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Abstract

Adsorption of several organic dyes was examined on a modified silica surface. For this purpose, EG-Silica was applied,

precipitated from sodium metasilicate solution using carbon dioxide in presence of ethylene glycol. In order to promote their

interaction with dyes, the silica surface was modified using silane coupling agents with the amino functional group. Technique of

conducting the adsorption process was discussed. Studies on morphology and microstructure were performed employing scanning

electron microscopy (SEM). Particle size distribution was also examined using the technique of dynamic light scattering. The SEM

micrographs and particle size distributions showed that highly uniform pigments can be obtained employing EG-Silica as a core.

Studies on elution of dyes from the silica surface demonstrated that, in general, stable pigments were obtained.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adsorption of dyes on the surface of various mate-

rials represents an important, intensively studied phe-

nomenon. Among multiple studied systems, membrane

filters [1], inorganic particles [2], polymers [3], biolo-

gical cells [4] and DNA [5] take a significant share. Dye

adsorption on the surface of solids was examined by

many scientists [6–8]. Among other, McKay et al.

examined interactions between pigments and chitin

[9]. Due to porosity of the latter, the involved adsorp-

tion mechanism was difficult to recognise.

Among inorganic compounds, silicas deserve parti-

cular attention, considering chemical reactivity of their

surface, resulting from the presence of silanol groups.

Due to their hydrophilic character, the silica surface

physically adsorbs water molecules. Thus, reactions on

the silica surface require that the surface is dried in a

vacuum in order to remove water. After this procedure,

silanol groups become extremely reactive, exhibiting

particular tendency to condensate with alkoxysilanes

[10,11]. The property proves convenient upon modifi-

cation of silica surface as it permits interaction of its

surface with various organic dyes [12–15].

Due to the above, inorganic particles such as, e.g.

silica can be used as carriers, on the surface of which

molecules of an organic dye can be adsorbed. The so-

obtained pigments exhibit many advantages:

� By selecting a carrier of an appropriate light refrac-

tion coefficient, pigments of required colour and

transparency can be obtained.

� Using carriers of spherical particles and of a narrow

size distribution, pigments of a required covering

power can be obtained.
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� By appropriate surface modification, dispersive

potential of the particles in water or in organic

solvent can be improved.

� Chemical and light resistance of such particles can

be improved.

In present study, morphology of the silica surface,

following adsorption of various organic dyes, size and

size ranges of particles, efficiency of the adsorption

process and an extent of dye elution from the carrier

surface were examined.

2. Experimental

2.1. Materials

Silica EG-Silica, precipitated according to our own

novel procedure [16], was employed. Precipitation of

a highly dispersed silica was conducted in such a way

that ethylene glycol solution was introduced to a

reactor and heated up to 85 8C. Then, sodium meta-

silicate solution was dosed and during the dosing the

reactive mixture was carbonised with gaseous CO2.

The entire contents were intensely mixed. Dosing of

the sodium metasilicate solution was stopped when

the pH of the reactive system reached 8.0. Subse-

quently, the pH of the reactive mixture was adjusted to

around 5, using 2.5% solution of hydrochloric acid.

The reaction resulted in a white sediment of silica. The

sediment was isolated by filtration, washed and sub-

jected to stationary drying using a warm air fan.

Silica precipitated in the presence of ethylene glycol

exhibited the following parameters: bulk density 63 g/

dm3, capacity to absorb water 500 g per 100 g, capacity

to absorb paraffin oil 1500 g per 100 g, specific surface

area 125 m2/g and zeta potential �19.8 mV.

The coupled glycol molecules warranted that sev-

eral neighbouring silanol groups at the silica surface

were unable to bind water molecules at the silica

surface and were unable to interact with each other

(through hydrogen bonds) [16].

