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Absorption Based Systems for Co-removal of Nitrogen Oxides and Sulfur
Oxides from Flue Gases
JAKOB JOHANSSON
Department of Space, Earth and Environment
Division of Energy Technology
Chalmers University of Technology

Abstract

Enhanced control of nitrogen and sulfur emissions, found in many of industrial
processes, is anticipated for decades to come. Stricter emission regulations
require new technologies adapted to the new conditions at reasonable cost.
Multi-pollution control is an efficient way to lower costs, although difficult to
implement, and the co-removal of NOy and SOy is therefore presently achieving
much attention.

This thesis covers five studies that are focused on the concept of co-removal
of NOx and SOx in a wet scrubber unit, whereby the NO is oxidized to NO; by
the introduction of a gaseous oxidizing agent, ClO,, into the flue gas stream
before the scrubber. The gas phase oxidation of NO to NO- by CIO; has been
tested for a wide variety of flue gas compositions and temperatures, applying a
total of three intermediate scales: 0.2 Nm3h with synthetic flue gases, 100
Nm?3/h with flue gases from a propane flame, and a ~400 Nm?3h slip stream
from a waste-to-heat plant. An efficient NO to NO; oxidation was observed at
all scales with complete conversion at a CIO2/NO ratio of ~0.5. No interaction
between ClO; and SO, or other flue gas impurities was observed, which is
important to minimize ClO, consumption.

In terms of the absorption process, a number of liquid compositions has been
tested in four setups, showing that the concentrations of SO, and NO- in the flue
gas can both be reduced to a few ppm. The rate of NO, removal is strongly
dependent upon the presence of SOs* and HSO;s in the absorbing liquid. To
study this interaction a new method for on-line analysis of the liquid
composition in the system is developed. The SO3* and HSOs™ oxidation caused
by NO, absorption and O; is investigated and concluded to be following a
radical initiated chain. It is also confirmed that this chain is efficiently
interrupted by S,0s*. The derived model gives good agreement with the
experimental outcomes for the 100 Nm?3/h and 400 Nm3/h setups. A design for
full scale implementation at a 20 MW4, waste-to-heat plant is proposed together
with cost estimation for installation and operation. The work of this thesis
represents the first validation of the concept and methodology of scale-up of
the co-removal process and paves the way for commercialization.

Keywords: Emissions control, NOy, SOy, CIO,, absorption, scale-up, gas-
phase oxidation, sulfite oxidation
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CHAPTER 1

Introduction

Air pollution is a serious environmental issue with direct effect on human
health. Almost the entire global population (>99%) breath air that exceeds the
World Health Organization (WHO) guideline limits. Particulate matter (PM),
ground-level ozone, nitrogen oxides (NOy), and sulfur oxides (SOy) are
considered the four main constituents of air pollution. All of these are products,
directly or indirectly, of combustion.! For the effect of any of these emissions
to be acute, the concentrations need to be high, often higher than what can be
accumulated in a ventilated area. Instead, the danger lies in long-term
exposure.? The WHO estimates that 7.6% of all deaths worldwide in 2016 were
related to the above mentioned ambient air pollution.

Since primary energy sources harnested through combustion represent a
simple and low-cost access to energy with an established infrastructure, it is
likely that combustion will remain a vital part of our energy supply for a long
time. Figure 1 shows the distribution in global primary energy supply from
1990 to 2019. In 2019, around 10% of the global primary energy supply
originated from sources that are considered ‘“free” of direct ambient air
pollutants (hydroelectricity, nuclear energy and renewables, excluding
biomass). Even though wind and solar power generation is increasing rapidly,
it is currently outpaced by the increase in energy consumption. These trends
and the order of magnitude of combustion motivate exploration of the potential
of flue gas cleaning, not only in terms of its application today but also its value
for generations to come. This work focuses on the reduction of NOx and SO in
gaseous emissions.

Emissions of NOy have been established as a source of ozone, smog and acid
rain formation. Smog or ‘smoky fog’ may form from emissions in populated
areas. The original type of smog, which was more common before 1960 but
remains a problem in some parts of the world, was formed from direct
emissions originating from incomplete combustion, most commonly of coal.
This type of smog is especially common during winter inversions when
emissions levels are higher and tend to accumulate at ground level. The type of
smog that is more commonly observed today, known as photochemical smog,
involves chemical reactions between NOx and hydrocarbons in the atmosphere
and is enhanced by radiation from the sun, forming a number of harmful
chemicals. Photochemical smog is a major problem in many large cities around
the world, such as Beijing, Los Angeles and Mexico City.

1
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Figure 1: Total global primary energy supply divided by source, from 1990 to 2019 in
billion tonne of oil equivalents (Btoe). Data from the IEA Policies and Measures
Database © OECD/IEA.®

Acid rain, while not directly harmful to humans, is still a concern in many
places around the world. Acid rain refers to rain that has an increased number
of hydrogen ions, produced from reactions with SOx and NOy. Acid rain can,
as such, have a direct impact on the pH levels of lakes and other wetlands. Many
plants and even animals are not adapted to changes in pH, and acid rain is the
reason for extinction of life in many lakes. In cities, acid rain causes corrosion
and deterioration of structures, especially those made of marble or limestone,
as these materials are rich in calcium that reacts with the acids.

Since the downside of emitting SO, and NOx is well-established, regulations
have for several decades pushed for the development of reduction technologies.
Currently, it 1s possible to remove sulfur from liquid and gaseous fuels before
combustion, reduce the amount of NOx formed during combustion, and capture
the SO and NOy from the flue gases. These technologies may, however, not be
optimal for all types of emissions sources. As the regulations start to affect a
wide variety of industries and end-users, new and tailored technologies are
needed to maintain competitiveness.

1.1 Aim of Research

A flue gas cleaning concept that is gaining momentum is to absorb NOy and
SOy simultaneously in one and the same unit. Figure 2 shows an overview to
the concept. This thesis investigates the specific application where ClO; is used
as an oxidizing agent to oxidize NO to NO in a fast gas phase reaction followed
by a wet absorption unit where NO, and SO, is removed as liquid phase
products.

2
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Figure 2: Overview of the investigated concept for simultaneous removal of NOx and
SO« from flue gases in a process that employs enhanced oxidation of NO by CIO,.

While this work focuses specifically on a process based on enhanced
oxidation of NO by ClO», the liquid phase chemistry investigated is applicable
for a wide variety of processes. The work combines experimental studies with
modeling. The experimental studies aim to develop and demonstrate process
performance. The modeling aims to interpret the chemistry active during the
experiments, and to predict the performance of the final concept in different
applications. More specifically the thesis aims to contribute to the process
development in four main areas:

- NO oxidation: The efficiency of CIO, as an oxidizing agent for gas-
phase oxidation of NO to NO..

- Absorption: The performance of the liquid-phase chemistry in a
combined SOx-NOy scrubbing system.

- Sulfite oxidation: The rate of liquid phase sulfite oxidation and
development of online measurement techniques for continuous
measurement.

- Technology: Process design and optimization of supporting chemicals.

Furthermore, the thesis develops a method for efficient verification and up-
scaling of the technology including several measurement setups and a
modelling procedure.



1.2 Outline of the Thesis

The thesis consists of an introductory essay and five appended papers. The
introductory essay places the work in the context of current knowledge,
introduces the main theory behind the proposed concept, and describes the
methodology. The essay concludes with the key findings from the work and
proposes a way forward. The thesis is based on the five appended papers, which
are summarized below.

Paper I is an experimental investigation of the gas-phase interactions between
NO, SO; and CIO..

Paper Il is an experimental investigation of the simultaneous absorption of SOx
and NOy at technical scale. Paper Il also describes the first validation of the
previously proposed state-of-the-art reaction mechanism of the liquid-phase
chemistry of a SO«/NOx scrubber system.

Paper 111 compares the performances of three scales of the co-removal system
used in the work and discusses the up-scaling of the concept. This paper
includes experimental results, as well as the outcomes of the process modeling.

Paper IV is a techno-economic analysis of full scale implementaion of the
SO«/NOy treatment system for three flue gas sources: a medium sized waste-to-
heat plant; the kraft recovery boiler of a pulp and paper mill; and a cruise ship.

Paper V is an experimental investigation of the liquid phase oxidation of
S03% and HSO3™ caused by absorbed NO; and Os.



CHAPTER 2

Methodology

The performance of the concept is evaluated experimentally in steps based on
a number of key performance indicators (discussed in the next section),
following up-scaling of the process. Figure 3 pictures the overall methodology
of the up-scaling and investigation of process chemistry.

The concept was first evaluated in a bench-scale unit, treating 0.2 Nm?3/h of
a simulated flue gas flow. Initially, the efficiency of ClO; as an oxidizing agent
for gas-phase oxidation of NO to NO, was established for a wide variety of flue
gas temperatures and compositions (Paper 1). The remainder of the work
focused on the efficiency and the implementation of the absorption process.
The effects of the pH level, temperature and additives of the absorbing liquid,
as well as the flue gas composition formed the main focus.

For the technical-scale testing, the 100-kW oxy-fuel unit at Chalmers was
retrofitted with the required flue gas cleaning path. At 100 Nm?3/h, many of the
issues related to small-scale scrubbing at 0.2 Nm%nh are avoided and the
technical feasibility may be evaluated. The 100 Nm?3/h unit was used to test the
concept for a combustion-derived flue gas, with scrubbing in a purpose-built
scrubber and with consideration of safety issues related to the used chemicals.
The experimental results represent a first dataset for validation of the reaction
mechanism previously proposed by our research group (Ajdari et. al*) (Paper
).

The 400 Nm?h field-testing unit is capable of evaluating the concept at
different sites and in a continuous mode of operation. The scrubber unit has a
design similar to that of the 100 Nm?3h unit but offers an automated process
control with continuous flows and more measurement points. For these tests,
the unit was installed at a waste-to-heat plant where a slipstream of the flue gas
was led to the field-testing unit. The 400 Nm?3/h unit allowed the acquisition of
new expertise regarding the implementation of the process and process control.
Paper 111 summarizes and compares the performance of the process across the
scales tested leading to a discussion of the up-scaling methodology.
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With the large amount of knowledge gathered from the three experimental
setups, a techno-economic study was performed (Paper 1V) where combined
NO,-SO; removal was evaluated for three flue gas sources; a medium-sized
waste-to-heat plant (20 megawatt thermal, MW4); a medium-sized pulp and
paper mill (500,000 tons pulp/year) recovery boiler; and a cruise ship (12 MW).
The technical performance of each case was investigated through simulations
based on previous experimental results. Economic evaluations were then
performed based on the technical study. Each application has important
differences in operating conditions and in emission standards why the
technological and economic performance will vary between cases.

The final contribution of this thesis is a study of the liquid phase chemistry
related to combined NO»-SO, removal (Paper V). Of specific interest is the
oxidation of S(IV) (SOs* and HSOsz) to S(VI), (SO+*) caused by NO-
absorption. The concentration of S(1V) is the single most important parameter
for NO; absorption. The reaction between NO, and S(IV) and subsequent
reactions are difficult to analyze due to high reaction rates and extractive
analysis methods risk to miss the entire course of reactions and only provide
quantification of end products. To enable on-line measurements of the reaction
course in a combined NO>-SO, removal system, an analysis method in Raman
spectroscopy was developed and tested in a lab-scale setup with simulated flue
gases.

