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In this study, various activation methods have been employed to examine the potential reuse of tannery
residual biomass (TRB) obtained from vegetable tanning process for the removal of Cr(VI) and Rhodamine
B (RB) from aqueous solution. The maximum BET surface area (10.42 m?/g), honey comb pore distribution
and uptake of both Cr(VI) and RB were achieved when only 3-fold volume of HCl was used to activate
the biomass. The pH and temperature experiment showed that they have considerable impact on the
adsorption capacity of the used adsorbent. The presence of other ions (Na*, Ca?* and NH4*) significantly

ﬁ?; ‘;prrgf)"n reduces the metal uptake but marginal enhancement in the dye removal was observed when Na* and
Cashew testa NH4* ions were present in the solution. The equilibrium data fitted satisfactorily with the Langmuir
Rhodamine B model and monolayer sorption capacity obtained as 177-217 and 213-250 mg/g for Cr(VI) and RB at

30-50°C, respectively. The sorption kinetics was found to follow the pseudo-second-order kinetic model.
The increase in adsorption capacity for both metal and dye with increase in temperature indicates that
the uptake was endothermic in nature. The results indicate that the HCl modified TRB (A-TRB) could
be employed as a low cost adsorbent for the removal of both Cr(VI) and RB from the aqueous solution

Tannery biomass
Chromium(VI)

including industrial wastewater.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Many industries such as paper and pulp, cosmetics, paint and
pigments, plastics, leather tanning and textile industries generate
huge amount of coloured effluent and considerable amount of toxic
metals. The discharge of such effluents causes toxicological and
aesthetical problems. This also inhibits the sunlight penetration
into the inland water surface and therefore, reduces photosynthetic
activity of aquatic plants [1,2]. Rhodamine B (RB) and hexavalent
chromium are widely used in the above industries. It is harmful
when it consumed by human beings and animals, and causes irri-
tation to the skin, eyes and respiratory tract [3,4]. Moreover, its
carcinogenicity, reproductive and developmental toxicity, neuro-
toxicity and chronic toxicity towards humans and animals have
been experimentally proven [5-7]. Thus, removal and remediation
of this Cr(VI) and dye from the industrial effluents is of significant
environmental and commercial importance.

Recently more attention was paid on biomass adsorbents due to
its lower cost and higher adsorption capacity towards metals and
dyes. It was reported that the adsorption capacity of the biosorbent
for metals and dyes could be improved greatly through chemi-
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cal and physical modification [8-10]. However, literatures on the
adsorption of both Cr(VI) and RB using biomass based adsorbents
are scarce.

In the present study, an investigation has been carried out to
check the reusability of tannery residual biomass (cashew testa
sludge-solid waste) as a novel low cost adsorbent to remove the
Cr(VI) and Rhodamine B from synthetic wastewater. The genera-
tion of TRB from vegetable tanning process creates the solid waste
management problem. This study may helps to reduce the cost of
waste disposal (recycling) and provide an alternative sorbent to
the existing commercial activated carbon to remove the tannery
wastewater pollutants such as Cr(VI) and dyes. The influence of
principal operational parameters of adsorption such as the effect
of pH, influence of other ions, binary system and temperature, was
monitored to optimize the sorption process for its possible use as a
low-cost adsorbent in the field of wastewater treatment and waste
recycling management.

2. Materials and methods
2.1. Preparation of synthetic sample
A stock solution of Cr(VI) and RB (1000 mg/1) was prepared by

dissolving appropriate quantity of K,Cr, 07 (Merck, India) and Rho-
damine B (C.I. 45170, LOBA Chemie, India) in Millipore water. The
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chemical structure of RB is illustrated in Fig. S1. The stock solution
was shaken for 10 min at 180 rpm to obtain complete dissolution
and then suitably diluted with water to get the required initial con-
centrations (100-350 mg/1). Before mixing the adsorbent, the pH of
the solution was adjusted using 0.1 N HCl or 0.1 N NaOH. The pH of
the solution was measured by pH meter (Eutech, model: 510).

2.2. Collection and preparation of adsorbent

The cashew husk based tannery residual biomass (TRB) after
the vegetable tanning processes was obtained from Amjad Finished
Leather Co., at Pernambut, Vellore, India. Initially TRB was air dried
in sunlight for 24 h and then washed thoroughly with tap water to
remove the adhering dirt. After drying precursor was crushed and
sieved in the size range of 600-860 wm. The thermal activation of
TRB was done at 500 °Cbased on the literature information for other
adsorbents. The chemical activation of TRB was carried out by HCI
in different (w/v) ratio (TRB:HCl) and dried at sunlight for 2-3 days.
The chemical activation followed by thermal activation of TRB was
done by procedure discussed above. Then the adsorbents which
are prepared by HCl were soaked in 2% NaHCO3; to remove the
residual acid that was left on the adsorbent. Finally, the adsorbents
were dried at 110°C for 2 h and cooled in a dessicator until further
use.

