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ABSTRACT

Various methods have been proposed for the determination
-of the exchange capacity;of .chromatographic paper and these have
lead to conflicting results, A comparison of these methods-is made
here with a single grade of paper, Exchange capacities were deter-
-mined by two methods on Whatman: #1 paper and two Whatman ion-
-exchange papers. Seme pre-washed papers were used; acetic acid,
- perchloric acid, EDTA, and a combination base-acid wash,

The exchange capacity generally decreases. after acid washing
.and increases after base washing, The exchange capacities of the
special ion-exchange papérs:-were lower -than those reported by the

manufacturer in both cases,

vi



INTRODUCTION

Paper 2s an Jon Exchanger

The mechanism of paper ‘chromatographic separatioﬁ, because
‘of its complexity, is clouded with controversy. - It has been regarded as
an adsorbtion process, an ion-exchange process, and a partition phe-
‘nomenon, Ion~exchange‘is‘ often congidered s;";l.olarate- from other adsorb-

(1) (2)

‘tive mechanism ™~ '.~ Hanes and Isherwood. advocate a mechanism
which.is a composite of all of these. The mechanism choseﬁ_to exiolain
chromatographic results is usually determined by the natufe of the
species being chromatogfaphed,,, the chromatographic media, and the
nature--especially the polarity--of the solvent or developer,
Ionvexchénge- reactions were studied by Kolthoff(S) as early as

(4)

1921. Mcl,ean and Wooten considered exchange reactions:in varioué
cellulosic materials and found that ash.content is related to the number
of exchange sites in the paper. - They concluded that the constituents of
the ash, present as oxides or carbonates, exist in the paper as organo-
~metallic.impurities, and that these impurities, not the cellulose, are
responsible fo.f- the exchange reactions.

Shute(s)

contri'buted.'.further' evidence for the ion-exchange
‘mechanism. Using paper chromatography to separate mixtures of

alkaloids with hexane as a.developer, he found that an irreversible
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surface adsorbtion of the alkaloid occurs, which decreases with inecreas-

"~ ing polarity of the solvent. Swelling of the paper also decreases the

adsorbtion, He proposed that for water, a strongly polar and swellingr
solvent as a developer, little surface adsorbtion should occur. He
found, however, that with water, ''adsorbtion' indeed took place,

and that it had its origin in ion-exchange,

All of these results underscore the importance of the ion-

exchange concept in explaining paper chromatographic separations,

Determination of the Exchang_e_ Capacity

An early attempt to determine the carboxyl content,equated to
the exchaﬁge capacity, .of chromatographic paper was made by Yackel
and Kenyon(s)° The paper was treated with salts of weak acids, e.g.
calcium acetate, Which react with the carboxyl groups of the cellulose
to form the cellulose salt and the corresponding weak aoid,r The’re-
leased acid was then titrated with 0, 1M sodium hydroxide. Values
reported varied from 14, 7 to 22, 3% carboxyl groups by weight,%iﬁcg
corresponds to 3.2 to 5, 0 milliequivalents per gram of pvaper; The
!%najor disadvantage of the method is that_’it- may not be used for paper
of low exchange capacity since sensitive titrations arevimpossibvle,

(5)

The major pitfall in this method, as Shute ° later demonstirated, is
that all exchange sites are not in the protonated form, but may be

occupied by sodium, calcium or magnesium ions. All exchange sites,



then, do not release acid. These same workers later developed a
method of decarboxylation followed by collection and measurement of
the carbon dioxide evolved. This method is far from simple,

Other methods have invclved infrared spectroscopy(T). With
the exception of these and decarboxylation reactions, all other methods
have been based on ion-exchange and subsequent titration,

A chromatographic method for the determination of the carboxyl
content of filter paper was first proposed in 1955 by Ultee and Hartel(s).
The ion selected for exchange was chosen from the following series of
ion affinities for carboxyl groups compiled from the literature:

++ -
UO, & Pb™" >sn'" > cu'’ > H' >methylene bluet > Ba™ > cat”

