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 A ZnO-supported natural volcanic Algerian clay (ZnO/CNA) was 
synthesized through an impregnation method to prepare a photocatalytic 
adsorbent integrated. The discoloration of crystal violet dye (CV) from an 
aqueous solution was carried out using natural and modified clays via 
zinc oxide by adsorption and photocatalytic degradation. The materials 
were characterized through X-ray fluorescence spectrometer (XRF), 
Scanning electronic microscopy (SEM), Energy-dispersive X-ray 
spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), and 
X-ray diffraction (XRD). The effects of diverse experimental parameters 
on the adsorption process efficiency were investigated. The 
photocatalysis process of CV was executed by the ZnO/CNA material 
under sunlight irradiation. The characterization results informed that 
ZnO nanoparticles were well dispersed on the clay surface (CNA). The 
adsorption experiments were well clarified via the kinetic model of 
pseudo-second-order and isotherm model of Langmuir with correlation 
coefficients (R2 > 0.99). Moreover, thermodynamic data showed that CV 
adsorption was endothermic, spontaneous, and physical. The adsorption 
capacity of CV was high utilizing ZnO/CNA material and gives 74.63 mg/g 
by the Langmuir equation. The photodegradation kinetics followed 
pseudo-1st order approximate the model of Langmuir-Hinshelwood. The 
discoloration efficiency with the ZnO/CNA (∼ 92%) was higher compared 
with the CNA (67%), clearly suggesting promoting effect of ZnO. 
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Introduction 

The dyeing effluents are one of the worldwide 

principal problems of water pollution that affects 

human health and the environment, found in 

several industries such as textiles, ceramics, 

plastics, papers, cosmetics, medicines, etc. [1, 2]. 

Dyes are discharged into wastewater and cause 

serious environmental problems. Among these 

dyes, crystal violet is a synthetic and cationic 

triphenylmethane dye that is employed broadly as 

a textile dye and has various applications in 

industrial and medical domains [3, 4]. Crystal 

violet dye has effects on human health among 

them, a strong carcinogen, and causes genetic 

mutations [5]. The elimination of toxic dyes from 

wastewater is an important issue facing the textile 

dyeing industry. Clay materials are widely used in 

wastewater treatment and are among the 

cheapest, most abundant, ion exchangeable, 
environmentally friendly, and non-toxic materials 

[6, 7]. For this reason, clay has been studied and 

developed as an extremely efficient adsorbent for 

various applications and functions for the removal 

of dye from wastewater [8, 9]. Several 

physicochemical methods were researched to 

eliminate toxic dyes; the adsorption process is 

considered the simplest and most efficient method 

with easy operational conditions [10, 11]. Among 

the promising technologies used for wastewater 

treatment is photocatalysis, which is considered 

an efficient, performing process and 

environmentally friendly [9]. Heterogeneous 

photocatalytic degradation is used widely to 

remove toxic dyes from wastewater by solid 

materials and light sources; in this regard, there 

are recent works reported by many developers 

[12, 13], but a few studies have used ZnO-

supported natural clay in photodegradation of CV 

dye from aqueous solution under sunlight 

irradiation. To enhance the clay material, we 

added zinc oxide as an active phase which has a 

positive and promoter effect on the adsorption 

and photodegradation activity [14]. In this work, 

natural Algerian clay (CNA) was acting as a 

support for ZnO nanoparticles via the 

impregnation method [15]. The materials were 

characterized by different techniques and 

analyses. The ZnO/CNA material is considered an 

efficient adsorbent and photocatalyst in the 

discoloration of CV solution. The influence of main 

experimental parameters on the process of 

adsorption were investigated, including initial dye 

concentration, initial pH solution, temperature, 

and contact time along with the isotherms, 

kinetics, and thermodynamics. In addition, the 

photodegradation activity of ZnO/CNA material 

was assayed under direct irradiation sunlight. 

