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ABSTRACT

Traditional regenerator optimization has focused on control of two key process
variables. carbon on regenerated catalyst and afterburn. Now a third process variable: flue gas
NOyx emissions has been added. However, the most widely used methods of controlling
regenerator afterburn — platinum based CO promoter and high excess oxygen — also strongly
increase NOx. It will be demonstrated that regenerators with superior air-catalyst mixing control
afterburn while emitting substantially less NOy than typical bubbling bed regenerators. Proven
technology that can be used to optimize al three process variables will be discussed.
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INTRODUCTION

The flue gas stack from afluid catalytic cracking (FCC) unit emits a number of pollutants. These
include particulates, carbon monoxide (CO), sulfur oxides (SOx), specificaly SO, and SO3; and
nitric oxides (NOx), specifically NO and NO..

NOy is implicated as a cause of smog. This occurs when NOy reacts with volatile organic
chemicals and sunlight to form ozone. For this reason, regulatory agencies have increased

attention on reducing NOy emissions from stationary sources. These include petroleum refineries
and coal burning power plants as well as others. For FCC units in the United States, national

emission standards for particulates and CO are listed in the EPA’s MACT |1 ruling and recorded
in the federal register.” National emission standards for SO are listed in the EPA’s New Source
Performance Standard and also recorded in the federal register.? National emission standards for
NOx have not been established by the EPA. For many refineries, the NOy emission limit from the
FCC unit is established by a consent decree between the EPA and the refinery. The NOx
emission limit is different for each location, but most are around 20 ppmv.

There are several ways to control NOy produced by an FCC regenerator. In situ methods include
equipment design, operating conditions and additives, which include non platinum based CO
promoters and NOy reducing additives. Feed hydrotreating can reduce total feed nitrogen 20 to
90% depending on severity and consequently reduce the NOx potential of the feed. Flue gas
treating methods include selective catalytic reduction systems, selective non catalytic reduction
systems and ozone injection systems. The focus of this paper is equipment design and operating
conditions.

ORIGIN OF NO, IN FCC REGENERATOR FLUE GAS

By definition, NOy includes NO plus NO,. Other nitrogen bearing oxides such as N,O are also
present in FCC unit flue gas, but are not considered to be NOx and thus not controlled. It is
generally understood that the predominant NOy species inside an FCC regenerator is NO which
is further oxidized to NO, upon release to the atmosphere®

There are two ways NOx can be produced: i) oxidation of N, which enters with the combustion
air, also known as thermal NOy and ii) oxidation of nitrogen compounds in the fuel, a'so known
as fuel NOy. In the case of FCC units, the fuel is coke, which is deposited on the catalyst during
feedstock conversion inside the reactor. Thermal NOy occurs at very low rates below 1600°F.*
Consequently thermal NOy is not a concern for FCC unit regenerators, most of which operate
below 1400°F.
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One may speculate that during regeneration, the peak intraparticle temperature will far exceed
the bulk temperature resulting in thermal NOx. Combustion of pulverized coal in power
generators can indeed produce intraparticle temperatures which exceed the bulk temperature by
as much as 700°F.°> However, high intraparticle temperatures are unlikely within FCC catalyst
due to the small particle size and low coke concentration In order to demonstrate that thermal
NOx is not significant in an FCC regenerator, Dishman et al. performed an experiment where
nitrogen free coke was combusted at typical FCC regenerator temperatures. The resulting flue
gas contained essentially no NO,.°

TypicAL FCC UNIT NITROGEN BALANCE

Figure 1 shows the nitrogen balance obtained by UOP for FCC Unit “A.” About 40 wt-% of the
feed nitrogen exits the reactor as nitrogen heterocompounds in the liquid products and about 10
wt-% of the feed nitrogen exits the reactor as ammonia collecting in the sour water. The
remaining 50 wt-% of the feed nitrogen exits the reactor as coke on spent catalyst delivered to
the regenerator.

Figurel
Unit “ A” — Nitrogen Distribution among Reactor Products and Flue Gas
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The flue gas in this example contains 127 ppmv NOy while the feed contains 1600 ppmw total
nitrogen. The nitrogen portion of NOy in the flue gas amounts to about 3 wt-% of the total feed
nitrogen which is equivalent to 6 wt-% of the coke nitrogen. The remaining coke nitrogen starts
out as NOy or some intermediate nitrogen species, but is quickly reduced to No. The overall
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result is that 94 wt-% of the coke nitrogen is reduced to N». For this FCC unit, reduction of coke
nitrogen would have to increase from 94 wt-% to 99 wt-% to attain 20 ppmv NOx in the flue gas.