Sagt>TiV Sk > Nat>s it s N(CHS)Z

Lead ion was chosen since, according to this series, it is capable of
displacing most other ions, including hydrogen, This series also
suggests that acid pre-treatment of the paper should have no effect on
the measurement of ion-exchange capacity. In their method a known
amount (10 ul) of a lead nitrate solution of known concentration
(0.01M - 0.1M) was applied as a spot to the paper strip with a micro-
pipet. The strip was chromatographed by the ascending technique for
approximately 30 minutes with boiled distilled water as a developer,
After location with hydrogen sulfide, the lead spot was traced onto a

heavy paper which was then cut out and weighed. From the
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Weight—peraunit area of the chromategraphic and the. tracing paper, the
carboxyl content of the pazztperwas calculated on assumption that on the
final spot a lead ion was attached to each exchange gite. The valﬁe
- quoted for Whatman‘-#l paper 'is 0,008 milliequivalents per gram of
paper and 0, 064 milliequivalents per; gram for Macherey, Nagel #613,
- These workers also empleyed infrared spectroscopy to the

possibility of opening lactone rings pfesentrin the paper with this
treatment, They concluded that carboxyl groups may be formed from
the lactone rings if an alkaline medium is used,

In 1957, Schrdder'®)

modified the work of Ultee and Hartel. He
proposed that, since lead acetate {ends- to hydrolyze and lead nitrate
- may act as an oxidizing agent, a lead chloride solution is more app~
ropriate to-the determination, - Specifically, fifty microliters of 0.01M
lead chloride was. applied to a paper strip with a. micropipet and the
strip chro,matographed-.ascendin;g‘*withWater in a vapor saturated

tank, The spots were located by spraying the strip~with“a dithi’zone:i‘
solution (0, 01% .in acetone) and the area measured with a planimeter,
The value;reported for Whatman- #1 paper is ‘0, 0066: milliequivalents
per grﬁm of paper and for Macherey, Nagel #6183, 0.036 milliequivalents
per gram -- different by about a factor of two from the results of
" Ultee and Hartel,

..An extensive treatment of the subject by Ackermann and

(10) )

Kriiger appeared in 1962, The exchange capacity of various



papers, including some acid and base washed papers, was determined,
also by the chromatographic method. This group substituted nickel
ion for Ultee and Hartel's lead ion, Sample values reported are 0.0039
milliequivalents per gram for Scheicher and Schiill 2043a and 0.0043 for
Macherey, Nagel & Company's 2214 as compared to Schréder's
reported 0,0057 and 0. 005 milliequivalents per gram,

Epstein and Lewin(ll) reverted to the earlier method of treating
the cellulose with a salt solution followed by estimation of the liberated

anion or of the cation remaining in solution, These methods, however,

remain unsatisfactory for measuring small exchange capacities.

Exchange Capacity of Pre-treated Paper

Shute reported results of chromatographing weak acids with
water as a developer on pre-washed paper. He proposed that the cations

+
in the paper (MP) were exchanged for hydrogen ions from the weak acid,

+ + +
H , to form the protonated exchange site,HP , and the free metal ion,M ,
i.e.,

+ + +
M_+H=& Hy, + M .

When the paper was washed with water prior to chromatography of the
weak acid, a larger spot resulted. This was presumably because the
water supplies hydrogen ion to some of the exchange sites during the

washing process, making fewer available for exchange during the

chromatographic process.



Ultee a'nd;‘Ha,'rtel expected that the acid pre-washings would
.replace: an'y" cations ocecupying exchange sites with hydrogen ions, If
-the so-called ”alffinity series' were valid, -there would be no change
“in'the exchange capacity sfince‘lea,d ion:has one of the highest affinities 7
- ‘for carboxyl groups. . They reported no essential change in :the-value

after the acid wash,

The findings of Ackermann and Krliger seriously contradicted
these results, Using paper designated as VEB Spezialspapierfabfik |
. Niederschlag WF I (unwashed) and WF 11 (acid washed), :they found
.that the exéhange capacity dropped. from 0. 0057 milliequi‘#alents per
. gram for the unwaghed té 0, 0044 milliequivalents per gram for-the acid
.washed paper. If the paper is Iwé,shed' first with hydrochloric acid and -
~then'with sodium hydroxide, the exchange capacity returns to ne‘ar.liy
~the unwashed value (0. 00 54.n‘ii111équ;ivalents per gram of paper), The
- explanation-offered. is that the acid wash causes lactone ringi.vfopm‘atioﬁ

by reaction- of the -hydroiy"l and carboxyl groups which are pr_és_ént dn
‘the paper, thus deereasing:*the._nuinbef~ df exchange- sites. The lactone

~ rings: are then cl\eaved.by':-tr:eat.r'r_lent with sedium hydroxide, making
-;;fhe- carboxyl groups again available for exchange. No-.infrared spectral
. data were: reported-tov confirm this hypothesis.

