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ABSTRACT

During the investigations, functionalization of graphene oxide synthesized

using modified Hummers’ method and its reduced form was performed. Mix-

tures of graphene oxide and reduced graphene oxide with pimelic acid and

calcium hydroxide were prepared for functionalization. During the reaction, the

molecules of pimelic acid were attached to the surface of graphene sheets. By

forming links between the carboxylic groups of pimelic acid and graphene

oxide, the durable connection was achieved. The functionalized graphene oxide

and the reduced graphene oxide were used as additives in isotactic

polypropylene crystallization. The influence of additives on crystallisation in

non-isothermal conditions was examined using polarized optical microscopy

and differential scanning calorimetry. The effect of the additives on the

polypropylene structure was analysed using wide-angle X-ray scattering. For

both functionalized compounds, the nucleating ability towards b-form of

polypropylene was detected. Both additives showed the increase in the nucle-

ation rate and promotion of growth of the b-form crystals. Nucleation efficiency

similar to other nucleating agents used in the crystallization of the b-form of

polypropylene was revealed.

Introduction

Isotactic polypropylene is one of the commonly and

widely used high-performance polymers. Due to a

low price, good processability, low density, high

chemical and biological resistance and various addi-

tional advantages, the polypropylene is widely

applied for the production of fibres, textiles, foils,

mouldings and other products utilized in various

areas of human activity.

As a typical thermoplastic polymer, polypropylene

crystallizes forming several polymorphic modifica-

tions. The best-known forms include monoclinic a,
trigonal b, orthorhombic c and smectic mesophase

[1, 2]. The a-form, with the unit cell parameters:

a = 0.666 nm, b = 2.078 nm, c = 0.650 nm and
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b = 99.62� [3], is the most thermodynamically stable.

It usually forms in ordinary processing conditions

and occurs commonly in the polypropylene articles.

The b-form is less stable and less frequently found in

the final products. The presence of the b-phase within

the crystalline portion of the material is beneficial to

its macroscopic toughness. Products with high b-
form content display the greatest impact strength, the

largest elongation at break, and the highest heat

deformation temperature [4]. For this reason, for

many years the b form has been drawing researchers’

attention.

The b-form, with the unit cell parameters: a = b =

1.101 nm, c = 0.65 nm, a = b = 90� and c = 60� [5], is
formed under special crystallization conditions [6, 7].

The methods of preparation of the b-form described

in the literature include: crystallization after

quenching to a certain temperature range [8], crys-

tallization in a specific temperature gradient [9],

crystallization of melt subjected to shear or elonga-

tion [10, 11] or crystallization in the presence of

selective b-nucleating agents (b-NA) [4]. The last

method, based on the application of selective b-NA,

is the most convenient and reliable. The technique

was repeatedly used in laboratory and processing

conditions to prepare samples or products rich in the

b-modification.

The investigation revealed that various substances

have the ability to nucleate the b-form. In earlier

publications, the nucleating ability towards the b-
form was reported for: aromatic aminosulphur com-

pounds with coplanar phenyl rings [12], pimelic acid

and calcium stearate [13–15], calcium salts of suberic

and pimelic acids [16], N0,N00-dicyclohexylnaph-

thalene-2,6-dicarboxamide [17, 18], calcium salts of

dicarboxylic acids [19], aryl amide derivative [20] and

organic pigments [21–23]. During the studies special

attention was given to the quinacridone pigment

considered as one of the most effective b-NA. By

adding the quinacridone pigment injection mould-

ings [24], films [25, 26] and fibres with high b-form
content were obtained [27–29].

In recent investigations, a novel effective b-NA

based on zinc salt of bicycle hept-5-ene-2-dode-

canamide-3-carboxylate (NBDA30) [30] and zinc

phthalate generated in situ by adding phthalic

anhydride and zinc oxide during polypropylene

extrusion were developed [31].

