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Alginate as a Ceramic Processing Aid

Nancy B, Pellerin,' G. L. Graff,” David R. Treadwell,’
James T, Staley,"” and Dhan A, Aksay®

Abvine aid obrterned from Macrocystis pynifors thelp ) hay Been wied o novel
way fo produce stalle suspensions of w AlLOy coramic particles for use in pro

dwcing o e (= A0% ) packing densiey in the wunfived ceramic material. Native
cifginedte was effective (a0 producing s -vicosily, Stadde swspensions g e 20
Vel %af solfids: Revwesver, the egher viscosity of the palviner solution (nterfered
with the preparation of pher-solids foadmp suspenaons, The hvdrolysis prod-
wety of alginne aoid, predyorannuronic aeid and pelveuwduropic acid vich feac

fons, were éffective In praducing stable suspensions up s 30 and $0 val T,
respectively, Tl higher charge density of polvesdaronic acid appears 1o be
Fesprensible for its more effective rofe as a dispersans
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INTRODUCT RN

Recemw progress in the feld of ceramies has focused on the development of
highly dense, homogeneows matenals for new applicanons such as ceramic en-
gine componemts and superconductive composites (Ulnch, 1990). For these
applications, noncluy muterials such us aluming (AlOy) are synthesized in very
small {submicrony sizes. Submicron particle svstems vield finer-grained prodocts
after sintering provided that they can first be compacied 1o a high density state
with o uniform pore size disteibation. However, a long-standing problem is that
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these submicion-sized paiticles are highly attracted w each other due 1o van der
Waals forces, causing apprepations which effectively meresse the paricle size
and leave undesited voids in the finished pmduct (Aksay. 1984) The prime
requirement for preparation of a high densuty in the compact s that panticles be
completely dispersed in the solvent svstent and exhibit no agglomeration (Cal
verd ¢f al., 1986).

Cine method to overcome agglomeration and achieve dispersion 15 10 use 4
polyelectrpdyte 1o coat the particles, which creates a net repulsive torce between
them due to electrosteric imernctions (Cesarano and Aksay, 1988, Cesarono of
al . 1988}, The synthenc polymer. polvimethacrybie acid) (PMAA) has been
commmonly used 10 disperse alunuina i agueous suspensions. This palymer causes
u decrease in the interpanicle attraction as reflected by a decrease in viscosity
of the suspension and, thus. m an increase n the packing density of the wet
cake (Cesarano and Aksay. 1988 Cesarano of ol ., 1988} However, PMAA and
its monomer, acrylic acid, are toxid and comosive (Merck and Co,, 1989,

I this puper we report the use of o aetumslly ocowmimg, polymer tat can
pevschice well=dispersed eollmidal suspensions of submicron-sized alumina par-
ticles, We hove demonstrated that alginate obtained trom the manne alga, Ma
erocustiy parifera (kelpd, has dispersing copabilities compureble w those of
PMAA. Furthecomore, i1 is neither losie nor eormmive:

Alpinate 15 a copolymer of the somers p-mannumme (M) and 1-guluronie
(G) acids. The biosynthesis is thought to involve the mitial formauon of poly
iwronic scid, [ollowed by the epimnenzation of D-mapmuosy] esiducs o
vepralurey] residues (Gmesdiden eof el 1979), The two uronides are distribated
along the chun in blocks of three types. polymannurenic acid (poly M), poly
euluronic acid (poly G}, and poly mannuronic-guluronie weid (poly MG) (Grus
dalen e el 1979 Huog eroal, 19660 1974 Laren e af . 1970} A sunilar
polymer 15 produced extrcellularly by some bactena., meluding Azorobacter
winelandii (Pindar and Bucke, 1975 and vanous Psendomonas species {Linker
and Jones, 1960). Alginate-producing, mucoid variants of P aeraginosa huve
heen ahtained from patients suffering from respiriony infections accompany ing
cystic fibrosis {CGovan, 19763 1is thought that the pmduction of polymer by
the bacterivm confers protection from antibiolics.