Ultee: and Hartel applied iﬁfréfed spectroscopy ’;o-inv-estigéte
~the poésibﬂi‘cy- of s-plitting:;the- lactone rings which m'%y,lﬁe-pr‘és ent in

-untreated.and.in oxidized cellulose, They found that lactone rings
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are cleaved dufing the chromatogrephtc process, thus causing errors
in carboxyl determinations in papers-of high lactone concentration.

This would indicate that, if rirtg;;s are formed during the acid treatment
as was reported by Ackermann and Kriiger, they should be broken during
the- chromatographic-procese W:’Lth the lead solution so the exchange
capacity is always -independent of the lactone content, Ultee and Hartel
made no investigation of the presence of lactone rings on acid washed

paper.

Statement of Problem

(12)

Earlier work by Keller and Rommel concerning the appearancer
of multiple spots during the chromatography of phosphate species made

-it desirable to know the exchange capacity of Whatman #1.paper. This
thesis attempts to clarify-the reported values and techniques of carboxyl
group determinations in filter paper. The problem Wes attacked as
follows:

a) Determination of the exchange capacity= of Whatman-#1 paper
by the method proposed by Ultee and Hartel and by Schréder's
modification.

b) Application of the: 'above-m.eth_ods( for the determination: of
the exchange capacity to commercial papers of very high, known ex-
change capacity to determine the reliability of the methods..

c¢) Determination of exﬁcha‘tege-capacity:of pre-treated papers

‘to investigate the effect thereof. Pre-treatment included pre-washes -



of acetic acid, perchloric acid, EDTA (disodium salt), ammonium

hydroxide, and an acid followed by a base,



EXPERIMENTAL

The paper used in this résearch-was commercially:available
Whatman #1, The 47 x 55 cen‘timetef' sheets of filter paper were cuf
- into strips 2, 8 centimeters wide and 55 centimeters long. The solution
to be chrqrnatographédv‘vas applied three centimeters:from one end
with a Staﬂdard.MiSCOvl’l’liCI‘Oli“ﬁGI"pipét calibrated to deliver. The
strips-were then hung in a water vapor saturated chrématographic
tank. and immedia’cely‘ chromatdgfaﬁh'ed in the -ascending manner, T_he
developerwas boiled distilledhwater_,l In order not to disturb thétankfs
equilibrium‘ when the papers were hung, the top was displaced as
slightly as possible, Whén pre-treated papers were used,v the -
chromafogramswere run in sets with one chromatogr;n of each kind
of paper constituting a set, This procedure was followed so that
conditions Wouid be the same for each set of results. The. stripé
‘were-allowed to hang in the taﬁi%«"lintil the solvent front had progressed
to about fwenty céntimete?rs from the bottom, requiring-l 1/2 - 2 hours.
The strips were removed and allowed to hang in' a streaﬁl of hydrogen
sulfide gas to.make the spots visible. In later experiments, the spots
‘were located by's,praying'with:dithizone {0,03% in acetone), ’i‘hé-latt_er
-nrlethod} Wzas~more' éffective in the production of well-defined spots.

The chromatogfams-weré allowed to dry in air-and the spots were
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traced on to the heavy'wgight biolégy paper. The spots were then cut
out and weighed. A planimeter'was found to be unsatisfactory. The
weight-per-unit afea of ’ghis paper and the Whatman #1 paper were -
then determined by'dra'wing and weighing several 2 x 2 centimetér
squares, With this data the-exchgnge capacity in milliequivalents of
lead per gram of paper was calculated.

For-example;

0.0874 gm. biol. Paper _ . no-v . 2
0.01621 gm, ‘b:i_Q,lvv_Pé}perT' 5, 3917 cm
émz

2 .0086025 gm. Whatman #1

5,3917 cm > = 4,638 x 10 2 gm. Whatman #1
cm .
~4 o+
2.x 10 me_qz_of Pb = 4.312 x 10 3 meq
4,638 x 10 = gm Whatman #1 gm