Materials and Methods 

Crystal violet dye (CV, cationic, chemical formula 

C25H30ClN3, M = 407.98 g/mol) used in this work 

was purchased from Honeywell Fluka. Zinc 

acetate dihydrate (ZnC4H6O4.2H2O, M = 219.5 

g/mol, ≥ 98%) was supplied by Sigma-Aldrich 

chemical and used as a ZnO source for the 

synthesized of ZnO/CNA material. The natural clay 

(CNA) was sourced locally in southern Algeria 

from the area of Aïn Ouarka [16]. The raw clay was 

first purified from impurities and coarse particles 

by the sedimentation method for obtaining a 

smaller size particle than 2 μm. The purified clay 
was dried at 60 °C and then calcined for 4 hours at 

500 °C under static air with a constant rate equal 

to 2 °C/min. The ZnO/CNA material was 

synthesized via an impregnation method with a 

ZnO/CNA weight ratio of 15:85. First, 5.1 g of CNA 

was put in a vessel and heated at 60 °C using a 

sand bath. Under stirring, the CNA was 

impregnated with a precursor solution that 

contained dehydrated zinc acetate (2.43 g) 

dissolved in 40 mL of distilled water. Then, the 

mixture was left overnight in the oven at 120 °C. 

Finally, the ZnO/CNA material was calcined with 

the same conditions as above (500 °C, 4 h, 2 

°C/min). The required quantity of CV was 

dissolved in distilled water for the preparation of 

the stock solution (1 g/L). The stock solution was 

diluted for obtaining the intended concentration 

for the adsorption and photocatalytic degradation 

experiments. 

Clays and photocatalysts characterization 

Numerous techniques of analysis were used for 

characterized the materials. X-ray fluorescence 

spectrometer (Philips analytical) analysis 

determined the chemical composition of natural 
clay. The identification of the different phases was 

studied by an X-ray diffractometer (Proto AXRD 

Benchtop), with CuKα ( =1.5418 Å) radiation in 

the range 2 of 10°-90° at a scanning rate of 

0.02°/s. The investigation of the morphology and 
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the structure of the CNA and ZnO/CNA material 

was carried out by scanning electron microscopy 

(JEOL JSM-7610FPlus). The chemical composition 

present in the ZnO/CNA catalyst was evaluated by 

energy dispersive X-ray spectrometry (EDX - 

Bruker XFlash® 6-30 detector). FTIR spectra were 

obtained by Fourier transform infrared 

spectrometer (Agilent Cary 660 FTIR, KBr Pellet), 

with a wavelength ranging from 4000-400 cm-1 to 

study the surface functional groups.   

Adsorption experiments 

In these experiments, the CV adsorption over CNA 

or ZnO/CNA materials was realized in 100 mL 

Erlenmeyer flasks holding 50 mL of aqueous dye 

solution, 0.025 g of materials, and pH of 6.7 with 

an initial concentration of CV dye by 25 mg/L at 

ambient temperature. The reaction mixture was 

magnetically stirred for 400 rpm. After, 2 mL was 

withdrawn from the suspension for each sample 
at particular time intervals and then centrifuged 

for 10 min at 4000 rpm to remove the remaining 

material particles in the solution. The CV 

concentration was analyzed through a UV-vis 

spectrophotometer at λmax of crystal violet dye 

(583 nm). Percentage removal efficiency and the 

adsorbed quantity of dye to adsorbent unit mass 

(mg/g) at equilibrium were determined by these 

equations [17]: 

Removal efficiency (%)=
𝐶0− 𝐶𝑡

𝐶0
 × 100                (1) 

Adsorption capacity qe=(𝐶0 − 𝐶𝑒) ×
𝑉

𝑚
              (2) 

where C0 (mg/L), Ce (mg/L), and Ct (mg/L) are the 

concentrations of dye initially at (t = 0), 

equilibrium, and at time t, respectively, m is the 

mass of materials (g) and V is the volume of 

solution (L). 
The effect of the main experimental parameters on 

the adsorption efficiency was investigated as 

follows: the contact time (0-180 min), CV dye 

initial concentrations (05 - 200 mg/L), pH of the 

initial solution (2.0 - 11.0) were adjusted using a 

0.1 M solution (HCl or NaOH) to the intended pH 

value, and thermodynamic studies were estimated 

at temperatures (313-333 K). 

