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 Abstract  

Magnetic Activated carbon was prepared from a brewery spent grain (BSG) and magnetite using the 

sol-gel method. The crystal structure, molecular constituent, morphology, and specific surface area 

of the prepared magnetic activated carbon (MAC) were analyzed using XRD, FTIR, SEM, and BET 

techniques. The characterization results revealed the successful preparation of MAC material. The 

removal efficiency of MAC for Cr (VI) from synthetic wastewater and real wastewater was 

investigated. The adsorption process was optimized numerically and found that solution pH of 2, 

initial concentration of 40 mg L-1, an adsorbent dosage of 5 g L-1, and a contact time of 30 min were 

the optimal conditions for removal of Cr (VI) with 97.5% efficacy. The adsorption studies were 

consistent with the pseudo-second-order kinetics and with Temkin isotherm models with a high 

regression coefficient (R2) of 0.995 and 0.996 respectively. Moreover, at the optimum conditions, the 

MAC adsorbent showed the removal of 318 ± 14 mg/L chemical oxygen demand (COD), and 

41.3±7.8 mgL-1 biochemical oxygen demand (BOD) of real wastewater collected from the local 

tannery industry in Ethiopia. Furthermore, the recycled MAC was used repeatedly and showed 

comparable removal efficiency for five consecutive cycles. As such, magnetic activated carbon made 

from BSG was found as an alternative efficient adsorbent in tannery wastewater treatment.  

 

1. Introduction  

Contamination of the environment by persistent pollutants from different 

activities has become an increasingly severe problem [1], [2]. It has 

increased exponentially in the past few years and reached an alarming level 

in terms of its effects on living creatures. Particularly, the disposal of 

untreated wastewater containing heavy metals has a harmful impact on the 

ecosystem and human health [2] – [4]. For instance, heavy metals such as 

Cr(VI) are the major ions produced in large volumes in different industrial 

activities as these metals cannot be degraded easily [5]–[7]. Therefore, 

removal of the Cr (VI) from the wastewater effluent before releasing it into 

the environment is paramount to overwhelming the environmental problem.   

There are various methods to eliminate Cr(VI) from wastewater such as ion 

exchange, ultrafiltration, chemical precipitation, electrochemical oxidation, 

coagulation-flocculation, adsorption, and so on [8]–[10]. However, some of 

these approaches are costly, use dangerous chemicals, and generate toxic 

sludge as a byproduct which is harmful to the environment and people. 

Among the above-mentioned methods, adsorption is considered as a 

promising technique due to its simplicity of design, and easy operation [11]. 

Then again, activated carbon (AC) is the most widely used adsorbent due 

to its large surface area, porosity, high adsorption capacity, and low cost. 

As a result, AC has become an excellent and well-known adsorbent for 

heavy metal removal from industrial wastewater [12]. Though AC shows 

outstanding removal performance of heavy metals, the difficulty of AC 

separation from solution significantly affects its practical application. Fe3O4 

has been widely used to synthesize magnetic activated carbon to achieve 

the characteristics of easy separation of activated carbon. For instance, 

Parlayici et. al. reported magnetic Fe3O4/activated carbon for the removal 

of heavy metals [13]. Inappropriately, most reported MAC materials 

usually showed poor stability, so designing and preparing a novel magnetic 

carbon composite adsorbent with good stability is still required. 

 

In this work, magnetic activated carbon (MAC) has been synthesized from 

brewery spent grain and Fe3O4. The crystallinity, molecular structure, 

surface morphology, and surface area of the prepared MAC were 

characterized using X-Ray diffraction (XRD), Fourier Transform Infrared 

Spectroscopy (FTIR), Scanning electron microscope (SEM), and Brunauer, 

Emmett and Teller (BET) characterization techniques. Then, the adsorption 

efficiency and mechanism of MAC for Cr (VI) from simulated and real 

wastewater were studied.   

 

 

http://journal.aastu.edu.et/


 Journal of Material and Process Technologies 1 (2024) 100053

 

46 

 

 

2. Experimental Part 

2.1. Chemicals and Materials  
Tamarind indica fruit was collected from a local Dire Dawa, Kefira market 

trader. The fruits were taken to the Addis Ababa Science and Technology 

Food Science and Applied Nutrition Laboratory for further analysis. 

