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MDPI´s Applied Sciences reached a remarkable milestone in 2020 when the 10th volume
of the journal was published and an impact factor of 2.474 was achieved. To celebrate
this special occasion, the Chemistry Section has produced a special issue based mainly on
invited papers to mark “The 10th Anniversary of Applied Sciences”. This Special Issue con-
sists mainly of 12 original research articles and 1 comprehensive review featuring important
and recent developments in analytical chemistry, environmental chemistry, nanomaterial
chemistry, polymer/coating chemistry, drug delivery chemistry, and flavonol chemistry.

Three of the featured articles are in the broad area of analytical chemistry. In one of
these papers, Roverso et al. [1] explored the use of a mixed cationic-reverse phase column
coupled to high-resolution tandem MS (HR-MS/MS) for the analysis of small highly polar
metabolites in biological fluids at low concentrations. They successfully retained and
separated trimethylamine N-oxide (TMAO) and the isobaric molecules beta-methylamino-
L-alanine (BMAA) and 2,4-diaminobutyric acid (DAB). When applied to plasma and urine
samples, they achieved linear concentration ranges of 50–1000 μg/L and 500–10,000 μg/L
for TMAO and both BMAA and DAB, respectively. The effectiveness of the method was
also investigated for biologically relevant compounds and those with a wider range of
polarities. This approach consequently enabled the simultaneous analysis of a larger range
of metabolites, from very small and polar compounds to quite lipophilic molecules. In an-
other study, Avino et al. [2] employed ultrasound vortex-assisted dispersive liquid–liquid
microextraction and gas chromatography coupled to ion trap mass spectrometry for the
determination of non-steroidal anti-inflammatory drugs (NSAIDs) in animal urine samples.
The urine samples were initially treated with β-glucuronidase/acrylsulfatase before extract-
ing the NSAIDs with CH2Cl2 by the ultrasound vortex-assisted dispersive liquid–liquid
microextraction method. They achieved an enrichment factor of about 300–450 times by
this approach, with 94.1 to 101.2% recoveries and a relative standard deviation (RSD) of
≤4.1%. The achieved limits of detection (LODs) and limits of quantification (LOQs) were
0.1–0.2 ng mL−1 (RSD ≤ 4.5%) and 4.1–4.7 ng mL−1 (RSD ≤ 3.5%), respectively. Cordeiro
et al. [3] synthesized rapid and cheap MoS2 nanostructures on paper substrates through
microwave-assisted hydrothermal synthesis for the production of low-cost near-infrared
photodetectors. The best results were obtained with the interdigital MoS2 photodetector
by using photoactive MoS2 nanosheets synthesized at 200 ◦C for 120 min. They achieved
a responsivity of 290 mA/W, detectivity of 1.8 × 109 Jones, and an external quantum
efficiency of 37% with the photodetector.

Another broad area which is well represented in this special issue is environmental
chemistry, with four featured articles. Avino et al. [4] reported on the weekly and longi-
tudinal elemental variability in hair samples collected from non-occupationally exposed
subjects. Neutron activation analysis was used to determine 30 elements in hair samples
collected from different locations on the scalp. Notable differences were observed among
samples between the proximal and distal sections. A comparison with other studies was
used to establish the relationships and the differences caused by different ethnic origins,
lifestyles, diets, and climates among different young populations. In another study, Assi
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et al. [5] explored the use of bottom ash derived from the co-combustion of municipal
solid waste and sewage sludge as a stabilizing agent. Two other components used in the
stabilization method included flue gas desulfurization residues and coal fly ash. Results
obtained by leaching test on the stabilized samples revealed that heavy metal concentra-
tions, particularly for Zn and Pb, were significantly reduced. The three factors responsible
for the reduction of the heavy metal concentrations by the stabilization method were the
amount of ash used, the Zn and Pb concentrations in the as-received fly ash, and the
solution of the final materials. Porto et al. [6] investigated the removal of phosphorus
from a secondary-treated effluent of a Portuguese paper company based on the growth
and ability of Chlorella vulgaris. Results obtained by batch experiments revealed that the
undiluted effluent inhibited microalgal growth. Consequently, the dilution of the effluent
was necessary to achieve the desired bioremediation. The most diluted effluent enabled
the removal of 54 ± 1% of phosphorus. It was also found that the microalgal growth was
dependent on the compounds present in the effluent and on the solution pH. In the last
featured article on environmental chemistry, Adeloju et al. [7] reviewed the effects and
consequences of arsenic contamination of groundwater with regard to drinking water
quality and human health in under-developed countries and remote communities. They
discussed the chemistry of arsenic and the factors influencing the form(s) of arsenic present
and its fate when introduced into the environment. They also provided a global overview
of arsenic contamination of groundwater around the world, and a case study of arsenic
contamination in Bangladesh was used to highlight the health-related, agricultural, so-
cial, and economic impacts. Furthermore, the available strategies for removal of arsenic
and specific examples of the available filter systems for domestic arsenic removal from
groundwater for potable water use were discussed.

Polymer/coating chemistry also features very well in this special issue, with three articles.
Kanellopoulou et al. [8] reported on their investigation of the effect of the incorporation
of superabsorbent polymers (SAPs) into cementitious-based composite materials on their
microstructure and self-healing properties. It was found that the compressive strength
remained intact for all specimens with the incorporation of the SAPs. This was attributed
to the reduction in porosity and the narrower range of pore size distribution of the mor-
tar/SAP specimens. In addition, an up to 60% increase in the self-healing behavior of mor-
tar/SAP specimens was observed when compared to control specimens. In another study,
Quintana et al. [9] investigated the use of licorice root extracts produced by ultrasound-
assisted extraction in combination with chitosan to produce edible coatings for improving
the postharvest quality of fruits. The bioactive extracts were applied to strawberry for the
evaluation of their physicochemical and microbiological properties. It was found that the
addition of the licorice extract to chitosan improved the rheological properties of the coat-
ings, resulting in reduced rigidity. Furthermore, during storage, good-quality parameters
were maintained by the strawberry coated with chitosan and licorice extract. In addition,
the coated strawberry achieved the best microbiological preservation when compared with
controls. A very interesting use of a combination of polymers for oral drug delivery was
presented by Mumuni et al. [10]. They evaluated the use of different ratios of mucin-grafted
polyethylene glycol-based micro-particles, both in vitro and in vivo, as carriers for the oral
delivery of insulin. The insulin-loaded micro-particles were found to display irregular
porosity and shape. The achieved insulin encapsulation efficiency and loading capacity
values were >82% and 18%, respectively. The variation in the micro-particle formulation
resulted in a variation of the insulin release of between 68% and 92%. More significantly,
the oral administration of the insulin-loaded micro-particles achieved a more significant
reduction in blood glucose levels than the use of insulin solution. Evidently, the results
of this study demonstrate that the use of a combination of polymers for oral delivery of
insulin is more effective.

Nanomaterial chemistry also features in this special issue, with two articles. Stefa
et al. [11] reported on the use of a hydrothermal method for the synthesis of ZnO-doped
ceria nanorods made up of CeO2/ZnO mixed oxides with different Zn/Ce atomic ratios.
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The mixed oxides were found to be superior to CeO2 and ZnO oxides, which was attributed
to the synergistic effect of the ZnO–CeO2 interaction. It was also established that there
was a close correlation between the catalytic activity and oxygen storage capacity of the
ZnO-doped ceria nanorods. In another study, Sánchez-Romate et al. [12] produced carbon
fiber-reinforced plastic bonded joints with novel carbon nanotube (CNT) adhesive films.
By varying the surfactant content used to aid the CNT dispersion, they were able to test the
carbon fiber-reinforced plastic bonded joints under different aging conditions. It was found
that the electrical response, based on the measurement of the electrical resistance, varied
with the aging conditions and after 1 month a higher plasticity region was demonstrated.
A sharper increase was also found with 2-month-old samples. Notably, by increasing the
surfactant content, the observed changes became more prevalent. However, the presence of
more prevalent brittle mechanisms for the CNT-doped joints resulted in a higher established
first estimation of damage accumulation for non-aged and 2-month-old samples.

In a final paper on flavonol chemistry, Rogozinska and Biesaga [13] utilized LC-MS/MS
to investigate the stability of four common types of dietary flavonols, namely: kaempferol,
quercetin, isorhamnetin, and myricetin, in the presence of hydrogen peroxide and saliva.
They also investigated the influence of saliva on the representative quercetin glycosides
rutin, quercitrin, hyperoside, and spiraeoside. They found that flavonol stability generally
decreased with increasing B-ring substitution, irrespective of the oxidative agent used.
Glycosides were in particular found to be resistant to hydrolysis in the presence of saliva.
However, it was proven that saliva is an oxidative agent which often results in the forma-
tion of corresponding phenolic acids, thus highlighting the need to give this factor due
consideration in flavonol metabolism. The fact that flavonol decomposition starts in the
oral cavity suggests that it may not be present in the parent form, but as phenolic acids.

These featured invited papers in this Special Issue for “The 10th Anniversary of
Applied Sciences” are good examples of the depth and breadth of chemistry articles
published in the Chemistry Section of Applied Sciences. The section continues to attract
increasing numbers of manuscripts relating to all areas of chemistry for publication in
the journal.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.
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Abstract: The determination of small highly polar metabolites at low concentrations is challenging
when reverse-phase (RP) chromatography is used for multiclass analysis. A mixed cationic-RP
column coupled to high-resolution tandem MS (HR-MS/MS) was tested for highly polar
compounds in biological fluids, i.e., trimethylamine N-oxide (TMAO) and the isobaric molecules
beta-methylamino-L-alanine (BMAA) and 2,4-diaminobutyric acid (DAB). The efficient retention and
separation of the above compounds were obtained with common and MS-friendly RP conditions,
reaching high selectivity and sensitivity. The method was firstly assessed in plasma and urine, showing
good linearity in the range 50–1000 μg/L and 500–10,000 μg/L for TMAO and both BMAA and DAB,
respectively. Excellent precision (RDS < 3%) and good accuracies (71–85%) were observed except
for BMAA in plasma, whose experimental conditions should be specifically optimized. Preliminary
tests performed on compounds with biological relevance and a wider range of polarities proved
the effectiveness of this chromatographic solution, allowing the simultaneous analysis of a larger
panel of metabolites, from very small and polar compounds, like trimethylamine, to quite lipophilic
molecules, such as corticosterone. The proposed LC-HRMS protocol is an excellent alternative to
hydrophilic interaction liquid chromatography and ion-pairing RP chromatography, thus providing
another friendly analytical tool for metabolomics.

Keywords: polar amino acids; mixed cationic-RP column; LC-HRMS; BMAA; TMAO

1. Introduction

The separation of small strongly polar compounds is challenging for reverse-phase (RP)
chromatography. The weak interaction between the hydrophobic stationary phase and analytes
usually leads to short retention times, matrix interferences and poor selectivity [1]. Derivatization
steps and ion-pairing chromatography are possible solutions. However, derivatization procedures
are usually time-consuming, and both reagents and secondary reactions may interfere with the
analysis. Ion pairing is another useful trick but may result in low sensitivity with LC-MS. Hydrophilic
interaction liquid chromatography (HILIC) is nowadays a quite widespread approach for the analysis
of highly polar molecules such as amino acids, saccharides, nucleic acids, and phosphate-containing
molecules [2]. In this case, very common drawbacks are peak distortion, large consumption of organic
solvents, long equilibration times, and lack of solubility of some polar compounds in organic solvents.
Mixed-mode liquid chromatography is an interesting alternative to the RP and HILIC stationary phases.
These phases, firstly described in 1984 by Bischoff and McLaughlin [3], can be very effective for the
simultaneous analysis of polar and non-polar compounds, due to the combined effects of different
interaction mechanisms [4].

Appl. Sci. 2020, 10, 7137; doi:10.3390/app10207137 www.mdpi.com/journal/applsci5
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Beta-N-methylamino-l-alanine (BMAA) is a polar amino acid with a supposed neurotoxic
activity. BMAA was described as a metabolite of several cyanobacterial strains, which can be
bioaccumulated and biomagnified across the food chain [5]. Chronic exposure to BMAA has been
associated with degenerative neurological conditions such as amyotrophic sclerosis, Parkinson’s
disease and dementia [6]. The risk assessment of BMAA is highly debated in the scientific literature
since results are difficult to compare, because of the possible false-positives obtained by using different
analytical techniques [7]. The main issue is the presence of several isomers of BMAA, such as
2,4-diaminobutyruc acid (DAB), so that the chromatographic separation and the correct quantification
in biological and food samples remain challenging [8,9]. Most of the existing analytical procedures
are based on the derivatization of the analytes with 6-aminoquinolonyl-N-hydroxysuccinimdyl prior
to RP chromatography, or HILIC and ion-pairing RP separation without derivatization [5,8–11].
Solid-phase extraction performed using strong cation exchange sorbents is also reported for improving
the sensitivity of the method and for samples clean up [12]. Recent works take advantage of tandem
MS to improve the selectivity of the method and avoid false positives [13].

Trimethylamine N-oxide (TMAO) is a highly polar metabolite whose production is controlled
by gut microbiota and liver enzymes. The production of TMAO is strictly related to the dietary
consumption of l-carnitine and lectin rich food. Recently, the alteration of TMAO concentration in
plasma was positively associated with an increased risk for cardiovascular diseases, heart failure,
obesity, impaired glucose tolerance, diabetes, and colorectal cancer [14,15]. The quantitative analysis
of TMAO is usually performed with RP or HILIC chromatography coupled to electrospray (ESI) mass
spectrometry [16–18]. BMAA and TMAO, such as other polar metabolites, are potentially useful
biomarkers to be monitored in various biological fluids, but the experimental conditions conventionally
used for RP mode can inhibit the simultaneous multiclass determination of very different compounds,
which is a goal of the metabolomic approach.

In this preliminary research work, a new separation approach, based on the use of a mixed
cation-RP stationary phase, is evaluated to obtain the best retention and selectivity in the direct analysis
of highly polar compounds such as TMAO, BMAA, and DAB. The analytical method is based on
LC coupled to high-resolution tandem mass spectrometry (LC-HR-MS/MS) and applied to various
biological matrices, such as plasma and urine, for clinical applications. Furthermore, the present study
outlines future applications of this protocol to a wider panel of polar and non-polar analytes in the
framework of metabolomic investigations.

2. Materials and Methods

2.1. Chemicals

Analytical grade BMAA, DAB, TMAO, deuterated trimethylamine N-oxide (D9, 98%) (TMAO-d9),
trimethylamine, kynurenic acid, dopamine, homocysteine, carbidopa, picolinic acid, L-DOPA,
3-hydroxykynurenine, corticosterone and formic acid (FA) were purchased from Sigma-Aldrich
Italy (Milan, Italy). LC-MS solvent grade acetonitrile was purchased from Carlo Erba Reagents
(Milano, Italy). Ultrapure-grade water was produced by a Pure-Lab Option Q apparatus (Elga Lab
Water, High Wycombe, UK). Standard stock solutions of the analytes under study were prepared in
water/acetonitrile 50:50 at 1000 mg/L and stored at−20 ◦C until use. A mixed working standard solution
was obtained by suitable dilutions in mobile phases. TMAO-d9 was used as an internal standard (IS).

2.2. Instrumentation

The LC-MS/MS system was an Ultimate 3000 UHPLC coupled to a Q-Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

A Luna HILIC (100 mm × 2.0 mm i.d. × 3 μm, Phenomenex, Bologna, Italy) and an Acclaim
Mixed-Mode WCX-1 (150 mm× 2.1 mm i.d. × 3 μm, Thermo Fisher Scientific, Waltham, MA, USA) were
used as columns thermostated at 15 ◦C. The elution was performed in a gradient mode (0–6 min 0% B,
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6–15 min 0% B to 100% B, 15–20 min 100% B, equilibration time 10 min) at a flow rate of 0.25 mL/min,
using water (eluent A for Acclaim, B for HILIC) and acetonitrile (eluent B for Acclaim, A for HILIC)
both 10 mM FA. This flow rate was a compromise between the chromatographic selectivity and the
ESI-MS responses. The injection volume was 5 μL. The MS conditions were the following: electrospray
(ESI) ionization in positive mode, resolution 35,000 in MS and 17,500 in MS/MS (at m/z 200), AGC
target 3 × 106 and 2 × 105 in MS and tandem MS, respectively; max injection time 200 ms, scan range
50–750 Da, isolation window 4.0 m/z, normalized collision energy 35 in HCD mode. The capillary
voltage was 3.5 kV, the capillary temperature was 320 ◦C, auxiliary gas, and sheath gas was nitrogen at
40 and 20 a.u., respectively, while sweep gas was not used. Calibration was performed with Pierce™
ESI Positive Ion Calibration Solution (Thermo Fisher Scientific, Waltham, MA, USA). The MS data
were analyzed with the Xcalibur 4.0™ software (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Sample Preparation and Calibrations

A five-point external calibration curve was prepared from stock solutions of TMAO, BMAA and
DAB. The concentrations of BMAA and DAB in the five solutions were 50, 100, 250, 750 and 1000 μg/L,
while TMAO was present at 5, 10, 25, 75 and 100 μg/L. IS was added in all the calibration solutions
to a final concentration of 250 μg/L. The peak area ratio (A/AIS) related to the selected fragment ions
acquired in tandem MS mode for each compound was plotted against concentrations for calibration
purposes. Linearity was assessed using the least-squares regression.

Mouse plasma and urine samples were collected as previously reported [19]. For the
matrix-matched calibration, plasma samples were pooled from ten different animals and split into
100 μL aliquots. Five aliquots were spiked with both BMAA and DAB at concentrations of 500,
1000, 2500, 7500 and 10,000 μg/L and TMAO at concentrations of 50, 100, 250, 750 and 1000 μg/L,
respectively; one aliquot was treated as blank. The basal concentration of TMAO, which is a metabolite
physiologically present in plasma and urine, was preliminarily estimated by the standard addition
method. Plasma aliquots were extracted with 400 μL of ice-cold acetonitrile added with 10 mM FA and
625 μg/L of IS, vortexed and centrifuged at 14,000× g and 4 ◦C for 10 min. 100 μL of the supernatant
was further diluted 1:1 with water 10 mM FA and injected for the analysis. The same protocol was used
for urine samples. The selected analytes were analyzed in their free form, i.e., not bound to proteins,
which were removed during the sample preparation.

3. Results and Discussion

The chromatographic separation of BMAA, DAB and TMAO is hindered by poor retention in
RP mode, and HILIC conditions have been used to overcome these problems. Figure 1A shows the
extracted ion chromatogram (EIC, mass accuracy 10 ppm) of [M+H]+ precursor ions at m/z 119.0815,
76.0757 and 85.1322 for isobaric BMAA and DAB, TMAO and TMAO-d9, respectively, obtained from the
analysis of a working standard solution at 2500 μg/L in HILIC mode. Although the isobaric BMAA and
DAB are greatly retained by this stationary phase (rt = 7.03 and 7.17 min, respectively), their separation
is not effective. Conversely, TMAO and TMAO-d9 are not retained and are detectable at the column
dead time. Although several attempts were made to increase the efficiency of the BMAA and DAB
separation and the TMAO retention by varying both additive type and concentration (in particular,
by changing FA concentration from 10 mM to 25 mM and by substituting FA with ammonium
acetate, from 1 mM to 10 mM in both water and acetonitrile), no significant improvements were
obtained. The effective separation of TMAO, and/or BMAA and DAB using HILIC chromatography
are anyway reported in the literature, but the proposed methods are based on stationary phases that
are quite different from the one herein described, e.g., ZIC-HILIC [8], ethylene-bridged hybrid (BEH)
particles [12] or amide-based stationary phase [17].

7



Appl. Sci. 2020, 10, 7137

Figure 1. (A) Overlapped EIC chromatograms (accuracy 10 ppm) for BMAA ([M+H]+, m/z 119.0815,
black, rt= 7.03 min), DAB ([M+H]+, m/z 119.0815, black, rt= 7.17 min), TMAO ([M+H]+, m/z 76.0757.0815,
red, rt = 1.27 min) and TMAO-d9 (IS) ([M+H]+, m/z 85.1322, green, rt = 1.27 min) obtained with Luna
HILIC. (B) Overlapped EIC chromatograms (accuracy 10 ppm) for BMAA ([M+H]+, m/z 119.0815, black,
rt = 5.00 min), DAB ([M+H]+, m/z 119.0815, black, rt = 5.30 min), TMAO ([M+H]+, m/z 76.0757.0815,
red, rt = 7.32 min) and TMAO-d9 (IS) ([M+H]+, m/z 85.1322, green, rt = 7.29 min) obtained with and
Acclaim Mixed-Mode WCX-1. The concentration is 2500 μg/L for each analyte.

Better results, in terms of peaks separation and retention, were obtained with a mixed cationic-RP
column in reverse-phase conditions, as reported in Figure 1B. In this case, the isobars BMAA
(rt = 5.00 min) and DAB (rt = 5.30 min) were retained and satisfactorily separated. Even for TMAO
and TMAO-d9 (rt = 7.29 min) retention was considerably improved.

Greater sensitivity and selectivity can be achieved by acquiring data in high-resolution MS/MS
mode, in particular for BMAA and DAB. The comparison between the MS/MS spectra of BMAA and
DAB (Figure 2, panel A), shows the presence of two significantly different fragment ions for DAB and
BMAA: signal at m/z 88.0399 was related to the loss of substituted amino moiety of BMAA, and signal
a m/z 101.0714 due to the loss of the terminal NH3 of DAB. Once selected the precursor ions, the EIC
(mass accuracy: 10 ppm) related to the fragment ions at m/z 58.0880, m/z 68.1302, m/z 101.0714 and
m/z 88.0399 for TMAO, TMAO-d9, DAB and BMAA, respectively, were acquired in parallel reaction
monitoring mode (Figure 2, panel B), thus improving the MS sensitivity and the selectivity obtained by
the chromatographic separation. The obtained separation is anyway necessary when lower selective
detection systems, such as LC coupled to single-stage or low-resolution MS are used. In the last cases,
the shared fragment ions can produce inaccuracies or false-positive results.
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Figure 2. (A) Comparison between the MS/MS spectra of BMAA and DAB, both obtained in HCD mode
with a normalized collision energy (NCE) of 35. (B) EIC MS/MS chromatograms (accuracy: 10 ppm)
obtained with Acclaim Mixed-Mode WCX-1: BMAA: EIC for m/z 88.0394 (parent ion: m/z 119.0815,
NCE:35); DAB: EIC for m/z 101.0709 (parent ion: m/z 119.0815, NCE:35); TMAO: EIC for m/z 58.0660
(parent ion: m/z 85.1322, NCE:35); TMAO-d9 (IS): EIC for m/z 68.1302 (parent ion: m/z 85.1322, NCE:35).
The concentration is 2500 μg/L for each analyte.

The method linearity, precision and accuracy, the last intended as the combined contribution of
matrix effects and recoveries, were evaluated in plasma and urine to perform a preliminary evaluation
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of the performances. Matrix-matched calibration curves were performed in triplicate and were obtained
by spiking blank samples at the same nominal concentrations of the external calibration curves. A very
good linearity (R2 > 0.99) was observed for all the selected analytes in water, plasma and urine matrices.
Precision, evaluated from the standard deviations of the regression slopes, was excellent and showed
relative standard deviations (RSD%) < 3% for all the matrices taken into consideration. Matrix effects
and recoveries were evaluated from the percent slope ratio of the matrix-matched and external standard
calibration curves. Values within the range 70–110% are generally acceptable, as strong matrix effects
and poor recoveries can be excluded. Considering the excellent precision of the method, it is possible
to assume good recoveries and a limited matrix effect for BMAA and DAB in urine, as the values
obtained for the percent slope ratio were 71% and 85%, respectively. Results obtained for plasma
are acceptable for DAB (73%) and quite good for TMAO (81%). Such method performances were
already proved to be reliable for the quantification of TMAO in mouse plasma (RSD of the IS < 15%
for N = 77 samples) [19]. Nevertheless, the combined matrix effect, in terms of ESI signals variation
and recovery, was not acceptable in plasma for BMAA, as values are lower than 50%. In this last
case, probably due to the interfering compounds co-extracted from this complex matrix, it will be
necessary to increase the dilution of the sample before analysis or modify the extraction procedure or
the chromatographic conditions. The choice of a suitable IS could anyway improve its accuracy. LODs,
assessed from the lowest point of the matrix-matched calibration curve, and corresponding to an S/N
value of 3, were estimated to be 10 μg/L for BMAA and DAB and 2 μg/L for TMAO.

Preliminary quantitative data in plasma and urine samples were obtained only for TMAO, which
was present as an average (n = 5) basal concentration of 121 ± 8 μg/L in plasma and 193 ± 9 μg/L in
urine, respectively. BMAA and DAB were always lower than LODs in both plasma and urine samples,
but the collection of specimens suspected to be positively correlated to BMAA has to be specifically
planned, and it is beyond the focus of this work.

Further tests are in progress in our laboratory using the chromatographic method herein reported
in order to expand the panel of analytes potentially quantifiable using this mixed cationic-RP column.
The novel set of analytes included: other isomers of BMAA, such as beta-amino-N-methylalanine and
N-(2aminoethyl) glycine; levodopa, carbidopa and dopamine, which are compounds involved in the
Parkinson’s disease, and may be useful for the assessment of the possible adverse effects of BMAA;
trimethylamine, short-chain fatty acids, e.g., butyric, isobutyric, valeric, isovaleric, hexanoic and
acetic acid are key compounds, together with TMAO, linked to the gut microbiota, whose alteration
was recently associated with the development of type 2 diabetes and obesity [20]; metabolites such
as picolinic and nicotinic acid, tryptophan, kynurenic acid, 3-hydroxykinurenine were selected as
representative of other specific metabolic pathways, e.g., the tryptophan metabolism. Corticosterone,
an important intermediate for the synthesis of glucocorticoid hormones in humans, was selected in
order to evaluate the chromatographic interactions of the mixed-RP stationary phase with lipophilic
substances. Preliminary results regarding the chromatographic separation of some of the selected
analytes obtained by the Acclaim Mixed-Mode WCX-1 column are reported in Figure 3. As shown,
this column was suitable for retaining compounds with a wide range of polarities, from trimethylamine
to corticosterone.
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Figure 3. EIC chromatograms obtained with an Acclaim Mixed-Mode WCX-1 in ESI(+)-HRMS.
(A) Trimethylamine, [M+H]+, EIC at m/z 60.0808. (B) TMAO, [M+H]+, EIC at m/z 76.0757. (C) TMAO-d9
(IS), [M+H]+, EIC at m/z 85.1322. (D) BMAA (left peak) and DAB (right peak), [M+H]+, EIC at
m/z 119.0815. (E) Kynurenic acid, [M+H]+, EIC at m/z 190.0499. (F) Dopamine, [M+H]+, EIC
at m/z 154.0863. (G) Homocysteine, [M+H]+, EIC at m/z 136.0427. (H) Carbidopa, [M+H]+, EIC
at m/z 227.1026. (I) Picolinic acid, [M+H]+, EIC at m/z 124.0393. (L) L-DOPA, [M+H]+, EIC at
m/z 198.0761. (M) 3-hydroxykynurenine, [M+H]+, EIC at m/z 225.0870. (N) Corticosterone, [M+H]+,
EIC at m/z 347.2217. Mass accuracy: 10 ppm. The concentration is 2500 μg/L for each analyte.

4. Conclusions

In this work, the effective chromatographic retention of selected highly polar metabolites was
carried out by using a mixed cationic-RP column, simultaneously obtaining an efficient separation of
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the isobaric BMAA and DAB without derivatization and ion pairing. The selectivity of the method was
increased by HR tandem MS, avoiding the contribution of the partial co-eluted peaks. A preliminary
evaluation of the method performances showed good linearity, acceptable recoveries and matrix effects
for all the analytes in urine, and DAB and TMAO in plasma. The full validation of the method,
including the assessment of the LOD, LOQ, repeatability and reproducibility, is in progress. Further
evaluation of the column retention and selectivity started on a larger panel of analytes with different
chemical properties and related to the metabolism of tryptophan, the short-chain fatty acids, and other
isomers of BMAA and molecules related to the Parkinson disease. The versatility of this alternative
chromatographic method is of particular interest in the field of metabolomics, where it is essential to
analyze simultaneously various classes of molecules with very different chemical properties, in terms
of polarity and molecular weight.
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Featured Application: The paper would like to show an easy, rapid, and affordable protocol to be

used for determining four non-steroidal anti-inflammatory drugs (NSAIDs) (i.e., acetylsalicylic

acid, ibuprofen, naproxen, and ketoprofen) in urine samples at trace levels. The method could be

routinely used in several situations, from medicine and veterinary to doping issues.

Abstract: A low solvent consumption method for the determination of non-steroidal anti-inflammatory
drugs (NSAIDs) in animal urine samples is studied. The NSAIDs were extracted with CH2Cl2 by
the ultrasound vortex assisted dispersive liquid–liquid microextraction (USVA-DLLME) method
from urine samples, previously treated with β-glucuronidase/acrylsulfatase. After centrifugation,
the bottom phase of the chlorinated solvent was separated from the liquid matrix, dried with Na2SO4,
and derivatized with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) + trimethylchlorosilane
(TMCS) (99+ 1). After cooling at room temperature, the solution was concentrated under nitrogen flow,
and 1 μL of solution was analyzed in gas chromatography/ion trap-mass spectrometry (GC-IT-MS).
The enrichment factor was about 300–450 times and recoveries ranged from 94.1 to 101.2% with a
relative standard deviation (RSD) of ≤4.1%. The USVA-DLLME process efficiency was not influenced
by the characteristics of the real urine matrix; therefore, the analytical method characteristics were
evaluated in the range 1–100 ng mL−1 (R2 ≥ 0.9950). The limits of detection (LODs) and limits of
quantification (LOQs) were between 0.1 and 0.2 ng mL−1 with RSD ≤4.5% and between 4.1 and
4.7 ng mL−1 with RSD ≤3.5%, respectively, whereas inter- and intra-day precision was 3.8% and 4.5%,
respectively. The proposed analytical method is reproducible, sensitive, and simple.

Keywords: non-steroidal anti-inflammatory drug (NSAID); urine; doping analysis; dispersive
liquid–liquid microextraction (DLLME); gas chromatography mass spectrometry (GC-MS)

1. Introduction

Anti-inflammatory drugs, used for reducing inflammation, are of two types, i.e., cortisone-based
and non-steroidal anti-inflammatory drugs (NSAIDs). The latter are, in all likelihood, the best known
and most used category of anti-inflammatory drugs in therapy [1]. NSAIDs are a wide class of drugs
showing anti-inflammatory, analgesic, and antipyretic action and include some of the best-known
molecules used to fight pain [2]: ibuprofen, nimesulide, ketoprofen, naproxen, and diclofenac. They are
able to stop the inflammation process by their mechanism of action, i.e., interfering with the synthesis of
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prostanoids; molecules that play a fundamental role in these processes [3]. To do this, the NSAIDs block
one or more passages of the metabolism of arachidonic acid, which is the precursor of prostaglandins [4].
Further, NSAIDs can also be used as pain relievers and antipyretics [5,6].

NSAIDs are associated with a small increase in the risk of a heart attack, stroke, or heart failure [7].
However, even in this case, the real danger depends on the type of molecule taken, the duration of the
treatment, and the doses taken. Short-term use can instead trigger less serious but sometimes serious
adverse effects, such as ulcers, gastric bleeding, and kidney damage [8–10]. In addition, NSAIDs can
trigger allergic reactions and interfere with the activity of antihypertensive drugs [11].

Furthermore, NSAIDs are commonly used in animal medicine in different inflammatory situations
(e.g., for curing musculoskeletal problems in equines) [12–14]. On the other hand, these drugs are
improperly used for masking inflammation and pain of an animal, especially before horse racing.
NSAIDs are substances prohibited in horse competitions and are considered one of the main doping
agents [15–18]. For instance, salicylic acid, a NSAID used for the treatment of pain and fever, has an
allowed threshold of 750 μg mL−1 in urine, or 6.5 μg mL−1 in plasma, for equines [19].

NSAIDs are considered safe drugs, but acute overdose or chronic abuse can give serious toxic
effects [20,21]. They are weak in acid (pKa 3–5) and some of them show short half-lives (e.g., ibuprofen
2–3 h [22]), whereas others show long half-lives (e.g., phenylbutazone residual can also be detected
after 24 h [23]). A screening procedure is necessary for detecting such drugs in urine samples.
Different analytical methods are present in literature, mainly based on liquid–liquid extraction (LLE)
or solid-phase extraction (SPE), followed by chromatographic methods (i.e., HPLC with fluorescence
detector HPLC-FLD, HPLC-diode array detection (DAD), gas chromatography mass spectrometry
(GC-MS), GC-MS/MS, UHPLC-MS/MS, capillary electrophoresis CE-DAD, and CE-MS) [20,24–33].
Further, a derivatization step is necessary before the GC-MS analysis [30,31,34].

Recently, Rezaee et al. introduced the dispersive liquid–liquid microextraction (DLLME) [35].
The extraction is based on the addition of both an immiscible solvent with higher density to the aqueous
sample and a dispersant solvent for increasing the contact between the two immiscible solvents.
For many years, researchers have deepened this method by applying it to different matrices [36–38],
especially for avoiding (at least, for reducing) the use of highly toxic chloro-solvents [39]. In this way,
several protocols based on ultrasound vortex assisted DLLME (USVA-DLLME) for determining toxic
compounds in foodstuffs have been investigated and set up [40–44].

The aim of this study was to develop a simple method for the simultaneous screening and
confirmation of four NSAIDs, i.e., acetylsalicylic acid (ASA), ibuprofen (IBP), naproxen (NAP),
and ketoprofen (KPF), in animal urine samples. The entire procedure, not previously reported in
literature, starts with the extraction procedure, i.e., the USVA-DLLME method, followed by the NSAID
derivatization step with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)-trimethylchlorosilane
(TMCS) to form the relative trimethylsilyl (TMS) derivates: gas chromatography coupled with an
ion trap-mass spectrometry detector (GC-IT-MS) has allowed us to detect the NSAID residues in
real samples.

2. Materials and Methods

2.1. Materials

Ethanol, C2Cl2, CHCl3, C2H4Cl2, C2H2Cl4, and acetone were of pesticide grade (Carlo Erba, Milan,
Italy), whereas NaCl, acetic acid, NaOH, HCl, and Anhydrous Na2SO4 were of analytical grade (Carlo Erba).
Standards of acetylsalicylic acid, ibuprofen, naproxen, and ketoprofen were purchased as powder from
Sigma–Aldrich (Milan, Italy), whereas anthracene, used as the internal standard (IS), was provided by
LabService Analytical (Anzola Emilia, Bologna, Italy). Beta-glucuronidase/arylsulfatase and BSTFA-TMCS
(99 + 1) solutions were given by Sigma–Aldrich.

The solutions (1 mg mL−1) of each analyte, i.e., acetylsalicylic acid, ibuprofen, naproxen,
and ketoprofen (Table 1), were prepared in acetone. These solutions were further diluted for preparing
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final working standard solutions for spiking both the blank solutions (simulated urine samples) and
real samples.

Table 1. The non-steroidal anti-inflammatory drugs (NSAIDs) investigated in this paper, with their
corresponding abbreviations, Chemical Abstracts Service (CAS) number, chemical structure, molecular
weight (MW), target, and qualifier ions (selected ion monitoring (SIM), abundance 100%).

Compound a # CAS Formula MW Target Ion b Qualifier Ion b II Ion b

ASA 50-78-2 C9H8O4 180.16 252 [C12H16O4Si]+ 209 [C10H13O3Si]+ 149 [C8H5O3]+

IBP 15687-27-1 C13H18O2 206.29 278 [C15H26O2Si]+ 160 [C12H16]+ 263 [C15H18O2Si]+

NAP 22204-53-1 C14H14O3 230.26 302 [C17H22O3Si]+ 185 [C13H13O]+ 243 [C14H12O3]+

KPF 22071-15-4 C16H14O3 254.28 325 [C19H22O3Si]+ 282 [C15H14O3Si]+ 295 [C17H15O3Si]+

a Abbreviations: acetylsalicylic acid (ASA), ibuprofen (IBP), naproxen (NAP), ketoprofen (KPF); b target and qualifier
ions of the trimethylsilyl derivates.

