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a b s t r a c t
Ash of Curcuma caesia has been explored as potential adsorbent for removal of hazardous dye 
malachite green from aqueous solution. Surface morphology of ash was studied using scanning 
electron microscopy. The adsorption mechanism and kinetics of the process have been investigated. 
Adsorption process is pH-dependent and favored at basic pH. Dubinin–Radushkevich (D–R) 
adsorption model has been found to be most appropriate for the adsorption. Physic-sorption has 
been found to control the adsorption mechanism. Intraparticle diffusion is best followed. Batch 
and column adsorption studies of malachite green onto C. caesia ash were carried out. Adsorption 
capacity for the column process is found to be 38.16 mg/g which is less than that of the batch 
process. Value for change in Gibbs free energy is negative over the entire temperature range, 
indicating the process to be spontaneous. The adsorption process is endothermic.
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1. Introduction

Rapid industrial development has led to excessive 
use of synthetic dyes in various industries viz. paper, tex-
tile, leather, plastic, food, cosmetics, and pharmaceuticals 
to color the products, resulting in a continuous discharge 
of dye contaminants into the water bodies causing water 
pollution. Complex aromatic structures of synthetic dyes 
provide them thermal, optical, and physicochemical sta-
bility. Therefore, the biological degradation of these dyes 
is difficult [1,2]. Most of the synthetic organic dyes are 
toxic and carcinogenic in nature thus have a severe impact 
on the environment and living beings [3,4]. Therefore, 
a study on dye removal has become the area of immense 
scientific interest. There are several reported methods viz., 
photochemical degradation, chemical oxidation, biological 

degradation, coagulation, reverse osmosis, flotation, electro-
chemical treatment, adsorption, etc., which are used for dye 
removal study [2,3,5,6]. Among these methods, adsorption 
is most advantageous due to its effectiveness and economy. 
Number of materials viz., coal, wood, rice husk, fly ash, acti-
vated carbon, cotton waste, clay, and other porous materi-
als have been used for the adsorptive removal of dye from 
its aqueous solutions [7–11]. It is also well-known that 
during the combustion of biomass or biomass/coal blends, 
the large amounts of alkali metals and alkaline earth met-
als in biomass or coal can also result in severe ash-related 
problems [12–14].

A basic cationic dark green colored dye, named 
Malachite Green (MG) has enormous industrial applications 
in paper, plastic, textile, and pharmaceutical industries. 
It has also been used as a strong anti-fungal, anti-bacterial, 
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and anti-parasitical agent in fish farming. It has highly 
mutagenic, teratogenic, chromosomal fractures, and car-
cinogenic effects due to the presence of nitrogen in its 
complex aromatic structure [5,15,16]. Several adsorbents 
like bentonite, activated carbon, neem sawdust, rattan saw-
dust, carbon, halloysite nanotubes, natural zeolite, mod-
ified rice husk, degressed coffee bean, and treated ginger 
waste have been reported for MG removal from solutions 
[5]. We are reporting for the first time, efficient and fast dye 
removal using activated carbon of Curcuma caesia.

C. caesia (commonly known as black turmeric or kali 
haldi belongs to the Zingiberaceae family), is a perennial herb 
with bluish-black rhizomes. It is available throughout the 
northeast, central India, Papi hills of east Godavari, west 
Godavari, and Andhra Pradesh. It possesses various medic-
inal properties such as anti-fungal activity, smooth muscle 
relaxant, anti-asthmatic activity, bronchodilating activity, 
antioxidant activity, anxiolytic, and central nervous system 
depressant activity, locomotor depressant, anti-convulsant, 
anthelmintic activity, anti-bacterial, anti-ulcer, and anti-mu-
tagenic activities [17–19]. The rhizomes are used in the 
treatment of hemorrhoids, leprosy, asthma, epilepsy, fever, 
wound, vomiting, menstrual disorder, tumor, piles, aphro-
disiac, inflammation, gonorrhoeal discharges. The inner part 
of the rhizome of black turmeric is of bluish-black color and 
emits a characteristic sweet aroma, due to presence of essen-
tial oil [17]. Indian tribal women use the powder of rhizomes 
as a face-pack during their engagement and marriage period. 
Crushed fresh rhizomes provide relief from migraines when 
applied as a paste on the forehead. Fresh rhizomes are also 
used in the treatment of snake and scorpion bites [18,20].

