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Crosslinked poly(styrenesulfonamide) with iminoacetic acid
chelating groups for hard-water treatment
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SUMMARY: Chlorosulfonated polystyrene-DVB (10%) copolymer (in beads form, 720–840lm) has been
modified with triethylenetetramine (TETA) to give the corresponding polymeric sulfonamide. By treating
with the potassium salt of chloroacetic acid in water, amino groups of the polymer have been carboxymethyl-
ated almost quantitatively. The resulting material with iminoacetic acid pendant groups has very efficient
chelating ability for Ca(II) and Mg(II) ions in ppm levels. The chelating polymer can be regenerated ten
times by acid leaching without losing its original reactivity. It is suitable for removal of calcium and magne-
sium ions to supply soft water.

Introduction
Removal of calcium and magnesium from water is of
great interest to supply soft water for steam generators
and domestic applications. Although many improvements
have been carried out on ion exchangers and chelating
resins, hard water treatment is still a confronting subject,
especially for large water quantities.

For Ca(II) and Mg(II) ion uptakes, ion-exchange poly-
mers having carboxyl ligating groups seem to be some-
what superior to sulfonated polystyrenes. Among many
organic complexing agents, probably ethylenediaminete-
traacetic acid (EDTA) is one of the most efficient chelat-
ing agents for metal ions. There have been numerous
reports on its use in complexometric titrations of various
metal ions1). EDTA can be used over a wide pH range,
and it has reasonable stability against acid and base
hydrolyses. Since it is a hexadentate ligand, its Ca(II) and
Mg(II) complexes have relatively high stability constants
(log K = 10.6 for Ca(II) and 8.7 for Mg(II)). On com-
plexation it coordinates with metal ions by forming five-
membered chelate rings which are stable thermodynami-
cally. Because of this fact, some insoluble metal salts
(e.g., CaCO3) become soluble in EDTA solutions.
Although its lower and higher analogues have similar
chelating abilities, EDTA has attracted most attention as
complexing agent.

For this reason, polymers bearing EDTA-like structures
have found interest for metal uptakes in the last two dec-
ades. Of several polymers, poly(glycidyl methacrylate)2)

and chloromethylated polystyrene3) have received special
attention as iminoacetic acid-carrying polymers. Also poly-
acrylamide with iminodiacetic acid pendant groups has
been presented as chelating polymer, although it tends to
hydrolyse in mineral acid solutions during regeneration4).

Hexamethylenediamine has been incorporated into
chloromethylated polystyrene resin and carboxymethyl-

ated to obtain chelating polymers with high binding capa-
cities5). Recently Fritz et al. have described the use of this
type of chelating resins in packed columns for large scale
water processing to remove Ca(II) and Mg(II) ions6).

The present paper deals with preparation of crosslinked
poly(styrenesulfonamide) with diethylenetriaminetetra-
acetate chelating groups. Its efficiency in removal of trace
quantities of Ca(II) and Mg(II) ions from aqueous solu-
tions has been studied.

Although the material is also quite reactive towards
various heavy metal ions, this study has been confined to
hard water treatments. pH dependence of metal binding
and its regenerability conditions have also been investi-
gated.

Experimental part

Materials and methods

Chloroacetic acid was purified by recrystallization from
chloroform before use. All the other chemicals were analyti-
cal grade chemical products. They were used as supplied.
Chemical transformations on the crosslinked polymers were
followed by classical titration methods. All the metal ana-
lyses were performed by classical complexometric titrations
using EDTA or its salts, as described in text books7).

Crosslinked polystyrene-DVB (10%) beads were prepared
by suspension polymerization as described before8). After
drying, the product was sieved and the 720–840lm fraction
was used for further reactions.

Chlorosulfonation of the polystyrene-DVB (10%) beads
was performed with chlorosulfonic acid as reported before8).
The degree of chlorosulfonation was determined by boiling
the product with a 10% NaOH solution for 4 h. The chlorine
content of the NaOH solution was determined by the mercu-
ric thiocyanate method9). The chlorine content was found to
be 3.24 mmolN g–1.
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Sulfamidationof the abovepolymerwith triethylenetetra-
mine (TETA) was carried out by treating with excessof
triethylenetetramineasdescribedelsewhere8).

