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ABSTRACT  Adhesi n and aggl merati n  f small sticky particles, i.e., micr stickies,  nt  paper and paper machines cause seri us 
pr blems f r recycling mills. Because ass ciati ns between materials with similar surface energies are str ngest, we pr p se an 
“adhesives c llect stickies” strategy t  physically rem ve micr stickies fr m whitewater systems. We characterized dep sits fr m a 
c mmercial paper machine and  bserved a large am unt  f acrylate-based materials. Based  n this  bservati n, we ch se t  graft 
glycidyl methacrylate (GMA) t  surfaces  f p lypr pylene (PP) t  make it m re similar t  the dep sited stickies, which will 
enc urage ass ciati n by van der Waals f rces and interdifusi n. The m difed material efciently c llected acrylic adhesive particles 
suspended in water (58.3%) and particles f und in paper mill whitewater (40.6%). Additi nally, a f w cell inc rp rating layers  f 
m difed mats  f fbers sh ws g  d efciency (40.6−49.4%) f r c llecting stickies at steady f w rates. This strategy may pr vide a 
meth d f r rem ving micr stickies with ut disturbing the chemical envir nment  f the papermaking system. 

1. INTRODUCTION 

Rec vered paper is a maj r raw material f r the paper industry. 
It can pr vide advantages by reducing energy c nsumpti n and 
l wering envir nmental impacts.1 H wever, rec vered paper 
carries with it vari us sticky substances, such as pressure 
sensitive adhesives, h t melt adhesives, and resins. Small 
particles  f these materials, i.e., stickies, tend t  accumulate in 
papermaking whitewater l  ps, and the adhesive pr perties  f 
these materials cause them t  intermittently dep sit  n 
surfaces  f equipment. Dep siti n  f stickies can lead t  
reducti ns in machine runnability and increases in web breaks, 
which ultimately reduce ec n mic efciency. 
Due t  a wide range  f c mp siti ns and pr perties  f 

stickies, devel ping strategies t  rem ve them fr m paper-
making systems is difcult.2−4 Pr p sed meth ds  f stickies 
c ntr l include physical, chemical, and bi enzymatic meth-
 ds.5,6 Physical meth ds currently used in the paper industry 
include screening, cleaning, and f tati n.7 These meth ds 
efectively rem ve stickies larger than 100 μm, but there are 
challenges in rem ving micr stickies (5−100 μm). Dispersi n 
is c mm nly used by mills t  reduce the size  f the stickies. 
While this meth d reduces the immediate impact  f stickies  n 
pr ducti n, the dispersed micr stickies persist and gradually 

accumulate in whitewater l  ps, eventually leading t  
pr ducti n issues. Current chemical and bi enzymatic 
meth ds primarily encapsulate stickies particles  r hydr lyze 
certain chemical b nds t  reduce their size.8,9 These meth ds 
can mitigate the impact  f micr stickies  n mills but d  n t 
rem ve them, s  they still accumulate in water l  ps. There is 
an urgent need f r efective rem val  f micr stickies fr m 
whitewater. 
Physical adhesi n t  surfaces  f vari us materials can 

rem ve micr stickies fr m whitewater.10,11 D shi et al. studied 
dep siti n  f micr stickies surfaces  f p lypr pylene (PP) 
micr f am, l w-density p lyethylene flm (LDPE), a fat piece 
 f high-density p lyethylene (HDPE), and p lyester wire.12 

