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SYNOPSIS 

Butyl-substituted naphthalenesulfonate formaldehyde condensates (C4NSF) with different 
molecular weights were synthesized. The structures were confirmed by NMR in terms of 
the appearance of the signal at  6 = 3.3-4.0 ppm, and the molecular weights of the synthesized 
C4NSFs were compared by gel permeation chromatography (GPC ) . C4NSFs used as dis- 
persants were compared to unmodified naphthalenesulfonate formaldehyde condensates 
(NSF) in their ability to disperse nonpolar particles (carbon black) and polar particles 
(TiO,) in water. Their dispersing ability was evaluated by both a viscosity method and a 
microscopy method. For dispersing carbon black in water, it was found that using C4NSFs 
as dispersing agents results in a lower viscosity, a lower yield value by the viscosity method, 
and a more homogeneous dispersion of particles as determined by microscopy. These results 
indicate that the butyl group enhances the dispersing ability of C4NSF. The effect of the 
butyl group on the dispersing ability of C4NSF was interpreted by the results of the measured 
adsorption amount that was also enhanced by the existence of the butyl group. For dispersing 
TiO, in water, C4NSF results in a higher viscosity and a higher adsorption amount of the 
dispersed system than NSF. These phenomena were interpreted in terms of the hydrophobic 
interaction between the butyl groups and the bridging effect. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Dispersing technology is widely used both in con- 
ventional industries (such as coatings, pigments, and 
dyes) and high-tech industries (such as magnetic 
slurrying and photocopying) .6 In order to acquire a 
stable dispersion, a dispersant is usually added to 
help suspend solid particles in liquid. The main 
function of the dispersant is to provide the particles 
with an electrostatic barrier and/ or with steric' 
hindrance to prevent coagulation. In addition to 
surfactants and polymers such as polycarboxylates, 
naphthalenesulfonate formaldehyde condensates 
(NSF) are usually used as industrial dispersants. 

To disperse particles effectively, dispersants have 
to adsorb on the surface of particles efficiently. 
Therefore, the dispersing ability of a dispersant is 

* To whom correspondence should be addressed. 
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strongly affected by its structure that influences its 
adsorption behavior. Because of the strong inter- 
action of NSF with polar and nonpolar surfaces, 
NSFs have been widely used for the dispersion of 
dyes, coal, and cement in aqueous  system^.^-'^ For 
dispersing nonpolar particles such as coal, the ad- 
sorption of NSF on nonpolar surfaces mainly arises 
from the interaction between the polarizable naph- 
thalene ring and the nonpolar ~urface.'~*'' If NSF is 
modified with an alkyl group in each unit of the 
condensate, then the hydrophobicity of NSF is in- 
creased, and the adsorption onto the nonpolar sur- 
face will be promoted. Thus, its dispersing ability 
will be influenced by the introduction of alkyl groups 
to the naphthalene rings. 

In this study, butyl-substituted naphthalenesul- 
fonic acid was condensed with formaldehyde to pre- 
pare a butyl-substituted NSF (referred as C4NSF) 
shown in Scheme 1, which was used to disperse car- 
bon black and TiOz, both in aqueous solution. The 
dispersing ability of C4NSF was assessed by rheo- 
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C4NS c 4 m  C4NSF 

Scheme 1 Synthesis of C4NSF from C4NS. 

logical methods and by electron microscopy, and in- 
terpreted in terms of the adsorption measurements. 
The experimental results for C4NSF are compared 
with those for NSF. 

EX PER I MENTA 1 

Materials 

Sellogen-W (Henkel, a butyl-substituted naphthal- 
enesulfonate) was used in its monomeric form after 
being converted to  its acid type (C4NSA) by pre- 
cipitating it in a 50% HC1 solution. Formaldehyde 
(Merck, 37 wt %, EP Grade) was used without fur- 
ther purification. A pure acrylic latex (External 
1180,50% solid, External Chemical Co.), T i02  (Du- 
pont R-900, with surface area 57.6 m2/g, density 4.0 
g/cm3), and carbon black (Cabot N660, with nitride 
absorbed surface area 35 f 7 m2/g, pour density 425 
k 30 kg/m3) were used as supplied. The water used 
in these experiments is ion-exchanged and distilled, 
with a pH between 6.8-7.2, and conductivity of 4.4 
x Q-' m-'. 

