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ABSTRACT

Methylene blue (MB) and Moabi sawdust (MS) were respectively employed as organic pollutant and adsorbent to evaluate the 
desorption capability of plasma activated water (PAW). MS effectively adsorbed MB dye in aqueous solution with efficiency 
of at least of 94% in the conditions tested with equilibrium time of 20 min. The adsorption was rapid at the beginning of the 
process and was driven by electrostatic interactions. Kinetic investigations showed that adsorption followed better a pseu-
do-second-order adsorption kinetic. A new method for dye desorption from MB-loaded-MS was tested using PAW, an ionic 
chemical solution obtained by exposing distilled water to humid air glidarc plasma. This eco-friendly solution was found to 
be effective with efficiency of 48% after 60 min of contact. MB desorption from MS was found to be spontaneous and endo-
thermic process, with kinetic data also fitted pseudo-second-order model. pH study showed that PAW effect was primarily 
due to its acidic pH (3). Supplementary analysis showed that during desorption process, MB was concomitantly eliminated by 
PAW, thus allowing a regenerated adsorbent as efficient as the virgin one. Indeed, MB adsorption onto MS remained effective 
after three adsorption/desorption cycles: the adsorption efficiency slightly decreased from 96% to 93% while the desorption 
efficiency increased from 48% to 60%. Overall, this study has demonstrated that MS is a promising sorbent for the removal of 
MB dye, and that the ionic liquid PAW can be a green technology to regenerate efficiently wood sorbents.  
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Introduction

The growing demand for basic human needs has led to an industrialization that is not always under control from the point of view 
of the waste produced, especially for developing countries. An example of discharges frequently encountered is the category of 
organic pollutants present in wastewater and more particularly dyes. Indeed, during manufacturing in industries such as textile, 
leather, paper, plastics, etc., about 15-50 % of reactive entrance dyes is lost during dyeing as effluents. Only by the effect of their col-
or, dyes already highlight the presence of pollution: even very low concentrations of dyes in water (less than 1 ppm for some dyes) 
are highly visible and not recommended [1]. Due to complex molecular structure, textile wastewaters containing dyes are poorly 
biodegradable [2, 3]. Considering the use of large quantities of these non-biodegradable chemicals by humans, it is necessary to 
remove dyes from colored wastewaters before their discharge.

The literature presents a wide range of treatment technologies for dye removal including biological, physical, and chemical. In-
deed, the main platforms of database of scientific research provide around 260 000 studies on dyes removal over the past decade, 
including approximately 23 000 for only 2021. The drawbacks and the advantages of each method were presented [4]. Adsorption, 
a physicochemical technique is the most widespread in terms of ease of its implementation, and design simplicity. Various kinds 
of adsorbents were employed for the removal of dye in solution, such as activated carbon [5], zeolites [6, 7], metal oxides [8], clays 
[9, 10], agriculture residues [1, 11], or waste sawdust [12]. The two later are considered as low-cost adsorbents in contrary of acti-
vated carbon for example, which production requires more complicated stages (carbonization, impregnation, chemical additives, 
etc.). Generally, with these low-cost adsorbents, adsorption process occurs through the affinity between polar functional groups of 
lignin and cellulose in biosorbent and dye molecules. The use of low-cost adsorbents, as eco-friendly technology for efficient dyes 
removal, has considerably increased in the last decade. Without being exhaustive, we can cite date palm leaves [13], paradise tree 
seeds [14], waste material of carrot [15], citrus limetta peel waste [16], breadnut peel [17], garlic straw [18], sawdust beech and red 
wood [19], timber sawdust [20], Eucalyptus sawdust [21], longan shell [22], white pine sawdust [23], Mansonia wood sawdust [24], 
carica papa wood [25], which have brought satisfactory results for the methylene blue (MB) dye removal from aqueous solutions. 
MB is a cationic dye which has been widely used including coloring paper, dyeing cottons, temporary hair colorant, wools and 
coating for paper stock. Eliminating MB from a waste is important because its acute exposure causes increased heart rate, vomiting, 
shock, cyanosis, and tissue necrosis in humans. As other basic dyes, MB can also cause allergic dermatitis, mutations, and skin 
diseases like cancer and psoriasis [26]. This dye is known for its strong adsorption onto solids [27], and it very often serves as a 
model pollutant for removing organic contaminants and colored bodies from aqueous solutions so far [27, 28]. 

In developing countries, wood sawdust is in most cases burned or used for cooking, and therefore contributes to the greenhouse 
effect due to the large amount of CO2 released. If sawdust could be used as adsorbent, both the environment protection and wooden 
industry could benefit. Moabi (Baillonella toxisperma), also called African pear wood is a species of tree in the family Sapotaceae, 
commonly found in the Bassin of Congo forests. Moabi is a hard wood used for joinery and carpentry in exterior applications. Its 
uniform reddish-brown color and fine grain make it popular for veneer, furniture, decorative uses, and flooring. Report of Nko’o 
et al. [29] revealed that Moabi sawdust is essentially composed of cellulose (40.5%), lignin (29.6%), and hemicellulose (14.9%). 
Hence, the utilization of such waste could be interesting in pollutant adsorption. Therefore, as there is a constant search for cheaper 
substitutes, the performance and capability of Moabi sawdust for the adsorptive removal of MB from aqueous solution constituted 
the first aim of this study. 

