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In this study, previously estimated tannery effluent with high 
pollutant (Cr) load of 987 mg/L was detoxified using pyrolysed 
Moringaoleifera Pods(PMOP)and Shells (PMOS).A performance 
assessment of the gained and characterized adsorbents was based 
on equilibrium, rate and thermodynamic studies.An investigation 
was carried out on equilibrium studies using isotherm models 
(Langmuir, Freundlich, Dubinin-Radushkevich and Temkin 
isotherm models).The maximum adsorption capacity of PMOS is 
277.3 mg/g. Sorption rate is best explained using the Pseudo-
second order kinetic model with diffusion through the liquid film 
surrounding the solid sorbent. Comparison of performance with 
commercially available activated carbon shows no statistical 
significance at p< 0.05.   
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Graphical Abstract 

 

   

Introduction 

Contamination of tannery wastewater with organics and inorganics is a matter of concern which is 

linked to environmental impacts of tanning wastewater. Among the many pollutants, chrome tan 

wastewater consists of acidic and alkaline liquors with chromium levels of 100–400 mg/L 

[1].Chromium in tannery is used to treat animal skin for leather.In chrome tanning process, 

trivalent chromium has the most common oxidation state [2], often in the form of Cr (III) sulfate [3]. 

For Collagen to reacts withCr+3ion, six coordination positions (octahedron) are available and 

stereoisomers are possible. Chromium III nitrate is thought to give a complex ion of the form [Cr 

(H2O)6]+3 in solution. Reaction sites for chrome tanning are the ionized carboxyl groups on side 

chains of the collagen[4]. Chromium is a very toxic metal. It is mutagenic as well as carcinogenic. In 

addition to that, it causes liver damage, lungs infection and skin irritations[5]. According to 

international standards, permitted limit of Cr (VI) for industrial effluents is 0.1mgdm3. 

Adsorption is one of the most effective and general wastewater treatment methods[6,7,8]. The 

adsorption technique is centered on the transfer of pollutants from the solution to the solid phase. 

Adsorption occurs if the attractive force between the solute and Adsorbent is greater than the 

cohesive energy of the substance itself. To maintain a favorable free-energy driving process (i.e. a 
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negative ∆G), the ∆H must be greater in magnitude than the T∆S, because adsorption leads to a loss 

of entropy (∆S) [9]. 

The adsorption process is superior to any other method by its low cost, low energy requirement, 

the simplicity of design and possibility of reusing the spent adsorbent via regeneration. Adsorbents 

such as activated carbon available to remove contaminants from wastewaters are costly and hardly 

available [7,10]. Based on this, there is a need to study the effectiveness of uptake of pollutants on 

drawn adsorbents. 

Moringaoleifera has gained importance due to its multipurpose use and well adaptability to dry and 

hot climates [11].The seed powder is used to treat water due to its curling capacity [12].The plant 

had been researched [11, 12,13]. 

Adsorption Models 

Adsorption modeling is important to describe absorbent-adsorbates [14].Adsorbate adsorbed per 

unit adsorbent mass is expressed as;  

                                              (1) 

Isotherm models 

Langmuir equation is expressed as: 

   (2) 

Qm and b, are estimated from the slope and intercept of the linear plot, Ce/qe versus Ce. Other 

forms are shown in Table 1 

Table 1. Linear Forms of Langmuir Isotherm Models 

Forms Plots 

  

  

  

  
 

Freundlich isotherm model 

Freundlich isotherm is described adsorption on a wide variety of adsorbents in the following the 

equation;  

  (3) 
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This isotherm takes on to incorporate the role of substrate-substrate on the surface [15,16]. 

Plotting log Qe versus log Ce gives 1/n as slope and an intercept magnitude of log Kf. Freundlich 

constants Kf and n are deduced from the intercept and slope of the linear plot. The smaller value of 

1/n implies stronger interaction while 1/n equal to 1 is linear adsorption for uniform site energies. 

Temkin isotherm model 

Temkin isotherm assumes the heat of adsorption decreases linearly with the sorption coverage due 

to adsorbent-adsorbate[17].Given as equation 4 is the linear form of Temkin isotherm: 

  (4) 

is universal gas constant (8.314 J/molK),  is temperature (K) and (J/mol) is a constant related 

to the heat of sorption, R is the ideal gas constant (8.314 J/mol K).  The slopes and intercept are 

obtained from the graphic plot  against [18,19]. 

