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SYNOPSIS

The ability of polyamide-epichlorohydrin-cellulose (PAE-cell) to remove various acid dyes
from aqueous solutions was investigated. The classes of acid dyes included the milling type,
levelling type, and metal-complex type. Operational conditions such as PAE-cell type, dye
type, PAE-cell particle size, dye bath flow rate, filling density in the column, initial dye
concentration, pH of solution, and adsorbent mass were studied. The results show that
these PAE-cell polymers exhibit better capacity for acid dye removal than some commercial

activated carbons. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

A novel series of adsorbents prepared from the re-
action of polyamide—epichlorohydrin resin and cel-
lulose (PAE-cell) was reported in Part I of this se-
ries.! These PAE-cell polymers have been found to
exhibit excellent ability in the adsorption of direct
dyes in a fixed bed column system. These capacities
for direct dye removal from solution have been found
better than those of some commercial activated car-
bons. Acid dyes, the other popular anionic dyes, have
been widely employed in dyeing various substrates
such as wool, silk, nylon, and leather.? Because of
the popularity of acid dye usage, a number of studies
have been reported with respect to the adsorption
equilibria and kinetics of the acid dye removal pro-
cess using various adsorbents. Available adsorbents
are activated carbon,®® wood, 1% peat, *'4"'6 chi-
tin, 1?2 chitosan, % chitosan fiber,?* pith,?® and sev-
eral low-cost materials (teakwood bark, bentonite
clay, etc.).?® However only limited information is
available in the literature regarding the use of poly-
meric adsorbents in removing acid dyes from
aqueous solution. The ability of PAE-cell to adsorb
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12 acid dyes from aqueous solution under several
experimental conditions was studied in this work.
The adsorption effect of PAE-cell on acid dyes in-
dicates its potential as a removing agent for acid
dyes.

EXPERIMENTAL

Materials

Polyamide—epichlorohydrin-cellulose polymers used
in this study were prepared by the reaction of adipic
acid, diethylenetriamine, epichlorohydrin and «-
cellulose. The preparation of these adsorbents was
described in Part I of this series.’ The structure and
analyses of these adsorbents are shown in Table 1.

Table I Appearance and Nitrogen Content of
PAE-Cell Compounds

a-Cellulose

Weight Nitrogen
(%) Appearance (%)
PAE 0 Yellow ochre 12.08
PAE-cell-1 10 Yellow ochre 10.63
PAE-cell-2 20 Chrome yellow 8.51
PAE-cell-3 25 Chrome yellow 7.56
PAE-cell-4 30 White yellow 6.89
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Table II Acid Dyes Used

Molecular Structure

Trade Name

Anax

(nm)

Color Index
No.

CH,,
NaQ;S

@NthN_N

10(0)50:{0)-5x« O O)y-x=5<0)

NaO,S

(OO

SO;,Na

SOgNa

H,C CH,
1@ oo D)-v-{ DD
' NaO,S

SO3Na

©,
NH@

o SOaNa

NaO;;S

NaO3S

Cl
HOC—N S0,Na

|
NaOss@N=N—C N Cl
\C//

CH,

Everacid Mill.
Yellow MR
(C.I. Aaid
Yellow 42)

Everacid Mill.
Cyanine
(C.I. Acid
Blue 113)

Everacid Mill.
Red PG
(C.I. Acid
Red 85)

Everacid Mill.
Red RS
(C.I. Acid
Red 114)

Everacid
Orange 11
(C.I. Acid
Orange 7)

Best Acid
Blue 3R
(C.I. Acid
Blue 92)

Everacid Light
Yellow GC
(C.I. Acid
Yellow 17)

410

565

510
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The activated carbons supplied by Germany
FERAK, Japan Daiyo, and Sigma Ltd., were sieved
into discrete particle size range (150-106 um). The
acid dyes used in the adsorption experiments are
Yellow 42, Blue 113, Red 85, Red 114, Orange 7, and

Yellow 17 as supplied by Taiwan Everlight Chem.
Co.; Blue 92 and Brown 14 as supplied by Taiwan
Oriental Giant Dyes & Chem. Ind. Co.; Blue 158,
Red 183, Blue 193, and Yellow 99 as supplied by
BASF Co. Their molecular structure, trade name,
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Table II (Continued from the previous page)