Although adsorption is a priori simple method to implement, it may prove to be insufficient under certain conditions. In fact, 
adsorption is not a destructive method of pollutant, given that its transfer pollutant from water to another phase. However, to 
achieve complete dye removal, relatively huge amounts of sawdust are required. The resulting polluted sawdust can present a sludge 
disposal problem. The pollutant-loaded-material constitutes a secondary pollution. It may therefore be necessary to regenerate or 
“purify” the adsorbent by desorbing the pollutant. The regenerated adsorbent can then be employed for other subsequent re-uses. 
Literature demonstrated that mineral and organic chemicals such as hydrochloric acid HCl [14, 25], acetic acid CH3COOH [16], 
sodium chloride NaCl [10, 20], or calcium chloride CaCl2 [10] can be used for MB desorption. All these desorption methods are 
not eco-friendly, and their efficiencies of regeneration depends on the types of organics to be removed. A new route for pollutant 
desorption can be achieved by plasma activated water (PAW). 
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PAW is obtained by exposing a distilled solution (initially devoid of any action) to plasma for a period. Plasma, the fourth 
fundamental state of matter, can be defined as an ionized gas, which includes various reactive species depending on the gas. Based 
on the difference of temperature between electrons and ions, there are two types of plasma: thermal plasmas and non-thermal 
plasmas. Non-thermal plasma is a partially ionized gas with electron temperatures much higher than ion temperatures. The high-
energy electrons and low-energy molecular species can initiate reactions in the plasma volume without excessive heat in contrary 
of thermal plasmas. Concerning the treatment of organic pollutants, the technology plasma belongs to the « Advanced oxidation 
processes (AOP) », which refer to a set of techniques aimed at in situ generation of very powerful oxidants such as hydroxyl radicals 
HO°, atomic oxygen O, hydrogen peroxide H2O2, hydroperoxyl radicals °O2H. Gliding electrical discharge (Glidarc) is an easy 
and suitable technique of generation of non-thermal plasma [30]. Initially developed for the treatment of gases, this technology 
is also very well suited to the treatment of liquids as detailed in the review paper of Brisset et al. [30]. When the gas is humid air, 
the chemistry of the glidarc plasma involves the production of NO° and HO° radicals as main reactive species [31]. NO° radical is 
known to be involved in acid effects and HO° radical is involved in the oxidation effects due to its high redox potential (
= 2.85V/SH). Moreover, these primary species are precursors of other entities such as the reactive oxygen species (ROS) H2O2, 
°O2H; the reactive nitrogen species (RNS) NO2, HNO2, NO2

–, NO3
–, ONOOH, ONOO–, and the ions O2

+, O+, N2
+, N+ [30, 32]. These 

species are for the most part soluble in aqueous solution and exhibit acid–base and oxidation–reduction properties, which explain 
the reactivity of the subsequent PAW. So, glidarc humid air plasma can transform initial distilled water to a powerful chemical 
solution containing ROS and RNS. We first evidenced the PAW concept for bacterial inactivation purpose [33] and generalized it 
for microorganism destruction [34-36]. Recently, we showed that this ionic solution can be used in the decontamination of surface 
(e.g., stainless steel and polyethylene) without affecting their topographic properties [37]. As an efficient desorbing agent should 
desorb the dye without destruction of the biomass structure and functional groups, PAW can be a promising candidate. To the 
best of our knowledge, there is no report focused on the use of PAW in pollutant desorption process. Moreover, using PAW can 
be considered as green technology as no chemical was adding. The second part of this current study is an attempt to utilize this 
“newly concept” as a desorbing agent of MB from wood sawdust. The regeneration of sorbents is critical to keep the treatment cost 
low, minimizing the disposal problem by discarding the adsorbents safely. Adsorption-desorption cycles were carried out to verify 
the reusability of the adsorbents.

Materials and Methods

Adsorbate and reagents

MB (C16H18N3SCl) laboratory grade was supplied in powder form by Merck and was used without further purification for the 
preparation of synthetic solution. The stock solution of 1000 mg/L was prepared by dissolving accurately weighed amounts of 
MB in 1000 mL distilled water. The experimental solution was prepared by diluting the stock solution with distilled water when 
necessary. Analytical reagents grade each HCl, NaOH, NaCl, HNO3, and CH3OH were also used in the present investigation. 

The adsorbent

MS collection and preparation

MS was collected from a local sawmill in Yaoundé, Cameroon, and was sun-dried for a week. After drying, MS was crushed as 
finely as possible, and then sieved in the size ≤ 120 µm. After collection and sieving, 10 g of the reddish-brown colored sawdust 
was soaked into a solution of methanol (water/methanol: 7/3) for 2 hours to remove the extractables and impurities. After washing 
thoroughly with distilled water until neutral pH, the sawdust was sun-dried again for a day, and then in an electric oven at 105 °C 
for 2 hours. The obtained biosorbent MS was stored in an airtight plastic container to avoid moisture. 

