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ABSTRACT

Introduction: With the spread of the COVID-19 pandemic and the lack of adequate protection by existing
protective equipment, many researchers’ attention has turned to developing improved respiratory
protection equipment. Considering their special properties and nanoscale dimensions, electrospun
nanofibers are a suitable option for improving operational characteristics of substrates used in
conventional facemasks. This study aimed to optimize the electrospinning process of polyacrylonitrile
nanofibers (PAN) containing ZIF8 and use the optimized substrate in medical facemasks to increase their
protective performance.

Material and Methods: This study employed an environmentally friendly method to synthesize ZIF8 in
an aqueous environment. Then, PAN/ZIF8 polymer solutions were prepared in dimethylformamide. The
effects of electrospinning parameters, including electrospinning voltage, polymer solution concentration,
electrospinning distance, and polymer injection flow rate on diameter and uniformity of nanofibers were
investigated. Electrospinning conditions were optimized using response surface methodology (RSM)
and central composite design (CCD) to obtain desired values for response (dependent) variables. Finally,
optimized PAN/ZIF8 and PAN nanofibers were electrospun on spun-bond substrate. Base weight, average
diameter of fibers, filtration performance, pressure drop, and quality factor of fabricated substrates were
assessed.

Results: According to results, optimal conditions for electrospinning of PAN/ZIF8 polymeric solution for
polymer concentration (A), electrospinning voltage (B), electrospinning distance (C), and polymer injection
flow rate (D) were respectively 70 w/v%, 20 kV, 18 cm, and 0.4 ml/h. Moreover, despite lower base weight
of PAN/ZIF8 nanofiber mask, it displayed higher filtration performance (98.51%), lower pressure drop
(31.42 Pa), and higher quality factor (0.140 Pa ) in comparison to other studied masks.

Conclusion: Experimental models developed in this study provide acceptable values for filtration efficiency
and quality factor for filtration applications. Additionally, they serve as a guideline for subsequent
experiments to produce uniform and continuous nanofibers with desired diameter for future applications
in absorbent media (intermediate absorbent layers) of respirators.
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1. INTRODUCTION cost-effective. A key aspect of these efforts is their

Global COVID-19 outbreaks have led emphasis on the importance of using modern
researchers to develop respiratory protection methods and protective equipment. Currently, the
materials that offer better properties and are more most promising approach to prevent contamination

by nanoparticles and hazardous gases in the
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atmosphere is air filtration. Using electrospinning
and a variety of chemical compounds, researchers
aim to develop multifunctional filter media that
can simultaneously remove air contaminants.
Metal-organic frameworks (MOFs) have also
been noticed as adsorbents for atmospheric
pollutants due to their excellent properties, such
as open crystal structure, high availability, low
density, adjustable and predictable pore size, and
other surface properties. Among these materials,
ZIF8 has been extensively studied. This material
is characterized by MOFs unique properties
but also exhibits chemical stability and strong
mechanical strength and is easy to synthesize at
room temperature. A further distinction is that
ZIF8 possesses the property of a macromolecular
rotation gate, allowing it to adsorb materials with
larger pore diameters than its own. Combining
PAN and ZIF8 is expected to increase nanoparticle
filtration rates.

Therefore, our study presents the fabrication and
optimization of specific electrospinning parameters
for PAN/ZIF8 nanofibers for air filtration. Future
studies can use empirical models developed in
this study to fabricate uniform and continuous
nanofibers for air purification applications.

2. MATERIAL AND METHODS

Electrospinning parameters such as polymer
concentration, applied voltage, needle tip-
to-collector distance, and polymer flow rate
were optimized to achieve the desired fiber
diameter. Other electrospinning variables were
kept constant. Pilot studies were conducted to
determine the boundary values for the investigated
electrospinning parameters and to ensure the
formation of continuous fibers without breaking
into droplets.

The experimental design was created using
Design-Expert software (version 7) and Response
Surface Methodology (RSM) based on a central
composite design (CCD). This was done to evaluate
the effects of process conditions on fiber diameter
and uniformity of electrospun PAN/ZIFS8.

Polyacrylonitrile (12 wt %) was dissolved
in dimethylformamide to prepare the polymer
solution. Different concentrations of ZIF8 zeolite
frames (with weight percentages of 30, 50, and
70) were then prepared. The electrospinning
conditions were determined according to the
experimental design and included needle tip-to-
collector distance (8-20 cm), polymer solution
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concentration (30, 50, and 70%), electrospinning
voltage (10-20 kV), and polymer solution flow rate
(0.3-1.0 mL/h). The solutions were transferred to a
5 mL syringe and nanofiber layers were collected
on aluminum foil for each experiment.

The morphology of the fibers was studied using
a scanning electron microscope (Philips XL-30
ESEM). The average diameter of the nanofibers was
analyzed using an image analyzer (Image] 1.44p
software) with 50 measurements of random fibers
taken from SEM images.

For the filtration test, a PAN/ZIF8 nanofiber
layer was prepared using the proposed optimal
conditions on a spun-bond substrate with a
thickness of about 90 um and a basis weight of 25
g/m2. This was compared with a surgical mask.
Additionally, a PAN nanofiber layer was coated on
the spun-bond substrate to investigate the effect of
ZIF8 and its filtration performance was evaluated.

3. RESULTS AND DISCUSSION

Table 1 presents the SEM images and fiber
morphology obtained from different experimental
runs. The minimum mean fiber diameter belongs
to STD 14 (concentration 30 wt%, applied voltage
10 kV, distance 8 cm, and injection flow rate: 0.3
mL/h). The maximum mean fiber diameter is
achieved in standard experiment 20 (STD 20) with
a concentration of 70 wt%. According to Table 1, the
highest CV% (uniformity) of nanofiber diameter
is achieved in experiment standard 30, while the
lowest CV% (uniformity) is found in experiment
standard 2.

Table 2 shows the individual influences of
concentration, applied voltage, electrospinning
distance, and injection flow rate on average fiber
diameter and CV% (uniformity) while holding
three other factors constant. Solution concentration
exhibits the strongest positive correlation with fiber
diameter and significantly affects fiber size more
than the other predictor variables (r = 0.614, P <
0.01). The injection flow rate parameter exhibits the
highest correlation with the average fiber diameter
of nanofibers (r = 0.527, P < 0.01). A significant
inverse relationship was observed between
electrospinning voltage and nanofiber diameter
(r = -0.449, P < 0.05). The polymer injection flow
rate showed a positive and significant correlation
with the uniformity of PAN/ZIF8 nanofibers (r =
0.248) and was negatively correlated with polymer
concentration (r = -0.399).

Filtration Performance Evaluation: Table
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Table 1: Design of experiment and average fiber diameter (nm) and uniformity (CV%) of filter media

Run Electrospinning Parameters Response Variables SEM images
A CV% of th,
Polymer Applied Electrospinning Injection v'erage 0o e
. i Fiber nanofiber
Concentration voltage distance flow rate Diameter diameter
wt % kv Lh™t
(wt %) kv) (em) (m ) (nm) (uniformity)
2 50 10 13 0.65 223.17 40.47
14 30 10 8 0.3 152.91 29.33
20 70 10 18 1 253.45 39.67
30 70 20 8 0.3 167.43 22.47

Table 2: Correlation coefficients between electrospinning parameters and response variables.

Response Variables

Electrospinning Parameter CV% of the nanofiber

Mean diameter (nm
(nm) diameter (uniformity)

Polymer concentration (wt %) 0.614** -0.399*
Applied voltage (kV) -0.449* -0.089
Electrospinning distance (cm) 0.043 -0.020
Polymer injection flow rate (ml. h™?1) 0.527** 0.248*

*Correlation is significant at the 0.01 level. **Correlation is significant at the 0.05 level.

