
Preparation of polyacrylamide grafted collagen extracted from leather
wastes and their application in kaolin flocculation

Chongyi Li, Feng Xue, Enyong Ding
Department of Polymer Science, College of Material Science and Engineering, South China University of Technology,
Guangzhou 510641, People’s Republic of China
Correspondence to: E. Ding (E - mail: eyding@scut.edu.cn)

ABSTRACT: This is probably the first report on the synthesis of a series of novel collagen-based flocculants (CP11, CP12, and CP13)

by grafting polyacrylamide (PAM) chains onto the collagen backbone, which was directly extracted from leather shavings via alkali

hydrolysis. The results from FTIR, XRD, 1H NMR, and TGA well supported that PAM chains had been successfully grafted onto colla-

gen backbone. In addition, the micrographs of SEM revealed that the PAM grafted collagen possessed much more porous and looser

surface structures in comparison with virgin collagen. Zeta potential measurement showed that the introduction of branched PAM

chains helped to improve the positively charge density. Furthermore, CP12 performed the best in the kaolin flocculation with the

highest flocculation rate about 24%�min21 and could induce the generation of much larger and denser floccs for the fast settling of

kaolin particles. The corresponding flocculation mechanism was also presented by analyzing the collected flocs. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2015, 132, 41556.
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INTRODUCTION

As is well-known that water is an origin of life, a material basis

for all the human existence and social economic growth, and a

principal guarantee for the sustainable development. Efficient

treatments on the various effluents, which are discharged by

industrial production inevitably, have drawn great attention all

the time, due to the growing environmental concerns.1–4 Espe-

cially in the last few years, the increasing enthusiasm and inter-

est on water conservation have greatly accelerated the extensive

researches on wastewater treatment, and many physicochemical

methods including flocculation,5,6 photocatalytic degradation,7–9

activated carbon absorption,10,11 etc, have been employed for

effluent purification. However, among them, flocculation is still

considered as one of the most significant measures used for pre-

treatment or primary treatment of effluents, owing to its high

efficiency and facile operation.

Although inorganic metal-based flocculants and synthetic

polymer-based flocculants are always popular in wastewater clar-

ification, we must also attach importance to their unwelcome

disadvantages that continually accumulated metal ions and

harmful monomers produced by partial degradation of poly-

meric flocculants will generate potentially adverse impacts on

the ecological system. Thus, a novel environmental friendly,

cost-effective and more efficient flocculant is desired strongly.

At present, much more attentions have been shifted to the

application of natural polymers for flocculant development,

such as cellulose,12 chitosan,13–15 starch,16–18 sodium alginate,19

and guar gum.20,21 In comparison with traditional flocculants,

these natural polymer-based flocculants can become attractive

alternatives because of their biodegradability, easy availability,

and low cost. More significantly, these modified natural macro-

molecule products have been well proved to be excellent floccu-

lants for the various wastewaters treatment.22–27

Actually, as the suspension stability of kaolin-containing efflu-

ents from mining industry, it is very difficult for kaolin to be

fast settling and removed absolutely, which is caused by strong

electrostatic repulsion between particles. Therefore, it may be a

novel subject to use amphoteric collagen to fabricate an exclu-

sive and efficient flocculant for kaolin flocculation. However,

researches can rarely be found both at home and abroad on

using collagen sourced from leather solid wastes in flocculant

field, say nothing of systematic analysis and study. As one of

the most abundant natural biomass, collagen has attracted

broad interest and been particularly exploited to produce a

series of novel functional materials.28–31 Collagen is a special

amphoteric protein due to the presence of plentiful ANH2

groups and ACOOH groups on its molecular chains, which can

contribute to the removal of many impurities with charges
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theoretically, on the basis of widely accepted perspective of

charge attraction. Consequently, collagen is capable for process-

ing complicated wastewater as an eligible candidate. Neverthe-

less, significant importance should also be attached to the

following two principal known disadvantages: firstly, the isoelec-

tric point of collagen is located at pH below 7 usually, which

indicate that relatively less quantity of ANH2 groups is adverse

for sedimentation of kaolin particles; secondly, a too short shelf

life derived from its good biodegradability also needs to be

appropriately improved. Taking into consideration that adsorp-

tion bridging and net-sweeping effects are also the crucial influ-

ence factors on flocculation, graft polymerization can be used as

an effective means to overcome the above shortcomings.22,32 As

everyone knows that polyacrylamide (PMA) has exhibited high

efficiency in wastewater purification, and grafting PAM chains

onto collagen backbone can not only enhance the density of

ANH2 groups, but also can benefit for the improvement of

bridging and net-sweeping effect, which are induced by the long

PAM branched chains. However, no researches have been done

on using PAM grafted collagen as a tailor-made flocculant for

promoting kaolin flocculation.