The large fraction of N, in combustion air makes it impractical to directly track feed nitrogen
reduction to Ny in a commercial FCC operation. However, riser pilot plant testing has proven
that this does indeed occur.®* This testing was conducted using pure argon and oxygen to
regenerate the catalyst. The flue gas contained NOx plus substantial amounts of No.

REGENERATOR M ODE OF OPERATION

There are two general modes of operating an FCC unit regenerator: partial combustion mode and
full combustion mode. In partial combustion mode, the flue gas contains severa percent carbon
monoxide. NOy leaving a regenerator operating in partial combustion mode tend to be lower than
NOy leaving a regenerator operating in complete combustion mode. This is strong evidence that
CO reacts with NO to form N,. For units operating in partial combustion mode, CO in the flue
gas must later be burned in an incinerator to meet CO emission limits. CO incinerators fire
supplemental fuel and operate at 1600 to 1800°F. Consequently CO incinerators produce thermal
NOx in addition to the fuel NOy already created by burning coke.

For FCC units operating in full combustion mode, CO incinerators are usualy not in place.
Therefore the regenerator itself must oxidize the CO to control afterburn and keep CO emissions
below the regulatory limit. The MACT Il emission limit for CO emissions from an FCC
regenerator is 500 ppmv, but state or local limits may be lower. Platinum based CO promoter is
frequertly used to control afterburn and CO emissions. Reference 7 provides a very good
description of the role of platinum based CO promoter in FCC regenerators.’

Oxidation of CO to CO, proceeds rapidly in the presence of excess oxygen. Hence oxidation of
CO directly competes with reduction of NOy via CO in thereaction 2NO + 2CO & N, + 2CO..
Also, reduction of NOy via carbon in the reaction 2NO + C & N» + CO; is significantly slower
when the CO concentration is low.2 CO promoter will increase the rate of CO oxidation and
therefore work against NOx reduction. Therefore the simultaneous minimization of both CO and
NO in an FCC regenerator operating in complete combustion mode is difficult to achieve. Some
researchers have looked at reaction equilibrium to better understand the limits of NOy reduction
Calculations by Zhao et a. for combustion of coke on FCC catalyst indicate an equilibrium NO
concentration of 8 to 10 ppmv.2 Wojtowicz et al. conducted equilibrium calculations for coal
combustion and showed similar results at typical FCC regenerator operating temperatures.’
Commercia data shows that some advanced FCC regenerator designs can indeed approach these
limiting values but most do not.
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TyYPESOF COKE

Coke is characterized in three different types: i) catalytic coke; ii) feed residue coke and iii)
catalyst circulation coke®®

Catalytic coke is hydrogen deficient coke located primarily within the pore structure and is a
product of cracking mechanisms. This coke can be sib-divided into two categories: i) coke
produced from the catalytic activity of the catalyst itself and ii) coke produced from the catalytic
action of the metals deposited upon the catalyst. Contaminant metals accumulated on the catalyst
surface will act as a dehydrogenation catalyst to further condense coke molecules.

Feed residue coke is primarily from large multi-ring aromatics (@sphaltenes) which will not
vaporize and rather deposits directly on the catalyst. The contribution from feed residue coke
changes only with feedstock quality.

Catalyst circulation coke is hydrogen rich coke adsorbed on the catalyst surface or in the
emulsion phase. This coke can be viewed as supplemental fuel which is burned in the regenerator
to meet the heat demand of the reactor. The reactor temperature controller automatically adjusts
this fuel rate by adjusting the catalyst circulation rate.

The laboratory method typically used to separate coke for quantitative anaysis is solvent
extraction resulting in only two types of coke. The portion of the total coke which can not be
extracted is called hard coke. Everything elseis called soft coke.

The amount of soft coke adsorbed on the spent catalyst can vary widely depending on the
efficiency of the spent catalyst stripper. Based onareview of eight commercial FCC units, soft
coke was found to range from 2.5 wt-% to 33.5 wt-% of the total coke. Soft coke nitrogen
accounts for 0.27 wt-% to 5.24 wt-% of the total coke nitrogen. Refer to Table 1 for details.'*

Tablel
Nitrogen Didribution between Soft Coke and Hard Coke

Sample 1 2 3 4 5 6 7 8
wt-% Soft Coke

in Total Coke 335 25.9 14.2 12.6 12.0 9.8 6.8 25
wt-% Soft Coke N

in Total Coke N 99.73 0.27 5.24 1.06 2.29 0.47 NA NA
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BAsic AND NON BAsIC NITROGEN COMPOUNDS

Heterocyclic nitrogen compounds are the dominant nitrogen compounds in FCC feedstock.
These can be classified as basic and non basic. Basic nitrogen compounds are predominantly
pyridine type structures, which include pyridines, quinolines and acridines Non basic nitrogen
compounds are predominantly pyrroles, typically indoles and carbazoles? The chemical
structure for these compounds are described in Figure 2.

