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Abstract: Recently, the global population has increased sharply, unfortunately, the availability of
fossil fuel resources has significantly decreased. This phenomenon has become an attractive issue for
many researchers in the world so that various studies in the context of finding renewable energy are
developing continuously. Relating to this challenge, this research has been part of scientific work
in the context of preparing an energy briquette employing palm oil stems and glycerol crude of
biodiesel byproducts as inexpensive and green materials easily found in the Riau province, Indonesia.
Technically, the palm oil stems are used for the production of charcoal particles and the glycerol crude
as an adhesive compound in the production of energy briquettes. The heating value of palm oil stem is
17,180 kJ/kg, which can be increased to an even higher value through a carbonization process followed
by a densification process so that it can be used as a potential matrix to produce energy briquettes.
In detail, this study was designed to find out several parameters including the effect of sieve sizes
consisting of 60, 80, and 100 mesh, respectively, which are used for the preparation of charcoal
particles as the main matrix for the manufacture of the briquettes; the effect of charcoal-adhesive
ratios (wt) of 60:40, 70:30, and 80:20; and the effect of varied pressures of 100, 110, and 120 kg/crn2 on
the briquette quality. The quality of the obtained briquettes is analyzed through the observation of
important properties which involve the heating value and the compressive strength using Response
Surface Methodology (RSM). The results showed that the produced briquettes had an optimum
heating value of 30,670 kJ/kg, while their loaded charcoal particles resulted from the mesh sieve of 80,
in which there was a charcoal loading of 53 g and it pressed at 93.1821 bar, whereas, the compressive
strength value of the briquette was 100,608 kg/cm?, which loaded charcoal particles from the mesh
sieve of 100, the charcoal-adhesive ratio of 53:47 (wt) and the pressure of 93.1821 bar.

Processes 2020, 8, 777; d0i:10.3390/pr8070777 www.mdpi.com/journal/processes


http://www.mdpi.com/journal/processes
http://www.mdpi.com
https://orcid.org/0000-0002-5515-1952
https://orcid.org/0000-0003-1564-7088
https://orcid.org/0000-0001-7139-4674
https://orcid.org/0000-0003-0808-7393
https://orcid.org/0000-0002-6985-929X
https://orcid.org/0000-0003-2264-6358
http://dx.doi.org/10.3390/pr8070777
http://www.mdpi.com/journal/processes
https://www.mdpi.com/2227-9717/8/7/777?type=check_update&version=2

Processes 2020, 8, 777 2 of 20

Keywords: palm stem; briquettes; crude glycerol; adhesives; RSM

1. Introduction

Along with economic growth, population, regional development, and development from year to
year, the need for energy fulfillment from all sectors is also increased. Based on energy consumption
released by the National Energy Board, it was proved that fuel consumption in 2009 increased rapidly
by 18.1% in 5 years [1]. This increasing energy consumption has directly impacted oil prices, which has
resulted in unstable oil prices so that some industrial energy has been switched to coal, including the
energy of several industrial companies existing in Indonesia.

Coal is one of the important minerals widely found in Indonesia, therefore it has been used
as the energy source for running industrial activity in many fields. As a matter of fact, the high
consumption of coal in many fields (industry, transportation, etc.) has faced the depletion of these fuel
resources in maintaining energy sustainability for people. This can be understood because the coal
cannot be reproduced naturally (non-renewable fossil fuel). According to The Indonesian Coal Mining
Association (APBI) and Price Waterhouse Coopers (PwC), the availability of coal was only 8.3 billion
tons in 2015, and this source will be finished in the next few years while it is used continuously. It can
be understood that the decreasing national energy resources and the increasing energy consumption
(coal and fuel) have driven Indonesia to increase the import value of coal and fuel as the real strategy
to maintain energy safety for domestic consumption [2]. Based on this situation, some efforts in order
to find alternative renewable energy sources are certainly needed.

Supported by its geological situation, Indonesia is one of the potential countries with high potential
renewable energy resources such as geothermal [3-9], hydro [10], biomass [11-13], solar [14-16],
biofuel [17-19], and wind [20]. Indonesia has recorded 75,091 MW of geothermal energy, 29,164,
769.69 MW of mini/micro hydro-energy, 2.3 million SBM of biogas energy, 3000 MW of municipal
waste, 480 kWh/mz/day of solar power, 3-6 m/s of wind power, and 161.5 million SBM of biofuels [21].
However, those renewable energy resources are not exploited optimally because this requires high
technological skills and investigation. On the other hand, biofuel has been an attractive resource as a
renewable, green, and economical energy source to maintain energy sustainability in Indonesia. For this
purpose, the Indonesian government policy through Presidential Instruction No. 1 of 2006 accompanied
by the Minister of Energy and Mineral Resources Regulation No. 25 of 2013 has been revealed to
trigger the national concern on biofuel ISO. The regulation has been an obligation to use biofuel sources
produced from biomass as an alternative fuel for maintaining domestic energy needs [22]. This means
that the utilization of biofuel derived from biomass needs to be increased so that it can comply
with national needs and support the government programs in realizing sustainable development for
providing renewable resources for Indonesian people [22,23].