Methods 

Synthesis and Characterization of Condensates 

Synthesis of C4NSF (as Scheme 1).  Sellogen-W was 
precipitated in 50% HCl solution, and then dried 
and leached with acetone to obtain monomeric 
C4NS acid. In a four neck reaction kettle, C4NS 
acid (100 g)  and formaldehyde (37%, 92 g) were 
well mixed and then a solution of H2S04 (35%, 52.7 
g) was added as a catalyst. Condensation was carried 
at  95-100°C for 12 and 24 h, respectively. The longer 
time results in condensates of higher M ,  as discussed 
later in the text. Water was added to  terminate the 
reaction and Ca ( OH)2 was added to  precipitate out 
SOT2 as CaS04. The mixture was filtered, dried, and 
leached with acetone to  obtain C4NSF (acid type). 
C4NSF sodium salts were obtained by adjusting to  

pH 9.0 with NaOH and then drying in a vacuum 
oven. 

Characterization of Condensates. C4NS and acid 
type C4NSF dissolved in D 2 0  were characterized by 
HI-NMR (Bruker W P  100) (Fig. 1). For C4NS, the 
protons on the naphthalene ring appear a t  6 = 6.5- 
8.0 ppm, and those on butyl group appear a t  6 = 0.5- 
1.5 ppm. After reaction, the protons on the naph- 
thalene ring and butyl group appear a t  similar field 
strength as C4NS; however, the methylene group 
between two naphthalene rings was found a t  6 
= 3.0-4.0 ppm similar to  an usual methylene pro- 

Molecular weight distributions of C4NSF 
(sodium salts) obtained under different reaction 
conditions were compared by the GPC m e t h ~ d ~ l - ~ ~  
(Table I ) .  Three GPC columns (Waters Ultrahy- 
drogel-120, 250, 500, 30-cm length, 7.8-mm inner 
diameter, fully porous, highly crosslinked hydrox- 
ylated polymer as  packing material) were combined 
in series for the measurements, and water (GPC 
grade) was used as the mobile phase. 

Evaluation of the Dispersing Abilities of 
Condensates 

The Ti02/water, and carbon black/water systems 
were prepared by using different condensates as dis- 

Table I 
With Different Degrees of Polymerization 

Reaction Time and GPC for the C4NSFs 

Reaction 
Elution Sample Time" Percentage 

Name (h) of High MWb Cunre 

H-C4NSF 24 57.1 Figure 2(a) 
L-C4NSF 12 16.9 Figure 2(b) 
C4NS - 0 Figure 2(c) 

a The molar ratio of HCHO/C4NSF was fixed at 3/1. 
The percentage of the peak area below the retention time 

of 15 min. 
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Figure 1 ( a )  NMR spectra of C4NS; (b )  NMR spectra of C4NSF. 
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Table I1 Formulation for Dispersing Carbon 
Black and TiOa in Water 

Weight (8) 

Material Carbon Black TiO, 

Carbon black 30 - 

50 TiOz - 
Water 40 17 
Latex 30 60 
Dispersant 0-8% of carbon 0-8% of TiOp 

persants. Table 11 shows the formulation used in 
these experiments. The dispersant was dissolved in 
water (40 g) and the latex (30 g)  was added and 
mixed, then carbon black (30 g)  and 1-mm diameter 
glass balls (150 g)  were added. The mixture were 
stirred mechanically at 600 rpm for 60 min, and the 
temperature was maintained a t  25°C. The mechan- 
ical stirrer was equipped with a 34-mm diameter 
paddle, i.e., the circular speed is 64.09 m/min. All 
the prepared pastes were assessed by the following 
methods: 

Rheological Method. Using a rotating cylindrical 
viscometer (Brookfield DVII LVT) , 10 mL of dis- 
persion was put in the adapter with a SCS-31 spin- 
dle. The apparent viscosity (shear rate: 20.4 s-') 
and yield value (using the Casson equation) were 
used as parameters to  evaluate the dispersion ability 
of the above dispersants. All of the shear stress- 
shear rates were measured a t  25°C. 

