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HIGHLIGHTS

» Swede rape straw modified by tartaric acid (SRSTA) is an efficient dye adsorbent.
» It is the first time to modify swede rape straw into bioadsorbent to remove dye.
» The dye adsorption capacity of SRSTA is high, competitive to activated carbon.

» The adsorption mechanism and kinetics were systematically investigated.
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The aim of this study was to develop a promising and competitive bioadsorbent with the abundant of
source, low price and environmentally friendly characters to remove cationic dye from wastewater.
The swede rape straw (Brassica napus L.) modified by tartaric acid (SRSTA) was prepared, characterized
and used to remove methylene blue (MB) from aqueous solution at varied operational conditions (includ-
ing MB initial concentrations, adsorbent dose, etc.). Results demonstrated that the equilibrium data was
well fitted by Langmuir isotherm model. The maximum MB adsorption capacity of SRSTA was
246.4 mg g~', which was comparable to the results of some previous studied activated carbons. The
higher dye adsorption capacity could be attributed to the presence of more functional groups such as car-
boxyl group on the surface of SRSTA. The adsorption mechanism was also discussed. The results indicate
that SRSTA is a promising and valuable absorbent to remove methylene blue from wastewater.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Every year, millions of tons of highly colored wastewater are
discharged from different sources including plastic, textile, leather,
cosmetics, paper-making, printing and dye manufacturing indus-
tries (Feng et al., 2011; Liu et al., 2012). It is very important to treat
the colored synthetic compounds as they are hazardous to human
being and environments. Methylene blue is one of the most impor-
tant synthetic dyes that can negatively affect photosynthesis
(Vargas et al., 2012). Many techniques, such as adsorption, coagu-
lation, flocculation, oxidation, etc., have been developed to remove
synthetic dyes from aqueous solutions (Somasekhara Reddy et al.,
2012; Yu et al., 2012). Adsorption technology is one of the widely
used treatment technologies to remove synthetic dyes from waste-
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water because of the negligible one-time investment, separation-
easy and use-conveniently (Asgher and Bhatti, 2012).

Although activated carbon (AC) is regarded as the highest effi-
cient adsorbent, it is too expensive to be employed in purifying
dye-contaminated wastewater, especially in large scale waters
(Chatterjee et al., 2011). Consequently, various low-cost adsor-
bents, such as crude biomass, chemically modified biomaterials
and some industrial wastes were investigated in order to provide
a competitive substitute for ACs in purifying the colored wastewa-
ter (Mahmoud et al., 2012; Piccin et al., 2012). But these low-cost
adsorbents (e.g., crude biomaterials) were either inefficient in
adsorption capacity (Zhou et al., 2011) or may cause more serious
damage to the environment during the production (e.g., most
chemical modified adsorbents) (Dawood and Sen, 2012; Rivera-
Utrilla et al., 2011). Thereafter, to improve the adsorption capacity
of crude bioadsorbents such as various agro-based straws and to
lower the negative effects (such as HCl, NaOH, H,SOy,, etc.) during
the development of bioadsorbents, tartaric acid (TA), a carboxylic
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Nomenclature

Co initial MB concentration (mg L)

C. MB concentration at equilibrium (mg L)

C MB concentration at time t (mgL™!)

C Intra-particle diffusion model constant

B Boyd model constant

kq pseudo-first-order kinetic model rate constant (min~!)

ky pseudo-second-order kinetic model rate constant
(gmg ' min")

Ky Langmuir adsorption constant (L mg~!)

Kg Freundlich adsorption constant (mg g~')

kiq intraparticle rate constant (mg g~ ! min~%3)

m mass of adsorbent (g)

n Freundlich constant

Qe the amount of dye adsorbed onto the adsorbents at
equilibrium (mgg™!)

