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Abstract We report the mechanical fracture strength and

physical properties of fabricated carbons made from pul-

verized metallurgical coke bonded with coal tar pitch,

followed by pyrolysis. Tensile strength from diametral

compression of discs ranged from 9.7 ± 1.3 MPa for

materials bonded with 13 wt% pitch to 63 ± 7.1 MPa for

materials bonded with 40 wt% pitch. Materials made by

dry mixing pulverized pitch with coke were comparable

with materials made by mixing coke powder with a solu-

tion of pitch in toluene. Strength increased with pyrolysis

temperature. Pyrolyzed pitch-bonded coke was signifi-

cantly stronger and lighter than ordinary Portland cement

concrete.

Introduction

Recently we suggested that fossil hydrocarbons (CHx)

could be used as fuels without producing carbon dioxide if

only the hydrogen was burned, with the carbon left as a

solid sequesterant [1]. This implies foregoing the value of

the carbon as a fuel, so requires an alternative use for the

carbon. Since solid carbon is a material with excellent

properties, we suggested that carbon could be used as a

large-scale construction material in the place of ordinary

concrete and masonry [2]. To serve as a useful construction

material, the solid carbons must be as good as or better than

concrete. An ordinary Portland cement concrete (OPC) has

a tensile strength ranging from 3 to 5 MPa with a density of

2.8 g/cm3 [3], so these values serve as a benchmark for

carbon-based structural materials. This article concerns a

prototype carbon structural material made from minimally

processed metallurgical coke byproducts, and explores the

processing and properties of fabricated carbons made from

mixtures of pulverized coke and coal tar pitch (CTP).

We consider coal because it is the most abundant fossil

hydrocarbon and is considered the ‘‘dirtiest’’ of the fossil

fuels in terms of carbon dioxide production. But coal is in

fact a quite rich ‘‘hydrogen ore’’, with a nominal atomic

ratio of CH0.7. If the carbon has a non-fuel value, coal is

also the richest ‘‘carbon ore’’ for materials use. Coal is

commonly pyrolyzed in a coke oven for metallurgical coke

[4, 5]. When heated to 900–1200 �C in the absence of

oxygen, coal produces coke oven gases which consists

about 55 vol.% of hydrogen. Pyrolysis of coal also pro-

duces coke, a foamy cellular solid carbon, and byproducts

such as CTP and liquids such as toluene, benzene, and

xylene. About 90% of the coal mass will be converted to

the solid products after pyrolysis. One way to make use of

the carbon solid products is to manufacture carbon-based

construction materials from coke and CTP. Mixture of coke

and CTP can be heated to allow the carbonization of the

CTP, producing a carbon-bonded carbon. Coke is a strong

material by itself. Using coke and CTP as binder will

produce an even stronger carbon-bonded carbon material.

These carbons are made from minimally processed coke

oven products. They are similar to conventional fabricated

carbons and graphites, which are commonly made from

petroleum coke and petroleum pitch to produce a high-

purity product with appropriate properties for applications

such as electrodes or refractories [6]. However, purity is

not important for ambient temperature construction prod-

ucts and graphitization is not required, so pyrolysis

temperatures can be relatively low. As we are considering
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these materials as co-products with hydrogen in a com-

bined hydrogen fuel and carbon materials scheme, we

consider the processing and properties of fabricated car-

bons produced exclusively from coal pyrolysis products.

Experimental methods

Our materials consist of coke aggregate and CTP binder

from a metallurgical coke plant (donated by EES Coke

Battery in Detroit by DTE Energy Services). The coke is

particulate coke, consisting of irregular porous particles

about 1–3 mm in size with a foamy texture having 100–

300 lm pores. The coke particles were sieved using 2 mm

sieve opening and then milled using wet ball mill with

water for 24 h. The final coke particle size after milling had

a broad particle size distribution ranging from d10 of 1 lm,

with median d50 of 7 lm, and d90 of 35 lm, as measured

by Particle Technology Labs (Downers Grove, IL) using a

Malvern Mastersizer Laser diffractor. The specific surface

area for the coke powder was 2.6 m2/g after milling. After

milling, the c. 1–35 lm particles are smaller than the pore

sizes in the original coke, so that the particles are mostly

solid.

CTP with softening point at about 110 �C was donated

by Koppers Inc. Thermogravimetric analysis of the CTP

showed a carbon residue about 50% after pyrolysis, which

is typical for CTP [7]. The solid CTP was pulverized with a

mortar and pestle. For the solvent-mix method, the pul-

verized coke was mixed with toluene, which is a

component of coke oven ‘‘light oil’’ byproducts.

Two methods of fabrication were used: dry mixing and

solvent mixing. For the dry powder mix method, fine coke

powder and pulverized CTP were combined at proportions

of 13 and 23 wt% CTP. The powders were mixed and

milled in water using wet ball milling. The water was

evaporated to recover the mixed fine powder.

For the solvent-mix method, the pulverized CTP was

mixed with toluene to produce a fluid suspension consisting

of undissolved colloidal residue suspended in a brown

solution of the soluble pitch fraction. The CTP–toluene

suspension was blended with the coke powder to produce a

homogeneous paste. The toluene was evaporated.

The coke–CTP mixtures were formed into 12-mm-

diameter discs, 6-mm thick, by compaction in a steel pellet

die at 130 MPa. Pyrolysis was conducted at 800–1200 �C

in flowing nitrogen in a tube furnace. This has the dual

purpose of liberating hydrogen-rich pyrolysis gas from the

pitch and converting the coke–CTP discs into hard carbon-

bonded carbon specimens.