Supported by tropical diversity, the Indonesian rain forest provides many biomass resources.
Every single part of the plant (root, stem, and shell) contains energy from carbon compounds such as
lignin [24], cellulose [25], pectin [26-28], etc., which can be transformed into biofuel [29]. Among the
many plants, the palm has the most potential as a biomass resource. As the main country in palm oil
production, Indonesia is known as the largest country for palm oil production in the world [30]. This will
naturally produce a large amount of biomass waste, including palm stem waste that can be used as a
green biomass for energy briquette construction. Based on released data by the Director-General of
Plantation, the palm area in the Riau Province is around 2.4 million hectares, with a total production
in 2014 of 7,442,557 tons [31]. As an illustration, while 140 million palm oil stems can be planted in
one hectare of land, the replanting process in the same plantation land results in 140 million palm oil
stems as biomass waste. In addition, the biomass amount is expected to increase due to the increasing
demand for palm oil plantation each year [32].
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Based on several scientific investigations, some palm plant byproducts such as palm stems can
be used as a biomass precursor converted into renewable energy materials. The application of the
biomass could have several advantages, as follows: First, it is a renewable energy source that can
guarantee the sustainability of production. Second, Indonesia is a major producer of palm oil, so the
availability of raw materials will be guaranteed, and the industry is based on domestic production.
Third, the development of these alternatives is an environmentally friendly production process. Fourth,
it is also a form of optimization of resources used to increase added value.

Generally, carbon material conversion can be performed through several processes, such as
densification [33], gasification [34], and pyrolysis [35]. The densification method can increase the
calorific value per volume by compression and obtain a uniform shape that makes it easier to
store and distribute. The criteria for fossil fuel substitutes are economically feasible, sustainable,
and environmentally friendly. The production of briquettes from the palm biomass through the
densification process can be a real and competitive solution in renewable energy production for
substituting solid fuels such as coal.

It should be understood that the addition of additive components to the production of the
briquettes has a positive impact on the heating value of the produced briquettes. Relating to this
aspect, crude glycerol, which is noticed as a biodiesel byproduct, could possibly be utilized as a
natural additive compound for briquette production. [36] Concerning some advantages of using palm
stem materials and crude glycerol as it has been explained above, this research proposed the idea
of combining palm stem biomass and crude glycerol from byproducts as adhesives for constructing
energy briquettes. It can be assumed that the utilization of glycerol (without purification), which has a
calorific value of 25,175.98 k]/kg, can be useful as an enhancer of the combustion heat value, which leads
to a reduction in processing costs [37].

It is important to find levels of particle size, adhesive composition, and pressing pressure factors
which generate optimum scores of heating value and compressive strength. For achieving this,
Response Surface Methods (RSM) can be applied. A study was performed to analyze the effect of
the torrefaction factor on calorific value with a response surface model. The results were levels of
factors which reached optimum calorific values [38]. Then, another study was conducted to identify
the temperature and time levels of calorific value as an alternative energy source, and the result was a
temperature and time value which maximized the optimum processing condition [39]. Furthermore,
another study has been conducted to produce a high quality briquette with RSM. Central Composite
Design (CCD) was used to identify the levels of temperature, time, and size which can produce the
optimum heating value, mass yield, and energy yield. The result was a biomass especially in Empty
Fruit Bunches (EFB) which can be upgraded [40].

In our research, we predict that optimum points can be identified by a second-order response
surface model because characteristics of the analysis can determine the stationary point which is a point
of maximum or minimum response or saddle point. One of the designs for fitting the second-order
model is the Central Composite Design (CCD). This is the most popular class of designs used for
fitting these models (Montgomery). Generally, the CCD consists of a 2X factorial with ng factorial
runs, 2% axial runs, and n center runs. Figure 1 describes CCD for k = 3 factors so it has 8 factorial
runs, 6 axial runs, and 6 center runs. In fact, there is another design for fitting response surfaces,
the Box-Bhenken Designs. These designs are formed by combining 2* factorials with incomplete block
designs. The result of the designs is very efficient in the number of runs.

We think that CCD is more interesting than the Box-Bhenken Design. When we determine
minimum and maximum levels of factors, CCD has bigger values in maximum levels and smaller
values in minimum levels, although we have to use more runs than those of the Box-Bhenken Design.
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Figure 1. CCD Model of Bricket Material Prepared from Palm Stem Biomass (Modified from [41]).

