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Abstract
Dyes containing effluents constitute hazards to the environments and endanger human and aquatic lives. Although activated 
charcoal has been adjudged the best for adsorption treatment of wastewater, its regeneration and high cost have limited their 
applications, hence the quest for alternative adsorbent. Magnetic tuned biosorbent was prepared from sorghum husks by 
in situ co-precipitation of  Fe3O4. It was characterized using Fourier transform infrared spectroscopy, energy-dispersive X-ray 
spectroscopy and scanning electron microscopy. The biosorbent was then used for the removal of crystal violet (CV) and 
methylene blue (MB) dyes from aqueous solutions in a batch process. The effects of temperature, initial dye concentration, 
dosage, contact time as well as pH were investigated, and data obtained were analysed with appropriate kinetic and isotherm 
models. Response surface method was used for the optimization study of the adsorption using Box–Behnken experimen-
tal design. Pseudo-second-order kinetic model was the most appropriate model for both dyes with correlation coefficient 
(R2) > 0.9 and low % standard error values. The equilibrium data were best fitted with Langmuir isotherm with maximum 
adsorption capacity (Qmax) of 18.87 and 30.00 mg g−1 for CV and MB, respectively. The thermodynamic parameters for the 
adsorption processes showed that it was spontaneous, endothermic and random systems with free energy changes less than 
zero, enthalpy changes (∆H) of + 49.81 and + 51.18 kJ mol−1, entropy changes (∆S) of + 178.39 and + 177.34 J mol−1 K−1 
for MB and CV dyes, respectively. Optimization studies revealed that 95% of the dyes are removable at 1.0 g adsorbent dos-
age and pH of 4.05 at 50 °C with initial dye concentration of 50 mg L−1. The prepared adsorbent is cheap, easily recycled 
and highly effective for the treatment of dye-contaminated water.
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Introduction

Increased anthropogenic activities as a result of rapid urbani-
zation and industrialization have led to the increase in envi-
ronmental pollution with grave consequence in the quality of 
water available for industrial, agricultural and domestic use. 
Synthetic dyes and pigments are used extensively industri-
ally and in many other fields of technology, leading to gener-
ation of highly coloured waste effluents (Hussein and Scholz 

2018). These effluents are rich in dyes and chemicals, some 
of which are non-biodegradable and carcinogenic and pose 
a major threat to health and the environment. Furthermore, 
addition of synthetic dyes to water even at very low con-
centration (< 1 ppm) will impact negatively on the colour, 
which will inevitably affect the aesthetic merit, transparency 
as well as gas solubility of the water bodies. Reduced light 
penetration due to the presence of the coloured pollutants 
will result in the loss of photosynthesis and consequently 
upset the biological activities of the aquatic system which 
may lead to the destruction of aquatic species.

Methylene blue and crystal violet are cationic dye with vari-
ous applications in chemistry, biology, medical science and 
dyeing industries, and they are highly toxic than other anionic 
dye (Gao et al. 2016). Methylene blue is widely used as hemp, 
silk fabric, stained paper dyeing, bamboo and wood colouring 
as well as a chemical agent in printing and dyeing enterprises 
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(Ghosh and Bhattacharyya 2002); its adverse effects on human 
beings include: cyanosis, vomiting, diarrhoea, tachycardia and 
jaundice (Ait Ahsaine et al. 2018). Crystal violet is a triphenyl-
methane dye with poor degradability and carcinogenic inhaled 
or ingested (Saeed et al. 2010; Ahmad 2009); it is widely used 
in textile industries because of its low cost and high solubility 
in water (Ait Ahsaine et al. 2018). Medically, it is used as an 
antiseptic with a selective action on gram-positive organisms, 
also for the treatment of burns, boils, carbuncles and mycotic 
skin infections (Akinola and Umar 2015).

Dye effluents treatment may be a major task owing to 
the synthetic origins and aromatic structures of dyes which 
confers stability and made them to resist biologically deg-
radation. Different methods including anaerobic/aerobic 
treatment, coagulation/flocculation, oxidation/ozonation, 
membrane separation and sorption had been applied to dye 
wastewater treatment. Of all these, adsorption process has 
proved to be outstanding technique from economical point 
of view, for colour removal from wastewater considering its 
initial cost, simplicity of design, ease of operation, insensi-
tive to toxic substances and high removal efficiency (Ozdes 
et al. 2014; Pathania et al. 2010).

Activated carbon has been remarkably used for the treat-
ment of dyes-contaminated wastewater due to their large 
surface area and porosity; however, regeneration and high 
cost have limited their applications. Agricultural by-products 
constitute environmental problems due to their availability 
in large quantity, especially after harvesting; also, their 
decomposition generates greenhouse gases that contribute 
to the global climate change. The utilization of agricul-
tural waste as adsorbent in dye removal from wastewater 
is of great significance, and a number of agricultural waste 
materials had been studied for the removal of different dyes 
from aqueous solutions under different operating conditions 
(Bharathi and Ramesh 2013). Although the adsorbent from 
agricultural waste is cheap, the cost of regeneration, loss of 
adsorbent as well as reduction in adsorption capacity after 
regeneration are of great concern. In order to circumvent 
these problems, incorporation of magnetic particle into the 
adsorbent is hereby proposed; this is expected to produce a 
hybrid adsorbent with improved regeneration possibilities, 
significant adsorption capacity and economical feasibility.

