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Abstract The polymer structure impact on the adsorption

layer conformation formed on the chromium (III) oxide

surface was investigated. As adsorbates, three macro-

molecular compounds were tested: poly(L-aspartic acid)

homopolymer and two block copolymers containing the

poly(amino acid) segments as well as the poly(ethylene

glycol) ones in the chain structure. Due to the ionic nature

of the poly(amino acid), all measurements were carried out

as a function of solution pH value. The most probable

polymer chain binding mechanism was determined on the

basis of the values obtained from the adsorption, poten-

tiometric titration, turbidimetry and thermogravimetry

experiments. The acquired results indicate that the solution

pH has a great influence on the adsorbed macromolecule

conformation. Additionally, in the case of the block

copolymers, the individual structural unit affinity for the

solid particles can be modified by the pH changes.

Therefore, a significant difference in the mass decrement

measured for the systems at pH 3 and 10 can be explained

by the contribution of electrostatic forces and hydrogen

bond formation to the polymer adsorption mechanism.

Structure of the adsorbed polymer layer determines also the

suspension stability. The solid surface charge neutraliza-

tion by the macromolecules bound to the Cr2O3 surface at

pH 3 impairs the sample stability, whereas the presence of

the extended polymer chains in the basic solution leads to

the durability improvement.

Keywords Poly(aspartic acid) � Block copolymer

adsorption � Chromium (III) oxide � Thermogravimetry �
Suspension stability

Introduction

Polymers adsorption at the solid–liquid interface is a very

sophisticated process depending on various factors, but at

the same time this phenomenon finds numerous applica-

tions in many industrial branches as well as in human

activities [1–4]. However, it is a complex process

depending on numerous factors related to the macro-

molecular compound structure, nature of adsorbent surface

as well as the conditions of the entire process [5–8].

Chromium (III) oxide (Cr2O3) is a dark green, amor-

phous powder, forming hexagonal crystals on heating that

are insoluble in water or acids. It is broadly used in many

industry branches. Cr2O3 finds application in the metal-

lurgical processing of ferrochromium and other metallur-

gical products to impart corrosion resistance, chiefly

stainless steel. It is one of the most frequently used dyes in

the industry. Chromium (III) oxide is applied for coloring a

concrete, as a stable green pigment for toys, plastics and

leather. The aqueous suspension of Cr2O3 is very popular

substance in the production of banknotes and green ink. It

is also used in paint and ceramic industries, a heteroge-

neous catalyst as well as a coating for providing mechan-

ical and thermal protection. Due to the light and chemical

resistance, chromium (III) oxide is required for glass,

ceramics and polymers. Moreover, Cr2O3 can be used as an

ingredient in cosmetics (production of eye shadows), dye in
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bronzers, lipsticks and cheek rose. It is possible due to the

fact that this solid is chemically stable under a wide range

of solution pH conditions [9–12].

The presence of the polymers in aqueous medium has a

significant influence on the colloidal system stability. As a

result of macromolecular compound adsorption, the poly-

mer chains assembled on the solid surface modify the

interactions present in the system. As a consequence, two

opposite effects can be observed. First of all, the presence

of polymer can increase the particle suspension durability

(on account of steric or electrosteric stabilization mecha-

nism). In the second case, the macromolecules adsorbed at

the solid–liquid interface lead to a complete system

destabilization (bridging flocculation, depletion interac-

tions or charge neutralization) [13, 14]. Therefore, in terms

of the applications involving preparation of stable aqueous

suspensions (as in case of coloring a concrete, leather,

production of banknotes and magnetic composites con-

taining Cr2O3 particles), the addition of suitable polymer is

necessary to obtain a stable system [15–20].

Searching for new stabilizers, the suspension-destabi-

lizing agents, or the surface modifiers has led to the

increased interest in copolymers—the compounds consist-

ing of two (or more) types of structural units connected via

a covalent bond. All blocks present in the copolymer

macromolecules can exhibit a different spatial structure

and chain length as well as the opposite ionic character,

polarity or affinity for the solid surface. Hence, these

substances show considerably different properties com-

pared with those of proper homopolymers which are their

building blocks [21]. In relation to the applied solution pH

conditions, the ionic blocks may achieve a variety of

conformations at the solid–liquid interface depending on

the electrostatic forces occurring in the studied sample.

Usually under appropriate conditions, one of the polymer

structural units undergoes a strong adsorption (an anchor),

whereas the other is extended into the bulk solution (a

buoy) [22–26].

Polyamino acids are a group of synthetic polymers

whose backbone is made up of individual amino acid

monomers linked by a stable peptide bond. Besides the

synthetic origin, the prepared polymers exhibit a number of

important properties relevant to medicine, pharmacy and

environmental protection. First of all, the macromolecules

are characterized by complete biodegradability and

biodegradability. Secondly, these compounds are charac-

terized by an excellent solubility in water and resistance to

pH changes. As a result, in the future, they can replace

polymeric substances currently used which are not

decomposed in the environment (or they are slightly

biodegradable) [27–29].

