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Abstract
Natural Rubber Latex (NRL) from Hevea brasiliensis is a material studied because of their industrial applications. For its 
natural origin, it is possible to find rubber particles, proteins, phospholipids and ashes. These non-rubber content are respon-
sible for the latex colloidal stability. H. brasiliensis tree goes through four stages during the year, changing its nutritional 
requirements and as a result the rubber yield and stability. Most studies have correlated latex characteristics and yield with 
tree age and clonal origin but none of them with phenological stages. The impact of the phenological stage on the material 
properties has not been completely identified yet. In this work, the influence of the clonal origin and the phenological stage 
with the material properties is studied. Thermal behavior, microstructural analysis, morphological study, colloidal stability 
and rheology are analyzed for FX3864, IAN710 and AIN873 clones during 1 year. NRL is an amorphous material but during 
the high-yield period, a melting point is observed. Flowering is the stage when phospholipids, protein and isoelectric point 
are higher. Phenological stages do not affect the rubber, but the main changes are in the non-rubber content.
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Introduction

Tires are usually produced of synthetic rubber with 55% of 
world rubber demand. Furthermore, manufacturing activ-
ity growth will demand rubber for non-tire applications and 
also, it is expected that natural rubber will remain crucial in 
products like surgical gloves, mattress, balloons and con-
doms, due to its remarkable elasticity.

Natural Rubber Latex (NRL) from Hevea brasiliensis is 
a colloidal dispersion containing 30–40% rubber particles 
(cis-1,4-polyisoprene), 5% non-rubber particles (proteins, 
phospholipids among others) and < 1% in inorganic com-
pounds. It is well known that cis-1,4-polyisoprene molecule 
has α- and ω-terminal groups, that interact whit the phos-
pholipids and proteins phase respectively, dissolved in the 
serum [1, 2]. This phospholipid-protein content is related 
with the ability to enhance the colloidal stability of NRL 
and the rubber properties after curing [3].

The clone variety is extensive and new clones more resist-
ant to climate changes and plagues are developed constantly. 
In Asia, RRIM 105 and RRIM 600 [4] are the most spread 
and cultivated clones of natural rubber. RRIM 600 is a sec-
ondary clone from H. brasiliensis species, a crossbreed 
between TJIR and PB 86 clones developed in the Rubber 
Research Institute of Malaysia (RRIM) [5–7]. This clone 
starts tapping after 5½ years, not too much foliage but a 
stable latex yielding with dry rubber content (DRC) average 
of 32.9% [8]. Since Asia/Pacific region is the biggest market 
for rubber products, RRIM 600 is one of the most studied 
species from H. brasiliensis. For some H. brasiliensis spe-
cies created to resist Latin-American climate and plagues, 
such as FX3864, IAN873 and IAN710, no studies about how 
NRL components change with the phenological stages.

Besides the clone variety, rubber trees are controlled by 
periodically repeated cyclical changes, depending on the 
climate conditions; those periods are better known as phe-
nological stages, as follows: flowering, fruit growth or filling 
fruit, foliation and defoliation or leaf unfolding. The studies 
related with phenological stage are focused in solid rubber 
not in latex [5]. Works related with NRL usually studied 
its biocompatibility with human tissues [9], as well as the 
comparison of properties between H. brasiliensis and others 
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sources like Hancornia speciosa Gomes [10] and Euphorbia 
characias [11], and mechanical properties of UV vulcanized 
membranes [12].

A common problem of rubber phenological studies is 
not to consider the effect of tapping on tree physiology and 
phenological behavior, as well as the lack of correlation 
between the rubber yield and quality of the latex extracted. 
Most studies have correlated latex characteristics and yield 
with tree age but none of them with phenological stages. As 
a consequence, the impact of the phenological stage on the 
properties of the material has not been completely identified 
yet [5, 10, 13–16]. The aim of this work is to analyze the 
effect on the physical and chemical properties of FX 3864, 
IAN 710 and IAN 873 clones, driven by the phenological 
state.

Experimental

Materials

Freshly tapped latex was obtained from three different 
clones: FX 3864, IAN710 and IAN 873. All these trees are 
located in an experimental area with geographic coordinates 
of 7°43′7″, 7°43′0″N between 75°30′26″, 75°30′16″W, with 
elevation 120 m a.s.l, the land is mainly flat and the soil is 
classified as Ultisol, Paleudults family with a higher acid 
pH. According to the classification system of Holdridge, the 
climate zone is a tropical wet forest.

