Korean J. Chem. Eng., 30(9), 1810-1818 (2013)
DOI: 10.1007/511814-013-0103-y

Adsorption thermodynamics and Kinetics of disperse dye on poly(p-phenylene
benzobisoxazole) fiber pretreated with polyphosphoric acid

Yu Guan***, Ya-hong Mao***, Dong Wei**, Xiu-xing Wang****, and Pu-xin Zhu*'

*Textile Institute, Sichuan University, Chengdu 610065, P. R. China
**Bureau of Quartermaster Military Representation of the General Logistics Department, PLA, Beijing 100071, P. R. China
***Department of Dyeing and Chemistry, Chengdu Textile College, Chengdu 611731, P. R. China
*xx*Quartermaster Equipment Institute of General Logistics Department, PLA, Beijing 100010, P. R. China
(Received 25 April 2013 * accepted 10 June 2013)

Abstract—Adsorption thermodynamic and kinetic studies of C. I. disperse dye 60 on PBO fiber pretreated with poly-
phosphoric acid (PPA) were carried out under the conditions of pH 6.0+0.2, initial dye concentration 0.05-1.0 g/L. and
liquor ratio 2,000 : 1. The results showed that the equilibrium adsorption isotherm of the disperse dye on the pretreated
PBO fiber was a Langmuir-Nernst mixed Model and the saturated adsorption capacity of the turning point was 1.046
mg/g. The thermodynamic parameters were calculated by the equilibrium adsorption isotherm, such as standard affinity,
enthalpy change and entropy change, which indicated that the adsorption of disperse dye on the pretreated PBO fiber
was an exothermic process. Based on the thermodynamic and kinetic data, the adsorption of the dye on the pretreated
PBO fiber was a kinetics controlled process, and the disperse dye could only diffuse into the surface layer of pretreated
PBO fiber. Meanwhile, the adsorption kinetics of disperse dye on pretreated PBO fiber well agreed with a pseudo-

first-order kinetic model.
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INTRODUCTION

Poly(p-phenylene benzobisoxazole) (PBO) fiber is known to pos-
sess the highest modulus and tensile strength among all commer-
cial manmade polymer fibers. It can be used as a reinforcing fiber
in advanced composites and has great potential applications in aero-
space, military and general industries [1-3]. The excellent mechani-
cal properties, good thermal and chemical stability come from the
structure character of PBO fiber with rigid chain in the chemical
unit, high level of crystallinity and high degree of chain orientation
along the fiber axis [4,5]. The chemical structure of PBO macro-
molecular unit is listed in Scheme 1.

PBO fiber is hydrophobic, the macromolecular chains of which
are arranged densely and do not contain any active groups that can
combine with conventional dye molecules [6,7]. This makes the
dyeing and printing of PBO fiber very difficult, which limits appli-
cations of PBO fiber in some special areas such as the military camou-
flage. Similar to the dyeing property, compatibility problems of PBO
with other polymers has puzzled both academia and industry. There-
fore, since the invention of PBO fiber, many researchers worldwide
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Scheme 1. Structure unit of poly(p-phenylene benzobisoxazole).
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continuously have worked hard in the field of PBO surface modifi-
cation, based on the needs of applications of PBO fiber in fiber
reinforced materials. Wu and his co-workers applied a surface modifi-
cation technique to the PBO fiber with methanesulfonic acid solu-
tion to prepare reinforcement composite with epoxy resin as a matrix.
They found the bonding force between fiber and epoxy resin [8].
Thereafter, Wu and Cheng utilized oxygen, nitrogen, argon or ammo-
nia gas plasmas to modify the PBO fiber, thus introducing some
polar groups, such as hydroxyl and amino groups, onto the fiber
surface [9]. In addition, the roughness of modified fiber was also
improved due to plasma etching and oxidation, which resulted in a
significantly decreased interfacial free energy and a slightly reduced
tensile strength of modified fibers [9,10]. In Liu’s work, the PBO
fiber was modified in a coupling agent/toluene solution with low-
temperature plasma of argon. As a consequence, the contact angle
of the fiber-water decreased and the shear strength between the fiber
and epoxy resin increased [11]. Andreopoulos and Tarantili found
that amine, amide, carbonyl, hydroxyl groups, and the like, could
be added to the surface of PBO fiber by corona discharge method,
which improved the wetting property along with the chemical reac-
tivity of the fiber surface [12]. According to another report, the PBO
fiber was pretreated in a solution of epichlorohydrin/acetone, and
then modified by jray radiation method. In this way, the modified
fiber could interact well with the chemical active sites of epoxy mat-
rixes due to some new groups containing oxygen, nitrogen and/or
chlorine on the modified surface [13].

