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a b s t r a c t
A low cost biosorbent, prepared from macadamia nut shell by ultrasonic and alkali treatments, was 
studied to investigate the mechanism of methylene blue removal and optimization of the adsorption 
process. The adsorption mechanism was explored through a comparative research with four kinds 
of adsorbents. Response surface methodology was used to find out the major factors influencing 
methylene blue adsorption capacity and the interactions between these factors, and optimize the 
operating variables as well. The results indicated that the modification process changed the surface 
charge and exposed functional groups on the adsorbent surface. Electrostatic adsorption and 
hydrogen-bond interaction in the aqueous solution were the major adsorption mechanism. Response 
surface methodology was applied to develop a second-order polynomial regression model that 
showed a high coefficient of determination value (R2 = 0.9789) about adsorption process. The optimum 
conditions were acquired when 220 mg/L solution was contacted with 0.4 g/L adsorbent at initial pH 
11 and 120 min, and 444.732 mg/g adsorption capacity was achieved.

Keywords:  Macadamia nut shell; Adsorption mechanism; Methylene blue; Optimization; Response 
 surface methodology (RSM)

1. Introduction

The wastewater effluents from industries such as textile, 
paper, leather, plastics, printing and so on, contain several 
kinds of synthetic dyestuffs [1,2]. It is estimated that more than 
35,000~70,000 million tons of dyes are discharged into the water 
environment annually [3]. The dyes are characterized by high 
organic pollutant content, deep colour, and significant seri-
ous impact on the water quality, which are released into the 
environment, causing a high potential risk to human health and 
ecosystem [4–6]. Methylene blue is the most commonly used 
substance of dying cotton, silk and wood. It can be harmful if it is 
swallowed, breathed and in contact with the skin. Besides, it can 

cause nausea, vomiting, profuse sweating, mental confusion, 
methemoglobinemia, and even permanent burns to the eyes of 
human and animals [7,8]. Therefore, an increased interest has 
been focused on removing of such dyes from the wastewater.

The removal methods of dyes from industrial effluents 
have been widely studied in recent years such as advanced 
oxidation processes, chemical precipitation, biological treat-
ment, flocculation, super filter film and adsorption [4,9–12]. 
Among the numerous techniques for dye removal, adsorption 
is believed to give the best results as it can be used to remove 
different types of dyestuffs economically [13]. Activated car-
bon is the common adsorbent and found to be effective, but 
high price and hard regeneration limit the wide application 
[14,15]. Thus, there is a demand for other low-cost, efficient 
and practical adsorbents for the dye removal.
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In recent years, there is growing interest in the 
production of agricultural and forestry wastes as bio-
sorbents because of their abundant resources and cheap 
prices. Macadamia nut shell is a novel agricultural resi-
due with good chemical stability and steady mechanical 
strength, which has been used in the removal of heavy met-
als and dyestuffs successfully in previous studies [16,17]. 
However, to the best of our knowledge, there have not been 
any studies in the literature that used chemical-physical 
modification with Macadamia nut shell as adsorbents. 
Hence, studies on Macadamia nut shell modification for 
dyestuffs removal are still insufficient.

Therefore, modified Macadamia nut shell by ultrasonic 
and alkali treatments as a cheap, excellent and promising 
adsorbent was tested for enhanced adsorption of methylene 
blue from aqueous solution. Investigation of the adsorption 
mechanism and optimization of the adsorption process were 
the main objectives in this study. The adsorption mechanism 
was deduced with surface characteristic and pH value, which 
were characterized by scanning electron microscope (SEM), 
electron dispersive spectroscopy (EDS), and Fourier trans-
form infrared spectroscopy (FTIR) and thermogravimetric 
analysis. Response surface methodology (RSM) with central 
composite design was used for the optimization of methylene 
blue adsorption by using MMNS. The optimal conditions for 
adsorption capacity were obtained via experimental data by 
Placket-Burman and RSM.

2. Materials and methods

2.1. Reagents

Sodium hydroxide (NaOH) and methylene blue 
(C16H18ClN3S, molecular weight of 319.86 g/mol) were pur-
chased from KeLong Chemical Co. Ltd. (China); hydrochlo-
ric acid was purchased from Dongfang Chemical Co. Ltd. 
(China). All chemical reagents were of analytical grade and 
all solutions used in the experiments were prepared with dis-
tilled water. Pristine macadamia nut shell was obtained from 
market Nanjing, China.