Ge,cal the amount of dye adsorbed onto the adsorbents calcu-
lated by model at equilibrium (mg g~!)

qc the amount of dye adsorbed onto the adsorbents at time
t(mgg ')

m the maximum adsorption capacity for adsorbent
(mgg)

Gmcal the maximum adsorption capacity calculated by mathe-
matic model (mgg~")

R ideal gas constant (8.314 ] mol~! K1)

R? correlation coefficient

t time (min)

Vv the volume of solutions (L)

acid with mild chemical properties, inexpensive and environmen-
tally friendly profile was applied to modify swede rape straw (Bras-
sica napus L.). Swede rape straw is a widespread and promising
agro-based biomass. As one of the most important edible oils, a
large amount of rapeseed oil, which was estimated about 21.39
million metric tons, is produced annually (Zhang et al., 2010). Con-
sequently, the amount of rape straw would be much larger and
could effectively be used as an adsorbent to treat the wastewater.

Considering the above facts, the main objectives of this study
were to (1) develop and characterize the swede rape straw modi-
fied by tartaric acid (SRSTA); (2) investigate the effects of various
operational conditions including particle size, TA concentration,
adsorbent dose, solution initial dye concentrations, etc., on adsorp-
tion processes during the development of SRSTA and the removal
of methylene blue; (3) describe the adsorption process using math-
ematic models and (4) discuss the adsorption mechanism of meth-
ylene blue onto SRSTA. Different crude bioadsorbents have been
used to treat the wastewater, but to the best of our knowledge, this
is the first report on developing and applying chemical (TA) mod-
ified swede rape straw (Brassica napus L.) to purify dye-contami-
nated wastewater. The finding will provide a promising
biomeasure to remove methylene blue, and also give insight to ex-
plain the process of SRSTA adsorbing methylene blue and similar
synthetic hazardous compounds.

2. Methods
2.1. Adsorbent and adsorbate

The crude swede rape straw (dry) was collected from Suzhou
Academy of Agriculture Sciences, PR China. The straw was cut to
small pieces (length about 0.5 cm), washed with deionized water
and dried at 60 °C. Then the dried biomass was crushed, sieved
(250 pm) and activated at 110 °C for 2 h, which was designated
as SRS. The producing process of SRSTA is presented by Fig. 1. Final-
ly, the prepared SRSTA was stored in a brown reagent bottle for the
following experiments.

20 200 mL of Kept for 2 Dried, crushed,
E;Rgs 0.7M TA :; hours at 70 °C, > and esterified at
solution centrifuged 120 °C for 3h

Dried, crushed, and SRSTA @ Washed by 0.05M NaHCO,
was produced and stored and deionized water

Fig. 1. The schematic diagram of the producing procedure of SRSTA.

Methylene blue (C;sH;sCIN3S-:3H,0, FW=373.9, CI.52015,
Jmax = 664 nm) was used as a model dye to test the adsorption
capacity and to investigate the adsorption process. This cationic
dye was purchased from Sinopharm Chemical Reagent Co. LTD
(Shanghai, China). All other chemicals used were of analytical grade.

2.2. Adsorption experiment

The concentration of the MB stock solution for adsorption
experiment was 1000 mg L~!. The pH of the solution was adjusted
to 8.0. The concentration of MB was measured according to the fol-
lowing process (Feng et al., 2011). Briefly, approximately 5 mL of
MB solution was filtered through 0.45 pm membrane filters (the
first 2 mL solution was discarded), diluted to appropriate concen-
trations to make sure that their absorbance remained within the
linear calibration range and then measured at 664 nm using a
UV-vis spectrophotometer (Shimadzu, UV2450, Japan). Measure-
ments of MB concentrations were reproducible within 10%. The
amount of MB adsorbed onto bioadsorbents at equilibrium and
at time t was obtained by means of the following equations:

g = =GV 0
= C=CV. 2

The bioadsorbents were characterized by SEM scanning (Quanta
200, FEI, Netherlands) at a magnification of 500x and 1600x,
respectively; FTIR scanning (Nicolet 360, Thermo Electron Co.,
USA) at a spectral range of 4000-400 cm~'; XRD study with the
20 angle ranged from 0° to 70° (D/max-°C, Rigaku Corporation,
Japan); TGA-DTG study with the temperature from 30 to 700 °C
(Pyris 1 TGA, PerkinElmer, USA) and particle size distribution
analyzing (Mastersizer 2000, Malvern Instruments, UK).

Each experiment was repeated three times and the mean results
with error bar (+SD) were presented. All figures (if necessary) were
derived using Origin 8.0.