This study indicated b th identity and m rph l gy  f surfaces 
afect the dep siti n rate. Xu et al. studied efects  f metal 
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surface r ughness  n the dep siti n  f whitewater micr -
stickies; the results sh wed fat surfaces pr m te aggregati n 
and dep siti n  f micr stickies particles.11 H wever, it 
remains unclear h w t  select and design suitable materials 
t  pr m te the adhesi n  f micr stickies. In fact, the 
efectiveness  f each design depends  n the chemical and 
physical characteristics  f each c ntaminant.13 In paper 
pr ducti n, aggregati n and dep siti n  f stickies cause 
pr blems, s  pr viding a l cati n that pr m tes dep siti n 
may reduce dep siti n in pr blematic l cati ns. This inspired 
a strategy  f “adhesives c llect stickies” where materials are 
devel ped that have similar chemical pr perties t  micr -
stickies f r c llecting them fr m papermaking whitewater. 
We frst did c mp siti nal analysis  f sticky dep sits fr m a 

mill and then selected a similar adhesive t  add t  c llect r 
surfaces. F r the substrate, we ch se p lypr pylene (PP) 
n nw ven fabric because it is easy t  d  surface m difcati n 
and pr vides g  d ads rpti n perf rmance.14,15 The m difed 
c llect r was  btained by grafting the selected adhesive  nt  
PP n nw ven fabric thr ugh ultravi let (UV) irradiati n. The 
efectiveness and selectivity  f this c llect r was tested with 
m del stickies suspensi ns and recycled paper whitewater 
(hereinafter called “whitewater”). Finally, adhesi n experi-
ments at diferent whitewater f w rates dem nstrated the 
scalability  f this strategy. 

2. MATERIALS AND METHODS 

2.1. Mat rials. The dep sited stickies and recycled deinked 
pulp were  btained fr m the Huatai Gr up C . Ltd. 
(Shand ng, China). The PP n nw ven fabric was supplied 
by JinLv C . Ltd. Glycidyl methacrylate (GMA, 97% with 100 
ppm 4-meth xyphen l stabilizer), c pper reagent (s dium 
diethyldithi carbamate, p lymerizati n inhibit r), and benz -
phen ne (BP, ph t sensitizer) were purchased fr m McLean 
C . Ltd. (Shanghai, China). R sin resin was  btained fr m 
Haixin Chemical C . Ltd. (Henan, China). Waterb rne 
acrylate adhesives and styrene−butadiene latex (SBR, s lids 
50% ± 1) were purchased fr m Y shida Chemical C . Ltd. 
(Shenzhen, China). The fu rescence tracer was Nile red, 
supplied by Partec (Munster, Germany).
2.2. Exp rim ntal M thods. 2.2.1.  omposition Anal-

ysis of Stickies. Stickies dep sited  n a paper machine were 
c llected and sequentially extracted with ethan l and chl r -
f rm using an aut matic S xhlet extract r (S xtec 2050, 
FOSS, Sweden). The ethan l extracti n pr cess was carried 
 ut f r 4 h at 250 °C. The chl r f rm extracti n pr cess was 
carried  ut f r 4 h at 140 °C. The residual c mp nents were 
calcined in a mufe furnace (SX2−2.5−10NP, Yiheng C . 
Ltd., China) at 575 °C f r 4 h. 
2.2.2. PP-GMA Mat Fabrication. The PP n nw ven fabric 

was cut int  a rectangle (ab ut 20 × 15 × 0.1 cm3) and then 
s nicated f r 15 min in ethan l t  eliminate impurities. The 
mats were dried in an  ven at 60 °C t  a c nstant weight. The 
grafting s luti n was prepared by adding 0.2 wt % c pper 
reagent, 0.2 wt % BP, and 5 wt % GMA t  20% ethan l (v/v). 
The mat and grafting s luti n were placed in a sealed bag, and 
the air in the bag was displaced by nitr gen. The fabric was 
submerged in the grafting s luti n and all wed t  s ak f r 4 h. 
The sealed bag was placed under a UV lamp and irradiated at 
an intensity  f 50 mW/cm2 f r 5−20 min,16 and then c  led 
t  r  m temperature. After grafting, the mats were s nicated 
f r 10 min frst in pure water and then in ethan l t  rem ve 

unreacted m n mers, h m p lymers, and benz phen nes. 
The mat was then air-dried. 
The grafting rate (G) t  the p lypr pylene mat was 

calculated as eq 1 

= ×G
W W

W
100%1 0

0 (1) 

where W0 is the weight  f mat bef re m difcati n and W1 is 
the weight  f mat after m difcati n and washing. 
2.2.3. Preparation of Model Stickies Suspension and 