In our previous research, the polyphosphoric acid (PPA) was em-
ployed to pretreat the PBO fiber so that the micropores and axial
micro streaks formed on the surface of fiber. Then the pretreated
PBO fiber was dyed with disperse dyes using conventional high tem-
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perature and high pressure method. The color depth, color fastness,
tensile strength and flame-retardant property of the pretreated PBO
fiber satisfied the requirements of military camouflage and some
special industries. Meanwhile, the results, in the study of the supramo-
lecular structure and the cross-section of pretreated and dyed sam-
ples, indicated that the etching of PPA could only occur on the fiber
surface, and the basic structure of the fiber was not damaged [14].

To better understand the dyeing mechanism, we analyzed the subtle
differences between disperse dyeing process of pretreated PBO fiber
and that of polyester by learning the research method of polyester
dyeing [15-17]. In the present study, we studied the adsorption and
diffusion properties of a disperse dye in the pretreated PBO fiber in
terms of the equilibrium adsorption isotherm, thermodynamic param-
eters (standard affinity, enthalpy change and entropy change), dif-
fusion ability parameters (diffusion coefficient and activation energy
of diffusion) and the adsorption rate equation in this paper to better
understand the dyeing mechanism. Furthermore, N, adsorption-des-
orption porosimetry method first was used to evaluate and calcu-
late the effective volume of dyestuff on dry fiber.

EXPERIMENTAL

1. Materials

Poly(p-phenylene benzobisoxazole) fiber, free of any fluorescent
brightener, was supplied by Chenguang Chemical Industry Insti-
tute, Chengdu, China. To remove the oil and chemicals that clung
on the fiber, it was scoured with acetone and ethanol at room tem-
perature for 20 min respectively, washed repeatedly with hot and
cold deionized water and dried under laboratory conditions. Then
the PBO fiber was pretreated with polyphosphoric acid (PPA) at
65 °C for 2 min. The sample was rinsed with flowing water for 10
minutes, and was dipped in 10 g/L. sodium carbonate aqueous solu-
tion for neutralization. Finally, the fiber bundles were rinsed repeat-
edly with hot and cold deionized water and dried under laboratory
conditions. After pre-treatment process according to the above, the
glass transition temperature (T,) of the fiber was changed from 194 °C
to 183 °C; the crystallinity of the sample was changed from 93.78%
to 82.33% [14].

C. L Disperse Red 60 (Scheme 2) was obtained from Dyestar
Ltd. (Shanghai, China), which was used after removing dispersing
agents with acetone and purifying by recrystallization. Polyphos-
phoric acid (PPA), acetic acid, sodium carbonate, ethanol, acetone,
and N,N-dimethyl formamide were of analytical grade.

2. Measurement of Effective Volume

The samples were tested for their porosity characteristics by N,

adsorption-desorption porosimetry at 77 K, by using a Micromerit-
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Scheme 2. Chemical Formula of C. I. Disperse Red 60.

ics Tristar 3000 Surface Area and Pore Size Analyzer (US Micromer-
itics Ltd.). All samples were degassed for 24 h at 573 K in vacuum
circumstance to remove any moisture or adsorbed contaminants
that may have been present on the surface [18]. BET surface areas
(SBET) of the original and pretreated fibers can be measured by
applying the included software based on the BET equation and the
adsorption data [19]. The total pore volume was evaluated by addi-
tion of microporous and macroporous volumes [20]. The effective
volume (V) of dyestuff on dry untreated and pretreated PBO fibers
in adsorption process was tested by this method, the values of which
are 0.036 L/kg and 0.53 L/kg, respectively.
3. Standard Curves of Absorbance-concentration of Dye Solu-
tion

Based on the Lambert-Beer Law, the concentration (g/L) of the
dyebath was tested on Shimadzu UV-2401PC UV/Visible spectro-
photometer under the maximal adsorption peak (4,,,=520 nm) of the
dye. The testing solution was composed of H,O and N,N-dimethyl
formamide, of which the volume ratio of these two constituents was
1:1, and the pH value of the mixed solution was adjusted to 6.0+
0.2 with dilute acetic acid solution [21].
4. Equilibrium Adsorption Isotherm

The dye was dispersed in deionized water to the required con-
centration (0.05-1.0 g/L)). The pH of the dye solution was adjusted
to 6.0+0.2 with glacial acetic acid. The three kinds of fiber (0.1 g),
original or pretreated PBO fiber and commercial PET fiber which
were selected for comparison with the adsorption of disperse dye
on normal synthetic fiber, was individually put into an Erlenmeyer
flask installed with a reflux condensator and a thermostatic bath,
followed by addition of the dye solution 200 mL. The ratio of the
dye solution to fiber (liquor ratio) was 2,000 : 1, which could be
considered as an infinite ratio. The dyeing flask was shaken for 96
hours at temperatures of 50, 70 and 90 °C, respectively. At the end
of experiment, 1.0 mL of the dye residual solution was pipetted out
from the experiment solution and its concentration was determined
[22].
5. Standard Affinity, Enthalpy Change and Entropy Change

