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ABSTRACT

Investigations were carried out for the removal of Crystal violet (CV) dye from an aqueous solu-
tion using sewage sludge as adsorbent prepared after heating at 900°C. X-ray fluorescence spectros-
copy, Fourier-transform infrared spectroscopy, scanning electron microscopy, and X-ray diffraction
analysis were used for the characterization of sludge. The results of batch studies showed the val-
ues of optimum parameters such as contact time (180 min), adsorbent dose 10 g/L and tempera-
ture (30°C). The removal efficiency was found to be about 98.4% and the equilibrium adsorption
capacity of Crystal violet dye was 9.508 mg/g. The Freundlich, Langmuir, Redlich-Peterson, and
Dubinin—-Radushkevich isotherms were employed to evaluate the equilibrium data from batch
adsorption studies. Kinetic data were analyzed using kinetic models such as; pseudo-first-order,
pseudo-second-order, intraparticle diffusion. Nonlinear regression method and error functions
namely; R? sum of error squares, G, HYBRID, Marquardt’s percent standard deviation, root mean
square error and mean square error were used to determine the best fitted model. Freundlich iso-
therm model best fitted the data showing multilayer adsorption of CV dye on activated sludge while
kinetic studies of CV dye were well described by pseudo-second-order model. Thermodynamic
characteristics for dye adsorbent system indicated that the adsorption process was sponta-
neous and endothermic in nature. Results show that activated sludge can be effectively used as
low-cost adsorbent for the removal of cationic dyes from aqueous solution.
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1. Introduction

The key factor influencing a country’s economic devel-
opment and the development of society is industrialization.
Both in developing and developed nations, several large
and medium-sized industries are crucial to a country’s
economic development [1]. The textile industry occupied
the greater part because of its ability to generate a wide
range of employment possibilities and its connection with

* Corresponding author.

many local and international economic sectors. The major
raw materials used throughout in these industries are cot-
ton, wool, synthetic fibres, synthetic dyes, chemicals, and
process water. All of these materials diversify the textile
industry’s economic significance. Toxic contaminants such
as dyes, NaOH, starch, acid, etc. are present in the waste-
water discharged by the textile industry [2]. Water pollu-
tion is a major issue throughout the world due to rapid
industrialization. It is due to the accumulation of physical
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and chemical substances from natural or manmade sources
[3]. In comparison to other industries, textile industries are
estimated to use more potable water and chemicals, and
nearly all of their effluents are heavily polluted. On aver-
age, the textile sector uses 200 L of potable water every kilo-
gram of product [4]. According to Bhatt and Rani [5], the
World Bank estimates that the dyeing and finishing sector
generates approximately 17%-20% of all industrial efflu-
ent. Therefore, wastewater treatment plays an important
role in developing strategies for the management of water
resources [6].

The discharge of dye containing effluent into the waste-
water is harmful because of their chemical composition and
toxicity [7-9]. Dyes are complicated molecules that are very
difficult to degrade naturally in the water system [10]. One
of the severe environmental issues about dyes is that they
reduce light penetration into the water, which has negative
impacts on aquatic life and results in oxygen deficiency
[11,12].

Crystal violet (CV) dye is mainly used in textile, print-
ing ink and dyeing, leather manufacturing, food industries,
veterinary medicine, and drugs [13,14]. It also has antibac-
terial and antifungal properties [15]. The wastewater gen-
erated by Crystal violet has a dark purple color, high con-
centration as well as poor biodegradability. Crystal violet
dye is carcinogenic, mutagenic, and teratogenic, which has
very harmful effects on human beings as well as aquatic
life [16]. It may cause eye burns leading to the permanent
cornea or eye damage [17]. It leads to respiratory failure,
brain confusion, and studies indicated that the accumula-
tion of Crystal violet dye has been suspected to cause cancer
in human beings [18]. Therefore, an effective technique for
the treatment of Crystal violet dye is needed to prevent fur-
ther contamination of surface water. Various conventional
methods such as, ion-exchange, coagulation—flocculation
[19], membrane separation, biological degradation, and
adsorption are utilized for the dye removal [20-28]. The
adsorption method has advantages over other technology
because of simplicity of design, low cost and prevention
of dangerous chemicals generated during the process [29].
Due to high cost involved in preparation of commercially
available adsorbents, researchers are focusing on utiliza-
tion of low-cost adsorbents. Recently low-cost adsorbents
have been used to adsorb dyes from wastewater [30-36].
For the treatment of organic substances in wastewater,
advanced oxidation techniques including ozonation, Fenton
processes, photocatalysis, and electro-oxidative have been
used. They are extremely reactive, non-selective, and effec-
tive for reducing organic substances from wastewater with
the help of hydroxyl radicals produced by advanced oxi-
dation technology. Ozone-based processes do have some
drawbacks, such as the high cost of O,, low water solubil-
ity, and the occurrence of some dangerous by-products.
Advanced oxidation processes may occasionally be sup-
pressed by the use of strong radical scavenging agents
from wastewater. Fenton-based methods have the poten-
tial to produce undesired iron sludge and necessitate pH
settings that are impractical [37-39].

