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Abstract—The present investigation deals with the sorption of Cr(VI) onto a marine brown algae Sargassum myrio-
cystum in batch reactors. Response surface methodology (RSM) was used for the optimization of variables like pH, sor-
bent dosage (g/L), agitation speed (rpm) and contact time (min). A maximum percentage removal of Cr(VI) by Sar-
gassum myriocystum occurs at the following conditions: pH - 5.2; sorbent dosage - 2.017 g/L; agitation speed - 120 rpm
and contact time - 108 min. Before and after sorption, Sargassum myriocystum was characterized. Kinetic studies were
performed using various kinetic models. It was found that the sorption process of Cr(VI) ions follows pseudo-second
order, Elovich and power function kinetics. The data obtained were fitted to different isotherms. Sorption of Cr(VI)
onto Sargassum myriocystum follows Langmuir and Toth isotherm models (R*=0.993 and 0.992), with a maximum
sorption capacity of 66.66 mg/g. The calculated thermodynamic parameters such as AG’, AH’ and AS’ showed that the
sorption of Cr(VI) ions onto Sargassum myriocystum biomass was feasible, spontaneous and endothermic. Desorption
experiments show that the Sargassum myriocystum sorbent can be regenerated using 0.2 M HCI solutions with up to

80% recovery.
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INTRODUCTION

Chromium and its compounds are ubiquitous and persistent
environmental contaminants,released into the natural environment
from a variety of anthropogenic sources, including the electroplat-
ing, leather tanning processes, chromite ore processing, wood pres-
ervation, alloys making, corrosion control, pigment and dyes, and
metal finishing industries [1,2]. Cr(VI) is a carcinogenic and muta-
genic metal [3], which may cause damage to the kidney, lungs and
ulcerations to the skin [4]. Several international environmental
agencies have introduced strict policy with regard to metal expul-
sion, especially from industrial activities. According to USEPA, the
maximum permissible discharge of Cr(VI) into surface water is
0.5mg/ L, while total Cr including Cr(IlI), Cr(VI) and its other
forms is synchronized to below 2 mg/L [5]. The conventional phys-
ical-chemical methods for removal of heavy metals from effluents
include precipitation, ion exchange, reverse osmosis, oxidation,
which are, in some cases, highly expensive and ineffective at lower
concentrations of metal ions [6,7].

Biosorption, known as the sorption of heavy metals onto bio-
logical materials, is becoming a potential alternative for toxic metal
removal from water [8,9] and is a cost effective technology that uses
readily available biomass from nature [10]. Among many sorbents,
marine seaweeds are excellent sorbents for metals [11]. In recent
years, the metal sorption potential of various red, green and brown
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seaweeds has been investigated by many researchers [12-14]. Sea-
weeds have a high bonding affinity with heavy metals [15-17]. Since
their cell walls have different functional groups (such as carboxyl,
hydroxyl, phosphate or amine) that can bind to metal ions [18],
they are much more efficient than active carbon and natural zeo-
lites, depending on the pH, these groups are either protonated or
deprotonated [19,20]. The advantages of using dried aquatic algae
for metal removal derive from its high efficiency as sorbents, easy
handling, no nutrient requirements, low costs, and their availabil-
ity. Research in the field of sorption has mostly concerned itself
with brown algae [21-25].

In brown algae, the most abundant acidic functional group is
the carboxylic. It constitutes the highest percentage of titratable sites,
typically greater than 70%, in dried brown algal biomass. The sorp-
tion capacity of the algae is directly related to the presence of these
sites on the alginate polymer, which itself comprises a significant
component [26] of the dried seaweed biomass. Further, the major-
ity of metals of interest (ie. Cr’, Cd*, Co™, Cu™, Fe™*, Ni*", Pb™")
display maximal or near maximal sequestration at pHs near the
apparent dissociation constant of carboxylic acids observed in brown
algal biomass (pKO near 5). The role of carboxylic groups in the
adsorption process has been clearly demonstrated in earlier stud-
ies [27]. The second most abundant acidic functional group in brown
algae is the sulfonic acid of fucoidan. Sulfonic acid groups typically
play a secondary role, except when metal binding takes place at low
pH. Hydroxyl groups are also present in all polysaccharides, but they
are less abundant and only become negatively charged at pH>10,
thereby, also playing a secondary role in metal binding at low pH
[28].
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So far, no study reports the usage of available using Sargassum
myriocystum as sorbent for the removal of metals. Hence we used
this marine macro brown algae as a sorbent for the removal of Cr(V1)
from aqueous solution. The influence of various operating param-
eters such as pH, sorbent dosage, agitation speed and contact time
on the sorption process of Cr(VI) onto the marine macro-algae
Sargassum myriocystum was studied using a central composite design
(CCD) method. The experimental data were analyzed in terms of
kinetic and equilibrium isotherm models. The results at different
temperatures were used to evaluate thermodynamic parameters.
Fourier transform infrared spectroscopy (FTIR) and scanning elec-
tron microscope (SEM) were used to find the various functional
groups present on the cell wall of the sorbent and the surface mor-
phology of sorbent, respectively.

MATERIALS AND METHODS

1. Chemicals and Equipment

For the experimental studies, deionized double distilled water
was used. HCL, NaOH and buffer solutions (E.Merck) were used
to adjust the solution pH. A pH meter (Elico, L1-129) was used for
pH measurements. Atomic absorption spectrophotometer (AAS)
(Elico SL - 176) was used to determine the chromium concentra-
tion in the sample.
2. Sorbent Preparation

Sargassum myriocystum, marine brown algae was collected from
the Mandapam coast, Ramanadhapuram district, Tamilnadu, India.
The algae were washed with deionized water several times to remove
the extraneous materials and salts, till the algae contained no dirt.
The washed algae were dried in sunlight for 10 days. The dried algae
were cut into small pieces and powdered using a domestic mixer.
The structure of the marine algae was modified by adding 0.1 M
HCL The content was stirred at 200 rpm for 8.0 hr at room tem-
perature. The acid treated algal biomass was then centrifuged and
washed with the physiological saline solution and dried in an oven
at 333.15K. The dried sorbent was ground on an agate stone pestle
mortar and sieved. In this work, the powdered raw and acid treated
algae of 60 mesh particle size were used for sorption process.
3. Preparation of Metal Ion Solution

Chromium ion solution was prepared from analytical grade K,
Cr,0; (Merck Ltd,, India). 1,000 mg/L stock solution of Cr(VI) was
prepared from K,Cr,O;. From the stock solution, the working solu-
tions were prepared by diluting it to appropriate volumes.