This study therefore investigated the use of magnetic 
supported sorghum husk (MSH) for the effective removal 
of crystal violet and methylene blue dyes from aqueous 
solutions in a batch process. The effect of temperature, ini-
tial dye concentration, dosage, contact time and pH were 
investigated. The adsorption kinetic data were analysed 
using pseudo-first-order and pseudo-second-order kinet-
ics, Elovich and intraparticle models. Equilibrium data 
were fitted to the Langmuir, Freundlich, Tempkin and 
Dubinin–Radushkevich isotherm models. Adsorption fac-
tors were optimized by Box–Behnken design.

Materials

Methylene blue and crystal violet which are chloride salts of 
3,7-bis(dimethylamino)phenothiazin-5-ium and hexameth-
ylpararosaniline (Fig. 1) with purity of 98% were obtained 
from Merck laboratory, India. Iron(III) chloride hexahydrate 
(99%  FeCl3·6H2O) and iron(II) chloride tetrahydrate (99% 
 FeCl2·4H2O) (AR grade) were products of Sigma-Aldrich. 
Hydrochloric acid and sodium hydroxide were procured from 
BDH, London. Other reagents were of analytical grade, and 
doubly distilled water was used for all of the experiments. 

Preparation of the adsorbent

Sorghum husks (SHs) were obtained from a local farm at 
Odeda, Ogun State, Nigeria, the husks were washed under 
running tap to remove dirt and other impurities. The bio-
mass was air-dried followed by oven-drying at temperature of 
60 °C for 6 h. The dried biomass was pulverized and sieved 
to obtain powder with particle sizes less than 250 μm. The 
powder was then preserved in air-tight container until needed.

Magnetic modification of the adsorbent

A suspension containing 5.0 g of sorghum husk powder in 
40 cm3 of distilled water was prepared, and 20 cm3 of 2 M 
urea solution was added into the mixture as stabilizer under 
continuous stirring. Solutions containing 20 cm3 each of ferric 
chloride and ferrous chloride in ratio 2:1 molar concentration 
were added, the mixture was continuously stirred for 60 min, 
and then 20 ml of aqueous ammonia was added to adjust the 
pH to 11. The mixture was finally centrifuged, washed with 
deionized water and dried at 105 °C in a vacuum oven.

Characterization

The modified and unmodified adsorbents used after adsorption 
of dyes were characterized with Fourier transform infrared 
(FTIR) spectroscopy spectrophotometer (Bruker Tensor 27) 
in KBr pellets spectra in a range from 4000 to 400 cm−1. Sur-
face morphology and elemental composition of the magnetic 
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biosorbent were analysed using scanning electron microscopy 
(SEM) [VEGA3 TESCAN] equipped with EDAX.

Preparations of aqueous solution of the dye

Stock solution of the dyes was prepared by dissolving accu-
rately weighed solute (Fig. 1) such that the solution contained 
1 g equivalent of the dyes in 1 dm3 distilled water, and working 
standard solutions were then prepared from these stocks by 
dilution. The pH of the working solutions was adjusted with 
aliquot of HCl or NaOH prior to the adsorption study.

Adsorption studies

The batch equilibrium and kinetics adsorption studies were 
conducted in process in Erlenmeyer flasks containing 25 cm3 
of dye solutions with concentration range between 50 and 
200 mg dm−3 and 0.1 g of the adsorbents. The contents were 
placed in a regulated water bath (30 ± 1 °C) with shaker at 
150 rpm, and samples were collected at pre-set time intervals. 
The dye concentrations in aqueous media were determined 
after the adsorbent was removed magnetically, by reading the 
absorbance at 665 and 586 nm for MB and CV, respectively. 
The amount of dye adsorbed (mg g−1) by the adsorbents as a 
function of time (Qt) and at equilibrium (Qe) was estimated 
according to Eqs. 1 and 2 below:

where Co, Ct and Ce are the initial concentration, concentra-
tion at time t and equilibrium concentration (mg dm−3) of 
the dye, respectively, V is volume  (dm−3) of the solution, and 
m is the mass (g) of the adsorbent.

(1)Qt =
(Co − Ct)

m
× V

(2)Qe =
(Co − Ce)

m
× V

Adsorption kinetics and isotherms studies

The kinetics of adsorption of the dyes onto the adsorbent 
were investigated by subjecting the data from time-depend-
ent adsorption to pseudo-first-order (Ho and McKay 1999) 
and pseudo-second-order kinetics (Ho and McKay 1998), 
Elovich kinetics (Elovich and Larionov 1962) and intrapar-
ticle diffusion (Weber and Morris 1963) models to describe 
the mechanism of the adsorption process. The mathematical 
expressions of these models (Eqs. 3–6) are presented in 
Table 1. All data were analysed with nonlinear regression 
analysis method using a program written on MicroMath 
Scientist software (Salt Lake City, Utah, USA). Three error 
functions (Eqs. 7–9), the sum square error function (SSE), 
root mean square error (RMSE) and composite fractional 
error (HYBRD) were applied to confirm the kinetic models 
fitting (where N is the number of data and P is the number 
of parameters) along with the regression coefficient R2. The 
lower the values of SSE, RMSE and HYBRD errors and the 
higher the value of R2, the better the fitting of the model 
(Hanbali et al. 2014).