The standard affinity —Az¢ (kJ/mol) of the dye on fibers was cal-
culated using Eq. (1) [23,24]

—Aﬂ():—(ﬂg—ﬂg):RTl“%]Lx )
where — 44 is standard chemical potential of dye on the fiber; — 2
is standard chemical potential of dye in dyeing solution; R is univer-
sal gas constant (8.314 J/mol-K); T is absolute temperature (K);
[D],is dye concentration on the fiber (mg/g); [D], is dye concentration
of the adsorption solution (mg/L); V is effective volume of dyestuff
on dry fiber in adsorption process (V .., =1.0 L’kg) [25].

The enthalpy change (AH") manifested as heat of adsorption (kJ/
mol) in the adsorption process, which was calculated by Gibbs-Helm-
holtz equation Eq. (2) [23]
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where — Az and —Ags? are the standard affinity at different tem-
peratures respectively; T is absolute temperature (K).

The entropy change (AS") of adsorption at different temperature
(J/mol-K) was calculated using Eq. (3) [23,26]
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6. Dyeing Dynamics
The dry fiber sample of 0.1 g and 200 mL dye solution (0.02 g/
L) were put in a flask with a reflux condensator, which was shaken
in a temperature controlled bath under the temperatures of 50 and
90 °C, respectively. Every other period of time, 1.0 mL of dye solu-
tion was pipetted from the experiment solution to determine its con-
centration, so as to establish a relationship of the dye uptake and
time [22].
7. Diffusion Coefficient and Activation Energy of Diffusion
According to Hill equation, Eq. (4) [27,28], the diffusion coeffi-
cient was calculated using Eq. (5) [28].

C, D112
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where C, is dye exhaustion at time t (mg/g); C,,, dye exhaustion at
equilibrium (mg/g); D;, diffusion coefficient (m*”/min); r, radius of
fiber (um) which was measured by scanning electron microscope
(Hitachi, Ltd., Tokyo, Japan), and the radii of polyester and PBO
fiber are 4.48 and 10.95 um, respectively [14]. When (C/C,)=0.5,
t=t,,, Eq. (4) was changed to

_0.06292r”
tn
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According to the Arrhenius equation, Eq. (6) [14], the activation
energy of the diffusion was calculated from the relationship between
InD and 1/T

1%:5(%2-%) ©)

where D, and D, are diffusion coefficients at different temperatures,
respectively (m*min); E is activation energy (kJ/mol);.T, and T,
are different experimental temperature, respectively.

8. Adsorption Rate Equation

Pseudo-first-order equation, also known as the Lagergren equa-
tion, is expressed as follows [22,29-31]:

dc,

—'=ki(€.=C) )
where k; is the rate constant for pseudo first-order adsorption (min™).
Integrating Eq. (7) and applying initial conditions, the Eq. (7) was
changed to

kl
log(C,,—-C)=logC, - mt ®)
and
h; =k, C,, ©

where h;, (mg/g-min) is the initial dye adsorption rate of pseudo-
first-order adsorption.
The pseudo-second-order kinetic model is based on adsorption
equilibrium capacity and can be expressed as follows [22,29-31]:
dc,

5 =ke(C=CY (10)

where k, is the rate constant for pseudo second-order adsorption
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(g/fmg'min). By integrating Eq. (10) and applying the initial condi-
tions, it gives:

=— )
Cf kz Ci Coo
and
h,=k,C; (12)

where h,, (mg/g-min) is the initial dye adsorption rate of pseudo-
second-order adsorption.

RESULTS AND DISCUSSION

1. Equilibrium Adsorption Isotherm

The equilibrium adsorption isotherm, which was plotted with
adsorbate concentration on adsorbent as ordinate against adsorbate
concentration in solution as abscissa, was fundamental in describ-
ing the interaction behavior between adsorbate and adsorbent. It is
important in the design of an adsorption system and a dyeing pro-
cess [21,31]. Figs. 1 and 2, respectively, show the isotherms of the
adsorption of disperse dye on polyester and original PBO fiber at
50, 70 and 90 °C. The scattered points in Fig. 1 indicate a linear in-
creasing in the disperse dye concentration on the polyester fiber ([D],)
with increasing of the disperse dye concentration in solution ([D],)
at different experimental temperatures. That is, the ratio of [D], and
[D], was a constant. These three adsorption isotherms were fitted
with Eq. (13) by lines in Fig,. 1, and the adsorption model was gener-
ally named the Nemst model. So the adsorption process of the dis-
perse dye on the polyester can be regarded as a distribution between
two immiscible solvents (water and fiber). The isotherm parame-
ters of disperse dye on polyester are listed in Table 1. This result
was consistent with previously published literature [15].