Wastewater from electroplating unit was collected from a small
scale industry located at Chennai, Tamilnadu, India. The effluent
was transported to the laboratory in plastic containers and stored
at 4°C for further use. The wastewater was brown color and had a
pH of 2.16. From the table it was found that copper, iron, zinc and
nickel were also present along with chromium in the wastewater.
The wastewater was characterized according to APHA methods
[29] and (Table 1).
4. Sorption Experimental Procedure

Based on CCD, experiments were carried out in 250 ml Erlen-
meyer flasks. 100 ml of 100 ppm Cr solution was taken in Erlen-
meyer flasks. A known quantity of sorbent was added to it, based
on the experimental design. The pH of the content was adjusted
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Table 1. Characteristics of the Electroplating wastewater

Parameters Characteristics
Colour Dark brown
pH 2.16

Total dissolved solids 18,769 mg/L
BOD 347 mg/L
COD 1053 mg/L
Sulphate 288 mg/L
Phosphate 0.56 mg/L
Cr(VI) 116 mg/L
Copper 1.23 mg/L
Zinc 137 mg/L
Iron 6.35 mg/L
Nickel 24.13 mg/L

by adding acid or alkali as required. Then the content was agitated
in an incubator shaker (LARK). After the completion of experiments,
the samples were taken out and centrifuged in a centrifuge (REMI)
at 10,000 rpm for 3 min. The supernatant was analyzed for metal
concentrations in AAS. Experiments were carried out in triplicate
and the average values are reported. The amount of adsorbed chro-
mium per unit mass of adsorbent (q,, mg/g) is obtained using the
following expression:

Cc,-C)Vv
T 0

m
Whereas the amount of adsorbed chromium per unit mass of adsor-
bent at time t (q,, mg/g) was obtained by using following expression:

C,—C)V
0 CmC) "

m

where, V is the volume of solution treated in liter, C, is the initial
concentration of chromium metal jon in mg/L, C, is the equilibrium
chromium metal ion concentration in mg/L, C, (mg/L) is the con-
centration of adsorbents at time t, and m is the biomass in gram.
5. Experimental Design by RSM

RSM is a statistical tool used to find the optimal response within
specific ranges of pre-established factors, through a second-order
equation. In this study, CCD was used to study the effects of pH,
sorbent dosage (g/L), agitation speed (rpm) and contact time (min)
on Cr(VI) sorption. It also gives the linear, interactive and quadratic
effects. The coded values of the process parameters are determined
by the following equation:

Table 2. Experimental range and levels of independent process vari-
ables

Coded levels
Code -2 -1 0 +1 2

pH A 3 4 5 6 7
Sorbent dosage (g/L) B 1.5 2 25 3
Agitation speed (rpm) C 40 80 120 160 200
Contact time (min) D 60 80 100 120 140

Independent variable




Sorption and desorption of hexavalent chromium using a novel brown marine algae Sargassum myriocystum 2033

Table 3. CCD based experimental design and its response for Chromium (VI) removal

Run (A) (B) Sorbent dosage (C) Agitation speed (D) Contact time Percentage Cr(VI) removal
order pH (g/L) (rpm) (Min) Experimental Predicted
1 1 (6) ~1(1.5) ~1(80) ~1(80) 54.55 49.799
2 ~1(4) 1(25) 1 (160) ~1(80) 3529 37.495
3 0 (5) 0(2) 0 (120) 0 (100) 85.16 85.160
4 0 (5) —2(1) 0 (120) 0 (100) 35.29 35.776
5 0 (5) 0(2) 0 (120) 0 (100) 85.16 85.160
6 0 (5) 0(2) 2 (200) 0 (100) 54.28 57.871
7 1 (6) ~1(1.5) 1 (160) 1 (120) 4341 39.145
8 2(7) 02 0 (120) 0 (100) 40.05 45.548
9 0 (5) 0(2) 0 (120) 0 (100) 85.16 85.160
10 0 (5) 0(2) 0 (120) 0 (100) 85.16 85.160
11 0(5) 0(2) 0 (120) -2 (60) 55.55 63.090
12 0 (5) 0(2) 0 (120) 0 (100) 85.16 85.160
13 ~1(4) ~1(1.5) ~1(80) 1 (120) 64.51 62.537
14 ~1(4) 1(25) 1 (160) 1 (120) 61.26 58.657
15 0 (5) 0(2) ~2 (40) 0 (100) 69.33 66.080
16 1(6) ~1(1.5) ~1 (80) 1 (120) 33.77 38.578
17 0 (5) 0(2) 0 (120) 2 (140) 80.23 73.031
18 -1(4) 1(2.5) -1 (80) -1 (80) 49.36 46.270
19 0(5) 02 0 (120) 0 (100) 85.16 85.160
20 -1(4) 1(2.5) -1 (80) 1 (120) 50.44 59.230
21 -1 (4) -1(1.5) -1 (80) —1(80) 60.18 64.860
22 1(6) 1(2.5) -1 (80) 1 (120) 70.13 68.954
23 1 (6) 1(2.5) 1 (160) 1 (120) 73.60 75.933
24 0 (5) 2 (3) 0 (120) 0 (100) 54.12 53.975
25 ~1(4) ~1(1.5) 1 (160) 1 (120) 47.41 55.552
26 ~1(4) ~1(1.5) 1 (160) ~1(80) 55.85 49.672
27 1(6) 1(25) ~1(80) ~1 (80) 66.02 64.892
28 1(6) ~1(1.5) 1 (160) ~1(80) 43.94 42.163
29 -2(3) 0Q2) 0 (120) 0 (100) 48.49 43.333
30 0(5) 02 0 (120) 0 (100) 85.16 85.160
31 1 (6) 1(2.5) 1 (160) -1 (80) 69.05 63.669
X X;—Xp) ) analysis. The significance of each term in the equation is to estimate
TAX the goodness of fit in each case. Response surfaces were drawn to

where, x; coded value of the i" variable, X; uncoded value of the "
test variable and X, uncoded value of the i" test variable at center
point. The range and levels of process variables are given in Table
2 and the experimental design is in Table 3. Regression analysis
was performed to estimate the response function as a second order
polynomial:

k k k=1 k
Y=4+ Z;:Bixi + Z;.Biixf + IZ ) Zzﬁinin) 4)
i= i= i=1,i<j j=

where, Y is the predicted response b;, b; and b; are coefficients esti-
mated from regression; they represent the linear, quadratic and cross
products of x,, x, and x; on response.

A statistical program package, Design expert 7.1.5, was used for
regression analysis of the data obtained and to estimate the coefficient
of the regression equation. The equation was validated by ANOVA

determine the individual and interactive effects of test variable on
percentage removal of Cr.
6. SEM and EDS Analysis

The micrographs were recorded using JEOL - scanning electron
microscope model, JSM - 5610LV, with an accelerating voltage of
20 KV, at high vacuum (HV) mode and secondary electron image
(SEI), an energy dispersive spectrum analyzer (EDS) attached to
the SEM.
7. FT-IR Measurements

FT-IR spectra for both fresh and Cr(VI) treated Sargassum myrio-
cystum were obtained by KBr pellets methods operated on FTIR
spectrophotometer (Thermo Scientific -Nicolet iS; FTIR, USA) was
used for the IR spectral studies (4,000-400 cm ™) of sorbent. For IR
spectral studies, 10 mg of sample was mixed and ground with 100
mg of KBr and made into pellet to investigate the functional groups
present in the Sargassum myriocystum and to look into possible

Korean J. Chem. Eng.(Vol. 32, No. 10)
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Cr(VI) binding sites.
8. Desorption/Reuse Procedure

The recycling of sorbent is a most important aspect from the
economical perspective. Hence, sorption-desorption experiments
were carried out, up to ten cycles using 10 mL of 0.2 M HCL A sin-
gle cycle sequence consists of sorption followed by desorption (tem-
perature - 308.15K; sorbent dosage - 2.017 g/L; initial metal con-
centration - 100 mg/L; contact time - 108 min). To use the biomass
for the next stage of cycle, the biomass was washed with excess of
0.2 M HCL solution and distilled water, sequentially.