Characterization of adsorbent

The functional groups on the surface of MS were identified by Fourier Transform Infrared (FTIR) spectroscopy in the wave range 
of 4000-400 cm-1 using using a Perkin Elmer FT-IR (KBr pellets method) to determine surface functional groups. 
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The micro-morphology of MS material was obtained using high-resolution scanning electron microscopy (JEOL JSM-6701F, SEM-
FEG).

The zero-point charge (pH at which the biosorbent surface has net electrically neutral) of MS was determined through the method 
proposed by Ofomaja and Ho [38] for wood sawdust. For this purpose, 50 mL of sodium chloride (0.1 M) was transferred to a series 
of 100 mL conical flasks and the initial pH of solutions was adjusted to the values of 2.0, 4.0, 6.0, 7.0, 8.0, 10.0 and 12.0 using either 
0.1M HCl or 0.1M NaOH solution. Followed with that, 0.1 g of MS was added to each flask and shaken for 48 h with agitation speed 
of 120 rpm at the room temperature (298 K). Then the final solution pH (pHf) was measured. The difference between the values of 
initial solution pH (pHi) and final solution pH, noted ΔpH was plotted against pHi. The zero-point charge (pHpzc) was found from 
the intersection point of the resulting curve at which ΔpH is equal to zero.

Batch adsorption experiments

The adsorption experiments were carried out by batch process, in 250 mL Erlenmeyer flasks on thermostatic shaker. 0.1 g of MS 
was placed in the flask with 50 mL of MB solution of 20 mg.L-1 initial concentration. The mixture was agitated at 150 rpm for 
an appropriate contact time at 298 K. After decantation and filtration, the residual MB concentration in the filtrate solution was 
determined by a direct spectrophotometric method. The absorbance of a sample was measured in a UV/Visible spectrophotometer 
(JENWAY 6705 UV/Vis) at a wavelength of 664 nm. Then, the concentration of MB in a sample was estimated using a calibration 
curve, concentration of the MB vs. absorbance. The calibration curve presented a linear behavior when the concentration of the MB 
ranged from 0 to 20 mg.L-1. For the calculation of MB rate adsorption (% Ads) or removal percentage, and the quantity adsorbed 
at equilibrium per unit mass of biosorbent (qe,ads in mg/g), the following expressions were used:

      (1)

      (2)

where V is the volume (L) of solution; C0 is the initial MB concentration (mg/L) in contact with the adsorbent; Ce is the residual 
concentration (mg/L) after adsorption process and m is the mass (g) of MS. 

The effect of pH was studied at pH range of 3.0 10.0 using 0.1 M NaOH or 0.1 M HCl to adjust the initial pH value. The effect of 
adsorbent dosage was studied by varying the mass of MS from 0.1 to 1.0 g. 

Desorption experiments

Preparation of PAW solution

The technique employed to produce the desorbing solution was non-thermal plasma of glidarc batch reactor type, operating at 
atmospheric pressure.  Humid air (flow rate: 650 L.h-1) was used as the plasma gas. Fig. 1 illustrates the scheme of the experimental 
device. 

The procedure for gas discharge has been described previously [39]. The glass treatment reactor was fitted with a circulating water 
jacket to prevent any thermal effect. Plasma activated water (PAW) was obtained by exposing 400 mL of distilled water to glidarc 
plasma for 5, 15, and 30 min and then used immediately as desorbing solution. The different solutions resulted were noted PAW-5, 
PAW-15, and PAW-30 for 5, 15, and 30 min of treatment respectively. 
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Procedure of desorption

The MB-loaded-MS after the adsorption process in the optimal conditions was separated and dried in an electric oven at 105 °C. 
Desorption studies were carried out at desired temperature (298, 313, 323, and 333 K) on thermostatic shaker as follows: 0.1 g of 
dried MB-loaded-MS were placed in 50 ml of PAW, and they were agitated at 150 rpm for an appropriate contact time at the desired 
temperature. Under these conditions, the MB is desorbed from MS to the solution and equilibrium was again attained. The MB rate 
desorption (% Des) and the MB dye desorption capacity (qe,des) were calculated using Eqs. (3) and (4). 

        (3)

          (4)

where, Cf is the MB dye concentration in the desorbing solution (mg.L-1), V is the PAW volume (L), m is the dye-saturated-MS mass 
(g), qe,ads is the MB dye adsorption capacity (mg/g) and qe,des is the amount of dye desorbed per gram of dye saturated adsorbent at 
equilibrium (mg/g). 

Reusability tests

To check the reusability of the MS, regeneration experiments were performed. After the desorption process, the MS was washed 
thoroughly with distilled water for several times until neutral pH, and then oven dried. The regenerated MS was analyzed for the 
reuse by subjecting for the further adsorption process as described in section 2.3. The adsorption followed with the desorption 
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Figure: 1 Scheme of glidarc device for plasma activated water production



process were performed up to three cycles, to examine the MB removal efficiency by MS under the regenerated conditions. The 
adsorption and desorption efficiencies were calculated by using Eq. (1) and Eq. (3) respectively.

