DNMC reactions on Fe/SiO2(Q) with CO2 co-feed

[000155] Carbon dioxide was co-fed into the methane feed stream at varying
concentrations and had an overall negative impact on methane conversion and product
yield. As shown in Figure 19A, a decline in methane conversion with increasing CO2
concentration in the feed was observed. The selectivity of ethylene and benzene shows
slight increases accompanied with slight reduction in naphthalene selectivity with higher
CO:2 concentrations. Coke selectivity was increased and then decreased with increasing
COz2 co-feed. The CO formation was kept increasing with increasing COz2 in the feed
stream. The ethane and acetylene selectivities are hard to determine due to their small
numbers in Figure 19C. Although there was an improvement in ethylene and benzene

selectivity with the introduction of COz2 into the feed stream, this was offset by the
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significant drop in methane conversion as is demonstrated by the hydrocarbon yield
data presented in Figure 19C. This effect was also noted by Rodrigues and Monteiro’
when co-feeding CO: into the DNMC reaction using Mo/ZSM-5 catalyst.

[000156] The primary reaction between CO:2 co-feed in the DNMC should be dry
reforming of methane (CO2+ CH4 > 2 CO + 2 H2), which produces syngas and is
thermodynamically feasible at 1273 K. The CO product is not expected to impair the
DNMC performance, as indicated by the CO co-feed study above. The Hz product,
however, could decrease the methane conversion significantly, as indicated by the H2
co-feed study in our previous work. The dry reforming of CO2 with any other
hydrocarbon products would lead to similar effects to that of methane reactant. In
addition, the reverse Boudouard reaction (CO2 + C > 2 CO) could contribute to the CO
formation. Therefore, the CO product rate increased with COz co-feed concentrations.
The decrease in methane conversion lowered the Hz formation rate, as shown in Figure
19D. Hydrogen and oxygen balances were performed on the system, and closed
balances were obtained for both elements, indicating that there was no net production
of water. The production of methane and carbon dioxide via this pathway is a possible
explanation for the decreasing methane conversion and low CO production under COz2

co-feed conditions.
Reaction autothermality of DNMC on Fe/SiO2(Q) with Oz co-feed

[000157] The formation of CO and COz in the product stream suggests the methane
oxidation reaction accompanied the DNMC reaction when Oz was introduced into the
methane feed. The formation of CO and CO:2 from methane are exothermic reactions,
while DNMC is a highly endothermic reaction. A thermodynamics calculation was
conducted to examine the endothermicity and exothermicity of the entire reaction
process. As shown in Figure 20, the heat required for the DNMC reaction increases
and then decreases with increasing O2 co-feed concentration, whereas the heat
released from the combustion of methane follows the monotonically increasing trend,
increasing with the higher O2 co-feed concentrations. The heat required and produced
during the simultaneous reactions could be balanced when O: is kept increasing to a

concentration of ~15 vol%.
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[000158] Overall, introduction of an O2-cofeed demonstrated a direct relationship
between higher co-feed concentrations and increased methane conversion as well as
yields of CO, COz2, ethylene and benzene products. The inverse trend for coke and
naphthalene yields were observed with increasing Oz concentration in the methane
feed. The formation of hydrocarbon products is due to the DNMC reaction, although the
detailed mechanism remains unclear. The formation of CO and CO:2 are apparently
from oxidation reactions between the Oz oxidant and hydrocarbons involved in the
DNMC reaction network. Many species could contribute to the oxidation reactions, but
the mitigation of heavy compounds such as coke and naphthalene products seems to
be dominant. Although the formation of CO and CO2 was observed in this study, the
increase in C2 and benzene yield in the DNMC reaction offsets this negative effect. By
controlling Oz concentration, maximization of Cz+ yield was achievable compared to the

pure methane feed in DNMC.
Coke composition analysis on spent Fe/SiO2(Q) catalysts

