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a b s t r a c t
Current study focused on Coriandrum sativum seeds as a green low-cost biosorbent for crystal vio-
let dye removal from wastewater. Adsorption parameters (such as pH, adsorbent dosage, contact 
time, adsorbate concentration, and temperature), isotherm models (i.e., Langmuir, Freundlich, and 
Dubinin–Radushkevich isotherm models), kinetic models (i.e., pseudo-first-order, pseudo-second- 
order, and intraparticle diffusion models), and thermodynamics study has been studied and inves-
tigated. At optimized conditions, that is, pH 7, adsorbent dose of 0.3 g, contact time 50 min, dye 
concentration of 30 ppm, and 10°C temperature, the maximum dye removal was 75%. Experimental 
data fitted best to Freundlich isotherm and pseudo-second-order kinetic model. Computed ΔG and 
ΔH values adjusted adsorption process to be spontaneous and exothermic in nature. Maximum 
adsorption capacity in current process was found to be 1.8098 mg/g and applicability of established 
practice with tap water was 72% and regeneration study showed that nearly 71% of adsorbent 
(Coriandrum sativum seeds) was recovered which confirmed the effectiveness of Coriandrum sativum 
seeds for decontamination of crystal violet dye.

Keywords:  Crystal violet dye; Coriandrum sativum seeds powder; Adsorption; Kinetic models; Isotherm 
models; Thermodynamics

1. Introduction

Water is one of the most vital and useful requirements 
in the lives of humans and other living creatures. It is used 
for variety of purposes and is exposed to various chemicals, 
thus it might become polluted [1]. Generation of coloured 
wastewater is an unintended consequence of the invention 
of various industries, including dyeing, textile, printing, 
paper, and research labs [2]. Dyes are becoming common 
water pollutants. The reports of their toxicity are alarming 
for water resources and the ecosystem [3]. Water pollution is 
one of the most undesirable environmental problems in the 
world and this requires solution to purify it [4]. Textile indus-
tries produce a lot of wastewaters, which contains several 
contaminants, including acidic or caustic dissolved solids, 

toxic compounds, and many different dyes. Many of these 
dyes are carcinogenic, mutagenic, teratogenic, and toxic to 
human beings, fish species, and microorganisms. Hence, 
their removal from aquatic wastewater is environmentally 
crucial [5–7].

Effluents released from textile industries are major con-
tributors to water pollution all over the word. Treatment of 
industrial effluents to remove the toxic colorants is a chal-
lenging task to tackle with. These effluents may contain per-
sistent dyes and toxic by-products which are very harmful 
for health of human being and the quality of aquatic life. 
Sometimes, due to the higher concentration of dye sunlight 
cannot penetrate the subsurface of the water in the natural 
streams, lakes, and rivers which create a negative impact on 
aquatic life/ phytoplankton and zooplanktons [8]. Crystal 
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violet (CV) is a water-soluble cationic dye with a complicated 
structure, also known as basic violet 3, methyl violet 10B and 
gentian violet, widely used for different dyeing processes for 
wood, cotton, silk, etc. It has been widely used in various 
medical fields as an external skin disinfectant in humans, 
active ingredient in Gram’s stain and a bacteriostatic agent 
[7]. However, it causes severe health problems such as eye 
irritation, permanent injury to the cornea, breathing diffi-
culty and hypertension [9–11]. During its exposure, it may 
lead to eyes damage, mental confusion, nausea, vomiting, 
and methemoglobinemia. Various methods including phys-
icochemical, chemical, and biological methods have been 
adopted for wastewater treatment. Chemical technology 
includes such as ferric carbon micro-electrolysis technology, 
ozonation, photocatalytic oxidation and degradation etc. 
[12–14]. On the other hand, biochemical technology involves 
sequencing batch reactors, up-flow anaerobic sludge bed 
and membrane bioreactor processes. Physicochemical pro-
cesses such as coagulative precipitation, flotation, mem-
brane separation, electrolysis, and flocculation have been 
reported as treatment techniques for wastewater from 
numerous contaminants [15–18]. But these methods require 
large quantities of reagent and high energy consumption 
besides generating a huge amount of waste products [19]. 
Unlike these methods, adsorption-based processes have the 
possibility of using low-cost and easily available materials 
which can effectively be exploited for adsorption/removal of 
pollutants from wastewater. Keeping these aspects in view, 
many new materials have been studied for the adsorption 
of dyes from wastewater [20,21].

