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ABSTRACT: The effect of various environmentally friendly chemical additives and natural products on the dissolution of
amorphous silica (Aerosil 200 and laboratory-synthesized, SSD) is studied. The silica scale dissolvers tested include the following:
ascorbic acid (vitamin C, ASC), citric acid (CITR), carboxymethyl inulin (CMI), 3,4-dihydroxybenzoic acid (catechuic acid,
DHBA), 3,4,5-trihydroxybenzoic acid (gallic acid, GA), dopamine hydrochloride (DOPA), iminodiacetic acid (IDA), histidine
(HIST), phenylalanine (PHALA), and malic acid (MAL). The chemical structures of these chemical additives contain potentially
dissolution-active moieties, such as 1,2-dihydroxyethylene (ASC), a-hydroxycarboxylate (MAL and CITR), catecholate (DHBA,
GA, and DOPA), a-aminocarboxylate (HIST and PHALA, both aminoacids), and finally carboxy-modified fructofuranose units
(CMLI). It was found that all studied molecules showed variable dissolution efficiency, with MAL, CMI, HIST, and PHALA being
the slowest/least effective dissolvers, and the catechol-containing DHBA, GA, and DOPA being the most effective ones. IDA and

CITR have intermediate efficiency.

B INTRODUCTION

“Green chemistry” has become a topic of intense discussion
and debate during the past decade.' The concept of green
chemistry has infiltrated all aspects of chemistry and related
technological fields. One important area where green chemistry
can potentially find several applications is the use of environm-
entally acceptable additives for water treatment.

Chemical additives are used to condition water so the follow-
ing problems do not occur, or are minimized:> (a) scale forma-
tion-deposition of sparingly soluble salts, (b) corrosion of metal
surfaces, and (c) development of biofouling.

Naturally, chemicals that are added to condition water have
various purposes, and thus dramatically different physicochemical
properties. For example, organophosphonates are used to combat
calcium/barium/strontium salt formation and deposition.4 Control
of other types of scales, e.g, silica® or metal silicates,® requires a more
thoughtful and at times “exotic” approach. Colloidal silica presents a
problem that has been poorly solved and still represents an area of
development for inhibitor chemistries.”

An important definition of a “green chemical” has been given
by Anastas and Warner.'* 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 chemi-
cal 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®) is the
international body responsible for harmonization of the strategies
and legislation in the North-East Atlantic Region. The Commission
has stated that every effort should be made to combat eutrophica-
tion and achieve a healthy marine environment where eutrophica-
tion does not occur. Chemicals are classified differently depending

v ACS Publications ©2011 American chemical Society

on the particulars of the geographical area. The guidelines set by
OSPAR are the following: (a) biodegradability (>60% in 28 days.
When it is < 20%, the chemical is a candidate for substitution), (b)
toxicity (LCsop or ECsp > 1 mg/L for inorganic species, LCso or
ECso > 10 mg/L for organic species), and (c) bioaccumulation
(logpow < 3, pow = partition in octanol/water).

When a chemical fulfils two out of three requirements 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
emphasizes the biodegradability factor and influences usage of
water additives.

In part 1 of this series of papers’ and earlier in a short
communication'® we studied in detail the silica dissolution efficiency
at pH 10 of several anionic additives that contain carboxylic or
phosphonic acid groups, or both. In this paper we present results on
the silica dissolution ability of a number of chemical additives that
are natural products, and/or environmentally friendly. Their sche-
matic chemical structures are shown in Figure 1.

There is a plethora of information on these chemicals in a
variety of bibliographical sources. In Table 1 we present some
essential information on them, which can be a starting point of
further research by the reader.

Bl EXPERIMENTAL SECTION
Instruments and Materials. Instruments, reagents, and ma-

terials for the silicomolybdate test,>**! the silica dissolution
protocol, and interference tests were identical to those used in
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Figure 1. Schematic structures of silica dissolution agents used in
this study.

part 1 of this series.” All dissolver molecules were purchased from
Aldrich Chemical Co. and used as received. CMI solution
(available as Dequest-PB11615) was a donation from Therm-
phos Trading GmbH, Zug, Switzerland. Laboratory-synthesized
amorphous silica (SSD) was synthesized as in the preceding
paper (part 1).” Model colloidal silica is Aerosil 200 from Degussa
(water content ~ 1.5%, BET surface area 200 & 25 m’/g). The
choice of Aerosil 200 was based on its high surface area and
absence (by powder X-ray diffractometry) of crystalline phases.
Water content for SSD silica was determined to be ~1.5—2.0%
(by thermogravimetry) due to rapid surface adsorption of water.
BET surface area was measured to be ~100 & 30 m*/g.

