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ABSTRACT 

The adsorption of dyes from the industrial influent has attracted great interest to overcome water 

pollution. In this work, we carefully investigated the growth process of hierarchical MgO 

microspheres and the difference in the corresponding removal behavior towards two dyes: anionic 

methyl orange and cationic methylene blue. The MgO microspheres were formed by the self-

assembly of thin nanosheets following the reaction time and exhibited the maximum removal 

capacities are 940.14 mg g-1 for methyl orange and 354.00 mg g-1 for methylene blue. The anionic 

methyl orange and cationic methylene blue adsorption follow the pseudo-second-order kinetic 

model, Freundlich isothermal model. The difference in the removal behavior towards two dyes is 

strongly related to the surface charge of MgO and the charge of pollutants. This work will benefit 

design and improvement in the removal performance of novel porous adsorbents. 
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Various kinds of colorful dyes have immensely enriched our lives as we image [1-2]. Yet, more 

and more residual dyes are directly discharged into the environment during the manufacturing and 

operation process [3], which are causing several adverse effects on the living system and even 

threatening human health [4-7]. Therefore, it is of great urgency and increasing interest to limit the 

discharge and reduce the concentration of the dyes in the environment [8-9]. 

Recently, the hierarchical three dimensional MgO microspheres have shown promising 

removal capacity of various dyes due to wide pore distribution, suitable pore size, and large surface 

area [10]. More recently, we established an ethylene glycol (EG) assisted room temperature 

method to produce the flower-like MgO microspheres with the excellent removal capacity for 

phosphate, for example, 574.71 mg g-1 [11]. Yet, the growth process of the MgO microsphere is 

still not clear. Besides, the surface charge is another important parameter to determine the removal 

performance related to target pollutants [12-15]. Till now, few reports have been published on the 

relationship between the surface charge on MgO and the removal capacity for a certain dye. 

Therefore, it remains a special interest to explore the formation process of the MgO microsphere 

in our previous work and the influence of MgO surface charge on the removal performance 

towards anionic and cationic dyes. 

In this work, we carefully investigated the growth process of flower-like porous MgO 

microsphere following the reaction time and furthermore examined the removal performance of 

the obtained MgO microspheres towards two probe dyes: anionic methyl orange and cationic 

methylene blue as a function of MgO surface charge in the aqueous solution. Figure 1 shows the 

scheme of the possible growth mechanism of MgO microspheres and the removal process for dye-

containing polluted water. The MgO microspheres are formed by the combination of nanosheets 

by electrostatic interaction between EG and Mg2+ in the synthesis system. This study provides an 

insight to choose suitable adsorption material based on the nature of the target pollutant. 
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Figure 1 Growth scheme of hierarchical flower-like porous magnesium oxide microspheres for 

the adsorption of dyes. 

MATERIALS AND METHOD 

 Chemicals 

Methyl orange (C14H14N3NaO3), methylene blue (C16H18ClN3S), anhydrous magnesium 

sulfate (MgSO4), ethylene glycol (C2H6O2, 98%), and ammonia solution (NH3, 25-28 wt%) were 

analytical grade and used as provided by ALADDIN (Shanghai, China) without extra purification. 

 Synthesis of MgO microspheres 

A series of hierarchical porous MgO microspheres were prepared in an EG assisted method 

as described in our previous work [10]. Briefly, 6.02 g (0.05 mol) MgSO4 was added into 0.10 L 

water under stirring and then 31.04 g (0.50 mol) of EG was added into the MgSO4 solution with 

the ratio of 10 between EG and Mg2+. The Mg2+ ions were precipitated using 80 mL (0.80 mol) 

ammonia with a controlled addition rate using a peristaltic pump. The formed precipitates were 

collected after the desired time interval to monitor the microsphere precursor growth by washing 

with ethanol and water then drying for 12 h at 80 °C. The final MgO powder was calcined at 500 

°C for 3 h with a rising rate of 1° per minute. 

 Characterization 

X-ray diffraction patterns of precursor and MgO powder were carried out on powder X-ray 

diffractometer (Rigaku, Ultima III) in the range of 10-80°/2θ, and morphology was determined by 

scanning electron microscope (SEM, ZEIS SUPRA 5500).  The pH values were monitored using 

Mettler Toledo FE20 pH meter with LE438 electrode combination with a resolution of 0.01. The 

dye concentration was quantitatively estimated using a UV-vis spectrophotometer (UV 2501 PC) 

at the corresponding wavelength of 464 nm and 664 nm for methyl orange and methylene blue, 

respectively. 