2. Materials and Methods

The supply of palm stem materials were obtained from local palm trees around the University of
Riau campus while the crude glycerol by-product biodiesel was obtained from PT. Wilmar Bioenergy
Indonesia. The equipment used consisted of reliable fuel manufacturing and testing units. The solid
fuel manufacturing unit consisted of an analytical balance, furnaces, and presses, while the testing unit
consisted of a Universal Testing Machine and a bomb calorimeter. The method used was the Central
Composite Design (CCD) which is one of the Response Surface Methods (RSM). The analysis uses the
DOE menu in a statistics package.

3. Experiment

The palm stem process consisted of cleaning, sizing, soaking, and drying. Firstly, the palm stems
were divided into pieces and cleaned to remove any dirt on the surface. Then, those palm stems
were carbonized in a furnace (Chemical Engineering Workshop of Bandung Insitute of Technology,
Bandung, Indonesia) at 400 °C for 2 h, as it reported previously [42]. Furthermore, those charcoal
particles prepared from palm oil stems were classified into three groups, and each group was sieved
using a mesh size of 60, 80, and 100, respectively. Each charcoal powder was mixed with crude glycerol
by-product biodiesel with a weight ratio of 60:40, 70:30, and 80:20 wt resulting in suspension products
with different matrix ratios. The briquette molding was constructed by using a hydraulic press with
a variation pressure of 100, 110, and 120 kg/cm? and a pressure time of 10 s [42]. The tools were
made by the Energy Conversion Laboratory at Universitas Riau. The obtained briquettes were dried
naturally under the sun’s light exposure for 5 h. Finally, the briquette product was tested for heating
value by using a bomb calorimeter and compressive strength using a Universal Testing Machine
(A&D Company, Tensilon RTF-2430, Capacity 30 KN, Tokyo, Japan).

4. Central Composite Design (CCD)

The Central Composite Design (CCD) was applied to investigate the linear, quadratic, cubic,
and cross-product effects of the three process variables (particle size, adhesive composition, and pressure
pressing) on the calorific value and compressive strength (response) of the obtained briquettes in
this experiment. Table 1 listed the range and levels of the three independent variables which were
studied in this experiment. Relations between coded variables and uncoded variables can be shown
in Equations (1)—(3). The purpose of the research was to identify particle size, adhesive composition,
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and pressure pressing levels which generate the optimum heating value and compressive strength.
This purpose can be reached by CCD. The CCD comprised twenty points from a two-level factorial
design or cube points (2X = 23 = 8 points), six axial or star points, and six center points. The two
level was represented by 2% (one minimum level and one maximum level) which was powered k,
where k was the number of factors, the other words were (-1,-1,-1), (-1,-1,1), (-1,1,-1), (-1,1,1),
(1,-1,-1),(1,-1,1), (1,1,-1), and (1,1,1). Six axial points consisted of (-,0,0), (+«,0,0), (0,—«,0), (0,x,0),
(0,0,—«), and (0,0,+). Six center points were six (0, 0, 0) points. The value of an alpha (o) for this
CCD was fixed at 1.68. The value was from o = (Tlp)l/ 4, where np was the number of cube points [41].
The combination of the cube points, the axial points, and center points are shown in Figure 1.

Table 1. Levels of the briquetting variables studied in this experiment.

. Levels
Variable Coding  Unit
A | 0 1 lod
Particle size X1 mesh 464 60 80 100 113.6
Adhesive composition Xp Y%owt 132 20 30 40 468
Pressure pressing X3 Kg/em? 932 100 110 120 126.8
Note: & =1.68.

__ Particle size — (Particle size[low] + Particle size[high]) /2 & —80

= 1
! (Particle size[high] — Particle size[low]) /2 20 @
X — Adhesive comp. — (Adhesive comp.[low] + Adhesive comp.[high]) /2 & —30 )
2 (Adhesive comp.[high] — Adhesive comp.[low]) /2 10
Pressure pressing — (Pressure pressing|low] 4 Pressure pressing[high])/2 ~ &3 —110 3)
3= _

(Pressure pressing[high] — Pressure pressing[low]) /2 10

Each response of the process was used to develop a mathematical model that correlated the
calorific value and compressive strength process variables which were studied through first order,
second order, and interaction terms, according to the following second-order polynomial equation:

Y = o + p1X1 + BaXa + BaXs + B11X1? + BaaXo? + BaaXa? + roaXaXa + 13X1Xs + fsXaXs  (4)

where Y is the predicted heating value and compressive strength, X; and X represent the variables
in code, by is the offset term, bj is the linear effect, bij is the first-order interaction effect, and bj]- is the
squared effect.

