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Preparation of Tannin-immobilized Collagen/Cellulose
Bead for Pb(ll) Adsorption in Aqueous Solutions

Min Zhang,? Cuicui Ding,” Lihui Chen,? and Liulian Huang ®*

Bayberry tannin-immobilized collagen/cellulose bio-adsorbent (BT-
collagen/cellulose) was prepared via the reaction of bayberry tannin with
the amino group of collagen in collagen/cellulose blends. Compared with
collagen/cellulose beads without tannin, BT-collagen/cellulose had a
more compact structure and higher thermal stability. Furthermore, the
crystalline structure of cellulose in BT-collagen/cellulose was preserved.
The adsorption properties of BT-collagen/cellulose to Pb(ll) in aqueous
solution were investigated and compared with those of
collagen/cellulose. The adsorption of Pb(ll) on both of the two bio-
adsorbents reached the maximum at pH near 5.5. Based on the mass
content of collagen, the equilibrium adsorption capacity of BT-
collagen/cellulose at 25 °C was 1.352 mmol/g, according to Langmuir
isotherms, which was higher than that of collagen/cellulose (0.345
mmol/g). In kinetics studies, both of the two bio-adsorbents reached
equilibrium within ~240 min, and the experimental data could be well
fitted by the pseudo-second-order rate model. Nevertheless, BT-
collagen/cellulose had a better reusability after three cycles of
adsorption-desorption.
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INTRODUCTION

Lead (Pb)(Il) is a common heavy metal contaminant. In industrial wastewater,
Pb(Il) concentrations approach as high as 200 to 500 mg/L (Vilar et al. 2005). The
presence of Pb(Il) in water is a potential threat to human health as it can cause mental
deficiency, brain damage, anemia, and behavioral problems (Gyananath and Balhal
2012). The removal of heavy metals, including Pb(ll), from wastewater has progressed
significantly.

Among the various conventional methods for the removal of heavy metals from
wastewater such as ion exchange, flotation, solvent extraction, precipitation, coagulation,
membrane filtration, reverse osmosis, and adsorption, adsorption is promising due to its
high selectivity, easy handling, lower operating costs, and high efficiency in removing
very low levels of heavy metals from aqueous solutions (Fu et al. 2011; Mouni et al.
2011; Xu et al. 2011). Of the various biological adsorbents, tannin was believed to be a
potential alternative for the removal of heavy metals from aqueous solution (Liao et al.
2004; Ozacar et al. 2008) .

Tannins are widely distributed in the roots, barks, stalks, and fruits of plants. As
natural polyphenols, tannins have multiple adjacent phenolic hydroxyls, which exhibit
strong affinity to metal ions (Nakajima 2002). However, tannins are water-soluble; thus,

Zhang et al. (2015). “Pb(ll) adsorption material,” BioResources 10(1), 1773-1789. 1773



PEER-REVIEWED ARTICLE b | oresources.com

they possess the disadvantage of being dissolved by water when used directly as the
adsorbent for the recovery of metal from aqueous systems. To overcome this drawback,
collagen, the most abundant animal biomass, was employed as the matrix onto which
tannins were immobilized via the chemical cross-linking of the aldehyde agent (Liao et
al. 2004). Nevertheless, one of the primary limitations in the practical use of collagen is
the relatively poor physical properties, wherein they can be easily damaged or
disintegrated upon handling (Catalina et al. 2012). One of the primary efforts devoted to
improving the properties of collagen is the preparation of composites with other
biopolymers.

Cellulose is the most abundant natural polymer and has been widely used in many
fields due to its biocompatibility, biodegradability, and desirable mechanical properties
(Mdller et al. 2006). Therefore, binary blends of natural polymers, including both
cellulose and collagen, are promising systems for creating new polymer materials with
improved physical properties. In a previous study (Zhang et al. 2014), collagen/cellulose
composite films were prepared by co-dissolving in an environment-friendly solvent, 1-
ethyl-3-methylimidazolium acetate ([Emim]Ac), which is an ionic liquid. Strong
intermolecular hydrogen bonds between collagen and cellulose were confirmed in the
composites, which presented the possibility of preparing a composite of collagen and
cellulose to be a more stable matrix for the immobilization of tannins compared with
matrices derived from pure collagen. Furthermore, collagen regenerated from ionic liquid
is different with collagen fiber, since more groups would be exposed as for collagen
molecules than those for collagen fiber, and thus more tannin can be immobilized, which
IS expected to increase the adsorption capacity of tannin adsorbent.