Activated carbon has become the most widely used 
adsorbent to remove dyes because it shows good adsorp-
tion property and chemical stability. Since operation cost of 
activated carbon is very high, people are trying to find more 
economical and efficient adsorbents to treat wastewater and 
now an alternative has been successfully explored from 
different agricultural and forestry wastes such as peanut 
husk [22], banana peel [23], saw dust [24], fish scales [25], 
coconut coir dust [26], internal almond shell [27], walnut 
shell [28], MDF waste [29], kudzu [29], bagasse pith, fuller’s 
earth, and silica [30], wheat bran [31], spent tea leaves [32], 
orange peel [33], meranti saw dust [34], eggshell waste [35], 
coconut bunch waste [36], mango seed [37], luffa acutan-
gula peel [38] and many fish scale derivatives such as rohu 
(Labeo rohita) [39], coconut husk [40], tilapia (Oreochromis 
niloticus) [41], piau (Leporinus elongates) scales [42], potato 
peel [11], corn stalk [43], olive leaves [44], mango leaves 
[45], rice husk [46], aloe vera biomass [47], pistachio shells 
[48], metal-doped TiO2 [49], acid treated natural oil palm 
trunk powder (OPTP) [50], acid modified banana peels 
[51], natural adsorbents, that is, from activated coconut 
shells, activated cow bones and zeolite [52], dried prickly 
pear cactus cladodes [53], greensand (glauconite) [54], cal-
cium alginate-multiwall carbon nanotube (CA/MWCNTs) 
[55], Chroococcus dispersus algae [56], greensand [57] and 
ground nut shell etc. were investigated [58].

Coriander (Coriandrum sativum) is a popular spice and 
a major ingredient of curry powder, an effective antiox-
idant, and a drug for rheumatism, against worms, and 
indigestion. Coriander (Coriandrum sativum) seeds have 
also many properties as antimicrobial activity, insecticidal 

effect, hypolipidemic activity, hypoglycemic action, corro-
sion inhibition, and adsorption of heavy metals and dyes 
[59–63].

Aims and objectives of current research were to deter-
mine an effective, efficient, and economically feasible 
method for degradation of toxic crystal violet dye from 
wastewater by adsorption process using Coriandrum sativum 
and to investigate the effects of various operational param-
eters on dye removal. Applicability of current practice was 
checked with tap water. This study also explores the basic 
mechanism of crystal violet dye removal. At the end, effi-
ciency of Coriandrum sativum for crystal violet dye deg-
radation was compared with other available adsorbents.

2. Material and methods

2.1. Preparation of adsorbent

The coriander seeds (Coriandrum sativum) were collected 
from local area, washed with deionized water to remove 
impurities such as sand and dust, dried in an air at 50°C for 
24 h, ground using mortar, and then sieved, until the grain 
size of particles 200 µm was obtained. The resulted material 
was stored in clean plastic jars to prevent it from humidity.

2.2. Preparation of dye stock solution

1,000 ppm stock solution of crystal violet dye was pre-
pared by dissolving 1 g of dye in 1,000 mL round bottom 
flask by adding distilled water up to the mark. Fresh solu-
tions were prepared for study of different parameters 
by diluting the stock solution.

2.3. Batch adsorption studies

For optimization of different parameters (such as pH, 
shaking time, adsorbent dose, dye concentration, and tem-
perature) batch adsorption experiment was performed. Each 
experiment was carried out by keeping one parameter as 
variable and keeping others as constant. 10 mL of dye solu-
tion was used for each experiment. Initial absorbance of 
solution (before adsorption) was measured by UV-visible 
spectrophotometer at λmax (i.e., 574 nm) of crystal violet dye 
and is recorded as Co. Shaking of mixture was employed 
for 5 min. When equilibrium was attained then mixture 
was centrifuged at speed of 3,000 rpm, and dye concen-
tration (after adsorption) was determined spectrophoto-
metrically at the λmax of crystal violet and is recorded as Ce. 
Percentage removal was calculated by formulae given below:

Percentage removal �
�

�
C C
C
o e

o

100  (1)

where Co is the initial dye concentration (mg/L) and Ce is the 
equilibrium dye concentration (mg/L). Adsorption capacity 
qt (mg/g) can be obtained via following formulae:

q C C V
mt e� �� ��0  (2)
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where ‘V’ is the volume of solution and ‘m’ is the mass of 
adsorbent.

3. Results and discussions

3.1. Characterization of adsorbent

Adsorbent was characterized by Fourier-transform infra-
red spectroscopy (FTIR) and scanning electron microscope 
(SEM) techniques to determine the different functional 
groups and surface texture of adsorbent respectively.

3.1.1. Fourier transformed infrared

FTIR analysis of Coriandrum sativum seed (CSS) and 
CSS-CV was carried out using a Perkin Elmer spectrum 
apparatus version 10.03.07 ATR with the spectral resolu-
tion 4.0 cm–1. Both corresponding FTIR spectra were shown 
in (Fig. 1). A strong peak at 3,415.66 cm–1 indicates the pres-
ence of hydroxyl group. The presence of aliphatic groups 

(–CH2 or –CH3) was proved by the peak at 2,925.96 cm–1 due 
to the stretching vibrations of C–H bonds. It can be clearly 
deduced that the decrease in peak size at 3,416.57 cm–1 indi-
cates the involvement of hydroxyl group in the CSS-CV 
interaction [62]. 

