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PRODUCTION BRICKS FROM MINE TAILINGS

THROUGH GEOPOLYMERIZATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of and priority from U.S. Provisional Patent

Application No. 61/744,658, filed on October 1, 2012 and titled "Production Bricks From

Mine Tailings Through Geopolymerization." The disclosure of the above-identified patent

application is hereby incorporated by reference for all purposes.

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under Grant No. 0969385 awarded by

the National Science Foundation. The government has certain rights in the invention.

TECHNICAL FIELD

This invention relates to utilization of mine tailings for production of useful items such as

bricks based on geopolymerization technology.

BACKGROUND

Bricks are a widely used construction and building material. For example, in the United

States, about 9 billion bricks are used a year [1,2]. Conventional production of bricks

usually utilizes clay and shale as the source material and requires high temperature (900-

1,000 °C) kiln firing. Quarrying operations for producing the clay and shale are energy

intensive, adversely affect the landscape, and can release high level of waste materials.

The high temperature kiln firing not only consumes significant amount of energy, but also

releases substantial quantity of greenhouse gases. It is also noted that there is a shortage

of clay and shale in many parts of the world. To protect the clay and shale resource and

protect the environment, some countries such as China have started to limit the use of

bricks made from clay and shale [3,4].

Researchers have studied the utilization of different types of wastes to produce

construction and building bricks [4-10]. Chen et al. [4] studied the feasibility of utilizing

hematite tailings together with clay and Class F fly ash to produce bricks and found that



the percentage of tailings used could be up to 84% of the total weight. Based on the test

results, they recommended a tailings :clay: fly ash ratio of 84:10:6, with a forming water

content of 12.5-15%, a forming pressure of 20-25 MPa, and a firing temperature of 980 -

1,030 °C for 2 hours, to produce good quality bricks. Chou et al. [5] investigated the

utilization of Class F fly ash to replace part of the clay and shale in production of bricks

using the conventional procedure. Bricks with up to 40% of fly ash were successfully

produced in commercial-scale production test runs, with the properties exceeding the

ASTM commercial specifications. Morchhale et al. [6] studied the production of bricks

by mixing copper mine tailings with different amount of ordinary Portland cement (OPC)

and then compressing the mixture in a mold. The results show that the bricks have higher

compressive strength and lower water absorption when the OPC content increases. Roy et

al. [7] used gold mill tailings to make bricks by mixing them with OPC, black cotton soils

or red soils. The OPC-tailings bricks were just cured by immersing them in water but the

soil-tailings bricks were sun-dried and then fired at high temperatures (750, 850, and 950

°C). Liu et al. [8] explored the feasibility of using the sludge derived from dyestuff-

making wastewater coagulation for producing unfired bricks. They tried four typical

cements, OPC, ground clinker of silicate cement, alumina cement, and slag cement, as the

binder. The experimental results showed that the cement solidified sludge could meet all

performance criteria for unfired bricks at a cement/dry sludge/water ratio of 1:0.5-0.8:0.5-

0.8. The compressive strength of alumina cement solidified sludge was the highest and

exceeded 40 MPa. Algin and Turgut [9] tried to use cotton wastes (CW) and limestone

powder wastes together with OPC to produce bricks and found that the amount of CW

used affect both the density and the mechanical properties of bricks. Bricks with 30% of

CW had a compressive strength of 7 MPa and a flexural strength of 2.2 MPa. Shon et al.

[10] studied the use of stockpiled circulating fluidized bed combustion ash (SCFBCA)

with Type I cement, lime, Class F fly ash, and/or calcium chloride to manufacture

compressed bricks. They used a compaction pressure of 55.2 MPa and placed the

specimens at 23 °C and 100% relative humidity room for 1 day before air curing at room

temperature.



It is noted that these different methods for utilizing wastes to make bricks either require

high temperature kiln firing or use cement as the binder. Therefore, they still have the

drawbacks of high-energy consumption and large quantity of greenhouse gas emissions.

SUMMARY

This disclosure relates to methods for utilizing mine tailings for production of eco-

friendly bricks based on the geopolymerization technology and bricks so produced. The

procedure for producing the bricks includes mixing the tailings with an alkaline solution,

forming the brick by compressing the mixture within a mold under a specified pressure,

and curing the brick at a slightly elevated temperature.

Copper mine tailings have been found to be especially useful in the methods described

herein.

Other features and advantages of the invention will be apparent from the following

detailed description and figures, and from the claims.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows the particle size distribution of mine tailings.

Figure 2 depicts the XRD pattern of un-reacted mine tailings (A: albite, G : gypsum, P :

sanidine, S : quartz).

Figure 3 features the load-displacement curves at forming stage for different initial water

contents and forming pressures.