In research labs, batch experiments are generally car-
ried out for dye removal study from aqueous solutions in 
tiny quantity. The batch technique is a simple technique 
and it provides a simple way to elucidate the parame-
ters influencing the adsorption process [21–23]. However, 
large volumes of wastewater are produced in industries. 
Therefore, batch adsorption study is not sufficient for 
practical application of the adsorbent for dye removal. 
To overcome this issue, column technique is applied in 
which the adsorbent is constantly in contact with spanking 
fresh solution. Column technique is helpful in deciding 
the amount of adsorbent required for removal of pollut-
ants from wastewater. Efficiency of column technique 
can be explained via breakthrough curve. A plot showing 
relationship between column effluent concentration and 
either time of treatment or volume treated is known as 
Breakthrough curve [24]. In the present work both the tech-
niques, that is, batch and column adsorption processes are 
employed for the removal of malachite green from aqueous 
solution using ash of C. caesia.

2. Experimental section

2.1. Development of adsorbent ash

In the dye removal study, ash of C. caesia was used as 
adsorbent. Fresh Bluish black rhizome of C. caesia was 
procured from Kandhmal, Odisa, India. The collected 
rhizomes were sun-dried and powdered. The powdered rhi-
zomes are converted into ash by heating in a muffle furnace 

at 550°C for 5 h. After cooling, the ash is collected and used 
without further chemical treatment.

2.2. Materials and characterization methods

Malachite green (MG) dye was procured from Merck, 
India. A stock solution of 100 gm/L of MG dye was prepared 
using distilled water. Subsequent solutions were prepared 
by diluting the stock solution. Dye removal study had 
been carried out spectrophotometricaly. Effect of various 
parameters on dye adsorption was studied using 10 mL 
dye solution and remaining dye concentration was inves-
tigated by recording absorbance at 617 nm (lmax). Studies 
were carried out using Shimadzu UV 1800 spectrophotom-
eter (Kyoto, Japan). Scanning electron microscopy (SEM) 
micrographs of the adsorbent before and after adsorp-
tion were recorded using Merlin VP Compact (Carl ZEISS 
Germany make) having airlock chamber. The IR spectrum 
of the adsorbent was carried out using Nicolet iS10, Thermo 
Fisher Scientific Instrument, Madison, USA, OMNIC 9 and 
TQ analysis software packages Fourier transform infrared 
spectrometer. Zeta potential of the adsorbent suspended 
in aqueous solution was determined using a zeta-sizer 
Nano-ZS (Malvern) at room temperature. The characteriza-
tion of the adsorbent was done by adopting strategies simi-
lar to earlier studies [25,26].

2.3. Dye adsorption study

Batch adsorption experiments were carried out with 
10 mL MG dye solution for 2–12 mg/L initial dye concentra-
tions, 1–5 mg of adsorbent, 4–9 pH, 5–35 min contact time, 
and 30°C–45°C temperature. pH of dye solution was adjusted 
by adding dilute solutions of HCl and NaOH. Dye con-
centration was analyzed spectrophotometricaly by UV-vis 
spectrophotometer at maximum wavelength (λmax) 617 nm 
in absorbance mode.

The R (removal efficiency, %), Qt (amount of dye adsorbed 
at time t, mg/g), and Qe (amount of dye adsorbed at equilib-
rium, mg/g) were calculated from the following equations, 
respectively.

