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I PROJECT TIT'LE : Nonstmcturaladheswves requirng no VOC s

T PERFORM NG ORGANTZATDN : M ontana B btech C orpomatbn,
1910-107 Lavihgton Court,Rock Hill, SC 29732

T PROJECT BACKGROUND

Polym eric adheswes are used 1 phing applcatons. O fthe 5 6 billbn pounds of
adhesies used annualy nthe U S .,onk 4% ar based on naturmlm aterals.
The feedstock orm ostadhesies com es from the petrochem ralindustry.
Furthem ore, 16% ofadhes¥es hclide vokhtk organic com pounds VO Cs),at
mtesashighas 80% Nik,D.P. The North Am erican Adhesive and Seahnt
hdustry Convencibn AnnualSeccbnes,2002. Posted atthe folow g web sie:
http /Ay ww_ascouncilorgfiew s/poptpna_asc m ay2002 ppt). I sunlght,VOCs
and nirogen oxdes produce ozone. O therVO C hteractons contrbute © the
fom ation ofphotochem icalsm og.

Comm onl used VO C s nclide liene, m ethykthyketone and xykene. The 1996
Toxi Rekase hventory ndicates thatl 6 m illion pounds ofVO Cs were rlkased
through m iary use ofsoventbased adhesies. C irilan sectoractiviies such as
fberboard m anufacture and caetnstalbton rekase even m ore VO C s nto the
atm osphere.

NonVO C adhesies woull substantaly reduce m ulipk airpoliiton sources.

I the study ofnaturaladhesiwes, m uch research has focused on adhesbn of
musselk and bamacks. Alhough the com pounds produced have dem onstated
exceptbnalpropertes, theirm uld-com ponent, com pEx nature m akes them
difficukto produce and pohbiiel expensve.

A rehtivel unexpbred source ofnatumladhesives was m Trorganim s.

M ontana B btech Corp.has an ih-house colkectbn ofm rorganism s from a
varety ofhabiats. Thi colecton sewed as the source ofm roorganim s or
thi progct.

Y OBJECTNVE

The overmIlobfctive was t© dentfy m mworganim s producihg adhesives not
requing VO Cs. Adhesive com pounds were to be produced, parts Iy purified,
analyzed and tested onm atera ks of nterestto DoD ,DOE and EPA.

hisly, the obfctive was t© screen 500 organim s and then down sekctto 5
differentadhesives. Purficaton, sttength testihg and chem ralanal/ses were
phnned. The profctidentfied m ore adhesie producihg m mworganism s than
antcipated. Ewas detem ned thatfocusig on jistone adheswve woul pem it
earter fied dem onstrations of success. The partalpurficaton m ethod tumed



outto be adequate orm ostapplications, com pkte purfication beihg necessary
ony form editalapplcations. Therfor, attenton was re-diected towaxd
devebpm entofpropertes of hterestto DoD .

\Y TECHNIALAPPROACH

The goalofthi profctwas to screen 500 m Lworganim s fiom the M ontana

B btech Cowp . n-house colecton oromganism s producihg adhesie m atera k.
Omwankm swer © be grown i m hiferm enters. Polym erc m aterak were to be
sepamted fiom spentm edi by an oprpylaloholprecipiation. The adhesie
strength ofeach prepamton was to be detemm fhed by a fatw ise tensn teston
alim num adherends. Tensik strength ofthe bbbgialm ateralwas to be

com pared w ih adhesies used by DoD fornon-stmicturalapplicatons.

A s com pounds w th sgnifictantadhesie strength were found, Tasks ITand WV
forelin hary and extensie purfication) and Task V (chem ralanalses) wer to
be nimated. The fnaltask was to bring allthe findigs togetherand focus on
sm allscak producton offive adhesies.

S ce adhesive m aterak were dentfied m ore quickly than orghally anticpated
and onlk partalpurficaton was necessary, Btertasks were adjisted to
concentrate efforts on devebpm entofpropertes in porantto DoD applicatons.

I the olbw g task by task discussbns, the orgihaltask definitbns (i ialcs)
were m odifed o reflectthe accekmted work phan.

Task I: Culure 500 m icroorganism s.

500 m Lwomankm s wer to be grown h YEP mediim (yeastextmact, peptone
and dextrose) and 1 a defined salsm edum 1 250 or500 m 1m niferm enters.
The media werr t© be adjusted o wihi 0 2 pH unis ofthe orgmhalhabimtofthe
m rwomanim . Culure th es genermly were © be 2 t© 4 days, w ih the shorter
tn e required ororganim s grow hg at50 °C orabove. hcubaton tem pemtures
were to be wihih 5-10 °C ofthe orghalhabiatofeach organim .

Prevbus studEes nhdiated thatnotony m ediim com positon, butalo provisin
ofa gow th surface m ghthave a sgnificant in pacton polm erproduction.

Som e m Twomganim s prduce exopolm ers constitutively, whike others produce
them only upon nhducton. Therfore,amesh m ateralwas added to provile
greatersurface area Prattached growth. Studes on alematve medi

om uktbns were added to thi @sk.

Task II: Partally purify adhesive polym ers.

A m ethod was t© be devebped t© sokte poym ers from m rwbialculures.
A though stiuctummlcom ponents ofthese polym ers were unknown and kel t©



vary spnificantly from omganim to organism , twas assum ed thatm any ofthese
m trbalpolm ers would be polsacchardes and porpolypeptdes. Cel-fice
spentm edia werr t© be trrated w ih sopmpylalohol Forprotei pokm ers,
ammonim sulate fiactonation was to be olbwed by HPLC . Forpolysaccharde
polm ers, protens wer t© be rem oved. Again, HPLC was to be used for further
purfication.

S nce the sekcted adhesie was detem ned to be a poysaccharide, twas not
necessary to pedom ammoniim sulate fiactonation orprotein polm ers.
However, extensve testihg ofprecpiating sovents was added to thi ask.

Task III: Testadhesive strength.

Approprate surface m aterak were to be detemm hed and m etrics obtaned. An
adhesn testihg procedure was to be devebped which woull accom m odate the
strength range ofthe m tmwbialprparmtons. C mde prpamtons fiom Task IT
wer o be ested by the screenig procedure. Those show g sgnificant
adhesie propertes were to be sub®cted to hhstron analsi. Each wund of
testing was to be used to down sekctfistto 18 candidates and fnally to the 5
bestcandiates coverng a range ofadhesive properkes.

hisly, sin pk tensbn tests were to be used. M orr ebbomate tests hiclidig
shearand peeltests ofvarbus m ateralk and undera range ofenvionm ental
condibns were to be perform ed on sam pks sekcted by the niklscreenig.

Adjistm ents were m ade 1h coupon coatihgs (substution ofchem icalagent
rsktantcoatng, CARC, brprvbusly phnned powdercoating), butothemw e,
adhesie strength tests rem aned essentally the sam e as those orgnaly
envisbned. Ratherthan attem ptdevebpm entof5 differentproducts

sin ulaneousl, one adhesive was sekcted as the focus ofthe Btertesting.

A though nota probkm durng screenig, varbbilty oftestresuls becam e m ore
apparentas sm alerchanges dem anded m o precisbn. A sgnificantam ountof
tin e was spenton decreasig the varabilty by such technijues as surface
prpamton and regubtng both the bond Ine thickness and the curihg process.
As the proectm oved cbserto rralword applications, severalsets oftestswere
done t© com par the m tmwbialadhesie w ih com m erxcalprducts and w ih other
natumlm aterak.

To provide data obmaned fiom an outside source,a CRDA was entered nto w ih
Redstone Arsenal AkxanderSteeland Robyn SweizeratRedstone Arsenal
detem hed tensik sttrength and shearstrength forboth the parentand derivative
adhesies 11 com parison w ih comm excially avaibbke m etrics. Sthgk Bp shear
testing on phkstics was alko added to thi task.



Task V. Com plete purification .

As the Istofadhesive candidates was nanow ed, the purfication hibted n Task
Iwas o be contihhued. Sam pks had t© be purified t© hom ogeneiy forsom e of
the chem ‘ralanalsis work. Em ghtnothave been necessary to com pktel
purfy the fnal m atketablk productbutiwas essentalthatallcom ponents were
Hentfied and tested singly. HPLC and G C M ass Spectrom etry, were t© be used
to purfy each adhesie t© hom ogeneiy and to dentfy com ponents.

The adhesive tumed outto be hrgel a shgk polsaccharde and the exttaction
pocedure proved o be quie sekctive,w th 95-98% purty obtained on the first
pass. M horcom ponents did notserbusl in pactassays. Com pkte purficaton
would only be necessary form edicalapplcatons. Ratherthan spendng
resources on purfratbon notneeded mm ediatel, twas determ hed thata
product kss susceptbk t© the adverse effects ofwaterwas ofm ore in portance
to DoD applicatons. Therfore, this sk was re-wrten. Fistthe stucture ofthe
adhesie was t© be detem ned. Then approprate dervatizatons wer to be

m ade o alerpohriy.

Task V. Perfom chem icalanalysis.

Advanced anayticalstudies were to be conducted t© furtherthe understandig of
these noveladhesies. Sice these m ethods were tin e consum g and
expensie, onky sam pks disphying the bestadhesive propertes were to be
subpcted o this m ore advanced testing.

Atenuated oalreflecton Fourertansfom mnfiared spectroscopy ATR FTR)
and tin e-offlghtsecondary n m ass spectom etry ToF-SM S) were to be used
to gve som e hisghthto the m okcubrchamcterand the adhesie perform ance
ofsekctedmateralks. hialy the ATR FTR work was to be used to quickly
Hentdfy polsacchartle versus proteih polym ers. The m ore detaied work w ih
thi hstum entatbn would pem tolow g absompton rractons and thus provie
hfom ation on secondary structure. The ToOF-SM S would give a chem cal
fngerprintofeach adhesie.

Extensive ATR FTR woik was perfom ed butToF-SM S work was hgely
rephced w ih tests m ore nfom atve aboutpolsaccharides. These nclded:
m okcubrweghtanalsk, scannig cabrin etry, nuckarm agnetic resonance
NNM R ), cobrin etric analsi® and gas chrom atography/m ass spectrom etry
GCcMms).

Task VI. Produce adhesive.

Sekcted organim s were t be grown 11 hrgervolim e rractors o faciliate
prepamton ofsuffitentadhesie m aterak oroutside testng.



Thi task was expanded. O rghally, severals-14 liermns were phnned. Thi
provided a few hundred gram s ofadhesive, suffcent for Bboratory scalk
adhesn tests. A hrgerscak production task was added as Task X.

Task VII. hcrease resistance to delkterious effects ofw ater.

Thi mask abng w ith Tasks VIIand X were added t© the orghalwok phn.
Addibnalfuindig was requested fiom SERDP and this was used Porthese
added asks.

Although m rmwbhaladhesives were successfuly sobted and adhesie strength
was superbrito the niblexpectations, thi group ofadhesives had one
spnifcantprobkem i thattheywers waterm scbk to watersolibk. T genemra],
watersolibilty was proportbnalto the pobrity ofthe m okcuk. To m ake that
mokcuk mor waterresistant, pohrm okties had to be derivatized w th Ess
pobhrgroups.

Varbus dervatized m aterak were produced, converthg hydroxylgmoups t©
ethers oresters and ncowporating cross Inkabk unis such as aldehydes. Each
producthad differentpropertes. Varyng degres of substhution ofthe hydmwoxyl
groups were pwoduced to afford the optin um baknce betw een adhesie sttrength
and waterresitance. A kibgram ofthe acetyldervative was prepared.

