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Abstract

Air emissions from the combustion of fossil fuel, including carbon dioxide, sulfur dioxide, nitrogen
dioxide and nitric oxide, have caused severe health and environmental problems. The post-
combustion wet scrubbing has been employed for control of carbon dioxide and sulfur dioxide
emissions. However, it is restricted by the sparingly water soluble nitric oxide, which accounts for 90-
95% of nitrogen oxides. It is desirable and cost-effective to remove nitric oxide from flue gas by

existing wet scrubbers for reduced capital costs and foot prints.

In this research, absorption of nitric oxide from simulated flue gas using three different absorbents
was first conducted in a bubble column system at room temperature and atmospheric pressure.
Through performance comparison, ammoniacal cobalt(ll) solutions were chosen as the optimum
absorbent for nitric oxide absorption. Then the effects of fresh absorbent composition, pH value and
temperature on nitric oxide absorption were investigated. Experimental results showed that the best
initial NO removal efficiency of 96.45% was measured at the inlet flow rate of 500 mL-min™; the
room temperature of 292.2 K; the pH value of 10.50; and the concentrations of cobalt(Il) solution,
NO and O, of 0.06 mol-L™*, 500 ppmv and 5.0%, respectively.

For in-depth understanding of NO absorption into ammoniacal cobalt(ll) complexes, equilibrium
constants of reactions between nitric oxide and penta- and haxa-amminecobalt(ll) solutions,
respectively were determined using a bubble column reactor, in which the operation was performed
continuously with respect to gas phase and batch-wise with respect to liquid phase. The experiments
were conducted at temperatures from 298.2 to 310.2 K and pH from 9.06 to 9.37, all under

atmospheric pressure. All experimental data fitted well to the following equations: K5, = 1.90 x

3598.5

> 14762y, which give the enthalpy of reactions between

T
NO and penta- and hexa-amminecobalt (11) nitrates as AH® = —29.92 kJ - mol~! and AH® =

—12.27 kJ - mol ™1,

107 exp(

Yand Kf, = 3.56 X 10texp(

In kinetic study, a number of experiments were conducted in a home-made double-stirred reactor at
temperatures of 298.2 and 303.2 K and pH from 8.50 to 9.87 under atmospheric pressure. The
reaction rate constants were calculated with the use of enhancement factor derived for gas absorption
accompanied by parallel chemical reactions. The reaction between NO and pentaaminecobalt(ll) was
first order with respect to NO and pentaamminecobalt(ll) ion, respectively. Similarly, the reaction
between NO and hexaaminecobalt(ll) was also first order with respect to NO and

hexaamminecobalt(Il) ion, respectively. The forward reaction rate constants of these two reactions



were 6.43x10° and 1.00<10" L-mol™s™, respectively at 298.2 K, and increased to 7.57x10° and
1.12x10" L-mol™*s™, respectively at 303.2 K.

Furthermore, regeneration of used absorbent was attempted but fails. None of the additives tested
herein including potassium iodide (KI), sodium persulphate (Na,SsOg) and activated carbon (AC)
showed capability of regeneration at room temperature and atmospheric pressure. In addition, the
effect of oxygen was investigated. With ammoniacal cobalt(l1) compounds a positive effect of oxygen
on NO absorption was observed. Calculated NO amount absorbed into the aqueous solution showed
that with the oxygen the absorption reaction could be considered as irreversible. This fact was
probably the reason for the failure of regeneration of the tested reagents.

Last but not least, volumetric liquid-phase mass transfer coefficient, k a, in some popular industrial
absorbers including bubble column (BC), conventional stirred tank reactor (CSTR) and gas-inducing
agitated tank (GIAT) were determined by modeling removal of oxygen from water. The experimental
results could be well interpreted by mathematical models with 90% of deviations less than 210 %.
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Chapter 1

Introduction

1.1 Research Motivations

Nitrogen oxides, denoted as NO,, represent seven oxides of nitrogen: nitric oxide (NO), nitrogen
dioxide (NO,), nitrous oxide (N,O), dinitrogen dioxide (N,O,), dinitrogen trioxide (N,O3), dinitrogen
tetroxide (N,O,) and dinitrogen pentoxide (N,Os). However, NO, are referred to as NO and NO, only
by the US Environmental Protection Agency (EPA) as these two gases are significant contributors to
air pollution [1]. The mobile and stationary sources contribute to nearly half the total NO, emission
[2]. Selective catalytic reduction (SCR) [3] and homogeneous charge compression ignition (HCCI)
[4, 5] are two popular technologies that have been well employed for mobile source. However,
controversy over the optimal NO, control method for stationary source has arisen for a long time as
more sectors are included. According to statistics of U.S. Energy Information Administration (EIA)
[6], NO, emissions from thermal plants were as high as 3.3 million metric tons in U.S. in 2008, which
was approximately 40% of the NO, emissions from stationary sources.

The formation of NO, is almost inevitable in all combustion processes due to the nitrogen element
contained in fuel and nitrogen in the air. At a high temperature, especially when it is above 1373.2 K,
thermal NO, is formed by the reaction between nitrogen and oxygen [1, 2]. At a lower temperature,
prompt NO, is expected to be produced by a fast reaction between nitrogen and oxygen molecules
and hydrocarbon radicals. At the same time, fuel NO, may also be generated from direct oxidation of
organically bound nitrogen in fuels such as coal and heavy oil. In most industrial combustion
processes, thermal NO, is the predominant among these three types of NO,, of which approximately
95% is nitric oxide [7]. It makes the reduction of nitric oxide crucial to the success of NO, emission

control.

NO, can negatively impact human health and the environment. Firstly, nitrogen oxides are health
hazards. NO is a colorless poisonous gas which can cause irritation to the eyes and throat, tightness of
the chest, nausea and headache. Prolonged exposure to high concentration NO could be fatal. NO, is a
red-brown, highly toxic gas that has a suffocating odor. It is able to irritate lungs and to deteriorate
one’s resistance to respiratory infections [8]. Secondly, tropospheric 0zone and smog are produced by
reactions of NO, in the atmosphere. Stratospheric ozone in the upper atmosphere protects us from
high-intensity ultraviolet (UV) rays from the sun, while tropospheric ozone in the ambient air that we

breathe can cause respiratory issues. NO, also reacts with air with the presence of UV to form ozone



and NO. Furthermore, NO, and unburned volatile organic compounds (VOC) under the influence of
sunlight will give rise to photochemical smog. Thirdly, acid rain is formed by reaction between NO,
and water vapor in the atmosphere. Even though NO is dominant in the NO, from industrial
combustion, NO reacts with oxygen in the air to create NO,. NO, is highly reactive with water to

form nitrous acid (HNO,) and nitric acid (HNO3). Acid rain is harmful to plants, trees and structures.

Governmental regulations around the world have been issued since the first Clean Air Act (CAA)
of 1970 was established in the USA. The lowest achievable emission rate (LAER) of NOy established
by US Environmental Protection Agency (EPA) is 3-15 ppmv. In Japan, the NO, emission limits are
set belowl5, 30 and 60 ppmv for new large gas-, oil- and coal-fired thermal plants by most local
governments. In Europe, counterpart NO, emission limits are 30-50, 55-75, and 50-100 ppmv,
respectively [9].

In response to government regulations, many NO, abatement and control technologies have been
developed. Typical technologies for NO, reduction are summarized in Table 1-1. They mainly fall
into two categories: 1) suppression of NO, formation in the combustion process and 2) flue gas
treatment involving chemical reactions with post-combustion NO,. NO, suppression can be fuel
switching, for example, substituting low-nitrogen fuels, such as natural gas or propane for coal to
create less “fuel NO,” or by combustion modification which focuses on minimizing peak combustion
temperature and residence time at peak temperature to generate less “thermal NO,”. Flue gas
treatment technologies include selective catalytic reduction (SCR), selective non-catalytic reduction
(SNCR) and wet scrubbing. From a practical standpoint, it is currently very challenging to completely
replace coal with natural gas for power generation. Statistics from EIA show that coal for generating
electric power constantly provided around 50% of total net generation annually from 1997 to 2008 in
the U.S. [6].



Table 1-1: Summary of NO, control technology

Representative Technologies Principles

Fuel switching involves the replacement of fuels
Fuel switching having high nitrogen content like coal and heavy oils

with low nitrogen fuels such as natural gas [10].

Peak temperature is decreased by reducing excessive

. oxygen at the burner flame. It reduces the amount of
Less Excess Air

air introduced into the boiler leading to an increase in
(LEA)

thermal efficiency if stoichiometric requirements are
met [1].

SC burns the fuel in two steps. A fuel-rich condition is
created near the primary flame by introducing
insufficient air in the first step. Then, the rest of
Staged combustion (SC) combustion air is filled to complete the combustion.
Both deficiency of oxygen in the first step and low
temperature in the second step result in NOx reduction
[10].

Combustion Modification

FGR redirects partial flue gases back to the
combustion chamber. The recycled flue gas mixes
Flue gas recirculation (FGR) | with secondary air, lowering the flame temperature
and diluting oxygen as well, accordingly reducing
NOx formed [11-15].

These special burners are developed based on the

Low-NOXx burners (LNB) o
combination of LEA, SC and FGR [1, 2].

The suppression of NOx formed in combustion is
Water/steam injection completed by both lowering peak temperature and the

residence time at the peak temperature [10, 16].

) SCR uses ammonia or ammonia-based agents to
Post-combustion Flue ) )
SCR convert NOx into N, and H,O at relatively low
Gas treatment

temperatures in the presence of a catalyst [17].




Table 1-1: Summary of NO, control technology (continued)

Representative Technologies Operational Principle

SNCR involves the reaction between injected
Selective non-catalytic | ammonia- or urea-based compounds and NO, to form

reduction (SNCR) nitrogen and water at relatively high temperatures [10,
16].

. CPP is the combination of the use of a dielectric
. Combined plasma . . ]
Post-combustion Flue ] barrier discharge (DBD) plasma and ultraviolet
photolysis (CPP) o
Gas treatment radiation [18, 19].

Except being used in SCR, AC itself can adsorb NOy

emissions to form complexes, and then desorb them

Activated Carbon

(AC) _ . o
by heating or microwave irradiation [20-23].

) Wet scrubbing is using an absorbent to react with
Wet scrubbing ) )
NO,, forming by-product commodity [24].

1.2 Research Opportunities

Combustion modifications are extensively applied to reduce NO, emissions. Nevertheless, post-
combustion flue gas treatment (FGT) is indispensable in order to meet the increasingly stringent
emission standards. Firstly, combustion modifications involve retrofit to existing systems or design of
new units. This is a long-term investment and it takes years to complete. FGT is necessary during the
implementation of combustion modifications to ensure that NO, are treated before being emitted.
Secondly, the NO, reduction efficiencies of combustion modifications are not high enough to meet
the emission limits. Usually, the removal efficiencies are less than 50% [10], which cannot lower the
NO, concentration to around 15 ppmv; and FGT process can be a good supplement to any combustion
modifications since they are located downstream of combustion zone. A combination of a combustion
modification and a FGT will for sure meet the severe NO, emission control. In addition, the FGT
technologies can be applied to non-combustion sources of NO, such as chemical manufacturing and
metal processing. Therefore, FGT deserves more developmental attentions in both the short and long

terms.

As seen in Table 1-1, selective catalytic reduction (SCR), selective non-catalytic reduction (SNCR)
and wet scrubbing are three representative FGTs. SCR uses ammonia or ammonia-based agents to
convert NO, into nitrogen and water at a relatively low temperature in the presence of a catalyst such

as platinum, vanadium and titanium dioxide. Typical operating temperatures of these three catalysts




are 477.6 K, 672 K and 810.9 K, respectively. SCR can reach a NO, reduction efficiency of 60-90%
at a relatively high cost of US $40-80/kW according to a report by World Bank Group (WBG). And,
the catalyst is easy to get poisoned by fly ash rich in arsenic and/or alkali and the disposal of
consumed toxic catalysts is another issue [25]. SNCR involves reactions among injected ammonia- or
urea-based compounds and NO, to form nitrogen and water at relatively high temperatures.
Generally, it can reach a removal efficiency of 60-70% at a cost of US $10-20/kW; the process is
rather sensitive to temperature. The optimum temperature range is from 1144 K to 1422 K.
Efficiencies at temperatures outside of this range are greatly deteriorated [10, 16].

Activated carbon has been commonly used in SCR as a catalyst [20], and it can adsorb NOy by
forming carbon-based complexes at temperatures between 343.2 and 393.2 K and desorb NOy
through heating at around 413.2 to 423.2 K [22] or via microwave irradiation [21]. In addition, the
combined plasma photolysis (CPP) technology developed by Rood’s Group could achieve
simultaneous removal efficiencies for SO, and NO of 29% and 79%, respectively [19].

Different from the aforementioned dry technologies, wet scrubbing using an absorbent in liquid
offers an alternative approach to FGT [24]. Wet FGT mainly includes two methods: (1) direct
absorption of NO, or (2) conversion of insoluble NO into NO, using a strong oxidant, followed by
removal of NO,. It is comparatively insensitive to flue gas particulate matter and has been widely
employed by chemical manufacturers. Wet scrubbing technologies are potentially able to achieve
high NO, reduction efficiency owing to the high reaction rate between absorbents and NO,. In
addition, most absorbent has the ability to simultaneously remove SO, and NO, and flue gas
desulphurization (FGD) devices, which are wet scrubbing reactors, have been extensively applied in

power plant to remove SO,. It is expected to be simple to adapt to NO, abatement.

The selection of suitable absorbent is important to wet scrubbing. First of all, since inactive NO
accounts for more than 90-95% of NO,, the realization of NO, control by wet scrubbing rests
primarily on the successful removal of NO. It requires that the absorbent must fast react with NO. In
addition, an excellent absorbent should also be easily regenerated or recycled, which will reduce the
operating cost. Several solvents have been reported for NO, absorption. A summary of some

commonly used absorbents is presented in Table 1-2.

As shown in Eq. 1.1, wet scrubbing using a strong oxidant such as ClO,/NaClO, or KMnQ, to
convert NO into soluble NO, leads to a challenge because by-product NO penetrates the scrubber as
part of the exhaust air. As a result, direct absorption of NO by reaction with an agent like FeSO, and

Fe(I)EDTA to form a complex is preferred.



3NO, + H,0 — 2HNO3+NO? (1.1)

Table 1-2: Absorbents used for NOXx reduction

Absorbents Operating Conditions References

KMnO,: 0.089 — 0.243 mol-L™; NaOH: 0.5 - 2.5
KMnO4-NaOH . Sada et al. [26]
mol-L™; NO: 1.5 —20%; T: 298.2 K

NaClO,: 0.21-1.5 mol-L™; NaOH: 0.05-0.5 mol-L"
NaClO,-NaOH Sada et al. [27, 28]
1 NO: 0.8-15%; T: 298.2 K

H,0,: 0.107 — 0.566 mol-L™; NO: 6.9-24.7 %; T:

H,0, Baveja et al. [29]
288.2-303.2 K
Fe(INEDTA: 0.01-0.02 mol-L™; Na;SO;: 0.25-
Fe(1)EDTA-
0.125 mol-L™; NO: 510- 2330 ppmv; T: 278.2 — | Teramoto [30]
Na,SO3;
323.2K
FeSO,: 0.25 — 1 mol-L™; H,SO,: 0.25 to 0.50 _
FeSO,-H,SO, Bosio et al. [31]

mol-LY; Pure NO; T: 298.2 K

Co(NH;)eCl,: 0.01 — 0.04 mol-L™; KI: 0.01 mol-L
Co(NH3)6Cl,-KI ! with/out UV; NO: 250-900 ppmv; SO,: 0 -2500 | Long [32]
ppmv; O,: 0-5.2%; T: 323.2K

ClO,: sufficient; NO: 150-1180 ppmv; SO,: 0 -
ClO, Deshwal [33]
1800 ppmv; T: 318.2 K

Co(NH;)eCl,: 0.01 mol-L™; NO: 600 ppmv; SO:
1500 ppmv; NaOH: 0.25 — 0.60 mol-L™; Cheng [34]
Activated carbon: 40g; T: 333.2 K

Co(NH3)Cly-

Activated carbon

Transitional metal chelate like Fe(I1)-EDTA combines with NO to form a complex more effectively
than FeSO, does. The coordination reactions between NO and Fe(ll)-EDTA and FeSO, are as

follows:
FelEDTA + NO = Fe!'(NO)EDTA (1.2)

FeSO, + NO = Fe(N0)SO, (1.3)

The chemical equilibrium constant of Reaction (1.2) is in the order of 10° L-mol™ at 298.2 K [30],
while that of Reaction (1.3) is only in the order of 10 L-mol™ [35]. Recently, Long’s group reported

that the application of hexaamminecobalt (1) solution could effectively remove NO from simulated



flue gas. The absorbent could also be regenerated by KI solution with ultraviolet light or activated
carbon (modified by KOH) or electrochemical measures [36]. The main by-products nitrite and
nitrate were sources of fertilizers. Thus, hexamminecobalt(ll) solution can be considered as a

candidate absorbent for wet FGT technology.

Although Long’s group discovered hexaamminecobalt(I) solution, key parameters such as
equilibrium constant and reaction rate constant are questionable or unknown, thereby preventing the
further development of this technology. Furthermore, as oxygen plays an important part in flue gas
treatment, the effect of oxygen on NOXx absorption is worth investigation. In addition, earlier research
was conducted using small bench-top reactors such as packed column with 18mm inner diameter. It is

of importance to conduct some trials in relatively large reactors towards commercialization.

1.3 Research Objectives

Given the severe health and environmental impact caused by flue gas, which contains carbon dioxide,
sulfur oxides and nitrogen dioxide, emitted from fuel combustion, control of these air emissions is
currently necessary and urgent. Of these gases, nitric oxide is the bottleneck of the emission control
technology. The post-combustion capture of carbon dioxide by using an amine-based absorbent has
been well developed and rapid stride has been made [37, 38]. Sulfur dioxide can be easily treated by
flue gas desulfurization (FGD) process with a removal efficiency of 95% or higher [39-41]. The
reduction of nitrogen oxides, however, remains a challenge primarily due to the inactive nitric oxide,

which accounts for 90-95% of nitrogen oxides.

As sulfur dioxide can be well controlled by wet scrubbing, it is desired and cost-effective to remove
nitric oxide from flue gas by existing wet absorbers or scrubbers. Specifically, this project principally
concentrated on the removal of nitric oxide from simulated flue gas using ammoniacal cobalt(ll)

solutions; following tasks were accomplished.

a) Comparison between different absorbents in a bubble column reactor system to show the

feasibility of using hexaamminecobalt (11) solution for de-NO.
b) Equilibrium study of reaction between ammoniacal cobalt(ll) complex and nitric oxide.
¢) Kinetic study of reaction between ammoniacal cobalt(l1) complex and nitric oxide.
d) Investigations on absorbent regeneration and effect of oxygen on NO absorption.

e) Study of mass transfer in industrial gas-liquid contactors for further development and

commercialization of this technology.



1.4 Thesis Structure

This thesis work includes literature review, selection of absorbent, determination of equilibrium
constants, kinetic study and the determination of volumetric liquid-phase mass transfer coefficients of

some large scale scrubbers.

In the literature review, the characterization of nitric oxides is first introduced, followed by existing
abatement technologies. It is concluded that post-combustion technology is indispensable in response
to increasingly stringent legitimated regulation. Through comparative study on different nitric oxide
absorbents, ammoniacal cobalt(ll) was identified as a promising absorbent for wet scrubbing. Then
the mechanism of absorption of nitric oxide into ammoniacal cobalt(ll) solutions was investigated
systematically. Finally, the state-of-art of mass transfer in the potential industrial gas-liquid

contactors for NO absorption was elaborated for further investigation of this technology.

In the selection of absorbent, absorption of nitric oxide from simulated flue gas using three
different absorbents was conducted in a bubble column system at room temperature and atmospheric
pressure. The ammoniacal cobalt(Il) solutions were then chosen as an optimum absorbent for nitric
oxide reduction. Meanwhile, the effects of fresh absorbent composition, pH value and temperature on

nitric oxide removal are discussed.

The equilibrium constants of reactions between nitric oxide and penta- and haxa-amminecobalt(I1)
solutions, respectively were determined in a bubble column reactor; experiments were conducted
continuously with respect to gas phase and batch-wise with respect to liquid phase. Experimental
setup, absorbent preparation, and experimental procedures were first described in detail. Then original
data were analyzed. At last, equilibrium constants at different temperatures were determined and

presented in the van’t Hoff equation.

The Kinetic study was conducted in a home-made stainless steel double-stirred reactor and the
corresponding reaction rate constants were calculated using enhancement factor. As information on
ammoniacal cobalt(Il) coordination reaction was only available for temperatures from 295.2 to 303.2
K, and higher temperatures were not in favor of the absorption of nitric oxide into ammoniacal

cobalt(I1) solutions, experimentations were conducted only at 298.2 and 303.2 K.

The mass transfer coefficients in various gas-liquid contactors were determined by both
experimental investigation and mathematic modeling of degassing performance of these contactors.

All the validated correlations are expected to be able to guide apparatus scale-up in the future.

Conclusions and original contributions of this thesis project are presented in the last chapter.

Meanwhile, several recommendations are given for future work.



1.5 Original Contributions

This thesis project focuses on the absorption of NO into ammoniacal cobalt(ll) solutions, and

following original contributions have been achieved:

(1) The analysis of cobalt(Il) - ammonia system in solution with concentrated ammonium salt was

systematically introduced and applied to NO absorption into ammoniacal cobalt(ll) solutions.

(2) The reactivity of ammoniacal cobalt(ll) complexes with NO was determined, and the nature of
reactions between NO and penta- and hexa-amminecobalt(ll) ions at room temperature or

above was validated.

(3) The equilibrium constants of reactions between NO and penta- and hexa-amminecobalt(ll) ions

were determined in a bubble column.

(4) The reaction rate constants of reactions between NO and penta- and hexa-amminecobalt(ll)

ions were experimentally determined for the first time in a home-made double-stirred tank.

(5) A correlation for the estimate of volumetric liquid-phase mass transfer, ki a, in a gas-inducing
agitated tank is proposed. Furthermore, optimum correlations for the evaluation of values of
kia in conventionally stirred tank reactor and bubble column were selected by investigating

removal of oxygen from water.



Chapter 2

Literature Review

2.1 Characterization of Nitrogen Oxides

2.1.1 Definition and Source of Nitrogen Oxides

Nitrogen oxides (NO,) represent a family of seven chemical compounds tabulated in Table 2-1 with
physical properties in the order of nitrogen valence [2]. Nitrogen oxide (NO) and nitrogen dioxide
(NO,) accounts for the majority of NO, emitted into the ambient air by fuel combustion and chemical
manufacturing [1, 10]. Approximately 95% of the NOx emissions from stationary sources are in the
form of NO [1, 2, 42].

Table 2-1: Compounds of nitrogen oxides

Formula | Terminology Physical Properties Nitrogen valence
) ) colorless gas
N,O nitrous oxide 1
water soluble
NO nitric oxide colorless gas )
N,O, dinitrogen dioxide sparingly water soluble
o o black solid
N,O; dinitrogen trioxide ] 3
water soluble, decomposes in water
NO, nitrogen dioxide yellowish-orange to reddish-brown gas A
N,O4 dinitrogen tetroxide fairly water soluble, decomposes in water
_ . white solid
N,Os dintrogen pentoxide . . 5
fairly water soluble, decomposes in water

Both natural and anthropogenic sources contribute to the NOx emissions. The natural sources
including biological process in soil and water, lightning and volcanic activity, forest fire, grass fire,
trees, bushes, grasses and even yeasts, represent nearly 90% of the total NOx emissions. The rest is
from anthropogenic sources, almost equally halved by mobile and stationary sources [10]. The largest

stationary source is power plants, accounting for 40% or so [2].

2.1.2 Formation of NO, in Fuel Combustion

NOy is generated by the chemical combination of nitrogen and oxygen during the fuel combustion

process. Three separate mechanisms, thermal NO,, fuel NOx and prompt NO,, have been identified

10



for generating NO, in the fuel combustion process [1, 2, 16]. They all produce mainly NO as the short

residence time usually does not allow a great amount of oxidation of NO into NO, to take place.

Thermal NO, is produced by the thermal fixation of molecular nitrogen in the air at high

temperatures, known as Zeldovich mechanism [42]:

ZNZ(g) + 302(9) g 2N0(g) + 2N02(g) + heat (21)

The concentration of thermal NO, is greatly dependent upon the combustion temperature and less
sensitive to nitrogen and oxygen concentrations. Thermal NO, extraordinarily increases with
temperature. Almost all thermal NO is formed at the region of the flame at the highest temperature. It
is generally the predominant mechanism for NO, formation in combustion at temperatures above
1373.2 K [1, 10]. It is generally not a major concern to biomass combustion because of the relatively

low combustion temperature.

Fuel NO, is resulted from the oxidation of organically bound nitrogen in such fuels as biomass,
heavy oil and coal. It is not an issue for fuels with less or no organically bound nitrogen, for example,
natural gas and propane. The simplified mechanism of fuel NO, formation can be presented as [42]:

Contrary to the thermal NO, formation, the conversion of fuel-bound nitrogen is relatively
independent of temperature. Instead, the availability of free oxygen molecules plays a critical role in
the conversion. Additionally, mixing pattern and the nitrogen content of the fuel also affect the

concentration of fuel NO, [42].

Prompt NO, was first introduced by Fenimore to describe NO, formed by the fast reaction between

nitrogen, oxygen and hydrocarbon radicals in the flame front [43].

CHys) + 3.5 Oy(g) + Npggy = NO(gy + NOy(g) + COy(g) + 2H,0 + trace speices (2.3)

The amount is relatively small and only of interest in accomplishing ultra-low NO, emission levels
with high-quality nitrogen-free fuels. Prompt NO, becomes more important under fuel-rich conditions
in lower-temperature combustion [43]. The respective contribution of those three NO, from a certain
power plant cannot be calculated theoretically and it varies with combustion conditions, the type of

burner and the type of fuel [2,16].
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2.1.3 Negative Impacts of NOy

Nitric oxides may negatively affect public health and the environment. Firstly, NO is a colorless but
poisonous gas which can cause irritation to the eyes and throat, tightness of the chest, nausea and
headache. Prolonged exposure to NO could be fatal. NO, is a reddish-brown, highly toxic gas that has
a suffocating odor. It is able to irritate lungs and to deteriorate one’s resistance to respiratory
infections [2]. The US federal primary air quality standard for NO, is set as 0.053 ppmv, annual
arithmetic mean concentration [8]. Secondly, tropospheric ozone and smog are produced by reactions
of NO, in the atmosphere. Stratospheric ozone in the upper atmosphere protects the lives on the earth
from high-intensity ultraviolet (UV) rays from the sun, while tropospheric ozone in the ambient air is
an irritant to the eyes, noses and throats. NO, reacts with air in the presence of UV to form ozone and
NO as well. The NO will be easily recycled to NO, by oxidation. Thus, each molecule of NO, can
produce ozone multiple times. In addition, NO, and unburned volatile organic compounds (VOC)
under the influence of sunlight will give rise to photochemical smog that causes respiratory diseases.
Thirdly, acid rain is formed by reaction between NO, and water in the atmosphere. NO, is highly
reactive with water to produce nitrous acid (HNO;) and nitric acid (HNOs). Although NO is the
dominant product in the NO, from industrial combustion, it reacts with oxygen in the air to create
NO,. Acid rain is harmful to plants, trees and even constructions. The acidification of groundwater
and lakes caused by acid rain leads to terrible consequences such as “dead lakes” for locations where
there is few alkaline substances in the soil and rocks [44]. Meanwhile, nutrient enrichment of water
bodies may arise with the increase of concentration of nitrates or phosphates, which incurs algal
bloom and plant growth, leading to the death of other plants in the water due to the depletion of
oxygen [44].

2.2 NO4 Abatement Technologies

Effective control of NO, emissions from both mobile and stationary sources requires different
technologies. This thesis project concentrates primarily on the reduction of NO, emitted from
stationary sources. As prompt NO, only constitutes small portion, most NO, abatement technologies
are directed towards thermal NO, and fuel NOy. The existing techniques either aim to suppress the
NO, formation during the fuel combustion or manage to treat the post-combustion flue gas. These

approaches are briefly introduced as follows.

2.2.1 Fuel Switching

Fuel switching is to switch conventional fuels such as coal and heavy oil with high-quality natural

gas. Coal and oil contain organically-bound nitrogen compounds which react with oxygen to form
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fuel NO,. Switching fuels with nitrogen-free or low-nitrogen natural gas can reduce the fuel NO, to
the most extent. It was reported that a natural-gas-fired plant produces 60% less NO, emissions than a
coal-fired plant [10].

2.2.2 Combustion Modification

Combustion modifications are based on NO, formation chemistry and may involve any of three
strategies: (a) minimizing peak combustion temperatures; (b) minimizing gas residence time at peak

temperature; (c) reducing oxygen concentration in the combustion zone [10].

2.2.2.1 Less Excess Air (LEA) Combustion

Less excess air (LEA) combustion is a simple yet effective method for the reduction of NOy
formation. It reduces the total amount of excess air supplied for combustion, resulting in lower peak
flame temperature and thus less NOy formation. Therefore, it is commonly used in new and retrofit
plants. The ultimate level of excess air is related to the onset of smoke or carbon monoxide emission.
Fouling and slagging caused by low levels of excess air are typical side effects of this technology.
LEA combustion is usually the first option for utility boilers. It could achieve an average reduction of
16-21% [1].

2.2.2.2 Off-stoichiometric or Staged Combustion

Off stoichiometric or staged combustion (OSC) reduces NO, emissions by burning fuels in two or
more steps (or zones). Fuel is first burned with less than stoichiometric amount of air to form a
primary fuel-rich zone. The deficiency of oxygen in the first zone and the low temperature in the
second zone both result in less NO, formation. It was reported that OSC could reduce the NO
emissions by 20-50% and corrosion and slagging might limit the potential of OSC technology [2].

2.2.2.3 Flue Gas Recirculation (FGR)

Flue gas recirculation (FGR) is recycling a portion of the flue gas back to the furnace, which is
usually applied to large coal, oil or gas boilers. The recycled flue gas mixes with secondary air
entering the combustion chamber, lowering both the furnace air temperature and the oxygen
concentration. FGR can reduce NO, emission by 20-50%. Although the relatively high cost somewhat
limits its application, FGR can also reduce NO, emission and is beneficial to CO, capture and storage
[11-15]
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2.2.2.4 Reduced Air Preheat Operation (RAP) and Reduced Firing Rate (RFR)

Reduced air preheat (RAP) operation and reduced firing rate (RFR) control NOy emission through
lowering the peak temperature of primary combustion zone. As a result, the thermal NO, formation is
reduced. Nevertheless, this strategy is rarely used in practice due to the significant energy penalty and
low thermal efficiency [1, 2].

2.2.2.5 Steam and Water Injection

Steam or water injection (WI1) is applied to lower flame temperature, thus giving rise to less thermal
NO formation. It is especially effective for internal combustion engines and gas turbines. For a gas
turbine, it could achieve a NOy reduction efficiency of 80% at a WI rate of 2% with an energy penalty
of 1%. For a utility boiler, however, the corresponding energy penalty can be up to 10% [10, 16].

2.2.3 Post-combustion Flue Gas Treatment

2.2.3.1 Selective Catalytic Reduction

In a selective catalytic reduction (SCR) system, flue gas stream from the combustion process is
cooled and ammonia-containing air is injected into the flue gas prior to its passing over a catalyst.
Typical catalysts are a mixture of titanium dioxide, vanadium pentoxide and tungsten trioxide [17].
The catalyst promotes the reaction between NO, and ammonia to form nitrogen and water vapor. SCR
systems can remove 50-90% of NO, from flue gas if properly designed and operated [2]. Several
drawbacks including disposal of spent catalysts, high capital and operating costs and complexity of
the system limit its application [25].

2.2.3.2 Selective Non-Catalytic Reduction (SNCR)

Selective non-catalytic reduction (SNCR) systems use gas phase homogeneous chemical reactions to
chemically reduce a portion of the NO, emissions. Ammonia- or urea-based compounds are
commonly reducing agents. A SNCR system can reduce NO, from flue gas by 30-70% [2]. Its capital
cost is much less than that of SCR. However, SNCR systems are sensitive to operating temperature.
The desired reaction takes places in the range of 1600 to 2000 °F [1, 10, 16]. Temperatures outside

this range are likely to negatively affect the NO, removal efficiency.

2.2.3.3 Combined plasma photolysis (CPP)

Combined plasma photolysis (CPP) is in fact the integration of dielectric barrier discharge (DBD)
plasma and ultraviolet radiation. The DBD technology using 20-40 kV voltages and alternating

current can generate a great amount of ozone. The UV radiation is used to enhance the generation of
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gas-phase radicals in the gas stream. Thus, SO, and NO can be simultaneously removed through gas-
phase oxidation [18, 45] It was reported that the removal efficiencies for SO, and NO could reach as
high as 29% and 79%, respectively.[19]

2.2.3.4 Adsorption/Desorption by Activated Carbon
Activated carbon (AC) is able to directly adsorb NO, from the flue gas [20, 23]. The adsorption-

desorption concept proposed by Rubel et al. [22] was a typical process for NO, reduction using AC.
NO, emissions were removed from flue gas by using AC to form carbon-NO, complexes at
temperatures from 343.2 to 393.2 K, followed by desorption of NO, from the complexes via heating
to temperatures at about 413.2 to 423.2 K. Recently, Ma et al. [21] reported that AC desorption could
also be achieved through microwave irradiation. However, the treatment of captured pure NO, is
another issue. Unlike carbon dioxide, it is unrealistic to store NO, in underground geologic

formations. Also, the disposal of AC raises attention.

2.2.3.5 Wet Scrubbing

Wet scrubbing using an absorbent offers an alternative approach to FGT [24]. Wet FGT mainly
includes two methods: (1) direct of absorption of NO, and (2) conversion of insoluble NO into NO,
using a strong oxidant, followed by removal of NO,. It is relatively insensitive to flue gas particulates
and has been widely employed by chemical manufacturers such as nitric acid plants. Wet scrubbing is
potentially able to achieve high NOx reduction efficiency for the right absorbents. Flue gas
desulphurization (FGD) devices, which are wet scrubbing reactors, have been well developed for
removal of SO, from power plant flue gas. It is desirable to adapt or share the existing FGD devices
for simultaneous SO, and NO, abatement. This new approach to multiple air pollution control has

been studied globally in the past decades.

2.3 Selection of NO Absorbent

An effective absorbent for wet scrubbing should be able to react with inactive NO and to be easily
regenerated as well. The selection of absorbent is based on a compromise of last two principles.

There have been several NO, absorbents developed and they are summarized as follows.

