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Abstract— Due to increasing populations and an ever-changing 

climate, limited water resources are South Africa’s burden. Clean 

water is important for all living organisms’ health and 

environmental sustainability. To achieve efficient and 

cost-effective ways of removing heavy metals from water, the 

development of different water treatment technologies are 

important. This study evaluates the performance of organic waste 

in the form of brewery waste as suitable adsorbent for removing 

Pb and Cd from water.  Raw brewery waste was treated with 

sodium dodecyl sulphate (SDS) to investigate whether 

pre-treatment of raw organic waste can possibly enhance the 

removal rate of metals. Characterization of the adsorbents was 

done by FTIR analyses. Pseudo-first-order and 

pseudo-second-order kinetic models were utilized as well as the 

Langmuir and Freundlich isotherm models to determine the 

adsorption rate and affinity of the adsorbents. Other factors 

influencing the adsorption process that was investigated include 

the effects of adsorbent dosage, contact time, initial metal ions 

concentration and temperature. The untreated brewery waste 

removed 68.17% Pb(II) and 56.28% Cd(II) which increased to 

95.30% Pb(II) and 83.29% Cd(II) when treated with SDS. 

Treatment of brewery waste can be used to enhance the adsorption 

capacity. Thermodynamic parameter evaluation indicated that the 

adsorption process was endothermic in nature and 

thermodynamically favourable in the case of treated brewery 

waste. Treated brewery waste can therefore be used for efficient 

Pb and Cd removal from water. 
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I. INTRODUCTION 

    Heavy metals have the tendency to accumulate in ecosystems 

and are a serious threat to the health of living organisms. Most 

heavy metals are toxic even at very low concentrations and have 

the ability to enter the food chain and accumulate, subsequently 

causing damage to living organisms [1]. The main pollution 

source of heavy metals is industrial effluents such as waste 

solutions from the electroplating industry and mining operations 

[2, 3-14]. Toxic metals have the ability to disrupt enzyme 

functions and structures by replacing co-factors or binding with 

protein and thiol groups [1]. Plant habitats become limited due 

to the toxicity of heavy metal contaminated soils, resulting in 

ecological and nutritional problems [15;16]. It is therefore of 

great importance to remove these heavy metals from the water 

to provide humans with safe water for consumption and to 

ensure environmental safety.  

    The conventional procedures applied for heavy metal 

treatment include chemical precipitation, ion exchange, reverse 

osmosis, chemical oxidation or reduction, membrane filtration, 

electro-dialysis and solvent extraction [17,18]. However, 

several disadvantages are associated with these methods [19]. A 

summary of the conventional methods’ limitations are as 

follows: high costs required, formation of contaminated sludge 

that requires special treatment, complicated operation and 

maintenance, requiring large quantities of chemical reagents 

and ineffective removal of heavy metals especially in 

wastewater polluted with trace amounts of heavy metals 

[20;21;22;23;24]. Therefore, these conventional treatment 

methods cannot be considered as sustainable processes [25]. 

And are considered as short-term solutions for heavy metal 

contaminated water treatment. In this study, the adsorption 

process is considered as an alternative method for heavy metal 

removal by using organic waste as potential effective low-cost 

adsorbents. Recently, agricultural and industrial wastes have 

been researched and considered as potential heavy metal 

adsorbents [25]. Industrial activities generate large quantities of 

solid waste materials and by-products, of which only some of 

them can be reused while the rest are sent for disposal in 

landfills [26;27]. Therefore, the need to reuse and recycle these 

industrial waste materials to reduce the amount of waste. The 
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most attractive aspect of utilizing industrial wastes is that they 

usually are provided free of charge or at low costs [27]. Hence 

the use in this study of organic waste in the form of brewery 

waste as potential low-cost adsorbent for the removal of heavy 

metals from polluted waters. The utilization of this abundantly 

available raw material as adsorbent can potentially reduce 

heavy metals from polluted waters and in the process creates an 

outlet for this waste material. The heavy metals of interest for 

this study are lead, Pb(II), and cadmium, Cd(II), ions. Chemical 

pre-treatment of industrial wastes can enhance the adsorption 

capacity by extracting soluble organic compounds [28]. In this 

study brewery waste will be pre-treated with sodium dodecyl 

sulphate (SDS) to enhance its adsorption capacity. 