Results and Discussion

MS characteristics

Fig. 2 (a) depicts the SEM image of MS with three magnifications (×1.000, ×1.500, ×5.00). The MS surface is heterogeneous, rough, 
and porous with the presence of intercellular voids in the form of circular cavities partially spaced. It is a suitable material for ab-
sorption of several substances.

FTIR spectrum (Fig. 2 (b)) shows the presence of main bands due to the functional groups common to lignocellulosic materials. A 
broad and intense band is observed around 3410 cm-1, which corresponds to the elongation vibrations of the O-H bond. Around 
2923 and 2800 cm-1, there is double peak which correspond to the asymmetric elongation vibration of the CH and CH2 (symmetric 
stretch) of the cellulose. The peak of C=O valence vibration of aldehydes, esters and carboxylic acids present in lignin and hemi-
cellulose appears around 1731 cm-1. The vibration at 1457 cm-1 can be attributed to the deformation (C=C) of the aromatic cycles 
of the lignin and at around 1060 cm-1, there is a strong C-O band also confirms the lignin structure. Some other peaks appearing 
below 900 cm-1 are characteristics of the C-H group in the cellulose. All the observations are consistent with previous studies car-
ried out on wood sawdust [14, 19, 23, 29]. 

A plot for the determination of pHpzc was showed in Fig. 2 (c). The pHpzc value of MS was found to be around 7.2. This indicates 
that the adsorbent surface has positive charge at pH < 7.2, net zero charge at pH = 7.2 and negative charge at pH > 7.2. This value 
is close to that of Ayous sawdust (pHpzc = 6.5), another Cameroonian wood [40] and to that of Mansonia sawdust (6.91) determined 
by a similar method [38]. 
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Adsorption studies

Effect of adsorbent dose and contact time

The influence of the initial amount of adsorbent and contact time was studied at the pH of the solution without adjustment. Dif-
ferent amounts of MS were added into 50 mL of MB dye of 20 mg.L-1 concentration and then mixture was stirred. After different 
predetermined contact times, the absorbance was measured. The variation in percentage removal of MB dye (% Ads) with contact 
time is shown in Fig. 3 for each MS dose. 

First, the adsorption rate of MS increased rapidly during the first five minutes whatever the dose of the adsorbent, which indi-
cated that MS adsorbs MB well. This fast adsorption indicates the presence of abundant readily accessible adsorption sites which 
were occupied by the first molecules of MB. A rapid uptake of adsorbate by an adsorbent is especially important when applied 
to wastewater treatment by means of adsorption, which signifies the efficacy of an adsorbent to be used in wastewater treatment. 
Then, between 5 and 45 min, the uptake rate remained almost constant, since the MS fixation sites were almost all occupied. The 
equilibrium state, characterized by approximate constant adsorbed MB amounts was independent of the mass of adsorbent and 
was approximately attained at 20 min. 

The effect of adsorbent dose indicated a slight overall increase in the rate of adsorption when the dose increased from 0.1 to 0.3 g, 
due to an increase in the number of adsorption sites. Then, a slight decrease in the adsorption rate beyond this adsorbent dose was 
recorded. Indeed, for 20 min of contact, 95.98% for m = 0.1 g; 97.86% for m = 0.3 g; 97.40% for m = 0.5 g and 94.07% for m = 1.0 
g were recorded. The slightly decreasing of adsorption rate beyond a mass of 0.3 g indicates probably the presence of another type 
of interaction between dye and sawdust. This behavior could be due to a competition between the fibers retaining dye fractions 
and the free fibers of the adsorbent which attract the latter, causing it to return to the solution reference [19]. Furthermore, as for 
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Figure :2 The characteristics of Moabi sawdust (a) SEM images with progressively increased magnification, (b) FT-IR spectra and 

(c) PZC determination.
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all the conditions tested, the rate is at least equal to 94%, it is not necessary to use mass higher than 0.1 g. In addition, the greatest 
adsorption capacity was obtained with 0.1 g (qe,ads = 9.60 mg/g). Therefore, 0.1g of MS, corresponding to a dose of 2 g.L-1, was 
chosen for the successive experiments.

Figure :3 Effect of contact time on MB dye adsorption onto MS at different adsorbent dosages

Effect of initial pH

The effect of initial pH was studied by adjusting the initial pH of MB 20 mg.L-1 in the range 3.0-10.0. Prior to adsorption analysis, 
each dye solution with different pH condition was spectrophotometrically analyzed to ensure that λmax remain unaltered. This 
observation implies that change in solution pH doesn’t change the chemical structure of dye molecules, therefore the adsorption 
results solely due to adsorption process. 

