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Executive Summary

%

This report summarize the test results and model developments of the mini-pilot scale

spray dryer at the University. of Cincinnati for high sulfur coal applications for the project p.e..riod

from September 1, 1992 through August 31, 1993. The main body of the report consists of four

parts: 1. additives to change process chemistry for SO2 absorption by Ca(OH)2 slurry; 2. recycle

tests and hydration of fly ash with Ca(OH) s to increase reactivity; 3. limestone as an altemative

sorbent and additive effects; 4. physical and chemical model developments for some of the

additive effects and spray dryer mathematical model applications.

The results of sorbent enhancement with various additives is summarized in this section.

Hydrogen peroxide vchich can oxidize sulfite ions into sulfate ions has a significant effect on

enhancing sorbent utilization and increasing SOs removal efficiencies. Sugar which can increase

the dissolution rate of Ca(OH)2 has some positive effects on sorbent utilization with a small

amount of addition, but the effect decreases with increased sugar concentration. Benzoic acid

and formic acid which have buffering effects have little effect on the Ca(OH)2 sorbent utilization

in the spray dryer system.

In the recycle tests, a 9.1% recycled spray dryer Ca(OI-I)s product resulted in almost no.

change in the overall SO2 removal. However, when the recycled product were raised to 33%,

the 50, removal was decreased by about 10%. Fly ashes have been slurried with quicklime at

elevated temperatures to enhance spray dryer performance. Bench scale experimental results

indicate _at this hydration process greatly increased the total surface area of the solids. Mini-

pilot "scale tests in the spray dryer reveal that the heating step significantly increases calcium

utilization and SOs removal of these fly ash/quicklime sorbents.

Limestone type and size have certain effects on spray dryer SO_ removal, but the test

results indicated that using limestone in the spray dryer for desulfurization is not very

encouraging, and no effective additives were found for limestone application. The reasons are

postulated as the following: The Ca/S ratio of a CaCO 3 slurry is almost half as much as that of

CaO (Ca(OH):) if the same concentration (by weight) is fed into the spray dryer, and this leads

to high slurry solids concentrations and heavy spray nozzle loadings. The low solubility, and



dissolution rate of CaCO3 and short liquid phase residence time (the high slurry concentration

will make the residence time shorter) of the sprayed droplets are considered as combining to

reduce the effectiveness of limestone for SO2 removal.

In the theoretical study, the enhancement of sorbent utilization due to hygroscopicity of I

additives has been investigated, and a relationship between saturation ratio and droplets
[

containing dissolved material has been given. This relationship explains the hygroscopicity I

phenomena• The modified SPRAYMOD model has been used for the estimation of spray dryer

desulfurization performance, and the results seem to over-predict the baseline test results.

A modification factor for the Ca/S molar ratio calculation has been formulated. This

modification was initiated from the difference between calculated Ca/S value and experimental

observations.



Introduction

Thisreportsummarizelastyear'stestresultsandmodeldevc'lopmentsofthemini-

pilotscalespraydryerattheUniversityofCincinnatiforhighsulfurcoalapplications.:The

main bo_lofthereportconsistsoffourparts:1.additivestochangeprocesschemistryfor

SO2absorptionby Ca(OH)2slurry;2.recycletestsandhydrationofflyashwithCa(OH)2

to increase reactivity; 3. limestone as an alternative sorbent and additive effects; 4. physical

and chemical model developments for some of the additive effects and spray dryer

mathematical model applications.

Using Ca(OH)2 slurry in the spray dryer absorber for SO2removal has shown to be

both economic and technologically reliable for treating flue gases of low to medium sulfi.tr

, coal, but as the concentration of SO2 in the flue gases increases, the SO2 removal efficiency

wilt go down. For the flue gases of high sulfur coal, Ca(OH)2 slurry alone in the spray dryer

could not achieve SO2 removal efficiency, higher enough to meet the EPA regulationsi

However, the Ca(OH)_. slurry, treated by additive recipes have shown some positive aspects

of using spray dryer to clean high sulfi.u"coal flue gases.

Additives such as delinquent salts (lq'aOH, NaCI, and Na.HCO3) have been shown to

improve SO2 uptake, and these additive tests have indicated that SO 2 uptake may be

increased by as much as 60% over baseline conditions [I]. These delinquent salt additives

are known to retain the moisrdre on the droplet surface of Ca(OH)2 slurry, and thus prolong

the most effective liquid phase reaction for SO,. removal.



It is very important to integrate and manipulate the process chemistry in the spray

drying desulfurization.
*,

Some additives can change the SO2 absorption process chemistry, and thus enhance

the SO2 removal. By examining *.hechemical processes in the SO2 reaction with Ca(OH)2,

other additives such as H202, sugar, and some organic acids which can change the chemical

reaction processes are suggested and tested, and some promising results have been obtained.

Most spray drying system today recycle a portion of their waste solids back into the

feed slurry. Recycle has been shown to increase sorbent utilization by allowing partially

reacted sorbent to react further with the SO2 in the flue gases. In addition, recycle of fly

ash together with Ca(OH)2 has been shown to be more beneficial towards SO2removal than

recycle of Ca(OH)2 alone [2]. The reason for the above phenomenon was postulated to be

the pozzolanic reaction between the recycled fly ash and the calcium hydroxide in the feed

slu_ to form hydrated calcium silicates and/or calcium aluminates [3]. "

A recycle test has been conducted. Two types of Ohio coal fly ashes have been

extensively studied, and improvement of utilization in spray dryer flue gas des_tion

has been demonstrated.

Limestone represents an area where si=c_fificantcost savin_ can be realized. The

spray dryer tests were designed to provide some results for understanding the magnitude of

the limestone performance in the spray dryer system and the additive effects. Since the

dissolution rate of limestone is the overall rate control step for the SO2 absorption, unless .

an effective dissolution rate increasing additive is found the other additives will not be very

helpful.



The additive effects on increasing 502 absorption by Ca(OH) 2 slurry were
i

investigated, and the chemical and physical properties of these tested .additiveswere studied.

Some models have been formed to explain the additive phenomena. The mathematical

model developed by Damle, S.A. [4] and modified by Partridge, P.G. Jr. [5] was used a_the

model prediction of spray dryer performance, and the results are compared to the

experimental data.