Tamarind indica were sorted to remove dirt and bad fruits. After removing 

the dirt, the tamarind fruit was washed and the raw tamarind fruit was 

soaked and roasted for analysis. 

2.2. Preparation of activated carbon 

The brewery spent grain (BSG) sample was collected from Heineken 

Brewery Share Company (HBSC), Addis Ababa, Ethiopia. The BSG was 

then washed repetitively many times with distilled water to remove 

impurities and dried in the oven at 60 0C for 24 hrs. Then, the dried BSG 

was ground, and sieved by 250 μm sieve. Thereafter, 60 g BSG were 

transferred into conical flasks containing 50% (wt.) H3PO4 concentrations 

and covered with aluminum foil and left over for 24 hrs.[14]. Afterwards, 

the treated sample was washed thoroughly with distilled water, and 

transferred into crucibles and dried at 105 0C in oven for 24 hrs. The 

carbonization process of the dried samples was initiated at 200 0C for 30 

min, and further carbonization process was made at 500 0C for 2 hrs.  After 

the sample was allowed to cool to room temperature, the prepared AC was 

washed repeatedly with hot distilled water to remove all the excess acid 

until the pH of the filtrate was approximately 7. Finally, prepared AC was 

dried at 105 0C for 24 h and labeled as AC-500, and kept in a desiccator for 

further analysis.  

2.3. Preparation of magnetic activated carbon  

MAC was prepared from AC, FeCl3.6H2O and FeCl2.4H2O. First, 6 g AC 

was dissolved in 200 ml distilled water in 500 mL beaker (Solution A). 

Then, 3 g of FeCl3.6H2O dissolved in 100 ml distilled and 1.5 g of 

FeCl2.4H2O dissolved in 50 ml distilled water were mixed in 200 ml beaker 

(Solution B). Thereafter, solution A and solution B were mixed in 500 ml 

beaker and stirred for 1 hrs. [11]. Subsequently, the pH of the mixed 

solution was adjusted to pH of 11 by adding 0.1M of NaOH aqueous 

solution dropwise and heated to a temperature of 70 ℃ with vigorous 

stirring using magnetic stirrer. Then, after cooling to room temperature and 

aging for 24 hrs, the produced MAC was separated using magnet and 

washed using distilled water and ethanol.  Finally, the prepared MAC was 

labeled and dried at 50 ℃ in an oven overnight.  

2.4. MAC Characterization 

The crystalline structure of the prepared sample was studied using an XRD 

(Pan Analytical X’PRO MRD X-ray diffractometer) equipped with Cu K α 

- radiation (λ = 1.5406 Å) in 2θ range of 10 to 80° continuously with a step 

of 0.013° and 30.35 seconds /step. The operating voltage and current were 

40 kV and 30 mA, respectively at ambient temperature [15]. The 

morphology of MAC was examined using SEM (INSPCT-F50, FEI) 

operated at an accelerating voltage of 20 kV. The specific surface area of 

the sample was calculated from N2 adsorption–desorption isotherms 

measured using BET surface area analyzer (SA-9600 series, Horiba) [16]. 

The functional groups on the surface of the MAC was examined using FT-

IR (PerkinElmer, USA) in a spectral range of 400 - 4000 cm-1[17].  

 

2.5. Effect of Process Variables and Multivariate 

Design of Experiment 
The experimental data were investigated using Design Expert software 
(version 12). Response surface methodology-central composite design 

(RSM-CCD), an extensively used statistical technique tool on the 

multivariate nonlinear.  RSM is a set of statistical and mathematical method 
which is helpful in creating empirical models, refining and optimizing 

process parameters, and determining how various influencing factors 

interact [18]. Four independent variables such as dosage (A), contact time 
(B), pH (C) and initial metal ion concentration (D) were considered in this 

study. The interaction effect of four factors and the consequence they have  

on the adsorption percentage  removal of Cr (VI) had been studied using 
CCD by setting four levels for each of the parameters (Table 1). The 

adsorption process was opimized numerical by RSM which involves three 

major steps. These are performing the statistically designed experiments, 
estimating the coefficients in a mathematical model and predicting the 

response and checking the adequacy of the model [19]. RSM-CCD was 

applied to model and optimize different process parameters of adsorption 
capacity of MAC. A total of 30 experimental run with twenty-four unique 

experimental conditions and six central replicates were carried out as 

generated by design expert software. 
Using a second-degree polynomial equation, the response was utilized to 

create an empirical model that correlates to the experimental variables 

(equation (1)). 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖
𝑛
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥2

