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Abstract

Mineral scale deposits in industrial waters supporting a number of process industries are a major problem that
causes unexpected shutdowns and costly chemical or mechanical cleaning operations. Some deposits, although
less common, are exceptionally troublesome. These include silica and magnesium silicate. Accumulation of these
deposits greatly diminishes system performance. Scale prevention can be achieved by use of scale inhibitors that
are added to any given treatment in minute (parts per million) quantities. Use of environmentally friendly water
additives for colloidal silica scale control is a topic of great interest and intense research efforts in our laboratory.
Inhibition and dispersion are two generic approaches for preventing silica scale and fouling. Inhibition stops scale-
forming precipitates from forming, whereas dispersion keeps scale particles from being attached onto critical surfaces.
We have pursued silicate polymerization inhibition by use of “green”, environmentally-friendly cationic
macromolecules. These utilize inulin as the backbone, which has been chemically modified to introduce quaternary
ammonium moieties. Three CATIN polymers (CATIN = cationic inulin) were tested: CATIN-1 (DS = 0.22), CATIN-2
(DS = 0.86), CATIN-3 (DS = 1.28), DS = degree of substitution at dosages 40, 80 and 100 ppm in supersaturated
silicate solutions (500 ppm) adjusted to pH 7 for 8 h. Measurements for soluble silicate were performed every hour.
After 8 h polymerization time, CATIN-1 achieves stabilization of 275 ppm silicate (~90 ppm above the control),
whereas CATIN-2 and CATIN-3 exhibit virtually identical performance, stabilizing ~340 ppm silicate (~150 ppm
above the control). Inhibitor dosage increase to 80 ppm does not induce any additional inhibitory performance.
Further inhibitor dosage increase to 100 ppm appears to have additional detrimental effects on inhibitory activity.
CATIN-1 maintains 247 ppm soluble silicate (only ~50 ppm above the control), CATIN-2 keeps ~300 ppm soluble
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silicate (~100 ppm above the control), and finally CATIN-3 maintains ~270 ppm soluble silicate (~80 ppm above
the control). These CATIN additives present promising alternatives to treat silicate-supersaturated process waters.

Keywords: Green chemistry; Environmentally friendly; Scale inhibition; Silica; Additives; Water treatment; Cationic
polymers

1. Introduction

“Green chemistry” has become a topic of in-
tense discussion and debate during the last de-
cade [1–4]. The concept of green chemistry has
infiltrated to all aspects of chemistry and related
technological fields. One important area where
green chemistry can potentially find several ap-
plications is the use of environmentally accept-
able additives for water treatment.

Chemical additives are used to condition wa-
ter so the following problems do not occur, or are
minimized [5]:
(a) Scale formation-deposition of sparingly

soluble salts
(b)Corrosion of metal surfaces
(c) Development of biofouling

Naturally, chemicals that are added to condi-
tion water have various purposes, and thus wildly
different physicochemical properties. For ex-
ample, organophosphonates are used to combat
calcium/barium/strontium salt formation and
deposition [6]. Control of other types of scales,
e.g. silica requires a more thoughtful and at times
“exotic” approach [7]. Colloidal silica presents a
problem that has been poorly solved and still rep-
resents an area of development for inhibitor chem-
istries.

An important definition of a “green chemical”
has been given by Anastas and Warner [1]. They
have given a broad definition of green chemistry
based on 12 principles that relate to several steps,
from chemical synthesis to chemical usage. A
green chemical should be synthesized in a safe
and energy efficient manner, its toxicity should
be minimal, whereas its biodegradation should be
optimal. Lastly, its impact to the environment

should be as low as possible.
The OSPAR Commission (Oslo and Paris

Commission [8]) is the international body respon-
sible for harmonization of the strategies and leg-
islation in the North-East Atlantic Region. The
Commission has stated that every effort should
be made to combat eutrophication and achieve a
healthy marine environment where eutrophication
does not occur by the year 2010. Chemicals are
classified differently depending on the particulars
of the geographical area. The guidelines set by
OSPAR are:
(a) Biodegradability (>60% in 28 days. If <20%,

the chemical is a candidate for substitution)
(b)Toxicity (LC50 or EC50 >1 mg/L for inorganic

species, LC50 or EC50 >10 mg/L for organic
species)

(c) Bioaccumulation (logpow <3, pow = partition
in octanol/water)

When a chemical fulfils two out of three re-
quirements and its biodegradability is superior to
20% in 28 days it is eligible to be listed on the
PLONOR list (pose little or no risk). This empha-
sizes the biodegradability factor and influences
usage of water additives.

In this paper we present results on three inu-
lin-based cationic polymers that are effective silica
scale inhibitors. Anionic derivatives of inulin (car-
boxylate-modified) have been used in the litera-
ture to combat CaCO3 crystallization [9,10]. This
is the first application of cationic inulins in the
water treatment field.