2.3. Adsorption experiment

Adsorption experiments were carried out under batch mode at
30°C, 40°C and 50°C. Initially, the effect of pH on sorption capac-
ity of adsorbate (Cr(VI) or RB) onto TRB was carried out and then
the effect of other ions, binary system, temperature and initial
concentration of the adsorbates were carried at optimum pH. The
pH of each solution was adjusted using required quantity of 1N
HCI (or) 1N NaOH before mixing the adsorbent. In a set of 250 ml
Borosil conical flasks containing adsorbate solution (50 ml) of par-
ticular initial concentration was placed. Fixed doses (0.05 g/50 ml)
of adsorbent were added to the adsorbate solutions. The pH of the
each solution was maintained at optimum condition. Each sample
was agitated in an incubating shaker (LabTech, Model LSI-1005R)
at a particular temperature. Samples at different time intervals
were withdrawn and the supernatant of dye solution was sepa-
rated by centrifuging (5000 rpm) and the filtrate was analyzed for
the residual RB concentration using UV-visible spectrophotometer
(Perkin-Elmer, model: Lambdas 45) at the maximum wavelength
(Amax =555 nm) of the dye. Similarly, after completion of every set
of experiments the supernatant of metal solution was separated by
filtration using Whatman filter paper no. 42 and sample was stored
for residual chromium analysis. Final residual metal concentration
was directly measured by flame atomic absorption spectropho-
tometer (AAS) (Varian spectra, AA240) with an air-acetylene
flame.

2.4. Adsorbent characterization

Scanning electron microscopy (SEM) (Leo, 1430 vp, Carl Zeiss,
German) characterization was carried out to observe the surface
texture and porosity for two states of TRB such as TRB without
activation and TRB with HCI activation (A-TRB) (1:3, w/v, ratio).
To resolve the functional groups and its wave numbers, spectra
analysis was done for TRB before and after treatment using Fourier
transform infrared spectrometer (FT-IR) (Perkin-Elmer, PE-RXI) in
the range of 500-4000 cm~. In this analysis, finely grounded sor-
bent was encapsulated with KBrin the ratio 1:20 in order to prepare
the translucent sample disks. The BET surface areas and monolayer
volumes of the high performance HCl treated TRBs were measured
in surface area analyser (Beckman Coulter, SA-3100) using nitrogen
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Fig. 1. (a) Effect of different activation methods on sorption capacity of TRB

(C,=200mg/l, w=0.05g, v=50ml, t=1440min and T=30°C), SEM picture of (b)
untreated TRB and (c) HCI treated A-TRB.

adsorption isotherm at —196 °C. Before measurement, the samples
were degassed using Helium at 200 °C for 2 h.

3. Results and discussion
3.1. Effect of activation method
The effect of different activation methods on sorption capacity of

Cr(VI) or RB onto TRB sorbent is shown in Fig. 1a. The poor sorption
capacity for both Cr(VI) and RB was found by thermal activated TRB
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Table 1
Physical properties of A-TRB.

Properties HCI Treated TRB (A-TRB)

Impregnation ratio [TRB Weight (g)/HCl

volume (ml)]

1:1 1:2 1:3 1:4
BET surface area (m?/g) 3.844 5.868 10.422 9.977
BET mono layer volume (cc/g) 0.8831 1.3481 23945 22922
Total pore volume (ml/g) 0.0289  0.0343 0.0508  0.0448

Langmuir surface area (m?/g) 2.705 4.855 8.350 9.237
Langmuir monolayer volume (cc/g) 0.6215 1.1154 19184  2.1222

(Cr(VI): 19 mg/g and RB: 26 mg/g) as well as HCl + thermal activated
TRB (Cr(VI): 25.2 mg/g and RB: 31 mg/g) due to the greater loss of
functional groups as well as the loss of the favorable adsorption
sites at higher temperature (discussed in Section 3.2). The effect
of chemical ratio on sorption capacity of both Cr(VI) and RB dye
is also shown in Fig. 1a. It can be seen from the figure that the
sorption capacity of both Cr(VI) and RB increased from 72 mg/g to
136 mg/g and 96 to 146 mg/g as the impregnation ratio (HCI/TRB,
wj/v)increased from 1:1 to 1:3, respectively. The increase in chemi-
cal ratio in TRB activation increased the pore development, surface
area (see Section 3.2) and thus, enhanced the sorption capacity of
metal and dye. However, beyond 1:3 ratios the sorption capac-
ity remains constant. It may be due to the fact that the number
of active binding sites remains unchanged. Therefore, the sorbent
which was prepared by only the HCI activation at 1:3 (TRB:HCl)
ratio was utilized for the entire study.