Additives that change the process chemistry for

SO2 absorption by Ca(OH)2 Slurry ,

Oxidation of S(I'V) to S(VI): Since the diffusion of H . from droplet surface into droplet [
core might become the limiting step, the pH decrease of the droplet surface can lead to the

halt of SO2(ac0 dissolution into ion forms and this is illustrated in Figure 1 [6]. If there is l

a way to oxidize the SO2(aq), HSO3" and SO32"to SO3(ac0, HSO 4"and SO42"respectively

(SO2, HSO 3"and SO32"known as s(rv), and SO3, HSO 4"and SO42"known as S(VI)), then

due to the high dissolution rate of SO4(ac0 and H2SO4at low pH, the SO2(aq) concentration

will nearly not be affected by the liquid side equih'brium and pH, therefore; the limiting step

will be pushed to the gas phase diffusion.

S(VI) form is also known as a crystallization inhibitor, on the contrary; S(IV) form

can be crystallized easily. If th9 S(IV) can be oxidized to S(VI), this implies less

crystallization and more available sorbent surface area for dissolution since the crystal of

the S(IV) form will deposit onto the surface of the sorbent and block its contact with the

liquid. Yet in the wet scrubbing process where gypsum scaling (due to the S(VI) forms)

needs to be controUed, the natural sul.fite oxidation rate (oxidation by oxygen in flue gases)

is inhibited through the use of thiosulfate to the point where gypsum scaling does not occur

[7].

We know thatintheprocessofS02(g)dif_sionintothedropletcertainamountof

oxygen v-iLlsimultaneously diffuse into the droplet, but in the absence of catalysts the

reactions between dissolved O2 and S(IV) are negligible. Certain dissolved metal ions can



I ....... •

act as the catalysts in the oxidation reaction [6], and the metal ions such

as Fe 2., Mg2+,K +, Cs + etc. could be the catalysts. H202 (hydrogen peroxide) is found to

be a more powerful oxidizing agent. The conversion rates of S0"V) to S(VI) in the presence

of H202, together with those in the presence of dissolved oxygen where the Fe(m), .M.n2+,

NO 2 and HNO 3 denote the catalysts in the oxidation reaction, are shown in Figure 2 [5].

Considering that H20 2 have significantly higher Henry's Law constant and conversion rate

than 02, the oxidation of S(IV) into S(VI) can be more effective if H202 is used. The

Henry's Law constants are listed below:

Gas H, Matin "1(298 °K)

O, 1.3 x 10"3
O3 " 9.4 x 10"3
SO,- 1.294
HzO 2 7.1 x I04

The H_O,- used in the additive test was from Fisher Scientific, 30% liquid form. It

wa_ added directly into the slurry. The test results of H,-O2 as an oxidiz_g additive is shown

in Figure 3. Indeed, the H202, as an additive, has a significant effect in enhancing sorbent

utilization and SOz removal. At 20°F approach to saturation temperature, the SO2 removal

efficiency, under the H_.O,-additive is about 20% hi_'aer than that in the baseline. The

additive concentration is from I ml/liter to 5 re.I/liter, and the increase in additive

concentration leads to the increase in SO,- removal efficiency.

Dissolution Rate Enhancement: The dissolution rate of Ca(OH),- in the spray dryer system

i could become the limiting step due to the short residence time of the droplets and high ion .

concentration in the droplets. Sugar was tested as an additive for enhancing the dissolution

rate of Ca(OH),. [8], and this is shown in Figure 4. The test results for sugar as

5
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Figure 2. Comparison of aqueous-phase SO2 oxidation paths. The rate '
of conversion of S(IV) to S(VI) as a function of pI-L Conditions assumed
are: [SO2(g)]=5 ppb; [HNO2(g)]=2.ppb;[HzO2(g)]= 1ppb; _O2(g)] =1 ppb;
[O3(g)]=50 ppb; [Fe3+(aq)] =3 x 10"M; [Mn2.(aq)]=3 x 10_ M.
From Seinfeld, HJ., "Atmospheric Chemistry and Physics of
Air PoUufion" p__28, 3ohn Wiley & Sons, Inc., (1985).
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an additive are shown in Figure 5, and we can see that with small amount of sugar added

the removal efficiency is increased over the baseline, but further increase of sugar (from

100mg/1 to 500rag/l) leads to the decrease of the SO2 removal efficiency. The removal

efficiency improvement is about 10% at 20°F approach to saturation temperature. - .

Buffer:. The pH at the surface of the droplets in spray dryer can drop well below 5 as SO2

is absorbed, and this low pH value will intn'bit further absorption of SO 2. The organic acid

can be effected as a buffer for preventing the pH from falling too low. In the experiment,

benzoic acid and formic acid were used as the organic acid buffer, and the test results are

shown in Figure 6 and Figure 7. Little improvements on SO2 removal were observed

compared to baseline results. The benzoic acid used is in crystal form, and the addition is

from 100rag/1 to 500mg/1. The formic acid used is in liquid form (88% concentration), the

addition is from lml/1 to 5ml/1. The test results devaluated the organic acid buffer function

which is considered effective in wet scrubber system. This probably is due the fact that

Ca(OH)2 particles can dissolute faster than the CaCO3particles, and the pH in the droplets.

will not go down to as low as 5 before the Ca(OH)2 dissolution increases the pH. Since the

organic acid buffers will not work until the pH falls low, the buffers will not have much

value ff the pH in the droplets maintains far above 5.

10
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Recycle Tests and Hydration of Fly Ash with Ca(OH)2 to Increase Reactivity

Recycle of the Spray Dryer Ca(OH)2 Reaction Product: Since there is certain amount, of

unreactedCa(OH)2inthespraydryerproduct,mostspraydryings_stemstodayrecyclea

portionoftheirwastesolidsbackintothefeedslurry.Recyclehasbeenshowntoincreaseo
.

sorbentutilizationby allowingpartiallyreactedsorbenttoreactfurtherwiththefluegas.

Inaddition,recycleofflyashtogetherwithCa(OH)2hasbeenshowntobe morebeneficial

towardsSO2removalthanrecycleofCa(OH)2alone[2].

