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Lecture - 22
Syngas Production from Natural Gas

Hi friends, now we will discuss on the topic gaseous fuels, syngas production from natural
gas. In the previous class, we have seen that natural gas can be used conventionally for the
heat application or it can be used in power plant for electricity production. We have also
discussed that this can be converted to syngas and then syngas to different types of chemicals
including hydrogen. So if we can do it, then we can reduce emission level due to the

utilization of syngas.

In this class, we will be focusing on how the natural gas can be converted to syngas, later
next we will discuss how the syngas can be converted to liquid fuel and also how we can get
hydrogen from natural gas.
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So the contents of this class is your reforming as a cleaner route for natural gas utilization;
then types of reformers or reforming that is SMR, dry reforming, ATR, CPOX, bi-reforming
tri-reforming, etc.; and then comparison of different types of reforming; and then reforming
reactors.
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# Reforming as a cleaner route for NG utilization

*In reforming process natural gas is converted to H, and CO containing syngas by

means of an exothermic or endothermic reaction depending on the chemical
process selected to perform the process

* Itis normally a catalytic process

' /The elimination of oxygen from the initial fuel mixture improves the overall
~ system efficiency by minimizing energy losses from catalytic combustion.

* The product can be used for different applications such as heat, steam, liquid
fuels and chemical synthesis

° - @

If we see the reforming, that means that it will be reformed the molecules, the methane will

be converted to other molecules. In this process, the syngas is produced, hydrogen and CO
containing syngas by the thermal process, it may be exothermic or endothermic, both
reactions take place in this and depending upon the nature of reforming process, the del H
value changes. Normally it is a catalytic process, but without catalyst also the reforming can

take place, and if we use catalyst, we will get better performance.

What is happening by this process, we can eliminate the oxygen from the initial fuel mixture
that improves the overall system efficiency by minimizing energy losses from catalytic
combustion. This product which we are getting that syngas, this will be used for heat
application, for steam generation and for different types of chemical synthesis. So that is the
major advantage of this process for the conversion of natural gas to syngas and then syngas to
other chemicals. So this is our reforming process, CHs will be reformed to CO+Hy, that is
called syngas.

(Refer Slide time: 03:34)
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r Types of reforming

+ Depending upon the nature of reactions during conversion and the product distribution, the
reforming may be of different types as follows:
_:_,.'Si'eam Refarming [SMR),
}"’f’q.mai QOxidation {POX),~
i ’/l;\-l'YO Thermal reforming, [ATR), -
' fOry Reforming of methane (DMR), """
i 3 Combined Reforming of methane (CMR), \
; ' Trl reforming of Methane (TMVR) ‘
v~ Reforming with Membrane, 7
+ Top three methods are well established and a-.re widely employed by industry

+ Last four methods are innovations to minimize greenhouse gases emissions, minimize
energy consumption and improve the reforming process yields
Then we can get different types of reforming process as you have mentioned and the most
important are steam reforming, then partial oxidation, auto thermal reforming, then dry
reforming or combined reforming of methane that is called bi-reforming, then tri-reforming
of methane, and reforming with membrane. So these are the different types of reforming
processes available in literature and some of these are applied in commercial scale and some

of these are still under development stage.

The first 3 are mostly used in industry. Other these are under development and demonstration
scale and these will be having better feature for the control of carbon dioxide.

(Refer Slide Time: 04:37)

I . I
SMR

Operating conditions, reactions Catalysts
and products » Can occur without catalyst but requires
* [H,lg)+H c-q&] — co[g; +3H,(g) very high temperature
/SMRI BH g = 206.2 ij_rnnl — % Modern steam reforming catalyst uses
* CHylg)+ 2H Dig] CO,{g) + 4H,{g)  mckel on ceramic support with or without
EMRE (M, = 164, }'k”mm i ’ promoters or stabilizers
+ COlg)+H U(E) — CO,(g)+H,fg) " Precious metals offers alternative to nickel
WGSR, A 5 = =415 k)/mol — * Supports must be strong, mert, thermally
A,JC0 ratio & 5 ;,;i - amld chemically stable
. Tempcraturc 700-850°C_ Requirements:
o Pressure 1530 bar 0 High geomeiric surface area
= o High heat transfer coefficient
" Larger amount of CO, emissions o Low pressure drop

' Expensive method for producing H, o Less carbon deposition

Now we will see what SMR is, that is steam methane reforming. So in this case, we will be

using methane and steam as a reacting agent and the reaction will be CHs+H>O both remain



in gas phase, it will give us CO and 3H.. So, this one SMRL1. In this reaction, we can get
206.2 kilojoule/mol energy, this energy is required, that is endothermic process. Then another
reaction may take place, CH4+2H:0 that is CO2+4H., so carbon monoxide can be produced,
carbon dioxide also can be produced and here 164.7 kilojoule/mol energy is required for this

reaction.

