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Abstract: In this work, we synthesized a facile step pyrolysis of ZnO/activated carbon 

nanocomposites by using molten ZnCl2 and rice husks in oxygen-limited environment. The mass 

ratio of molten ZnCl2 and rice husks was chosen from 0 to 5 wt.%, the pyrolysis temperature range 

from 400 to 800 oC. When the mass ratio of molten ZnCl2 and rice husks was equal to 1.0 and the 

pyrolysis temperature was at 800 oC, the size of ZnO nanoparticles in diameter was found to be of 

10-20 nm. The ZnO/activated carbon nanocomposites exhibited a porous structure with the BET 

surface area, average pore diameter and pore volume of 643.9 m2/g, 4,76 nm and 0.255 cm3/g, 

respectively. To investigate the adsorption behavior of methylene blue, batch experiments were 

performed on all samples. The ZnO/activated carbon sample manufactured at a mass ratio of 1.0 and 

a pyrolysis temperature of 800 oC has the best methylene blue adsorption capability. The Langmuir 

isotherm was used to calculate the maximum adsorption capacity of methylene blue, which was 

814.9 mg/g. Based on the obtained results, one can suggest that ZnO/activated carbon nanocomposites 

prepared by the facile pyrolysis route from molten ZnCl2 and rice husks possessing eco-friendly 

behaviour and low productioncost can be used as a potential adsorbent for wastewater treatment.  

Keywords: Rice husks, molten ZnCl2, ZnO/activated carbon nanocomposites, adsorption, methylene 

blue, pyrolysis. 

1. Introduction* 

Environmental pollution in the air, soil, and water are now a serious threat to life on Earth. Water 

pollution such as inorganic, organic, and biological pollutants, has a serious impact on human health 
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and the environment. So new wastewater treatment techniques and materials are being developed. The 

properties of activated carbon (AC) materials as adsorbents have been extensively researched in order 

to remove pollutants [1, 2]. AC can be produced using a variety of precursors, the most common of 

which are agricultural wastes such as rice husk [3-6], coconut shell [7, 8], peanut shell [9-12], crab shell 

[13], garlic peel [14] due to their high carbon content, abundant raw materials, low cost and friendly 

environment. There are two methods for preparing AC: physical activation and chemical activation  

[15, 16]. To avoid oxidation of carbonaceous materials, all of them were carried out in high temperature, 

in  inert atmosphere [15]. The previous studies have shown that the chemical activation have more 

advantages than the physical activation due to the simpler process and high carbon content yields  

[15, 17, 18]. The common activating agents mixed with raw material in the chemical activation method 

are ZnCl2 [19], FeCl3 [20], KOH [21], H3PO4 [22] and it is usually performed in two different ways: in 

aqueous solution and in solid state. The mixture of activating agents with raw material in solid state 

using molten ZnCl2 have been widely used because of its low melt point, volatility and corrosiveness at 

high temperatures [23], furthermore acting as a dehydrating agent which promotes the decomposition 

of carbonaceous material to increase the carbon content [9, 24]. Previous studies have shown that molten 

ZnCl2 act essentially as an activating agent in the preparation of AC [9, 17, 24-27], while a few 

publications have detected the formation of ZnO nanoparticles on surface of activated carbon, but the 

reaction was performed in inert atmospheres [28, 29]. Currently, no studies have been reported on the 

preparation of ZnO/activated carbon nanocomposites in oxygen-limited environment using molten 

ZnCl2 and rice husks. As a result, in this work, we show how to prepare ZnO/activated carbon 

nanocomposites with a high surface area and porous structure using one-step pyrolysis of molten ZnCl2 

and rice husks in oxygen-limited environment. We demonstrated that molten ZnCl2 acts as both an 

activating agent and a precursor in the formation of ZnO nanoparticles on activated carbon surfaces. 

The ZnO/activated carbon nanocomposites are a potential adsorbent for treating polluted water. The 

effect of the mass ratio of molten ZnCl2 and rice husks, pyrolysis temperature on the characteristics and 

methylene blue (MB) adsorption capacity were charaterized. The adsorption isotherm and kinetics of 

the organic dye MB on the prepared ZnO/activated carbon were also thoroughly investigated. 