2.2. Modified macadamia nut shell

2.2.1. Pretreatment

Firstly, pristine macadamia nut shell was immersed into 
the distilled water at 30°C for 14 d to get rid of the pulp, fly 
ash and other inorganic impurities. Then, it was dried (at 
60°C), crushed and sieved to produce particles of 120 mesh. 
Finally, the powdered macadamia nut shell (abbreviated as 
MNS hereinafter) was stored in a desiccator for modification 
or used for analysis as well as adsorption experiments.

2.2.2. Modified treatment

Firstly, 4 g MNS and 60 mL distilled water were added 
into 100 mL beaker by ultrasound at 60 w for 120 min. 
Subsequently, 0.24 g NaOH was added into the beaker, the 
whole reaction mixture was stirred in a magnetic stirrer at 
70°C for 120 min. Finally, the mixtures were washed for sev-
eral times to the eluent pH neutral and then dried at 60°C to 
get the modified macadamia nut shell (MMNS). In addition, 

4 g MNS and 60 mL distilled water were added into 100 mL 
beaker by ultrasound at 60 w for 120 min and then dried at 
60°C to get the ultrasound-macadamia nut shell (UMNS). 4 g 
MNS and 0.1 M 60 mL NaOH were added into 100 mL beaker 
with the magnetic stirrer at 70°C for 120 min and dried at 60°C 
to get the alkali-macadamia nut shell (AMNS). UMNS and 
AMNS were used for the analysis in subsequent experimental.

2.3. Absorption experiment

50 mL dye solution with concentration of 200 mg/L and 
0.025 g adsorbent were added into the 100 mL Erlenmeyer 
flasks. The initial pH was adjusted by using 0.1 M (or 1 M) 
HCl and 0.1 M NaOH. The effect of initial pH on the removal 
of methylene blue was performed in the range of 2~12. The 
mixture was shaken at a constant temperature by using 
the thermostatic shaker at 180 rpm 30°C for 180 min. After 
achieving sorption equilibrium, the final pH was detected 
for each solution. The solution that interacted with adsorbent 
was filtered through a 0.45 mm filter. The concentration of 
methylene blue in the filtrate was analyzed with the UV-VIS 
spectrometer at the maximum wavelength of 664 nm [18]. 
The MMNS after absorbing methylene blue (abbreviated as 
MB-MMNS hereinafter) was collected for further analysis. 
All experiments were performed with three replicates and 
the mean values were used for analysis [4,19].

2.4. Placket–Burman experiment design

The effect of seven factors including the initial pH, contact 
time, temperature, initial concentration, dosage, particle size 
and shaking speed were selected as independent factors and 
the absorption capacity was chosen to be response to the 
experiment. The Minitab16 software was applied for exper-
imental design to obtain the significant influence on adsorp-
tion. All the parameters including the initial pH, contact 
time, temperature, initial concentration, adsorbent dosage, 
particle size and shaking speed varied from the minimum 
value to the maximum which covered four levels in all. The 
Minitab16 software required 12 runs for adsorption of meth-
ylene blue [20].

2.5. RSM Experimental design

The RSM is a collection of statistical and mathematical 
techniques based on the fit of a polynomial equation to the 
experimental data [21]. Which is applied to evaluate the 
effect of factors and their interaction on the system response. 
And then, it can be used to determine the best condition for 
the adsorption process and the effects of different parameters 
on adsorption behaviour [17,22,23].

RSM mainly contains three steps: design of adsorption 
experiments, response surface modelling and optimization of 
best conditions [22]. Based on the results of Placket-Burman, 
four parameters including the initial pH, contact time, dos-
age and initial concentration were selected as the independ-
ent variables for the experimental design. Eq. (1) could be 
used to transform the real value (Xi) into the coded value (xi) 
in the determinate experimental design [24,25]:

x
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where ΔXi is the distance between the real value in the central 
point and the real value in the superior or inferior level, Xi* is 
the real value in the central point. xi means the independent 
variables in coded level, while Xi represents the real value of 
variables.

A total of 30 runs were performed, including 6 central 
points, 16 factorial points and 8 axial points. The response 
variable (absorption capacity) was fitted to a second-order 
polynomial regression model, expressed by Eq. (2)
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where Y is the response variable, xi and xj are the coded vari-
ables, β0, βi, βii, and βij are the regression coefficients (β0 is the 
constant term, βi is the linear coefficient, βii is the quadratic 
coefficient, and βij is the interaction coefficient), ε is the model 
error [24].