[000159] The type of coke on the catalyst samples was first measured by the
Raman spectroscopy (Figure 21). The presence of both D- and G-band in all samples
indicates both amorphous and graphitic carbon exist in the coke. The composition of
coke species on the spent catalyst was studied by the temperature-programmed
oxidation (TPQO) experiments, where oxygen was used to combust the coke present on
the spent catalysts. The coke is assumed to be primarily carbonaceous, as the products
from the TPO experiment mainly consisted of oxidized carbon species, and no water
was detected in the measurement. The black, solid lines in Figures 22A and 22B
illustrate the CO2 and CO profiles resulting from Oz-induced coke combustion. The
asymmetrical, broadened peaks resulted from multiple instances of coke combustion at
different temperatures. The CO2 and CO spectra obtained from the catalyst used in the
02 co-fed DNMC reaction displayed the widest range of combustion temperatures, with
an onset of 775 K and completion occurring at 1075 K, a span of 300 K. Spent
catalysts following reactions with no co-feed, CO2 co-feed, and CO co-feed exhibited
combustion activity in smaller ranges of 850 K to 1075 K, 875 Kto 1100 K, and 825 K to

1050 K, respectively, all of which occur across a 225 K temperature span. The shifting
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combustion temperatures and relative peak areas within the deconvoluted CO2 and CO
spectra among the four samples (Figures 22A and 22B) indicate a variation in coke

morphologies and bonding environments between the carbon species and catalysts.
Structural analysis of spent Fe/SiO2(Q) catalysts in different oxidative co-feeds

[000160] To probe the effects of oxidative co-feed on the crystalline structure
change of the Fe/SiO2(Q) catalyst, we firstly measured XRD patterns of the spent
Fe/SiO2(Q) catalysts following the DNMC reaction under no co-feed and 7 vol%
oxidative co-feed conditions for each oxidant. Figure 23 compares the XRD results of
these spent catalysts both to each other and to the fresh (i.e. before reaction)
Fe/SiO2(Q) material. The Fe/SiO2(Q) catalyst after the DNMC test without any co-feed
showed the same XRD pattern to that of fresh Fe/SiO2(Q). This indicates that the
DNMC reaction condition did not change the crystalline structure of the quartz material.
The (100) and (011) peaks of the quartz in the Fe/SiO2(Q) catalyst decreased
significantly, which could be attributed to the uneven coke deposition on the catalyst
responsible for obscuring certain faces of the crystalline quartz material. The Fe/SiO2(Q)
catalyst after the DNMC reaction with O2 co-feed still kept the quartz crystalline phase.
Different from the spent Fe/SiO2(Q) without any co-feed in the reaction, the (100) and
(011) peaks had high intensity. In addition, a broad peak is visible at 26 ~ 13° which is
associated with the graphite oxide. The existence of (100) and (011) peaks suggest that
coke on the Fe/SiO2(Q) was less than that of Fe/SiO2(Q) catalyst in the absence of Oz
co-feed. The appearance of graphite oxide peak indicate that the coking species has
different composition from the one without O2 co-feed. The Fe/SiO2(Q) catalyst in the
CO co-feed reaction condition showed the same XRD pattern as that of Fe/SiO2(Q) in
the absence of any co-feed, while the one in the CO2 co-feed showed a relatively strong
(001) peak. CO did not impact the DNMC reaction, but CO2 suppressed the reaction
due to steam reforming and/or reverse Boudouard reactions. The latter reaction could
impact the coking species on the Fe/SiO2(Q) catalyst. The XRD peak associated with
graphite overlaps with the quartz peak at ~26°, so insight into the presence of graphite

in each sample is unavailable. However, the O2 and CO:2 co-fed samples demonstrate a
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higher intensity for the peak at 26° relative to the other peaks in the spectra, which
could indicate a potential contribution from graphitic carbon in the XRD spectra.
[000161] Figures 24A-C show the XPS spectra of C 1s, O 1s, and Fe 2p on the
spent Fe/SiO2(Q) catalyst in the DNMC tests. Due to the low concentration of iron in the
catalyst (0.075 wt%), the peaks correlating to iron binding energies, which appear at
~710 eV and ~730 eV, are poorly resolved and show a low signal-to-noise ratio (Figure
24C). In Figure 24A, the fresh Fe/SiO2(Q) sample has the peak centered at 284.7 eV,
which is attributed to adventitious carbon present on the surface of the as-prepared
catalyst. The spectrum of Fe/SiO2(Q) catalyst after the DNMC tests without any co-feed
can be deconvoluted into four peaks, located at 284.1, 284.7, 286.4, 288.8 eV in
sequence. In comparison to fresh Fe/SiO2(Q), the peak at 284.7 is much stronger,
which is caused by the deposition of graphite-like carbon (C-C or C=C). The peaks
centered at 284.1, 286.4, 288.8 eV can be assigned to carbon in the carbitic (e.g. Si-C
or Fe-C), C-O-C and O-C-O structures, respectively. The presence of carbitic carbon in
the catalyst is supported by the increase in peak intensity at 284.1 eV in the absence of
any oxidative co-feed, and decrease in peak intensity when oxidative co-feed changed
from CO to CO2 and then O2. The more oxidative co-feed such as Oz apparently inhibits
the formation of carbitic carbon species in the Fe/SiO2(Q) catalyst. In contrast to the
trend of this peak, the peaks at 286.4 and 288.8 eV increase with increasing oxidation
capability of co-feed. This suggests that more oxidized carbon species such as C-O-C
and O-C-O structures exists in spent Fe/SiO2(Q) catalysts in the presence of oxidative
co-feed in the DNMC reaction.