2. Materials and Methods 

2.1. Materials  

Zinc chloride (ZnCl2 ≥ 98%), silver nitrate (AgNO3, 98%), sodium hydroxide (NaOH, 97.0%), 

hydrochloric acid (HCl, 37%) were purchased from Sigma Aldrich Ltd, methylene blue - from China. 

Rice husks were collected from rice grown in Vietnam's Northern Delta, they were washed, dried,  

and crushed. 

2.2. Synthesis of ZnO/Activated Carbon Nanocomposites 

One-step pyrolysis in an oxygen-limited environment was used to prepare ZnO/activated carbon 

(ZnO/AC) nanocomposites. Molten ZnCl2 was used as an activating agent for activated carbon as well 

as an initial precursor for the formation of ZnO nanoparticles. In the preparation procedure, 

thetemperature was fixed at 800 oC, the mass ratio of rice husks per molten ZnCl2 was of 0, 1, 2, 3, 4 

and 5 respectivelylabelled as RH0, RH1, RH2, RH3, RH4 and RH5). Set the mass ratio of molten ZnCl2 

to rice husks at 1, adjust the temperature between 400 and 800 oC (labelled RH400, RH500, RH600, 

RH700, RH800). The obtained product was ZnO/AC nanocomposites. To treat MB adsorption and 
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investigate sample characteristics, the samples were cleaned several times with distilled water and then 

treated with AgNO3 solution until the white precipitate was gone. 

2.3. Characterization Techniques 

The morphology and elemental composition were characterized by a FE-SEM (Hitachi S-4800). 

Sample pore development was determined using N2 adsorption/desorption isotherms at 77 K, employing 

a surface area analyzer (TriStar 3000 V 6.07 A). Prior to gas adsorption, the samples were degassed in 

a vacuum for 4 hours at 200 oC. The specific surface area was analyzed using the BET equation. Pore 

size distribution and the total pore volume of samples were estimated through the Barrett-Joyner-

Halenda (BJH) method.  

2.4. Batch Adsorption Experiment 

The MB solution of 1000 mg/L was prepared by dissolving 1 g MB in 1,000 mL of deionized water. 
The working concentration was obtained by diluting it on demand, and its pH was adjusted by adding 

1M NaOH or 1M HCl solution. The batch adsorption experiment was carried out in a conical flask 

containing 25 mg adsorbent and 25 mL MB solution in a rotary shaker under 200 rpm at 25 oC. The 

solution at defined time intervals was sampled to analyze the residual MB concentration. The filtrate 

was analyzed by Ultraviolet-Visible spectrophotometer (Jasco V-770, Japan) at a maximum wavelength 

of 664 nm. The adsorption isotherm was measured by varying the initial MB concentration in the range 

of 50-500 mg/L. 

The removal efficiency (%) and the adsorption amount (mg/g) were calculated using the following 

equations, respectively: 

H =  
C0− Ce

C0
. 100                                                                                (1) 

qe =  
(C0− Ce)V

M
                                                                                   (2) 

where qe (mg/g) is the amount of MB adsorbed on the adsorbent at equilibrium, C0 and Ce (mg/L) are 

the initial concentration and the MB concentration at equilibrium, respectively, V (L) is volume of the 

solution, and M (g) is the mass of the adsorbent.  

Adsorption kinetics 

To study the adsorption process, two kinetic models were used: 

Pseudo – first order equation:  

ln (qe-qt) = lnqe – k1.t                                             (3) 

Pseudo – second order equation:  
t

qt
=  

1

k2.qe
2  +  

1

qe
. t                                                                               (4) 

where qe and qt are the adsorbent solutions at equilibrium and time t (mg g-1), k1 is the first order 

adsorption rate constant (min-1), k2 is the rate constant secondary adsorption (g/mg/min). 

Adsorption isotherm 

To study the adsorption mechanism, we used adsorption isotherm models: 

Langmuir model: qe = 
qmax.KL.Ce

1+ KL.Ce
                            (5) 

Freundlich model: qe = KF. Ce
1/nF                                                          (6) 

Temkin model: qe = BT.ln (AT.Ce)                                                          (7) 
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where KL, KF are Langmuir and Freundlich adsorption constants; BT is Temkin's constant; qe is the 

adsorption capacity (mg/g); qmax is the maximum adsorption capacity of the adsorbent (mg/g); Ce is the 

concentration of the adsorbent solution; AT is the Temkin isothermal equilibrium binding constant (L/g). 