The anthracene solution (1 mg mL−1) was prepared in ethanol, and by further dilution the working
solution was obtained. NaOH 1 M, HCl 1 M, and CH3COOH 1 M was used to adjust the pH of the
blank, and real samples were prepared with ultrapure water (resistivity 18.2 MΩ cm−1) and obtained
by means of a Milli-Q purification system (Millipore, Bradford, MA, USA).

2.2. Sample Preparation

2.2.1. Preparation of Simulated Urine Samples

For simulating a urine sample, an aqueous solution containing the most present components
was prepared as follows: urea 14 g L−1, creatinine 0.4 g L−1, uric acid 0.05 g L−1, glucose 0.06 g L−1,
mono potassium phosphate 0.2 g L−1, and sodium chloride 13 g L−1.

2.2.2. Preparation of Animal Urine Samples

Animal urine samples were provided by small farm owners near Campobasso (Molise, Italy). Each
sample was filtered through a 0.45 μm pore size cellulose acetate filter and buffered at pH 5 with few
drops of acetic acid, with the addition of a few μL of NaOH 1 M. Before performing the extraction and
derivatization procedures, the animal urine samples were subjected to enzymatic hydrolysis. With total
of 9 mL of sample and 100 μL of β-glucuronidase/arylsulfatase [45], the IS (5 μL of anthracene, 60 ng
μL−1) were incubated overnight at 37 ◦C.

2.2.3. USVA-DLLME and Derivatization Procedure

The extraction procedure was performed as follows: the mixture of dispersive (1 mL of acetone)
and extraction (250 μL of CH2Cl2) solvent was injected above the sample level of the solution previously
kept at room temperature at pH 3 with a few μL of HCl [46]. The solution was subjected to vortex for
1 min and ultrasounds for 2 min: This occurrence was repeated three times, followed by centrifugation
for 10 min at 4000 rpm at room temperature. The organic phase was withdrawn with a micro-syringe
and placed in a vial with the addition of a few grains of anhydrous sodium sulphate. A total of 50 μL
of BSTFA + TMCS (99 + 1, v + v) were added [47] and the vial was closed and heated up to 50 ◦C for
30 min. Afterwards, the vial was cooled at room temperature and the organic phase was concentrated
to a final volume of 20–50 μL under a slight nitrogen flow and 1 μL were analyzed in GC-IT-MS.
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2.3. GC-IT-MS Apparatus

Analysis and data acquisition were performed using a gas chromatograph Finnigan Trace GC Ultra,
equipped with an ion trap mass-spectrometry detector Polaris Q (Thermo Fisher Scientific, Waltham,
MA, USA), a programmed temperature vaporizer (PTV) injector, and a PC with a chromatography
station Xcalibur 1.2.4 (Thermo Fisher Scientific).

A fused-silica capillary column with a chemically bonded phase (SE-54, 5% phenyl-95%
dimethylpolysiloxane) was prepared in our laboratory [48–50] with the following characteristics:
30 m × 250 μm i.d.; N (theoretical plate number) 132,000 for n-dodecane at 90 ◦C; K’, capacity factor,
7.0; df, (film thickness) 0.246 μm; uopt (optimum linear velocity of carrier gas, hydrogen) 39.5 cm s−1;
utilization of theoretical efficiency (UTE) 95%. A 1 μL sample was injected into the PTV injector in
the splitless mode. A total of 10 s after, the injection the vaporizer was heated from 110 ◦C to 290 ◦C
at 800 ◦C min−1; the splitter valve was opened after 120 s (split ratio 1:50). The transfer line and ion
source were held at 270 ◦C and 250 ◦C, respectively. Helium (IP 5.5) was used as a carrier gas at a flow
rate of 10 mL min−1. The oven temperature program was as follows: 100 ◦C for 60 s, 10 ◦C min−1 up to
290 ◦C, and held for 120 s. The IT/MS was operated in the electron ionization mode (70 eV), and the
analytes were qualitatively identified in the full-scan mode (m/z 100–500) and quantified in the selected
ion monitoring (SIM) mode (Table 1). The quantitative analysis was performed by calibration graphs
of ratio Area(NSAID)/Area(IS) plotted versus each NSAID concentration (ng mL−1). All the samples
were determined in triplicate.

3. Results and Discussion

For USVA-DLLME extraction of the four investigated NSAIDs from animal urine samples,
several parameters that control the optimal extraction performance were investigated and optimized
using the one variable at a time method. It should be highlighted that the entire analytical methodology
has been studied by means of simulated urine samples, prepared according to what reported in
Section 2.2.1 and after applied to real urine samples. Simultaneously, the use of β-glucuronidase was
welcome because it increased the IBP detection [33].

3.1. Parameter Optimization

The parameter optimization was addressed to find out the best analytical conditions for achieving
high recoveries and accurate and precise determinations of the NSAIDs in animal urine samples. In this
way, extraction solvent and volume, sample pH, and NaCl effect were deeply investigated.

First, the study dedicated its attention on the choice of organic extraction solvent. This issue
plays a key role in the extraction efficiency. Chlorinated solvents are generally used because
they show characteristics (higher density than water, low solubility in water) appropriate to
obtaining high extraction efficiency and worthy gas chromatographic performance. Following
these considerations, our attention was focused to five solvents: dichloromethane (CH2Cl2; d = 1.3255
g mL−1), chloroform (CHCl3; d = 1.4788 g mL−1), carbon tetrachloride (CCl4; d = 1.5940 g mL−1),
1,2-dichloroethane (C2H4Cl2; d = 1.2454 g mL−1), and 1,1,2,2-tetrachloroethane (C2H2Cl4; 1.5953 g
mL−1). Table 2 reports the results of the performance of a 300 μL volume of each solvent on simulated
urine samples spiked with 20 ng mL−1 of each NSAID: Dichloromethane shows the best recoveries,
ranging between 94.6% and 98.5% for IBP, NAP, and KPF, respectively, and 82.5% for ASA with a
relative standard deviation (RSD, %) below 3.0. The recoveries are calculated as the accuracy (IS added
before the extraction) [51].

The extraction recovery, defined as the percentage of the total analyte (n0), that was extracted
to the sediment phase (nsed) has been determined according to the formula reported in a previous
paper [36]. Over the extraction solvent choice, another quite important parameter is its volume, used to
achieve the highest recoveries. The strength of the DLLME regards an extraction solvent volume as
low as possible for obtaining good performance. Leong and Huang [39] highlighted that an extraction
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solvent volume leads to a change in the sediment phase volume and therefore in the enrichment
factors (EFs). For these reasons, the effect of different dichloromethane volumes (200, 250, 300 μL) were
investigated (Table 3): a volume of 250 μL is sufficient to obtain good recoveries for all the NSAIDs,
i.e., 94.2% for ASA, 100.1 for IBP, 99.8 for NAP, and 101.2 for KPF with RSDs ≤3.1.

Table 2. Effect of different extraction solvents on the NSAID recovery accuracy (%). The conditions
were as follows: 9 mL of simulated urine samples spiked with NSAIDs (20 ng mL−1 of each), 1 mL of
acetone, 300 μL of extraction solvent, and 5 μL of anthracene (I.S.; 60 ng μL−1). In brackets are reported
the relative standard deviations (RSDs, %); each analysis was in triplicate.

Compound Accuracy (%)

CH2Cl2 CHCl3 CCl4 CH2ClCH2Cl CHCl2CHCl2

ASA 82.5 (2.5) 79.2 (3.2) 74.1 (2.7) 76.1 (2.1) 74.2 (3.0)
IBP 94.6 (3.0) 81.7 (2.6) 82.3 (3.0) 83.2 (2.7) 85.2 (2.9)

NAP 96.8 (2.9) 83.4 (3.1) 84.5 (3.1) 85.4 (3.0) 86.3 (3.1)
KPF 98.5 (2.8) 85.2 (3.0) 86.5 (2.9) 89.1 (2.9) 86.2 (2.9)

Table 3. Effect of different volumes of CH2Cl2 on the NSAID recoveries (%). The conditions were as
follows: 9 mL of simulated urine samples spiked with NSAIDs (20 ng mL−1 of each), 1 mL of acetone,
different volumes of CH2Cl2 as extraction solvent, and 5 μL of IS (60 ng μL−1). In brackets are reported
the RSDs (%); each analysis was in triplicate.

Compound Recovery (%)

200 μL 250 μL 300 μL

ASA 82.3 (3.1) 94.2 (2.8) 82.5 (2.5)
IBP 95.2 (2.7) 100.1 (3.1) 94.6 (3.0)

NAP 96.8 (2.9) 99.8 (2.5) 96.8 (2.9)
KPF 95.1 (3.2) 101.2 (3.0) 98.5 (2.8)

Another parameter influencing the extraction is the pH of the solution. In fact, it should be
remembered that NSAIDs are weak acids. Particularly, ASA shows a pKa of 3.5 [52], IBP of 5.3 [53],
NAP of 4.14, and KPF of 4.45 [54]. Solutions of simulated urine samples at different pH were tested for
studying the best acidic conditions. Table 4 evidences that the best recoveries and RSDs are obtained at
pH 3: in fact, they range between 93.5 and 100.1% and between 3.4 and 4%, respectively.

Table 4. The effect of pH on the NSAID recoveries (%). The conditions were as follows: 9 mL of
simulated urine samples spiked with NSAIDs (20 ng mL−1 of each), 1 mL of acetone, 250 μL of CH2Cl2,
and 5 μL of IS (60 ng μL−1). In brackets are reported the RSDs (%); each analysis was in triplicate.

Compound Recovery (%)

pH 2 pH 3 pH 4 pH 5 pH 6

ASA 94.1 (5.6) 93.5 (3.5) 86.1 (4.0) 82.0 (4.2) 70.0 (4.3)
IBP 100.2 (3.3) 99.7 (3.4) 97.2 (3.9) 92.5 (4.1) 82.2 (4.1)

NAP 99.8 (3.8) 100.1 (3.9) 96.8 (4.1) 91.0 (4.0) 81.5 (4.0)
KPF 101.0 (3.7) 99.7(4.0) 97.2 (4.2) 90.2 (3.9) 84.7 (4.3)
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Finally, the effect of different NaCl quantities on the NSAID recoveries was evaluated. Table 5
shows that the salt decreased the NSAID solubility (salting out) below and above 13 g L−1 concentration.
Further, the decision to perform the whole study at NaCl concentration of 13 g L−1 was essentially due
to two considerations: (1) this concentration was the average of those reported in the real urine samples,
which was between 10 and 16 g L−1 of NaCl [55]; (2) the percentage NSAID recoveries obtained and
reported in Table 5 were very similar to each other for NaCl concentrations between 10 and 15 g L−1.

Finally, it should be highlighted that two other interesting parameters, such as vortex time and
ultrasonication time, were extensively studied in previous papers by this group [41–44].

Table 5. Effect of different NaCl amounts on the NSAID recoveries (%). The conditions were as follows:
9 mL of simulated urine samples spiked with NSAIDs (20 ng mL−1 of each), pH 3, 1 mL of acetone,
250 μL of CH2Cl2, and 5 μL of IS (60 ng μL−1). In brackets are reported the RSDs (%); each analysis
was in triplicate.

Compound Recovery (%)

5 g L−1 10 g L−1 13 g L−1 15 g L−1 20 g L−1 25 g L−1

ASA 80.1 (4.0) 89.5 (3.9) 93.2 (3.6) 93.8 (3.5) 85.2 (4.1) 83.5(3.9)
IBP 92.5 (3.7) 97.2 (3.5) 99.4 (3.5) 99.5 (3.7) 92.5 (3.8) 90.1 (4.0)

NAP 94.2 (4.1) 97.1 (4.2) 100.6 (3.9) 101.0 (4.0) 91.6 (4.2) 89.2 (4.1)
KPF 95.2 (3.9) 97.5 (4.0) 99.8 (3.9) 100.1 (7.8) 93.2 (4.0) 90.2 (3.8)

3.2. GC-IT-MS Method Validation

Using optimized parameters, all the analytical data were investigated. Table 6 shows the
correlation coefficients (R2) in the range 1–100 μg L−1, along with the limits of detection (LODs) and
limits of quantification (LOQs), repeatability (as intra-day precision) and reproducibility (as inter-day
precision), and EFs of each NSAID considered. LODs and LOQs were determined according to
Knoll’s definition [56,57], i.e., an analyte concentration that produces a chromatographic peak equal
to three times (LOD) and seven times (LOQ) the standard deviation of the baseline noise. All the
compounds show a good linearity in the investigated range (≥0.995) and LODs and LOQs between
0.1–0.2 μg L−1 and 4.1–4.7 μg L−1, respectively, with high intra- and inter-day precision (≤3.8 and ≤4.5,
respectively). The EFs, defined as the ratio between the analyte concentration in the sediment phase
(Csed) and the initial analyte concentration (C0) in the sample (EF = Csed/C0) [35], were also studied,
ranging between 350–450.

Table 6. Correlation coefficients (R2) calculated in the range 1–100μg L−1, limit of detection (LOD;μg L−1)
and limit of quantification (LOQ; μg L−1) and inter- and intra-day precision (expressed as RSD, %) of
each NSAID determined by GC-IT-MS.

Compound R2 LOD LOQ Intra-day Inter-day EF

ASA 0.9950 0.2 4.1 3.8 4.5 350
IBP 0.9972 0.1 4.7 3.2 4.0 450

NAP 0.9987 0.1 4.7 3.5 4.3 385
KPF 0.9981 0.1 4.5 3.3 4.2 412

Finally, for a complete analytical methodology evaluation, the recoveries have been studied in the
investigated matrices, i.e., animal urine, at two different spiked NSAID concentrations (20 ng mL−1

and 50 ng mL−1). Table 7 shows these data: recoveries in animal urine samples between 93.8 and
102 with RSDs ≤3.2.
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Table 7. Average NSAID recoveries (%) obtained at different spiking concentrations on real urine
samples. In brackets are reported the RSDs (%); each analysis was in triplicate.

Compound Recovery (%)

Animal Urine a

20 ng mL−1 50 ng mL−1

ASA 93.8 (3.2) 94.3 (2.9)
IBP 99.8 (3.0) 100.2 (3.0)

NAP 101.0 (3.2) 102.0 (3.1)
KPF 100.2 (2.9) 99.8 (3.2)

a Goat urine sample.

Finally, Table 8 shows a comparison among different methods present in literature [58–63] for
analyzing NSAIDs. The extraction methods were different: three papers were based on hollow-fiber
liquid microextraction [59,60,62], whereas two papers were on rotating disk sorptive [63] and
liquid–liquid extraction [61]. According to the analytical techniques, three studies used HPLC with
ultraviolet (UV) [58,61,63] and one the diode array detection (DAD) [59], one used the ultra-performance
liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) [62], and one used
GC equipped with a flame ionization detector (FID) [60]. Looking at the comparison among the
different studies with parameters developed in this study, the main advantages regard LODs and
LOQs, recoveries, and RSDs, whereas EFs are good except those reported by Payan et al. [59]. On the
other hand, the whole procedure can be routinely applied and does not require particular technology,
such as the use of rotating disks or hollow fiber.
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3.3. Application to Real Animal Urine Samples

Using the entire analytical USVA-DLLME-GC-IT-MS protocol previously developed
(briefly resuming: 9 mL of simulated urine sample solution at pH 3 containing 5 μL of I.S., 60 ng mL−1,
addition of 1 mL of acetone and of 250 μL dichloromethane as extraction solvent, three times of 1 min
vortex and 2 min ultrasounds, centrifugation for 10 min at 4000 rpm, 1 μL injection into GC-IT-MS),
some animal urine samples have been analyzed, particularly three animal urine samples, i.e., two from
goats and one from a sheep. All the subjects were healthy. No residues (i.e., levels below the LODs)
were found in all the samples. The analysis allows us to investigate the presence of such compounds
at trace levels in these matrices, but it does not furnish evidence as to whether there was a previous
assumption of such molecules. As an example are shown in Figure 1, the gas chromatograms in
SIM mode of a simulated sample of urine (a) and one of goat urine sample (b) both additions with
30 ng mL−1 of each NSAID. The peaks are well-solved and the determinations are precise and accurate.

Figure 1. Gas chromatography/ion trap-mass spectrometry (GC-IT-MS) chromatograms in SIM mode
of (a) simulated urine and (b) goat urine samples, both spiked with 30 ng mL−1 of each NSAID.
For experimental conditions, see text. Peak list: 1. acetylsalicylic acid; 2. ibuprofen; internal standard
(IS); 3. naproxen; 4. ketoprofen.
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4. Conclusions

This paper highlights an affordable method for analyzing NSAIDs in animal urine samples.
The method used for the animal urine samples in this study can also be applied to human urine
samples, as a lead on to the discussion about athletes. In fact, athletes often make excessive use of
anti-inflammatories in order to compete, even in less than optimal physical conditions. Many athletes
take NSAIDs to compete or even simply train, even in the presence of pain, joint inflammation,
trauma etc. Incorrect use of these drugs can lead to serious damage to health. Further, with regards
to “premedication” in the sports field, it should be highlighted that the NSAIDs are not among
the substances prohibited by the anti-doping measures and are therefore only drugs at risk of
easy inappropriate abuse. Equine doping can also be defined as “the use of any exogenous agent
(pharmacological, endocrinological, hematological, etc.) or clinical manipulation, which, in the absence
of suitable and necessary therapeutic indications, is aimed to improve performance, outside the
adjustments induced by training. In this view, this paper shows a simple, rapid, and sensitive method
for determining four NSAIDs in animal urine samples. The very low LODs and LOQs and the high
precision reached by means of a modified DLLME method coupled with GC-IT-MS allow us to apply
the entire procedure to routine screening and monitoring of such compounds in doping cases or other
similar situations.
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Bobrowska-Korczak, B.; Namieśnik, J. Quantification of unconjugated and total ibuprofen and its metabolites
in equine urine samples by gas chromatography-tandem mass spectrometry: Application to the excretion
study. Microchem. J. 2019, 150, 104129. [CrossRef]

34. Waraksa, E.; Wójtowicz-Zawadka, M.; Kwiatkowska, D.; Jarek, A.; Małkowska, A.; Wrzesien, R.; Namiesnika, J.
Simultaneous determination of ibuprofen and its metabolites in complex equine urine matrices by GC-EI-MS
in excretion study in view of doping control. J. Pharm. Biomed. Anal. 2018, 152, 279–288. [CrossRef] [PubMed]

35. Rezaee, M.; Assadi, Y.; Hosseini, M.R.M.; Aghaee, E.; Ahmadi, F.; Berijani, S. Determination of organic
compounds in water using dispersive liquid-liquid microextraction. J. Chromatogr. A 2006, 1116, 1–9.
[CrossRef]

36. Cinelli, G.; Avino, P.; Notardonato, I.; Centola, A.; Russo, M.V. Rapid analysis of six phthalate esters in wine by
ultrasound-vortex-assisted dispersive liquid–liquid micro-extraction coupled with gas chromatography-flame
ionization detector or gas chromatography-ion trap mass spectrometry. Anal. Chim. Acta 2013, 769, 72–78.
[CrossRef] [PubMed]

37. Avino, P.; Notardonato, I.; Perugini, L.; Russo, M.V. New protocol based on high-volume sampling followed
by DLLME-GC-IT/MS for determining PAHs at ultra-trace levels in surface water samples. Microchem. J.
2017, 133, 251–257. [CrossRef]

38. Notardonato, I.; Russo, M.V.; Vitali, M.; Protano, C.; Avino, P. Analytical method validation for determining
organophosphorus pesticides in baby foods by a modified liquid-liquid microextraction method and gas
chromatography-ion trap/mass spectrometry analysis. Food Anal. Methods 2019, 12, 41–50. [CrossRef]

39. Leong, M.I.; Huang, S.D. Determination of volatile organic compounds in water using ultrasound-assisted
emulsification microextraction followed by gas chromatography. J. Sep. Sci. 2012, 35, 688–694. [CrossRef] [PubMed]

40. Russo, M.V.; Notardonato, I.; Avino, P.; Cinelli, G. Fast determination of phthalate ester residues in soft
drinks and light alcoholic beverages by ultrasound/vortex assisted dispersive liquid-liquid microextraction
followed by gas chromatography-ion trap mass spectrometry. RSC Adv. 2014, 4, 59655–59663. [CrossRef]

41. Russo, M.V.; Avino, P.; Notardonato, I. Fast analysis of phthalates in freeze-dried baby foods by
ultrasound-vortex-assisted liquid-liquid microextraction coupled with gas chromatography-ion trap/mass
spectrometry. J. Chromatogr. A 2016, 1474, 1–7. [CrossRef]

42. Russo, M.V.; Avino, P.; Perugini, L.; Notardonato, I. Fast analysis of nine PAHs in beer by
ultrasound-vortex-assisted dispersive liquid-liquid micro-extraction coupled with gas chromatography-ion
trap mass spectrometry. RSC Adv. 2016, 6, 13920–13927. [CrossRef]

43. Notardonato, I.; Salimei, E.; Russo, M.V.; Avino, P. Simultaneous determination of organophosphorus
pesticides and phthalates in baby food samples by ultrasound-vortex-assisted liquid-liquid microextraction
and GC-IT/MS. Anal. Bioanal. Chem. 2018, 410, 3285–3296. [CrossRef] [PubMed]

44. Notardonato, I.; Passarella, S.; Ianiri, G.; Di Fiore, C.; Russo, M.V.; Avino, P. Analytical method development
and chemometric approach for evidencing presence of plasticizer residues in nectar honey samples. Int. J.
Environ. Res. Public Health 2020, 17, 1692. [CrossRef] [PubMed]

45. Croes, K.; Goeyens, L.; Baeyens, W.; Van Loco, J.; Impens, S. Optimization and validation of a liquid
chromatography tandem mass spectrometry (LC/MSn) method for analysis of corticosteroids in bovine
liver: Evaluation of Keyhole Limpet beta-glucuronidase/sulfatase enzyme extract. J. Chromatogr. B
2009, 877, 635–644. [CrossRef] [PubMed]

46. Cinelli, G.; Avino, P.; Notardonato, I.; Russo, M.V. Ultrasound-vortex-assisted dispersive liquid–liquid
microextraction coupled with gas chromatography with a nitrogen-phosphorus detector for simultaneous and
rapid determination of organophosphorus pesticides and triazines in wine. Anal. Methods 2014, 6, 782–790.
[CrossRef]

26



Appl. Sci. 2020, 10, 5441
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Featured Application: This work presents an analysis of time and temperature influence of

microwave-assisted hydrothermal synthesis on the direct growth of 2D-MoS2 nanostructures on

cellulose paper substrates, and the production of MoS2-based low-cost photosensors with high

responsivity and detectivity values.

Abstract: Recent advances in the production and development of two-dimensional transition metal
dichalcogenides (2D TMDs) allow applications of these materials, with a structure similar to that
of graphene, in a series of devices as promising technologies for optoelectronic applications. In
this work, molybdenum disulfide (MoS2) nanostructures were grown directly on paper substrates
through a microwave-assisted hydrothermal synthesis. The synthesized samples were subjected
to morphological, structural, and optical analysis, using techniques such as scanning electron mi-
croscopy (SEM), X-ray diffraction (XRD), and Raman. The variation of synthesis parameters, as
temperature and synthesis time, allowed the manipulation of these nanostructures during the growth
process, with alteration of the metallic (1T) and semiconductor (2H) phases. By using this synthesis
method, two-dimensional MoS2 nanostructures were directly grown on paper substrates. The MoS2

nanostructures were used as the active layer, to produce low-cost near-infrared photodetectors.
The set of results indicates that the interdigital MoS2 photodetector with the best characteristics
(responsivity of 290 mA/W, detectivity of 1.8 × 109 Jones and external quantum efficiency of 37%)
was obtained using photoactive MoS2 nanosheets synthesized at 200 ◦C for 120 min.

Keywords: MoS2; microwave-assisted hydrothermal synthesis; low-cost photosensors

1. Introduction

Since its discovery in 2004, graphene has become one of the nanomaterials of great in-
terest in the construction of devices, due to its high electronic conductivity, mechanical flex-
ibility, and low production cost [1]. Despite the good results obtained with graphene [2,3],
the absence of energy bandgap restricts its application in some devices, such as photode-
tectors, mostly due to low intrinsic responsivity. This led to the development of a series
of other two-dimensional materials with different characteristics, such as the hexagonal
boron nitride [4], silicene [5], borophene [6], black phosphourous [7], and two-dimensional
transition metal dichalcogenides (2D TMDs) [8]. The latter have been thoroughly explored
in recent years for several applications [8].

Among the 2D TMDs materials, composed of a transition metal (M) and a chalco-
gen (X) with generalized form MX2 in which M = Mo, W, Nb, Ta, Hf, Pt, and so on, and
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X = S, Se, Te, the MoS2 nanostructures has generated great interest in the scientific com-
munity [8–10]. Featuring a metastable metallic phase (1T), which can be stabilized or
converted to a stable semiconductor phase (2H) by the appropriate heat treatment [11]
or use of microwave radiation [12], MoS2 has unique characteristics, such as high carrier
mobility, strong electron-hole confinement and variable bandgap (1.20 to 1.89 eV) [13,14].
The bandgap of the MoS2 increases with the decrease of the crystal thickness, to below
100 nm, due to the quantum confinement effect [15], and reaches 1.89 eV for a single
monolayer [13]. Thus, it can cover an extent NIR (near-infrared) electromagnetic spectrum
(6560 to 10,332 nm) by changing the monolayer number. Additionally, the material changes
its electronic structure from an indirect bandgap, in its bulk form, to a direct bandgap
in the MoS2 monolayer [16], enabling optical applications. The relationship between its
optical and electrical characteristics with the number of stacked layers and the control of
the 1T and 2H phases turns the MoS2 into a material of great interest for applications in
chemical sensors [17], hydrogen evolution reaction [18], electronic devices [19], sodium-ion
battery [20], and photodetectors [21,22].

The most commonly used synthesis methods of the two-dimensional MoS2 are ex-
foliation (liquid [23,24] and mechanical [24]), chemical vapor deposition (CVD) [25], and
hydrothermal [26]. Due to a better relationship between uniformity, the quantity of pro-
duced material and production cost, the hydrothermal method has been the most applied
in the synthesis of MoS2 nanostructures, usually presenting synthesis times between
20 and 24 h [27,28]. The microwave-assisted hydrothermal method has proved to be a good
alternative to the conventional hydrothermal method, offering shorter synthesis times
due to “molecular heating”, consequently lower energy consumption, enhanced reaction
selectivity, and homogeneous volumetric heating [29–31]. This method also allows the
direct growth of the material on a substrate, being an alternative to conventional deposition
or costly transfer methods [28,32]. Synthesis parameters, such as time and temperature,
as well as the chemical processes involved in the production of the material, allow the
direct growth of the MoS2 nanostructures on flexible substrates [28], like cellulose-based
substrates [33–35]. These advantages will have impact in the development of paper-based
electronics that emerge as a future alternative to traditional electronics, seeking low-cost
electronic systems and components which can be environmentally friendly [36–38]. To
meet the requirements imposed on this new generation of devices, different methods of pro-
ducing materials and printing technologies are employed for the production of electronic
devices [36,38–40], like solar cells [41], thin film transistors [42], light emitting devices [43],
electrochromic devices [44], and photosensors [28], among others.

In this work the authors adopted the microwave-assisted hydrothermal method, with
different synthesis parameters, for direct growth of MoS2 nanostructures on tracing pa-
per substrates. Structural and morphological characterizations of the MoS2 nanosheets
were performed, where it was possible to observe the dispersion of the 2H and 1T phases
of the nanostructures grown on paper, making these samples potentially interesting for
applications in optoelectronic devices. Thus, near infrared photodetectors of MoS2 nanos-
tructures, grown on cellulose substrates, were built with different synthesis parameters.
These interdigital MoS2 photodetectors (with detection at 980 nm) were obtained with
high responsivity (290 mA/W) and detectivity of 1.8 × 109 Jones. These devices presented
higher responsivity values than that reported in the literature, as compared with MoS2
photodetectors produced by the conventional hydrothermal method.

2. Materials and Methods

Molybdenum disulfide (MoS2) nanosheets were grown on cellulose paper substrates
by a microwave-assisted hydrothermal method optimizing the hydrothermal tempera-
ture and reaction time. Sodium molybdate dihydrate (Na2MoO4.2H2O) and thiourea
(CS(NH2)2) were used as precursors of molybdenum and sulfur, respectively. Cellulose
paper was used as a substrate, which was previously washed by sonication in deionized
water and by acetone and isopropyl alcohol, both for 15 min.
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For direct growth on the cellulose fibers, the substrates were previously immersed in a
seed solution composed of sodium molybdate and thiourea (1:4) for 60 min. After that time,
the substrates were dried on a hotplate at 80 ◦C for 60 min. Substrates with deposited seeds
were placed in a hydrothermal reactor with nutrition solution also composed of sodium
molybdate and thiourea (1:4). Then, they were taken to the microwave oven for synthesis
that was carried out with a power of 100 W, maximum pressure of 280 psi, and with different
values of temperature and time of synthesis. Three different synthesis temperatures were
used: 190 ◦C, 200 ◦C, and 220 ◦C. These were chosen to apply the shortest possible time
for the growth of the nanostructures, corresponding to each temperature used, until the
maximum time of 120 min. Thus, the different temperatures and synthesis times used were:
190 ◦C for 30, 45 and 120 min, 200 ◦C for 15, 30, 45, 60 and 120 min, 220 ◦C for 05, 15, 30,
45, 60, and 120 min. After the growth of the MoS2 on the cellulose fibers, the paper with
the grown nanostructures were washed with ethanol in ultrasound for 15 min to remove
the nanostructures not fixed on the sample’s surface. Finally, the samples were dried in a
nitrogen flow.

Interdigital contacts were deposited by the screen-printing technique using commer-
cial conductive ink CRSN2442 Suntronic, composed of silver nanoparticles dispersed on the
solvent (solvent-based), acquired from Coats Screen Inks GmbH. The interdigital electrodes
have a total dimension of 10.0 × 6.0 mm, 500 μm electrode wide and a 500 μm active
channel between the electrodes.

Structural and optical properties of the MoS2 nanostructures, grown on cellulose paper
substrate, were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM),
and micro-Raman spectroscopy. The crystal phase was obtained by X-ray diffraction (X’Pert
PRO MPD), using Cu-kα radiation (λ = 1.540598 Ǻ). The XRD patterns were collected in
symmetric configuration in the 2θ range of 5−70◦, using a step angle of 0.05◦, step time
of 2 s, operating at 40 kV tension and 30 mA current. The morphology was studied
by scanning electron microscopy (Carl Zeiss AURIGA CrossBeam workstation). Raman
measurements were performed in a Renishaw inVia Reflex micro-Raman spectrometer
equipped with an air-cooled CCD detector and a HeNe laser operating at 50 mW of
532 nm laser excitation. The spectral resolution of the spectroscopic system is 0.3 cm−1.
The laser beam was focused with a 50 × Leica objective lens (N Plan EPI) with a numerical
aperture of 0.75. An integration time of 3 scans of 1.5 s each was used for all single-
scan measurements to reduce the random background noise induced by the detector,
without significantly increasing the acquisition time. The intensity of the incident laser was
2.5 mW. Triplicates were taken for all spectra. The spectrograph was calibrated between
different Raman sessions using the Raman line at 521 cm−1 of an internal Si wafer for
reducing possible fluctuations of the Raman system. All spectra were recorded at room
temperature. Raw data were collected digitally with the Wire 5.0 software for processing.
The characterization of the photodetectors was performed with the use of an AUTOLAB
potentiostat (PGSTAT204) for ixV electrical measurements and chronoamperometry and a
980 nm diode laser for irradiation of the sensors, under ambient conditions. The power of
the laser light was recorded using a handheld digital power meter console (PM100D) from
THORLABS. Neutral density filters were used to vary the excitation power incident on
the devices.

3. Results and Discussion

The microwave-assisted hydrothermal synthesis method was used for the direct
growth of MoS2 nanostructures on cellulose paper substrates due to the ease of the tech-
nique’s application, as well as its ability to change synthesis parameters to optimize the
produced structures [29–31]. The growth was carried out using a two-step process, where
the synthesis is performed on a substrate with a thin layer of deposited seeds.

For construction of NIR photodetectors, a layer of interdigital silver electrodes was
deposited on the layer of the MoS2 nanostructures using the screen-printing technique.
Further details on the growth of nanostructures and the construction of the devices can be

31



Appl. Sci. 2021, 11, 1234

found in the Experimental Section. Figure 1 shows a diagram of the MoS2 nanostructures
synthesis and the photodetector production.

Figure 1. Scheme of the synthesis process of the molybdenum disulfide (MoS2) nanostructures in paper substrates by the
microwave-assisted hydrothermal method, and the production of infrared radiation photodetectors.

Figure 2 shows SEM images of the samples synthesized with a synthesis temperature
of 220 ◦C at different times.

Figure 2. Scanning electron microscopy (SEM) images of the MoS2 nanostructures grown directly on cellulose paper
substrates with a synthesis temperature of 220 ◦C and time of: (a) 05 min, (b) 15 min, (c) 30 min, (d) 45 min, (e) 60 min, and
(f) 120 min.
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Microscopy images show that the beginning of the growth process is characterized
by the formation of vertically aligned MoS2 nanosheets on the paper surface (see also
Figure S1 in the Supplementary File), while the paper fibers are not fully covered. For
longer synthesis times, the surface of the paper becomes completely covered by vertically
aligned MoS2 nanosheets, regardless the temperature. The effect of temperature is noticed
on the time required to observe the first nanosheets on the paper surface. Such a result is
expected since, for lower temperatures, the solution is exposed to lower energies during
the synthesis process, requiring a longer time for nanomaterial formation. At 190 ◦C, it is
possible to observe that, even for the longest synthesis time (120 min), the profile of the
paper fibers is still perceived, indicating that it was not possible to form a thick and uniform
nanostructure layer. On the other hand, at 200 ◦C the fibers are uniformly coated with a
thick layer of MoS2 nanosheets. It is important to note that the samples synthesized at this
temperature had a more uniform surface profile than the samples produced by the con-
ventional hydrothermal method reported in the literature [28,33,35], which generally have
agglomerations of MoS2 nanosheets in microspherical profile. A surface totally covered
with nanostructures is also observed in the samples synthesized at 220 ◦C. However, at this
temperature, it is possible to observe that, for longer synthesis times, the sample surface
has regions with a spherical profile very similar to those synthesized by the conventional
hydrothermal method [28,32]. This indicates that there was the production of a large
number of nanostructures during the synthesis process, where they tend to agglomerate
in spherical shape, microflowers, formed by nanosheets. The growth kinetics of MoS2
nanostructures on cellulose paper and other flexible substrates was recently discussed
by Sahatiya et al. [28] through classical nucleation and growth theory. These spherical
structures are formed when there is excessive nanosheets growth, which generally occurs
for longer synthesis times or for MoS2 synthesis without the presence of the substrate [26].
In the synthesis with direct growth on substrate, the excess of grown nanostructures ends
up detaching from the paper surface and agglomerating into spherical particles to decrease
the surface energy. Note the early formation of these small flowers for samples synthesized
at 200 ◦C (Supplementary Figure S1).

Figure 3 shows XRD diffractograms at different temperatures and synthesis times
of the MoS2 nanostructures, in addition to the XRD diffractogram of cellulose paper and
the JCPDS n◦ 37-1492 card pattern of 2H-MoS2 for comparison purposes [28,45]. Dashed
vertical lines are used to facilitate the identification of phases in the diffractograms obtained
at different temperatures and synthesis times. It is possible to identify regions, close do
15◦ and 22◦, with the characteristic peaks of the cellulose diffractograms, the 2H-MoS2
phases with XRD peaks at ~32.8◦, ~49.8◦, and 57.8◦ relative to (100), (105), and (110) planes,
respectively. For 2θ > 30◦ the XRD peaks fit well with JCPDS card n◦ 37-1492, where the
presence of (100) and (110) peaks, ate ~32.8◦ and 57.3◦ respectively, show that the samples
present similar atomic arrangement along the basal planes with the bulk MoS2.