Adsorption/photodegradation experiments 

The adsorptive/photocatalytic activity of CNA and 

ZnO/CNA materials were studied in the 

discoloration of the CV dye solution. The 

adsorption process study was executed in the 

dark, while photodegradation was realized under 

direct sunlight [11, 13]. In each experiment, 0.025 

g of material was added to 50 mL of CV dye 

solution (50 mg/L, pH = 6.7) at ambient 

temperature. Before irradiation, the resulting 

suspension was stirred magnetically for 1 hour (in 

the dark), to reach the equilibrium of the 

adsorption-desorption between the surface of 

materials and CV molecules. The adsorption 

capacities of CNA or ZnO/CNA materials into CV 

were determined in dark at ambient temperature; 

the same reaction mixture was then photo-

irradiated by sunlight for 2 hours under 

continuous stirring, where the solar energy was in 

the order of 200 W. We measured the power of 

solar energy by fluxmeter. The total adsorption 

and photocatalytic degradation time followed was 

3 hours. Aliquots of 2 mL were withdrawn from 

the reaction mixture at particular time intervals 

after periods of adsorption and irradiation, which 

were centrifuged (4000 rpm, 10 min), and then 

analyzed to determine CV concentration [18]. 

Results and discussion 

Physicochemical characterization 

X-Ray Fluorescence Spectrometry 

The relative quantity of the principal minerals for 
the natural clay is presented in Table 1. The 

elements clinochlore, sericite, and quartz 

represent the majority of the principal 

components in the natural clay in proportions 

estimated a 50%, 45%, and 5%, respectively, 

which appear in the XRD results. The chemical 

elements of sericite and clinochlore were 

measured in (wt %) as sericite: Al2O3 32.39, SiO2 

47.36, K2O 10.05, Na2O 0.52, CaO 0.19, TiO2 0.35, 

MgO 1.59, and FeO 2.28 [19] and clinochlore as: 

Al2O3 18.10, SiO2 31.13, FeO 3.10, MgO 33.41, 

Cr2O3 0.70, TiO2 0.06, F 0.29, Fe2O3 0.64 [20]. 

According to these references, the mineralogical 

rate of the natural clay studied is based on the 

diversity of two components sericite and 

clinochlore. 
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Table 1: Chemical compositions of the natural clay 

The samples Natural clay (%) 

SiO2 37.42 

Al2O3 18.72 

MgO 15.69 

Fe2O3 6.08 

CaO 5.14 

K2O 2.68 

Na2O 1.25 

SO3 1.17 

TiO2 0.77 

P2O5 0.12 

Fire loss 10.95 

Fourier transform infrared spectroscopy 

The spectra of FT-IR obtained for CNA and 

ZnO/CNA materials are presented in Figure 1. The 

wideband was observed between 3200 and 3700 

cm-1 due to the stretching vibration of the group -

OH in the clay, or to two Al atoms 3424 cm-1 or the 

atom of Al and an Mg atom 3568 cm-1. The band 

around 2350 cm-1 represents the molecules of 

water in the interlayer which corresponds to the 

vibrations of deformation. The band at 3430 cm-1 

of stretching vibration is appointed to the 

attendance of the groups -OH of water molecules 

inside the solid material layers [14, 21]. The band 

of 1630 cm-1 is assigned to water bending 

vibrations. The bands appearing at 768 and 465 

cm-1 can be attributed to stretching vibrations for 

Si-O-Al and Si-O-Mg, respectively. The broadband 

in the range (900 - 1100 cm-1) is related to the 

elongation of the Al-O and/or Si-O bonds. The 

band of 678 cm-1 is characteristic of the 

deformation vibrations of -OH groups in 

trioctahedral clay minerals [22, 23]. 

