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ABSTRACT

j,\11ile lilt' Clean Air Acl lI'a, enacted in lilt' U nited S tatc« ill 1970. lilt' intplcmcntation of
1I1t'a, lIrC/ /1 C111, and air pollution controls did not star! for lilt' traditional ccrumic annmunitv of
brick, lilt'. {lI/d 11'IIil<'ll'tlrt' prodllCt'r, 1I11lil about 1990. By contrast, i1l1plt'1I1t'lI laliol1 of like
regulation» /Jt'SIllI ill Canada at Ica,1 011C decad« earlier ,0 that ins tallation ofair pollution control
couipmcnt lI'a, larscly complete ill Canada before lilt' rt'g llialory proct',;,; Cl'el1 /'t'SIllI in 111C United
States .

Till' fOC II ' of rt'gllialory acli"i ly for crramic producers ill North America has been lIydroSt'1I
fllIMidt' (HF) emissions. Becau s« of earlier implrmcntation of C1l1i" iOIl' controls ill Europe, there
ha« /Jet'll a s real dra! of pll/JI i"lIt'd infonnat ion 011 HF cntission«; hotrerer, rcgulution« dcrclopcd in
a different ilia1111<'1' in lilt' United Stntc» IIcce" ilalillS additional rcscnrch. A" t'lII i" iol1" of ,"/fl r
ox ide, or SOx represent polt'lIlially larser qunntitics of emis - ion« jill' /lII lIIY ccmlllic
munuiacturcrs. IIIMt' rt'ct'1I 1 at tention ha« /Jet'll directed 10 the oriSill and conln)! of SOx. 111
addition, particutat« matter C11l i~~hHlS 11(1(1(' (0111e under increased <cru tim; due to d1l1 1l~t'~ ill the
allml'tl /J /t' a1l1/JiCII I COl1 CL'l1 lm li"' I" in the Un ited States .

These rcsull1fory cons idcmtion-: hare forced many ceramic producers to pure/rase <crnbber« ,
mid others IUH'£, re f ormulated their bodies to 111;lll111;::'(' air cmi-sion» problems. ;\'0i(111 lou:ftuorinc
CLmlt'1I1 "calcined " laic i, ara ilablc for ""t' in lilt' lilt' indus tru, and at leas! three lilt' produccr« in
the United State» 1IIIl'C" "ilcllcdfr01l1 laic based trall lilt' bodic« 10 cOIll'cllliol1al c1ay~t1iIl IJcld,par

bodie«. Mll cll s rm lcr attention lut« 1't'Cl1 rcccn tlu directed 10 lilt'<uliur CLm lCII I of bal! clau».

INTRODUCTI O N TO REG ULATIONS IN THE UNITED STATES

Under the Clean Air Act as amended in 1980, ca teg ories of a ir emiss ions we re
es tablished as follows:
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1) Criteria Pollut an ts - those listed under the Nationa l Amb ien t Air Q ua lity
Standards (NAAQS) which include particulate matter, su lfur oxide or sax, lead , and
ground level ozone a ll of which represent an imm edi ate concern for public health
according to the federal governme nt. Some origina l criteria in the NAAQS were SO,
(annual mean of 80 ~lg / m' and 24-h r. average of 365 ~lg / m'), Pl'v1<lO~1 (annua l mean of 50
~lg / m ' an d 24-h r. average of 150 ~lg /m '), and 03 (0.12 ~lg /m' 24-hr. average).

2) Hazardou s Air Pollutants or " HAP's" - those listed as ha ving an important, but
seconda ry or less serious effect on public health which includ e hydrogen fluoride or HF
and hydrogen chloride or HCI.

If an area in the United Sta tes d id not "atta in" the levels of amb ien t conce ntra tions
given under th e NA AQS, the area was classed as "Non-Atta inment" . Ce ra mic
manu factu rers in No n-Attainme nt areas, such as Atlanta, GA, or Dallas, TX, were subject
to grea tly increased regul atory scru tiny which included installation of air pollu tion
controls and greater d ifficu lty in ob taining or cha ngin g their air emissions permits.

With respect to HAP's, much effort has been expended, since 1990, in develo ping
emi ssion factors, i.e. expression of emi ssions in terms of the quantity in pounds (lb.) or
kilograms of em issions per unit weight of fired product produced with the product
we ight expressed in short tons (St) or metric tons (Mt ). For convenience in th is paper, only
the met ric qu antities will be used .

It is importa nt for ceramic producers which may be considering expa nsion into the
Uni ted Sta tes to know two facts abo ut the regul ation s:

1) The federal regu lations are based on quantities rather than concentrations. For
example, above a th reshold of nine Mt per year o f HF emissions, the facility is then
regulated under the federal regulations which will dictate requirements for total
controlled emissions in the year 2002.