Table 3: Filtration performance and characteristics of layers.

Filt
Electrospinning Number of . = Thickness Pressure Filtration Quality factor
Sample name . . Weight o .
duration (min) layers (g/m2) (mm) Drop (Pa) efficiency(%) (Pal)
Medi: 2.21 163.42 3142+
eca 20 SB-SBN-SB 871£048  0.1401 +0.005
PAN/ZIF8 17.06 8321 2.83
2.20 346.14 49.82 +
Media PAN 20 SB-SBN-SB 90.21 £ 0.79 0.0481 + 0.001
17.10 8295 4.19
Threel Spon-bond 17.12 8178 ——
ree ayer - Meltblown | 24.83 3251 SO 64.53+321  0.0183 +0.001
Surgical mask 4.48
Spon-bond 17.07 8359
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3 shows that the filtration performance of the
PAN/ZIF8 nanofiber layer coated on a spun-
bond substrate (polypropylene) was evaluated at
a velocity of 9.8 m/s and a particle range between
10 and 1000 nm and compared with a three-layer
surgical mask. A three-layer PAN/ZIF8 coating on
a spun-bond substrate showed improved filtration
performance (98.71 vs. 64.53%) and lower pressure
drops (31.42 vs. 57/17).

According to the results of Design Expert
statistical software, the optimal conditions for
electrospinning the polymer PAN/ZIF8 are:
electrospinning solution concentration of 70% w/v
(A), applied voltage of 20 kV (B), electrospinning
distance of 18 cm (C), and injection flow rate of 0.4
mL/h (D).

Optimization of the obtained responses can
be performed using Design-Expert software.
This involves measuring several combinations of
input parameters to achieve the desired response
conditions. Since nanofiber diameter is a significant
parameter for filtration efficiency and pressure drop
of filtering media, the mean diameter and CV% of
diameter (uniformity) were chosen as minimum
values based on the desired objectives of this study.

The information obtained from the model
suggests a correct and significant relationship
between PAN/ZIF8 polymer concentration,
polymer injection flow rate, and diameter of
the produced nanofibers. A higher polymer
concentration leads to higher viscosity of the
liquid, reducing the strength of the magnetic field
in the Taylor cone and causing the fabrication of
nanofibers with a larger diameter. There is also a
significant inverse relationship between an increase
in applied electrospinning voltage and a decrease
in nanofiber diameter. This downward trend in
nanofiber diameter can be attributed to an increase
in suction speed of the polymer, leading to the
production of nanofibers with a smaller diameter.

In terms of polymer injection flow, a similar
pattern was observed where nanofiber diameter
increased with an increase in injection rate. This
increase in polymer injection rate may cause
a larger volume of polymer to accumulate in
the Taylor cone, resulting in a larger volume
of polymer moving towards the collector and
ultimately  increasing  nanofiber  diameter.
The results demonstrate a significant indirect
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relationship between polymer concentration and
CV% of diameter (uniformity). Previous studies
have shown that enhancing electrostatic force in
polymer jets improves uniformity of electrospun
nanofibers. A significant direct relationship was
found between polymer injection rate and CV%
of diameter (uniformity), leading to production of
nanofibers with higher CV% and lower uniformity
when polymer injection rate is increased. This can
be explained by an increase in charge density and
resulting decrease in polymer injection rate in the
syringe head.

After fabrication, filtration efficiency of PAN/
ZIF8 electrospun nanofiber filter media was
measured using the recommended optimized
method. Despite their lower basis weight, filtration
efficiency of PAN/ZIF8 substrates was compared
to that of other three-layer medical masks. PAN/
ZIF8 substrates had higher filtration efficiency,
lower pressure drop, and higher quality factor.
During nanoparticle filtration process, PAN/ZIF8
nanofiber layer achieves higher filtration efficiency
and lower pressure drop by creating smooth flow
between fibers that reduces airflow resistance
between fibers.

4. CONCLUSIONS

Our findings on optimizing the electrospinning
process of PAN/ZIF8 substrates allow us to adjust
the variables in the electrospinning process and
filtration substrates, resulting in promoted fibrous
filter media. Furthermore, the experimental models
developed in this study can provide guidance
for further experiments to produce uniform
and continuous nanofibers with the desired
diameter for future applications in industrial
filtration, specifically personal respirators. The
results showed that the produced substrates have
high filtration performance and can be used
in respiratory protection equipment, offering
enhanced protection compared to typical masks
used to combat COVID-19.

5. ACKNOWLEDGMENTS

This work is supported by Hamedan University
of Medical Sciences and was taken from a master’s
thesis on Occupational Health Engineering (No.
140004293634). The authors would like to thank
the experts for enabling collaborative work.

387



https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

ICoW-WAIE O3ladwn 11€P ol /P a)laids /1W sla

§ PAN/ZIFS 0 gkin &z (5 yud 930 (S s (oo 39 531 i1 5 (5 jlwdings

il cblis> Sl 4o T 31 ool

"33 (e S o ool e (po s Ll (S yE S b (g e Jole

Sy pole oSl crilage saSiails o il el g Cblage Slidss 35 e (gldd > cublogy bjgel § cede clad

Olpl colaen (laes

VE NN e e g b NESRVES 7 R Ry

ot =

Gl 4255 9290 blas S5z lawgs S cblas sloxl pas o (COVID-1) 12 05965 coiily 45505 L 1doidio
099 Dl s 4 o g )9 2SIl (6103l sl A28y Fgn cliBLLES | (i SBlin Dl (6 dngs 4 o Kt o
03l 3,90 Jpone (sl rins (63 ,Shoe Sloogas 5| S (oralio (5 45 i tagls olasl ;5 SUII I 5 039 elo>
Foreish ;ST b 6 radell slo s b (gl (o9 p S 0l b (gilutinge 0l (5 addllas oo s Sle
a9kt (S slacSils ;0 0nddinge s (66554 9 LIFA) A= 2ds; Jgslanml slacgz jlz D3l s b » (PAN)
el o Sasl oyl 2Bli o Slae igl5dl

sl Jsloee caalol 55 o solatl o lasre j0 oy Jass Jlatusgs (g, 51 ZIFA jiiw glys caalllae oyl ,5 058 (hgy
ozl e y3 S sloial)ly Sl (5 0978 ugms 5 0 (5loslol walep e g0 Dl 0 PAN/ZIFA (5,0,
22,3) SIS 5 k8 69y 2 rerk B (29 9 (9 6 Aol (g 9 2SI Jloel 55 e ardy Jolme cale
3550 (CCD) (555 o o5 0 2ok bl 2 RSM) ly-glas wlislosl 25b 51 6505050 b (1o adsls i a2
905 (o9 Sl dll Gleod s Y5 59, 2 PAN iy 5 oud aige PANIZIFA jiy el 2855 )18 (o)
L35 18 sy e ity CoeS HeS g Lid Sl gl S el b SlaB (Sle Ly 039

Joloes il (glo el b (6l PANIZIFA (5 oy Jsloro (o590l 5 i Laal 2 condionnS gl a azgi b il 4y
Cews & VA em g +/f mMLhr! ¥ KV Ve TW/V (il 5 a5 o o 19,580l (6 abold g 51,55 (00« omm 9,58l 515 ¢ youels
a5 (5 Al (339 9579 b PANVZIFA (6 0sdails s (g ks 45 055 0l 51 S eyl (5 dalllan gl cypizeas ol
gl )3 IV E YV Pal) 5L oS 15516 Cledyo o (VVEY Pa) 5imsly St .l (/AAIBY) j2gn ygamslyiled o Shae ]

