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Abstract

In this study, activated carbons were prepared from palm kernel shells by physical activation. The methodology of experimental
design was used to optimise the preparation conditions. While varying the particle size of the precursor palm kernel shells,
carbonisation was done for about one hour to yield char. Activated carbon was prepared from the product char at a steam flow
rate of 0.06 mol/h/g char and at a temperature of about 900 <C for five hours. The empirical results were investigated to estimate
the yield and particle size distribution of char and activated carbon produced from the palm kernel shells. Based on the yield and
particle size analysis, a model was generated to predict product particle size and quantity in the production of activated carbon,
thereby effectively utilising available raw materials and reducing preparation costs. In gold adsorption process, activated carbon
of + 2.00 mm is mainly used to recover dissolved gold complexes from solutions. From data analysis and the model generated in
this study, a relatively high composition of activated carbon with particle size + 2.00 mm was produced by utilising palm kernel
shells precursor with particle size - 6.70 mm + 5.60 mm for carbonisation and char particle size —3.35 mm +2.80 mm for
activation.
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1. Introduction

Activated carbon is available in various forms, including
powders, granular chips, and extruded products, and is pro-
duced commercially from sources such as palm kernel shells
(PKS), wood, lignite, and petroleum pitch [1, 2]. Activation of
carbon is achieved by removing hydrogen-rich fractions and
other volatile constituents from the carbonaceous raw mate-
rial, producing a porous residue with a large internal surface

area [2]. Hence, activated carbons are complex products that
are difficult to classify based on their behaviour, preparation
methods, and surface characteristics. However, some broad
classification is made for general purposes based on physical
characteristics such as particle size. Particle size analysis in
activated carbon production is crucial, as it aids in estimating
the particle size composition and distribution in the product.
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This analysis has several applications in the minerals, build-
ing, chemical and pharmaceutical industries for the effective
control and regulation of many technological processes [3, 4].

The industrial production of activated carbon faces chal-
lenges related to raw material scarcity and high preparation
costs; therefore, several studies have been conducted to ex-
plore innovative, inexpensive and renewable raw materials
[5-8]. Additionally, the effective utilisation of these raw ma-
terials is key, as this would reduce waste after production and
the costs associated with producing that waste [4].

In the gold industry, activated carbon with a particle size of
+ 2.00 mm is primarily used to recover dissolved gold com-
plexes from solutions [9-11]. Consequently, it is important to
predict the particle size and yield of activated carbon pro-
duced from a given particle size range of precursor. Hence,
this study seeks to develop a model for estimating the quantity
and particle size of product char and activated carbon from
carbonising a given size range of PKS and subsequently ac-
tivating the produced char.

2. Experimental Investigations

2.1. Preparation of Activated Carbon

Figure 1. Pyrolysis Setup.

Palm kernel shells (PKS) used in this study were obtained
from a palm kernel oil processing mill in Tarkwa, Western
Region, Ghana. The PKS were washed with water, dried,
crushed and sieved to obtain a particle size range of — 6.70
mm + 2.00 mm. A custom-made pyrolysis reactor was utilised
[12]; the Pyrolysis setup is shown in Figure 1. A known mass
of the PKS in the particle size range of — 6.70 mm + 2.00 mm
was fed into the pyrolysis reactor and heated to a temperature
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of 900<C and held for one (1) hour. The carbonised shells
(char) obtained after pyrolysis were sieved using various
sieves, and a known mass of each sieve size was subjected to
steam activation at 900<C in the same reactor in triplicate.
During activation, de-ionised water was introduced through
pipes at the bottom of the reactor to initiate the activation
process. The flow rate of the water was maintained at 0.06
mol/h/g char for a duration of five (5) hours. The derived
activated carbon was weighed and sieved for characterisation.

2.2. Yield of Char and Activated Carbon

The vyield of char relative to a given quantity of the dry
precursor and the yield of AC relative to a given quantity of
dry carbonised precursor of each selected size range were
calculated using Equations 1 and 2, respectively. Also, the
yield of the required activated carbon was determined using
Equation 3.

