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Methods of improvement of dyeability of wool with natural dyes

Aminoddin Haji
Department of Textile Engineering, Yazd University, P. O. Box: 89195-741, Yazd, Iran

Abstract

Nowadays, due to the environmental pollution associated with the use of synthetic dyes, the attention to the application of
natural dyes in textile industry is growing. Natural dyes are environmentally friendly and possess some advantages and
disadvantages in comparison with the synthetic dyes. One of the main drawbacks of the natural dyes is the low exhaustion on
textile fibers. To improve the dyeing of textiles with natural colorants, several methods including metal mordanting, bio-
mordanting, treatment with nano-clay, ultrasound, microwave, plasma, ultraviolet, and enzyme, beside the attachment of
chitosan, cyclodextrins, and dendrimers to the fibers have been employed. Due to the toxicity of majority of metallic
mordants, the use of bio-mordants as well as surface modification of fibers by physical and chemical methods are considered
as alternative methods for promoting the natural dyeing of wool fibers. These methods usually improve the sorption of
natural dyes by wool fibers and improve the fastness properties of the dyed fibers in most cases. In this paper, the different
methods employed to enhance the dyeing of wool fibers with natural dyes are discussed and summarized.

Keywords: Wool, Natural Dye, Plasma, Dendrimer, Chitosan, Microwave, Surface Modification.
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2 Hydrolysable tannins
% Polyesters of gallic and hexahydroxydiphenic acid
* Gallotannins

® Ellagitannins

® Condensed tannins

’ Proanthocyanidins

¢ Gallic acid

® Ellagic acid

10 Catechin

1 Epicatechin
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! Proteolytic

2 Protease and transglutaminase

% pancreatin Enzyme

* Trypsin, amylase, lipase, ribonuclease, and protease
® Bloodroot

® Multi-copper oxidases

" Ultrasound

& Microwave

i Microscopic bubbles, or cavitations

10 Shock waves
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Ja)‘)_u ).al_w 9 ul_a) ‘U‘s_’ “37_,4.0 )Lf E}' L s J.a‘}».:.n Lo.w)l.ﬁ ul...Lo.: é‘j B el 0dls PL‘JU‘ w.m-‘ dL.ﬁ‘” 66).\)& 9 GDL.M “
i BLI o 5 00 oy 51 1) ety LI e 33,507 0¥ Wilgts Slles ol 0,380 b 4 SBUI (55, 0 1, (olite &3t lles
e 500,5 My (600 Sy D9 iy Bl b (65 Gal3¥l 5 (b Slo el 5 & az g L rizmen il g |,
ond Jos gl i BUII g 1Sl GgSimg s ol 10 JSs [FeAe e M S 35i5 T S5 0 asilyies 155, sledoShe 2>,
A ) + . s q . 1 . g

33 iy S b sla uld (615 00S 93 4 pigas ol 55 o e Lad | LT bglies 5 05T ey emnST (b3 slowsdl b
Slon) wdy SBL o (55, 3 5w (oo SOlpsis (B pae 5 £4 4 dtes Wl oo Ladly L] ol ugy BB dlodly Slilee i
sy esls alidlly Sl mhaw (59) 2 JeuS52,S 9 JuigeyS aiile I (5081 (6o 09,5 jlaiie ()5S (sloadly Jlie Glgie 405

TAY] 598 co oliowds Slge plo g o 1555, G a4 BUI hles Gial3él ases [0 g Stwgsl sgugn el 32,k ol

LF @) 55557 5 @501 5555 Tl 5505 (ol b 00 oz 5 @) o oy Sl 25K0s Ko gl =10 S5

Ol ) (et slodly bawsgiioad Joo g plo ity SLII rdans 51 (o3l (5955 2959 S0 Jawgs 00l i3S glias 17 JSC5
Lol LS B grlans dhowsdly Blilas 51 55 osd sl (5,15 00iS azets ;0 4l ;8 consl Bl L a3 B! bans 020 oo
iy Sl an ) oloord g (oanb 1555 Slge o g 0ud SUII 215 4 1555 03le 3585 Cgge el ) oS cl vl 00

