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Zvezdelina Yaneva*, Nedyalka Georgieva

Chemistry Unit, Department of Pharmacology, Animal Physiology and
Physiological Chemistry, Faculty of Veterinary Medicine,

Trakia University, Students Campus, 6000 Stara Zagora, Bulgaria
z.yaneva@abv.bg

The mechanism of Congo red (CR) biosorption by the agricultural waste material ball-milled maize
cob (BMMC) biomass of Zea mays was studied by analyzing the effect of pH and biosorbent surface
chemistry; the equilibrium and kinetic behavior of the sorbate/sorbent system were also investigated.
Surface chemistry and morphology were characterized by potentiometric titration, pH of zero charge, FTIR
analyses and digital microscopy (DM). The acidic and basic sites for the biomass were quantified as 3.68
and 5.25 mmol g, respectively; therefore, the surface of the biomass was basic. The analysis of dye
equilibrium isotherm data was done using the Langmuir, Freundlich and Redlich—Peterson models. CR
biosorption on the agricultural waste biomaterial was mainly limited by chemisorption and/or intraparticle
diffusion. The studies revealed that CR removal involved electrostatic interactions between negatively
charged dye SO,” groups and positively charged adsorbent surfaces, H-bonding between the oxygen-
and nitrogen-containing functional groups of CR and the BMMC surface and hydrophobic—hydrophobic
interactions between the dye and sorbent hydrophobic parts. The maximum biosorption capacity of Zea
mays biomass (¢ 4.83 mg g') occurred at pH 7.
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OTCTPAHYBAIBE HA TUA30 BOHM O] BOJJHA ®A3A CO BUOCOPIIIINUIJA
HA MYEHKAPHU KOYAHM (Zea mays) COMEJIEHU CO KYITIMYHA ITOCTAIIKA

Bemre ncnintyBano BiujanneTo Ha pH, XeMI3MOT Ha MOBPIIMHATA 32 OMOCOPIIIN]a M PAMHOTEKHHUTE
1 KUHETHYKHTE MTPOIIECH Ha CUCTEMOT cop0aT/copOeHT Ha MEXaHN3MOT Ha OMOCOPIIIHjaTa Ha KOHIO IIpBe-
HO (CR), Bp3 OmoMaca o1 3eMjOIeIICKH OTIaIeH MaTepHjall JoOUeH co MeJeHkhe Ha KOYaH!U Off ITIeHKa (Zea
mays). IIOBpIIMHCKHUTE XEMHCKH ITPOIIECH U MOpQoIIorHjaTa 6ea KapaKTepH3UpaHH CO TIOTEHINOMETPHCKA
tuTpanyja, pH Ha HyITHOT MONMHEXK, Kako U co FTIR u aururamaa mukpockoncka ananusa (DM). Kean-
TUTAaTUBHO Oea OIpeeNleHN KHCeInTe M 0a3HUTEe MecTa Bo Omomacara M The m3HecyBaat 3,68 and 5,25
mmol g'. Criopen Toa, NoBpIIMHATA Ha OOMacaTa nMa Oa3eH KapakTep. AHann3ara Ha pAMHOTS)KHUTE H3-
orepMmu Oerre HampaBeHa co Jlanrmywnpos (Langmuir), @pojammuxos (Freundlich) u Pemmx-IleTepconos
(Redlich—Peterson) momen. Bepojatao, Obnocoprmujara Ha CR Ha 3eMjOIEICKHOT OTIIAICH MaTepHjal TIIaB-
HO € OTpaHIuYeHa 0] XeMUCOPIIIH]jaTa W/min Au(y3njara Ha YeCTHIKUTE BO BHATpenrHocTa. McnuryBamara
MIOKaXXyBaT JieKa OTCTpaHyBameTo Ha CR ce oaBHBa cO €l1eKTPOCTATCKH MHTEPAKIMUU Mel'y HEeraTHBHO
HaenekTpusnpanute Ha SO,” TPYIH ¥ O3UTHBHO HAeJEKTPH3MpaHaTa MOBPIIHHA 3a ancopOuuja/aTcopri-
nuja, H-cBp3yBame Mely GyHKIHOHATHAUTE TPyIH co Kuciopor u a30T Ha CR m xva BMMC noBpmmHara,
xunpohoOHITE HHTEPAKIINAN MeTy 0ojaTa U Xuapo(oOHUTE EITOBH HA COPOSHTOT. MaKCHMAITHUOT Karla-
LUTET 33 OuocopIiujara Ha duomacara ox Zea mays on g 4,83 mg g! Geme 3adenexaun npu pH 7.