Then we can get water-gas-shift reaction in the reforming reactor also, that is CO which is
produced here that can also react with H>O which is available in the reactor and then converts
to COx+H2, so this reaction is exothermic. So overall, it is endothermic reaction. Then
another important feature is that Ho/CO ratio, this H2, and CO which is available in syngas,
the ratio of these 2 components are very very important because this will decide the
suitability of the syngas for its downstream applications.

Different downstream applications require different ratio of Hz is to CO. So in this case, we
can get this ratio as 3-5, so the very high ratio we can get with respect to other reforming and
the temperature requirement is 700-850 degree centigrade and pressure is 15-30 bar. So, this
is a commercial process and in this process catalyst is normally used. If we do not use
catalyst, then also we will get some syngas formation, but basically nickel or on ceramic
support, this catalyst nickel based catalyst on ceramic support with or without some promoter
or stabilizers these catalysts have been used in the SMR process.

The precious metals offers alternative to the nickel and supports may be strong, inert,
thermally and chemically stable. So these are the catalyst for this reaction. It requires high
geometric surface area, high heat transfer coefficient, low pressure drop, and less carbon
deposition. So during this process, carbon deposition takes place and the catalyst should have

that property where the low carbon deposition will be achieved.

This process we will discuss in detail because we see here hydrogen is maximum. So if we
want to get hydrogen from the syngas, the steam reforming may be one of the important
process or route and we will discuss in next class in more detail.
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SMR reactor
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Now we will see some aspect of the SMR reactor. So here is the SMR reactor schematic say.
So we have these are the tubes that is called reformatives. So from this, we are putting natural
gas and steam, both natural gas and steam. So, then high temperature will be provided in this
reactor, these are the tubes through, inside of the tube we are having the hydrocarbon and

steam, outside we are having high temperature by burning some fuel gas.

So here, the burners are there, so high temperature is generated, and there will be some
reforming reactions inside the tube and we will get the product from the bottom of this
tubular reactor or tubes of the reformer. The syngas we can get 850 degree centigrade, 20-30
bar, and 70% hydrogen in dry gas. So this is the steam reforming reactor and these are the
reactions already we have discussed, endothermic and exothermic reactions, both are
available during the process, and overall it is endothermic reaction.
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Operating conditions, reactions _F’{_)EICF’L}_E

Catalysts
and products :
CH,+1/20,—C0+ H, . The first row of transtiion mefals
Mo =- 36 MIfkmol — Exothermic process——(N;_ o) and precious metals (R,

* Faster than steam o T
H,/CO ratio = 225 iy kPGPLadl
S—————— Kirming AN The relative rates of carbon
Temperaturn:LEEI[]-M(I].Q__E requires a smaller deposition were in the order

Pressure 50-70 bar reactor vessel NizPdRh:RusPyl
o s Carbon deposition is & major issue
CO 21, on nicke! catalysts, which may

/ a reduce the nuntber of active sites.
4 CIL, + 1.0 ™% o, Heavy caibon formanoi may even

FIO: Lt g — T merease the pressure on the feed

- ClL €O, == COI. side ar foul downstream process

pocal. o equipment.

Next, we are coming to partial oxidation, that is POX, and catalytic partial oxidation CPOX.
So these methods is also used largely and here as you see partial oxidation so you will be
providing less amount of oxygen. So CHas will be converted to CO+2H> that is the required in
syngas. So then here we can get H»/CO ratio 2-1.5 and temperature is higher 1200-1400

degree centigrade and then pressure 50-70 bar.