[D]=[D]y=K4[D], 13)

where [D],, is the disperse dye concentration on polyester fiber cal-
culated based on the Nemst adsorption model (mg/g); K, is the parti-
tion coefficient of the Nernst adsorption model (L/g).

In Fig. 2, although the dye concentration on the unpretreated PBO

[D], (mg/L)

Fig. 1. Adsorption isotherms of the disperse dye on polyester fiber
at 50, 70 and 90 °C.
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Table 1. Adsorption isotherm parameter of disperse dye on polyester and original PBO fibers
Polyester Original PBO
Temperature 3 2
Ky (L/g) [S]» (mg/g) R K, (L/g) [S], (mg/g) R
50°C 0.167 2.332 0.96616 2.935 0.306 0.97125
70 °C 0.115 3.731 0.99291 1.214 0.394 0.95364
90 °C 0.088 5.066 0.99681 0.707 0.495 0.92395

[S], and [S], the max equilibrium adsorption capacity of the disperse dye on polyester and original PBO fibers, respectively; K partition coeffi-
cient of the Nernst model; K, equilibrium adsorption constant of the Langmuir model; R’ correlation coefficient

(D], (mg/g)

(D], (mg/L)

Fig. 2. Adsorption isotherms of the disperse dye on original PBO
fiber at 50, 70 and 90 °C.

fiber ([D],) also increased with increasing [D], the rising trend gradu-
ally slowed down in a higher concentration range of [D],. The three
sets of scattered data points were fitted with Eq. (14) by Origin 8.0,
a common drawing and analysis software. All the three fitted curves
accorded with the Langmuir adsorption model. The phenomenon
indicated that the adsorption of the disperse dye on the untreated
PBO fiber basically belonged to a monolayer adsorption which might
be based on the aromatic and benzobisoxazole ring as the adsorption
centers. The detailed isotherm parameters are also listed in Table 1.

_ K [DLIS]

“T+K,[D], 4

[D]f: [D]1,
where [D], is the disperse dye concentration on the untreated PBO
fiber calculated based on the Langmuir adsorption model (mg/g);
[S] is the max equilibrium adsorption capacity of the disperse dye
on PBO fiber (mg/g); K, is the equilibrium adsorption constant of
the Langmuir model (L/g).

Meanwhile, by comparison of the isotherm parameters in Table 1,
the max equilibrium adsorption capacity ([S]) of disperse dye on
both the polyester and untreated PBO fibers increased with rising
experimental temperature, while the max equilibrium adsorption
capacity of polyester ([S],) was larger than that of untreated PBO
([S]y) at every temperature in the experiment. A reasonable expla-
nation was that, on one hand, the higher temperature promoted swell-
ing of fibers and thermal motion of disperse dye molecules, and
the dye molecule could overcome an energy barrier to diffuse into
the polyester fiber. On the other hand, under existing temperature

18 m 50°C

16 ® 70°C

[D], (mg/g)

0 2 4 (5] 8 10 12 14 16 18
[D], (mg/L)

Fig. 3. Adsorption isotherms of the disperse dye on pretreated PBO
fiber at 50, 70 and 90 °C.

