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Featured Application: This gallic acid modified feather keratin adsorbent is expected to be ap-
plied in the field of aqueous environmental remediation.

Abstract: In this work, feather keratin was extracted from the waste feather of chicken via alkyd
pretreatment and reduction method, the extraction rate is above 85%. The molecular weight and
aggregation morphology of feather keratin in an aqueous environment were characterized by 18-angle
laser light scattering gel permeation chromatography and field emission transmission electron
microscopy. The relationship between the structure and properties of feather keratin is discussed.
The 1-(3-dimethylaminopropyl) -3-ethylcarbondiimide hydrochloride and N-hydroxysuccinimide
were used as activation system and cross-linkage. The gallic acid was used as modification reagent
and was bonded to feather keratin chains; meanwhile, feather keratin chains were cross-linked
through covalent bonds obtained the novel adsorbent (named as GA-FK gel). The GA-FK gel was
investigated by IR, SEM, TGA, XRD, and BET methods. The results indicated that GA molecules
successfully bonded to feather keratin chains and cross-linked between feather keratin chains. The
GA-FK gel was found to have a three-dimensional network structure with abundant mesopores. Its
pore size range is 1.8~90 nm; average pore size is 19.6 nm. Its specific surface area is 7.17 m?2- g_l.
In addition, GA-FK gel was applied to remove Fe(III) in water. The maximum adsorption capacity
was 319.0 mg-g~!. The adsorption process of GA-FK gel to Fe(IIl) presents a typical two-stage
pattern accompanied with swelling. The adsorption kinetics of GA-FK gel to Fe(III) follows the
quasi-second-order model, the adsorption isotherm follows the Freundlich model. Therefore, the

adsorption mechanism is non-specific adsorption.

Keywords: feather keratin; biomass; solid waste; chemical modification; adsorption property

1. Introduction

In recent years, with the rapid growth of the economy, a shortage of resources has
gradually emerged. At the same time, it has also caused the deterioration of the global
environment. To protect the environment and to promote sustainable economic and social
development, the reusing of renewable biomass resources has attracted scientists” attention.
The extensively studied renewable resources include biological polysaccharides such as
starch, cellulose, agar, and chitin; plant proteins such as soybean protein, wheat protein,
and corn protein; and other animal proteins such as casein, collagen, elastin, keratin, and
silk fibroin, etc. [1]. Different from the earlier direct-use renewable resources to manufacture
goods, the current researchers are devoted to developing new materials from waste biomass
to achieve high-value utilization.

Worldwide, the poultry meat processing industry produces about 4.0 x 107 tons of
feather by-products each year [2]. However, those by-products are ineffectively reused;
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only a small amount of feather was processed into low-value products such as feather
powder [3] and fertilizer [4]. The most of it was discarded, possibly causing environmental
pollution and even disease transmission [5]. Hence, feather as a cheap, renewable biomass
resource, with a large amount of solid waste produced by poultry industry, is a potential
candidate of substitute material for fossil resources.

Although research on the extraction, chemical composition, physicochemical prop-
erties of feather keratin (FK) has been conducted since the early 20th century [6,7], using
discarded feather as a keratin source to develop new keratinized materials appeared only in
the last twenty years [8,9]. Currently, FK can be prepared into membrane [8], hydrogel [10],
fiber [11,12], biomedical materials [13,14], and daily chemical materials [15], etc. However,
the modification of FK has focused on using polymer grafting or compositing [16,17],
little research has been conducted using small molecules to modify FK [18]. Therefore,
using small molecules to modify feather keratin has broad prospects. Gallic acid (GA,
3,5,7-trihydroxybenzoic acid) is a hydrolytic product of biological tannic acid. GA is a
natural organic acid containing a phenolic ring, which has a variety of biological activities
such as antibacterial and antioxidant properties [19]. It is widely used in many fields such
as printing, dyeing, leather chemical industry, biomedicine, and so on. Because it has
three hydroxyl groups and one carboxyl group, it was believed to be suitable for preparing
functional polymer materials [20-22].

