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Abstract: This study assesses the reduction of 5-day biochemical oxygen demand (BODs) and chemical oxygen
demand (COD) of household greywater using palm kernel activated carbon (PKAC) and tropical almond activated
carbon (TAAC) produced from locally available materials in a kiln at 800°C and activated using steam at a
flowrate of 120 mL hr?. Brunauer-Emmet-Teller (BET) surface area determination revealed that PKAC had a
larger surface area than TAAC. Scanning electron microscope (SEM) imagery of the carbons also revealed
amorphous and large internal shapes for TAAC while crystalline and closed packed shapes for PKAC. X-ray
diffraction (XRD) analysis indicated that the major component present in the PKAC and TAAC was carbon and
other allotropes of carbon. Batch results showed that reduction of BODs and COD was affected by particle size.
The maximum percentage reduction of BODs and COD by PKAC was 76% and 65% respectively while reduction
by TAAC was 62% and 52% respectively. The adsorption process was well described by the Freundlich adsorption
isotherm. The studies showed that PKAC is a better adsorbent for reducing BODs and COD from domestic
greywater as compared with TAAC. The PKAC is a potential low-cost adsorbent for BODs and COD removal
from domestic greywater.

Keywords: palm kernel; tropical almond; activated carbon; biochemical oxygen demand; chemical oxygen
demand, adsorption

1. Introduction

Rapid urbanization in most developing countries has led to a rise in water demand in most towns and villages.
Associated with this rise in demand is an increase in volumes of wastewater generated. Most developing countries
lack the technical and non-technical competences to manage the wastewater generated and this leads to
indiscriminate discharge of wastewater into the environment. Many studies (1-6) have revealed wastewater
generation rates between 20-80 L p* d* in some developing countries. Greywater which accounts for a large
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percentage of the domestic wastewater generated and is often contaminated with different hazardous materials
both as organic and inorganic compounds (3, 7, 8). These organic and inorganic wastes originate from many
sources such as human waste, food waste, washing and personal hygiene product (9, 10). A recent study has
revealed that greywater composition is affected by the hygienic practices, cooking methods, type of use and
quality of the raw water (6). During decomposition of organic matter in greywater, the oxygen concentration is
depleted due to the high organic loads found in greywater. This leads to low oxygen concentration in receiving
water bodies and eventually deprives other aquatic organisms of oxygen needed for survival. In order to reduce
the impact of organic loads caused by high BODs and COD, it is imperative for greywater to be treated before
being finally discharged into natural waters. Conventional processes of treating greywater before reuse or final
disposal are limited or non-existent in many developing countries. These conventional systems are expensive to
install and mostly require an extensive network of piping coupled with its associated management protocols. The
non-availability of these treatment systems exposes the environment to contaminants associated with unregulated
greywater discharge and its effect on plants and animals. Advocacy for household greywater treatment before
discharge has been very limited or non-existent in many developing countries and as such greywater is mostly
discharge untreated into the environment. This may be due to both technical and non-technical challenges
associated with managing treatment systems at the household level. In order to encourage greywater treatment at
the household level, there is the need to provide an alternative low-cost solution for greywater treatment and reuse.

Adsorption process which is a physico-chemical process has remained one of the most widely used
techniques for treating water and wastewater and has proven to be very useful in many studies (11-14). It has
remained one of the most efficient and important methods on condition that the adsorbent used is cheap and locally
available and does not require further pre-treatment steps. In order to promote household greywater treatment and
reuse, there is the need to provide an alternative low cost and sustainable solution. Activated carbon has proven
to be an effective adsorbent in wastewater treatment due to its high surface area, high adsorptive capacity and its
large microporous structure (15). It can be prepared from a large number of low-cost sources and agricultural
wastes such as rice husk, apricot, bamboo, date pal, residue, avocado (16). Tropical almond and palm kernel shell
are a considerable part of the abundant agricultural waste materials within found in many developing countries.
Many researchers have investigated the performance of palm kernel activated carbon on removal of certain
wastewater parameters (17-21) but studies of its effect on removal of BODs and COD have remained scanty or
non-existent. Tropical almond, a fruit with a mesocarp, has not been explored in its application for use as activated
carbon. This agricultural product, which is very common in most tropical countries, is discarded as waste or burnt
in the open. Though there are other equally efficient processes such as filtration, sedimentation, coagulation that
can be used to treat greywater, the choice of adsorption is based on the availability these agricultural waste
materials which can be put to beneficial use. Moreover, the adsorption process is selective and it can also remove
a wide range of pollutants including organic and inorganic materials (22). Adsorption systems often have more
compact design requiring less space as compared with large scale filtration and coagulation systems. The carbon
can be regenerated after exhaustion which is not the case for filtration and coagulation systems (23, 24). In recent
times, there has been awareness on the environmental impact created by organic loads which is represented by
high BODs and COD on freshwater resources. This study explores the potential of tropical almond activated
carbon (TAAC) and palm kernel activated carbon (PKAC) in the removal of BODs and COD from domestic