Dubinin-Rudushkevich isotherm model 

According to Arasakumaret al.[17], Dubinin- Radushkevich curve is related to the porosity of the 

adsorbent. It expresses the adsorption occurring onto both homogeneous and heterogeneous 

surfaces. The linear form of the isotherm is 

                         (5) 

The plot of  tests the suitability of the data[20].Important constants include the 

theoretical saturation capacity, mg/g); mean free energy of adsorption per mole of the adsorbate 

B (mol2/J2 ) and Polanyi potential,  relates to equilibrium as: 

         (6) 

is the Universal gas constant (8.314 J/mol/K) and T is the temperature in Kelvin. The mean 

energy, E is 

                     (7) 

It is thus, possible to predict whether an adsorption is a physisorption or chemisorption. 

Adsorption Kinetic Models 

Lagergren equation (Pseudo-first order model) 

The controlling mechanisms on adsorption [21], given a general and linear representation as 

equations 8 and 9 respectively 

                 (8) 

    (9) 
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qe and qt are the adsorbate amount per unit mass of adsorbent (mgg1) at equilibrium and at time t, 

respectively, kn suits the rate constant for nth order adsorption.  

Pseudo-second order model 

The second model is also empirical [22] with the following linear expression. 

     (10) 

Elovich model  

It assumes a logarithmic time dependence of the adsorbed quantity. The governing equation in its 

linear form is: 

    (11) 

Where α (mg/g1/min1) and β (g/mg1)  are initial adsorption and desorption rate constants, 

respectively. Constant, α depicts rate of chemisorption and βis surface coverage [22]. A plot of qt vs. 

ln (t) gives a slope and intercept of (1/β) and (1/β)ln(αβ) respectively. 

Intra-particle diffusion model (transport model)  

Diffusion as a rate determinant was evaluated with intra-particle diffusion model. 

    (12) 

is the intra-particle diffusion rate is constant from plotting qt vs. t1/2[23]. 

Film diffusion model 

Film diffusion model is used to study the transport of metal ions from liquid phase to the solid 

phase boundary. The equation representing this model is: 

  (13) 

Where  is the fractional attainment at equilibrium (F=qt/qe), Kfdis liquid film diffusion constant. 

Linear plot of the model is ln (1-F) versus t [24]. 

Adsorption Thermodynamics 

Between the thermodynamic features; change in Gibb‘s free energy (ΔG0), change in enthalpy ΔHº 

and change in entropy ΔS0is 

     (17) 

According to the Van’t Hoff expression; the process equilibrium constant varies with temperature. 

    (18) 

                    (19) 
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      (20) 

       (21) 

The method in a graphic is by a plot of  vs  

Where and  is the slope and intercept respectively [26].K is the equilibrium constant, H is the 

enthalpy of reaction, T is the temperature in degree Celsius, K is equilibrium constant and R is the 

gas constant (8.314J/mol). 

Similarly, Arrhenius equation finds application in estimating thermodynamics 

     (22) 

     (23) 

Where the factor (A) is pre-exponential, Ea activation energy, K is the rate constant of reaction and R 

is the ideal gas constant. The plot is ln(k) vs1/T gives a slope representing  [27]. 

Adsorbents derived from Moringaoleifera pods have was used in the reduction of chromium in 

wastewater [28]. In this study, adsorptive properties of pyrolyzed and characterized (Part A) 

Moringaoleifera seed pods and shells was investigated with variables from adsorption isotherms, 

kinetics, and thermodynamics. Tannery effluent from NILEST, Zaria, and chromium ion is the 

medium and adsorbate respectively.  

Materials and Methods 

The chromium concentration was determined using A Zeenit 700 absorption spectrometer 

(Germany) coupled with a flame atomizer and a chromium hollow cathode lamp. AROSTEK 

Instrument column chromatography was used for the column studies. It has a diameter of 9-10 mm 

with a maximum loading capacity of 0.1 g. 