The analysis of variance (ANOVA) was used to test the 
significance of the independent variables and their interac-
tions. Results and the statistical significance of the quadratic 
model were assessed with t-ratio, p-value, F-value, degrees of 
freedom (df), correlation coefficient (R2), adjusted correlation 
coefficient (R2

adj), sum of squares (SS), mean sum of squares 
(MSS), and chi-square (χ2) [26]. The Design Expert 8.0.6 soft-
ware (Stat-Ease, Inc., Minneapolis, USA) was applied for 
elaboration of the adsorption experimental design, evalu-
ation of the model and optimization of the best conditions. 
And the Matlab R2010a software (MathWorks, Inc., Natick, 
USA) was used to draw the graphs. The experiment design 
was listed in Table S1.

2.6. Analytic methods

The pH measurement was conducted by using the hand-
held pH meter (HACH, America) [19]. The concentration of 
the residual dye was measured by using the UV-VIS spec-
trometer (ALPHA-1506, China). The specific surface area, 
total pore volume and average pore diameter of adsorbents 
were calculated by the automatic specific surface area/
pore size distribution measurement (BelSorp Max, Japan). 
The surface functional groups and structure of adsorbents 
were conducted with the FTIR (Nexus870, USA) [11,27]. The 
surface features of adsorbents were performed by the SEM 
(HITACHI–S-4800N, Japan) [28]. The element compositions 
of adsorbents were investigated using the EDS (EX-250, 
Japan). The thermal stabilities of adsorbents were deter-
mined using the thermogravimetric analysis (TGA) (Pyris 1 
DSC, USA) [4].

3. Results and discussion

3.1. Characterization and investigation of mechanism

3.1.1. SEM analysis and aperture size

Morphological microstructures of MNS, UMNS, AMNS, 
MMNS and MB-MMNS were observed by the Scanning elec-
tron micrograph (Fig. S1). There into Fig. S1(a, b, c, g, h) were 
the profile of adsorbents, and the Fig. S1(d, e, f, j, k) were 
the surface of adsorbents. The MNS surface appears pla-
nar, without any porous structure, just with some cracks on 

it (Fig. S1(d)). The lamellar curly profile of adsorbents was 
clearly observed in Fig. S1(a, b, c, g).

The UMNS, AMNS and MMNS external surface appeared 
to have lots of cavities and increasing surface roughness 
on account of the corrosion and zerteilung after the ultra-
phonic or alkali modification (Fig. S1(e, g, j)) [29]. However, 
the surface of MB-MMNS became smooth like a milk biscuit 
(Fig. S1(k)) and profile void space was filled with methylene 
blue (Fig. S1(h)), and because of that, the adsorption occurred 
after the contact of MMNS with methylene blue solution. As 
shown in Fig. S2, the particle size distribution of adsorbents 
was almost the same, but the mean particle size of the UMNS, 
AMNS and MMNS were bigger than that of MNS since the 
rinsing process drained a part of small size adsorbents.

The values of specific surface area, total pore volume 
and average pore diameter of adsorbents were listed in 
Table S2. The BET surface area of the MMNS was found to 
be 0.0305 m2/g, with total pore volume of 0.0026 cm3/g, and 
average pore diameter 345.38 nm. The data also confirmed 
that MMNS was predominantly macroporous. Compared 
with MNS, the specific surface area of MMNS was smaller, 
and the average pore diameter was higher. Hence, combin-
ing with the data of UMNS and AMNS, the specific surface 
area and the average pore diameter could increase due to the 
ultra-phonic and alkali processes, respectively.

3.1.2. EDS and FTIR analysis

The EDS corresponding element compositions listed in 
Table S3 indicated that the adsorbents mainly consisted of 
oxygen and carbon, and trace amounts of sodium which 
came from the alkali modification. The large proportions 
of oxygen and carbon attributed to the cellulose and lignin 
in adsorbents. After the alkali modification, the contents of 
oxygen had a slightly increase, and the carbon decreased 
slightly, resulting from the modification with alkali 
removed fats, waxes, lignin and hemicelluloses from the 
adsorbents surfaces thus revealing hydroxyl groups [29]. 
As can be seen from Fig. S1(i, l), the distributions of oxygen, 
carbon and sodium (existing in the structure of MMNS) 
were almost uniform. The number of dots with carbon was 
clearly larger and more intense than those of carbon and 
sodium, which was consistent with the contents of oxygen, 
carbon and sodium.

