Environmental Science and Pollution Research (2018) 25:30680-30695
https://doi.org/10.1007/s11356-018-3104-x

RESEARCH ARTICLE

@ CrossMark

Rarasaponin-bentonite-activated biochar from durian shells composite
for removal of crystal violet and Cr(VI) from aqueous solution

Livy Laysandra’ - Felix Harijaya Santosa’ - Vic Austen ' - Felycia Edi Soetaredjo' - Kuncoro Foe? -

Jindrayani Nyoo Putro* - Yi-Hsu Ju” - Suryadi Ismadiji’

Received: 26 June 2018 /Accepted: 28 August 2018 /Published online: 3 September 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

This paper presents the preparation of composite material and its application for the adsorption of crystal violet and Cr(VI) from
aqueous solution onto acid-activated bentonite (AAB) and rarasaponin—bentonite-activated biochar from durian shells composite
(RBAB). The influence of initial pH of the solution and the temperature of adsorption on the adsorbents adsorption performance
was also studied. Langmuir and Freundlich models could represent the adsorption equilibria equally well. Thermodynamic
parameters such as AG°, AH°, and AS® were evaluated based on the adsorption isotherms. The values of AG®, AH®, and AS°
for crystal violet adsorption system demonstrate behavior contrary to the Cr(VI) adsorption system. Where crystal violet
adsorption is preferred at high temperatures with g,,,, value is 518.64 mg/L; while adsorption Cr(VI) is better at low temperature
Wwith ¢max, value is 106.30 mg/L. Pseudo-first-order and pseudo-second-order kinetic models could represent the kinetic data

well.
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Introduction

Undoubtedly, the problem of heavy metal contaminants in
groundwater, rivers, and lakes has become an impactful issue
on human health. The increase of the waste produced by in-
dustries, coupled with the generally low awareness of the so-
ciety, especially in the least developed countries, makes this
environmental issue become a serious problem. One of the
most common heavy metal contaminants found in water
sources is chromate ions (HCrO, or Cr,O;%). Especially,
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Cr(VI) ions are highly toxic, carcinogenic, mutagenic, and
due to its relatively stable and soluble nature, it inflicts a high
level of damage to the marine and other aquatic ecosystems
(Cieslak-Golonka 1995; Zhitkovich et al. 2002; Albadarin
etal. 2012).

Another type of contaminant that is harmful to the human
and environment is organic dyes. This contaminant mostly
comes from the coloring activities of many kinds of industries.
One of the organic dyes widely used in many applications is
crystal violet. Crystal violet is commonly applied in the
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medical field such as for histological stains, bacteriostatic
medicine, and skin disinfectants (Mittal et al. 2010). In the
chemical industry, crystal violet is used to color textile and
paper. Crystal violet is a useful dye from the industrial point of
view. However, it is harmful when ingested, inhaled, or may
cause skin irritation when exposed to bare skin and may cause
permanent blindness when directly exposed to the eye
(Ahmad 2009). Crystal violet and Cr(VI) are also found as
by-products of some industries, such as paint making, leather
tanning, battery manufacturing industries, and others (Jian-
min et al. 2010; Zhang et al. 2012).

Among the many available methods for removing heavy
metals and dyes from waterways, adsorption is one of the
most effective, efficient, low-cost methods (Sahoo et al.
2005). The advantages of this process are the flexibility, and
the effectiveness of the process can be adjusted by changing
the adsorbents, 100% removal of a pollutant can be achieved
for low concentration of pollutant, and ease of operation. The
adsorption capacity of the adsorbent plays an important role in
the success of the adsorption process. Therefore, a variety of
adsorption studies have been conducted to find suitable adsor-
bents to remove these kinds of contaminants from water or
wastewater.

Many of the studies have attempted to explore the possi-
bility of using low-cost materials as the adsorbent for
adsorbing heavy metals and dye contaminants, and also the
optimum conditions for the preparation or production of those
adsorbents. These low-cost adsorbents include natural benton-
ite (Hu et al. 2006; Karapinar and Donat 2009), bentonite
modified with surfactant (Anirudhan and Ramachandran
2007; Chandra et al. 2013; Merino et al. 2016), biomasses
(Febrianto et al. 2009; Kumar et al. 2009; Kurniawan et al.
2011a), activated carbon (Mohan et al. 2006; Al-Degs et al.
2008; Barkat et al. 2009; Chandra et al. 2009), or biochar
(Chen et al. 2011; Zhang et al. 2013; Zhu et al. 2016; Dong
et al. 2017). Each of these adsorbents has different adsorption
characteristic and behavior. For industrial application, their
availability in a large amount is one of the most important
factors that need to be considered.

Natural bentonite is available abundantly in many parts of
the world. The main constituent of this clay material is mont-
morillonite. It is a 2:1 aluminosilicate mineral in which an
octahedral alumina sheet sandwiched between two tetrahedral
silica sheets. The use of bentonite as the adsorbent is highly
effective due to its modifiable property (Luckham and Rossi
1999). However, natural bentonite from some areas of the
world has a low adsorption ability due to its impurities
(Rahardjo et al. 2011). Removal of those impurities from the
structure of bentonite will increase its adsorption ability (Eren
and Afsin 2008).

Activated carbon has proven as a very effective adsorbent
for the removal of various hazardous contaminants from water
or wastewater (Purkait et al. 2007), although its downside is its

high preparation cost and difficult regeneration process. The
main problem to utilize activated carbon as an adsorbent for
the wastewater treatment process is in its price; the commer-
cial activated carbons are expensive. Therefore, many indus-
tries, especially in the developing countries, try to skip this
costly process. To overcome the above problem, therefore, it is
necessary to combine activated carbon with much cheaper
materials to produce new adsorbent without losing its adsorp-
tion capability.