Figure 2
Chemical Structure of Feed Nitrogen
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Basic nitrogen compounds have long been recognized as a catalyst poison and therefore an
important component of coke.'® It has been suggested that the majority of nitrogen compounds
associated with coke are due to these adsorbed basic nitrogen compounds.® The concentration of
acid sites in the catalyst exceeds the concentration of basic nitrogen molecules by several orders
of magnitude. It is thus tempting to speculate that all basic nitrogen will become coke.

Table 2 is a detailed analysis of the nitrogen compounds in the feed and in the liquid products for
FCC Unit “B.” The nitrogen compounds in the liquid product are indeed predominantly non
basic pyrroles. However, asignificant presence of pyridines indicates that the attraction of these
basic nitrogen compounds to the catalyst acid sites is being hindered in some way.
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Basic nitrogen compounds in the liquid products are typically 4 to 6 ring aromatics. These large
molecules may be diffusion limited due to the critical dimension of the molecule exceeding the
catalyst's pore mouth opening. Venuto and Habib indicate that any molecule in excess of three
rings will likely experience diffusion limitations.** Such limitations will be enhanced as coke lay
down reduces the catalyst's pore mouth opening!® Figure 3 is an illustration of the hindrance
caused by large heterocyclic molecules.

Table2
Unit “B” — Nitrogen Compoundsin Feed and 450+ °F Liquid Products

Liquid
Product
Feed wt-% N

Component wt-% N MW onFF MW
Napthenopyridines 0.0006 225.3 ? ?
Indoles 0.0006 232.38 ? ?
Quinolines 0.0009 314.02 ? ?
Naphthenoquinolines 0.0005 298.49 ? ?
Carbazoles 0.0162 35493 0.00867 224.74
Acridines 0.0162  353.3 0.00094 257.59
Naphthenobenzoquinolines  0.0131  364.51 0.00020 294.44
Benzocar bazoles 0.0268 32435 0.00596 275.72
Benzacridines 0.0113 35943 0.00139 306.12
Naphthenobenzacridine 0.0083 3725 0.00112 324.14
Dibenzocar bazoles 0.0060 349.01 0.00153 318.04
Dibenzacridines 0.0030 3749 0.00054 336.86
Acenaphobenzindole 0.0017 33541 0.00035 341.61
Tribenzocarbazoles 0.0012 350.52 trace 367.18
Benzonaphthacridines 0.0020 347.73 0.00037 328.24
Diindenoacridines 0.0008 366.42 ? 345.79
Dinaphthocarbazoles trace  367.14 ? ?
Total N wt-% Feed 0.1090 0.0211
Total Basic N wt-% Feed 0.0567 00456
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Figure3
Hindrance of Large Heterocyclics
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Other researchers have studied coked catalyst from severa FCC units using MALDI-TOF Mass
Spectrometry and were able to identify non-basic carbazoles and indoles in the coke'® Thus
basic feed nitrogen is probably not substantialy superior to total feed nitrogen as a predictor of

NOy potential.

CokKE COMBUSTION

Figure 4 describes the principal mechanisms for combustion of coke and reduction of NO in an
FCC regenerator. Many of these NO reduction mechanisms are surface reactions which require

reactants to adsorb onto a free active carbon site.
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Figure4
Primary Reactions and Products of Coke Combustion

Coke Oxidation ——<+—— Reduction Flue Gas
0 Co, co,
C 2 ‘."“.-_.-!--_..‘-I-IIIIII'I-.IIIl.llllllIllll--.-..* C02
: CcO > 9
—> NH,

/ NO — N,
/7 —> NO

‘—-““.'
HCN‘ \
K - Nzo
NO
» N,

= Pt Catalyzed Mechanism

SOoFT CokE COMBUSTION

Combustion of soft coke will occur first. Soft coke nitrogen is a small percentage of the total
coke nitrogen, typically less than 5 wt-% per Table 1. However soft coke nitrogen is quite
substantial when compared with the nitrogen leaving the regenerator as NOx. Some of the soft
coke will contain nitrogen compounds, which convert to HCN and NHs intermediates and then
further convert to NO, N,O or N, through a series of homogenous reactions.*” If platinum based
CO promoter is present, it will oxidize the HCN and NH; to NO.*®  Since HCN and NH; can
react with NO to form N>, platinum based CO promoter can also inhibit NO reduction.