TAFAY] stz o 050

IAF] ) Gy (sloadls Lawsi ok fos 5 @) pl iy S pelans 5IAFM yygi — 1 IS5

Sy olidl eanin BLI role JoSho o slag s Gial33l o o] 150 5 (oliowd Jlad (sla 09,5 oloul a5 ol sols olis Slidss
Lomodly b oy Joe BLII jo s Jlazsl slo aigm ol 5 LI yole Shasl oy (ialidl g (Sos ol 556 5 xdaws
BLI gl AD M 508 o a5 diges b duslin 10 3nST slowdlb b osd Joe  coi g plSontunl (a3l Ccl ggome 5o
a ;»—MAJ/ I 6O g U‘)ﬁ"' 'A"L‘Lsnéw Lo.w)b uL..Lo.C)J‘).)).u‘CA.\»‘ du‘c‘a‘u@w “:" 6[.@ Ds)fscla‘.ud);) )l ‘sul.idsw.m.a

! Etching



S ARG ¢ obq AME

o0 sl Cawgasl sl 09,8 slaws) BN prans 3 s slow! (gleowd Sl s adl LAZ OV] 5 )ls Lodl oldes Ll g 55 g9
O s a8 10,5 (oo jr Loy 51 L3 i Lo i (o oy (20lST (a2 50 350 5l am) o 950 (gl (a3l
S8 an ¥ el Gwga] Cols alS )0 g B s G 4 il Caz i 5 aloord o 09, (S dazme i)
TAYT 0iS s (i ol y9y0 531 50 5 009s ol cboadl 51 )3 ouus slo| Sy 5 & i 457 Censl

ins o LAA] aiise 39y (omiead jemam 40 1) ity BLI 4 by, b (61555, o atuslys ST sloawdly 5 oslil
53 Lt (655550 0l 30 g 9 00 o0lial oy SLII ol (gl S pinasl Ll 55 (35,55 b T Boglee 5 psle S5 51 (6,500
=l el ouls oslasul 5 0l g e aila5s 90 5l ol oo gy \Ag: o9y 4 LBl e o sl oas 2l sl (b (615555 oole
g 50 LA ol 4l g pl YIS @ Cand 0o )3 Y dga Lawdl 55 90,8 boad Jae (YIS S5, @ y08 a5 ols lis
s 50 05551 5 152) Leadly wldes 5 calizie sla wlais 236 5 0ol (Byme wazr (b G155, S0 plgie 4 eplols Congy S0
walites sl ailass a8 Cal o3ls Lis zul .ol o0l oy ooiia SYI 5L ol 5 als 5 S5,y iz e Sy 2 (S pianes]
Gl alexdo o8 jolay 1) (555 & jad dewsdly Sldoe il oogai adgi wity SULI (59, 52 () 5o sl plb (3555 00le (ol o o 4
3 lga slamadly NNF] il oats plonil 55 (6 5 31930 ek dlawidly b oy 2ol YIS (59, 185,50, aKil e wools iul3l
Slidee ley Gmalidl L aS ools olis gl g amd, 10wty BLII 59, 5 5,5 atu; 1555, o3le i Sgage (8l o yhaned! Lid
L8] calosls olis 50 65 has caols oad (63,55, YIS aSh! frods il oo i3l onds (65,55, YIS 55, @08 Lewsdly
S sy G 05 31 00 gzl 1355 oole iy (p2al381 36 il bglone 5 (55,1 i slojl8 L il Sl slowsdly
il oolel (65,1 5 (y5emST lajl5 bglsee (sloawndly Jawgi soit YIS a5 Col Sloj s bogsye pudl oy i .ol ools (yLid oot
ol loas zlmewl (61555, oole b piy (65,55, 9l 3 5l ailass Bd> |y malS sly 5aST (glausdls 5l (yaioren Lf] el ous
s bl Slos ey Gialydl g ols Lti (6 ) e dbowdly b o kol ity BLI sl o oslicl | ayszlsn
PH=A" &5y (S5 0508 2510 ) sy sl it Ll 30 (ol 5 el 0003, 00 (65,55, VI (S, 508 (38l
s Lawdly jpi 10 a5 050 oo alamxDe 000,58 rend 4880 D=lowdy loj gz )0 A0 =55,55, los /N F =pgll ailais oy
0] cateenl 3l s Jaisre sy Ll 5haS conl 515 8,90 alais oSl jlaio