Figure 4 illustrates the UCS vs. curing temperature for specimens prepared at 12% initial

water content, 25 MPa forming pressure, and respectively 10 and 15 M NaOH

concentrations.

Figure 5 depicts the UCS vs. forming pressure for specimens prepared at different initial

water contents and 15 M NaOH concentration and cured for 7 days at 90 °C.



Figure 6 compares the initial water contents and optimum forming pressures used in the

current study and by other researchers.

Figure 7 shows a SEM micrographs of MT powder - a) and b), geopolymer brick at initial

water content/forming pressure combinations of 12%/25 MPa - c) and d), and 16%/0.5

MPa - e) and f), for the specimens cured at 90 °C for 7 days (GP: geopolymer, MT: mine

tailings particle).

Figure 8 depicts XRD patterns: a) mine tailings powder and geopolymer brick specimens

prepared at initial water content/forming pressure respectively of 12%/25 MPa and

16%/0.5 MPa, and cured at 90 °C for 7 days; and b) differential XRD between the two

brick specimens (A: albite, G : gypsum, P : sanidine, S : quartz).

Figure 9 illustrates UCS vs. final water content for specimens prepared at 15 M NaOH

and different forming pressures and cured for 7 days at 90 °C.

Figure 10 is a comparison of water absorption versus soaking time for specimens prepared

at 16% initial water content and different forming pressures and cured at 90 °C for 7 days.

Figure 11 depicts bulk unit weight versus forming pressure for specimens prepared at

different initial water contents and 15 M NaOH and cured at 90 °C for 7 days.

DETAILED DESCRIPTION

Recently, researchers have started to use the geopolymerization technology to produce

bricks from wastes. Geopolymerization is the reaction undergone by aluminosilicates in a

highly concentrated alkali hydroxide or silicate solution, forming a very stable material

called geopolymer having amorphous polymeric structures with interconnected Si-O-Al-

O-Si bonds [ 1 1-17]. According to Duxson et al. [13] and Dimas et al. [14], the

geopolymerization process includes dissolution of solid aluminosilicate materials in a

strong alkaline solution, formation of silica-alumina oligomers, polycondensation of the



oligomeric species to form inorganic polymeric material, and bonding of un-dissolved

solid particles in the final geopolymeric structure.

Geopolymer not only provides performance comparable to OPC in many applications, but

shows additional advantages such as rapid development of mechanical strength, high acid

resistance, no/low alkali-silica reaction (ASR) related expansion, excellent adherence to

aggregates, immobilization of toxic and hazardous materials, and significantly reduced

greenhouse gas emissions [ 1 1-13,18-20]. Freidin [21] used geopolymerization of Class F

fly ash (FA) or a combination of FA and bottom ash (BA) to produce cementless bricks.

He used water glass with a silica module of 2.3 as the alkali activator and applied different

forming pressures to prepare the test specimens. The results showed that the cementless

bricks based on geopolymerization could meet the requirements of Israeli Standard for

conventional cement concrete blocks. Diop and Grutzeck [22] investigated the feasibility

of utilizing an aluminosilicate-rich tuff to produce bricks based on the geopolymerization

technology. They used sodium hydroxide (NaOH) solution as the alkali activator and

prepared the test specimens by compressing the tuff-NaOH solution mixture in a cylinder

with a pressure of about 10 MPa. They studied the effect of both the NaOH concentration

(4, 8, and 12 M) and the curing temperature (40, 80, and 120 °C). The results showed that

the strength increases with the NaOH concentration and the curing temperature.

Mohsen and Mostafa [23] studied the utilization of low kaolinitic clays (white clay, grey

clay, and red clay) to produce geopolymer bricks. The clay raw materials were activated

by calcination at 700 °C for 2 hours and ground in an alumina ball mill and sieved to <

120 µιη before being used. Both NaOH solution and NaOH + sodium silicate solution

were used as the alkali activator. The test specimens were molded using a forming

pressure of 15 MPa in a special steel mold. The molded specimens were allowed to

mature at room temperature for 24 hours and then cured at different temperature for

different time (room temperature for 3 days, 75 °C for 24 hours, or 150 °C for 24 hours)

before being tested. The results showed that the type of alkali activator and the curing

temperature are two major factors affecting the behavior of geopolymer bricks. With the

right alkali activator and the appropriate curing temperature, all of the three studied low

kaolinitic clays are suitable for producing geopolymer bricks.



Considering the fact that a large amount of copper mine tailings are generated each year

[24-26] and that copper mine tailings are rich in silica and alumina and can be used as a

potential source material for production of geopolymers [19,27-30], this disclosure

describes the feasibility of utilizing copper mine tailings to produce eco-friendly

geopolymer bricks. The geopolymer bricks are produced by mixing the tailings with an

alkaline solution, forming the brick by compressing the mixture within a mold under a

specified pressure, and curing the brick at a slightly elevated temperature. Unlike the

conventional method for producing bricks, the new procedures neither use clay and shale

nor requires high temperature kiln firing, thus having significant environmental and

ecological benefits. Moreover, the methods described herein are expected to be applicable

to other types of tailings as long as they contain suitable amount of silica and alumina

such that geopolymerization occurs.