Since interactions between various metal oxides and

polymers containing only one type of the functional groups

were repeatedly tested, the copolymer adsorption mecha-

nism on the solid surface should be precisely investigated.

In the presented paper, three different polymers were used

as adsorbates: the poly(L-aspartic acid) homopolymer

(ASP) and two block copolymers containing ASP and

poly(ethylene glycol) (PEG) segments in the chain struc-

ture. It is worth noting that poly(aspartic acid) is anionic,

water-soluble compound. Because of the unique properties

such as dispersing activity and biodegradability, ASP can

be used as a component of laundry detergents, dishwashing

as well as water treatment chemical [28, 30]. Both the

anionic polyamino acid and the nonionic PEG play an

important role applied as a dispersing agent not only in the

industrial processes but also in biomedicine to obtain

stable systems used in MRI probes [27, 28, 31–33].

The aim of the paper was to investigate the polymer

structure impact on the adsorption layer conformation.

Application of the different types of measurements (ad-

sorption, potentiometric titration, turbidimetry, thermo-

gravimetry) allows to determine the homopolymer and

copolymer binding mechanism at the Cr2O3–polymer

solution interface. Moreover, the conclusions resulting

from the comparison of dependencies obtained from dif-

ferent techniques can be very useful due to the potential

application of both the solid and the polyamino acid

homopolymer (or the PEGylated copolymers).

Experimental

Materials

BET surface area and particle size of adsorbent

Chromium (III) oxide (Cr2O3) (POCh Gliwice, Poland)

was used as an adsorbent. The Cr2O3 specific surface area

determined by the BET method was found to be

7.12 m2 g-1 (Micromeritics ASAP 2405 analyzer). The

point of charge (pHpzc) value was equal to 7.6 [34]. The

average Cr2O3 particles size (dynamic light scattering,

Zetasizer 3000, Malvern) was 265 nm [35]. The particle

diameter is calculated on the basis of the Brownian

motions. The detector (at the angle of 90�) analyzes the

scattered light fluctuations intensity. The dependency

between the size and the particle velocity is given by the

Stokes–Einstein equation:

r ¼ kT

6pgD
ð1Þ

r, the radius of the spherical particle/nm; k, Boltzmann’s

constant; T, the absolute temperature/K; g, the dynamic

viscosity/kg m-1s-1; D, the diffusion coefficient/m2 s-1.
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Structure of applied homopolymer and block copolymers

As macromolecular compounds, three classes of polymers

were applied (all from Alamanda Polymers, USA). One of

them is simple polyamino acid: poly(L-aspartic acid

sodium salt)—ASP. The second group consists of the two

block copolymers:

• poly(L-aspartic acid sodium salt)-block-poly(ethylene

glycol), designated as AP,

• poly(L-aspartic acid sodium salt)-block-poly(ethylene

glycol)-block-poly(L-aspartic acid sodium salt),

described as APA.

The average molecular weights of the applied polymers

were 6800 Da for ASP, 26,800 Da for AP diblock

copolymer, and 29,000 Da for APA triblock copolymer.

The analyzed polymer structure is shown in Fig. 1. The

polydispersity index (PDI) which is a measure of the

molecular weight distribution in the polymer is in the range

of 1.02–1.1. Therefore, polymers exhibit a uniform chain

length. The polydispersity index is measured by gel per-

meation chromatography (GPC) in DMF with 0.1 M LiBr

at 60 �C; a calibration curve constructed from narrow

polydispersity PEG standards is used. The average

molecular weight is provided by proton NMR spectroscopy

using the amino acid repeating unit to the incorporated

initiator peak integration ratio. The calculated dissociation

constant value (pKa) for the carboxyl groups belonging to

the poly(L-aspartic acid) segments was 3.73 [36].

Methods

Thermogravimetric measurements

Thermal analysis was carried out on a STA 449 Jupiter F1,

Netzsch (Germany) under the following operational con-

ditions: heating rate of 10 �C min-1, a dynamic atmo-

sphere of synthetic air (50 mL min-1), temperature range

of 30–930 �C, sample mass *70 mg, sensor thermocouple

type S TG–DTA. As a reference, empty platinum crucible

was used. The gaseous products emitted during decompo-

sition of materials were analyzed by FTIR spectrometer

Brucker (Germany) and by QMS 403C Aeölos (Germany)

coupling on-line to STA instrument. The QMS data were

gathered in the range from 10 to 300 amu. The FTIR

spectra were recorded in the spectral range of

600–4000 cm-1 with 16 scans per spectrum at a resolution

of 4 cm-1.

Surface tension measurements

In order to investigate the copolymer aggregation ability

(especially the micelle-like aggregate formation), the sur-

face tension of the polymers solution was measured using

the pendant drop method (CAM Theta goniometer; KSV

Instruments, Finland). This analysis is based on fitting the

full equations for drop profiles for pendant drops (surface

tension) derived from the Young–Laplace equation. The

values obtained for both compounds throughout the
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concentration range (10–200 mg L-1) were constant and

practically equal to those of doubly distilled water

(73 mN m-1) indicating a lack of aggregation.

