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a b s t r a c t
A clean and green approach converting waste camel bones to bone bio-char (BC), and its applicability 
to abate triarylmethane dyes, namely malachite green (MG) and crystal violet (CV), from the aqueous 
phase was reported. Dodecyl sulfate chain of sodium dodecyl sulfate was anchored over BC (modified 
camel bone char [MCBC]) surface to enhance its dye sequestering capacity. Adsorption and residual 
decoloration mechanisms were discussed. Comparatively faster adsorption kinetics for MG than CV 
was observed. Breakthrough studies revealed profound effect of solution matrix on dyes adsorption. 
Temkin and Freundlich isotherm models showed better fit for MG and CV adsorption on MCBC, 
respectively. Thermodynamics study showed spontaneous and endothermic process. The presence 
of sulfur in elemental analysis and an SO4

2– group peak at 629 cm–1 in Fourier transform infrared 
spectrum confirmed successful MCBC modification. Both MG and CV possess –N(CH3)2

+ ions and 
sp2-hybridized C atoms in their structure. These atoms have a tendency to bind with the –OH group 
of MCBC through electrostatic interaction/nucleophilic substitution reaction, thus, leading to dyes 
adsorption. π-electron delocalization results in carbinol derivative formation for both dyes and might 
be a possible reason for residual dye decoloration with time. Maximum dyes (MG – 45.48% and CV – 
44.47%) elutions were observed with acetone and CH3OH, respectively. 

Keywords:  Camel bone bio-char; Malachite green; Crystal violet; Sodium dodecyl sulfate; Adsorption 
mechanism

1. Introduction

Dyes are the complex organic molecules that tend to attach 
themselves with surfaces or fabrics, imparting desirable col-
ors. More than 100,000 different synthetic dyes are known, 
with an annual production rate of over 7 × 105 ton/year [1]. 
Because of their recalcitrant nature, when dyes containing 
effluents are discharged into water resources, they become 

a significant source of pollution and pose threats to both 
aquatic environments and human beings [2]. For sustainable 
life and water resources, it is important to remove and/or 
minimize the dye concentration in effluents prior to their 
being discharged into the natural environment. 

Oxidation, adsorption, photocatalysis, and membrane 
separation are some of the most common techniques used for 
the abatement of dyes from aqueous medium. Among them, 
adsorption is considered the most effective process. The low 
operational cost, minimum sludge production, and appli-
cability even at lower adsorbate concentrations are some of 
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the major merits of the adsorption process [3]. Activated car-
bon (AC), a commercially acclaimed adsorbent, was used for 
the removal of both dyes and heavy metals from wastewater. 
However, high production and regeneration cost restricts 
AC’s large-scale usage in wastewater treatment. Therefore, it 
is essential to explore economical and eco-friendly alternate 
adsorbents for the removal of dyes from aqueous solutions.

Bone bio-char (BC, calcined animal bones) is composed 
of 9–11 wt% carbon, 70–76 wt% hydroxyapatite (HAP), and 
7–9 wt% calcium carbonate. Among them, HAP is the major 
constituent of BC. Thus, BC represents a source of biogenic 
apatite, which is a cost-effective alternate to synthetic HAP. 
Low water solubility, high stability under redox conditions, 
excellent biocompatibility, chemical stability, and excellent 
buffering capacity are some of the fundamental properties of 
HAP. The use of BC for the refining and clarification of cane 
sugar was reported by Wilson et al. [4]. Since then, it has been 
extensively used as a biosorbent for decolorizing cane sugar 
in the sugar industry. The use of HAP and its composites as 
an adsorbent for the abatement of heavy metals and dyes 
from wastewater and soil is well reported [5–9].

Dromedary, a one-humped camel (Camelus dromedarius), 
is a major livestock in the Arabian Peninsula, representing 
61% of the total camels present in the world [10]. In Saudi 
Arabia, camel meat constitutes 30% of the meat produced 
[11]. The carcass comprises 57% muscle, 26% bone, and 17% 
fat. These bones generate waste, creating waste disposal 
issues. Therefore, to deal with the waste disposal issue and for 
a clean and sustainable environment, meaningful utilization 
of waste camel bones, a natural source of HAP is essential. 

Herein, a clean and green approach was engineered to 
pyrolytically develop BC from waste camel bones, modify-
ing it with comparatively less toxic sodium dodecyl sulfate 
(SDS). The modification of camel bone bio-char (CBC) with 
SDS introduces nonpolar moiety (dodecyl) bearing nega-
tively charged sulfate (SO4

2–) ions of SDS by replacing phos-
phate (PO4

3–) ions present on the CBC surface [12]. Therefore, 
the hydroxyl group, the end member of HAP, becomes more 
nucleophilic in the modified adsorbent than the negatively 
charged SO4

2– group and is consequently substituted by other 
anions such as fluoride, chloride, or carbonate through elec-
trostatic interaction. The modified adsorbent was termed 
as modified CBC (MCBC). The applicability of MCBC was 
tested for the adsorptive removal and consecutive decolor-
ation of Malachite green (MG) and crystal violet (CV) from 
aqueous solutions. 