3.2. Surface characterization of adsorbent

The effect of impregnation ratio (TRB (g)/HCl (ml)) on BET sur-
faceareais presented in Table 1. As givenin Table 1, the surface area
and total pore volume increases with increase in chemical ratio.
This is due to the improvement in surface texture and the pore
formation. However, beyond 1:3 impregnations ratio the surface
area was slightly decreased. This is may be due to the formation
of multi-layer of activating agent at higher chemical ratio. Similar
observation has been reported by Mohanty et al. [10].

The SEM image of TRB prior to HCl activation is shown in Fig. 1b.
A regular plain surface with no pores on TRB was observed from
this figure. The SEM image of TRB after the HCIl treatment is shown
in Fig. 1c. The progressive change and well developed honeycomb
structured pores on the surface of the A-TRB were observed from
this figure.

The FT-IR spectra of native TRB are shown in Fig. 2. The bands
of raw TRB at 3414, 2927, 1640, 1108, and 1019cm™! are the
stretching vibrations of the surface hydroxyl group (O-H), sym-
metric vibrations of C-H predominantly for aliphatic acids, COO
and C=C groups, C-0 stretch and stretching vibrations of C-O-C
and -OCHj3 (indicative of lignin structure), respectively. The other
bending vibrations less than 823 cm~! are the finger print zone
that indicates the phosphate functional groups [11]. But, the band
frequencies of the above functional groups were not well estab-
lished for thermal treated and HCl + thermal treated TRB. Some of
the fundamental peaks of TRB were shifted from its position after
HCI treatment. It might be due to the formation of active sites on
the surface of A-TRB by HCI. The peak shifting before and after
HCI treatment is represented in Fig. 2. The surface hydroxyl, car-
boxyl, lignin and phosphate functional groups present in the merely
HCI treated TRB were responsible for the metal and cationic RB
molecule adsorption due to the electrostatic attraction (discussed
in Section 3.9) between the oppositely charged functional groups
of A-TRB [12,13].
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Fig. 2. FT-IR spectra of untreated TRB, thermal treated TRB, HCl with thermal TRB
and HCl treated TRB.

3.3. Effect of pH

3.3.1. Effect of pH on Cr(VI) adsorption

One of the most important process parameter for the adsorp-
tion of metal and dye on TRB is the pH of the solution. The pH of the
solution was varied in the range of 1-11 keeping all other param-
eters constant. The maximum removal of Cr(VI) was occurred at
initial pH 2.0 for A-TRB (Fig. 3). At lower pH the surface area
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Fig. 3. (a) Effect of pH on sorption capacity of A-TRB: (C, =200 mg/l, w=0.05g,
v=50ml, t=1440 min and T=30°C).
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of the adsorbent was more protonated and competitive negative
ions adsorption occurred between positive surface (—OH*) and free
chromate ion. Adsorption of Cr(VI) at pH 2.0 shows the bind of the
negatively charged chromium species (HCrO4~) occurred through
electrostatic attraction to the positively charged (due to more H*
ions) surface functional groups of the adsorbent (discussed in Sec-
tion 3.9). But in highly acidic medium (pH~ 1) H,CrO4 (neutral
form) is the predominant species of Cr(VI) as reported by Agrawal
etal.[14]. Hence, at pH 1.0 percentage adsorption decreased due to
the involvement of less number of HCrO4~ anions on the positive
surface. At higher pH due to more OH~ ions adsorbent surface car-
rying net negative charges, which tend to repulse the metal anions
(Cr042) [15]. However, there is also some percentage adsorption
at pH> 2.0 but the rate of adsorption is reduced. Above pH 2.0, the
net positive charge on the surface of the adsorbent decreased and
hence lowered the adsorption capacity of negatively charged adsor-
bent (Cr042-) [16,17]. However, when the reaction pH increased
above 2.0, adsorption of Cr3* (formed due to the adsorption couple
reduction) might increase because of gradual increase in negative
charge on adsorbent surface. But the adsorption-coupled reduction
of Cr(VI) to Cr(Ill) was less above pH 2.0 due to the less adsorption
of HCrO4~ (discussed in Section 3.9). At pH ~ 8.0, CrO42- is the pre-
dominant form and repulsion take place by high negative surface
[15].

