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Remediation of  Contaminated 
Water With Crystal Violet Dye by 
Using Magnetite Nanoparticles: 
Synthesis, Characterization and 
Adsorption Mechanism Studies

 Introduction
Dyes are known as pollutants that not only aff ect aesthetic 

advantages of environment, but also reduce light penetration and 
photosynthesis, and some of them are considered toxic and even 
carcinogenic to human health [1]. Adsorption process provides an 
attractive alternative for the treatment of colored wastewaters due to 
its simplicity, selectivity, and effi  ciency [2-6].

Recently, Adsorbents with magnetic properties such as MNPs 
have attracted interest in many environmental engineering related 
applications due to a signifi cant eff ect in accelerating separation 
and improving the effi  ciency of water treatment. With reported 
sizes ranging from 1 to 100 nm, high surface-to-volume ratio, and 
high loading capacity, MNPs were successfully used as adsorptive 
materials for pollutants [7-9]. Th erefore, these nanoparticles received 
signifi cant attention as a low-cost processing and operational easiness 
adsorbents for potential applications in the environmental treatment.

CV dye is highly toxic to mammalian cells and could cause skin 
and digestive tract irritation. Also, It may leads to respiratory and 
kidney failure in extreme conditions. Th us it is necessary to remove 
this dye from waste water before its fi nal disposal.

Th e study scope is to investigate the adsorption behavior of MNPs 
as a surfactant for removal of crystal violet (CV). Based on this, the 
eff ects of variables infl uencing the removal of dyes were evaluated. 

Th e adsorption kinetics and isotherms for CV dye onto MNPs were 
studied.

 Experimental
 Materials

Crystal Violet (C25H30N3Cl) as a cationic azo dye, ferric chloride 
(FeCl3.6H2O), ferrous sulfate (FeSO4.7H2O), ammonium hydroxide 
(NH4OH), diluted hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) were used for this study. A stock solution of CV (1000 mg 
l-1) was prepared in distilled water. Th is solution was diluted with 
distilled water to prepare stock solutions with the concentration of 
10, 25 and 50 mg l-1 of CV.

 Preparation of magnetite nanoparticles (MNPs)

Stock solutions of ferrous ions (Fe+2; 1M) and ferric ions (Fe+3; 
2M) were prepared by dissolving appropriate weight in 200 ml of 
distilled water, the stock solutions were mixed and heated at 90 °C, 
ammonium hydroxide solution (33%) was introduced by syringe 
dropwise until pH adjust around 10-12. Th e appearance of black 
colour was indicated the formation of magnetite particles. Th e black 
mixture was heated at 80 °C for 60 minutes, fi ltered and washed with 
deionized water repeatedly until pH become neutral and dried at 
room temperature [10].

Fe2+ + 2Fe3+ + 8NH3·H2O ➔ Fe3O4 + 8NH4
+ + 4H2O

 Preparation of crystal violet dye solution
A stock solution of CV (1000 mg/l) was prepared by dissolving 

1 gm in 1 liter distilled water. Th en, it diluted by distilled water to 
prepare diff erent concentrations of dye according to dilution law.
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  Abstract
Magnetite Nanoparticles (MNPs) have become a promising 

material for scientific research. Among numerous technologies, MNPs 
seem to be one of the most convenient to environmental applications 
as adsorbent. In the present study, the dye adsorption from aqueous 
solution, using available resources such as Crystal Violet (CV) as model 
colorant was used. The magnetic nanoparticles (MNPs: before and 
after adsorption) were characterized by FTIR, SEM and TEM techniques. 
These nanoparticles have a spherical shape and their diameter 
about 11 nm. The infl uence of several experimental conditions (pH, 
contact time, sorbent dose, concentration and temperature) as well 
as properties of the adsorbent materials in terms of thermodynamics, 
kinetics and adsorption isotherms was all investigated. Once 
compared with adsorption models, our results enabled us to describe 
this adsorption as a process being spontaneous, exothermic and 
having pseudo-second order kinetics. The adsorption isotherm data 
were described by the Freundlich model.
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Figure 1: TEM micrograph of pure MNPs.

 

(a)

(b)

Figure 2: SEM micrographs: (a) Pure MNPs before adsorption; (b) MNPs after adsorption of CV.