2.3. Theory

Isotherms study is important for developing a model that can be
used for adsorption process design (Li et al., 2011). Two widely
used equilibrium isotherm models, i.e., Langmuir model and Fre-
undlich model, were applied to describe the adsorption. The de-
tailed information about these two models were presented in the
former manuscript (Feng et al., 2011).
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To evaluate the adsorption process, two kinetic models were
used:
Pseudo-first-order kinetic model.

k]
log(g, — q;) = logq. — mt 3)
Ho’s pseudo-second-order kinetic model (Ho, 2003).
t 1 t
— = 4
q ko7 e @

Intra-particle diffusion model is useful to identify the adsorp-
tion mechanism that can be expressed by the following equation:

q; = kigt® +C. (5)

Meanwhile, Boyd’s model was applied to predict the actual slow
step involved in the adsorption process, and it is expressed as fol-
lows (Tang et al., 2012):

B, = —0.4977 — In(1 — %). (6)

e

3. Results and discussion
3.1. Characterization of bioadsorbent

3.1.1. The morphology of the bioadsorbent

Scanning electron microscope (SEM, see Fig. 1S in S.I.) was used
to analyze the surface morphology of crude SRS and MB-loaded
SRSTA (SRSTA-MB). Crude SRS contained a rough surface with reg-
ular tunnel-like structure (Fig. 1S-a), in addition, many tiny pores
were observed on the surface of the tunnel-like structure (Fig. 1S-
b). These structures, which were due to the remains of dried cell
wall, would provide a comparatively large surface area. After TA
modification (Fig. 1S-c), no significant variations were found be-
tween SRS and SRSTA. It implies that the chemical modification
did not damage the well-developed porous structure. Further, the
SEM image of dye-loaded SRSTA (SRSTA-MB, Fig. 1S-d) showed
an obviously changed surface morphology: the surface became
much smoother than that of the previous image. The results indi-
cated that large amount of MB may be attached on the surface of
SRSTA.

3.1.2. Responsible functional groups

FTIR spectra are useful to identify the functional groups associ-
ated with the surface of bioadsorbents and the functional groups
involved in the adsorption process could also be identified (Khan
et al,, 2011). To investigate the responsible functional groups, the
FTIR spectra of the two relevant biomaterials (i.e., SRS and SRSTA)
were studied (Fig. 2S). The obviously changed peaks and the possi-
ble reasons have been listed in Table 1. The changes of main peaks
between SRS and SRSTA were occurred around 1739.16 and
1044.41 cm™!. The two peaks of SRSTA were much higher and
sharper than these of SRS. It showed that carboxyl group (-COO™)
increased prominently after the TA modification.

3.1.3. The changes in crystalline structures

Chemical modification process may lead to some changes in the
crystalline structure of the biomaterials (Khan et al., 2011). Thus,
X-ray diffraction (XRD) study was conducted to investigate the
possible changes in the crystalline structures of SRS and SRSTA.
The XRD pattern of raw SRS showed typical spectrum of cellulosic
materials (Fig. 3S). The largest peak (at around 22°) indicated the
presence of highly organized crystalline cellulose, while the smal-
ler peak (at around 16°) indicated a less organized polysaccharide
structure (Gong et al., 2005). The increased peak height after TA

Table 1
The main peak changes in FTIR spectra of bioadsorbents before and after TA
modification.

Peaks (wave numbers) Vibrations or stretching of functional groups

3429.17 O-H bond stretching vibrations

2921.86 C-H in the aliphatic hydrocarbons

1739.16 Adsorption peak of C=0 bond

1628.40 Adsorption peak of aromatic ring

1502.93 C=C bond (aromatic ring)

1044.41 Adsorption peak of C=0 bond
884.08 Adsorption peak of methyl group

modification indicated the increased crystallinity. It is noteworthy
that, after TA modification no new peak in the spectra of SRSTA
was appeared. This result indicated that TA modification did not
generate crystals on the surface of bioadsorbents.