Whitewater. R sin resin suspensi n (0.1 wt %) was prepared 
by diss lving r sin resin in ethan l and then dispersing it in 
water. SBR suspensi n (0.1 wt %) and acrylic adhesive 
suspensi n (0.1 wt %) were stable and simply diluted with 
water and th r ughly mixed. Recycled paper pulp was diluted 
t  1 wt % with water and agitated at 50 °C and 350 rpm f r 1 
h. The three types  f suspensi ns and whitewater were fltered 
thr ugh a dynamic drainage jar (DDJ, MT2110−086CF, 
Cleveland M ti n C ntr ls, USA) with a standard net  f 200 
mesh. The fltrates and dispersed whitewater were c llected f r 
use. 
2.2.4.  ollector  onstruction and Adhesion Experiments. 

A c llect r tank was c nstructed fr m plexiglass panels with 
fve sl ts f r rem vable panels. M difed fber mats were fxed 
t  panels and placed int  sl ts inside the tank. Whitewater was 
added thr ugh the h le at the t p  f the tank. Slurries f wing 
 ver the panels c ntacted the fber mats. The  ptimum f w 
rate range was 3−15 L/min. When the f w rate was l wer 
than 3 L/min, whitewater did n t f w c ntinu usly thr ugh 
the device. When the f w rate was >15 L/min, whitewater did 
n t have en ugh time t  make full c ntact with the mats. 
The suspensi ns and whitewater samples were incubated at 

50 °C bef re the experiments. F r static experiments, 
appr ximately 1 L  f m del stickies suspensi ns ( r dispersed 
whitewater) was added t  a single mat. The treated water was 
c llected and analyzed.
2.3. Charact rization. The chemical gr ups in samples 

and efectiveness  f the grafting reacti n was determined with 
F urier transf rm infrared (FTIR) spectr sc py (TENSOR27, 
BURKER, Germany). The chemical c mp siti n  f extracts 
fr m dep sited stickies was determined by pyr lysis−gas 
chr mat graphy−mass spectr metry (Py−GC−MS, R7890B-
5977A, Agilent, USA). Cracking temperature was 600 °C f r 5 
min. Chr mat graphic c nditi ns were as f ll ws: c lumn 
temperature at 50 °C f r 2 min, 5 °C/min; fnal temperature at 
280 °C f r 15 min; inlet temperature at 250 °C; carrier gas He, 
1 mL/min split rati   f 50:1. Mass spectr metry c nditi ns: 
E1 i n s urce; E1 s urce electr n energy 70 eV; i n s urce 
temperature 230 °C, quadrup le temperature 150 °C, interface 
temperature 280 °C; mass scan range 30−550 m/z. Peak 
identifcati n was acc mplished by c mparis n with a NIST 
(Nati nal Institute  f Standards and Techn l gy) 2008 library. 
The m rph l gy  f dep sited stickies, PP and PP-GMA 

mats were characterized using a scanning electr n micr sc pe 
(SEM, SU5000, Hitachi, Japan). The c ntact angle  f the 
samples was tested by a c ntact angle meter (OCA 40, Data 
Physics, Germany). The turbidity  f the whitewater bef re and 
after adhesi n was measured by a turbidimeter (2100N, 
HACH, USA).
2.4. Quantitativ  M asur m nt and Analysis of 