5555y Plo ST slansdly b SLII (g5l snlel 1369 o oslinl oty L6355, sl oloey JF 0,50 ek 5o
el A28)5 5 390 155, o0le ol b iy LI 65,55, 50 Leedly bl b Sase (sl ailais o35l el 5 iy SLI
e saailais 5l eolitul om s 4 Laaidl alewgy 60 (65 foe sois (sloaz b a5 ools Las aiow l ) ooel Cowssy gl
) g b LS Sgnr 9o s (65505555 ol 5l snliinl Lyl s L o aS 0o |y el JS 6155, ool Gin Ulg 9> &
0% 9 9l ply 5o 00l (65,55, v diged SO) Sl el Jolate Luylyl o ould (65,55, sleaiged 4 Cud e (S sloadlge
Al LI ay s Loy aliigy ouss (s3le oolel (sla aiges (LS Slaseine 5 (S5, 03 a5 ols Las gl 5 oad (5 5ol
gy 51,18 el ie 3 dAY] g0 5 135, 0lge b T (600555, Laadly b cois YIS (55bw oolel QY] ol azdly 050
ools 05 1) Koo omeds 1555 olgn (65l o [AF] Ul gy AY] (ol jolegs i dAFT wilsarsl sy o358 [5Y] Sl g0 5
s reS Hladiajloslitnl b L (318 wluis jloslitul (oo 1) (el 1355 0lge b oy (65,5, il b pl SeSTL g oo g 2ol
IVaT o ls 52 55 5 olisS e 5 5 by slod 1o 65,55, ploml ISl (mizpan s plasil ]

S5 A )

5 b G355 Slye 55T le o5 hles 5 i cnl o 52,800 b s 4 ety SUI 5, 5 omnb SI5SS; Sl S eslina
aiile goasie sleby, 5l SLS Plo 5 (23T o) Sgete Sln el olen il (35T e duoy0 wiile (S b ety (B9
ol 3 e 39 o ooliul Ciliee 3308 5 ooliand slaby, b Gl o 2ol 5 i olgo 5 (630 slo Kas L cpols ailais
Shoslil aiile lmisgy (o551 5 e 3 (slo wnl b 3l (lugS s (eSS oISty cyon 00 T 5l eolil wiile e,
oS L GL! g 3ol igid o plodl loans olge 51 osbistul 590 5 S Lanoma o clansdly (551555 5 LalS « i) b 2loal
(oSS 13555 Slgo i Sl g i &y g oad Bl s 13 (aleerd 5 (S Sl sl LolS 5 (a3 el owsdly 5]
o L my SLl 4 g0 S5, S3lr g JUd sl 05,5 HluginS g (n eSS glSnliy da o 005 wiile (SLaS 5 () g ules
P T 5 Dol gyl STl ms o Sl sl abmMe BB b ay (b 155, Slse D3z a ] ST cpl Ly oS 0
Bedd Sgate | K5y e pleadl) Ol s lge cnl b B (65,55, 5 (b 155, lge 2l pF] e

! pad dyeing
2 Arnebia euchroma



3
4

5.

6.

7.

8.

S ARG ¢ obq AME

&l -N
AT )l iz o iz o ookl ol3T ol&ils ol Ll 59l § ple s laliSs, ( >l il N

1P -TY LY oK) oo o Sl Ll G359, 30 05 slp s g b slo ilais 5 5)5).0" 26,8 .S g ol e o Y
. D. J. Hill, "Is there a future for natural dyes?", Color. Technol. 27, 18-25, 1997.

. A. Haji and S. S. Qavamnia, "Response surface methodology optimized dyeing of wool with cumin seeds extract
improved with plasma treatment”, Fiber. Polym. 16, 46-53, 2015.

A. Nazari, M. Montazer, F. Afzali, A. Sheibani, "Optimization of proteases pretreatment on natural dyeing of wool using
response surface methodology", Clean Techn. Environ. Policy, 16, 1081-1093, 2013.