.g'}‘.u‘)‘o)?ﬁsw)ﬁé)}c&u:d.wuﬁul.}

97 9l yild o Slas I PAN/ZIFA (g ootz gl i a5 059 ol 5| Sl ol (5 dnlllas golis 1 gy azenss
b g 9 31585 (6l gl codiionls dnugs oo b (lg5 co g disewsd 15,55 1 ot cbblas Sl g (o oolaul (gl
3,5 ookl pwiis cblis slacSuls Jgawlyild glo i Jisli (8 0554 o oo (las 1357 (gl 1) olgsels jlad

ZIFA il p5] Ay o3 s iyt il a5 il iz 25305 OLadS =

m.habibi@umsha.ac.ir : :a5\5e Jgims oo g5 Sy xSl o 3

)5 oyl § Calbrlagy aslilins


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

Yl i maw cwle gy 2Ty G (s S
i BBy pebas B oS J&s s o
Hls 1y s Sleogas S0 g A8l (g ojlail yog
Sl jo eolawl gl oYL cangllas 5l olge cpl aS
(ALY asl asls g0, Sae Sl pLd sla s
K olpiear FZIFS o3l I glaczylz o 0
A adlle 550 Sl MOFs sl acgomey
I, MOFs 0,84 pasvin (ply> Loas 1y scil a8 3
Yo olbeord glul lile asly wns oo ylid 045
SUl Gles yo golyay g el (658 (Sl plSouiul g
SRy e BBl 992g b () 0ebo0 F
A B L sl W ol l S
O ) asl lge i

oy Wy Cox et slayedy (9ST
ool 48518 aslllas 5y50 S redel (Sgmnl il
Jirsh ST G s al b sleyedy (o al 0 &S
cwlie g el plex o 1ls LJs 4 (PAN)
Caoglio ol jo clbl> pae b SlesS aslen
anld sl eolaiwl b Ggpwl pld slo iy adgd Cye
ol woldlas 51 2 (VF) wilowds oy g 59,55
ailer 50 Ol3gl b o ,udeil 3ol 5l as Klosls
38kee b (glo s olgise w3 ~ I ooz lr
b iy Lai> (e )0 YL (Jeenl il
OF A 0,5 adgs

wlp o ilean ol gadlas Gas
Syl (Soeml il slo i 0y Sz (o 9 2]
Slooszlr e s 4L 5 PAN) L 2ol ST L
ek cpl lp cwl (ZIF8) A- oudgsy Jgslawe)!
gk g &b ghe Gy bl p sileange
& aYp; 5y 2 PAN/ZIFS yi g o ploxl 535 5

0hBes g a35 s)bas Jsle

dodso =

I b COVID-19 sl 3 &
5 0, 8%kes b wias ol 5 cdle g oje oK tngn;
Jyere (omis cbli> Dl blis waw W)
5 12 (Sogll izen aims JIE cwyn 0y5e |,
o glalaoms ;5 gl 5l ekl Wy, il
e aogsyel dsp yo ol lasl Sl 5 lRaslejl
ks oz 5o Shemeciny s Pilas (oS S )
ol Sb wszas ool ysbiyman (1) ol o
02393 5 o Ogebeo gk 299> AVl gazmas o e
legdse pl (1) Conl lgn Sogll 5 L2 Sz o
Sl Sl g ) 5l eslitial &j98 5 Coeal
ol 5l BE gl SIS s aglse 2alS 6l cngl
Sled oo plaszgo |y leoasy V!

sl abwg oadady (sle syl
cole Cuz d9rge slaghy) Sl S eme Sl
ool 5l a5 el WU o Shae b gl 2L (sl e
9 83,8 cblix Slpgas cole ln plgoe b s
it 3,551 () 0505 o0litiul inio (gla 23 gl
2yobal o Sllas el J o slabo, 5l (S
Sbualy 58U plase S 50 hegils iz a8 U (g9 Se
(o ol 4l péyle g S e adsi YL 5L L
5 Ll el G St ly apdd b b,
Mg i o by, (n St piey 51 (o pol> I
Slasie JJo 4 a5 sl Yo oL L gla byl
Pl g Jolss Vb olal cod ezl o> plee
b 5895l 99,5 Sl | e cnmlin (58 5 (ploond
(D) Sl 00,5 3L alizre gloanisy 4

oo Sldele coll ety Gl blze 5 (S
Glp oldglh Ko oged aslsl (g aliwga Lmo—l
b -l Glacsz )l cul dlsds sla S5y ol
S 1l a5 sz 3l> olse 5l Sy ('MOFs)
sbosz)lz (7)) wlad S I8 lhime azg )5
Szl asle (60 84 paseio  plg> (MOFs) 6}15—‘511

2. Zeolitic imidazolate frameworks

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

1. Metal-organic frameworks

Pq.


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

- PAN/ZIF8 5)glais sin 58630 (slayimy (uu3)gR 35l sishd (5)lus airgd

JSas Al e 28l e 2SIl wl B ilange
1] RITI A aS oo

(el syl g5y polie s )
Jolo (o955 sla el )y (6l (6550 oo (e
9 3P @ (9 Sy (s ey Joloe cdile
CB A Gy b coiy 4 as) (quyy Sl g alols
5 adgl Slidllas plodl 3k 5l d(lond 5,566 D
S 3y gy sl pmidlh LS5 (ol skl
odd plnil (o9 Sl B3 Spw S je Dk

T e sy Sliglel 2k s Y
A Gl s b eI anl Sliles]
5 Gy Sl it (595 sn Sl d sle el
PAN/ (sl 85l jlad (1. Siloo (a9 (S3linty
ool » 9 Design Expert jl38le 3 (o alwsas ZIF8
(CCD) 55 o S o ok = RSM) ks a3
ligles] b gl olul  aslllae ol o s plox
o9 Gl psite i polie 4 (olitws Sy
A s ialey] Cogs Y

Sroeh sladlone i oo Sl Jolore (5 ags ¥
it polin 5,5 U L OY W) ik ST
9 950,5 solel wsle B Lo (g8 > 0 PAN Lol 5
ZIF8 s sbbogz )l 5l calises cdalé a caalsl yo
sl cnl & (Ve g 80 e (559 - (559 slaaa,s L)
CS9Sy S yedy Jolme 4 (liws Cua 5wl HL
oolo] cmabline (5o 5l oolaiwl b el VY Goe &
%5

Sk g o Jo Sl e o iU plol ¥
caz bslne PAN/ZIFS (6 ,ady cslo Jslms Lol
3 Osrme b Gyl e B GBSy &y (g 3,55
(1050 mm) VA (5 oylas o il s b Liiasl i
Wy ZIF8 (sl (s yenky Jolowe ale (g9 2SI
S sl sy Johoe 305 (20 9 (o9
S9) Brdel sy 5 wo S s b ilesl )l

wa)

OF (ol et 0 Shos 5 93,5 g 9,550 eily e
yelaied) ZIF8 g0 PAN (sla 089l g9l Sule b
SlSuls 5 G o,5kes 59, 5 ZIF8 3G ores

285 )18 dslie 9550 o Jgene (Shi (5 YA

Mooey =
olgo ()

M, = 8000 g.mol) ,ish ST L el
&S yo 3l OMF) asbe s Lo 6NN P>
(Zn(NO)).. 6H,0) 4l b (55, &l colall S 1o
<! Jsle s (Hmim, CHN)) Jgslaasl Jie-¥
LXK &S 0 5 (NH,, 28-307) pauigel aluSs uue
Al Egods Sl ol wad (gylay,S e yl]
o eolawl

