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ABSTRACT

There has been considerable interest in the complexaticm of metals and other cations

by natural humic and fulvic acids, as well as synthetic polyelectrcdytes. In order to explaln

the binding observed for metals, and other species by organic polyelectrolytcs, steric effects

have been proposed. In this work, the effects of pH changes in aqueous solution Cn two

synthetic polyelectrolytes, polymaleic acid (P MA) and polyacryllc acid (PAA), have been e:<-

amined by laser Raman spectroscopy and turbidity measurements. These results are compared

to Fourier-transform infrared (FTIR) and (’:’C) nuclear magnetic resonance (NMR) spectra fo’

solid samples of PMA, PAA, and fulvic and humic acids, Two types of car boxylic acid groups

were detected for PMA in aqueous solutlon. Crystalllzatlon of PMA in a narrow pH range was

observed. These data are consistent with strong intramolecular hydrogen bonding occurring

In PMA at a pti of approximately 4 This implications of these results on the u i~ of these

compounds as models for fulvic and humlc acids is discussed



INTRODUCTION

Humlc and fulvic acids (collectively termed “humlcs”) are Important natur~lly occurring

completing and redox agents for a variety of metals and other chemical species Increasing

concerns about ground water quallty and contamination of soils and waters by hazardous wastes

has emphasized the need to understand the role of these polyelectrclytes In ecological processes

Because of the complex chemical and physical structure of the humlcs, a number of simpler

synthettc polyelectrolytes have been proposed as model systems,’- “’ such as polyacrylic acid

(PAA) and polymaleic acid (PMA) It IS Interesting that these synthetic polyelectrolytes have

found applications ranging from medlctnal chemistry to industrial applications, particularly In

the areas of water purification and Immunology ‘1-1”

In order to adequately describe the complexatlon of metals by an!onlc polyelectrolytes,

It has been found that con forma tlonal behavior must be Incorporated Into any useful model-

ing effort 11 ] 1 ObservJtlon of considerable varlablllty between the potentlometrlc behavior of

synthetic and of natural polyeiectrolytes and differences In their apparent acid constants fo~

dlf!erent count er-rons has led to conflicting results between l~boratories, and has led to pro-

posals that polymer hetereogencltles, Impurltles, Jnd Inter- and intramolecular conforn; atlonal

effects caused by changing the degree of Ionlzatlon and/or the count er-; ons affect the apparent

net polyelectrolyte charge and the cation blndlng 1“1‘“ The valldlty of such proposals mus be

ettaluated If the role of humlcs In aqueous geochernlcal systcrns IS to be understood

The relatlve aromatic versus allphatlc content of humlcs and fulvlcs has been a topic

of [o:lslderabtc dtscusslon t ‘ ‘1 -“ “This has led to controversy as to whetner polyrnalelc or

pcjlv,I~ ryll{ at I({S ( an be ufed as s~tlsfa~tory models for humlc s The available spe( trCJ$(”Opl( JII({

t)thcr ●nalytical data on huml(s and fulvl~s s~ern to (onflrrn th.]t allphatl( (“.~rboxylate, .Irfml.ltlt

t ,)rhoxyl,)te, phenoll(, ,]nd Othtr sites ,]re JI tlve 111I)lrldlng met,~l~ The high ( ,Irboxyl,lte (otlterlt
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of PMA and PAA have made them attractive model compounds