Moreover, attention of researches has been drawn

in particular to a new group of nucleating agents

based on graphene and graphene oxide (GO)

derivatives. During the examinations of crystalliza-

tion behaviour of polypropylene modified with

exfoliated graphite, the reduction of the barrier to

nucleation was observed [32, 33]. Similarly, the

nucleating ability of the GO nanosheets was revealed

[34].

The efficiency of nucleating agents in the polymer

crystallization depends on their dispersal in the

polymer matrix. It is difficult to achieve a homoge-

neous and fine dispersion of nucleating agents based

on graphene or GO in hydrophobic polypropylene.

Graphene built from sheets of carbon atoms arranged

in a honeycomb structure shows a great tendency to

agglomerate. The GO composed of graphitic domains

and oxidation regions with carbonyl and carboxyl

groups at the edges and epoxy and hydroxyl groups

located on the basal planes is strongly hydrophilic

and hardly dispersed in non-polar polypropylene.

Low dispersibility of both graphene and GO consid-

erably limits their nucleation efficiency.

To improve the ability to form a fine dispersion in

the polypropylene matrix, the functionalization of

GO was performed. Through grafting, the

hydrophobic groups on the GO surface products

compatible with hydrophobic polypropylene were

obtained. The GO modified with linear alkyl chain

[35], dodecyl amine [36] and phosphorus acid [37]

exhibited better dispersion. Simultaneously, with

better dispersibility the nucleating ability of the

functionalized GO was improved.

During the examinations of the PP/GO compos-

ites, it was stated that functionalized GO nucleated

first all the a-form of polypropylene. To obtain the

PP/GO composites rich in the b-form, the tests with

the addition of selective b-NA were performed. The

investigations on the polypropylene doped with bi-

component b-NA composed from pimelic acid/cal-

cium stearate revealed the competition between a-
nucleation effect of GO and b-nucleation effect of

pimelic acid [38]. It was stated that the nucleation

efficiency of GO is higher than the efficiency of con-

ventional b-NA and that it is difficult to obtain the

high content of the b-form. Enhancement of the b-
form content in b-nucleated PP/GO composites was

possible through the crystallization of the pre-

ordered structure [39, 40].

In addition to the studies involving the classic b-
NA added to PP/GO composites, the literature

includes two papers discussing the preparation of
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selective b-NA based on the functionalized GO. In the

first examinations, the b-NA was obtained in two-

stage modification by supporting N,N0-dicyclohexyl-

1,5-diamino-2,6-naphthalenedicarboxamide onto the

surface of previously octadecylamine-functionalized

GO [41]. The b-NA obtained in the two-stage process

enabled the formation of samples with the high b-
form content characterised by enhanced toughness

and tensile strength. In other examinations, the

effective b-NA in the single-stage process was pre-

pared. In this case, the GO was functionalized with

pimelic acid in the presence of calcium hydroxide

[42]. The b-NA formed in this process possessed high

thermal stability and effectively promoted the for-

mation of the b-form even at low concentration.

In our investigations on the functionalization of

graphene derivatives, we applied the technique

similar to the second procedure. Graphene oxide

(GO) and reduced graphene oxide (rGO) were

obtained, and then both products were subject to

functionalization with pimelic acid (PA) in the pres-

ence of calcium hydroxide. The structure and mor-

phology of both functionalized compounds were

examined. Then the crystallization behaviour of iso-

tactic polypropylene doped with the functionalized

GO and rGO in non-isothermal conditions was

analysed.

Experimental

Materials

Graphite powder \ 20 lm was purchased from

Sigma-Aldrich. Other reagents, including sulphuric

acid (98% H2SO4), permanganate potassium

(KMnO4), hydrogen peroxide (30% H2O2), acetone,

calcium hydroxide (Ca(OH)2), were supplied by

Chempur� and used directly without further purifi-

cation. Pimelic acid (PA) was supplied by Sigma-

Aldrich. Commercial isotactic polypropylene Moplen

HP462R (MFI = 25 g/10 min) was supplied by

LyondellBasell.