Determinationof theaminecontentof thesulfamidation
product

For determinationof the amine content,0.2g of polymer
samplewas left in contactwith 10 mL of 5% NH3 solution
for 3 h. It was filtered and washedwith excessof water.
Thenit wastransferredinto 10 mL 2 M HCl solutionandleft
overnight.After filtration 5 mL of the filtrate wastakenand
diluted to 25 mL, and its acid contentwas determinedby
titration with 0.4M NaOH solution in the presencephe-
nolphthaleincolor indicator. A total aminegroupcontentof
7.10mmol N g–1 (sum of both primary and secondaryamine
functionalities)wasdeterminedfrom the differencebetween
HCl contentsin original andfinal solutions.

Elementalanalysiswasalsoconsideredfor the determina-
tion of nitrogen. However, this measurementfailed as a
result of incompleteburning of the samples.The Kjeldahl
method was consideredas an alternative method for the
determinationof thenitrogencontent.For this 0.2g of poly-
mer samplewasaddedto 10 mL of H2SO4 (65.0%)solution
and boiled for 4 h. This enablesboth hydrolysis of the
sulfonamide linkages and extraction of amines from the
polymer. After chilling, themixture wasfiltered andwashed
with cold water. The filtrate togetherwith washingswas
diluted to 50 mL andsubjectedto Kjeldahl analysisasusual.
The analysis gave 9.44mmol N g–1 of total nitrogen. By
assumingideally one-fourthof the total nitrogen is being
usedfor sulfamidelinkages,the free amine contentof the
polymer must be 9.4463/4 = 7.08mmol N g–1, which is in
good agreementwith the one obtained by the titration
method.

Carboxymethylationof theaminegroupsof thepolymer

For this purpose,first thepotassiumsaltof monochloroacetic
acid wasprepared.23.6g (0.25mol) monochloroaceticacid
was dissolvedin 35 mL of water. While stirring at 08C, to
this solution the solution of 17.25g (0.25 mol) K2CO3 in
40mL water was addeddropwise. The resulting solution
was directly reactedwith 10g of the polymer sample,i. e.,
theamountof choroaceticacidwasabout1.5 timesin excess
of the total aminecontent.The mixture wasstirredat room
temperaturefor 24 h. The reactioncontentwas filtered and
washedseveraltimeswith waterand30 mL of ethanol.The
weightof thedried productwas15.1g. Basedon theweight
incrementthe transformationyield wasroughlyestimatedas
98.3%.

Determinationof thecarboxylcontentof themodified
polymer

For this purpose0.2g of the polymer samplewas treated
with 10 mL of 2 M NaOH solution for 4 h. Then it was fil-
tered,and 5 mL of the filtrate was titrated with 0.1M HCl
solution. The carboxyl content was calculated as
6.04mmol N g–1. Comparisonof theaminoandcarboxylcon-

tentsrevealsthat 98% of the free aminogroupsof the poly-
merhavebeencarboxymethylated.

Determination of metalchelatingcapacitiesof thepolymer

Metal loadingexperimentswereperformedwith 0.2M aque-
oussolutionsof Ca(II), Mg(II), Ni(II), Co(II), Cu(II), Fe(III),
Zn(II) and Cd(II). Thus, 2.4 g of the carboxymethylated
polymerwas treatedwith 30 mL of 4 M NaOH solution for
3 h. By this way all the carboxylgroupswereneutralizedto
attain maximal loading capacities.After filtration it was
washedwith wateranddried undervacuoat room tempera-
turefor 24 h. Thesamplewasdividedinto partsof 0.2g, and
eachpart was treatedwith 10 mL of the metal ion solution
for 3 h. 1 mL aliquotsof the filtered solutionswereusedfor
the metal ion determinations.The unreactedmetal contents
of the aliquots were assayedby complexometrictitrations
using 0.01M EDTA solutions.From the differencesof the
metal contentsof the initial and final solutions,the metal
chelatingcapacitieswerecalculated,cf. Tab.1.

Bindingkineticsof Ca(II) andMg(II) ions

Kinetics of Ca(II) andMg(II) ions sorptionwereperformed
by simple batch experimentsat different pH’s which were
adjusted by NH4Cl/NH3 (for pH = 8.2, 6.3) or Na(CH3

COO)2/CH3COOH (for pH = 4). Experimentswere con-
ducted by interacting 0.225g of polymer samples with
50 mL of 9.4 N 10–4 M Ca(II) and7.7 N 10–4 M Mg(II) solutions
at different pH’s. While stirring, 2.5 mL of sampleswere
taken from the mixturesand transferredinto 50 mL flasks
throughfilter paper. The filtrate togetherwith washingwas
titratedwith 0.01M EDTA solution(Titriplex III) in thepre-
senceof Erichromeblack T, asdescribedin the literature7).
Variations of the concentrationsof Ca(II) and Mg(II) ion
solutionsareshownin Fig. 1 andFig. 2.

