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ABSTRACT 

A central composite design (CCD) under the response surface methodology (RSM)was used to study the effect of three 

adsorption variables (pH, initial concentration, and adsorbent dosage) in order to determine the optimum process 

conditions for the adsorptions of Ni (II) and Cr (III) onto sulphuric acid modified sorghum bicolor activated carbon 

(SBAC).This study yielded removal efficiency of 98.89 % for Ni (II) and 94.27 % for Cr (III) ion under optimal conditions 

of pH (8), initial metal ion concentration (25 mg/L), adsorbent dosage (10 mg) and pH (7), initial metal ion concentration 

(5 mg/L), dosage (15 mg);respectively. Statistical analysis of variance results showed a good correlation existed between 

the experimental and predicted data with R2 values of 0.99 for Ni and 0.98 for Cr. The equilibrium data for Ni (II) 

adsorption was best described using Freundlich model while Langmuir model best fit Cr (III) adsorption. The mechanism 

of adsorption for both Ni and Cr adsorptions on SBAC followed Pseudo second order kinetic model. 

 

Keywords: Sorghum Bicolor, Adsorption, Nickel, Chromium, Isotherm, Kinetics 

 

1. INTRODUCTION 

The contamination of water sources with potentially 

toxic elements via natural and anthropogenic activities 

have become a global phenomenon demanding urgent 

scientific solutions [1, 2]. Among the potentially toxic 

elements, heavy metals such as mercury, cadmium, 

chromium, nickel, palladium are not easily biodegradable 

and tend to accumulate in living organisms, causing 

different health disorders in human depending on the 

exposure rate and dosage [3]. With increasing stringent 

regulations placed on the discharge of toxic heavy metals 

into water bodies, the removal of heavy metal ions from 

water has become an important subject matter among 

researchers[4]. 

Several conventional methods have been used for heavy 

metals removal from wastewater. These methods include 

precipitation, electroplating, chemical coagulation, ion-

exchange, chemical oxidation or reduction, 

electrochemical treatment, evaporative recovery, 

filtration and membrane separation [5-11]. However, 

most of these methods have several shortcomings which 

include high cost, unavailability, generation of large 

volumes of secondary waste and poor removal efficiency 

especially if the heavy metal concentrations are in the 

range of 1 – 100 mg/L [12]. Despite the availability of the 

above mentioned techniques, adsorption phenomenon is 

still consider as a logical option and has gained a 

relatively wider application for the removal of toxic 

heavy metals from wastewater. This is due to its 

universal nature, low cost, availability, ease of operation, 

flexibility, environmental friendliness, high efficiency and 

effectiveness to mention but a few [13-15]. The efficiency 

of adsorption depends on many factors such as the 

surface area, pore size distribution, polarity, and 

functional groups of the adsorbent.  

Several adsorbents commonly used in adsorption 

process include clay, activated carbon, zeolite and silica 

gel [4]. The high cost of commercial activated carbon 

hinders its industrial applications for waste water 

treatment especially in developing countries. In recent 

times, the utilization of natural sorbents for the purpose 

of removing contaminants was reported by many 

researchers [16-20]. Many agricultural waste materials 

have been reported in literature for the removal of heavy 

metals in wastewater, especially nickel and chromium. 

They include, coconut husk [21], almond shell [22, 23], 

groundnut hull [24], rice husk [25], wheat bran [26, 27], 

tea waste [28], peanut hull [29], coffee bean [30], Ficus 

religiosa leaves [31], maize leaf [32]. In addition, studies 

have been carried out to ascertain the optimum 
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adsorption conditions for efficient removal of these 

metals from wastewater [3, 33]. An effective system for 

any process can be established only after optimization of 

its process parameters. Conventional and classical 

methods of studying a process involved studying of one 

factor at a time by keeping other factors fixed. This 

approach does not depict the combined effect of all the 

parameters involved in the process. This method is not 

only tedious but also time consuming [34]. These 

limitations of a classical method can be effectively 

conquered by optimizing all the parameters collectively 

using statistical experimental designs such as response 

surface approach[35]. These designs reduce the total 

number of experiments needed to achieve the overall 

optimization of the process parameters. Response 

surface methodology (RSM) is a mathematical and 

statistical technique that was reported to be very useful 

for analyzing the single and combinatorial effects of 

several independent variables on the responses [36]. 

