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Characterization of a Process for the In-Furnace Reduction of
NOx, SO2, and HCI by Carboxylic Salts of Calcium

W. Nimmo, * A. A. Patsias, W. J. Hall, and P. T. Williams

ABSTRACT

Calcium magnesium acetate has been assessed as an agent for the reduction of NOx, SOz, and
HCI, at the pilot scale, in a down-fired combustor operating at 80 kWi. In addition to this, the
chemical and physical processes that occur during heating have been investigated.
Benchmarking of calcium magnesium acetate with a suite of five other carboxylic salts (calcium
magnesium acetate, calcium propionate, calcium acetate, calcium benzoate, magnesium acetate,
and calcium formate) has been performed. NOxreduction involves the volatile organic content of
the carboxylic salt being released at temperatures of >1000 °C, where the reaction of CHiradicals
with NO under fuel-rich conditions can result in some of the NO forming Nz in a “reburning”
process. Thermogravimetry-Fourier transform infrared (TG-FTIR) studies identified the nature of
the decomposition products from the low- and high-temperature decompositions. In addition, the
rate of weight losses were studied to investigate the influence of the organic decomposition on
NOxreduction by reburning. In-furnace reductions of SOz2and HCI are aided by the highly porous,
particulate residue, which results from the in situ drying, pyrolysis, and calcination processes.
Simultaneous reduction of all three pollutants was obtained, and a synergy between SOz and HCI
capture was identified. A mechanism for this inter-relationship has been proposed. Sorbent
particle characterization has been performed by collecting the calcined powder from a spray
pyrolysis reactor and compared with those produced from a suite of pure carboxylic salts.
Physical properties (including porosity, surface area, and decomposition behavior) have been
discussed, relative to reductions in NOxand acid gas emissions.
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Figure 1. Schematic diagram of the 80-kW down-fired furnace, showing primary, reburn, and burn-out combustion zones.
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Figure 2. Temperature profiles and residence times for the 80-

EW furnace: (a) calelum magnesium acetate (CMA), (%) caleium
propienate (CP), (%) calaum benzoate (CB), (<) caleium acetate

(CA), () magnesium acetate (MA), and (O) caleium formate (CF).
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Figure 3. Schematic diagram of the calcination reactor.
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Figure 4. Effect of feed rate on NO reduction for (a) CMA, (v}
CP, (%) CB, (%) CA, (@) MA, and m) CF, under reburning
conditions of 41 = 1.05, iz = 1.03—0.56, and iz = 1.15 (3% Oa).
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Figure 5. Decomposition profiles from TGA of CMA,
MA, and CF. (See figure for legend of line symbola.)
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Figure 6. Arrheniua plot of organic decompositions from TG
analyals of weight loss data for CMA, CA, MA, CF, CB, and CP.
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Figure 7. Effect of sorbent feed rate on SO; reduction for (a)
CMA, (wy) CP, (%) CB, () CA, (@ MA, and ) CF, under
reburning conditions of 4; = 1.05, i; = 1.03—0.86, and 1, = 1.15
(3% Oz
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Figure 8. Sorbent Ca and Mg utilizations for S0; capture under
reburning conditions (4, = 1.05, 1; = 1.03-0.86, and i; = 1.15
(3% Oy (&) CMA, (w) CP, (% CB, (%) CA, (@) MA, and ) CF.
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Figure 9. HCI reductions under normal combustion conditions
iA1= 1.4 (6% Og)) for a range of CMA sorbent feed rates, showing
the effect of initial SO; concentration (M) 780 ppm, (O) 680 ppm,
and (&) 0 ppm).

156 1.0
Oppm J
1.4 initial 50, "w_ H oo
13+ *a - 0.8
* ] m
1.2 - qor &
.- 1 0
m 4 i =
O 1.1 ] 0.6 E
[T dos B
3 [
-g 0.84 TEOppm - 0.4
@] initial S0, Jas
0.7 < 0.2
0.6 - 1 4041
ﬂ5 T T T T T T T ﬂu
[aXi] ] 1.0 1.5 20 25 3.0 35 4.0

inlet Cals (CalClx2)

Figure 10. Effect of CMA sorbent feed rate on spent samples;
CMA sorbent Cl content for initial 302 concentrations of (B) O ppm
and (@) T30 ppm. Open circles (0) denote the sulfur content.
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Figure 11. EDX spectrum of samples of spent, CMA sorbent
powder for CafS = 1.85: (A) sample A, 0 ppm S50s; and (B) sample
B, 780 ppm S0,

Mercury pore size analysis of Ca-based sorbents
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Figure 12. Mercury pore size analysis data for CMA, CP, CA,
and CF.



Figure 13. Scanning electron microscopy (SEM) images of reacted
sorbent particles after sulfationreburn: (A) CF, (B) CP, (C) CE,
iy CMA (inset shows a broken particle), (E) MA, and (F) CA.

