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ABSTRACT 

Worldwide, there have been longstanding issues of heavy metal pollution of both ground and 

surface waters from industrial effluents. In this research, Daniella oliveri leaves were investigated as a 

precursor for the development of low-cost adsorbent for removing Pb(II) from aqueous media. The 

adsorbents (biosorbent and ash) were characterised using Fourier Transform Infrared spectroscopy 

(FTIR), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and 

Branueur-Emmet-Teller analysis (BET). The biosorbent (DO-B) and ash (DO-A) from Daniella oliveri 

leaves had a specific surface area of 574.5 m2/g and 723.0 m2/g respectively. Both adsorbents were 

mesoporous with pore diameter >2 nm. The ash was a better adsorbent for Pb(II) than the biosorbent 

powder, however, both adsorbents have over 99% removal of Pb(II) at optimal conditions. Best-fit 

isotherm for DO-B was Freundlich isotherm while no best fit for DO-A was observed. The adsorption 

for both adsorbents was best fit pseudo-second order kinetic model. Adsorbents from Daniella oliveri 

leaves could be used as an adsorbent for the removal of Pb(II) from aqueous media and can play an 

important role in mitigating the potential impact of the release of industrial effluent into the environment. 
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1.  INTRODUCTION 

 

In recent years research focus has been shifting towards the development of 

environmentally friendly systems for the removal of pollutants from effluents [1]. Green 

technology (use of plant-based sources) is an alternative means which is eco-friendly due to 

their biodegradability and non-toxicity [2, 3]. The basic features of this technology are its 

inexpensive nature, availability, reusability and biodegradability [4, 5]. Algae, fungal, 

agricultural wastes and residues, and bacterial strains are some of the materials that have been 

used as biosorbents in the removal of pollutants from aqueous media [6, 7].  

Daniellia oliveri is also known as the African Balsam is found in wooded savannahs and 

the dry forests. It is a tall tree with a conical crown and a generally tapered shape [8]. It is a 

relatively large tree with a height ranging from 18.29 - 24.38 m high and reaching 3.66 m in 

girth, and sometimes larger. The bark of the tree is pale grey, thick, much fissured, and flaking 

off in large irregular thin patches (shown in Figure 1). There are also slash dark red with fine 

white streaks noticeable, and exuding sweet-smelling gummy substance after some time [8]. 

 

 
 

Figure 1. Daniellia oliveri (Rolfe) Hutch. & Dalziel – tree. 

 

 

Several other studies have been conducted to study different aspects of the plant [8, 9]. 

Daniellia oliveri is very common in Ilorin town in Nigeria general and University of Ilorin 

community in particular and sheds leaves which are incinerated and do not have a competitive 
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use. In all these, there was no report of its application as adsorbents (at least within the scope 

of a thorough internet search). It was also not reported in a recent review on plant leaves [10]. 

The study targeted specific environmental problem of the release of heavy metal-laden 

effluents into the environment by industries in Ilorin, Nigeria. Because of these, the aim of this 

study was to develop activated carbon and ash from Daniellia oliveri leaves for the removal of 

Pb(II) from aqueous media after determination of the environmental problem. Daniellia oliveri 

biosorbent (DO-B) and ash (DO-A) were characterised by Fourier Transform Infrared 

Spectroscopy (FT-IR), Scanning Electron Microscopy with Energy Dispersion Spectroscopy 

(SEM-EDS) and Branueur–Emmett–Teller (BET) analyses. The study proceeded to perform 

parametric studies, equilibrium isotherm modelling and kinetic modelling. 