ZIF8 jiew (T

ol ol &l & gy, olys ZIF8 i cgs
3 Joibesl e VoGS5 e 9 J> o
walsl [ el oo solel pagel anSg 0 P>
@ (Sal 4 (35 o2 > )0 63y Dl Jyle
alolish bylia ol 45 ab a8l Jgjlame! JuioY
WS g oad o Soy65md gmmibiwge ST @
5B 5 Sons yilo a8 Ve Doe 4y (e gmamilinges
gl oy ol bodds yiw ZIF8 ¢ lax ol oYL
S 4y ol yiaw ZIF8 culys jo ol ools (1S5 L Y)
& 0,85 ol cile s azx o fe slos Cou celw VY
Ch S b Kas

PAN/ZIFS (¢ il sl s <5l (T
9SGl e (giludingy 5 Sl Cyx
Sl ol o e hsh STl ek sl
Wy esroehy Jslme B3 (20 S slayial)ly
B oo s abold g pouls Jolomo clile  pannyg 58]
sehieds adgl Slalllas plol 3,k 5l 0aiiS g 5laex
gy db el Goyedel polae 5 CSlpSy Wy

11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

85 B sy 550 0] (Sl il 0 Shoe

bl slojis gl o Sles e (F
PAN/ZIFS8

Gy Semwlpld o Slee s jolaieay

4 aS Gaz»li&.ll.oﬂ G s Syl coabas Lo

0dl 0ol ul.w.: (o U"‘ alisee 6"“ WS \ waa

Mgo sy Jold sy Jlez 5l i (ol ol ool
& 00d,l0aSS yidu «lyd (6 eaisS b leds yidu «lyd
oad S5 by kiS5 el (i g e Aiges
ozl 5 00iSa cmy Ko 3l ol el g ool
s s Sl 53 &5 00 S5 ol i
3590 Sl gl adg jslateds cdalol ) 05y 428 51,8
ey 9IS Ggrniligan 5 e s C o ool
sl pledl jo plgs ol yo ¢/ ) edale L (KCD
(4920, HCT Co., Ltd., _siz 0,8 HCT 8 1 bawss
5 shdy (slgd cpimnw (! j0 .50 )5 ool Korea)
Mg s plel wgi &8 el 9,157 28 65> L >
Ui Ol oddeedan polie jo LMW I e conds
3 (00 o WA s (6 05 laaSS
A oy oad Sis e gle £IO Hhd L aslgiul
Ot (8l s Cawd b g CawdVL o Ol py g ]
GYee o DS eple o al) Olpd o led o515
e S olil psbatods 55 Ol 50 5 Giogili Ve e
(Al p el Vo (aw Sepw ) JLad 2
Jezus segile a0 Ol py 90 Jlasl b aS s55gr ooy ass
ol g g S0l jlas cél (Kimo, CP 110) s
Old nle @is ol g adlae )3 (ioren W05
(R 390 (S Kged 2 3l Gy g v WS1F g
Model 1.1.09,) ,Lega,5 Sinl wimo 3l oolaiwl b

Grimm Technologies Inc., Douglasville, GA,

O c8 S L8 miw 5,90 (USA

Protection Factor cbli> g 5 (5 dewlzo (O
b old Glp Ol il ploaily (28,5 Sl o

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

0hBes g a35 s)bas Jsle

Do 4y diged e b 6 5lanr (oogminadd] (559
Gopaas 3l L8 b as axsls a5 W o el ¥
Ul sles ,> CEM) (o) (958U 098wy S L
6 andlae Cuz 4 SEM sl s igd S5
S9N 5SS Sl oolitul L b 189l (55905850
Gys b oole ide 5l e (Hitachi S 4160) i,
St oo psrS il pgad ;s wad ans M
O ek Joloe s adgl cdale 55 PAN (650350
Wt ¢ L3 Sladllas ol 5 bl Sliole;] wlul p s
N e B e L AN
Pt o9 SN slo gl ple PAN/ZIFS jws
w55 i 5 PAN/ZIFS s aslice PAN (5,mgil
OeSlee 1o 5893 (S350 9 a8 (5 Ske (a0

el 1 o o) Lo il 5155, 5
2545 4w) SEM 58g e nslas (59, 51 «(VA V)
(Bolad ©jygots yodgll B0 Sl 5 aiges 2 sl
(Image] 1.44p) pgas 3JUT 138l 5 51 oolawl b
doools gyl hdow slp pimmen o (g pSoslul
(DX7) V (s asws Design Expert Ll I3l 5 5
Joe o s @) olSel by ol b 43S o
o Sl ) JEee gl e 5l 6l alezais
Sl piie sl dnpe lalyd sl 5 Eol slopiie
Slade il Bl ar by pails, 2Slae a6l (o225
cole dall gileags 31 e wcolgie F

sl el 5l olie) PAN/ZIFS (6,85l sle
5y by (slo bl asiee Ll )0 45y yg,iS)
DAl 8 Sy (A5 a5 Jord LS 51y,
Sy Lgf.dyb Ltha).L..,.g Lg)'L.uo»)LoT )914';.«\.3 dallao
sla¥ ;69 » b (nl (el S Cus el
Fog Saede dgam 0 Zwlbs b wil lewl i
ol o3ls by @t ppS YO s ab G

¥l yws ZIF8 30 o)y jslaieds (rizren
g b ooly yide Wb lewl s aY 5 69, » PAN

wap


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

- PAN/ZIF8 5)glais sin 58630 (slayimy (uu3)gR 35l sishd (5)lus airgd

SLad el mF
ol S YU

@

ﬁ-r- — (- -..r-:_}
S (oS

13 32 adgad ol *
L =
syeledt

ol S ¥l ‘

8 sl RS

®

S Sl g
Ol S gmly

sy egld
a—

* Sl dised 2l

| Ol S by

| L

L1

@iy gs 5 les

Ol edife sy

o Sl gl yid 8,5has Cd s Sl 1) IS

tema 9 Sl 5Ly Y e WiV ey cdale) VE 5o les
oSl s alols 5 I Y g o ) - Ky
Otalo3] 3 55 (595 deil Jld iy 5 (A cm
oty SI 3 LY WAV ey L) Yo g o les
s psrSI g alols 5 ) Mg ,5 o0 ) ky
Olre (oYL jeb s .l ool cdalie (VA cm
30 (sl Jhd Oliss oyl doy0) Gols..&
ey CAAl) Yo s ojled alesT 4 dla syl s
By @ Vo kv e xS sy o LY WiV
OFomk 9 (A Cm g 5 2SIl (g alols 5 - /Y mlp
Chl) Vs oled bl @ SIS e
RPN N L AEWRRTSLN | I3 PRPVA R 1A SO
23,5 say (WY €M 2 s 53 58Ul (g alols g + /20 MY
2955 (gl ol ey Ll e o 0

J99z 2 a5 joblen was oo (LS Gl sl icte
oVl ol g dalllae 0wl ond eols oyl ¥
=09 syl e BLI g (S 0
Pp=e/o)) joedy cdile 4 bgiye dayndsilb s g
ook G @0 Sl ol 5l a5 eog (r =0T
|, soiims 5 loline b3, r =+/OYY P =+/+))
5 ol b as el cpl 5l (S g scl ools lis
1o sl 8 s 55 slo gl 51 Sy s
Ll 5o izred S (o0 o Gl 55 eadiays

waw

ly )3 355 .Sl (pizman g gl Ve v (5 o5l
oolitto b o Jsaxe (5 4 Sasle 5 428l 5] ke

> Pe (1) dales

‘Pej Sewlo u}..w‘)...l.d QLAJ.J) qan 5J5.A)3 U"l B
Gl 00,5 3ga5 3l slass Sl Sl

o axsly =
anl o 08 5T Gle e Ol conlio @,
@l @ Gy Gl Sl Sl ol g9 xS
Sl agFa Camlion ot @) ol gl 5 conlie
Jolis 1 Lo yzel b S 50 eVl oles 45wl
Al (o 4y Ot (5 00gumme Wl uizres g DL
Slde S ] Fly-gmhans (9 5 ) sl (liee &S
b9y & Slialejl (Hlb ) ooz ams el s
5 a5 e Hlad |y saeliwwsd mls 5 535 0 Sy
50 Slisle;l 4 bgs o SEM pglas alsl jo cpian

el 0als ools ol VIS
A8 S ) Jgaa )3 eudianS gl wll
GialesT @ bgiye csodg PAN/ZIFS (gla byl