To the best of our knowledge, the preparation and characterization of tannin-
immobilized collagen/cellulose bio-adsorbent has not yet been reported. Thus, BT-
collagen/cellulose beads were prepared and then characterized by several methods, such
as field-emission scanning electron microscopy (FE-SEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and thermogravimetric analysis (TGA).
After that, the pH effect, adsorption isotherms, adsorption kinetics, and reusability of BT-
collagen/cellulose beads to adsorb Pb(Il) in aqueous solution were investigated and
compared with those of collagen/cellulose beads.

EXPERIMENTAL

Materials

Bayberry tannin (BT), provided by Sichuan University (China), was obtained
from the bark of Myrica esculenta via acetone-water (1:1 v/v) extraction. The tannin
content of the extract was approximately 78.0%. Microcrystalline cellulose was
purchased from Aladdin Co., Ltd. (China) and [Emim]Ac was provided by Lanzhou
Institute of Chemical Physics (China).

Methods
Preparation of collagen

Collagen (300 KDa) was prepared from calf skin by a previously described
method (Zhang et al. 2006). The delimed and neutralized bovine split skin was cut into
smaller pieces and extracted with 0.5 mol/L acetic acid containing 3% pepsin (1:3000) at
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4 °C for 3 d. The supernatant was collected by centrifugation (9000 x g) at 4 °C and
salted out by the addition of NaCl (final concentration 0.7 mol/L).

The precipitate was dissolved in 0.5 mol/L acetic acid, dialyzed against 0.1 mol/L
acetic acid for 3 d, lyophilized in a freeze dryer (Labconco Freeze Dryer FreeZone 6
Liter, USA) at -50 °C for 2 d, and stored at 4 °C.

Preparation of adsorbents

Microcrystalline cellulose (3.0 g) was added to [Emim]Ac (50.0 g, ~45.4 mL) ina
dried beaker and dissolved with agitation at 60 °C for 4 h. After the clear solution was
cooled to room temperature, the prepared calf collagen (0.5 g) was added. The following
dissolving process was controlled at 25 °C for 6 h. In our previous paper (Zhang et al.
2014), it was found that collagen tended to form continuous phase and thus phase-
separation between the two polymers occurred as collagen/cellulose ratio = 1/5, therefore,
in the present work collagen/cellulose ratio was limited to be 1/6.

The obtained solution was added dropwise with a 1.0 mm diameter syringe needle
to a 10% (v/v) ethanol solution to produce the hydrogel beads; the beads were then
soaked in deionized water and renewed every 0.5 h, for a total of 4 times. Bayberry
tannin (3.0 g) was dissolved in deionized water (80.0 mL), then mixed with the prepared
hydrogel beads and reacted for 10 h at 25 °C. The intermediate product, collected by
filtration, was added to 200.0 mL of a 2 wt% glutaraldehyde solution. The mixture was
initially reacted for 2 h at 25 °C, and then reacted for 2 h at 40 °C. The product was
collected by filtration, fully washed with deionized water, and vacuum-dried at 25 °C.
The obtained bayberry tannin-immobilized collagen/cellulose bio-adsorbent (BT-
collagen/cellulose) was stored at room temperature.

Field-emission scanning electron microscopy (FE-SEM)

The BT-collagen/cellulose and collagen/cellulose adsorbents were mounted on
brass stubs using double sided cellotape and sputter coated with a platinum/palladium
alloy. Ultrastructural observations were performed with a field-emission scanning
electron microscope (FEI Navo NanoSEM 230; USA) operating at an accelerating
voltage of 15 kV.

X-ray photoelectron spectroscopy (XPS)

The surface properties of both adsorbents were analyzed by X-ray photoelectron
spectroscopy using monochromatized Al Ka X-ray (hv = 1486.6 eV) radiation
(ESCALAB 250, Thermo Fisher Scientific Co.; USA). The shift of the binding energy
was corrected using the C1s level at 284.6 eV as an internal standard.