 

 

2.  METHODOLOGY 

2. 1. Preparation of adsorbents 

Daniellia oliveri leaves were gathered, ground into fine particles and washed with water 

until there was no more colouring of the wash water, and the washed powdered leaves were 

then dried in an oven at 70 °C until there was no more weight loss. After drying, the leaves were 

blended to a fine powder using an electric blender. The powdered leaves were sieved to 100 

microns and then stored as a biosorbent in an airtight jar. This was denoted as Daniellia oliveri 

biosorbent (DO-B) (Figure 2a). Also, another batch of Daniellia oliveri was ground and 

washed in water until no more colouring was noticed. The powder was heated in a furnace at 

500 °C for 5 hours. After heating, the powder was washed and sieved using 100-micron mesh. 

The obtained adsorbent was then stored in an airtight jar. This was denoted as Daniellia oliveri 

Ash (DO-A) (Figure 2b). 

 

    
 

Figure 2. Daniellia oliveri biosorbent (a) and ash (b) 

 

a b 
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2. 2. Adsorbent characterisation 

Fourier transform infrared (FTIR) spectrometer (Shimadzu FTIR-8400S, Japan) was used 

to identify the functional groups responsible for pollutant uptake and bonding possessed on the 

surface of the adsorbent and biosorbent. The FTIR spectra were recorded in the wavelength 

range 4000-650 cm-1 [11]. SEM-EDS (SEM, Phenom ProX, Phenom-World BV, Netherlands) 

was conducted to determine the adsorbent surface morphology according to the method 

described in Adeniyi et. al [12]. Branueur-Emmet-Teller (BET) analysis (Quantachrome 

NovaWin ©1994–2013, Quantachrome Instruments v11.03) was used to study the particle and 

pore dimensional characteristics of the adsorbents according to the method described in Adeniyi 

et. al [12]. 

 

2. 3. Reagents and preparation of stock solution 

The reagents used in this study include Nitric acid (HNO3), Hydrochloric acid (HCl), 

Lead Nitrate (Pb(NO3)2) and distilled water (H2O). They were all of the analytical grade 

(>99.9% purity). For the stock solution of Pb(II), 1.5985 g of Pb(NO3)2 was dissolved in 1 litre 

of distilled water to give a 1 g/l solution. The choice of Pb(II) as the target impurity was made 

based on the characterisation results of the petroleum depot effluent. 

 

2. 4. Batch adsorption experiments 

The batch experiments were carried out in 100 ml borosilicate conical flasks by agitating 

a pre-weighed amount of the Daniellia oliveri biosorbent (DO-B) and ash (DO-A) with 20 ml 

of the wastewater for a predetermined period at 25 °C on a water bath cum- mechanical shaker. 

The used adsorbent was separated with Whatmann filter paper after the adsorption is 

complete. For all experiments, the pH of the solution was left at the natural pH without any 

adjustments.  

The effect of adsorption parameters such as biosorbent dosage and contact time on the 

process were studied. For the effect of dosage, the experiments were run at 25 °C, agitation of 

120 rpm and contact time of 120 min.  

The dosage was varied between 2 and 10 g/L in steps of 2. For the effect of contact time, 

the experiments were conducted at 25 °C, agitation of 120 rpm and dosage of 6 g/L. The contact 

time was varied between 20 and 100 minutes in steps of 20.  

The amount of heavy metal adsorbed was determined using Equation 1 

 

𝑞 =  
𝑉(𝑐𝑖− 𝑐𝑒)

𝑚
                     Eqn. 1 

 

where q is the amount of heavy metal adsorbed (mg/g) Ci is the initial concentration of heavy 

metal (mg/L) and Ce is the concentration of heavy metal (mg/L) at equilibrium. V is the volume 

of metal solution (L) and m is the mass of the biosorbent used (g) [13]. The removal efficiency 

was determined using Equation 2 

 

𝑞% =  
𝑐𝑖− 𝑐𝑒

𝑐𝑖
 ×  100      Eqn. 2 
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3.  RESULTS AND DISCUSSION 

3. 1. Adsorbent characterisation 

Daniellia oliveri biosorbent (DO-B) and ash (DO-A) were characterised by FTIR 

(Shimadzu FTIR-8400S, Japan), SEM-EDS (Phenom ProX, Netherlands) and BET (NOVA 

Station A). In this section, the findings of these analyses are discussed. 

