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Abstract A new amino-terminated hyperbranched
polymer (at-HBP) was synthesized, and its salt-free
dyeing property on ramie fabric was studied. The
structure and molecular weight of at-HBP were
established by Fourier transform infrared spectrome-
ter, H nuclear magnetic resonance and gel permeation
chromatography. The untreated ramie fabric and
modified ramie fabrics were characterized by an
X-ray diffraction (XRD) and field emission scanning
electron micrograph (FE-SEM). XRD results showed
a transformation of the crystalline structure from
ramie cellulose I to cellulose II allomorph during
mercerization and epichlorohydrin modification, and
the crystalline structure of cellulose II was maintained
with an obvious crystallinity index increase after at-
HBP modification. FE-SEM results confirmed that at-
HBP was successfully grafted onto the fabric surface.
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Dyed with reactive dye C.I. reactive Blue 4, the color
strength of the at-HBP-modified fabric was enhanced,
even when dyeing was carried out without the
electrolyte. The washing and rubbing fastness of the
salt-free dyeing of fabrics was also good compared
with those obtained by conventional dyeing. The
adsorption isotherm of C.I. reactive Blue 4 on
modified fabric was examined and found to follow a
Langmuir-type adsorption model. The at-HBP mod-
ification mechanism of ramie fabric and dyeing
mechanism with reactive dye were suggested.
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Abbreviations

at-HBP  Amino-terminated hyperbranched polymer
XRD X-ray diffraction

FT-IR Fourier transform infrared spectrometer
IHNMR H nuclear magnetic resonance

GPC Gel permeation chromatography
FE-SEM Field emission scanning electron micrograph

Introduction
In current practice, reactive dyes are predominantly

used for dyeing of cellulose fabric because of their
high wet fastness, brilliancy and wide range of hue.
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Traditionally, when dyeing cellulose fabric with
reactive dyes, it has been necessary to use a large
amount of salt (NaCl or Na,SO,) to facilitate the
migration of dyes from the bath to the fabric surface
and consequently improve dye uptake and fixation.
The usage of the salt is usually 30—150 g/, and it often
causes heavy environmental pollution (Tam et al.
1997; Liu et al. 2006).

With increasing awareness of environmental pol-
Iution and ever more stringent regulations, the textile
industry is continuously looking for environmentally
benign processes to replace the existing dyeing
methods (Zheng et al. 2012). Over the past few years,
salt-free/low-salt dyeing technology has become a
popular subject for environmentally benign dyeing
processes (Hauser and Tabba 2001; Montazer et al.
2007; Ma et al. 2005; Zhang et al. 2007a, b; Zhang
et al. 2005). Chemical modification of cellulose is a
general method to allow a salt-free/low-salt dyeing
process for cotton and ramie fabric (Xie et al. 2008;
Zhang et al. 2008a, b; Wang et al. 2009a, b).

Ramie fabric, mainly composed of cellulose, is
widely used in the textile industry because of its
excellent properties of hygroscopicity, air permeabil-
ity, having no static electricity, etc. However, its poor
dyeability and spinnability limit its industrial appli-
cation (Pandey 2007).

Chemical modification of ramie fabric to improve its
dyeing properties has been studied comprehensively
(Kalia et al. 2009; Chen and Jin 2006; Mormann and
Michel 2002; Liu et al. 2007; Renfrew and Phillips
2003; Lim and Hudson 2004; Orden and Urreaga 2006;
Liuetal. 2008). To our knowledge, the salt-free/low-salt
dyeing process of ramie fabric has rarely been studied.