Regeneration of theloadedsamples

In orderto follow regenerabilityof themetal-loadedpolymer,
extractedCa(II) andMg(II) ionswerestrippedoff by interac-
tion of the loadedpolymersampleswith 10 mL of 4 M HCl
solutionsfor 3 h, andthepolymerwasfiltered. Theamounts
of metal ions in 5 mL of the filtrate were determinedas
described above.For comparisonthe extractedandstripped
amounts(pergramof dry polymer)arelistedin Tab.1.

One of the filtered polymer sampleswas washedwith
waterand transferredinto about20 mL of 2 M NaOH solu-
tion. By this way aminogroupsareconvertedinto acid-free
aminogroupsandcarboxylgroupsaretransformedinto their
sodiumsalts.Theaboveprocedure,metalextraction(Ca(II))
andacid-basetreatment,wasrepeated9 timesmorewithout
measuringCa(II) concentrationsat the intermediatesteps.
This wasdoneto testtherecyclingfrequencyof thepolymer
used.In orderto examineanyprobablechangein thechelat-
ing ability, thepolymersamplewassubjectedto Ca(II) sorp-
tion in the same conditions. In that case the amount of
extractedCa(II) ion wasdeterminedto be1.53mmol N g–1.
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Resultsand discussion

In order to remove tracequantities of Ca(II) and Mg(II)
ions from water, we havedevelopeda chelating resinous
polymer with iminoacetic acid pendant groups by the
reactionstepsoutlined in Scheme1. The reaction of the
chlorosulfonated polystyrene beadswith an excessof
triethylenetetramine proceedsquantitatively. Due to the
greaternucleophilicity of primary amines,the sulfamida-
tion is expectedto occur preferably through primary
aminogroups ratherthanthesecondary ones.But inevita-
bly the sulfamidationmay also takeplacevia secondary
amines.Also, linking through two aminefunctionsof the
sameTETA moleculeis anotherlessprobablesulfamida-
tion. So the formula of the sulfamidation product shown
in theScheme1 is substantially simplified.

Chemistries of thesereaction stepsare well known in
organic chemistry. For long term uses,in the metal che-
lating polymersthebackboneof thepolymermustprefer-
ably be as inert as possible, besidethe strongchelating
ability of the ligating groups. This requirement is being
fulfilled in our casebecause the sulfonamide group is
highly stable towards acid and basehydrolysis. It has
beenreportedthat,for a complete hydrolysisof sulfamide
groups,the sulfonamide compound should be boiled in
60% H2SO4 solution for 3 h10). Moreover, incorporation
of sulfonyl groups in phenyl ring provides additional

inertnessto thephenylring dueto theelectron-withdraw-
ing characterof thesulfonegroup.Thispoint is especially
important for recycling and long term usesof polymer
supports.

In the carboxymethylation of the amino groups of the
polymer, wehaveobtainedalmostquantitative conversion
yields.Calculationbasedonweightincrementgives98.3%
transformation.By carboxyl groupdeterminationwefound
98%. Theseresults arein goodagreement, andtheminor
differenceis within experimental errorlimit s.Here,substi-
tution on the sulfonamide nitrogen is rather improbable
because,generally, sulfamidegroups havepKa’s between
8–10.Hencetheirdeprotonationorsaltformationcanonly
beachievedbyconcentratedalkalinesolutions.

Thehigh conversionyield obtainedseemsto becontra-
dictory in view of thosereportedby Morcelletetal.11) But,
most probably, the low conversionyields in that report
arosefrom theuseof chloroaceticacidinsteadof its potas-
siumsaltfor modification of thevinylaminecopolymer.

Taking into consideration the high conversionyields,
the carboxymethylation can be assumed to be quantita-
tive, andthe full structureof the resulting modified poly-
mer canbewritten asdisplayedin Scheme2. Amine and
carboxyl groupdeterminationsrevealthat thesecondand
third stepsof thereactionproceedalmostquantitatively.