In this work, GA was employed to functionalize the FK. In the reaction, EDC-NHS
was used as the mild and non-toxic activation system [23]. The GA could be bonded to FK
through amide bonds. At the same time, the amide bonds between FK chains could also
be formed, and the covalent disulfide bonds (-5-S-) between FK chains would be formed
again. Thus, GA-modified FK gel (GA-FK gel) was prepared. The obtained GA-FK gel
was characterized by IR, SEM, TGA, and XRD methods. And GA-FK gel was applied to
remove the Fe(Ill) in aqueous solution, the adsorption properties are investigated in detail.
It is expected that FK-based functional environment-friendly polymer materials will be
developed, to realize the efficient recycling and high-value utilization of discarded biomass.

2. Materials and Methods
2.1. Materials

Colored chicken feather was collected from the poultry slaughter market in Feijiaying
(Lanzhou, China). Urea (>98%) was purchased from Tianjin Damao Chemical Reagent Fac-
tory. Trimethylaminomethane hydrochloride (Tris-HCl, >99%), dithiothreitol (DTT, >99%),
1-(3-dimethylaminopropyl) -3-ethylcarbondiimide hydrochloride (EDC-HCI, Analytical
Reagent (AR)), and N-hydroxysuccinimide (NHS, AR) were purchased from Gallic acid
(GA, AR) and 2-morpholin ethyl sulfonic acid (MES, AR) were purchased from Saen Chem-
ical Technology (Shanghai, China) Co., LTD. Ferric chloride hexahydrate (FeCl3-6H,0O, AR)
was purchased from Kermio Reagent Company (Tianjin, China).

2.2. Preparation of GA-FK Gel

Firstly, colored chicken feather was cleaned and pulverized by a small multifunctional
pulverizer, the keratin was extracted by means of the reduction method that Yin et. al. [8]
reported, but slightly modified. The modified step is described as the following: using
HCl instead of ethanol to precipitate the FK, the FK sedimentation was washed with
small amount of ethanol, then washed with distilled water and lyophilized. Thus, FK was
obtained and ground into powder for subsequence experiments.

This method reduced the consumption of ethanol, and it is suitable to prepare the FK
with a higher molecular weight because it can avoid the destruction of peptide bonds in
FK molecule.

Secondly, FK was chemically modified with GA, at same time via crosslinking the
amino and carboxyl groups on the molecular chain of FK to prepare the GA-FK gel. The
operation was as follows: (1) Pretreatment of FK: 1 g FK powder was put into a 250 mL
flask, 100 mL urea aqueous solution (8 mol-L~!) was added to 0.1 g Tris and 0.1 g DTT,
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pH = 8 was adjusted with 1 M NaOH solution, and at 70 °C the contents were stirred for
1 h under a N, atmosphere. The obtained FK dispersive solution was dialyzed in deionized
water for 24 h (Molecular Weight Cut Off (MwCO) of a dialysis bag is 8000~14,000 Da).
Then, the dialyzed FK solution was concentrated to 1% (W:V) by ultrafiltration cup (MwCO:
5000 Da), obtaining the concentrated FK solution. (2) Activation of GA: 12 mmol EDC and
6 mmol NHS were dissolved in 20 mL 0.05 mol-L~! MES buffer, then 2 mmol GA was
added in it, and reacted for 15 min at room temperature to obtain carboxy-activated GA
solution (GA-NHS). (3) Modification and cross-linkage of FK: 5 mL activated GA solution
was added to the above-concentrated FK solution (containing FK ~1 g) and mixed, and then
reacted at 37 °C for 24 h. Then, the product was immersed in deionized water, washed five
times to remove the free GA and other small molecule compounds, then lyophilized; the
GA modified and EDC-NHS, -S-5- cross-linked FK dry gel (GA-FK gel), were obtained. The
detailed experiments of extraction and preparation see the Supplementary Materials part.

2.3. Characterization of FK

The molecular weight of FK was characterized by GPC-RI-MALS (GPC2000, Wa-
ters, MA, USA; Optilab rEX, Wyatt, CA, USA; DAWN-EOS, Wyatt, CA, USA), and the
mobile phase was 0.02% sodium azide (NaNj3) ultra-pure water solution, the flow rate
was 1.000 mL-min~!. The aggregation morphology of FK in water was observed by TEM
(Tecnai G2 F20 S-TWIN, FEI, OR, USA), the sample was prepared by the ultrasonic wet
method. After dialysis, the FK solution was diluted 50 times with double steam water and
dispersed by ultrasound for 30 min. After setting for 5 min, 1 drop was dropped onto the
copper microsyn with a dropper. Then, baked for 20 min with an infrared lamp; the test
was conducted under the 75 kV acceleration voltage.