Preparation of graphene oxide (GO) and reduced graphene

oxide (rGO)

Graphene oxide (GO) was obtained by means of the

modified Hummers method [43]. Twenty grams of

graphite powder was added to 460 cm3 of H2SO4,

and the suspension obtained was stirred for 30 min

in an ice bath. Subsequently, 60 g of KMnO4 was

being slowly added to the solution, in such a way that

the temperature did not exceed 20 �C. The contents of
the beaker were warmed to 35 �C and stirred for 2 h.

This was followed by adding 920 cm3 of distilled

water. To remove the remaining KMnO4, 800 cm3 of

warm distilled water (60 �C) and 500 cm3 of a 3%

aqueous solution of H2O2 were added. The obtained

sample was centrifuged and rinsed with distilled

water several times to achieve pH of 7. GO was then

rinsed with acetone in order to obtain the brown GO

precipitate.

In the second stage, GO was thermally reduced.

Low-temperature thermal reduction was carried out

under a nitrogen atmosphere in the temperature

below 300 �C at the heating rate of 30 �C/min. The

final product was a fluffy powder and was used

directly in the next step.

Functionalization of GO and rGO with pimelic acid

The functionalization of GO with pimelic acid was

carried out by mixing the GO and PA mixture (1:1,

wt/wt) in the presence of Ca(OH)2 (1:0.5 wt/wt)

until a homogeneous powder was obtained. The

mixture was then heated in an aluminium vessel at

120 �C for 1.5 h.

For rGO functionalization, rGO and PA were pre-

liminarily mixed (1:2 wt/wt), and then Ca(OH)2 was

added (1:0.5 wt/wt). The mixture was homogenized

to obtain a unitary powder. Like GO, the homoge-

nous powder was being heated in an aluminium

vessel at 120 �C for 1.5 h.

Preparation of polypropylene nanocomposites

The GO/PA and rGO/PA were mixed with the

polypropylene resin in the two-stage process. In the

first stage, the masterbatches containing 5 wt% of

functionalized compounds were prepared. During

the second stage, the masterbatch was compounded

with the appropriate amount of the polypropylene

resin to obtain a mixture with a concentration of

0.5 wt%. The mixing was carried out in the molten

state in the temperature of 230 �C. The twin-screw

extruder EHP-2x16S supplied by Zamak Mercator

(Poland) was used for compounding.
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Methods

SEM/EDS

Morphology and elemental composition of GO, rGO

and products of their functionalization were exam-

ined by scanning electron microscopy (SEM). During

the investigations a Phenom ProX scanning electron

microscope coupled with the PhenomWorld EDS

(energy-dispersive X-ray spectroscopy) detector was

used. Micrographs were recorded in the image mode.

The EDS measurements were performed in the map

mode.

FTIR

Functionalized and not functionalized GO and rGO

were characterized using Fourier transform infrared

spectroscopy (FTIR). For the examinations, the FTIR

spectrometer Nicolet 6700 (Thermo Electron Corpo-

ration, USA) equipped with photoacoustic device

MTEC model 300 was applied. The spectra were

registered at the resolution of 4 cm-1 in the range

from 4000 to 400 cm-1 with 128 scans per spectrum.

Data collection and post-processing were performed

using the OMNIC software (v. 8.0, Thermo Electron

Corp.).

DSC

The investigations of melting and crystallization

behaviour of polypropylene doped with GO/PA and

rGO/PA were carried out with differential scanning

calorimetry (DSC). The samples were melted at a

heating rate of 10 K/min. Melted samples were kept

in 210 �C for 5 min and then cooled to 50 �C at a rate

of 5 K/min. Endothermal curves were recorded

during the heating and cooling.

The investigations involved using an analytical

system (TA Instruments, USA) with a calorimeter

(MDSC 2920) equipped with a refrigerated cooling

system. The analysis of the DSC curves was per-

formed by means of the Universal V4.5A software

supplied by TA Instruments. Based on the curves, the

crystallization and melting peaks temperature and

the enthalpy of crystallization were determined.