Microsticki s in Whit wat r. The residual micr stickies in 
whitewater were determined by a particle-s rting micr fuidic 
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pulse spectr ph t meter system, which was previ usly 
described.17,18 The system c nsists  f fuid pumps, an all-
s lid-state sapphire laser (SAPPHIRE 488−20, COHERENT, 
Germany) with an  utput wavelength  f 488 nm and an  utput 
p wer  f 20 mW, and signal analysis systems. The particles 
require staining t  be efciently detected. F r sample 
preparati n, 10 μL  f fu rescent tracer s luti n, 10 μL  f 
whitewater, and 100 μL  f ultrapure water were mixed. The 
sample was all wed t  stand in the dark f r 5 min t  ensure full 
c ntact between the fu rescent tracer and stickies. Finally, the 
sample was diluted t  1 mL with ultrapure water f r testing. 
The diluted sample was pumped thr ugh a glass tube 
illuminated with a laser. The size and number  f particles 
were  ptically detected in b th the f rward and transverse 
directi ns. The stained sticks emitted 635 nm light under 488 
nm laser excitati n. The number and size distributi n  f 
micr stickies was determined using inf rmati n  btained fr m 
f rward and transverse fu rescence detect rs. The schematic 
 f the particle-s rting micr fuidic pulse spectr ph t meter 
system is sh wn in Figure 1. 

The rem val efect  f whitewater micr stickies was primarily 
expressed by the v lume change  f the micr stickies. The 
adhesi n efciency (η) was expressed by eq 2: 

= ×v v
v

100%0 1

0 (2) 

where ν0 is the t tal v lume bef re and ν1 is the t tal v lume 
 f particles after the treatment. 
The size distributi n  f micr stickies was characterized in 

terms  f the number frequency ( f n) and the v lume frequency 
( f  ), which were calculated as f ll ws: 

= ×f
n
n

100%n
i

(3) 

= ×f
v
v

100%v
i

(4) 

where n and   refer t  the t tal number  f particles and the 
t tal v lume. ni and  i (i 1, 2, 3, ...) refer t  the t tal number 
and v lume  f particles in a given diameter range. 

3. RESULTS AND DISCUSSION 
3.1. Composition Analysis of D posit d Sticki s. 

Stickies dep sits can be f und at diferent l cati ns  n 
papermaking equipment. They are c mplex mixtures that 
include a variety  f adhesive c mp nents, fber fnes, and 
papermaking fllers. The #2 drying cylinder was l cated at the 
start  f the drying secti n, and the #36 drying cylinder was 
l cated at the end  f the drying secti n. As sh wn in Figure 2a, 
the #2 dep sited stickies were black fakes with a p wdery 
grayish-white substance attached t   ne side. The p wdery 
substances mainly c nsisted  f fber fnes and fllers. The #36 
dep sited stickies are m re h m gene us and c nsisted  f a 
black p lymeric material (Figure 2b). T  further analyze their 

Figure 1. Schematic  f the particle-s rting micr fuidic pulsed 
spectr ph t meter system. 

Figure 2. Images  f (a) #2 and (b) #36 dep sited stickies. (c) Pr p rti n  f dep sited stickies, (d) FTIR spectrum, (e) Py-GC-MS chr mat grams 
 f ethan l extract, and (f) Py-GC-MS chr mat grams  f chl r f rm extract. 
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c mp siti ns, the dep sited stickies were sequentially 
extracted with ethan l and chl r f rm,19 f ll wed by ash 
determinati n  n the residue. As sh wn in Figure 2c, s lvent 
extracts acc unted f r 31.3 and 66.7 wt %  f the #2 and #36 
dep sited stickies, respectively. Theref re, the dep sited 
stickies c ntained numer us c mp nents s me  f which 
were n t s luble in ethan l  r chl r f rm yet were l st during 
ash determinati n. These unidentifed substances were called 
 ther  rganic fracti n (Figure 2c).19 