2.4. Characterization of GA-FK Gel

The chemical structure of GA-FK gel was characterized by IR (Spectrum One, Perkin
Elmer, MA, USA). The sample was mixed with potassium bromide (KBr) at a ratio of
1:100 and ground. Then, the mixture was pressed as plate for measurement. The scanning
range is from 4000 to 400 cm~!. The microstructure of GA-FK gel was observed by
SEM (ULTRA Plus, Zeiss, Germany), the dry sample was glued to a copper column with
conductive tape, sample was sprayed gold, observed at BHT model, voltage was 5 kV.
The thermal stability of GA-FK gel was measured by TGA (TG209F3, NETZSCH, Selb,
Germany), testing under nitrogen (Ny) protection, the heating rate was 5 °C-min !, heating
range was 25~800 °C. The crystallinity of GA-FK gel was characterized by XRD (D/max-
2400, Rigaku, Japan), sample was ground into powder with a mortar. Particle size was
less than 320 mesh. Powder sample was pressed into piece for analysis. Copper target,
Kal ray (A = 0.154056 nm), voltage was 40 kV, current was 40 mA, scanning speed was
4°.min~!, scanning angle ranged from 5° to 80° (26). The specific surface area of GA-FK
gel was determined by BET (ASAP 2020, McMuratick, GA, USA) methods, the adsorption—
desorption test of N, was carried out at a constant temperature of —197 °C, the equilibrium
interval was 10 s.

2.5. Adsorption Tests of GA-FK Gel to Fe(Ill) in Aqueous Solution

The adsorption experiment was carried out by batch process, the operation was as fol-
lows: 25 mL FeCl3 aqueous solution was added into a 100 mL conical flask, the conical flask
was put into the constant-temperature water bath oscillator. When the system temperature
reached the set value, a certain amount of GA-FK gel was added to it. Adsorption at a set
temperature was conducted for a certain time, where the rotational speed of oscillator was
120 r-min~!. Then, the absorbance of the supernatant was measured (A) with an atomic
absorption spectrophotometer. The removal rate and adsorption capacity were calculated
according to the following formulae [24,25]:

E(%) = Coc; € 100% (1)




Appl. Sci. 2021, 11, 12163

4 of 14

(Co—C)V

Q(mgg ™) = )

where Cy (mg-L™!) is the concentration of Fe(IIl) before adsorption; C (mg-L~1!) is the
concentration of Fe(Ill) after adsorption; V (L) is the volume of the Fe(III) solution; and m
(g) is the mass of adsorbent.

2.6. Adsorption Kinetics and Isotherms

Pseudo-first-order and pseudo-second-order kinetic models were used to determine
the rates of adsorption of GA-FK gel to Fe(IIl). The sorption equilibrium was assessed
using Langmuir and Freundlich adsorption isotherm models.

3. Results
3.1. Preparation Mechanism of GA-FK Gel

FK accounts for more than 90% of the total weight of feathers, and mainly exists in
the (3-sheet [26]. GA was used to functionalize the side groups of FK. Typical reactions are
shown in Scheme 1.
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Scheme 1. The mechanism of FK bonding GA and FK chains cross-linking reaction.

In the modification reaction, the EDC-NHS activated carboxyl of GA was bonded to
the amino of the FK formed amide bond, and the GA modified FK (GA-FK) was obtained.
At the same time, free carboxyl groups of FK molecules were activated by excessed EDC-
NHS and coupled with free amino of FK molecules. Thus, between the FK chains are new
covalent cross-linking together with intermolecular forces. Because chicken feather keratin
is a high-sulfur macromolecule, the reduced free sulfhydryl groups can be oxidized to
generate disulfide bonds (-S-S-) again. As a result, the GA-FK gel was formed. In this
reaction, the GA was bonded to FK, and FK chains cross-linked by covalent bonds could
change the composition and structure of FK. Consequently, we observe that GA-FK gel has
have some special physical and chemical properties.