Kayunu 300poBu: Zea mays; xorro npseHo; FTIR; DM; 6uocopmimja; paMHOTEeXa; KHHETHKA
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1. INTRODUCTION

Currently, there are more than 100,000
types of dyes, with over 700,000 tons of dyes and
pigments produced annually and released into
the environment during the dyeing of different
substrates, such as synthetic and natural textile
fibers, plastics, leather, paper, mineral oils,
waxes, and even foodstuffs and cosmetics [1,
2]. Even small quantities of dyes can color large
water bodies, which not only affects aesthetic
merit but also reduces light penetration and
photosynthesis. In addition, most dyes are either
toxic or mutagenic and carcinogenic. Thus, their
removal from process or waste effluents has
become environmentally important [3].

Since September 2003 all European Union
legal and customs regulations have prohibited
the manufacture and sale of benzidine-based
azo dyes [4]. In Turkey, the Turkish government
banned the utilization of 130 azo dyes from
1 March 1995 and prohibited the use of these
dyes in the textile market. However, they are
still used in textile dyeing processes due to their
dyeing efficiency and low cost [1].

Congo Red (CR) [1-naphthalenesulfonic
acid, 3,3'-(4,4'-biphenylenebis(azo)) bis(4-ami-
no-)disodium salt] is a benzidine-based anionic
diazo dye prepared by coupling tetrazotized
benzidine with two molecules of napthionic
acid [5]. The substance is considered toxic,
exhibiting acute algal, bacterial, protozoan,
cutaneous, environmental, microbial and yeast
toxicity, as well as cytotoxicity, genotoxicity,
hematotoxicity, neurotoxicity, carcinogenicity
and mutagenicity [6]. The capability of CR to
form carcinogenic amines such as benzidine
through the cleavage of one or more azo
groups is the reason why it falls under the
category of banned azo dyes. The recalcitrance
of CR has been attributed to the presence of
aminobiphenyl group and azo bonds, two
features generally considered to be xenobiotic
[7]. Thus, the treatment of CR-contaminated
wastewater can be complicated due to its
complex aromatic structure, providing the dye
with physicochemical, thermal and optical

stability, and resistance to biodegradation and
photodegradation [8, 9].

A number of scientific investigations
have shown the advantages of adsorption as
a very effective separation method which
has been considered to be superior to other
techniques for water treatment in terms of initial
cost, simplicity of design, ease of operation and
insensitiveness to toxic substances [10].

In a world of rapid assimilation of
natural resources, any attempt regarding the
utilization of agricultural wastes and by-
products augments the raw material stock
and also provides additional employment
and income to marginal farmers and landless
agricultural laborers, especially in developing
countries [11]. These materials are considered
a significant waste disposal problem. They are
often used as foodstuffs, energy fuel or compost,
etc., but many materials are treated as waste.
So, it is promising to utilize these by-products.
Agricultural waste materials are economically
and environmentally friendly due to their
unique chemical composition, availability in
abundance, renewable character, low cost and
efficiency, and are seen to be viable option for
heavy metal and dye remediation [12-14].

A number of lignocellulosic materials,
including rice husk, cattail root, neem leaf,
sunflower stalk, jute stick powder, orange peel,
banana peel, ball-milled sugarcane bagasse,
etc., have been studied for CR removal from
aqueous systems [ 15, 16]. The differences in the
performance of these lignocellulosics may be
related to their surface chemistry. However, the
number of studies subjected to the utilization
and application of maize cob agricultural
waste as an alternative biosorbent is extremely
limited. The literature reports only one study
on the adsorption properties of modified maize
cob waste for Methyl Orange and As removal
from the aqueous phase [17]. The latter fact,
combined with the great abundance of this
agricultural biomaterial not only in Bulgaria, but
worldwide, provoked the current investigation.

The aim of the present study was to as-
sess the physicochemical, spectral, equilibrium
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Removal of diazo dye from the aqueous phase by biosorption onto ball-milled maize cob 135

and kinetic aspects of Congo red biosorption on
pristine ball-milled maize cob biomass, demon-
strating the effect of a number of factors on the
mechanism of the process and the probable sorb-
ate/sorbent interactions.

2. EXPERIMENTAL
2.1. Sorbate
Congo red (C.I. 22120) was supplied by

Sigma-Aldrich. The stock solution of CR was
prepared by dissolving the required amount of

Table 1

the dye in distilled water. The experimental sin-
gle component model solutions were obtained
by diluting the stock solution of CR with dis-
tilled water to the desired initial concentration.
Calibration curves at different solution pH val-
ues were prepared by measuring the absorbance
at different dye concentrations. The structural
chemical formula, physicochemical and molec-
ular characteristics of the synthetic azo dye are
presented in Table 1. All other chemicals used to
remove any adhering substances were procured
from Merck, Germany.

Physicochemical characteristics of CR [6, 18]

CAS No. 573-58-0

1-Naphthalenesulfonic acid, 3,3’-[(1,1 -biphenyl)-4,4 "-diylbis(2,1-diazenediyl)]bis[4-

CA Index name

amino-sodium salt (1:2)]

C.I. number 22120

Chemical structure

$0,Na $0,Na
Molecular formula C,H,,NNaO.S,
Molecular weight 696.66 g mol™!