greywater.

2. Methods

2.1 Material processing

The palm kernel shell was obtained from a local palm oil mill and the tropical almond fruits were obtained
from the campus of University of Cape Coast all in Cape Coast Ghana. The almond fruits were crushed to remove
the fleshy mesocarp from the hard endocarp. The hard endocarp is further crushed to reveal the edible kernel. The
hard endocarp is the material of interest in this study. These two materials (almond shell and palm kernel shell)
were cleaned several times with distilled water to eliminate any dirt and water-soluble impurities. The cleaned
shells were then airdried in a laboratory drier for 8hours and then further oven dried at 110°C in a Heratherm
gravity convection laboratory oven for 24hours in order to remove any surface moisture. The dried samples were
then size reduced to desired sizes (2-6mm) using a laboratory crusher (Morse 8x8 Jaw Crusher) and sieves (sigma
Aldrich). The activated carbons were prepared by physical activation with steam at 800°C and steam flowrate at
120 mL hr, After the activation process, the samples were taken out and washed with distilled water to remove
any residual ash that might be on the carbons. Greywater was collected from different households within the
central region of Ghana and a composite is formed for the sorption experiment.
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2.2 Material processing

The pH, was measured on site using a Horiba U-50 multi parameter water quality meter. The five-day
biochemical oxygen demand (BODs) concentration was determined using the Lovibond BD 606 BOD system.
The concentration of chemical oxygen demand (COD) was determined using the closed reflux colorimetric
method as stated in (25) 5220C. The initial pH of the greywater was 7.4.

2.2.1 Sorption experiment

All experiments were carried out at ambient temperature (25°C) in batch mode. The batch experiments were
conducted in Erlenmeyer flasks of 1000ml capacity using an orbital shaker at a speed of 400 rev min? as
recommended by Nayl, Elkhashab (16).

2.2.2 Greywater pre-treatment

The greywater collected were first filtered through a laboratory sand filter to reduce the total suspended solids
(TSS) content. The BODs and COD of the greywater is determined for the basis of establishing the initial BODs
and COD concentrations of the sample. The initial BODs and COD concentration of the greywater samples were
252 mg Lt and 421 mg L™ respectively.

2.2.3 Effect of particle size

The optimum dosage of the two materials were weighed and added to two sets of 3 different 2000ml
Erlenmeyer flasks. The first, second and third contain 2mm, 4mm and 6mm average particle sizes respectively of
the material. These flasks were agitated at 400 rev min* for 180mins at room temperature and a pH of 7.4. 500m|
from each flask is sampled and filtered and the filtrate analyzed for BODs and COD.

2.2.4 Dosage determination

Batch sorption experiments were carried out using specified weights of both materials 1 g L™ to 10 g L™ with
increases of 1g for each experiment and mixed with 1000ml of greywater in 1000ml Erlenmeyer flasks. The setup
consisted of 10 Erlenmeyer flasks for each of the materials. The mixtures were agitated continuously using an
orbital shaker at the following conditions: 400 rev min, temperature of 25°C, pH = 7.4, time of agitation =
180mins, particle size = 2mm. 500ml of the solution was collected after the sorption period of 180mins and filtered
with a Whatman filter paper and the BODs and COD concentrations measured. The optimum dosage is the sample
with the lowest BODs and COD values recorded.