Tensile strength was measured using the indirect tensile

technique using diametral compression test [8]. Samples

were loaded along their diameter between steel platens at a

crosshead speed of 2 mm/min using Instron 4502 Universal

Testing machine until they fractured down the vertical

diameter. Fracture strength rt is reported as the resolved

tensile stress along the diameter, calculated from

rt ¼
2P

pdt
;

where P is the load at fracture for a disc of diameter d and

thickness t.

Results

There is minimal shrinkage or dimensional change during

pyrolysis. The density, determined by Archimedes method

using water immersion, varies from about 1 g/cm3 for the

dry mix to about 1.14–1.24 g/cm3 for the solvent-mix

method, apparently reflecting better compaction for the

solvent-mixed powders. Note that the density is much

lower than Portland cement concrete, which is about 2.8 g/

cm3. The microstructures appear in Fig. 1, showing frac-

ture surfaces of two samples varying in CTP content and

mixing methods. The microstructures are roughly similar,

with angular coke particles bonded with a fine carbon

residue from the pyrolyzed pitch.

The indirect tensile strength data are reported in

Table 1. Strength varied from about 10 MPa for both dry

Fig. 1 Fracture surfaces

imaged with backscattered

electrons by SEM. (Left) Coke

with 13 wt% CTP from the dry

mix method, pyrolyzed at

1200 �C. (Right) Coke with 40

wt% CTP from the solvent-mix

method, pyrolyzed at 1200 �C
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and solvent-mixed samples with 13 wt% CTP up to about

60 MPa for the solvent-mixed sample with 40 wt% CTP.

Dry mixed and solvent-mixed material had similar

strength. Figure 2 shows how the strength of the solvent-

mixed samples pyrolyzed at 1200 �C increases with the

amount of CTP binder, as expected for this range of binder

content [9]. Lower temperature pyrolysis resulted in lower

strength, as shown in Fig. 3 for solvent-mixed samples

with 30 wt% CTP. We compare strength and density in

Fig. 4. As expected, the tensile strength generally increases

with density as the porosity diminishes.

Discussion

These fabricated carbons are stronger than metallurgical

coke, where the indirect tensile strength of samples core-

drilled from lumps of coke is about 5 MPa [10, 11]. This is

possibly because the fabrication has eliminated macro-

scopic cracks and broken the cell walls of the pores, as the

strength of metallurgical coke depends upon porosity and

pore size [12].

As we contemplate the application of these carbons as

construction materials in the form of masonry blocks or

bricks, it is useful to compare the strength and density of

the coke-derived carbons with cement and bricks. The

indirect tensile strength of OPC is typically between 3 and

5 MPa [3]. Tensile strength values up to 7 MPa are

reported for high-performance concretes [13, 14]. Thus,

these carbons from coke and CTP have strength values

several times larger than OPC. Concrete is also much

denser, about 2.3 g/cm3 or about twice the density of these

Table 1 Tensile strengths and

densities of fabricated carbon

materials pyrolyzed at 1200 �C

at various CTP compositions

and concrete

Fabrication method CTP (wt%) Density

(g/cm3)

Strength

(MPa)

Strength/density ratio

(MPa cm3/g)

Solvent mix 13 1.14 9.73 ± 1.27 8.55

23 1.22 24.0 ± 1.19 19.7

30 1.17 35.1 ± 6.12 29.9

40 1.24 63.2 ± 7.10 51.1

Dry mix 13 1.06 9.10 ± 1.27 8.57

23 1.01 29.5 ± 1.19 29.3

OPC concrete – 2.3 3 1.30

Fig. 2 Tensile strength of fabricated carbon versus CTP binder

content for the solvent-mix method pyrolyzed at 1200 �C

Fig. 3 Tensile strength of solvent-mix fabricated carbon with 30

wt% CTP binder at various pyrolysis temperatures

Fig. 4 Strength of fabricated carbons versus density for dry mix

(triangles), solvent mix (squares), compared with OPC concrete

(diamond)
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carbon. The strength/weight ratio, listed in Table 1, is

around 1.30 MPa cm3/g for OPC. The strength/weight

ratio of the coke–CTP derived carbons ranges from about

8.5 to as high as 51 MPa cm3/g, suggesting that it could in

fact be a more favorable material than ordinary concrete.

As these coke–CTP materials have by fired during pyro-

lysis, they might also be compared to fired structural clay

products. Commercial clay bricks [15] typically have a

density ranging from 1.65 to 2.08 g/cm3 with a modulus of

rupture ranging from 5 to 28 MPa. These coke–CTP

materials thus have mechanical properties comparable to

clay bricks.

As these coke–CTP materials meet or exceed the

structural properties of conventional masonry materials, it

supports the concept of carbon materials as a valuable

byproduct of hydrogen production by coal pyrolysis. It may

be possible to obtain hydrogen fuel from coal without

generating carbon dioxide. The carbon component would

be sequestered as solid carbon and put to valuable use for

building in the place of OPC. Pyrolyzed carbons are rela-

tively inert and corrosion-resistant, so should be durable in

service. Of course, carbon can burn, but this may not be a

serious limitation. The ignition temperature of coke [16] is

much higher than wood [17], and the oxidation of carbon

composites can be greatly inhibited with small additions of

phosphate [18, 19] or borate [20].

Conclusions

Carbon-bonded carbon material from minimally processed

coke and CTP have indirect tensile strengths ranging from

10 to 60 MPa depending on composition, with densities of

about 1.1 g/cm3. The material is stronger and lighter than

OPC and many clay masonry bricks, suggesting that they

could serve as construction materials.
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