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Abstract Traditionally, most equipment that was used

for containing corrosive solutions and fumes for the steel

industry was fabricated from steel with a rubber-lined

interior. An additional acid-resistant brick lining was used

to protect the rubber lining and also to act as thermal

insulation. This investigation focussed on a geopolymer

material that would simultaneously solve the two issues,

recurrent acid leakage from the brick-lined structure and

minimal thermal stress during operation. The scope of this

project was limited to identify the extent of weight loss in a

strong HCl acidic environment for a standard geopolymeric

composite at 90 �C. Accelerated tests on geopolymer

samples were conducted over 110 days and the weight loss

results were extrapolated over a time period of 300 days.

Visual inspection showed that OPC had a reduced diameter

after 40 days of acid exposure, and therefore, the overall

acid penetration for OPC was significantly higher than

GPC. The mechanism of weight loss or material degrada-

tion was not the key aim in this investigation, rather we

aimed to obtain a new composition to withstand highly

acidic condition (which are not encountered with ordinary

Portland cement (OPC) concrete, e.g. in sewage condi-

tions). The average weight loss of a theoretical slab of

geopolymer sample in accelerated test conditions (90 �C

and 22% HCl) is found to be 1.8 wt% in 60 days for single-

face exposure and the average thickness loss predicted for a

40 mm thick slab is about 3.5% after 300 days of exposure

in operating conditions of 18% HCl and 80 �C after

reaching steady-state weight loss. This is significantly

better compared to a standard concrete and brick slab or

steel-lined rubber slab. This initial investigation indicated

that with further scientific investigation and understanding

of the material, the application could be broadened to

further minimise acid corrosion over longer time periods

(10 years).

Introduction

With a recent increase in demand throughout the world for

new and rebuilt stainless steel finishing lines, there has

been a renewed interest in improving production efficien-

cies. Steel pickling lines is an ideal area which would

hugely benefit from the contemporary growth in the plastic

equipment industry because pickling involves highly

caustic environment at high temperatures but with no

moving parts. Polymeric composites are ideal candidates

because of their chemical resistivity and economics as

plastic components have low installation and significantly

reduced maintenance cost advantages.

Some trials have replaced the complete old brick-lined

tank setup with polypropylene (PP) tanks as a solution to

recurring leakage due to latter’s chemical resistivity and

overall lower cost. However, with poor design and

increasing thermal stresses, PP tanks failed to capture any

significant market in the conservative steel industry that is

generally ignorant to the versatility of polymer properties.

Further, their conservatism stems from established beliefs

which call for a detailed functionality of any alternative

solution. An alternative solution with a plastic replacement

tank involves huge resource allocation and significant
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capital outflow. For example, decommissioning the old

brick-lined tank and its subsequent removal involves (1)

enormous down time as removal of old tanks takes about

8 days, (2) significant resource tie-up with the decommis-

sioning and (3) requiring specialised services for removal

of the tanks.

Geopolymer is a mineral polymer from the geochemis-

try process [1]. Geopolymer source materials usually con-

tain a high amount of silica and alumina with reactive

amorphous phase or fine-grained phase [2]. Source mate-

rials such as low-calcium fly ash [3–6], high-calcium fly

ash [7], metakaolin [8–10] and slag [11–13] can be used to

make geopolymer. According to Xu and van Deventer [14],

the source material for geopolymerisation can be a single

material or combination of various materials. The alkaline

chemicals used in geopolymerisation are Ca(OH)2 [15];

NaOH [16]; Na2SiO3 (sodium silicate); a combination of

NaOH and sodium silicate [17, 18]; a combination of KOH

and NaOH [19]; KOH, potassium silicate and its combi-

nation [10] and sodium carbonate [20]. The final product of

this process is a new cementitious material called amor-

phous aluminosilicate, and contains a small amount of

quartz, mullite and maghemite, in the same form in

metakaolin geopolymer [10]. A combination of alkaline

solution determines the final product and geopolymer

strength. An excellent review of the current state of art in

geopolymeric composites has been compiled recently by

Duxson et al. [21].

The structural evolution and phase stability of the

metakaolin-derived geopolymer with different alkali cation

types exposed to elevated temperatures had been compre-

hensively investigated in Peter et al.’s work by X-ray

diffraction (XRD) and infra-red spectroscopy (FTIR)

techniques. It has been shown that the phase composition

of NaK- and K-geopolymers is more complex than

Na-geopolymer and their durability in sodium and mag-

nesium solution was affected by the type of cation present

during preparation, which was ultimately attributed to the

extent of cross-linking and polymer structure porosity

available in the matrix [6, 22].