TherecycletestresultsareshowninFigure8wheretherecycledspraydryerproducts

arefrom a Ca(OH)2sorbenttest.As canbe seen,theSO2 removalefficiencydidnot

changeforthe9.1°h(byweightbasedontheCaO and.recycledproducts,correspondingto

Product/CaO= 10%) recycledproducts.The SO2 removaldecreasedas therecycled

productswereincreasedto23.1%(Product/CaO= 30%),andfurtherSO2removaldecrease

was observedaftertherecycledproductswere raisedto33.3%(Product/CaO= 50%).

Althoughwiththeincreaseof therecycledproductstheSO2 removalefficiencywas.

decreased,thedecreaseseemsnotsosubstantialasanticipated.Thiscouldbe due tothe

factthattheutilizationofCa(OH),.inthebaselinetestisrelativelylow,andthereislarge

amountofunusedCa(OH),.inthespraydryerproducts.

RecycleofFlyAshes[8]:AlthoughtheSO2removingpotentialofflyash/limesorbentshas

beenestablishedinbenchscalesandbedreactors[9][10][11][12]andindrysorbentinjection

[13][14],theirusefulnessinspraydryingapplicationshasnotbeen thoroughlystudied.

.lozewicz et al. [13] attempted to spray dry these solids in a pilot scale unit and found

significant wet solids deposits on the wall at approaches to saturation lower than 75°C.

14



100
i

: Spray Dryer Baseline

8o _Procluct/.CaO _ iO _
: Product/.CaO O_
: Product/CaO O_N -

" 60
o "

IE -
(D

40"

0 - ._U') :
i

I

213
i

i

i

. ,p

0 , uu , ,"u'i , u'l u ,"n , ,', , , , 'I ' ' " ' u"'" u"' I ' "" ' '" ' ' ' I ' ' '| "' ' ' '"" I '" ' ' ' ' ' ' '
( 10 20 30 40 50 , 60

Approach to Saturation Temperature, °F

Figure 8. Recycle with Ca(OH) 2 Reaction PrQduct
e



Petersen et al. [15] attempted the same in a bench scale spray dryer and did not experience

a wall deposits problem. They did not, however, see any significaat improvement in caldum
J

utilizationorSO2removaloverCa(OH)2alone.Nakamuraetal.[16]attemptedabench".-

scalespraydryingstudywithheatedslurriesofflyash,Ca(OH)2,andgypsum,andreported

removalsof up to30% overCa(OH)2 alone.Thisstudyexaminesthesurfacearea

developmentand strengthdevelopmentinmixturesofflyash and hydratedlimeand

attemptstodeterminethebenefitofusingflyashasa spraydryeradditive.

The flyashesusedwereobtainedfromthe#7 and#8 boilersofCincinnatiGas and

ElectricCompany'sMiami Fort(M_) Station.The MF7 ashwasfrom a 2.1%sulfurcoal

and theMF8 ashwas froma 0.7% sul_rcoal.An analysisoftheashescanbe foundin

TableI.The surfaceareasoftheMF7 andMF8 ashesweremeasuredtobe 0.Sm2/gand

1.2m2/g,respectively.ReagentgradeCa(OH)2fromFisherScientificwithasurfacearea

of 13.9_/g was usedinformingflyash/limesorbentsforsurfaceareadetermination..

CommercialgradequicklimefromDravoLimeCompanywasusedtopreparesorbentsthat

weretestedinthespraydryer.

Benchscalesorbentsamplesconsistedmostlyof4 partsflyashtoiparthydrated

lime.The water:solidsratiowas keptat1S:1.The sampleswere heatedina Fisher

Scientificwaterbathat80°Cor9S°Cforvaryingperiodsoftime.Afterheating,thesamples

werefilteredandaportionofthesolidsvacuumdesiccatedovernight.The solidswerethen

measuredforsurfaceareawitha QuantachromeMonosorbsinglepointBET machine. "

18
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Table 1. Mineral Analysis of Ashes on a %Ignited Basis

-_ _ (CourtesyofStandardLaboratories,Inc.,SouthCharleston,W.V.,U.S.A.)i i [ i,.i ,m i i I IH,II|I iii .i _ _ i1, i _ i I i i,i I,i ,,i

Fly Ash MY7 MY8

SiO2 49.77 56.51 -;

Al_O3 23.76 2853

Fe203 17.86 4.62

I_O 2.21 2.39

TiO2 1.65 2.08

CaO 159 1.49 "
........... : ii i llii ,ii, _ -- i, , ,,,,||i i, i i i

Figm'e9 displaysthe surfaceareasobtainedfrom sing the _ and M'F8 ashes

with Ca(OH)z at a 4:1 ash/lime ratio at 95°Cfor varyingamountsof time. The surface

areasof both sorbentsincreasedmarkedly with time, mostlikely due to the formation of

high surfacearea hydrated c_cSm silicatesand _uminates. The MF8 ash sorbents;

however, developed on average higher surface areas than the.MF7 ash sorbents. The reason

for this seemingly greater pozzolanic actMty in M_F'8ash sorbents is probably that MF8 ash

has more available silica and alumina than the MF7 ash. From Table I, one can see that

i the total percentages of silica and al_a are 85.04 in the MF8 ash and 73.53 in the MF7

ash.

Figure 10 displays the surface area results from heating 4:1 MFS/Ca(OH)2 sorbentsat

two different temperatures, 80°C and 95°C. The surface areas developed at 95°C were

17
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significantly greater than those developed at 80°C. Hence, the rate of the pozzolanic

reaction increases with increasing temperature. The SEM photographs of the surface area

developments are demomtrated in Appendix I. "

Sorbents to be spray dried were made with varying ratios of fly ash and quic_e,

but mostly 4:1 and 1:1. The solids loading of the slurries was kept at 10 %, which was the

maximum that the two fluid atomizer could handle without clogging. In addition, the fly

ashes were sieved through a 250 _m sieve to prevent large carbon black panicles in the fly

ashes from plugging the atomizer. Samples wereheated in an insulated 150 L stainless steel

drum by allowing steam to flow through the outer jacket. A steam solenoid and

temperature controller kept the slurry temperature constant at 95°C.