Precipitation of the silica was paralleled by its

modification. For the silica surface modification, the

following amino functional silane coupling agents

were used:

� U-13, H2N(CH2)3Si(OC2H5)3, 3-aminopropyl-

triethoxysilane;

� U-15, H2N(CH2)2NH(CH2)3Si(OCH3)3, N-2-(ami-

noethyl)-3-aminopropyltrimethoxysilane, both pro-

duced by UniSil (Tarnów, Poland).

For preparation of the pigments the different

organic dyes were used (Boruta-Kolor, Sp.z o.o.,

Poland), of the following formula:

� CI Reactive Blue 19

� CI Acid Violet 1

� CI Acid Red 18

� CI Acid Green 16
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2.2. Methods

The silica surface modification was conducted

using U-13 and U-15 silanes. Solutions were prepared,

containing 1, 2, 3, 5 and 10 parts by weight of the

modifier in methanol/water (4/1) per 100 parts by

weight of the silica [17].

At the surface of the modified silica, carbon and

nitrogen were estimated (in a single sample of 10 mg)

using the automatic type EA 1108 analyser (Carlo-

Erba, Italy).

Colouration of the modified silicas was developed

as follows. Water solution of the dye at 0.8 g/dm3 was

introduced to a flask containing the same amount of

the modified silica. The suspension was mixed for 4 h

using a magnetic stirrer. Then, the solution was filtered

under vacuum. The product was dried at 105 8C. The

filtrate was centrifuged and the content of the unad-

sorbed dye was estimated by absorbance measurement

using the SECOMAM S.750 spectrophotometer

(France).

In order to determine morphology of pigment sur-

face, selected samples were examined in a scanning

electron microscope. Since silicas do not conduct

electric currents, irradiation of their surface with an

electron beam of the scanning electron microscope

results in an accumulation of an electric charge which

deforms the pattern of surface topography. In order to

avoid accumulation of the surface electric charge,

silica preparations were made in the tert-butyl alcohol.

In the studies the scanning electron microscope Phi-

lips SEM 515 was used.

Laser Doppler electrophoretic light scattering deter-

minations were performed with a ZetaPlus instrument,

purchased from the Brookhaven Instruments Co., in

the reference beam mode at the wavelength of the laser

light source of 635 nm, sampling time 256 ms, mod-

ular frequency 250 Hz and the scattering angle 158.
The standard error of the zeta potentials (z), converted

from the experimentally determined electrophoretic

mobilities according to the Smoluchowski limit of the

Henry equation, was typically <1.5% and the percent

error <5%. The zeta potential distributions were

obtained by averaging five runs.

Particles size distribution was also examined using

a ZetaPlus apparatus. The particles size was measured

using the dynamic light scattering (DLS) technique.

The technique involved weighing out an appropriate

sample, placing it in a small amount of water (0.1 g in

50 cm3 H2O) and stabilising using an ultrasonic bath

(50 kHz). The prepared sample was placed in a cuvette

and the size distribution of silica particles was then

measured. Polydispersity represents a function of

particle size scatter and is determined on the basis

of particle size distribution.

3. Results and discussion

SEM micrographs and particle size distributions for

the unmodified EG-Silica and for the silica modified

with U-13 and U-15 aminosilanes were presented in

[18]. The modification promoted increased chemical

affinity of the silica due to substitution of its surface

silanol groups by amino groups.

The extent of coating silica surface with U-15

aminosilane was established on the basis of elemen-

tary analysis by calculation of surface concentration of

the bound silane. The calculation took advantage of

the dependence suggested by Berendsen and de Galan

[19] and Hemetsberger et al. [20]. As evident from the

data of Table 1, only a fraction of silanol groups,

present at the silica surface, underwent reaction with

aminosilane. Values of silane surface concentration

ranged between 0.1 and 0.5 mmol/m2. Concentration

of silanol groups on the surface of precipitated silica is

appraised at around 8 mmol/m2 but for steric reasons

only a part of the groups may undergo the reaction. On

the basis of the presented data, the extent of covering

can be noted to increase with increasing amounts of

silane used for the modification.