In this work, direct spectroscopic comparative studies have been performed on PMA, PAA,

fulvic, and humlc Jclds Using laser Raman spectroscopy, conforrnatlonal changes In PMA are

reported as a function of the solutlon pH Nuclear magnetic resonance (l:IC, NMR) and Fourier -

transform Infrared (FTIR) spectra were obtained for solid samples of PMA, PAA, fulvlc and

humlc acids Turbidity measurements were made on solutlons of PMA and PAA as a function

of pH All of these confirm the Importance of con forma tlonal changes for these complexatlon

agents The possible effects of these changes on thetr chemical and physical Interact Ions and,

in particular on metal blndir~g are discussed,

EXPERIMENTAL

Polymaleic anhydrlde and polyacryllc acid were obtained from Polysclences, Inc Poly -

malelc acid was produced from the base hydrolyses of the polymaleic anhydricfe and purlfled

by recrystallization at a pH of 4 In an ice bath Humlc and fulvlc acid samples were obtained

from Lake Bradford, Florlda using methods described previously “

Infra-red spectra were obtairted using KBr peilets on a Fourizr-transform Infrared spectrom-

eter (Mattson, Cygnus-100) at a resolution of 2 crn I The Rarnan Instrumerrtatton used In this

work has been described in detail prcv~ously 2“ Spcctr~ were taken at 2 cm 1 on aqueous sol LJ-

tlons In standard 1 cm pathlength cuvettes Nuclear magnetic resonance spectra were obtalnr=d

on solld sample$ with magic angle splnnlng techniques A Bruker 200 Mt-fz ‘C spectrometer

vvas ~sed to me~sure the spectra
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the instrumentation. The results are reported In nephelornetrlc turbdlty units (N TIJs) Hv-

drogen Ion concentrations were varied by ~ddltlon of re~gent grade solutlons of HCI o; NJOH

and high purity (Nano-pure) delonlzed water

RESULTS

During these Inltlal studies, It was discovered that when acf; ustlng the pH of concentrated

solutlons of PI+4A to ca 4 caused preclpltatlon of P!AA The crystals were observed to be

needle-like and white, whereas the Inltlal solutlonsof PMA produced from the baste hydrolyslsof

polymaletc anhydrlde were colored. The coloration ranged from yellow to brown, and depended

upon the lot number of the orlglnal polyr-nalelc anhydrlde Fluorescence and vlslble spectroscopy

of the Inltlal PMA solutlons and those made from the white crystals fro,n the acldlc preclpltatlon

showed less colored and fluorescent Imourltles In the latter, presumably reflecting the loss of

aromatic substructures from /he orlglnal anhydrlde sJmple At very low pH values (less th~n

1), FMA :olutlons were observed to form opalescent, colloldal suspensions

Concentrated solutlons of PAA (approx 50rngJ ml) were observed to co~guiate over J

broader r~nge of pH downwards from about pH 5 No cryst Jlllne precipitate formed ~rld l~rge

colloldal gel-ltke structures were present In acldlc soluttons (pH less than 1)

Nuclear Magnetic Resonanca Spectra

{~rbon 11 !dMfl spectra are prcsent~d in 1 IgiJ’t= 1 for unpljriflpd



f-ens (60-72 ppm and 106 ppm), oxygen substituted aromatic p6enollc carbons (150 ppm), and

carbonyl carbons ( 180-200 ppm) -“ Aronl~tlclty of the polymers (natural and synthetic) can

be estl, tlated by integrating the region between 100-160 pprn “ In agreement with the inter-

pretation of the prececeeding paragraph, the spectraof the purlfled PMA contains substantially

less aromatic content than the unpurldled materla!

These spectra Indicate that fulvlc acids hav~ more carbonyl carbons and less aromatic

carbons than the humlc acids There has been some controversy on whether humlcs and

fulvlcs contain aromatic substructures ‘ ‘ -’ Our spectra clearly Indicate that these fulvlcs and

humlcs contain aromatic untts, moreover, these vary In aromatic,’al~phatlc content depending

upon the source of the material and Its chemical and physical history, ~’

The non-aromatic nature of pure PMA IS seen tn these spectra, supporting the concern

about Its value as a model for the humlc and fulvlc acids

Fourier-transform Infrared Spectra

Figure 2 shows the FTIR spectra for solid s~mples of PAA, purlfled PMA, tt~e resldu~l

polymerlc m~terlal left after separation of the PMA crystals, J fulvlc acid, and humlc acid