To the present, the literature about the study of preparation
of bentonite-activated biochar composite and subsequent ap-
plication of the result as the adsorbent for hazardous substance
removal is rarely available. Therefore, the preparation of
bentonite-activated biochar composite and its application for
heavy metal and dye removal is the novelty of this paper. In
this paper, preparation, characterization, and application of a
new composite material called as rarasaponin—bentonite-acti-
vated biochar is presented. The composite material was made
from durian shell, bentonite, and natural surfactant
(rarasaponin). The composite was utilized for the adsorption
of crystal violet and Cr(VI) from aqueous solution. The ad-
sorption isotherms, kinetics, and thermodynamics aspects of
the adsorption of Cr(IV) and crystal violet are given in this

paper.

Materials and methods
Materials preparations
Preparation of acid-activated bentonite (AAB)

In this study, raw natural bentonite (RNB) was acquired from
the bentonite excavation located in Pacitan, East Java,
Indonesia. The type of the raw natural bentonite from this
location was Ca-bentonite. The initial moisture content of
RNB was 38.4%, and it was dried in an oven at 110 °C until
its moisture content drops to 15-17%. The cation exchange
capacity of RNB was 42.7 meq/100 g bentonite (determined
according to ASTM C837-99). RNB was activated using 3 N
of the H,SO, solution with the ratio of RNB to the H,SO,4
solution that was 1:5 (w/v). During the activation process, the
mixture was heated at 60 °C under constant stirring at
400 rpm. After the activation process completed (1 h), the
AAB was separated from the solution and placed in a
sonicator and sonicated for 5 h at room temperature (32 °C).
Subsequently, the AAB was washed several times using de-
ionized water until the pH of the washing solution reached 6—7
(neutral). Afterward, the AAB was dried at 105 °C in the oven
(Memmert UM 400). Dried AAB then crushed into a powder
using a micro hammer mill (JANKE and KUNKEL) and
sifted to obtain a particle size of —180/+ 200 mesh using
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vibration screener (Retsch AS-200). The AAB powder was
stored in the desiccator until further used.

Preparation of rarasaponin

Rarasaponin was obtained from the extraction of Sapindus
rarak DC (berry soap). The berry soap fruits were purchased
from Klaten (Central Java, Indonesia). Details of the extrac-
tion procedure can be seen elsewhere (Kurniawan et al.
2011b).

Preparation of rarasaponin—bentonite

One gram of rarasaponin was dissolved in 100 mL of deion-
ized water. Rarasaponin solution was mixed with AAB pow-
der and then stirred at 800 rpm and 80 °C for 30 min. The ratio
of AAB with the rarasaponin solution was 1:10 (w/v ratio).
The solid was separated from the solution using centrifugation
and dried using an oven at 105 °C. The dry rarasaponin—ben-
tonite was crushed into a powder and sieved in vibration
screen to obtain the particle size of — 180/+ 200 mesh.

Preparation of durian shell

The waste of durian shell was collected from local durian
processing industry in Surabaya. Durian shell waste is thor-
oughly rinsed using distilled water to remove the impurities
and was cut into = 1 x 1 cm pieces and dried using the oven at
85 °C until the weight is constant. After the drying process
completed, dried durian shell was crushed using a micro ham-
mer mill into a powder with particle size of — 120/+ 140 mesh.
Durian shells powder was stored in the desiccator for further
used.

All inorganic chemicals used in this study (K,Cr,O4, 1,5-
diphenylcarbazide, NaOH, HCI, NaCl, H;PO,4, H,SO,, and
KOH) were purchased from Merck as analytical grade and
directly used without any further treatment. Crystal violet
(A.R. Grade, purity >90%; chemical formula C,5H;,Cl,
MW 407.98 g/mol), as a cationic dye, was purchased from
Sigma—Aldrich, Singapore, and used without any further
purification.

Preparation of rarasaponin-bentonite-activated
biochar composite (RBAB)

Five grams of durian shell powder was placed into a cyl-
inder tube and inserted in a horizontal tubular furnace
(CARBOLITE GERO 21-503514). The nitrogen and car-
bon dioxide gas alternately flowed in the horizontal tubu-
lar furnace to create inert and oxidizing conditions, re-
spectively. The system was run under nitrogen gas flow
rate at 3 L/min for 30 min, then replaced by carbon diox-
ide at 3 L/min for 15 min, and finally flowed nitrogen at
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3 L/min for 30 min again. The heater temperature was
increased from room temperature to 400 °C and held for
+75 min or until pyrolysis process finished. Then, the
horizontal tube furnace was allowed to cool (within 4—
5 h) under conditions where nitrogen is kept to flow until
it reached room temperature.

To increase the porosity and to remove impurities from the
biochar pore structure, activation using KOH was performed.
The biochar powder and 1.65 M KOH solution were mixed
with the ratio of 1:100 (w/v ratio). The mixture was stirred at
500 rpm and heated at 90 °C for 6 h. Then, the mixture was
allowed to stand for 12 h, rinsed with distilled water until the
pH of the washing solution reached 6—7, and dried overnight
in an oven at 105 °C. The biochar activation process was
conducted twice with the same procedure. Activated biochar
was stored in airtight containers for further characterization
and composite preparation. The preparation of composite
from activated biochar from durian shell with rarasaponin—
bentonite was carried out under the similar procedure of
mixing process of acid-activated bentonite and rarasaponin.
The various mass ratios between activated biochar with
rarasaponin—bentonite were 1:1, 1:2, 1:3, and 1:4. The com-
posite production was conducted by microwave heating irra-
diation method at 700 W (National NN-S327 WF) for 4 min.