In recent years, a hyperbranched polymer, with a
novel three-dimensional dendritic structure, high
density of functional terminal groups, and low
viscosity, has been considered an important develop-
mental direction in the field of polymer science (Gao
and Yan 2004). Because of its unique chemical and
physical properties, the hyperbranched polymer
exhibits broad perspective applications in additives,
macromolecular building blocks and heavy metal ions
adsorption (Ma et al. 2009; Li et al. 2011). The amino-
terminated hyperbranched polymer (at-HBP), as one
of the most important hyperbranched polymers, has
several excellent characteristics, such as low viscosity,
good solubility, and containing many reactive imino
groups and terminal primary amino groups.
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Zhang et al. (Zhang et al. 2008a, b, 2007a, b)
synthesized a new water-soluble amino-terminated
hyperbranched polymer (HBP-NH,) from methyl
acrylate and diethylene triamine by melt polyconden-
sation, and the performance of cotton fabrics modified
with this amino-terminated hyperbranched polymer
(HBP-NH,;) was thoroughly studied. The results
showed that the amino-terminated hyperbranched
polymer can be used as a salt-free auxiliary in reactive
dyeing on raw cotton fabric or sodium periodate
oxidized cotton fiber. In addition, the treated cotton
fabric showed good antimicrobial activities against
Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli). The study of the antiultraviolet proper-
ties of the treated cotton fabric indicated that the HBP-
NH, contributed to a reduction of ultraviolet (UV)
transmission and an increase of the ultraviolet protec-
tion factor (UPF).

In this article, a new amino-terminated hyper-
branched polymer, synthesized from diethyl malonate,
methyl acrylate, and diethylenetriamine by a two-step
procedure, was used for the salt-free dyeing process on
ramie fabric. The structure and molecular weight of
the amino-terminated hyperbranched polymer were
determined using FT-IR, '"HNMR and GPC. The
untreated ramie fabric and modified ramie fabrics
were characterized by X-ray diffraction (XRD) and
field emission scanning electron micrographs (FE-
SEM). Color measurement (K/S values), washing
fastness, rubbing fastness of at-HBP-modified ramie
fabrics and the adsorption isotherm of C.I. reactive
Blue 4 on modified ramie fabrics were studied.

Experimental
Materials

Diethyl malonate, methyl acrylate, diethylenetria-
mine, epichlorohydrin, sodium hydroxide, sodium
bicarbonate and sodium chloride were provided by
Shanghai Chemical Co., Ltd.

Plain woven 100 % ramie fabric (260 g/mz) was
supplied by Huayu Co., Ltd. (Zhejiang, China). All the
fabrics were bleached and scoured. Reactive dyes 1
and 2 were supplied by Ciba Dyestuffs Co., Ltd.;
reactive dyes 3, 4, 5 and 6 were obtained from Jiangsu
Shenxin Dyestuffs & Chemicals Co., Ltd. (Jiangsu,
China). All reactive dyes were used as received. They
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Table 1 Six reactive dyes used for untreated and modified
ramie fabrics

Dyes C.I. generic Commercial name Amount
name (% owf)
1 C.L reactive Cibacron Yellow 2

Yellow 4 C-R

2 C.I. reactive Cibacron Red C-R 2
Red 2

3 C.I. reactive Reactive Brilliant 2
Blue 4 Blue X-BR

4 C.I. reactive Reactive Brilliant 3
Yellow 2 Yellow K-6G

5 C.I. reactive Reactive Brilliant 3
Red 3 Red K-2BP

6 C.I reactive Reactive Brilliant 3
Blue 5 Blue K-GR
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Fig. 1 Chemical structure of six reactive dyes

O HN

0
O‘O g
HN

are listed in Table 1, and their structures are given in
Fig. 1. All the reactive dyes were dichlorotriazines
(dye 1,2 and 3) or monochlorotriazines (dye 4,5 and 6).
The majority of experiments were carried out using
Reactive Brilliant Blue X-BR (C.I. reactive Blue 4).

The amino-terminated hyperbranched polymer,
shown in Fig. 2, was synthesized in the laboratory
with diethyl malonate, methyl acrylate and diethyl-
enetriamine as raw materials.