IR spectra were recorded on an FT-IR Perkin-Elmer FT 1760
in KBr discs. The measurements of soluble silicic acid were
performed on a HACH 890 spectrophotometer from the Hach
Co., Loveland, CO. SEM images and EDS studies were per-
formed on a scanning electron microscope LEO VP-35 FEM.

Silica Dissolution Protocol. Glass containers must be avoided in
order to minimize silica leach-out. A quantity of colloidal silica
corresponding to SO0 ppm as silica (for 100 mL final solution
volume the calculated silica weight is 50 mg) is placed in a
polyethylene container together with 80 mL of deionized water
and a dosage of specific chemical additive (2500—10000 ppm,
depending on the specific run). We chose to calculate additive
dosages based on “ppm” rather than “mg” or “mmol” in order to be
consistent with the nomenclature used in the water treatment field.
Then, solution pH is adjusted to 10.0 by use of NaOH solution
(10% v/v). The specific pH values for dissolution were chosen for
the following reasons: (a) this is the maximum operational pH for
real water systems that operate without pH control; (b) all
dissolution additives are in their deprotonated state at that pH;
and (c) preliminary experiments (not reported here) showed that
the SiO, dissolution rates are too slow for any practical experimental
setup. Finally, solutions were diluted up to 100 mL and kept under
continuous stirring for a total of 72 h. Soluble silica measure-
ments on small samples withdrawn are made at 24, 48, and 72 h
with the silicomolybdate spectrophotometric test>*?! After each

measurement pH is again checked, and in the case of pH shift
from the target value a readjustment is made. Such deviations were
seldom. Dissolution experiments were also run at shorter times
(8 h), and sampling was more frequent (every 1 h).

Dissolver Interference Test. Every cleaning additive is tested for
its interference with the silicomolybdate spectrophotometric test.
A stock solution (S00 ppm, expressed as “ppm SiO,”) of soluble silica
(prepared from commercial sodium silicate) is prepared by dissol-
ving 4.4 g of Na,SiO3 - SH,O in 2.5 L of nanopure water. The pH of
the above solution was 11.50. To 100 mL of that solution a dosage of
the cleaning chemical is added (2500—10 000 ppm). After appro-
priate dilutions are made, soluble silica is measured with the
silicomolybdate spectrophotometric test.'” The results are com-
pared to the expected value of S00 ppm. From the additives tested
GA and DOPA showed unacceptable interference and were treated
differently (see below).

Silica Scale Dissolution from a Stainless Steel Surface.
Silica Deposition. Colloidal silica was first deposited on a stainless
steel coupon, as follows. A quantity of NaSiO3+SH,O (2 g) was
dissolved in 100 mL of deionized water. The pH of the solution
was adjusted to 7.0 £ 0.1 by addition of 80% v/v HCI solution
under vigorous stirring. Immediately after pH adjustment a
preweighted stainless steel specimen (coupon) was immersed
into the solution. The setup was allowed to stand for 72—168 hin
order to allow silica to deposit on the steel surface. The steel
specimen was then withdrawn and left to air-dry. Its weight was
again remeasured, and by difference, the amount of deposited
amorphous silica was calculated. This procedure was repeated
before each dissolution experiment, described below.

Dissolution of Deposited Silica. For the dissolution experiment, a
100 mL solution of the desired dissolver was prepared in a PET con-
tainer, containing various amounts of dissolver (2500— 10000 ppm).
The fouled stainless steel specimen (prepared as above) was then
immersed into the solution, the container was covered with parafilm,
and the solution was kept under gentle stirring (in order to avoid
mechanical dislodging of the deposited scale) at pH 10. The
dissolution experiment was left to proceed for a specified time
period (3—7 days, depending on the experiment, see Table 2 for
details of each additive), after which the specimen was withdrawn,
left to air-dry, and weighted. From the difference in weight of the
“fouled” and the “cleaned” specimen, the dissolution performance of
each dissolver was quantified.

B RESULTS AND DISCUSSION

Effect of Additives on Aerosil 200 Silica Dissolution during
“Long-Term” Experiments. In the experiments described herein,
stirred suspensions containing colloidal silica and the dissolution
additive at various concentrations are vigorously stirred at a fixed pH
of 10 and then tested for soluble silica by the silicomolybdate spectro-
photometric method™' after 24, 48, and 72 h (long-term experiments),
or every hour for 8 h (short-term experiments) of dissolution time.