V. Sivakumar, J. Vijaeeswarri, J. L. Anna, "Effective natural dye extraction from different plant materials using
ultrasound", Ind. Crops Prod., 33, 116-122, 2011.

K. Sinha, P. D. Saha, S. Datta, "Response surface optimization and artificial neural network modeling of microwave
assisted natural dye extraction from pomegranate rind", Ind. Crops Prod. 37, 408-414, 2012.

M. Montazer, M. Parvinzadeh, "Effect of ammonia on madder-dyed natural protein fiber", J. Appl. Polym. Sci. 93, 2704-
2710, 2004.

‘"u“‘ﬂi) K G;...Jo s, L O Slowdly S a4y 00l (55l osle] (o Y AS).)i’.)" “s?b Al g S axlem o s lail .o A

10. J. Shen, P. Gao, H. Ma, "The effect of tris(2-carboxyethyl)phosphine on the dyeing of wool fabrics with natural dyes",

Dyes Pigm. 108, 70-75, 2014.

11. M. Parvinzadeh Gashti, B. Katozian, M. Shaver, A. Kiumarsi, "Clay nanoadsorbent as an environmentally friendly

substitute for mordants in the natural dyeing of carpet piles”, Color. Technol. 130, 54-61, 2013.

12. V. R. Giri Dev, J. Venugopal, S. Sudha, G. Deepika, S. Ramakrishna, "Dyeing and. antimicrobial characteristics of

chitosan treated wool fabrics with henna dye", Carbohydr. Polym. 75, 646-650, 2009.

13. M. Yusuf, M. Shahid ,M. I. Khan, S. A. Khan, M. A. Khan, F. Mohammad, "Dyeing studies with henna and madder: A

research on effect of tin (ii) chloride mordant”, J. Saudi Chem. Soc. 19, 64-72, 2015.

14. S. A. Khan, I. Shahid ul, M. Shahid, M. I. Khan, M. Yusuf, L. J. Rather, M. A. Khan, F. Mohammad, "Mixed metal

mordant dyeing of wool using root extract of rheum emodi (indian rhubarb/dolu)”, J. Nat. Fibers, 12, 243-255, 2015.

15. M. Feiz, H. Norouzi, "Dyeing studies of wool fibers with madder (rubia tinctorum) and effect of different mordants and

mordanting procedures on color characteristics of dyed samples”, Fiber. Polym. 15, 2504-2514, 2014.

16. O. Erdem Ismal, E. Ozdogan, L. Yildirim, "An alternative natural dye, almond shell waste: Effects of plasma and

mordants on dyeing properties”, Color. Technol. 129, 431-437, 2013:

17. M. O. Bulut, H. Baydar, E. Akar, "Ecofriendly natural dyeing of woollen;yarn using mordants with enzymatic

pretreatments”, J. Text. Inst. 1-10, 2013.

18. A. Haji, "Antibacterial dyeing of wool with natural cationic dye using metal mordants", Mater. Sci. Medzg. 18, 267-270,

2012.

19. F. S. Ghaheh, A. S. Nateri, S. M. Mortazavi, D. Abedi, J. Mokhtari, "The effect of mordant salts on antibacterial activity

of wool fabric dyed with pomegranate and walnut shell extracts", Color. Technol. 128, 473-478, 2012.

20. R.-C. Tang, H. Tang, C. Yang, "Adsorption isotherms and mordant dyeing properties of tea polyphenols on wool, silk,

and nylon”, Ind. Eng. Chem. Res. 2010, 49, 8894-8901

21. A. Haji, "Functional dyeing of wool with natural dye extracted from berberis vulgaris wood and rumex hymenosepolus

root as biomordant”, Iran:-J. Chem. Chem. Eng. 29, 55-60, 2010.

22. P. S. Vankar, R. Shanker, D. Mahanta, S. C. Tiwari, "Ecofriendly sonicator dyeing of cotton with rubia cordifolia linn.

Using biomordant”; Dyes Pigm. 76, 207-212, 2008.