3.3.2. Effect of pH on RB adsorption

There was a sharp increase in sorption capacity
(34.39-146.80mg/g) with increase in pH of the RB solution
from 2 to 3.5 as shown in Fig. 3. At very low pH (2.0), the surface of
the sorbent was more protonated (due to more H* ions). As the pH
increased from 2.0 to 3.5, the availability of -OH~ group increased.
Also, below pH 3.5 RB molecules remain in monomeric form
and dye molecule can easily enter into the pore structure of the
adsorbent [18]. Hence, sorption capacity increases with increase in
solution pH up to 3.5. However, above pH 3.5 the sorption capacity
of RB decreased from 146.80 to 111.48 mg/g. The pH higher than
3.5, zwitterionic form of RB in the water might increased the
aggregation of RB (bigger molecules) and thus unable to enter into
the pore structure on the surface. The maximum sorption capacity
of RB was 146.80 mg/g at pH 3.5. Thus, all further RB studies were
carried out at pH 3.5.

3.4. Effect of other ions (Na*, Ca?* and NH,4*) in test solution

The influence of other co-ions such as Na*, Ca?*, and NH4*, which
are commonly present in water and wastewater, on the percent-
age adsorption of both Cr(VI) and RB dye by A-TRB was investigated
separately with varying initial concentrations of these ions viz., 0,
0.5,1.0,5.0,10and 20 g/1 by keeping both Cr(VI) and RB dye concen-
tration constants (200 mg/1). The effect of other ions on percentage
adsorption of Cr(VI) and RB dye sorption on A-TRB is shown in
Fig.4a and b, respectively. Results clearly depict that the percentage
adsorption of Cr(VI) decreased when other cations were simulta-
neously present in the metal solution. Fig. 4a shows that the Cr(VI)
adsorption is about 73% in the absence of other ions. However, the
sorption capacity of Cr(VI) decreased with increase in the concen-
tration of other ions such as NH4* and CaZ*. At a concentration of
20¢g/1 of Na* and Ca2*, the removal of Cr(VI) was about 55%. Fig. 4b
depicts that the addition of CaZ* did not change the RB dye sorption
capacity A-TRB. Nevertheless, the presence of both Na* and NH4*
slightly improved the RB dye adsorption capacity onto A-TRB.

3.5. Effect of binary system

A study to assess the change in metal and dye sorption capac-
ity of A-TRB was conducted at various favorable pH conditions
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Fig. 4. (a) Effect of other ions on sorption of Cr(VI) onto A-TRB: (C, =200 mg/l,
pH=2.0, w=0.05g, v=50ml, t=1440min and T=30°C). (b) Effect of other ions on
sorption of RB onto A-TRB: (C, =200 mg/l, pH=3.5, v=50 ml, w=0.05, t=1440 min
and T=30°C). (c) Effect of binary sorption system onto A-TRB at different pH:
(Co=150mg/l of Cr(VI) and 150 mg/l of RB, v=50ml, w=0.05, t=1440min and
T=30°C).

when these two were mixed together. An equal mixed binary
concentration of 150mg/l of metal and 150mg/l of dye solu-
tion was used in this study. More than this proportion makes
the precipitation of metal-dye complex. It was observed from
Fig. 4c that the adsorption of Cr(VI) decreased from 94 to 37%
when pH of the binary solution increased from 2.0 to 3.76 (nat-
ural pH), whereas percentage of RB adsorption increased from
30 to 71. The unit adsorption capacity of Cr(VI) on A-TRB at pH
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Table 2
Isotherm constants for adsorption of Cr(VI) and RB onto A-TRB.
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Solution temperature  Langmuir constants Freundlich constants

Temkin constants Halsey constants

Q (mg/g)  b(l/mg) R? Kr(mg/g)  1/n R? A(llg) B R? Ky 1/n R?

