APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Cheni4, 287-303 (2000)

REVIEW
Organosilicon lon-exchange And Complexing
Adsorbents

M.G. Voronkov,* N.N. Vlasova and Yu.N. Pozhidaev
Irkutsk Institute of Chemistry, Siberian Branch of the Russian Academy of Sciences, Favorsky str. 1, Irkutsk
664033, Russia

Literature data concerning research organosili-  surfaces with diphenyl(dichloro)silane followed by
con ion-exchangers and complexing agents have sulfonation of phenyl groups by oleum (Scheme
been summarized and systematized. Data on 2)2

organophilic organosilicon adsorbents and sorp- The cation-exchangers (sulfosilica and sulfo-
tion systems for chromatography are not con- aerosils) synthesized have a high exchange capacity
sidered here. Copyright © 1999 John Wiley &  (200-500 mg g*) with respect to sodium. Orga-
Sons, Ltd. nosilicon cation-exchangers were also obtained by
silica modification with hydroxycarboxylic acids,

Keywords: organosilicon polymers; adsorption; for example, hydroxypropionic ack.

polyorganylsilsesquioxanes; lon-exchangers; “rporeatment of silica with 3-aminopropyl-

complex-forrplnlg agents; concentration and  (yiethoxy)silane and organosilicon disulfonic acid
separation of elements O[Si(CH,)3CH.CsH4SOsH] ., leads to thermostable
(290-300°C) organosilicon cation- and anion-
exchang?rlso rgving an exchange capacity of 6.9—
48mgg-.

To obtain organosilicon ion-exchangers another
method was used: copolymerization of siloxanes
containing vinyl groups (for example, divinyl-
INTRODUCTION (tetrabutoxy)disiloxane) with organic functional

monomers (acrylic and metacrylic acids, vinylpyr-
Hydrated silica gels and finely dispersed silica havedine, sodium vinylsulfonate, the potassium salt of
long been known as efficient adsorbents of organiai-styrene sulfonic acid, 4-aminostyrene eté:j?
and inorganic substanctsror example, silica is The hydrolytic cleavage of butoxy groups bound to
recommended for sorption separation of platinumthe silicon atom leads to cross-linked structures of
metals? The idea of increasing the efficiency and copolymers (Scheme 3).
selectivity of such sorption materials resulted in Analogous organosilicon polymers with ion-
their modification with organic and organosilicon exchange properties have been synthesized by
surfactants® Thus, agents capable of recovering copolymerization of allyl(triethoxy)silane, vinyl-
metals forming ammoniates (copper, zinc, cobalttrichloro)silane, vinyl-organyl siloxanes etc. with
nickel etc.) were obtained on the basis of silica byvarious unsaturated organic monomers with sub-
this method®®> A series of organosilicon anion- sequent hydrolytic é)ol_ycondensation of the co-
exchangers was synthesized by etherification opolymers obtained>*” Thus, in particular,
silica superficial hydroxyl groups with amino organosilicon cation sulfo-exchangers possessing
alcohols (mono-, di- and tri-ethanolamine) a high exchange capacity with respect to NaOH
(Scheme 1%. (46-69mg gh) and redox propertié§2° have

Sorption materials with acid functions were been synthesized. The redox capacity of one such
synthesized by modification of silica and aerosilcatligg—exchanger with respect to copper is 68.5 mg
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+1.5nH,0 (1) immobilization of organic and organosilicon
n YRSiXs — [0,.5SiRY];, superficial modifiers on silica
-3nHX (2) copolymerization and copolycondensation of
unsaturated organosilicon and carbofunc-
Scheme 4 tional organic monomers
(3) hydrolytic polycondensation of organosilicon
monomers of general formulasRiRY (the
hydrolytic polycondensation of carbofunctional symbols X, R, Y were defined above).
organosilicon monomers of the YRSiXtype,
where Y is an ion-exchange group, R is a bivalent
hydrocarbon radical and X is an easily hydrolyzed SORPTION MATERIALS BASED ON
substitutent (Cl, OCOR, OR et@j->*Among such  SILICA WITH GRAFTED ORGANIC
monomers the chloro-anhydrides of trichloro- AND ORGANOSILICON
hydrocarbon acid®® dichloro-silyllactone$? SUPERFICIAL MODIFIERS
phenyl(dichloro)silané?! trichlorosilyl ‘dichloro-
phosphiny!’ diphenyi® and trichlorosilyl(phenyl)- Up to now, grafting of organic or organosilicon
phosphonic acid dichloranhydritfe have been superficial modifiers containing ionogenic or com-
studied (Scheme 4). plexing groups to silica has been promising method
The ion-exchangers obtained by this methodfor preparing ion-exchangers and complexing
show high thermal stability (25TC).#*%®> How-  agents. The organosilicon superficial modifiers are
ever, their ion-exchange properties were not studie¢onnected by strong chemical bonds with free
intensively and the possibilities for their practical superficial silanol groups of silica at the expense of
application were not determined. Si—O—Si bonds. If such modifiers have three
Thus, all the methods of synthesis of organo-reactive substitutents (Cl, OR, OCOR etc.) at the
silicon ion-exchangers and complexing agents carsilicon atom, these silicon atoms are bound by
be divided into three major groups: oxygen atoms to form superficial siloxane net at the
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expense of interaction with water absorbed by theSi(OGHs)3 gn =0-2, 4), CI(CHg)sN' (CH,)s
modifier surface (for the mechanisms of theseSi(OGHs)s.>® These agents were also used for the
superficial reactions, see Ref. 26). concentration of platinum group metals (platinum
The organic modifiers grafting to silica are boundand iridium) from chloride, sulfate and nitrate
to its surface at the expense of the formation ofsolutions>* A sorption—photometric method for the
hydrolytically unstable Si—O—C groups or by determination of platinum in distillates of alumino-
sorption forces. That is why the binding of organic platinum catalysts, and of gold—platinum and gold—
modifiers with the surface of silica is less stabte. platinum—palladium alloys, has been elaborated on
A series of chelate-forming adsorbents aimedthe basis of these adsorbefts.
toward concentration of transition metals from Silica modified with 3-chloropropyl(trichloro)-
agueous media has been obtained by modificatiosilane was used for the synthesis of a cation sulfo-
of silica with organosilicon monomers of general exchanger (Scheme 8.

