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Feature 

ology and Regulatory Consequences of 

orine Emissions 
in Ceramic Manufacturing 

- The ceramic indushy in  the United States facesfhtorine regulation under the 
Clean Air Act and its AmdmenC$ of 1990. The i tul~cshy as a whole can still 
influence aspects of the regulatoly process. However. immediate action is 
required ij any benefit to indushy is to be realiscd. 

The Center For Engineering Ceramic Manufacturing. 
Clemson University, Clemmn, South Carolina 29634-0907 

ecognition of the cffect of fluorine cmis- 
sions on animal life may have been ini- 
tially recognized i n  England where  R attle grazing o n  a farm near  a clay 

brick plant werc found to suffer from "fluoro- 
sis," hut the effect of fluorine emissions from 
ccraniic manufacturing on vegetation was prob- 
ably known for a number of years prior to the 
cattle incident.l Fluorine emissions are  known 
to occur from aluminum smelting operations. 
calcination of phosphate rock, production of 
steel, and ceramic plants.Z-l Fluorine is present 
in ground and scnwntcr with concentrations 
rcaching 1.3 mg/L (Itel. 3) and in ceramic raw 
mater ia l s  in t h e  genera l  range  of 
0.01%-0.2%.1-1.4 Fluorine evolution was particu- 
larly noted when topaz was calcined in tunncl 
kilns during the Second World War.'..' 

Sincc cases of fluorinc poisoning in humans 
a r e  rare,  t he  regulation of emiss ions  from 
ceramic plants has been driven hy a desire to 
protect agricultural interests. llegulation has 
been relatively recent with initial measures 
published." for example, in Germany in 1978. 
the United States in 1980, and England in 1983. 
lm~lementation of reeulations was first accom- 

Canatla. Thc Clcz~n Air Act and it? Amendments 
of 1990 arc k i n g  inlplcmentcd in the USA with 
rcgulation of the tonnage-scalc for the ceramic 
industry progressing through the year 2000.7.n 
The ceramic industry as  a whole has been very 
passive in its reaction to t h e  Clean Air Act. 
Only the glass industry sought to remove its 
classification as a source category for fluorine 
emissions.'' The U.S. Environmental Protection 
Agency (EPA) currently has cfforts underway 
which will influence the ultimate form and cost 
of the regulations to tlic ceramic industry. It is 
clear t l iz~t  tlic industry c:ln influence the regula- 
tory process so as  to achicvc the best possible 
outcomes with respect to air pollution control 
technologies, tluorinc detection methods, and 
permitting processes. Since the federal EPA 
;~ctions havc significant influence on state agen- 
cics, the industry should have incentive to act 
as soon as  possihlc to influence both state and 
federal processes. Ilowever, timely actions are 
necessary, or the opportunities to influence the 
regulatory process will be :ost. 

Technology of Fluorine Emissions 
plished in Germany G t h  the Clean Air Guide or Raw Materials 
"TI\-Luft" of 1986.' In the United States, inlple- is general ly  recognized tha t  f luorine is 
mentation has followed measures in Europe and incorporated in the structure of sheet silicates - 

' ~ I ~ ~ ~ I ~ ~ ,  ,\nlcricm C C ~ ; , ~ I C  Swicty by substitution in lattice positions for hydroxyl 
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Table 1. Survey of Fluorine Concenlralion (56 F-) in 
Ceramic Raw ~aier ials  
Raw Maledat Sou- F- C m e n l r a h  W) 
Shale NC 0.04 

Montmorillonite 
Talc TX 

~; s&i i l e  mica 0.0-0.4 
Biotite mica 1.9-2.3 (Maximum) 

groups."' According to Robin~on.~  fluorite (CaF,) can 
occur in rare cases as  an accessory mineral in clay. 
Fluorine is present in kaolinite. talc. and pyropliyllite 
which are  comnion raw rnatcrials for production of 
ceramic tile and sanitary ware." A survey of fluorine 
concentration in raw materials used in traditional 
ceramic compositions is shown in Table I. 