POM

The investigations of polypropylene crystallization in

non-isothermal conditions were performed in the

polarized light. The samples of polypropylene doped

with GO/PA and rGO/PA were melted in 230 �C
and then cooled at the cooling rate of 5 K/min.

During the cooling, the progress of crystallization

was observed. For the examinations, the heated stage

Mettler Toledo FP82HT (Mettler, Greifensee,

Switzerland) coupled with a control unit Mettler

Toledo FP90 mounted on a polarizing microscope

(Reichert Austria) was applied. The progress of

crystallization was registered using a video camera

(Moticam 2300).

WAXS

The crystalline structure of GO and rGO as well as

polypropylene doped with GO/PA and rGO/PA

was examined using the wide-angle X-ray scattering

(WAXS). The WAXS measurements were carried out

with the URD 6 Seifert diffractometer equipped in a

copper target X-ray tube (k = 0.154 nm) operated at

40 kV and 30 mA. Cu Ka radiation was monochro-

matized with Ni filter and pulse-height analyser.

WAXS curves were recorded in the symmetric mode

in the angular range 3�–40�, with a step of 0.1 and the

registration time of 20 s per step. The investigated

samples were powdered and pressed into a sample

holder. Samples with the radius of 12 mm and the

thickness of 2 mm were prepared. The diffraction

curves of samples were analysed by means of

WAXSFIT computer program [44, 45].

Results

SEM and EDS of not functionalized
and functionalized GO and rGO

The representative SEM micrographs of GO and rGO

before functionalization are presented in Fig. 1. For

GO, some irregular aggregates with the external

dimensions from 75 to 220 lm are observed. The

aggregates reveal crumpled and rippled structure

resulting from the introduction of the oxygen-con-

taining functional groups between regularly stacked

graphene sheets.
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In the thermally reduced rGO, the aggregates have

significantly lower dimensions (Fig. 1b). Due to a

micro-explosion during their thermal reduction, the

aggregates reveal vermiculite morphology similar to

graphene oxide exfoliated by hydrogen arc discharge

or microwave irradiation [46, 47]. The aggregates are

built from highly wrinkled stacks of ultra-thin

nanosheets. The thickness of particular sheets equals

a few lm, which is several times larger than the

thickness of a single graphene layer. The aggregates

possess highly porous structures with interconnected

pores extending from one side of the stack to another.

The EDS analysis reveals that for the GO aggre-

gates the weight concentration of carbon reaches 53%

and an average atomic ratio C/O equals 1.5. Reduced

oxygen has led to the elimination of the functional

groups and a considerable decrease in the oxygen

content. Consequently, rGO contains 76% of carbon

and the C/O atomic ratio exceeds 4.

The SEM micrographs of functionalized GO and

rGO are presented in Fig. 2.

On the micrographs, numerous particles attached

to the surface of GO aggregates are observed

(Fig. 2a). The particles are formed from more or less

regular tiny granules. The EDS analysis reveals that

the average calcium content in granules achieves

approximately 5% (Fig. 3).

Calcium is distributed according to the distribution

of granules, which clearly indicates that the granules

are built from calcium pimelate formed in the reac-

tion of calcium hydroxide and pimelic acid during

the GO functionalization. The dimensions of single

granules are about 1 lm, much greater than the

dimensions of singular calcium pimelate molecule.

Similarly to GO on rGO aggregates, the irregular

particles of calcium pimelate are supported (Fig. 2b).

The particles of calcium pimelate are irregularly

distributed among rGO aggregates. Most particles are

attached to the side edges of wrinkled layers of the

stacked graphene sheets. The dimensions of the

attached particles are relatively small and do not

exceed 1 lm.