formula Y(CH,),Si(OR); Y = H,NCH,CH,NH—, An analogous cation sulfo-exchanger was ob-
S—CES)N(CH))—, S—CES)NHCH.NH—,  tained by modification of silica with 3-trimethoxy-
S—C(ES)NH(CHy)[S—C(=S)]N—, etc?’?8 silylpropanethiol  with further oxidation of

An agent for preliminary concentration of mercapto groups to sulfoacidic groups with nitric
oxyanions (As@~, CrO;?", SeQ?", MoO,>", acid (Scheme 6}°
WO,*~, WOz2") was prepared by processing glass  Silica modified with organosilicon monomers of
microspheres withN-(2-aminoethyl)-3-aminopro- general formula YCEHRSIRR’X; Y =HS, H,N,
pyl(triethoxy)silane”® In this case, 90% of the CsHuN; R=(—CH—)n, (n=1,2), GHs R,
oxyanions of selenium and manganese, dichromat®” = Alk, Ar, AIKO; X=0R"”; R” =H, Alk, Ar,
anion and arsenate anions were already extractefic®’*8was recommended as an actinide sorbent, in
after, respectively, 2, 4 and 8 min of contact with particular for recovery of uranium from diluted
solutions. Complete (100%) sorption of selenatesulfoacid solutions.
anions was observed at pH 2 and the amount of The sorption of ions of radioactive isotopes
separated Se decreased with further increase (americium, plutonium, techetium, europium, co-
of pH. balt, thorium, uranium, iron, zinc, calcium) by the

Organosilicon anion-exchange materials werechelate ion-exchanger Diphosil on the basis of
synthesized by radiative chemical grafting of 2-silica containing diphosphonate groups has been
vinyl- and 4-vinyl-pyridine to silicd’ or by radical investigated® This agent has a high affinity for
polymerization of these monomers in the presencdour-valent actinides but their desorption from its
of silica! surface is difficult.

Agents with carbofunctional ionogenic groups Sorption materials efficient with respect to
were synthesized by modification of silica with mercury(ll), palladium(ll) and copper(ll) were
corresponding organosilicon monomers of generabynthesized by immobilization of amides of 2-
formula YRSI(OR)3; Y =HSO; ™, CI"(C,Hs)sN™;  thiophenecarboxylic, 2-thienylacetic and 2-furan-
R = (CHp)a, CeHa; R = CHs, CoH5. %2 carboxylic acids on the surface of silica §&l.

A number of efficient adsorbents for gold were A further attempt was made to obtain on
obtained by modification of Silichrom-120 with organosilicon cation sulfo-exchanger in an analo-
organosilicon amines #M(CH,CH,NH), (CH,);  gous manner, by immobilization of 3-mercaptopro-
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Scheme 9

pyl(trimethoxy)silane on the surface of silica with surface. A method using grafting includes the use of
subsequent oxidation of thiolzgroups to sulfoacidictitanium trichloride in 41 HCI as a reducing agent
groups by peracids (Scheme™). (Scheme 8).

