ISSN 1330-3651 (Print), ISSN 1848-6339 (Online) https://doi.org/10.17559/TV-20230628000771

Original scientific paper

Experimental Study of the Product Layer Effect in the Process of Mortar under Corrosion
in Sulfuric Acid

Weihang ZHANG, Zhigang SONG*

Abstract: A product layer will grow on the surface of cement mortar when the sulfuric acid attacks the former, which created the blocking effect to the corrosion process and
damps the reaction rate. To investigate the surface coating effect, long time immersion tests in sulfuric acid were conducted on two batches of cement mortar specimens.
For comparison, product layer removal and acid replacement were conducted regularly on one batch, while the other batch remained unchanged during the whole process.
The apparent diffusion coefficients of mortar at different immersion time were calculated by the model of dissolution reaction and experiment datum. The changing of the
apparent diffusion coefficients in different batch and at different immersion time was obtained. Scanning electron microscopy and X-ray diffraction were used for analysis of
the morphology and phase composition of the product layer. The results indicate that the surface coating effect exists no matter the immersion acid was replaced or not.
However, by replacing the immersion acid and removing the product layer, the influence of the blocking effect is reduced and the corrosion rate is increased. The apparent
diffusion coefficients observed in both batches will decrease according to the power law of immersion time.
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1 INTRODUCTION In order to study the influence of surface coating effect

In the last two decades, there were lots of field
observations on the degradation of concrete or mortar by
sulfuric acid from variety service environments such as
acid rain, industrial process and sewage system [1-4]. It is
generally believed that the reaction between sulfuric acid
and calcium hydroxide in cement stone produces calcium
sulfate, which is poorly water-soluble [5-9]. When it
reaches a certain concentration, it precipitates as a solid on
the surface of the reactant. During hydrometallurgy the
solid product layer covering the reactant surface is called
the product layer, and the effect of the product layer
slowing down the chemical reaction is called the surface
coating effect [10-12]. Study by Israel et al. [13] showed
that when concrete is attacked by sulfuric acid, an adherent
layer is produced on the surface of the corrosion layer,
while nitric acid and hydrochloric acid do not produce such
adherent layer. Monteny et al. [14] propose that a barrier
layer is formed during the corrosion of concrete by sulfuric
acid, which blocks the reaction between the two. Gutberlet
et al. [15] however propose that the main component of
sulfate-eroded concrete surfacing layer is calcium sulfate
and ettringite, which will lead to concrete cracking due to
swelling, thus aggravating the corrosion of concrete by
sulfuric acid. From long period of immersion test of
concrete in sulfuric acid, Xie et al. [16] observed that the
solution rate decreases first before increasing and finally
becoming steady, and suggested that the formation of the
product layer is the result of the generating-solving
competition mechanism. Min et al.[17] by long-term
immersion test obtained the reaction rate curve of
sulfuric acid attaching concrete and found it has a
sudden decline in the late period of reaction, and the
curve showed an obvious "trailing" phenomenon, and
proposes that such phenomenon is related to coating of
concrete surface by the calcium sulfate generated
during the corrosion process. Feng et al. [18] analyzed
the product layer of concrete corroded by sulfuric acid and
found its main component is sulfuric calcium and no trace
of ettringite was found.

on the corrosion of cement mortar by sulfuric acid and the
composition of such product layer, we conducted a long
time immersion test on two batches of cement mortar
specimens in sulfuric acid. For one batch of specimens, the
corrosion product layers were removed and the immersion
liquid replaced periodically to eliminate the blocking effect
of product layer on the corrosion process. The total amount
of sulfuric acid consumed by the two patches of specimens
was recorded and the theoretical consumption of acid was
also obtained using the corrosion-dissolution process
model proposed by Song et al. [19] while assuming the
diffusion coefficient as a constant. The theoretical
prediction was compared with the actual consumption of
acid from experiments. The possibility of calcium sulfate
precipitation was also analyzed, and scanning electron
microscopy and X-ray diffraction were used for analysis of
the morphology and phase composition of the product
layer.

