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Editorial 

 

 

It is a pleasure for the Editor to announce the publication of the second issue of 

this year, containing very interesting subjects for the readers. This issue begins with a 

review entitled “Chemometrics in analytical chemistry – an overview of applications 

from 2014 to 2018.” A compilation of recent papers related to multivariate calibration 

and classification, as well as design of experiments applications and artificial intelligence 

methods have been reported. Applications of the chemometric techniques in different 

fields such as medical and pharmaceutical, food analysis, fuels, and biological and 

forensic were highlighted. The review also presents a promising scenario considering the 

evolution of the researches in the above-mentioned topics. Sequentially, the synthesis of 

sunscreen formulations containing inorganic/organic filters, or their mixture is described, 

and different physicochemical parameters of the colloidal system were determined 

alloying to evaluate the UV shielding ability. Continuing, a simple and rapid screening 

method is presented for direct speciation of arsenobetaine in tuna fish tissue and total 

arsenic in tuna fish tissue and robalo liver; the simplicity of the method enables its use in 

routine analyses. Following, the microstructural and mechanical properties of an 

aluminum matrix hybrid reinforced with 6-12 wt. % of garnet are given. For the 

composite, garnet is the ceramic material and Al-6000 alloys the matrix. This type of 

composite is of particular interest because of the growing demand for high performance 

light-weight materials in industrial applications. This issue is closed with the description 

of a correlation between X-ray structural data of cobalt(II) chloride complexes with some 

phosphine oxides in the solid state and their stability constants in acetone solution. 

The Editor and his team thank all authors for their effective contributions, and 

reviewers for their outstanding manuscripts evaluation. 
 

 

Assis Vicente Benedetti 

Editor-in-Chief of EQJ 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
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1. Introduction 

 

With the continuous technological progress of 

instrumental techniques for analytical purposes, 

multivariate methods applied to chemical data are 
mandatory in several applications. Chemometry is 

a prominent area dedicated to developing 

multivariate strategies for chemical data evaluation 
and interpretation1,2. Figure 1 shows the main 

subjects related to Chemometric techniques 

according to the most repeated words in a 
bibliographic searching performed in Science 

Citation Index Expanded (SCI-E) in Clarivate 

Analytics’ ISI – Web of Science©, on June 21, 

2018. 

ABSTRACT: A compilation of papers published between 2014 and 2018 was 
evaluated. Many papers related to multivariate calibration and classification have 

been reported, as well as, design of experiments applications and artificial 
intelligence methods. Some applications were highlighted, as medical and 
pharmaceutical, food analysis, fuels, biological and forensic for the chemometric 
techniques on this review. Most studies are related to developing methods for 
practical solutions in industry or routine analysis. A promising scenario is shown 
considering the number of published papers: a total of 832 for this period using 
the keywords, multivariate classification, multivariate calibration, analysis, 
chemometrics, prediction, analytical chemistry, artificial neural networks (ANN), 

design of experiments (DoE) and factorial design. An useful overview for 
Analytical Chemistry researchers´ combined with Chemometrics is presented in 
this review. 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p11-25
https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p11-25
mailto:fabiola.verbi@unesp.br
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Figure 1. Bibliometric map generated using the more repeated keywords in the authors’ search for the period 2014-

2018. 

 

The main topics revealed by the search can be 

verified in the color clusters of Figure 1, as follow 

in green symbols classification and educational 
purposes (“hands-on-learning”, “laboratory 

instruction” as keywords), light blue circles denote 

chemistry and separation techniques 
(chromatography), purple circles represent 

sophisticated instrumentation as mass-

spectrometry, metabolomics, and principal 
component analysis (PCA), dark blue symbols are 

related to regression and quality control, as well the 

red ones are linked to calibration models and 

spectral techniques, the process analytical 
technology (PAT) and identification/ 

differentiation issues appear in the searching as 

orange and yellow circles, respectively. In the 
center of the clustering, chemometrics is 

surrounded by all those words and connected to 

analytical chemistry. 
A total of 832 occurrences were reported by the 

authors’ during the search. Most studies are related 

to published papers, followed by reviews and 

proceedings in minor scale. From this amount, 
studies involving multivariate classification as 

topic has 390 papers, multivariate calibration 209, 

design of experiments (DoE) 136 and artificial 

neural networks (ANN) 97. It is clear that 

chemometrics and analytical chemistry are 
growing together, and the goal of this review was 

to make a concise compilation of representative 

studies for the area between 2014 and 2018. 
Several topics were discussed by using key papers 

mentioned along the text. 

 

2. Materials and methods 

 

2.1. Medical and pharmaceutical applications 

 
The use of chemometrics to study 

multifunctional indole alkaloids from Psychotria 

nemorosa (Palicourea comb. nov.) was developed 
by Júnior et al.3. The techniques PCA, partial least 

squares (PLS) and orthogonal PLS1 (O-PLS1) 

were helpful for modelling the activities using 
ultra-high-performance liquid chromatography-

diode array detector (UPLC-DAD) data as 

fingerprint3. Ultraviolet spectral data from 

monoclonal antibodies compounded into hospital 
pharmacy were evaluated to build models using 

PLS-discriminant analysis (PLS-DA). The 

https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p11-25
https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p11-25
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challenge was to identify the monoclonal 

antibodies after compounding and just before 
administration to the patient for quality control at 

the hospital4. The linear sweep voltammograms 

generated from integration of three commercial 

screen-printed electrodes into a voltammetry 
electronic tongue was combined with PLS to 

predict concentrations of cysteine, glutathione and 

homocysteine. The authors applied genetic 
algorithm and interval PLS (i-PLS) for selection of 

variables5. It was possible to monitor the extraction 

of indole alkaloids from the toad skin6 and the 

quantification of geniposide in Gardenia 
jasminoides fruit (Chinese medicinal herb)7 was 

performed using near infrared (NIR) spectroscopy 

and PLS regression (PLSR). The extraction of 
indole alkaloids from the toad skin showed a 

coefficient of determination (R2) value of 0.99 and 

root mean square error of cross validation 
(RMSECV) of 8.26 mg mL-1 6 and the correlation 

values to quantify the concentration of geniposide 

in Gardenia were between 0.92 – 0.99 and 0.32 - 

1.66 mg mL-1 for RMSECV7. In order to evaluate 
the anti-inflammatory properties of extracts from 

Honeysuckle, Fourier Transform Infrared (FTIR) 

spectroscopy in combination with PLSR8 were 
used. 

Junior et al.9 used NIR and performed a 

comparison between two multivariate calibration 
techniques, PLSR and multiple linear regression 

(MLR) to monitor the quality control of tablets, and 

the PLSR model present better results than MLR. 

Raman spectral imaging technique was also used to 
predict active ingredient pharmaceutical 

concentration in microtablets10, in oral 

suspensions11, intravaginal rings12, and in 
quantitative assessment of pharmaceutical 

tablets13. The PLSR and least squares-support 

vector machine (LS-SVM) models exhibited 

excellent prediction abilities for active 
pharmaceutical ingredient in microtablets with a 

correlation higher than 0.98 and root mean square 

error of prediction (RMSEP) of 2.35% (w/w) for 
PLSR and 2.09% (w/w) for LS-SVM10. Mazurek 

and Szostak11, using PLSR model, obtained RMSE 

of calibration (RMSEC) from 1.59 to 2.92% for 
oral suspensions11 and Lyndgaard et al.12 achieved 

RMSECV of 1.82% (w/w) and correlation of 0.99 

for intravaginal rings using PLSR model. Then, 

Sparén et al.13 in quantitative assessment of tablets 
obtained RMSE of prediction (RMSEP) from 0.54 

to 3.04% (w/w). The ultraviolet visible (UV-Vis) 

spectroscopy and chemometric models also 

allowed determination the presence of impurities in 

tablets14. Support vector regression (SVR) model 
was more accurate when compared to PLSR model 

with values for RMSEP between 0.18 – 0.27 g 

mL-1 while the values for PLSR were RMSEP from 

0.27 to 0.30 g mL-1 14. The synergy PLS (siPLS) 

model combined with FTIR showed the best results 

compared to the full spectrum PLS model for the 

quantification of active ingredient pharmaceutical 
in tablets which values highlight by authors was 

RMSECV of 15.28 mg g-1 and R2 of 0.99 for 

sulphamethoxazole and RMSECV of 7.52 mg g-1 
and correlation of 0.98 for trimethoprim15. Cantor 

et al.16 evaluated the ability of different analytical 

techniques such X ray diffraction, FTIR, Raman 

and NIR to detect melamine levels in gelatin 
(pharmaceutical component). The authors 

highlighted NIR technique and PLSR model that 

achieved the best results with RMSEP of 2.5% 
(w/w) 16, besides to quantify the presence of 

melamine at levels as low as 1.0% (w/w). 

The NIR spectroscopy and PLSR were used to 
determine protein nitrogen in yellow fever 

vaccine17. Haghighi, Hemmateenejad and 

Shamsipur18 using fluorescence spectroscopy and 

multivariate curve resolution alternative least 
square (MCR-ALS) were able to predict 

enantiomeric excess of some amino acids in frozen 

plasma which RMSEP values lower than 0.07% 
and R higher than 0.97. PLS was applied in NIR 

spectra to analyze the indicator of β-thalassemia in 

human hemolysate samples19. FTIR and 
multivariate calibration method were used to 

identify three group of clinical bacterial pathogens 

in human serum20. Both models, PCA and PLS-

DA, revealing a feasible tool for discrimination of 
the samples with percent accuracy of 100%20. 

 

2.2 Food analysis 
 

NIR and PLSR were used to measure both 

physicochemical21 and the antioxidant properties of 

honey22, as well to detect and to quantify adulterant 
in honey samples of stingless bees23. The PLSR 

model presented a RMSECV between 0.008 – 1.47 

and correlation values from 0.90 to 0.98 for 
physicochemical properties21, while the 

antioxidant properties of honeys from different 

botanical origin showed high correlation varying 
from of 0.95-0.96 and RMSECV range from 0.92 

to 13.60 22. Se et al.23 obtained values for prediction 

of adulteration in honey samples of stingless bees 
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with relative errors up 0.58 to 1.49%. The three-

dimensional fluorescence spectroscopy technique 
combined with multivariate calibration was also 

used for detecting the presence of adulterants in 

honey24. 

A near infrared hyperspectral imaging system 
was used for predicting viability and vigor in 

muskmelon seeds using PLS-DA. Variable 

selection methods, such as variable important 
projection (VIP), selectivity ratio (SR) and 

significance multivariate correlation (sMC) were 

also applied to select the most effective 

wavelengths25. 
In order to determine oxidation parameters in 

frying canola oil, Talpur et al.26 employed FTIR 

technique and PLSR model, while Uncu and 
Ozen27 studied various chemical parameters in 

olive oils and Wu et al. evaluated rapeseed oil 

adulteration28. NIR and PLSR models were also 
used to study oxidation of edible oils29, to detect 

adulteration in extra virgin olive oils30, and to 

monitor vegetable oils quality31. The fluorescence 

spectroscopy and different multivariate calibration 
methods, PLSR, PCR and MLR were applied for 

detection of adulteration of sesame oil. The best 

results highlighted by the authors were using the 
PLSR model which figures of merit were 

RMSECV of 0.65 for 80 nm wavelength 

intervals32. 
The applicability of FTIR was used as tool to 

determine of total sugar content in soy-based 

drinks33 and for measuring the concentration of 

nutrients in grapevine petioles34. For the soy-based 
drinks, two models were applied for different 

spectral band: (1) iPLS and (2) siPLS, and both 

presented high coefficient of correlation (R) (0.98). 
Milk samples were evaluated using NIR and 

PLS-DA to detect contamination by Salmonella35. 

Mid-infrared (MIR) spectroscopy and PLSR were 

applied for determining the residues of tetracycline 
in cow’s milk36 and for detecting and quantifying 

the adulteration in milk powder37. Augusto et al. 

used laser-induced breakdown spectroscopy 
(LIBS) data and PLSR model for the direct 

determination of mineral elements, such as Ca, K 

and Mg in powdered milk and dietary 
supplements38. 

 

2.3 Fuel 

 
Data acquired using C-13 nuclear magnetic 

resonance (NMR) spectroscopy were evaluated 

using SVR with variable selection by genetic 

algorithm (GA) to determine the contents of 

saturated, aromatic, and polar compounds in crude 
oil. The use of small amounts of samples was 

highlighted by the authors39. Sulfur content in 

petroleum derivatives was determined using MIR 

spectroscopy and PLS in association with variable 
selection methods, among them iPLS, siPLS, 

uninformative variable elimination (UVE), and 

GA40. The UV spectroscopy integrated different 
chemometric strategies for quantifying the 

hydrocarbon contents in fuel oil samples41. 