Characterization of adsorbents

The characterizations of the adsorbents were conducted via
Fourier-transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), and nitrogen sorption methods. FTIR spec-
troscopy was used to identify the functional groups of the
adsorbents. Characterization of AAB and RBAB before and
after the adsorption process was analyzed using FTIR
SHIMADZU 8400S with KBr pellet method in the wave-
length range of 400—4000/cm.

The X-ray diffraction analysis of the samples was per-
formed on a Philips X’pert Xray Diffractometer. The ra-
diation source used for the XRD analysis was a mono-
chromatic high-intensity Cu Kol which has the wave-
length (\) of 0.15405 nm. The XRD patterns were ac-
quired at 40 kV and 30 mA and temperature of 20 °C.
The nitrogen sorption analysis of the samples was con-
ducted at the boiling point of nitrogen gas (—196 °C)
using Micromeritics ASAP 2010 sorption analyzer. The
samples were degassed at high vacuum condition and
temperature of 150 °C before measurements. The
degassing of the samples was conducted for 24 h. The
BET (Brunauer—Emmett—Teller) surface arca was calcu-
lated at a range of relative pressure (p/p°) of 0.05 to
0.25, while the total pore volume was obtained at the
highest relative pressure (0.999). The surface topography
of the samples was obtained using SEM analysis (JEOL
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JSM-6500F). Before analysis, the samples were coated
with a thin layer of platinum.

Adsorption experiments

For the adsorption isotherm studies, the removal of the crys-
tal violet and Cr(VI) was conducted by two different types
of'adsorbents, AAB and RBAB. The adsorption experiment
was carried out by adding the various mass adsorbent into a
series of iodine flasks containing 50 mL of adsorbate solu-
tion at different temperatures (30, 50, 70 +0.5) °C. The io-
dine flasks containing adsorbents and adsorbate were
placed in a thermostatic water-bath shaker (MEMMERT
SV-1422) and shaken at 100 rpm for a certain time and a
certain temperature. After the adsorption process complet-
ed, the solid was separated from the solution using a centri-
fuge at 4800 rpm for 10 min. The initial concentration and
the equilibrium concentration of the adsorbate in the solu-
tion was measured quantitatively using a spectrophotometer
(SHIMADZU UV/VIS-1700 PharmaSpec) at a certain max-
imum wavelength (590 nm for crystal violet and 543 nm for
Cr(VI)). The concentration of Cr(VI) in the solution was
determined using spectrophotometry technique, and the
diphenylcarbazide method was employed. The influence
of pH and adsorption time on the uptake of crystal violet
and Cr(VI) were also examined. The sulfuric acid solution
was used to adjust the pH of the solution.

The kinetics adsorption data were obtained at three
different initial concentrations of crystal violet and
Cr(VI). A similar procedure to the experimental adsorp-
tion isotherm was employed to collect the kinetic data. At
a certain time interval, one iodine flask was taken from
the system and the concentration of the adsorbate at time ¢
was measured spectrophotometrically. All of the adsorp-
tion experiments (isotherm and kinetics) were conducted
three times, and the average results are presented in this
work.

The amount of adsorbate adsorbed by the adsorbents at
equilibrium condition and at time ¢ can be calculated using
the following equations:

(Cv*ci) %

Sy (1

9e =

(Co_ct)

g =y @

where C,, C;, and C; (mg/L) are the initial concentrations,
equilibrium concentration, and concentration of the
adsorobate at time ¢, respectively. The symbol m repre-
sents the mass of adsorbent (g), and V is the volume of
the solution (L).

Results and discussions

Physical and chemical characteristics of AAB
and RBAB

To understand the adsorption mechanisms of Cr(VI) and CV
onto AAB and RBAB, the FTIR analysis was carried out on
AAB and RBAB. The FTIR analysis was conducted on pris-
tine, Cr-loaded, and CV-loaded adsorbents. The FTIR analysis
results for both adsorbents are summarized in supplementary
material S1, and the FTIR spectra are given in Fig. 1.

Some distinctive functional groups of bentonite are found
in both AAB and RBAB. The functional groups of the tetra-
hedral layers include the silanol group (Si-O-Si) stretch
(wavenumber 1196/cm) and bend (wavenumber 440/cm),
the Si-O stretch (wavenumber 810/cm) in quartz.
Meanwhile, the octahedral group is represented by the Al-O-
Si at wavenumber 648/cm and the O-H stretch (when bonded
by 2AI**) at wavenumber 918/cm.

Since the rarasaponin was used as the surfactant in the
composite preparation, the defining functional group of the
rarasaponin (C=0 stretch in deacylated carbonyl group, wave-
number 1371/cm) could be seen in all pristine RBAB, and
Cr(VI) or crystal violet loaded RBAB. The addition of
rarasaponin may also cause an alteration of the silanol band
(from 1196 to 1041/cm) as seen in supplementary material S1
and Fig. 1. Intercalation of rarasaponin in the tetrahedral and
octahedral layers of bentonite caused the alteration of this
band.

The alteration in the silanol group also occurred when the
adsorbents adsorbed Cr(VI) and crystal violet. For AAB, the
silanol band originally was observed at wavenumber
1196/cm, and after the adsorption of crystal violet, the band
alters to wavenumber 1057/cm, and for the adsorption of
Cr(VI), this band alters to wavenumber 1063/cm. A similar
phenomenon was also observed for the adsorption of crystal
violet and Cr(VI) onto RBAB. The silanol band shifted from
wavenumber 1041/cm to 1062/cm after loaded with crystal
violet, and to 1150/cm after loaded with Cr(VI).