X-Ray diffraction (XRD)

The X-ray diffraction patterns of both adsorbents were recorded using Cu Ka
radiation (A=0.154056 nm) on a diffractometer (Panalytical X’pert Pro MPD; the
Netherlands) at a scanning rate of 1°/min in the 26 range from 5 to 55°.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the adsorbents was performed with a thermal
analyzer (Netzsch TG 209; Germany). Samples (2.0 to 2.5 mg) were heated from 40 to
600 °C (ramp of 10 °C/min) in a high-purity nitrogen atmosphere flowing at 80 cm*/min.
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Effect of initial pH on adsorption capacity

Stock Pb(Il) solution (1000 mg/L, which was converted to 4.826 mmol/L) was
prepared by dissolving analytical grade Pb(NO3). in deionized water, and diluting to the
appropriate concentrations. The adsorption experiments were performed by suspending
0.20 g of beads (BT-collagen/cellulose or collagen/cellulose) in 60.0 mL of a 0.965
mmol/L Pb(Il) solution, and constantly shaking at 25 °C for 24 h. Six Pb(Il) solutions
with various initial pH values of 2.5, 3.5, 4.5, 5.0, 5.5, and 6.5, respectively, were
prepared. The concentration of Pb(ll) in solution was analyzed by inductively coupled
plasma atomic emission spectrometer (ICP-AES; Perkin-Elmer Optima 2100DV; USA).
The adsorption capacity (ge, mmol/g) of both the adsorbents to Pb(Il) was computed in

Eq. (1),
_ G -C)V
¢ W
where Co and Ce are the initial and equilibrium solution concentrations (mmol/L),
respectively, V is the volume of the solution (L), and W is the weight of collagen in the
beads (g). To facilitate comparison, the content of BT in the BT-collagen/cellulose beads

was not taken into account. The experiments were performed three times, and the
deviations were found to be within 5%.

1)

Adsorption isotherms

Beads (0.20 g) were suspended in 60.0 mL Pb(Il) solutions with initial
concentrations ranging from 0.1207 to 1.207 mmol/L. The pH of the Pb(ll) solutions was
adjusted to 5.5. Two adsorption experiments were conducted by constant shaking at
different temperatures, one was conducted at 25 °C and the other one was conducted at
45 °C. Experiments were performed three times, and the deviations were found to be
within 5%.

Adsorption kinetics

Beads (0.20 g) was suspended in 60.0 mL of a 0.965 mmol/L Pb(ll) solution. The
pH was adjusted to 5.5, and the adsorption process was conducted at 25 °C with constant
stirring. The concentration of Pb(ll) was analyzed with ICP-AES during the adsorption
process. Adsorption capacities at time t (min) were obtained by mass balance
calculations.

Reusability of BT-collagen/cellulose

Batch desorption experiments with the Pb(ll)-adsorbed beads were performed
using 30.0 mL of a 0.1 mol/L nitric acid solution, with constant stirring at 25 °C for 24 h.
The mixture was filtered, the concentration of Pb(Il) in the filtrate was determined by
ICP-AES, and the desorption extent was calculated.

The desorbed beads were fully rinsed, and then reused for adsorption testing to
evaluate reusability. Experiments on the adsorption kinetics of the desorbed beads were
conducted using the same procedures as described above. The adsorption-desorption
process was performed in triplicate.
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RESULTS AND DISCUSSION

Adsorption of Pb(ll) onto Collagen/Cellulose Beads or
BT-Collagen/Cellulose Beads

The mechanism of the dissolution, regeneration, and blending of collagen and
cellulose in [Emim]Ac has been proposed in previous work (Zhang et al. 2014). That is,
the respective hydrogen bonds in collagen and cellulose molecules were broken by
[Emim]Ac during dissolution. With [Emim]Ac washed away with water, the hydrogen
bonding could be rebuilt among the collagen chains or cellulose chains, or between the
collagen and cellulose chains, and finally the composite collagen/cellulose bead was
formed.

After this step, bayberry tannin (BT) was added to react with collagen in the
composite beads via the cross-linking reaction of glutaraldehyde, and then bayberry
tannin immobilized collagen/cellulose (BT-collagen/cellulose) beads were obtained. It
was known that there was interaction between tannins and collagen matrices due to the
formation of hydrogen bonds and hydrophobic bonds, which means that tannin may be
leached out in water during the adsorption process (Sun et al. 2010). Therefore, to
prevent the leaching of tannins from BT-collagen/cellulose, stable covalent bonds of the
C6 and C8 of A-rings of BT, which had high nucleophilic reaction activity (Zhan and
Zhao 2003), were formed with the amino groups of collagen molecules through the cross-
linking of glutaraldehyde.
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Scheme 1. The possible absorption mechanisms of collagen/cellulose beads and BT-
collagen/cellulose beads to Pb(ll)