The CRDA worked outw ih R edstone Arsenalalko coverad envionm ental
testing. The parrntadhesie, the acetylderivative and a contolwere subgcted
to a tem perature cyclng r=egin en at85% hum diy.

Task VIII. M aterialproperty characterization .

Thi @msk was added to the orgnhalwork phn. Testhg hclided them al
popertes such as ghss transion tem permture and crystaIne m eling

tem perature as wellas toxicobgy tests needed by potentalusers to detemm e
condibns ofuse. I vimo toxicobgy tests provided an hdicatbn ofm utageniciy
and som e Hdea ofcarchnogentiy. Talko assured us thers was no extztem e
toxicty. Dem altoxicty and sensiizaton which are ofconcem fora productsuch
as this were nottested butas bng as the adhesive was distrbuted strictly as a
research m ateral, the m ore expensie I vivo woik was notneeded atthis tine.
Toxicon Labomtores was responsbk orthe testing.

Task X . Scaled up production.

Thi task was added o the orghalwork pbn. Thi @sk hivoved scak up o
5000 Iterfem entatons, pem ithg producton ofover50 kg ofadhesie. The
task was perfomm ed atC athay B btechnobgy usihg therpibtscak facilies.
This com pany ako has fullscak productbn faciltes which w illpem ta sm ooth
transibn fiom pibtscalk to comm erxcalproducton. The avaibbilty ofthe 50 kg



ofpokm er fciliated dtrbuton to m ore potentialusers and testihg on a biger
scak.

Ewas alo desied thatsuffcentderivative be prepared t© pem tdistrbution of
sam pEs. Polsckences, he.aiked 1 is attem ptto produce the dervative, so this
work was alo done atCathay B btechnobgy.

VI SUMMARY

The productdevebped underSERDP gmant#DACA72-99-C 0013 ®anatural
polm erw ith adhesive activiy. Thi polym eris m ade by a costeffective,

m Trwbalpmwcess. ki a pollution preventon m ateralin thati i produced fiom
a renewabk resource, i bbdegradabk and the fnalproductdoes notmwelkase
VO Cs. Thi naturmladhesie has a tensik strength 0£f500-1500 psiand shear
strength 0£250-800 psion alim hum . tis very resistantto sovents such as gt
fieland d-Im onene. As a wood adhese, this polsaccharde has a shear
strength 0£1700 psion hard wood. O n softwood and m anufactured woods such
as partck board and m ediim densiy fioerboard, the adhesive bond i sttonger
than the wood adherends. Derwvatized fom s are resitantto the adverse effects
ofwater. Both the parentand the acetyldervatire are abk to w thstand 85%
hum diy 1 a tem permture cyclhg, environm entalcham ber.

VI PROJECTACCOMPLISHMENTS

A provibnalpatentttked ‘Adhesies from M rworganim s”was fied 1h 2002. A
fullpatentapplication has been fikd. A paperaccepted forpublicaton covers
m uch ofthe research data and i attached as partofAppendix A .

Accom plishm ents by task:;

Task I: Culure 500 m icroorganism s.

Screening and selection: M tworganism s from the n-house culure colecton
were screened forthe producton ofadhesie m aterak. M ore adhesie
producihg candidates were dentfied than orghally anticpated. Aflerscreening
350 m icrworganim s, twas detem hed thata reprsentative dversiy ofthe

M ontana B btech colection had been tested and pknty ofadhesie sam pks
were avaibbk. The 31 oganim s dentified as sources ofadhesve m aterak
are Isted n Task III. Ewas decded © end the scrrenig atthi pointand focus
on organikm s aleady sekcted. Thi m ore effitientappmach fired up both
technicaltin e and fundihg thatcoul be used oromganim dentficaton,
characterization ofthe adhesive m ateraland anakticaltasks.

Forthose havihg studi&d adhesies fiom bbbgialsoures, the hgh sttength
adhesives obaihed 1 th’ profctwer suprehg. Thire organim s comm only
studid by others as a source ofpolym ers (Pseudom onas fliorescens, P . fiagi



and P .putida) were purchased and tested. No adhesie m ateralwas recoverad.
Thi hdiates thatthe scrrenng ofa dversiy oforganim picked up specEs not
dom nathg exopolm erproducton i biofim s, butw ih the abilty t© produce very
strong adhesies.

Aflersevermlmunds oftesting hivoling both organism dentfication and tensike
strength detem natbns, a shgk m tworganim ,1222,was sekcted as the
ocus ofthe rem ahig work on thi profct.

Medim optm ization: himly, allorganim s were grown 1 a defined sals
medim and a yeastextract, peptone, dexttose YEP)m ediim . The defined
sals m ediim gave poorresuls and is use was discontnued. The YEP m edim
hterfered w ith som e anayticaltests. Then itwas found thatthe m edim iself
had som e adhes¥e propertes. Furthem ore, a kss expensive m ediim was
necessary fora comm erxily vEbE product. Num erous m eds form ubtons
wermr tested. One obective was to devebp a m ediim w ih no com pkx

com ponents such as yeastexttact. Alhough sm allam ounts ofthese com pkx
nutrents wer benefical, they were a potentalsource ofvarabily when
production was scalkd up and Bbomtory grade com pkxes were no bnger
avaibbk. They alko contrbuted to the stickihess ofthe product. Appmoxim atel
70 form uktons and form ulkton m odificatons were tested. The form ukton
eventually sekcted was a m odified version ofa m ediim devebped by M ontana
B btech orpmducton ofglicose oxidase, thus the name GO8MOD5 glicose
oxdase m ediim num ber8,m odifcaton num bers).

The sihhgk m ostcostly com ponentofthe fem entation m ediim was the caroon
source. Num emus bw costcaron soures wer tested to provile a basi for
selkctbn ofthe carbon source orscakd up producton. M alodextrns,
despnatedM alrn 40,100 and 180, and com steep liquorw err obtaned from

G ran Pmwcessig Cowpomton. M oksses from two differentstages 1 a sugar
processig phntwere obtahed fiom BrixBerg. Fem entatons usihg com steep
Iquorand m oksses, produced no adhesie. Use ofm alodextring athgher
Evelk 10 gm /lormorw),dd resuki adhesie producton butthe tensie
strengths were generally bebw 100 psi

Sucmse had been m ost successfilso the m onosaccharides m akig up sucrose,
glicose and fuctose, were tested separmtely. Use ofeiherglicose orfiuctose
resuled 1 no adhesie producton. Sumprshgl when both m onosaccharies
were added together, there was stillno adhesie producton. Onl when the
disaccharde, sucrose, was a partofthe m ediim , was adhesive produced. &
appeared thatenergy fiom the glicose-fructose bond was necessary forpoym er
form atbn. As litl as 7 gm /lsucrose dd resukh adhesie producton, butthers
was a diectconehton betw een the hicrease 1 the am ountofsucrose added

up 21 gm /) and the am ountofadhesie produced. Further ncreasihg
sucrose kBvel above 21 gm /Idd notresuki a sgnifcantly greateram ountof



adhesive producton 1 the 48 hourfem entatbn. ki possblk thata bnger
ferm entation would m ore efficently utilze hgher kvek of sucmse.

A Yhough phosphate was essenti], there was evidence reported 1 the lirrature
thatphosphate was hvoled 1 regultion ofexopolym erproducton. As
phosphate was decrased, untla crtcalpointwas rrached, polym erproduction
was hcrased as partofa defensive m echanim . twas detem ned thatthe
crifcalpontwas consilembly bwerthan the am ountprevbusly used.

M onobast potassiim phosphate was decreased fiom 0.8 gm /lto an optinum at

0.04 gm /L

There was som e evidence 1 the ltermture thatceraih poym ers woul be
produced ata hghermte when cakim kvek were crased. Thi dd not
prove to be the case forthe presentpolm er. Ako, i Brge scak productbn, the
use ofantfoam and tap watercould be advantageous. Testhg hdiated that
softened ap waterwas detrin entalto production kvels. The use ofantifoam
had no sgnifitant in pacton producton kvel.

Testresuls hdiated m agnesim , on and amm onim sulate should notbe
changed fiom Evelk found in the orghalGO 8 mediim . A 75% reducton i cixrc
acd was acheved w thoutadversel affecting the poym erprmoducton. The
added advantage t thi change was thata reducton 1 the am ountofsodim
hydroxide was requird to adjistthe pH .

A suiablk defned m edim was eventuall devebped. Thatfom ukton was
despnated GO8SMODS5.

Table 1: Com ponents ofm edium GO8MODS.

M edium com ponents gm /L
K,HPO,*3H,0 0.04
MgSO4 *7H0 01
FeS0O,4°7H,0 0.001
NH4)2S0, 02

C iric acd m onohydm@ate 05
Sucrose 210
NaOH tadjustpH to 6 4

Surface area: Forscrenig ofthe first250 m Tworganim s,a mesh m aterial
was provied forgratersurace arra ofattached growth. As anticpated, som e
organism s did indeed grow attached t© the m esh and produced copius am ounts
ofexopolm er. However, thatexopoym erdid notprove t© be a usefiiladhesive,
so the m esh was kftoutofthe m ni-ferm entors when the lhst100 organim s
wer grown and was notpresent orrwe-grow g prevbusl sekcted organim s.

M any ofthese ferm entations dd resuln producton ofsolibk exopokm er
regardkess ofthe presence orabsence ofthe mesh.



Task I: Partially purify adhesive polym ers.

Cellrem oval: The firstpurfication issue was whetherto separate the cels fiom
the adhesie. Alhough the nimalphn caled rcellrem ovalprorto adhesie
prechiaton, the cellvolim e was so smalltwas decided notto rem ove the cels
durhg screenig ofthe first250 organim s. Forscrenig ofthe lhst100
organim s, cels wer r=m oved by centrifigaton. Atfirst tappeared this dd

m ake a difference, butafler furtherexperim entaton, tbecam e apparent that the
In provem ent adhesie activiy was the resukofchanges i1 the m ediim mther
than cellrem oval The fnalpmcedure did nothclide cellrem oval However, it
was noted celk were rradily rem oved by centrifugaton fthe fnalapplicaton
caled fora hghly purfed m atera L

Precpimting solvent: Sevemlexperm ents were mn to detem e the optim um
m ethod forseparatin ofthe poym erfiom the spentm ediim . Ethylhctate,
acetone, ethanol, m ethanol, soprmpylaloholand nprmpyla koholwer allfound
to be satsfactory. Alhough som e vared w ih respectto the am ountofm ateral
recoveraed and viscosty, the chole ofthe prechimatnhg agentafiects so m any
factors thata fnalchoice w flldepend on the producton facilites. The solentw il
be recyckd and the equim ent forthatprocess w llaffectthe choie ofsovent.

D ependig on shppig costs, ti possbl the finalproductw illbe dried t© a
powderand reconstiuted justprorto use.