2. Experimental

2.1. Chemicals and reagents

MG, CV, and SDS were purchased from Sigma-Aldrich 
Co., USA. Hydrogen peroxide (H2O2; 30% w/w in H2O), 
hydrochloric acid (HCl), and sodium hydroxide (NaOH) 
were purchased from Sigma-Aldrich Co., Germany. 
Methanol (CH3OH), ethanol (EtOH, C2H5OH), acetone (Ace), 
nitric acid (HNO3), and sulfuric acid (H2SO4) were purchased 
from BDH Chemicals Co., England. Milli-Q water (Millipore, 
Bedford, MA, USA) was used throughout the experiments. 
Other chemicals and reagents used were of analytical reagent 
grade or as specified. 

2.2. Development and modification of CBC

Femur bones of camels (purchased from a local meat shop 
in Riyadh, Saudi Arabia) were washed with water to remove 
traces of flesh, fat, and blood. The bones were cut into small 
pieces and treated with H2O2 (30% w/w) to decompose organic 
content. The treated bones were again washed with water, air-
dried, and mechanically grounded. The grounded bones were 
placed in a crucible and pyrolyzed at 500°C with 10°C/min heat-
ing rate in a tubular furnace for 2 h under 100 mL/min nitrogen 
flow. The pyrolyzed bones were cooled to room temperature in 
a furnace. The produced CBC was again grounded and passed 
through 100–200 µm sieve size. Furthermore, CBC was chem-
ically modified with SDS. 200 mL of SDS solutions of varied 
concentrations (0%–3%) was prepared in 500 mL glass beakers; 
2 g of CBC was added in each beaker to make suspensions. The 
suspensions were aged for 24 h with magnetic stirring under 
ambient temperature conditions. MCBC samples were fil-
tered and washed several times with ethanol and finally with 
deionized (D.I.) water to remove unadsorbed SDS traces. The 
possible schematic CBC modification mechanism is as follows:

 

                                                  (1) 

     HAP 

                                                (2) 

 

                   (3) 

The SDS ions possibly bind with the CBC surface through 
isomorphous substitution of the PO4

3– ion with the SO4
2– ion 

and/or due to the electrostatic interaction between SO4
2– and 

calcium (Ca2+) ions [13]. During modification, a nonpolar 
dodecyl chain of surfactant was introduced over the CBC 
surface, possibly decreasing the crystalline nature of MCBC. 

2.3. Characterization of MCBC

The surface morphology and elemental content of CBC 
and MCBC before and after MG and CV adsorption were 
investigated via scanning electron microscopy (SEM; Nova 
200 NanoLab, FEI) coupled with an energy-dispersive X-ray 
(EDX; AMETEK Nova 200) operated at an accelerating volt-
age of 30 kV. The functional groups present on the CBC and 
MCBC surface, actively involved for the binding of dye mole-
cules, were determined by Fourier transform infrared (FT-IR; 
Thermo Scientific Nicolet 6700 FTIR). The surface area and 
pore size on MCBC were determined by using an N2 adsorp-
tion/desorption isotherm at 77 K (Micromeritics–Gemini VII 
2390 V1.03 surface area analyzer). The surface crystallinity 
and average particle size of CBC and MCBC were deter-
mined via XRD analysis (Philips Xpert XRD).

2.4. Adsorption/desorption experiments

Batch mode adsorption and desorption studies were car-
ried out in 100 mL conical flasks. For adsorption experiments, 
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25 mL dye solutions of initial concentrations, namely C0 
5–120 mg/L, were equilibrated under ambient tempera-
ture conditions for 16 h with 0.05 g MCBC in a tempera-
ture-controlled water bath shaker at 100 rpm. At equilibrium, 
solid/solution phases were separated by using filter paper 
(Whatman filter paper No. 41), and residual MG and CV 
were determined by using a UV–visible spectrophotometer 
(Thermo Scientific Evolution 600, UK) at λmax 618 and 590 nm, 
respectively. The adsorption capacity (qe, mg/g) and percent-
age (%) adsorption were calculated as follows:

q C C
V
me o e= −( )×  (4)

% adsorption = −
 ×

C C
C

e

o

0  100 (5)

where C0 and Ce are the initial and equilibrium concentrations 
of dyes (mg/L), respectively; V is the volume of the adsorbate 
solution (L); and m is the mass of the adsorbent (g). 

To study the effect of pH, experiments were conducted 
at an initial pH (pHi) range 2–10. The pHi was adjusted by 
the addition of a required amount of 0.1 M HCl and 0.1 M 
NaOH solution to adsorbate (dye) solutions of C0 50 mg/L. 
The adsorption isotherm studies were carried out for 
the C0 range 5–120 mg/L at various temperatures. The 
adsorption kinetics studies were carried out for contact 
time ranging between 1 and 960 min at varied dye initial 
concentrations (C0 25–100 mg/L). The adsorption thermo-
dynamics studies were conducted for temperatures range 
293–323 K. 