Non-Limiting Examples

1. Experimental Details

2.1. Materials

The materials used in this example include copper mine tailings (MT), reagent grade 98%

sodium hydroxide (NaOH), and de-ionized water. The mine tailings were received in the

form of dry powder from Mission Mine Operations of ASARCO LLC in Tucson,

Arizona. Table 1 shows the chemical composition of the mine tailings.

Table 1. Chemical composition of mine tailings.

Chemical Compound Weight %

Si0 2 64.8

A 120 3 7.08

Fe20 3 4.33

CaO 7.52

MgO 4.06

S0 3 1.66

Na20 0.90

K20 3.26



It can be seen that the mine tailings consist mainly of silica and alumina with substantial

amount of calcium and iron. Grain size distribution analysis was performed on the mine

tailings using mechanical sieving and hydrometer analysis following ASTM D6913 and

ASTM D422. Fig. 1 shows the particle size distribution curve. The mean particle size is

around 120 µιη with 36% particles passing No. 200 (75 µιη) sieve. The specific gravity of

the MT particles is 2.83. The XRD pattern of the mine tailings powder is shown in Fig. 2.

The mine tailings are mainly crystalline materials consisting of quartz (S1O2) as the main

constituent, albite (NaAlSi 0 8), sanidine (K,Na)(Si,Al) 40 8, and gypsum (CaS0 4-2H20).

The sodium hydroxide (NaOH) flakes were obtained from Alfa Aesar Company in Ward

Hill, Massachusetts. The sodium hydroxide solution is prepared by dissolving the sodium

hydroxide flakes in de-ionized water.

2.2. Preparation of geopofymer brick samples

First, the mine tailings were mixed with sodium hydroxide solution. The sodium

hydroxide solution was prepared by adding sodium hydroxide flakes to de-ionized water

and stirring for at least five minutes. Due to the generated heat, enough time was allowed

for the solution to cool down to room temperature before it was used. The amount/weight

of NaOH added to the tailings is determined based on the concentration of the NaOH

solution and the weight percentage of water relative to tailings. For example, consider a

concentration of 15M NaOH and a tailings water content of 16%. If the dry weight of

mine tailings are lOOOg, then the weight of water will be 1000 x 16% = 160g, which is

0.16 L and the dry weight of NaOH is 15 x 40 x 0.16 = 96 g.

The NaOH solution was slowly added to the dry mine tailings and mixed for 10 minutes to

ensure the homogeneity of the mixture. The generated mine tailings and NaOH solution

mixture exhibits varying consistency depending on the initial water content. The

mixture's consistency varies from semi-dry to semi-paste as the water content changes

from 8% to 18%. The mixture was placed in the Harvard Miniature Compaction

cylindrical molds of 33.4 mm diameter and 72.5 mm height with minor compaction. The

compacted specimens were then compressed with a Geotest compression machine at

different loading rates to ensure that the duration of forming pressure was about 10



minutes for all the specimens. Fig. 3 shows the typical load-displacement curves for

different forming pressures. At low forming pressures and high water contents substantial

amount of elastic deformations can be seen. At high forming pressures and low water

contents, however, the elastic deformation seems negligible indicating that the occurred

deformations are mainly plastic, which leads to volume decrease of voids within the

granular matrix. After the compression, the specimens were de-molded and placed

uncovered in an oven for curing at a specified temperature for 7 days before being tested.

The specimens were weighed before and after the curing to measure the final water

content.

2.3. Methodology

Unconfined compression tests were performed to measure the 7 days' unconfined

compressive strength (UCS) of geopolymer bricks produced at different conditions. The

effects of NaOH concentration, curing temperature, water content, and forming pressure

on the UCS were investigated. Specimens were prepared at two NaOH concentrations of

10 and 15 M, curing temperature ranging from 60 to 120 °C, water content from 8 to 18%,

and forming pressure from 0 to 35 MPa. Water content indicates the mass ratio between

the water in the activating solution and the solid part of the mixture. The mass ratio

between the activator, NaOH, and MT varies from 4.8 to 10.8% depending on the NaOH

concentration and water content. For each condition, at least three specimens were tested

and the average of the measured UCS values was used. Totally, about 150 tests were

performed for the UCS measurements. The cylindrical specimens were polished at the

end surfaces to ensure that they are accurately flat and parallel. The Geotest loading

machine was used for the compression test at a constant loading rate of 0.1 mm/min.