Robinson and Edgington'.' found some soil samples 
in tlie United Swtes wliicli exceeded'0.7% fluorine. In 
general,  fluorine increases witli increasing alkali. 
and/or lime, and/or niagncqia, and/or alumina content 
in clays. The high fluorinc contcnt of high-magnesia 
raw materials is duc to tlie presence of mica in the 
material. It is genenlly ohserved tliat the highest flu- 
orine concentration is found in tlie finest particle- 
s i ze  fract ions of raw clay materials.  Data for  a 
numher of brick plant< are sliow~i in Table 11, where 
the suhmicron fractions typically exhibit a slight to a 
significant elevation in fluorinc content. 

Eml~ction ojFluorine On ifeating 
Fluorine evolution is detected on heating during tlic 

per iod  of dehydroxylat ion of c lays ,  i.e., ahove  
500"-600°C. As the  fluorine is released it fornls 
hydrogen fluoride (IIF)' Studies using tliermogravi- 
metr ic  analysis with evolved-&IS analysis by niass 
spectrometry have suggested tha t  111: and silicon 
tetrafluoride (Sip,) a re  tlie cvolvcd species." The  
SiF, is a consequence of IIF reaction witli silica i l l  

raw materials or any otlier silic:~ sourccs a t  elcvated 
temperature. For exaniple. 111' call rczlct wiili silic:~ 
sources in a gas-sanipli~il: tr:~in to for111 Sil',. Tlie Sil:, 
will he  converted to fluorosilicic :wid (II2SiF,) a s  
exhaust gases cool below tlic dew point of w:ltcr.' 

Otlier fluori~ie species :Ire posrililc. I)c .Ion& sug- 
that g:~scous species of ;~t i i~i ioniun~ silico~i fluo- 

ride can be evolved." I<obiliso~i s u ~ c s t s  tli:~t reducing 
conditions in prelicat can f:~vor :~m~iioniuni  silico~i 
fluoride formation witli cxli:~ust potenti:illy ;IS ;I par- 
ticul:tte fume.' 

I(olknieier4 states tliat gaseous 111' \ \- i l l  rcact witli 
any linie present in tlie ceraniic l,ody to form calci- 
um fluoride (Cap,) tliereby leading to only partial 
re lease  of HF tlirougli the  plant  exhaus t  s tack .  
D e I ~ n e ~ ~  clearly shows tlie influence of lime content 

Table II. Fluorine Concentralion (% F-) for Brick Mixes 
FmdDn Plant A Ram 6 PIam C 

Ground mix 0.067 0.065 0.021 
nd' nd 0.019 

3-5Og 0.024 0.019 nd 
0.3.5-3- 0.054 0.078 0.078 
0.1-0.3g 0.103 nd 0.066 

"T - m de1emMed 

with lime-poor raw niaterials evolving fluorine.at low 
temperatures, LC., about 600°C, and lime-rich raw 
materials evolving fluorine above 800DC. Lime-rich 
raw materials were found to contain CaF2 and calci- 
um fluorosilicate phases. Evolution of SO, can inter- 
fere witli capture of fluorine by l i n i e . ' ~ e d u e i n g  the 
permeability of tlie hody to provide additional time 
for reaction of IIF with lime is one strategy for fluo- 
rine retention in the body. The duration of exposure 
of the  ware ahove 700°C was directly related to the 
quantity of fluorine released. 

If CaF, is formed within the ceramic body. it will 
partially decompose during the highest temperature 
exposure in the soak zone of the kiln. Evolution of 
fluorine is linked to the presence of water vapor in 
the kiln atmospliere. Use of high-hydrogen fuels pro- 
vides for a greater concentration of water vapor and 
favors fluorine e v ~ l u t i o n . ~  Calcium fluoride has been 
found to  undergo hydrolysis above -1200°C.1' 
Robinson states that mixtures of clay and calcium 
f luo r idc  exliil,it f luorinc evolu t ion  s t a r t i n g  a t  
-1060°C.' Providing a glass phase is one nicans of 
incrclrsing retention of fluorine o r  "capture" in the 
hody. Additions of limestone or  other sintering aids 
which reduce  vitrification tempera tures  lead to  
reduced emissions. Gcrman literature poinLr to the 
use of "sintering powders" to reduce eniissions.' 