So here, methane will be partially converted to this one, that is one reaction; another it is
possible methane is reacting with 203, then it is CO2+H20, then CO2+H-0 further it can give
up CO+2H,. Other reactions which can take place here CH4 +H20 which is produced in this
H> can react with the methane also and it can give CO+3H; and CH4+CO_ which generated
this reaction that can also give a CO+H; so that is why we can get H./CO ratio as equal 2-2.5
and this is exothermic process and faster than steam reforming and requires a smaller reactor

vessels.

So advantage of this, we do not need to give much external energy for this reactions. Then if
we see the catalyst part, then also we will see that the first row of transition metals nickel and
cobalt and precious metals ruthenium, rhodium, palladium, platinum, and iridium those are
used as a catalyst for this reaction and the relative rates of carbon depositions are in the order,
that is nickel greater than palladium greater than ruthenium, then it is greater than Ru, and

then it is greater than Pt, so this is greater than iridium okay.

So carbon deposition is a major issue on nickel catalyst which may reduce the number of
active sites. So heavy carbon formation may give increase in the pressure on the feed side



that is the pores will be blocked and more pressure drop will get during the reactions and in

the reactor.
(Refer Slide Time: 11:17)
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Part 1: Flame zone

Here hydracaraons, axygen and possibly low
“amount of steam react together

Step 2 Heat exchanger

Recovers excess heat after reaction

todified from
hitp:/ fdy.doi.arg 10,1016/} encanman. 2005.05.012

So we will see the reactor configurations. So we will be having 2 zones in this case. The first

is your flame zone and another is your heat exchanger zone. So flame zone means here

hydrocarbons, in our case methane, then oxygen, those will be combusted and possibly low

amount of steam react together. So here, some reaction takes place and then CO and H form

here and then at high temperature we recover excess heat.

So, this is the features of this, but this is for POX, but if we use CPOX, then we can have

some catalyst layer here at the first flame and then we will be having some catalyst here, so

catalyst will help the reactions. So conversion of the process will be more than the POX.
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ATR

Operating conditions and products Catalysts
"

CH,{g) + H,0lg} — COg] + 3H,(g)
SR, AH,, = 206.2 klfmal

Ni based catalysts

-
A

CH,+1/20, =0+ 2H,

s =36 Mo @

H/COratio=2
Temperalure: 850-1000°C

Pressure 20-100 bar @

Then we are going to ATR, auto thermal reforming. So in this case, we use steam and

oxygen, so steam and oxygen, so the reactions are the methane plus steam then will be
CO+3Hz, it will give also CH4+1/20,, then it is CO+2H; and then this is the heating value -
36 megajoule per kilo mol and overall it is endothermic process. H2/CO ratio here we can get
around 2 and temperature is 850-1000 degree centigrade and pressure is 20-100 bar.

So what we see here are 2 types of reactions. So this reaction is basically for SMR and this
reaction is for partial oxidation. So SMR plus partial oxidation basically gives us ATR and
nickel based catalyst had been used for this reforming process.

(Refer Slide Time: 13:06)
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. . ATR reactor
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I+ B0 O3, /A <2061 Kol
CHA+CO, — 200+, Al = 147 Klimol
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s Combustion

Reforming zane
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+ By proper adjustment of oxvgen © cabon ane steam o cacbon ratios, the partial combustion in

e thermal o supplies the heat for completing the subsequent endothermic steam and CO
reforming reactions T

# The product g composition at e exit of e reactor esulls very close (o (e Uermiody miie
qpuilibrivm of an advabatic reacor

If we see the reactor configurations, as you have discussed the first the hydrocarbon or
methane will be combusted and may use some oxygen and steam here and then some



reforming reactions will take place in this zone. Now catalyst will be available here and then
we will get syngas. So the reactions already we have discussed that CH4+0O> this will be there
and then deforming will be taking place CHa4+ this Hz which is forming this and CH4+COs,
then we can get this one. So this is the basics of the ATR process.

So by proper adjustment of oxygen and steam to carbon ratios, the partial combustions in the
thermal zone supplies the heat for completing the subsequent endothermic steam and CO>
reforming reactions, that is 2 reactions which we are getting, this heat generated, that is used
in the second case.