Although several works have been carried out on the 

utilization of raw agricultural wastes or activated carbon 

for heavy metal removal from wastewater, to the best of 

our knowledge, the use of activated carbon prepared 

from sorghum bicolor stalk for the removal of nickel and 

chromium have not been reported elsewhere. Therefore, 

this present study investigated the performance of 

sorghum bicolor activated with sulphuric acid for the 

removal of nickel and chromium from aqueous solution 

using response surface methodology (RSM).  

 

2. MATERIALS AND METHODS 

2.1 Materials 

All the chemicals and reagents used were of analytical 

grade. Distilled water was used for all experimental work 

including the preparation of metal ion solutions. The 

desired pH of the metal ion solutions were adjusted 

using 0.1M NaOH and 0.2M H2SO4.The final concentration 

of metal ions were analysed using Atomic Absorption 

Spectrophotometer (AAS) (BUCK Scientific ACCUSYS 

211). 

 

2.2 Preparation of Adsorbates 

The solutions of Cr (III) and Ni (II) metal ions were 

prepared from analytical grade of their sulfate salts 

purchased from Sigma – Aldrich and used without any 

further purification. Stock Cr (III) and Ni (II) solutions of 

1000 mg/ L concentrations were prepared by dissolving, 

3.771 g of Cr2 (SO4)3 and 2.637 g of NiSO4, respectively in 

1 L of distilled water. Thereafter, the stock solutions 

were further diluted to obtain working solutions of the 

desired initial concentrations of Nickel (II) and 

Chromium (III).  

 

 

 

2.3 Preparation of Adsorbent 

Sorghum bicolor stalk used in this study was collected 

from different locations in Ilorin, Kwara State, Nigeria 

and a composite sample was formed from it. Prior to use, 

the collected materials were thoroughly washed with 

distilled water in order to remove adhering impurities 

and sun dried for 5 days. The crispy sorghum bicolor 

stalk was crushed and separated using sieve size of 225 

µm. The uniform particle size sorghum bicolor stalk was 

subjected to carbonization process in a muffle furnace at 

temperature of 400oC for 2 hrs[19]. 400 g of calcined 

sorghum bicolor powder was soaked in excess of 0.2M 

H2SO4(purity 85%) solution for 24 hrs. This was then 

filtered through a what man filter paper of 11 µm size 

and rinsed with distilled water to obtain a pH of 7; it was 

oven dried at 110oC for 3 hrs and finally packaged in an 

air tight container for further use.  

 

2.4 Characterization of Sorghum Bicolor Activated Carbon 

(SBAC) 

The surface area and porosity measurement of the SBAC 

was carried out using Quanta chrome NOVA 4200e UK, 

surface area and pore size analyzer. The sample in the 

form of powder was loaded in a bulb ended quartz tube 

and heated in the furnace to about 350oC for out gassing 

under the flow of liquid nitrogen for about 8 hrs in order 

to remove moisture and contaminants.  Fourier 

transform infrared spectroscopy (FT-IR) technique was 

used to examine the surface functional groups 

responsible for metal adsorption. The FT-IR analyses 

before and after metal adsorption were performed on the 

samples using Perkin – Elmer spectrum with resolution 

of 4cm-1 in the range of 4000 – 500 cm-1.  

 

2.5 Adsorption Experiments 

Batch adsorption studies were conducted to investigate 

the effect of contact time, solution pH, initial metal ion 

concentration, and effect of adsorbent dosage on 

adsorption of both nickel and chromium ion onto 

sulphuric acid modified sorghum bicolor.  

 

2.5.1 Effect of Contact Time 

The effect of contact time was investigated by adding25 

mL of solution taken into 100 mL Erlenmeyer flasks 

containing 5 mg/L of initial metal concentration and 10 

mg of the SBAC adsorbent at a pH of 6. The mixture was 

shaken constantly using an orbit shaker at 140 rpm 

speed for 20, 30, 40, 50, 60 and 70 mins each. At the end 

of each contact time period, the mixture was filtered and 

the chromium and nickel concentrations in solution were 

determined using AAS. All the experiments were carried 

out in duplicate and the mean values considered. 
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2.5.2 Effect of pH 

The effect of solution pH on adsorption of the metals was 

investigated using 10 mg of the adsorbent added to 25 

mL of the aqueous solution containing 5 mg/L of initial 

metal ion concentration. The pH of the solution was 

varied between the pH value of 5 and 9 using either 0.1M 

NaOH or 0.2M H2SO4. The mixture was shaken for 30 

mins and 20 mins for chromium and nickel respectively, 

then filtered and the amount of metal ion adsorbed was 

determined using AAS.  