The results of silica dissolution in the presence of silica
dissolvers are presented in Figure 2. The measurement metho-
dology followed for silica is based on the quantification of
“soluble” (or “reactive”) silica after dissolution experiments are
performed for at least 24 h. Colloidal silica is completely
unreactive to the silicomolybdate spectrophotometric test.

After 24 h, in “control” solutions (no additive present) dissolu-
tion proceeds until ~120 ppm silica is solubilized (~249%). The “%
solubilized silica” is calculated as [(“ppm soluble silica”)/500] x
100. The number “500” indicates the initial silica level of 500 ppm.

13867 dx.doi.org/10.1021/ie201798e |ind. Eng. Chem. Res. 2011, 50, 13866-13876



ARTICLE

Chemistry Research

ineering

Industrial & Eng

8T

LT

91

ST

14!

€1

(4!

1T

686 *d 86T
‘eyrd “1oppe[q[ed pue 1aa1] Jo uonduny rodoxd
MOTS 03 3593 ® ST YPIYM ‘Ueds (YATH) poe
31330 RIPOUTIIAXOIPAT Y} UT Pasn “I0Je[ayd [ejowr
Sururea|
pue ‘Arowrowr w:vﬂuo\s ‘uonjusye ‘poowr immﬁm
‘(uoneoyyeI3 [ENX9s PUE UOLEIOT] UT PIAJOATT)
uonpnpoid unoeoxd jo voniqryur ‘premar pue
Juaurystund ‘UOTIEATIOUT TUSWISAOUT ATEJUN[OA
‘wonrudos pue ro1aryaq ur sajox Jueyrodur
Surpnpour ‘ureq o) ur suonouny Auew sey J1
(HO) 1T ™yd
‘e *d (HO0D) 60+ *d :sonadod era
-nue pue edunynue sassassod pue ‘sajaqerp
pUE eLINUTWN[E J8dI) 0} PISN OS[e {SISe)seaur
TOAT] SYqIYUI our[essaw profey[e druaSoun
-nJ[ey 9y} JZISIYJUAS 0] Pasn aq OS[e ued pue
Ansnpur Teonnadewrreyd oY) ur pasn A[uouwrwod
(HO) Tret “xd ‘982 “yd (HOOD)
gpy "®yd :swsedoou pue saseasip remd

-seaotpied Jsurede juade aandajoxd quepxonue

I0JIQIYUT STedS [eIdUTW “I0JE[YD [e}oW

19
= "oyd ‘g1 = “yd ‘607¢ = "yd Guepep [eiewr

sonradoid onnqroosnue pue juepxonue

07's = "yd ‘ope = "yd

sanradoid /seynqrnie snosueEosTw

uonenWNIILOIq
MO[ ‘[10s /193eMm UT dU)sTSIAd

mo[ By/3uwr 0§z 05T (esnowr) [eauoyradenur

B3y/8uw 0841 =
(syex) [e10 05T B /3w 09p T = (901w [e10 05T

(31qqex) /8w 0p0os :(SqT) L1103 [eI0 AINdE
SOTIARD €10 UBWINY
woxy uaye) S[[d [HSH Jueudieur se oM

se ‘s[[d erwana] uewny jo srsojdode saonpur

s81d eourng uo uonez

-ISUDS [EUWLISP OU 453} saury ur Ayoruadeynu

ou “pM-q 3/3uw 0ooT (3e1) skep g7 £rorxoy
anoeqns “Ar g 3y/Sw 0pog< L101%0) JRI [RI0

(3e1) By/3w 0p0¢ {(esnour) /3w oy0S

:9noe A%Qd [e10 mmwm:_.mw [Pureud Sunrwoa
“poewos jasdn “easneu ‘s[003s 3S0O[ “eIYLIEIP

doars paqmysip pue andney ‘eypepeay

‘aoey a1y Jo Surysnyy ‘edyrrerp ‘Sunruroa ‘eas

-neu ‘uonsadipur ‘sayser unys asned Lew poe
51qI03SE JO $350p a31e] A[PATE[AI “I9AIMOY] LoUOU

PaYSIqeIse Uaaq sey (")) AUl [949]