According to the standard 2H-MoS2 diffractogram pattern, represented by the JCPDS
card n◦ 37-1492 shown in Figure 3, there is a diffraction peak at 14.4◦ regarding the plane
(002) of the layered material. However, two other peaks appear in the diffractogram, at
9.3◦ and 18.6◦, identified in Figure 3 by # symbols. MoS2 is a representative 2D layered
material and the weak van der Waals interaction between MoS2 layers favors the inter-
calation of molecules and ions in this space [32,46]. The interlayer distance of the (002)
plane, referring to the 14.4◦ peak, of intercalation-free MoS2 is 0.62 nm, while the corre-
sponding interlayer distances of 9.4◦ and 18.6◦ peaks, present in the diffractograms of the
synthesizes samples, were 0.93 nm and 0.49 nm, respectively, calculated using the Bragg
equation. Several groups attribute the interlayer distances of 0.93 nm and 0.49 nm to the
distance between two adjacent MoS2 expand layers—resulting from the intercalation of dif-
ferent materials as CTAB [47], mesoporous carbon (MoS2/m-C) [48], NH4

+ [49], and NH3
molecules [46]—and that distance between intercalated molecules and the adjacent MoS2
layers, respectively [32,47,48,50]. Other authors have attributed the 18.6◦ peak to a second-
order diffraction [49] It is important to note that, while some authors have attributed the
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shifted 9.4◦ and 18.6◦ peaks to the presence of 1T-MoS2 phase [49,51], Lei et al. [52] have
alerted about the difficult to use the expanded interlayer spacing of MoS2 as direct evidence
to confirm the existence of the 1T-MoS2 phase.

Figure 3. X-ray diffraction patterns of MoS2 nanosheets growth on cellulose paper substrate at different synthesis tempera-
tures and times and the JCPDS 37-1492 card pattern of 2H-MoS2. The peaks identified by circles are related to the cellulose
paper. The # symbol is used to identify the peaks at 9.3◦ and 18.6◦.

Liu et al. have shown that the use of the Na2MoO4.2H2O and CS(NH2)2 with high
thiourea concentration induce the formation of ammonium ion intercaled into MoS2 layer [49].
In the synthesis procedure presented in this work, Na2MoO4.2H2O and thiourea were used
as precursors of molybdenum and sulfur, respectively, in the proportion of (1:4). Thus, we
believe that the MoS2 nanosheets grown on cellulose paper substrates by a microwave-assisted
hydrothermal method present NH4

+ intercaled between layers of MoS2. It should also be
noted that there is an decrease in the intensity of the cellulose diffraction peaks when
subjected to heat treatments (probably associated with crystallinity of the cellulose) [53];
even so, the diffraction peaks of MoS2 stand out in the diffractogram for high synthesis
times, due to the greater amount of nanomaterial grown on the paper surface, for (100),
(105) and (110) planes, or the possible increase of the intercalation with the synthesis times,
for the 9.4◦ and 18.6◦ peaks.

It can be noted that there is a continuous increase in peak intensity at 9.2◦ up to
30 min, in samples synthesized at 220 ◦C. Then the intensity of the entire diffractogram,
including those peaks related to cellulose paper, starts to decrease for higher times. The
high temperature leads to degrading the paper structure and can affecting the growth
process for longer synthesis times, leading to less production of nanostructures on the
substrate surface. This result is in line with what is reported in the literature, which leads
to cellulose degradation processes starting above 200 ◦C [53]. In summary, the growth
process of the MoS2 on paper substrate seems to be better at 200 ◦C.

For a complementary analysis of the presence of 1T and 2H-MoS2 phases, Raman
spectroscopy measurements were performed, looking for the presence of characteristic
peaks of these phases on the samples. After confirming the presence of both phases in
the synthesized samples by Raman spectroscopy, an analysis of the spatial distribution of
1T and 2H-MoS2 was performed by the micro-Raman technique. By mapping an area of
225 μm [2] and using steps of 1 μm, the regions of the spectra between 146 to 148 cm−1
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(referring to the main vibrational mode of the 1T phase), and between 378 to 385 cm−1

(referring to the E1
2g vibrational mode of the 2H phase) [12,46], were highlighted. The

Raman spectrum and the micro-Raman mapping of the samples synthesized at 220 ◦C, for
times of 05 and 120 min, are shown in Figure 4.

Figure 4. Raman spectra and micro-Raman mapping of the MoS2 nanosheets synthetized at 220 ◦C with synthesis times of
(a,c) for 05 min and (b,d) for 120 min. The blue and green mappings represent 1T- and 2H-MoS2 phases in the samples.

As can be seen in Figure 4a,b, it was possible to identify characteristic Raman peaks of
the 1T (vibrational modes J1, J2 and J3) and 2H (vibrational modes E1

2g and A1g) phases in
the sample spectrum [46], thus confirming the presence of both phases in the synthesized
nanostructure. Figure 4c,d shows the micro-Raman mapping, confirming the presence of
both phases, the 1T (blue) and the 2H (green), in both samples and in the same space region.
These phases are not occupying well-defined regions, but they are dispersed throughout
the mapping area. This behavior is observed for all samples (regardless synthesis time and
temperature), as shown in Figure 4 and Figure S2 of the supplementary information. The
dispersion of the metallic and semiconductor phases of MoS2 in the samples may be associated
with the continuous production of the metallic phase during synthesis. Over time, the 1T
phase is converted to a 2H phase, due to the low stability of the metallic phase and presence
of microwave radiation during the synthesis process [12]. Thus, the 1T and 2H phases are
present in the samples, as can be seen in the diffractogram of the sample synthesized at
200 ◦C for 120 min. The greater dispersion of phases on the surface of the substrate can be
good for certain applications, since it increases the metal/semiconductor interface (1T/2H)
which leads to greater carrier mobility due to the presence of the 1T phase.

As shown in Figure 1, low-cost interdigital photodetectors were built on cellulose
paper substrate with a MoS2 active layer synthesized by the microwave-assisted hydrother-
mal method at different temperatures and times. Figure 5a–c show the current x voltage
curves under laser illumination (980 nm) of the photodetectors with a MoS2 photosensitive
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layer synthesized at 190, 200, and 220 ◦C, respectively. The curves are linear and symmetric
for the small bias voltage, indicating a ohmic-like contact as observed for the single-layer
MoS2 phototransistor synthesized using the CVD technique [54], or by photodetector built
with a multilayer MoS2 synthesized by the conventional hydrotermal method, using in this
case Ag NPs (nanoparticles) as contact [28]. The small bandgap energy of the multilayer
MoS2 may generate a very small Schottky barrier between Ag NPs electrodes and MoS2.
After illumination, carriers are injected into the small conduction band of the multilayer
MoS2 generating photocurrent. The photocurrent increase can be associated with a bias
voltage through to the reduction of the carrier transit time (τtransit = l2/μV), where l is the
length of the channel, μ is the carrier mobility, and V the bias potential [22].

Figure 5. Characterization of infrared photosensors produced with MoS2 samples grown directly on paper substrates at
different times, being: (a) IxV of samples synthesized at 190 ◦C, (b) IxV of samples synthesized at 200 ◦C, (c) IxV of samples
synthesized at 220 ◦C, (d) Ixt of samples synthesized at 190 ◦C, (e) Ixt of samples synthesized at 200 ◦C, and (f) Ixt of
samples synthesized at 220 ◦C. The Ixt measurements were performed with a bias voltage of 4 V, lighting cycles lasting 40 s
and power of 20 mW.
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The curves in Figure 5b,c, for longer synthesis times, present a strong increase in
the current x bias voltage (with a non-linear behavior) for bias voltages higher than ~2V.
This non-linearity in the IxV curve is less intense in the samples synthesized at lower
temperature, 190 ◦C—Figure 5a, and in the samples with shorter synthesis times for the
synthesis temperatures of 200 and 220 ◦C, possibly due to the smaller amount of MoS2
material. Figure 5d–f show that there is an increase in both the dark current and the
photocurrent, a result that goes according to the discussion held for Figure 5a–c. The
increase in the dark current with synthesis time can be associated with the presence of the
metallic phase and trap states.

To evaluate the infrared photosensors, figures of merit Responsivity (R) and Specific
Detectivity (D*) were used, which can be calculated using the equations R = (Ion-I0ff)/P
and D* = R/

√
((2eI0ff)⁄A). Here, Ion is the generated photocurrent in the device under

illumination, Ioff is the dark current, P is the incident light power on the effective area of
the device, e is the elementary charge and A is the effective surface area. Figure 6 shows
that R and D* values increase with increasing of the synthesis time for three synthesis
temperatures and for a bias voltage of 4V. The device built with a sample synthesized at
200 ◦C for 120 min has the highest value for both D* and R. There is also a big increase
of these values for synthesis time longer than 60 min (see yellow curve). The decrease in
the R value obtained in the sample synthesized at 220 ◦C for 120 min, when compared to
the sample synthesized at 200 ◦C for 120 min, may be attributed to the degradation of the
cellulose paper.

Figure 6. The Responsivity (a) and Detectivity (b) according to the synthesis time, for samples synthesized with temperatures
of 190 ◦C (red triangles), 200 ◦C (yellow circles) and 220 ◦C (blue squares). Responsivity was measured with a laser power of
20 mW. Graph’s inset shows the external quantum efficiency (EQE) values as a function of time and synthesis temperatures
of the MoS2 photoactive layer.

Therefore, the experimental data show that the temperature of 200 ◦C and time of
120 min were the best conditions for the production of near infrared photodetectors based
on MoS2 active layer grown directly on cellulose paper substrates by the microwave-
assisted hydrothermal method. This R value is above the value reported in the literature
for photodetectors with active MoS2 layer produced by the hydrothermal method with the
same structure. Nahid Chaudhary et al. [55] for example, obtained the maximum R value
of 23.8 μA/W for excitation at 635 nm, and Parikshit Sahatiya et al. [28] obtained the R
value of 60 μA/W for excitation at 554 nm.

It is important to note that temperatures above 200 ◦C have generally been used in
the literature for synthesis of MoS2, or heat treatments have been made after the synthesis
to increase the fraction of phase 2H over phase 1T. At 200 ◦C (as in this work), we still
have a large proportion of the 1T phase when compared with samples synthesized by the
conventional method followed by heat treatment [13,28]. Therefore, we believe that the
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increase in the 1T/2H interface, caused by the simultaneous and continuous formation
of the metallic phase and its conversion to the semiconductor phase, and the consequent
increase in the mobility of carriers in the sample, is of great importance to obtain high
values of responsivity in MoS2 photodetectors. The interface between the paper substrate
and the MoS2 layer may be another important characteristic for devices, once it can be a
source of trap states [54] and temperature and time synthesis had a greater effect on the
photoconductivity. Thus, the quick increase of the photocurrent to bias voltage (>2 V), as
observed in Figure 5, can be associated with the detrapping charge from trap states. It is
known that photogain in photoconductors increases as carrier lifetime and decreases as
transit time G = τlife/τtransit [22].

Figure 6 shows the external quantum efficiency (EQE) of the devices. EQE was ob-
tained by using EQE(%) = Rhc/(λe)x100. Here, R is the responsivity, h is the Planck’s
constant, c is the speed of light in vacuum, e is the elementary charge, and λ is the wave-
length of the excitation light. As can be seen, the EQE increases as the time synthesis
increases, similar to R and D*. The device built from MoS2, synthesized at 200 ◦C for
120 min, presents an EQE value of 26%.

The MoS2 photodetector has a relatively high R value, compared to other similar
devices based on MoS2 synthesized by the hydrothermal method. The rise and the de-
cay response time has high values (τrise = 3.7 s e τdecay = 4.7 s) which may be associated
with the high concentration of the metallic phase in MoS2 and trap states in the MoS2
and/or paper/MoS2 interface. In comparison, the HfO2-gated single-layer MoS2 photo-
transistors, with high responsivity due to the photogate effect, present a slow response of
0.6–9.0 s. In this case, the slow response time and the high responsivity was induced by
the trap states in the MoS2 or MoS2/SiO2 interface [54] Jin et al. [56] deposited Ag NPs
on monolayer MoS2 phototransistor and obtained a very high R value and slow response
time of 18.7 s, showing other strategy to induce photoconductive effect. The improvement
was attributed to the localized surface plasmon resonance of Ag NPs with the increase
of light absorption and carrier injection from Ag NPs to MoS2 under illumination. Thus,
we believe that, in our device, the surface plasmon resonance in the Ag NPs electrode
is light excited and generates hot electrons via nonradiative decay plasmonic resonance,
since the Ag NPs show a plasmonic resonance signal in the near-infrared region, as shown
in Figure S3 in the supplementary file. The energy of the hot electrons may be greater
than the small Schottky barrier between Ag NPs and MoS2, and it can be injected into
the MoS2 multilayer generating a photocurrent [57–59]. Additionally, the effect of the
MoS2 phases (1T and 2H) on the electrical performances of hybrid PDs was compared
by Wang et al. [60] and results indicated that the metallic 1T phase exhibited a high R
value. However, these devices showed low on/off ratios (<2) and slow response times
(0.75 s) due to their metallic conducting nature similar to that of the graphene. On the other
hand, the semiconducting 2H phase demonstrated lower R value and fast response time
(<25 ms). Thus, we believe that our PDs built with MoS2 synthesized at 200 ◦C for 120 min
presented higher metallic phases than other devices built with materials synthesized for
other temperatures and times, and that the hot electrons from Ag NPs could be contributing
to the photocurrent improvement. Therefore, the contact between Ag NPs and the MoS2
multilayer must convert from a small Schottky junction to an Ohmic-like contact when the
device is illuminated, as observed in Au nanorods/Perovskite photoconductor [56,61]. The
device works as a light illuminated photoconductor, explaining the slow response time
and high R compared to a similar device based on a MoS2 synthesized by the conventional
hydrothermal method [28,55].

Figure 7 shows the dependence of the photocurrent (Ion-Ioff) as a function of the light
power on the photosensor synthesized at 200 ◦C for 120 min.
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Figure 7. (a) Current dependence due to the decrease in the power of the light source (laser 980 nm, ON, OFF) on the sensor.
The inset shows the relationship between the generated photocurrent and the irradiation power of the light source on the
sensor for the synthesized sample at 200 ◦C for 120 min. The bias voltage used here was 4 V. (b) Responsitivity, Specific
Detectivity, and EQE (inset) under different irradiation powers of the device regarding the synthesized sample with a
temperature of 200 ◦C and a time of 120 min.

Figure 7a shows a decrease in photocurrent behavior with decreasing light power
intensity. This is an expected result, since with the decrease in the incident light power,
there is a decrease in the number of photons reaching the sensor and, consequently, there is
a decrease in the number of carriers promoted from the valence band to the conducting
band of the MoS2 nanostructures. With the decrease in the number of carriers in the
conduction band, there is a decrease in the generated photocurrent (Ion-Ioff). An analysis
of the relationship between the generated photocurrent and the incident light power on
the photodetector is showed in the inset of Figure 7a, where a fitting with power law is
used (I = APθ). Here A is a proportionality constant and θ is the exponent that determines
the relationship between the photogenerated current and the light source power. From
the adjustment, a linear relationship is observed (θ = 1.1 ± 0.1). Similar behavior of the
photocurrent with light intensity was observed for the single-layer MoS2 phototransitor [54].
Figure 7b shows the relationship between responsivity/detectivity and the light source
power used. Note that the highest responsivity and detectivity values (290 mA/W and
1.8 × 109 Jones) occur for the power of 2 mW. In the range of 6 to 2 mW, the responsivity
and detectivity values increase rapidly with decreasing power (these results indicate that
for lower radiation intensity, in the μW range, the photodetector can present very high
responsivity values—these results are not showed here). This behavior has been associated
with the increase in the recombination probability as carriers photoexcitation increases [59].
EQE measurements (inset of Figure 7b) obtained at various excitation powers show that
the EQE gradually increases as the power decreases, similar to the results for the graphene–
MoS2–graphene devices (responsivity of ≈ 0.2 A W−1 and EQE = 55%) [62].

4. Conclusions

MoS2 nanostructures were grown directly on cellulose paper substrates using the
microwave-assisted hydrothermal synthesis method with different temperatures and syn-
thesis times. Variations were observed in the amount of MoS2 grown on top of cellulose
fibers as a function of the synthesis parameters. The analysis also showed the distribution
of the metallic and semiconductor phases of the MoS2 nanostructures throughout the
sample, generating metal/semiconductor interfaces. Near-infrared sensors were produced
from the synthesized samples, where the screen-printing technique was used to deposit
interdigital Ag NPs contacts in the samples. The results of the electrical characterizations
showed an improvement in the performance of the sensor with the increase in nanostruc-
tures synthesis time, for the three temperatures of synthesis used. Such results can be
explained by the increase in the amount of MoS2, according to the model created for the
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sensors operation. Based on the data analysis, the photodetector produced from the sample
synthesized at 200 ◦C and 120 min presented a high responsivity value (290 mA/W), a
specific detectivity value (1.8 × 109 Jones) and an external quantum efficiency of 37%, with
response times τrise = 3.7 s and τdecay = 4.7 s. The sensors produced from the samples
synthesized at a temperature of 220 ◦C also showed high values of responsivity, however,
the high temperature causes substrate degradation, making the device fragile and the
application difficult. The improvement in the responsivity value of the photodetector can
be associated with the photoconductive effect due to three probably factors: (i) the high
concentration of the metallic 1T phase in MoS2 layers; (ii) trap states in the MoS2 and/or
paper/MoS2 interface; and (iii) hot electron injection from surface plasmon resonance in
the Ag NPs electrodes to MoS2 nanomaterial.

An analysis of the photocurrent dependence as a function of the incident radiation
power on the sensor showed a linear dependence of the device’s photocurrent in relation to
the power of the light source. The responsivity showed a great increase with the reduction
of the irradiation power, at the value of 290 mA/W for the power of 2 mW. This result must
be associated with the increase in the probability of recombination with the increase in the
photoexcited carriers. This work provides a functional example, as well as a promising
strategy, to improve the performance of 1T/2H MoS2-based photodetectors. Further studies
on the surface state passivation for device optimization, for example, will be conducted
to improve photocurrent in MoS2 photodetector synthesized by the microwave-assisted
hydrothermal synthesis method.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/3/1234/s1, Figure S1: SEM images of the MoS2 nanostructures grown directly on cellulose
paper substrates with different temperature and time of synthesis, Figure S2: Micro-Raman mapping
and detachment of phases 1T (blue) and 2H (green) in samples of MoS2 nanostructures grown
directly on paper substrates with different temperature and time of synthesis, Figure S3: Absorbance
spectrum of silver nanoparticles ink in an isopropyl alcohol solution.
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Featured Application: Knowledge of weekly and longitudinal variability of metals in the hair of

non-professionally exposed people is of particular importance for understanding the levels/effects

of chemicals on workers.

Abstract: Hair is an ideal tissue for tracing the human health conditions. It can be cut easily and
painlessly, and the relative clinical results can give an indication of mineral status and toxic metal
accumulation following long-term or even acute exposure. Different authors have found outdoor
pollution phenomena, such as the levels, significantly alter metal and metalloid hair contents. This
paper investigates the element concentration variability in hair samples collected from a not-exposed
teenager, neither environmentally nor professionally. The sampling was carried out for one week, and
the samples were collected from different locations on the scalp. A nuclear analytical methodology,
i.e., the Instrumental Neutron Activation Analysis, is used for determining about 30 elements. Some
differences have been found among the samplings as well as between the proximal and distal sections.
A deep comparison with other similar studies worldwide present in the literature has been performed
for evidencing the relationships and the differences due to different ethnical origins, lifestyles, diets,
and climates among the different young populations.

Keywords: hairs; variability; week; longitudinal; element; metals; INAA; occupational exposure;
unexposed subject

1. Introduction

During these last few decades, the human biomonitoring through biological fluids
(blood, urine) or tissues (hair, nails) has been largely used for the assessment of health
effects following an occupational or environmental exposure [1–9], particularly for the
absorbed element content. Basically, the researchers have focused their attention on iden-
tifying baseline element values in different population samples, living in different areas
characterized neither by air/water/soil contamination nor by exposure to chemicals. Dif-
ferent countries conducted large-scale surveys to assess the exposure profile of different
populations and better understand serious environmental public health problems [10–14]
and to establish the baseline ranges of trace elements in their populations. Other examples
are the analysis of trace elements in the U.S population by the U.S. National Health and
Nutrition Examination Survey (NHANES) [15], in Canada [16] and in European coun-
tries [17–21]. This topic is considered relevant both to obtain finger-print data related
to a certain area [22] and, in forensic studies, to the provenance of subjects in a specific
site [23–26]. Hairs are also important because they can be used to understand the element
variation in case of prolonged intoxication [27–29]. Metals are integrated into hairs during
their growth: in this sense the element composition of hairs is the signature of the living
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area and the lifestyle of each person [30,31]. Although there is in literature a great deal
of papers regarding the determination of the elemental content in hairs [32–35], to the
authors’ knowledge, no paper is focused on the element variability during a week. On
the other hand, a few studies concern the longitudinal element distribution along human
hairs: Yukawa et al. [36] reported the variation of the trace element concentration in long
human hairs, showing the profiles according to the distance from the scalp; Kempson and
coauthors [37,38] discussed how the exogenous contamination does not influence the levels
of some elements (for instance, Zn); on the contrary, Kempson and Skinner [39] report
that some other elements, such as Al, are subjected to being accumulated during pollu-
tion events and such as Ca, which was demonstrated to be sensitive to endogenous and
exogenous contributions [40]; Park et al. discussed the longitudinal association between
toenail zinc levels and the incidence of diabetes among American young adults [41]. Finally,
Maurice et al. [42] reported a forensic case of poisoning by thallium: the authors developed
an analytical method in order to determine the Tl profile all along the hair. The present
authors agree with the consideration reported in a recent paper focused on the variation of
longitudinal concentration of trace elements in elephant and giraffe hairs [43]. In here, it is
highlighted that an important role for this concentration is played by the animals’ behavior
traits, which suggests that these traits have to be considered also in the study of human
hair. Such studies are necessary for having knowledge of endogenous and exogenous roles
of hair elements.

Starting from these considerations, this paper would like to investigate the element
concentration variability in hair samples collected from a not-exposed teenager, neither
environmentally nor professionally. The sampling was carried out for one week, and
the samples were collected from different locations on the scalp. Each hair sample was
divided into two parts in order to study the section closest (proximal) to the scalp and
the most distant (distal) from it. The analyses were performed by Instrumental Neutron
Activation Analysis (INAA), and about 30 elements were determined. The use of such
analytical technique allowed minimizing the pre-treatment of the samples and hence
the relative positive/negative artifacts and performing a multi-elemental determination
simultaneously [44–46].

2. Materials and Methods

2.1. Sample Collection and Storage

Hair samples were taken over the course of a week from a female young person
(10 years old) chosen among the primary school students. The samples were taken in the
right, central, and left nape area on alternate days, with strands of about 10 cm (Figure 1a).
All samples were taken by cutting the hair in the chosen area as close as possible to the
root (Figure 1b). The cut was made by means of stainless-steel scissors, with zero release of
elements [12], in order to avoid any possible contamination caused by the friction between
the blades of the scissors and the surface of the hair. The hair is light brown in color, and it
is not brittle. In the period preceding the sampling, the subject did not wash her hair, did
not use any type of treatment, and did not bathe in the sea. The subject is a non-smoker
and was not subjected to second-hand smoke; she lives in a medium-small suburban center
(9000 inhabitants) of Central Italy, where there are no industrial settlements, whereas farms
that employ biological agriculture are far from the site, and the vehicle traffic is limited
except on Saturday morning for the weekly food market.

Immediately after collection, the wisp of hair was placed in high-purity Kartell nuclear
grade containers. In laboratory, the containers with the wisp of hair were immediately
placed in a silica gel dryer and kept in the dark in an environment with a temperature
between 20 and 27 ◦C, until the time of pre-treatment and subsequent weighing.
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Figure 1. Scheme of the sampling area (a) and representation of the proximal and distal hair zones
analyzed (b).

2.2. Hair Pre-Treatment

The sample pre-treatment was performed by means of a standard procedure, already
adopted in previous samplings [12], following a protocol suggested by the International
Atomic Energy Agency (IAEA) [47]: washing the samples in 25 mL of ultrapure acetone
for 10 min and subsequently rinsing them with ultrapure deionized H2O (resistivity
18 MΩ × cm), repeated three times.

After drying in an oven at 40 ◦C for 15 min, all the samples were placed back in the
desiccator, brought back to room temperature, and weighed in containers of nuclear-grade
polythene for neutron irradiation. The weighing was carried out by means of the AE 160
analytical balance (Mettler-Toledo GmbH, Greifensee, Switzerland) having a sensitivity of
±0.1 mg.

2.3. Neutron Irradiation and Gamma Measurements

The neutron irradiation of the samples was carried out in the rotating rack of the
TRIGA Mark II research nuclear reactor in the ENEA Casaccia Research Centre. The
irradiation time was 24 h, and the neutron flux was Φ = 2.34 × 1012 n × cm−2 × s−1

(corresponding to fluence F = 1.997 × 1017 n × cm−2). These parameters were decided in
order to detect those elements that, once activated, produce radionuclides whose half-life
was between 3 h and several years [48,49].

After the irradiation in the rotating rack, two sets of measurements were carried out:
the first one was after 20 h of decay and lasted between 40 min and 1.5 h; the second one
was after 15 days of decay and lasted between 20 and 72 h. The position of the samples in
the two sets of measurements was vertical at a distance of 4 cm from the detector for the
first set and vertical but in contact with the detector for the second set (Figure 2).

The measurements were carried out by an HPGe coaxial Canberra detector with a
resolution (FWHM) of 1.88 keV at 1332.5 keV, a relative efficiency of 42.1, and a Peak-
to-Compton ratio of 65.8:1. The system has a Canberra multichannel analyzer with
8192 channels.

The energy and efficiency calibrations for the different counting geometry were carried
out respectively with a source of 137Cs and 60Co and with a source of 152Eu, whose activities
were certified by the Centre Communitaire de Référence (CEA).

Primary standards and secondary reference materials (SRMs) were used: as primary
standards, single-element solutions at a concentration of 1000 μg mL−1; as SRM material
with similar composition to the investigated matrix, the BCR CRM 397 (human hair),
just used in a previous study [50], as well as the NIST1515 (Apple Leaves) for an overall
checking.
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Figure 2. Instrumental Neutron Activation Analysis (INAA) master scheme (tir irradiation time; td

decay time; t 1
2

half-life time). In brackets for each product, nuclides are reported as well as some
nuclear analytical chemistry parameters, i.e., peak energy (keV), half-life time (m minute, h hour, d
day, y year), and limit of detection (LOD).

3. Results and Discussion

3.1. Quality Control and Quality Assurance (QC/QA)

The environmental studies regarding the correlation between pollutants and biological
tissues, such as heavy elements in human hair, need very sensitive and accurate analytical
techniques in order to determine contaminants at trace and ultra-trace levels [51]. Among
the different possibilities (e.g., spectroscopy, electrochemistry, etc.), the nuclear methods
are still the main available techniques to address such stringent requirements. Their high
accuracy and precision and the very low limits of detection (LODs) allow investigating a
matrix deeply [52]. Furthermore, the possibility of avoiding chemical–physical treatments
or performing radiochemical separations is of fundamental importance for achieving these
results. Even if INAA is considered a primary analytical technique—i.e., it is possible to
analyze the sample just knowing all the nuclear parameters (such as all the nuclear cross-
sections of each radionuclide and the nuclear reactor data)—the easier way to analyze a
sample is by comparing its activity with that of a standard irradiated in the same conditions.
The comparison between the data analysis obtained by INAA and the certified values is
the first step for assessing the quality assurance and the quality control (QA/QC). For this
aim, standard reference materials (SRMs) such as BCR CRM 397 (Human Hair) and NIST
1515 (Apple Leaves) were chosen according to the matrix similarity and biological origin.
Table 1 reports the differences (Δ expressed as %) between our data and the certified values
of both the SRMs for each element.

It should be noted that the Human Hair SRM shows a Δ below 6.5%: Se and Zn show
high precision and accuracy as well as the indicative or informative element values (i.e.,
As, Co, Cr, Cu, Fe, Hg, and Mn). The comparison profile for the Apple Leaves is slightly
different: among the certified elements, good Δ (below 16%) are achieved for Ba, Ca, Fe, K,
Mn, Na, Rb, Sr, and Zn, as also reported in previous paper [53], whereas Hg and Ni show
quite relevant differences such as −48.4% and −21.9%, respectively. For Ni, the reason is
due to the poor INAA sensitivity. Mercury shows two different results: for Human Hair
SRM, the difference between measurements is 5.7%, whereas for Apple Leaves, the SRM is
−48.4%. According to our evaluation, the cause has to do with the different Hg levels in
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the two SRMs. In the first SRM, Hg is at 12.3 μg g−1, whereas the authors find 13.0 μg g−1

with a coefficient of variation (CV%, defined as the ratio between standard deviation and
mean value × 100) of 6.1, a good value according to the references [49,54,55]. In the second
SRM, the certified Hg value is 0.0432 μg g−1 (or 43.2 ng g−1), whereas the authors find
0.0223 μg g−1 with a CV% of 45.7, which is an unsatisfactory value according to the ref [54].
The second SRM shows an Hg content almost 300 times lower than the first SRM: this
occurrence justifies the high Δ between ours and the certified data in the second SRM.

Table 1. Analytical standard comparison (mean ± s.d.; μg g−1) between our data and certified values: BCR CRM 397
(human hair) and NIST-SRM 1515 (Apple Leaves).

Elem. Nucl. 1
BCR CRM 397 NIST-SRM 1515

Found Certified Δ Found Certified Δ

As 76As 0.29 ± 0.02 (0.31 ± 0.02) a −6.5 n.d. - -
Ba 131Ba n.d. - - 51.0 ± 8.0 48.8 ± 2.3 4.3
Br 82Br n.d. - - 3.1 ± 0.7 (1.8) b 41.9
Ca 47Ca n.d. (1560 ± 40) b - 15267 ± 676 15250 ± 100 0.3
Ce 141Ce n.d. - - 3.6 ± 0.3 (3) b 20.0
Co 60Co 0.56 ± 0.02 (0.55 ± 0.03) b 1.8 0.10 ± 0.01 (0.09) b 10.0
Cr 51Cr 93 ± 9 (91 ± 33) b 2.2 0.4 ± 0.1 (0.3) b 33.3
Cu 64Cu 113 ± 7 (110 ± 5) a 2.7 n.d. 5.69 ± 0.13 -
Fe 59Fe 575 ± 4 (580 ± 10) b −0.9 72 ± 1 82.7 ± 2.6 −12.9
Hg 203Hg 13.0 ± 0.8 12.3 ± 0.5 5.7 0.0223 ± 0.0102 0.0432 ± 0.0023 −48.4
K 42K n.d. - - 16035 ± 717 16080 ± 210 −0.6
La 140La n.d. - - 20.4 ± 0.5 (20) b 2.0
Mn 56Mn 10.9 ± 0.6 (11.2 ± 0.3) b −2.7 54.4 ± 1.6 54.1 ± 1.1 0.6
Na 24Na n.d. - - 28.3 ± 0.7 24.4 ± 2.1 16.0
Ni 58Co n.d. (46.0 ± 1.4) a - 0.731 ± 0.080 0.936 ± 0.094 −21.9
Rb 86Rb n.d. - - 9.4 ± 0.9 10.2 ± 1.6 −7.8
Sc 46Sc n.d. - - 0.028 ± 0.001 (0.03) b −6.7
Se 75Se 2.1 ± 0.1 2.00 ± 0.08 5.0 n.d. - -
Sm 153Sm n.d. - - 2.9 ± 0.1 (3) b 3.3
Sr 85Sr n.d. - - 28.0 ± 3.0 25.1 ± 1.1 11.6

Zn 65Zn 196 ± 4 199 ± 5 −1.5 12.50 ± 0.11 12.45 ± 0.43 0.4
1 Product nuclide; a indicative values expressed as μg g−1; b informative values expressed as μg g−1; n.d.: not detected; Δ: difference
(%) between our mean values calculated and certified one as (ourvalue−certi f iedvalue)

certi f iedvalue × 100. The standard deviation is calculated among five
replicas.

3.2. Element Content in Human Hair Samples

Before performing the analysis, the authors worried about the effects of cleaning and
cutting hair before sampling. The problem of hair cleaning is largely discussed as well as
the effect of washing using different procedures, as reported in the literature [56–62]. The
IAEA recommends a cleaning procedure for hair [47]. Frequent head washing does not
affect (the significance limit greater than 0.05) the content of some elements (Br, Co, Cu,
Mn, Se, Zn) or of some pollutants (Ni, Hg); on the other hand, As does get washed out but
with no such great amount (lower by 1.7 times) [39,47,63]. The hairs were cut by metallic
scissors: before that, the oxides were carefully removed. Any effect of the friction between
blades and hair shaft were limited in order to prevent possible sample contamination.

Table 2 shows the level of 24 elements measured in the samples investigated along
with the minimum and maximum values and the CV%. First, two important elements, i.e.,
As and Hg, considered hazardous elements for the human health and of exogenous origin,
are below the corresponding LODs: this is a preliminary confirmation that the subject is
not exposed to sources of As and Hg. Other considerations could be drawn about essential
elements, i.e., Cr, Cu, Fe, Mn, Se, and Zn: their variability, expressed as CV%, is below 40%
except for Cr and Cu, which have 66.2% and 68.8%, respectively.
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Table 2. Element levels and single daily concentrations (μg g−1) determined in all the investigated independent samples
(five independent measurements).

Element Concentration Concentration (Mean ± s.d. 1)

x (Min–Max; CV%) 1st Day 2nd Day 3rd Day

Ag 0.740 (0.34–1.2; 36.6) 0.630 ± 0.354 0.855 ± 0.417 0.735 ± 0.134
As <LOD <LOD <LOD <LOD
Au 0.022 (0.008–0.37; 63.6) <LOD 0.010 ± 0.03 0.028 ± 0.013
Ba 1.44 (1.20–1.69; 15.9) 1.20 ± 0.18 1.58 ± 0.31 1.50 ± 0.27
Br 26.5 (22.9–32.1; 13.2) 25.0 ± 3.0 24.1 ± 0.6 30.4 ± 2.3
Ca 2010 (1363–2601; 25.4) 1982 ± 875 2264 ± 468 1784 ± 303
Co 0.041 (0.031–0.066; 31.7) 0.032 ± 0.002 0.038 ± 0.006 0.054 ± 0.017
Cr 0.086 (0.002–0.180; 66.2) 0.086 ± 0.006 0.081 ± 0.007 0.092 ± 0.128
Cu 15.1 (2.30–27.8; 68.8) 19.9 ± 9.0 21.2 ± 9.4 4.17 ± 2.70
Eu 0.001(0.001; N/A) <LOD <LOD 0.001
Fe 17.7 (13.5–28.4; 33.3) 14.1 ± 0.1 14.3 ± 1.1 24.6 ± 5.4
Hg <LOD <LOD <LOD <LOD
K 249 (178–364; 26.5) 195 ± 23 228 ± 8 323 ± 58
La 0.957 (0.288–1.54; 61.8) 0.915 ± 0.886 0.805 ± 0.641 1.35 ± 0.12
Mn 3.75 (1.91–5.22; 33.0) 3.10 ± 1.70 3.20 4.66 ± 0.69
Na 109 (88.2–141; 16.5) 95.1 ± 9.8 109 ± 6 122 ± 27
Rb 0.269 (0.105–0.540; 60.9) 0.117 ± 0.017 0.319 ± 0.070 0.370 ± 0.241
Sb 0.075 (0.045–0.120; 37.3) 0.055 ± 0.013 0.076 ± 0.029 0.096 ± 0.034
Sc 0.007 (0.002–0.011; 71.4) 0.007 ± 0.007 <LOD 0.007 ± 0.006
Se 0.413 (0.035–0.050; 13.3) 0.390 ± 0.057 0.455 ± 0.064 0.395 ± 0.049
Tb 0.020 (0.020; N/A) <LOD <LOD 0.020
Th 0.009 (0.000–0.036; 200) 0.00033 0.00043 0.018 ± 0.025
W 0.019 (0.012–0.043; 63.1) 0.012 ± 0.001 0.015 ± 0.003 0.031 ± 0.017
Zn 52.3 (66.3–92.5; 37.2) 77.1 ± 12.0 89.7 ± 3.9 72.1 ± 8.2

1 s.d. standard deviation.