Therefore, the final strength of geopolymer can be

significantly affected by the alkaline solution concentra-

tion apart from curing method and temperature. In dry-

heat curing, the compressive strength of the geopolymeric

samples may be about 15% higher than steam curing

[23]. Kovalchuk et al. [24] stated that geopolymer paste

hardens very slowly at ambient curing; therefore, this

type of concrete is usually subjected to high-temperature

curing. It was found that high-temperature curing in the

range of 60–900 �C is necessary to complete the amor-

phous aluminosilicate process [25]. Heat will accelerate

the reaction in a geopolymer mixture. Due to the fast

reaction in high-temperature curing, a precuring or rest

period in ambient temperature is necessary to increase

the compressive strength. The recommended rest period

is at least 24 h [18] and up to 3 days [26].

Several studies have been carried out to investigate the

mechanical properties of geopolymer concrete and results

strongly indicate similar behaviour to ordinary Portland

cement (OPC) concrete [3, 4, 23–26]. On the other hand,

the interesting aspect of geopolymer is its acid resistance

in aggressive environment such as high-acid and -tem-

perature conditions. Some studies have been carried out

with fly ash geopolymeric material by Bakharev [6] and

Song et al. [27]. In the case of OPC concrete, the cal-

cium salts form rapidly because of acid attack, and then

lead to reduction in strength and mass. Low-calcium fly

ash is expected to have a high durability due to low

calcium content (3–4%). Bakharev [6] stated that geo-

polymer with sodium hydroxide as alkaline activator has

the best resistance to acid compared to geopolymer with

sodium silicate or potassium hydroxide activators. Acid

concentration also influences the deterioration degree of

geopolymer concrete. Based on SEM analysis, Song et al.

[27] found that geopolymer matrix remained identical

after immersion in sulphuric acid solution with pH as low

as 3. The gel-aggregate interface still existed and geo-

polymer gel still binds the aggregate around after sul-

phuric acid treatment.

The purpose of this study was specifically aimed at

determining the deterioration of low-calcium fly ash

geopolymeric material at high-acid and high-temperature

conditions following compositions [3, 25] and curing

history as recommended earlier [18, 22, 24] to obtain

greater compressive strength geopolymeric material. The

geopolymeric behaviour is assessed using a weight loss

method. The assumption underlying the weight loss

method is that the geopolymeric matrix reaction with the

acid environment is uniform and reaches a steady state

after a certain period of exposure, and this was corrobo-

rated by the rate of weight loss which was found to be

stable. For accurate degradation behaviour, knowledge of

individual component aging mechanisms, synergistic

effects and spatial variability of the thermo-oxidative

degradation is required; however, in the absence of

methods to predict composite matrix behaviour, weight

loss had been an accepted method to compare the thermal

oxidative stability of different materials [27], like mag-

nesium [28] and carbon/epoxy [29, 30].

In terms of material performance, we compared our

results with two types of material—PP for its high acid

resistance, but poor thermal stability, and OPC for its

compressive strength data; however, it must be pointed out

that literature has only limited data on acid resistance [27]

and no data on combined acid and temperature resistance at

very aggressive operating conditions.
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Experimental setup

The experimental setup

The experimental setup consisted of five geopolymer

samples, four OPC samples and four PP samples, all with

different weights. The concrete samples were of identical

dimensions; however, the PP samples were rectangular

samples following plastic standard testing. Samples were

prepared by premixing ingredients listed in Table 1 for 1 h

in a mixer. This mix was poured into cylindrical moulds

(dia 100 mm, height 200 mm) and the samples were cured

for 24 h at 60 �C as a standard, and a prolong curing about

3 days was further allowed at room temperature [18, 24].

An acid testing rig was designed as shown in Fig. 1. This

rig was capable of variable temperature, variable acid

concentration bath for acid testing of geopolymer samples.