Scanning Electron Microscopy (SEM) .  The dis- 
persed paste (1 g) was used to coat (c.a. 25 km of 
wet film thickness) on a thin copper plate. After 
drying ( in  the room for one day), a small piece of 
the paste (c.a. 4 mm X 4 mm) was cut and put on 
an  aluminum sheet (20-mm diameter) and electro- 
deposited with a layer of gold. The surface of the 
film was observed by an SEM electron probe mi- 
croanalyzer (Jeol TXA-840). 

Characterization of the Adsorption of Condensate 

The adsorption of the dispersants onto TiOp and 
carbon black surfaces was measured as follows. In 
a 50 mL bottle, 5 g of Ti02  (or carbon black) was 
put into 50 mL of the prepared aqueous solution of 
dispersant with latex a t  a series of different disper- 
sant concentrations. After shaking in a thermal bath 
(25"C, 300 rpm) for 48 h, the suspension was cen- 
trifuged by Dupont Sorvall RC-5B a t  10,000 rpm 

for 40 min a t  25°C. The equilibrium concentrations 
of dispersants in the bulk phase were determined by 
UV absorption (Jasco 7800) at 232 nm in terms of 
an  adsorption calibration curve. 

RESULTS AND DISCUSSION 

Naphthalenesulfonate formaldehyde condensates 
were prepared by the sulfonation of naphthalene at 
120-160°C followed by the condensation with form- 
aldehyde (HCHO) a t  95-100°C.9-'2 The reaction 
rate was influenced by the concentrations of HCHO, 
naphthalene sulfonate (NS) , and H2S04 (as  cata- 
lyst). The rate determining step is the methylation 
of NS, i.e., the reaction of the protonated HCHO 
with NS.24 The butyl group is an electron-donating 
group so it favors the methylation of C4NS; however, 
the butyl group is bulky and may exhibit steric hin- 
drance effects on the methylation of C4NS. Due to 
the influence of the butyl group in C4NS, the pro- 
cedures used to  synthesize C4NSF from C4NS in 
this study are modified from these used to synthesize 
NSF from NS. The main differences are to  increase 
the time of condensation. 

The formation of condensates can be character- 
ized by NMR as well as GPC, i.e., C4NSF has the 
methylene peak a t  6 = 3.3-4.0 ppm as NSF'9*20 [Fig. 
1 (b)  1 ,  which cannot be observed for C4NS (Fig. 1). 
The appearance of two peaks a t  6 = 3.3-4.0 ppm 
means the nonequivalent of the protons in different 
methylene groups, since on the naphthalene ring, 
the carbon attached to the methylene group can be 
neighbored with a carbon either substituted by a 
butyl group or not. However, the area ratio of the 
methylene protons to the aromatic protons of the 
naphthalene moiety cannot be used to accurately 
estimate the degree of polymerization of C4NSF ( n  
value of C4NSF), since the ratio is not changed with 
the n value remarkably. 

Conventional NSF is a condensate with the de- 
gree of polymerization of 2-10. Such a low molec- 
ular-weight polymer was qualitatively characterized 
by thin layer '' or by GPC.23 For either case, molec- 
ular weight was never calculated, but only the shape 
of molecular-weight distribution in GPC or the 
number of spots on thin-layer plate was shown. If 
the molecular weight of NSF is calculated by GPC 
based on the calibration standard of polyethylene 
glycol, the calculated molecular weight is tremen- 
dously high and does not make sense. Figure 2 shows 
the molecular-weight distribution of H-C4NSF and 
L-C4NSF compared with C4NS. Obviously, the area 
of the peaks appeared a t  lower elution time is sig- 
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Figure 2 GPC spectra of C4NS and of C4NSFs with 
high molecular weight (H-C4NSF), and low molecular 
weight (L-C4NSF). 

nificantly higher for H-C4NSF than that for L- 
C4NSF, e.g., the peak area below 15 min is 57.1% 
for H-C4NSF compared with 16.9% for L-C4NSF 
(Table I ) .  Since the reaction time is longer for H- 
C4NSF than L-C4NSF, the longer condensation 
time increases the degree of polymerization of the 
condensates. However, if the reaction time is too 
long, the C4NSF will become gel due to the occur- 
rence of crosslinking between the aromatic rings of 
the C4NSF. 

