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novel high-performance leather
waste-based composite retention aid

Yaohui You, * Jiayong Zhang and Xubing Sun*

In this study, a novel biomass composite retention aid was developed by using collagen hydrolysate (CH)

extracted from collagen waste as the starting material, glutaraldehyde as the organic crosslinking agent

and polymeric aluminum chloride (PAC) as the inorganic modifying agent. The as-prepared retention

aids were characterized by gel chromatography, hydrodynamic diameter, zeta potential, transmission

electron microscope (TEM), ultraviolet-visible adsorption spectra (UV-Vis), Fourier infrared spectrometer

(FT-IR), and X-ray photoelectron spectroscopy (XPS). The results indicated that glutaraldehyde increased

the molecular size of CH (i.e., CCH) through the crosslinking reaction between the aldehyde group of

glutaraldehyde and the primary amine group of CH. Subsequently, the PAC further increased cationic

charge density and molecular size of CCH (i.e., PAC–CCH) by the coordination interaction and self-

assembly, thereby endowing PAC–CCH with better charge neutralization and bridging flocculation

abilities. Compared to CH, CCH and PAC, the PAC–CCH exhibited excellent retention and drainage

performances, and the best retention rate was greater than 85% at the dosage of 0.6 wt%. Our

experimental results suggest that collagen wastes have a great potential to produce novel high-

performance retention aids.
Introduction

In the process of papermaking, retention aids are usually
introduced into the stock suspension to improve the perfor-
mance of retention and dewatering during sheet formation,
which play an essential role of the aggregation of llers and
ber nes through charge neutralization/patch and bridging
occulation.1–4 Considering higher ller lling and higher
speed paper machine, retention aids have become particularly
important.

Typical retention aids are single- or multicomponent, and
microparticle systems involving synthetic or natural poly-
mers.5–10 Synthetic polymers, such as polyacrylamide deriva-
tives, exhibit satisfactory retention performance at a low dosage,
but they are nonrenewable resources and have harmful effects
on the environment.11,12 Among natural polymers, starch
derivatives have the advantages of being biodegradable and
inexpensive; however, they usually require a relatively high
dosage to obtain a desired retention performance.6 Chitosan
and guar gum derivatives are only used in high-grade and
specialty paper, or stay in the laboratory stage due to their high-
cost and/or complicated process technology.7,13 In recent years,
the utilization of low cost biomass, including cassava dreg,
microbrillated cellulose, and tara gum,1,14 has received
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considerable attention. Unfortunately, these products are not
satisfactory in view of their practicality, economy and opera-
bility. Hence, it is an important challenge to develop novel, low-
cost, high-performance biomass-based retention aids with
simple synthesis processes.

The tannery industry inevitably produces a great amount of
collagen wastes due to the trimming, splitting and shaving
operations. This collagen waste is a valuable biomass resource
and could result in serious environmental problems if they are
not properly disposed.15 Collagen wastes can be hydrolyzed into
collagen hydrolysate (CH) with molecular weights ranging from
a few thousand to several hundred thousand Da.16 It is well
known that collagen hydrolysate is a kind of water-soluble
polymer and has abundant amino, carbonyl, hydroxyl, and
acylamino groups, which exhibit charge neutralization/patch
and bridging occulation ability to some extent.17 In fact, the
casein, the major protein in milk, was once used in paper-
making to improve the surface strength and printing function
of paper.18 Furthermore, our previous study has demonstrated
that increasing the molecular weight of gelatin using glutaral-
dehyde as a cross-linking agent could improve its occulation
ability.19 These facts suggest that a novel retention aid could be
prepared by using collagen wastes as raw material.

