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Mechanism of corrosion of hardened paste of geopolymer cements at relatively high concentrations of sulfuric acid (pH=1)
consists of two subsequent steps. The first step starts by an ion exchange reaction between the charge compensating cations
of the framework, i.e. sodium and calcium, and H' or H;O" ions from the solution along with an electrophilic attack by acid
protons on polymeric Si—-O-Al bonds. The electrophilic attack of acid protons results in the ejection of tetrahedral aluminum
from the aluminosilicate framework. In the second step, the exchanged calcium ions diffusing toward the acid solution react
with counter-diffusing sulfate anions resulting in the formation and deposition of gypsum crystals inside corroding layer.
Deposition of gypsum crystals inside corroding matrix provides a protective effect inhibiting the total process of deteriora-

tion.

INTRODUCTION

The deteriorating effect of acid media on cement-
based constructions has become a worrying problem all
over the world. These media generally occur as solu-
tions in various branches of industry, acid rains and
mists, and acid ground-waters. A very popular form of
acid attack on concrete that is usually referred to as bio-
genic sulfuric acid attack also occurs in both industrial
and urban sewer systems.

The extent of attack depends not only on the type
and concentration of the attacking acid, but also on the
properties of the concrete including the type of cement
used. Hardened paste of Portland cement that is a high-
ly alkaline material with pH above 12.5 is severely
attacked by acid media. The authors thoroughly dis-
cussed and reviewed the phenomenon of acid corrosion
of hydrated cement-based materials and the literature
published during the last two decades [1,2].

The emergence of new cementitious materials, i.e.
geopolymer cements or chemically bonded ceramics,
during the past decades necessitates detailed experi-
mental work and research activities to investigate their
durability in aggressive acid environments. Geopolymer
cements that are inorganic or mineral polymers based
on alumina and silica can be regarded as amorphous

analogues of natural zeolites resulting from geosynthsis.
Based on such a similarity, Joseph Davidovits [3] estab-
lishing a new terminology for properly classifying min-
eral polymers, created and applied the term "geopoly-
mer". The nature and engineering properties of these
materials have been discussed in a number of papers [4-
14]. Some of the authors [7,8,9,10,12] claimed a com-
paratively higher acid resistance for geopolymer
cements compared to ordinary Portland cement.

Acid corrosion of hardened paste of geopolymer
cements in solutions of nitric acid was discussed in pre-
vious publications [15,16]. Experimental results
showed that mechanism of nitric acid attack on hard-
ened paste of geopolymer cements consists of a leach-
ing process in which sodium and calcium ions, charge
compensating cations of the aluminosilicate framework,
are depleted and exchanged by H' or H;O" ions from the
acid solution along with an electrophilic attack by acid
protons on polymeric Si—O—Al bonds. The electrophilic
attack of acid protons results in the ejection of tetrahe-
dral aluminium from the aluminosilicate framework.
The framework vacancies are mostly re-occupied by si-
licon atoms resulting in the formation of an imperfect
highly siliceous framework. The ejected aluminium
converted to octahedrally coordinated aluminium most-
ly accumulates in the intraframework space.
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The purpose of this work is to investigate the
response of hardened paste of geopolymer cements to
sulfuric acid attack. Sulfuric acid is a strong mineral
acid which is soluble in all proportions of water. Attack
by sulfuric acid which occurs in different forms can be
considered as the most common cause of acid corrosion
of concrete structures. The geopolymer cement used in
this work was produced according to the work of Skvara
and Bohunék [11]. They reported that alkali activation
brought about by the effect of NaOH and Na,SiO; solu-
tions is capable of increasing significantly the reactivi-
ty of substances with latent hydraulic properties such as
fly ash or mixtures of fly ash and blast furnace slag. The
authors claimed that optimum properties could be
achieved with ash-slag mixtures over the composition
range of 50-70 wt.% fly ash and 50-30 wt.% slag,
activated with alkali activator having a silica modulus
(Ms = Si0,/Na,0) of 0.6, and containing 7 wt.% Na,O.