Adsorption tests

Adsorption measurements were conducted by the static

method. The polymer concentration after the adsorption

process (C/mg m-2) was estimated by using the UV–Vis

spectrometer (Cary 100, Varian) at a wavelength of

210 nm. This wavelength was chosen after the UV–Vis

absorption tests. The peptide bonds began to absorb at

280 nm and were most sensitive in the range of

210–230 nm. However, in that region, a severe interference

from the absorption of OH- ions was observed. Thus,

210 nm was picked and the absorption of ‘‘blank’’ samples

without polymers at the same pH was subtracted. A linear

calibration curve was obtained from the standard solution,

and it was used to determine the unknown polymer con-

centrations in the supernatants [28]. In order to eliminate

the interferences originating from the hydroxyl ions, the

calibration curves were made as a function of the solution

pH. A suitable amount of Cr2O3 was added into the

Erlenmeyer flasks containing 10 cm3 of polymer solution

with fixed concentrations. After adjusting the appropriate

pH values, the samples were shaken in water bath (OLS

200, Grant) for 24 h in order to obtain the polymer

adsorption equilibrium. Then, the sediments were cen-

trifuged twice (MPW-223e, Centrifuge) and 5 cm3 of the

polymer solution was taken for the spectrophotometric

analysis. Each measurement was repeated twice, and the

uncertainty in the analysis was up to 3 %.

Surface charge density

The surface charge density of chromium (III) oxide was

calculated from the difference in the volume of base added

to the suspension in order to obtain the desired pH value

r0 ¼ DVcF
mS

ð2Þ

where DV, the difference in the volume of base added to

the suspension to obtain the desired pH of the solution; c,

the molar concentration of base/mol L-1; F, the Faraday

constant (9.648 9 104 C mol-1); m, the mass of the metal

oxide/g; S, the specific surface area of applied metal oxide/

m2 g-1.

The potentiometric titrations of Cr2O3 with and without

the analyzed polymers were performed in the thermostated

Teflon vessel. 1.5 g of solid was added to a thermostated

Teflon vessel containing 50 cm3 of supporting electrolyte

solution or polymer solution with a fixed concentration.

The suspensions were titrated with the NaOH solution with

a concentration of 0.1 mol dm-3. A thermostated Teflon

vessel with a stirrer, an automatic burette (Dosimat 765,

Methrom), glass and calomel electrodes (Beckman Instru-

ments), and the pH meter PHM 240 (Radiometer) were the

parts of the measurement set. The process was controlled

by a computer. The surface charge density (r0) was cal-

culated using the ‘‘Titr_v3’’ program written by W. Janusz.

The tests were performed twice, and the measurement

uncertainty was at the level of 2 %.

Stability of Cr2O3 in the absence and presence of analyzed

polymers

Stability measurements were conducted using a tur-

bidimeter Turbiscan Lab Expert connected to the cooling

module TLab Cooler. This device possesses an electro-

luminescence diode which emits a collimated light beam

(k = 880 nm), passing through the studied suspension and

two synchronized detectors. The transmission detector

records the light passing through the sample at the angle

of 0̊ in relation to the incident light direction. The second

one is the backscattering detector, which registers the

light scattered at the angle of 135�. The obtained results

are presented in the form of transmissions and backscat-

tering curves as a function of time. The analysis of the

turbidimetric data allows for the assessment of process

dynamics occurring in the sample during the measure-

ment. Moreover, due to the specialized computer software

connected with Turbiscan, it was possible to calculate the

TSI parameter (Turbiscan Stability Index) that is very

useful in the evaluation of colloidal system stability

[34, 35].

The Turbiscan Stability Index (TSI) coefficient is cal-

culated from the following formula:

TSI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 ðxi � xBSÞ2

n� 1

s

ð3Þ

where xi denotes the average backscattering for each

minute of measurement, xBS is the average value of xi, and

n is the number of scans. The particle diameter (d) was

determined using the general law of sedimentation, which

is Stokes’ law extended to the concentrated dispersions

[37]:

Vðu; dÞ ¼
qp�
�

� qcj � g � d2

18 � v � qc

� ½1 � u�
1 þ 4:6u

ð1�uÞ3

h i ð4Þ

where V, the particle migration velocity/lm min-1; qc, the

continuous phase density/kg m-3; qp, the particle density/

kg m-3; d, the particle mean diameter/lm; v, the contin-

uous phase viscosity/kg m-1s-1; u, the volume of the

dispersed solid fraction/%.
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Results and discussion

Influence of the solution pH and the macromolecule

structure on the polymer adsorption on the Cr2O3

surface

In the case of the polymers containing the functional

groups capable of electrolytic dissociation process, the

solution pH is the key factor determining the adsorption

mechanism. Changes involving the hydrogen ion concen-

tration modification have influence on both the solid sur-

face charge and the polymer coil conformation. Moreover,

the copolymer block affinity for the metal oxide surface

can be easily affected by fixing the proper pH value.