However, only 50% of the thiol groups were  Amino-phenyl-ethyl groups grafted to silica by
converted into sulfoacid groups. The ion-exchangehis method are diazotized by a standard procedure
capacity of these cation sulfo-exchangers with(by the action of sodium nitrite in an HCI medium).
respect to NaOH was not more than 3.5-7.8 mg8-Hydroxyquinoline (), salicylic and salicyhy-
g™ droxamic acids were used as initial compounds
Azo compounds belong to one of the mostfor azo coupling (Scheme 9).
significant classes of selective analytical reagéhts, The agents obtained are highly efficient for the
so there is clearly interest in organosiliconrecovery of titanium, zirconium and thorium.
adsorbents based on silica with chemically graftedHowever, the multistage preparation is a defect.
azoreagents on its surfateOne of the firstand the Chemically modified silicas containing superficial
most complicated stages of preparing such agents groups —OSIi(CH),X, where X=—NH,
the grafting of the aromatic amine onto the silica—N"(CHg)Cl~, —CgH,SO;H, were used for sorp-
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tion of scandiunf? and analogous agents with actinides, lanthanides and a number of nonferrous
X =—N(CH,COOH), were applied for recovery of metals. At the same time, infused earth or acid clay
a titanium peroxide complég and titanium(lV) treated with silanes containing GE8H,SH or
and europium(lll) ion¥ from solution. NHCH,CH,NH, groups were offered for the
The chemically modified silica grafted with treatment of soils polluted with toxic metals such
hydroxamic groups adsorbs zirconium ions veryas copper(ll), zinc(ll), manganese(ll), nickel(ll),
efficiently over a wide spectrum of medium acidity mercury(ll), selenium(lV), cadmium(ll) et
(0.1-4m HCI) and in the presence of prevailing  Silica-containing covalently linked semicarba-
amounts of iron(lll) and thorium(1V§® Modified ~ zides, thiosemicarbazides, ethylenediamines, phe-
silica containing sulfonic acid groups also extractsnylenediamines and phthalic and amber acids were
zirconium and titanium, thorium, hafnium and examined as chromium(lll), manganese(ll),
scandium quite effectively At the corresponding iron(ll), iron(lll), cobalt(ll), nickel(ll), copper(ll),
pH of medium this agent separates zirconium fromzinc(ll), magnesium(ll), cadmium(ll) and lead(ll)

titanium quantitatively*’ adsorbents” Their sorption capacity was higher
Agents possessing a fairly high sorption capacitythan that of conventional ion-exchangéfs.
with respect to copper (2-3mm 9*® were Adsorbents based on modified silica in which

obtained by immobilization of 8-hydroxyquinoline iminodiacetic acid and tetraethyleneamine served
on porous silica previously modified with amino- as complexing resins were suggested for extensive
phenyl(triethoxy)silane. use in inorganic analysis. The blending of modifiers
Silica modified with 3-(1-imidazolyl)propyl with the surface of the silica is realized by
groups can be used for the concentration ofcrosslinking agents such as 3-chloropropyl- and 3-
microquantities of copper, nickel, zinc and cad-aminopropyl-(trichloro)silane®>® This approach
mium from alcoholic solutions with the aim of to the preparation of adsorbents on the basis of
determining the content of these impurities in thesilica (involving the use of carbofunctional organo-
ethanol used as a fuel in internal combustionsilicon monomers as agents crosslinking the silica
engines’® Sorption of cobalt(ll), nickel(ll), mer- matrix with a complexing resii*>3 is being widely
cury(ll), silver(l) and gold(lll) by silica modified by used at the present time for the synthesis of new
3-methyl-1-phenylpyrazol-5-one has been studiedsorption material§®-%2
This agent allows determination of the metal An analogous method of preparing sorption
selectivity by varying the pH of the medium. materials based on silica modified with (3-gly-
Cobalt(ll) and nickel(ll) were eluted with HCI cidoxypropyl)triethoxysilane (to be described as a
solutions with pH< 1; gold(lll) and silver(l) were method of superficial assembly) was used for the
eluted by solutions with pkh 5.°° preparation of organosilicon sorbents with grafting
Patent dafd 2 have shown that the adsorbentsof ethylenediamine, diethylenetriamine and tetra-
based on silica modified with 8-hydroxy-7-(tri- ethylenepentamine groups (Scheme %0).
methoxysilylpropyl)quinoline or with organosilicon =~ Characteristics of sorption of copper(ll),
amines essentially absorb silver, gold, platinidesnickel(ll), cobalt(ll), zinc(ll), manganese(ll) and
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Scheme 11