Reaction of IIF with ware in the preheat zone of 
countercurrent tunnel kilns. i.e., recapture of fluo- 
rine, has heen observed hy Kolknieier' sugest ing the 
prcsenw of a fluorinc cycle in :I tunncl kiln. Ilauck. 
et. al.." in extensive experiments showed recapture 
of fluorine to occur below 700°C and extending to 
below 300°C. A net decrcasc in fluorine emissions 
\\.as observed using tlic "rclwnding tecl~~iology." 

Extensive resc:~rcli" a t  tlie Brick and Tile Rescarcll 
Institute (1Z1') in Essc~i lias sliowli tliat tlie firing 
sclicdule is directly related to fluorine releasc. Tlie 
tliree strategies to rcducc fluorine emissions include 
tlic following: incre:~silig tlic prclicating rate above - 
tlie dcliydroxylation teniperature. reducing the firing 
temperature to tlie n~i~iimutii  to acliieve tlie required 
properties in tlie ceraniic, and rcducing tlie soak tinie 
drastically. Operating vari;~blcs in conimercial tunnel 
kilns and their relationsliip to fluorine release liave 
been  discussed by Storer-Pelt.'" Kiln draf t  a n d  
exhaust temperature should be kept to a minimum to 
achievc minimum fluorine emissions. 

A summary  of factors wliicli inf luence fluorine 



Table Ill. Faclors Influencing Fluorine Emissions 
Fadu SLlalepy lo Reduae fluwine Emisrjons 

1 W chemistry Use of high lime raw materkls or lime 

Body and selling densily 

Afmmphelic water 
Prehealing rate 
Soak lemperature 
Vdrifcalii 
Soak duralan 
Kiln dran 
Kiln exhaust temperature 

addilk& 
Employ higher density of body or selling 
panem 

Use of low hydmgen omlent fuels 
Increase abwe dehydmxy!atiar temperature 
Reduae to a minimum 
Imew thmugh use of sintethg aids 
Redm to a rninimwn 
Reduce to a minimum 
Redm lo a minimum 

emissions is presented in Table 111. Thc technology of 
using limestone additions to retain fluorine in the 
body is viewed as  undesirable by most brick produc- 
ers  in the United States since their raw materials usu- 
ally exhibit <I% lime. The prevailing view is tha t  
higher  lime contents  could lead t o  problems in  
freeze-thaw durability or  in efflorescence induced by 
capture of sulfur oxides during firing. Many compa- 
nies, throughout the world. produce brick with high- 
l i m e  con ten t s ,  s o  U.S. producers  may  n e e d  t o  
reconsider this option. Limestone additions have 
been commonplace in the U.S. to prevent vanadium 
staining, so limestone additions are not unusual for 
other purposes. 

Flm'ne Enlissions Testing 
Wilson and Johnson19 performed the first survey of 

brick plants in the United Statcs establishing some 
baseline numbers for fluorinc emissions a s  shown in 
Table IV. Robinson1 states that all of the raw materi- 
als used in the Wilson and Johnson studies con- 
tained <0.5% calcium oxide which explains, in part. 
the very low retention of fluorine in the brick. In 
1972, Dobbins and Robinson2".2' surveycd 46 stacks 
a t  brick plants  across t h e  Southeas tern  United 
States. Stack concentrations of flourinc ranged from 

E:;T7m@; I 0 .  8, 
0 10 20 30 40 50 

Tesl Number 

Fig. 1. Flourine stack concenlrations. 

