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Evaluation of polymer binders in 
briquetting of coal fines for combustion 
applications
D.L. Botha1, N.T. Leokaoke1, J. R. Bunt1, and H.W.J.P. Neomagus1

Synopsis
Coal briquetting traditionally makes use of high-dosage, nonpolymeric binders (such as coal tar pitch 
or molasses) or polyvinyl alcohol (PVA) at low dosages for the binding of fine and ultrafine coal.  Due 
to constraints associated with the manufacturing and cost of PVA-bound briquettes, a novel polyacrylic 
binder was developed that could possibly be added in low dosages at room temperature. A set of 
formulations of two polyacrylic components (components A and B) was developed, from which an 
optimal binder mixture was determined. This formulation comprises 40wt.% component A and 10wt.% 
component B with a 0.04wt.% cross-linking additive, and the balance water. The uniaxial briquette 
compressive strength was used to obtain the optimal binder mixture. The binder mixture was added to 
the coal powder in dosages from 0.1 to 1.2wt.%. Mechanical tests and thermogravimetric analysis in an 
oxidized environment at a maximum temperature of 930°C were conducted. Binder-bound briquettes 
were compared to binderless briquettes and PVA-bound briquettes. Briquettes made from the polyacrylic 
formulation had uniaxial compressive strengths double that of the binderless briquette yield strength, 
as well as the minimum recommended compressive strength of 0.375 MPa. The organic binders did not 
affect the combustion of the briquettes, since the results compared well with the binderless briquettes. 
The polyacrylic formulation is considered to be a possible substitute for PVA in terms of mechanical and 
thermal properties and raw material cost. 
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Introduction
Coal is still a major energy resource for electricity generation worldwide. Coal usage is holding steady 
and not rapidly decreasing, despite the planned implementation of national policies in several parts 
of the world to reduce consumption. This is because of spatial and market-related factors, including 
accessibility, supply, and demand (Song and Wang, 2019). The coal mining industry has improved 
its safety and efficiency record through mechanization; however, this has led to an increase in fines 
generation (particles with a 1 mm top size) (Vogt, 2016). Fines constitute 6–12% of run-of-mine coal 
and have accumulated in vast amounts over the past one-and-a-half centuries (Reddick, von Blottnitz, 
and Kothuis, 2007; Venter and Naude, 2015). For this reason, fines reclamation initiatives have been 
initiated both locally and globally (Garling, 2015; Senkhane, 2018). 

The reclaimed fines are moist and difficult to transport, and cause pollution where they are stored 
and transported (CATF, 2001; England, 2013; Karmakar, 2005). The cost of drying fine and ultrafine 
coal can reduce its value as a fuel source because mechanical dewatering is unfeasible, thermal drying 
is unsafe, filtration techniques are ineffective, and other techniques may become time-consuming 
and expensive as higher amounts of sorption additives are needed for smaller particle sizes (Reddick 
von Blottnitz, and Kothuis, 2007; van Rensburg et al., 2018). Agglomeration is a possible process 
to alleviate the problems associated with low-value coal fines by creating a compacted product that 
is easier to handle and transport (England, 2013; Karmakar, 2005). Briquetting is a preferred form 
of agglomeration and the binderless briquetting of some South-African coals has been attempted in 
various studies, sometimes as a control group for testing additives or binders (de Korte, 2010; Mangena 
et al., 2004; Mangena and du Cann, 2007; Motaung et al., 2007; Venter and Naude, 2015). This form 
of briquetting is more often applicable when the coal fines have a high vitrinite content as well as an 
appropriate free moisture content, aiding in the briquetting process (England, 2013; Mangena et al., 
2004). For agglomeration of low-vitrinite coals, binders are used when the inherent coal properties 
inhibit binderless briquetting (England, 2013; Klima, Arnold, and Bethell, 2012). 