Adsorption equilibrium data were also subjected to the 
Langmuir (1916), Freundlich (1906), Tempkin and Pyzhev 
(1940) and Dubinin and Radushkevich (1947) isotherm mod-
els (represented by Eqs. 10–13). The isotherm parameters were 

(7)SSE =

N
∑

i=1

(Q(exp) − Q(cal))
2

(8)RMSE =

√

√

√

√
1

N − 2

N
∑

i

(Q(exp) − Q(cal))
2

(9)HYBRD =
100

N − P

√

√

√

√

N
∑

i=1

(

(Q(exp) − Q(cal))

Q(exp)

)2

Table 1  Kinetic model for the adsorption studies of CV and MB

Name Model

Pseudo-first order Qt = Qe(1 − e−k1 t) (3)

where Qe and Qt are the amounts (mg g−1) of dye adsorbed per unit mass of adsorbent at equilibrium time and time t, 
respectively, while k1  (min−1) is the rate constant for the pseudo-first-order kinetics

Pseudo-second order
Qt =

k2Q
2
e
t

1+k2Qe t
(4)

where Qe and Qt are the amounts (mg) of dye adsorbed per unit mass of adsorbent at equilibrium time and time t, 
respectively, while k2 (g mg−1 min−1) is the rate constant for the pseudo-second-order kinetics

Elovich Qt =
1∕� ln(�� ∗ t) (5)

where α (mg g−1) is the initial adsorption rate constant and the parameter β (g mg−1 min−1) is related to the extent of 
surface coverage and activation energy for chemisorptions

Intraparticle diffusion Qt = Kidt
0.5 + Ci (6)

where Kid is the intraparticle diffusion rate constant (mg mg−1 min−0.5) and C is a constant (mg mg−1) which gives 
information about the thickness of boundary layer



 Applied Water Science (2019) 9:160

1 3

160 Page 4 of 17

obtained by the least square fit method as earlier mentioned. 
The mathematical expressions of these isotherm models 
(Eqs. 10–13) are presented in Table 2.

Thermodynamic parameters

The thermodynamic parameters, ∆G°, ∆H° and ∆S°, explain 
the feasibility, spontaneity and the nature of adsorbate–adsor-
bent interactions during the adsorption process (Adeogun 
et al. 2016). Their values were obtained from the tempera-
ture-dependent equilibrium study by viewing the process at 
equilibrium using the notation below:

The equilibrium constants in terms of the adsorbate (Ce), 
adsorbent dosage (m) and adsorbed quantity (Qe) could be 
written as:

The van’t Hoff plot (ln KD vs. 1/T) for the adsorption 
process gives the slope and intercept from which thermody-
namic parameters were obtained.

Design of experiments

Experimental design of the adsorption process was achieved 
by response surface methodology (RSM). The Box–Behnken 
was selected for the optimization of the parameters 

A+B ⇌ A ∗ B

(14)KD =
Qe

Ce ∗ m

(15)ΔG
◦

= −RT lnKD

(16)ΔG
◦

= ΔH
◦

− TΔS
◦

(17)lnKD =
ΔS

◦

R
−

ΔH
◦

RT

investigated for the adsorption of dyes; these include pH, 
dye initial concentration, adsorbent dosage and temperature. 
The adequacy of the employed model was ascertained using 
analysis of variance (ANOVA), while 3-D graphical analy-
sis of the data was used to explain the interactions between 
the process variables and the response. The actual design 
was obtained using statistical software, Design-Expert 
V6.0.8 (Stat-Ease Inc., USA), with the factor set as shown 
in Table 3.

Results and discussion

Characterization of the adsorbent

SEM images of SH and MSH before and after adsorption are 
presented in Fig. 2a–c. Figure 2a reveals porous structure 
with large particle sizes characteristics of cellulosic materi-
als. Figure 2b reveals a denser surface as a result of modifi-
cation with iron oxide nanoparticles. The electrostatic inter-
action between the negatively charged oxygen atom of the 
cellulose hydroxyl groups of the cellulose and the positively 
charged Fe atom in the metal oxide along with condensa-
tion and hydrolysis reactions that accompany the addition of 
 NH4OH results in the incorporation of the magnetic particles 
into the bulk of the cellulose (Luo et al. 2010). After adsorp-
tion, the surface of the particle collapsed with a reduced pore 

Table 2  Isotherm models applied for the adsorption of studies of CV and MB

Name Model

Langmuir Qeq =
QmaxbCe

1+bCe

(10)

where Qeq and Qmax are the amounts (mg g−1) of dye adsorbed per unit mass of adsorbent and maximum adsorption capac-
ity at equilibrium, respectively, Ce is the equilibrium concentration of adsorbate, while b (L mg−1) Langmuir constant

Freundlich
Qeq = KFC

1∕n
e (11)

where KF (mg g−1) (L mg−1)1/n is a rough estimation of adsorption capacity of the adsorbent, 1/n is the adsorption intensity
Tempkin Qe =

RT

bT
ln aTCe (12)

R (J mol K−1) is the gas constant, T (K) is absolute temperature, aT (mg L−1) is the binding constant, and bT (L g−1) is 
related to the heat of adsorption

Dubinin–Radushkevich Qe = Qse
−��2 (13)

where Qs (mg g−1) is the saturation capacity, β (mol J)2 is a constant relation to adsorption energy, while ε is related 
to the mean free energy of adsorption and given � = RT ∗ ln

(

1 +
1

Ce

)

Table 3  Process factors and levels

Factors Low (−1) Mean (0) High (+)

(x1)—pH 2 6.5 11
(x2)—Conc. (mg L−1) 10 30 50
(x3)—Dosage (g) 0.05 0.525 1.00
(x4)—Temp. (°C) 30 40 50
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size (Fig. 2c). The result of energy-dispersive X-ray (EDX) 
analysis further confirmed the incorporation of the magnetic 
particles, Fig. 3a shows that the sorghum husk is rich in 
carbon and oxygen, however, Fig. 3b, c shows the presence 
of Fe on the surface of the modified sample, and, however, 
Fig. 3c displays a reduced intensity possibly because of the 
adsorbed dye molecules interactions with adsorbent sites.  