3.2. Characterization of FK
3.2.1. Molecular Weight of FK

GPC-RI- MALLS was used to determine the molecular weight of FK in water. The
molecular weight and molecular weight distribution of FK are shown in Table 1. The
result show that the average number molecular weight (Mn) is 21,910 g-mol’l, it is close
to 20,460 g-mol ! [8], which was determined by time-of-flight mass spectrometry (TFMS)
in our laboratory. Both results are different from the 10,206 g-mol ! that Arai et al. re-
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ported [27], and they have verified that a single polypeptide chain B-4 in chicken feather
was composed of 96 amino acid residues. Walker and Rogers'’s studies showed that chicken
feathers are all about 100 residues in length [28,29]. Fraser and Parry found that filament
of feather is assembled from dimers of FK [30], and two cysteine residues are located
on the outside of the dimer and involved in inter-dimer bonding [31]. Especially in an
aqueous environment, FK easily associates into a dimer due to apolar interactions and
specific amino acid (cysteine residue) interactions [32]. Therefore, it can be deduced that,
in fact, 21,910 is the molecular weight of FK dimer., and the molecular weight of a single
polypeptide chain in extracted FK is about 10,955; there are about 103 amino acid residues.

Table 1. The molecular weight and polydispersity of feather keratin.

Mn (g/mol) Mw (g/mol) Mw/Mn
FK 21,910 (20%) 46,390 (18%) 2.117 (27%)

3.2.2. Aggregation Morphology of FK in an Aqueous Environment

In general, the study of filamentous structures in feather in a dry state, to observe
the FK molecular packing, was observed by TEM [33]. In the present study, FK molecular
aggregation morphology in an aqueous environment was observed by TEM. Although
it is against the TEM testing rules that samples are dry solids without water and volatile
organic compounds, this result was observed by accident because the FK dispersion
medium was water. The water was not completely dried under the infrared lamp during
the preparation of the test sample. Hence, FK molecular aggregation morphology in an
aqueous environment in different magnifications are able to be shown in Figure 1.

Figure 1. TEM images of FK in different magnifications: (a) low magnified; (b) middle magnified; (c) high magnified.

It can be seen in Figure 1a (low magnification) that FK molecules in water present
long and straight filamentous fiber with a length far more than 2 um. As can be seen from
Figure 1b, under the radiation of a high-pressure electron beam and vacuum effect, the
liquid film covering the copper mesh is quickly broken into holes due to water evaporation.
As time went on, the liquid film rapidly shrunk, and fibers of FK moved with it toward
the edge of the copper mesh, this made the focusing difficult. The selected region of
Figure 1b was enlarged as shown in Figure 1c; the diameter of the filamentous fibers
thicker than 24nm. Because the dimers were joined up to form a continuous filament,
whose diameter is about 2.4 nm, the repeating units are stacked with a 90° rotation between
successive dimers [32]. Therefore, in the aqueous environment, filamentous FK fiber may
be aggregated by at least ten continuous filaments. They were probably formed via Van
der Waals’ force, intermolecular hydrogen bonds, and salt bonds.

3.3. Characterization of GA-FK Gel
3.3.1. IR Analysis

The obtained GA-FK gel and its raw materials (FK and GA) were characterized by
IR spectra, and the results are shown in Figure 2. The wide peaks at 3200~3600cm ! are
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attributed to the stretching vibration absorption of O-H and N-H in carboxyl and hydroxyl
groups from FK and GA, and amino groups of FK. The strong peak near 1647 cm ™! is
attributed to the amide I band of FK molecular (3-sheet conformation); that is, the stretching
vibration absorption peak of C=0 in the FK peptide bond (-CONH-). This peak remained
and stronger (the shoulder peak at 1648 cm ') in GA-FK gel because more amido bonds
(-CONH-) were formed. However, it was stacked with the peak of C=0O (the sharp peak at
1623 cm™!) in GA which was unbonded and adsorbed by GA-FK gel. Peak at 1531 cm ™! in
FK is attributed to the amide II band, the bending vibration of N-H, which is decreased in
GA-FK gel. The similar phenomena are common in the literature of other small molecules
modified keratin [34-36]. It may be the reason that, during the process where GA was
bonded to FK and FK was cross-linked by EDC-NHS, -NH, was transformed into -CONH.
It reduced the number of N-H and restricted the bending vibration of N-H by hydrogen
bonding. The stronger absorption peak at 1369 cm~! is attributed to C=C stretching
vibration of benzene ring of GA-FK gel. The peak at 1234 cm ! is attributed to the amide III
band that is the stretching vibration absorption peak of C-N and in-plane flexural vibration
of N-H in the FK molecule. It is reduced in the GA-FK gel, but GA-FK gel still contains the
characteristic peaks of amide I, II, and III bands respectively at 1623 cm~!, 1531 cm~!, and
1234 cm ™. It can be concluded that GA was bonded onto the FK chains, successfully.