I genem], ethyl hetate produced one ofthe sttongestadhesies butodor,
weghtand hgherfirezihg pohtm ade im ore difftutto work w th i the
Bbomtory. Alohok were the kastexpensie to purchase, butrecyclg costs

m ustbe considerrd orhme scak producton. Locaton ofthe producton facilty
willako nflience the fnalchote. Ethylhctate & produced atsevermlphnts h
the M dwestso twoul be sgnificantly Ess expensive there. Engheering
consierations such as distilhton colim n desn w illbe a costto be factored nto
the choie ofthe precbiating agent. Productyeld m ustako be considerrd. &
m ay appear firom the olbw g @bk thatthe soventused resuled 1 recovery of
adhesves w ih differing tensik sttengths. kappears m orre Ikely these obserwed
differences are the resutofviscosity varatons. Forexam pk, when the

m trwbhladhesive wasm ade up to 50% solds, the average tensik strength from
10 tests was 855 psi W hen the sam e m aterblwas diuted w th waterto 25%
solds, the tensik strength average forl0 tests ncrased © graterthan 991 psi.
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Table 2: Effectofprechimting agenton yield and viscosiy

Adhesive | Average
Solvent 1 :2) recovered psi
gm A

Acetone 2.71 >1795
sopropylaloholdenatured 399 1640
Ethylhctate 441 1427
M ethanol 391 1346
E thanoldenatured 3.66 1136
sopropylakoholcertfied 4 65 1005
E thanolnotdenatured 3.83 978

Note: Averages of5 tests arre repored.

Solventto spentm edium ratio : The otherpmcessng param eterstudied at
Ength was the ratb between the precpiating agentand the spentm ediim . This
vared w ih the specific prechbiatng agent. Ratbs atntervals iom 18 to 811
were tested orsopmwpylakohol The optinum mtb was 1 partofspentm edim
to 1 5 parts of sopropylakohol Forethanol, the optmum mtbwas12.

Untlm okcubrwephtdetem natons werw done, the in pactofchangng the
mtb on the fnalprmductwas notrecognized. There were 2 distiictm okculr
weghtfiactons found 1 the fnalproduct. One was overone m illon m okcukbr
weghtwhik the otherwas 1 the Tange 0£20,00040,000 m okcubrweight.
hikaly, twas thoughtthe bwerm okcubrwepht fiacton woull be the better
adheswe shce the smalerm okcuk woull tend to gve bettersolibilty and
would be m ore am enabk to chem iralm anjpubtons. However, htertappeared
th’ fiacton was m o prne to cryseInity. The hgherm okcubrweght fiacton
could be m ade nto a m ore hom ogeneous soliton.

The distrbutin could be m ade t© favorthe hgherm okcubrweight fiacton by
ushg sopropylakoholt precpiate the polm er. Ethanolrwcovered sgnificant
fractons ofthe bwerm okcubrweghtm ateral Changes 1 the m ediim and
shorter culure tin es decrased the = htive proporton ofthe higherm okcubr
weghtfiacton. The fnalm ediim om ubkton and producton procedurs, resuled
1 a materalthatwas predom hantly ofthe hgherm okcubrweght fiacton.

Tin e orpolym erprecipiation : h hge scak producton, Ess tn e requird for
any process w illtanskbte hto costsavigs. Tests were setup usihg spentm eda
from two differentbatches and sopmpylakoholata 11 5 mto. kappeard that
the 48 hourholdng perbd was notnecessary. In smallvolim es, as litke as 2
hours was jistas effective . Th Brgervolim es, tm ay be expected thata bnger
coolng tin e w illbe necessary, sin ply to bring the tem permture down. Butonce
at-20 °C, the hodig tin e was notcriical
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Table 3: Precipiation tin e versus recovery

Timne hr) | Adhesive recovered
gm /)
2 448
6 4 35
12 4 24
24 4 38
48 4.77

Procedure : The Hlbw hg procedure was worked outforbBb scak producton.

Grow culure 1222 nGO8MODS5,pH 6 4,1 mlaim Ilm edim /m h,36-48 hrs.
Harvestby ttansferring 100-150 m 1to 500 m lcentrfiige bottkes.

Add cold (20 °C)precpiathg sovent @enemIly 100300m ).

M ix by hversbn.

Coolentie soluton to 20 °C .

Centrfige at1500 g orl0m 1.

D Bcar supemat@ant.

Thvertbottks to drah ©rl10-15m n.

Tmansferprcpiated adhesive to capped storage tubes.

Thi process recovered an adhesie productatapproxin ately 40% solds. The
m ateralcould be dried to a whie powderand then reconstiuted w ih wateror
waterplis precpiatng solventprorto applcaton. Approxin ately 25% solds
resuled n the hghestadhesie sttength when bonding alim fium . As noted
earler, the cells could be rem oved by centrifigation prorto additon ofthe
precpiatng solent.

Task IIT: Testadhesive strength.

Procedure: Allscrrenig tests m ade use 0£2024 alim ium adherends. These
were m achihed so thatthe surface area ofthe ends was exactly 0 25 square
Tiches. Approxin atel halfofthe adherrnds were barr alim hum , whik the
otherhalfwer anodzed. The surface coating did m ake a difference i adhesve
strength, so care was taken to recor the surface coating and t© m ake sure that
allsam pks to be com pared, used the sam e coatihg. Forthe fnalyearofthe
profct, the anodized coatihg was rem oved and alltensike sttength testhg was
done on bare alim hum . Adhes¥e was spread on one face ofa pairof
adherends. The pairwas inm editel hel togetherby hserton nto the
Const@antFore FXxture CFF) calbmated to 20 psi Sampks were rem oved fiom
the CFF affterl hr. The curng pmcess i discussed bebw . 3M products 1300
and 4799 were used as m etrcs throughoutthe profct.

Testvariability : Tests were genemly muin n at kasttrplcates; durng the fnal
yearofthe profgctsets of5 or10 adherends were used foreach data pont.
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There was som e concem thatthers was too m uch varabilty am ong replcates.
The varabilty was nota probkm durihg screenig because the differences were
so distihct. How ever, as the production m ethod was r=fined, the differences
between good and slghtly kss good adhesie were kss dstihict. Therfor, a
study ofthe causes and possbk rem edEs forthe varability was underaken.

Testequipm ent: M ostofthe testihg durhg screening and early devebpm ent
was done on a M ark 10 atM ontana B btech and an hston atM ontana State
Un¥ersity. Fity sets ofadherends were glied togetherfiom the sam e batch of
m rrwbhladhesive. Halfwere tested on the M ark 10 and ha¥on the lhstron at
M ontana State Uniersty. Alhough absolite num bers differed between the two
nstum ents, twas detem hed thattestng on the two hstrum ents produced
resuls ofsin ibrvarabilty.

Adheswe: Twenty adherends glied w ih the comm excially avaibbk adhesie
thathad been used as a controln this progct, 3M 4799, wer tested on the
hstron. The varabilty ofthe com m erchlpmductwas sin fbrto the varabilty of
the m twbaladhesie.

Procedures: Surfaces were washed w ih acetone nm ediatel before adhesive
applicaton. Ako, excessie adhesie squeezed outatthe bond ne was
rem oved. No sgnificantin provem ent 1 reducig the varbbilty wasm ade.

Fordifferenttestequipm ent, com m exchlversus m rrwbaladheswves and
changes 1 testprocedures, the sendard devatons were fiom 21% t© 42% of
the m ean. Eshould be noted here thi i nota pmwbEm unijue t© the m twbal
adheswve. I fact, this i a comm on topi ofdiscussion atconferences rhtng o
adheswes.

Surface prpamtons: kwasntuntlthe visitto the Redstone Arsenal
Bbomtores thataddibnalcauses ofvarabilty were found. Redstone Arsenal
personnelsuggested use ofdisposabk coupons. Prevbusly, both bare and
anodzed coupons were washed and r=-used. Exposurr ofthe anodized
coupons o hotwaterchanged surface charmacteristics. Furthem ore, tappearsd
thatthe ncorectanodizaton procedurr had been appled orghally so even the
i lmund oftesting had been done on poorly prepared surfaces. Thi would
contrbute to differences obserwed betw een resuls usig bare and anodized
coupons.

Revew oftests perfom ed severalm onths earleratR edstone Arsenal, rrveakd

thatstandard deviatons were allkess than 15% and mostwere kss than 10% of
the m ean. Thi suggests that h addion to the ocbvbus probkm s w th coupons,

therr were pblkm s w ih the testequim ent. The M ark 10 was baded

m anuall, so m ore varatbns woull be anticpated. The absolite valies from the
M ark 10 agreed m ore cbsely w ih the R edstone Arsenalresuls than w th the
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M ontana State Uniersiy hston resuls. The hston requied extensive repais
and was notused durihg the fnalyearand one halofthe profct.

Selection ofm icroorganism : As noted 1 Task I, based on a summ ary of
adhesie strengths, 31 organim s were sekcted for dentification by sequencig
and com parison ofthe 16S RNA fractons. Duplicated organism s werr t© be
eln nhated. The Bbomtory perfom ng the dentficaton tests, M ycoLogics, hc.,
had a gratdealofdificuly w ih the procedure. Five organim s were sekcted
for furtherw ork butrepeated testhg resuled n different dentfications each tine.

Table 4: Adhesive sttength ofselected m icroorganism s.

Culure dentification Tensile
strength, psi
54F 320
71X 470,580
92 D)F 894,756
125 @)F 440
154F 710
160F 747
165 (C)X 282
195F 540,730
198 @)F 424,794
243 B)DYM 552,446
264 B)SDYM 550
268 RA)S DYM 562
316 DUTT 610
444 632,730
476 W H)P3 660
555 P3 548
1204C 918
1222B 514,384
1223 492
1252 280,314
1272B 482
1306 650
1307 534
1320A 670
1320C 526
1324A 622
1359 240,340
1360 466,554
1381 818,806
180W 320,416
434 RED 766
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The @bk above show s adhesn strength resuls from all31 organim s. These
are resuls offhtw e tensbn testihg on 2024 alim num adherends on the M ark
10. Load wasm anuall applied on the M axk 10, accounting forsom e ofthe
varaton obsered betw een differentmins.

Even m ore ofa prbkm than havig the dentifications change was the factthat
the five sekcted organim s werre supposed to be differentorganism s. twas
bterfound thatallfive produced the sam e polym erand were cbsel rhted or
duplcate speckes.

One organim ,1222B,was sekcted based on ease ofgrow th, pokym er
production and strength ofthe adhesie produced. Ekewher n thi report, this
or™anism I dentfied sinpl as 1222). This was sentto M twbial hsghts, c.
foridentficaton. The organim was dentfied wih a 99% match. The
Hentfication and 16S sequence provied data needed orpatentapplication

Testm atrix : Once a sihhigk organism had been dentified, a m atrik was setup ©
ensure testihg undera range ofcondions. This m atrk was desgned hrgel by
the TechnicalAdvisory Comm itee t© ensure allthe data of hterestto DoD would
be obtanhed. The matrixwas as blbws:

1. Screenig: 350 organism s were screened usig bare alim hum -

alm hum adhersnds 1 fhtw e tensbn tests. From 31 organism s w ih adhesive
activity, 18 unigue organim s were sekcted based on organim Ientficaton. As
dicussed above, these htertumed outnotto be allunijue organim s.

2. M echanitalpropertes: Three differenttypes oftests wer used to
detem e m echanialproperties. These were fhtw e tensbn tests pihig
anodZzed alim hum to anodkzed alim hum , the T-peeltest phiig alim hum and
neoprene ornirike mbberand the shgk bp sheartestwhich pned coated

alm num to coated alim hum coupons. Atthe end ofthis testing, 5 organim s
were to be sekcted. Testvarbbilty m ade sekcton difficulso organim
dentficaton was used to m ake the sekctons. Sice sequence data wer not
avaibbk, twas onl afferthe polym ers were dentified thattbecam e apparent
allfive organim s produced the sam e poym er. Ewas ako found thatnone ofthe
pokm ers studid had good peelsttength. The =ason forthis becam e apparent
aflerthe ghss ttansibn tem permture had been detem fhed. The adhesie was
very britke, so perfom ed poorly w th fexbe m aterak 1 a peeltest.