tellurium(ll) ions by the above materials have based on the use of organosilicon monomers
S7hy;been studied. The agent with grafting of thecontaining ionogenic or complexing groups. 3-
—NH(CH,CH,NH)4H group was found to be the Aminopropyl(triethoxy)silane is one such mono-
most efficient. mer, widely used for obtaining new types of
Silica modified with hexadecyl groups was sorption materialé'’? Silica modified by 3-
offered for concentration of copper(ll) diethyl- aminopropyl(triethoxy)silane is used effectively
dithiocarbamate complex&8. for selective recovery of gold(lll), platinum(lV)
Copper(ll)f-diketonate complexes can be ex- and palladium(ll) chloride complexes from solu-
tracted from aqueous solutions on the surface ofions with pH 2-5* It allows separation of
silica modified with octadecyl groups. elements from copper(Il) and Iron(lll).
Octadecylsilyl silica with a coating of methyl  Agents prepared by superficial condensation of
triacrylate—ammonium chloride, deposited in asilica with 3-aminopropyl(triethoxy)silane or 3-
dynamic regime, is recommended for concentratiortrimethoxysilylpropanethiol are used for sorption
of trace quantities (2 ng 1) of zinc from seawater, of copper(ll), silver(l) and gold(lll) ioné? Silica
the concentration factor being 18%Silica mod- modified by (GHs)sSiCH,CH,CH,SH is a more
ified by ethyldodecyloctadecylammonium nitrate effective adsorbent of silver(l) and gold(lify.
with subsequent sorption of an osmium oxalate The thiocarbamide and itd-organyl derivatives
complex, was used as an adsorbentit'®s***Mr  are very interesting complexing agents. The use of
generator elaborated for use in nuclear mediihe. organosilicon monomers with carbofunctional thio-
Immobilization of pyridinium ions on the surface carbamide substitutents allows one to obtain
of silica with the help of chloropropyl(trichloro)- effective sorption materials. Thus, agents effective
silanes resulted in synthesis of agents whichfor extracting not only metals such as silver(l),
effectively extract anionic complexes of zinc(ll), mercury(ll), palladium(lV), but also halogen
cadmium(ll) and mercury(ll) chlorides from aqu- anions (F, Br~) from solutions and complexing
eous and alcohol solutions to a high extent and alsthiosulfate and platinum anions of silver,
absorb cobalt(ll) and copper(ll) ions from acetone[Ag(S,03),]>~, were synthesized by immobiliza-
and ethanol medi&®° tion of N,N'-bis(3-triethoxysilylpropyl)thiocarba-
A method of luminescent determination of mide on the surface of silicd. All six ethoxy
iridium, involving preliminary concentration by groups of the modifying agent reacted with super-
silica with chemically grafted ammonium, guani- ficial hydroxy groups of silica, resulting in the
dinium, triphenylphosphonium and primary amine formation of a chemically bonded polymeric coat-
groups, has been suggesf@&uch agents perform ing of this type (Scheme 117§,
as anion-exchangers in acid solutions. Silica with Natural zeolite, polymethylsilsesquioxane and
grafted iminoacetic groups is recommended as &ellulose acetate fibre modified witN,N'-bis-
vanadium(lV), vanadium(V) and molybdenum(VI) (triethoxysilylpropyl)thiocarbamide have been sug-
adsorbent. gested as filter materials to absorb toxic metals
Though the method of superficial assembly (for(cadmium, cobalt, lead, arsenic, vanadium and
the preparation of sorption materials based orothers) and carcinogenic components (resins, poly-
silica) is widespread, the multistage sequence iswuclear aromatic hydrocarbons, nitrosamines) from
considered to be a disadvantage. A more simple antbbacco smoké®
efficient way of chemical modification of silicais  The high tendency of thiocarbamide groups
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Scheme 12

to form complexes with platinum group metals wasand organic monomers are rather compi®x.
used for preparing immobilized rhodium(l) com- Nevertheless, they have been studied and trans-
plexes based on silica modified withphenyl- and  ferred into practice.
N-benzoyIN'-(triethoxysilylpropyl)thiocarba- Thus, a number of mechanically durable, ther-
mides. These compounds turned out to be verymally and chemically stable anion-exchangers was
active insoluble and easily regenerated catalysts fosynthesized by condensation of phenyltris(2,3-
styrene hydroformylatioA’ ® dichloropropoxy)silane with polymeric “organic
A method of gold determination in samples with amines: polyethylene-polyamine-polyethylenimine,
a low limit of detection (7—10 wt%) using silica polyxylylene- oi}/amine and polyvinylpyridine
modified with N-allyl-N'-(triethoxysilylpropyl)-  (Scheme 125°%2 The copolymers obtained are
thiocarbamide has been develogédt was also effective complexing agents, forming 1:1 com-
found that gold(lll) was reduced to gold(l) with the plexes with transition metals such as copper, nickel
help of —NH—C(S)—NH groups of the grafted and cadmium. The products of interaction of
agent to form complexes with a 1:1 structure. phenyltris(2,3-dichloropropoxy)silane with poly-
(vinyl chlorides) have been recommended as ion-
exchange membrané3.
A method of preparing organosilicon carboxylic