Yield of char, Y¢ = =< X 100% (1)

Yield of activated carbon, Y, = % X 100%

)
Yield of required activated carbon, Y = % X 100% (3)

Where: M, = initial dry mass of precursor PKS

M. = dry mass of char after carbonisation

M, = dry mass of activated carbon after activation

M, = dry mass of activated carbon after activation retained
on 2 mm sieve

2.3. Particle Size Distribution of Char and
Activated Carbon

Particle size analyses to determine the particle size distri-
bution of char and activated carbon were carried out in test
sieves arranged in series with decreasing sieve apertures. This
was arranged such that consecutive sieves had a constant
relationship. Particle size analyses in this study were per-
formed dry with a constant classification scale module of V2,
which corresponds to the American Tyler series. The ap-
proximate amount of the precursor or product was weighed,
loaded onto the uppermost sieve, and covered. The set of
sieves was placed on a vibrator and shaken for 30 minutes,
followed by manually controlled screening until the quantity
of material passing through a sieve was less than 1% per
minute. The oversize of each nominal sieve was weighed. The
percentage retained on each sieve was calculated using
Equation 4. Subsequently, the cumulative percentage was
calculated by summing the percentages retained for each
nominal sieve.

Mass of material retained

Percent retained, X = X 100% (4)

Initial mass of material
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2.4. Characterisation of Derived Char and
Activated Carbon for Gold Adsorption

The activated carbon produced was assessed for its ad-
sorption properties and hardness. Assessment of the derived
char and activated carbon for the adsorption of gold
di-cyanide was carried out by balancing 1.00 g of the + 2.00
mm size of char and activated carbon into separate glass bot-
tles with 1000.00 mL of 9.59 mg/L gold di-cyanide solution.
The bottles were placed on a set of rollers, and 5 mL aliquots
were sampled after 0, 15, 30, 45, 60, and 120 minutes for
analysis of gold in each solution using the Shimadzu
AA-7000 Atomic Absorption Spectrophotometer. The ad-
sorption of gold onto the char and activated carbon was
modelled using the Calgon method [11, 13]. The ball-pan
hardness (BPH) test was performed correspondingly. This
involved placing 100 mg of screened char and activated car-
bon samples in test pans with 30 stainless steel balls, then
subjecting the samples to a combined rotating and tapping
action for 30 minutes, followed by 10 minutes of sieving
through a standard 1.00 mm test sieve. The BPH number was
estimated as the weight percentage of the sample retained on
the 1.00 mm test sieve.

3. Results and Discussion

3.1. Yield

The yield of char as a function of particle size of the precursor
PKS is presented in Figure 2. For the varying particle size of the
shells, the yield of char ranged between 28 — 32 wt% with a mean
yield of 29.96 + 0.34 wt% based on three replicate measure-
ments. This indicates low variability or uncertainty across the
replicates, suggesting that the carbonisation process has very
high repeatability under similar experimental conditions. The
yield of char is proportional to increasing particle size, but the
influence of the varying particle size is relatively insignificant.
This trend was expected as several researchers have achieved
similar results in similar studies [14-16].
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Figure 2. Yield of Char as a Function of Particle Size of Shells.

Figure 3 shows the effect of particle size of char on the
yield of activated carbon. From Figure 3, the yield of activated
carbon ranged between 58 wt% and 60 wt% of the dry char
precursor, with an average weight percentage of 58.18 + 0.97
wt%. The yield increased with increasing particle size; how-
ever, the increase was minimal. Figure 4 shows the yield of
activated carbon retained on the 2 mm sieve, which is requi-
site for gold adsorption processes, as a function of particle
size of char. Thus, 60.56 wt% =+0.58, 58.32 wt% £0.42, 57.02
wt% £0.55, 55.34 wt% +1.51 and 39.59 wt% =+0.37 repre-
sent + 2.00 mm activated carbon produced from activating
char of initial particle size of - 6.70 + 5.60, - 5.60 + 4.00, -
4.00 + 3.35, - 3.35 + 2.80 and - 2.80 + 2.00 mm, respectively.
The activated carbon produced from activating - 2.80 mm +
2.00 mm char was relatively low. Therefore, it is desirable to
prepare the dry char to a particle size range of - 5.60 mm +
2.80 mm to obtain a good percentage of activated carbon with
a particle size of + 2.00 mm.
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Figure 3. Yield of Activated Carbon as a Function of Particle Size of Char.
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Figure 4. Yield of + 2.00 mm Activated Carbon as a Function of Particle Size of Char.