𝑖
𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗 + 𝜉𝑛

𝑗=𝑖+1
𝑛
𝑖                     (1) 

Where y is the response variable, β0 is the constant, βi is the linear 

cofficients, βii is the quadratic coefficents, βij is the interaction coefficients, 
xi and xj are the coded variable parameters, n is number of factors and ξ is 

the rondom errors. The factors with the corresponfing coded factors are 

shown in Table 1. To determine the interaction between the process 
variables and the responses and to estimate the statistical parameters, 

graphical analyses of the data have been performed using ANOVA 

(Analysis of Variance). The coefficient of determinations (R2) provided an 

estimate of the fitted polynomial model accuracy. The 95% confidence 

interval probability value (P-value) was used to assess the significant model 

terms. 
Table 1. Parameters and corresponding levels for RSM-CCD experiments. 

Parameters Factor 

code 

Unit  Lower 

limit 

Upper 

limit 

Dosage A gmL-1 3 7 

time B min 20 40 

pH C - 1 3 

Initial concentration D mgL-1 20 60 

 

2.6. Batch Adsorption Experiment  

Batch adsorption studies were conducted at room temperature. For the 

adsorption of Cr (VI) on MAC, different doses of MAC (0.1 - 2 g) were 

added to 100 ml solution initially containing 20 to 120 mg L-1 of Cr (VI) 

solutions. The pH of Cr (VI) solutions was adjusted into pH values of 2–6 

using 0.1 M NaOH and HCl solution. Each mixture was agitated for 10, 30, 

50, 70 and 90 min at 200 rpm in an orbital shaker. After the adsorption was 

allowed to take place and aged, the solution from the shaker was filtered. 

The concentration of Cr (VI) in solution was measured using UV–Visible 

spectrophotometer (Biochrom Libra S50, United Kingdom) at 𝜆 = 540 nm 

after reacted with 1,5-diphenyl carbazide 0.25% w/v in acetone and 0.2 N 

sulfuric acid. The percentage removal and the adsorption capacity were 

calculated according to equation (2) and (3), respectively. 

                        𝑅(%) =
𝐶𝑜−𝐶𝑓

𝐶𝑜
× 100                                                       (2) 
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                            𝑞 =
(𝐶𝑜−𝐶𝑓)𝑉

𝑚
                                                                   (3) 

Where Co (mgL-1) is the initial concentration of Cr (VI), Cf (mgL-1) is the 

final concentration of Cr(VI) after batch adsorption, q (mgL-1) is the amount 

of Cr (VI) adsorbed by the adsorbent, V(L) is the volume of Cr(VI) solution, 

and m (g) is the mass of adsorbent. 

Adsorption study on real waste water: Wastewater was collected from a 

local leather factory (Pittards Ethiopia Tannery S.C.) located at Addis 

Ababa, Ethiopia and its pH, DO, BOD, COD, TSS and TDS values were 

examined before and after batch adsorption. The amount of Cr (VI) 

concentration in the real wastewater before and after adsorption was 

analyzed by double beam UV-VIS spectrophotometer (Biochrom Libra 

S50, United Kingdom) by following a standard procedure [20].  

2.7. Adsorption isotherm and kinetics study 
Adsorption Isotherm Study: The equilibrium isotherms were studied by 

taking 200 mL of Cr (VI) solutions at different initial concentrations of 20 

- 100 mg L-1 in 250 mL Erlenmeyer flasks and pH solution was adjusted to 

2. A 0.5 g of MAC was added to the solutions and agitated at 200 rpm for 

30 min. To establish the adsorptions capacity of MAC experimental data 

was fitted against model isotherm equations of Langmuir, Freundlich and 

Temkin [21]. 

Kinetic Study: Kinetic study was conducted by taking 200 ml of Cr (VI) 

solutions with initial concentrations of 40 mg L-1 in 250 ml Erlenmeyer 

flasks and adjusting the pH to 2. Then 0.5 g of MAC was added and the 

solution was agitated at 200 rpm. Solutions were sampled at a time interval 

of (10 - 80 min) and the filtrate was analyzed for the remaining Cr (VI) 

concentration. The kinetics of Cr (VI) adsorptions on MAC were analyzed 

using pseudo first-order and pseudo second-order kinetic models [22].  