The X-ray diffraction patterns of durian shell, rarasaponin—
bentonite, AAB, and RBAB are shown in Fig. 2. The XRD
pattern of durian shell indicates that this material possesses
both crystalline and amorphous structure. For acid-activated
bentonite, the typical peaks of montmorillonite were observed
in its XRD pattern. The characteristic peaks of montmorillon-
ite were found in 260 =6.52, 20.22, 30.14, 35.18, and 60.16.
The basal spacing at 26 = 6.52° relates to dyg; = 1.354 nm. The
intercalation of natural surfactant, rarasaponin, increases this
basal spacing into dyy; = 1.578 nm (Fig. 2¢). After combina-
tion with activated biochar from durian shell, the diffraction
pattern of RBAB (Fig. 2d) indicates that the amorphous struc-
ture of activated biochar is more dominant than the montmo-
rillonite structure. However, the main characteristic peak of

@ Springer



30684

Environ Sci Pollut Res (2018) 25:30680-30695

Fig. 1 FTIR result of (a) AAB
and (b) RBAB
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montmorillonite still can be observed at 20 = 5.46°, this value
of 26 corresponds to dyp; = 1.617 nm.

The pore characteristics of the durian shell, rarasaponin—
bentonite, AAB, and RBAB are listed in Table 1. Low BET
surface area and pore volume of durian shell indicate that this
material possesses non-porous structure. Intercalation of
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Wavenumber (cm™)

—— Raw Durian

—— RBAB

—— RBAB_Crystal violet
RBAB_Cr(VI)

rarasaponin into montmorillonite interlayer only slightly in-
creases the BET surface area as seen in Table 1. However, due
to the increase in interlayer spacing of montmorillonite, the
pore volume of rarasaponin increased by almost 50% com-
pared to the AAB. The combination of rarasaponin, bentonite,
and activated biochar from durian shell to form composite
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Fig. 2 XRD patterns of (a) durian shell, (b) AAB, (¢) rarasaponin bentonite, and (d) RBAB composite

significantly increases the BET surface area and pore volume.
The significant increase of the pore structure of the composite
is due to the presence of a microporous structure in activated
biochar.

The SEM analysis of the samples is given in the supple-
mentary material S2. From this figure, it can be seen that the
modification of AAB with rarasaponin did not change the
surface morphology or topography of AAB. However, the

Table 1 The physical characteristic of the durian shell, rarasaponin—
bentonite, AAB, and RBAB

Solid BET, m?/ g Pore volume (V},), cm3/g
Durian shell 1.89 0.002
AAB 71.8 0.124
Rarasaponin—bentonite 73.2 0.183
RBAB 402.6 0.394

incorporation of activated biochar changed the surface mor-
phology of AAB. The change of surface morphology of the
composite is possibly due to the different structures of AAB
and biochar; the AAB is a mesoporous material, while the
biochar is a microporous material.

Effect of initial pH on crystal violet and Cr(VI)
adsorption

The adsorption capability of the raw materials (AAB,
rarasaponin—bentonite, and biochar) and composites was test-
ed for the removal of crystal violet and Cr(IV) from aqueous
solution. The effect of KOH concentration used in the activa-
tion process on the removal performance of dye and heavy
metal was also studied. Based on the experimental results
(Table 2), 1.65 M KOH was selected for use in the biochar
activation process for the preparation of RBAB.
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Table2 Removal of crystal violet (Co = 800 ppm; pH = 7.0; #= 90 min,
mass adsorbent=0.5 g/L; and 7=30 °C) and Cr(VI) (Co=400 ppm;
pH=1.5; =240 min; mass adsorbent=0.5 g/L and 7=30 °C) by the
adsorbents

Type of adsorbents qe (mg/g)
Crystal violet Cr(VI)

Raw bentonite 5.6767 0.6804
Acid activated bentonite (AAB) 79.2741 10.9704
Rarasaponin—bentonite 79.7949 11.4865
Biochar from durian shells 32.4074 6.6600
Activated biochar from durian shells with KOH concentration

0.75 M 21.4175 0.8318

1.05M 24.0601 0.8841

135M 34.9647 24411

1.65M 51.4878 7.6110

1.95M 51.4769 7.5850

The one-time activation process of rarasaponin—bentonite-activated
biochar using KOH (1.65 M) with the mass ratio

1:1 69.8547 17.9505
1:2 78.1659 19.6016
1:3 76.0587 19.5081
1:4 75.8566 19.4025

Two-time the activation process of rarasaponin—bentonite-activated
biochar using KOH (1.65 M) with the mass ratio

1:1 76.3962 19.7522
1:2 80.1137 32.4488
1:3 79.3365 23.4158
1:4 78.7203 23.0240

The pH at point zero charges (pHpzc) of the adsorbents
was determined using the drift method (Lopez-Ramon et al.
1999; Prahas et al. 2008). The pHpzc AAB was 3.98 and
2.22 for RBAB (see supplementary material S3). Below
pHpzc, the adsorbent is positively charged, while above
pHpzc, the adsorbent is negatively charged. The initial so-
lution pH is one of the crucial parameters that strongly in-
fluences the adsorption process of dyes and heavy metals.
As can be seen in Fig. 3, it was found that the highest re-
moval of Crystal violet was obtained at pH 9 (by AAC) and
pH 8 (by RBAB). Crystal violet is a cationic dye, if the pH
of the solution is below pHpzc, the repulsion interaction
between the surface of adsorbent which was positively
charged with crystal violet ions occurred, and this phenom-
enon retarded the uptake of dye molecules by the adsorbent.
However, if the pH of the solution is above pHpzc, the
electrostatic interaction between negatively charged surface
of the adsorbent and positive ions of crystal violet occurred,
and this electrostatic interaction enhanced the uptake of
crystal violet dye onto the adsorbent.

