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Abstract
The adsorption of crystal violet (CV) and malachite green (MG) dyes using carbon-coated Zn–Al-layered double hydroxide (C–
Zn–Al LDH) was investigated in this work. The characterisation of both Zn–Al LDH and C–Zn–Al LDH was performed using
XRD, SEM, TEM, EDX, XPS, FTIR, BET and TGA. The results indicated that carbon particles were effectively coated on Zn–
Al LDH surface. The average total pore volume and pore diameter of C–Zn–Al LDHwere observed as 0.007 cc/g and 3.115 nm.
The impact of parameters like initial dye concentration, pH and adsorbent dosage on the dye removal efficiency was confirmed
by carrying out Box-Behnken design experiments. Langmuir isotherm was well suited for both CVand MG adsorption among
other isothermmodels. The adsorption capacity was maximally obtained as 129.87 and 126.58mg/g for CVandMG respectively.
Pseudo-second order fits the adsorption kinetics than any other kinetic models for both the dyes. The thermodynamic study
indicates that the adsorption process of CV was exothermic, whereas for MG was endothermic. Electrostatic attraction, H-
bonding, n-π and π- π interactions were mainly influenced in the adsorption process. This study concludes that C–Zn–Al
LDH is an efficient adsorbent for the CVand MG dye removal from aqueous solutions.
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Introduction

Pollutants from industries are one of the main reasons of envi-
ronmental pollution, mainly wastes produced from several dye
manufacturing, dyeing, printing, textile industries, plastic and
paper making industries (Mustapha et al. 2011). The emission

of these pollutants causes serious issues to the ecosystem.
Especially synthetic dyes in wastewater undergo several chemi-
cal reactions and destroy aquatic species. The occurrence of dyes
in water bodies declines the permeation of light and may disturb
photochemical activities in aquatic organisms (Buvaneswari and
Kannan 2011; Shan et al. 2015). It is also reported that many of
these synthetic dyes are carcinogenic, toxic and mutagenic in
nature (El Gaini et al. 2009). Hence, the elimination of dyes from
textile wastewater is more significant.

Reverse osmosis, coagulation, membrane filtration, biolog-
ical, chemical and photo degradation are the conventional
techniques for the elimination of dyes from contaminated wa-
ter (Zheng et al. 2012). Compared to these methods, the sim-
plest technique used for the dye removal is adsorption since
the process is cost-effective and very efficient and the adsor-
bent can be reused and the chance of producing secondary
waste is very less (Yang et al. 2015). Many conventional ad-
sorbents can be utilised to remove colour from wastewater,
namely powder/granular activated carbon, fly ash, sawdust,
bentonite, chitosan, sludge, rice husks and some agricultural
by-products (Garg et al. 2003; Wu et al. 2013). In addition,
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various studies were conducted for the removal of CVandMG
dyes using different adsorbents. Brião et al. 2017 studied the
removal of CVusing mesoporous ZSM-5 zeolite as the adsor-
bent and obtained the maximum adsorption capacity as
141.8 mg/g. Ghazali et al. 2018 and Laskar and Kumar 2018
conducted experiments on CV dye adsorption using date palm
leaves and sodium carbonate modified Bambusa tulda as the
adsorbents and they obtained a maximum adsorption capacity
of 37.73mg/g and 20.84 mg/g respectively. Sartape et al. 2017
and Garg et al. 2004 carried out investigations on MG dye
adsorption using agro-based adsorbents such as wood apple
shell and Prosopis cineraria sawdust. In their study, the re-
searchers obtained more than 98% removal efficiency in their
tested dyes at optimum conditions. There are many advan-
tages in using agro-based waste materials for the removal of
pollutants viz., low operational costs, easy disposal of mate-
rials, moderate adsorption capacity etc. For the adsorption of
CV, Mashkoor et al. 2018 obtained adsorption capacity as
131.58 mg/g when Tectona grandis sawdust was used as ad-
sorbent. In addition, wood apple shell was also used Jain and
Jayaram 2010 and attained 130 mg/g. For the removal of MG,
Hameed and El-Khaiary 2008a utilised oil palm trunk fibre
and reached up to 150 mg/g. However, the low-cost biomass
material has not been a successful candidate with high adsorp-
tion capacity. A large quantity of adsorbent is essential to
remove a low concentration of dyes from wastewater (Zahra
et al. 2017). This is one of the main limitations for its appli-
cation in the removal of pollutants. Anyway, the previous
researchers (Dos Santos et al. 2011; Schwantes et al. 2016)
have reported the simple and easy chemical modification tech-
niques for enhancing the adsorption capacity of the material.

Layered double hydroxides (LDHs) contain hydrotalcite
and hydrotalcite-like compounds, which possess high adsorp-
tion efficiency (Kim et al. 2004; Wang et al. 2006). LDHs are
d e n o t e d b y u s i n g a c ommo n f o r m u l a [M 1 -

x
2+Mx

3+(OH)2]
x+[An-]x/n·mH2O where the M2+ divalent cat-

ions (Zn2+, Mg2+, Ca2+, Fe2+, Cu2+, Ni2+, Co2+etc.) are re-
placed to some extent by M3+ trivalent cations (Fe3+, Al3+,
Mn3+, Ni3+, Cr3+, Co3+ etc.), An- is the interlayer charge
balancing anion such as CO3

2−, NO3
−, Cl−, x is the M3+ molar

fraction, n is the charge and m is the number of water mole-
cules (Shan et al. 2015). LDHs have positive characteristics
like higher surface area, large thermal stability, stable over a
wide pH range, greater adsorption ability and recyclability and
helps in the adsorption of pollutants from water bodies (Das
et al. 2006; Del Hoyo 2007; Prasanna and Kamath 2008).
LDH has a tunable structure, i.e. M2+ and M3+ cations might
be interchanged or partially changed by other Mn+ ions.
Various anions are used to replace the anion that exists in the
interlayer of LDH structure, anion can likewise be substituted
by different anions, consequently their physicochemical prop-
erties might be changed (Ishikawa et al. 2007; Ryu et al.
2010). Moreover, LDHs can be viewed as type of materials

that can be simply synthesised in a laboratory. Using several
techniques, LDH can be synthesised. The most common
method is that co-precipitation method (Liu et al. 2006; Vial
et al. 2008). It was proposed that the application of carbon
coating onto LDH could generate plenty of hydroxyl (–OH)
groups onto the LDH surface. This permits the generation of
H-bonds among dye molecules and carbon coated LDH
(Zhang et al. 2014b). Meanwhile, the adsorption efficiency
of the carbon-coated LDH can be significantly enhanced as
the effect of supportive aids of H-bonding among dye mole-
cules and the carbon coating.

