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ABSTRACT. Titanium and [fitanium 1 Na(K)] substituted 1A tobermorites solids synthesized under hydrothermal
conditions at 180 “C cxhibit cation exchange propertics toward heavy transition metal cations. such as Fe'™. Zn™. Cd™
and or Pb*", The amount of heavy metal cations taken up by these solids was tound in the order: Fe™: Zn™ - Cd™: Ph™,
and rcached maximum at 10°0 [Ti-K]-substituted tobermonte. The total cation exchange capacity ot the 1(°0 Ti+Na (K)
- substituted tebermerites synthesized here range trom 71 to 89 meq 100 g. and 30-36 meg/100g for Ti-substituted only.
Results indicated that 10%¢ [Ti-K] substitution exhibit cation exchange capacity more 2.4 times than the unsubstituted-
tobermente. This is duce to the inercase of the number of active sites on the exchangers. The incorporation of Ti and:
or | Ti-Na(K)] in the latlice structure of synthesized tobermarites is due to exchange of Ti*'e2Ca® and or Ti"' 12Na'
(K )e3Ca®  respectively. The mechanism of Ti and | Ti - Na(K)] incorporations in the ervstal lallice of the solids during
synthesis and the heavy melal calions uplaken by these solids is studied.

Keyvwords: 1 1A-Tobermorite, [Ti - Na] (K)-Substituted Tobermorite, Svnthesis, Cation Fxchange. [ leavy Metals Uplake
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INTRODUCTION

Various tvpes of inorganic ion exchangers have
been synthesized such as hydrous oxides and acid
salts of multivalent metals, lavered zirconium phos-
phates, hvdroxyvaptities, zeolites and aluminosili-
cates, ‘These substances have been recognized tor
their potential apphcations due to low cost of svn-
thesis and  remarkable 1on sclective  properties
towards a large number of metal cations {rom their

agueous solutions. Applications include lertilizer

production, waler soltening, catalysis or lixing ol

hazardous 1sotopes I cement and conerele matns
material."® Some authors have reported that a series
of calcium silicate hvdrate CS11™ compounds pre-
pared bv hydrothermal treatment, act as cation
exchanger with some divalent metal cations releas-
ing Ca™ and for 1™ lattice structure™'* and lead-
ing to their amorphization.™®!?

LTA-tobermonte (CaS1,0,,.4H,0) 1s one of the
major phases found i hydrothermally treated Ca0O-
S10,-H,O system. Turthermore, 1t has been found (o
be the major component of technically important
autoclaved cement based products. Tts ervstal strue-
ture was first investigated by Megaw and Kelsey®
and later by I lamid.” The basic layer structure con-
sists of a central sheet of Ca®' and O ions which is
sandwiched bv rows of tetrahedral $10,(011), moi-
eties that are linked to chains running parallel to
the b-axis direction®. The presence of = $i—-0-Si
=bridges between the chains has been contirmed by
some authors, ™ According to *Si NMR studics,™
the formation and structure of 1 1A-tobarmorite depends
on he source ol silica m the starting reaction.

Tt was reported %7 that jon exchange capacity
increased in case of mserted  JAIY'4+Na'] - ions in the
ervstalline lattice of tobermonte as isomorphous way.

The ion exchange properties of unsubstituted and
substituted tobermorites tall into two categories: the
reversible exchange as shown by alkali and alkali
earth metal cations like Li', Na' K, Cs", 5", Ba™
in |A1*+Na|- substituted tobermorites™** and the
ireversible tvpe reactions shown by divalent metal

(¥)~C—-Ca0). §—5:0,. TT-11,0.

cations like Ni*', Mn® . F¢*', Co® in unsubstituted
tobermorite and other calcium silicate hvdrate, "

Titanium is quite abundant i the earth’s crust-
occurring as the minerals rutile (a vanation 110,),
ilmenite Fe'liO, and perovskite CaliQ,. 110, is the
most widely used dioxide: because of its chemical
mternees, it 15 used as a filler for plastics, dves and
rubbers.