Water absorption tests were conducted according to ASTM C67-07 [31] to study the

capability of specimens in absorbing water, which depends on the microstructure and

porosity of the specimens. Besides that, water absorption can be an indicator of the degree

of geopolymeric reaction. The geopolymer brick specimens prepared at 16% initial water

content, 15 M NaOH concentration, and different forming pressures and cured at 90 °C for

7 days were soaked in water and weighed every 24 hours for 6 days. 5 specimens were

tested for each forming pressure and the average was used for the plot. Before weighing



the soaked specimens, the wet surface was dried with a damp cloth. The percentage

absorption was calculated as follows

Absorption (%) = [ 2 - W )l W 100 (1)

where W \ = weight of specimen after complete drying at 105°C, and W = weight of

specimen after soaking.

To investigate the effect of moisture content and forming pressure on the microstructure

and phase composition of the geopolymer bricks, SEM imaging and XRD analysis were

also performed. The SEM imaging of geopolymer specimens was performed in the SE

conventional mode using the FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. The

freshly failed surfaces from the unconfined compression tests, without polishing to keep

the fractured surface "un-contaminated", were used for the SEM imaging. The XRD

analysis was performed with a Scintag XDS 2000 PTS diffractometer using Cu K c

radiation, at 2.00 degree/min ranging from 10.00 to 70.00 degrees with 0.600 second count

time.

Table 2 summarizes the tests conducted on the brick specimens at different conditions.

Table 2. Specimen properties and different types of tests conducted.



15-12-5-90 15 12 5 7.2 1.30 0.17 90 X

15-12-15-90 15 12 15 7.2 1.30 0.17 90 X

15-12-35-90 15 12 35 7.2 1.30 0.17 90 X

15-14-5-90 15 14 5 8.4 1.51 0.19 90 X

15-14-10-90 15 14 10 8.4 1.51 0.19 90 X

15-14-15-90 15 14 15 8.4 1.51 0.19 90 X

15-14-25-90 15 14 25 8.4 1.51 0.19 90 X

15-16-0-90 15 16 0 9.6 1.73 0.22 90 X

15-16-05-90 15 16 0.5 9.6 1.73 0.22 90 X X X X

15-16-105-90 15 16 1.5 9.6 1.73 0.22 90 X X

15-16-3-90 15 16 3 9.6 1.73 0.22 90 X X

15-16-5-90 15 16 5 9.6 1.73 0.22 90 X X

15-16-15-90 15 16 15 9.6 1.73 0.22 90 X X

15-18-0-90 15 18 0 9.6 1.94 0.22 90 X

15-18-02-90 15 18 0.2 10.8 1.94 0.25 90 X

15-18-04-90 15 18 0.4 10.8 1.94 0.25 90 X

15-18-05-90 15 18 0.5 10.8 1.94 0.25 90 X

15-18-105-90 15 18 1.5 10.8 1.94 0.25 90 X

Results and discussion

3.1. UCS

3.1. 1. Effect of Curing Temperature and NaOH Concentration

Fig. 4 shows the variation of UCS with curing temperature for specimens prepared at 12%

initial water content, 25 MPa forming pressure, and respectively at 10 and 15 M NaOH

concentrations. At both 10 and 15 M NaOH, UCS increases with the curing temperature up

to about 90 °C and then decreases. While not limiting the embodiments herein to a particular

theory or mechanism of action, the change of UCS with curing temperature can be explained

by the underlying mechanism in geopolymerization.

As stated earlier, dissolution and polycondensation are the two main steps in

geopolymerization. Increasing the curing temperature helps accelerate the dissolution of

silica and alumina species and then polycondensation. However, when the temperature is

above a certain level, the fast polycondensation and rapid formation of geopolymeric gel will

hinder further dissolution of silica and alumina species and thus affect the strength adversely

[32,33]. Besides that, since the brick specimens are cured in the oven without any coverage,

too high a temperature causes fast evaporation of water and may lead to incomplete

geopolymerization. A similar relationship between UCS and curing temperature is also

reported by other researchers [22,23,34]. Diop and Grutzeck [22] tested tuff-based



geopolymer bricks and came up with 40 °C and 80 °C as the optimum temperatures,

respectively for 8-12 M and 4 M NaOH concentrations. Mohsen and Mostafa [23] studied the

curing temperature effect on calcined clay-based geopolymer bricks and reported an optimum

temperature of 75 °C. Arioz et al. [34] tested fly ash-based geopolymer bricks cured between

40 and 100 °C and obtained the highest UCS at about 60 °C.