23. G. Dalby, "Greener mordants for natural coloration", J. Soc. Dyers Colour., 109, 8-9, 1993.
24. M. Yusuf, F. Mohammad, M. Shabbir," Eco-friendly and effective dyeing of wool with anthraquinone colorants extracted

from rubia cordifolia roots: Optimization, colorimetric and fastness assay", J. King Saud Univ. Sci. 29, 137-144, 2017.

25. M. N. Morshed, H. Deb, S. A. Azad, M. Z. Sultana, A. K. Guha, "Aqueous and solvent extraction of natural colorants

from tagetes erecta ., lawsonia inermis, rosa | for coloration of cellulosic substrates”, Am. J. Polym. Sci. 2. 34-39, 2016.

26. L. J. Rather, Q. F Dar, Q. Zhou, L. Haofan, Q. Li, "Binary mix metal mordant dyeing of merino wool fibers using

cinnamomum camphora waste/fallen leaves extract: A brief statistical analysis of color parameters"”, J. Text. Inst. 1-10,
2020.

27. H. Jiang, X. Hu, B. I. Meena, A. Khan, M. T. Hussain, J. Yao, J. Wang, "Extraction of natural dyes from the stem of

caulis spatholobi and their application on wool", Text. Res. J. 89, 5209-5217, 2019.

28. E. P. Akcakoca Kumbasar, R. Atav, M. |. Bahtiyari, "Effects of alkali proteases on dyeing properties of various

proteinous materials with natural dyes", Text. Res. J. 79, 517-525, 2009.

29. A. Jahangiri, S. M. Ghoreishian, A. Akbari, M. Norouzi, M. Ghasemi, M. Ghoreishian, E. Shafiabadi, "Natural dyeing of

wool by madder (rubia tinctorum 1.) root extract using tannin-based biomordants: Colorimetric, fastness and tensile
assay", Fiber. Polym. 19, 2139-2148, 2018.

30. M. Hosseinnezhad, K. Gharanjig, N. Razani, H. Imani, "Green dyeing of wool fibers with madder: Study of combination

31.

32.

33.

of two biomordant on k/s and fastness”, Fiber. Polym. 21, 2036-2041, 2020.

M. Hosseinnezhad, K. Gharanjig, R. Jafari, H. Imani, "Green dyeing of woolen yarns with weld and madder natural dyes
in the presences of biomordant", Prog. Color, Color. Coat. 14, 35-45, 2021.

L. J. Rather, M. A. Khan, F. Mohammad, "Biomordanting potential of acacia nilotica (babul) in conjunction with kerria
lacca and rheum emodi natural dyes", J. Nat. Fibers, 16, 275-286, 2019.

0. E. Ismal, L. Yildirrm, "Metal mordants and biomordants", The impact and prospects of green chemistry for textile
technology", Woodhead Publishing, 2019



34

35.

36.

37.

38.

39.
40.

41.

S

43

44,

45.

46.
47.

48.

49.

50.

51
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

S ARG ¢ obq AME

. |. Shahid ul, L. J. Rather, M. Shabbir, J. Sheikh, M. N. Bukhari, M. A. Khan, F. Mohammad, "Exploiting the potential of
polyphenolic biomordants in environmentally friendly coloration of wool with natural dye from butea monosperma

flower extract”, J. Nat .Fibers, 16, 512-523, 2018.

G. Singh, P. Mathur, N. Singh, J. Sheikh, "Functionalization of wool fabric using kapok flower and bio-mordant",
Sustainable Chem. Pharm., 14, 100184, 2019.

A. Riva, |. Algaba, R. Prieto, "Dyeing kinetics of wool fabrics pretreated with a protease"”, Color. Technol. 118, 59-63,
2002.

M. Parvinzadeh, "Effect of proteolytic enzyme on dyeing of wool with madder”, Enzyme Microb. Technol. 40, 1719-
1722, 2007.

E. Tsatsaroni, M. Liakopoulou-Kyriakides, | .Eleftheriadis, "Comparative study of dyeing properties of two yellow

natural pigments—effect of enzymes and proteins"”, Dyes Pigm. 37, 307-315, 1998.

R.-p. Zhang, Z.-s. Cai, "Study on the natural dyeing of wool modified with enzyme", Fiber. Polym. 12, 478-483, 2011.