Desorption efficiency— Amount of metal ions desorbed
P Y= Amount of metal ions adsorbed

x100  (5)

RESULTS AND DISCUSSION

1. Characteristics of Sorbent

The physical and chemical properties of the brown algae Sar-
gassum myriocystum were determined by CHNSO analyzer [Per-
kin elmer, USA, Model - 2400 series ii]. The elemental analysis de-
picted the composition of sorbents as C - 22.6%; N - 6.07%; S -
2.54%. The apparent density of the sorbent was 1.31 g/cm’. EDS
analysis of sorbent before and after Cr(VI) sorption confirmed
this observation. The humidity and the zeta potential were calcu-
lated as 1.39% and —0.054 V, respectively. The cell wall of brown algae
contains three components: cellulose, the structural support; alginic
acid, a polymer of mannuronic and guluronic acids and the corre-
sponding salts of sodium, potassium, magnesium and calcium and
sulfated polysaccharides. As a consequence, carboxyl and sulfate
are the predominant active groups in this kind of algae [28]. The
major functional groups that took part in adsorption are found to
be -OH, C=0, C-O, C-H and -COOH. The functional group -SO;"
is additionally involved in adsorption with Sargassum myriocys-
tum. The FTIR results show the presence of functional groups on
the algal cell surfaces and also the mechanism of adsorption, which
is dependent on functional groups especially hydroxyl, carboxyl,
and carbonyl groups.
2. Effect of Sorbent Size

Before optimization, the effect of sorbent size (36, 60, 100 and
150 mesh) on Cr(VI) sorption by Sargassum myriocystum was stud-
ied. The sorbent was transferred to 250 mL Erlenmeyer flask con-
taining 100 mL of Cr(VI) solutions and agitated at 120 rpm for a
desired contact time. Then the sorbents were separated and the Cr(V1)
concentration in the supernatant was analyzed by AAS. From Fig,
1(a), the Cr(VI) removal efficiency increased as the mesh size in-
creased from 36 to 150 mesh because smaller particles provide
larger surface area which results in higher removal efficiency. The
maximum removal efficiency was attained for a mesh size of 150.
But for regeneration process, the smaller size particles will not with-
stand the extreme conditions [30]. Hence 60 mesh particle size was
selected for further studies.
3. Fitting Models

Sorption of Cr(VI) was carried out according to the CCD and
the results obtained from experiments, along with the theoretically
predicted responses, are given in Table 3. The response for the re-
moval of chromium in terms of coded factors is given below:

October, 2015

a0
8 75
=1
E
@
= 60
=®
E
2
g 45
o
2
S
30
15
0 20 40 60 80 100 12¢ 140 160
Sorbentsize {mesh)
®
g .
L
e .0.0‘0"‘:“::\\\
I
= E o e RSN,
=
=
]
R
100 ///1 ]
u.m\\ 0w
. 100 100 .
B: Sorbent dosage, g/L T~ A pH
200 -200
— 7 i
© A T I A S S
z s SN
s e e, f I e
Ty Ty Ay, At
aEJ M:,j;:,::,?,.,. :::«::stsg:t%{{
2 LR HHAHRES
<
=
o
ES

0w~ g
D: Contact tme, min™® ~__— 10 , o
ntac in s—,w  C:Agitation speed, rpm
(©

Fig. 1. (a) Effect of sorbent size on sorption of Cr(VI) on Sargas-
sum myriocystum. Initial Cr(VI) conc.=50 mg/L, sorbent dos-
age=1g/L, contact time=90 min, pH=5. (b) Interactive effect
of pH and sorbent dosage on Cr(VI) removal by Sargassum
myriocystum. (c) Interactive effect of agitation speed and con-
tact time on Cr(VI) removal by Sargassum myriocystum.

Y=85.16—0.553750A+4.54958B+2.05208C+2.48542D
—10.1799A°—10.0711B°~5.79615C*— 4.27490D°+8 42063AB  (6)
—1.88812AC+2.22438 AD— 1.60313BC+3.82063BD—2.05062CD

where, Y is the percentage removal of Cr(VI) and A, B, C and D
are the coded values of pH, sorbent dosage (g/L), agitation speed
(rpm) and contact time (min), respectively.
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Table 4. ANOVA for Chromium (VI) removal using Sargassum myriocystum
Source Sum of squares df Mean square F-value P-value prob>F
Model 8215.11 14 586.79 17.99 <0.0001
A-pH 7.36 1 7.36 0.23 0.6412
B - Sorbent dosage, g/L 496.77 1 496.77 15.23 0.0013
C - Agitation speed, rpm 101.07 1 101.07 3.10 0.0975
D - contact time, min 148.26 1 148.26 454 0.0489
AB 1134.51 1 1134.51 34.77 <0.0001
AC 57.04 1 57.04 1.75 0.2047
AD 79.17 1 79.17 243 0.1389
BC 41.12 1 41.12 1.26 0.2781
BD 233.55 1 233.55 7.16 0.0166
CD 67.28 1 67.28 2.06 0.1703
A’ 2963.39 1 2963.39 90.83 <0.0001
B’ 2900.41 1 2900.41 88.90 <0.0001
c 960.68 1 960.68 29.45 <0.0001
D’ 522.58 1 522.58 16.02 0.0010
Residual 522.00 16 32.63
Lack of fit 522.00 10 52.20
Pure error 0.000 6 0.000
Cor total 8737.11 30

Std. Dev - 5.71; R-squared - 0.9403; Mean - 61.68; Adj R-squared - 0.8880; C.V. % - 9.26

Pred R-squared - 0.7559; PRESS - 3006.73; Adeq Precision - 12.429

The test for significance of regression model and the results of
ANOVA are given in Table 4. P value less than 0.05 indicates that
the model terms are significant. Non-significant value lack of fit
shows the validity of the quadratic model for the sorption of chro-
mium by Sargassum myriocystum. The predicted R* and adjusted
R’ values 0.9403, 0.8880, respectively, indicate the better fitness of
model with the experimental data. A low CV value, 9.26, indicates
that the deviations between experimental and predicted values were
low. Adeq precision measures the signal-to-noise ratio. A ratio greater
than 4 is desirable. In this work, the ratio is found to be 12.429,
which indicates an adequate signal [31]. The linear effect of B and
D, square effect of A%, B’, C°, D’, and interactive effects of AB and
BD were significant model terms for the sorption of Cr(VI). This
implies that the linear effect of sorbent dosage, contact time and
square effect of pH, sorbent dosage, agitation speed and contact
time were more significant factors.

4. Effect of Variables on Cr(VI) Removal

The effect of process variables on sorption efficiency of Sargas-
sum myriocystum is shown in Figs. 1(b)-1(c). It is evident that the
sorption efficiency of Cr(VI) on Sargassum myriocystum depends
on pH, sorbent dosage, agitation speed and contact time.