In the first phase, three samples were subjected to condi-

tions of (1) 0% HCl at 95 �C, (2) 12% HCl at 45 �C and (3)

30% HCl at 25 �C. Each sample was weighed for its weight

loss (if any) after 4 days and the weight changes were

observed against one control sample of geopolymer at 0%

HCl and 25 �C (control sample). The test samples were

dipped in acid such that all surfaces were visible to the acid

attack. The objective was to assess the relative effect of the

key parameter, namely, water, heat and acid. This phase of

testing was carried out for 45 days and was then replaced

by the second state of the experiment called the ‘acceler-

ated test regime’.

The purpose of any accelerated test regime is to obtain

comparable data which predicts material behaviour over a

longer period. This accelerated regime subjects the samples

to controlled acid and temperature conditions (as the

sample would experience in real time during operation) to

gauge the behaviour and property change over a much

longer period. In the second stage three geopolymer sam-

ples were kept at 95 �C in 22% HCl solution and weight

changes was measured after every 4 days for a total period

of 60 days. Two geopolymer samples used in this second

phase were virgin samples (no prior acid contact) and a

third sample was sample (GP3) from the first phase.

Table 2 outlines the samples and their test conditions. GP1

and GP4 are repeats to access experimental errors due to

sample preparation. The overall aim of the second phase

was to assess how the weight change varies with change in

acid quality. At the end of the second phase, all samples

were tested for their compressive strength.

Table 2 gives us the sample testing conditions and

description used in this study. The experimental weight

loss measurement procedure consisted of taking the sample

out from its experimental conditions and washing the

sample with fresh water so that there is no acid traces left

with the geopolymer samples. Once the sample is washed

thoroughly with the water then it is cleaned with dry

absorbent paper to absorb any water on the surface of the

geopolymer material. The samples were left at room tem-

perature for about 30 min to stabilise in the environment.

After that geopolymer samples were weighted and the mass

changes were recorded. To mimic the steel picking oper-

ation in a tank where only one face is exposed to the

aggressive conditions, the weight loss values were later

converted for a single face acid exposure condition using a

theoretical rectangular slab of identical volume to weight

ratio as the original samples. Being rectangular originally,

the PP samples did not need this correction.

Accelerated testing

Quantitative accelerated life tests (QALT), are designed to

quantify the life of the product and to produce the data

required for accelerated life data analysis. This type of test

involves the controlled application of accelerated stress

conditions in order to stimulate product failure and provide

life data more quickly. QALT tests can employ overstress

acceleration to speed up the times-to-failure for the prod-

ucts under test. With usage rate acceleration, which is

appropriate for products that do not operate continuously

under normal conditions, the analyst operates the products

Table 1 Composition of the geopolymer tested

Material Mass (kg/m3)

Aggregate, 10 mm 554

Aggregate, 7 mm 647

Sand 647

Fly ash 408

NaOH (14 M) 41

Sodium silicate 103

Super-plasticiser 6.1

Added water (100%) 25.8

Fig. 1 Experimental rig to test geopolymer samples in hot acid bath
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under test at a greater rate than normal to simulate longer

periods of operation under normal conditions.

In the following results, the inverse power law (IPL)

model (or relationship) is used for accelerated stresses and

is given by:

L Vð Þ ¼ 1

kVn

where:

L represents a quantifiable life measure, such as mean

life, weight loss, etc.

V represents the stress level time

K is one of the model parameters to be determined,

(K [ 0)

n is another model parameter to be determined.

Such model has great applicability and can be applied to

any system where the stress is applied in a controlled

environment and the data is understood well. The param-

eter n in the inverse power relationship is a measure of the

effect of the stress on the life. As the absolute value of n

increases, the effect of the stress is greater. Negative values

of n indicate an increasing life with increasing stress. An

absolute value of n approaching zero indicates small effect

of the stress on the life, with no effect (constant life with

stress) when n = 0.

Results and discussion

Visual inspection

The visual inspection was carried out prior to weighing the

sample. This is carried out to observe the attack of acid on

the sample and observe any changes to sample surface

(such as increase in porosity) due to acid attack on the

sample. In all cases it was observed that although there

were some large pores appearing in the samples soaked in

the acid bath, the material offered significant resistance to

the acid as well as heat attack after an initial paling of the

surface (see Fig. 2a). Further, after the compressive tests

were completed, the acid penetration depth was also cal-

culated (Fig. 2b).