In order to quantify the presence of adulterants 

in gasoline, Raman spectroscopy was used, and 
calibration models were constructed using PLSR, 

iPLS and PLS-GA which correlations were 

between 0.80 and 0.9942. Gas chromatography data 
were used to build a PLSR model for quality 

assessment of gasoline, and low errors from 0.005 

to 0.010% were obtained43. Dadson, Pandam and 
Asiedu evaluated adulterants in gasoline, such as 

kerosene, diesel, naphta using a multivariate model 

with FTIR data and PLSR44. Mabood et al.45 also 

applied PLSR model to detect and estimate 
gasoline adulteration by NIR spectroscopy. 

 

3. Results and discussion 

 

3.1 Biological samples 

 
Neves et al.46 used mass spectrometry coupled 

with PCA, GA with support vector machine 

(SVM), linear discriminant analysis (LDA) and 

quadratic discriminant analysis (QDA) as an 
untargeted lipidomic approach to classify 76 blood 

plasma samples into negative for intraepithelial 

lesion or malignancy and squamous intraepithelial 
lesion. The PCA-SVM models provided the best 

classification results, achieving values of 80% and 

83% for the sensitivity and specificity, 

respectively. Santos et al.47 proposed a method to 
determine 11 polycyclic aromatic hydrocarbons 

(PAHs) in urine samples based on the coupling of 

a programmed temperature vaporizer (PTV) with a 
quadrupole mass spectrometer (qMS) instrument, 

via a deactivated fused silica tubing. The authors 

used PLS-DA, LDA, soft independent modeling of 
class analogy (SIMCA) and SVM to classify the 

samples according to the presence or absence of the 

PAHs. Gilany et al.48 investigated untargeted 

metabolomic profiling of the seminal plasma in 
non-obstructive azoospermia men using gas 

chromatography-mass spectrometry (GC-MS) and 

QDA chemometric technique to implement on total 
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ion chromatograms for identification of 

discriminatory retention times. The receiver 
operating characteristic (ROC) curves for these 

classification models presented 88% of accuracy 

for the discrimination of 36 metabolites that may 

be considered discriminatory biomarkers for 
different groups in non-obstructive azoospermia. 

Boll et al.49 developed a method using attenuated 

total reflection (ATR) FTIR spectroscopy 
combined with PLS-DA model that allowed the 

discrimination between dyed and non-dyed hair of 

380 hair samples. Monakhova, Diehl and Fareed50 

used PCA, factor discriminant analysis (FDA), 
PLS-DA and LDA combined with high resolution 

(600 MHz) NMR spectroscopy data to distinguish 

102 authentic samples of heparin and low-
molecular weight heparins produced from porcine, 

bovine and ovine mucosal tissues as well as their 

blends. 
 

3.2. Food analysis 

 

Chen et al.51 detected 101 volatile compounds 
in 70 Chinese vinegars through GC-MS and used 

chemometric techniques such as clusters analysis, 

LDA, k nearest neighbor (kNN), GA-ANN to 
classify these compounds. Giannetti et al.52 

evaluated flavor composition of apple cultivars 

grown in the Northeast Italy through different 
cultivation forms. The authors used head space-

solid phase micro extraction/gas chromatography 

mass spectrometry (HS-SPME/GC-MS) for the 

analysis of volatile fraction and PLS-DA model to 
classify 42 apples varieties. The HS-SPME/GC-

MS technique identified 118 volatile compounds 

and the PLS-DA model classified apples based on 
their different geographical origin or growing 

conditions, providing accuracy of 88-100%. 

Cuevas et al.53 applied data fusion (mid-level) 

using high-performance liquid chromatography 
high resolution mass spectrometric (HPLC-HR-

MS) and HS-SPME/GC-MS to obtain data sets and 

PLS-DA model for the discrimination between 19 
samples of organic and conventional orange juices. 

The HPLC-HR-MS and HS-SPME/GC-MS 

techniques identified some flavonoids, fatty acids, 
aldehydes and esters as potential markers involved 

in the discrimination of organic juices. Wen et al.54 

characterized the phenolic and proline profiles of 

four types of unifloral honey collected from 
beekeepers in China. LDA results showed overall 

accuracy of 99% and 94% in correct classification 

of differentiate the floral origin of four Chinese 

honeys. Portarena, Baldacchini and Brugnoli55 

proposed a method to discriminate 38 extra-virgin 
olive oils from seven regions along the Italian 

coasts from determination of the isotopic 

composition and the carotenoid contents. The 

authors used isotope ratio mass spectrometry 
(IRMS) and resonant Raman spectroscopy (RRS) 

to determine isotopic composition and the 

carotenoid contents, respectively. The LDA model 
presented 50 – 100% of correct classification for 

the seven regions, achieving 82% of accuracy for 

validation set. 

Márquez et al.56 used NIR and FT-Raman data 
to perform the data fusion in mid and high-level 

using SIMCA model for classifying the 

unadulterated and adulterated hazelnut samples. 
Rodrigues Júnior et al.57 applied PLS-DA for 

discrimination of lactose-free samples and 

classification of adulterated and unadulterated milk 
powder samples by FT-Raman spectroscopy. 

Wakholi et al.58 used short-wave IR (SWIR) 

hyperspectral imaging coupled with LDA, PLS-

DA and SVM models for classification of corn 
seeds viable (control group) and corn seeds non-

viable (microwave treated). The authors used a 

total of 200 samples of each type of corn: white, 
yellow and purple. Sandasi et al.59 applied a fast 

and non-destructive method for the quality control 

of herbal tea blends. The authors used 
hyperspectral images obtained from SWIR 

combined with PLS-DA to classify herbal tea 

blends of the species Sceletium tortuosum and 

Cyclopia genistoides. 
Kimuli et al.60 also used SWIR hyperspectral 

imaging system (1000 – 2500 nm) to detect 

aflatoxin B1 combined with PCA, PLS-DA and 
FDA techniques to explore and classify maize 

kernels of four varieties from different States of the 

USA. Cortés et al.61 discriminated two nectarine 

varieties in different spectral ranges of NIR and 
Vis-NIR using PLS-DA and LDA models. 

Shrestha et al.62 used NIR hyperspectral imaging 

data from 975 to 2500 nm and PLS-DA to 
investigate seed quality parameters such as year of 

production and variety in tomato seed lots. Santos, 

Pereira-Filho and Colnago63 applied 1H time 
domain nuclear magnetic resonance (TD-NMR) 

combined with multivariate analysis for identifying 

and quantifying the adulteration in 78 samples of 

milk using whey, urea, hydrogen peroxide and 
synthetic material (urine or milk). 
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3.3 Forensic purposes 
 

Chen et al.64 used NIR combined with 

hierarchical cluster analysis (HCA), PLS-DA and 

SVM to authenticate stamps of 12 seals on a 
Chinese traditional painting. The results obtained 

were 93% and 100% of accuracy for the PLS-DA 

and SVM model in validation set, respectively. 
Oliveira et al.65 discriminated banknotes 

authenticity of Brazilian Real (R$ 20, R$ 50 and 

R$ 100) using a portable NIR spectrometer 

combined with SIMCA and successive projections 
algorithm-LDA (SPA-LDA) models. Martins et 

al.66 proposed a method for direct analysis of seven 

whisky brands. The authors used UV-Vis 
spectroscopy combined with PLS-DA to classify 

164 genuine and 73 false samples. The PLS-DA 

corrected classified 99% and 93% for genuine and 
false samples, respectively. Costa et al.67 identified 

six polymers using different ratios of emission 

lines and molecular bands (C/H, C/C2, C/N, C/O, 

H/C2, H/N, H/O and O/N) obtained with LIBS. 
SIMCA and kNN models were computed using 

477 samples divided between calibration and 

validation sets. Both models achieved accuracy of 
98% (kNN) and 92% (SIMCA). 

 

3.4 Fuels 
 

Silva et al.68 developed a method to classify 

gasoline according to its origin (Brazil, Venezuela 

and Peru), using IR spectroscopy and multivariate 
classification. A set of 126 gasoline samples: 56 

Brazilian, 66 Venezuelan, and 4 Peruvian, was 

analyzed. The spectra were standardized using the 
direct standardization method achieving 100% of 

correct predictions. In another study, Silva et al.69 

proposed the use of IR spectroscopy and LDA and 

PLS-DA for classification of gasoline with or 
without dispersant and detergent additives in 125 

samples. The authors selected the variables for the 

multivariate models using stepwise (SW), 
successive projections algorithm (SPA) and GA 

algorithms. Sinkov, Sandercock and Harynuk70 

developed PLS-DA and SIMCA models for 
classifying the levels of gasoline in casework arson 

samples based on GC-MS data. 

 

4. Artificial intelligence methods for multiple 

questions 

 

An interesting approach for ANN is to handle 

the samples more efficiently to achieve streamlined 
processes. Kovalishyn and Poda71 created a new 

variable selection method for ANN known as batch 

pruning algorithm (BPA), being faster and more 

efficient than traditional methods. ANN was used 
for Sobol sensitivity estimation72 evidencing as 

advantage, the reduction of computational costs. 

Still, Bian et al.73 allied the advantages of linear 
and non-linear methods in a novel algorithm called 

the extreme learning machine (ELM) and 

compared with PCR, PLS, SVR and back 

propagation algorithm-ANN (BP-ANN) by three 
NIR spectral datasets: diesel fuel, ternary mixture 

and blood, showing that ELM presented the best 

performance in the spectral quantitative analysis of 
complex samples. 

NIR spectra data acquired for beers from three 

types of fermentation was used to evaluate foam 
and color-related parameters74, using a robotic 

pourer and chemical fingerprinting. Results from 

NIR were used to create PLS and ANN models to 

predict four parameters such as pH, alcohol, Brix 
and maximum volume of foam. The ANN was 

implemented using the Levenberg–Marquardt 

training algorithm, being able to create more 
accurate models than PLS74. Oliveira et al.75 

determined protein concentration, foam stability, 

haze, color, total acidity (TA), alcohol content, and 
bitterness in Ale beers properties using UV-Vis 

spectra in combination with PCR and also with 

ANN models. 

Many authors also compared ANN and other 
chemometric methods, such as studies of Das et 

al.76 that modeled variations in sucrose, reducing 

and total sugar content due to water-deficit stress in 
rice leaves using Vis, NIR and SWIR 

spectroscopies. They tested the following 

multivariate techniques, ANN feed-forward model, 

multivariate adaptive regression splines (MARS), 
MLR, PLSR, random forest regression and SVM. 

The variables that affect the performance of ANNs 

and PLS for spectral interference correction are 
random noise level, intensity ratio, peak separation 

and wavelength shift. The results showed that 

ANNs and PLS are about equally as effective for 
spectral interference correction77,78. A portable 

artificial olfaction system for real-time monitoring 

of black tea fermentation was developed, based on 

the combination of the kNN and adaptive boosting, 
namely kNN-AdaBoost with discrimination rate of 

100% of correct predictions79. The performance of 

decision tree, kNN, naive bayesian, SVM and ANN 
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for to classification of orange growing locations 

based on the NIR using data mining was 
evaluated80. The experimental results showed that 

the juice NIR spectra is the most suitable dataset 

for identifying the orange growing locations, and 

the decision tree is the best and most stable 
classifier80, with the average prediction rate of 

97%. 

In relation to herbal products, Wang et al.81 used 
LIBS combined with PCA and BP-ANN to classify 

Chinese herbal medicine with 99.9% classification 

accuracy of three types of herbal products, roots of 

Angelica pubescens, Codonopsis pilosula, and 
Ligusticum wallichii. The authors stablished82 

quality control markers for Chinese herbal 

medicines using BP-ANN; and the study of Ding et 
al.83 developed a method to improve the markers to 

Q-markers in Chinese herbal medicines quality 

management, using PLS-DA for screening analysis 
of the chemical markers and identification of 

herbal origin. The BP-ANN algorithm was used to 

clarify the non-linear relationship between the Q-

markers and their integral anti-inflammation effect. 
Still in relation to herbal medicines, Ito et al.84 

developed a model based on an ANN to quantify 

proteolytic and amylolytic enzymes using UV-Vis 
spectra of diluted samples from a particular solid-

state fermentation in wheat bran, soybean meal, 

type II wheat flour and sugarcane bagasse. 
Li et al.85 combined GA with ANN to determine 

the elements copper and vanadium in steel samples 

with satisfactory quantitative results. Zhang et al. 
86 developed a method combining GA, PCA and 
ANN to select spectral segments from the original 

spectra to improve the LIBS performance and 

proved that use only a fixed-length segment 
appropriate provides better results than selecting 

the entire spectral range. 

Gurbanov, Bilgin and Severcan87 used ANN to 

evaluate the secondary structural variations in the 
diabetic kidney cell membrane proteins based in 

ATR-FTIR spectroscopy analyzing the effects of 

selenium on diabetes. Hasanjani and Sohrabi88 used 
UV–Vis spectroscopic and back-propagation 

algorithm ANN to predict fluoxetine and sertraline 

in tablets. Guo et al.89 developed a kinetic 
spectrofluorometric method for the analysis of 

sibutramine, indapamide, and hydrochlorothiazide, 

very common in weight-reducing health foods, and 

the data of the mixtures were processed by parallel 
factor analysis (PARAFAC), PLS, PCR and radial 

basis function-artificial neural network (RBF-

ANN). 

