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Abstract 

The degradation of crystal violet (CV) and malachite green (MG) by potassium 
persulfate, was investigated by spectrophotometric methods. The behavior of 
degradation of crystal violet by persulfate was found to be similar to that of malachite 
green with only one important difference concerning the order with respect to the dye: 
the degradation is pseudo second order with respect to CV, but first order with respect 
to MG. The order with respect to persulfate is one in both cases. Degradation of CV by 
persulfate was effective at pH range of 2-8 and was found to increase with an increase 
in the initial concentrations of persulfate, temperature, and the presence of Ag+. The 
factors that were found to decrease the degradation rate of CV include: the initial 
concentration of CV, and the presence of halide salts and of the surfactant SDS. The 
rate of degradation remained the same after addition of Co(II), Ni(II) and Cu(II) salts. 
The activation parameters of the degradation reaction (Ea, ∆G#, ∆H# and ∆S#) were 
calculated. Finally, cytotoxic study revealed a decrease in the toxicity of the degradation 
products. 
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Introduction 

Textile industry produces large amounts of highly colored effluents, which are 
generally toxic and resistant to destruction by biological treatment methods. 
Basic dyes, such as crystal violet (CV) and malachite green (MG) are widely 
used in textile, paper, leather, cosmetic, and food industries [1-4]. Crystal violet 
is a triphenyltmethane dye, with one dimethylamino group on each phenyl ring. 
It is antimicrobial, mutagenic, and used to prevent fungal growth in poultry feed. 
It is used as a bacteriostatic agent in medical solutions. MG has similar chemical 
structure to CV, but it has only two out of three phenyl rings substituted with 
dimethylamino groups, allowing a partial planar structure of MG+. 
                                                 
* Corresponding author. E-mail: mjamal@ul.edu.lb 
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Various chemical and physical processes, such as electrodegradation [5-8], 
photodegradation [9-11], adsorption [12-14], are applied for color removal from 
textile effluents. 
Chemical oxidation of contaminants by oxidants has been studied to develop 
novel remediation technologies. The oxidants, KBrO3 [15], KClO3 [16], O3 [17], 
Fenton’s reagent [18-19], H2O2 [20] and persulfate (K2S2O8) [21-24], have been 
widely tested in laboratory work and used for the remediation of wastewater and 
groundwater contaminated by organic compounds. The use of persulfate has 
recently been the focus of attention for an alternative oxidant in the chemical 
oxidation of contaminants [21, 25, 26].  
Persulfate (KSP) is one of the strongest oxidants known in aqueous solution and 
has a higher potential (Eo

 = 2.01 V) than H2O2 (Eo
 = 1.76 V) [27] (Table 1). It 

offers some advantages over other oxidants as a solid chemical at ambient 
temperature with ease of storage and transport, high stability, high aqueous 
solubility and relatively low cost [24]. It has great capability for degrading 
numerous organic contaminants through free radicals ( *

4
−SO  and OH-*) generated 

in the persulfate system [21, 25, 28]. 
 
Table 1. The standard potentials of some oxidants used in advanced chemical oxidation 
[27]. 