R
C C

C
e=

−( )×0

0

100
 (1)

Q
C C V
mt

t=
−( )0  (2)

Q
C C V
me

e=
−( )0  (3)

where C0, Ct, and Ce (mg/L) are the concentrations of dye 
solutions at initial, at time t and equilibrium, respectively, 
V (L) is the volume of the dye solution, and m (g) is the 
amount of adsorbent used.

2.4. Column adsorption study

Column experiment was conducted in a glass column 
having 19 cm length, 0.5 cm diameter, and 0.25 g adsorbent 
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mass. The adsorbent was filled a fixed bed height: 1 cm and 
cross-sectional area: 0.2 cm2 on a cotton wool support. The 
solution with 10 mg/L MG dye content was passed in the 
downflow mode through the column with linear flow rate 
of 1.2 mL/min. Aliquots of 6.0 mL effluent solutions were 
collected at regular time interval of 5 min and analyzed 
spectrophotometrically for dye content.

The breakthrough curve [27] is plotted in terms of Ct/C0 
vs. time, where Ct is the concentration of effluent at time t 
and C0 is the initial concentration influent dye solution. 
The volume of effluent, Vef can be calculated by using the 
following formula:

V vtef =  (4)

where t (min) is the flow time and v (mL/min) is the flow rate.
Amount of dye adsorbed at time t, Qtotal (mg) can be 

represented by area under the breakthrough curve, which 
can be determined by the integration (calculated using 
software OriginPro 8).

Q Cv C dtttotal t

t t
= −( )

=

=

∫ 0 0  (5)

The total amount of dye (mtotal) sent to the column at 
time t can be calculated by:

m vtCtotal = 0  (6)

The dye removal R (%) can be calculated as:

R
Q
m

= ×total

total

100  (7)

The adsorption capacity of the adsorbent qt (mg/g) 
at time t can be obtained by the use of following equation 
(calculated using software OriginPro 8).

q
C

m

v C dt
t

tt

t t

=
−( )

=

=

∫ 0 0  (8)

where m is the amount of adsorbent used in column.

3. Results and discussion

3.1. Characterization of adsorbent

SEM image of the adsorbent is shown in Fig. 1 which 
reveals porous structure of activated carbon of C. caesia rhi-
zomes which may favor the adsorption process. Powder 
X-ray diffraction (PXRD) pattern of the adsorbent is shown 
in Fig. S1 which reveals the peaks at 2q angles 26.7°, 28.6°, 
30.5°, 32.8°, 34.1°, 40.64°, 43.4°, and 45.1°. X-ray diffrac-
tion (XRD) pattern was found to remain unchanged after 
every cycle (after desorption) till the eighth cycles. IR 
spectra (Figs. S2 and S3) of C. caesia ash before and after 
adsorption also confirm the adsorption process.

3.2. Impact of initial dye concentration and contact time

Impact of initial dye concentration at various contact 
time on MG dye removal using C. caesia ash is shown in 
Fig. 2. The results reveal that removal of dye as well as 
uptake capacity increase as the initial concentration of 
MG dye increases from 2 to 12 mg/L. The increase in the 
uptake capacity is probably due to the increase in the mass 
gradient between the dye solution and ash of Curcuma 
caesia as the initial dye concentration increases [28].

3.3. Impact of adsorbent dose

Impact of dose of adsorbent on adsorption capac-
ity was studied and the results obtained are represented 
in Fig. 3. The results indicate increase in contact surface 
area and exchangeable sites on an increasing amount of 
adsorbent lead to increase in the percentage dye removal [29].

3.4. Impact of pH of dye solution

Experiments for the impact of pH on adsorption were 
carried out by adjusting the pH range between pH 4–9. 
The experimental data indicated that the dye removal was 
so effective at higher pH (Fig. 4a) which can be explained 
on the basis of protonation and deprotonation of MG dye 
in acidic and basic medium, respectively. At a lower pH, 
the dye molecule has high positive charge density due 
to presence of excess H+ ions, suggesting the existence of 
repulsion between the positively charged surface and the 
positively charged dye molecule. Therefore, lower adsorp-
tion of dye molecules. On contrary, in the basic medium 
the formation of electric double layer changes its polarity, 
and consequently the dye uptake increases [15].