The FTIR spectra of MNS, UMNS, AMNS, MMNS and 
MB-MMNS in Fig. 1, demonstrated some major differences 
between the five samples clearly. As can be observed from the 
curve of MNS, the pronounced peak located at 3,402.6 cm–1 
might be assigned to the O–H stretching vibration of hydroxyl 
groups [30,31]. A band at 2,902.4 cm–1 was assigned to the C–H 
stretching vibrations of methyl and methylene groups, in con-
sistent with the result of J.S. Cao [4]. The band at 1,738.8 cm–1 
could be attributed to C=O stretching vibrations in alkenes 
groups and carboxyl [32]. The bands in the region 1,609.5 cm–1 
to 1,465.2 cm–1 were assigned to C=C stretching, which could 
be attributed to the presence of aromatic or benzene rings in 
lignin [33,34], The band at 1,033 cm–1 might be attributed to C–O 
stretching in carboxyl acids, alcohols and phenols [35]. What is 
more, the curve of UMNS was similar to MNS. Hence, chemi-
cal bonds and functional groups remained the same basically 
after the ultrasonic modification. By contrast, despite the curve 
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of AMNS and MMNS were also similar to that of MNS, the peak 
located at 1,738.8 cm–1 (MNS) and 1,737.1 cm–1 (UMNS) vanished 
eventually. The results gained above indicated that the func-
tional groups of MNS had been converted to ionization after the 
modification with NaOH [8]. In addition, new peaks with C–O 
bend stretching vibration appeared at 1,222.6 cm–1 (AMNS) and 
1,224.0 cm–1 (MMNS), respectively, after the alkali modification 
due to that more hydroxyl units were presented resulting from 
the disruption of cellulose and lignin structures [36]. Fig. 1 also 
gave the FTIR spectra of MB-MMNS. The new band generated 
at 1,387.9 cm–1 and 1,332.6 cm–1 could be ascribed to C=N and 
C–N bend stretching vibrations, respectively. And the changes 
in FTIR spectra confirmed the adsorption of methylene blue on 
MMNS.

3.1.3. TGA analysis

The thermogravimetric weight loss curves of MNS, UMNS, 
AMNS and MMNS are depicted in Fig. 2. The thermal stabil-
ity of adsorbents under air atmosphere from 20°C to 700°C 
with an increase rate of 20°C/min was evaluated. As to the 
adsorbents, there were three main weight-loss steps. Initially, 
there was a slight decline in the mass of MNS, UMNS, AMNS 
and MMNS with 11.88%, 5.27%, 6.82% and 7.60% up to 100°C, 
respectively, as the temperature went up to 100°C, due to the 
release of moisture from adsorbents [37]. The amplitude of 
substance mass reduction of UMNS, AMNS and MMNS was 
lesser than that of MMS, probably because of the low humidity 
of adsorbents caused by the ultrasound and alkali modifica-
tion. Afterwards, the main degradation step presenting weight 
loss was recorded within the temperature of 260°C–400°C, 
which could be ascribed to the cellulose degradation, includ-
ing depolymerisation and decomposition of the saccharide 
rings [38,39], and the breakage of the functional groups and 
side chains in the lignin, such as –OH, –COOH and C–C bonds 
[40]. The final step mainly took place above the temperature 
400°C. The weight loss attributed to the ring-opening reaction 
as well as the formation of the cross-linked and condensed aro-
matic structures in lignin at high temperature [41]. As shown 
in Fig. 2, the pyrolysis temperature of the AMNS and MMNS 

went down than that of MNS and UMNS due to the alkali 
modification. However, the prepared and applied adsorbents 
well proved to be much appropriate for the real field applica-
tion of MWNS in air atmosphere.

3.1.4. Influence of pH

pH of the solution has been recognized as one of the most 
important factors influencing any adsorption process [6,8]. It 
impacts not only the degree of ionization, the adsorbent sur-
face charge and the dissociation of functional groups on the 
adsorbent, but also the chemical properties of the dye solution 
[42]. The effect of initial pH on the adsorption of methylene 
blue by using adsorbents was shown in Fig. 3. As observed, 
it can be seen that the adsorption of methylene blue was 
strongly pH-dependent. The adsorption capacity increased 
from 12.14 mg/g to 174.91 mg/g, 17.89 mg/g to 201.75 mg/g, 
23.22 mg/g to 365.97 mg/g and 33.72 mg/g to 377.41 mg/g, 
respectively, as the pH increased from 2.09 to 11.54 by applying 
MNS, UMNS, AMNS and MMNS as the adsorbents, in con-
sistent with the result of Shamik Chowdhury and Khalfaoui 
Amela [42,43]. At low initial pH value, protonation of the func-
tional groups on the adsorbents surface took place easily in the 
solution while methylene blue, a basic dye, would be positively 
charged [44], which decreased the adsorption capacity because 
of electrostatic repulsion [43]. As the initial pH increased, a 
proportional increase in adsorption took place due to the suc-
cessive deprotonation of positively charged functional groups 
and electrostatic attraction between adsorbents and methylene 
blue [4,42]. The Fig. 3 revealed that the adsorption capacities 
of AMNS and MMNS were higher than those of MNS and 
UMNS, which could be attributed to zeta potential changes in 
the surface electric charge of AMNS and MMNS (Fig. 4). From 
these zeta potential curves, it can be seen that the pHPZC was 
around 4.02, 4.10, 7.80 and 8.01 for MNS, UMNS, AMNS and 
MMNS, respectively. When pH > pHPZC, it was observed that 
adsorbents exhibited negative surface charge, which could 
facilitates the electrostatic attraction of the methylene blue ions 
[45,46]. Moreover, a similar behaviour was observed for the 
methylene blue dye adsorption on diatomite [47].
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Fig. 5 showed the variation of pH (expressed in Eq. (3)) 
with the increasing initial pH for the four kinds of adsor-
bents (MNS, UMNS, AMNS and MMNS). pH variation 
(pHv) increased first and then decreased as the initial pH 
increased.