2.1 Data Evaluation

The evaluation of the results is based on a few key performance indicators, as
defined below. The molar ratio between added CIO, and the NO after
combustion to be oxidized is defined as:

clo,

rcloz = (2.1)

Nopre—oxidation

The performance of the NO oxidation process is indicated by the NO
conversion, which is based on the measured dry concentration of NO before
and after the oxidation reactor:

Nopost—oxidation (2 2)

NO ion=1— :
conversion Nopre—oxidation
The amount of NOy absorption is defined as the rate of reduction of NOy in
the flue gas, which is based on the measured dry concentrations of NO and NO,
before the oxidation reactor and after the scrubber:



NO, absorption = 1 — e oo (23)
Note that the total amount of NO and NO; after the oxidation reactor may be
slightly lower than before the reactor due to losses in the pipes, why the NOy
measured before the oxidation reactor is used to evaluate NOy absorption.
When the specific absorption of NO, or NO is evaluated, the dry-basis
concentrations before and after the scrubber are used as follows:

NO, absorption = 1 — NO2post-scrubber (2.4)

1
Noz,post—oxidation

NOpost-scrubber (2 5)

NO absorption = 1 —

Nopost—oxidation

Similar to NO conversion, SO, conversion is defined as follows:

. SO2 post-oxidati
SO, conversion = 1 — —=£22C208 (2.6)
SOz,pre—oxidaltion

The absorption of SO; is equally important as the absorption of NO, and is
defined similarly to NO; absorption as:

SO2,post—scrubber

SO, absorpotion =1 —

SO2,post—oxidation

The relation between S(1V) in the absorption liquid and NO; in the gas phase is
an important parameter for absorption efficiency. The ratio between these two
is defined as:

SO +Na,S0
S(IV) / NOZ — 2,absorbed 2 3,added.

Noz,pre—scrubber

2.2 Experimental Setups

2.2.1 The 0.2 Nm3h Unit

The 0.2 Nm®h unit is outlined in Figure 4. The desired gas compositions are
obtained through the mixing of N2, CO, Oz, NO, and SO,. Water is added in a
humidifier. The CIO; gas is added to the gas mixture under various process
conditions. The flue gas compositions and process conditions used in this study
are presented in Table 1.



Table 1: Investigated parameters and their set values, as used in the 0.2 Nm?h unit.

Parameter Value
Inlet SO, concentration 400 ppm
Inlet NO concentration 200 ppm
Inlet O, concentration 3%
Inlet CO, concentration 10%
Humidifier H,O levels 0%, 10%, 15%, 25%
Inlet N, concentration Balance
Reactor temperature 160°C
lcloz 0.2,0.4,0.6
20°C Scrubber
0.2 Nm'/h Bypass
- T T |
l
| To Gas Analysis
Humidifier Pre-heater |::|
I
160°C | 14°C
| 6 Vh
@1 Clo, |
Contai
|MFC || MFC ” MFC || MFC H MFC| o : Staubbes
Oxidation |
Reactor '_
\\|1rubbcr Liquid| |
Container NaOH
NO SO, CO, O, N

Figure 4: Process outline of the 0.2 Nm?/h unit. The black line is the gas flow, the solid
line indicates the major route, and the dashed line represents a bypass of the scrubber.
MFC, Mass flow controller.

The gases used in the gas mixing system are: N> (100%), CO; (100%), O
(100%), SO (10% in N), and NO (10% in N2) (all from AGA Linde). The
addition of the gases is controlled using Bronkhorst mass flow controllers
(MFCs; EL-Flow series). Water vapor is produced by the Bronkhorst controlled
evaporation and mixing (CEM) system supplied by Omni Process, Sweden. The
water vapor is added to the flue gas stream in close conjunction with the pre-
heater, in order to avoid condensation. The pre-heater (made of stainless steel)
and reactor system (made of titanium) consists of two pipes that are heated with
oil. The pipes are connected by a mixing zone where the ClO, gas is added.
This system provides a uniform reaction temperature (x1°C) up to a
temperature of 300°C. The CIO; gas is produced from an aqueous chlorine

9



dioxide solution (CIO- gas dissolved in water) by stripping. Nitrogen is allowed
to pass through a bubble plate into a flask, thereby releasing ClIO, gas. The
charge of ClO; gas is controlled by choosing an appropriate nitrogen flow
through an aqueous CIO; solution of known concentration at a specified
temperature. The temperature is maintained by a water-bath, and the
concentration of the solution is continuously determined by circulating the
aqueous chlorine dioxide through a spectrophotometer (Hach Lange DR 2800).

After the oxidation reactor, the flue gas enters a scrubber (Giinter DIEHM
Process Systems, Germany), which is random-packed with Raschig rings
measuring 6x6 mm, composed of borosilicate glass, and operating with a
counter-flow liquid stream. The absorption solution was recirculated during the
trial and the pH level was varied from 1 to 10 by adding 1 M hydrochloric acid
(HCI, laboratory grade) or 1 M sodium hydroxide (NaOH, Scharlau, laboratory
grade). The flue gas is led via Teflon-lined heated tubes to the Fourier-
transform infrared spectroscopy (FTIR) gas analyzer. The gas can also bypass
the scrubber, allowing determination of the gas composition after the oxidation
reactor. The FTIR is the MKS MultiGas™ 2030, which is capable of measuring
NO, NO2, HNO3, N2O, SO, and HCI, as well as other less-likely species for the
system. Gases of interest that are not measured by the FTIR include Cl, and O,
which are not active in the IR spectrum, as well as HNO..

2.2.2 The 100 Nm3/h Unit

The 100 Nm®/h unit is outlined in Figure 5. The setup consists of six main parts:
the furnace, flue gas cooler, oxidation reactor, CIO, generator, scrubber, and
scrubber liquid storage and distribution system. Apart from the furnace, which
has been described in detail by Andersson et al.,® all the parts were designed
and constructed for the present investigation. The flue gas cooler was
redesigned to facilitate control of the exiting gas temperature within the range
of 100°—400°C. The CIO; used to oxidize NO to NO- is generated in an
electrolytic cell from NaClO. and H.O using a generator (CDE10; Dioxide
Pacific). The generated CIO; is diluted with ambient air (up to 3% CIlO;) and
injected into the flue gas path through a perforated pipe, which is composed of
stainless steel. Immediately after the mixing of the two streams, the flue gas
path is widened to function as a reactor in which the oxidation takes place.

10
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Heat Exchanger

Figure 5: Process outline of the 100 Nm?®/h setup. Circles indicate the measurement
locations. T, temperature; GA, gas analyzer; pH, scrubber liquid pH level; and [c],
scrubber liquid compositions in terms of N(111), N(V) and S(VI).

The diameter of the pipe is expanded via a 200-mm-long cone from 100 mm
to 200 mm. The residence time in the reactor is approximately 1 second under
standard operating conditions. The flue gas path and the reactor are constructed
of stainless steel (S52343). After the oxidation reactor, the flue gas enters the
scrubber. The scrubber is divided into two sections: a bottom section of height
2.6 m, and a top section of height 1.8 m. The bottom section is a spray tower
scrubber with three vertically, evenly distributed inlets fitted with screw
nozzles (BETE TF, Hansa Engineering). The bottom section of the scrubber
has a diameter of 260 mm and the liquid exits through a drainage port at the
very bottom of the reactor. The upper part of the scrubber can be toggled
between a spray tower configuration (same specifications as the bottom section
and with drainage between the two sections) and a packed bed configuration
with diameter of 300 mm and packed height of 2 m.

The packing material used has a metal saddle construction, with a specific
surface area of 100 m?/m3. The packed bed configuration is supplied with liquid
through a screw nozzle at the top. In this configuration, all the liquid exits via
the bottom drainage port. The scrubber liquids from the two sections are
collected in a tank, in which the pH level is adjusted (based on the pH of the
scrubber liquid being fed to the scrubber) by the addition of NaOH (50 wt.%).
The scrubber liquid is maintained at 25°C. An installed pump connects to the
scrubber liquid feedline and can be used to introduce additives, if so desired.

11



The gas-phase composition and temperature are measured at three positions
in the system (Positions 1, 2, and 3 in Figure 5): before and after the addition
of ClO; (to establish the rate of oxidation of NO to NO,), and after the scrubber
(to determine the removal efficiency). The flue gas is extracted via Teflon-lined
pipes heated to 160°C, and the gas composition is measured in the MultiGas
2030 FTIR Continuous Gas Analyzer. The scrubber liquid can be extracted
from the bottom tank, after the pump, as well as from the top and bottom
drainage ports. The liquid compositions in the bottom tank and after the pump
(what is fed to the scrubber) would ideally be identical assuming perfect
mixing. However, there is no forced mixing of the bottom tank. The
compositions in terms of N(II1), N(V) and S(VI) are measured by ion
chromatography. The concentrations of S(IV) in the absorbing liquids of the
experiments are difficult to assess since S(IV) oxidizes in the presence of O..

The experiments assayed a variety of flue gas compositions and scrubber
liquids, as specified in Table 2. As the pH of the scrubber liquid is believed to
have a significant impact on the absorption, four pH levels were tested: 1, 5, 7
and 9.° As the partial pressure of a gas in an absorption process affects the
solubility, according to Henrys law, different gas concentrations of NOy and
SOy were tested. The presence of SO, has also been shown to enhance the
absorption of NO; through an interaction between S(IV) and N(111). Na>SOs is
added directly to the scrubber liquid to increase the rate of this interaction, and
Na,COs is added as a buffer to prevent a pH drop. Some experiments were also
performed with a decreased flue gas flow (denoted as “reduced flow”), to
investigate the effect of increased gas residence time in the scrubber. The flue
gas flow in these experiments was 60 Nm?3/h.

Table 2: Process parameters evaluated in the 100 Nm&h unit, including the wet gas

concentrations from the combustion (Position 1 in Figure 5), the CIO, added to the
oxidation reactor (Position 2), and the scrubber liquid composition (Position 5).

Species Low limit High limit
Flue gas composition

SOz (ppm) 0 500

NO (ppm) 70 350

02 (vol%) 2.9 7.3
Added oxidizing agent

I'clo2 (molc|02/m0INo) 0.2 0.4
Scrubber liquid additive

Na,SOsz (g/l) 0 1

Na>COs (wt.%) 0 10
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2.2.3 The 400 Nm?3/h Unit

The 400 Nm?/h unit is outlined in Figure 6. The setup, with the exception of the
scrubber, is enclosed in a 12-meter-long container. Thus, it is a mobile unit that
is suitable for field testing at industrial sites. The discussed test was performed
at the Kallhagsverken plant in Avesta, Sweden. Kéllhagsverken is a grate-fired
waste incineration plant, producing heat for the city of Avesta. The flue gas
composition varies with time, owing to variations in the fuel. The 72-hour mean
values for the compositions with standard deviations are presented in Table 3.
A slipstream is taken from the main flue gas line after the existing NOx control
(selective non-catalytic reduction, SNCR) and PM control (electrostatic
precipitator, ESP). The flue gas is transported via insulated steel pipes to the
container, where it is connected to Teflon-lined pipes. CIO; is injected into the
gas stream, and the flue gas composition is analyzed again 8-meters
downstream, after which it is fed to a quench. The quench is meant to remove
all Cl-containing compounds, to avoid carry-over to the scrubber, so as to
prevent corrosion of the equipment and minimize water loss/accumulation in
the scrubber as well as to cool the flue gas before the scrubber due to material
constraints. The flue gas leaves the quench saturated with water. The scrubber
IS not cooled and operates at the saturation temperature corresponding to the
water content from combustion. The scrubber tower is packed with pall rings
(25 mm) and is 4.8 meters in height. The flue gas is transported via a fan back
to the main flue gas stream of the plant.