[000162] The O 1S XPS spectra in Figure 24B further confirmed the variation in
composition of coking species in the spent Fe/SiO2(Q) catalysts under different DNMC
reaction conditions. The fresh Fe/SiO2(Q) has the XPS peak located at 532.6 eV that
can be assigned to the Si-O-Si structure in the quartz support. The spent Fe/SiO2(Q) in
the absence of any oxidative co-feed shifted the peak to higher binding energy region
and the peak can be deconvoluted into two peaks at 534.0 eV and 532.6 eV,
respectively. The appearance of the 534.0 eV peak is attributed to the formation of Si-
O-H bond due to reductive reaction atmosphere in the DNMC tests. In the presence of

oxidant in the reaction, a new peak at 532.0 eV appears. This peak is assigned to the
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oxygen bonded in the organic C-O structures. Consistent with the conclusion drawn
from the XPS peaks of C 1s in Figure 24a, the presence of oxidative co-feed oxidized
partially the coking species and thus forms less graphitic carbon species on the
Fe/SiO2(Q) catalyst.

Conclusions

[000163] An oxidative co-feed addition method was employed to concurrently
realizing high methane conversion, high larger hydrocarbon yield, low coke formation,
and reaction autothermality of the highly endothermic DNMC reaction. The catalyst was
a quartz-supported Fe-species (Fe/SiO2(Q), “Q” denotes for quartz), prepared by a
flame-fusing method. The oxidative co-feeds, including Oz, CO2, and CO, in methane
feed were tested for the DNMC. The CO2 and CO brought adverse effects regarding
improvement in either methane conversion or hydrocarbon product yield; while the Oz
co-feed demonstrated improvement in methane conversion (>200%), hydrocarbon
product yield (>50%) and lighter hydrocarbon (C2 and benzene) selectivity (up to 60%)
compared to the DNMC in the absence of O2 co-feed. Moreover, the oxidation reaction
caused by Oz co-feed can be used as the source of heat to maintain an autothermal
reactor operating temperature, and thus realize the self-sustainability of heat
requirement by the DNMC reaction. The composition and structural analyses of the
spent Fe/SiO2(Q) confirmed the catalyst stability in the oxidative co-feed environment.
The study forms a guidance for selecting reaction conditions towards upgrading of
natural gas that often contains oxidative components into value-added larger

hydrocarbons via the DNMC process.
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[000165] The citation of any document is not to be construed as an admission that it
is prior art with respect to the present invention.

[000166] Although the present invention has been described in detailed with
reference to certain embodiments, one skilled in the art will appreciate that the present
invention can be practiced by other than the described embodiments, which have been
presented for purposes of illustration and not of limitation. Therefore, the scope of the

appended claims should not be limited to the embodiments contained herein.
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CLAIMS

What is claimed is:

1. A methane conversion device comprising:

a source of methane;
a source of gas including oxygen or oxygen containing compound;
a reactor having a first reaction zone and a second reaction zone;

a first valve in fluid communication with the source of methane, the first reaction
zone, and the second reaction zone, the first valve having a first position in which the
first reaction zone is placed in fluid communication with the source of methane, the first
valve having a second position in which the second reaction zone is placed in fluid

communication with the source of methane;

a second valve in fluid communication with the source of gas, the first reaction
zone, and the second reaction zone, the second valve having a first position in which
the second reaction zone is placed in fluid communication with the source of gas, the
second valve having a second position in which the first reaction zone is placed in fluid

communication with the source of gas;
a first catalyst having a surface exposed to the first reaction zone; and
a second catalyst having a surface exposed to the second reaction zone.

2. The methane conversion device of claim 1, wherein the first catalyst is
fused to a first side of a wall and the second catalyst is fused to an opposite second

side of the wall.