All the samples were collected during a year, according 
to phenological phases of H. brasiliensis tree: starting in 
flowering stage from March to May; it continues with the 
filling fruits stage from June to August, following by folia-
tion stage (leaf growing) from September to November and 
finishing with leaf unfolding stage during November to Feb-
ruary. Each tree was labeled and the tapping system was the 
same (1/2S d/2).

Latex started to be collected during flowering stage. It 
was tapped 135 FX 3864 trees, 179 IAN 710 trees and 209 
IAN 873 trees and stabilized in situ with low ammonium 
solution. The samples for each clone were carefully homog-
enized, and stored in a sunlight free atmosphere at 5–10 °C. 
All the analyses were carried out in the next 15 days.

Characterization

Rubber Yielding Periods

In order to identify the latex yielding through phenologi-
cal changes, DRC was measured. DRC was carried out by 
means of Eq. (1) according to ASTM D1076. 2.0% of acid 
acetic solution was added to 10.0 ± 0.1 g of latex with 25.0% 
of total solid content (TSC) until the coagulation. This solid 

was laminated until reach 1 mm thick, and washed with 
enough water. This thin sheet was dried at 70 °C for 16 h.

TSC was quantified with the Eq. (2) according to ASTM 
D1076. Rubber mass was obtained drying 2.5 ± 0.1 g of latex 
at 100 °C in an oven with circulating air for 2 h.

Each test was repeated three times, under controlled 
atmospheric temperature and relative humidity (23 °C and 
60%) with 95% confidence limit.

Thermal Analysis

Differential scanning calorimetry (DSC) was used to analyze 
the thermal transitions for all lattices using a DSC Q200 
from TA Instruments. All experiments were set up in three 
cycles: heating from 25 °C to 200 °C at 20 °C/min, cooling 
cycle from 200 °C until − 90 °C at 20 C/min; a second heat-
ing was performed in modulated mode up to 200 °C, with an 
amplitude of 1.27 °C every 60 s. The weight of the samples 
was 20 ± 1 mg.

Microstructural Analysis

A Spectrum Two FTIR–ATR from Perkin Elmer was used 
to identify the characteristic functional groups in films of 
dry rubber. The background registration and samples ATR 
spectra were performed with 32 scans at 1 cm−1 resolution 
from 400 to 4000 cm−1. For each sample, the spectra were 
recorded and the mean spectrum is presented with the base-
line subtracted. Protein and phospholipids content was deter-
mined by the proposed Rolere and coworkers’ method [17].

Colloidal Stability

The latex stability was analyzed by means of Z potential, 
measured in a Zetasizer Ver. 6.34 by Malvern. The latex 
was diluted until 10% TSC with distilled water and solutions 
with pH from 4 to 12 were prepared. A drop of this solution 
was added to 20 ml of buffer solution. Each test was repeated 
two times with 95% confidence limit.

Latex Morphology

The shape and size distribution of the different lattices was 
studied using two different techniques: atomic force micros-
copy (AFM) and diffraction light scattering (DLS). AFM 
images were obtained with a nanosurf Easyscan2 model. It 

(1)DRC =
dry coagulated mass

latex mass
× 100

(2)TSC =
dry rubber mass

latex mass
× 100
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was used the tapping mode in air, using an integrated sili-
con tip/cantilever having a resonance frequency < 1 kHz and 
spring constant of 1 N/m. The samples were prepared using a 
dip coating process and in order to obtain repeatable results, 
different regions of the specimens were scanned. Images 
analysis were used to calculate the samples size distribution.

All DLS measurements were performed with a Malvern 
Instrument Zetasizer Ver. 6.34 by Malvern equipped with a 
He–Ne laser (λ = 633 nm, max 4 mW) and operated at a scat-
tering angle of 173°. In all measurements, 1 ml of latex solu-
tion was employed and placed in a 10 mm × 10 mm quartz 
cuvette. The latex solution used was 0.01% of rubber content 
and sonicated with the aim to dissolve any aggregations.

Latex Rheology

A rheological analysis was carried out using a Haake Mars 
III from Thermo scientific equipped with DIN coaxial 
cylinders geometry with large gap; inner cylinder was a 
titanium rotor with radium = 10.0 ± 0.002 mm and length 
30.0 ± 0.003 mm; the outer cylinder was a steel cup with 
radium = 10.850 mm, and the volume of the sample was 
8.2 ml. Tests were carried out at room temperature in a 
shear rate range from 10 to 1500 s−1. All measure samples 
were evaluated at 0.35% TSC. Each test was repeated two 
times, under controlled atmospheric temperature and rela-
tive humidity (23 °C and 60%) with 95% confidence limit.

