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es as renewable alternatives for
polyvinylchloride formulations and application in
paper coatings†

Ellana Beard,a Michelle Ledwardb and Natalia Sergeeva *a

A series of bio-based additives derived from citric acid as a renewable chemical source were synthesised.

The chemical composition and purity of 1–4were confirmed by the combination of NMR, FTIR and MS. The

thermal behaviour, stability and degradation pattern of the compounds 1–4 were investigated by TGA and

DSC methods. PVC based formulations with compounds 1–4 were prepared through a simple mixing

method. The formulations were treated at different temperatures (130–210 �C) to investigate the

potential of these materials in industrial curing settings. L*a*b* data were used to monitor and to assess

a colour change in the coated paper samples; this showed a correlation with degradation data of the

pure compounds 1–4. SEM analysis of the final paper samples indicated that the compounds 1–4 show

gas formation within the cellular structure; however compounds 3 and 4 result in a glossy smooth

surface. This study showed that the compounds 3 and 4 exhibit promising properties in PVC

formulations for application in industrial settings.
Introduction

Industrial development toward environmentally friendly prod-
ucts from renewable resources is an essential step towards the
sustainability of many chemical processes.1,2 Polymeric mate-
rials and bioplastics3 are constantly being developed4,5 to full
this goal of providing a greener, more sustainable plastics
industry6 and to protect the environment.7,8 Yet, many appli-
cations and chemical additives do not have suitable alternatives
as physical property limitations of bioplastics conne their
application in many areas. Thus, conventional plastics are still
required in vast quantities. Chemically inert, and resistant to
water and environmental corrosion, PVC is the 3rd most
commonly used plastic produced world-wide.9–12 Although,
emissions associated with PVC production has been signi-
cantly reduced over recent years,13 the multitude of PVC prod-
ucts14,15 with a large variety of nal properties16–19 requires
a wide range of suitable chemical additives. Plasticisers and
dispersants are a type of such additives, which are commonly
used to improve properties of the material.19 About 100 different
substances are in commercial use today,20 traditionally domi-
nated by phthalate esters accounting for 70% of total produc-
tion, globally.21 However, health and safety risks associated with
certain ortho-phthalates22 result in moving away from these
emistry, University of Leeds, UK. E-mail:
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2

compounds to alternative materials and other plasticisers.
Levelling agents, or stabilisers, are other additives used in many
formulations, the most common of which are silicone surfac-
tants. They are widely used in emulsions, sealants and coat-
ings.19,23 In general, the higher the content of silicone, the lower
the surface tension of the surfactant,24 resulting in high levels of
silicone present in many PVC formulations. The major disad-
vantages of silicone compounds are their low solubility in
aqueous solutions19 and hazardous implications.25 Due to these
common side effects and toxicity classications of silicone-
based additives, alternative materials are highly sought aer.26

Alternative, more sustainable, additives are selected on the
basis of many criteria including low toxicity, compatibility with
the host material, non-volatility, and expense. Plasticisers, used
in plastics, are oen based on esters of polycarboxylic acids, as
these meet the required specications. Citric acid is an inex-
pensive and renewable additive readily available from both
synthetic and natural resources, such as fruits27 and bacteria.28

Citrates are, in general terms, cost effective, non-toxic and meet
the listed specications. They also provide water-solubility,
which allows for greater diversity in formulation modica-
tions. Furthermore, the green properties of the citrate deriva-
tives are also essential, both in production and recycling to
maintain the sustainability of the manufacturing process.
Based on its availability and non-toxic nature, citric acid and its
derivatives have been widely studied and used in the elds of
resins,3 coatings and plasticisers,9,14 and cosmetics to name
a few. However, citric acid is not suitable in all applications and
therefore, modication of the compound is required.29 This
work focuses on the use of citric acid derivatives as a strategy to
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Synthesized acid 1, 2 and ester 3, 4 hydrazo citric derivatives.
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improve the sustainability of chemical additives in PVC appli-
cations. In the following section the successful synthesis of
a series of novel citric acid derivatives and their application
within PVC polymer coatings are given. The coatings have been
analysed for detrimental properties such as high colouration,
thermal stability, surface defects and microstructure.
Table 1 Significant peaks in the IR spectrum for the characterisation of
compounds 1–4