 

Figure 1: FT-IR spectra of a) CNA and b) ZnO/CAN 

X-Ray diffraction analysis 

The diffractogram patterns of CNA and ZnO/CNA 

materials are illustrated in Figure 2. Each material 

consists of two mineral phases, which represent 

clinochlore and sericite 2M1. The clinochlore or 

called chlorite is a structure minerals type (T-O-T-

O or 2/1/1). The sericite 2M1 is part of the mica 

family and has a structure of type (T-O-T or 2/1). 

The non-clay phase is the quartz which disappears 

according to the efficient purification of the 

natural clays by the sedimentation method [16]. 

When ZnO loading, The XRD pattern of ZnO/CNA 

material indicates the existence of the ZnO zincite 

phase, and the appearance of diffraction peaks at 

2θ is estimated to be 31.73, 34.44, 36.29, 47.52, 

56.63, and 62.82° belongs to the hexagonal crystal 

lattices (100), (002), (101), (102), (110), and 

(103), respectively [14, 24]. The low-intensity 

peaks in ZnO/CNA material may be associated 

with deeper permeation of the ZnO in the sheets of 

the clay structure [12]. The results obtained are in 

accordance with previous works on clay 

supported by ZnO [25-27]. The calcination at 500 
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°C leads to notable appearance of crystallites of 

pure ZnO on the clay. Photocatalytic activity 

agrees well with a smaller size of ZnO particles in 

the matrix [28]. 

Scanning electron microscopy analysis 

The images of CNA and ZnO/CNA materials are 

shown in Figure 3 which clarifies that the 

morphological features were changed 

significantly upon an impregnation process. The 

SEM micrograph of CNA showed that the surface 

clay is close-compact and layered structure and 

this is because of the elimination of impurities 

using the sedimentation method [29]. Obviously, 

the surface morphology of CNA (Figure 3a) is 

different from ZnO/CNA material (Figure 3b). It is 

clear from Figure 3b that the existence of ZnO 

facilitates adhering to the clay surface and 

exhibiting good dispersion [9, 30].
 

 

Figure 2: XRD patterns of CNA and ZnO/CAN 

 
Figure 3: The SEM images of a) CNA and b) ZnO/CNA

Energy dispersive X-ray spectroscopy analysis 

The EDS spectrum and ZnO/CNA elemental 

mapping images are presented in Figure 4. The 

EDS spectrum exhibits the existence of Zn on the 

material surface as well as clear peaks related to 

Al, Mg, O, Mn, and Si, which are considered the 

mineral composition of the CNA. The EDS 

elemental mapping images proved the existence of 

Zn and O in the ZnO/CNA material. The 

morphological studies of SEM and EDS with 

elemental mappings confirmed the successful 

formation of ZnO adhering to the surface clay [12]. 

Adsorption studies 

Adsorption kinetics studies  
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The adsorption kinetic study of CV dye onto CNA 

or ZnO/CNA materials in aqueous solutions was 

implicated in determining the equilibrium time. 

Figure 5 represents the experiments data plots of 

adsorption capacity (qe) vs. time, which show that 

the amount of CV dye adsorbed increased rapidly 

for the two materials in the first 10 minutes and 

the CV removal efficiency was found to be 55% 

and 65% for CNA and ZnO/CNA, respectively. 

After 60 minutes, the adsorption capacity remains 

constant gradually up to the state of equilibrium 

which corresponds to the availability of the 

adsorption active sites on the material surface at 

the beginning of the process and it decreases 

progressively over time. The maximum 

adsorption amount of CV dye at equilibrium time 

equals 38.01 mg/g and 41.13 mg/g for CNA and 

ZnO/CNA, respectively. The results show that the 

equilibrium time was 60 minutes. The difference 

in capacity between the two materials is related to 

electrostatic attraction [31]. 