N pax Color Index
Molecular Structure Trade Name (nm) No.
Best Acid 465 20195
NaOas N=N N=N SO3Na Brown R
(C.I1. Acid
Brown 14)
H,O HZO O,H
O—-> Cr<—O SO;Na Palatin Fast 592 14880
Blue GGN
N N (C.1. Acid
NaO45 Blue 158)
SO;Na
NaO,S OH HOC—ITI@ Palatin Fast 490 18800
Red GREN
N=N—C ] (C.I Acid
Cl C Red 183)
CH,
OH HO Acidol Dark 577 15707
Blue M-TR
NaO,S N=N (C.I. Acid
Blue 193)
CH,
I Palatin Fast 443 13900
NaO,S,__ OH HO(“3 Yellow GRN
N OO (C.L Acid
@—N N—C-COo HN@ Yellow 99)

O,N

Amax, and Color Index number are shown Table II.
They were used in the form of commercial salts.

Method

The acid dye was adsorbed on 2 g PAE-cell or ac-
tivated carbon using the fixed bed column system
described in Part I of this series.! Then, the treated
dye bath was collected into a glass tube on a fraction
collector (each tube contained 10 mL of treated dye
bath). The initial dye concentration (C;) and re-
sidual dye concentration (C,) were measured using
a Shimadzu model UV-240 spectrophotometer at a
wavelength, A, (corresponding to the maximum
wavelength of adsorbance). These wavelengths were
determined for each dyestuff and shown in Table II.
The adsorption experiment was stopped when C,

approached C,. The adsorption experiment condi-
tions are shown in Table III.

RESULTS AND DISCUSSION

Effect of PAE-Cell Polymer Type

The PAE-cell polymers are classified as 10, 20, 25,
and 30%, based on the a-cellulose weight ratio. The
experiment used 2 g of PAE-cell to adsorb C.I. Acid
Blue 113 of initial dye concentration 2000 mg dm™,
Figure 1 shows the adsorption effectiveness of PAE-
cell. The adsorption capacity of the PAE-cell is gen-
erally found better with an a-cellulose content of
25%. The difference in the adsorption capacity of
PAE-cell and activated carbon is shown in Figure
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Table III Experimental Conditions of Fixed Bed Adsorption System

Alternate
Conditions

General
Condition

PAE-cell type (a-cellulose wt %)

Acid dye type
PAE-cell particle range (um)

Dye bath flow rate (mL min™)
PAE-cell filling density (g cm™3)
Initial dye conc. (mg dm™3)

Dye bath pH value

Adsorbent mass (g)

Activated carbon

25% (PAE-Cell-3)

Bule 113
150-106

10% (PAE-cell-1)
20% (PAE-cell-2)
30% (PAE-cell-4)
Other acid dyes
300-150

600-300

710-600

2,8

0.283 0.226, 0.189
2000 1000, 1500

3,5,9

05,1,3
AC-1: Germany FERAK activated carbon
AC-2: Japan Daiyo activated carbon
AC-3: Sigma activated carbon

2, which shows that PAE-cell has better ability to
absorb Acid Blue 113 than activated carbon does.
One possible reason is the sulfonic acid groups of
the dye, which make the dye very water soluble and
polar; therefore, it is not readily adsorbable on ac-
tivated carbon, which is nonpolar. The other reason

is probably the anionic repulsion at the surface of
the carbon, since acid dyes are anionic in water. On
the other hand, the PAE-cell has an amide group
and hydroxyl group;® therefore, the PAE-cell has
higher adsorption capacity for Blue 113 than acti-
vated carbon does.
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Figure 1 Breakthrough curves for C.I. Acid Blue 113. Effect of PAE-cell compounds.