2.2.5 Effect of contact time

The optimum dosage (8g L) and optimum particle size (2mm) of the two materials are weighed and added
to two sets of 7 different 2000ml Erlenmeyer flasks containing 12000ml of the greywater each. The first, second,
third, fourth, fifth, sixth and seventh flasks was agitated for 10, 30, 60, 90, 120, 150, 180mins respectively. 500ml
of each flask is filtered for analysis of BODs and COD.

2.3 Characterization of the materials

The density of the materials was determined by using an ultra-pycnometer 1000 after it had been dried at
105°C in an oven for 24hours. The surface area Sger Was determined using a Micromeritics tristar 3000 system.
The scanning electron microscopy (SEM) and x-ray microanalysis was done using a Hitachi TM — 1000
microscope and quantax energy dispersive x-ray spectrometry system respectively. The XRD was determined by
using a Bruker D2 phaser x-ray diffractometer.

2.4 Calculations

The percentage of removal, thus uptake per gram and equilibrium concentrations of sorbent were calculated
using equations 1, 2 and 3

Co - Ct

R% =

X 100 @)
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%4
q: = (Co — Cp) m )

%4
ge = (Co — Ce) E (3)
where @: shows the amount of COD and BODs adsorbed by the sorbents at time t. C,, C; and C. represents the

COD and BODs concentrations in the solution (mg L) at initial time, instantaneous time t, and equilibrium
respectively. V represents the volume of solution (L) and m is the mass of the sorbent (g).

2.5 Mathematical equations and models of adsorption isotherms

These are expressions or relationship curves that describes the conditions under which sorption equilibrium
is reached at a constant temperature. These isotherms can be used to compare the adsorptive properties of different
adsorbents under varying conditions. They further provide insight into the mechanisms involved in the sorption
process.

2.6 Linear isotherm

X
qe = E = kpCe (4)

where x/m represents the amount adsorbed by unit mass (mg g*)

2.7 The Freundlich isotherm model

It is represented by the following equation:
e = KFCeI/n ®)

In its linear form, it assumes the following state:
1
logq, = logKy + ZlogCe (6)

where ¢ is equal to the uptake (mg g*) at equilibrium, Kr is a measure of the sorption capacity, 1/n is the
sorption intensity, and C. is the final BODs or COD concentration in solution (mg L%). The Freundlich isotherm
constants K and 1/n are evaluated from the intercept and the slope respectively, of the linear plot log ge against
log Ce

2.8 Langmuir isotherm model

It is represented by the following set of equations
quLCe
9e=TYK,.C (7
where @ is the amount adsorbed per specific amount of adsorbent (mg g?), C. is the equilibrium
concentration of the solution (mg L) and gy, is the maximum amount required to form a monolayer (mg g*). The
Langmuir equation can be rearranged to a linear form for the convenience of plotting and determination of the
Langmuir constant (K.) as below. The values of g, and K. can be determined from the linear plot of C./qe. versus
Ce.
Ce = ! + iC (8)
qe KLQe dm ¢
The essential characteristics of the Langmuir isotherm parameters can be used to predict the affinity between
the sorbate and the sorbent using the separation factor or dimensionless equilibrium parameter R_ expressed as in
the following equation

1
T 1+K,C, ©)
where K¢ is the Langmuir constant and Cy is the initial concentration. The value of the separation factor R_
provides important information about the nature of adsorption. The value of Ry is between 0 and 1 for favourable
adsorption, while R_>1 represents unfavourable adsorption and R =1 represents linear adsorption.

Ry

2.9 Dubinin-Radishkevich isotherm (D-R) model

This is represented in the linear form by the equation
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1
Ing, =InQp — Bp(RT In(1 + 6_)2 (10)
e

where Qp is the theoretical maximum capacity (mol g2), Bp is the D-R model constant (kJ mol! K1), T is the
absolute temperature (K) and R is the gas constant (kJ mol?). The value of Qp and Bp can be obtained from the
intercept and slope of the plot of In (qe) versus In (1+1/Ce). The mean energy of sorption, E (kJ mol?) is calculated
from the relation

1
E= 11
25, 11)
2.10 Temkin
This is represented in the linear form as:

RT RT
ge = —InK; +—InC, (12)

by by

where Kt (L g?) is the Temkin isotherm constant, bt (J mol?) is a constant related to the heat of sorption and
R (8.314 J/mol/K) is the gas constant. A plot of ge versus In (Ce) gives a straight line from which Ky and br can
be evaluated from the slope and intercept.