2.8. Recyclability Study of MAC adsorbent  

Recyclability and stability of the MAC adsorbent were studied following 

the same procedure with the batch adsorption but using the adsorbent 

repeatedly for consecutive batch adsorption.  

3. Results and discussion 

3.1. Characterization of AC and MAC adsorbents 

Physicochemical analysis: Physicochemical properties of the prepared AC 

and MAC were studied and the results shows ash content is higher in AC 

than in MAC (Table 2). Moreover, the fixed carbon percentage of AC 

(64.29%) is less than the fixed carbon percentage of MAC (74.4%). The 

lower ash content and volatile matters in MAC are attributed to lower 

inorganic content and higher fixed carbon. Therefore, higher value of fixed 

carbon in MAC shows, the MAC adsorbent is having more efficiency and 

stability than that of AC adsorbent [23]. 

Table 2: Physio-chemical characteristics of AC and MAC 

Physio-chemical properties AC MAC  

 Moisture Content (%) 5.13 5.51 

 Volatile Content (%) 22.93 18 

 Ash content (%) 7.6 5.1 

 Fixed Carbon (%) 64.29 71.4 

 pH 6.7 6.5 

XRD analysis: The crystalline structure of MAC was investigated using 
XRD and the result is presented in Figure 1(a). As can be seen from the 

XRD pattern in Figure 1(a), the peaks at 2θ value of 18.26,  30, 35, 43.24, 

53.46,  57.12, and 62.56° were recognized as the (220), (311), (400), (422),  
(511), (440) and (622) planes of face-centered cubic structure of Fe3O4 [24]. 

Also, the peak at 2θ value of 24° corresponds to the amorphous carbon [25]. 

Therefore, the prepared MAC contains minerals of graphite and magnetite. 
No other peak is detected ascribed to impurities or other residuals in the 

fabricated sample structure. Furthermore, the average particle size of Fe3O4 

was calculated using Scherrer equation from the diffraction peak (311) and 

the value was found to be 22 nm.  

FTIR Analysis: The FTIR spectra of MAC was displayed in Figure 1(b). 

The peak at 3667 cm-1 represents –OH stretching vibration. The bands in 
the 2981, 2901, 1398 and 1239 cm-1 are characteristics of the stretching 

vibration and the flexural vibration of C-H. The intense peak positioned at 

1050 cm-1 could be assigned to C-O vibrations in secondary and primary 
R–OH groups in alcohols [26]. The small bands at 881 cm-1 were attributed 

to the out-of-plane bending vibrations of C-H in benzene derivatives. 

Furthermore, the peak at 543 cm-1 is due to the formation of Fe-O [27]. 

Figure 1: (a) XRD analysis of MAC and (b) FT-IR spectra of MAC. 

  

BET Analysis: Textural properties of AC and MAC adsorbents were 
studied using N2 adsorption-desorption technique. The specific surface area 

of AC and MAC materials were found to be 695 m2/g and 494 m2/g, 

respectively. Thus, the surface area of AC is greater than that of MAC. This 
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might be due to the coverage of some parts of AC by Fe3O4 nanoparticles 

in the MAC (AC/Fe3O4) adsorbent [4].  

SEM Analysis: The morphology of the AC and MAC were examined by 

SEM images as displayed in Figure 2 (a & b). As shown in Figure 2 (a), the 

typical sheet-like porous structure of AC were observed while in Figure 

2(b), a relatively dense structure which might be due to the loaded Fe3O4 

nanoparticles on the surface of AC sheet is observed, suggesting the 

formation AC/Fe3O4 (AC/MAC) nanocomposite. Comparing the two 

images, the AC (Figure 2(a)) was more porous than the MAC (Figure 2(b)). 

This result is consistent with the BET analysis.  

 
     

Figure  1: SEM image of (a) AC, and (b) MAC adsorbents. 