4-1. Effect of pH on Sorption

The pH of aqueous solution is an important environmental fac-
tor influencing not only site dissociation, but also the solution chem-
istry of the heavy metals. pH also strongly influences the speciation
and sorption availability of the heavy metals [32]. In this study, Cr(VI)
removal process was influenced significantly by variation of pH
and the results are shown in Fig. 1(b). At pH 5.2, the removal per-
centage was 85.16%. As pH increased, the removal percentage de-
creased gradually. The removal percentage decreased gradually

beyond a pH of 5.0. The pH dependence of Cr(VI) removal can
be largely related to the type and ionic state of these functional
groups and also the metal chemistry in solution [33]. Chromium
exhibits different types of pH dependent equilibriums in aqueous
solutions [34]. As pH is shifted, the equilibrium also shifts; at lower
pH values (pH<2.0), Cr;01; and Cr,Of; species are formed; at a
pH range of 2-6, HCrO; and Cr,0; ions are in equilibrium. At
pH>8.0, CrO; is the predominant species in the solution [34-36].
At lower pH, the negatively charged chromium species bind through
electrostatic attraction to positively charged functional groups on
the surface of biomass cell wall because more functional groups
carrying positive charges would be exposed. As pH increased, the
overall surface charge on cell walls became negative and biosorp-
tion decreased. On the other hand, the reduction process of hexava-
lent to trivalent chromium requires a large amount of protons [37].
4-2. Effect of Sorbent Dose

Fig. 1(b) shows the effect of sorbent dosage on the removal of
Cr(VI). As can be seen from Fig. 1(b), the sorption of metal ions
increases with increase in sorbent dosage from 1 to 2.017 g/L and
decreases with further increase in sorbent dosage. Similar trends
explained that as a consequence of partial aggregation of biomass
at higher biomass concentration, which results in the decrease in
effective surface area for the sorption [38].
4-3. Effect of Agitation Speed

The response surface plot for the effect of agitation speed (40-
200 rpm) on Cr(VI) of Sargassum myriocystum sorbent is shown
in Fig. 1(c). From the plot, a maximum sorption of Cr(VI) occurs
at 136 rpm. At low agitation speed, the sorbent does not spread in
the sample but remains accumulated. This may cover the active
sites of the lower layer adsorbent, and only the upper layer adsor-

Korean J. Chem. Eng.(Vol. 32, No. 10)
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bent active sites adsorb the metal ion. Consequently; all the sur-
face binding sites were readily available for metal uptake by applying
sufficient agitation speed. At higher agitation speed, the percentage
removal decreases. This is attributed to improper contact between
the metal ions and the binding sites as the suspension is no longer
homogeneous due to vortex formation, which makes the adsorp-
tion of Cr(VI) difficult [39].

4-4. Effect of Contact Time

Fig. 1(c) shows the interactive effect of agitation speed and con-
tact time on the sorption of Cr(VI) on to the brown algae. It has
been observed that the Cr(VI) removal efficiency was high initially
and then slowly decreased till it reached the saturation level (108
min). Further increase in the contact time has a negligible effect
on the sorption capacity of Cr(VI) sorption. This is due to larger
surface area of the sorbent available for Cr(VI) sorption. But as time
progresses, the sorbed Cr(VI) forms a monolayer and the vacant
sites available on the Sargassum myriocystum becomes exhausted.
At this stage, the removal rate is controlled by the rate at which the
Cr(VI) ions are transported from the exterior to the interior sites
of the sorbent. Also, the active sorption sites in a system are defi-
nite and each active site absorbs only one ion in a monolayer. The
metal uptake by the sorbent surface will be rapid initially and slow
down with the decreasing availability of active sites [40].

The second-order polynomial models obtained in this study were
used to determine the optimum conditions. Optimum condition
for the removal of Cr(VI) from aqueous solution using a brown
algae Sargassum myriocystum is: Initial pH - 5.2, sorbent dosage -
2.017 g/L, agitation speed - 120 rpm and contact time - 108 min.
5. Effect of Temperature and Thermodynamic Study

The effect of the temperature on the sorption of Cr(VI) ions was
studied in the temperature range of 293.15K to 313.15K. An in-
crease in temperature from 293.15K to 308.15K increases the spe-
cific uptake to 484 mg/g of Cr(VI) by Sargassum myriocystum.
Further increasing the temperature from 308.15 K to 313.15K de-
creases the specific uptake from 48.4 mg/g to 46.97 mg/g of Cr(VI).
This is probably caused by a change in the texture of the sorbent
and a loss in the sorption capacity due to material deterioration
[10].

The thermodynamic behavior of the sorption of Cr(VI) ions on
Sargassum myriocystum from aqueous solution was investigated.
The thermodynamic constants, free energy change (AG’), enthalpy
change (AH’) and entropy change (AS’) were calculated to evalu-
ate the thermodynamic feasibility of the process and to confirm the
nature of the adsorption process. The Gibbs adsorption process,
free energy; as well as the enthalpy process was calculated from exper-
imental results using the following equations:

AG’=—RT InK ?)
AG’=AH-T AS’ ®

where, R is the universal gas constant (8.314x10kJ/mol K), T is
the temperature in Kelvin and K is the equilibrium constant, cal-
culated as the surface and solution metal distribution ratio (K=q,/
C,) [41]. From Fig. 2(a), the values of AH and AS were calculated
from the intercept and slope of a plot of AG’ versus T according
to Eq. (8) by linear regression analysis. The calculated thermody-
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Fig. 2. (a) Plot of AG’ versus T for the estimation of thermodynamic
parameters for sorption of Cr(VI) onto Sargassum myrio-
cystum. (b) Removal efficiency of Sargassum myriocystum
vs initial Cr(VI) concentration at pH - 5.2, temperature -
308.15 K, sorbent dosage - 2.017 g/L, agitation speed - 120
rpm and contact time - 108 min.

Table 5. Thermodynamic parameters for the Sorption of Cr(VI) on
to Sargassum myriocystum at different temperatures

Metal Temp. AG’ AS AH
ion (K) (kJ/mol) (kJ/mol k) (kJ/mol)
293.15 —2.9519
298.15 —3.7069
Cr(VT) 303.15 —-4.3019 0.12 32.12
308.15 —5.2669
313.15 —5.1742

namic parameters are listed in Table 5. Positive values of AH’ sug-
gest the endothermic nature of the sorption and the negative values
of AG’ indicate the spontaneous nature of the sorption process.
However, the negative value of AG’ decreases with an increase in
temperature, indicating that the spontaneous nature of sorption is
inversely proportional to the temperature. Similar endothermic
nature of the sorption process has been reported for other sorbent
systems [42,43]. The increase in sorption with temperature may
be attributed either to the increase in the number of active surface
sites available for sorption on the adsorbent or due to the decrease
in the boundary layer thickness surrounding the sorbent, so that
the mass transfer resistance of sorbate in the boundary layer de-
creases [44]. The positive values of AS’ show the increasing ran-