2) Ind ividual states may impose more stringe nt restrictions or a more acce lera ted
sched ule for implem entation of controls tha n those in the federal regulations (imposed by
the Env ironmenta l Protection Agen cy or "EPA") . Notable examples are the Sta tes of
Texas, Connecticu t, Maryland, and South Carolina which have more stringent or more
accelerated compliance schedules for some segments of the ceramic com munity.

The federal regulatory agency (EPA) is cu rrently developing Maximu m Ach ievable
Control Tech nology (MACT) standa rds . The form of the se standards will be a maximum
emission for a plant in terms of kg /Mt or Ib./ton, and it will be the responsibility of the
ceramic manufacturer to install contro ls to meet these MACT sta ndards by the year 2002.
The re are many issues to be se ttled in the process includ ing compliance mon itoring
procedures which will have a cost impact on manu facturer s.

The President of the United States announced more stringent ambient concentrations for
particulate matter and ozone on June 25, 1997. The new regula tions change the 24-hr. ozone
standard from 0.12 mg / m' to 0.08 mg / m' and institu te a new standa rd for PM-2.5 (particulate
matter < 2.5~1 ) with a 24 hr. mean of 15 ~lg / m', The effect on ceramic manufacturing will be seen
beyond 2005, and it is difficult to predict the consequences of these new regula tions.

HYDROGEN FLUO RIDE EMISS IONS IN CERAM IC MANUFACTURING

It is well understood that fluorine occurs in most clay minerals in the range of about 200­
800 ppm occupying hydroxyl sites in the clay crystal structu re. Non-clay minera ls such as
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pyrophylli te and ta lc can exhibit fluorine con tents as high as 1000-3000 ppm with the highest
concent ra tion of fluorine in raw mate rials which are more basic in character or which conta in
mica as an accessory mineral. It is also understood that fluorine is genera lly released d uring
dehydroxylation, and it immedia tely reacts with water vapor forming HF in the kiln draft.

Stack testing data reported by Robinson'! ' showed tha t most u.s. br ick p lants were
emi tting up to the equ ivalent o f 1.6 kg of HF per hour with the maximum emiss ion rate of
about 3.7 kg of HF pe r hour. Work by Wilson and [ohnson'" surveying br ick plant s apparent ly
led to adoption of the cu rrent emission factor used by the Environmental Protection Agencv'".
After 1992, the EPA cond ucted su rvey activ ities at brick plants and compiled data for othe r
cera mic industr ies"! The resu lts of these activities a re presented in Tab le 1.
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Th e EPA emission factors g iven in Table 1 are obviously specific to the pa rt icu la r
raw materi al s used by the ceramic p roducer. For exam ple, the g lazed bri ck d a ta in Table
1 is from one ceram ic ma nufacture r using fireclays and the clay bri ck data is fro m shale
ba sed plants. It is necessa ry for eac h cera mic man ufacturer to obtain da ta specific to a
certa in pla nt. Th is is usually obta ined by stack testi ng met hod s o r by mass balance
techn iques using the pyrohydrolysis tes t'".

The work of Hi ll'" an d that of Sanders'" has been particu larl y im portant in the
understanding of acid gas emissions. Using FT-IR to detect evo lved gases during heatin g
clay specimens, Hill found two regimes of HF evolution in the ranges 450-750°C and above
abo ut 900°C (Figure I). The ini tial pe riod of HF release was attributed to re lease of fluo rine
d uring d ch ydroxylan on and th e second period of HF relea se was at tribu ted to
decomposi tion of fluorine com po unds formed temporarily on resid ual pa rt icle su rfaces
during an d afte r dehyd roxylatio n. Sanders sim ila rly found two sulfu r relea se reg imes (as
di scussed below ).

Storcr-Fo lt h as ad ded to the understand ing of fluorin e em iss ions on fi ring!". Using
thermodynam ic ca lcu lat ions, he has shown th at HF is the only s table fluorine species in
a combust ion environment, and thi s has been confirmed bv Hill w ho found SiF, evolved
on firing only if the com bus tion atmosphere conta ined less th an abou t 3;;' wate r vapo r.

[I]. Cneuo C. RnRl ~SLY'\' , "Fluori ne and Brifk - I'I1",t . P"6t'IJ/ , and Fut ure;" Rep ort l-or The Cen ter f or Eng ineer ing Coranur
Ma nu fact u ring. Clemson Lnivcrsi tv; Aug us t. 1442.

