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Biomass is a source of low-cost adsorbents used in the removal of contaminants. In this study, shells from an
indigenous tree in Southern Africa called Morula were pyrolyzed to produce biochar that was used to sequester
heavy metals from coal wash water. The produced biochar was activated using hydrochloric acid (HCl) and
parameters such as the cation exchange capacity (CEC), point of zero charge (pHzc), elemental composition,
mineral composition, proximate analysis and surface functional groups were determined. Batch adsorption
experiments were carried out at 150 rpm for 60 min and 25 °C at different metal ion concentrations and adsorbent
dosages. The metal ions of interest were Zn, Ni and Fe and it was found that Fe recorded higher removals for both
raw and activated biochar. Generally higher removals were noticed for both raw and activated at lower dosages
(0.2 - 1.0 g/100 mL) and lower metal ion concentration (between 40 and 60 ppm) while lower removals were
found at higher dosages (1 — 5 g/100 mL) and higher metal ion concentrations (between 400 - 600 ppm).
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INTRODUCTION

Water pollution is a serious global issue which adversely
affects our lives and studies show that it is expected to worsen
in the coming decades (Ali and Gupta, 2007). Over the years,
the main source of health concerns in water has been microbial
contaminants. But with time, it was discovered that chemical
contaminants also contribute to pollution of water sources
after discovery of analytical methods to measure these
contaminants (Sharma and Bhattacharya, 2017). These include
anionic substances (nitrates, sulphates, chlorides, fluorides
and phosphates), toxic metals including heavy metals and
organics such as pesticides, herbicides, fungicides and
insecticides together with dyes and hydrocarbons (Sen and
Gomez, 2011). These contaminants are contained in effluents
from different industrial activities such as manufacture of
cosmetics, pharmaceuticals, fertilisers, food, textiles, steel and
mining industries (Cao et al., 2019). Among these pollutants,
heavy metals such as Fe, Cu, Cd, Pb, Co, Ni, Hg and As are
classified as harmful due to their toxicity to the environment
and non-biodegradability and their presence in water causes
bioaccumulation in living organisms. Even though some are
essential for micronutrients in the soil from underground
water, some cause damage to the nervous system and internal
organs in human beings if found in certain concentrations in

potable water (Abdullah, 2013). The further increase in
population growth, industrialization, domestic, mining and
agricultural activities worsen the situation. In response to this,
treatment technologies such as ion exchange, chemical
precipitation, adsorption and membrane technologies have
been developed by these industries to treat wastewater prior to
its disposal to the environment (Malaviya and Singh, 2011).
Research on adsorption was unearthed by the desire to achieve
zero pollution and a green technology as it was identified as
environmentally friendly due to application of clean adsorbent
materials especially biochars.

The aim of this research was to utilize biochar produced
from the pyrolysis of morula shells at 600 °C to sequester heavy
metal ions from aqueous solutions. Morula (Sclerocarya
Birrea) is a naturally occurring fruit tree found in abundance
in Southern African countries such as Botswana, Zimbabwe,
Zambia, Namibia and South Africa (Wynberget al., 2014). Even
though this is a seasonal fruit, the shells are readily available
throughout the year and often disposed as waste material and
hence its recent consideration for use as a low-cost adsorbent.
The present study involved investigating the effect of both raw
and modified biochar on the removal of Zn, Ni and Fe from
aqueous solutions.

Copyright © 2022 by Author/s and Licensed by Veritas Publications Ltd., UK. This is an open access article distributed under the Creative Commons Attribution License which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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MATERIALS AND METHODS

Materials

Wastewater collected from a local coal mine was used for
this study. A dilution ratio of 1:10 with distilled water was used
to prepare the lower ion concentration wastewater with the
objective of understanding the behaviour of the biochar when
metal ion concentrations are reduced. The samples were then
acidified with small amount of nitric acid to preserve the water
samples from forming metal compounds. Morula shells were
collected from a nearby tree and pyrolyzed using a batch
pyrolysis pilot plant. 2 M HCL was used to activate the biochar
produced. Sodium acetate (NaCHsCOz), ammonium acetate
(NH4CH3CO2) and ethanol (C:HsOH) were used for
determination of cation exchange capacity using the
ammonium acetate displacement method. 0.1 M NaOH and
0.1M HNOs were used to adjust the pH of the solution while
0.01 M of KNOs was used as solution for point of zero charge
determination. All chemical reagents were of analytical grade
and were all supplied by Rochelle Chemicals.