For desorption study, 0.05 g of MCBC samples were ini-
tially saturated with 25 mL dye solution of C0 50 mg/L. The 
equilibration times for MG and CV were 420 and 960 min, 
respectively. After saturation, MCBC samples were separated 
and washed several times using D.I. water to remove unad-
sorbed traces of dyes. To elute MG and CV, the saturated 
MCBC samples were treated with 0.1 M NaOH, 0.1 M HCl, 
0.1 M HNO3, 0.1 M H2SO4, Ace, CH3OH, and EtOH for 1,440 
min in a water bath shaker under ambient temperature con-
ditions. A control was run to test leaching of the MG and CV 
ions from the MCBC sample. The concentration of desorbed 
MG and CV ions were quantitatively analyzed, and percent-
age desorption was calculated as follows:

%desorpton Concentrationof dye ions desorbed by eluent
Init

=
iial concentration of dye ions adsorbed on MCBC

×100  (6)

2.5. Breakthrough study

First, 0.5 g of MCBC was put into graduated glass 
columns with glass wool support. MG and CV solutions of 
C0 50 mg/L were prepared in different matrices (such as D.I. 
water, humic acid [H.A.] and tap water [T.W.]). Then, 600 mL 
MG and 500 mL CV solutions were passed through columns 
at 1 mL/min flow rate. The initial 50 mL of the effluent was 
collected in 10 mL fractions and, thereafter, collected in 
50 mL fractions. The residual dyes concentration were quan-
titatively analyzed.

3. Results and discussion

3.1. Optimizing SDS concentration for CBC modification 

CBC was modified with SDS varying its concentration 
from 0% to 3%. The equilibrium adsorption capacities of 
MG and CV were increased from 11.83 to 24.93 mg/g and 
9.43 to 21.84 mg/g, respectively, with an increase in SDS 
concentration from 0% to 2% (Fig. 1). Further increase in 
SDS concentration (above 2%) showed a decrease in MG and 
CV adsorption. The electrostatic interactions responsible for 
binding the (CH3)2N+– group of dyes with the negatively 
charged SO4

2– ion head of SDS decreased due to the increase 
in hydrophobic interaction of both dyes with nonpolar 
moiety of the SDS, resulting in a red shift of the λmax values of 
dyes, consequently decreasing the dye binding capacity [13]. 
Therefore, 2% SDS concentration was optimized for CBC 
modification.

3.2. Effect of pH

The adsorption of MG and CV on MCBC as a function of 
pH was isothermally examined. Under highly acidic condi-
tions (i.e., initial pH (pHi) 2–3), no adsorption of MG and CV 
on MCBC was observed (Fig. 2). At pHi 3.14, the adsorption of 
MG was 24.53 mg/g. Further increase in pHi from 3.14 to 9.45 
yielded a very slow increase in MG adsorption. Maximum 
MG adsorption (24.94 mg/g) on MCBC was observed at pHi 
9.45. The adsorption of CV on MCBC increased from 18.46 
to 20.83 mg/g as pHi increased from 3.97 to 6.31, attaining 
the maximum (22.35 mg/g) value at pHi 9.57. The observed 
point of zero charge (pHPZC) of MCBC was ~8.1. The adsorp-
tion of both dyes on MCBC moved the final pH (pHf) val-
ues toward pHPZC values (Fig. 3), thus revealing the excellent 
buffering properties of MCBC [14]. The buffering charac-
teristics of MCBC are due to the acid–base reactions of the 

 

Fig. 1. Effect of SDS concentration on MG and CV adsorption onto 
CBC (conditions: m – 0.05 g, V – 0.025 L, T – 293 K, contact time – 
1,440 min, agitation speed – 100 rpm, C0

MG – 50 mg/L, C0
CV – 50 mg/L).
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reactive sites [15]. Compositionally, BC contains 70%–76% 
HAP [Ca10(PO4)6(OH)2]. The modification of CBC with SDS 
introduced SO4

2– ions over the MCBC surface by exchanging 
most of the PO4

3– ions. Hence, the possible reactions of MCBC 
in the aqueous phase are:

≡ ↔ ≡+SO + H SOH0  (7)

≡ + ↔ ≡− +PO H POH0  (8)

 (9)

Under acidic conditions (below pHPZC), the consumption 
of protons from the solution during protonation of the MCBC 
surface results in an increase in pHf, whereas under basic 
conditions (above pHPZC), a decrease in pHf due to hydroxyl 
(OH–) ions consumption via deprotonation of the surface 
takes place. Thus, the neutral charged species predominates 
in an alkaline medium, causing the MCBC surface to become 
negatively charged in an alkaline solution. Therefore, the 
adsorption of MG and CV on MCBC increases as the pHi of 
the solution increases.

3.3. Effect of concentration and adsorption isotherms

Figs. 4(a) and (b) illustrate the effect of the initial con-
centration of MG and CV for the adsorption on MCBC at 
varied temperatures. The results indicate that the adsorp-
tion capacities of MG and CV increase with increasing 
initial adsorbate concentration (C0 5–120 mg/L) and reac-
tion temperature (T 293–323 K). This is due to an increase 
in MG and CV concentration gradient with concentration, 
which serves as a driving force during the adsorption pro-
cess. Additionally, the increase in reaction temperature 
causes a change in MCBC pore size, increases MG and CV 
dye ions kinetic energy in the aqueous phase, and enhances 
the MG and CV dye ions intraparticle diffusion rate [16]. At 
293 K, the adsorption capacity of MG varies between 2.40 
and 57.22 mg/g, while the adsorption capacity of CV varies 
between 1.94 and 45.33 mg/g. At 303 K, the MG adsorption 

Fig. 2. Effect of pHi on MG and CV adsorption onto MCBC 
(inset: pHPZC plot of MCBC; conditions: m – 0.05 g, V – 0.025 L, 
T – 293 K, contact time – 720 min for CV [●] and 360 min for 
MG [♦], agitation speed – 100 rpm).