Equation (4) can be written in matrix notation [43]:

7= fo+xb+xBx

where . . A .
X1 P1 B11 512/2 @11(/2
X2 B2 B2 o Pox /2
X = . b= . B = . . .
Xk Bk sym ﬁkk

The stationary point or the solution of Equation (1) is

1 __
XSZ—EB lb
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5. Results and Discussion

5.1. Raw Material and Product Characterization

The palm stem, which is noted as a raw material in this experiment, has been characterized to
evaluate its heating value and proximate analysis. The proximate analysis included water content,
ash content, volatile matter content, and carbon bound content. The characterization results of palm
stem charcoal and palm stem briquettes are shown in Table 2. The characteristics were evaluated at
the Oleochemical Technology Laboratory at Universitas Riau except heating value and compressive
strength which were evaluated at the Energy Conversion Laboratory at Universitas Riau.

Table 2. Characteristics of Palm Stem, Palm Bar Charcoal, and Palm Stem Briquettes.

No. Characteristic Unit Palm Stem  Palm Stem Charcoal Palm Stem Briquettes
1 Heating Value KJ/kg 18,123.615 21,699.59 21,968.2-28,089.6
2 Water Content %-b 9.10 5.03 55
3 Volatile Matter Content Y%-b 76.9 22.19 19.73
4 Ash Content %-b 2 0.74 0,.45
5  Carbon bound Content %-b 12 69 714
6  Compressive Strength ~ kg/cm? - - 0.86-7.526
7 Density gr/cm? - - 0.72-1.06

The heating value of oil palm stems after treatment by the carbonization process increased by
19.73%. The increasing carbon content influenced the increase in the heating value of the oil palm
charcoal. This fact is consistent with previous research reported by [43] in which the carbonization
process enhanced the carbon content and the heat value by 44.6%. However, water and volatile
contents decreased by 71.15% and 63.04%, respectively, due to the carbonization treatment. It can be
realized that the lower water content and the volatile substances led to a greater calorific value, dealing
with the previous report [44]. As considered, the densification process increased the calorific value of
palm charcoal by 1.2-29.4% [42,45], however, the densification process increased the water content, the
impact because of the crude glycerol still containing water substances, by 2-3% wt [46]. Meanwhile,
ash levels and volatile substances decreased while the heating value increased [44].

Table 3 showed the summary of the response of the heating value and compressive strength,
which was processed using one of the methods in the Respond Surface Method (RSM) that
resulted in this experiment. The method was a CCD with three factors. The factors were
particle size (&1), adhesive composition (&), and pressure pressing (£3). In Table 3, A = &,
B =& and C = &3. & was transformed to X using Equations (2)-(4) in the CCD. For illustration,

X _ &-80 _ 60—(604+100)/2 _ 60-80 __ i &-80 _ 80-(60+100)/2  80-80 __ 0
1 = 20 - (100-60) /2 - 20 - » A1 = 720 T T (100-60)/2 20 — Y
X, — £-80 _ 100-(60+100)/2  100-80 __ 1 X, = —a-80 __ 50-(60+100)/2  50-80 __ _15
1= 7 = ~(@owe0n/2z ~ 20 v = T T THo-en)/2 20 . b
_ a=80 __ 120-(60+100)/2 120-80 __ .
and X; = %55 = o0-e0)2 . — =2 = 2. The code of X; and X3 can be calculated in the
same way.

Table 3. Summary of various research responses to the heating value (Y1) and compressive strength

(Y2).
Natural Variable Coded Variable Response
Std Run

& & & X1 X2 X3 Y1 Y2
1 15 60 20 100 -1 -1 -1 21,968.2 1.611
2 3 100 20 100 1 -1 -1 22,889.3 1.302
3 1 60 40 100 -1 1 -1 25,238.4 0.86
4 8 100 40 100 1 1 -1 27,630.7 4.929
5 4 60 20 120 -1 -1 1 25,193.5 3.818
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Table 3. Cont.
Natural Variable Coded Variable Response
Std Run
& & & X1 X2 X3 Y1 Y2
6 18 100 20 120 1 -1 1 25,038.7 1.530
7 19 60 40 120 -1 1 1 27,352.7 1.010
8 6 100 40 120 1 1 1 25,009.5 7.526
9 20 46.4 30 110 -1.68 0 0 25,093.5 1.202
10 9 1136 30 110 1.68 0 0 25,193.5 5.346
11 13 80 13.2 110 0 -1.68 0 22,445.7 1.756
12 11 80 468 110 0 1.68 0 28,089.6 2.377
13 7 80 30 93.2 0 0 -1.68 22,934.1 1.205
14 17 80 30 126.8 0 0 1.68 27,352.7 4.871
15 10 80 30 110 0 0 0 24,245.6 2.149
16 5 80 30 110 0 0 0 25,326.4 2.319
17 16 80 30 110 0 0 0 24,834.9 2916
18 12 80 30 110 0 0 0 24,794.9 2.856
19 2 80 30 110 0 0 0 25,326.4 3.230
20 14 80 30 110 0 0 0 25,148.7 2.040
Table 4. Summary of the F-Value for each response variable.
Response S‘;)u.rce of DF SS MS F-Value p-Value
ariance
Heating Value Regression 9 47,878,095 5,319,788 10.60 0.000 **
Error 10 5,016,949 501,695
Lack of Fit 5 4,160,719 832,144 4.86 0.054
Pure Error 5 856,230 171,246
Total 19 52,895,044
Compressive Strength Regression 9 49.5564 5.5063 7.87 0.002 **
Error 10 6.9958 0.6996
Lack of Fit 5 5.8389 1.1678 5.05 0.050
Pure Error 5 1.1569 0.2314
Total 19 56.5522