- Solutions used were made from AR gréde lead chloride ahdleéd ‘
nitrate- manufactured by'Mallincerdt, Concentrat-iéns varied from
0.01M to 0, 1M and sémple voiumes varied from 5 ’.co. 100 Iﬁicroliterss_,
The volume and concentration v—vere chosenin order to produce a-traced.
spot Weigh’c of 0.1 - 0.2 grams (6 - 12 square centimeters). For-examplé,
combinations?‘-used on Whatman #1 pap.er‘(exphange Qapécity'of 0.005 .
meq/gm) were 10 microliters of 0, 01M lead nitrate and 10. microliters
of 0,02M lead nitrate. r?he-d_a’ta on the two papers of high-and known

exchange capacity follow:
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1) Whatman Paper Chromedia CM81 - Ton Exchange Cellulose
Carboxymethyl Cellulose
Basis Weight - 85 grams per square meter
"Nominal Capacity - 0. 5. milliequivalents per gram
Catalogue Number 22811
Batch Number 1000/1
2) Whatman Jon-Exchange Cellulose - Cellulose Phosphate P81
Basis Weight - .85 grams per square meter
Nominal Total Capacity - 2, 1 milliequivalents per gram
Catalogue Number 21811
Batch Number 64/78/2
The pre-washing of the papers consisted of placing five strips
into a two-liter beaker filled with the washing solution, The solutions
used were 2M acetic acid, 1M perchloric acid, 0. 1M EDTA (disodium
salt), and 2M ammonium hydroxide. After being washed for about
15 minutes, the papers were removed and again washed in successive
two-liter distilled water washes to remove the excess solution, When
the pH of the water wash was the same as the distilled water (4. 5)
(using narrow range pH paper), washing was discontinued; usually
‘three rinseg were sufficient, The papers were then hung in a chroma-
-tographic oven and dried at room températur:e. The oven served to

speed drying by circulating air around the hanging strips by forced

draft.



DISCUSSION OF RESULTS

The calcium method for the determination of exchange capacity
“proposed by Yackel and Kényon was tried with Whatman #1 paper, The
amount of lacid releagsed was so small that the method was immedlately
discarded as Who,lly' unsuitable for the determination, due to the ir;-u
-sengitivity of titraticns, |

The exchange capacity of the Whatman #1 paper was further
determined by the procedure proposed by Ultee and Hartel and also |
by this same method with the modifications suggésted by Schréder,
The results of these exp@rimenﬁs are summarized in Tables Al and 2
regpectively, Whirch gives the exchange capacity in milliequivalents
per gram of paper; n is the nurber of determinations made, i.e,,
the sﬂampl'e size, For each type of paper, there is esSentially no
difference in the results of exchaﬁgeAcapjacity and standard deviation,
i.e., the e);change capacities ar}d the standard deviations for the un-
treated paper by the methods of Uitee and Hartel and Schrc’ider are
comparable; the same is‘true for the acetic acid Washea papers, etc,
The conclusion is that the differences observed are not due to the
different methods. D‘ifferénces ari-ée' for different pre~tre‘atments
with the séme method. The re'sults with acid washed paper are

consistent with those of Ackermann and Krtiger rather than Ultee

12
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TABLE 1

EXCHANGE CAPACITIES OF WHATMAN #1 PAPER WITH VARIOUS
PRE-TREATMENTS BY THE METHOD OF ULTEE AND HARTEL

- Pre-treatment Exchange Number of Standard
Capacity Samples Deviation
-3 -3
Untreated 4,382 x 10 10 0,2424 x 10
Acetic Acid Washed | 3,220 x 107° 10 0.2649 x 1073
‘Perchloric Acid Washed 2,456 x 10 ° 10 0.480 x 107°
Na,EDTA Washed 3,233 x 107° 10 0,430 x 107>
TABLE 2

EXCHANGE CAPACITIES OF WHATMAN #1 PAPER WITH VARIOUS

PB,E—.TREA,TMENTS BY THE METHOD OF SCHRODER

Pre-treatment ' Exchange Number of ‘Standard
Capacity Samples -Déviation
' -3 -3
Untreated 4,091 x 10 10 0.172 x 10
Acetic Acid Washed 3.320 x 10_3 10 0,362 x 10“3
Perchloric Acid Washed 2.735 x 10—3 10 0.493 x 10~3
EDTA Washed .  3.606x 10 ° 10 0,461 x 1077

Na,
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and Hartel, i.e., the exchange capacity decreased with papér pre-
washed with acid. The explanation proposed by Ackermann-and.Kr'ﬁger