2.3.1 H,0,

Hydrogen peroxide (H,0,) was considered as a NO reactive solvent and subsequent liquid treatment
is relatively simple. The primary products of reactions between NO and H,0, are water and nitric
acid, as shown in Reaction 2.4. Baveja et al. [29] investigated the kinetics of absorption of NO into

aqueous H,0, solution in a 10.15 cm 1.D. glass stirred cell at temperatures between 288.2 and 303.2
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K. The concentrations of relevant NO and H,0O, solutions were 7-25% and 0.107 to 0.566 mol-L™,

respectively.

2NO + 3H,0, — 2HNO; + 2H,0 (2.9)

The absorption reaction between NO and aqueous H,O, was identified to be first order with respect
to both reactants. The second order reaction rate constant can be expressed as a function of T as

below,

In(1000k,) = 36.4 — 6900/T (2.5)

Calculated value of k, from Eq. 2.5 is 5.72 x10% L-mol™?-s? at 298.2 K, which is far below 1.7x10°
L-mol™-s™ of Fe(I11)-EDTA [30]. It might be a suitable oxidant for nitric acid plants due to its ability
to convert NO into HNOg; however, its absorption rate and performance is definitely significantly
inferior to other absorbents which will be introduced afterwards for combustion flue gas treatment. It
is reasonable to eliminate it from potential de-NO absorbents here.

2.3.2 FeSO, + H,SO4

Although the NO absorption capacity is low, FeSO, has been extensively investigated as a NO
absorbent due to its moderate absorption rate, easy regeneration and low cost. Hikita et al. [46]
conducted experiments in a liquid-jet column and a wetted-wall column to study the kinetics of
reaction between pure NO and FeSO, with 0.005 mol-L™ H,SO, solution under atmospheric pressure
and at temperatures from 288.2 to 308.2 K. The liquid volumetric flow rates in both columns were
remained at 3.8 mL-s*, while liquid exposure time to the gas varied from 0.0012-0.023 seconds for
the former and 0.057-1 seconds for the latter. Prepared FeSO, concentrations were from 0.0625 to 0.5

mol-L™. The chemical equilibrium constant, K, and forward second order rate constant k, of Reaction

2.6 were
FeSO, + NO = Fe(N0)SO, (2.6)
logK = —2.672 + 0.06661 + 1546/T .7)
logk, = 10.303 + 0.124 — 1337/T (2.8)

The values of K and k; are 364 L-mol™ and 8x10° L-mol™-s™, respectively, in a 0.125 mol-L™ FeSO,
solution at 298.2 K [46].

Sada et al. [47] further studied the absorption of NO by an acidic FeSO, solution under more broad

operating conditions: NO concentration of 100 ppmv — 99% (by volume) and exposure time of 0.2 —
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5000 seconds. The values of enhancement factor were reported and interpreted by a theory of mass

transfer accompanied with reversible reaction.

The regeneration of FeSO,4 could be completed by heating the formed nitrosyl complex to a certain
temperature, at which the nitrosyl decomposed to NO and FeSO, again. Rich NO is captured for other

use while FeSQ, is recycled to a wet scrubber [48].

2.3.3 Fe(I)-EDTA

From Eq. 2.7 it can be seen that the equilibrium constant value of FeSO, solution used to absorb NO
is in the order of 10%, which means that the capacity of FeSO, of absorbing NO is not high. Teramoto
et al. [30] studied the removal of NO by ferrous chelate, Fe(I)EDTA, rather than ferrous salt. The
reaction between Fe(I1)-EDTA and NO is,

Fe(Il) — EDTA + NO = Fe(NO)EDTA (2.9)

Experiments were run in two sorts of reactors, a bubble column with 2.5-cm 1.D. and a 7.5-cm 1.D.
double-stirred vessel equipped with four vertical baffles. They found that the value of K was in the
order 10° L-mol™ (1.6 10°%) for Fe(1)EDTA, which is about four orders of magnitude greater than
that for FeSO,. They calculated the reaction rate constant based on the penetration model and stated
that the reaction rate constant was 1.7x10% L-mol™-s® at 298.2 K for the pH ranging from 4.6 to 8.0.
Apparently, at the same temperature, this rate constant is much higher than that of FeSO, solution.
Therefore, Fe(INEDTA is deemed superior to FeSO, as a NO absorbent in terms of capacity and

reaction rate.

The regeneration of Fe(I)EDTA can be fulfilled by chemical reaction or non-chemical methods.
The chemical reaction approach consumes chemicals like Na,SOs [30] or Na,S,0, [49], and the cost
is high. Among the non-chemical approaches, heterogeneous electron transfer using transition metal
complex ions has been well investigated for decades [50]. A non-chemical reactivation of
Fe(INEDTA was developed by DOW Chemical Company with greatly lower cost for solvent
regeneration [49]. Chang’s group [25, 51] also carried on investigations on other ferrous chelates,
such as iron (Il) dithicarbonates, Fe(Il)(DMPS),. They appeared to be more economically

competitive.

Admittedly, Fe(Il)EDA can effectively remove NO from flue gases and the absorbent can be
generated under the condition free of oxygen. However, a typical flue gas contains 2-6% of oxygen
by volume [52, 53]. The performance of Fe(Il)EDTA is highly sensitive to oxygen due to the
oxidation of Fe(I)EDTA to Fe(lI)EDTA which is inactive towards NO. Meanwhile, oxygen will
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react with the activated nitrosyl and create undesired nitrogen-sulfur compounds [51, 54]. The
presence of 5% oxygen will greatly deteriorate the NO removal capacity by as high as 83% [25] The
negative effect of oxygen on NO absorption capacity of other ferrous chelates was also significant,
for example, 5% oxygen would result in a reduction of 44% to a thiolated iron(ll) chelate, Fe(ll)-
(DMPS), [25].

2.3.4 Hexaamminecobalt (Il) Solution

Cobalt (I1) is another transition metal whose chelates can act as a NO absorbent. The first report of
reaction between cobalt(ll) chelate and NO to form nitrosyl can date back to one century ago [55].
Recently, Long’s group has conducted some experimental studies on removal of dilute nitric oxide
from flue gas using various cobalt chelates [32, 56-59]. Long et al. [32] carried out absorption NO
tests ina 18 mm 1.D. <1000 mm long packed column scrubber at 323.2 K under an aerobic condition
with oxygen, NO and SO, concentrations of 5 -5.2%, 250-900 ppmv and 0-2500 ppmv, respectively.
The simulated flue gases entered the laboratorial scale reactor base at 0.2 — 0.4 L-min™ and counter-
currently contacted with scrubbing solvent from the top at 25 mL-min™. Results showed the
advantages of ammoniacal cobalt(ll) complex over other absorbents such as Fe(IDEDTA and H,O,.
Similar conclusion was made by Yu et al. [60] later through a systematic comparison between several
potential solvents. The positive effect of oxygen on NO absorption is one of the most impressive
strengths of this absorbent. Oxygen in the flue gas first tends to react with ammonical cobalt(ll)
compounds to form a binuclear cobalt complex ion [61] which has a strong oxidization similar to
hydrogen peroxide instead of directly oxidizing reactive cobalt(ll) absorbent ion to inactive cobalt(Il)
chelate. Long’s group also attempted the regeneration of [Co(NH;)e]** solution using KI solution
irradiated by ultraviolet light and using (modified) activated carbon. Favorable by-products like nitrite
and nitrate, which are sources of fertilizer, rather than unwanted nitrogen-sulfur compounds, were

found.
2.4 Coordination Chemistry of Ammoniacal Cobalt(ll) Solutions

2.4.1 Cobalt(ll) = Ammonia System

Several investigations have been conducted on the ammoniacal cobalt (11) complex since 1950s. It is
well-acknowledged in coordination chemistry that one cobalt (1) ion is able to attach up to six
ammonia molecules. A series of step equilibria exist in solutions containing ammonia and cobalt (I1)
salts. In order to determine the consecutive equilibrium constants in the cobalt (I1) — ammonia system,

Bjerrum [62] conducted experiments by adding ammonia into solutions with small concentrations of
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cobalt(ll) nitrate and at a high concentration of ammonium nitrate up to 2 mol-L™. The presence of
ammonium nitrate is to form NH4;NOs/NH3-H,O buffer solution to ensure a ready supply of NH;
ligand while avoiding the formation of hydroxide and the precipitation of cobalt hydroxide. Six
reversible step reactions, as summarized in Table 2-2, are involved in the investigated solution. The
ultimate cobalt (II) — ammonia system greatly depends on pH value, temperature and the
concentration of ammonium nitrate. This theoretical analysis of cobalt (1) - ammonia system method
has been experimentally confirmed by Yatsimirskii and Volchenskova using absorption spectra [63]

and has been successfully used by Simplicio and Wilkins [61] and Ji et al. [36].

Table 2-2: Step reversible reactions involved in the cobalt (11) — ammonia system

Reaction Number
Co(H,0)¢*" + NH; = Co(NH,)(H,0)s** + H,0 1)
Co(NH3)(H,0)s** + NH; = Co(NHs),(H,0),*" + H,0 (2
Co(NHs),(H,0),** + NH; = Co(NH3)3(H,0)3*" + H,0 3
Co(NHs)3(H,0)5*t + NHy = Co(NHs),(H,0),*" + H,0 4
Co(NH3),(H,0),*" + NH; 2 Co(NHs3)s(H,0)** + H,0 (5)
Co(NH3)s(H,0)*" + NH; = Co(NH3)¢** + H,0 (6)

The equilibrium constants of the six step reversible reactions in Table 2-2 can be described as

follows.

_ [CO(NH3)(H20)52+] C Aw

b [CO(H20)62+][NH3] frns o
__[cohy),(H,0),*"] ay (2.11)

> = TCo(NH;) (H,0)5]INHs] fun, |

__[CcoWHy)y (007" ay, (2.12)

B [CO(NH3)2(H20)42+] [NH;] . fnH,
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[CO(NH3)4(H20)22+] ay

*T 2 ' 213
[Co(NHs)3(H,0)5> | [NHs] funs (2.13)
_ [Co(NH3)sH,0%*] ay
* T [CotNHL), (H,0),7 |INHy] Fur, (214)
2+
[CO(NHs)e ] a,, 215

Ko = CotVHy )5 H, 07T INHS] Fun,

where K, = the equilibrium constant of the nth reaction in Table 2-2 (n = 1-6), L-mol™;
[ ] = corresponding concentration, mol-L™;

a,, = water activity, - ;

fnu, = the activity coefficient of free ammonia, -.

The corresponding equilibrium constants at temperatures ranged from room temperature (295.2 K) to
303.2 K can be described as [62]:

log10K, = logyoK," + 0.062[NH;}] + 0.005(303.2 — T) (2.16)

where K,° = empirical constant (n=1-6), and the values of log:o(K.’) are summarized in Table 2-3
[62]; T = temperature, K.

Table 2-3: The values of log;o(K,)

Quantity logio(Ky) logio(K>)) logs0(Ks") logio(K4") l0g:0(Ks") 10g:0(Ks")

Value 1.99 151 0.93 0.64 0.06 -0.74

The free ammonia concentration required in Egs. 2.10 — 2.15 can be given by the acid dissociation

constant of the ammonium described in Eq. 2.17.

_ [NH5][H]
kyup = —[NHI] (2.17)

where ky,,+ = acid dissociation constant of the ammonium, mol-L™.
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It is noteworthy that the available data of Ky in literatures are usually applicable to solutions of
ionic strength nearly zero [64], where the influence of electrolyte is not included. The corresponding
values for 2 mol-L™ NH,NO; solution at 295.2 and 303.2 K, respectively, were experimentally
determined by Bjerrum [62]. Hence, values in or close to this temperature interval can be estimated

by interpolation.

As for the determination of factors, a, and fyy,, which are the active mass of the water and the
activity coefficient of the ammonia, respectively, the assumption of unity can only be valid in 2
mol-L* NH,NO; solution with low ammonia concentration (smaller than 1 moI'L‘l); otherwise, it
leads to erroneous results [61, 62]. A recommended way to estimate the values for ammonia
concentrations is interpolation according to a number of experimental data obtained between 1.010
and 10.57 mol-L™ [62, 65].

With known [NHs], a, and fyy,, Ky (n=1-6), the respective concentration of various ammoniacal

cobalt(I1) compounds is given by mass conservation of cobalt(ll) ion,
6
[Co™*]7 = ) [CoOONHy):(H,0)5 "] (218)
j=0

where [Co?*]; = the total concentration of cobalt(11) ion, mol-L™.

It can be seen that the final cobalt(ll) — ammonia system is associated with pH value, temperature
and the concentration of ammonium nitrate. As an example, Figure 2-1, given by the coding in
Appendix A.1, describes the ammonia-cobalt(ll) system at T = 303.2 K and ¢(NH,") = 2 mol-L™ for
different pH values with simplicity of a, =1 and fyus =1. It shows that complexes with large
coordination number tend to exist at high pH values and a small pH value favors the generation of

compounds of small coordination number.
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Figure 2-1: Cobalt-ammonia system for different pH values at T=303.2 K

2.4.2 Structure of Cobalt Nitrosyl

Among the complexes with different coordination numbers in the cobalt (11) — ammonia system, only
penta- and hexa-ammoniacobalt (I1) ions were referred to as reactants that react with NO to form
nitrosyl by Ford and Lorkovic [66], Asmussen et al. [67] and Gans [68]. And, it has been reported by
Simplicio and Wilkins [61] that penta- and hexa-ammoniacobalt (1) nitrates were the only reactive
compounds towards oxygen. A test performed at pH =7.5 or so and T = 303.2 K was able to confirm
the reactive substances in a cobalt (1) — ammonia system due to the fact that the system nearly
contains only complexes with coordination number less than 5 at pH = 7.5 according to the analysis
of cobalt (II) — ammonia system (Figure 2-1). It can be verified that only penta- and hexa-
amminecobalt(ll) ions have the ability to react with nitric oxide if no evident absorption of nitric
oxide occurs at pH values close to 7.5.

Additionally, there have been a number of studies about the preparation [69-71] and structure [67,
68, 72-82] of cobalt nitrosyl by reaction between NO and ammoniacal cobalt (1) complexes. It has
been well accepted that there were two series of cobalt nitrosyl, black series formed at low
temperature (273.2 K and lower) and red series at high temperatures (room temperature or higher)
[70]. However, there had been debates primarily on (1) the oxidation state of cobalt atom in the black

nitrosyl and (2) the molecular structures of the two series. The former did not terminate until
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Asmussen et al. [67] reported that both series contained cobalt in the oxidation state of +3. The
erroneous designation of cobalt oxidation state by others were caused by impurity
hexamminecobalt(Il) chloride, Co(NH3)sCl,. As to the structure, although researchers commonly
deemed one isomer to be a monomer and the other to be a dimer, dispute arose over whether the red
or the black isomer was the dimer. To the author’s best knowledge, almost all the researchers who
considered polymerization believed that red isomer was the p-hyponitrite dicobalt complex with a
formula of [(NH3)sCo(NO),Co(NH;)s]** as shown in Reactions 2.19 and 2.20 [68, 74, 77, 78, 80, 82,
83] with only one exception [84].

2NO + 2[Co(NHs)s]?* = [Co(NHs)sN,0,(NH3)sCol*t + 2NH, (2.19)

2NO + 2[Co(NH3)s]** = [Co(NH3)sN,0,(NH;)sCol** (2.20)

As experimental results showed that ammoniacal cobalt (I1) solution was a promising option for
NO abatement, it is of significance to determine the two key parameters, equilibrium constant and
reaction rate constant, for better understanding of NO absorption mechanisms. Furthermore, Astarita
[85] pointed out that the absorption rate of a gas-liquid reaction in a reactor can be presented as below
in Eqg. 2.21.

Raa o a¥1(1 — gg)kzk,3rkac;ks (2.21)
where a = specific gas-liquid interfacial area, m™;
ca* = saturated concentration of gas A, mol-L™;
K, (n=1-5) = correlation coefficient in Eq. 2.21, -;
k. = liquid-phase mass transfer coefficient, m-s™;
r = reaction rate constant, units dependent upon on reaction orders;
Ra = the absorption rate of gas A, mol-m?2s™:;

£ = gas holdup, -.

2.5 Equilibrium Constant for NO Absorption into Solvents

It is universal to use bubble column reactor to determine the equilibrium constant of reaction between
absorbent and NO [30, 57, 86]. Teramoto et al. [30] bubbled dilute NO at flow rates ranging from 300
to 600 mL-min™* through 80 mL aqueous Fe(11)-EDTA solution in a 2.5 cm 1.D. batch bubble column.
The concentration of NO was continuously monitored by a Shimadzu CLM-201 type NOx monitor.

The equilibrium constant of reaction between NO and Fe(Il)-EDTA was then determined by its
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definition with equilibrium NO concentration given by Henry’s Law and the product nitrosyl

concentration provided by integration over the NO absorption efficiency curve.

Due to the disagreement between researchers, Nymoen et al. [86] later on re-determined the
equilibrium constant of NO absorption into Fe(ll)-EDTA using a method that was similar to
Teramoto’s but under much more extensively experimental conditions. All the investigations were
conducted with inlet NO concentrations varying from 180 to 3000 ppmv and Fe(ll)-EDTA solutions
of 0.01 — 0.1 mol-L™ at temperatures from 277.0 to 363.6 K.

Mao et al. [57] applied the same methodology to the NO absorption into hexamminecobalt(ll)
solution. They measured the equilibrium constant over temperatures ranged from 303.2 to 353.2 K
under atmospheric pressure at pH = 9.14. Simulated flue gases with 200 — 800 ppmv NO passed
through 250 mL 0.013 mol-L™ solvent in forms of bubbles at 700 mL-min™. Finally the results were
described in van’t Hoff equation to give reaction enthalpy and to interpret temperature dependence.
They ignored the analysis of cobalt (11) — ammonia system and stated that the product was a monomer
of [Co(NH3)sNOJ* at temperatures higher than 303.2 K. This critical assumption conflicted with
most aforementioned earlier publications. Therefore, it is worthwhile to determine the equilibrium
constants of reactions between ammoniacal solutions and nitric oxide again by taking into account the

analysis of cobalt (Il) - ammonia system.

2.6 Kinetic Study for NO Absorption into Solvents

The chemical kinetics of NO absorption using aqueous absorbents was often studied in double-
stirred tank reactors due to the fact that they are able to afford presumably perfect mixing for both
phases. Sada’s group used a baffled double-stirred tank reactor with two stirrers driven separately to
investigate NO absorption by NaClO,+NaOH, FeSO, and Fe(ll)-EDTA solutions at 298.2 K. The
absorber was tested continuously with respect to the gas phase and batchwise with respect to the
liquid phase [28, 47, 87]. Teramoto et al. applied similar reactor and operational mode to study the
NO absorption using Fe(Il)-EDTA with and without Na,SO; at temperatures between 288.2 and 308.2
K [30]. Later on, Chien et al. also adopted a reactor with similar dimensions while different shaft
driving method for Fe(ll)-EDTA at 323.2 K [88]. Recently, Du et al. reported that a similar
dimensional reactor with same gas and liquid stirring speed gave satisfactory results for Fe(I1)-EDTA
at the temperatures of 298.2 — 323.2 K [89]. The related reaction rate constant was then determined
by enhancement factor, E, which is the ratio of mass transfer coefficient accompanied by chemical

reaction to that of physical absorption.
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According to two-film theory [49], the physical gas absorption rate can be presented as

1 1
_ -1 -
Ng = (_HkG + kL) (cai — 1) (2.22)

where c,; = interfacial concentration of gas A, mol-L™;
c. = bulk concentration of gas A in the solution, mol- L™
H = Henry’s Law constant, L-atm-mol™;
kc = gas-phase mass transfer coefficient, mol-s’l-m'z'atm'l;
k. = liquid-phase mass transfer coefficient, m-s™;

N = gas absorption rate into the solution, mol-m?.s™.,

While for gas absorption accompanied by chemical reaction that usually occurs in the liquid phase,
the gas bulk concentration in the liquid phase can be considered as zero and gas absorption rate can

then be described with the introduction of enhancement factor, E,

N, = - +1 -1 2.23
G_(H_kG E_kL) Cai (2.23)

where E = enhancement factor, and E can be approximately given by film model in following

equation [90],

1| 2
E = k—L\/m—HkmnDAB"cXi“l (2.24)

where B = bulk concentration of aqueous solution B, mol-L™?;

Ca; = interfacial concentration of gas A, mol-L™;
Da = molecular diffusivity of solute gas A in liquid phase, m*s™;
m, n = m-, n-th reaction order, -;

K = reaction rate constant for (m+n)-th order reaction, L™"*-mol*™"s™.

The major difference of using ammonical cobalt(Il) solutions than other absorbents is that there are
two reactive ions in the cobalt(Il) — ammonia system; that is to say, two parallel reactions as shown in

Reactions 2.19 and 2.20 take place in NO absorption.

Onda et al. [91] discussed the general case where the gas absorption was accompanied by two
parallel irreversible reactions of m-th order and p-th order with respect to a gaseous species A and n-
th and p-th orders with respect to the reactants B and C, respectively from the perspective of film
theory and provided following asymptotic solution to enhancement factor of two-reaction process

when they are pseudo mth- and p-th order respectively.
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m+1 ky,Clch™™
EParallel = \/M(l + ) +1 ' kmnt} ) (225)

2 KynnDaByci =1

= 2.26
i k? (2.26)

where B, = bulk concentration of reactant B in liquid, mol'L™;
Co = bulk concentration of reactant C in liquid, mol- LY
Cai = interfacial concentration of gas A, mol-L™%:;
Da = molecular diffusivity of solute gas A in liquid phase, m*s™;
Eparailel = €nhancement factor for parallel reactions, -;
k. = liquid-phase mass transfer coefficient, ms™;
m, n, p, g = m-, n-, p-, g-th reaction order, -;

-1.

Il—m-n_S :

Kmn = reaction rate constant for (m+n)-th order reaction, L™"*-mo
kyq = reaction rate constant for (m+n)-th order reaction, L****-mol*?%s™,

Specifically, Westerterp et al. [92] stated that the enhancement factor for a multiple reaction process
containing pseudo first-order single reactions can be derived as,

n
Emultiple = Z(Esignle,j)2 (2.27)
j=1

where Enuriiple = €nhancement factor for a multiple reaction process, -;
Esingie, j = €nhancement factor for j-th single reaction in a multiple reaction process, -.

In order to take advantage of Eq. 2.25 and/or 2.27 for the determination of the forward reaction rate
constants of Reactions 2.19 and 2.20, the concentrations of cobalt(ll) complexes in the bulk liquid are
maintained greatly in excess of the concentration of NO dissolved at the gas-liquid interface as

Reactions 2.19 and 2.20 can be considered as irreversible [49] in this manner.

2.7 Mass Transfer in Various Industrial Absorbers

Bubble column (BC) [93, 94], conventional stirred tank reactor (CSTR) [95-97] and gas-inducing
agitated tank (GIAT) [98, 99] are three types of frequently used industrial absorbers. Gas absorption

can be achieved with or without chemical reaction. According to Eq. 2.21, the volumetric liquid-
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phase mass transfer coefficient (k.a) is vital to the description of the gas absorption rate. It is well
used to represent the rate of mass transportation across the gas-liquid interface from gas phase to
liquid phase. In addition, the use of k_a can avoid the complexity of physical process taking place in
the reactor as well as separate estimate of mass transfer coefficient (k.) and specific interfacial area

(a). It is a key parameter in the characterization, design and scale-up of gas-liquid contactors.

2.7.1 Bubble Column

In a bubble column (BC), the value of k.a is associated with numerous parameters such as gas
superficial velocity, gas distributor design, bubble column diameter, and so on[100]. Meanwhile, it is
commonly accepted that liquid velocity has insignificant or negligible effect on k a value [101, 102].
A number of correlations have been proposed for the estimation of k a. Generally, the dimensionless
correlation developed by Akita and Yoshida [101] as shown in Eq. 2.28 for various gas-liquid
systems in bubble columns with inner diameter up to 60 cm is applicable to simple gas sparger like a

single hole or perforated plate [93, 102].

kLaBdT
D,

=0. 6( )0 s(ngpL)o 62(9 T)o 3111 (2.28)
in which the gas holdup in the bubble column is presented as,

& _ gdipy, 1/8 1/12
A—e) 0.2( ) ( ) == ng) (2.29)

where dt = diameter of bubble column reactor, m;
D, = molecular diffusivity of solute gas in liquid phase, m*s™:;
g = gravitational acceleration, m's™;
k ag = volumetric liquid-phase mass transfer coefficient in bubble column, s™;
Us = superficial gas velocity, m's™;
&; = 0as holdup, -;
v,, = liquid kinematic viscosity, m*s™;
p, = liquid density, kg'm™;

o;, = liquid surface tension, N'm™.
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Effective distributors such as porous media give higher k a values, which can be satisfactorily
estimated by a semi-theoretical equation as described in Eqg. 2.30. This equation was derived from

Kolmogoroff’s theory of isotropic turbulence [103].

kpag = c U2 (2.30)

The value of constants c; is greatly dependent upon liquid phase properties and gas distributor type,
whereas that of ¢, remains comparatively constant around 0.80 - 0.82 [104]. For water system inside
a bubble column equipped with porous media sparger with Ug=0.0025 — 0.08 m-s™, ¢,=1.091 and
¢,=0.8 were given by Deckwer et al. [103].

2.7.2 Conventional Stirred Tank Reactor (CSTR)

In a conventional stirred tank reactor (CSTR), four dispersion patterns (flooding, cavity formation,
complete dispersion of gas, recirculation of gas-liquid mixture) can be observed. The minimum
impeller speed for complete dispersion of gas phase, N, is a key parameter. Gas-liquid contacting at
impeller speeds below Ny leads to a poor reactor performance as the lower part of reactor is wasted
due to the incomplete gas dispersion. From an economical and practical viewpoint, it is meaningless
to operate a CSTR at speeds below N. The flow regime transitions have been correlated in the

literature by gas flow number FI and Froude number Fr [105-107].

d
Flg = O.ZFrCOdS(d—I)O'S (2.31)
T

d
Fl, = 13Fr? (d—’)S (2.32)
T

where d, = impeller diameter, m;
dr = stirred tank diameter, m;
N, = impeller speed, Hz;

Qg = volumetric gas flow rate, m*s™;

Fl = ch , gas flow number;
Nyd}

NEd;
Fr = 5 Froude number.

Researchers commonly correlated k,a with superficial gas velocity and power input per unit liquid

volume or relative gas dispersion parameter [108-110]. Among proposed empirical correlations, Eq.
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2.33 developed by Yawalkar [110] based on 178 literature data points is one of the most applicable
correlations.
NI )1.464

kLaC = 3.35 <_

U 2.33
ch ¢ ( )

It can predict ki a within 22% of the observed values over a wide range of 0.39 <d; <2.7 m for
coalescing gas-liquid system regardless of type, size and position of the impeller and sparger.

In addition to N\//Ng, Ug, Kapic and Heindel [107] also included the ratio of tank diameter to
impeller diameter, d+/d,, as a parameter based on 282 available data points. The correlation is
presented in Eq. 2.34 and it can correlated most data within #20% with R?=0.97.

1.342

d
k,a; = 1.59 (N_I) Ug.93(d_j)o.415 (2.34)

cd

where d, = impeller diameter, m;
dr = stirred tank diameter, m;
k.ac = volumetric liquid-phase mass transfer coefficient of CSTR, s™;
N, = impeller speed, Hz;
Neg = minimum impeller speed for complete dispersion of gas phase, Hz;

Ug = superficial gas velocity, m-s™.

2.7.3 Gas-Inducing Agitated Tank (GIAT)

Apart from BCs and CSTRs, gas-inducing agitated tanks (GIATS) are well accepted as continuous
degassers owing to their friendly operational condition, short residence time and high capacity. In a
GIAT degasser, inert gas is induced into the reactor in the form of gas bubbles when impeller shaft is
rotating at a speed beyond a critical value, which is greatly related to impeller submergence. The inert
gas bubbles then collect undesired dissolved gas in liquid attributable to target gas concentration
difference between inside and outside inert gas bubbles. Afterwards, target gas diffusing into the inert

gas bubbles and travels to the liquid surface with the bubbles and is expelled into the headspace.

Like the description of k,a in a CSTR, the k.a in a GIAT can also be expressed in either power
input per liquid volume (P./V\) or relative gas dispersion parameter (N,/Ng) [111]. In particular,
superficial gas velocity in a GIAT is determined from the gas induction rate, which depends on
impeller speed, submergence and diameter. Meanwhile, both P./V, and N,/N are related to impeller

speed and diameter and vessel size [106, 112]. Yu and Tan [111] reported two new correlations for
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the estimation of kia in a GIAT after compiling 44 available literature data points and validated the
correlations by their experimental data collected in a 40.64 cm %< 40.64 cm vessel equipped with a 4-
blade straight impeller. Comparatively, the correlation in P./V/| criterion, presented in Egs. 2.35 - 2.38
as follows, gives a better performance. This work has been published in an international journal and

the full article is appended to this thesis.

0.0816 0, S
k =1.212 (_C> <1y0.692 > 1-0.390 235
LAGr v, (d%) (dT) (2.35)
Q= 0.0021(1\/12 - chr)o'75d13 (2.36)
NZ d2

T~ 021 (2.37)

gs

P.—1.767(2nN;) 2gs

=2224—-671[1 - ————® 238
pLWNiR} = S8t ny?! (2.38)

where d, = impeller diameter, m;
dr = diameter of a GIAT, m;
k ag = volumetric liquid-phase mass transfer coefficient of GIAT, s7;
N, = critical impeller speed for gas induction, Hz;
P. = power consumption in a GIAT, W;
Q, = gas induction rate, m®s™;
R; = impeller radius, m;
s = impeller submergence, m;
V., = liquid volume, m*;
W = impeller vertical width, m.

Akita and Yoshida [113] stated that in terms of mass transfer characteristic a square bubble column
offered the same performance as a cylindrical one with an inner diameter that is equal to the side
length of the square column. Similar findings have also been reported for CSTRs. Leentvaar and
Ywema [114], Kresta et al. [115] and Yu and Tan [111] proved that satisfactory results regarding

mixing performance would be given if taking the side length of a square tank as the “diameter”.

Unlike conventional BCs and CSTRs, modified BC and CSTR were used in Yu and Tan’s study,

which involved a pipe before the reactor due to the use of bubble generator. A number of studies
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regarding horizontal gas-liquid two-phase flow (TPF) have been conducted, which primarily focused
on the determination of flow regime and the estimations of gas (or liquid) holdup and frictional
pressure drop. Mandhane et al [116] developed a well fitted flow regime map for gas-liquid two-
phase based on 5935 observations in the multiphase pipe flow data bank. Taitel and Dukler [117] first
theoretically predicted the flow regime transition with the application of momentum balance to each

phase.

Gas holdup is one important parameter in TPF. It facilitates theoretical determination of flow
pattern and is required for the estimate of frictional pressure drop. Many correlations for gas holdup

and pressure drop have been proposed by Spedding’s group [118-120].

Other researchers showed their interests in the mass transfer process within a horizontal pipe.
Heuss et al [121] studied the absorption of ammonia and oxygen into water in a horizontal pipe with
ID of 25.4 mm at superficial liquid velocities between 2.71 and 4.34 m/s and superficial gas velocities
between 4.74 and 17.08 m/s. With the use of estimation of specific interfacial area, an empirical
correlation for k _a was proposed as follows:

kipdys = 0.0316(

L 254

d +
M)MSES (2.39)

where d, = pipe diameter, m;
dys = Sauter mean bubble diameter, m;
ki, = liquid-phase mass transfer coefficient in a horizontal pipe, m-s™;
Use = superficial gas velocity, m's™;
Us. = superficial liquid velocity, ms™;
&gp = 9as holdup in a horizontal pipe, -;
Y, = liquid dynamic viscosity, Pa-s.

Jepsen [122] conducted a series of experiments in a 25.4 mm ID pipe at superficial water velocities
from 0.30 to 2.26 m/s and superficial air velocities from 0.76 to 10.97 m/s and developed a

correlation for ki a, as shown in Eq. 2.40, based on the frictional energy dissipation.

kLap — 3.4760'40D£'50O'O'SOHE'OSd;O'GS (240)
where k.a,= volumetric liquid-phase mass transfer coefficient in a horizontal pipe, s™;

e = frictional energy dissipation, Pa s™.
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Kress and Keyes [123] studied the desorption of oxygen from five different mixtures of glycerol
and water into helium bubbles in a 50.8 mm I.D. pipeline. With the photographic determination of

bubble size distribution, a recommended correlation for mass transfer coefficient was presented as

kipdy _ Hi )o_s(dp (usy, + usg)pyL

. 0.94 1.0 2.41
b= 034G )% (dys/dy) (2.41)

2.8 Regeneration of Ammoniacal Cobalt(ll) Absorbent

In addition to fast reaction rate and capacity with nitric oxide, another important criterion for
absorbent selection is the regeneration of absorbent. Long’s group also investigated the regeneration
of ammoniacal cobalt(ll) absorbent. They focused primarily on the addition of (modified) activated
carbon [34, 124-126] and the use of iodide with and without ultraviolet light [32, 127]. Furthermore,
Taube et al. reported that persulfate ion can easily react with hexamminecobalt (I11) ion to form
nitrogen or oxygen [128-130], making persulfate ion a potential candidate for the regeneration of
ammoniacal cobalt (I1).

2.8.1 Activated Carbon (AC)

Long et al. [126] conducted batch experiments in a stirred glass flask of 500 mL to study the
reduction of 0.01 mol-L™ hexamminecobalt (111) with the use of coconut activated carbon. The
experiments were conducted at an agitation speed of 200 rpm with liquid sample analyzed every 3
minutes. Besides, continuous measurements for simultaneous removal of SO, and NO were also
performed in an 18 mm I.D., 1000 mm long counter-current packed column at atmospheric pressure.
Gas entered from the bottom and exited from the top, while liquid was sprayed into the column from
the top and circulated from the bottom of the tank. The gas and liquid flow rates were set at 200
mL-min™* and 25 mL-min™, respectively. The regeneration reactor was a fixed-bed with a diameter of
20 mm and a height of 800 mm. In the regeneration process, used absorbent in the circulation tank

first flew into the regeneration reactor upwardly and then into the packed column scrubber.