3. M aterbak foeel) : The effectofsubstate varaton was t© be detem ned
usig 180 degree peeltesting w 1th 3 stiffand 2 plebk materak. These
materak werr epoxy graphie com posie, urethane coated alim hum and
powdercoated alim hum as the base and nixrike mibberand neoprene as the
fexbl porton. Ewas found thatthe sekcted polym eradhered very poorly to
both the nixrike mibberand the neoprene and show ed no adhes¥e strength 1 the
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peeltests, even usig bare alim um as the base. The pwbEm was thatthe
polmerwas notfexbl. Aflersevermltrak, urtherpeeltests were abandoned.

4. M aterak (shear):A second testofsubstate varaton utlized the shgk
Bbp shearm ethod. O rghally, the m aterak to be studied were epoxy graphie
com posie, epoxy coated alim fium , urethane coated alim hrum and powder
coated alim fium . R atherthan having two epoxy surfaces, an anodzed

alim hum surface was substiuted. kwas alko suggested thatpow dercoating
was of Ess nterestto DoD , so chem ralagentresistantcoathg CARC)was
tested n s phce.

5. Envionm entaleffects: Usig the sam e polym erand m etrics as above,
the effectoftem perature on adhesve prpamtons was t be detemm nhed. As
work proceeded on the derivatzed adheswve whith was m ore wateresistant,
and because the waterresistance issue becam e m orr In porant, twas decied
to m odify the envionm entaltests to iciide both tem perature and hum diy
effects. The fnalprocedure nvolved cyclng between 30 and 60 °C at85%

hum diy.

Plhstics: Som e phstics are faidy difficukto glie together, so a scrrenig test
was done ushg halfa dozen differentphstcs. kwas found the m trobial

polm erwas effective or pinihg som e phstics. Then a m o extensie testwas
setup t© nclide polcaronate, epoxy ghss, Foron, ABS, TPX ,DAP and
PEEK.

Coupons and coatings: 2024 alum ium coupons werr prepard forboth shear
and peeltests. Bany Avenue P Bthg applied allcoatihgs. Coupons were divided
nto 4 goups as Plbws:

Anodzed

Anodized and epoxy coated

Anodized, epoxy undercoatand urethane topcoat
Anodzed, epoxy undercoatand CARC topcoat

TR

Speciicatons wer as olows:

AnodZzed: AM S 2471 suluric acd.
Epoxy: M IL 23377

Urethane: M IL. PRF 85285
CARC:MIL-C 53039 0orMIL.C 46168

B w N

Surface preparation and application ofadhesives: Alhough M ontana B btech
had facilites fortensike sttength testing and access to addionalequim entfor
tensike and sheartesting, twas decided t© send som e sam pks o R edstone
Arsenalfortesting. Thi notonl albwed testing on differentequim entbutalo
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nvoled peopk w ih specific expertise 1 adhesie strength testihg. Thi outsde
testing thus stood as an ndependentanalsi ofthe strength ofthe adhesive.

Undercondibns ofa CRDA,amateral scentst, A kxanderSteelofR edstone
Arsenal, tavekd to M ontana B btech orseveraldays. He taughtM ontana

B btech personnelhow t prepare coupon suraces and how to apply adhesive n
com plance wih M ilSpecs.

Partcubrattentbn was paid to ckanig coupon surfaces ensuring the surface
was fuly we tted by the adhesive and com pEetel coverad the testarea. Excess
adhesie was rem oved. Som e surfaces were ckaned w ih ethanolwhik others
were ckaned w ith a "green'" soWvent, etherAsahkin AK 225 orEnSole.

Com parng these resuls w ih those subm itted to R edstone Arsenalearler, twas
apparentthatsurface prepamton and m ore uniom applcaton had ncreased
shearstength.

Bond line thickness: A potentialsource oftestvarabilty was the bond Ine
thikness. To detem e thi valie forthe naturmladhesie, the tensike sttength
ofadhesive between .003 and .037 cm thickness was tested. kwas found to not
vary spnificantly overthatrange. M trospheres were obtaied and added to the
adhesie to assure thatbond Ine thitkness woul be m anhtaihed undera mnge
ofcicum stances. RegardEss ofthe am ountofpressure appled, the m robeads
m anhtan a constantdistance between the two coupon surfaces and thus, a
constantbond Ine thictkness. Both offera crmush strength 0£60,000 psi

Two types ofm Irrobeads were obtaihed fiom 3M :
1. W 210 Zeeospheres com posed ofakalialim ha.
2. W 410 Zeeospheres com posed ofsilcate ceram i.

By addig m tmwbeads t© the adhesie whik twas stln is solibk fom ,
thorough m kg was assured. M rwbeads were added ata ate 0f1% and 10% .
The average tensik sttrength fiom 5 tests & seen 1 the olbw g @bk.

Table 5: Addidon ofM icrobeads

Tensile

M icrobeads strength
psi
1% W 210 1077
10 W 210 920
1% W 410 884
10% W 410 820

Cure rate: Early testihg hdicated thatcurng was relebly com pkted 1 10 days
atmoom tem permture. Experin ents were perform ed at50 °C to detemm ne ifm ore
consktentresuls coud be obtaned atths ekvated tem perature. kwas
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detem hed thatcurhg or17 hrs at50 °C resuled n the m axinum tensie
strength . Furthermihg the tem perature to 55 °C , provided good resuls after13
hours ofdryng.

Table 6: EffectofTin e and Tem perature
on Cure Rate

Tem perature | Tine Tensilke
°c hours | strength
psi
55 13 688
55 26 698
55 48 497
55 72 458
55 96 603
35 12 322
35 24 583
35 72 1006
35 168 831
35 240 773

Note: Tensik sttength was the average of5 tests.

Even at55 °C,a cure tn e 0of13 hrs was unacceptably bng orm any
applicatbns. Sice the adhesie was recoverd from aqueousm edr,waterwas
entrapped 11 the adhesie. kwas the sbw evapomtion ofwaterfirom between
two nonporous @lim fium ) surfaces, thatcaused the very bng cure time. thas
been detem ned thatthe adhesive can okmte tem peratures at kastto 121 °C
or25 m nutes. Forapplcatons where heatcan be used, thi appears to be the
m ostenvionm entally friendl apprmach. A hygroscopic solventcould be added,
butm any ofthese m aterak arr chssified as VO Cs. The adhesive can be

com pktel dried and shiped as a powder. How ever, tm ustbe re-hydmated
before applicatbn. kwas found that orpormus m aterak such as wood, the
dryhg tin e was consistentw ih those ofcom m excally avaibbk adhesives. For
Phhg non-porus surfaces, the fnalprocedure calked orcurng bonded

m aterak at35°C forl0 days.

Rehydration: Once adheswve pokm ersubunis have been pined, orm ostnon-
pressure sensiive, comm erxchlly avaibbk adhesies, the process s not
reversbk. However, orthe cured m rmwbialadhesie understudy her, water
coul be added to the broken bonds and the bond coul be recured © the
orghalstength.

Resistance to solvents: As a suwey ofpotentalapplicatons was nihated, i
was noted thatm any currently avaibbk products were notesktantto sovents.
Testihg ofthe m trwbialadhesie showed twas reskantto the effects ofa
varety ofso¥Vents. Adherends were pihed wih the m rrobialadhese.
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Folbw hg a 10 day cure atam beenttem pemture, they were soaked n soventfor
48 hours, and then dred forl hourprorto tensike sttength testihg. Ther was no
bss ofadheswe sttength aflersoaking i £tfel d-lin onene, m ethykthyketone
ortoliene. I fact, the olbw hg @bk hdiates adhesie sttength m ay have
Ticreased slghtly. ki possbk thatthese resuls refectfuirtherrem ovalofwater
fom the adheswe.

Table 7: Resistance t solvents

Solvent Tensilke strength
psi
JetA 932
d-lin onene 922
M ethykthyketone 805
Toliene 766
Contwl-ax 728

Adhesive strength tests atRedstone Arsenal: Underprovisins ofthe CRDA
m entbned earler, allconfim atory tests were done atR edstone Arsenal
Expertise ofpersonnelatR edstone Arsenalwas very in portant h obtaihihg
rlabk dat@m thatwould om the basik of uture woik and Bterm arketing. This
sectbn hiclides summ ary @bks ofdata obtahed atR edstone Arsenal

Alm num adherends w ih varbus coatihgs were pined w ih the parentadhesie,
am ethybted dervative ora 3M productdesignated 4799 and used as am etric.

Tabl 8: Shearstrength on coated alum lnum coupons i psi

Surface Parent| Methyl | 3M 4799
coating derivative

Anodized 819 930 171
Epoxy 576 541 146
Urethane 0 0 185
CARC 651 533 185

Note: Shearstrength was average of5 tests.

The m mwbaladhesve perfom ed wellon anodzed, epoxy and CARC coatihgs
butpoorl on urethane. Forthe nextmund oftesting, the urethane surface was
mwughed usig three strokes 0£150 gritsandpaper, folbwed by w g w ih
solrentas usual

Selkcted phstic coupons were ako pied w ih the parentadhesie, m ethyl
dervative (see Task VI) orthe 3M pmoduct4799 as the m etric. The dervatie
generally adhered betterto the phstics than the parentcom pound orthe m etric.
TPX was tested w th the otherphstics, butnone ofthe three adhesies bonded
o thismateral
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Table 9: Shearstrength on plastic in psi

Parent| Methyl | 3M 4799
derivative

Epoxy ghss 366 664 78
Fortoon — 519 83
DAP 188 87 112
ABS 152 309 65
PEEK — 146 56
Polycarbonate 40 54 43

Note: Shearstrength was resukofa sngk test.

W hen 4 sekcted phstics were tested 1 the environm entalcham ber descrbed n
more detaili Task VII), twas found thatEpoxy ghss was the onl phstic that
coul be rlebly adhered w ih the m Trobiladhesie. T allcases, shear
sttength was greaterthan 200 psi There was som e adhesbn forthe dervative
onABS . The adhesie faiked to bond PEEK and Forton 1 the envionm ental
cham ber.

Com parison w ith com m excialproducts: Severmlcomm erxcially avaibbk
adhesves wer com pared w ih the m tmwbiladhesie. Eshould be noted that
Eners i rradily watersolibk as & the parentm rrobialadhesive. Tisrbond IT
and Liud naiks cam e offafiersoaking n water. Cmazy glie and the two 3M
products were unaffected by soaking n waterovemiht.

Table 10: Com parison w ith com m excialproducts

Tensilke
Adhesive strength
psi

Kmazy gle >1200
Eners 914
M ontana B btech 698
Tiebond IT 619
3M 1300 517
Ligyud nails 290
3M 4799 161

Com parison w ith othernaturalpolym ers: Com parisons were m ade between
the m twbialadhesie and othernaturalpoym ers. A high degree ofvarabilty
was found am ong varbus tra k. kwas detem hed thatthe perxentsolds was

m ore critcalthan had been previbusl beleved. An attem ptwas m ade to use
prpamtons thatwere allat25% solds. However, orsom e m ateraks
tradionally used as thickeners, twas notpossbk t© use the materak atsuch a
high percentsolds. Aflerdiuton o the desied Evel, prrpamtons wer alowed
to stand or24 hours before use © albw com pkte solibilzaton. Alladhesie
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m aterbls were appled to bare alim ium adherends, cured or10 days at35 °C
and then tested fortensik strength on the M ark 10.