These results dem nstrate that adhesive c mp nents were 
m re likely t  adhere t  n nadhesive substances at the 
beginning  f the drying secti n. At the end  f the drying 
secti n, adhesive c mp nents were m re likely t  adhere t  
 ther adhesive c mp nents. This phen men n is likely 
ass ciated with the strength and m isture c ntent  f the 
paper web. When the paper began t  dry, micr stickies were 
destabilized and dep sited  n the drying cylinder. Initially, 
fbers  f the web did n t f rm a stable b nding netw rk. 
Theref re, fbers, fnes, and in rganic fllers in the paper web 
are carried with the stickies. At the end  f the dryers, stickies in 
the paper web were still adhered t  the surface  f the drying 
cylinder, but it is difcult t  pull the fnes and fllers fr m the 
paper web. These results indicate that the strength  f b nding 
f rmed between the adhesive is likely high and that dep siti n 
 f stickies was the result  f the aggregati n  f many adhesive 
c mp nents. 
The chemical c mp siti ns in the s lvent extract fr m the 

2# dep sited stickies was analyzed by FTIR and Py-GC-MS. In 
the FTIR spectrum  f the ethan l extract (Figure 2d), the 
str ng abs rpti n peak at 1736 cm−1 was due t  C=O 
stretching  f the acetate gr up. The bands at 1248 and 1167 
cm−1 were due t  C−O stretching  f the ester gr up.20 It can 
be inferred that the ethan l extract c ntained esters.19 Figure 
2e sh ws the Py-GC-MS chr mat gram  f the ethan l extract, 
and the maj r c mp nents are sh wn in Table 1. The analysis 
reveals that the main c mp nents am ng the cleavage pr ducts 
are alkanes and p lyesters. In additi n, the 2-ethylhexan-1- l is 
a cleavage pr duct  f 2-ethylhexyl acrylate in the Py-GC-MS 
test. Theref re, it was n t  riginally present in the ethan l 

extract. These results indicate the presence  f a signifcant 
quantity  f p lyacrylate p lymers, which are c mm nly used as 
adhesives in packaging.20 

The FTIR spectrum  f the chl r f rm extract (Figure 2d) 
als  revealed signifcant peaks  f esters. This suggests that the 
dep sited sticks c ntained a variety  f p lyester substances 
with diferent pr perties, which cann t be fully extracted by 
ethan l extracti n al ne. The abs rpti n peak at appr ximately 
700 cm−1 in the FTIR spectrum suggests the existence  f 
ar matic p lymers. Additi nally, the br adening vibrati n peak 
 f −OH at 3440 cm−1 might signify the presence  f carb xyl 
gr ups in unsaturated fatty acid esters. The Py-GC-MS analysis 
(Figure 2f)  f the chl r f rm extract identifed styrene, 
t luene, acrylates, and s me  lefnic substances (Table 1), 
suggesting the presence  f styrene c p lymers and acrylates in 
the chl r f rm extract.19 

Based  n the ab ve analysis, it is evident that the 
pred minant sticks entering the papermaking system c nsist 
 f acrylates. H wever, variati ns in the m n mers result in 
diferences in the chemical pr perties  f these adhesives. Butyl 
acrylate (as well as methyl ester, ethyl ester, and 2-ethylhexyl 
ester) bel ngs t  the s ft m n mers. It can be c p lymerized, 
cr ss-linked, and grafted with a variety  f hard m n mers t  
synthesize acrylates.21 Hard m n mers include methyl 
methacrylate, styrene, acryl nitrile, and ethylene vinyl acetate. 
The wide variety  f adhesive f rmulati ns presents a signifcant 
challenge in managing stickies issues.
3.2. M chanism and Application of th  “Adh siv s 

Coll ct Sticki s” Strat gy. As sh wn in Figure 3a, layered 
structures can be  bserved  n the surface  f 2# dep sited 
stickies. This indicates that sticky substances m re readily 
adhere t  previ usly dep sited stickies. The 36# dep sited 
stickies were mainly c mp sed  f adhesive c mp nents. Figure 
3b sh ws that the adhesive c mp nents were b nded t gether 
with ut any apparent interfaces due t  the m lecular 
c mpatibility and interdifusi n am ng adhesive c mp nents. 
This  bservati n inspired devel pment  f “adhesives c llect 
stickies”. 
Figure 4a dem nstrates a straightf rward meth d f r 