M. Z. M. Salem, I. H. M. lbrahim, H. M. Ali, H. M. Helmy, "Assessment of the use of natural extracted dyes and
pancreatin enzyme for dyeing of four natural textiles: Hplc analysis of phytochemicals"”, Processes. 8, 59, 2020.

R. Bai, Y. Yu, Q. Wang, J. Yuan, X. Fan, "Effect of laccase on dyeing properties of polyphenol-based natural dye for
wool fabric", Fiber. Polym. 17, 1613-1620, 2016.

5555, 50 Y lawg Syl 1555, oole Sdsid Ly SloS 5 ioluST 2aSTy 5l eolaiwl (Sigo b,5iShg ¢ laiie duzme gy (5 ymas o FY

VAN DV Y S, 60k g pole ol dy s iaeiy
. F. Wang, J. Gong, X. Zhang, Y. Ren, J. Zhang, "Preparation of biocolorant and eco-dyeing derived from polyphenols
based on laccase-catalyzed oxidative polymerization", Polymers, 10, 196, 2018.
J. Su, J. Fu, Q. Wang, C. Silva, A. Cavaco-Paulo, "Laccase: A green catalyst for the biosynthesis of poly-phenols”, Crit.
Rev. Biotechnol. 38, 294-307, 2018.
T. J. Mason, F. Chemat, M. Vinatoru, "The extraction of natural products using ultrasound or microwaves", Curr. Org.
Chem. 15, 237-247, 2011.
S. J. McNeil, R. A. McCall, "Ultrasound for wool dyeing and finishing", Ultrason. Sonochem. 18, 401-406, 2011.
M. M. Kamel, R. M. El-Shishtawy, B. M. Yussef, H. Mashaly, "Ultrasonic assisted dyeing: lii. Dyeing of wool with lac
as a natural dye", Dyes Pigm. 65, 103-110, 2005.
P. S. Vankar, R. Shanker, S. Dixit, D. Mahanta" ,Sonicator dyeing of \cotton, wool and silk with the leaves extract", J.

Text. Appar. Technol. 6, 1-11, 2009.

N. Baaka, W. Haddar, M. Ben Ticha, M. T. P. Amorim, M. F. M'Henni, "Sustainability issues of ultrasonic wool dyeing
with grape pomace colourant”, Nat. Prod. Res. 31, 1655-1662, 2017

Z. Xue, H. Jin-Xin, "Effect of microwave irradiation on the physical properties/and structures of wool fabric", J. Appl.
Polym. Sci. 119, 944-952, 2011.

Z. Xue," Study of dyeing properties of wool fabrics treated with microwave", J. Text. Inst. 107, 258-263, 2016.

N. S. Elshemy, "Unconventional natural dyeing using microwave heating with cochineal as natural dyes", Res. J. Text.
Apparel. 15, 26-36, 2011.

S. Adeel, M. Hussaan; F. u. Rehman, N. Habib, M. Salman, S. Naz, N. Amin, N. Akhtar, "Microwave-assisted
sustainable dyeing of wool fabric using cochineal-based carminic acid as natural colorant”, J. Nat. Fibers, 16, 1026-1034,
2018.

S. Adeel, F. Rehman, M. Pervaiz, M. Hussaan, N. Amin, A. Majeed, H. Rehman, "Microwave assisted green isolation of
laccaic acid from lac insect (kerria lacca) for wool dyeing", Prog. Color, Color. Coat. 14, 293-299, 2021.

S. Adeel, F. U. Rehman, K. M. Zia ,M. Azeem, S. Kiran, M. Zuber, M. Irfan, M. A. Qayyum, "Microwave-supported

green dyeing of‘mordanted wool fabric with arjun bark extracts”, J. Nat. Fibers, 1-15, 2019.

J. Wizi, L. Wang, X. Hou, Y. Tao, B. Ma, Y. Yang, "Ultrasound-microwave assisted extraction of natural colorants from
sorghum husk with different solvents”, Ind. Crops Prod., 120, 203-213, 2018.