The great disadvantage of binders is that they constitute up to 60% of the briquetting costs (Venter 
and Naude, 2015). Nonpolymeric binders achieve the highest yield strengths at additions above 5wt.%, 
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and this high addition has been overcome by using the polymer 
alternative, polyvinyl alcohol (PVA), which is effective in lower 
dosages between 0.1 and 0.9wt.% (Henning et al., 2018; Modiri, 
2016; Venter and Naude, 2015). However, polyvinyl alcohol 
is difficult to manufacture from the raw powder form and may 
have higher energy requirements due to its aqueous solution 
temperature of above 90°C (Xu et al., 2018). To overcome this 
constraint a polyacrylic binder was recently developed, that can 
be manufactured at room temperature (Michailovski et al., 2018). 
The binder consists of two crosslinked polymer components 
(component A and component B) that can be used as a binder 
at low concentrations, ranging between 0.1 and 1.2wt.% 
(Michailovski., 2018). The aim of this study was to evaluate 
coal briquettes made using the polyacrylic binder in terms of 
mechanical and combustion performance in comparison to PVA-
bound briquettes.

Experimental 
The coal used in this study originated from the Witbank coalfield. 
Two samples were obtained at different intervals for comparison 
purposes and the same coalfield was used to ensure that the coals 
were a true reflection of what would be used as feed material at 
any given instance. Both coals were of medium rank C. Table I 
summarizes the characteristics of the two bituminous coals.

From Table I it can be seen that the greatest difference 
between the two coals is their inherent moisture (2.1% 
variation), ash yield (6.8% variation), and elemental oxygen 
content (5.3% variation). These results could indicate that coal 
2 was more exposed to arid conditions, resulting in increased 
oxidation and dryness. The increased ash yield could be due to 
the uneven distribution of pyritic particles in the coal bed from 
which the coals were sampled, leading to both a higher ash yield 
and a higher elemental oxygen content. 

Binder preparation 
Components A and B were obtained in a semi-hydrated paste 
form at 99.9% purity, along with a crosslinking additive, and 
demineralized water from the Mooirivier reservoir. An anti-
foaming agent was added to the water prior to formulating the 
binder, to avoid the formation of non-homogenized mixtures. The 
two polymer-based components of the polyacrylic binder (PA) 
were each hydrated to 50wt.% and mixed in liquid form using 
an overhead stirrer for 10 minutes in ratios between 25 and 
40wt%. From 0.04–1wt% crosslinking agent was then added. The 
solution was mixed for another 10 minutes. The polyvinyl alcohol 
was obtained as a powder at 99.0% purity, which was dissolved 
using the same demineralized water to form a colloidal solution 
of 0.05wt.%. The mixture was magnetically stirred on a hotplate 
stirrer for 10 minutes at 95°C until solubilized. The solution was 
then left to cool at ambient conditions and bottled for storage. 
The polyacrylic solution could not be stored as the effective life of 
the solution was unknown, and new batches were manufactured 
every 15 minutes. 

Briquette manufacture 
A Komarek B050 briquetting press was used at a feed screw 
speed of 80 r/min, a roll speed of 3.8 r/min, a gap width of  
0.3 mm, and a resulting roll compaction force of 30 kN. The 
resulting pillow-shaped briquettes had a length of approximately 
40 mm, a thickness of 12 mm, and a width of 15 mm. The 
briquettes are shown in Figure 1.

The briquettes were cured in a climate-controlled room 
at 40% relative humidity and 22°C. The curing process had a 
maximum duration of 21 days, and the briquettes were tested on 
days 0, 1, 2, 7, 14, and 21.

Mechanical strength tests 
The mechanical properties of the briquettes were investigated 
to determine the binder formulation that yielded the highest 
mechanical strength in terms of uniaxial compressive strength. 
A comparison was drawn between binderless, polyacrylic-, and 
polyvinyl alcohol-bound briquettes (compared to lump coal) 
based on mechanical strength and combustion performance. The 
briquettes were tested using a Chatillon DF II series force gauge 
with a 12 mm diameter. The force was determined as the value 
at which the briquette broke, the recommended value being 0.35 
MPa (Richards, 1990). The compressive strength was calculated 
using the expression:

[1]

where P denotes pressure, F the uniaxial compressive force, 
and A the contact surface area (a disk shape of 1.2 cm diameter) 
of the force gauge measuring area. An average of five tests was 
conducted for each binder formulation. The water resistance was 
tested by immersing the briquettes in water for 30 minutes where 
possible, after which finger pressure was applied. The briquettes 
that maintained their original integrity were evaluated in terms 
of uniaxial compressive strength, and this was taken as the 
wet compressive strength of the briquettes (Modiri, 2016). The 
abrasion resistance of the briquettes was measured by tumbling 
in a scaled-down model of the tumbler used in a previous study 
(Richards, 1990), using a variable speed motor at 80 r/min for 
197 revolutions. To ensure that the scaled-down model was 
similar in terms of the mass to volume ratio, three briquettes 
were tumbled (measured to weigh in the order of 17 g). The fines 
generation was measured by sieving and weighing all particulates 