EXPERIMENTAL

Materials

Materials used for this study include: fly ash from
Chvaletice power plant and granulated blast furnace
slag from Vitkovitce steel plant (both plants in Czech
Republic). These materials were firstly ground in a
vibration mill for time periods of 20 and 45 minutes,
respectively, to attain higher specific surface areas. The
blast furnace slag was ground in the presence of 0.05%
(by weight of slag) of a liquid grinding aid (ALSON
TEA, Chemotex Company, Czech Republic). The
attained specific surface areas were 650 and 420 m*/kg,
respectively, for fly ash and blast furnace slag. Chemi-
cal compositions of these materials are listed in table 1.
Solutions of sulfuric acid at pH values of 1, 2, and 3
were also used.

Specimens Preparation

The ground fly ash and ground granulated blast fur-
nace slag were mixed in equal proportions. The
Si0,/Na,O ratio (silica modulus, Ms) of the alkali-acti-
vator was adjusted to 0.6 by adding enough NaOH to
water glass which itself had a modulus of 1.68. The con-
centration of the alkali-activator was so adjusted that

the total Na,O content of the binder amounted to 7 % of
the binder weight. Enough water was added to the alka-
li-activator for preparing a paste with a water/binder
ratio of 0.30 that had an acceptable workability. The
prepared alkali-activator was then added to the dry mix-
ture, and after mixing for a few minutes, the paste was
formed into specimens of 20x20x20 mm in size. The
curing procedure used was 24 hrs in moulds at 95% rel-
ative humidity at 20°C, then demoulding and heating up
to 60°C during 1 hour (20°C/0.5 hr) followed by heat-
ing to 80°C during 2 hours (10°C/hr) in a steam saturat-
ed atmosphere. The specimens were then held at the
final temperature for an additional 4 hours. After that
the specimens were stored dry at 20°C at 40-50% rela-
tive humidity.

Test Procedure

At the age of 28 days, the specimens were
immersed in three different solutions of sulfuric acid at
pH values of 1+0.01, 2+0.03, and 340.05. All the solu-
tions were prepared by adding concentrated acid to tap
water. The pH levels of the solutions were monitored
daily with a portable pH-meter of the type WTW pH
597, and concentrated acids were added to maintain the
pH values at the stated tolerances. During pH monitor-
ing, an electrical mixer was used for mixing each of the
solutions thoroughly. All solutions were renewed
monthly and the temperature of the solutions was kept
constantly at 20°C.

XRD (Seifert XRD 3000P), EPMA (JEOL Super-
probe 733), and SEM (JEOL) were the principal labora-
tory techniques used to study the corroded specimens.
For studies with EPMA and SEM, a number of corrod-
ed specimens were cut into halves to expose the total
internal surface including the cross section of the cor-
roded layer. The suitable halves were then impregnated
with an epoxy resin, polished, and coated with carbon.
The electron probe measurements were performed not
only on selected points, but also along imaginary lines
extending from the corroded sections through corrosion
zone and towards the internal unaffected parts of the
specimens. This paper deals with corrosion process of
hardened paste of geopolymer cements at relatively
high concentrations (pH = 1) of sulfuric acid. The next
part of this paper is devoted to the study of the corrosion
mechanism at medium and relatively low concentra-
tions (pH = 2 and 3) of sulfuric acid.

Table 1. Chemical composition of Chvaletice fly ash and Vitkovitce slag (wt.%).