For a solution with low-solids content, the Ein- 
stein-Stokes equation25 can be used to express the 
viscosity of the solution as a function of vs (the vis- 
cosity of solvent) and the volume fraction of the 
solid. For a dispersing system with high solids con- 
tent, the shear rate ( y )  and the shear stress (7)  

have a functional relationship of y = krn.25 On a 
plot of r vs. y of a plastic flow, the intercept and the 

apparent viscosity ( r / y ) are useful parameters to 
estimate the extent of dispersion of a system. In this 
study, a Brookfield DVII LVT ( a  low shear-rate vis- 
cometer), with a spindle of SC4-34 was used to 
measure the r and the y values. 

For the test systems using C4NSF as a dispersant 
(e.g., C4NSF dispersing carbon black in water), the 
relation between r and y at different dispersant 
concentrations is shown in Figure 3 (a) .  Apparently, 
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Figure 3 The relation ( a )  between T and y, and ( b )  
between T 'I2 and y'/2 using H-C4NSF as a dispersant in 
the carbon black/H20 system. 
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where is the apparent viscosity under an ex- 
tremely high shear rate. T O  is the shear stress at  a 
shear rate of near zero such that T O  is close to the 
value mentioned above. Thus, if the plot of Figure 
3 ( a )  is plotted in terms of T 'I2 vs. y '" [Fig. 3 ( b )  1 ,  
then the yield value can be acquired from Figure 
3 (b )  . As the concentration increases, the yield value 
decreases to a minimum at about 3 wt % and then 
increases again (Fig. 4 ) .  According to the definition 
for T~ in the Casson equation, the yield value is the 
minimum shear stress to break the flocs aggregates 
in a dispersing system. It is a parameter that indi- 
cates the interaction between the particles of flocs, 
such that the higher is the yield value, the stronger 
is the interaction between the particles. The results 
in Figure 3 ( b )  imply that the interaction between 
particles decreases and then increases again as the 
dispersant concentration increases. Figure 4 shows 
the yield value as a function of dispersant concen- 

L 
0 NSF 

tration for different type of dispersants (C4NS, 
NSF, and C4NSF with different degrees of poly- 
merization). 

For a well-dispersed system, the aggregates of 
particles are small and less associated, and the vis- 
cometer spindle senses a smaller hindrance from 
aggregates at a given shear rate. Consequently a 
smaller shear stress and a lower viscosity were de- 
tected.28 In contrast, the agglomerates of a poorly 
dispersed system forms a network that hinders the 
spindle and results in a higher shear stress and a 
higher viscosity. Figure 5 shows the apparent vis- 
cosity as a function of dispersant concentration for 
carbon black dispersed in water using various dis- 
persants. For each plot, there exists a minimum in 
apparent viscosity. A similar trend was observed 
from Figures 4 and 5, which indicates that both yield 
value and apparent viscosity are characteristic fea- 
tures of a dispersed system and can evaluate the 
extent of dispersion in a mixture system. The results 
in both Figures 4 and 5 clearly indicate that stronger 
interactions among the dispersed particles result in 
a higher apparent viscosity ( a  higher T / Y  ratio). 

In Figures 4 and 5, each plot shows a minimum 
in apparent viscosity and yield value at  3-5 wt %. 
After the minimum, the apparent viscosity or yield 

P 

wt.% of dispersant based on carbon black 

Figure 4 
C4NSF in the carbon black/H20 system. 

Yield values vs. dispersant concentration for C4NS, NSF, H-C4NSF, and L- 
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Figure 5 
and L-C4NSF in the carbon black/H20 system. 