—FK
——GA-FK ge

GA

1 1 1 1 1 1 1 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400
v/em

Figure 2. The IR spectra of GA-FK gel.

3.3.2. Micro-Morphology of GA-FK Gel

The SEM results of GA-FK gel show in Figure 3. At a magnification of 100 K, the
surface of FK is flat and shows fine cracks (see Figure 3a). It can be clearly seen that the
surface of GA-FK gel is quite different from that of FK. It presents a network structure
that is crisscross formed by the filaments with diameters about 40~50 nm (see Figure 3b).
The results indicate that the filaments assembled the FK molecule through Van der Waals’
forces, intermolecular hydrogen bonds, and salt bonds, etc. EDC-NHS cross-linked the
filaments to form network structure. The fracture surface of the GA-FK gel is rough and
porous (see Figure 3c). It indicates that the GA-FK gel has a three-dimensional network
structure, and the flat lamellar structure was destroyed. The reason for this is that GA has a
rigid benzene ring contributing to the FK molecular chains, which are difficult to get close
to assemble, or even more, the new covalent bonds pull filaments away from each other.
Thus, the three-dimensional network structure was formed through crosslinking in water,
and the microstructure was still maintained after lyophilized, forming a plant of pores.
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@)

(b)

Figure 3. Micro-morphology of FK and GA-FK gel in high magnification. (a) FK; (b) GA-FK gel; (c) fracture surface of

GA-FK gel.

3.3.3. TG Analysis

The thermogravimetric (TG) analysis of GA-FK gel and its raw materials was mea-
sured, and the results of TG and DTG curves are showed in Figure 4. It shows that GA
loses adsorbed water and crystal water at 70~120 °C, and starts to be sublimated at 140 °C.
This small molecule compound was completely sublimated below 190 °C. It has maximum
weight loss rate at 167 °C. The TG curve of GA-FK gel is like FK. Compared to FK, about
3.6% of water being lost in GA-FK gel is because of the absorption of GA side groups in
GA-FK. They start obvious weight loss from 220 °C. The maximum weight loss rate of
GA-FK gel and FK appear at 324 °C and 310 °C, respectively. This indicates that new amido
linkages formed through GA grafting and EDC-NHS cross-linking, which make the GA-FK
gel more stable than that of FK. It also shows that the GA-FK gel was prepared successfully.

100 05
90
—“/‘_A 0
80 .
o —GA(TG) |
—FK (TG) a3
_ 60 £
g —GAFKgel T6) 1 -1
8 50 —GA-FKgel (DTG) B
{ 15
= 40 FK (DTG) 3
30 —GA (DTG) 5
20
25
10
0 1 1 1 1 1 1 -3

40 140 240 340 440 540 640 740
Temp. (°C)

Figure 4. The TG and DTG results of GA-FK gel at 40~740 °C.

3.3.4. XRD Analysis

The XRD results of GA-FK gel and FK are shown in Figure 5. The diffraction peaks at
20 =13.7° (strong, d = 6.9 A) and 19.1° (weak, d = 4.7 A) are the signals of FK, which come
from -sheets of crystallized FK. After grafting GA, the 3-sheets signals in GA-FK gel are
at13.4° (d = 6.9 A),19.2° (d = 4.7 A). The signals at 30° and 41° are bulging peaks of the
non-crystalline region in FK and GA-FK gel, which the crystallinity of FK and GA-FK gel
are 66.6% and 22.6%, respectively. This indicates that the crystallization was prevented in
GA-FK gel due to the bonding whit GA, and crosslinking with DEC-NHS.
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Figure 5. XRD patterns of GA-FK gel.