3.1.4. Thermogravimetric analysis

Thermogravimetric analysis of SRS and SRSTA was conducted to
understand the thermal characteristics and weight loss of the both
bioadsorbents. Results shown in Fig. 2a demonstrated that both
biomaterials were pyrolysed below 500 °C, and the remained ash
accounted for 9-11% of the biomaterials. A small loss of mass is ob-
served at temperatures below 100 °C, which can be attributed to
the loss of water (Avelar et al., 2010). Moreover, a major peak
was appeared at around 300-350 °C (shown in DTG curves). This
could be attributed to the decomposition of some compounds that
exists in most biomass, such as lignin, cellulose, hemicelluloses,
etc. (Gao et al., 2008). It should be noted that there was a minor
peak at around 260-270 °C for SRSTA while there was no such peak
in case of crude biomaterial SRS. It has been recognized that TA
decomposed at around 210 °C, which proved that the minor peak
was not due to the decomposition of TA crystal that may exist after
TA modification. Results of FTIR study showed that many esterified
groups were emerged after TA modification. The minor peak of
SRSTA may be due to the presence of the newly emerged ester
compounds. In addition, the DTG curve showed no TA crystal on
the surface of SRSTA, indicating that TA molecules were success-
fully reacted with the surface functional groups (i.e., —-OH group)
on SRS.

3.2. Operational conditions and environmental effects on adsorption

3.2.1. Effect of particle size and TA concentration on adsorption
capacity

Due to the extra grinding process during the production of
SRSTA, there is a possibility to change the distribution of the parti-
cle size, which may finally affect the adsorption capacity of the bio-
adsorbents. In order to investigate the effects caused by the
variation of particle size, and to prove that the improvement of
dye adsorption capacity of SRSTA was dominated by TA modifica-
tion instead of the variation of particle size, following experiments
were conducted.

Firstly, the variation of particle size was examined by a particle
size analyzer (Fig. 2b), which proved that the particle size of SRSTA
was smaller than that of SRS (volume mean diameter decreased
from 204.9 to 103.4 um for SRS and SRSTA, respectively). Smaller
particle size indicated larger specific surface area, which conse-
quently lead to more adsorption site and higher adsorption
capacity.

Secondly, to investigate the effect of the particle size on adsorp-
tion capacity, SRS with four different particle size distributions
were used to adsorb MB from aqueous solutions (Fig. 2c). Fig. 2c
showed that the g. values merely increased about 6% when the
particle size of SRS decreased from 100-150 to 0-100 pm. This
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Fig. 2. (a) TGA-DTG curves of SRS and SRSTA (30 to 700 °C); (b) Particle size distribution of SRS and SRSTA; (c) The adsorption capacity of MB by SRS with different particle
size distribution (experiment conditions: initial MB concentration =500 mgL~!, sorbent dose=1gL"!, pH=8.0); (d) The effect of different TA concentrations on the
adsorption capacity of SRSTA (adsorption experiment conditions: initial MB concentration = 500 mg L', sorbent dose =1 gL', pH = 8.0).

observation is consistent with some previous studies (Asgher and
Bhatti, 2012): the adsorption capacity of bioadsorbents usually
reaches a plateau under a certain range of particle size
distributions.

Furthermore, the g. values of SRSTA modified by different con-
centrations of TA solutions were tested. The crude SRS was pre-
pared under the same operational conditions before chemical
modification. Consequently, the variation of g values in this exper-
iment was dominated by TA concentrations. Results indicated in-
creased g. values when TA concentrations were lower than 0.7 M
(Fig. 2d), whereas g, values did not change to a larger extent at
higher (>0.7 M) TA concentrations. This result directly proved that
the increase of MB adsorption capacity was dominated by TA con-
centrations instead of particle size distributions. Results of this
study demonstrated that 0.7 M TA concentrations should be se-
lected under the present experimental conditions to produce an
efficient SRSTA with the lowest TA consumption (Fig. 2d).

In conclusion, particle size slightly affects the adsorption capac-
ity of relevant bioadsorbents, whereas TA concentrations largely
influence the adsorption capacity. Thus the increase of dye adsorp-
tion capacity of SRSTA was dominated by TA modification instead
of the changes of particle size distribution.