Table IV. Initial Survey of Fluorine Emissim'From Brick Plants 
Aanl F h i w  F!mc+e FLlane FLnir 

1.0-215 m g f d  (Fig. 1 ). The highest emission rate 
found for fluorine was 3.3 kg/h (7.3 lblh). with most 
plants exhibiting below 3 k&lh as  shown in Fig. 2. 
These en~ission rates generally represent less than 
0.3 glkg of fired brick ( 0.9 IWton). 

Tile industry emissions in the United States may be 
similar or  higher than those for brick plants because 
of the high fluorine concentration in tile raw materi- 
als (see Table 1). Fluorinc concentrations in exhaust 
from tile manufacturing may reach 128-202 mumJ 
(8-12.6 plWft3) yielding total fluorine emissions up to 
about 42 kg/day (90 IWday). 

T h e  fluorine emissions from U.S. plants can  be 
compared to those reported in England. Data pub- 
lished by A r n i ~ o n * ~  shows British brick-plant stack 
fluorine concentrations to reach a maximum, as  test- 
ed, of about 230 mg/m3 (or about 100 mg/mJ with 
concen t r a t ion  correc ted  to 18% oxygen in t h e  
exhaust). The rate of fluorine emissions was found to 
vary in England from 0.1-4.4 kg/h (0.23-9.7 Ibh) .  
The British data is in a similar concentration range 
and of a similar quantity for emissions as  discussed 
previously for U.S. plants. 

Fluorine Scrubbers 
There were various attempts to scrub flue gases of 

fluorine by powder injcction. condensation, and dry 
sorption in Germany as regulations d e ~ e l o p e d . ~  The 
d r y  sorption units have evolved as  the preferred 
method for scrubbing. These devices employ lime- 

Test Number 

Fig. 2. Flourine emission rates. 
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stone as  a sorption medium so that fluorine ions dis- 
place C 0 2  on the lirncstonc panicle surface produc- 
ing a coating of CaF, on the surface. This coating is 
typically removed using a rotating screen o r  drum. 

1 The residual calcium fluoride represents a disposal 
problem, and some work is rcponed on admixture of 
this product haclc into the hrick h ~ d y . ~  

Fluorine scmblxrs are reponed to csliil,it 95%-99% 
efficiency for fluorine rcmo\.al. Therc are three fluo- 
rine scrul1lxr.c currently opcr:~ti~ig on hrick plants in 
North America. Actual efficiency nunihcrs will be  
important as  rlie EI'A establislles maximum achiev- 
able control technology (MACT) as  discussed lxlow. 
Emissions of  SO, and volatile organic compounds 
(VOC) may drastically influcncc the performance of 
dry sorption scrubhers. 

Regulatory Cansequences in the United States 
Requiren~ents Under tlie Clean Air Act 

The Clcan Air Act (CM)  and its Amendments of 
1990, in Titlc Ill-llaz:~rdous ~ \ i r  I'ollutan~s. provide 
for the followin& 

Federal regulation of any industry cniitting niore 
than 10 tonslycar of any single llazardous air  pollu- 
tant  (IlAP) or  2 5  tonslycar of any combination of 
IlAP's. Tlie 1 0  to~llyc:~r tl~rcsliold can ix changed i l l  

the future. 
A list of 189 chemical spccics classified as  IlAP's 

which includcs liydrogcn fluoride (IIF), sulfur oxides 
(SO,), and nitrogen osidcs (NO,). I'articulate emis- 
s ions a rc  included in tlic Ci\i\. but they a r e  not  
inc luded in Ti t lc  I l l .  Tlic " ~ o n i p i l a t i o n  of Air 
Pollutant Emission Factors." also ltnown ns "AP-42." 
contains data on p:~rticul:~tc c n i i ~ s i o n s . ~ ~  Tliis data is 
currently under dispute I)), tllc l3riclc Association of 
North Car~lina.~.' 
' A Title I l l  "sourcc list" w:~s puhlislicd in 1991, and 

tlie only ccranlic industry to respond \V:IS tlic glass 
industry wliicll petitioned to l)c rcnloved froni the 
source list for fluori~ic cniissions on .luly 22, 1991. 
This request is st i l l  pcnding. I t  is possihlc for any  
industry to pctitio~i to 1% rcrno\.cd froni tlie source list 
a t  any time. hut succc~sful rc~ilo\.:~l of tlic lirick indus- 
try is i~~ililccly ill view of regul:~tio~is 011 111: and other 
IlAl'k in Ccrniany, E ~ i g l i ~ ~ ~ d ,  :11iiI clsc\~~Iierc. 