Br, Ca, K, and Na, the last three considered labile elements (because they are strongly
influenced by washing [64]) show a low CV% below 27%, confirming that the hair was not
washed. Silver and gold are present at low concentrations, 740 and 22 ng g−1, respectively:
their presence could suggest a previous use of shampoos containing nanoparticles of these
two elements into the composition for antimicrobial activity [65,66]. Other elements such
as La, Rb, Sc, Th, and W can be considered of environmental origin: their CVs% are high,
above 60%, especially Th, up to 200%. Finally, Ba, Br, and Sb show low CVs%: their
presence and levels could be due to anthropogenic pollution and particularly to airborne
particulate matter, as just evidenced by authors in previous papers [46,49].

Table 3 shows the concentration trend (the number of samples per nuclide is too low—
only three scalp locations and two longitudinal positions—to obtain any actual reasonable
trend that could be considered real and not obtained by chance) in the areas of the nape
where the sampling was carried out (left, center, and right) as well as the longitudinal
variation of the concentrations along the hair.

If the trends of Br, Ca, K, and Na from Tables 2 and 3 are taken into account, similar
concentrations are noted for Br both during the days and in correspondence with the
sampling zones and in the longitudinal variation: mean value 26.5 ± 3.46 μg g−1; 1st day
25.0 ± 3.0 μg g−1; 2nd day 24.1 ± 0.6 μg g−1; 3rd day 30.4 ± 2.3 μg g−1 (Table 2); left zone
27.1 ± 2.1 μg g−1; central 23.7 ± 0.45 μg g−1; right 28.8 ± 1.7 μg g−1; hair proximal section
26.5 ± 2.6 μg g−1; distal 26.5 ± 4.9 μg g−1. The same stability in the concentration trend is
evident for Na, Ca, and K. These four elements, i.e., Br, Ca, K, and Na, are ubiquitous in
the environment; besides, Ca, K, and Na are among the fundamental components of the
tissues and biological fluids in the human body, and K and Na are also present in the body
secretions (exudate, etc.). In the samples, Br, K, and Na show an increasing concentration
trend between the first and third day (Table 2). Similarly, the same trend is shown, but
in a much more marked way, by elements of environmental origin such as La, + 47.5%
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increase in concentration on the third day compared to the first; Rb, + 216%; Th, + 98%;
and W + 158%. The authors would like to underline that a fundamental requirement of
this study was to have unwashed hairs, in order to understand the natural element levels
in human hair. Confirming this statement (i.e., unwashed hair), a similar trend is found for
all the elements mentioned above, with the exception of bromine which remains constant,
whereas greater increases are found for the elements of environmental origin.

Table 3. Element concentrations (μg g−1) in the nape different areas and along the hair (proximal and distal zones), (five
independent measurements).

Element Concentration (Mean ± s.d. 1)

Scalp Location Longitudinal Variability

Left Zone Central Zone Right Zone Proximal Distal

Ag 0.882 ± 0.250 1.15 ± 0.295 0.830 ± 0.095 0.953 ± 0.172 0.527 ± 0.133
Au <LOD <LOD 0.037 ± 0.009 0.037 0.015 ± 0.006
Ba <LOD <LOD 1.30 ± 0.19 1.30 1.49 ± 0.26
Br 27.1 ± 2.1 23.7 ± 0.5 28.8 ± 1.7 26.5 ± 2.6 26.5 ± 4.9
Ca 1363 ± 619 1933 ± 331 1998 ± 214 1765 ± 349 2255 ± 594
Co 0.033 ± 0.001 0.034 ± 0.004 0.042 ± 0.012 0.036 ± 0.005 0.046 ± 0.018
Cr 0.081 ± 0.004 0.086 ± 0.005 0.092 ± 0.090 0.056 ± 0.047 0.116 ± 0.058
Cu 26.3 ± 6.4 27.8 ± 1.8 6.12 ± 1.91 20.1 ± 12.1 10.1 ± 6.8
Eu <LOD <LOD 0.00070 ± 0.00035 0.01 <LOD
Fe 14.2 ± 0.1 13.5 ± 0.8 20.8 ± 3.8 16.2 ± 4.0 19.2 ± 8.0
K 211 ± 16 234 ± 6 282 ± 41 242 ± 36 255 ± 97
La 0.288 ± 0.626 0.351 ± 0.453 1.35 ± 0.67 0.663 ± 0.595 1.40 ± 0.20
Mn 4.30 ± 1.21 3.20 ± 1.61 4.20 ± 0.48 3.90 ± 0.61 3.52 ± 2.30
Na 102 ± 7 105 ± 4 103 ± 19 103 ± 1 114 ± 26
Rb 0.129 ± 0.011 0.270 ± 0.049 0.200 ± 0.170 0.199 ± 0.070 0.338 ± 0.219
Sb 0.064 ± 0.009 0.096 ± 0.014 0.072 ± 0.019 0.077 ± 0.017 0.073 ± 0.040
Sc 0.012 ± 0.005 <LOD 0.007 ± 0.004 0.008 ± 0.007 0.007 ± 0.006
Se 0.352 ± 0.004 0.414 ± 0.045 0.430 ± 0.035 0.397 ± 0.042 0.430 ± 0.070
Tb <LOD <LOD 0.020 ± 0.010 0.020 <LOD
Th <LOD <LOD 0.001 ± 0.017 0.001 0.012 ± 0.020
W 0.012 ± 0.000 0.013 ± 0.002 0.019 ± 0.012 0.015 ± 0.04 0.024 ± 0.016
Zn 68.6 ± 4.1 87.0 ± 2.7 66.3 ± 5.8 74.0 ± 11.3 85.3 ± 7.3

1 s.d. standard deviation.

A similar trend is shown by the daily trend (the number of samples per nuclide is too
low—only 3 days—to obtain any actual reasonable trend that could be considered real and
not obtained by chance) of some elements considered essential, such as Cr, Fe, and Mn;
for the last two, the increase is significant: + 74.5% and + 50.3% respectively. Cr and Fe
increase their level in the distal area with respect to the proximal one, and a similar trend
is also shown by Se and Zn, which, instead, have a daily trend with a maximum on the
second day.

However, there are elements that maintain a constant concentration both with regard to
the daily trend (Table 2) and in the nape sampling areas and in the distal and proximal ones
(Table 3), as highlighted by the coefficient of variation (CV%) calculated taking into account
all the concentrations obtained. These elements are the ones present either in the body’s
tissues or in the biochemical systems, such as Ca, K, Na, and Br (CV% 15.2%, 16.6%, 7.76%,
and 8.64%, respectively), and those considered essential such as Mn, Se, and Zn (15.7%,
7.73%, and 11.4%, respectively) and those considered pollutants of anthropogenic origin:
Ba, Sb, and Co (10.7%, 18.7%, and 19.2%, respectively). For the last ones, it is possible to
hypothesize a hair contamination deriving from their levels in the environment, whereas the
level stability of the essential elements is due to regular biochemical systems/reactions. This
occurrence allows defining basal elements concentration levels in the hair analysis both in
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good health conditions and in “anomalies” caused by occupational and/or environmental
exposure.

On the other hand, the concentration of elements of environmental origin (i.e., La,
Rb, Sc, Th, and W) is less stable: their CVs vary between 38.4%, tungsten, and 126.9%,
thorium. The hypothesis that can be advanced is that their presence in the environment, and
therefore their levels in the hair, is connected to the variation of local climatic conditions:
wind direction, wind speed, temperature, humidity, etc.

A trend similar to that of the elements of environmental origin is also shown by two
chemicals considered essential, i.e., Cr and Cu, and, albeit to a lesser extent, by Fe (CV%
45%, 53.2%, and 23.5%, respectively). For these three elements, the hypothesis of a double
origin could be put forward; i.e., there is an overlapping between the element basal levels
(i.e., the concentration levels naturally present in the human body) and the concentrations
deriving from environmental pollution. This hypothesis can be confirmed because these
three elements (i.e., Cr, Cu, and Fe) significantly increase their concentrations in the distal
area of the hair (i.e., the section more in contact with the environment) compared to the
proximal area (Table 3), even if their average concentration level agrees with hair data
reported for Rome and Italy (Table 4). Finally, it is interesting to note that some elements of
environmental origin but coming from anthropogenic pollution and considered particularly
toxic such as As, Hg, and Ni were not revealed by INAA, i.e., they show levels below
the LOD (Figure 2). Therefore, it can be assumed that As, Hg, and Ni are < 1 ng g−1,
< 5 ng g−1, and < 80 ng g−1, respectively. Very low levels of Eu and Tb, considered Rare
Earth Elements (REEs) of environmental origin, were measured just in one hair sample at
concentrations of 1 and 20 ng g−1 respectively (LOD for Eu 0.03 and for Tb 0.3 ng g−1).

Table 4. Concentration (μg g−1) comparison between these data and those found in other Italian and international studies.

Our Data

Literature Values

Rome [50] Italy [67] International [68–76]

Female Male + Female Light Brown

Ag 0.740 ± 0.271 0.23 ± 0.42 0.40 ± 1.58 0.29 ± 0.30 0.83 ± 1.96 0.005–9.9
Au 0.022 ± 0.014 0.06 ± 0.08 0.09 ± 0.16 0.10 ± 0.12 0.036 ± 0.038 0.0005–591
Ba 1.44 ± 0.23 0.33 ± 0.94 0.57 ± 1.50 0.87 ± 1.96 0.12–29
Br 26.5 ± 3.5 9.63 ± 15.2 8.66 ± 13.8 5.54 ± 4.92 12.9 ± 10.1 0.15–490
Ca 2010 ± 512 812 ± 580 1120 ± 1060 1776 ± 1776 750 ± 1150 7–10887
Co 0.041 ± 0.013 0.17 ± 0.26 0.17 ± 0.25 0.12 ± 0.17 0.145 ± 0.133 0.002–15
Cr 0.086 ± 0.057 0.15 ± 0.10 0.17 ± 0.15 0.17 ± 0.09 0.234 ± 0.155 0.026–65.3
Cu 15.1 ± 10.4 9.56 ± 4.78 10.5 ± 7.11 11.6 ± 8.91 3.68–72.5
Eu 0.001 -
Fe 17.7 ± 5.9 16.8 ± 26.4 16.5 ± 23.9 17.5 ± 19.3 13.5 ± 6.2 3–2400
K 249 ± 66 335 ± 272 314 ± 274 258 ± 280 940 ± 1110 0.94–2370
La 0.957 ± 0.592 0.03 ± 0.04 0.03 ± 0.03 0.03 ± 0.03 0.038 ± 0.031 <0.003–37
Mn 3.75 ± 1.24 0.40 ± 0.33 0.42 ± 0.32 0.41 ± 0.24 0.03–81.5
Na 109 ± 18 647 ± 545 581 ± 521 476 ± 426 1180 ± 1260 0.04–3500
Rb 0.269 ± 0.164 3.20 ± 5.06 0.01–0.14
Sb 0.075 ± 0.028 0.06 ± 0.06 0.06 ± 0.05 0.07 ± 0.05 0.047 ± 0.034 0.007–38
Sc 0.007 ± 0.005 0.0010 ± 0.0003 0.0010 ± 0.0002 0.0011 ± 0.0008 0.0023 ± 0.0025 0.0004–550
Se 0.413 ± 0.055 0.96 ± 1.55 0.99 ± 1.56 1.17 ± 1.62 0.64 ± 0.28 0.002–66
Tb 0.020 -
Th 0.009 ± 0.018 0.0011 ± 0.0014 -
W 0.019 ± 0.012 -
Zn 52.3 ± 19.5 178 ± 46 189 ± 82 240 ± 144 139.9 ± 65.1 <1–1770

3.3. Comparison with Studies on Adult and Teenager Population

Table 4 shows a comparison between these data and similar levels found in a previous
study performed in Rome [50].
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First, the presence of elements such as Ag, Au, and Co can be due to cosmetics
and/or personal hygiene products. In particular, Ag shows concentrations comparable
with the data of the Rome group (0.740 ± 0.271 μg g−1 versus 0.40 ± 1.58 μg g−1) [50]
and the Italian population (0.83 ± 1.96 μg g−1) [67] as well as Au (0.022 ± 0.014 μg g−1 vs.
0.036 ± 0.038 μg g−1 for the Italian population) [50], whereas Co shows decidedly lower
levels than the Italian population (0.041 ± 0.013 μg g−1 vs. 0.145 ± 0.133 μg g−1), but they
fall within the international data (0.002–15 μg g−1) [68–76].

Levels of Ca, K, and Na are in line with the data of the Rome and Italy groups. In
particular, Ca and K show similar levels to the light brown hair in the Rome group [50]
(Ca: 2010 ± 512 μg g−1 vs. 1776 ± 1776 μg g−1; K: 249 ± 66 μg g−1 vs. 258 ± 280 μg g−1)
with a much lower standard deviation. Similar considerations can be also put forward for
K, which are compatible with the relevant standard deviation of both Rome and Italian
data. Br is instead at concentration levels equal to more than double the concentration data
of all the Rome and Italian samples, even though it is slightly above the variability of the
Italian data (26.5 ± 3.5 μg g−1 vs. 12.9 ± 10.1 μg g−1) but it falls within the international
data range (0.15–490 μg g−1).

Among the essential elements, Cr, Cu, Fe, Se, and Zn show good agreement with the
data of Rome and Italy groups, whereas Co presents lower levels than those of Rome and
Italy groups and Mn higher than the ones of the Rome samples.

As for the elements of environmental origin, the levels of Rb, Sc, and Th are in full
agreement with the data reported in Table 4, whereas W is absent in all the other compari-
son samples, and La is at significantly higher levels. For La, as well as for Mn and Br, all
the concentration data are higher than the comparison values [50]: 0.957 ± 0.592 μg g−1 vs.
0.038 ± 0.031 μg g−1 in the Italian reference group, i.e., 25 times higher; Mn 3.75 ± 1.24 μg g−1

vs. 0.42 ± 0.32 μg g−1 in the entire series of the Rome samples, 9 times higher; Br
26.5 ± 3.5 μg g−1 versus 12.9 ± 10.12 μg g−1 in the Italian group, 2 times higher. This
anomaly can be explained by environmental contamination, since these three elements
are present in the urban atmosphere, especially in airborne and dust depositions [77,78].
In previous papers [79,80], the authors report data on the elements in PM10 and PM2.5
airborne sampled in downtown Rome along with the trends during the last three decades:
both La and Mn and Br show significant levels (particularly, La 170 ± 101 pg m−3 in PM10;
Mn 60 ± 44 ng m−3, Br 17.1 ± 13.9 ng m−3 in PM2.5).

Table 5 shows a large comparison among our data and data collected from teenagers
(boys and girls) worldwide [81–91]. The table also reports some reference data from
Korean [92], Canadian [93], and American [94] teenagers hair values. First of all, it could
be seen that our data are broader and more accurate than those determined in other
studies, considering the high performance of the analytical method used, i.e., INAA. This
occurrence allows drawing only few significant considerations on the content of some
metals: Ca (from 2 to 10 times) and Mn (up to 10 times; ours and some other data are
similar, an exception is present in the data collected from girl teenagers in Rome, i.e., 69.2)
are higher than those reported in the other studies [81–91] and in the reference values
contained in [92–94], whereas Cr and As are always less than those reported in the literature.
Finally, Ag, Cu, Fe, Se, and Zn show levels close to those reported worldwide.

For a better correlation and significance of this comparison, the authors have reported
the correlations in Table 6 and the relative plots in Figure 3 between our data and those
determined in girl teenagers hair worldwide [81–91]. As it can be seen, there is high
correlation (above 0.9) with the data found, especially in West Europe (different Italian
locations, Spain), and low correlation (ranging between 0.1 and 0.6) with those determined
in Artic area (Arkhangelsk) and Korea, for this latter also for boys. This occurrence can
be interpreted considering the different ethnical origins, lifestyles, diets, and climates
(including the presence of different and massive anthropogenic and/or natural sources)
among the different young populations.
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Table 6. Linear regression and coefficient of determination (R2) between our data and each dataset
for different girl teenagers hair determined worldwide [81–91].

Country Sex Linear Regression R2

Pakistan
girls y = 4.3399 x − 8.841 0.9596
boys y = 2.2490 x − 5.702 0.9486

Russian Federation
North Europe girls y = 3.2442 x − 6.0669 0.9962

boys y = 2.1688 x + 2.6307 0.9770

Arkhangelsk girls y = 0.4252 x + 16.754 0.2921
boys y = 5.6558 x − 26.022 0.9887

Italy
Rome (2000) girls y = 2.6415 x − 8.3798 0.9097

boys y = 2.8262 x − 5.304 0.9436
Korean

girls y = 0.1558 x + 8.2496 0.3186
boys y = 0.1489 x + 8.7558 0.2621

Brazil
girls y = 0.0685 x + 0.0381 0.8539
boys y = 0.0768 x + 0.0630 0.6464

Italy
Palermo girls y = 3.6786 x − 3.6842 0.9690

boys y = 2.5653 x − 2.4715 0.9739
East Aral Sea

Kazalinsk girls y = 3.4555 x + 9.0975 0.7891
boys y = 2.1209 x + 21.810 0.6089

Zhanakorgan girls y = 3.4786 x − 4.0669 0.9684
boys y = 3.4353 x − 6.7967 0.9882

Italy
Rome (1992) girls y = 2.7462 x + 2.2731 0.7651

boys y = 2.9344 x − 7.3893 0.9395
Spain

Madrid girls y = 1.7397 x − 0.6410 0.9506
boys y = 1.8624 x − 3.0717 0.9646

Poland
girls y = 4.2421 x − 59.335 0.9945
boys y = 3.5639 x − 48.761 0.9952

Italy
Sicily—urban girls y = 3.6786 x − 3.6842 0.9690

boys y = 2.4794 x − 2.5041 0.9741
Sicily—rural girls y = 4.7754 x − 6.3693 0.9532

boys y = 3.7000 x + 5.1878 0.9541
Sicily—industrial girls y = 3.1540 x − 1.8459 0.9286

boys y = 3.1144 x − 4.0461 0.9461
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Figure 3. Correlation plots among our data and similar data determined in girl teenagers’ hair worldwide [81–91].

4. Conclusions

The data determined in this study are a first tentative study of the element profile
both in different hair sections and in different days of a week, also in relationship to
the anthropogenic and/or natural sources present in an area, specifically in a suburban
area in Central Italy. The element content in the hairs of a girl is compared with studies
reporting the relative levels in hairs collected from girl teenagers worldwide: the diverse
correlations found with West Europe and East Europe/Central Asia values highlight
differences depending on habits, lifestyles, and nutritional diets.
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Abstract: This study presents an innovative stabilization method of fly ash derived from co-combustion
of municipal solid waste and sewage sludge. Bottom ash, obtained from the same process, is used
as a stabilizing agent. The stabilization method involved the use of two other components—flue
gas desulfurization residues and coal fly ash. Leaching tests were performed on stabilized samples,
aged in a laboratory at different times. The results reveal the reduction of the concentrations of
heavy metals, particularly Zn and Pb about two orders of magnitude lower with respect to fly ash.
The immobilization of heavy metals on the solid material mainly depends on three factors—the
amount of used ash, the concentrations of Zn and Pb in as-received fly ash and the pH of the solution
of the final materials. The inert powder, obtained after the stabilization, is a new eco-material, that is
promising to be used as filler in new sustainable composite materials.

Keywords: sewage sludge disposal; municipal solid waste; co-combustion; fly ash; bottom ash; heavy
metal stabilization

1. Introduction

In recent years, the diffuse practice of sewage sludge (SS) land spreading has generated several
concerns, due to the presence of potential contaminants (such as pathogenic agents, toxic inorganic
substances, and microorganisms) [1,2], with the consequence of emerging alternatives for SS treatments
strategies, such as mono- and co-combustion. For example, co-combustion has been realized with
municipal solid waste incineration (MSWI). The co-combustion has several advantages, the main
related to the possibility to use the already existing plants (such as MSW incineration plants), avoiding
investments costs, due to the need to construct new incinerators expressly devoted to mono-combustion.
Moreover, the wastes generated from co-combustion of MSW and SS, i.e., fly ash (FA), and bottom
ash (BA), must be properly managed to avoid landfilling and/or pollution, generated by unsuitable
treating strategies. MSWI-FA is generally considered the most problematic incineration waste, due to
the presence of leachable heavy metals [3]. Several technologies for MSWI-FA stabilization have been
already proposed [4–8] with the aim to promote its reuse [9–11]. Even though some recently proposed
MSWI-FA treatments were defined as zero-waste technologies [12], they often require MSWI-FA
pre-treatments, which need the use of some additional processes and raw materials.

In a very recently published paper, we have demonstrated that MSWI-BA can be used to stabilize
MSWI-FA [13]. Indeed, after metal separation, BA is generally recovered for use in the building
industry. On the contrary, FA is generally destined to landfill. However, the recently proposed
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strategy allows the use of a waste (BA) to stabilize another waste (FA). It is important to highlight that
the proposed procedure has several advantages—it employs wastes produced at the same location,
strongly suggesting the possibility to directly apply the new technology on the incinerator plant sites;
in addition, it avoids the transport of wastes in different locations and the landfilling of MSWI-FA.
The idea to combine different wastes to take advantage of their valuable components to reduce the
contained pollutants is not new [8,14,15]. In particular, the suggestion to use wastes and by-products to
minimize energy, materials, and emissions for remediation was recently defined as the Azure Chemistry
approach [16]. In the present work, the results recently proposed, that involve the combination of
Sewage-MSWI BA and Sewage-MSWI FA to obtain a new safe eco-material, are considered to investigate
if the process can be applied also to Sewage-MSWI FA derived from co-combustion. The obtained
inert can be defined as eco-materials due to the low energies and emissions required to perform the
proposed stabilization [14]. In particular, the aim of this work is the investigation if different amounts
of SS in the co-combustion can influence the FA stabilization procedure that must be used to reduce
the leachable pollutants.

2. Experimental

2.1. Materials

In this study, FA and BA from the co-incineration of MSW and SS were recovered from the
incineration plant located in Brescia (Northern Italy). In this plant, Sewage-MSWI-FA is collected with
APC (air-pollution-control) residues, originating from cleaning the flue gases before emission to air.
These residues consist of fine particulates, that are generally defined FA.

The co-incineration of MSW and SS was implemented in this plant since 2017. The plant normally
processes an SS concentration of 7% on the flow rate of MSW. Because the aim of the present experiment
is to study the effects of different SS flow rates on the co-incineration residue stabilization, the plant
worked for one day, with the three separate combustion lines at different SS concentrations—0, 2,
and 4 tons/h. The amount of MSW incinerated on each line was 31 tons/h.

The schema representing the operation of the first, second and third combustion lines (also reporting
the SS concentrations) is shown in Figure 1.

Figure 1. Schema of the co-incineration experiment made on the industrial plant, where the three
different combustion lines are represented.
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During the experimentation day, Sewage-MSWI FA and Sewage-MSWI BA were collected from
the three separated lines at predetermined time intervals of two hours (see Figure 1). At the end of the
day, the ashes collected at different interval times were adequately mixed to obtain a homogeneous
and representative sample of Sewage-MSWI FA and Sewage-MSWI BA for each line. In total, 6 ash
samples (2 samples for each line) were recovered (see Figure 1).

The samples obtained and considered in this study can be divided into two categories—three
samples of Sewage-MSWI BA obtained from the bottom of the combustion chamber and three samples
of Sewage-MSWI FA obtained from the bag filters.

After sampling, Sewage-MSWI BA was manually sorted—metals and particles with diameter
higher than 2 cm were separated. Then, due to the Sewage-MSWI BA moisture, a thermal treatment at
100 ◦C for about 2 h was made. After drying, Sewage-MSWI BA was grounded with Mixer Mill Retsh
(MM400) and sieved until 106 μm.

Other as-received ashes are used with the aim to stabilize FA. In particular, CFA (coal combustion
ash) is a by-product in thermal coal power plants. This ash is removed by a dust-collection system
from the combustion gases before they are emitted into the atmosphere [17].

Flue gas desulphurization (FGD) residues are produced during the removal of sulphur oxides
from coal-burning power plants. In this process, insoluble calcium sulphite and calcium sulphate solids
are formed because absorbed SO2 reacts with lime in scrubbing liquor [18]. They also are a by-product
of the coal combustion system. FGD residues contain high amounts of S and Ca [5]. Calcium hydroxide
is very important to promote the carbonation reactions.

Both CFA and FGD residues were collected from Brescia pulverized coal thermal power plant.

2.2. Stabilization Procedure

The as-received Sewage-MSWI FA samples were stabilized following a very recent proposed
technology based on the use of MSWI-BA deriving from the corresponding combustion line to stabilize
FA [4]—for each FA, the procedure (defined procedure a) involved the mix of about 130 g of FA with of
20 g of BA, about 30 g of CFA, and about 40 g of FGD [4,13] (see Table 1). Another procedure, with the
same amount of ashes reported for procedure a)), but that did not involve the BA addition, was also
realized (defined procedure b)). Procedure b) was selected to have a comparative procedure suitable to
allow us to evaluate the BA role in the stabilization. In this case, all samples exhibited a relative weight
percentage, already used for similar stabilization technology [5], as follows—65% FA, 15% CFA and
20% FGD. For both stabilization procedures, all powders were carefully mixed before adding approx.
200 mL of milliQ water (Millipore DirectQ-5 TM, Millipore S.A.S., 67120, Molsheim, France); then they
were additionally mixed for 20 min. The obtained eco-materials were aged in laboratory for 3 months
at room temperature.

Table 1. Sample descriptions.

Line Procedure
Mass (g) V (mL)

Sewage-MSWI FA CFA FGD Sewage-MSWI BA H2O

1
a) 130.2 31 40.8 20.1 200
b) 130.6 30.4 40.7 - 200

2
a) 130 30.8 40 20 200
b) 130.1 30.3 40.4 - 200

3
a) 130.2 30.1 40.8 20 200
b) 130.1 30 40.3 - 200
b) 130.1 30 40.2 - 200

Sewage-MSWI FA: sewage and municipal solid waste incineration-fly ash; CFA: Coal Fly Ash; FGD: Flue Gas
Desulphurization; Sewage-MSWI BA: Bottom Ash.
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2.3. Leaching Test and TXRF Analysis

Leaching tests were carried out according to CEN EN 12457-2 regulation (EN 13055-1:2002-CN/TC
154-CEN-CEN, 2002) on all as-received powders and stabilized samples (in this case the test was made
each month, after the stabilization). The procedure for the leaching test, reported by [5,19,20], consists
of mixing at room temperature approximately 20 g of each sample with 200 mL of milliQ water (1:10)
by means of an agitator for 2 h [20]. pH measurement by a pH-meter (Metrohm, model 827 Lab,
Origgio, Italy) is conducted immediately after the leaching test on the samples filtered by 0.45 μm
pore membranes.

After filtration, elemental chemical analysis is realized by Total-reflection X-ray Fluorescence
(TXRF) using a S2 Picofox system from Bruker (Bruker AXS Microanalysis GmbH, Berlin, Germany)
equipped with Mo tube operating at 50 kV and 750 μA and a Silicon Drift Detector (SDD). For this aim,
0.010 g of a Ga solution with a concentration of 100 mg/L is used as internal standard (Ga-ICP Standard
Soluyion, Fluka, Sigma Aldrich, Saint Louis, MO, USA). It is added to the leachate solutions and
homogenized by a mean of vortex shaker at 2500 rpm for 1 min. Three replicates are always prepared
for each sample by adding a droplet of 10 μL of sample. By the use of a dedicated instrumental
software based on mono-element profiles, the spectra are deconvolution to evaluate the peak areas.
The TXRF lower detection limits (LOD) evaluated with similar experimental conditions are reported [21].
Chemical analysis of soluble elements, with atomic numbers less than 19, such Na, cannot be made
by TXRF due to their low fluorescence yield [22]. Furthermore, Si cannot be evaluated, because the
sample holder for TXRF analysis is made of quartz.

3. Results and Discussion

In order to understand the effects of the addition of different SS amounts to the three combustion
lines, all starting ashes (FA and BA) and the obtained stabilized eco-materials were analyzed. Elemental
chemical analysis using TXRF was performed to estimate the amount of leachable metals that can
be found in the ashes. As reported in the experimental section, as-received FAs were analyzed as
well; BA samples were pre-treated before the analysis with a reduction of the grains dimension to
106 μm. Table 2 reports the results of the leaching tests made on these ashes (BA and FA). It shows the
concentration of soluble elements derived from the three combustion lines, as resulted from the TXRF
analysis. Furthermore, data about BA leaching are shown.

The leaching data of the BA and FA derived from different lines are in agreement with results
reported in literature, also considering the alkaline pH of the solutions [23–25]. The major leachable
elements in FA are Cl, Ca, K, S and Br. Relevant quantities of other elements such as Zn, Pb and Rb are
also found. The main soluble elements found in the BA solutions are Ca, Cl, K and S. The presence of a
high amount of Ca in FA in comparison to BA is expected, due to the addition of lime as a stabilizing
agent. Indeed, during the incineration process, acid gases are produced (like HCl and SO2) and lime is
normally added to absorb these gases. A higher amount of Pb and Zn are present in FA, in comparison
to BA, due to the fact that these metals are moderately volatile elements, then they are generally found
in ashes collected at the chimney after a combustion process carried out at a maximum temperature
about 1000 ◦C [15]. Comparing the leaching data of different combustion lines, it is very interesting
to notice that in FA, the concentration of leachable Zn is substantially irrespective of the amount of
co-incinerated SS. On the contrary, the amount of soluble Pb increases with the amount of SS, probably
due to the presence of this metal in sewage sludge [26]. Concerning P, an element that is well-known to
be abundant in SS [27], its concentration appears to decrease in FA with the increase of co-incinerated
SS. On the contrary, in BA the leachable P shows an inverse behavior. These results are substantially
due to the presence of this element in soluble phases (leaching tests only allow to detect soluble
elements). Moreover, it means that the increase of SS amount in co-incineration seems to increase the P
leachability in BA (see Table 2). Similar consideration can be extended to Cu, for BA.
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Table 2. Results of the Total-reflection X-ray Fluorescence (TXRF) analysis and pH values of leachate
solutions of Sewage-MSWI FA and Sewage-MSWI BA derived from different combustion lines.

Samples FA-Line 1 FA-Line 2 FA-Line 3 BA-Line 1 BA-Line 2 BA-Line 3

pH 11.89 11.92 11.9 12.09 12.2 12.18

Element (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P * 40.3 ± 16.0 25.4 ± 8.4 21.9 ± 5.7 5.4 ± 2.5 9.3 ± 2.6 12.7 ± 5.3
S * 273 ± 48 267 ± 63 217 ± 61 71 ± 3.6 131 ± 21 81 ± 21
Cl 8890 ± 193 5969 ± 954 6545 ± 958 62 ± 36 318 ± 185 408 ± 81
K 1087 ± 126 711 ± 280 595 ± 161 111 ± 17 81 ± 21 105 ± 32
Ca 6387 ± 1044 4930 ± 913 4677 ± 706 651 ± 68 979 ± 175 995 ± 258
Cr <LOD <LOD <LOD <LOD <LOD <LOD
Mn <LOD <LOD <LOD <LOD <LOD <LOD
Fe 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.2 0.2 ± 0.1 0.07 ± 0.03 0.09 ± 0.04
Cu 0.23 ± 0.05 0.09 ± 0.03 0.33 ± 0.05 4.5 ± 0.5 5.6 ± 0.7 6.1 ± 0.7
Zn 11.7 ± 1.4 9.0 ± 0.4 10.1 ± 1.4 0.3 ± 0.2 0.7 ± 0.2 0.61 ± 0.03
Br 211 ± 26 183 ± 19 236 ± 21 1.7 ± 0.3 1.9 ± 0.2 1.8 ± 1.0
Rb 7.3 ± 1.5 7.1 ± 0.9 7.6 ± 0.8 0.4 ± 0.2 0.2 ± 0.0 0.25 ± 0.02
Sr 16.0 ± 4.3 13.8 ± 0.4 27.8 ± 3.9 3.9 ± 0.4 5.5 ± 0.6 4.7 ± 0.2
Pb 92.0 ± 15.6 94.1 ± 6.8 127.1 ± 5.4 0.58 ± 0.04 1.6 ± 0.3 1.6 ± 0.4

Values are expressed as the average ± standard deviation of three TXRF measurements. Relative sensitivities for
elements with * were calculated based on a calibration curve. LOD-lower detection limit.

After the stabilization procedure, a significant decrease in heavy metal leachability can be
noticed, if samples are analyzed one, two, and three months after the stabilization (see Tables 3
and 4), in comparison to data reported in Table 2. In particular, three months after the stabilization
the concentration of Pb is sometimes lower than LOD by TXRF spectrometry, which is 0.002 mg/L,
thus demonstrates that the stabilization procedure was effective in reducing the solubility of heavy
metals and that the stabilization efficacy increases with time. Moreover, comparing data reported in
Tables 3 and 4 (considering the corresponding month of stabilization), it seems that the use of BA is not
so fundamental in reducing the heavy metal mobility. Indeed, eco-materials obtained applying the
procedures a) and b) (the procedure b) is made without the addition of BA) sometimes show comparable
Pb concentrations in their leaching solutions. Another difference concerns the Cu concentration, that is
higher in samples treated by BA addition. Even if this metal appears to be stabilized after aging, it is
evident that this origin can be attributed to BA due to its higher concentrations in the BA than FA
(see Table 2).

In a very recent paper, the stabilization mechanism was proposed and discussed—it was shown
that dissolved amorphous silica and alumina (derived from BA) in the presence of calcium ions
(and in a highly alkaline environment) promote a pozzolanic reaction with FA, with the formation
of cementitious compounds such as C–S–H and calcium aluminate hydrates (C-A-H). Furthermore,
carbonation reactions occurred, due to the calcium hydroxide that is present in the used wastes
(for example in FGD residues) [28,29].

In particular, considering the pH of all raw FA and final stabilized eco-materials, it means that
all FAs have a starting pH about 12 (see Table 2). Instead, stabilized materials have a pH of about 11
(see Table 3) and 8 (see Table 4), depending on the procedure used for stabilization. Indeed, carbonation
produces a reduction of pH [30].
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Both pozzolanic and carbonation reactions have been demonstrated to be effective in heavy
metal mobilization [31], but the comparison between procedures a) and b) highlights the fundamental
contribution of carbonation. As explained in the introduction part, the difference in the amount of SS
in the co-combustion with MSW is considered to evaluate if the addition of this waste plays a role in
the stabilization mechanism. For this aim, the procedure not involving the use of BA (procedure b)
is considered. Moreover, this procedure allows for the reaching of lower pH values of the obtained
eco-materials (see Table 4), increasing the efficacy of stabilization.

Figure 2 reports the concentration of Pb and Zn in the leaching solutions of stabilized samples,
considered after different times, versus the pH of the solution (for both procedures a) and b)). Zn and Pb
are found in a high concentration in the raw FA (ranging from 9–11.7 and 92–127.1 mg/L, respectively)
with high pH values (about 12), while in the stabilized samples the concentration of these elements
is found to be often two orders of magnitude lower. Figure 2 clearly highlights that an increase of
the aging time corresponds to a decrease of pH of the solutions [32], in agreement with the already
reported evidence of carbonation. This also corresponds to a decrease of the heavy metal leachability,
as already observed and discussed [4,33]. In particular, concerning Pb, three months after stabilization
it is sometimes lower than LOD by TXRF spectrometry, as reported in Tables 3 and 4, therefore it cannot
be found in Figure 2.

Figure 2. Concentration values of Pb and Zn in the leaching solution of stabilized samples (involving
both procedures a) and b)) during the first three months versus the pH.