Note: ** means significant at « = 0.01.

The accuracy of the model can also be determined from the comparison of the actual value of
the study with predictions from the standard deviation. The results of the model (predicted) were
expressed as a straight line and the actual data of the research results (actual) were represented in the
form of scattered boxes, as shown in Figure 2. This has excellent precision, so the data obtained did not

have a far spread.

Predicted vs. Actual

2610000 |

2645000 —{

2440000

Pradicted

2215000 — -

222098

T T
2484388 2049073

Actual

(a)

T
28030.00

Predicted vs. Actual

ced

Pradi

211 ]

030

(b)

Actual

Figure 2. Prediction versus actual regression model (a) heating value (b) compressive strength.
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The value of the F table was F («, df1, df2), and the probability level used was « = 0.05, where d¢
was the degree of freedom. The Fj value for each response to the heating value can be seen in Table 4.

A summary of the results of the response curvature test in this study can be seen in Table 4.
It can be seen that the p-values of the model for both responses fulfilled the p-value regression test
requirements, p-values < « = 0.05. The p-value was the value used to test component influences
against heating values and compressive strength variables. For the response of the heating value and
compressive strength, the lack of fit p-values was not significant (see Table 4), they mean errors that are
caused by choosing models that are not significant. The model of the heating value and compressive
strength can be seen in Equations (5) and (6).

Model of heating value in uncoded is:

Heating Value = —42209 + 421 A +904B +535C + 0.037 A+ A+ 0.76 B+ B+ 0.32C + C - 5)
032A*B-376 AxC-710B=*C

For example, using the model, if particle size = 100 mesh, adhesive composition = 30% wt,
and pressure pressing = 50 kg/cm? then the heating value is 25,205 kJ/kg, see equation below.
The heating value is not a maximum point.

2520541 = ~42200 + 421(100 mesh) + 904(30% wt) + 535(50!%)
+0.037(100 mesh) (100 mesh) + 0.76(30% wt) (30% wt)
+0.32(50%)(50C’%) —0.32(100 mesh) (30% wt)
~3.76(100 mesh)(50cl;n—g2) —7.10(30% wt)(SOk—g)

cm?

Model of compressive strength in uncoded is:

Compressive Strength = 38.7 — 0.342 A — 0.437 B — 0.418 C + 0.000490 A=A — 0.00138 ©)
B+ B + 0.00206 C + C + 0.00782 A = B + 0.00071 A + C — 0.00045 B + C

For example, using the model of compressive strength, if particle size = 100 mesh, adhesive
composition = 30% wt, and pressure pressing = 50 kg/cm? then the compressive strength is 5.633 kg/cm?,
see equation below.

5.633-% = 38.7 - 0.342(100 mesh) — 0.437(30% wt) — 0.418(50!%)
+0.000490(100 rmesh) (100 mesh) —0.00138(30% wt ) (30% wt)
+0.00206(50£1—g2)(50%) +0.00782(100 mesh) (30% wt)

+0.00071(100 mesh)(50c%) — 0.00045(30% wt)(50;1—g2)

In the heating value response variable model, the main effects of B and C, and the interaction
effects of AC and BC were significant (Table 5, Figures 3-5). The determination coefficient (R?) of the
heating value was 90.5%, which means that the model could explain heating value accurately because
it was near 100%. For compressive strength, the main effects of A, B, and C, and the interaction effect of
AB were significant (Table 5, Figures 6 and 7). The R? of compressive strength was 87.6%, which means
that the compressive strength could be largely explained by A, B, and C through the model. The Mean
Absolute Percentage Errors (MAPEs) of the heating value and compressive strength were 1.681% and
27.575%, respectively, and the Root Mean Square Errors (RMSEs) were 708.304 and 0.836, respectively.
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Table 5. p-value summary for the response of heating value and compressive strength.