Table 11: Com parison ofM ontana B iotech Adhesive w ith
Comm ercially Avaibbl NaturalPolym ers

% Tensile
Polym er solds | strength
psi

M ontana B btech adhesive 25 >991
M ontana B btech adhesie 50 855
Com starch, cooked 25 691
Dextran 25 479
CMC,sodim sak 17 193
Guargum 8 63
Xanthan gum 17 33
Abnhiacd,sodim sak 17 20

Note: Tensike stength was the average 0f10 tests.

Task V. Com plete purification .

S hce com pkte purfication was necessary onl form edicalapplcatons, efforts
wer rdiected toward deve bphg propertes ofm ore terestto DoD .
Addinalchem ralanalyses arr r=ported underTask V and derivatization to
n prove wateresiktance & repored underTask VIL

Task V. Perform chem icalanalysis.

hibly, hterference by com ponents ofthe com pExm ediim created sgnificant
probEm s when attem ptihg t© do ATR FTR tests. Folbw g extensie

m odifcatbns and e 4esthg, the defined m ediim discussed earlerwas
devebped. T addibn t© rsulng 1 the productbn ofa superbradhesie, this
defned m ediim did notihterers wih varbus tests. Foralltests repored 1 this
secton, m worganim s were grown i the GO8MOD5 mediim . Assays wer
conducted atM ontana State Universiy.

Carbohydrate dentification : Hydmwolsis GC M S to detemm e sugarrepeatuni
structure was unsuccessfiiland onl accounted rbw am ounts ofsam pk as
catbohydmrate. Sice poorrsuls wih this m ethod are known to occurwhen
uroni acd unis are present, the hydmwlsi was repeated and a second attem pt
wasm ade to dentfy the sugarunis. Resuls were differentbutstllaccountad
oronk a sm allfiacton ofthe toalm ateralpresent.

A differentanal¥ticalapproach was then used. C Bssicalcobrin etric analysis
ndiated the adhesie was 95-97% catbohydmate,1 3% pmoten and 1% urmnic
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aci. Spectalpattems in both proton and catbon NM R were chamcterstc of
polsaccharde.

ATR FTR : UsnigATR FTR , the structure ofthe po¥saccharile was
detem hed. The sttucture ¥ consiered propre@yy nfom aton and a patentto
coverthis nfom atbn has been fikd.

Molecularweight: M okcubhrweightanalysis was done by size exclision
chrom atography. G enermlly, m okcubrweights were f excess ofone m ilfon
alhough som e products obtaihed prorto optin Zzaton ofthe m ediim and the
process, had consilembl bwerm okcubrweghts. These bw m okcubhrweght
sam pEks wer radily solibk n waterbutihsolibk h organic solvents, probably
due © hph cryseliniy. The sam pks hiciidhg bw m okcubrweghtm aterals
show ed three sharp peaks and one bmwad peak by size exclisin

chrom atography. The brad peak and two shamp peaks had m okcubrweibhts
allbebw 40,000 whik the hstsham peak had a m okculhrweghtgraterthan
one m illion. Changes 1 the grow th condions and changes 1 downstream
processng param eters shiffted the balhnce so thatm ostofthe m ateralwas
found t© have a m okcubhrweghtoverone m illbon and the m ateralwas m ore
solibk 1 ogani soVents used durihg derivatization.

Task VI Sm allscale production.

Param eters forscaleup: Sevemlmns wer m ade o detem e param eters
assocated w ih productbn ofhigh kvelk ofadhesie. The adhesve strength of
the productwas detemm hed on sam pks taken at24, 36 and 48 hours. Adhesie
strength did notvary sgnificantly am ong the tim e ponnts butsnificantly kss
productw as recovered perunivolim e at24 hours as com pared w ih either36 or
48 hours.

Data was acquird thatwas cridcalto scakd-up productbn. The firststep was t©
colectdata i1 the 5 and 14 lierrbBbomtory fem enters. Fourbatches, each

com posed of3 fem enters, were setup and mun for48 hours. Allused
GO8MOD5 medim . I the ©low hg @bk, the average @vermge of3 fem enters
11 each mn) absotance at600 nm , pH and reducihg sugarconcentraton for
each tin e pointwas rrcorded. T allcases the noculim was 24 hours oHd.
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Table 12: Ferm entation data

Tin e ADbseoo PH Reducing
hr sugargm /1
6-7 085 585 03

171 548 02

099 584 00

118 564 00

11-12 437 4 91 03
627 540 33

424 551 20

474 545 20

2226 581 468 13
806 533 70

733 546 8.0

683 5.74 5.7

3536 658 4 54 83
890 4 .93 8.0

742 549 90

741 552 70

48 665 441 50
858 4.78 133

730 4 .97 93

713 548 8.0

O ne unanticiated fndng was the difference am ongstthe fem enters h tem s of
strength ofthe adhesie produced. Thi was consitentoverthe course ofthe
mn. Forexam pk, a fm enterproducihg an adhesive ofhgherstrength at24
hours, conthued to produce hgherstrength adhesive at36 and 48 hours. A
repeatofthi experin entagai showed differences am ongstthe fem enters but
1 a differentpattem, ndicathg thatth®s was notcaused by the fem enters

them se¥es.

Ewas determ ned thatproduction on a scak hgerthan the 5 and 14 lier
bbomtory fem enters was needed to push cbserto feld tthls. Addibnal
fundig orscak up, toxicolgy and chamacterizaton was requested from SERDP
and these funds were used © add Tasks VIEFIXX .

Task VIL. hcrease resistance to deleterious effects ofwater

Hydroxyls caused desirable and undesirabl properties: The adhesie bond
was adversel affected by water. kwas theorized thathydroxylk on the
po¥saccharde backbone were detem ning both desirabk and undesiabk
popertes. The watersolibilty was proportbnalto the pobrity ofthe m okcuk.
To m ake thatm okcuk m orr waterresistant, pohrm oktes had to be derivatized
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w ih Ess pobrgmups. Dealng w ih an adhesie, the probkem was thatthe same
pokrgrmups hteracthg w ith waterwer ako responsbk foradhesive bond
strength t© pohrsuraces such as alim hhum . tbecam e a m atterofsekctng a
dervatzzaton procedure which woull covera certan porton ofthe hydroxyk t©
nhbiwatersolbily, but kave enough hydroxylk exposed to m ahtaih adhesie
propertes.

Derivatization: Thi sk proved to be m ore difficukthan anticpated. The
nsolubilty ofthe adhesie n ghcilacetic acd, din ethylsulfoxide,

din ethylfom am de, din ethylhcetam de and din ethylhcetam de /ithim chbrde,
posed a pwbEkm . Ewas eventually determ ned thatthe hgh and bw m okcubr
weghtfiactions had a strking difference 1 theirabilty to be derivatzed. Thi
was prn arly a resulofsolibilty hh organic sovents. W hersas the bw

m okcubrweghtproductwas onky watersolibk and chem rraldervatizaton was
brgel unsuccessful, the high m okculhrwephtproductwas sufficently solibk
1 organi sovents o alow the desiterd m odifications.

A seres ofm ethyletherand acetate esterderivatives ofvaryinhg degrees of
substiutbn were prpard. M ethyhton was pedom ed usig din sylpotassiim
base n din ethykuloxide and m ethyliodide . Acetyhtons wer perdom ed w th
acetic anhydride 1 pyridhe. Products were sohted etherby precpiaton nto
water higherdegrees of substiuton), ordilton w ith waterand daysis fwater
solibke (bwerdegrees ofsubstiuton). hcorpomton ofm ethyletherand acetate
estergmups wer confim ed by nfrared and nuckarm agnetic resonance
spectroscopy .

As expected, watersolibilty ofthe products ranged from com pktel solibk ©
com pktely nsolibk, butorgani solibk. Adheswe sttength and water
reskstance genemrmlly vared hversely as the degree of substiution was changed.
Each was screened foradhesie sttrength on alim um and forthose thathad
retaned adhesie sttength, the m atera ks wer then tested orwaterresistance.
W aterresiktance was tested 1 wo ways, bokng atthe effects ofboth socakihg 1
waterand ofhigh hum diy. Aflercurhg, sam pks were soaked 11 20 °C wateror
stored n a 75% hum diy cham beratam benttem pemture.
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Table 13: Moisture Effects on Tensilke Strength of
ParentAdhesive and Derivatives

Dry 05hr 2hr 4hr 7Days
Soak Soak Soak 75%

Methybted -A 1546 228 374 260
M ethyhted -B >793 30 0 138
Acetybted -C 874 575 324 674
Acetybted -D 630 247 18 289
Parent-E 809 114 22 40
Parent-F 829 91

NOTE : Dy refers to coupons after7 day curing at35 °C .
Soak refers to coupons being cured or7 days, then soaked

1 am bEnttem peratur waterand 75% rmEfers to coupons
beng currd or7 days, then held 11 a 75% hum diy cham ber.
A and B ar 2 differentm ethybted dervative sam pks,

C and D ar 2 differentacetybted derivative sam pks and
ParentE and F ar 2 differentsam pks ofthe parentadheswe.
Tensik sttength (psi) was the average of5 replcates.

Eshoud be noted thatthe waterinsolibk, fully acetybhted productcoul be cast
nto a tough filn .

Thity gram s ofthe acetyhted dervative were prepared atPolsciEnces, hc.

The prducthad a sgnificantdecrase n m okcubrweght. PolscEnces aied
I is attem ptto produce a m ethybted derivative . To provile needed sam pks or
potentalusers, one kibgram ofacetybted adhesive was prepard by Cathay

B btechnobgy.

Effectofm oisture on derivatives: The waterstabilty ofthe acetyhted
dervative was com pared w ih Tirbond IT, a com m excially avaibbk adhesie
despned foroutdooruse, undera range ofm osture condions. Asm ay be seen
1 the ©Iow ng @bk, the m Twbiladhesie m antahed tensike strength slghtly
betterthan Tiebond Tafilersoaking orat75% hum diy. Resuls were sin ibrfor
the two adhesies at98% hum diy.
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Table 14: Com parison betw een
acetylated derivative & Tiebond IT

Tensile
Treatm ent strength
psi

Acetyhted Dry 630
Acetybted 0 5 hrsoak 406
Acetyhted 5 hrsoak 222
Acetybted 1wk 75% 803
Acetybted 1wk98% 68
Tiebond I Dry >736
Tiebond I 0 5 hrsoak 476
Tiebond IT 5 hrsoak 63
Tiebond IT 1wk 75% 261
Tiebond IT 1wk 98% 48

Sam pks wer prpared fortestihg 1 an envionm entalcham beratR edstone
Arsenal The tem perature was cyckd between 30 and 60 °C whik the hum diy
was heH amund 85% . The progmm caled Prbringhg the tem pemture o 30 °C
and 85% mehtive hum diy prorto hibton ofthe tem permture cyclng. The
cyclng started w th a ram pig up ofthe tem permture to 60 °C over2 hours,
holig atthattem pemture or4 hours, then mm pihg down to 30 °C overthe
next?2 hours and fnally hodnhg atthat bwertem permture for4 hours. The cyck
was repeated atthe ate 0f2 cycks perday forthe course of7 days. The
specifications are fiom the M IL.-STD 810E aggmvated hum diy cyck.