On the other hand, effect of initial pH of dye solution 
can be explained by surface charge of the adsorbent which 
was determined by zeta potential. As shown in Fig. 4b, 
the adsorbent has positive zeta potential at lower pH indi-
cating the positive surface charge which turns negative as 
the pH increases. In higher pH ranges the adsorbent sur-
face carries negative charge which benefits the adsorption 

Fig. 1. SEM micrograph of ash of Curcuma caesia adsorbent.
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Fig. 2. Impact of (a) initial dye concentration and (b) contact time on removal of Malachite green.
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of cationic MG dye through electrostatic interaction. Therefore, 
adsorption rate were improved with increasing pH 
values [30,31].

3.5. Impact of temperature

Dye removal was examined at several temperatures 
range started from 30°C to 45°C and the result obtained is 
shown in Fig. 5. As the experimental temperature ascends, 
the dye molecules diffuse more quickly resulting in greater 
opportunity to connect with adsorbent through specific 
sites. As a result, more dye molecules get adsorbed by 
the adsorbent at higher temperature [32].

3.6. Thermodynamic parameters

Thermodynamic parameters viz., ΔH° (change in 
enthalpy), ΔS° (change in entropy), and ΔG° (change in Gibb’s 
free energy) can be calculated by the following equations:

ln
mQ
C

S
R

H
RT

e

e









 = −

∆ ∆  (9)

∆ ∆ ∆G H T S= −  (10)

where Qe and Ce are the equilibrium concentration of 
dye on the adsorbent and in the solution, respectively. 
T is the temperature and R is the gas constant [33]. Plot of 
ln(mQe/Ce) vs. 1/T (Fig. 6) gives the value of entropy and 
enthalpy. The obtained values of the parameters are pre-
sented in Table 1. Spontaneous nature and feasibility of 
the adsorption process can be explained by negative val-
ues of free energy (ΔG°) [29]. Increase in absolute values 
of free energy with temperature suggests that the adsorp-
tion is favorable at higher temperature [16]. An increase 
in randomness at the solid-solution interface during 
the adsorption is indicated by the positive value of ΔS°. 

Endothermic and chemisorption process of adsorption 
is again confirmed by the positive value of ΔH° which is 
higher than 40 kJ/mol [34].

3.7. Adsorption isotherm study

Four adsorption isotherm models viz., Freundlich, Lang-
muir, Temkin, and Dubinin–Radushkevich (D–R) isotherm 
models were applied and evaluate to explain the adsorption 
mechanism. In Freundlich adsorption isotherm, adsorp-
tion takes place in a heterogeneous surface having uniform 
distribution of adsorption heat over the surface [35]. On 
the other hand, Langmuir isotherm was derived by assum-
ing the adsorbent is homogeneous, both surface and bulk 
phases reveal ideal behavior and the adsorption is mono-
molecular [36]. Temkin isotherm model considers effect of 
some indirect adsorbent–adsorbate interaction and suggests 
that there is linear decrease in heat of adsorption of all the 
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molecules in the layer with coverage [37]. The D–R model can 
suitably explain the adsorption behavior on both homoge-
neous and heterogeneous surfaces at low concentration [38]. 
The linear forms of the isotherm models are given as follow:

Freundlich isotherm:

ln ln lnQ K
n

Ce f e= +
1  (11)

Langmuir isotherm:

C
Q K Q

C
Q

e

e L L

e

L

= +
1  (12)

Temkin isotherm:

Q RT
b

K RT
b

Ce
T

T
T

e= +ln ln  (13)

D–R isotherm:

ln lnQ Qe = −0
2βε  (14)

where n and Kf are adsorption intensity and Freundlich con-
stant related to adsorption capacity. KL and QL are Langmuir 
constants related to energy of adsorption and adsorption 
capacity. KT is the Temkin parameter related to the equilib-
rium binding energy and bT is the Temkin constant related 
to adsorption heat. Β is the adsorption free energy, and ε is 
the Polanyi potential.