Fig. 3. Plot showing variation in pH after MG and CV adsorption 
on MCBC.

(a)

(b)

Equilibrium concentration (Ce, mg/L)

Equilibrium concentration (Ce, mg/L)

Fig. 4. Effect of concentration on MG (a), and CV (b) adsorption 
at varied temperatures onto MCBC.
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capacity varies between 2.43 and 57.55 mg/g, while the CV 
adsorption capacity varies between 2.11 and 49.34 mg/g. At 
313 K, the MG uptake varies between 2.46 and 58.30 mg/g, 
while the CV uptake varies between 2.26 and 50.47 mg/g. 
At 323 K, the MG adsorption varies between 2.47 and 
58.35 mg/g, while the adsorption of CV varies between 2.29 
and 52.86 mg/g. For the studied temperature and concen-
tration range, the MG adsorption capacity is comparatively 
higher than that of CV. A smaller molecular volume for MG 
(220.2 cm3/mol) compared with CV (291.2 cm3/mol) might 
be a possible reason [17]. Because of the smaller molecular 
volume, MG provides less steric hindrance effect, leading 
to stronger diffusion ability and the occupation of a smaller 
space on the MCBC surface compared with CV.

The adsorption data were modeled by using two 
parameter adsorption isotherm models, namely Langmuir, 
Freundlich, and Temkin. Langmuir model assumes 
formation of monolayer during adsorption process without 
any interaction between adsorbed molecules, in linearized 
form expressed as [18]:

C
q K q q

Ce

e L m m
e= + ×

1 1  (10)

where KL (L/mg) and qm (mg/g) are the Langmuir constants 
related to heat of biosorption and maximum solid phase 
(i.e., dye) loading on MCBC, respectively.

The essential feature of Langmuir isotherm was deter-
mined by a dimensionless constant, separation factor (RL), 
can be expressed as:

R
K CL

L o

=
+

1
1

 (11)

If RL > 1 (unfavorable adsorption), 0 < RL < 1 (favorable 
adsorption), RL = 1 (linear adsorption), RL = 0 (irreversible 
adsorption).

Freundlich isotherm is an empirical expression and 
assumes that adsorption occurs on the heterogeneous surface 
sites, in linearized form expressed as [19]:

log log logq K
n

Ce F e= +
1  (12)

where KF [(mg/g)(L/mg)1/n] and n are the Freundlich con-
stants. The Freundlich constant n represents deviation in 
adsorption from linearity. If n = 1 (linear adsorption process), 
n < 1 (chemical adsorption process), n > 1 (physical adsorp-
tion process). 

Temkin isotherm assumes that during adsorption process 
the adsorption energy decreases linearly. Temkin isotherm 
contains a factor that explicitly takes into account the adsor-
bate species–adsorbent interactions [20], in linearized form 
expressed as:

q B K B Ce T T T eln ln= +  (13)

where BT = RT/b; R is the universal gas constant (8.314 J/mol K); 
T is the absolute temperature (K); b is a Temkin constant 
related to the adsorption energy (kJ/mol); and KT is the bind-
ing constant at equilibrium corresponding to the maximum 
binding energy (L/g).

It was found that the adsorption of MG on MCBC at var-
ious reaction temperatures fit the Temkin model, as depicted 
for higher regression coefficient (r2) values, while the adsorp-
tion of CV on MCBC at various reaction temperatures obeyed 
the Freundlich model (Table 1). The values of KT for MG 
adsorption on MCBC increased with increasing temperature, 
showing an increase in adsorbate–adsorbent binding inter-
action with temperature. The values of Freundlich constant 
n for MG were in the range of physical adsorption, while for 
CV adsorption on MCBC at various temperatures, the values 
were in the range of chemical adsorption. The values of the 
separation factor (RL) for the adsorption of MG and CV were 
in the range of favorable adsorption. Previous studies for 

Table 1
Isotherm parameters for the adsorption of MG and CV on MCBC

Isotherm  
model

MG CV
293 K 303 K 313 K 323 K 293 K 303 K 313 K 323 K

Langmuir
qm,exp (mg/g) 57.22 57.55 58.30 58.35 45.33 49.34 50.47 52.86
qm,cal (mg/g) 0.01 0.02 0.03 0.01 67.57 85.47 81.97 80
KL (L/mg) 19.04 40.22 347.25 55.52 0.0849 0.0768 0.1007 0.1526
RL 0.0004 0.0002 0.00002 0.00015 0.0894 0.0979 0.0764 0.0518
r2 0.4618 0.2785 0.1488 0.9339 0.8966 0.7385 0.8055 0.9522
Freundlich
KF [(mg/g)(L/mg)1/n] 14.148 22.029 32.832 38.976 1.799 2.010 3.717 4.225
n 1.0451 1.0863 1.0391 1.0611 0.765 0.608 0.700 0.656
r2 0.9806 0.9834 0.9704 0.9758 0.9025 0.9792 0.9982 0.9814
Temkin
BT 25.23 20.30 19.50 16.34 12.20 16.77 17.54 15.75
KT (L/mg) 1.763 3.345 6.076 9.575 1.702 1.063 1.345 0.303
r2 0.9984 0.9882 0.9901 0.9907 0.8683 0.9783 0.9814 0.8745
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MG and CV adsorption on various adsorbents reported the 
applicability of both the Langmuir and Freundlich  models 
(Table 2) [21–28].