pHv initial pH final pH= −  (3)

Through analysis discovery, initial pHv increased due 
to that the functional groups on the surface of adsorbents 
became protonated in the high-acid solution which was 
caused by the declining final pH. Afterwards, the adsorption 
capacity increased as the initial pH increased. And partial 
hydrogen ions were replaced by methylene blue ions. Then, 
the hydrogen ions diffused into the solution and reacted with 
hydroxyl ions to reach the acid-base neutralization which 
could lead to the decrease of pH gradually.

3.1.5. Adsorption mechanism

Combined with the analysis of characterization, the 
ultrasonic and alkali modification of MMNS exhibited higher 
adsorption capacities on methylene blue ions than MNS. 
The adsorption capacity could be improved not only by 
ultrasonic modification due to the increased specific surface 
area, but also by alkali modification because of the lignocel-
lulosic materials which could cause swelling, resulting in an 
increase in the degree of polymerization, a decrease in crys-
tallinity, separation of structural linkages between lignin and 
carbohydrates and disruption of the lignin structure [29,36]. 
However, the adsorption capacity of alkali treatment turned 
out to be better than that of ultrasonic treatment, which 
resulted from the fact that the alkali treatment was the major 
factor impacting the modified process.

Electrostatic adsorption and hydrogen bonding mech-
anisms could account for the uptake of methylene blue by 
the adsorbents as suggested in Fig. 6. In this connection, it 
must be pointed out that methylene blue is a cationic dye 
containing amine groups within its structure. In the solution, 
methylene blue can be dissociated into MB+ and Cl– ions. The 
negative surface charge of adsorbents and the methylene blue 
ions had an electrostatic adsorption in the solution. In addi-
tion, adsorption of methylene blue on the surface of adsor-
bents may be attributed to the formation of surface hydrogen 
bonds between the hydroxyl groups and the nitrogen atoms 
of methylene blue.

3.2. Analysis of RSM

The Placket–Burman experiment design was applied to 
evaluate the significance effects of the seven factors men-
tioned above on adsorption of methylene blue. It could 
be seen from the Table S1, initial pH, contact time, initial 
concentration and dosage were selected to be the param-
eter variables in the research for RSM by their p-values 
(<0.05, significant at 5% level), respectively. Simultaneously, 
the polynomial equation in coded form was determined and 
evaluated to demonstrate the adsorption capacity by using 
Design-Expert 8.0.6 software, as shown in Eq. (4). Among 
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runs, 1–6 at the centre point were used to determine the 
experimental error [48].

Y x x x x x x
x x

p t d c p t

p d

= + − − + −

+

368 73 20 54 26 12 2 04 19 57 14 26
0 13

. . . . . .
. ++ + + +

− − +

10 19 4 28 3 83 1 12

0 34 15 17 12 2

. . . .

. . .

x x x x x x x x

x x
p c t d t c d c

p t 995 2 352 2x xd c− .
 (4)

where Y is the adsorption capacity of MMNS (mg/g), xp is 
coded values of initial pH, xt is coded values of contact time, 
xd is coded values of MMNS dosage and xc is coded values of 
initial concentration.

Eq. (4) provided a good visualization of the effects of each 
parameter, their interaction and quadratic on the response. 
On one hand, the negative values in the equation indicated 
that these terms decreased the response. On the other hand, 
the positive values increased the response [49,50]. Parameters 
of the experiments and the comparison between actual and 
predicted values for the adsorption capacity were demon-
strated in Table S4.