 

2.5.3 Effect of Initial Concentration 

In order to investigate the effect of concentration on the 

adsorption of metal ion, 10 mg of SBAC adsorbent was 

added to 25 mL of the metal solutions of different initial 

concentrations (5–25 mg/L) for both Cr and Ni ion. The 

resultant solution with the adsorbent in the flask was 

shaken at 140 rpm, filtered and the amount of metal ions 

adsorbed was determined using AAS.  

 

2.5.4 Effect of Adsorbent Dosage 

Different doses of adsorbents ranging from 10 – 50 mg 

were separately mixed with 25 mL of aqueous solution 

put into 100 mL Erlenmeyer flasks containing 5 mg/L of 

initial metal ion concentration. The mixture was shaken 

constantly using an orbit shaker at 140 rpm for both 

nickel and chromium. The mixture was then filtered and 

the chromium and nickel concentrations in solution were 

determined using AAS. 

 

2.6 Design of Experiments and Optimization of 

Parameters Using Response Surface Methodology 

In this study, central composite design (CCD) under the 

response surface methodology was employed to carry 

out optimization using desirability (D) function to obtain 

the optimum conditions to achieve better response 

(removal efficiency of Ni and Cr). Three important 

adsorption process parameters such as pH, initial metal 

ion concentration, and adsorbent dose were selected as 

variables for designing the experimental matrix. Each 

numeric factor is varied over 5 levels: plus and minus 

alpha (axial points), plus and minus 1 (factorial points) 

and the center – point. For a three-factor scenario where 

n is equal to there (3), CCD is characterized by 2n axial 

runs (6 axial points), 2n factorial runs (8 factorial points) 

and 6 replicates at the center which gives a total of 20 

experiments. The levels and ranges of the factors studied 

are presented in Table 1. 

The optimal conditions for the response were 

determined using the optimal model predictor quadratic 

equation [33] given as: 

       ∑       (∑     )
 

  ∑                

In (1), Y is the predicted response (removal efficiency), 

bo is the constant coefficients, bii is the quadratic 

coefficients, bij is the interaction coefficients and Ai, Aj 

are the coded values of the variables considered. 

 

Table 1: Experimental ranges and levels of the factors for 

the Central Composite Design 
Independent 
Variable 
(Factors) 

Coded 
Symbol 

Units 
Range and Levels 

-1 -α 0 +α +1 

pH A - 5 6 7 8 9 
Initial 
Concentration 

B mg/L 5 10 15 20 25 

Adsorbent 
Dosage 

C mg 10 20 30 40 50 

 

A statistical software (Design expert version 6.0.8, Stat – 

Ease, Inc., Minneapolis, MN 55413, USA) was used for the 

model fitting and for the evaluation of the statistical 

significance of the Ni and Cr adsorption efficiencies. The 

removal efficiency of the adsorbents on metal ion 

adsorption was calculated using Equation 2: 

                       
       

  

                   

Here, Co and Ce (mg/L) are the concentrations of metal 

ions at initial stage and at equilibrium, respectively. 

 

2.7 Adsorption Isotherm  

The equilibrium adsorption isotherms were depicted by 

plotting solid phase concentration (Qe) against liquid 

phase concentration (Ce) of solute. The adsorption 

isotherms of the Ni and Cr ions onto the 

adsorbent(SBAC) were determined at 30oC in the range 

of concentrations between 5 and 25 mg L-1, and the 

obtained optimum parameters for pH, adsorbent dosage 

and equilibrium time were used to model the adsorption 

process. The amount of Ni and Cr metal ion removed per 

mass of adsorbent was calculated using the equation 3: 

   
        

 
                                              

Here, Qe (mg g-1) is the amount of metal ion adsorbed per 

unit mass of adsorbent at equilibrium. 

 

2.8 Adsorption Kinetics 

In order to study the kinetics of the adsorption process, 

concentration of the Ni and Cr was determined at time 

range of 20 to 70mins. The amount of the metal ion 

adsorbed at time t, Qt (mg/g) was calculated using the 

relationship presented in Equation 4. 