 Adsorption experiments 

 For the adsorption kinetic experiment, 10.0 mg MgO sample was dispersed into 100 mL 

(50 mg L-1) methyl orange/methylene blue solution with different initial pH, after adjustment with 

0.1 mol L-1 hydrochloric acid or sodium hydroxide, and placed into thermostat shaker with shaking 

speed of 180 rpm at 30 °C. The samples were collected after the desired time interval, and 
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separated by microfiltration membrane, while the remaining amount of methyl orange/methylene 

blue was quantitatively measured. The adsorption capacity with contact time t was calculated using 

equation 1. where qt (mg g-1) is the removal capacity with contact time t, and Ct (mg L-1) is the dye 

concentration at contact time t; 

qt =  
(Co − Ct) V

m⁄          (1) 

 For the adsorption isotherm experiment, 5.0 mg MgO was dispersed into the conical 

beakers containing 25 mL (30 - 300 mg L-1) methyl orange and (10 - 150 mg L-1) for methylene 

blue and placed into thermostat shaker for 8 h at 30 °C at the shaking speed of 180 rpm. After the 

equilibrium, the sample was collected, and separated by microfiltration membrane, while the 

remaining amount of methyl orange/methylene blue was measured spectrophotometrically. The 

equilibrium adsorption capacity of dyes at each concentration was calculated using equation 2; 

 qe =  
(Co −  Ce) V

m⁄          (2) 

For the zero-point charge determination, 20.0 mg MgO was dispersed into a conical beaker 

containing 25 mL water with different initial pH from 3-11 and placed into thermostat shaker for 

12h to attain equilibrium. The equilibrium pH was measured while the change in pH was calculated 

using equation 3, where pHi and pHe are the initial and equilibrium pH of solutions respectively. 

∆pH = pHe −  pHi          (3) 

RESULTS AND DISCUSSION 

 Morphology and structure 

Figure 2 demonstrates the morphology of precursors collected at different reaction times and 

the X-ray diffraction patterns for the final precursor. Here, the lamellar sheets were observed at 

the beginning, for example, 5 min (Figure 2A) to 10 min (Figure 2B), and then these lamellar 

sheets are further arranged to form a flower-like bud (Figure 2C), which aggregates to form a 

hollow sphere with more aggregation ratio (Figure 2D) [16]. Finally, the petals are arranged 

regularly to build up a flower-like 3D microsphere (Figure 2E). This regular arrangement of sheets 

is related to the electrostatic interaction between EG and Mg2+ in the synthesis system[17]. Figure 

2F shows the X-ray diffraction pattern for the final precursor, and matched well with the standard 

pattern for the magnesium hydroxide (PDF no. 86-0441).  Eight diffraction peaks occur at 18.57°, 
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32.98°, 38.18°, 50.90°, 58.61°, 62.14°, 68.26°, and 72.12°/2θ, which individually correspond to 

the (001), (110), (101), (102), (110), (111), (103) and (201) for the magnesium hydroxide phase. 

 

Figure 2 SEM images of MgO precursors collected at different reaction times: (A) 5 min, (B) 10 

min, (C) 20 min, (D) 30 min, and (E) 40 min; and X-ray diffraction pattern of the final precursor 

at 40 minutes (F). 

 Figure 3 presents the X-ray diffraction pattern and morphology of the MgO sample, formed 

after calcination at 500 oC under air atmosphere. The X-ray diffraction pattern for the MgO sample 

matches with the standard pattern for the cubic close-packed MgO phase (PDF no. 45-0946). 

Different five diffraction peaks at 37.35°, 43.33°, 62.48°, 74.62°, and 78.54°/2θ which correspond 

to the (111), (200), (220), (311), and (222) for the MgO phase. Figures 3B and 3C demonstrate the 

morphology of MgO, which is composed of lamellar sheets arranged orderly to form macroporous 

flower-like microspheres. These macropores may favor accelerating the adsorption rate, which is 

build up by the electrostatic interaction between EG and Mg2+ as reported in the literature for 

different metal oxides [18-20]. 
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Figure 3 X-ray diffraction pattern (A) and SEM images for MgO with different magnifications 

(B, C). 