3.2.2. Effect of dose on adsorption

Fig. 3a shows the effect of SRSTA dose on MB adsorption. Results
of the study indicated that with the increased adsorbent doses the
ge values decreased while the removal percentage of dye increased.
When the adsorbent dose increase, the number of sorption sites on
the surface of adsorbents will increase, this will enlarge the con-
centration gradient between the dye concentration in the solution
and the dye concentration in the surface of the bioadsorbents
(Dawood and Sen, 2012). The enlarged concentration gradient will

enhance the interaction between MB molecules and adsorbent
(SRSTA), which will consequently improve the removal percentage
of MB. In addition, the total amount of MB molecules is the same
for a certain volume of MB solution, for every adsorption site, the
increased amount of adsorbents for the solutions will lower the
driving force and lead to a lower g, values.

3.2.3. Effect of sampling time and initial MB concentration on
adsorption

In order to investigate the effect of adsorption time and dye
concentrations on the adsorption process, two initial MB concen-
trations (200 and 400 mg L™!) were selected and sampled at differ-
ent time intervals. According to Fig. 3b, g values for both MB
concentrations were increased with the increased sampling time
before reaching the equilibrium (within 40-60 min). Higher g, val-
ues were observed in higher initial dye concentration (400 mg L™ 1),
than that of the lower dye concentrations (200 mg L™!). While, the
removal percentages were lower in higher initial MB concentra-
tions as compared to the lower initial MB concentrations (data
not shown). Dye concentration provides an important driving force
to overcome the mass transfer resistance between bioadsorbents
and aqueous solutions. It means that at higher initial dye concen-
trations, the driving force was higher than that of the lower initial
dye concentrations. Consequently, the g, values would be higher in
case of higher initial dye concentrations. However, at higher initial
dye concentrations the available sorption sites becomes compara-
tively fewer, and hence lowering the removal percentage of MB.

Moreover, time needed to attain the equilibrium is obviously
different for different initial dye concentrations. According to
Fig. 3b, time needed to reach equilibrium was longer for the initial
dye concentration of 400 mgL~! (about 60 min) than that of the
dye concentration of 200 mg L~! (around 40 min). That happens
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Fig. 3. (a) The effect of SRSTA dose on the adsorption capacity and dye removal percentages (experiment conditions: initial MB concentration = 500 mg L™?, pH = 8.0); (b) The
effect of time and initial MB concentrations on adsorption (experiment conditions: sorbent dose = 1 g L™!, pH = 8.0, sampling time from 2 min to about 180 min, with different
time intervals); (c) Desorption study with different solutions (experiment conditions: solute concentrations = 0.01 mol L™'); (d) Intraparticle diffusion study.

E:E:E;ium parameters for Langmuir and Freundlich model, respectively.
Adsorbents Langmuir Freundlich
Gm.ca (Mgg ") K (Lmg™") S n Ke (mgg™") S
SRSTA 246.4 0.1160 0.9916 4985 88.85 0.9778
SRS 128.2 0.0968 0.9987 6.636 55.60 0.8822

because, at higher initial dye concentrations, the sorption sites on
the surface of bioadsorbents were not sufficient to attach most of
the MB molecules in the aqueous solutions and part of the unat-
tached molecules needs to penetrate the boundary layer on the
surface and enter into the bioadsorbent particles through intrapar-
ticle diffusion. Consequently, the time needed to reach equilibrium
was longer at higher initial dye concentrations because of the time-
consuming intraparticle diffusion process (i.e., rate-limiting step).
This result was similar to many previous studies (Kyzas et al.,
2012; Mahmoud et al., 2012; Somasekhara Reddy et al., 2012).

3.3. Adsorption process and mechanisms

3.3.1. Equilibrium study

Equilibrium study is important as it provides the qualitative
information on the nature of solute-solid surface interactions and
could be used to evaluate the adsorption capacity of a particular
adsorbent. In this study, two widely used isotherm models, i.e.,
Langmuir model and Freundlich model were used to describe the
adsorption process. The relevant parameters of these models were
given in Table 2 and the isotherm experiment plots together with
curves were presented in Fig. 4S.