This paper exaniins the ability of synthetic [1A-
tobermonites o accommodate Tit and/or [T +Na
(K- 1ons m their lattice structure dunng svnthe-
sis. The clleet of their acconumodation on cation
exchange capacity (CTIC) and heavy metal uplake
of these solids have been studied in order to fully
realize the potentialities of these inorganic exchang-
ers during the treatinent of various metal cations i
aqueous solutions,

EXPERIMENTAL AND METHODS

Starting materials

The starting matenals were mixtures of CaO) with
quartz. (99.75% Si0, mean particle sizc less than 45 ).
Ca() was prepared by ignition of British Drugs
House (T3DH) grade of CaCO, at 1030 °C tor 3h.
110,, NaOIl and KOLl are BDII reagents grade
were also used for svnthesis of Ti-substituted and/
or | Ti+Na" (K")]-substituted 11A-tobermorites.

Synthesis of 11A tobermorites

Solid unsubstituted tobermorite was synthesized
by mixing stoichiometrie amount of CaQ) and Si0),
at a molar ratio cqual 0.83. Also 5 and 10% Ti-sub-
stituted tobermorites were synthesized by replace of
5 and/or 10% ol the total weight of the dry mix
with the overall CaO)/Si0, molar ratio being (.83,
While [(Ti"+Na'and/or K')]-substituted-tobermorites
were also prepared by the same previous ratios but
m the presence of 1.0 M NaOI I and/or KOIL Each
solid mixture was added to 20 times of its weight of
detonized water and stured for 10 min. Each con-
tent was quantitatively transterred to a stainless
steel autoclave bomb (230 em?) internally coated
with Tetlon. The autoclave was placed in a manu-
ally controlled eleetrie heated oven, and the temper-
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aturc was raised gradually to  180°C and kept at this
temperature for 24h. At the end of each run the
autoclaved was cooled slowly until room tempera-
ture, and the content was washed with distilled
water (20 ml) and dried at 60 °C for 48 h,

Cation exchange capacity (CEC) of the solids

The cation exchange capacity CEC (meq/100 g)
of the synthesized solids were measured using a
known method™ as follows: 50 mg ol cach solid
was repeatedly washed with 0.1 M KCl to saturate
all the exchange siles with K*, followed by remov-
ing cxcess KCI with 0.02 M KCl (o prevent any
hydrolysis (a correction was made for excess 0.02 M
KCI which as determined by weighing), and dis-
placing K~ ions from the exchange sites with for
washing (30 min, equilibration time per washing
with 0.2M CsClI. The displaced K' was determined
by atomic emission spectroscopy (AES) and the
total CEC was cstimated.

Cation exchange reaction experiments

CEC reaction experiments were conducied as (ol-
lows: 20 mg of cach solid were equilibrated for 24h
in glass vials with 1 Oml of SGF-, CI~ or NO.~ solu-
tion of 200-1000 ppm of Fe?*, Zn™, Cd™ or Pb™;
SO,* was used for Fe™ or Zn™; CI" for Cd™* and
NQ, for Pb~", After period of equilibration (24 h),
the solid phases in the glass vials were separated by
centrifugation, and a part of the supernatant solu-
tion was collected for chemical analysis using

atomic absorption spectroscopy (ASS). The pll of

the cquilibrium solutions for reactions in the glass
vials was immediately measured.

Characterization of the synthesized solids

The unsubstituted and ion-substituted tobermorite
solids were dried at 60 °C for 48 h prior to charac-
terization by X-ray diffraction (XRD) with Cu K,
radiation at a scanning speed of 1° min™, between
20=5 up to 55°, thermal analysis (Shimadzo Koto -
Japan TDA) in the range of 25-1000°C at a sensi-
tivity of + 50 uV and with heating rate of 10° min '
were performed on some sclected samples. A JEOL
scanning clectron microscope JSM-3600 atiached
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Tobermorite + 10% Ti (1M KOH)

Tobermorite + 10% Ti (1M NaOH)

Tobermorite + 5% Ti (1M NaOH)

Tobermorite 10% Ti

Tobermorite + 5% Ti

Tobermorite

1 1 1 1 1
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<« 20

Fig, 1, XR1D of synthesized unsubstituted and "Ti+{(Na™ and/
or K') substituted 11A-tobermorites.
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Tobermorite + 10% Ti (1M NaOH)
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Fig. 2. IDTA thermograph of synthesized 11A-tobermorites.

with an encrgy dispersive X-ray ([SIS OXFORD) source
was used [or determining particle size, microstruc-
ture and chemical composition ot the solids.