In evaluating the role of factors influencing the adsorption
process, response surface methodology has been demonstrat-
ed as a suitable statistical technique in developing the regres-
sion model. In this study, a set-batch study accomplished by
Box-Behnken model was performed to assess the significant
impacts of multivariate results.

The main objectives of the current study is (i) to examine
the percentage dye removal for C–Zn–Al LDH towards crys-
tal violet (CV) and malachite green (MG), (ii) to compare the
material characterisation of Zn–Al LDH and C–Zn–Al LDH,
(iii) to optimise the various parameters which influences ad-
sorption such as pH, adsorbent dosage and concentration of
dye, (iv) to assess the adsorption capacity and to understand
the mechanism of C–Zn–Al LDH towards dyes and (v) to
analyse the reusability of the dye adsorbed C–Zn–Al LDH.

Materials and methods

Chemicals

In this study, the chemicals utilised namely Al (NO3)3·9H2O,
Zn (NO3)2·6H2O, anhydrous Na2CO3, NaOH, and glucose
powder (D-glucose anhydrous) were of A.R. grade and the
dyes used were crystal violet (M.W= 407.98 g/mol, λmax =
585 nm) and malachite green (M.W= 463.50 g/mol, λmax =
616 nm). All the chemicals were procured from SD Fine
Chemicals, Mumbai.

Methodology

Synthesis of Zn–Al LDH

Co-precipitation method was used for the synthesis of Zn–Al
LDH. Briefly, solution A was prepared by adding 0.02 M of
Al (NO3)3·9H2O and 0.04 M of Zn (NO3)2·6H2O in double
distilled water. Solution B was prepared by adding 0.15 M of
NaOH and 0.03 M of Na2CO3 in double distilled water
(Crespo et al. 1997). Further, solution B was added dropwise
into solution A. The best homogeneity of the solution was
obtained by placing the beaker over a magnetic stirrer with a
fixed speed of 750 rpm for 24 h. The reaction was performed
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at the ambient condition with pH was preserved within 11 and
12. The mixture was centrifuged at 4500 rpm for 5 min and
recovered a white-jelly type substance. The recovered sub-
stance was washed with double distilled water and dried for
24 h at 65 °C (Marangoni et al. 2000).

Synthesis of C–Zn–Al LDH

Glucose solution was made by dissolving 6 g of glucose an-
hydrous in 100 mL of double distilled water. Ten grams of
synthesised slurry LDH was mixed with 100 mL of prepared
glucose solution and kept in a magnetic stirrer. Water was
vaporised during stirring at 100 °C for 120 min. Glucose-
encapsulated LDH was dried using a bio-chem hot air oven
at 50 °C for 24 h. The dried compound was placed in the
furnace at 350 °C for 15 mins. The recovered product was
brown in colour and conserved in a desiccator for future
application.

Adsorbent characterisation

LDHs were characterised using transmission electron micros-
copy (TEM-FEI Tecnai G2 T20 S-Twin) and scanning elec-
tron microscopy (SEM-Carl Zeiss; EVO 18) to analyse the
surface morphology and size of the synthesised material.
The Brunauer-Emmet-Teller (BET) analysis was performed
with the help of Quantachrome Nova: 1000e analyser to de-
termine the surface area of LDH. The phase identification was
observed using X-ray diffraction (XRD; Bruker, D8-
Advance). X-ray photoelectron spectroscopy (XPS) by
Kratos Analytical, Axis Ultra was used to analyse the elemen-
tal composition of the adsorbent. The functional groups were
identified using fourier transform infrared spectrometer
( F T I R , M o d e l : I R A f f i n i t y - 1 , S h i m a d z u ) .
Thermogravimetric analysis (TGA) of adsorbent were
analysed by TA instruments SDT-Q600. Electrochemical
methods were extensively used to characterise various mate-
rials like activated carbon (Álvarez-Merino et al. 2008), bio-
char (Zhao and Lang 2018) and nanomaterials (Jha et al.
2018). The values of isoelectric point (IEP) indicates only
the outer surface charges of the material whereas the point of
zero charge convey both the inner and outer charge of the
material (Menendez et al. 1995). In this study, point of zero
charge was performed to determine the charge of C–Zn–Al
LDH. The detailed methodology is given in the following
section.

Point of zero charge (pHpzc)A set of 6 batch experiments with
different pH values was used to evaluate the point of zero
charge of C–Zn–Al LDH. The pHinitial values were adjusted
in the range of 2 to 10 by adding H2SO4 or NaOH to 20 mL of
double distilled water. Then, 0.3 g of C–Zn–Al LDH was
added to each solution. Later, the solutions were kept in an

orbital shaker for 24 h at room temperature, filtered using
Whatman #41 filter paper and the pHfinal of the solution was
measured. ΔpH was obtained by finding the difference be-
tween pHinitial and pHfinal for each solution. The point of zero
charge (pHpzc) was determined from the plotΔpH vs pHinitial

(Lee et al. 2011; Ealias and Saravanakumar 2018).

Dye stock solution preparation

One gram of CVandMGwas deliquesced separately in 1 L of
double distilled water for the preparation of the stock solution
of respective dyes. This prepared stock was further diluted to
wanted concentrations for adsorption studies. The initial and
final concentrations of CVand MG were analysed using UV–
visible spectrophotometer (Spectroquant, Pharo 300).

Adsorption procedure

Box-Behnken experiments were performed by adding differ-
ent dosages (0.05–0.15 g/100 mL) of C–Zn–Al LDH with
100 mL of the dye solution at 50–100 mg/L concentration in
a conical flask at room temperature as shown in Table S2. The
pH of the solution was changed from 5 to 9 for CVand 3 to 6
for MG using 0.1 N of H2SO4 and NaOH solution. At the
desired time intervals, the sample was collected and filtered
using Whatman #42 filter paper. Isotherms and kinetics were
studied using the obtained results.

The amount of dye adsorbed onto Zn–Al LDH/C–Zn–Al
LDH and percentage dye removal were calculated with Eqs. 1
and 2

qe ¼ Co−Ceð Þ � V
m

ð1Þ

Percentage dye removal ¼ Co−Ce

Co
� 100 ð2Þ

the initial and equilibrium concentrations of dye (mg/L) were
denoted by Co and Ce respectively, m is the mass of the ad-
sorbent (g), V is the volume of dye solution and qe is the
amount of dye adsorbed at equilibrium in mg/g (Sharifpour
et al. 2017).