   
        

 
                                  

In (4), Co and Ct (mg/L) are the liquid-phase 

concentration of Ni and Cr at the initial and any time t, 

respectively. 
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3. RESULTS AND DISCUSSION 

3.1 Characterization of Sorghum Bicolor Activated Carbon 

(SBAC) 

Surface area is one of the most important characteristics 

of adsorbents. The Brunauer Emmett Teller analysis of 

SBAC gave BET surface area (294.17 m2/g), micro-pore 

surface area (392.4 m2/g), micro-pore volume (0.1395 

cm3/g) as shown in Table 2. The high value of surface 

area obtained is an indication that the SBAC may have 

good metal ion uptake capacity. This can be compared 

with some commercial activated carbons having surface 

area of 217 m2/g [37] and 336.35 m2/g [38]. The 

adsorbent was found to be mesoporous (2 – 50 nm) in 

nature with the average pore diameter Dp of 2.53 nm. 

 

Table 2: BET Characterization of the Sorghum Bicolor 

Activated Carbon 

BET 
surface 

area, SBET 
(m2/g) 

Micropore 
surface area, 

Smic 
(m2/g) 

Micropore 
volume, Vmic 

(cm3/g) 

Pore 
Size, Dp 

(nm) 

294.17 392.4 0.1395 2.53 
 

The FT-IR spectra for the SBAC before adsorption as 

shown in Figure 1displays a number of absorption peaks. 

The broad peak observed at 3345.65 cm-1corresponds to 

O-H and N-H groups [4, 24]. A medium peak assigned as 

alkynes with stretches of C≡C was found around 2080.02 

cm-1. The sharp peak located at 1635.64 cm-1suggests the 

characteristic of a typical carbonyl group (C=O) 

stretching from tertiary amides. The presence of O-H, 

alkynes stretches of C≡C, along with the carbonyl group, 

confirms the presence of carboxylic acid groups in the 

adsorbent. The peaks at 1403.20 cm-1 and 1122.83 cm-1 

are associated with the C-H and C-O bonds. The FT-IR 

spectra of SBAC after adsorption of nickel (II) and 

chromium (III) are shown in Figures 2 and 3, 

respectively.  The SBAC after adsorption had its O–H/N-H 

at broad peak of 3430.11 cm-1 and 3356.74 cm-1 for 

nickel and chromium, respectively. The O-H, N-H, 

carbonyl and carboxylic functional groups were found on 

the SBAC after adsorption for both nickel and chromium 

with a shift in the bands suggesting their involvement in 

the metal ion binding. On the whole, the intensities of the 

band were decreased after the adsorption of the Ni/Cr 

metal ions which probably indicate sorption of Ni/Cr 

metal ions on the pores of SBAC. The numerous 

functional groups (O-H, N-H, carbonyl and carboxylic 

groups) present in the SBAC adsorbent are important 

sites responsible for the adsorption activities of both 

nickel and chromium from wastewater [5, 24, 33, 38]. 

 

 

 

3.2 Effect of Contact Time 

The effect of contact time on the extent of nickel and 

chromium sorption by SBAC is shown in Figure 4. It was 

observed that the maximum removal of these metals was 

achieved within 30 minutes for chromium and 20 

minutes for nickel. The result shows that the sorption 

process was rapid within 20 – 30 minutes due to 

availability of active adsorption sites and this was 

followed by progressive drop in metal uptake. Slow pore 

intra – particle diffusion of the metal ion to the interior of 

the adsorbent and the electrostatic hindrance caused by 

already sorbed metal ion accounts for the subsequent 

slower sorption rate as the contact time increases [24]. 

Figure 5 also shows that the trend of adsorption was Cr 

(III) > Ni (II). This may be attributed to that fact that ion 

with smaller ionic radii diffuses faster than ion with 

larger ionic radii [39].  

 

3.3 Effect of pH 

The solution pH is an important parameter in heavy 

metal adsorption process based on the fact that both the 

adsorbent surface binding sites and the metal ion 

chemistry in solution are influenced by the solution pH. 

At low pH values, the competition for binding sites 

between the metal cations and protons possibly is 

responsible for the reduced uptake capacity of the metal. 

However, with an increase in pH, the negatively charged 

adsorbent was expected to attract the positively charged 

nickel and chromium ions [40]. This electrostatic 

attraction may possibly be responsible for higher metal 

uptake at higher pH than at low pH value. Hence, the 

maximum removal of chromium (III) and nickel (II) were 

achieved at pH 7.0 and 8.0 respectively as shown in 

Figure 5. 