30°C

Cr(vI) 177.31 0.0698 009918 66.8452  0.1807 09881 7.0656 22.8980 0.9709 9.4357x10'"  0.1807  0.9881

RB 212.77 0.0548 009952  48.0065 02844 09746 1.0366 38978 09878 1.23x10°6 0.2844  0.9872
40°C

Cr(VI) 200.40 0.1090 09994 655994 02275 09935 3.1632 324301 09917 1.0340x10-® 02275 0.9935

RB 22727 0.0911 009932 687860 02347 09601 32007 34802 09767 1.48x10°8 0.2345  0.9799
50°C

Cr(VI) 217.39 0.1126 09977 742489 02141 09907 54769 312463 009940 1.8286x10°° 02141  0.9907

RB 250 0.1504 09943 874380 02191 09613 7.5800 35154 09748 1.38x10°° 02191  0.9805

2.0, 2.5, 3.0, 3.5 and 3.76 also decreased from 141.08, 131.09,
79.92, 59.43 and 56.03 mg/g, respectively. But the unit adsorption
capacity of RB dye on A-TRB at pH 2.0, 2.5, 3.0 and 3.5 increased
and thereafter at pH 3.76 decreased from 44.86, 71.85, 80.78 and
106.29 and 85.46 mg/g, respectively. The reasons are discussed
already in Section 3.3. However, the overall sorption capacity of the
adsorbent increased in binary system than that of single solution
system.

3.6. Isotherm studies

In order to optimize the design of an adsorption system, analy-
sis of the adsorption equilibrium data is important. Four isotherm
equations namely the Langmuir, Freundlich Temkin and Halsey
isotherm models were tested for the sorption phenomenon of
Cr(VI) and RB onto A-TRB.

The Langmuir equation was chosen to estimate the maximum
adsorption capacity corresponding to complete monolayer cover-
age on the homogenous adsorbent surface without any interaction
between adsorbed ions. The linerized form of Langmuir equation is
commonly represented as

i« (an)* (3)

where ¢, is the amount of adsorbate adsorbed per unit mass
of adsorbent in (mg/g), C. is the retained adsorbate concentra-
tion at equilibrium (mg/l), Q, is a measure of adsorption capacity
expressed in (mg/g), and b is the Langmuir constant which is a

(1)

It can be observed from this figure that the data were fitted well
by straight lines in all cases. The values of regression coefficients
obtained at different temperatures are presented in Table 2. The
values of Q, at various temperatures are also included in Table 2.
The monolayer sorption capacity of Cr(VI) and RB dye on other
adsorbents which are reported in the recent studies are presented
inTable 3. Compare to these reported adsorbents our studied adsor-
bent shows the higher adsorption capacity even at higher range of
concentration of both Cr(VI) and RB dye. The essential characteris-
tics of Langmuir isotherm can be described by a separation factor
or equilibrium constant R;, which is represented by:

1
RL:<1+bco)

where C, is the initial concentration of adsorbate (mg/l) and b is
the Langmuir constant. The separation factor (R;) indicates the
isotherm shape and whether the adsorption is favorable or not.
If R =0, adsorption is irreversible; 0<R; <1, adsorption is favor-
able; R, =1 adsorption s linear and R; > 1 adsorption is unfavorable.
The R, factor for different initial concentrations of Cr(VI) or RB dye
adsorption onto A-TRB obtained in this work was in the range of
0<R; <1. Those R; values were in very good agreement with the
reported values in the literature [24].

The Freundlich empirical equation, which is based on heteroge-
neous surface and infinite surface coverage, was chosen to analyze
the equilibrium data. The linerized form of Freundlich equation is
commonly represented by:

(2)

measure of energy of a.dsorptlon expressed in (1/mg). The plots of log ge = logK + 1log C, 3)
Ce/qe versus Ce at the different temperatures are shown in Fig. S2a. n
Table 3
Comparison of maximum monolayer adsorption of Cr(VI) and RB on various adsorbents.
Adsorbents Adsorption capacity (mg/g) pH Concentration range (mgj/l) References
Cr(VI)
Saw dust 41.52 1.0 100-400 [19]
Leersia hexandra Swartz biomass 2.45 2.0 5-25 [20]
Ulva lactuca alga and its activated carbon 10.61 and 112.36 ~1.0 5-50 and 75-250 [21]
Pine needles 5.36 2.0 100 [22]
Eucalyptus bark 45.0 2.0 250
Coconut husk fibres 29.0 2.1 80
Terminalia arjuna nuts activated carbon 28.4 1.0 10-30 [7]
Sawdust of Sal tree activated carbon 9.55 35 40
Tamarind hull activated carbon 85.91 2.0 25-75
Bael fruit shell activated carbon 17.27 2.0 50-125
A-TRB 177.31-217.39 2.0 100-350 Present study
RB
Treated parthenium biomass 59.2 7.0 50-250 [12]
Surfactant modified coconut coir pith 14.9-16.45 9.2 20-100
Activated carbon 400 - 48
Bagasse pith activated carbon 93.1-103.6 3.5 100-600 [23]
H,S04 acid activated sludge 7.181 6.5 0.72 pmol/l [9]
Carbonaceous industrial waste 91.1 5.5 48 [4]
Sago waste carbon 16.2 5.7 10-40 [8]
A-TRB 212-250 3.5 100-350 Present study
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Table 4
Kinetic constants for Cr(VI) and RB adsorption onto A-TRB.

