SULPHURIC ACID TECHNOLOGY

Combating NOXx

in acid plants

Nitrogen oxides can be formed via several mechanisms in the upstream operations of sulphuric
acid plants. NOx levels may need to be controlled to ensure acid quality and good operation.
Several methods of NOx removal are available to meet these needs.

itrogen oxides (NOx) typically refer
Nto different compounds that are
formed out of nitrogen and oxygen,
e.g. NO, N,0, NO,, N,0. A typical specifi-
cation for NOx in commercial grade sul-
phuric acid is 5 ppmw oxides of nitrogen
as nitrates (equivalent to 10 ppm
HNOSO,). Depending on the plant design,
this would limit the concentration of NOx in
the feed gas to between 5 to 15 ppmv in
order to produce a product acid that would
require no additional treatment.
The NOx that occurs in an acid plant
can be formed through a number of mech-
anisms in the upstream operations®2.

Thermal NOx

The formation of themal NOx occurs through
the reaction of nitrogen and oxygen:

O+N, > NO+N (1)
N+0O0, > NO+0O (2)
N+OH— NO+H (3)

The thermal formation of NOx starts at
temperatures below 1,000°C but typically
results in significant concentrations at tem-
peratures above 1,300°C. The rate of NOx
generation is a function of temperature and
oxygen concentration. As the kinetics of
the reaction is relatively slow, even at tem-
peratures of 1,600°C the equilibrium will
be reached after seconds, hence the con-
centrations of NOx are significantly below
the thermodynamic equilibrium value in sul-
phur combustion processes. Metallurgical
plants, on the other hand, may receive
more NOx in the feed gas as the primary
smelting units generally operate at higher
temperatures than sulphur or acid regen-
eration furnaces.

Sulphur 325 | November-December 2009

The increased use of oxygen enrich-
ment in smelters and acid regeneration
plants tends to increase the quantity of
NOx formed due to the effect of higher tem-
peratures and higher oxygen concentration.
When using oxygen enrichment, the NOx
content peaks in the 35-50 vol-% oxygen
range. Beyond this level, the quantity of
nitrogen present and available to form ther-
mal NOx decreases.

Fuel NOx

Organic bound nitrogen present in some
fuels, particularly heavy fuel oils, is readily
converted to NOx in the combustion
process. This conversion is difficult to pre-
vent when using heavy fuel oil. The forma-
tion of fuel NOx can result in significant
NOx concentrations even at lower temper-
atures compared to thermal NOx (<900°C).
The main reactions are:

CHN, = NH; + HCN (4)
2NH, + 50 — 2NO + 3H,0  (5)
2HCN + 70 — 2NO + 2C0, + H,0 (6)

NOx in the gas stream to the acid plant is
undesirable for several reasons: it leads to
nitrates in the product acid which may
exceed specifications, thus affecting acid
quality; it leads to NOx in stack gas exceed-
ing permitted concentrations and causing
a visible yellow to brown plume, it can also
directly affect the operation of acid plants
by blocking candle filters or fouling equip-
ment such as heat exchangers.

Feed NOx

Some feeds to furnaces and smelters con-
tain organic nitrogen compounds. For

instance, methyl methacrylate spent acid
contains significant quantities of organic
nitrogen compounds. It consists of almost
35% ammonium sulphate and some con-
centrates, particularly zinc concentrates.
While the operating conditions in an acid
regeneration furnace can be adjusted to
minimise the production of NOx, the oper-
ation of the smelter/roaster is controlled
more by metallurgical considerations. How-
ever the formation of NOx in the off-gas is
ensured in either case.

NOXx in sulphuric acid plants

In sulphur based sulphuric acid plants, NOx
is mainly formed as thermal NOx. The for-
mation is influenced by temperature and the
combustion system. In general, higher tem-
peratures will result in higher NOx concen-
tration and more compact burner/furnace
systems will result in reduced NOx concen-
trations. In a few plants, an increased NOx
level, due to nitrogen containing impurities
in the feedstock (contamination of sulphur),
have been reported.

In acid plants processing metallurgical
off-gases, the NOx content results solely
from the upstream pyrometallurgical pro-
cess and can reach high values (>>100
mg/Nms3). For example, the excessive use
of oxygen in the smelter process results in
high temperatures and/or nitrogen contain-
ing components in the treated concentrate.