1addn 5[qeI9]03 OU pUE “YINOW 3} JO UOTEILLIT

asned ued uondwmnsuos aAIssaXs ‘Tosamoy ouou

fyprxoy

QuIs0I£) Woy Amwcﬂm [euaipe
3Y) JO B[[PIW Y} PUE INSST} SNOAIIU

4q Aqureur) poq ayy ur pazisayyussolq

sjueld 1130 pue “yreq yeo
‘S9AEI[ B3} ‘[ozeY [PIM Orwuns ,mﬂE:am
(pffiavpqs snasiqipy) syuerd aqpsoy “8
5 ‘syuepd [eunIpaw pue S[qIpa Auew
ur punoy punoduwrod srjouayd [emjeu
‘2Ae3e
pue “rred ‘uoruo ur pue T:ﬁ:g £ap
9%8T~) $3001 £100TY> UI punoy st urn
-ur pue ‘ssado1d uonefyyewsxoqred

e £q urnur woxy paonpoid st 31 ‘ouou

SN SN

N[IU S 1YJowW “I9AT]

A[[eradsa qeawr ‘sa[qeladoa pue symy

3[24> PIO® JIHID UT AJRIPIULINUT

‘sade1d ‘ooml ardde ‘symiy adurun 3sour

9DUILINIDO [ernjeu

proe dnjooe(oururejdyzawxoqIed)-z

[01p-7‘T-audzuaq([Aypaourure-z) -4

pIE 510ZUaqAX0IpAYI-SH e

Q_um u_sﬁoumuogohmv

PIoE J10ZUdqAXOIPAYIP-1E

J[qe[reae jou
poe

o1hxoqrestn-¢‘g‘1-ouedordAxorpAy-g7

auo-(HS)z-ueinyAxoIpAy
“Ip-b'€-[KpadxoIpAqip-71-(ST) ]-(¥S)

pioe orotpaueIngAxoIpAy

SUeu OV

vail

vdoda

VD

vdHd

IND

LD

osv

uonemaIqqe

aAnIppe

'sanradord pue 3dUILINDI(Q) :Apnig SIYT, UT Pas() SIANIPPY [edTWAY) °T d[qeL,

dx.doi.org/10.1021/ie201798e |Ind. Eng. Chem. Res. 2011, 50, 13866-13876

13868



Industrial & Engineering Chemistry Research

Table 1. Continued

additive

ref

miscellaneous attributes/properties

toxicity

natural occurrence

IUPAC name

abbreviation

19

essential amino acid in humans and other

not carcinogenic in F344 rats at doses 2.5% of

plant proteins found in rice, wheat, rye

2-amino-3-(1H-imidazol-4-yl)propa-

HIST

mammals: pK, values 1.82 (carboxylic acid),

6.04 (pyrrole NH), and 9.17 (ammonium

their diet for 104 weeks
NH)

and other cereals, also found in

noic acid

abundance in all dairy products, meats

and poultry as well as fish together

with other amino acids; other sources

include radishes, carrots, cucumber,

beetroots, celery, garlic, onions, turn-

ips, alfalfa, spinach, pineapples, ap-

ples, pomegranates, papaya

20

precursor for tyrosine, the monoamine signaling

PHALA doses in excess of S000 mg/day may be

found in almonds, avocado, bananas,

2-amino-3-phenylpropanoic acid

PHALA

molecules dopamine, norepinephrine

toxic and can cause nerve damage; high

cheese, lima beans, nonfat dried milk,

(noradrenaline), and epinephrine

quantities of DL-phenylalanine may also cause

peanuts, pickled herring, pumpkin

(adrenaline), and the skin pigment melanin:
pK, values 1.83 (carboxyl), 9.13 (amino)

mild side effects such as nausea, heartburn,

and headaches

seeds, sesame seeds

Silica dissolution continues after 48 and 72 h allowing soluble silica
levels to increase to ~150 ppm (~30%) and ~190 ppm (~38%),
respectively. These results obtained for silica dissolution in the
absence of any additives need to be surpassed by satisfactorily
performing additives. Examination of Figure 2 shows that additives
CMI, PHALA, and MAL are mildly effective silica dissolvers, within
the timeline of the experiments (3 days). In the case of CMI only the
2500 ppm dosage is somewhat effective (~250 ppm silica dis-
solution). Soluble silica levels in the presence of higher dosages of
CMI are virtually the same as those in “control” solutions. The same
behavior is noted for MAL. The dissolution efficacy of PHALA
steadily increases up to 7500 ppm dosage, achieving ~300 ppm
silica dissolution. This behavior is comparable to that of HIST.