Further analysis indicated that the isoelectric points of CH
and cross-linked collagen hydrolysate (prepared by glutaralde-
hyde as the cross-linking agent, denoted as CCH) are both below
5. Therefore, their charge neutralization/patch abilities with
anionic llers and ber nes are very limited under neutral
RSC Adv., 2019, 9, 16271–16277 | 16271
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Table 1 Physiochemical properties of collagen wastes and CH
powder

Collagen wastea Collagen wasteb CH powder

Protein% 39.4 92.4 95.7
Ash% 10.1 2.6 1.7
Moisture% 47.2 3.8 1.6
Aluminum% —c —c —c

Chrome% —c —c —c

a Without washing and drying. b With washing and drying. c Not
detected.
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condition.20 On the other hand, even for CCH, the molecular
weight is still much smaller (approximately 5 � 105 Da)
compared with that of polyacrylamide and starch (far higher
than 1 � 106 Da).21 Hence, a further increase of cationic charge
density and molecular weight of CCH may be a good choice for
improving retention and drainage performance. Nevertheless,
the conventional methods, such as quaternization, crosslinking
or graing reactions, usually occurring in the primary amine
groups of CCH,22–25 have shown difficulty in meeting the
requirements for increasing both cationic charge density and
molecular weight of CCH because of the limited number of
primary amine groups. Therefore, a special chemical with high
density of positive charge and interaction ability with CCH
should be selected to modify CCH.

Polymeric aluminum chloride (PAC), a group of specic
aluminum salts including monomeric aluminum, dimer-
icaluminum (Al2), Al13O4(OH)24(H2O)12

7+ (Al13 Keggin) and
Al30O8(OH)56(H2O)24

18+ (Al30 Keggin), is positively charged
under acidic and neutral conditions.26 It has been demon-
strated that the active species of PAC is mainly Al13 Keggin.27 In
papermaking, PAC has been used as a rosin size bonding agent,
anionic trash catcher, retention aid and occulant due to its
high cationic charge density.28 However, retention performance
has shown difficulty in meeting the requirement when only PAC
is used due to its limited bridging ability, and excess PAC easily
cause electrolyte imbalance of the pulp.2 More interestingly,
aluminum salt has been used as a tanning or crosslinking agent
in leather manufacturing because of its considerably strong
coordination ability with polar groups of collagen,29,30 which
means that it can further increase the molecular weight of CCH
if PAC was selected to modify CCH, thereby facilitating its
bridging occulation performance. Considering all advantages
of PAC and CCH, it is reasonable to suggest that PAC and CCH
can be used as an effective retention system to provide a new
strategy for the development novel biomass based retention
aids with excellent performance. However, to the best of our
knowledge, no similar studies have been performed.

In the present work, CH was rst prepared by pepsin
hydrolysis collagen wastes, and CCH was prepared by glutaral-
dehyde cross-linked CH. Subsequently, the PAC–CCH
composite retention aid was obtained by PAC-modied CCH.
The characterizations of CH, CCH and PAC–CCH were investi-
gated by gel chromatography, hydrodynamic diameter, zeta
potential, transmission electron microscope (TEM), ultraviolet-
visible adsorption spectra (UV-Vis), Fourier infrared spectrom-
eter (FT-IR), and X-ray photoelectron spectroscopy (XPS).
Finally, the performance and mechanism of as-prepared
retention aids were systematic studied.

Experimental
Materials

Collagen waste supplied by a local tannery (Sichuan, CN) was
generated from shaving pigskin wet-white, where the pigskin
wet-white without chrome tanning was obtained by treating
conventionally delimed pelts with sodium sulfate. Pepsin
extracted from pig stomach (activity 220 000 U g�1 at 38 �C and
16272 | RSC Adv., 2019, 9, 16271–16277
pH ¼ 2) was purchased from Hongrunbaoshun Technology
(Beijing, China). bleached bamboo kra pulp (beating degree ¼
23 �SR) were obtained from Yongfeng Paper Mill (Sichuan, CN).
Kaolin with 350 mesh as model ller was purchased from the
Fengcheng Chemical Reagent Factory (Shanghai, CN). Poly-
meric aluminum chloride (PAC) was purchased from Gongyi
Midea Water Purifying Material Co., Ltd. (Henan, CN), and the
content of Al2O3 was 30%. All other chemicals were all of
analytical grade.
Preparation of CH, CCH, and PAC–CCH