3.3.5. Nitrogen Adsorption Isotherms and Pore Size Distribution

The nitrogen adsorption—desorption isothermal and pore size distribution of GA-
FK gel were measured at 76 K, the results are shown in Figure 6. It can be seen from
Figure 6a, the N adsorption—-desorption isotherm of GA-FK gel is type-IV B isotherm
(with H2 hysteresis ring). The adsorption capacity of GA-FK gel is 22.7 cm3-g~!, it is bigger
than that of FK (12.1 cm®-g~!). The adsorption capacity rapid increases while P/Py > 0.75.
This indicates that the adsorption is multilayer adsorption at this stage, and GA-FK gel has
abundant mesoporous.

25 0.07

20

—e—GA-FK- Adsorption

—4—GA-FK- Desorption

dV/dlog(w)

——GA-FK gel

Quantity Adsorbed (cm3/g STP)

0 0.2 04 0.6 0.8 1 0 200 400 600 800 1000
Relative Pressure (P/Py) Pore Width (A)

(a) (b)

Figure 6. N, adsorption-desorption isotherms and pore size distribution of GA-FK gel: (a) N,
adsorption-desorption isotherms; (b) pore size distribution.

The pore size distribution and specific surface area of GA-FK gel were calculated
by the BJH method. As can be seen from Figure 6b, the pore size distribution of GA-FK
gel is approximately symmetric and narrow. The pore size of GA-FK gel is in the range
1.8~90 nm; with an average pore size of 19.6 nm. The number of mesoporous (~18 nm)
accounted for the most, and the pore volume is 0.035 cm3-g~1. The specific surface area of
GA-FK gelis 7.16 m?-g 1, it is larger than 4.11 m?-g~! of FK. This is because in modification
reaction, EDC-NHS system activate the GA, and activated GA bonded to the amino of FK
chain. Meanwhile, the EDC-NHS system activated the carboxyl on FK chain, and activated
carboxyl bonded to the amino of FK chain, forming an amide bond between the inner FK
molecular chains. This crosslinking led to the formation of a uniform three-dimensional
network structure [22] that increased the strength of the material [20]. Moreover, based on
this three-dimensional network, the GA-FK gel would be able to produce more mesopores
during lyophilization.

In summary, the results of the characterization of GA-FK gel shows that the mechanical
properties of FK gel were improved by bonding the rigid GA molecules and crosslinking.
The GA-FK gel was homogeneous and porous, and its mesoporous number, pore volume,



Appl. Sci. 2021, 11, 12163

9of 14

and specific surface area were significantly increased. Therefore, the preparation of GA-FK
gel through this method was successful.

3.4. Adsorption Properties of GA-FK Gel

GA-FK gel was used as an adsorbent, and Fe(III) was used as metal pollutant model
to evaluate its adsorption performance in aqueous solution. The removal efficiency was
taken as the main index. The initial concentration of pollutant, the dosage of adsorbent,
the adsorption temperature, and the adsorption time were investigated. The results are
show in Figure 7.

100 100 350
9
o | 4 300
80
L 4 250
70 50 |
60 — -
o 4 200 o
= ~ < —@—E(%)
X 50 g s | E’
w - w —r— -
w0 L P Q(mg/g) 1150 §
——E(% L
30 | %) 80 4 100
0 L ——Q (mg/g)
4 50 Bt 4 50
10 |
0 0 70 0
0 500 1000 1500 2000 0.00 0.05 0.10 0.15 0.20 0.25
Co (mg/L) Dosage (g)
(a) (b)
100 155 100 150
98 | 98 |
4 150 4 145
9% | 9% *
- 140
9 | { 145 s | ®
i _ | { 135
9 1wz g 92 g
X 9 | £ w 9 { 130
“ 4 135 ¢ g
88 T 8 { 125
—@—E(%)
86 —0—E(%) { 130 86
—&—Q(mg/g) 1 120
84 —A—Q(mg/g) 84 ¢
4 125
82 | 82 | 41 115
80 L L L 120 80 s s s L s s s L L 110
10 20 30 40 50 0 60 120 180 240 300 360 420 480 540 600
Temp. (°C) Time (min)
(0) (d)

Figure 7. Adsorption performance of GA-FK gel to Fe(Ill) in aqueous solution (pH = 6). (a) Effects
of Fe(Ill) initial concentration to removal rate (Cy = 50~2000 mg-L*1 ; Dos. =0.05 g; 25 °C; 30 min);
(b) effects of adsorbent dosage to removal rate (Cy = 300 mg-L~!; pH = 6; 25 °C; 30 min); (c) effects of
temperature to removal rate (Cy = 300 mg-L*1 ; pPH = 6; Dos. = 0.05 g; 30 min); (d) effects of time to
removal rate (Cg = 300 mg-L~!; pH = 6; Dos. = 0.05 g; 30 °C).