MG adsorption isotherms of activated carbon of 
C. caesia rhizomes at different temperatures are shown in 
Figs. 7–10 and the isotherm parameters are listed in Table 2. 
The models were evaluated by the adjusted determination 
factor (R2). D–R model was more corresponded with the 
adsorption isotherm data than other isotherm models. 
Using the D–R isotherm parameters mean sorption energy 
E was calculated using the following formula and the 
obtained value is listed in Table 1:

E =
1
2β

 (15)

Since the values of E at various temperatures (Table 2) 
are less than 8 kJ/mol, therefore physico-sorption controls the 
adsorption mechanism [39].

3.8. Rate constant study

In order to investigate the order of the ongoing adsorp-
tion process and also to evaluate the specific rate constant 
three kinetic models like Lagergren’s pseudo-first-order, 
Ho’s pseudo-second-order and Morris intraparticle diffusion 

Table 1
Thermodynamic parameters for adsorption of malachite green on Curcuma caesia ash

Dye  
con- centration

ΔH°  
(kJ/mol)

ΔS°  
(kJ/mol/K)

ΔG° (kJ/mol) at temperatures

303 K 308 K 313 K 318 K

2 72.133 0.252 –4.175 –5.434 –6.693 –7.952
4 67.089 0.222 –0.284 –1.396 –2.507 –3.619
6 77.154 0.261 –1.959 –3.264 –4.57 –5.875
8 76.309 0.262 –3.079 –4.389 –5.699 –7.009
10 73.998 0.257 –3.747 –5.03 –6.313 –7.596
12 77.759 0.271 –4.344 –5.699 –7.053 –8.408
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model were employed. Linear equations for all the three 
models are given as following respectively [33]:

ln lnQ Q Q k te t e−( ) = − 1  (16)

t
Q k Q

t
Qt e e

= +
1

2
2  (17)

Q k t Ct i= +0 5.  (18)

where Qe and Qt are the amount of dye adsorbed at 
equilibrium and time t, respectively. k1, k2, and ki are 
the rate constants of adsorption for pseudo-first-order, 
pseudo- second-order, and intraparticle diffusion models,  

respectively. C is a constant related to the thickness of 
boundary layer [38].

For the present study, linear plots of all the kinetic 
models are shown in Figs. 11–13. Parameters correspond-
ing to the kinetic models are listed in Table 3. Intraparticle 
diffusion was best followed by the adsorption of MG onto 
C. caesia ash. The value of constant C provides the infor-
mation about the thickness of the boundary layer and the 
resistance to the external mass transfer.

3.9. Column adsorption study

In the present study, a complicated breakthrough 
curve was obtained for the adsorption of MG dye. Initially, 
large amount of surface active sites were available and 
the dye could be removed completely. Therefore, the val-
ues of Ct/C0 obtained equal to zero during initial 100 min. 
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Table 2
Isotherm parameters for adsorption of malachite green on Curcuma caesia ash

S. No. Adsorption isotherms Parameters at temperatures

303 K 308 K 313 K 318 K

1 Freundlich isotherm

1/n 3.392 5.183 3.951 10.258
n 0.294811 0.192938 0.2531 0.097485
Kf 6.35346 35.4102 248.887 65186
R2 0.928 0.827 0.6 0.805

2 Langmuir isotherm
QL –6.451613 –4.385965 –7.352941 –2.267574
KL –0.5065 –0.8702 –1.3077 –1.9342
R2 0.832 0.461 0.213 0.533