3. The methane conversion device of claim 2, wherein the wall is tube-
shaped.
4. The methane conversion device of claim 1, wherein the first catalyst and

the second catalyst comprise Fe/SiO2(Q).
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. The methane conversion device of claim 2, wherein the wall comprises

quartz.

6. The methane conversion device of claim 2, wherein the first catalyst at
least partially defines the first reaction zone and the second catalyst at least partially

defines the second reaction zone.

7. The methane conversion device of claim 1, further comprising a controller,
wherein the controller is configured to execute a program stored in the controller to:
(1) move the first valve from the first position to the second position
and move the second valve from the first position to the second position, when

the first catalyst has a pre-determined level of surface deposits including coke.

8. The methane conversion device of claim 1, wherein the controller is
configured to execute the program stored in the controller to:
(i) move the first valve from the second position to the first position
and move the second valve from the second position to the first position, when
the second catalyst has a pre-determined level of surface deposits including

coke.

9. The methane conversion device of claim 8, further comprising a first flow
controller positioned upstream or downstream of the first valve for controlling a flow rate
of methane, and a second flow controller positioned upstream or downstream of the
second valve for controlling a flow rate of the gas, wherein the controller is configured to
execute the program stored in the controller to:

(i) control the flow rate of methane and control the flow rate of the gas

such that the methane conversion device operates autothermally.

10.  The methane conversion device of claim 9, wherein the controller is
configured to execute the program stored in the controller to:
(iv)  control the flow rate of methane such that residence time of
methane in the first reaction zone or the second reaction zone is in a range of 1-

200 milliseconds.
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11.  The methane conversion device of claim 1, wherein the first valve is in

fluid communication with an oxygen source.

12. A methane conversion device comprising:

a source of methane;

a source of oxygen or oxygen containing compound;

a reactor having a reaction zone;

a catalyst having a surface exposed to the reaction zone;

a controller;

a first flow controller for controlling a flow rate of methane into the reaction zone;

a second flow controller for controlling a flow rate of oxygen into the reaction

zone,

wherein the controller is configured to execute a program stored in the controller to:
(1) control the flow rate of methane and control the flow rate of oxygen

such that the methane conversion device operates autothermally.

13.  The methane conversion device of claim 12, wherein the catalyst is fused

to a first side of a wall and the catalyst is fused to an opposite second side of the wall.

14.  The methane conversion device of claim 13, wherein the wall is tube-

shaped.

15.  The methane conversion device of claim 12, wherein the catalyst

comprises Fe/SiO2(Q).

16.  The methane conversion device of claim 15, wherein the catalyst has a
BET surface area of 0.1 to 0.5 m?/g.

17.  The methane conversion device of claim 13, wherein the wall comprises

quartz.

18.  The methane conversion device of claim 13, wherein the catalyst at least

partially defines the reaction zone.
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19.  The methane conversion device of claim 12, wherein the controller is
configured to execute the program stored in the controller to:
(i) control the flow rate of methane such that residence time of methane in

the reaction zone is in a range of 1-200 milliseconds.

20. The methane conversion device of claim 12, wherein the controller is
configured to execute the program stored in the controller to:
(i) control the flow rate of oxygen such that an oxygen level is 0-20 v/v% in

the reaction zone.

21. A method for autothermal operation of a direct non-oxidative methane

conversion (DNMC) device, the method comprising:

(a) providing a catalytic reactor, wherein the reactor comprises a catalyst

fused to a first side of a wall and fused to an opposite second side of the wall;
(b) converting methane (MC) by flowing methane into the first side of the wall;
(c) obtaining products resulting from the methane conversion (MC) reaction;
(d) swapping the MC reaction to the second side of the wall;

(e) supplying to the first side of the wall a gas including oxygen resulting in a

combustion reaction with one of the products;

(f) swapping the combustion reaction from the first side of the wall to the

second side of the wall; and

(9) swapping the MC reaction from the side of the second wall to the first side

of the wall.

22.  The method of claim 21, wherein the products of step (b) comprise coke,

C2+ hydrocarbons, Hz, or a combination thereof.

23.  The method of claim 22, wherein the C2+ hydrocarbons comprise

acetylene, ethylene, ethane, benzene, toluene, naphthalene, or a combination thereof.
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24.  The method of claim 21, wherein one of the products of step (e) is coke.
25.  The method of claim 21, further comprising heating the catalytic reactor.