The UCS at 15 M NaOH is higher than that at 10 M NaOH for all curing temperatures

considered, which can be simply explained by the fact that at higher NaOH concentration,

higher NaOH/MT ratio and consequently higher Na/Al and Na/Si ratios were obtained (see

Table 2). The higher Na/Al and Na/Si ratios indicate that a larger amount of Na+ cation is

available to dissolve silica and alumina and consequently thicker geopolymeric binder is

produced. The geopolymeric binder serves as a link between the un-reacted or partially

reacted particles and contributes directly to the strength of the geopolymer material. The

improving effect of alkalinity on geopolymerization is reported by a number of researchers

[35-38]. In particular, Wang et al. [37] studied the effect of NaOH concentration on

metakaolin-based geopolymer specimens prepared at a water content of about 30% and a

forming pressure of 4 MPa. The results show that when the NaOH concentration was

increased from 4 to 12 M, higher UCS, flexural strength, and apparent density were obtained.

3.1.2. Effect of water content andforming pressure

Considering the effect of curing temperature and NaOH concentration on UCS as discussed in

the previous subsection, 90 °C and 15 M NaOH were selected to study the effects of water

content and forming pressure. Fig. 5 shows the unconfined compression test results at

different initial water contents and forming pressures. Higher initial water content, which

means higher amount of NaOH (or higher NaOH/MT ratio) at constant NaOH concentration,

results in higher UCS. The highest UCS of 33.7 MPa was obtained at 18% initial water

content and 0.2 MPa forming pressure. The increase of UCS with the initial water content

may be explained from two aspects.

First, water itself acts as a medium for the geopolymeric reaction. After dissolution, the

liberated monomers diffuse in the liquid medium and form oligomers. It is important that

sufficient amount of water is available for the formation of geopolymeric binder linking the



un-reacted or partially reacted particles. However, too much water will cause the formation

of large pores, which weakens the geopolymeric specimens. Too high a water content may

also adversely affect the brick forming process. The forming pressure causes the MT

particles to rearrange to a denser configuration by pushing the air out of the matrix. This

leads to a degree of saturation close to 100% when the forming pressure is sufficiently high.

At higher water content, the saturation state will be achieved at a lower pressure and a less

dense structure will be obtained. Further increase in forming pressure will lead to squeezing

out of water from the matrix.

The other aspect is related to the availability of sufficient amount of NaOH in the liquid phase

for geopolymerization. The availability of the activating agent (or NaOH/MT) can be

expressed in two different ratios, Na/Al and Na/Si, to differentiate the role of the activating

agent in dissolving Al and Si. Higher Na/Al ratio leads to dissolution of more Al and

therefore sufficient amount of Na+ cation must be available for charge balancing the alumina

ions. For charge balancing, the Na/Al ratio has to be in a certain range. To produce

geopolymer concrete, different Na/Al ratios ranging from 0.38 to 2.06 have been used by

researchers [15,32,35,39-42]. Zhang et al. [30] showed that for geopolymerization of fly ash

added mine tailings, the increase in the Na/Al ratio up to 2.0 results in higher UCS. In the

current experiment, the Na/Al ratios vary from 0.86 to 1.94 corresponding to the 8% to 18%

initial water contents (see Table 2). By increasing the initial water content at a constant

NaOH concentration, the Na/Al ratio increases and thus higher strength apparently resulted.

Increased Na/Si ratio due to the increase of NaOH is another reason for the improving effect

of water content. In addition to Al, NaOH also acts as a dissolving agent for Si. Increasing

water content at constant NaOH concentration requires more NaOH, which results in

dissolution of more Si. The amorphous phase of MT is the primary source of Si and Al

species; however, the crystalline phase is also likely to provide additional Si and Al. The Si

source in the crystalline phase can be quartz, albite, and sanidine while the Al source is albite

and sanidine. Since Si is harder than Al to dissolve and quartz is more stable than the other

minerals, increasing alkalinity may help incorporate more Si in geopolymerization. The

Na/Si ratio varies between 0.11 and 0.25 corresponding to water content of 8 to 18% (see

Table 2).



The forming pressure has an improving effect on UCS but only up to a certain level. Fig. 5

shows that when the initial water content is 10% or lower, UCS tends to increase with the

forming pressure. However, when the initial water content is higher than 10%, UCS increases

with the forming pressure up to a certain level and then decreases. This can be explained by

the counteracting effect of water content and forming pressure at high water content levels.