MATERIALS AND METHODS

Mauterials and Chemicals

The ceranuc used i this study was 2 high-punty (99.99% 5 o Al with
an average particle size of 9.4 g as detenmined by X-my sedigraph (AKP-30,
Sumitomo Chemical Amenca, Inc.. New York)

The polymer was a low-viscosity kelp algimate (75,000 1o 100,000 MW,
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Sigma Chemical Company. St Louis, Moo), Low molecular weight fractions
woere prepared by hvdrolysis in 0.1 N HEC under reflux for 4 h. The solution
wis centiliged. after which the pellet was dissolved using NaOH. The gulu-
ronic acid froction wus oblained by Towenng the pH 16 2.4 and collecring the
precipitite: the mannuronic acid fraction was precipitated by further lowering
the pil o 1.5 (1. M Beale, personal communicaiion)

Rengent-prade HCl and NaOH were used for pH adjustments. Thsnlled
walor was osed throughout, Mannurome acid lactone was obtuned from Sigma
Chemical Company.

Sedimentation Experiments

sedimentation columns were prepured with 2 ol w-ALDY Inagueis
sollutions of polyier, The suspensione wene sameated for 5 min, then mixed on
A magnete gnrrer for G5 b, and the pHoadjusied 1o the experimental valug
bejore bringog the final volume 10 1 ml, The suspension was decanted mto 1
conical botton, produsted polystyrene wbe (Faleon 2005, Beoton Dickinson
Crockeysville, My and left andhstorbed for several weeks. Final sediment vol
umes were measired w4401 ml The wer sediment density was caleulated us
(theoreucnl volumefinal volume) = 100,

Viscosity Measurements

Suspunsions for viseosiry measurements were prepared with 30 o 40 vol %
ce=A L0 ST {dwh) aqueous solution of polymer (pH 5§ or ) and mixed as
above, Measurements were obtained by the method of Cesammno and Aksay
CID88) wsing a digital viscometer (Mide! RVTD, Brookfeld Engimeenng Lab-
arsones, Inc,, Stoupghion, Mass ) Viscosimes of polymer solutions were mea
sured wsing parallel plates on a Rheometnes fluid spectometer (Model 8400,
Rheometrios Ine. . Piscatoway, N1k

Determination of Depree of Polymerization of Alginate Oligomers

samples of the paly M- and poly G-rich fractions and unhvdmolyzed alginic
acid were each mixed with 1 ml of B0 and dissolved by adding a few drops
of 5% NaOD i DO disselved in D200 The pld of the solutions was adjnstad
Ly slightly acidic with | % DD m Do0r NasEIYTA was added w complex any
Ca” ' present. ‘The 'l1 NMR spectrs of the samples were recorded on a Varian
VER 3M) spectrometer at 300 MHz and analvzed by the method of Gresdalen
et al., (1979 Grasdalen, 1983). The chemieal shifts are reponed as pams per
millism clevwenficld of inicrnal J-immethylsityl-1-propanesultomc acid-2,2 3 3,
sodivm salt. The ratios of mannuronate 10 guluronate were determuned from the
integrals of the ancmeric protons: M at 4,645 und G a1 3028, The degrees of
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Table T, MR Data for Determination of Tronide Besigdue {'a_tml:us:‘.mn and Degroe of Polymenzation
{T0P) of Hydmalvied Alginete Fractions®

Polvmer wt W EDT A wi
Sample gy (gl Final pDy %G DF
Paly- M 182 32 50 ] &
Poiy {3 . 20 i1 ®i 2

“ Prunsients colleeied, 1278

podymerization of the poly M- and puly G-neh fractinns were estimated by the
ratiss ol the sum of the inteprals of these twe peaks o that of the reducing-cmd
profons at 5208 (see Table ). The linewidths of the unhydrolyvaed algmie aed
were o grent 10 viekd wselful infommation,