26. The method of claim 25, wherein the catalytic reactor is heated to about
1170K to about 1370K.

27.  The method of claim 21, wherein a flow rate of methane in step (b) is

about 5 ml/min to about 500 mL/min.

28. The method of claim 21, further comprising heating the catalytic reactor,
wherein the catalytic reactor is heated to about 1170K to about 1370K, and wherein the

flow rate of methane in step (b) is about 5 ml/min to about 500 mL/min.

29.  The method of claim 28, further comprising, adjusting the flow rate of
methane and the gas to regulate a percentage of methane converted and/or a

selectivity of the methane conversion to one or more of the products.

30.  The method of claim 29, further comprising, adjusting the temperature of
the catalytic reactor to regulate a percentage of methane converted and/or a selectivity
of the methane conversion to one or more of the products.

31.  The method of claim 30, wherein the percentage of methane converted is

greater than 10%, and a yield C2+ hydrocarbons is greater than 10%.

32. A method for producing a millisecond catalytic wall reactor, the method

comprising:
(a) loading Fe/SiO2(Q) into a tube;
(b)  heating the Fe/SiO2(Q) and the tube; and
(c)  discharging the Fe/SiO2(Q) residue.
33. The method of claim 32, wherein the tube has an inner and an outer wall.
34. The method of claim 32, wherein step (b) is repeated multiple times.

35.  The method of claim 34, wherein the heating is done by a H2/Oz2 flame.
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36. The method of claim 34, wherein the Fe/SiO2(Q) is uniformly dispersed and

fully embedded in the tube wall, resulting in a catalyst embedded in the tube wall.

37.  The method of claim 33, wherein the inner and outer wall comprise a quartz

phase.

38. The method of claim 32, wherein the Fe/SiO2(Q) has a BET surface area
of 0.1 to 0.5 m?/g.

39. A method of converting methane, the method comprising:
flowing methane in a reaction zone of a catalytic reactor;
flowing an oxidative co-feed in the reaction zone of the catalytic reactor; and

removing products from the catalytic reactor, wherein the products comprise C2*

hydrocarbons and/or aromatics.

40. The method of claim 39, wherein the catalytic reactor comprises a

Fe/SiO2(Q) catalyst embedded in a quartz reactor.

41. The method of claim 39, wherein the methane flow is at a rate of 5 to 500

mL/min.

42.  The method of claim 39, wherein the volume of the oxidative co-feed is up

to 15 v/iv%, the volume % being associated to the volume of methane.

43. The method of claim 42, wherein the volume of the oxidative co-feed is from

0 to 15 v/iv%, the volume % being associated to the volume of methane.

44.  The method of claim 43, wherein the volume of the oxidative co-feed is from

5 to 10 v/iv%, the volume % being associated to the volume of methane.

45.  The method of claim 44, wherein the oxidative co-feed comprises Oz, CO2,

CO, or a combination thereof.

46. The method of claim 39, wherein the oxidative co-feed comprises 0 to 15
vIv% of Oa.
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47. The method of claim 39, further comprising, adjusting the v/v% of the
oxidative co-feed to regulate a percentage of methane converted and/or a selectivity of

the methane conversion to one or more of the products.

48. The method of claim 39, further comprising, adjusting the type of the
oxidative co-feed to regulate a percentage of methane converted and/or a selectivity of

the methane conversion to one or more of the products.

49.  The method of claim 39, further comprising, at a same time as the flowing

methane, flowing a carrier gas into the reaction zone.

50.  The method of claim 49, wherein the carrier gas comprises He, Ar, N2, or a

combination thereof.

51.  The method of claim 50, wherein the flow rate of the carrier gas is 0.5 to 50

mL/min.
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US19/58040

A.  CLASSIFICATION OF SUBJECT MATTER
IPC - BO01J 19/24, 23/745; C07C 2/84 (2019.01)

CPC - BO01J 12/007, 19/2425; CO7C 2/84, 9/04

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)
See Search History document

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

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2005/063615 A1 (COUNCIL OF SCIENTIFIC AND INDUSTRIAL REASEARCH) 14 July 1

- 2005; page 5; page 6; page 7; figure 1 --

Y 2-18

Y US 5,599,510 A (KAMINSKY, MP et al.} 04 February 1997; figure 4; column 10, lines 6-16; 2-3, 5-6, 13-14, 17-18
column 12, lines 1-5