 

3.4 Effect of Initial Concentration 

The effect of initial concentration of Cr (III) and Ni (II) is 

illustrated in Figure 6. The removal efficiency of 

chromium decreased from 98.87% to 72.23% with 

increase in the metal ion concentration. This shows that 

less number of active site is available at high 

concentration of metal ions leading to competition 

between metal ions to adsorb on the active site of the 

adsorbent. It was observed from Figure 6 that the 

removal efficiency of nickel increased from 82.57% to 

98.89% when the initial metal ion concentration 

increased from 12.5 mg/L to 25 mg/L. This shows that 

more molecules of the nickel ions in solution competed 

for available binding sites of the adsorbent at higher 

concentrations than at lower concentrations. Similar 

trends were reported in literature [33, 41]. 
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3.5 Effect of Adsorbent Dosage 

The removal efficiency of metal ion depends on the type 

and quantity of the adsorbent. As shown in Figure 7, the 

removal efficiency of chromium ion increased with 

increase in adsorbent dosage from 10 mg to 50 mg. This 

increase in metal uptake of chromium with increase in 

adsorbent dosage was due to the increase in surface area 

and availability of more number of active sites for the 

adsorption of Cr (II). In the case of nickel, the removal 

efficiency decreased with increase in the adsorbent 

dosage. The reason for this may be due to aggregation or 

overlapping of the adsorption sites which could lead to 

an overall decrease in available binding sites. These 

findings corroborate with previous studies carried out in 

similar works [4, 18, 21, 39] 

 

 

 
Figure 1: FT-IR for Sorghum Bicolor Activated Carbon (SBAC) before Adsorption 

 

 
Figure 2: FT-IR for Sorghum Bicolor Activated Carbon (SBAC) After Adsorption of Ni (II) 

 

 
Figure 3: FT-IR for Sorghum Bicolor Activated Carbon (SBAC) After Adsorption of Cr (III) 
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Figure 4: Effect of Contact Time on Adsorption of 
Ni/Cr on SBAC [Ambient Temperature = 30oC; pH 
= 6; Metal ion conc. = 5 mg/L; Adsorbent dosage 
= 10 mg]    

 

 
Figure 5: Effect of pH on Adsorption of Ni/Cr on SBAC [Ambient 
Temperature = 30oC; Metal ion conc. = 25 mg/L; Adsorbent 
dosage = 10 mg; Contact time: Cr = 30 min and Ni = 20 min]    

 

  

 
Figure 6: Effect of Initial Metal Ion Concentration 
on Adsorption of Ni/Cr on SBAC [Ambient 
Temperature = 30oC; pH: Cr = 7 and Ni = 8; 
Adsorbent dosage = 10 mg; Contact time: Cr = 30 
min and Ni = 20 min]    

 

 
Figure 7: Effect of Adsorbent Dosage on Adsorption of Ni/Cr 
on SBAC [Ambient Temperature = 30oC; pH: Cr = 7 and Ni = 
8; Metal ion conc. = 25 mg/L; Contact time: Cr = 30 min and 
Ni = 20 min]    

 

3.6 Design of Experiments and Optimization of 

Parameters Using CCD  

The experimental design matrix (Table 3) comprising of 

the adsorption process variables, their ranges and the 

responses was developed using CCD. The responses are 

removal efficiency of Ni (II) and Cr (III) denoted as YNi 

and YCr, respectively. The removal efficiencies of Ni (II) 

and Cr (III) were in the ranges of 10.48 to 97.28% and 

48.6 to 99.8%, respectively.  

CCD was used to analyze the experimental data from 

which polynomial regression equations (quadratic 

expressions) showing relationship between the 

adsorption process variables and the responses were 

developed. The six replicate variables at the center 

points (run 15 to 20) were used to determine the 

reproducibility and experimental error of the data. The 

final empirical model equations with exclusion of 

insignificant terms for the adsorption of Ni (II) and Cr 

(III) are given as equations (5) and (6) respectively. 

                            C         

                      C

      C                                                   

                                      

                                

Where; A, B and C represents pH, initial concentration, 

and adsorbent dosage respectively. The adequacy and 

significance of the developed quadratic models were 

evaluated using the F-test of analysis of variance 

(ANOVA) as shown in Table 4 and Table 5.  

From the result (Table 4 and Table 5), the Ni removal 

model had all the terms to be significant except for C2 

found to be insignificant while the terms A and AC were 

insignificant for Cr removal model. A good correlation 

existed between the experimental and predicted data 

with R2 values of 0.99 for Ni and 0.98 for Cr. This 

supports the reliability and validity of the developed 

models. 