Source p-Value of Heating Value  p-Value of Compressive Strength

Constant 0.000 * 0.000 *
A—Particle Size 0.671 0.002 *
B—adhesive composition 0.000 * 0.031 *
C—Pressure Pressing 0.001 * 0.006 *
A? 0.932 0.354

B? 0.693 0.547

c? 0.868 0373
AB 0.801 0.000 *

AC 0.013 * 0.641

BC 0.018* 0.883

R? 0.905 0.876

MAPE 1.681 27.575

RMSE 708.304 0.836

Note: * means significant at o = 0.05.

Main Effects Plot for Heating Value
Fitted Means

Particle Size Adhesive Composition Pressure Pressing

28,000

27,000 /
)
3
©
>
o 26,000
£
=
3 /
I
L2500
3]
c
©
]
= 24,000

23,000

50 75 100 20 30 40 100 110 120

Figure 3. The main effect of process conditions on the heating value.

Interaction Plot for Heating Value
Fitted Means

Particle Siz * Adhesive Com Adhesive
28,000 Com
— 20
26,000 T - 30
_____ R —_— 40
© 24,000 e —
2
s
o 22,000
£
=
3 20,000
I Particle Siz * Pressure Pre Adhesive Com * Pressure Pre Pressure
‘e 28,000 Pre
—
26,000
= - — 120
24,000
22,000
20,000
40 60 80 100 120 10 20 30 40 50

Particle Siz Adhesive Com

Figure 4. Two-factor interaction effect of process conditions on the heating value.
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5.2. Heating Value Analysis

Figure 3 is a graph of the effect of variable conditions on the heating value. In the left part of
Figure 3, it can be seen that the particle size did not have a significant effect on the heating value. This is
evidenced by the absence of an up- or down-trend in the chart. The heating value was completely
influenced by the carbon content, and the carbon content itself was an internal property of the material.
Therefore particle size did not affect the carbon content of the material which means it also did not
affect the heating value.

However, in the middle of Figure 3 and on the right of Figure 3, it can be seen that the adhesive
composition and pressing pressure had a significant effect. The addition of adhesive in the form of
crude glycerol increased the heating value by 29.4%, compared to the heating value of carbonized palm
stems, from 21,699.59 kJ/kg increased to 28,089.6 kJ/kg [36]. On the right of Figure 3, it can also be seen
that the effect of pressing pressure had a significant effect on the heating value. The greater the pressing
pressure, the greater the briquette density will be so more charcoal will come into contact with the
adhesive in the form of crude glycerol which will increase the heating value [43]. Inversely proportional
to the adhesive composition and pressing pressure which gave a significant effect, the particle size did
not affect the heating value of the briquettes produced. This can be seen from the p-value of the particle
size of 0.6229. The p-value for the particle size variable exceeded the probability value > « = 0.05, so it
can be concluded that the particle size did not have a significant effect on the heating value.

Surface response graphs that show interactions between adhesive composition (B) and pressing
pressure (C) with the heating value in particle size 60, 80, and 100 mesh, respectively, can be seen
in Figure 5. At the 60 mesh particle size, the highest heating value of 27,352.7 kJ/kg was obtained
under the condition of the adhesive composition of the charcoal stem 60:40 and the pressing pressure
of 120 kg/cmz, while the lowest heating value of 21,968.2 kJ/kg was obtained under conditions of an
adhesive composition of 80:20 palm oil charcoal and a pressing pressure of 100 kg/cm?. At 80 mesh
particle size, the highest heating value of 28,089.6 k]/kg was found at an adhesive composition of
palm stem charcoal 53:47 and a pressing pressure of 110 kg/cm?, and the lowest heating value of
22,445.7 kJ/kg was obtained in the adhesive composition against palm stem charcoal 87:13 and the
pressing pressure of 110 kg/cm?. Likewise, with the particle size of 100 mesh, the highest heating value
of 27,630.7 k]J/kg was obtained in the composition of the adhesive against charcoal palm 60:40 and
the pressing pressure of 100 kg/cm?, while the lowest heating value of 22,889.2 k]/kg was obtained
at an adhesive composition of 80:20 and a pressing pressure of 100 kJ/cm?. Figure 5 shows that the
changing particle size gave different heating values under the same pressing pressure conditions and
adhesive composition.

Based on ANOVA data and Figure 5, it was shown that the composition of the adhesive and
pressing pressure had a significant influence on the increase in the heating value. The more adhesives
used and the larger the pressing pressure, the higher the heating value produced [36,43,47], so the
adhesive composition and pressing pressure can increase the heating value.
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Figure 5. Graphic and contour of surface response of the adhesive composition and pressing pressure
effect on the heating value of particle size (a) 60 (b) 80, and (c) 100 mesh.