3.1.2. Scanning electron microscope analysis

Morphology of adsorbent was investigated by using 
a scanning electron microscope (SEM) (model VEGA3 
TESCAN). The obtained SEM micrographs of Coriandrum 
sativum seeds both before and after crystal violet (CV) dye 
removal process are shown in (Fig. 2), respectively. Before 
adsorption, Coriandrum sativum seed (CSS) had a rough 
surface having various pores in it (Fig. 2a). However, after 
adsorption, these cavities were filled with crystal violet 
(CV) dye molecules as shown in (Fig. 2b). It can be deduced 
that Coriandrum sativum seed (CSS) can act as an excellent 
adsorbent for crystal violet (CV) dye removal [62].

4000 3500 3000 2500 2000 1500 1000 500 
Wave number (cm -1 ) 

 CSS 
 CSS-CV 

Fig. 1. FTIR spectra of CSS before (------) and after (------) adsorption of crystal violet dye.

 
Fig. 2. SEM micrographs of CSS before (a) and after (b) adsorption of crystal violet dye (with resolution of 20 µm).
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3.2. Effect of solution pH

Solution pH is amongst the most key factors affecting the 
sorption capacity of the adsorbent. Effect of solution pH on 
adsorption of crystal violet (CV) dye on Coriandrum sativum 
(CSS) powder was investigated by varying pH from 1–14. 
From results it was found that with an increase in pH value 
up to 7 there was an increase in percentage removal, that is, 
75% at neutral pH while at higher pH values (pH > 7), there 
was a competition between negatively charged hydroxyl 
ions (in basic solution) and negative surface of Coriandrum 
sativum (CSS) powder (according to the interpretation of 
the FTIR results) towards crystal violet dye adsorption 
which decrease percentage removal. While when pH value 
is below 7 then there were more positive hydrogen ions in 
the solution which decrease positive dye molecule adsorp-
tion on adsorbent surface. Therefore, the optimal value of 
pH was found to be 7, at which a removal efficiency of 75% 
was obtained [64]. Effect of solution pH on crystal violet 
dye removal is shown in Fig. 3.

3.3. Effect of adsorbent dose

To investigate effect of adsorbent amount on crystal violet 
dye removal, weight of adsorbent changed from 0.1–1.0 g by 
keeping other parameters constant. From results it became 
clear that with rise in adsorbent amount, % removal of crys-
tal violet dye upsurges continuously up to 0.3 g (74.765%) 
after which it becomes constant. This increase in % removal 
with increase in adsorbent dosage was due to increase 
in number of available adsorption or exchangeable sites 
[58,65,66]. The removal percentage increased from 67.957% 
to 74.765% when weight of adsorbent increased from 0.1 
to 0.3 g after which it became constant, that is, 74.765% up 
to 1.00 g. There is no significant increase in % removal or it 
became constant after an optimum weight (0.3 g) because 
all adsorption sites are fully occupied by dye molecules. In 
other words, we can say that adsorbent dose has direct rela-
tion with adsorption of dye molecules. Effects of adsorbent 
dosage on % removal of dye is given in Fig. 4 [67].

3.4. Effect of contact time

Exposure time is the time taken by an adsorbate to be 
completely adsorbed onto the surface of an adsorbent. To 

examine the effect of contact time on adsorption process of 
crystal violet dye, contact time changed from 5–120 min. 
From experiments, it became clear that maximum time for 
adsorption of crystal violet dye on surface of Coriandrum 
sativum (CSS) powder was 50 min at which % removal of 
crystal violet dye was 75%. Thus, optimum time for next 
experiments was 50 min. Adsorption process was very fast 
in first 5 min after which there was gradual increase in % 
removal. Fast reaction in beginning was due to the pres-
ence of vacant adsorption spots at the exterior of adsorbent. 
After some time, all the vacant sites were occupied, and it 
resulted in small rise in abstraction of dye because at satu-
ration point dye molecules are weakly held on adsorbent 
surface (probably known as second adsorption layer) [68,69]. 
In other words at saturation point active sites of adsorbent 
were impregnated with the dye molecules [70]. The graph 
showing % removal of dye is given in Fig. 5 [67].

3.5. Effect of dye (adsorbate) concentration

Effect of initial dye concentration on adsorption was 
studied by changing adsorbate dosage from 5 to 120 ppm. 
At pH 7, 0.3 g of CSS powder was taken, and varied amount 
of adsorbate (with exposure time of 50 min) was used to 
study the % removal of adsorbent towards crystal violet dye. 
From experiment, it became clear that % removal increased 

Fig. 3. Plot of pH against % removal.

Fig. 4. Plot of adsorbent dose against % removal.