Recycling experiments

After the adsorption experiments, the used C–Zn–Al LDH
was isolated by filtration and dried. Then, the dye adsorbed
C–Zn–Al LDH was washed with 0.01 N NaOH solution and
recovered using filtration and kept for drying. Then, the re-
generated adsorbents go through the next adsorption cycle.
The recycling experiments of both CV and MG dyes were
conducted for five consecutive cycles.

30238 Environ Sci Pollut Res (2018) 25:30236–30254



Results and discussion

Adsorbent characterisation

The XRD plot of Zn–Al LDH was represented in Fig. 1b. It
was perceived that at low 2θ values a sequence of peaks ap-
peared as sharp intense symmetric lines and at higher 2θ
values, clear reflections were observed representing the basal
planes of hydrotalcite-like LDH particles (Wang et al. 2008).
The diffraction peaks at 11.77°, 23.66°, 34.02°, 34.76°,
39.40°, 44.20°, 47.01°, 60.48° and 61.85° are allocated to
the planes (003), (006), (101), (012), (015), (107), (018),
(110) and (113) detected from XRD pattern (Fig. 1b),
representing the high crystallinity of LDH, that agree with
SAED pattern, representing the presence of zinc aluminium
carbonate hydroxide hydrate (JCPDS No. #00-048-1024).
Strong peaks at (003) and (006) planes were detected and
the angle of (003) plane shown large spacing among inter-
layers (Yan et al. 2015). The interlayer d-spacing are of
0.752 nm at d003 and 0.376 nm at d006 respectively. The d003
was double as much as d006, signifying a good layer structure
(Evans and Slade 2006). The planes of (015), (012) and (110)
were represented that the hexagonal lattice with rhombohedral
3R symmetry (Jenisha et al. 2016). After coating with the
carbon, the diffraction spectrum of C–Zn–Al LDH (Fig. 1a)
indicates a reflection characteristic of amorphous carbon.

SEM analysis was utilised to investigate the particle size
and morphology of the samples. Besides the textural differ-
ence, microstructure was also observed. Partial aggregation
was analysed through the images of Zn–Al LDH and C–Zn–
Al LDH. The morphology of Zn–Al LDH crystals was ob-
served to have a hexagonal platelet structure with smooth
texture as shown in Fig. S1(a). Hence, C–Zn–Al LDH shown
pores with irregular surfaces of dissimilar sizes and shapes as
shown in Fig. S1(b). The average size of Zn–Al LDH was
observed to be in the range of 200–400 nm whereas the size
of the C–Zn–Al LDH was not identified since agglomeration
of the particle has taken place.

TEM images portray that the Zn–Al LDH have a hexago-
nal plate-like structure with 90 ± 20 nm as side length as rep-
resented in Fig. 2b. Figure 2a describes the structure of Zn–Al
LDHs as an octahedral unit. The micrometre-sized inorganic
sheets are formed by sharing the edges of Zn2+ or Al3+ (sixfold
coordinated to OH−) octahedral units. A complete positive
charge was generated in the brucite-type layers due to the
higher charge of Al3+ and, also, balanced use of interlayer
intercalation of anions (Cho et al. 2009). The SAED
(selected-area electron diffraction) image (Fig. 2d) shows pat-
terns with ring shape having brighter spots, indicating the Zn–
Al LDH as crystalline with planes (101), (012), (110) and
(107). The average gap between hydroxyl groups (lattice spac-
ing) was about 0.241 nmwith (104) plane as shown in Fig. 2c.
The results of SAED were matching with the XRD spectrum.

Figure S2(a) represents the EDX of Zn–Al LDH. As shown in
Fig. 3a, b C–Zn–Al hexagonal plates were covered with car-
bon coating and also it indicates that the hexagonal shape of
Zn–Al LDH was not disturbed during its synthesising period.
SAED of C–Zn–Al was getting amorphous because crystal-
line Zn–Al particles were covered with carbon particles as
shown in Fig. 3c. Moreover, in SAED a mist diffraction ring
and no observable crystal inter-fringe is detected which con-
firms that the product is amorphous when it is synthesised at
350 °C (Zhang et al. 2013). And, this result is in good confor-
mation with those of XRD patterns and TEM. Figure S2(b)
represents the EDX spectra of C–Zn–Al LDH which desig-
nate that the carbon content was more in C–Zn–Al LDH than
Zn–Al LDH and prove that the carbon is effectively coated
over the normal Zn–Al LDH. Also, the atomic and weight
percentage of Zn, Al, O and C for both LDHs is shown in
Table S1. Further, the average size of the particle was ob-
served to be 200 nm which confirms with SEM analysis.

The surface chemical configuration of Zn–Al LDH and C–
Zn–Al LDH was determined using XPS. The wide spectrum
(Fig. 4) shows that core levels of Zn, Al, C and O were ob-
served. The Auger parameter of Zn value is represented by Zn

Fig. 1 XRD Spectrum of (a) C–Zn–Al LDH and (b) Zn–Al LDH
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Fig. 2 (a) TEM images of Zn–Al LDH: schematic diagram of the structure of the Zn–Al LDH; (b) high-magnified images of a Zn–Al LDH; (c)
interfringe distance of Zn–Al LDH; (d) SAED image of Zn–Al LDH
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LMMa and Zn LMMb (495.3 and 474.2 eV) is in which
confirms the formation of ZnO (Gaddam et al. 2015). Zn 2p
core level binding energies of Zn–Al LDH have two fitting
peaks sited at 1043.8 eV and 1020.69 eV and, which is as-
cribed to Zn 2p1/2 and Zn 2p3/2 respectively (Fig. 5a). These
outcomes portray that the valence state of zinc at the surface of
Zn–Al LDH is + 2 (Lu et al. 2017). But, there was a small shift
in the peak for the LDH coated with carbon as shown in Fig.
5a* (1026.23 and 1049.18 eV). The Al 2p spectrum detects at
73.3 eV in Fig. 5b. The C1s high-resolution spectra displayed
three deconvoluted peaks located at 288.17, 285.7 and
284.3 eV that was conveyed with C=O, C–O and C–C respec-
tively (Chen et al. 2016) shown in Fig. 5c. All these peaks
were observed in C–Zn–Al LDH also, along with an extra
peak of O–C=O at 289.75 eV (Fig. 5c*). The existence of
O–H, O=C and O–C are assured by O 1 s spectrum (Fig.
5d) at 530.6, 531.2 and 533.6 eV respectively for Zn–Al
LDH. Similar peaks were observed in C–Zn–Al LDH (Fig.