Oxidant BrO3
-/ Br2 ClO3

-/ Br2 IO3
-/ I2 H2O2 / H2O  O3/O2 S2O8

2-/SO4
2- 

Eo (V) 1.51 1.46 1.19 1.76 2.07 2.01 

 
Thermal activation [26, 28, 29], activation by transition metal catalysis [26, 30-
32], base activation [34] and UV-irradiation [22, 24, 35, 36] have been used to 
generate a sulfate radical, a stronger oxidant (Eo = 2.5- 3.1 0 V, [29, 37]) than 
persulfate: 
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Usually, a great amount of salts are employed in various dyeing processes and 
the strength of dissolved inorganic ions in dyeing wastewater may affect the 
efficiency of dye degradation reaction. The presence of some metallic ions such 
as Co2+, Ni2+, Fe2+ and Ag+ may affect the rate constant through formation of 
metallic ion of higher oxidation degree, able to react faster with CV or MG [38, 
39]. Catalytic kinetic methods for determination of heavy metal ions are based on 
the degradation of CV or MG [40, 41]. The addition in low concentration of 1,8-
dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane–Ni2+ increased strongly the 
degradation rate of MG by persulfate. The order of degradation of MG with 
persulfate under mentioned experimental conditions is as follows:  Fe2+ < Ni2+ < 
persulfate alone < Ni2+ complex [38]. Also the presence of halide salt may affect 
negatively the rate constant by reaction with persulfate directly or indirectly 
through reaction with SO4*- or by increasing the ionic strength [36, 42]. 
The present work is focused on the kinetic study of the oxidation of CV with 
persulfate by UV- Visible spectrophotometry. The effect of various parameters 
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such as pH, initial persulfate concentration, initial CV concentration, transition 
metals concentration, and halide salts concentration was studied. A comparison 
between the degradation of CV and MG with persulfate is undertaken to interpret 
better the results. 
 
 

Experimental  

Crystal violet is used as purchased from BDH (C25H30N3Cl, MW: 407 g). 
Malachite green oxalate (C46H50N4 - 3 C2H2O4, MW: 929.02 g) was supplied by 
Sigma–Aldrich. The other chemical reagents used were of analytical grade. 
Diluted solution of CV (12 mg L-1) was prepared from a mother solution (120 mg 
L-1) in order to have an initial absorbance at maximum wavelength (590 nm) 
close to 1. The kinetic study of the discoloration of CV by persulfate was carried 
on a double beam spectrophotometer, Specord 200 (Analytical Jena). In some 
cases, Na2SO4 solution was added to the reactional mixture in order to keep the 
ionic force constant. Salt solutions of halide (1 M KCl, 1 M KBr, and 0.01 M 
KI), and transition metal solutions (10 g L-1) of Co(NO3)2, Ni(NO3)2, CuSO4, 
FeII(NH4)2(SO4)2.6 H2O, and AgNO3 were also prepared to study the matrix effect 
on the degradation rate.  
 

Kinetic study 
The order with respect to CV was carried out in the presence of a large excess of 
persulfate. The order with respect to persulfate was determined in the presence of 
different excess amounts, while other parameters were kept constant. For the 
determination of the pseudo order with respect to CV and the effect of the initial 
CV concentration, the reactional mixture was obtained as follows: a specific 
amount (x mL) of 12 mg L-1 of CV was added to a mixture of 5 mL of 0.05 M 
persulfate and (5- x) mL of H2O. For the determination of the pseudo order with 
respect to persulfate: 5 mL of 12 mg L-1 CV were added to a mixture of (5 – x) 
mL of 0.05 M persulfate and x mL of 0.05 M of Na2SO4. Quickly after the 
addition of the dye, the absorbance of the solution was recorded every 20 s for 10 
minutes at 590 nm (λmax of CV). The rate expression for the discoloration 
reaction is:  
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where k is the rate constant of the reaction, m and n are the pseudo order of the 
reaction with respect to CV and K2S2O8, respectively.  
The effect of pH on the degradation rate was studied by replacing water with 0.1 
M of the solutions H3PO4, KH2PO4 and Na2HPO4 separately. The effect of salt, 
transition metal and surfactant (SDS) on the rate constant was carried out at 
several concentrations of the mentioned salts, while keeping the other reactants 
constant. The same procedure was used for malachite green. 
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Cytotoxic study 
In order to study the cytotoxic effect of crystal violet on human cells, and if the 
pretreatment with K2S2O8 (KSP) protects against its cytotoxicity, two B- 
lymphocytic cell lines were used: SU-DHL-4 and OCI-LY-1 [43-45]. Both cell 
lines were cultured in suspension in RPMI-1640 media which was supplemented 
with 10 % heat inactivated fetal bovine serum (FBS), L-glutamine (100x 
GlutaMaX, Gibco/Invitogen 35050), penicillin, streptomycin (100xPen/strep, 
Gibco/ Invitrogen 15070-063) at 37 oC and 5 % CO2. The SU-DHL-4 and OCI-
LY-1 cells were seeded 24 h prior to treatment in 24 well plates allowing them to 
reach a density of 5x104 cells per mL upon treatment. Cells were exposed to 10 
mg L-1 of CV, 5x10-3 M of KSP, and a mixture of CV and KSP of equal volume 
(prepared 90 min before). Counting of cells using trypan blue was performed at 
4, 8, and 24 h intervals. The experiments were done in quadruplicate.  
 