The collagen waste was fully washed to remove impurities and
then dried at 60 �C for 12 h. Fiy g of the dry collagen waste was
suspended in 500mL of water and the pH of the suspension was
adjusted to 2.0. Then 0.5 g of pepsin was added to the
suspension and the reaction was performed at 38 �C for 3 h.
Subsequently, the pH of the suspension was adjusted to 5.0, and
the suspension was cooked at 100 �C for 5 min. Finally, the
ltrate was collected, freeze-dried and smashed, aer which the
CH powder was obtained. The physiochemical properties of
collagen waste and CH powder are shown in Table 1. As shown
in Table 1, all the samples were free of aluminum and chrome,
and sufficient washing could remove most impurities of the
collagen waste, such as inorganic salts and particles.

CCH was prepared according to the procedures in our
previous work.19 In an optimal manner, 5 g of CH was dissolved
in 100 mL of distilled water and the pH of the solution was
adjusted to 7.0. Then 0.5 mL of 50% glutaraldehyde solution
was added dropwise into CH solution and the reaction was
performed at 40 �C for 3 h. The nal CCH with crosslinking
degree of 0.81 was obtained. PAC–CCH was prepared as follow:
in an optimal manner, a dened amount of PAC solution was
added dropwise into CCH solution, and the nal PAC and CCH
concentrations were xed at 2.5 g L�1 and 5 g L�1, respectively.
Then, the mixture solution was stirred at 300 rpm for 20 min at
room temperature. To eliminate the disturbance of unreacted
glutaraldehyde or PAC, both CCH and PAC–CCH solutions were
puried using a dialysis bag with a molecular weight cut-off
10 000 Da, and were then lyophilized and smashed.
Characterization of retention aid

The average molecular weight of the sample was characterized
by gel chromatography test (Viscotek 270max GPC/SEC,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration for the preparation of collagen wastes
based retention aid.

Table 2 Average molecular weight, isoelectric point and hydrody-
namic diameter of sample

Samplea CH CCH PAC–CCH
Average molecular weight (kDa) 120 500 —b

Isoelectric point 4.8 4.5 7.5
Hydrodynamic diameter (nm) 85 280 3300

a The concentration of samples was 0.5 g L�1. b Not detected.

Fig. 2 TEM micrographs of (a) CH, (b) CCH, (c) PAC, (d) PAC–CCH,
and (e) EDX analysis of PAC–CCH. The concentration of samples was
0.25 g L�1.

Fig. 3 (a) UV-Vis spectra of CH, CCH and PAC–CCH. The concen-
tration of samples was 0.5 g L�1; (b) FT-IR spectra of CH, CCH and
PAC–CCH.

Fig. 4 C(1s) XPS spectra of (a) CCH and (b) PAC–CCH.

Fig. 5 Effects of retention aids with varying dosage on retention rate
and zeta potential of pulp suspension: (a) CH, (b) CCH, (c) PAC, (d)
PAC–CCH.
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Malvern, UK). Hydrodynamic diameter, a parameter commonly
used to characterize the size of the polymer chain in solution,
was determined by a nanoparticle zeta instrument (Litesizer
500, Anton Paar, AT). The isoelectric points of samples were
This journal is © The Royal Society of Chemistry 2019
estimated by determining their zeta potentials using a nano-
particle zeta instrument (Litesizer 500, Anton Paar, AT). The
morphologies were observed and imaged by Transmission
Electron Microscope (TEM; Tecnai G2 F20 S-TWIN, FEI, US). In
this test, suitable amounts of sample solutions were adsorbed
onto the copper net, followed by infrared drying for 5 min prior
to analysis. The ultraviolet-visible adsorption spectra of sample
solutions were recorded by a spectrophotometer (UV-Vis; UV-
2000, Shunyuhengping, Shanghai, CN). Fourier infrared anal-
yses were carried out by using compressed lms of KBr and
sample powders (FT-IR; NicoletiS10, Thermo Scientic, US). The
RSC Adv., 2019, 9, 16271–16277 | 16273
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Fig. 6 FESEMmicrographs of hand-sheet: (a) CH, (b) CCH, (c) PAC, (d)
PAC–CCH.