In terms of macroscopic investigation, it was found that

the penetration of the HCl inside the geopolymer sample

was approx. 10 mm from the outside surface for most

samples (see Fig. 2b). In terms of the microscopic response

to external stresses, the acid resistance was further verified

at the end of second stage after conducting compressive

testing on each geopolymer sample. These samples were

then compared to the control OPC and PP samples. Table 3

tabulates the acid or water penetration depth for all the

samples. GPC, PPC and OPC samples were kept in water

Table 2 Second-phase test

samples, their nomenclature and

their test conditions

Geopolymer

specimens

OPC

specimens

PP specimens Experimental conditions

GPC – – (Control)

GP1 OC 1 PP 1 95 �C in 22% HCl (virgin)

GP2 OC 2 PP 2 95 �C in 0% HCl

GP3 OC 3 PP 3 95 �C in 22% HCl (prior acid contact)

GP4 OC 4 PP 4 95 �C in 22% HCl (virgin)

Fig. 2 a Paling of the surface

and increase in the surface

voidage. b The extent of the

acid penetration can be seen

from the depth of the colour

change
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as they were the control samples. PP samples showed no

change due to their resistance to acid.

Table 3 shows that the effect of temperature is signifi-

cant for liquid penetration in concrete or geopolymeric

samples in presence of acid. Clearly, temperature reduces

the activation energy of the dissolution reaction at the

interface of the acid and sample and causes more acid to be

able to penetrate. It is worth mentioning that OPC samples

had significant mass loss and there the acid penetration

measurement only accounted for the sample diameter at

that measurement point. Therefore, because of the reduced

sample diameter, the real acid penetration depth is greater

for OPC samples. It is also to be noted that PP samples

only suffered heat (95 �C) distortion but no chemical

attack.

Weight loss measurements

Figure 3 shows the results of geopolymer samples sub-

jected to the phase-one acid testing. The geopolymer

samples in hot water with no acid showed interesting

results. There was more curing of the micro-structure of the

sample because the sample gained weight over time. Also

this sample showed greater compressive strength as com-

pared to the control sample as shown in the next section

(see Table 4). The control sample also gained weight in

water, indicating that the curing process identified here can

be further improved; however, the sample subjected to

boiling water (95 �C) showed a slow progressive weight

loss after an initial gain (possibly due to salt leaching

effect). From Fig. 3, it can be conclusively said that the

geopolymeric sample was acid resistant at both the tem-

peratures (25 and 45 �C) as compared to the OPC sample.

Furthermore, when we compare the slope of the OPC

samples at 30% HCl, we can see that until about 20 days

the rate of mass loss is comparable to GPC samples;

however, there was excessive weight loss after 30 days of

exposure and the slope of the curve corroborate the detri-

mental effect of aggressive acidic environment.

Figure 3 also shows the samples kept in acid bath (either

at 25 or 45 �C). These showed progressive loss in weight

over 45 days. Comparing their weight loss data in the acid

bath indicates that the 12% HCl sample had a greater

weight loss tendency as compared to the 30% HCl sample.

This suggested that the effect of temperature is quite sig-

nificant when water or acid is present. In presence of acidic

Table 3 Acid/water penetration depth (by colour change) for samples after 110 days

Samples GPC GPC 1 GPC 2 GPC 3 GPC 4 OPC 1a OPC 2 OPC 3a OPC 4a PP1 PP2 PP3 PP4

Depth (mm) 5.5 8.7 6.2 10.6 9.8 14.6 8.6 13.7 16.9 0 0 0 0

a Sample diameter at the end of the test was reduced by 8.5% on average

cumulative % wt loss
uncorrected cylinder exposure
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%
 w

t 
ch

an
g

e

GPC 0%HCl 95C

control GPC

GPC 12%HCl 45C

GPC 30%HCl 25C

OPC 0% HCL 95C

OPC 12%HCL 45C

OPC 30%HCL 25C

Fig. 3 Geopolymeric and OPC

sample weight loss behaviour

when subjected to different

environment. Plastic samples

had no weight loss

Table 4 Summary of the overall (actual measured) and predicted for

a slab (acid exposure only on one side for a theoretical rectangular

slab (length = breadth, thickness = 1 cm) with identical volume to

weight ratio as that of the original cylinder) weight loss after the total

110 days of acid exposure

Samples u.l% c.l% Samples u.l% c.l% Samples u.l% c.l%

GPC ?1.3 0.5 OPC -0.8 -0.3 PPC 0.0 0.0

GP1 -2.8 -1.1 OC 1 -6.2 -2.5 PP 1 0.0 0.0

GP2 ?0.3 0.1 OC 2 -0.8 -0.3 PP 2 0.0 0.0

GP3 -2.6 -1.0 OC 3 -6.8 -2.7 PP 3 0.0 0.0

GP4 -3.0 -1.2 OC 4 -7.6 -3.0 PP 4 0.0 0.0

u.l and c.l refer to weight loss measured overall and predicted for slab,

respectively
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environment, the extent of material loss is increased, which