In the adsorption of Cr(VI), the pH of the system
should not exceed 7 (1.5-7.0) due to the formation of
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hydroxide complexes of the OH ions binding to Cr(VI)
(Sari and Tuzen 2008). Figure 4 depicts the effect of pH
on the uptake of Cr(VI) from aqueous solution onto AAB
and RBAB. This figure clearly shows that the highest
uptake of Cr(VI) by AAB and RBAB was achieved at
pH 1.5. In the solution, chromium has unique chemical
property, it is present in the forms of CrO4*", HCrO,
and Cr,0,°~ (supplementary material S4), and the main
removal of Cr(VI) by the adsorbent involving reduction
process depends on the effect of pH, and the total concen-
tration of Cr(VI) (Bayrak et al. 2006; Mohan and Pittman
2006; Gan et al. 2015). Below pH 2, Cr(VI) is predomi-
nantly in the form of HCrO4 , and below pHpzc (2.22),
the surface of RBAB was positively charged (Arslan and
Pehlivan 2007), and the electrostatic interaction between
HCrO, and positively charged surface occurred, and it
increased the uptake of chromium ions from the solution.
At pH higher than pHpzc, the surface of RBAB was neg-
atively charged; however, the presence of a large number
of H" ions at low pH allows the process of neutralizing
some parts of the negatively charged surface on the ad-
sorbent so that the resistance to the diffusion of Cr(VI)
into Cr(IIl) ions was reduced (Sharma 2001; Kumar et al.
2008). The higher the pH, the lower the number of H*
available in the solution; the neutralization of negatively
charged becomes lesser, and the electrostatic interaction
becomes dominant, leading to decrease of the uptake of
chromium ions. This result is similar to the adsorption of
Cr(VI) using various biochar and modified biochar
(Zhang et al. 2013; Chen et al. 2015; Huang et al. 2016;
Zhou et al. 2016).

Equilibrium adsorption isotherm studies

The adsorption equilibrium data for Cr(VI) ions and crystal
violet onto AAB and RBAB were correlated with two iso-
therm models (Langmuir and Freundlich). The Langmuir
equation is a widely used isotherm model to describe mono-
layer adsorption on a homogenous surface. This model as-
sumes that an adsorbate only occupies one active site.
Mathematically, the equation for the Langmuir model is given
below (Langmuir 1918):

KLCe

de = 4m (I—F—KLCe) (3)

In this equation, g. represents the amount of solute
adsorbed in equilibrium conditions (mg/g), while C, is
representing the equilibrium concentration (mg/L). ¢,,, denotes
the maximum adsorption capability of the adsorbent. The K|,
is a parameter known as the Langmuir equilibrium constant
(L/g), which describes how strong the surface of the adsorbent
can attract the adsorbate molecules.
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Fig. 3 The effect of pH for 90
adsorption crystal violet. Contact
time = 90 min, Co = 800 ppm,
T=30 °C, mass adsorbent =
0.5 g/50 mL 80 1
~ 70 1
o
<)
E
)
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The important characteristic of the Langmuir equation is Ry
(dimensionless separation factor), which can be expressed as
follows (Hall et al. 1966):

1

R =—
LTI KLG

(4)

The determination of the R value is used to predict wheth-
er the adsorption system is “favorable” or “unfavorable”
(supplementary material S5).

The other model used to correlate the experimental data is
the Freundlich model, it is also a very prominent isotherm
model with two parameters. This model is used to illustrate

the adsorption behavior in heterogeneous systems. The
Freundlich model can be expressed mathematically by the
following equation (Sari and Tuzen 2008; Zheng et al. 2009):

'/
G = KpCe ™ (5)

where Kr and ny are the Freundlich parameters which corre-
sponds to the adsorption capacity [(mg/g)/(mg/L)""™] and het-
erogeneity factor, respectively. nx is also known as adsorption
intensity.

The adsorption isotherms of crystal violet and Cr(VI) onto
AAB and RBAB at various temperatures are depicted in
Figs. 5 and 6. The solid lines represent the theoretical values

Fig. 4 The effect of pH for the 20
adsorption of Cr(VI) onto AAB
and RBAB. Contact time =4 h, 18 1
Co =300 ppm, 7=30 °C, mass ]
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14 1
~ 12 1
2
<)
£ 101
(0]
O 8 -
6 -
4 -
2 -
0

—e— AAB_Cr(Vl)
—0-- RBAB_Cr(VI)

o @

@ Springer



30688

Environ Sci Pollut Res (2018) 25:30680-30695

500

Acid-activated bentonite

400

300

&)
=2}
E
()
S 200 4
(] 30°C
° 50°C
100 1 v 70C
Langmuir
— — —  Freundlich
0 & T T T T
0 100 200 300 400 500

Ce (mg/L)

Rarasaponin-bentonite-activated biochar from durian shells

600 - -

N

o

S
L

qe (mg/g)

30°C
50°C
70°C
Langmuir
Freundlich

T T T

0 100 200 300 400
Ce(mg/L)