implementing this strategy, which inv lves rem ving micr -
stickies thr ugh physical c llecti n by chemically similar 
adhesives. In this w rk, GMA, an adhesive c mp nent 
h m l g us t  dep sited stickies fr m the paper mill, was 
grafted  n the surface  f PP mat via UV irradiati n(Figure 
4b).22 The PP-GMA mat was used as the c llect r f r 
whitewater fr m recycled paper pulp. 
The key t  rem ving micr stickies by adhesi n is that the 

surface  f the c llect r must f rm a stable b nd with them.23 

M st micr stickies in whitewater are hydr ph bic p lymers, s  
they were attracted t  the hydr ph bic PP-GMA via van der 
Waals f rces, b nded interdifusi n, and mechanical inter-
l cking (see Figure 4c).24,25 

The adhesi n  f stickies t  a material pr m tes the 
dep siti n  f even m re stickies. In summary, micr stickies 
in papermaking whitewater can f rm stable b nds with surfaces 
m difed with a h m l g us adhesive and rem ve them fr m 
the system.
3.3. Physical and Ch mical Prop rti s of PP-GMA 

Mat. PP n nw ven fabric is made fr m PP fbers thr ugh the 
needle-punching technique. It has several advantages such as 
g  d breathability, l w c st, and str ng mechanical pr perties. 
PP mat can be m difed by UV irradiati n.26−29 In this w rk, 
the grafting rate  f PP-GMA mat was c ntr lled by the 

Table 1. Py-GC-MS Analysis of Solvent Extracted Stickies 

c mp unds 
retenti n 
time (min) 

peak 
area (%) 

ethan l 
extract 

1 3-hethyleneheptane 4.411 17.98 
2 hexamethylcycl trisil xane 5.081 8.01 
3 butyl acrylate 7.040 22.65 
4 butyl methacrylate 9.432 5.26 
5 2-ethylhexan-1- l 11.034 15.55 
6 2-ethylhexyl acrylate 16.863 8.17 

7 4-(but xycarb nyl)-7-
methyl ctan ate 27.784 22.37 

chl r f rm 
extract 

1 t luene 4.066 7.66 
2 hexamethylcycl trisil xane 5.105 4.49 
3 M-xylene 6.304 3.91 
4 styrene 7.058 33.77 
5 cycl hexan l acetate 8.791 10.71 
6 pr p-1-en-2-ylbenzene 9.533 7.38 
7 D-lim nene 11.052 26.68 

8 6-methylheptyl-2-
pr pen ate 16.869 1.97 

9 butyl 3-
methylpentylglutarate 27.742 3.44 
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durati n  f UV irradiati n.30 The results sh wed that the PP-
GMA mat with a 10% grafting rate  f GMA was  btained by 
UV irradiati n f r 10 min. 
Figure 5a sh ws the FTIR spectrum  f the PP mat bef re 

and after m difcati n and washing. The grafting  f GMA was 
pr ven by the appearances  f the carb nyl peak (C=O) at 

1732 cm−1 and the C−O vibrati n peaks at 1257 and 1170 
cm−1 in the PP-GMA sample. The water c ntact angle  f the 
PP mat was 92.9° (Figure 5a), sh wing a certain degree  f 
hydr ph bicity. The GMA grafting resulted in an increase in 
hydr ph bicity  f the p lypr pylene fbers, raising the water 
c ntact angle t  113.5° (Figure 5a). Figure 5b,c sh ws the 
surface m rph l gy images  f the  riginal PP and PP-GMA 
mats. The PP fbers exhibited sm  th surfaces. After GMA 
grafting, the PP-GMA fbers sh wed a r ugh surface texture. 
Increased fber surface r ughness pr vides m re fav rable 
c nditi ns f r the adhesi n  f micr stickies. 
3.4. Coll ction Exp rim nts. Acrylate adhesive (c m-