condition, the disperse dye molecules almost could not diffuse into
the interior of the PBO fiber because of much higher crystallinity
and orientation degree of the PBO fiber than ordinary fibers, e.g.,
the polyester fiber. For the same reason, the dye molecules could
only adsorb on the PBO fiber surface, so the rising trend of [S],
with temperature was lower than that of [S],. This inference was
confirmed in analyzing the cross-section of dyed PBO fiber in our
previous research [14]. Furthermore, the phenomenon that the cor-
relation coefficient (R°) values in PBO adsorption experiment became
smaller with rise in the temperature indicated the diffusion ability
of dye molecules to the core of PBO fiber was enhanced at higher
temperature; so the adsorption isotherm gradually deviated from
the Langmuir model, and was close to the Nemst model. Conversely,
the value of R” in polyester adsorption experiment was increased.
Fig. 3 shows the adsorption isotherms of the disperse dye on the
PBO fiber pretreated with PPA at 50, 70 and 90 °C, respectively. In
the figure, the [D], increased with increasing the [D];, as a whole at
every temperature. But the figure details suggested two plateau regions
on the curves of relationship between [D], and [D]; at different tem-
peratures. The surprising phenomenon became clearer as some guide
lines were fitted in Fig. 3 based on experimental data, by Langmuir
adsorption model (Eq. (13)) and Nemst adsorption model (Eq. (14)),
respectively. When the [D]; is lower than a certain value between
4-6 mg/L, the increasing of [D], with [D];, represented a character
of Langmuir adsorption mode. That is, dye molecules tended to come
into being monolayer adsorption on the fiber surface. Contrarily,
when the [D], was higher than this fixed value, the changes of [D],
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with [D], turned to perform a Nernst adsorption model. Therefore,
the dyeing process of the pretreated PBO fiber with the disperse dye
underwent a mixed Langmuir-Nernst adsorption model. At dyeing
temperatures far below the T, of PBO in the experiment, dye mole-
cules still could not easily enter into matrix of the pretreated fiber
[14]. Therefore, in the low dye concentration, dye molecules tended
to come into being monolayer adsorbing at micropore and striation
situation on the fiber surface owing to the interaction between dye
molecules and benzene and benzobisoxazole ring. Only when the
concentration of dye was sufficiently higher did the dye molecules
in the solution gradually diffuse into the pretreated fiber, which was
driven by a large enough concentration gradient between outside
and interior of fiber.

Furthermore, the max equilibrium adsorption capacity at the Nernst
part ([S]y) on the pretreated PBO fiber became larger at the higher
temperature, which is similar to the phenomenon in the polyester
experiment. The result presented another driven force of the Nernst
adsorption model. At a higher temperature, dye molecules had more
energy to move to the porous subsurface of the pretreated PBO fiber.
However, the max equilibrium adsorption capacity at the Langmuir
part [S], was almost constant at the three experimental temperatures.

On one hand, the micropore and striation on the pretreated PBO
fiber surface was large enough for the disperse dye molecules ad-
sorption. So, at higher than 50 °C, dye molecules monolayer adsorp-
tion could occur at these positions. On the other hand, below the
T,, because PBO macromolecular chain segments could not move,
and the attraction between the dye molecules and the PBO macro-
molecules was greater than the thermal motion energy of the dye
molecules diffusing into the fiber, the dye molecules apparently more
tended to adsorb on the fiber surface. So the [S], was nearly no change,
when the temperature rose from 50 °C to 90 °C. Meanwhile, by com-
paring the values of R” of the three fitted curves in Table 2, the value
decreased in the Langmuir stage and then increased in the Nernst
stage as the experimental temperature rose. The results showed the
transition of the Langmuir adsorption to the Nernst adsorption mode.

To further determine the isothermal equation and the adsorption
isotherm turning point ([S];) of disperse dye adsorption on the pre-
treated PBO fiber, the experimental data in Fig. 3 was used and the
relationship between 1/[D], and 1/[D]; was plotted as shown in Fig.
4. The linear relationship also further indicated a Langmuir model
adsorption when [D],<[S], in the adsorption of disperse dye on the
pretreated PBO fiber. Then the three lines were extended and the
coordinate values of the three intersections were (0.059, 0.852), (0.157,
1.078) and (0.116, 0.940), respectively. The average of coordinate
values of the three points was (0.111, 0.956), well consistent with
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Fig. 4. Relationship between reciprocal of [D], and [D]..

the averaged reciprocal of the coordinate value (9.040, 1.046) of the
three turning points in Fig. 3 for the adsorption isotherms. From
this ordinate [S], can be obtained. That is, the max equilibrium ad-
sorption capacity of the disperse dye on the pretreated PBO at Lang-
muir part was equal to 1.046 mg/g. At all [D],, the equilibrium ad-
sorption of disperse dye on pretreated PBO fiber, [D];, could be cal-
culated by:

[D]_/:[D]L:I%“[E)S]]j , when [D}<9.040 mg/L (1)

[D],=[D],=K,[D],, when [D],>9.040 mg/L (16)
and

[D],=[S],=1.046, when [D],=9.040 mg/L a7

where [D], and [D] are the disperse dye concentrations on pre-
treated PBO fiber at the Langmuir part and Nernst part of equilib-
rium adsorption isotherm, respectively (mg/g); [S], is the disperse
dye saturated adsorption capacity on pretreated PBO fiber at the
Langmuir part (mg/g); K, is the partition coefficient of the Nernst
model adsorption (L/g); K, is the equilibrium adsorption constant
of the Langmuir model adsorption (L/g). The adsorption isotherm
parameters of the disperse dye on the pretreated PBO fiber at 50,
70 and 90 °C are shown in Table 2.