11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

ohBes g a36 s)des Jsle

PAN/ZIF8 jody (s8I 5l ool s 4 gesly ppolie 5 (cany9 580l (gl ol )y liolesT >l 1) Jga

&yl x8lg polio

TR D . . o

i L o9 SN Aol g g iS5y ey il

AT RSP R
Ya/sy VarIv Y <170 'Y VO o )
AR¥An YYY/\Y [0 'Y ). (NS Y
ARIING ARV <70 A VO O Y
ARTAR VAV/EY + /¥ 'Y V0 O f
ARTAR! YYYAE \ A Y. Y- [
YYNY ARYZATN < [70 A VO O #
YY/AQ Y-Y/-F <170 'Y VO O \4
YY/AN \FAITY Ay A Y- & A
YATY AINNZARN Y YA ). Y- q
AFVAR! VOFIYY - /¥ A Y- Y. i
YOIYY Y-Y/0Q \ A Y- Y- )|
YYN ¥ VAR \ A ). Y. Y
YYIVY Y-AY Al YA \e. V. Y
YAy \OY/A) o A Ve Y '
YV/t¥ YYE/AY <70 'Y Y- O \O
YYIYA YY-/0) \ 'Y \O o \i4
YV/FY ARA7AR <170 VY V0 A v
YE/YY VPYIEN < [70 V'Y VO Y. A
FY/AN YAy ¥ A Ve y- 1
Yary YOV/TO \ A ). v Y.
Y&y ARRVARE \ A Y- K g
ARVARA VA0/VF < [70 'Y 'O O Yy
ARYARG VAN \ YA Y- Y- Yy
Y#IfY Va-/\F < [70 'Y VO (ARS YY
Y-IAY VAY/fY <170 'Y VO o Yo
Y#INY YYa/vy \ A ). v Yy
YVI£Y YAV/YY <70 'Y VO o Yy
YY/av Vay/#y \ A ). Y. YA
YV \AVIYA oY A Y. Y- Y4
YY/fY VFYITY Y A Y- & Y.

1Eab ol /P oyladd /1 sl (5 (e § Cablag asliliod —


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

«. PAN/ZIFS s)gbis 3ia (5138030 (5layimy u3)gl35)) sighd (s)lus airgd

Y. YA YA Yv \td

PAN/ZIF8 jady (s ys xS LinlosT slo cogi 40 o0 adgi sle i jloadagi Yoo v o oleiS )5 LSEM jyglai diged oY JS5

wqo 11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

ohBes g a36 s)des Jsle

326 nm

SV (o5 S5 o G55 00 )3 VY (gt 9 2SIl Jslome LS S0l a5 L PAN (55208530 0y g 52Ul gl il ¥ IS

el o i (Lo +IV0 yosl )5 (o ol VA 00iS (5,51 gaz 1 yj0m alold wcdy

Gy (6l yiite 5 (omr 59 5SIN (lo al)ly y (Sision o Y Jgox

(30,9) (S15S,
PAN/ZIF8
-vaq e
—/+ A}
—offe e

<IYEA®

el 18 (o o [+8 el 5o abaly*

sloyially g gl slojiio o bl Goeni g il
@‘).b u,ol...u‘ » cwg) w‘ ).) W) o.)l.q_,.....:| “5.....4)9)..5.”
5 ot Je gl e bl culps eadplnl
Olee 5l g 0B Gnd celie Joo pocdy sl sobiren
J..\.o as J..\.a CR e ‘°"\"“«5"‘"L}"“" JJOLQ.A L| A0 Lie
aloz 3l gllas 6)uT sl azls Hen o b pgs ax o
o plo Cas @ ol Jow caile Sla e

..\.a.b)f g_;l.‘}b.»‘ <L........a|9 f.n...a S OAHS‘S..A.:W.&
g Al rals pgs a0 g pgd 4z S Joe ¥ g

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

(apl) Lo eyl 1o (oo

edll (o 59 yiSd) 5958

PAN/ZIF8
PN (A) youbs clite
_o/fFq ® (B) (oo 5951 59
o[ %Y (C) (9 251 alols
L JOYY (D) youls 32,5 20

o | )lb (o o4y Gh"“ L Ak-gb**

(i sloydgil S5 g (o y9 58Ul 59 el L
(=~ FF8 P, = [0) wsSxe 5 lolins s abai,
A8 5 (o y9 58Ul (5 alold jal )y yolocrmen o)l 392
ool odslice d)bl.a.r.a).a.c k;j [g,.a.Q.........A LLJJ‘ sLQ)....SBJL
Jsline (s dlal d pdgls 2315555 b bl o el
S g (o958 6 Alols G (oo o g
@M S d.h.a‘) 9 (r= -+/749 st :~/~(5) Q)‘b S99
Olee yo Al odalive youdy 83,5 (20 G g lolias g
5 el oy CLLE bl s Jiin (sla e
Ol gl 1S b 1) o il 5 olins
r=</YFA P o=e]-0) d2s
oSbly Jelst o By, ) adlllas l s
@l yiie Sl o)z S 4 Joe 310 9 (ANOVA)

Wy


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

«. PAN/ZIFS s)gbis 3ia (5138030 (5layimy u3)gl35)) sighd (s)lus airgd

PAN/ZIF8 poily (oo 595U (55l dinge poo 4255 Joo (uilyly Julow 5 4o gl 1Y Jgoor

S8 Skd
R R VI Va4 \RTARS VE VE SYYIYY \A.:M Jow
<[ e c<[eee fOIYY YAV/ON \ \ \ - PIFY \EARY 4| A)cdle
SN OF) <) YIYO v/ A \ \ L YVEL VA B);Ws
SIVES] “IYOVA SN A LR \ \ IYOFE YEIAS (C)akold
NEREN e VIO VYA \ \ £A/YY OYAA/EY ot
D)&5
<[ e ofee Y VYV/AY Y¥/aA \ \ YYVIoF ArYIOY AB
< [OYFY «[AAPY +/Ya9A NEARR \ \ «/a¥%-19 </AVA - AC
oY evE -/ YYA VVE Ay \ \ YISy YYQ/AY AD
-/OYFE Ee - JEYFR L /YAOF \ \ Veooo V)-8 BC
NINE YA SIY - 0¥ BNy \ \ SJFAY - Yoo vy BD
Y sy AYY- VY RN \ \ \ai SYaNF CD
ofee oY «[+Y\Y¥ Y¥/7f 4/ \ \ OA/- - YOo/#f A?
<JAQFY FA0V A VA \ \ A¥/04 YV B2
e AR YO/ ¥ YIA- \ \ FO/NY VEV/YY C?
NERRN 0 A Ay £/0) \ \ £14 VWED- D?

(V) doles
Y, =195.33+19.76A -14.45B +1.39C+16.98D —
7.78AB-0.228 AC-3.79AD - 0.831BC-3.54BD -

a0 Joe il yly Judodigas 5205 uls w90 (sbaosls
Sl o9 S la el )b (sileange 4 barye pgo
SH19SG g b (S0le) ataly lopite (i
od syl gu i Joe 5o el 0ol 005 (o 8 gils
() aolee A% BD, AD, AB, D, Gl el o 8l lad ol
el )b plw g 0nils L Jow y9 5009 ,lolee B, A

0.135CD—-9.93A% +3.24B% - 7.54C* +8.21D?