To better highlight the pH role, the variation of the concentration of Pb and Zn in the leaching
solutions of stabilized samples can be considered analyzing data reported in Figure 3. In this Figure,
the concentration of Pb and Zn in the solutions of stabilized samples (considering both procedures a)
and b)), are plotted versus their values in the leaching solution of raw FA (initial metals concentrations,
before the stabilization). Figure 3 allows for the comparison of the results of stabilization, considering
that raw FA (corresponding to different combustion lines) had a different amount of leachable Pb
and Zn. In particular, it is evident that all samples show a reduction of the Pb and Zn concentration,
after the stabilization. Obviously, samples that contained a lower amount of leachable heavy metals in
raw FA show a lower concentration of corresponding metals in the solutions of stabilized eco-materials.
This means that samples with higher initial concentrations of Pb and Zn need more time (or more
stabilizing agents) to reduce the leachable elements concentration.

70



Appl. Sci. 2020, 10, 6075

 

Figure 3. Concentration values of Pb and Zn in the leaching solution of stabilized samples (involving both
procedures a) and b)) during the first three months versus the concentration of Pb and Zn in MSWI FA.

The role of BA in the stabilization can be highlighted by analyzing data reported in Figure 4,
that show the concentration of Pb and Zn during the first three months evaluated in the leaching
solutions of all stabilized samples (considering both procedures a) and b)), versus the ratio between
the total amount of ash (FA, CFA, FGD, and BA) and the sum of CFA and BA amount. It means
that the samples that contain the higher CFA + BA amount are better stabilized in comparison to
those containing a lower amount of these stabilization agents (the concentration of Pb and Zn are
lower). Indeed, it is important to highlight that BA contains amorphous silica [4] and CFA contains
aluminosilicate glass [13,34]. Then, it is possible to suppose that dissolved amorphous silica in the
presence of calcium ions (and in a highly alkaline environment) promotes a pozzolanic reaction with
FA. Then, it is possible to conclude that BA plays a fundamental role in reducing the Pb and Zn
presence in solution of the produced eco-materials. Obviously, it was also shown that the pH role is
fundamental, and it must be controlled and possibly adjusted to obtain the best results in terms of
stability of the obtained eco-materials.

 

Figure 4. Concentration values of Pb and Zn in the leaching of stabilized samples (involving procedure
a)) during the first three months versus the partition of total amount of ash and the sum of CFA and
BA quantities.
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The obtained stabilized eco-material is a powder that is very similar to the inert material obtained
by using similar treatments but using other by-products (such as silica fume) instead of BA for
stabilization. This allows for us to suppose that the obtained eco-materials may be used in some
applications, already explored for similar products, as a substitute of natural resources [10,33,35,36].
In particular, it was shown that the obtained eco-materials are biologically safe [37–39], opening the
interesting opportunity of the investigation of their aquatic toxicity in the next future.

4. Conclusions

The present paper concerns the study of a method for the stabilization of heavy metals contained
in FAs derived from the co-combustion of MSW and SS. BA, a residue of the same process, is used
as a stabilizing agent. Leaching test reveals the reduction of heavy metals in the stabilized samples,
that increases with the aging (to three months). In particular, the concentration of leachable Zn and
Pb in the as-received FAs decreased to two orders of magnitude in the solution of stabilized samples.
In addition, the reduction of pH of the same solutions confirms the occurring of carbonation reactions,
that also contributed to reduce the heavy metal leachability.

In summary, these results show that the efficacy of the stabilization procedure depends on several
factors—the pH is fundamental to reduce the heavy metal leachability. In addition, the amount of
leachable Pb and Zn in as-received FA is an important parameter to consider obtaining the better
results—as expected, ashes containing higher quantities of contaminants require higher quantities of
stabilizing agents (or more time for the stabilization). Indeed, an increase in the sum of the concentration
of CFA and BA corresponds to a better result in terms of metals reduced mobility.

The obtained stabilized eco-material may be used in different applications as a substitute of
natural resources.
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Abstract: Paper and pulp industries produce effluents with high phosphorus concentrations, which
need to be treated before their discharge in watercourses. The use of microalgae for this purpose
has attracted the attention of researchers because: (i) microalgae can assimilate phosphorus (one
of the main nutrients for their growth); and (ii) growing on effluents can significantly reduce the
costs and environmental impact of microalgal biomass production. This study evaluated the growth
and ability of Chlorella vulgaris to remove the phosphorus from a secondary-treated effluent of a
Portuguese paper company. Batch experiments were performed for 11 days using different dilutions
of the effluent to evaluate its inhibitory effect on microalgae. Results showed that the non-diluted
effluent inhibited microalgal growth, indicating that this bioremediation process is possible after a
previous dilution of the effluent. Regarding phosphorus removal, promising results were achieved,
especially in the experiments conducted with the most diluted effluent: removal efficiencies obtained
in these conditions were (54 ± 1)%. Another interesting finding of this study was microalgal growth
in flakes’ form (mainly due to the compounds present in the effluent and to the pH values achieved),
which can be an important economic advantage for biomass recovery after the remediation step.

Keywords: biomass production; Chlorella vulgaris; microalgae; nutrients removal; paper industry
effluent; effluent treatment

1. Introduction

Paper and pulp industries require large amounts of water during their manufacturing stages.
For example, the production of 1 kg of paper requires 10 to 50 L of water [1]. At the same time, large
amounts of effluents (about 2000 m3 d−1) are generated, presenting as main features [1,2]: (i) high
chemical oxygen demand (COD, 1000–13,000 mgO2 L−1); (ii) high total suspended solids contents; (iii)
non-biodegradable organic materials; (iv) adsorbable organic halogens (AOX): (v) color; (vi) phenolic
compounds; (vii) high total phosphorus contents; and (viii) limiting nitrogen concentrations. Due to
the large volumes involved and respective compositions, discharge of these effluents without any
treatment can cause several environmental problems [1,3]: (i) colored effluents can affect aesthetics,
water transparency and gas solubility in water bodies; (ii) increase in the concentration of toxic

Appl. Sci. 2020, 10, 3009; doi:10.3390/app10093009 www.mdpi.com/journal/applsci75



Appl. Sci. 2020, 10, 3009

compounds, which can affect aquatic flora and fauna; and (iii) eutrophication with consequent decrease
of dissolved oxygen concentration and pH oscillations, which can negatively impact aquatic ecosystems.
Therefore, treatment of these effluents is necessary before their discharge.

Among the contaminants present in these effluents, phosphorus is of particular concern, as it
subsists in the effluents after the secondary treatment step and is one of the main contributors to the
eutrophication phenomenon [4]. Currently applied methods to reduce phosphorus concentration in
these effluents include physicochemical methods, such as precipitation using aluminum and iron salts.
However, these techniques tend to be costly and to produce large amounts of sludge contaminated with
the referred chemical compounds, requiring further treatment [5,6]. Therefore, microalgal cultures have
appeared as a feasible alternative to conventional physicochemical methods. These microorganisms
have shown their ability to effectively remove color, nutrients, such as nitrogen and phosphorus, trace
metals and other compounds from the culture medium [7,8].

Microalgae are fast-growing photosynthetic microorganisms that have gained much attention in
recent decades, due to their high potential in a wide variety of applications. During photosynthesis,
microalgae uptake CO2 from the atmosphere or flue gas emissions, contributing to the reduction
of the atmospheric concentration of this greenhouse gas [9]. These microorganisms also require
inorganic sources of nitrogen and phosphorus as macronutrients, enabling the use of microalgal
cultures as a tertiary treatment stage (when significant concentrations of these nutrients persist after
previous treatment processes) [10]. Finally, microalgal biomass presents a very rich composition in
polysaccharides, lipids, proteins, vitamins, and other valuable compounds, which make microalgae a
valuable resource for several applications [11,12], such as the production of natural colorants or dyes,
bioenergy, and biofertilizers. Also, effluent treatment with microalgae has the following advantages [10]:
(i) reduction of nitrogen and phosphorus concentrations to levels below the legislated limits for effluent
discharge (EU Directives 1991/271/EEC and 1998/15/EC); (ii) recovery/recycle of these nutrients, which
production presents negative environmental impacts; (iii) increase of the oxygen concentration in the
treated effluent; (iv) production of biomass that can be integrated into the value chain of the company;
and (v) reduction of net carbon dioxide emissions.

Despite the need to search for eco-friendly and cost-effective remediation strategies, only a
few studies have reported the treatment of pulp and paper industry effluents using microalgae [1].
Tarlan et al. [7] evaluated the removal of color, AOX, and COD from an effluent resulting from a
wood-based pulp and paper Turkish company using a mixed microalgal culture (composed by Chlorella
and diatoms). Initial composition of this effluent in terms of color, AOX, and COD was: 4018 Pt-Co,
46.3 mg L−1 and 1248 mg L−1, respectively. Operating in batch mode and using three different dilutions
of this effluent, resulting from the process of pulp production using red pine, the authors reported
removal efficiencies of 84%, 80% and 58% for color, AOX, and COD, respectively. Gentili [13] aimed to
evaluate the growth of microalgae on mixtures of municipal, dairy, and pulp and paper effluents to
achieve the dual goal of nutrients removal and lipids production. The use of mixtures of pulp and
paper industry effluents with municipal and dairy ones was to evaluate if these mixtures could (i)
promote microalgal growth without previous dilution with freshwater; and (ii) provide the required
nutrients for biomass production without the need for nutrients supplementation. Characterization of
these mixtures revealed an ammonium–nitrogen (NH4–N) concentration ranging from 14.75 mgN L−1

to 22.35 mgN L−1, a nitrate–nitrogen (NO3–N) concentration between 1.6 mgN L−1 and 10.1 mgN L−1

and a phosphate–phosphorus (PO4–P) concentration ranging between 1.06 mgP L−1 and 1.25 mgP L−1.
With this study, carried out in laboratory tubes, in batch mode, the authors demonstrated that the
microalgae Scenedesmus sp., Scenedesmus dimorphus and Selenastrum minutum were able to achieve
nitrogen and phosphorus removal efficiencies of 96%–99% and 91%–99%, respectively. Finally, in
the study performed by Usha, et al. [1], a mixed microalgal culture (composed by two Scenedesmus
species) was grown in different dilutions (0%–95%) of a pulp and paper mill effluent, resulting from an
Indian company, with the following composition: (i) 9.932 mgN L−1 of NO3–N; (ii) 30.25 mgP L−1 of
PO4–P; (iii) 3000.15 mg L−1 of COD; and (iv) 2944 mg L−1 of biochemical oxygen demand (BOD). The
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experiments, aimed at evaluating both biomass production and nutrients removal efficiencies, were
performed in batch mode, for 28 days, using open ponds as cultivation system (outdoor conditions).
Regarding nutrients uptake, the most promising results were obtained for the 40% dilution: (i) 65% for
NO3–N removal; (ii) 81.3% for PO4–P; and (iii) 75% for COD; and (iv) 82% for BOD.

The main goal of the present study was to evaluate biomass production and phosphorus removal
from a secondary-treated effluent of a Portuguese paper company using the microalga Chlorella vulgaris.
Different dilutions were performed to evaluate possible inhibitory effects of the effluent on microalgal
growth and phosphorus uptake ability.

2. Materials and Methods

2.1. Microalgae Strain and Maintenance Medium

The microalga C. vulgaris (CCAP 211/11B) was obtained from the Culture Collection of
Algae and Protozoa, United Kingdom. The strain was maintained on modified Organization
for Economic Co-operation and Development (OECD) culture medium [14], with the following
composition (mg L−1): 119 KNO3; 12 MgCl2·2H2O; 18 CaCl2·2H2O; 15 MgSO4·7H2O; 20 KH2PO4;
0.08 FeCl3·6H2O; 0.1 Na2EDTA·2H2O; 0.185 H3BO3; 0.415 MnCl2·4H2O; 0.003 ZnCl2; 0.0015 CoCl2·6H2O;
0.00001 CuCl2·2H2O; 0.007 Na2MoO4·2H2O and 100 Na2CO3.

2.2. Paper Industry Effluent and Culture Conditions

Effluent from a Portuguese paper company, collected after the secondary treatment step, was
characterized (Table 1) and employed as a culture medium for microalgal growth. The methodology
adopted for effluent characterization was the following: (i) COD and turbidity were determined
according to the Standard Methods for the Examination of Water and Wastewater [15] (through the
5220-D and 2130-B tests, respectively); (ii) total dissolved carbon (TDC), dissolved organic carbon
(DOC) and inorganic carbon (DIC) were determined using an organic carbon analyzer (TOC-VCSN,
Shimadzu); and (iii) chlorides, sulfates, nitrates, nitrites and phosphates were determined through ion
chromatography (ICS-2100, Dionex). Due to the low concentration of nitrogen in the effluent, when
compared with typical nutritional requirements of microalgae, the effluent was supplemented with
NaNO3 to achieve N:P molar ratios ranging between 6:1 and 9:1. Ratios between 5:1 and 30:1 have
been considered adequate for several microalgal species [16,17].

Table 1. Physicochemical characterization of the paper industry effluent used in this study.

Parameters Values Unit

Turbidity 1.55 NTUa

pH 7.02 -
Dissolved organic carbon (DOC) 296 mg L−1

Total dissolved carbon (TDC) 369 mg L−1

Dissolved inorganic carbon (DIC) 72.5 mg L−1

Soluble chemical oxygen demand (CODS) 323 mg L−1

Chlorides (Cl−) 671 mg L−1

Sulfates (SO4
2−) 808 mg L−1

Phosphate–phosphorus (PO4–P) 12.3 mg L−1

Nitrate–nitrogen (NO3–N) 8.73 mg L−1

Nitrite–nitrogen (NO2–N) 3.42 mg L−1

a Nephelometric turbidity unit.

Batch experiments were performed in 1—L borosilicate glass flasks (VWR, Portugal) with a
working volume of 950 mL for 11 days. The raw effluent (assay 1) and four different dilutions
with freshwater (assays 2–5) were used as the culture medium for microalgal growth, with nitrogen
concentrations (corresponding to the sum between nitrate– and nitrite–nitrogen) ranging between
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12.7 mgN L−1 and 34.2 mgN L−1 and phosphorus concentrations (phosphate–phosphorus) ranging
between 4.01 mgP L−1 and 12.3 mgP L−1. The medium was inoculated with 250 mL of C. vulgaris
inoculum to obtain an initial biomass concentration of ~ 68 mgdw L−1. The cultures were continuously
exposed to: (i) photosynthetically active radiation between 30–40 μmol m−2 s−1, using a 34-W white
led panel; and (ii) atmospheric air filtered with 0.45–μm nylon membranes (Specanalitica, Portugal),
injected at ~ 90 L h−1, using Trixie AP 180 air pumps (Trixie, Tarp, Germany). The experimental setup
is shown in Figure 1. Two independent experiments were performed for each assay.

Figure 1. Schematic representation of the experimental setup.

2.3. Microalgal Growth Monitoring and Kinetic Growth Parameters

Operational parameters, such as pH and temperature, were daily monitored using a SympHony
SB90M5 pH-meter (VWR, Portugal). Microalgal growth was also daily assessed through optical density
measurements at 680 nm (OD680) using a UV-6300 PC spectrophotometer (VWR, United States). To
eliminate the interference of the effluent color on OD680 measurements, the cells were separated from
the culture medium by centrifugation (at 4000 rpm, for 10 min), the supernatant was discarded, and the
cells were resuspended in an equal volume of distilled water, as described by Hodaifa, et al. [18]. This
procedure was repeated twice. The relationship between OD680 and biomass concentration (X, mgdw

L−1) for C. vulgaris was previously established by linear regression, according to Equation (1):

X = 0.0024×OD680 + 0.0030 R2 = 0.9999, (1)

Biomass concentrations were used to determine the kinetic growth parameters: (i) specific growth
rates (μ, d−1); and (ii) maximum and average biomass productivities (Pmax and Paver, mgdw L−1 d−1).
The specific growth rates were determined from the first-order kinetic model, according to Equation (2):

dX
dt

= μX↔ μ =
ln X1 − ln X0

t1 − t0
, (2)
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where X1 and X0 correspond, respectively, to biomass concentration (mgdw L−1) in the end (t1, d) and
beginning (t0, d) of the exponential growth phase. Biomass productivities (P, mgdw L−1 d−1) were
calculated for each pair of consecutive points, through Equation (3):

P =
Xz+1 −Xz

tz+1 − tz
, (3)

where Xz represents the biomass concentration (mgdw L−1) at time tz (d) and Xz+1 corresponds to the
biomass concentration (mgdw L−1) at time tz+1 (d). The maximum productivity was determined from
the maximum value obtained from Equation (3). On the other hand, average biomass productivities
were determined according to Equation (4):

Paver =
Xf −Xi

tf − ti
, (4)

where Xf and Xi correspond, respectively, to biomass concentration (mgdw L−1) in the end (tf, d) and
beginning (ti, d) of the cultivation period.

2.4. Nutrients Removal

Nutrients removal was evaluated in terms of nitrogen and (N) phosphorus (P) present in the
culture medium/effluent. Nitrogen was assessed in the forms of nitrate and nitrite ions, whereas
phosphorus was monitored through the presence of phosphate ions. From each assay, 5 mL of the
microalgal suspension were periodically collected (days 0, 1, 2, 4, 7, 9, and 11). These samples were
centrifuged at 4000 rpm, for 10 min, and the supernatants were filtered through 0.45–μm nylon
membranes (Specanalitica, Portugal). Nitrate, nitrite and phosphate concentrations were determined
in an ion chromatograph (ICS-2100, Dionex) equipped with an anion analytical column (4x 250 mm,
AS11-HC) and a self-regeneration suppressor (4 mm, AERS 500). The values obtained in the first and
last day of culturing were used to calculate the following removal parameters: (i) removal efficiencies
(%R, %); (ii) average removal rates (RR, mg L−1 d−1); and (iii) mass removal (R, mg L−1), as shown in
Equations (5), (6) and (7), respectively:

%R =
Sf − Si

Si
× 100, (5)

RR =
Sf − Si

tf − ti
, (6)

R = Sf − Si, (7)

where Sf and Si correspond to the nitrogen (nitrate + nitrite) or phosphorus (phosphate) concentration
(mg L−1) in the end (tf, d) and beginning (ti, d) of the cultivation period, respectively.

2.5. Statistical Analysis

Each parameter shown in the present paper was expressed as the mean and standard deviation.
The Tukey statistical test was used to investigate if the differences between the different effluent
concentrations studied could be considered significant. These statistical tests were performed using
Statistica 8.0 (StatSoft Inc., USA) and were carried out at a significance level (p) of 0.05.

3. Results and Discussion

3.1. Microalgal Growth

The C. vulgaris growth curves in raw and diluted paper industry effluent are shown in Figure 2.
These results evidence the inexistence of an adaptation phase for all assays and an exponential growth
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phase that lasted approximately four days. In addition, no cell decay was observed during the 11-day
batch culture, indicating that the experiments could be extended for a longer period. The increase
of biomass concentration during the cultivation period, as well as the lack of an adaptation phase,
shows that C. vulgaris was able to grow in this effluent. However, biomass concentrations achieved in
non-diluted effluent (assay 1) were statistically lower (p < 0.05) than those achieved in more diluted
effluents from assays 3–5.

 
(A) (B) 

 
(C) (D) 

 
(E) 

Figure 2. C. vulgaris cultures growth curves in raw and diluted secondary-treated paper industry
effluent: (A) Assay 11 ; (B) Assay 2 ;; (C) Assay 3 ;; (D) Assay 4 ; and (E)
Assay 5 . Error bars correspond to the standard deviation of the mean obtained from two
independent experiments.
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To complement the analysis from growth curves, microalgal growth parameters, such as specific
growth rate, maximum biomass concentration, and maximum and average biomass productivities,
were determined and presented in Table 2. From these data, it is possible to see a general increase
in growth parameters from assay 1 to assay 5, i.e., from the non-diluted effluent to the more diluted
one. Regarding specific growth rates, values ranged from (0.093 ± 0.007) d−1 to (0.16 ± 0.02) d−1

in assays 1 and 5, respectively. The highest values of maximum biomass concentrations were also
obtained in more diluted effluents from assays 4 and 5: (249 ± 14) mgdw L−1 and (231 ± 31) mgdw L−1,
respectively. Similar behavior was observed for both maximum and average biomass productivities.
Maximum biomass productivities/average biomass productivities obtained in assays 4 and 5 were
(30 ± 3)/(16 ± 1) mgdw L−1 d−1 and (30 ± 6)/(15 ± 3) mgdw L−1 d−1, respectively. In opposition,
maximum and average biomass productivities obtained in assay 1 were (9.8 ± 0.2) mgdw L−1 d−1 and
(6.2 ± 0.1) mgdw L−1 d−1, respectively.

Table 2. Specific growth rates (μ, in d−1), maximum biomass concentrations (Xmax, in mgdw L−1), and
maximum and average biomass productivities (Pmax and Paver, in mgdw L−1 d−1) determined for C.
vulgaris grown in raw and diluted secondary-treated paper industry effluent.

Assay
(NO3+NO2)–N

(mgN L−1)
PO4–P

(mgP L−1)
μ

(d−1)
Xmax

(mgdw L−1)
Pmax

(mdw L−1 d−1)
Paver

(mdw L−1 d−1)

1 34.2 12.7 0.093 ± 0.007 a 136 ± 1 a 9.8 ± 0.2 a 6.22 ± 0.09 a

2 28.3 8.55 0.11 ± 0.01 ab 191 ± 10 ab 15 ± 2 ab 11 ± 1 ab

3 21.5 6.04 0.136 ± 0.004 bc 229 ± 16 b 24 ± 7 ab 15 ± 1 b

4 16.7 4.22 0.134 ± 0.002 bc 249 ± 14 b 30 ± 3 b 16 ± 1 b

5 12.7 4.01 0.16 ± 0.02 c 231± 31 b 30 ± 6 b 15 ± 3 b

Values are presented as the mean ± standard deviation obtained from two independent experiments. Within the
same column, mean values sharing at least one common letter (in superscript) are not statistically different (p > 0.05).

In contrast to what was observed by Gentili [13], the increment in nitrogen and phosphorus
concentration did not contribute to an increase in kinetic growth parameters. Accordingly, these results
may indicate inhibitory effects of the effluent on microalgae, which can influence microalgal cultures
in different ways [19–21]: (i) the effluent color may act as a barrier to light penetration, thus limiting
microalgal access to light and photosynthetic activity; and (ii) paper industry effluents are characterized
by the presence of lignin, humic acids, furans, and dioxins and by high levels of aluminum and
manganese, which exhibit toxic effects on microalgae.

Most studies regarding the bioremediation of paper industry effluents with microalgae focus on
the removal of contaminants and only a few report biomass production yields. Polishchuk, et al. [20]
reported that the maximum specific growth rate obtained for Nannochloropsis oculata grown in effluents
resulting from pulp and paper industry was 0.405 d−1. Tao, et al. [19] revealed that maximum biomass
concentrations achieved by Scenedesmus acuminatus and C. vulgaris grown in paper industry effluents
were 291 mg L−1 and 822 mg L−1, respectively. Considering the values referred in the literature,
microalgal growth parameters obtained in this study were significantly lower, which can be attributed
to the inhibitory effects promoted by the effluent used (in assays 1–3) and to the low concentration of
some essential nutrients (in more diluted effluents of assays 4 and 5). Another explanation for the
low biomass concentrations and productivities achieved may be related to the phenomenon of flakes
formation observed within the cultivation period (autoflocculation). Cells’ agglomeration can affect
the accurate measurement of OD680 and, on the other hand, it can reduce light absorption efficiency
by cells incorporated within flakes, thus resulting in lower photosynthetic activity. In this study, this
phenomenon occurred due to the increase of culture pH (from 7.8 to 8.6) or due to the presence of
certain compounds in the effluent, which can induce a change in the surface charge of the cells and
affect suspensions’ stability [22]. Despite the low microalgal growth rates, the flakes formation enables
a cost-effective biomass removal after effluent remediation. The density similar to water and small size
of microalgal cells difficult the harvesting process and make this step one of the most expensive within
microalgal biomass production processes [22,23]. However, when cells agglomerate, an increase in
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their density and size is observed, contributing to higher settling rates and allowing biomass recovery
using the least expensive harvesting method: sedimentation.

3.2. Nutrients Removal

In this study, nitrogen (in the forms of nitrate and nitrite) and phosphorus (in the form of
phosphate) concentrations were monitored within the cultivation time to evaluate the potential of C.
vulgaris to uptake these nutrients from a paper industry effluent with different concentrations of both
nitrogen and phosphorus. Figure 3 shows the variation of nitrogen and phosphorus concentration
in each assay. Regarding nitrogen removal (Figure 3A), this element was readily assimilated by
C. vulgaris in the diluted effluents (assays 2–5). In the raw effluent (corresponding to assay 1), a
two-day delay was observed in nitrogen assimilation, which may be related to the adaptation of the
microalga to these conditions. Regarding the assimilation patterns observed in assays 2–5, these were
approximately linear for assays 2–4, with nitrogen concentration decreasing gradually during the
cultivation time. On the other hand, in assay 5, corresponding to the more diluted effluent experiments,
nitrogen concentration decreased until the seventh day of culturing and then it was maintained
approximately constant. This behavior may be attributed to a decrease in photosynthetic activity, as
nitrogen concentration decreased, and explains the lower biomass concentrations achieved in assay 5
when compared to the one obtained in assay 4 (according to Table 2, (231 ± 31) mgdw L−1 and (249 ± 14)
mgdw L−1, respectively). Also, at the end of the cultivation time, nitrogen concentration remaining
in cultures corresponding to assays 4 and 5 was approximately the same ((2.81 ± 0.05) mgN L−1 and
(2.6 ± 0.2) mgN L−1, respectively), indicating a limitation of this nutrient in the last days of assay 5.
As for nitrogen concentration, phosphorus concentration also decreased within the cultivation time
(Figure 3B), but in a lesser extent, which is related with microalgal nutritional requirements, as given by
its typical elemental biochemical composition: CO0.48H1.83N0.11P0.01 [24]. The reduction observed in
nitrogen and phosphorus concentration in the studied effluent (raw or diluted) shows that C. vulgaris
can promote an efficient uptake of both nutrients. However, except for nitrogen concentration in assay
5, total depletion of these nutrients did not occur after the 11 days of culturing, reiterating what was
stated in relation to cell growth, that the cultures could be extended for an increased period to further
improve nutrients removal efficiencies. Another similarity with the microalgal growth parameters
already described is the higher variations in nitrogen and phosphorus concentrations observed in
the experiments where the effluent was previously diluted (assays 2–5), which indicate that these
conditions were more favorable for C. vulgaris photosynthetic activity.

Nitrogen and phosphorus removal parameters are presented in Figures 4 and 5, respectively. As
with microalgal growth parameters, a general increase in nutrients removal efficiencies was observed
from assay 1 to 5, with values ranging from (24 ± 10)% to (80 ± 4)% for nitrogen (Figure 4A) and from
(13.0 ± 0.9)% to (54 ± 1)% for phosphorus (Figure 5A). However, Figure 4A shows that there was
no statistical difference (p > 0.05) in nitrogen removal efficiency between assays 4 and 5, which can
be explained by the low concentration achieved in the assay 5 (the one corresponding to the most
diluted effluent) that might have been limiting for microalgal growth. In fact, according to Table 2,
maximum biomass concentration achieved in assay 4 was higher than that in assay 5, indicating that
the highest dilution applied in this study may have contributed to nitrogen limitation to C. vulgaris,
with effects on their growth and nutrients removal parameters. Regarding nitrogen removal rates
(Figure 4B) and mass removal (Figure 4C), the highest values were determined in assays 3 and 4 and
no statistical differences were observed (p > 0.05): (i) average removal rates were (1.31 ± 0.07) mgN L−1

d−1 and (1.26 ± 0.08) mgN L−1 d−1, respectively; and (ii) mass removal values were (14.4 ± 0.8) mgN L−1

and (13.9 ± 0.9) mgN L−1, respectively. These results are in accordance with maximum biomass
concentration achieved and indicate higher photosynthetic activity of C. vulgaris in these intermediate
conditions. A different behavior was observed for phosphorus. In this case, average removal rates
(Figure 5B) and mass removal values (Figure 5C) determined for assays 1 to 4 were not statistically
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different (p > 0.05), but values determined for assay 5 were statistically higher (p < 0.05), reaching an
average removal rate of (0.20 ± 0.01) mgP L−1 d−1 and a mass removal of (2.2 ± 0.1) mgP L−1.

 
  (A) 

 
  (B) 

Figure 3. Temporal variation of (A) nitrogen (nitrate + nitrite) and (B) phosphorus (phosphate)
concentration determined in C. vulgaris cultures grown in raw and diluted secondary-treated paper
industry effluent (Assays: 1 ,, 2 ,, 3 ,, 4 and 5 ). Error bars correspond to
the standard deviation of the mean obtained from two independent experiments.

      (A) 

Figure 4. Cont.
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     (B) 

    (C) 

Figure 4. Nitrogen (nitrate + nitrite) removal parameters obtained by C. vulgaris cultures grown in
raw and diluted secondary-treated paper industry effluent (assays 1–5): (A) removal efficiency (%RN);
(B) average removal rate (RRN); and (C) mass removal (RN). Error bars correspond to the standard
deviation of the mean obtained from two independent experiments. Mean values sharing at least one
common letter (shown above the bars) are not statistically different (p > 0.05).
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    (A) 

      (B) 

     (C) 

Figure 5. Phosphorus (phosphate) removal parameters obtained by C. vulgaris cultures grown in raw
and diluted secondary-treated paper industry effluent (assays 1–5): (A) removal efficiency (%RP);
(B) average removal rate (RRP); and (C) mass removal (RP). Error bars correspond to the standard
deviation of the mean obtained from two independent experiments. Mean values sharing at least one
common letter (shown above the bars) are not statistically different (p > 0.05).85
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Nutrients removal from paper industry effluents has already been reported in the literature.
Table 3 highlights nitrogen and phosphorus removal efficiencies and removal rates obtained in these
studies. According to these data, removal efficiencies reported by Tao, et al. [19] and Gentili [2] are
significantly higher than those obtained in this study, whereas values reported by Usha, et al. [1] were
closer to those obtained in the present study, especially in assays 3–5. The lower removal efficiencies
obtained in this study when compared with those reported by Tao, et al. [19], may be associated with
the higher N:P molar ratio used in the reference study, which was ~ 66:1. On the other hand, the
higher removal efficiencies reported by Gentili [13] may be associated with the use of other effluents to
achieve the dual role of providing the required nutrients for microalgal growth while contributing
to a reduction in the toxicity of the paper industry effluent. Another explanation for the increased
efficiencies obtained in these studies is the nitrogen source used. As in the present study, Usha, et al. [1]
cultivated microalgae in an effluent with nitrate–nitrogen as the main nitrogen source. On the other
hand, Tao, et al. [19] tested an effluent with ammonium as the main nitrogen source (digestate obtained
from the treatment of a pulp and paper industry effluent) and Gentili [13] evaluated this treatment
with both nitrogen forms present. According to several studies, although nitrate–nitrogen is the most
thermodynamically stable form (and the most commonly found in aquatic environments), ammonia is
directly assimilated and converted into proteins by microalgae, while nitrate must be reduced to nitrite
and then to ammonia before being assimilated by microalgal cells [25]. However, for an adequate
comparison of nutrients removal performance, it is important to determine the average removal rate,
as this parameter takes into account initial nutrients concentrations and cultivation/treatment time.
Comparing average removal rates obtained in the present study and in the reference studies, values in
the same order of magnitude were obtained, except in what concerns ammonium–nitrogen removal
in the studies performed by Tao, et al. [19] and Gentili [2]. In these cases, the higher removal rates
obtained may be associated with the higher ability of microalgae to assimilate ammonium–nitrogen
than nitrate–nitrogen. Considering values of average RR, it is possible to conclude that promising
results were obtained in this study. Moreover, differences found in experimental conditions used in this
study and in the studies reported in the literature demonstrate that these results can be significantly
enhanced. Besides increasing N:P molar ratio and providing an ammonium–nitrogen source, the
increase of light supply should also be considered, as values reported in the literature correspond to
cultures grown under light intensities of 130–800 μmol m−2 s−1, whereas results reported in the present
study were obtained with light intensities of 30–40 μmol m−2 s−1.

In summary, the results obtained in this study for both nitrogen and phosphorus removal evidence
that the remediation of paper industry effluents using microalgae is possible, provided that it is properly
diluted to avoid inhibitory effects related to the presence of strong color or high concentrations of toxic
compounds, typically associated with effluents resulting from this industrial sector [19,20]. Considering
the results obtained for nitrogen removal, the dilution of the effluent to the concentrations present in
assays 3 and 4 is the most adequate. In these conditions, nitrogen concentrations were significantly
reduced, reaching (7.1 ± 0.7) mgN L−1 and (2.81 ± 0.05) mgN L−1, respectively (which corresponds to the
highest average removal rates: (1.31 ± 0.07) mgN L−1 d−1 and (1.26 ± 0.09) mgN L−1 d−1, respectively).
Regarding phosphorus removal, the highest removal rate was obtained for the conditions tested in
assay 5: (0.20 ± 0.01) mgP L−1 d−1.
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Table 3. Comparison between nutrients removal efficiencies (%R, in %) and average removal rates
(RR, in mg L−1 d−1) obtained in this study and other studies reporting microalgal growth in effluents
resulting from pulp and paper industries.

Effluent Microalgae
Culture Time

(d)
Element / Form

Initial
Concentration

(mg L−1)

%R
(%)

RR
(mg L−1

d−1)
Ref.

Paper C. vulgaris 11

(NO3+NO2)–N 34.2 24 0.75

This study

PO4–P 12.3 13 0.14

(NO3+NO2)–N 28.2 43 1.1
PO4–P 8.55 17 0.13

(NO3+NO2)–N 21.5 67 1.3
PO4–P 6.04 23 0.13

(NO3+NO2)–N 16.7 83 1.3
PO4–P 4.22 30 0.12

(NO3+NO2)–N 12.7 80 0.93
PO4–P 4.01 54 0.20

Pulp and
paper mill

C. vulgaris 14
NH4–N 240 99 17 [19]
PO4–P 8.00 97 0.55

Pulp and
paper with

dairy sludge
and municipal

Scenedesmus sp.
Scenedesmus
dimorphus

Selenastrum
minutum

6

NH4–N 22.4 99 3.7

[13]

NO3–N 1.06 27–53 0.048–0.094
PO4–P 10.1 96–98 1.6–1.7

NH4–N 14.8 96–98 2.3–2.4
NO3–N 1.08 41–46 0.074–0.083
PO4–P 1.60 96–97 0.25–0.26

NH4–N 21.0 99 3.5
NO3–N 1.25 27–43 0.056–0.090
PO4–P 2.99 90–94 0.45–0.47

Paper mill Scenedesmus sp. 28
NO3–N 2.24 65 0.052 [1]
PO4–P 9.86 71 0.25

Despite the promising nitrogen and phosphorus removal rates, the results obtained in this study
demonstrated that the cultures were limited by nitrogen, as nitrogen and phosphorus were assimilated
by C. vulgaris at a N:P molar ratio ranging from 10:1 to 24:1. Considering these results and the N:P
molar ratios used in this study (between 6:1 and 9:1), nutrients uptake could be enhanced by increasing
nitrogen supply. Another alternative to achieve an adequate N:P molar ratio and reduce the toxicity
of this effluent would be to dilute it with other effluents, as proposed in other studies [13]. Finally,
the remediation process could be further improved by modulating microalgal cultivation conditions.
According to Gonçalves, et al. [25], light conditions, temperature, and pH are also important parameters
that can influence microalgal growth and, hence, the efficiency of the bioremediation process. Thus,
from the prospecting of this work, other studies evaluating these parameters should be carried out to
further improve nitrogen and phosphorus uptake from paper industry effluents.