Preparation of the amino-terminated hyperbranched
polymer (at-HBP)

Synthesis of tetracarboxylic ester

First, 70 ml petroleum ether, 2 g PEG1000, 3 g
anhydrous potassium carbonate and diethyl malonate
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Fig. 2 Preparation of amino-terminated hyperbranched polymer (at-HBP)

(30 ml, 0.2 mol) were added to a 500-ml, four-neck,
round-bottomed glass flask equipped with a stirrer,
thermometer and condensing pipe. Then methyl acry-
late (40 ml, 0.44 mol) was slowly dropped into the
mixture. The mixture was refluxed for 6 h. Then the
mixture was cooled, and the solid crude tetracarboxylic
ester was filtered. The crude tetracarboxylic ester was
recrystallized with ethyl acetate to obtain tetracarb-
oxylic ester (m.p 45—47 °C; Wang et al. 2009a, b).

Preparation of the amino-terminated hyperbranched
polymer (at-HBP)

Diethylene triamine (45 ml, 0.42 mol) was added to a
500-ml, four-neck, round-bottomed glass flask equipped
with a constant-voltage dropping funnel, thermometer
and nitrogen inlet tube. Then tetracarboxylic ester (33 g,
0.1 mol) in methanol (100 ml) was added dropwise into
the flask. The mixture was stirred for 3 h at 45 °C and
transferred to an eggplant-shaped flask with an automatic
rotary vacuum evaporator (Shanghai Yarong Co.). The
mixture was maintained for 4 h at 70 °C under low
pressure to remove the methanol and ethanol until the
yellow, viscous liquid, amino-terminated hyperbranched
polymer (at-HBP), was obtained. The synthesis proce-
dure is outlined in Fig. 2.

Mercerization and crosslinking of ramie fabrics

Ramie fabric (5 g), dried for 24 h at 60 °C before use,
was put into a four-mouth flask equipped with a
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magnetic stirring bar. A mixture of 15 % sodium
hydroxide (60 ml) and epichlorohydrin (6 ml) was
added. The mercerization and crosslinking were
conducted at 50 °C for 5 h. Then the treated ramie
fabric was washed with deionized water to pH = 7.0
and dried at 60 °C.

Treating condition of ramie fabric with the amino-
terminated hyperbranched polymer (at-HBP)

Mercerized and crosslinked ramie fabrics were padded
with the aqueous solution of the amino-terminated
hyperbranched polymer (at-HBP; 15 g/l) and sodium
bicarbonate (8 g/1) using a laboratory P-AO padder
(Ningbo textile instrument factory, China) at 100 %
wet pick-up. The padded fabrics were dried at 80 °C
for 5 min and then cured in a Mini Rapid XC-32 dryer
(Xiamen Rapid Co., Ltd.) at 160 °C for 3 min. The
treated ramie fabrics were rinsed thoroughly in hot
water for 5 min to remove unfixed materials and air-
dried at room temperature.

Dyeing procedures

As the supplied ramie fabrics (untreated or control
ramie fabrics) and at-HBP-modified ramie fabrics
were dyed with C.I. reactive Blue 4 and five other
reactive dyes using a liquor ratio of 30:1. The dye
dosage was 2 % (owf) for dyes 1, 2 and 3 and 3 %
(owf) for dyes 4, 5 and 6 respectively. Salt-free dyeing



Cellulose (2014) 21:3725-3736

3729

of the at-HBP-modified ramie fabrics was commenced
at 30 °Cfordye 1,2 and 3 and 45 °C for dye 4, 5 and 6,
respectively, and kept at this temperature for 40 min.
Then fixation was conducted for 30 min using sodium
carbonate (20 g/l) at 60 °C for dye 1, 2 and 3 and
80 °C for dye 4, 5 and 6, respectively. Conventional
dyeing on the untreated ramie fabric was followed the
procedures recommended by the dye manufacturer in
the presence of sodium chloride (60 g/l) and sodium
carbonate (20 g/l) for dye fixation. After dyeing, the
dyed fabrics were rinsed thoroughly in hot water and
soaped in a soap solution (5 g/l soap powder) at 90 °C
for 5 min, then rinsed thoroughly and air-dried.