Initial adsorbate concentration (mg/1) Pseudo-first-order model

Pseudo-second-order model

Qeexp (MG[8) Kqq (1/min) Qecal (Mg/g) R? X k' (g/mg/min) (e.cal (Mg/Z) R? x?

100

Cr(VI) 93.03 0.0193 88.70 0.9390 0.2154 5.16 x 1074 96.15 0.9968 0.1042

RB 89.32 0.0030 49.78 0.9743 31.4764 1.25x 104 93.34 0.9998 0.1741
150

Cr(VI) 119.89 0.0141 94.93 0.9552 6.8627 2.87 x 1074 126.58 0.9981 0.3536

RB 126.42 0.0023 87.34 0.8983 17.5862 4.49 x 107> 136.99 0.9912 0.8156
200

Cr(VI) 136.45 0.0136 98.86 0.9773 14.2930 2.53 x107* 144.93 0.9988 0.4962

RB 146.8 0.0016 68.64 0.9166 89.0004 4.86x 107> 153.85 0.9926 0.3231
250

Cr(VI) 145.40 0.0131 80.91 0.9846 51.4023 3.4x10°* 151.52 0.9995 0.2472

RB 172.74 0.0018 99.59 0.9229 53.7295 3.03x 107> 185.19 0.9924 0.8370
300

Cr(VI) 154.83 0.0145 89.23 0.9818 48.2277 3.8x 1074 161.29 0.9990 0.2587

RB 182.33 0.0021 96.81 0.9451 75.5466 3.56 x 107> 196.08 0.9967 0.9642
350

Cr(VI) 174.25 0.0157 122.80 0.9577 21.5562 2.5%x 104 185.19 0.9993 0.6463

RB 196 0.0021 118.22 0.9360 51.1735 2.77 x 107> 212.77 0.9956 13218

where ¢, is the amount of adsorbate adsorbed per unit weight of
the sorbent (mg/g) and C, is retained concentrations of adsorbate
at equilibrium (mg/1), K is the measure of adsorption capacity and
1/n is the adsorption intensity. The plots of log g versus log C, at
different temperatures are shown in Fig. S2b. It can be observed
from this figure that the data were not well fitted by straight lines
compared to Langmuir plots. The values of 1/n and K obtained at
different temperatures are also included in Table 2.

Temkin isotherm model assumes that the heat of adsorption of
all the molecules in the layer would decrease linearly with coverage
due to adsorbate/adsorbent interactions [25]. The linerized form of
Temkin isotherm is commonly represented by:

ge =BInA+BInCe (4)

where RT/b=B, R is the gas constant (8.13]/molK) and T (K) is
the absolute temperature. The constant B is related to the heat
of adsorption; A is the equilibrium binding constant (I/min) cor-
responding to the binding energy. A plot of g, versus InC, yields a
linear line, as shown in Fig. S2c. The constants A and B are also given
in Table 2. The good linear fitting by higher correlation coefficients
indicated that there is good interaction between the adsorbate and
the adsorbent.

The Halsey isotherm model is suitable for multilayer adsorption.
The linerized form of Halsey isotherm is commonly represented by:

1 1
Inge = [ﬁanh} - Eln Ce (5)

where k;, and n are the Halsey isotherm constant and exponent,
respectively. The plot of Inge versus InC, (Fig. S2d) shows the
experimental data and the linear form of Halsey model. The Halsey
isotherm parameters are presented in Table 2. The good fitting of
the Halsey isotherm equations indicates the heteroporosity (i.e.,
macropore and micropore) of the A-TRB [26]. Among the above four
models, Langmuir isotherm model best fitted the experimental data
with high R? value.

3.7. Sorption kinetics
In order to investigate the adsorption kinetics of Cr(VI) and RB

dye onto A-TRB, two models such as pseudo-first order and pseudo-
second-order models were used.