Up to now, an enormous amount of chromed leather wastes

produced by tanning industry have been regarded as a trouble-

some problem for many years. These leather wastes are com-

posed of fibrous collagen stabilized by trivalent chromium in a

three dimensional structure. Nevertheless, the current disposal

ways for the leather wastes including incineration and landfill,

may bring about unnecessary resource waste and potential con-

tamination risk, because trivalent chromium (Cr31) can oxidize

into virulent hexavalent chromium (Cr61) under certain tem-

perature and pH condition.33,34 Facing such severer challenge,

unremitting efforts have been made for the high value-added

utilization of these leather wastes,35–37 while it may after all be

accepted as a significant pattern for resource recycling that col-

lagen is extracted from leather wastes and then used for prepar-

ing a novel effective flocculant.

In view of all the aspects as mentioned above, this article aims to

develop a novel efficient and eco-friendly flocculant for the rapid

settlement of kaolin suspensions. The acrylamide was selected as

modified monomer to graft onto collagen backbone, which was

directly extracted from leather shavings via alkali hydrolysis, by

using ceric ammonium nitrate as the initiator, followed that a

series of collagen-g-PAM products with different weight feeding

ratios were successfully synthesized. The resulting products were

comprehensively characterized by Fourier transform infrared

(FTIR), X-ray diffraction (XRD), scanning electron microscope

(SEM), zeta potential measurement, 1H nuclear magnetic reso-

nance spectroscopy (1H NMR), and thermogravimetric analysis

(TGA). In addition, their properties for kaolin flocculation were

investigated systematically by using the jar test method, and the

corresponding flocculation mechanism was also proposed.

EXPERIMENTAL

Materials

Chromed leather shavings from cattle skin were donated by a

tannery in the province of Zhejiang, China; kaolin (AR grade,

3000 mesh), calcium oxide (CP grade), acrylamide (AR grade),

and ceric ammonium nitrate (AR grade) were supplied by Alad-

din Industrial Corporation, China. Deionized water was used

throughout the study, and all the chemicals were used as

received without further purification.

Extraction of Collagen

Collagen was extracted from chromed leather shavings via alka-

line hydrolysis. First of all, a desired amount of leather shavings

was immersed into water at an appropriate ratio of material to

water for 1 h. Then, calcium oxide was added to the above dis-

persion at a mass concentration of 8% on leather shavings.

After reacting for 6 h at 85�C, this mixture was filtered under

vacuum to separate the chrome cake and collect collagen solu-

tion, followed that this collagen solution was adjusted to be

neutral with dilute HCl solution. Finally, the obtained collagen

solution was concentrated by rotary evaporator, precipitated,

and washed repeatedly by absolute ethyl alcohol, and next dried

to powders in the oven. Based on the results from GPC, the

molecular weight of collagen powders acquired was estimated.

(Mn 5 4.1 3 103 Da and Mw 5 7.43 3 103 Da).