Fig. 5 Adsorption isotherms of crystal violet using AAB and RBAB at various temperatures (30, 50, 70) °C

of Langmuir isotherms, while the dash lines are the represen-
tation of the Freundlich equation. The parameters of Langmuir
and Freundlich isotherm models obtained from the fitting of
the experimental data are summarized in Table 3. Both of the
models gave a high correlation coefficient (+* > 0.90) and in-
dicate that both of the isotherms could represent the experi-
mental adsorption data well. However, the judgment of the
validity of the model should not only base on the high corre-
lation coefficient but should consider the physical meaning of
the parameters itself and reasonability of parameters’ value.
The adsorption of crystal violet onto AAB and RBAB is an
endothermic process as indicated by the uptake of the adsor-
bate increased with the increase of temperature. Consistent
and reasonable values of the parameters of Langmuir and
Freundlich are observed in Table 3. It is considered that the
chemisorption process becomes dominant in this case.
Parameters ¢.,.x and K; of the Langmuir equation increase
with the increase of temperature. For the endothermic process,
the temperature has a positive influence on the uptake of the
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solute; the amount adsorbed increases with the increase of
temperature, and the parameter of ¢,.x accommodates this
phenomenon. The parameter K; indicates how strong the ad-
sorbent attracts the adsorbate molecules from the solution. For
the endothermic process, the heat of adsorption is negative
(the enthalpy of adsorption process is positive), the heat is
required to attract the adsorbate and to enhance the uptake of
the adsorbate by the adsorbent, and the increase of tempera-
ture will increase the attraction force between adsorbent and
adsorbate molecules. The value of parameter K| of Langmuir
is consistent with this phenomenon.

Similar results were also observed for Freundlich isotherm,
where the increased parameter values of K and n, are also
proportional to the temperature rise. The increase of the value
of the parameter n expresses the deviation of the adsorption
linearity, with the allowable value being 1 <n,;<10. The
higher the value of n¢ represents, the more heterogeneous the
adsorbent surface. For the endothermic adsorption process,
the heterogeneity of the system increases with the increase

100
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Fig. 6 Adsorption isotherms of Cr(VI) using AAB and RBAB at various temperatures (30, 50, 70) °C
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Table 3

Langmuir and Freundlich parameters for the adsorption of crystal violet (Co = 800 mg/L; at pH 9 for AAB and 8 for RBAB) and Cr(VI) (Co

for AAB =200 mg/L and RBAB =400 mg/L; at pH of 1.5) onto adsorbents at various temperatures

Adsorbate Adsorbent at 7' (°C) Langmuir parameters Freundlich parameters
gm (mg/g) K (Umg) R R Kf (mg/g)(mg/L)™) r
Crystal violet AAB
30 3409212 0.0225 0.0526 0.9458 42.5936 2.9611 0.9810
50 0.0235 0.0505 48.9308
70 361.6640 0.0393 0.0393 0.9261 56.3947 3.0803 0.9618
364.6439 0.9402 3.1289 0.9782
RBAB
30 450.1455 0.0741 0.0166 0.9526 82.7740 3.2360 0.9755
50 0.0913 0.0135 88.6045
70 463.6654 0.1912 0.0065 0.9593 119.7423 3.2432 0.9663
518.6415 0.9587 3.4340 0.9299
Cr(VI) AAB
30 30.4232 0.0062 0.4464 0.9443 0.6903 1.6385 0.9613
50 16.5199 0.0040 0.5556 0.9796 0.2548 1.5699 0.9814
70 12.1273 0.0029 0.6329 0.9889 0.1199 1.4633 0.9894
RBAB
30 106.3005 0.0087 0.3650 0.9734 3.7927 1.8397 0.9973
50 93.7067 0.0071 0.4132 0.9889 2.9094 1.8098 0.9971
70 87.7863 0.0065 0.4348 0.9958 2.5309 1.7917 0.9971

of temperature. A consistent result of parameter n¢ of
Freundlich equation with the physical meaning of the param-
eter is observed in Table 3.

The adsorption of Cr(VI) from the solution onto AAB and
RBAB was an exothermic process and expresses physical
adsorption, and the uptake of Cr(VI) decreased with increas-
ing temperature (Fig. 6). The parameters of Langmuir and
Freundlich obtained from the fitting of the experimental ad-
sorption data are also consistent with the phenomena for phys-
ical adsorption as seen in Table 3. These results confirm that
both Langmuir and Freundlich could represent the experimen-
tal adsorption data well for the adsorption of crystal violet and
Cr(VI) onto AAB and RBAB. Furthermore, the value of R; of
Langmuir equation was found in the range of 0.0526-0.0065.
Hence, the adsorption of crystal violet or Cr(VI) by AAB and
RBAB is both favorable.

The adsorption capacity of RBAB (for both adsorption of
crystal violet and Cr(VI)) is higher than the adsorption capa-
bility of AAB. The higher adsorption capacity of RBAB than
AAB due to higher BET surface area of RBAB than AAB is
seen in Table 2. The pore structure of RBAB is the combina-
tion of micropore and mesopore. With the presence of micro-
pore, more active adsorption sites are available; the interaction
between the active sites and adsorbate molecules becomes
higher, and more adsorbate molecules were adsorbed onto
the surface of AAB. Furthermore, the presence of several
functional groups of biochar in the surface of RBAB such as

O-H stretch, etc. enhanced the uptake of crystal violet and
Cr(VI). The comparison of adsorption capacity between
RBAB and other adsorbents to remove crystal violet and
Cr(VI) is presented in Table 4. The high adsorption capacity
of RBAB is promising as the adsorbent for removal crystal
violet and Cr(IV) from water or wastewater.