WAXS of graphene oxide and reduced
graphene oxide

WAXS patterns of GO and rGO are presented in

Fig. 4. For the GO on the WAXS curve, the intensive

diffraction peak (001) at 2h = 11.25� is visible. For the
rGO, the diffraction peak is much broader and exhi-

bits much lower intensity. The position of the peak

moves more towards the higher angles to 2h = 23.3�.
Based the on WAXS patterns, the interlayer dis-

tance and the number of graphene layers in stacks

were determined. The interlayer distance was calcu-

lated according to Bragg’s law on the basis of the

diffraction peaks position. The average number of

layers in stacks was determined as the ratio of the

crystallite size calculated from the Scherrer’s equa-

tion to interlayer distance [48, 49]. The calculated

parameters for GO and rGO are presented in Table 1.

For GO, the interlayer distance equals 0.786 nm.

The distance is almost two times greater than the

typical interlayer distance in graphite [50, 51]. The

Figure 1 SEM

microphotographs of: a rippled

GO aggregates; b exfoliated

rGO aggregates.
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increase in the distance in GO indicates a high degree

of exfoliation caused by the introduction of oxygen-

containing functional groups between graphene

layers. As a result of oxidation and exfoliation, the

average number of graphene layers in stacks

decreased to 17 layers.

As for rGO, the interlayer distance decreased to

0.381 nm. The decrease in the distance after thermal

reduction was repeatedly observed and is caused by

the removal of oxygen-containing functional groups

from the interlayer area. The distance in rGO is only

slightly higher in comparison with the native gra-

phite. As a result of the reduction, the average

number of graphene layers in stacks decreases sig-

nificantly to 6 sheets.

FTIR of graphene oxide/pimelic acid
and reduced graphene oxide/pimelic acid

The FTIR spectra of GO, GO/PA and PA are pre-

sented in Fig. 5. The spectrum of GO in the range

3800–2200 cm-1 exhibits a set of overlapping bands

assigned to O–H stretching vibrations of adsorbed

water molecules and a structural hydroxyl group. At

1740 cm-1, strong band related to stretching motions

of carbonyl groups situated at the edges of the GO

sheets was observed. Then, at 1620 cm-1, there is a

visible band with the shoulder at lower-frequency

side at 1580 cm-1 assigned to either the oxygen sur-

face compounds or ring vibrations of the C=C bonds

of the basal plane in the unoxidized aromatic regions.

In addition to the above-mentioned bands, in the

fingerprint region below 1500 cm-1 a large number of

convoluted bands related to oxygen functional

groups are visible on the spectrum [52, 53].

Figure 2 SEM

microphotographs of GO and

rGO functionalized with

pimelic acid: a particles of

calcium pimelate attached to

the surface of GO aggregates;

b particles of calcium pimelate

supported on rGO aggregates.
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On the GO/PA spectrum, in the range

3800–2200 cm-1 one intense band at 3640 cm-1

appeared. According to the literature, the band cor-

responds to the OH groups of unreacted calcium

hydroxide [54–56]. Other bands in this range

assigned to water molecules and structural OH

groups are not visible. In the range of 2939 and

2861 cm-1, we can see strong bands assigned to

asymmetric and symmetric stretching vibrations of

carbon–hydrogen bonds in aliphatic chains of the

pimelic acid. The presence of these bands indicates

the attachment of acid molecules to the surface of the

GO crystals. In addition to the aliphatic bands, sev-

eral characteristic bands attributed to pure pimelic

acid are visible on the spectra registered for GO/PA.

At 1706 cm-1, the band corresponding to the

stretching vibration of the carbonyl group C=O in the

pimelic acid is pronounced. The next detected bands

are at 1435 and 1272 cm-1 attributed to oscillation

vibrations in the plane of hydroxyl group O–H and

stretching of C–O bond, as well as the strong band at

937 cm-1 assigned to bending vibrations of the plane

of O–H bond.

The FTIR spectra of rGO, rGO/PA and PA are

presented in Fig. 6. In the rGO spectrum, in contrary

to spectrum registered for GO, only a few bands are

visible. In the range 3800–2200 cm-1, the line is flat

and no bands assigned to OH group are noticeable.

The first relatively strong band assigned to the car-

bonyl groups appears at 1750 cm-1. The next strong

band is at the 1600 cm-1, corresponding to C=C

bonds in the ring structure. The third noticeable band

related to carboxyl groups occurs at 1280 cm-1.