3.4. Effect of contact time and adsorption kinetics

A contact time study for the adsorption of MG and CV 
on MCBC was carried out for the concentration range C0 
25–100 mg/L. Initially, faster MG and CV adsorption rates, 
due to abundantly available free binding sites on the MCBC 
surface, were observed, gradually slowing as time elapsed due 
to the saturation of active binding sites and finally attaining 

equilibrium. The MG equilibration time for the specified con-
centration range varied between 240 and 360 min (Fig. 5(a)), 
while the CV equilibration time for the studied concentration 
range varied between 600 and 720 min (Fig. 5(b)). During the 
study, for the assigned concentration range, 72%–85% of MG 
and 20%–67% of CV was adsorbed within 60 min, showing 
comparatively faster adsorption kinetics for MG. 

The kinetic studies predicted the progress of adsorption; 
however, the determination of the adsorption mechanism 
is also important for design purposes. In this investigation, 
pseudo-first-order and pseudo-second-order kinetics mod-
els were tested. Pseudo-first-order kinetics model assumes 

Table 2 
Summary of MG and CV adsorption results along with their experimental conditions

Adsorbent/ 
adsorbate

Experimental conditions Isotherm model 
applicable

Kinetics Thermodynamics Reference
Equilibration 
time (min)

Model  
applicable

Egg shells/CV m – 30 g/L; C0 – 20–100 mg/L; 
agitation speed – 150 rpm, 
T – 293 K, contact time – 4 h

Langmuir 240 Pseudo- 
second-order

Exothermic [21]

(a) Jute fiber 
carbon/MG and 
(b) Jute fiber 
carbon/CV

For both (a) and (b): 
m – 0.05 g; pH – 8; agitation 
speed – 150 rpm; T – 30°C

Freundlich 
isotherm for 
both (a) and (b)

(a) 220 and 
(b) 150

Pseudo- 
second-order

Endothermic [22]

Prosopis cineraria 
sawdust/MG

m – 0.4 g; pH – 6 – 10; 
agitation speed – 160 rpm; 
T – 27°C

– 30–45 Pseudo-first- 
order

Endothermic [23]

Azadirachta indica 
sawdust/MG

pH – 7.2; T – 30°C; 
agitation speed – 100 rpm

Langmuir 14 Pseudo-first- 
order

Exothermic [24]

Rattan sawdust/
MG

m – 0.3 g; pH – 10; T – 30°C; 
agitation speed – 130 rpm

Langmuir 210 Pseudo-first- 
order

Endothermic [25]

Tomato paste 
waste carbon/CV

C0 – 20–350 m/L; m – 0.1 g; 
T – 25°C; pH – 8; agitation 
speed – 120 rpm

Freundlich 150 Pseudo- 
second-order 

Endothermic [26]

Ginger waste/MG m – 0.05 g; pH – 9, T – 50°C Freundlich/
Langmuir 

150 Pseudo- 
second-order

Endothermic [27]

(a) Red mud/MG 
and (b) Red mud/
CV

For both (a) and 
(b): m – 0.25 g; pH – 7; 
T – 25°C, agitation 
speed – 180 rpm

Langmuir (a) 90 and 
(b) 180

Pseudo- 
second-order 

(a) Endothermic 
and (b) exothermic

[17]

Grapefruit peel/
CV

m – 1 g/L, pH – 6, T – 45°C; 
agitation speed – 100 rpm

Langmuir 60 Pseudo- 
second-order 

Endothermic [28]

(a) MCBC/MG 
and (b) MCBC/CV

m – 0.05 g; pH – 7, T – 20°C; 
agitation speed – 100 rpm, 
C0 – 5–120 mg/L

(a) Temkin and 
(b) Freundlich

(a) 240–360 
and (b) 
600–720 

(a) Pseudo- 
second-order 
and (b) pseudo- 
first-order 
(at lower 
concentration) 
and pseudo- 
second-order 
(at higher 
concentration)

Endothermic Present 
study
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that the adsorption is controlled by diffusion stage, and the 
adsorption rate corresponds to the difference between equi-
librium adsorption capacity and adsorbed quantity at time t. 
Model in linearized form is given as [29]:

log log
.

q q q
K

te t e−( ) = − ×1

2 303
 (14)

where qe and qt (mg/g) are the adsorption capacities at 
equilibrium and at time t, respectively; K1 (1/min) is 
pseudo-first-order rate constant.