55°C
T, GA 400 Nm’/h

4 »
Gas out Stack
61°C

1 m'h

co 55°C
%:F s o 4m’h
400 Nm'/h Oxidation reactor
Scrubber
Slip Stream oH. [c]. T (5
T, GA
ClO, stream _@_;

|

ClO; pH. [c], T
generator Quench Liquid Scrubber Liquid | |
NaOH Container Container
@ pH, [c]. T @ pH.[c], T

Figure 6: Process outline of the 400 Nm3nh unit. Circles indicate measurement
locations. T, temperature; GA, gas analyzer; pH, pH level; and [c], liquid
concentrations.
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Table 3: Flue gas composition for the 400 Nm?/h unit. Shown are the 3-day averages,
with standard deviation in parentheses.

Parameter 400 Nm3/h setup
N2 (%) Balance

CO2 (%) 9.9 (1)

H.0 (%) 14.7 (2)

02 (%) 5.8 (0.9)

SO: (ppm dry) 233 (127)

NO (ppm dry) 72 (20)

CO (ppm dry) 34 (34)

The conditions used for application to a commercial plant differ from those
in the controlled experiments, as the process control must consider transient
flue gas concentration. The dosing of ClO; to the flue gas stream is adjusted in
20-minute intervals based on the average measured NO concentration for the
previous two 10-minute periods. This level of control is slow compared to the
fluctuations in inlet NO concentration. The CIO, feed is set at 20% above the
theoretical value for oxidizing the mean NO value (rci02=0.48), to balance NO
oxidation and ClO, consumption.

The 400 Nm?h unit and the waste-to-heat plant Kallhagsverket in Avesta
has also been used for research regarding the wastewater treatment of the NOy-
SOy removal process. The scrubber effluent of the 400 Nm?3/h unit was gathered
during operation to investigate if recirculation of the liquid to the grate-fired
boiler of the waste-to-heat plant could facilitate an efficient way of wastewater
treatment. The liquid contains high concentrations of S(VI) and N(IlI) and
thermal treatment of these species could result in reduction of N(I1I) to N and
S(VI) to SO,. A schematic of the 20 MW4, waste to heat plant including the
proposed design of a recirculation stream from the scrubber is displayed in
Figure 7. The combustion characteristics were carefully studied during the
injections to observe the potential effects on burnout and flue gas composition.
In addition, deposition measurements were performed to observe effects on
growth rate and chemical composition of deposits, which are critical factors for
any solid fuel-fired heat and power plant. This research is described in greater
detail in the Paper A included in the appendix of this thesis.
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Figure 7: Schematic of the 20 MW, waste-to-heat plant, including the recirculation
streams from the scrubber and condenser as a proposed design.

2.2.4 The 0.1 Nm3h Raman Unit

Figure 8 illustrates the experimental setup for the sulfite oxidation experiments.
Gases with known concentrations of NO, and/or O, in N are lead through a
bubbling flask with a prepared batch solution of different salts. Each sample is
prepared by weighing each salt and mix into a known amount of degassed milli-
g water in an erlenmeyer-bottle. The sample is then sealed and stirred with a
magnetic stirrer before it is weighed again to assure correct preparation. The
gases, 1% NO; in N2, N2 and O, are supplied by Linde gas. The Bronkhorst
MFCs are calibrated for 0 - 0.1 NI/min (O2), 0 - 0.019 NI/min (NO2/N>) and 0-
5 NI/min (N2). The gases are either led directly to the gas analyzer or through
the bubble flask. Before each experiment the setup is flushed with N; to
evacuate O,. The only O, present in the system before experiment initiation is
that present in the bubble flask. The bubble flask is equipped with an aeration
head, the Raman probe and a pH-electrode. Temperature and chemical
composition are measured continuously. The pH electrode is connected to a
Metrohm 905 Titrando which is programed to maintain pH at 7 for the samples
by addition of 0.1M NaOH. The pH control was, however, unsuccessful during
several experiments with resulting pH >9 as too much NaOH was added. The
gas analyzer (Testo 350, from Nordtec) measures the concentration of SO, O,
NO and NO; by electrochemical sensors on the basis of the selectivity
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potentiometry. The amount of absorbed NO: is estimated by subtracting the
measured exit concentration of NO, from the amount injected, which is
quantified by a continous log of supplied mV to the MFC.

The investigated liquid and gas composition is specified in Table 4. SO3*
and HSOs™ are added equimolary to facilitate a neutral pH ~7. SO4* is added to
investigate if the Raman signal interferes with any of the other species. S;03*
Is added to investigate the effect it has on S(IV) oxidation. NO; is added to
investigate the effect on reaction chemistry and suitabuility for quantification
with Raman spectroscopy. Finally, NO, and O, are added to oxidize S(I1V) and
investigate the chemistry of a NO»-SO, removal system.

Table 4: Evaluated cases in the Raman setup included in this thesis. Amount added and
concentrations corresponding to those before equilibrium is reached.

# 8032' HSO3 8042' 82032' NO, COsZ' NO; 0O,
(mol/  (mol/  (mol/  (mol/  (mol/  (mol/  (ppm) (%)
kg HZO) kg Hzo) kg H20) kg HZO) kgHzo) kg Hzo)

1 0.02 0.02 - - - - - 3
2 0.02 0.02 - - - - 95 3
3 - - - - - - 95 3
4 0.02 0.02 . 0.02 = = 95 3
5 0.02 0.02 0.10 0.04 0.04 0.01 95 3

Buffer Bottle

(1) pH meter
(2) Raman probe

(3) Thermometer

Magnetic stirrer
Heating plate

Figure 8: Process outline of the Raman setup. Gases from bottels are mixed at known
concentrations and lead to an aerationhead submerged in a bubbleflask. The bubbleflask
is equipped with a thermometer, the Raman probe and a pH meter. Gases exiting the
bubbleflask are led to a gas analyzer before being released. MFC, Mass flow controller.
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2.3 Modeling

2.3.1 Detailed Reaction Mechanism

The modeling is based on previous work in our research group by Ajdari, et al.
and the mechanism is described in greater detail elsewhere.*

2.3.2 Modeling Assumptions

While the mechanism was developed for the design of pressurized flue gas
systems, the reactions are gathered from atmospheric chemistry and as such are
within verified conditions. The validation of the reaction mechanism performed
herein is a first validation of the compiled model against scrubber experiments.
The presence of chloride is completely omitted under the assumption that it will
not interfere with the nitrogen and sulfur reactions, except for the inherent
influence of the increased ionic strength of the liquid, something which has not
yet been studied for this specific case. In any full-scale application, chlorine
will most likely be removed in a quench before the scrubber, to avoid the risk
of corrosion, which is the case for the 400 Nm?3/h unit in the present work.

All the experimental setups have been modeled using the same reaction
mechanism. In the models, the flows and their compositions, as well as the
scrubber design are set to describe the experimental setups. However, the
experiments are not conducted for long enough to reach steady-state operation
with respect to the composition of the absorbing liquid. In the 0.2 Nm3h unit,
there is not even a bleed-off from the system, and the amount of absorbing
liquid is changing with time depending on the water content of the flue gas.
Therefore, the simulations are performed with two approaches, Open Loop and
Closed Loop simulations, Figure 9 gives an illustration of the process flow for
each approach. The Open Loop simulations are used to test the chemistry in the
model. The liquid compositions in the experiments are analyzed and the inlet
scrubber liquid compositions in the simulations are set to match the measured
concentrations. Since there are no measurements of the S(IV) concentration,
alternative strategies are used to set the inlet S(IV) concentration in the
simulations. Two methods for controlling the S(IV) concentration in the
experimental evaluation simulations are used: 1) The amount of S(IV) in the
liquid is set to O, for experiments in which no Na,SOs is added and assuming
all the S(1V) is oxidized in the scrubber liquid tank; 2) the S(IV) concentration
is set to the theoretical maximum, for experiments in which Na.SOs is added to
the inlet liquid feed, either continuously or in batches.
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Open Loop Simulation Closed Loop Simulation

Gas Out | Gas Out NaOH 50 wt. %
. Mixer 0—,_
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Liquid
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— —_—
Splitter
Liquid Out
—_—

Liquid Bleed

Figure 9: Illustration of the two simulation approaches used: Open Loop (left panel)
and Closed Loop (right panel).

The Closed Loop simulations mimic actual operation to evaluate the process

performance. It can also be used to assess the Open Loop assumptions with set
concentrations. The Closed Loop simulations are performed based on the 400
Nm?3/h unit and with emissions regulations for NOx and SOx removal targeted.
Since the model only oxidizes S(IV) through reduction of NO2, the amount of
S(1V) accumulates if the S/NO- ratio is >0.5. The addition of S to the system is
therefore controlled so as to originate either from Na,SOs in the liquid or SO,
in the flue gas, and the resulting S(IV) concentration is always analyzed as a
parameter in the results.
In Paper 1V full scale operation is modeled and cost evaluated for a waste-to-
heat plant that is loosely based on the operating data from the plant where the
400 Nm?/h unit was placed. Since cost of operation is an essential piece of the
result, an alternative way of treating S(IV) oxidation compared to the previous
modeling was chosen to more accurately capture the chemistry observed in
experiments. Oxidation of NO via O; is added to the reaction mechanism at a
rate which corresponds to the highest reported rate found in literature,
functioning as a pseudo reaction. Other than this reaction, the chemistry is
identical to the previous simulations.

Figure 10 shows the proposed design of the process which is used in the full
scale simulations. CIO- is injected to the main flue gas path, preferably at a
point where the flue gas temperature is 150 + 10 °C in order to maximize
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efficiency and minimize the risk of corrosion. In the conceptual design the
oxidation reactor is constructed of Stainless steel 304 L. The reactor should be
designed to increase mixing with minimal pressure drop. The flue gas continues
to a quench where temperature decrease, and the gas becomes saturated. The
quench is maintained at an acidic pH of 1.5 and is of sufficient height to absorb
the vast majority of chloride present in the flue gas. A residence time of 5 is
used in this study for design of equipment. The quench is constructed using
Stainless steel 6MO/SMO to withstand the harsh environment. The scrubber is
designed to achieve 90% absorption of incoming NO,. Sodium sulfite (NazSOs)
and sodium hydroxide (NaOH) is supplied directly to the liquid feed and not
into the scrubber tank in order to minimize reactions with the liquid bulk. In
this design, the scrubber is constructed of stainless steel SS2205 to ensure the
lifetime of the equipment. The quench and scrubber tank are given dimensions
such that it has a volume equal to 3 min of liquid flow. Both tanks are
constructed of SS2205. The chemical storage units for NaOH and Na,SOs; are
designed to hold a volume equal to 1 week of operation. All pumps are
centrifugal and sized to fit. The final cost of the acid gas removal system is
estimated using Aspen Process Economic Analyzer V11.