 

3. 1. 1. Functional group analysis 

Daniellia oliveri biosorbent and ash are characterised by functional groups O-H, C-OC 

and –COO as can be observed with peaks regions 3911-3498 cm-1, 1627 cm-1 and 1442 cm-1 

respectively for DO-B and 3896-3529 cm-1, 1647 cm-1 and 1381 cm-1 for DO-A (Figure 3). 

These groups are common to polysaccharides [14]. The peaks 2962 cm-1 and 2885 cm-1 

observed in DO-B spectra which shifted to 2889 cm-1 for DO-A correspond to the presence of 

the CH group of methyl and methylene [15].  

The presence of these groups provides more capacity for bonding which improves the 

adsorption capacity of the sample. The strong peaks at 1076-1033 cm-1 and 1018 cm-1 for DO-

B and DO-A respectively suggests the presence of a C-O which indicates the presence of an 

ester or ketone in the samples [16].  

 

 
 

Figure 3. FTIR spectrum of Daniellia oliveri biosorbent (DO-B) and ash (DO-A) 
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The peak 2696 cm-1 observed in DO-A may correspond to the aldehyde (CHO) functional 

group [17]. The disappearance of this peak (2696 cm-1) during carbonisation was noted as well 

as the emergence of a new peak at 1527 cm-1. This new peak most likely corresponds to the 

stretching vibrations of the aromatic C=C ring showing that new aromatic species are being 

formed with an increase in temperature [18]. The presence of CH bending of the methyl (CH3) 

group may be characterized by the peaks observed at 1420 cm-1 for DO-B and 1381 cm-1 for 

DO-A [19]. The intensity of some of the absorbance peaks of the carbonized samples was seen 

to be greater than that of the dried leaves. This is because carbonization of biomass reduces the 

number of precursors functional groups present and further exposes the basic functional groups 

present thus increasing their intensity in the spectra analysis [20, 21]. The functional groups 

and their corresponding peaks are summarised in Table 1. 

 

Table 1. The functional group composition of DO-B and DO-A respectively. 

 

Functional group 
Observed peaks (cm-1) 

Reference 

DO-B DO-A 

O-H (alcohol) 
3911, 3792, 3684, 

3583, 3498 

3896, 3742, 

3603, 3529 
[14] 

O-H (phenol, ester) 
3414, 3379, 3267, 

3244, 3136 

3406, 3333, 

3271 
[14] 

Aliphatic C-H 2962, 2885 2889 [15] 

CHO 2696, 2522 - [17] 

C-O-C 1627 (small band) 1647 [14] 

C=C - 1527 [18] 

CH3/CH bending 1442 1381 [19] 

C-O 1076, 1033 1018 [16] 

β-glycosidic linkages 898, 786, 663 918, 756 [12] 

 

 

3. 1. 2. Adsorbent morphology 

Figure 4a-b shows the SEM image of Daniellia oliveri biosorbent (DO-B). The surface 

morphology of the particles is heterogeneous. The surface of the particles is ridged in such a 

way that features as honey-combs exists and, thee dark grey image is suggestive of carbon-rich 

material [22]. This was confirmed by the EDS analysis. The generally rough outlook of the 

particle surface suggests a good potential for use as an adsorbent as there would be numerous 

features and sites on the particle where adsorbate can be attached [23]. Figure 5a-b shows the 

SEM image of Daniellia oliveri ash (DO-A). The very small ash particles are observable from 

the image. The outlook is heterogeneous.  
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Figure 4. SEM image of Daniellia oliveri biosorbent (DO-B) ×500 (a) ×1500 (b). 

a 

b 
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Figure 5. SEM image of Daniellia oliveri ash (DO-A) ×500 (a) ×1500 (b) 

a

a 

b

b 
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The smaller observable particle size is suggestive that DO-A will have a higher surface 

area than DO-B. This was confirmed by the BET analysis. Furthermore, SEM image for DO-A 

is not dark like for carbon-rich materials suggesting that the material has a high inorganic 

content. This is also verified by the EDS analysis. 