Sorption and desorption of hexavalent chromium using a novel brown marine algae Sargassum myriocystum

domness at the solid/solution interface during the sorption process.
6. Effect of Metal Ion Concentration

The effect of initial Cr(VI) metal ion concentration was investi-
gated by varying initial Cr(VI) concentration from 50-250 mg/L at
the optimized conditions (pH - 5.2, Temperature - 308.15 K, sorbent
dosage - 2.017 g/L, agitation speed - 120 rpm and contact time -
108 min).The results showed that the metal uptake of Sargassum
myriocystum increased with the increasing initial Cr(VI) concen-
tration at the same process conditions (Fig. 2(b)). When the initial
Cr(VI) concentration increased from 50 to 250 mg/L, the metal
uptake increased from 39.57 mg/g to 64.60 mg/g. Similar results
have been reported earlier [45-47]. The increase in Cr(VI) removal
with the initial Cr(VI) concentration is due to higher availability of
Cr(VI) ions in the solution, and also at lower initial Cr(VI) concen-
trations the ratio of the initial moles of metal uptake to the available
surface area is low. The initial Cr(VI) concentration in the solu-
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tion provides an important driving force to overcome mass trans-
fer resistance of metal ions between the aqueous and solid phases
(48].
7. Equilibrium Isotherm Study

The batch experimental data was applied to linear isotherms,
namely, Langmuir, Freundlich, Dubinin Radushkevich, Temkin,
Sips and Toth isotherms, to determine the mechanism of Cr(VI)
sorption onto Sargassum myriocystum.
7-1. Langmuir Isotherm

Langmuir proposed a theory to describe the sorption of gas mol-
ecules onto metal surfaces [49]. The linear form of Langmuir iso-
therm is given by,

1__1 1
q 9.0C. q,

©)

where, g, is the monolayer sorption capacity of the sorbent (mg/
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Fig. 3. (a) Langmuir isotherm plots for the sorption of Cr(VI) onto Sargassum myriocystum at 308.15 K temperature. (b) Freundlich iso-
therm plots for the sorption of Cr(VI) onto Sargassum myriocystum at 308.15 K temperature. (c) Dubinin-Radushkevich isotherm
plots for the sorption of Cr(VI) onto Sargassum myriocystum at 308.15 K temperature. (d) Temkin isotherm plots for the sorption of
Cr(VI) onto Sargassum myriocystum at 308.15K temperature. (e) Sips isotherm plots for the sorption of Cr(VI) onto Sargassum
myriocystum at 308.15 K temperature. (f) Toth isotherm plots for the sorption of Cr(VI) onto Sargassum myriocystum at 308.15K

temperature.
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Table 6. Langmuir, Freundlich, Dubinin-Radushkevich, Temkin,
Sips and toth constants for the sorption of Cr(VI) on to
Sargassum myriocystum

Sk Isotherm model Parameters Cr(VI) sorption at
no temperature 308.15 K
1. Langmuir Qorax 66.66 mg/g
B 0.2307
R? 0.993
2. Freundlich Ky 25.94
1/n 0.206
R’ 0.919
3. Dubinin-Redushkevich q,,, 60.09
B 1.965
E 0.5044
R? 0.913
4. Temkin B 9.71
K, 8.6581
R? 0.951
5. Sips a, 3.328
K, 17.72
Bs 0.2517
R’ 0.779
6. Toth Qonax 62.67
nT 0.9715
bs 0.2675
R’ 0.992

g), q. is the equilibrium metal ion concentration on the sorbent
(mg/g), C, is the equilibrium metal ion concentration in the solu-
tion (mg/L), and b is the Langmuir sorption constant (L/mg) related
to the free energy of sorption. Fig. 3(a) shows the Langmuir plots
of Cr(VI) sorption isotherms for Sargassum myriocystum at differ-
ent initial metal concentration. The constants q,,, and b are tabu-
lated in Table 6. Affinity between sorbent and sorbate was represented
by the constant b. In general, good sorbents have a high g,,,, and a
high R® (0.993). Sargassum myriocystum have high saturation (q,,,)
for different initial metal concentration of Cr(VI). Table 7 represents
the comparison of sorption capacity (q,,; mg/g) of Sargassum myrio-
cystum for Cr(VI) with that of various sorbents reported in the lit-
erature [42,50-74]. Based on the results, Sargassum myriocystum has
very good potential for the removal of Cr(VI) from aqueous solution.
7-2. Freundlich Isotherm

The Freundlich isotherm is an empirical equation used to describe
heterogeneous systems [75]. The linear form of Freundlich isotherm
is represented by the equation

1
logq,=logK,+ HlogCe (10

Fig. 3(b) shows the Freundlich plots of Cr(VI) sorption isotherms
for Sargassum myriocystum at different initial metal concentration,
and the constants K;and 1/n are given in Table 6. The values of K
and 1/n were calculated from the intercept and slope of the plot
between log q, versus log C,. Ky is a constant relating the sorption
capacity and 1/n is an empirical parameter relating the sorption
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intensity, which varies with the heterogeneity of the material. From
the graphs, Ky value was found to be 25.94 and 1/n value was 0.206.
Usually, 1/n values between 0 and 1 indicate good sorption. In this
work, a value of 0.206 indicates that the sorption of Cr(VI) onto
the Sargassum myriocystum was favorable. In this case, the Langmuir
equation fits the experimental data better than the Freundlich equa-
tion. This isotherm does not predict any saturation of the adsor-
bent by the sorbate. Instead, heterogeneous surface condition is
predicted, indicating multilayer sorption on the surface.

7-3. Dubinin-Radushkevich Isotherm

The linear form of the D-R isotherm equation [76] is:

Ing,=Ing,.— 4&* (11)

where, q, is the amount of metal ions adsorbed on per unit weight
of biomass (mg/g), q,, is the maximum sorption capacity (mg/g),
/3 is the activity coefficient related to sorption mean energy (mol’/
kJ’) and &is the Polanyi potential described as

£=RT1n( 1+ Ci) 12)
where, R is the gas constant 8.314x10~ kJ/mol K, T is the tempera-
ture in Kelvin and C, is the equilibrium concentration of the Cr(VI)
in solution (mg/L). The mean free energy of sorption per mole-
cule of sorbate required to transfer one mole of ion from the infin-
ity in the solution to the surface of biomass and can be determined
by the following, Eq. (13):

E=—1 (13)

N=25

Fig. 3(c) shows the plot of Inq, versus &”, from which the Dubinin-
Radushkevich constants 4 and q,, were calculated from the slope
and intercept. The results are given in Table 6. The energy values
obtained (Table 6) have E<8 kJ/mol, which indicates that all metal
cation adsorptions are physical processes, since a chemical adsorp-
tion process has an E>8 kJ/mol [77,78]. From R’ values, it is con-
cluded that the sorption of Cr(VI) onto Sargassum myriocystum
followed the Langmuir model. The sorption capacity was lower
than the Langmuir model, which may be attributed to different
assumptions taken into consideration.