4. Conclusions

This study showed the feasibility of using C. vulgaris for the bioremediation of a paper industry
effluent fortified with a nitrogen source, targeting phosphorus removal. C. vulgaris was able to grow in
all studied effluent conditions (in non-diluted and diluted ones). However, it was possible to conclude
that growing on non-diluted effluent resulted in lower biomass productivities, which was also reflected
in nitrogen and phosphorus removal efficiencies. From microalgal growth and nitrogen removal points
of view, the effluent dilutions used in assays 3 and 4 (intermediate dilutions) seem to be the most
adequate, as microalgal growth was not inhibited in these conditions and nitrogen mass removal was
quite satisfactory, achieving final concentrations of (7.1 ± 0.7) mgN L−1 and (2.81 ± 0.05) mgN L−1,
respectively. Regarding phosphorus removal, concentrations achieved in the last day of culturing in
assays 3 and 4 were higher ((4.63± 0.04) mgP L−1 and (2.940± 0.005) mgP L−1, respectively) than the one
obtained in assay 5 ((1.85 ± 0.02) mgP L−1). However, the results obtained in assay 5 suggest a growth
limitation, mainly related to nitrogen concentration. Accordingly, the obtained results indicate that these

87



Appl. Sci. 2020, 10, 3009

values can be further improved by studying different N:P molar ratios, different microalgal cultivation
conditions, dilution with other effluents, among others. Improving the remediation performance can
significantly contribute to the development of an effective microalgae–based remediation process of
pulp and paper industry effluents.
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Featured Application: Groundwater contamination is a major global issue. A good understand-

ing of the associated chemistry and fate of a contaminant such as arsenic in groundwater is impor-

tant for minimizing or avoiding potential health, social and economic implications when used as

a water source for human consumption.

Abstract: Arsenic is present naturally in many geological formations around the world and has
been found to be a major source of contamination of groundwater in some countries. This form of
contamination represents a serious threat to health, economic and social well-being, particularly in
under-developed countries and remote communities. The chemistry of arsenic and the factors that
influence the form(s) in which it may be present and its fate when introduced into the environment is
discussed briefly in this review. A global overview of arsenic contamination of groundwater around
the world is then discussed. As a case study, the identified and established causes of groundwa-
ter contamination by arsenic in Bangladesh is highlighted and a perspective is provided on the
consequential health, agricultural, social and economic impacts. In addition, the relevant removal
strategies that have been developed and can generally be used to remediate arsenic contamination
are discussed. Also, the possible influence of groundwater inorganic compositions, particularly iron
and phosphate, on the effectiveness of arsenic removal is discussed. Furthermore, some specific
examples of the filter systems developed successfully for domestic arsenic removal from ground-
water to provide required potable water for human consumption are discussed. Lastly, important
considerations for further improving the performance and effectiveness of these filter systems for
domestic use are outlined.

Keywords: arsenic; groundwater; contamination; water quality; domestic filter systems; health
effects; treatment methods; Bangladesh

1. Introduction

Arsenic (As) is a chemical element which occurs naturally and is commonly present in
the earth’s crust [1]. It has been found in air, biota, water, soil and rocks [1,2]. In particular,
arsenic present in an aqueous medium is of most concern because of its likely detrimental
impact on plants, animals and humans. When present in high concentrations in drinking
water, arsenic has been found to adversely affect human health [3] and this topic has
been the subject of several recent reviews [4–6]. In this comprehensive review, we have
additionally provided a detailed evaluation of treatment options for arsenic removal from
water, with due consideration for affordable small scale technologies that can be easily
implemented in developing countries such as Bangladesh, India, Nepal and Pakistan.
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Arsenic has been introduced to the environment through various natural and anthro-
pogenic sources [7]. The primary natural source of arsenic is from As-enriched minerals [2].
Typical examples of natural sources include volcanoes and eroded arsenic bearing rocks,
such as arsenopyrite (FeAsS), lollingite (FeAs2), orpiment (As2S3) and realgar (AsS) [8].
Under oxidizing and reducing conditions, arsenic can be mobilized at pH 6.5–8.5 [3,9]
which is a common pH range in groundwater [9]. On the other hand, the common anthro-
pogenic sources include agriculture, livestock and industrial manufacturing [10]. It is also
widely used for the manufacture of glassware, industrial chemicals, copper, lead alloys and
pharmaceuticals [10]. Industrial processes, such as smelting of iron ores, mining, pulp and
paper production, cement manufacture, burning of fuels and wastes are known sources for
the release of arsenic into the environment [8]. However, the focus of this review is on the
contamination of groundwater by arsenic from predominantly natural sources.

Arsenic is a group Va element on the periodic table and is classified as a metalloid.
In the environment, it exists in several oxidation states as As(3-) (arsine), As(0) (arsenic),
As(3+) (arsenite) and As(5+) (arsenate) [11]. In natural waters, the common soluble ar-
senic species are the inorganic oxyanions of As(III) or As(V) [12]. As(III) species include
As(OH)3, H2AsO3

−, HAsO3
2− and AsO3

3− [13,14]. As(V) species are AsO4
3−, HAsO4

2−,
H2AsO4

– and H3AsO4 [13,14]. Arsenic (III) forms complexes preferentially with oxides
and nitrogen [14]. On the other hand, As(V) forms complexes with sulfides [14].

There are also organic arsenic species such as arseno-sugars dimethyl arsenic acid
(DMAA) and monomethyl arsenic acid (MMAA) [15]. However, in drinking water treat-
ment, these species are not of significant concern due to the limited effect they have on
human health, and their ease of elimination from the body [15].

Under reducing anaerobic conditions, the dominant species are trivalent arsenic [9],
while in oxygen rich aerobic conditions pentavalent species are dominant [9,11,12]. However,
the key considerations for controlling the arsenic species present under various conditions
are redox potential (Eh) and pH [9,16–18]. Figure 1 shows that, under oxidizing conditions,
H2AsO4

− is the dominant arsenate species at low pH (pH < 6.9), whereas HAsO4
2− is the

dominant arsenate species at a higher pH, as illustrated in Figure 1c [9,16,17]. On the other
hand, H3AsO3

0 is the dominant arsenite species at pH < 9.2 when operating in reducing
conditions, as illustrated in Figure 1b.

Figure 1. pH dependence of the aqueous speciation of As(III) and As(V) species. (a) redox potential
(Eh)–pH diagram [9,17], (b) arsenite species and (c) arsenate species [16]. Operating conditions:
25 ◦C and 1 bar total pressure. Reproduced with permission from Elsevier and RSC.

The presence of nitrate in groundwater has been proposed as a likely significant
contributing mechanism for the oxidation of arsenic to As(V) [18]. Nitrate can act as
a terminal electron acceptor and this mechanism is likely to be more prevalent under
anoxic conditions.
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Reported cases of groundwater contamination by arsenic are more diverse than com-
monly realized and extend from under-developed to developed countries, including Ar-
gentina, Bangladesh, Canada, Chile, China, Hungary, India, Japan, Mexico, Nepal, Poland,
Taiwan and the USA [15]. Figure 2 shows where groundwater or surface water contamina-
tion by arsenic has been reported. Croatia, Hungary and Serbia are three of the countries in
Europe where very high concentrations of arsenic in groundwater have been reported. In
Hungary, the arsenic concentrations in groundwater were found to exceed the WHO (10
μg/L) and EC guidelines (7.5 μg/L, EC Directive 2006/118/EC) by several times [19]. The
concentrations of arsenic in various groundwater samples collected in Hungary and Roma-
nia ranged from <0.5 to 240 μg/L [20]. More distinctly, the highest arsenic concentrations
(23 to 208 μg/L, mean 123 μg/L) were obtained in waters dominated by methanogenesis,
whereas waters dominated by sulfate reduction gave lower arsenic concentrations (<0.5 to
58 μg/L, mean 11.5 μg/L) [20]. In Serbia, the extent of arsenic contamination is not fully
resolved and yet to be determined [15]. As illustrated in Figure 2, the most affected countries
in the Americas are Argentina, Chile, Mexico and the United States. In Latin America, the
estimated number of people affected by arsenic contamination >50 μg/L is at least four
million [21]. Some wells in Argentina, Bolivia and Peru were found to contain extremely
high arsenic concentrations at high mg/L levels [21].

Figure 2. Countries affected by arsenic contamination of groundwater or surface waters [15]. Repro-
duced with permission from IJAET.

The global variation of arsenic concentrations in groundwater is summarized in
Table 1. Among the affected countries, Bangladesh and West Bengal in India have the
largest population at risk of exposure to arsenic contamination [7]. This is why we chose
Bangladesh as a case study to highlight the extent of groundwater contamination by arsenic.
The people most affected in Bangladesh and West Bengal reside where there is no access to
integrated urban water supply systems, mostly in rural areas. Consequently, millions of
people living in rural areas in these countries are regularly drinking water contaminated
with arsenic. A relatively large number of people in this region have already been identified
as having arsenic related disease symptoms [15].

UNICEF reported that 1.4 million tube wells out of the 4.75 million (around 30%) in
Bangladesh contained arsenic concentration above 50 μg/L [22]. A household drinking
water quality survey conducted by UNICEF in Bangladesh found that 12.6% of drinking
water samples exceeded the country’s arsenic standard for drinking water [22]. This repre-
sents approximately 22 million Bangladesh people at risk of adverse arsenic exposure [22].
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Furthermore, in West Bengal (India), an estimated 6 million people were found to have been
exposed to relatively high arsenic concentrations, ranging from 50 to 3,200 μg/L [23,24].

Table 1. Global variation of arsenic concentrations in groundwater.

Country Region [As], μg/L Permissible Limit, μg/L

Afghanistan Ghazni 10–500 10 (WHO)

* Argentina 10–1000 50 (WHO)

# Australia

Perth
Northern New South Wales

Victoria (Gold mining
regions)

7000
52–337

<1–300,000
10 (WHO)

Bangladesh Noakhali <1–4730 50 (WHO)

Brazil Minas Gerais
(Southeastern Brazil) 0.4–350 (Surface water) 10 (WHO)

Cambodia Prey Veng and
Kandal-Mekong delta Up to 9001–1610 10 (WHO)

Canada Nova Scotia
(Halifax county) 1.5–738.8 10 (WHO)

* Chile 900–1040 50 (WHO)

China - 50–4440 50 (WHO)

* China Inner Mongolia 1–2400 50 (WHO)

# Croatia (Eastern) Osijek area
27 (Shallow groundwater)

205–240 (Deep
groundwater)

10 (WHO)

Finland Southwest Finland 17–980 10 (WHO)

# Germany - 10–150 10 (WHO)

# Ghana - <1–175 50 (WHO)

Greece Fairbanks (mine tailings) Up to 10,000 10 (WHO)

* Hungary Pannonian Basin 10–176
0.5–240 10 (WHO)

India West Bengal
Uttar Pradesh 10–3200 50 (WHO)

Italy Volcano island and
Phlegrean Fields 0.1–6940 10 (WHO)

Japan Fukuoka Prefecture
(southern region) 1–293 10 (WHO)

# Lao PDR Laos 277.8 50 (WHO)

Mexico Lagunera 8–620 25

Nepal Rupandehi Up to 2620 50

# New Zealand Taupo Volcanic zone 21 10 (WHO)

Pakistan Muzaffargarh
(southwestern Punjab) Up to 906 50

* Peru 500 50 (WHO)

* Romania 10–176 10 (WHO)

# Slovakia Banska Bystrica and Nitra 37–39 10 (WHO)

# Spain - <1–100 10 (WHO)

Taiwan - 10–1820 10 (WHO)

Thailand Ron Phibun 1–>5000 10 (WHO)

# UK Southwest England <1–80 10 (WHO)

USA Tulare Lake Up to 2600 10 (USEPA)

Vietnam

Red River Delta
(North Vietnam)
Mekong Delta

(South Vietnam)

<1–3050 10 (WHO)

Adapted and modified from [3], * [15] and # [25].

Usually after a few years of extraction of groundwater, a considerable increase in
the concentration of arsenic in wells has been observed [15]. Future increases in arsenic
contamination issues in drinking water are expected despite the establishment of a stringent
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standard for arsenic in drinking water and this may spread to other countries [15]. Due to
the greater risk that arsenic contamination of groundwater poses to the Bangladeshi people,
it is useful to take a closer look at the widespread nature of the problem in this country.

2. Case Study—Arsenic Contamination of Groundwater in Bangladesh

2.1. Background

Bangladesh is a tropical country with a total area of about 147,570 km2 and an esti-
mated population of 160 million as of 2016 [26]. About 58% of the surface area is arable
land and about 11% comprises forests and woodlands. The contribution of the agricultural
sector to national GDP (Gross Domestic Product) is about 18%, while about 72% of its
people are based in rural settings [26]. The per capita income in 2015–2016 is US$ 1466 [26].

Although there is abundant groundwater in Bangladesh and the productivity of the
aquifers are very high, variable water tables are observed in different parts of the country,
more commonly shallow and below the ground surface by 1–10 m [27]. Groundwater is
generally free from pathogenic microorganisms and, if not contaminated, can be reasonably
safe to use. For these reasons groundwater has remained an appealing and readily available
reserve for drinking water in many countries [27]. This has resulted in the widespread use
of groundwater as the main source of drinking water, particularly as tube wells for the
past forty years or more. The tube wells have contributed significantly to the reduction
of mortality rate of diarrheal diseases [28]. Bangladesh achieved a remarkable success by
providing 97% of the rural population with tube well water [28].

However, the coverage for safe drinking water has been significantly reduced from
97% to 74% as a consequence of the extensive contamination of groundwater with ar-
senic [28]. Consequently, the mortality rate in Bangladesh was increased as a result of
arsenic contamination of the drinking water [29]. About 12.6% of its population are still
accessing this contaminated water [22]. This has led to the recognition of arsenic contami-
nation as a catastrophic issue in Bangladesh [22]. To understand the cause of this problem,
a knowledge of the geological characteristics of Bangladesh is useful.

2.2. Geology of Bangladesh

Young (Holocene) alluvial and deltaic sediments dominate the geology of Bangladesh.
The major river systems of the Bengal Basin are responsible for the deposition of these
sediments [27]. Most of these sediments, of several hundreds of meters in thickness, have
been deposited within the last 6000–10,000 years [27]. The Basin is now recognized in the
world among the most rapidly developed delta systems [27]. In the north, the surface
sediments consist mainly of coarse-grained mountain-front alluvial fan deposits, while allu-
vial sands and silts represent the main composition of sediments from central Bangladesh.
The predominant composition of the sediments in the south are deltaic silts and clays.
On approaching the southern part of Bangladesh, the deposits tended to be increasingly
fine-grained [27]. Figure 3 illustrates the surface geological units of Bangladesh. Evidently,
the surface geological characteristics are very diverse in nature.

2.3. Mobilization of Arsenic in Groundwater in Bangladesh

The two most widely discussed hypotheses for the sources of arsenic contamination of
groundwater in Bangladesh are the pyrite oxidation hypothesis and the iron oxyhydroxide
reduction hypothesis [6,30].

The “Barind and Modhupur Tracts” made up of up-faulted terraces of older (Pleis-
tocene) sediments are the key characteristics of the surface geology in north-central
Bangladesh. Unlike the surrounding alluvium deposits, these sediments have experi-
enced significantly more weathering [27]. The younger alluvial sediments in these tracts
are present at depths ranging or greater than 50–200 m. However, for the older sediments,
the extent of its distribution is still relatively unknown [27]. In south-east Bangladesh,
older (Tertiary) sediments dominate the geology of the Chittagong Hill Tracts and their
main composition are sandstone, silt and limestone [27]. Within 20–80 m depth, the
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sediment was found to be very rich in arsenopyrite [31]. The granitic and metamor-
phic processes of the Himalayas was the original source of the sediment [31]. After the
introduction of the sediment into the Ganges delta, it became part of the aquifers [31].
Additional arsenic is retained as an adsorbed coating with ferric oxy-hydroxide on the
sediments [32]. It is understood that the transport and deposition of arsenic and ferric
oxy-hydroxide in the Ganges delta along with abundant organic matter resulted from
the oxidation of arsenopyrite [33,34]. Figure 4 illustrates the arsenic contaminated ar-
eas in Bangladesh [24]. Obviously, the arsenic concentrations present in many areas are
considerably above 50 μg/L.

Figure 3. Surface geological units of Bangladesh [27]. Reproduced with permission from BGS.

Figure 4. Arsenic contaminated areas in Bangladesh [24]. Reproduced with permission from BGS.

2.3.1. Pyrite Oxidation Hypothesis

Studies have shown that there is a high level of arsenopyrite (FeAsS) in the alluvial
regions of Bangladesh [31,35]. The basis of the pyrite oxidation hypothesis is that the
oxidation of arsenopyrite resulted in the release of arsenic into groundwater [36–39].
This process is understood to be aided by the invasion of the aquifers by atmospheric
oxygen when the water table is lower than these deposits, resulting in its diffusion into
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the pore space and groundwater. Consequently, the reaction between the arsenopyrite
and available oxygen resulted in a water-soluble form of arsenic which was consequently
released into the groundwater [30].

The associated reactions for this process are:

4FeAsS + 11O2 + 6H2O → 4 FeSO4 + 4 H2AsO3
− + 4H+

4FeAsS + 13O2 + 6H2O → 4 FeSO4 + 4 H2AsO4
− + 4H+

The above hypothesis is supported by the absence of arsenic-affected people before
irrigation became more intensive at the beginning of the 1980s. Consequently, the total
irrigated area which used groundwater increased significantly from 41% to 71% within
1982/1983 and 1996/1997, respectively, while in the same period the use of surface water
decreased considerably from 59% to 29% [30].

Based on the pyrite oxidation hypothesis, the lowering of the water table resulted
from the considerable use of groundwater, and, in turn, led to groundwater contamination
with arsenic. The arsenic mobilization proposed by this hypothesis is widely accepted as
the main mechanism for intrusion of arsenic into groundwater in Bangladesh [36,40,41].
However, the hypothesis is not yet fully validated as there is a need for further hydrological
and geochemical data [42].

2.3.2. Iron Oxyhydroxide Reduction Hypothesis

Another suggestion proposed as the source of groundwater contamination with ar-
senic in Bangladesh is based on the so-called iron oxyhydroxide reduction hypothesis.
This hypothesis is based on the premise that the source of arsenic was from the Ganges
region, upstream of Bangladesh, where arsenic sulfide minerals followed by abrasion
were carried by water about 1.6–1.8 million to 10,000 years ago during the late Pleistocene
age [43]. As these arsenic-containing minerals travelled down the Ganges, arsenic was
adsorbed to iron oxyhydroxide (FeOOH). The arsenic-rich iron oxyhydroxides were de-
posited at the Gangetic delta, and formed an alluvial aquifer. Various processes, including
burial of vegetation, agriculture and floods, led to the introduction of organic carbon into
the aquifer [8]. This organic carbon provided food for bacteria and the presence of methane
in the water indicates that organic matter is being utilized in the aquifer by anaerobic
bacteria [30]. Consequently, the redox potential of the groundwater is lowered by this
biological process. Due to this reducing environment, the iron oxyhydroxide is broken
down, resulting in the introduction of adsorbed arsenic into the groundwater [36,39,43–45].
The adsorption of arsenic by hydrous iron oxyhydroxide is supported by the following
reactions [8]:

Fe (OH)3 + H3AsO4 → FeAsO4·2H2O + H2O

≡FeOHo + AsO4
3− + 3H+ → ≡ FeH2AsO4 + H2O

≡FeOHo + AsO4
3− + 2H+ → ≡ FeHAsO4

− + H2O

The reduction of hydrous iron oxides can occur by the following reaction:

Fe(OH)3 + e− → Fe2+ + 3OH−

Therefore, the presence of anoxic conditions is necessary for arsenic-rich iron oxyhy-
droxide to be reduced and, in turn, release arsenic. This process mobilizes iron and its
adsorbed load into the groundwater. Some researchers have accepted the arsenic mobi-
lization based on the iron oxyhydroxide reduction hypothesis as the main mechanism for
groundwater contamination by arsenic in Bangladesh [27,36,42,46]. However, a more com-
prehensive sampling and systematic analysis of ferric oxyhydroxide in the areas affected is
needed to validate the reduction hypothesis [27,42].
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Furthermore, it may also be possible for both of the mechanisms discussed above to
contribute to arsenic release. This is in view of the fact that the pyrite oxidation occurs under
an oxic condition, while iron oxyhydroxide reduction occurs under an anoxic condition.

3. Effects of Arsenic Contamination

Groundwater contamination by arsenic in Bangladesh has had adverse effects on
human health, agriculture, social well-being and the economy of the country. To highlight
the seriousness of these impacts, each of these is discussed in more details below.

3.1. Effects on Health

Groundwater contamination by arsenic has resulted in numerous serious health
consequences in Bangladesh [47–49]. Globally, arsenic contamination in drinking water
has reportedly led to the exposure of about 150 million people leading to serious health
effects [50]. Of these, about 110 million people live in Bangladesh, Cambodia, China,
India, Laos, Myanmar, Nepal, Pakistan, Taiwan and Vietnam [51]. In addition, many
people are affected through consumption of arsenic-contaminated foods produced from
the use of arsenic contaminated groundwater [50,51]. It has been found that rice grains
contribute about half of the daily intake of arsenic in Bangladesh [52]. A survey conducted
within arsenic-affected villages in Bangladesh collected hair, nail, urine and skin-scale
samples totaling more than 10,000 which were subsequently analyzed for arsenic [53].
The results of the survey indicated that the arsenic concentrations in 93.8% and 95.1% of
nails and urine samples, respectively, exceeded the normal level. For nail, the acceptable
arsenic concentration range is 0.43–1.08 mg/kg [54], while for urine the range is 0.005–0.04
mg/day [55]. Furthermore, 83.2% and 97.4% of hair and skin-scale samples, respectively,
gave arsenic contents that far exceeded the toxic level of 1 mg/kg [56]. These results
therefore revealed a serious impact on health that has arisen from human exposure to
arsenic through groundwater contamination in Bangladesh.

A recent comprehensive overview on the adverse effects from inorganic arsenic expo-
sure details the major health issues [57]. Carcinogenic effects are particularly prevalent and
the most common consequences resulting from poisoning from drinking arsenic contami-
nated water are skin diseases, including hyperkeratosis, keratosis, leuco-melanosis and
melanosis (hyper pigmentation) [57–64]. Arsenicosis is initially manifested by melanosis
which usually occurs all over the body [57,62]. The hardening of the melanosis spots
leads to the commencement of keratosis [62]. A long-term exposure to arsenic results in
the hyperkeratosis of the palms and soles [59]. Other associated health effects resulting
from ingestion of arsenic include cardiac failure, chromosomal abnormality, cirrhosis, di-
abetes mellitus, gangrene, goiter, hypertension (high blood pressure), liver enlargement,
myocardial degeneration, peripheral neuropathy and skin cancers [59,62,63].

Also, the development of cognitive and psychological functions in children has been
shown to be affected by extended consumption of arsenic contaminated drinking water [65].
Furthermore, areas where highly contaminated groundwater is used have been shown to
be more prone to higher fetal loss and infant deaths [66].

3.2. Effects on Agriculture

Groundwater is the main source of water used for agriculture in Bangladesh. Conse-
quently, when contaminated with arsenic, it can result in the introduction of arsenic into
agricultural soils and crops, such as rice and vegetables [51,67,68]. For the same reason,
it has also been found in many areas in Bangladesh that high arsenic concentrations are
present in the agricultural soils and the usage of groundwater contaminated with arsenic
for irrigation has been identified as the main cause [50,52].

A main consequence is the dual arsenic accumulation in vegetables and rice grains
from both soils and irrigation water [30,50,51,69–71]. More seriously, the phytotoxic ef-
fects of arsenic can result in a significant reduction of crop yields [52]. The variation of
arsenic contents of selected foods from different countries is demonstrated by the data
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in Table 2. In general, arsenic concentrations in these foods are lowest when obtained in
countries with little or no exposure to arsenic contamination of water source.

Rice, which is a staple part of the diet in Bangladesh, has been extensively studied
in the context of mitigating and reducing the uptake of arsenic during its cultivation.
An excellent review on this topic has been recently published [72]. The authors have
indicated that by employing water management, physico-chemical and biological strategies,
either alone or combined, the uptake of inorganic and methylated arsenic species in rice
cultivation can be successfully decreased. These approaches may also be adapted for other
crops. The adoption of these strategies is a major challenge for countries like Bangladesh,
where socio-economic factors can be a hindrance.

Table 2. Concentrations of arsenic in selected foods from different countries.

Country
Vegetables

(μg/kg)
Rice (μg/kg)

Fish/Shrimp
(μg/kg)

Other Foods
(μg/kg)

Australia 30 (20–40)

Bangladesh 54.5 (<5–540) 500 (30–1840) (97–1318) 45.9 (44.9–46.9)
Betel leaf

Bangladesh a (70–3990) 496 (58–1830)

Bangladesh b (214–266)

China 140 (20–460)

China a 930

Europe (<5–87)

United Kingdom 2 (green veg)
4.9 (other veg)

USA 250 (30–660)

West Bengal
(India) 140 (20–400)

West Bengal
(India) a

250 (140–480)330
(180–430)

a Samples collected from arsenic-affected area and b marine species. Adapted and modified from [73].

3.3. Social Effects

The prevalence of arsenic poisoning has triggered many social
implications [48,49,74,75]. Relatives, friends and neighbors often ostracize the people affected
by arsenic poisoning. There is a general tendency to avoid or discourage the arsenic-affected
people from being seen in public. More concerning, school attendance by their children is
usually prohibited, while attendance at work places and public meetings is not encouraged
for the adults [76].

For women, arsenic poisoning has more dire social consequences [76]. Young women
who have had arsenicosis are often constrained from getting married. Even married women
who have arsenic related diseases are also socially ostracized. Evidently, the males, females
and children who are affected by arsenic poisoning are severely disadvantaged socially [76].

3.4. Economic Impact

There is a direct relationship between the economic impact of suffering from arseni-
cosis and the social impact experienced from the disease [48,49,74,75,77]. Usually once
a family member becomes sick from arsenic poisoning, various coping mechanisms are
experienced. This may involve selling of assets, reduction of basic needs, reduction of
access to education and the associated burden of financial loans [76]. Consequently, a
large-scale poisoning of the population can impact the nation’s economy, requiring the
Government, in extreme cases, to reduce its social and economic development programs as
a basis for dealing with the disaster.
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Attempts to minimize or eliminate the impacts of groundwater contamination with
arsenic have resulted in various strategies for arsenic removal from groundwater with a
varying level of successes. Nevertheless, there is still considerable research being under-
taken in this area to achieve efficient and reliable removal of arsenic from groundwater
to ensure safe human consumption. Some of these removal processes and strategies are
discussed below.

4. Arsenic Removal Processes

A major approach for reducing arsenic poisoning is by treatment of arsenic-contaminated
water and the new and emerging treatment technologies have received considerable eval-
uation and have also been recently reviewed [47,78–80]. The major categories of treatment
methods that have been used for this purpose are described below [81]:

(i) Oxidation and filtration process: This usually involves the oxidation of arsenic with
inorganic iron and manganese oxides, followed by removal of the residues by filtra-
tion [82,83]. Due to the uncharged nature of As(III) complexes, an oxidation step is
often employed to oxidize As(III) complexes to As(V) complexes [84].

(ii) Biological oxidation: Microorganisms are used in this case to oxidize As(III) to As(V),
followed by As(V) removal with iron and manganese dioxide [85,86].

(iii) Co-precipitation: This involves the addition of a suitable oxidizing agent to oxidize
As(III) to As(V), followed by coagulation, sedimentation and filtration [87,88].

1. [(iv)] Adsorption: This approach involves the adsorption of arsenic with activated
alumina, activated carbon, hydrated iron oxide, iron based adsorbents and zero valent
iron [89–91].

(v) Ion exchange: This involves the use of relevant exchange resins (cation or anion) for
separation of arsenic [92,93].

(vi) Membrane technology: This includes the use of processes such as electrodialysis,
nanofiltration and reverse osmosis for removal of arsenic [94–98].

The following sub-sections provide more detailed discussion of some of these treat-
ment methods.

4.1. Biological Process

Numerous biological treatment options for removal of metals from drinking water are
available [99] and the biological treatment of groundwater for arsenic removal employs nat-
urally occurring microorganisms, such as Gallionellaferruginea and Leptothrixochracea [100].
The addition of these organisms to the groundwater results in the formation of new iron
oxide precipitates on the filter, which subsequently removes arsenic from the water by
adsorption. Under optimized conditions, As(III) is oxidized by these microorganisms, en-
abling removal of up to 95% of arsenic from waters which contain 200 μg/L of arsenic [100].
This process also enabled the removal of As(V). For a comprehensive overview of biological
transformations of arsenic, which includes possible detoxification mechanisms, refer to a
recent review on this topic [101].

4.2. Precipitative Processes

This category of arsenic removal processes includes coagulation and filtration [87],
coagulation-assisted microfiltration [102], enhanced coagulation [103] and lime soften-
ing [104]. These are very popular processes that require the addition of either aluminum
sulfate, ferric chloride or ferric sulfate as a coagulant to change either the chemical or
physical properties of dissolved colloidal or suspended matter [105]. To promote rapid
settling out of the particles by gravity, the enhancement of agglomeration is used in some
cases, otherwise filtration is used to remove the particles [105]. Agglomeration is usually
accomplished by changing the surface charge properties of solids with coagulants to enable
formation of a flocculated precipitate. The resulting products of this process are larger
particles or flocs that filter or settle out more easily under gravity [106].
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Greater than 90% As(V) removal has been successfully achieved with coagulation
processes [107]. The use of coagulation with alum, ferric chloride and ferric sulfate for
removal of As(III) is far less efficient than the removal of As(V) [107]. To ensure efficient
arsenic removal, As(III) is usually oxidized to As(V) prior to coagulation. Effective As(V)
removal is usually accomplished at pH 7.6 or less with iron and aluminum coagulants.
However, in terms of stability, iron coagulants offer more advantage than aluminum
coagulants when operating within a pH range of 5.5 to 8.5 [9]. The key factors that
influence the choice of the optimum coagulant dose are the water quality and the arsenic
concentration in the treated water. The overall cost of the water treatment process can
be significantly increased if further adjustment of the pH is necessary to achieve a more
effective removal of arsenic [106].

Some field studies have demonstrated the effectiveness of coagulation/filtration in
reducing the arsenic level to below 5 μg/L [106]. However, under optimum operating
conditions, the achievement of a residual arsenic level of less than 3 μg/L is possible [107].

4.3. Membrane Processes

Siddique et al. [108] have recently reviewed the application of nanofiltration mem-
brane technologies and their advantages and disadvantages relative to other methods.
The membrane processes used for arsenic removal mainly include reverse osmosis [94,95]
and electrodialysis [96]. While these processes are effective, they are generally more costly.
Nonetheless, they are capable of removing arsenic through filtration, electric repulsion,
and adsorption of arsenic-bearing compounds. The size exclusion property of a chosen
membrane enables rejection of arsenic compounds larger than its pore size [107]. Besides
the size of the compounds, the rejection by the membrane can be influenced by other factors.
In some instances, arsenic compounds that are 1–2 orders of magnitude smaller than the
membrane pore size have been rejected, thus suggesting that besides physical straining,
other removal mechanisms may be involved [107]. Two factors that play significant roles
in arsenic rejection by a membrane are shape and chemical characteristics of the arsenic
compounds. Removal of arsenic compounds on membranes can also be accomplished
through repulsion or surface adsorption depending on the charge and hydrophobicity of
the membrane and the feed water [109]. The achievement of removal efficiency of 97% for
As(V) and 92% for As(III) in a single pass by reverse osmosis has been reported [107].

4.3.1. Arsenic Removal by Membrane Distillation

As a non-isothermal membrane separation process, membrane distillation (MD) uti-
lizes a microporous hydrophobic membrane with pore size ranging from 0.01 μm to
1 μm [97]. For effective operation, only vapor and non-condensable gases must be present
within the membrane pores and the membrane must not be wet [97,98]. Commercially
available hydrophobic micro-porous membranes include polytetrafluoroethylene, polyethy-
lene, polypropylene and polyvinylidenefluoride membranes [98]. The simplest and most
economical and efficient of the different kinds of MD is direct contact membrane distilla-
tion (DCMD) [97,98]. DCMD directly separates the hot feed and the cold permeate with
the aid of the membrane. Up to 100% of arsenic has been removed from contaminated
groundwater with DCMD [97,98].

4.3.2. Membrane and Adsorption Process Hybrid

New technologies with different processes have also been adopted for further im-
provement of arsenic removal [2]. Membrane technologies along with low cost adsorptive
media have been shown to be effective for the removal of arsenic from water [110]. This has
led to the production of a cheap, easy to operate filter system for delivering safe and
arsenic-free drinking water. This system consists of three basic components: an organic
membrane, a tank/drum in which the membrane is inserted and an adsorptive cartridge
made of industrial waste products [110].
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4.4. Adsorptive Processes

Adsorptive processes include ion exchange [94,95], iron oxide/hydroxide coated
sand [89,90,111,112], iron-hydroxide coated alumina [91], granular ferric hydroxide (GFH) [113,114]
and natural iron ores [115]. A desirable feature of the available adsorbents for developing countries
is that they should be cheap, readily available and effective [116].

The basis of adsorption methods is the ability to achieve the attraction of soluble
arsenic species to the surface of a suitable sorbent. These methods are cost-effective and
have attracted a considerable interest for the development of adsorbents that are capable of
cheap and efficient arsenic removal from drinking water. The two most commonly used
sorbents are based on: (a) iron compounds, including akaganeite (β-FeOOH), amorphous
hydrous ferric oxide (FeOOH), goethite (α-FeOOH) and poorly crystalline hydrous ferric
oxide [111], and (b) aluminum compounds, including activated alumina γ-Al2O3 and
gibbsite Al(OH)3 [117].

Among other sorbents considered are carbon from coconut husks [118], carbon from
fly ash [119,120], hybrid polymeric materials [121], red mud [122,123], titanium diox-
ide [124,125], manganese dioxide [126,127], orange peel [128] and fungal biomass-based
bio-sorbent [86,129].

4.4.1. Iron Oxides/Oxyhydroxides Based Adsorbents

The effectiveness of various iron compounds for metal ion removal has been demon-
strated in a number of studies [35,130]. Those found to be effective sorbents for arsenic
removal from aqueous solutions include β-FeOOH, FeOOH, α-FeOOH and poorly crys-
talline hydrous ferric oxide [80,90,111,112]. Other iron oxides/oxyhydroxides-based sor-
bents that have been considered include Cerium (IV)-doped iron oxide adsorbent [115],
GFH [113,114], iron-hydroxide coated alumina [91], iron oxide-coated polymeric miner-
als [100,131], iron oxide-coated sand [132], magnetic iron oxide/activated carbon compos-
ite [132], iron oxide-coated cement [96], magnetically modified zeolite [90], natural iron
ores [115], silica-containing iron(III) oxide [133] and iron containing waste materials such
as fly ash and red mud [120].

The adsorption of arsenic by hydrous ferric oxide (FeOOH), particularly akaganeite,
ferrihydrite, goethite and GFH, has been demonstrated to be very strong and effective [114].
The breakthrough behavior of a GFH fixed bed filter was investigated for arsenic removal
and maximum uptakes of 28.9 mg/g and 42.7 mg/g at pH 7 were achieved with initial low
and high concentrations of 0–1 mg/L and 1–8 mg/L, respectively [114]. The use of goethite
for arsenic removal also achieved adsorption capacity of 25 mg/g [112]. The ability to
use goethite to achieve a high arsenic removal rate was suggested in another study [134].
The achievement of higher arsenic uptakes of 65 mg/g at pH 3.5 and 22 ◦C [90] and of
120 mg/g at a pH range of 4.5–7 and 25 ◦C [111] has been successfully demonstrated with
the use of a synthetic β-FeOOH.

The iron oxyhydroxides used in these studies have particle sizes in the nanometer
range. However, when used in sorption columns, nanoparticles can be problematic due to
the difficulty in achieving solid/liquid separation [111]. It is therefore a major challenge to
find a natural adsorbent that contains nanoparticles of iron oxides that can remove arsenic
effectively and can also be used in column filtration technology.