 
Results and discussion 

Order with respect to crystal violet 
Crystal violet shows a strong absorption band at 590 nm and follows Beer’s law 
for low concentrations (2– 8 mg/L). The relation found between the absorbance 
A590 and CV concentration in mg L-1 is A590 = 0.18x[CV] (R2: 0.99). The 
discoloration is faster with the increase in persulfate concentration. In the first 
step of degradation (until 700 s), the decrease in absorbance (A) at 590 nm is 
accompanied with an increase of absorbance at 468 nm. The overlay of spectra 
showed an isobestic point at 496 nm (as shown in Fig. 1a).  The solution turns 
green – yellow. After a time, the absorbance at 468 nm begins to decrease and 
that at 307 and 590 nm continues its decrease (Fig.1b). After 110 min the 
solution became transparent. 
The plot of A, Ln A and 1/A vs. time, let us concluded that the best pseudo order 
with respect to crystal violet is 2 (according to the R2 value) (as shown in Fig. 
2a). Kobs (mg-1 L s-1) is the slope of the plot LnA or 1/A vs. time (kobs ∞ kapp). For 
all the experiments concerning the determination of order with respect to CV, the 
correlation coefficient (R2) for second order is closer to one (in the range 0.998 – 
0.999) than that for first order (in the range 0.957-0.980). Order two is confirmed 
by differential method and by modeling the function A590 vs. time. The rate 
constant kobs was evaluated by linear and non linear regression using Excel and 
Origin 7.0 programs. The correlation coefficients for first and second order in the 
case of MG are very close to each other, but the slope obtained from the 
differential method allows us to select the first order. 
The discoloration order mentioned in literature for CV and MG is one [26, 38]. 
The difference in order with respect to CV - between the published result and 
that obtained in the present work- may be due to the condition of the experiment 
such as [persulfate]/[CV], activation by UV light.  
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(a) (b) 

Figure 1a, b. Evolution of the UV- Visible spectra of the mixture CV and persulfate 
with time. Scan time: 0 to 700 s (a) and 800 to 2800 s (b). 
 
The degradation of malachite green with persulfate is accompanied by a decrease 
in the three bands at 620, 432, and 318 nm and an increase in the region between 
450 and 500 nm. Also the decrease in absorbance at 432 nm is accompanied by a 
shift to 468 nm. The solution became clear with time. The degradation products 
are already determined by LC–ESI–MS analysis [38] and the degradation 
mechanism is not the object of this project, but according to the evolution of UV 
– visible spectra, we can say that in CV and MG, the first intermediate 
degradation product is triphenyl-carbocation of yellow color ( λ : 445 nm) (total 
deamination) [46] followed by degradation of triphenyl-carbocation. The 
degradation of high concentration of CV (> 500 mg/L) gave tiny black particles 
with very low solubility in many organic solvents (polar or nonpolar) and 
aqueous yellow color with maximum at 460 nm (insoluble in CH2Cl2). Probably 
the precipitate corresponds to a salt of triphenyl-carbocation.  
 

Effect of CV concentration 
The rate constant increases linearly with the decrease in CV (or MG) 
concentration (as illustrated in Fig. 2b). The rate of discoloration increases with 
the decrease in the number of species to be oxidized. The same results are 
obtained with the systems MG/O3 [17], MG/persulfate [38] and CV/UV/H2O2 
[36], but different from those obtained in ref. 36.  
 