Synthesis of Collagen-g-PAM Flocculants

A given amount of collagen powders were dissolved in the

deionized water with a constant stirring under N2 atmosphere

until this solution became clear and yellowish; followed that a

fixed amount of ceric ammonium nitrate as initiator was added

into the above solution; and then the acrylamide monomer

aqueous solution was added dropwise within 30 min after 10

min of pretreatment by the initiators to trigger abundant active

grafting points on the collagen backbone. The reaction system

was protected by N2 atmosphere in the whole process. After

reacting at 50�C for 5 h, the primary product was precipitated

in the excess absolute ethyl alcohol and then collected by centri-

fugalization. Furthermore, the obtained products were extracted

in Soxhlet apparatus using acetone as solvent for 48 h to

remove impurities. Finally, the purified products were vacuum-

dried at 60�C for 48 h. By the way, three grafted samples with

different weight feeding proportion between collagen and acryl-

amide (1 : 1, 1 : 2, and 1 : 3) were synthesized, which were

named CP11, CP12, and CP13, respectively. The possible reac-

tion mechanism was also proposed as follows: based on free

radical theory, grafting polymerization of acrylamide onto colla-

gen backbone initiated by oxidation-reduction initiator systems

was carried out. Typically, the presence of abundant highly reac-

tive groups with strong reducibility like ANH2 and AOH made

collagen readily oxidized to some extent. Thus, as a strong oxi-

dant, Ce41 could be reduced to Ce31 by gaining electrons from

these groups; meanwhile, collagen chains were transformed into

macromolecule radicals immediately, which would attack C@C

bonds in the acrylamide for triggering violent chain propaga-

tion reaction until chain termination reaction took place. Inevi-

tably, polymerization of acrylamide also spontaneously

proceeded simultaneously, which would compete with grafting

reaction fiercely. Consequently, the obtained products must be

purified carefully.

Characterization

Infrared Analysis. The collagen and grafted collagen were eval-

uated by using Fourier transformed infrared spectrometer
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(Nicolet, MAGNA-IR760) with KBr pellet method at wave num-

bers from 650 to 3800 cm21.

X-ray Diffraction. The aggregation structures of collagen and

grafted collagen were characterized by the XRD performed on a

MSALXD2 with Cu Ka radiation (40 kV, 20 mA, k 5 1.54051

Å) at a scanning rate of 5�/min for 2h ranging from 5� to 75�.

Filed Emission Scanning Electron Microscopy

The morphology of collagen and grafted collagen were observed

by using a field emission scanning electron microscopy (Nova-

NanoSEM 430) operated at an accelerating voltage of 10 kV.

Thermogravimetric Analysis

The thermal stabilities of collagen and grafted collagen were

studied by NETZSCH TG209F1, and all the specimens were

scanning from 25 to 800�C in nitrogen atmosphere at a heating

rate of 20�C/min.

1H Nuclear Magnetic Resonance
1H NMR spectra of collagen and grafted collagen were obtained

on a Bruker AVANCE Model DRX-500 spectrometer, operating

at 500 MHz and using D2O as the solvent.

Zeta Potential Analysis

Zeta potential of collagen and grafted collagen were measured

by a Malvern Model Zetasizer (NanoZS 90) manufactured in

U.K.

Flocculation Experiment

Experiments on flocculating the kaolin suspensions were per-

formed by using the conventional jar test method and their pH

were regulated to the desired values with dilute HCl aqueous

solutions. The flocculation efficiencies of virgin collagen and

grafted collagens with varied synthesized grades were evaluated

synthetically. Specially, a desired amount of flocculants were

added into the 3 g/L of kaolin suspension in the form of solu-

tion first; thereafter, this mixture was stirred strongly at a speed

of 300 rpm for 2 min at the beginning, followed by a slow stir-

ring at 50 rpm for next 3 min, and then the suspension was

allowed to settle for 5 min. During the settling period, it could

be observed distinctly that the breaker deposited a large amount

of kaolin particles at its bottom, and the supernatant suspension

became clear gradually.

After sedimentation for 5 min, a 4 mL of supernatant suspen-

sion was withdrawn, and the flocculation efficiency was deter-

mined by UV–visible spectrophotometry (UNICAM UV-500,

Thermo Electron Co.). A calibration curve for kaolin suspen-

sions was measured in advance. The transmittances of the

supernatant suspensions were detected at a wavelength of

641 nm, which was used to reflect the flocculation abilities of

various synthesized flocculants. In addition, the formed floccs

were also collected for further morphological observation by

using optical microscopy and FTIR analysis.