Apparent viscosity vs. dispersant concentration for C4NS, NSF, H-C4NSF, 

value increases sharply for NSF and C4NS, but in- 
creases slowly for C4NSFs (and for C4NSFs with 
different molecular weight). Compared to NSF, 
C4NSFs show significantly lower apparent viscosity 
and yield values. Also C4NS shows similarly lower 
values compared to C4NSFs. This indicates that the 
substitution of a butyl group on NSF (i.e., C4NSF) 
or NS (i.e., C4NS) promotes their dispersing ability 
for carbon black in water. From Figures 4 and 5, the 
difference in the molecular weights of the C4NSFs 
synthesized in this study does not result in a sig- 
nificant difference in the dispersion of carbon black 
in water. 

SEM can be used to monitor the surface of the 
film of dispersed particles to evaluate the dispersion 
state of the particles in solution. Figure 6 shows the 
SEM (magnification, 5000X) for the carbon black 
dispersed in water system using different concen- 
trations of H-C4NSF [Fig. 6 (a-c ) ] and NSF [Fig. 
6(d-f)] as dispersants. For both H-C4NSF and 
NSF, the best dispersion occurs when the concen- 
tration is about 3 wt %. At a concentration of 3 wt 
%, the dispersion is better for C4NSF [Fig. 6 ( b )  ] 
than for NSF [Fig. 6 ( e )  1. These results coincide 
with the trend observed for apparent viscosity (Fig. 
5) and yield value (Fig. 4) .  From the comparison 
between Figure 6 and Figures 4-5, it is obvious that 

a better dispersed system always has a lower appar- 
ent viscosity and yield value. 

The effectiveness of a dispersant with specific 
particles is closely related to the amount adsorbed 
on the particles, and the properties of the dispersant 
a t  the adsorption layer. Figure 7 shows the amount 
adsorbed vs. C g  (the concentration in the bulk phase 
at equilibrium) for C4NSF, C4NS, and NSF in the 
carbon black/ water system. Obviously, the amount 
of C4NSF adsorbed is close to that of C4NS and is 
significantly higher than that of NSF. This result 
can be used to interpret the trends observed in Fig- 
ures 4 and 5, where C4NSF and C4NS show a higher 
yield value, and a decrease in the viscosity, indicating 
they more efficient. The greater adsorption of 
C4NSF and C4NS can provide more charges on the 
surface of carbon black, resulting in an increase in 
the electrostatic repulsion, thus preventing the co- 
agulation of the particles and a better d i sper~ion . '~~~ 
The reason for the greater adsorption of C4NSF (or 
C4NS) compared to NSF can be explained by the 
stronger hydrophobic interactions between C4NSF 
(or C4NS) and the surface of carbon black due to 
the presence of the butyl group. Thus the butyl group 
in C4NSF promotes the dispersing ability of non- 
polar particles, in this case carbon black in water. 

In contrast to nonpolar particles, an investigation 
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(4 (f) 

Figure 6 The SEM (magnification 5000) for the carbon black dispersed in water using 
different concentrations of H-C4NSF (a, b, c )  and NSF (d, e, f )  as dispersants, [ 2 wt % 
based on carbon black for ( a )  and ( d )  , 3 wt % for ( b  ) and ( e  ) , and 5 wt % for (c  ) and 
( f ) l .  

of the effect of the butyl group in C4NSF on its 
ability to disperse polar particles such as TiOz was 
made. Figure 8 shows the apparent viscosity of Ti02 
dispersed in water using C4NSF and NSF as dis- 

persants as a function of dispersant concentration. 
The apparent viscosity of the system using C4NSF 
is higher than that using NSF, and it increases 
sharply after a concentration of about 3 wt  7%. The 



FUNCTIONAL POLYMERS FOR COLLOIDAL APPLICATION. VI 529 

0.0010 - 

0.0008 - 

0.0006 - 

0.0004 - 

0.0002 - 

h 

n 

.", 
v 

W 
W 
. 
v 

r 
e 
3 

i 
4 

e 
0 
.I r 
L 
0 
m w 
4 

e 

4000 

3500- 

h 
m 3000 n 
0 v 

h r 
m 
0 
0 
m 
* 

2500 .- 
.- 

2000 

r 
e 
Q) 
L a 

1 500 

n n 
1 000 (0 

500 

0 

0.0°12 I 

O N S F  

+ aNSF - 

- 

- 

- 

- 

- T r 
L . l . I . I . 1 .  