The combined interaction effect of the three studied 

parameters on the absorbance of Ni and Cr are shown on 
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the three dimensional surface response (Figure 8). 

Figure 8 (a) and 8 (c) shows the combined effects of pH 

and initial concentration on the removal of Ni and Cr at 

constant adsorbent dosage while Figure 8(b) and 8(d) 

displays the combined effect of adsorbent dosage and 

initial concentration on the removal of Ni and Cr at 

constant pH. The curvatures obtained for all the response 

surface plots, clearly indicated that all the studied 

variables, either individually or by way of interaction 

contributed to the removal of Ni and Cr. However the 

level of contributions to the metal ion may differ. 

 

3.7 Process Optimization 

The optimization of adsorption of Ni (II) and Cr (III) onto 

SBAC was carried out using Design expert software. The 

target goal of the optimization process was set to 

maximize absorbance of both Ni and Cr within the 

experimental range of the studied independent variables. 

The solution of optimization is usually selected based on 

the highest desirability or its closeness to unity[42].The 

optimal conditions obtained for pH, Initial concentration, 

and adsorbent dosage for Ni and Cr were 8, 25 mg/L, 10 

mg and 7, 5 mg/L, 15 mg respectively. The removal 

efficiencies of Ni and Cr at optimum conditions were 

found to be 98.89% and 94.27% and these values 

showed a good agreement when compared with those of 

predicted values with relatively small error of 2.2% and 

1.2% for Ni and Cr respectively. 

 

Table 3: Experimental Design Matrix for Batch Adsorption of Ni and Cr onto SBAC 

Run 
Coded Values Real Values 

Ni removal, 
YNi (%) 

Cr removal, 
YCr (%) A B C pH 

Initial Conc. 
(mg/L) 

Dosage 
(mg) 

1 -1 -1 -1 5.00 5.00 10.00 18.65 99.00 
2 1 -1 -1 9.00 5.00 10.00 84.80 85.00 
3 -1 1 -1 5.00 25.00 10.00 10.48 48.60 
4 1 1 -1 9.00 25.00 10.00 97.28 58.60 
5 -1 -1 1 5.00 5.00 50.00 69.60 95.20 
6 1 -1 1 9.00 5.00 50.00 37.20 87.60 
7 -1 1 1 5.00 25.00 50.00 41.92 90.20 
8 1 1 1 9.00 25.00 50.00 38.72 94.48 
9 -0.5 0 0 6.00 15.00 30.00 53.80 79.27 

10 0.5 0 0 8.00 15.00 30.00 71.07 75.79 
11 0 -0.5 0 7.00 10.00 30.00 80.25 99.90 
12 0 0.5 0 7.00 20.00 30.00 75.05 93.45 
13 0 0 -0.5 7.00 15.00 20.00 78.27 89.87 
14 0 0 0.5 7.00 15.00 40.00 73.73 97.20 
15 0 0 0 7.00 15.00 30.00 76.40 90.13 
16 0 0 0 7.00 15.00 30.00 75.40 87.87 
17 0 0 0 7.00 15.00 30.00 75.93 89.33 
18 0 0 0 7.00 15.00 30.00 75.93 89.97 
19 0 0 0 7.00 15.00 30.00 74.00 90.13 
20 0 0 0 7.00 15.00 30.00 74.27 88.07 

 

 

Table 4: ANOVA for Response Surface Quadratic Model for Ni Removal 

Source Sum of Squares Degree of Freedom Mean Square F-Value Prob>F 
Model 9923.82 9 1102.65 431.50 < 0.0001 

A 1867.32 1 1867.32 730.73 < 0.0001 
B 70.33 1 70.33 27.52 0.0004 
C 79.77 1 79.77 31.22 0.0002 
A2 406.82 1 406.82 159.20 < 0.0001 
B2 37.47 1 37.47 14.66 0.0033 
C2 10.70 1 10.70 4.19 0.0680 
AB 310.63 1 310.63 121.56 < 0.0001 
AC 4443.89 1 4443.89 1739.01 < 0.0001 
BC 116.05 1 116.05 45.41 < 0.0001 

Residual 25.55 10 2.56 - - 
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Table 5: ANOVA for Response Surface Quadratic Model for Cr Removal 