RESULTS AND DISCUSSION

Chemical Structure

The FTIR spectra of acrylamide, extracted collagen as well as

PAM grafted collagen with various synthetic grades were illus-

trated in Figure 1. As was seen clearly that the spectrum of

acrylamide showed the characteristic absorption peaks at

3400 cm21 (ANH2 stretching), 3203 cm21 (@CAH stretching),

1672 cm21 (amide I, C@O stretching), 1620 cm21 (amide II,

ANH2 bending), 1420 cm21 (NAH stretching) and 983 cm21

(@CAH wagging vibration). Obviously, the characteristic peak

of C@C stretching, which should also be present at 1620 cm21

approximately, overlapped with that of amide II. While in the

spectrum of collagen pattern, a broad characteristic absorption

peak around 3400 cm21 was ascribed to the strong OAH and

NAH stretching vibration, in addition, two indistinctive peaks

located at 2975 and 2946 cm21 as well as the other weak peak

around 2869 cm21 could be attributed to asymmetric and sym-

metric stretching vibration of ACH3 and the symmetric stretch-

ing of ACH2A, respectively. An obvious but small peak located

at 3072 cm21 was the powerful evidence indicating the presence

of benzene ring. Besides, the band at 1665 cm21 arose from

C@O stretching vibration while the other adjacent intensive

peak around 1545 cm21 was for NAH bending vibration, which

was due to the existence of polypeptide chain in collagen. Fur-

thermore, there were three bands at 1454, 1165, and

1076 cm21, which were assigned to CAN stretching in CANH2,

ACH2A wagging vibration and CAN bending, respectively. By

contrast, in the case of PAM grafted collagen, although there

were no additional peaks present, the intensities of CAN

stretching (1454 cm21), ACH2A wagging vibration

(1165 cm21) and CAN bending (1076 cm21) were enhanced

significantly with the addition of acrylamide monomer increas-

ing gradually, which powerfully proved that PAM chains had

been grafted onto collagen backbone successfully.

TGA Analysis

The thermal degradation behaviors of collagen as well as PAM

grafted collagen were investigated by thermogravimetry (TGA),

and the occurrence of efficient graft modification was also well

proved based on the TGA results. As was shown in Figure 2

that the thermal degradation of virgin collagen mainly involved

two stages: for the first step in the temperature range from 25

to 184�C, the absorbed and bound water was lost with the

Figure 1. FTIR spectra of the various samples: (a) acrylamide; (b) virgin

collagen extracted from leather shavings; (c) CP11; (d) CP12; (e) CP13.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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weight loss about 8 wt %, while the second stage started at

240�C and continued up to 800�C with the maximal degrada-

tion temperature at 350�C, which could be associated with the

ultimate breakage of collagen backbone. Obviously, the pyrolysis

properties of PAM grafted collagen had been varied dramatically

in comparison with the virgin collagen. In the case of the modi-

fied products, the additional third degradation stages were

attributed to the destruction of the PAM branched chains,

whose degradation temperatures were far higher than that of

collagen chains. This increase could be interpreted that the pres-

ence of other heteroatoms such as O, N in the main chains of

collagen made them much easier than PAM grafted chains to be

broken at a lower temperature. The appearances of these addi-

tional stages were the strongest proofs for supporting the suc-

cessful graft polymerization. In addition, their maximal

decomposition temperatures decreased in turn as the weight

feeding ratio of acrylamide monomers increased, which indi-

cated that the addition of excessive acrylamide might be

inclined to form shorter branched chains easily, because for

PAM branched chains with well-defined composition and struc-

ture, the higher the degradation temperature was, the higher

the molecular weight was, and correspondingly, the longer the

molecular chain was to a certain extent, and vice versa. The rea-

son for this result was based on the fact that with the constant

reaction time and the amount of initiator, too many acrylamide

monomer added necessarily caused a sharp increase in the pos-

sibility of self-polymerization, which was bound to make rela-

tively less amount of acrylamide monomers involved in grafting

reaction, because of depletion in the available acrylamide con-

centration as the self-polymerization occurred, which was also

responsible for the decrease of size of PAM grafted chains.

Apparently, there was a healthy weight feeding ratio between

collagen and acrylamide for preparing modified collagen, which

had PAM branched chains with appropriate length. Moreover,

the thermal stabilities of collagen chains for modified products

were also improved markedly, and there were much higher

moisture content in the modified collagen, because of introduc-

tion of abundant ANH2 groups.