The possible absorption mechanisms of collagen/cellulose beads and BT-
collagen/cellulose beads to Pb(Il) are presented in Scheme 1. As for collagen/cellulose
beads (Scheme 1a), it was assumed that the active sites for Pb(ll) adsorption are the
nitrogen atoms of the amino groups in the collagen as well as the oxygen atoms of part of
the hydroxyl groups in both collagen and cellulose (Wang et al. 2013). The adsorption for
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Pb(I1) would be more complex for BT-collagen/cellulose beads (Scheme 1b) because the
active sites could be provided not only from collagen and cellulose, but also from BT.
Bayberry tannin is a condensed tannin and mostly consists of polymerized flavan-3-ols.
The B-ring of BT is a pyrogallol structure, which has high affinity to metal ions due to its
high electrophilic reaction activities (Ozacar et al. 2006) and the C-ring is partly attached
with galloyl groups, suggesting that the reaction ability of BT with metal ions such as
Pb(I1) could be improved. Therefore, it could be expected that the adsorption ability of
BT-collagen/cellulose beads to Pb(ll) would be stronger than that of collagen/cellulose
beads.

Characterization of Collagen/Cellulose Beads and BT-Collagen/Cellulose
Beads

Surface morphologies of collagen/cellulose and BT-collagen/cellulose observed
by FE-SEM are shown in Fig. 1. The surface of collagen/cellulose displayed some
fibrous regenerated collagen that was uniformly exposed on the surface of the adsorbent
(Fig. 1a). As for BT-collagen/cellulose (Fig. 1b), however, it seemed that the fibrous
regenerated collagen was overlaid by BT, which reduced the density of collagen fibers in
the surface.
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Fig. 1. FE-SEM images and XPS diagrams (inserts) of the surface of (a) collagen/cellulose and
(b) BT-collagen/cellulose beads

The XPS analysis indicated that the C 1s spectra of BT-collagen/cellulose beads
were almost the same to those of collagen/cellulose beads (not shown); however, the
binding energy at peaks in the N 1s spectra of BT-collagen/cellulose beads showed some
changes. The insert in Fig. 1 is the XPS N 1s spectra of both the adsorbents, which
contains two states of nitrogen. For collagen/cellulose beads, peak 2 at 401.9 eV is
related to N—H bond. As for BT-collagen/cellulose beads, the binding energy of peak 2
decreased to 401.5 eV. Moreover, the relative fraction of peak 2 was also increased.
These observations suggested that the immobilization of BT on collagen fibers may take
place at the N sites in collagen molecule, which demonstrated that a stable covalent
linkage was formed between BT and the amino groups of collagen molecules through the
cross-linking of glutaraldehyde.

The crystalline order of cellulose in the collagen/cellulose beads and BT-
collagen/cellulose beads was examined with XRD (Fig. 2a). The diagrams of
collagen/cellulose beads mainly showed features of cellulose Il, which displays typical
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diffraction peaks at 20 = 12.7°, 21.3°, and 35.2°, assigned to peaks at 101, 002, and 040,
respectively. However, the diagrams of BT-collagen/cellulose beads exhibit 26 = 12.2°,
20.3°, 21.7°, and 34.7°, explaining the split of the 002 peak. It was reported that the
dissolved collagen may be induced by tannin to assemble into collagen fibers (Sun et al.
2010). Therefore, the changes in the 002 peak might be attributed to the increase in the
amount of collagen fibers in BT-collagen/cellulose, because collagen fiber also had an
XRD peak located at ~21°, which represents the diffuse scattering. Crystallization index
is an important parameter to describe the crystalline structure of materials. It is calculated
as the height ratio between the intensity of the crystalline peak (loo2 - lam) (Park et al.
2010). According to this method, the crystallization indices were calculated as ~61.4%
and ~59.1% for collagen/cellulose and BT-collagen/cellulose, respectively. These results
revealed that the crystalline structure of cellulose was almost unaffected after the
immobilization of BT in the collagen/cellulose blend.