IDA induces dissolution of 318 ppm silica (for the 2500 pm
dosage after 72 h). Its performance slightly increases to 338 ppm
(for the SO00 pm dosage after 72 h), and 327 ppm (for the 7500 pm
dosage after 72 h). The hydroxyl-tricarboxylate CITR shows rather
low efficiency for dosages <7500 ppm, but proves to be a satisfactory
dissolver at 10 000 ppm, dissolving nearly 400 ppm of silica.

Of the additives containing the catecholate moiety (DHBA,
GA, and DOPA), only DHBA could be used in experiments
which involved soluble silica quantification by the silicomolyb-
date test. The experiments with GA and DOPA were treated
differently (see below).

DHBA is a very efficient silica dissolution agent. Although it only
dissolves ~250 ppm silica at 2500 ppm dosages (within 24 h), its
efficiency steadily improves at higher dosages. For example, it
dissolves ~385 ppm (at S000 ppm within 24 h), 470 ppm (at
7500 ppm within 24 h), and 480 ppm silica (at 10 000 ppm within
24 h). It is observed that, for a given dosage, solubilized silica steadily
drops after 24 h. For example, for 7500 ppm dosage, soluble silica is
472 ppm after 24 h, 404 ppm after 48 h, and 360 ppm after 72 h.
A possible explanation for this could be the instability of the putative
“Si-DHBA complex”, which may revert to silicic acid, which in turn
can be reincorporated into the colloidal silica particles. Some relevant
comments are made later in the short literature review section.

Effect of Additives on Silica Dissolution during “Short-
Term” Experiments. From the additives presented above, we
selected DHBA and HIST for further study. These were selected
in order to compare dissolution performance of an “effective”
(DHBA) and a “mediocre” (HIST) dissolver during the first
stages of silica dissolution. Thus, DHBA and HIST were studied
in “short-term” silica dissolution experiments, in which solution
sampling was done every hour for the first 8 h of the dissolution
reaction. The results are shown in Figure 3.

The results obtained for DHBA nicely demonstrate that there
is a clear dose—response relationship in its dissolution efficiency
within the first 8 h of reaction. Although differentiation in silica
dissolution among the various DHBA dosages is not very clear in
the first stages of the experiment (<3 h), this becomes evident as
dissolution time proceeds. In the case of HIST (a “poorer” silica
dissolver), differentiation between the efficiency for various
dosages is nearly impossible, even at the end of the 8 h period.

In order to carry out a more useful comparison between the various
additives, a graph can be constructed that presents the dissolution
efficiency of all additives. Dissolution efficiency is defined as follows:

(A-C)

X 100
(500 — C)

Dissolution Efficiency(%) =

Here, A = measured soluble silicic acid at 72 h (in ppm) after
dissolution by an additive at S000 ppm dosage, and C = measured

13869 dx.doi.org/10.1021/ie201798e |ind. Eng. Chem. Res. 2011, 50, 13866-13876
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Table 2. Dissolution of Silica-Fouled Stainless Steel Surfaces by Various Dissolvers

dissolution dissolver silica scale dissolution % dissolution
agent dosage (ppm)  fouled surface removed (mg) time (h)  dissolution rate” eﬂiciencyb
control (no dissolver) stainless steel 7.0 96 0.073 54
carboxymethyl inulin (CMI) 2500 stainless steel 20.0 96 0.208 68
carboxymethyl inulin (CMI) 5000 stainless steel 24.0 96 0.250 77
carboxymethyl inulin (CMI) 10000 stainless steel 74.0 96 0.771 94
histidine (HIS) 10000 stainless steel 108.0 168 0.643 94
phosphonobutane-1,2,4-tricarboxylic acid (PBTC) 5000 stainless steel 24.0 96 0.250 96
phosphonobutane-1,2,4-tricarboxylic acid (PBTC) 10000 stainless steel 145.0 168 0.863 ~100
ascorbic acid (ASC) 5000 stainless steel 28.0 72 0.389 78