The parentadhesive perfom ed betterthan had been anticipated. I fact,

m any cases, the sam pEs 1 the cham berhad a highershearstength than the
conttols. ki possbE thatthe heating 1 the cham berserved to drive out
addibnalwater, despie the factthatthe sam pks had allbeen fully cured before
shipm entto R edstone Arsenal Anotherunexpected resukwas thatthe parent
adhesive notonl often had gratershearstrength than the dervatwe, butalko
suffered fewerbmraks 1 tansitorhanding and fewerfaiurs n the

envionm entalcham ber. The derivatization does coversom e ofthe fiee
hydmoxyl in porantto adhesie propertes. However, this i necessary to
decrrase nteracton w ih water. The dervatives did perform betteri static
hum diy cham bers and when soaked, so thi findihg 1 the envionm ental

cham berwas notanticpated. hterestihgly, the m etric, alv ays perom ed worse
1 the envionm entalcham berthan the controk.

M ostoften, the aiure was brgel cohesie. The urethane coatihg showed 5050

cohesie adhesie fajures. The CARC coathg resuled n som e m Xed resuls.
A summ ary oftests 1 the environm entalcham ber ik 1 the ©low ng wbk.
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Table 15: Results ofsingle lap sheartests follow ng mcubation
ofcured sam ples n the environm entalcham ber.

Adhesive | Treatm ent| Failure Shear | Numberoftests @;
strength Num berbroken
osi) n transit b);

Num ber failed
n cham ber )

ANODIZED

Parnt contol cohesie | 392 =5

Parent cham ber cohesive | 659 =7,£3

Acetyl contol cohesive | 490 =4,b=1

Acetyl cham ber adhesie | 599 =4,b=1

3M 4799 control cohesie | 171 =5

3M 4799 cham ber cohesie 80 =4,&1

CARC

Parent control 5050 252 =4,b=1

Parent cham ber cohesive | 275 &=7,b=2,£1

Acetyl control ad,slco | 138 =4,b=1

Acetyl cham ber cohesie | 303 &=3,b=1, £6

3M 4799 control cohesie | 185 =5

3M 4799 cham ber cohesie 95 =5

EPOXY

Parent contiol cohesie | 360 =1,b=5

Parent cham ber cohesie | 451 &=2,b=2

Acetyl contiol cohesie | 499 =3,b=2

Acetyl chamber | adhesiwe | 425 =6,b=1,£3

3M 4799 control cohesie | 146 =5

3M 4799 cham ber cohesie | 104 =5

URETHANE

Parent contiol 50450 339 =2,b=9

Parent cham ber 50450 377 =4

Acetyl contol 50450 134 =2,b=6

Acetyl cham ber 50450 207 =4,£3

3M 4799 control cohesie | 185 =5

3M 4799 cham ber cohesie | 109 =5

Crosslinking: Anotherapproach to reducihg the solibilty ofa polym eri by
crossnking. hsolibilty & generally obsered atrebhtvely bw Evel of
crossinkig. Thus, the m apriy ofthe pohriy ofthe stucture & ret@ahed for
adhesiwe pumposes whik a m horam ount i utilzed orwaterresistance. The

m echanialpropertes ofthe adhesve are ako affected by crosslnking. T
genemral, hcompomtion ofcrossinking nto a poym erncreases is

m odulis/strength and decreases is toughness /fexbily. The sekcted technijue
voled an aldehyde ntem edite genemted by partalperbdate oxidaton ofthe
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polysaccharie to orm a waternsolibk carbazone. Although crossinking
afiorded a waternsolibk product, twas notwaterresistant and form ed a
productw ih hcrased stifimess and britkness. Ul ately, a cross Inkablk
adhesive m ay offerthe bestapproach to a bw VO C adhesie as a suiably
despgned watersolibk oreven neatprecursorcould be cured to a water
hsolibk and waterresktantproduct. However, atthis pont, the acetybted and
m ethyhbted mwutes offerthe bestopton.

Task VIII: M aterialproperty characterization

Description: The adhesive, h both parentand dervative fom s, was whie and
sticky to touch. The vicosiy was sin ibrto putty athough thi vared w ih the
rmto and specific solventused i the prechiaton. Befor application, the
vicosity was decreased. Usually m xihg w ih equalpants ofwaterorwaterplis
solent, proviled a rradily sprradabk adhesive. Forsom e applications, one part
ofadhesie wasm Xed w ih up © 3 pars ofwater.

The adhes¥e could be dried t© a fuffy, whie powderby fieeze dryng, dryhg
undera vacuum atekvated tem perature orsin pk evapormton. kwas
reconstiuted w th waterorwaterpls soventto the desied viscosiy

Heatstability: Unlke m ostbbbgialproducts, the adhesie had good heat
stabilty. Aflersam pks had been glied and cured, they could be autochved

(121 °C,15 psi, 25 m nutes). Fthey were albwed t© cure agan mosture n the
autochve dsrupted the bonding), they rrtaed the orghaladheswe sttength.
The autochved sam pks rrad an average 0f811 psiand the controlthathad not
been autochved rad an average 0£730 1 the tensike sttength teston alum fnum .

The m elting ponhtand the ghss ttansibn tem permtures werr detemm ned by
differentalscanning cabrin ety OSC). The scan was started at25-150 °C atl0
°C fn ih, cookd to om tem p, and then rescanned from 25250 °C at10 °C /m 1.
The first scan was perfom ed o vohtize resflualwater. The Ty @hss ttansion
tem perature) was at1l38 °C . A bhrge endothem occuned atabout225 °C,
ndirathg the Ty , orm eling transion tem perature. Thik ndrated thE m ateral
was sem trystalne.

Toxicolgy: Two toxitobgy tests were perfom ed on the parentcom pound. Ik
was found to be noncytotoxic, by the AgarD iffusion Test, SO 10993. Endotoxi
was found presenti the prepamton. D iutons were done outto 1 256 and the
cornected Endotoxih Unism lwas reported as greaterthan 615. By way of

com parson, xanthan gum ,a comm excally avaibbke m twobaIly produced
polsaccharde used as a ood addiie,was ako tested and found to have
greaterthan 1280 Endotoxi Unis/m 1L Com pared to the chssi exotoxis of
bacters, endotoxiis are kss potentand Ess specific n theiracton, siice they
do notactenzym atically. Endotoxiis rem a1 associted w ih the cellwalluntl
dintegmtion ofthe bactera. Form edicalapplications, rem ovalofthe cels pror
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to adheswe precpiaton woul be expected t© rm ove the endotoxiis. They are
notanticpated to presentprobEm s 11 otherapplcatons.

Task X : Scaled up production

Task X was added t© produce the adhesive atpibtscak. These 5000 liter

fem enters sewed to dem onstate the feasbility of ullscak producton, provie
data on productbn costs and produce sufficentm ateralto distrbute t© potential
users.

Folbw g confim aton ofthe procedures atthe researxch Bbomtores ofCathay
B btechnobgy usihg bcally obtaied m ediim com ponents, two 5000 lier

fem entations were successfiillly com pkted atthe Cathay B btechnobgy pibt
phnt. About50 kg ofadheswe was produced and thi was the m ateralprovied
as sam pks Prpotenthlusers.

The pibtplntm ateralwas tested oradhesie sttength and m okculbrweight.
A sIghtdecrase nmokcubrweghtwas noted, butthis was kel due t the
use ofethanolas the precpiatihg agentratherthan sopropylakoholwhich had
m ore frequently been used atM ontana B btech. The adhesie stength was the
sam e as obtained fiom m aterak produced 11 sm alervolim es. The costof
productin atthe 5000 lterscak was $20Kkg.

VIT CONCLUSDNS

Utlity : A m Twbalpokm erwas found whith couldl om the core ofa usefil
adhesie. Unlke petrochem italbased adhesives, this adhesve s m ade fiom a
rnewabk resoure, sugar. As a naturalm twbihlpmduct, ti bibdegradabk. Lk
I ako noncytotoxic.

Thi '"green"adhesie has good tensik sttength of500-1500 psion alim fnum

w ih varbus surface finshes. I fact, the adhesive bond ¥ sttongerthan m ediim
densiy fberboard, particEboard and a softwood, fir. The m twbaladhesie &
particubrl attactive forassem bles where a tem pormyy bond i needed; afler
use, the bondig m ateralcan be washed off. Anothershorttem bondig
siuaton & Precertan palets thatw illbe subpctto bumihg. Petrtochem al
adhesiwes rekase toxit m ateral upon gnibn, butthis natumladhesie can be
safel hchemted. The resktance © solvents by this adheswve suggests use n
rpais, where solvents are 1 use Prckanig butw illdam age petrochem al
based adhesies. A maprpwbkm rrecyclg paperi clum pihg ofadheswves;
this m trwbaladhesie elin hates the probkm m akihg tofvalie forcom postablk
paperproducts.

The m twbialpolm er i notrestricted to use as an adhesie, butm ay alko be

used . m edical, ood and feed, and rem edBton applcatons. Polysacchardes
have been studed Prapplicatons n m any hdustres. The specific pokm er
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devebped her alrady has dem onstrated valie as a processihg add, a
hypochokstemEm I agent, anttum ordmg, 11 wound epail, as a bibdegmdabk
fin orfood packagihg and as a bw cabre sugarsubstiute. Untlnow , those
applcatbns had been unralzed brgel because the poym erwas so expensie
($1004m ). The bw costproduction m ethod devebped here, w llm ake these
uses econom ially avormblk.

Econom ic feasibiliy: Pethaps the shgk m ostin portantdeve bpm entto com e
outofthe research repored on her was the abilty t produce this m tmbil
pokmeri a 5000 lierfem enter. This polsaccharde & cunently sold r$100
pergmam , a price thatpmwhbis is use orany applicaton outside of Iim ted
bbomtory studes. M edi and processig procedures deve bped during this
SERDP funded progctfaciliated production on a scak hige enough to bring the
prce w ihin rmange ofothertypes ofm mwbialpolm ers, $20 perkg. Thi 5000
o1 reducton (6100 to $0.024m ) 11 price opens up num erus possbilites,
alhough the price rem ans m arghalrapplicaton as a comm odiy adhesie. A
furtherprice reduction can be expected once prduction m oves fiom the pibt
scak to fullscak.

G eneralattractiveness: I the very com petitive m arketphce, a new adhesive
m usthave propertes dram atcally superbrto cunentproducts to resuki a
change to the new adhesie. O ne rrason m ostcom panks offera fam iy of
adhesiwes i thatno shgk m ateralcan m eetallthe crtera ornum emus
adhesie applcatons. The m rwbiladhesie & mamghaly price com petive as
a genemlcom m odiy adheswe and ithas propertes thatpreclide is use . some
siuatins. How ever, tdoes have strong ponts which m ake tan attractive
productn specific m akets. Is 'green"atrbutes @enewablk feedstock,
bibdegrmdabk fnalproduct, no VO C rekase durng cumr) ar is strongestponts.
Anotherpartcubradvantage ofthi adheswve i thatitm ay be stored for
extended perbds 1n the om ofa powder. W ih the price ofpetrokum rising
wmpily, the price ofthis sugarbased productm ay soon be very attractive , even
before the econom y of scak begiis t have a sgnificant in pact. M ulpk
applcations notonlk as an adhesive butalko n the food and feed ndustres and
nmediie, & anotherpointthatm akes this m ateralpartcubrly attractive .

X TRANSITTON PLAN

The ttansiton fiom basic research to the m artketphce has been approached
from severmldiectons. Addibnalgmants were desined to bok atprobkm
areas. A concentrated effortwas dircted tow amd gettng the woxd outaboutthis
new product. An allance was fom ed w th anothercom pany aleady producihg
othertypes ofm trwbalpolm ers, brngihg the production faciltes, saks and

m arketing skills needed to getthi productto the m arketphce.
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Proposals: A SBR pmwposalwas subm ited 1 January 2003 o DOE by

M ontana B btech. The proposed work w illtest the hypothesi thatconcunent
producton ofthe adhes¥e polym erand ethanolw illassure the econom i viabily
ofthe polm eras wellas a nonpetrokum enewgy source. The poym er
producton nclides the use ofethanoland excess, fuielgrade ethanolcan be
soHd as a sepamte product.