3. Sorption Kinetic models

These are mainly used for determination of substances or physical and chemical reactions in the process of
adsorption rate control steps. Knowledge about the kinetics of the sorption process facilitates the understanding
of the mechanisms involved in the sorption process. The classical models commonly used to study the mechanism
of reactions are the pseudo-first-order and pseudo-second-order models.

3.1 Pseudo-first order kinetic model

It is represented by the following equations
dq,

s k1(qe — q¢) (13)

Integrating of the above equation with boundary conditions of t=0, g=0 and t=t, g=q: gives the following
equation

k
log(qe — q¢) = logqe — (m) t (14)

where e and q; are the amounts of COD or BODs adsorbed at equilibrium and at time t (mg g), respectively, t is
the contact time (min) and Kj is the pseudo-first-order rate constant (/min). The straight-line plot of log (Qe-)
against t gives log (qe) as slope and intercept equal to ki/2.303. Hence the amount of solute sorbed per gram of
sorbent at equilibrium (ge) and the first order rate constant (ki) can be evaluated from the slope and intercept.

3.2 Pseudo-second-order kinetic model

This is represented by the following equations

dq
— = ka(ae = a0)’ (15)

Integrating of the above equation with boundary conditions of t=0, g:=0 and t=t, g=q; gives the following
equation

(t) S (16)
a/ k292 qe
where k; represents the rate constant, g is the uptake capacity at any time t

4. Results and Discussion

4.1 Physical characteristics of the materials

The physical characteristics of the activated carbons are presented in Table 1. The density of palm kernel
activated carbon (PKAC) is higher than tropical almond activated carbon (TAAC). The recommended range of
densities for activated carbon is within 0.4-0.5 g cm™ (26) which implies that PKAC falls within the recommended
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densities for commercial activated carbon. The TAAC, however, could not meet the density requirement for it to
be classified as commercial activated carbon. The low density recorded for TAAC could be attributed to its very
high fibrous nature, which is an indication that it cannot be used for commercial purposes. The BET surface area
obtained showed that the PKAC had a higher surface area 620 m? g as compared to TAAC of 407 m? g*. The
surface area of TAAC does not fall within the recommended range of surface area of commercial activated carbon
(500-1500 m? g). A similar study by Hidayu and Muda (17) on characterization of activated carbon using palm
kernel shell obtained surface area of 584m? g1. The slight variations in the surface area recorded for this study
may be due to the activation method that was used in the different studies. A higher BET generally suggests higher
adsorption capacity because the carbon has wider surface to allow for adsorption under different conditions.

Table 1. Physical characteristics of the materials

Density g cm BET Surzfaie Area
m-g
TAAC 0.35 407
PKAC 0.46 620

4.2 SEM images of the activated sorbents

Figure 1 and Figure 2 show the SEM images of TAAC and PKAC respectively (6,000 times magnification).
Using the scale of 5pm, it is seen that majority of the particles in the PKAC (Figure 2) are less than 5pum. It can
also be said that the particles are crystalline because they have distinct shapes. However, the TAAC (Figure 1)
shows no distinct shape or particle size hence it has an amorphous structure. The pores of the TAAC are large and
few and the particles have bulky shape when compared to PKAC. Using the scale, it can be seen that most particles
fall below the 5um compared to the TAAC where most of the particles fall above the 5pm.

Figure 2. SEM image of PKAC
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4.3 XRD

4.3.1 Almond

The powder diffraction spectrum was compared with standard crystallographic data retrieved from the
International Centre for Diffraction Data (ICDD) database using the PDF-4+ 2019 program. Because of the
amorphous nature of the sample, several phases were observed. The highly probable match for most of the peaks
was carbon (C) with reference number 00-026-1077 with 260 values of 26.76, 42.94, 44.04, 45.76, 62.82, 66.96
and 77.72° (27) as shown in Figure 3 and Figure 4 . Other phases corresponding to Cgo (00-044-0558), C7o (00-
048-1206) and graphite (00-056-0159) were also observed. These are different allotropes of carbon.
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Figure 3. XRD for tropical almond activated carbon
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Figure 4. XRD of Palm kernel shell activated carbon