RESULTS AND DISCUSSION

Powder XRD analysis (Fig. 1) of the synthesized
samples indicates the presence of one single phase
of 11.3A tobermorite in cach of Ti-frec, Ti and/or
[TitNa (K)] solids. The results of scanning clec-
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Fig. 3. (a) SEM of svnthesized 11 A-tobermorite crystals:
(b) TDAX ol 11A-tobermonle.

tron microscope (SEM) showed agegregates of
round and plate crystals with some little ditferences
n the particle size of unsubstituted, 10% Ti and
[10% Ti+Nal-substituted tobermontes, respectively
figs. 3-5A. The crvstallinity of the Ti-free tobert-
monite sample was alleeted by substituting Ti?™ and/
or |[Tr"+Na' (K] as shown in Fig. 1. The relative
nlensitics of d-spacing at 7.8 (28), 16.1 (268), 29.9
(26). 31.8 (20) and 45.3 (28) decreased compared
with the reference (Ti-free). This effect increase in
the presence of Na' and/or K. This behaviors may
be attributed to the mncrease of S10, solubility m the
presence of alkali metal hydroxides n the reaction
mixture, The rate of tobermorite formation increase
to mdicaie that the diffusion of Si0, 18 the rate

determining step in the CSH formation. '

Counts
8000
- 5]
6000 Si
4000~
2000~
49 o
o & AL,,NUTJ
- L R S D S S —T
0 5 10 15 20

Energy (keV)
Fig. 4. (a) SEM of svnthesized 10%0 Ti-substituted tober-
morite: (b) FDAX ot 10% Ti-Substituted tobermorite.

No considerable shifts were observed in the man
{002) d-spacing (11.3A) of tobermorites at 7.8 (26)
Fig. 1. This indicates that Ti*-ions can not replaced
by Si** in their lattice structures. This means that
Ti*e2 Ca™ reaction is more favorable than that
Ti" &SI In this respeet it was reported™ that AT
-ions can replace up o 13% of the St ions in the
crystal structure of the tobermorite component. The
incorporation or substitution of Si*'-ions in tober-
morite (isomorphous substitution) 1s accompanied
by considerable shift in the main d-spacing (11.3A)
of tobermorites. There are also a linear correlation
between the amount of A incorporated in the lat-
tice structure and this shift. The substtution of
Alfor Si* in tobermorite leads o a negative
charge which could be balanced by positive 1ons
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Fig. 3. (a) SEM of ssnthesized 10%0 17 (in 1 M NaOH)}
subslituled tobermorite: (b) EDAX of 10% Ti (in I M
NaOQH }Substituted tobemorite.

(such as I1*, Na~ and or K7).

AT replaces Si** in tobermonte due (o the simi-
lanty m the coordination number in both cases (C.N
=4). Ti* (in Ti0,) has a coordination number six
corresponds 1o octahedral structure. ™ Sinee (ober-
monle has octahedral Caf5] and Ca [6] Fig. 7 in
very distorted sites™, Ti" can be replaced by Ca®'
(" e 2Ca*yand "+ 2Na (K"} © 3Ca* i the
case of | Ti"+Na' (K)]. In addition, it was observed™
that Na'-ions also can incorporated m the CSH
compounds or tobermorite stucture.

Thermal behavior (DTA) of mnsubstituted tober-
morite, 10% 1% and 10% [Ti™+Na']- substituted
tobcrmonles 1s shown 1 fig 20 Generally, little

thermal changes have been found in the nvesti-
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gated samples. This indicates the formation ol pure
tobermorite phase. Thev show endothermic effects
at lower temperatures, due to the loss of water of
crvstallization and exothenmic effects at higher tem-
peratures due to their ervstallization into -wollas-
tonite.”” These etfects approximately do not occur
at the same temperatures on their thermograni, and
were aftected by degree ol ervstallimty and subst-
tuted 1ons nature m crystal structure. Additionally,
[Ti+Na]- substituted
thermal stability than the others, due o the exother-
nuic ellect at 835 °C Fig. 2.