Apparatus

Inductively Coupled Plasma- Optimal Emission
Spectrometry (ICP-OES) iCAP (Thermo Scientific 7000 series)
was used for metal ion analysis. Handheld XRF Olympus Delta
Premium-50 kV was used for elemental composition analysis
of both raw and activated biochar. A Malvern Mastersizer 300E
- Hydro laser particle analyser was used for particle size
analysis while the proximate analysis was done using Leco
TGA 701 Thermo-Gravimetric Analyser. Functional group
characterization was done using the Raman Spectrometer
(Horiba Scientific). VWR Incubating shaker was used for
conducting the batch adsorption experiments and the Drawell
DW-XRD-Y3000 was used for mineral identification.

Cation Exchange Capacity (CEC)

About 0.20 g of biochar was leached five times with 20 mL
of deionized water to reduce any interference with soluble
salts. Then, the biochar was leached with 20 mL of 1 M sodium
acetate five times to dissolve sodium ions on the exchangeable
sites. After that, the sample was washed with 20 mL of ethanol
five times to remove the excess Na*. Afterwards, the Na* on the
exchangeable sites of the biochar was displaced by 20 mL of 1
M ammonium acetate (pH 7) five times, and the CEC of the
biochar was calculated from the Na* displaced by NH4* using
Equation 1.

Cna XV

CEC=————
MMpq X Mgy @

Where, CEC is the Cation Exchange Capacity in meq/100g
of adsorbent, Cna is the concentration of Na* in mg/L, V is the
volume of solution in mL, MMn. is the molar mass of Na in
g/mol and M.q is the mass of the adsorbent used in g.

Point of Zero Charge (pHzc)

The point of zero charge for morula biochar was
determined by adding 0.1 g of biochar to a series of 100 mL
conical flasks; 5 flasks containing 0.01 M of KNOs and 5 flasks
containing distilled water. The pH of both solutions was varied
from 2.5 to 10.5 with increments of 2.0 using either 0.1 M

NaOH or 0.1 M HNOs. The flasks were then placed in a
mechanical shaker at room temperature and pressure and
rotated for 60 minutes at 120 rpm. The pH values of the
suspensions were then measured. The pH of the suspension
was represented as a function of the initial solution pH. The
initial pH of the solution (pHi) was plotted against the
difference between the initial and final pH values (ApH = pHi —
pHr) from which the pHzcwas estimated at pHi where the graph
cuts the x-axis at ApH = 0.

Activation of the Biochar

Chemical activation was be done using hydrochloric acid
(HCI). The sample was divided into two 50 g samples for the
process. The ratio of impregnation was 1 g of sample to 20 mL
acid (Hayashi et al., 2000). 50 g of char was added to 1000 mL
of 2 M HCl in water and an overhead stirrer was used at 200
rpm for 2 h for proper mixing then heated at 110°C for 4 h.
After the mixture was cooled, it was then filtered with 6 ym
filter papers. To remove the acid, the filtered sample was
washed first with distilled water and stirred at 150 rpm for 30
min for proper washing then filtered again. The pH of the
filtrate was observed to be 2.65 which showed that the acid was
not washed off. Thus, the sample was soaked in 2% NaHCOs till
any residual acid left has been removed and pH was tested
again to be 8.42. Lastly, the char was washed with deionized
water until the pH was stable around 5.85 (initial pH of char).
Then the sample was washed with distilled water again to
remove any base left. The activated biochar was the filtered
again and left to dry overnight.

Adsorption Experiments

Different adsorbent dosages were used for the two different
adsorbate solutions for both raw and activated biochar. 1.0 -
5.0 g of biochar was added to different 100 ml solutions of the
coal wash water of higher metal ion concentrations and 0.2 —
1.0 g of biochar was used for lower metal concentrations. The
solution was then agitated at 25°C and 150 rpm for 60 min
using VWR incubating shaker. After shaking, the solutions
were then filtered using membrane filters of pore size 0.45 pm
and the filtrate was acidified with 1 drop of nitric acid to
preserve the sample then stored at room temperature awaiting
metal analysis using ICP-OES. After metal analysis, the
removal percentages were calculated using the Equation 2.

Co — Cr
o
Where C, and Crare the concentrations of metal ions before

and after adsorption in mg/L

%Removal = x 100% 2)

RESULTS AND DISCUSSION

Characterization of the Adsorbent
Mineral Composition (XRD)

In a diffractometric pattern, sharp peaks represent
crystalline phases while amorphous phases are shown by broad
peaks (Kapur and Mondal, 2014; Lekgoba et al., 2020). Figure
1 shows that morula biochar is amorphous and both activated
and raw fly ash are showing a similar diffractometric pattern
which suggests that the activation of morula char did not effect
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Figure 2. (a) Particle size analysis of Morula based Biochar - Volume Distribution (b) Particle size analysis of Morula based

Biochar - Number Distribution

any changes in the diffraction pattern. The bump noticed
between 20 and 30° ~26 may be attributed to the scattering of
x-rays which normally presents three or fewer halos in the
diffractometric patterns (Bates et al., 2006).