Moreover, the partition coefficient of the Nernst model adsorp-
tion (K,) and the equilibrium adsorption constant of the Langmuir
model adsorption (K, ), in Table 2, are used to represent the adsorp-

Table 2. Adsorption isotherm parameter of disperse dye on pretreated PBO fiber

Langmuir adsorption

Nernst adsorption

Temperature 5 5
K; (L/g) [S]; (mg/g) R Ky (L/g) [S]y (mg/g) R
50°C 1.184 0.925 0.95346 0.155 1.231 0.98968
70 °C 0.779 0.905 0.92683 0.138 1.531 0.99016
90°C 0.661 0.932 0.89663 0.120 1.864 0.99360

[D], and [D], the disperse dye concentrations on pretreated PBO fiber at the Langmuir part and Nernst part of equilibrium adsorption isotherm,
respectively; [S], and [S], the saturated adsorption capacity of the disperse dye on pretreated PBO fiber at the Langmuir part and Nernst part;
K, partition coefficient of the Nernst model; K, equilibrium adsorption constant of the Langmuir model; R” correlation coefficient
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tion degree of the adsorbate in the adsorbent at Nernst and Lang-
muir adsorption processes, respectively. A greater value denotes a
greater significant adsorption tendency in the same adsorption pro-
cess. In the three sets of experiment data, both the K, and the K,
decreased with increase of the temperature, no matter what fiber,
polyester, original PBO or pretreated PBO fiber, was involved in
the adsorption of the disperse dye. This result indicated that the ele-
vated temperature was not conducive for adsorption because the
adsorption process was an exothermic process. The specific rea-
sons will be discussed in detail in the following section.
2. The Standard Affinity, the Enthalpy Change and the En-
tropy Change

The standard affinity, enthalpy change and entropy change are
usually employed to describe the dyeing ability of a given dyestuff
on a fiber, which were obtained according to thermodynamic the-
ory. In a specific dyeing system, these values depend on the proper-
ties of the dye and fiber involved when the temperature, pressure
and the amount of other components remain constant [28,32]. Be-
cause the adsorption isotherm types of the disperse dye on the un-
treated and the pretreated PBO fiber were Langmuir model and
Langmuir-Nernst mixed model, respectively, the thermodynamic
parameters of the former adsorption and the front part of the latter
adsorption would change with the alteration of the values of [D],
and [D],. So these parameters of the relevant adsorption isotherms
were not listed. The adsorption isotherms of the disperse dye on
the polyester and the pretreated PBO fiber after [D],>[S], could be
expressed by Nemst model, so the standard affinity, the enthalpy
change and the entropy change of disperse dye on both fibers could
be calculated using Eq. (1)-(3) and the data are shown in Table 3.

The standard affinity is a measure of the tendency of the dye mov-
ing from its standard state in solution to its standard state in fiber.
The larger the value of standard affinity is, the larger the adsorption
tendency of a dye on fiber [28]. In Table 3, the standard affinity values
of the dye on the polyester were similar with that on the pretreated
PBO at 50 °C and 90 °C, respectively. This result showed that the
disperse dye could adsorb on the pretreated PBO fiber as well as
on the polyester, and proved that dyeing the pretreated PBO fiber
with disperse dye was practicable. Meanwhile, the changes of the
enthalpy values for these two adsorption processes were less than
zero. This phenomenon demonstrated that the disperse dyeing pro-
cesses of both the polyester and pretreated PBO were exothermic,
and the higher temperature for the adsorption of the dye on the fiber
was disadvantageous and polyester fiber was more unfavorable.
The change of standard affinity declined with increase of tempera-
ture for the two kinds of fibers, also directly confirming this result.

Entropy in thermodynamics is a measure of the unavailability of
a system’s energy to do work, and has often been loosely associ-

Table 3. The standard affinity, enthalpy change and entropy change
of the disperse dye on the polyester and pretreated PBO

fibers
—Ag’ (kl/mol)  _AH’ ~AS’
Sample _—
50°C  90°C (kJ/mol)  (J/mol-K)
Polyester 13.75 12.03 27.64 43.00
Pretreated PBO 13.55 12.86 19.12 17.24

ated with the degree of order, disorder, and/or chaos in a thermody-
namic system [28,33]. Based on the parameters in Table 3, both
the values of entropy change for the two fibers were negative, but
the value of polyester was lower. In an adsorption process, the ther-
mal motion of dye molecules was limited because of the interac-
tion between dye molecular and fiber, and the degree of chaos in
this thermodynamic system was decreased. Because the heat release
and the entropy reduction of dyeing polyester were greater than that
of pretreated PBO, the disperse dye adsorption on pretreated PBO
was easier than on the polyester only from the viewpoint of thermo-
dynamics. But the experimental result was just the opposite. As we
know the dyeing capacity is mainly determined by the amount of
amorphous part of fiber except surface area of the fiber. The actu-
ally bad dyeing performance must be that the glass transition tem-
perature of PBO was far higher than that of polyester, so the dye
molecules diffusion in the pretreated PBO fiber was more difficult
than in the polyester at the experimental temperature. Therefore, the
impact of kinetic factors on the dyeing process is more important than
that of thermodynamic factors. In other words, the disperse dyeing
of the pretreated PBO fiber was a kinetic controlled process.