[ ) 110 - 1%

a €00+ \
{ \ 100F ~ - collagen/cellulose
&0 o | i 8T <collagencallulose | 10
o collagen/celiulose 801 -
| BT-collagen/celiulose 80} ls

400 : |
! J \ 70} \

3::0«! 4 B0 e e D)
| S . fo— - -

SO+ ™ b

40 . ,I\ |1
f

" 4 ~>,\"“'“
- \/’“’ Wy | | &
100 a0 | | P 10
} | ———
| 20 | \ -
04 | 115
| P |+ SRV NP U WU ISUARSY TV IRSY BURPY Wt L

o 2 =8 % -~ 100 200 300 400 S00 600
& oy “au SV

Temperature (*C)

Intensity

'
% {min)

200

Mass Loss (%)

20(%)
Fig. 2. (a) XRD diagrams and (b) thermal decomposition profiles of collagen/cellulose beads and
BT-collagen/cellulose beads

The TG thermographs and the DTG curves for collagen/cellulose and BT-
collagen/cellulose are shown in Fig. 2b. As can be seen from the DTG curves, the thermal
destruction of the samples consisted of two stages. The first peak was related to the
evaporation of unbound water and generally was not analyzed; the second thermal event,
from which a starting decomposition temperature (To) and a maximum decomposition
temperature (Tm) could be obtained, included the parallel processes of dehydration and
demethoxylation. The To and Tm values of collagen/cellulose beads were 317.7 and 344.2
°C, respectively, while BT-collagen/cellulose beads had To and Tm values of 323.1 and
348.1 °C, respectively. Thus it seemed that the thermal stability of BT-collagen/cellulose
was improved, probably due to the formation of stable covalent cross-linking between BT
and collagen molecules. The higher adsorbent stability was favorable for its practical
application at high temperatures.

Effect of Initial pH on the Adsorption of Collagen/Cellulose Beads and
BT-Collagen/Cellulose Beads to Pb(ll)

The pH value of a solution is the most important variable affecting metal ions
adsorption, possibly because H* ions themselves are competing with metal ions (Sar1 et
al. 2007). Figure 3 shows the influence of initial pH on the adsorption capacity of
collagen/cellulose beads and BT-collagen/cellulose beads to Pb(ll). The adsorption
capacity of Pb(ll) on both of the two adsorbents was dependent on pH. That is, the
adsorption capacity of Pb(ll) gradually increased with the increase of solution pH from
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2.5 t0 5.5, and then reduced as pH was further increased to 6.5. Therefore, it seemed that
the maximum adsorption capacity of Pb(Il) on both the two adsorbents could be obtained
at pH near 5.5.

Lodeiro et al. (2006) examined the speciation of Pb?* ions by using MINEQL+,
which showed that free Pb?* ions were the predominant species at the pH values below 6.
Wang et al. (2013) also suggested that free Pb?* ions were the predominant species as the
pH values below 6, while as pH was further increased, the fraction of Pb(OH)* would be
increased. Therefore, as the pH values below 5.5, Pb?* ions were mainly the positively
charged adsorbate species. The low adsorption at low pH values was due to the increase
in positive charge density on the surface sites, and thus, electrostatic repulsion occurred
between the metal ions and the groups with positive charge (-OH?* and —NHs* of
collagen, —OH?* of cellulose, and Ph—OH?* of tannin) on the surface of absorbent. As pH
value increased, the surface of the absorbent became negatively charged, thus the
increasing electrostatic attraction between positively charged adsorbate species (Pb%*)
and negative surface sites would lead to increased adsorption of Pb(ll) on beads (Ozacar
et al. 2008). In addition, as for bayberry tannin, the chelating reaction between negative
phenolic hydroxyls and positive lead would also be promoted, which increased the
adsorption capacity of BT-collagen/cellulose bead.

However, at pH > 5.5, metal precipitation appeared and the adsorbent was
deteriorated with the accumulation of metal ions. Additionally, for pH values higher than
6.0, species with lower charge might be formed, such as Pb(OH)* (Lodeiro et al. 2006),
which further depressed the adsorption capacity of Pb(ll) on the adsorbents. Moreover, as
for BT-collagen/cellulose beads, the phenolic hydroxyl groups of the tannin would more
readily be oxidized as pH was increased (Liao et al. 2004), further reducing its adsorption
capacity. Therefore, the optimum pH for both the adsorbents was selected as 5.5 for
further studies.
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Fig. 3. Effect of initial pH on the adsorption capacity of Pb(ll) on collagen/cellulose beads and BT-
collagen/cellulose beads (initial concentration of Pb(Il) = 0.965 mM)