Results and Discussion

The yielding pattern clones are disclosed in Fig. 1 as DRC; 
it shows a clear delineation between high and low yielding 
production. For all the clones, during flowering and filling 
fruit stages DRC is stable, but an abrupt change is presented 
during foliation (low-yielding period) and leaf unfolding 
(high-yielding period). According to the meteorological 
station data, during leaf-unfolding period the temperatures 
were higher and total leaf unfolding was expected, however; 
conform with visual inspection, leaf unfolding was partial 
and some mature leaves remained in the rubber tree, this 
behavior suggest that DRC increases, because there is no-
competition of photoassimilates compounds and latex is 
regenerated through accumulation [18, 19].

In agreement with thermal results, the poly-isoprene com-
pounds are the same in all the phenological stages, because 
the Tg values are the same in all samples, the coefficient of 
variation is < 1% (Fig. 2). However, for all the clones during 
the leaf unfolding phase the rubber particles exhibit a melt-
ing point near − 1 °C. Some authors attribute this rubber 
crystallization to several factors: high cis-1,4 isoprene unit 
content, long average sequence length cis-1,4 isoprene units, 
phospholipids content, gel fraction and so on [20–23]. In our 

case, this melting behavior is associated with the high-yield 
stage, so these results are correlated with the high cis-1,4 
isoprene unit content.

In terms of FTIR results (Fig.  3), the characteristics 
peaks for cis-1,4-polyisoprene were presented in all the 
samples, bands between 3100 and 2725 cm−1 (peaks #2–6) 
were attributed to C–C and C–H bonds and also a peak in 
840 cm−1 appears, which is the C–H out of plane bending 
band of the cis-1,4 addition. All these bands are the same in 
all clones with no changes between the phenological stages. 
The protein domain is described for three major bands: 
amine (3282 cm−1, peak #1), amide I (1630 cm−1, peak #9) 
and amide II (1541 cm−1, peak #10). The phospholipids 
domain is defined with ester band (1747–1732 cm−1, peak 
#7) and carboxyl band (1700 cm−1, peak #8).

Protein and phospholipids content was determined by the 
proposed Rolere and coworkers’ method [17] and presented 
in Fig. 4. FTIR spectra were normalized using the maximum 
absorbance 840 cm−1 (C–H out-of-plane bending). Accord-
ing to this method, proteins content is higher in amide I than 
amide II. FX3864 reduce protein content with the stages, for 
IAN710 is higher in foliation stage and IAN873 exhibit an 
almost stable protein content during the stages. Phospho-
lipids seem to be more stable than proteins in filling fruit, 
foliation and leaf unfolding stages, but an abrupt increase 
is displayed during the flowering stage, especially for ester 
compounds. FX3864 exhibited the highest phospholipids 
content followed by IAN873. During the flowering stage, 
the tree is using carbohydrate reserves for flowers develop-
ment, this could explain why this is a low-yield period but 
the non-rubber content is higher.

NRL have suspended particles coated with a thinner 
layer distributed with phospholipids and proteins [3, 24]. 
This develops, in the particle surface, a positive charge 

Fig. 1   Dry rubber yield as a function of phenological stage for the 
clones under study
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(generated from amino groups of the adsorbed proteins) 
and a negative charge (ionization of the adsorbed carbox-
ylic group on phospholipids molecules). This arrangement 
is responsible of the colloidal stability in latex suspensions 
[3]. Figure 5 presents the Z potential value as a function of 
pH. In all cases, these values are negative, due to the nega-
tive charges of the proteins and carboxylic groups coating 
the rubber surface. Maximum stability point occurs at pH 
9. For pH 10, 11 and 12 the zeta potential increases (less 
negative value) because of the cation absorption on the 
surface.

The isoelectric point is the pH value where zeta potential 
is zero and as a consequence, the latex losses its stability 
and coagulated spontaneously. In Fig. 6, it is observed this 
value in a narrow range between 4.0 and 3.5. A higher value 
in flowering stage means that the system can be more eas-
ily destabilized, as a consequence of the higher protein and 
phospholipids content.