The results of the spray dryer tests with the fly ash sorbents are in Figures 3,4, and

5. Figure 11 compares the spray dryer performance of the MF7 and MF8 ash sorbents. The

ave.rage inlet SO: concentration was 2500 ppm. Both sorbents consisted of 4 parts ash to

1 part quicklime, and were hydrated at 95"C for 15h prior to testing. The MF8 sorbent

proved to be more effective at removing SC2probably due to the reason given above.

Figure 12 displays the effect that the heating of a 4:1 MF8/quicldime slurry for 15h at

i 95°C has upon SOz removal in the spray dryer. The removal increased 20% at 11°C (20°F)

approach to saturation, which translates into an increase in calcium utilization.from 45% to

95%.

Figure 13 compares the 502 removal of a 12.8% Ca(OH)2 solution (10% CaO prior to
o

hydration) to three heated slurries each with a different amount of MF8 ash substituted for

19
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CaO. The objective of this set of experiment_ was to determine if the increase in calcium

util_ation noted above would lead to the existence of a fly a.sh'/Ca(OH),- slurry that

removed more SO,-than the pure Ca(OH),-slurry. The fly ash loadmgs of the slurries were

20%, 50%, and 80%, and the heating time was once again 15h. None of the slurries

removed as much SO,-as the pure CaO slurry,although the 80% and 50% fly ash slurries

were within 10% at 11°C (20°F) approach. Table II summarizes the SO,- removal

efficiencies and calcium utilizations of each slurry. The Ca utilization in the 0% and 20%

fly ash slurries was only 30%, but rose dramatically as more fly ash was substituted. The -

50% fly ash slurry had a Ca utilization of 45%, and the 80% fly ash slurry had a 95% Ca

utilization. However, the presence of a large percentage of inert material in the fly ash plus

the limit of 10% solids loading in the slurries imposed by the two fluid atomizer prevented

the.testing of a 4:1 fly ash/CaO slurry with heavier solids loading.

Additional sulfur uptake tests with MF7 and MF8 slurries were performed after the

spray dryer tests to help verify the results obtained in bench scale and mini-pilot scale tests.

Both ashes were slurried with Ca(OH),- at a 4:1 ratio. The solids loading was 10% in each

case. Samples were heated at I00°C for 2 hours, cooled to room temperature, and then

sparged with 2800 ppm SO,. for 0 rain, 5 rain, or 30 rain. After sparging the samples were

filtered, dried overnight in a heated vacuum desiccator, and measured for sulfur content in

a Leco sulfur analyzer.
o

Z
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Table 2. Removal Efficiency and Ca Utilization at 11°C Approach of Various Heated
MF8/Ca(OH)2 Slurries with Different Fly Ash/Quicklime Mass Ratios.

Fly Ash/CaO Removal Efficiency Ca/S Ratio Ca Utilization
(%) (%) -

0:1 52 1.75 30

1:4 49.5 1.65 30

1:1 44 1.0 45

4:1 38 0.4 95

The results of the bench scale SO2 sparging tests are located in Figure 14. The

MF8 sorbent proved to be more reactive than the M-F7sorbent when reacted with SO2

in solution for 5 minutes or 30 minutes. The unreacted MF8 sorbent contained

approximately 0.3% more sulfur than the unxeacted MF7 sorbent. However, the amount •

of additional sulfiar picked up by the M'F8 sorbent during the reaction was significantly '.

greater. The MF8 sorbent had 0.9% more sulfi_ than the MF7 sorbent when reacted for

5 minutes and 2.8% more sulfur when reacted for 30 minutes. These results veri_ the

greater reactivity of MF8 sorbents observed in the spray dryer and also show that this

increase in reactivity is also present when the SO+.reaction occurs in solution.
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Limestone as an Alternative Sorbent and Additive Effects

Limestone Baseline Test: In wet limestone flue gas desulfurization (FGD) systems, the

performance of the system depends on three limestone properties.. [17]; I. reactivity, 2.

hardness, and 3. composition. Reactivity is a measure of how rapidly a limestone dissolves
-',

under _-pical FGD chemistry conditions. In theory, a very highly reactive limestone requires

less excess reagent in the scrubbing slurry to maintain a constant SO 2 removal efficiency (or

achieves higher removals at a constant utilization). Hardness is a measure of the energy

required to grind a limestone to FGD reagent size. With respect to composition, a high

inert fraction (or a low calcium carbonate content) means there is less reactive carbonate

available per gram of reagent. A limestone with a high dolomitic fraction will adversely

impact scrubber performance since the reactive carbonate fraction of the feed reagent is

lower. A limestone with a high soluble magnesium content can have either a positive or

negative impact on performance, depending on system chemistry. This knowledge was used

in the selection of the sorbent for the limestone/spray dryer tests.

A high calcium limestone (source: the Dravo Lime Company) and a lower calcium

limestone were used for these tests. The typical analysis are given in Table 3 and Table 4

respectively.

One problem in the use of limestone as a sorbent in the spray dryer system is since

the Ca/S ratio is inversely proportional to the molecule weight of the sorbent and the

molecule weight of limestone (100g/mole) is almost twice as large as that of quicklime

(56g/mole), If the same concentration (by weia_ht) of limestone and quicklime is fed into the .

spray dryer, the Ca/S ratio of limestone is almost half as much as that of quicklime.

Suppose there are two spray dryers and one with quicklime mother with limestone as
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sorbents,the spraydryerwith Hmestonemustoperateat almosttwice as much solid load as

the one withquicklimeif the same Ca/S ratio is to be maintained.

The limestone of Dravo Lime Companywas ground and sieved to two sizes. One

is less than (<) 45urn,and the another <38urn. The limestone of National Lime & Stone

Companywere deliveredin powderform whichis less than 31urn. A series of spray ¢I_yer

tests were performed with the slurries at a solid concentrationof 10% by weight and the

simulated inlet flue gas 502 concentration of 2500 ppm. The spray dryer desulfurizar.ion

results of <45urnDravo stone and <31urnNationalstone are givenin Figure 15, and the

desulfurizationresults for Dravo's <45urn and <38urnstone are given in Figure 16. As

shown/n the Figure 15, the limestone form Dravo Lime Companyhas a higher reactivity,

and the SO2removal efficiencyof the <45urnlimestone is ahnost the same as that of the

<31urn limestone from National Lime & Stone Company. From Figure 16, the <38urn

limestone has slightlyhigher SO2removal than the <45urn limestone at low approach to

satm'ation temperature. But as the approach to saturation temperature increases, the

difference in SO2removal is diminished.