7-4. Temkin Isotherm
The Temkin isotherm [79] has been used in the following form

RT

_ RT
9= b

b
=B InK;+B InC, 15)

InK;+—InC, (14)

where, constant B=RT/b, which is related to the heat of sorption,
R is the universal gas constant (KJ/mol K), T is the temperature
(K), b is the variation of sorption energy (J/mol) and K is the equi-
librium binding constant (L/mg) corresponding to the maximum
binding energy. Fig. 3(d) shows the plot of q, versus InC,, the iso-
therm constants were found and given in Table 6. The correlation
factors show that the Langmuir model approximations to the experi-
mental results are better than that of the Temkin model. Conse-
quently; among the four isotherm models used, the Langmuir model
offers the best correlation factors.
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Table 7. Comparison of sorption capacity of different sorbents for Cr(VI) removal

Name of algae Sorption capacity Reference
Padina boergesenli (B) 49 mg/g [42]
Padina (B) 54.6 mg/g [50]
Sargassum (B) 31.7 9 mg/g [50]
Sargassum sp. (B) 68.94 mg/g [51]
Sargassum sp. (B) 65 mg/g [52]
Sargassum siliquosum (B) 66.4 mg/g (53]
Cystoseira indica (B) 20.9-27.9 mmol/g (54]
Turbinaria ornate (B) 65% [55]
Chlamydomonas Reinhardetti (G) (heat inactivated) 25.60 mg/g [56]
Chlamydomonas Reinhardetti (G) (acid treated) 21.20 mg/g [56]
Ulva lactuca (G) 27.60 mg/g (57]
Ulva spp. (G) 30.20 mg/g (57]
Fucus spiralis (B) 5.40 mg/g [57]
Palmaria palmate (R) 33.80 mg/g [57]
Aeromonas caviae (G) 124.46 mg/g [58]
Scenedesmus obliquus (G) 58.80 mg/g [59]
Spirogyra spp. (G) 14.7 mg/g [60]
Ecklonia (B) 94% [61]
Ceramium virgatum (R) 26.5 mg/g [62]
Sargassum spp. (B) 19.06 mg/g (63]
Sargassum spp. (B) (Raw) 0.601 mmol/g [64]
Sargassum spp. (B) (acid treated) 1.123 mmol/g [64]
Laminaria japonica (B) 62.18 mg/g [65]
Porphypa yezoensis ueda (R) 60.60 mg/g [65]
Spirulina platensis (BGA) 99% [66]
Cladophora albida (G) 41.70 mg/g [67]
Yarrowia lipolytica (Marine Isolate) 63.73 mg/g (68]
Sargassum filipendula (B) 0.819 mmol/g [69]
Laminaria digitata (B) 2.10 mmol/g [70]
Activated alumina 25.57 mg/g [71]
Fly ash 23.86 mg/g [71]
Red mud 0.436 mmol/g [72]
Acid activated clay 83 mg/g (73]
Turkish brown coal 11.2 mmol/g [74]
Sargassum myriocystum (B) 66.66 mg/g Present study

7-5. Sips Isotherm
Sips (1948) proposed a model that has a similar form to the Fre-
undlich isotherm, differing only on the finite limit of adsorbed amount
at sufficiently high concentration.
fs
9= Ksce s (16)
1+a,C,

whereis fs the parameter characterizing the system’s heterogeneity,
which may be due to the sorbent or the heavy metal, or a combi-
nation of both. All the Sips parameters, a, K, and fs, are governed
by operating conditions such as pH and temperature. The results
obtained from the model are shown in Fig. 3(e) and in Table 6. For
the sorption of Cr(VI) on Sargassum myriocystum, the parameter
s is close to unity [80], but the correlation coefficient is very low.

7-6. Toth Isotherm
Toth equation is expressed as [81]

bTCe

max______,r_l___ (17)
(1+(b,C)") /nT

q.=
Toth equation possesses the correct Henry law type limit besides a
parameter to describe the heterogeneities of the system. The Toth
model is shown in Fig. 3(f) and the results are tabulated in Table 6.
However, this equation is unable to predict the isotherm in a particu-
lar heterogeneous system as illustrated in the sorption of Cr(VI)
into Sargassum myriocystum.
7-7. Sorption Separation Factor

The effect of isotherm shape can be used to predict whether an
adsorption system is “favorable” or “unfavorable” [82]. According
to Hall et al. [83], the essential features of the isotherm can be ex-
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Table 8. Separation factor and their condition to find the feasibity

and type of isotherm
Type of Isotherm Kz Condition
Langmuir 0.041 Favorable
Freundlich 0.00038 Favorable
Dubinin-Redushkevich 0.0050 Favorable
Temkin 0.0011 Favorable
Sips 0.00056 Favorable
Toth 0.036 Favorable

pressed in terms of a dimensionless constant separation factor or
equilibrium parameter K (Supplementary data), which is defined
by the following relationship:
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where, K} is a dimensionless separation factor, C,, is initial metal
concentration (mg/L) and K, is isotherm constant (L/mg). From
the Ky values in Table 8, it is found that all isotherms are favor-
able. High value of K, shows that the Langmuir isotherm fits bet-
ter than all other isotherm.
8. Sorption Kinetics

The contact time studies provide information about the mini-
mum time required to bind the maximum amount of Cr(VI) ions
at the liquid-solid interface, and thus help in scaling up the pro-
cess. The optimum (equilibrium) time helps in studying the rate
of the binding process. Several kinetic models are needed to estab-
lish the mechanism of a sorption process. To investigate the kinet-
ics of the sorption of Cr(VI) on Sargassum myriocystum, five kinetic
models were employed: pseudo-first-order, pseudo-second-order,
intra particle diffusion, power function and Elovich model.
8-1. Pseudo-first-order Model

Lagergren suggested a pseudo-first-order equation for the sorp-
tion of a liquid/solid system based on the solid capacity [84]. The
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Fig. 4. (a) Pseudo first order plots for the sorption of Cr(VI) onto Sargassum myriocystum. (b) Pseudo second order plots for the sorption of
Cr(VI) onto Sargassum myriocystum. (c) Intra particle diffusion model plots for the sorption of Cr(VI) onto Sargassum myriocystum.
(d) Power function model plots for the sorption of Cr(VI) onto Sargassum myriocystum. (e) Elovich model plots for the sorption of

Cr(VI) onto Sargassum myriocystum.
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Table 9. Kinetic parameters obtained from various kinetic models
for Cr(VI) on to Sargassum myriocystum

g Cr(VI) sorption
n(; Kinetic model Parameters at temperature
308.15K
1. Pseudo first order K, (min™) 0.029
R’ 0.983
2. Pseudo second order K, ((g/mg)min) 0.000474
R’ 0.999
3. Intra particle diffusion K, ((mg/g)min™°) 4.308
R’ 0.950
4. Power function K 10.69
Vv 0.3555
R’ 0.988
5. Elovich A 5.1356
B 0.0628
R’ 0.995

linear form of the pseudo first-order rate equation is given as fol-
lows:

K
log(q.~q,)=logq, - 7>o=t (19)

where q, and g, (mg/g) were the amounts of the Cr(VI) ions sorbed
at equilibrium (mg/g) and t (min), respectively, and K| is the rate
constant of the equation (min™"). The sorption rate constants (K;)
can be determined experimentally by plotting log (q,—q,) versus t.
It is shown in Fig. 4(a) and the values are reported in Table 9.
8-2. Pseudo-second-order Model

The pseudo-second-order model predicts the sorption behav-
ior over the whole time adsorption [85]:.