4.4 Equilibrium concentrations

The equilibrium concentrations of the study are presented in Table 2. From this table, it can be seen that
PKAC had the highest sorption capacity of 34 mg g in removing COD and 22.88 mg g* in removing BODs as
compared with TAAC of 27 mg g* and 19.5 mg g COD and BODs respectively. These results indicate that
PKAC has a higher potential of removing BODs and COD as compared to TAAC. Studies by Nayl, Elkhashab
(16) obtained equilibrium concentration of 41.3 mg L for COD and 20.2 mg L* BODs using activated carbon
prepared from date palm.

Table 1. Equilibrium concentrations (qe)

PKAC TAAC
BOD (mg/g) 22.88 19.50
COD (mg/g) 34.00 27.00

4.5 Effect of particle size
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Particle size plays a key role in adsorption studies and this study used three different particle sizes for the
sorption experiment. This study was conducted at a pH of 7.4, temperature of 25°C, agitation rate of 400rpm and
dosage of 10g L. Figure 5 shows the percentage removal of BODs and COD for the different particle sizes studied.
From the figure, it can be seen that generally the percent removal increased with decreased particle sizes. A similar
study also obtained results of increased performance of activated carbon in removing BODs and COD when
particle sizes were reduced (28, 29). This may be attributed to an increase in effective specific surface area of the
sorbent hence more active sites for adsorption to take place (28) . As seen from Figure 5, PKAC shows dominance
over TAAC in both BODs and COD removal percentages. This shows that removal of BODs and COD from
greywater is considerably affected by changes in particle size as was also reported by Devi, Singh (28).
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Figure 5. Effect of particle size on BODs and COD reduction

4.6 Effect of adsorbent dose

The effect of carbon dosage on percentage removal of BODs and COD from greywater was conducted at a
particle size of 2mm, pH of 7.4, temperature of 25°C, contact time of 210mins and agitation rate of 400rpm. Figure
6 shows the effect of dosage on BODs and COD removal. It can be seen from the figure that generally, the
percentage removal of BODs and COD for both TAAC and PKAC increased with increasing dosage of carbon
until equilibrium is reached. Equilibrium was reached at about 8 g L™* of carbon dose for both PKAC and TAAC.
This increase in percent removal with dosage may be due to more active sites available for BODs and COD
sorption on the activated carbon which may be attributed to increase in the functional groups and increased surface
area as a result of increased dosage (16, 28). With respect to percentage reduction of BODs between the TAAC
and PKAC, it can be seen that PKAC is able to remove a higher percentage (72%) of BODs as compared with
(65%) for TAAC. COD removal also shows a similar removal pattern observed for BOD5 removal and this is
shown in Figure 6. Comparing the removal rates of the two materials, it can be said that PKAC has a higher
capacity of COD removal (66%) as compared to TAAC (58%). This high capacity is supported by the SEM images
which show that the PKAC has more porous features than TAAC. This is further supported by the BET results
which showed that PKAC has a larger internal surface area as compared to TAAC.

Universal Journal of Carbon Research 8 | Michael Oteng-Peprah, et al.



80

70

60

50

40

Reduction (%)

30

20

10

0 1 2 3 4 5 6 7 8 9 10
Sorbate dosage (g/L)

——PKACBOD —e—PKACCOD TAACBOD TAAC COD

Figure 6. Percentage reduction of BODs and COD against dosage
4.7 Effect of Contact time

The effect of contact time on removal of BODs and COD from greywater was studied at a pH of 7.4, agitation
rate of 400rpm, temperature of 25°C and the optimum dosage of 8 g L and in time periods of 15mins to 210mins
(Figure 7). The first 120mins of the reaction showed very rapid reduction of BODs and COD to about 73% and
65% respectively for PKAC and 62% and 52% of BODs and COD respectively for TAAC. Equilibrium was
reached at about 150mins for both PKAC and TAAC. The rapid reduction of BODs and COD by the materials
may be due to large unoccupied active sites available for adsorption at the initial contact time periods. The smooth
nature of the curve may be attributable to the formation of monolayer of BODs and COD over the outer surface
of the activated carbon (30). The PKAC removed more BODs and COD than the TAAC under the different time

conditions in the study. This might be due to the high surface of the PKAC as shown in the SEM images and also
supported by the BET results.
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Figure 7. Percentage reduction of BODs and COD against time
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4.8 Final concentrations of treated greywater