XRD Analysis

The XRD patterns of virgin collagen as well as the modified

products were presented in Figure 3 to investigate their aggrega-

tion structures. As exhibited in Figure 3 that the virgin collagen

showed strong crystallization characteristics. However, it was

widely known that leather shavings were nearly amorphous,38

which indicated that the collagen chains were deprived of cross-

linked constraints from Cr31 and could be rearranged to consti-

tute ordered crystalline regions, due to the alkaline hydrolysis of

chromed leather shavings. The collagen contains high content of

glycine, which is the indispensable requirement for the forma-

tion of natural triple-helical structure, so that glycine is the

most critical factor for shaping the aggregation structure of col-

lagen. Evidently, the peaks at 20.7�, 29.1�, and 31.2� could be

attributed to a-crystals of glycine, whose corresponding crystal-

line d-spacing were 0.43, 0.31, and 0.29 nm, respectively; while

the other two peaks at 23.4� and 33.4� were ascribed to c-

crystals of glycine, corresponding with crystalline d-spacing

about 0.38 and 0.27 nm. In addition, the b-crystals of glutamic

acid with crystalline d-spacing about 0.77 nm were confirmed

by the presence of characteristic peak around 11.5�. By contrast,

although the modified products showed the similar peaks as vir-

gin collagen, some corresponding peaks had shifted even disap-

peared completely because grafting PAM branched chains onto

collagen could strongly inhibit the crystallization of glycine and

glutamic acid. Compared with virgin collagen, the intensities of

all the crystalline peaks of modified collagen were severely weak-

ened, which implied that organized and tightly arranged colla-

gen chains were significantly disturbed by the inserted PAM

moiety. Typically, for the modified collagen, the peak represent-

ing b-crystals of glutamic acid, whose intensities weakened con-

tinuously as the weight feeding ratio of acrylamide increased,

had shifted from 11.5� to 14.7�, which also indicated that its

corresponding interplanar d-spacing had clearly reduced from

0.77 to 0.61 nm; similarly, the same tendency could be observed

for the characteristic peak of c-crystals of glycine at 25.6�,
accompanying with interplanar d-spacing decreasing from 0.38

to 0.35 nm slightly. In particular, the two sharp peaks,

Figure 2. TGA curves for virgin collagen and various PAM grafted colla-

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

wileyonlinelibrary.com.]

Figure 3. X-ray diffractograms of (a) virgin collagen; (b) CP11; (c) CP12;

(d) CP13. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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respectively symbolizing a-crystals (20.7�) and c-crystals (33.4�)
of glycine, had vanished absolutely. There was no doubt that

the difference from internal structure would cause the changes

in flocculation ability inevitably. The high crystalline structure

of virgin collagen derived from regular arrangement of linear

polypeptide chains in dependence on the strong hydrogen-

bonding interaction, which was responsible for their own lim-

ited flocculation abilities due to absence of enough –NH2

groups able to be protonated and branched chains with appro-

priate length. This phenomenon was very similar to that of cel-

lulose,39 chitosan,40,41 and starch,42 which also performed much

poorly in flocculation before modification. Obviously, the sig-

nificance of grafted PAM branched chains lied in decreasing col-

lagen crystallinity, which could benefit for significant

improvement of flocculation ability, because PAM branched

chains not only provided abundant ANH2 groups, which could

be protonated for enhancing electrostatic attraction between

flocculants and kaolin particles, but also greatly improved

bridging and net-sweeping effect, which contributed to netting

the suspended kaolin particles much more, better and faster.

The corresponding schematic representation for explaining the

variation from aggregation structures were shown in Scheme 1.

NMR Analysis

The chemical structures of collagen and the corresponding

grafted products were also characterized by 1H NMR spectros-

copy in Figures 4 and 5. It was quite evident that the peaks for

all the samples were too indistinguishable and intricate to pro-

vide the explicit peak identification, because the ingredients of

collagen, which was obtained from alkaline hydrolysis of

chromed leather shavings, were very complicated and fairly dif-

ficult for the specific assignments essentially. However, by

Scheme 1. Schematic representation for illustrating the variations from the aggregation structures of the PAM grafted collagens.