The FTIR spectrum of rGO evidently indicates that

during the reduction of GO thermal decomposition of

the oxygen-containing functional groups occurs.

Reduction eliminates less stable and more easily

removable hydroxyl and epoxy groups [57]. Other

oxygen-containing groups, carbonyl or carboxylic,

are more resistant to reducing treatment, and they

have not been completely removed.

The rGO/PA spectrum is very similar to the GO/

PA spectrum. Like for GO/PA, the characteristic

bands related to pure pimelic acid can be distin-

guished in the spectra. Apart from the many bands

related to the oxygen functional groups at 3640 cm-1,

the band assigned to OH group of calcium hydroxide

is observed. Moreover, at 2939 and 2861 cm-1 two

characteristic bands assigned to C–H bonds in ali-

phatic chains are visible. The appearance of these

bands proves that PA molecules are bonded also to

the rGO surface.

Table 1 Structural parameters calculated based on WAXS pattern for GO and rGO

Sample Position of the diffraction

peak 2h (�)
Distance between layers

in stacks d (nm)

Mean size of

stacks D (nm)

Number of

layers n (–)

GO 11.25 0.786 12.35 17

rGO 23.30 0.381 1.752 6
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Figure 5 FTIR spectra of GO, GO/PA and PA.
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Figure 6 FTIR spectra of rGO, rGO/PA and PA.
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In both, GO/PA and rGO/PA spectra in addition

to bands visible for pure PA at 1586 and 1450 cm-1

two new strong bands have emerged. The bands

belong to two ranges 1560–1600 cm-1 and

1410–1450 cm-1 which are characteristic for aliphatic

carboxylates and assigned to the symmetric and

asymmetric stretching vibration of the carboxyl

group in the metal salts [19]. In previous investiga-

tions carried out for various compounds functional-

ized with PA, a double band at 1580 and 1540 cm-1

was registered in the first range [58–60]. The

1540 cm-1 band was assigned to the symmetric

vibration of carbonyl group within the calcium

pimelate structure [19, 60]. During the investigation

on titanium dioxide (TiO2), the appearance of the

double band was interpreted as the proof that an

additional bond between PA and titanium ion was

being formed and as the evidence of successful

attachment of the PA molecule to the TiO2 surface

[61]. In other investigations too, the double band was

interpreted as a confirmation of supporting calcium

pimelate on the surface of montmorillonite [58, 62].

In our investigations, one band at 1586 cm-1 has

been detected. For both GO and rGO, the band is

relatively broad and may result from overlapping of

the two nearby bands. The appearance of the band

indicates the formation of new links involving cal-

cium atom, which connect carboxylic groups within

the calcium pimelate structure and groups from PA

with groups attached to GO and rGO layers. The

possible connections are presented in Fig. 7.

The band assigned to the symmetric vibration is

approximately 140 cm-1 separate from the band of

asymmetric vibration. The separation of asymmetric

and symmetric bands indicates the nature of the

coordination between the metal atom and carboxylic

ion. According to literature, the distance of 140 cm-1

indicates the chelate coordination [19].

POM

POM photographs registered between 130 and 118 �C
during non-isothermal crystallization are presented

in Fig. 8.

During cooling of the melt of pure polypropylene,

the self-assembled chains form individual nuclei. As

a result of the homogenous nucleation at 128 �C, the
first sporadic spherulites appear. The spherulites are

well separated from each other and possess clear

outer boundaries. The spherulites represent typical

spherulites of the a-form. During further cooling,

simultaneously with the growth of the previously

formed spherulites, the new spherulites are formed.

The number of the homogenous nuclei formed in

pure polypropylene is relatively lower. Conse-

quently, the number of spherulites formed at the

completion of the crystallization is fewer and their

sizes are relatively big.

For the polypropylene doped with GO/PA, the

crystallization begins at a higher temperature.

Heterogeneous nucleation on the crystals of GO/PA

leads to the rapid increase in the nucleation density.