Conventional wastewater treatment technologies are not
much effective for dye removal in pulp and paper indus-
try. Hence, a novel Fe-zeolite catalyst was developed for

the catalytic ozonation process [40]. The mechanism of the
catalytic ozonation process was explained by studying the
production of reactive oxygen species, such as hydroxyl rad-
icals, superoxide ion radicals, and hydrogen peroxide [41].
Catalytic ozone removal efficiency of erythromycin was
studied in simple ozonation and catalytic ozonation using
iron-loaded rice husk ash and peanut shell ash [42].

Some economic and effective adsorbents have been
used for the removal of Crystal violet dye, such as aerogel
prepared by chitin-psyllium [43], cocoa pod powder [44],
carbon composite [45], olive leaves powder [46], coniferous
pinus bark [47], rice husk [48], date palm fiber [49], chitosan
composite [50], modified fly ash [51], coconut husk pow-
der [52], bottom ash [53], grapefruit peel [54] and pea peels
[55]. Recently PBC (plant biomass carbon) is also used as
economic adsorbent for the removal of dyes [56].

Sludge generated from sewage treatment plants (STP)
normally is in the form of semi-solid waste or slurry. It has
to go through further treatment before being suitable for dis-
posal. Currently, around 62.5% of undigested sewage sludge
is being generated in India [57], hence the safe disposal of
sewage sludge is important for the protection of human
health and environment [58-61]. Sludge is being utilized
in the cement industry as an alternative fuel source and is
frequently disposed off on agricultural lands for manure
purposes [62]. Sewage sludge has been used successfully
in the removal of dyes from wastewater [63—-65]. However,
very little work is reported for the use of activated STP
sludge as an adsorbent for the removal of cationic dyes from
wastewater [66—-68].

In present studies, activated STP sludge was used as
adsorbent to investigate equilibrium, kinetic, and thermo-
dynamic studies for the removal of Crystal violet dye from
aqueous solution.

2. Experimental
2.1. Materials and methods

“Cationic  Crystal violet (C,H,N,Cl; N-[4-[bis[4-
dimethylamino)-phenyl]-methylene]-2,5-cyclohexadien-
1-ylidine]-N-methylmethanaminium chloride; molecular
mass = 407.98 g/mol;) also known as Basic Violet 3, Gentian
Violet, and Methyl Violet 10B was supplied by Merck, India.
For the preparation of stock solution, Crystal violet (1.0 g)
was dissolved in 1.0 L of distilled water. The test solution
of desired concentrations was obtained by diluting the
stock solution with reasonable volume of distilled water.
Analytical grade reagents were used in the study. All the
experiments were performed in duplicate and only the mean
values are reported. The maximum deviation was found
to be less than +4%.

2.2. Adsorbent development

Sludge sample was collected from the sewage treat-
ment plant (STP) Okhla, New Delhi, India. Sewage sludge
was activated in the furnace at 900°C for 30 min. Conditions
of activation had been carefully managed to get the prod-
uct having batch-to-batch reproducibility. The developed
adsorbent was sieved to 100-150 pm particle size. Table 1
shows the physiochemical properties of STP sludge.
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Table 1
Physical properties of As collected sewage sludge

Properties Values

pH 6.80

Colour Light brown
Specific gravity 1.91

Bulk density 2.42 g/cm?®
BET surface area 25.84 m?/g
LOI 40.20
Fineness modulus 1.09

2.3. Adsorption studies

Sorption studies of Crystal violet dye were performed
to obtain rate and equilibrium data in aqueous suspen-
sions using activated sewage sludge as adsorbent. A series
of 50 mL beaker were used for these experiments. Each bea-
ker was filled with 20 mL of dye solution of varying con-
centrations and the pH and temperature were adjusted to
the correct levels. Each beaker was stirred at 100 rpm after
a known amount of adsorbent was applied. The sample
was shaken in a temperature controlled shaking machine
for maximum period of 3 h. The equilibrium time of 3 h
was found to be sufficient for maximum uptake. After this
period the supernatant solution was centrifuged and piped
separately before being evaluated with a spectrophotome-
ter (CHEMI LINE Digital Spectro Photometer CL-320) by
measuring the absorbance at 580 nm. The concentration of
dye was calculated by taking the difference in initial and
final concentration. Initial dye concentrations taken for
experimentation were 2-50 mg/L The selected concentra-
tion range was ascertained after a good deal of preliminary
examination.

After establishing the equilibrium, the dye solution was
centrifuged. The difference between the initial and final
Crystal violet dye concentrations was used to calculate the
amount of dye adsorbed at time t, g, (mg/g), as illustrated
in the equation:

)

where g, (mg/g) is the amount of dyes adsorbed, and
C, (mg/L) is the initial dye concentration, while C, (mg/L) is
the concentration of dye in solution at equilibrium, V (L) is
the volume, and W (g) is the weight of adsorbent.