REMOVAL OF COLOR FROM EFFLUENTS USING PAE-CELL 979

1.0 < L)

a o- a &
o0 abdp® Al
o] A e a®
0.8 I o® o 4
o at
a a
0.6 } ° g .
o O
L .
?3 o4 o A‘
04 | N
a
o s fa o
a (o] -
0.2 . o AC-2
[ Ceo . a AC-3
o, .
0.0 L—owell—n L L
0.0 0.4 0.8 1.2

Volume treated( dm® )
Figure 2 Breakthrough curves for C.1. Acid Blue 113. Effect of PAE-cell and activated

carbon.

Effect of Acid Dye Type

Acid dyes are classified broadly into the following
four groups, according to their dyeing and wet fast-
ness properties: milling acid dyes, levelling acid dyes,
neutral dyeing or super milling acid dyes, and metal-
complex acid dyes. Milling acid dyes are used for
hosiery, knitting yarns, and loose wool for the man-
ufacture of tweeds, etc. Levelling acid dyes are widely
used for the so-called “fashion colors” on ladies’
dress goods, which require mixture of two or more
dyes.?” The metal-complex acid dyes usually contain
sulphonic acid groups, and their metal derivatives
(such as chromium, cobalt, or nickel complex) are
to some extent soluble in water. Attachment to the
fibre probably depends partly on the formation of
metal-fiber bonds, and the strength of such bonds
may be a factor contributing to the good wet-fastness
properties often attained.?®

Figure 3 shows the breakthrough curves for three
type of acid dyes (C, = 2000 mg dm 3) onto PAE-
cell (2 g). The results in Figure 3 (a) show that the
order of adsorption effect for the milling type is Yel-
low 42 > Blue 113 > Red 85 > Red 114. The high
uptake for C.1. Acid Yellow 42 is possibly due to the
fact that Yellow 42 has more azo-groups than the
others, so that it can form more hydrogen bonds
with the hydroxyl groups of PAE-cell. On the other
hand, the low uptake for C.I. Acid Red 114 is possibly

because Red 114 has much larger dye molecules and
a long chain, so that it cannot easily penetrate into
the internal pore structure of the PAE-cell. These
results are similar to those of past studies.®* Figure
3(b) shows the breakthrough curves for levelling
acid dyes. The excellent adsorption effect for C.I.
Acid Orange 7 is possible due to the fact that Orange
7 has small dye molecules and a short chain. Figure
3(c) shows the breakthrough curves for metal-com-
plex acid dyes. The high uptake for C.I. Acid Blue
158 is possibly due to the fact that Blue 158 has
more hydrophilic groups than the others. The cou-
pling of PAE-cell and metal-complex acid dyes may
be described using formulas (1), (2), and (3):

0
]

Dye-O—H—N—C~PAE-cell» (H-bond) (1)

\
H

0
|

Dye-Cr <N — CmPAE-cell» {coordination) (2)

|
H

Dye—PAE-cell (van der Waals adsorption) (3)

The amide groups in PAE-cell can form hydrogen
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bond (1) and coordinate bond (2) with hydroxyl
groups and chromium in the metal-complex acid dye
molecules. Furthermore, some of the affinity is due
to van der Waals adsorption (3), but as the size of
the complex is not very great, the contribution may
not be as large as that of the other bondings. Actually
many factors can affect the degree of adsorption:
the fraction of colored ions in the commercial salt;
the solubility and ionization of dyes in water; the
molecular volume of dye and its planarity; the che-
lating ability of the adsorbent-dye system; and the
dimerization ability of the dye."’

Effect of PAE-Cell Particle Size

Adsorption is a process in which an organic molecule
is transferred from solution to the surface of a solid
where the molecule is bound by physical /chemical
force. Since adsorption is a surface phenomenon,
economically-useful adsorbents are characterized by
high surface area to provide sufficient active sites
to allow a substantial amount of solute to be ad-
sorbed. Thus, the size of the adsorbent particle is
an important system parameter since it strongly af-
fects the particle diffusion.?® Therefore, a wide range
of PAE-cell particle sizes was investigated (Table
III). A dye bath of C.I. Acid Blue 113 with initial

dye concentration 2000 mg dm ™2 was adsorbed using
2 g PAE-cell of four particle size ranges. Figure 4
shows that smaller PAE-cell particles have better
adsorption effectiveness than larger particles. This
is because the former have more surface area than
the latter so that they may adsorb more acid dye
molecules.