 

(a)

(b)
Figure 3: FT-IR: (a) Pure MNPs before adsorption; (b) MNPs after adsorption.
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Th e dye was made up in stock solution of concentration 1000 mg 
l-1 (1 g CV in 1000 ml of distilled water) and was subsequently diluted 
to the required concentrations from 10 to 100 mg l-1. Th e eff ect of 
some parameters such as pH (3-9) and adsorbent dosage (0.02-0.2 
g) was made by known amount of MNPs and 25 ml of CV solution. 
Th e pH of dye solution was adjusted using with 0.1 M HCl or 0.1 
M NaOH solutions. Th e sorption studies were performed at diff erent 
temperatures (25 oC-95 oC). Th e mixture was shaken using water 
bath at 240 rpm (25 °C for 30 min). Aft er each adsorption process, 
the residual CV solution was separated the absorbance of the fi ltrate 
was measured at λmax 576 nm. In all these diff erent parameters, the 
amount of dye taken by adsorbent is calculated as: 

qe= (Ci-Ce) v/m  (15)

Where: (qe; the amount of dye taken by adsorbent (mg/g)), (Ci 
and Ce; the concentrations of dye at initial and equilibrium (mg/l), 

respectively), (V; the volume of solution (l)) and (m; the mass of 
adsorbent (g)). Also the removal effi  ciency is calculated as:

%Removal = (Ci-Cf)/Ci * 100 (16)

Where: (Ci and Cf: the initial and fi nal dye concentrations (mg/l), 
respectively).

 Characterization
FT-IR spectra of the samples were carried out using (FT/IR-

4100) spectrophotometer (Th ermoFisher Nicolet IS10, USA) in KBr 
pellets at room temperature. Micrographs of the samples were taken 
using SEM (JSM-6510, JEOL, Ltd.). Th e images of TEM were taken 
by a JEM-2100 operated at an accelerating voltage of 200 kV. UV-
visible spectroscopic analysis was carried out on Oasis Scientifi c (PG 
Instruments T80).

 

Figure 4: Infl uence of pH on the adsorption of CV by MNPs. (Dosage 1.8 g, 35 min contact time and room temperature).

 

Figure 5: Infl uence of time on the adsorption of CV by MNPs. (Dosage 1.8 g and room temperature).

 

Figure 6: Infl uence of sorbent dose on the adsorption of CV by MNPs. (35 min contact time and room temperature).
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 Results and Discussion 
 Morphology Characterization 

Th e morphology and particle size of the prepared MNPs was 
investigated by TEM. As shown in Figure 1, MNPs exhibited spherical 
morphologies with a uniform particle size (about 11 nm).

Th e morphologies of MNPs (a: before adsorption) and MNPs-CV 
(b: aft er adsorption) are investigated by SEM and shown in Figure 2. 
It can be seen from this Figure 2 (2a) that MNPs shows a spherical 
shape with aggregated porous surface, but MNPs-CV (2b) has a 
relatively loose and fibrous surface, which indicated the penetration 

of dye molecules into the MNPs powder.

Th e FT-IR spectra of Fe3O4 before and aft er adsorption were shown 
in Figure 3. Th e presence of strong broad absorption band at around 
447- 634 cm-1 shows the formation of magnetic nanoparticles. Th e 
absorption band at 447 cm-1 attributed to tetrahedral and octahedral 
sites and peak at 3385 cm-1 due to the O-H stretching adsorbed on the 
surface of the Fe3O4 nanoparticles [11].

In the case of CV-Fe3O4 nanoparticles (curve b in Figure 3); the 
adsorption of CV is established by the appearance of peaks at 2918 
and 2843 cm-1 considered to be the stretching vibrations of -CH3. Th e 
appearance of peaks at 1538 and 1630 cm-1 are assigned to the C-C 

 

Figure 7: Infl uence of dye concentration on the adsorption of CV by MNPs.  (Dosage 1.8 g, 35 min contact time and room temperature).

 

Figure 8: Infl uence of temperature on the adsorption of CV by MNPs. (Dosage 1.8 g, 35 min contact time).

 

Figure 9: Equilibrium relation between Ce and qe.
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stretching vibration of the aromatic (bending vibration). 

Th e appearance of peak at 1025 cm-1 (C-N stretch) confi rms 
adsorption of CV (dimethylamino). Th e observed shift  of bands to 
higher and /or to lower wavelength is taken as a strong evidence for 
the adsorption process (Figure 3).

 Adsorption Parameters

Eff ect of pH: When the pH of the dye solution increased, the amount 
of dye adsorbed also increases (Figure 4). Th e adsorption of cationic 
dye is promoted due to electrostatic forces of attraction between 

the negatively charged adsorbent and the positively charged dyes 
molecules [12,13]. It is noticeabe that high removal effi  ciency even at 
neutral pH (74.75%, 89.23% and 92.23%) for concentrations of 50, 25 
and 10, respectively.