The effects of temperature, pH, size of activated carbon and liquid flow rate on the reduction of
hexaamminecobalt (111) was investigated. The results of batch experiments showed that temperature
had a positive effect on hexamminecaobalt(l1l) conversion. The suitable pH range was from 3.5 and
6.5. For the fixed-bed reactor, they reported that change of liquid flow rate greatly impacted the spray
performance. And a relatively high yield of cobalt (1) was achieved at pH less than 9.0. The nitric

oxide removal efficiency could be maintained between 70% and 80% for 100 hours or so.
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Further investigations have been conducted by Long’s group with minor improvement such as type
of activated carbon [125] and modification of activated carbon with KOH solution [34]. The
experimental methodologies in these two studies are almost the same as that used by Long et al.
[126]. Chen et al. [125] concluded that for the batch experiments, pitch-based spherical activated
carbon (PBSAC) performed much better than palm shell activated carbon (PSAC) as a
hexaamminecobalt (I11) reduction catalyst. The reduction rate of hexaamminecabalt(lll) increased
with PBSAC when PBSAC dose was 7.5 g/L or less and with its initial concentration. The optimum
pH values ranged between 2.0 and 6.0. High temperature is desirable in the reduction reaction. A
nitric oxide removal efficiency of around 90% had been maintained for over 200 hours. In addition,
Cheng et al. [34] stated that treatment of activated carbon with KOH solution favored the reduction of
hexaamminecabalt(l11). The optimum KOH concentration was approximately 0.5 mol-L™; the best
impregnation duration was 9 hours; high temperatures were in favor of the conversion of
hexaamminecabalt(l11). The NO removal efficiency remained constant at 75% for a period of 110

hours.

2.8.2 Combination of lodide and UV Radiation

Apart from activated carbon and its modifications, Long et al. [32, 127] also employed iodide (both
with and without ultraviolet light) for the regeneration of hexaamminecabalt(Il). Experiments were
carried out in a packed column with 18 mm 1.D. and a length of 1000 mm. The temperature was
regulated by a jacket through which water was circulated from a thermostatic bath. The simulated flue
gas (with NO concentration between 250 and 900 ppmv and SO, concentration 800-2500 ppmv) was
fed into the reactor at the bottom, whereas liquid was sprayed into the column countercurrently at a
flow rate of 25 mL-min™* from the top. With the use of a 500 mL glass circulation tank, liquid could
be recycled to form a closed loop. At the same time, UV lamps of 250 and 360 nm wave lengths were

placed over the tank for the reduction of hexaamminecabalt(I11).

They concluded that iodide could be considered as an effective co-catalyst at the iodide to cobalt
(1) ratio of 0.25 for the regeneration of hexaamminecabalt(ll), and UV irradiation at 360 nm could
further improve the overall removal process. The optimal temperature was around 323.2 K.
Increasing SO, and O, concentrations favored the NO removal efficiency. The NO removal efficiency
maintained at 97.5% or higher for a period of 10 hours at the following conditions: T= 323.2 K,
K1/Co* = 0.25, SO, = 2500 ppmv, O, = 5.2% and UV = 360 nm.
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2.8.3 Persulfate lon

Thusius and Taube [128] and White and Taube [130] repported that Persulfate ion could react with
hexaamminecabalt(l11). Their interests were in the reduction of hexamminecobalt (I1l) only.
However, the deterioration of NO removal efficiency primarily is caused by the formation of inactive
hexaamminecabalt(ll1) due to the existence of oxygen. Therefore, reagent that can react with
hexaamminecabalt(l11) provides a potentiality for the regeneration of hexaamminecabalt(ll) absorbent
to achieve a high NO removal efficiency for a long duration. Moreover, persulfate ion is quite
commonly used as a low-cost food additive and is safe to handle. They investigated reactions between
penta- and hexa- amminecobalt(l11) perchlorate and potassium sulfate. The major component of the
gaseous product of the reduction of Co(l11) to Co?* was oxygen with silver nitrate present as catalyst,
whilst that without silver nitrate as catalyst was nitrogen. The mechanism was believed to be oxiding
Co(l1l) to Co(lV) intermediate state, which then being reduced by coordinated NH; by a 2e” change to
Co?". At low Co(lll) concentration, the rate of Co®* production increased with Co(111), but when it is
in millimole range, the rate reached a saturation value. The main net change in the rate saturation

region for the pentaammine as substrate is

1
H* + [CoNH3)s - H,01%* + 5,08~ = Co™ + 2N, + 4NHJ + H;0 +250,> (2.42)

2.9 Summary

A great amount of NO, is produced in fossil fuel combustion, and 95% of NO, is NO. Combination of
a combustion modification technology and a FGT is the optimum measure to tackle NO, emissions.
Wet scrubbing has been well developed for SO, removal from the flue gases, and it is expected to be
cost-effective if wet scrubbing can be developed for simultaneous removal of NOx and SO2.
Selection of the right absorbent is the key to this goal. The selection of an ideal absorbent rests
primarily on a compromise of following points: (1) ability to react with insoluble nitric oxide (NO),
(2) ease of regeneration or complete utilization of absorbent, (3) low operating cost, (4) easy disposal
of liquid waste, and (5) zero or even positive effect of oxygen. Ammoniacal cobalt(Il) complexes

have been reported to meet these criteria.

However, the mechanism behind the NO absorption into ammonicacal cobaltous solutions was not
well understood. And the equilibrium constant and kinetics of related chemicals reactions are missing
in literature. In addition, there has been limited information on the mass transfer coefficient in
industrial absorbers. Bubble column, conventional stirred tank reactor and gas-inducing agitated tank

are three frequently used types of industrial absorbers. The mass transfer coefficient and reaction rate
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constant are two important parameters in determination of NO absorption rate in these absorbers.
Therefore, the correlations for evaluation of volumetric liquid-phase mass transfer coefficient were

systematically reviewed.

The thesis work aims at addressing these missing information in literature. They are reported in the
coming chapters. As the first step of this thesis work, the selection of optimum absorbent is reported
in the next chapter. It was achieved by comparing the NO absorption performances of several popular
absorbents such as H,0,, Fe(ll)-EDTA and ammoniacal cobalt(ll) solutions over a 165-minute

continuous operation.
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Chapter 3

Selection of Absorbent

3.1 Introduction

In this chapter, the experimental setup and procedures are first described. The performances of
three absorbents (or systems) are compared. The selected optimal agent is then evaluated in terms of

NO removal efficiency at different temperatures, pH values, and initial inlet absorbent concentrations.

3.2 Experimental Setup

Figure 3-1 shows the experimental setup of the bubble column system for the comparison/selection
of NO absorbent. The experiments were conducted in acrylic column reactors under atmospheric
pressure. Two identical reactors were used in series to increase the residence time. Each reactor was
500 mm long with an inner diameter of 30 mm. The liquid volume was maintained at 500 mL and no
fresh aqueous solution was allowed to enter the absorbers during the experiments. Temperature of the
column reactor was maintained by using a jacket through which water from a thermostatic bath was
circulated. The variation of the temperature was within 0.01 <C. The simulated flue gas was a mixture
of N,, O, and NO with a constant flow rate of 500 mL-min™. Concentrations of NO were measured at
both the inlet and the outlet of the reactor system using a flue gas analyzer (Testo 350 XL) and also
used to determine the NO removal efficiency, exchangeable with absorption efficiency herein, as
shown in Eq. 3.1.

7= Cm%"“t x 100% (3.1)
where m = the NO removal efficiency, %;
Cin = the NO concentration at inlet, ppmv;
Cout = the NO concentration at outlet, ppmv.

The flue gas analyzer was able to measure oxygen and nitric oxide in the range of 0-25% vol. and
0-3000 ppmv, respectively. The corresponding resolutions were 0.1 vol. % and 1 ppmv. Due to the
low flow rate of the simulated flue gas, it could take up to 20 minutes to take the first stable reading
from the flue gas analyzer. During this period, the simulated flue gas was directly introduced to the
scrubbing bottle. When the system became stable, the outlet flue gas was analyzed every 15 minutes.
All data were repeated at least twice to check the repeatability, and the values used in the figures

below are based on the average of all measurements.
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Figure 3-1: Experimental setup of the dual bubble column system

Penta- and hexamminecobalt(ll) chloride ([Co(NH3)s]Cl, and [Co(NHs)s]Cl), Fe(Il)-EDTA and
H,O, were selected for comparison. The initial concentrations of ammoniacal cobalt(Il) solution and
Fe(I1)-EDTA were 0.060 and 0.075 mol-L™, respectively. And the concentration of hydrogen
peroxide (H,O,) was 30% by weight. As to be introduced shortly, the de-NO efficiency did not
increase any more when the initial concentration of [Co(NH5)g]Cl, reached 0.060 mol-L™. 30% of the
H,O, was the maximum concentration cdmmercially available. The penta- and hexa-ammine system
was prepared in a conical beaker with a volume of 500 mL by reaction between cobalt (I1) chloride
hexahydrate (analytically pure) and excessive aqueous ammonia (30% of concentration, AP) with the
existence of ammonium chloride (NH4CI) (AP), which was used to form NH,CI/NHz*H,O buffer
solution in favour of the supply of NH; ligand. Since ammoniacal cobalt(Il) complexes are not stable
and easy to be oxidized, this process needs to be done quickly. The pH values of the liquids were
measured by a pH meter (pHS-25C), which was made by Shanghai Yulong Instrument Co. Ltd.
Buffer solutions with pH value of 4 and 7 were used to calibrate the pH meter before its first use. The
pH value of hexamminecobalt(Il) solution was adjusted by the addition of aqueous ammonia. The
Fe(I)-EDTA solutions were prepared through reaction between equimolar amounts of FeSO, and

EDTA-Na, (both analytical pure) in deionized water at atmosphere pressure. Its pH value was
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regulated by the addition of NaOH or H,SO,. All the chemicals mentioned above were supplied by
Tianjin Guangfu Fine Chemical Research Institute, China. The gases, NO (2.54% in N,), N,
(>99.99%), and O, (>99.99%) were from Harbin Limin Gas Co. Ltd., China. They were used to
produce simulated flue gas with set flow rate of 500 mL-min™ during the experiments. 2.54% of NO
in nitrogen and O, are supplied from cylinders and further diluted with N, to the desired concentration
of 500 ppmv of NO and 5.0% of O..

3.3 Results and Discussion

3.3.1 Uncertainty Analysis

Optimum absorbent was determined on the basis of NO absorption performance at given
experimental conditions of gas flow rate of 500 mL-min™, 500 ppmv of NO and 5.0% of O,. The
time-series NO absorption efficiency into aqueous solutions measured at different points was the only
indication of performance comparison. From Eg. 3.1 it can be seen that the uncertainty in the NO
absorption arises due to the propagation of uncertainties in measured NO concentrations at both inlet
and outlet, and it can be described by standard ANSI/ASME uncertainty analysis methodology as

follows [131, 132]. It is noted that only general uncertainty analysis is conducted herein.

1 Cou
Up? = (Uepe)® + 5 Ucy,)? (32)
where U, , U, . = uncertainties in the NO concentrations at inlet and outlet, respectively, in ppmv.
. e L. . . c Ue,
According to the specifications of Testo 350 XL provided by the supplier, % = % = 5%. In
out in

this study, the inlet NO concentration remained constant at 500 ppmv. Therefore, U, = 25 ppmv,

and U, , = 0.05Cou ppmv.

Substituting these known variables into 3.2 and rewriting give

Cout

Uy> =v2-5%-

= 0.014% * Cppe (3.3)

Cm

Obviously, there is a linear relationship between the uncertainty in the NO removal efficiency and

the measured outlet NO concentration whose slope is 0.014 %.

3.3.2 Selection of Optimal Absorbent (System)

Figure 3-2 shows the NO removal efficiencies of different absorbents over time. Overall it can be

seen that ammoniacal cobalt(Il) solution performed better than Fe(Il)-EDTA and H,0,. The initial
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NO removal efficiency, which is defined as the removal efficiency of the fresh absorbent, of
hexamminecobalt(Il) was 96.45% at the beginning and remains close to 80% over 165 minutes of
continuous operation. The NO initial removal efficiency of H,0, used herein was lower than 45% and
decreases to about 28% in 165 minutes. As for Fe(11)-EDTA, the NO removal efficiency was close to

97.7% at the beginning and drops gradually to 90% in 75 minutes.

After 75 minutes of continuous operation, the NO removal efficiency of Fe(ll)-EDTA dropped
abruptly and eventually ended up with a negative de-NO efficiency, which means that extra NO had
been produced, likely through the reaction in Eq. 3.4.

Fe(Il) — EDTA + NO = Fe(II)(NO) — EDTA (3.4)

The NO concentration measured at the outlet of the reactor reaches 866 ppmv whereas the inlet NO
concentration was 500 ppmv. Note that all these data points were repeated at least four times and
were deemed to be consistent. The absorption of nitric oxide by Fe(Il)-EDTA follows Eqg. 3.4. This
reaction is reversible as proven by Hishinuma [133]. According to Nymoen’s[86], this reaction took
place fast and spontaneously. If the operating condition is free of oxygen, with the consumption of
Fe(INEDTA, there will be an equilibrium. And no more NO would have been absorbed after the
equilibrium. Thus, the NO concentration at the outlet should have been the same as that of inlet.
While in this work, 5.0% of oxygen existed in the simulated flue gas. Besides the reaction with NO,
Fe(INEDTA also reacted with oxygen as well to form inactive Fe(II)EDTA [134-136], whereas the
oxygen would first react with penta- and hexa-amminecobalt(ll) to create a strong oxidant rather than
the [Co(NH3)s]Cl; without catalyst. This will be elaborated shortly. The reduction of Fe(I)EDTA due
to the formation of Fe(II)EDTA would break and shift the established equilibrium to the left so that
the originally bound NO released. This is consistent with the abnormal phenomenon occurring after
150 min shown in Figure 3-2. The outlet NO concentration was greater than the inlet one. The
Addition of sulphite such as Na,SOs; may somewhat resolve this problem with increased operational

cost.
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Figure 3-2: The continuous NO removal efficiency of different absorbents

The relatively high and consistent NO removal efficiency of ammoniacal cobalt(ll) solution might
be associated with the fact that it has the capability to not only bind with NO but also activate the
oxygen molecule as well. As shown in Egs. 3.5 and 3.6, penta- and hexa-amminecobalt(ll) chloride

can react with NO to form a p-hyponitrite dicobalt nitrosyl complex, [Co(NH5)sN,O,(NH5)sCo]Cl,.

2NO + 2[Co(NHs3)s]?* = [Co(NHs)sN,0,(NH;)sCol** (3.5)

2NO + 2[Co(NH;)¢)** = [Co(NH3)sN,0,(NH;)sCol** + 2NH, (3.6)

Penta- and hexa-amminecobalt(I1) chloride can also be oxygenated to produce a diamagnetic salt of
a binuclear cobalt complex ion, [(NH3)sCo-O-0O-Co(NH3)s]**, in which the O-O bridging group is a
peroxide bond similar to that in hydrogen peroxide. This mechanism has been proven by
thermodynamics theory by Ochiai [137] and experimentally by Schaefer [138].

0, + 2[Co(NH3)s]** = [Co(NH;)s0,(NH;)sCol** (3.7

0, + 2[Co(NH;)4]?* = [Co(NH3)s0,(NHs)sCol** + 2NH, (3.8)
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This diamagnetic complex is a strong oxidant similar to hydrogen peroxide. It will react with the
nitrosyl product in Reactions 3.5 and 3.6 to form a nitro complex, which will finally be transformed
into soluble nitrate and nitrite [32].

Absorption of NO using H,0, follows different mechanisms depending on whether ammonia exists
or not. Azuhata et al. [139, 140] reported that NO absorption was a coordination reaction in the
presence of NHs. A NO removal efficiency of as high as 90% could be reached at a NH; to NO ratio
of 5 and a H,0, to NO ratio of 1 when the temperature was 550 <C. However, two side reactions
would happen to reduce the NO absorption efficiency if oxygen were to be added to the system.
Zamansky et al. [141] also reported that NO absorption would be improved in terms of conversion
rate (up to 90-98%) of NO into NO, when NH; was absent and with a temperature of at least 476 <C.
For room temperature of approximately 20 <C, the addition of nitric acid into hydrogen peroxide was
necessary [142]. Therefore, either high temperature or extra acidic acids is needed in order for H,O,
to achieve high NO absorption efficiency. It is normal to see a low NO absorption efficiency in our
experiments under the conditions of temperature level at only 19 <C.

Regarding the performance of ammoniacal cobalt(ll) system, the results herein is quite different
from what has been previously reported in literature [32]. In this experimental study,
hexamminecobalt(Il) chloride maintained a relatively high NO absorption efficiency. The reason for
this was probably due to the higher volume and concentration of the absorbents in the system herein.
Furthermore, greater differences were observed for hydrogen peroxide and Fe (II)-EDTA, the
efficiencies of which were much lower than previously reported [32]. It takes about 135 minutes to
show the effect of reversible reaction between Fe(Il)-EDTA and NO in the experiments herein. Long
et al. [32] did not see this phenomena most likely because they only ran the experiments for 60
minutes with Fe (II) —-EDTA. Nonetheless, since the methodology was not available in their
publication with respect to the tests for Fe (II)-EDTA and H,0,, there might be other reasons for
these differences.

Overall, the experimental results herein identified ammoniacal cobalt(ll) system as the best
absorbent for the system used. Therefore, the following experiments were focused on this sorbent

alone.

3.3.3 Effect of Fresh Absorbent Compaosition on NO Removal Efficiency

Figure 3-3 shows the effect of the overall concentration of ammoniacal cobalt(ll) system on the NO
removal efficiency at different durations of operation. During the first 30 minutes, the reductions in
NO removal efficiency were 8.82%, 6.81%, 4.30%, 2.66% and 3.43% as the concentration of

absorbent increased from 0.030 to 0.080 mol-L™. The experimental results indicated that the NO
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removal efficiency rose steadily with the increase in concentration of the hexamminecobalt(ll) from
0.030 to 0.060 mol-L™. After 0.060 mol-L™, the efficiency will remain more or less constant. This
implied that the absorption process had become mass transfer limited. Results in Figure 3-3 indicate
that excessive Co(ll) did not further increase the de-NOx performance of a system. From an

engineering economics point of view, it is better to maintain the Co(ll) concentration around 0.060

mol-L™.
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Figure 3-3: Effect of concentration of cobalt(ll) on NO removal efficiency

The change in NO removal efficiency with concentration of hexamminecobalt(ll) chloride shared
the same tendency as that reported previously by Mao et al. [56] but with different optimum
absorbent concentration. Mao et al. reported that the optimum absorbent concentration was 0.040
mol-L™ instead of 0.060 mol-L™ as it was in our experiment. The difference was likely caused by the
experimental apparatus. In this thesis work, bubble column reactors were used. The double-stirred
reactor used in Mao’s work boasts higher efficient as stirring provides better gas-liquid dispersion
thus improving mass transfer and reaction area. It would be useful to compare different reactors in

terms of NO removal efficiency in the future.
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3.3.4 Effect of pH Value on NO Removal Efficiency

Figure 3-4 shows the effect of pH value on the NO removal efficiency of absorbent at the end of
different operation durations. It is worthwhile to mention that ammoniacal cobalt (I1) chloride is not
stable and can only be freshly prepared for use. And the effect of pH value is exerted through the
determination of the productivity of penta- and hexa-amminecobalt (I1) chloride of the reaction
between CoCl, and NH; [36]. In order to compare the pH effect, in present research, the amount of
CoCl,-6H,0 (NOT the [Co(NH5)e]Cl,) applied at different pH value were the same. The inlet NO
concentration was 500 ppmv with 5.0% of O,. The experimental results showed that the operating pH
value had a noticeable effect on the NO absorption efficiency. For instance, the initial NO absorption
efficiency increased by 40% from 53.1% to 92.5% when pH value increased from 9.75 to 10.46,
rendering the change with pH insignificant at greater alkalinity. After 15 minutes of operation, the
efficiency followed the same tendency, rising from 49.80% to 88.52% over the pH between 9.75 and
10.46, and remaining more or less constant then. Results in Figure 3-4 indicate that the optimum pH
value was at 10.50 regardless of the residence time. Excessive ammonia could not improve the
performance. However, since ammonia is not an expensive chemical, it is recommended to have extra

ammonia in practice.
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Figure 3-4: Effect of pH on NO removal efficiency at different operation time

This observation is consistent with the theoretical analyses. According to Ji et al., synthesis of penta

and hexa-amminecobalt(ll) chlorides needs to be performed at high pH values [36]. The ultimate
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product of the reaction between cobalt (Il) chloride hexahydrate and ammonia is highly pH
dependent. Based on the stepwise complex stability constants in Table 2-2 given by Yatsimirskii and
Volchenskova [63] and Ji et al. [36], with the addition of 1 mol-L™ of ammonia chloride, the portion
of hexamminecobalt(ll) ion in the cobalt(ll)-ammine complexes was 81.48% at a pH value of 10.46,
while 42.43% at pH of 9.75, which was just above half of 81.48%. This well explains why the initial
efficiency at pH of 9.75 was also just over half of that of 10.46.

In addition, different from cobalt (II) nitrate used in Ji’s study, chloridion of present CoCl, was a
ligand for transition-metal cobalt. The concentration of the free ammonia in the aqueous solution can
be calculated by using Eqg. 2.17. A lack of free ammonia in the aqueous solution caused by the
decrease in pH value would result in the existence of [Co(NH3)sCI]CI, which could not effectively
coordinate with nitric oxide. Hence, a low pH value did not favour the absorption of NO. However,
like cobalt salen-type complexes, there would be a deprotonation of OH™ group in the reaction leading
to decomposition of cobalt complex at the very high pH value [143]. This explains why a very slight
reduction in NO removal efficiency actually occurred at the pH value that was nearly 11. Therefore,
careful balancing the amount of hydroxyl is important to this process because at very high OH"
concentrations the cobalt complex will start decomposing while at low concentrations it can exist as
an inactive species.

On the other hand, the variation trend in the NO removal efficiency with pH value differed
significantly from what had been previously reported in literature [56]. As shown in Figure 3-5, the
NO absorption efficiency (indicated by the absorption rate on the y-axis) increased dramatically as
pH value increased from 8.5 to 11.5 or so. It seems that NO absorption rate would increase at an even
greater rate with an increase in pH values of more than 11. This seems to be against the

aforementioned theoretical analysis. Further investigation is needed in order to explain the difference.
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Figure 3-5: Effect of pH on NO absorption rate

3.3.5 Effect of Temperature on NO Removal Efficiency

Figure 3-6 shows the NO removal efficiencies of hexammminecobalt (11) solution over time at three
different operating temperatures of 292.2, 308.2 and 323.2 K. The concentration of the ammoniacal
cobalt (I1) was still 0.060 mol-L™and the simulated flue gas contained 500 ppmv of NO and 5.0% of
0,. The experimental results show that the operating temperature had comparable effects on the NO
absorption efficiency for the temperatures of 19 <C and 35 <C. However, the NO absorption into the
ammonia-cobalt system decreased approximately 14% initially when temperature increased from 35
to 50 <C. It can be concluded that both the coordination and oxidation of NO into ammoniacal
cobalt(Il) chlorides decreased with the increase of temperature. As a result the absorption of NO
dropped. Results shown in Figure 3-6 indicate that excessive heating was not necessary for the

absorption of NO in practice.
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Figure 3-6: Effect of temperature on NO removal efficiency

The maximum efficiency of 96.45% indicates that the chemical reactions within the bubbles were
faster than the mass transfer rate at the interface between liquid and gas bubbles. From the
engineering application point of view, it is necessary to increase the mass transfer rate in order to
improve the efficiency. One option is to reduce the bubble size to increase the specific interfacial
areas between liquid and bubbles. But the volumetric gas-liquid mass transfer coefficient k,a is a
product of liquid side mass transfer coefficient, k_ and the gas-liquid specific area, a, extremely small
bubbles may reduce the k.a because k_ decreases as bubble size decreases. There should be an
optimum bubble size corresponding to the highest volumetric mass transfer coefficient. This should

be investigated quantitatively in the future.

3.4 Summary

Based on the experimental work within in this Chapter, ammoniacal cobalt(ll) system was found to
perform better than Fe(ll)-EDTA and H,O, in terms of NO removal efficiency, although all test
subject efficiencies dropped with operating time. The NO removal efficiency of ammoniacal
cobalt(ll) system was highly affected by operating conditions such as temperature, pH value and

initial concentration. It decreased with the increase in temperature, and rose to the maximum before it
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levelled off as pH value and concentration of absorbent increased. The highest initial NO removal
efficiency of 96.45% corresponded to inlet flow rate of 500 mL-min™, temperature of approximately
19 <, pH value of around 10.5, and the concentrations of [Co(NH5)s]Cl,, NO and O, of 0.06 mol-L™,
500 ppmv and 5.0%, respectively.

Although the superiority of ammonical cobalt(ll) ions to other absorbent has been experimentally
proven, the real mechanism behind the NO absorption remains unknown or unwarranted. For insight
into such mechanism, information of relevant equilibrium and kinetics is desired. In the next chapter,

the equilibrium constants are measured in a bubble column based on cobalt(ll) — ammonia system.
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Chapter 4

Determination of Equilibrium Constants

4.1 Introduction

Equilibrium constants of reactions between nitric oxide and ammoniacal solutions (namely penta- and
hexa-amminecobalt(ll) solutions) are essential to understanding the mechanism of nitric oxide
absorption and the design of a gas-liquid reactor. These constants, however, were unknown or
incorrectly analyzed in literature. This chapter reports the determination of the equilibrium constants
in a bubble column reactor. Experimental setup, absorbent preparation, and experimental procedures
are first described in detail. Then original data are summarized, followed by data analysis. At last,

equilibrium constants at different temperatures are presented in the van’t Hoff equation.

4.2 Theoretical

As introduced above, penta- and hexa-amminecoblat(l1) ions are most likely to react with nitric oxide;

therefore, following equilibria might take place in the cobalt(Il) - ammonia system,
2NO + 2[Co(NH3)s]*" = [Co(NH3)sN,0,(NH;)sCol*t (4.2)
2NO + 2[Co(NH3)¢]** = [Co(NH;)sN,0,(NH3)sCol*t + 2NH, 4.2)
Recall the last step reversible equilibrium in Table 2-2,

Co(NHy)s(H,0)?* + NHy = Co(NH3)*t + H,0 (4.3)

The equilibrium constants of Reactions 4.1 — 4.3 then can be defined as:

s = [(VH3)sCo(N;0,)Co(NHy)s" loai, (4.4)
NO T [Co(NH;)s(H,0)*+12[NO]3 '
o = [(VH3)sCo(N>05)Co(NHs)s ™ 1o [N Hs ]2 i, 45)
e [Co(NHy)s" 12[NOJ2

[Co(NH3)6™ 1ea,
K = 4.6
© = [CoNH)s(H, 0>, N oo fun, (40)

And from Egs. 4.4 — 4.6 following equation can be obtained.
KI%O = (Kﬁ)zKISO (4-7)
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where [ ]. = corresponding concentration at equilibrium, mol-L™%;
a,y = water activity, -;
fnu, = the activity coefficient of the ammonia, -;
Ke = equilibrium constant of Reaction 4.3;
Kno = equilibrium constant of Reaction 4.1;
Kno = equilibrium constant of Reaction 4.2.

In Eq. 4.4, the solution of Ky, necessitates the knowledge of water activity, a,, and the
concentrations of NO, (NH3)sCo(N,0,)Co(NHs)s** and Co(NH3)s(H,0)%* at equilibrium. Water
activity, a,, is a measure of the energy status of the water in a system. It can be assumed unity in 2
mol-L™ NH,NO; solution at low ammonia concentration (less than 1 mol-L™). Nevertheless, assuming
a, equal to unity will lead to errors at higher ammonia concentrations [61, 62]. The values at

ammonia concentrations of 1.01 - 10.57 mol-L™ can be estimated [62, 65].

The equilibrium NO concentration in water can be obtained from its solubility in terms of the

Henry’s constant of NO in water which can be presented as [144],

1
T 298.15

H, = 526.32exp(—1400< )) (4.8)

where H, = Henry’s constant of NO dissolved in water, L-atm-mol™; T = temperature, K.

The solubility in an electrolyte solution can then be predicted by taking ionic strength into account.
In this study, the solution can be regarded as a mixed solution of cobaltous nitrate and ammonium
nitrate, where the concentration of NH;NO; is excessively higher than that of Co(NOs),. According to
Sada et al. [47] and Onda et al. [145], Busen absorption coefficient in an electrolyte can be associated

with that in water at the same temperature by following equation,

a
togio (=) = ~Chals + k1) @9)
aW
in which the ionic strength of a solution can be expressed by

I = 1/22 ¢.z? (4.10)

where k; = salting-out parameter of aqueous NH;NO; solution, L-mol™;
k, = salting-out parameter of aqueous Co(NQO3), solution, L-mol™;

I; = ionic strength of agueous NH4;NO; solution, mol-L™":
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I, = ionic strength of aqueous Co(NOs), solution, mol-L™:;
¢ = concentration of aqueous solution;
z = valence, -;
o = Busen absorption coefficient in electrolyte solution, cm?® of gas - cm-° of solution;
a,, = Busen absorption coefficient in water, cm® of gas - cm-> of water;
And the salting-out parameter, k, is the summation of contributions of cation, anion and gas,

respectively:
k=x.4+x,+ xg (4.11)
The values of X, X, and X are summarized in Table 4-1 [26, 47, 145].

Table 4-1: Values of X, X, and X¢

Symbol Xyp,t Xco2+ XNO3~ XNo

Value -0.0737 -0.0534 0.3230 -0.1825

Henry’s constant is another parameter commonly used to represent gas solubility in liquid solution,

the conversion between Busen absorption coefficient and Henry’s constant can be realized by [146]

— 2242 P 412
a; = zc. H, M (4.12)

where M = molar mass of the solution, g-mol'l; p = density, kg-m‘g.

Substituting Eq. 4.12 into 4.9 gives

H
10g10 (H—) =yl + ko (4.13)
Then the equilibrium NO concentration in the solution is described in

P .
[NO], = _T;’ in (4.14)

where [NO]. = NO concentration in the liquid phase at equilibrium, mol-L™*;

P = total pressure, atm;

Yin = NO concentration at inlet, ppmv.
Secondly, the concentration of (NH3)5Co(N202)Co(NH3)54+ at equilibrium is equal to half of the
amount of NO absorbed based on the stoichiometry in Reactions 4.1 and 4.2. The total amount of NO
absorbed can be calculated through the graphic integration of a NO absorption efficiency curve,
which is given by the continuous measurement of outlet NO concentration, by using Trapezoid

method. A typical absorption curve can be found in Figure 4-1.
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n= Gmyinf ndt (4.15)
0

where G, = total molar flow rate of NO, mol-s™;
n = amount of NO absorbed, mol;
t=time,s;

n = NO removal efficiency, %.
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Figure 4-1: A typical NO absorption curve

According to the ideal gas law,

P
G = ;36 (4.16)

where Qg = volumetric NO flow rate, m®s™;
R = gas constant, 0.08205 L-atm-K™*-mol™;
T = temperature, K.
Then the amount of NO absorbed by chemical reaction is

Nchem = myinj ndt —V,[NO], (4.17)
0

where ngem = the amount of NO absorbed by chemical reaction, mol;

V., = liquid volume, m®.
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Furthermore, the equilibrium concentration of (NH3)5C0(N202)C0(NH3)‘L;4+ can be described as,

Gmyin *
f ndt — [NO].) (4.18)
VL 0

4+ 1
[(NH3)5Co(N,0,)Co(NH3)s ' ], = E(

Lastly, the combination of ammonia — cobalt(ll) analysis based on Table 2-2 or Egs. 2.8 -2.13 in
Section 2.4.1 and the known equilibrium concentration of (NHz)sCo(N,0,)Co(NH3)s*" provides
the concentration of Co(NHs)s(H,0)?" at equilibrium. As a result, the value of K3, can be obtained

following Eq. 4.4 and Kf, is then given by Eq. 4.16.

4.3 Experimental

All the chemicals mentioned herein were purchased from Sigma-Aldrich Co. LLC. A continuous
water purification system (Model S-99253-10) from Thermo Scientific Inc. was used to produce
deionized water. The key to a successful solvent preparation was to establish an oxygen-free
environment, because cobalt(Il) complexes were able to react with oxygen. Therefore, deionized
water was degassed by pure nitrogen (Grade 4.8 from Praxair Inc.) for around 30 minutes before use.
As the oxidation rates of cobaltous complexes was relatively slow without catalysts, it was reasonable
to assume that the oxidation of cobalt (11) complexes was negligible in a short period **. The cobalt
(1) - ammonia system was prepared in a 500 mL beaker by step reversible reactions between
cobalt(Il) nitrate hexahydrate (Co(NO3z),-6H,0, ACS reagent) and aqueous ammonia (NH3-H,O, ACS
reagent, 28-30% NH; basis) with the addition of 2 mol-L™* ammonium nitrate (NH,NO;, ACS
reagent), which in this case was used to form NH;NOs/NHs-H,O buffer solution. This solution was
produced to ensure a ready supply of NH; ligand while avoiding the formation of hydroxide and the
precipitation of cobalt hydroxide.

Certain amount of Co(NO3),-6H,0 and NH;NO; were weighed by an analytical balance with
readability of 0.1 mg (Model RK-11422-01 from Denver Instrument Inc.) and a top-loading balance
with readability of 0.01 g (Model RK-11421-93 from Denver Instrument Inc.), respectively, and
dissolved in the 500 mL beaker placed on a stirring hot plate (Model SP142025Q from Thermo
Scientific Cimarec Inc.) by deionized water to around 100 mL. The pH values of the liquids were
measured by a bench top pH meter with accuracy of £0.01 (Model pH 700) manufactured by Oakton
Instruments. The reading was taken under mild magnetic stirring. Aqueous ammonia was added to
make a pH value just slightly above the desired value. Then water was used to dilute or ammonia to
concentrate alternatively, until the solution ended up with 300 mL volume of pH value between 9.06

and 9.37. As an example, a prepared solution with 2 mol-L™ NH,NO; at pH = 9.23 is depicted in
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Figure 4-2. Its color is light yellow. At the same time, a picture of precipitation (most likely green
according to literature) occurring without the addition of NH4;NO; is shown in Figure 4-3 for

comparison.