Proximate Analysis (TGA)

Biochar was analyzed for moisture content, volatile matter
and ash content. The main interest was the amount of fixed
carbon in the char, it has been found that good chars have fixed
carbon of over 75%. Moreover, it was found that the increase
in pyrolytic temperature also increases the development of
good char with the highest fixed carbon. From the Table 1,
fixed carbon was found to be 80 and 84% at 600°C of pyrolysis
temperature. This is because at higher temperatures the
amount of lignin in the biomass is responsible for the
formation of char. Lignin is a highly rigid substance which is
resistant to thermal degradation, therefore can only be
decomposed at higher temperatures, hence the higher the
pyrolysis temperature the more the lignin is broken down to
form char (Hernandez-Mena et al., 2014). The fixed carbon

Table 1. Proximate analysis of Morula based biochar

Name Morula biochar
Moisture (%) 4.62
Volatile (%) 12.39

Volatile dry (%) 13.26
Ash (%) 2.47

Ash dry (%) 2.59
Fixed Carbon (%) 80.52
Fixed Carbon dry (%) 84.15

produced is due to the decomposition of the hydroxyl
functional groups forming hydrogen and oxygen.

Particle Size Distribution (PSD)

The particle size volume and number distributions of both
activated and raw biochars were determined and are shown in
Figure 2. The bimodal curves are typical of an agglomeration
process and show that particle agglomeration occurred during
pyrolysis (Sithole et al., 2015). For raw biochar it was found
that finer particles were concentrated at around 5.92 pm while
larger particles ranged from 272 and 666 pm (Figure 2) and for



4/8

Othugile et al. /EUR ] SUSTAIN DEV RE, 6(1), em0173

Table 2. Elemental composition from XRF

Elemental composition (wt.%) Raw biochar Activated biochar
Before After Before After
Al 33.56 28.65 12.26 14.06
Si 3.78 7.51 5.44 4.98
P 1.37 2.44 0.94 0.71
S 1.52 2.69 1.52 2.61
Cl 0.32 0.65 60.82 50.13
K 38.62 14.67 0.92 0.58
Ca 16.76 10.46 7.53 6.51
Cr 0.85 0.79 0.97 0.98
Mn 1.12 1.19 1.34 1.28
Fe 1.70 24.49 7.50 13.52
Ni 0.00 0.55 0.00 0.00
Cu 0.26 0.28 0.65 0.34
Zn 0.08 5.59 0.04 0.27
NB: Before = Before Adsorption, After = After Adsorption
activated char the volume distribution shows that the finer 4000
particles were concentrated around 7.64 pm while larger 3506
particles ranged from 310-586 pm. From these two figures, it
is seen that there is a higher proportion of larger sized particles ‘7 3000
in raw char as compared to activated char based on the volume § e
distribution. This is an indication that activated char had few 3
larger particles than raw char which might be due to size 7 2000
reduction during agitation when mixing with the acid. Figure z S
2 shows that both chars had a higher number of finer particles 2
of less than 1 ym with activated char having a modal size of = 1000
0.276 ym and raw char of 0.214 um. The laser diffraction -
technique enables the calculation of the external surface area
of the adsorbent particles by transforming the volume 0
distribution to a number distribution and the surface area is 0 1000 2000 3000 4000

thus calculated from the second moment (m: is equal to
external surface area) (Ntuli and Lewis, 2009). It was found
that the external surface area of activated char was 6.028 m%/g
and 11.83 m?/g for raw char. Acid activation increases the
surface functional groups in an adsorbent while decreasing the
surface area hence the lower external surface area observed for
activated char.

Chemical Composition (XRF)

Results from XRF shows that several metal elements are
available on the biochar surface as presented in Table 2.
Comparing the effect of acid activation of the biochar on the
composition of the elements, it shows that Al, Ca and K
reduced drastically. Since these are alkali metals, during acid
activation with HCI the metal ions formed metal chlorides due
to reaction with the acid. It was also found that Cl ions
increased from 0.32% to 60.82% after activation which was
expected due to addition of Cl ions to the char during
activation. During adsorption of the raw biochar it was found
that the concentration of the elements of interest for
adsorption, Fe, Ni and Zn increased. Fe increased from 1.7% to
24.49%, Zn from 0.08% to 5.59% and Ni from O to 0.55%. This
shows that these elements were adsorbed on the surface of the
char, with Fe having the highest adsorption percentages. Other
elements which experienced a change in concentration,
include Ca and Al which dropped while S increased from 1.52%
to 2.69%, and this may be attributed to the presence of
sulphates in water which might have been adsorbed too.