Plants treating off-gases from spent
acid decomposition plants, which typically
operate at lower temperatures (< 1,000°C),
can also show a significant amount of NOx
(>>100 mg/Nm?3) due to nitrogen contain-
ing components in the feedstock.

NOx in the process gas, regardless of
the feed source, enters the acid plant
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Fig 1: NOx emission from candle
filter during cleaning

mainly as nitrogen oxide (NO), which does
not react with sulphuric acid nor does it
have a tendency to form sulphate. NO is a
gas with a very low boiling point and it can-
not be captured in the gas cleaning system
of an acid plant, nor can it be separated in
the gas cooling section or drying tower in
significant amounts. The key component
for the reaction with sulphuric acid is dini-
trogen trioxide (N,O3), which is formed
once NO enters the catalytic stages of the
acid plant. At lower temperatures, NO is
converted to N,O; in the presence of vana-
dium pentoxide catalyst:

NO + 1,0, — NO, (7)
(8)

(9)

NO, + NO - N,O,
2 NO + 1,0, > N,0,

In the first stage of the converter approxi-
mately 50% of the NO will be converted to
N,O,. N,05 reacts with sulphuric acid mist
to form nitrosyl-sulphuric acid (NOHSO,),
which tends to be a vapour initiator:

N,0, + 2H,S0, — NOHSO, + H,0 (10)

NOHSO, aerosols will be precipitated from
the gas in the candle filters of the inter-
mediate- and final absorber. Measure-
ments have shown that 30-85% of the total
NO, is collected in the candle filter sys-
tems, the majority can be found in the final
absorber. Typically 85-400g¢ NOHSO, per kg
H,S0, are dissolved in the candle filters.
As the solubility of NOHSO, is (depending
on temperature and acid concentration)
approximately 600g NOHSO, per kg H,SO,,
fluctuations in the process conditions can
result in blockages of candle filters due to
crystallisation of NOHSO,, which will dis-
turb the plant operation due to the high
pressure drop. The cleaning of NOx pol-
luted candle filters requires additional pre-
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cautions, as during the cleaning process
the reverse reaction (10) will result in NOx
emissions as seen in Fig. 1.

When the NOHSO, enriched acid is
drained from the candle filters directly to
the product acid, the NOx concentration in
product acid can exceed the specified value
(typically < 5 ppm) and the NO* species can
result in corrosion of equipment (e.g. cold
heat exchanger) and will form coloured
compounds (Fe-complexes). The resulting
treatment of the NOHSO, in the product
acid by chemicals (e.g. hydrazine, hydroxy-
lamine, urea, etc.) will create additional
cost, thus lowering the product margin.

NOx control

The following strategies can be employed
to control NOx in sulphuric acid plants:

® prevention;

® elimination in gas cleaning;

® partial NOx reduction;

® selective catalytic reduction

Prevention

If possible adjustments or modifications
should be made at the furnace to prevent
or minimise the formation of NOx. Low NOx
burners can be retrofitted and the gas flow
paths in the furnace adjusted to eliminate
hot spots that favour the formation of NOx.
CFD analysis is used to assist in optimising
the gas flow path in the furnace.

Elimination in gas cleaning

The first opportunity to eliminate the NOx
after it is formed occurs in gas cleaning.
Here ozone can be added to the gas to oxi-
dise NO to NO, which is then scrubbed in
the gas cleaning and purged in the weak
acid effluent. The disadvantages with this
approach is that oxidation with ozone is
not very efficient, the ozone rapidly decom-
poses leading to significant ozone loss
before it reacts with the NOx, additionally
the ozone will react with significant quan-
tities of SO, resulting in additional SO for-
mation thereby increasing the quantity of
weak acid effluent. Also the weak acid
effluent after neutralisation will now con-
tain nitrates which can be a far greater dis-
charge problem than an effluent
containing limited concentrations of dis-
solved sulphates.

Partial NOx reduction

The approximately 90% of the NO, that is
measured in the strong acid occurs
through capture in the acid mist droplets

formed at the inlet to the absorption tow-
ers. These mist droplets are themselves
subsequently collected in the mist elimi-
nators located in the top of the towers and
drained back to the bulk of the acid.