‘ | P7
P5 /)

P4

—— Flue gas out

Oxidation
reactor

Scrubber

Flue gas in

Scrubber tank

Scrubber bleed
off

Cl0O; generation f) Make up water
Quench bleed off }

Make up water

Figure 10: Illustration of the full-scale modeling case of a waste to heat plant. The
CIO; generation equipment is not included in the cost, only the cost of CIO,
production.
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CHAPTER 3

Conventional Flue Gas Treatment

Commonly used secondary measures to control NOy emissions are selective
catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). Both
processes utilize urea or ammoniato reduce NO to N.. In SCR, a catalyst lowers
the activation energy of the reaction and increase the chemical reduction of NO.
SCR operates at a temperature range of 300°-400°C. Without a catalyst a
temperature range of 800°-1100°C is needed to reduce NO. In SNCR, the
reducing agent is, therefore, often introduced to the flue gas in proximity to the
combustion chamber.

SCR is considered a best available technique (BAT) for NOy control in large
combustion plants. The reduction of NO can reach >90% depending on the
amount of reducing agent used. Strict regulations regarding ammonia slip
require stringent control of the process. SCR is considered to have high cost,
with the reducing agent, noble metal catalyst, and often the requirement for
additional heating all having significant impacts on the running and capital
costs. The nobel metal catalyst is sensitive to impurities such as SO, and dust
and is costly to clean and regenerate. This makes implementation of SCR
challenging for some applications.

SNCR is considered a BAT for large combustion plants with lower levels of
NOx generation. The avoided cost of a catalyst and direct injection of the
reducing agent into the furnace means a reduced capital cost, although this
results in a lower reduction potential compared to SCR of only about 50%. The
lower reaction rate of non-catalytic reduction requires a larger amount of
reduction agent to be injected, as compared to SCR. The unreacted reduction
agent may, together with other impurities in the flue gas, form deposits on
surfaces downstream, and cause corrosion and plugging and reduced heat
transfer in the boiler. Since the reduction potential of NOx in SNCR is limited,
it will not be possible to meet the more stringent emission limits of future
legislations.

The removal of sulfur from flue gases may be performed with high
efficiency for most applications. The removal often includes calcium, which
reacts with sulfur to form stable sulfates. The process can be wet or dry with
production of the byproduct gypsum, which is used as a construction material
or landfill. The large amount of gypsum produced from wet flue gas
desulfurization (FGD) has resulted in market saturations, with consequent drop
in price. This may, however, change as an increasing demand for gypsum is
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expected.” FGD using a limestone slurry is considered BAT for most large
combustion plants. If limestone is readily available close to the site, wet FGD
has a relatively low running cost. although it requires large areas for installation
and waste disposal.® FGD is not a competing technology to combined NOx-SOx
removal, it can even be used for this application with some alterations to the
current process as will be touched upon in the next chapter. Whether
conventional FGD or combined NOx-SOx removal will be used for SOy control
will depend on the operating cost and not SO, emission limits.
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CHAPTER 4

Previous Work and Progress Made

Figure 11 shows an overview of the methods for the five included papers and
divide the research field into 4 main categories: NO oxidation, investigated in
Paper I-111, absorption, investigated in Paper 11-111, sulfite oxidation,
investigated in Paper V and the implementation of the proposed technology,
investigated in Paper IV. This chapter atempts to summarize other literature
relevant to my research, divided into the same four main categories.

r \

NO Oxidation
0.2 Nm?/h unit |
— 0.1 Nm*/h Raman Unit

l 00 Nm?*/h unit 2—400 Nm?/h unit-‘i

Technology

Full scale 1mplementat10n
............... S S————

Experimental
Modehng

(Paperl )( Paper2 )‘ Paper 3 '( Paper 4 |

Figure 11: Overview to the thesis. The different methods of the included Papers I-V are
indicated with grey lines. Connections are formed between the four main areas
investigated (indicated by coloured fields), the four experimental setups, and the
proposed full scale design.

Absorption

4.1 Oxidation of NO to NO2

The NOy formed during combustion almost entirely consists of NO. With a very
low solubility in water, NO needs to be oxidized to NO; or higher oxidation
states to facilitate absorption. Research into oxidation of NO, related to NO,
absorption w/wo SOy, is here divided into three main categories: gas phase
oxidation by oxidizing agents, liquid phase oxidation by oxidizing agents, and
oxidation by oxygen at increased pressure.
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4.1.1 Oxidation of NO to NO:2 by gas phase oxidizing agents

The oxidation of NO through oxidizing agents in a gas phase reaction enables
a high level of control. With addition of the oxidizing agent prior to the
scrubber, gas phase measurements can be made to establish the oxidation rate
and thereby efficiency of the process. One of the possible oxidizing agents is
ozone, Osz. Ozone has a high oxidation potential and can be produced on site
with dielectric barrier discharge units. Khalid, O.° tested low-temperature
ozone oxidation of NO with the commercial LoTOXx™ technology together with
oxidation of Hg for absorption purposes. More than > 95% of NO was oxidized
at a molar ratio between Oz and NO <2 and a temperature of 135°C. Ma et al.*°
used Oz in a lab scale setup with a 2 I/min simulated flue gas flow at ~80°C to
oxidize NO to NO, for absorption purposes. They identified three oxidation
regimes depending on the Os/NO ratio. Below a ratio of 1.2, NO, was the main
product. Between 1.2 and 1.7, the reaction goes further (if the residence time
was long enough, ~2 seconds) and N2Os forms. At Os/NO ratios >1.7, the
amount of N2Os increased, to eventually represent the majority of the NOx.
Complete oxidation of NO requires an Os/NO ratio of approximately 2.
Jakubiak and Korylewski'! presented results similar to Ma et al.: the residence
time and Os/NO ratio are significant to the reaction product and the same
breaking points of 1.2 and 1.7 were identified. They operated their oxidation
chamber at 40°C with a flue gas flow of 200 m3/h.

H.O, may also oxidize NO to NO; in the gas phase. Kasper et al.'?
investigated the reaction in a quartz reactor at temperatures of 300°-700°C and
H202/NO molar ratios of 0 - 2.7. The optimal oxidation rate was found at 500°C
with only a slight efficiency decrease up to 600°C, which can be established as
a temperature interval for operation. For complete oxidation of NO a molar
ratio of 2.7 between H,O, and NO was required. Chen et al.*® proposed a system
where Pt-TiO, catalysts where used to decompose H.O; at a temperature of
~150°C. With a H20./NO molar ratio of 12, the NO oxidation was > 98% and
90% of the NO was found as NOs'.

The only published investigations on gas phase oxidation of NO by CIO,, to
my knowledge, is the research included in this thesis. The method and results
are discussed elsewhere in this thesis. The key performance numbers for
comparison to the other oxidants are: 99% NO oxidation has been achieved in
lab and pilot scale units at a molar ratio between NO and CIO; of ~0.5. The
oxidation is shown efficient in the temperature interval 20°C - 155°C.
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Table 5 summarize the NO oxidation rate, oxidizing agent (OA) used and
OA to NO ratio. In the included processes, Oz and CIO; are applied at low
temperatures and H,O- at high temperatures if there are no catalysts present.
All oxidizing agents may efficiently oxidize NO to NO.. If Oz is used, further
oxidation to N.Os is possible if the OA/NO ratio is increased beyond 1.2. This
has not been seen for the other oxidants. The conditions of the flue gas train of
the end user and existing infrastructure will determine which oxidizing agent
that is most suitable.

Table 5: Summary of methods and efficiency for gas phase oxidation of NO by
oxidizing agents.

Method NO Oxidation Mainactive  OA/NO Temp  Ref
Rate species
LoTOX™/O3z  >95% O3 2 135°C °
O3 >99% O3 1.2 go°c ¥
O3 >99% O3 2.25 40°C H
H20- 95% *OH 2.7 500°C *2
H20- 98% *OH, Pt-TiO, 12 150°C
ClO, 99% CIO, CIO; 0.5 150°C

4.1.2 Oxidation of NO to NO:2 by liquid phase oxidizing agents

If the oxidant used for NO oxidation is produced as a liquid, as is the case for
ClO; and H,0-, liquid phase oxidation has a clear advantage in the ease of how
to supply the oxidant to the system. The efficiency and selectivity relative to
gas phase oxidation is, however, lower. It should be noted that it is impossible
to quantify the liquid phase NO oxidation without also reporting removal
efficiency of NOy as the oxidation and absorption transpires simultaneously,
which complicates the direct comparisons with gas phase oxidation.

When using H2O: in a liquid phase system it is often combined with other
chemicals or process equipment to increase the generation of hydroxyl radicals
at moderate temperatures. Liu et al.'® proposed an ultraviolet (UV) assisted
H>0, system for combined NO, SO, and Hg removal operating at 50°C. At 6%
02, 1500 ppm SO, 400 ppm NO, 0.5 M H,0, and 0.003 M Ca(OH). they
achieved 80% NOx removal and 99% SO, removal. Liu et al.® used a UV-
assisted spray reactor with Ca(ClO), to oxidize and absorb NO. The UV
radiation increased hydroxyl radical production, which in term increased the
process efficiency. A concentration of 0.15 M Ca(CIO), achieved 92% NO
removal efficiency. No information is available on additive consumption or

25



feed rate. Wang et al.}” used NaClO; in a CaO; solution to oxidize and absorb
NO. With a 0.05 M Na.CIO; concentration all of the NO was oxidized and 92%
of the NOy absorbed. Jin et al.'® used CIO; in an aqueous solution to oxidize
and absorb NO in the presence of SO.. With enough CIO; injected, all NO was
oxidized and 71% of the NOyx was absorbed. The molar ratio between NO and
CIO; was not given. The absorption decreases with increasing pH 4-7. Later
Deshwal et al.2® identified that CIO,(aq) have an increasing absorption rate of
NO with increasing pH (8-11) and the disproportionation of CIO, was proposed
to be the reason behind the decreased absorption rate at a pH between 7-8.

Table 6 summarize the NO removal efficiency and main active species for
the included liquid phase NO oxidation studies. Ina liquid phase oxidation step,
the absorption of NOy transpires concomitantly with oxidation. Since the molar
concentration of oxidizing agents was always greater than the NO oxidized,
further oxidation of nitrogen species occur to the extent of what was possible
with the oxidation potential of the oxidizing agent. So, while the hydrolysis of
NO: is a rather slow process, the higher oxidation states formed have a much
higher solubility and, thus, reach higher NOx removal compared to if NO, was
fed to the scrubber. The oxidizing agents have different oxidizing potential and
therefore result in different products in the liquid. When H,O, was used for
oxidation, the formed radicals of hydroxyl and oxygen oxidized NO to NOs
and an acidic pH was beneficial for this reaction. Acidic pH was also reported
to be slightly favorable when CIO, was used for oxidation. It was suggested
that CIO; oxidize NO to NOgz', which was the only analyzed nitrogen liquid
phase specie. Ca(CIO), was most efficient at a neutral pH and the hydroxyl
radicals formed from hypochlorite (HCIO) and UV-radiation can oxidize NO_
to NOs". When NaClO, was used in an alkaline scrubber together with CaO,,
both NO," and NO3 was found as products.