5d*). From Fig. 4 it can be observed that the intensity of Zn
and Al peaks in Zn–Al LDH was reduced after the LDH was
coated with carbon.

The FTIR spectra (Fig. 6) show the Zn–Al LDH, C–Zn–Al
LDH and after adsorption of crystal violet and malachite green
dyes. As shown in Fig. 6a, the band presented at 3377.36 cm−1

corresponds to O–H due to absorption of water, interlayer
water andM–OH (Zhao et al. 2016). The presence of shoulder
peak at 2970.38 cm−1 is attributable to CO3

2−–H2O indicates
the existence of a bond between the CO3

2− and water mole-
cule hydrogen. The bond at 1355.96 cm−1 could be ascribed to
the symmetric/asymmetric stretching of interlayer carbonate
ion (Yang et al. 2014). In addition, the peaks at 767.67 and
549.71 cm−1 depict the vibrational manner of Al–OH and Zn–
OH at the crystal lattice layer (Zahra et al. 2017). Moreover,
the significant peak at 1355.96 and the other peak at
1630 cm−1 could be allocated to C–O asymmetric stretching
due to carbonate ion. In Fig. 6b, the presence of peaks at

Fig. 3 (a), (b) TEM images of C–
Zn–Al LDH at different
magnifications; (c) SAED image
of C–Zn–Al LDH
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1585.49 (C=C), 1369.46 (C–H), 1745.58(C=O) and
1028.06 cm−1(C–O) indicates the possibility of carbon encap-
sulation over Zn–Al LDH (Cho et al. 2016). The functional
group like O–H bonds and C=O of COOH involved to the C–
Zn Al LDH by peaks at 1745.58 and 3294.42 cm−1 respec-
tively. Figure 6c shows the CV dye adsorbed C–Zn Al LDH
with significant changes in the functional groups in compari-
son with the unloaded adsorbent. Specifically, the peak inten-
sity at 1028.06 cm−1 was decreased in the CV loaded adsor-
bent. This indicates the significant role of C–O in the adsorp-
tion of CVonto C–Zn–Al LDH. The slight shift and decrease
in intensity were observed at 1361.74 cm−1 which depicts the
involvement of C–H functional group in the adsorption

process. The involvement of the functional groups like C=C
and C=O was found with the decrease in intensity and minor
change in the peaks. Like CV, similar results were observed in
MG dye adsorbed C–Zn Al LDH. The alterations observed
after adsorption of dyes in the functional groups indicate the
existence of hydrogen bonding, electrostatic attraction and
n-π interaction between the cationic dye molecules and C–
Zn–Al LDH. The details of the above-mentioned interactions
are discussed in section BAdsorption isotherm^.

The pore-size distribution and surface area measurement of
Zn–Al LDH and C–Zn–Al LDH are represented in Fig. 7. The
results revealed that the specific surface area of the Zn–Al
LDH and C–Zn–Al LDH was 38.267 and 4.554 m2/g having

Fig. 4 XPS wide spectra of Zn–
Al LDH and C–Zn–Al LDH

Fig. 5 XPS spectra of Zn–Al LDH and C–Zn–Al LDH: peaks corresponding to (a,a*) Zn 2p, (b,b*) Al 2p, (c,c*) C 1 s and (d,d*) O 1 s
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a total pore volume of 0.082 and 0.007 cc/g respectively (Fig.
7a). The pore diameter was determined using Barrett-Joyner-
Halenda (BJH) analysis and it was found to be 1.486 and
3.115 nm. Figure 7b visibly demonstrates that in the mesopo-
rous range (2–50 nm diameters) greater than 90% of the pores
were observed and in the microporous range (< 2 nm) less
than 10% pores were detected. The adsorption capacity of
C–Zn–Al LDH is very strong since the pore diameter was
higher than the molecular size of CV (1.65 × 1.50 nm
(Iwasaki et al. 2000)) and MG (1.1 × 1.2 nm (Issa et al.
2014)) which helps in pore diffusion.

Thermal stability of synthesised materials with regard to
weight loss was analysed by thermogravimetric experiments.
TGA curve of Zn–Al LDH is presented in Fig. S3(a). Three
weight-loss stages were perceived as the temperature was en-
hanced from 30 to 800 °C. The first weight loss step of
13.35% from temperature 30 to 191 °C resembles the removal
of both the interlayer adsorbed water and surface adsorbed

water (Huang et al. 2015) that can be ascribed by the given
equation:

Zn6Al2 OHð Þ16
� �

CO3ð Þ:mH2O→ Zn6Al2 OHð Þ16
� �

CO3ð Þ
þ mH2O ð3Þ

The second weight-loss step of 10.28% from temper-
ature 191 to 325 °C indicates the dehydration of Zn–Al
LDH (brucite-like layers). The third weight loss step of
5.776% in a range of temperature varying from 325 to
791 °C can be owing to the disintegration of OH− and
carbonate ions into the LDH layers (Huang et al. 2015)
which can be described by the given equation:

Zn6Al2 OHð Þ16
� �

CO3ð Þ→6ZnOþ Al2O3 þ CO2

þ 8H2O ð4Þ

Fig. 6 FTIR spectra of (a) Zn–Al
LDH, (b) C–Zn–Al LDH (c) after
adsorption of CV, (d) after ad-
sorption of MG
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It was observed that the carbothermal reduction peak was
around 230 °C (Fig. S3(b)). During this carbonisation process,
it is proposed that the metal alloys and metals might have
formed. It was observed that the completion of combustion
reaction around 525 °C due to the volatilisation of the glucose
molecules. In regard to the TGA curves, the carbon content
weight percentage was estimated around 50%.