3.2. Particle Size Distribution

Figures 5 and 6, respectively, present the particle size dis-
tribution of product char and activated carbon derived from
PKS with varying precursor particle size. The cumulative
percentage of char and activated carbon retained on subse-
quent sieves decreased with increasing particle size, with a
significant decrease noticed after the third and fourth con-
secutive sieves. Prior to the dip, an average cumulative re-
tention of 99.46% and 99.78% was recorded for product char
and activated carbon, respectively. From the particle size
distributions, the percentage composition of any particle size
ranging between 6.70 mm and 2.00 mm of char and activated
carbon can be estimated. In Figure 5, PKS of particle size -

6.70 mm + 5.60 mm achieved 99.63% product char at the size
range of - 3.35 mm + 2.80 mm and from Figure 6, 99.74% of
activated carbon was retained at the size range of - 2.80 + 2.00
mm with 0.1 - 1% loss due to fines generated from screening
and other mechanical activities. Thus, to produce a relatively
high composition of activated carbon of particle size + 2.00
mm utilised in gold adsorption processes, PKS of particle size
- 6.70 mm + 5.60 mm should be utilised. Considering a 0.1 - 1%
loss due to fines generated by screening and other mechanical
activities, this result is desirable. In addition, uncertainty
analysis was performed using standard deviation values de-
rived from replicate measurements of the particle size analysis.
The standard deviation for the product char was +1.10%, and
+0.95% for the product activated carbon. These values reflect
the consistency of the experimental procedure.
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Figure 5. Cumulative Percent Retained as a Function of Particle Size of Product Char from PKS of Varying Particle Size.
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Figure 6. Cumulative Percent Retained as a Function of Particle Size of Product Activated Carbon from PKS of Varying Particle Size.

3.3. Characterisation of Derived Char and
Activated Carbon for Gold Adsorption

Adsorption of gold from the gold di-cyanide solution by the
derived char and activated carbon with respect to time is
presented in Figure 8, from which the rate of gold adsorption
was determined as demonstrated in Figure 9. The activated
carbon had an R-value of 4.47 and exhibited gold adsorption
characteristics, whereas the char had an R-value of 0.02. This

was expected after activation as reported in other studies [2, 7].

Typically, effective gold adsorption requires a well-developed
pore structure in the carbon material, with sufficient pore
volume and high surface area that facilitate the adsorption
(diffusion) and retention of gold-cyanide complexes. The
textural characteristics, surface area and pore volume of the
PKS char and activated carbon have been previously reported
by Buah et al., where a similar setup and experimental con-
ditions were used [17]. Activation improves the surface area
and micropore volume, which explains its high adsorption
capacity for aurocyanide, as discussed by Buah et al. and
Adams [17, 18].

Results for the BPH test are presented in Figure 10. This
accordingly reflects the percentage of activated carbon or char
mass that remains intact after vigorous agitation with steel
balls, simulating the mechanical stress encountered during
industrial operations, particularly in gold mining processes
such as carbon-in-pulp (CIP) and carbon-in-leach (CIL) [19,
20]. In this study, the char (BPH = 86%) was relatively harder
than the activated carbon (BPH = 83%); this was likely due to
the formation of new pores from the release of volatile matter
and the broadening of existing pores as the char is activated to
produce activated carbon [21]. This increases the porosity of
the activated carbon and reduces its hardness, relative to the
char with low porosity. The produced char and activated
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carbon, therefore, had hardness values that correspond to the
strong category and are consistent with commercial granular
activated carbon standards (ranging between 70 and 100%).
This mechanical stability is crucial for maintaining the integ-
rity of activated carbon particles throughout the multiple gold
adsorption-desorption cycles. In that, the activated carbon
retains its granular form and is less likely to generate fines,
which can interfere with slurry flow, clog the leaching tank
filters, and reduce the effective surface area available for gold
adsorption. Therefore, the high ball pan hardness values di-
rectly contribute to consistent adsorption performance, re-
duced operational downtime, and improved carbon recovery
rates.
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Figure 8. Percentage Gold Adsorption by the Activated Carbon and
Char.
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Figure 9. Rate of Gold Adsorption from the Gold Solution by the
Activated Carbon and Char.
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Figure 10. Relative Hardness of the Activated Carbon and Char.

4. Model Derivation

From yield results and particle size distributions, the quan-
tity and particle size of char and activated carbon can be pre-
dicted from dry PKS.