SIOQ A1203 FCQO3 CaO MgO SO3 Kzo Nazo T102 L.O.L
Ash 52.40 26.70 8.60 3.10 1.16 0.87 1.64 0.37 2.08 1.71
Slag 43.25 7.51 0.50 41.47 4.36 0.82 0.63 - - -
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RESULTS AND DISCUSSION

Examinations were made by X-ray diffractometry
to identify the hydration products of the material. The
results of diffractometry, figure 1, show that the hydra-
tion products are of a prevailingly X-ray amorphous
character. The X-ray diffractogram of the material,
showing characteristic lines of Quartz and Mullite, is
very similar to that of fly ash used. The only different
part of which is a broad diffuse halo at d = 0.304 nm,
obviously corresponding to C—S—H phase that occurs in
systems with a high content of slag. Since geopolymer
cements of practical interest are usually non-crystalline,
their structure can not be investigated from their X-ray
diffractograms alone. Nuclear Magnetic Resonance
(MAS NMR) and Infrared (FTIR) spectroscopy tech-
niques provide some insight into their molecular frame-
work. The results obtained from MAS NMR and FTIR
spectroscopy studies [3,4,5,6,13,16] confirm the pres-
ence of three dimensional aluminosilicate frameworks
with polymeric Si—O—Al bonds.

Visual Observations

In the case of ordinary Portland cement, sulfuric
acid attack manifests itself by deposition of a white
layer of gypsum crystals on the acid-exposed surface of
the specimen. In the case of geopolymer cement tested,
unlike Portland cement, no gypsum deposition can be
detected visually. During the course of corrosion, the
changes in the appearance of the specimens were moni-
tored visually. The obtained observations are as follows:
No recognizable change in colour; significant expan-
sion; no visually observable crack; a very hard and dif-
ficult to remove corroded layer.
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Figure 1. X-ray diffraction patterns of fly ash (a), blast-fur-
nace slag (b), and geopolymer cement (c¢). Q - Quartz, M - Mul-
lite, C - Ca(OH),

Attack at pH 1

Examinations made by SEM and EDAX (using
ZAF correction) confirmed the presence of gypsum
crystals in the corroding layers developed after 60 days
of exposure to pH 1 sulfuric acid. Typical 4000x mag-
nified SEM images of the corroded microstructure
along with deposited gypsum crystals at regions very
close to the acid-exposed surface and somewhere close
to the unaffected section of a corroded specimen are
shown in figures 2 and 3, respectively. Figure 4 shows

Figure 2. Gypsum crystals deposited at a region very close to
the acid-exposed surface of the paste specimen after 60 days of
exposure to pH 1 sulfuric acid. EDAX analysis for the point
shown by arrow (wt.%): SO; - 56.02 , CaO - 34.03, SiO, - 8.53.
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Figure 3. Gypsum crystals deposited in the corroded layer
somewhere close to the unaffected section of the paste speci-
men after 60 days of exposure to pH 1 sulfuric acid. EDAX
analysis for the point shown by arrow (wt.%): SO; - 56.02, CaO
- 34.03, SiO;, - 8.53.
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concentration profiles of a typical X-ray line analysis
along an imaginary line extending from somewhere in
the corroded layer on the left side through corrosion
zone and toward the unaffected section on the right side.
The total length of line at a magnification of 40x is
2.910 mm. As seen in sulfur profile, the sulfur content
of the corroded section of the specimen has significant-
ly and sharply increased. Comparing the profiles of sul-
fur and calcium, it is seen that, in the corroded section,
these two profiles exactly coincide with each other, con-
firming that all the sulfur and calcium in the corroded
layer are present in the form of gypsum.

Comparing the profiles of sodium and sulfur, it is
seen that, sodium has been leached to a somewhat high-
er depth than gypsum deposition. The calcium profile
also shows depletion in a very thin sub-layer between
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Figure 4. X-ray line analysis (EDS) of the paste specimen after
60 days of exposure to pH 1 sulfuric acid (magnification = 40x).

the two sections of the specimen. These observations
implies that calcium is first depleted by an ion exchange
reaction with the H" or H;O" ions, and thereafter when
diffusing toward the acid solution, by a reaction in
which sulfate anion diffusing from the acid solution,
results in the deposition of gypsum crystals in the cor-
roding layer.