11

9e

- (20)
9 K,q,

where, K, (g/mg min) is the rate constant of the second-order equa-
tion, g, (mg/g) is the amount of sorption time t (min) and q, is the
amount of sorption equilibrium (mg/g). In Fig. 4(b), sorption rate
constants (K,) can be determined experimentally by plotting of t/
q, versus t. The rate constants and R’ values are given in Table 9.
However, the correlation coefficients, R, showed that the pseudo-
second-order model fits better with the experimental data than the
pseudo-first-order model.
8-3. Intraparticle Diffusion

Weber's intraparticle diffusion model [86] is defined by the fol-
lowing equation:

q=Kt"*+C (1)

where K, is the intraparticle diffusion rate constant (mg/(g min?))
and C is the intercept. It was concluded that the sorption process
of Cr(VI) on Sargassum myriocystum is comprised of three phases,
suggesting that the intraparticle diffusion is not the rate-limiting
step for the whole reaction. The uptake rate was initially very fast,
then medium, finally giving way to slow uptake. The rate constants
of intraparticle diffusion were calculated from Fig. 4(c). The val-

ues for all the kinetic models were calculated and summarized in
Table 9. Pseudo-second-order model has higher correlation coeffi-
cient values, indicating that the sorption of Cr(VI) on the sorbent
follows second-order kinetic model. Higher values of R* show a
better fitness of the sorption data [87,88].
8-4. Power Function Model

The power function model is expressed as

q=Kt' 22)

where, q is amount of sorbate per unit mass of sorbent at time t, K
and v are constants and v is positive and <1. Eq. (22) is empirical,
except for the case where v=0.5, when it is similar to the parabolic
diffusion equation. The constants of power function were calcu-
lated from Fig. 4(d). The values for all the kinetic models were cal-
culated and summarized in Table 9. Based on the higher correlation
coefficient value, the sorption of Cr(VI) on the sorbent follows the
power function kinetic model.
8-5. Elovich Model

The Elovich Eq. (23) [89] incorporates ¢ as the initial adsorp-
tion rate (mg/g min) and S (g/mg) as the desorption constant. This
relates the extent of the surface coverage and activation energy for
chemisorptions.
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Fig. 5. (a) Desorption efficiency with different concentration of HCI
(biomass concentration: 2.017 g/L; contact time: 108 min;
temperature: 308.15K). (b) Biosorption-desorption efficiency
with cycle number (biomass concentration: 2.017 g/L; con-
tact time: 108 min; temperature: 308.15 K).
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d_q _ P
a % @

Eq. (23) can be simplified to Eq. (24) by considering, o S>>t and
by applying the boundary conditions q,=0 at t=0 and q,=q; at t=t

qr=§1n(aﬂ)+}gln(t) @)

where, q, is the amount of gas chemisorbed at time t. From the results

(Table 9), the Cr(VI) sorption on brown algae fits the Elovich model
[90]. A plot of g, vs In(t) (Fig. 4(e)) gives a linear relationship with
a slope of (1//) and an intercept of (1/4) In(af).
9. Desorption and Regeneration Studies

In the sorption process, to decrease the processing cost and to
open the possibility of recovering the metal extracted from the liquid
phase, it is desirable to regenerate the sorbent material. To investigate
desorption of metal ion from metal loaded Sargassum myriocys-
tum, the metal loaded sorbent was treated with HCI, which has
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Fig. 6. (a) SEM images for Cr(VI) on Sargassum myriocystum (A) before adsorption (B) after adsorption. (b) EDS images for Cr(VI) on Sar-
gassum myriocystum (A) before adsorption (B) after adsorption. (c) FTIR images for Cr(VI) on Sargassum myriocystum (A) before

adsorption (B) after adsorption.
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been reported as an efficient metal desorbent [21,91,92]. Desorp-
tion studies were performed with different HCl concentrations
and the results are shown in Fig. 5(a). From our results, with the
increasing of hydrochloric acid concentration, the desorption rate
also increased initially, and then became almost stable. The maxi-
mum percentage recovery of Cr(VI) is 97.21% with 0.2 M HCL
solution.

We performed repeated batch operations to examine the reus-
ability of the algae biomass Sargassum myriocystum for Cr(VI) up-
take. The Cr(VI) ions adsorbed onto biosorbents were eluted with
0.2M HCL. A maximum of 97.21% of the adsorbed Cr(VI) ions
was desorbed from the biosorbents in the first cycle. To show the
reusability of the biosorption, adsorption-desorption cycles of Cr(VI)
were repeated ten times by the test algae biomass. In Fig. 5(b), there
was a gradual decrease in Cr(VI) sorption with an increase in the
number of cycles. After a sequence of ten cydles, the Cr(VI) removal
efficiency of the sorbent was reduced from 97.70% to 92.21%. The
loss in the sorption capacity of the biomass for metal ions is found
to be 5.49%. This might be due to the ignorable amount of bio-
mass lost during the sorption-desorption process. These results show
that the Sargassum myriocystum could be repeatedly used for ten
cycles with little loss in their initial adsorption capacities.

10. SEM with EDS

SEM images were used for the surface analysis of Sargassum
myriocystum as shown in Fig. 6(a). These figures demonstrate the
fibrous superficial structure of the algal biomass surface where the
metal cations could be adsorbed. The EDS images for the seaweed
before and after adsorption are presented in Fig. 6(b) and show
the elements present on the algae surface.

11. FTIR Study

The infrared (IR) spectrum obtained from FTIR of the Sargas-
sum myriocystum is shown in Fig. 6(c). It displays a number of ab-
sorption peaks, indicating the complex nature of the examined
biomass. The results revealed sorbent heterogeneity, evidenced by
different characteristic peaks. The infrared absorption wavelengths
of each peak and the corresponding functional groups are presented
in Table 10 for Sargassum myriocystum. As seen in Table 11, the
major functional groups that took part in sorption were -OH, C=0,
C-O, C-H and -COOH. The functional group -SO; is addition-

Table 11. Cost Analysis for sorption-desorption of Cr (to treat 1L
of Cr solution)

Amount of chemical  Current cost

Description substance (g or L) (Rs)
Marine algae 2017 g Rs.0.4034/-
(Sargassum myriocystum)

Hydrocholoric acid (HCI) 0.01L Rs. 0.0854/-
Total cost Rs.0.4-0.6/-

Activated charcoal 1850 g Rs.1.0175/-

Hydrocholoric acid (HCI) 0.01L Rs. 0.0854/-
Total cost Rs.1-1.5/-

ally involved in sorption with Sargassum myriocystum.
12. Sorption of Cr(VI) by Acid Treated Sorbent