Proposed mechanism for adsorption: Based on the result 
obtained from the eff ect of pH; at high pH, an oxide surface will 
probably exist and this will increase the negative charge, while with 
deceasing pH the hydroxide form will instead of oxide form (positive 
polarization).

 

Figure 10: Langmuir adsorption isotherm.

 

Figure 11: Freundlich adsorption isotherm.

 

Figure 12: Temkin adsorption isotherm.
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Figure 13: D-R adsorption isotherm.

 

Figure 14: Pseudo-fi rst order adsorption kinetics of CV onto MNPs.

 

Figure 15: Pseudo-second order adsorption kinetics of CV onto MNPs.
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 Eff ect of time 

Th e infl uence of the time on the adsorption of CV on MNPs was 
evaluated to determine the equilibrium time and to investigative 
the adsorption process (Figure 5). Th e removal rate (%) increases 
with time and detects a rapid removal during the fi rst few minutes 
of contact until the equilibrium state is reached (35 min at r.t.). Th e 
uptake ratios (%) obtained aft er equilibrium are 86.99%, 95.70% and 
99.73% for CV adsorption onto MNPs for concentrations of 50 mg/l, 
25 mg/l and 10 mg/l, respectively.

 Eff ect of sorbent dose

From Figure 6, the removal effi  ciency of investigated dye 
increases rapidly with increasing amount of MNPs. At the same time, 
further increasing the adsorbent dose leads to a slightly decrease of 
the removal effi  ciency. Th e removal rate (%) decreases with increase 
in concentration and takes prolonged period to reach equilibrium 
because of the verity that with increase in dye concentration, there 
will be increase in contest amongest the dye molecules and the 
adsorption process will increasingly slowing down [14].

 Eff ect of dye concentration

Th e eff ect of the concentration of the dye adsorption process was 
investigated (10-100 mg l-1 at 25 oC and pH 9). Th e concentration of 
the dye at 𝜆max was obtained using a standard calibration curve. Th e 
adsorption is very rapid in the initial stages of the adsorption until 
concentration of 50 (higher than 90%) and then decreased for higher 
concentrations (Figure 7). Th is can be clarifi ed by a large number of 
active centers at the starting of adsorption and saturation of these 
centers on the surface of the adsorbent with attaining equilibrium. 
Th e requisite time for reaching the equilibrium increases with 
increasing the concentration due to the fact that adsorption involves 
fi lm diff usion and internal diff usion [15].

 Eff ect of temperature 

Temperature is a point for the adsorption whether it is an 
endothermic or exothermic process. Th e solubility and chemical 
potential of dye is aff ected by increasing the temperature. Figure 8 
represents the sorption of CV onto MNPs at various temperatures 
(25 oC to 95 oC) with a fi xed initial dye concentrations (10, 25 and 
50 mg l-1 ). With increasing the temperature the rate of adsorption 
decreases that indicates the adsorption process is exothermic. Th e 

decrease in rate of adsorption with increasing temperature, this may 
be due to when the temperature increased the solubility of dye will 
be increased.

 Adsorption isotherms

Th e sorption profi le of CV was specifi ed over a wide range of 
equilibrium concentrations (10-100 ppm) as shown in Figure 9. 

 Adsorption isotherms 

Langmuir isotherm: Langmuir equation used is given below:

qe = (qm b Ce) / (1+b Ce)     (1)

Where: (Ce; equilibrium concentration of dye), (qe; the amount of 
dye adsorbed at equilibrium), (qm; Langmuir monolayer adsorption 
capacity (mg/g)), and (b; Langmuir constant (l/mg)). Th e equation is 
linearized by diff erent ways to give the next equation:

C
e
/q

e = 1/(q
m

b) + C
e
/ q

m    (2)
A straight-line plot of Ce/qe vs. Ce (Figure 10) indicated that 

uptake rate of CV dye occurred on adsorbent (MNPs) homogenous 
surface by monolayer adsorption without any interaction between 
adsorbate molecules. Th e values of b and qm for the system evaluated 
from the intercept and slope were 0.127 and 15.57 for CV dye. Th ese 
values indicate good retention for CV onto MNPs.