3. Results and Discussion 

3.1. Structure, Morphology, Composition, Porosity of ZnO/AC Nanocomposites 

Fig. 1 displayed the XRD patterns of as-prepared samples. As can be seen in Fig. 1a, XRD pattern 

of RH0 sample represented characteristic peaks of graphite (C) at 2ϴ of 23.35o, 43.59o and 63.94o which 

were indexed to the (002), (100) and (110) crystaliine planes, respectively. The unsharp (002) peak 

reflects poor crystalities, while (100) and (110) reflections were attributed to the graphitization peaks of 

biochar, which was in good agreement with previous studies [30, 31]. For RH1, RH2, RH3, RH4, RH5 

samples (Fig. 1a), the characteristic peaks of ZnO at 2ϴ of of 31.48o, 33.93o, 35.71o, 48.88o, 57.65o, 

65.53o, 68.76o and 70.25o were corresponded to the plane of (100), (002), (101), (102), (110), (103), 

(112) and (201) respectively, for the wurtzite structure of ZnO (JCPDS No. 36-1451). As seen in Fig. 1a, 

except for characteristic peaks of ZnO phase, there are observed some peaks of Zn5(OH)8Cl2.H2O or 

simonkolleite compound (JCPDS 07-0155). This indicated that the lower or higher content of molten 

ZnCl2 prevented the formation of ZnO nanoparticle and subsequently formed simonkolleite layered-

platelet structures. 

 

  

Figure 1. XRD diagram of samples synthesized at: (a) the different mass ratio of ZnCl2  

and rice husks, fixed of 800 oC, (b) the different pyrolysis temperature, fixed the mass ratio of ZnCl2  

and rice husks by 1 wt. 

As displayed in Fig. 1b, activated molten ZnCl2 with rice husks at 400 oC exhibited all characteristic 

peaks belonging to activated carbon. When pyrolysis temperature increased from 500 oC to 800 oC, there 

appeareds characteristic peaks of ZnO and Zn5(OH)8Cl2.H2O structures on the activated carbon surface. 

Fig. 2 presents FE-SEM images of RH1 sample with different image resolutions of 1 µm and 200 

nm (Fig. 2a and Fig. 2b, respectively) and energy dispersive spectra (Fig. 2c). 

The results showed that the ZnO nanoparticles appeared on the activated carbon surface with the 

particle diameters ranging from 10 to 20 nm. The ZnO nanoparticles are evenly distributed on the 

activated carbon surface. EDX analysis of ZnO/AC revealed that the components C, O, Zn and Ag are 

included with the percentage of atoms shown in Fig. 2c. The presence of Ag atom composition (0.06%) 

is due to the use of AgNO3 solution in the cleaning process to remove excess Cl- ions in the reaction.  
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Figure 2. FE-SEM images with different image resolutions: (a) 1 µm, (b) 200 nm,  

and (c) EDX of RH1 sample. 

Table 1. Surface area of absorbents activated by a variety of activating agents 

Activating agents The maximum surface area (m2/g-1) References 

H3PO4 300 [32] 

H2SO4 297 [33] 

KOH 336-1824.88 [34, 35], 

ZnCl2 307-679 [25, 36, 37] 

FeCl3 505-1680 [38, 39] 

FeCl3 and ZnCl2 1342 [39] 

ZnCl2 643.9 This paper 

 

  

Figure 3. The N2 adsorption-desorption isotherm at 77 K (a)  

and BJH pore size distribution curve of RH1 sample (b). 
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The porous structure of ZnO/AC was determined from the adsorption of inert gas N2 at 77 K. Fig. 3 

shows the present N2 adsorption - desorption isotherm at 77 K (Fig. 3a) and pore size distribution 

according to BJH (Fig. 3b) of RH1 sample. The obtained results show that the N2 adsorption - desorption 

isotherm of the ZnO/AC is IV type. The surface area, pore diameter, pore volume of ZnO/AC are  

643.9 m2/g, 4.76 nm, 0.255 cm3/g, respectively. Table 1 compares the porosity of ZnO/AC activated by 

molten ZnCl2 to the porosity of some other activating agents. As shown in the following section, this 

result also reflects the MB adsorption capacity. 