   Table I

  Proximate, ultimate, and gross calorific value results for the two coals, wt.%
 H2O (ad.) Ash yield (dry) Vol (daf) FC (daf) GCV (MJ/kg) C H N daf O S

   Coal 1 6.2 22.1 33.0 67.0 22.5 83.2 4.0 2.1 9.6 1.1
   Coal 2 4.1 28.9 32.0 68.0 20.6 77.8 4.3 1.9 14.9 1.0
   ∆ (%) 34% 24% 3% 1% 8% 6% 7% 7% 36% 6% 

Figure 1—Briquettes manufactured using a Komarek B050 press. (a) Front 
view, (b) side view
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below 6 mm and taking this as a percentage of the initial sample 
weight. The recommended value is 5wt%. (Richards, 1990). The 
tumbler used is shown in Figure 2.

Thermogravimetric analysis 
The in-house thermogravimetric analyser (TGA) described by 
Modiri (2016), was used to perform the combustion experiments. 
The set-up can be seen in Figure 3 and consists of an Afrox gas 
cylinder supplying dry air (99.8% purity) to a Sierra flow control 
unit. The air entered the top of a vertical Elite Thermal Systems 
furnace (supplied by Lenton) at a flow rate of 3 standard litres 
per minute (SLM). The briquettes were inserted into a quartz 
sample holder, which was placed on a Radwag precision PS 
750/C/2 mass balance. The furnace was lowered over the sample 
holder, placing the briquettes in a pre-determined reaction zone, 
and temperature was measured using a K-type thermocouple. The 
briquettes were heated to 900°C while recording both mass loss 
and temperature with time.  

To determine the optimum heating rate, binderless briquettes 
were heated at 3, 5, and 7°C/min as shown in Figure 4. The 
final conditions used for the thermogravimetric analysis were as 
follows: the coal samples were heated in dry air at a rate of 3 SLM 
at ambient pressure to a temperature of 900°C, using a heating 
rate of 3°C/min. The briquettes were combusted non-isothermally 
to determine the drying zone temperature range, ignition point, 
maximum combustion rate, and burnout temperature. This was 
done for the binderless, the strongest polyacrylic binder-based, 
and the polyvinyl alcohol-bound briquettes. 

Results and discussion
The compressive strength of all the briquettes met or exceeded 
the 0.35 MPa value proposed by Richards (1990) (Figure 5). 
The binder-bound briquettes were at least twice as strong as the 
binderless briquettes. The polyacrylic-bound briquettes reached a 
maximum compression strength of 0.9 MPa on the second day of 

ambient curing, whereas the polyvinyl alcohol-based briquettes 
reached a maximum compressive strength of 0.7 MPa on the 
seventh day of ambient curing. The binderless briquettes were 
found to reach a compressive strength plateau after the first day 
of curing, indicative of free moisture loss. This indicates that 
after the 0.9 MPa point there would be no further increase in 
strength. The polyacrylic- and polyvinyl alcohol-bound briquettes 
reached a compressive strength plateau from the seventh day 
of ambient curing. This indicates that a drying effect occurs on 
day one and a consolidation effect becomes significant until it 
reaches equilibrium on day 7, depending on the environmental 
conditions. After the briquettes reached and exceeded the  
0.35 MPa value they were compared to lump coal pieces  
(+6 mm) as it was understood that synthetically consolidated 
fines could not compare in strength to natural lump coal. The 
shape of the lump pieces was altered by filing so that they would 
resemble, to the greatest possible extent, the coal briquettes. This 
brought about physical constraints in measuring, and therefore 
smaller flat pieces (still +6 mm) were broken in order to obtain a 
more accurate comparison. It was found that the manufactured 
briquettes were weaker, as the lump coal pieces had an average 
compressive strength of 4.2 ± 0.3 MPa. This is approximately 
ten times the compressive strength of the binderless briquette 
and four times the maximum for both types of binder-bound 
briquettes. Figure 5 compares the strengths of the binder-bound 
and binderless briquettes. 