Acid treatment is done for washing the cell wall to enhance up-
take capacity of biomass by increasing the surface area and poros-
ity of original sample [93-97]. The increase in metal uptake in sorp-
tion is due to the protonation of functional groups at low pH con-
dition, giving an overall positive charge to the biomass, which ad-
sorbed negatively anionic metal ions like CrO;™ [98]. The results
obtained for the sorption of Cr(VI) using raw and acid treated Sar-
gassum myriocystum are shown in Fig. 7(a). From the figure it is
inferred that a maximum of 98.69% and 97.75% Cr removal was
achieved by the acid treated and raw algae, respectively. From the
figure, also, the Cr removal is higher for acid-treated algae. This is
due to the dleavage of functional groups present in the sorbent mate-
rial [99]. The finding is well supported by Mehta et al. [100] and
Kalyani et al. [101] as these authors, respectively; noted a 39% and
70% increase in the metal binding capacity of biomass following
HCI pretreatment. Singh et al. [102,103] also found improvement
in Cu(Il) and Pb(II) sorption ability of Spirogyra neglecta and Pitho-
phoraoedogonia after HCI pretreatment.
13. Sorption of Cr(VI) from Electroplating Wastewater

The results obtained from the sorption of Cr from electroplat-
ing industry wastewater using acid treated Sargassum myriocys-
tum are shown in Fig. 7(b). From the figure, it is inferred that a
maximum of 89.17% Cr removal was achieved by the algae. Also,

Table 10. FTIR spectral characteristics of Sargassum myriocystum before and after sorption of Cr(VI)

Wavelength range (cm ™) Sargassum myriocystum Assignment
Before loading of Cr(VI) After loading of Cr(VI) Differences

3500-3000 3406.56 3425.41 +18.85 Bonded -OH groups

2900-2800 2959.17 2923.56 —-35.61 CH stretching
2852.33 2846.85 —5.48

- 1720.98 -

1740-1680 C=0 carbonyl groups
1636.71 1655.24 +18.53
1553.88 1625.10 +71.22

1500-1400 1540.18 1608.67 +68.49 C-O stretch
1420.44 1384.04 —36.40

1280-1240 1261.35 1315.56 +54.21 -SO3” stretching

1150-950 1033.36 1123.80 +100.44 -PO;” stretching

650-480 802.36 - - N - containing bioligands

Korean J. Chem. Eng.(Vol. 32, No. 10)
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(a) 988
98.6
98.4
98.2

98
97.8
97.6
97.4

% Removal of Cr (V1)

97.2

Raw Algae Acid treated Algae

(©) 100

% Removal of Cr (V1)

Aqueous Solution Electroplating wastewater

Fig. 7. (a) Removal percentage of Cr(VI) from aqueous solution
using raw and acid treated algae (Sargassum myriocystum).
(b) Removal percentage of Cr(VI) from aqueous solution
and electroplating wastewater using acid treated algae (Sar-
gassum myriocystum).

Cr removal was found to be higher for aqueous solution, than the
electroplating wastewater. The decrease in Cr removal in electro-
plating wastewater may be due to the presence of other metal ions
like Cu, Zn, Fe and Ni present in the wastewater, as indicated in
Table 1, which occupies the sorption sites. In the aqueous sample
of potassium dichromate, only Cr(VI) metal ions were present, so
the binding sites on adsorbent surface were occupied by the sin-
gle metal ions, but in a complex industrial wastewater, where more
than one metal ion species are present. Hence Cr removal is higher
in aqueous solution [99,104].

ECONOMIC ANALYSIS

We also did a cost analysis for the sorption of chromium. The
total cost for the sorption of chromium using the marine brown
algae Sargassum myriocystum was compared with the conventional
activated charcoal using the standard cost analysis method [105].
According to the results given in Table 11, the total cost for the re-
moval of chromium per liter of effluent by the activated charcoal
was found to be Rs.1-1.50. But the cost for the removal of chro-
mium using the brown marine algae was in the range of Rs.0.4-0.6,
which is 60% less than the activated charcoal. Therefore, the marine
sorbent is inexpensive when compared to activated charcoal.

CONCLUSION
We studied Sargassum myriocystum for the removal of toxic metal
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Cr(VI) ions from aqueous and electroplating wastewater. RSM was
used to optimize the operating conditions and maximize the Chro-
mium(VI) removal. From the results, the initial pH significantly
influenced metal uptake. Sorption kinetics follows a pseudo-sec-
ond-order, Elovich and power function models. Experimental data
were analyzed using Langmuir, Freundlich, Dubinin-Radushkev-
ich, Temkin, Sips and Toth isotherm models and found that the
Langmuir and Toth model presented a better fit. SEM-EDS con-
firmed the presence of Cr(VI) ions on the biomass surface. Tem-
perature affects the sorption process and the thermodynamic par-
ameters show the spontaneous character of the sorption reaction.
The maximum percentage removal of acid treated 98.69% and un-
treated algae biomass 97.75% was found to have higher chromium
removal when compared to other similar sorbents. A 0.2M HCI
efficiently desorbed metal from the metal-loaded biomass during
successive sorption/desorption cycles. The reusability of the sor-
bent was good after ten consecutive adsorption-desorption cycles
without any considerable loss in sorption capacity. The results of
this study form the basis for the development of cheaper sorbent
and robust indigenous technology for sorption of Cr(VI) from aque-
ous and industrial waste water solutions.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.

NOMENCLATURE

RSM : response surface methodology

FTIR : fourier transform infrared spectroscopy

SEM : scanning electron microscope

USEPA : united states of environmental protection agency
CCD : central composite design

AAS :atomic absorption spectrophotometer

EDS :energy dispersive spectrum

X,  :uncoded value of the i" test variable

X, :uncoded value of the i" test variable at center point
AG’ :gibbs free energy change

AH’ :enthalpy change

AS’  :entropy change

K :equilibrium constant

q. :amount of adsorbed Chromium per unit mass of adsorbent
[mg/g]
q. :amount of adsorbed Chromium per unit mass of adsorbent

at time t [mg/g]
: initial concentration of Chromium metal ion [mg/L]
: equilibrium Chromium metal ion concentration [mg/L]
: concentration of metal ion at time t [mg/L]
:volume of solution treated [L]
:amount of biomass [gm]
: maximum sorption capacity of the sorbent [mg/g]
: Langmuir sorption constant [L/mg]
K;  :Freundlich constant relating the sorption capacity
I/n  :empirical parameter relating the sorption intensity

000

o X<
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B :activity coefficient related to sorption mean energy [mol’/
K]

€  :polanyi potential

R :gas constant [8.314x10 kJ/molK]

T  :temperature (Kelvin)

E  :mean free energy of sorption per molecule of sorbate

B :heat of sorption

t :time [min]

K;  :equilibrium binding constant [L/mg]

a, K, . sips parameter

bp 1y : toth parameter

K, :rate constant for the pseudo first order equation [min ']
K, :rate constant for the pseudo second order equation [g/mg
min]

K, :intra particle diffusion rate constant [mg/g min"’]
K,v :power function constant

o :initial adsorption rate [mg/ g min]

£ :desorption constant [g/mg]

Kp :separation factor (dimensionless)

K, :isotherm constant
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Seperation factor (Kj) values

Values of Ky Type of isotherm
Ke>1 Unfavorable
Ki=1 Linear

0<Kg<1 Favorable

Kz=0 Irreversible
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