3.2. Investigation of MB Adsorption Capacity 

3.2.1. Effect of the Synthesis Conditions 

To evaluate the MB adsorption capacity, we evaluated and compared the MB adsorption capacity 

of prepared ZnO/AC samples, including the influence of the mass ratio of molten ZnCl2 and rice husks 

as well as the pyrolysis temperature. As can be seen in Fig. 4a, when inactivated with molten ZnCl2 

(RH0 sample), the adsorption efficiency and capacity reached values as low as 5.08% and 34.18 mg/g, 

respectively. Increasing the mass ratio between molten ZnCl2 and rice husks from 1 to 5, the efficiency 

and adsorption capacity increased rapidly, reaching a maximum value of 99.35% and 693.73 mg/g when 

the ratio was of 1.  

  

Figure 4. Effect ofthe mass ratio of molten ZnCl2 and rice husks (a) andthe pyrolysis temperature 

on MB adsorption capacity (b). 

This reflects that increasing the mass ratio of molten salt and rice husks (from 1 to 5) results in the 

increase of the efficiency of the molten phase and in the completion of the biomass process. This results 

in the increase of MB adsorption capacity. Fig. 4b depicts the effect of pyrolysis temperature ranging 

from 400 to 800 oC on MB adsorption capacity when the mass ratio of molten salt and rice husks is 

maintined at 1. The obtained results show that the adsorption capacity reaches the maximum value when 

the ZnO/AC is prepared at 800 oC. Previous works [40-42] have shown that the adsorption capacity of 

absorbents is dependent on the sample porosity, which is related to fabrication conditions such as 

pyrolysis temperature, pyrolysis time, carbonization source or the mass ratio of molten salt and precursor. 

Based on the survey results, we selected the RH1 sample for investigatigation of the influence of subsequent 

parameters (including pH, shaking time, initial concentration MB) on the adsorption capacity. 
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3.2.2. Effect of pH 

Figure 5 presents the pH effect of the MB adsorption capacity. The experiments were carried out 

with an initial MB concentration of 200 mg/L, a shaking time of 120 minutes, a shaking speed of 200 

rpm, an absorbents mass of 25 mg and a MB volume of 25 mL. 

  

Figure 5. Effect of pH on MB adsorption capacity (a) and the point of zero charge of ZnO/AC (b). 

Fig. 5a shows that the pH has no significantly affect the MB adsorption capacity, at pH 12, the MB 

adsorption capacity and efficiency reached maximum values of 735.94 mg/g and 99.85%, respectively. 

This can be explained because the solution pH is larger than pHPZC (the pHPZC of ZnO/AC is 6.52 in  

Fig. 5b), the surface of ZnO/AC is negatively charged OH-, as a result, the electrostatic attraction 

between MB+ and OH- increased, thus the adsorption capacity increased. 

3.2.3. Effect of Shaking Time 

 

  

Figure 6. Effect of shaking time on MB adsorption capacity (a) andexperimental data are fitted according  

to the pseudo-second order model (b). 

The effect of shaking time in the range from 5 to 180 minutes was also investigated in order to 

determine the equilibration time during the adsorption progress. The effect of the shaking time on MB 
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adsorption capacity is shown in Fig. 6a. The results revealed that the adsorption capacity was quickly 

discharged after 5 minutes, with the efficiency and MB adsorption capacity reaching 92.31% and 644.54 

mg/g, respectively. From 5 to 120 minutes, the adsorption capacity increased from 644.54 mg/g to 

693.11 mg/g and the efficiency increased from 92.31% to 99.27%. This can be explained by the presence 

of a large number of adsorption centers on the surface of the first stage absorbents. Following that, the 

adsorption process gradually increased until it reached equilibrium at 120 minutes. The adsorption 

process reached saturation between 120 and 180 minutes, possibly because the adsorption centers were 

gradually reduced and the resulting adsorption became stable. 