With the increase in initial concentration, the Fe(IIl) removal rate decreased gradually
(see Figure 7a). So, 300 mg-L~! was chosen as the initial concentration for subsequent
experiments. With the increase in adsorption dosage, the Fe(Ill) removal rate increased
but the adsorption capacity decreased (see Figure 7b). Therefore, 0.05 g was selected for
subsequent experiments. It can be seen from Figure 7c that the Fe(Ill) removal rate and
adsorption capacity increase first, and then decrease, with the temperature increase, and
both reach the maximum value when the temperature is 30 °C. Therefore, 30 °C is the
optimum adsorption temperature.

As for adsorption time, it results in complex effects on the Fe(Ill) removal rate and
adsorption capacity, which increases first, then decreases, and then increases again (see
Figure 7d). The Fe(Ill) removal rate reached its first peak (93.7%) at 30 min. The removal
rate then decreased to 89.1% at 45 min. Then, the removal rate of Fe(III) increased gradually
with the increase in adsorption time. The adsorption of Fe(III) on the GA-FK gel gradually
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reached equilibrium after 90min. The equilibrium adsorption capacity (Q.) of GA-FK gel
to Fe(Il) was 142.2 mg~g’l (E = 94.8%). Therefore, it can be concluded that the adsorption
process of GA-FK gel to Fe(lll) is a two-stage pattern accompanied with swelling. In
the first stage, the without-swelling adsorbent (GA-FK gel) is rigid, the rapid physical
adsorption is attributed to chemical-modified GA-FK gel, which has a plant of mesopores,
affording it more active sites. In the second stage, the adsorbent (GA-FK gel) started
swelling in the aqueous environment, it transformed from rigid to flexible. The swelling
led to pores disappearing and Q; decreasing. When the swelling reached equilibrium,
the adsorption equilibrium was reestablished. The second stage is the decisive one in
all adsorption process. In this stage, the adsorption is non-specific adsorption, which
includes the complexation of phenolic hydroxyl group of GA, free amino, and carboxyl of
FK with Fe(III).

3.5. Adsorption Isotherm

In this work, the dosage of GA-FK gel was 0.05 g, the initial concentration of Fe(III)
solution was 50, 100, 200, 300, and 500 mg-L_l, and the adsorption experiments were
carried out at 303 K. The experimental data were fitted and calculated by Langmuir
(Formula (3) [25]) model and Freundlich (Formula (4) [25]) model, and the results are
shown in Figure 8 and Table 2.

Ce 1 1

Q. KiOw  Om

Ce 3)

InQ, = InKr + % InC, )

where Q, is experimental equilibrium adsorption capacity (mg-g~!); C, is experimental
equilibrium concentration (mg-L~!); Q,, is saturated adsorption capacity (mg-g~!); K. is
Langmuir adsorption constant (L-mg~!); Kr is Freundlich adsorption constant (mg-g 1),
and 1/n is heterogeneity parameter.

6.0

y=0.5327x+3.5106
55 F R?=0.9855

InCe

Figure 8. Adsorption isotherm of GA-FK gel to Fe(IIl) (Freundlich model).

Table 2. Isotherm parameters of Fe(III) adsorption by GA-FK gel.

Freundlich Langmuir
T (K)
Ky (L' mg1) 1/n R? Qum,cal (mg-g~)  Kp (L-mg~1) R?
303 40.516 0.4433  0.9855 178.6 0.201 0.9253

The adsorption pattern of GA-FK gel to Fe(Ill) is more fitting with the Freundlich
model (R? = 0.9855) (see Figure 8). Because the adsorption process of GA-FK gel to Fe(III)
is a two-stage mode, in the second stage the GA-FK gel begins to swell, transforming
from rigidity to flexibility until it is complete swelling. The volume of GA-FK gel parti-
cles gradually expanded, the pores disappeared, and the specific surface area changed
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dramatically. Fe(Ill) ions diffused into gel particles with the solvent. As GA bonded to
FK chains, the chemical adsorption capacity was greatly improved, so the adsorption is
non-specific adsorption.