II. EXPERIMENTAL 

A. Preparation of Adsorbents 

   Sorghum brewery waste was obtained from Tlokwe Brewery, 

Potchefstroom, South Africa. The collected waste was 

thoroughly washed with deionised water to remove brewers’ 

residues and oven dried at 60 . The dry mass was then 

pulverised and screened to pass 250 . This product was 

subsequently referred to as “Bree untreated” for simplification 

of further discussions and will serve as the untreated (raw) 

brewery waste adsorbent during the adsorption experiments.     

The raw brewery waste was chemically treated with sodium 

dodecyl sulphate (SDS). This chemical treatment was done by 

adding 20 grams of the Bree untreated to 500 mL of deionized 

water to a solution containing 10 grams per litre SDS. The 

mixture was kept in suspension for 24 h at 60  and 150 rpm by 

using a temperature-controlled shaker. The mixture was 

centrifuged and the solid was dried at 60 . This product was 

subsequently referred to as “Bree treated” for simplification of 

further discussions and will serve as the treated brewery waste 

adsorbent during the adsorption experiments. 

B. Characterization of Adsorbents 

    Fourier transform infrared spectroscopy (FTIR) analyses 

were performed to evaluate the functional groups present on the 

surface of the adsorbents which are responsible for Pb(II) and 

Cd(II) ions removal. A Perkin-Elmer Spectrum 100 

spectrometer (USA) was utilized with the potassium bromide 

pellet method in the spectral range of 4000 cm
-1

 to 400 cm
-1

 with 

a 4 cm
-1

 resolution. 

C. Adsorption Studies 

   To determine the equilibrium concentration of each metal 

solution, a ICP Expert II Software for 720 Series ICP-OES was 

used. The following parameters were kept constant while the 

effect of adsorbent dosage (1-4 g/L), initial metal concentration 

(20-150 mg/L) and contact time (10-150 min) were determined: 

rotation speed of 160 rpm, temperature of 25  and solution 

volume of 0.05 L. The effect of temperature was investigated at 

25, 35, 45 and 55  for 60 minutes at a shaking speed of 160 

rpm and solution concentration of 100 mg/L Pb(II) and Cd(II) 

ions. 

D. Isotherm and Kinetic models 

    The relationship between metal uptake and initial metal 

concentration, at a fixed adsorbent dosage and temperature, is 

illustrated by adsorption isotherms [29]. The Langmuir 

isotherm model assumes monolayer adsorption for single 

solutes [30]. The linearized form of the Langmuir isotherm is 

given by: 

 

                                                         (1) 

A linear plot of  versus  was considered to determine the 

adsorption equilibrium constant ( ) and the maximum 

adsorption capacity ( ). 

The Freundlich isotherm is applied for heterogeneous 

adsorption and considers the interaction between adsorbed 

molecules [31;32]. The linearized form of the Freundlich 

equation is as follows: 

  

                                               (3)  

   A plot of  versus , was considered to 

determine the Freundlich isotherm constants (  and ). In the 

two given isotherm models, is the metal in solution’s 

equilibrium concentration ( ),  is the adsorption capacity of 

the adsorbent at equilibrium ( ),  is the initial metal ion 

concentration,  is the maximum amount of metal ion 

adsorbed per dry weight of adsorbent ( ),   is the Langmuir 

equilibrium adsorption constant related to the maximum 

adsorption capacity and bonding energy,  is the Freundlich 

isotherm constant and is related to the bonding energy,  is an 

empirical constant which is an indication of deviation or not 

from  linearity. 

   Pseudo-first-order and Pseudo-second-order kinetic models 

are used to aid in determining the adsorption rate. The 

pseudo-first order expression’s integrated form is [33]: 

 

                                           (4) 

   The pseudo-first order rate constant ( ) can be determined 

by plotting  versus . The linearized form of the 

pseudo-second order equation is as follows: 

  

                                                                     (5) 

The values of  and  are determined by plotting  versus . 