Raman shift (cm™)

Raw char ——— Activated char

Figure 3. Raman spectrum of raw and activated biochar

Functional Groups (Raman Spectroscopy)

One of the most important characteristics of an adsorbent
is the surface functional groups, this was characterized using
Raman spectrometer. Figure 3 shows the available surface
function groups in both raw and activated biochars. The
spectrum indicates the presence of nitro group N=0 (1346 cm"
1), aromatic ring C=C (1592 cm™) and carboxylic acid group O-
H (2948 c¢cm™). The aromatic peaks are normally present in
chars which are pyrolyzed at higher temperatures of up to
400°C. This is because at lower temperatures of around 200
and 300°C only softer carbon components such as O-H
functional groups are present. As the temperature is increased
these groups break down leaving the hard carbon components
which form stable chars with C=C and C=0 bonds. This trend
was observed by (Chen and Chen, 2009) and this explains the
strong peak at 1592 cm™! and a weaker peak at 2948 cm™! since
this biochar was carbonized at 600 °C. These groups are
essential for increasing the oxygenated functional groups
which are good adsorptive sites for metal ions. Both activated
and raw chars depicted the same functional groups, with
activated char having higher intensities for the peaks
identified. This is because chemical activation increases the
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= Table 3. Coal wash water characterization
—@—Distilled Water -
15 Heavy Metal Concentration (ppm)
s —%— Potassium Nitrate Solution Iron 649.47
Zinc 661.24
£ os pHzc=6.7 Nickel 435.51
T Copper ND
20 ] . 5 Arsenic ND
Py Lead ND
Manganese 261.795
-1 Anions Concentration (ppm)
. Chloride 102.790
pHi Nitrate 676.90
Figure 4. Point of Zero Charge for Morula based Biochar Bromide ND
Phosphate ND
Fluoride 2.026
acidic functional groups of the biochar which act as good Sulphate ND
adsorptive sites (Enaime et al., 2020). Physical Parameters
. . pH 8.38
Cation Exchange Capacity Conductivity 1173 puS/cm
It was found the activated biochar had a higher CEC of TDS 587 ppm
33.257 meq/100 g than the raw biochar with 0.0962 meq/100 g Dissolved Oxygen 5.85 ppm
as expected. This can be attributed to the fact that chemical
activation increases porosity as well as the internal surface 100
area of the chars hence the higher exchange of the Na cation. 90 —-—re
Thus, this enables adsorption of the cations into the 80
exchangeable sites of the char. Increased CEC for acid - —7n
activations was also observed by (Dogan and Alkan, 2003) on ~ _
perlite biochars. The increase of CEC after activation process = M Ni
was also a result of the increase in oxygenated functional nitro % 50
group (1346 cm™!) which means an increase in negative charges & 40
influences the uptake of Na ions (Nartey and Zhao, 2014). S 30
Point of Zero Charge =
The surface charge of an adsorbent is known to be a B & : p——
function of the solution pH and the point at which the net d > 5 . F :

charge of the adsorbent is zero is known as the point of zero
charge (pHzc) (Demirbas et al., 2009; Freitas et al., 2017). When
the pHzc is lower than the solution pH, the surface charge of
the adsorbent is then considered to be negative because as the
surface charge decreases, the pH increases and this implies
that metal adsorption will be higher (Chen et al., 1996). The
pHzc of morula biochar was found to be 6.7 as shown in Figure
4 and this suggests that at pH’s below the pHzc the surface of
the biochar is predominated by positive charges while at those
greater than pHzc it is predominated by negative charges
(Mohan and Gandhimathi, 2009). According to Kalembkiewicz
and Soco (2013), most metal ions start precipitating or forming
metal hydroxide at pH’s above 10 hence the pHzc was
considered until pH 8.5 for this study. The presence of another
pHzc at pH values greater than 8.5 is due to heterogeneity and
presence of both carboxylic and nitro groups on the surface of
the biochar.

Coal Wash Water Characterization

The coal wash water used for this study was characterised
to determine the physicochemical characteristics of the water.
The coal wash water samples before and after adsorption were
analysed using standard methods as outlined in the Standard
Methods for the Examination of Water and Wastewater (Eaton
et al., 1998). The concentration levels of heavy metals, anions

Adsorbent dosage(g)

Figure 5. Percentage removals of Fe, Zn and Ni at
concentrations of >600 mg/L for Fe and Zn and Ni at >400 mg/L
using raw biochar at a pH of 5.8

and the physical parameters of coal wash water are presented
in Table 3.