NO might adsorb onto a coke surface where it can be reduced via reaction with CO or carbon.
However, this is unlikely because NO must compete with @ and CO for free active carbon
stes. Furthermore the NO faces mass transfer limitations in moving from the bubble phase to
the emulsion phase. It is therefore likely that NO formed from the soft coke fails to be effectively
reduced in the regenerator.
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HARD CokE COMBUSTION

Deposition of coke, and specifically deposition of coke nitrogen, will vary with pore size.
Various researchers have grouped pore sizes into three categories, typically micropore, mesopore
and macropore.'® For discussion purposes, we will regroup these into two categories: large pores
(greater than 200 A) and small pores (less than 200 A), and explore the reduction of NO in each.

Large Pores. After soft coke combustion is well underway, hard coke combustion will
commence from the outside in. This will involve the adsorptionof oxygen onto the coke surface,
forming both NO and CO. For reduction of NO to proceed, a second NO molecule must be
present. Nitrogen is randomly dispersed throughout the hard coke, so the likelihood of an
adjacent NO being formed is small.® Therefore a second NO molecule must adsorb onto the coke
surface from the gaseous phase. However, O, and CO are in abundance and competing strongly
for the free active carbon sites. The NO formed in large pores therefore has a poor chance of
reducing. NO desorbing from these large pores will then face the same competitive environment
for reduction as does soft coke. Note that the presence of metals on catalyst (typically V, Ni, and
Fe) can influence NO, emissions. 1*:°

Small pores: Inside the small pores, the impediments to NO reduction discussed thus far are not
significant. These pores account for more than 80% of the total surface area and are the location
of most of the acid sites Recall that hard coke typically contains more than 95 wt-% of the coke
nitrogen per Table 1. Hence the great majority of coke nitrogen is found in the small pores.
These pores present a near perfect environment for reduction of NO. The reactants CO and NO
will be at their highest relative concentrations and, due to the small pore volumes, the likelihood
of collisions is enhanced. Researchers in char combustion have made similar observations
regarding NOy reduction in micropores formed in char.'” Figure 5 is an illustration of coke
distribution in the pore structure.
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Figure5
CokeDigtribution in Catalyst Pore Structure
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Even though soft coke nitrogen typically contains less than 5 wt-% of the total coke nitrogen, it
probably contributes disproportionately to NOy. Improving efficiency of the stripper will drive
off soft coke and require that the catalyst circulation rate increase in order to restore the heat

balance. This should increase hard coke and reduce soft coke and perhaps reduce NOy
emissions.
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PROCESS VARIABLES

The process variables which have a large impact on the NOy concentration in the flue gas are: i)
feed nitrogen, ii) platinum level on the circulating catalyst and iii) flue gas excess oxygen.
Figures 6 through 8 show the response of NOy to each of these variables for three different FCC

units.

Feed Nitrogen: A substantial change in feedstock such as adding resid will impact NOy. Figure 6
shows this response for FCC Unit “C” which operates part of the time with VGO feedstock and
part of the time with VGO plus resid feedstock. The VGO plus resid operation produces more
than twice the NOy of the VGO operation.

Figure6
Unit “C” — Impact of Feed Resid
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Hydrotreating will also result in a downward shift in NOy. Hydrotreating reduces the total
amount of nitrogen in the feed and therefore reduces the total amount of nitrogen that reaches the
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regenerator. The result will be lower overall NOx compared with nonhydrotreated feedstock.
Results will vary with feedstock properties and severity of hydrotreating.

Note that many FCC operators have reported no correlation between feedstock nitrogen and NOy
emissions as long as the upstream feedstock processing is unchanged.

Platinum Level on the Circulating Catalyst: Figure 7 isaplot of platinum on circulating catalyst
versus NOy emissions for FCC Unit “D.” As platinum is increased, NOy emissions increase. This
same relationship has been widely reported by pilot plant studies'® and by many FCC operators.

Figure?7
Unit “ D" — Impact of CO Promoter
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Flue Gas Excess Oxygen: Wojtowicz et al. conducted equilibrium calculations for NOx produced
from coal combustion at excess oxygen concentrations of 0.5 mol-% and 5.6 mol-%.° This work
indicates that the predicted NOy was negligible for the 0.5 mol-% excess O, case, and 50 ppmv
for the 5.6 mol-% excess O, case. Dishman et a. found smilar results in FCC pilot plant
experiments in which they measured 16 ppmv NOy a 0.5 mol-% excess oxygen and 33 ppmv
NOy at 4.0 mol-% excess oxygen.®

Figure 8 is aplot of flue gas NOy response to excess oxygen for FCC Unit “E.” This plot shows
increasing NOy emissions with increasing excess oxygen Every unit we have studied shows a
similar pattern, but usualy with higher absolute values of NOx. This particular data was from a
UOP Combustor-style regenerator.