[2). H. II . VVII '·.o , .vvn L. D. JOIl". .... )\;. "Chamctvrization of Air P(l// lltmib Emitted From Brit"k Plan! Kilu s-." Ceramic Bul k tin , ,'i.,J
(11 )941J-l·~·q ( 1475 ).

13J. "Cosnoitatiou of Air Pt1I/uli,1I/ f: lI1i~.;, i(l 1J Factor.., It fl--l2," Fifth Ed it ion , United Sta tes Envi ronmcntal Protcc t ton Agency.
[4]. "C erami!' Products ,Yfmlll.f11 t'1l1ri"s, Em i,:, ,:,;oll Fuctvr Documentation For AP-l-2, Sedill!l 17.7 , Draft Retort." Lni tcd St.1!l-' ,",

Environmen ta l Pro tectio n I\gl'ncy, Resea rch Tr iangle Pa rk, .'\ C (l u no. 1(45).
[n ]. "[)d t'dil lll, ,\ l .'lbllrL' IIl"IlI, /fud Control vj GIJ';'Ctl/l" lIydrogt'/ / FlwlI' idc £mi....i,Hb Pn 1d'H'I'd ~\'J l t ' ll Firillg Trruti tioun! Cvmnucv" L K .

H ili . \ 1. S. TflblS, Clemson Lnivcrsitv, Dece m ber. ]<.)(15.
171. '' .\ I t'a~ lI rem''ll t and Con trol l~r Fl ll{lrille E lIIi.-,,-.ill/1-' From Ceramic Alllll11/adll ri ll{', JOIl''' P. S ·\ \.;OERS, :\1. S. T HbIS, Clemson

Univcrsitv, December. 199,3-
[81· " Tcdlll iq/I:'';' 10 ,\ lil/imi::'t' E llli-..;,iplb , " JOH\.; Srour.x- Fcur, CIviC w o rkshop SA o n " Monitoring Em iss io ns", Cha rlot te. NC,

Sep tem be r 25, 1946 .
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Sto rer-Folt further revealed an equilibrium between clay particles and fluori ne conta ining
gases exp laining that high fluorine partial pressu re during dehyd roxylation favor
fo rma tion of fluorine-clay compounds which will not decompose un til h igher
tem perature regimes are experienced during preheat or soa k.

300 450 600 750 900 1050 1100 950

Temperature, "C

Figure 1. HF Ero luticn III A Wata Vapor Containing A tmoepltere,

SOx EMISS IONS IN CERAMIC MANUFACTURING

The data in Table 1 shows SOx emissions from the red clay bod y (brick and quarry tile)
plants and the glazed brick plant all of which used raw materials containing traces of pyrite
as an accessory mineral. The tile plan t used ball clay containing natu ral su lfate minerals.
Oxida tion of the pyri te and /or decomposition of the sulfa te led to the SOx emissions.

As me ntioned above, Wilson and Joh nson reported on em issions of SOx from
cera mic pla nts in 1975, and their data shows S0, as the major sulfur oxide species in the
stack emissions rep resenting about 85 - 98% of the sulfu r species present w ith the balance
as sar i. This is no surprise since the equilibrium for the reaction :

SO, (g) + 1/20 , (g) = SO, (g)

severely limi ts the amount of SO, formed above 500°C even in the presence of catalysts.
Junge points out that while S0 , forma tion may be thermody namically favore d at low
temperatures, S0, formation is kine tically favored!'?', Therefore, sulfur emissions, p rimari ly
as S0 , with some S0" arise in preheat from combustion of sulfur species, from
decomposition of pyrite, or from removal of su lfur bear ing conditioners / binders such as
liganosulfonates.

In the heavy clay industry, most sulfur emissions result from the oxidation of pyrite
(FeS,) entra ined in the raw material':". Using FT-IR analysis of evolved gases on heating
by qua ntita tive anal ysis of S0, (using the 1360 cm-1 absorption band and employing a 20

[91. Refe ren ce 2.
110). "Transport (!( Ill/t°n/aUy Generated 502 Tllr(1llgil Porous Clay Ceramic-." JOt{' P. S.-\'- DFRS. Ph.D. Disse rta tion, Clemson

Univ e rsi ty. Decembe r. 1995.
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meter gas cell), Sanders foun d thi s oxida tion to occur in the realm of 400-600°C for fine ly
d iv ided pyrite as shown in Figure 2.
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Brownell'! ' has sta ted that pyrite ca n decompose in tw o steps w he re" an initial step
invol ves oxidation of FeS, to FeS and '" a second step involves oxidat ion of FeS to Fe,O,.
Thermogravimetric ana lysis of decomposition of -325~1 pyrite by Sande rs ap pea rs to
confirm Brownell' s observations as two regimes of weight loss are ob served of the same
magnitu de expected for the two stag e ox id ation (Figure 3). Since pyrite occu rs as an
accesso ry minera l in pa rt icle sizes up to several milli meters in clays, high er tem pe ra ture
su lfu r emiss ions ma y be expected w ith coarser pyrite .
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figure 3. r !Jcrl/ lllgrai'illlcf r ic A !I {/ Jy..;i~ (~r Py rite (-325A-0 1it'afcd 111 A ir.