Figure 4-2: Prepared solution with 2 mol-L™* NH,NO; at pH = 9.23

The prepared solution was then transferred to a PYREX 500 mL bubble column reactor with coarse
fritted disc (cylinder) distributor (Product #31770-500C from Corning Inc.). The glass bubble column
reactor with a 29/40 standard taper stopper, which incorporated a central vertical tube with a 12 mm
diameter coarse fritted cylinder as distributor in the lower end, was used to seal the top to the base.
The gas entered the bottom of bottle through the top of the tube in the form of bubbles and exited via
the sidearm of the bottle stopper. This coarse fritted cylinder had a nominal pore distribution of 40 to
60 pm and provided greater efficiency and more uniform dispersion of gas bubbles for complete
absorption. Most importantly, it could be conveniently seated in the water bath for temperature

regulation. The concentration of total cobalt (11) was between 0.04 and 0.05 mol-L™.
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Figure 4-3: Occurrence of precipitation without NH;NO;

Figure 4-4 shows the experimental setup for the determination of equilibrium constants. The
operation was performed continuously with respect to the gas phase and batch-wise with respect to
the liquid phase. All gases were from Praxair Inc. The compressed air cylinder was of grade zero for
ozone generation. In order to eliminate error, a certified 605 ppmv nitric oxide cylinder with nitrogen
balance was used. A regulator relieved deliver pressure of each cylinder before entering the process
line. Then a mass flow controller provided the flow rate of gases from Cole-Parmer (Model S-32648-
16), which had a range of 5 L-min™ and an accuracy of +1.5% full-scale. The flow controller was
regulated by a bellows-sealed metering valve (Model SS-4BMG) purchased from Swagelok Inc. The
gas was fed at flow rate of approximately 2.60 L-min™.
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Figure 4-4: The experimental setup of the 500 mL bubble column system

Downstream the metering valve was a 3-way valve that could be switched between by-pass and gas
feeding. The nitrosyl formation reactions took place in the bubble column reactor mentioned above.
Due to the volatilization of concentrated aqueous ammonia, a glass bottle filled with deionized water
was placed to absorb NH; to eliminate its interference before the exhaust entered gas analyzer. The
NO concentrations at the outlet were measured by a gas analyzer (Model CAI 650 NOXYGEN which
had a range of 3000 ppmv and repeatability of around 0.5% of full scale) from California Analytical
Instruments Inc. Since the CAI 650 NOXYGEN analyzer could only work properly under
atmospheric pressure, a “Tee” conjunction was added for pressure dump whose flow rate was around
1 L-min™". The analyzer required an extra air or oxygen supply for ozone generation. A data logger

was used to collect data every 2 seconds. The main section and devices are illustrated in Figure 4-5.
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Figure 4-5: Picture of main section of laboratorial setup for equilibrium

The operation terminated when the outlet concentration reached 605 ppmv or so and remained
invariable, which indicated that the reaction reached equilibrium. The same pH meter measured the

final pH value of used solvent. The corresponding NO absorption efficiency was then described as:

n =yin — Yout (4.19)
YVin

This measured efficiency will be used in Eq. 4.18 for [(NH3)sCo(N,0,)Co(NHs)s**], calculation.

4.4 Results and Discussion

4.4.1 Determination of Reactive Complexes in Cobalt(ll) - Ammonia System

In order to validate the assumption that only penta- and hexa-amminecobalt (II) nitrates contribute to
NO absorption, a stream of 605 ppmv NO standard gas with nitrogen balance was bubbled through
absorbent of pH = 7.63 at T = 304.2 K. The total cobalt (I1) concentration of aqueous absorbent was
0.04 mol-L%; the concentration of ammonium nitrate was 2 mol-L™. According to the calculation

scheme described in Section 2.4.1, the cobalt (1) — ammonia system is summarized in Table 4-2; it
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shows that complexes of coordination number less than five constitutes 99.65% of the system, with
0.35% of penta-amminecobalt (II) nitrate. The ineffectiveness of small coordination number

complexes can be proved if there is no evident NO absorption taking place.

Table 4-2: Cobalt (1) —ammonia system at pH = 7.63, T = 304.2 K, [NH,"] = 2 mol-L™

Co* Co(NH3)** | Co(NHs),** | Co(NH3)s** | Co(NH3)2* | Co(NH3)s*" | Co(NH3)e®"

4.30% | 24.01% 44.38% 21.58% 5.38% 0.35% 0

Figure 4-6 shows the changes of outlet NO and oxygen concentrations with time. It can be seen
that the outlet NO concentration reached 605 ppmv in 2.5 minutes. The relatively low NO
concentrations in the first minute was a result of the existence of oxygen in the headspace at the
beginning of the test. The NO concentration was then diluted. The glass bubble column was open to
the air at each absorbent loading and the volume of solution inside was 300 mL out of 500 mL
column capacity; therefore, there might be some residual oxygen present in the headspace.
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Figure 4-6: The time series plot of outlet NO and oxygen concentrations

The presence of 520 ppmv NO in sixtieth second could be attributed to two contributions. Firstly,
according to Table 4-2 the solution still contained 0.35% of pentaamminecobalt (I1) nitrate, which
could react with NO. Another possible reason was that some NO dissolved into agueous solvent even

though its solubility was low. Since the NO concentration was in the order of ppmv, these two
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contributions to the NO absorption could not be neglected. Therefore, it was reasonable to conclude
that only penta- and hexa-amminecaoblt (II) nitrates in a cobalt(ll) - ammonia system reacted with
NO to form nitrosyl products.

The research findings in Figure 4-6 can be successfully explained via the analysis of cobalt (11) —
ammonia system on the basis of the reversible step reactions proposed by Bjerrum [62], and the

assumption made in the analyses by Mao et al. [57] was questionable.

4.4.2 Equilibrium Constants

Based on the calculation scheme in Section 4.1, the equilibrium constants of Reactions 4.1 and 4.2 at
different temperatures from 298.2 to 310.2 K and pH values between 9.06 and 9.37 are tabulated in
Table 4-3. There are 4 replicates for each temperature. In order to eliminate experimental error, the
outliers were first detected and abandoned using Grubbs’ test [147, 148] at the significance level, «,
of 0.1. Then the mean value of remaining data at each temperature was used for further analysis. The
maximum ratio of standard deviation to corresponding mean was less than 13.6%, and most of the
ratios were within 5%. As for equilibrium constant, its order of magnitude is more practical as it is
usually presented in terms of logarithm format. It can be seen that Kyo® has an order of magnitude of
10" and Kyo® of 10",

Table 4-3: Equilibrium constants at NO = 605 ppmv, NH,NO; = 2 mol-L™, A=NH,

T [Col+ [NH3] | [CoAsN,0,AsCo] | [CoAs] | [CoAg] 10% [ 10%
K mol-L* PH mol-L* mol-L* mol-L? | mmol-L* B Ko Kno® | Kno®
9.35(1.39 | 1.15E-03 0.0204 | 7.72 0.98 3.87 | 5.89

2082 008 923 (1.06 |8.31E-04 0.0198 | 5.58 0.98 0.26 3.01 | 457
9.06 [ 0.71 | 8.98E-04 0.0212 | 3.89 1.00 2.88 | 4.50

005 921 [1.01 | 1.36E-03 0.0241 | 6.46 0.98 3.37 | 5.12

917 [ 151 | 7.21E-04 0.0209 | 8.03 0.98 2.78 | 4.86

304.2 0.04 9.21 [ 1.65 | 6.99E-04 0.0210 | 8.86 0.98 | 0.24 | 2.68 | 4.68
005 [9.20 161 |1.01E-03 0.0261 | 1.08 0.98 2.53 | 4.41

0.04 |9.16|2.22 | 4.99E-04 0.0209 | 1.18 0.97 2.19 | 4.28
309.2 917 [ 2.27 | 7.17E-04 0.0259 | 1.50 0.96 | 0.23 | 2.06 | 4.03
005 9.37 [ 359 | 5.93E-04 0.0222 | 2.31 0.93 2.15 | 4.22
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It is well-acknowledged that the temperature dependence of chemical reaction equilibrium constant

can be described by van’t Hoff’s equation [149].

dinKS, AHS

- (4.20)

6 6
dl’;;”o — _21; i (4.21)

where AH® = reaction enthalpy of Reaction 4.1, kJ ‘mol™;

AH® = reaction enthalpy of Reaction 4.2, kJ-mol™.

This expression of temperature dependence has also been accepted by Nymoen et al. [86] who used
Fe(I)-EDTA to absorb NO and by Mao et al. [57] for NO control utilizing hexamminecobalt(I1)
solution. Integration of Eq.s 4.20 and 4.21 gives

AH® 1
InK$, = — — 7+ constant5 (4.22)
. OHS 1
InKyo, = — T + constant6 (4.23)

Regression analysis of the experimental data gives the following equilibrium constant equations.

InKS, = 3598.5 -~ + 16.759 (R?=0.994) (4.24)

InK$o = 1476.4 -~ + 26.597 (R?=0.970) (4.25)

They provide values of the standard enthalpy change, AH® = —29.92kJ-mol~! and AH® =
—12.27 kJ - mol™1, which means that these two reactions are exothermic in nature. It indicates that
high temperatures are not favourable to the removal of NO using ammoniacal cobalt (1) solutions.
This is consistent with the experimental findings in our earlier publication [60]. Then the temperature

dependence of Ky, and K, can be given by

3598.5

- (4.26)

Ko = 1.90 x 107exp(

1476.4
T

Kfo = 3.56 x 10 exp( (4.27)

These two equations can be used to calculate the equilibrium constant at certain temperatures
between 298.2 and 309.2 K. In literature available to the public, only Mao et al. [57] have measured

the equilibrium constant of reaction between NO and hexa-amminecobalt(ll) ion in the temperature
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interval from 303.2 to 353.2 K at pH = 9.14. Although our experimental setup was similar to theirs,
the results were quite different. At the temperature of 303.2 K, for example, the value of Kno®
calculated using Eq. 4.27 is 4.63x10" L-mol™ whereas that computed according to Mao et al. [57]

would have been 5.16x10* L-mol™. The main causes of this difference are explained as follows.

Firstly, Mao et al. did not consider the contribution of pentaamminecobalt (II) ion to NO
absorption. Nevertheless, the rationality of using the method established by Bjerrum [62] to analyze
the compound composition of a solution containing cobalt (I1) ions and aqueous ammonia at high
concentration ammonium salt has been proven in Section 4.3.1 and by other researchers [36, 61, 63].
Although Mao et al. [57] added ammonium salt (without concentration specified) when preparing the
ammoniacal cobalt (I1) solutions, they assumed that the end product of ammonical cobalt(Il)
complexes was hexa-amminecobalt(ll) alone. But according to the calculation procedure described in
Section 2.4.1, the complex distribution in a solution at pH = 9.14, T = 303.2 K and [NH,"] = 2 mol-L*
is tabulated in Table 4-4. It can be seen that the largest contributor is pentaamminecobalt (1) ion,
which is 53.34%, whereas hexaamminecobalt(ll) ion only accounts for 17.60%, even less than
25.61% of tetraamminecobalt (1) ion. Therefore, the assumption made by Mao et al. [57] that the end
product was hexaamminecobalt (1) alone seemed problematic; unless otherwise they prepared the

absorbent in a different way, which was not explicitly mentioned.

Table 4-4: Cobalt(11) -ammonia system at pH=9.14, T = 303.2 K and [NH,"] = 2 mol'L™*

Co** Co(NH5)** | Co(NH3),” | Co(NH3)s™ | Co(NHs)s"" | Co(NHs)s™* | Co(NH3)s™

0 0 0.21% 3.24% 25.61% 53.34% 17.60%

Secondly, the molecular structure of generated nitrosyl proposed by them is different from that in
this study. They considered the product of reaction between hexamminecobalt (1) ion and NO as a
monomer, [Co(NH;)sNOJ*" in the following Eq. 4.28, while we believe that the nitrosyl is more likely
to be a the p-hyponitrite dicobalt complex with a formula of [(NH3)sCo(NO),Co(NH)s]** in Eq. 4.2

Co(NH3)¢*" 4+ NO = [(NH3)sCo(NO)]** + NH, (4.28)

Actually the nitrosyl is more likely to be a p-hyponitrite dicobalt complex with a formula of
[(NH3)sCo(NO),Co(NH,)s]*" according to Eq. 4.2. As mentioned above, high temperature (room
temperature or above) favours the formation of red series nitrosyl compound [68, 70]. It was also

observed in this study as shown in Figure 4-7 (b). Many previous investigations proved the molecular
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structure of red series as p-hyponitrite dimeric formulation [(NH3)sCo(NO),Co(NH3)s]** from various
aspects. Feltham [74] reported the red salt was a 4:1 electrolyte in the form of
[(NH3)sCo(NO),Co(NHz3)s]X4 by conductivity measurement. Mercer et al. [77] stated that a dimeric
structure had been definitely assigned to the red isomer through infrared and chemical investigation.
The crystal structure study conducted by Hoskins et al. [78, 80] showed that the red nitrosyl ion was
binuclear: the two crystallographically independent cobalt atoms, each surrounded by five ammonia
molecules, were bridged asymmetrically through a hyponitrite ion. Raynor [83] determined the red
nitrosylpentaammines of cobalt as [(NH3)sCo(NO),Co(NH;)s]** with a trans hyponitrite bridging
group and metal-nitrogen bond from infrared evidence. Chacon Villalba et al. [82] also confirmed by
X-ray diffraction methods that the red nitrosyl compound as [(NH3)sCo(NO),Co(NH3)s]** . Hence, the
square of [NOJ.is present in the denominator in this study instead of [NO]e. As [NO]e is in the order

of 107 mol-L*, making the result in the order of 10™ instead of 10*.

—~T
3
4

(a) (b)

Figure 4-7: Colors of aqueous absorbent (a) fresh absorbent (b) used absorbent

In addition, the omission of temperature dependence upon Henry’s constant as shown in Eq. 4.8
and the negligence of effect of ionic strength on NO solubility as described in Eq. 4.9 might also lead
to difference.

Although this thesis work gave acceptable results regarding equilibrium constants of reactions
between NO and ammoniacal cobalt (1) complexes, the accuracy could be further enhanced by

directly measuring corresponding concentrations at equilibrium with a liquid-phase Fourier transform
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infrared spectroscopy (FTIR). It may reduce uncertainties caused by the empirical constants adopted

in the concentration calculation scheme.

4.5 Uncertainty Analysis

Due to the complexity of this experimental system, only general uncertainty analysis which contains
only propagation of bias errors will be elaborated for this section. In general, a data reduction
equation as described in Eq. 4.29 for the determination of experimental result, r, from N measured

variables X; is needed before doing an uncertainty analysis.

r = ‘r(Xl,Xz, "'XN) (4.29)

Then the uncertainty in the result is given by Eq. 4.30 [131, 132],

or

U* = (ax Ux1)2+(—Ux2)2+ +( UXN)Z (4.30)

where U, = the uncertainty in the experimental result;

Uyx,= the uncertainty in the measured variable X;.

Dividing both sides of Eq. 4.30 by the square of the experimental result, r, gives,

Urse = 297 4 ye st U, )? Lor 431
(9 = G g U + G U 4+ 4G Uy @31)

Specifically, the uncertainty of Kyo> described in Eq. 4.4 can be presented in Eq. 4.32, in which A
denotes [(NHs)sCo(N,0,)Co(NH3)s**], and B denotes [Co(NH;)s(H,0)%*], for ease of

presentation.
Upgs

KNo~2 2 Ua,, 2 2 Uvole
(a2 = G + 420 + 4G + Ay’ 432)

It can be seen from the RHS of Eq. 4.32 that the uncertainties of A, a,, B and [NO]; are needed. a,
is the value of water activity experimentally given by Bjerrum [62]; however, information of its
uncertainty is unavailable. It is well-accepted that a reasonable assumption can be taken if an
uncertainty in quantity is unknown and/or unachievable. In the case where multiple uncertainties in
quantities are unobtainable, it is natural and universal to assign the same value to all unknown
uncertainties if possible [131]. The uncertainty in a, is set to be a variable a% herein, and all the

unknown uncertainties hereafter in this chapter will be assumed to be a% for simplicity.
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4.5.1 Uncertainty in [NO]J,

The uncertainty in [NO]. presented in Eq. 4.14 can be given by

UN Y T u in u
W = G G G o

The uncertainty in total pressure Pt which is atmospheric pressure, can be assumed zero. The
uncertainty in y;, of 2% was given by the gas supplier, Praxair Inc. Uncertainty in H is derived as
follows.

Rewriting Eq. 4.13 gives,

H = H, 10kl +kzl2 (4.34)

Then the uncertainty in H is described in the following equation.

Uy 2 UHw 2 2 2 2 2
(ﬁ) = (H )+ 5.3(11Uk1) + 5.3(k1U,1) + 5.3(12Uk2) + 5.3(k2U,2) (4.35)
w

Eqg. 4.35 shows that the uncertainty in H depends not only on the uncertainties on Hy, ki, 11, k; and 1,
but also on the values of ki, 13, k; and 1,. According to Table 4-1 and Eq. 4.11, k values for NH;NO;
and Co(NQO;), are 0.0668 and 0.0871, respectively.

Propagation of the uncertainty in salting-out parameters to k described in Eq. 4.11 is expressed as
U)? = Ux)? + (Ux)? + (Ung)? (4.36)
Values of X, X,, and Xg are available in literature without uncertainty; it is assumed again that (%) =
Ux Ux .
(x—“) = (x—G) = 0% for further calculation.
a G

Based on the definition of ionic strength in Eq. 4.10, the valence of ion for a given electrolyte
solution is constant with an uncertainty of zero. Substituting the value of ion valence gives the
solution to Eqgs. 4.37 and 4.38 for NH;NO; and Co(NOs),, respectively. For simplicity, define the
subscripts of 1= NH;NO; and 2 = Co(NOs),.

[1 =0 (437)

I, = 3c, (4.38)

Thus,
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U U,
(1—111)2 = (4.39)

U,, U
= (4.40)

As the concentrations of NH4NO; and Co(NOg), are calculated from measured compound mass by

balance and solution volume by

== 4.41
c= MVL ( . )
Propagation of uncertainties in m, M and V to concentration can be written as
Uc Um UM UV
—)?2 = ()2 + () + (=D)? 4.42
Q=G G+ D) (4.42)

The repeatability of +0.02 g is provided by Denver Instrument Inc. to the top-loading balance for
weighing of NH4;NO;. And a repeatability of £0.0002 g is also provided by the manufacturer to the
analytical balance for weighing of Co(NOs),-6H,0. They can be taken as reasonable estimates of the
uncertainty. All the glassware is from Corning Inc., and 5% is given as the bias limit of the volume. It
is noted that the values of universal constants such as molecular weight, gas constant, etc. are known
with a much greater accuracy than the measurements made in most experiments. So it is justifiable to
assume the uncertainties in such quantities are negligible and to set them as zero. Assuming that Uy, is

zero and substituting it into Eq. 4.42 gives,

Uey  Um, Uy,
(T)Z = (?)2 + (V—L)2 (4.43)

Uy is needed to determine Uy. The temperature dependence on Henry’s Law constant of gas into

water can be expressed as [144]

11
H,, = Cyexp(—C, (? e 5)) (4.44)

It can be seen from Eq. 4.8 that C; = 526.32 and C, = 1400 for NO. The uncertainties of these two
empirical constants are unknown and assumed to be a% too. Then the uncertainty of H,, can be
described in Eq. 4.45.

1
29815 T

UHw 2 _ UC1 2 2 -2 2 4.45
(H—W) _(C_l) + [( We,]* + (C,T™Ur) (4.49)
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Although there is no information available on the calibration of thermometer, a comparison
between the readings of the thermometer and a calibrated thermal couple shows a difference less than

0.5 °C. In the absence of any other information, it is assumed that Ut = 0.5 °C (or K).

4.5.2 Uncertainty in [(NH3)sCo(N202)Co(NHz)s""]e

The data reduction expression of [(NH3)sCo(N,O,)Co(NH;)s*]. as shown in Eq. 4.18 is very complex
due to the presence of the integral item. The partial derivative with respect to n is difficult to obtain.
In practice, the calculation of the integral item is graphically solved by using trapezoid method. The
time for the reaction to reach equilibrium is discretized into grids with interval of 2 seconds (which is
the sampling interval). Then Eq. 4.18 can be numerically rewritten as in Eq. 4.46, in which A =
[(NH3)sCo(N,0,)Co(NHs)s"*].. for ease of presentation.

A= E{Gmyin
Vi

N
1 t
. (Zz (7 + mH)At) - [NO]e} where N = - (4.46)
1=

Rearranging and combining terms give

t
(M + 20, + 20y + ys1) — [NO]e} where N = A_et (4.47)

A= E{GmyinAt

20 2y,
Further simplification of Eq. 4.47 is performed by neglecting [NO]. as the value of [NO], is much
less than the first item in the bracket. Besides, in the calculation At is equal to 2 s, which is a constant.
So the uncertainty of time interval At is zero. The data reduction expression of A then becomes

Gmy in te

A= (771 + 27]2 + +277N + TIN+1) where N = —
2V, 2

(4.48)
The propagation of uncertainties in quantities in the RHS of Eq. 4.47 to A is then described as

Uy, + 2Uy, + - +2U, + U,,N+1)2 (4.49)
N+ 20, + = +2ny + Nysa

UA 2 UGm 2 UYin 2 UVL 2
)2 = ()2 4 (Lim)2 4 (L2 4
G = G+ 1+ (7 4 (

; U.
As mentioned above, —~

1 — 2% is provided by Praxair, and % = 5% by Corning Inc.

mn L

The uncertainty in G, is computed based on Eg. 4.16,

Usy, 2 _ Ugg 2 Upy 2 Ur 2 Ur 2 4.50
(G0 = "+ GO+ ()" + ) (4.50)

It is well-acknowledged that quantities like atmospheric pressure and gas constant is quite accurate,

and their uncertainties can be assumed to be zero. Then Eq. 4.50 further transforms into
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U, Gm
(_

U U
= QI (4.51)

According to product specifications given by manufacturers, the uncertainty in Qg is 1.5% of full
scale. Recall that Uy = 0.5 °C. The uncertainty in NO removal efficiency n is calculated by

propagation of uncertainties in y;, and y,.: as shown in following equation.

Uy)? = 20, )+ (——U,, )? 452
(n) (youtYm J’in) +( Vin J’out) ( )

where = 2%, and U, . is 0.5 % of full scale provided by CAl Inc.

J’m

4.5.3 Uncertainty in [Co(NHz)s(H-0)*].
According to Egs. 2.10 -2.15, the data reduction equation of [Co(NH;)s(H,0)*']. is presented as

fhs

[Co(NH3)s(H,0)**]. = Ky K,K3K,Ks - [NH;]° S )5 [Co(H,0)6""] (4.53)

The uncertainty in [Co(NHs)s(H,0)*]e is then given by following equation where B =
[Co(NH3)s(H20)*Te..

Crye = )2+( )2+( )2+( 47+ (e 1) +25G ””31)2+25(£V’:3)
(4.54)
hz U[CO(H20)6+ 2
B ot

Since there is no information on uncertainties in empirical constants K;, K, Kz K4 Ks fyns and ay, it is

U
assumed that X1 = %Kz = Tks _ Uke U5 _ TNy _ Uaw _ oy
Ky K> K3 Ky Ks fNH; ay

Rewriting Eq. 2.17 to gives the data reduction expression for [NHs].

= Ve 455
[NH,] T (4.55)
Thus, the corresponding uncertainty in [NHs] is shown as follows.
U[NH3] Kyt 2 [NH4 2 [H I
) = - CRi T U TS R

Uk
As usual, assumption of NHs' = a% is made, and is calculated by using Eq. 4.43.
Knp,* [NH4 ]
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The concentration of hydrogen ion in the aqueous solution is calculated by using pH value that is
measured by a pH meter in the following equation.
[H*] = 107PH (4.57)
Hence, the uncertainty in [H™] is described as
Yintiya 2 458
(m) = (=In10 - Upy) (4.58)
The specification of the pH meter (Model pH-700) gives U,y = 0.01.
From Eq. 4.54 one can see that the uncertainty in B necessitates the knowledge of uncertainty in

[Co(H,0)¢**]. The achievement of the data reduction expression for [Co(H,0)*"] is summarized as
follows. According to mass balance of Co**,

6
[Co** 1y = [Co(H,0)6"] + ) [CoNHy):(H,0)6 "]
i=1 (4.59)

+ 2[(NH3)5Co(N,0,)Co(NH3)s* "],

As defined in Egs. 2.10 — 2.15, the concentration of different ammoniacal cobalt(ll) complex is a
function of [Co(H,0)¢*"] and

[CoVHs) (H20)6-"] = | | K- INH,]'- <f2”3) [Co(H,0)6™ ], (1= 1-6) (4.60)

j=1 v

Substituting Eq. 4.60 into Eq. 4.59 gives the data reduction expression of [Co(H,0)s>'].

[C02+]T - 2A

4.61
5 (4.61)

[CO(H20)62+] =
where

A = [(NH3)5Co(N,0,)Co(NHs)s*" ], (4.62)

6 i
B=1+ Z {HK, . [NH,]i - (%)i} (4.63)
i=1 (j=1 w

The uncertainty in [Co(H,0)¢*] is then described as
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U[Co (H20)6

[Co(H,0)6™]

2+]

2 _ U[CO *r 2 Uy 5 Up ,
) _([C02+] ZA) + ([C 2+, —ZA) +(?) (4.64)

The uncertainty in [Co*"]r can be estimated by Eq. 4.43, and that in A has already been elaborated in
Section 4.5.2. It is shown that data reduction expression of quantity B is very complex, and the task of

obtaining the partial derivatives in Eq. 4.62 is tedious. In order to continue the uncertainty analysis of
the equilibrium constant, it is assumed (%) = 2a % to avoid the time consuming calculations. This
U s

simplification will then be validated by examining the sensitivity of (—) to ultimate ( NOY .
NO

Eventually all the unknown variables in Eq. 4.32 can be determined.

As an example, Figure 4-8 shows the uncertainties in measured equilibrium constant of Reaction
4.1, Ko, with different assumed a values at T = 298.2 K, [Co*]r= 0.04 mol'L™ and pH = 9.23. It

can be seen that NO greatly depends on the assumed uncertainty in empirical constant, a%. The
N

smallest KNO of 57.3% is given at a=0 under which none of the empirical coefficients contributes to
NO

U.,s
the ultimate uncertainty in Kyo’. As a value increases from 0 to 6%, the uncertainty in Kyo’, ;NO,
NO

rapidly rises from 57.3 to 126.9 %. The sensitivity of — B to NO at a = 2% is summarized in Table
NO

4-5. The uncertainty in Kyo® slightly rises from 68.2% to 71.0% with the uncertainty in B increasing
U

from 2 % (= a) to 10% (= 5a). Therefore, it can be concluded that the effect of —£ on If is
NO

insignificant, which justify the assumption of 7’3 = 2a.
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Figure 4-8: Uncertainties in measured equilibrium constant Kyo® with different o values

Table 4-5: Uncertainties in measured Kyo> with different (Ug/B) values at a = 2%

Us Ukto
B K3,
2% 68.2%
3% 68.4%
4% 68.6%
5% 68.8%
6% 69.2%
7% 69.5%
8% 70.0%
9% 70.5%
10% 71.0%

4.6 Summary

The analysis of cobalt (1) — ammonia system for solutions containing cobalt (11) nitrate, ammonium
hydroxide and 2 mol-L™ ammonium nitrate was reviewed. The characteristics of reactions between
nitric oxide and ammoniacal cobalt (1) complexes were analyzed through the molecular structure of

corresponding nitrosyl. It was validated that only penta- and hexa-amminecobalt (I1) complexes had
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the ability to react with NO as shown in Reactions 4.1 and 4.2. Moreover, the equilibrium constants
of such reactions were determined. Kyo® Was in the order of magnitude of 10" and Kyo? of 10%. All

experimental data fitted Eqgs. 4.26 and 4.27 well.

With equilibrium constants of reactions between NO and ammoniacal cobalt(ll) solutions given by
this chapter, the absorption capacity of this absorbent can be estimated. However, the knowledge of
NO absorption rate could not be determined without related reaction rate constants. Therefore, the
kinetic study of NO absorption into ammoniacal cobalt(l1) solutions is conducted and this is the topic
of the next chapter.
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Chapter 5
Kinetic Study

5.1 Introduction

In this chapter, the kinetics of NO absorption into ammonicacal cobalt(ll) solutions was investigated
by using the enhancement factor, E, which is the ratio of NO absorption rate with chemical reaction to
pure physical absorption rate. The reactions between nitric oxide and ammoniacal cobaltous solvents
took place in a home-made double-stirred tank that was commonly utilized in gas absorption kinetics.
The operating conditions were as follows. All experimentations were conducted at temperatures
between 298.2 and 303.2 K because parameters for cobalt(Il) — ammonia system analysis were only
available in the temperature interval from 295.2 and 303.2 K and for ammonium nitrate
concentrations up to 2 mol-L™. Also, Yu et al. [60] reported that low temperature favored the NO
absorption, making it less useful to perform experiments at temperatures higher than 303.2 K. The
ammonium nitrate concentration was 2 mol-L™ for all experimentations. As two parallel reactions
exist due to the presence of penta- and hexa-amminecobalt(ll) ions, two runs with different liquid
compositions, which were dependent upon pH values, were necessitated at each temperature. In this
work, one was performed at pH of 8.5 under which reactive agent was almost pentaamminecobalt(11)
complex only. Nevertheless, the pH value of 12 at which 100% of hexaamminecoablt(Il) ion occurred
in the solution was too high to achieve and maintain. Instead, a pH value nearly 9.8 where both penta-
and hexa-amminecobalt(ll) solvents constitute approximately 50% was utilized. In order to maintain
excessive absorbent compared to NO concentration, the cobalt(l1) nitrate was 0.075 mol-L™ at low pH
value while 0.025 mol-L™ at high pH value. Four gas streams with concentrations from 400 to 1400
ppmv were fed at 2.6 L-min™ per pH value per temperature to determine the reaction order with
respect to NO. The reaction rate constants of the two key reactions were determined to be 6.43x10°
and 1.00x10" L-mol™s™, respectively at 298.2 K, and increase to 7.57x10° and 1.12x10" L-mol™s™,

respectively at 303.2 K. Uncertainty analyses were also conducted for the results.

5.2 Experimental

A continuous water purification system (Model S-99253-10) from Thermo Scientific Inc. was used to
produce deionized water. Because cobalt(ll) complexes react with oxygen, the key to a successful
preparation was to establish an oxygen-free condition. Therefore, deionized water was degassed by

pure nitrogen (Grade 4.8 from Praxair Inc.) for about 30 min before use. As the oxidation rates of

71



cobaltous complexes was relatively slow without catalysts such as activated carbon, it was assumed
that the oxidation of cobalt(ll) complexes was negligible in a short period [60]. The cobalt(ll) —
ammonia system was prepared in a 500 mL flask by step reversible reactions between cobalt(ll)
nitrate hexahydrate (Co(NO3),-6H,0, ACS reagent) and aqueous ammonia (NHs-H,O, ACS reagent,
28-30% NH; basis) with the addition of 2 mol-L™ ammonium nitrate (NH,NO;, ACS reagent); it was
used to form NH;NOs/NH3z-H,O buffer solution to ensure a ready supply of NH; ligand while
avoiding the formation of hydroxide and the precipitation of cobalt hydroxide. All the chemicals
mentioned in this Chapter were bought from Sigma-Aldrich Co. LLC. Certain amount of
Co(NOs3),-6H,0 and NH;NO; were weighed by an analytical balance with readability of 0.0001 g
(Model RK-11422-01 from Denver Instrument Inc.) and a top-loading balance with readability of
0.01 g (Model RK-11421-93 from Denver Instrument Inc.), respectively, and dissolved in the 500 mL
flask placed on a stirring hot plate (Model SP142025Q from Thermo Scientific Cimarec Inc.) by
deionized water to around 100mL. The pH values of the liquids were measured by a benchtop pH
meter with an accuracy of 20.01 (Model pH 700) manufactured by Oakton. The reading was taken
under mild magnetic stirring. Aqueous ammonia was added to make a pH value slightly above the
desired value. Then water was added to dilute or ammonia was added to concentrate alternatively

until the solution ends up with 500 mL volume of desired pH value of 8.5 or 9.8.

The prepared solution was then transferred to a home-made double stirred tank reactor as illustrated
in Figure 5-1. Figure 5-2 was the picture of the home-made double stirred tank reactor and its
support frame. The reactor was a vessel of 99.72 mm |.D. with an outer jacket of 152.4 mm I.D.
through which temperatures were regulated. Four baffles of 9.5 mm width were equipped in the
reactor to ensure a flat surface when rotating. Both stirrers were paddle-type impellers. The gas-phase
stirrer was a 4-straight flat impeller with a diameter of 54.0 mm, and the liquid-phase stirrer an 8-
straight flat impeller with a diameter of 38.1 mm. The reactor was sealed with TFE seals in order to
avoid possible corrosion caused by the solvent. The top and bottom shafts were driven by two mixers
bought from IKA Corp (Model RK-50705-00). Two love-joy couplings were employed to cope with

vibration. The concentration of total cobalt (11) was either 0.025 or 0.075 mol-L™.
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Figure 5-1: Schematic diagram of the double-stirred tank

Figure 5-2: Picture of the double stirred tank reactor
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Figure 5-3 is the experimental setup for the kinetic study of reactions between nitric oxide and
ammoniacal cobalt(ll) solutions. The operation was performed continuously with respect to the gas
phase and batch-wise with respect to the liquid phase. All gases were purchased from Praxair Inc. The
compressed air cylinder was of grade zero for ozone generation. The nitrogen cylinder was of grade
4.8 and nitric oxide cylinder contained 2.54% balanced nitrogen. Deliver pressure of each cylinder
was relieved by a regulator before entering the process line. A certain gas mixture was synthesized by
regulating flow rates of different gases using gas mass flow controllers from Cole-Parmer. The body
of the nitrogen mass controller (Model S-32648-16) was made of aluminum; mass flow meters for
corrosive nitric oxide (Model S-32648-58) and active oxygen (Model S-32649-60) were made of 316
stainless steel. Their accuracy was #1.5% full-scale. Ranges of flow meters for NO and N, were 200
mL-min? and 5 L-min™, respectively. Each flow controller was regulated by a bellows-sealed
metering valve (Model SS-4BMG) purchased from Swagelok Inc. A 316 stainless steel in-line pipe
mixer (Model RK-04669-05) bought from Koflo Inc. was employed to produce a completely mixed
output of the simulated flue gas. The effectiveness of this flue gas synthesis system was first validated
through comparison between calculated and measured NO concentrations prior to further
experimentations. Then simulated flue gas streams with NO concentrations ranged from 400 to 1400

ppmv were fed at a flow rate of approximately 2.60 L-min™.

Downstream the mixer was a 3-way valve, which could be switched between by-pass and gas
feeding. The nitrosyl formation reactions took place in the double-stirred tank reactor as mentioned
above. As time spent for data collection in this Kinetics experiment was around 3 minutes, the impact
of volatilization of ammonia was insignificant and could be ignored; therefore, there was no
absorbing bottle after the tank reactor. NO concentrations at both inlet and outlet were measured by a
gas analyzer (Model CAIl 650 NOXYGEN with range of 3000 ppmv and repeatability of around 0.5%
of full scale) from California Analytical Instruments Inc. It is noteworthy that the inlet NO
concentration was determined by measuring the bypass with the gas analyzer for 5 minutes before
switching to the reactor because no flow rate change was found before and after switching. Since the
CAIl 650 NOXYGEN analyzer could only work properly under atmospheric pressure, a “Tee”
conjunction was added for pressure relief at a flow rate of around 1 L-min™. The analyzer still needed
an extra air or oxygen supply for ozone generation. A data logger was used to collect data every 2
seconds. The operation normally lasted for 3-5 minutes after the reading of outlet concentration was
stabilized. At this moment, the final pH value of used solvent was measured by the same pH meter

again. The picture of actual laboratorial setup for kinetic study is shown in Figure 5-4.
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Figure 5-3: Laboratorial setup for the measurement of equilibrium constants
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Figure 5-4: Picture of actual laboratorial setup for kinetic study
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According to mass balance and the ideal gas law, the corresponding NO absorption rate into

ammoniacal cobalt(ll) solutions is

QcPr
Nyo = ——
NO ™ RTS,

(Vin = Yout) (5.1
where Nyo = NO absorption rate into ammoniacal cobalt(ll) solutions, mol-m?2-st:

P+ = total pressure, atm;

Qg = volumetric flue gas flow rate, mi.st:

R = gas constant, = 0.08205 L-atm-K™-mol™;

S = cross-sectional area of the double-stirred reactor, m

T = temperature, K;

Yin» You = NO concentrations at inlet and outlet, respectively, ppmv.