 

 
5. Design of Experiments (DoE) and response 

surface methodology (RSM) 

 

Before the application of any analytical method, 
it is necessary to optimize some instrumental 

conditions, named variables. These variables can 

be related to sample preparation procedure, as 
volumes of reagents, pressure and temperature or 

instrumental parameters, as wavelength, power, 

among others. The goal in several cases is always 

related to obtain a condition with high analytical 
signal, signal-to-noise ratio (SNR), and signal-to-

background (SBR). In addition, analysts can be 

also interested in analytical methods with low 
relative standard deviation, limits of detection, and 

quantification, and reduced cost per determination. 

In order to achieve these goals DoE can be applied 
in almost any type of problem90-92. 

DoE can be defined as a group of tools that 

applies statistical and mathematical knowledge to 

optimize a system. Several strategies can be used 
as central composite design (CCD)93, Doehlert 

(DD)94 and, Box-Behnken designs (BBD)95. If the 

goal is only to identify the most important 
variables, full factorial96 or fractional factorial97 or 

Placket-Burman98 designs can be also applied. 

Figure 2 shows the several possibilities related to 
the application of DoE in any type of problem. 

 

 
Figure 2. DoE characteristics for optimization. 

 

The applicability and advantages of DoE in 
analytical chemistry are out of context and 

hundreds of studies can be easily searched in the 

scientific literature. In the time spam selected for 
this review we found 125 papers using only the 

combination of the words “DoE”, “Factorial 

Design”, “Chemistry” and “Analytical chemistry”. 
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The scientific literature presents several reviews 

and tutorial reviews about the use of DoE90, 92. In 
this case, the fundaments about the use of DoE will 

be not discussed in this review, and only 

applications will be described and discussed. 

Table 1 shows the main applications observed and 
several remarks. 

 

Table 1. Selected analytical problems that applied DoE. 

Analytical chemistry type 

of application 
Problems optimized References 

Chromatography 

- Matrix effects correction in liquid chromatography 

- Vitamin D3 determination 

- Synthesis of hydrogel 

- Single use bioreactors 

- Supercritical fluid 

99-103 

Environmental 

- Determination of organic pollutants (-cyclodextrin) 

- Occupational exposition analysis 

- NO2 detection using Raman spectroscopy 

- N2O and SF6 determination 

- Cloud point extraction 

- N and S deposition 
- Cu detection in river water 

104-106 

Material 

- Formation of Ca neptunatos 

- Signal processing in Raman 

- Steel production 

- Environmental aging simulation 
- Materials proposition for environmental analysis 

107,108 

Bioanalytical 
- Protein translation 

- Seed growth 

109 

Pharmaceutical 

- Biosensor development 

- Quantification of cefazolin 

- Drugs stability 

- Acetylcholinesterase determination 

110 

Electroanalytical 
- Instrumental conditions of anodic stripping 

voltammetry for Cu2+ determination in water 

111 

Food 
- Ascorbic acid determination 
- Food safety 

112 

NMR 
- Metabolomics 

- In vitro mutagenicity 

113,114 

 

6. Conclusions 

 
According to authors’ search of this review, the 

most developed methods combined with 

chemometrics is for food analysis, undoubtedly. In 
general, the goal of the studies was to improve 

speediness in the analysis and, to reduce the 

number of steps in the analytical method. Fuel 

samples were also a highlighted topic in analytical 

chemistry. Sophisticated techniques considering 

mass spectrometry and chromatography allied to 
chemometrics have been increasing their 

applications in the area. Classification techniques 

have the majority of the papers, following by 
multivariate calibration, DoE and ANN. 

Chemometrics and analytical chemistry is a 

powerful combination to improve robustness, 

analytical frequency and practicality for methods. 
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1. Introduction 

 
The excessive sun exposure causes cellular 

damage and immune system function 

modifications1,2. These damaging biological effects 

are caused by ultraviolet radiation (UV), which is 
responsible for the photochemical reactions in the 

human organism. UV radiation may be subdivided 

into following regions: UVC (100-290 nm), UVB 
(290-320 nm) and UVA (320-400 nm)3. However, 

the solar UV radiation which reaches the earth’s 

surface is commonly composed by a combination 
of UVB and UVA radiation4. UVB radiation, 

although restricted to penetration of the upper 

layers of the skin, causes sunburns and direct DNA 

damage via pyrimidine dimer formation5. While 

the UVA radiation penetrates deeper into the skin 

causing photoaging, irregular pigmentation, 
immune system depression and gene modifications 

due mainly to the generation of reactive oxygen 

species by photosensitized oxidation6. Therefore, 

the sunscreen use to minimize the human health 
risks induced by UVB and UVA radiation exposure 

is very relevant7. 

Sunscreens are skin care products whose main 
function is to protect the human skin from solar UV 

radiation8. Analyzing from physical-chemical 

point of view, sunscreens are colloidal systems 
containing emulsions and/or particle dispersions. 

Generally, these colloidal systems are constituted 

by hydrophilic (e.g. water), hydrophobic (e.g. 

emollients) and amphiphilic (e.g. surfactants) 

ABSTRACT: Sunscreen formulations containing inorganic/organic 
filters or mixture of them were synthesized by oil/water dispersion. The 

viscosity measurements show that sunscreen formulations are time-
dependent non-newtonian fluids. In the CIELab color diagram, the white 
and/or beige colors presented by formulations do not compromise the 
aesthetics of the cosmetic product. UV-VIS absorption spectra show that 
sunscreen creams have high UV shielding ability, mainly the 
formulations containing inorganic and organic filters mixtures, which 
provide in vitro SPF and critical wavelength values recommended for UV 

protection. 
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compounds; therefore, sunscreens have suitable 

water-soluble and liposoluble properties to form 
films over the skin surface. Moreover, these 

properties provide sensory characteristics to 

sunscreens, which stimulate their use as skin 

cosmetics due to the facility of the cream removal 
with water and the skin hydration9. 

Sunscreen application over human skin and the 

formation of the sunscreen film depend on their 
rheological properties, especially the colloidal 

stability. In this perspective, viscosity is an 

important property to evaluate the colloidal 

stability of sunscreens10, since it is directly 
associated to the surface interactions between 

sunscreen ingredients. 

Inorganic and organic filters are sunscreen 
active ingredients11, i.e., the compounds 

responsible to the UV photoprotection of the 

human skin. Among inorganic and organic 
commercial filters, zinc oxide, 1-(4-

methoxyphenyl)-3-(4-tertbutylphenyl)propane-

1,3-dione and hexyl 2-(4-diethylamino-2-

hydroxybenzoyl)-benzoate have been widely used 
as broad spectrum filters in sunscreens due to their 

high UV shielding ability6. 

Therefore, sunscreens must exhibit optical and 
rheological properties that allow photo-protective 

film formation on the human skin. In this 

perspective, the understanding of the 
intermolecular interactions between sunscreen 

ingredients, especially organic and inorganic 

filters, is very important for the development of 

stable and broad-spectrum sunscreens. In addition, 
the nature, amount and mixture of the filters 

directly influence optical and rheological 

properties of sunscreens due to the modification 
and/or formation of the new intermolecular 

interactions between their ingredients. 

In the literature, several scientific publications 

show rheological and optical properties of 
sunscreen creams containing different and/or 

mixtures of sunscreen active ingredients10,12-18. 

However, the understanding of possible surface 
interactions between sunscreen constituents that 

influence the colloidal stability, mechanical and 

optical properties of sunscreen creams require 
more detailed studies. Thus, this work aims to 

investigate the colloidal stability and mechanical 

properties of sunscreen formulations containing 

different and/or mixture of organic and inorganic 
filters using the viscosity measurements as 

parameter to evaluate the surface interactions 

between sunscreen ingredients. Moreover, the 

optical properties of the sunscreen formulations 

were analyzed by UV-VIS spectrophotometric 
measurements to investigate sunscreen active 

ingredients interactions and potential UV shielding 

capacity of the sunscreen creams. 

 
2. Materials and methods 

 

2.1 Sunscreen formulations 
 

Dipropan-2-yl hexanedioate (Dhaymers), 2,3-

dihydroxypropyl octadecanoate (Via Farma), 

mixture of hexadecan-1-ol and octadecan-1-ol 
(Cetostearyl alcohol, Via Farma), mixture of 

hexadecan-1-ol, octadecan-1-ol and oxirane 

(Cosmowax® J, Croda), (1-decanoyloxy-3-
octanoyloxypropan-2-yl) dodecanoate (Via 

Farma), propane-1,2-diol (Qhemis), methyl 4-

hydroxybenzoate (Synth), propyl 4-
hydroxybenzoate (Synth), 2,2',2'',2'''-(1,2-

Ethanediyldinitrilo)tetraacetic acid (Qhemis), 1-(4-

methoxyphenyl)-3-(4-tertbutylphenyl)propane-

1,3-dione (Eusolex® 9020, Merck) and hexyl 2-(4-
diethylamino-2-hydroxybenzoyl)-benzoate 

(Uvinul® A Plus, BASF) and zinc oxide (ZnO, 

Sigma-Aldrich) were used without further 
purification. The quantities of sunscreen active 

ingredients used meet the standards established by 

the Brazilian Health Surveillance Agency19. The 
molecular structures of sunscreen ingredients are 

shown in the Fig. 1 and Fig. 2. 

 

 
Figure 1. Molecular structures of sunscreen ingredients 

described in the Table 1. 
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Figure 2. (a) Eusolex® 9020 and (b) Uvinul® A Plus 

molecular structures. 

The sunscreen formulations were obtained by 

dispersion of the oil phase constituents (Table 1) 
under aqueous phase constituents (Table 1). The oil 

phase and aqueous phase ingredients were weighed 

and subjected to heating at 75 °C for 5 minutes. 

Then, the oil phase was poured under the 
aqueous phase and the sunscreen cream obtained 

was kept under stirring for 1h. The mass percentage 

of the sunscreen ingredients and the respective 
sunscreen formulations are shown in Tables 1 and 

2. 

 

Table 1. Mass percentage of the ingredients of the sunscreen formulations containing different UV filters. 

Ingredients Phase 
Sunscreen formulations/% 

B E U Z 

Cetostearyl alcohol Oil 2.00 2.00 2.00 2.00 

2,3-dihydroxypropyl octadecanoate Oil 2.00 2.00 2.00 2.00 

Cosmowax® J. Oil 8.00 8.00 8.00 8.00 
Dipropan-2-yl hexanedioate Oil 1.50 1.50 1.50 1.50 

(1-decanoyloxy-3-octanoyloxypropan-2-yl)dodecanoate Oil 1.50 1.50 1.50 1.50 

Uvinul® A Plus Oil - - 10.00 - 

Eusolex® 9020 Oil - 5.00 - - 

ZnO Oil - - - 25.00 

Propane-1,2-diol Aqueous 4.00 4.00 4.00 4.00 

Methyl 4-hydroxybenzoate Aqueous 0.18 0.18 0.18 0.18 

Propyl 4-hydroxybenzoate Aqueous 0.02 0.02 0.02 0.02 

2,2',2'',2'''-(1,2-Ethanediyldinitrilo)tetraacetic acid Aqueous 0.05 0.05 0.05 0.05 

Water Aqueous 80.75 75.75 70.75 55.75 

 

Table 2. Mass percentage of the ingredients of the sunscreen formulations containing Uvinul® A Plus, 

 ZnO or mixtures of them. 

Ingredients 
Sunscreen formulations/% 

U1 U2 U3  Z1 Z2 Z3  UZ UZ1 UZ2 

Oil phase 

ingredients 
15.00 15.00 15.00 

 
15.00 15.00 15.00 

 
15.00 15.00 15.00 

Uvinul® A Plus 5.00 2.50 1.00  - - -  10.00 5.00 1.00 

ZnO - - -  10.00 5.00 1.00  1.00 1.00 1.00 

Aqueous phase 

ingredients 
4.25 4.25 4.25 

 
4.25 4.25 4.25 

 
4.25 4.25 4.25 

Water 75.75 78.25 79.75  70.75 75.75 79.75  69.75 74.75 78.75 

 
2.2 Characterization techniques 

 
The viscosity curves of sunscreen formulations 

were collected on a Brookfield rotational 

viscometer, model LVDV-E, equipped with a 

temperature control system (28-60 °C temperature 
range) using a cylindrical sample holder and No. 63 

spindle (11 mm spindle diameter). Diffuse 

reflectance spectra of sunscreen formulations were 

recorded on a Cary spectrophotometer, model 500 
UV-VIS-NIR, equipped with diffuse reflectance 

accessory. Color index was obtained in a Konica 

Minolta spectrophotometer, model CM-2500d, 
equipped with d/8° integrating sphere (CIELab 
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color space). The sun protection factor (SPF) of 

sunscreen formulations was obtained from diffuse 
reflectance relative measurements using the in vitro 

SPF assessment20, which is defined by 

 

SPF= 
∫ E(λ)S(λ)dλ

400

290

∫ E(λ)S(λ)T(λ)dλ
400

290

                                              (1) 

 

In the Eq. 1, the T(λ) corresponds to the optical 

diffuse transmittance of sunscreen creams as a 
function of wavelength (λ) and the wavelength 

integration limits refers to the combined UVB and 

UVA wavelength range. E(λ) is the erythema 
action spectrum and S(λ) is the spectral irradiance 

of terrestrial sunlight under defined conditions by 

International Organization for Standardization21. 