5.3. Compressive Strength Analysis

Figure 6 is a graph of the influence of variable conditions on compressive strength. In the Figure
(left), (middle), and (right), it can be seen that particle size, adhesive composition, and pressing pressure
had a significant effect. This can be seen as an increase in the graph. In the Figure (left), the particle
size had a significant influence on the compressive strength. According to [48], the larger the mesh
size, the stronger the briquettes produced. In the Figure (middle), the adhesive composition also had a
significant effect in accordance with the statement of [47], which states that the addition of glycerol
has a positive effect on the firmness of the briquette press. In the Figure (right), the pressing pressure
also had a significant effect in accordance with the statement of [49], which states that the increase in
pressing pressure increases the mechanical strength of the briquettes.
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Figure 6. The main effect of process conditions on the compressive strength.

Surface response graphs that show the interactions between variable particle size (A) and adhesive
composition (B) with compressive strength can be seen in Figure 7. At plot of particle size and adhesive
composition, a line decreases at adhesive composition 20 %wt and the lines increases at adhesive
composition 30 %wt and 40 %wt. At plot of particle size and pressure pressure, lines have the same
pattern, it means that particle size and pressure pressing do not have interaction. With the same reason,
adhesive composition and pressure pressing also do not have interaction.

Interaction Plot for Compressive Strength
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Figure 7. Two-factor interaction effect of process conditions on the compressive strength.
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At the pressing pressure of 100 kg/cm?, the highest compressive strength of 4.929 kg/cm? was
obtained under the conditions of the adhesive composition of 60:40 palm oil charcoal and 100 mesh
particle size, while the lowest compressive strength of 0.86 kg/cm? was obtained under the adhesive
composition conditions against charcoal stem 60:40 and 60 mesh particle size (Figure 8). At the pressing
pressure of 110 kg/cm?, the highest compressive strength of 5346 kg/cm? was found in the composition
of the adhesive against palm oil charcoal 70:30 and the particle size of 120 mesh, and the lowest
compressive strength of 1.202 kg/cm? was found in the composition of the adhesive against the oil palm
charcoal 70:30 and 50 mesh particle size. Likewise, with the pressing pressure of 120 kg/cm?, the highest
compressive strength of 7526 kg/cm? was found in the composition of the adhesive against palm bar
charcoal 60:40 and 100 mesh particle size, while the lowest compressive strength of 1010 kg/cm? was
found in the composition of the adhesive against the charcoal palm stem 60:40 and 60 mesh particle size.
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Figure 8. Graph and contour of surface response influences the adhesive composition and particle size
to compressive strength at the pressing pressure (a) 100 (b) 110, and (c) 120 kg/cm?

In the adhesive composition of 80:20 palm oil charcoal, the highest compressive strength of 1611
kg/cm? was obtained under 60 mesh particle size conditions and pressing pressures of 100 kg/cm?,
while the lowest compressive strength of 1302 kg/cm? was obtained under 100 mesh particle size
conditions and pressing pressures of 100 kg/cm?. In the composition of the adhesive against palm
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oil charcoal 70:30, the highest compressive strength of 5.346 kg/cm? was obtained under 120 mesh
particle size conditions and a pressing pressure of 110 kg/cm? and the lowest compressive strength at
1.202 kg/cm? under 50 mesh particle size conditions and a pressure pressing of 110 kg/cm?. Likewise, for
the adhesive composition of palm bar charcoal 60:40, the highest compressive strength of 7526 kg/cm?
was obtained under 100 mesh particle size conditions and a pressing pressure of 120 kg/cm?, while the
lowest compressive strength of 0.86 kg/cm? was found under 60 mesh particle size conditions and
100 kg/cm? pressing pressure. Figure 9 shows that the composition of the changing matrix gave a
different compressive strength under the same conditions of particle size and pressing pressure.
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Figure 9. Graph and contour of the surface response of the effect of particle size and pressing pressure
on the compressive strength and the adhesive composition (a) 80:20 (b) 70:30, and (c) 60:40.

At the 60 mesh particle size, the highest compressive strength of 3.818 kg/cm? was obtained under
the conditions of the adhesive composition against palm oil charcoal 80:20 and a pressing pressure of
120 kg/cm?, while the lowest compressive strength of 0.86 kg/cm? was obtained under the condition
of the adhesive composition against oil palm charcoal 60:40 and the pressing pressure 100 kg/cm?.
At 80 mesh particle size, the highest compressive strength of 4871 kg/cm? was found in the composition
of the adhesive against palm oil charcoal 70:30 and the pressing pressure of 126 kg/cm?, and the lowest
compressive strength of 1205 kg/cm? was found in the composition of the adhesive against palm oil
charcoal 70:30 and the pressing pressure of 93 kg/cm?. Likewise, with the particle size of 100 mesh,
the highest compressive strength of 7526 kg/cm? was found in the composition of the adhesive against
palm bar charcoal 60:40 and the pressing pressure of 120 kg/cm?, while the lowest compressive strength
of 1302 kg/cm? was found in the composition of the adhesive against charcoal palm stems 80:20 and
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100 kg/cm? pressing pressure. Figure 10 shows that the change in particle size gave a different heating
value under conditions of the same pressing pressure and adhesive composition.
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Figure 10. Graph and contour of the surface response of the effect of the adhesive composition and
pressing pressure on compressive strength on particle size (a) 60 (b) 80, and (c) 100 mesh.