At ambient pH (7.5), 95.98% of MB was adsorbed for 20 min of contact (Fig. 4). As the pH decreases, there was a decrease in the 
amount of MB adsorbed and as the pH increases, there was an increase of adsorption percentage (Fig. 4). The effect was more 
pronounced in the pH range of 3−4.5 (from 91.81% for pH 4.5 to 83.19% for pH 3). This result is in accordance with different 
previous studies on MB adsorption onto low-cost adsorbents [17, 19, 20, 25] and the explanations of this behavior are generally re-
lated to the point of zero charge. We showed that the pHpzc of MS was approximately 7.2, practically the neutral pH. At pH < pHpzc, 
the protonation of carboxylate groups and the interactions between hydroxyl functions and protons occurred, so the surface of 
sawdust is positively charged. Consequently, electrostatic repulsions can prevent the efficient interaction between the protonated 
MS and the cationic dye MB. This effect can explain the low removal value for pH 3. Moreover, the pKa of MB is 3.8, so at pH =3, 
the undissociated MB° species predominates (86%) [23]. Therefore, the MB was predominantly adsorbed as MB° on MS at pH = 3. 
At pH > pHpzc, the surface of MS become negatively charged and favors the uptake of cationic dye. According to Fig. 4, there was 
no significant difference on the amount of MB being adsorbed from ambient pH to pH 10. Hence, the ambient pH was chosen for 
all the other experiments in this study.
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Thermodynamic considerations

To determine whether the adsorption process occurs spontaneously, the energy and entropy factors were considered. The change 
in Gibbs free energy (ΔG°) is given by the Eq. (5): 

ΔG° = − RT ln (Kc)             (5)

where ΔG° is the Gibbs free energy (J.mol-1), R the universal gas constant (8.314 J.mol-1.K-1), T is the absolute temperature (K) and 
Kc is the equilibrium constant (Cads/Ce). Cads is the concentration of MB on adsorbent (mg.L-1) and Ce is the equilibrium concentra-
tion of MB (mg.L-1). Then, the enthalpy (ΔH°) and the entropy (ΔS°) can be calculated from the Van’t Hoff Eq. (6): 

    (6)

The plot of ln (Kc) vs. (1/T), gave a straight line with a value of R² (0.9562) reasonably close to one (Fig. 5). 

Figure :4 Effect of medium pH on the percentage removal of MB dye from aqueous solution using MS

Figure :5 Plot of ln (Kc) vs 1/T for the determination of thermodynamic parameters of adsorption of MB dye onto MS



The calculation and intercept from the plot were used to estimate ΔH° and ΔS°, respectively (see Table 1). 

The Gibbs free energy was found to be −5.22 kJ.mol-1 at 298 K, which indicates a favorable adsorption process that was spontaneous 
at ambient conditions (pH and temperature). The process was also spontaneous for the other temperatures tested. The value of ΔH° 

indicates an endothermic process, and the positive entropy change within the temperature range suggests that there would be an 
affinity of the MS towards MB, demonstrated by the increase in randomness at the adsorbate-solution interface during adsorption 
process. The increase in entropy is presumably due to gain of translational entropy by the dye molecules during adsorption process 
[16].

Page 10 Stech Ann Biorem Biodegrad

Stechnolock | www.stechnolock.com Volume 1 | Issue 1

Temperature (K) ∆H°
(kJ.mol-1)

∆S°
(J.mol-1.K-1)

∆G°
(kJ.mol-1)

298
42.69 160.79

− 5.22
313 − 7.64
323 − 9.24
333 − 10.85

Table :1 Thermodynamic parameters calculated for the adsorption 

of MB dye onto MS

Kinetics of adsorption

The kinetics of adsorption was carried out at the same temperatures used in the thermodynamic study above and in the following 
conditions: ambient pH, 0.1 g of MS and initial MB concentration 20 mg.L-1, with contact time ranged from 0 to 45 min. The 
most famous ones for analysis of experimental data for adsorption kinetics are the pseudo-first-order, pseudo-second-order and 
Elovich models. 

The pseudo-first-order model 

Also called The Lagergren’s kinetic model, this model has its significance in the adsorption rate constant determination based on 
the adsorption capacity. The pseudo-first-order kinetic model considered the assumption that the rate of change of the adsorbate 
removal with time leads to change in the adsorption capacity of the adsorbent. The mathematical expression of pseudo-first-order 
model was: 

               (7) 

This expression can be rearranged in the linearized form:

 (8)

where, qe,ads (mg/g) and qt (mg/g) are the amount of MB adsorbed at equilibrium and at time t (min), respectively and k1 (min-1) is 
the pseudo-first-order rate constant. 

For the determination of the pseudo-first-order kinetic constants, plots of ln (qe,ads ‒ qt) vs. t were made and the constant values 
qe,ads, k1 were determined from the intercept and slope of the plot (not shown). The values of the coefficient of determination were 
found lower (R² < 0.7) for all the temperatures studied, and the theoretical adsorbed masses (qe, adsI), were significantly different 
from the experimental ones. Therefore, the pseudo-first-order kinetic model failed to explain the adsorption of MB onto MS. 

a) The pseudo-second-order model:

This model was proposed by Ho and McKay [41] and was expressed as: 



   (9)

Eq. (9) could be linearized as:

            (10) 

k2 (g/(mg·min)) is the pseudo-second-order rate constant; qe,ads, qt and t were previously defined. The adsorption data were plotted 
as t/qt vs. t and giving linear plot as shown in Fig. 6.