 
Figure 4: EDS spectrum and elemental mapping images for ZnO/CAN 

 

Figure 5: The effect of contact time in CV adsorption over CNA or ZnO/CNA; (catalyst dose = 0.5 g/L, 
concentration initial of CV = 25 mg/L, pH = 6.7 and room temperature
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The adsorption process kinetics were studied with 

four models including pseudo-1st order, pseudo-

second-order, Elovich, and intraparticle diffusion 

kinetic models to investigate the rate and 

mechanism of the adsorption process [17]; these 

kinetic models equations are respectively given 

by: 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                     (3) 
𝑡

𝑞𝑡
=

1

𝑘2 𝑞𝑒
2 +

t

𝑞𝑒
                                                          (4) 

𝑞𝑡 =
1

𝛽
+

1

𝛽
ln𝑡                                                          (5) 

𝑞𝑡 = 𝑘𝑖𝑛𝑡𝑡0.5 + 𝐶                                                    (6) 

where qe and qt (mg/g) are the dye amount 

adsorbed at time t and equilibrium, respectively, t 

is the time (min); k1 (min-1) and k2 (g/mg min) are 

the pseudo-1st order and second-order models 

rate constants, respectively; α (mg/g min) and β 

(g/mg) are initial rate adsorption and the 

desorption rate, respectively; kint (mg/g min0.5) 

and C (mg/g) are rates constant of intra-particle 

diffusion and constantly associated with the 

boundary layer thickness, respectively. The 

pseudo-1st order kinetic model values k1 and qe 

are calculated from the plots Ln (qe-qt) vs. t, while 

the second-order kinetic model values k2 and qe 

are determined by the linear fit of plots t/qt vs. t. 

The parameters of the adsorption kinetics with 

the correlation coefficients (R2) are given in Table 

2.  

 
Table 2: The kinetics parameters of CV adsorption over CNA or ZnO/CNA 

Model Parameters CNA ZnO/CNA 

Pseudo-1st order 

qe-exp (mg/g) 38.01 41.13 

k1 (min-1) 0.0738 0.044 

q1e (mg/g) 23.58 18.52 

R2 0.95 0.79 

Pseudo-second-order 

k2 (g/mg min) 0.0106 0.0071 

q2e (mg/ g) 38.61 41.66 

R2 0.99 0.99 

Elovich 

β (g/mg) 0.224 0.315 

α (mg/g min) 343.74 12396.85 

R2 0.82 0.92 

Intra particle diffusion 

Kid (mg/g 

min1/2) 

d1 7.9291 8.5826 

d2 0.8742 0.7711 

d3 0.0553 0.3448 

C (mg/g) 

d1 0.5409 1.2242 

d2 31.023 33.287 

d3 37.266 36.511 

R2 

d1 0.99 0.97 

d2 0.96 0.99 

d3 0.99 0.99 

Figure 6a-d shows the kinetic models' linear plots. 

It is concluded from these results that the linear 

model of second-order (Eq. 4) is the best fit model 

to describe the experimental data of the 

adsorption kinetics of CV removal. The higher 

values of R2 (> 0.99) for the second-order indicate 

a mechanism of chemisorption type adsorption, 

implying a valence force between adsorbate and 

adsorbent via sharing or exchanging electrons. 

The calculated values by second-order of the 

adsorbed amount (q2e) at equilibrium and the 

experimental values (qe-exp) are very close 

compared with other models, which denote the 

applicability of this model. The calculated values 

(q1e) at equilibrium by the first-order kinetic (Eq. 

3) are relatively small compared with the 

experimental quantity (qe-exp) for the adsorption 

process. Similar results were found recently in the 

adsorption of CV onto smectite clay [17] and on 

montmorillonite nanocomposite intercalated by 

graphene oxide [31].
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Figure 6: The kinetics models of CV adsorption over different materials: pseudo-1st order (a), pseudo-
second-order (b), Elovich (c), and intraparticle diffusion (d); (catalyst dose = 0.5 g/L, concentration 

initial of CV = 25 mg/L, pH = 6.7 and room temperature) 

The kinetic constants α and β of the Elovich model 

(Eq. 5) were calculated by the linear fit of plots qt 

vs. lnt, respectively. The higher values of α than β 

indicate that the adsorption rate was higher than 

that of desorption, which confirmed the viability 

of the adsorption process [32, 33]. 