The oxidizing agent used inevitably also oxidize other species, such as SOs*
, If SO is absorbed in the same unit. The consumption of oxidizing agents
should therefore in theory be higher in liquid phase oxidation processes
compared to gas phase oxidation where selectivity of NO oxidation is easier to
control. Unfortunately, the consumption of oxidizing agent was not included in
the included studies, so the actual efficiency of the investigated process is
difficult to assess.
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Table 6: Summary of methods and NO removal efficiency of liquid phase oxidation of
NO.

Method NO removal Mainactive  Concentration  pH Ref

efficiency species

UV/H0./ 80% *OH 0.5 M/ 4 15
Ca(OH) 0.003 M

Ca(ClO), 92% *OH,HCIO 0.15M 7 16
NaClOs/  92% ClO,, CIOs  0.05M/ 11 17
Ca0; 59/l

ClO; 71% ClO, CIOs - 3.5 18
ClO; 60% ClOy, CIOs - 3.5 19

4.1.3 Oxidation of NO to NO:2 by increased pressure

In the early 2000s, there was increased interest in next-generation combustion
technologies for carbon capture and storage (CCS) schemes, such as oxy-fuel
combustion and chemical looping combustion (CLC). Soon thereafter it was
discovered that the high pressure and low temperature of the CO2-conditioning
train significantly affected the chemistry in the flue gas. The oxidation rate of
NO to NO: is greatly increased at high pressure due to increased partial pressure
of the reacting species.® Since NO; is soluble in water, it was found to cause
problems during flue gas compression where it dissolved in the formed
condensate together with SO,. White et al.?° proposes a process in which SOy
and NOx are removed during and after compression in stages; they provided
supporting experimental data and termed this process ““ the sour compression
process”. In sour compression, mainly SO> is removed in the first stage and
NO:; in the second stage. The process has been further investigated by White et
al. and other research groups with alternative designs discussed.?-2* Stokie et
al.® evaluated the NO oxidation and subsequent absorption in a pressurized oxy
fuel unit where the NO oxidation reached 90% at a pressure of 13.5 bar and a
gas residence time of 120 seconds. The O, partial pressure was identified as a
key parameter for high NO oxidation.

Table 7 summarize the NO oxidation rate achieved at different pressures and
residence time from the reviewed studies. Even though the results vary by
several orders of magnitude it can with certainty be said that high NO oxidation
rates are achievable. The pressure, residence time and O, concentration are the
main parameters for the rate of oxidation.
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Table 7: Summary of method and oxidation rate of NO oxidation caused by elevated
pressures.

Method NO oxidation ~ Pressure  Residence Ref
rate time

Flue gas compression 96% 15 bar 600 s 2t

Flue gas compression 50% 15 bar - 26

Flue gas compression 0-100% 6-14 bar - 24

Pressurized combustion/ 90 % 13.5 bar 120 25

Direct contact cooler
4.2 Combined Absorption of NO2 and SO2

The efficiency of the NOx and SOy scrubber is highly dependent upon the
established influence of S(1VV) on NO; absorption.?”? S(1V) g forms when SO-
is absorbed into the liquid or if added to the liquid as a salt, and rapidly and
efficiently reduce NO, to HNO,. The synergy in the liquid phase between SOy
and NOy absorption reveals possibilities for a removal technology that is both
process- and cost-efficient. The concept of simultaneous removal of NOy and
SOy for flue gas cleaning applications was first proposed in 1973 and has
continued to generate interest. Senjo and Kobayashi applied for a patent for the
“Process for removing nitrogen oxides from gas” in 1973, in which it was
proposed to oxidize NO to NO, with CIO; or 03.2°The intended application was
not directly targeted towards simultaneous removal of SO,, although it was
mentioned in the patent as an option.

In subsequent years, many research groups investigated the process or parts
of it, with every project concentrating on the oxidation of NO to NO,. Several
groups focused on liquid-phase oxidation of the NO with different oxidizing
agents.'839-32 Depending on the agent used, different scrubber pH was required
for efficient absorption as was discussed in the previous section. A wide variety
of experimental setups have been used with different rates of removal of NOy
being reported (from 3% to 99%). In contrast, the rate of SO, removal was
always >80%, and often >99% using alkaline scrubber solutions.

Some groups have focused on introducing NOx absorption into specific,
existing FGD processes, such as those involving magnesia and limestone
slurries.?®33 The attention of the reader was directed to the rapid oxidation of
S(1V) that takes place during the absorption process.

Sun et al.** studied the absorption of NO, and SO into a batch sulfite
solution. Absorption of both SO, and NO; diminished with time as SOs*
concentration was depleted. With the initial concentration of SOs* of 0.02 M
there was an equal distribution of NO,  and NOs™ formed from NO- absorption.
With decreasing SOs? concentration ~80% of the absorbed NO; formed NOs.

28




Kang et al.® studied NO and SO, absorption using Os for oxidation of NO in a
wet scrubber. They found an optimal NOy absorption of 65.5% when Os/NO
added was 0.6, pH was 13 and temperature 20°C. They use ion chromatography
to analyze the scrubber liquid and find that NO,/NOs was split at 79% and
219% respectively. Zhang et al.*® performed a similar study and achieved 90%
NOx absorption and 99% SO, absorption in a batch solution of NaOH. They
also use O3 for NO oxidation, but at a Os/NO ratio of 1. With decreasing pH
from 12 to 3 the NOx and SO, absorption also decrease. Joseph Selinger®’
evaluated the removal of low levels of NO, (5 ppm) together with SO, at 40
ppm in a pilot plant wet scrubber adding Na,SOs for NO. absorption and
Na;S,03 to decrease SOs* oxidation. With a pH above 8.5 and a S;0s*
concentration above 50 mmol/kg the sulfite concentration was maintained at 35
mmol/kg which allowed for 95% NO; absorption and 99% SO absorption.
Hutson et al.® used a limestone slurry (WFGD) with addition of NaClO; to
remove NO and Hg in addition to SO,. At a temperature of, 55°C, 10% CaCOs
and 25 mM NaClO;, with 200 ppm NO, 1500 ppm SO, and 206 ug/m? Hg all
of the Hg and SO, was captured and 60% of the NOy. They also identified that
the presence of SO, and NO was important for the Hg removal and that there
was an optimal SO, concentration in terms of NO removal. The optimum
concentration was assumed to be dependent on the NaClO, concentration. Sun
et al.*® investigated the potential for simultaneous removal of SO, and NO; in
a MgO slurry (WFGD). They use O3 for oxidation of NO before the scrubber.
When NO was completely oxidized to NO,, MgO concentration 25 mM, 200
ppm NO and 500 ppm SO, 72% NOx removal was achieved and 99% SO,
removal. The scrubber was operated with varying parameters and showed little
dependency on pH between 4 and 10. When the Os/NO ratio was increased,
NOx removal increases due to oxidation of NO; to N.Os. Sun et al.*® used
pyrolusite (MnO,) as the scrubber addition for SO, and NO, removal. With 750
ppm NO, 2000 ppm SO, a pyrolusite concentration of 500 g/I, 25°C, and
scrubber pH of 1, 82% NOy removal and 90% SO, removal was achieved.
Table 8 summarize combined NOx and SO, removal efficiency with the
method used for absorption in the reviewed litterature. The removal of SO, is
always >90% due to a high oxidation rate of SOs* which is a rate limiting step
in conventional WFGD. Depending on scrubber alkalinity and oxidizing agent
used the SOs* oxidation is governed either by NO- absorption or oxidation by
the oxidizing agent. In an acidic scrubber, the oxidation of SOs* or rather HSO3"
, by oxidizing agents is crucial since SO has a low solubility in acidic media
and NO. interaction with HSOs" in acidic media is of a low rate. In alkaline
solutions, SO3% oxidation caused by NO; absorption is of a very high rate,
eliminating the need of further oxidation measures for SO, absorption.
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Table 8: Summary of method, NOy and SOy absorption efficiency and added species
(X) for simultaneous NO; and SO; absorption systems.

Method NOyxabs SOzabs X [X] pH Ref

Wet scrubber 99% 99% SOs% 20mM  6-7

Wet scrubber 70% 99% ClO; 20mM 4 18

Wet scrubber 65.5% 99% NaOH 13 %

Wet scrubber 90% 99% NaOH 12 %

Wet scrubber 95% 99% SOs*, 35mM, 85 ¥
52032_ 50 mM

Limestone WFGD  60% 99% CaCOs;, 10%., 6.1- 38
NaClO, 25mM 6.7

Mg WFGD 2% 99% MgO 25mM 65 %
MnO; wet scrubber  82% 90% MnO, 5009/ 1 39
Limestone WFGD  90% 98% O3 40

Much like for SO absorption, the NO, absorption scheme is also dependent
on pH. Hydrolysis of NO; is a rather slow process and for the removal of NOy
to reach >50% the process needs to be enhanced in some way. In acidic media,
the oxidixing agent used need to oxidize NO beyond NO- to either N»Os or
NO3 which can be removed at a high rate. In an alkaline scrubber, SOs* reacts
with NO; as mentioned and the rate of NO, absorption is governed almost
exclusively on the SO3% concentration.

4.3 Sulfite Oxidation

The focus of the research on sulfite oxidation has with time shifted from
atmospheric chemistry due to the high emissions of SO,, to FGD systems
employed to control said emissions and lastly to combined removal systems of
NOx and SOx. Sensitive systems with complex reaction patterns and with
analysis methods that require ex situ measurements, titration, ion
chromatography etc. have delivered results that vary with several orders of
magnitude.

The oxidation of sulfite has been a debated research question for over a
century. Beilke, Lamb and Miiller* studied the uncatalyzed SO-oxidation in a
closed environment to investigate rate determining steps in the formation of
atmospheric sulfate. Results indicate a first order reaction in regard to sulfite
concentration and a zero order in regard to oxygen for a pH between 3-6. Only
SO, and SO4* was measured and S(IV) oxidation was assumed to be rate
limiting step. SOs> was assumed to be the reacting specie of S(IV) which was
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supported by a [H*]? trend. They observe no significant dependence on
temperature in the interval between 5 and 25 °C. Larson, Horike and Harrison*
concurrs that the uncatalyzed oxidation of SO, by O, was first order in SOs*
but expressed the reaction in terms of an additional H* dependencie of half
order in a pH interval between 4 to 12. Unlike the previous study they did
observe a slight temperature dependence in the interval 5 to 25 °C. Connick et
al.®® continued the study with focus on the oxidation of bisulfite (pH 4) relevant
to flue gas desulfurization (FGD) and atmospheric chemistry, where oxygen
concentration and added NaOH was used to determine the reaction path and
rate. They suggest that the reaction takes place via HSOs™ formed from SOs%.
An expression was formulated for O, consumption as second order in HSOs’
and H* and zero order in O,. Mo et al.** investigated the sulfite oxidation rate
by oxygen and the inhibiting effect on the oxidation by thiosulfate in a
thermostatic reactor with continous air flow. Continuous pH measurements and
titration on the resulting liquid was used as a basis for analysis. They noted a
decrease in oxidation rate from pH 6 to pH 3 and almost no effect of pH in the
interval 7 to 8. The conclusion was that of the previously mentioned studies
where the low activity of HSOs™ will decrease oxidation rate and at a certain
concentration of SOs;*, the reaction was no longer limited by SOz*
concentration. The effect of S,05% as an inhibitor for the uncatalyzed oxidation
of S(IV) was observed.