As one can see in Fig. 2, both the solid surface structure

and the analyzed polymer macromolecule conformation

strongly depend on the solution pH. At the acidic pH

conditions, the Cr2O3 surface is positively charged whereas

the carboxyl groups belonging to the ASP chains remain

undissociated. With the hydroxyl ion concentration growth,

a larger number of the negative charges appear on the

metal oxide surface. Simultaneously, the ASP segment

dissociation degree increase leads to the formation of the

more extended spatial conformation of the polymer chains.

With regard to the nonionic poly(ethylene glycol) (PEG)

fragment, the solution pH adjustments do not affect the

polymer coil structure, but they can contribute to the

changes of the macromolecule affinity for the solid parti-

cles. This is related to the PEG segment hydrogen bond

formation ability; such connections can be created only

between the positively charged surface groups or the

amphoteric ones. Therefore, the adsorbent and adsorbate

property changes described above have significantly

influence on the polymer adsorption mechanism.

The adsorbed amounts of the tested macromolecular

compounds (both homo- and copolymers) are placed in

Table 1. At pH 3, the Cr2O3 particle surface is positively

charged (r0 = 11.23 lC cm-2). Under these conditions,

the ASP segments can either interact electrostatically with

Cr2O3 or form hydrogen bridges (just as PEG). As one can

see, the adsorption of all of the compounds gradually

increases with the growth of the polymer initial concen-

tration. The maximum of the polymeric chains linked to the

adsorbent surface is reached in the case of the AP diblock

copolymer, whereas the ASP homopolymer exhibits the

lowest adsorption. The differences in the quantities of the

polymer macromolecules bound at the metal oxide–aque-

ous solution interface can be explained by the analyzed

substance structure. The AP copolymer chains consist of a

long nonionic block and the relatively short polyamino acid

ones. Under the acidic pH conditions, both copolymer

structural units can undergo the adsorption on the Cr2O3

surface. The low ASP segment dissociation degree favors

the more closely packed adsorption layer. Moreover, the

presence of long PEG tail contributes to the screening of

charges originating from the adjacent adsorbed ASP coils

which contribute to further adsorption amount increase

(related to the homopolymer). This effect is considerably

less visible regarding the APA triblock copolymer. In this

case, the PEG fragment is too short (in comparison with the

ASP units length) in order to improve the proper screening

of charges. A higher APA adsorption in relation to the

homopolymer containing only the poly(aspartic acid)

monomers comes from a larger number of the carboxylic

groups capable of interacting with the solid particle

surface.

At pH 7.6, the number of the positively and negatively

charged groups present on the Cr2O3 particle surface is

nearly equal (pHpzc—point of zero charge). The solution

pH growth leads to reduction of the adsorption of all

studied polymers by half in relation to the values obtained

at pH 3 (except for APA—in this case, the decrease is

significantly larger). The reasons for such a behavior are

the electrostatic repulsion forces acting between the ASP

segments in the macromolecules and the solid surface as

well as between the adjacent adsorbed ASP chains. The

presence of the strongly extended macromolecules on the

metal oxide surface results that the lower number of

polymer chains can be bound to the Cr2O3 surface. As

regards the block copolymers, the PEG fragment has less

capabilities of hydrogen bond formation due to a smaller

content of the positively charged surface groups. The

adsorption maximum is reached for the AP diblock

copolymer, similar to pH 3. The APA adsorbed amount

reduction is associated with the presence of the two large

ASP units which can block the surface active sites making

them inaccessible for the successive macromolecules.

The solution pH increase to 10 results in the further

polymer adsorption amount reduction. Under these condi-

tions, the PEG structural unit loses the affinity for the
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Cr2O3 surface. At pH 10, the negatively charged surface

groups predominate at the Cr2O3–aqueous solution inter-

face. Under these conditions, the repulsion forces between

the ether groups belonging to the PEG chains and the solid

surface significantly impede the nonionic polymer binding.

As a consequence, the external part of copolymer adsorp-

tion layer consists of the nonionic structural units directed

toward the bulk solution. In the case of the APA triblock

copolymer, the loop formed by the PEG segments located

between the two spatially extended ASP blocks provides

another steric hindrance precluding the adsorption of

polymer chains.

Solid particle surface charge density changes

in the presence of the poly(L-aspartic acid)

and the block copolymers

The potentiometric data obtained for the Cr2O3 particle

surface charge density (r0) changes in the absence and

presence of the analyzed homo- and copolymers as a

function of the solution pH are shown in Figs. 3 and 4. The

analysis of the results at lower polymer concentration

(Cp = 10 mg L-1; Fig. 3) reveals that the curves obtained

for the Cr2O3 particles in the background electrolyte and

the Cr2O3/ASP homopolymer system overlap. The addition

of the other two compounds causes the surface charge

density reduction up to pH 10. At the initial pH values, the

highest r0 drop is observed for the solid particles covered

with numerous adsorbed AP copolymer macromolecules.