Moreover, from this figure, it could be noted that the adsorption capacity of Pb(Il)
on BT-collagen/cellulose beads was higher than that on collagen/cellulose beads, in the
whole pH range from 2.5 to 6.5. The higher adsorption capacity of BT-collagen/cellulose
beads was related to the immobilization of tannin.
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Adsorption Isotherms

By plotting solid phase concentration against liquid phase concentration, one
obtains an adsorption isotherm. Figure 4 shows the equilibrium adsorption of Pb(Il) using
collagen/cellulose beads (al and a2) and BT-collagen/cellulose beads (b1 and b2).

Adsorption isotherms are important for the description of how molecules or ions
of an adsorbate interact with adsorbent surface sites. Moreover, they are critical in the
optimization of the use of an adsorbent. Hence, the correlation of equilibrium data using
either a theoretical or empirical equation is essential for the adsorption interpretation as
well as the prediction of the adsorption extent. Here, two isotherms including Freundlich
(Eq. 2) (Freundlich 1906) and Langmuir (Eq. 3) (Langmuir 1916) were used to analyze
the equilibrium experimental data,

Ing, =In KF+£InCe (2)
n

C_ 1t G ©)

9. G.K ay

where C. is the Pb(Il) concentration (mmol/L) at equilibrium, ge is the adsorption
capacity at equilibrium (mmol/g), Kr (L/mol) is the Freundlich constant, and 1/n is the
heterogeneity factor. For ‘1/n’ values in the range from 0.1 to 1 (1 < n < 10), adsorption
is favorable (Mohapatra et al. 2009); K (L/mol) and gm (mmol/g) are the Langmuir
coefficients, representing the adsorption equilibrium constant and the monolayer
capacity, respectively.
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Fig. 4. Adsorption isotherms of Pb(Il) on collagen/cellulose beads (al, a2) and
BT-collagen/cellulose beads (b1, b2) (pH = 5.5)
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The Freundlich isotherm assumes that the adsorption occurs on a heterogeneous
surface by multilayer adsorption and the amount of adsorbate adsorbed increases
infinitely with the increasing of concentration (Jain et al. 2009). The Langmuir model
assumes monolayer adsorption on a homogenous surface where the binding sites have
equal affinity and energy, and the interaction between the adsorbed species can be
neglected (Repo et al. 2010). The constants and correlation coefficients of the Langmuir
and Freundlich models are listed in Table 1.

Table 1. Isotherm Model Constants and Correlation Coefficients (R?) for the
Adsorption of Collagen/Cellulose Beads and BT-Collagen/Cellulose Beads to
Pb(ll)

Samples Temperature Freundlich constants Langmuir constants
(K) Kr n R? qm K R?
Collagen/cellulose 298 0.274 2.328 0.948 0.345 3.446 0.986
318 0.581  2.353 0.984 0.694 3.971 0.992
BT- 298 0.859  1.559 0.983 1.352 1.472 0.990
collagen/cellulose 318 1.076 1465 0991  1.806  1.247  0.997

R2: coefficient of determination

As for collagen/cellulose, the coefficients of determination (R?) of the Freundlich
model were obviously lower than those of the Langmuir model. Thus, the adsorption
isotherms of Pb(ll) on collagen/cellulose beads were more aptly described by using the
Langmuir equation. Similarly for BT-collagen/cellulose, the Langmuir model was more
suitable to for describing the adsorption isotherms of Pb(Il) (R?> 0.99), although the
adsorption isotherms could also be well described by the Freundlich model (R?> 0.98).
The Freundlich empirical coefficient ‘n’ is found to be greater than 1, indicating the high
adsorption intensity (Sen et al. 2002).

The mechanisms accounting for adsorption of Pb(Il) ions onto the two adsorbents
might be very complex but, as a whole, it seemed that Pb(I1) may be adsorbed mainly in
the form of a monolayer on the surface of both the adsorbents. Furthermore, the
adsorption capacity of collagen/cellulose was more sensitive to the change of
temperature, compared with BT-collagen/cellulose. That is, as temperature increased
from 298 to 318 K, the gm value of collagen/cellulose increased to ~2 times of the initial
value (from 0.345 to 0.694 mM), while that of BT-collagen/cellulose increased by no
more than 50% (from 1.352 to 1.806 mM). The higher sensitivity to temperature of
collagen/cellulose beads indicated that the activation energy of Pb(ll) adsorption was
greater than that of BT-collagen/cellulose.