 

3. 1. 3. Adsorbent composition 

Table 2 shows the elemental composition of DO-B while Figure 6 shows the EDS 

spectrum. It can be observed that DO-B is a carbon-rich material with 66.48 wt% carbon. The 

other major component is Oxygen. Hydrogen is also present in the biomass but not present in 

the analysis because EDS does not show hydrogen composition. Though there are numerous 

inorganic elements presents, their composition in the biosorbent is small.  

 

Table 2. Elemental composition of Daniellia oliveri biosorbent (DO-B). 

 

Element 

Number 

Element 

Symbol 
Element Name Atomic Conc. Weight Conc. 

6 C Carbon 74.62 66.48 

8 O Oxygen 22.78 27.04 

14 Si Silicon 0.99 2.06 

20 Ca Calcium 0.52 1.54 

47 Ag Silver 0.08 0.68 

13 Al Aluminium 0.28 0.56 

16 S Sulphur 0.14 0.33 

17 Cl Chlorine 0.12 0.33 

12 Mg Magnesium 0.16 0.28 

15 P Phosphorus 0.12 0.28 

19 K Potassium 0.10 0.28 

11 Na Sodium 0.09 0.14 

 

 

Table 3 shows the elemental composition of DO-A While Figure 7 shows the EDS 

spectrum. As expected of ash, the carbon content is relatively low with a higher amount of 

inorganics. Calcium (Ca) and silicon (Si) is the major inorganic elements present in the ash. 

This is supported by the very light-coloured SEM image which is different from the 

conventional grey-scale colour of carbon in SEM. The increase in the inorganic content is due 

to the volatilisation of carbon to its oxides within the furnace at a very high temperature. 
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Figure 6. EDS spectrum of Daniellia oliveri biosorbent (DO-B) 

 

 

Table 3. Elemental composition of Daniellia oliveri Ash (DO-A). 

 

Element 

Number 

Element 

Symbol 
Element Name Atomic Conc. Weight Conc. 

20 Ca Calcium 18.01 30.11 

14 Si Silicon 19.88 23.28 

6 C Carbon 46.05 23.07 

17 Cl Chlorine 6.13 9.07 

19 K Potassium 2.51 4.09 

12 Mg Magnesium 2.52 2.55 

47 Ag Silver 0.46 2.07 

13 Al Aluminium 1.59 1.79 

16 S Sulphur 0.99 1.33 
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15 P Phosphorus 0.86 1.11 

26 Fe Iron 0.43 1.00 

11 Na Sodium 0.56 0.53 

 

 

 
 

Figure 7. EDS spectrum of Daniellia oliveri ash (DO-A) 

 

 

3. 1. 4. Pore characteristics 

 

Table 4. Summary of BET results. 

 

Properties DO-B DO-A 

Specific surface area (m2/g)a 574.5 723.0 

Micropore volume (m3/g)b 0.291 0.312 

Total pore volume (m3/g)c 0.281 0.445 

Pore diameter (nm)c 2.108 2.072 
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aMultipoint Brunauer, Emmett and Teller (BET) method 
bDubinin-Radushkevic (DR) method 
cBarrett, Jovner & Halenda (BJH) adsorption method 

 

 

The results of the BET analysis for DO-B and DO-A are summarised in Table 4. It can 

be observed that the biosorbent (DO-B) has a lower specific surface area than the ash (DO-A). 

The infers that DO-A has the potential to be a better adsorbent than DO-B. This was confirmed 

by the parametric studies which showed higher removal efficiencies for Pb(II) compared to 

DO-B. The pore diameter for both adsorbents is greater than 2 nm. Based on the definition by 

IUPAC, both adsorbents can be classified as mesoporous materials. 