Molecular surface area 557.6 A?

Physical form

brownish-red powder

soluble in water, ethanol; very slightly soluble in acetone; practically insoluble in

Solubility ether, xylene

Density 0.995 g cm™ at 25 °C

Dye class azo

Melting point >360 °C

Color blue (pH 3.0) to red (pH 5.0)
pKa 3.0

Absorption wavelength (A ) 498 nm

2.2. Preparation of ball-milled maize cob
(BMMC) Zea mays biosorbent

The maize cobs of Zea mays used in

the present investigations were obtained from
a local countryside farm (Kolarovo Village,

Maced. J. Chem. Chem. Eng. 32 (1), 133—149 (2013)

Stara Zagora District, Bulgaria) in 2011. The
collected materials were thoroughly washed
with distilled water several times to remove
dust and any adhering substances. The washed
material was oven dried at 373 K for 24 h.
Then, the dried biomass was milled and sieved
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to retain the 0.2-1.0 mm fraction. The prepared
sample was stored in an airtight container for
further analyses and biosorption studies. No
other chemical or physical treatments were
applied prior to the sorption experiments.

2.3. Surface chemistry characterization
of the biosorbent

The surface chemistry of the biosorbent
was characterized by Boehm titration, pH of
zero charge, FTIR and digital microscopy
(DM).

2.3.1. Potentiometric titration and point
of zero charge (pH,,,,.)

Acidic and basic sites on BMMC waste
biomass were determined by the acid-base
titration (potentiometric titration) method
proposed by Boehm [19]. The total acidic sites
were neutralized using NaOH (0.1 mol dm™),
while the basic sites were neutralized with HCI
(0.1 mol dm™). The titrations were performed
in Erlenmeyer flasks over a magnetic stirrer.
Protonation was carried out by soaking the
biomass (1 g) in 0.1 M HCI (50 cm?®) and
agitating for 2 h on a rotary shaker at room
temperature. The titration procedure was
executed slowly, by the stepwise addition of the
titrant (0.1 M NaOH) to the biosorbent slurry.
After each addition of titrant (0.25 cm?), the
system was allowed to equilibrate until a stable
reading was obtained. The total volume of
NaOH utilized for neutralization was recorded
for total basic site calculations. Likewise, the
total acidic sites were determined by keeping
the biomass (1 g) in 0.1 M NaOH solution
(50 cm®) and performing titration similar to as
described above. The potentiometric titration
curves were obtained by plotting the volume of
titrant against the recorded pH.

The pH,,. corresponds to zero surface
charge density, i.e. to equivalent amounts of
negative and positive charges developed by
proton equilibria. If no specific adsorption of

ions occurs, the point of zero charge coincides
with the isoelectric point, whereas specific
adsorption of ions causes a discrepancy
between the isoelectric and zero charge points.
The determination of these values provides
information on the specificity of adsorption [20].

The zero surface charge characteristics
of BMMC were determined using the solid
addition method [21]. 40 cm® of 0.1 M NaCl
solution were transferred to a series of 250
cm’ stoppered conical flasks. The pH, values
of the solutions were adjusted between 2 and
11 by adding either 0.1 M HCI or NaOH and
were measured using a Consort C931 pH meter
(Belgium). The total volume of the solution in
each flask was adjusted to exactly 50 cm® by
adding NaCl solution of the same strength. The
pH, of the solution was then accurately noted.
0.5 g of BMMC was added to each flask, and
the flask was securely capped immediately. The
suspensions were then kept shaking for 24 h and
allowed to equilibrate for 0.5 h. The final pH
values of the supernatant liquids were noted.
The difference between the initial and final pH
(pH,) values (ApH) was plotted against the pH..
The point of intersection of the resulting curve
with the ,i.e. at pH 0, gave the pH

PzC’

2.3.2. FTIR and morphological analyses

The functional groups present in the fresh
and dye-loaded BMMC were characterized
by a Fourier transform infrared spectrometer
(TENSOR 37 Bruker), using potassium bromide
discs to prepare the samples. The spectral range
varied from 4000 to 400 cm™'. The microscopic
morphological analyses BMMC before and
after CR biosorption were conducted using a
digital microscope at a magnification of 500x.

2.4. Effect of pH
The effect of pH was investigated by

a series of biosorption experiments at an
initial dye concentration (C)) of 30 mg dm™,
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a biosorbent mass (w) of 0.5 g, a volume of
the model solution of 100 cm® and at pH 2, 4,
7, 9 and 11. The pH of the dye solutions was
adjusted by the addition of 0.1 M NaOH or 0.1
M HCI. pH values were measured on a Consort
C931 pH meter (Belgium).