Table 2 compares the qm values of collagen/cellulose beads and BT-
collagen/cellulose beads for Pb(I1). The BT-collagen/cellulose beads exhibited a qm value
nearly 3 times higher than that of collagen/cellulose beads. The results of this comparison
confirmed that the adsorption capacity could be improved remarkably by the
immobilization of tannin.

The adsorption capacity of various adsorbents for Pb (Il) ions taken from some
literatures are also presented in Table 2. It could be seen that both of the two beads
exhibited a comparatively high adsorption capacity for Pb (1) ions.
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Table 2. Comparison of Adsorption Capacity of Collagen/Cellulose Beads and
BT-Collagen/Cellulose Beads for Pb(ll)

Adsorbent Adsorption pH Temperature Reference
capacity (mmol/g) °C)

collagen/cellulose 0.3452 5.5 25 The present work

beads

BT-collagen/cellulose 1.3522 5.5 25 The present work

beads

Grafted silica 0.184 5.5-6 20 Chiron et al. 2003

Chitosan beads 0.371 5.33 25 Lu et al. 2013

Modified peanut husk 0.141 4 25 Li et al. 2007

Activated carbon 0.0630 6.7 18 Imamoglu and
Tekir 2008

Expanded perlite 0.0647 5 20 Sarl et al. 2007

abased on the mass of collagen in bead

Kinetic Studies

Kinetic studies were carried out at 25 °C and the experimental data are illustrated
in Fig. 5. It can be observed from the adsorption kinetic curves of collagen/cellulose
beads and BT-collagen/cellulose beads that the adsorption rate of Pb(ll) was relatively
fast during the first 100 min and, finally, the adsorption equilibrium was attained in ~240
min.
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Fig. 5. Adsorption kinetics of Pb(ll) on collagen/cellulose beads and BT-collagen/cellulose beads
(initial concentration of Pb(Il) = 0.965 mM; pH = 5.5)
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The adsorption kinetic data were further analyzed using a pseudo-first-order rate
model (Eg. 4) (Lagergren 1898), a pseudo-second-order rate model (Eqg. 5) (Ho and
McKay 1999), and an intraparticle diffusion model (Eg. 6) (Chiou and Li 2003),

kt
log(q, —q,) =logq, ——= 4
g(qe qt) gqe 2303 ( )
t 1 t
L — (5)
6 ko' o«
qt — k3t0.5 (6)

where ge and g are the adsorption capacity (mmol/g) of Pb(ll) at equilibrium and at
contact time t (min), respectively, and ki (min?) is the pseudo first-order rate constant, k-
(g/(mmol min)) is the pseudo second-order rate constant, and ks (mmol/g min~°%) is the
intraparticle diffusion rate constant.

The “pseudo-first” and “pseudo-second” order models are macroscopic kinetic
models employed for the description of the adsorption process, which suggests that the
adsorption process could be regarded as the “first” or “second” order chemical reaction
process, when the adsorption is a rate-controlled step and the intraparticle diffusion
resistance could be neglected (Ho and McKay 1999). The intraparticle diffusion model is
used to describe the adsorption process where the intraparticle diffusion resistance is a
rate-controlled step (Vadivelan and Kumar 2005).

Table 3 lists parameters calculated from these three models. The intraparticle
diffusion rate model provides low R? values for the two adsorbents (R? value for BT-
collagen/cellulose beads was less than zero), which suggested that the Pb(Il) adsorption
process is not an intraparticle-diffusion-controlled process.