From Table 2, it can be seen that the calculated adsorbed masses at equilibrium (qe,adsII) are in good agreement with the experimen-
tal ones (qe, exp): the maximum difference did not exceed 1.5%. Thus, these results suggest that the pseudo-second-order model 
best described the adsorption kinetics. Table 2 shows that the rate constant qe,AdsII increased with the temperature increase, thus 
confirms the endothermic process. Some previous studies based on the adsorption of MB to low-cost adsorbents also fitted the 
pseudo-second-order model [13, 15, 16, 20, 25]. The pseudo-second-order model assumes that the rate-limiting step might be 
chemical adsorption involving valence forces through sharing or exchange of electrons between adsorbent functional groups and 
adsorbate. 
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Figure :6 Plots of pseudo-second-order kinetic model for the adsorption of MB dye onto MS at different initial 

temperatures

T
(K)

qe, exp

(mg.g-1)
Pseudo-second-order Elovich
k2

(g/(mg.min))
R² qe, adsII

(mg.g-1)
α
(mg/(g.min))

β
(g.mg-1)

R²

298 9.01 0.25 0.9998 9.09 2.42 3.40×107 0.8986
313 9.38 0.37 0.9998 9.43 2.25 2.19×107 0.8297
323 9.73 0.28 0.9999 9.80 3.43 2.33×1012 0.9747
333 9.81 0.36 0.9999 9.90 4.73 7.61×1017 0.9763

Table :2 Pseudo-second-order and Elovich parameters at various initial temperatures for adsorption of MB dye onto MS



b) Elovich model

The Elovich model is based in assumption that the adsorption performance of chemisorption and heterogeneous systems [42]. The 
linearized form of the Elovich kinetic model represented as follows:

   (11)

where α indicates the initial rate of adsorption (mg.g-1.min-1) and β represents the Elovich constant, refers to the extent of surface 
coverage (g.mg-1). The plot of qt vs. ln (t) (not shown) gave the constant values of the Elovich kinetic model (Table 2). Globally, the 
value of α was higher at the higher temperature and the value of β increased with the increase of the temperature. However, the 
coefficient of determination value of Elovich kinetic model for the adsorption of MB using MS was found lower than that of the 
pseudo-second-order kinetic.

Desorption studies

The PAW solution

The PAW solution employed here is a chemical solution resulting of exposure of distilled water to glidarc humid air plasma. It is 
recalled that in the plume of the glidarc humid air plasma, the major species are the radicals HO° and NO°. In solution, the NO° 
radical oxidizes gradually to NO2

- and then finally to NO3
-, isomer of the transient species peroxynitrite ONOO-. HO° is rapidly 

dimerized to H2O2. These species are responsible for the acidification and oxidizing character of prepared PAW. Eqs. (13)−(19) were 
established to support the production of these chemical:

H2O + e-  HO° + H° + e-    (13)

N2 + e-   2 N + e-    (14)

N + O2  NO° + O    (15)

HO° + HO°  H2O2    (16)

4 NO° + O2 + 2 H2O  4 NO2
- + 4 H+   (17)

NO2
- + H2O2  ONOO- + H2O  (18)

NO2
- + 2 HO°  NO3

- + H2O   (19)

In Table 3, we summarized some characteristics of PAW obtained at different exposure times. Compared to the initial distilled wa-
ter, there were significantly change in the physicochemical parameters measured (pH, conductivity, salinity, dissolved oxygen). The 
pH, very important parameter in desorption of anionic or cationic dye was around 3 regardless the exposure time. The contents of 
PAW make it to be an ionic solution and thus can be used as desorbing agent like common HCl, NaOH, NaCl, etc….

Desorption with PAW

Desorption studies were carried out by introducing 0.1 g of MS-loaded-MB into 50 mL of PAW solution. The MB load was obtained 
in optimal condition i.e. 9.60 mg.g-1. During shaking, the MB was gradually desorbed, and its concentration was measured. Fig. 7 
showed the percentage of desorbed MB and the amount of MB desorbed per gram of MS for various contact times with PAW-30.
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A control experiment, carried out using distilled water as desorbing agent, showed that less than 4% MB pre-adsorbed onto MS was 
desorbed (Fig. 7), showing most MB to be strongly bond to the MS. With PAW, a rapid desorption occurred in the first five min, 
then slowly between 10 and 20 min, and equilibrium stage from 20 to 60 min. Compared to the non-activated water, significantly 
higher 48.49% of adsorbed MB were released within 1 h.
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Figure :7 Desorption efficiency (%) and desorption capacity (mg/g) of MB dye from MS using PAW. Experi-

ments with distilled water (DW) were added

The first observation that emerges to explain the desorbing ability of PAW is its acidic pH (Table 3). Indeed, Jeyagowri and Ya-
muna [14] used HCl 0.1 M for desorption of 32.1% MB from seed shell powder; Shakoor and Nasar [16] obtained similar results 
for desorption of MB from biosorbent citrus limetta. So, MB dye showed the acidic condition favors desorption. Recently, a study 
aimed to compare seventeen different chemical agents for MB desorption from brown macroalga, also showed that the acidic 
eluents were more efficient that neutral and alkaline [43]. That study revealed a desorption rate of 40.7% for HCl 1 M and 0% for 
NaOH 1 M. We showed in paragraph 3.2.2 that MB adsorption onto MS was most favorable in neutral and alkaline media and less 
favorable in acidic media; as desorption is a reverse process of adsorption, it seems evident that desorption was favorable in acidic 
conditions. Zheng et al. [44] also demonstrated the crucial role of pH during the recovery of methylene blue after adsorption from 
aqueous solution through ultrafiltration technique.