3.2. Optimization and Effect of Parameters 

3.2.1. Individual parameter effect 
Effect of contact time: The effect of contact time on the removal efficiency 
of the MAC adsorbent at constant pH of 2, initial Cr (VI) concentration of  

40 mg L-1  and dosage of MAC = 5 g L-1 is shown in Figure 3 (a). As the 

adsorption time increased from 10 to 30 min, the removal capacity of the 
MAC was increased rapidly from 55% to 97 %.  Due to the availability of 

many free active sites on the adsorbent surface, an increase in the removal 
efficiency was observed up to 30 min. However, the removal capability of 

MAC was almost constant above 30 min. This may be due to adsorption 

process reaching at equilibrium point. As a result, the optimum time was 

found to be 30 min.  

Effect of pH: The effect of pH on the removal efficiency of MAC was 

examined and optimized by varying the pH from pH 1 to 6 by keeping the 
MAC dose, contact time, and initial concentration of Cr (VI) to 5g L-1, 40 

mg L-1, and 30 min, respectively constant. As presented in Figure 3(b), the 

removal efficiency of MAC was found to be higher at low pH values. As 

the pH increased from pH 1 to 2, the removal efficiency slightly increased. 

On the other hand, as the pH increased from pH 2 to 6, the percent removal 

gradually decreased from 96.6% to 48%. Therefore, the optimum pH was 
found to be pH 2. This is consistent with other literature findings [28].  

Effect of initial Cr (VI) concentration: The effect of initial Cr (VI) 

concentration was optimized by varying from 20 mg L-1 to 120 mg L-1 

keeping the pH 2, contact time 30 min, and dose of MAC 5 mg L-1 constant. 
As initial concentration increased from 20 mg/L to 40 mg/L, the removal 

ability of MAC was remained constant (97.5%) (Figure 3(c)). Increasing 

the initial concentration above 40 mg L-1, diminished the removal capacity 
to 48.3% which might be due to the saturation of active sites of MAC with 

more Cr (VI) ions in the solution. So, the optimum initial concentration was 

found to be 40 mg L-1.  

Effect of adsorbent dose: Keeping all the other parameters constant, as the 

MAC adsorbent dose increased from 1g L-1 to 5g L-1, the removal efficiency 

increased from 71 to 95% as shown in Figure 3(d). This increment in 

percentage removal of Cr (VI) is due to the increment of active sites of 

adsorbent to adsorb the pollutant. Then again, for the adsorbent dosage 

above 5g L-1, the removal efficiency remains almost the same. Because as 

the adsorbent dose increases aggregation of particles happens and a number 

of active sites may not be increased. Therefore, the optimum dose is then 5 

g L-1, with 95% removal efficiency of Cr (VI) ions from simulated 

wastewater. 
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Figure 2: (a) The effect of contact time, (b) effect of pH, (c) effect of initial concentration, (d) effect of MAC dosage on the Chromium (VI) removal.  

 

 

3.2.2. Interaction effect of adsorption factors 
The key objective of CCD method applied in this study was to find out the 

substantial effects of the process parameters such as initial concentration, 

pH, adsorbent dose and contact time on the removal efficiency of Cr (VI). 
Three-dimensional (3D) response surface plots were used to investigate the 

effect of all the factors on the responses (Figure 4 (a-f)). 

Effect of dosage and contact time: The interaction effect of adsorbent dose 
and contact time on the percent removal of Cr (VI) is presented in Figure 

4(a). Maximum Cr (VI) removal was obtained at adsorbent dose range of 3 

to 5 g L-1. The removal of Cr (VI) increased with the rise of the adsorbent 
amount up to a certain level and further increasing contact time resulted in 

the increment of percent removal of Cr (VI). The maximum removal 

efficiency, which is 96.55%, as can be observed from Figure 4(a), is at the 

intersection point of 5 g L-1 adsorbent dosage and 30 min contact time. 

Effect of dosage and pH: The interaction between pH and adsorbent dose 

on Cr (VI) removal is displayed in Figure 4 (b). It was noticed that a direct 
decrease in the Cr (VI) ion removal occurred when the pH value of the 

solutions changed from 1 to 3. The maximum removal of Cr (VI) ions is 

found at pH 2. The decrease in Cr (VI) ion removal efficiency at higher pH 
might be due to the competition between OH- and chromate ions (CrO4

2-), 

where the former being the dominant species wins the race. Conversely, the 

increment in the adsorbent dose increases the removal efficiency of Cr (VI) 
and the maximum removal efficiency was found at a dose between 3 to 5 g 

L-1. The highest value of removal efficiency (96.5%) is observed for the 
values of dosage 5g L-1 and pH 2. 