Absorption towers that are fitted with
Brownian Diffusion candle-type mist elimi-
nators have an effective method for trap-
ping and diverting these mist droplets
containing the absorbed NOx. However the
quantity of NOx captured in the acid is at
maximum only 65% of the total NOx feed
and the NOx segregated in the candle
drips is 90% of the total captured. The
remaining NOx in acid is sufficient to
exceed the quantity permitted by the acid
quality specification.

Segregating the candle drips requires
additional treatment for both the candle
drips and the product acid.

The simplest approach for treating the
candle drips is to just dilute with water and
sewer or neutralise the candle drips. How-
ever this creates an acid yield loss and an
additional effluent from the acid plant. Also
care must be taken when diluting. The
rapid hydrolysis and heat of dilution when
the candle drips come into contact with
water will result in the release of copious
brown NOx fumes. In most cases it will be
necessary to use a scrubber to avoid the
release of NOX.

Selective catalytic reduction (SCR)
Another technique for the removal or
destruction of NOx in gases is selective
reduction using a reducing agent such as
ammonia. The process involves the reac-
tion of NO and NO, with ammonia to form
nitrogen and water:

4NO +4NHy+0,—> 4N, +6H,0 (11)
NO + NO, + 2 NH; — 2 N, + 3 H,0 (12)

Although these reactions can occur at high
temperature (above about 900°C, i.e. at the
conditions of the smelter or furnace outlet)
without a catalyst in the typical hot smelter-
or furnace gas it is believed that the rela-
tively high levels of dust and, of course, SO,
will make the reaction largely ineffective.

At more moderate temperatures (180-
600°C) a catalyst is used. Selective cat-
alytic reduction of NOx by ammonia over
vanadia/titania type catalysts is by far the
most important commercial process today
for removal of NOx3.

However, the process to date has had
only limited application on a commercial
scale in sulphuric acid plants.
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The SCR DeNOx process

Figure 2 shows a schematic diagram of the
SCR DeNOx process. The process is gener-
ally the same whether applied to flue gases,
exhaust gases, or to other off-gases.

The main components of the SCR
process consist of a reactor containing the
catalyst and an ammonia storage and injec-
tion system. The ammonia can be in the
form of liquid, water-free ammonia (under
pressure) or an agueous ammonia solution
(at atmospheric pressure). A solution of urea
can also be used if warranted by safety.

The ammonia is evaporated in an elec-
trically, steam, or hot water heated evapo-
rator and is subsequently diluted with air
before the mixture is injected into the
process-gas duct. The injection of the
ammonia/air normally takes place through
a grid of nozzles in order to achieve a uni-
form mixing of the ammonia with the
process gas. A system of one or more
static mixers may be placed in the duct to
further improve mixing. This mixing is
important so that the resulting gas-ammo-
nia mixture has the uniform NH;/NOXx ratio
required to ensure efficient removal of NOx
and to minimise the ammonia slip (“leak-
age”) from the SCR reactor.

The SCR process requires precise con-
trol of the ammonia injection rate. Insuffi-
cient injection results in low conversion of
NOx and an injection rate which is too high
results in an undesirable leakage of uncon-
verted ammonia from the SCR reactor.
SCR control strategies in general use a
combination of feedback control and feed-
forward control. The primary control vari-
able is the SCR outlet NOx concentration.
The feedforward signal is comprised of two
major components, one related to the gas
flow rate into the SCR and the other repre-
senting the inlet NOx concentration.

SCR in a sulphuric acid plant

The SCR reactor usually consists of one or
more layers of catalyst. The normal oper-
ating temperature of the catalyst is be-
tween 300°C and 425°C but through the
use of special catalysts the SCR process
can be applied at temperatures down to
180°C and up to 600°C.

The application of SCR technology in a
sulphuric acid plant requires in the first
place a consideration for the location of the
catalyst bed. Possible locations for the
SCR reactor in a metallurgical off-gas
based plant are:
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Fig 2: SCR DeNOx process
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® before gas cleaning in the hot gas;

® before the stack;

@ after gas cleaning and before the drying
tower,;

® in the dry-gas section.

Before gas cleaning in the hot gas: The
gas at this point is in the ideal temperature
range for the operation of an SCR unit.
Unfortunately the gas will contain signifi-
cant quantities of dust and catalyst poisons
such as arsenic, fluorides and chlorides
that make this location unacceptable.