0 1 2 3 4 5 

0 H64NSF 

+ C4NS 

m w  

o.ooO0 ! I I I I 

0.00025 0.00050 0.00075 0.00100 

Figure 7 
concentration in the bulk phase at  equilibrium. 

The amount of C4NSF, C4NS, and NSF adsorbed on carbon black vs. the 

Figure 8 
Ti02/H20 system. 

Apparent viscosity vs. dispersant concentration for C4NSF and NSF in the 
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in the bulk phase at  equilibrium. 

The amount of C4NSF, C4NS, and NSF adsorbed on TiO, vs. the concentration 

sharp increase after -3 wt 9% is similar to the bridg- 
ing effect observed using lipophile-grafted polycar- 
boxylates as dispersants to disperse Ti02 in wa- 
ter.,'~~' Figure 9 shows the amount of C4NSF and 
NSF adsorbed on TiO, as a function of Cg. The 
amount of C4NSF adsorbed is greater than NSF. 
The hydrophobic interaction between adsorbed 
molecules is one of the mechanisms for adsorp- 
tion, 1 7 9 1 8  and it enhances the adsorption. Thus, the 
greater adsorption of C4NSF over NSF can probably 
be explained by the additional hydrophobic inter- 
action between C4NSF molecules. On the polar sur- 
face of Ti02, the structure of C4NSF in the adsorp- 
tion layer is such that the sulfonated naphthalene 
ring is adsorbed on the surface with the hydrophobic 
butyl group oriented toward the water phase.17"' 
Therefore, the apparent viscosity in Figure 8 can be 
interpreted as follows. The greater viscosity found 
in the C4NSF system is probably due to interactions 
between Ti02 particles by means of the hydrophobic 
interaction between adsorbed C4NSF. This causes 
a bridging'7,'8,30 between the particles of Ti02 and 
the concomitant increase in the viscosity of the dis- 
persed system. The sharp increase in viscosity at 
about 3 wt 9% is due to flocculation, or the so-called 
bridging effe~t.~' 

CONCLUSIONS 

Compared to NSF, the C4NSFs with different mo- 
lecular weights show significantly lower apparent 
viscosities and yield values. It can be concluded that 
the interaction between dispersed particles such as 
carbon black is weaker when C4NSFs are used as 
dispersants than when NSF are used. This indicates 
that the butyl group substitution in C4NSFs pro- 
motes their dispersing ability for carbon black in 
water. As evidenced by microscopy of both C4NSF 
and NSF covered materials, the best dispersion oc- 
curs when the concentration of dispersant is 3 wt 
9%. The dispersion is better for C4NSF than for NSF 
at the same concentrations. These results coincide 
with the trends observed for the apparent viscosity 
and yield value. The amount of C4NSF adsorbed 
onto carbon black is significantly higher than that 
of NSF, which explains the data in Figures 4 and 5. 
The higher adsorption of C4NSF provides more 
charges on the surface of carbon black resulting in 
a greater electrostatic repulsion, thus preventing the 
coagulation of the particles, and obtaining a better 
dispersion. These results indicate that the butyl 
group of C4NSF promotes the dispersing ability of 
nonpolar particles in water. The butyl group on 
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C4NSF affects its ability to disperse polar particles 
( Ti02) ,  as seen in the increase in the apparent vis- 
cosity compared to NSF. The sharp increase after - 3 wt 96 is similar to the bridging-effect phenomena 
observed using lipophile-grafted polycarboxylates as 
dispersants for Ti02 in water. The increased ad- 
sorption of C4NSF over NSF can be explained by 
the additional hydrophobic interaction between 
C4NSF molecules, which also causes the greater 
viscosity and the sharp increase with concentration 
observed for the Ti02/water/C4NSF system. 

The authors thank the National Science Council, Taipei, 
R.O.C. for their generous financial support of this research. 
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