 Pore structure 

 Figure 4A presents the nitrogen N2 isotherm assessed by the Brunauer-Emmett-Teller 

method. MgO exhibits the type II isotherm represents macropores with unhindered monolayer 

adsorption while an H3 hysteresis loop suggests the slit-like pores with boundless adsorption [21], 

and similar to the results observed from the SEM (Figure 3B). Figure 4B further demonstrates the 

pore size distribution in the range of ca. 1.5-137.0 nm. The prepared MgO microspheres exhibit 

the BET surface area of 75 m2 g-1 with an average pore size of 28.7 nm and a pore area of 0.53 

cm3 g-1. There are several macropores also present in flower-like MgO microsphere, which cannot 

be estimated based on the N2 adsorption-desorption isotherm, and mercury intrusion method was 

used for macropores estimation. Figure 4C presents the variation of intrusion volume with pressure 

based on the mercury intrusion method. Figure 4D further demonstrates the macropore distribution 

present in the hierarchical flower-like MgO microspheres. There are several pores of different 

volumes beyond 1 µm range in the MgO microsphere as marked in Figure 4D, and these results 

also agree with the observed from the morphology. These results suggest that the pores of different 

size from nanometer (average pore size 28.7 nm) to the micrometer (average pore size 220.0 nm) 

present in the flower-like MgO microsphere, which may provide a pathway to approach the 

internal surface area of MgO based on nature of pollutant [22-24]. 
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Figure 4 (A) Nitrogen adsorption-desorption isotherm (B) Pore size distribution (C) 

Cumulative intrusion volume (D) Macropore distribution for the hierarchical flower-like porous 

MgO microsphere. 

 Adsorption of methyl orange 

The adsorption kinetics and isotherm experiments were conducted to evaluate the adsorption 

rate and removal capacity for methyl orange. Figure 5A displays the adsorption behavior of methyl 

orange under the different initial pH values of solution using hierarchical MgO microspheres. The 

MgO sample shows different removal capacities at the same equilibrium time of ca. 8 h for 

different initial pH values. The removal ability is reduced with the increase of the initial solution 

pH value under similar investigated conditions, which may be related to the different surface 

charges. Fig. 5B and 5C further show the linear fitting of pseudo-first-order and pseudo-second-

order. The methyl orange adsorption follows the pseudo-second-order kinetic compared with the 



8 

first order based on the correlation coefficient values (Table 1), suggesting a mixed adsorption 

process under the investigated conditions. 

Figure 5D shows the adsorption isotherm for methyl orange at neutral pH under the 

examined concentration range with the highest removal capacity of 940.14 mg g-1.  The attained 

isotherm data were linearly fitted for two well-known Langmuir and Freundlich models as shown 

in Fig. 5E and 5F. The adsorption behavior of methyl orange obeys the Freundlich isotherm model 

much better than the Langmuir isotherm model based on the correlation coefficient values in Table 

2, suggesting the multilayer coverage of MgO by methyl orange. The separation parameter (RL) 

[25] was calculated using equation 4, and the value of RL between 0-1 also indicates the feasible 

methyl orange adsorption [26]. The maximum Langmuir adsorption capacity of methyl orange is 

940.14 mg g-1, which is much higher compared with recent adsorbent materials for methyl orange 

as listed in Table 3. 

RL =  1
1 + KLCo

⁄          (4) 

 

Table 1 Adsorption kinetic fitting parameters for methyl orange. 

Initial 

pH 

qe,exp/mg g-

1 

Pseudo first order Pseudo second order 

qe,cal/mg g-

1  

k1 R2 qe,cal/mg g-

1 

k2 R2 

4 437.32 5.80 0.13 0.85 444.44 0.01 0.99 

7 411.46 6.18 0.13 0.95 420.17 0.01 0.99 

10 377.90 3.40 0.01 0.97 362.89 0.01 0.99 

 



9 

 

Figure 5. (A) Adsorption kinetic when volume = 100 mL, MgO = 10.0 mg, temperature = 30 °C, 

shaking speed = 180 rpm, and methyl orange = 50 mg L-1, (B) Pseudo first order, (C) Pseudo 

second order, (D) Adsorption isotherm when volume = 25 mL, MgO = 5.0 mg, temperature = 30 

°C, shaking speed = 180 rpm, pH = 7, and methyl orange 30 - 300 mg L-1. (E) Langmuir isotherm 

model, (F) Freundlich isotherm model. 
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Table 2 Adsorption isotherm fitting parameters for methyl orange. 