RESULTS AND DISCUSSION

Etfeet of pH on the Particle Packing Density

severul factors sl Be considened when working with polvelectolyies in
uyuecus selutions, First, the dissocution behavior of the polymer b greatly
lected by the solution pH, The dissociation of o weah acwl group on the
polyelecteolyte depends on the overal] depree of dissociation, since dissoviation
of a proten Trome an alresdy onized polvacid 1s hampered by the negative po
tential of such a palvacid [Hesselink, 1983). Thus the a&, vanus for every acid
site and increases as eoch successive sile dissoeimtes. Second, the surface charge
of the alumina particles vanics from highly posiive st low pHoto negative at
high pli, with the zero peint of charge (zpe) occurring ot about pH 8.7 (Cesamno
etal., 1984), These factors result in suspensions that are extremely pH sensinive

In order to determing the optimum pH ranpge for the algmare/aluming sys:
Loy, we prepared ooseres of sedimentation tests under different pH conditions.
At low pll (2.8} the suspension was focculated, with a cake density of less
than 10% of the theoretical packing density, similur w the cake formed when
o suspereling apgent was used (Fig. 1), ‘This resolt was expecied since at low
pHl the polyoranic acid would be essentially nondissocimted, with very fow
ionized groups on the polymer o interact with the sluming surface. The increass
in cake densitics with fdsing pH reflects an increasing number of ionized CO0
siles on the polymer. Interestingly, maximum sediment densities were obluined
near pH B-9 where the polymer is fully dissociated, and the surface of the
alumina particles has @ slight positive charge. This condinon provides the max-
fmuin electrostatic contribution from the polymer while providing & doving force
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50

40

Wet sediment density
(% theoretlcal)

Fig, 1. Wol sedoment densaties of 2 vl suspensions of sluming in slginae
,5% dwh aluminal prepared st vamous il levels

for Nigh-aflinity adsorptiom of the negatively charged polymer on the positive
surfiee of the particle

Effect of Polymer Concentration

To determine the optimum concentration of polymer required 1o dispemse
the wlusning powder, o series of scdimentanon tests was pertormed at a fxed
ph af 8.5, Iihite (2 vol% ) suspensions were prepared with vanous concentra-
tions of polymer relative w the dry weight of the puricles dwb). Figure 2
shows the wet sediment densities obtuined in these suspensions after several
wocks ol xeitling: In the absence of polvmer. the suspension was unstable, with
paricles spontaneously appelomerating into poordy packed, ramified structures
with packing densities of approximately 10% of the theoretical value. The ad-
dition of 0.1% polymer had s observable cfecrn, bur with slight increases in
polymer concentration, the sediment densines increased dromatically, At a
palymer concentration of 0.5% {dwb), the sediment cakes reached & maximum
density of greater than $0% theoretical (density), This indicates that the added
polvelectrolyte is aeling o stabiliee the pamicles in suspension by creaning a
harmer apainad sponiancous flocculation of the individual pamicles. This facili
tates particle packing upon consolidation in the sediment, resulting in the higher
densities observed.

Cosarang ¢r al. (1958) eponted wet sediment densines of approximately
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(% thearetical)

Wet sediment denslty

% Polymer
{dwh alumina)
Figg, 0% sondinment detsitios of 7wl % sty of alumima oo with

vary coneentratons of ahginate dwbowlamame, The pH ool the sisponsions wa
Achjusted 10 3.5 K 4