The UVA protection of sunscreen creams was 
analyzed using the critical wavelength (λc), i.e., the 

wavelength value where the area under UV 

spectrum from 290 nm to a specific wavelength 
correspond to 90% of the integral of the absorption 

spectrum in the 290-400 nm region22. 

3. Results and discussion 

 
3.1 Colloidal stability  

 
Viscosity is a physical property that provides 

important information about colloidal structure of 

various chemical systems, mainly emulsions and 

particle dispersions23. Thus, viscosity can be used 

to evaluate colloidal stability of sunscreens. The 
viscosity-shear rate curves (Fig. 3) show that 

viscosity of the sunscreen formulations decreases 

as the shear rate increases. This viscoelastic 
behavior indicates that the viscosity decrease is a 

consequence of the changes in the relaxation 

properties of these colloidal systems due to the 
deformation of dispersed molecules and/or 

particles in determined shear flows24. Therefore, 

the sunscreen formulations obtained are non-

newtonian fluids. 
 

 
Figure 3. Viscosity-shear rate curves of sunscreen formulations containing different mass percentages of (a) 

sunscreen active ingredients, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown 

in Tables 1 and 2. 

 

https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p26-36


Original article 

30                            Eclética Química Journal, vol. 44, n. 2, 2019, 26-36 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.2.2019.p26-36 

 

The inorganic or organic filter presence and/or 

their increase in the cosmetic formulations cause 
the viscosity increase; it is associated with 

interfacial structuring in sunscreen formulations 

that contributes significantly to the colloidal 

stability. Thus, the sunscreen active ingredients 
used and their amount present in formulations 

provide modifications in the colloidal stability due 

to the conformation, rearrangement and degree of 
interaction of these chemical compounds with the 

ingredients of the colloidal systems, especially 

with the surfactants25,26. In sunscreen formulations, 

Cetostearyl alcohol, Cosmowax® J and 2,3-
dihydroxypropyl octadecenoate compounds 

(Fig. 1) are the emulsifying agents or surfactants of 

these colloidal systems. 
The sunscreen formulations containing ZnO 

have higher viscosity values when compared to the 

others. This fact indicates possible surface 
interactions of the zinc oxide with sunscreen 

ingredients and/or the formation of zinc oxide 

agglomerates. According to the literature, surface 

interactions between zinc oxide particles and ions 
or molecules depend on the surface charge of these 

particles, which is correlated with the pH of the 

particle dispersion27. Moreover, particle 

agglomeration in colloidal systems is associated to 

the ionic strength, the nature of the chemical 
environment and the morphological properties of 

the ZnO particles28. 

The viscosity-time curves under constant shear 

rate (Fig. 4) show that the viscosity of sunscreen 
formulations decreases as the measurement time 

increases. This rheological behavior exhibited 

indicates the formulations are thixotropic fluids, 
i.e., time-dependent non-newtonian fluids29. 

Therefore, the creams have essential rheological 

characteristics for application as sunscreens 

because thixotropic fluids when subjected to an 
external force present viscosity decrease providing 

their application in the human skin. Moreover, the 

viscosity returns the initial state after the force 
removal allowing the formation of a photo-

protective film on the skin surface. 

Comparing the viscosity-time curves of B and E 
formulations to others, it is observed an initially 

viscosity increase in the 0-60 s time interval. This 

viscosity increase is associated to the interfacial 

region changes due to the deformation and 
reorganization of dispersed molecules in the 

interface24,29, which provide specific viscoelastic 

properties for these colloidal systems. 

 

 

Figure 4. Viscosity-times curves of B, E, U and Z sunscreen formulations indicated in Tables 1 and 2. 
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The colloidal stability of sunscreen 

formulations depends on the interfacial structuring, 
which is maintained by surface interactions 

between sunscreen ingredients. Thus, the 

temperature variation changes the interfacial 

region promoting loss and/or gain of the colloidal 
stability; consequently, the sunscreen viscosities 

are modified. The Fig. 5 shows the temperature 

effect on the viscosity of the sunscreen creams. 

 
Figure 5. Viscosity-temperature curves of B, E, U and 

Z sunscreen formulations indicated in Tables 1 and 2. 

 
In the temperature-viscosity curves, it is 

observed the viscosity decrease of the sunscreen 

formulations with the temperature increase. This 

viscosity decrease is attributed to the break of 
intermolecular interactions in the interfacial region, 

which provides the loss of the colloidal stability. In 

addition, the sunscreen formulation containing 
ZnO exhibits different rheological behavior 

compared to the other formulations in the 40-60 °C 

temperature range. This rheological behavior can 

be associated to the agglomeration and/or 
dispersion of the ZnO particles in the formulation. 

The temperature-dependence of sunscreen 

viscosity can be correlated with the Arrhenius 
equation30 according to Eq. 2: 

 

𝜂 = 𝜂0𝑒
(
𝐸𝑎
𝑅𝑇
)
                                                                          (2) 

 
where η is the viscosity of formulations, η0 is the 

empirical constant and Ea is the flow activation 

energy. The flow activation energy (Ea) is the 
potential energy barrier that interfacial molecules 

need to overcome in order to the fluid flow to 

occur; consequently, the Ea values show the degree 

of the temperature-dependence of viscosity31. 

Thus, temperature-dependence of viscosity is small 
for viscous fluids that have low Ea values. 

In this perspective, flow activation energy can 

be a parameter used to evaluate the temperature 

influence on the colloidal stability of sunscreen 
creams containing different UV filters. The flow 

activation energy values of the sunscreen 

formulations are shown in Table 3. Independent of 
sunscreen active ingredient used in the colloidal 

system, the experimental Ea values show that 

sunscreen creams have high temperature-

dependence of their viscosity; therefore, the 
colloidal stability of them is directly affected by the 

temperature restricting their application as stable 

cosmetic cream in a temperature range. In addition, 
the flow active energy values presented by the 

sunscreen formulation containing ZnO show a non-

newtonian rheological behavior in the investigated 
temperature range. Consequently, the difference of 

Ea values indicates that surface relaxations between 

zinc oxide and sunscreen ingredients medium 

depend on the temperature, giving rise to different 
interfacial structuring of the colloidal dispersion32. 

 

Table 3. Flow activation energy (Ea) values of B, 
E, U and Z formulations. 

Sunscreen formulation Ea / kJ mol-1 

B 32.15 

E 81.09 

U 76.42 

Z 121.19a/17.00b 
aEa value obtained in 28-40 °C temperature range. 
bEa value obtained in 40-60 °C temperature range. 

 

3.2 Optical properties  

 
The diffuse reflectance spectra (Fig. 6) show 

that each sunscreen formulation has a specific 

visible light scattering (400-800 nm), which is 
associated to micellar structures formed and their 

size in the cosmetic cream; therefore, organic or 

inorganic filter used have significant contribution 
to the formation of the micellar structures. 

Moreover, the visible light scattering in the 

sunscreen formulations containing inorganic filter 

is also related to the ZnO particles depending on 
their size8. 
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Figure 6. Diffuse reflectance spectra of the sunscreen formulations containing several mass percentages of (a) different 

UV filters, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown in Tables 1 and 2. 
 
The UV-VIS absorption spectra of sunscreen 

formulations obtained by Kubelka-Munk 

equation33 are shown in Fig. 7. In the absorption 
spectrum of the B cream (Fig. 7a), it is observed a 

broad and low intensity absorption band in the 250-

290 nm region attributed to the π→π* and/or η→π* 

transitions34 due to aromatic rings and/or carbonyl 
groups present in the molecular structures of 

sunscreen ingredients (Fig. 1). The absorption 

spectra of sunscreen formulations containing 
organic and inorganic filters or mixture of them 

(Fig. 7) show a typical band of sunscreen 

ingredients and characteristic absorption bands of 

the UV filters. 
In the sunscreen creams containing organic 

filters (Fig. 7a and Fig. 7b), the broad absorption 

bands with maximum values at 312 and 370 nm are 
attributed to π→π* and/or η→π* transitions. These 

electronic transitions assigned are characteristics of 

the beta-diketones35 and benzophenone-derived 
compounds36, such as the Eusolex® and Uvinul® A 

Plus filters used in the sunscreen formulations. In 

addition, the mass percentages variation of the 

Uvinul® A Plus causes absorption edge shifts and 

intensity modifications of these absorption bands 
probably due to the different micellar structures 

obtained, which provide energy changes in the 

frontier molecular orbitals of the organic filter. 

The sunscreen creams containing inorganic 
filter (Fig. 7c) present a broad and high intensity 

absorption band in the 290-380 nm region 

attributed to VB→CB transitions from the ZnO 
semiconductor8. In the sunscreen formulations 

containing mixtures of Uvinul® A Plus and ZnO 

(Fig. 7d), it is observed the enlargement, 

overlapping and displacement of the specific 
absorption bands of these UV filters when 

compared to the other formulations. Probably, this 

optical behavior is correlated to the interactions 
between Uvinul® A Plus and ZnO surface, which 

cause modifications in the energy levels of the 

organic filter and/or the formation of new 
molecular orbitals that give rise to different 

electronic transitions. 
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Figure 7. Absorption spectra of the sunscreen formulations containing several mass percentages of (a) different UV 

filters, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown in Tables 1 and 2. 
 

The CIELab color diagram (Fig. 8) shows that 

sunscreen formulations are white or beige 

depending on the UV filter present in their 
composition; consequently, their colors do not 

compromise the desired aesthetics appearance for 

the cosmetic products. 
The UV shielding performance of the skin care 

products was analyzed by in vitro sunscreen 

measurement methods37, which are based on UV-

VIS spectrophotometric measurements. 
Comparing the sun protection factor (SPF) and 

critical wavelength values (Fig. 9) of sunscreen 

creams with a commercial sunscreen product 
(SPFlabelled equal to 10) and also comparing them 

to sunscreens described in the BASF sunscreen 

simulator38, it is verified the in vitro method used 
shows coherent and satisfactory results allowing 

the evaluation of UV shielding capacity of 

sunscreen creams. 

According to the literature39, sunscreens that 

have SPF values ≤ 15 prevent skin damages caused 

by UVB radiation, moreover, critical wavelength 
values greater than 370 nm show that sunscreens 

have potential for UVA protection. Therefore, all 

sunscreen formulations obtained present UVB 
protection (Fig. 9), however, only formulations 

containing organic filter have potential UVA 

shielding capacity. In addition, UZ and UZ1 

creams present better UV shielding ability when 
compared to the others due to synergistic effect 

from the mixture of ZnO and Uvinul® A Plus filters 

in specific mass percentages. This synergistic 
effect is probably associated to surface interactions 

between inorganic and organic filters, which are 

observed in the absorption spectra of these 
sunscreen creams (Fig. 7d). 
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Figure 8. (a) Brightness scale and (b) color scale corresponding to the CIELab color diagram of sunscreen formulations 

described in Tables 1 and 2. 

 

 
Figure 9. SPF and critical wavelengths of sunscreen formulations described in the Tables 1 and 2. 

 

4. Conclusions 

 

The sunscreen formulations obtained are time-

dependent non-newtonian colloidal systems 
classified as thixotropic fluids. The colloidal 

stability of these thixotropic fluids depends on both 

the temperature and the sunscreen active 

ingredients presence in their composition. It can be 
remarked that the flow activation energy (Ea) 

obtained by the viscosity measurements is an 

essential parameter to evaluate the temperature 
influence on the colloidal stability of sunscreen 

formulations. The UV-VIS absorption/scattering 

properties of the sunscreen creams are also 

correlated to the inorganic/organic filters or 
mixture of them, which provide SPF and critical 

wavelength values recommended for UV 

protection. It is important to emphasize that the 
synergistic effects from the inorganic and organic 

filters mixtures result in a better UV shielding 

performance of the sunscreen formulations as 

observed for UZ and UZ1 samples containing 
10.00 or 5.00 wt% Uvinul® A Plus, respectively, 

and 1.00 wt% zinc oxide. Furthermore, white and 

beige colors presented by creams do not 
compromise the desired aesthetics appearance for 

the skin care products. Therefore, sunscreen 

formulations investigated in this work have 
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colloidal stability and suitable optical properties for 

application as sunscreens. 
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1. Introduction 

 

Marine organisms have been intensively used as 

bioindicators for ecological risk assessment, 

enabling the monitoring of potentially toxic 
elements, such as arsenic (As), which provides 

information about the risk of human 

contamination1. Consequences of exposure to As in 
humans include progressive deterioration in motor 

and sensory responses, problematic pregnancy 

outcomes, cardiovascular disease and skin 

hyperpigmentation, as well as lung, skin and 
bladder cancer, and even death2,3. However, the 

toxicity of As depends on its chemical species. The 

most toxic As species present in marine organisms 
are the arsenite (As(III)) and arsenate (As(V)), 

followed by the methylated (MMA) and 
dimethylated (DMA) forms1. Although fishes can 

contribute with up to 90% of all arsenic exposure 

originated from food, only a low portion of this 

element is present in its inorganic form. This is 
related to the presence of large amount of 

arsenobetaine (AsB), which is a relatively non-

toxic form of arsenic. In general, AsB correspond 
to 80-90% of As in fish1,4,5. 