The broad bands In ~~le region between 2600 and 3500 wavenumbers are due to ()-H and

(_ H stretches The carboxylate C Cl stret~h?s Jr? ,.LC .,“U=tl e{! i!n the r?gl~ii Leiwcen i500 and

1 ?’)0 ( m “ The broad spectral fe~~ure ,]r~jund 1200 cm ; .]n(f the pe~k observed ne~r 1000

c m 1 arr m~asures of the aromatic character of th~ polvelectrolytes “ The spcctrurn of the

Irrlp(lrltlps fror T\ t}]? l’f AA p(lrlflcatlon ex~)l.}trls the e,]rller ( (),)f~)tlon wh~r~ If< sp~rtr,] w~rt= used

to d~r71flrlstr,]te th,lt f[llvl( .~~Idt ~nd I’!AJ? wer- very slrr~lll.]r In s?rur. ture I]!4A with lmpurltle~

~’,r~5Pnt lvoiJl[l I?,)d to a spectra r~fle( !Irlg \I)rIIe ,lror~l,)tl( ( Il,)r.)(tpr \lrTlll,]r to th,}t [)ht,]lrl~.~j

f~orn natur .11 ftllvlt s



In the PAA spectrum, the bands between 600 and 1000 cm-] can be attributed to C-H

bending In the olefi., - Ilnkages “ The band between 600 and 700 w~venumt.)ers ts a measure ot

the cls-structures, while the shoulder at 900 cm- IS due to the trans-isomers The relatlve band

strengths are consistent with the PAA beln K predornlnantlv In the trans-conformation JS would

be expected from the entropy effects aid relatlve stabilities of the CIS- and trans-isomers “

Laser Raman Spectra

Laser Raman spectra Uf aqueous PLIA solutlons were taken as a function of pH to examine

directly the conformatlonal change In solution The spectra areglven In Figure 3 At pH greater

than 7, only one carboxylate frequency was observed (1650 cm- !), and, consistent with the

symmetric nature of the car boxylate anion, was observed to give a strong signal Other bands

were observed at 1400, 1300, and 1175 cm-; due to C-C and C-O functlonalltles As the pH

was lowered, two dlstlnct C=O stretches are observed between 1600 and 1700 cm- : (see figure

3 ) As well, the other Raman features n the regton of 1300 and 1175 cm- : were lost from

the spectrum The peak at 1400 cm shifted sllghtly to lower wavenumbers and broadened

These res~lts are Interpreted as being consistent with formation of an Intermolecular hydrogen

bonded structure for PMA In the region of pH 4-5

Turbidity Measurements

H~ghly concentrated solutions of PAA (40 mg, ml) and P!AA (70 mg ml) were titrated and

the turblrllty (nepheolometrlc turbidity units. N; Us) of the so[utlons determined as a function

of pH The results are gtven In Table 1 In the case of PAA, the solutlons were observed to

become colloldal at low pH while PMA was found to form crystals In a narrow pH range near

45



Dlscu5slord

The NIJR and FTIR spectra for PAA, Pf#lA fuivlc and hur-nlc acids show consld~rable

differences In the relatl~e amoun~s of aromatic and allphatlc carbons and In the car boxylate

concentratlons(,ln meq g). between rhe natur Jl and svnthetlc polymers It IS JISO apparent that

the purltv of the svnthetlc polymers needs to be assured when studvlng these polyelectrolytes

as ““model’” systems

An examination of the structure of PIAA shows that the addltlol of one hydrogen to

the carboxylate structures should lead readily to internal hydrogen bonding between adJacent

car boxylates The resultlng loss of flexlblllty and Iocallzed effective charge density effects Its

abllltv to remain In solution or to bind c~tlons T!lis accounts for the prcclpltatlon of P/AA

as a crvst~llne material In a narrow pi-i range corresponding to 50 percent Ionlza{lon of the

car boxvlate groups The lntramoleculJr hydrogen bonding can occur in PIAA can occur In