A considerable surface charge decrease in the presence of

APA triblock copolymer (despite lower adsorption) can be

explained by a larger number of the dissociated carboxyl

groups in the polymer chains. Another conclusion which

may be drawn is that the lower the adsorption is, the closer

and closer to the results obtained for the Cr2O3/NaCl sys-

tem the potentiometric curves are (Fig. 3).

For the systems containing the studied polymers at a

concentration of 100 mg L-1, the noticeable surface

charge density drop is observed (compared with the solid

suspensions with a lower polymer content). A greater

number of the macromolecules adsorbed on the solid sur-

face is responsible for the significant r0 value decrease. In

addition, the change of curves order can be explained by

the impact of the macromolecule structure on the polymer

adsorption layer conformation. In the samples containing a

lower concentration, the polymer chains adopt more par-

allel conformation, while at higher concentration the

adsorption layer is rich in the loops and tails directed

toward the bulk solution. Increase in the number of poly-

mer macromolecules linked to the Cr2O3 surface results in

higher amount of the functional groups able to interact with

the adsorbent active sites.

Despite the fact that the highest adsorption is reached

for the samples containing the AP copolymer, the lowest

surface charge values are measured in the presence of both
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Fig. 3 The Cr2O3 particle surface charge density in the absence and

presence of analyzed polymers at the concentration of 10 mg L-1.

ASP—poly(L-aspartic acid) homopolymer, AP—poly(L-aspartic

acid)-block-poly(ethylene glycol) copolymer, APA—poly(L-aspartic

acid)-block-poly(ethylene glycol)-block-poly(L-aspartic acid) triblock

copolymer

Table 1 Amount of adsorbed polymers on the Cr2O3 surface as a function of solution pH

System Polymer concentration/mg L-1 Adsorbed amount C/mg m-2

pH 3 pH 7.6 pH 10

Cr2O3–ASP 60 0.620 0.256 0.181

Cr2O3–ASP 100 0.706 0.274 0.201

Cr2O3–ASP 200 0.762 0.314 0.205

Cr2O3–AP 60 0.737 0.401 0.205

Cr2O3–AP 100 1.257 0.722 0.266

Cr2O3–AP 200 2.361 1.085 0.319

Cr2O3–APA 60 0.703 0.249 0.077

Cr2O3–APA 100 0.994 0.268 0.092

Cr2O3–APA 200 1.000 0.256 0.124
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the ASP homopolymer and the APA triblock copolymer.

The reason for such a behavior is a larger number of the

negatively charged functional groups located in the men-

tioned macromolecular compound chains in relation to the

AP copolymer. In the case of the AP diblock copolymer, a

slight changes in the surface charge density values (com-

pared with the lower concentration) is related to the

adsorption mechanism. Due to the presence of the long

PEG chain in the macromolecule structure, AP can be

bonded to the Cr2O3 surface on account of the hydrogen

bond formation between the nonionic block and the

adsorbent surface active sites (especially in the acidic

solution). The tests carried out previously indicate that the

presence of PEG presence in the by surface by-surface

layer of the metal oxide does not change the surface charge

density [1]. Therefore, the inconsiderable drop of the sur-

face charge density values can be associated with the

marked contribution of the PEG block in the copolymer

adsorption process (Fig. 5). Amount of the polymer

charged functional groups occurring near the adsorbent

particle surface plays a crucial role in the suspension sta-

bilization or destabilization process.

The polymer adsorption impact on the aqueous

Cr2O3 suspension stability

In order to prepare a comprehensive analysis of the

examined systems, the TSI parameter values in the

absence and presence of the ionic polyamino acid and

their copolymers were calculated. The analysis of the data

collected in Fig. 6 indicates that in the absence of the

studied polymers, the Cr2O3 suspensions are stable only at

pH 3, and under other pH conditions, the solid samples

exhibit a low durability. At pH 3, the Cr2O3 particles

contain mainly positively charged surface groups con-

tributing to the electrostatic sample stabilization. As one

can see from the TSI analysis, at pH 7.6, the Cr2O3

suspensions without the polymer exhibit the lowest sta-

bility (TSI = 62.91). Under these conditions, the overall

surface charge is equal to zero which means that there is

the same number of positively and negatively charged

groups. The attraction forces between them are responsi-

ble for the stability reduction. A lower TSI parameter

value was reached at pH 10 (TSI = 49.82). It can be

driven by electrostatic repulsion between the negative

surface groups.
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Symbol of the negative charges

belonging to ASP block was

omitted
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The analysis of the turbidimetric data (Fig. 6; Table 2)

exhibited that the lowest durability of the sample con-

taining the ASP homopolymer at pH 3 (in comparison with

the other studied polymers) is related to the absence of

PEG fragment in the macromolecule structure. The non-

ionic structural unit performs two functions. First of all, it

ensures the screening of charges originating from the ASP

blocks. Secondly, under these conditions, the PEG seg-

ments can undergo adsorption process at the Cr2O3 surface

providing to the more densely packed polymer adsorption

layer formation. As a result, the sample aggregation is

partially impeded by the impact of steric effects. In the

presence of ASP homopolymer, the solid particle charge is

more neutralized due to the electrostatic interactions with

the dissociated carboxyl groups leading to the formation of

flocs characterized by a small diameter. In the case of the

AP or APA block copolymer, much more larger aggregates

are the results of the PEG ability of the formation polymer

bridges between different solid particles.