ORGANOSILICON ADSORBENTS
BASED ON THE PRODUCTS OF
COPOLYMERIZATION AND
COPOLYCONDENSATION OF
ORGANIC AND ORGANOSILICON
MONOMERS

cation-exchangers based on copolymerization of
methacrylic acid with vinyl(triethoxy)silane in the
presence of peroxide initiator has been patefifed.
A number of anion-exchangérs have been
synthesized by condensation of oligosiloxanes
containing chloromethyl and ethoxy groups with
aliphatic and aromatic polyamines. These anion-

Methods for preparing organosilicon ion-exchan-exchangers extract palladium selectively from
gers and complexing agents based on copolymeraqueous solutions containing gold, platinum and
ization and copolycondensation of organosiliconosmium.

n O(CO),R(C0),0 + n 4-H,NNH(O)CCH,Si(R ,)C;H,C(O)NHNH,

— > [-C(0)C(H,Si(R ,)C4H,C(O)NHN(OC),R(CO),NNH-] ,

Scheme 13
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RO),SiCH,],S + 6 H,0
[RO}SCH,], % - 6ROH, 3H,0

% [0, §SiCH,SCH,SIO, ],
Scheme 14

Attempts were made to obtain organosilicon processing of polyacrylonitrile fiber previously
agents by heteropolycondensation of compoundsodified with aluminum(lll) chloride at high
with general formula SiR.X, (R=H, Alk; temperature, with the help of aqueous sodium
X=0R, NR, n=1-3) and XSi(R'Y)s., alkylsiliconate in the presence of hydrazine sul-
(R = alkylen, arylene; Y = Hal, OH, CHO, COOH, fate??

S0; PO(OH); n=1-3) in aqueous solutions of  Organosilicon complexing resins possessing
inorganic acids and bas&sPolymeric agents were redox-complexing properties with respect to biva-
prepared by low-temperature (0-I0) polycon- lent metal chlorides were prepared by alkylation of
densation of aromatic dianhydrides O(GR)  oligochloromethyl(methyl)siloxanes with bipyri-

(COXLO0 (R =arylene) with organosilicon dihydra- dyl. However, the thermal stability of the prepared
zides [4-BNNHC(0)GH4]-SIR > and subsequent metal complexes was higher than that of the initial
cyclization of the adducts obtained (Scheme #3). polymers® The metal complexes obtained with

Organosilicon polymers forming complexes with cobalt(ll) or zinc(ll), for example, were polymeric
copper were obtained by hydrolysis of methyl(2- structures of ther-coordinate type incapable of
cyanoethyl)- and methyl(3-cyanopropyl)-dichloro- generating cation radicaé. From EPR-spectro-
silanes, with subsequent polymerization of thescopy data, these complexes differed from the
prepared oligosiloxanes in_the presence of tetrainitial polymers, which generated the radical center
methylammonium hydroxid&® on the polyquaternized dipyridyl fragment.

Polymeric, highly efficient water-absorbing
agents were synthesized by the reaction of organic
polymers containing the —COOM group (M =H,
alkali metal or NH', polyacrylic or poly- TRIMERIC ORGANOSILICON ION-
methacrylic acids and their salts, or salts of EXCHANGERS AND COMPLEXING
copolymers of methacrylic acid with starch or RESINS OBTAINED BY HYDROLYTIC
vinyl acetate) with organosilicon monomers of POLYCONDENSATION AND
general formula Y(CH).SiX4;_, (Y=CI,, COPOLYCONDENSATION OF
OCH,CH—, H,N—, SH—, X=0R, OCOCH, ¥CARBOFUNCTIONAL
n=0, 1, 2) in the Fresence of either dibutyltin ORGANOSILICON MONOMERS
dilaurate or diacetat® or 1,4-dioxane or carbon
tetrachlorides and an aqueous solution of sodiunHydrolytic polycondensation of carbofunctional
hydroxide® The fresh- and salt-water absorbabil- organosilicon monomers of general formula YR-
ity of the polycondensation product of polyacrylic SiXs or Y(RSiXs), (where Y =ionogenic or com-
acid and 3-glycidoxypropyl(trimethoxy)silane in plexing group; X=Cl, OR OCOR, NR,, etc.;
the presence of di(n-butyltin) dilaurate (0.9% salt) R = bivalent organic radical;'R CHs, C,Hs) is the
is 885.5g g and 105.1 g g*, respectively. simplest and most convenient method for the