The FTIR spectra of adsorbent before and after 
adsorption are shown in Fig. 4. The broad bands around 
3420 cm−1 in the spectra of the SH were slightly shifted to 
3470 cm−1 in the MSH, and these peak were assigned to 
the intramolecular hydrogen bond due to the O–H group 
in the adsorbent. The peaks around 1700 cm−1 correspond 
to the C=O stretch. The absorption peak around 600 cm−1 
noted in the MSH could be attributed to the characteris-
tic absorption peak of  Fe3O4 (Schwertmann and Cornell 
2008; Pereira and Alves 2012) indicating the stability of 
the magnetic components within the SH matrix. The effect 
of modification and adsorption is outlined in the circled 

area in the FTIR spectra, and the continuos circle displays 
the modification with Fe–O at around 510 cm−1 which is 
conspicuously missing in the raw sample, while the areas 
demarcated with dashed circle show the difference in 
adsorption of the dyes onto the adsorbent. 

Effect of contact time

The removal of the dyes from aqueous solution depends on 
the initial dye concentration and contact time as shown in 
Fig. 5. The quantities of dyes removed increase with initial 
concentration and the progress of the adsorption with time, 

a b c
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Fig. 2  SEM image of: a SH, b MSH and c MSH after adsorption of 
dyes
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and there was a rapid removal of MB (Fig. 5a) in the first 
10 min and this was maintained for the next 20 min before 
the process continued steadily. Similarly, the removal of CV 
(Fig. 5b) progresses quickly for the first 20 min and this was 
sustained till equilibrium was established. Adsorption capac-
ities at equilibrium increase from 2.45 to 11.81 mg g−1 for 
MB, while those of CV increase from 2.41 to 8.16 mg g−1 
as their initial concentrations increase from 10 to 50 ppm.

Influence of pH on the removal of CV and MB 
by MSH

The influence of pH of the media on the adsorption pro-
cess cannot be over-emphasized, especially dye removal. It 
affects the chemical properties of the dye solution, and also 
the surface charge of the adsorbent as well as interactions in 
the media depends on the pH (Ait Ahsaine et al. 2018).The 
removal efficiency of both dyes increases as the pH of the 
media increases as shown in Fig. 6. The maximum removal 

efficiency of about 97% was obtained for the MB at pH 9, 
while that of CV was 95% at pH 8. At lower pH, the pres-
ence of  H+, a cation which competes with dye molecules for 
the available adsorption sites, resulted in lower adsorption; 
however, as the pH increases, the competition for the avail-
able site reduces, while the interaction between the adsor-
bent and dye molecules increases leading to an increase in 
removal efficiency (Bestani et al. 2008).

Adsorbent dosage studies

The effect of adsorbent dosage on the removal efficiency of 
CV and MB by MSH is shown in Fig. 7. As the adsorbent 
dosage increases from 0.05 to 0.4 g, the removal efficiency 
increases from observed that as the quantity of the adsor-
bent increased from 0.05 to 0.6 g, the removal efficiency 
increased from 95.9 to 98.6% for MB; on the other hand, 
that of CV increases from 96.4 to 98.4%. These increased 
efficiencies may be attributed to the increase in adsorption 
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sites as the dosage increases, and the decrease in efficiencies 
noted with further increase in the adsorbent dosage resulted 
from particle interactions, including percolation which col-
lapsed the active sites on the adsorbent (Raveendra et al. 
2014; Kakavandi et al. 2016). 

Effect of temperature

The effects of temperature on the removal efficiency of CV 
and MB were investigated between 30 and 50 °C. Figure 8 
shows that adsorption capacities increase with increase in 
temperature due to increase in contact rates of dye molecules 
with the adsorbent as well as increase in diffusion rate into 
the pores of the adsorbent whose dimension also becomes 
enlarged with increased temperature leading to interaction 
of the dye molecules with the functional group within the 
adsorbent (Wong et al. 2007).

Adsorption kinetics

The understanding of the mechanism of adsorption is a func-
tion of elaborate analysis of the time-dependent adsorption 
data. The adsorption process is characterized by mechanisms 
such as chemical interactions between the adsorbent and 
adsorbate, diffusion or mass transfer of the adsorbate into and 
within the adsorbent or combination of these mechanisms, 
and hence, combinations of models are required to elucidate 
the mechanism of adsorption. The pseudo-first-order and 
pseudo-second-order kinetics as well as intraparticle diffu-
sion and Elovich models were used to examine the kinetic of 
adsorption of MB and CV by MSH. The model fits for the 
MB and CV adsorption are shown in Figs. 8 and 9, while the 
parameters for these fits are presented in Tables 4 and 5.