The modified silicas were applied as adsorbents of

four various organic dyes, including CI Reactive Blue

19, CI Acid Violet 1, CI Acid Red 18 and CI Acid

Table 1

Elementary analysis of unmodified and aminosilane modified silica

surface (modification in methanol/water mixture)

Amount of silane

(parts by weight)

Content (%) Extent of covering,

a (mmol/m2)
C N

No silane 0.22 0.00 –

1 0.58 0.21 0.11

3 0.62 0.22 0.12

5 1.65 0.67 0.46
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Green 16. SEM micrograph and particle size distribu-

tion of the pigment on silica carrier, modified with

three parts by weight of U-15 aminosilane and follow-

ing adsorption of CI Reactive Blue 19 dye, are shown

in Fig. 1.

A relatively highly uniform product was obtained

but it exhibited a strong tendency to form agglomer-

ates. This could be clearly observed in the SEM

micrograph (Fig. 1a) and it was confirmed by the

particle size distribution (Fig. 1b). The distribution

manifested two bands of various intensity. The more

intensive band within the range of 2289.6–3454.6 nm

corresponds to agglomerates (maximum intensity of

100 corresponds to agglomerates of 2699.1 nm in

diameter). Aggregates and many primary particles

were presented within the range of 441.8–565.5 nm

(maximum intensity of 22 corresponds to aggregates

of 520.8 nm in diameter).

Pigment on the silica carrier modified with three

parts by weight of another aminosilane (U-13) and

with the adsorbed CI Reactive Blue 19 dye exhibited a

similarly uniform character but manifested a tendency

to form aggregates and agglomerates of lower dia-

meters (Fig. 2). SEM micrograph of the pigment is

shown in Fig. 2a and the corresponding particle size

distribution is presented in Fig. 2b. As in Fig. 1b, also

in this case presence of two agglomerate bands of

various intensity could be noted. The more intensive

band could be ascribed to agglomerates and it fitted the

range of 993.8–1387.4 nm (maximum intensity of 100

corresponds to agglomerates of 1135.7 nm in dia-

meter). Aggregates fitted the range of small diameters,

within the range of 244.7–341.7 nm (maximum inten-

sity of 45 corresponds to agglomerates of 299.0 in

diameter).

The violet dye CI Acid Violet 1 adsorbed much

better on the silica modified with three parts by weight

of U-13 aminosilane (Fig. 3). As documented in the

respective SEM micrograph (Fig. 3a), large agglom-

erates were practically absent from the pigment. This

was illustrated in detail in Fig. 3b with respective

particle size distribution. The distribution presented

two bands of a similar intensity, both representing

aggregates. The more intensive band was presented

within the range of 172.2–234.9 nm (maximum inten-

sity of 100 corresponds to aggregates and primary

particles of 195.0 nm in diameter). Band of larger

aggregates fitted the range of 597.0–814.7 nm (max-

imum intensity of 98 corresponds to aggregates of

676.1 nm in diameter).

Adsorption of the dye CI Acid Violet 1 on EG-Silica

modified with 3 parts by weight of U-15 aminosilane

was followed by a strong tendency of pigment parti-

cles to form agglomerates (Fig. 4a). Particle size

distribution of the pigment is shown in Fig. 4b. Two

bands were presented, of a very different intensity

and different size of agglomerates. The less intensive

band reflected presence of aggregates and fitted the

range of 420.3–583.3 nm (maximum intensity of

Fig. 1. SEM (a) and particle size distribution (b) of modified EG-

Silica with three parts by weight of U-15 silane (in methanol/water)

after adsorption of CI Reactive Blue 19.
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36 corresponds to aggregates of 522.9 nm in dia-

meter). The agglomerates band showed high intensity

and occupied a broad range which started at

8036.6 nm (maximum intensity of the band was 100).