Taking into consideration that different As 

species induce different toxicity levels, some 

countries have established regulations for 
inorganic As content in food. China, for example, 

set maximum inorganic As levels for inspection of 

aquatic products (fish and products from fish, with 
the exception of live fishes). In this case, inorganic 
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arsenic (iAs) was regulated to a maximum of 0.01 

mg kg-1 and 0.5 mg kg-1 for finfish and other fishes, 
respectively6. The maximum level of iAs in marine 

organisms was also regulated by Australia and was 

set as 2.0, 2.0, 1.0 and 1.0 mg kg-1 for crustaceans, 

fish, shellfish, and algae, respectively7. The 
European Union has not established legislation to 

limit of the arsenic species in marine organisms but 

recommends the monitoring of iAs levels in fish 
feed, algae and animal feed. In this 

case, the maximum iAs content recommended is 

2 mg kg-1 8,9. 

The determination of total arsenic concentration 
can be performed using many analytical 

techniques. Although As speciation has been 

frequently reported in the literature, incorrect 
results are not uncommon. The errors are generally 

related to the matrix complexity and the wide 

variety of materials that are routinely analyzed. 
This problem becomes even more evident when 

analyses of samples with low analyte content are 

required. One way to ensure the quality of 

analytical results in this case is the use of reference 
materials (RMs), which allow the assessment of the 

method accuracy and ensure the quality of the 

analytical results. Additionally, RMs are also used 
for instrument calibration, especially when direct 

solid sampling techniques are required10,11. 

According to the COMAR database 
(International database of certified reference 

materials)12, the development of new RMs has been 

continually growing, because of the market 

development and the production of new industrial 
materials. The demand of RMs for speciation 

analyses has been also increasing, especially the 

ones dedicated to do the screening and 
identification of toxic and non-toxic species13,14. 

Generally, speciation analyses are based on 

chromatographic methods with, including liquid 

chromatography coupled to inductively coupled 
plasma mass spectrometry (LC-ICP-MS), which 

remains the main choice for arsenic species 

determination15,16,17. 
The use of instrumental neutron activation 

analysis (INAA) to As detecting has been used to 

validate As species mass fractions combined with 
LC-ICP-MS14. It was demonstrated by the results 

that INAA can account for 100% of arsenic species 

distribution in analytical processes, 

complementing LC-ICP-MS technique in 
validation of the As species characterization in the 

development of RMs to such chemicals species. 

The sample preparation for speciation analysis 

is generally a crucial and laborious step, as 
interconversion, losses or degradation of species 

must be avoided. The use of direct solid sampling 

in graphite furnace atomic absorption spectrometry 

(GF AAS) can be a good alternative to avoid or 
minimize the sample treatment step18,19. In this 

case, the use of different chemical modifiers and/or 

different heating program conditions may result in 
the measurement of different species20. 

Recently, some studies have used 

electrothermal atomic absorption spectrometry (ET 

AAS) for As(III), As(V), MMA, DMA and AsB 
speciation in fish-based foods20-25. Significant 

differences were reported for the atomization of 

iAs and AsB or arsenocholine (AC) when using 
different chemical modifiers. These studies have 

shown evidence that the behavior of these species 

in the atomizer is different and depends on the 
chemical modifier used for the measurements20. 

López-García and co-workers have developed a 

method to measure iAs (As(III) and As(V)), MA, 

DMA and AsB in fish-based baby foods by ET 
AAS, using slurries prepared in 

tetramethylammonium hydroxide (TMAH) 

solution and a chemical modifier based on 
palladium salt, which was used for total As 

determination, whereas a chemical modifier based 

on Ce(IV) was used for determination of inorganic 
arsenic (As(III) and As(V)) + MA. The authors also 

used a zirconium coated atomizer for determination 

of DMA and AsB25. 

In this context, the present work aimed to 
develop a simple procedure for direct measurement 

of total As and some As species by SLS-GF AAS. 

Direct chemical speciation of As in tuna fish (RM) 
and robalo liver prepared in our laboratory was 

evaluated using different masses of Pd and Mg as 

chemical modifier solutions. The results found in 

this work were compared to those obtained for the 
same samples by INAA and LC-ICP-MS in a 

previous work14. The accuracy of the proposed 

method was also verified using tuna fish certified 
reference material (CRM) BCR 627 from the 

Institute for Reference Materials and 

Measurements (IRMM, Belgium). 
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2. Materials and methods 

 

2.1 Instrumentation 

The measurement of arsenic species was carried 
out using a Model ZEEnit 60 atomic absorption 

spectrometer (Analytik Jena AG, Jena, Germany), 

equipped with a hollow arsenic cathode lamp, a 
transverse heated graphite tube atomizer, and a 

Zeeman background corrector. Pyrolytically 

coated transverse heated graphite tubes and 

pyrolytically coated boat-type solid sampling 

platforms (Analytik Jena) were used throughout. A 
manual solid sampling accessory (SSA-6 Z, 

Analytik Jena AG, Germany) with pre-adjusted 

micro-tweezers was used to transfer the boat-type 

platform to the graphite tube. For purging and 
protection gas, argon (99.998%, v/v; Air Liquide 

Brazil, São Paulo, Brazil) was used. Table 1 

presents the instrumental parameters used after 
optimizing the pyrolysis temperature.

 

Table 1. Instrumental parameters, experimental conditions, and heating program used in the total and 

direct chemical speciation of arsenic by SLS-GF AAS. 

Instrumental parameters 

Wavelength 193.7 nm 

Slit 0.8 nm 
Lamp current 6 mA 

Heating program for total As determination by SLS-GF AAS 

Step Temperature/°C Ramp/°C s-1 Hold time/s Ar Flow/L min-1 

Drying 130 10 20 1.0 

Pyrolysis 1200 100 40 1.0 

Atomization 2500 2600 6 0 

Cleaning 2600 1200 3 1.0 

 

A freeze-dryer (Thermo Electron Corporation), 

a food cutting mill (GM 200 model, Retsch, 
Germany) and a cryogenic mill with a self-

contained liquid nitrogen bath (MA 775 model, 

Marconi, Brazil) were used for preparation of tuna 

fish candidate reference material. 
 

2.2 Reagents and materials 

 
All solutions were prepared using high-purity 

deionized water obtained from a Milli-Q water 

purification system (Millipore, Bedford, MA, 
USA). Analytical reference solutions of As were 

prepared by successive dilutions of a stock solution 

containing 1000 mg L-1As(III) and As(V) (Sigma–

Aldrich, Germany) and analytical reference 
solutions of AsB were prepared from stock 

solutions containing 200 mg L-1 AsB (Sigma 

Aldrich, Brazil). 
Solutions of 10 g L-1 Pd(NO3)2 (Suprapur, 

Merck) and 10 g L-1 Mg(NO3)2 (Suprapur, Merck) 

were used to prepare the chemical modifier 

solutions. Triton X-100 (Merck) was added to the 
chemical modifier solution (0.1% w/v). 

Calibration analytical curves for total As 

determination were obtained by using reference 
solutions with concentrations between 5.0 and 

100.0 µg L-1 of As(III) in TMAH 0.2% (v/v) or 

HNO3 0.1% (v/v). Calibration analytical curves for 
AsB determination were obtained using analytical 

solutions with concentrations between 12 and 

240 µg L-1AsB in 0.1% v/v HNO3. 

 
2.3 Samples 

 

Tuna fish candidate RM and robalo liver were 
collected at a fish market in São Paulo (Brazil) and 

prepared according to the procedure described by 

Carioni et al.26 and Naozuka and Nomura27. 
Briefly, the tissue was separated, cleaned with 

deionized water, cut into 2 cm3 pieces, frozen and 

freeze-dried for 48 h. The milling of the dried 

samples was performed using a cutting mill for 
3 min at 5,000 rpm, followed by cryogenic milling 

(5 min of freezing followed by 3 cycles of 2 min of 

grinding, with 1 min of freezing between each 
cycle). The resulting final product was radiation-

sterilized, bottled, and stored. 

Tuna fish certified reference material (CRM 

BCR 627) from the Institute for Reference 
Materials and Measurements (IRMM, Belgium) 

was used to check the accuracy of the methods 

developed for measurement of As species and total 
As mass fraction. 
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2.4 Procedures 

 
2.4.1 Evaluation of pyrolysis temperature 

 

Pyrolysis temperature curves were evaluated in 

the absence and presence of two different chemical 
modifiers: 5 µg Pd + 3 µg Mg + 0.1% w/v Triton 

X-100 and 25 µg Pd + 15 µg Mg + 0.1% w/v Triton 

X-100. The temperature was evaluated in a range 
of 180-1600 °C using increments of 20 oC. Slurries 

were prepared for this purpose using the procedure 

described by López-García, Briceño and 

Hernández-Córdoba25 with modifications in the 
mass of tuna fish and TMAH concentration. 

Briefly, the slurries were prepared using 100 mg of 

tuna fish candidate reference material in 5.0 mL of 
TMAH 0.2% (v/v)25. 

 

2.4.2 Sample preparation for total As and species 
determination 

 

Slurries were prepared using 100 mg of sample, 

5.0 ml of H2O and agitation in Vortex (Quimis, 
Q220, Diadema, São Paulo) at 25 °C. Before each 

measurement, the sample slurry was homogenized 

using a pipette and then aliquots of 20 µL were 
injected into the atomizer together with 10 µl of 

different chemical modifiers: 5 µg Pd + 3 µg Mg + 

0.1% w/v Triton X-100, 25 µg Pd + 15 µg Mg + 
0.1% w/v Triton X-100 or 100 µg Pd + 0.1% w/v 

Triton X-100. The heating program optimized for 

the analysis is presented in Table 1. Analytical 

calibration curves were obtained using solutions 
containing different As(III) concentrations (5.0 and 

100.0 µg L-1) prepared in 0.1% v/v HNO3. 

 

3. Results and discussion 

 

3.1 Heating program optimization 

 

The pyrolysis temperature was evaluated in 

order to find the best conditions for measurement 

of total As and AsB species by SLS-GF AAS. 
Triton X-100 was used in combination with Pd + 

Mg to improve the interaction between the solid 

sample and the chemical modifier solution28. 
Figure 1 shows the pyrolysis temperature 

curves obtained for tuna fish slurry in TMAH 

media. The atomization, drying, and cleaning 

temperatures were used according to Carioni et 
al.26.

Figure 1. Pyrolysis temperature curves for slurry tuna 
fish candidate reference material in TMAH (●) in the 

absence of chemical modifiers, (■) in the presence of 5 

µg Pd + 3 µg Mg + 0.1% w/v Triton X-100, (▲) in the 

presence of 25 µg Pd + 15 µg Mg + 0.1% w/v Triton X-

100. 

 

In the absence of chemical modifiers As was lost 

by volatilization at temperatures higher than 300 

°C. However, in the presence of chemical 
modifiers, higher masses of Pd and Mg resulted in 

higher sensitivity, and the best pyrolysis 

temperature was 1200 °C for both modifier 

solutions. We observed that different pyrolysis 
curve profiles were obtained when 5 µg Pd + 3 µg 

Mg + 0.1% w/v Triton X-100 was used in 

comparison with 25 µg Pd + 15 µg Mg + 0.1% w/v 
Triton X-100. In this case, the mass of chemical 

modifiers may have an impact on the atomization 

mechanism of some As species present in the 
candidate RM used for this study. This hypothesis 

was further investigated in this work. 

Using 25 µg Pd + 15 µg Mg + 0.1% w/v Triton 

X-100 as chemical modifiers at the pyrolysis 
temperature of 1200 °C, analytical calibration 

curves prepared in the presence of 0.2% of TMAH 

(v/v) were compared to those prepared in the 
presence of 0.1% of HNO3 (v/v) to determine the 

chemical interference promoted by these reagents. 