Fig. 5. Plot of contact time against % removal.
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continuously with increase in dye concentration, that is, 
76.08% of dye was removed when dye concentration was 
30 ppm. After that from 30 to 120 ppm removal percentage 
decreased constantly from 76.08% to 65.68%. Initial rise in 
exclusion efficacy was due to the excess amount of adsorbate 
(crystal violet dye) which adsorbed onto exterior of adsor-
bent quickly ensuing quick and maximum removal of dye. 
With increase in dye concentration, there was decrease in 
percentage removal because at saturation point active sites of 
adsorbent were impregnated with the dye molecules. Besides 
repulsion between dye molecules also takes place responsi-
ble for decrease in percentage removal of dye [71,72]. As a 
result, removal efficiency decreases gradually. The graph 
showing the results is given in Fig. 6 [73]. Experimental 
results of effect of dye concentration are given in Table 4.

3.6. Effect of temperature

Temperature serves as a key factor affecting the adsorp-
tion process of dye and to optimize solution temperature 
(for maximum adsorption of dye) its value varied from 
10°C–60°C while other parameters were constant. Results 
showed that crystal violet (CV) dye removal using Coriandrum 
sativum (CSS) powder decreased with increase in temperature 
showing that the process of crystal violet (CV) dye adsorp-
tion on Coriandrum sativum (CSS) powder is exothermic in 
nature. Because at elevated temperature dye tends to be sol-
uble in solvent rather than to adsorb on adsorbent surface, 

that is, adsorbate-solvent interactions overcome adsorbate–
adsorbent interactions leading to decrease in percentage 
removal of dye. Hence, the process found to be exothermic 
in nature, similar results were reported by [74–78]. Effect of 
temperature on crystal violet dye removal is shown in Fig. 7.

3.7. Kinetic study

Various kinetic models were used to optimize adsorption 
time as well as to investigate mechanism of adsorption of 
crystal violet dye on Coriandrum sativum. These models were 
pseudo-first-order, pseudo-second-order, and intraparticle 
diffusion model.

3.7.1. Pseudo-first-order kinetic model

The linear form of pseudo-first-order is given below:

ln lnq q q K te t e f−( ) = −  (3)

where qt (mg/g) = amount of adsorbate adsorbed on adsorbent 
surface at time t, qe (mg/g) = amount of adsorbate adsorbed 
on adsorbent surface at equilibrium time, Kf = pseudo- 
first-order constant. To find values of qe and Kf a graph 
was plotted ln(qe – qt) vs. time t (min) [79] shown in Fig. 8. 
R2 is a correlation coefficient that is commonly used to ver-
ify a better kinetics model. In general, kinetic model with a 
higher R2 value is more widely accepted [80].

From results, it was found that R2 value for pseudo-first- 
order kinetic model was 0.990 (less than 1). Additionally, 
there was greater difference amongst calculated, that is, 
0.005 mg/g and experimental, that is, 0.171 mg/g qe values 
showing that current adsorption process does not follow 
pseudo-first-order kinetic model.

3.7.2. Pseudo-second-order kinetic model

Linear form of pseudo-second-order model is given 
below:

t
q K q

t
qt s e e

= +
1

2  (4)

Fig. 6. Plot of dye concentration against % removal.

Fig. 7. Plot of temperature against % removal.
Fig. 8. Plot of pseudo-first-order model for adsorption of crystal 
violet by Coriandrum sativum.
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where qt (mg/g) = amount of adsorbate adsorbed on adsor-
bent surface at time t, qe (mg/g) = amount of adsorbate 
adsorbed on adsorbent surface at equilibrium time, Ks (g/
mg min) = pseudo-second-order rate constant. The values of 
qe and Ks were found by plotting a graph of t/qt (min/g mg) vs. 
time (min) [81] shown in Fig. 9.

From results it became clear that value of coefficient of 
determination of pseudo-second-order model is greater 
than that of pseudo-first-order kinetic model, that is, 0.998 
and there is a smaller difference between calculated (0.160) 
and experimental (0.171) qe value indicating that data fits 
best to pseudo-second-order kinetic model.

3.7.3. Intraparticle diffusion model

Weber and Morris proposed this model for determining 
the diffusion mechanism and rate controlling step in kinet-
ics of adsorption. Mathematical form of this model can be 
represented as:

q K t It = +id
0 5.  (5)

where qt (mg/g) = quantity of adsorbate adsorbed at time ‘t’, 
I = thickness of layer and Kid (mg/g min1/2) = intraparticle dif-
fusion constant [9]. A plot of intraparticle diffusion model 
is shown in Fig. 10. Plot obtained by data is not linear. It 
means that only intra particle diffusion model is not the rate 
limiting step, but other kinetic models are also involved in 
control of adsorption speed.

Similar trend was observed with various adsorbents 
[9,82,83]. Pseudo-second-order model has benefit that 
adsorption at equilibrium and initial adsorption rate can be 
calculated from itself, with no need of getting equilibrium 
sorption capacity from trials [84]. Comparison of kinetic 
models is given in Table 1.

3.8. Adsorption isotherm

To determine the best suited isotherm model in the 
adsorption process, concentration data from the experi-
ment is analyzed using various isotherm models. Langmuir, 
Freundlich, and Dubinin–Radushkevich (D-R) isotherm 
models were studied in current research.