 

3. 2. Parametric studies 

3. 2. 1. Effect of adsorbent dosage 

The effect of adsorbent dosage (at 25 °C, agitation of 120 rpm and 120 minutes) on the 

uptake of Pb(II) was investigated and shown in Figure 8. It can be observed that higher 

adsorbent dosage led to a greater removal efficiency of Pb(II). This is similar to the observation 

of Palanisamy and Santhi [24] albeit for Acacia nilotica leave adsorbent. The observed effect 

is expected as greater dosage leads to more available active sites for pollutant sorption [24]. It 

was observed that the removal efficiency of Pb(II) by DO-A is higher than for DO-B over the 

entire domain of adsorbent dosage studied. This suggests that the ash is a better adsorbent for 

Pb(II) than the biosorbent. The highest removal efficiency was 99.41% and 99.96% for DO-B 

and DO-A respectively and obtained at a 10 g/l dosage. However, this shows that there is no 

significant advantage gained from the carbonisation process in terms of dosage optimisation. 

 

 
 

Figure 8. Effect of adsorbent dosage on Pb(II) uptake 
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3. 2. 2. Effect of contact time 

The effect of contact time (at 25, agitation of 120 rpm and dosage of 6 g/l) on the uptake 

of Pb(II) was investigated and shown in Figure 9. It is observed that the removal efficiency 

increased with longer contact time. This is similar to the observation by Abedi et. al [25] albeit 

for Aloe vera leave ash. Equilibrium is observed to be achieved at 80 minutes beyond which 

little or no changes occur in the solution concentration of Pb(II) with time. The adsorption rate 

is very rapid initially due to the high concentration of Pb(II) leading to a greater mass transfer 

driving force. Much of the active sites on the adsorbent are still vacant so the high sorption rate 

is favoured [26]. Furthermore, it can be observed that the removal efficiency of Pb(II) by DO-

A is higher than for DO-B over the entire domain of time studied which is similar to the 

observation made for the study of dosage. The highest removal efficiency was 99.35% and 

99.69% for DO-B and DO-A respectively and obtained at 100 minutes. The experiment as 

terminated after 100 minutes because there were no longer any changes in concentration with 

time. 

 

 
 

Figure 9. Effect of contact time on Pb(II) uptake 

 

3. 3. Equilibrium isotherm modelling 

The findings from the experiments were fitted into three equilibrium isotherm models: 

Langmuir [27], Freundlich [28] and Temkin [29] isotherms. The plots for each of the isotherms 

are shown in the Supplementary material while the results are summarised in Table 5. For DO-

B, the best-fit isotherm was Freundlich isotherm while DO-A was best fitted to both Freundlich 

and Temkin isotherms. Though admittedly, the coefficient of determination values (R2) is quite 

low (0.4 – 0.8) indicating a poor overall fit of the experimental data to these models. Other 

isotherms were also applied which gave worse results than those presented in the table hence 

not tabulated. Seeing that the Freundlich isotherm is the best fit for DO-B, the following can be 

deduced about the adsorption process. The uptake of metal ions occurs on a heterogeneous 

surface by multilayer adsorption. The mechanisms of sorption of the adsorbate to the adsorbent 
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are not singular and the energies of the forces of attraction can differ from one adsorbed 

molecule to the other [10]. This is also expected as surface sorption is accompanied by sorption 

into interstitials on the macro-molecular structure of the bio-material.  

Based on the postulates of the Freundlich isotherm, also it can be assumed that the 

stronger binding sites are occupied first and the binding strength decreases with increasing 

degree of site occupation [10]. There are also possible interactions between already adsorbed 

molecules. 