Thus, the slopes and correlation coefficients of 
those calibration curves were respectively 0.0023 

and 0.9998 for the curve prepared in the presence 

of 0.1% of HNO3 and 0.0022 and 0.9993 for the 

curve prepared in the presence of 0.2% of TMAH. 
The slope ratio between both calibration curves 

was 1.05, showing no significant effect of TMAH 

on As measurement enabling the use of 0.1% 
HNO3 media for further analytical calibration 

curves preparation. 
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The integrated absorbance signals of As at the 

optimized heating program were also compared in 
samples slurries prepared in 0.2% TMAH with 

those prepared using only H2O. No significant 

difference (Student’s t-test 95% level) was found 

between those solutions, suggesting the use of 
TMAH is not imperative. For this reason, slurries 

prepared in H2O were used for further analysis. 

 
3.2 Total As determination and direct chemical 

speciation 

 

Thermal behavior of total As and As species in 
tuna fish tissue and robalo liver in the absence and 

in the presence of chemical modifiers were 

investigated. Significant difference was observed 

in the results for As concentration when 5 µg Pd + 

3 µg Mg + 0.1% w/v Triton X-100 was compared 
with 25 µg Pd + 15 µg Mg + 0.1% w/v Triton X-

100. When masses of Pd and Mg were increased by 

a factor of 5, the results were 1.3 - 1.2 times higher. 

In addition, the values obtained for a fish tissue 
CRM after using the 5 µg Pd + 3 µg Mg + 0.1% 

w/v Triton X-100 and 25 µg Pd + 15 µg Mg + 0.1% 

w/v Triton X-100 as chemicals modifiers 
corresponded to the certified values for AsB and 

total As, respectively (Table 2). Results for total As 

tuna fish candidate reference material were also in 

agreement (Student’s t-test, p > 0.05) with previous 
results obtained by our group using SS-GFAAS 

(4.8 ± 0.2 mg kg-1)26 and INAA (5.1 ± 0.1 mg 

kg-
 

1)14. 
 

Table 2. Results of As mass fractions obtained for Tuna Fish certified reference materials (BCR 627) and Tuna 

fish candidate reference material for Arsenobetaine (AsB)a and Total Arsenic (AsT)b by SLS-GF AAS, n = 3. 

Concentration/mg kg-1 ± standard uncertainty and coefficient of variation (CV, %) 

 
Certified value 

(BCR 627) 

Measured value 

(BCR 627) 
CV (%) 

Tuna fish 

(RM) 
CV (%) 

5 µg Pd + 3 µg Mg + Triton* 3.9 ± 0.2a 3.5 ± 0.2 5.4 3.6 ± 0.4 11.9 

25 µg Pd + 15 µg Mg + 
Triton* 

4.8 ± 0.3b 4.5 ± 0.3 5.8 4.4 ± 0.3 5.9 

*0.1% w/v Triton X-100 

Results obtained for As content in tuna fish 

candidate reference material (Table 2) using the 5 
µg Pd + 3 µg Mg + 0.1% w/v Triton X-100 

chemical modifier corresponded to the certified 

value of AsB (Student’s t-test, p > 0.05). The 
results for AsB in tuna fish candidate reference 

material (Table 2) are also in agreement with a 

previous work (3.99 ± 0.08 mg kg-1), when the 
same sample was analyzed by HPLC-ICP-MS14. In 

this study, we observed that differences in the 

behavior of As species, when atomized in the 

presence of different chemical modifiers, allowed 
the direct speciation of AsB by SLS-GF AAS. The 

dependence of As atomization on the chemical 

modifier have already been reported in previous 
works25,29. Differences in the behavior of organic 

and inorganic arsenic were observed when 

solutions containing different composition and/or 

masses of chemical modifiers were used25,29. 
Although the proposed procedure did not allow 

the discrimination of other As species in fish, AsB 

could be separated from the toxic As species DMA 
and other unknown As species. DMA is also a 

constituent of tuna fish tissue and its presence was 

reported in the tuna fish SRM 62730. 

The same procedure used for determination of 

total As in tuna fish was applied to robalo liver. The 
obtained result (6.9 ± 0.8 mg kg-1) was not in 

agreement with a previous work in which total As 

in the same sample was determined by INAA (11.0 
± 0.2 mg kg-1)14. This problem can be the result of 

different As species in robalo liver, which may 

result in a different mechanisms of atomization. 
The As species in robalo liver are still unknown, 

although some evidences have shown that part of 

As is likely present in the form of arsenolipids14. 

The difference in the behavior of As species was 
discussed in a recent work by Pereira and co-

workers29. Their work has identified differences in 

pyrolysis curves from As(III) aqueous solutions 
and As in fish oil when Pd + Ru were used as 

chemical modifiers, which may be related to the 

presence of other As species besides of As(III), 

such as arsenolipids. 
When 100 µg Pd + 0.1% w/v Triton X-100 was 

used as a chemical modifier, better recovery was 

obtained. In this condition, the value obtained for 
total As (10.3 ± 0.6 mg kg-1) is in agreement with 

the literature14. This indicates that the composition 

of the chemical modifier should be adjusted for 
each sample, since the atomization mechanism for 
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total As determination was clearly altered by 

matrix constituents. In addition, the use of a 
sufficient mass of the chemical modifiers allowed 

the measurement of total As content in the slurries, 

irrespective of the chemical species in which it is 

present25,26. 

The detection and quantification limits and 

characteristic masses are shown in Table 3, using 
the three different chemical modifiers. These 

detection limits are appropriate for the 

determination of these species, avoiding the need 

of extraction processes and/or chromatographic 
separations25. 

 

Table 3. Analytical parameters of SLS-GF AAS for total and direct chemical speciation of arsenic. 

 5 µg Pd + 3 µg Mg + Triton* 25 µg Pd + 15 µg Mg + Triton 100 µg Pd + Triton 

LOD (µg kg-1) 34.6 19.9 18.5 

LOQ (µg kg-1) 103.9 59.9 55.5 

mo
a (pg) 35 33 34 

LOD = (3 × SDbco 
b/slope), LOQ = (3 × LOD), amo = characteristic mass (1% absorbance or 0.0044 absorbance signal), 

bSDbco = standard deviation of blank (n = 10). 

*0.1% w/v Triton X-100. 

 

When 5 µg Pd + 3 µg Mg + 0.1% w/v Triton X-

100 was used for As determination in robalo liver, 
5.1 ± 0.2 mg kg-1 of As was measured. The 

identification of As species, however, remains to 

be elucidated. Previous analyses have 

demonstrated poor results for As speciation in this 
samples when extractions were performed using 

methanol/H2O and acetone/methanol/H2O (44 and 

49% of total As, respectively).  The high amount of 
lipids in this kind of sample may prevent the 

extraction of part of the As to the aqueous phase, 

preventing the identification of As species14. In 
view of these analytical difficulties, more 

investigations on the quantification and 

identification of the different arsenic species are 

still required for robalo liver. 
In summary, the direct total As and As 

speciation methods for tuna fish were performed by 

a simple slurry preparation in water, using aqueous 
calibration. In the case of total As, there was no 

need of digestion and dilution steps when the 

chemical modifiers were used for tuna fish and 

robalo liver analysis. In the case of determination 
of AsB, the use of 5 µg Pd + 3 µg Mg + 0.1% w/v 

Triton X-100 as a chemical modifier allowed the 

direct measurement of this As compound in tuna 
fish without prior separation of species. It implies 

that all laborious steps of extraction, centrifugation 

and separation were not necessary. Considering 
that tuna fish is extensively consumed by many 

populations in the world, the present study 

represents a valuable tool for the assessment of 

non-toxic As species, which brings the possibility 

to assure the safety of tuna consumers using two 

simple complementary methods to distinguish AsB 
from other As compounds in tuna fish. 

 

4. Conclusions 

 
This work described the use of different 

chemical modifier compositions for the 

development of a direct speciation method for AsB 
measurement in tuna fish tissue by SLS-GF AAS. 

Methods for total As measurements in tuna fish and 

robalo liver were also evaluated. 
The direct determination of AsB was achieved 

when a solution containing 5 µg Pd + 3 µg Mg + 

0.1% w/v Triton X-100 was used as chemical 

modifier in tuna fish tissue. The use of 25 µg Pd + 
15 µg Mg + 0.1% w/v Triton X-100 and 100 µg Pd 

+ 0.1% w/v Triton X-100 allowed the total As 

measurement in tuna fish tissue and robalo liver, 
respectively. This work demonstrated that the 

behavior of arsenic in SLS-GF AAS may depend 

on the species of the element and composition or 

concentration of chemical modifiers. In addition, 
the simplicity of the proposed method enables its 

use for routine analyses as a valuable tool for 

quality control of tuna in the fishing industry. 
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1. Introduction 

 

Aluminum matrix hybrid composites with 

dispersion of two or more ceramic reinforcements 
have been widely used in various applications of 

automotive and aerospace sectors1. Aluminum 

matrix composite have light specific-weight, good 
resistance of corrosion with excellent thermal 

properties. These composites are becoming wide 

using as the high performance materials. Ceramic 

materials are generally used to reinforce 
aluminum-alloys with silicon carbide (SiC), 

titanium carbide (TiC), alumina (Al2O3), silicon 

oxide, TiB2, ZrB2, AlN, Si3N4 and SiO2 
2,3. These 

ceramic materials have high strength and high 

hardness. However, it displays brittle behavior and 

has low resistance to fracture which can be 
improved by modifying the reinforcement grain 

size, shape and by incorporating additional phases4. 

It has been widely reported that aluminum alloys 
can be readily developed with two or more 

reinforcement and recently there has been a 

growing interest in the use of hybrid composites. 
Particulate reinforced hybrid composites exhibit 

excellent isotropic properties5. Ghoncheh et al.6 

found that experiments carried out on a mold 

having high cooling rates have the solidification 
parameters such as nucleation temperature, 

recalescence undercooling temperature, and range 

of solidification temperature influenced by 
variation of cooling rates. Generally, the 

improvement in the overall properties of 

ABSTRACT: In recent years, the demand of high-performance and light-
weight materials was increasing for industrial applications. The present 
research aims to study microstructural and mechanical properties of 
aluminum matrix hybrid reinforced 6-12 wt.% of garnet under the effects 
of materials chill casting during the manufacturing aluminum matrix 
composite. In this research work, metallic mold and no chills were used. 
In order to evaluate the quality of the chill end casting microstructure, 

hardness, and tensile tests were conducted on the prepared composite 
specimens. Aluminum matrix composites underwent the chill casting 
process have been examined using the optical microscope, scanning 
electron microscopy and X-ray diffraction. Microstructure outcomes of 
the casted Al-composites alloy indicated that having precipitations 
(Al2Si, AlCuMg2Si) and Garnet particulates hard within the Al-matrix. 
The results showed that the copper chill casting is the better one in terms 
of improving the mechanical properties because of its high volumetric 
heat capacity. Aluminum composite with addition of 9% Garnet 

composite produced via copper chill casting exhibits better mechanical 
properties. 
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composites is made using the hybrid composites 

through adding insoluble reinforcements to the 
base matrix7. Many of studies focused on the 

utilization of various forms of artificial 

reinforcements in aluminum matrix alloys such as 

TiC, WC, SiC, SiO2, Al2O3 etc. for getting the 
desired properties8,9. The composite hardness is 

improved using hard ceramic reinforcements. 

Saravanakumar, Sasikumar and Sivasankaran10 
started their investigation on hybrid composites by 

fabricating of Al-6063/Al2O3/Gr using liquid 

metallurgy technique, and then they have studied 

wear property using conventional tribometer 
apparatus for different parameters like sliding 

speed, applied loads as well the reinforcements 

effect addition of Gr (Garnet) is particularly useful 
and led to the improvement of the mechanical 

properties. Anju11 has studied effect of particle size 

of Al-garnet composites on wear behavior showed 
enhancement for the wear property with Gr 

particles. 

Kumar, Sait and Subramanian12 studied 

aluminum alloy boron carbide and garnet 
composites were fabricated by the stir casting 

process. They discovered that by increasing the 

amount of garnet in the aluminum alloy mixture, 
the tensile strength and hardness were increased. 

Also, the wear test analysis proved that the addition 

of reinforcements improve the wear property of 
composite. 

Uthayakumar, Aravindanb and Rajkumarb13 

discovered that the addition of Graphite particles 

led to decrease the microhardness values but 
significantly improved the wear resistance of the 

aluminum composite specimens. 

In recent years many researchers have worked 
on the combination of graphite with SiC and Al2O3 

and it was found similar results. The study of 

Suresh and Hemanth14 focused on the effect of 

chills on mechanical characteristics and wear 
properties of the composite. Whereas, Sharifi and 

Karimzadeh15 investigated wear behavior of 

aluminum matrix hybrid nanocomposites by 

reinforcing of 1 wt.% Gr and 10 wt.% SiC with 

A356 using powder metallurgy technique to 
investigate the tribological properties. 

Directional and fast solidification is one of a 

broadly reasonable method to refine the grain sizes 

and hence improves the mechanical properties of 
aluminum composite, which can be achieved by the 

application of chills.  