The energy dispersive analysis N-ray data (HEDAX)
of unsubstituted, 10% 11" and 10% [i*'+Na" sub-
stituted-tobermorites Figs. 3-3b. Fig. 3b demon-
strates the existence of K, radiation of Ca and Si,
while #igs. 4b and 3b demonstrate the existence of
K radiations of Ca, Si & 11 and Ca, Si, 11 & Na
respectively. This contirms the insert of 11 and/or
Na-ions in the erystal structure of 11A -tobar-

tobermorite exhibits more

niorites during their hydrothermal svnthesis.
Results of cations exchange capacitics (CTIC) of
the svnthesized solids are shown in (7able 1). Tt was
observed that unsubstituted 1 TA-lobermorite reveals
the lowest CTEC value (37.2 meg/100 g). This indi-
cates the extent of reversible exchange reaction, '™
For Ti- and/or [Ti+Na(K)|- substituted tobermorites
the CEC values increased and reached maximum
89.4 meq/100 gm in case of 10% |11+K]-substitu-
tion. The value of 10% [1i+K]| substitution was
found to be 2.4 times more than of unsubstituted
solid, and 1.6 tmes more than 10% Ti-substituted.
A 10% Ti-substituted also exhibites CTIC 1.5 times
niore than the unsubstituted solid. Substituted 10%
Ti exhibited a higher CEC value compared with Ti-
Iree tobermorite due o Ti"' & 2Ca” exchange. In
this respect, the ionie radius of Ti' (0L603A) 15 less
than the 1onic radius of Ca?' (0.99A) and this substi-
tution may create more cavities due to the resultant
change of the structure: which increased by mereas-
mg the % of Ti-substitution. The presence of these
cavities increases the number of active sites in the
exchangers and this may be responsible for the
increase of the measured CTC values. Inercasing

the number of cavities may cause solid structure
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Fig. 6. (a-d) Heavy metals (I} uptake by solids at diflerent concentrations.

deformation.

CEC valuc of [TiINa{K}]- substituted iober-
morites, increase slightly in the presence of K
compared with that in case of Na'. This may be
attributed 1o the exchange of alkali metals in the
inter layer of tobermorite structure.”” Since K* (or
Na) is less hydrated than Ca™* and it can exchange
faster, [Ti—K]-substituted realizes a CEC value is
higher than that of [Ti+Nal]-substituted (7able 1).
This may be atiributed to the fact that K is less
hydrated ion than Na',

Comparing CEC data of [Ti—K{Na)]-substituted
tobermorites, in the present, study with [AlINa]-
substituted tobermorites reported in literature,'® =™

demonstrates that the latter is higher than the
former. This behavior may be attributed to the lact
that the isomorphous replacement of Si'' by Al
expanded the stacked Si‘Ca/Si sheets in (ober-
morile structure with a basal d-spacing 11.3A Fig.
7. This expansion was found to increase with
increase of the A" mol.%. There are also a lingar
correlation between the basal spacing and the
degree of replacement of Si*” by AI”". The greatest
part of the incorporated A"~ accurres between the
Si-0-Si layers Fig. 7 of tobermorite™. The increase
in the main d-spacing of 11.3A to higher values
may be due to the dilferences in ionic radii between
AT (0.5A) and Si*' (0.4A). But in the case of Ti''
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«Si oH,O eCa =Ca

Fig. 7. A three-dimensional crystal structure view of anom-
alous 11.3A-tobermorite.”

fabie 1. Cation exchange capacity (CECY {meg/ 100 g) of syn-
thesized solids

Svnthesized solid CEC (meqi100 g)

Unsubstituted tobermorite 372
Tobermorite - 3% Ti 494
Tobermorite — 10% 11 56.1
Tobermorite — 3% 11 { IMNaQOH) 70.7
Tobermorite — 10% 11 { IMNaQH) 848
Tobermorite — 10% 17 (IMKOH) 894

incorporation in tobermorite during its synthesis. in the
present study, showed none any of the above men-
tioned changes. This may be attributed to Ti “e<2Ca™
exchange process as discussed previously,