Effect of dosage and initial concentration: The interaction effect of initial 

Cr (VI) concentration and adsorbent dose on the percentage removal of 
chromium (VI) is revealed in Figure 4(c). The initial Cr (VI) concentration 

and adsorbent dose lead to the central point’s (i.e., 20 - 40 mg L-1 and 3 to 

5 g L-1) maximization in percent removal of chromium (VI). The increment 
in initial Cr (VI) decreases percentage removal of Cr (VI), and the 

increment of adsorbent dose leads to rise the percentage removal of Cr (VI) 

until it reaches equilibrium and remains constant. Thus, the peak value of 

the percentage removal of Cr (VI) for the combined effect of initial 

concentration and dosage, with values of 40 mg L-1 and 5g L-1, respectively, 

is found to be 96.5%. 

Effect of contact time and pH: Figure 4(d) shows the effect of solution pH 

and adsorption contact time on the percentage removal of Cr (VI) ions by 
the MAC. From the 3D-interaction plot it can be seen that, with an increase 

in contact time, the percentage removal of Cr (VI) increases, while the 

increase in pH causes a decrement in percentage removal. This 
phenomenon is observed because pH has more effect on the removal 

efficiency than time. The maximum adsorption efficiency was calculated at 

a pH value of 1-2. However, for the contact time interval of 10-30 min, 
there is a rapid increase in adsorption efficiency. The peak value observed 

at pH 2 and contact time of 30 min is found to be 96.7%. 

Effect of pH and initial concentration: The mutual effect of pH and initial 

concentration on removal efficiency of Cr (VI) at constant dose and 

adsorption time is demonstrated in Figure 4(e). The removal efficiency 

decreases with an increase in pH of more than 2 and an initial concentration 
of more than 40 mg L-1. At a fixed adsorbent dosage and contact time, as 

the amount of Cr (VI) concentration increases, the percentage of adsorption 

becomes small. The peak value of removal efficiency for the combined 
effect of pH and initial concentration of 2 and 40 mg L-1, respectively, was 

observed to be 96.7 %, alike the other combined effects. 

Effect of initial concentration and contact time: The combined effect of 

contact time and initial adsorbate concentration on the percentage removal 

of Cr (VI) is shown in Figure 4(f). At small contact time, there will be a 

higher percentage of Cr (VI) removal due to the protonation of surface 

functional groups. The maximum value for the percentage removal (96.55 

%) is then observed for the intersection of initial concentration and contact 

time values of 40 mg L-1 and 30 min, respectively. 
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Figure 4: 3D response surface of the combined effects of (a) dosage and contact time, (b) dosage and pH, (c) dosage and initial concentration, (d) contact 

time and pH, (e) pH and initial concentration, (f) contact time and initial concentration on the removal of Cr (VI) by MAC. 

3.2.3. Process optimization and evaluation 

Parameter optimization: The criteria showed that pH, adsorbent dose, initial 
concentration of adsorbent, and contacting time were minimized, by 

maximizing the amount of Cr (VI) removal efficiency. Optimal conditions 

are selected and the developed method is subjected to a validation 
procedure in case it can be used for quantitative purposes. The optimum 

values found for pH, adsorbent dose, initial concentration of adsorbent, and 

contacting time was 2, 5 g, 40 mg/L, and 30 min respectively. At the 
optimum values of the factors given to the software as an input, the 

percentage removal of Cr (VI) is found to be 96.55%. This value is almost 

similar to the experimental value obtained as 96% removal efficiency. So 

that the deviation is less than 1% (0.6 < 1).  

ANOVA and model validation: RSM-CCD was applied to model and 

optimize different process parameters of adsorption capacity of MAC. The 

yield from design expert RSM-CCD suggested the quadratic model was not 

aliased and the final empirical mathematical model equation was given in 

equation (4) in terms of coded factors. 