The method of obtaining ion-exchangers bysynthesis of organosilicon ion-exchangers and
processing of the composition with 5-10% of a complexing agents. Nevertheless, this approach,
water-soluble sodium or potassium salt of poly-in contrast to chemical modification of silica, is
organosiloxanes with general formula [R3i§), very seldom used and data for the agents of this
(R=C,_4 alkyl, C,_4 alkenyl, phenyl), 30-90% type are limited. Initial investigatiod%2°cited in
alcohol ROH (R = G_salkyl and 5-50% water with  the introduction have not been developed further.
the help of strong acid cation-exchangers and a Data on organosilicon anion-exchangers synthe-
weak base anion-exchanger has been patéited. sized by hydrolytic copolycondensation  of

An organosilicon fibrous ion-exchanger, an 3-(ethylenediamine)propyl(triethoxy)silane  with
efficient absorber of ammonium nitrogen from tetraethoxysilan€ are limited. Only those for their
liquid media and also from solutions produced bysorption capacity with respect to HCI (123 mgy
the food industry (the sorption capacity with respectand thermal stability (at 23TC) are cited. The
to NH," is >50mg g?%), was obtained by synthetic polymer wasN-alkylated with alkyl
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H,0, )
[01.53i(CH2)3]252"—?> 7 [0y 58i(CH,);SO4H]
-2
Scheme 15

[0, sSICH);Clly + nHNR——> [0, S{CH,);NHR],
-n

R=H, CH,, C,H;.

Scheme 16

(C,H;0),Si(CH,),Cl + n SC(NH,), —» (C;H;0),Si(CH,);S-C(=NH)NH,CI

NaOH, H,0 _ H,S0
—>" "4 [0, 4Si(CH,),SNa],,~—> y;, [0, ;Si(CH,),SH],,
-3 C,H,0H '

Scheme 17

halides and dialkyl sulfates to decrease its basicitythe metal oxidation state. The exchange capacity of
The ion-exchangers obtained by this method have auch cation sulfo-exchangers by Hs 5mg g™
sorption exchange capacity with respect to 8.1 These investigatio8°’ have so for not been
HCI lower than that for the initial polymer (93 mg developed further.
g . Polymers synthesized by hydrolytic polyconden-
Crosslinked polyorganylsiloxanes with elemen-sation of organosilicon derivatives of thiocarba-
tary R'SiR? units, where I-Xzand R were identical mide with general formula (§50)3Si(CHy)s
or different Q sSiR® groups in which Ris linearor  NHC(S)NHR, where R=Ph or C(O)Ph, or
branched G-C;, alkylene, G_g cycloalkylene or CgHsNHC(S)NH(CH,)sSi(OGHs)s, as well as
(CH)RYCHy)m, (R* is cyclohexlene or pheny- the products of the modification of silica by
lene; n=1-6; m=0-6) are recommended as these polymers, easily form 1:1 complexes with
adsorbents of ions or compounds of Group I, Ilrthodium/""®
and IV-VIII transition metals, and also of tin and  Porous crosslinking polysiloxanes obtained by
lead. Polyorganylsiloxanes of this kind were copolycondensation of three or more silanes
obtained by hydrolytic polycondensation of corre- Si(OR), and SiR(OR);, where R=H,NCH,
sponding monomeric organosilicon sulfides andCH,CH,— in at least one reagent, are good
polysulfides’® Scheme 14 shows their formation sorption material§®
with bis(trialkoxysilylmethyl)sulfides as an exam-  Organosilicon ion-exchangers were obtained by
ple. substitution of the chlorine atom of the C—Cl bond
Organosilicon cation sulfo-exchangers were pre-by ionogenic substitutents in the products of
pared by oxidation of polymeric sulfides such ashydrolxtic polycondensation of phenyl(trichloro)-
[(01.5SiR%),S]x (Where R is defined as above with silané®® or 3-chloropropyl(trichloro)silan&®*
hydrogen or sodium peroxide, bromine, peracids or A cation sulfo-exchanger with an exchange
hypochlorous acid salf¥; Scheme 15 with poly- capacity for NaOH of 29.6 mg ¢ and thermally
[bis(SS-silsesquioxanyl-propyl) disulfides] can resistant up to 300C (analogous to that synthe-
serve as an example. sized earlier’) was obtained as a result of
The synthetic cation sulfo-exchangers weresulfonation of polyphenylsilsesquioxane by sulfuric
produced as either as H-forms (A) or in the form acid°°
of salts [(Q sSICH,CH,CH,SO;)yM] (B), where lon-exchangers based on poly(3-chloropropylsil-
M is a one- to four-valent ion of the metal agds  sesquioxane) were synthesized by condensation of
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-3 ROH

Scheme 18

[Ag(S,0,),3 == Ag* + 28,02

[0, sSiCH,CH,SH],, + nAg— [0, ;SiCH,CH,SAg],, + nH'

Scheme 19

the latter with NaSQ,, NHs, MeNH, or EtNH, tions by these agents is possible if their concentra-
(Scheme 16§°° tion is within the range % 10 °-8x 10!