The research on S(IV) oxidation in the presence of NO- has been performed
in parallel to oxidation by O first due to presence of NO; in the atmosphere
and later coupled to flue gas treatment. NO, has a large effect on S(IV)
oxidation in the presence of O, and the reaction was difficult to study why
different aproaches has been used and different rates have been proposed.
Littlejohn, Wang and Chang* and Rochelle & co-workers?®4® has performed a
number of studies on sulfite and sulfide oxidation where the influence of NO-
absorption was investigated. Gas analysis of NOx was used for determination
of reaction rate and the solution was analyzed with ion chromatography.

The research presented in this chapter show that there are a variety of ways
to oxidize NO to NO; and subsequently absorb it w/wo SO,. The methods and
performance have constantly been evolving and the technologies are becoming
mature. Still, there is limited information available on the scale up of the
process and the chemistry involved in the NO,-SO, absorption process is still
debated. This thesis aims to provide answeres to some of the questions that are
still present.
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CHAPTER 5

Chemistry

The concept of concomitant absorption of NOyx and SOx from flue gases
includes two important reaction schemes: 1) the oxidation of NO to NO2, which
increases the solubility of NOy; and 2) the liquid-phase interactions of the sulfur
and nitrogen chemistry, which facilitate efficient absorption. Figure 12 shows
a schematic overview of the proposed reaction scheme. The reactions included
are those that are deemed to have significance during the experiments. For a
more detailed chemistry, see the work of Ajdari et al.*

The gas-phase oxidation is here performed with CIO; as the oxidizing agent.
The oxidation of NO takes place according to Reactions 1 and 2.#-°° Under dry
conditions, Reactions 1 and 2 have a theoretical stoichiometry of 0.5 between
NO and CIO..

NO + Cl0, = NO, + CIO (1)

NO + CIO - NO, + Cl (2
In the presence of water, CIO, may be fully reduced to CI-, and the theoretical
stoichiometry between NO and CIO: is then 0.4, according to Reaction 3.

5NO + 3Cl0, + 4H,0 — 5HNO3 + 3HCI 3)

SO, absorption in water is equilibrium-controlled and leads to the formation of
bisulfite and sulfite according to Reactions 4 and 5, respectively,>-

50, (aq) + H,0(l) <> H* + HSO3 4)
HSO3 (aq) © H* + S0%~ (5)

Absorption of NO; in water takes place according to either Reaction 6 or 7,
depending on the presence of NO and the pH level.>>’

2NO,(aq) + H,0(1) = HNO,(aq) + HNO3(aq) (6)
NO + NO, + H,0 & 2HNO, @)

Nitrite, N(111), is inherently unstable, especially under acidic conditions, and it
can decompose into NO and NO;:
2HNO,(aq) < NO(aq) + NO,(aq) + H,0 (8)

Several studies have shown that S(1V) is efficient at hydrolyzing NO2(aq) at a
high rate according to Reaction 9,3445:46:58:59

33



2NO,(aq) + SO%~ + H,0(1) » 2NO3 + SO02~ + 2H* (9)
The SOs* may also be oxidized by O following Reaction 10.
~0,(aq) + 03~ - S0%" (10)

In experiments it was found that the oxidation of S(IV) progress at a much
higher rate than what is explained by Reactions 9 and 10 alone. Nash®® proposed
that a radical initiated chain of reactions were initiated by Reaction 9. Littlejohn
et al.* proposed the following chain, Reactions 11 to 20.

NO,(aq) + SO3~ - NO; + SO0%", (11)
SO3™ + S03™ — S,0Z%7, (12)
SO3™ + SO3™ — S0%™ + SOs, (13)
SO; + H,0 » 2H* + S03™, (14)
SO3™ + 0, - SO%™, (15)
SO:™ + S0%~ - S0Z™ + 503%™, (16)
SO:™ + S0%™ - S0%™ + S0;, (17)
SO;™ + S0%~ — S02™ + S0%™, (18)
SO~ + H' & HSO3, (19)
HSOZ + SO3~ — S03~ + S03™. (20)

This set of reactions enables depletion of SOs* with only a single SOs? radical
formed if O is present in the combination of Reactions 15 and 16. To break
this chain of reactions a radical scavenger can be added to the liquid wich
enables an alternative terminating step. One example of such a scavenger is
S,0s3%. Shen et al.?® proposed that the formed radical species would react with
S,03?% and result in production of S,0¢?".

R* 4+ 5,02~ > R+S,0%, (21)

S,05 + 5,05 - S,0%". (22)
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Figure 12 shows a simplified summary of the reaction paths of Reaction 1
to 22 describing a SO,-NO- absorption process with enhanced oxidation of NO
by ClO..

ClO,
NO * NO, SO,
[GaS—Liquid Interface }
NO(y) HCI NOyyg) SO5(aq)
SO,*
NOz- f—"""'_f /‘\
SO;5™
PN
NO; S,0,% SO,>

Figure 12: Schematic overview of the chemistry used to describe the simultaneous
absorption of NOx and SO after enhanced NO oxidation to NO; using CIO,. The
chemistry is shown for an alkaline pH.
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CHAPTER 6

Selected Results and Discussion

This chapter summarizes the most important findings of this thesis. The results
are collated from the five appended papers, but also include some unpublished
results.

6.1 Validation of the Enhanced Oxidation of NO

Figure 13 shows the measured NO conversion rate against rcio, in the three
units used in the thesis. The 100 Nm3h setup delivers the highest conversion
at a specific rcioz, between 0.4 and 0.5, while the 0.2 Nm3h and 400 Nm®h
units have a similar and slightly lower rate of NO conversion at a given rcioz.
All the setups entail the presence of SO, in the flue gas, and the 400 Nm?3/h
setup has a notable concentration of CO. The results show that CIO; is selective
towards NO oxidation, even when other reducing species are present, since
close to all of the NO is oxidized, as compared to the theoretical maximum. The
0.2 Nm?®h setup and the 100 Nm?/h setup are operated at a higher temperature,
to avoid condensation in the flue gas train. There is no such control available
for the 400 Nm?3/h unit, which is why the flue gas holds the temperature equal
to the extracted gas minus the heat loss in the piping.
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Figure 13: NO conversion rate (Eq 2.2) versus rcio2 (Eq 2.1). Comparison of the 0.2
Nm?3/h, 100 Nm?h and 400 Nm?h scales. The solid line shows the theoretical NO
conversion rate given a stoichiometry of 0.5 for the CIO, and NO ratio (Reactions 1
and 2). The dashed line indicates the maximum theoretical conversion rate (Reaction
3). The results for the 0.2 Nm?3h setup correspond to those shown in Figure 14 c).
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Figure 14 shows the influence of H,O on NO gas-phase oxidation by CIO; in
the 0.2 Nm3/h setup. The dashed line represents the theoretical conversion rate of
NO to NO2 when all the CIO; reacts exclusively with NO and is reduced to CI-,
with a stoichiometry of 0.4. The solid line represents the theoretical conversion rate
when all the CIO; reacts exclusively with NO and is reduced to Cl, with a
stoichiometry of 0.5. The experimental results show no major influence of water
on NO conversion. It should be noted that even the 0% water case has around
~0.5% water present in the gas, since the CIO; is stripped from an aqueous solution.
The oxidation of NO is efficient, with rates that are close to or slightly higher than
the dry-basis theoretical conversion rate in all cases.
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Figure 14: Conversion of NO (Eq 2.2) after CIO; injection at the humidity levels: (a)
0% H0; (b) 10% H-0; (c) 15% H,0; and (d) 25% H-O at the inlet. Measurements are
indicated by circles, and the theoretical dry-basis conversion rate is shown with a solid
line in each panel. The theoretical wet-basis conversion is indicated with a dashed line
in each panel. Experimental conditions were according to Table 1.
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Figure 15 shows the SO, conversion rate in the 0.2 Nm?/h setup, as defined
by (Eq 2.6). A negative value indicates that more SO, is measured after the
oxidation than before. Comparing the results in Figure 14 and Figure 15, it is
evident that ClO, does not oxidize SO,, while there is NO present for a wide
range of water contents. This is vital for the economic feasibility of the concept
in that the levels of additives should be minimized. The narrow interval (a
matter of few ppm) within which the measurements of SO, differ may be
attributed to measurement detection limits.
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Figure 15: Measured rates of SO, conversion (as defined by (Eq 2.6)) between
experiments with and without CIO; injection at different humidity levels: (a) 0% H.O;
(b) 10% H»0; (c) 15% H20; and (d) 25% H20 at the inlet. The experimental conditions
were according to Table 1.
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An inspection of the 100 Nm3/h setup oxidation reactor was performed after
approximately 140 hours of operation. Figure 16 shows the photographs from the
inspection, together with a color-coded drawing of the oxidation reactor for
reference purposes. The CIO; injection port was used as the entry point for the
camera. In general, there are limited signs of corrosion. The most notable sign is in
the upper-right image, showing the insertion pipe for the ClO2 nozzle. The design
renders it prone to stagnation of the flue gas flow. ClO, should not be present here
since the nozzle is located downstream. No material samples have been analyzed
for a more detailed examination, although these photographs indicate that no high-
grade materials are needed for the oxidation reactor as long as the temperatures are
kept above the acid dew-point.
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Figure 16: Photographs acquired during the inspection of the oxidation reactor of the 100 Nm3/h
setup, together with color-coded legend. Upper-Ileft panel (green): Pipe wall and welding joint at
the start of the pipe expansion from 10-cm to 20-cm diameter. A zoomed view of the upper-right
image. Upper-right panel (pink): Pipe wall and welding joint at the start of the pipe expansion,
as well as the welding joint for the pipe surrounding the CIOz injection nozzle (5-cm diameter).
Lower-left panel (yellow): Expanded section of the oxidation reactor. Lower-right panel (blue):
Welding joint at the end of the pipe expansion.
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6.2 Simultaneous Absorption of NOx and SOx

The performance and implementation of the process of simultaneous absorption
of NOx and SOy were evaluated in the three experimental units and through
modeling. As expected, the absorption of SO; is efficient in all the setups with
<10 ppm of SO- at the outlet for all trials with alkaline conditions. Under acidic
conditions, the saturation of dissolved SO, is approached (after sufficient
operational time given the used bleed) and SO- slip increase. Figure 17 gives
the absorption rates of NO, without liquid additives besides NaOH for pH
control for the 0.2 Nm®/h and 100 Nm?%/h setups. The rate of absorption in the
smaller unit is higher. The highest NO; absorption (no NO is present) achieved
without additives in the 0.2 unit is 78%, which is achieved at pH 10 and with a
SO, concentration in the flue gas of 1,000 ppm (5-times the NO concentration).
The improved absorption seen at higher pH levels with higher SO,
concentrations is significant, whereas the absorption rate remains almost
constant for the other cases in the 0.2 Nm?®h unit - only a minor influence
exerted by the SO, concentration is seen. In the 100 Nm%h setup, NO-
absorption is limited (<20%) under acidic conditions. At a pH >7, the NO;
absorption is improved when the SO, concentration in the inlet gas is >400

ppm.
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Figure 17: Comparison of NOy absorption rates, as defined by (Eq 2.3), between the
0.2 Nm%h and 100 Nm?®h setups operated at different pH levels and SO, gas
concentrations. The only additive to the liquid is NaOH for pH control. The three inlet
concentrations of SO, for the 0.2 Nm?/h setup are: 0 ppm, 200 ppm, and 1,000 ppm.
The four inlet concentrations of SO, for the 100 Nm?3/h setup are: 0 ppm, 100 ppm, 400
ppm, and 600 ppm.
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NO formation in the scrubber is detected in the 100 Nm?3/h setup, most likely
due to the instability of N(II1) at acidic conditions, whereas this is not seen in
the 0.2 Nm%/h unit. At acidic pH, the rate of NO absorption, as defined by (Eq
2.3), is 6% and 4%, as compared to the NO- absorption, defined by (Eq 2.4), of
16% and 12% due to NO formation in the scrubber. The highest measured rate
of NO; absorption for the 100 Nm?3h setup is 36%, which is seen at 400 ppm
of SO, and pH of 8.8. This is the only measurement for which there is no NO
formation in the scrubber. The NO, absorption is not further improved when
increasing the SO, concentration at the inlet from 400 to 600 ppm.

