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ABSTRACT: Carboxylated collagen fiber (CCF) was prepared by modifying collagen fiber with glyoxylic acid. The structure of CCF was
characterized and analyzed by scanning electron microscopy and Fourier transform infrared spectroscopy. CCF was an effective adsorbent
for the removal of Cr(III) from aqueous solutions, and the adsorption capacity of Cr(IIl) increased by 74.13% after modification. The
adsorption isotherm, as well as the kinetics of the adsorption of Cr(III) on CCF, was studied. The results showed that the adsorption iso-
therm of Cr(IIT) could be well described by the Freundlich equation, and the adsorption capacity increased slightly with increasing tem-
perature, but the influence was not so obvious. The adsorption kinetic investigations indicated that the adsorption rate of Cr(III) on
CCF could be well described by the pseudo-second-order rate model, and that the adsorption capacity calculated using the pseudo-

second-order rate model was close to that from actual measurements. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40285.
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INTRODUCTION

The current treatment methods for wastewater containing
Cr(III) mainly include alkaline precipitation, electrolysis, ion
exchange, chemical flocculation, adsorption, etc.' However,
the most commonly used method is the adsorption method
because of its simple operations and mild conditions.* Activated
carbon and resins, which have a high adsorption capacity for
Cr(IIl), are the most popular adsorbents for wastewater con-
taining Cr(II1).>” However, activated carbon and resins are usu-
ally very expensive, and their regeneration costs are high
because the desorption of Cr(IIl) is complex,*’ so the biomass
adsorption materials attract more and more researcher’s atten-
tion.'®!? The collagen fiber (CF) extracted from solid leather
waste is a kind of structural protein, which is water-insoluble
but hydrophilic in nature, and can maintain a decentralized
state after swelling in water. However, CF contains numerous
functional groups, such as -NH,, -COOH, and -OH. The I-style
collagen molecule, which is the main composition of CE, con-
sists of three polypeptide chains with triple-helical structures
and is easily biodegraded. The structure and characteristics of
CF show that it is a potential biomass adsorbent and is appro-
priate for industrial wastewater treatment.'> On the other hand,
compared with some biomass adsorption materials such as
buckwheat husks, peanut hulls and plant stalks, CF not only has
advantages of widely distributed, low price, high adsorption
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capacity, mild adsorption conditions, and simple work-up pro-
cedure, but also it can realize the recycling use of solid leather
wastes and reduce environmental pollution. Moreover, some
previous studies reported that CF has a high adsorption
capacity for metal ions and dyes in water, and strong adsorptive
specificity.'*™'® Thus, the use of CF as adsorbents in Cr(III)
removal from industrial wastewater can be a significant and
effective method of recycling leather wastes, and can be benefi-
cial to the environment and the economy.

Considering the environmental and economic benefits, com-
bined with the mechanisms of aldehyde and chrome tanning,
the adsorbent carboxylated collagen fiber (CCF) was prepared
by modifying CF with glyoxylic acid. The adsorption behaviors
of Cr(III) on CCF were also determined in this study.

EXPERIMENTAL SECTION

Materials and Devices

Acetic acid, sodium hydroxide, sodium carbonate, etc. were all
of analytical grade. Glyoxylic acid (40%) was supplied by Hao-
Chem Industry (Shanghai, China).
(Cr(OH)SO,) was purchased from Sisecam Company (Turkey).

Chromium powder

The JJ-2 tissue-mashing machine was supplied by the Xi’an Bi-
lang Biological Technology (China). The DSX-90 digital mixer
was supplied by the Hangzhou Electronic Instrument (China).
The thermostatic water bath was purchased from the YuHua
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Figure 1. Reaction synthesis for CCE

Instrument (China). The UV-1009 spectrophotometer was sup-
plied by Lab Tech (China). The THZ-82A constant-temperature
bath oscillator was supplied by the PuDong Physical Optical
Instrument Factory (China) and the 905 Titrando potentiomet-
ric titration was purchased from the Metrohm (Switzerland).
The instrument used for scanning electron microscopy (SEM)
was X-650 SEM, which was supplied by Hitachi (Japan). The
instrument used for Fourier transform infrared spectroscopy
(FT-IR) was FT-Raman FT-IR, which was purchased from Nico-
let Instrument (USA).

Preparation of CF. With solid leather wastes as raw material,
CF was prepared using the acetic acid relaxation method
according to a previous study.'”