The rate of adsorption during pseudo-second-order 
model is controlled by chemisorption mechanism, which 
includes sharing or transferring of electrons between the 
interfaces. Pseudo-second-order model [30], in linearized 
form, is expressed as:

t
q h q

t
t e

= + ×
1 1  (15)

h K qe= 2
2  (16)

where h (mg/g min) is initial sorption rate; K2 (g/mg min) is 
the pseudo-second-order rate constant. 

The results show that the adsorption of MG on MCBC at 
various concentrations followed the pseudo-second-order 
kinetics model, as depicted by the higher regression 
coefficient (r2; Table 3). Additionally, the applicability of 
the model was proven by nearer qe,exp and qe,cal values. The 
adsorption of CV at 25 mg/L obeyed the pseudo-second-order 
model, while at higher concentrations, namely C0 
50–100 mg/L, the pseudo-first-order model was applicable. 
The results agreed well with previously reported results 
(Table 2). Moreover, the values of h for MG were higher 
compared with those for CV, showing the comparatively 
faster MG removal rate [31]. 

3.5. Adsorption thermodynamics 

The adsorption thermodynamics parameters, such as 
standard enthalpy change (ΔH°) and standard entropy 
change (ΔS°), for the adsorption of MG and CV on MCBC 

(b)

Fig. 5. Effect of contact time on MG (a), and CV (b) adsorption at 
varied concentrations onto MCBC.

Table 3 
Kinetics parameters for the adsorption of MG and CV on MCBC

Kinetics model MG CV
C0 (mg/L) C0 (mg/L)

25 50 75 100 25 50 75 100

qe,exp (mg/g) 10.89 24.10 38.64 51.11 9.66 22.32 29.75 39.81
Pseudo-first-order
qe,cal (mg/g) 9.20 15.12 13.87 38.25 2.16 26.74 31.02 59.13

K1 (1/min) 0.0180 0.0186 0.0198 0.0193 0.0074 0.0060 0.0032 0.0094

r2 0.9838 0.9905 0.9912 0.9929 0.9508 0.9441 0.9246 0.8522

Pseudo-second-order
qe,cal (mg/g) 11.57 25.06 40.32 53.76 9.61 30.12 49.02 48.54

K2 (g/mg min) 0.0056 0.0030 0.0018 0.0011 0.0196 0.0001 0.00003 0.00012
h (mg/g min) 0.7501 1.8843 2.9265 3.1795 1.8118 0.0907 0.0721 0.2827

r2 0.9984 0.9956 0.9987 0.9955 0.9995 0.7827 0.4105 0.8389
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were evaluated by using a Von ’t Hoff’s plot (between lnKc 
and 1/T). The Von ’t Hoff equation is given as:

lnK
S
R

H
R Tc =

∆ °
−
∆ °

×
1  (17)

where Kc is an equilibrium constant; R is the universal gas con-
stant (8.314 J/mol K); and T (K) is the absolute temperature. 

The values of the equilibrium constant (Kc) were calcu-
lated as:

K
C
Cc

Ae

e

=  (18)

where CAe (mg/L) and Ce (mg/L) are the concentrations at 
equilibrium of the adsorbate on the solid (adsorbent) phase 
and in the aqueous phase, respectively.

The standard free energy change (ΔG°) was calculated as:

∆ ° =−G RTlnKc  (19)

The results are presented in Table 4. From the results, it 
was found that the positive ΔH° values at various MG and 
CV concentrations (C0 5–100 mg/L) confirmed the endother-
mic nature of adsorption. The observed results are consistent 
with those reported in the literature (Table 2), where both 
the endothermic and exothermic nature of the CV and MG 
adsorption process for various adsorbents were reported. 
The adsorption of MG and CV on MCBC at various concen-
trations was spontaneous at the temperatures under investi-
gation (298–328 K), as indicated by the negative ΔG° values, 
and the spontaneity increased with increasing reaction tem-
perature. Randomness at the solid/solution interface during 
the adsorption process was confirmed by the negative ΔS° 
values.

3.6. Breakthrough studies

H.A., together with fulvic acid (F.A.), is the core of 
all humic substances of natural organic matters in water 
resources, while T.W. contains many ions (such as Ca2+, 
Mg2+, Cl–, and SO4

2–) generally present in wastewater [32]. 
Therefore, it is essential to test the adsorptive performance 
of MCBC for MG and CV removal in the presence of these 
counter ions because these ions are generally present under 
different aquatic environmental conditions. Therefore, the 

breakthrough and exhaustive capacities of MCBC for MG 
and CV adsorption were evaluated in D.I. water, H.A., and 
T.W. matrices. A dye (MG and CV) solution of C0 50 mg/L 
was prepared in the aforementioned matrices. The concen-
tration of H.A. used as a matrix for MG and CV solutions 
was 30 mg/L because this concentration of H.A. generally 
exists in surface waters [33]. For MG, 20 mL of the efflu-
ent was passed through the column without detecting MG 
when D.I. water was used as a matrix, while 10 mL of each 
effluent was passed through the column without detecting 
MG when H.A. and T.W. were used as the matrices (Fig. 
6(a)). The breakthrough capacities for MG in D.I. water, 
H.A., and T.W. matrices were 2, 1, and 1 mg/g, respec-
tively, while the exhaustive capacities were 50, 45, and 
27.5 mg/g, respectively. For CV, 20 mL of each effluent was 
passed through the column without detecting CV when 
D.I. water and H.A. were used as matrices, whereas 10 mL 
of effluent was passed when T.W. was used as the matrix 
(Fig. 6(b)). The breakthrough capacities in D.I. water, H.A., 
and T.W. matrices were 2, 2, and 1 mg/g, respectively, 
and the exhaustive capacities were 47.5, 30, and 35 mg/g, 
respectively.