The statistical significance of the model for adsorption 
was evaluated by the ANOVA and the obtained results of 
the sum of squares, DF, mean square, F-values and p-values 
which were presented in Table S5. The Model F-value of 49.81 
implied that the model was significant [48]. That values of 
“Prob > F” were less than 0.01% confirmed that the model 
terms were significant. In this case, initial pH (xp), contact 
time (xt), initial concentration (xc), interaction terms (xpxt, 
xpxc) and quadratic term (xt

2) were significant model terms, 
whereas other terms were insignificant to the response [20]. 
The “Lack of Fit F-value” of 6.74 expressed that the Lack of 
Fit was significant. The chance of the occurrence of large 
“Lack of Fit F-value” because of noise is only 2.41% [51].

The comparison of the actual and predicted adsorption 
capacities confirmed that the determination coefficients (R2) 
and the adjusted R2 (R2

adj) values for the quality of the mod-
els aggrandized. Higher value of R2 was closer to unity as 

it would provide the predicted value closer to the actual 
value for adsorption capacity in the response [51,52]. In this 
research, the R2 value for Eq. (4) was 0.9789, which indicated 
that most of the data variability in the response was explained 
by the statistical model. The high correlation between the 
predicted and the actual values were shown in Fig. S3(A). 
The R2

adj corrected the R2 value for the number of terms and 
the sample size in the model. The values of R2

adj was 0.9593, 
which was found to be close to R2 [26]. The accuracy and reli-
ability of the experiments conducted were indicated by the 
low coefficient of variation (C.V.%) of 2.33% [53]. The “Pred 
R-Squared” of 0.8850 was in reasonable agreement with the 
“Adj R-Squared”, which also confirmed the significance of 
the model. “Adeq Precision” measured the signal to noise 
ratio. And a ratio greater than 4 was desirable. In this study, 
the ratio of 32.164 indicated an adequate signal. This model 
could be used to navigate the design space. The normal prob-
ability of the residuals was shown in Fig. S3(B). The normal 
probability plot of the residuals was an important diagnos-
tic tool to detect and explain the systematic departures from 
the assumption that errors were normally distributed and 
independent with each other, and that the error variance 
was homogeneous [54]. The normal probability of residuals 
implied no serious violation of the assumptions underlying 
the analyses nearly. Meanwhile, it also confirmed the inde-
pendence of the residuals and normality assumptions [26].

The statistical tests demonstrated that the second-order 
polynomial regression model presented a good correla-
tion between the predicted and the actual values. It could 
be applied to simulate the adsorption process and predict 
the adsorption capacity with different combinations in the 
design range.

The statistically significant second-order polyno-
mial regression equations of the model were represented 
through the three dimensional (3D) response surface plots 
to understand the interaction of the parametric variations 
and the optimal design condition of the adsorption process. 
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Fig. 6. (a) Chemical structures of methylene blue and (b) the adsorption mechanisms of methylene blue on MMNS.



301Y. Jiang et al. / Desalination and Water Treatment 95 (2017) 295–307

The influence of the four different parametric variables (ini-
tial pH, contact time, dosage and initial concentration) on 
the response was visualized in the 3D response surface plots 
(Fig. S4(a)–(f)).

Fig. S4(a) showed the 3D response surface plot of the 
combined effect of initial pH and the contact time on meth-
ylene blue adsorption capacity with other parameter con-
stants (xd = 0 and xc = 0). Fig. S4(a) showed that adsorption 
capacity increased with either the increase of initial pH 
ranging from 10 to 11 or the decrease of contact time rang-
ing from 180 to 120 min. The maximum adsorption capacity 
(414.146 mg/g) could be obtained under this condition (the 
initial pH 11, contact time 120 min, adsorbent dosage 0.5 g/L 
and initial dye concentration 200 mg/L). It was obvious that 
higher initial pH could improve the adsorption capacity 
because the surface of adsorbent might be negative charged 
due to the increasing electrostatic interactions between cat-
ion dye molecules, which was also observed in Fig. S4(b) 
and Fig. S4(c).

Fig. S4(c) showed the 3D response surface plot of the 
combined effects of the initial pH and the initial concen-
tration on methylene blue adsorption capacity with other 
parameter constants (xt = 0 and xd = 0). The dye adsorption 
capacity increased with the increase in initial pH ranging 
from 10 to 11 as well as the initial concentration ranging 
from 180 to 220 mg/L. Under the optimal condition (initial 
pH = 11, initial concentration 220 mg/L, adsorbent dosage 
0.5 g/L and contact time 150 min), the maximum adsorption 
capacity (416.324 mg/g) could be obtained. The increase of 
the initial dye concentration was conducive to the adsorp-
tion process during which the adsorbent surface groups 
contacted with dye molecules better, thus the adsorption 
capacity increased, which was also observed in Fig. S4(e) 
and (f).