The Adsorbent 

Moringaoleifer a seeds were obtained from Lafia central market, Nigeria and presented for 

identification at the Botany Department of the University of Agriculture Makurdi, Nigeria. The pods 

were de-seeded and collected as the precursor for PMOP, the seeds were de-shelled and the shells 

were washed with water, dried at room temperature and stored for use as starting material for 

PMOS. Both dried pods and shells were pulverized and pass through a < 2 mm size sieve and 

carbonized [29]. The stages include washing, air drying, and oven drying. Heating was conducted in 

a muffle furnace at 4000C for 8 hours.  Samples were cooled to room temperature and washed to 

remove residual ash until constant pH of 6-7 was reached.  The washed pyrolyzed sample was oven 
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dried at 1050C to constant weight. The final products were kept in an airtight polyethylene bag [30] 

and labeled accordingly as “ pyrolysedMoringaoleifera pods (PMOP)” and “ 

pyrolysedMoringaoleifera shells (PMOS)”for further analysis. 

The Adsorbate 

Tannery wastewater was collected from Nigerian Institute of Leather and Science Technology 

(NILEST) of coordinates; Latitude 11.16670, Longitude 7.63330. Effluent collection [31,33]  was 

carried out, first by stirring before lowering a clean 4L glass bottle (previously washed with 0.1 M 

HNO3) into different depths (15 cm). Sample overflow bottle was withdrawn and stored at 4 0C for 

further analysis. 

Effluent Digestion for AAS analysis 

A Procedure [33] was followed. 10 mL of 1:1 HNO3was mixed with the tan-chrome liquor (2 

mL).The mixture was heated to 95 oC ± 5 oC and reflux for 10 to 15 minutes without boiling.The 

mixture was allowed to cool followed by addition of 5 mL of concentrated HNO3, cooling for 30 

minutes until the generation of brown fumes (oxidation) by HNO3.Digestion was repeated with the 

addition of 5 mL of conc. HNO3 over and over until no brown fumes were given off by the sample 

indicating the complete reaction with HNO3. The solution was allowed to evaporate to 

approximately 5 mL.The digest was filtered using a Whatman No. 41 and the filtrate collected in a 

100 mL volumetric flask. The digested tannery effluent was analyzedwithAAS to determine 

chromium.  

Description and Preparation of column  

A Rostek column Instrument with diameter 9-10 mm and Max loading of 100 mg (0.1g) was used. It 

was clapped on a retort stand vertically. The column was washed severally with distilled water and 

dried in an oven. A piece of cotton was carefully tucked into the glass column close to the tap. This 

is to ensure that the adsorbents don't block the column and also to ensure the eluent is collected 

without the adsorbents. The needed weight of the adsorbents was weighed (bed depth was noted) 

and carefully placed in the column. It was tapped to remove trapped air. The set up was wet with 

distilled water and set for usage. The tannery effluent was poured from the top while the eluent 

was collected from the tap.  

Isotherm Studies 

The adsorbent was utilized to adsorb Cr (VI) of different adsorbate (chromium)concentration (200 

– 1000 mg/L), pH value of 6, 30 ± 2oC, 0.05 g adsorbent dose and 60 minutes adsorbent/adsorbate 
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contact time. Made equilibrium data were fitted into four isotherm models. The eluate was collected 

in sample bottles, labeled and stored for AAS analysis. 

Kinetic Experiment 

The method used by Vaishali and Dinesh [34] was applied. This involved varying the contact time of 

the Tan-chrome liquor with the adsorbents in the order of 20 min, 40 min, 60 min, 80 min and 100 

min. Parameters which are kept constant are initial concentration; 600 mg/L for PMOS and PMOP, a 

dosage of 0.05 g, pH of 6.0 volume of 0.025 mg/L and temperature of 30 ± 2o. Data generated from 

kinetic experiments were used to model the modes of transport. 

Thermodynamic Experiment 

The method used byGueu, et al.[35],was adopted.The temperature of the Tan-chrome liquor was 

varied (10, 20, 30, 40, and 500C). All other parameters (pH, initial concentration, dosage, volume 

and contact time) were kept constant.  The eluate was collected in sample bottles, labeled and 

stored for analysis using AAS.  

Results and Discussion 

Results obtained for the characterization studies; SEM, TEM, PXRD, FTIR and CHNS/O were 

presented and reported elsewhere [36]. An investigation of the effects of parametric factors has 

been reported [36]. 

Adsorption Isotherms 

The relationship between the amount of a substance adsorbed per unit mass of adsorbent at a 

constant temperature and its concentration in the equilibrium solution is called adsorption 

isotherm. Adsorption isotherm is important to describe how solutes interact with sorbents. 

Developing an appropriate model for adsorption is essential to the design and optimization of 

adsorption processes. Data generated were fitted against four isotherm models namely; Langmuir, 

Freundlich, Temkin, and Dubinin-Radushkevich [37]. Results were discussed as follows. 