Before the stack: Another obvious location
for the DeNOx catalyst is immediately prior
to the acid plant stack, as the gas con-
stituents at this location would be roughly
similar to hundreds of other SCR applica-
tions. However, this location has some
serious disadvantages in that NOx will still
be absorbed into the product acid in the
acid plant, requiring an expensive chemical
treatment, and that the gas must be re-
heated following the final absorption tower,
requiring installation of additional gas-gas
heat exchangers and auxiliary fuel firing.

After gas cleaning and before the drying
tower: This location has the major disad-
vantage of having to heat the gas from near
ambient temperature.

In the dry-gas section: The benefits of

locating the SCR in the dry gas section of

the contact plant before the first catalyst

bed are:

® the gas is hot and within the required
temperature range;

® the NOx is destroyed before it encoun-

A
SCR
v reactor
O _______ cleaned gas
NOXx outlet >
signal

ters any acidic residues where it can be

absorbed to create later problems dur-

ing maintenance;

® the NOx is reduced to a level so that
candle drip segregation is unlikely to be
required and consequently eliminating
the disposal or treatment problem;

® the NOx is reduced to a level so that
product treatment is not required and
eliminating the requirement to use
potentially hazardous reagents.

Also, this location is virtually free of SO,
so there is minimum risk of a reaction of
SO, with ammonia resulting in the produc-
tion of ammonium bisulphate. This reaction
would lead to fouling and equipment plug-
ging as well as catalyst deactivation and
rules out the possibility of locating the SCR
further downstream the contact section.
The DeNOx reaction results in a small
increase in the moisture content of the gas
stream (1.5 mole of water formed per mole
of NOx converted). The water formed will
react with SO, to form gaseous sulphuric
acid. Any resultant dew point and mist con-
siderations need to be addressed.

Also, it must be taken into considera-
tion that unconverted ammonia from the
DeNOx reactor will be oxidised partly to
NOx and partly to elemental nitrogen in the
SO, converter:

4NH; +50, —>4NO +6H,0 (13)
NO + 1/, 0, — NO, (14)
4NH; +30, > 2N,+6H,0 (15)

This means that the ammonia slip from the
SCR reactor will by and large end up as
nitrates in the acid.
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Fig 3: Haldor Topsge DNX® SCR catalyst

Fig 4: The single-bed SO, converter with risers holding the DeNOx catalyst

at Nyrstar Budel Zink, The Netherlands

Fig 5: General layout of duct and SCR DeNOXx reactor for Japanese zinc smelter
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The SCR DeNOx catalyst

SCR catalysts are normally based on a tita-
nium dioxide (TiO,) carrier, with a combi-
nation of vanadium pentoxide and tungsten
trioxide as the active material.

The catalytic reaction is essentially a
surface reaction. In order to maximise the
activity the catalyst must provide a large
external surface area and is therefore man-
ufactured with a large number of parallel
channels arranged in a honeycomb struc-
ture. The size of the channels depends on
the content of particulate matter (dust) in
the gas and typically ranges from 2 mm
(dust-free gas) up to 10 mm (dust contents
of > 30 g/Nm?). Figure 3 shows Haldor Top-
sge’s SCR DeNOx catalyst which is based
on a fibre-reinforced titania carrier in a cor-
rugated structure. Owing to the carrier’s
high porosity the catalyst is very resistant
to thermal shocks and the weight is con-
siderably lower than traditional extruded or
plate-type catalysts.

The catalyst is manufactured in mono-
lithic blocks with 466 mm x 466 mm cross
section and a height of e.g. 500 mm, and is
housed in a steel casing forming elements.
The elements are usually combined into
modules, to facilitate handling and installa-
tion of the catalyst. The modules are tai-
lored in size to varying design requirements.

One drawback of locating the DeNOx
catalyst before the converter is the high
level of SO, in the gas stream, much
higher than seen in SCR’s on e.g. boiler
flue gas. A major ingredient of the DeNOx
catalyst is vanadium pentoxide, which
catalyses the oxidation of SO,. This reac-
tion competes with the DeNOx reaction
and therefore the catalyst must be spe-
cially formulated to ensure that it main-
tains a high activity for DeNOx operation.
By using a high-porosity catalyst it is
ensured that a large number of active sites
are available for the DeNOx reaction.