The percentage removal of the dye was computed using
the following equation:

C,-C
%Removal = M x 100 V)
C

0

where C is the initial concentration and C, is the equilib-
rium concentration of Crystal violet dye (mg/L).

2.4. Adsorption isotherms

The adsorption mechanism, surface characteristics, and
affinity of the adsorbent are frequently shown via adsorption

equilibrium models. Freundlich, Langmuir, Redlich-
Peterson, and Dubinin—-Radushkevich isotherms are the
most widely employed equilibrium models.

Freundlich isotherm model proposed by Freundlich
(1906) is based on the assumption that the adsorption occurs
onto a heterogeneous surface [69]. Because of the differ-
ences in interactions between the adsorbed molecules, the
sites with the maximum affinity are filled first, resulting
in multilayer adsorbate molecule formation. The nonlinear
expression of the Freundlich isotherm is written as Eq. (3):

1

q.=K,C} ©)

where K. is the constant indicating the adsorbent’s relative
adsorption capacity (m/g), and 1/n is the constant indicat-
ing the adsorption intensity. K, and 1/n are two constants
in the Freundlich equation. The magnitude of 1/n ranges
between 0 and 1, which showed favorable adsorption.

The Langmuir isotherm assumes that maximal adsorp-
tion corresponds to a saturated monolayer of solution on
a homogeneous adsorbent surface. It is made up of a finite
number of identical sites that have the same adsorption
energy. Adsorption occurs within the adsorbent at certain
homogenous sites. Once a molecule occupied a site, no
more transmigration can occur at the same site. The adsor-
bent’s total monolayer capacity is equal to a Langmuir con-
stant (g, ). The equation was developed by Irving Langmuir
in 1916 [70]. The Langmuir isotherm model in its nonlinear
form is expressed as Eq. (4).

KLque

4
1+K,C, @

qt' =

where C, is the dye equilibrium concentration (mg/L),
q, is the quantity of dye adsorbed at equilibrium (mg/g),
q,, is the monolayer adsorption capacity (mg/g), and K, is
the constant associated to the free energy of adsorption.

Redlich-Peterson isotherm (Redlich and Peterson 1906)
is a combination of Langmuir and Freundlich isotherms
[71]. This model is defined by the following expression:

AC
= e 5
9 1+ BC?¢ ©)

where A is the Redlich-Peterson isotherm constant (L/mg),
B is the constant (L/mg), g is an exponent ranging from 0
to 1, C, is the equilibrium liquid-phase concentration of
the adsorbent (mg/L), and g, is the equilibrium adsorbate
loading on the adsorbent (mg/g).

The Dubinin-Radushkevich isotherm is commonly used
to characterize the adsorption mechanism onto a hetero-
geneous surface with a Gaussian energy distribution [72].
The Dubinin—Radushkevich isotherm’s nonlinear form is
defined as:
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where g, (mg/g) is the Dubinin-Radushkevich isotherm con-
stant and K, (mg/g) is the activity coefficient (K, = B, R*T?).
The values of adsorption energy (E) at the different tem-
perature were calculated using Eq. (7).

E=—m— @)

2.5. Kinetic studies

One of the most essential parameters in determining
adsorption efficiency is adsorption kinetics. The kinetic
data was analyzed using four well-known kinetic mod-
els: pseudo-first-order, pseudo-second-order, intraparticle
diffusion, and Elovich model.

Kinetic tests were carried out in batches at 30°C and pH
5.0 with a fixed dose of adsorbent (10 g/L) and 5, 10 and
20 mg/L of initial dye concentrations. The adsorbent was
separated by filtering at a certain time interval, and the
filtrate was measured on a spectrophotometer to deter-
mine the dye’s equilibrium concentration. The rate of sol-
ute uptake at the solid-solution interface is described by
adsorption kinetics.

The pseudo-first-order kinetic model proposed by
Lagergren (1898), was used to investigate the rate constant
of dye adsorption onto sewage sludge [73]. The nonlinear
form of the pseudo-first-order model is given as in Eq. (8):

g, =q,(1-¢™) @)

where g, is the amount of dye adsorbed at equilibrium, and
g, is the amount of dye adsorbed at time ¢ (both in mg/g).

The pseudo-second-order kinetic model (Ho and
McKay [74]) assumes a second-rate kinetic mechanism for
adsorption. Chemisorption, which involves the sharing or
exchange of electrons between the solute and the sorbent,
is described in the model as controlling the sorption pro-
cess. Pseudo-second-order kinetic in its nonlinear form is
expressed as Eq. (9):

2
PRl A )
1+K,q,t
where g, represents the amount of adsorption at equilib-
rium (mg/g), q, represents the amount of adsorption at time
t (mg/g), and K, represents the pseudo-second-order rate
constant (g/mg-min).