3.7. Desorption studies

Various acids (HCl, HNO3, and H2SO4) and a base 
(NaOH) with a concentration of 0.1 M and solvents (Ace, 
CH3OH, and EtOH) were tested to elute MG and CV from 
MCBC. To verify the leaching of adsorbed dyes from 
MCBC, a control experiment was also run. Dye (MG and 
CV) solutions of C0 50 mg/L were adsorbed on the MCBC. 
At equilibrium, solid/solution phases were separated, and 
residual dye concentrations were measured. The percentage 
adsorption of MG varied between 88.5% and 89.7%, while 
for CV, the percentage adsorption varied between 91.76% 
and 91.96%. To remove the unadsorbed MG and CV traces, 
the saturated MCBC samples were washed several times 
using D.I. water. Furthermore, MCBC samples were treated 
with various eluents for 24 h. Control experiments showed 
that 0.501% and 0.283% of MG and CV leached out, respec-
tively. Desorption of MG from MCBC was negligible when 
the acids and base were used as eluents. The maximum 
(45.48%) amount of MG was eluted out using Ace (Fig. 7(a)). 
A trace amount of CV was desorbed using the acids and 
base. The maximum (44.47%) amount of CV was eluted out 
using CH3OH (Fig. 7(b)). The maximum elution of MG and 
CV from the MCBC surface by Ace and CH3OH strongly 

Table 4 
Thermodynamics parameters for the adsorption of MG and CV on MCBC

C0  
(mg/L)

MG CV

ΔS°  
(J/mol K)

ΔH°  
(kJ/mol)

(–) ΔG° (kJ/mol) ΔS°  
(kJ/mol K)

ΔH°  
(kJ/mol)

(–) ΔG° (kJ/mol)
293 K 303 K 313 K 323 K 298 K 308 K 318 K 328 K

5 133.42 31.217 7.872 9.128 10.738 11.773 87.338 23.041 2,452.57 3,444.93 4,579.76 4,959.71
20 124.33 28.226 8.640 9.073 9.974 12.578 102.451 25.632 4,742.65 5,082.87 5,912.12 7,954.49
60 113.01 24.545 8.412 9.804 11.134 11.701 88.303 20.733 5,087.59 6,093.55 6,935.34 7,741.80
100 84.11 16.386 7.868 9.643 10.121 10.499 80.750 19.562 4,087.12 4,966.24 5,614.94 6,565.32
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suggests that the chemical adsorption process might be a 
major mode of dye removal from MCBC [34].

3.8. Characterization of CBC and MCBC

Fig. 8(a) depicts the XRD pattern of CBC and MCBC. 
Diffractograms very similar to a characteristic HAP diffrac-
togram [35] were observed, confirming that the composi-
tions of CBC and MCBC were very similar to that of syn-
thetic HAP. The sharp peaks of the diffractogram confirmed 
that the prepared CBC was crystalline, while a drop in peak 
intensity after anchoring the dodecyl sulfate to the CBC 
surface confirmed a decrease in MCBC crystallinity. The 
surface area analysis data showed a decrease in Brunauer, 
Emmett, and Teller surface area from 73.176 to 61.963 m2/g 
after CBC modification. Adherence of surfactant ions over 
the CBC surface during modification might be a possible 
reason for the decrease in surface area. The FT-IR spec-
tra (Fig. 8(b)) showed peaks at 472, 548, 586, and 960 cm–1 
ascribed to different vibrational modes of the phosphate 
(PO4

3–) group. Broad bands between 990 and 1,100 cm–1 
associated with the HPO4

2– group were present in spectra 
[36]. A low intensity peak at 619 cm–1 ascribed to the SO4

2– 
group [37] appeared in the CBC spectrum; after CBC mod-
ification with SDS, the intensity of the peak increased. A 
peak readily assigned to O–Si–O bending modes appeared 
at 780 cm–1 [38] in the CBC spectrum; it became more intense 
in the SDS MCBC spectrum and divided into two lobes after 

MG and CV adsorption. An absorption band characteristic 
of HAP and associated with the hydroxyl group appeared 
at 3,570 cm–1 [39]. The intensity of this band increased after 
modification and decreased after MG and CV adsorption. 
The morphological and elemental composition of CBC and 
MCBC was assessed by using SEM–EDX. A porous surface 
with irregular (both spherical and sharp-edged) particle 
sizes was observed for CBC (Fig. 8(c)). Elemental analysis 
of CBC confirmed the presence of both Ca and P (major 
components of HAP) (Fig. 8(d)). The modification of CBC 
with SDS led to the formation of a nonuniform film over the 
MCBC surface, resulting in decreased porosity (Fig. 9(a)). 
The elemental analysis also revealed the presence of S over 
the MCBC surface, thus confirming the successful adher-
ence of S over the MCBC surface (Fig. 9(b)). 