PIAA because of the free rotation around the allphatlc C-C bond In this synthetic polymer

By contrast. In PAA the oleflnlc bonds lead to sufficient sterlc ●ffects to mlnlmlze this type of

lnter~ctlon and subsequent effects upon metal blndlng

The turbldlty data shows that for PFAA the dissolution phenomenon has a very sharp onset

Again PAA differs with the turbldlty increasing over a larger pH rJnge The f~c~ that PAA

does not crystallize. but forms colloldal gels at low PH suggests !hJt lntr~molecul~r bonding

IS not as Important as In the case of PIAA Inde?d the observations are more consistent with

molecules of PAA blndlng vla Intermolecular hvdrogen bonding

The laser Ramall sti,cfY of PfAA confirms that there ar~ two types of car boxylate groups

for the purlfled PMA which IS not fully ion, zed TbIS confirms the v~lue of f?~rn~n sp~(trus( [)pv

to study dlrrctly the con forma tlorr~l beh Jvlor of v{; lvelef !rolvtes In JquwJ:Is sc~lutl(]n% I (lrt~lpr



studies w}th other count er-]ons are planned to directly evaluate the con forma tlonal effects as

a function of ion type and size Thl.s data wtll help to finally resolve many of the discrepancies

in the literature regarding the interactions of polyelectrolytes with metals and other Ions,

Are PIJA or PAA “good models’” for fulvlc or humlc acid systems? The FTIR and NMR

spectra show that fulvics and particularly humics are quite aromatic {n contrast to the pure

PMA and PMA model systems The spectral studies presented her indicate that allphatlc

polyelectrolytes may be more conformationally flexible, when compared to aromatic systems

Perhaps co-polymers with aromatic units would better mlmlc fulvic and/or humic acid systems.

Whatever model compounds are used, prior characterization of the polyelectrolyte should in-

clude NMR, FTIR, and Raman spectroscopes The presence of impurities in solutlon may be

responsible for many of the discrepancies in the literature regarding the results of potent io-

metrlc titrations of the synthetic polyelectrolytes. We have shown that as one removes the

aromatic Impurltles t$e PMA spectra and Its potent iometric begavior are significantly altered

CONCLUSIONS

We conclude that conformatlonal changes In aqueous solutlons of natural polyelectrolytes

In their blndlng of cations IS Important when developing chemical models which attempt to

describe aqueous geochcm~cal systems satisfactorily
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FIGURE CAPTIONS.

Figure 1. Solid ‘“C NMR spectra for a) unpurified PIvIA, b) purified PMA, c) fulvic acid,

and d) humic acid. Aron~atic carbons are in the region of lGO-lr50 ppm, peaking at 130 ppm.

Carboxylate carbons are at 175 ppm (See text for other assignments). Note the significant loss

of aromatic structures il the PMA that has undergone acidic precipitation and purification.

Figure 2. Fourier-transform infrared (FTIR) spectra taken for a) PAA, b) purlficd PMA, c)

the residual colored impure polymeric material left in solution after acidic precipitation of the

PMA, d) fulvic, and ●) humic acids,

Figure 3. Laser Raman aqueous solution spectra of purified PMA as a function of pH, a) pH

4, b) pH 5, c) pH 6, and d) pH 7, Note the clearly identified C=O stretches for the two types

of car boxylate groups between 1600-1700 cm-’, and their changing relative contributions JS J

function of pH indicating intramolecular hydrogen bonding.
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TABLE 1. Turbidity of concentrated solutions of PAA and PMA as a function of pH T~rbldlty

is reported as nephelometric turbidity units (N TUS)

PAA PMA

(40 mg/ml) (70 rrlg/ml)

14.0

8.2

7.0

6,0

50

4.5

40

3.5

30

20

10

62

6.8

7,8

12

14

24

22

14

10

10

10

10

18

25

25

20

16
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