When the initial water content is low, higher forming pressure leads to higher degree of

compaction of the specimen but no NaOH solution is squeezed out from the specimen during

the forming process. The sole compaction effect leads to increase of UCS with higher

forming pressure. When the initial water content is high, however, the NaOH solution will be

squeezed out from the specimen after the forming pressure exceeds a certain limit. As sated

earlier, the amount of NaOH solution (or MT/NaOH ratio) affects the degree of

geopolymerization and thus the strength of the geopolymer specimen. The loss of NaOH

solution due to the higher forming pressure will lead the decrease of UCS. So, at high initial

water content, the combined effects of compaction and NaOH solution loss due to the forming

pressure will control the final strength of the geopolymer specimen. Fig. 5 shows that the

highest UCS is obtained at 25, 10, 0.5, and 0.2 MPa forming pressure respectively for the

initial water content of 12, 14, 16, and 18%. Fig. 6 shows the initial water content and

forming pressure used by different researchers. In general, the forming pressure is related to

the initial water content, higher forming pressure corresponding to lower initial water content.

At the lowest initial water content of 8%, a very high forming pressure of 300 MPa is used

[43].

SEM imaging and XRD analysis were also performed to further investigate the effect of

initial water content and forming pressure on the microstructure and phase composition of the

geopolymer brick specimens. Two initial water content/forming pressure combinations, 12%

125 MPa and 16%/0.5 MPa, were selected for the comparison. Fig. 7 shows the SEM

micrographs of the original MT and the geopolymer brick at both low and high

magnifications. The original MT particles have irregular shapes and the fine particles are

attached to each other and to the surface of the coarse particles (see Fig. 7a and b). As can be

seen in the micrographs of the geopolymer brick at low magnifications, at the lower initial

water content, the particles and particle aggregates are more isolated with large voids and



gaps (see Fig. 7c) while at the higher initial water content, the distribution of particles and

particle aggregates is more pervasive with only tiny voids (see Fig. 7e). The micrographs at

higher magnifications clearly indicate the degree of geopolymerization affected by the initial

water content. At the lower initial water content, which means lower NaOH amount (or

NaOH/MT ratio) at constant NaOH concentration, only limited amount of geopolymeric gel

is generated, leaving a large portion of the mine tailings particle surface un-reacted (see Fig.

7d). At the higher initial water content, however, a much larger amount of geopolymeric gel

is generated, covering essentially the surface of all mine tailings particles (see Fig. 7f).

Fig. 8 shows the XRD patterns of the mine tailings powder and the two geopolymer brick

specimens prepared respectively at the initial water content/forming pressure combinations of

12%/25 MPa and 16%/0.5 MPa. The mine tailings are mainly crystalline material with a

large amount of silica, which agrees with compositions shown in Table 1. After

geopolymerization, although the intensity of the crystalline peaks decreases, the patterns are

still crystalline. This is due to only partial dissolution of the mine tailings particles. As

shown in the SEM micrographs, most particles react only on their surface and dissolve

partially in the alkaline solution. The main change in the XRD patterns due to

geopolymerization is the reduction in the crystalline peaks indicating the partial dissolution

and formation of the amorphous and semi-crystalline phases as shown in Fig. 8.

The crystalline peak corresponding to gypsum does not appear after geopolymerization. It

might have been encapsulated or incorporated in the geopolymeric gel. The amorphous phase

in the original MT is a weak broad hump, which extends from about 22° to 32°. After

geopolymerization, the broad hump, which is also superimposed with less intense crystalline

peaks, covers a wider range from 22 to 38°. The broad hump is slightly higher for the

16%/0.5 MPa specimen indicating formation of more geopolymer gel. Another change in the

XRD patterns is the transition of the sharp crystalline peaks at 26.70° and 34.82° to less

featured broad humps. They do not match with any type of zeolitic materials. According to

[46], zeolite is more likely to form at high water contents. Fig. 8b shows the difference

between the intensities of the 16%/0.5 MPa specimen and those of the 12%/25 MPa

specimen. A negative value means that the intensity at 16%/0.5 MPa is lower than that at

12%/25 MPa. The large negative peaks indicate that more crystalline silica is dissolved in the



16%/0.5 MPa specimen than in the 12%/25 MPa specimen, which agrees with the SEM

micrographs that show the generation of more geopolymer gel in the 16%/0.5 MPa specimen.

Due to the water loss during the molding process, the initial water content cannot represent

the true one during geopolymerization. Therefore, we determined the final water content

based on the weights of the molded specimen before and after curing. Fig. 9 shows the

variation of UCS with the final water content at different forming pressures. As expected,

UCS increases with both the forming pressure and the final water content. Increasing the

forming pressure physically improves the granular matrix by decreasing the volume of voids

and forcing the particles to be closer to each other while increasing the final water content,

which means larger amount of NaOH (or larger NaOH/MT ratio) at constant NaOH

concentration, chemically improves the microstructure by generating larger amount of

geopolymeric gel providing a stronger bond between the particles. The effect of the final

water content is much greater than that of the forming pressure in increasing the UCS,

particularly when the forming pressure is low. This can be seen in Fig. 9 that a single trend

line is fitted well to all of the data points corresponding to the forming pressures of 0 to 5

MPa.