3.9. Adsorption and decoloration mechanism

The proposed dye adsorption mechanism could be 
described as follows: HAP, the prime component of bone 
char, has highly active OH– ions. These ions can be eas-
ily replaced by fluoride (F–) and chloride (Cl–) ions, pro-
ducing fluorapatite and chlorapatite. During the modifi-
cation of CBC with SDS, the surface PO4

3– group of CBC 
was replaced by the dodecyl sulfate chain of SDS [40]. The 
OH– ions present on the MCBC surface provided the major 
active sites for MG and CV adsorption and were likely 
responsible for the considerably high adsorption capacity 
of the synthesized adsorbent. In contrast, the dye mole-
cules (of both MG and CV) possess cationic nitrogen (N) in 
the form of –N(CH3)2

+ (Fig. 10, step I) and sp2-hybridized 
carbon atoms (Fig. 10, step II). These N- and sp2-hybrid-
ized carbon atoms can easily bind with the –OH group of 
MCBC through electrostatic interaction and/or a nucleo-
philic substitution reaction, respectively, leading to the 
adsorption of dye molecules from an aqueous solution. 

(a)

(b)

Fig. 6. Breakthrough plots for the adsorption of MG (a) and CV 
(b) on MCBC.

(a)

(b)

Fig. 7. Adsorption/desorption plots of MG (a) and CV (b) from 
MCBC.
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Taking into account these facts, the proposed dye adsorp-
tion mechanisms on MCBC are shown in Fig. 10 (MG) and 
Fig. 11 (CV). During the pH study, it was observed that at 
pH < 3, the MCBC does not adsorb cationic dyes because 
the presence of excess H+ ions competes with the cationic 
dyes to adsorb at active sites, but with the increase in 
pH (pH > 3), the adsorption of cationic dye molecules is 
favored, most likely due to less competition between the 
H+ ion and the cationic dye. Additionally, at lower pH, the 
H+ ion can be bonded to the OH– ion of MCBC, reducing 
the possibility of its binding with the dyes. On the other 

hand, the final pH of the solution (after adsorption) shifts 
toward neutral pH due to the dissociation of OH– ions of 
MCBC during the adsorption, which leads to the increase 
of OH– ions in the solution. Another possibility for bind-
ing dye ions is an electrostatic interaction between the 
oxygen atom of SDS, introduced over the MCBC surface 
during the modification step, and the N+ ion of the dyes. 
However, it is less favorable due to steric hindrance of the 
larger-sized dodecyl sulfate anion.

However, the decoloration of residual dyes (after 
adsorption) with time was also observed (Fig. 12). This can 

(a)
(b)

(d)(c)

Fig. 8. XRD (a), and FT-IR (b) spectra of CBC and MCBC (before and after dyes adsorption); SEM image (c), and EDX (d) spectrum of CBC.

 (a)

Fig. 9. SEM image (a), and EDX spectra (b) of MCBC.
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be explained in steps II of Figs. 10 and 11. When the –OH 
group of MCBC binds with sp2 carbon atoms of the dyes, 
the delocalization of π electrons occurs, resulting in the for-
mation of a carbinol derivative for both MG and CV. Thus, 
the extended π-electron delocalization no longer exists in 
the cationic dyes, thereby arresting the absorption of visi-
ble light, which is responsible for the decoloration of dyes. 

During the experiment, it was also observed that compared 
with CV, the decoloration of residual MG was much faster 
(Fig. 12). This might be because in the carbinol derivative 
of CV, the extended π-electron delocalization can easily be 
recreated via the donation of a lone pair of electrons from 
all three N atoms present in the carbinol derivative of CV 
(Fig. 11, step III). However, for the carbinol derivative of 

 
Fig. 10. Possible adsorption/decoloration mechanism of MG on MCBC.
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MG, this lone pair donation by N is less favorable than the 
carbinol derivative of CV. Additionally, the formation of the 
carbinol derivative of CV after the adsorption on MCBC is 
difficult compared with MG due to steric hindrance caused 
by the –N(CH3)2 groups.

4. Conclusions 

Dodecyl sulfate anchored BC from waste camel bones 
(MCBC) was developed and tested for CV and MG (model 
adsorbate) removal from the aqueous phase. The maximum 

 

 

Fig. 11. Possible adsorption/decoloration mechanism of CV on MCBC.
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MG (24.94 mg/g) and CV (22.35 mg/g) adsorption was observed 
at pHi > 9. Adsorption was dependent on adsorbate concentra-
tion and temperature. Temkin and Freundlich models showed 
a better fit for MG and CV, respectively. Comparatively faster 
adsorption kinetics for MG were observed. Breakthrough 
capacities in D.I. water, H.A., and T.W. matrices were 2, 2, and 
1 mg/g, while exhaustive capacities were 47.5, 30, and 35 mg/g, 
respectively. Maximum elution occurred using Ace (45.48% 
MG) and CH3OH (44.47% CV). Thus, it could be inferred that 
MCBC is a clean and green adsorbent for the abatement of MG 
and CV from the aqueous phase, and it would be correct to call 
it a waste-to-worth approach. 
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