The intraparticle diffusion model (Eq. 6) is widely 

applied to investigate the adsorption process 

mechanism. The kinetic constants values kint and C 

were determined from the plots qt vs. t0.5, 

respectively, when the C values increase, the 

boundary layer effect also increases. The plots 

present three different regions for each material 

indicating three types of diffusion were influenced 

in the rate-limiting steps. The rate constants show 

that there is a gradual decrease in the adsorption 

over time. The initial portion d1 represents the 

adsorption rapid of CV dye molecules via 

boundary layer diffusion, where CV dye molecules 

were positioned on the material external surface 

and tend to cover the material surface mesopores. 

The second portion d2 is a gradual adsorption 

stage where the CV molecules are diffusing slowly 

and adsorbing into the material pores. The last 

portion d3 relates to the adsorption equilibrium 

stage, where the diffusion process rate becomes 

very slow due to the decrease in the adsorbate 

concentration [24, 34]. 

Effect of pH 

pH is considered one of the essential parameters 

of the adsorption process. Thus, it has an 

important influence on the adsorption capacity of 

the materials because it affects the adsorbent 

surface charge properties, the charge of the 

molecule, and the interaction between the organic 

molecules and the materials surface [17]. The pH 

varied from 2 to 11 in the initial CV solution (25 

mg/L) with 0.025 g of materials (CNA or 

ZnO/CNA) at ambient temperature. The results in 

Figure 7 show in low pH value (pH < 4.2) the 

removal rate of CV is low, and this happens by the 

competition between the cations of CV dye and the 

H+ protons for the active sites of materials [35]. 

When pH increases, the adsorption capacity 

increases as well, due to the highly negatively 

charged material surface, and the association 

between the material surface and the cationic dye 
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was more facilitated [36]. At high pH (pH > 8.2) the 

fixing rate decreased gradually for the reason of 

the occurrence of repulsive forces between the 

material surface strongly negatively charged and 

free CV dye electron pairs. We conclude that the 

removal of CV followed the mechanism of the 

electrostatic interactions [18]. Moreover, the 

maximum amount adsorbed of CV dye at 

equilibrium is observed at neutral medium pH 

(6.3 - 7.2) for the two materials. For this reason, a 

pH of 6.7 was chosen as the optimal value for the 

present study. 

Adsorption isotherms studies 

The study of adsorption isotherm was conducted 

to clarify the interaction between molecules of CV 

dye and the materials [37]. The adsorption 

equilibrium data were studied using the two most 

widely models, i.e. Freundlich and Langmuir.

 

Figure 7: The pH effect in CV adsorption over CNA or ZnO/CNA

The adsorption isotherm experiments were 

investigated using 50 mL of CV solution with 

different initial dye concentrations (5 to 200 

mg/L) at ambient temperature. The Freundlich 

and Langmuir isotherm model equations are 

expressed as: 

𝑞𝑒 = 𝐾𝑓 ∗ 𝐶𝑒
1/𝑛

                                                         (7) 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞0
+

1

𝑞0
∗ 𝐶𝑒                                                  (8) 

where qe and q0 (mg/g) are the adsorption 

quantity at equilibrium and the adsorption 

capacity maximum, respectively; Ce (mg/L) is the 

concentration at equilibrium, KF (mg/g) (L/mg)1/n 

and n are Freundlich constants, and KL (L/mg) is 

constant of Langmuir. The isotherm parameters 

determined from the two models are presented in 

Table 3. 