4.1. Quantity of Product Char and Activated
Carbon

The quantity of PKS (M;) required to produce a given
quantity of char (M) and activated carbon (M,) was estimated
to be proportional to the yield of char (Y¢) and activated
carbon (Y ) retained on a particular sieve size of cumulative
percentage (Xc) and Xa.

From Equation 1, Y¢ = % X 100%

S

Where: M, = initial dry mass of precursor PKS

M. = dry mass of char after carbonisation

From yield analysis, Y¢ = 29.96% of the initial dry mass of
PKS (My);
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Mc
29.96%

M, x 100%
_100% X M},
ST 29.96%

M = 3.33778 xM, ®)

And, yield of char retained on the sieve, X, = % X 100%

c

Where: M,. = dry mass of char retained on sieve required
for subsequent use

M. = dry mass of char after carbonisation

Considering an average of 99.46% retained on the subse-
quent reference sieve after particle distribution analysis of the
dry mass of char produced after carbonisation;

— Myc
¢ 99.46%

X 100%

100% X M
99.46%

M, =

M, = 1.00543 <M, (6)

Substituting M, from Equation 6 into Equation 5,
M, = 3.33778 xM,
M, = 3.33778 % (1.00543 * M,,)

M, = 3.3559 XM, @

From Equation 2, yield after activation of char Y, =
Mg

X 100%
c

Where: M, = initial dry mass of precursor char

M, = dry mass of activated carbon required after activation

From yield analysis, Y o = 58.18% of the initial dry mass of
char (My);

_ Mg
¢ 58.18%

X 100%

_ 100% X Mg
M= ———
58.18%

M, = 1.71880 <M, ®)

And, yield of activated carbon retained on the sieve, X, =

Mra 0
", X 100%

Where: M,, = dry mass of activated carbon retained on
sieve required for subsequent use

M, = dry mass of activated carbon after activation

Since an average of 99.78% was retained on the subsequent
sieve after particle distribution analysis of the dry mass of
activated carbon produced after activation, hence;

Mra_ o 100%

2 99.78%
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100% X Myq
99.78%

M, =

M, = 1.00220 xM,, 9)

Substituting the expression for M, (Equation 9) into M,
(Equation 8)

M, = 1.71880 xM,
M, = 1.71880 x(1.00220 xM,,)
M, = 1.7226 xM,, (10)
Therefore, the quantity of PKS (M;) needed to produce the
required quantity of activated carbon (M,,) is deduced from

Equations 7 and 10.
Thus, comparing Equations 7 and 10;

M, = [3.3559 x(1.7226 xM,,)]

M, = 5.781 XM, (11)

4.2. Particle Size of Product Char and Activated
Carbon

From the experimental data, Table 2 presents the relation-
ship between the particle size of the precursor PKS, the
product char and activated carbon. Material which had passed
through a sieve with aperture width d but remains on a sieve
with aperture width n, where n < d, is described as (-d+n) and
has been denoted (+ n). With this normality, the particle size
range of (- 6.70 + 5.60) mm, for instance, is represented as (+
5.60) mm.

Table 2. Particle size analysis of PKS, product char and activated carbon.

Minimum particle size (mm)

Relation between minimum particle size of precursor PKS, product
char and activated carbon (AC)

PKS Char AC PKS/Char Char/AC PKS/AC
560 280 _ 560 _

+5.60 +2.80 +2.00 -2 =14 =28

+4.00 +2.00 +1.40 Wy 20 <14 Wsog

+3.35 +1.70 +1.18 AR ) N4 35208

+2.80 +1.40 +1.0 % =2 W14 20 -8

+2.00 +1.00 +0.71 20 _y 1014 20228
1.00 0.71 0.71

From Table 2 and Equations 7, 10 and 11, this model ac-
cordingly predicts that;

To produce char of particle size (+ X) mm and product
quantity M, g from PKS;

Particle size of precursor dry PKS required = [2.0 < (+ X)]
mm,

Quantity of precursor PKS required = (3.3559 xM) g.

To produce activated carbon of particle size (+ Y) mm and
product quantity M,, g from char;

Particle size of precursor char required = [1.4 < (+ Y)] m,

Quantity of precursor char required = (1.7226 <M) g.

Ultimately, to produce activated carbon of particle size (+ Z)
mm and product quantity M,, g from PKS;

Particle size of precursor dry PKS required, P = [2.8 %< (+ Z)]
mm,

Quantity of precursor PKS required, Q = (5.781 xM,) 0.