Fig. 7 Effect of different retention aids on the drainage performances.

Fig. 8 Weight loss of different retention aids in soil burial.
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surface element compositions and element chemical states of
sample powders were analyzed by X-ray photoelectron spec-
troscopy (XPS; Kratos XSAM-800, UK) employing Mg-Ka X-
radiation (hn ¼ 1253.6 eV) and a pass energy of 31.5 eV. For
XPS spectra, all of the binding energy peaks of spectra were
calibrated by carbon C(1s) binding energy peak at 284.6 eV.
Peaks from all the high resolution spectra were tted with
XPSPEAK 4.1 soware using 20% Lorentzian–Gaussian.
16274 | RSC Adv., 2019, 9, 16271–16277
Retention and drainage performances test

The ller retention performances were conducted using
a dynamic drainage jar with 100 mesh screen, which was
designed by the author. 1 L pulp suspensions consisted of 5 g
pulp and 1 g kaolin. The pH of pulp suspensions was adjusted
to 7.0 and the stirrer speed was 250 rpm for the entire experi-
mental procedure. A certain amount of retention aids (mass
percentage relative to dry pulp) was added to pulp suspensions,
and the ltrate was collected aer 20 s and the wet hand-sheet
was dried. The zeta potential of the pulp suspension was
determined with a pulp zeta potential instrument (MütekSZP-
10, BTG Instruments, SE). In this test, the mass concentration
of pulp was 10 g L�1, and the other conditions were consistent
with retention test. The morphology of llers retained in the
hand-sheets was observed and imaged by eld emission scan-
ning electron microscopy (FESEM; S-4800, Hitachi, Tokyo, JP).
The samples were mounted on the base plate and coated with
gold using vapor deposition techniques. The kaolin amount in
the ltrate was tested by UV-Vis,31 and the ller retention (%)
was calculated as follows: ller retention (%) ¼ (initial kaolin �
kaolin of ltrate)/(initial kaolin).

The drainage performance was evaluated by Schopper-
Riegler degree (�SR). The �SR was measured by using a YT-DJ-
100 beating degree tester (Yante Science & Technology Co.
Ltd., Jiangsu, CN), according to the China national standard ISO
5267-1 (1999). In this test, the mass concentration of pulp was
2 g L�1, and the other conditions were consistent with retention
test.
Biodegradation test

The biodegradability of the retention aid was evaluated by a soil
burial test according to the literature.32 Soil was taken from the
surface layer of the ground near the Neijiang Normal University
and was poured into a 500 mL beaker up to a thickness of
approximately 8 cm. Before the soil burial test, 30 mL retention
aid solutions with concentration of 5 g L�1 were poured into
a Teon mould with a diameter 10 cm, and then dried at 40 �C
for 24 h to obtain lms. The as-prepared lms were weighed and
then buried in the soil to a depth of 3 cm at 25 �C. Water was
sprayed twice a day to sustain the moisture. During the xed
periods (rst, third, h, eighth and tenth day), the residual
lms were carefully taken out, washed, dried and weighed. The
weight loss (%) was calculated and used as an index to appraise
the biodegradability of retention aid.
Results
Preparation and characterization of retention aid

In this work, we sought to prepare a collagen waste based
retention aid with excellent performance. However, as
mentioned above, the retention performances of CH extracted
from collagen wastes may be limited due to its poor charge
neutralization/patch ability and low molecular weight. There-
fore, glutaraldehyde was employed as an organic crosslinking
agent to increase the molecular weight of CH (i.e., CCH).
Subsequently, PAC was chose as an inorganic modifying agent
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02407g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 7
:4

8:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to further improve charge neutralization ability and increase
the molecular weight of CCH (i.e., PAC–CCH). The preparation
process of collagen waste based retention aid is shown in Fig. 1.