Fig. S4(f) showed the 3D response surface plot of the 
combined effects of the dosage and the initial concentration 
on methylene blue adsorption capacity with other parame-
ter constants (xp = 0 and xt = 0). The dye adsorption capacity 
increased with the decrease of the adsorbent dosage ranging 
from 0.6 to 0.4 g/L or with the increase of the initial concen-
tration ranging from 180 to 220 mg/L. The maximum adsorp-
tion capacity (388.806 mg/g) could be obtained under the 
optimal condition (adsorbent dosage 0.4 g/L, initial concen-
tration 220 mg/L, contact time 150 min and initial pH 10). It 
was quite obvious that the adsorption capacity of methylene 
blue increased when the adsorbent dosage decreased gradu-
ally due to a high percentage of adsorption with adsorbent 
at a low dosage level, which was also observed in Fig. S4(b) 
and (d).

The second-order polynomial regression model on the 
basis of RSM suggested the optimal condition of different 
independent variables in range. According to the Design 
Expert 8.0.6 software, the optimal condition was obtained 
when 220 mg/L methylene blue solution was contacted with 
0.4 g/L MNS at initial pH 11 and contact time 120 min, to 
achieve the maximum theoretical adsorption (444.732 mg/g) 
of methylene blue. The experimental adsorption value of 
the methylene blue under the same optimal condition was 
obtained as 444.214 ± 0.911 mg/g (mean ± SD of three rep-
licates), which was very close to the optimized value by 
model.

4. Conclusion

In this research, the modified MMNS was proved to be an 
effective adsorbent to remove methylene blue from aqueous 
solutions. For the surface characterization and mechanism 
studies, the SEM, EDS, FTIR, XPS and TGA indicated that 
the surface of MMNS became bumpy, and appeared more 
hydroxy groups on the adsorbent surface by modification 
process. In addition, the mechanism of adsorption involved 
ion exchange and hydrogen bonding in aqueous solutions. 
In the RSM studies, the initial pH, contact time, initial 
concentration and dosage were main factors influencing on 
adsorption. Through the experiments and model simula-
tion, a second-order polynomial regression was obtained. 
According to the model, the optimal condition was as follows: 
initial pH 11, contact time 120 min, adsorbent dosage 0.4 g/L 
and initial concentration 220 mg/L. And the experimental as 
well as theoretical adsorption capacities were 444.214 mg/g 
and 444.732 mg/g, respectively.
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Supporting information

Table S1 
Experiment design for RSM

Variable Unit Notation Limits
–2 –1 0 1 2

Initial pH Xp — pH 11.5 11 10.5 10 9.5
Contact time Xt min T 90 120 150 180 210
Dosage Xd g/l D 0.3 0.4 0.5 0.6 0.7
Initial concentration Xc mg/l C0 160 180 200 220 240

Table S2 
The specific surface area, total pore volume and average pore diameter of MNS, UMNS, AMNS and MMNS

Contents MNS UMNS AMNS MMNS

Specific surface area (as,BET (m2/g)) 0.1860 0.2444 0.0121 0.0305
Total pore volume (cm3/g) 0.0064 0.0067 0.0056 0.0026
Average pore diameter (nm) 138.11 109.22 228.56 345.38

Table S3 
Element composition of MNS, UMNS, AMNS and MMNS

Element MNS UMNS AMNS MMNS

Weight 
percentage 
(%)

Atomic 
percentage (%)

Weight 
percentage 
(%)

Atomic 
percentage 
(%)

Weight 
percentage 
(%)

Atomic 
percentage 
(%)

Weight 
percentage 
(%)

Atomic 
percentage 
(%)

C 79.01 83.37 78.76 82.98 75.33 80.88 71.89 77.72
O 20.99 16.63 21.24 17.02 22.55 17.94 25.94 21.06

Na — — — — 2.12 1.18 2.17 1.23
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Table S4 
Experimental design for adsorption capacity of methylene blue

Run Design matrix
Real 
valuesa

Coded 
valuesb

Experimental
results

Predicted
results

Xp Xt Xd Xc xp xt xd xc

1 10.5 150 0.5 200 0 0 0 0 361.52 ± 2.97 368.73
2 10.5 150 0.5 200 0 0 0 0 371.20 ± 1.09 368.73
3 10.5 150 0.5 200 0 0 0 0 369.01 ± 2.03 368.73
4 10.5 150 0.5 200 0 0 0 0 371.44 ± 2.21 368.73
5 10.5 150 0.5 200 0 0 0 0 371.44 ± 1.24 368.73
6 10.5 150 0.5 200 0 0 0 0 368.10 ± 0.93 368.73
7 10 120 0.6 220 –1 –1 1 1 345.27 ± 1.56 344.36
8 10 120 0.4 220 –1 –1 –1 1 361.74 ± 0.67 355.02
9 10.5 150 0.5 160 0 0 0 –2 318.70 ± 2.87 320.19