2.5. Equilibrium studies

Equilibrium biosorption experiments were
carried out by agitating a predetermined mass of
BMMC with 100 cm?® of CR solutions with initial
concentrations in the range of 5-50 mg dm™ at a
temperature 7 of 1942 °C and pH 7.0. The sorbate/
sorbent systems were agitated until equilibrium.
Then, the dye solutions were separated from
the adsorbent by centrifugation with a Heraeus
Labofuge200 (Thermo, Electron Corporation)
at 5,300 g for 20 min and filtered using 0.45
pm membrane filters (LCW 916, Hach Lange,
Germany) to ensure the solutions were free from
adsorbent particles before measuring the residual
dye concentration. The residual CR concentrations
were determined spectrophotometrically by
monitoring the absorbance at 498 nm using a UV/
VIS DR 5000 spectrophotometer (Hach Lange,
Germany). All experiments were carried out in
triplicate, and the average values were taken
to minimize random error. Blanks containing
no adsorbate and replicates of each adsorption
point were used for each series of experiments.
The corresponding values of CR solid phase
concentrations (g,) were calculated by the mass
balance equation (1):

G -GV =(g.~q,)w (1)

where C , in mg dm™, is the initial dye
concentration in the liquid phase, ¢ = 0, and w,
in g, is the biosorbent mass.

2.6. Kinetic studies
The kinetic experiments were conducted

in a standardized batch adsorber with a two-
bladed impeller [22]. The kinetic experiments

Maced. J. Chem. Chem. Eng. 32 (1), 133—149 (2013)

were carried out at initial CR concentration C
5 mg dm, and masses of the adsorbent w 0.5, 1
and 3 g at an agitation rate n of 200 rpm, 7 19+2
°C and pH 7.0. The residual CR concentrations
were determined spectrophotometrically by
monitoring the absorbance at 498 nm using a
UV/VIS DR 5000 Spectrophotometer (Hach
Lange, Germany). All experiments were
carried out in triplicate, and the average values
were taken to minimize random error. Blanks
containing no adsorbate and replicates of each
adsorption point were used for each series of
experiments.

The dye removal percentage (E, %) was
calculated as follows:

C; Ce
E——'].OOOO' 2
C 4 @

o

2.7. Mathematical modelling

The biosorption behavior of CR on Zea
mays biomass in the present research was
modeled by the Langmuir, Freundlich and
Redlich-Peterson isotherm equations (Table 2).

The kinetic experimental results were
modeled by the pseudo-first and pseudo-second
order kinetic models and the intraparticle
diffusion model (Table 3).

The kinetic experimental results were
modeled by the pseudo-first and pseudo-second
order kinetic models and the intraparticle
diffusion model (Table 3).

2.8. Error analysis

Due to the inherent bias resulting from
linearization of the isotherm models, the non-
linear-regression Chi-square (y?) test was em-
ployed as a criterion for the quality of fitting.
This statistical analysis is based on the sum of
the squares of the differences between the ex-
perimental data and data obtained by calculat-
ing from models, with each squared difference
divided by the corresponding data obtained by
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able 2
Mathematical equations of the applied single component isotherm models
Isotherm model Non-linear form Linear expression Plot
. K,c ¢, 1 a a c,
Langmuir [23 =L 3 =—+—F+—"Fc 4 —“v¥.c,
gmuir [23] oTas O TR R @
Freundlich [24] g, =Kp.c)F ©) logg, =logKy + njy.logc,. (6) logg, ¥ . logc,.

Ky,.c
e =—"

Redlich-Peterson [25] |+ a.c
R%e

e

e

) h [KR"’_e_ 1} =bln(c,) +In(az) (3) h(KR ;_e— 1] v .In(c,)

Table 3

Kinetic and mass transfer models

Model

Non-linear form

Linear expression

Pseudo-first order kinetic model [26] % =k (qe - q,) 9) log(qe —-q, ) =logg, — %t (10)
dgq, >
%:kz(qe—q,) (11) p 1 1
Pseudo-second order kinetic model [27] 1 | PR +—t (13)
-4 kzt (12) q, 29, q.
9.-49, 4.
Intraparticle diffusion model [28, 29] q, =kt*>+1 (14

calculating from models. The Chi-square can
be represented by Equation (15):

) 7qcal

— e

x = Z cal
qe

where ¢, is the equilibrium adsorption ca-
pacity from the experiment (mg g™'), and ¢
is the equilibrium capacity calculated accord-
ing to the model (mg g'). A small value of y?
indicates that data from the model is similar to
the experimental value, whereas a large value
of y* points out a difference between them. In
order to confirm the best-fit isotherms and ki-
netic models for the biosorption system, there
was a need to analyze the data set using the Chi-
square test, combined with the value of the cor-
relation coefficient (R?) [30].

exp

de

(15)

3. RESULTS AND DISCUSSION

To understand the biosorption mechanism,
it is necessary to determine the concentrations of
the surface active groups, the point of zero charge
(pH,,.) of the biosorbent and to analyze changes
in the sorbent spectra before and after sorption, as
well as in the surface morphology of the fresh and
dye-loaded sorbent.