Source Sum of Squares Degree of Freedom Mean Square F-Value Prob>F 

Model 3064.83 9 340.54 99.62 < 0.0001 

A 9.66 1 9.66 2.83 0.1237 

B 718.43 1 718.43 210.18 < 0.0001 

C 751.91 1 751.91 219.97 < 0.0001 

A2 452.85 1 452.85 132.48 < 0.0001 

B2 139.29 1 139.29 40.75 < 0.0001 

C2 40.66 1 40.66 11.89 0.0062 

AB 160.92 1 160.92 47.08 < 0.0001 

AC 0.058 1 0.058 0.017 0.8991 

BC 773.82 1 773.82 226.38 < 0.0001 

Residual 34.18 10 3.42 - - 

 

 
 

 
 

Figure 8: Three-dimensional response surface plots: (a) effect of initial concentration and pH on Ni removal by 

SBAC, (b) effect of adsorbent dosage and initial concentration on Ni removal by SBAC, (c) effect of initial 

concentration and pH on Cr removal by SBAC, (d) effect of adsorbent dosage and initial concentration on Cr 

removal by SBAC 

 

3.8 Adsorption Isotherm  

The equilibrium characteristic of the adsorption in this 

study was described using Langmuir and Freundlich 

isotherm models.  

The linearize form of the Langmuir isotherm model [43] 

is given as: 
  

  

  
 

   

  
  

  

                                   

 Where; Ce (mg/L) is the equilibrium concentration of 

adsorbate in solution after adsorption, Qe (mg/L) is the 

amount of metal ion adsorbed at equilibrium, Qm (mg/g) 

is the maximum monolayer adsorbent capacity and b 

(L/mg) is the Langmuir constant. The Langmuir 

isotherm was obtained by plotting Ce/Qe against Ce and 

straight lines as shown in Figure 9 were fitted to the 

plots. 

a. b. 

c. d. 
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The linearize form of the Freundlich model [44] is given 

as: 

ln     ln        ⁄  ln                            

Where; kf (L/g) and n are the Freundlich isotherm 

constants which show the capacity and intensity of the 

adsorption, respectively. The Freundlich isotherm was 

obtained by plotting Qe versus Ce on a logarithmic scale 

and straight lines as shown in Figure 10 were fitted by 

regression. Langmuir isotherm plot gave a better fitted 

curve for chromium adsorption data than for nickel 

(Figure 9). The poor fitted curves for nickel as shown in 

Figure 9 revealed that the adsorption process did not 

follow the model.  The values of the Langmuir and 

Freundlich model parameters evaluated from the slope 

and intercept of lines in Figure 9 and Figure 10 along 

with the correlation coefficients (R2) are presented in 

Table 6. 

From the results (Table 6), the equilibrium data for the 

sorption of nickel metal ion conformed to the Freundlich 

model with a high correlation coefficient (R2 = 0.977). 

On the other hand, the Langmuir model was found more 

suitable for the sorption of chromium ion with R2 = 0.98. 

The parameter 1/n gives information on adsorption 

intensity or surface heterogeneity with values between 0 

and 1 becoming more heterogeneous as the value gets 

closer to zero [36]. The 1/n values obtained for the two 

adsorbates showed that the adsorption surface of SBAC 

was heterogeneous in nature. The kf values showed that 

SBAC adsorption capacity for Cr (18.07 mg/g) was 

slightly higher than that of Ni (17.39 mg/g). This 

conformed to the observation reported by previous 

author [21] for the removal of nickel and chromium ions 

using modified coconut husk. The monolayer adsorption 

capacity (Qm) values of 47.62 mg/g for nickel and 25.64 

mg/g for chromium observed in this study compared 

well with some other adsorbents reported from 

literature as shown in Table 7. 

 

3.9 Adsorption Kinetics 

In this study, Pseudo first order and Pseudo second order 

kinetic models were used to evaluate the mechanism of 

adsorption. The linearize form of pseudo first order 

model Equation [53]is given as: 

                 
  

     
                     

Where; k1(min-1) is the pseudo – first order rate 

constant, Qe(mg/g) and Qt (mg/g) are the metal ion 

adsorbed at equilibrium and at time t (mins) 

respectively. Plots of log (Qe – Qt) against (t)gave poor 

fitted curves (Figure 11) indicating the adsorption 

process was not describe by pseudo – first order kinetic 

model. 