The red dye, CI Acid Red 18 was adsorbed on EG-

Silica modified with three parts by weight of U-15

aminosilane. The obtained pigment showed highly

uniform character and a low tendency to form agglom-

erates. This was documented by the patterns presented

in Fig. 5. The corresponding SEM micrograph

(Fig. 5a) demonstrated homogeneity of the pigment

and a practical absence of agglomerates. This was

confirmed by the particle size distribution (Fig. 5b),

the very intensive band in the range of 123.1–

237.9 nm reflected presence of aggregates (maximum

intensity of 100 corresponds to aggregates of

182.8 nm in diameter). The agglomerates band of a

very low intensity fitted the range of 2233.9–

4316.7 nm (maximum intensity of 34 corresponds

to agglomerates of 3316.8 nm in diameter).

Selected physicochemical parameters of the

obtained pigments are presented in Table 2. In most

Fig. 2. SEM (a) and particle size distribution (b) of modified EG-

Silica with three parts by weight of U-13 silane (in methanol/water)

after adsorption of CI Reactive Blue 19.

Fig. 3. SEM (a) and particle size distribution (b) of modified EG-

Silica with three parts by weight of U-13 silane (in methanol/water)

after adsorption of CI Acid Violet 1.
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Fig. 4. SEM (a) and particle size distribution (b) of modified EG-

Silica with three parts by weight of U-15 silane (in methanol/water)

after adsorption of CI Acid Violet 1.

Fig. 5. SEM (a) and particle size distribution (b) of modified EG-

Silica with three parts by weight of U-15 silane (in methanol/water)

after adsorption of CI Acid Red 18.

Table 2

Zeta potential, polydispersity and mean diameter for coloured silicas

Pigment symbola Zeta potential (mV) Polydispersity Mean diameter (nm)

EGþ3U-13þRB19 �8.82 0.285 904.5

EGþ3U-15þRB19 7.38 0.329 2375.7

EGþ3U-13þAV1b 13.08 0.242 446.5

EGþ3U-15þAV1b 11.57 0.437 6868.0

EGþ3U-13þAR18b �1.88 0.382 6180.2

EGþ3U-15þAR18b 20.06 0.183 891.4

a For example, EGþ3U-13þRB19 denotes silica EG-Silica modified with three parts by weight of U-13 silane (in methanol/water mixture)

after adsorption of CI Reactive Blue 19 dye. The other notations also give similar meaning.
b With addition of HCl.
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cases, zeta potential of the products showed positive

values and in only two cases they demonstrated negative

values. Polydispersity of the pigments ranged between

0.180 and 0.450. Particularly high monodispersity was

demonstrated by the pigment on the silica modified with

three parts by weight of U-15 aminosilane, resulting

from adsorption of CI Acid Red 18 (in this case poly-

dispersity amounted to 0.183). The result was corrobo-

rated by the agglomerate size distribution pattern

(Fig. 5b). The low values of polydispersity indicated

a highly uniform character of the pigment silica particles

and pointed to their high application potential.

Analysis of efficiencies with which the examined

dyes were adsorbed (Table 3) brought interesting

results. Very high adsorption efficiencies (over 97%

adsorption) were obtained for CI Acid Green 16,

independently of amount of the applied silane. In

cases of the remaining dyes (CI Reactive Blue 19,

CI Acid Violet 1, CI Acid Red 18) amount of the

applied aminosilane coupling agent strongly affected

the adsorption, independently of the type of silane

coupling agent. In silica modified with 1 part by

weight of U-13 silane, efficiency of CI Reactive Blue

19 adsorption was only 12.5% but increased to 98.9%

when 10 parts by weight of the silane were used for

modification. It should be mentioned that higher

adsorption efficiencies were obtained when silica sur-

face was modified with U-15 silane. Upon comparison

of adsorption efficiencies, obtained with the two

silanes used at the same concentrations, the more

advantageous effect of U-15 silane, as compared to

that of U-13 silane, was evident (Table 3). Efficiency

values of 99% order were reached using already 5

parts by weight of U-15 silane but required application

of 10 parts by weight of U-13 silane.