The strongest polyacrylic binder formulation was identified as 
a 4:1 ratio of components A to B. The resulting briquettes were 
measured against briquettes obtained from the concentration of 
PVA as commercially sold (0.05 wt.% hydrated and solubilized). 
The effect of percentage of polymer binder addition to the coal 
fines was investigated and the results are shown in Figure 6.

Figure 3—Thermogravimetric analyser set-up for large particles

Figure 2—Scaled-down model of the tumbler test (Richards, 1990)

Figure 5—Compressive strength of the binderless and binder-bound  
briquettes over 21 days of ambient curing

Figure 4—Comparison of the heating rates during the thermogravimetric 
analysis of a binderless briquette
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It was found that the polyvinyl alcohol briquettes had similar 
compressive strengths over a dosage range of 0.4–1.2wt.% (1.1 ± 
0.2 MPa). The polyacrylic briquettes increased in strength by  
0.4 MPa as the binder addition increased from 0.4–1.2wt%. The 
PA-bound briquettes yielded a maximum compressive strength 
0.2 MPa greater than that of the briquettes containing PVA. 

The abrasion resistance showed similar trends to the 
compressive strength, except for an anomaly in the briquette with  
0.8wt.% addition, which was found to be much less abrasion 
resistant. The results are shown in Figure 7. 

The polyacrylic briquettes became more abrasion resistant 
as the binder addition was increased, with a maximum fines 
generation of 5wt.%. The polyvinyl alcohol binder-bound 
briquettes showed similar abrasion resistance at 0.4 and 1.2wt.% 
additions, which was below the recommended fines generation of 
5%, except at 0.8wt.% binder addition where the maximum fines 
generation was 6wt.%. The polyacrylic briquettes reached fines 
generation values below the recommended value through the 
entire addition range of 0.4–1.2wt.%. 

In the water resistance tests it was found that neither the 
binderless nor binder-bound briquettes were water resistant 
across the 0.4–1.2wt.% binder addition range. When the addition 
of the polyacrylic binder was increased to 5wt.%, the briquette 
yielded a wet compressive strength of 0.32 MPa, which is below 
the recommended value proposed by Richards (1990). This was 
the only instance where the briquettes were able to withstand 
the water test for a maximum of 1 minute. The dry compressive 
strength resulting from the 5wt.% addition briquette was twice 
that of the 1.2wt.% addition and four times the strength of 
the binderless briquette. The binder-bound briquettes were 
much weaker than the lump coal, which reached a maximum 
compressive strength of 6 MPa.

A comparison of the mass loss with temperature for 
briquettes with various mixtures of PA and PVA, as well as the 
raw binder components, was drawn from various runs at 5°C /
min. While the 5°C/min heating rate was sufficient to burn out 
the powdered PVA and hydrated components A and B of the 
PA, there was a mass transfer limitation for the large briquettes, 
which required a lower heating rate to achieve burnout. The 
thermogravimetric analysis at 5°C/min showed that the polyvinyl 
alcohol powder ignited at 280°C and the components for the 
polyacrylic binder at 300°C. No significant difference was found 
between the binder-bound and binderless briquettes. To further 

evaluate the mass transfer limitation, the two heating rates were 
compared for identical binderless briquettes. The results are 
shown in Figure 8. 

The briquette heated at a 3°C/min had an ignition point 
at 354°C, which was 15°C lower than the briquette heated at 
5°C/min, which led to a burnout point within the 900–930°C 
burnout range for the powdered coal (Venter and Naude, 2015). 
The thermogravimetric results at a heating rate of 3°C/min 
displayed no significant difference between the various zones of 
combustion of the briquettes. These results are summarized in 
Table II.