The limestone particle size is a very important factor in wet FGD system

performance (usuallythe size used is tess than45urn),andlarge limestone particle external

surfacearea couldresult in fast dissolution. Since the liquid-phasechemistryissimilar for

the coarse and fine-groundreagent, this indicatesthat the difference in performance is a

resuk of difference in the available solid-phaseaJkaJ_ty. Thedifference in availablesolid-

phase a.lkal/nitybetween fine- andcoarse-groundlimestonescan be am-ibutedto difference .

in the specificsurface area (m2/g) of the solidparticlesin the slurry. As the particles in the
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Table 3

DRAVO LIME COMPANY
LIMESTONE • BLACK RIVE]I

TYPICALANALYSIS

Chemical Analysis 1/2 x 0 ROMff

CaCO_ 94.5
MgCO3 3.6
SiO2 1.1
R203 0.48

FezO3 0.15
AI;O3 0.33

Sulfur (Total) 0.05

Physical Analysis

Screen Size

3/4 99.0
1/2 96.6

• 3/8 83.4
No. 4 26.3 ..
No. 8 15.8
No. 16 12.1

Types of Carriers Available: dump truck,barge

Foregoing Approved Data Reported by Keith Bingham
Effective 4/20/88
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Table4

National
i,

Ume &StoneCompany
Since1903

_Ical Analvsls for Bucvrus Mlcroflne ""'.

Imolubles (including SiO3) 2.5 %
Iron Oxide (Fe203) 0.2 %
Calcium Carbonate (CaCO3) 80 %
Magnesium Carbonate (MsC03) 17 %
Sulfur(so3) 0.2S%

•

Mesh

100 99.9+
2O0 99.9

" 325 99.9
"e

Average weight per cubic foot is 60 to 70 pounds.

Available in 50# bags only.

Shipping is spore (Bucyrus), Ohio.

The analysis set forth above is generally typical of the product described.
NATIONAL LIME AND STONE MAKES NO WARKANTY OF FrrNESS FOR ANY
PARTICULM_ pLrRPOSE, THE DETERMINATION OF SUITABILITY BEING THE
SOLE RESPONSIBD.,rrY OF THaE PURCHASER AND USER. IN THE EVENT OF
BREACH OF ANY WARRAN'rY OF ANY TYPE, THE SOLE REMEDY OF THE
PURCHASER AND USER SHALL BE REPLACEMENT OF THE PRODUCT'
PURCHASED. SELLER SHALL HAVE NO LIABKXI2f FOR DAMAGES INCLUDING
INCIDENTAL OR CONSEQUENTIAL DAMAGES.
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CaCO_ Concentration is 10_. _by weight).i Co/S molar ratio: 0.8 -- 9
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reagent feed stream become smaller, the surface-area-to-mass ratio of the limestone

particles also increases. Therefore, there is more reactive lflnestone surface area per gram

of solids available to react with the absorbed $O2 compared to a coarse-ground limestone.

In the spray dryer system, a finer grind can also provide greater limestone particle surface

area and therefore better performances. But since the SO2 removal efficiency is largely

determined by liquid alkalinities, and the liquid phase residence time is very short, the SO2

remow_l improvement depends on how much dissolution rate increase can be offered by

merely reduced the limestone panicle size.

Limestone with Additives: Because of the reduction of limestone particle size, the increase

of the total particle surface area in a slurrydroplet enhances the total dissoluted CaCO3 in

a certain _e interval whereas the dissolution rate of limestone is slightly changed by the

increase of surface area, as demonsu'ated in the following formula [18].

" in(DR) = a + bx(TP) + b2(pH) + b3in(STIR) + b,,Ia(TSA) + bsln(Mg)

where, a = intercept constant ..

DR = the dissolution rate of calciurn or magnesium (mg/g.min)

TP - the inverse of temperature (1/°K)

pH - the solution pH

STIR = the stirring rate in the reactor (rpm)

TSA = the total surface area of the test material (cm2/g)

Mg = the magnesium concentration in the reactor feed solution (rag/l)

The constant b: and b2 are in negative values, and b4 is in positive value while the .

signs of 8, b3and b5 values depend upon the specific limestones.

Literature review made by Meserole etc. [18] indicated that six different rate forms
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_t describing C..aCO3dissolution kinetics. At low pH (<4), the rateis reported to be

directlyproportionalto the hydrogenion concentrationand is thou_t to be diffusion

controLled.At pH valuesbe_een 4._and7.0,thedissolutionrate i#d_ectlyproportional

I to pH, and is thought to proceed via adsorption phenomena. At higher pH levels, the rateJ,, _,

of dissolution hu been correlated with the difference between the square root of solubility

product constant and the square root of the produc_of calcium and carbonate

concentrations.

Magnesium has been shown to reduce the lhnestone dissolution rate. _ was

_l_ed by the adsorption of magnesium ions onto the crystalsurface, thereby inhibiting

dissolution in much the same wayas phosphate ions. The presence of sulfate ions has been
t

shown to enhance the dissolution rate as have been strontium, barium, and benzoic acid.

From a FGD process point of v/ew, pH is one of the most irnponant v_ables that

can affect the dissolution of limestone, but pH is also one of the most important variables t

chataffect the mass transfer of SO2into the droplets.Since SO_,_ -. SO2(,a),SO2(,,0 + H20.

.. H2SO3,and H2SO3_..H* + H$03", at low pH (high H . concentration), these equih'briums

are di_cult to move toward RHS (right hand side). Based on these facts, the additives were

chosen to possess such prope_es that either they can oxidize H2SO3 into H2SO4 because

S CeH2SO4 can dissolute completely at low pH, or they have buffer effects in buffer solution

can keep the pH from falling too low. In the additive tests, the Limestone sorbent used is

<45urn limestone from Dravo Lime Company. H_O2was chosen as the oxidizing additive,

and the test results are.shown in Figure 1"7where the SO2 removal efficiency has been '

slightly increased by the H202 additive. Formic acid and benzoic acid were used as the

buffer acids, and the test resulLsare shown in Figure 18 and Figure 19 respectively. It can
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be seen from the flr_es that these two o_c acids buffers have no effects on the S02

removal by limestone.