l l] . C II ~II~ 1 c. R O BI" "' )"\ , "Fl uor i ne IIl1d Bnct: - Pa- t. Pn'~ "II f, 1I11d Flllln ,', " Report Fo r The Cen te r Fo r Fngim'l' rill~ Ccr.umc
Manu fact u ring. Cle mson Lnivcrs itv, Aug us t, lYY:!.

[2J. H . II. WH .SO:-- .\ '\.11 L. D. IO H ' 5(' :-" , " CI/IIracleri::ati'lI / '" .Air P{lllll l l1 llr~ b ll i lt d Front Briel: Planl Kil" ,>," Ceramic Bulld in ,5-l
(l1)4l l11¥Q9.} (19 i5 J,

[11]. \V. H'-I \\\ ' [ LL, Structura l Cla v Products. Sp rin ger-Verla g, '\:t:'w York (1976). SC'l' abo I. Blache ro. "n '_~ lI ! tin i:tl til li l , ~" Pvruc", J.
Am . Ccrum. Soc " 44 ( 11), 590-543 (Itlhh ).
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In order to investigate release of SO, during firing due to pyrite oxidation, Sanders'!"
mad e cylind rical specimens of a clay-shale raw material containing 0.4% pyrite (-325 M )
add itions which were fired in a tube furnace employ ing a fl owing air atmosphe re with
heating at 3°C / min. The raw ma terial used by Sanders d id not contain natural pyrite.

The py rite doped clay specimens were found to exhibit two regimes of S0,
evol ution as sho wn in Figu re 4. The initi al regime of S0, evolution cor respo nds to the
oxidation of the py rite in the range 400-600°C. The seco nd regime of S0 , evolution arises
from the adsorp tion of su lfur bear ing gases on the pore walls leading to the forma tion of
surface su lfates that only decompose at high er temperatures releasing SO,.
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Figure 4. 501 El'oilltioll Oper Pyrift· DopedClav Specimt'lls.

Since the raw ma terial employed in this study contains a tota l of 5.2% of bas ic
oxides (MgO, CaO, Nap, and K,O), the temporary partial ads orption of S0, by the body
see ms plau sible. Jun ge sta tes that CaSO, begin s to decompose at 950°C in clay sys tems'!",
Brownell found in clay systems that MgSO, decomposes above 750°C, Na ,SO,
decomposes between 650°C and 700°C, and K,SO, decomposes between 500°C and
600°C''' '. Adsorp tion of acid species by clays has been recently discussed by Storer-Folt,
and Brown ell states that even pure kao linites can absorb SO,.

The intl ue nce of oxygen conte nt of the at mosphe re (Figure 3) also suppo rts the idea
of tempora ry forma tion of su lfates . At high er oxygen contents, the emission of S0, is
lower d uring the pyrite decomposition regime possibly because su lfate forma tion on the
po re wa lls is favored .

A fina l possibility for S0, emissions due to accessory minerals conce rns na tura l
su lfate min erals such as gy ps um in the raw material. While clay producer s typically
avoid clay deposit s with sign ificant gy ps um content, some deposits conta in fine ly
di vid ed and va riab le quantities of gy psum. The emission of S0, over such a material
(p rimarily kaolinite-mica-montmorillonite ) is shown in Figure 5. In th is experime nt, the
fu rnace was heated and held at 1l00°C for forty minutes until all S0, had been liberated .

The fact tha t sulfur emissions can result from decomposition of sulfates in clays

1121. Rcfcrcnccl O.
11 31. K. JLr-c.c. "Reduction elf SIIl!llr ElIl i~~ it ",~ ill Tire T IJaI1l0rCdctI1r" , Zl-Annual. 32-46 (992).
It·1]. Reference 11. . .
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hasreccntly become of concern in some trad itional ceramic industri es. Ball clays can range in
su lfu r con ten t from a trace qu an tity of abo ut 200 !-'gl g (or ppm ) up to 2800 ~lg l g
rep resenting
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Figure 5. Emi::':' itJl I 4 50-, From A GYP~Wll Contatninuted Clay.

poten tial emissions in the range of 0.1-2.8 kg / Mg, and Wyoming ben toni te can contain up
to 1900 !lg / g representin g a potential emission of up to 1.9 kg /Mg'I" . Some cera mic tile
producers have inst itu ted su lfu r con tent specifications in response to regula tory activities on
SOx em issions .