Distilled water PAW-5 PAW-15 PAW-30
Temperature (K) 295 298 300 301
pH 6.4 3.3 3.2 2.9
Dissolved oxygen (mg/L) 8.40 33.7 34.4 34.8
Electric conductivity (mS/cm) < 0.05 0.343 0.746 0.883

Salinity (%) 0 0.02 0.04 0.05
Oxidation-reduction Potential (mV) 165 557 583 587

Table :3 Characteristics of PAW compared with those of the original distilled water
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To effectively check the role of pH in PAW desorption of MB from MS, desorption experiment was carried out by replacing PAW 
solution with acidic solution (HCl) having the same pH as PAW. After 1 h of process, 4.60 mg/g of MB were desorbed, corre-
sponding to 47.87% of pre-adsorbed MB (Fig. 8). As the plasma generates nitrogen oxides in activated water, one of the ultimate 
species of which is the NO3

- ion [37], a comparison analysis was also carried out using nitrate solution at pH 3 (in fact, nitric acid) 
and the results indicated %Des of 41.68% for one hour of contact (Fig. 8). HCl and HNO3 acting only by their protons released 
in solution, it is therefore clear that pH plays a fundamental role in desorption by PAW. At acidic pH, as there is an abundance of 
H+ ions in solution, the desorption would result from a cation exchange between the H+ protons and the MB+ cations adsorbed 
on MS. Another reason might be the fact that under acidic conditions, the number of positively charged sites on the MS increases 
(pH < pHpzc), thus desorption can easily occur by electrostatic repulsion between positively charged sites on MS and cationic dye 
molecules. Zhou et al. [45] also showed change in the pH value (from 6 to 2.7) of the regeneration system by cold atmospheric 
plasma of agricultural biomass used for adsorption of MB. 

Figure :8 Removal percentage for desorption of MB dye from MS in different desorbing solutions

As for the remaining fraction of pre-adsorbed MB, it could still be linked to the sawdust by a different mechanism of cation 
exchange, such as chemisorption or a chemical interaction. Indeed, Chen at al. [46] showed that adsorption process might be 
chemisorption if the dye adsorbed can be desorbed by weak acid, however PAW can be considered as a weak acid. To better assess 
the observed non-desorbed MB, a three-step desorption was performed on the same material previously loaded by MB. After 
each stage, the desorbing solution was discarded, and MS was introduced in a freshly PAW solution. After the 4.65 mg/g desorbed 
in the first trial, 1.46 mg/g was desorbed in the second, and 0.42 mg/g was obtained in the third. At the end of the third step, the 
solution resulting from desorption was practically colorless, proof that the desorbed MB was there in very small quantity. The total 
percentage of the desorbed MB does not exceed 68% of the amount of the MB initially present on MS. All these results highlight 
that a part of the MS adsorption could be rather chemical and irreversible.

MB decolorization by PAW

Given the unsuccessful attempts for the total desorption of MB from MS, the oxidizing effect of PAW may have intervened in the 
degradation of the dye during desorption process. Indeed, previous studies have shown that plasma itself could be used to regen-
erate the adsorbent while degrading the pollutant [45, 47].  We carried out a simple test by putting MB dye into contact with PAW 
and the degradation of the MB was followed by measuring its absorbance for different contact times. For this, 2 mL of 250 mg.L-1 
dye was mixed with 48 mL of PAW so that the initial concentration was 10 mg.L-1. The results of this trial are presented in Fig. 9. 
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There was decolorization, although slight, of the initial MB, but which changes over time, with a rate of around 20% for 1 h of 
treatment. The same experiment, using HCl solution (at pH 3) instead of PAW solution, did not show any MB decolorization af-
ter 1h of contact (data not shown). This result would indicate that MB was also degraded by PAW during desorption. This result 
agrees with previous studies demonstrating that MB could be degraded during the plasma treatment under direct discharge [48], 
although in addition to the active species present in PAW, the degradation under active plasma discharge also induces the effect of 
other parameters such as UV, the presence of highly reactive radicals, etc. 

Kinetic study of desorption

The experimental data obtained for the desorption study were used to determine if the process followed a suitable kinetic model. 
The pseudo-first-order and pseudo-second-order kinetic equations can be adapted for desorption by assuming that the rate of 
desorption is proportional to the number of MB molecules-filled sites and the square of the number of MB molecules-filled sites, 
respectively. The pseudo-first-order and pseudo-second-order kinetic linearized equations are given by Eq. (20) and Eq. (21) re-
spectively:

      (20)

             (21)

where, qDt (mg/g) and qe,des (mg/g) are the amount of MB dye molecules that have been desorbed and the amount of desorbed MB 
dye molecules at desorption equilibrium, respectively. k1D (min-1) and k2D (g/mg.min) are the reaction rate constants for the pseu-
do-first-order and pseudo-second-order desorption reaction, respectively.

Plotting ln (qe,des – qDt) vs. t and t/qDt vs t gave the different constants recorded in Table 4. 