“for these resulté is lactone ring’ formatioﬁ, -':I‘he decrease of exchange
-capacity is gréater- with the perchloric acid than the acetic acid,
possibly: because of the relativ-e. strehgths of the two acids and their
ability" fco form lactones, The acid was not expected to oxidize the
paper for it is difficult to see how exchange capacity could be decreased
by an oxidative reagent which would produce carboxyl groups. The
EDTA washed paper-Was used to determine the effect of the possible
presence of heavy metal cations, If these cationsweré occupying the
exchange sites, they shouldvb’el repléced by sodium or. hydrogen ions
- from the EDTA, tofnakei the sites - more available and increase the :
exchange capacity. The exchange capacity dropped slighﬂy, howeirezro
This might be due to sorﬁ.e lactone ring formation from the very
-weak acid groups presé_nfc in~EDTiA_,~= Tﬁe presence-of heavy metals
Would then seem i;o have no-major,éffect on the exchange capacity.
Table 3 shows the results of determinations of ex’chaﬁge capa-
cities of special ion-exchange paper, Whatman CM 81‘(cgarboxymethy1
celluloﬁse) with various pre ~tr'eati'nent7, The resultsfc;llow the: same
trends as the Whatman #1. papér, but far-more-dramaticaily., - The
exchange capacity is reduced by about a factor of ten after aéié pre-
-washing,. ;'much greater than the effect in the Whatman #1 paper.

Most pronounced, hovvevé-r, is the difference between the reported
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TABLE 3

EXCHANGE CAPACITIES OF WHATMAN CM-:81-.PAPER WITH VARIOUS
PRE-TREATMENTS BY THE METHOD OF ULTEE AND HARTEL

- Pre-treatment Exchange Number of Standard

Capacity Samples Deviation

Untre;teda 0,203 18 0.00814
Acetic Acid Washed 0.02034 8 0.00157
Perchloric Acid Washed 0.02050 9 0.00207
‘Na,EDTA Washed 0,2827 10 . 0.02134
NH,OH Washed 04544 9 0,00628
HCIO, - NH4'OH Washed 0.3770 7 0.01701

*Manufacturer's reported exchange capacity is 0.5 meq/gm



16
value of 0. 5 milliequivalénts per érarﬁ and the determined value of
0.2093 milliequivalents per gram, less than half the reported value,
The determinations appr.‘oached the reported value only when the paper
is pre ~Washéd with ammonium- hydroxide. To test the lactone for-
-mation explanation, the paper Wéé'wéshed with perchloric acid,
decreasing the exchange capacity, and then with-ammonium hydroxide
to see if the capacity is' restored. The results show that the exchange
less than just base washed paper. ‘Presumably, there are lactone
rings present in the unwashed paper -which are broken on treatment
with base, and the rings formed with acid treatment are not all broken

‘with the following basic wash,

The third paper tested was Whatman P 81, cellulose phosphate
‘paper. The results, shqwn-in Table 4, are particularly interesting
because the pre-wash has essentially no effect on-the exchahge capa-
city, The arithmetic means differ slightiy, but the differences are
within the standard deviations.. The consistancy of results even after
-acid treatment indicates that the phosphate does not form the internal
~esteras in the other papers. *Bﬁt, most important, the exchange
capacities vary from 0, 6652 -0. 7682 as compared to a reported
2.1 milliequivalents per gram:from the-manu"facturero The - method

of determination of this value by Whatman-Company: is unavailable.



17
TABLE 4

EXCHANGE CAPACITIES OF WHATMAN P 81 PAPER WITH VARIOUS'
" PRE-TREATMENTS. BY THE METHOD OF ULTEE AND HARTEL

N ?re—treatment : Exchange Number'of Standafd
' Capacity Samples Deviation
Untreated” 0.7682 8 0.02612

- Acetic Acid Washed 0.7247 7 0,06783

‘Perchloric Acid Washed 0.6925 7 0,04887
NaZEDTA‘_ Washed 0,7682 8 0.03470
NH4OH Washed 0.7774 8 0.03927
NH4OH - HC104 Washed 0.6652 7 0,02094

#Manufacturer's reported exchange capacity is 2.1 meq/gm



18
The assumption was made by all the earlier mentioned workers
that the cation used for exchange occupied every available exchange
site because these cations had high affinities for carboxyl groups.
There is no reason to assume this is true for the phosphate paper
where the exchange site is a phosphoric acid, i.e., the cellulose

phosphate structure proposed by Knight. 13

>L_ 9 OH H —k
i ot

The low exchange capacities obtained with the Whatman CM 81

challenges the validity of this assumption,
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