At higher pH values (7.6 or 10), the Cr2O3 suspension

stability improvement in the presence of all tested poly-

mers is observed (in comparison with pH 3 and the solid in

the background electrolyte under the same conditions).

Another conclusion that can be drawn on the basis of data

analysis in Fig. 6 is that the polymer chain structure has a

considerable impact on the suspension stability. At pHpzc,

the sample containing the ASP homopolymer exhibits the

highest durability among other analyzed compounds,

whereas the samples with the APA triblock copolymer are

unstable. In the basic environment, this tendency is main-

tained. Such a behavior can be explained by the two

effects. First of all, the adsorption of all tested compounds

decreases with the solution pH growth. Therefore, the solid

surface is not fully covered. Secondly, with the pH

increase, the PEG block present in the AP and APA

copolymers chain loses the affinity for the Cr2O3 surface.

The nonionic tails directed toward the bulk solution can

form the hydrogen bonds leading to the suspension desta-

bilization. Such a behavior is not observed for the ASP

homopolymer. In this case, the extended negatively

charged chains impede the sample aggregation. The pro-

posed mechanism is confirmed by the average floc size and

sedimentation velocity analysis (Table 2). The smallest

values at both pH are noted for ASP, whereas the large

aggregates are formed in the presence of the copolymers.

Slight differences between AP and APA follow from the

higher adsorption of the diblock copolymer causing

decrease in the solid active sites available for the polymer

macromolecules.

Thermogravimetric analysis of the poly(L-aspartic

acid) homopolymer and copolymers impact

on the Cr2O3 particles

The interactions between various polymers and the solid

particles using the thermogravimetric methods are subject

of numerous research [38–50]. Figures 7–10 present the

TG, DTA and DTG curves for the chromium (III) oxide

samples, both unmodified and modified with the adsorption

layer formed by the analyzed homo- and copolymers.

Changes in the solid particle thermal stability in the pres-

ence and absence of the macromolecular compounds were

measured at two extreme pH values in order to investigate

the polymer influence on the Cr2O3 properties.

Analyzing the DTG curve obtained for Cr2O3 without

the adsorbed polymer one can distinguish two regions

[51–53]. The first region ranges from 30 to 360 �C with the

minimum at 96.9 �C, and the mass loss of 0.16 % corre-

sponds to the endothermic desorption of physically (the

BET measurements indicate that the solid is nonporous and

70
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50

40

30

20
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0

T
S

I

pH 3 pH 10pH 7.6

Cr2O3 ASP AP APA

Fig. 6 The TSI parameter values obtained for the in the absence and

presence of tested polymers

Table 2 Average size of aggregates and their average velocity in the Cr2O3 suspension formed in the absence and presence of studied polymers

System Average size of aggregates D/lm Average velocity of sedimentation V/lm min-1

pH 3 pH 7.6 pH 10 pH 3 pH 7.6 pH 10

Cr2O3–NaCl 0.08 0.05 0.58 0.83 0.33 41.49

Cr2O3–ASP 0.11 0.09 0.08 1.42 1.05 0.89

Cr2O3–AP 0.58 0.16 0.20 42.75 3.37 4.77

Cr2O3–APA 0.58 0.58 0.50 42.32 41.98 31.36
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possess only numerous spaces between crystallites). In the

second stage (360–930 �C, minimum at 432.6 �C), the

mass loss of 0.21 % corresponds to dehydroxylation of the

solid particles. The addition of the polymers containing the

poly(L-aspartic acid) segments significantly changes the

course of thermogravimetric curves. First of all, in the

initial temperature range (up to 150 �C), the endothermic

process of the physically adsorbed water desorption is

observed. Above 150 �C, curved-down peaks indicate the

exothermic decomposition of polymeric substances adsor-

bed on the Cr2O3 surface. The shift of the peak maximum

(DTG curves) involves the changes in the type of interac-

tions between the polymer macromolecules and the solid

particles. It is worth noting that the course of thermo-

gravimetric curves course as well as the peak position

depends on the solution pH value which is associated with

the polymer adsorption mechanism.