The conformity between the experimental data and the model-predicted values were determined from coefficients of determina-
tion. Higher model R2-values (i.e. 0.9999 for all temperatures tested) demonstrate that the pseudo-second-order model is signifi-
cant. The pseudo-second-order equation showed more accurate prediction of equilibrium desorption capacities (qe,desII calculations 
close to experimental values) than the pseudo-first order equation. Thus, based on the kinetic results, desorption was found to 
follow pseudo-second-order reaction. Daneshvar et al. [43] also showed that desorption of MB from macroalga using HCl followed 

Figure :9 Evolution of initial MB concentration and decolorization rate as a function of PAW treatment time
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a pseudo-second-order kinetic model. The pseudo-second-order is based on the assumption that desorption process (in this case) 
is the rate-limiting-step, involving valence forces through the sharing or exchanging of electrons adsorbent and adsorbate [49]. It 
resulted that adsorption and desorption process followed the same kinetic model, but with higher rate constants for the adsorption 
process. 

T
(K)

qe,des, exp

(mg.g-1)
Pseudo-first-order Pseudo-second-order
K1D

(min-1)
R² qe, desI

(mg.g-1)
K2D

(g/(mg.min))
R² qe, desII

(mg.g-1)
298 4.31 0.0337 0.6751 1.68 0.16 0.9999 4.42
313 4.37 0.0331 0.5976 1.45 0.21 0.9998 4.43
323 4.47 0.0395 0.6491 1.33 0.22 0.9999 4.52
333 4.49 0.0419 0.6779 1.34 0.21 0.9999 4.55

Table :4 Pseudo-first-order and pseudo-second-order parameters at various 

initial temperatures for desorption of MB dye from MS

Reusability tests

The substantial and fast desorption process indicates that the MS could be facilely regenerated for repeated dye removal appli-
cations. Thus, MS can be used in the multiple adsorption/desorption cycles by applying desorption process. Three adsorption/
desorption cycles were carried out using the same sample of MS in ambient conditions. Fig. 10 shows the rate of adsorption and 
desorption of each cycle. 

Figure 10: Adsorption efficiency (%) of MS towards MB removal 

up to three successive regeneration cycles by PAW treatment

From the first to second, the adsorption efficiency slightly decreased from 95.54% to 92.92%, while between the two experiments, 
47.93% of adsorbed MB was desorbed. The capacity of adsorption remains at high level, even if all MB was probably not desorbed. 
The same trend was observed from the second to the third cycle. We also noted that the desorption efficiency increased with the 
number of cycle: from 47.93% (first cycle) to 59.71% (third cycle). As between two consecutive cycles, MB was not totally de-
sorbed, this demonstrates that, the higher quantity of MB loaded into MS is, the higher percentage of MB desorption is. Globally, 
the regeneration investigation of MB adsorption using PAW solution showed that negligible decrease in the removal efficiency 
was observed up to three cycles. PAW solution could thus be considered as a non-aggressive solution as demonstrated in previous 
research concerning the decontamination of surfaces [37]. Literature reported some successful regenerated studies for low-cost 
adsorbents, using chemical as desorbing agent, but sometimes associated to a modification of the original sorbent [43]. Exposing 
the contaminated adsorbents to plasma also showed interesting results in regeneration [45, 47, 50] with adsorption efficiency 
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higher than 80% even after five cycles. However, the plasma itself, contrary to PAW, has the disadvantage that it can damage/
modify deeply the surface of adsorbents [21] and then modifies the initial structural properties of the material. Indeed, the excited 
species generated by non-thermal plasma may interact with solid surfaces placed in the plasma and lead to a variety of possible 
reactions, such as etching, cross-linking and chemical modification. 

Conclusions

The present study has established the efficiency of MS as suitable low-cost adsorbent for effective removal of MB dye from aqueous 
solutions. The equilibrium time was found to be independent of adsorbent dose. The adsorption process follows pseudo-sec-
ond-order kinetic model with high value of R2 (0.999). Although MS are abundant adsorbent for pollutant removal, the disposal 
of pollutant-loaded-adsorbent is another challenge in wastewater treatment studies.  Given that, the present study also reports the 
results of MB dye desorption using a new method namely Plasma activated water (PAW). This activated solution was obtained 
by exposing distilled water to humid air plasma. The key role of the pH of PAW during desorption was demonstrated through 
comparison with HCl and HNO3 capacity desorption. The result indicates that H+ ion exchange takes place in the acidic medium 
with adsorbed MB dye molecules on the surface of MS. PAW also showed ability to slowly decolorize MB during the desorption 
process. Desorption kinetic data were fitted well to pseudo-second-order model with high value of R2 (0.9999). The reusability of 
MS during three consecutive adsorption/desorption cycles was successfully achieved. The findings of this study suggest that one 
hand, MS can be a serious candidate for the adsorption of basic dye from aqueous solution and the other hand that PAW can be 
used as an efficient desorbing agent for MS regeneration, thus eliminates and minimizes the quantity of using chemical substances. 
Moreover, PAW offers a better versatile solution and a possibility to treat material far from the place of its manufacturing. 
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