(Refer Slide Time: 14:18)
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Operating conditions and products DRM Catalysts

CH,(g) + COs{g) — 2€O(g) + 21|
AHyge = 247 klfmol -

Hy/COratio = 0.4~ 15
Ternperature; 630—35@;

Pressure 1-20 bar _

Mi hased catalysts are commonly used

Presence of CO, gives rise to more chances of carbon formation on catalyst surface
due to production of CO and consumption of H, via reaction

CO,+H, 00+ H0 |, A= 41 Klimol

Development of active catalytic materials, but with a very low coke formation rate,
either on the catalysts or in the cold zones of the reactor is the main challange.

Next we are coming to DRM, that is dry reforming of methane. So dry reforming means there
will be no steam use, obviously carbon dioxide is used for the reforming purpose. So reaction
is methane + carbon dioxide 2CO+2H, in gaseous phase and this is our AH 247
kilojoule/mol, so endothermic reaction again, and your temperature 630-850 degree
centigrade and pressure 1-20 bar and here the H2/CO ratio is less, 0.4-1.5 and here we can get

nickel based catalysts are used widely.

The presence of CO2 gives rise to more chance of carbon formation, so as we are using
carbon dioxide as the reactant for the reforming process, the carbon deposition is more in this
type of reforming process and that is the major disadvantage of dry reforming and that is the
more challenging part also and that is why it has not got industrial application yet. Then

efforts are on to improve this process, how to reduce the carbon deposition in DRM.



Development of active catalyst materials but with a very low coke formation rate, either on
the catalyst or in the cold zones of the reactor is the main challenge just we have discussed.
(Refer Slide Time: 15:45)

Bi reforming il
Operating conditions and products alalysts

CGHLE) + HOl) Y COlg) + 3¢

Nibased catalysts are commonly used
B, = 206.2 k)jmal

CH,(g] + 2H,0(g) — CO,{g)= 3H{g) Nang-composite NifZeO,, s superior to
MM . = 164.7 kol conventional ~ NifZrD, and  NifAlLQ,
COlg)+ H,0lg) .y (O, (g) + Hylg) catalysts in terms of catalytic activity and
By =-415 kl/maol stability,

CH,(g)+ CO,{g] —7 2C0[g) + 2H,(g)
DM = 247 kol —
f)\--:|'f|||.-’\|["..,.mh 412 Kol
HfCOratio=2
Temperature: 700-950 °C__
Pressure: 10-30bar ~

Then we are coming to bi-reforming, then in this case we will be using 2 reforming agents, so
here methane plus steam and then carbon monoxide. So here, we will be having methane plus
steam CO+3H,, AH = 206.2 kilojoule/mol, then CH4 + steam, this reaction can also take
place and then the AH is this one and CO+H20 that can give us CO2+H and other reactions
which is taking place here CHs+CO:3 it is giving us 2CO+2H>. So in this case, we can use

carbon dioxide and steam as a reactant for the reforming process.

Overall is -41.2 kilojoule/mol and H2/CO ratio is 2 and temperature 700-950 degree
centigrade and pressure 10-30 bar. So one of the important advantage of this process is that it
can use carbon dioxide as a reacting agent. So it helps to reduce the carbon emission and
increase the carbon footprint. Here also, nickel based catalysts are used and nano-composite
that is nickel zirconium oxide is superior to conventional nickel zirconium oxide, that means
efforts are on to increase superior quality catalyst using nano-particles for this particular
process.

(Refer Slide Time: 17:16)
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_ - Tri-reforming
Operating conditions and products Catalysts

CHy + 10, €O + 2, [0 =356 ki

CHy +CO;= 200 + 2H, [AH" =247 3 klfmal] ~ .

CH, + H,04 CO + 3H, [AH = 206.3 ki/mol] / .

CHy + 20, €O, + 21,0 (a4 =880 yjmol], —Nr-COZ10: -
LA g kJ;‘mnl [ Nif(CeD,, La,0,]/Al,0, fcordierite

Overall & = Ni-Ce0, La daping

Temperature: 1000 °C :

Pressure 20 bar~

H,/CO ratio=1.2-1.5

Ni'based catalysts are normally used
Some examples are
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Then we will discuss the tri-reforming. So here, we will be using 3 agents; oxygen, carbon
dioxide, and steam for the conversion of the methane, that is why it is tri-reforming. So major
reactions are here; CH4+1/20,, CO+2H,0, this is your AH value and then CH4+CO; it will
give us 2CO+2H; and then this is del H value, and CHa+Ha, it will give H0, it will give
CO+3H: with this heating value and CH4+20,, CO2+2H.0, heating value is this one. So
overall heating value 166 kilojoule/mol and temperature 1000 degree centigrade, and pressure

20 bar, hydrogen to carbon monoxide ratio 1.2-1.5.