Compound C–N N–H (bend) N–H (stretch)
Experimental

Synthesis and characterisation of compounds 1–4 are described
in the ESI.†
1 1184 1653 3436
2 1082 1602 3252
3 1022 1619 3497
4 1022 1601 3368
Preparation of the PVC polymer coating formulations (1–4)

Each compound 1–4 was added to a commercial formulation in
equivalent molar quantities of 0.161 mmol per gram of plas-
tisol. The mixture was stirred at speed 750 for 120 s in a Greaves
ST-8 mechanical stirrer with radial turbine blade. A 200
micrometer coating of each sample was prepared on preheated
(5 s at 210 �C) Kaemplex LW 3 FSC Double Coated Peelable
Duplex Paper (140 g m�2) using a Werner Mathis LTE-S Lab-
coater and heated at 130 �C for 30 seconds in a Werner Mathis
Thermosol Oven, 220 V, 3 phase, 60 Hz, 9 kW. The procedure
was repeated for each compound at each of the following
temperatures: 130 �C, 150 �C, 170 �C, 190 �C and 210 �C.
Characterisation and instruments
1H- and 13C-NMR spectra of all samples were measured on
a Bruker AVANCE-500 NMR spectrometer operating in the
Fourier transform mode using CDCl3 as solvent. The phase
transition behaviours of the samples were studied using a Q200
differential scanning calorimetry (DSC) analyser (TA Instru-
ments, USA). The sample was crimped in an aluminum pan and
heated at a rate of 5 �C min�1 from ambient temperature to
300 �C under nitrogen atmosphere. Thermogravimetric analysis
(TGA) of the samples was performed on a Q5000 thermal ana-
lyser (TA Instruments, USA) under air atmosphere, from room
temperature to 300 �C at a heating rate of 20 �C min�1. The
morphology of the plastisol was observed using a Geol JSM 6610
Lv scanning electron microscope. Cross section samples were
prepared using a Pilling Weck WECPREP Surgical Blade. Prior
to SEM observation, the samples were sputter-coated with
30 nm gold, using a Quorum Q15OR S Coater, in order to
improve the conductivity.
Results and discussion
Synthesis and characterisation of citric derivatives

Citric acid can be regarded as a versatile platform for structural
modication, as its scaffold allows a variety of chemical trans-
formations with various species. Citric acid and its esters are
common reagents and are selected for use in the reaction with
the hydrazine derivatives (hydrazine monohydrate and phenyl
hydrazine). Citric acid reacts with both hydrazine monohydrate
and phenyl hydrazine to yield compounds 1 and 2, respectively
(Fig. 1).
This journal is © The Royal Society of Chemistry 2017
Triethyl citrate reacts similarly with the hydrazine mono-
hydrate and the phenyl hydrazine yielding corresponding
products 3–4. The excellent chemical purity and yields make
this synthetic pathway highly practical allowing cost-efficient
scale-up (50 g) of the compounds 1–4.

The characterisation of the citrate derivatives is carried out
using a combination of analytical techniques (NMR, IR and
MS). Signicant peaks in the IR spectrum for the character-
isation of hydrazo molecules account for a contemporaneous
presence of the C–N, N–H and N–N stretching vibrations. All
compounds 1–4 exhibit a strong peak in the region of 1000–
1300 cm�1 (C–N), the N–N stretching vibration (1600 cm�1) and
N–H stretches (2350 and 2700 cm�1) conrming the presence of
the hydrazo group. The essential IR peaks for the character-
isation of the novel compounds are listed in Table 1. The 1H
NMR data of the materials 1–4 support the characterisation
made by IR and highlight a shi in the peak corresponding to
the aliphatic protons. A typical shi of 0.15–0.30 ppm from the
corresponding hydroxyl-precursors is observed in hydrazo
derivatives 1–4 indicating the successful conversion to the
hydrazo group.