Consequently, a big number of tiny crystals of the b-

Figure 7 Bridging link

between GO and PA.
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form are observed already at 130 �C. Unlike the big

separate spherulites grown in pure polypropylene,

the crystallites are densely packed and their bound-

aries are difficult to distinguish. Due to the high

nuclei density, the crystals cannot grow freely and

they are much smaller than pure polypropylene.

Similarly, for the polypropylene doped with rGO/

PA numerous tiny b-crystals are formed. In com-

parison with the polypropylene doped with GO/PA

at 130 �C, the number of the nuclei in polypropylene

doped with rGO/PA is slightly lower. The crystal-

lization begins by higher supercooling at a little lower

temperature. Then, at lower temperatures, the

nucleation density increases and becomes

comparable with that of the polypropylene doped

with GO/PA. With high nucleation density, the

densely packed fine-grained structure is formed.

DSC

The DSC melting curves registered in the non-

isothermal conditions are presented in Fig. 9. At

165.6 �C, we can see a strong peak attributed to the

melting of a-form on the melting curve for pure

polypropylene. On the curves registered for speci-

mens containing GO/PA and rGO/PA, except the

melting peak attributed to the a-form, in a lower

temperature two less intensive peaks are visible. For

Pure PP PP + GO/PA PP + rGO/PA

13
0o C 

12
8o C 

12
6o C 

12
2o C 

11
8°

C 

100 μμm

100 μm

Figure 8 Polarized optical

micrographs during non-

isothermally crystallization of

pure polypropylene,

polypropylene ? GO/PA and

polypropylene ? rGO/PA.
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the specimen containing GO/PA, well-distinguished

sharp peaks occur at 142.5 and 150.7 �C. For the

specimen doped with rGO/PA the peaks are a little

less intense and their position is minimally moved

towards the higher temperatures of 142.9 and

151.5 �C.
The double peak visible for specimens containing

GO/PA and rGO/PA is attributed to the b-form of

polypropylene. The similar peak was repeatedly

observed for samples containing b-form with higher

structural instability [63]. According to Varga, a

doubled melting peak results from two kinds of

recrystallization taking place during the heating of

samples rich in the b-form, bb-recrystallization
within the b-phase leading to the perfection of the b-
form crystal structure and ba-recrystallization which

involved the transition of the b-form into more

stable a-form [64].

The DSC non-isothermal crystallization curves for

pure polypropylene and polypropylene doped with

GO and rGO are presented in Fig. 10. With the

addition of the GO and rGO, the position of the

crystallization peak is shifted towards higher

temperatures.

For pure polypropylene, the crystallization starts at

122.8 �C (Table 2). Adding the functionalized GO

and rGO significantly increases the nucleation tem-

perature which reaches higher values of 9.7 �C for

GO and 11.7 �C for rGO. Simultaneously, the crys-

tallization temperature for sample doped with GO

and rGO is higher by 15.5 and 16.6 �C, respectively.

For the samples doped with GO and rGO, the width

of crystallization peak is almost twice as small. The

addition of GO and rGO results in the decrease in the

enthalpy of crystallization.

WAXS

WAXS patterns of pure polypropylene and

polypropylene doped with GO/PA and rGO/PA are

presented in Fig. 11. The curve registered for pure

polypropylene consists of diffraction peaks charac-

teristic for the a-form. For the polypropylene con-

taining GO/PA, besides the peaks of the a-form on

the pattern at 16.1�, a strong peak typical for the b-
form is visible. Similarly, for polypropylene doped

with rGO/PA peak characteristics for two polymor-

phic forms of polypropylene are observed. In this

case, the peaks of the a-form are weaker. In the same

time, the peak for the b-form exhibits high intensity,

corresponding to samples with very high b-crystals
content.

According to the known equation of Turner Jones

on the base of the WAXS patterns, the relative content

of b-form crystals Kb was determined (1).