The limited improving effect of the forming pressure has been observed by other researchers

as well [4,21]. Freidin [21] tested fly ash-based geopolymer bricks formed with a pressure up

to 20 MPa. The results indicated that the rate of increase in UCS with the forming pressure

decreases as the forming pressure is higher.

3.2. Water absorption

Water absorption is an important parameter for bricks. It indicates the permeability of bricks

and shows the degree of reaction for fired bricks. This is also true for geopolymer bricks

because higher degree of geopolymerization results in a less porous and permeable matrix.

Fig. 10 shows the results of water absorption tests on the specimens prepared at 16% initial

water content and different forming pressures and cured at 90 °C for 7 days. The water

absorption increases with the time of soaking, the rate of increase becoming lower as the time

of soaking increases. After 4 days, the change in water absorption is essentially negligible.

The water absorption after 4 days' soaking varies from 2.26 to 4.73% corresponding to



forming pressure from 0.5 to 15 MPa. Freidin [21] showed that for fly ash-based geopolymer

bricks without hydrophobic additives, the water absorption reached its ultimate value, about

25%, within just 1 day. He also showed that the addition of hydrophobic agent decreased the

ultimate water absorption to less than 10%, which was reached after about one week.

The underlying mechanism responsible for the effects of the initial water content and the

forming pressure on UCS also explains the effect of the forming pressure on the water

absorption as shown in Fig. 10. At a lower forming pressure, the final water content and thus

the NaOH amount (or NaOH/MT ratio) are higher and a larger amount of geopolymeric gel is

generated, leading to lower porosity and permeability. As the forming pressure increases,

although the particles are compacted tighter to each other, less amount of geopolymeric gel is

generated due to water and thus NaOH loss, leading to higher porosity and permeability.

3.3. Bulk unit weight

Fig. 11 shows the variation of the bulk unit weight with the forming pressure for geopolymer

brick specimens prepared at 15 M NaOH concentration and different initial water contents

and cured at 90 °C for 7 days. As expected, the unit weight increases with both the initial

water content and the forming pressure. The increase of the unit weight with the initial water

content is simply due to the larger amount of NaOH. The unit weight increases with the

forming pressure up to a certain level and then the rate of increase drops. This is possibly

because of the loss of water and thus NaOH beyond these levels of forming pressure. These

levels of forming pressures are close to the forming pressures corresponding to the maximum

UCS's as shown in Fig. 5.

3.4. ASTM standards

Since no specification is available for geopolymer bricks, the ASTM specifications for

different types of bricks are used here to evaluate the quality of the mine tailings-based

geopolymer brick specimens. Table 3 summarizes the minimum compressive strengths, the

maximum water absorptions, and the maximum abrasion indices required for different types

of bricks [47-51].



Table 3. ASTM specifications for different applications of bricks.

Notes: ALBX = load bearing exposed; LB = load bearing non-exposed; end
construction use; Dside construction use; based on 1 hour boiling water absorption;
severe weathering; Gmoderate weathering; Negligible weathering; 'based on 5 hour

boiling water absorption; and Type I, II, and III are respectively subjected to extensive,
intermediate, and low abrasion.

The minimum compressive strength required by the ASTM standards varies from 4.8 to 55.2

MPa depending on the application of the bricks. The compressive strength of the geopolymer

brick specimens in the current study varies from 3.69 to 33.7 MPa depending on the NaOH

concentration, initial water content, forming pressure and curing temperature. By selecting

appropriate preparation conditions, a geopolymer brick can be produced to meet all the



ASTM strength requirements except for the SX grade pedestrian and light traffic paving

bricks, which requires at least 55.2 MPa.

For example, to prepare a building brick with a minimum strength of 20.7 MPa at severe

weathering condition, a 15 NaOH concentration, an initial water content/forming pressure

combination of 16%/0.5 MPa, and 90 °C curing temperature can be selected.

Water absorption tests were conducted only on the 16% initial water content specimens. The

24-hour water absorption varies from 0.5% to 3.45% depending on the forming pressure,

which are far below the ASTM limits.

In addition to the compressive strength and the water absorption, ASTM C902-07 requires

pedestrian and light traffic paving bricks to be abrasion resistant. To evaluate the abrasion

resistance, an abrasion index can be determined:

. , . , 100 x absorption (%) ...
Abrasion Index = —- (2)

UCS(psi)

The calculated abrasion indices for the 16% initial water content specimens are shown in

Table 4 below. They are below the maximum limits shown in Table 3 (above) indicating that

the produced geopolymer bricks are resistant to extensive abrasion.

Table 4. Abrasion indices for geopolymer brick specimens prepared at 16% initial content

and cured at 90 °C for 7 days.