3.8.1. Langmuir adsorption isotherm model

This isotherm deals with interaction of adsorbate on 
adsorbent surface without interacting with each other. It 
deals with monolayer adsorption. Linear form of Langmuir 
model is given as below:

1 1 1 1
q q q K Ce L e

= +





max max

 [85] (6)

where KL = Langmuir constant (dm3/mol) and qmax = mono-
layer adsorption capacity (mg/g). This equation can be 
simply written as:

C
q q K

C
q

e

e L

e= +






1

max max

 [86] (7)

In general, qmax and KL are functions of pH, ionic medium, 
and adsorbate ionic strength. When we plot a graph between 
Ce (mg/L)/qe (mg/g) and Ce (mg/L), a straight line will be 
obtained [81]. The Langmuir isotherm results for adsorp-
tion of crystal violet dye on to the surface of Coriandrum 
sativum from aqueous solution are shown in Fig. 11. R2 value 
was 0.994 which is very similar to unity, indicating that the 
current adsorption process is promising.

3.8.2. Freundlich adsorption isotherm model

Freundlich model provides relationship between adsorp-
tion of adsorbate on adsorbent surface with pressure of 
gas by equation given below:

Fig. 9. A plot of pseudo-second-order model for adsorption of 
crystal violet by CSS.

Fig. 10. A plot of intraparticle diffusion model for adsorption of 
crystal violet dye.

Table 1
Comparison of kinetic parameters of three models (pseudo- 
first-order, pseudo-second-order, and intraparticle diffusion 
model)

Pseudo-first-order Pseudo-second-order Intraparticle 
diffusion model

qe (mg/g) = 0.005 qe (mg/g) = 0.160 qe (mg/g) = 0.191
R2 = 0.990 R2 = 0.998 R2 = 0.996
K1 (min–1) = 0.055 K1 (min–1) = 0.591 Kid = 0.003
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q K Pe F=  (8)

Linear form of Freundlich adsorption isotherm model is:

ln lnq K
n

Pe F= +
1  (9)

In case of solution, this equation can be written as:

ln lnq K
n

Ce F e= +
1  (10)

where KF = Freundlich constant, n = slope, qe (mg/g) = amount 
of adsorbate adsorbed per gram of an adsorbent. Straight 
line graph is obtained when we plot lnqe vs. lnCe. From 
intercept and slope of graph KF and “n” can be determined 
[81]. The Freundlich isotherm graph is shown in Fig. 12. R2 
value for Freundlich isotherm model is 0.999 (higher than 
that of Langmuir isotherm value) which is very close to 1 
which confirmed that statistical data follows Freundlich 
isotherm model.

3.8.3. Dubinin–Radushkevich isotherm model

This isotherm is an empirical model that explains mech-
anism of adsorption with a Gaussian surface distribution on 
a heterogeneous surface [87]. The Dubinin–Radushkevich 
isotherm is temperature dependent. The equation for 
Dubinin–Radushkevich is:

ln lnq qe = −DR βε2  (11)

where β = activity coefficient, lnqDR = imaginary inundation 
capacity, ε is Polanyi potential given as follows:

ε = +






RT

Ce
ln 1 1  (12)

where T = temperature, R is general gas constant. Energy of 
transference of one mole of solute from infinity to adsorbent 
exterior is mean sorption energy denoted by β.

β
β

=
1
2

 (13)

where β = activity coefficient [81]. D-R plot is shown in 
Fig. 13. Value of R2 for D-R isotherm model is 0.986 which 
is less than that of Freundlich adsorption isotherm model 
and value of energy 1.51 (kJ/mol) indicated that current pro-
cess is chemical as well physical in nature.

When we compare results of different isotherm mod-
els (Table 2) we found that experimental data fits best to 
Freundlich isotherm model rather than Langmuir and 
D-R isotherm models due to its greater R2 value. Obtained 
adsorption isotherm showed that current process of adsor-
ption of crystal violet dye on coconut husk powder is 

Fig. 11. A plot of Langmuir isotherm model.

Fig. 12. A plot of Freundlich isotherm model.

Fig. 13. Graph of D-R isotherm model.

Table 2
Comparison of isotherm models (Langmuir, Freundlich and 
Dubinin–Radushkevich model)

Isotherm model Parameters R2

Freundlich n (L/g) Kf (mg/g) 0.999
0.2171 1.8098

Langmuir Qo (mg/g) b (dm3/mol) 0.994
1.01995 × 10–8 8.5749 × 10–7

Dubinin–Radushkevich β = (kJ2/mol2) ε2 (kJ/mol) 0.986
0.348 1.51099
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favorable [70] with physical adsorption dominating over 
chemical adsorption [84]. Comparison of adsorption capac-
ities of various adsorbents is given in Table 3 which showed 
that Coriandrum sativum is an excellent adsorbent for 
adsorption of crystal violet dye as its qe value is higher as 
compared to other adsorbents.