Th e value of adsorption capacity of MNPs was compared with 
the adsorption capacities of various adsorbents (Table 1). According 
to that comparison, MNPs have a good adsorption capacity for CV 

 Freundlich isotherm

It is oft en used to depict non-specifi c adsorption that comprises 
of heterogeneous surfaces.

qe = kf * Ce 
1/n (3)

Th e equation is linearized by diff erent ways to give the next 
equation: 

ln qe = ln kf + (1/n) ln Ce (4)

Where: (kf; Freundlich coeffi  cients (m/g)) and (n; related to 
adsorption intensity) were obtained from the slope and the intercep 
of the linearized Freundlich plots.

Th e plot of ln Ce versus ln qe of CV in Figure 11 is straight line 

 

Figure 16: Linear plot of ln qe/Ce versus 1/T.
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over the entire concentrations of dye in the aqueous phase. Th e values 
of kf and 1/n computed from the intercept and slope of the plot were 
equal to 1.191 and 0.84 for CV. Th e amount of 1/n < 1 indicates 
that the sorption strength is slightly miniature at lower equilibrium 
concentration and the isotherm does not predict any saturation of the 
solid surface of the adsorbent by the adsorbate [16,17].

 Temkin isotherm

It assumes that the heat of adsorption of all the molecules in 
the layer decreases linearly with coverage due to adsorbate species 
adsorbent interactions, and adsorption is described by a regular 
distribution of binding energies, up to some maximum binding 
energy [18].

qe = qm ln (t + Ce) (5)

Th e equation is linearized by diff erent ways to give the next 
equation:

qe = qm ln t + qm ln Ce (6)

Where: (qe; the concentration of CV removed (mg/g)), (t; the 
equilibrium binding constant (l/g)) and (qm; constant related to heat 
of adsorption (J/mol).

Th e linear plot of qe versus ln Ce for both the adsorption system 
gave good fi t for the Temkin isotherm as shown in Figure 12. Th e 
computed values of qm and t from the slope and intercept were equal 
3.669 and 1.103 for CV dye, respectively.

 Dubinin-Radushkevich isotherm (D-R)

It is used to evaluate the characteristic porosity of the adsorbent 
and the apparent energy of adsorption. It is illustated by the equation: 

Adsorbent qe (mg.g-1) Reference

Sagaun sawdust
agro-industrial wastes

bioadsorbent
De-oil soya

Neem sawdust
MNPs

3.5
10.44

4.44-3.99
5.79
3.8

15.57

Khattri, S., Singh, M. (2012)
Parab, H. et.al (2009)

Khattri, S., Singh, M. (2000)
Bennani Karim, A. et.al (2017)

Sarada , B. et.al (2014)
Present work

 Table 1: The adsorption capacities of diff erent adsorbents for crystal violet dye.

Model Parameter Linear regression Nonlinear regression

Langmuir

qm (mg/g)
b (l/mg)

R2

SEE

15.75
0.127
0.663
0.239

0.679
0.234

Frundlich

KF (mg/g)
1/n
R2

SEE

1.191
0.84

0.919
0.250

0.979
0.125

Temkin

qm (mg/g)
t (1/g)

R2

SEE

3.669
1.103

0.9804
0.523

0.980
0.520

Dubinin
D (mol2/J2)
qm (mol/g)

R2

SEE

0.693
6.234
0.398
0.685

0.398
0.950

 Table 2: Constants and correlation coeffi  cients for the four isotherms.

C
i (ppm) q

e Exp. (mg/g)

Pseudo-fi rst order kinetic model Pseudo-second order kinetic model
K

1
(1/min)

q
e Cal.

(mg/g) R
2

K
2

(g/mg min)
q

e Cal.
(mg/g) R

2

50 5.637 0.034 0.691 0.728 0.429 5.488 0.999

 Table 3: Adsorption dynamic constants (calculated and experimental q
e values obtained at 50 ppm of CV).

T (K) ∆G (KJ/mol) ∆H ( KJ/mol) ∆S (KJ/mol K)
298 0.6739 - 0.4077 - 13.939
308 0.116
318 1.655
328 2.145
338 2.635
358 3.616
368 4.107

 Table 4: Thermodynamic parameters for the adsorption of CV (10 ppm) on MNPs.
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qe = qm e(-DƐ2) (7)

Th e equation is linearized by diff erent ways to give the next 
equation:

Ln qe = ln qm - DƐ2 (8)

Ɛ = RT ln (1+1/Ce) (9)

Where: (qe; amount of CV adsorbed on MNPs), (qm; highest 
adsorption capacity mg/g), (D; constant related to the energy of 
adsortion (mol2 KJ2), (Ce; equilibrium concentration of CV in mg/l) 
and (ɛ; RT ln (1+1/Ce), which is called as Polanyi Potential).