Effect of Contact Time of PAE-Cell and Acid Dyes

The contact time of adsorbates and adsorbents is
the most significant factor in the fixed bed adsorp-
tion process. The contact time is very short in the
fixed bed adsorption process. Therefore, a wide range
in the dye bath velocity and PAE-cell filling density
in the column was investigated, as shown in Table
I11. Figure 5 shows that the low dye bath flow rate
produced a better adsorptive effect than a high dye
bath flow rate. Because the former can increase the
contact time of the dye bath and PAE-cell, it can
allow the dye molecules to aggregate on the surface
and/or to enter into the internal pore structure of
the PAE-cell and thus increase the amount of dye
molecules adsorbed by the PAE-cell. In other words,
the dye molecules cannot be adsorbed onto PAE-
cell in a short time period at a high dye bath flow
rate. Figure 6 shows that the adsorption effect of
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Figure 4 Breakthrough curves for C.I. Acid Blue 113 on PAE-cell. Effect of PAE-cell
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PAE-cell with high filling density in the column was surface of PAE-cell at low filling density; thus, the
better than with low filling density. This is because dye molecules cannot be adsorbed by the PAE-cell,

the dye molecules bypass or only pass through the and there is a decrease in the adsorption efficiency
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of the PAE-cell. The PAE-cell filling density must
be less than 0.3 g cm™3, otherwise, it may result in
a high pressure drop and experimental error. These
results are similar to those in Part I of this series
under the same experimental conditions.

Effect of Initial Dye Concentration

Usually the service time of a fixed bed column sys-
tem depends greatly on the concentration of the so-
lution. Therefore, several experiments were under-
taken to study the effect of varying the initial dye
concentration on the rate of removal from solution
(Table III). Figure 7 shows that the low initial dye
concentration resulted in a longer service time than
the high initial dye concentration. Higher initial
concentration saturates the adsorbent much faster
than lower initial concentration, hence reducing the
service time of the column. The adsorbent may need
a longer time to remove dyes from a less concen-
trated eflluent.

Effect of Solution pH

Adsorption from solution can be highly pH depen-
dent, as discussed earlier.”? From an economic and
practical standpoint, a fluid should always be eval-
uated at the ambient pH. In other words, the pH of

983

a solution is of significance for its effect on the ad-
sorbent as well as on the adsorbate. Both adsorbate
and adsorbent may have chemical characteristics
that are affected by the concentration of hydrogen
ions [H*] in the solution. Some adsorbents have
affinity for [H*] or [OH™] ions and can directly
affect the solution pH and therefore the solubility
and the adsorption capacity.” The acid dyes are so
called because they are applied in a bath containing
mineral or organic acid, and therefore pH is a very
important factor. A wide range of dye bath pH was
investigated (' Table III}. Figure 8 illustrates the in-
fluence of pH on the adsorption of Acid Orange 7
(levelling type), Blue 158 (metal-complex type),
and Blue 113 (milling type) onto PAE-cell. The re-
sults show two completely different effects. The ad-
sorption of Orange 7 and Blue 158 increase with
[H*] as Figure 8(a) and (b) show. This phenom-
enon is possibly caused by the electrostatic potential
between the dye molecules and the PAE-cell sur-
face’s adsorbed hydrogen ion at low pH solutions.
This electrostatic potential can improve the ad-
sorption affinity between dye and PAE-cell. Figure
8(c) shows that adsorption effect was better between
PH 5 to 7 for Blue 113. This is possibly because of
the good adsorption affinity between PAE-cell and
the anionic ion of Blue 113 at low [H*]. According
to these results, most of the acid dyes can be
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Figure 7 Breakthrough curves for C.I. Acid Blue 113 on PAE-cell. Effect of initial dye
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Figure 9 Service time against mass of PAE-cell at sev-
eral C,/C; breakthrough for C.I. Acid Blue 113.

adsorbed onto PAE-cell at a weak acid level
(pH 5-7).