is expected. When GPC and OPC samples are compared

with any acidic environment, but at 95 �C, we can see from

Fig. 3 that OPC suffers a cumulative mass loss of about

0.8% whereas the GPC samples at 95 �C gained about

0.3%. The ‘unconverted cylinder exposure’ means that the

weight loss data is ‘as is’ for a cylindrical sample and has

not been converted for a single side exposure for a theo-

retical rectangular slab with an identical volume-to-weight

ratio as that of the cylinder. Once such correction has been

applied, the material loss per unit weight per unit length of

exposure can be compared to other control samples, such as

PP and OPC. This conversion has been applied so that the

data can be of direct use for pickling tank operations,

where only once face of the material is constantly exposed

to acid and heat.

Further, in the second phase of the ‘accelerated regime’

investigation, two virgin samples were included with the

sample previously kept at 30% HCl at 25 �C. Fresh acid

was added to the rig and the concentration was maintained

at 22% HCl. Figure 4 shows the weight loss results of

geopolymer samples in 22% HCl and 90 �C. This is sig-

nificantly higher and harsher than the industrial pickling

operating conditions of 18% HCl and 80 �C and such tests

are therefore able to give variations in material property

over an extended period of operation.

From Fig. 4, it can be seen that the GPC 2 and GPC 4

samples showed a progressive weight loss after a 2% initial

loss within the first 8 days. After 60 days of acid contact at

high temperature, the cumulative mass loss is about 3%.

This indicates that for GPC samples, there is an initial

mechanism of acid attack and once the acid penetrates into

the geopolymeric structure, it reaches a steady state in

terms of its degrading ability. Further, the ‘old’ sample

with prior acid contact (30% HCl), showed comparatively

lower weight loss over the same period of time (60 days).

This is simply due to the fact that this sample had earlier

lost an initial amount when exposed to the very high acid

environment (30% HCl).

In terms of the OPC samples, Fig. 4 clearly shows a

greater weight loss tendency which has not reached any

steady state. Also, as expected, the mass loss in OPC

samples is greater than GPC samples, but the interesting

aspect is that OPC 3 (with previous acid contact) had

similar mass loss compared to the other two virgin samples

(OPC 2 and OPC 4). This was not the case with GPC

samples. This highlights the poor resistance of OPC against

a highly corroding and aggressive environment as com-

pared to GPC. It is further noteworthy that within the same

time frame, virgin OPC samples lost about 7% of their

initial mass compared to 3% for GPC virgin samples.

Figure 4 also shows that for the OPC samples, the

weight loss curve has interesting behaviour, and it has a

tendency to reach a steady state until about 30 days before

a second stage of weight loss occurring progressively at a

greater time length until 60 days. Currently, there is

insufficient information to speculate whether this is an

experimental error or on the mechanism of this weight loss

compared to the progressively increasing and levelling-off

weight loss observed with the virgin samples. Clearly,

fundamental experimentation on the microstructure of the

GPC compared to OPC is required to assess what mecha-

nism controls the weight loss or degradation steps and

whether the weight loss has reached a steady-state value

over exposure time and to determine the time frame to

reach a ‘plateau’—as in GPC.

Figure 5 shows an overall comparison of the average of

the virgin sample behaviour and the used sample behaviour

in terms of weight loss for GPC samples. After taking into

account the *1.3% weight loss for the used sample at 30%

HCl condition and by comparing the two curves of weight

loss in an ‘accelerated testing regime’ of 22% HCl and

90 �C, it can be seen that the weight loss behaviour of the

old sample is different from the virgin samples. It is

cumulative % wt loss
uncorrected cylinder exposure
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GPC 2(no previous acid contact)

GPC 4(no previous acid contact)

GPC 3(previous acid contact)

OPC2 (no previous acid contact)

OPC4 (no previous acid contact)

OPC3 (previous acid contact)

Fig. 4 Geopolymer samples

weight loss behaviour in an

accelerated environment. The

weight loss shown is for

cylindrical samples and the

weight loss for the used sample

has not been converted for the

loss in first phase
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possible that after extended period of testing, the two

samples, namely, GPC 1/4 and GPC 3 will reach similar

weight loss trend.