It can be seen from Table 2 that the Freundlich isotherm adsorption empirical constant
Kp is 40.516. It indicates that GA-FK gel has a high adsorption affinity to Fe(III), and
0<1/n=0.4433 <1, indicating that adsorption is easy to take place. It is due to the GA
molecules that it has strong complexation ability. The Langmuir isothermal adsorption
empirical constant Kp, is 0.201, and the calculated maximum adsorption capacity of GA-FK
gel (Qyycat = 178.6 mg-g’l) is far less than the experimental value (Qyexp = 319.0 mg~g’1).
It indicates that the adsorption of GA-FK gel to Fe(IlI) is more consistent with Freundlich
model, and the adsorption is mainly non-specific adsorption.

3.6. Adsorption Kinetics

In this section, the dosage of GA-FK gel was 0.05 g, the initial concentration of Fe(III)
solution was 300 mg-L~!, and the temperature was 303 K. The experimental data were
fitted and calculated using the rate equations of pseudo-first-order (Formula (5) [37])
and pseudo-second-order adsorption kinetics (Formula (6) [37]), the results are shown in
Figure 9 and Table 3.

ln(Qe - Qt) =InQ, —
b1t
Qt B kZQez Qe

where Q, (mg-g~!) is the experimental value of equilibrium adsorption capacity; Q;
(mg-g~1) is the adsorption capacity at t time; k; (min~') is pseudo-first-order kinetic
rate constant; k, (g~(mg~min)’1) is the pseudo-second-order rate constant; and ¢ (min) is
the adsorption time.

k1
2.303 f ©®)

(6)

4.5

40
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Figure 9. Adsorption kinetic fitting curves of GA-FK gel to Fe(Ill) (pseudo-second-order kinetic model).

Table 3. Adsorption kinetic fitting parameters of GA-FK gel to Fe(IIl) in different model.

Pseudo First Order Kinetic Model Pseudo Second Order Kinetic Model
T(K) Qe,exp 2 2

k1 Qel,cal R k> Qez,cul R
303 142.2 0.155 38.7 0.8199 0.005 142.9 1

It can be seen from Figure 9, the adsorption kinetics of GA-FK gel to Fe(III) fits
well with the quasi-second-order kinetic model (RZ = 1). The calculated equilibrium
adsorption quantity value (Qp .o = 142.9 mg-g~!, calculated by the quasi-second-order
kinetic equation) is remarkably close to the experimental value (Qeexp = 142.2 mg-g~1) (see
Table 3). Therefore, it can be concluded that the adsorption process is mainly non-specific
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adsorption. The reason is that complexation of phenolic hydroxyl group of GA, free amino
and carboxyl of FK with Fe(IIl), GA has the strongest complexation especially.

4. Conclusions

The FK was extracted from waste chicken feather. Modification reagent GA was
bonded onto the FK chain using the EDC-NHS activation system. Meanwhile, the FK
chains were cross-linked with covalent, and the GA-FK gel was the result. This showed
that the phenolic hydroxyl group had been successfully introduced to the FK chains, and
gave the GA-FK gel a three-dimensional network structure, which improved the strength,
toughness, and stability of FK based material. The GA-FK gel has abundant mesopores. Its
pore size is in the range 1.8~90 nm; average pore size is 19.6 nm. Its specific surface area
is 7.17 m?-g~1. It displays a strong adsorption ability to Fe(Ill) in aqueous solution. The
maximum capacity is 319.0 mg-g~!. The adsorption process of GA-FK gel to Fe(IIl) presents
a typical two-stage pattern accompanied with swelling. The adsorption kinetics of GA-FK
gel to Fe(IlI) follows the quasi-second-order model, the adsorption isotherm follows the
Freundlich model. Therefore, the adsorption mechanism is mainly non-specific adsorption,
especially the complexation of phenolic hydroxyl, free amino and carboxyl of GA-FK gel
with Fe(III). Although GA-FK gel is derived from solid waste, it is an environment-friendly
polymer material. It is expected to be applied in the field of metal ions adsorption. Thus, it
achieves the efficient recycling of waste chicken feather, and has high-value utilization.
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