2. Experimental

The additives used in this study are shown in
Fig. 1. Experimental details about inhibition pro-
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tocols used herein are described in detail else-
where [11]. The CATIN polymers were supplied
by Cosun (Breda, the Netherlands). Polymer de-
tails: CATIN-1 (DS = 0.22), CATIN-2 (DS =
0.86), CATIN-3 (DS = 1.28), DS = degree of sub-
stitution. Degree of substitution is defined as the
average number of cationic groups per monomeric
unit.

3. Results and discussion

The polymerization of silicate ions at pH re-
gions around 7 reaches a maximum, resulting in
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Fig. 1. Schematic structures of CATIN (upper) and
PAMALAM (lower).

a reduced solubility for silica (Fig. 2). Therefore
we selected the neutral pH 7 for the inhibition
experiments, as a “worst-case scenario”. The in-
hibitors CATINs and PAMALAM were selected
because they possess a quaternary ammonium
cationic charge that is not affected by pH in their
building units.

In this paper we present inhibition results dur-
ing the first 8 h of silicate polymerization time.
Various inhibitor dosages were tested (10, 20, 40,
80 and 100 ppm). Lower inhibitor dosages (10–
20 ppm) are not capable of effectively inhibiting
silicate polymerization (results not shown herein).
Fig. 3 demonstrates the inhibition efficiency of
the three CATIN polymers at 40 ppm dosage. After
8 h polymerization time, CATIN-1 achieves sta-
bilization of 275 ppm silicate (~90 ppm above
the control), whereas CATIN-2 and CATIN-3 ex-
hibit virtually identical performance, stabilizing
~340 ppm silicate (~150 ppm above the control).
Inhibitor dosage increase to 80 ppm does not in-
duce any additional inhibitory performance (Fig. 4).
More specifically, CATIN-2 stabilizes ~330 ppm
silicate (~140 ppm above the control), and
CATIN-3 maintains ~280 ppm soluble silicate
(~90 ppm above the control). Further inhibitor
dosage increase to 100 ppm appears to have addi-
tional detrimental effects on inhibitory activity
(Fig. 5). CATIN-1 maintains 247 ppm soluble sili-
cate (only ~50 ppm above the control), CATIN-2
keeps ~300 ppm soluble silicate (~100 ppm above
the control), and finally CATIN-3 maintains ~270
ppm soluble silicate (~80 ppm above the control).

For comparison, we present inhibition results
obtained with PAMALAM as silica growth in-
hibitor (Figs. 4 and 5). When 80 ppm PAMALAM
are added in 500 ppm silicate solutions 385 ppm
soluble silicate are measured after 8 h (~200 ppm
above the control). When PAMALAM dosage is
increased to 100 ppm, 325 ppm soluble silicates
are measured after 8 h (~130 ppm above the con-
trol). It appears that PAMALAM is a moderately
more effective inhibitor of silica growth than all
the CATIN polymeric additives.
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It is apparent that inhibitor dosage increase has
detrimental effects on inhibitory activity. This has
been observed before for other cationic inhibitors
[12]. It can be explained upon examination of the
possible silica inhibition mechanism. Experimen-
tal results from our group have supported the

Fig. 2. Change in silicate ion solubility according to pH.
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Fig. 3. Enhancement of silicate ion solubility in the presence of cationic polymeric inhibitors in 40 ppm dosages.

premise that anionic molecules (either monomeric
or polymeric) have no effect on silicate polymer-
ization [13]. In contrast, cationic polymeric mol-
ecules (not monomeric) are effective silica scale
inhibitors [14]. When silicate polymerization takes
place in the presence of a cationic polymeric ad-
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Fig. 4. Enhancement of silicate ion solubility in the presence of cationic polymeric inhibitors in 80 ppm dosages.
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Fig. 5. Enhancement of silicate ion solubility in the presence of cationic polymeric inhibitors in 100 ppm dosages.
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ditive, there are a number of competing reactions
taking place cocurrently:
(a) Polymerization of silicate anions. This occurs

through an SN2
-like mechanism that involves

attack of a monodeprotonated silicic acid mol-
ecule on a fully protonated silicic acid mol-
ecule (see Fig. 6). This pathway generates at
first short-lived silicate dimers, which in turn
continue to polymerize in a random way to
eventually yield colloidal silica particles.

(b)Silicate ion stabilization by the cationic addi-
tive. This is the actual inhibition step and oc-
curs presumably through cation-anion inter-
actions (Fig. 7).

(c) Flocculation between the polycationic inhibi-
tor and the negatively charged colloidal silica
particles (at pH 7) that are formed by the un-
inhibited silicate polymerization.