An organosilicon ion-exchanger containing mer-mg ml*. Poly(2-mercaptoethylsilsesquioxane)
capto groups, [@sSi(CH,)sSH],, was obtained by (m=2) is suitable for the extraction of silver from
the interaction of poly(3-chloropropylsilsesqui- thiosulfate solutions, containing the metal as the
oxane) with thiacarbamide with subsequent hydro-complex anion [Ag(805),]°.*** The sorption ion-
lysis of the reaction product at pH 8.52% An  exchange mechanism is probably provided by
analogous ion-exchanger was synthesized by gartial dissociation of the complex silver anion,
method reported in Ref. 103 (Scheme 17). with further recovery of Ag by a cation-exchange

Analogous ion-exchangers were synthesized bynechanism (Scheme 19). The exchange capacities
the authors using a simple procedure involvingof ion-exchangers are listed in Table 1.

hydrolytic polycondensation of,-mercaptoalkyl- The creation of polymercaptomethylsilsesqui-
(trialkoxy)silane) HS(CH) Si(lRO)g; R=CH;, oxane xerogel was the beginning of extensive
C,Hs; m=1-2 (Scheme 18554‘ 06 investigations by the present authors in the field of

The first ion-exchanger of this type (a xerogel of organosilicon ion-exchangers and complexing re-
polymercaptomethylsilsesquioxane) was obtainedins, analogs of or%anic ion-exchange agents and
in 199710419t is considered to be an efficient complexoneg?104-108.110-12f, 5|| cases the same
adsorbent with respect to mercury(>*°“and  method of obtaining of such sorption materials was
gquantitatively absorbs mercury(ll) even from very used, that of hydrolytic polycondensation of
dilute solutions (0.01-2 mg ) at pH 0.3-12. This ~ suitable monomers 38i(CHy)mY, X3CsHaY or
ion-exchanger is highly selective with respect t0Z[(CH,)SiX3],, where X=CI, OCH, OCHs;
mercury(ll) at pH 0.3-3 and absorbs mercury inthem=1-3; Y=—SH, —SQCIl, —S(CH,),NH,

presence of metals such as zinc(ll), cobalt(ll),(x=2, 3); Z=—NHC(O)NH—, —NHC(O)NHC
iron(lll) and nickel(ll). Such an agent is recom- (O)NH—, 1,4-NHC(O)GH4C(O)NH—, —NHC
mended for the extraction of mercury from sewage(S)NH—, —NHS(Q)NH—, —NHSSNH—,

water and from chlorine productiof’ It also —NHS(O)NH—, GH4(CONH—),. Such an ap-
exhibits high efficiency with respect to tin(ll) and proach to the synthesis of organosilicon ion-
lead(ll) extraction at pH> 3.X°® This provides the exchangers and complexing resins became possible
basis for developing a method for the determinationdue to the production of simple and effective
of tin(ll) and lead(ll) in mineral water§?® The  synthetic routes for the corresponding mono-
method involves sorption concentration of tin(ll) mers'06-108.112-116,119-121,128-133
and lead(ll) from aqueous samples, followed by Hydrolytic polycondensation of most of the
atomic-emission (AE) spectral determination of thesynthetic monomers was performed in aqueous or
elements®° agueous—dioxane media at pH 7-8 at temperatures
The agents containing thiol groups {€5i  of 20 or 60—7C°C (Schemes 20 and 21§> 106 112-
(CH)mSH], (m=1, 2) exhibit high sorption 114, 116
activity with respect to silver(ff>106:11011¢ pH In some cases, for example hydrolysis of
0.3-3 in the presence of prevailing amounts of2-(triethoxysilylethylthio)ethylamine hydrochlor-
zin(I1), lead(l1), iron(l11), nickel(ll) and cobalt(ll). ide*** and of organosilicon monomers based on
The quantitative extraction of silver(l) from solu- thioglycolic acid (GH50)sSIiCH,CH,SCH,
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X3Si(CHy), Y + 1.5 Bo—> Y, [0 sSi(CHy)nY1n
-3 HX
Scheme 20

[X38i(CHy)plZ + 30 =F 1 [0 sSICHY), 12},

Scheme 21

(C,H,0);Si(CH,),S(CH,),NH, HCl + 15H,0 + NH,

—» % [0 sSi(CH,),S(CHy),NH,], + 3C,H,OH+ NH,CI

Scheme 22
(C,H0);Si(CH,),SCH,COOH + 15H,0 + NH,

—» 1[0, sSi(CH,),SCH,COONH,], + 3C,H,OH

Scheme 23

COOHM® the reaction was performed in gers, sulfonation of the crosslinked organosilicon
NH,OH for use either in dehydrochlorination of polymers already obtainéd'® or oxidation of
the polymer obtained (Scheme 22) or in protec- polysilsesquioxanylalkyl sulfid8§ was used, a
tion of the carboxyl group involved in polyconden- synthesis of cation sulfo-exchangers of general
sation (Scheme 23). formula [0, sSi(CH,)SOsH],, was performed by