Aer glutaraldehyde crosslinking, the molecular weight of
CCH (500 kDa) was almost four times higher than that of CH
(120 kDa). Meanwhile, the isoelectric point of CCH (4.5) was
slightly lower than that of CH (4.8), as shown in Table 2. These
results were expected because the preparation of CCH was
based on the crosslinking reaction between the aldehyde group
of glutaraldehyde and the primary amine group of CH (as
shown in Fig. 1), where the primary amine group can bind to
a proton to become positively charged. Further modifying CCH
by PAC, the isoelectric point of PAC–CCH (7.5) was signicantly
higher than that of CCH and CH, which directly indicated that
PAC–CCH had a better charge neutralization ability than CCH
and CH. Because the molecular size of PAC–CCH is so large and
cannot pass through a 0.45 mm lter membrane, its molecular
weight cannot be directly quantied by gel chromatography.
Here, the hydrodynamic diameter of CH, CCH and PAC–CCH
solution was tested to indirectly evaluate the change of their
molecular weights. It was found that PAC–CCH showed the
highest hydrodynamic diameter, suggesting that PAC could
further increase the molecular weight of CCH.

For visually observing changes in the molecular size and
morphology, CH, CCH, PAC and PAC–CCH were characterized
by TEM (Fig. 2). It is well-known that CH is a degradation
product of collagen and its molecular size should be lower than
that of collagen (collagen is 300 nm long and 1.5 nm in diam-
eter). As shown in Fig. 2a, most CH curled into to an irregular
accumulation body with a diameter of approximately 40 nm due
to infrared drying. In contrast, the diameter of CCH was larger
than that of CH (Fig. 2b) due to glutaraldehyde crosslinking.
More remarkably, PAC–CCH formed an orderly, large, highly
branched structure with a diameter above 2 mm (Fig. 2d). These
results coincided with that of the hydrodynamic diameter
shown in Table 2. A similar phenomenon has also been re-
ported by Wang et al., where they found that poly-
dimethyldiallylammonium chloride, a kind of synthetic
polymer, could induce PAC to form a highly branch structure,
maybe attributed to the interactions between them.33 The
energy dispersive X-ray (EDX) analysis (Fig. 2e) revealed that the
complex observed in the TEM images had abundant aluminum
and nitrogen elements (the characteristic elements of PAC and
CCH, respectively), which directly conrmed that the complex
was composed of PAC and CCH. According to the literature, as
the active species of PAC, the size of a single Al13 particle is only
a few nanometers, which is consistent with our observation
results (Fig. 2c); Al13 is easy to self-assemble and forms chain-
like cluster with a few hundred nanometers in aqueous solu-
tion.34 Moreover, it has been reported that collagen peptides
have the ability to self-assemble into large size collagen bers
under certain metal conditions.35,36 Consequently, it is logical to
reason that PAC–CCH forms a large-sized and highly branched
complex due to the synergy of their strong interaction and self-
assemble abilities.

The UV-visible spectra of CH, CCH and PAC–CCH are shown
in Fig. 3a. It was obvious that all the samples displayed a strong
This journal is © The Royal Society of Chemistry 2019
adsorption peak located approximately 218 nm, mainly
ascribed to the p–p* transition of the peptide chain's
carbonyl.37 Compared to CH, CCH showed a new adsorption
peak at approximately 265 nm, which was ascribed to the n–p*
transition of the C]N group (i.e., the formed Schiff base
structure between the aldehyde group and primary amine
group, as shown in Fig. 1).19 This result also indicated that the
crosslinking reaction between CH and glutaraldehyde was
successfully performed. Aer modifying with PAC, the adsorp-
tion peak of PAC–CCH at approximately 265 nm was clearly
higher than that of CCH. This was likely due to the fact that PAC
combined with CCH to form a complex, leading to the extension
of the CCH chain and further exposure of the C]N group.38,39

However, the adsorption peak positions of PAC–CCH at
approximately 218 nm and 265 nm were not signicantly
changed compared to those of CCH, indicating that the UV-
visible spectra could not explicitly reveal the interaction sites
between CCH and PAC.