PARTICULATE M ATT ER EM ISS IONS

The pa rticu la te matter emiss ions for tu nnel kilns (Table 1) a ll show emiss ion ra tes
of the sa me order of magnitude. Th e lower value fo r the g lazed brick p lan t ma y reflect
lower kiln cross sections and diffe rent se tting pa tterns. Th e lowest val ue for th e ro lle r
hearth kiln is no t surprising .

,
t ~ .

, " , - , "~~ J"1 .. • .. • R'

1500X
Figure 6. Brick Plant Stack Particula te 0 11 A Filter Pad.

[ 151· J I. S,\ !.\ 1.\ V ;, Cer amics, Bu ttc rworths, Lo ndon. p. 71:i (1%1),
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Par ticu late mat ter found in kiln exha us t cons ists of condensable particul ate and
mineral matter. This is illustrated in Figure 6 for particulate ma tte r found in the exha us t
of a Ca liforn ia brick plant near the seacoast. The parti culate lyin g on the filter pad is
gene rally abou t 1-3[1 in size, and there is evid en ce of conde nsed sal t on the filter. The salt
was found to contain su lfur by Energy Dispersive X-ray ana lysis, and colorant particles
(iron chro mite) were likely present alon g wi th clay particl es.

Particulate matter emissions from several brick plants have been determined to
have stack emission rates from gas fired plants in the ran ge 0.5-0.7 kg /h r. Measurements
have show n ge ne ra tion of 2.4-4 .8 kg /hr. of ai rborne pa rti cul at es w ith in a
gri nd ing /screening area of a bri ck plant withou t a d us t collection sys tem. This suggests
environme nta l emissions of about 0.1-0.2 kg / h r. ass uming 95% retention of particul ate
matter in the plant bu ilding. In a bri ck plant with dust collect ion, the generation of
parti culate matter in grind ing and screening w ith in the plant buildings was in the ran ge
0.002-0.003 kg / hr. This information suggests that stack emission rates for particulate
matter are more significant than othe r plant opera tions espec ially if the plant has d us t
collection equipment.

The re is very little information on the parti cle size d ist ribu tion of particulate matter
in kiln stacks. Some brick plant data shows the largest percentage of 2.5 micron
particu lates in a tunnel kiln fired with wood flour (-48% <2.5 microns). One coal-fired
kiln exhibited 23% of parti culate matter <2.5 microns.

In the United States, regulatory agencies consider particulate matter to be "metals
emissions" since the particulates consist of species conta ining metals. These emissions
consist both of species car ried into the kiln draft by various processes, and they cons ist of
species that volatilized d uring firing. The latter spec ies include the volatile me tals sho wn
in Table 2.

Ph 0.00042
Cd 0.000027
Cr 0.000 1
Mn 0.0004
Ni 0.00006

Table 2. Gas Fired Brick Plant Emissions of Vola tile Mcta/1;c Species, kg/hr.

These emissions can reach a significant level in a year's time. For exa mple, the
emission rate for Pb shown above can reach a total of 4 kg / year. This Pb emission is a
regulated level in many areas in the United States class ifying the manufacturer as a
"major source ". Many experts believe that metals emissions represent an area whe re
future regulations will be developed for the ceramic industry.

SUMMARY/THE EFFECT ON THE CERAMIC INDUSTRY

Acid ga s emiss ions including HF and SOx emiss ions are currently forcing
cera mic produce rs to install ac id gas scrubbe rs in the United States. There are
cu rre n tly at leas t four d ry so rp tio n scrubbe rs , fou r lim e injecti on /baghouse
scrubbe rs, and two wet scru bbers at Nort h Am erican ceramic plants, and it is
reason abl y expected th at ano ther 20 scrubbe rs will be ad ded pe r yea r until 2002. Thi s
is costi ng cera mic p lants an average of $1 million per plan t and add ing opera ting
cos ts of at least $lO / ton (in brick plants).

In orde r to avoid installing a scrubbe r, some tile plants have swi tched from talc
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based bodies to clav / tlint bod ies or to the use of "calcined" talc . However, SOx content
of ball clavs continues to be an area of concern .

Regulations in the United States are expected to become increasingly stringent. The effect
of new regul ations on PYI-2.5 and ozon e gene rating chemicals is yet to be apparent. 1 ew
ann ouncements on greenhouse gases may fu rther have an impact on the ceramic ind ustry.
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