“ Calculated as “mg scale/h”. b Dissolution efficiency is calculated as follows:

weight of fouled specimen — weight of cleaned specimen

weight of fouled specimen

soluble silicic acid at 72 h (in ppm) after dissolution for the “control”
(no additive present).
The results of such calculation are presented in Figure 4.
Differences in Dissolution between Aerosil 200 and SSD
Silica. We investigated how the nature of silica (commercial or
laboratory-synthesized) affects dissolution efficiency. Thus, we
compared the dissolution efficiency of DHBA, CMI, and IDA on
two kinds of silica, Aerosil 200 and SSD silica. Silica dissolution
protocols were the same as in part 1.” Solubilized silica was
quantified by the silicomolybdate test.*1%?! The results are
given in Figure 5, and the comparison is quite revealing. SSD
silica is poorly responsive to dissolution in the absence of any
additives at pH 10. In fact, after 24 h only ~90 ppm are dissolved,
in comparison to dissolution of ~130 ppm of Aerosil 200 under
the same conditions. As a general trend, SSD was much less
responsive to dissolution induced by DHBA, CMI, and IDA. For
CMI and IDA, the levels of soluble silica never exceeded those
for the “control”. However, for DHBA dissolution efficiency
was systematically higher than that for the “control” in SSD
silica dissolution. The best-performing dosage for DHBA was
10000 ppm, which dissolves nearly 250 ppm SSD silica after 72 h.
The textural features of SSD silica are most likely responsible
for the fact that it is recalcitrant to dissolution. As shown in part
1,° SSD particles appear dense and compact, in contrast to those
of Aerosil 200. The surface area of Aerosil 200 is approximately
double that of SSD silica. Therefore, the particle coverage in the
case of Aerosil 200 is much more effective than that of SSD silica.
In both cases additives cannot penetrate into the particle, but can
only achieve dissolution through surface interactions.
Dissolution of Silica Deposits from a Fouled Stainless
Steel Surface. Inorganic foulants are most commonly found
deposited on critical equipment surfaces. Hence, there are times
where system operators are called upon removing foulants
deposited on surfaces. In this context, and in order to evaluate
the ability of selected dissolvers to dissolve silica deposited onto a
surface, we followed the following approach. Colloidal silica was
prepared in situ and was deposited onto a stainless steel surface as
described before.” The selection of stainless steel as the fouled
surface was based on the fact that it is not susceptible to metallic
corrosion, an event that complicates silica deposition.”” The
fouled specimens were then removed, air-dried, and weighed.
Some of them were characterized by SEM in order to study the
texture of the silica deposit. The specimens were then subjected
to a dissolution process in the presence of various additives. For

this particular study we selected the additives CMI, HIS, ASC,
and PBTC. CMI is a “green” polymer, HIS is an aminoacid, ASC
is a vitamin, and PBTC is a very effective silica dissolver (studied
in detail in part 1).”"° At the end of the specified dissolution time,
the specimens were removed, air-dried, and weighed. Dissolution
efficiency was determined by the weight difference. Selected
cleaned specimens were studied by SEM, in order to visualize
dissolution efficiency. The results are given in Table 2.

The stainless steel surfaces were examined by SEM after
silica deposition (Figure 6, upper image), after dissolution in the
absence of any additives (control, Figure 6, middle image), and
after chemical cleaning by CMI (Figure 6, lower image). A clear
dissolution effect is demonstrated by comparison of the three
images. EDS was performed on the silica fouled surface (Figure 6,
upper image) and showed presence of pure silica (Si/O ratio ~ 1:2),
see Supporting Information (SI) Figure S-1. EDS of the steel surface
after the dissolution experiment in the presence of CMI (Figure 6,
lower image) showed the presence of Fe only, see SI Figure S-2.
The small white areas on the Fe surface are leftover attached
silica scale.

Silica Dissolvers with a Catechol Functionality. Three silica
dissolvers contain the catechol (1,2-dihydroxybenzene) func-
tionality in their backbone (protocatechuic acid, DHBA; gallic
acid, GA; and dopamine, DOPA). Before testing them in
dissolution experiments, their UV—vis spectra were collected
at neutral and strongly alkaline pH regions, in order to ascertain
whether they absorb around the region of 450 nm (needed for
the soluble silica determination by the silicomolybdate method).
In Figure 7, the UV—vis spectrum in aqueous solutions of pH 7,
9, and 10 of DOPA is shown.

It becomes evident that quantification of silica dissolution in
the presence of DOPA is not possible spectrophotometrically.
Similar observations were noted for gallic acid (GA).”> DHBA
did not absorb in the region of interest,>* and its dissolution
efficiency was studied as the other dissolvers. For the dissolvers
DOPA and GA, a different approach was followed. Dissolution
efficiency was measured on the basis of the weight difference of
the solid silica before and after the dissolution. The results for
DOPA (pH 10.0 and 2500—10 000 levels) and GA (pH 7.0 and
9.0, and 1000—5000 levels) are shown in Figure 8.