Fig. 3b shows the FT-IR spectra of CH, CCH and PAC–CCH.
The characteristic peaks approximately 3300 cm�1, 1640 cm�1,
1540 cm�1 and 1240 cm�1 respectively represented amide A
(amide N–H stretching vibration), amide I (amide C]O
stretching vibration), amide II (the coupling of N–H bending
vibration and C–N stretching vibration) and amide III (the
coupling of amide C–N stretching vibration and amide N–H in-
plane bending vibration) of collagen.40 Because the character-
istic peak of C]N is located at approximately 1620 cm�1, which
overlaps with that of the amide I, no new characteristic peak
appeared in the FT-IR spectrum of CCH aer glutaraldehyde
crosslinking. For PAC–CCH, the characteristic peak of amide A
was obviously broadened, which could be attributed to the
formed hydrogen bond between PAC and CCH. Moreover, the
relative intensity of the collagen characteristic peak (amide I,
amide II and amide III) was changed, as indicated by the obli-
que lines in Fig. 3b, which implied that some sites of the
collagen amide group was involved in the interaction between
PAC and CCH.41 In addition, the characteristic peak at approx-
imately 1024 cm�1 (the C–O stretching vibration) disappeared
and a broad characteristic peak started to appear at approxi-
mately 980 cm�1, presumably corresponding to the coupling of
C–O stretching vibration and Al–OH–Al stretching vibration.42,43

All these observations provided evidence of the combinations
between PAC and CCH.

To further explore the interaction mechanism between PAC
and CCH, the high-resolution C(1s) spectra of CCH and PAC–
CCH by XPS analysis were shown in Fig. 4. For CCH (Fig. 4a), the
C(1s) spectrum was curve-tted into three peaks at the binding
energy of 284.52 eV (C–C/C–H), 285.69 eV (C–O/C–N), and
287.59 eV (N–C]O).44 Aer modifying CCH with PAC (Fig. 4b),
the relative peak areas of C–O/C–N and N–C]O in PAC–CCH
were obviously higher than those of CCH, which suggested that
an interaction between CCH and PAC led to the exposure of C–
O/C–N and N–C]O in the surface of PAC–CCH. Moreover,
compared to CCH, the peak position of C–O/C–N and N–C]O
in PAC–CCH shied to a higher binding energy (285.83 eV and
287.75 eV, respectively), indicating a decrease in electronic
cloud density around the C atom, probably due to the electron
RSC Adv., 2019, 9, 16271–16277 | 16275
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donating–accepting interaction (i.e., coordination interaction)
from C–O/C–N and N–C]O of CCH to aluminum ion of PAC.45,46