2 MATERIALS AND METHODS
2.1 Materials

The cement used in the test is PO 42.5 ordinary
Portland cement (C). The sand is selected as special sand
for perfusion procedure. The particle size of the sand
ranges between 0.25 and 0.65 mm. The SiO; content is
larger than 96% and mud content (including soluble salts)
less than 0.20%; loss on ignition is less than 0.40%. The
sulfuric acid is bought from in Shanghai Sulfuric Acid
Factory (mass fraction > 98%, density 1.84 g/cm’,
analytical grade).

2.2 Methods

In accordance with GBT 17671-1999 "cement mortar
strength test method (ISO method)", 60 specimens of
cement mortar (size: 16 cm x 4 cm x 4 cm) were made and
divided into 10 groups, with 6 specimens in each group.
After the vibration-molding procedure, they were put in a
standard curing box (constant temperature of 20 °C,
relative humidity of 95%) for 24 h. The corrosive liquid is
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diluted sulfuric acid with pH of 4.0, the experimental setup
is shown in Fig. 1, and the procedure is listed in Tab. 1.
After demolding, the specimens were again cured for
28 days in saturated sodium hydroxide solution. The
interior of the room was allowed to dry naturally for 7 days
after the curing. The floating paste attached to the surface
of the specimens was removed with a metal brush. A total
of 4 surfaces of the specimens (upper, lower and both ends)
were sealed with liquid paraffin. After the immersion
starts, the pH of the acid solution was monitored using a
pHB-1 pH meter (accuracy of 0.01), and the titration was
proceeded using 0.125 mol/L of dilute sulfuric acid to
maintain the pH value of the immersion acid solution. The
cumulative amount of sulfuric acid was obtained by
summing up the separate consumption of diluted sulfuric
acid M(¢) in each test.

In order to test the influence of product layer on the
consumption of acid, the 6 ~ 10 groups of specimens were
removed from the acid solution. The attached layer was
removed using the fine iron brush before they were put
back to the immersion liquid again. For comparison, the
1 ~ 5 groups of the specimens did not go through the above
procedure.

After 90 days, the mortar specimens were taken out
and the different groups were respectively specimen for
microscopic analysis. The FEI Quanta 200 FEG scanning
electron microscope was used to observe the
microstructure of the specimens under high vacuum mode
after sulfuric acid corrosion. The phase composition of the
corrosion layer of the specimen after etching with sulfuric
acid was analyzed by TTR III X-ray diffractometer (Cu Ka,
operating voltage 45 kV, operating current 200 mA). The
measurement mode was continuous scanning at the
scanning rate of 8 °/min.

Group 6 S Group 7
W/C=0.50 W/C=0.55
Immersion method: B immersion method: B

immersion method: B

Immersion method: A1

. » w
(b) Immersion and measure method
Figure 1 Test arrangement

Table 1 Mixture proportion and pH value of solution

Mix proportion Speci
pecimen .
Grou by mass) H | number of each Immersion
P P method
S C W group
1 3 1 0.50 4.0 6 A
2 3 1 0.55 4.0 6 A
3 3 1 0.60 4.0 6 A
4 3 1 0.65 4.0 6 A
5 3 1 0.70 4.0 6 A
6 3 1 0.50 4.0 6 B
7 3 1 0.55 4.0 6 B
8 3 1 0.60 4.0 6 B
9 3 1 0.65 4.0 6 B
10 3 1 0.70 4.0 6 B

Immersion method: A. Immersion, surface cleaning and solution replacement.
B. Immersion without cleaning.

3 RESULTS AND DISCUSSION
3.1 Total Acid Consumption

The cumulative consumption of sulfuric acid by each
group of specimens was collected at the end of the test and
the results were summarized in Fig. 2.