In the given kinetic models,  is the equilibrium adsorption 

capacity ( ),  is the adsorption capacity at time t ( ),  is 

the pseudo-first order adsorption rate constant ( ) and   is 

the pseudo-second order rate constant.  
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III. RESULTS & DISCUSSION 

A. FTIR analyses 

   The FTIR spectrums of the Bree untreated and Bree treated 

are illustrated in Figures 1 and 2 respectively. The FTIR 

spectrum of the Bree untreated and treated showed broad peaks 

at 3286.72 and 3292.99 cm
-1

 respectively which indicates the 

O-H stretching vibrations of hemicellulose, cellulose, lignin and 

pectin which are known to be present in brewery waste [34]. The 

stretching vibrations of OH takes place within a broad range of 

frequencies, which represent the existence of free hydroxyl 

groups and bonded OH bands of carboxylic acids [35]. The 

bands at 2923.32 cm
-1 

of Bree untreated and 2921.94 cm
-1 

of 

Bree treated are indicative of the stretching vibrations of -CH3 

[36]. While the bands at 2857.00 cm
-1

 of Bree untreated and 

2855.52 cm
-1

 of Bree treated corresponds to the stretching 

vibrations of -CH2 [36]. The strong peaks at around 1642.85 

and 1648.87 cm
-1

 of the Bree untreated and treated respectively
 

could be assigned to the C=C stretch vibration from the alkenes 

group. The respective peaks between the spectral range of 1350 

and 1550 cm
-1

 of both the Bree untreated and Bree treated FTIR 

analyses indicate the presence of C-C stretching of aromatic 

ring. Within this range there are also peaks corresponding to the 

bending vibrations of C-H of alkanes. The definite peak at 

1220.28 cm
-1

 (Figure 2), formed after surface impregnation of 

the raw brewery waste with SDS, corresponds to stretching 

vibrations of S-O [37]. The S-O bonds are present in sodium 

dodecyl sulphate (SDS) and it is therefore expected that 

SDS-treated brewery waste will contain this functional group. 

The strong peaks observed at 1007.67 cm
-1

 and 1006.62 cm
-1

 of 

Bree untreated and Bree treated respectively are indicative of 

C-O stretching vibrations of alcohols.   

 

 

 

 

 

 

 

 

 

 

 

 

B. Adsorption study 

1) Effect of adsorbent dosage 

  The dosage of Bree untreated and Bree treated was varied over 

the range of 1-4 g/l as shown in Figures 4 and 5.  An increase in 

removal efficiency and decrease in adsorption capacity was 

observed for both Bree untreated and Bree treated. This 

increase in the removal efficiency of metal ions as the adsorbent 

dose increase is attributed to the availability of more and more 

surface area and binding sites for metal ions interaction and 

uptake [38]. The adsorption capacity reduces as the dose of 

adsorbent increases due to a lower ratio of adsorbate to binding 

site where the ions are distributed onto larger amount of 

biomass binding sites [39]. The removal efficiency of both 

adsorbents started to reach a maximum at 4 g/L due to the 

saturation of the adsorbents’ binding sites at higher dosages.  

The pre-treatment of the raw brewery waste with SDS enhanced 

the removal percentage of both Pb(II) and Cd(II). The 

adsorbents also showed better removal efficiencies for Pb(II) 

than Cd(II).  

 

 
Fig 4: Effect of adsorbent dose on removal efficiency 

 

 
Fig 5: Effect of adsorbent dose on the adsorption capacity (mg/g) 

 

2) Effect of contact time 

Both Bree untreated and Bree treated experienced similar 

behaviour with increasing contact time as illustrated in Figure 6.  

The adsorption of Pb(II) and Cd(II) showed an increasing trend 

up to a contact time of 50 minutes, after which the adsorption 

only exhibited a steady increase due to the saturation of the 

adsorbents. After 120 minutes, equilibrium of the removal 

efficiencies was reached for both adsorbents.  