The retention performance

Prior to preparing the PAC–CCH composite retention aid, the
retention performance of only adding CH, CCH and PAC with
varying dosages was investigated and the results are shown in
Fig. 5a–c. It was found that CH was almost completely ineffec-
tive on retention performance, which was expected because of
its low molecular weight and poor charge neutralization ability.
In contrast, CCH showed a positive effect on retention perfor-
mance, where the retention rate increased from 39% to 58%
with the CCH dosage ranging from 0 to 0.6 wt%, aer which it
tended to be stable when the CCH dosage exceeded 0.6 wt%.
The zeta potential results from Fig. 5b revealed that the zeta
potential of the pulp suspension slightly improved aer adding
CCH, but was still way below zero for the whole dosage range,
which indicated that the retention mechanism of CCH mainly
depended on bridge occulation due to the increasedmolecular
weight. When only adding PAC, the retention rate increased
from 39% to 65% with the PAC dosage ranging from 0 to
0.4 wt%, aer which it was rapidly decreased when the PAC
dosage exceeded 0.4 wt%. This result was attributed to the fact
that appropriate PAC could induce aggregation of ller particles
mainly through charge neutralization, whereas excess PAC
could lead to charge reversal of pulp suspension and play a role
in dispersion (the zeta potential results from Fig. 5c).47–49 When
PAC–CCH was added to the pulp suspension, the retention rate
was clearly higher than that of CCH and PAC used alone, where
the maximum retention rate reached 85% at a dosage of
0.6 wt% (Fig. 5d). Meanwhile, within the scope of this test
dosage, PAC–CCH did not result in charge reversal of pulp
suspension and had a widely effective dosage range. These
results could be explained that PAC–CCH had both a higher
molecular weight and desirable charge neutralization ability
compared with CCH and PAC.

For directly observing the retention performance and oc
size, the morphology of the hand-sheet by adding CH, CCH,
PAC and PAC–CCH with the optimum dosage is shown in Fig. 6.
It can be found that few small ocs adhered to the surface of
bers when CH was added (Fig. 6a). In contrast, the addition of
CCH and PAC resulted in an increase in both the size and
quantity of ocs (Fig. 6b and c). The most signicant increase in
both size and quantity of ocs could be observed when PAC–
CCH was added (Fig. 6d), which directly conrmed that PAC–
CCH had better retention performance than CH, CCH and PAC.

The drainage performance

The drainage performance of pulp suspension has a great
inuence on the operation speed of the paper machine and the
energy consumption of the paper drying. Schopper-Riegler
degree (�SR) is an important parameter to evaluate the
drainage performance of pulp suspension, where a lower �SR
represents better drainage performance. The �SR values of pulp
suspension with different dosage of CH, CCH, PAC and PAC–
CCH are shown in Fig. 7. It was found that the drainage
16276 | RSC Adv., 2019, 9, 16271–16277
performance of pulp suspension by adding CH or CCH gradu-
ally worsened with increasing dosage. This was probably
because both CH and CCH blocked the pores of ber and oc,
reducing the amount of drained water due to their excellent
hydrophilicity and lm-forming property. When adding PAC,
the drainage performance of pulp suspension rst increased
and then decreased with increasing dosage. In contrast, PAC–
CCH showed the best drainage performance. This result could
be explained as follows. First, PAC–CCH with good retention
performance could induce nes to form larger-sized ocs (as
seen in Fig. 6), leading to a signicant decrease in solution
viscosity and oc specic surface area, thereby greatly reducing
the uid ow resistance.9 Second, PAC–CCH reduced the
hydration of ocs and bers due to its outstanding charge
neutralization ability.50–52 Therefore, good drainage perfor-
mance of PAC–CCH can be expected.
The biodegradation performance

The time dependence of weight losses of different retention aids
in soil burial is shown in Fig. 8. It could be found that CH was
the most sensitive material to the biodegrading medium, while
PAC–CCH was the most resistant to microbial attack, which was
attributed to the improvement of stability due to the cross-
linking and coordination reaction.53 However, beyond the
eighth day, the weight losses of all the sample lms were above
55%, and the residual lms were not easily collected due to
destruction of integrity. Therefore, from a practical point of
view, all the retention aids might be classied as rapidly
biodegradable materials.
Conclusions

In summary, a novel biomass composite retention aid was
facilely prepared using collagen hydrolysate extracted from
collagen waste as the raw material. The as-prepared retention
aid exhibited excellent retention and drainage performances
because the bridging occulation and charge neutralization
abilities of collagen hydrolysate were greatly improved aer
glutaraldehyde crosslinking and PAC modication. Our
research results suggest that the collagen hydrolysate extracted
from collagen waste has a great potential to produce novel high-
performance biomass-based retention aids.
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