Thermodynamics of adsorption

The thermodynamic properties of the adsorption process can
be obtained from the adsorption equilibria at various temper-
atures. The thermodynamic properties of the adsorption pro-
cess are Gibbs free energy change AG®° (kJ/mol), standard
enthalpy change AH® (kJ/mol), and standard entropy change
AS° (J/mol). The thermodynamic properties of the adsorption
of crystal violet and Cr(VI) were calculated using the follow-
ing equations:

(6)
AG’ = RT InKp (7)

where R is the ideal gas constant (8.31434 J/mol/K), T is the
absolute temperature (K), and Kp, is the linear sorption distri-
bution coefficient. The value of Kp can be obtained through a
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Table 4 The comparison of adsorption capacity of various adsorbents with AAB and RBAB for the removal of crystal violet and Cr(VI)

Adsorbate Adsorbent Operational condition Adsorption References
capacity (mg/g)
pH T (°C) t (min)
Crystal violet Artocarpus heterophyllus (jackfruit) leaf powder 7 20 120 43.398 (Saha et al. 2012)
30 41.651
40 37434
Ananas comosus (pineapple) leaf powder 8 20 180 78.227 (Chakraborty et al. 2012)
30 75.176
40 72.391
Fugas sawdust cartoon 6 25 - 78.69 (Aljeboree 2016)
Activated carbon 7 30 1440 271.0 (Sewu et al. 2017)
Rice straw biochar 620.3
Korean cabbage biochar 1304
Wood chip biochar 195.6
AAB 9 70 90 364.64 In this study
RBAB 8 518.64
Cr(VI) Spent activated clay 2.0 40 90 1.422 (Weng et al. 2007)
2.5 0.649
3.0 0.557
3.5 0.548
4.0 0.334
Oak wood char 2.0 25 - 3.031 (Mohan et al. 2011)
35 4.076
45 4.930
Oak bark char 25 4.619
35 7.433
45 7.515
Bone char 1 — 120 8.4 (Hyder et al. 2015)
Cashew nuts shell 5 25 60 8.421 (Coelho et al. 2014)
Activated coal 9.933
Micelle-clay 6 25 180 943 (Qurie et al. 2013)
Natural clay 1 20 - 3.61 (Akar et al. 2009)
HDTMA modified with clay 10.18
Durian peel 2 - 30 10.67 (Saueprasearsit 2011)
Kaolinite 4.6 30 240 11.6 (Bhattacharyya and Sen 2006)
Acid-activated kaolinite 13.9
ZrO-kaolinite 10.9
TBA-kaolinite 10.6
Coconut shell charcoal: 52 - 180 (Babel and Kurniawan 2004)
As received 2.1820
Coated with chitosan 3.6519
Oxidized with sulfuric acid 4.0503
Oxidized with sulfuric and 8.9476
coated with chitosan
Oxidized with nitric acid 10.8762
Commercial activated carbon:
As received 47216
Oxidized with sulfuric acid 8.9449
Oxidized with nitric acid 10.4373
Natural Algerian bentonite 5 20 120 12.61 (Barkat et al. 2014)
Activated carbon 2.0 25 120 38.17 (Abdel et al. 2012)
Bentonite 48.83
Cross-linked chitosan/bentonite composite 2 25 240 89.13 (Liu et al. 2015)
4 37.92
7 18.78
Activated carbon 2.0 25 120 38.17 (Abdel et al. 2012)
Bentonite 48.83
Cross-linked chitosan/bentonite composite 2 25 240 89.13 (Liu et al. 2015)
4 37.92
7 18.78
AAB 1.5 30 240 30.4232 In this study
RBAB 106.3005
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Table 5 Thermodynamic
properties of the adsorption of Type of adsorbent Type of adsorbate T (K) AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol)
crystal violet and Cr(VI) onto
AAB and RBAB AAB Crystal violet 303 —6.2780 25.4490 104.7765
Cr(VI) 323 —8.4396 —40.9813 —150.4646
343 —10.4633
303 4.4408
323 7.2250
343 10.4108
RBAB Crystal violet 303 —12.5660 8.7451 70.2936
Cr(VI) 323 —13.9739 —12.2385 —41.4561
343 —15.3793
303 1.2087
323 1.3954
343 1.5959

straight line plot of In (qe/Ce) versus Ce and extrapolate to

zero Ce. The values of standard enthalpy change (AH®) and
standard entropy change (AS®) were obtained from the plot of
Eq. (6) as given in the supplementary material S6. The ther-
modynamic properties of the adsorption of crystal violet and

Cr(VI) are summarized in Table 5.

120

In the adsorption system of crystal violet by both ad-
sorbents at three different temperatures (30, 50, and
70 °C), the positive value of enthalpy change (AH®) was
obtained and indicates that the adsorption of crystal violet
ions onto AAB and RBAB is an endothermic process.

This result is in accordance with the experimental
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Fig. 7 Kinetics plot and the model fit of pseudo-first- and second-order for the adsorption of crystal violet
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Fig. 8 Kinetics plot and the model fit of pseudo-first- and second-order for the adsorption of Cr(VI)

adsorption isotherms. The negative values of Gibb’s free
energy change (AG®) at all temperatures indicate that the
adsorption process is spontancous and more favorable at
high temperatures. The standard entropy change (AS°®)
measures the randomness of the adsorption system. If
the value of AS° >0, then there is an increase in the ran-
domness of the adsorption system due to the high affinity
of the adsorbate molecule against the active site of the
adsorbent (Singha and Das 2013).