Characterization of the tetracarboxylic ester
and amino-terminated hyperbranched polymer
(at-HBP)

FT-IR spectra of the tetracarboxylic ester and amino-
terminated hyperbranched polymer (at-HBP) in KBr
pellets were obtained with a Nicolet AUV360 spec-
trometer (Thermo Fisher Scientific Inc., USA). An
approximately 2-mg sample was mixed with 200 mg
KBr (spectroscopic grade), and FT-IR spectra were
recorded in the range of 4,000-400 cm~! at a resolu-
tion of 4 cm™" with 32 scans per sample.

"HNMR spectra were recorded on the AVANCE AV-
300 or AVANCE AV-500 (Bruker Co., Ltd., Germany)
operating at 400 or 500 MHz, and chemical shifts were
given in ppm units relative to tetramethylsilane (TMS).
The splitting patterns were designated as follows: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet.

The viscosity of the amino-terminated hyperbranched
polymer (at-HBP) was tested using an NDJ-7 rotational
viscometer at 25 °C (Shanghai Tianping Instrument Co.,
Ltd., China). Gel permeation chromatography (GPC) of
the amino-terminated hyperbranched polymer (at-HBP)
was carried out on an Agilent 1200 series, with a column
(TSKgel G3000PWXL column, 7.8 x 300 mm, Tosoh,
Japan) using 0.3 M Na,SO, (pH was adjusted to 4.0 with
acetic acid) as the eluent at a flow rate of 0.5 ml/min. The
effluent was monitored by a UV detector at 215 nm. The
molecular weights were calculated based on polyethyl-
ene glycol standards.

XRD diffraction for ramie fabrics

XRD patterns of control ramie fabric and modified
ramie fabrics were recorded from 20 = 10°-60° with a

Bruker D8 Advance XRD diffractometer (Bruker Co.,
Ltd., Germany) equipped with a graphite monochro-
mator and Cu Ko radiation at A = 0.154 nm (50 kV,
40 mA). The ramie fabrics were cut with scissors to
lengths as short as possible, then ground in a Wiley mill
to pass through a 20-mesh screen. For each sample,
approximately 0.1 g ramie cellulose powder was
compressed into a specimen holder (26 x 26 mm).

Diffraction profiles of the samples were fitted with
MDI Jade 5.0 software using separate diffraction
peaks, and subsequent integration was performed on
each peak. The crystallinity index (CI) of samples was
determined by the peak separation program of MDI
Jade 5.0 software following the equation (Wong et al.
2009; Wang et al. 2007):

Acrys
CI =22 5 100 (1)
total
where Apysia 18 the sum of the areas under the crystalline
diffraction peaks and Ay, represents the total area
under the diffraction curve between 26 of 10°-60°.
The crystallite size of each sample,  (nm), was
calculated by the Scherrer equation (Liu et al. 2010;
Han et al. 2013):
K2
= 2
@ pcosO @)

where 0 is the diffraction angle, K = 0.94 (correction
factor), A = 0.154 nm, and f is the peak width in
radians at half maximum height (peak FWHM).

FE-SEM detection for ramie fabrics

FE-SEM photomicrographs of control ramie fabric
and modified ramie fabrics were recorded with an
Ultra 55 field emission scanning electron microscope
(Carl Zeiss SMT Pte, Ltd., Germany) at an acceler-
ating voltage of 20 kV. The free surfaces were coated
with thin layers of gold before observation.

Measurement of the K/S value
The color strength (K/S value) was measured by a

computer-assisted predicting instrument, Datacolor
600 (Datacolor Co., Ltd., USA).

Fastness testing

Washing fastness tests were performed according to
GB/T 3921-2008(Textiles—Tests for color fastness—
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color fastness to washing with soap or soap and
soda) using the SW-12D washing fastness tester
(Ningbo Textile Instrument Factory, China). Rubbing
fastness tests were performed according to GB/T
3920-2008(Textiles—Tests for color fastness—color
fastness to rubbing) using the Y571A rubbing fastness
tester (Ningbo Textile Instrument Factory, China). The
samples were balanced at 20 °C and a relative humidity
of 60 % for 24 h before the test. The results were given
as the arithmetic mean of five different samples.