The parameters of pseudo-first-order and pseudo-second-
order kinetics models presented in Table 4 and Figs. 9a, b 
and 10a, b showed that the models fitted the adsorption of 

MB and CV by MSH. The value of the regression coeffi-
cients R2 for the models is > 0.99; however, taking the cog-
nizance of the error function analyses and the closeness of 
the Qe determined experimentally with the theoretical values 
showed that the first-order kinetic model is much favoured, 
suggesting physical interactions between adsorbent and 
adsorbate. Similarly, the Elovich model fit (Figs. 9c, 10c) 
agreed with the experimental data, the parameters (Table 5), 
showed that R2 > 0.99, the values βel showed that the avail-
able site for adsorption decreases with increase in dye con-
centrations with increasing concentration of adsorbed quan-
tity, αel. The positive values of these constants confirmed 
the sorption, and hence, Elovich model properly explained 
the initial kinetics of adsorption of the dyes onto the adsor-
bent as previously reported in the literature (Vassileva et al. 
2013; Cheu et al. 2016). The intraparticle diffusion model 
suggested multilinearity adsorptions, the two dyes adsorbed 
in a biphasic process as depicted in Figs. 8d and 9d, and 
the parameters (Table 5) showed that these phases are of 
nonzero intercept. These indicate that intraparticle diffusion 
is not the only rate-controlling step and that external mass 
transfer also has played an important role in the transfer 
of the dyes into the adsorbent (Maksin et al. 2012; Rathod 
et al. 2014). 

Adsorption isotherms models

Proper understanding of adsorption process basically 
depends on information obtainable from equilibrium adsorp-
tion. Interpretations of this information are critical to the 
overall improvement of adsorption mechanism pathways and 
effective design of adsorption system (El-Khaiary 2008). 
The adsorption isotherm model fits used to investigate 
the adsorption of MB and CV onto MSH are presented in 
Fig. 11a and b, and the parameters are shown in Table 6.

The isotherm parameters revealed that the entire iso-
therm model investigated here fits the data very well with 
R2 in the order of Langmuir > Freundlich > Dubinin–Radu-
shkevich > Tempkin for MB, while the order is Lang-
muir = Tempkin > Freundlich > Dubinin–Radushkevich 
for CV. This suggested a monolayer adsorption of the dyes 
onto the adsorbent with maximum adsorption capacities of 
30.04 and 18.78 mg g−1 for MB and CV, respectively. The 
RL values < 1 indicate a favourable adsorption. Freundlich 
parameters indicate the heterogeneity nature of the surface 
of adsorbent, and the 1/n values of < 1 indicate a normal 
Langmuir isotherm, otherwise cooperative adsorption 
(El-Sayed 2011). The Tempkin isotherm parameters and 
the R2 values showed favourable fits for the dyes, and this 
implies that adsorption process is characterized by uniform 
distribution of binding energies. These isotherms do not 
described the saturation behaviour, hence the investigation 
with Dubinin–Radushkevich. From the table, the saturation 
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capacities of the dyes are 21.13 and 15.33 mg g−1 for MB 
and CV, respectively. The mean free energies obtained for 
the adsorption of the dyes are < 8 kJ mol−1, confirming the 
physisorption adsorption as suggested by the kinetic fit. 
Table 7 presents the comparison of the adsorption capacity 
of other adsorbents for the removal of MB and CV dyes. It 
is glaring from this table that MSH is compared favourably 
with other adsorbents in the same category for adsorption 
of MB and CV. 

Adsorption statistical optimization studies

The interactions and significance of the independent vari-
ables were tested statistically by optimization studies using 
the experimental data, based on the Box–Behnken matrix in 
Table 8. The experimental results were used to optimize the 
process, and the combined effects of two parameters on the 
dyes removal efficiency were represented by the response 
surface and contour plots using Design-Expert 6.0 software 
(Stat-Ease Inc. Minneapolis, USA).

The significance of the model including the terms in 
the equation was determined from the analysis of variance 

(ANOVA) using parameters such as the F-test, p value and 
the sum of squares, and the results are presented in Table 9. 
The higher F-values obtained for the dyes show that mod-
els are significant with p-values of < 0.0001 indicating that 
the contribution of the obtained values is insignificant. For 
the removal of the CV, adsorbent dosage was found to be 
more significant, while temperature is the most significant 
for the removal of MB among all the parameters given 
their highest sum of a square and F-test values, respectively 
(Dhawane et al. 2016). However, the combined effect of 
pH and adsorbent dosage on removal efficiency was domi-
nant among all the possible combinations for both dyes, 
whereas dye concentration was the most dominants of the 
squared term. The non-significance obtained from the lack 
of fit value implied the perfect fit of experimental data in 
the chosen quadratic model. The correlation coefficients 
were estimated for the accuracy of experimental results 
as shown in Table 10, and the predicted R2 and adjusted 
R2 were in reasonable agreement with each other which 
implied that the variation of the mean and capability of the 
model to predict the response was in the acceptable range. 
Adequate precision measures the signal-to-noise ratio and 
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the desirable ratio is 4, and the ratio of 16.12 and 22.94 
obtained for CV and MB removal, respectively, indicates 
an adequate signal. The models obtained therefore can be 

used to navigate the design space. Considering all the sig-
nificant terms, the fitted equations were obtained through 
regression analysis as shown below.