Intraparticle diffusion is the rate limiting during the
second-step of the adsorption cycle and it slows down in
the third step due to the presence of less amount of adsor-
bate into the solution. The experimental data was fitted
to the Weber-Morris equation, which informed that the
adsorption capacity varies almost proportionally to t*> and
expressed as Eq. (10):
q: = Kimt&5 +C (10)
where g, is the adsorption capacity at time (t), K, , (mg/g-min®%)
is the intraparticle diffusion rate constant and C, is the

intercept. The intraparticle diffusion mechanism was not
solely controlling adsorption kinetics as the plot did not
pass through the origin [75,76]. Elovich model (Ho and
McKay [77]) is based on multilayer adsorption and adsorp-
tion increases exponentially with the adsorption site.
The nonlinear form of Elovich kinetics model is given by
Eq. (11):

q, :%ln(1+a[3t) (11)

where the initial adsorption rate (mg/g min) is known as
o, and the parameter B is related to the extent of surface
covering and chemisorption activation energy (g/mg).

2.6. Thermodynamic studies

The thermodynamic characteristics of the adsorption
experiments were analyzed using the following equations:

log g |_ AS® _AH® (12)
C.) 2303R 2.303RT
AG® = AH® — TAS® (13)

where AG°, AH° and AS° denote the changes in free
energy, enthalpy, and entropy, respectively, whereas
R (8.314 J/mol-K) and T (K) have their usual connotations.

2.7. Nonlinear regression analysis

The conventional way of determining the isotherm
parameters using the linearized models has a major disad-
vantage because the inherent bias resulting from lineariza-
tion may cause the R? not able to provide the best isotherm
constants to correlate with the original isotherm [78]. The
most popular method for obtaining the isotherm param-
eters as linear regression using the least-squares method.
The error functions that created the least error distribution
between the predicted and experimental isotherms were
used to choose the best-fit isotherm. It involves entering
first the experimental data, equilibrium concentration (C)
and amount of dye adsorbed at equilibrium (g, for sorp-
tion equilibrium, g, for sorption kinetics) into the Excel
Spreadsheet and graphing the data. The nonlinear regres-
sion analysis is conveniently carried out using the Solver
add-in function in the Microsoft Excel spreadsheet.

2.8. Error function analysis

Different error parameters were calculated to iden-
tify the most suitable isotherm and kinetic models that
describe the treatment process. The nonlinear form was
a good alternative parameter that provided an accurate
technique to determine isotherm and kinetic parameters
from the original equation forms [79-82]. The error func-
tion is required to evaluate the best fit of nonlinear models
[83]. Error functions are statistical equations that are used
to calculate the difference between theoretically expected
data and actual experimental data values. Seven alternative
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statistical error functions used to validate the best-fitting
sorption kinetic and equilibrium isotherm models are: coef-
ficient of determination (R?), chi-square (x?), sum of error
squares (SSE), log-likelihood test (G?), hybrid fractional error
function (HYBRID), Marquardt’s percent standard devi-
ation (MPSD), root mean square error (RMSE) and mean
square error (MSE) (Table 2) [84-91]. The best-fit model is
the one with the lowest error function value and highest R?
value.

3. Results and discussion

Sewage sludge sample collected from sewage treatment
plants were characterized using X-ray fluorescence spec-
troscopy (XRF), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and X-ray dif-

3.1.2. X-ray fluorescence analysis

XRF spectrometer VEXTA (Pk596-B) model was used for
the determination of elemental composition of sludge sam-
ple using X-ray fluorescence analysis (Fig. 2). Table 4 shows
the elements found in sewage sludge samples. Two major
elements Fe and Ca, eight minor elements (Sr, K, Zn, Zr,
Ti, S, Rb, Cu), and four trace elements (Y, As, Br, Cl) below
0.5% in STP sludge were observed [92]. The concentration of
majority of elements increased after the activation of sewage

Table 3
EDAX analysis of As collected sewage sludge

Element App Intensity Weight % Weight% Atomic %

fraction (XRD) analysis. Conc. Corrn. Sigma
OK 39.11  0.6050 51.00 1.30 70.87
3.1. Chacterization MgK 205 06866 236 0.38 2.16
SiK 15.08 0.7392 16.10 0.74 12.75
3.1.1. Energy-dispersive X-ray spectroscopy analysis PK 461  0.9292 3.91 0.49 281
EDAX stands for energy-dispersive X-ray spectroscopy,  SK 074 07295  0.80 0.27 0.56
which is an analytical technique used to identify the ele- KK 149 09979 1.17 0.32 0.67
mental composition of materials (Table 3). EDAX spectra of CakK 12.92  0.9561 10.67 0.65 5.92
As collected sewage sludge are shown in Fig. 1. XRF analy-  ge g 344 08375 3.4 0.72 1.29
sis is thg latest technique f01.‘ the identificat'ion .Of elemepts Brl 988  0.7264 10.74 0.81 299
present in the sample but it cannot provide information Total 100.00
regarding low atomic number elements (less than 16). ot :
Table 2
Different error functions used for the equilibrium isotherms and kinetics analysis
Error functions Abbreviation Expression References
(ot )z (84]
Coefficient of determination R? ZLMIZ
T (9o = emenn )
2 [85]
Chi-square 12 (oo =)
i=1 Gecal
" 2 [86]
Sum of error squares SSE (qmp - qml)
i=1
[87]
N q
Log-likelihood test G? 2> 1 q-, I
i=1 ' qﬁ,cal
2 [88]
Hybrid fractional error function HYBRID 100 (q“XP _ q”’“a')
nia Teexp
2 (89]
Marquardt’s percent standard deviation MPSD 100 1 Zn“ Teexp ™ e
(” *P) i=1 Geexp
2 [90]
Root mean square error RMSE - (qe,exp _qe,cal)
i=1 n
L . [91]
Mean square error MSE - (qup _qml)

i=1
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Fig. 1. EDAX spectra of As collected sewage sludge.
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Fig. 2. XRF spectra of (a) As collected sewage sludge and
(b) activated sewage sludge samples.