The integral form of pseudo-first-order kinetic model proposed
by Lagergren is

Kaq
2.303 (6)

The linerized-integral form of the pseudo-second-order model
is expressed as:

t 1 t
L L 7
qe (k’q§> qe @

where g, is the amount of metal or dye adsorbed at equilibrium per
unit weight of adsorbent (mg/g), q; is the amount of solute adsorbed
at any time (mg/g), t is the agitation time (min) and K4 and k" are
rate constants (Table 4) of pseudo-first-order and pseudo-second-
order sorption, respectively. The plots of log(qe — gr) versus t (figure
not given) and (t/q;) versus t (Fig. 5a) were used to determine the
rate constants of K,y and K/, respectively. In order to identify a
suitable kinetic model for the sorption of Cr(VI) or RB on A-TRB
Chi-square (x2) test analysis has been carried out and also model
was considered as good when coefficient of determination (R2) is
high.

2
XZ — Z (qe - Qem) (8)

Gem

log(ge — g¢) = logqe —

where ¢. and gem (mg/g) are adsorption capacities of adsorbate
at experimental and model value, respectively. The values of x2
for kinetic models are also presented in Table 4. The kinetic model
that best fits the experimental data with lower x2 and high R? value
for two models was the pseudo-second order model. Moreover, its
calculated g, values were closely fitted with the experimental data.
Thus, the pseudo-second-order kinetics was predominant, and that
the overall rate of metal as well as dye adsorption process was
largely controlled by the chemisorption process.

3.8. Sorption thermodynamics

Thermodynamic parameters such as change in free energy
(AG®),enthalpy (AH°)and entropy (AS°)associated to the sorption
process were obtained using the following equation:

AS°  AH°
R~ RT ()
where R is the universal gas constant (8.314J/Kmol), T is the abso-

lute solution temperature (°C) and K} is the distribution coefficient.
The values of AH° and AS° were calculated from the slope and

lHKd =
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Fig. 5. (a) Pseudo-second-order kinetics plots at 30°C. (b) Van't Hoff equation plot
for the enthalpy change of the sorption process at various initial Cr(VI) and RB
concentrations.

intercept of Van't Hoff plot between In K, versus 1/T (Fig. 5b) and
are listed in Table 5. AG°® and K,; were calculated using the relation
below:

AG® = —RTInKd (10)

CAe

Ky = < (11)
where C4. is amount of the Cr(VI) or RB adsorbed at equilibrium
(mg/l) and C, is retained concentration of each species at equilib-
rium (mg/l). The negative values of AG° increased with increase
in temperatures. This indicates the spontaneous nature of the
adsorption process. The positive AH° values confirmed that the
adsorption process was endothermic. The positive value of AS°
showed the increased randomness at the solid-solution interface
during adsorption.

3.9. Adsorption mechanism of Cr(VI) and RB on A-TRB

The change in pH of the solution results in the formation of dif-
ferent ionic species and different adsorbent surface charges [27].
Thus, it is necessary to identify the mechanism of adsorbate uptake
by the adsorbent.

Two possible mechanisms such as direct and indirect reduc-
tion of Cr(VI) to Cr(Ill) can be suggested for Cr(VI) removal. In

Table 5
Thermodynamic parameters for adsorption of Cr(VI) and RB onto A-TRB.

Initial RB AH° (J/mol) AS° (J/molK) —AG® (J/mol)

concen-

tration

(mg/l)