Table 9 shows the results obtained from the 0.2 Nm?3/h and 100 Nm?3/h setups
when a 17 wt.% solution of Na,SOs is continuously added to the scrubber liquid
at a position close to the inlet nozzles. The indicated S(IV) concentration in the
liquid is based on the amount added and assuming that no S(IV) accumulates.
High rates of absorption of NO; are reached in the two setups. Again, formation
of NO in the scrubber is seen in the 100 Nm?/h setup, but not in the 0.2 Nm%/h
setup. With the addition of Na>COs to the scrubber liquid, the formation of NO
is decreased; in one experimental case to a point where net absorption of NO is
achieved. This indicates that NO is formed from HNO; in acidic zones, which
are more likely at lower buffering capacity. An alkaline scrubber liquid that has
reached steady state should have a fairly limited pH gradient because of all the
acid base pairs present, which likely reduce the rate of NO reformation.

Table 9: NOy absorption profiles for experiments with S(IV) addition to the scrubber
liquid inlet conducted in the 0.2 Nm3h and 100 Nm?/h units.

Setup 1 S(IV) pH NaCOs3; NO; NO NOy
Nm3h (s) (g/l) (wt.%) absorption absorption absorption
0.2 65 1 9.0 0 91% 0% 91%
0.2 65 1 9.0 0 94% 0% 94%
100 9 1 95 0 63% -32% 53%
100 9 1 95 0 70% -94% 59%
100 9 1 8.6 10 71% -5% 66%
100 15 1 8.8 10 87% 6% 82%
100 9 078 72 0 85% -119% 81%
100 9 189 72 0 74% -214% 71%
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The liquid compositions measured after the experiments were 450 mg/I CI-,
273 mg/l N(111), 250 mg/l N(V) and 10 g/l S(VI1). The distribution between
N(II) and N(V) is around 1:1. Given the alkaline conditions and that most of
the nitrogen is absorbed via Reaction 9, a higher share of N(I11) was expected.
Oxidation of the nitrogen in the liquid by residual ClO- could be an explanation.
The amount of residual CIO; should however be limited, see Figure 13, and not
enough to oxidize the entire amount of nitrogen present. The high concentration
of S(VI) is linked to the addition of Na,SOs to the scrubber liquid.

The absorption concept was evaluated under real-world operational
conditions in the 400 Nm?h setup. Figure 18 shows the inlet and outlet
concentrations of NO, NO; and SO for a period of 2 hours of operation of the
400 Nm?®h unit. There are variations in the inlet concentrations of both NO and
SO,. During the 2 hours of operation, the inlet flow of NO exceeds the amount
that it is possible to oxidize with the amount of ClO, added over a 20-minute
interval, with this occurring after approximately 30 minutes. Otherwise, the NO
Is completely oxidized in the oxidation reactor. The concentration of NO after
the scrubber matches the increase in NO at the inlet, which indicates that no
absorption of NO seems to take place. The outlet SO, concentration remains
constant.
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Figure 18: A comparison of the inlet and outlet concentrations of NO, NO; and SO>
during two hours of operation of the 400 Nm3/h unit. Inlet concentrations are measured
before CIO; injection, and outlet concentrations are measured after the scrubber. The
triangles indicate the inlet streams, and the circles indicate the outlet streams. No NO>
is detected at the inlet (before oxidation). Outlet concentrations are measured every
other second while the inlet concentrations are taken as 10-minute interval mean values,
I.e., the time resolution is higher for the outlet concentrations.
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The scrubber liquid has a continuous feed of 26 I/h of Na,SOz [127 g/I]. The
SO, absorption rate remains above 90% and the NOy absorption rate mostly
remains above 80%. The results show that the process, while not optimized, can
still control the emissions of NOx and SOx continuously. However, it should be
noted that the amount of Na,SO3z added to the scrubber liquid is high. Since the
stoichiometry of Reaction 9 gives a theoretical mole ratio of 0.5 for the S(IV) to
NOg, the added ratio of about 20 is far from optimal.

A similar test was later performed in the same unit at the same facility in Avesta
but with addition of a Na>S,03/Na;SO3z mixture (100g/l and 10g/I respectively)
instead of only Na,SOs. In Figure 19 the result of the experiment for a period of 8
hours is visible. The inlet conditions are as can be seen similar to those in the
previous experiment but NO» absorption is slightly improved. The most significant
improvement however is that of the absorption reagent consumption. In this
experiment, an average of 0.76 I/h of the Na2S203/NaSO3 mixture was added. The
resulting molar ratio for NOx removed then equals 0.07 for Na,SOz and 0.54 for
Na,S,0s. As seen for the 0.2 and 100 Nm?/h units, the presence of SO in the gas
phase increase NO absorption through the formed SOs?. With the addition of
NazS,0s3, the SO3> formed from SO, absorption is more stable and increase NO>
absorption even more than what is seen in Figure 17.
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Figure 19: A comparison of the inlet and outlet concentrations of NO, NO, and SO>
during eight hours of operation of the 400 Nm?/h unit. Inlet concentrations are measured
before ClO; injection, and outlet concentrations are measured after the scrubber. The
triangles indicate the inlet streams, and the circles indicate the outlet streams. No NO»
is detected at the inlet (before oxidation).
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6.3 Validation of the Reaction Mechanism

The reaction mechanism for simultaneous absorption of NOx and SOy
previously derived by our research group (see Ajdari et al.*) was compiled from
a series of references from various applications, but was not validated for the
present application. The evaluation of the reaction mechanism is, thus, an
important outcome of the present experimental campaign.

Figure 20 presents the modeling of the 0.2 Nm?h setup. For this unit, the
mechanism under-predicts the absorption rates, especially under acidic
conditions. The model predicts a constant absorption efficiency of
approximately 10%, independent of the SO, concentration at pH levels <5. At
pH levels >5, the influence of the bisulfite interactions improves the absorption.
Under alkaline conditions, the influence of SO, in the gas phase is considerable
in both the simulations and experiments, as is evident when comparing the
simulation results of ~50% absorption in the case with 1,000 ppm of SO, to the
~10% absorption in the case without SO,. The main conclusion drawn from this
result is that small-scale scrubbers are difficult to represent with the correlations
used in the modeling. The discrepancy between modeling and measurements
IS, however, in accordance with the difference in NO; absorption seen between
the 0.2 Nm?h unit and the other two setups, which indicates something that
cannot be explained by simply comparing process parameters.
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Figure 20: Comparison of the modeling and experimental results presented in Figure
17 for the 0.2 Nm?3/h setup. The three inlet concentrations of SO, are: 0 ppm, 200 ppm,
and 1,000 ppm. NO- absorption is defined by (Eq 2.4).
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In Figure 21, a comparison of the simulation and experimental results from
the 100 Nm®nh unit is shown. The level of agreement between the model
predictions and the measurement for this unit is much better than for the
laboratory-scale unit. The model, as seen in the results shown in Figure 20, does
not capture any influence of SO; in the gas phase at pH <5, which explains why
all the simulations show an absorber performance that is independent of SO,
under these conditions. For the experiments conducted under alkaline
conditions, the model ably captures the absorption of NO.. Only one
measurement, at pH 8.7, deviates significantly with a simulated absorption of
~30% and an experimental absorption of ~40%. This might be due to as-yet
unknown changes in the scrubber liquid, as discussed for Figure 17.

The model does not capture any formation of NO in the scrubber, which is
in agreement with the discussion on the importance of local low-pH zones for
NO formation as such fluctuations are not present in the model. Reaction 8,
which involves N(IIl) breakdown to NO and NO;, is favored by high
concentrations of N(I11) and acidic conditions in the model, which is not seen
because the absorption of NOy, and thereby the concentration of N(III), is
limited under acidic conditions. For a liquid with steady-state composition and
a more stable pH level throughout the scrubber, little or no NO should be
present at the scrubber outlet, which agrees with the model. The results indicate
that the model is in good agreement with the experimental data in terms of NO-
absorption and that simulations without recirculation of the scrubber liquid
captures the absorption well.
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Figure 21: Comparison of the modeling and experimental results presented in Figure
17 for the 100 Nm?/h setup. The four inlet concentrations of SO, are: 0 ppm, 100 ppm,
400 ppm, and 600 ppm. NO; absorption is defined by (Eq 2.4).
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6.4 Modeling of Continuous Operation

Table 10 presents the composition of the liquid bleed for the simulation of the
waste-to-heat plant with 150 ppm wet NO; and 150 ppm wet SO,. The
absorption rates of NO, and SO, are required to be 90% and >99%,
respectively. The level of liquid bleed is governed by the S(VI) concentration
in the scrubber liquid, to avoid the formation of solids. The final NO; absorption
is controlled by the addition of Na>SO3 and pH is adjusted by addition of NaOH.
The remaining results are following of the three governing parameters
mentioned above.

Table 10: Inlet conditions and resulting concentrations of the components of the
scrubber liquid bleed from the simulated WTHP during Closed Loop simulations. The
S(IV)/NO; ratio is based on moles SO, absorbed and moles Na,SOs; added to the
scrubber liquid.

Parameter Value
Set values
SO, removal efficiency (%) >99
NO; removal efficiency (%) >90
Raw Flue Gas Flow (Nm®h) 57,500

N2 (%) 65
CO2 (%) 8
H-0 (%) 16
Oz (%) 11
SO: (ppm wet) 150
NO; (ppm wet) 150
Scrubber liquid pH 7.2
Resulting flows

Liquid Flow (m3/h) 575
L/G (kg liquid/kg gas) 10
NaOH (l/hr) 58
Na,SOs (I/hr) 60
S(IV)/NO- (mole/mole) 1.3
ClO- (kg/hr) 8.5
SO, removed (kg/hr) 20
NO; removed (kg/hr) 13
Make up water (m3/h) 1.34
Liquid bleed (m3h) 1.38
N(HT) (g/) 8.8
N(V) (mg/l) 36
S(IV) (mg/1) 60
S(VI) (g/) 25
HADS (g/l) 2.7
Carbonates (g/l) 1.8
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With the added pseudo reaction of S(IV) oxidation from O, S(IV) is no
longer only accumulating if the S(IV)/NO; ratio is above 0.5 as it does in the
original mechanism. The pH is set to 7.2 due to experimental experience from
the 400 Nm3/h unit and due to observed maximum absorption of NO, in
simulations. With a decreased pH, the amount of absorbed carbonates would
decrease and likewise the need for added NaOH.