It can be seen from Fig. 2 that the two batches of
specimens consumed approximately same amount of acid
at around 500 h of immersion. However, the consumption
of acid by specimen groups of 1 ~ 5 became significantly
larger than sets of 6 ~ 10 after 500 h.
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Figure 2 Actual and theoretical acid consumption of the specimen

Before the reaction proceeds to 500 h, the sulfuric
attacks the cement mortar at a fast rate. At this time, the
influence of the formation of corrosion layer on the
corrosion rate is negligible. The corrosion rate mainly
depends on the dissolution rate of calcium hydroxide in the
mortar [20]. Therefore, neither the removal of the attaching
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layer from the surface of the specimen nor the replacement
of the soaking liquid have any effect on the corrosion rate,
the total amount of acid consumed by the two batches of
specimens before 500 h was similar. After 500 h, the
corrosion products gradually adhered to the surface of
mortar to form an adherent layer. It not only reduces the
solution rate of calcium hydroxide in the mortar but also
hinders the attacking speed of sulfuric acid on the mortar
[21]. Therefore, the performance of 500 h, the group 6 ~ 10
specimen acid consumption was significantly lower than
the group 1 ~ 5.

3.2 Dissolution Reaction of Sulfuric Acid Attacking Mortar

The corrosion process of cement mortar by the sulfuric
acid is described by Song et al. [22] as:

2
6COH_ (x, 1) b 0 COH_ (x, 1) ~

ot oH o> (1)
—kC_(x,NC_, (x,1)

where x is the distance from a point in the reaction
boundary layer to the unreacted surface in m; ¢ is the
reaction time in s; Cou- (x, #) and Cy* (x, £) are the
concentrations of H* and OH™ in mol/L; k is the reaction
constant in mol™!/s. Don- is the diffusion coefficient of
OH ™ in m?/s.

M(#), the total consumption of H* during the time of ¢,
is expressed as:

1+4/1- —bt
M(t):gln w )
b | 1—/l—exp(-bt)
where a=SC__ 2D _kPC ., , b=6kPC ,
OH™.S OH H'.S H'S

COH* is the concentration of H' in over-saturated
.S

Ca(OH), solution , and CH . 1s the concentration in
.S

solution of H,SO4 in mol/L. S is the corrosion surface area
in m?. And Dogn-, the diffusion coefficient is:

3a®

OH™. - szCéH— S

€)

Since the diffusion coefficient Dop- changes
constantly during the corrosion process and cannot be
measured directly, it can only be obtained by fitting the
experimental data. Therefore, the Doy value obtained by
fitting the test piece data is not an instantaneous diffusion
coefficient, but an average diffusion coefficient within the
testing time, and is therefore called an apparent diffusion
coefficient.

It can be seen from Fig. 2 that the total amount of acid
consumed by the two batches of specimens is similar
before the reaction reaches 500 h. So we assume that
during the initial stage of the reaction the corrosion
products have not yet accumulated, the blocking effect of
the attached layer on the corrosion is negligible and the
diffusion coefficient Dop- 1S a constant. And the Doy-

value by fitting the experimental data can be regarded as
the actual diffusion coefficient when the surface coating
effect is not pronounced.

By fitting the experimental data of the first 500 h with
Eq. (2), the value of a, b and the corresponding fitting
parameters were obtained and listed in Tab. 2, the fitting
curve is shown in Fig. 2. M(t) in Tab. 2 indicates the
theoretical value of total amount of acid consumed by the
cement mortar.

Table 2 Regression results of experiment results according to Eq. (2)

Group a/ml/h bx10*/h! Correlation coefficient
1 1.2796 0.0311 0.9914
2 0.8841 0.1236 0.9873
3 0.8585 0.1004 0.9759
4 0.9351 0.1132 0.9908
5 09112 0.1236 0.9914

It is seen from Fig. 2 that as the reaction proceeds, the
total acid consumption curve of 6 ~ 10 groups of mortar
specimens significantly slowed down and gradually
stabilized, the cumulative acid consumption curve is
located at the bottom and the total consumption of acid is
the smallest. The total acid consumption of the groups
1 ~ 5 was higher than that from groups 6 ~ 10, the
accumulated acid consumption curve was in the middle,
and the total acid consumption was less than the theoretical
prediction.