Thermal behaviour, stability and decomposition pathway of
compounds 1–4

We have used thermal gravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) to evaluate the thermal
properties of compounds 1–4 as these techniques can be used to
predict the behaviour of the additives within the coating
formulation at various cure temperatures. Typical temperatures
including the temperature at 10%mass loss in the TGA (T�10%),
the maximum thermal degradation temperature (Tmax) from the
1st derivative of the TGA (DTG), and the phase transition
temperature in the DSC (TDSC) are summarized in Table 2.

Differences in the thermal stability are observed between the
acids 1, 2 and esters 3, 4 (Fig. 2a). For the ester compounds 3
and 4, the thermal degradation based on TGA is a one-step
process, characterised by Tmax, and occurs at a similar range
of 188 �C and 189 �C, respectively. These values of themaximum
RSC Adv., 2017, 7, 31428–31432 | 31429
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Table 2 TGA, DTG and DSC data for compounds 1–4

Compound

TGA DSC

T�10% Tmax TDSC

1 116 198 199
2 79 139, 201 207
3 141 188 209
4 126 189 205

Table 3 L*a*b* and DE values for compounds 1–4 in thermally
treated plastisol formulations P1–P4 at different curing temperatures

Entry

130 �C DE

L* a* b* 150 �C 170 �C 190 �C 210 �C

P1 93.95 �0.27 0.43 1.61 4.55 10.01 22.19
P2 93.75 �0.68 4.07 1.44 6.76 22.87 27.70
P3 94.43 �0.08 �0.39 0.40 0.33 0.31 0.74
P4 89.39 1.45 18.62 0.46 0.40 2.38 3.77
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degradation temperatures are in a correlation with the values
obtained from DSC analysis for the corresponding compounds
3 (209 �C) and 4 (205 �C).

In both cases, Tmax and TDSC are observed within the suitable
melt viscosity range of PVC plastisol. Acid compounds 1 and 2
show an earlier onset of thermal degradation, comparing to the
esters 3 and 4, and occur over two steps. The two-steps observed
in compounds 1 and 2may be due to the decarboxylation of the
acids, which does not occur in the ester derivatives 3 and 4.
Compound 1 exhibits 10% mass loss at the lower temperature
of 116 �C, due to volatilisation of co-crystallised water, also
observed as a small shoulder in the rst derivative graph.
However, Tmax onset of the pyrolysis happens at the much
higher temperature of 198 �C and coherent with TDSC ¼ 199 �C
(as observed in 3 and 4). In the case of the acid compound 2, its
thermal degradation process can be divided into two distinct
stages characterised by two values of Tmax. The rst step occurs
in the range of 100–160 �C, which is much lower than that of the
other citrate derivatives, and accounts already for almost 70%
mass loss. DSC data supports this nding showing a broad
band ca. 100 �C wide within the same range, which may be
attributed to the subsequent decarboxylation steps.

PVC coating formulations, temperature dependency and
colour correlation

To study derivatives 1–4 within polymer matrix, the novel
plastisols containing compounds 1–4 have been formulated to
a standard specication, manufactured and analysed to deter-
mine the effect on coating efficiency, surface wetting and
coating coverage. The formulations have been cured at 130 �C,
150 �C, 170 �C, 190 �C and 210 �C to correspond with the melt
Fig. 2 (a) TGA, DTG and D2TG graphs of compounds 1–4. (b) Photogra
P4210 showing the observed colour changes. (c) Graph of b* values for