Order with respect to persulfate 
The pseudo order with respect to persulfate is determined by keeping the 
concentration of CV constant and varying the concentration of persulfate in the 
medium. On increasing the concentration of persulfate, more reactive radicals 
could be generated and the rate of CV or MG degradation could become faster. 
Similar trend was observed in the degradation of MG with persulfate [38, 39] and 
CV /UV/ persulfate (H2O2) [36]. The pseudo order with respect to persulfate is 
one for both dyes since there is linear relation between the observed rate constant 
(kobs) and the concentration of persulfate (R2: 0.97) (as shown in Fig. 3). For the 
degradation of MG with persulfate, the order with respect to persulfate obtained 
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by Jonnalagada is half [39]. This order is different from that obtained in the 
present work. 
 

  
(a) (b) 

Figure 2a. Pseudo order of CV degradation with persulfate (A:Absorbance at 590 nm). 
(3 mL of 12 mg L-1 of CV + 5 mL of 0.05 M persulfate + 2 mL of H2O). Figure 2b. 
Effect of the initial CV concentration on the rate constant kobs (mg-1 L s-1). x mL of 
12 mg L-1 of CV + 5 mL of 0.05 M persulfate and (5- x) mL of H2O (3 < x < 5). 
 

 

Figure 3. Pseudo order of the degradation of CV with respect to  persulfate  (kobs in mg-

1L s-1). (5 mL of 12 mg L-1 CV + (5 – x) mL of 0.05 M persulfate + x mL of 0.05 M of 
Na2SO4 with 1< x < 5). 
 
 
Effect of pH 
Crystal violet has acid-base property. The pKa’s for the loss of the two protons 
are approximately 1.15 and 1.8 [47]. At pH 1.0, the dye is green with absorption 
maxima at 420 nm and 620 nm, while in neutral pH, the dye is violet with an 
absorption maximum at 590 nm. The different colors are a result of the different 
charged states of the dye molecule. At neutral pH both extra protons are lost to 
the solution leaving only one of the nitrogen atoms positive charged.  
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Figure 4a, b: Evolution of the visible spectra of the mixture CV and persulfate in 
H3PO4 and Na2HPO4 respectively. 5 mL of  12 mgL-1 CV, 2 mL of 0.05 M K2S2O8 and 
3 mL of 0.1 M H3PO4 and 3 mL of 0.1 M Na2HPO4 respectively. 
 
In alkaline solution and in very acidic solution, discoloration of CV and MG 
occurred due to the nucleophilic attack of the central carbon [48], so the zone of 
pH undertaken for this study is limited to 2 < pH < 9. The oxidation of CV with 
persulfate at several pH does not affect only the rate constant, but affects also the 
intermediate products of the oxidation. In H3PO4 the evolution of CV spectra is 
approximately similar to those in distilled water (as shown in Fig. 4a). The 
intermediate and the final products are probably similar in both cases, but the 
reaction is faster in H3PO4 (Kobs in H3PO4 ~ 2 Kobs in H2O).  The increase of the 
rate constant in acidic medium was also reported in ref. 34 and 36. In H3PO4, the 
isobestic point shifted little to right (510 nm instead of 496 nm in water), but the 
band at 590 nm became wider than in distilled water. 
In presence of NaH2PO4 or K2HPO4, the isobestic point is located at 626 nm and 
the increase in absorbance is observed in another zone (> 630 nm) (as shown in 
Fig. 4b). The intermediate products of the oxidation of CV in K2HPO4 are 
different from those in acidic medium or in distilled water. The rate constants in 
basic medium (NaH2PO4 or K2HPO4) are little smaller than those in water. 
 