A rcgul:~tor). :~gend:~ o r  "sclicdulc for stand:lrdsW 
listing a ti~iictahlc fnr iniplcnic~it:~tio~i of st:~ntl:~rds Ily 
sourcc and tlic i ~ i i t i i ~ l  rcgul:~tor!. li~iiits \\,:IS to Ile pull- 
lislied i n  M:~rcl~ of 1992, i l l  tlic Fcdcral I<e,"i<ccr. Tliis 
a p p e a r e d  on  Septcnil,cr 21 ,  1992,  witll "Cl:ly 
I'roducts Manufacturing" scl~cdulcd in tlic last half of 
iniplerncntetion of specific industries." 

The initi:~l rnasiniu~ii :~cliieval~lc control tcclinolo- 
gy (MACT) rcgulatio~is affecti~ig tlie hrich industry 
will be published in 1996 if  the timetable given 
immediately nhovc is followed. There will l)c :I two- 
year period for pulllic comnicnr and revision. 

Permits under Tick V \\ill be due in late 1994, so 
ceramic companies will probahly face producing exten- 
sive technical data ac they did for National Pollution 
Discharge Elimination System (NPDES) permits. 

Draft regulations under Title I\' (acid rain which 
affect NO, and SO,) are scheduled for issue during 
1992 o r  early 1903 per EPA's schedule. 

Statc air rcgulatory agencies liave eitlier cstab- 
lislied tlieir ow11 rcfiulatio~is or  they arc writing them 
in anticipation of fedcral EI'A rcgulations. 

T h e  ceramic industries ha\-c thc opportunity to 
influence the regulatory process until about 1996 
when regulations \\-ill hc practimlly finalized. These 
opportunities arc in the arcas of air pollution control 
tcrlinologics, fluori~ic dctcrtio~i nietlioils. and permit- 
t in t  proccsscs. A proactive approach hy thc ceramic 
industry lias lxcn urged in tlic literature.'" 

lnjh-ng MACT Criteria 
The EPA will ohtain inforniation on scrubber pcrfor- 

niancc to define tlie 1)aselinc all plants must nicyt. It is 
inipcrativc that the +:PA uses corrcrt inforniation in 
tlieir dctcrniinatio~i of thc baseline. This m a n s  that 
tlie plants in Nonh Anicricx alrcady cyuippcd with flu- 
orinc scruhlrrs a 1 1  hc u d  as  test sites for scruhher 
pcrfonnancc using tcsting nictliods and a testing pro- 
tocol approved hy the EPA. Tlic i n d u s t ~ '  sliould hc 
proactive in ol)t:~ining tlicir own tcst results 
s o  a s  to l r  prcp:~rcul for puhlic comment periods on 
MACT critcri:~. This will I r  the hcst and possihly tllc 
only cllancc the ccrz~n~ic industry \\.ill liavc to insure 
that realistic MACT criteria are es~lhlisI1cd. ~ ~~~~~ ~ -~~~ ~ 

Infl~rencie Cornpliancc Ttqh'r1,6 Mef./~odol@ 
Conipliancc testing will l x  a rcquir~d activity oticc 

El'r\ rcxulation lrgins or  as  soon as  any statc cnviron- 
nicntal agency wislies to l)cgin such activities. Thc 
issue of compliance testing nietliods is important. 
sincc it could :~dd significant costs to nlanufacturing. 
Tlie options include ni:~ss-l):~lancc n~ctliods, staclc 
tests involvi~ig El'n's Method 1313 or  a niodification 
thereof, and use of Fourier transform infrared spec- 
troscopy (FTIII) devices for monitoring. Tlic FTlR 
method could involve i~lstrunicntal costs of about 
X100.000 pcr install:~tio~i :111d :IIII~~I:II  costs for ni:!i~itc- 
n a m e  and opcc~tio~i .  No infor~li:~tio~i h:~s IKTII (level- 
oped. for cxan~plc, on lio\\o long niirrors in all l.TIIt 
sanipling?;t:~clc tr:~i~i \\*i l l  l:~st ill tlic presence of 111'. 