Table 4
Elemental composition of sewage sludge samples

Elements As collected sewage Activated sewage
sludge wt.% sludge wt.%

Fe 0.45 0.82

Ca 0.40 0.81

K 0.06 0.11

Sr 0.06 0.09

Zn 0.05 0.08

S 0.04 0.02

Zr 0.04 0.07

Ar 0.03 0.05

Ti 0.03 0.05

Cl 0.01 -

Rb 0.01 0.01

Mn 0.01 0.01

Cu 0.01 0.01

sludge and decreased after dye adsorption. Heavy metals
such as zinc, copper and arsenic were detected in sewage
sludge but their concentrations were found to be within
the permissible limit of WHO as prescribed by EPA [93].

Transmittance

4000 3500

3000 2500 2000 1500 1000 500
Wavenumber cm”

Fig. 3. FTIR analysis spectra of (a) As collected sewage sludge
and (b) activated sewage sludge samples.

3.1.3. FTIR analysis

FTIR spectra were obtained using a Bruker Vertex 80V
spectrometer (4,000-400 cm™) (Fig. 3). The presence of alco-
hols in As collected sewage sludge was detected due to
hydroxyl group (O-H) stretching vibrations at 3,415 cm™.
This band shifted to 3,444 cm™ in activated sludge and
3,420 cm™ in Crystal violet dye treated sewage sludge.
The peak’s broadening could be related to the activation
of sewage sludge at high temperatures. The existence of
the -COOH group was detected by the O-C=0 linkage at
1,435-1,430 cm™ in collected and activated sewage sludge,
however this band shifted to 1,450 cm™ in dye-treated sew-
age sludge. Asymmetric C-H stretching vibrations could
be responsible for the absorption band about 2,925 cm™
(weak peak). The bands that appeared at 1,620-1,650 cm™
represented the aromatic ring’s C=C stretching vibration. A
distinctive peak for C-X halogen stretching vibration were
found at 1,030 and 1,047 cm™ for As collected and activated
sewage sludge samples, respectively. Various bands con-
nected to aromatic, out-of-plane C-H bending with vary-
ing degrees of substitution were found in the 600-900 cm™
range [94,95].

3.1.4. SEM analysis

The particle morphology and surface structure of sew-
age sludge were investigated using SEM analysis (Fig. 4).
The majority of the particles in the sewage sludge were of
various sizes and shapes, resulting in an increase in the
adsorbent pore volume. The accumulation of particles on
the surface of sewage sludge caused the surface to become
rough. SEM analysis was performed at RRCAT Indore,
India, using 1IGMA, the ZEISS Gemini instrument

3.1.5. XRD analysis

The XRD pattern (Fig. 5) confirmed the presence of SiO,,
CaCO,, ZnSO,, Fe,O,, SrO,, ZrO,, FeO and SrO, phases in
As collected and activated sewage samples and their con-

centrations are shown in Table 5.



228

P. Shrivastava et al. / Desalination and Water Treatment 283 (2023) 222-236

EHT = 5.00 kv
WD =109 mm

Signal A = SE2
Mag= 500KX

Date 4 Jun 2018
NFM LAB RRCAT

EHT = 5.00kV
WD =109 mm

Signal A= SE2
Mag= 500KX

Date 4 Jun 2018
NFM LAB RRGAT

Fig. 4. SEM analysis of (a) As collected and (b) activated sewage sludge samples.
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Fig. 5. XRD analysis of (a) As collected and (b) activated sewage sludge samples.

Table 5

XRD analysis of sewage sludge samples

Chemical As collected sewage Activated sewage
formula sludge wt.% (+0.2) sludge wt.% (+0.2)
SiO, (M) 47.3 4.0

SiO, (H) 26.6 64.1

CaCO, (R) 6.3 5.1

ZnSO, (C) 6.9 9.7

Fe,O, (C) 8.6 10.2

SrO, (T) 23 -

ZrO, (M) 1.0 5.6

FeO (C) 1.0 1.2

3.2. Adsorption studies

3.2.1. Effect of contact time

The effect of contact time on Crystal violet dye adsorp-

tion was investigated at two different concentrations (5 and
10 mg/L) with a fixed adsorbent dosage of 5 g/L at 30°C

over different time intervals (15-240 min). Fig. 6a shows
that the maximum adsorption occurred within the first
180 min, after that no noticeable change was observed. As
a result, 180 min was determined to be an optimum con-
tact time for the removal of Crystal violet dye. According
to the experimental data, the maximum adsorption was
found to be 98.08% and 86.97% at 10 and 5 mg/L, respec-
tively. Same contact time have also been reported in exper-
imental modelling studies on the removal of Crystal violet,
methylene blue and malachite green dyes using Theobroma
cacao (cocoa pod powder) [44] and adsorption of hazard-
ous Crystal violet dye by almond shells and determination
of optimum process conditions by Taguchi method [96].