DOPA exhibits a clear dosage-dependent behavior. Its dis-
solution efficiency increases almost linearly as dosage increases
from 2500 ppm to 10 000 ppm. At the highest dosage it reaches
quantitative silica dissolution. GA appears to be an effective

13870 dx.doi.org/10.1021/ie201798e |ind. Eng. Chem. Res. 2011, 50, 13866-13876
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Figure 2. Dose—response graphs of silica dissolution experiments for various additives, as indicated.
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Figure 3. Silica dissolution by DHBA (upper) and HIST (lower)
during the first stages (8 h).
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Figure 4. Dissolution efficiency for the additives tested in this work.

dissolver in both studied pH values (7 and 9). At sufficiently high
dosages it reaches nearly quantitative dissolution. This undoubt-
edly is related to the readily formed, stable chelating rings of the
catecholate functionality with the Si center. A more in-depth
discussion on possible mechanisms will follow below.
Characterization of Silica Dissolution by Scanning Elec-
tron Microscopy (SEM). The morphology of the silica particles
that underwent the dissolution process in the presence of GA was
evaluated by SEM, and the results can be compared to those
from authentic samples of Aerosil 200 and SSD (before and after
dissolution). The images are presented in Figures 9—11. In Figure 9,
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Figure 5. Comparison of dissolution eficiency of DHBA, CMI, and

IDA on two kinds of amorphous silica: parallelepipeds, Aerosil 200;
cylinders, SSD silica.

we present SEM images that reveal the morphology of neat silica
particles of Aerosil 200 (Figure 9, upper) and SSD (Figure 9, lower)
before dissolution. The images show that silica particles are loose
aggregates of sizes <50 nm in the case of Aerosil 200. For SSD the
particles are obviously larger than those for Aerosil 200 and show
severe aggregation forming fairly uniform films.

The above silica particles were subjected to a dissolution
experiment without any additives (“control”) at pH 7, for 24 h,
and the images of the undissolved particles are shown in
Figure 10. No dramatic differences were noted, neither in particle
size nor in particle morphology. These results are consistent
with the dissolution results for the “control” shown in Figure 8
(middle), which shows that less than 5% dissolution takes place.

Silica particles that were exposed to solutions containing
GA (2000 ppm dosage, at pH 7 for 24 h) were studied by SEM.
The images are presented in Figure 11. For the Aerosil 200 silica
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Figure 6. SEM image of the silica fouled stainless steel specimen (upper).
Specimen exposed to a pH 10 solution in the absence of additives (middle).
Cleaned specimen after exposure to a solution containing 10 000 ppm CMI
(lower). Exposure time is 96 h (see Table 2).

particles (Figure 11, two upper images) there are notable differences
in the morphology of the undissolved precipitates. First, the silica
particles appear very compact (Figure 11, upper left image), and
their appearance resembles that of a continuous film. The magni-
fied image (Figure 11, upper right image) reveals that the particles
are ~30 nm in size and are smaller in size than the ones from neat
Aerosil 200 particles either before (Figure 9, upper right image) or
after (Figure 10, upper right image) dissolution (in the absence of
additives). The observation that the particles now show enhanced
aggregation and size is a strong indication that GA is incorporated
within the precipitate. Corroborating evidence comes from FT-IR
studies that showed the presence of an intense ¥(C=0) asym-
metric stretch centered at ~1600 cm™ ', see SI Figure S-3. This
shows the presence of a deprotonated carboxylic acid group
(—COO") in the silica precipitate. For comparison, the v(C=0)
asymmetric stretch for GA appears at ~1700 cm ™', see SI Figure
S-4, consistent with the presence of a protonated carboxylic acid
(—COOH) moiety.”® The pH = 7 of the dissolution experiment is
sufficiently high to cause deprotonation of the —COOH group.26
Similar observations can be put forth for the SSD silica particles
exposed to GA, under the same conditions (Figure 11, two lower
images). Again, the silica particles exhibit severe aggregation and
form continuous films (lower left image), although the films appear
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Figure 7. UV—vis spectra of DOPA in different pH regions of interest.
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Figure 8. Dissolution of silica (%) in the presence of various levels of
dopamine (DOPA, pH 10, upper), and gallic acid (GA, pH 7, middle;
pH 9, lower).
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Figure 9. SEM images of neat silica particles (before dissolution) from
Aerosil 200 (two upper images) and synthetic SSD silica (two lower images).