𝐶𝑟(𝑉𝐼)𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = −19.48326 + 16.43911𝐴 + 4.53834𝐵 +

 3.40198𝐶 −  0.380557𝐷 −  0.260031𝐴𝐵 −  0.542188 𝐴𝐶 +

 0.069984𝐴𝐷 +  0.270063𝐶𝐵 +  0.014797𝐵𝐷 + 0.085031𝐶𝐷 −

0.720130𝐴2 − 0.059055𝐵2 − 4.69677𝐶2 − 0.009554𝐷2              (4) 

From the Model summary statistics, it can be seen that, the Predicted R² of 

0.9355 is in a reasonable agreement with the Adjusted R² of 0.9581 (i.e., 

the difference is less than 0.2) (Figure 5). The adequate precision measures 

the signal to noise ratio and its value is 25.1389. Hereafter, this model can 

be used to navigate the design space. The statistical implication of the 

model was explored by ANOVA. The larger the magnitude of F-test (48.4) 

and smaller the p – value (< 0.005), the more significant is the 

corresponding model. All p-value in the model observed was less than 

0.0001 enlightening that the model was significant. In this case P-values 

less than 0.0500 point out model terms are significant. Accordingly, AB, 

BC, AD, BD, CD, A², B2, C2, and D² are significant model terms. The 

relationship between actual values and predicted values showed that the 

actual values are distributed relatively near to the straight line, indicating 

good fitness of the model (Figure 5). This was an indication of better 

fitment of the model with the experimental data.  

  

Figure 5: Cr(VI) adsorption removal by MAC showing the actual and 

predicted value. 
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3.3. Adsorption isotherm and kinetics  

Adsorption Isotherm models: In this study batch adsorption characteristics 

of Cr (VI) removal by MAC were studied and the results obtained from the 

experimentation were used to determine the better isotherm model that the 

adsorption process follows identified such as Langmuir, Freundlich, and 

Temkin isotherm models [29]. The Langmuir adsorption isotherm is 

applicable for monolayer adsorption onto a homogeneous surface where as 

the Freundlich isotherm model assumes that the adsorption process on a 

heterogeneous surface is in the form of multilayers, where adsorption sites 

have varied kinship for the adsorbate. As well, in the Temkin isotherm 

model, the heat of adsorption of adsorbate in a layer decreases linearly with 

surface coverage due to adsorbent–adsorbate interactions, where the 

adsorbate adsorption is described by an even distribution of binding 

energies [30].  From the values of correlation coefficient (R2) of the three 

models, Langmuir model for the adsorption of the Cr (VI) was 0.98524, 

which was slightly lower than the R2 values of Freundlich model (R2 = 

0.993) and Temkin isotherm (R2 = 0.996). The results reveal that the 

adsorption of Cr (VI) on MAC is well fitted to the Temkin model, meaning 

that MAC surfaces are homogeneous adsorption patches, on which 

monolayer coverage of Cr (VI) ions were formed on the outer surface. The 

model’s constants and parameters were summarized in Table 3. 

 

Table 3: Summery of adsorption isotherms models for the adsorption of Cr (VI) by MAC 

Langmuir isotherm model Freundlich isotherm    Temkin isotherm 

R2 Qm(mg g-1) RL KL R2 1/n KF  R2 Β KT 

0.98524 50.84 0.181 0.089 0.993 0.665 45.40 0.996 10.819  0.87 

 Figure 6: Adsorption kinetics of (a) Pseudo–first order and (b) Pseudo–second order plots.  

Adsorption Kinetics study: Pseudo first and second order kinetic models 

have been verified to fit the data obtained from different adsorption 

experiments of chromium (VI). The model parameters and rate constants 

with regression coefficient (R2) values are given in Table 4. The plots 

(Figure 6 (a & b)) of the kinetic experimental data showed linearity and the 

R2 values were found to be 0.9722 and 0.99771 for pseudo first and second 

order kinetics, respectively.  

Table 4: Kinetic parameters for first and second-order kinetics. 

1st order kinetics 2nd order kinetics 

R2 qe K1 R2 qe K2 

0.9722 19.62 -0.0735 0.9954 13.31 0.1147 

 

 

Therefore, from the values of R2, experimental data is well fitted with 

pseudo-second order kinetics of adsorption of Cr (VI). It can be noted that 

rate of the adsorption of Cr (VI) appears to be controlled by the 

chemisorption.    