This measured NO absorption rate was used for the calculation of reaction rate constant as follows.

5.3 Calculation

For the ease of presentation, it is necessary to recall the reactions between NO and penta- and hexa-
amminecobalt(l1) ions, as described in Reactions 5.2 and 5.3.

2NO + 2[Co(NH3)s)** = [Co(NH3)sN,0,(NH;)sCol** (5.2)

2NO + 2[Co(NHs)¢]?* = [Co(NH3)sN,0,(NH3)sCol*t + 2NH, (5.3)

Again the establishment of ammonia — cobalt(ll) system can be executed following the procedure
presented in Section 2.4.1. In Section 2.6, the pseudo mth- and p-th order rate constants, Ky, and Ky,
of Reactions 5.2 and 5.3 can be determined with the combination of Eqgs. 2.23, 2.25 and 2.26 when
the liquid absorbents are excessively used. Rewrite these three equations in Egs. 5.4 — 5.6 as follows
for the purpose of convenient citation and clear demonstration.

1

1
—_ (4 1.
NG - (HkG + EkL) Cai (54)

m+1 kqugcfl’i_m) (55)
p+1 kmnBY

Eparallel = \/M(l +
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2 Ky DaBi i1

= 5.6
M= k? (6)

where ca; = interfacial concentration of gas A, mol-L™;

Bo= bulk concentration of reactant B in liquid, mol-L™:

Co = bulk concentration of reactant C in liquid, mol-L™%:

DA = molecular diffusivity of solute gas A in liquid phase, m*s™;
Eparallel = €nhancement factor for parallel reactions, -;

H = Henry’s Law constant, L-atm-mol™;

kc = gas-phase mass transfer coefficient, mol-s’l-m'z'atm'l;

k. = liquid-phase mass transfer coefficient, ms™:

Ng = gas absorption rate into the solution, mol-m?2s™;

m, n, p, g =m-, n-, p-, g-th reaction order, -;

m+n-1 1.

Kmn = reaction rate constant for (m+n)-th order reaction, L™"*mol*™".s™;
koq = reaction rate constant for (m-+n)-th order reaction, L”***-mol*®%s™.

The specific results regarding reaction orders with respect to each reactant in Reactions 5.2 and 5.3
will firstly be finalized. With these known reaction orders, it still requires the knowledge of Nyo, H,
Cnoir K, KL and Dyo for the solutions to reaction rate constants. The gas-liquid interfacial NO

concentration can be predicted from Henry’s law as

Pry
Cnoi = % (5.7)

where cyoi = interfacial concentration of NO, mol-L™;
H = Henry’s constant, L-atm-mol™;
Pr = total pressure, atm;
y = NO concentration in the gas phase of the reactor, ppmv.

The temperature dependence of Henry’s constant in water is given by the same method introduced in

Section 4.1. Please refer to that section for more information.

As the dimensions of the reactor in this study were almost the same as those in Sada’s works [28,
47, 87] and stirring speeds for both phases were close to theirs, their empirical correlations for gas-

and liquid- mass transfer coefficients were employed. Firstly, the liquid-phase mass transfer
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coefficient of carbon dioxide and the gas-phase mass transfer coefficient are correlated with

corresponding stirring speed as [28, 47, 87].
kL,COZ—HZO =941 X 10_7712'65 (58)

ke s0,-n, = 1.22 X 1072n2°* (5.9)
where  k; co,-n,0 = liquid-phase mass transfer coefficient given by CO,-H,0 system, ms™;
k¢ s0,-n, = gas-phase mass transfer coefficient given by SO,-N, system, mol's™m?*atm™;
N = gas-phase stirrer speed, rpm;
n. = liquid-phase stirrer speed, rpm.
Then values of liquid- and gas-phase mass transfer for NO can be determined by Eqgs. (26) and (27)

with known k; co,-n,0 and k; so,—-n,, respectively [28, 47, 87, 89].

kino = kL,COZ—HZO(DNO—HZO/DCOZ—HZO)2/3 (5.10)
keno = k¢s0,-n,(Dno-n,/Dso, —N2)2/3 (5.11)
where Dyg_p,o = molecular diffusivity of NO in water, m®st:
D¢o,-n,0 = molecular diffusivity of CO, in water, m*s™;
Dyo-n, = molecular diffusivity of NO in Np, m*s™;
Dso,—n, = molecular diffusivity of SO, in N, m*s™;
Ks, no = gas-phase mass transfer coefficient for NO, mol-s™mZatm™;

K_no = liquid-phase mass transfer coefficient for NO, m-s™.

The gas diffusivity in liquid can be well estimated by Wilke-Chang equation [150],

Dyp = 7.4 x 107 12(@Mg)°> (5.12)

usVyr
where Dag = the diffusivity of gas A in a solvent B, m*s™;

Mg = molar mass of B, g-mol'l;

T = temperature, K;

V,a = molar volume of solute A at its normal boiling temperature, cm*mol™;
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@ = association factor of solvent, -;
ps = dynamic viscosity, Pa-s.

For water, the association factor is 2.26 (which is better than 2.6 originally proposed by Wilke and
Chang) [151, 152]; the molar volumes of NO and CO, at its normal boiling temperature are 23.6 and
34 cm®/mol, respectively. According to Incropera et al. [153], the water viscosities are tabulated every

5 K so that value at certain temperature can be obtained by interpolation.

Unlike Henry’s law constant or solubility, ionic strength has no obvious impact on NO diffusivity.
Zacharia and Deen [154] measured NO diffusivity in pure water and phosphate buffered saline at
298.2 K and found that they were the same. Therefore, the NO diffusivity in pure water was used for

2 mol-L™* NH,NO; solution in present study.

The gas diffusivity for binary gas system at low pressures can be theoretically predicted by using
Chapman-Enskog equation [155].

2.66 x 1077T3/2

Djp=—————— (5.13)
PM22. 0,
in which
Map =1 LT (5.14)
My = Mg
o, + o
O = ——2 (5.15)
2
Q. — 1.06036 + 0.19300 4 1.03587 4 1.76474 (5.16)
D7 (T7)015610 7 exp(0.47635T*) ' exp(1.52996T*) ' exp(3.89411T*) '
kT
T"=——> 5.17
(es€p)/? ( )

where Dag = the diffusivity of gas A in gas B, m*s™;
Ma, Mg = molecular weights of A and B, g-mol™;
P = pressure, bar;
T = temperature, K;

o = characteristic Lennard-Jones length, A

80



€ = characteristic Lennard-Jones energy, J;
Qp = diffusion collision integral, -.
k = Boltzmann’s constant, J Kt

The values of ¢ and e/k for various gases are summarized in Table 5-1 [155].

Table 5-1: Lennard-Jones potentials as determined from viscosity data

Gas species c, A ek, K
NO 3.492 116.7
N, 3.798 71.4

SO, 4112 3354

After the selection of required parameters in Eqs. 5.4 — 5.6, the solutions to reaction rate constants
of Reactions 5.2 and 5.3 can be determined by graphical determination of reaction order with respect
to NO and regression analysis.

5.4 Results and Discussion

5.4.1 Validation of Flue Gas Simulation

Due to the use of flue gas synthesis, it is necessary to check the performance of Koflo mixer to justify
the effectiveness of simulation system before the systematic investigation, and to make sure all the
data collected was reliable. Table 5-2 presents the readings given by the CAl 650 NOXYGEN gas
analyzer for flue gas streams with calculated NO concentration ranged from 203 to 1132 ppmv. The
agreement between calculated and measured values was acceptable for the maximum error was less

than 1.5%, indicating that the flue gas simulation process was warranted.
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Table 5-2: Readings of gas analyzer in the absence of oxygen

Number NO _ N> _ Calculated NO concentration Measured NO concentration
(mLemin™) | (L-min™) (Ppmv) (ppmv)
1 23 2.86 203 201
2 35 2.85 308 307
3 47 2.85 412 411
4 58 2.84 508 505
5 69 2.83 605 605
6 82 2.82 718 717
7 94 2.83 817 815
8 105 2.83 909 906
9 117 2.84 1005 997
10 132 2.83 1132 1121

5.4.2 The Determination of Pseudo Orders with respect to NO

In order to determine the pseudo orders with respect to NO, the NO absorption rate as described in
Eq. 5.4 was used. Substitution of Eq.s 5.5 and 5.6 into Eq. 5.4 gives,

Nup = (— ! 1
No—(Hk + )" Cnoi (5.18)

G 2 - 2 q.p-1
N, DNo\[m—H kinBs coi + p+1 kpqBe Cnoi

where Bs = bulk concentration of pentaamminecobalt(II) nitrate in liquid, mol-L™;
Bs = bulk concentration of hexaamminecobalt(II) nitrate in liquid, mol-L™;
Cnoi = interfacial concentration of NO, mol-L™;
Do = molecular diffusivity of solute NO in liquid phase, m*s™:;
H = Henry’s Law constant, L-atm-mol™;
ks = gas-phase mass transfer coefficient, mol-s™-m?-atm™;
Nno = gas absorption rate into the solution, mol-m?s™.
m, n, p, g = m-, n-, p-, g-th reaction order, -;

-1.

Lm+n—1_mo|1—m—n_s :

kmn = reaction rate constant for (m+n)-th order Reaction 5.2,

koq = reaction rate constant for (m-+n)-th order Reaction 5.3, L"***mol*®%s™,

At a certain experimental condition corresponding to set temperature, solvent concentration, pH
value and stirring speed, the Henry’s constant, gas-film mass transfer coefficient, NO diffusivity,

reaction rate constants and orders were fixed. Then it can be seen from Eq. 5.18 that the absorption
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rate of NO into the mixture of penta- and hexa-amminecobalt(ll) solutions is only a function of the
interfacial concentration of NO. A linear relationship between Nyo and cno; could exist only if
m=p=1.

Figure 5-5 is the plot of Nyo versus cyei under two different experimental conditions, from which
the evident linear relationship between Nyo and cyei can be observed in both situations. Therefore, the
pseudo orders with respect to NO of Reactions 5.2 and 5.3 can be determined as m = p =1. Thus, Eq.
5.18 can be rewritten as in Eq. 5.19 after substituting m=p=1.

1 1
Nyo = (

+ )" eoi
Hk ’ (5.19)
¢ vV DNO kang + k16qu

3.5E-05
3.0E-05 R2 =0 9937 A
o 2.5E-05 T
£ % =0.9814
% 2.0E-05 /,(
5 /
£ 15605 %
o //
= ~
Z 1.0E-05 g —
#7=298.15K, pH=8.75-9.00
5.0E-06 AT=303.15, pH=8.50-8.70 —
0.0E+00 | |

0 0.0005 0.001 0.0015 0.002
Cnoi (mol/m3)

Figure 5-5: The plot of Nyo VS Cnoi at two experimental conditions

5.4.3 The Determination of Reaction Rate Constants

Further rearrangement of Eq. 5.19 gives

<CN0i_ 1 >_2
Nyo Hkg (5.20)

NO

Theoretically, the numerical solutions of the four unknown variables, namely Ky, k1q6, nand g, in Eq.

5.20 can be found if four trials are conducted at each temperature to form a system of four non-linear
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equations. However, according to the warning in Matlab software the Jacobean matrix generated by
such a nonlinear equation system was badly scaled, thereby making Newton’s method inapplicable.
As an alternative approach, the multiple linear regression analysis can be utilized to avoid the
complicated numerical calculation if the reaction orders with respect to liquid reactants, n and g, are
known. Therefore, six tests using different solvent concentrations and/or gas concentrations are

conducted at each temperature. The corresponding experimental results are summarized in Table 5-3.

The best way to determine the reaction order with respect to penta- and hexa-amminecobalt(l1) is to
have respective compounds react alone with NO. Nevertheless, according to cobalt(Il)-ammonia
analysis it is troublesome to prepare solutions that contain large amount of penta-amminecobalt(I1)
while no hexaamminecobalt(Il). It is known that the product composition is greatly dependent upon
pH value. The average coordinate number increases with pH value [36, 62]. The hexamminecobalt(I1)
ion does not appear in the system until pH = 8 at which the proportion of pentaamminecobalt(I1)
compound is only 2.75% or so and the ratio of penta- to hexa-ammiecobalt(ll) ions is not large
enough to ignore the contribution of hexa-ammiecobalt(ll) to the calculation in Eq. 5.20. In practice,
very small amount of ammonia easily results in pH value beyond 8, making it difficult to prepare
solution with pH < 8. Furthermore, the preparation of solutions exclusively with
hexaamminecobalt(l1) is also unrealistic as the pH value of such a solution will reach approximately
12, which is difficult to achieve with addition of ammonia and at which the volatilization of ammonia

is rather evident.
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Table 5-3: The experimental results for the determination of reaction rate constants

pH y =Moo (g7
(K) (mol'm™®) | (mol's™m?) (mol-L™) (mol-L™")
9.00 | 4.78E-04 1.10E-05 3.06E-02 4.89E-03 2.44E+05
9.87 | 8.81E-04 1.92E-05 9.04E-03 1.51E-02 2.18E+05
8.84 | 8.63E-04 1.70E-05 2.34E-02 2.59E-03 1.75E+05
2982 8.83 | 1.20E-03 2.39E-05 2.30E-02 2.48E-03 1.76E+05
9.77 | 1.73E-03 3.53E-05 1.07E-02 1.29E-02 1.88E+05
8.75 | 1.66E-03 3.00E-05 1.93E-02 1.73E-03 1.45E+05
8.70 | 4.34E-04 1.02E-05 2.41E-02 2.74E-03 2.21E+05
9.85| 8.18E-04 1.98E-05 6.48E-03 1.82E-02 2.38E+05
850 | 8.12E-04 1.40E-05 1.51E-02 1.08E-03 1.18E+05
2032 9.74 | 1.54E-03 3.88E-05 8.47E-03 1.58E-02 2.56E+05
8.51| 1.54E-03 2.76E-05 1.55E-02 1.14E-03 1.27E+05
850 | 1.12E-03 1.98E-05 1.51E-02 1.08E-03 1.22E+05

Although there were numerous investigations on reactions between NO and ammoniacal cobalt(I1)
complexes, they primarily focused on the preparation and structural analysis of nitrosyl product. Mao
et al. studied chemical equilibrium [57] and kinetics [56] without considering cobalt(ll) — ammonia
analysis. Moreover, they used a monomer nitrosyl as the reaction product, which contradicted with
most existing studies. In terms of kinetics study, no data of rate constants were given due to the
simplification of instantaneous reaction [56]. Recently, our research group experimentally determined
the equilibrium constants of such reactions [156]. Thus, there is no information about the reaction
order with respect to cobalt(ll) solvents. However, the kinetics of absorption of oxygen into penta-
and hexa-amminecobalt(Il) reported by Simplicio and Wilkins [61] might shed some light onto the
determination of reaction orders with respect to the liquid reactants when they were used to cope with
NO. They stated that the reactions between oxygen and penta- and hexa-amminecobalt(l1) ions held
the second-order rate law. Specifically, the reactions were first order with respect to O,, pents- and
hexa-ammincecobalt(Il) solutions, respectively. From the analysis in last section, the absorption of

NO into ammonical cobalt(ll) compounds is first-order with respect to NO; meanwhile, penta- and
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hexa-amminecobalt(ll) compounds are from the same family and probably have similar reactivity.
Thus, it is assumed that they are first-order with respect to both liquid absorbents, n=p=1. Normally,
reactions like Reactions 5.2 and 5.3 have n and p values ranged from 0 to 2. In addition to n=p=1, the
possibilities of n=p=0, n=p=0.5 and n=p=2 are also analyzed. If these assumptions cannot give

satisfactory results, unequal n and g values will be taken.

First of all, the possibility of n=g=0 can be eliminated because the right-hand side (RHS) of Eq.
5.20 changes with inlet gas concentration at the same temperature. It is well known that rate constant
is a function of temperature; therefore, the value of RHS of Eqg. 5.20 should be invariable if n=q=0.
The regression analysis is then executed to three most possible sets of n and q values. The
corresponding regression results are tabulated in Table 5-4.

Table 5-4: Reaction rate constants at various n, p values

Temperature | n=g=0.5 (L**>mol®°s?) n=q=1 (L-mol™s™) n=g=2 (L*mol*s™)
(K) kl.55 k1.56 k25 k26 k35 k36
298.2 8.41E+05 1.04E+06 6.43E+06 1.00E+Q7 2.78E+08 8.79E+08
303.2 7.22E+05 1.43E+06 7.57E+06 1.12E+07 4.24E+08 7.53E+08

The assumption of n=q=0.5 is unjustifiable since the rate constant increases as temperature,
whereas it can be seen from Table 5-4 that the value of k5> at 298.2 K is greater than that at 303.2 K
if n=9=0.5. Likewise, the value of ks is 8.79%10%at 298.2 K while 7.53 =10 at 303.2 K if n=q=2.
The superiority of n = g =1 can be further exhibited by comparison between the parity plots of Y for

n=p=1 and n=p=2, respectively, as shown in Figure 5-6.

It can be seen that the regression analysis with the assumption of n=p=1 gives a rather desirable
result which is much better than that of n=p=2. As for n=p=1, the deviations between predicted and
experimental Y values are all within 6% for both temperatures. When it comes to n=p=2, several
predicted Y values are away from the y=x line with one residual even beyond 20%. Hence, it is
unnecessary to perform other regression analyses with unequal n and q values and concluded that
second-order law (i.e., n=g=1) holds the best for reactions between NO and penta- and hexa-
amminecobalt(ll) complexes. Eventually Eq. 5.20 can be rewritten as one of the following two

equations.
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k3Bs =Y — kS$B, (5.21)

k$Bs =Y — k3B (5.22)
where
(cNol- 1 )‘2
y = \WNvo Hke) (5.23)
Dyo
37 /
/ P
n=p=1 // g
2.5 - s
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/ /
& ) /
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Figure 5-6: Parity plotof Y (8) n=p =1; (b)n=p =2

Further analyses by plotting Y-k,°Bg against Bs and Y-k,°Bs against Bg are shown in Figure 5-7.
With the fitted values of k,> and k,® shown in Table 5-4 substituted, the validities of Egs. 5.21 and
5.22 are illustrated in Figure 5-7. In conclusion, Reaction 5.2 is of first order with respect to NO and
penta-amminecobalt(ll), respectively; Reaction 5.3 is of first order with respect to NO and hexa-
amminecobalt(11), respectively. The second-order rate constants of Reaction 5.2 are 6.43x10° and
7.57>10° L-mol™s™at 298.2 and 303.2 K, respectively, and the counterparts of Reaction 5.3 are
1.00x10" and 1.12x10" L-mol™s™, respectively.
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Figure 5-7: Analysis of reaction order with respect to pentaamminecobalt(l1) ions
(@) in terms of Bs; (b) in terms of B

5.4.4 Comparison with Fe(ll)-EDTA Solution

Fe(I)-EDTA was known for its fast reaction rate with NO in the absence of oxygen; numerous
studies showed that the reaction between NO and Fe(11)-EDTA was first order with respect to NO and
Fe(I)-EDTA [30, 87-89]. The published values of this second order reaction rate constant slightly
vary from researcher to researcher and are summarized in Table 5-5. It can be seen that the second
order rate constant of NO absorption into Fe(Il)-EDTA has an order of 10° L-mol™-s™, whereas it is

known from Table 5-4 that the counterparts of ammoniacal cobalt(Il) complexes are in the order of
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10" L-mol™s™. This explains why Fe(ll)-EDTA absorbs NO faster than ammoniacal cobalt(l1)
solutions do [60]. However, a typical flue gas from power plant contains excess oxygen remaining
from intake combustion air, usually 2-6% by volume [52, 53] and the significantly negative effect
exerted by oxygen may make Fe(Il)-EDTA a less competitive NO absorbent. It was reported that 5%
oxygen in a flue gas would greatly deteriorate the NO removal capacity by as high as 83% [25] due to
the oxidation of Fe(I1)EDTA to Fe(III)EDTA; Fe(II)EDTA is inactive with NO. On the other hand,
the oxygen present in the flue gas favors the performance of NO absorption by using ammoniacal
cobalt(Il) complexes [32]. From this point of view, ammoniacal cobalt(ll) solutions are more suitable
for NO abatement.

Table 5-5: The 2" —order rate constant of NO absorption into Fe(I)-EDTA at 298.2 K

Researcher pH 2" reaction rate constant (L-mol *-s™)
Teramoto et al. [30] 46-8.0 1.70x10°
1.5-25 3.29%10’
Sada et al. [87] 7.0 1.23x10°
9.5-10 1.04x10°
Littlejohn and Chang [157] 5.1 6.00x10"
Weisweiler et al. [158] 7.0 9.40x10’
Chien et al. [88] 3.0-11.0 3.70x10’
Du et al. [89] 15-25 1.14x10°

5.5 Uncertainty Analysis

In this chapter, the two reaction rate constants k,> and k,° for parallel Reactions 5.2 and 5.3 were
determined by multiple linear regression model based on following linear equation, which is the

rewriting of Eq. 5.21.

Y = k3Bs + kEB, (5.24)

-2
(CNOi_ L )
Nyo Hkg

NO

where Y = . The experimental values of Y, Bs, and B are tabulated in Table 5-3. There

are six sets of (Bs, Be) data for linear regression at each temperature. It can be seen that the intercept

of Eq. 5.24 is zero; thus, only k,> and k,° are the parameters to be determined.

90




As the response Y is a measured experimental result given by Eq. 5.23. Its uncertainty is computed
using error propagation method elaborated in Chapter 4. In addition, the uncertainty for the multiple

linear regression model is also calculated.

5.5.1 Uncertainty in Y

According to Eq. 5.23, the propagation of uncertainties in cyoi, Nno, H, Kg and Dyo to Y is described

as
2 2
U, U u.. . cnoiU,
(_Y)Z = ( DNO)z +4 61‘\101 - +4 NOi 'NNO -
Y Dyo N (CNOL _ N 2(CN01 _
NONyo  Hkg NO *Nyo Hkg
2 2 (525)
ke™'U H™'U
+ 4 ¢ _“H +4 kg
Hz(CNOi _ 1 k Z(CNOi _1 )
Nyo  Hkg ¢ *Wyo Hkg

where U = certainty into the subscript quantity in the same units as corresponding quantity.

It was found in the calculation that the value of (%) was at least 25 times greater than that of
NO
CNOi

(L); therefore, Eq. 5.25 can be simplified by neglecting L from term (

1
- H_kG) and

UY 2 UDNO 2 UCNO' UN NNO/CNOi [ UH 2 Uk 2
— N2 — +4 N2 4 4 NO~N2 + 4 2 <_> + <_G) (5.26)
(G = (G007 + 4G22 4 a0 4 a2 | (S) o+ (3

The analysis of uncertainties in cyo; and H has already been done in Section 4.5.1. Here emphasis is
given to the estimation of uncertainties in Dyo, Nno and K.
The data reduction expression for Dyo is presented in Eq. 5.13, from which the uncertainty in Dyo

is described as

UDNOZ Up Um Ur Y Uy
——NOY2 — 0.25(=0)2 + 0.25(=—22)2 4 (—)2 + (—49)2 4 0.36(—24)2 (5.27)
(DNO) ) (MNO) S (HNO) (VM)

in which the uncertainties in molecular weight, NO viscosity, and V, can be assumed to be zero.
Then Eq. 5.27 becomes

Ubwoy> _ 02590y 4 (Ury2 5.28
(m) =0. (E) +(7) (5.28)

The uncertainty in empirical association factor is then assumed as % = 5% again. As discussed in

Section 4.5.1, Uy = 0.5 K.
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The measured NO absorption rate into ammoniacal cobalt(ll) solutions was calculated by Eq. 5.1;

thus, the propagation of uncertainties in quantities at the RHS of Eq. 5.1 to Nyo is given as follows.

2

UNNo 2 UQG 2 UPT 2 Ur 2 USA 2 Ur 2 < ) 2

—N92 = (=52 + (=52 + ()2 + (2?2 + (=) + | ————) (U,

o) =G TG+ GGG ) B (50
+ UZVoutZ)

UP _UR_ _ _ " - UP _UR_
where P—TT =—=0, and Uy, =Uy, =15ppmv . Rewriting Eq. 529 with P—TT =—=0
subistituted gives,

UNNo 2 UQG 2 USA 2 Ur 2 < )2 2 2
—N0Y2 = ()2 + (=22 + ()% + U, >+U (5.30)
(NNO ) (QG ) (SA ) (T) in — Yout ( Yin Yout )

In this kinetic study, the flow rate of simulated flue gas is the sum of flow rates of gases from NO

and N, cylinders.
Q¢ = Qno + Qn, (5.31)
where Qo = the flow rate of gas from NO cylinder, m3s?t:
Qne = the flow rate of gas from N, cylinder, m*s™.

Further propagation of uncertainty on the basis of Eq. 5.31 generates,

Ug” = Uqno™ + Uay,” (5.32)
According to specifications of mass flow controller, U, = 1.5% X 200 =3 mL-min~!, and
Ugyo = 1.5% x 5000 = 75 mL - min™". Thus, Uy, = Uy, , = 75 mL - min™".

As defined, the cross-sectional area of the double stirred tank reactor is calculated by

Sy =—d? (5.33)

T
4
where d is the diameter of the double stirred tank reactor. Thus, the uncertainty in S, doubles that in

diameter.
—A =22 (5.34)

The diameter of 99.72 mm is measured by a digital caliper with accuracy of + 0.04 mm; that is to

say, % = 0.04 %, and U% = 0.08 %.
A
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Then the uncertainty in kg is last parameter needed to solve % From Eq. 5.11 it can be seen that
ke, no-n2 1S @ function of Kg, so2-n2, Drno-nz @nd Dsoa.nz. The corresponding error propagation expression

for kg, no-n2 1S Shown in Eq. 5.35.

UkG,No—Nz

kG,NO - NZ

Uka,soz—Nz 4 UDNO-N2 4 UD,SOZ—NZ

)? (5.35)
k¢ .so, — N2 9 " Dyo-n, 9" Dso,-n,

( )2 =(

The value of kg so2n2 1S given by Sada et al. [28, 47, 87] by empirical correlation. The uncertainty is

Ukg,s0,~N2

not given; hence, the assumption of = 5% is taken again. Eq. 5.26 shows that the ultimate

kasoz N,

Ukg,s0,-

=Y is not sensitive to the value of —NO/CNOL)Z is

2 as the calculated value of coefficient (
G,S0,~

extremely small. So it is justifiable to make this assumption.

The gas diffusivity for binary gas system is theoretically predicted by Chapman-Enskog equation

. T e . Ubpno-—
as shown in Eq. 5.13. If all the uncertainties in quantities involved are assumed to be zero, & =
NO-N;

Up U . . . Uy . . - Upyo-
—5%27N2 — | 5 —. Likewise, the ultimate —* is insensitive to the value of —N9N2 due to the
D 50,-N, Y Dno-n,

NNO/CNOL)Z

extremely small calculated value of coefficient ( justifying the assumption.

Eventually, the uncertainty in Y can be obtained by Eq. 5.26. A sample calculation was done for
the trial conducted at T = 298.2 K, pH = 9.87 and [Co*]; = 0.025 mol-L™. The measured NO

concentrations at inlet and out were 717 and 640 ppmv, respectively, and W= 0.039.
G
Assuming all relative uncertainty in empirical coefficient equal to 5%, ( Y2 = 0.0104

Ug, . . . .
amd(%)2 = 0.0108, the results are summarized in detail in Table 5-6.
NOi
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Table 5-6: Results of uncertainty in Y at T = 298.2 K, pH = 9.87 and [C0*']; = 0.025 mol-L™

Uncertainty in Quantity Value

Uy 5.00 %
]

Ur 0.17 %
T

UDNO 251 %
DNO

Ueyou 10.39 %
CNoi

Uoe 2.63%
Q¢

h 0.08 %
Sa

Unyo 27.68 %
Nyo

Uy 10.20%
H

Uka,soz—Nz 5.00%
kG,SOZ N,

Upyo-n, 0.25%
DNO—NZ

UD,SOz—NZ 025%
D,soz—zv2

% 5.01%
kg

Uy 59.18%
Y

In addition to uncertainty in the response variable, Y, the uncertainty for the multiple linear
regression model and corresponding test for the significance of regression are of more interest to
engineers as the correlated regression equation can be used to estimate parameters and is of practical

significance.
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5.5.2 Uncertainty for Multiple Linear Regression

The standard error of estimate (SEE) represents a measure of the variation around the fitted line of
regression and it is described in Eq. 5.36 [159].

1/2
SEE = { L'6=1[Yi - (kgf& + kgBGl)]z} (536)

It is worthwhile to mention that the 4 in the denominator is given by (6-2), in which 2 subtracted from
6 arises because two degrees of freedom are lost from N observations when k> and k,® are determined
by least squares. According to Schenck [160], the uncertainty for the straight-line curve-fit can be
chosen as 2(SEE) for most cases as a +2(SEE) band around the regression line contains approximately
95% of the data points. The values of SSE are 7.05x10° and 1.22x10* st at 298.2 and 303.2 K,
respectively. Therefore, the uncertainties for this multiple linear regression are 1.41x10* and 2.44x10"
s at 298.2 and 303.2 K, respectively.

5.5.3 Hypothesis Tests

What is more important in the case of multiple linear regression analysis is the test for the
significance of regression by using the analysis of variance. This test is usually used to check if there
is a linear relationship between the response variable and the explanatory variable. The statements for
the hypotheses are [159]:

Ho: kS = kS =0
(5.37)
H,: At least one of k3 and kS # 0

Rejection of H, in Eq. 5.37 indicates that at least one of k,> and k° significantly contributes to the
regression model. The indicator F, for this test is described in Eq. 5.38. The hypothesis Hj is rejected
if Fo > Foos 2,4 = 6.94. The analysis of variance (ANOVA) for significance of regression can be given

by Microsoft Excel, and corresponding information is summarized in Table 5-7.

MSR

= 5.38
Fo MSE (5.38)

where
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_ f-1[(k3Bs; + k3Bg;) — Y]? (5.39)

MSR
2
MSE = i6=1[yi - (kgfsi + kgBéi)]z (5_40)

Table 5-7: Analysis of variance for significance of regression

(@) T=298.2K
Source of variation Degrees of freedom Sum of squares Mean squares | Fq
Regression 2 2.25E+11 1.12E+11
i 2256.69
Residual 4 1.99E+8 4.98E+07
Total 6 2.25E+11
(b) T=303.2K
Source of variation Degrees of freedom Sum of squares | Mean squares | Fq
Regression 2 2.15E+11 1.08E+11
721.98
Residual 4 5.96E+08 1.49E+08
Total 6 2.16E+11

Both values of F, at 298.2 and 303 K are excessively greater than Fogs » 4 = 6.94; therefore, the
hypothesis Hy is rejected for both temperatures. And it is concluded that at least one coefficient out of

k,” and k.° is significant.

Furthermore, t-test can be individually conducted to check the significance of k,° or k;° in the

multiple linear regression model with following hypotheses:

HO: k25 = 0
(5.41)
Hi:k3 #0
and
Hy: kS =0
(5.42)
Hi:kS #0
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This process can also be completed by MS Excel and the test results are tabulated in Table 5-8. In a
typical engineering practice, the t-test is performed at a significance of 0.05. The p-value can then be
used to rejected hypothesis Hy if p value is less than the significance, 0.05. It can be seen from Table
5-8 that both p values are greatly less than 0.05. Therefore, null hypotheses in Egs. 5.41 and 5.42 at

both temperatures are rejected, and it is concluded that both k,° and k.® are significant.

Table 5-8: Regression results for kinetic study at different temperatures

T Item Coefficient | Standard Error t Stat P-value | Lower 95% | Upper 95%

Intercept 0 N/A N/A N/A N/A N/A
2982K |k’ 6.43E+06 1.65E+05 | 3.89E+01 | 2.60E-06 5.98E+06 6.89E+06
k,° 1.00E+07 4.04E+05 | 2.48E+01 | 1.57E-05 8.90E+06 1.11E+07

Intercept 0 N/A N/A N/A N/A N/A
2982K |k’ 7.57E+06 3.58E+05 | 2.11E+01 | 2.98E-05 6.57E+06 8.56E+06
k,° 1.12E+07 5.50E+05 | 2.03E+01 | 3.48E-05 9.64E+06 1.27E+07

5.6 Summary

The reaction rate constants of Reactions 5.2 and 5.3 were determined with the use of the enhancement
factor of NO absorption in a double-stirred reactor. Both reactions were first order with respect to NO
and first order with respect to liquid absorbent. The forward reaction rate constants of Reactions 5.2
and 5.3 were 6.43x10° and 1.00x10" L-mol™s™, respectively at 298.2 K, and increased to 7.57>10°
and 1.12x10" L-mol™s™, respectively at 303.2 K. The corresponding uncertainty analyses were also

conducted.

The NO absorption into ammoniacal cobalt(ll) under anaerobic condition now could be well
understood by measured equilibrium constants and reaction rate constants. However, the presence of
oxygen in flue gas is inevitable. Thus, it is of practical significance to investigate the effect of oxygen
on NO reduction. Meanwhile, the regeneration of used absorbent will greatly boost absorbent’s
competition strength; therefore, effort is also made to conduct regeneration of absorbent. The next

chapter is focused on this topic.
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Chapter 6
Regeneration of Absorbent and Effect of Oxygen on NO Reduction

6.1 Introduction

After acquiring the knowledge of equilibrium and kinetics of NO absorption into ammoniacal
cobalt(Il) solutions, it is of importance to investigate the regeneration of the absorbents. Furthermore,
the presence of oxygen in flue gas is inevitable; the effect of oxygen on NO absorption is then of
concern in this study. Last but not least, the impact exerted by absorbent concentration was briefly

examined in introduced in this chapter.

6.2 Experimental

Figure 6-1 shows the experimental setup for the observations of absorbent regeneration and the
effects of oxygen in flue gas stream and absorbent concentration on NO absorption. It can be found
by comparison with Figure 4-4 that the reactor used herein was the same as that in equilibrium study.
Roughly the section behind mixer is the same as described in Section 4.2; therefore, only the flue gas

simulation part is elaborated as follows.