In this research paper, the garnet was used as 
reinforcement with a matrix of Al-6000 alloys to 

produce new material alloys with optimum 

properties. Another goal of the research is to 

investigate the effect of the best chill castings. The 
application of chills will be used to improve the 

directional solidification and hence to achieve finer 

microstructure with improved mechanical 
properties. 

 

2. Materials and methods 

 

2.1 Materials 

 

In the present study, commercially available Al-
alloy (ASTM LM 13 as given in Table 1) piston 

alloy was used, which is a multicomponent Al-Si-

Ni-Cu-Mg alloy with lower concentrations of Fe 
and Mn. In the present investigation low cost and 

naturally available hard ceramic Garnet (chemical 

formula of Gr is Fe3Al2Si3O12) are used to 
reinforcements Al-alloy. Garnet was added in the 

proportion of 6 wt.% to 12 wt.% in steps of 3 wt.% 

Table 2 shows the nominal of Al-composites 

samples.  
Metallic chills of dimension 25 mm x 35 mm x 

170 mm were used to investigate the influence of 

the directional solidification on characteristics of 
the composite. The effect is compared with 

composites developed without using chills. The 

used material provides superior casting 

characteristics thermo-physical properties. So, it is 
suitable for some of the industries such as the 

automotive industry. 
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Table 1. Chemical composition of Al-alloys (LM13) during this study. 

Element Weigh Percentages (%) 

Al 83.4 

Si 10.89 

Fe 0.53 

Cu 1.3 

Mg 2.32 

Ni 0.51 

 
Table 2. Nominal of aluminium composites alloys in this study 

Elements 
Gr Mg Si Cu Fe Ni Al 

Weight (wt.%) 

Al-C0 0 2.32 10.89 1.3 0.53 0.51 83.4 

Al-C1 6 2.32 10.89 1.3 0.53 0.51 83.4 
Al-C2 9 2.32 10.89 1.3 0.53 0.51 83.4 
Al-C3 12 2.32 10.89 1.3 0.53 0.51 83.4 

 

2.2 Experimental Procedure 

 
2.2.1 Fabrication of the Composite: 

 

Cost reduction is the key factor for wider 

application of aluminum hybrid metal metrics 
composites-(Al-HMMCs) in modern industry 

which can be achieved by cheaper reinforcements, 

simpler fabrication methods, and higher production 
volume. Thus, the fabrication process via a stir 

casting technique was used to develop the 

composites with greater bonding of reinforcement 
particles with the metal matrix. Stir casting method 

is well known for uniform distribution of the 

reinforcements because of stirring action and 
flexible for materials with different low melting 

temperature. 

In the present study, a resistance furnace was 

used for melting the Al-alloy at about 850 °C. 
Garnet (Gr) particles were preheated then added 

into the molten Al-alloy matrix, thereby the mixed 

Al-mixture poured into the different molds with 
and without chill. First mold which made of sand 

and also poured into different chills such as steel 

and copper is shown in Figure 1. 

 
Figure 1. Scheme of sand mold. 
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2.2.2 Mechanical Properties 

 
Hardness tests were performed on the 

composites using Vickers hardness tester with a 

square-base diamond pyramid as the indenter. 

Ultimate tensile strength of the samples was tested 
using an electronic tensile testing machine based 

on ASTM standard. For a particular cast Al-

HMMC, three specimens were tested and the mean 
value along with standard deviation of the 

mechanical properties reported. The micrographs 

of specimens were examined in the optical 

microscope and the scanning electron microscope. 
Chill end materials were machined on lathe to get 

the required dimensions. 

 

3. Results and discussion 

 

3.1 Microstructure and mechanical behavior 

Figure 2 shows the optical micrograph and 

Figure 3 shows scanning electron microscope of 
microstructures of the different three aluminium 

samples. It shows the uniform distribution of the 

reinforcements and good bonding between 
reinforcement and matrix. Although the stir casting 

process is known for better bonding between Al-

matrix and reinforces particles, it is not developed 

for mass production. The stir casting method is 
simple and convenient successful fabrication of the 

composite. 

 
Figure 2. The optical micrograph of the Al-samples (a) Al-HMMC with 6% Garnet without chill, (b) Al-HMMC with 

9% Garnet under mold of steel and (c) Al-HMMC with 9% Garnet under copper mold chill. 

(a) 

(c) 

(b) 
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Figure 3. SEM images of microstructure of the Al-samples (a) Al-C2 under mold of steel chilling and (b) Al-C3 under 

mold of steel chilling. 

 

The X-ray diffraction analytic as given in 

Figure 4 manifests the XRD peaks of Al-Mg-Si-

Cu-Ni matrix alloy with and without adding Garnet 
particles after applying the casting treatment 

processing. The XRD results for the stir casted Al-

Mg-Cu-Si-Ni-9%Gr composite (Al-C2 sample), as 

presented in Figure 4a, exhibited many peaks 
which were alpha-Al, Al2Si, AlCuMg2Si as well 

the peak of garnet particles. The XRD peaks of the 

stir casted Al-Mg-Si-Cu-Ni matrix alloy (Al-C0) 

sample is presented in Figure 4b. The peaks of Al-

C0 sample consisted of the alpha-Al and the high 

peak of Al2Si. The peak Al2Si was created due to 

the high dissolution percent of silicon within the Al 
matrix during the high temperature as results 

casting processing. Generally, it was observed that 

the cause of the presence of the Al2Si, AlCuMg2Si 

compounds implicit alloying elements (Mg, Si, Cu 
and others) dissolution within the aluminum 

matrix, due to high temperature during the heat 

process. 

 

Figure 4. X-ray diffraction patterns of aluminium matrix composites (a) Al-C2 (after adding 9% garnet) under mold of 

copper chilling and (b) Al-C0 (without garnet particles). 

 

(a) (b) 
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Vickers hardness values of the Al-Mg-Si matrix 

under the different chill casting conditions (in 
Figure 5). It was observed that Al-composite 

samples which have the highest Vickers hardness 

values were underwent the copper chill casting 

compared to mold steel chill and mold without 
chill. The recently studies16-18 proved that the use 

copper chill end (in the casting process) was not 

only favors in the directional solidification but also 
enhances solidification. The rapid cooling rate was 

helping to get finer structures and improved 

mechanical properties as investigated in this study. 

It is seen that the casted Al-HMMC samples under 
copper chill has a significant increase of Vickers 

hardness value. The major reason for increasing of 

Vickers hardness due to the actions of mold copper 
chill end and also to the presence of garnet particles 

(Gr) were coherent grains and their uniform 

distribution within Al-matrix alloy composite 
samples. 

The ultimate tensile strength of Al-matrix 

composite samples under the different of mold-

chills casting process shown in Figure 6. It was 
obvious that Al-composite with 9 wt.% garnet 

(using copper chill casting) has the high tensile 

strength. This high of tensile is due to increasing 
the weight percent of Gr. It was observed that 

tensile strength of Al-matrix composites reinforced 

with garnet is higher than the Al-matrix alloy 
without addition Gr particles. Recently studies by 

Nityanand and Prasad19 and Bandekar and Prasad20 

referred to the advantages of the copper chill 

casting coupled with the reinforcement of Gr 
particles within Al-matrix alloy. However, the 

current study proved that copper chill casting 

condition with using Gr particles as reinforcement 
led to the very fine, uniform and coherent grains of 

microstructural (as aforementioned in Figure 2c) in 

addition to the obtaining improvements of 

mechanical properties of Al-matrix composites 
samples. 

It has observed that the values of hardness 

and tensile were significant decreasing for Al-
HMMC composite sample after added 12 wt.% Gr 

particles. This the decrease is due to that aluminum 

matrix become a semi-brittle matrix and, then, has 
a less ductility property thus losing strength. 

 

 
Figure 5. Vickers Hardness of the chill cast composites 

at various of Garnet. 
 

 
Figure 6. Ultimate tensile strength of the composite 

samples with respective to various of Garnet for 

different chill materials. 

 

4. Conclusions 

 

Al-Si-Ni-Cu-Mg alloy composites were 

successfully synthesized with garnet ceramic 

particles using the stir casting method under 

different chilling casting. Microstructural analyses 
showed that grains were uniform distributed, and 

they have a good bonding with the Al-matrix. 

The results presented that the casted Al-
matrix composite fabricated via copper chill block 

has significant high Vickers hardness and tensile 

strength values. The outcomes showed that the 

adding of Garnet particles and using copper chill 
casting have strongly effects on properties of 

aluminum metal matrix composites samples. 

  

https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p45-52


Original article 

51                            Eclética Química Journal, vol. 44, n. 2, 2019, 45-52 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.2.2019.p45-52 

 

5. Acknowledgments 

 

This study was conducted in workshops of 

College of Engineering-Al Muthanna University- 

Al Muthanna Governorate-Iraq. The authors 

appreciatively acknowledge the work provision 
provided by the technicians of the workshop in 

college of engineering. 

 

6. References 

 
[1] Sharma, P., A study on microstructure of aluminium 

matrix composites, Integr. Med. Res. 3 (3) (2015) 240-

244. https://doi.org/10.1016/j.jascer.2015.04.001. 

[2] Lakshmipathy, J., Kulendran, B., Reciprocating 

wear behavior of 7075Al/SiC in comparison with 

6061Al/Al2O3 composites, International Journal of 

Refractory Metals and Hard Materials 46 (2014) 137-

144. https://doi.org/10.1016/j.ijrmhm.2014.06.007. 

[3] Sarada, B. N., Srinivasa, P. L. M., Ugrasen, G., 

Hardness and wear characteristics of hybrid aluminium 

metal matrix composites produced by stir casting 

technique, Mater. Today Proc. 2 (4-5) (2015) 2878-

2885. https://doi.org/10.1016/j.matpr.2015.07.305. 

[4] Aruria, D., Adepua, K., Adepub, K., Bazavada, K., 

Wear and mechanical properties of 6061-T6 aluminum 

alloy surface hybrid composites [(SiC-Gr) and (SiC-

Al2O3)], Journal of Materials Research and Technology 

2 (4) (2013) 362-369. 

https://doi.org/10.1016/j.jmrt.2013.10.004. 

[5] Sharifi, E. M., Karimzadeh, F., Wear behavior of 

aluminum matrix hybrid nanocomposites fabricated by 

powder metallurgy, Wear 271 (7-8) (2011) 1072-1079. 

https://doi.org/10.1016/j.wear.2011.05.015. 

[6] Ghoncheh, M. H., Shabestari, S. G., Abbasi, M. H., 

Effect of cooling rate on the microstructure and 

solidification characteristics of Al2024 alloy using 

computer-aided thermal analysis technique, J. Therm. 

Anal. Calorim. 117 (2014) 1253-1261. 

https://doi.org/10.1007/s10973-014-38673. 

[7] Radhika, N., Subramanian, R., Effect of 

reinforcement on wear behaviour of aluminium hybrid 

composites, Tribology-M. S. I. 7 (1) (2013) 36-41. 

https://doi.org/10.1179/1751584X13Y.0000000025. 

[8] Sharma, S. C., The sliding wear behavior of Al6061–

garnet particulate composites, Wear 249 (12) (2001): 

1036-1045. https://doi.org/10.1016/S0043-

1648(01)00810-9. 

[9] Mishra, S., Patnaik, A., Kumar, S. R., Comparative 

analysis of wear behavior of garnet and fly ash 

reinforced Al7075 hybrid composite, Wiley Online 

Library 50 (1) (2019) 86-96. 

https://doi.org/10.1002/mawe.201800121. 

[10] Saravanakumar, A., Sasikumar, P., Sivasankaran, 

S., Synthesis and Mechanical Behavior of AA 6063-x 

Al2O3 wt.%-1% Gr (x = 3, 6, 9 and 12 wt.%) Hybrid 

Composites, Procedia Engineering 97 (2014) 951-960. 

https://doi.org/10.1016/j.proeng.2014.12.371. 

[11] Sharma, A., Kumar, S., Singh, G., Pandey, O. P., 

Effect of particle size on wear behavior of Al–garnet 

composites, Particulate Science and Technology 33, (3) 

(2015) 234-239. 

https://doi.org/10.1080/02726351.2014.954686. 

[12] Kumar, R. A., Sait, A. N., Subramanian, K., 

Mechanical properties and microstructure of stir casted 

Al/B4C/garnet composites, Materials Testing 59 (4) 

(2017) 338-343. https://doi.org/10.3139/120.111007. 

[13] Uthayakumar, M., Aravindanb, S., Rajkumarb, K., 

Wear performance of Al–SiC–B4C hybrid composites 
under dry sliding conditions, Materials and Design 47 

(2013) 456-464. 

https://doi.org/10.1016/j.matdes.2012.11.059. 