Y, =28.78-2.43A-0.542B—0.118C +
1.51D—4.17AB—0.242AC — 0.408AD +
0.250BC +0.173BD —0.406CD + 4.73A” —
0.128B* —5.71C* + 4.18D?

piio b bLS | 5o e adal ax2ldS LS o )

A*AB DA lo el b ydgil (S515iSs wanls
4 baye ol a5 winile 3L Jowo 0 D* C
(1) ayrabyls 5 515555 5 () Lo il b

R2 aS u.aj..o )lm 5 (1‘) g . u.a)..a )So ) 9 o) Lgo)l.o..fa Lgd.].)bm 9O S Laol

ools u&u @ S |) souoonlie ),nbLma -l ).iolio o= S MLB.A ¥ J3~.\> 39 (e ] 00

S 4 R e sy )|Jia a0 oS RPS ul.....a oo”] weddodslin polie ¢ Jowo Ja.....ag.: 00D L e

osls b Jow soawlio (350 5 sl il 5403

wqy 11€eP BB /P syladisy /1M ala (5 giay) § Cublagy aslilos


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

ohBes g a36 s)des Jsle

ool ol ).1.)'.3.4 9 0% S e ){éu-" O aolio ¥ JBJ?

(1) U b ils 18 251938 | (M) o yrdsils b (el

st 33 551 sl ol sy

EREADRARYH SHlade odalie jlade g i lode
oad Al iy Ba oad on
Yy Yf \VE \va
AR Y4 140 51
Yv Yo \ov VOF

bawglio 5 oniaislo sloyiny igmoliild o, Klos
LR s Yo (e Sulo

8 Shas cansl 00 00,61 O Jgam ;o aS jablen
S aY 5 89, a5 PAN/ZIFS slo i Sgunl il
Sy 50 wiloads aBle (Glagpsh) Wb ol
G Yoo oo old gamls g adl p oV o
GYau Sule b awglio g (owyy 9590 yiogll Veoe
S 18 (Shy

Olesily B Joazr 3 0ad SO @l 4 4z b
PAN/ Sulo yogilbi Voo o G Yoo a0, )0 guml a8
© wYauw Sube g PAN Sile b anslie jo ZIF8
QMDY Sy @)y Sewlyild o Slee (So5
ol g ) S Hlad Cdl g (duoys FEIOY 4 44/T)
olas vex I, (UKWl OYY 5 FAAY XV/FY
CotnS S 1 aS 0g cpl 5l (Sl bl pl as ol
Jlio o «/NFe V) PAN ol g0 5l i PAN/ZIF8
Sy g aYaw Sube ply my o9 (¢/-FAY Pa?t
Oz (+/+ YAY Pa! Jlae jo «/VF+)) sl Joono
& asblas )| slaSule (gl onbawlne cblax o o
G axg b Jeero Ve Sube 5 PAN [PAN/ZIF8
UYY EYNV L gl e 5 a oyl gl ild ylonsly

& > =

3 ooliial b (5pmdsl slojimy oyl 5o
J5J~7°° -l w}‘ 6‘)[‘,‘) J.,ob.c ‘Gmﬁ)j)r‘s'” L}:’ﬁ)

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

DM)g,5 s O aul  Byjly A el Glojl

<150 s v o \
<150 Y \0 o Y
¥ VA v ¥ ¥4

re g e e pd e ol (s adlhe 3 ol
el b poize (sl (Ryg’) o oss pmts
Ol e jsbiran 5 /AR IATE Ll G 4
o5 4 o bl Jlad S21eSy e ol p byl
o YU lzel 51 ol 45 oo JARY L JADA L i
Ll Joe Congllas

et sl JoaP oF o)Ll ol ly ol (rizman
e <[ N g YYIYF L plp cdy a da,udgl Jlad
boplr iy @ byt (S219Ss nite lp s
Joe pl colas 5l lid aS o0gs <[ o0 ) 4 VANQ
Fjlade o ition b Jie sl it j5bipes ol
NIl ite (e lsiess P ke (%S s
Ol 00 45 0gd e a3)S IS )0 Atuly psie (59, 2
b o ydoil o piie gy (A) yarky clilé caalllas
g ol e\ 5 S P ke s VAVOY bl F oLl
FOINY bl F o )lol b o pdsil o31aiSy peicie ol
2 e p e Olsrsar e fr o) 5l 2aS P e
S e 438,58

Solel Jl38le s sl sdmlowsds mls 4 axg b
oo e olaslise e ¢ Design Expert
WJoe golgiin Jmol, Yol 5l elisles] gy
&lus PAN/ZIFS porly oo s 2SIl dipgs Lag)
9 w23 Vo (A) (g9 Sl Jolows ilale 5l i
 abold (dggl ST (B) (o955 Sy (o>
BP9yl YA (C) ouiiS (g sl ez b ()90

sl jo 2d Lot /T (D) ol

WA


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 ]

[ DOR: 20.1001.1.2251807.1402.13.2.11.0 ]

«. PAN/ZIFS s)gbis 3ia (5138030 (5layimy u3)gl35)) sighd (s)lus airgd

ey S50 Sl s Y olasy 5 Slasive o Ggul yild o Sloc 10 Jou

b Y oloxs

\EYIFY YV o) Soulo
VESN £ /o0 QA/BY * < /FA YV/FY £ Y/AY *SB-SBN-SB sl
AYYY \Y/-$ PAN/ZIF8
YEPNE /Y- o5 ) sl
[FAN £ ofe e q./¥) & +/¥4 FA/AY + /14 *SB-SBN-SB
PAN il
AYa0 VY -
MYA VYAY &b ol 1Y 5
Sewlo yiu
Osk cle &Y ’
SJVAYA £ /) SEIOY + YIY) OYVY + F/FA YYO) YE/AY oY dw
(She 4Y)
AYHQ 7% Sl ol 1Y 5

Wb bl pgus 49—l Lol Y 395 (595 2 00 (gt 39,51 judgili 90 Y — il (ylewwl Jol 4Y i 5 b Swlo

[EUW) 5):"&.:))\) Ql).L:B UJ‘ L-ll-ér* 9 W) k_ih).w).w B
b ey cdale (o ol aS ool lid 58 ansds

3ol Sl el SLad I3l sl vty 3y i3l

ATV V) 09 g0 00l

PAN/ (gl byl b5 Joline LialS pizean

31 eBb Wl oo (o yo SN 51 5o al3 L ZIF8
S Gl g Sy ol (SoSU L alS
Coows & SSpwy 5l osdg)l> perly &5 > g S
adg Cel iy, ol a5 il eaiS 6 glaes

(V7 VD) 0gd oo iyl ,hd b gla udgils

Er ORIB! Ao o yudgls lad (I3l egas )

(BF TP 0 oilplaS oge lo Ol oo el 82,5
o 53 Sy 53 yorh Flion ez 4 yarie wlgi oo
Ogd o0 o ol e g odd atie Sloj 5 alold
@ arie Sloj gllad G 5o yerky 5l s o>

wqq

S s abol (85 (20 omye S Wy (s e
S9r% +0lnli 15)ls s 0S5 slaer U (55
g Slinlesl @b jlanld ool 6 e lulyd o5 cul
Ll cws 4 gkl sla o,
O ol 00 00l HLES Y Jgaz j0 S el les
53y slo,aigil s g PAN/ZIFS ol clale
OBl L as )]s 8g2g sloline g puiins bl )l S
o yedgl Shd )3 (gogno Wg) G perdy cdile o
A8 s (sl gy Gl e oo &) oud g 595!
U ey cdale e AL sudss sl pudsil
7)ol yoedy Joloo ajoSamms 5o (RIB!
D8 Bl GV Jolre aijeSims Glime 4z e g
S 4 Sl Sy )3 S97ge (ouebline plus
G ol e 5 WS (el 20 e 009150
aS oads Sy 0 ey 6 Bube leyae ol

oy 5l 6550 aldad LSS 4 oxie el o

11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

Jow byl odd do e g cddodslie polis o
Joe YL jlael 5l Sl 0g5 a5 canl o0 0 5l S
Sl rdail S5 5 S (st 5o O Ul s
Ogelyild o Slee 5l o> mls (5 awlis