In the last step, carboxymethylation of the polymer
carrying TETA functionscanbe followed by FT-IR spec-

Scheme1:

Scheme2:
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tra. After carboxymethylation, the broadN1H stretching
vibration of amino groups of the TETA at 3300 cm–1

becomeswider, which is typical for amino acids.More-
over, carboxyl groupvibrationsof the carboxyl functions
appearasa sharpbandat 1660 cm–1.

Chelatingwith Ca(II) andMg(II) ions

Having sevenligating groups, the polymeris expectedto
representan efficient chelating ability for Ca(II) and
Mg(II) ions, as in the case of EDTA. Fortunately, this
assumption has been established by both kinetics and
loading experiments. From Fig. 1 and Fig. 2 it is clearly
seenthat Ca(II) and Mg(II) extractionsare reasonably
fast evenfor very diluted metal ion solutions, and their
kinetics obey a secondorder relation with kCa = 9.2
L N mol–1 N s–1 (per g of resin), kMg = 6.54 L N mol–1 N s–1

(perg of resin).Also, metalchelations arepH dependent,

and obviously in acidic media complexion becomes
slower. It is interestingto notethat,during complexation
of the polymer, the pH of the non-buffered metal ion
solutionsdecreasesto thepH = 1.9 level. Fig. 3 is a repre-
sentative example of pH variation for Ca(II) complexa-
tion. This impliesthatmetalchelation proceeds by depro-
tonation of the carboxyl groupsof the polymer, asmight
beexpected.

The loading datagiven in Tab.1 indicatethat the che-
lating capacitiesof the polymer for different metal ions
are about1.5mmol N g–1. This corresponds to one metal
ion persevenligating groups,which meansthateachpen-
dant unit in Scheme2 is occupiedby onemetalion.

Regeneration of the loaded polymer samplesby 1 M

HCl is not complete in onestep.Only 86%of Ca(II) ions
are decomplexed in the first contact with acid solutions
for 30min. However, it has beenobservedthat, if the
acid treatmentsare repeatedthree times, the polymer

Fig. 1. Concentration – time plots of 50 mL Ca(II) solution
(38ppm) interactingwith 0.225g polymerat differentpH’s (9:
pH 4,H: pH 6.0,F: pH 8.2)

Fig. 2. Concentration – time plots of 50 mL Mg(II) solution
(38ppm) interactingwith 0.225g polymerat differentpH’s (9:
pH 4,H: pH 6.0,F: pH 8.2)

Fig. 3. Variation of pH during extractionof Ca(II) ions with
0.225g polymer from 50 mL solution (with 38ppm initial
Ca(II) concentration)

Tab.1. Metal chelatingcharacteristicsof thepolymer

Metal ion Capacity of
the polymer
in mmol N g–1

Color of the
metal-loaded

polymera)

Stripped
metalionb)

in mmol N g–1

Ca(II) 1.53 colorless 1.53
Mg(II) 1.54 colorless 1.53
Fe(III) 1.42 light brown –
Ni(II) 1.53 green –
Co(II) 1.57 purple –
Zn(II) 1.61 colorless –
Cd(II) 1.47 colorless –

a) Thepolymeritself is light yellow in color.
b) Metal desorptionswere determined only for Ca(II) and

Mg(II) ions.Theresultsgivenarebasedondry polymer.
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samplescould be completely freed from the metal ions.
Or else, using 4 M HCl solutions, Ca(II) ions can be
totally decomplexedin onestep.

In orderto find any potential difference in the reactiv-
ities of theusedandoriginal polymer, thechelatingpoly-
mer was loaded with Ca(II) and decomplexedwith 4 M

acid solutions, then recoveredby treating with diluted
NaOH. This procedure was repeated ten times, and the
Ca(II) binding capacity was determined again. This
inspectionimplies that, after ten times of recycling, the
calcium uptake capacity of the polymer becomes
1.53mmol N g–1, which is the sameasthat of the original
polymer.

In conclusion,this studyrevealsthat the polymer pre-
sentedhasa strongchelating ability like its monomeric
analogueEDTA. The chelatation with Ca(II) andMg(II)
ions is reasonably fast and suitable for water treatment.
The chelated polymer is completely regenerable, and it
canberecycled at leastten timeswithout losing its origi-
nal reactivity. Sincethe starting chemicalsare available
commercially with acceptable costs,the chelating poly-
mer presented may be of interest for large-scalewater
treatmentto remove Ca(II) andMg(II) ions.
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