The initial and final concentrations of the greywater treated under batch conditions using optimum conditions
of 8 g L™ dosage, 150mins of adsorption time and 2mm particle size is presented in Table 3. It is clear the BODs
concentration of the treated greywater for both materials were above the EPA standards for discharge of
wastewater into the environment. However, the COD concentrations were all below the EPA standards for
discharge of wastewater into the environment. This suggests that within the studied concentrations, there might
be the need for further treatment of the greywater to be able to bring the BODs level to the acceptable limits which
has been set up by the EPA. Initial and final concentrations of similar studies of BOD and COD after carbon
adsorption has been presented in Table 6.

Table 2. Initial and final concentrations of greywater after batch treatment

Initial concentrations  Final concentrations EPA (31)
BODs COD BODs COD BODs CoD
(mgL*) (mgL™) (mgL') (mgL') (mgL") (mglL™)
PKAC 252 421 69 149 50 250
TAAC 252 421 96 201 50 250

4.9 Adsorption isotherms

The experimental data were fitted with the Langmuir, Freundlich, Dubinin-Radushkevich, and Temkin
isotherm models and presented in Figures 8, 9, 10 and 11 respectively and the results obtained are presented in
Table 4. By using the correlation coefficient, BODs removal using PKAC and TAAC fits well the Freundlich
isotherm model (R?=0.9820 and 0.9863 respectively) whereas COD removal using PKAC and TAAC fitted the
Langmuir isotherm model (R?=0.9854 and 0.9054). Similar studies have all reported a good fit of the Freundlich
model for BODs removal (16, 28). The fits with Dubinin-Radushkevich and Temkin models were equally good
but comparatively less good as compared to the previous fits. The best model describing the fit were the Freundlich
and Langmuir models. The adsorption intensity of the Freundlich model 1/n was less than 1 for both materials
studied which indicates favourable adsorption (32, 33). This is also supported by the separation factor in the
Langmuir model which is between 0 and 1 indicating favourable adsorption. The Qp value obtained for the
materials indicated that PKAC had a higher sorption capacity for BODs removal as compared to TAAC. The low
values of the mean sorption energy show that the forces of attraction are Van der Waal and not chemical bonding
which further suggests that the process investigated is a physisorption (34). Results of adsorption isotherms of
similar studies have been presented in Table 6.
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Figure 8. Freundlich Isotherm Model
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Table 3. Adsorption isotherm parameters

Isotherm parameters PKAC TAAC

BODs COD BODs COD
Freundlich
1/n 0.7549 0.3407 0.7722 0.4061
Ke 1.0299 5.6364 0.7461 5.1511
R? 0.9820 0.6504 0.9863 0.8446
Langmuir
Om 161.2903  75.7576 140.8541  52.3560
KL 0.0067 0.0039 0.0039 0.0029
Re 0.3710 0.3808 0.5029 0.4504
R? 0.7569 0.9584 0.8835 0.9054
Dubinin-Radushkevich (D-R)
Qo 4.329 4.27 4.2392 3.9909
Bo 0.0157 0.0186 0.0194 0.0186
E (kJ) 0.1770 0.1927 0.1971 0.1931
R? 0.9393 0.9094 0.9840 0.7406
Temkin
br(J) 99.6169 135.9734  100.5753  202.0364
Kt 0.0345 0.0584 0.0293 0.0831
R? 0.9529 0.8783 0.9846 0.6380