After long-term static immersion test, more and more
corrosion products attach to the surface of 6 ~ 10 groups of
the cement mortar specimens, forming an interface layer
that hinders the reaction and leads to the gradual reduction
of sulfuric acid consumption. The consumption of sulfuric
acid by the 1 ~ 5 groups of mortar specimens was
significantly higher than that of the 6 ~ 10 groups of
specimens after regular removal of the product layer and
the replacement of immersion. This is because after the
attaching layer is removed from the specimen fresh mortar
surface is exposed to the replaced acid solution, and the
surface coating effect is reduced. However, the acid
consumption of 1 ~ 5 groups of specimens was lower than
the theoretical prediction, while the latter does not consider
the surface coating effect. This may be caused by two
factors: a) The corrosion reaction continues while the
immersion acid is being replaced, so the reaction products
continue to attach to the surface of the specimens,
hindering the corrosion of mortar by sulfuric acid; b) There
is no guarantee that a thin brush can completely remove the
attached layers from the mortar.

3.3 The Time-Dependent Conversion Factor Rt)

After collecting the testing result, we obtained the
change of the apparent diffusion coefficient with time by
analyzing the cumulative acid consumption at different
immersion time. From Eq. (2) and Eq. (3), we see that the
variation of Dog- with time will only cause a change in a.
Therefore, the time-dependent conversion factor R(f) can
be used to describe the change of the apparent diffusion
coefficient as:

Doy _ a’ (1)
D, () ()

R(t) = 4)
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where a(f), Dou(?), a(to), Dou-(t) are the
corresponding values of a and Doy at the immersion time
of ¢ and #, respectively.

In order to grasp the changing rule of R(¢) with time,
Eq. (5) was used to calculate R(?) at different time based on
the experimental value of M(f) and the results were shown
in Fig. 3. The regression results show that R(f) from all

specimen groups is Power function of the immersion time
t.

R(t) = A(t—1,)" (%)

where £, = 500 h is the experimental reference time, 4 and
B are the regression constants, as shown in Tab. 3.

1.04 = Group1
¢ Group 2 1.04 = Group 6
4 Group3 ® Group7
v Group 4 Group 8
Group 5 0.9 v Group9
0.9 —— fitting curve "~ Group 10
. = — fitting curve
S =
™ 0.8
0.84
0.7
0.7 T T y T y T — 06 : , . . : : -
500 750 1000 1250 1500 1750 2000 2250 500 750 1000 1250 1500 1750 2000 2250
t/(h) 1/(h)
Figure 3 Converted coefficients of the apparent diffusion coefficients
Table 3 Fitting results
Group 1 2 3 4 5 6 7 8 9 10
A 2.21 2.01 2.02 2.04 2.10 1.62 1.52 1.54 1.59 1.58
B —0.16 —0.13 —0.14 —0.15 —0.15 —-0.10 —0.08 —-0.09 —0.09 —0.09
R 0.963 0.972 0.951 0.965 0.958 0.974 0.967 0.961 0.965 0.957

As can be seen from Tab. 3, if the product layer is
removed and the immersion liquid replaced (groups 1 ~ 5),
A varies from 2.01 to 2.21 with the water-cement ratio in
the mortar, while B varies between 0.13 ~ —0.16; when the
product layer is not removed and the immersion liquid not
replaced (groups 6 ~ 10), A varies between 1.52 ~ 1.62
with the water-cement ratio, and B varies between
-0.08 ~-0.10.