Under the acidic pH conditions (Figs. 7, 8), at the

temperature up to 200 �C, the polymer adsorption on the

solid surface is responsible for the lower mass losses

compared with the Cr2O3 sample. This is related to the

replacement of water molecules by the polymer chain

bound to the adsorbent surface. The DTA peaks obtained

between 250 and 420 �C depend on the macromolecule

structure. The analysis of the dependencies shows that the

system containing the APA triblock copolymer is charac-

terized by the greatest mass decrement, whereas the fewest

polymer chains undergo decomposition in the case of the

ASP homopolymer addition. Simultaneously, the adsorp-

tion amount of this macromolecular compound at pH 3 is
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Fig. 7 TG and DTA curves for the chromium (III) oxide systems

modified by poly(L-aspartic acid) or the PEG copolymers adsorbed at

pH 3. ASP—poly(L-aspartic acid) homopolymer, AP—poly(L-

aspartic acid)-block-poly(ethylene glycol) copolymer, APA—

poly(L-aspartic acid)-block-poly(ethylene glycol)-block-poly(L-aspar-

tic acid) triblock copolymer
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Fig. 8 DTG curves for the chromium (III) oxide systems modified by

poly(L-aspartic acid) or the PEG copolymers adsorbed at pH 3. ASP—
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poly(ethylene glycol) copolymer, APA—poly(L-aspartic acid)-block-

poly(ethylene glycol)-block-poly(L-aspartic acid) triblock copolymer
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the lowest. This indicates that the ASP macromolecules

linked to the Cr2O3 particles demonstrate the most flat

conformation (Fig. 5). As a result, the polymer functional

groups are able to interact with numerous solid surface

active groups giving a less space accessible to the suc-

cessive macromolecules present in the solution. Such a

polymer chain conformation is responsible for the low ASP

adsorption, but it ensures stronger binding to the metal

oxide surface. The AP and APA copolymers contain in

their structure a larger number of the functional groups able

to interact with the solid. This contributes to the formation

of more densely packed polymer adsorption layer in which

the number of ‘‘train’’ segments (the macromolecule frag-

ments bound directly to the surface) is smaller than in the

ASP case. As a result, the copolymer can be more readily

removed from the solid particles. The shift of the decom-

position peak maximum toward a higher temperature is

related to the carboxyl group number interacting with the

surface active groups in the electrostatic manner. The

opposite situation takes place for the dehydroxylation peak

of Cr2O3 surface groups (420–480 �C). Under these con-

ditions, the polymer segment binding density plays a key

factor.

The analysis of the thermogravimetric curves measured

for the samples at pH 10 (Figs. 9, 10) indicates that the

samples mass decrement are larger in comparison with

those at pH 3. This confirms the polymer adsorption

mechanism which assumes that the hydrogen bond for-

mation is a driving force for macromolecule binding. The

obtained values are in good agreement with the adsorbed

amounts of the analyzed polymeric compounds. In the

polymer decomposition temperature range (150–400 �C),

the mass increment increases in the following order: APA

triblock copolymer, ASP homopolymer, AP diblock
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Fig. 9 TG and DTA curves for the chromium (III) oxide systems

modified by poly(L-aspartic acid) or the PEG copolymers adsorbed at

pH 10. ASP—poly(L-aspartic acid) homopolymer, AP—poly(L-

aspartic acid)-block-poly(ethylene glycol) copolymer, APA—

poly(L-aspartic acid)-block-poly(ethylene glycol)-block-poly(L-aspar-

tic acid) triblock copolymer
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copolymer. This phenomenon can be explained on the basis

of the macromolecule conformation. In the basic environ-

ment, the carboxyl groups belonging to the poly(L-aspartic

acid) chains are totally dissociated. As a result, the polymer

macromolecules adsorbed on the Cr2O3 surface due to the

van der Waals interactions adopt an extended conforma-

tion. Additionally, under these conditions, the PEG unit

present in the block copolymers cannot form hydrogen

bridges. Hence, the AP macromolecules containing a long

nonionic chain can be readily removed from the solid

surface (two intensive peaks on DTA curve with minimum

at 179.4 and 296 �C). The lowest mass loss measured for

the sample with APA is related to the low polymer

adsorption.

Interesting observations can be done comparing the

DTA data obtained for samples prepared in acidic and

basic solutions. As one can see, at pH 3 (Fig. 7), only one

peak on DTA curve for each polymeric substance is

detected. Moreover, the signals are shifted toward the

higher temperatures in the following order: AP, ASP and

APA (the curves obtained for the last two substance are

nearly overlapping). On the basis of these results, the

interactions between the particular suspension constituents

can be drawn. As it was mentioned before, the AP diblock

copolymer forms a densely packed polymer layer in which

the adjacent macromolecules can interact on account of the

hydrogen bond formation. Such connections can be easily

destroyed. The greater the number of the polymer segments

linked with the solid surface, the higher the temperature

required to remove the macromolecules is.