Langmuir isotherm:A linear plot was obtained when Ce/qe was plotted against Ce over the entire 

concentration range of chromium investigated. R2value of 0.7066 for PMOP and 0.8609 for 

PMOSwhich showed a good applicability of the model could indicate a monolayer adsorption and 

homogeneous surface conditions[38]. In Langmuir theory, the basic assumption is because of the 

fact that the sorption takes place at specific homogeneous sites within the adsorbent. The essential 

feature of the Langmuir isotherm is a dimensionless constant separation factor (RL). In this context, 

lower RL value reflects that adsorption is more favorable. In this study, RL value indicates the 
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adsorption nature to be either unfavorable (RL> 1), linear (RL = 1), favorable (0 <RL< 1) or 

irreversible (RL = 0). The result from this work shows favorable adsorption for PMOS and PMOP 

which is in agreement with another report [39]. The result showed a better applicability for PMOS 

than PMOP. 

Freundlich isotherm The equilibrium data for chromium over the concentration range of 200 to 

1000 mg/L respectively at 30 °C has been modeled with the Freundlich isotherm. The value of 

n<1implied an interaction with high strength.Alternately, n>1 suggests multiple binding sites 

[40].The correlation coefficient values forFreundlichmodelindicated suitability (R2) for PMOP and 

PMOS.The better fitting of these data into Freundlich isotherm than Langmuir model supports 

heterogeneous energy distribution[41].  

Temkin isotherm:  Correlation coefficient values of Temkin indicates that Temkin was not a 

suitable model with a correlation coefficient, (R2 of PMOS (0.3652), PMOP(0.3645) 

 

Figure 1. Langmuir and Temkin isotherm plots for chromium adsorption on pyrolyzed MOS and 

MOP adsorbents. 

Table 2. Isotherm Parameters for Chromium onto the Adsorbents 

Isotherms Constant/units PMOP PMOS 

Langmuir qo 333.3 71.4 
 KL 0.003 0.001 

 RL 0.23 0.37 
 R2 0.8609 0.7066 

Freundlich KF(mg/g) 0.8166 0.827 
 1/n 0.88 1.66 
 R2 0.918 0.8213 

Temkin bT(kj/mol) 0.0327 0.0307 
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 KT 0 0 
 R2 0.735 0.8805 

Dubinin-Radushkevich qD (mg/g) 1.4781 1.4601 

 Ε 1.37 1.42 

 R2 -0.958 -0.942 

Dubinin–Radushkevich isotherm: The parameters were obtained by plotting ln qe vs.  2. The low 

value of Ea is expected for physisorption.  The model assumed that surface coverage could be 

heterogeneous, to further supports the surface heterogeneity predicted by Freundlich model in this 

study.However, negative correlation coefficient values of Dubinin–Radushkevich indicates that the 

model gave the least suitable correlation coefficient, R2 for PMOS (-0.942), PMOP (-0.958). 

Temkin Isotherm: Low values (0.0327 and 0.0307 kJ/mol) reported for the heat of adsorption, 

bTalsosuggests physisorption characterized by a decrease sorption energy with coverage due to 

adsorbent-adsorbate interactions [17].The Temkin correlation of applicability (R2) values also 

represents the good fit to give an explanation on sorption energies. 

Adsorption Kinetic Studies 

The study of adsorption kinetics describes the solute uptake rate and evidently, this rate controls 

the residence time of adsorbate uptake at the solid-solution interface. Taha et al.[42] inferred that a 

kinetic model helps in the study of adsorption rate, model and the process and predicts information 

about adsorbent/adsorbate interaction (physisorption or chemisorption).The linearity of the 

second order kinetics for the adsorbents is relatively higher with R2 for PMOS (0.9540) and 

PMOP(0.94). Pseudo-second order kinetic proved to be effective in representing the experimental 

kinetic data for the adsorption by most of the adsorbents. This suggests that chemical reaction 

plays significant role in the sorption process. 