From Table 4, it is clear that the weight loss of OPC

exceeds by 150% compared to GPC. As mentioned earlier,

the PP samples did not show any observed weight loss

because plastic is extremely acid resistant. However, at

high temperature condition, there was significant (5–7%)

shape distortion of the rectangular slab.

Compressive strength

At the end of the acid testing experiment (after 110 days)

all the geopolymer samples were taken and compressive

strength test were carried out according to ASTM 642. The

results are shown in Table 5.

From Table 5, it can be seen that GPC samples con-

sistently showed higher compressive strength values than

OPC samples, for all acid conditions. OC 3 sample was the

worst as it was exposed to acid in both the phases. A

standard control (GPC) was tested for its compressive

strength and its strength was 52.77 MPa. Also, it is inter-

esting to note that sample kept in hot water showed greater

compressive strength than that of the control sample. With

regards to the PP samples, their torsional strength values

showed no significant difference due to acid exposure;

however, the observable difference was attributed to the

thermal distortion of the samples. Thus, PP 3, which was

exposed to the greatest fluctuation in temperature showed

the lowest value of torsional strength. In terms of the

geopolymer properties, this clearly shows that the current

composition was better suited for high-acid and high-

temperature environment. Further, this indicates a need for

optimisation of the composition and curing mechanism that

would increase the compressive strength and the acid

resistance properties. Duxson et al. [31] had earlier shown

that the microstructure of the geopolymer that is formed

after curing is important in maintaining the physical

properties. Clearly, our composition created a microstruc-

ture which was more suited for acid resistance than purely

physical properties. Further work is currently been under-

taken in our laboratory to relate the microstructure of

current geopolymeric composition to its acid resistance.

Volume change correction for a theoretical slab

of geopolymer

To understand the weight loss in terms of actual dimen-

sional loss in a tank insert, the cylindrical samples were

reduced to a slab volume (with length = breadth) and

cumulative % wt loss
uncorrected cylinder exposure

-3.5%

-3.0%

-2.5%

-2.0%

-1.5%

-1.0%

-0.5%
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no of days

%
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t 
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g
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AVG of virgin samples

correction for past acid contant
Probable step change 
in weight loss

Fig. 5 Comparison of an

average of the virgin and the

used sample’s behaviour under

accelerated testing conditions.

The weight loss shown is for

cylindrical samples and the

weight loss for the used sample

has been converted for prior

acid contact

Table 5 All geopolymer samples and their compressive strength test results

Samples Compressive strength (MPa) Samples Compressive strength (MPa) Samples Torsional strength (MPa)

GPC 52.0 (±1.3%)

GP1 46.1 (±2.3%) OC 1 32.11 (±2.3%) PP 1 26.16 (±2.3%)

GP2 – OC 2 51.52 (±3.1%) PP 2 23.7 (±3.3%)

GP3 41.58 (±2.6%) OC 3 24.18 (±1.3%) PP 3 21.15 (±3.3%)

GP4 48.36 (±2.2%) OC 4 38.16 (±1.7%) PP 4 28.36 (±3.7%)

For the PP samples we tested their torsional strength (which is the critical test for distorted samples)
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Fig. 6 shows the loss in ‘thickness’ of a slab having the

same volume-to-weight ratio as that of the cylinder after

this weight loss is predicted for a ‘single-face exposure’.

It can be seen from Fig. 6 that cumulative loss of

‘thickness’ over 60 days for the virgin or used geopolymer

samples varies from 1.5 to 1.8%. Further, once the ten-

dency to plateau will occur, the weight loss curve will

progressively attain a steady state—meaning that the mass

loss from the exposed face reaches a constant value.

However, in reality, due to the regular changes in the acid

concentration (due to ‘charging’ of the acid in tanks, this

mass loss value is predicted to flatten and lower the extent

of mass loss. In terms of the thickness loss predicted, this

would mean that, for example, after a period of 300 days,

there would be reduced mass loss and smaller reduction in

thickness of the geopolymer slab.