Adsorption isotherm of reactive dyes
onto the treated ramie fabrics

The modified ramie fabrics were dyed with C.I.
reactive Blue 4 at a concentration range of
30-360 mg/l for 3 h at 30 °C to determine the
adsorption isotherm. The absorbances of the initial
dyebath (Ap) and exhaust dyebath (A) were measured
using an ultraviolet-visible (UV—Vis) 752 s spectro-
photometer (Lengguang Tech Co., Ltd., Shanghai) at
Amax = 410 nm to calculate the concentration of the
reactive dye adsorbed on the treated ramie fabrics
([Ds]) and the dye remaining in the dyebath ([D]).

Results and discussion

Characterization of amino-terminated
hyperbranched polymer (at-HBP)

FT-IR spectra of the tetracarboxylic ester and the
amino-terminated hyperbranched polymer (at-HBP)
are shown in Fig. 3.

Figure 3b shows that bands at 1,730 cm™! were
assigned to C=0 stretching vibration of ester bonds
(-CO,R); 2,871.5-2,990 cm™! was assigned to the
stretching vibration and bending vibration of methyl
and methylene. Bands at 1,170-1,236.7 cm~! were
assigned to the C—O-C asymmetric stretching vibra-
tion of methyl ester or ethyl ester. The broad peak at
3,360 cm™' was assigned to the N-H stretching
vibration of the primary amine and secondary amide,
1,650 cm™"' was assigned to the carbonyl stretching
vibration of secondary amide bonds (-CONH-), and
1,550.7 cm™' was assigned to the N-H bending
vibration of the primary amine. It was found that the
absorption at 1,730 cm™' (typical C=O stretching
vibration of the ester bond in the tetracarboxylic ester)
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Fig. 3 FT-IR spectra of hyperbranched polymer (a) and
tetracarboxylic ester (b)

disappeared. The typical C—O-C asymmetric stretch-
ing vibration of methyl ester or ethyl ester also
disappeared.

Based on the above analysis, it was concluded that
the tetracarboxylic ester had successfully polycon-
densed to the amino-terminated hyperbranched poly-
mer (at-HBP).

The structure of the tetracarboxylic ester and amino-
terminated hyperbranched polymer (at-HBP) was also
confirmed by "HNMR spectroscopy (shown in Figs. 2,
4, 5). '"HNMR of tetracarboxylic ester (500 MHz,
CDCl;-d3, 6): 1.24 (t,3H, a),2.19 (t, 2H; b), 2.34 (t, 2H;
¢), 3.52 (s, 3H, d), 4.21 (q, 2H, e). For "HNMR of the
amino-terminated hyperbranched polymer (at-HBP;
500 MHz, DMSO-dg, 9), the typical chemical shifts of
primary amine (f), secondary amine (g) and amide
(h) were found; 1.99-2.06 (d, 27H) was assigned to the
chemical shifts of the primary amine (f), 2.47-2.56
(m, 13H) was assigned to the chemical shifts of the
secondary amine (g), and 7.91-8.34 (m, 4H) was
assigned to the chemical shifts of amide (h).

The viscosity of at-HBP was about 1,800 mPa.s at
25 °C. From the GPC result, the average number (M,,)
molecular weight of at-HBP was estimated at approx-
imately 1,468 g/mol.

Color strength (K/S) of untreated and modified
ramie fabrics

To determine whether the at-HBP-modified ramie
fabrics would have enhanced dyeability with reactive
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dyes, the untreated ramie fabric and at-HBP-modified
ramie fabrics were dyed with 2 % owf C.I. reactive
Blue 4 in the absence or presence of electrolytes and
alkali. The results are shown in Table 2.