3 Temkin isotherm
bT 38.5349 20.71153 23.75689 9.582333
KT 1.06043 1.37283 2.36157 2.40429
R2 0.796 0.974 0.826 0.949

4 D–R isotherm

β 1.03 0.201 0.117 0.093
Q0 149.157 1.89459 1.29823 1.09308
E 0.697 1.577 2.067 2.319
R2 0.894 0.996 0.999 0.999
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After that different phenomena were occurred. With the 
occupation of active sites value of Ct/C0 increased to a max-
imum of 0.42 at 320 min. Then the values decreased till 
630 min and after 630 min a sharp increase was again found 
upto the value 0.47. Thereafter a decrease in the values 
was observed. The obtained breakthrough and integrated 
area are shown in Fig. 14. According to the integral area, 
the calculated adsorption capacity for present work was 
found to be 38.16 mg/g (Table 4) which is lower than the 
batch adsorption capacity.

3.10. Cyclic adsorption desorption study

Regeneration and reuse of an adsorbent is very 
important for industrial applications. To investigate the 
recyclable property of C. caesia ash 15 mg of the ash was 
used in the adsorption–desorption recyclability experiment 
at a constant initial dye concentration of 30 mg/L of MG 
dye. The exhausted adsorbent was regenerated by simply 
washing it with distilled water and ethanol followed by 
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Fig. 13. Linear plot of intraparticle diffusion kinetics.

Table 3
Kinetic parameters for adsorption of malachite green on Curcuma caesia ash

Kinetic models Parameters Malachite green dye concentration

2 ppm 4 ppm 6 ppm 8 ppm 10 ppm 12 ppm

Pseudo-first-order

R2 0.882 0.956 0.924 0.964 0.971 0.945
k1 0.121 0.126 0.126 0.128 0.127 0.156
Qe

cal 17.188 34.621 54.034 68.708 82.597 117.883
Qe

exp 8.53 18.18 28.29 38.052 47.995 57.78

Pseudo-second-order

R2 0.092 0.147 0.19 0.891 0.907 0.919
k2 1.09 × 10–4 9.72 × 10–5 8.47 × 10–5 2.73 × 10–4 2.71 × 10–4 3.77 × 10–4

Qe
cal 56.18 91.24 123.76 90.744 105.485 108.342

Qe
exp 8.53 18.18 28.29 38.052 47.995 57.78

Intraparticle diffusion
R2 0.996 0.974 0.974 0.976 0.971 0.948
ki 2.1 4.53 6.91 8.84 10.95 12.7
C –3.11 –6.235 –9.08 –9.52 –10.78 –8.62
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drying in hot air oven at 50°C. The ash of C. caesia can be 
reused up to eight successive cycles without any significant 
loss in its adsorption efficiency (Fig. 15 and Table 5). With 
each adsorption–desorption cycle a marginal decrease in 
percentage removal of the dye was observed and 96% dye 
removal obtained in first cycle was decreased to 80% till 
ninth cycle.

4. Conclusion

Natural adsorbent C. caesia ash was employed for the 
removal of malachite green dye from aqueous solutions 
and its adsorption capacity was well-investigated and 
elucidated. The dye removal was favored in basic medium 
and at higher temperatures. The MG dye removal process 
was controlled by physic-sorption mechanism. Intraparticle 
diffusion model was more suitable for explicating the 
adsorption data. The adsorption process was spontaneous 
and endothermic.
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Fig. S1. PXRD pattern of ash of curcuma caesia.

 

10
07

.13

13
97

.33

 78

 80

 82

 84

 86

 88

 90

 92

 94

 96

 98

%R
efl

ec
tan

ce

 1000   1500   2000   2500   3000   3500  
Wavenumbers (cm-1)

Fig. S2. IR spectra Curcuma caesia ash before adsorption.
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Fig. S3. IR spectra Curcuma caesia ash after adsorption.
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