Figure 7 shows the predicted volume change (in terms

of thickness change) using the inverse power law model for

approximately 300 days of exposure of the geopolymer

slab (single-face exposure) at 18% HCl and 80 �C. The

predicted thickness loss is approx. 3.5% after 300 days for

a slab of thickness 40 mm.

Inverse power law model of the weight loss

In the following results, the inverse power law (IPL) model

(or relationship) is used for accelerated stresses and the

model parameters are analysed to understand the effect of

the individual stresses. Figure 8 shows a typical IPL plot

with the best fit curve signifying the model parameters and

Table 6 shows all the model parameters for the geopoly-

meric samples tested in high-acid and high-temperature

conditions.

It can be seen from Table 6 values that the constant ‘K’

is very similar for all the tested samples. As described in

‘‘Accelerated testing’’, the parameter ‘K’ (K [ 0) denotes

the importance of the composition of the geopolymeric

samples which gives the kind of microstructure to allow the
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Fig. 7 Overall prediction using

the Inverse Power Law model
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exposure of the geopolymer slab
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acid to penetrate within the sample. Since our composition

was identical is all cases, the ‘K’ values are also similar.

However, when we compared the ‘n’ values, it is clear that

it denotes the effect of the particular stress on the sample

weight loss; meaning that when we compared a high-acid

environment to a water environment, the n value was

nearly 4.5 times higher for the acid environment. This can

be understood by considering that any composition and

curing technique will create a microstructure (‘K’ value)

that will result in a particular rate of attack in a stressed

environment. The ‘n’ values are also useful in comparing

the effect of acid and temperature alone, and it can be seen

from the data in Table 6 that the effect of temperature by

itself is quite significant for sample weight loss (compare

GP1 and GP4). Finally, the usefulness of this analysis lies

in creating different microstructures (and compare their K

values) and the corresponding micro-structural ability to

withstand the environmental stress (in this case, acid

environment).

Conclusion

Accelerated tests on five geopolymer samples were con-

ducted in two stages over 110 days and the weight loss

results were extrapolated over a time period of 300 days.

The first stage was aimed at finding the relative effect of

the key parameter, namely, water, heat and acid. The

second stage was aimed at determining the extent of weight

loss and compressive strength loss for geopolymer samples

in a 22% HCl and 90 �C environment. OPC samples had

significant mass loss and the acid penetration measurement

only accounted for the sample diameter at that measure-

ment point. Therefore, because of the reduced sample

diameter, the real acid penetration depth is greater for OPC

samples as compared to the GPC samples.

The first stage showed that curing was an important step

to determine the relative rate of water absorption in geo-

polymer samples as samples showed a weight loss ten-

dency in 95 �C water. Samples subjected to 12% HCl but

45 �C had a net weight loss greater than the 30% HCl

sample kept at 25 �C suggesting that the operating tem-

perature is important in determining the extent of acid

attack. When the sample geometry was reduced from cyl-

inder to slab, it was found that the average weight loss of a

geopolymer slab in accelerated test conditions (90 �C and

22% HCl) is 1.8 wt% in 60 days for single-face exposure.

Further, the loss curve had a tendency to achieve steady

state, and this will reduce the extent of mass loss (or

thickness loss) over time if environmental conditions

remain unaltered. The inverse power law prediction for

thickness loss in a 40 mm thick slab is 3.5% after 300 days

of exposure in operating conditions of 18% HCl and 80 �C.

In terms of the thickness loss predicted, this would mean

that, for example, after a period of another 300 days, the

net thickness loss would be comparatively lower. The

Inverse Power Law Model
0% HCl at 95C

y = 3709.1x-0.0014
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Fig. 8 Inverse power law

model curve for a geopolymeric

sample maintained at 95 �C

with no HCl acid

Table 6 All geopolymer

samples and their compressive

strength test results

For the PP samples we tested

their torsional strength (which is

the critical test for distorted

samples)

Geopolymer specimens K n Experimental conditions

GPC – – (Control)

GP1 3677.8 -0.0037 25 �C in 22% HCl (virgin)

GP2 3709.1 -0.0014 95 �C in 0% HCl

GP3 3788.5 -0.0063 95 �C in 22% HCl (prior acid contact)

GP4 3659.2 -0.0058 95 �C in 22% HCl (virgin)
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geopolymer samples were also tested for loss of com-

pressive strength after the acid tests and it was found that

the compressive strength of the overall geopolymer mate-

rial is reduced by *18% after exposed to [22% HCl for

80 days.
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