Table 2 clearly shows that the color strength (K/S)
of at-HBP-modified ramie fabrics was much higher
than those of untreated ramie fabrics. For the untreated

chemical shift & (ppm)

ramie fabrics, the highest color strength was achieved
when both electrolyte and alkali were present (K/S =
10.2), and the lowest color strength (K/S = 3.9) was
achieved when both electrolyte and alkali were absent.
The color strength increased when an electrolyte
was used (K/S = 9.1) or alkali was used (K/S = 8.7).
It clearly demonstrated the importance of using
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Fig. 5 XRD of ramie fabrics: a untreated ramie fabric;
b mercerized and epichlorohydrin-modified ramie fabric; ¢ at-
HBP-modified ramie fabric

Table 2 Color strength of untreated and modified ramie
fabrics

K/S
Untreated ramie Modified ramie
fabric fabric
Alkali/electrolyte 10.2 16.3
Electrolyte only 9.1 14.1
Alkali only 8.7 13.9
No alkali and no 3.9 9.3

electrolyte

C.I. reactive blue 4, 2 % owf

electrolytes and alkali for the normal dyeing of
reactive dyes. For the at-HBP-modified ramie fabrics,
the highest color strength was achieved when both
electrolyte and alkali were present (K/S = 16.3), and
the lowest color strength was achieved when both
electrolyte and alkali were absent (K/S = 9.3). The
color strength of at-HBP-modified ramie fabrics with
either electrolyte or alkali absent was higher than those
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Table 3 Color strength of salt free at-HBP-modified ramie
fabrics with different reactive dyes

K/S

Modified
ramie fabrics

Untreated
ramie fabric

C.L reactive Yellow 4 9.6 14.8
C.I reactive Red 2 10.0 15.9
C.I reactive Blue 4 10.2 16.3
C.I reactive Yellow 2 53 11.7
C.IL reactive Red 3 5.0 11.3
C.IL reactive Blue 5 6.1 13.2

obtained in the absence of both electrolyte and alkali.
The color strength (K/S) was higher than the results
obtained in Zhang et al. (2008a, b, 2007a, b), while
lower than those obtained in Liu et al. (2008).
Subsequently, five other reactive dyes were applied
to the untreated and at-HBP-modified ramie fabrics
using competitive dyeing in the absence of electrolyte,
but in the presence of alkali. The color strength results
are shown in Table 3. It was shown that the color
strength of at-HBP-modified ramie fabrics increased
for all the dyes in comparison with the control ramie
fabrics. Therefore, salt-free dyeing with reactive dyes
was possible for ramie fabrics modified with at-HBP.

XRD analysis of ramie fabrics

XRD patterns of untreated ramie fabric, mercerized
and epichlorohydrin-modified ramie fabric, and at-
HBP-modified ramie fabric at 20 of 10°-60° are
shown in Fig. 5. The diffraction peaks at 14.84°,
16.38°, 22.68° and 34.20° (as shown in Fig. 5a),
assigned to the crystallographic planes of (1 —1 0),
(110),(200) and (0 0 4), were characteristic of the
“cellulose I crystal” (Mormann and Michel 2002; Gao
et al. 2010; French and Michael 2013; French 2014).
The high intensity of the diffraction peak at 22.68°
(2 0 0) means that the untreated ramie fabric has a
highly crystalline structure. As shown in Fig. 5b, after
mercerization and epichlorohydrin modification, the
diffraction peaks at 20.22 (1 1 0), 22.28 (0 2 0) and
34.34° (0 0 4) were associated with the typical peaks of
the cellulose II allomorph (Mormann and Michel
2002; Liu et al. 2007; French and Michael 2013;
French 2014; Yue et al. 2012; Han et al. 2013). This
suggests a transformation of the crystalline structure
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from cellulose I to cellulose II allomorph during
mercerization and epichlorohydrin modification.
Comparing with Fig. 5a, the (1 —1 0) peak at
20 = 14.84 and (1 1 0) peak at 20 = 16.38 completely
disappeared. The at-HBP-modified ramie fabric also
showed the characteristic XRD pattern of cellulose II
(26 = 20.38°,22.42° and 34.20°, as shown in Fig. 5c),
suggesting that the at-HBP modification has no effect
on the crystallite structure of the mercerized fabric.