[14] Suresh, R., Hemanth, J., Assessment of dispersiod 

content and chill effect for improved mechanical 

properties of chilled aluminium alloy quartz particulate 

composite, ASME International Mechanical 

Engineering Congress and Exposition 12 (2008) 631-

634 https://doi.org/10.1115/IMECE2008-67433. 

[15] Sharifi, E. M., Karimzadeh, F., Wear behavior of 

aluminum matrix hybrid nanocomposites fabricated by 
powder metallurgy, Wear 271 (7-8) (2011) 1072-1079. 

https://doi.org/10.1016/j.wear.2011.05.015. 

[16] Seah, K. H. W., Hemanth, J., Sharma, S. C., 

Mechanical properties of aluminum/quartz particulate 

composites cast using metallic and non-metallic chills, 

Materials & Design 24 (2) (2003) 87-93.  
https://doi.org/10.1016/S0261-3069(02)00144-9. 

[17] Spinelli, E. J., Cheung, N., Goulart, P. R., 

Quaresma, J. M. V., Garcia, A., Design of mechanical 

properties of Al-alloys chill castings based on the 

metal/mold interfacial heat transfer coefficient, 

International Journal of Thermal Sciences 51 (2012) 
145-154. 

https://doi.org/10.1016/j.ijthermalsci.2011.08.014. 

[18] Wankhede, D. M., NarkhedeS, B. E., Mahajan, K., 

Choudhari, C. M., Influence of Copper Chills and 

Pouring Temperature on Mechanical Properties of LM6 

https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p45-52
https://doi.org/10.1016/j.jascer.2015.04.001
https://doi.org/10.1016/j.jascer.2015.04.001
https://doi.org/10.1016/j.jascer.2015.04.001
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.matpr.2015.07.305
https://doi.org/10.1016/j.matpr.2015.07.305
https://doi.org/10.1016/j.matpr.2015.07.305
https://doi.org/10.1016/j.matpr.2015.07.305
https://doi.org/10.1016/j.matpr.2015.07.305
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.jmrt.2013.10.004
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1007/s10973-014-38673
https://doi.org/10.1179/1751584X13Y.0000000025
https://doi.org/10.1179/1751584X13Y.0000000025
https://doi.org/10.1179/1751584X13Y.0000000025
https://doi.org/10.1179/1751584X13Y.0000000025
https://doi.org/10.1016/S0043-1648(01)00810-9
https://doi.org/10.1016/S0043-1648(01)00810-9
https://doi.org/10.1016/S0043-1648(01)00810-9
https://doi.org/10.1016/S0043-1648(01)00810-9
https://doi.org/10.1002/mawe.201800121
https://doi.org/10.1002/mawe.201800121
https://doi.org/10.1002/mawe.201800121
https://doi.org/10.1002/mawe.201800121
https://doi.org/10.1002/mawe.201800121
https://doi.org/10.1016/j.proeng.2014.12.371
https://doi.org/10.1016/j.proeng.2014.12.371
https://doi.org/10.1016/j.proeng.2014.12.371
https://doi.org/10.1016/j.proeng.2014.12.371
https://doi.org/10.1016/j.proeng.2014.12.371
https://doi.org/10.1080/02726351.2014.954686
https://doi.org/10.1080/02726351.2014.954686
https://doi.org/10.1080/02726351.2014.954686
https://doi.org/10.1080/02726351.2014.954686
https://doi.org/10.1080/02726351.2014.954686
https://doi.org/10.3139/120.111007
https://doi.org/10.3139/120.111007
https://doi.org/10.3139/120.111007
https://doi.org/10.3139/120.111007
https://doi.org/10.1016/j.matdes.2012.11.059
https://doi.org/10.1016/j.matdes.2012.11.059
https://doi.org/10.1016/j.matdes.2012.11.059
https://doi.org/10.1016/j.matdes.2012.11.059
https://doi.org/10.1016/j.matdes.2012.11.059
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1115/IMECE2008-67433
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1016/j.wear.2011.05.015
Seah,%20K.%20H.%20W.,%20Hemanth,%20J.,%20Sharma,%20S.%20C.,%20Mechanical%20properties%20of%20aluminum/quartz%20particulate%20composites%20cast%20using%20metallic%20and%20non-metallic%20chills,%20Materials%20&%20Design%2024%20(2)%20(2003)%2087-93.‏%20https:/doi.org/10.1016/S0261-3069(02)00144-9.
Seah,%20K.%20H.%20W.,%20Hemanth,%20J.,%20Sharma,%20S.%20C.,%20Mechanical%20properties%20of%20aluminum/quartz%20particulate%20composites%20cast%20using%20metallic%20and%20non-metallic%20chills,%20Materials%20&%20Design%2024%20(2)%20(2003)%2087-93.‏%20https:/doi.org/10.1016/S0261-3069(02)00144-9.
Seah,%20K.%20H.%20W.,%20Hemanth,%20J.,%20Sharma,%20S.%20C.,%20Mechanical%20properties%20of%20aluminum/quartz%20particulate%20composites%20cast%20using%20metallic%20and%20non-metallic%20chills,%20Materials%20&%20Design%2024%20(2)%20(2003)%2087-93.‏%20https:/doi.org/10.1016/S0261-3069(02)00144-9.
Seah,%20K.%20H.%20W.,%20Hemanth,%20J.,%20Sharma,%20S.%20C.,%20Mechanical%20properties%20of%20aluminum/quartz%20particulate%20composites%20cast%20using%20metallic%20and%20non-metallic%20chills,%20Materials%20&%20Design%2024%20(2)%20(2003)%2087-93.‏%20https:/doi.org/10.1016/S0261-3069(02)00144-9.
Seah,%20K.%20H.%20W.,%20Hemanth,%20J.,%20Sharma,%20S.%20C.,%20Mechanical%20properties%20of%20aluminum/quartz%20particulate%20composites%20cast%20using%20metallic%20and%20non-metallic%20chills,%20Materials%20&%20Design%2024%20(2)%20(2003)%2087-93.‏%20https:/doi.org/10.1016/S0261-3069(02)00144-9.
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1016/j.ijthermalsci.2011.08.014
https://doi.org/10.1007/978-981-13-1780-4_21
https://doi.org/10.1007/978-981-13-1780-4_21
https://doi.org/10.1007/978-981-13-1780-4_21


Original article 

52                            Eclética Química Journal, vol. 44, n. 2, 2019, 45-52 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.2.2019.p45-52 

 

Castings, Advances in Materials and Metallurgy In: 

Conference paper 2019 207-216. 

https://doi.org/10.1007/978-981-13-1780-4_21. 

[19] Nityanand, B., Prasad, M. G. A., Fractographic and 

three body abrasion behaviour of Al-Garnet-C hybrid 

chill cast composites, IOP Conference Series: Materials 

Science and Engineering 225 (1) (2017) 
https://doi.org/10.1088/1757-899X/225/1/012290. 

[20] Bandekar, N., Prasad, M. G. A., Study of 

Dispersoid Content and Chill Effect for Improved 
Mechanical Properties of Aluminum-Garnet-Carbon 

Hybrid Metal Matrix Composites, International Journal 

of Engineering Technology, Management and Applied 

Sciences 3 (2015) 616-623. 

http://www.ijetmas.com/admin/resources/project/paper

/f201503111426091722.pdf. 

https://doi.org/10.26850/1678-4618eqj.v44.2.2019.p45-52
https://doi.org/10.1007/978-981-13-1780-4_21
https://doi.org/10.1007/978-981-13-1780-4_21
https://doi.org/10.1007/978-981-13-1780-4_21
https://doi.org/10.1088/1757-899X/225/1/012290
https://doi.org/10.1088/1757-899X/225/1/012290
https://doi.org/10.1088/1757-899X/225/1/012290
https://doi.org/10.1088/1757-899X/225/1/012290
https://doi.org/10.1088/1757-899X/225/1/012290
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf
http://www.ijetmas.com/admin/resources/project/paper/f201503111426091722.pdf


 

 

Original article 

iq.unesp.br/ecletica 

 

| Vol. 44 | n. 2 | 2019 | 

 

53                            Eclética Química Journal, vol. 44, n. 2, 2019, 53-55 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.2.2019.p53-55 

 

Cobalt(II) chloride complexes with some phosphine oxides: 

compatibility between structural data for the solid complexes and their 

stability constants in acetone medium 
Antonio Carlos Massabni1, 2 + , Cristo Bladimiros Melios1 

 
1 São Paulo State University (Unesp), Institute of Chemistry, 55 Prof. Francisco Degni St, Araraquara, São Paulo, Brazil  
2 Araraquara University (Uniara), 1217 Carlos Gomes St, Araraquara, São Paulo, Brazil 
 
+Corresponding author: Antonio Carlos Massabni, email address: amassabni@uol.com.br 

 

 

ARTICLE INFO 

 

Article history: 

Received: December 22, 2018 

Accepted: March 30, 2019 

Published: April 25, 2019 
 

 

Keywords: 
1. cobalt(II) chloride 

2. phosphine oxides 
3. structural data 
4. stability constants  
 

 

  

 

1. Introduction 

 

First attempts made to correlate variations in 

bands assigned as carbonyl stretching frequencies 

in the infrared region for solid metal ion complexes 
with the stability constants of these same 

complexes in solution date back to early 1950s. 

In some cases, very good correlations were 
found1; on the other hand, complexes comprising 

the same oxygen donors showed no correlation at 

all1. 

So far as we know, correlations between X-ray 
structural data for the solid complexes and their 

stability constants in solution have not been 

reported. Very recently, an attempt to correlate 
bond lengths (in solids) and stability constants (in 

solution) involving organometallic complexes has 

been published2. However, the work is quite 
restricted (explicitly, only two solid complexes – 

and these are not directly comparable – are 

considered). Furthermore, the goal stated by the 
authors2 namely, to establish correlations between 

solid structures and their corresponding 

thermodynamic data in solution was certainly not 

achieved. 
The present article deals with X-ray data for the 

solid complexes of general formula CoCl2L2, 

where L = triphenylphosphine oxide (TPPO), 
benzyldiphenylphosphine oxide (BDPPO), 

dibenzylphenylphosphine oxide (DBPPO) or 

tribenzylphosphine oxide (TBPO) as well as with 

formation constants of these complexes in acetone 
medium, at 25 °C. 

 

2. Materials and methods 

 

Solid complexes, appropriate for X-ray 

examination were prepared as previously 
described3. Equipment used for collection of X-ray 

diffraction data, measurements of diffraction 
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supported by X-ray diffraction data of the solid complexes and by electrolytic 
conductance values for these complexes both in acetone and in nitromethane media. 
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intensities, solution and refinement of the 

diffraction data were already described4, 5. Spectra 
in the visible region and absorbances at fixed 

wavelengths have been gathered as described 

elsewhere6. Stability constants for the equilibria: 

 

CoCl2 + 2L ⇄ [CoCl2L2] 

 

and hence: 2= 
[CoCl2L2]

[CoCl2][L]
2 

 

were determined at 25 °C in acetone medium by 

combining the spectrophotometric method of the 
corresponding solutions with the Fronaeus’ 

computation technique6. 

 

3. Results and discussion 

 

Relevant results from both X-ray examination 

and stability constants given in Table 1 indicate 
that in acetone medium, and with CoCl2 as a 

reference acceptor the following basicity order 

holds7, 8: TBPO > DBPPO > BDPPO > TPPO. 

 
Table 1: Main bond (Å) and angles (°) for the coordination sphere of the complexes and their stability 

constants in acetone medium. 

Ligand Co-O1 Co-O2 P-O1 P-O2 O-Co-O Ref. logβ2 Ref. 

TPPO 1.997 2.001 1.500 1.498 100.04 9 6.82 6 

BDPPO 1.977 1.977 1.513 1.513 100.25 5 7.31 7, 8 

DBPPO 1.974 1.974 1.529 1.529 103.07 5 8.06 7 

TBPO 1.937 1.920 1.505 1.547 104.98 4 8.10 7 

 

These results are in line with the X-ray data for 

the solid complexes, i.e., the stronger the donor, the 
shorter the Co-O distances (stronger coordination) 

and the greater the P–O lengths. The sole exception 

is one of the P-O distances concerning the TBPO 

complex. The reason for this is unknown. The 
above basicity sequence has been further 

confirmed by conductivity data of the complexes 

both in acetone10 and in nitromethane3 (in this last 
solvent, only data for the BDPPO, DBPPO and 

TBPO complexes are available). 

In a previous investigation8, no simple 
correlation was found between the Co-O stretching 

frequencies (infrared) of the solid complexes and 

their stability constants in acetone solution. 

 
4. Conclusions 

The basicity sequence for the phosphine oxides 

considered herein has been substantiated both by 
X-ray diffraction data of the corresponding 

cobalt(II) solid complexes and by their stability 

constants in acetone medium. The aim of this 

article is also to foster other people in searching 
possible connections between the structure of solid 

complexes (even in solution, through X-ray 

scattering and diffraction data; see e. g. ref. 11) and 
their stability constants in liquid media. 
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