3.2.2. Effect of pH

As described in Fig. 6b, the influence of pH was inves-
tigated at different pH values ranging from 4.0 to 10.0. The
experiments were conducted at two concentrations (5 and
10 mg/L), with a 5 g/L adsorbent dosage, at 180-min of con-
tact time and a temperature of 30°C. The pH was changed
by adding 0.1 M HCI or 0.1 M NaOH. It was found that
on increasing the pH 4.0 to pH 5.0 the sorption capacity
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of Crystal violet dye increased. After pH 5.0, the adsorp-
tion decreased due to precipitation. At an optimal pH of
5.0, removal of Crystal violet dye was found to be 88.04%
(56 mg/L) and 95.91% (10 mg/L), respectively. This variation
is quite similar to the work done by Sultana et al. [52].
Zero-point charge (ZPC) of the sewage sludge was found
to be 3.5 which is quite similar to the study reported in lit-
erature [97]. When pH > pHzpc, the adsorbent has negative
surface charges and the adsorption of cations are favored.
According to the obtained results, by increasing the pH
from 4.0 to 5.0, the Crystal violet dye adsorption efficiency
increased. This can be due to the strong gravitational force
and the reduction of repulsive force between the adsorbent
surface and the Crystal violet dye [54]. As pH increased,
increase in surface charge density of adsorbent results
in decrease of adsorption due to electrostatic repulsion [49].

3.2.3. Effect of adsorbent dose

A series of adsorption experiments were carried out
with different adsorbent dosages ranging from 5 to 25 g/L
at an initial dye concentration of 5 and 10 mg/L at pH 5.0
and temperature 30°C to study the influence of adsorbent
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dose on the adsorption of Crystal violet dye. The contact
time was maintained at 180 min, and the results are reported
in Fig 7a. The percentage removal efficiency of Crystal vio-
let dye first increased with an increase in adsorbent dosage
from 5 to 10 g/L, but thereafter decreased. The maximum
adsorption found to be 90.16% and 98.33% for dye concen-
trations of 5 and 10 mg/L, respectively at adsorbent dose
of 10 g/L. The increase in adsorption with adsorbent dos-
age can be attributed to an increase in the adsorption sur-
face and availability of more adsorption sites [98]. Similar
findings were reported in the adsorption of Crystal violet
dye by Laskar and Kumar [99].

3.2.4. Effect of initial adsorbate concentration and
temperature

The effect of initial concentration of Crystal violet dye
in the range of 2-50 mg/L was carried out to observe the
adsorption efficiency of activated sludge at a fixed adsor-
bent dosage (10 g/L) and temperatures (30°C, 40°C and
50°C). The pH was maintained at 5.0 and contact time was
kept 180 min. The results of the studies are shown in Fig. 7b
which showed that dye uptake increased with an increase

Fig. 6. Effect of (a) contact time and (b) effect of pH on Crystal violet dye adsorption.
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Fig. 7. Effect of (a) adsorbent dose and (b) initial adsorbate concentration and temperature on Crystal violet dye adsorption.
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in initial Crystal violet concentration from 2-20 mg/L and
thereafter equilibrium was achieved in dye uptake effi-
ciency. The increment in sorption capacity might be due to
the increase of dye concentration which resulted in a higher
concentration gradient of the dye, thus leading to higher
sorption capacity. The rate of uptake of dye slightly increased
with increase in temperature thereby indicating the pro-
cess to be endothermic. The similar result was reported in
adsorption of Crystal violet dye from wastewater by waste
materials [53].

3.3. Adsorption isotherms

Non-linear analysis and error function analysis for the
isotherms of the sorption of Crystal violet dye was calculated
with the help of Solver add-in function in Microsoft Excel.
Predicted curve for the various adsorption isotherms such as
Freundlich, Langmuir, Redlich and Dubinin were fitted for
Crystal violet dye at 30°C, 40°C and 50°C (Figs. 8a—c). Results
are summarized in Table 6. It was found that Freundlich
model fitted well with a higher correlation coefficient
(R* = 0.9866) as compared to Langmuir (R* = 0.9810),
Redlich-Peterson (R* = 0.9280) and Dubinin—-Radushkevich
(R? = 0.9421), Tt showed that distribution of active sites of
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the adsorbent was exponential, and the adsorption pro-
cess occurred on a heterogeneous surface of the adsorbent.
The value of n (1.4178) was found between 1 and 10 which
showed the favorable adsorption of CV on the activated sew-
age sludge (Wong et al. [78]). In addition, the lowest value
of %2 (0.0761) confirmed the fitness of Freundlich isotherm
model.