Anotherproposalhas been subm ited orthe purpose of urtherexam ning
alematie uses ofthi polym er, of specific nterestto DoD . Addibnalproposal
arr 1 the phnnihg stages orsubm ssion © NSF and EPA ,ako t© bok at
alemative applcatons forths adhesive.

Conferences: Durihg the wmap up m eethg forthe SERDP funded profctheld at
W rghtPatterson A rFore Base 11 August, twas detemm ned thatone ofthe

m ostin portant Esues notyetsuffcently addressed, was to getthe word outto
potentialend users and potentalparners. Thi efforttook severmlom s,
focusig on ttade show s and diectcontacts.

A M ontana B btech epresentatie attended the olow g conferences
foresentmtions atthe two fnalevents have been accepted):

Adhesies fiom NaturmlSourwes W orkshop,CEkvelnd,OH,Septem ber2002.

Adhesive and SealntC ounci], P tsburgh, PA , O ctober, 2002, booth
presentaton.

Parmners n Envionm ent@lTechnobgy, W ashngton,DC ,Decem ber2002, poster
presentaton.

Adhesn Sockty AnnualM eeting, M yrtke Beach, SC, Febmary 23,2003, 0ml
presentaton.

Eumpean Congress orRaw M ateral orAdheswve and Seabnt hdustry and
European Coathgs Show ,Numbery, G em any,April9-10,2003, ormland booth
prEsentaton.

7th AnnualG reen Chem istry and Engiheering Conference ACS and NSF),
W ashihgton,DC ,June 23-26,2003, 0= lprsentaton.

W eb site: A web sie was setup and m ay be accessed athtip :/hatural
polm ercom

M ailing list: A m ailhg listofabout300 com panies was prepard. A one page
handoutwas m aied t© allcom panEs on the m ailng Iist. There have been a
num berofresponses and sam pks have been subm ited fortesting atpotental
users Bbomtores.
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Presentations on sie orpotentialusers: M ontana B btech receied
nviatbns to m ake a presentaton attwo private com panks. One ofthese

com panks was 3M ;a secrecy agreem entprevents rekase ofthe second nam e.
There was spnifcanthterest n both cases and discussns are conthuig.

DoD interests: Sygnificantprogress has been m ade forapplicatons 1 the
prvate sector. Alhough som e m ay be ofbenefitforDoD , a search forspecific
applcatons by DoD ¥ ongong. The folbw g deas have been discussed w th
DoD personnel Folow up on these deas w illbe pursued 1 the com fng m onths.

1. Repal: Two propertes ofthe m trobialadhesve m ake itof
partcubrvalie Prrepais. h siuatbns where a tem porary bond i needed, the
m Trwbialadhesive can be used and then wadily rem oved w ih water. The
esiktance to solvents & ako usefuln phces where solents are beng used for
ckanihg. Unlke petrochem icalbased adhesies, this adhesie ¥k reskantto
sovents.

2. Ammunion/m ssies: M isiks have pants seakd under hertgas so
thatwatersolibilty i nota problkm ,butem ssion ofVO C s woul be ham ful
Thi nonVO C adhesive m ay find applcaton 1 this setthg. As a "'green"
adhesie, the m twbalprwducthas potentalin progmm s where bibdegrmdation
¥ In porant.

3. Palets/fn anufactured wood products: Cerai palets are bumed
afteruse. A polsaccharde based adhes¥e w illnotrekase the toxic fim es
found 1 m ore com m onl used adhesves.

ATlance forproduction,m arketing and sales: M ost in porantly ora transion
to the m arketphce, producton, saks and m arkketihg are avaibbk forinm ediate
Inpkem entaton as a resukofan allance w ih Cathay B btechnobgy. This

com pany has successfly produced 50 kg ofthe m robalpokm eri is pibt
phlnt. They ako have a hrge scak productbn facilty where they produce other
m Lrobalpokm ers. The M ontana B btech polm erw il fit nto therproduct Ine
whih & dstrbuted worll-w de. The allance betw een C athay B btechnobgy and
M ontana B btech takes advantage ofproduction and distrbution facilides thatare
alrady n phce and ar dircted toward m any of the sam e custom ers who would
be potentalusers ofthe M ontana B btech polm er. Thi allance also m akes
provibn orroyaly-fiee use ofthe pokm erbyDoD .

X RECOMMENDATDNS
Polysaccharides representa chss ofm ateral ofgrow hg hterestto m any

ndustres. M ontana B btech w illconthue a very active search forspecific uses
by DoD and gettihg the word outto potentalusers.
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Technially, there are two areas where resoliton ofa probkem would be of
spnifitantbenefic. (1) Dervatization by a chem icalprocess & very expensive.
Num emous m ‘mworganim s are known to perform both acetyhtons and

m ethybtons. ki rrcomm ended thata research progctbe setup to find an
omanim thati abk to derivatize this poymer. R) W atersusceptbility m ay
alo be overcom e by anotherapprmach. The cunentresearch used one
screeniig m ethod t© bok ata hrge num beroforganism s foran adhesive
materal Now thatihas been esablshed there are m any m ore m tmwbial
adhesives than orghally anticiated, a second approach would be t© use

m ulik screenig m ethods to bok ata sm allnum beroforganism s foran
adheswve m ateral Thi appmwach woull ensur recovery ofadheswves w th
differenttypes ofpropertes, hclidig reskstance o water.
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APPENDIX A
Peerreview ed Papers.

Adhesie Produced by M tmworganim s,J.CombE,A .Haag,P.Suci G .G eesey,
accepted orpublcaton by ACS . Thi paperhas been attached to the end ofthis
report.

TechnicalReports.

SERDP ProgctTaps PotentalforNonVO C Adhesives. SERDPESTCP
hfom aton Buletn,No.8,Spring 2001.

Adhesiwes from Nature:VO C fiee, NonstucturalAdhesives. Robyn Sweizer,
Tian S ystem s Cowyp ., EELO ,AM SAM -EN ), Hazarous Technical hfom ation
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A dhesive Produced by M icroorganism s

J.Comb¥',A .Haag’,P.Sucf,G .G eessy

M ontana B iotech,1910-107 Lavigton C t.,Rock H ill, SC 29732
’M ontana State University, 123 Huffm an B1dg.,Bozem an,M T 59717

A waterbased adhesive from non-petrochem ical feedstock w as produced by an efficient
m icrobial ferm entation process. The adhesive w as susceptible t© w aterbut very resistant
to solvents such as et fuel. A fier curing, the adhesive could be re-m oistened and used
again to bond surfaces together. Shear strength on anodized alum num averaged 819 psi
and tensile stength ranged from 500 to 1500 psi depending on the substate and
production m ethod. The parent adhesive w as m odified to several w ater resistant fom s
w hich m aintained good adhesive strength.

A dhesives often include toxic volatile organic com pounds (VO Cs) such as toluene, m ethylethyketone,
and xylene. Th sunlight, VO Cs and nirogen oxides produce ozone. O therVO C interactions contribute t©
the form ation of photochem ical smog. Atelevated levels, VO C s present both a health and fire hazard and
degrade the environm ent. The US used 5 6 billion pounds of adhesives In 2001. Sixteen percentof these
w ere solventbased system s (1), releasing severalhundred m illion pounds of VO C s into the atm osphere.

The search for environm entally com patidble adhesives has tumed to such exam ples of nature as the
tenacious adherence of bamacles and m ussels @). A lthough the properties have ndeed been spectacular,
production of these adhesives on a com m ercial scale hasbeen problem atic.

T is well known that m any m icroorganism s produce extracellilar polym eric substances EPS) w ith
adhesive properties 3 4,5,6). The advantage of using m icroorganiam s overm ollisks is that the technology
for com m ercial scale production of m icroorganism s is w ell established. The w ork reported here focuses on
use of rwadily-grown m icroorganism s as a source of novel, environm entally frdendly adhesives at a
reasonable cost.

Experin ental
Screening of M icroorganism s

350 isohtes fiom an n-house culture collection w ere mised n liquid culture and screened for those
producing adhesive EPS . A dhesivesw ere ranked by tensile strength on bare alum num .

O ptim ized Production Process

M Iroorganism sw ere grown in the follow ng liguid m edim (@m /1): 0.08 K,HPO, "3H,0,01 M gSO,°
7H,0, 0.001 FeSO, "7H,0, 21 sucrose, 02 NH,),SO0,4, 2 0 citric acid. The pH of the m edium w as adjusted
to 64 with 10 N NaOH prior to sterilization. Follow ing 2 days of grow th at 35 °C, spentm edium was
m ixed w ith 20 °C solvent such as isopropy] alcohol, causing the adhesive to precipiate out of solution.
The m kture was centrifuiged at 1500 g for 10 m In, the supematant was discarded and the putty-lke
adhesive collected from the bottom of the contaner.
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A dhesion T esting Procedure
Tensile Strength

For determ mation of tensile stength, a pair of 2024 bare alum num cylindrical adherends w ith one
quarter square Inch surface area and 1 inch long, were joined w ith the test adhesive. The two cylindrical
adherends w ere held together In a constant force fixture for 1 hour, t allow the adhesive to setup. Curng
w as by drying so the cure tim e varied w ith the precipitating solventand the adhesive concentration.

A fter curing, the adherends w ere pulled apart using a m anually operated M ark 10, M odel BG I, a force
measuring nstument. The tensile strength was genemlly detem ned on 5 pairs of adherends and the
average recorded.

For solvent resistance determ ination, after curing the adherends w ere subm erged in the solvent to be
tested for48 hours. The adherendsw ere then pulled apartas described above.

Shear Strength

2024 alum num T3 coupons, 1 nch w ide and 4 inches long, w ere coated at Bany A venue Plating, Los
Angeles, CA . Coupons were divided o 3 groups as follows: (1) Anodized, @) Anodized and epoxy
coated, and (3) Anodized, epoxy undercoatand CARC topcoat Specificationsw ere as follow s:

® Anodized: AM S 2471 sulfuric acid. This specification cludes a hot water seal which seals the
alum num butm akes a poor surface for adhesives. Through a m isunderstanding, this hot w ater seal
was Incluided. Therefore, adhesion to these surfaces would be expected t© be significantly less as
com pared w ith altemative anodization m ethods.
Epoxy: M IL-P-23377
CARC (Chem ical A gentResistantCoating): M IL-C-53039

Particular attention w as paid t cleaning coupon surfaces ensuring the surface w as fully w etted by the
adhesive and com pletely covered the test area. Surfaces w ere cleaned w ith ethanol or EnSolv 1 -propyl
brom ide, Enviro Tech,M elrose Park, IL.) . A dhesive w as applied to a 1 nch by 0 5 nch area of one coupon
and the second coupon overlapped that area. Coupons were clam ped together for 1 hour to allow the
adhesive to setup.

Shear strength testing was done on an Istron Universal Testing stum ent Screw D rive), M odel
Number TTC wih an Inston Tensile Load Cell, M odel D, 1000 pound full scale range. ASTM
Specification D1002-99 was followed. A 1l shear stength testing w as perform ed at R edstone A rsenal by
A lexanderSteel.