 

Table 6: Langmuir and Freundlich Isotherms for Ni (II) and Cr (III) Adsorption on SBAC 

Metal Langmuir Freundlich 

Qm (mg/g) b (L/mg) R2 kf 1/n R2 

Ni (II) 47.62 0.62 0.896 17.39 0.524 0.977 

Cr (III) 25.64 2.60 0.980 18.07 0.147 0.935 

 

 

Table 7: Removal Efficiency of Different Adsorbents for Ni (II) and Cr (III) Adsorption 

Adsorbates Adsorbents Qm (mg/g) References 
Ni (II) SBAC 47.62 This work 
Cr (III) SBAC 25.64 This work 
Ni (II) Powder of Mosambi fruit peelings 29.41 [45] 
Cr (III) Cocoa shell 2.52 [46] 
Ni (II) Almond husk activated carbon 37.18 [47] 
Cr (III) Bentonite 4.29 [48] 
Ni (II) Loofa sponge 6.1 [49] 
Cr (III) Loofa sponge 4.97 [50] 
Ni (II) Multi – walled carbon nanotubes 18.08 [51] 
Ni (II) Hazelnet shell 10.11 [52] 

 

Table 8: Pseudo – First order and Pseudo – second order kinetics for Ni (II) and Cr (III) Adsorption on SBAC 

Metal Pseudo – first order parameters Pseudo – second order parameters 

Qe (mg/g) k1 (min-1) R2 Qe (mg/g) k2(g/mg min) R2 

Ni (II) 1.824 0.018 0.84 5.181 0.016 0.98 

Cr (III) 0.689 0.007 0.33 11.236 0.087 0.99 
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The values of k1 and Qe determined from the slope and 

intercept of lines in Figure 11 were presented in Table 8. 

The linearize form of pseudo second order model [54] is 

given as: 
 

  

  
 

    
 
  

 

  

                                    

Where; k2 (g/mg min) is the pseudo – second order rate 

constant, Qe (mg/g) and Qt (mg/g) are the metal ion 

adsorption capacity at equilibrium and at any time t 

(min) respectively. Plots of t/Qt against time (t) gave 

very good fitted curves as shown in Figure 12. The 

parameters generated from the plots of pseudo second 

order kinetic model for the adsorption of Ni and Cr on 

SBAC are tabulated in Table 8. 

The values of the parameters as presented in Table 

8show clearly that pseudo second order kinetic model 

described well the adsorption process for both nickel 

and chromium with high regression coefficient (R2) 

values of 0.98 and 0.99, respectively. The equilibrium 

constant (k2) of the second order kinetic was found to be 

0.016 and 0.087 for Ni and Cr, respectively. This suggest 

that adsorption of nickel and chromium onto SBAC was 

based on chemical reactionbetween the metals and 

active site of the adsorbent. The FTIR spectra (Figure 1 – 

3) also supported this argument. In addittion to the high 

R2 values, the values of equilibrium capacities for second 

order kinetic model as shown in Table 8 were in close 

agreement to the experimental equilibrium adsorption 

capacity (12.45 mg/g). 

 

4. CONCLUSIONS 

The potentials of sulphuric acid activated sorghum 

bicolor as one of the possible low cost adsorbent for the 

removal of Ni (II) and Cr (III) from contaminated water 

was evaluated. The CCD in RSM was successfully used to 

determine the optimum process conditions for the 

removal efficiency of Ni (II) and Cr (III). The optimal 

conditions to achieve effective removal of Ni (II) were 

contact time of 20 mins, pH of 8, initial metal ion 

concentration of 25 mg/L, and adsorbent dosage of 10 

mg while that of Cr (III) were pH of 7, initial metal ion 

concentration of 5 mg/L, adsorbent dosage of 15 mg and 

contact time of 30 mins. 

The adsorption of Ni (II) and Cr (III) from aqueous 

solution was dependent on contact time, solution pH, 

initial ion concentration and adsorbent dosage. The 

equilibrium data for Ni (II) adsorption best fit Freundlich 

model; on the other hand Cr (III) adsorption was best 

described using Langmuir model. The mechanism of 

adsorption for both Ni and Cr adsorptions on SBAC 

obeyed Pseudo second order kinetic model than Pseudo 

– first order model. The results show that the prepared 

SBAC is a promising adsorbent for the removal of nickel 

and chromium ions from contaminated water. 

 

 

 
 

Figure 9: Langmuir adsorption isotherm for 
Cr (III) and Ni (II) 

Figure10: Freundlich adsorption isotherm for Cr (III) and Ni 
(II) 

  
Figure 11: Pseudo – first order kinetic model for sorption of Cr (III) 

and Ni (II) 
Figure 12: Pseudo – second order kinetic model for sorption 

of Cr (III) and Ni (II) 
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