3.1. Structural, spectral and morphological
characterization of BMMC

3.1.1. Potentiometric titration
Testing for the determination of acidic and

basic sites and functional groups present on cell
wall of the biomass was performed by potentio-
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Fig. 1. Potentiometric titration curve of BMMC suspension for: a) acidic sites and
b) basic sites (w 1 g; 50 cm?® 0.1 M HC1/0.1 M NaOH; n 700 rpm, 7'20°C, ¢ 2 h)

metric titration. In order to gain closer insight into
the surface properties of the agricultural waste
product for acidic sites, a biomass suspension in
0.1 M HCl was potentiometrically titrated with 0.1
M NaOH (Figure 1A). Likewise, an NaOH sus-
pension of biomass was potentiometrically titrated
with 0.1 M HCI for the determination of basic
sites. The respective curve is presented in Figure
1B.

Maced. J. Chem. Chem. Eng. 32 (1), 133—149 (2013)

Both titration curves displayed, respec-
tively, four and five inflection points, and the
corresponding pKa values suggest the binding
of functional groups present on the cell wall of
the biomass. The titration results permitted the
qualitative and semi-quantitative determination
of the nature and number of active (acidic or
basic) sites present on the biomass. The curve
in Figure 1A shows four inflection points at
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approximately pH 3.5, 4.3, 6.0 and 6.7, corre-
sponding to pKa values of acidic binding groups
and four inflection points at approximately pH
8.5,10.0, 11.1 and 12.5, corresponding to alka-
line functional groups. It may be inferred that
acidic groups were carboxylic (pKa 1.7-4.7),
imidazole (pKa 5.5-6.0) and phosphate (pKa
6.1-6.8) and the alkaline groups were compa-
rable to the values reported for amines (pKa
8.0-11.0), sulthydryl (thiol) (pKa 8.0-10.0)
and hydroxyl (pKa 9.5-13).

The curve in Figure 1B shows inflection
points around pH 12.0 and pH 10.5 for hydroxyl
(—~OH) and amine (—NH) as the alkaline binding
groups. The acidic functional groups noted were
mainly carboxylic (pKa 2.2; 4.0). According to
the experimental data, the acidic and basic sites
for BMMC were estimated to be 3.68 and 5.25
mmol g, respectively. It was observed that the
concentration of basic sites was higher than that
of acidic sites; hence, the surface of the biomass

2.5

was basic.

>

1.5 /
1

N

\/ PHpzc 7.2

Fig. 2. Determination of pH

3.1.2. Point of zero charge

It can be observed from Figure 2 that the surface
charge of BMMC at pH 7.2 is zero.

Hence, the pH,,, . at point of zero charge of
the biosorbent is 7.2. According to the literature,
the adsorption of cations is favored at pH >
pH,,., while the adsorption of anions is favored
at pH < pH,,,. [5]. Thus, the determination of
this parameter is significant for the assessment
of the biosorption mechanism and the probable
sorbate/sorbent interactions.

6 8 10 12

PH;

of BMMC

PZC

3.1.3. Analyses of BMMC
biomass morphology

The DM images of the BMMC biosorbent
before and after CR sorption, presented in Figure
3 A and B, respectively, display the heterogeneity
of Zea mays biomass and the irregular distribution
of dye macromolecules on irregular regions of the
solid particle surface.

Maced. J. Chem. Chem. Eng. 32 (1), 133—-149 (2013)
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(A)

(B)

Fig. 3. Digital microscope images (500%) of: (A) fresh BMMC and (B) CR-loaded BMMC

Consequently, based on the morphology,
it can be concluded that the agricultural waste
material investigated presents an adequate
morphological profile to retain dye ions.

3.1.4. FTIR analyses of BMMC

The adsorption of CR on BMMC was also
affected by other interactions between func-
tional groups of CR and BMMC in addition to
electrostatic interactions. FTIR analyses were
conducted in order to identify the possible loca-
tions of these interactions. The FTIR spectra of
fresh and dye-loaded BMMC, measured within
the range of 4000-400 cm™, are shown in Figure
4 A, B. The interpretation of the FTIR spectral
data, including the assignment of the observed
peaks and spectral differences between the fresh
and CR-loaded BMMC, is displayed in Table 4.

The slight change in the shape of the
broad band in the region between 3100 cm™
and 3400 cm™' after adsorption may also be

Maced. J. Chem. Chem. Eng. 32 (1), 133—149 (2013)

associated with interactions between Zea mays
hydroxyl groups and CR. The changes observed
between 1660 and 1500 cm™ might be due to
the electrostatic forces of attraction between
the negative charge of carboxylate anions and
positive groups of the dye [31].