Preparation of CCFE. Approximately 2.5 g of CF was placed in a
three-necked flask containing 30 mL of distilled water. The mix-
ture was stirred until the fibers were fully swollen. After diluting
with 40 mL of water, 2 g of glyoxylic acid (40%) was slowly
added to the filtrate. Then, the pH was adjusted to 6.5 using
0.1M NaOH, and the reaction was conducted in a water bath at
308 K for 5 h. The CF was filtered through a nylon cloth and
repeatedly washed with distilled water to remove the unreacted
glyoxylic acid. Finally, CCF was prepared. The reaction synthesis
for CCF is shown in Figure 1.

Methods

Effect of pH on Adsorption. To study the effect of pH on
adsorption, 0.1 g of adsorbent CCF was suspended in 100 mL
of chrome solution containing 100 mg/L Cr(III). The initial pH

Figure 2. SEM image of CE
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Figure 3. SEM image of CCF.

values of the solutions were adjusted to 2.0, 2.5, 3.0, 3.5, 4.0,
4.5, 5.0, 5.5, 6.0, and 6.5 using either 0.1M NaOH or 0.1M HCL
The adsorption experiments were conducted at 308 K for 4 h
under constant shaking. After adsorption, the Cr(III) concentra-
tion of the solutions was determined using the UV-1009 spec-
trophotometer at a wavelength of 540 nm. Finally, the effect of
pH on adsorption was analyzed using the adsorption capacity
as the reference index.'®

Contrast Experiments. About 0.1 g adsorbents CF and CCF
were individually suspended in a 100 mL chrome solution that
had 100 mg/L Cr(III). The initial pH values of the solutions
were adjusted to 4.5 by using 0.1M NaOH. The adsorption
experiments were conducted at 308 K for 4 h and were sub-
jected to constant shaking. The Cr(III) concentration of the sol-
utions was determined using the UV-1009 spectrophotometer.
Finally, the adsorption results of CF and CCF on Cr(III) were
compared by using the adsorption capacity and removal rate of
Cr(III) as the reference indexs.

Adsorption Isotherms. The Cr(III) stock solution was prepared
by dissolving chromium powder with distilled water, and was

CCF

" 1 i 1 " 1 n 1 i 1 " 1 i 1 L
4500 4000 3500 3000 2500 2000 1500 1000 500
rMem'!
Figure 4. FT-IR spectra of CF and CCE [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Effect of pH on adsorption. Figure 7. Langmuir isotherm of CCF at different temperatures.

further diluted to achieve the desired concentration for future
use.

A 0.08 g portion of CCF was suspended in 100 mL of Cr(III)
solution containing 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100
mg/L Cr(III), respectively. The initial pH of each solution was
adjusted to 4.5 using 0.1 M NaOH. The adsorption experiments
were conducted by constant shaking for 4 h at 303 K, 308 K,
and 313 K, and the adsorption isotherm curves in different tem-
peratures were obtained accordingly."®

Adsorption Kinetics. The procedures used to determine the
adsorption kinetics were similar to those of the adsorption iso-

Table I. The Removal Rate and Adsorption Capacity of CF and CCF on
Cr(I1II)

Removal rate Adsorption
of Cr(lll) /% capacity/(mg g~ %)
CF 46.47 75.82
CCF 80.92 106.88
100
90 |
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Figure 6. Adsorption isotherms of CCF at different temperatures.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

therms. However, the Cr(III) concentration during the adsorp-
tion process was analyzed per hour. A total of 0.20 g of the
adsorbent CCF was suspended in 300 mL of 100 mg/L Cr(III)
solution. The initial pH of the Cr(III) solution was adjusted to
4.5 using 0.1M NaOH. The adsorption experiments were per-
formed at 303 K, 308 K, and 313 K with constant shaking until
reaching the adsorption equilibrium and obtaining the adsorp-
tion dynamics curves of different temperatures.”

RESULTS AND DISCUSSION

Characterization of CCF

The amino and carboxyl contents of CF and CCF were deter-
mined according to the alicylaldehyde method?' and Boehm
titration,* respectively. The results indicated that the amino
and carboxyl contents of CF were 5.15% and 6.42%, whereas
those of CCF were 1.58% and 9.81%, respectively. The amino
content decreased by 69.23%, whereas the carboxyl content
increased by 52.77% after modification.