Forming pressure UCS 24 hour water
Abrasion Index

(MPa) (MPa)/(psi) absorption (%)

0.5 28/4,040 0.93 0.02

1.5 25/3,591 2.18 0.06

3.0 22/3,250 2.92 0.09

5.0 21/3,086 3.45 0.1 1

15.0 21/3,059 3.15 0.10



2. Summary and Conclusions

The feasibility of using copper mine tailings to produce geopolymer bricks was studied by

conducting unconfined compression tests, water absorption tests, SEM imaging, and XRD

analysis. The study investigated the effect of four major factors, NaOH concentration,

initial water content, forming pressure, and curing temperature, on the physical and

mechanical properties, composition, and microstructure of the produced geopolymer brick

specimens. Based on the experimental results, the following conclusions can be drawn.

a) The geopolymer brick specimens prepared at 15 M NaOH concentration have higher UCS

than those at 10 M. This is because higher NaOH concentration provides larger amount of

NaOH at a certain initial water content required for the geopolymerization.

b) Higher initial water content means larger amount of NaOH at a constant NaOH

concentration and thus increases the strength of the geopolymer brick specimens.

c) Higher forming pressure leads to larger degree of compaction and thus higher UCS if no

water is squeezed out during the molding process. When the forming pressure is too high,

some water and thus NaOH will be lost and the UCS will decrease.

d) Curing temperature is an important factor affecting the geopolymerization and thus the

strength of geopolymer brick specimens. The UCS increases with the curing temperature

up to a certain level and then decreases with the curing temperature. For the copper mine

tailings studied herein, the optimum curing temperature is around 90 °C.

e) By selecting appropriate preparation conditions (NaOH concentration, initial water

content, forming pressure, and curing temperature), eco-friendly geopolymer bricks can

be produced from the copper mine tailings to meet the ASTM requirements.
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What is claimed is:

1. A method for forming bricks from copper mine waste tailings, comprising the steps

of:

mixing a predetermined amount of copper mine tailings with a sodium hydroxide

solution until a homogenous mixture with a consistency from semi-dry to semi-paste is

formed;

compressing said homogenous mixture in a mold at a predetermined forming pressure

to form a brick; and

curing said brick at a predetermined temperature.

2. The method of claim 1, wherein said predetermined amount is determined based on

the concentration of the NaOH solution and the weight percentage of water relative to said

copper mine tailings.

3. The method of claim 2, wherein said sodium hydroxide solution is between about

10M and 15M.

4. The method of claim 1, wherein said forming pressure is from about 0 to 35MPa.

5. The method of claim 1, wherein said temperature ranges from about 60°C to 120 °C.

6. The method of claim 1, wherein said copper mine tailings have an initial water

content from 8 to 18%.

7. The method of claim 1, wherein said copper mine tailings have a mean particle size of

about 120 µιη.

8. The method of claim 1, wherein said sodium hydroxide solution is 15M in concentration,

an initial water content/forming pressure combination is 16%/0.5 MPa, and said temperature

is 90 °C.



9. The method of claim 1, wherein said curing is substantially complete in about 7 days.

10. A method for forming bricks from copper mine waste tailings, comprising the steps

of:

processing copper mine tailings into a dry powder with a mean particle size of about

120 µπι ,

mixing a predetermined amount of a 15M sodium hydroxide solution with said dry

powder until a homogenous mixture with a consistency from semi-dry to semi-paste is

formed;

compressing said homogenous mixture in a mold at a predetermined forming pressure

to form a brick; and

curing said brick at temperature of between 60°C-90°C.

11. The method of claim 10, wherein said curing is substantially complete in about 7 days.

12. A method for forming bricks from mine waste tailings, comprising the steps of:

mixing a predetermined amount of mine tailings having an amount of silica and

alumina to enable geopolymerization with a sodium hydroxide solution until a

homogenous mixture with a consistency from semi-dry to semi-paste is formed;

compressing said homogenous mixture in a mold at a predetermined forming pressure

to form a brick;

and curing said brick at a predetermined temperature.

13. The method of claim 12, wherein said predetermined amount is determined based on

the concentration of the NaOH solution and the weight percentage of water relative to said

mine tailings.

14. The method of claim 13, wherein said sodium hydroxide solution is between about

10M and 15M.

15. The method of claim 12, wherein said forming pressure is from about 0 to 35MPa.



16. The method of claim 12, wherein said temperature ranges from about 60°C to 120 °C.

17. The method of claim 12, wherein said mine tailings have an initial water content from

8 to 18%.

18. The method of claim 12, wherein said mine tailings have a mean particle size of about

19. The method of claim 12, wherein said sodium hydroxide solution is 15M in

concentration, an initial water content/forming pressure combination is 16%/0.5 MPa, and

said temperature is 90 °C.

20. The method of claim 12, wherein said curing is substantially complete in about 7 days.
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