The poor effects of additives on limestone utilization are related to two combined [

facts. One is the short liquid phase residence time of the sprayed droplets, and another is
%"*, I

the low solubility and dissolution rate of 1/mestone particles. As the droplets get into the

hot flue gas, the water will be evaporated withinless than about two seconds. In this short

period, SO2will dirge into the droplets, neutralize the meager OH"ions, and reduce the

pH of the solution. Then SOz stops di/t_ing into the droplets because of the low pH of the

solution. When the SO2 is waiting for the limestone particles to slowly dissolute into the

liquid phase to deliver the needed alkalinity, the fast evaporation dries up the liquid. The

application of limestone in the spray dryer s'_tem largely depends on how to improve the

limestone dissolution rate.
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Physical and Chemical Model developments for Some of the Additives

and Spray Dryer Mathematical Model Applications

The Mechanism of Hygroscopicity

The enhancement of sorbent utilization due to the hygroscopidty of additives can be
--k

explained as following. Since the insoluble solids in slurries and pastes (referred to as

suspensions) have neglig_le vapor-pressure lowering effects, the total drying time of the

lime slurry, droplets containing insoluble and dissolved solids can be evaluated as the drying

time as if the liquid comained only dissolved species. Since nearly all the sodium salts have

high solubilities and vapor-pressure lowering effects (see Table 5 and Figure 20, from Perry's

Chemical Engineer's .Handbook, 1984 [19]), therefore the dissolved sodium salts can

increase the residence time of the liquid phase in droplets. Since most of the reactions take

place more effectively in the liquid phase, the prolonged residence time has a significant

effect on SO 2 removal.

Table 5. Solubilities of Ca-'+ and Na + related Substances (_ in 100_ H20)

.=.=.=m._..=m,.m

Temperature

Substances 20oc 30oc 40oc 60oC 80oC

CaCI 2 = 6H20 74.5 102 - - -

CaCI 2 * 2HzO - - - 138.8 1_7.0

Ca(OH)2 0.165 0.153 0.141 0.I16 0.094

CaSO4 " 2H20 - 0.2090 0.2097 0.2047 -

NaHCO 3 9.6 II.I 12.7 16.4 -

NaCl 36.0 36.3 36.6 37.3 38.4 .

NaOH * IH20 109 119 129 174 -

Na2SO4 - - 48.8 45.3 43.7
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Figure 20. Water Vapor Partial Pressure Over
Plane NaOH Solution "



When water evaporates from the droplets in the spray dryer, the salt concentration

in a droplet will increase with decreasing droplet size if the salt is highly soluble because the

mass of the salt remains constant and it is only the water that evaporates. Thus, a given

mass of dissolved salt serves to reduce the vapor pressure at the droplet surface to a greater
°o..

degree as droplet size decreases. In competition with this trend is the Kelvin effect that

causes an increase in vapor pressure as droplet size decreases. The relationship between

saturation ratio and droplet (containing dissolved material) size is given by Hinds [20]:

1 • exp( 4yM.= p ,' IPs 1+ ....
M,p=d_

Where,

P -- the partial pressureof watervaporat the dropletsurface.

Ps - the saturationpressureat the planesurfaceof purewater.

Ms = molecular weight of dissolved salt.

m = the weight of dissolved salt in the droplet.

i = # of ions each molecule of salt forms when it dissolves, 2 for NaOH.

p = density of water (or solvent).

M_ = molecular weight of water.

y = surface tension of water.

dp = droplet diameter.

R. = ideal gas law conszant.

T = temperature of the droplet.

In the spray dryer the Kelvin effect may be small because of the relatively large
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droplet size, but from the above formula we can see how the additive salts affect the par'dal

water vapor pressure at the droplet surface. If keeping other variable to be constant, the

salts change the partial pressure through ira/M, term. In other wo.rds, in order to get a

greater reduction of the water vapor pressure on a droplet surface, higher concentration
-t.

of the dissolved salts in the droplet, more ions each dissolved salt molecule forms, and less

molecular weight of the salts are required. A comparison of the ira/M, term for different

substances is shown in table 6.

Table 6, Comparison or"the ira/M: term for different substances

Substance NaOH NaHCO 3 NaCI CaC1,. N_SO 4 _
,,= , , ,l J,,,,,,, ,,, ,, , , ,,, ,

i 2 3 2 3 3
, , ,, ,t ,, , ,,' ' ' ' ' ' ' '

M, 40 84 58.5 III 142

ira/Ms O.05m 0.036m 0.034m 0.027m 0.021m,,, ,. . ,, , , ,,.. ,. , , -

From the table, it is obvious that if m (the mass of the dissolved salts) is kept

constant for all the substances, NaOH has the more potential for retaining the moisture...

Figure 21 gives pressure ratio vs droplet size under the influence of additives. The

pressure ratio is the ratio of the water vapor pressure on the droplet surface to the water

vapor pressure on a plane surface of pure water. The calculation was made from equation

(1). The saturated concentration of Ca(OH)_ is 1280 rag/1 which is at the temperature of

50°C. Obviously, NaOH has the most significant vapor pressure lowering effect.
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Mathematical Model Applications

The modified spray dryer mathematical model was used as a model prediction for

the spray dryer performance. This model was _tially developed t_yDamle, S__[4] and

later modified by Partridge, P.G. 3r. [5].

The initial Model (named as SPRAYMOD) was observed to be less sensitive t°the

effects of slurry concentration and SO2 concentration than the observed data [5].

SPRAYMOD tended to underpredict at low slurry concentrations and overpredic_ at high

slurryconcentrations. SPRAYMOD neglected the liquid phase mass transfer resistance and

calculated the S02 removal during the evaporation/reaction process considering only the

individual resistance that was dominate.

By considering the approach in the 5PRAYMOD in error, the modified model only

borrowed the material and energy balance calculations from the program SPRAYMOD.