Using MDI Jade 5.0 software and equation (1), the
CIs of untreated ramie fabric, mercerized and epi-
chlorohydrin-modified ramie fabric, and at-HBP-
modified ramie fabric were calculated as 85.2, 50.2
and 64.7 %, respectively. The CIs of mercerized and
epichlorohydrin-modified ramie fabric decreased
sharply, while the CI of at-HBP-modified ramie fabric
was higher than that of mercerized and epichlorohy-
drin-modified ramie fabric. This can probably be
attributed to the three-dimensional dendritic structure
of at-HBP with low viscosity, good solubility, and rich
imino groups and terminal primary amino groups.
When at-HBP is applied to ramie fabric, it can easily
penetrate into the treated ramie fabrics and combines
with cellulose in abundant hydrogen bond and Van der
Waals force (Wong et al. 2009; Zhang et al. 2008a, b;
Wang et al. 2007).

The crystallite sizes of untreated ramie fabric,
mercerized and epichlorohydrin-modified ramie fab-
ric, and at-HBP-modified ramie fabric were calculated
using MDI Jade 5.0 software and Scherrer equation
(2); the values of crystallite size were 5.8, 3.1 and
3.6 nm, respectively.

XRD suggested a transformation of the crystal-
line structure from ramie cellulose I to cellulose II
allomorph during mercerization and epichlorohy-
drin modification, and the crystalline structure of
cellulose II was retained with an obvious CI
increase when the ramie fabric was modified with
at-HBP.

FE-SEM analysis of ramie fabrics

FE-SEM micrographs (2,000 x magnification) of the
untreated ramie fabrics and modified-ramie fabrics are
shown in Fig. 6. Figure 6a showed that the surface of
untreated ramie fabric was relatively smooth and
appeared as a layered structure (Ma et al. 2005; Liu
et al. 2008). When ramie fabric was modified with at-

HBP, a very rough surface partly covered with
polymer-like granules was observable (Fig. 6b), sug-
gesting that at-HBP was crosslinked onto the surface
of ramie fabric.

Fastness properties

The washing fastness and rubbing fastness of
untreated ramie fabrics (dyed in the presence of
electrolyte and alkali) and salt-free dyeing of at-HBP-
modified ramie fabrics (dyed in the absence of
electrolytes, but in the presence of alkali) with C.I.
reactive Blue 4 are shown in Table 4. Compared with
the untreated ramie fabrics, the at-HBP-modified
ramie fabrics had good washing fastness and rubbing
fastness. Clearly, the washing and rubbing fastness of
reactive dye dyeing was maintained.

Investigation of the adsorption isotherm

To investigate the adsorption isotherm of C.I. reactive
Blue 4 on the modified ramie fabric in the absence of the
electrolyte, dyeings were carried out at a concentration
range of 30-360 mg/1 for 3 h at 30 °C. The concentra-
tion of the dye adsorbed on the fabric ([D¢]) and the dye
remaining in the dyebath ([D;]) were calculated to draw
the adsorption isotherms for C.I. reactive Blue 4 on the
modified ramie fabric (shown in Fig. 7a). Figure 7b was
the curves plotted 1/[Df] against 1/[Ds], where the
Langmuir model fitted the experimental data very well
with a high correlation coefficient (R = 0.985). It
indicates that the adsorption pattern of C.I. reactive
Blue 4 on the modified ramie fabric in the absence of the
electrolyte is Langmuir-type adsorption (Zhang et al.
2007a, b). Similar observations were reported for the
adsorption of Reactive Brilliant Yellow A-4GLN on
HBP-NH, grafted onto the oxidized cotton fabric
(Zhang et al. 2008a, b).

The typical Langmuir-type adsorption of C.I.
reactive Blue 4 on the modified ramie fabric demon-
strated the mechanism of salt-free dyeing on the at-
HBP-modified ramie fabric. In the dyeing of the
modified ramie fabrics in the absence of electrolytes,
the adsorption of the reactive dyes is assisted by the
attraction between the amino of the amino-terminated
hyperbranched polymer on the ramie fabrics and the
disulfonate anions on the reactive dyes and the
elimination of hydrogen chloride between the amino
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Fig. 6 FE-SEM of ramie fabrics: a untreated ramie fabric; b at-HBP-modified ramie fabric (magnification, x2,000, EHT, 1,000 V)

Table 4 Fastness properties of untreated ramie fabrics and
modified ramie fabrics

Ramie fabrics Rubbing fastness Washing fastness

Dry Damp Fading Staining
Untreated 4-5 34
Modified 4-5 4 4-5 5

group and chloride atom of reactive dyes (monochlo-
rotriazines or dichlorotriazines).