Effect of Adsorbent Dosage at Different Metal Ion
Concentrations

Raw Biochar

From Figure 5, it was found that Fe percentage removals
increased with increase in adsorbent dosage, with 18.56%
using 1 g/100 mL and 42.64% using 5 g/100 ml of biochar. Zn
and Ni portrayed a similar trend, they had the highest removals
of 4.3% and 11.05% respectively with 1 g/100 mL and decreased
as the dosage increased. However, there was a marginal
increase in removal when using 5 g/100 mL. From Figure 5, it
is evident that raw biochar removes these metal ions
effectively at higher dosages. When using ion concentrations
of 60 mg/L for Fe and Zn and 40 mg/L of Ni at char dosages of
less than 1 g, it was observed that all the three ions had the
highest removals compared to the previous experiment as
indicated in Figure 6.
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Figure 7. Percentage removals of Fe, Zn and Ni at
concentrations of >600 mg/L for Fe and Zn and Ni at >400 mg/L
using activated biochar at a pH of 5.8

Activated Biochar

When using activated biochar (Figure 7), all the ions had a
similar trend: as the dosage increased the removal percentages
dropped until they reached a constant point. Fe was
preferentially removed using both raw and activated biochar
and this might have been due to the ionic radius of these ions.
The removal percentages were recorded as follows Fe> Ni> Zn
and this corresponded to the ionic radii of these metal ions
which are 0.7A< 0.72 A <0.74 A respectively. It is known that
the smaller the ionic radius the higher the adsorption capacity
of the cation because the ion travels faster to adsorptive sites
than the one with a large ionic radius (Gao et al., 2009). Figure
8 shows that activated biochar works best at lower dosages.
The overall lower removal percentages were attributed to high
metal ion concentrations which might have led to saturation
of adsorptive sites hence less ions adhered to the surface of the
char. Realizing this trend, another experiment was done using
lower dosages and lower metal ion concentrations.

Fe had removals of greater than 90% for both raw and
activated biochar, Zn recorded more than 50% removals while
Ni was the only one which had the lowest removals of less than
20% for both chars. The higher removals were due to lower
metal ion concentrations, hence more adsorptive sites but less

Figure 8. Percentage removals of Fe, Zn and Ni at
concentrations of 60 mg/L for Fe and Zn and Ni at 40 mg/L
using activated biochar at a pH of 5.8

heavy metal ions to adhere to the surface of the char. Several
observations were made on the mechanisms of adsorption that
might have occurred. For instance, it was postulated that
cation exchange might have occurred during removal of heavy
metals. Metal ions such as K* and Ca?" were present in higher
amounts on chars before adsorption. However, they decreased
after adsorption as illustrated in Table 2, which shows that
some have been removed from the char surface into the
adsorbate, this trend was also observed by Yang et al. (2019).
Furthermore, the presence of oxygenated functional groups on
the surface of char might have led to electrostatic attraction
between the metal ions and negatively charged oxygenated
functional groups which led to ions being removed from the
wastewater on to the surface of the biochar. In addition, the
higher cation exchange capacity of activated char also
contributed to the adsorption process (Xie et al., 2017).

CONCLUSION

Pyrolyzed morula shells can be used to remove heavy
metals in wastewater. Acid modification of biochar increased
its CEC and it was found that the point of zero charge for
morula based biochar was 6.7 which is well lower that the pH
of the solution hence making it act as a negative surface.
Morula biochar presented an amorphous phase in the
mineralogy study, and it also showed a higher fixed carbon
content of more than 75% indicating that it is good for
adsorption. Biochar had C=C, N=0O and O-H surface functional
groups which were responsible for the adsorption process by
electrostatic attraction with the metal ions. The external
surface area of raw and activated char was found to be 11.832
and 6.0286 m?/g respectively. Elemental composition revealed
the presence of several metal ions including K and Ca which
played a role in cation exchange. It was noted that both raw
and activated biochar removed Fe better than Zn and Ni mainly
because of the ionic radius of the metal ions, with Fe having
the smallest radius followed by Nithen Zn. Low dosages had a
higher removal capacity at concentrations of 40 - 60 mg/L
while higher dosages had lower removal capacities at
concentrations of 400 — 600 mg/L. It can be concluded that
morula shells could be used as a low-cost adsorbent in
removing contaminants in wastewater.
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