The use of iron oxide coated sand (IOCS) as an adsorbent for removal of arsenic
and iron has been investigated by UNESCO-IHE (The Netherlands) for 20 or more years.
It is obtained as a by-product of the iron removal process within the Dutch groundwater
treatment plants. The investigation of the use of IOCS obtained from different groundwater
treatment plants in the Netherlands demonstrates that high to very high arsenic removal
efficiencies were achieved for As(III) and As(V) depending on the iron and manganese
content in their coatings. Arsenic removal efficiency of 100 percent was achieved with
IOCS which contained 353.8 mg Fe/g IOCS and 17.2 mg Mn/g [135].
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4.4.2. Application of Nanoparticles for Arsenic Removal from Water

Various nanomaterials have been employed for water treatment [136]. Their reactivi-
ties and high surface areas have attracted a lot of interest in their consideration as novel
adsorbents for removal of heavy metals and arsenic [137]. Maiti et al. [138] have reviewed
the use of nanomaterials for arsenic removal from water and some of the key nanomaterial
technologies are summarized in this section. The implementation of these technologies has
been limited by the costs of production and the difficulty in recovery and recycling of the
nanoparticles. Of these, iron- and titanium-based nanoparticles are most commonly used
for removal of arsenic [139–143].

The nano-adsorbents that have been considered for arsenic removal include nanopar-
ticles of zero-valent iron (nZVI) [144,145], iron oxide nanoparticles ∝-Fe2O3, Fe 3O4 and ∝-
FeOOH [139,146,147]. The arsenic removal capacity achieved with the iron oxide nanopar-
ticles is influenced by the oxidation state of iron [143].

The oxidation of As(III) to As(V) is supported by the metal core and a thin layer of
amorphous iron (oxy)hydroxide present in nanoparticles of nZVI [148]. Although nZVI
is a useful adsorbent for arsenic removal, the production of toxic solid wastes from its
synthesis is a main disadvantage [149].

Due to their high surface-to-volume ratios [75], iron oxide nanoparticles are 5–10 times
more effective for arsenic removal than with the use of micron-sized particles [139]. Ultrafine
hematite α-Fe2O3 nanoparticles were successfully synthesized and used for treatment of
laboratory-prepared and arsenic contaminated natural water [150]. Rapid removal of As(III)
and As(V) was achieved, enabling removal of 74% of As(III) within 30 min. The BET
(Brunauer–Emmett–Teller) specific surface area was 162 m2/g and the average particle
diameter was 5.0 nm. The achieved adsorption capacity for As(III) was 95 mg/g, while for
As(V) it was much lower at 47 mg/g.

The performance of magnetite nanoparticles which have a BET surface area of 69.4 m2/g
and a mean particle diameter of 20 nm has also been investigated for arsenic removal [151].
At pH > 7, the adsorption of As(V) rapidly decreases, while a more consistent adsorption
was achieved for As(III) at pH 2–9. The achieved adsorption capacity for As(III) was 8.0
mg/g and was 8.8 mg/g for As(V). It was found that the presence of phosphate interfered
with arsenic removal [151] and its removal prior to the treatment is recommended.

The removal of As(V) from water was investigated with a nanocomposite of silica
and goethite [146]. The synthesized silica nanoparticles had particle sizes ranging from
150 to 250 nm. The achieved adsorption capacity for the goethite/silica nanocomposite was
17.64 mg/g at pH 3.0. The adsorption of As(V) on the nanocomposite was rapid, reaching
equilibrium within 120 min [146].

Arsenic removal and photocatalytic oxidation of As(III) have been investigated in a
number of studies with nanocrystalline titanium dioxide (TiO2) [152–155]. The adsorption
of As(III) and As(V) reached equilibrium on this nano-adsorbent within four hours and
80% or more of both species were adsorbed [152]. The photocatalytic efficiency of nanocrys-
talline TiO2 in oxidizing As(III) was also demonstrated, achieving full conversion in the
presence of sunlight and dissolved oxygen to As(V) within 25 min [152].

Another titanium-based nano-adsorbent for As(III) which does not require oxidation
to As(V) is hydrous titanium dioxide nanoparticles (TiO2 × H2O) [156]. High maximum
adsorption capacities have been achieved with TiO2 nanoparticles for As(III). An adsorption
capacity of 83 mg/g was achieved at a near neutral pH, while at pH 9 it was higher at
96 mg/g [157]. The titanium dioxide nanoparticles provided an effective, low-cost and
single-step process for arsenic removal from contaminated water. Nevertheless, due to
their particle sizes in the nanometer range, some care and extreme caution must be taken to
prevent the possible dispersion of these nanoparticles into the environment [157]. This may
be prevented or avoided by either granulation of these nanoparticles into micron-sized
particles or loading onto very porous host materials [157].

The reported removal efficiencies achieved by some arsenic removal processes are
summarized in Table 3. Evidently, the removal processes based on the use of Fe2O3 filter,
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As(III) oxidation by (OCl−) and Fe precipitation, enhanced coagulation/filtration with
ferric chloride, iron doped activated carbon, hybrid activated alumina, iron based sorbents,
layered double hydroxide (LDH), modified zeolites and laterite and limonite achieved
removal efficiencies ≥95%, thus demonstrating that processes involving oxidation and fil-
tration, precipitation and adsorption are effective for removal of arsenic from contaminated
water. The chosen process therefore depends on the simplicity and convenience of use if to
be adopted for providing drinking water for human consumption.

Table 3. Treatment efficiencies reported for some arsenic removal processes.

Treatment Process As(V) Removal Efficiency As Concentration

Oxidation and Filtration

Aeration and filtration >90% 300 μg As(III)/L

Fe2O3 filter >95% 100–400 μg As(III)/L

As(III) oxidation by (OCl−)
and Fe precipitation >98% 300 μg As(III)/L

Co-precipitation

Enhanced lime softening 90%

Enhanced
coagulation/filtration with

alum
<90%

Enhanced
coagulation/filtration with

ferric chloride
95%

Adsorption

Iron doped activated carbon >95% 311 μg As/L

Hybrid activated alumina >95% 2–20 mg As/L

Iron based sorbents Up to 98%

Layered double hydroxide
(LDH) Up to 96% 300 μg As(V)/L

Modified zeolites Up to 99% 100–400 μg As/L

Modified clays Up to 80% 0.15 μM As

Laterite and limonite Up to 95% 500 μg As/L
Adapted and modified from [75].

5. Household Filter for Arsenic Removal for Drinking Water

A major and impactful outcome from the various reported approaches for treatment of
groundwater for removal of arsenic is their adoption in designing potable household filters
that have been successfully used for treatment of groundwater as a source of domestic
drinking water, particularly in under-developed countries. Several designs of arsenic
filters have been developed, proposed and evaluated. Yet, there are still emerging new
developments in this area.

One of the most successful domestic treatment units is the SONO filter which is a
two-bucket system [158]. The composition of the upper bucket includes a composite iron
layer (4–5 cm thick) of a mixture of metal iron and iron hydroxides. This layer is then
covered with sand layers. Also, sand and charcoal layers are included in the lower bucket
for removal of the iron hydroxides and residual organic matter. Figure 5 shows that the
arsenic contaminated groundwater passes through coarse sand, composite iron matrix
(CIM), brick chips and wood charcoal [158].
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Figure 5. SONO Filter. (a) Schematic and (b) in domestic use [158]. Reproduced with permission
from Taylor & Francis.

The SONO filter which is manufactured in Bangladesh utilizes a composite iron matrix
(CIM) to remove arsenic by complexation reactions on the metal surface as follows [158]:

FeOH + H2AsO4
− → FeHAsO4

− + H2O and

FeOH + HAsO4
2− → FeAsO4

2− + H2O

These reactions occur without the need for any pre- or post-chemical treatment.
Also no regeneration is required and no toxic wastes are produced [158]. The resulting
spent material from the arsenic removal process is a solid self-contained iron-arsenate
cement which is non-toxic and does not leach out when in contact with rainwater.

The arsenic concentrations in contaminated groundwater used in one study ranged
from 5–4000 μg/L, but these were reduced to 3–30 μg/L after treatment [158]. The treated
waters from the filter were found to meet the limits of 10 μg/L and 50 μg/L set by
WHO and the Bangladeshi government, respectively. Also, the filter is relatively cheap
costing about $40 for over five years operation and capable of producing 20–30 L/hour to
support one to two families drinking and cooking needs [158]. The approval for use of the
filter was granted by government and at the early stages about 30,000 of these filters were
provided throughout Bangladesh. Its use subsequently spread to India, Nepal and Pakistan.
The National Academy of Engineering has recognized the innovation of the SONO filter
for arsenic removal by awarding it the Grainger Challenge Prize for sustainability due to
“its affordability, reliability, ease of maintenance, social acceptability, and environmental
friendliness [158]”.

With regards to ongoing maintenance of SONO filters, an important requirement
is the need to flush each bucket with 5 L of hot water to eliminate pathogenic bacteria
and minimize coliform counts. The filter is expected to last for five years, but if the flow
rate decreases, it can be improved by removing the sand layers for washing and reuse or
replacement with new sand.

Another commonly used arsenic filter for treatment of contaminated water for arsenic
removal is the KanchanTM Arsenic Filter (KAF) [159]. This filter was developed in 2003
through a collaborative effort between the Massachusetts Institute of Technology (MIT) and
Environment and Public Health Organization on the mitigation of arsenic contamination
of groundwater [160].
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Figure 6 shows that the components of a KAF include a plastic container, PVC pipe,
diffuser basin, brick chips, iron nails, fine sand, coarse sand and gravel [160]. The arsenic
contaminated groundwater is poured into the diffuser basin where it comes into contact
with the brick particles and iron nails. Upon contact with water and air, the iron nails
rust, consequently producing ferric hydroxide particles that quickly adsorb arsenic from
the water. The adsorption process is repeated when new iron surfaces are exposed as the
outer surfaces scale off. These continuous processes result in the retention of arsenic on the
filter components and produce drinkable filtered water. In addition, the KAF is capable of
removing pathogens from the water.

Figure 6. Components of a Kanchan Arsenic Filter [160]. Reproduced with permission from Taylor &
Francis.

Factors influencing the performance of a KAF include arsenic concentration, duration
of use, filter maintenance, flow rate, monitoring and handling and other water components
(such as water hardness, iron, chloride and phosphate concentrations) [161]. The effec-
tiveness of KAFs in reducing the concentration of arsenic in groundwater to less than
50 μg/L has been demonstrated [160]. But the effectiveness of the filter can be affected
occasionally by the unexpected and unpredictable variability of groundwater conditions,
arsenic concentration and climatic conditions.

One of the more recently developed filters is the Pakistan Arsenic Filter (PAF) [162].
This unit employs three different forms of iron (mesh, nails and slag). The iron is held
down in a plastic bucket (25 L) with diffuser plates. A tap is attached to the bucket to enable
the adjustment of water level and for taking samples at the completion of the treatment, as
shown in Figure 7.
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Figure 7. Components of a Pakistan Arsenic Filter (PAF) and its use for arsenic removal from
groundwater [162]. Reproduced with permission.

Figure 7 shows the specific components of a PAF. The round gravel layer overlaid
by sand layer can be seen at the bottom. The unit used 1 kg of iron (mesh, nails and slag)
contained within the diffuser plate in the bucket and the rate of water flow through the filter
is 30 L/min which decreased over an 8-week trial period to 20 L/min [162]. The arsenic
contaminated groundwater goes through a diffuser plate and then passes through the
sand and gravel. Treated water is transferred through a plastic pipe via a tap, as shown
in Figure 7. The highest efficiency achieved for arsenic removal was with the use of iron
mesh due to its larger surface area which generates more ferric hydroxide. The PAF
was produced at a cost of US$ 5 which is affordable and accessible to more people [162].
However, it is only applicable to contaminated water which contains 50 to 100 μg/L
arsenic, but it was suggested that the unit can be used in series to achieve improved arsenic
removal.

Besides the few examples of arsenic filters highlighted in this paper, there are many
other filters used or proposed for removal of arsenic from groundwater for domestic
consumption. We have decided to describe only the selected few that have had significant
impact for domestic provision of suitable drinking water. Also, it is important to note that
there is ongoing research to develop simpler and easier to use filter systems.

6. Conclusions and Future Considerations

This review has demonstrated that arsenic contamination of groundwater impacts the
availability of safe and good quality water for domestic use (drinking and cooking) and
agriculture in under-developed countries such as Bangladesh, India, Pakistan and Nepal,
as well as some parts of more developed countries such as the USA. This can have dire
consequences on human health, agriculture, economic and social well-being. The need for
a good understanding of the chemistry of arsenic and its fate in the environment has also
been demonstrated to be very important for dealing with or minimising the consequences
of groundwater contamination by arsenic. The case study about Bangladesh provided a
sharp focus on the dire consequences and impact of groundwater contamination by arsenic
with serious health, agricultural, social and economic impacts. Furthermore, it highlights
that when groundwater contamination by arsenic is identified, rapid efforts need to be
directed to reducing/minimizing the associated impacts by adopting and utilising relevant
treatment and removal strategies, as well as seeking alternatives for drinking water sources
where possible. Socio-economic factors will also play a significant role in the adoption of
safer drinking water options. A recent study in Bangladesh illustrated the need for public
education combined with the provision of alternative drinking water sources to overcome
attitudes and the reluctance of people to switch to better alternatives [163]. The adoption
of many of these strategies in the development of various filter systems for arsenic removal
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has had a great impact on the ability of people to access safe drinking water in some
parts of the affected countries and communities. Many of the available potable treatment
systems are effective in ensuring the removal and minimisation of arsenic in groundwater
dependent communities to acceptable local standards. However, there are still issues
with the long-term maintenance of these systems, especially in ensuring ongoing effective
removal of arsenic, disinfection, filter replacement and sludge disposal. Ongoing education
of local communities on how to maintain these systems, including how often the filters
should be replaced and disinfection protocols is necessary to ensure safety, particularly
where there is no alternative water source to groundwater. There is therefore still a need for
ongoing research on developing more robust and highly effective filter systems for arsenic
removal from groundwater for use for domestic consumption, with the aim of further
reducing capital and operation costs, improving user friendliness, minimizing maintenance
requirements and resolving or eliminating the need for sludge management and disposal.
Also, portable devices that can be adopted for household and community monitoring of
arsenic concentrations in drinking water are now available [164,165]. Das et al. [164] have
developed two low-cost field test kits for detection of arsenic in water. These kits are capable
of detecting as low as 10 μg/L of total arsenic in groundwater within 7 min. In addition,
there are commercially available quick test systems for arsenic detection in water within
12 min [165]. If adopted, these devices will ensure communities can adequately assess
their water safety and, thus, minimize the incidences of arsenic poisoning. Furthermore,
the use of various nanomaterials will play a significant role in the development of a next
generation efficient filter system. In the long-term, the development of a more affordable
version of the ArsenicMaster Whole House Arsenic Water Filtration System [166], shown
in Figure 8, which is maintenance-free will go a long way to addressing the various issues
with existing filters if it can be designed to suit the arsenic levels found in groundwater in
the under-developed countries and remote communities at a reasonable capital cost.

Figure 8. Components of the ArsenicMaster Whole House Arsenic Water Filtration System and a
commercially available version [166]. Reproduced with permission.
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Featured Application: Superabsorbent polymers of novel structure have been used in

cementitious-based composite materials improving their self-healing behavior by an index of 60%.

Abstract: Cementitious structures have prevailed worldwide and are expected to exhibit further
growth in the future. Nevertheless, cement cracking is an issue that needs to be addressed in order
to enhance structure durability and sustainability especially when exposed to aggressive environ-
ments. The purpose of this work was to examine the impact of the Superabsorbent Polymers (SAPs)
incorporation into cementitious composite materials (mortars) with respect to their structure (hybrid
structure consisting of organic core—inorganic shell) and evaluate the microstructure and self-healing
properties of the obtained mortars. The applied SAPs were tailored to maintain their functionality
in the cementitious environment. Control and mortar/SAPs specimens with two different SAPs
concentrations (1 and 2% bwoc) were molded and their mechanical properties were determined
according to EN 196-1, while their microstructure and self-healing behavior were evaluated via
microCT. Compressive strength, a key property for mortars, which often degrades with SAPs in-
corporation, in this work, practically remained intact for all specimens. This is coherent with the
porosity reduction and the narrower range of pore size distribution for the mortar/SAPs specimens
as determined via microCT. Moreover, the self-healing behavior of mortar-SAPs specimens was
enhanced up to 60% compared to control specimens. Conclusively, the overall SAPs functionality in
cementitious-based materials was optimized.

Keywords: mechanical properties; microstructure; self-healing; SAP; microCT; cementitious materi-
als; mortar

1. Introduction

Cementitious materials have been widely used over the years in the construction
sector due to the cement abundance, its low cost and excellent durability [1,2]. In 2017 the
global cement production came up to 4.1 billion tones. China and India which currently
represent two of the most rapidly growing countries worldwide produced 57% and 7% of
the global cement production in that year, while 6% of the same production is attributed
to Europe [3]. It is estimated that the cement production will double in the decades to
come [2,4].

Nevertheless, cement is prone to cracking as a result of both inherent material proper-
ties such as low tensile strength and application related factors such as tension inducement
during the infrastructure service life thus compromising its integrity and durability [1,5–7].
Aggressive environment conditions (i.e., wide ambient temperature fluctuation, rich pres-
ence of ions, pH levels etc.) combined with external loading favor crack propagation often
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leading to the formation of an interconnected crack network that allows corrosive factors to
penetrate the structure and assault the reinforcement thus leading to its deterioration. This
raises huge safety issues and makes maintenance and repair high priority concerns [6–8].

Even though autogenous crack self-healing in cementitious materials has been known
for centuries, its effectiveness highly depends on numerous factors, namely the crack width
and age, water abundance upon the crack formation, environment conditions such as
pH and presence of ions etc. [6,9–11]. Conventional retrofitting/repair methods applied
up to now mainly consist of textile reinforced mortar/concrete (TRM/TRC), the textiles
used mainly being based on carbon, glass and aramid fibers, polymer crack injection and
polymer modified concrete [1,9,10]. These methods have proven to be effective but in
several cases, the cost is prohibitive and/or these methods are difficult or even impossible
to apply because of the location of the damaged spot on the infrastructure [6,9].

As a result, internal curing promoting methods have gained a lot interest in the last two
decades [1,9]. These methods focus on (i) maintaining continuous water provision and thus
continuous cement hydration and (ii) restraining cement self-desiccation [1]. Over the years,
the incorporation of several internal curing agents in cementitious materials such as Light
Weight Aggregates (LWA) [1,2,5,9,12,13], Superabsorbent Polymers (SAPs) [9,10,14–26], Rice
Husk Ash (RHA) [1,5,27], bottom ash [1,5,28], fly ash [1,2,5,9,13,29], cenospheres [1,5,30],
crushed returned concrete fine aggregates (CCA) [1,13] and wood fibers [1,13] has been
tested. In this application field, SAPs seem to have very promising results and gain more
research interest [10].

The SAPs are 3-D polymer networks that due to their hydrophilic nature absorb
huge amounts of water (even thousands of times their own dry weight), while due to the
network crosslinking they retain their structure and are not dissolved [1,14,15,19,22,24,31].
It is confirmed that their total water absorption level is inversely dependent on environment
related factors such as the presence of ions and pH values [10,18,22,24].

Due to their properties, SAPs are used in a vast variety of applications such as hy-
gienic products, agriculture, drug delivery systems, sealing, pharmaceuticals, biomedical
applications, tissue engineering, biosensors and the construction field [32]. In the con-
struction field, attention has been drawn to different strategies to obtain coatings with
debonding properties [33]. One of these strategies is to incorporate SAPs into an interme-
diate primer layer between the substrate and the top coatings. The trigger mechanism
relies on the fact that with a pH variation, the SAPs can enhance their shape due to the
water absorption resulting in the reduction of the attachment between the primer layer
and both the top coating and substrate, enabling the detachment of the top coating from
the corresponding substrate. Moreover, in cementitious pastes a large number of ions are
present (Ca2−, K+, Na+, SO4

2−, OH− etc.) and pH of the mix water ranges between 11 and
13.4 [10,15,22,24,34].

The incorporation of SAPs in cementitious materials initially results in water ab-
sorbance during the cement paste mixing procedure and act as water reservoirs that will
make water available during cement curing and hardening. In this way, SAPs contribute
to maintaining higher levels of relative humidity thus mitigating early age shrinkage and
at the same time favoring extended hydrating reactions which lead to denser cement
microstructure by reducing the capillary pores in the cementitious matrix which leads to
improved structure strength [9,10,15–17,20,23,24]. Furthermore, upon crack formation and
in the presence of water, SAPs reabsorb water on a separate event, swell and allow an
immediate crack self-healing effect while the promotion of additional hydrating reactions
of remaining unhydrated cementitious phases provide a crack self-healing effect, thus
acting as internal curing agents [9–11,14–17,23]. On the other hand, when water is released
from SAPs particles in the cement matrix, SAPs deswell forming voids around them in the
scale of macropores. These macropores are likely to act as strain inducers and be accounted
for any strength loss detected in the final structure, a competitive effect to the internal
curing promotion that was previously described [9,10,15,17,21,31,35].
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It must be clarified that the overall SAPs behavior in cementitious materials highly
depends on the nature of SAPs used and their characteristics such as structure, absorp-
tion/desorption behavior, morphology (particles shape, size and size distribution) and
dosage in the cementitious matrix, as well as water to cement (w/c) ratio and the incor-
poration procedure adopted [9,15,17,31,35]. In most cases SAPs absorption/desorption
has been examined in extracted or synthetic solutions. Nevertheless, there have also been
some studies on the in-situ evaluation of this behavior when SAPs are incorporated in a
porous cementitious matrix. The results from these studies revealed that SAPs desorption
when in contact with a porous, cementitious material, is effected by the bonding between
SAPs particles and the cementitious matrix and is governed by diffusion between SAPs
particles and capillary sorption in the matrix [36–38]. Consequently, it is imperative to
investigate the correlation between SAPs used and the response of the cementitious system
with respect to its mechanical properties and its microstructure.

The vast majority of commercial SAPs are copolymeric networks based on acrylic acid or
acrylamide that may or may not have been partially neutralized [10,11,14,15,17,18,20–23,31,35].
Because of the diversity of the parameters that have to be satisfied in the construction
applications to enhance their internal curing action, SAP particles should preferentially have
a homogeneous spherical shape, size in the submicron area so that the voids left behind
after their deswelling are smaller and don’t affect the structure mechanical properties and
chemical affinity to the cement matrix so that they are more easily dispersed homogeneously
in the cement paste [23].

The aim of this work was to examine the impact of the incorporation of tailored SAPs
with respect to their structure (hybrid structure consisting of organic core—inorganic shell)
on mortars mechanical strength in terms of flexural and compressive strength, microstruc-
ture and self-healing behavior. The synthesis and characterization of the incorporated
SAPs have been thoroughly discussed in previous authors’ work. More specifically, the
SAP particles used were spherical in the submicron range based on poly (methacrylic
acid) crosslinked with ethylene glycol dimethacrylate which were synthesized via radi-
cal polymerization and later encapsulated with CaO-SiO2 inorganic shell via the sol-gel
method [25,39]. The incorporation of SAPs in mortars was conducted in two different
dosages, 1% and 2% by weight of cement (bwoc). The results obtained in this work revealed
that the flexural strength improved by 3%, while the compressive strength remained practi-
cally intact for the mortar/SAP composite materials compared to the control specimens.
Moreover, the total and closed porosity of the mortar/SAPs specimens were reduced by
about 0.5% and 2.5% for mortar-SAPs-1 and mortar-SAPs-2, respectively, while self-healing
behavior was enhanced for both SAPs concentrations (in the case of mortar-SAPs-1 by 60%
and in the case of mortar-SAPs-2 by 10% compared with mortar-reference specimens).

The added value of this work resides in the optimization of the SAPs functionality
in cementitious-based materials and the improvement of the cementitious materials self-
healing properties due to tailored SAPs structure, which are easy to fabricate via the
combination of the sol-gel process, radical polymerization and the coprecipitation method.
Finally, a new approach for the quantitative evaluation of mortars self-healing behavior
was proposed.

2. Materials and Methods

2.1. Materials

Sand grade in accordance to CEN, EN 196-1 standard, cement CEM I 52.5 N and
in-house synthesized SAPs were used to manufacture conventional mortar specimens.
As mentioned earlier, the SAPs used were synthesized according to previous authors’
work [39]. In Figure 1 the novel SAPs structure which consists of a hybrid organic core
of poly(methacrylic acid) crosslinked with ethylene glycol dimethacrylate encapsulated
with a composite inorganic shell of silicon-calcium oxide, P(MAA-co-EGDMA)@CaO-
SiO2 (Figure 1a,b) is shown. Their size ranges from 190 to 320 nm (Figure 1c) while their
maximum water absorbance ratio in cement slurry filtrate is determined 1100% their initial
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dry weight. Before their incorporation in mortars, SAPs are ground to fine powder form,
in order to dismantle agglomerates and enhance their performance.

 

Figure 1. Polymerization reaction to form the organic core P(MAA-co-EGDMA (a), schematic representation of organic core—
inorganic shell (b), SEM image of the synthesized SAPs/P(MAA-co-EGDMA)@CaO-SiO2 (c), revealing the homogenous
spherical morphology of SAPs particles in the nanoscale.

2.2. Methods
2.2.1. Manufacture of Mortar/SAPs Specimens

Two specimen series of mortar/SAPs composites were manufactured, prismatic and
cylindrical. Prismatic test specimens were fabricated according to the EN 196-1 [40] using a
Teflon mold, while cylindrical specimens were using a medical disposable syringe [41–43].
The specimens were cast from a batch of mortar paste with a water/cement ratio (w/c) of
0.50. In accordance to literature review and previous authors’ work on cement/SAPs com-
posites [7,10,11,15,16,20,21,23,31,35,39], SAPs were incorporated in mortar in two different
dosages, 1 and 2% by weight of cement (bwoc). The SAPs incorporation in the mortar
paste was accomplished in succession to the sand fraction and the obtained mortar paste
was mixed until the visually monitored dispersion was acceptable. In all cases mixing
time needed was more than 30 s. A mortar mixer (MATEST-E094) was used for the dry
mechanical mixing of the mixture components and a jolting apparatus (MATEST-E130) to
compact the specimens. The molded samples were stored in the moist air room for 24 h
and after demolding they were submerged horizontally in a suitable container at 20 ◦C for
28 days. The composition of the specimens is shown in Table 1.

Table 1. Composition of the mortar specimens.

Cement (g) Sand (g) Water (g) SAPs (g)

Mortar-reference 450 1350 225 0.0
Mortar-SAPs-1 450 1350 225 4.5
Mortar-SAPs-2 450 1350 225 9.0

2.2.2. Mechanical Properties of Mortar/SAPs Specimens

The flexural strength of mortar/SAPs composites was evaluated using prism speci-
mens with dimensions 40 mm × 40 mm × 160 mm according to EN 196-1 using a universal
testing machine of capacity 300 KN (Instron 300DX-B1-C4-G6C) [40]. For each SAPs dosage
as well as for control samples, triplicates were manufactured, demolded and tested after
28 days curing in water. The prism halves from the flexural strength tests were used for the
compressive strength tests, which were also performed according to EN 196-1.

2.2.3. Microstructure of Mortar/SAPs Specimens

X-ray micro computed tomography (microCT) was utilized to evaluate the mor-
tar/SAPs composites microstructure. This technique is based on the correlation between
X-rays absorption, material density and atomic number. High-density materials absorb
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X-rays more profoundly and produce light grey projection images. On the other hand,
low-density materials are visualized as darker projection images. During the scanning
process, angular projections of the specimen were acquired and saved. After the angular
projections acquisition was completed, their reconstruction followed. The reconstruction
process was executed by the “NRecon” visualization program via the implementation of
Feldkamp algorithm. As a result, a 3D reconstructed model of the scanned specimen was
produced. Moreover, quantitative parameters were determined using densiometry and
morphometry evaluation, the latter based on image segmentation (black and white) which
was done via a global threshold method, the Otsu method [44].

In this work, the specimens were scanned using SkyScan 1272 X-ray micro-tomograph
at the age of 28 days. The specimens’ geometry was chosen to be cylindrical; their diameter
was 10 mm and their height ranged between 20 and 30 mm. In order to enhance contrast in
microCT images and improve grey scale histogram segmentation iodine was utilized as a
contrast agent. Therefore, all specimens were treated with a 3% iodine solution in ethanol
prior to their scans. More specifically, at the age of 28 days, the cylindrical specimens were
submerged in the iodine solution for 48 h and then, they were dried in an oven at 80 ◦C for
24 h. If the specimens were not immediately scanned, they were stored in a desiccator [45].
The acquisition settings of the scans are presented in Table 2. In addition, for each scan the
flat field correction was applied.

Table 2. Acquisition settings of the X-ray micro-tomography scans.

Acquisition Settings Value

Source Voltage kV 60
Source Current uA 120

Image Pixel Size um 9
Filter Al 0.5 + Cu 0.038

Rotation Step deg 0.2
Rotation deg 180

The reconstruction and the porosity analysis were performed using NRecon (version
1.6.6.0) and CTAnalyzer (version 1.13) softwares, respectively. The selected volumes of
interest were 441, 105 and 350 mm3 for mortar-reference, mortar-SAPs-1% and mortar-
SAPs-2%, respectively. Figure 2 shows representative 2D and 3D reconstructed images of
the scanned specimens ((a), (b) mortar-reference; (c), (d) mortar-SAPs-1%; (e), (f) mortar-
SAPs-2%).

 

Figure 2. 2D and 3D reconstructed images of the scanned specimens of: mortar-reference (a,b);
mortar-SAPs-1% (c,d); mortar-SAPs-2% (e,f).
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Moreover, the challenging issues of material phase segmentation and their quantitative
analysis were addressed via 2D and 3D reconstructed images data, and more specifically
via the grey scale intensity thresholds. In particular, even though microCT does not
support chemical analysis, differences in brightness are recorded in the form of Grey
Scale Histograms (GSH) due to density and atomic mass variations for different materials.
As a result, phase segmentation depends on the thresholding method followed in each
case [46]. In this work, GSH were obtained during the scan data processing via CTAnalyzer
Software. The Grey Scale Values ranged from “0” to “255”. The lower grey scale values
correspond to black color in reconstructed images and were attributed to the lack of
material or pores. On the other hand, the higher values correspond to white and were
attributed to unhydrated cement phases and/or SAPs aggregates, while the intermediary
grey scale values are depicted as grey and were attributed to different hydrated cement
phases [44,46–50]. In this work, taking into consideration that all hydrated cement phases,
mainly Calcium Silicate Hydrates(C-S-H) are expected to show peaks at similar grey scale
values, a deconvolution procedure was engaged to identify and quantify the different
material phases (pores, hydrated cement phases, unhydrated cement phases and SAPs)
assuming that the grey scale values distribution for each phase is Gaussian. Then, a fitting
model distribution, comprising a set of four (n = 4) Gauss distributions was numerically
fitted to the GSH using an algorithm implemented in Software “Magic Plot” (student
version 2.5.1).

2.2.4. Self-Healing Evaluation of Mortar/SAPs Specimens

Cementitious structures can be damaged in a variety of ways, the most common being
cracking. MicroCT has been utilized as a laboratory-scale method to evaluate their damage
extent and interpret healing mechanisms. In the past more conventional methods, such as
SEM (Scanning Electron Microscopy), have been used to evaluate crack morphology and
mitigation but they can provide insight only on the specimen surface, whereas microCT
can provide useful information on the bulk of the specimen and consequently evaluate
internal cracks and internal self-healing [46].

In this work, after 28 days of curing the cylindrical specimens that were previously
examined via microCT were precracked under compressive load using a hydraulic press.
During their compression, the load was applied in a controlled and smooth manner but the
specimens were completely split in two halves in all cases. Therefore, prior to this procedure
they were wrapped tightly in a polypropylene based film in order to avoid the complete
separation of the two halves but instead to form a crack as shown in Figure 3. Afterwards,
the specimen circumference and base were coated with an epoxy resin (a mixture of Sinmast
J 158 (component A) and Sinmast S2 liquid primer (component B) by Sintecno in a ratio
A:B 77:23) in order to secure the two halves together. The top surfaces of the cylinders were
untreated, so that the formed crack could interact with healing agents (water). The epoxy
resin was cured at ambient temperature for 1 day and then at 60 ◦C for 2 h.

 

Figure 3. Schematic representation of mortar cylinder (a), specimen image from microCT CCD camera (b), crack inducement
in cylindrical specimens via compression load enforcement (c).120
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In order to estimate their self-healing behavior, the cracked specimens were sub-
merged in water at ambient temperature and they were evaluated at different time slots
(0 and 8 days). The self-healing efficiency of mortar/SAPs composites was quantified and
visualized via microCT analysis. Prior to microCT evaluation the specimens were dried at
50 ◦C for three days and were stored in a desiccator. The cracked mortar specimens were
scanned using the SkyScan 1272 desktop microCT at 25.0 μm pixel resolution with 0.5 mm
aluminum filter. The scanned images were reconstructed via NRecon software, while three-
dimensional evaluation was conducted by CTAnalyzer software following a methodology
proposed by Nicole Y.C Yu et al., appropriately adjusted for cracked mortar specimens [51].
The main outcomes discussed in this work were the evolution of connectivity density and
the percent object volume versus healing time. These parameters were adopted because
they allow the quantitative evaluation of crack healing in 3D (not only in 2D), with respect
to crack closure in terms of changes in morphology and density and are embedded in the
CTAnalyzer software.

3. Results

3.1. Mechanical Properties of Mortar/SAPs Specimens

During the flexural strength test an abrupt, brittle failure was observed in mortars
mainly due to deformation localization by the coalescence of narrow microcracks that
ultimately lead to macrocracks that expand to the entire specimen [52]. The flexural
strength evaluation of the mortar-based composites with SAPs in dosages 1 and 2% bwoc
as well as control mortar specimens at the age of 28 days is demonstrated in Figure 4a,b.
According to Figure 4b, a slight increment of about 3% can be detected on the flexural
strength of the mortar-based composites that contain SAPs in dosages 1% and 2% bwoc, in
comparison to the control specimens which practically reveals that the flexural strength
remains intact after the SAPs incorporation in both concentrations.

Figure 4. Maximum values of loads for mortar specimens at 28 days of age (a), flexural strength of mortar specimens at
28 days of age (b), optical image of specimen after flexural test (c).

On the other hand, the compressive strength of the mortar based composite materials
with the SAPs incorporation for the same mortar age (28 days) and w/c ratio (0.5) is
depicted in Figure 5a,b. More specifically, Figure 5a depicts the load applied during the test
as a function of the head displacement and Figure 5b shows the calculated compressive
strength of the mortar based composite materials with the SAPs incorporation for the same
mortar age (28 days) and w/c ratio (0.5). As shown in Figure 5b the compressive strength
of the mortar-based composite materials practically remains intact for both SAPs dosages
(1% and 2% bwoc) in comparison with the control materials.
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Figure 5. Maximum values of loads for mortar specimens at 28 days of age (a), compressive strength of mortar specimens at
28 days of age (b), optical image of specimen after compressive test (c).

Figure 6 reveals the relationship between the flexural and compressive strength of
the mortar-based control and composite materials using the corresponding average values
at the age of 28 days. It can be observed that a direct relationship (R2 = 0.97818) between
them exists. Similar behaviors have been reported by other research works for reference
mortars [53,54].

Figure 6. Relationship between compressive and flexural strength of mortar-based materials.

3.2. Microstructure of Mortar/SAPs Specimens
3.2.1. Microstructure Analysis

In this work, the effect of SAPs incorporation on the mortar microstructure in means
of porosity and phase segmentation was examined via microCT. In cementitious materials,
porosity affects greatly key properties such as mechanical and transport properties [46].
Moreover, the dispersion quality of SAPs in the cementitious matrix can be evaluated
through porosity determination. The porosity of cementitious materials is usually divided
into gel pores (ranging from a few nanometers to 0.2 μm), capillary pores (ranging from
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0.2 to 10 μm), and air voids (above 10 μm) [50,55,56]. In this work, the pore analysis from
micro-CT applies only to the pores with diameters larger than 9 μm. The specimen size
dictates the minimum distance that can be reached from the X-ray source during scanning
and consequently the accuracy of the method. Therefore, the pore analysis from micro-CT
scans includes partially capillary pores and the air voids. Air voids are mainly of interest
in this work, as in literature, it is reported that the incorporation of SAPs in cementitious
matrixes creates air voids around them as a result of the water absorption/desorption
by them combined with their poor dispersion in cement and therefore the formation
of large SAPs agglomerates [9,10,15,21,31,35,38]. The statistical pore analysis of mortar
specimens and the corresponding pore size distribution are exhibited in Table 3 and
Figure 7, respectively. The statistical pore analysis parameters calculated are delineated
as follows.