m nly used in paper packaging), r sin resin (typically f und in 
w  d), and styrene−butadiene latex (SBR, a c mm nly used 
papermaking chemical additive) were selected as m del 
stickies.31 As sh wn in Figure 6a, the r sin resins and acrylic 
adhesive exhibit the FTIR spectrum typical  f esters, with the 
abs rpti n bands at 1735 cm−1 due t  the C=O stretching 
and at 1260 and 1025 cm−1 due t  the C−O stretching  f the 
ester gr ups. The br adened vibrati n peak  f −OH at 3300 
cm−1 may signify the presence  f carb xyl gr ups in 
unsaturated fatty acid esters. The FTIR spectrum  f SBR 
was d minated by characteristic peaks  f ar matic hydr -
carb ns, which difered signifcantly fr m the spectrum  f the 
 ther samples. GMA is a fundamental ingredient utilized in 
manufacturing acrylate adhesives,22 s  the PP-GMA mat 
sh wed similar FTIR characteristic peaks t  th se  f acrylate 
adhesive (Figure 6a). 
The efectiveness and selectivity  f  ur strategy were tested 

by using PP-GMA mats t  c llect m del stickies fr m the 
suspensi n. As sh wn in Figure 6b, the PP-GMA mat 
displayed the best adhesi n efciency f r the acrylate adhesive. 
After exp sure t  the fber mat, the t tal v lume  f the acrylate 
adhesive in the suspensi n decreased by 58.3%, while the t tal 

Figure 3. (a) SEM images  f 2# and (b) 36# dep sited stickies. 

Figure 4. Mechanism and applicati n  f the “adhesives c llect 
stickies” strategy: (a) Schematic  f adhesi n experiment. (b) 
Fabricati n  f PP-GMA mat. (c) Mechanism  f adhesi n t  rem ve 
micr stickies. 

Figure 5. Characterizati n  f PP mat bef re and after m difcati n: (a) FTIR spectrum  f PP mat, GMA, and PP-GMA mat; water c ntact angle  f 
PP mat and PP-GMA mat. (b) SEM images  f PP mat. (c) SEM images  f PP-GMA mat. 
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v lume  f the r sin resin decreased by 43.2%. In c ntrast, the 
adhesi n efciency  f SBR was p  r, with an adhesi n rem val 
efciency  f  nly 7.4%. These results sh w that a mat with an 
acrylate surface is g  d at c llecting chemically similar 
adhesive particles, but the interacti n with a chemically 
diferent adhesive is much weaker. 
The efectiveness  f this strategy f r whitewater fr m paper 

mills was dem nstrated by adhesi n experiments with 
whitewater at a f w rate  f 3 L/min. As sh wn in Figure 
7a,b, the v lume  f micr stickies and turbidity  f whitewater 
after exp sure t  unm difed PP mat were reduced by 21.7% 
and 35.1%, respectively. When exp sed t  the PP-GMA mat, 
these decreased by 40.6% and 57.1%, respectively. Since  ther 
substances besides micr stickies in whitewater als  adhered t  
c llect r surfaces, the decrease in turbidity was greater than 
that  f the micr stickies v lume. The turbidity essentially 
f ll wed the same trend as the changes in the micr stickies 
v lume. 
Figure 7c,d depicts images  f the mats bef re and after 

exp sure t  whitewater. It can be  bserved that dep sits  n PP 
mats were scattered, while th se  n the PP-GMA mats were 
distributed in larger patches, c vering nearly the entire surface 
 f the mat. The surface m difcati n pr vided adhesive sites 
f r c llecting micr stickies fr m whitewater, which c ntinues 
t  pr vide sites f r further aggl merati n. These results 

c nfrm the efectiveness  f the “adhesives c llect stickies” 
strategy f r c ntr lling micr stickies in papermaking white-
water. 
The c llecti n experiments were c nducted in a c ntinu us 