Kb ¼
Ib 300ð Þ

Ib 300ð Þ þ Ia 110ð Þ þ I 040ð Þ þ I 130ð Þ
ð1Þ

where Ib(300) is the intensity of (300) diffraction peak

of the b-form and Ia(110), Ia(040) and Ia(130) the intensi-

ties of (110), (040) and (130) peaks of a-form [8].

Figure 9 DSC curves during

melting of: a pure

polypropylene;

b polypropylene ? GO/PA;

c polypropylene ? rGO/PA.

J Mater Sci (2020) 55:1436–1450 1445



The intensity of the particular peaks was deter-

mined on the basis of the peak separation procedure

by constructing a theoretical curve best fitted to the

experimental pattern. For the purposes of the analy-

sis, the shape of peaks and amorphous halo was

approximated with a superposition of Gauss and

Cauchy functions. A modified Rosenbrock’s opti-

mization method was applied for curves fitting. The

example of the fitting procedure for the polypropy-

lene doped with rGO/PA is presented in Fig. 12.

The calculated Kb parameter for polypropylene

containing GO/PA amounts up to 0.74. The value

corresponds to the relatively high b-form content

obtained in the samples by application of classic and

new effective b-nucleating agents, for example: 0.8

for quinacridone [65], 0.74 for zinc phthalate [31] and

0.82 for potassium 7-oxabicyclo [2.2.1] hept-5-ene-2,3-

dicarboxylate [66]. For the polypropylene doped with

rGO/PA, the relative content of the b-form is much

lower and the Kb equals 0.30.

Figure 10 DSC curves during

cooling of: a pure

polypropylene;

b polypropylene ? GO/PA;

c polypropylene ? rGO/PA.

Table 2 Values of characteristic temperatures and enthalpies of non-isothermal crystallization of pure polypropylene pure and

polypropylene modified with GO and rGO

Sample Temperature of

crystallization

Temperature

of nucleation

Half-width of the

crystallization peak

Enthalpy of

crystallization

Tc (�C) Tc ON SET (�C) DTc(0,5H) (�C) DHc (J/g)

Pure PP 115.1 122.8 6.4 114.92

PP ? GO/PA 130.6 132.5 3.6 108.93

PP ? rGO/PA 131.7 134.5 4.1 107.74

Figure 11 X-ray diffraction patterns of: 1 pure polypropylene; 2

PP ? GO/PA; 3 PP ? rGO/PA.
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Conclusions

During the functionalization of GO and rGO, calcium

hydroxide reacts with pimelic acid and forms a salt

calcium pimelate. The calcium pimelate formed

during the reaction is attached to the surface of GO

and rGO aggregates in the form of irregular lumpish

particles with the dimensions of approximately 1 lm.

In the process, calcium atoms participate in the

formation of bonds linking carboxylic groups. Some

bonds are formed between the adjacent molecules of

pimelic acid, as internal bonds in calcium pimelate

crystals. Other bonds link carboxylic groups of

pimelic acid with carboxylic groups placed on the

side edges of the graphene layers. The bonds can be

formed for both GO and rGO. GO obtained by oxi-

dation of graphite possesses numerous groups cap-

able of forming such bonds. Despite the reduction

process eliminating oxygen functionalized groups,

rGO still contains sufficient groups to attach calcium

pimelate molecules.

Calcium pimelate is attached only to the surface of

GO and rGO aggregates. There is no evidence that

the pimelic acid diffuses between graphene layers

and causes the exfoliation of the graphene layers

stack.

The functionalized GO and rGO added to crys-

tallising isotactic polypropylene generate the forma-

tion of the b-form. Both compounds functionalized

graphene oxide and reduced graphene oxide have a

nucleating ability towards polypropylene crystal-

lization. Both compounds cause a significant shift in

the nucleation and non-isothermal crystallization

temperatures towards higher values. In the presence

of both compounds, the structure with a high content

of the b-form is formed. The content of the b-form
formed during crystallization in non-isothermal

conditions is comparable to the content obtained by

the application of efficient b-nucleating agents.
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