Table 3: The isotherm parameters of Langmuir and Freundlich models 

 Langmuir model Freundlich model 

Material q0 KL R2 KF 1/n R2 

CNA 72.46 0.104 0.99 14.689 0.332 0.98 

ZnO/CNA 74.63 0.133 0.99 15.551 0.340 0.92 

 

The correlation coefficients (R2) from model plots 

(Figure 8) denoted that the best fits were obtained 

by the Langmuir model, considered as suited to 

adsorption isotherm data. They therefore signify 

the formation of homogeneous monolayer 

coverage of CV molecules on the material surface. 

This interaction is characterized by a 

homogeneous distribution of adsorptive sites, 

energetically equivalent, and without interaction 

between adsorbate molecules, which will lead to a 

linear isotherm [36]. The adsorption capacity 

according to the isotherm model of Langmuir 

equals 72.46 mg/g and 74.62 mg/g using CNA and 

ZnO/CNA materials, respectively. Also, the results 
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show that 1/n ranged from 0.33 to 0.34 indicating 

that the process is physisorption [38]. 

 

Figure 8: The isotherms models of CV adsorption over different materials: Langmuir (a) and 
Freundlich (b); (catalyst dose = 0.5 g/L, pH = 6.7 and room temperature)

Thermodynamic studies 

The experiments' thermodynamics were 

examined using three temperatures 313 K, 323 K, 

and 333 K at pH 6.7. The essential parameters in 

the thermodynamic study are free energy change 

(ΔG°), standard enthalpy (ΔH°), and entropy 

change (ΔS°) calculated by [31]: 

𝐾𝑑 = 𝑞𝑒/𝐶𝑒                                                                 (9) 

𝛥𝐺° = −𝑅𝑇𝑙𝑛𝐾𝑑                                                         (10) 

𝑙𝑛𝐾𝑑 =
𝛥𝑆°

𝑅
−  

𝛥𝐻°

𝑅𝑇
                                                    (11) 

where R (8.314 J/mol K) denotes the constant of 

the ideal gas; T (K) is the absolute temperature; 

and Kd (L/g) is the coefficient of sorption 

distribution. The ΔH° and ΔS° values are obtained 

by the linear fit of plots LnKd vs. T-1 (Figure 9) and 

the results of thermodynamic parameters are 

illustrated in Table 4. 

 

 
Figure 9: The temperature effect in CV adsorption over CNA or ZnO/CN 

Table 4: The thermodynamic parameters of CV adsorption over CNA or ZnO/CNA 

Material T(K) R2 
∆H° 

(kJ/mol) 

∆S° (kJ/mol 

K) 
∆G° (kJ/mol) 

CNA 

313 

323 

333 

0.99 17.078 0.125 

-22.01 

-23.21 

-24.50 

ZnO/CNA 

313 

323 

333 

0.99 10.515 0.108 

-23.21 

-24.24 

-25.36 
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The ΔG° values are negative for all the materials in 

the temperatures range (313 to 333 K). The 

negative ΔG° values signify that the adsorption 

process is spontaneous and physisorption 

because the ΔG° values are close to the 

physisorption range (0 to -20 kJ/mol) and lower 

than that of chemisorption (-80 to -400 kJ/mol) 

[39]. The ΔG° values get more negative when the 

temperature increases, indicating the increase in 

the adsorption capacity. The positive values of ΔH° 

are also in the physisorption range (1 to 93 

kJ/mol) denoting that the process is endothermic 

[3]. The good affinity between the molecules of CV 

dye and the materials is demonstrated by the 

positive ΔS° values. The thermodynamic data 

coincides with works of literature [40]. 