Adsorption isotherm

Adsorption isotherm specifies how the adsorbent particle
works with adsorbate molecules and achieves equilibrium.
The equilibrium isotherm profile is drawn between qe and
Ce (Fig. S4). The study on the isotherm model was accom-
plished with the help of five linearised models such as
Langmuir, Freundlich, Temkin, Redlich-Peterson and Sips
model to fit the parameters attained from various experiments.
The correlation coefficient (R2) and parameters for the five

different models are shown in Table 1. The higher correlation
coefficient (R2 = 0.976 & 0.923) suggests that both CV and
MG adsorption were more suitable to Langmuir isotherm. A
graph between 1/qe vs 1/Ce was plotted and Qm,KL were the
constants gained from the intercept and slope as shown in Fig.
S5(a). Langmuir model predicts that maximum adsorption
capacity (Qm) of C–Zn–Al LDH for CV was 129.87 mg/g
and 126.58 mg/g for MG. Another parameter KL denotes the
relationship between energy of adsorption and adsorption-
desorption rate constant and the values of 0.291 for CV and
0.05 L/mg for MG. The values of dimensionless constants RL
were 0.043 (CV) and 0.207 (MG) which satisfies that the
Langmuir isotherm is favourable. A plot of log qe vs log Ce

shows a straight line with intercept (log Kf) and slope (1/n)
indicates Freundlich isotherm (Fig. S5b). The expected values
of parameters Kf and n are 4.89 mg/g and 2.56 for CV and
3.05 mg/g and 1.9 for MG respectively. The slope (1/n) value
is getting in the range 0–1 is used to find the surface hetero-
geneity. If the slope value is nearer to zero, heterogeneity is
high (Foo and Hameed 2010). The Temkin coefficients B and
AT are the heat of adsorption and maximum binding energy.
These were assessed from the slope and intercept of Fig.
S5(c). The values of B were 30.446 J/mol and 32.412 J/mol,
while the values of AT were 2.419 L/g and 0.368 L/g for CV
and MG respectively. In Redlich-Peterson isotherm model, a

graph plotted between ln KR
Ce
qe
−1

� �
vs lnCe shows a straight

line with an intercept ln aR and slope bR as shown in Fig.
S6(a).KR is the Redlich-Peterson adsorption capacity constant
evaluated via trial and error method. The parameters were
calculated and presented in Table 1. When bR = 1, the
Redlich-Peterson equation becomes more suitable to the
Langmuir isotherm model and when bR = 0, it is closer to
the Freundlich isotherm model (Konicki et al. 2017). A plot

of ln Ks
qe

� �
vs lnCe shows a straight line with an intercept lna-

s and slope −βs represents Sips isotherm as shown in Fig.
S6(b). The sips isotherm constants Ks, as and model exponent
(βs) were also presented in Table 1. The obtained value of R2

depicts that the Langmuir model was more suitable for the
adsorption of CV and MG on to C–Zn–Al LDH. This obser-
vation concludes that a monolayer homogeneous adsorption
(Kim et al. 2015) occurs throughout the elimination of CVand
MG on the active spots available in C–Zn–Al LDH.

Adsorption kinetics

The kinetic profile of both the dyes drawn between qt and t is
presented in Fig. S7. The adsorption rate for the CVand MG
removal was examined with kinetic models such as pseudo-
first order, pseudo-second order, Elovich and Weber-Morris
intraparticle diffusion. The linear fitness of the log (qe − qt) vs
t, t/qt vs. t, qt vs ln t and qt vs. t

1/2 was estimated and results are

Fig. 7 (a) Pore size distribution of C–Zn–Al LDH and Zn–Al LDH (b)
Surface area measurement of C–Zn–Al LDH and Zn–Al LDH
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presented in Fig. S8(a–d). Based on the data given in Table 2,
the correlation coefficient (R2) values attained from second-
order kinetics were 0.998 for CV and 0.996 for MG respec-
tively. The value of (qe)cal attained from the pseudo-first order
kinetic equation was considerably varied from (qe)exp.
Coefficient of regression (R)2 value obtained from second-
order kinetics was greater than further three kinetics models
depicting that this kinetic model gives a better correlation with
respect to the experimental data. From the Table 2 it is visible
that there was no much deviation between calculated and ex-
perimental adsorption capacities. Also, the R2 values were
obtained to be nearer to 1 than any other kinetic models.
Pseudo-second order rate constant (k2) is getting low for both
the dyes which indicate that the adsorption process is rapid. It
indicates that in a single site two molecules can be adsorbed,
or a single molecule can interact with two adsorption sites
(Hemmati et al. 2016). This finding shows that the rate of
adsorption is much dependent on the accessibility of active
spots proposing a chemisorption process (Chakraborty and
Nagarajan 2015).

Figure S8(d) shows the intra-particle diffusion model of
CVand MG. The plot represents the two stages of the adsorp-
tion process. The first stage depicts that best fit is not passing
through the origin demonstrating the resistance of the bound-
ary layer in the previous stage of adsorption (Abd El-Latif
et al. 2010). From the table, it was observed that there was a
less intercept value and a sharp rise in the first stage for both
the dyes. The second stage shows a straight fit, which portraits
the variation in the mass transfer rate in both stages of adsorp-
tion (Elmorsi 2011). The results showed that not only the pore
diffusion but also bulk- and intra-particle diffusions perform a
significant role in both stages of adsorption. The Ra

2, Ca and
kia are the correlation factor, intercept and slope of first sharper
portion while Rb

2, Cb and kib denotes the linear portion in the
second phase. Meanwhile, the kia values are higher than the
perceived values of kib, designates that the intraparticle diffu-
sion model mostly controls the uptake of dyes on to the ad-
sorbents. The intercept value was smaller in the first phase
than the second phase portraying the effect of boundary layer.

RSM optimisation for dye adsorption

RSMwas utilised to analyse the influence of variables namely
pH (A), C–Zn–Al LDH dosage (B) and initial dye concentra-
tion (C) on the percentage removal of CVand MG dyes using
Box-Behnken design (BBD). The adsorption capacity of C–
Zn–Al LDH with coded values (−1, 0, +1) containing three
different levels was shown in Table S2 ensued in 17 experi-
ments, and in Table S3 and S4 their responses are represented.
The predicted percentage removal response for CV and MG
dyes were attained by Eqs. (5) and (6).

R1 ¼ þ94:84þ 2:66� Aþ 7:63� B−3:86� Cþ 1:04

� ABþ 1:30� ACþ 4:81� BC−2:06

� A2�7:12� B2−0:76� C2 ð5Þ
R2 ¼ þ73:08þ 8:39� Aþ 6:50� B–3:91� Cþ 4:89

� AB−0:68� AC−0:51� BC−2:08� A2−6:77

� B2−4:67� C2 ð6Þ

where R1 and R2 were the response (dye removal efficiency)
of CV and MG respectively. Fisher’s statistical test used for
the statistical testing of the model was carried out with analy-
sis of variance (ANOVA) as shown in Table S5 and Table S6
for CV and MG respectively. The Model F-value of CV and
MG are 54.66 and 17.18 which denotes the model is signifi-
cant. There is only 0.01 and 0.06% chance for CV and MG
that an F-value this large may happen because of noise. The
values of BProb > F^ less than 0.05 denote that the model is
significant (Ealias et al. 2016). In the case of crystal violet and
malachite green, the terms A, B, C, BC, A2, B2 and A, B, C,
AB, B2, C2 are significant respectively. The values higher than
0.10 denote that the model parameters are not significant.