Figure 4. 1H NMR spectra of virgin collagen and various PAM grafted collagens. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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comparing virgin collagen with the PAM grafted collagen, there

was a crucially sharp peak (d 5 2.1 ppm) present in the modi-

fied collagens, which was assigned to the Ha protons in acryl-

amide; in addition, the two emerging adjacent peaks not

available before, which were located between 5.6 and 5.8 ppm,

belonged to Hc from ANH2C@O groups in acrylamide. Appa-

rently, the presence of these additional peaks clearly supported

that grafting PAM chains onto collagen backbone had been car-

ried out successfully. Moreover, the relative intensities of peak at

d 5 1.56 ppm corresponded to the Hb protons totally showed

little change, indicating that plentiful ACH2A groups existed in

the collagen chains originally. The grafting ratio (G) of modified

collagens could be determined by precisely calculating the rela-

tive area of characteristic peaks, which were 67.3, 82.1, and

70.4% for CP11, CP12, and CP13, respectively. Typically, the

evaluation on grafting ratio was established depending on the

normalized characteristic peaks located at d 5 2.1 and 1.06

ppm, whose relative areas were used to represent the content of

the grafted products and virgin collagen, respectively. According

to the following defined equation:

G5
Ig2Ic

Ig

where Ig and Ic were the relative area of grafted products and

virgin collagen at the same peak position, respectively.

Zeta Potential Measurement

As everyone know that charge characteristics of flocculants

played an important role in the flocculation process. Thus, var-

iations of zeta potential of virgin collagen and grafted collagens

as a function of pH in solution were measured as well and dem-

onstrated in Figure 6. It was not hard to see that the similar

variation tendencies for the zeta potentials of all the samples

could be observed clearly. Significantly, the isoelectric point of

virgin collagen was approximately at pH 5 4.9, by contrast, the

isoelectric points of PAM grafted collagens shifted to the higher

pH in turn with the weight feeding ratio of acrylamide increas-

ing. Before the isoelectric points, they were significantly posi-

tively charged owning to protonation of ANH2 groups,

implying that presence of enough –NH2 groups in the branched

chains supported the flocculation of suspended kaolin particles

with negative charges. It was worth noting that before pH58.0,

the absolute values of zeta potential for grafted collagens were

always higher than those of virgin collagen and increased gradu-

ally at the same pH condition as the feeding ratio of acrylamide

increased. However, abnormal results were observed that the

absolute values of zeta potential for grafted products became

almost irregular after pH 8.0, which was possibly caused by the

reason that the abundant –NH2 groups were shielded by OH-

anions in alkaline solution, and the long PAM grafted chains

were inclined to form curly random conformations freely, which

would result in the ruleless alteration of the charge center.

Morphology

The microstructures of virgin collagen as well as PAM grafted

collagen were observed directly by SEM, and the corresponding

images were taken and given in Figure 7. As shown clearly in

Figure 7 that the virgin collagen revealed their fairly regular and

compacted structures with smooth surface, which implied their

strong crystalline characteristic indirectly. However, drastic vari-

ation in morphology had taken place after grafting PAM chains

onto the collagen backbone. Compared with the virgin collagen,

there were much porous and looser surface structures in PAM

grafted collagens, meanwhile, some tiny cracks were also found

in these pores. Among these grafted samples, the CP12 exhib-

ited the roughest surface laminar structure, which indicated that

insertion of PAM moiety damaged the original structural regu-

larity of collagen radically and contributed to the formation of

porous structure eventually. This much more porous and

rougher surfaces were expected to exert positive effect on the

flocculation activity because of strong absorption caused by

these plentiful pores.