Venter and Naude (2015) obtained similar results where 
the PVA powder started decomposing around 225°C and the 
coal (also South African bituminous coal) started combusting 
around 400°C (Hu et al., 2018; Jinsheng, 2009). In this study 
it was also found that the burning characteristics of powdered 
coal were similar to that of the PVA-bound briquettes. When the 
briquettes were first charred, the ignition point was found to 
be around 400°C. The ignition point of the coal and the volatile 
matter contained in the coal are indirectly proportional to each 
other. Therefore, an uncharred coal will ignite sooner (at a lower 
temperature) than a charred coal due to the loss of volatiles in 
a charred coal sample. Despite the difficulties associated with 
combusting coal as is, it was important to see the evolution of the 
volatiles (therefore the binder) as the briquettes combust directly. 

In summary, the TGA evolution curves for the binderless 
and binder-bound briquettes showed no significant difference in 
the combustion performance of the briquettes. These results are 
shown in Figure 9. 

Figure 6—Compressive strength comparison between PA and PVA bound briquettes over an addition range of 0.4–1.2wt.%

Figure 7—Comparison of abrasion resistance in terms of fines generation 
for PA- and PVA-bound briquettes
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The only observable difference in the evolution of the 
briquettes (as also presented in Table II) is that the PVA-bound 
briquettes ignite slightly sooner than the PA-bound briquettes. 
This indicates the nature of pure PVA, which reached ignition 
sooner than the PA binder components, and is therefore 
believed to decompose and release volatiles faster than PA. This 
difference, however, is so minor that the maximum rate for both 
PA- and PVA-bound briquettes is still reached at the same level 
of 450°C. The binderless briquettes reach a maximum burning 
rate 40°C later, which shows a small increase in combustibility of 
the briquette when either PA or PVA is added.

Due to the similarity in the mechanical durability and 
reactivity of the PVA and PA briquettes, a simplistic cost analysis 

between the two binders was drawn and is shown in Table III.
The cost of adding the binder at a slightly higher dosage 
(0.5wt.%.) would be the same as for 0.4wt.%. polyvinyl alcohol. 

Figure 8—Comparison on the evolution of the combustion of identical binderless briquettes with heating rates of (a) 3°C/min and (b) 5°C/min in dry air

   Table II

   Combustion zones of the binderless and binder-bound briquettes
   3°c/min                                  Binderless                                     PA                                 PVA 
   Temperature and mean °C ± °C ± *C ±

   Td: drying zone maximum 135 0 135 0 135 0
   Tig: ignition point 354 3 352 3 343 1
   Tm: maximum burning rate temperature 495 0 450 0 450 0
   Tf: final burnout temperature 855 0 855 0 855 0

Figure 9—Evolution curve comparison of the average performance of a binderless, PA-bound, and PVA-bound briquette at 3°C/min under dry air

   Table III

   Cost (R per ton) comparison between PVA and PA as 
low-dosage binders

   Binder addition (wt.%) PVA PA

   0.1 20 16
   0.4 80 64
   0.5 100 80
   0.9 178 142
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The polyacrylic binder, at the formulation that was found to 
be the strongest (component A to B ratio of 4:1), was found to 
be less expensive than polyvinyl alcohol in the addition range 
between 0.4 and 0.5wt.% and 0.5–0.9wt.%, being equally useful 
and expensive at 0.5wt%., for the following reasons:
 ➤   The polyacrylic binder can be manufactured at room 

temperature, whereas polyvinyl alcohol required heating to 
solubilize

 ➤   The cost per ton of the polyacrylic binder is lower than that 
for polyvinyl alcohol.

Conclusions
Briquettes containing PA and PVA were twice as strong 
as binderless briquettes. Polyacrylic-bound briquettes had 
compressive strengths comparable to PVA-bound briquettes 
in the range investigated. Briquettes manufactured with the 
polyacrylic binders had comparable abrasion resistance to PVA-
bound briquettes. Briquettes should be stored in dry conditions 
if not waterproofed, since none of the binders offered any 
waterproofing abilities. The combustion performances were the 
same for binderless and binder-bound briquette in the range 
tested. The polyacrylic binder may offer an alternative to PVA 
since both yielded the same mechanical and reactivity analysis 
results, with the benefit of room temperature manufacturing.

It is recommended that methods of waterproofing the 
briquettes be investigated. This can be done by finding an 
additional component to add to the polymer constituents of the 
binder.  Layering methods, such as wax dipping, could also be 
evaluated. It is also recommended that both polymer binders be 
tested in terms of their emissions potential, since the briquettes 
are to be used for combustion processes. 
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