A. Haji, M. Khajeh Mehrizi, R. Akbarpour, "Optimization of $-cyclodextrin grafting on wool fibers improved by plasma
treatment and assessment of antibacterial activity of berberine finished fabric”, J. Inclusion Phenom. Macrocyclic Chem.
81, 121-133, 2015.

A. Haji, "Functional finishing of textiles with -cyclodextrin”, in "Frontiers of textile materials: Polymers, nanomaterials,
enzymes, and advanced modification techniques", Wiley, 2020

Yuan Gao, R. Cranston, "Recent advances in antimicrobial treatments of textiles”, Text. Res. J. 78, 60-72, 2008

A. Haji, S. Ashraf, M. Nasiriboroumand, C. Lievens, "Environmentally friendly surface treatment of wool fiber with
plasma and chitosan for improved coloration with cochineal and safflower natural dyes", Fiber. Polym. 21, 743-750,
2020.

A. Haji, M. Khajeh Mehrizi, J. Sharifzadeh, "Dyeing of wool with aqueous extract of cotton pods improved by plasma
treatment and chitosan: Optimization using response surface methodology", Fiber. Polym. 17, 1480-1488, 2016.

A. Haji, M. Khajeh Mehrizi, S. Hashemizad, "Plasma and chitosan treatments for improvement of natural dyeing and
antibacterial properties of cotton and wool", Vlakna a Textil. 23, 86-89, 2016.

A. Haji, "Plasma activation and chitosan attachment on cotton and wool for improvement of dyeability and fastness
properties"”, Pigm. Resin Technol. 49, 483-489, 2020.

I. Shahid ul, B. S. Butola, A. Roy, "Chitosan polysaccharide as a renewable functional agent to develop antibacterial,
antioxidant activity and colourful shades on wool dyed with tea extract polyphenols”, Int. J. Biol. Macromol. 120 1999-
2006, 2018.

S. Safapour, M. Sadeghi-Kiakhani, S. Dustmohammdi, "Chitosan-cyanuric chloride hybrid as an efficient novel bio-
mordant for improvement of cochineal natural dye absorption on wool yarns", J. Text. Inst. 110, 81-88, 2019.

L. Mehrparvar, S. Safapour, M. Sadeghi-Kiakhani, K. Gharanjig, "Chitosan-polypropylene imine dendrimer hybrid: A
new ecological biomordant for cochineal dyeing of wool", Environ Chem Lett, 14, 533-539, 2016.



S ARG ¢ obq AME

67. T. Sajed, A. Haji, M. K. Mehrizi, M. Nasiri Boroumand, "Modification of wool protein fiber with plasma and dendrimer:
Effects on dyeing with cochineal”, Int. J. Biol. Macromol. 107, 642-653, 2018.

68. F. Uddin, "Clays, nanoclays, and montmorillonite minerals"”, Metall, Mat Trans A, 39, 2804-2814, 2008.

69. Y. Yang, S. Han, Q. Fan, S. C. Ugholue, "Nanoclay and modified nanoclay as sorbents for anionic, cationic and nonionic
dyes", Text. Res. J. 75, 622-627, 2005

70. H. Barani, "Modification of bentonite with different surfactants and substitute as a mordant in wool natural dyeing",
Chiang Mai J. Sci. 45, 492-504, 2018.

71. K. R. Millington, "Comparison of the effects of gamma and ultraviolet radiation on wool keratin", Color. Technol. 116,
266-272, 2000.

72. R. H. Wardman, "An introduction to textile coloration principles and practice"”, John Wiley & Sons Ltd, Hoboken, USA,
2018.

73. M. Sadeghi-Kiakhani, S. Safapour, F. Sabzi, A. R. Tehrani-Bagha, "Effect of ultra violet (uv) irradiation as an
environmentally friendly pre-treatment on dyeing characteristic and colorimetric analysis of wool", Fiber. Polym. 21,
179-187, 2020.

74. L. Chirila, A. Popescu, I. R. Stanculescu, M. Cutrubinis, A. Cerempei, |. Sandu, "Gamma irradiation effects on natural
dyeing performances of wool fabrics", Rev. Chim. 67, 2628-2633, 2016.