Results of elution of the silica surface-adsorbed

dyes are listed in Table 4. Modification of the silica

surface with U-15 aminosilane in methanol/water (4/

1) mixture resulted in formation of a stable chemical

Table 3

Adsorption extent of different organic dyes (adsorption time 4 h)

Amount of silane

(parts by weight)

Dye concentration Disposal

extent (%)
Before

adsorption

(mg/cm3)

After

adsorption

(mg/cm3)

U-13þRB19

1 0.8 0.6994 12.5

2 0.8 0.6223 22.2

3 0.8 0.4773 40.3

5 0.8 0.2751 65.6

10 0.8 0.0093 98.8

U-15þRB19

1 0.8 0.4474 44.0

2 0.8 0.3540 55.7

3 0.8 0.3694 53.8

5 0.8 0.0032 99.6

10 0.8 0.0030 99.6

U-13þAV1a

2 0.8 0.3839 52.0

3 0.8 0.1835 77.0

5 0.8 0.0358 95.5

10 0.8 0.0031 99.6

U-15þAV1a

2 0.8 0.1644 79.4

3 0.8 0.0058 99.2

5 0.8 0.0027 99.6

10 0.8 0.0010 99.8

U-13þAR18a

2 0.8 0.6006 24.9

3 0.8 0.3985 50.1

5 0.8 0.2569 67.8

10 0.8 0.05102 93.6

U-15þAR18a

2 0.8 0.2981 62.7

3 0.8 0.1732 78.3

5 0.8 0.0030 99.6

10 0.8 0.0012 99.8

U-15þAG16a

1 0.8 0.01677 97.9

2 0.8 0.01728 97.8

3 0.8 0.01732 97.8

5 0.8 0.01980 97.5

10 0.8 0.02031 97.4

a With addition of HCl.

Table 4

Elution of organic dyes adsorbed on a silica surface

Pigment symbol Dye concentration

after elution

(mg/cm3)

Amount of dye

eluted from a

silica surface (%)

EGþ3U-13þRB19 0.00000 0.0

EGþ3U-15þRB19 0.00000 0.0

EGþ3U-15þAG16a 0.01842 2.4

EGþ3U-13þAV1a 0.00000 0.0

EGþ3U-15þAV1a 0.00000 0.0

EGþ3U-13þAR18a 0.00848 2.1

EGþ3U-15þAR18a 0.00000 0.0

a With addition of HCl.
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bond between the modified surface and the dye (CI

Reactive Blue 19 or CI Acid Violet 1), which pre-

vented the dyes from being eluted from the surface. In

the case of adsorption of CI Acid Green 16 and

adsorption of CI Acid Red 18 small amounts of the

dye were eluted (2.4 and 2.1%, respectively).

The presented results justify presentation of a prob-

able mechanism for binding CI Acid Violet 1 dye at

the surface of the modified silica:

The suggested mechanism is corroborated by

results of pigment elution (Table 4). The slight frac-

tion of the dye which is washed off the silica surface

may indicate that it is bound by the weak hydrogen

bonds. Nevertheless, the prevalent portion of the dye

is stably bound to the modified silica surface, which

involves formation of strong chemical bonds of ionic

type.

4. Conclusions

SEM micrographs and particle size distributions

demonstrated that highly uniform pigments can be

obtained using EG-Silica as a core. More uniform

pigments were obtained using U-13 aminosilane for

modification of the silica surface. Except for CI Acid

Green 16, dye adsorption efficiencies demonstrated an

interesting relation, independently of the type of ami-

nosilane applied for modification, their augmented

amount resulted in an increase in dye adsorption on

the surface of the modified silica. Studies on the dye

elution from the silica surface demonstrated that, in

general, stable pigments were obtained.
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