3. The Diffusion Coefficient and the Activation Energy

It is generally agreed that the dyeing process involves three con-
tinuous steps [28]. The first step is usually the movement of dye in
solution through the aqueous medium onto the fiber. The second
step is the adsorption of dye on the surface of fiber. Then the ad-
sorbed dye molecules diffuse into the fiber core from the fiber sur-
face. The second step, the actual adsorption process, is generally
assumed to be much more rapid than the other steps. Of the other
two steps, the diffusion of the dye into the inner layer is much slower
than the movement of dye through the aqueous solution due to the
physical obstruction of the network of fiber molecules for dye dif-
fusion [28].

The adsorption kinetic curves of Disperse Red 60 on polyester,
untreated PBO and pretreated PBO fiber are, respectively, described
in Fig. 5. These curves show that a higher dyeing temperature would
result in a higher adsorption rate at initial dyeing stage for all ad-
sorption processes. By comparing the shape of each curve, the change
of polyester curves at different temperatures is the most obvious
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Fig. 5. Adsorption rate of the disperse dye on different fibers at
50 and 90 °C.
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Table 4. The diffusion coefficient and the activation energy of the
disperse dye on three kinds of fibers

D, (x10™"* m*min) E
Fiber

50 °C 90 °C (kJ/mol)
Polyester 1.468 3.007 17.47
Original PBO” 0.921 1.059 3.40
Pretreated PBO® 1.207 1.372 3.12

D, diffusion coefficient; E diffusion activation energy

“The dyed layer thickness of PBO fibers was approximately 2/5 radius
of fiber, determined the dyed fiber cross sections under light micros-
copy, and so r=2/5x10.95 um was used to calculate the D, of untreated
and pretreated PBO [28]

and the effect of temperature, from 50 °C to 90 °C, on the original
PBO almost could be ignored. With the increasing of dyeing tem-
perature, especially at 90 °C, which is higher than the glass transition
temperature of polyester, the thermal motion of polyester macro-
molecular chain was intensified and the diffusion energy of the dye
molecules was increased simultaneously. So the slope of adsorp-
tion kinetic curve and equilibrium adsorption capacity increased
markedly. On the contrary, because the glass transition temperature
of the original PBO is far higher than all the dyeing temperature,
less effect of temperature on the thermal motion of PBO macro-
molecules was observed at 90 °C and the curve of untreated PBO
was almost no change. These phenomena also further indicated that
the adsorption of disperse dye on the pretreated PBO fiber was a
kinetically controlled process.

Diffusion coefficient and activation energy are commonly used
to express the diffusion ability of dye molecule within the fiber. The
higher diffusion coefficient or lower activation energy indicate a
smaller resistance for diffusion of the dye molecule within the fiber
[33]. The data in Table 4 suggests that, for every fiber experimented,
the diffusion coefficient of Disperse Red 60 was, respectively, in-
creased with the temperature raised, but the ascending trend of poly-
ester was the most obvious. This detailed reason is similar to that
of the change of adsorption kinetic curve discussed in the former
paragraph. Meanwhile, at the same temperature, the diffusion coef-
ficient of polyester fiber was the largest while that of the original
PBO fiber was the smallest. Because the original and pretreated
PBO fibers have higher crystallinity and higher glass transition tem-
peratures than the polyester [14], the diffusion of dye molecules
into PBO fibers was more difficult. At a higher temperature in the
experiment, especially 90 °C that is higher than T, of the polyester
but much lower than that of the PBO fibers, it was more beneficial
to disperse dye to diffuse into the polyester fiber.