Optimal heating value and compressive strength were obtained through particle size and adhesive
composition maximum and pressure pressing minimum. The optimal heating value was 306,704
kJ/kg (Figure 11) which was obtained by particle size 120 mesh, adhesive composition 46.8179%
wt, and pressure pressing 93.1821 kg/cm?. The optimal compressive strength was 10.0608 kg/cm?
which was obtained by particle size 120 mesh, adhesive composition 46.8179% wt, and pressure
pressing 93.1821 kg/cm?. Besides Figure 11, the optimal heating value can be also seen in the model of
Equation (5):
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30648.031L = ~42200 + 421(120 mesh) -+ 904(46.8179% wt) + 535(93.1821%
+0.037(120 mesh) (120 mesh) + 0.76(46.8179% wt) (46.8179% wt)
+O.32(93.1821 %)(93.1821 C’%) — 0.32(120 mesh) (46.8179% wt)

~3.76(120 mesh)(93.1821k—g2) — 7.10(46.8179% wt)(93.1821 "—5’2)
cm cn

where as optimal compressive strength can be calculated by model 6:

10.07826 8 =
cm

38.7 — 0.342(120 mesh) — 0.437(46.8179% wt)
—0.418(93.1821%) +0.000490(120 mesh) (120 mesh)
~0.00138(46.8179% wt) (46.8179% wt)
+0.00206(93.1821C’jn—gz)(93.1821c’jn—gz)

+0.00782(120 mesh) (46.8179% wt)

++0.00071(120 mesh)(93.1821c’%)

—0.00045(46.8179% wt)(93.1821 C’%)

16 of 20

The decimal value of the optimum heating value and compressive strength in Figure 11 and the
model are difference because of the parameter estimator decimal values. We used optimum scores
from Figure 11 in the paper because the calculating uses more decimal values.

Initial . Particle
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o 1'0_00 Cur [120.0]
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Composite
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D: 1.000

Compress
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d = 1.0000
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y = 3.067E+04
d = 1.0000

Figure 11. Maximum points of heating value and compressive strength with the factor levels.

5.4. Briquette Density

Adhesive Pressure
46.8179 126.8179
[46.8179] [93.1821]
13.1821 93.1821

The briquette quality depended on the briquette density of the material. The density value
represented the mass and volume ratio in a briquette. It is well known that the density value is strongly
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affected by the particle size, adhesive substance, and pressing level used in briquette construction.
Considering that the briquette density described the sample homogeneity in the briquette material,
it can be assumed that the smaller particle size of the charcoal coupled with increasing adhesive
substances produced the briquette sample which had a greater density. This is because the dense
arrangements among charcoal grains in the briquette sample were strongly bonded with each other by
the adhesive substance.

Based on density testing and mass type investigation of the obtained briquette products which has
been demonstrated in this experiment, it can be proved that the density of the crude glycerol charcoal
briquette increased with improving the pressing pressure. This result is in accordance with previous
research conducted by [50], who stated that a large stress load causes the bulk density of the briquettes
to increase in size and results in stronger mechanical strength. The frequency obtained from this study
ranged from 0.72 to 1.06 g/cm?.

6. Conclusions

Briquette material produced successfully from palm stems and crude glycerol, in which its
standard heating value of min. 21,000 k]/kg has met with the standard heating value, the Indonesian
National Standard (SNI). The response of the briquette’s heating value is significantly influenced by
the composition of the matrix and pressing pressure. The response of the compressive strength of
briquettes is strongly related to particle size, matrix composition, and pressing pressure. The optimal
heating value (306,704 kJ/kg) is obtained while the charcoal particle is sieved using the metal sieve
of 80 mesh, the matrix composition contained palm stem charcoal of 53:47 wt, and the pressure of
93.1821 bar. However, the lowest heating value of 21,968.2 kJ/kg obtained while using charcoal particles
resulted from 60 mesh, the matrix composition 80:20 wt, and a pressure of 100 bar. The optimum
compressive strength of 10.0608 kg/cm? resulted while using charcoal from the sieving process using
a sieve of 100 mesh, the matrix composition 53:47 wt, and the pressure of 93.1821 bar. Whereas the
lowest compressive strength of 0.86 kg/cm? resulted from using charcoal particles produced with a
metal mesh of 60, a matrix composition of 60:40 wt, and a pressure of 100 bar.
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