The operation was performed continuously with respect to the gas phase and batch-wise with
respect to the liquid phase. All gases were from Praxair Inc. The compressed air cylinder was of grade
zero for ozone generation. The nitrogen cylinder was of grade 4.8 and nitric oxide cylinder had
content of 2.54% balanced in nitrogen. The pure oxygen for this study was also of grade 4.8. Deliver
pressure of each cylinder was relieved by a regulator before entering the process line. A certain gas
mixture was synthesized by regulating flow rates of different gases using gas mass flow controllers
from Cole-Parmer. The nitrogen mass controller (Model S-32648-16) was made of aluminum
whereas mass flowmeters for corrosive nitric oxide (Model S-32648-58) and active oxygen (Model S-
32649-60) had 316 stainless steel bodies. They had an accuracy of #1.5% full-scale. Ranges of flow
meters for NO, O, and N, were 200 mL-min™, 500 mL-min™ and 5 L-min™, respectively. Each flow
controller was regulated by a bellows-sealed metering valve (Model SS-4BMG) purchased from
Swagelok Inc. A 316 stainless steel in-line pipe mixer (Model RK-04669-05) bought from Koflo Inc.
was installed to achieve a completely mixed output of the simulated flue gas. The simulated flue gas
streams with NO concentrations ranged from 900 to 1060 ppmv were fed at flow rate of
approximately 3.00 L-min™. The oxygen concentration in flue gas varied from 2.1 % to 8.7 % to

observe the expected positive effect.
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Figure 6-1: Laboratory setup for regeneration and effects of oxygen and absorbent concentration
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Due to the presence of oxygen, the oxidation of NO into NO, by oxygen in the gas phase is of
interest. Furthermore, the change in readings between with and without two bubble columns of 400
mL deionized water was also important to interpret experimental results. Thus, flue gas streams with
calculated NO concentrations between 195 and 1110 ppmv and oxygen from 2.0 to 8.1 % were
validated by CAI 650 NOXYGEN gas analyzer.

As mentioned in Section 2.8, potassium iodide (KI), sodium persulphate (Na,SsOg) and activated
carbon (AC) had been tested as potential regeneration additives. Thus, they were chosen to be
investigated in current study. Firstly, the regeneration performances of Kl and Na,SsOg were tested,
respectively. Then the effect of AC on absorbent regeneration was examined by the combinations (Kl
+ AC) and (Na,SsOg + AC).

6.3 Results and Discussion

6.3.1 Validation of Gas Readings

Simulated flue gases with calculated NO concentrations from 195 to 1110 ppmv were checked at
2.0%, 5.0% and 8.0 oxygen, respectively. Firstly, they entered CAl 650 NOXYGEN gas analyzer
through by-pass route after Koflo mixer. Later on, they were directed into the columns in series
before flowing into gas analyzer.

Tables 6-1 to 4 show the comparison between calculated and measured oxygen and NO
concentrations at different oxygen contents and cases. Specifically, Figures 6-2 and 3 illustrate the
NO readings at different oxygen for by-pass route and bubble column scenario. When the readings
are taken without bubble columns (by-pass route), although the agreement is not as excellent as that
given by absence of oxygen in Table 5-2, which is reproduced in Table 6-1, all the deviations are
within -5%. As the difference increased with oxygen concentration, this divergence might be caused
by the conversion of NO into NO, by oxygen since the conversion rate increases with oxygen
concentration. Data collected with two bubble columns resulted in greater deviations in comparison
with by-pass route. It means the bubble columns of 400 mL deionized water slightly affected the
readings. But this effect was negligible at small oxygen concentrations, especially with the absence of
oxygen, in which case the deviation was covered by repeatability. The measured oxygen
concentration was mostly somewhat higher than the corresponding calculated value. Fortunately,

results in this chapter are only presented qualitatively within the conditions tested herein.
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Table 6-1: Readings of gas analyzer in absence of oxygen

Flow rates Calculated NO Measured NO concentration (ppmv)
Number NO N, concentration Without columns With columns
(mL-min™") | (L-min™) (ppmv) or By-pass *
1 23 2.86 203 201 205
2 35 2.85 308 307 304
3 47 2.85 412 411 408
4 58 2.84 508 505 504
5 69 2.83 605 605 597
6 82 2.82 718 717 709
7 94 2.83 817 815 808
8 105 2.83 909 906 895
9 117 2.84 1005 997 991
10 132 2.83 1132 1121 1117
* Please refer to Table 5-2
Table 6-2: Readings of gas analyzer with approximately 2% oxygen
Measured Measured
Calculated - .
Flow rate - concentration concentration
concentration . )
Number with by-pass with columns
NO N, 0, NO 0, NO 0, NO 0,
(ML'min™) | (L'min?) | (mML-min™) | (ppmv) | (%) | (ppmv) | (%) | (ppmv) | (%)
1 23 291 58 195 2.0 196 2.1 196 2.2
2 36 2.90 58 305 2.0 305 2.1 301 2.2
3 48 2.89 58 407 2.0 407 2.1 400 2.2
4 60 2.88 58 508 2.0 504 2.1 497 2.2
5 72 2.87 58 609 2.0 606 2.1 600 2.2
6 83 2.86 58 702 2.0 696 2.1 685 2.2
7 94 2.85 58 795 2.0 787 2.1 172 2.2
8 105 2.83 58 891 2.0 875 2.1 870 2.2
9 117 2.82 58 992 2.0 977 2.1 962 2.2
10 129 2.81 58 1093 2.0 1078 2.1 1058 2.2
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Table 6-3: Readings of gas analyzer with approximately 5% oxygen

Measured Measured
Calculated - -
Flow rate concentration concentration concentration
Number with by-pass with columns
NO N, 0, NO 0, NO 0, NO 0,
(ML-min®) | (Lmin?) | (mL-min®) | (ppmv) | (%) | (ppmv) | (%) | (ppmv) | (%)
1 23 2.82 149 195 5.0 188 5.2 186 5.4
2 35 2.81 149 297 5.0 294 5.3 286 5.3
3 47 2.80 149 398 5.0 393 5.3 383 5.3
4 59 2.79 149 500 5.0 491 5.4 479 5.4
5 71 2.78 149 601 5.0 593 5.4 577 5.4
6 83 2.77 149 702 5.0 692 5.4 670 5.4
7 95 2.75 149 806 5.0 789 5.4 765 5.4
8 107 2.74 149 907 5.0 888 5.4 858 5.4
9 119 2.73 149 1008 5.0 981 5.3 952 5.4
10 131 2.72 149 1109 5.0 1078 5.3 1040 5.3
Table 6-4: Readings of gas analyzer with approximately 8% oxygen
Measured Measured
Calculated ; .
Flow rate concentration concentration concentration
Number with by-pass with columns
NO N, 0, NO 0, NO 0, NO 0,
(MLmin™) | (L'min™) | (mL-min™) | (ppmv) | (%) | (ppmv) | (%) | (ppmv) | (%)
1 24 2.73 242 203 8.1 196 8.6 193 8.7
2 36 2.72 242 305 8.1 299 8.6 291 8.7
3 48 2.71 242 406 8.1 398 8.6 384 8.7
4 60 2.70 242 507 8.1 498 8.7 477 8.7
5 72 2.69 242 609 8.1 591 8.7 570 8.7
6 84 2.67 242 712 8.1 688 8.7 660 8.7
7 96 2.66 242 813 8.1 787 8.7 749 8.7
8 108 2.65 242 914 8.1 884 8.8 836 8.7
9 120 2.64 242 1015 8.1 977 8.8 920 8.7
10 132 2.63 242 1116 8.1 1075 8.8 1005 8.7
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Figure 6-2: Parity plot of NO concentration at different oxygen concentrations through by-pass
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Figure 6-3: Parity plot of NO concentration at different O, concentrations with two columns

6.3.2 Regeneration by using Various Additives

Figure 6-4 depicts the regeneration of Na,SsOg at room temperature and KI at both room temperature

and 325.2 K. The NO concentration was maintained at around 930 — 960 ppmv and oxygen 5.2% or

so0. It can be seen that Na,SsOg failed to function as a regeneration reagent; instead, it greatly reduced
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O absorption efficiency. This was most likely due to the precipitation observed during the

nt. Considering the poor performance of Na,SsOg, no further testing was conducted at 3282

As for K, it di

conditions with and

not contribute to absorbent regeneration either. In fact, the perform
ithout KI were almost the same at room temperature, and
curves almost collapsed ongeach other. The divergence at the very beginning i
to instrument error. The CAY 650 NOXYGEN gas analyzer had a r.
repeatability of around 0.5% of fulkscale. Thus, the minor deviations

at the higher temperature 325.2 K, the_addition of KI impaire

Na,S50g alone did not work as an effective

corresponding
robably attributable
ge of 3000 ppmv and

uld be covered. Even worse,

e absorption. All in all, KI or

I the tests within this study.

—— Without KI at room temp.
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Figure 6-4: Regeneration performances of diffgrent additives at various temperatures

Further experimentations aiming at testing the combination 0RAC and Na,SsOg or AC and Kl were

Time (s)

also performed. For the combination of AC and Na,Ss0g, 1.02 g AS and 0.1780 g Na,Ss0g were fed

into the aqueous solution with 0.0075 mol-L™ cobaltous ions and pH vale of 9.8 after the absorption

It indicates that the combination of AC and Na,SsOjs failed to regenerate absorbents eithen
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Figure 6-5: Regeneration test results by using combination of AC and Na,SsOs

Similar test was also conducted to check the effectiveness of combination of AC and KI on
absorbent regeneration. In this test, 8 g of AC was added into an absorbent system containing 0.010
mol-L™* cobalt(ll) nitrate and 0.0025 mol-L™ K1 at pH = 9.35 till the equilibrium of NO absorption.
Figure 6-6 shows the NO absorption with the use of combined AC and KI. Unfortunately, the
concentration after addition remained almost unchanged from the equilibrium one, indicating that this

combination did not contribute to regeneration immediately.
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Figure 6-6: Regeneration by using combination of AC and Kl

6.3.3 Effect of Oxygen on NO Removal Efficiency

Figure 6-7 shows the positive effect of oxygen on NO absorption using ammoniacal cobalt(ll) ions.
In order to compare the performance between each other, the flue gas flow rate remained at 3 L-min™
and the pH value of the aqueous absorbent system maintained approximately 9.20. The inlet NO
concentration varied between 900 and 1060 ppmv due to the adjustment of oxygen. Thus, it is more
meaningful to compare NO reduction performances at different oxygen concentration in terms of

absorption efficiency.

It can be seen that oxygen was helpful to NO absorption using ammoniacal cobaltous complexes as
absorbents. 5% of oxygen could enhance the NO absorption at least 10 times than that without
oxygen. As described in Section 3.2.1, penta- and hexa-amminecobalt(ll) ions can react with oxygen
to produce a diamagnetic salt of a binuclear cobalt complex ion, [(NH3)sCo-O-0-Co(NH,)s]**, which
has a strong oxidizability that is very similar to that of hydrogen peroxide (H,O,). Thus, this
diamagnetic complex reacts with the nitrosyl product [(NH3z)sCo-(NO),-Co(NH3)s]** to form a nitro
complex, which might finally be transformed into soluble nitrate and nitrite [32].

The absorption of nitric oxide at an oxygen level of 2.1 % or higher seemed not different from that

at 5% oxygen. It is likely because oxygen was excessively more than nitric oxide. NO was in the
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order of 1000 ppmv, at least one order less than the oxygen concentration. According to
stoichiometry, the ratio of NO to oxygen is 1:1; even 2% oxygen is 20 times greater than 1000 ppmv
NO.

Furthermore, calculated amount of NO absorbed according to the integration of curve in Figure
6-7 was nearly 0.003 mol, which responded to the summation of penta- and hexa-amminecobatl(l1) at
pH = 9.20 with original 0.01 mol-L™ cobalt(ll) in 400 mL aqueous solution. It indicates that with the
amount of oxygen the reaction might be irreversible due to the reaction between nitrosyl product,
[(NH3)sCo-(NO),-Co(NH3)s]*, and the binuclear cobalt complex ion, [(NH3)sCo-O-O-Co(NH,)s]*" at
room temperature. In this case, there was nothing to do with regeneration. Probably that is why all the
attempts to regenerations failed. In the future, regeneration can be tried again without oxygen.
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0% - = = Without oxygen
0, p—
9 80% -« With 2.1% oxygen
§ 70% With 5.6% oxygen |
S 60% B . -
2 Sy e With 8.7% oxygen
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Figure 6-7: Effect of oxygen on NO absorption into ammoniacal cobalt(Il) solutions

6.3.4 Effect of Absorbent Concentration on NO Removal Efficiency

Besides the effect of oxygen, the impact exerted by absorbent concentration is also investigated with
the presence of approximately 5.5% oxygen. Figure 6-8 shows the performance at different liquid
concentrations. It can be seen that higher concentration gives better performance. And it responds

again to the ammonia — cobalt(Il) analysis. High pH value is in favor of the formation of cobalt
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complexes with large coordination number, which are the effective reactants to NO absorption.
When at the same pH value, as expected, the absorbent with concentration of 0.0075 mol-L™ performs
slightly inferior to 0.010 mol-L™ system. And it is understandable that the best performance is given

by the 0.050 mol-L™ aqueous solvent.

100%
90% - = = Co =0.0075 mol/L, pH =9.38
» Co = 0.01 mol/L, pH = 9.35
T —— — - =Co =0.05 mol/L, pH = 9.07

\ Semn crremees Co = 0.01 mol/L, pH=10.42
—

NO removal efficiency (%)

Figure 6-8: Effect of solvent concentration on NO

6.4 A Simple Economic Analysis

capital cost between ammoniacal coalbt(ll) solutions and its major competitor, Fe(I)-EDTA. As wet
scrubber is expected to be employed for both absorbents, the comparison of operating costs of these

two absorbents is the main subject of this economic analysis.

In this study, the ammoniacal cobalt(ll) complexes were prepared by reaction between cobalt(Il)
nitrate hexahydrate (Co(NOs),-6H,0) and aqueous solution (NHz-H,O). For the simplicity of
comparison, it is assumed that adequate ammonia is added to make sure the product in the ammonia-
cobalt(Il) system is primarily hexa-amminecobalt(Il) nitrate. And the overall reaction of the step

reversible reactions summarized in the Table 2-2 as shown in Reaction. 6.1 are used for analysis.
Co(NO3), + 6NH; = Co(NH;3)s(NOs), (6.1)

Fe(IN-EDTA is usually produced by the reaction between ferrous sulfate heptahydrate
(FeSO,4-7H,0) and ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA-Na,-2H,0).
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FeSO, + EDTA — Na, = Fe(II) — EDTA + Na,S0, (6.2)

Assume that absorbent can be fully used to react with NO either by regeneration or with the presence
of oxygen. According to stoichiometry in Reactions 2.9 and 4.2, 1 kmol of Co(NH3)¢(NO3), or 1
kmol of Fe(II) — EDTA is needed to react with 1 kmol of NO. Reactions 6.1 and 6.2 also show that
for absorption of 1 kmol of NO, 1 kmol of Co(NO3),-6H,0 and 6 kmol of NH; are required when
using ammoniacal cobalt(I1) solutions; 1 kmol of FeSO,4-7H,0 and 1 kmol of EDTA-Na,-2H,0 are
necessitated when using Fe(I1)-EDTA. A sample price list of the chemicals is summarized in Table
6-5.

Table 6-5: Chemical expenses for the absorption of 1 kmol NO (absence of oxygen)

) Mass | Price | Expense . )
Absorbent Chemical N Manufacturer and Online Link
® (3t | (US$)
Tianjin Ruifengtiantai International Trade Co.,
Ltd.
FeSO, 0.278 | 100 | 27.8 _
7H,0 (http://rftt.en.alibaba.com/product/685724579-
0/Ferrous_sulfate.html)
Fe(I)-EDTA : :
SJZ Chenghui Chemical Co., Ltd.
(http://www.alibaba.com/product-
EDTA-Na, | 0.372 | 3000 | 1116.0
-2H,0 gs/690656652/sale_product EDTA 2NA_ED
TA_disodium.html)
Tianjin Ruifengtiantai International Trade Co.,
Ltd.
Co(NOs), | 0.291 | 550 | 160.1 _
‘6H,0 (http://www.alibaba.com/product-
Co(NH3)s(NO3), gs/694390334/cobalt_nitrate.html)
Adinath Chemicals
NH;-H,O .
(30%) 0.210 | 400 280.0 (http://www.alibaba.com/product-
0
free/134926069/Aqueous Ammonia.html)

It can be seen that for the absorption of 1 kmol of NO without presence of oxygen, the total
chemical expenses of Fe(I1)-EDTA and Co(NHs)s(NOs), are US$1143.8 and US$440.1, respectively.
The chemical expense of Fe(ll)-EDTA is 2.6 times greater than that of Co(NH;)s(NOs),. However,
the complete use of Fe(I1)-EDTA is achieved by an extra regeneration reagent, while the presence of
5% oxygen can make the absorption reaction NO and ammoniacal cobalt(ll) solutions irreversible and
lead to full consumption of absorbent. The addition of regeneration agent further increases the

operational cost of a system using Fe(l)-EDTA.
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http://www.alibaba.com/product-free/134926069/Aqueous_Ammonia.html
http://www.alibaba.com/product-free/134926069/Aqueous_Ammonia.html

6.5 Summary

The presence of oxygen significantly enhanced the efficiency of NO absorption using ammoniacal
cobalt(Il) solutions. Calculated NO amount of absorbed into the aqueous solution showed that with
the oxygen the absorption reaction could be considered as irreversible. This was probably the reason
for the failure of regeneration of various reagents. A rough economic analysis showed that
Co(NHs5)s(NO3), cost less than Fe(I1)-EDTA as a NO absorbent.

So far, the thesis work had been primarily focused on the fundamental study; it requires some
attention placed onto the design and scale-up of industrial absorbers. As volumetric liquid-phase mass
transfer coefficient, k a, is a paramount parameter for gas-liquid contactors, the evaluation of k.a

values in different absorbers was conducted and reported in the next Chapter.
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Chapter 7

Mass Transfer in Industrial Gas-Liquid Contactors

7.1 Introduction

Before commercialization of the NO scrubbing technology introduced above, it is necessary to
continue with the study of NO absorption in pilot-scale reactors. According to Astarita [85], the
absorption rate of a gas-liquid reaction in a reactor is a function of volumetric liquid-phase mass
transfer coefficient (k_a), gas solubility and reaction rate constant, etc. The reaction rate constant is
invariable for a given absorbent. It means that the NO absorption performance is then greatly

dependent upon the k a value of the absorber, and a reactor with a high k a value is desired.

As bubble column (BC) [93, 94], conventional stirred tank reactor (CSTR) [95-97] and gas-
inducing agitated tank (GIAT) [98, 99] are well accepted as industrial absorbers, this chapter
primarily focuses on the determination and comparison of k a values of these three types of gas-liquid
contactors. Extensive studies have been conducted to understand mass transfer coefficients in all
these reactors; however, the results differed from researcher to researcher, making it necessary to
select optimum correlations for k a evaluation before performing NO absorption.

In this study, it is favorable to conveniently switch between different reactor types in order to
compare their performances in a laboratory setting. The main body of the current gas-liquid contactor
was a GIAT equipped with a 4-bladed straight turbine impeller. A porous median bubble generator
was then added upstream of the main body to modify it from a GIAT to a BC or a CSTR. In
conclusion, the unit worked as a GIAT without gas injection from the bubble generator. When inert
gas was fed into the system, the unit either acted as a CSTR with agitation or functions as a BC
without agitation. The entire system will be introduced in detail shortly in the experimental section. It
is noteworthy that the main body was a square tank. Nevertheless, Akita and Yoshida [113] stated
that in terms of mass transfer characteristic a square bubble column offered the same performance as
a cylindrical one with an inner diameter that was equal to the side length of the square column.
Similar findings have also been reported for CSTRs. Leentvaar and Ywema [114], Kresta et al. [115]
and Yu and Tan [111] proved that satisfactory results regarding mixing performance would be given
if taking the side length of a square tank as the “diameter”. Thus, the shape effect on mass transfer

coefficient was not considered in this study.

The removal or desorption of oxygen from water by using nitrogen bubbles was tested both

continuously and semi-batch-wise to examine the applicability of proposed k a correlations in
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literature. They were applied in the mathematical modelling of degassing performance of different

reactors and validated by experimental data.

7.2 Experimental

Figure 7-1 shows the laboratorial liquid degassing system, which could be switched between reactor
types. This unit primarily comprised water and nitrogen supplies, a bubble generator and an acrylic
GIAT degasser, two sampling points, vacuum system and meters and gauges. It could be operated
continuously or batch-wise with respect to both phases at atmospheric pressure and room

temperature. The picture of the main components of the degassing system is shown in Figure 7-2.

VFD
Vacuum gauge (§ ) ____ Motor
Sweepgas (ee——=— | H Tl
Nitrogen
Flow meter
Pressure gauge ® Outlet valve
| @S :>
Flow meter Bubble generator Water outlet
Inlet valve
Water inlet Outlet sample
]
Pump
Filter
Inlet sample

Figure 7-1: Experimental setup of the gas-liquid contactor system
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Figure 7-2: Picture of the main fraction of degassing system

When the unit was operated in a continuous mode, water was first filtered to eliminate impurities
before entering a water pump, which could be used when the tap water pressure was not high enough
to reach the desired flow rate. The volumetric flow rate of water was set constant at 0.126 L/s by a
vertical Cole-Parmer flow meter, followed by an Ashcroft pressure gauge. Nitrogen (99.5% from
Praxair) bubbles were generated by a porous bubble generator (Model 7610-1/2-06-2-AB, Mott
corporation). Purge nitrogen flow rate was regulated between 0 and 7.87 < 10 m?/s by a gas flow
meter from Cole-Parmer. Downstream the bubble generator, the aerated liquid traveled along a
0.4191m long PVC pipe of 25.4 mm inner diameter (ID) before it enters into an acrylic tank with
dimensions of 457.2 mm % 406.4mm > 406.4mm (height > length > width) through an inlet at the
bottom. The inside water level was maintained at 304.8 mm by a weir pipe of 50.8mm ID, and then
152.4mm was left as headspace. A DC motor equipped with a 4- bladed straight turbine impeller was
centrally mounted on the top. This impeller had both diameter and vertical width of 101.6 mm. It was
enclosed in a shrouded draft tube or stator perforated with 1.6mm or 9.5mm diameter holes and was

submerged below liquid surface at 241.3mm. Agitation speed ranged from 0 to 16.7 Hz was adjusted
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by a variable frequency drive (VFD). Therefore, the degasser acted as a GIAT without nitrogen
injection. When nitrogen was fed into the system, the degasser either worked as a BC without
mechanically agitation or functioned as a CSTR with stirring.

As a GIAT degasser, a shroud was used to allow for better induction of gas as it prevented froth
accumulation on the free liquid surface. Due to the low pressure field created by impeller rotation,
nitrogen entered the reactor from a gas inlet pipe on the top of the shroud. Meanwhile, gas-liquid
interface was sheared by impeller blade when the forced vortex, which is also generated by impeller
rotation, was sufficiently near the impeller, entrapping nitrogen bubbles and enabling the mixing of
gas and liquid to occur. In a BC degasser, nitrogen gas was injected through the porous media bubble
generator and present in the form of small bubbles, thereby giving a higher k_a value. It is noteworthy
that there were two gas supplies to the CSTR degasser. One was the purge nitrogen injected through
bubble generator; another was the nitrogen induced by impeller rotation.

With the nitrogen bubbles in the tank, dissolved oxygen diffused into the bubbles which float to the
liquid surface and was released to headspace after burst of nitrogen bubbles and subsequently
vacuumed out of the system through gas outlet. At the same time, degassed water continuously exited
the tank from water outlet at the bottom. The concentrations of dissolved oxygen (DO) in water at
both the inlet and outlet were analyzed by a Hach DO meter (Model WU-53013-10 from Cole-
Parmer) with accuracy of #1%. Three replicates were performed under a set condition to minimize

experimental error. Then the experimental degassing efficiency was calculated as:

Crin — C
n =0t 100% (7.1)

CLin
where cj, = the dissolved oxygen in water at inlet, ppmm;
Crout = the dissolved oxygen in water at outlet, ppmm;

n = the efficiency of removal of dissolved oxygen from water, %.

Only CSTR system was operated in a batch-wise mode in order to determine the maximum oxygen
removal efficiency as experimental results showed CSTR unit gave highest degassing efficiency. Shut
off both inlet and outlet liquid valves after filling the agitated tank with filtered water. The purge
nitrogen flow rate ranged from 3.93 <10 to 5.90x10™ m®s and agitation speed between 10.3 and
16.65 Hz. The water inside the tank was sampled and analyzed every minute initially and every 3-5
minutes later on over a 20-minute period. Corresponding degassing efficiency at different time was

then calculated by using Eq. 7.1.
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7.3 Mathematical Modeling

7.3.1 Continuous Bubble Degasser

Figure 7-3 is a simplified schematic diagram for the water de-oxygen unit. For simplification, the
17.78 cm long vertical pipe was treated as a horizontal one. Thus, the whole system was divided into
a porous media bubble generator, a 41.91cm long horizontal pipeline with ID of 2.54cm and an

acrylic GIAT mentioned previously.

O

AR

Tap water
= NE ¥ ?‘E o

——

Water Drain

Figure 7-3: Schematic diagram for the continuous gas-liquid contactor

7.3.1.1 Degassing in a horizontal pipe

According to Mandhane et al [116], it is a stratified flow on the investigated superficial gas and liquid
velocity ranges performed in current study. The ideal horizontal two-phase stratified flow is
illustrated in Figure 7-4. Meanwhile, operational conditions such as superficial liquid and gas
velocities and pipe diameter chosen for this degassing system fall into the applicable ranges used by

Jepsen [122]; therefore, Eq. 2.38 is applicable to evaluate the horizontal pipe volumetric mass transfer
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coefficient. The frictional energy dissipation, €, of two-phase flow (TPF) in a horizontal pipe is

expressed as

€= (Z_Z)TPF (usy, + use) (7.2)

where dp/dz = pressure drop per unit length of pipeline, Pa-m™;
ug. = superficial liquid velocity, m s™;

Uy = superficial gas velocity, ms™.

Figure 7-4: Ideal horizontal gas-liquid stratified flow

Based on Figure 7-4, imposing a force balance onto the liquid phase gives

d
CDyrer = (CwnS, =TSO/ A, 73)
in which

T 2

AL = Z (1 - SGp)dp (7.4)
dp
=P 7.5
S.=~0 (7.5)
6

Si = dysin(3) (7.6)

where AL = liquid-phase cross-sectional area, m?;
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dp = horizontal pipe diameter, m;

Si = interfacial perimeter, m;

S, = liquid-phase perimeter, m;

€cp = gas holdup in the pipe, -;

O = subtended angle, rad;

T; = interfacial shear stress, Pa;

twL = liquid-phase wall shear stress, Pa.

Gas holdup can be reliably estimated by Eq. 7.7 as below [118],

gep = 0.83[Q6/(Q¢ + Q1)] (7.7)
where Qg = volumetric gas flow rate, me-st:
Q. = volumetric liquid flow rate, mi-st:
Then subtended angle, 6, shown in Figure 7-4 is then calculated by solving Eq. 7.8 using Newton’s
method.
0 —sind —2n(1—¢;) =0 (7.8)

Following the method suggested by Taital and Dukler [161], the shear stresses can be estimated as

follows:
2
Ty, = fL lezlAL (79)
_ 2

n=f, M (7.10)
in which

Upg = Usg /&6 (7.11)

Uy, = U /(1 = &) (7.12)

where f; = interfacial friction factor, -;
fL = liquid friction factor, -;

Uac = actual gas velocity, ms™;
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uaL = actual liquid velocity, m st
pg = gas density, kg'm™;
p. = liquid density, kg:m™.

According to Spedding and Hand [162],

fi = 0.0262[(1 — ;)Reg, | 70137 (7.13)
fSG = 16/R€5G (714)
2= 1.76(25) + k, (7.15)
fse 6
where Re = Reynolds number, -.
k; = 2.7847 10g,0(—=X—) + 7.8035 7.16
i . glO uSL + 6 . ( . )

It is worthwhile to recall that a stratified flow can be obtained on the observed superficial gas and
liquid velocity ranges under study based on flow map given by Mandhane et al. [116]. Assuming a
plug flow was in the horizontal pipe and applying mass balance to the liquid phase in a differential

element as shown in Figure 7-5 provides

deyy nd;
Qu— = ~kuay—=(c1p = ¢5) (7.17)

where k a, = volumetric liquid-phase mass transfer coefficient in horizontal pipe, s™;
Cip = concentration of dissolved gas in liquid in the pipe, mol-L™;
¢, = saturated or interfacial concentration of dissolved gas in liquid in the pipe, mol-L™;
z = axial distance, m.

The interfacial concentration cs in all cases can be evaluated by using Henry’s Law and Ideal Gas

Law,

ceRT
¢ =g

(7.18)

where cg = concentration of target gas in the gas phase, mol-L™;
H = Henry’s Law constant, L-atm'mol™;
R = gas constant, = 0.08205 L-atm-K™*mol™;
T = temperature, K.
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Figure 7-5: A differential element of the horizontal pipe

At steady state, mass conservation also gives
QGdCGp = _QLdCLp (719)
Integrating Eq. 7.19 for cgp=Cgin, When € p=Cyin,

Q
Cep = Q—Z(Cun - CLp) + Cein (7.20)

Because nitrogen gas cylinder used in present study was industrial purity 99.5% from Paraxair, it
contained some contaminants which were mainly oxygen and rare argon. Assume the impurity was
only oxygen and ideal gas law applies,

Po,in = 0.5%(P, + pgh) (7.21)
where g = gravitational acceleration, m's”;
h = liquid height, m;
P = atmospheric pressure, Pa;

Py, in = OXygen partial pressure at inlet, Pa.

Then,

Cgin = Po,in/RT (7.22)

Substituting Eqg.s 7.18 and 7.20 into 7.17 gives,

nd?

dey, ka3~ RTQ,\ RT Q, (7.23)
PP 0, [cL <1 + 0cH ) - F(Q_G Crin t Cgin)]

Further integration of Eq. 7.23 for ¢c,=cC;, at z=0 provides
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RT
W (8_2 CLin + CGin)

CLin H Cgin _milz’#( RTQQL)Z
cp(2) = e 40 HQG /™ + 7.24
Lp( ) 1+ RTQL 14 RTQL ( )
HQ¢ HQg

Thus, in current study, the DO concentration of water at z=0.4191m is the inlet DO concentration of

subsequent stirring tank, Cytin.

Citin = CLp (0.4191) (725)

7.3.1.2 Degassing in the Stirring Vessel

When there was no purge nitrogen injected into the system, the degasser functioned as a GIAT. As
mentioned above, nitrogen gas could not be induced into the vessel until the impeller speed reached
critical speed, Ncr; that is to say, no evident degassing effectiveness was found before N,. According
to Egs. 2.31 and 2.37, it is known that N, is often greater than N.. Thus, it is reasonable to consider
the gas and liquid phases to be perfect mixed when the degasser works at speeds above Ng.

If extra nitrogen gas is fed into the system, the degasser is then a CSTR instead of a GIAT as
generally the purge nitrogen ahead of tank is dominant, whose gas flow rate is much greater than the
gas induction rate. As mentioned above, it is advisable to operate a CSTR at agitation speed above
Nq to fully utilize the reactor. Therefore, it is reasonable to assume a perfect mixing in a CSTR in
practice.

It is justifiable to deem the gas-liquid contact in the stirring vessel as a perfect mixing regardless of

nitrogen injection. At the steady state, mass balance of the tank gives

c _ Queprin + kparVicsr
Lout Qp +kparV,

(7.26)

where ¢ oy = dissolved gas concentration at outlet, mol-L™;
CLtin = dissolved gas concentration at the inlet, mol-LY;
cer = interfacial gas concentration in the reactor, mol-L™%;
k at = volumetric liquid-phase mass transfer coefficient of reactor, st
Q. = volumetric liquid flow rate, m®s™;
V. = liquid volume, m®.

For simplicity assume that the interfacial concentration ccr remains constant and it is equal to
€5(0.4191), which can be calculated from Eqgs. 7.18, 7.20 — 7.22 and 7.24. The value of k at is
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determined in terms of reactor type. k ag, calculated by Eqgs. 2.35 — 2.38, is used for GIAT type when
no nitrogen gas is added. Caution is needed for the prediction of k ar for a CSTR in which purge
nitrogen is injected through bubble generator because two nitrogen sources contribute to the
superficial gas velocity. Not only is the nitrogen injected into the reactor, it is also induced into the
system by impeller rotation. The superficial gas velocity then can be attained by

QG + QI
U. =
G d%

(7.27)

where dy = stirring tank diameter, m;
Qg = volumetric gas flow rate, m*s™;
Q, = gas induction rate, m*s™;
U = superficial gas velocity, m s™.

Thus for a CSTR, k ac given by Egs. 2.31, 2.34, 2.36 and 2.37, is substituted into Eq. 7.26. The
overall degassing efficiency of the continuous degasser is expressed as
_ Crin — CLout

Neon = ———— x 100 (7.28)

CLin

7.3.1.3 Degassing in the Bubble Column

The main body of the degassing system becomes a square BC in the scenario where there is no
mechanical agitation in the tank. As explained above, a square bubble column performs the same in
terms of mass transfer as a cylindrical one with an 1.D. equal to the side length of the square column.
The complete mixing model and axial dispersion model (ADM) are two well-accepted models for the
evaluation of a BC’s performance [163]. In general, the performance of a BC can be better interpreted
by ADM; however, for a column with small length to diameter ratio between 1 and 3, the gas-liquid
complete mixing model is able to give satisfactory predictions [104]. In this study, the ratio was only
0.75; therefore, it is justified to make the assumption of gas-liquid complete mixing inside the BC.
Then, Eqg. 7.26 is also applicable to BC degasser by replacing k ar with k ag predicted by Eq. 2.28
with Deckwer’s proposed constants [103] and the overall degassing efficiency is given by Eq. 7.28.

7.3.2 Semi-batch Bubble Degasser

Besides the continuous operational model, a semi-batch model is also established to examine the
degassing capacity, interchangeable with upper limit of degassing efficiency, of a CSTR since it has

the best performance. From the continuous reactor model, the contribution of the horizontal pipe is

121



relatively small compared to that of a CSTR, which will be elaborated in the next section. Therefore,
it is reasonable to neglect the contribution of horizontal pipe when establishing the semi-batch

degasser model.