The modified model (named as SPRAYMOD-M) aimed at developing a comprehensive

model for the constant rate period using a mechanistic approach which combines the
"o

individual resistances that affect the SO zabsorption rate into a single relationship. Both the

gas phase mass transfer and liquid phase mass transfer coefficients were included as well

as a relationship to predict the resistance to lime dissolution. The model was based on film

theory and treated the atomized slurry droplet as a sphere of discrete sorbent particles with

the fluid phase uniformly distributed around the individual sorbent particles. This approach

was said to allow predictions of the mass transfer coefficients and the enhancement due to

increasing solid concentration as evaporation proceeds. Efficiency predictions using the new •

model had been compared with the pilot -plant data taken the pilot spray dryer/baghouse

facility using a slipstream of the University of Tennessee's stoker fired boilers.
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Based on the available SPKAYMOD..M model from the Un/versity of Tennessee, a

model calculation was made, and the results were compared to the experimental data. As

shown in Figure 22, in the model prediction of $O2 removal efficiency vs Ca/$ molar ratio

the model results overpredicced the SO2removal from our experiments, but underpredicted
"- %

the $O2 removal from the EPRI's High Sulfur Test Center. Figure 23 gives the model

prediction of $O2 removal vs approach to saturation temperature and the experimental dam

as a comparison. It can be seen from Figure 23 that the model underpredicted Lhe$O2

removal for baseline under 14°F approach to saturation temperature, but it overpredic_ed

the SO2 removal for baseline above 14°F approach to saturation temperature. The $O2

removal of the model prediction is always below the removal with the Ca(OH)2 and

additives combination.

Table 7 gives a list of the parameters and standard operating conditions which are

_l:_ical in our mini-pilot plant. The stoich/omeu-ic Ca/S molar ratio was varied from 0 to

3.0, and the approach to saturation temperature from 5°C (9°F) to 30°C (54°F). When.

either of them was changed, the other was kept constant in the standard condition listed in

Table 7.

42



Table 7. SPRAYMOD-M Operating Parameters and Standard Conditions
ill illi flilif i -_ I IIIII IIIIII ] .... T-i ill II If[ill IIIIIIIIII II 1 I __ I II I Ii111 I l

List d Parameten Sl Uaks Eng. UnitsL ,In I II II IIII Hill ] - _ Fml _ _::_ I 1 rrll IT Ill III IllllllIllllllllll .... Ill lit II Illll I111 I III I

inlet Gas Coadkious ..

Isdet Gas Temperature 149"C 30(}'F

% WaterinInletGas I_ X_ ....

Inlet SOz Concentration 2500 ppm 2500 ppm

Molecular Wei_t of Dry Inlet Gas 28.9 28.9__ __ _,,,,,,, rF,,, _ I I I I I ........................ j .................................. I

Operating Parameters

Approach to Saturation Temperature IloC 20"F

Stoichlomecric Ca/S Molar Ratio 1.5 1.5

Mass Fraction of Sort>cutin Fresh Solids 1.0 1.0

Recycle Solids Ratio by Mass 0.0 0.0

Mass Fraction of Sorbeat 1,1Recycle 0.0 00

Residence Tune of Gas Phase 10 scc. 10 sec.

Flow System in Spray Dryer Plug Plug
f ......... iii, II I I I _ I llll I II I|I I II III I llr -- 111li I I I llllll I II --- 1 II III _ . -- I

................. ........... ......... Sorbcnt Properties ......................

hdetDroplet Diameter 100 tun , 100um

Inlet Droplet Temperature 15.6°C 60_

Form of Sorbent Slurry Slurry ..

Sorbent Particle Diameter 3.5 tun 3.5 um

Molecular Weight of Sorbent 74 74

Density of Solid Sorbent 2.24 g/cat _ 140 lb/_

Critical Moisture Content 29.2% 29.2%

Equilibrium Moisture Content 6% 6%

Dry Sorbcnt ReactionRate CoefEcient 00 00

Assumed Spray Dryer Efficiency 50% 50%
I I II III IIIII IIII __ II I I I I I 1 II II IIII ilmlll Ulll i iiii ii M I

.................. Program,Parameters__ I I II II II II Ill II I iii III I I --_

Maximum Allowable Time Step 0.1 scc 0.1sec

Time BetweenPrintouts 0.5 see 0.5 see

Time Step ControlParameter 0.01sec 0.01sec...................... . -- _
II IIqlll , "' I"1 I _ I I I'
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Modification to the Ca/$ Molar Ratio Calculation

Due to the water contentin the spraydryerreactionproducte_ecially the product

on the wall of the spraydryer, the ort_ Ca/S molarratiocalculationformula tends to

under.calculate the Ca/S ratio. The Ca/S molar ratio calculation was rood/fled by a

modificationfactor which considers the watercontent in the product. The m_cat/on

factor is shownin equation2.

o

Where,

p = Purityof lime (.percentof CaO).

x = Productwatercontent (percentunboundmoisturein the product).

w = percent _O which is convened to CaSe3. ..

Mh = Molecular weight of Ca(OH)2.

Ms = Molecularweight of CaSe3.

Mc = Molecular weight of CaO.

The productdeposited on the spraydryerwall holdsa lot of me/storewhich consists

of the majorerrorin the originalformulacalculationfor Ca/S ratio. This newmodification

"' alfactor times the ongm calculatedCa/S ratioshouldgive a closeestimate of the true Ca/S

molar ratio.
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Conclusion

HydrogenperoxidewhichcanoxidizeSO3formsinto $O4formshas significanteffect

on enhancingsorbent udl/zadon andincreasingSO_removalefficienc/es. Sugarwhichcan

increasethe dissolutionrateof Ca(OH)2hassomepositiveeffectson sorbentutilizationwf_h

small amount addition, but with the sugar con¢enu'ationincreased the util/zat/on will

decrease. Benzoic acid andform/cacidwhichhave buffereffects have lh_le effects on the

C..a(OH_sorbent uti/izationin the spraydryersystem.

In the recycle test, a 9.1% recycledspraydryerCa(OH)2 products almost has no

adverseeffects on the overa/]systemSO2removal. However,when the recycledproduct

were raisedto 33%, the SO2removalwas decreasedby about 10%. Fly ashes have been

slurriedwith quicklime at elevated temperaturesto enhance spray dryer performance.

Benchscale experimenr_ resultsindicate thatthis hydrationprocessgreatlyincreasedthe

total surfacearea of the solids. Mini-pilotscale teamin the spray dryerreveal that the.

heating seep significantly increases calcium u_tion and SO2 removal of these fly

ash/quicklimesorbents.