W aterR egisantD erivatives

A seriesofm ethyletherand acetate esterderivatives of varying degrees of substitution w ere prepared.
M ethylation w as perform ed under anhydrous conditions using din syl potassiim base 1 dim ethylsulfoxide
and m ethyl iodide. A cetylationsw ere perform ed w ith acetic anhydride in pyridine w hich contained a an all
am ountof w ater to aid solubilization of the sarting m aterial. Products w ere isolated eitherby precipiation
nto water higher degrees of substtution), or dilution w ith water and dialysis if water solible (lower
degrees of substution) hoorporation of m ethyl ether and acetate ester groups w ere confim ed by nfrared
and nuclearm agnetic resonance specttoscopy .

The water solubility of the pmoducts ranged fiom completely solible to a highly swollen gel ©
com pletely msoluble butomganic soluble). Each was screened for adhesive stoength on alum inum and if
favorable, the m aterials w ere then tested forw ater resistance after curing by soaking In waterat 20 °C and
by storage m a 75% hum idity cham beratam bient tem perature.
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R esultsand D iscussion
Screening of M icroorganism s

A single organism was selected as the focus of the m ajorty of the work r=ported on hers, based on
results of flatw ise tension tests. The omganism has not yet been identified. It should be noted that
organian s used by others looking form icrobial adhesives such as Pseudomonas fliorescens @), P. fragi
(7),and P .putida B) produced no adhesive underour conditions.

Production Process
M edium

Num erus experin ents w ere conducted t© optim ize the com position of the grow th m edim . Twelve
differentm edia w ith up to eightm odifications of each m edim were tested. The organism grew onmostof
the media and M only a few cases, was no adhesive produced. A dhesive production did require the
presence of sucrose; three sources of m olasses, glicose, fructose and m altose could notbe substtuted. A 1L
carbon sources tested pem itted grow th of the m icroorganism but use of any carbon source other than
sucrose resulted in recovery of no adhesive. Only a few nitrogen sources w ere tested, but tw as found that
substitution of nitrate foramm onium ion resulted in absence of recoverable am ounts of adhesive. Rem oval
of iron decreased the yield of adhesive by about half, but am ounts ranging from 0.001 t© 0.020 gm /10.001
FeSO, ~ 7H,0 appeared to have little impact on the production. W hen magnesiim was absent, the
m icroorganiam did notgrow ,butall levels tested betw een 0 1 and 0.8 gm /AM gSO, " 7H,0 had little in pact
on adhesive production.

T isknown that stress can increase EPS production. Therefore several stress factors w ere introduced
nto the grow th m edium . A lthough phosphate w as needed, the less phosphate available down to 0.01 gm /L
K,HPO, "3H,0 ), the greater the yield of adhesive. Since this w as a poorly buffered m edim , itwas found
that0.04-0.08 gm /AK ;HPO, "3H,0 resulted in m ore relisble production.

A nothersetof experin ents w as done to com pare the effectofplacing screensm ade outof autoclavable
plastic, alum num or copper n the ferm enters. Ttw as anticipated that the stress of high copper levelsm ight
ncrease the polym er production. Ik was ako theorized that providing greater surface area m ght also
ncrease the amount of polymer produced. No significant effects were seen and this line of the
Tnvestigation w as dropped.

Precipitating solvent

Since the adhesive is soluble n the aqueous m edium , som e m ethod for recovering the adhesive had to
be employed. Both solvents and ammonim sulfate were tested. A 1l solvents tested that were m iscible
w ith w ater, w ere satisfactory. A lthough m inor differences w ere seen in the yield, solvent cost and the ease
of recycling would need to be considered before a choice could be made. Satsfactory precipiating
solvents w ere m ethanol, ethanol, isopropylalcohol, acetone and ethyl lactate (Table I).

Table I. E ffect of Precipiating Solvent on A dhesive Y ield

and Tensile Strength
Solvent Yield Tensile Strength

gm /1 psi
M ethanol 647 1346
Ethanol denatured) 6387 1136
Ethanol fhotdenatured) 747 978
Isopropylalcohol (reagent) 754 1640
Isopropylaloohol (certified) 760 1005
A cetone 734 >1795
Ethyl lactate 914 1427

NOTE : Tensile strength is average of 5 replicates. O ne partof spent
medim wasm xed w ith tw o parts of solvent. Y ield isw etw elght.
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U s of precipiating solvents that w ere notm iscible w ith w ater did not result n recovery of adhesive.
Those tested 1n this category w ere ethyl acetate, hexane, n-butanol and sechbutanol. Precipiation w ith 10,
40 and 70% ammonim sulfate w as also unsuccessful.

Several experin ents w ere done to determ ne the optim um 1atio of the precipitating solvent to the spent
medim . Ratios tested ranged from 1 part spentmediim to one-eighth part solvent through 1 part spent
medim to eight parts solvent. A lthough the optimum varied slightly w ith the solvent, the optimum was
generally i therange of 1:1 to 1 2 gpentm edium t solvent.

Appearance

The adhesive, In both parentand derivative fom s, isw hite and sticky . The viscosity is sim ilarto putty
although this vares w ith the atio and specific solvent used in the precipiation. Before application, the
visocosity was adjusted. Usually m xing w ith equal parts of w ater, provided a readily spreadable adhesive.
Forsom e applications, one partof adhesive w asm xed w ith up to 3 parts of w ater.

The adhesive can be dried to a fluffy, w hite pow derby either freeze drying or sin ple evaporation. Tt
can be reconstituted w ith w ater to the desired viscosity .

Chem icalAnalysisand M olecularW eight

M olecularw eightanalysis w as done by size exclusion chrom atography . G enerally, m olecularw eights
were In excessof 1 m illion.

C lassical colorim etric analysis indicated the dried parent adhesive is 95% carbohydrate, 13% protein
and 1% uronicacid.

Adhesion Testing
Curing

A lthough the adhesive sets up sufficiently for coupons to be handled within ame hour at am bient
tem perature, full curing requires the adhesive to be well dried. Since this is a w ater based adhesive, dryng
requires extended periods of tine. Tn an effort to decrease the drying tim e, a series of experin ents w ere
done where the ghied coupons w ere ncubated at ncreased tem pemtures for various tim e periods. The
standard procedure now is to incubate glied coupons at 35 °C for 7 days. The drying cham ber averages
23% hum idity atthis tem perature.

Adhesive Reversibbility

The adhesive could be cured, the cylindrical adherends pulled apart, the surface moistened, the
cylindrical adherends stuck together and cured agamn and then pulled gpart the second tim e w ith no loss in
adhesive strength . The curing m echanism appears to be drying.
R esistance to Solvents

One of the morr Interesting properties of the adhesive was its resistance t© the effects of varous

solvents. Cylindrical adherends w ere glued w ith the parent adhesive. Follow ing a 10 day cure at am bient
tem perature, they were soaked I solvent for 48 hours, dried for 1 hour and tensile stength m easured

(Table I0).
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Table II. E ffect of Solvent on Cured A dhesive

Solvent Tensile Strength
psi
JetA fuel 932
d-lin onene 922
M ethylethyketone 805
Toluene 766
Control -air 728

NOTE : Tensile stoength is average of 10 r=plicates .

H eat Stability

Twas found that the m icrobial adhesive could w ithstand high tem peratures, at least fora short period
of tin e. Th one experinm ent, after sam ples had been glued and cured, they w ere autoclaved (121 °C, 15 psi,
25 m nutes). They w ere again allow ed to cure m oisture in the autoclave disrupted the bonding), and itwas

found they retaned the original adhesive stength (Table I1T) .

Table ITI. Tensile Strength N otD ecreased by Autockhving

Sample Tensile Strength
psi
Autoclaved 811
Contol (ot 730
autoclaved)

NOTE: Tengile strength is average of 5 replicates .

Com parison w ith O ther Natural Polym ers
There are a num berof othernaturalpolym ers w ith adhesive properties. Som e are of m icrobial origin,

w hile others are derived from plants. Table IV show s a com parison of tensile stength betw een the
m icrobialadhesive reported on here and othernatural adhesives.

Table IV. Com parison w ith O ther NaturalPolym ers

Polym er % Solids Tensile Strength
psi
M ontana B iotech 25 991
parentadhesive
Cooked com starch 25 691
D extran 25 479
Carboxym ethylcellilose 17 193
G uargum 8 63
X anthan gum 17 33
Sodium algiate 17 20

NOTE: Tensile stength isaverage of 9 or10 replicates.

W ater resisantderivatives

The parent adhesive w as not particularly resistant to water and lost 80% of its strength after 30 min
water mmersion (Table V). A sin ilar effect was observed after ncubation in a 75% reltive hum idity

cham beratam bient tem perature.
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Tabl V. Tensile Strength and E ffect of M oisture on
ParentA dhesive and D erivatives

Dry 05hr 2 hr 4 hr 7D ays
Soak Soak Soak 75%

Me-A 1546 228 374 260
Me-B >793 30 0 138
Ac-C 874 575 324 674
Ac-D 630 247 18 289
Parent -E 809 114 22 40
Parent-F 829 91

NOTE: D1y refers to coupons after 7 day curing at35 °C . Soak refers to coupons being cured for7 days, then soaked
T am bient tem perature w aterand 75%  refers to coupons being cured for 7 days, then held n a 75% hum idity cham ber.
M eA and B ar 2 differentm ethylated derivative ssmples, Ac C and D are 2 different acetylated derivative sam ples
and ParentE and F are 2 different sam ples of the parentadhesive. Tensile stength is average of 5 replicates.

Sam ples w ith greater water resisance were prepared. The polar hydroxyl groups In the parent
adhesive prom ote adhesion t© polar surfaces lke alum Inum but they are also hydrophilic and lead t© a low
water resisance. The hydrophilicity of the adhesive m ay be reduced by derivatization of the hydroxyl
groups w ith less polar groups lke ethers and esters. The degree of substtution @atio of derivatized to
underivatized hydroxyl groups) can be controlled to maxin ize the water resistance w ithout sacrificing
adhesive stength. A s expected, the derivatives produced a range of adhesive strength and w ater resistance
and the tw o generally varied nversely as the degree of substitution w as changed.

Substrate E ffects
For chear testing, the m icrobial adhesive was tested on 3 different surfaces, anodized, epoxy, and

CARC. TableV Ichow sasumm ary of thisdata.

TableV I. Shear Strength (psi) of A dhesive on Coated A lum Tnum C oupons
Parent OMederivative  3M 4799

Anodized 819 930 171
Epoxy 576 541 146
CARC 651 533 185

NOTE : D ata points are averages of 5 replicates. 3M 4799 isa
comm excially availble adhesive mcluded here for com parison.

T oxicology

Two toxicology tests were performed on the parent compound. Ik was found t© be non-cytotoxic,
m eeting the r=quirem ents of the A gar D iffusion Test, ISO 10993. Endotoxin was found present n the
preparation. D iflutions were done out to 12256 and the corrected Endotoxin Units/m 1w as reported as
greater than 615. By way of com parison, xanthan gum , a comm excially available m icrobially produced
polysaccharide used as a food additive, was also tested and found to have greater than 1280 Endotoxin
Unitsm 1
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Concluisions

An adhesive was produced from a non-petrochem ical feedstock by an efficient m icrobial ferm entation.
M ade from a renew able resource, this w ater based adhesive is environm entally friendly. Tis resistance to
solvents m akes it particularty useful n certain mdustral settings. On anodized alim inum , shear stength
averages 819 psi. In proved w ater resistance can be cbtained w ith derivatization w ith etherorestergroups.
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