Figure 10. SEM images of silica particles after dissolution at pH 7 for
24 h from Aerosil 200 (two upper images) and synthetic SSD silica
(two lower images), in the absence of any additives.

“rougher” than those for Aerosil 200 silica. Under higher magpnifica-
tion (lower right image) the tendency for aggregation is further
revealed. It is worth noting that, upon closer examination of the
aggregated particles, it becomes apparent that they are composed of
even much smaller elementary particles of subnanometer size.

Short Literature Review on Silica Dissolution by Catecho-
late-Type Dissolvers. Silica dissolution in natural and artificial
environments has been reviewed recently.”” The interactions
between complexing agents and metal oxide surfaces are well
established.”® Herein we present some relevant results pertaining
to catecholate-type molecules taken from the literature.

Recently, Rao et al. studied a plethora of biocompatible
molecules, such as imidazole, histidine, lysine, glutamic acid,
glycine, glutamine, 1-N-hydroxyimidazole-3-N-oxide, 3,4-dihy-
droxy phenylalanine, and myo-inositol, in silica dissolution and
subsequent silicic acid stabilization.”* They found that histidine
and alanine were effective silica dissolvers, among others. Their
research was inspired by the discovery that replacement of Lsil
gene (responsible for silicon uptake in the plant) in rice has
resulted in vastly reduced silicon intake, high susceptibility of the
leaves to pests, infection of the panicle, and reduction of the
yields of crops by 90%.*

Figure 11. SEM images of silica particles after dissolution in the
presence of 2000 ppm gallic acid at pH 7 for 24 h from Aerosil 200
(two upper images) and synthetic SSD silica (two lower images).

Formation of chelate rings with Si

HO. O

e
W

Formation of chelate rings with Si

HO. (o]

Figure 12. Schematic representation of the stable chelating rings that
form in the case of GA.

Bai et al. were able to detect a complex with hexacoordinate
silicon containing catechol. The identification was done by
NMR. This complex is produced by the direct reaction of
amorphous silica with catechol.’" Although such complexes have
been reported to be stable in the pH region from 6 to 10, their
partial rehydrolysis to free silicic acid may be possible. One can
then envision its reincorporation into the undissolved amor-
phous silica matrix. Perhaps this is happening in the case of
DHBA (bottom bar graph in Figure 2), where a slight reduction
of molybdate-reactive silicic acid is noted.

The adsorption isotherms of catechol (1,2-dihydroxybenzene)
and gallic acid onto titanium dioxide (Degussa P-25) were
measured at various pH values and room temperature using
attenuated total reflection Fourier transform infrared (FTIR-
ATR) data.*® The authors found out that the affinity of these
molecules for the TiO, surface is largely pH independent,
although the deprotonation of the carboxylic group in gallic acid
might produce a slight increase in the affinity.
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Il CONCLUSIONS/OUTLOOK

Our research efforts in controlling silica deposits are dual.
They involve use of chemical additives to inhibit silica formation,
thus stabilizing mono- or disilicic acid.** The alternative ap-
proach is the use of chemical additives to dissolve/remove silica
deposits.”'® In this paper, we presented silica dissolution results
with several “green” additives and natural products, such as
ascorbic acid (vitamin C, ASC), citric acid (CITR), carboxy-
methyl inulin (CMI), 3,4-dihydroxybenzoic acid (catechuic acid,
DHBA), 3,4,5-trihydroxybenzoic acid (gallic acid, GA), dopa-
mine hydrochloride (DOPA), iminodiacetic acid (IDA), histi-
dine (HIST), phenylalanine (PHALA), and malic acid (MAL). It
was found that all studied molecules showed variable dissolution
efficiency, with MAL, CMI, HIST, and PHALA being the
slowest/least effective dissolvers, and the catechol-containing
DHBA, GA, and DOPA being the most effective ones. IDA and
CITR had intermediate efficiency.

The silica dissolution efficiency of additives bearing the
catechol functionality can be rationalized by the stable chelating
rings that form with the silicon atom, see Figure 12.

Such species have been described in the literature.”® > It is
conceivable that the initial stage of silica dissolution is surface
complexation of catechol-bearing additives (DOPA, GA, DHBA)
with silanol groups. Such an interaction weakens the attachment
of surface silicon atoms to the silica particle, thus rendering its
detacl;glegrzlt (by the action of additional additive molecules) more
facile.”™™
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