Adsorption/photocatalytic degradation studies 

The experimental results of the simultaneous 

effect of adsorption/photocatalytic degradation in 

the discoloration of CV using CNA or ZnO/CNA 

materials as presented in Figure 10a. The pure 

photolysis results of CV give a negligible 

degradation using UV-solar in the absence of any 

material during 120 min. The removal of CV gives 

about 35.2% and 41.8% using CNA and ZnO/CNA 

materials, respectively, during 60 min in the dark 

at room temperature, which is attributed to the CV 

molecules' adsorption [41]. We added zinc oxide 

as an active phase which has a positive effect 

through performing as a promoter of the 

photocatalytic activity. This addition has efficient 

effects on the adsorption and photo-degradation 

performance [42, 43]. Under sunlight, the 

activated CV molecules were converted to species 

of free transient radicals active of short duration 

in contact with the surfaces of ZnO transferring 

the negative charge produced [11]. The ZnO/CNA 

material gives better reactivity with a degradation 

reaching 49.7% compared with the CNA giving a 

degradation rate of 31.8% for sunlight irradiation 

time of 120 min. The Eg values of ZnO/CNA are 

between 2.98 and 3.10 eV, representing values 

characteristic valuable potentially for the 

photocatalytic experiments [25]. Particularly, the 

ZnO/CNA material showed the highest efficiency 

(Figure 10a) almost 92% discoloration of CV at 

180 min during both adsorption and 

photodegradation experiments, whereas only 

67% of CV was discolored using CNA alone. The 

discoloration of CV is enhanced by ZnO/CNA 

material depending on the synergistic effect of 

adsorption and photodegradation [18].  

The photocatalytic degradation kinetic of CV using 

CNA or ZnO/CNA materials is illustrated by the 

pseudo-1st order model [44], and can be 

expressed by the equation below: 

𝑙𝑛
𝐶0

𝐶
= 𝑘𝑎𝑝𝑝𝑡                                                          (12) 

where C0 (mg/L) and C (mg/L) are concentrations 

dye initially at solar irradiation time (t = 0) and at 

time t, respectively; kapp (min-1) is the apparent 1st 

order rate constant; and t (min) is the irradiation 

time. The linear plots ln (C0/C) vs. t for the 

photodegradation kinetics of CV are shown in 

Figure 10b. 

 

Figure 10: Adsorption/photocatalytic degradation of CV (A) and pseudo-1st order kinetic of CV 
degradation (B) at different conditions: (a) UV-Solar only, (b) UV-Solar/CNA, (c) UV-Solar/ZnO- CNA; 

(catalyst dose = 0.5 g/L, concentration initial of CV = 50 mg/L, pH = 6.7 and room temperature)
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The plots (Figure 10b) showed good linear 

correlations denoting that the degradation 

kinetics of CV dye solution by CNA or ZnO/CNA 

materials were followed by the pseudo-1st order 

kinetic model. The correlation coefficients (R2) 

from the plots are 0.99 and 0.98 for CNA and 

ZnO/CNA materials, respectively, corresponding 

to apparent rate constants kapp by 0.0032 and 

0.0052 min-1. Thus, the ZnO/CNA material 

presented good activity in the photodegradation 

of CV under direct sunlight. 

Conclusion 

The ZnO-supported natural volcanic Algerian clay 

(ZnO/CNA) was successfully used as a highly 

efficient adsorbent and photocatalyst. The 

discoloration of CV from an aqueous solution 

followed two mechanisms, i.e. adsorption and 

photo-degradation. The XRD patterns of materials 

revealed the existence of three phases, 

Clinochlore, Sericite 2M1, and the ZnO zincite 

phase as evidenced by EDX and SEM analyses. The 

experimental results show that the pseudo-second 

and pseudo-1st order models described the 

adsorption and degradation kinetics, respectively. 

Isotherm studies fit best with the Langmuir model. 

The adsorption capacities maximum calculated by 

the Langmuir equation is 72.46 and 74.62 mg/g 

for CNA and ZnO/CNA materials, respectively. 

Moreover, thermodynamic studies revealed that 

the CV dye solution adsorption on these samples 

was found to be spontaneous, physisorption, and 

endothermic. The photo-degradation experiments 

indicated that the ZnO/CNA material was 

presenting the best performance for the 

discoloration of CV dye solution in solar 

irradiation. From this work, we found that the 

synergetic effect of adsorption/photodegradation 

is promising and examined in the discoloration of 

CV dye solution. 
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