Figure 5. 1H NMR spectra of virgin collagen and various PAM grafted collagens (as enlarged scale). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Flocculation Property

The flocculation efficiencies of virgin collagen as well as grafted

collagens in 3 g/L of kaolin suspension at pH 5 4 were depicted

in Figure 8. Obviously, virgin collagen, which was extracted

from leather shavings, showed relevant ability for kaolin floccu-

lation in itself due to the presence of a certain amount of

ANH2 groups in their molecular chains, which was very similar

to chitosan.13,14,43 A common variation trend for all the investi-

gated flocculants were clearly observed that the transmittances

of supernatants increased quickly at the beginning and then

reached a relative balance, and finally slowly decreased slightly

as the addition of flocculant gradually increased with the best

dosage about 4–6 mg/L, which could be explained that insuffi-

cient flocculant was difficult to support complete settling for

kaolin particles when the flocculant dosage was below 4 mg/L,

on the contrary, flocculant-encapsulated kaolin particles would

suspend more stably while the flocculant dosage was over 6 mg/

L. In addition, CP12 performed the best and the maximal trans-

mittance of supernatant could reach 85.88%, which indicated

that the residual concentration of kaolin in supernatant suspen-

sion was significantly reduced to 13.8 mg/L, estimated in terms

of the previously as-prepared calibration curve for kaolin sus-

pension. In comparison with CP12 and CP13, CP11 performed

poorly in kaolin flocculation, which was ascribed to its relatively

lower grafting ratio. By contrast, the worst flocculating perform-

ance of virgin collagen was primarily caused by lower positively

charge density and no chains with appropriate length to bring

about enough bridging effect. These above mentioned results

could be well established by the optical micrograph of the

formed flocs.

The settling characteristics of 3 g/L of kaolin suspensions

treated by collagen-based flocculants with their respective opti-

mal dosages at pH 4 were also investigated, and variations of

transmittance of the supernatant as a function of settling time

were exhibited in Figure 9. For all the treated kaolin suspen-

sions, a common tendency could be observed clearly that the

transmittance of supernatant increased rapidly within 3.5

minutes and then persistently kept a small fluctuation around

its maximum in the test scope. Obviously, virgin collagen had

Figure 6. Zeta potential-pH profiles for collagen and various PAM grafted

collagens. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 7. SEM micrographs of the various samples: (a) virgin collagen extracted from leather shavings; (b) surface of virgin collagen; (c) CP11; (d)

CP12; (e) surface of CP12; (f) CP13.
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the worst performance with the slowest flocculation rate about

15.9%�min21, and the eventual transmittance of supernatant

merely reached 65.5% approximately after complete floccula-

tion, which indicated that virgin collagen could not be compe-

tent for kaolin flocculation, because the absence of sufficient

positively charges and appropriate PAM branched chains

resulted in difficultly inducing strong charges attraction and

bridging effect. However, dramatic changes in flocculation abil-

ity had occurred after successfully grafting PAM branched

chains onto collagen backbone. Compared with virgin collagen,

all the modified products showed the better performances with

the much quicker flocculation rate. Typically, CP12 performed

the best with the fastest flocculation rate about 24%�min21,

which was 1.5 times than that of virgin collagen, and the final

transmittance of supernatant could reach 92.1%. Similarly,

CP13 and CP11 could also achieve the flocculation rate about

21.2 and 19.3%�min21, respectively, moreover, their purification

effects were obviously inferior to that of CP12, which was

caused by their relatively lower grafting ratio.

Characterization of the Flocs and Flocculation Mechanism

The morphologies of the formed flocs obtained from kaolin

suspensions with and without being treated by various collagen-

based flocculants were exhibited in Figure 10. Obviously, the

original kaolin particles were well dispersed and had hardly any

Figure 8. The flocculation efficiency of virgin collagen and various synthe-

sized grades of PAM grafted collagen by stand jar test procedure. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 9. The extent of flocculation of 3 g/L kaolin suspensions with time

by using virgin collagen and various PAM grafted collagens at respective

optimal dosage. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Images of kaolin particles (a) and the formed flocs obtained by treating kaolin suspensions with: (b) virgin collagen; (c) CP11; (d) CP12; (e)

CP13.
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aggregation, which indicated that strong electrostatic repulsion

could effectively inhibit the natural sedimentation of kaolin par-

ticles. By contrast, large and dense flocs were distinctly formed

due to the addition of the collagen-based flocculants, and abun-

dant kaolin particles got aggregated seriously and constituted

various irregular and huge aggregates, which were closely

jointed together in dependence on the strong absorption bridg-

ing and net-sweeping effects, which were caused by the floccu-

lants. The formation of extensive flocs not only contributed to

accelerating sedimentation of kaolin particles, but also reflected

the flocculating ability of the corresponding flocculant from

another perspective that the flocculant CP12 had the best floc-

culation performance.