Tlic El'A :lppc:trs i ~ i t c ~ i t  on :I nictllod \\.liicli is sclcc- 
tive for detecting IIF sincc this is tlie only fluorine 
s p e c i e s  included i l l  tlic list  of " l laznrdous Air 
Pollutaots." This i ~ i t c ~ i t  to folio\\- tlic I : I ~  could end 
up  requiring t l ~ c  industry to purcli:~sc FTlR instru- 
mentation, since alternate nietliods usually reveal 
total fluorine in tlie effluent gases. In sonie parts of 
the world, mass-balance determinations (raw-niatcri- 
a1 fluorinc minus fired-product fluorinc cquals fluo- 
rinc eniitted) arc co~isidcretl sufiicienr for periodic 
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compliance monitoring. Tlic cost of a mass-balance 
determination is cS100. 

The ceramic industry has a significant opportunity 
to influence tlic compliance methodology by having 
data on alternative methods to present a t  public com- 
ment periods ;IS rcSulatiotis arc developed hy El'A. 
This will be tlie hest and possibly the only cIi;~ncc tlie 
ceramic industry will have to insure that realistic 
conlpliance nionitoring criteria are cstlblished. 

Permitting 
I f  thc EPA follows i w  published timetable. the wram- 

ic industry will experience sijinificatit costs on a plant- 
hy-plant hasis dcvelopi~ig d;ita to complete permit 
:cpplic:~tions in 1994. The costs for fluorine stack 
emissions alo~ie might total i l l  ~XLTSS of S10.000 per 
location. Therefore. any attempt to gather information 
to use in puhlic comment periods as described above 
is nioncy well-spent, since tlic nioncy will necessarily 
he spent for pcrniit applications. 

Activities 6y CECM to Aid the Ceramic Irulustry 
The Center For Engiriecring Ceramic Manufacturing 

(CECM) a t  Clenison Utiiversity has otigoing pro#,ranis 
to assist the ceramic industry as fluorine rcjiul:~tions 
develop. These programs include surveys of nianufac- 
turers with respect to emissions, evaluation of raw 
materials for fluorine content, and instrumental tcch- 
tiiqucs for fluorinc dctection. 

Summary 
Fluorine cniissions from manuf:tcturing operations 

of traditional ceramics have bee11 recognized as  a n  
environmental problem throughout tlie world for the 
last decade. The emissions arise from thc occurrence 
of fluorine substituted in the crystal structure of clays 
and other sheet silicate minerals. On dehydroxyla- 
tion ahovc about -50O0C, fluorine is evolved. There 
is a significant body of tcclinology 011 fluorine emis- 
sions developed in Germany and elscwhcrc liecause 
regulations on emissions \vcrc irnplcniented in other 
countries prior to the current impleme~itation pro- 
cess in the United States. 

The next decade will include finalizing the fluorinc 
emission rcgulations with respect to permitting, com- 
pliance monitoring rnctliodology, and  rnaxinium 
;~cliie\,ahle co~itrol tecli~iology (MACT) critcri:~ affect- 
ing tlic traditional ccraniic industries. 1\ window of 
only about three years dur:~tion exists for the ccram- 
ic industry to affect regulations. The regulations will 
be costly in terms of preparing permit applications, 
capital costs for scrubbers, and test fees or  equip- 
ment and equipment operation for compliance rnoni- 
toring. It is the option of the ceramic industry to he 
proactive and try to influence the regulations or  to he 
passive and to hear the maximum future costs. 
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