The adsorption capacity of various low-cost adsorbent
used previously for the adsorption of Crystal violet dye are
mentioned in Table 7 [100-106] which shows that the acti-
vated sludge has better adsorption capacity as compared
to most of the other low-cost adsorbents.

3.4. Kinetic studies

Predicted curves for the pseudo-first-order, pseudo-sec-
ond-order, intra particle diffusion and Elovich kinetic mod-
els were fitted for Crystal violet dye onto activated sewage
sludge at different concentrations (5, 10 and 20 mg/L) and
different temperatures: viz. 30°C, 40°C and 50°C as shown
in Figs. 9a—e. Error function analysis for kinetics of the sorp-
tion of Crystal violet dye were calculated with the help
of Solver add-in function in Microsoft Excel. Results are
summarized in Table 8.
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Fig. 8. Predicted curve fits for the equilibrium isotherms of Crystal violet dye sorption onto sewage sludge at (a) 30°C, (b) 40°C

and (c) 50°C.
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Table 6
Parameters and error function data for adsorption isotherm
models of Crystal violet dye onto activated sewage sludge

Table 7
Adsorption capacity of Crystal violet dye with various
adsorbents

Isotherm model Parameters 30°C  40°C 50°C
Kf(mg/g) 3.8304 4.9226 17.418
n 1.4628 1.3832 1.2107
R? 0.9898 0.9877 0.9972
X2 0.0761 0.1046 0.0272
Freundlich SSE 0.1540 0.1881 0.0439
G? 0.0523 0.1256 -0.0131
HYBRID 1.0630 1.3773 0.3820
MPSD 8.0879 9.1506 5.1890
RMSE 0.1308 1.4456 0.0699
MSE 0.0171 0.0209 0.0049
Q... (mg/g) 9.1335 10.641 17.447
K, 0.7403 0.8120 1.7827
R? 0.9817 0.9789 0.9960
X2 0.1126 0.1536 0.0309
. SSE 0.2762 0.3254 0.0637
Langmuir
G? 0.4682 0.5774 0.1924
HYBRID 1.5016 1.9636 0.4168
MPSD 8.9339 9.9901 4.7982
RMSE 0.1751 0.1902 0.0841
MSE 0.0306 0.0362 0.0071
A (L/g) 110.60 151.02 58.713
B (mg/g)® 27.866 29.730 2.5630
g 0.3305 0.2899 0.3120
R? 0.9898 0.9877 0.9973
X2 0.0769 0.1043 0.0247
Redlich—-Peterson SSE 0.1540 0.1888 0.0427
G* 0.0555 0.1573 0.0147
HYBRID 1.2228 1.5990 0.4006
MPSD 8.6098 9.8166 4.7123
RMSE 0.1308 0.1448 0.0689
MSE 0.0171 0.0209 0.0047
q, (mg/g)  4.7958 5.1317 6.500
K, 0.0002 0.0001 2x108
R? 0.9343 0.9365 0.9485
X2 0.6385 0.4445 0.2709
SSE 0.9925 0.9777 0.8196
Dubinin-Radushkevich o 19288 0.9384 —0.1488
HYBRID 6.1783 5.3951 3.9163
MPSD 21.755 18.205 14.318
RMSE 0.3321 0.3296 0.3020
MSE 0.1103 0.1086 0.0911

3.5. Thermodynamic parameters

The data obtained from the adsorption isotherms were
used to calculate thermodynamic parameters. Table 9 shows
the change in standard free energy (AG®), enthalpy (AH®),
and entropy (AS°) of adsorption for Crystal violet dye com-
puted using standard methods [Eqs. (12) and (13)]. The

Adsorbent Adsorption Isotherm  Reference
capacity (mg/g)

Neem sawdust  4.44 Langmuir  [99]

Sagaun sawdust  3.50 Langmuir  [100]

Sugarcane dust  3.80 Langmuir  [101]

Tamarind seed  3.50 x 10° mol/g  Freundlich [102]

powder

Soil silver 1.92 Langmuir [103]

nanoparticle

Magnetic zeolite 0.97 Langmuir [104]

Bottom ash 0.90 mol/g Freundlich [53]

Groundnut shell 0.524 Freundlich [105]

Bean pod 0.38 Freundlich [105]

Fly ash 9.76 x 10° mol/g  Freundlich [106]

Coal fly ash 4E-05 mol/g Langmuir  [107]

Sewage sludge  3.87 Freundlich This study

process’s viability and the spontaneous nature of adsorption
were shown by the negative free energy value (-0.3693 kJ/
mol). The presence of a positive enthalpy value (0.2572 kJ/
mol) suggested that the process was endothermic. The
similar results were shown in literature [107]. The posi-
tive value of AS° (0.0021 kJ/mol-K) showed the increased
randomness at the solid-solution interface due to the
affinity of the adsorbent for the dye.