At pH 10, two peaks observed for AP copolymer on

DTA curves (Fig. 9) can be related to the two-step process

of the polymer chain removal. Such a behavior can be

connected with the amount of the adsorbed polymer

macromolecules and the strength of the polymer–solid

surface interactions. As one can see, at pH 10 those two

peaks are observed for AP, one signal (with the minimum

shifted toward higher temperatures) is detected for ASP

homopolymer. In the case of the APA triblock copolymer,

there are no significant changes in the curve course. In

addition, a higher quantity of the adsorbed polymer chains

is noted for the AP, while the lowest value is reached in the

system containing APA. Therefore, the explanation of this

fact is the peaks is related to the polymer chain removal

phenomena from the Cr2O3 particles. First signal detected

for the AP copolymer can be associated with the breaking

of the hydrogen bonds formed between the fewer PEG

segments adsorbed on the solid surface or the destruction

of the hydrogen bridges between the adjacent blocks. The

second one (with the maximum at 300 �C) corresponds to

the ASP block removal. Since these fragments are strongly

linked to the adsorbent compared with the nonionic PEG

ones (and the number of the adsorbed polyamino acid

segments is also greater), the higher temperature is required

to destroy the polymer–surface active group interactions.

Such a behavior is not observed at pH 3. The main reason

is fact that the adjacent adsorbed macromolecules in the

polymer layer formed in the acidic solution are connected

by the numerous hydrogen bonds. As the pH value

increases, the number of the hydrogen bridges is consid-

erably reduced. As a result, the adsorbed layer is less

densely packed with a higher distance between the suc-

cessive chains. In the case of the ASP homopolymer,

temperature necessary to the polymer decomposition

increases which can be related to the ASP chain confor-

mation. Under these conditions, the anionic polyamino acid

macromolecules adopt more flat arrangement with respect

to the AP diblock copolymer. A lack of the considerable

effect in the probe containing APA is a consequence of the

low polymer adsorption. The spatially extended copolymer

macromolecules are easily removed from the Cr2O3 sur-

face. These results are in a good agreement with the data

obtained from the mass loss analysis.

MS profile of CO2 and H2O released in the decompo-

sition stage versus temperature obtained for the analyzed

systems at pH 3 and 10 are presented in Figs. 11 and 12. As

one can see, under acidic conditions in 250–420 �C range

the highest amount of carbon dioxide (m/z = 44) originates

from the APA containing sample while the lowest value is

emitted in the case of the AP copolymer. The reason for

such a behavior is a lower content of carboxyl groups

which undergo decomposition with the CO2 evolution.

Considering water (m/z = 18) originating from oxidation

of hydrogen atoms located in the polymeric chain, the

largest number of the solvent molecules was adsorbed to

the Cr2O3 surface in the case of the ASP homopolymer on

account of low polymer adsorption level. A more densely

packed adsorption film formed in the presence of the block

copolymers effectively impedes the water molecule

sorption.
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Fig. 11 MS profile of CO2 versus temperature for the Cr2O3 samples

containing the poly(L-aspartic acid) or the PEG copolymers adsorbed

at pH 3 and 10

Impact of adsorption of poly(aspartic acid) and its copolymers with polyethylene glycol on… 1181

123



Different situation is observed analyzing the MS profiles

of CO2 and H2O emitted in the decomposition stage versus

temperature obtained for the analyzed systems at pH 10

(Figs. 11, 12). In the case of both released gases, the

highest emission is observed for the particles covered by

the AP diblock copolymer. This is associated with a larger

number of the polymer functional groups undergoing the

oxidation process on account of high adsorption.

Conclusions

Comparison of the adsorption levels obtained for the analyzed

polymers exhibits that the solution pH and the chain structure

have a significant influence on the polymer adsorption layer.

The adsorption maximum for all tested macromolecular

compounds is reached at pH 3, whereas the minimum was

observed in the basic solution. Considering the chain structure

impact on the polymer adsorption, at pH 3 the presence of the

nonionic PEG block increases the bounded macromolecules

amount in comparison with the homopolymer solution due to

the PEG ability to screening of the negative charges from ASP

fragments. The solution pH growth contributes to the signif-

icant polymer adsorption drop. At pH 10, the extended neg-

atively charged ASP chains contribute to blocking of the

adsorbent active sites. Additionally, a lack of the PEG affinity

for surface impedes the polymer binding.

Conformation of the adsorbed polymer macromolecules

influences the aqueous suspension stability. In relation to

the solid sample at pH 3, the addition of the ASP

homopolymer leads to the considerable suspension desta-

bilization. This is related to the charge neutralization by the

numerous ASP functional groups located near the Cr2O3

surface. Such destabilization effect is less visible for the

samples containing the block copolymers on account of the

more densely packed adsorption layer formation. In the

basic environment, the addition of polymers leads to the

suspension stability improvement (in relation to Cr2O3

under the same conditions). Despite the low adsorption, the

highest suspension stability is reached in the presence of

the ASP homopolymer. The fully dissociated adsorbed

polymer chains prevent the particles merging into larger

aggregates. In the case of the AP and APA block copoly-

mers, the presence of nonionic PEG fragment contributes

to the formation of a larger number of the hydrogen bonds

and polymer bridges between the adjacent solid particles.

As a consequence, such suspensions are less stable. The

proposed binding mechanism was totally confirmed by the

thermogravimetric measurements.
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