Table 4  Kinetic parameters for 
the adsorption of MB and CV 
onto MSH

Methylene blue Crystal violet

The pseudo-first-order kinetics model parameters
 Co (mg dm−3) 10 20 30 40 50 10 20 30 40 50
 Qe exp (mg g−1) 2.465 4.781 7.141 9.515 11.83 1.817 3.695 4.746 4.705 5.009
 Qe cal (mg g−1) 2.443 4.734 7.102 9.479 11.808 1.814 3.694 4.775 4.722 4.919
 k1  (min−1) 0.083 0.095 0.074 0.076 0.074 0.046 0.047 0.045 0.058 0.066
 R2 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
 %SSE 0.008 0.009 0.003 0.001 0.000 0.000 0.000 0.004 0.001 0.032
 RMSE 0.003 0.006 0.005 0.005 0.003 0.000 0.000 0.004 0.002 0.011
 HYBRD 0.113 0.122 0.069 0.047 0.023 0.023 0.003 0.076 0.045 0.225

The pseudo-second-order kinetics model parameter
 Qe cal (mg g−1) 2.635 5.056 7.729 10.292 12.83 2.193 4.463 5.825 5.540 5.684
 k2 (g mg−1 min−1) 0.051 0.033 0.015 0.011 0.009 0.022 0.011 0.008 0.012 0.014
 R2 0.998 0.998 0.998 0.998 0.998 0.999 0.998 0.998 0.998 0.999
 %SSE 0.476 0.331 0.678 0.667 0.714 4.288 4.310 5.175 3.147 1.815
 RMSE 0.021 0.034 0.073 0.097 0.125 0.047 0.096 0.135 0.104 0.084
 HYBRD 0.862 0.72 1.029 1.021 1.056 2.588 2.595 2.843 2.217 1.684

Elovich model’s parameter
 Qe cal (mg g−1) 2.463 4.778 7.138 9.53 11.858 1.918 3.925 5.045 5.111 5.346
 αel (mg g−1 min−1) 6.3 7.103 8.613 13.415 15.326 0.228 0.465 0.559 0.764 0.990
 βel (g mg−1) 3.157 1.892 0.968 0.744 0.589 2.118 1.033 0.786 0.853 0.867
 R2 0.993 0.993 0.993 0.993 0.993 0.997 0.997 0.997 0.997 0.997
 %SSE 0.000 0.000 0.000 0.000 0.000 0.003 0.004 0.004 0.007 0.005
 RMSE 0.000 0.000 0.000 0.002 0.004 0.013 0.029 0.037 0.051 0.042
 HYBRD 0.008 0.006 0.006 0.020 0.030 0.693 0.778 0.789 1.080 0.841

Table 5  Kinetic parameters for 
the adsorption of MB and CV 
onto MSH

Methylene blue Crystal violet

Intraparticle diffusion model parameters
 Qe cal (mg g−1) 2.331 4.727 6.512 8.722 10.728 1.285 2.661 3.344 3.814 4.145
 K1d (mg g−1 min−0.5) 0.421 0.85 1.192 1.587 1.946 0.243 0.509 0.646 0.725 0.766
 C1 (mg g−1) 0.023 0.074 -0.019 0.03 0.067 -0.049 -0.126 -0.193 -0.156 -0.052
 R2 0.998 0.998 0.999 0.999 0.999 0.998 0.998 0.999 0.999 0.999
 %SSE 0.127 0.25 0.035 0.057 0.056 0.153 0.141 0.344 0.009 0.056
 RMSE 0.01 0.028 0.015 0.025 0.031 0.007 0.013 0.026 0.005 0.012
 HYBRD 0.446 0.625 0.233 0.299 0.296 0.489 0.470 0.733 0.120 0.295
 Qe cal (mg g−1) 2.509 4.815 7.278 9.728 12.13 1.890 3.841 4.933 4.874 5.154
 K2d (mg g−1  min−0.5) 0.02 0.025 0.061 0.083 0.108 0.094 0.183 0.235 0.170 0.189
 C2 (mg g−1) 2.207 4.428 6.326 8.447 10.461 0.857 1.836 2.361 3.014 3.087
 R2 0.999 0.999 0.999 0.999 0.999 0.998 0.998 0.998 0.998 0.999
 %SSE 0.032 0.005 0.037 0.05 0.064 0.163 0.156 0.156 0.129 0.083
 RMSE 0.006 0.004 0.017 0.027 0.037 0.009 0.018 0.023 0.021 0.018
 HYBRD 0.224 0.09 0.24 0.279 0.317 0.505 0.493 0.493 0.449 0.361
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%CV Removal = 52.552 + 2.453x1 + 0.954x2 + 32.524x3 − 0.550x4 + 0.016x2
1
+ 0.001x2

2

+ 4.180x2
3
+ 0.009x2

4
− 0.075x1x2 − 2.050x1x3 + 0.038x1x4

− 0.449x2x3 − 0.005x2x4 + 0.076x3x4

%MB Removal = 163.36192 + 1.65057x1 − 3.30524x2 + 5.68528 x3 − 0.78171x4

− 0.16527 x2
1
+ 0.022432 x2

2
− 1.31300 x2

3
+ 0.010295x2

4
+ 0.055822x1x2 − 2.50734x1x3

− 0.010788x1x4 + 0.49438x2x3 + 0.012146x2x4 − 0.13722x3x4

Table 6  Adsorption isotherms 
parameters for MB and CV onto 
MSH

Isotherms Parameters Values

MB CV

Langmuir Qmax (mg g−1) 30.04 18.78
b (L mg−1) 0.292 0.255
RL 0.086 0.097
R2 0.997 0.997

Freundlich KF (g mg−1 min−1/n) 7.820 5.460
1/n 0.472 0.351
R2 0.985 0.995

Tempkin bT 427.358 736.684
aT  (dm3 mg−1) 3.804 4.544
R2 0.990 0.997

Dubinin–Radushkevich Qs (mg g−1) 21.130 15.329
β × 107 (mol J−1)2 5.99 1.20
E (kJ mol−1) 0.914 0.646
R2 0.984 0.990