To investigate the adsorption process, experimental MB adsorption of ZnO/AC was demonstrated 

as a function of time at an initial MB concentration of 200 mg/L and absorbents mass of 25 mg/mL. In 

this work, two different adsorption kinetic models were used to describe the MB adsorption process of 

ZnO/AC: the pseudo-first order model (Eq. 3), and the pseudo-second order model (Eq. 4). Figure 6b 

depicts the MB adsorption kinetics of ZnO/AC using the pseudo-second order model. The fitting results 

of first-order adsorption kinetics and second-order kinetics provided correlation coefficients (R2) of 

0.869 and 0.999, respectively. Among two above mentioned models, the pseudo-second order model 

describes the data best based on the non-linear regression coefficient (R2). The fitting parameters are 

presented in Table 2.  

Table 2. Fitting parameters of pseudo-second order and pseudo-first order models  

for the adsorption of MB onto ZnO/AC 

 Pseudo second-order model Pseudo first-order model 

qe,exp(mg/g) qe,cal(mg/g) k2(g/mg.min) R2 qe,cal(mg/g) k1 R2 

693.11 694.44 0.00145 0.999 100.70 0.0337 0.869 

 

This result demonstrates that the pseudo-second order model accurately describes the MB adsorption 

process of ZnO/AC. This also means that the MB adsorption process is governed by chemisorption, 

which involves covalent bonding via electron sharing or exchange between the adsorbed and the 

adsorbent. 

3.2.4. Effect of Initial Concentration of MB 

 

  

Figure 7. Effect of initial concentration MB on adsorption capacity (a)  

and isotherms adsorption of MB by ZnO/AC (b). 
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The effect of initial concentration of MB on the adsorption capacity of ZnO/AC is shown in Fig. 7a. 

The results showed that the adsorption capacity increased rapidly from 170.32 mg/g to 693.74 mg/g 

when the MB concentration increased from 50 to 200 mg/L, the large efficiency of the MB removal 

reached 99.76% at MB concentration of 150 mg/L. This could be because the surface adsorption sites 

are not occupied at the low initial MB concentration. When the initial MB concentration was increased 

to 500 mg/L, the MB removal efficiency decreased to 88.81%, which could be attributed to the increase 

in MB amount while the absorbent mass remained constant, resulting in limited adsorption sites. 

To describe the MB adsorption mechanism of ZnO/AC, we use the three most general models of 

isotherm adsorption. These are Langmuir model (Eq. 5), Freundlich model (Eq. 6) and Temkin model 

(Eq. 7). Figure 7b shows the MB isotherm adsorption plot of qe against Ce. Corresponding parameters 

of these models are shown in Table 3. MB adsorption data of ZnO/AC show that the correlation 

coefficient (R2) when fitting according to Langmuir, Freundlich and Temkin models has the 

corresponding values of 0.96; 0.88; 0.9. It has been commented that the Langmuir model is the best 

model to describe the MB adsorption thermal equilibrium of ZnO/AC.  

Table 3. Isotherm parameters of MB adsorption by ZnO/AC. 

 Langmuir constants Freundlich constants Temkin constants 

qexp(mg/g) qmax 

(mg/g) 

KL 

(L/mg) 

R2 nF KF 

(L/mg) 

R2 AT 

(L/mol) 

BT 

(J/mol) 

R2 

813.8 814.9 0.82 0.96 6.3 396.2 0.88 49.5 97 0.9 

 

The maximum calculated adsorption capacity is 813.8 mg/g according to Langmuir model. 

Furthermore, the value of component 1/n is 0.159 (less than 1) according to Freundlich model. This 

indicates that the MB isotherm adsorption equilibrium of ZnO/AC is favorable. From these results one 

can suggest that the MB adsorption has occurred uniformly on the monolayer surfaces of ZnO/AC. 

4. Conclusions 

We synthesized ZnO/AC nanocomposites with aneffective MB adsorption capacity by a simple 

pyrolysis step in oxygen-limited environment, using molten ZnCl2 and rice husks. ZnO/AC 

nanocomposites have large effective surface area, small-size pores. The effect of fabrication conditions 

on MB adsorption on ZnO/AC nanocomposites revealed that the optimum adsorption capacity was 

obtained for the samples prepared at 800 oC with the mass ratio of molten ZnCl2 and rice husks of 1. 

The isotherm and kinetics of MB adsorption on ZnO/AC nanocomposites could be well fitted by the 

Langmuir isotherm and the pseudo-second order model, respectively. The results of this work confirmed 

that ZnO/AC materials have potential applications in the treatment of pollutants in environment. 
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