3.9. Thermodynamic study

The temperature impact on the adsorption process is 
another important component that determines whether the 

adsorption system is exothermic or endothermic and alters 
the adsorbent’s adsorption capability [9]. Free energy (ΔG), 
free enthalpy (ΔH) and entropy (ΔS) were estimated by the 
equations given below.

∆G RT Kc= − ln  (14)

K
q
Cc
e

e

=  (15)

Table 3
Comparison of adsorption capacities of various adsorbents for 
crystal violet dye adsorption

Adsorbent Adsorption 
capacity (mg/g)

Reference

Coriander seeds 1.8098 Present work
Keratin nanoparticles 1.57 [88]
Ground nutshell 0.524 [89]
Activated carbon 18.47 [10]
Date palm fiber 1.31 [75]
Coniferous Pinus bark 0.72 [90]
Nanomagnetic iron oxide 16.51 [91]
Cedrus deodara sawdust 0.673 [9] Fig. 14. Van’t Hoff plot of crystal violet dye adsorption by 

Coriandrum sativum.

 
Fig. 15. Mechanism of crystal violet dye adsorption on Coriandrum sativum.
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∆ ∆ ∆G H T S= −  [92] (16)

When a graph is plotted between lnKc and 1/T then we 
will get a straight-line from which ΔH and ΔS can be deter-
mined from its s slope and intercept respectively. R, uni-
versal gas constant = 8.31 J/mol K and T = temperature in 
Kelvin [92]. Van’t Hoff plot is given in Fig. 14. Because of the 
negative value of ΔG, adsorption seems to be spontaneous 
in nature and randomness of process increased as con-
firmed by positive ΔS [93–95].

3.10. Mechanism of adsorption

From FTIR results it became clear that adsorption of 
crystal violet dye on Coriandrum sativum seeds (CSS) (adsor-
bent) was basically due to interactions between ionizable 
functional groups of adsorbents such as hydroxyl group etc. 
and crystal violet dye molecules. Strong electrostatic inter-
actions between dye molecules (CV+Cl–) and specific func-
tional groups of adsorbents are responsible for breaking 
dye intra-molecular bonds and hence their removal from 
wastewater. Mechanism of adsorption by hydroxyl func-
tional group is as follows:

CSS OH OH CSS O H O2− + → − +− −  (17)

CSS O CV Cl CSS O CV Cl− + → − − +− + − −  (18)

where, CSS represents Coriandrum sativum seeds (adsor-
bent) and CV+Cl– represents crystal violet dye molecules. 
Mechanism of crystal violet dye adsorption on Coriandrum 
sativum is shown in Fig. 15.

3.11. Desorption study

When 1 M HNO3 was added to the loaded dye solu-
tion, pH of the solution dropped. As a result, bond weakens 
between dye and adsorbent leading to desorption of dye 
from surface of adsorbent. Nevertheless, removal efficacy 
of adsorbent decreased after regeneration but can be reused 
for treatment [9,70,92,96–98].

3.12. Applicability of developed procedure with tap water

Current adsorption process was also studied with tap 
water to study the effect of various cations and anions [9] 

(e.g., phosphates, sulphates, nitrates, calcium, potassium 
ions etc.) on crystal violet dye adsorption on Coriandrum 
sativum under optimized conditions and results showed that 
nearly 75% of dye was removed in this way which showed 
that Coriandrum sativum seed (CSS) is a potential adsorbent 
for removal of crystal violet dye from wastewater.

4. Conclusion

• This research paper aimed to investigate the potential 
of Coriandrum sativum as an adsorbent for crystal violet 
dye removal from wastewater and to optimize different 
adsorption parameters for maximum adsorption of dye.

• Results showed maximum percentage degradation, that 
is, 81% at optimized conditions such as pH 7 solution, 
0.3 g adsorbent dose, with 50 min of exposure time and 
30 ppm of dye concentration at 10°C solution temperature.

• Results of characterization confirmed that hydroxyl 
group and heterogenous adsorbent surface was respon-
sible for crystal violet dye adsorption on Coriandrum 
sativum.

• Results of concentration and kinetic data confirmed that 
experimental data fitted well to Freundlich isotherm 
model (R2 = 0.999) and pseudo-second-order kinetic 
model (R2 = 0.998).

• Computed ΔG and ΔH values confirmed adsorption pro-
cess to be spontaneous and exothermic in nature.

• Applicability of established procedure with tap water or 
real system was 75% which showed the effectiveness of 
Coriandrum sativum for removal of crystal violet dye from 
wastewater.

Conflicts of interest

Authors state no competing financial concerns to influ-
ence the work described in this research.

Availability of data and material (data transparency)

Authors will ensure data transparency.

Authors’ contributions

All authors contribute equally to the manuscript.

Data availability

Data that support this study are available in the article 
and accompanying supplementary file.