Modification and dyeing mechanisms

The at-HBP modification of ramie fabric involved two
steps: the first was the mercerization and epichloro-
hydrin crosslinking of ramie fabric; the next was the
crosslink between at-HBP and ramie cellulose. After
mercerization with a high concentration of sodium
hydroxide, the high reactivity of the hydroxyl group of
ramie cellulose would form a large amount of oxygen
anions (O7). Then the O anion would react with

epichlorohydrin to form an intermediate under alka-
line conditions, eliminating hydrogen chloride and
H,O0 (Liu et al. 2007; Liu et al. 2008). A large amount
of the amino group of at-HBP would react with epoxy
to form at-HBP-modified ramie cellulose. Then, the
ramie cellulose had large amounts of active amide,
amino and hydroxyl groups covalently bound to the at-
HBP chains.

As shown in Fig. 8, the dyeing mechanism between
at-HBP-modified ramie cellulose and the reactive
molecular dye was proposed. Large amounts of active
amide, amino and hydroxyl groups covalently bound
to the ramie cellulose would strongly attract anionic
groups (disulfonate anions) of reactive dyes, and
abundant active groups would react with chloride
atoms of reactive dyes (monochlorotriazines or di-
chlorotriazines) to eliminate hydrogen chloride, which
results in the fixation between cellulose and reactive
dyes. Due to abundant crosslinking between cellulose
and amino active groups of at-HBP, the reactive sites
on cellulose fabric with reactive dyes were remarkably
increased, thus leading to higher dye uptake. Also, this

Fig. 7 Adsorption . 144 101 b
isotherms for C.I. reactive
Blue 4 on salt-free dyeing of 121 A
: : : . 0.8
modified ramie fabrics 104 N
— A )
D 4
> 87 A ‘ g 0.6
S S
= i A ——
5 ° S o041
44 . -
I 0.2
A
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at-HBP-modified ramie fabric could be dyed with
reactive dyes without large amounts of electrolytes,
even free of salt, which are normally needed to drive
the dyes from the water onto the fabrics.

Conclusions

A new amino-terminated hyperbranched polymer (at-
HBP) was synthesized, and its dyeing property on
ramie fabric was studied using a salt-free dyeing
process. The structure and molecular weight of at-
HBP was established by FT-IR, 'HNMR and GPC.
The untreated and modified ramie fabrics were
characterized by XRD and field emission scanning
electron micrographs (FE-SEM). FE-SEM results
confirmed that at-HBP was successfully grafted onto
the fabric surface. XRD results showed a transforma-
tion of the crystalline structure from ramie cellulose I
to cellulose II allomorph during mercerization and
epichlorohydrin modification, and the crystalline
structure of cellulose II was maintained with an
obvious CI increase after at-HBP modification. Dyed
with the reactive dye C.I. reactive Blue 4, the at-HBP-
modified ramie fabric displayed obviously enhanced
color strength, even when dyeing had been carried out
in the absence of the electrolyte. The washing fastness
and rubbing fastness of the salt-free dyeing of

modified ramie fabrics were also favorable compared
with those obtained by conventional dyeing. The
dyeing behavior of C.I. reactive Blue 4 on the treated
ramie fabric was examined and found to follow a
Langmuir-type adsorption curve. The at-HBP modi-
fication mechanism of ramie fabric and dyeing mech-
anism with reactive dye were suggested. It is
concluded that the amino-terminated hyperbranched
polymer (at-HBP) can be used as a salt-free auxiliary
in reactive dyeing on ramie fabric.

Therefore, this ramie fabric modification procedure
could be used to improve the utilization of dyes,
increase the dyeing color strength and reduce pollu-
tion, showing prospective applications for ramie fabric
treatment.
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