= 303K
® 308K
A 313K

28 C L 1 " 1 2 1 2 1 " 1 "
20 25 30 35 40 45 5.0

Inc_

Figure 8. Freundlich isotherm of CCF in different temperatures.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Table II. Freundlich and Langmuir Equation Fitting Parameters for CCF
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Langmuir equation

Freundlich equation

Temperature b (L/mg) go (mg/g) 1/n K R2
303K 0.02384 139.86 0.9811 0.88169 2.6524 0.9991
308K 0.02555 139.47 0.9743 0.91807 2.5787 0.9986
313K 0.02773 138.89 0.9682 0.94746 2.4147 0.9963
The SEM images of CF and CCF are shown in Figures 2 and 3.  carboxyl modification, and the adsorption of Cr(III)
The morphology of CCF was more diffused than CE so the  strengthened.

physical adsorption of Cr(III) was possibly enhanced.”> The FT-
IR spectra of CF and CCF are shown in Figure 4. The band at
3400 cm ! was weakened, whereas the bands at 1600 and 1700
cm™ " were considerably strengthened after carboxyl modifica-
tion. The band at 3400 cm ™' corresponded to -NH, stretching,
whereas the bands at 1600 and 1700 cm ™' were attributed to
the —C=N stretching vibration and the -COOH characteristic
absorption, respectively.

Effect of pH on Adsorption

The pH of the adsorbate—adsorbent system has a significant
function in the entire adsorption process. Thus, the effect of pH
on adsorption has been investigated in many studies.

The effect of pH on Cr(IIl) adsorption is shown in Figure 5.
The adsorption capacity of Cr(IlI) increased with increasing of
pH up to 4.5, although it slightly decreased as the pH reached
4.5 or higher. CCF can be easily hydrolyzed in low pH, which
destroys the three-dimensional network structure and decreases
the adsorption capacity; with increasing pH, the degrees of
hydrolysis, olation, and oxylation of Cr(III) in the solution
strengthen, leading to an increase in molecule mass of the com-
plexes, which is beneficial to the Cr(IlI) and CCF combina-
tion.”* Moreover, the ionization degree of carboxyl increases
with increasing pH, and the combination with Cr(IIl) is
strengthened. As the Cr(III) ions in the solution precipitate at
pH 4.5 and higher, the adsorption capacity decreases. The
results indicate that the optimum pH for the adsorption of
Cr(IIT) was 4.5.

Contrast Experiments

The removal rate and adsorption capacity of Cr(III) on CF and
CCF were shown in Table I. The results showed that the adsorp-
tion capacity of Cr(IlI) from the chromium solution was
increased significantly after modifying with glyoxalic acid. The
efficiency of Cr(III) removal rate increased from 46.47% to
80.92%. The adsorption ability of CCF of Cr(III) was 106.88
mg g~ ' while that of CF was only 75.82 mg g~ . These results
indicated that the carboxyl content increased significantly after

Table III. Thermodynamic Parameters of Adsorption

AG AH AS
Temperature In K (kd mol™)  (kJ mol™) (J mol~tK™1)
303K 0.9755 -2.457 7.405 -16.271
308K 0.9473 —-2.426
313K 0.8816 —-2.294
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Adsorption Isotherms

The adsorption isotherms of Cr(III) at different temperatures are
shown in Figure 6. The adsorption isotherms of Cr(III) on CCF
indicate that the adsorption capacity increased slightly as the tem-
perature and the equilibrium concentration of Cr(III) increased,
which suggests that the adsorption of Cr(III) on CCF was mainly
chemical. Figure 6 also showed that the effect of temperature on
the adsorption was not so obvious and the adsorption can be pro-
ceeded at room temperature. Adsorption equilibrium data were
analyzed by the Langmuir [Eq. (1)] and Freundlich equations
[Eq. (2)].%° The results of Langmuir and Freundlich equation fit-
tings of the adsorption isotherm are shown in Figures 7 and 8,
and the Langmuir and Freundlich parameters of the Cr(III)
adsorbed on CCEF are listed in Table II. Thus,

Ce Ce 1
Sty (1)
g4e o bao
1
Ing.=—Inc,+InK (2)
n

where g, (mg g_l) and ¢, (mg L") are the amounts adsorbed
and the bulk concentration at equilibrium, respectively; g, is the
maximum adsorption amount (mg gfl); b is the coefficient
related to the adsorption strength, b= k,/k, (k, is the rate con-
stant of adsorption, k; is the rate constant of desorption); and
K and 1/n are the Freundlich constants representing adsorption
capacity and adsorption intensity, respectively.