3.4 Analysis on the Precipitation of Calcium Sulfate
Previous studies indicate that the following reaction

happens during the corrosion of cement mortar by sulfuric
acid [23-26]:

Ca(OH), + H2804— CaS042H,0 (6)
Ca0.Si0,.2H,0 +H,S04—CaS04+H,SiO4+ H,0 (7)
3Ca0.Al,04.6H,0 + 3H,S0, — 3CaSO,+

+2 Al(OH), + 6 H,0 ®)
2A1(OH)3+3H2804— Aly(SO4)s + 6H0 )

The products from the above reactions include
CaS04-2H,0 (slightly soluble), H4sSiO4 (non-soluble) and
Al>(SO4)3 (soluble), the unstable H4sSiO4 will decompose
into SiO, and H,O. Therefore, the remainning products
which are capable of attaching to the mortar surface are
CaS042H,O and SiO,. since CaSO42H,O is poorly
soluble; whether it can be precipitated needs to be judged
by its solubility in dilute sulfuric acid solution.

At 20 °C, the solubility of CaSO4:2H>0 in the solution
with pH 4 (0.05 mmol/L sulfuric acid) is 0.0152 mol/L

[17], and the total immersion liquid is 20 L. Because the
ratio of H,SO4 to CaSO4-2H,0 is 1:1, so we need a total
mount of 2432 mL diluted sulfuric acid (0.125 mol/L) for
the complete precipitation of CaSO4-2H,0.

As can be seen from Fig. 1, at the end of the
experiment, none of the dilute sulfuric acid added in each
group reached 2432 mlL, that is, the concentrations of
CaS04:2H,0 produced in each group did not reach the
theoretical value and were all dissolved in the immersion
liquid. Therefore, it can be inferred that the composition of
the product layer of the specimen tested does not contain
CaS04-2H20.

3.5 SEM and XRD Analysis

In order to obtain the phase and composition
information of the eroded surface of the tested specimen,
the composition of the coating was analyzed by SEM and
XRD. Fig. 2 and Fig. 3 respectively show the microscopic
topography of the corrosion surface and the phase spectrum
of the corrosion layer in the first group and the sixth group.

As can be seen from Fig. 4a and Fig. 5a, no acicular or
prismatic crystals were found on the eroded surfaces of the
two batches of mortar specimens, suggesting no formation
of gypsum (CaSO4-2H,0 and ettringite).

Further XRD analysis was performed on the phase
composition of the eroded surface of the specimen. It can
be seen from Fig. 4b and Fig. 5b that the XRD spectra of
the corrosion layer of two batches of specimens were all
Si0,, and the diffraction peaks of CaSO4-2H,O and AFt
were not found. This is due to the continuous dissolution
of cement stone during the corrosion process, which lead
to increased concentration of SiO,. Since SiO, does not
react with diluted sulfuric acid solution, more and more
Si0O, attaches to the surface of cement mortar specimens
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and hinders the reaction. Therefore, in the absence of

precipated CaSO4:2H,O, the main component of the
product layer is SiO,.

x2,000 ] 10pum
(b) Group 6
Figure 4 SEM photographs of group 1 and group 6
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Figure 5 XRD patterns of original and vitriol corrosion group 1 and group 6

4 CONCLUSION

In this paper, the effect of the product layer produced
by sulfuric acid corrosion of cement mortar and the specific
composition of the product layer were studied. The results
showed that:

(1) The corrosion rate reduces no matter the immersion
liquid is changed or not, indicating the surface coating
effect will occur under both immersion modes. By
changing the soaking solution and removing the adhesion
layer, the surface coating effect is reduced.

(2) Due to the product layer effect, when the reaction
proceeds beyond the initial stage, the apparent diffusion
coefficient decreases with immersion time in form of a
power function of the latter.

(3) The precipitation analysis of the corrosion product
shows that calcium sulfate does not precipitate within
2300h. The analysis of the corrosion surface by SEM and
XRD indicates that the main component of the product
layer is not calcium sulfate but silicon. Therefore, it can be
inferred that the CaSO4:2H,0 generated during the early
stages of reaction is not enough to form an adhesion layer
and the main component of the adhesion layer is SiO».
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