10 10 180 0.6 220 –1 1 –1 1 330.92 ± 1.68 330.40
11 11 120 0.4 180 1 –1 1 –1 380.05 ± 2.54 380.50
12 10 120 0.4 180 –1 –1 1 –1 334.98 ± 2.32 331.02
13 10.5 150 0.5 200 0 0 –2 0 373.21 ± 2.89 380.61
14 10 180 0.6 220 –1 1 1 1 331.21 ± 1.73 336.86
15 11 180 0.6 180 1 1 –1 –1 297.30 ± 0.56 298.14
16 11 120 0.4 220 1 –1 –1 1 447.44 ± 3.76 444.74
17 10 180 0.6 180 –1 1 1 –1 305.56 ± 2.43 308.20
18 9.5 150 0.5 200 –2 0 0 0 326.73 ± 1.59 326.29
19 10.5 150 0.5 200 0 0 2 0 375.37 ± 2.01 372.45
20 10.5 210 0.7 200 0 2 0 0 268.63 ± 0.74 255.81
21 11 180 0.6 220 1 1 1 1 364.89 ± 2.32 370.06
22 10.5 150 0.5 240 0 0 0 2 395.43 ± 3.02 398.47
23 10 120 0.4 180 –1 –1 –1 –1 351.38 ± 2.33 346.16
24 10 180 0.4 180 –1 1 –1 –1 300.66 ± 1.34 306.22
25 10.5 90 0.3 200 0 –2 0 0 342.99 ± 1.02 360.29
26 11.5 150 0.5 200 2 0 0 0 403.48 ± 3.03 408.45
27 11 120 0.4 180 1 –1 –1 –1 405.18 ± 3.15 395.12
28 11 180 0.6 220 1 1 –1 1 363.50 ± 2.12 363.08
29 11 180 0.6 180 1 1 1 –1 298.33 ± 1.21 300.64
30 10 120 0.4 220 1 –1 1 1 444.58 ± 2.23 434.60

aXp = pH, Xt = contact time (min), Xd = dosage (g), Xc = initial concentration (mg/l).
bxp = (Xp – 10.5) / 0.5, xt = (Xt – 150) / 30, xd = (Xd – 0.5) / 0.1, xc = (Xc – 200) / 20.
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Table S5 
Analysis of variance (ANOVA) for response surface quadratic model

Source Sum of squares df Mean squares F value P-value Prob > F

Model 48,112.24 14 3,436.59 49.81 <0.0001
xp 10,129.37 1 10,129.37 146.80 <0.0001
xt 16,378.65 1 16,378.65 237.37 <0.0001
xd 99.73 1 99.73 1.45 0.2479
xc 9,187.49 1 9,187.49 133.15 <0.0001
xpxt 3,254.82 1 3,254.82 47.17 <0.0001
xpxd 0.28 1 0.28 0.00 0.9501
xpx4 1,660.21 1 1,660.21 24.06 0.0002
xtxd 292.99 1 292.99 4.25 0.0571
xtxc 234.29 1 234.29 3.40 0.0852
xdxc 20.19 1 20.19 0.29 0.5965
xp

2 3.24 1 3.24 0.05 0.8312
xt

2 6,309.71 1 6,309.71 91.44 <0.0001
xd

2 104.59 1 104.59 1.52 0.2372
xc

2 152.01 1 152.01 2.20 0.1584
Residual 1,035.01 15 69.00
Lack of fit 963.53 10 96.35 6.74 0.0241
Pure error 71.48 5 14.30
Correlation Total 49,147.25 29
R-squared 0.9789 Adj R-squared 0.9593
Pred R-squared 0.8850 Adeq precisior 32.164
Std. Dev. 8.31 Mean 356.00
C.V.% 2.33 PRESS 5,652.87

(j) (k) (l)

Fig. S1. SEM micrographs of (a, d) MNS; (b, e) UMNS; (c, f) AMNS; (g, j) MMNS; (h, k) MB-MMNS and EDS spectra of (i) MNS and 
(l) MMNS.
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Fig. S3. (A) Correlation of actual and predicted values, (B) the 
normal probability plot of the internally studentized residuals.

 

Fig. S4. Three-dimensional plots of model for adsorption capac-
ity: (A) initial pH and contact time; (B) initial pH and dosage; 
(C) initial pH and initial concentration; (D) dosage and contact 
time; (E) contact time and initial concentration; (F) dosage and 
initial concentration on methylene blue adsorption capacity.