31430 | RSC Adv., 2017, 7, 31428–31432
viscosity range of the PVC plastisol. This allowed temperature
dependency studies to be carried out for each of the materials.
Table 3 shows L*a*b* and DE data for the thermally cured
plastisols P1–P4 containing compounds 1–4. The L*a*b* values
are given for the formulated plastisol cured at 130 �C and have
been set as control samples P1130–P4130 to monitor temperature
dependent colour change (DE) for each formulation (Fig. 2b).
Sample P1 formulated with 1 shows a signicant increase in DE
between 170 �C, 190 �C and 210 �C curing temperatures
(Fig. 2c), which coincides with the TGA and DSC data of the
individual compound 1. The yellow saturation (b*) in P1
increases from 130 �C, evident in the TGA shoulder of 1 from
110 �C upwards. The colour indexing coupled with the TGA data
conrms that the full decomposition of compound 1 occurs
within the range of 170–200 �C.

The control sample P2130 shows a stronger initial colour-
ation (Table 3), this is due to the lower decomposition
temperature observed in the TGA of the compound 2
accounting for a 70%weight loss between 100–160 �C. Similarly,
sample P2 shows a strong colour change from 170 �C to 210 �C
demonstrated by a signicant increase in DE. This corresponds
to the second thermal decomposition step, which occurs within
this T range. With DE210 values of 22.54 and 30.85, for P1 and P2
respectively, the colour changes observed are beyond the limit
for corrections, such as bleaching, to be effective (Fig. 2b). This
data concludes that at the temperatures above 175 �C, strong
colouration renders these additives unsuitable for use in colour
sensitive coatings and applications.

In contrast, the ester derivatives 3 and 4 do not show
a signicant colour change during the heating process (Fig. 2b
phs of the surface of the formulation coatings P1130–P4130 and P1210–
P1130–210, P2130–210, P3130–210 and P4130–210.

This journal is © The Royal Society of Chemistry 2017
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and c). The DE values for formulated plastisol P3 (0.31–0.74)
show that the colour change is negligible across the analysed
temperature range (DE < 1). Similarly, formulation P4 shows an
insignicant colour change up to 170 �C; however, a noticeable
change in DE is observed at a higher temperature. DE210 shows
a slight increase in colour intensity, conducive with TDSC 205 �C.
Unlike the compounds 1 and 2, the ester derivatives 3 and 4 are
suitable for colour sensitive applications.

Surface texture and microstructure

The external and the internal cellular structure of the paper
samples P1210–P4210, formulated with compounds 1–4 and
cured at 210 �C, are analysed with scanning electronmicroscopy
(SEM). A standard ‘control’ formulation Pcontrol has been
prepared via the same method for comparisons. Pcontrol pres-
ents an uneven surface (Fig. 3a), which is the result of irregu-
larly sized gas pockets throughout the sample. The defects are
observed across the sample surface ranging from 0.31–1.46 mm
with the average defect size ca. 0.80 mm. Samples P1210 and
P2210 show a reduction in the average size of the gas bubbles
observed on the surface of the coating, however the gas pockets
are more unevenly distributed (Fig. 3a). Sample P1210 shows an
average defect size of ca. 0.59 mm. In the case of sample P2210,
the unevenness caused by the gas bubbles consisted of both
raised defects and craters (ESI Fig. 12†), generally of smaller size
than seen in the control sample (Fig. 3c).

The distribution graph (Fig. 3b) clearly shows that all three
samples exhibit a wide range in surface defect size. That said
P1210 and P2210 show a higher concentration of defects within
the region of 0.1–0.6 mm compared to Pcontrol, which displays
a higher number of defects above 0.6 mm. Improved distribu-
tion of the additive can result in a higher quality coating. The
quantity of these gas bubbles increases as the temperature is
increased, conrming that the colour and gas formation are
both a direct result of thermal decomposition. Both of the ester
mixtures P3 and P4 produced very smooth and evenly dispersed
coatings. In the acid compounds 1 and 2 the main contributing
Fig. 3 (a) SEM micrographs of the surface of the plastisol formulation c
P3210). (b) Distribution graph of SEM surface defect size data for Pcontrol, P
of plastisol formulation coatings: a (Pcontrol), b (sample P1210) and c (sam
Pcontrol, P1210, P2210, P3210 and P4210.