Initial 

pH 

Langmuir isotherm model Freundlich isotherm model 

qmax/mg g-1 KL (L mg-1) RL R2 KF (mg g-1) 

(L mg-1)1/n 

1/n R2 

7 2969.24 0.01 0.49 0.38 3.22 1.01 0.99 

Table 3 Comparison of different adsorbents in removal capacity for methyl orange 

Materials Removal capacity/mg g-1 Refs. 

MgO 940.14 This work 

MgO 370.00 [27] 

MgO@C 101.80 [28] 

MgAl LDHs 443.50 [29] 

LDHs membrane 702.83 [30] 

Bentonite 156.30 [31] 

Polyaniline 75.90 [32] 

Carbon nanotubes 310.20 [33] 

CuO 121.95 [34] 

 Adsorption of methylene blue 

Figure 6A shows the adsorption kinetic for methylene blue by flower-like MgO microspheres 

at different initial pH values of the solution. The equilibrium adsorption capacity arrives at 242.91, 

252.47, and 306.90 mg g-1 for pH 4, 7 and 10 with a short equilibrium time of 1 h, respectively. 

The adsorption capacity increases with the rise of initial solution pH value under the same 

investigated conditions. Fig. 6B and C show the linear fitting of the kinetic for pseudo first order 

and pseudo second order. The obtained results demonstrate that the pseudo-second-order better 

following the methylene blue adsorption compared with the first-order based on the correlation 

coefficient values (Table 4). The pseudo-second-order applicability suggests both physical and 

chemical adsorption of methylene blue on MgO. 
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Figure 6. (A) Adsorption kinetic at different solution pH, when volume = 100 mL, MgO = 10.0 

mg, temperature = 30 °C, shaking speed = 180 rpm, and methylene blue = 50 mg L-1, (B) Pseudo 

first-order kinetics (C) Pseudo second-order kinetic (D) Adsorption isotherm when volume = 25 

mL, MgO = 5.0 mg, temperature = 30 °C, shaking speed = 180 rpm, pH = 7, and methylene blue 

10 mg L-1 - 150 mg L-1. (E) Langmuir isotherm model, (F) Freundlich isotherm model.  
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 Figure 6D depicts the adsorption isotherm for methylene blue at the neutral pH. The 

attained isotherm data are fitted linearly for Langmuir (Fig. 6E) and Freundlich isotherm model 

(6F). The methylene blue adsorption is better fitted with the Freundlich isotherm model compared 

with the Langmuir isotherm model based on separation factor and correlation coefficient values as 

shown in Table 5. The value of separation factor RL between 0-1 shows the favorable adsorption 

of methylene blue onto the MgO surface. The maximum capacity for methylene blue is 354.00 mg 

g-1, which is much higher than those reported in the recent literature for methylene blue as listed 

in Table 6. 

Table 4 Kinetic fitting parameters for methylene blue. 

Initial 

pH 

qe,exp/mg g-1 Pseudo first order Pseudo second order 

qe,cal/mg g-

1  

k1 R2 qe,cal/mg g-1 k2 R2 

4 232.91 1.56 0.14 0.06 232.56 0.32 0.99 

7 251.89 2.09 0.12 0.11 251.26 0.85 0.99 

10 306.90 2.68 0.21 0.31 306.75 0.35 0.99 

Table 5 Isotherm fitting parameters for methylene blue. 

Initial 

pH 

Langmuir isotherm model Freundlich isotherm model 

qmax/mg g-1 KL(L mg-1) RL R2 KF(mg g-1) 

(L mg-1)1/n 

1/n R2 

7 740.74 0.01 0.47 0.83 0.125 0.80 0.98 
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Table 6 Comparison of different adsorbents in removal capacity for methylene blue. 

Materials Removal capacity/mg g-1 Refs. 