Figure8
Unit“E” — Impact of Excess Oxygen
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REGENERATOR DESIGN

There are two general types of FCC regenerator designs in service today: bubbling bed
regenerators and combustor style regenerators.
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BUBBLING BED REGENERATORS

Bubbling bed regenerators have been used to regenerate spent catalyst since the first FCC unit
sarted up in 1942 and they are till widely used today. Following the introduction of CO
promoter in 1974, many bubbling bed regenerators switched from partial combustion mode to
complete combustion mode to capture yield advantages.

An important aspect of catalytic cracking is the requirement to move large amounts of fluidized
catalyst back and forth between the reactor and the regenerator. The historical way to do thisisto
arrange the regenerator so the catalyst enters the top of the bed and leaves at the bottom per
Figure 9. Most bubbling bed regenerators, but rot all, are arranged this way. The combustion air
flows up, counter-current to the catalyst which flows down.

Figure 9 also shows the internal process flow of a bubbling bed regenerator. A typical superficia
velocity isaround 3.0 ft/s. At this velocity, catalyst isentrained into the cyclones and flows back
down into the dense bed at about 1.3 times the catalyst circulation rate,

Figure9
Bubbling Bed Regenerator
Internal Process Flow
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For a typical bubbling bed regenerator, the temperature will increase about 30°F from the dense
bed to the cyclone outlet. Knowing this temperature rise and the catalyst entrainment rate, one
can calculate that the flue gas leaving the surface of the bed must have around 2 mol-% CO (or
the heating value equivalent of carbon plus CO). This CO will require about 1 mol-% oxygen for
combustion. Assuming the flue gas has 2 mol-% excess oxygen, there will likely be 3 mol-%
oxygen at the surface of the bed and higher amounts below the surface.

COMBUSTOR-STYLE REGENERATORS

Figure 10 shows the internal process flow of a combustor-style regenerator. The combustor
(lower vessdl) is designed to completely burn the coke to CO, without CO promoter and with
low excess oxygen. This is accomplished by excellent mixing and symmetrical design. Some
combustor style regenerators do use small amounts of CO promoter because they operate at low
temperature or way beyond original design capacity.

Figure 10
Combustor Style Regenerator
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The combustor is designed to operate at about twice the velocity of atypical bubbling bed
regenerator. The higher velocity results in alower density than in abubbling bed so resistance to
horizontal mixing is reduced. The lower part of the combustor is a highly backmixed fast
fluidized bed. A portion of the hot regenerated catalyst is recirculated to the lower combustor to
heat the incoming spent catalyst and to control the combustor density to the desired level. Asthe
catalyst enters the combustor riser, the velocity is further increased and the two-phase mixture
exits through symmetrical downturned arms. All of these features result in excellent afterburn
performance. A typical high efficiency regenerator in service today uses less than 1 mol-%
excess oxygen and results in less than 20°F afterburn.

UOP conducted a comprehensive survey of several FCC unit operators with high quality NOx
emission data, specifically units with continuous emission monitoring systems. Figure 11 shows
the average reported NOy as afunction of the average excess oxygen for each unit in the survey.
Each data point is a different unit, and the regenerator design is indicated for each data point -
either combustor style or bubbling bed. Combustor style regenerators clearly produce 70 to 80
% lower NOy than bubbling bed regenerators.

Figure 11
| mpact of Regenerator Design
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SUMMARY

The most important factor which influences NOy emissions from an FCC regenerator is the
regenerator design. Combustor-style regenerators provide excellent air-catalyst mixing and
therefore can achieve low NOy emissions without flue gas treating or catalyst additives.
Combustor-style regenerators consistently achieve superior NOx performance.

Other important factors which influence NOx emissions from an FCC regenerator are excess
oxygen and platinum based CO promoter use. Superior regenerator designs alow good control of
afterburn while using minimal excess oxygen and minima CO promoter. The amount of nitrogen
in the feedstock is also an important factor which influences NOy emissiors. However, the
impact of nitrogen in the feedstock is usually only observed when upstream processing of the
feedstock is changed. Basic nitrogen is probably not substantially superior to total nitrogen as a
predictor of NOy performance.

Nitrogen in soft coke probably contributes disproportionately high to NOy. Improving the
efficiency of the spent catalyst stripper can reduce soft coke and may reduce NOy emissions.
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