Table 7  Comparison of 
adsorption capacities of 
different adsorbents for MB 
and CV

Adsorbents Qo (mg g−1) References

Methylene blue
 White pine 38.0 Salazar-Rabago et al. (2010)
 Phosphoric acid-treated sago wastes 36.82 Amode et al. (2016)
 Bush cane bark 23.49 Enenebeaku et al. (2017)
 Banana peel 20.8 Annadurai et al. (2002)
 Cereal chaff 20.3 Han et al. (2010)
 Spent coffee 18.78 Franca et al. (2009)
 MSSH 30.04 This study

Crystal violet
 Bottom ash 12.1 Nidheesh et al. (2012)
 Activated carbon 19.8 Malarvizhi and Ho (2010)
 Wood apple 19.8 Jain and Jayaram (2010)
 Sugarcane dust 3.8 Ho et al. (2005)
 Citrullus lanatus rind 11.9 Bharathi and Ramesh (2013)
 Jute fibre carbon 27.99 Porkodi and Kumar (2007)
 Neem sawdust 4.02 Khattri and Singh (2004)
 MSH 18.78 This study
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The response surface plots shown in Figs. 12 and 13a–f 
depict the effect of interactions of the factors on the on 
removal efficiency of CV and MB by the adsorbent. The 
maximum CV removal efficiency of 90.73% was observed 
within the range of pH 2 and 11 at 50 °C, lowering tem-
perature below which the removal efficiency reduces 
(Fig.  12a). The combined effect of pH and adsorbent 
dosage (Fig. 12b) showed that the simultaneous increase 
in both factors led to an increase in removal efficiency 
from 78.9 to 95.2%. The effects pH and initial dye con-
centration shown in Fig.  12c indicate that increase in 
pH with dye concentration raised the efficiency by 10%. 
Removal efficiency decreases from 90.8 to 78.31% as the 
adsorbent dosage decreases with temperature initially at 
50 °C (Fig. 12d). The combined effect of concentration 
and temperature (Fig. 12e) showed an initial decrease in 

efficiency as the concentration increases between 10 and 
30 mg dm−3, and further increase in concentration with 
temperature raised the efficiency to 89.6% from around 
82%. Simultaneous increases in the initial dye concentra-
tion with adsorbent dosage increase the removal efficiency 
from 81.6 to 94.8% (Fig. 12f). Similarly, the surface plot 
of combined effects of the factors is shown in Fig. 13a–f, 
and the figures depicted similar increase in removal effi-
ciency of MB by the adsorbent. Compared with other 
combinations, the maximum removal efficiency of 98.7% 
was noted when concentration and temperature were 
simultaneously increased. The experimental data were 
analysed to optimize the removal of CV and MB by selec-
tion of goal of each parameter. Targeting the maximum 
removal efficiency is of with higher importance, hence 
all parameters were chosen in range within the goal. At 

Table 8  Box–Behnken matrix for CV and MB removal by MSH

pH Temp (°C) Dosage (mg) Conc 
(mg L−1)

% Removal of CV % Removal of MB

Actual value Predicted value Residue Actual value Predicted value Residue

6.5 40 0.5 30 84.92 84.20 0.72 85.36 85.88 − 0.52
2 40 0.5 50 88.32 87.18 1.14 90.91 90.64 0.27
6.5 30 0.5 10 84.92 84.21 0.71 94.91 96.35 − 1.44
6.5 50 1 30 86.91 88.23 − 1.32 86.91 86.87 0.04
6.5 40 0.5 30 85.76 84.20 1.56 85.36 85.88 − 0.52
6.5 40 1 10 91.66 90.66 1.00 91.13 89.34 1.79
6.5 50 0.1 30 84.93 84.97 − 0.04 78.43 78.65 − 0.22
11 40 1 30 83.92 83.67 0.25 78.30 78.72 − 0.42
11 50 0.5 30 82.92 81.38 1.54 82.70 82.58 0.12
11 30 0.5 30 85.20 85.53 − 0.33 89.19 88.21 0.98
2 40 0.5 10 90.91 91.36 − 0.45 80.92 81.41 − 0.49
2 40 1 30 95.23 95.15 0.08 87.71 89.23 − 1.52
6.5 40 0.5 30 81.92 84.20 − 2.28 86.91 85.88 1.03
11 40 0.5 50 91.91 91.72 0.19 89.91 89.94 − 0.03
2 30 0.5 30 79.91 81.00 − 1.09 93.91 91.99 1.92
6.5 40 1 50 95.12 94.79 0.33 93.91 93.54 0.37
2 40 0.1 30 79.09 79.54 − 0.45 73.93 75.17 − 1.24
6.5 40 0.1 50 85.47 86.11 − 0.64 92.91 92.84 0.07
11 40 0.5 10 80.92 82.32 − 1.40 83.80 84.59 − 0.79
6.5 40 0.1 10 84.92 84.72 0.20 84.92 83.07 1.85
6.5 50 0.5 50 88.56 89.45 − 0.89 92.91 92.99 − 0.08
11 40 0.1 30 84.43 84.67 − 0.24 85.96 85.82 0.14
6.5 30 1 30 89.74 90.08 − 0.34 92.00 92.26 − 0.26
6.5 50 0.5 10 88.91 88.97 − 0.06 79.92 80.84 − 0.92
2 50 0.5 30 91.19 90.42 0.77 77.37 76.31 1.06
6.5 30 0.1 30 79.92 78.74 1.18 92.91 93.51 − 0.60
6.5 30 0.5 50 88.81 88.94 − 0.13 98.18 98.78 − 0.60
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chosen criterions, the optimum conditions obtained with 
desirability of 1 were as follows: pH 10.49, temperature 
30.84 °C, adsorbent dosage 0.95 g/25 cm3 and initial dye 
concentration of 47.59 mg L−1 for the removal of 86.1% 
CV, whereas 99.01% MB was removed at pH 6.14, temper-
ature 30.18 °C, adsorbent dosage 0.21 g/25 cm3 and initial 
dye concentration of 48.92 mg dm−3. The predicted opti-
mized condition was chosen as a basis for validating the 
model experimentally. The experiments were carried out 
in triplicates and the average maximum removal obtained 
as 83.72 and 97.35% for CV and MB, respectively, and 
hence, the experimental and predicted responses show 