4.10  Kinetic adsorption modelling

Different kinetic models have been used to test the experimental data in this study. This is done to understand
the mechanism of the adsorption process. Two kinetic models thus Lagrengen pseudo-first-order and pseudo-
second-order models were used to fit the experimental data as presented in Figure 6 and figure 7 respectively.
This was done in order to determine the model that best fitted the experimental data. The calculated model
parameters are presented in Table 5. The BODs and COD removal by PKAC increased rapidly within the first
150minutes of the experiment and then became gradually steady during the last 60minutes of contact time. A
maximum removal of 74% and 63% were achieved for BODs and COD respectively. Removal of BODs and COD
by TAAC exhibited similar characteristic with rapid removal of BODs and COD within the first 150minutes and
gradually steady during the last 60mins of the study. A maximum removal of 56% and 50% was achieved for
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BODs and COD respectively. This study therefore shows that the equilibrium time for BODs and COD removal
from greywater with PKAC is 150mins, and removal of BODs and COD from greywater with TAAC is 150mins
as shown in Figure 7. This clearly shows that to achieve a greater removal efficiency, PKAC is suitable because
it achieves a higher removal percentage at the same equilibrium time. It can be seen from Table 5 that the values
of the correlation coefficient (R?) for the pseudo first order model are slightly lower than for the pseudo second
order model. The pseudo second order model predicts the sorption behaviour over the whole period of the sorption
process. Based on the correlation coefficient values obtained from the pseudo-first-order and pseudo-second-order
models, it can be said that the removal of BODs and COD reaction follows a pseudo-second-order kinetics. A
pseudo-second order model for BODs and COD removal from waste water was also obtained in a similar study
which used activated carbon prepared from date palm (16). Results of kinetic models of similar studies have been

presented in Table 6.
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Table 4. Parameters of pseudo first and second order models
Pseudo-first-order parameters Pseudo-second-order parameters
k; (min)x 10°  gecalc (mg g?) R? ko (g mg™* min?) x10° g, calc (mgg?) h(mggimin?) R?
PKAC BOD 20.96 22.05 0.9795 84.20 28.33 0.67 0.9904
COD 16.58 33.35 0.9924 32.40 46.73 0.70 0.9738
BOD 11.05 18.97 0.9862 21.10 33.22 0.25 0.9089
TAAC
COD 9.90 26.58 0.9958 12.80 50.01 0.32 0.9142
Table 5. Similar Studies
Material (Carbon) Initial Concentration ~ Final Concentration Kinetic model Adsorption model Source
BODmgL* COD BOD COD
mgL? mglL? mg L*?
Avocado peels 12,000 24,000 98.9 296 - Freundlich (28)
Date palm waste 14 38 1 1.75 Pseudo second order ~ Langmuir and Freundlich ~ (16)
Animal horns - 69257 - 29.99 Pseudo second order  Langmuir and Freundlich ~ (30)
Fluted pumpkin 3,471 3,959  590.07 514.67 - - (35)
Natural Materials ~ 323.3 3,230 145 242.3 - Langmuir and Freundlich ~ (36)
Tropical Almond 252 421 96 201 Pseudo second order  Freundlich This study
Palm kernel shell 252 421 69 149 Pseudo second order  Freundlich This study

5. Conclusions

This study explored the adsorption capacity of PKAC and TAAC activated by steam to remove BODs and
COD from greywater. The physical characteristics of the materials revealed that activated carbon prepared from
PKAC had larger surface area as compared with TAAC. The densities of the materials further revealed that TAAC
was very light and may float if used in adsorption process without any aid. However, the density of PKAC was
within the recommended densities for activated carbons. The XRD results showed that both materials had no
specific functional groups and they were mostly dominated by carbon. The SEM images identified large fan-like
structure of the particles of the TAAC while PKAC showed closely packed small particles confirming the high
adsorptive capacity of PKAC over TAAC. The experimental results obtained showed that PKAC performed
slightly better as compared with TAAC. The PKAC is able to remove 73% BODs and 65% COD while TAAC
removed 62% of BODs and 52% COD under the same conditions. The optimum dose of carbon that was obtained
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from the study was 8g L™* of adsorbent dose and an optimum time of 150mins. The optimum particle was identified
to be 2mm for both materials. However, PKAC performs better over TAAC within the same particle size range.
It was also established that the adsorption data fitted the Freundlich model well than the other models considered
in this study. The adsorption kinetics followed the pseudo-second-order model well more than the pseudo-first-
order model. This study indicates that PKAC and TAAC can be used as an adsorbent to remove BODs and COD.
The PKAC, however, performs better under the study conditions. The COD concentration in the greywater after
treatment makes it suitable for safe disposal into the environment.
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