The predicted and measured dye removal efficiencies were
dispersed close to straight line, since the measured and pre-
dicted removal efficiencies were the same. This shows that the
mathematical model is capable to predict the adsorption of dye

Table 1 Parameters and the correlation coefficients of isotherm models for the adsorption of CVand MG onto C–Zn–Al LDH

Two parameter models Three parameter models

Langmuir Freundlich Temkin Redlich-Peterson Sips

Qm

(mg/g)
KL

(L/mg)
RL R2 Kf

(mg/g)
n R2 AT

(L/g)
B
(J/mol)

R2 KR

(L/g)
aR
(1/mg)

bR R2 βs as
(L/mg)

R2

Crystal violet

129.87 0.291 0.043 0.976 4.89 2.56 0.967 2.419 30.446 0.963 110 2.103 0.697 0.971 0.390 3.101 0.9676

Malachite green

126.58 0.05 0.207 0.923 3.05 1.9 0.909 0.368 32.412 0.881 60 4.007 0.501 0.892 0.5261 6.900 0.9097
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as shown in Fig. S9. The desirability profile drawn from the
predicted values of adsorption for both the dyes were shown in
Fig. S10(a) and (b). It displays that the desirability is nearer to
one representing the best favoured for optimal performance.
The maximum percentage removal of CVandMGwere 97.87
and 85.67%, and the minimum was 70.87 and 52.58% using
Box-Behnken design experiments. From desirability profile,
the optimum conditions for the effective elimination of CV
and MG were observed at pH 9 and 6, 0.15 g/100 mL of C–
Zn–Al LDH dosage and 75 mg/L of the initial dye concentra-
tion respectively.

Influence of independent parameters on adsorption

Influence of pH

For observing the stability of the dyes, UV visible spectral
analysis was carried out at different pH values for CV and
MG. Fig. S11 shows the spectrum of CV and MG at 75 mg/
L as initial concentration. Themain peak was observed at their
respective λmax values 585 nm for CV and 616 nm for MG.
The results show that the spectrum was not affected by the
changes in the pH. For CV, the maximum peak persists in the
pH range of 5 to 9 whereas for MG 3 to 6. Either change in
colour or disappearance of colour was observed beyond the
tested pH values for both the dyes. Similar studies were ob-
served by Cheriaa et al. 2012; Adel and El-Zahhar 2016.
Hence, all the dye adsorption tests were performed in the
stable pH range. The experimental results (Fig. S12(a–d)) de-
note that as pH increases the removal efficiency of CV and
MG were increased. The minimum dye removal for CV
(75.54%) and MG (52.58) was perceived at pH 5 and 3 re-
spectively whereas the maximum dye removal for CV (97.87)
and MG (85.67) was observed at pH 9 and 6.

In the case of CV adsorption, at acidic pH, the amount of
active spots with a positive charge is higher when compared to
sites having negatively charged. Further, the carboxylic
groups present in CV gets protonated and a greater positive
charge is possessed at acidic pH (Garg et al. 2003). Therefore,
a decrease in the solution pH (an increase of H+ ion) increased
the electrostatic repulsion among the dye molecules having
positive charge and adsorbent sites, ensuing in the reduction
in adsorption ability of CV. On other hands, carbonyl and
hydroxyl functional groups can act as biosorbing agents or
sites having negative charge (Sartape et al. 2017). At alkaline
pH, the adsorbent surface sites have a negative charge that
favours the removal of positive charge cationic dyes because
of electrostatic attraction. Consequently the adsorption of CV
onto the adsorbent particles enhanced with an enhancement in
pH values (Xiangliang Pan 2009; Sartape et al. 2017).

In the case of MG adsorption as pH increases, the removal
efficiency also increases. This behaviour should be ascribed
to, firstly, electrostatic repulsion occurs among C–Zn–AlTa
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LDH and MG due to the same positive charges; secondly, the
extra H+ ions present in the solution having acidic pH will
compete with dyes having positive charge to reach the adsor-
bent surface; finally, the C–Zn–Al LDH will decompose in
acid pH, tends to decrease the active adsorption spots on the
surface of adsorbent (Zhang et al. 2017). Whereas at pH 6,
MG is observed in its protonated form as MG+ and C–Zn–Al
LDH holds negative charges on its surface (pHpzc = 5.85).
The mechanism presented in the adsorption process might
be deliberated as the electrostatic attraction among the COO
− group (Tran et al. 2017b) and the positively charged dye
molecules. Moreover, CVand MG adsorption from pH delib-
erates that, not only electrostatic attraction but also the func-
tional groups be present on the C–Zn–Al LDH surface were
also predicted to inspire the adsorption process in advance and
is deliberated in section BAdsorption mechanism^.

Influence of adsorbent dosage

The influence of dosage on adsorption of CV and MG dyes
were analysed by changing dosages from 0.05–0.15 g to the
100 mL dye solution (Fig. S12(a), (b), (e) and (f)). In the case
of CV adsorption, the removal efficiency is 80.41% at 0.05 g
and then increases up to 98.07% and again decreases to 96.9%
at 0.15 g as shown in Fig. S12(a). In the case of MG adsorp-
tion, the effect of C–Zn–Al dosage and pH is examined and
represented in Fig. S12(b). The removal efficiency is 62.06%
at 0.05 g and then increases up to 84.16% at 0.15 g. The
improvement in the percentage removal with an enhancement
in mass of adsorbent is owing to its large specific surface area
and sufficient reactive surface centre. The rate of adsorption
considerably increased due to the accessibility of more active
adsorption spots and an increase in surface area (Hafshejania
et al. 2016). The percentage of dye removal gradually reduced
due to deficiency of responsive spots and a lesser dye mole-
cule ratio to evacuate spot at lower amount of adsorbent
dosage.

Influence of initial dye concentration

The influence of the initial concentration of dye on the per-
centage reduction of CVand MG dyes was studied by chang-
ing the concentration from 50 to 100 mg/L of dye solution
(Fig. S12(c–f)). In the case of adsorption of CV, it can be seen
that the removal efficiency is 97.23% at 50 ppm and then
decreases to 92.12% at 100 ppm as shown in Fig. S12(c). In
the case of MG adsorption, the removal efficiency is 79.3% at
50 ppm and then increases to 79.46% at 75 ppm and again
decreases to 70.43% at 100 ppm as presented in Fig. S12(d).
The influence of dye concentration on the percentage removal
discloses that at less dye concentration more adsorption to
adsorbent spots, thus a high percentage removal was noticed.
Similarly, at higher concentrations of dyes, lower removal

efficiency was noticed because of the adsorption spots getting
saturated (Bagheri et al. 2016).