fashi n t  c nsider the scalability. Within the f w rate range  f 
3−15 L/min, whitewater can c nsistently achieve full c ntact 
with the c llect r. As sh wn in Figure 8a, rem val efciency  f 
particles by PP-GMA mats remained stable and in the range  f 
40.6−49.6%. Additi nally, Figure 8d illustrates that the 
turbidity  f the whitewater c rrelates with changes in 
micr stickies v lume, with  bserved turbidity reducti n 
ranging between 34.8% and 44.3%. 
The particle size  f the micr stickies is an imp rtant fact r 

afecting their rem val fr m whitewater.32 As sh wn in Figure 
8b,c, the t tal particulate number  f whitewater decreased and 
then increased, while the average particle size sh wed n  
signifcant trend. This indicates that as f w rate increased, 
m re micr sticky particles were likely t  adhere t  the 
adhesi n materials, but s me aggregated micr sticky particles 
may be disl dged by fuid shear. 
Figure 8e,f sh w that larger micr sticky particles (sized 

between 60 and 100 μm) were m re likely t  adhere t  the 
mat when the f w rate was bel w 6 L/min. The pr p rti n  f 
small micr stickies particles (<1 μm) in the whitewater 
increased, leading t  a signifcant decrease in t tal particles 

Figure 6. Analysis  f PP-GMA mat t  adhere m del stickies: (a) FTIR spectra and (b) v lume changes  f m del stickies after adhesi n. 

Figure 7. Adhesi n experiment  f whitewater: (a) V lume changes  f micr stickies in whitewater. (b) Turbidity changes  f whitewater. (c) 
Pictures  f PP mat bef re and after adhesi n. (d) Pictures  f PP-GMA mat bef re and after adhesi n. 
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and an increase in average particle size. Furtherm re, with 
increasing f w rate, the pr p rti n  f larger micr stickies 
particles increased while the average particle size decreased. 
This suggests that smaller micr stickies particles aggregated 
int  larger  nes. 
In this w rk, adhesi n  ccurred as whitewater f wed  ver 

the surface  f the mat. Excessive f w rate can lead t  
inadequate c ntact between the whitewater and the mat. 
Furtherm re, a high f w rate increases the likelih  d  f 
micr sticky particles accumulating  n the c llect r being 
disl dged by str ng fuid shear f rces. Theref re, it is 
imperative t  identify an appr priate f w rate range t  ensure 
that whitewater micr stickies adhere and remain adhered t  
the material’s surface. F r the experimental device in this w rk, 
the  ptimal c llecti n efciency was achieved at a f w rate  f 
6 L/min, but exhibited a g  d efciency  ver the f w rate 
range  f 3−15 L/min. 
T  enhance the  verall rem val efciency  f micr stickies, 

empl ying multiple devices in series is a viable  pti n. Given 
the c mplex nature  f the adhesive c mp siti n, a single 
c llect r may n t sufce. In such scenari s, utilizing a range  f 
surface m difcati ns may all w the rem val  f m re kinds  f 
micr stickies. In summary, the “adhesive c llect stickies” 
strategy  fers a p tential appr ach f r rem ving micr stickies 
fr m whitewater l  ps, reducing the impact  f stickies in the 
paper industry. 

4. CONCLUSIONS 

In this study, we have pr p sed a strategy f r c llecting 
whitewater micr stickies by grafting h m l g us adhesive 
c mp nents  nt  surfaces  f PP-GMA mats. These mats 
achieved an adhesi n efciency  f 58.3% f r acrylic adhesive 
fr m suspensi n samples. These mats were als  sh wn t  
efciently rem ve micr stickies (40.6%) fr m paper mill 
samples c ntaining acrylates. We dem nstrated a c ntinu us 
f w cell with stable c llecti n efciency (40.6−49.4%) f r 

f w rates  f 3 t  15 L/min. C upling devices with surface 
m difcati ns tuned t  diferent adhesive materials may all w 
devel pment  f a pr cess that is efective at rem ving a wider 
range  f micr stickies. “Adhesive c llects stickies” is  ne  f the 
 nly meth ds f r rem ving micr stickies fr m mill whitewater 
l  ps with ut disrupting the chemical envir nment  f the 
papermaking system. 
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