Obviously, Langmuir model fits to the experimental data in a
better way (Table 2, R’ >0.99), which means the adsorption of

MB onto SRSTA/SRS occurred as a monolayer adsorption. According
to the assumption of Langmuir model, the adsorption affinity on
the surface of the SRSTA/SRS is homogenous in terms of surface
functional groups and bonding energy, and the surface contains a
finite number of identical adsorption sites (Dawood and Sen,
2012; Khambhaty et al., 2012). In addition, the calculated value
for maximum amount of MB loaded on the bioadsorbents (g car)
were given in Table 2. It showed that the gmca value of SRSTA
was significantly higher (roughly 2 times higher) than that of the
crude SRS. The adsorption capacity of SRSTA was higher than many
previous studied bioadsorbents (Han et al., 2012; Liu et al., 2012;
Mahmoud et al., 2012; Sen et al., 2011; Song et al., 2011; Vieira
et al., 2012) and even competitive compared with some lab-pro-
duced or commercial activated carbons (Avelar et al., 2010; Girgis
et al.,, 2011; Mahmoud et al., 2012; Raposo et al., 2009). SRSTA is
very competitive due to its higher adsorption capacity for cationic
dyes, ideal environment-friendly profile and low-cost involved to
produce from agro-based biomass. All of these characteristics will
make SRSTA a feasible low-cost substitute for ACs in purifying dye-
contaminated waste water through adsorption technology.
Compared with Langmuir model, the determined correlation
coefficient (R?) of Freundlich model was lower for both bioadsro-
bents. The Freundlich isotherm model assumes a multilayer
adsorption that occurred on a heterogeneous surface, and the heat
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Table 3

Parameters of pseudo-second-order kinetic model, pseudo-first-order kinetic model and intraparticle diffusion model at different initial dye concentrations.

Co (mgL™1) Pseudo-second-order kinetic model Pseudo-first-order kinetic model Intraparticle diffusion model

Gecal (Mgg ™) ks (gmg ' min") R ky (min~") S kia (mg g~ 'min~*?) C(mgg") S
200 172.4 0.003797 0.9995 0.00397 0.7295 11.76 120.5 0.9487
400 2232 0.001718 0.9994 0.02174 0.8898 8.31 139.4 0.9431

of adsorption is not uniform between the molecules that adsorbed
onto the adsorbent surface. The Freundlich isotherm model did not
fit well with the experimental data indicating its inapplicability to
describe these isotherm data.

3.3.2. Kinetic study

Kinetic study is necessary because it presents critical parame-
ters (e.g., present the adsorption rate, predicting the g. values,
etc.) in designing an industrial adsorption column. In the present
study, two widely used kinetic models, i.e., pseudo-first-order
and Ho’s pseudo-second-order kinetic model are selected to char-
acterize the adsorption process of SRSTA under two different initial
dye concentrations. The plots corresponding to the regression
curves were presented in Figs. 55-a and 5S-b. Meanwhile, the rel-
evant parameters were shown in Table 3. According to Table 3,
the regression correlation coefficients (R?) of pseudo-second-order
kinetic model were significantly higher than that of the pseudo-
first-order kinetic model. This result indicated that the adsorption
of MB onto SRSTA obeys pseudo-second-order kinetic model very
well, which is similar to many previous studies (Feng et al.,
2011; Mahmoud et al., 2012). Considering the inapplicability of
pseudo-first-order kinetic model presented in Table 3, it will not
be discussed in detail here.

It is obvious from Table 3 that the g ¢, values were very close to
the experimental g, values, increased with the increasing of initial
dye concentrations; but the rate constants (k, values) decreased
with the increasing of C,. At higher MB concentrations, the compe-
tition for the surface sorption sites will be high, which will conse-
quently lead to a comparatively low rate constant (Nethaji and
Sivasamy, 2011).

3.3.3. Desorption study

Desorption study is usually applied to elucidate the adsorption
mechanism and to recover the depleted adsorbent (Yu et al., 2011).
In this study, four solutions were used: hydrochloric acid solution,
acetic acid solution, sodium chloride solution and deionized water.
To compare the efficiency of different solutions in desorption
study, the concentration of solutes were set as 0.01 M (except
the deionized water). If the attached dye molecule desorbed by
deionized water, the adsorption is usually dominated by weak
bonds; otherwise, if it is desorbed by acid, the adsorption is dom-
inated by ion exchange (Chen et al., 2011). According to Fig. 3c,
hydrochloric acid solution is the most efficient one (91.01% for
SRSTA), following acetic acid solution. Sodium chloride solution
and deionized water were inefficient to desorb MB molecules in
the present study. It implies that ion change was the dominating
mechanism in adsorbing MB onto both bioadsorbents.