Influence of ionic strength

The polluted groundwater and the industrial wastewater con-
tain a large amount of salts that influence the adsorption of CV
and MG. Consequently, the effect of ionic strength on the
percentage removal of CVand MG onto C–Zn–Al LDH was
investigated using NaCl. The salt concentration was changed
from 0.2 to 0.8 mol L−1. The influence of salt ionic strength on
the removal of CVand MG on to the adsorbent was given in
Fig. S13. From this Figure, it can be perceived that as the salt
concentration increases there was a slight variation in the dye
removal efficiency of CVandMG. This can be ascribed to two
main effects of sodium chloride: (i) it may confine the elec-
trostatic interaction among the cations present in dye mole-
cules and C–Zn–Al LDH groups increases the dye removal
efficiency with increase in NaCl concentration (ii) on the other
hand, it may also improve the electrostatic interaction among
the cations present in dye molecules and C–Zn–Al LDH clus-
ters through encouraging the protonation of CVand MG mol-
ecules (Wu et al. 2014; Tan et al. 2016).

Thermodynamic studies (Van’t Hoff plot)

The result of heat adsorption in the adsorbate on to the adsor-
bent particle was studied utilising the variables in thermody-
namic study namely enthalpy (ΔH), Gibb’s energy (ΔG) and
entropy (ΔS) should be considered that were calculated using
Van’t Hoff equation as given below (Eqs. (7)–(8))

ΔG ¼ −RTln 55:5Kdð Þ ð7Þ

ln 55:5Kdð Þ ¼ ΔS
R

−
ΔH
RT

ð8Þ

wR – universal gas constant, and Kd – adsorption distribution
coefficient calculated as:

Kd ¼ qe
Ce

ð9Þ

where qedenotes adsorption capacity at equilibrium, Ce de-
notes the concentration of the solution at equilibrium and
55.5 is the number of moles of water per litre of solution
(Milonjić 2007; Liu 2009; Dotto et al. 2013). From Fig.
S(14), the thermodynamic parameters ΔS and ΔH are calcu-
lated utilising the Van’t Hoff linear regression analysis with
the parameters ln(55.5Kd) vs. 1/T. The ΔG values were nega-
tive, that denotes both CV and MG adsorption on to the C–
Zn–Al LDHwere spontaneous and feasible (Table 3). Positive
ΔH values (14.503 kJ/mol) were determined for MG adsorp-
tion conforming to an endothermic process, while the negative
ΔH values (−36.169 kJ/mol) were observed for CV
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adsorption specified an exothermic process (Rong et al. 2014;
Kumari et al. 2017). The positive ΔS values for MG adsorp-
tion revealed an enhancement in randomness at the interface
of solution/solid with respect to an increase in temperature,
however a reduction in randomness ensued in CVadsorption
as designated by the negative ΔS value (Mittal et al. 2010;
Zhang et al. 2014a).

Adsorption mechanism

The adsorption mechanism for CV and MG onto C–Zn–Al
LDH is represented in Fig. 8a, b is explained below.

Electrostatic attraction

The electrostatic attraction is associated with charge nature of
both adsorbent particles and contaminants. Electrostatic inter-
action will happen when an adsorbent particle and organic
contaminants possess opposite charges; or else, electrostatic
repulsion will happen if both adsorbent and organic contami-
nants have a similar sign of charge (Yang and Xing 2010). The
maximum dye removal efficiency was obtained at pH 9 for
CV and pH 6 for MG respectively. It can be inferred that C–
Zn–Al LDH having negatively charged surfaces which could
facilitate the electrostatic attraction of positively charged cat-
ionic dye compounds. In the adsorbent characterisation (XPS
and FTIR) it was already proved that the functional group
O=C–O was present in the C–Zn–Al LDH. This should be
ascribed to the occurrence of electrostatic attraction between
the O=C–O group present on the C–Zn–Al LDH surface and
the nitrogen atom of CV and MG (Gupta and Khatri 2017;
Wathukarage et al. 2017).

The surface of synthesised C–Zn–Al LDH has a point of
zero charge (pHpzc) at a pH of 5.85 (Fig. S15). The surface
charge of C–Zn–Al LDH displays a relationship between the
pHpzc and adsorption capacity. It is significant that from the
experiments, a lower pH value than the pHpzc is favourable
for anion adsorption and the higher pH value than pHpzc is
favourable for cation adsorption. This shows that a pH value
greater than 5.85, i.e. pH > pHpzc, is influenced to have a
strong electrostatic attraction between C–Zn–Al LDH and cat-
ionic dyes.

Formation of hydrogen bond

H-bonding interaction will ensue in adsorption when carbon
nanoparticles or the organic chemicals have some functional
groups for example –OH, –COOH and –NH2 (Yang and Xing
2010). Two categories of H-bonding interactions could hap-
pen between both dye molecule and C–Zn–Al (1) among H-
donor (hydroxyl groups) on the C–Zn–Al LDH surface and H-
acceptor (i.e., nitrogen) atoms in CVand MG, and (2) among
aromatic rings in CV and MG and H-donor on the C–Zn–Al
surface. The first Hydrogen bonding discussed is termed as
dipole–dipole interaction and the second one is termed as
Yoshida bonding (Tran et al. 2017a). Analysis of C–Zn–Al
LDH FTIR spectra change before and after CV and MG ad-
sorption conveys an important evidence about the adsorption
mechanism. A transition to higher wavenumbers and an inten-
sity reduction in OH peak displayed from 3294.42 to 3354.21
and 3327.21 cm−1 after CV and MG adsorption; this desig-
nates the occurrence of both Yoshida and dipole-dipole H-
bonding interactions and consistent with literature reports
(Al-Ghouti et al. 2003; Blackburn 2004).

n–π interaction

n–π interactions were initially suggested by Mattson et al.
1969. In this interface, aromatic rings of CV and MG turn
as electron acceptors whereas oxygen groups present on
the C–Zn–Al surface turn as electron donors. FTIR results
(Fig. 6) demonstrated a substantial reduction in the C–O
peak intensity and a minor transition in the wavenumber
from 1028.06 to 1083.99 and 1055.06 cm−1 after CV and
MG adsorption. This outcome reveals the occurrence of
n–π interactions and reliable with the previous reports
(Xing et al. 1994; Nguyen et al. 2018).