3.4. Adsorption analysis on real wastewater 

Physicochemical Characteristic of real wastewater effluent: The 

physicochemical characteristics of real wastewater collected from local 

tannery in Ethiopia was studied. The measured values of BOD, COD, TSS 

and TDS of the real wastewater were found to be 115 ± 10, 1171.3 ± 104, 

1099 ± 6.21 and 2129 ± 76 mg L-1, respectively. However, the 

recommended maximum permissible amount of BOD, COD, TSS and TDS 

values are 200, 500, 50 and 2000 mg L-1, respectively [31]. Therefore, the 

result indicates the poor remediation mechanism employed by the tannery. 

To assume values of the above parameters within the standard, the real 

wastewater was treated by using MAC and the BOD, COD, TSS, and TDS 
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were found to be 41.3 ± 11.8, 317.833 ± 14, 1121.333 ± 19 and 1001.34 ± 

9.113 mg L-1, respectively. These values are within the permissible limit of 

FEPA (Federal Environmental Protection Agency) and EEPA (Ethiopian 

Environmental Protection Agency) [31]–[33].  

Chromium (VI) removal from real wastewater: Before adsorption, the 

concentration of Cr (VI) in the real wastewater was 2.8437 ± 0.139 ppm. 

However, after the treatment using MAC, the Cr (VI) concentration was 

found to be 0.033 ± 0.0054 ppm which is below the allowed value by WHO 

(i.e., 0.05 ppm of Cr (VI)) [34]. This shows the as prepared MAC has 

excellent removal efficiency of Cr (VI) from real wastewater. Moreover, 

the Cr (VI) removal efficiency of our adsorbent material (MAC) was 

compared with previously reported research works and the MAC we 

prepared showed the highest Cr (VI) removal efficiency compared to 

previously reported research works [35]–[37].  

3.5. Recycling of MAC Adsorbent 

Stablity and recyclablity MAC was conducted and presented in Figure 7 (a 

& b). The MAC adsorbent was used for five consecutive cycles and for 

three successive cycles before decreasing its efficiency.  The result 

confirms the excellent stability of the prepared adsorbent. However, its 

removal efficacy decreased by almost 12% after used for five consecutive 

cycles. This may be due to the decrease in surface deactivation of MAC 

during recovery test. Overall, the MAC can be recycled keeping its great 

adsorption capacity there by making wastewater treatment processes cost 

effective and sustainable. Moreover, a comparison of the FTIR spectra of 

MAC before and after batch adsorption indicated the insignificant shifting 

of individual peaks as shown in Figure 7(b). This result shows that the MAC 

is stable even after using it for five consecutive adsorption cycles [38].       

Figure 7: (a) Chromium (VI) removal efficiency of MAC for five consecutive cycles, and (b) FTIR spectra of MAC before and after adsorption of Cr  

                (VI). 

 

4. Conclusions 

In this study, magnetic activated carbon (MAC) was synthesized from BSG. 

The adsorbent was tested and evaluated for removal of Cr (VI) ion aqueous 

solution using batch adsorption experiment. The synthesized MAC 

adsorbent was characterized by using BET, FTIR, SEM and XRD. The 

surface area of MAC adsorbent was 494 m2 g-1 with a good morphology as 

investigated using SEM. The adsorption process were optimized and 

dosage of 5g L-1, pH of 2, contact time of 30 min and initial concentration 

of 40 mg L-1 were found to be the optimal conditions. The predicted 

removal of Cr (VI) was 96.55%, which is almost the same with the result 

obtained under optimum conditions (97.5%). The MAC showed excellent 

adsorption capacity of 193 mg g-1 due to its highest surface area. 

Furthermore, the adsorption kinetics was best fit to pseudo-second order 

kinetics model, and adsorption isotherm was best fit to Temkin isotherm 

with constant value 10.189. Moreover, the MAC shows excellent removal 

efficiency of Cr (VI) from the real wastewater (from 2.8437 to 0.0333 ppm). 

The recyclability and stability of the MAC was studied and showed almost 

the same efficiency for five successive cycles. This result confirms the 

excellent stability of MAC adsorbent. Therefore, the as-prepared MAC 

adsorbent can be used for removal of heavy metals from industrials 

wastewater, specifically to remove Cr (VI) from tannery wastewater. 
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