Results of pH-value change of the initial differ-
ent cation metal solution in reaction with solids are
given in Tuble 2. This change is attributed (o the
degree of release of Ca® andf/or K'(Na')-ions [rom
the structure of the solids.'™"”

fable 2. pH valucs of rcacted metal solutions with solids for 24h

Results of the uptake of Fe™*, Zn™, Cd* and/or
Pb™ by the synthesized solids are presented in Fig,
6(a-d). The amount of metal ions taken up by
increases with the increase of the initial concentra-
tion of M™, The uptake of M™ follows this order:
Fe*'=7n*">Cd* =Pb*, and is attributed to Ca’'<
M exchange'™™* andior Ca®'+2Na'(2K )2M™,
because K' (andfor Na') is less hydrated ions than
Ca™ it can be more casily substituted with M™".
llence, the M* taken up by the solids. gencrally, is
found o be higher in the case of [TiHK{Na)]-substi-
tuted tobermorites than that of unsubstituted tober-
morite. In the case of Ti-subslituted tobermoriles
the uptake increases by the increase of Ti'-ions
substitutions, as shown in Fig. 6. The results
amount of cation uptaken by the solids agree with
the CEC data (7irbie 1).

The exchange in unsubstituted tobermorite was
postulated”™" to take place from edge and planar
surface sitcs and apparently from the interlayer Ca™
siles, since tobermorite has octahedral Ca[5] and
Ca[6] in very distorted sites where the Ca-O intet-
action is weak, Fig. 7. [lence, these are expeceted to
be cxchangeable with M. On the other hand, the
exchange ol these hydrated ions is inhibited by their
large radii, so that it has a low CEC value (7Tahie 1).

[n case of Ti and/or [Ti+Na(K)]- substituted
tobermorites, Ti*"<2Ca™ process may create more
additional cavities in the structure (due to the differ-
ence in ionic radius between them). These cavities
may also accommodate more Na'(K')-ions in case
of [TitNa(K}]-substituted tobermorites; and hence
gave higher CEC (Tuble 1) or M uptake (Fig. 6).
The possibility of Ti*' <M proccss may be here

Metul cation

F& Zn*” Ca* Pb*
Cone. {ppm)
Solid 200 400 600 800 1000 200 400 600 800 1000 200 400 600 &00 1000 200 400 600 800 1000

Free solid soln.

Lns. Tab.

5% T sub. Tob.

10% 1 suh. 'loh

210 191 1.84 1.74 1.60 6.05 561 6.01 607 6.09 6.20 6.03 6.09 6.20 6.24 303 492 489 490 496
302230210 1.95 1.85 691 672 6.47 6.37 629 7.18 6.59 6.24 6.4] 6.3] 6.37 639 6.21 3.24 6.29
304 242222 198 1.94 694 674 6.39 642 634 7.23 6.91 631 644 717 6.41 631 6.29 3.39 6.34
321 251 229 209 1.96 697 691 6.62 647 631 7.32 6.94 6.49 6,49 315 6.69 6.60 6.34 3.37 6.49

1% 11+ Nasub. 1ob 3.56 2.67 2.37 2.21 209 7.03 699 6.69 6.39 6.35 7.59 7.08 6.62 6.38 7.29 6.78 6.3] 6.50 349 627
01T+ Ksub. Tob  3.72 272 247 232 2.14 7.09 698 6.74 6.62 6539 7.62 7.04 672 6.66 7.4] 6.83 6.35 6.62 3.61 621
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excluded because the hydrated Ti*'ions cannot
exist in solution due to their high electric charges.
‘The ratio between the ionic charge and ionic radius
of 11" is too high™.

In conclusion 5 also 10% 11 and/or 10% |Ti+Na
(K)J-substituted 11A-tobermerites prepared under
hydrothermal conditions at 180 “C tor 24h, can be
used as a cation exchangers for separating of heavy
metals [rom their aqueous solutions. The amount of
heavy muetals taken up by the synthesized solids
was Jound o be in this order : Fe?™>7n*">Cd™>
Pb*', and reached maximum at 10% [Ti+K]-substi-
tution. Ti*-ion can incorporate in the lattice struc-
ture of tobermorite solids during the svnthesis. This
1s due to 11" <2 Ca® exchange process. The sub-
stitution of 11" by Ca™' andfor 11"+2Na” (2K') &
3 Ca™ increases the number of active sites in the
exchanger. The excess in active sites raises the cat-
1on exchange capacity of the concerned solids. The
10% substitution of Ti*™ increased the total exchange

capucily of (he synthestzed solids 1.5-[old that of

the unsubstituted ones. Morcover, 2.3-[old increase
of the exchange capacity was observed  as a result
of 10% substitution of [T1+KT]. Indication thereby
that the substitution of K contnbuted a 1.6 times
mcrease m cation exchange capacity of the investi-
gated solds,
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