Jsers & 4¥au Susls 3 PAN PAN/ZIFS (ol sy
Ssle g 52,5Vl PAN/ZIFS (ol iy a5 ols Lt
L Somlthd glesily oS (Jgene 6 a¥aw
S8 og S 5l il Wl ge Bl cpl a5 cslazils
PAN iy b dglin ,o PAN/ZIFS iy clo il
oy Vb el yandy Jslo 45 ZIFS o2 |y saily
S9bo8 o 9 00D (g 9 SSUl Jolomo (o 22
o & Sl (Sloj pllad SG 50 (6505 el o2 U
Sl 4 e Lled g 00,5 S8 > 0aiiS (g pslaex
55 Gigenl e ,Shoe Gialidl 5 sodlsy SN LS
(oo Gl Seobml Bkl e pdsl eiores
& e Lol 45 003 lgm (L2 Cunglin 2l sl
b uioren . Sgd oo Swwle olog jlad cél als
SlyS Dde lapuilSe 51 (G a5 geo90 (nl 4 az g
Dy, M g Sl 2SI Sy olal
ol 0 Sllg pas sl OS5 bydel
Sl 4 i Wi ZIFS basss e o 005
O il BB o138 9 Saliwly iSTN jiaSan 5
el s s wilsico les g o0 3 g o byl
Syl Sy (Gommlyild 3 Slos (6 anlic

G 4l 399529 bl s plas ols las adasle
oleaily 5 Sy (6 a¥aw loSuls 4y Cons oS
JECTERCHIINEI S VE RO N NN
Lol aslhae )5 o 50050 e CodsS
@ gl 5 oS dnl g gilean 4 axg
e 1o i 4 S Smily B L sl sl
Shd ple o doye A YL el pld Lol
S oy ol ) Sl b s ab Jolbs egl ¥e
Ng) e nale jo SRl L i eenl s (lenl

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

0hBes g a35 s)bas Jsle

R JC S ENPEPE. UK JEPRUEE PN FOCSC
Sy eddeenS @l (1) 998 (a5 (sla ydgils yhas
LTy ooyl s abols pitie ( pedinse (5 alal,
ool Lot 3l abal, ol Lol sals ylis sl yudgils s
Sl bl Shad )5 o il Wy cnl g 99 jloline
5L Wl oo (o958 (5 alols )5 I sudss
O abols Aol L (S Sl lae )08 alS
i L st ol a3l iS5 e b o3 S
Sl 35 (YY) o] )Ken ¢ Dring s asdllas 31 Jol>
RPN
2o )‘*‘f)*-’b S pxio g akl, b bLs)l e
Slrsds e pd wo)d) (SHIESG 5 (mye Sl il
O eyl 5 slolae (g alaly (b gl s
aS s oddline Olysd (oo o0 g eudy cdale
S (g i b 4l Slallae ulel
St 58 L SLI gb adgs ol bty ey
AV Sleds oyl oo b CS1eS e LSl
soriins 5 lolise LS| (rizren 05800 o |,
2 RIPIL &S cl (G216 5 ey By £S5 O
oy b gloyndsil odgi 4 e endy &y)F £
& ogbge jeS (SFeSs g YL Ols oo o
Er el Jds )b JBs GmlBl cde 4 wilg o
So Caghl & pie 5 Bl Sy )0 pecky B2y
SHIESe GRIEl s ey J3U e o Slinls 2SI
Omzmed (VA AY) 09l oww)gl,ﬁ;ﬁl Lnga).f.:.éjjU
syl b iledae 5 ouibly Jelosga o
& ol lis el gleysie g5) p eyl
i wadolxl (Quadratic) pgo ax o sl o
5 oldil Ol 3l i sl ol BB 5 el
ol cdale) (pn o 2SI S sla il )y (lelss
(oS akold 5 pocdy (3255 (25 (o9 ,2SU1 515
SISy g Sk eSile) gl Gleyeiie g3y
aS ¥ Jaaz j0 causddl)l mls e oo &l (o dsils
00 sy polie 5 cddodslice polie (5 auwglie
Salds a5 0y pl (5 sdo il i Cawl b Jow Lawgs

Koo


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

- PAN/ZIF8 5)glais sin 58630 (slayimy (uu3)gR 35l sishd (5)lus airgd

Gl o o i ool b aS aeo o o 1) ol oyl
b Sormlthd syt (om o Sl anlp o 3o
o 50,5 adsi 559890 Sl 5l elgds cllle
S5tz il oo caalllas ol jo abanng (o2
My g S5 Gly sam sleglsl @l
ol 5l 090 a8 b dtugy 5 S ey la bl
sys a5 o lis (Jols bl esres alS
oolawl Cpz YU Semwlild o Sloe 5l coadasle
Sl oo g W 10593 5 (pwdis Sbli> Dl 5
Jsere slaSule & Cos 1) (6 3VL Lo cbla>

Ailes bl Ug )5 sonml b ablin o colazul o,g0

)| it 5 g asbinbly 5l a8 5, llis o
IAREEA AR VAR 7S o)Lm&dg6|dé)>w|¢Q4wq;.e,o
)‘ aJlis U"‘ ulfd...m.ly ad.l.....ujuJA) ! 00 [al.')u‘

Sb pole ofails piime plaasie 5 LSS
ol bl o plianeds)l e s 4 laes

5l (Sslo)qéj)i;:;_'; IS ¢ iz

lo sl =
S sl mpal Batwg  awgipn
S9zg ol (s aslllas ogas ;s ol oLl ST

RPIRY

REFERENCES

1. Khan I, Saeed K, Khan I. Nanoparticles: Properties,
applications and toxicities. ~Arab ] Chem.
2019;12(7):908-31.

2. Saud B, Paudel G. The threat of ambient air pollution
in Kathmandu, Nepal. J Environ Public Health.
2018;2018:1-9.

3. Chua MH, Cheng W, Goh SS, Kong ], Li B, Lim JY, et al.
Face masks in the new COVID-19 normal: materials,
testing, and perspectives. Research. 2020;2020:1-31.

4. Habibi Mohraz M, Golbabaei E Je Yu I. Evaluation of

Antibacterial Properties of Electrospun Polyurethane-

o)

gl Veow 3L OIS pas Sl boyls sogre
PRVt R R VENSRRVEIRL L V/A RS I IV VRN ARV
Sl ALBS 50 sadplxl Sldlae S0 o b 3Ll
L Gl oy YL (Gomnlyilid o Sloe oS
Chlis Gl 4 Cams S G Al (s pfode
Wiges Glgieds (V) oS oo 0ol 09290 owdds
cox)lyr ol bash aadl o ol Ken  Shanshan
Sy 59, 2 ZIF8 (sla Jlims S 5L 5 0,5 (318 ]
A ity (Soaml il Glesily 4 Gl o sk
(7)) cél caws 2l seke sl s
Jyere 6 Ve slacSuls b avulie o (rizeen
Sslo gy soaml b alilio o jo colawl )90
& Cams gplp YF cbla> oo 5l PAN/ZIFS
Exoge (4 azxgi b godg o595 4V slaSuls
Sl Yoo gy 5 UgyS Gugny slodws il nle o5
G Sule (guo ;0 A YL Sl s Hlews]) ol
e (o wilgi oo D)3 nle sl ) cnl o 4Ll

5 oloyd HolS ofgay ol Bl cblas mlaw 300 YU (ol
A3l (60,15 Wilgs go Ug S cedml b alilie jo cwadlw

S Axs =
Lol o s ol 5l ol mls 4 azgi b

chitosan Nanofiber Media. Journal of Occupational
Hygiene Engineering. 2021;8(3):67-73.