Meanwhile, the thermodynamic behavior in the solid/
liquid adsorption system of Cr(VI) by both types of adsorbent
has the opposite properties, as shown in Table 5. The AG°
values > 0, which suggest that the adsorption of Cr(VI) is non-
spontaneous and requires a small amount of energy. In this
case, the adsorption process occurs naturally. The negative
value of the standard enthalpy change (AH°) indicates that
the adsorption process is exothermic. Negative values of AS®

@ Springer

represent a stable arrangement (low randomness) of Cr(VI) on
both AAB and RBAB surfaces.

Adsorption kinetics

To examine the kinetic mechanisms in the adsorption process,
the pseudo-first-order and pseudo-second-order kinetic
models were used to test the validity of the kinetic adsorption
experimental data of crystal violet and Cr(VI) by AAB and
RBAB. The pseudo-first-order equation of Lagergren (Zhang
et al. 2013) is presented as:

q¢ = o1 (17exp(—k1aat)) (8)

where ¢, is the amount of adsorbate adsorbed at time 7 (mg/g),
k144 18 the pseudo-first-order reaction rate constant (/min), and
t is the time (min). On the other hand, pseudo-second-order
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Table 6 Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of crystal violet and Cr(VI) onto AAB and RBAB at various

initial concentrations

Adsorbate Initial concentration of ~ Experimental result ~ Pseudo-first-order Pseudo-second-order
crystal violet (ppm)
GCexp (MZ/Q) kiaa (min) g (mg/g) 7 kzaa (mg/g/min)  gep (mg/g) 72
Crystal violet ~AAB
800 79.2741 0.5574 77.7509 0.9903  0.0182 79.3701 0.9986
1000 86.1758 0.5616 84.6694 0.9897  0.0168 86.4282 0.9988
1200 98.6100 0.5787 97.0852 0.9884  0.0155 99.0415 0.9984
RBAB
800 79.9420 0.5583 78.7182 0.9913  0.0181 80.3374 0.9986
1000 94.5062 0.5707 92.9895 0.9938  0.0164 94.7627 0.9988
1200 111.0122 0.5977 108.0630 09824  0.0138 110.3855 0.9951
Cr(VI) AAB
100 5.0341 0.0325 5.0348 0.9948  0.0082 5.6710 0.9921
200 10.6997 0.0372 10.5596 0.9971  0.0047 11.7685 0.9953
300 16.9532 0.0415 16.7700 0.9976  0.0035 18.4464 0.9961
RBAB
200 17.2091 0.0420 17.0747 0.9990  0.0035 18.7578 0.9912
300 24.1619 0.0505 23.7018 0.9977  0.0034 25.5960 0.9955
400 31.6345 0.0545 31.1503 0.9984  0.0030 33.3983 0.9931

kinetic can be expressed in the following mathematical form
(Ho and McKay 1999):

qerkadt
0= (222 ©)
where k»,q is the pseudo-second-order equilibrium rate con-
stant (g/mg/min).

The experimental kinetic data and theoretical plots of the
kinetic models for the adsorption of crystal violet and Cr(VI)
onto AAB and RBAB are given in Figs. 7 and 8. The param-
eters of pseudo-first-order and pseudo-second-order equations
are summarized in Table 6. Visually, both of the models could
represent the experimental kinetic data well as seen in Figs. 7
and 8. The high correlation coefficient for both models is
obvious as seen in Table 6. To judge the applicability of both
models, the parameters obtained from the fitting of the exper-
imental data should be observed further. The values of the
parameters must be in accordance with the physical meaning
of each parameter.

From Table 6, it can be seen that the value of the parameter
e is closer to the gey, than the parameter g.; of pseudo-first-
order. Since the experimental data follows the pseudo-second-
order kinetic model, the chemisorption controlled the adsorp-
tion of crystal violet onto AAB and RBAB. In contrast, the
adsorption of Cr(VI) followed the pseudo-first-order model
(Table 6), and the physical adsorption controlled the uptake
of Cr(VI) by AAB and RBAB. The evidence of the adsorption
isotherms supported both of these phenomena.

The initial concentration of the adsorbate gave significant
influence on the equilibrium time. The higher the initial con-
centration, the longer time required to reach the equilibrium
condition as indicated by parameters kj,q and k,q. Parameters
k1aq and ky,q are time-scaling factors, an increase of the value
of these parameters resulting shorter time required by the ad-
sorption system to reach equilibrium. From Table 6, it can be
seen that the pseudo-second-order gave the consistent value of
kaaq With its physical meaning, while the pseudo-first-order
failed to give the consistent value of kj,q4 with its physical
meaning.

Conclusion

The new composite material was prepared from agricultural
waste (durian shell), bentonite, and natural surfactant
(rarasaponin). The FTIR, XRD, and nitrogen sorption analysis
were employed for the characterization of the composite. The
presence of a microporous structure in the composite enhances
the BET surface area. The composite material was tested for
its adsorption capability for liquid phase adsorption of crystal
violet and Cr(VI). The results of this study indicated that
RBAB could be effectively used as a new composite adsor-
bent for the removal of crystal violet and Cr(VI) from aqueous
solutions. Temperature has a significant influence on the
amount of uptake of adsorbates. The adsorption of crystal
violet onto AAB and RBAB was an endothermic process,
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while the exothermic process was observed for the adsorption
of Cr(VI). Both of Langmuir and Freundlich adsorption iso-
therms could represent the experimental data well. The
pseudo-second-order represents the kinetic data well for the
adsorption of crystal violet, while the pseudo-first-order could
describe the experimental data for adsorption of Cr(VI). The
thermodynamic properties of adsorption such as AH®, AG®,
and AS° were obtained from the adsorption isotherms at three
different temperatures.

Funding Financial support is from the Ministry of Research and
Technology and Higher Education through competency grant 2018.
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