In practice, the agitated tank is usually operated at a speed much higher than Ng. It is feasible to
assume ideal mixing for both phases in a GIAT and a negligible resistance of the gas phase to oxygen
across the interface [164]. According to literature [165], the change in gas phase was also negligible
attributable to the flushing of the original gas with the supplied gas and could be considered as steady
state without triggering errors. Solute mass balance for both phases, thus, gives,

dc
d_tL = kpasp(cs —cy) (7.29)

Q¢ (cgin — ¢g) = kpasgV,(cs —cp) (7.30)

where ¢_ = concentration of target gas in the liquid phase, mol-L™;

Cs = interfacial concentration of target gas, mol-L™;

Ce = concentration of target gas in the gas phase, mol-L™;

Cein = concentration of target gas in the gas phase at inlet, mol-L™;

k asg = volumetric liquid-phase mass transfer coefficient of semi-batch reactor, s*

V. = liquid volume, m®.
And ¢, is computed by Eq. 7.18 and cgi, by Eq.s 7.21 and 7.22. The expression of cg in terms of ¢,

can be given by substituting Eq. 7.18 into Eq. 7.30,

o = kpasgVic, + Qg Cgin 7:31)
G~ RT .
Q6 + krasgVy 5

Integrating Eq. 7.29 after substituting Egs. 7.18 and 7.31 gives

RT\ - Qckirasp ot RT
L= <CLin — Cgin F) e CoILASBVLE 4 Cein H (732)

Then the degassing efficiency is presented as

__ Qgkrasp ot
RT ~L RT
(cutn = com ) € 1S + iy ) x 100 (7:33)

Nse = [1 -
5B CLin
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7.4 Results and Discussion

7.4.1 Effect of Agitation Speed on Degassing Efficiency

In order to investigate the effect of agitation speed on the degassing efficiency, the degassing system
was performed without and with nitrogen injection, respectively. The degassing unit was in fact
operated in the GIAT mode without nitrogen injection. Because the critical impeller speed for the
onset of gas induction, N, is 6.94 Hz, it is meaningless to conduct investigation at speeds below N,.
The agitation speed varies from 8.32 to 16.70 Hz. Besides, two shrouds perforated with 1.6 mm and
9.5 mm orifices are used in GIAT mode to see if orifice dimension has impact on degassing
efficiency. After feeding nitrogen gas at Qg = 3.93 x10™ m%s, the system turned into a CSTR. Since
the Ny calculated according to Eq. 4 was 6.14 Hz at this feeding rate, the observed impeller speed
was, hence, set greater than 6 Hz to effectively use the unit. And the diameter of orifice in shroud for

CSTR investigation was 9.5 mm.

Figure 7-6 shows the change of degassing efficiency with agitation speed in both cases. In a GIAT,
the efficiency steadily increases with impeller speed and remains nearly unchanged after certain
impeller speed. Additionally, the orifice dimension of shroud has no significant effect on degassing
efficiency. This point is supported by many researchers [110, 166] who believed that volumetric
liquid-phase mass transfer coefficient, k. a, is independent of disperser type and its orifice diameter as
well. The k.a is a product of k. and a, in which the variation in k,_ is rather small and the change in
k_a almost depends on the variation of specific interfacial area, which is highly related to bubble size
[167]. Considerations based on forces affecting bubble size in turbulent regime show that the ultimate
bubble diameter will be determined by turbulence intensity in the continuous phase caused by energy
dissipated by mechanical agitation and is independent of orifice dimensions of disperser [167-169].
As bubble size and hence specific interfacial area depend on turbulence intensity, volumetric gas-
liquid mass transfer coefficient is also dependent upon turbulence intensity[110]. Thus, it is

reasonable that efficiency difference between these two shrouds is very small.
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Figure 7-6: Effect of impeller speed on degassing efficiency in GIAT and CSTR

The combination of Egs. 2.35 — 2.38 predicts degassing efficiency fairly well with the exception of
the first point. This is because the correlation accepted for the estimation of gas induction rate is not
suitable for the speed close to N¢. The specific reason for this deviance is that at the beginning of gas
induction, the gas is induced in the regions of the impeller where the fluid density is drastically
reduced and the pressure driving force formed is much lower compared to in the absence of gas.
Therefore, the actual value of the rate of gas induction is much lower than is predicted, resulting in
overestimation of degassing efficiency which strongly depends on the gas induction rate [170].
Deviations of the other 5 predicted values are within 25%.

As the effect of orifice size of a shroud is insignificant in a stirring vessel, no further comparison
between different sizes will be conducted in a CSTR. The CSTR offers better performance than GIAT
in terms of efficiency. However, its advantage over GIAT decreases as impeller speed increases and
remained invariable. The variation in degassing efficiency is not evident in observed speed range. The
degassing efficiency almost immediately reaches the maximum at the speed close to Ny and remains
unchanged. Although the agreement between Eg. 2.34 and related experimental data is not as
excellent as the counterpart of the GIAT, the largest deviation is merely 9.3%, which is a satisfactory
prediction.

Mechanical agitation is the largest contributor to energy consumption in this degassing unit and a
higher speed requires more on quality of shaft material; thus, a speed slightly above N is desired for
a CSTR. Although a GIAT cannot work as efficient as a CSTR, it is preferred in dealing with
hazardous gases due to the ability to complete utilize them [99]. More importantly, an acceptable

efficiency can be attained at a moderately greater speed. From energy and economical perspectives, a
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GIAT operated at a medium speed of about 10 Hz is also a suitable alternative for gas-liquid contact

practice.

7.4.2 Effect of Purge Nitrogen Flow Rate on Degassing Efficiency

The effect of purge nitrogen flow rate was comprehensively observed both with and without
mechanical agitation. Firstly, the unit was operated without agitation as a BC. Two types of gas
sparger were applied in such module. The porous media bubble generator acted as a gas sparger if
nitrogen was added prior to the main vessel. The second tested gas distributor was a multi-orifice
sparger mounted at the bottom of the vessel. When the porous media bubble generator was used, the
nitrogen gas was fed at flow rate between 1.97 x10™and 9.83x10* m%s. As multi-orifice sparger was
not as effective as porous media, higher nitrogen feeding rates ranged from 4.72 x<10™to 23.6 <10™
m*/s were adopted. Then the degasser functioned as a CSTR with stirring at 10.3 Hz, in which the
purge nitrogen gas was injected through the porous media bubble generator at rates varying between
1.97 <10 and 7.87><10™* m?s.

Figure 7-7 shows the degassing efficiencies of different reactors at various purge nitrogen
volumetric flow rates. It can be seen that the gas sparger has a significant effect on degassing
efficiency. The porous media distributor provides much better performance in comparison with multi-
orifice type. For porous media, the efficiency dramatically increases from 24.7% to 69.4% as gas flow
rate increases from 1.97x10 to 3.93 x10* m?/s, and steadily rose to 82% or so then levelled off.
When it comes to multi-orifice design, the efficiency is approximately 20% less than that of porous
media at the same rate. It gradually grows by 29.4% from 50.2 % to 79.6% in the gas flow rate
interval between 4.72 x10™and 23.6 <10 m*/s. This is mainly because the bubble size generated by
porous media is smaller than that by orifice distributor, providing greater specific interfacial area. It is
found that the CSTR rotating at 10.3 Hz gives highest efficiencies among investigated reactors. There

is a slight increase of 5.7% over rates ranging from 1.97 x10™to 7.87x10"* m*/s.

The predictions of the CSTR at N, = 10.3 Hz given by model based on k, ac calculated by Eqg.2.32
match the experimental data rather well. The discrepancy is successfully limited to #3.3 % or less.
Unlike CSTR, BC’s degassing performance is strongly related to sparger type. As far as less effective
multi-orifice sparger is concerned, Eq. 2.28 developed by Akita and Yoshida [101] is accepted during
modelling calculation. A good agreement with largest deviation of 10.7% can be found between
predicted and experimental data. Porous media is well-acknowledged as an efficient gas distributor.
Its mass transfer coefficient is usually evaluated by EQ.2.30. In this study, ¢;=1.091 and c,=0.8
proposed by Deckwer et al. [103] are used. The corresponding model then can predict most efficiency

within 49.1% of experimental data except for the first data point. This mismatch arises probably
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because the first data point is collected at Qg = 1.97 10* m¥/s, under which Ug =0.0012 m/s. It is out
of the applicable superficial gas velocity range of Eq. 2.30, 0.0025 — 0.08 m/s. But interestingly, the
first data point falls onto the curve drawn on the basis of Eq. 2.28, which is for inferior gas
distributor. It means that at a lower gas flow rate, the porous media cannot be completely utilized and
gas cannot be effectively distributed into the system. It functions as a simple orifice-type sparger.

Thus, it is not suggested to work at lower gas flow rates for porous media.
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Figure 7-7: Effect of purge nitrogen flow rate on degassing efficiency for CSTR and BC

It is indicated that CSTR can afford best performance and its optimum gas flow rate can be set at
around 3.93 =10 m®s, beyond which the enhancement in degassing efficiency is minor. The BC
equipped with orifice-type gas distributor is not recommended as its degassing efficiency is far less
than the other two reactors. Although a BC with porous media sparger offers inferior results to a
CSTR, it can achieve competitive efficiency, which is very close to that of a CSTR at a relatively
higher gas flow rates. Considering advantages such as no movement part, less maintenance and
footprint, efficient BCs performed at gas flow rates around 7.87 <10 m%s are also of great energy-

saving and practical significance, making them an ideal candidate for gas absorber.
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7.4.3 Contribution of Pipe to Overall Continuous Degassing Performance

After evaluating the entire system with additional purge nitrogen injection, it is meaningful to identify
the contribution of each section, namely the horizontal pipe and the square tank. This will provide
useful information for further improvement, for example, the bubble generator location. In present
research, the bubble generator is installed with a set distance of 0.4191m from the tank inlet due to
plot limitation in the lab. According to mathematical model developed in section 7.2.1, the
contribution of the horizontal pipe to the degassing efficiency is 2.46% under a typical operating
condition of z = 0.4191 m, Qg = 3.93x10™* m*/s, Q, = 1.26 <10 m%s. At this condition, the overall
degassing efficiency is 76.34 % for a BC where there is no agitation and is 87.55% for a CSTR at N,
= 10.3 Hz. The ratio of the pipe contribution to overall efficiency is quite small in both reactors. Thus,
a simplification by ignoring the horizontal part can be made without causing significant error in the

semi-batch model.

7.4.4 Degassing Efficiency of A Semi-batch Reactor

Figure 7-8 shows the variation in degassing efficiency with residence time in a semi-batch bubble
degasser where the unit is operated batchwise with respect to liquid phase while continuously with
respect to gas phase. In order to verify its applicability, experimental observations obtained under two
various conditions are used. The proposed model is able to fit data from both experimentations rather
well; that is, the differentiations between predicted values by Eq. 7.33 and experimental results are
within 9.1 % at Qg = 0.000393 m*/s and N,=10.3 Hz and within 8.4 % with an exception of the first
data point at Qg = 0.00059 m*/s and N, = 16.65 Hz.

The degassing capacity, also known as upper limit of degassing efficiency depends on the purity of
nitrogen gas utilized and initial dissolved oxygen concentration as well. For industrial nitrogen of
99.5% purity used in present study, a theoretical capacity of 97.57% with an ultimate liquid
concentration of 0.236 ppmm can be achieved if initial dissolved oxygen concentration is 9.7 ppmm,
whereas an experimental capacity of 92% with an ultimate liquid concentration of 0.72 ppmm is
observed. This is probably due to the instrument error. The Hach DO meter used here has an accuracy

of #0.2 ppmm.
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Figure 7-8: Degassing efficiency of the semi-batch degasser at different conditions

7.5 Summary

The mass transfer coefficient varying from reactor to reactor is the key to reactor design and scale-up.
The continuous reactor model based on complete mixing assumption can satisfactorily interpret
effects of parameters such as impeller speed and purge nitrogen flow rate within 210 % for all three
types of reactor. The semi-batch model evaluates the degasser performance within 9.1% at Qg =

0.000393 m*/s and N,=10.3 Hz and within 8.4% except for the first data point at Qg = 0.00059 m*/s
and N, = 16.65 Hz.

The CSTR reactor affords better performance than GIAT and BC do. A speed slightly above Ny
and a gas flow rate around 3.93 x<10™ m?/s are desired for a CSTR in practice. However, due to the
ability to completely absorb hazardous gases, a GIAT operated at a medium speed of about 10 Hz is
also a suitable alternative for gas-liquid contactor. Furthermore, BCs equipped with porous media
spargers at gas flow rates around 7.87 x<10™ m%s are also of great energy-saving and practical
significance as an ideal candidate of degassing technology on account of their unique advantages such
as no movement part, less maintenance and footprint.

Eventually following correlations have been proven to be applicable to current study.

1) For CSTR:
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The selection of an ideal absorbent for NO absorption rests primarily on a compromise of three points:
(1) ability to react with inactive nitric oxide (NO), (2) ease of regeneration or complete utilization of
absorbent and (3) zero or even positive effect of oxygen. Based on the work in this study, ammoniacal
cobalt(ll) system was found to be a better candidate than Fe(ll)-EDTA and H,0, in terms of NO
removal efficiency. The NO removal efficiency of ammoniacal cobalt(ll) system was highly affected
by operating conditions such as temperature, pH value and initial solvent concentration. It decreased
with the increase of temperature, and rose to the maximum then levelled off as pH value and
concentration of absorbent increased. The highest initial NO removal efficiency of 96.45%
corresponds to the inlet flow rate of 500 mL-min™, the temperature of 292.2 K, the pH value of 10.5,
and the concentrations of [Co(NH3)s]**, NO and O, of 0.06 mol-L™, 500 ppmv and 5.0%, respectively.

The analysis of cobalt (II) — ammonia system for solutions containing cobalt (II) nitrate,
ammonium hydroxide and 2 mol-L* ammonium nitrate was reviewed and introduced in the
equilibrium study. The characteristics of reactions between nitric oxide and ammoniacal cobalt (Il)
complexes were analyzed through the molecular structure of corresponding nitrosyl. It was validated
that only penta- and hexa-amminecobalt (1) complexes could react with NO as shown in Reactions
4.1 and 4.2.

2NO + 2[Co(NH3)s)** = [Co(NH3)sN,0,(NH;)sCol** 4.1)

2NO + 2[Co(NHs)¢]?* = [Co(NH3)sN,0,(NH3)sCol*t + 2NH, (4.2)

The equilibrium constants of such reactions were determined. Kyo® had an order of magnitude of 10"
and Kyo® of 10™. All experimental data fitted Eqs. 4.26 and 4.27 well.

3598.5

Ko = 1.90 x 107exp( T

) (4.26)

1476.4

- (4.27)

K$o = 3.56 x 10 exp(

Kinetics of NO absorption into ammoniacal cobalt(ll) solutions were studied in a home-made
double-stirred reactor. The reaction rate constants of Reactions 4.1 and 4.2 were calculated based on

the enhancement factor derived for gas absorption accompanied by parallel chemical reactions. Both
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reactions were first order with respect to NO and first order with respect to liquid absorbent. The
forward reaction rate constants of Reactions 4.1 and 4.2 were 6.43x10° and 1.00x<10" L-mol™*-s?,

respectively, at 298.2 K, and increased to 7.57>10° and 1.12x10" L-mol™s™, respectively, at 303.2 K

All attempts at regeneration of used absorbent failed under room temperature and atmospheric
pressure. Oxygen in flue gas was found to have positive effect on NO absorption using ammoniacal
cobalt(I1) solutions. Calculated NO amount absorbed into the aqueous solution showed that with the
oxygen the absorption reaction could be considered as irreversible. This was probably the reason for
the failure of regeneration of various reagents. In addition, a simple economic analysis showed that
Co(NHs;)s(NO3), was of economic superiority to Fe(ll)-EDTA as a NO absorbent.

Lastly, correlations for estimate of k_a values in some popular industrial absorbers such as bubble
column (BC), conventional stirred tank reactor (CSTR) and gas-inducing agitated tank (GIAT) were
determined through modeling removal of dissolved oxygen from water. The continuous reactor model
based on complete mixing assumption could satisfactorily interpret effects of parameters such as
impeller speed and purge nitrogen flow rate within +10 % for all three types of reactors. The semi-
batch model evaluated the degasser performance within 9.1% at Qg = 393 cm®/s and N,=10.3 Hz and
within 8.4% except for the first data point at Qg = 590 cm®/s and N, = 16.65 Hz.

The CSTR reactor performed better than GIAT and BC did. A speed slightly above N and a gas
flow rate around 393 cm®/s were desired for a CSTR in practice. However, due to the ability to
completely absorb hazardous gases, a GIAT operated at a medium speed of about 10 Hz was believed
to be a suitable alternative for gas-liquid contactor. Furthermore, BCs equipped with porous media
spargers at gas flow rates around 787 cm®s were also of great energy-saving and practical
significance as an alternative candidate for the unique advantages such as no movement part, less

maintenance and small footprint.

Eventually the following correlations have been proven to be applicable to current study.

1) For CSTR:
L\ 1342 dy
k;a- = 1.59 <_) 093 ZLy0.415 (7.34)
o ch ¢ (dl)
2) For GIAT:
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3a) For BC equipped with efficient gas sparger:
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3b) For BC equipped with simple gas sparger:
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8.2 Recommendations for Future Work

Motivated by simultaneous absorption of NOx and SO2 using wet scrubbing, this thesis project
primarily focused on the mechanism of NO absorption into ammoniacal cobalt(ll) solutions, the
experimental investigation of effect of oxygen on NO absorption and the determination of mass
transfer coefficients for several industrial absorbers. Future work should focus on understanding the
effects of other co-existing air pollutant such as CO, and SO, on NOXx absorption. Specific

recommendations are summarized as follows.

Firstly, detailed qualitative and quantitative analyses of used absorbent by using analytic facilities
such as HPLC, liquid-phase FTIR and lon Chromatograph are necessitated to clarify the uncertainty
that lingers over the fact of reaction between the nitrosyl product, [Co(NH3)sN,0,(NH3)sCo]**,
and the binuclear cobalt complex ion, [(NH3)sCo-O-O-Co(NH,)s]**. With the knowledge of ultimate
compound composition in the used liquid, the picture of reaction path can be clear. Furthermore, such
information is quite important to the liquid disposal and treatment in practice.

Secondly, the simultaneous removal of SO, and NO using ammoniacal cobaltous ions deserves
more attention. The ability to simultaneously absorb SO, and NO will allow us to utilize the existing
FGD scrubbers that are commonly accepted in numerous industrial practices, thereby making this
approach competitive. Although experimental findings in literature showed that the presence of SO,
led to enhancement in NO absorption. However, the mechanisms behind this behavior remain
unknown. In order to fill in this gap, investigations would be first performed in the scenario of SO,
absorption alone following the methodology described in this thesis to acquire paramount parameters
like equilibrium constants and reaction rate constants. Then extensive observations can be extended to
the co-existence of CO,, SO, and NO.

In the far future, with the acquisition of knowledge accumulated using simulated flue gas
containing SO,, oxygen and NO,, the pilot tests can be conducted using real flue gases. And
considerable field experimentations and accumulated industrial experiences will be useful in

evaluating the commercialization of this technology.
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Appendix A — Matlab Codes for Various Calculations

A. 1 For Cobalt(ll) = Ammonia System Analysis

cle
clear all
% assume aw=1 and fNH3=1
K=[1072.114;1071.634;1071.054;10"0.764;10"0.184;10"-0.616]; % at Temp=303.15K degrees
pH=3.5:0.01:12.5;
pH=pH;
for i=1:901
cammonium=2; % concentration of ammonium chloride, mol/L

cammonia(i)=cammonium*10~(pH(i)-9.329);% the acid dissociation of ammonium is 9.329 here,

it will change with temperature and ammonium concentration
A(i,1)=K(1)*cammonia(i);
for j=2:6
A(i,J)=A(i,j-1)*K(j)*cammonia(i);

end

cT=0.01; % the original concentration of cobal(ll) nitrate, mol/L, this parameter is independent of

calculation

% c(1)=Co2+, ¢(2)=CoA, c(3)=CoA2, c(4)=CoA3, c(5)=CoA4, c(6)=CoAb5,

% ¢(7)=CoAb

c(i,1)=cT/(L+A>I,1)+A(i,2)+A(i,3)+A(i,4)+A(i,5)+A(i,6));
eff(i,1)=c(i,1)/cT*100;

for k=2:7
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c(i, K)=A(i k-1)*c(i,1);
eff(i,k)=c(i,k)/cT*100;
end
eff;

end

plot(pH, eff)

A. 2. For GIAT - Effect of Njat Q=0

clc

clear all

format compact

format short

% constants first

cLin=10; %ppm
cLin=cLin/(32*1000) % mol/L

QL=0.000126;
DT=0.4064;

hL=0.3048;

A=DT"2; % to distinguish it from last AP for pipe
VL=hL*DT"2;
DI=4*0.0254;

RI=DI/2;

$=9.5*0.0254;

0=9.81,;
Ncr=(0.21*g*s/DI1"2)"0.5
rhoL=1000;% kg/m3
W=4*0.0254;

sn=99.5/100 %adjustable

so=1-sn
po=s0*(1+1000*9.81*0.3048/101325)
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R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)); % L atm/mol

cGin=po/(R*T) % mol/L (=0.5% v%)

cs=cGin*R*T/H % mol/L, does not change

N=(495:2.5:1195)/60;% impeller speed

for i=1:281
QI(i)=0.0021*(N(i)"2-Ncr~2)"0.75*DI"3;
P(i)=(rhoL*W*N(i)"3*RI"4)*(22.24-6.71*(1-2*g*s/(0.84*(pi*N(i)*DI1)"2))*3)+1.76 7*2*pi*N(i);
KLaT (i)=1.212*(P(i)/VL)"0.0816*(QI(i)/A)"0.692*(s/DT)"-0.390;
cLout(i)=(QL*cLin+kLaT(i)*VL*cs)/(kLaT(i)*VL+QL);
effT(i)=(cLin-cLout(i))/cLin*100;

end

N=N";

effT=effT";

plot(N, effT)

A. 3 For CSTR - Effect of N, at Qg = 50scfm

clc

clear all

format compact

format short

% constants first

cLin=10; %ppm
cLin=cLin/(32*1000) % mol/L

QL=0.000126;% m3/s

orhL=1000; %kg/m3

orhG=1.429; %kg/m3
viscosityL=0.001; %Pa*s
viscosityG=  0.00002018; %Pa*s
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D=0.0254;% pipe diameter, m

AP=pi/4*D"2; % pipe cross sectional area, m2
VSL=QL/AP; % liquid superficial velocity, m/s
ReSL=D*VSL*orhL/viscosityL; % liquid Reynolds humber
Df=2.3*10"-9; %diffusivity; Df, m2/s

st=0.0728;%surface tension: st, N/m

R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)); % L atm/mol

sn=99.5/100 %adjustable
so=1-sn
po=s0*(1+1000*9.81*0.3048/101325)

cGin=po/(R*T) % mol/L (=0.5% v%)

c1=VSL/(VSL+6);
€2=2.7847*log10(c1)+7.8035;
z=0.4191; % horizontal pipe length

% variabls then
QG=7.86579*10"-6*50

VSG=QG/AP;
ReSG=D*VSG*orhG/viscosityG;
GHUp=0.83*(QG/(QG+QL));%GHUp = gas hold-up of pipe
LHUp=1-GHUp; %LHUp =liquid hold-up of pipe
% now comes the calculation of theta
theta = 3; % set an initial value to theta
for j=1:50
f=theta-sin(theta)-2*pi*LHUp;
g=1-cos(theta);
theta=theta-f/g;
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end

theta

AL=LHUp*pi/4*D"2;

SL=D/2*theta;

Si=D*sin(theta/2);

VLA=VSL/LHUp;

VGA=VSG/GHUp;

fL=0.0262*(LHUp*ReSL)"-0.139;

fSG=16/ReSG;

fi=(1.76*(VSG/6)+c2)*fSG;

twL=fL*orhL*VLA"2/2;

ti=fi*orhG*(VGA-VLA)"2/2;

deltaPL=(twL*SL-ti*Si)/AL;

FED=deltaPL*(VSL+VSG)/101325; % FED= friction energy dissipation
kLap=3.47*FED"0.4*(Df*10000)"0.5*(st*1000)"0.5*(viscosityL*1000)"0.05*(D*39.3701)"-0.68

k1=kLap*AP/QL;
k2=1+(R*T*QL)/(QG*H);

k3=(R*T/H)*(cLin*QL/QG+cGin);

%cLTin is the inlet concentration of tank,which is the pipe DO

%concentration at z=0.4191m

cLTin=((cLin-R*T*cGin/H)/k2)*exp(-k1*k2*z)+k3/k2

effp=(cLin-cLTin)/cLin*100 % pipe efficiency

cGTin=QL/QG*(cLin-cLTin)+cGin
cst=cGTin*R*T/H % cs' in the paper

% In the tank now

DT=0.4064,
hL=0.3048;
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A=DT"2; % to distinguish it from last AP for pipe

VL=hL*DT"2;

DI=4*0.0254;

5$=9.5*0.0254;

0=9.81;

Ncr=(0.21*g*s/DI"2)"0.5

N=(200:2.5:1200)/60;% impeller speed

Ql=0nes(401,1);

for i=1:87
Ncd(i)=4*QG"0.5*DT"0.25/DI1"2;
%KLaT (i)=3.35*(N(i)/Ncd(i))"1.464*(QG)/A;
KLaT(i)=1.59*(N(i)/Ncd(i))"1.342*(QG/A)"0.93*(DT/DI1)"0.415;
cLout(i)=(kLaT(i)*VL*cst+QL*cLTin)/(kLaT(i)*VL+QL);
effT(i)=(cLin-cLout(i))/cLin*100;

end

for i=88:401
QI(i)=0.0021*(N(i)"2-Ncr"2)"0.75*DI"3;
Ncd(i)=4*(QG+QI(i))*0.5*DT"0.25/DI"2;
%KkLaT(i)=3.35*(N(i)/Ncd(i))"1.464*(QG+QI(i))/A;
kLaT(i)=1.59*(N(i)/Ncd(i))*1.342*((QG+QI(i))/A)*0.93*(DT/D1)"0.415;
cLout(i)=(kLaT(i)*VL*cst+QL*cLTin)/(kLaT(i)*VL+QL);
effT(i)=(cLin-cLout(i))/cLin*100;

end

N=N";
Ncd=Ncd'

effT=effT";

plot(N,effT)

A. 4 For BC - Effect of Qg at N, =0

clc

clear all
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format compact

format short

% constants first

cLin=10; %ppm
cLin=cLin/(32*1000) % mol/L

QL=0.000126;%m3/s

orhL=1000; % kg/m3

orhG=1.429; % kg/m3

viscosityL=0.001; % Pa*s = Ns/m2

viscosityG= 0.00002018; % Pa*s
kviscosityL=viscosityL/orhL; % m2/s

D=0.0254;% pipe diameter, m

AP=pi/4*D"2;% pipe cross sectional area, m2
VSL=QL/AP; % liquid superficial velocity, m/s
ReSL=D*VSL*orhL/viscosityL ;% liquid Reynolds number

Df=2.3*107-9; %diffusivity; Df, m2/s, (or 1.97*10"-9,
http://compost.css.cornell.edu/oxygen/oxygen.diff.water.html)

st=0.0728;%surface tension, kg/s2

% refer to agitation .m file

R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)) % L atm/mol

% inlet interfacial concentration caused by impurity of nitrogen (99.5%)
sn=99.5/100 %adjustable

so=1-sn

po=s0*(1+1000%9.81*0.3048/101325)

cGin=po/(R*T) % mol/L (=0.5% v%)

c1=VSL/(VSL+6);
€2=2.7847*10g10(c1)+7.8035;

2=0.4191; % horizontal pipe length
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% variabls then
QG=7.86579*10"-6*(5:0.5:350);

for i=1:691
VSG(i)=QG(i)/AP;
ReSG(i)=D*VSG(i)*orhG/viscosityG;
GHUp(i)=0.83*(QG(i)/(QG(i)+QL));%GHUp = gas hold-up of pipe
LHUp(i)=1-GHUp(i); %LHUp =liquid hold-up of pipe
% now comes the calculation of theta
theta(i) = 3; % set an initial value to theta
for j=1:50
f=theta(i)-sin(theta(i))-2*pi*LHUp(i);
g=1-cos(theta(i));
theta(i)=theta(i)-f/g;
end
AL(1)=LHUp(i)*pi/4*D"2;
SL(i)=D/2*theta(i);
Si(i)=D*sin(theta(i)/2);
VLA(i)=VSL/LHUp(i);
VGA(i)=VSG(i)/GHUp(i);
fL(i)=0.0262*(LHUp(i)*ReSL)"-0.139;
fSG(i)=16/ReSG(i);
fi(i)=(1.76*(VSG(i)/6)+c2)*fSG(i);
twL (i)=fL(i)*orhL*VLA(i)"2/2;
ti(i)=fi(i)*orhG*(VGA(i)-VLA(i))"2/2;
deltaPL(i)=(twL(i)*SL(i)-ti(i)*Si(i))/AL(i);
FED(i)=deltaPL(i)*(VSL+VSG(i))/101325; % FED= friction energy dissipation

kLap(i)=3.47*FED(i)*0.4*(Df*10000)"0.5*(st*1000)"0.5*(viscosityL *1000)"0.05*(D*39.3701)"-
0.68;

k1(i)=-kLap(i)*AP/QL;

k2(i)=1+(R*T*QL)/(QG(i)*H);
k3(i)=R*T/H*(QL*cLin/QG(i)+CcGin);
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%cLTin is the inlet concentration of tank,which is the pipe DO
%concentration at z=0.4191m

% cLTin(i)=(cLin-k3(i)/k2(i))*exp(K1(i)*k2(i)*2)+k3(i)/K2(i);
cLTin(i)=((cLin-R*T*cGin/H)/k2(i))*exp(KL(i)*k2(i)*2)+k3(i)/k2(i):;

effp(i)=(cLin-cLTin(i))/cLin*100; % pipe efficiency

cGTin(i)=QL/QG(i)*(cLin-cLTin(i))+cGin;
cst(i)=cGTin(i)*R*T/H; % cs' in the paper

% In the square bubble column now

DT=0.4064; % so-called bubble column diameter, m
hL=0.3048;% m

A=DT"2; % to distinguish it from last AP for pipe
VL=hL*DT"2; %m3

0=9.81;

Bo=g*DT"2*orhL/st;

Ga=g*DT"3/kviscosityL"2;

UG(i)=QG(i)/A; %m/s

Fr(i)=UG(i)/sqrt(g*DT);
const1(i)=0.2*Bo”(1/8)*Ga™(1/12)*Fr(i);

% then it gives F(epsilon)=const1(i)*(1-epsilon(i))*4-epsilon(i)=0
% use Newton's method to solve

epsilon(i)=0.02;

for k=1:100
F=const1(i)*(1-epsilon(i))*4-epsilon(i);
G=-4*const1(i)*(1-epsilon(i))"3-1;
epsilon(i)=epsilon(i)-F/G;

end

% Now we have the gas holdup in the bubble column "epsilon”

% Next comes the evaluation of volumetric mass transfer coefficient
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% epsilon(i)=1.07*Fr(i)*(1/3); this is too large
% x(1)=3.43*UG(i)"1.03*10071.03/100;
Sc=kviscosityL/Df;

%kLa(i)=0.6*Sc”0.5*B0"0.62*Ga"0.31*epsilon(i)*1.1*(Df/DT"2);% this is for bubble column
mass transfer coefficient estimate

%KL a(i)=0.092/60*(UG(i)*3600)"0.516;
kLa(i)=1.091*UG(i)"0.8;
%KLa(i)=0.11/60*(UG(i)*3600)"0.615;
cLout(i)=(kLa(i)*VL*cst(i)+QL*cLTin(i))/(kLa(i)*VL+QL);
effT(i)=((cLin-cLout(i))/cLin)*100;

end

QG=QG},

effT=effT";

plot(QG, effT)

A. 5 For CSTR - Effect of Qg at Ny =618 rpm

clc

clear all

format compact

format short

% constants first

cLin=10; %ppm
cLin=cLin/(32*1000) % mol/L

QL=0.000126;%m3/s

orhL=1000; % kg/m3

orhG=1.429; % kg/m3

viscosityL=0.001; % Pa*s

viscosityG= 0.00002018; % Pa*s

D=0.0254;% pipe diameter, m

AT=pi/4*D"2;% pipe cross sectional area, m2
VSL=QL/AT; % liquid superficial velocity, m/s
ReSL=D*VSL*orhL/viscosityL ;% liquid Reynolds number
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Df=2.3*10"-9; %diffusivity; Df, m2/s, (or 1.97*10"-9,
http://compost.css.cornell.edu/oxygen/oxygen.diff.water.html)

st=0.0728;%surface tension: st

% refer to agitation .m file

R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)) % L atm/mol

% inlet interfacial concentration caused by impurity of nitrogen (99.5%)
sn=99.5/100 %adjustable

so=1-sn

po=s0*(1+1000*9.81*0.3048/101325)

cGin=po/(R*T) % mol/L (=0.5% v%)

c1=VSL/(VSL+6);
€2=2.7847*log10(c1)+7.8035;
z=0.4191; % horizontal pipe length

% variabls then
QG=7.86579*10"-6*(5:0.5:150);

fori=1:291
VSG(i)=QG(i)/AT;
ReSG(i)=D*VSG(i)*orhG/viscosityG;
GHUp(i)=0.83*(QG(i)/(QG(i)+QL));%GHUp = gas hold-up of pipe
LHUp(i)=1-GHUp(i); %LHUp =liquid hold-up of pipe
% now comes the calculation of theta
theta(i) = 3; % set an initial value to theta
for j=1:50
f=theta(i)-sin(theta(i))-2*pi*LHUp(i);
g=1-cos(theta(i));
theta(i)=theta(i)-f/g;
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end

AL(1)=LHUp(i)*pi/4*D"2;
SL(i)=D/2*theta(i);

Si(i)=D*sin(theta(i)/2);
VLA(i)=VSL/LHUp(i);
VGA(i)=VSG(i)/GHUp(i);
fL(i)=0.0262*(LHUp(i)*ReSL)"-0.139;
fSG(i)=16/ReSG(i);
fi(i)=(1.76*(VSG(i)/6)+c2)*fSG(i);

twL (i)=fL(i)*orhL*VLA(i)"2/2;
ti(i)=fi(i)*orhG*(VGA(i)-VLA(i))"2/2;
deltaPL(i)=(twL(i)*SL(i)-ti(i)*Si(i))/AL(i);
FED(i)=deltaPL(i)*(VSL+VSG(i))/101325; % FED= friction energy dissipation

kLap(i)=3.47*FED(i)"0.4*(Df*10000)"0.5*(st*1000)"0.5*(viscosityL *1000)"0.05*(D*39.3701)"-
0.68;

k1(i)=-kLap(i)*AT/QL;
k2(i)=1+(R*T*QL)/(QG(i)*H);

k3(i)=R*T/H*(QL*cLin/QG(i)+cGin);

%cLTin is the inlet concentration of tank,which is the pipe DO
%concentration at z=0.4191m

% cLTin(i)=(cLin-k3(i)/k2(i))*exp(K1(i)*k2(i)*2)+k3(i)/k2(i);
cLTin(i)=((cLin-R*T*cGin/H)/k2(i))*exp(kL(i)*k2(i)*2)+k3(i)/K2(i);

effp(i)=(cLin-cLTin(i))/cLin*100; % pipe efficiency

cGTin(i)=QL/QG(i)*(cLin-cLTin(i))+cGin;
cst(i)=cGTin(i)*R*T/H; % cs' in the paper