5. Cramariuc B, Cramariuc R, Scarlet R, Manea LR, Lupu
IG, Cramariuc O. Fiber diameter in electrospinning
process. ] Electrostat. 2013;71(3):189-98.

6. Eby DM, Luckarift HR, Johnson GR. Hybrid
antimicrobial enzyme and silver nanoparticle coatings
for medical instruments. ACS Appl Mater Interfaces.
2009;1(7):1553-60.

7. Zhou H-C, Long JR, Yaghi OM. Introduction to metal-
organic frameworks. ACS Publications; 2012. p. 673-4.

8. Farrusseng D. Metal-organic frameworks: applications

11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

from catalysis to gas storage: John Wiley & Sons; 2011.
Wang C, Zheng T, Luo R, Liu C, Zhang M, Li ], et al. In
situ growth of ZIF-8 on PAN fibrous filters for highly
efficient U (VI) removal. ACS Appl Mater Interfaces.
2018;10(28):24164-71.

Li N, Zhou L, Jin X, Owens G, Chen Z. Simultaneous
removal of tetracycline and oxytetracycline antibiotics
from wastewater using a ZIF-8 metal organic-
framework. ] Hazard Mater. 2019;366:563-72.

Zhou L, Li N, Owens G, Chen Z. Simultaneous removal
of mixed contaminants, copper and norfloxacin, from
aqueous solution by ZIF-8. Chem Eng J. 2019;362:628-
37.

Zhang L, Aboagye A, Kelkar A, Lai C, Fong H. A review:
carbon nanofibers from electrospun polyacrylonitrile
and their applications. ] Mater Sci. 2014;49(2):463-80.
Sundarrajan S, Tan KL, Lim SH, Ramakrishna S.
Electrospun nanofibers for air filtration applications.
Procedia Eng. 2014;75:159-63.

Podgorski A, Batazy A, Gradon L. Application of
nanofibers to improve the filtration efficiency of the
most penetrating aerosol particles in fibrous filters.
Chem Eng Sci. 2006;61(20):6804-15.

He M, Yao J, Liu Q, Wang K, Chen F, Wang H. Facile
synthesis of zeolitic imidazolate framework-8 from
a concentrated aqueous solution. Microporous
Mesoporous Mater. 2014;184:55-60.

Yang Y, Jia Z, Liu], Li Q, Hou L, Wang L, et al. Effect of
electric field distribution uniformity on electrospinning.
] Appl Phys. 2008;103(10):104307.

Mohraz M, Golbabaei F, Yu I, Mansournia M, Zadeh
A, Dehghan S. Preparation and optimization of
multifunctional electrospun polyurethane/chitosan
nanofibers for air pollution control applications.
International Journal of Environmental Science and
Technology. 2019;16(2):681-94.

Nasouri K, Shoushtari AM, Mojtahedi MRM.
Evaluation of effective electrospinning parameters
controlling polyvinylpyrrolidone nanofibers surface
morphology via response surface methodology. Fibers
Polymers. 2015;16(9):1941-54.

Jung H, Kim J, Lee S, Lee J, Kim J, Tsai P, et al.
Comparison of filtration efficiency and pressure drop
in anti-yellow sand masks, quarantine masks, medical

masks, general masks, and handkerchiefs. Aerosol Air

1P BB /P sylasd /1W sla (5 (ianl g Qublagy aslilnd

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

0hBes g a35 s)bas Jsle

Qual Res. 2014;14(3):991-1002.

Duncan S, Bodurtha P, Naqvi S. The protective
performance of reusable cloth face masks, disposable
procedure masks, KN95 masks and N95 respirators:
Filtration and total inward leakage. PLoS One.
2021;16(10):€0258191.

Clayton M, Bancroft B, Rajan B. A review of assigned
protection factors of various types and classes of
respiratory protective equipment with reference to
their measured breathing resistances. Ann Occup Hyg.
2002;46(6):537-47.

Fallahiarezoudar E, Ahmadipourroudposht M, Idris
A, Yusof NM. Optimization and development of
Maghemite (y-Fe203) filled poly-L-lactic acid (PLLA)/
thermoplastic ~ polyurethane  (TPU) electrospun
nanofibers using Taguchi orthogonal array for tissue
engineering heart valve. Materials Science and
Engineering: C. 2017;76:616-27.

Srivastava Y, Marquez M, Thorsen T. Multijet
electrospinning of conducting nanofibers from
microfluidic  manifolds. ] Appl Polym  Sci.
2007;106(5):3171-8.

Abdelhady SS, Zoalfakar SH, Agwa M, Ali AA.
Electrospinning process optimization for Nylon 6, 6/
Epoxy hybrid nanofibers by using Taguchi method.
Mater Res Express. 2019;6(9):095314.

Hasanzadeh M, Hadavi Moghadam B, Moghadam
Abatari M, Haghi A. On the production optimization
of polyacrylonitrile electrospun nanofiber. Bulgarian
Chemical Communications. 2013;45:178-90.

Keranov IL, Michel M, Kostadinova A, Toniazzo V,
Ruch D, Vladkova T. Poly (N-Vinyl Pyrrolidone-b-
Dimethylsiloxane) electrospun nanofibers: preparation,
characterization and biological response. 2013.

Ding B, Wang M, Wang X, Yu J, Sun G. Electrospun
nanomaterials for ultrasensitive sensors. Materials
Today. 2010;13(11):16-27.

Pillay V, Dott C, Choonara YE, Tyagi C, Tomar L,
Kumar P, et al. A review of the effect of processing
variables on the fabrication of electrospun nanofibers
for drug delivery applications. ] Nanomater. 2013;2013.
Mei Y, Wang Z, Li X. Improving filtration performance
of electrospun nanofiber mats by a bimodal method. ]
Appl Polym Sci. 2013;128(2):1089-94.

Mohamed AM, Moncho S, Krokidas P, Kakosimos


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html

[ Downloaded from jhsw.tums.ac.ir on 2026-06-25 |

[ DOR: 20.1001.1.2251807.1402.13.2.11.0]

- PAN/ZIF8 5)glais sin 58630 (slayimy (uu3)gR 35l sishd (5)lus airgd

31.

K, Brothers EN, Economou IG. Computational
investigation of the performance of ZIF-8 with
encapsulated ionic liquids towards CO2 capture. Mol
Phys. 2019;117(23-24):3791-805.

Yang C-E Tian D, He J-H. Preparation of a Cu-Btc/Pan
electrospun film with a good air filtration performance.
Thermal Science. 2021;25:1469-75.

32. Kang HK, Oh HJ, Kim JY, Kim HY, Choi YO. Effect

33.

of Process Control Parameters on the Filtration
Performance of PAN-CTAB Nanofiber/Nanonet Web
Combined with Meltblown Nonwoven. Polymers
(Basel). 2021;13(20):3591.

Ma S, Zhang M, Nie J, Tan ], Yang B, Song S. Design of
double-component metal-organic framework air filters
with PM2. 5 capture, gas adsorption and antibacterial

capacities. Carbohydr Polym. 2019;203:415-22.

11€eP GG /P sylad /1 sla (5 (ilay) g Cublagy aslibod


https://dor.isc.ac/dor/20.1001.1.2251807.1402.13.2.11.0
https://jhsw.tums.ac.ir/article-1-6848-fa.html
http://www.tcpdf.org