Haldor Topsge case studies

Nyrstar Budel Zink, The Netherlands

The SCR technology was successfully im-
plemented on a zinc smelter operated by
Nyrstar Budel Zink in the Netherlands in
1999. The DeNOx catalyst was incorpo-
rated within a new Bed 1 converter also
containing catalyst for SO, conversion. The
new converter was supplied by Aker
Chemetics and Haldor Topsge supplied the
catalyst and part of the basic engineering of
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Fig 6: NOx candle filter system
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the DeNOx system. A diagram of the con-
verter is shown in Fig. 9 and Fig. 4 shows
photos of the converter and the risers hold-
ing the DeNOx catalyst.

The DeNOx system was designed for
95% NOx reduction of 200 ppm NOx in the
feed gas with less than 5 ppm unconverted
ammonia in the exit gas.

In 2008, the nitrate level in the acid had
increased towards undesirable levels and
the DeNOx catalyst is being replaced in
2009 after ten years in service.

Hachinohe Smelting, Japan

The sulphuric acid plant at Hachinohe
Smelting in Japan has been retrofitted with
an SCR DeNOx unit in 2009. The system
is supplied by Mitsui Engineering & Ship-
building whereas Haldor Topsge supplies
catalyst and basic engineering design of
the ammonia injection system and reactor
layout. The system is designed for 75%
reduction of 200 ppm NOx in the gas,
allowing 5 ppm of ammonia slip. The reac-
tor is located between the hot heat
exchanger and the SO, converter. Figure 5
shows the duct and reactor layout.

To ensure a uniform NH; concentration
in the process gas it is a prerequisite that
an even gas-velocity profile is achieved in
the duct at the inlet to the ammonia injec-
tion grid. This necessitates installation of a
number of guide vanes in the duct as
shown in Fig. 5. Also the gas velocity distri-
bution must be within £20% in the reactor
cross section at the catalyst face to ensure
proper performance. As the pressure drop
across the DeNOx catalyst is low, this has
been achieved by installation of two perfo-
rated plates in the reactor hood. The design
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Fig 7: Schematic sketch of NOx removal plant
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of ammonia injection, guide vanes and
reactor layout has been verified by Compu-
tational Fluid Dynamics (CFD) modelling.

The SCR DeNOx unit at Hachinohe Smelt-
ing will be commissioned in late 2009.

Outotec process solution

To minimise the impact on the NO, in the
absorption and product acid system Out-
otec provides a process solution compris-
ing a special candle filter system and a NO,
removal plant. The special design of the
candle filter system ensures that the con-
densate will be drained sideways out of the
tower, mitigating the condensate dripping
into the tower as seen in Fig. 6.

In order to ensure, that the NOHSO, does
not crystallise in the filters, each candle will
be wetted by a virtually NOx free sulphuric
acid product. The demand of fresh acid
depends on the load of NOHSO, and is con-
trolled by permanent measurement of the
pressure drop over the candle filters. The
collected condensate will be drained directly
to the NOx removal plant and treated sepa-
rately. The condensate is treated in the Out-
otec developed NOx removal process, which
does not require chemicals for the treatment
of the condensate and does not produce any
by-products as seen in Fig 7.

The condensate from the candle filters
is fed to the reactor of the NOx removal
plant where the hydrolysis of the nitrosyl
sulphuric acid takes place:

4H,0 + 2NOHSO, + 3 SO, -

5H,S0, + N, (16)

The required sulphur dioxide and water will
be provided by recirculating acid. In the SO,

SO, saturator

Source: Outotec

saturator, the acid will be saturated by SO,
coming from the drying tower and, after
passing through the saturator, the gas will
be sent back to the inlet of the drying tower.
The NOx free acid will be sent to the prod-
uct acid tank. The plant is skid mounted
and numerous NOx removal plants are in
successful operation since 1995.