Matrix effect 
Salt effect 

The rate constant Kobs decreases exponentially with the increase in KCl or KBr 
concentrations (R2: 0.99). The decrease is more pronounced with KBr than with 
KCl. The results are shown in Fig. 5a. The decrease in rate constant is in 
accordance with that obtained during the degradation of Orange G with the 
persulfate/Fe2+ reagent [37]. The higher ionic concentration in the solutions, the 
lower reaction rate of CV and MG degradation occurred. It might result from a 
decreased amount of sulfate radicals due to the high ionic concentration. There is 

linear relation between Kobs and I or 
I

I

+1
 with R2 equal to 0.94 and 0.97 

respectively, supporting the idea of primary kinetic salt effect. No reaction 
occurred between persulfate and KCl or KBr as in the case with KI. The presence 
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of KCl or KBr did not affect the evolution of the visible spectrum with time 
(isobestic point remained at ~500 nm and appearance of new band at 468 nm).  
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Figure 5a. Effect of halide salts on the discoloration rate constant (5 mL of 12 mg L-1 
CV, 2 mL of 0.05 M K2S2O8, (3- x) mL of 0.1 M KX + x mL H2O). 5b. Evolution of 
visible spectra during the discoloration of CV by persulfate in presence of 2.510-4 M KI. 
(Time of reaction: 20 min , scan every 40 s). 
  
Iodine can inhibit or catalyst some redox reactions. For example, it catalyses the 
reaction between Rhodamine B and KIO4 [49] but inhibits it with KBrO3 [50]. In 
presence of KI, persulfate reacts with iodide to produce iodine slowly (increase 
of absorbance between 400 nm and 450 nm (as indicated in Fig. 5b). The 
reaction between persulfate and iodide is faster than with persulfate and CV, 
preventing the direct reaction between CV and persulfate. The presence of iodine 
even in low concentration (2.5x10-4 M) changes the spectrum of CV significantly 
( maxλ became 564 nm instead of 590 nm). As the absorbance of iodine solution is 

negligible at wavelength higher than 600 nm, the increase of absorbance above 
this wavelength is probably due to an interaction between CV and −

3I as was the 

case with Rhodamine 6 G [51]. The addition of iodine to CV solution directly (in 
the absence of persulfate) gave the same spectral behavior. Iodine inhibits the 
degradation of CV by persulfate dramatically, even in low concentrations. The 
pseudo order with respect to CV in the presence of iodine is not a simple order 
(no linearity in LnA and 1/A plots vs. time). The decrease in A564 vs. time (t) 
followed the relation ct

o beAA
−

+= . 

 
Metal effect 

The addition of Cu2+, Ni2+, and Co2+ to the reactional mixture did not affect the 
rate constant, but the addition of Ag+ increases strongly the rate constant. Fig. 6a 
presents the variation of the rate constant as a function of Ag+. There is an 
exponential relation between Kobs and Ag+ concentration (R2: 0.99). The spectra 
did not show an isobestic point as in absence of silver, but the behavior in the 
region between 400 and 500 nm remained the same: at the beginning the 
absorbance increases, then decreases with time (as shown in Fig. 6b). The rate 
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constant of the degradation of MG with persulfate increases linearly with Ag+ 
concentration. The variation of the rate constant in function of Ag+ concentration 
is more pronounced with CV than with MG. 
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Figure 6a. Variation of the degradation rate constant of CV as a function of Ag+ 
concentration. 5 mL of 12 mg/L CV, 2 mL of 0.05 M K2S2O8, (3- x) mL of 0.1 M Ag+

 + 

x mL H2O. 6b. Evolution of CV spectrum during CV degradation with persulfate in 
presence of Ag+. 
 
Concerning, the addition of ferrous salt: at first, the  rate constant increases little 
to reaches a maximum, for a concentration of Fe2+ equal to 0.003 M then 
decreases linearly with the increase of Fe2+ concentration (as shown in Fig. 7). 
The main reason for the decrease of kobs at higher Fe2+ concentration is due to the 
fact that sulfate radical is scavenged by the excessive Fe2+ according to 

+−−+
+→+

32
4

*
4

2 FeSOSOFe . A similar result is observed during the oxidation of 
other compounds with persulfate [25, 26, 52]. The matrix effect (salt and metal) 
on MG degradation is similar to that observed with CV. 
 