 

Table 5. Summary of equilibrium modelling results 

 

Parameters DO-B DO-A 

 Langmuir Isotherm 

𝑄𝑚𝑎𝑥 (mg/g) 526.32 588.24 

𝐾𝐿 (L/g) 0.0236 0.3778 

R2 0.2840 0.2795 

 Freundlich Isotherm 

𝐾𝐹 (mg/g) 7.4542 179.85 

N 0.7338 2.3629 

R2 0.8295 0.4076 

 Temkin Isotherm 

B 3.3106 9.9441 

𝛼 0.1838 6.8291 

R2 0.7725 0.4190 

 

 

3. 4. Kinetic modelling 

The findings from the experiments were fitted into three kinetic models: Pseudo-first 

order [30], Pseudo-second order [31] and intra-particle diffusion [32] models. The plots for 

each of the kinetic models are shown in the Supplementary material while the results are 

summarised in Table 6.  

It can be observed that the pseudo-second order kinetic model is the best fit for both DO-

B and DO-A sorption (both with an R2 value of 1.00). From the postulates of the pseudo-second 

order model, it can be put forward that the metal biosorption process is dependent on the number 

of metal ions present in the solution as well as the free biosorption sites on the biosorbent 

surface [33]. 
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Table 6. Summary of kinetic modelling results. 

 

Parameters DO-B DO-A 

𝑞𝑒 (exp) (mg/g) 165.58 166.15 

 Pseudo-first order 

𝑞𝑒 (𝑐𝑎𝑙𝑐) (mg/g) 2.1513 2.6026 

𝐾1 (min-1) 0.0564 0.0583 

R2 0.9822 0.9688 

 Pseudo-second order 

𝑞𝑒 (𝑐𝑎𝑙𝑐) (mg/g) 166.67 166.67 

𝐾2 (g/mg min) 0.0599 0.0514 

R2 1.000 1.000 

 Intra-particle diffusion 

C 164.51 164.76 

𝐾𝑑𝑖𝑓 (mg/g min0.5) 0.1178 0.1534 

R2 0.8115 0.7956 

 

 

4.  CONCLUSIONS 

 

Daniella oliveri leaves were used to prepare a biosorbent (DO-B) and ash (DO-A) to 

remediate industrial effluent. Fourier Transform Infrared Spectroscopy (FTIR) revealed that 

both adsorbents have numerous functional groups making it good for adsorption of pollutants 

from water. SEM revealed that DO-B has a heterogeneous surface morphology that is ridged in 

such a way that features as honey-combs exists. DO-A also possessed a heterogeneous outlook 

thereby emphasising the potential of the materials for use as adsorbents. EDS revealed that the 

biosorbent (DO-B) was very rich in carbon (66.48 wt%) whilst the ash (DO-A) was very rich 

in inorganic elements calcium (30.11 wt%) and silicon (23.28 wt%).  

BET revealed that DO-B and DO-A had a specific surface area of 574.5 m2/g and 723.0 

m2/g respectively. Both adsorbents were classified as mesoporous because their pore diameter 

was >2 nm. Parametric studies revealed that higher adsorbent dosage led to a greater removal 

efficiency of Pb(II). The highest removal efficiency (obtained at a 10 g/l dosage) was 99.41% 

and 99.96% for DO-B and DO-A respectively. Removal efficiency also increased with longer 

contact time. The highest removal efficiency (obtained at 100 minutes) was 99.35% and 99.69% 

for DO-B and DO-A respectively.  
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Furthermore, it can be observed that the removal efficiency of Pb(II) by DO-A is higher 

than for DO-B over the entire domain of the experiment which suggests that DO-A is a better 

adsorbent. Equilibrium isotherm modelling revealed that the best-fit isotherm for DO-B was 

Freundlich isotherm while no best fit for DO-A was observed. Kinetic modelling revealed that 

the pseudo-second order kinetic model is the best fit for both DO-B and DO-A sorption (both 

with an R2 value of 1.00). It can be concluded that the biosorbent and ash from Daniella oliveri 

leaves could be used as an adsorbent for the removal of Pb(II) from aqueous media. By 

consequence, the adsorbents can play a great role in mitigating any potential environmental 

impact of the release of toxic effluent into the environment.  
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