The major differences were the
absorption band at 3308 cm™', corresponding
to the stretching vibration of O-H and N-H
on BMMC, which was diminished after CR
biosorption and shifted to a lower wavenumber
(3252 cm™). This is indicative of hydrogen
bond formation between the hydroxyl groups of
BMMC and the amine group of dye molecules.
The new absorption peak at 713 cm™' observed
after CR adsorption could be assigned to the
characteristic adsorption of aromatic skeletal
groups [32]. The region between 700 and 900
cm! contains various bands related to aromatic,
out of plane C—H bending with different degrees
of substitution [33].
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Fig. 4. FTIR spectra of: (A) pristine BMMC and (B) dye-loaded BMMC

Table 4

FTIR spectral data of fresh and CR-loaded BMMC (Zea mays)

Frequency, cm™!

X . ; ; Difference  Assignment
Before biosorption ~ After biosorption

3308.33 3252.74 55.59 —OH stretching; -NH stretching
2929.49 2928.30 1.19 —CH stretching aliphatic (strong)
1744.15 —C=0 stretching aldehyde
1651.25 1648.91 2.34 —C=0 stretching amide (strong)
1514.94 —N-O stretching nitro;
1459.10 1461.92 -2.82 —C—H bending alkane; vC—O carboxylic groups
1159.88 1161.21 -1.33 —P=0 stretching vibration
1087.48 —C—N stretching;
900-700 900-700 —CH out of plane aromatic bending vibrations
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3.2. Biosorption studies

3.2.1. Effect of pH

Adsorbate solution pH affects the adsorp-
tion capacity of an adsorbent through modifica-
tion of the state of ionization of binding groups,
either by increasing or decreasing the competi-
tion between protonated species and adsorbate
molecules for active sites. Therefore, the optimal
pH depends on the chemical nature of the ad-
sorbate and adsorbent. Hence, the present inves-
tigations studied both aspects of the pH effect on
the UV/VIS spectral characteristics of the dye,
and on the extent of CR biosorption on agricul-
tural waste biomass.

2.5 4

15 §

Abs

0.5

3.2.1.1. Effect of pH on the spectral
characteristics of CR

Congo red contains an azo (-N=N-)
chromophore and an acidic auxochrome
(-SO,H) associated with the benzene structure.
CR in aqueous solution exhibited a main band at
A 488-500 nm, assigned to the absorption band
of the anionic monomer, and associated with two
absorption bands in the UV-region at 4 265 and
344 nm, attributed to the benzoic and naphtha-
lene rings, respectively (Figure 5). The UV/VIS
spectra of CR at pH 2, 4, 7, 9 and 11 showed that
the dye monomers had nearly constant absorp-
tion bands and absorbance intensities over the
pH range of 7-11, which means that aggregation,

390

190 290

490

590 690

===<pH2 - :pH4 ——pH7 ——pH9 ——pHI1l

Fig. 5. Effect of pH on the UV/VIS spectra of CR

did not occur. However, in acidic medium, the
main band of the CR monomer gradually shifted
to longer wavelengths, almost reaching 555 nm
at pH 2 [34, 35]. The intensity decreases and red
shift of CR monomer bands are attributed to par-
tial self-association of CR monomers as anionic
dimers in a face-to-face arrangement to minimize
their hydrophobic interactions with water. For
that reason, the present biosorption investigations
were conducted only within the neutral pH range.
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3.2.1.2. Effect of pH on the biosorption
process

Theoretically, at pH < isoelectric point
(pKa), the surface is positively charged, which
enhances the adsorption of negatively charged
dye anions through electrostatic forces of attrac-
tion. At pH > pKa, the surface of the biosorb-
ent particles becomes negatively charged, which
makes OH™ ions compete effectively with dye
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anions, causing a decrease in dye adsorption [36].
As the pKa of CR is 3, in the pH range of 4-11,
dye ions will be negatively charged. The experi-
mental results of the effect of pH on the biosorp-
tion behavior of CR are graphically presented in
Figure 6. Obviously, the maximum biosorption
capacity of BMMC (g 4.83 mg g') was regis-
tered at pH 7. At pH < pH_, ., the solid surface of
the biomaterial was positively charged, which
is a favorable condition for electrostatic inter-
actions between dye anions and the positively
charged adsorbent surface. Besides, in neutral
medium OH™ and H* concentrations are equal,
thus they would not compete for binding to the
active biosorbent sites. The biosorption of the
anionic dye decreased with an increase in pH
(pH 8-9), and this phenomenon was associated
not only with the negative charge on the surface
of the adsorbent but also with excess OH™ ions
in the solution that compete for the adsorption
sites on BMMC.

Based on the results obtained and the anal-
yses made, the major mechanisms responsible
for CR biosorption on BMMC include: electro-
static interactions between negatively charged
dye SO, groups and positively charged adsor-
bent surfaces, H-bonding between oxygen- and
nitrogen-containing functional groups of CR
and the BMMC surface and hydrophobic—hy-
drophobic interactions between the hydropho-
bic parts of the dye and the sorbent.