MgO 354.00 This work 

RCE@GO 68.00 [35] 

Biochar 241.99 [26] 

Fe-Mn binary oxide 72.32 [36] 

Lignin 83.20 [37] 

Kaolin 52.76 [38] 

Th-Py copolymer 250.00 [10] 

Carbon composite 138.10 [39] 

Metal-organic framework 149.00 [40] 

 Effect of pH and surface charge 

 Figure 7A shows the effect of initial dye solution pH on the removal capacity under the 

investigated conditions. The removal capacity of MO goes down with the increase in solution pH 

related to the less positive charge on the MgO surface at high pH. On the other hand, the removal 

capacity of methylene blue goes increase with solution pH related to the more positive charge on 

MgO at high pH and relatively repulsion between similar charges. This difference in adsorption 

ability for each dye is related to the nature of the pollutant, and surface charge on MgO [24, 41]. 

The surface charge plays a key role in the adsorption process when the adsorption occurs 

because of the electrostatic forces. Figure 7B presents the point of zero charges for MgO, which 

is 10.38. One can say, the surface of MgO is positively charged, when the solution pH is below 

the point of zero charges, neutral at point zero charge and negatively charged beyond zero-point 

charge as shown in Fig. 7C [42-43]. Obviously, the MgO in aqueous solution absorbs a proton 

from water to form MgOH2
+ based on pH [44-45]. This difference in the adsorption ability for 

each dye under the similar investigated conditions is related to the surface charge on the MgO [22]. 

The methyl orange adsorption follows the pseudo-second-order while methylene blue follows the 

first order with the big difference in the adsorption ability under a similar investigated 

environment, which mainly results from the nature of two dyes: anionic methylene orange and 

cationic methylene blue. 
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Figure 7. (A) Effect of initial dye solution pH on the removal capacity of methyl orange and 

methyl blue, (B) Zero-point charge, (C) Surface charge distribution on MgO. 

 Removal mechanism 

 In order to investigate the adsorption mechanism for methyl orange and methylene blue, 

XRD and FT-IR were investigated after adsorption. Fig. 8A presents the XRD of MgO after 

adsorption of methyl orange and methylene blue. All the peaks belong to magnesium hydroxide 

as marked in the graph which indicates that the MgO, when added to the aqueous solution of dyes, 

which changes into magnesium hydroxide reactive species  by absorbing a proton from water [11].  

 Fig. 8B presents the FT-IR spectra of MgO after adsorption in which several new peaks 

like 1035 cm-1 for sulfate along with MgO peaks (3700 cm-1 for Mg-O) suggest the successful 

incorporation of methyl orange into the macroporous MgO microspheres. There is a positive 

charge on MgO in an aqueous solution that interacts with the different functional groups of methyl 

orange by electrostatic interaction and hydrogen bonding based on the pH of dyes solution [46-

47]. Fig. 8C presents the FT-IR spectra of MgO after adsorption of methylene blue and new peaks 

at 1640 cm-1, 2361 cm-1, and 3435 cm-1 belong to the different functional groups of methylene blue 

along with MgO peaks, which suggest the successful adsorption of methylene blue. The possible 
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modes of methylene blue with MgO binding are electrostatic interactions [22, 48]. Although, the 

adsorption performance of methylene blue is lower compared with methyl orange related to the 

different nature of dyes along with different binding sites. 

 

Fig. 8 (A) X-ray diffraction pattern after adsorption of methyl orange and methylene blue, (B) 

FT-IR spectrum of MgO after adsorption of methyl orange, (C) FT-IR spectrum of MgO after 

adsorption of methylene blue. 

 Conclusion 

In this work, we monitored the formation process of the macroporous flower-like MgO 

microspheres in an EG assisted route and understood the difference of adsorption behavior for 

methyl orange and methylene blue following the initial pH values. The anionic methyl orange and 

cationic methylene blue adsorption follow the pseudo-second-order with the maximum removal 

capacity of 940.14 mg g-1 and 354.00 mg g-1, respectively. The adsorption ability and rate of MgO 

for each dye strongly depend upon the surface charge and the charge properties of the dye. This 

work provides an insight to understand and improve the removal capacity of the adsorbents 

towards the target pollutant based on their nature. 
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