SO hcoretionl (density) Tor e poly(mcthaery e scidi=Na (PMAA -sabilieed
alumina suspensions. The lower packing densines (0% ) observed wirth the
wlginate could be due to several effects, First, the higher molecular welght of
Lthe alpinate (1000000 compured o the PMAA (15,000) would tend o creute o
thicker adsorbed polymer layer on each individoal alumina pamcle (Hessehink.
L3y, The mereased volume occupied by the adsorbed polymer would increase
the interparticle separation distance and could easily account Tora 10% decrease
i final sechiment density . Second, the difference in charpe densaty berween the
ey polyelectrolytes might explam the loveer packing densimes. Fully dissociated
PMAA has a charged COO 7 site tor each ethyl group alorg the polymer back
bome, In companson, e alpinale contains o single carboxylic seid for cach
hexose unit, These differences in structure result in approximarely twice (184
tinies) the charge density for PMAA compared 1o alginate, given identical mo-
lecular welght polymer sepments, This lower electrostatic repulsion may result
in alpinate susponsions thal are mikdly sgelomersted, with lower panicle packing
densities,

Figure 2 further shows e distinel maimuom in sediment density at g poly e
concentration of (.3% (dwb), with a deercase in packing density ar higher
concentrations . This indicates that full surface coverage of the alumina pamcles
by the alginaie ocoars al approximately 0.5% (dwb), The decrease m packing
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densities above the saturanon adsorpuon limat is most likely due o excess
polymer in solution causing depletion flocculation of the panticles (Cesarano and
Aksay, 1988), It is also possible that the éscess alginute o selution s forming
a sofr pel which prevems close packing of the paricles durning sedimentation

Viscosities of Highly Concentrated Suspensions

To understund better Whie role of the algimate o controlling particle-particle
imferactimns, we measunsd the viscosibes of comcentrted aluming suspensions
prepared with the polymer The viccosity of the suspension can pive information
as 1o theelfectiveness of the polyimer in stabilizing the suspension.

For our expenmenls we measared (e viscosily of the suspension sx e
mixing speed was decreased from 9% 10 0 47 « 7 for S min and then inereased
Figure 3 shows the thixotropic loop obtained for a 30 vol%  suspension of
particles o alginate solution. Afer 5 minoab g low rate of miving, the viscosity
nearly doublod, bul as the mie of mising was mereased the viscosity agaim
decreased

OF the possible explimations for the increase i viscosity at a low rate of
mining: Lwer are that () the polymer may be forming o gel stoucture which is
disturbed by mare vigorous maxime or (0 the suspension may be unstahle e

4000
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Pl 3. Wiscosiny eorvd obzaimed: from g 30 vol® suspension of slumina o 0.5% dwb
alpmnate, Open squares represent values oblained dunng mereaiing shoar e, Filled squarcs
jepresent values oMained during decreasine sheear mlss
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the particles may be Hocculating (apglomerating) W form & network stmichire n
the suspension due o insellicient stabihization,

We next preparcd a 40 vol % suspension of particles in alginate solution
(Fig. 43, This suspension showed characteristics different from those of the 30
val % suspension. Here. the viscosity displayed less hysteresis, but at all rates
the viscosity was 10-fold higher than that of (he 30 vol % suspension. The
suspension acted Tike a soft zel, leading us to suspect that the polymer was
contributing (o the high viscosity.

When we compared the viscoszities of solutions of alginate i warer wirthout
e particles, we fwnd that of the polymer solunion alone in the 30 vol % sus
pensaom do he 160 mPa- s and that of the solution in the 40 vol % suspensien
he 31 mPa:s. This 1s strong exidence tat the polymier forms a wel m the
solulion.

Low Moleculor Weight Fractions as Dispersants

We neal investipated whether lower molecular weight fractions would be
elfvetivee as disperants and would avord the problem of gel formation encoun
tered with the native polymer. Kelp slginate (75,000 100,000 MW) was hy-
drolyzed in D1 N HC for 4 h, after which two fractions were eollected by
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Fig. 4 Viscosity ¢urve shedined from & 40 vol % suspension of alumina in alpinae Open

squares represcnt values oblained denng increasing shesr e Filled soooarss represent
values ohtained during decressing shew mles. The wrmose represents 2n off-graph valug of
IS0 P s ab e shiesr rude of 2255 ',
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precipitation. Praction poly G was collected by precipitation at pH 24 The
degree of polymerization and wronide compesition was determined by NMR
{Table I}, This Maction contained an ohgomer with an average degree of po
lyimertzation groater than 24 { = A8 MW and a ratio of guluronic o mmunu-
ronie acick of 6 1o 1. The viscosities of solutions of the oligomer m water weare
reduced approximately 00 fold as compared 1o the native polymer ( Fable 1),