STl

e, Mg g
N
(4,1

PHcr

Fig. 6. Effect of pH on CR biosorption by BMMC

3.2.2. Biosorption equilibrium

The experimental data of CR biosorption
on BMMC was modeled according to the Lang-
muir, Freundlich and Redlich-Peterson equations.
The values of the calculated parameters, correla-
tion coefficients and y* are presented in Table 5.

It was established that the maximum equi-
librium capacity of BMMC towards CR was q__
4.0 mg g!, while the monolayer capacity accord-
ing to the Langmuir model defined as K| /a, was
931 mgg!.

Table 5

Values of Langmuir, Freundlich and Redlich-
Peterson isotherm constants and error criteria

Model Langmuir  Freundlich Redlich-
Peterson
Model K 02449 K 02857  Kx0.2449
arameters  a 0.026  n 08139 % 0:0252
parameters —a, 1. P b 0.9482
Correlation b, 2305 R20.9678 R 0.6143
coefficient
Chi-square  %0.1262 02131 % 0.1530

Figure 7 presents the experimental data
and the Langmuir, Freundlich and Redlich-
Peterson model isotherms. The Freundlich iso-
therm was characterized with the highest R?
value (R* 0.9678) and 1/n > 1, indicating the
favorable nature of biosorption. Additionally,
the Freundlich isotherm model is valid for mul-
tilayer adsorption and is derived by assuming a
heterogeneous surface with interaction between
adsorbed molecules with a non-uniform distri-
bution of the heat of sorption. However, the y?
for the Freundlich model displayed the highest
value, while that for the Langmuir equation was
the lowest (Table 5).

The Redlich-Peterson model, however,
provided a satisfactory approximation of the
experimental points, especially in the low and
middle concentration range. Unlike the Freun-
dlich isotherm, the Langmuir isotherm is valid
for the adsorption of a solute from a liquid solu-
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tion as monolayer adsorption on a surface con-
taining a finite number of identical sites. Figure
7 demonstrates the better applicability of the
Langmuir model in the low and high concentra-
tion ranges. Considering that it was character-

ized by the lowest R*> and y* values, however,
a general conclusion regarding the best fitting
model could not be drawn. Obviously, both two-
parameter models could successfully describe
the equilibrium behavior of the studied system.

4.5
4 ~%
P>
.2 /
55 s
- 4
-z
s o
7
bo 7
"]
€
-
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C., mg dm-3
4 exp.data Freundlichmodel === Langmuir model = = = Redlich-Peterson model

Fig. 7. Experimental and model equilibrium isotherms for the system CR/BMMC

3.2.3. Biosorption kinetics

The experimental kinetic curves (Figure 8)
displayed an outlined direct relationship between
biomaterial quantity and the extent of dye uptake
from the model solutions. The latter statement
was logical as a greater amount of biosorbent
is related to a larger number of vacant active
sites for organic molecule sorption. The sorp-
tion rate in the initial stages of the process was
the highest. The system reached equilibrium,
indicated by the horizontal section of the kinet-
ic curves, approximately 40-50 min after the
initiation of the process. The highest adsorp-
tion capacity attained was g, 4.73 mg g'.The
experimental data were modeled by the pseu-
do-first order and pseudo-second order kinetic
models and the intraparticle diffusion model
to determine the prevailing mechanism(s) oc-
curring during CR biosorption on the bioma-
terial and to examine the effect of adsorbent
mass on the kinetic and diffusion parameters of
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the models. Table 6 lists the values of the rate
constants (k,, k,, k) the initial sorption rate (%),
sorption capacity (q,,, ¢,,) and the regression
coefficients (R ?, R,?, R?) calculated according
to the kinetic and mass transfer models applied
to the experimental data.

The high values of the correlation coef-
ficients (R,> > 0.9990) and the approximately
equal values of the calculated and experi-
mentally obtained equilibrium adsorption ca-
pacities (g, qexp) (Table 6), calculated by the
pseudo-second order model compared to the
values of the parameters obtained by applying
the first order equation (Table 6), showed the
better applicability of the second order model.
The latter conclusion was also sustained by
the comparative analyses of the modes of the
experimental and pseudo-second-order model
kinetic curves, plotted as g, = f(¢) (Figure 8).
Thus, chemisorption could be accepted as one
of the basic rate limiting mechanisms during
CR sorption on Zea mays biomass.
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Fig. 8. Experimental and pseudo-second-order kinetic curves for the CR-BMMC system
(C, 30 mg dm™; w3 g; 900 cm’; n 200 rpm; pH 7.0)

Tableb6

Values of the kinetic and diffusion parameters characterizing CR biosorption by BCCM — the effect
of biosorbent mass. Conditions: C 30 mg dm>, pH 7.0, T 19£2 °C; n 200 rpm