Table 1. Relationship between Sorbent Feed Rate, as
Expressed as CafS or Mg/S, to Reburn Zone

Stoichiometry (iy)®
Sorbent Feed Rate, as Ca/S or Mg/5
da CB CMA CP CA MA CF
0.99 (fuel -lean) 053 09 1.14 177 1488 4.0
1.0 (stoichiometric) 042 056 091 14 1.4 3.15
0.2 035 045 088 089 157

1.02 {fuel-rich)

@ Legend for table is as follows: CB = calcium benzoate, ChA
= calgum magnesium acetate, CP = calcum propionate, CA =
calclum acetate, MA = magnesium acetate, and CF = caleium

formate.



Table 2. Decomposition Products and Temperatures from Thermogravimetric Analysis (TGA) of Caleium Carboxylic
Salts

Peak 2 Peak 3
compoundis) temp (°C) compound(s) temp (°C)
magnesium acetate, MA 2-propancne (acetone), carbon dicxade 376 neghgible losa BT0
calcium acetate, CA 2-propancne, 2-butanone 444 carbon dioxade, carbon monoxide 779
calclum magnesium acetate, CMA  2-propanone, 2-butanone, carbon dioxide 399440  carbon monoade, carbon dioxide 783
caleium propionate, CP 3-pentanone, 3-methyl-2-butanone 390v491  carbon dicxide 754
calcium formate, CF carbon monoxide, formaldehyde, methanol, 501 carbon disande, carbon monoxide 202
carbon dioxide
calcium benzoate, CB carbon dioxide, benzene, benzophenone 557 carbon dioade, carbon monoxide T45

Table 3. Organics Decomposition Data (Peak 1) from Thermogravimetric Analysis of Carboxylic Salts

initial weight activation energy, pre-exponential factor, Arrhemus plot
salt (mg E, (kJimol) A(s1) correlation coefficient (z = 1)
CMA 5 167.3 1.22 x 1012 0.995
CMA 10 153.4 B.66 s 1010 0.991
CMA 15 162.9 3.91 x 10 0.973
CA 10 321 7.56 » 1022 0.992
MA 10 197.6 1.31 x 1018 0.991
CP (1st) 10 147.6 2.01 = 100 0.969
CP (2nd) 10 247 B.T x 10% 0.982
CF 10 370.1 1.3 x 107 0.989
CBE 10 358.2 6.35 » 1081 0.9%94

2 With a standard deviation of £0.3 mg.

Table 4. Data for the Simultaneous Capture of 50; and HCI from Tests in the 80.kW Furnace®

780 ppm initial S0 750 ppm nitial S0 0 ppm 1rutial 504
S0, Ca utilization HC1 Ca utilization  total (3+CI) HC1 Ca utilization

CafSor 80y reduction 50; capture HCl  reduction HCleapture Ca utilization HCl  reduction HCI capture
CafClx2 { ppm) (%) (%) ippm) i) (%) i) ippm) i %) (%)

1] TE0 o o 1500 0 ] 0 1500 o] o]

1 510 34 34.2 1317 12.2 12.2 46.4 208 40.1 40.1

1.85 330 a7 31.0 1024 31.7 17.2 458.2 503 B6.5 35.9

2 353 51 25.3 913 39.1 19.6 44.9

2.5 242 B9 275 574 61.7 24.7 52.2

3 230 70 234 B79 54.7 18.2 41.7 161 29.3 29.8

@ TTnder normal combustion conditions. 1; = 1.4.



Table 5. Surface Area, Porosity, and Calecination Data of
Samples from a Calcination Reactor and an 80-kWiy

Furnace

BET surface area (im%g)
N3z isosorption
total pore area (m®g)

total pore volume (mL{g)

average pore diameter (gm)

mercury porosimetry
total pore area (m®g)

total pore volume imL/g)

average pore diameter (gm)

porosity (%)

percentage calcination (%)

CMA CA CF CP CMAs
31.8 310 236 227 101
48.2 47.7 314 324

0.24 021 014 0.16

0.019 0.0158 0.017 0.020

50.04 45.19 5561 55.47

2.84 232 215 169

0.23 019 015 0.12

826 793 73T T4

85.2 80 713 541 818

@ Bample taken from an 80-kW furnace under combustion

conditions (propane at 6% Ok,

Table 6. Correlation of NO, Reduction with
Decomposition Kinetics Obtained from the

Thermogravimetric Analysis (TGA) of Organic
Decompositions for CP, CMA, MA, CA, and CB

E.. NO reduction Ca’S  reburn fuel fraction
from TGA  in the 80-EW or in the 80-EW
ikJimol ) furnace (%)  Mg/5 furnace (%)
cPp 145 55 1.25 5
CMA 153 52 2 b
MA 1958 55 3 5
CA 321 45 3 b
CE 358 49 0.8 b

Tahble 7. Particle Size Calculation Data

Estimated Particle Sizes after In-Furnace Spray Caleination

typical 1nitial caleulated
droplet diameter  particle size
particle size in size range (um) e
maximum droplet diameter 50 a8
minimum droplet diameter 1 0.5
Phys=ical Parameters

initial droplet concentration 1.6 mol/L,

saturation droplet concentration 2 mol/L

density of zalt 1.2 gfem?®

density of ;ade 3.3 glem®

odde yield of salt 0.3

porosity of particle 0.8