Fig 1: FTIR spectra of Bree untreated 

Fig 2: FTIR spectra of Bree treated 
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Fig 7: Effect of initial concentration on removal efficiency 

 
Fig 6: Effect of contact time on removal efficiency 

3) Effect of initial metal concentration 

The removal efficiency of Pb(II) and Cd(II) decreased with an 

increase in metal concentration as shown in Figure 8. This 

behaviour can be attributed to the fact that at lower metal 

concentrations in the solution, majority of ions will interact with 

the high available binding sites whereas at higher 

concentrations, saturation of binding sites occurs resulting in 

more ions left unabsorbed in the solution [39].  A continuous 

increase in metal uptake capacity (mg/g) was experienced as the 

metal concentration increased as illustrated in Figure 7. This 

increase in adsorption capacity illustrates the effectiveness of 

the adsorbents to remove the metal ions. 

 
 

 

 
Fig 8: Effect of initial concentration on the adsorption capacity (mg/g) 

 

4) Isotherm and Kinetic model results 

The Langmuir and Freundlich isotherms were utilized in order 

to better understand the mechanism of adsorption of Pb(II) and 

Cd(II). The Langmuir and Freundlich parameters were obtained 

by plotting  versus  and  versus , the 

results are shown in Tables 1 to 4. From the coefficient of 

determination (R
2
) values it can be concluded that overall the 

Langmuir isotherm model illustrated the best fit of the 

adsorption of both Pb(II) and Cd(II) onto Bree untreated while 

the Freundlich isotherm model better fits the adsorption of 

Pb(II) and Cd(II) onto Bree treated. 

 
TABLE I: LANGMUIR ISOTHERM CONSTANTS FOR LEAD REMOVAL 

Lead Removal

Adsorbent               (mg/g) KL(l/mg)

Bree untreated 25.25 0.06 0.9905

Bree treated 58.82 0.16 0.9700

Langmuir isotherm

 
 

TABLE II: LANGMUIR ISOTHERM CONSTANTS FOR CADMIUM REMOVAL 

Cadmium Removal

Adsorbent                (mg/g) KL(l/mg)

Bree untreated 19.76 0.05 0.9945

Bree treated 40.49 0.07 0.9822

Langmuir isotherm

 
 

TABLE III: FREUNDLICH ISOTHERM CONSTANTS FOR LEAD ADSORPTION 

Lead Removal

Adsorbent n           (mg/g)

Bree untreated 1.82 2.29 0.9211

Bree treated 1.41 8.25 0.9825

Freundlich isotherm

 
 

TABLE IV: FREUNDLICH ISOTHERM CONSTANTS FOR CADMIUM ADSORPTION 

Cadmium Removal

Adsorbent n           (mg/g)

Bree untreated 2.05 2.11 0.9272

Bree treated 1.72 3.48 0.9848

Freundlich isotherm

 
A kinetic study was performed to predict the removal rate of 

lead and cadmium and to determine the capacity of the 

adsorbents. The values of the kinetic parameters are illustrated 

in Tables 5 and 6. The constants of the pseudo-first-order model 

were not determined due to the very weak fit of this model to the 

adsorption behaviour of both lead and cadmium as illustrated by 

Figures 9 and 10. The good fit of the pseudo-second-order 

model to the adsorption behaviour of both lead and cadmium 

are illustrated in Figure 11.  This good fit and the obtained 

values of R
2 

for both adsorbents and metals, indicate that the 

pseudo-second-order model is suitable for the prediction of the 

adsorption behaviour. The calculated adsorption capacities of 

the pseudo-second-order model are very close to the 

experimental obtained ones as depicted in Tables 5 and 6. This 
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implies that Pb(II) and Cd(II) removal occurs through a 

chemisorption mechanism [40, 49] 

 
TABLE V: PSEUDO- SECOND-ORDER KINETIC MODEL PARAMETERS FOR LEAD 

ADSORPTION 

Adsorbent qe(exp) (mg/g) qe(cal) (mg/g) k2 (g/mg.min) R2

Bree untreated 17.88 18.38 0.01 0.9997

Bree treated 24.08 24.57 0.01 0.9999

Pseudo-second-order kinetics

 
 