Symbols

qt — Adsorption capacity at time ‘t’, mg/g
qe — Adsorption capacity at equilibrium, mg/g
Co — Initial concentration of dye, mg/L
Ce — Equilibrium concentration of dye, mg/L
V — Volume of dye solution taken, mL
m — Mass of adsorbent, g
KF — Pseudo-first-order rate constant, mg/g
Ks — Pseudo-second-order rate constant, mg/g
KL — Langmuir constant, dm3/mol

Table 4
Calculated thermodynamic parameters

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K)

273 –29.674 11.750 0.152
283 –31.152 11.750 0.152
293 –31.836 11.750 0.149
303 –32.796 11.750 0.147
313 –33.625 11.750 0.145
323 –33.331 11.750 0.140
333 –33.815 11.750 0.137
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b — Langmuir equilibrium constant, L/mol
RL —  Dimensionless constant, separation factor 

parameter
n — Intensity of adsorption, L/g
β —  Constant related to adsorption energy or 

activity coefficient, kJ2/mol2

qDR — Imaginary inundation capacity
ε2 — Polanyi potential, kJ/mol
Cid — Intraparticle rate constant, mg/g min1/2

Cads — Adsorbed concentration, mg/L
Ceq —  Unabsorbed quantity of adsorbate in solu-

tion at equipoise, mg/L
T — Temperature, K
R — Universal gas constant = 8.31 J/mol K
ΔG — Change in Gibbs free energy, kJ/mol
ΔH — Change in enthalpy, kJ/mol
ΔS — Change in entropy, J/mol K
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Supporting information

Table S1
Results the effect of pH on adsorption

pH Ai Af Ce % age 
removal

1 0.307 0.266 6.0454 48.98
2 0.694 0.337 7.6591 51.34
3 0.698 0.314 7.1364 55.01
4 0.714 0.301 6.8409 57.74
5 0.701 0.256 5.8182 63.39
6 0.739 0.239 5 67.69
7 0.683 0.170 3.8636 75
8 0.753 0.219 4.9773 70.87
9 0.782 0.285 6.4773 63.51
10 0.787 0.307 6.9773 60.91
11 0.776 0.337 7.659 58.79
12 0.815 0.397 9.0227 51.67
13 0.708 0.455 10.3409 35.67
14 0.726 0.505 11.4773 30.47

Table S2
Results of experiment to study the effects of adsorbent dosage

Adsorbent 
dose (g)

Ai Af Ce % age 
removal

0.1 0.852 0.273 6.0245 67.957
0.2 0.852 0.226 5.1364 73.474
0.3 0.852 0.215 4.8864 74.765
0.4 0.852 0.215 4.8864 74.765
0.5 0.852 0.215 4.8864 74.765
0.6 0.852 0.215 4.8864 74.765
0.7 0.852 0.215 4.8864 74.765
0.8 0.852 0.215 4.8864 74.765
0.9 0.852 0.215 4.8864 74.765
1 0.852 0.215 4.8864 74.765

Table S3
Results of experiment to study the effects of contact time (min)

Contact time 
(min)

Ai Af Ce % age 
removal

5 0.843 0.319 7.25 62.2
10 0.843 0.319 7.25 62.2
20 0.245 0.310 7.045 63.2
30 0.843 0.301 6.841 64.3
40 0.843 0.245 5.561 71
50 0.843 0.214 4.863 74.6
60 0.843 0.218 4.955 74.2
70 0.843 0.22 5 73.9
80 0.843 0.230 5.227 72.7
90 0.843 0.234 5.318 72.2
100 0.843 0.236 5.364 72
120 0.843 0.243 5.523 71.1

Table S4
Results of experiment to study the effects of dye concentration

Dye conc. 
(ppm)

Ai Af Ce % age 
removal

5 0.622 0.207 4.0909 66.72
10 0.842 0.230 4.5454 72.74
20 1.726 0.466 9.2095 73.02
30 1.777 0.425 8.3992 76.08
40 1.845 0.523 10.336 71.65
50 1.856 0.538 10.6324 71.01
60 1.836 0.547 10.8103 70.21
70 1.843 0.551 10.8893 70.09
80 1.862 0.562 11.1067 69.84
90 1.896 0.602 11.8972 68.23
100 1.912 0.647 12.7866 66.18
120 1.922 0.670 13.2411 65.68

Table S5
Results of the experiment to study the effects of temperature of 
the solution

Temperature 
(°C)

Ai Af Ce % age 
removal

0 1.754 0.397 7.8458 77.39
10 1.754 0.335 6.6205 80.9
20 1.754 0.399 7.8854 77.25
30 1.754 0.42 8.3004 76.08
40 1.754 0.464 9.171 73.53
50 1.754 0.781 15.4348 55.59
60 1.754 0.956 18.8933 45.59

Table S6
Data of pseudo-first-order kinetic model

Time (t) min Ce (mg/L) qt (mg/g) log(qe – qt)