A seemingly abnormal phenomenon was observed as for the dif-
fusion activation energy in comparison with the actual dyeing pro-
cess. The values of the untreated and pretreated PBO fibers were
smaller than that of the polyester, which seemed to indicate that the
dye diffusion was easier for dyeing PBO fibers. A possible reason
was that the disperse dye only diffused into the surface layer of PBO
and almost could not penetrate into the core of fiber although the
PBO fiber was swelled and etched by polyphosphoric acid [14].
So the radius value of the pretreated PBO fiber in Eq. (5) was two-
fifths of the actual radius of the fiber which was used to calculate
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the diffusion coefficient of PBO [28]. In fact, in the dyeing process
of the pretreated PBO fiber the dynamic activation energy was more
relative to the adsorption at fiber surface or absorption in the subsur-
face, which must be lower than the diffusion activation energy into
the fiber matrix in dyeing the polyester.
4. The Adsorption Rate Equation

To further study the adsorption dynamics of disperse dye on the
pretreated PBO fiber, pseudo-first-order and pseudo-second-order
equations were used to test the experimental data in Fig. 5. Based on
Egs. (8) and (11), adsorption rate curves were drawn as log(C,.—C))
and t/C,, against time for the adsorption of disperse dye on pretreated
PBO fiber, and shown in Figs. 6 and 7, respectively. The dye ex-
haustion at equilibrium (C,) and the rate constants (k; and k,) could
be calculated by the slopes and intercepts of the two lines in Figs. 6
and 7 respectively, and the initial adsorption rate of two kinds of
dynamic models (h, ; and h;, ,) are given in Table 5. In the table, the
correlation coefficient (R”) of pseudo-first-order equation was higher
than that of pseudo-second-order equation at different temperatures.
This result shows that this adsorption process might more accord
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Fig. 6. The plot of pseudo first-order equation for adsorption of
the disperse dye on pretreated PBO fiber at 50 and 90 °C.
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Fig. 7. The plot of pseudo second-order equation for adsorption
of the disperse dye on pretreated PBO fiber at S0 and 90 °C.
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Table 5. The rate parameters of disperse dye on pretreated PBO fiber

Temperature C, Pseudo first-order adsorption Pseudo second-order adsorption
(°C) (mg/g) Kk, (min™) h, , ( mg/g-min) R’ k, (g/mg-min) h, » ( mg/g-min) R’
50 1.20 7.05%107° 8.74x107° 0.9892 1.01x107 1.55x107 0.94296
90 1.81 4.86x107 9.04x107° 0.9912 7.32x107? 2.53x107 0.97131

k, the rate constant for pseudo first-order adsorption (min™"); k, the rate constant for pseudo second-order adsorption (g/mg-min); h, , the initial
adsorption rate of pseudo first-order (mg/g-min); h, , the initial adsorption rate of pseudo second-order (mg/g-min); R’ correlation coefficient

with the pseudo-first-order model than the pseudo-second-order
equation. The C,, values obtained also basically agreed with the exper-
imental data (C,, 5=1.24 mg/g, C, ,=1.86 mg/g). Moreover, by
comparing the rate constant (k,) and the initial adsorption rate (h, )
at different temperatures, both the k; and h; , values at higher temper-
ature were higher. The phenomenon indicated that a higher tem-
perature was beneficial to disperse dyeing of synthetic fibers.

CONCLUSIONS

Dyeing properties of C. L. disperse Red 60 in PBO fiber pre-
treated with polyphosphoric acid were investigated. At the same
time the adsorption thermodynamic and kinetic characteristics of
the disperse dye on the pretreated PBO fiber were compared with
that on the polyester fiber and original PBO fiber. The adsorption
isotherm of disperse dye on pretreated PBO fiber was a mixed Lang-
muir-Nernst model. As the temperature increased, the adsorption
isotherm gradually shifted to the Nernst model. And the adsorption
isotherm parameters of the disperse dye on the pretreated PBO fiber
were calculated, and the saturated adsorption capacity of the disperse
dye on the pretreated sample at the Langmuir part of adsorption
isotherm was 1.046 mg/g. The data of the standard affinity, the en-
thalpy change and the entropy change of adsorption of the disperse
dye on the pretreated PBO fiber demonstrated that the adsorption
of disperse dye onto the pretreated PBO fiber was an exothermic
process. It also proved that this dyeing process was a kinetic con-
trolled process.

By comparing the diffusion coefficient and the activation energy
of disperse dye on various fibers, the diffusion of the disperse dye
in the pretreated PBO fiber was nearly the same as in polyester fiber,
but this process actually occurred only in the surface layer of the
PBO fiber. The pseudo-first or second-order kinetic models were
used to verify the adsorption kinetics data. The dynamical behavior
of disperse dye adsorption on the pretreated PBO fiber was more
in line with pseudo-first-order kinetic model (R*>0.99), and the val-
ues of rate constant and initial adsorption rate became large with
the temperature increasing.

The results and analyses were significant for the PBO fiber with
high performance and with difficulty to be dyed, although the dyeing
temperature was far below the T, of the fiber in the existing limited
conditions. We are planning to further study the dyeing property at
much higher temperatures, and by means of some dyeing carriers
to meet the actual demands for the dyed PBO fibers.
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