TABLE VI: PSEUDO-SECOND-ORDER KINETIC MODEL PARAMETERS FOR 

CADMIUM ADSORPTION 

Adsorbent qe(exp) (mg/g) qe(cal) (mg/g) k2 (g/mg.min) R2

Bree untreated 14.28 14.47 0.04 0.9999

Bree treated 21.27 21.93 0.01 0.9995

Pseudo-second-order kinetics

 
 

 

 
Fig 9: Validation of Pseudo-first-order model for lead adsorption 

 

 
Fig 10: Validation of Pseudo-first-order model for cadmium 

adsorption 

 
Fig 11: Validation of Pseudo-second-order model 

5) Thermodynamic study  

The effect of temperature at 25, 35, 45 and 55  was 

determined on the adsorption of Pb and Cd by raw and treated 

brewery waste. It was found that the adsorption of both metals 

increased with an increase in temperature. The following 

equation was used to calculate the thermodynamic parameters 

such as Gibbs free energy (ΔG°, kJ/mol), change in enthalpy 

(ΔH°, kJ/mol) and change in entropy (ΔS°, J/mol.K): 

                                    (6)                       

with (qe/Ce) as the equilibrium constant, T as the temperature 

(K) of the solution and R as the universal gas constant 

(8.314 10
-3

 kJ/mol,K). A plot of  versus 1/T resulted in 

obtaining of the and  values. The obtained values are 

shown in Tables 7 and 8. The negative values of obtained 

for the adsorption performance of Bree treated, indicate the 

presence of spontaneous adsorption and the positive values of 

 corresponds to an endothermic nature of the adsorption 

process [50;51]. The positive values of  obtained for 

adsorption of both metal ions with Bree untreated are due to the 

relatively low removal efficiency experienced with Bree 

untreated as adsorbent and the adsorption is thus not 

spontaneous.  

 
TABLE VII: THERMODYNAMIC PARAMETERS FOR THE ADSORPTION OF LEAD 
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TABLE VIII: THERMODYNAMIC PARAMETERS FOR THE ADSORPTION OF 

CADMIUM 

 

IV.     CONCLUSION 

     In this study, the performance of organic waste (brewery 

waste) was investigated on the removal of Pb and Cd from 

water. It was demonstrated throughout this study that brewery 

waste modification with SDS treatment enhanced the 

performance of raw brewery waste as adsorbent for both Pb and 

Cd removal. It can be concluded that the high removal 

efficiencies of treated brewery waste can validate the additional 

costs of pre-treatment with SDS. This study also showed that 

both raw and treated brewery waste have higher removal 

capabilities for Pb than Cd. From this it can be concluded that 

the affinity of brewery waste for Pb(II) are greater than that of 

Cd(II).  

   An increase in initial metals concentration in the solution 

increased the amount of Pb(II) and Cd(II) adsorbed onto the 

adsorbents which was observed as a continuous increase in 

adsorption capacity. The batch studies revealed that the 

Freundlich isotherm model explains the adsorption of Pb(II) 

and Cd(II) onto treated brewery waste, while the Langmuir 

Isotherm model describes the adsorption of both metals onto 

raw brewery waste.  Thus, the adsorption of metals on the 

treated brewery waste occurs on several layers, while in the case 

of untreated brewery waste it occurs only on one layer.  The 

pseudo-second-order model was the suitable model to predict 

the adsorption capacity of the adsorbents and confirmed the 

higher performance of treated brewery waste versus untreated 

brewery waste.  

   The adsorption process was found to be endothermic of 

nature, confirming a chemisorption mechanism. The adsorption 

onto raw brewery waste was not spontaneous in contrast to the 

spontaneous adsorption of the metals onto treated brewery 

waste, which further amplifies the importance of pre-treatment 

with SDS.  

   From the obtained results, it can be concluded that low-cost 

and abundantly available organic waste, brewery waste, 

adsorbents can be used to remove Pb and Cd effectively.  
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