30°C 40°C 50°C

100

Cr(VI) 25,830.77 106.7217 6525.93 753043  8475.54

RB 64,823.43 23140 5350.29 7479.06  9770.14
150

Cr(VI) 30,615.06  112.5827 3480.48 4659.63  5605.76

RB 61,740.6 217.64 4230.17 6326.96  8400.54
200

Cr(VI) 36,523.52 127.3899 1924.96 3671.02 4355.82

RB 35,908.17 126.75 2556.96 3636.09  4989.71
250

Cr(VI) 27,872.14 95.21076 829.667  2242.69  2655.07

RB 26,653.85 94.27 2026.93 2605.74  3843.18
300

Cr(VI) 22,205.31 74.25117 162.121 1314.24 1594.05

RB 30,305.36  103.42 1103.22 1908.70  3112.66
350

Cr(VI) 16,806.22 55.5988 6.9982  667.105 1090.32

RB 20,307.78 68.92 607.52 1192.19 1947.33

the first mechanism, Cr(VI) is directly reduced to Cr(Ill) by sur-
face electron-donor groups of the adsorbent and the reduced Cr(III)
forms complexes with adsorbent or remains in the solution. But
Cr(Ill) is not adsorbed by adsorbent at pH 2.0. But in the second
mechanism, the adsorption-coupled reduction of Cr(VI) to Cr(III)
occurred on the adsorbent site itself (Fig. 6a). It consists of three
steps; (i) the binding of anionic (HCrO4~) Cr(VI) to the positively
charged groups present on the surface of the adsorbent, (ii) the
reduction of adsorbed Cr(VI) to Cr(Ill) takes place by adjacent
electron-donor (CO and O-CH3) groups of adsorbed sites and (iii)
a part of surface reduced Cr(III) is released (Fig. 6a) into the aque-
ous solution due to the electronic repulsion between the positively
charged groups of adsorbent and the surface bound Cr(IIl). Simi-
lar behaviour was observed by Suksabye et al. [28] and Sawalha
et al. [29]. At pH 2.0, the reduced chromium is in Cr3* form due to
adsorption couple reduction of Cr(VI) and it cannot be adsorbed by
positively charged surface of the adsorbent [30,31]. Above pH 2.0,
the adsorption of Cr(VI) decreases and hence the release of Cr(III)
decreases steadily. Similar behaviour was reported by Dakiky et al.
[32] for both Cr(VI) and Cr(IIl) removal for seven other adsorbents.

The possible mechanism of RB can be explained as follows: as
pH decreased below 3.5, the excess H" ions neutralize (protonation)
the TRB surface bearing -OH~ groups and then it turns to —-OH,* site
[7,33]. The positive charged surface sites (Fig. 6a) of the sorbent do
not favor for cationic dye sorption due to its electrostatic repulsion.
At pH 3.5, both surface adsorption and pore diffusion dominates
(Fig. 6b) due to the existence of monomeric form of RB molecules.
Hence, maximum sorption capacity was observed at pH 3.5. Simi-
lar behaviour was observed at pH 3.45 by Guo et al. [18] and Gad
and El-Sayed [23]. When pH increased above 3.5, the zwitterionic
form of RB in water (Fig. 6¢c and d) might increase the aggregation
of RB to form larger molecules (dimer) and thus unable to enter
into the pores. The greater aggregation of zwitterions (neutral)
is due to the electrostatic interactions between the carboxyl and
xanthene groups (Fig. 6d). The aggregations of RB in water have
been reported by Arbeloa and Ojeda [34] and Mchedlov-Petrosyan
and Kholin [35]. Hence, at alkaline pH surface sorption only dom-
inates the adsorption process. With increase in temperature the
rate of diffusion of the Cr(VI) and RB molecules across the external
boundary layer as well as in the interior pores of A-TRB increases
due to the decrease in the viscosity of the Cr(VI) or RB solution. This
impact might be also due to the enlargement of the pore size or the
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Fig. 6. Adsorption mechanism of Cr(VI) and RB onto A-TRB.

appearance of new adsorption active sites on the adsorbent surface
because of the bond rupture (Fig. 6d) while increasing the solution
temperature [9,36].

4. Conclusion

This work presents some important phenomena associated with
Cr(VI) and Rhodamine B adsorption using tannery residual biomass
prepared by different activation methods. Significantly higher sorp-
tion capacity of both Cr(VI) and RB by the HCl modified TRB was
observed compared to the thermal activated TRB and HCI + thermal
activated TRB. The adsorption was found to be strongly dependent
on pH, initial adsorbate concentration and solution temperature.
The maximum sorption capacity of Cr(VI) and RB was obtained at
pH 2.0 and 3.5, respectively. The presence of Na* and NH,* ions
slightly improved the dye adsorption but Ca%* had no significant
effect on RB dye removal. Nevertheless, these three cations consid-
erably reduces the Cr(VI) removal. The equilibrium data were best
fitted by Langmuir isotherms than Freundlich, Temkin and Halsey
isotherms. Halsey linear regression data showed heteroporosity
(i.e., macropore and micropore) of the A-TRB. The equilibrium sorp-
tion capacity of both Cr(VI) and RB dye increased with increase in
temperature up to 50 °C. This indicates the adsorption process was
endothermic. Pseudo-second-order kinetics model was found to
be the predominant mechanisms for both metal and dye adsorp-
tion onto A-TRB. The thermodynamic parameters associated with
the adsorption process were also evaluated. The negative value
of AG° confirmed the spontaneous nature of both metal and RB
sorption onto the A-TRB. The positive AH° values confirmed that
the adsorption process was endothermic. The above result indi-
cates that A-TRB could be employed as a low cost adsorbent for the
removal of both Cr(VI) and RB from the aqueous solution including
industrial wastewater.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2010.11.104.
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