So here, we are getting tri-reforming, that is carbon dioxide reforming, steam reforming, and
methane oxidation reactions. So these are the features of tri-reforming and catalysts are
basically nickel-based catalyst and some examples are given here, nickel, calcium oxide,
zirconium; nickel, cerium oxide, lanthanum oxide and aluminum and corderite; nickel ceria
and then lanthanum doping. So these are some example of this catalyst used in this reaction.
(Refer Slide Time: 18:44)



Comparison of different reforming

Typeof |Reforming | Operating | CH, Advantages
reforming | reactants | conditians | Conv.(%

Steam  CH, H,0 700850  £5-95 Heatrecoveryfrom Endothermic reactions

Reforming L flue gas. The product gas has a
| 15-30 bar Lowest process I-ha’CD_ral_luEf 3'_
. temperature SW.EW—SI .Dn proviems,
_ Costs in handling excess
requirement, H.D. —
Partial  CH, 0, 1000-1450 95-100 Modirect heat High cost of air separation
Oxidation e ——— exchanger s unit. T
30-85 bar needed. - Fuuf_h_e'at FECOVErY,
_/ More compact lh_gg
steam reformer,
Low reformer
vessel cost, |

Now we will compare different type of reforming processes. So steam reforming, partial

oxidation and then bi-reforming and ATR we will discuss. So here are reforming reactants as
we have discussed, operating conditions we have discussed, methane conversions we will see
here how it changes and all of these are having some advantage and some disadvantage, so
that part we will see here.

So steam reforming gives us 65-95% of methane conversion, partial oxidation 95-100%, and
then it gives auto thermal 95-100%, and dry reforming 70-96%. So these are different
methane conversions reported in literature. Advantage as you have discussed that the steam
reforming can give us maximum Hx/CO ratio, so when we are interested to get hydrogen
from the syngas, then this process will prefer. Steam as you are using steam, it may induce

some corrosion problems also and that is its disadvantage.

Similarly for partial oxidation, high cost of air separation units, we have to separate the
oxygen from the air, so that increases the cost for the process and no direct heat exchanger is
needed and more compact than steam reforming and low reformer vessel cost, so these are
the advantage of this partial oxidation.

(Refer Slide Time: 20:10)



— Comparison of different reformmg

Typeof |Reforming | Operating Advantages Disadvantages
reforming | reactants | conditions

Auto- CHy H,0,  850-1300  95- 100 Allheat needed is supplied  High cost of air

thermal 0, o by partial oxidation, separation unit,
Reforming 20-100 No direct heat exchanger is  Oxygen added
b needed. lowers the H,/CO
a More compact then steam  ratio in the
reformer, product gas.
Dry CH, CO, 640-1073  70-96 Conversion of greenhouse  Consumes 1.6
reforming oc ~_ gasinto fuelfsyngas. times more energy
110 bar Specific ratio of CHy, H,0, ~ than steam
andCOof 3:21can —  reforming.
produce a gas mixture with
essentially a 2:1 ratio of H,
e e

S S R o
Similarly auto thermal process, we have high cost of air separation unit. Advantage is all heat

needed is supplied by partial oxidation and then that heat is used for reforming, so more
compact than steam reformer. Then dry reforming as you have discussed that it uses carbon
dioxide, so that is the major advantage of this process and conversion of greenhouse gas into

fuel or to syngas.

Specific ratio of methane, steam, and carbon monoxide 3:2:1 can produce a gas mixture with
essentially a 2:1 ratio of hydrogen and CO3, so this is required for liquid fuel synthesis,
methanol synthesis, etc. So that is the advantage of this process, but if we can develop
suitable catalyst and coke deposition problem can be reduced, so this process can be
attractive, but this is the challenge for the process.

(Refer Slide Time: 21:13)
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Now we will see the reforming reactors. So different types of reactor configurations or
reactor types have been used, out of those fixed bed tubular reactor this is mostly used in
commercial scale for larger reformer units. We see here feed inlet, it goes here and then it
goes through this tube as we have discussed in the previous slide, so these are the tubes
through which the feed hydrocarbon and other reactants goes through. Then after reforming,

it is going for as a product.