The interactions between collagen-based flocculants and kaolin

particles were also further studied to reveal the possible floccu-

lation mechanism, and the FTIR spectra of the formed flocs

and kaolin particles were also illustrated in Figure 11. As was

shown clearly that in the spectrum of kaolin, the keen-edged

band at 1093 cm21 was assigned to the stretching vibration of

silicon-oxygen bond (SiAOASi), in addition, the other two

bands at 887 and 842 cm21 were attributed to asymmetric in-

plane flexural vibration of Si(CH3)3 groups, while the weak

band around 740 cm21 could be assigned to symmetric in-

plane flexural vibration of Si(CH3)3 groups, which indicated

that the used kaolin had undergone surface treatment and been

endowed with good water dispersion. However, there was an

additional weak peak not available before present in the FTIR

spectrum of the formed flocs, and this peak assigned to the car-

bonyl groups (C@O) had shifted from 1656 to 1664 cm21 in

comparison with collagen-based flocculants, which strongly sup-

ported the fact that electrostatic attraction between kaolin par-

ticles and collagen-based flocculants had taken place.

Based on the morphology features and FTIR analysis of the

formed flocs obtained from processed kaolin suspension, the

flocculation mechanism of PAM grafted collagen was proposed

and described in Scheme 2. As previously reported,22,24 a

ANH2 group could be easily protonized by gaining a H1 ion

from acidic solution, and the newly formed positively charged

group (ANH1
3 ) would be absorbed on the surface of negatively

charged kaolin particles in accordance with electrostatic attrac-

tion. And PAM grafted collagen obviously supplied the

Figure 11. FTIR spectra of kaolin and the formed flocs obtained by treat-

ing kaolin suspension with collagen-based flocculant. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Scheme 2. Flocculation mechanism for collagen-based flocculant induced kaolin settling.
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capability required for the protonation of abundant ANH2

groups. Apparently, the flocculation abilities of PAM grafted

collagen, in addition to strong charge attraction, were signifi-

cantly improved by the bridging effect due to the introduction

of long PAM branched chains. The huge surface area of kaolin

particles gave countless bonding sites for protonized ANH2

groups from different molecular chains, meanwhile, a collagen-

based flocculant molecule with long PAM branched chains also

could absorb many kaolin particles. Consequently, lots of kaolin

particles were trapped together. Moreover, much more residual

free kaolin particles could be also easily netted by the formed

aggregates. Ultimately, the constantly growing large and dense

flocs would settle quickly. These multiple flocculation modes

proceeded simultaneously and would not stop until the com-

plete depletion of free collagen-based flocculants.

CONCLUSIONS

In summary, we demonstrated a facile, cost-effective, and conven-

tional method to prepare an efficient flocculant for kaolin floccu-

lation by grafting PAM chains onto the collagen, which was

directly extracted from leather shavings via alkali hydrolysis. A

serious of experimental results adequately indicated that the PAM

chains had been successfully inserted onto the collagen backbone,

and the grafting ratios of CP11, CP12, and CP13 were 67.3, 82.1,

and 70.4%, respectively. In addition, TGA results also implied

that the length of PAM branched chains got shorter gradually as

the feeding proportion of acrylamide monomers increased. Mor-

phological analysis and structural analysis of the PAM grafted

collagen showed that the modified collagen possessed much more

porous and rougher surface structures and were also deprived of

strong crystalline performance when compared with virgin colla-

gen. Moreover, improvement in the positively charge density of

modified collagen were also observed, which was induced by the

easy protonation of abundant ANH2 groups in the PAM

branched chains. Furthermore, the results obtained from jar test

showed that the CP12 performed best in kaolin flocculation,

accompanying with the production of abundant large and dense

floccs for rapid settlement. Meanwhile, a suitable flocculation

mechanism was also proposed to explain its flocculation process

based on analyzing the formed flocs. More significantly, this arti-

cle has also provided a brand-new perspective to solve the both

worrisome problems for years that ecological threat derived from

chromed leather wastes and wastewater generated by mining

industry has become increasingly more serious.
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