Pseudo-first-order model k,, min™! q,,mgg' q. ,mgg’ R?
w3g 0.0253 1.8126 4.73 0.6853
wSg 0.0281 0.4385 3.60 0.8314
Pseudo-second order model &, gmg'min' ¢ ,mgg' ¢ ,mgg' A mgg'min' R?
w3g 0.2337 4.6468 4.73 4.2796 0.9990
wSg 0.2956 3.5474 3.60 3.7198 0.9992
Intraparticle diffusion model &, mg g'min™? 1 R?
wi3g 0.2625 3.4696 0.9748
wSg 0.0791 3.0141 0.8482

Neither kinetic model, however, identi-
fied the diffusion mechanism. Thus, the kinetic
data were also analyzed by the intraparticle dif-
fusion model. The plot of ¢, versus #* was lin-
ear to a certain extent but not linear over the
entire time range. It consisted of only two linear
sections, presuming the presence of macro and
transitional pores in the sorbent structure. As the
values of R* were higher than those of R * and
lower than R > (Table 6), an explicit conclusion

as to whether chemisorption or intraparticle dif-
fusion was the general rate controlling mecha-
nism during CR sorption on BMMC could not
be drawn, i.e. either of the proposed processes
could dominate during different sorption stages.
Adsorbent loading increased when its mass was
decreased, as unit sorbent mass came into con-
tact with a larger number of organic molecules.
Moreover, the rate of intraparticle diffusion
decreased at higher sorbent mass, as indicated

Maced. J. Chem. Chem. Eng. 32 (1), 133—-149 (2013)



Removal of diazo dye from the aqueous phase by biosorption onto ball-milled maize cob 147

by the lower values of the rate coefficients (k)
characterizing the experimental series with w 3
g of biomaterial, when compared to that with
w 5 g of the sorbent (Table 6). It is likely that
the latter was due to the greater external sur-
face area available for adsorption, followed by
a sharp drop in the azo dye concentration in the
liquid phase and, respectively, a reduction in
the process driving force.

4. CONCLUSION

The present study provided the following
general findings. The observed FTIR adsorbent
spectral differences before and after adsorption
indicated the possible involvement of carboxyl
(~COOH), hydroxyl alcocholic (-OH) and
amino (-NH,) functional groups on the BMMC
surface during the biosorption process and
a probable interaction with the sulfonic acid
(=SO,H) groups of CR molecules. The pristine
and dye-loaded BMMC were characterized
with an irregular and porous surface morphol-
ogy. The maximum biosorption capacity of
Zea mays biomass (¢ 4.83 mg g') was regis-
tered at pH 7. The major mechanisms respon-
sible for CR biosorption include electrostatic
interactions between negatively charged dye
SO, groups and positively charged adsorbent
surfaces, H-bonding between oxygen- and ni-
trogen-containing functional groups of CR and
the BMMC surface and hydrophobic—hydro-
phobic interactions between hydrophobic parts
of the dye and the sorbent. The applicability of
the Langmuir and/or Freundlich models to the
equilibrium experimental data outlined the pos-
sibility of monolayer adsorption and/or a het-
erogeneous energy distribution of active sites
on the sorbent surface. The kinetic data fol-
lowed the pseudo-second order model, but the
role and significance of intraparticle diffusion
could not be totally neglected. Additionally, the
conducted experimental investigations revealed
to a certain extent the transport mechanism and
mass transfer pathway of the priority pollutant
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Congo red in the environmental cycle: indus-
trial wastewaters — natural surface/groundwa-
ters — soil — agricultural crops. More detailed
investigations in this direction, however, are
still necessary.

Acknowledgements. This study was supported financially by
Project No. 07/2011, Faculty of Veterinary Medicine, Trakia
University, Stara Zagora, Bulgaria.

NOMENCLATURE

a,  Langmuir isotherm constant, dm® mg™!
a Redlich-Peterson isotherm constant,
dm® mg™!

b Redlich-Peterson isotherm constant
(0<b<1

C  equilibrium sorbate concentration in
the liquid phase, mg dm™

Q

initial sorbate concentration in the liquid phase,
mg dm™

<

particle diameter, mm
initial sorption rate, mg g' min™!
Langmuir isotherm constant, dm® g

Freundlich isotherm constant, dm?® g!,

=
A

intraparticle diffusion rate constant,

mg g 'min?

i

Redlich-Peterson isotherm constant,
dm?® g!

b

rate constant of pseudo-first order sorption, min!

R

rate constant of pseudo-second order sorption, g
mg!' min™!

3

biosorbent concentration, g dm
agitation rate, rpm

heterogeneity factor in the Freundlich model

_{O S S
k)

equilibrium sorbate concentration in the solid
phase, mg g!
sorption capacity at time ¢, mg g™

=

R?>  correlation coefficient

T  temperature, K

t time, min

V' solution volume, dm?

w  biosorbent mass, g

A maximum absorbance wavelength, nm
x> Chi-square error
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