75. 1. Vujcic, S. Masic, M. Medic, B. Milicevic and M. Dramicanin, "The influence of gamma irradiation on the color change
of wool, linen, silk, and cotton fabrics used in cultural heritage artifacts”, Radiat. Phys. Chem. 156, 307-313, 2019.

76. R. Jafari, S. Asadollahi, M. Farzaneh, "Applications of plasma technology in development of superhydrophobic
surfaces", Plasma Chem. Plasma Process., 33, 177-200, 2013.

77. R. Shishoo, "Plasma technologies for textiles"”, Woodhead Publishing, Cambridge, 2007.

78. H. Conrads, M. Schmidt, "Plasma generation and plasma sources", Plasma Sources Sci. Technol. 9, 441-454, 2000.

79. A. Haji, M. Naebe, "Cleaner dyeing of textiles using plasma treatment and natural dyes: A review",J. Cleaner Prod. 265,
121866, 2020.

80. R. Zhang, A. Wang, "Modification of wool by air plasma and enzymes as a cleaner and environmentally friendly
process”, J. Cleaner Prod. 87, 961-965, 2015.

81. H. Barani, A. Calvimontes, "Effects of oxygen plasma treatment on the physical and chemical properties of wool fiber
surface”, Plasma Chem. Plasma Process. 34, 1291-1302, 2014.

82. A. Haji, S. S. Qavamnia, F. K. Bizhaem, "Oxygen plasma as a pretreatment for environmentally friendly low temperature
dyeing of wool natural fiber", J. Biodivers. Environ. Sci., 5, 602-607, 2014.

83. A. Haji, "Natural dyeing of wool with henna and yarrow enhanced by plasma treatment and optimized with response
surface methodology", J. Text. Inst. 111, 467-475, 2020.

84. A. Haji, "Application of d-optimal design-in the analysis and modelling of dyeing of plasma-treated wool with three
natural dyes", Color. Technol. 136, 137-146, 2020

85. V. S. Goud, "Influence of plasma processing parameters on-mechanical properties of wool fabrics", Indian J. Fibre Text.
Res. 37, 292-298, 2012.

86. C. Wang, Y. Qiu, "Study on wettability improvement and its uniformity of wool fabric treated by atmospheric pressure
plasma jet", J. Appl. Polym. Sci. 123, 10001006, 2011.

87. M. Naebe, R. Denning, M. Huson, P..G. Cookson, X. Wang;, "Ageing effect of plasma-treated wool", J. Text. Inst. 102,
1086-1093, 2011.

88. H. Barani, H. Maleki, "Plasma and ultrasonic process in dyeing of wool fibers with madder in presence of lecithin”, J.
Dispersion Sci. Technol. 32, 1191-1199, 2011.

89. S. Ratnapandian, L. Wang,S. M. Fergusson, M. Naebe, "Effect of atmospheric plasma treatment on pad-dyeing of natural
dyes on wool", J. Fiber Bioeng. Inform. 4, 267-276, 2011.

90. A. Haji, A. M. Shoushtari, "Natural antibacterial finishing of wool fiber using plasma technology"”, Ind. Text. 62, 244-
247, 2011.

91. A. Haji, Z. Amiri, S. S. Qavamnia, "Natural dyeing of wool with arnebia euchroma optimized by plasma treatment and
response surface methodology", J. Biodivers. Environ. Sci. 5, 493-498, 2014.

coloy, S b G, b ST lowdly SaS 4y ouls 6}L~“°°L"T i Y 3 (& el e 4zl e s lail (o AY

AYAF AYOVFY A K5 5,0l8 g pole sole 4y i
93. A. Haji, P. Payvandy, "Application of ann and anfis in prediction of color strength of plasma-treated wool yarns dyed
with a natural colorant”, Pigm. Resin Technol. 49, 171-180, 2020.
94. J. Peran, S. Ercegovi¢ Razi¢, A. Sutlovi¢, T. Ivankovi¢, M. I. Glogar, "Oxygen plasma pretreatment improves dyeing and
antimicrobial properties of wool fabric dyed with natural extract from pomegranate peel”, Color. Technol. 136, 177-187,
2020.