Table 3. Kinetics Model Constants and R? Values for Adsorption of
Collagen/Cellulose Beads and BT-Collagen/Cellulose Beads to Pb(ll) at 25 °C

Samples Qeexp.  Pseudo-first-order rate Pseudo-second-order Intraparticle
(mg/qg) model rate model diffusion
model
Ce,cal kix103 R? Qe,cal. k2x102 R2 kix102 R2
(mg/g) (mg/g)

Collagen/cellulose 0.260 0.254 3540 0991 0.284 3.885 0988 0.93 0.621

beads®

Collagen/cellulose 0.228 0.228 3.170 0982 0.256 3.875 0.975 0.81 0.650

beads®

Collagen/cellulose 0.201 0.203 3.050 0.981 0.227 4.153 0.971 0.72 0.661

beads®
BT-collagen/cellulose  0.967 0.925 53.43 0.966 0.957 2243 0.993 — —
beads®
BT-collagen/cellulose 0.951 0.910 55.43 0.960 0.942 23.29 0.988 — —
beads®
BT-collagen/cellulose 0.940 0.893 55.73 0.955 0.925 2341 0.987 — —
beads®

@: first run; @: second run; ®: third run; —: curves cannot be fitted
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As for collagen/cellulose beads, R? values for both the pseudo-first-order rate
model and the pseudo-second-order rate model were higher than 0.98. The R? value for
the pseudo-first-order rate model of BT-collagen/cellulose was unsatisfactory, so it
seemed that the pseudo-second-order rate model was more suitable to describe the
adsorption kinetics of Pb(Il) on BT-collagen/cellulose. As a whole, these results revealed
that the Pb(Il) adsorption process on both the absorbents was a rate-controlled process
(Ncibi et al. 2008), based on the assumption that the rate limiting step may, especially for
BT-collagen/cellulose, include chemical absorption involving valency forces through
sharing or exchange of electrons between beads and Pb(ll) (Ozacar et al. 2008).

Reusability of Collagen/Cellulose Beads and BT-Collagen/Cellulose Beads

Desorption and reusability are important factors for evaluating potential
application value of bio-adsorbents (Sun et al. 2011). Desorption experiments showed
that more than 95% of Pb(Il) removal can be achieved in 24 h. The competition of H*
ions in the adsorption sites promote the release of the adsorbed Pb(ll) into the aqueous
solution. Therefore, the desorption results confirmed that Pb(1l) is mostly adsorbed on the
surface by comparatively weak adsorptive interactions and partially by the surface
complexes through oxygen bonding (Jaramillo et al. 2009).

Furthermore, the effect of three consecutive adsorption-desorption cycles on the
Pb(I1) adsorption onto both the adsorbents was studied and the adsorption kinetics curves
are shown in Fig. 6.

Y I3 .
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a firstren » second run third run
> 0.6 BT-coliagen/cellulose
g o firstrun « Second run third run
€ 04
2 Pseudo-second-order rate model fitting
=
g
00+

.................
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t (min)

Fig. 6. Different runs of adsorption kinetics of Pb(ll) on collagen/cellulose beads and BT-
collagen/cellulose beads (initial concentration of Pb(Il) = 0.965 mM; pH = 5.5)

After the adsorption-desorption process, the adsorption kinetics curves could still
be fitted by the pseudo-second-order rate model (R?> 0.97), but the Qe exp. for both of the
adsorbents was decreased to a certain extent. The loss in adsorption capacity after three
cycles can be calculated from ge,cal. Values which are listed in Table 3, as follows (Eq. 7):

@ (3)
qe,cal. - qe,cal.
()
qe,cal.

Results showed that there was only a slight loss (3.3%) in adsorption capacity for
BT-collagen/cellulose beads after three consecutive cycles of adsorption-desorption
process, suggesting a good performance and recyclability. The Pb(Il) adsorption capacity
of the recycled collagen/cellulose decreased by as much as 20.0%, which was remarkably

The loss in adsorption capacity (%)= x100% )
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greater than that of the BT-collagen/cellulose beads. Moreover, the collagen/cellulose
beads went slightly moldy after 15 days of soaking in the adsorption solution, while there
was no obvious change for the BT-collagen/cellulose beads, confirming that the
durability of the adsorbent could be improved by the introduction of BT.

CONCLUSIONS

1. The collagen/cellulose beads were prepared via the reconstitution and blending of
collagen and cellulose from 1-ethyl-3-methylimidazolium acetate; then bayberry
tannin was immobilized to obtain a novel biosorbent that was named bayberry tannin-
immobilized collagen/cellulose (BT-collagen/cellulose) beads.

2. Compared with the collagen/cellulose beads, the BT-collagen/cellulose beads
exhibited a considerably greater adsorption capacity. The BT-collagen/cellulose
beads had especially excellent stability and durability as a bio-adsorbent for Pb(ll).

3. As a whole, BT-collagen/cellulose beads are a promising bio-adsorbent for the
adsorption of Pb(II) from wastewater.
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