% In the tank now

DT=0.4064,
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hL=0.3048;

A=DT"2; % to distinguish it from last AT for pipe
VL=hL*DT"2;

DI=4*0.0254;

$=9.5*%0.0254;

0=9.81,

Ncr=(0.23*g*s/DI"2)"0.5;

N=618/60; % impeller speed
QI1=0.0021*(N"2-Ncr~2)"0.75*DI"3;
Ncd(i)=4*(QG(i)+QI)"0.5*DT"0.25/DI"2;

%kLaT(i)=3.35*(N/Ncd(i))1.464*(QG(i)+QIl)/A;% since now the reactor is a conventional stirred
tank, this equation is selected rather than others

kLaT (i)=1.59*(N/Ncd(i))"1.342*((QG(i)+QI)/A)"0.93*(DT/DI)"0.415;
cLout(i)=(kLaT(i)*VL*cst(i)+QL*cLTin(i))/(kLaT(i)*VL+QL);
effT(i)=((cLin-cLout(i))/cLin)*100;

end

QG=QG}

effT=effT";

plot(QG, effT)

A. 6 For Semi-batch Model for CSTR

A. 6.1 At Nj=618 rpm, Qg = 50 scfH

clc

clear all

cLin=9.7; %ppm
cLin=cLin/(32*1000) % mol/L

R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)); % L atm/mol

DT=0.4064;
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hL=0.3048;
A=DT"2; % to distinguish it from last AT for pipe
VT=hL*DT"2;

DI1=4*0.0254;

$=9.5*0.0254;

0=9.81;

Ncr=(0.21*g*s/DI172)"0.5;
QG=7.86579*10"-6*50%¢qas flow rate, adjustable

sn=99.5/100 %adjustable
so=1-sn
po=s0*(1+1000*9.81*0.3048/101325)

cG1=po/(R*T) % mol/L (=0.5% v%)

N=618/60;% impeller speed, adjustable
QI1=0.0021*(N"2-Ncr"2)"0.75*DI"3
Ncd=4*(QG+QI)*0.5*DT"0.25/DI"2;

0bkLa=3.35*(N/Ncd)"1.464*(QG+QI)/A
kLa=1.59*(N/Ncd)"1.342*((QG+QI)/A)*0.93*(DT/DI)0.415

k1=QG*kLa/(QG+kLa*VT*R*T/H)
k2=cLin-cCG1*R*T/H
k3=CG1*R*T/H*32*1000

t(1)=0
cL(1)=cLin

for i=1:2500
t(i+1)=t(i)+0.5;
cL(i+1)=k2*exp(-k1*t(i+1))+cG1*R*T/H;
eff(i+1)=(1-cL(i+1)/cL(1))*100;

end
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t=t’;
eff=eff’;
plot(t,eff)

eff(2501)

A. 6.2 At Ny=999 rpm, Qg = 75 scfH

clc
clear all

cLin=8.55; %ppm
cLin=cLin/(32*1000) % mol/L

R=8.205*10"-2;% L atm/ mol K

T=293.15; %K

H=769.23; % T=298.15, L atm/mol
H=H*exp(-1700*(1/T-1/298.15)); % L atm/mol

DT=0.4064;

hL=0.3048;

A=DT"2; % to distinguish it from last AT for pipe
VT=hL*DT"2;

D1=4*0.0254;
$=9.5*0.0254;

0=9.81,;
Ncr=(0.21*g*s/DI*2)"0.5;

QG=7.86579*10"-6*75%qas flow rate, adjustable
sn=99.5/100 %adjustable

so=1-sn
po=s0*(1+1000*9.81*0.3048/101325)
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cG1=po/(R*T) % mol/L (=0.5% v%)

N=999/60;% impeller speed, adjustable
QI1=0.0021*(N"2-Ncr"2)"0.75*DI"3
Ncd=4*(QG+QI)"0.5*DT"0.25/DI"2;

0bkLa=3.35*(N/Ncd)*1.464*(QG+QI)/A
kLa=1.59*(N/Ncd)"1.342*((QG+QI)/A)*0.93*(DT/DI)0.415

k1=QG*kLa/(QG+kLa*VT*R*T/H)
k2=cLin-cCG1*R*T/H
k3=CG1*R*T/H*32*1000

t(1)=0
cL(1)=cLin

for i=1:2500
t(i+1)=t(i)+0.5;
cL(i+1)=k2*exp(-k1*t(i+1))+cG1*R*T/H;
eff(i+1)=(1-cL(i+1)/cL(1))*100;

end

t=t’,

eff=eff’;

plot(t,eff)

eff(2501)
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1. Introduction

Gas-liqud stured tank reactors (STEs) have been widely used m chenmcal,
biochemical and petroleum industnes owing to their low capital cost, excellent
mixing effect and great mass transfer rate (Dhamaut ef al., 2005; Pmell ef al,
2010). As a special STE, a gas-mducing agitated tank (GIAT) 15 charactenzed by
1ts wmque gas dispersion process. Gas 15 induced mto a GIAT by its rofafing
mpeller at a speed beyond a cmfical value mstead of bemng sparged into the
system through a distmbutor (Forrester ef al, 1998). The advantages of a GIAT
are mamifested in unit operations where a dead-end mode 15 wanted. Applications
of GIATs mnclude, but are not hmited to, alkylahon, ethoxylaton, hydrogenation,
chlornation, ammonolysis, and oxidation (Joshi and Sharma, 1977; Patwardhan
and Joshi, 1999). They are also employed for froth flotation m mineral processing
(Sawant ef al., 1981) and in wastewater treatment (Sardemng ef al., 2006).

The volumetric hgumd-phase mass fransfer coefficient, denoted as k;a
most publications, 15 one of the most important parameters for the evaluation of
the performance of a GIAT. It quantifies the rate of interfacial mass transfer of a
substance m a gas-liqud system. It 15 well acknowledged that kra 15 an mtensive
vanable (Hallale and Merchuk, 1926), which pnmanly depends on the geometry
and operation of the reactor. However, it 15 independent of the volume of hiquid in
the reactor. Several empincal equations have been developed by other researchers.
Morsi’s group provided comrelations of kra in a GIAT through statistics analysis;
these comrelations were presented in relatively complicated formats (Tekie of al,
1997; Fillion and Morsi, 2000; Lemome ef al . 2004; Lemoine and Morsi, 2003).
They focused on orgamic solution systems at lugh pressures and temperatures,
which are not the subject of present study.

Hemm of al. (1993) proposed a dimensionless commelation (Eq. 1 below) for
a disc impeller m an oxygen-water system at Froude numbers (Fr) of 0.28-1.49
and modified Beynolds numbers {Re ) of 33,000-260.000. Zievennk ef al. (2006)
studied the effects of flmd properties on mass transfer in a small GIAT (0.064-
meter mner diameter autoclave) and concluded that the values of kya were best
represented by a dimensionless correlation contaiming a Froude group (Fr-Fr.),
Eeynolds nomber and Schomidt number (Sh).

Sh=1.04x 1071 — exp(—1331.20Re" " Fr¥¥)) (1)

Simmular fo the approach for a sparged S5TE., Joshi's group comelated kia
with the impeller power imput per unit volume of higud (P/Vy) as

P
kia = E{FLJ" (Ug)™= )
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where ', ¢; and ¢; are empincal constants. Joshi and Sharma (1977) proposed that
C=0.0068, c;=0.35 and c,=0.5 for Ug = 0.005 m's; C=0.00326, c;=0.55 and
cy=0.25 for Ug=0005 m's. Later, Sawant ef al {193 1} proposed different
coefficients as C=0.000617, ¢;=0.5 and c,=0.

Solving Equation (1) requires a known gas indoction rate, Qy, and P/V;. It
15 necessary to nireduce the crifical mmpeller speed, N, which 15 also referred to
as the mimmum mpeller speed for the onset of gas mduction before the
determination of gas induction rate. Gas is induced info a in a typical GIAT by a
rofating impeller at a speed above the cnfical speed, which can be predicted by
using Equation (3) within 10% of the measured values (Sawant and Joshi, 1979;
Patil et al, 2003),

NEdj
Fr, = —/— = ronctant (3)
gs

The constant was 0.21 = 0.04 for different types of mpellers mcluding pipe
mpellers, flattened cylindncal impellers, covered furbme impellers, Wemco

flotation cells, Denver flotation cells, and shrouded turbine. Unlike the cnifical
mpeller speed for gas induction, the rate of gas mduction 15 dependent on the
type of impeller. Generally there are two types of gas-inducing impellers, namely
hollow shaft with hollow blades and the rotor-stator type.

Existing comelations for vanous mmpellers are summarized m Table 1,
which shows that the gas induction rate 15 often correlated with the difference
between Froude number and cntical Froude number (Fr-Fro) or the square
difference between impeller speed and critical speed for the onset of gas induction
ﬂ\x-'h.:,} Az miroduced above, gas can only be induced into a GIAT by a
rofating mpeller at a speed I:-e:,'und the cnfical value, which 15 govemed by
Equation (3). Gas induction rate mcreases with mereasing mpeller :.p-eed because
the pressure field and vortex mtensity mcrease with mpeller speed. As a result, it
15 natural fo correlate the rate of gas mducton with the difference between Froude
number and cnbical Froude mumber. As Froude number 15 proportional to the
square of impeller speed, gas induction rate can also be correlated with the square
difference between impeller speed and cntical speed for the onset of gas induction
if the value of gravitational acceleration (9.81 m/'s”) is substituted.
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Table 1 Comelations of gas induction rate for different mpellers

Impeller system Comelation Refarence

(Sawant af
al., 1981)
(Raidoo ef
al., 1987)
(Heim &r al.,
1995)

Denver with stator Q; = 0.0021(N? — N2 )075g3
FBTD wath stator QF = 2.68 x 1074 {app*)t194

hollow pipe + disc Ny = €[1 — exp(—CRe" Fr=]]

2gs
0.85(nN;d; :,z} {Saravanan
FBTD wath stator + 92.42N,Rj (1 and Joshi,
— 0302 _y15) 1959)
T 0.85(mNd) )

—AFy = APp + APy + AP, + APy

@y = 129.95N;R} [:1 -

hollow pipe + bladed
concave
hollow pipe +

double disc

(T orrester er
al., 1998)
(Ponecin ef

Ny = [23(1 + (Fr — Fr )71 7)) al.. 2002)

The prediction of power consumption has not been studied as extensively
as cnfical impeller speed and gas mduction rate. A cormrelation for power 1nput per
unit Lgqud volume (P/Vr) in a GIAT was developed by Saravanan ef al. (1996) as
follows.

P — 1.767(2xNy) 2224 —671[1 2g= ? @
o WNPRY T ' 0.84(mwd;N;)?

This semu-empincal equation was obtamed using GIATs equipped with pitched
turbine mmpellers with vessel diameters between 037 and 1.5 m_ The ratio of
mpeller diameter (d;) to vessel diameter (dr) was m the range of 0.13 = dy'dr
0.39 and the impeller speed (Nr) of 0.13 =N;=13.5 Hz.
Different from those who comelated kia i a conventional STE. with P/Vi,
Yawalkar ef al. (2002a) proposed a comrelation for kya in the form of gas relative
dispersion parameter, NiyN.4, as shown in Equation (3).

PETI
ko= K [?fd ) uge (3)

where K | k) and k> are coefficient or exponents to be determuned empincally.
Yawalkar ef al. (2002a) proposed £=3.35, k;=1.464 and k=1 for tanks equpped
with disk-type mmpellers. N 15 the mimmum mpeller speed for complete
dispersion of gas phase. They claimed that, for a coalescing system Equation (5)
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predicted kra within 22% of expenmental values for vessel diameters (dr) of 0.39
- 27 m. In addifion, gas-liqud contacting at an impeller speed below N4 led to a
poor rezctor performance as the lower part of reactor was not used effectively due
to meomplete gas dispersion.

Joshi’s group reported that the expression of kya for conventional STEs
was also apphcable to GIATs. Sawant (1921) and Forrester (1998) stated that kra
m a GIAT could be accurately predicted by the comelation for a conventional
STE. operating at similar specific power inputs. Therefore, kya in a GIAT can be
estimated by using Equation (3) too. More importantly, the prediction of N ; has
been well established. However, there has been no comrelation of kra of a GIAT in
terms of NyN-4 in the literature that 15 publicly available.

With a large amount of expenmental data usng different system
configurations and operations, Nienow ef al. (1977) comelated Ny in a bladed-
turbine-type STE. with the gas volumetnic flow rate and the diameters of the
mmpeller and the reactor body as follows.

4{2}:'!_5 ﬂ!Til.Z.'.E

6
z (6)

Neg =

Although Equation (6) was developed for a comventonal STE, it 15
reasonable to assume that 1t can also be apphed to a GIAT, which 15 essentially a
specific type of STE. The only modification needed 15 the substitution of the gas
mduction rate O gziven by one of the equations m Table 1 for O

Existing correlations for mass transfer coefficient in GIATs equipped with
bladed-type mmpeller were developed under specific conditions with limted
applicability; therefore, 1t 15 better to develop new comelations with accuracy and
a broad applicability. In this paper. the applicability of the four aforementioned
existing comelations was first exammed by available expenmental data m
hterature. Next, two new mass transfer commelahions were developed according to
the data, and these new comelations were expenmentally vabdated by mass
transfer data in a laboratory sethng.

1. Experimental

Figure 1 shows the confinuous GIAT for the removal of dissolved oxygen from
water using nitrogen bubbles. The GIAT reactor was made of a square acrylic
with a width of 406 4 mum. Its comers function as virtual baffles, which prevents
the formafion of a surface vortex and promotes vertical circulation. Its height was
4572 mm. Water level m=zide the tank was mamntammed at 304.8 mm, above which
was headspace. A 4-bladed straight turbine mmpeller with both height and
diameter of 101.6 mm was chosen and enclosed m a shrouded draft tube
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perforated with 1.6 mm diameter holes. The impeller and shroud were submerged
2413 mm below the hqmd surface. The speed of agitabon was adjusted by a
vanable frequency dnver (WFD). The shroud enabled beiter induchon of gas as it
prevented froth accumulation on the free hqud surface. Nitrogen (99_5% of punty
from Praxair Inc.) was imduced mto the tank from a gas inlet pipe on the top of the
shroud by a rotatimg impeller. Meanwhile, gas-liquid interface was sheared by
mpeller blade when the forced vortex, which was also generated by the rotafing
mpeller, was suﬂ'lclenﬂ}r close to the mpeller, entrapping mitrogen bubbles and
enabling the mixing of gas and liqud.

Volmmetmne hqud phase mass transfer coefficient was calculated using the
oxygen concenfrations measured at the inlet and outlet of the tank O=xygen
concentrafion m water was measured by using a dissolved oxygen (DO) meter
(Model WU-33013-10 from Cole-Parmer, Inc ) with accuracy of £1% of full scale.
Three rephcations were taken for each data pomt The cnhical speed for gas
mduction, N, was much greater than the mmimum speed needed for complete
gas dispersion, Nes. Therefore, 1t was reasonable to assume that hqmd was
completely mixed dunng tests. Then a mass balance mves,

Water Inlet
? [ —

To Dhainage

Figure 1: The GIAT for the removal of dissolved oxygen from water

QLEin = QLbour + kpaVi(Cow — €2 M
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Assuming the 0.5% mpunty of nitrogen supply 1s all oxygen and neglecting the
change n gas concentration in the tank, and one can get,

£s = Coin = 32000 X 0.5%Pr [ Hg, (%)

The Henry's constant of oxygen 15 H, =697.94 L-atm/mol and the total pressure
15

Py = (Py + pgh,)/101325 (9)

Substituting P,=101.325 Pa, p=1000kg'm’, =981 m/s’ hy=03048 m into
Equations (8) and (9) gives

Ce = Cgjn = 0.236 ppmm (103
Equation (7) can then be rewntten as,

- E-EIII.I::I
— 0.236)

I‘L“zbl(.:

ok

3. Results and Discussion

3.1 Applicability of Existing Correlations

Most mass transfer coefficients in literafure were presented in terms of specific
power mput (P/Vy) mstead of impeller speed (N;); the evaluation of PV m a
GIAT has not been well established Therefore, lmufed data 15 available m the
literature. To the authors™ best knowledge, 44 data pomnts were found in hiterature
for coalescing (air-water) system m a GIAT equipped with bladed or disc-type
mapellers; they are summanzed mn Table 2. In order to minimize errors, values of
superficial gas velocity, U, are derived from the known gas induction rate.

The dewiation: between measured and caleulated k;a values of four
avallable correlations are tabulated i Table 3. Eguation (1), which 1s
dimensionless, given by Heim et al. (1993) could only give acceptable predictions
to the data of Forrester et al. (1998) with maximum error of -46.75%. The emor
could be as high as -95.70% for other studies. It was Lkely because the
dimensionless vanables in Equation (1) were not hughly comrelated. Its coefficient
of determination, R* was 0.755. Furthermore, for the tank with a geometry of dr =
0.3 m and s/dr between 0.745 and 0857, which was used by Heim ef al. (1995),
1t did not fall mnto the range tabulated mm Table 2. It 15 also worthwhile to point out
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that the impeller adopted by Heim et al. (1993) 15 a disc turbine, which 1s shghtly
different from mpellers in Table 2. This may lead to erroneons results.

Table 2: Available hiterature data for mass transfer scale-up comelation
development

- ) d—r. el U.::_“- 1':'4. 3 P'ﬂk'-:_: ]
Fesearcher o 5/dy /s M. H= Wi MM, Impeller

_ 5- Y i '
Forrester & 045 401346 5.71 625 413 si-bladed

al. (1998) | - ) ; 10 2260 439 CONCAvE
Poncin af al. 06 17.68- B.33 - 200.-  294- double disk

(2002) | 145.01 1667 G985 423
double disk,

odified
Easundra & 313.95- 1602 - 1.50- = .
0.5 : - 4-12 ] double disk,
al. (2008 28011 ET44 2099 PRTD 45°.

PBTD 60"

Table 3: Companson between vanous comelations

Deviation between measured and predicted kia values

Comrelation : :
Forrester Ponecin Easundra

Joshi and Sharma 4530 ~ 62.09% 70.59 ~ 78 40% -15.55 ~45.26%
Sawant et al. -21.67 ~ 18.20% 6432 ~ 86.41% 4797 ~ 80.87%
Heim ot al. 46.75 ~12.09% -71.20 ~ 4393% -95.70 ~ -81.13%
Yawalkar et al -29.00 ~ 3.82% -197.73 ~ 96.03% -39.20 ~ 40.37%

However, the effect of impeller shape has already been mncluded in terms
of PVL and N3Nz when evaluating the other three comelations. Generally
speakmg. a radial flow mmpeller such as disc turbine has a larger Power number
than an axial flow mpeller, e g pitched bladed impeller, and propeller (Bates et
al., 1963; Leentvaar and Ywema, 1980). Joshi and Sharma (1977) investigated the
mass transfer charactenstics of three such mmpellers as pipe, flattened cylindrical
and disk turbine m a stumng tank. They found that at the same level of power
consumption per unit hqmd volume, comparable values of a and kra could be
obtamed regardless of impeller type. Smmlar findings have also been reported by
Sawant ef al. (1981).

Furthermore, the mimmum speed for gas complete dispersion, Nz, 1s
greatly associated with the turbulence mtensity (Yawalkar ef al., 2002b), which
depends on specific energy dissipation. According to Calderbank and Moo-Young
(1961). turbulent flow first produces large eddies which will break mto small
eddies untl energy dissipation 13 -:-:Jmp]ered The properties of these small eddies
are exclusively dependent on the local energy dissipation rate per umit mass of
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flmd. And the scale of these smallest eddies 15 related to liquid properties and
specific energy dissipation. Therefore, the effect of impeller shape 15 represented
by N4 1f mass transfer coefficient k; a 15 descnibed m terms of NyN, ;.

The comelation of Sawant ef al. (1981) estimated k;a within =20% of
measured values by Fomester ef al. (1998); however, deviations of the other two
were 64.32 - 86.41% and 47.97 - 80.87%, respectively. This mught be due to the
over simphfication of their correlation m terms of only P/Vy. The relatively better
cormelation for the data of Forrester ef al. (1998) was probably because the
diameter of 043 m 1s closer to the diameters ranged from 0.1 m to 0.38 m used by
Sawant ef al. (1981).

Joshi and Sharma’s formula (1977) performed better than the other two.
Nonetheless, 1t did not match the data of Ponem ef al. (2002), hkely because thus
correlation did not take mte account the effect of impeller submergence, which
has been proven to be sigmficant at a large ratio of submergence to tank diameter
(Poncin ef al, 2002). Although the model of Yawalkar ef al. (2002a) was fitted
for conventional STEs with diameters from 0.39 to 2.7 m, its performance was
comparable to that of Joshi and Shama (1977). Sawant ef al. (1981) and Forrester
ef al. (1998) alse reported smmilar findings when using comrelations 1n specific
power input cntenon. They stated that kg m a GIAT could be accurately
predicted by a comelation for a convenhonal STE. operating at smmlar specific
power inputs. After all, a GIAT 15 one fype of stmng tank reactor, and 1t 1s
understandable if correlations for a conventional STE. are applicable to a GIAT
with certain geometnc configuration and experimental conditions. The comrelation
of Yawalkar ef al. (2002a) 15 more accurate for the study of Forrester ef al. (1998)
with deviations within £20%, followed by £40% for that of Kasundra ef al (2008).
For the same reason as Joshi and Sharma’s model, 1t largely overesimates the k;a
values of Poncin ef al (2002).

3.2 New Correlations for Mass Transfer Coefficient in a GIAT

Existing comrelations of mass fransfer coefficient in a GIAT m Equatons (2) and
(3) do not mmclude the ratio of mpeller submergence to tank diameter, s/dg,
accounting for the effect of submergence. Newv El'ﬂ:lElE'E-E_ Poncin et al. (2002)
reported that thos effect was sigmficant. Thus, the term s/dyis taken mto account
m the development of new mass fransfer comrelabions heremm. Accordingly, the
volumetnc hqmd phase mass transfer coefficient k;a can be expressed as,

P g
ke = Cl) (Ua) = ()" 1
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N o =
kLa:H[EjI oG (13)

Taking the natural loganthm of both lefi- and nght-hand sides of
Equations (12} and (13) fransforms them to linear equations, respectively,

F
In(kia) = InC+ o, ]n(
Vps

}| + ¢y In(Ug) + nln{—il (14)

N
In(k,a) = InK + Ic]]n{.u_J

)+Ic2]nI:UI.::I+kHlnI:i:I as)
o | I:1!'."

The regression coefficients InC ¢, ¢; ¢y and InkK, k;, kuk; are known.
Ultimately, the comelations are described using Equations (16) and (17) with B-
values of 0.980 and 0978, respectively. Panty plots of these two comelations m
Equations (16) and (17) for different studies are presented m Figures 2 and 3,
respectively. It can be seen that both comelate almost all data within £20% of
measured ones, which 15 mmch lower than those hsted m Table 3. These two
equations are applicable to different bladed-type impellers including six-bladed
concave, double disk, modified double disk. PBTD 45°, PBTD 60° impellers with
a wide range of impeller submergence to tank diameter ratio, 0.5=5/dr=1.23.

. LOH1E

_ s 0692, ° «_n3sg 1&
kia = 1212 (ﬂ] i {de (16)

N, 0220 s
kpa= 2.51]4:( - } R S (an
':"'i.'-u: -Ii'lr

It can be seen that the exponent value of P/Vy mm Equation (16) 15 much
smaller than those given by Joshi and Sharma (1977) and Sawant ef al (1931).
Different from a conventional STE. the effects of P/Vy, 3/dy and Uz in a GIAT
depend on each other. In a convenhonal STE, the gas supply i1s ndependent and
adjustable. In a GIAT, however, gas 1s nduced by a rotating impeller at a speed
beyond a cntical value (N_). Therefore, the superficial gas velocity 15 mamly
dependent upon mmpeller diameter (d;) and speed (N7} and the cnfical speed for
the onset of gas induction (N_). It can be seen from Equation (3) that N depends
primarily on d; and mpeller submergence (3). Meanwhile, Equation 4 shows that
PAWL 15 a fimction of Ny, d; and 5. Therefore, mn a given tank the mass transfer
coefficient (kra) 15 controlled by such three factors as mmpeller speed, diameter
and submergence. In the simplest comrelation, all the effects on kia can be
combined and represented by P’V only as Sawant ef al did (1981).
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Although using PV alone avoids complexity, the applicability of thus
comelation 15 shll hmited and needs further improvement. This 1s why we include
the term s/dy to describe kya mn a GIAT. The decrease mn exponent value of P/Vy
15 likely because the sigmficance of submergence from P/Vy 15 shared by term
(s/dT}, and the contmbution of impeller speed 15 shared by term U

As N rehes on the specific energy dissipation (P/Vy), simular
miterpretabion explams why the exponent of NyNy3 m Equation (17) 15 smaller
than that provided by Yawalkar et al. (2002 a).
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Figure 2: Companson between measured kra values and predicted kra values
by Equation (16)
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Figure 3: Companson between measured k;a values and predicted ke a values
by Equation (17}

3.3 Application of New Correlations to Our Experimental Data
3.3.1 Calculanon Procedure

In order to compare the new comelations (Equations 16-17) with our expenimental
data, gas mduchon rate, power consumption and relative dispersion parameter of
the 4-bladed straight mmpeller used m cuwmrent study has to be determined
Cyhndncal vessels equipped with four baffles are commonly used m literature
while a square fank was ubbized m the present work. A square tank can be
considered as a cylindrical tank with four comers functioming as virtual baffles
(Kresta ef al., 2006). As for the determination of “diameter” of a square tank,
Leentvaar (1980) and Kresta (2006) proved that taking the side length of a square
tank as the “diameter” would provide satisfactory results m terms of power
consumption and nuxing performance.

For specific power consumphbon Leentvaar and Ywema (1980)
mvestigated the effect of vessel geometry on mmpeller energy dissipation and
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found that the dimensionless Power number for a square tank could be well
estimated by the Power number of a baffled cylindrical tank with a distance
between two baffles equal fo the side length of the square tank For example,
baffles with width (B} of 10% of the vessel diameter (df) are evenly equipped m a
cylndncal tank. Then this cylindncal tank 15 equivalent to a square tank with a
side length of 0.8dy. Their expenmental data showed for the same Reynolds
mumber of 10°, the Power number of a 126 mm i.d. cylindrical vessel was slightly
higher than that of a 100 mm = 100 mm square tank. But they did not compare a
cylndncal vessel to a square tank with a side length that equals the wessel
diameter.

In addition, Kresta ef al (2006) compared the mixing performances
between several square tanks and cylmdncal tanks. They alse concluded that the
comelation of blend time for a cylindneal tank can also be used for a square tank
if the “diameter” of the square tank was the side length and the Power number
was assumed to be the same as that for a cylindrical tank.

Therefore, the tank shape (square or cylindncal) 15 behieved to have a
weak or even neghgble effect on power consumphon and mixing performance.
Satisfactory results will be given if a square tank with a side length of dy; 1s
treated as a cylindrical tank with a diameter of dr,. And, the value of side length
of our square tank will be subshfuted mto the corresponding equations for
diameter in following calculations.

The effect of shroud on mass fransfer coefficient 15 also msigmficant and
can be neglected A shroud acts as a stator and 15 used to allow for better
mduction of gas as it prevented froth accumulation on the free liqud surface. In
our gas-inducing rotor-stator system, mirogen gas entered the reactor from a gas
mlet pipe on the top of the shroud because of the low pressure field created by the
rotating mmpeller. Gas-liqud mterface was sheared by the impeller blade when the
forced vortex was close enough to the impeller, entrapping mitrogen bubbles and
enabling gas and hqud mang (Patwardhan and Joshi, 1999).

Other researchers (Garcia-Ochoa and Castro, 2001; Yawalkar ot al_, 2002a)
beheved that volumetne hoguid-phase mass transfer coefficient, kia, was
mdependent of sparger/disperser type or its onifice diameter. The kia is a product
of kr and a, in which the vanation 1 kp 1s rather small and the change in kia
depends mostly on the vanation of specific interfacial area, which 13 lughly
related to bubble size (Sideman ef al., 1966). Considerations based om forces
affecting bubble size mn turbulent regime show that the optimum bubble diameter
will be determined by turbulence intensity in the continuous phase caused by the
energy dissipated by mechanical agitation and 15 independent of the dimensions of
the onfice of the disperser (Calderbank, 1959; Sideman ef al., 1966; Miller, 1974).
As bubble size and consequent specific mterfacial area depend on turbulence
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mtensity, the volumetnic gas-liquid mass transfer coefficient 15 also dependent
primarily upon furbulence mtensity (Yawalkar ef al., 2002a).

According to Calderbank and Moo-Young (1961), turbulence mtensity 1s
dependent upon properties of the liqud and specific energy dissipation. It 15 well-
known that the specific energy dissipation can be descmbed by Power number,
which 15 constant at mmpeller speeds beyond a certain value (Leentvaar and
Ywema, 1980). The energy dissipation per umt volume then becomes a funchion
of mpeller speed and diameter, liqmd density, and tank diameter regardless of
shroud.

As mentioned above, the gas mduction rate 1s related to the impeller type
and none of the equations m Table 1 are applicable to a 4-blade straight 1mpeller.
Therefore, a comelation for the closest type of mpeller 15 used herein. The
shrouded turbine system in this study 15 one type of rotor-stator mpeller with the
shroud acting as a stator. Therefore, the correlations for rotor-stator impellers are
chosen over those for hollow shafts with hollow blades. The comelation of Sawant
ef al. (1981) holds a standard deviaton of 3% for arr-water system in Denver-type
{(which 15 a stator-rotor system) flotation cells with sizes from 100 mm=100 mm
to 380 mm*330 mm. Since the reactor 15 a 406 4 mm = 406 4 mm square tank in
our expenmental setup, the comelabon of Sawant er al. (1981) 15 chosen to
eshimate gas mduction rate m our expenments. As for power consumpfion,
Equation {4-} 15 the cnly option although i1t was developed from patched turbine
mpeller. And our 4-blade mmpeller is basically a 90-degree pitched impeller.
Hence, Equation (4) 15 deemed to give safisfactory results for power consumption
predicion. In addinon, the NN can be estimated by the combinahon of
Equation (6) and the gas nduction correlation of Sawant of al. (1981).

3.3.2 Vahdation of New Corrvelations with Our Experimental Data

The two cormrelations show that the effect of impeller speed 15 more sigmficant
than that of submergence. Therefore, the values of kpa comesponding to different
mmpeller speeds are compared with those calculated using Equations (16) and (17).
Figure 4 shows compansons between predicted and experimentally determined
values of kra, and the emor bars are corresponding standard dewiations of the
experimental data. It can be seen that both equations overeshmate the kra value
for N=8.33 Hz. The difference nught be caused by the prediction of gas mduchon
rate. According to Sawant ef al. {1951} comrelation of gas induction rate is not
applicable to the speed close fo the cntical speed for onset of gas induchon, which
15 6.94 Hz heremn At the beginming of gas mduction, gas was mduced m the
region of mpeller where the flmd density was drastically decreased and the
pressure dnving force ansen was much lower compared to that without mduced
gas. Therefore, the actual value of the rate of gas induction is much lower than 1s
predicted, resulting mn overestimation of kra. For the other five speeds, values of
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kra caleulated using both equations agree with the measured ones. Equations (16)
and (17) can comelate the kya values within £12% and 15.6%, respectively, of
experimental data with an exception of 26.8% calculated using Equation (17) for
the last data pomnt.

0.03 -

& Experimental
—— Eg.(18)

---- Eg.(IT)

Impeller speed, Hz
Figure 4: Vahdation of new comrelations by effect of impeller speed
4. Conclusions

Based on the analyses within this paper, the followmng conclusions can be made.
Two comelations (Equations (16) and (17)) are developed according to data m
hiterature and mclude the ratio of submergence to tank diameter. They can be
applied to a wide range of impellers with R® values of 0.980 and 0978,
respectively. Both equations are able to predict k;a values within £20% of the
measured ones. They can be applied to mmpellers with different types of blades
mecluding six-blade concave, double disk, modified double disk, PBTD 457
PBTD 60" with a wide range of rato of impeller submergence to tank diameter
0.5=8/dy="1.23. These two new comrelations can also be used to calculate k;ain a
GIAT equpped with a 4-blade straight impeller. Equation (16) comelates kra
values within £12% of expenmental data and Equation (17) performs shghtly
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worse, which provides deviations of 15.6% or less except for 26.8 % for N; =
16.7THz.

MNaotation

a specific gas-liqud interfacial area, m™

C.c1,c2, 03 empincal constants i Equations (2}, (12) and (14)
dissolved concentration in tap water at mlet, ppmm
dissolved concentration in tap water at outlet, ppmm
gas-liqud interfacial concenfration, ppmm
mlet gas-liqud interfacial concentration, ppmm
mmpeller diameter, m
tank width or diameter, m
Froude mmber; Fr = J'-.f;::ifl."g.s
critical Froude number; Fr., = N2df/gs
eravitational acceleration, m's*
liguud height
Henry constant for oxygen in water, L-atm/mol
empirical constants m Equations (6), (13) and (15)

liquud-phase mass transfer coefficient, m/'s _
volumetnic hquid-phase mass transfer coefficient, s
aeration mmmber; Ny = Q,/N;D?

munimum impeller speed for complete dispersion of gas phase, Hz
critical impeller speed for the onset of gas mduction, Hz
mmpeller speed, Hz

relative dispersion parameter

atmosphenc pressure, Pa

aerated power consumphon, W

unzerated power consumption, W

total pressure, Pa

power mput per unit volume of haquid, Wim'

volumetnc sparged gas flow rate, m’/s

rate of gas induction, m’/s

velumetric liquid flow rate, m’/s

modified Reynolds number; Re* = Nyd3 [Va.

where vy = ﬂ'mh{d-m"f;}":"”

impeller radms, m

mmpeller submergence, m

Sherwood mumber; Sh = k a /(g% v,)Y?
temperature, K
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Uz gas superficial velocity, m's

Vo volume of the liquid in the tank, m*

W height of mmpeller, m

Greek letfters

i dynamic viscosity, Pa-s

[ density, ]a;g-"m3

APp total pressure driving force, N-m™

APgE pressure losses due to kinetic energy imparted to the liquid, N-m™

APg pressure losses across the orifice, N-m™ i

APp pressure losses due to fiction along the gas pathway, N-m™

AP, pressure losses due fo surface tension at the gas-liqud mterface,
' N-m™

Abbreviations

GIAT gas-inducing agitated tank

PBEBTD 45"  pitched-blade downflow turbine with blade angle of 45°

PETD 60"  pitched-blade downflow turbine with blade angle of 60°

STE stured tank reactor

VED vanable frequency dniver
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