Another important point is that gypsum has not
deposited uniformly in the corroded layer. As seen in
the profiles of sulfur and calcium, gypsum has deposit-
ed in a number of separate thin sub-layers mostly paral-
lel to the acid-exposed surface of the specimen. Now
considering the profiles of aluminium and silicon and
comparing them to those of sulfur and calcium, it is
seen that, the relatively uniform matrix of the specimen
has been disintegrated into small parts and layers sepa-
rated by gypsum sub-layers. This means that in the
process of sulfuric acid attack deposition of gypsum
crystals inside pores, air voids, and probably shrinkage
micro-cracks resulting from the leaching of sodium and
calcium tends to cause internal stresses that ultimately
lead to expansion and cracking of the corroding layer.
Figure 5 shows a 60x magnified SEM image of the
internal section of a corroded layer developed after 60
days of exposure to pH 1 sulfuric acid. The disintegrat-
ed corroded matrix along with a large number of expan-
sion cracks filled with gypsum crystals (white in colour)
are clearly visible.

It should be considered that gypsum deposition is
not extensive enough to cause the spalling of the cor-
roding sections. A 90-day period of acid attack at pH 1
results in an expansion of approximately 7%. The cor-
roded layer as mentioned in the visual observations
seems as a uniform layer that is very hard and difficult
to destroy and remove. The presence of such a corroded
layer provides a protective effect that can effectively
inhibit the process of acid attack.
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Figure 5. Corroded layer of the paste specimen developed after
60 days of exposure to pH 1 sulfuric acid.
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Sulfuric acid attack on hardened paste of geopolymer cements - Part 1. Mechanism of corrosion at relatively high concentrations

CONCLUSION

1. Mechanism of corrosion of hardened paste of
geopolymer cements at relatively high concentrations
of sulfuric acid (pH 1) consists of two subsequent
steps. The first step resembling the mechanism of
nitric acid attack, discussed in previous publications
[15,16], starts by an ion exchange reaction between
the charge compensating cations of the framework,
i.e. sodium and calcium, and H* or H;O" ions from the
solution along with an electrophilic attack by acid
protons on polymeric Si—-O—Al bonds. The elec-
trophilic attack of acid protons results in the ejection
of tetrahedral aluminium from the aluminosilicate
framework. In the second step, the exchanged calci-
um ions diffusing toward the acid solution react with
the counter-diffusing sulfate anions resulting in the
formation and deposition of gypsum crystals inside
corroding layer.

2. Deposition of gypsum crystals inside corroding
matrix (at pH 1) provides a protective effect inhibit-
ing the total process of deterioration.
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KOROZE ZTUHLE PASTY GEOPOLYMERNIHO
CEMENTU KYSELINOU SIROVOU
CAST 1. KOROZNI MECHANISMUS
PRI VYSSICH KONCENTRACICH

ALI ALLAHVERDI, FRANTISEK SKVARA*

College of Chemical Engineering,
Iran University of Science and Technology
Narmak 16846, Tehran, Iran
*Ustav skla a keramiky,
VWsoka skola chemickotechnologicka v Praze
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Mechanismus koroze ztuhlé pasty geopolymerniho
cementu pii vysSich koncentracich kyseliny sirové (pH kolem
1) se sklada ze dvou postupnych krokd. Prvni krok je zahajovan
iontovou vyménou mezi strukturnimi kationty kompenzujicimi
naboj, tj. sodikem a vapnikem, a ionty H' nebo H;O" z roztoku
soubézné s elektrofilnim atakem polymernich vazeb Si—-O-Al
kyselym protonem. Elektrofilni atak kyselymi protony zpu-
sobuje uvolnéni tetraedralnich iontd Al z alumosilikatové
miizky. Ve druhém kroku difunduji uvolnéné vapenaté ionty do
kyselého roztoku a tam reaguji se siranovymi ionty difundu-
jicimi opaénym smérem za vzniku krystali sddrovce v korozni
vrstvé. Srazeni sadrovcovych krystald v korodujici matrici
brzdi dalsi proces celkového poskozeni.
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