A plot of ln qe versus ɛ2 as shown in Figure 13 yielding straight 
line confi rms the model. Th e D-R constant can be specifi ed from the 
intercept of the straight-line diagram.

 Error analysis

To estimate the fi t of the adsorption isotherm and isotherm 
parameters by linear and nonlinear regression, Standard Error of the 
Estimate function (SEE ) was applied. It is the most commonly used 
error evaluation function and the mathematical form of the SEE can 
be written as:

SEE = √∑(ẏ-y)2/n-2

ẏ: Estimated value

y: Actual value

n: # of values

Th e isotherm parameters determined by linearization and the 
nonlinear regression of the Langmuir, Freundlich, Temkin and 
Dubinin equations, using Standard Error of the Estimate function, 
together with the correlation coeffi  cient (R2) and error values, are 
summarized in Table 2. 

Th e results obtained from the linear and the nonlinear regressions 
with Standard Error of the Estimate function were compared. It was 
found that the regression methods revealed that CV adsorption were 
better fi tted to the Freundlich isotherm (nonlinear regression) in 
terms of the R2 and error values, because of the higher R2 values and 
lower error values than those of other models.

 Adsorption Kinetics

Th e dynamics of the adsorption of CV onto MNPs were inspected 
using the Lagergren’s pseudo-fi rst order (Eq. 10) and pseudo-second 
order (Eq. 11) equations:

Log (qe-qt) = Log qe - k1t / 2.303 (10)

t / q = 1/ K2 qe
2 - [1 / qe] t (11)

Where: (qe and qt; the amount of dye adsorbed at equilibrium 
and at any time t, respectively), (k1; the fi rst-order adsorption rate 
constant (1/min)), (k2; the pseudo-second order rate constant (g/mg 
min)). Th e K1 and K2 have been calculated from the intercept of the 
corresponding of log (qe-qt) versus t as shown in Figure 14 and t/q 
versus t shown in Figure 15, and are tabulated in Table 3.

Th e correlation coeffi  cient value (R2) for the pseudo-second order 
rate equation was higher than the pseudo-fi rst order rate equation, 

so through these results, it was assured that the adsorption system 
pursued the pseudo-second order rate equation.

 Th ermodynamic Studies
To further understand the eff ect of temperature the 

thermodynamic parameters including the change in Gibbs free 
energy (ΔG, KJ /mol), enthalpy (ΔH, KJ/mol), and entropy (ΔS, KJ/
mol K), were used to describing thermodynamic behavior of CV onto 
MNPs. Th ermodynamic equations can be expressed as follow:

ΔG = - RT ln K (12)

K = qe/Ce (13)

ΔG = Δ H - TΔS (14)

Where: (ΔG; the Gibbs free energy (KJ /mol)), (ΔH; the change 
in enthalpy ( KJ/mol)), (ΔS; the entropy change (KJ/mol K)), (T; the 
absolute temperature in (K)), (K; the equilibrium constant (1/q)), (R; 
the universal gas constant (KJ /mol K)), (qe; the amount of adsorbed 
dye onto MNPs (mg/g)), and (Ce; the equilibrium concentration of 
CV in the solution (mg/l)).

Th e values of the thermodynamic parameters reported in Table 4 
were obtained from the linear plot of ln K versus 1/T (Figure 16). Th e 
positive value of ΔH indicates the endothermic nature of adsorption. 
Th e negative amount of ΔG indicates the spontaneous nature of the 
adsorption of CV onto MNPs. Th e positive amount of ΔS shows the 
increased disorder and randomness at the solid solution interface 
during the adsorption dye on the adsorbent [19-21] . Th e magnitude 
of ΔG, ΔH and ΔS vales indicate that the adsorption of CV onto 
MNPs is nonspontaneous at high temperature and spontaneous at 
low temperature. It can be said that the adsorption of CV MNPs is 
physical adsorption and the forces can be Van deer Waals forces or 
electrostatic attraction between CV and MNPs surface.

 Conclusion
Th e present study highlights the potential application of iron oxide 

nanoparticles to remove the crystal violet dye. Th e adsorption of CV 
was found to increase with increase in time, decrease temperature, 
decrease dye concentration and increase pH up to equilibrium amont. 
It was found the adsorption process of CV on MNPs was exothermic 
and spontaneous. A pseudo-second order equation well explained the 
kinetic data and revealed the physisorption.
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