3.3.4. Adsorption mechanisms

For a solid-liquid adsorption system, the solute transfer is usu-
ally characterized by boundary layer diffusion, intra-particle diffu-
sion or both, and the controlling step of the adsorption could be
intraparticle and/or external diffusion process (Dawood and Sen,
2012). In order to understand the adsorption mechanism involved
in the adsorption of MB onto SRSTA, the kinetic data were analyzed
by intraparticle diffusion model Eq. (5) and Boyd’s model Eq. (6).
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Fig. 4. The schematic diagram of the adsorption process and mechanism.

According to the result shown in Fig. 3d, the adsorption process
could be divided into three steps (Feng et al., 2011). The first step
that completed within about 2 min was dominated by external
mass transfer. Because of the existence of some functional groups
on the external surface of SRSTA (especially —-COO~ groups that
confirmed by FTIR spectra in Fig. 2S), the rapid attachment was
probably due to the strong electrostatic attraction between MB*
and -COO™. Thereafter, the second step that finished within about
40 min could be attributed to the intraparticle diffusion process.
The sorption sites were not sufficient to attach most of the MB
molecules after the first rapid stage (electrostatic attraction), the
concentration gradient between the solution and the solid inner
surface (i.e., pores or caves) is still large enough to drive the
adsorption. However, this process was the rate-limiting step and
at least 40 min were needed to finish this process under the pres-
ent experiment conditions. The third step was the equilibrium
stage. After a period of adsorption, the adsorbate concentration
in the solutions was too low to drive the adsorption, i.e., the
intraparticle diffusion starts to slow down and finally ceased,
which indicated that equilibrium was attained. Based on the above
analysis, a schematic diagram of the adsorption process and mech-
anism is shown in Fig. 4. Functional groups shown in this sche-
matic diagram includes carboxyl group, hydroxyl group, etc.

The C value in Eq. (5) represents the boundary layer effect (film
diffusion). Higher C values indicate greater contributions of the
surface sorption in the rate-controlling step. According to Table 3,
the C values were increased with the increase of initial dye concen-
trations, which indicates the increased boundary layer thickness at
higher initial dye concentrations. Likewise, the k;q values were in-
creased with the increasing dye concentrations. At higher initial
dye concentrations, the adsorption driving force was stronger, con-
sequently it will cause an enhanced MB diffusion rate (Weng et al.,
2009). Furthermore, if the regression curves (Fig. 3d) for both ini-
tial dye concentrations are extended, they do not pass through
the origin. It means some other mechanisms along with intraparti-
cle diffusion are involved in the process (Ozcan et al., 2005).

The boundary layer effect may control the rate of mass transfer
in the slow-adsorption step, and it could be corroborated by the
analysis of dynamic data from Boyd’s model (Ahmad and Alrozi,
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2011). If a plot of B, versus t is a straight line and it passes through
the origin (if extended), the adsorption will fit with the layer effect.
According to Fig. 6S in S.I., the plots are linear only at the initial
period (0.8648 < R? < 0.8919); meanwhile, the regression curve
passes through the origin (approximately). It confirmed that at this
period the rate-limiting process is to be governed by particle diffu-
sion phenomena (Mittal et al., 2012).

4. Conclusion

The maximum monolayer adsorption capacity of SRSTA was
calculated as 246.4 mg g~ !. The improvement of MB adsorption
capacity after TA modification was mainly due to the increased
functional groups on the surface of biomaterials. The adsorption
process could be divided into three stages (external mass transfer,
intraparticle diffusion and attach equilibrium). The intraparticle
diffusion of MB molecules through the pores was the rate-limiting
step. The present study indicates that tartaric acid modified swede
rape straw (SRSTA) is an efficient, low-cost, environmental-
friendly and easy-produced bioadsorbent and may be used as a
promising bioadsorbent to remove the dye from industrial
wastewater.
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