This journal is © The Royal Society of Chemistry 2017
force is hydrogen bonding around the N–H donor site, as well as
the HOOC– site in the carboxylic acid derivatives. Despite being
signicantly weaker than covalent bonds, hydrogen bonds
exhibit strong dipole–dipole interactions creating stability
within the system and thus contributing to a relatively high
surface tension. The esterication of the carboxylic acid group
(as in compounds 3 and 4) limits the available H-bonding sites
and therefore reduces the surface tension effects, allowing the
materials to act as levelling agents creating a smooth and glossy
coating (Fig. 3a).

Cross section images provide information of the internal
cellular structure, conrming that the surface defects are
resultant of gas pockets within the coating. In the case of
sample P1210, the cross section analysis (Fig. 3c) indicates that
the additive 1 hinders the distribution of the internal gas
pockets as these are not evenly dispersed and exhibit a large cell
size range (ESI Fig. 6 and 7†). In comparison, Pcontrol shows
more evenly distributed gas bubbles, within a narrower cell size
range (Fig. 3c).

In contrast to the rough uneven surface observed in the
control, sample P3210 appeared to be smooth and even (Fig. 3a).
The cross section micrograph of P3210 shows that gas pockets
are still formed in the formulation (Fig. 3c); however the pockets
are smaller, with a narrow size range (Fig. 3d), and more evenly
dispersed, thus not defecting the external surface. The distri-
bution graph (Fig. 3d) shows that, in general, the internal cell
sizes are below 200 mm. P3210 and P4210, in particular, exhibit no
anomaly results with all cells between 50 and 150 mm. This data
conrms that compounds 3 and 4 aid the even distribution of
the formulation across the coating whilst inhibiting larger gas
pockets' formation. This allows even distribution of small gas
pockets throughout the coating, resulting in a smooth even
surface (P4210 in ESI Fig. 24†). Contrastingly, Pcontrol, P1210 and
P2210 contain a number of larger gas pockets, the cross sections
analysed show cells up to 450 mm (P1210 contains larger pockets
over 1 mm in diameter, Fig. 3c). These larger gas pockets
contribute to the uneven defects observed on the coating
oatings prepared at 210 �C: a (Pcontrol), b (sample P1210) and c (sample
1210 and P2210. (c) Scanning electron micrographs of the cross section
ple P3210). (d) Distribution graph of SEM cross section cell size data for

RSC Adv., 2017, 7, 31428–31432 | 31431
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surface (Fig. 3a). These micrographs conrm that the distribu-
tion and regularity of the internal cell structure is fundamental
to the surface appearance. Whilst all formulations show
evidence of gas formation during heating, the cross section
analysis provides evidence that compounds 3 and 4 inhibit the
formation of large gas pockets which limits the disruption to
the surface.
Conclusions

The citrate compounds 1–4 have been successfully synthesised
and characterised. Synthesis of the compounds can be effec-
tively scaled up to 50 g in excellent yields of up to 80%. The TGA
and DSC data conrm that thermal degradation of compounds
1–4, occurs within suitable range for implementation in PVC
applications. PVC plastisols containing compounds 1–4 have
been prepared and thermal stability of the nal formulations
have been tested at different curing temperatures. Thermal
degradation data of the individual compounds 1, 2 and
observed colour changes in the plastisol samples containing 1
and 2 (DE, Table 3) are in an excellent agreement supporting
a thermal decomposition between 170 �C and 210 �C curing
temperatures. The incorporation of the compounds 1–4 into
commercial PVC plastisols directly affects the physical proper-
ties of the resultant coating. In the case of compounds 3 and 4
the increased gas dispersion coupled with decreased cellular
size, observed in the SEM cross sections, is benecial to the
overall appearance of the coating surface. Furthermore, these
compounds do not signicantly affect the colouration of the
sample surface, which is benecial in many industrial
processes.
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