 

Figure 7. Variation of the degradation rate constant (kobs) of CV as a function of Fe(II) 
concentration.  
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Surfactant effect 

The addition of surfactants to the reactional mixture may change the pathway 
reaction and may vary (positively or negatively) the rate constant of some 
reaction [15, 40, 53]. The results obtained in the present case show that the 
addition of anionic surfactant such as sodium dodecyl sulfate (SDS) decreases 
the rate constant even at low concentrations of SDS. The discoloration is 
inhibited with the increase of SDS concentration in the medium. 
 
Effect of temperature 

The increase in temperature increases the discoloration rate of CV. The 
activation parameters associated with the discoloration are calculated as follow: 
plot of ln Kobs vs. 1/T gives the value of the activation energy (Ea), according to 
Arrhenius equation:  
 

11..3.8:/ln −−
+−= molKJRwithcteRTEK aobs     (2) 

The ∆H≠ and ∆S≠ values can be calculated from Eyring plot: 

TR

H

R

S

h

k

T

K Bobs

×

∆
−

∆
+=

≠≠

)(ln)ln(                                  (3) 

where kB = Boltzmann's constant (1.381x10-23 J·K-1), h = Plank's constant 
(6.626x10-34 J·s) and ln (kB/h) = 23.76 
The free activation enthalpy ∆G≠ is equal to: 
 

≠≠≠
∆×−∆=∆ STHG                                                 (4) 

The linear equation of ln (Kobs) vs. 1/T is 47.6
3480

+
−

T
 (as shown in Fig. 8). The 

activation energy and the other kinetics parameters in the range of temperature 
studied (23 oC - 32 oC) are listed in Table 2. 
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Figure 8. Arrhenius plot of lnkobs vs. 1/T.  (8.6 mg L-1 CV (2.11x10-5 M)+ 0.014 M 
K2S2O8). 
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Table 2. Activation thermodynamic parameters of the degradation of CV by persulfate. 
8.6 mg L-1 CV (2.11x10-5 M), 0.014 M K2S2O8. 

Ea (kJ.mol-1) ∆H≠ (kJ.mol-1) ∆S≠ (kJ.mol-1.K-1) ∆G#
298 (kJ.mol-1) 

28.9 26.4 - 0.235 96.4 

 
Cytotoxic Study 
Cell counting of SU-DHL-4 revealed that CV being highly cytotoxic induced 
almost 100 % of cell death after 24 h. Altough KSP had slight cytotoxicity killing 
10 % of the SU-DHL-4 cells after 24 h. Interestingly, the mixture of CV and KSP 
had intermediate cytotoxicity, killing 40 % of the cells after 24 h. The results are 
given in Table 3. The pretreatment of CV with KSP protected cells by about 60 
% from the cytotoxic CV effect. These results showed that the degradation 
products of CV by KSP were less toxic than CV.  Similar results were observed 
with OCI-LY-1 cells.  
 

Table 3. Variation of the percentage of the living cells for SU-DHL-4 and OCI-LY1 
(into bracket) as a function of time.   

 Percentage of living cells 

     0 h               4 h                8 h              24 h Solution 

Blank 100  (100) 100 (95) 96 (95) 91 (83) 

KSP 100 (100) 89 (86) 84.9 (84) 81 (74) 

CV 100 (100) 78 (79) 56 (50) 2 (7) 

Mixture of CV and KSP 100 (100) 78 (79) 64 (66) 46 (43) 

 

Conclusions 

The degradation of CV is pseudo second order and pseudo first order with 
respect to CV and persulfate. The discoloration increases with temperature but 
decreases exponentially with the addition of halide salts: the order of inhibition is 
as follow: KCl < KBr << KI. There was no effect on the rate constant upon 
addition of Cu2+, Ni2+, or Co2+, but an important increase is observed after 
addition of Ag+

.  Anionic surfactant (SDS) also inhibits the degradation rate of 
CV. The general behavior of CV is similar to that of MG with only one 
difference concerning the order of degradation of MG (one instead of two). The 
toxicity of CV is reduced after degradation with K2S2O8. 
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