π-π interaction

π-π interaction is applied to understand the adsorption
mechanism of organic molecules with a benzene ring or
a C=C bond onto the surface of carbon-coated nanoparti-
cles since the π-electrons occur in the organic dye mole-
cules act together with the π- electrons present in the
benzene ring of carbon surface concluded the π-π electron
combination. Coughlin 1968 was initially suggested by
this mechanism. In this study, FT-IR spectrum confirmed
that peaks corresponding to C=C bonds did not show any
transition in positions of wavenumber and a reduction in
the intensity after adsorption of CV dye molecules. On the
other hand, a significant decrease in intensity and a small
shift in peak (at 1585.49 cm−1) was observed after adsorp-
tion of MG dye which ensures the π-π interaction. Tran
et al. 2017a concluded that peaks analogous to C=C
bonds present in commercially available activated carbon,

Table 3 Thermodynamics parameters for the adsorption of CVandMG
onto C–Zn–Al LDH

T (K) ΔG (KJ mol−1) ΔH (KJ mol−1) ΔS (KJ mol−1 K−1)

CV MG CV MG CV MG

303 −16.198 −13.513 −36.169 14.503 −0.066 0.092
313 −15.054 −14.638
323 −14.442 −15.532
333 −14.219 −16.292

30248 Environ Sci Pollut Res (2018) 25:30236–30254



the intensity is reduced and shows a shift in wavenumber
after methylene green adsorption (1537 to 1561 cm−1).
This shift in wavenumber ensures the occurrence of π-π

interactions among methylene green and commercial acti-
vated carbon. Hence, the π-π interactions would have not
mainly influenced in the adsorption of CV whereas π-π

Fig. 8 Proposed adsorption mechanisms of (a) CVand (b) MG onto the C–Zn–Al LDH
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interactions could be one of the reasons for the removal of
MG onto C–Zn–Al LDH.

Reusability of C–Zn–Al LDH

The stability and reusability are essential for the adsorbent to be
utilised as a part of practical applications. After achieving satu-
ration adsorption of the dyes, C–Zn–Al LDH can be easily re-
covered by using 0.01 N NaOH solution, which has been ex-
plained in the BExperimental^ section. The adsorption behaviour
of C–Zn–Al LDH after repetitive use was evaluated in five con-
secutive CV and MG adsorption experiments. As given in Fig.
S16 the dye removal efficiency decreases slightly and about 90%
removal for the CV and 80% for MG was perceived after five
successive cycles. The slight reduction in the removal efficiency
of C–Zn–Al LDH might be ascribed to a progressive saturation
of the available spots in adsorbent material. This outcome dem-
onstrates that C–Zn–Al LDH displays a better reusability and an
effective material for industrial wastewater treatment.

The comparative study between Zn–Al LDH and C–Zn–Al
LDH was conducted with various dosages for the removal of
CVand MG. The results of the experiments are shown in Fig.
S17. It depicts that, in any given dosage, the removal efficiency
of Zn–Al LDH is considerably less than that of C–Zn–Al
LDH. Though various studies have proved as a promising
adsorbent the H-bonding reactions among dye molecules and
Zn–Al LDH played an inadequate role in dye adsorption. This
is owing to the datum that only the free hydroxyl group present

in brucite sheet act as the binding spots for oxygen/nitrogen-
comprising groups (Zhang et al. 2014b). Assessment of the
maximum adsorption capacity of CV and MG using various
adsorbents are given in Table 4. To consider the application of
C–Zn–Al LDH on a large scale, the cost of this adsorbent was
evaluated and represented in Table S7. It implies that the ap-
proximate cost involved in the manufacturing of C–Zn–Al
LDH is economically viable for industrial applications.

Conclusion

A new methodology for synthesising C–Zn–Al LDH via py-
rolysis of glucose was demonstrated. The pyrolysis tempera-
ture (350 °C) and the mass ratio of glucose/Zn–Al LDH (0.6)
were utilised for making the adsorbent material with higher
adsorption capability for dye removal. The prepared Zn–Al–
LDH has a hexagonal platelet structure with crystallinity,
while the C–Zn–Al LDH structure was coated with carbon
without diminishing the platelet shape. The maximum per-
centage of dye removal using C–Zn–Al LDH was observed
at pH 9 & 6 for CV and MG respectively, 0.15 g/100 mL
(optimum dosage) and 75 mg/L (initial dye concentration).
The maximum adsorption capacity obtained from Langmuir
isotherm was 129.87 mg/g for CV and 126.58 mg/g for MG.
The adsorption kinetics data fits pseudo-second order kinetic
models with R2 as 0.998 (CV) and 0.996 (MG) respectively.
The values of ΔH were detected to be positive (14.503 kJ/

Table 4 Comparison of the maximum adsorption capacities of various adsorbents in the removal of CVand MG dyes

Dyes Adsorbents Qm (mg/g) References

Crystal violet Activated carbon Ag nanoparticles 87.20 (AbdEl-Salam et al. 2017)

Sodium dodecyl sulphate coated magnetic nanoparticles 166.7 (Muthukumaran et al. 2016)

Magnetic carbon iron oxide nanocomposite 81.7 (Singh et al. 2011)

Functionalized multi-walled carbon nanotubes 100 (Sabna et al. 2015)

ZnO–nanorods–AC 81.6 (Dil et al. 2017)

Chitosan–graphite oxide modified polyurethane 64.935 (Qin et al. 2015)

Terminalia arjuna sawdust 45.99 (Shakoor and Nasar 2018)

Chitin nanowhiskers 35.56 (Gopi et al. 2016)

C–Zn–Al LDH 129.87 This work

Malachite green Nickel hydroxide nanoplate-AC 76.92 (Agarwal et al. 2016)

Cadmium hydroxide nanowires-AC 19 (Ghaedi and Mosallanejad 2014)

Functionalized multi-walled carbon nanotubes 142.85 (Shirmardi et al. 2013)

Cobalt ferrite-silica nanocomposites 75.50 (Amiri et al. 2017)

Cr (OH)3–NPs–CNC 104 (Nekouei et al. 2017)

Rice straw-derived char 148.74 (Hameed and El-Khaiary 2008b)

Nitric acid treated rice husk 10.9 (Ramaraju et al. 2014)

Defective coffee beans press cake 208.33 (Franca et al. 2010)

C–Zn–Al LDH 126.58 This work
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mol) for MG adsorption conforming to an endothermic pro-
cess, while in the case of CV adsorption ΔH value was neg-
ative (−36.169 kJ/mol) designated an exothermic process. The
dye removal efficiencies for CV and MG were found to be
97.87 and 85.67%, signifying that C–Zn–Al LDH is an effec-
tive material for dye removal from aqueous solutions.
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