Consequently, regression models were developed in
Minitab (Minitab® LLC, State College, Pennsylvania, United
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States, version 22) to quantify these relationships further, as
shown in Table 3. The first model predicted the yield of ac-
tivated carbon based on the yield of char derived from the
experimental data. The resulting regression Equation (12)
demonstrated a significant correlation and a strong fit with an
R? value of 0.957. The F-value was 66.18 with a p-value of
0.004, confirming the statistical significance of char yield as a
predictor for the final yield or quantity of activated carbon.
Similarly, for particle size, all the regression model Equations
13-15 showed strong correlations, with relatively high
F-values (as shown in Table 3). The R? and p-values were
significant, validating the char particle size or PKS particle
size as a reliable predictor of product particle size of activated
carbon, under the range of experimental conditions employed
in this study.

AC vyield = 24.71 + 1.117 Char yield (12)
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Char particle size = 0.0074 + 0.49933 PKS particle size (13) AC particle size = -0.0085 + 0.35675 PKS particle size (15)

AC particle size = -0.0132 + 0.7142 Char particle size (14)

Table 3. Regression model summaries and analysis of variance (ANOVA).

Model equation Std. Dev. R? F-value p-value
12 0.3662 0.9566 66.18 0.004
13 0.0129 0.9997 11160.33 0.000
14 0.0192 0.9988 2550.82 0.000
15 0.0143 0.9993 4580.80 0.000

4.3. Validation of Model

To validate the model, triplicate samples of char and acti-
vated carbon were produced from PKS under the conditions
detailed in the experimental section. Then, the model was 2 N
similarly used to predict the product particle size and the
quantities of char and activated carbon, as tested experimen-
tally. Figures 11, 12, 13, and 14 show the predicted versus
actual particle size of product char, predicted versus actual
quantity of product char, predicted versus actual particle size
of product activated carbon, and predicted versus actual
quantity of product activated carbon, respectively. The re-
quired product mass was varied between 1000 — 1500 g for
char and 100 - 500 g for activated carbon. Likewise, the
product particle size was varied between 1.00 mm - 2.80 mm 05
for char and 0.71 mm - 2.00 mm for activated carbon. The
actual (experimental) results were compared with the respec-
tive predicted values from the model, as presented in Figures Figure 11. Predicted vs Actual Particle Size of Product Char.
11-14. The R? values for the correlation between actual and
predicted particle sizes were 0.9654 for char and 0.9896 for
activated carbon. The R? value was also 0.9751 for char and
0.9982 for activated carbon. The observed trend and the
closeness of the R? values to unity indicate a good correlation 1500 /

—r— Actual
@ Predicted

Particle Size of Product Char

1.5 2 2.5 3 3.5 4 45
Particle Size of PKS

1600

between the actual (experimental) and predicted values. The

results clearly show that the model can predict the particle size 1400
and quantity of product char and activated carbon from PKS.
It is, however, essential to note that the model’s applicability
may be limited by the type of pyrolysis setup and the activa- /

tion reagent used. These factors can significantly influence Q

the rate and degree of burn-off and, in turn, affect porosity and ' o Actual
surface area, which directly relate to the final product size and
quantity [17]. Hence, subsequent studies should aim to opti- 1100

mise this approach using a continuous or semi-batch system

/ —m— Predicted
and test other environmentally sustainable activation agents. 1000
3500 4000 4500 5000 5500
Quantity of PKS

1300

1200

Quantity of Product Char

Figure 12. Predicted vs Actual Quantity of Product Char.
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5. Conclusions

This study demonstrates that the yield and product particle
size of char and activated carbon are function of the precursor
particle size. There is therefore a need to optimise the oper-
ating variables while considering the yield and particle size
distribution of carbonisation and activation products to save
cost and raw materials. In this study, it has been established
that the quantity of PKS, M;, required to produce a given
quantity of activated carbon, M, is in the relation M= (5.781
x M;,) 0. The final equation, in terms of particle size, for the
PKS required to yield a desired particle size of activated
carbon is presented as P = [2.8 x (+ Z)] mm. The model
accurately predicted the quantity and particle size of product
char and activated carbon when tested under the experimental
conditions. The derived char performed relatively better in
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terms of hardness, while the activated carbon achieved higher
gold di-cyanide adsorption properties.
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