110
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Figure 9. Adsorption kinetics of CCF at different temperatures.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 10. Pseudo-first-order rate adsorption of CCF at different tempera-
tures. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The fitting parameters of the Freundlich equation were higher
than 0.996, whereas those of the Langmuir equation were higher
than 0.968. This result indicates that the Freundlich equation
could better describe the behavior of Cr(III) on CCE. The fitting
results of the Langmuir equation show a certain degree of corre-
lation and suggest that a physical adsorption mechanism may
be involved in the Cr(III) adsorption on CCE The value of 1/n
was lower than 1, which indicates that the surface of the
adsorbent is heterogeneous and adsorption occurs easily”®

Adsorption Thermodynamic Parameters

Thermodynamic parameters, such as Gibbs free
enthalpy, and entropy, can be obtained by egs. (3) and (4),
respectively, and the results are shown in Table III. The parame-
ters show that the Cr(III) adsorption process was spontaneously
endothermic and decreasing in entropy, whereas the adsorption

2
process was endothermic?’:

energy,

AG=-RTInK (3)
Ink=-SH  AS (4)
RT = R

where R is the gas constant, 8.314 ] mol 'K~ K is the con-
stant referring to the adsorption capacity; and AG, AH, and AS
are Gibbs free energy (k] mol ™), enthalpy (kJ mol™ "), and
entropy (J mol—'K™"), respectively.

Adsorption Kinetics

The adsorption kinetics of Cr(III) on CCF at different tempera-
tures are shown in Figure 9. The experimental data indicate
that the Cr(III) adsorption rates on CCF were initially fast and
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Figure 11. Pseudo-second-order rate adsorption of CCF at different
temperatures. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

then slowed down as equilibrium was approached. The adsorp-
tion equilibrium was attained in 4 h. The pseudo-first-order
[Eq. (5)] and pseudo-second-order equations [Eq. (6)] were
used to test the adsorption kinetic data and investigate the
adsorption mechanism.”® The results of the pseudo-first-order
and pseudo-second-order equation fittings of the adsorption
kinetics are shown in Figures 10 and 11. The pseudo-first-order
and pseudo-second-order parameters of Cr(III) adsorbed on
CCF are listed in Table IV:

ky
1 -g;)=Ing,— ——t 5
n(q.-q:)=Ingq 3303 (5)
t 1 t
—=—+— (6)
4 kgl g

where g, (mg g ') and g, (mg g ') are the amounts of adsorbed
Cr(IIT) at equilibrium and at time t, respectively; k; is the rate
constant of the pseudo-first-order adsorption (h™'); and k, is the
constant of the pseudo-second-order rate (mg g~ 'h™").

The pseudo-second-order adsorption constants (R*) were all
above 0.999, whereas the pseudo-first-order adsorption con-
stants (R*) were all below 0.95. These results suggest that the
pseudo-second-order model could perfectly fit the experimental
data on the Cr(IIl) adsorption processes of CCF, whereas the
equilibrium adsorption capacities calculated by the pseudo-
second-order model were highly close to the actual measure-
ments. Thus, the pseudo-second-order equation can better
describe the adsorption behavior of Cr(III) on CCFE.

On the other hand, temperature adsorption kinetics for 288 K
and 298 K has also been studied, and the results showed that

Table IV. Pseudo-First-Order and Pseudo-Second-Order Parameters of CCF at Different Temperatures

Pseudo-first-order equation

Pseudo-second-order equation

Temperature ki (h™1) ge (mg g} R? kolgmg ™t h™) Qe (Mg g™ ™) R?

303K 0.86823 56.4827 0.9460 0.01139 113.636 0.99913
308K 1.17983 70.6683 0.8875 0.01305 114.943 0.99953
313K 1.20769 711797 0.9223 0.01345 116.279 0.99955
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CCF also has strong adsorption capacity toward Cr(III) at tem-
perature of 288 K and 298 K. All these results indicated that the
CCF involved in this paper can be used for the treatment of
wastewater containing Cr(III).

CONCLUSIONS

1. CCF was prepared by modifying CF using glyoxylic acid.
After modification, the amino content decreased by 69.23%
and the carboxyl content increased by 52.77%.

2. CCF is an effective adsorbent for the removal of Cr(III)
from aqueous solutions and the adsorption capacity of
Cr(III) increased by 74.13% after modification.

3. The results of adsorption isotherm and adsorption kinetics
indicate that the Freundlich equation and the pseudo-
second-order model provided a better description of the
adsorption behavior of Cr(III) on CCE.

4. The adsorption kinetics study at different temperatures
showed that CCF has strong adsorption capacity of Cr(IIl),
which indicated that the CCF involved in this paper can be
used for the treatment of wastewater containing Cr(III).
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