4. Conclusion

On the basis of results, it can be concluded that the
activated sewage sludge exhibited ability for the adsorp-
tion of dyes from aqueous solution. The pH played an
important role in adsorption of Crystal violet dye. The
adsorption capacity of Crystal violet dye was 9.508 mg/g
at an adsorbent dosage of 10 g/L, pH 5.0 and temperature
30°C. The contact time was found to be 180 min. Freundlich
model was found to have the highest regression (0.9898)
and lowest chi-square values (0.0761) and hence fitted
well. The fitness of Freundlich model indicated the forma-
tion of multilayer of the adsorbate on the outer surface of
sewage sludge. Kinetic studies showed that the adsorp-
tion of Crystal violet dye followed pseudo-second-order
kinetics as supported by R? value (0.9999) and lowest error
function value (y* = 0.0004). Thermodynamic parameters
showed that adsorption of Crystal violet dye was sponta-
neous and endothermic under experimental conditions.
The cost of developed activated sludge was very nominal
(approx. INR 5/kg) since sewage sludge is available free
of cost. Hence, industries which are producing dye-con-
taining effluents may be benefitted from the applicability
of activated sludge as dye removal strategy.

Authors are grateful to Dr. AK. Sinha, Dr. M. K. Tiwari,
and Dr. Rashmi Singh (RRCAT Indore) for providing the
facility to carry out the characterization of samples.
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Table 8

Parameters and error function data for kinetic models studied for the sorption of Crystal violet dye onto activated sewage sludge

Isotherm model Parameters 30°C 40°C (10 ppm)  50°C
5 ppm 10 ppm 20 ppm (10 ppm)
ad 0.0429 0.0495 0.0583 0.0617 0.9734
q, (mg/g) 0.4298 0.9486 1.9315 0.9586 0.0728
R? 0.9891 0.9774 0.9867 0.9777 0.9793
X 0.0032 0.0072 0.0070 0.0054 0.0040
. SSE 0.0016 0.0052 0.0110 0.0042 0.0034
Pseudo-first-order
G? 0.0224 0.0332 0.0369 0.0222 0.0149
HYBRID 0.0631 0.1168 0.1155 0.0881 0.0672
MPSD 3.2971 4.1022 2.7666 3.3865 2.8383
RMSE 0.0122 0.0255 0.0370 0.0229 0.0207
MSE 0.0001 0.0006 0.0014 0.0005 0.0004
K, 0.1182 1.0629 0.0427 0.0942 0.1212
q, (mg/g) 0.4894 0.0669 2.1268 1.0504 1.0511
R? 0.9992 0.9985 0.9924 0.9967 0.9951
X 0.0001 0.0004 0.0040 0.0007 0.0009
Pseudo-second-order SSE 4.3E-05 0.0003 0.0062 0.0006 0.0008
G? 6.4E-05 -0.0025 -0.0055 -0.0018 -0.0011
HYBRID 0.0017 0.0078 0.0670 0.0130 0.0159
MPSD 0.6358 1.0817 2.1291 1.3023 1.3933
RMSE 0.0023 0.0065 0.0279 0.0088 0.0100
MSE 5.4E-06 0.0086 0.0008 0.0001 0.0001

(Continued)
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Table 8
Isotherm model Parameters 30°C 40°C (10 ppm)  50°C
5 ppm 10 ppm 20 ppm (10 ppm)
K, , (mg/g-min®) 0.0211 0.0412 0.0707 0.0335 0.0282
C, (L/mg) 0.1895 0.4858 1.1459 0.5894 0.6661
R? 0.9188 0.8918 0.8557 0.8766 0.8758
X 0.0135 0.0335 0.0745 0.0292 0.0245
. e SSE 0.0044 0.0249 0.1186 0.0233 0.0206
Intraparticle diffusion
G? 0.0139 0.0344 0.0766 0.0298 0.0250
HYBRID 0.2457 0.0609 1.3577 0.5232 0.4354
MPSD 9.4726 9.7494 9.8947 8.5578 7.5295
RMSE 0.0233 0.0558 0.1218 0.0540 0.0508
MSE 0.0005 0.0031 0.0148 0.0029 0.0025
a (mg/g) 0.0975 0.3575 1.6109 1.0888 3.5597
B (g/mg) 11.488 5.8116 3.3245 7.0547 8.2915
R? 0.9804 0.9636 0.9360 0.9487 0.9422
X 0.0038 0.0112 0.0330 0.0121 0.0114
S SSE 0.0018 0.0084 0.0526 0.0097 0.0096
Elovich kinetics
G? 0.0233 0.0113 0.0333 0.0122 0.0114
HYBRID 0.0854 0.1933 0.5722 0.2077 0.1952
MPSD 4.3573 5.3396 6.2640 5.2709 4.9488
RMSE 0.0134 0.0324 0.0811 0.0348 0.0346
MSE 0.0001 0.0084 0.0065 0.0012 0.0012

Table 9
Thermodynamic parameters for the uptake of Crystal violet
dye onto activated sewage sludge

Temperature -AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol-K)
30°C 0.3693 0.2572 0.0021
40°C 0.3900 59.263 0.1906
50°C 2.2958
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