Effect of Adsorbent Mass

Adsorbent mass is usually the major concern in the

conceptual design of an adsorption system, and

Table IV Effect of PAE-Cell and Three
Activated Carbons

Adsorbent
Dyes PAE-cell AC-1 AC-2 AC-3
Yellow 42 250 44 54 38
Blue 113 96 38 51 42
Red 85 72 34 44 30
Red 114 62 40 48 32
Orange 7 118 40 50 34
Blue 92 114 26 34 26
Yellow 17 106 34 34 28
Brown 14 82 26 30 20
Blue 158 243 64 66 36
Red 183 166 52 50 32
Blue 193 108 32 46 30
Yellow 99 62 26 34 22

Service time (min) of adsorbent (2 g) at C,/C, = 50% break-
through for several acid dyes (C, = 2000 mg dm™3).

500
T | SEEE |
A nue
E 400 [, Blue 193
a Blue 113
g
A
g
300
e
Q
E
k200
/5]
100
o 1 2

0 1 2 3
Mass (grams)

Figure 10 Service time against mass of PAE-cell at C,/
C, = 50% breakthrough for four blue acid dyes.
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Figure 11 Service time against mass at C,/Co = 50%
breakthrough for C.I. Acid Blue 113. Effect of PAE-cell
and activated carbon masses.
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(a)

(b)

Figure 12 Scanning electron micrograph of PAE-cell (a) before adsorption of dye, (b)
and (c) after adsorption of C.I. Acid Blue 113, showing particles of aggregated dye, and
(d) FERAK, (e) Daiyo, and (f) Sigma activated carbon after adsorption of Acid Blue 113,

showing some particles of aggregated dye.

therefore a wide range of adsorbent masses was in-
vestigated (Table II1). The influence of PAE-cell
mass at various C,/C, on the adsorption of Acid Blue
113 (Cy = 2000 mg dm™3) was studied, and the results
are shown in Figure 9. The results of various C,/Cq
may be used to predict the design of the batch ad-

sorption process in future studies of this series. A
similar set of data is shown in Figure 10 for four
blue dyes. An initial dye concentration of 2000 mg
dm™3 is assumed, and 50% removal, that is, C,/C,
= (.5, is chosen. The results illustrate how much
each dye can be removed using a specific amount of
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PAE-cell for 50% breakthrough. The effect of the
adsorbent mass at C,/C, = 0.5 on the adsorption of
Blue 113 is shown in Figure 11; in addition, the ser-
vice time of 2 g PAE-cell or activated carbon for the
adsorption of acid dyes (C, = 2000 mg dm™3) at 50%
removal was determined. The data are given in Table
IV. Initial estimates of PAE-cell are three times
greater than those of commercial activated carbon
at 50% extent of removal for Yellow 42, Blue 92,
Yellow 17, Blue 158, and Red 183 (Table IV).

SEM of Adsorbent Adsorbed Dyes

The surface of a macroreticular adsorbent was ob-
served by scanning electron microscope (SEM). The
SEM photo of PAE-cell shows the pore structure
and fiber structure [Fig. 12(a)]. After adsorbing a
low initial concentration of C.I. Acid Blue 113, the
SEM photo showed particles of aggregated dye, but
some pore and fiber structures also were observed
in Figure 12(b). In addition, the shadowing on the
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SEM photo clearly reveals that the visible particles
are in the pore structure of the PAE-cell, and the
largest particles were seen to be those nearest to the
outer surface, as shown in Fig. 12(c). The SEM
photos of FERAK, Daiyo, and Sigma activated car-
bon after adsorbing the C.I. Acid Blue 113 show some
particles of aggregated dye, as shown in Figure
12(d)-(f).

CONCLUSIONS

The adsorbent of PAE-cell has been found to exhibit
excellent ability to adsorb many types of acid dyes,
and the extent of removal of the acid dyes from so-
lutions was found to be better than that achieved
with some commercial activated carbons. The ad-
sorption capacity of PAE-cell is better for acid dyes
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with a short chain, low molecular weight, and more
hydrophilic groups. Better adsorption efficiency can
be achieved at low initial dye concentration, low dye
bath flow rate, small PAE-cell particle size, and
proper pH in a fixed bed column system for acid dye
removal.
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