Limestonetypeandsize have certaineffec'_on the spraydryerSO2removal,but the

test resultsindicatedthatusing1/mes_onein the spraydryerfor desuL_-/zationis not very

encouraging,and no very effective additiveswere found for l/mestone appl/cations. The

reasonsarepostulatedas the following: TheCa/$ of CaCO_is almosthalf as muchas that

of CaO if the same concentration(by weighQis fed into the spraydryer,and this leads to '

highslurryconcentrationandheavyspraynozzleloading.The lowsolubilit7anddissolution

rate of CaCO_and short liquid phase residencetime (the high slurryconcentrationwill
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make the r_idence time shorter) of the sprayeddropletsare considered combin/ngto

reduce the effectiveness of limestonefor $0 2removal.

In the theoreticalstudy,the enhancementofsorbentutil/zationdue to hygroscopic/ry

of additiveshas been investigated,and a relatiomhipbetweensaturationratio anddroplets

¢ontafuingd/ssolvedmaterial hasbeen given. _ relationshipexpl_ the hygroscopicity

phenomena. The modifiedSPRAYMODmodelhasbeen used for the es_acion of spray

dryerdesul_arizationperformance,and the resultsseem to overpredic_the baseline test

resulu.

A mod/ficationfactorforthe Ca/S molarratio¢al_tion hasbeen formulated.This

' ' dmodification was initiate from the difference between calculated Ca/S value and
o

experimentalobservation.

48

I I II I I I IIIIll



References

[I]Wang,J.andT.C.Keener,"TheEffectofAdditivesonCaldum-.HydroxideU_tion
inSprayDryerAbsorbersforControlofSO2",A&WMA 86thAnnualMeeting& Extn'bition,
Denver,Colorado,June13-18,1993.

•.,

[2] Felsvang,S.IC,o.E. Hansen" and E.I.Rasmussen,"Frocessfor Flue Gas
DesuLf_.trizafion",US PatentNo.4279873,July21,1981.

[3]Jozewicz,W. and G.T.Rochelle,"FlyashRecycleinDry Scrubbing",Environmental
Progress,Vol.5,No.2,pp.219-224,1986.

[4]Damle,S.A.,"ModellingofSO2RemovalinSprayDryerFlueGas Desu_tion
System",EPA.600/7-85-038,December 1985.

[5]Partridge,P.G.Jr.,"A MechanisticSprayDryerMathematicalModel Basedon Fnm
TheorytoPredictSulfurDioxideAbsorptionandReactionbyA CalciumHydroxideSlurry
intheConstantRatePeriod",Ph.D.Dissertation,The UniversityofTennessee,Kno_Ue,
December1987.

[6]Seinfeld,HJ.,"AtmosphericChemistryandPhysicsofAirPollution",JohnWiley&
Sons, Inc., (1986).

[7]"N[oser,E.R. and D.R. Owens, "Overview on the Use of Additives in Wet FGD Systems",
Proceedings: 1991 SO2 Control Symposium, EPRI TR.101054, Vol.1, pp. 3A-1, 3A-21.,
November 1992.

[8] Sanders, F.I., T.C. Keener, and J. Wang, "Fly Ash Hydration with Quicklime for
Improving Sorbent Utilization and SO2 Removal in Spray Dryer Absorbers", EPRI
Proceedings, 1993 SO2 Control Symposium, Boston, August 1993.

[9] Soynton,S.R., "Chemistry and Technology of Lime and Limestone", Intersdence
Publishers,a DivisionofJohnWiley& Sons,Inc.,February,(1967).

[10]Peterson,R.J.and G.T.RocheUe."AqueousReactionofFlyAsh andCa(OH)2to
ProduceCalciumSilicateAbsorbentforFlueGasDesulfurization."EnvironmentalScience
andTechnology.VoI.22,No.11,pp.1299-1304(1988).

[11]Martinez,CJ.,J.F.Izquierdo,F.C,.mill,J.Tejero,and.I.Querol."ReactivationofFly
Ash and Ca(OH)2 MixturesforSO 2RemovalofFlueGas."Industrialand Engineering
ChemistryResearch.Vol.30,No.9,pp.2143--47(1991).

[12]Ho,S.C.andS.M.Shih."Ca(OH)JFlyAshSorbentsforSO2Removal."Industrialand
EngineeringChemistryResearch.Vol.31,No.4,pp.1130-35(1992).

49



[13]Jocewicz,W.,C.Jorgensen,J.C.S.Chang,C.B.Sedrna.n,andT.B.Brna."Development
and Pilot Plant Evaluation of Silica-Enhanced Lime Sorbents for Dry Flue Gas
Desulfurization." Journal of the Air Pollution Control Association. Vol.38, No.6,
pp.796-805 (1988).

[14] HaIL W.B., C. Singer, W..Iozewicz, C.B. Sedmart, and M.A. M_vell. "Current Status
of the ADVACATE Process for Flue Gas DcsulfuHzation." Journal of the Air and Waste

Management Assodation. Voi.42, No.l, pp.103-110 (1992). -..

[15] Petersen, T., J. Peterson, H.T. Karlsson, and I. Bjerle, "Physical and Chemical
Activation of Fly Ash to Produce Reagent For Dry FGD Processes," Proceedings: First
Combined FGD and Dry SO2 Control Symposium, St. Louis, Missouri (October 1988).

[16] Nakamura, H., Y. Katsuld, S. Kotake, and M. Kagami, "Simultaneous SOX, NOX
Removal Employing Absorbent Prepared From Fly Ash," Proceedings: 1991 SO2 Control
Symposium, Washington D.C. (December 1991).

[17] Thompson, A.P. and J.M. Burke, "EPRI High-Sulfur Test Center Report: Factors in
Limestone Reagent Selection", EPRI TR-I00137, Project 1877-I, Final Report, December
1991.

[18] Meserole, B.F., B.M. Eklund, K.W. Luke, and LJ. Holcombe, "Limestone Dissolution
Studies", Final Report, EPRI CS-4845, Project 1031-4, November 1986.

• [19] "Perry's Chemical Engineer's Handbook", 6th Edition, McGraw-Hit1, Inc., (1984).
¢)

[20] Hinds, C.W., "Aerosol Technology", John Wiley & Sons, Inc., (1982). ..

5O



m m