High applicability coefficient (0.9849 and 0.9987 ) from the Elovichplots assumes a logarithmic 

time dependence of the adsorbed aqueous phase heavy metal concentrations. The initial desorption 

rate constants, β were estimated as 1.307 and 0.865 for PMOPadPMOS respectively.  
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Figure 2. Pseudo-second-order kinetics for chromium adsorption on PMOS and PMOP  adsorbents 

Table 3. Adsorption kinetic experimental parameters and constants 

Kinetics models Constants PMOP PMOS 

Pseudo-First Order  qe,exp 
 

28.14 27.00 

 K1 0.020 0.024 
 qe(cal) 50.00 41.67 
 R2 0.7816 0.9710 
Pseudo-Second 
Order 

qe(cal) 1.78 x 103 273.42 

 K2 0.01 0.0002 
 R2 0.940 0.9540 
Elovich R2 0.9849 0.9987 
 β 0.865 1.309 

Transport Studies 

The intra-particle diffusion model, as well as Liquid film diffusion models, were used to investigate 

if transport of metal ions from the liquid phase to the solid phase boundary plays a role in the 

adsorption process. Figure 3 shows intra-particle diffusion and film diffusion plots for chromium on 

PMOS. It is obvious from the very low R2 value for PMOS(0.8744), PMOS (0.8109) that the boundary 

layer has a less significant effect on the diffusion of Cr uptake on the adsorbents[43]. The linear plot 

of qe vs. t0.5 with intercept deviates from zero. This implied that intraparticle diffusion alone does 

not determine the overall rate of adsorption. In other words, the plots not passing through origin 

indicate that the tested intra-particle diffusion model is not the only rate controlling factor [44,45]. 
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Figure 3. Intra-particle diffusion (LHS) and the Film diffusion model (RHS) for Chromium adsorption 

on pyrolyzed MOS and MOP adsorbents 

The liquid film diffusion model plots of ln(1-F) versus time were estimated for Cr and presented. 

The coefficient of regression (R2) for PMOS (0.984), PMOP (0.9694) was high, implicating film 

diffusion as most probable rate deciding factor in the adsorption process. This model describes 

moving adsorbate across the external liquid film to the external surface sites on the adsorbent 

particles[46]. The intercept values for all the adsorbent are higher than zero but close to the origin. 

More of such was earlier reported [46] 

Table 4. Transport (Diffusion) parameters and constants 

Transport models Constants PMOP PMOS 

Intra-particle diffusion R2 0.8109 0.8744 
 K1D 0.020 0.024 
 Ci(mg/L) 50.00 41.67 
Film diffusion  qe(cal) 1.78 x 1033 273.42 
 K2 0.01 0.0002 
 R2 0.984 0.9694 

Thermodynamic studies of chromium adsorption 

Figure 4 shows the Van‘tHoff Plots of thermodynamic studies for chromium adsorption on PMOS 

and PMOP adsorbents.It has kept that with an increase in temperature, adsorption capacity 

decreases. This implies that for the initial tannery effluent concentration of each solution, the 

adsorption is exothermic in nature. The thermodynamic parameters change in Gibb‘s free energy 

(ΔGº), change in enthalpy ΔHº, and change in entropy ΔSº for the adsorption of Chromium 

overPMOS and PMOPwas determined. The positive value for the enthalpy change, ΔH° for the 

adsorbents indicates endothermic nature of the adsorption, which explains the increase of 
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Chromium adsorption efficiency as the temperature increased until equilibrium is attained. The 

positive value for the PMOSentropy change, ΔS° suggests an increased disorder at the solid/liquid 

interface during Cr adsorption onto the adsorbents. Free energy change (ΔG°) shows that the 

adsorption process of Chromium was endothermic and non-spontaneous. A similar report has been 

documented [47]. 

 

 

Figure 4. Van't Hoff Thermodynamic Plot for Cr Adsorption onto Pyrolysed MOS and MOP 

 

Table 5. Thermodynamic experimental parameters and constants 

Parameters PMOS PMOP 

R2 0.861 0.8392 
∆S (kJ/mol) -0.154 +0.565 
∆H (KJ/mol) +712.46 +599.67 
∆G (KJ/mol.k) +716.31 +585.55 

Conclusion 

Potential adsorbents from Moringaoleifera seed shells and pods were prepared, characterized, 

utilized and compared to their sorptive properties. The comparable level of percentage removal, 

adsorption capacity and adsorptive properties using the derived adsorbents is a signal of the 

potential applicability of the pyrolysedMoringaoleiferapods and shells as adsorbents. The 

equilibrium and Kinetic studies show that the adsorption of Cr from tannery effluent is best 

modeled using pseudo-second-order kinetics with film diffusion as the most plausible transport 

mechanism.  
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