Fractivn poly M, with an average degree of polvmierization of about 18§
and molecular wiesight —~ 3600 (Table 1), was precipitated at pH 1.3, It contained
mare than 18 mannuronate residues to 1 gulwonate residue. Viscosity measare-
ments were gl perfonned, bat the values would be expected to be similar o
ar sy than that o the poly G traction since the gel forming capacity of the
pekymer is dhirectly related o the guluronic acid content (Penan and Sanderson,
14725,

W also included mamnuminic acid menomer in this study to determine the
ellectiveness of o single uronic acid sugar as a dispersant. This was obluimnel
by treating commercially available maminurmic kctone with hase (hmal pll 8 5

The pucking densilics oltaimed with these fmctions show clearly that there
arv diMfenenees i their abality 1o stabihze suspensions (Fig. 5). The poly G
fraction was eflective over o wider concentration mange than the native alemate,
und slightly less oligonwr was necded (o privduee an effect equal 1o the native
pubyrner, The poly M Tmction was effective only at g higher concentration (0.4
He 5% dwhby of ohigomer o particle. The moncmer hud only o slight effect
very bigh concentiations (1% dwly und could mn be consadered o usetil sus-
predision stubilizser,

The vigeositics of concentrated suspensions prepared with 0,55 (dwh) of
the oligomers again show o difference between the fractions (Table 111, The
pody M Traction stubilizcd suspensions at g 30 vol % solids loading, while the
poly G fraction was capable of stabilizing suspensions with 40 vol 5 soluls, A
Husd <1 Pa-s) 50 vol % suspension could not be preparcd with the paly M

Tauble L1, Viscosties of Matuve Alginate and
Polypulunonic Acid i Witer®

Vicosity (mPa-<)

Sampic 0 vol% A0 vl %
Poly G (TR 45
Mative alpinate 16 ]

“Holutions were prepied ooyield the same inzl con
aifrns s wens 1 the 30 and 4 vol' suspen-
s10ns,. but the panicles were omined.
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fraction because of pamicle agglomeration, yet the poly G fraction vielded a
weakly Aocenlated, low-viscosity suspension st this solids losding.

‘The reasan for these differences may e in the moleewlar conligumtion of
the two polymers. Solution studies using NMR (Penman and Sanderson, 1972)
provide evidence Ual the vronie weids adopt different chain forms when in
solution, such that the bulky carboxyl sroup s in the eguatonul position. The
resultant glyveosidic bonds at posinons 1 and 4 would be equatonal in E-n-
roaatiuromate but axial Inow L guluronate, This would lead to g Hat, nbbon-like
conformation in poly M segquences, whertas poly G would adopt a buckled
contormation, ‘he buckled arrangement hrings the oxygens on ewher sde of
the glycosidic bond in close proximity, leading to a localized increase tn chargs
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density (Rucs, 1972). This is hikely 19 be the reason that poly G #cts as g momn
affective plyelectrolyte for the stabilization of cermmic particles than poly M.

CONCTLUSIONS

W have demonstrated that uromie acid comtaining polysacchandes anc usc-
ful as dispersants i preparing concentrated, agucous suspensions of coramie
powders. This represents an casily 1solated, inexpensive, and nontoxic poly-
merieabditive for potential commercial applications,

In addition, we have shown that oligomernic Trctions of the mitive alginates
are egually effective, o) superor, ws dispersants in collondal aluming suspen
siona, Therefore, the undesimble pelling charactenstics of the high moleculus
wuighl -'1||_".iflﬂ1"-‘-‘-'- an be phimunated while imaintaining the necessary SUNPRTIELOT
stahilizing propertics.
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