So in this case, the tubular reactors, in the tubes in this reactor, the reforming reaction takes
place and the temperature is given by the combustion of another fuel gas at the outside of the
tubes. So in commercial scale if we see, one furnace contains 500-600 tubes with inner
diameter of 70-130 millimeter and length of 7-12 meter and conversion section methane and
steam are preheated to 500 degree centigrade.

Then there are some radiant sections and catalytic sections and the catalyst used for the
conversions of the methane to syngas, it is top fired, it can be bottom fired, it can be terrace
wall, side fired. So, the feed can be at the top, bottom, or side of the wall, anywhere it can be
done.

(Refer Slide Time: 23:29)
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Micra channel reactar

Then we are coming to microchannel reactor. So because of the latest development on this
technology on this reactor part, if we use the microchannel, then the performance or
economics of the process can be improved because it reduces the mass and heat transfer
limitation. So if you can reduce the diameter of this, it is almost similar to say tubular reactor,

but if we can reduce the diameter very, very small and then we can coat some catalyst inner



part of this tube, so very small diameter and the inner side coating or washcoating of the
catalyst, so that will increase the performance of the reactor and this is a microchannel
reactor.

Here, critical channel dimension we see 50 to 5000 micrometer. So, we had 70 millimeter,
here we are having 50 to 5000 micrometer. So because of the reductions of this tube size, the
performance increases because of the reduction in different mass and heat transfer losses.
Here also, it is laminar flow regime and large amount of surface area per unit volume
increase the overall productivity per unit volume. So, you can get more productivity per unit
volume in this reactor.

(Refer Slide Time: 24:32)
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Then another development is monolithic reactor. So, it is like say honeycomb structure we

can say. These are the number of comb or circular or the square shaped channels are made
and this is a honeycomb like structure. So, it is also similar to the microchannel, here also we
can put catalyst loading inside and washcoating and only the improvement in the design is
available in this case and long parallel and usually straight channels and catalyst washcoated

walls.

Physical properties of monolith depend on specific requirements of process and good thermal
conductivity for rapid heating and of washcoat. Washcoat thermal expansion of same order of
magnitude as the support. Cell density here, what is the cell density, where you see here in
this case, so number of cells are there, so that is CPSI that is channels per square inch, that is

very important that will decide the dimensions of the channels also, so that influences the



performance of the process and CPSI is 1/d%channel in inch.

So 3 modeling zone, the gas to the in interior of the channel, washcoat, and channel wall; so
these are 3 parts, this one, this one and in between.
(Refer Slide Time: 26:12)

Comparison of different reactor types

Reactor | Opersting | Catabyst Advantages Disadvantages Reference
type | conditions | used

Flxgd bed ?fmat Regulars  High production capaclty,  Less heat transfer Froment and

tubular  10-23bar  iroegular efficiency (S0% heat loss in- Bischoff, 1590
reactor T packing 1 e
Ve miaterials. Larger fontprint.—
g Catalyst deactivatian starls
faschig AL ra-";
rings.

/

Now, comparison of different reactor types. If we compare the fixed bed and tubular 700-950
degree centigrade, 10-25 bar, and regular/irregular packing materials, raschig rings are used,
high production capacity it has, less heat transfer efficiency as you are talking about the
limited sense is reduced by the reductions of the diameter of the tubes, and then larger
footprint and catalyst deactivation starts at 700 degree centigrade okay.
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Then we see microchannel. The temperature is given here that is 15 bar and 860-900 degree



centigrade, the washcoated catalyst, uniform temperature, low rate of excess air, reduces the
cost of blower or compressors, their requirement reduces, and then thermal losses below 5%
for scaled-up plant, and then it requires advanced technology. This technology is not very
matured, some plants have come up and it is still development stage and it is having small

capacity also and many reactors can be arranged in parallel for high throughput.

The monolithic, also the similar operating conditions it is having and same type of catalyst is
also used. It has also similar properties, low pressure drop, good mass transfer interphase,
good thermal and mechanical properties, simpler scale up due to specific geometries. These
are the disadvantages that the ceramic monoliths have poor thermal conductivity, hence metal

monoliths are preferred. Up to this in this class. Thank you very much for your patience.