The optimal design found during simulation was used as a basis for the cost-
estimation using Aspen Process Economic Analyzer V11. The cost optimal
scrubber height was decided to 32 meters as a trade of between process
chemicals and equipment cost. Figure 22 shows selected results of the cost
estimation for the acid gas removal. The left figure shows the removal cost of
the acid gases NO- and SO; in €/ton removed divided between cost categories.
The total cost is estimated to 2,100 €/ton SO,+NO.. The NaOH consumption
for pH control is a major cost. It would be possible to lower the NaOH
consumption by operating at a lower pH and decrease the absorption of CO..
The margins are, however, small since most of the NaOH is added to neutralize
the absorbed NO; and SO; as well as the HCI formed from the added CIO..
Electricity-, water- and CIO, consumptions are stable, and the cost should
mainly vary with consumer price. ClIO, consumption is at the theoretical
minimum for complete NO to NO; oxidation. Water consumption is based on
S(VI) concentration in the scrubber bleed and 70% of the S(VI) is from
absorbed SO,. Na,SO; consumption and capital costs are, thus, the only cost
categories possible to affect in cost optimization.

To the right in Figure 22, the total direct cost, which is the basis for the
capital cost, is given. The scrubber cost is almost 75% of the total direct cost.
The scrubber is high and constructed of high-grade materials (552205). A high
scrubber requires less Na;SOs3 to reach 90% NO, absorption; there is, thus, a
tradeoff between chemical consumption and scrubber height important to the
removal cost. The S(IV)/NO, molar ratio equals 1.3 in this simulation of which
0.3 is added through Na,SOs. The experiments of Figure 19 have a 4.8 meters
column and around 0.07 moles S(IV) per mole NO; added through Na;SO3;
together with 0.54 moles of Na;S,03 per mole of NO; absorbed. The ratio of
added sulfur was, thus, more than halved in the modelling, but the scrubber is
around 6 times as high. To improve the simulations, kinetics for the NO2-S,03*
and the S(1V)- S,0s* interaction needs to be developed.

48



=
S 3
~— —
¥ 800
=
-
: ] 5
= 600 =3
" =2
& | z
. <
[&] — [&]
£ 2
E T Ql_
g =
O 200 s
- =
e}
s |
<3 —— 1
v 0 0-
— > - s & S
= 92» O S S 8 & & L&
S < $ & NI SR A
= \QJQ ’{& CDCJ O— > @‘
v &
o %o&

Figure 22: Cost estimations for the 20 MWy, waste-to-heat plant. To the left, the
absolute total specific cost of combined SO2/NO; removal in €/ton removed. To the
right the total direct cost of equipment for combined SO2/NO, removal in M€.

6.5 On-line monitoring of sulfite oxidation

The role of S(IV) in NO; absorption and the complex reaction kinetics it
involves are a central theme throughout this work. In Paper V, Raman
spectroscopy was used in the 0.1 Nm?3/h setup as a tool for online monitoring
of the reactions taking place in a NO2-S(1V) liquid system.

Figure 23 shows time dependent concentration profiles for SO,*, SO3% and
HSOs for three cases: S(IV) oxidation via O (solid line), S(IV) oxidation via
O and NO; (triangles) and S;03% inhibited S(IV) oxidation via O, and NO;
(crosses). SO4? is the main product of S(1V) oxidation, either through Reaction
9 or Reaction 10. The formation of SO.* in the left figure corresponds well with
the consumption of SO3% and HSOs". The rate of SO4> formation is roughly 10
times higher during NO; absorption compared to when only O; is present in the
gas phase. The molar ratio between formed SO,* and absorbed NO- is ~30,
which shows that Reactions 9 and 10 alone are not enough to describe the active
liquid phase chemistry. The results are not proving the proposed radical chain
propagation, Reactions 11-22, although they are in agreement. Addition of
S,03% to the liquid significantly reduces the rate of SO4> formation, which
further strengthens the validity of the proposed radical chain propagation for
S(IV) oxidation and the inhibiting effect of S,0s*. When S(IV) is soley
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oxidized by O, SOs* seem to be the reacting specie, while HSO3™ concentration
remains constant. This agrees with the assumption made by Beilke, Lamb and
Miller*, that the oxidation of SOs* to SO+* occurs by a first order reaction in
SOs* and that no oxidation of HSOs occurs directly. When NO and O; is
present, both SOs% and HSO;5™ are consumed showing that the absorption of
NO; occurs by a reaction with both SOs?> and HSO3". The Raman signal for
SOs% and, to some extent, HSOs™ are connected to considerable amounts of
uncertainty due to the broad nature of the Raman peaks analysed. However, the
sulphur molar balance is completed at all times, which shows the success of the
measurement technique for on-line measurements of S(IV) in a reacting NO--
SO, absorption system.
SO -0, SO, - 0, HSO, - O,
4 SO,> - 0,/NO, -4 SO.> - 0,/NO, - HSO; - 0,/NO,
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Figure 23: Concentration profiles of SO4%, SO and HSOj3™ during experiments where
02 (solid line) or a mixture of Oz and NO (triangles) is used to oxidize S(1V). Na,S;0s
is added to inhibit the said oxidation (crosses).
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Figure 24 shows the NO; and NOx (NO,+NO) concentration of the outlet
gas from the experiments shown in Figure 23 (except that the O, only
experiment is exchanged with a pure water experiment to show the effect of the
absorption unit on NO; absorption. After the NO; gas is injected to the bubble
flask there is a short time period where the system stabilizes after which the
outlet concentration of both NO; and NOy steadily increase. The bubbleflask
has a baseline absorption of NOy at ~6% and NO- at ~17%. All NOy is NO; at
the inlet to the bubble flask. This implies that NO is formed from the absorbed
NO,, something that was also observed in the 100 Nm?h unit. It is most likely
that it progresses in the liquid film according to Reaction 7, which is active due
to local acidic pH. With a starting concentrtaion of S(1V) at 0.04 M, about 75%
of the NOx is absorbed. The absorption is decreasing rapidly with time as S(1V)
is oxidized to SO4%. At the end of the experiment (8,000 seconds) the NOy
absorption is equal to the NOy absorption in water. The amount of released NO
Is almost constant until S(IV) is close to depleted (5,000 seconds) after which
it rapidly increases. When S;0:%* is added to the liquid the rate of S(IV)
oxidation decreases and NOx absorption decrease at a much slower rate
compared to when only Na,;SOs is added.
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Figure 24: The NOy absorption over time in the Raman test setup for three liquid
compositions: 0.04 M of Na;SOs, 0.04 M S(1V) with 0.04 M Na;S;03 and clean water
for reference.
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Figure 25 show the correlation between S(IV) concentration and NOy
absorption in the Raman setup. The included results are from the two
experiments with Na,SOs included in Figure 24 as well as an experiment where
COs% and NO;  is added in addition to Na,SO3z and Na;S;0s. The results show
that NOx absorption is mainly dependent on S(IV) concentration and not
effected by the other additives. While the concentration of S(IV) is above
~0.015 M there is a proportional correlation between NOy absorption and S(1V)
concentration. Below 0.015 M of S(IV) the NOy absorption decreases to below
40% and decrease further without a clear correlation to S(IV) concentration.
The results with NOy absorption below 40% have such a large deviation in NOx
absorption due to the increased release of NO visible in Figure 24.
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Figure 25: Concentration of S(1V), SO3> and HSO3™ plotted against the achieved NOx
absorption. Baseline absorption without S(1V) is 6%.
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CHAPTER 7

Conclusions

This work investigates the simultaneous absorption of NO, and SO, from flue
gases (Papers 11-V) in a process that employs enhanced oxidation of NO to
NO: by CIO, (Papers I-111). The work has erected four experimental units to
study the scale-up of the process and the related chemistry ranging from
laboratory bench scale to industrial slip stream trials. The main conclusions
drawn from the results of these studies are presented below.

For a flue gas at low temperatures (<200°C), it is concluded that NO is
efficiently oxidized to NO, by CIO; gas to complete conversion through fast
gas-phase reactions at a CIO./NO molar ratio of ~0.5. This should be compared
to the stoichiometric ratio of 0.4 that is required under ideal and wet conditions.
The selectivity of CIO, towards NO oxidation is high in the investigated
environments. There are no indications of SO, or CO oxidation in any of the
experimental setups. Furthermore, it can be concluded that the concentration of
water in the flue gas exerts no effect on the degree to which NO is oxidized.

The absorption of SO, is near-complete in all the units under alkaline
conditions. The absorbed NO, oxidize SOs*> and HSOs to SOs* in a fast
reaction which enhance the SO, absorption by shifting the SO.-SOs*
equilibrium. The absorption of NO, under alkaline conditions is, across all
scales, highly dependent on amount of SO; in the gas phase and addition of
Na,SOs to the liquid. The relation between sulfur and NO, absorption is
confirmed by the computer modeling of the two larger setups.

SO3% oxidation competing with NO, absorption is crucial to the process
performance. The work shows that Raman spectroscopy is a viable method for
on-line concentration measurement of SO3%, HSO3, SO4* and S;0s%. It is
confirmed through experiments that NO, absorption triggers SOs* and HSO3
oxidation through a radical chain and that S;03% is efficient at canceling this
radical chain.

The removal efficiencies of the co-absorption system may reach the level of
what is currently considered best available techniques, with >90% and >99%
removal for NOx and SO, respectively. Cost efficiency is increasing with
increasing SO, concentrations in the flue gas. Optimally no addition of SOs% is
needed through salts. The cost of removal for NO; and SO; is estimated to 2100
€/ton (NO2+S0) for a 20 MW, waste-to-heat plant.
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CHAPTER 8

Suggestions for Future Work

Based on the discussion and conclusions of this work, the key areas where there
is still a crucial knowledge gap related to the co-removal of NOyx and SOy are
as follows:

Treatment of the scrubber effluent. There is to date no efficient way of treating
a liquid containing both S and N salts and the destruction of the effluent is
therefore potentially a great unknown cost and a limit to the environmental
benefits of the proposed technology. Further studies are therefore required to
establish methods of efficient scrubber effluent treatment.

Catalyzed sulfite oxidation. The presence of S(IV) in the absorbing liquid is
crucial for efficient NO, removal. The oxidation inhibition of S(1V) by S;03*
is demonstrated and understood but the influence of other catalysts on the
oxidation is still awork in progress. More work is therefore needed on the effect
of different catalysts that can be present in industrial flue gases to be able to
properly design pre-processing steps.

The on-line measurement of liquid composition by Raman spectroscopy is only
started in this thesis. There is still more work to properly establish a model for
more precise quantification. The analysis method could potentially be used for
the more complex liquids that are present in a flue gas cleaning system,
something that needs to be studied. Further usage of the analysis method
includes process control/optimization of a NOx-SOx removal system and
detailed studying of additional components of interest in the system, for
instance Hg removal.
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[ thought up an ending for my book:
And he lived happily ever after, unto the end of his days
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