5 7.25 0.09166667 –3.230993219
10 7.25 0.09166667 –3.016423414
20 7.045 0.0985 –2.838187314
30 6.841 0.105 –2.576755981
40 5.561 0.15 –2.242714356
50 4.863 0.1712 –2.139292749
60 4.955 0.16816667 –1.739292749
70 5 0.16666667 –1.563572297
80 5.227 0.1591 –1.307270553
90 5.318 0.15606667 –1.097478736
100 5.364 0.07726667 –0.929141495
120 5.523 0.14923333 –0.451656918
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Table S7
Experimental data of pseudo-second-order kinetics

Time (t) min Ce (mg/L) qt (mg/g) t/qt

5 7.25 0.09166667 54.0989
10 7.25 0.09166667 82.4992
20 7.045 0.0985 147.014
30 6.841 0.105 219.998
40 5.561 0.15 262.686
50 4.863 0.1712 293.335
60 4.955 0.16816667 361.642
70 5 0.16666667 431.779
80 5.227 0.1591 480
90 5.318 0.15606667 565.718
100 5.364 0.07726667 662.086
120 5.523 0.14923333 800.92

Table S8
Experimental data for intraparticle diffusion kinetic model

Time (t) min t1/2 Ce (mg/L) qt

5 2.236067977 7.25 0.16042333
10 3.16227766 7.25 0.15721333
20 4.472135955 7.045 0.153091
30 5.477225575 6.841 0.1482
40 6.32455532 5.561 0.1454
50 7.071067812 4.863 0.1425
60 7.745966692 4.955 0.140991
70 8.366600265 5 0.1386212
80 8.94427191 5.227 0.1366667
90 9.486832981 5.318 0.1355409
100 10 5.364 0.13424333
120 10.95445115 5.523 0.12918333

Table S10
Data for Freundlich isotherm model

Initial conc. (ppm) or 
mg/L logCe logCads

5 –4.998818946 –6.633512211
10 –4.953065702 –6.455360961
20 –4.876401757 –6.25590823
30 –4.845863999 –6.157654033
40 –4.796285308 –5.979894157
50 –4.744006502 –5.89698493
60 –4.717680006 –5.720024969
70 –4.673637846 –5.620457767
80 –4.615052768 –5.453946881
90 –4.565193047 –5.359457266
100 –4.51388273 –5.151540652
120 –4.488713744 –5.063719779

Table S9
Data of Langmuir isotherm model plot

Initial conc. 
(ppm) or mg/L

Initial conc. 
(mol/L)

Ce (mol/L) Ce/Cads (g/L)

5 1.22555E-05 1.00E-05 23.3619697
10 2.45111E-05 1.11E-05 22.2519697
20 4.90221E-05 1.37E-05 19.86309787
30 7.35332E-05 1.66E-05 16.78295304
40 9.80443E-05 1.93E-05 13.55866104
50 0.000122555 2.11E-05 11.58424134
60 0.000147066 2.25E-05 10.65962282
70 0.000171577 2.47E-05 8.58238674
80 0.000196089 2.72E-05 5.885332342
90 0.0002206 2.92E-05 4.615983193
100 0.000245111 3.13E-05 2.442811853
120 0.000294133 3.25E-05 1.358426272

Table S11
Experimental data for D-R isotherm model

Initial conc. (ppm) or mg/L lnCads ε2

5 –16.42551888 7.888924395
10 –15.63375941 7.595175254
20 –14.95155258 7.35811538
30 –14.25748835 7.133660415
40 –13.94028451 6.969576533
50 –13.55727556 6.883990077
60 –13.33453445 6.713148702
70 –13.05080674 6.604013772
80 –12.79765977 6.579245262
90 –12.27219279 6.493460525
100 –11.86186071 6.40411314
120 –11.45964568 6.061049438
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Table S12
Experimental data for thermodynamic parameters

Ce (mol/L) Ca = (Ci – Ce) (mol/L) T (°C) T (K) 1/T Kc = Ca/Ce lnKc

1.923E-05 1.223E+01 0 273 3.66E-03 636158.266 13.663
1.623E-05 1.223E+01 10 283 3.53E-03 753896.495 13.533
1.933E-05 1.223E+01 20 293 3.41E-03 632963.513 13.358
2.035E-05 1.223E+01 30 303 3.30E-03 601316.812 13.187
2.248E-05 1.223E+01 40 313 3.20E-03 544233.911 13.087
3.783E-05 1.223E+01 50 323 3.10E-03 323370.755 12.887
4.631E-05 1.223E+01 60 333 3.00E-03 264176.162 12.784

Table S13
Experimental data for desorption of crystal violet dye after 
using HCl

Sample % age removal

1 70.9972
2 70.8587
3 71.2051

Table S14
Experimental data for removal of dye from tap water

Tap water % age removal

Sample 1 72.18
Sample 2 72.44
Sample 3 71.89
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