In contrast to other investigations where, for theoxidative hydrolytic poncondensann of trialkoxy-
preparation of organosilicon cation sulfo-exchan-silylalkanethiols (Scheme 24§:971°

(RO),Si(CH,),, SH + 3 H,0,25 1[0, (Si(CH,),,SO,H], + 3ROH

Scheme 24

2 (CH,)Si(CH,S0,CI)Cl, + 7H,0 —> CH,(HO),Si(CH,SO,0H)

+ (HO),SiCH, + 6 HCl + CH,SO,0H

Scheme 25

CH,Si(CH,SO,0H)(OH), + (HO),SiCH; .
-2.5H,0

in [OSi(CH;)CH,SO0,0H]y 1[0, sSiCH,],,
Scheme 26
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SSi-H + 2Hg)2* +2H,0—> —Si-OH +2Hg?Z + 2H'

Scheme 27

SSiH + HgZ* + H,0~> >Si-OH + Hg’ + 2H'

Scheme 28

OH OH Me OH
N L

*Al-0-81-0-Si-0-Si-
~ | |

Scheme 29

Polysulfoalkylsilsesquioxanes synthesized bypolycondensations of tetraalkoxy- and trialkoxy-
this method were isolated and investigated in thesilanes containing no carbofunctional substitutents
form of salts [QsSi(CH)SOsM]; M=Na, (the sol-gel process) are used as agents. These
K.”*18The organosilicon cation sulfo-exchanger agents are three-dimensional polysiloxanes con-
[O1 5SiCHg] 1 [OSI(CHs)CH,SOsH], (Mn=3:2 or  taining free hydroxy and alkoxy groups.

1:1) was obtained by hydrolysis of chlorosulfonyl- A xerogel obtained by hydrolysis of tetraalkoxy-
methyl(methyl)dichlorosilane (Schemes 25,28).  silanes Si(GHzn:1)4 Where n>4, has been

Conditions excluding full cleavage of Si— recommended as an adsorbent for the industrial
CISO,CH, have been discoveréd? extraction of uranium from seawat®The product

A wide series of carbofunctional polyorganosil- of hydrolytic polycondensation of triethoxysilane
sesquioxanes studied as ion-exchangers and com— polysilsesquioxane [HSiIQ],, — is an efficient
plexing agents with respect to silver, gold, platinumadsorbent of mercury(ll) with an exchange capacity
group metals, lanthanides, actinides, toxic metaldor mercury of 3-6 g g*.**° This agent is suitable
(mercury, copper, tin, lead), chalcogens and halofor recovery of mercury from industrial solutions.
gen anions (F, Br) etc., has been synthesized. The mechanism of mercury sorption includes the
Their physicochemical and sorption characteristicsstage of mercury reduction (Schemes 27 and 28).
are listed in Table 1. The first stage of the process is physical adsorption

The ion-exchangers and complexing agentsof mercury(ll) or Mercury(0). The reduction of
obtained were used for detection and recovery ofmercury according to Scheme 27 is performed in
elements in natural, industrial and synthetic materi-strongly acid solutions containing large quantities
als. For example, a rapid and effective method forof mercury and according to Scheme 28, in weak
the determination of silver in copper concen- acid solutions with minor quantities of mercury.
trates'?® or gold in natural objects (auriferous The introduction of 1.9-4.9% of aluminum into
sands and complex ores} and a method for the the products of cohydrolysis of tetraethoxysilane
determination of gold in rocks and ores by and methyltriethoxysilane (silicopolymethylsilox-
combination of chemical and AE spectral analy-anes) leads to quite efficient adsorbents of cesium
sist?” with a detection limit of 5< 10 8% have = ions™® The mechanism of cesium sorption is
been developed based on polymer-containinghought to be ion-exchange at the expense of
thiocarbamide  groups [QSIi(CH,)sNHC(S) superficial hydroxyl groups. The introduction of
NH(CH,)sSiO; g». An agent with diamino—disul- aluminum into the siloxane matrix increases the
fide groups [QsSi(CH,)sNHSSNH(CH)sSIO, ],  acidity of silanol groups owing to displacement of
was used for the extraction of silver from nitric acid electronic density from oxygen atoms to silicon
and thiosulfate solutions from the cinema-produc-atoms according to Scheme 29, and thus facilitates
tion and photographic industfy?! the exchange of ions.

In some investigations the products of hydrolytic ~ Summing up the data of this section, it should be

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 287-303 (2000)
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