Cationic inhibitor is trapped within the colloi-
dal silica matrix, based on reaction (c). This is
demonstrated by the appearance of a light floccu-
lent precipitate (or dispersion at times). Inhibitor
entrapment caused its depletion from solution and
its deactivation. Therefore, only a portion of the
inhibitor is available to continue inhibition at
much lower levels than initially added to the po-
lymerization medium. Thus, soluble silicate lev-
els continue to decrease because eventually there
is not sufficient inhibitor to perform the inhibi-
tion. Inhibitor entrapment is directly proportional

(HO)3Si-OH  + OH- (HO)3SiO-  +H2O

(HO)3SiO-  +  HO Si OH

OH

OH

(HO)3Si-O-Si-(OH)3  +  OH-

Fig. 6. Polymerization pathway of silicate to produce silicate dimmers and eventually colloidal silica particles.

to cationic charge density. For example, PEI
(polyethyleneimine) a branched cationic polymer
with high positive charge density creates compos-
ite precipitates with colloidal silica rapidly [15].

We have designed experiments to resolve this
problematic issue. They involve addition of a
polyanionic polymer that acts as a positive charge
“neutralizer”. Such results will be reported at a
later date.
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Fig. 7. Schematic representation of colloidal silica-
polycation flocculation.
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4. Conclusions

The following are the principle findings of this
study:
(1)CATIN polymers show inhibitory activity in

silicate polymerization.
(2)Their inhibitory performance is dosage depen-

dent, but inhibitor dosage increase does not
result in performance improvement.

(3)Cationic charge density on the CATIN back-
bone correlates with inhibitory activity.
CATINs with higher degree of substitution
exhibit higher inhibitory performance.

(4)Cationic charge on the polymer backbone, al-
though necessary for inhibition, can cause in-
hibitor entrapment within the colloidal silica
matrix because of polycation (polymer)-poly-
anion (silica) interactions.

References

[1] P.T. Anastas and J.C. Warner, Green Chemistry:
Theory and Practice, Oxford University Press, New
York, 1998.

[2] Useful information on green chemistry can be found
in the US Environmental Protection Agency web
page at http://www.epa.gov/greenchemistry
(accessed December 20, 2006).

[3] Several principles of green chemistry are analyzed
in the Canadian Green Chemistry Network, at http:/
/www.greenchemistry.ca (accessed December 13,
2006).

[4] R. Einav, K. Harussi and D. Perry, The footprint of
the desalination processes on the environment,
Desalination, 152 (2002) 141.

[5] K.D. Demadis, E. Mavredaki, A. Stathoulopoulou,
E. Neofotistou and C. Mantzaridis, Industrial water
systems: problems, challenges and solutions for the
process industries, Desalination, 213 (2007) 38.

[6] N. Abdel-Aal and K. Sawada, Inhibition of adhesion
and precipitation of CaCO3 by aminopolyphos-
phonate, J. Cryst. Growth, 256 (2003) 188.

[7] K.D. Demadis, E. Neofotistou, E. Mavredaki and
A. Stathoulopoulou, Proc. 10th European Sym-
posium on Corrosion and Scale Inhibitors (10 SEIC),
Ann. Univ. Ferrara, N.S., Sez. V, Suppl. N. 12, 2005,
p. 451.

[8] http://www.ospar.org (accessed December 20,
2006).

[9] K.D. Demadis and A. Stathoulopoulou, Novel,
multifunctional, environmentally friendly additives
for effective control of inorganic foulants in indus-
trial water and process applications, Mater.
Performance, 45(1) (2005) 40.

[10] D.L. Verraest, J.A. Peters, H. van Bekkum and G.M.
van Rosmalen, Carboxymethyl inulin: A new in-
hibitor for calcium carbonate precipitation, J. Am.
Oil Chem. Soc., 73 (1996) 55.

[11] K.D. Demadis and E. Neofotistou, Use of anti-
scalants for mitigation of silica (SiO2) fouling and
deposition: fundamentals and applications in desali-
nation systems, Desalination, 167 (2004) 257.

[12] K.D. Demadis, E. Neofotistou, E. Mavredaki, M.
Tsiknakis, E.-M. Sarigiannidou and S.D. Katarachia,
Inorganic foulants in membrane systems: chemical
control strategies and the contribution of “green
chemistry”, Desalination, 179 (2005) 281.

[13] E. Neofotistou and K.D. Demadis, Silica scale
growth inhibition by polyaminoamide starburst®

dendrimers, Coll. Surf. A: Physicochem. Eng. Asp.,
242 (2004) 213.

[14] K.D. Demadis and A. Stathoulopoulou, Solubility
enhancement of amorphous silica with polyamine/
polyammonium cationic macromolecules: relevance
to silica laden process waters, Ind. Eng. Chem. Res.,
45 (2006) 4436.

[15] E. Mavredaki, A. Stathoulopoulou, E. Neofotistou
and K.D. Demadis, Environmentally benign chem-
ical additives in the treatment and chemical cleaning
of process water systems: Implications for green
chemical technology, Desalination, 210 (2007) 257.