close proximity. Hence, it could be concluded that experi-
mental procedure follows the predicted optimized condi-
tion by selected quadratic model.  

Adsorption thermodynamic study

The van’t Hoff plot for the removal of CV and MB by MSH 
is shown in Fig. 14, while the thermodynamics parameters 
are presented in Table 10.

The thermodynamic parameters (Table 11) obtained for 
the dyes revealed that the enthalpies of the adsorption, ΔH°, 
are positive, connoting increase in adsorption efficiency with 
increase in process temperature while the positive values of 
entropies, ΔS°, indicated that there was an affinity between 
the dyes molecules and adsorbents surfaces and that the 
degree of dispersion of the process increased with increase 
in temperature. The spontaneity of the adsorption of CR 
by the adsorbents was revealed by the negative Gibbs free 
energy (ΔG) values obtained at various temperatures sug-
gesting favourable adsorption of CR by the adsorbents at 
higher temperature (Adeogun et al. 2018).

Table 9  Analysis of variance (ANOVA) for the removal of the dyes

Source Crystal violet Methylene blue

Sum of squares DF Mean square F-value Prob > F Sum of squares DF Mean square F-value Prob > F Remark

Model 485.56 14 34.68 18.59 < 0.0001 975.21 14 69.66 36.54 < 0.0001 Significant
x1-pH 22.04 1 22.04 11.82 0.0049 1.29 1 1.29 0.68 0.4270
x2-Temp 17.43 1 17.43 9.34 0.0100 323.47 1 323.47 169.66 < 0.0001
x3-Dosage 144.15 1 144.15 77.26 < 0.0001 36.77 1 36.77 19.29 0.0009
x4-Conc 21.59 1 21.59 11.57 0.0053 152.65 1 152.65 80.07 < 0.0001
x1

2 0.54 1 0.54 0.29 0.6007 59.76 1 59.76 31.35 0.0001
x2

2 0.02 1 0.02 0.01 0.9154 26.85 1 26.85 14.08 0.0028
x3

2 3.71 1 3.71 1.99 0.1841 1.27 1 1.27 0.67 0.4299
x4

2 70.20 1 70.20 37.62 < 0.0001 90.42 1 90.42 47.43 < 0.0001
x1x2 45.97 1 45.97 24.64 0.0003 25.25 1 25.25 13.24 0.0034
x1x3 69.52 1 69.52 37.27 < 0.0001 112.90 1 112.90 59.22 < 0.0001
x1x4 46.10 1 46.10 24.71 0.0003 3.76 1 3.76 1.97 0.1854
x2x3 16.47 1 16.47 8.83 0.0117 22.58 1 22.58 11.85 0.0049
x2x4 4.49 1 4.49 2.41 0.1466 23.62 1 23.62 12.39 0.0042
x3x4 1.90 1 1.90 1.02 0.3334 7.81 1 7.81 4.09 0.0659
Residual 22.39 12 1.87 22.88 12 1.91
Lack of fit 14.24 10 1.42 0.35 0.8960 21.28 10 2.13 2.66 0.3043 Not significant
Pure error 8.15 2 4.08 1.60 2 0.80
Cor total 507.95 26 998.08 26

Table 10  Correlation coefficient of the ANOVA

CV MB

R-squared 0.956 0.977
Adj R-squared 0.905 0.950
Pred R-squared 0.799 0.872
Adeq precision 16.119 22.944
C.V. 1.578 1.586
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Fig. 12  Response surface plot for the removal efficiency of CV onto MSH
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Fig. 13  Response surface plot for the removal efficiency of MB onto MSH
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Conclusion

Magnetic tuned biosorbent (MSH) from sorghum husk 
biomass was successfully prepared and used as adsorbent 
for the removal of CV and MB from aqueous solution. The 
batch adsorption processes for the dyes removal are contact 
time, initial pollutant concentration, solution pH, adsorbent 
dosage and temperature dependent. The kinetics of adsorp-
tion of the dyes were best explained with pseudo-first-order 
kinetics, while adsorption Langmuir isotherm model fitted 
the equilibrium data with monolayer capacity of 30.13 and 
15.33 mg g−1 for MB and CV, respectively. The statistical 
analysis showed that the predicted models are suitable for 
the prediction of the adsorption process with R2 > 0.9 for 
the two dyes. The thermodynamic parameters proved that 
the adsorption process is feasible, spontaneous, endothermic 
and random in nature. The study indicates that magnetic 
supported sorghum husk is a promising adsorbent for the 
adsorption of methylene blue and crystal violet dyes from 
aqueous solution.
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