Aker Solutions’ approach

NOx removal methods have tended in the
past to concentrate on reduction of the NOx
levels in product acid by segregation of the
absorber tower drainings and/or the addition
of reducing chemicals to the product acid.
Aker Solutions Chemetics business ap-
proaches NOx removal as a comprehensive
review of the formation and the optimum
method of prevention, removal or treatment.
When using partial NOx reduction, there
are several techniques for treating the
drips to remove the NOx content and return
the sulphuric acid value into the acid cir-
cuit. One method that has been used by
Aker Solutions in two metallurgical acid
plants takes advantage of the hydrolysis
and heat of dilution to remove the NOx
from the drips in a controlled fashion. The
candle drips flow by gravity to a PTFE lined
packed column, where they are mixed with
water to dilute the acid below 60% H,SO0,.
The HNOSO, is completely hydrolysed, and
the released NOx is vented from the top of
the column. The nitrate free candle drips
gravity drain into the acid pump tank. The
overhead NOx fumes can be absorbed into
water in a stainless steel packed absorber
column to form a weak HNO, effluent solu-
tion. The process consumes no reagents
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Fig 8: DeNOx catalyst vessel
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Fig 9: Single bed converter flow diagram
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or power since the acid flows by gravity.
The equipment is simple, reliable, and
small (a 12" packed column will treat the
candle drips from a 2000 s.t/d acid plant).
Another method involves the creation of
a solution of SO, in weak sulphuric acid, by
passing some of the process gas leaving
the blower through a dilute sulphuric acid
solution. The candle drips are then mixed
with the SO, solution, and the NOx is
reduced to nitrogen by reaction with the SO,
in the liquid. The reduction reaction leaves
no NOx or HNO, by-product for disposal.
Even if the candle drips can be segre-
gated, unless the NOx content is below 15
ppmy, the acid plant product will not meet
a NOx specification of less than 5 ppm. In
this case the acid product must be chemi-
cally treated to reduce the NOx. Reduction
can be accomplished by adding one of the
reducing agents in the series (in order of
decreasing cost and decreasing efficiency):

6
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® Hydrazine N,H,
® Hydroxylamine HONH,
® Hydroxylamine sulphate

(HONH,), H,SO,
® Sulphamic acid H,N.SO3H
® Urea H,N.CO.NH,

For instance if hydrazine is used as a
reducer, and the NOx level in the acid is
high, the cost may be as high as $2.00 per
ton of product acid.

Aker Solutions has had particular suc-
cess with the installation of selective cat-
alytic reduction units for NOx in sulphuric
acid plants. The catalytic DeNO, system at
Nystar’s Budel plant (described above) is
a particularly good example. Since startup
in late 1999 the NO, emissions to the
stack have been continuously monitored
and have been in the order of 3ppmv until
mid 2008. More recently the emissions
have gradually increased to 5 to 6 ppmv
average with catalyst activity estimated at

60 to 86%. This is after close to 10 years
of continuous operation without catalyst
replacement. The mechanical integrity of
the DeNO, Reactor is also good and has
exhibited no significant problems since
start-up in 1999.

The DeNO, bed has been incorporated
in two locations in the acid plant, after the
cold exchanger and after the hot ex-
changer. With different operating tempera-
tures, different DeNOx catalysts exhibiting
different activities are employed in the dif-
ferent locations. The DeNOx catalyst,
assembled into cassettes and modules, is
installed in a separate vessel. The vessel
design is more robust than the typical SCR
container because of the requirement for
the unit to operate at a higher pressure
than occurs in a power plant flue gas instal-
lation. A diagram of a typical DeNOx cata-
lyst vessel designed for use in a sulphuric
acid plant is shown in Fig. 8.

It may be advantageous to expand or oth-
erwise modify the existing sulphuric acid
plant at the same time as the DeNOx cata-
lyst in installed. One project incorporated the
DeNOx catalyst within a new Bed 1 converter
also containing catalyst for the conversion of
SO, to SO. The unit also contained a new
internal hot exchanger for additional mainte-
nance benefits. A diagram of the combined
DeNOx and DeSOx unit with the internal hot
exchanger is shown in Fig. 9.

A DeNOx removal requirement of 95% or
greater is typically required for these sys-
tems. This can only be achieved if the cri-
teria of even ammonia distribution within
the gas and even distribution of the gas
over the catalyst are obtained. The catalyst
criterion is that flow deviations through the
catalyst mass should be not greater than
+/— 15%. This is achieved by performing
extensive CFD analysis on the flow pat-
terns in the catalyst vessel.
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