Y WO 2017/062663 A1 (UNIVERSITY OF MARYLAND, COLLEGE PARK) 13 April 2017; 4,7-10, 12, 19-20
abstract; page 19, lines 6-14; page 30, lines 17-18, 27-31; page 31, lines 1-20

Y WO 2018/146591 A1 (SABIC GLOBAL TECHNOLOGIES B.V.) 16 August 2018; paragraphs 10-12, 19-20
[0010), [0055], {0059); figure 2A

Y US 10,076,739 B1 (PRECISION COMBUSTION, INC.) 18 September 2018; figure 9; column 5,17
12, lines 29-34; column 13, lines 4-8; column 21, lines 60-65

A ~|THE QUARTZ PAGE; 12 January 2014; downloaded from: www.quartzpage.de/gen_mod.htm! | 4, 15-16

I:‘ Further documents are listed in the continuation of Box C.

E] See patent family annex.

the priority date claimed

* Special categories of cited documents: “T” later document published after the international filing date ordpriority

“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

“D” document cited by the applicant in the international application “X" document of particular relevance; the claimed invention cannot be

“E” earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone

“L™ document which may throw doubts on priority claim(s) or which “Y” document of particular relevance; the claimed invention cannot
is cited to establish t qf?ubhcatlon date of another citation or other be considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination

“0” documentreferring to an oral disclosure, use, exhibition or other means being obvious to a person skilled in the art

“P” document published prior to the international filing date but later than  “&” document member of the same patent family

Date of the actual completion of the international search

18 December 2019 (18.12.2019)

Date of mailing of the international search report

20 FEB 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Shane Thomas

Telephone No. PCT Helpdesk: 571-272-4300
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-***.Continued Within the Next Supplemental Box-***-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. E] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers 4
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1-20

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

[:I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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-***.Continued from Box No. Ill Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.
Group I: Claims 1-20 are directed toward a methane conversion device comprising valving for directing methane and oxygen to two
different catalytic reaction zones.

Group II: Claims 21-31 are directed toward a method for autothermal operation of a direct non-oxidative methane conversion on either
side of a wall common to two reactors, the walls both comprising catalyst fused there on, one reactor for methane conversion and one for
combustion.

Group lII: Claims 32-38 are directed toward a method of producing a millisecond catalytic wall reactor comprising loading and fusing
Fe/SiOs(Q) in a tube.

Group IV: Claims 39-51 are directed toward converting methane and an oxidative co-feed where the product comprise C2+ hydrocarbons
and/or aromatics.

The inventions listed as Groups |-V do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

the special technical features of Group | include valving for directing methane and oxygen to two different catalytic reaction zones, which
are not present in Groups Iil-1V;

the special technical features of Group |l include autothermal operation of a direct non-oxidative methane conversion on either side of a
wall common to two reactors, the walls both comprising catalyst fused there on, one reactor for methane conversion and one for
combustion, which are not present in Groups |, llI-IV;

the special technical features of Group |ll include a method of producing a millisecond catalytic wall reactor comprising loading and fusing
Fe/SiOs(Q) in a tube, which are not present in Groups I-1I, IV;

the special technical features of Group IV include toward converting methane and an oxidative co-feed where the product comprise C2+
hydrocarbons and/or aromatics, which are not present in Groups !-IlI.

The common technical features of Groups I-1V are a catalytic reaction of methane and oxygen in two reaction zones, one of which is
autothermal, and the catalyst is fused to walls.

These common technical features are disclosed by WO 2016/178915 A1 to Velocys Technologies, LTD. (hereafter ). Velocys discloses
a catalytic reaction of methane (natural gas feed, stream 101, is predominately methane; paragraph [0033]; figure 1) and oxygen (air feed
128, includes oxygen; paragraph {0036]; figure 1) in two reaction zones (feed streams are sent steam reformer 270 including steam
reforming catalyst, the process involves multiple reforming steps; paragraphs [0034], (0040}, [0056]; figure 1), one of which is autothermal
(one of the reforming steps includes an autothermal reforming step; paragraph [0056)), and the catalyst is fused to walls (steam reforming
catalyst is disposed on interior walls of the process microchannels; paragraph [0112]).

Since the common technical features are previously disclosed by Velocys, these common features are not special and so Groups I-IV
lack unity.

Form PCT/ISA/210 (extra sheet) (July 2019)
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