In Fig. 7 is presented the particle size distribution accord-
ing to AFM image analysis. FX3864 and IAN873 have a 
monomodal distribution with an average size around 600 nm 
without significant changes during a year. However, IAN710 
exhibits a bimodal distribution (except in foliation) with 
changes in average size in all the stages. Average sizes are 
from 300 nm until 3 µm in all the lattices. In AFM-phase 
images is observed rounds and pears shape particles with 
dark and bright colors on the surface; these colors are related 
with differences in chemical composition on the rubber par-
ticles (rubber and non-rubber content) [16]. However, under 
the test conditions, it was not possible to find a correspond-
ence between color and chemical composition. With the 
aim to compare this results, it was used a scattering tech-
nique; in Fig. 8 is disclosed the particle size distribution 
by DLS analysis. The particle size distribution by DLS is 
wider and appear a bimodal distribution in almost all the 
lattices with fine size around 200 nm and coarse size around 
1000 nm. Differences are related with sample preparation, 
in AFM analysis, the samples are a dried thin film over a 
substrate, while in DLS the rubber particles are suspended 
and hydrated; this can generate a slight increase in mean size 
because particle surface is solvated with water.

Fig. 2   FX3864, IAN710 and 
IAN873 thermal analysis, Tg 
does not change with the pheno-
logical stage

Fig. 3   FTIR spectra of FX3864, IAN710 and IAN873 clones during 
flowering stage. Numbers are related with NRL functional group
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Fig. 4   Phospholipid and protein content calculated with FTIR spectra according to Rolere and coworkers’ method. Upper graphs are ester and 
carboxyl group and lower graphs are amide I and II groups for FX3864, IAN710 and IAN873 clones

Fig. 5   Z potential as a function 
of pH and phenological stage 
for clones under study. Colloidal 
stability at pH 9
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Rheology in latices is related to phospholipids–protein 
content and therefore, with the colloidal stability. For a lower 
shear rate, the latex viscosity decreases to reach a minimum 
point, in which the viscosity starts to increase (Fig. 9). This 
behavior is due to differences arrangements in the latices 
particles. In lower shear rate, the particles form a bidimen-
sional structure oriented in the flow direction and viscosity 
decreases. When shear rate exceeds a minimum viscosity, 
those bidimensional structures are perturbed and required 
more energy to establish a new arrangement in equilibrium 
and as a consequence the viscosity increases [25]. FX3864 
shows higher viscosity in the flowering stage, this increase 

is related with the phospholipids content, because the higher 
amount of that component increases the resistance of the 
system to flow and more energy is required to destabilize 
it by means of mechanical effect. IAN873 viscosity is also 
higher in flowering, but in IAN710 is higher in foliation 
stage (higher protein content).

Conclusions

Our DSC and FTIR–ATR results suggest that cis-1,4-pol-
yisoprene is the same in all the clones without a change 
during a year. However, it is observed differences in the 
chemical environment as a consequence of the phenological 
stage; these changes are related to the phospholipids–pro-
teins phase. Rubber particles are amorphous, but in our case, 
a melting peak appears at lower temperatures (− 1 °C), this 
peak is associated with the high-yield stage, so these results 
are correlated with the high cis-1,4 isoprene unit content.

A comparison between scattering technique like DLS 
and image analysis by mean of AFM micrographs disclosed 
differences related to sample preparation. Being more accu-
rate by AFM image analysis. We found more differences in 
size related to the type of clone rather than the phenological 
stage. AFM mean particle size is ∼ 600 nm, while DLS mean 
particle size is ∼ 200 nm (fine particles) and ∼ 1000 nm 
(coarse particles).

Colloidal instability is in pH 3.5–4.0 and slightly 
changes with the phenological stages; it is necessary 
to reach pH 9.0 to stabilize the latex. Higher values of 
phospholipids–protein content mean that the system can 

Fig. 6   Isoelectric point variations as a colloidal instability for the 
clones under study

Fig. 7   Frequency as a function 
of particle diameter according 
to AFM image analysis

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



370	 Journal of Polymers and the Environment (2019) 27:364–371

1 3

be more easily destabilized spontaneously, but the inter-
particle forces (electrostatic, Van der Walls and London 
forces, and also steric interactions) are a key factor in the 
rheology behavior because they increase the resistance to 
flow. As a result of all these, there are attraction and repul-
sion interactions in the particles and the viscosity changes. 
The clone more dependent with the phenological stages is 
FX3864, while IAN873 is the more stable clone.
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Fig. 8   DLS intensity as a func-
tion of particle diameter

Fig. 9   Rheology curve for 
FX3864, IAN710 and IAN873 
clones and its behavior accord-
ing the phenological stage
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