Table 3. Statistical pore analysis of mortar specimens.

Property Unit Mortar-Reference Mortar-SAPs-1 Mortar-SAPs-2

Volume of closed porosity mm3 10.60 1.87 1.18
Closed porosity % 2.440 1.800 0.341
Volume of open porosity mm3 5.43 1.49 2.54
Open porosity % 1.230 1.420 0.725
Volume of total porosity mm3 16.10 3.36 3.72
Total porosity % 3.64 3.19 1.06

Figure 7. Pore size distribution in mortar-reference, mortar-SAPs-1 and mortar-SAPs-2.

• “Volume of closed porosity” (mm3) is the total volume of all closed pores within the
Volume of Interest (VOI), when a closed pore in 3D is a connected assemblage of space
(black) voxels that is fully surrounded on all sides in 3D by solid (white) voxels.

• “Closed porosity” (%) is the volume of closed pores (as defined above) as a percent of
the total of solid plus closed pore volume, within the VOI.

• “Volume of open porosity” (mm3) is the total volume of all open pores within the VOI.
An open pore is defined as any space located within a solid object or between solid
objects, which has any connection in 3D to the space outside the object or objects.
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• “Open porosity” (%) is the volume of open pores (as defined above) as a percent of
the total VOI volume

• “Volume of total porosity” (mm3) is the total volume of all open and closed pores
within the VOI

• “Total porosity” (%) is the volume of all open plus closed pores (as defined above) as
a percent of the total VOI volume.

3.2.2. Image Segmentation and Phase Identification

There are a number of different approaches on the matter of image segmentation and
phase identification via microCT Analysis. One that stands out as it is widely used is the
global thresholding method in GSH. The GSH with the Gaussian deconvolution procedure
performed for the mortars examined in this work, are given in Figure 8.

 

 

 

Figure 8. Grey Scale Histogram with the Gaussian deconvolution fit for mortar-reference (a), mortar-
SAPs-1 (b), mortar-SAPs-2 (c).
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The deconvolution of the initial GSH as described earlier, produced four distinct
curves in each case, curves 1 to 4 and the corresponding peaks (Figure 8). Curve 1—Peak 1
were attributed to pores, curve 2 and curve 3 were assigned to hydrated cement phases
and curve 4 was ascribed to unhydrated cement phases and SAPs. We observed that for all
specimens the main peak in the GSH was deconvoluted in two separate peaks which were
attributed to different hydrated products probably owed to the main hydrated cement
products which are Calcium Silicate Hydrates, C-S-H and Calcium Hydroxide, Ca(OH)2.

Then, using the GSH data, the quantitative determination of the different phases
identified in the mortar specimens was performed and the corresponding results were
tabulated in Table 4. Taking into consideration the data in Table 4, it is observed that in
the case of mortar-SAPs-1 the unhydrated cement products together with the incorporated
SAPs (1% bwoc) represented only the 5% of the total material when the corresponding
values for both mortar-reference and mortar-SAPs-2 were 36%. This indicates that the
progress of the hydration reactions for this material was remarkably enhanced compared to
mortar-reference and mortar-SAPs-2, as a result of SAPs incorporation in the cementitious
matrix. This is attributed to more effective SAPs dispersion in the cementitious matrix and
therefore enhancement of their functionality to extend hydration reactions during cement
curing, thus promoting this as the optimal SAPs concentration in mortars in respect to
microstructure evaluation.

Table 4. Quantitative determination of the different cement phases identified in the mortars.

% Phase Mortar-Reference Mortar-SAPs-1 Mortar-SAPs-2

Peak 1 2 3 3
Peak 2 54 54 55
Peak 3 8 38 7
Peak 4 36 5 36

3.2.3. Self-Healing Evaluation

In Figure 9 the crack surface and the larger voids in respect to cracks and large holes
in the bulk of the specimens immediately after they were cracked (0 days) and after 8 days
of healing treatment, are shown for the mortar specimens examined in this work.

 

Figure 9. Initial microCT images depicting voids (in respect to both large pores and cracks) in red color for mortar-
reference (a1), mortar-SAPs-1 (b1) and mortar-SAPs-2 (c1) and corresponding images after 8 days of healing treatment for
mortar-reference (a2), mortar-SAPs-1 (b2) and mortar-SAPs-2 (c2).

MicroCT imaging allows both to visualize the self-healing process, but also to quan-
titatively analyze it in terms of changes in morphology and density using methods and
functions embedded in CTAnalyzer software properly adjusted for mortar specimens. The
methodology followed in this work is described as follows.

The region surrounding a crack is rich in products with a vast variety of thicknesses
ranging from thick intact mortar to fresh self-healing products that can be thinner or
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thicker structures. Binarizing or segmenting the structures in this region can therefore be
compromised. An effective solution, which has the effect of artificially diminishing the
attenuation of thin structures, is the method of adaptive thresholding in CTAnalyzer custom
processing procedure. Then, the (Region of Interest) ROI shrink-wrap and stretch over
holes functions were performed. As a result, the (Volume of Interest) VOI was wrapped
around the boundary of complex and porous objects such as thin self-healing products and
the wrapped VOI was prevented from penetrating into the porous spaces of the object but
instead only the complex outer margins were marked. Figures 10 and 11 depict the resulting
banalization-segmentation images after applying the adaptive thresholding method and
shrink-wrap function for mortar-reference, mortar-SAPs-1 and mortar-SAPs-2 specimens
at 0 and 8 days of healing treatment, accordingly.

 

Figure 10. Initial microCT images for mortar-reference (a1), mortar-SAPs-1 (b1) and mortar-SAPs-2
(c1), resulting images for mortar-reference (a2), mortar-SAPs-1 (b2) and mortar-SAPs-2 (c2) and
ROI images for mortar-reference (a3), mortar-SAPs-1 (b3) and mortar-SAPs-2 (c3) after adaptive
thresholding method and shrink-wrap function are applied before healing treatment.

 

Figure 11. Initial microCT images for mortar-reference (a1), mortar-SAPs-1 (b1) and mortar-SAPs-2
(c1), resulting images for mortar-reference (a2), mortar-SAPs-1 (b2) and mortar-SAPs-2 (c2) and
ROI images for mortar-reference (a3), mortar-SAPs-1 (b3) and mortar-SAPs-2 (c3) after adaptive
thresholding method and shrink-wrap function are applied after 8 days of healing treatment.
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Then, a full 3D analysis was run. The morphometric parameters calculated to quan-
titatively evaluate self-healing of the cracked mortar specimens were (a) percent object
volume (%) and (b) connectivity density (mm−3) [51,57,58]. The first parameter shows
the specimen volume variations, while the second one is sensitive to structure complexity
changes versus healing time. The corresponding results are shown in Figure 12.

Figure 12. Calculated morphometric parameters to evaluate the self-healing process of mortars. Percent object volume (a),
connectivity density (b). The error bars refer to percent error.

4. Discussion

The overall effect of SAPs incorporation in cementitious materials highly depends
on the SAPs properties. In this study, in house synthesized SAPs were used with tailored
properties [39]. Firstly, different SAP particle sizes introduce different effects. For the same
SAP concentration and w/c ratio, the larger the SAP particle size, the lower the determined
strength was in means of flexural and compressive strength. This is directly correlated with
the formation of larger SAP voids left behind in the cement structure when SAPs release
the amount of water they absorbed during mixing [21]. The size of the SAPs used in this
work laid in the submicron scale as shown in Figure 1c, whereas the particle sizes of SAPs
tested by other researchers were several micrometers [8–10,15,18,21,23].

Additionally, SAPs chemical constitution triggers different behaviors in the cemen-
titious matrix. As mentioned earlier, most commercially available SAPs are copolymeric
networks based on acrylic acid or acrylamide that may or may not have been partially
neutralized [10,11,14,15,17,18,20–23,31,35] which present a low affinity with cement and
as a result form large aggregates when incorporated in it. In this work, SAPs that have
been tested had a hybrid organic core—inorganic shell structure. The introduction of an
inorganic coating on the organic SAP core has been proposed by Kanellopoulou I. et al.
(2019), via the encapsulation of the polymeric core with an inorganic CaO-SiO2 shell via
solution-gelation technique [31]. Other research groups have investigated the behavior
of coated SAPs via the Wurster process but the compensation of the strength reduction
achieved was only partial [9].

On the contrary, as indicated by the total porosity reduction and the fact that no
mechanical strength degradation was determined with respect to flexural and compressive
strength for the mortar/SAPs composite materials, the tailored SAPs in this work presented
enhanced chemical affinity with the cementitious matrix. More specifically, due to the
enhancement of the chemical affinity between SAPs and cement, large SAP agglomerates
were not formed and as a result the size of the SAP voids (porosity) when water was
released from their particles were smaller. Additionally, the limited water absorption
capacity of the coated SAPs compared to the corresponding capacity of the uncoated
particles also favored the size limitation of the SAP voids. The total porosity reduction in
both cases of SAPs incorporation in mortars as shown in Table 3 indicates that:

• SAPs were homogeneously dispersed in mortars due to enhanced chemical affinity
with the cementitious matrix and
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• SAPs promoted hydration reactions in the cement matrix, thus forming denser and
consequently more durable structures, since stress inducing points (voids) in the
cement matrix were smaller. This is coherent with the mechanical properties behavior
discussed later.

The slight flexural strength increment (~3%) of the mortar-SAPs specimens in compar-
ison to the control specimens was evaluated taking into account as corroborating evidence
the aforementioned porosity parameters and was attributed to the water absorbed by
SAPs during the mixing process, which became available later during cement curing, thus
promoting and accelerating hydration reactions. The space surrounding SAP particles was
enriched with hydrated cement phases. As a result, mitigation of autogenous shrinkage
and early age cracking were observed, while the densification of the cement microstructure
led to the enhancement of the mortar/SAPs composites flexural strength [8,52,54,59].

Moreover, compressive strength is considered a key concrete property since it is di-
rectly correlated with concrete quality. Nevertheless, it must be clarified that the determined
value of each measurement set highly depends on a variety of parameters namely the
w/c, additives incorporation and curing conditions, i.e., humidity levels and temperature
profiles. Curing conditions can affect drastically the compressive strength of a cementitious
material. More specifically, compressive strength degradation has been correlated with low
moisture levels during the first day of curing or high temperatures in the initial curing state
which is responsible for lower quality hydration products [52]. Furthermore, w/c ratios
used in mortars formulation have also been directly correlated with the voids formed in
the concrete matrix and consequently with their mechanical strength. More specifically,
increased w/c ratios have been known to lead to increased voids in the cementitious matrix
and thus to the degradation of mechanical properties [1]. The w/c ratio used in this work
(0.5) is high compared to the corresponding ratios examined by other research groups.
For example the w/c ratios in cementitious composites with SAPs were 0.30–0.35 in the
research of Sun et al. [8], 0.40 and 0.50 in the research of De Belie et al. [9], 0.30, 0.40, 0.50 in
the research of Lee et al. [10], 0.35, 0.40 and 0.50 in the research of Farzanian et al. [15] and
0.40 in the research of Kim [54]. Nonetheless, since the effective w/c ratio is not the same
as the total w/c ratio, when SAPs are incorporated in mortars, excess of water must be
added to counterbalance the amount of water absorbed by SAPs. Considering the dosage
of SAPs used in this work (1 and 2% bwoc) the high w/c ratio of 0.50 was chosen. The w/c
ratio chosen combined with the curing conditions of the mortar specimens and notably,
low moisture during the first day after casting as well as low temperature during the
28 days specimen curing the value of the compressive strength of the control specimens
was calculated below 52.5 MPa.

In literature, it is often reported that cementitious materials containing SAPs show
poorer compressive performance compared to the corresponding materials without SAPs
during all curing periods and for SAPs dosages even lower than those examined in this work,
while this behavior became more pronounced for increased SAPs dosages. [1,7,9,10,15,17].
On the contrary, in this work compressive strength was not influenced by the SAPs incor-
poration in mortars.

The relationship between the determined flexural and compressive strength for the
mortar specimens as depicted in Figure 6 was also indicative of the fact that SAPs incorpo-
ration in the mortars affected flexural and compressive strength in a similar manner and
that their incorporation did not negatively influence the mortar microstructure and hence
the mortar strength was not degraded [53,54].

According to the results in Table 3, the percentage of total porosity was reduced by
0.5% and 2.5% in the cases of mortar-SAPs-1 and mortar-SAPs-2, respectively. Moreover,
the percentage of open porosity was also reduced in the case of mortar-SAPs-2 compared
to mortar-reference by 0.5%. Open porosity represents the pores which are in direct
contact with the specimen environment thus allowing humidity and/or other harmful
factors (e.g., corrosive factors) to penetrate the bulk of the specimen and cause the material
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deterioration. As a result, the open porosity reduction in cementitious materials promotes
their mechanical integrity and their sustainability.

Additionally, as shown in Figure 7, the size of the pores in the mortar-reference
specimens was greater than that of the mortar-SAPs-1 and mortar-SAPs-2 specimens, while
the smallest pores were recorded in the case of mortar-SAPs-2. The pore sizes in the mortar-
reference specimens showed a wide distribution ranging from 9 to almost 500 μm. On the
contrary, the pore sizes in mortar specimens in which SAPs had been incorporated showed
a narrower distribution ranging from 9 to 333 μm and from 9 to 171 μm for mortar-SAPs-1
and mortar-SAPs-2, respectively. The more uniform the pore profile the more homogeneous
the materials, which is consistent with improved mechanical properties.

Furthermore, the Gaussian deconvolution procedure of the GSH of all the mortar
specimens examined in this work, showed that the minimum unhydrated cement phases
(5%) were found in the case of the mortar-SAPs-1 specimens, whereas the corresponding
phases in mortar-reference (36%) and mortar-SAPs-2 (35%) were almost identical (see
Table 4). Firstly, this indicates that SAPs were more homogeneously dispersed in the
cementitious matrix for the concentration of 1% bwoc thus allowing them to function as
water reservoirs and cement hydration promoting agents and therefore led to denser and
more durable cementitious structures. Secondly, it is safe to assume that even greater
SAPs concentrations, if needed to render different functionalities to the mortars, will not
compromise the mortar behavior.

In mortars, apart from one single crack several other microcracks are formed and
distributed in the bulk of the specimens, when they are subjected to compressive loads,
which sometimes may not be easy to detect using conventional methods. On the contrary,
by running a full 3D analysis via microCT, apart from crack healing, the 3D volume of the
specimen was also be thoroughly evaluated. As mentioned earlier, the quantitative analysis
of the self-healing progress in pre-cracked mortar specimens took place via microCT
Analysis. More specifically, a morphological and an architectural parameter were calculated
for all mortar specimens before and after eight days of healing treatment. These parameters
were:

• Morphometric parameter, “Percent Object Volume” (%) which shows the percent
of the specimen volume variation during the healing treatment. The value of this
parameter increases with healing time, since healing products that are formed cover
progressively the crack volume in part, thus representing the healing progress with
time [51,57,58].

• Architecture parameter, “Connectivity Density” (mm−3) comprising a sensitive indi-
cator of the change in texture and complexity associated with the healing progression.
More specifically Connectivity Density is an indicator of complex, very highly porous
structures. The value of this parameter decreases with healing time, since crack healing
provides denser structures within the crack volume [58,60].

In order to estimate the relative self-healing enhancement of mortar/SAPs specimens
versus the control specimens, the relative self-healing enhancement index hi (%) was calcu-
lated [61], based on the results of Connectivity Density since this architecture parameter is
very sensitive to texture and complexity changes.

hi(%) =

(
1 − CDi,n

CDi,0

)
× 100, (1)

where:

hi: relative self-healing enhancement index for specimen, i
CDi,n: value of Connectivity Density for specimen, i after n days of self-healing treatment
CDi,0: value of Connectivity Density for specimen, i before self-healing treatment (at 0 days)

More specifically, when no self-healing is observed hi value is “0”, as the final and
the initial value of connectivity density are the same. On the other hand, when self-
healing is promoted, hi values become higher and approach the value “100”, since the
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ratio CDi,n/CDi,0 approaches “0” as CDi,n decreases. The corresponding values of hi for
the mortar/SAPs and control specimens are shown in Table 5 and it is revealed that the
self-healing index was 84% and 31% for mortar-SAPs-1 and mortar-SAPs-2, respectively,
while it was 20% for mortar-reference specimen. Comparatively, self-healing was enhanced
by about 60% and 10% for mortar-SAPs-1 and mortar-SAPs-2, respectively compared to
the mortar-reference specimen. These results reveal that healing efficiency was optimized
for the specimen mortar-SAPs-1. This is attributed to the more effective dispersion of
SAPs in the cementitious matrix for the SAPs concentration 1% bwoc and therefore the
enhancement of their functionality as self-healing agents. This conclusion is in agreement
with that drawn by the phase identification in mortars via image segmentation obtained by
microCT scans.

Table 5. Indexes hi for the mortar/SAPs specimens and control specimens.

Specimen hi (%)

Mortar-reference 20
Mortar-SAPs-1 84
Mortar-SAPs-2 31

At this point, it must be taken into consideration that the specimen mortar-SAPs-1 was
more severely damaged during the artificial inducement of the crack by the application of
compressive load, leading to a very high initial value for connectivity density.

Our future goal is to expand this preliminary study on the evaluation of the self-
healing behavior of mortars containing the proposed SAPs for longer treatment durations
and attain a more profound insight on the healing mechanisms.

5. Conclusions

The presented work, took into consideration the overall behavior of the mortar-
SAPs composites manufactured and examined. It also comprises the determination of
their mechanical properties, their microstructure evaluation, as well as the evaluation
of their self-healing behavior yielding a series of conclusions. Even though it is often
reported in literature that the incorporation of SAPs in mortars causes degradation in
mechanical properties and specifically in compressive strength [1,7,9,10,15,17], within
the manuscript it is shown that, the incorporation of tailored SAPs with respect to their
structure (hybrid organic core—inorganic shell structure, spherical shape in the submicron
scale) did not negatively influence neither the flexural nor the compressive strength of
the mortars. This is directly correlated with the microstructure and porosity evaluation
of the mortars, which took place via microCT analysis. In particular, the total porosity
was reduced by about 0.5% and 2.5% for mortar-SAPs-1 and mortar-SAPs-2, respectively,
while the range of the pore size distribution became narrower for both SAPs concentrations
compared to the control specimens. As a result, these SAPs enhanced cement hydration
reactions when incorporated in the mortars without introducing more stress inducing sites
(macropores left behind in the matrix because of the deswelling of SAPs particles during
cement curing) and consequently not compromising the mortars strength. Moreover, the
Gaussian deconvolution procedure of the GSH of all the mortar specimens examined in
this work, showed that the minimum unhydrated cement phases (5%) after 28 days of
aging, were found in the case of mortar-SAPs-1, which also revealed the more pronounced
self-healing behavior.

Conclusively, the overall SAPs functionality in cementitious-based materials was
optimized while, the SAP concentration of 1% bwoc was promoted as the premium one in
reference to mortar composite strength, microstructure and self-healing enhancement.
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Abstract: Several plant extracts are being investigated to produce edible coatings, mainly due to
their antioxidant and antimicrobial activities. In this study, licorice root extracts were produced
by ultrasound-assisted extraction and were combined with chitosan to elaborate edible coatings.
Different solvents and temperatures were used in the extraction process, and the antioxidant and
antimicrobial activity of the extracts were assessed. The most bioactive extracts were selected for
the development of the edible coatings. The rheological properties of the coatings were studied,
and they were applied on strawberry to evaluate their physicochemical and microbiological properties.
The addition of licorice extract to chitosan resulted in positive effects on the rheological properties
of the coatings: the incorporation of phytochemicals to chitosan decreased the shear stress and
improved the restructuring ability of the coating solutions. The films presented a reduction of the
Burger model parameter, indicating a reduction of rigidity. Furthermore, the strawberry coated with
chitosan and licorice extract maintained good quality parameters during storage and showed the best
microbiological preservation in comparison with controls. Hence, the use of chitosan with licorice
extract is a potential strategy to produce edible coating for improving the postharvest quality of fruits.

Keywords: licorice; chitosan; edible coating; strawberry shelf life; rheological properties;
ultrasound-assisted extraction

1. Introduction

An increase in consumer requirements for safe food has led to the development of new improved
packaging systems, including active, intelligent and edible materials. The use of edible biopolymers
in food-packaging applications has become an alternative due to their film-forming properties and
environmentally friendly behavior [1]. Edible coatings and films are different: edible films are used as
wrapping packaging materials, while edible coatings can be directly applied on the surface of food
products [2]. Edible coatings are natural, safe and ecologically friendly substitutes, suitable to be
applied to reduce water transfer, gaseous exchange and oxidation of fresh products [3]. The edible
coatings should preserve the quality, nutritional value and texture of food products by reducing
moisture loss and oxygen effects, while maintaining adherence, without altering the original taste and
odor [4]. Furthermore, the combination of natural food grade substances in the coating should improve
the physical properties of the formed films [5]. In fact, the rheological properties of the film-forming
solution, such as thickness, spreadability and uniformity of the liquid coating layer, and the film
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performance, can be significantly affected by the type and composition of the coating constituents,
such as polysaccharides, protein, hydrocolloid or composite materials. In general, a reduction in
the solution’s viscosity provides a processing advantage during high-shear processing operations,
whereas high apparent viscosity at low-shear rates provides a better application by dipping [4].

Chitosan is a cationic biopolymer that can be mainly obtained from the deacetylation process of
chitin, a renewable natural resource [2] which is widely used in the coating of fresh products. Biological
properties have been attributed to chitosan, such as antibacterial and antifungal properties [6]. Then,
the application of this substance has been applied in several areas such as agriculture, cosmetic,
pharmacy and also food industry [7].

Chitosan has been studied and used for coating fish, meat, fruits and vegetables, to improve
the quality and extend the food shelf life [8]. In addition, chitosan can be combined with other
functional compounds with antioxidant, antimicrobial or other activities, to enhance the quality and
efficacy of the coating [9]. Antioxidants, antimicrobial agents, coloring agents, flavors, nutrients,
prebiotics and probiotics are examples of functional compounds that can be incorporated into edible
chitosan-based coatings [10]. Particularly, for the case of strawberry (Fragaria × ananassa), some works
studied the application of chitosan-based coatings [11,12] but a relatively high moisture permeability
was reported [2]. Then, the incorporation of natural bioactive compounds such as nisin, natamycin,
pomegranate, grape seed extracts [13], aloe vera gel [14], Thymus capitatus [15] and Mentha spicata
essential oils [16] and green tea extract [17], were studied, with the aim of enhancing the performance
of the edible coating and the preservation of strawberry. This fruit has been intensively studied,
because it is highly consumed [18] and is a relevant source of bioactive compounds such as vitamin C,
vitamin E, β-carotene and anthocyanins [19]. Nevertheless, several factors can reduce the fruit quality
and limit its commercialization, such as intrinsic physiology, physiological and mechanical lesion,
fungal infections and postharvest decay [20–22].

On the other hand, licorice is a traditional therapeutic herb, which grows in various parts of
the world, and is well recognized due to its bioactive properties, including antioxidant, anti-fungal,
anti-ulcer, anti-inflammatory, as well as anticancer and antiviral. Licorice was commonly used
in traditional medicine recipes for the treatment of respiratory complaints, inflammatory disorder
and liver problems [23,24]. Accordingly, licorice extracts, particular those obtained from the root,
were studied as natural food preservatives. Jiang et al. [25] investigated the efficacy of the addition
of licorice extract in the preparation of meat patty to inhibit lipid oxidation during refrigerated and
frozen storage. Qui et al. [26] combined chitosan citric acid and aqueous licorice extract to preserve the
quality of sea bass (Lateolabrax japonicas) fillets by preventing lipid oxidation and microbial growth
and thus extending the fish shelf life. Mandanipour et al. [27] evaluated the influence of an ethanolic
licorice extract combined with chitosan for controlling blue mold and extending the shelf life in the
postharvest storage of apples.

Different methods have been employed for the production of extracts. Among these,
the ultrasound-assisted extraction (UAE) is a versatile, flexible and efficient technique employed for
the extraction of bioactive compounds [28] due to its high reproducibility, and it is very appreciated
for the reduction of solvent consumption [29]. Application of ultrasounds causes the implosion of
the solvent cavitation bubbles, leading to the disruption of the vegetal cell membranes. This action
facilitates the penetration of solvent into the cells, thereby improving mass transfer and increasing the
releasing bioactive compounds.

In this study, ultrasound-assisted extraction of licorice root was studied, using solvents of different
polarities, to examine the bioactive composition and the antioxidant and antimicrobial activity of
the extracts. Selected extracts were tested for the elaboration of chitosan-based edible coatings.
The rheological properties of the coating solutions were studied to assess their ability to form films.
Furthermore, the rheological properties of the films were analyzed in order to determine the influence
of the incorporation of licorice extract. Finally, a study to evaluate the effect of the application of the
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edible coatings on strawberry was accomplished, considering the physicochemical and microbiological
characteristics of the berries during storage.

2. Materials and Methods

2.1. Chemicals and Fruit

Sodium carbonate anhydrous (99.5% purity) and ethanol (99.5% purity) were
purchased from Panreac (Barcelona, Spain). Folin–Ciocalteu reagent, Gallic acid standard
(>98% purity), (±)-6-hydroxy-2.5.7.8-tetramethyll-chromane-2-carboxylic acid (Trolox, 97% purity),
2.2-diphenyl-1-pycrilhydrazyl (DPPH, 95% purity), chloramphenicol (≥98% purity), low molecular
weight chitosan deacetylated chitin, tween-20, tween-80, acetic acid (≥99.5% FCC, Food Grade),
glycerol (>99%, FCC, FG), isoliquiritigenin, liquiritin, glycyrrhizic acid ammonium salt, liquiritigenin
and glabridin, were purchased from Sigma–Aldrich (St. Louis, MO, USA). BBL Mueller Hinton II Broth
and Difco Wilkins-Chalgren Agar were purchased from Becton, Dickinson and Company (France).
Sodium hydroxide (ACS, Reag. Ph Eur, ISO) was purchased from EMSURE®, Merck (Germany).

Strawberries were purchased from a local market. They were brought to the lab for the experimental
studies and used immediately. Strawberries were selected for uniformity of color, shape and size and
with the absence of physical defects or decay.

2.2. Preparation of Licorice Extracts

Roots of licorice were obtained from Murciana herbalist’s (Murcia, Spain) and ground using
a Premill 250 hammer mill (Lleal S.A., Granollers, Spain). Then, UAE using an ultrasonic probe
(Branson Digital Sonifier 550 model, Danbury, CT, USA) with an electric power of 550 W and frequency
of 60 kHz was accomplished. The extractions were carried out for 15 min with a plant/solvent
ratio of 1:10, at temperatures of 25 and 50 ◦C. Four different solvents were used: ethanol, methanol,
ethanol:water (50:50) and methanol:water (50:50) (Table 1). The extracts obtained were stored at −20 ◦C
until their use.

Table 1. Extraction yields (% mass extracted related to the mass of licorice root) of licorice root
ultrasound-assisted extraction (UAE).

Sample Solvent
Temperature

◦C
Yield

%

ELe25 Ethanol 25 3.85 ± 0.46 d

MLe25 Methanol 25 9.08 ± 2.77 c

EWLe25 Ethanol:water (50:50 v/v) 25 25.14 ± 1.07 a

MWLe25 Methanol:water (50:50 v/v) 25 15.69 ± 2.93 b

ELe50 Ethanol 50 3.69 ± 0.14 d

MLe50 Methanol 50 9.94 ± 2.08 c

EWLe50 Ethanol:water (50:50 v/v) 50 24.75 ± 0.76 a

MWLe50 Methanol:water (50:50 v/v) 50 23.36 ± 0.18 a

Values with different letters (a–d) differ significantly (p < 0.05).

2.3. Content of Total Phenolic Compounds (TPC) and Antioxidant Activity

The content of TPC of licorice extract was determined following the method of Folin–Ciocalteu [30].
Initially, 10 μL of extract was mixed with 600 μL of milliQ water and 50 μL of Folin–Ciocalteu reagent.
The content was thoroughly mixed and after 3 min, 150 μL of sodium carbonate solution (20% mass)
and 190 μL of milliQ water were added to the mixture. After 2 h at room temperature in darkness,
the absorbance was measured at 760 nm using a Genesys 10S UV-Vis spectrophotometer (Thermo
Fischer Scientific Inc., MA, Waltham, USA). The results were expressed as GAE (mg of gallic acid
equivalents/g of extract).
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The ability of licorice extracts to scavenge DPPH free radicals was determined according to the
method described by Brand-Williams et al. [31]. For the reaction, 25 μL of samples were added to
975 μL of DPPH radical in ethanol (6.1 × 10−5), which was prepared daily. The reaction took place
at room temperature, in the dark, until it reached a plateau. Then, the absorbance was measured
at 515 nm in a Genesys 10S UV-Vis spectrophotometer (Thermo Fischer scientific, Waltham, MA,
USA). The DPPH concentration in the reaction medium was calculated from a calibration curve (linear
regression). A control sample, containing the same volume of solvent instead of the extract, was used
to measure the maximum DPPH absorbance. Trolox was used as a reference standard, so results were
expressed as TEAC values (μmol Trolox/g extract). All analyses were done in triplicate.

2.4. Determination of Antimicrobial Activity of Licorice Extracts

The licorice extracts were tested against a Gram-positive bacterium, Staphylococcus aureus ATCC
25923, and a Gram-negative bacteria, Escherichia coli ATCC 25922, following the methods described by
Quintana et al. [32]. These tests were carried out to assess a general comparison of the antimicrobial
capacity of the extracts and decide which of them could be the most effective for the edible coating.
A broth microdilution method was used for the determination of IC50 values (i.e., the concentration
required to obtain 50% inhibition of growth after 24 h of incubation at 37 ◦C). All tests were performed
in Mueller–Hinton broth supplemented with 0.5% tween-20. The inoculum of bacterial strains was
prepared from overnight Mueller–Hinton broth cultures at 37 ◦C. Test strains were suspended in
Muller–Hinton (bacteria) broth to give a final density 107 CFU(Colony forming units)/mL. The extract
and fractions were diluted in ethanol ranging from 1 to 50 mg/mL. The 96-microwell plates were
prepared by dispensing into each well 185 μL of culture broth, 10 μl of the different extract’s dilutions,
antibiotic solution (chloramphenicol as positive control) or solvent (ethanol as negative control),
and 5 μL of the inoculums. In addition, blanks were prepared by adding 190 μL of broth medium to
the solvent or licorice extracts wells. The final volume of each well was 200 μl. After dispensing the
inoculum, the plates were read in an Infinite 200 PRO plate reader (TECAN, Trading AG, Männedorf,
Switzerland) spectrophotometer at 620 nm for T0 (Zero Time). Then, the plates were incubated at 37 ◦C
for 24 h and the absorbance was read for TF (Final Time). Each test was performed in triplicate and
repeated twice.

2.5. HPLC Analysis

High Performance Liquid Chromatography (HPLC) analysis was performed as previously
described by the authors [33] to identify and quantify main bioactive compounds of licorice,
i.e., isoliquiritigenin, liquiritin, glycyrrhizic acid, liquiritigenin and glabridin. A Prominence-i
LC-2030C 3D Plus (Shimadzu) unit equipped with a quaternary solvent delivery system, an autosampler,
diode-array detection (DAD) detector and a RP-C18 (250× 4.6 mm; 3μm) column was used. The column
temperature was set at 25 ◦C. The mobile phase was 0.026% aqueous H3PO4 (v/v) (A) and acetonitrile,
applying the following gradient elution: 80–75% (0–20 min), 75–66% (20–30 min), 66–50% (30–50 min),
50–40 (50–60min) and 40% (60–80min) of A. After 5 min, the initial conditions were achieved. The flow
rate was 0.7 mL/min and was kept constant during analysis. Injection volume was 20 μL and detection
was accomplished at 254, 280 and 370 nm. Calibration curves with the standards were used to
determine the content of these bioactive compounds in the different extracts.

2.6. Preparation of Coating Forming Solutions

Edible coatings were prepared with chitosan and the addition of different amounts (1% and 5%)
of the licorice extract (LE). Chitosan solution was prepared following the procedures described by
Ali et al. [34] with some modifications. Briefly, 4.0 g of chitosan was dissolved in 200 mL of distilled
water containing 1.0 mL of glacial acetic acid. The solution was heated with constant stirring for 12 h.
The pH of the solution was adjusted to 5.5 with 1 N NaOH, and 0.2 mL of tween-80 was added as
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emulsifier. Then, 1% or 5% of licorice extract was added and homogenized using an Ultra Turrax
homogenizer (T18 basic IKA, Staufen, Germany) at 7500 rpm for 3 min.

2.6.1. Rheological Properties of Coating Solutions and Films

Rheological assay was done in order to evaluate the steady and viscoelastic properties of edible
coating solutions employing a modular advanced rheometer system Mars 60, Haake (Thermo-Scientific,
Karlsruhe Germany), equipped with a coaxial cylinder (inner radius 12.54 mm, outer radius 11.60 mm,
cylinder length 37.6 mm).

Steady-State Shear Test

The continuous shear test was performed at a temperature of 25 ◦C, over a shear rate in the range
of 10−3 to 103 s–1, to study the influence of the natural extract on the rheological behavior. Experimental
data were fitted to the rheological Power Law model, according to Equation (1):

σ = K
·
γ

n
(1)

where σ is the shear stress (Pa),
·
γ is the shear rate (s−1), K is the consistency coefficient (Pa·sn) and n is

the flux index (dimensionless).

Oscillatory Test

The stress amplitude sweep test was carried out within the range of 0.01 to 1000 Pa and with
angular frequency of 0.1 Hz on all samples, in order to determine the linear viscoelastic regime (LVR).
Based on the results of these experiments, the frequency sweep was done at 0.1 Pa, to keep the stress in
the LVR, within the range of 0.01 to 100 rad·s−1. Thermo-viscoelasticity properties were investigated in
a ramp temperature from 20 to 80 ◦C, under constant frequency (0.1 Hz) in the LVR and at a heating
rate of 5 ◦C/min. Dynamic data were obtained in oscillatory shear experiments. The data recorded
include the storage modulus (G′) which provides the elastic component, the loss modulus (G′′ ) which
is related to the viscous component of the material and the loss tangent (Tan δ) which is the ratio G”/G′
and provides the ratio of elastic to viscous response of the material under consideration.

Preparation of the Film

In order to evaluate the influence of the addition of licorice extracts to chitosan on the ability of
the coating solutions to form films, the casting method [35] was used to prepare the films. The coating
solutions were casted in sample holder followed by drying at 47 ◦C for 12 h. The dried films were
peeled and stored in a desiccator containing silica gel to prevent moisture absorption. Films of 0.5 mm
of thickness were obtained.

Creep and Recovery

The rheological measurement of films was conducted using a parallel plate geometry (diameter
35 min, gap 0.5 mm). The storage modulus (G′) and loss modulus (G′′ ) were measured from 0.1 to 20
rad·s−1 at 25 ◦C in the LVR. Creep and recovery tests were performed at 25 ◦C for each sample (with
the same size). The tests were recorded at constant stress amplitude at 25 ◦C for 180 s, followed by
release of the stress and recovery for 180 s. Creep curves were analyzed according to the Burgers model
with one Kelvin-Voigt element [36] (Equation (2)):

J = Jo + J1

(
1− exp

( −t
λret

))
+

t
μo

(2)
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where J is compliance, t is the time, Jo is the instantaneous compliance (Pa−1), J1 is the retarded
compliance (Pa−1), λret is the retardation time of Kelvin-Voight element (s) and μo is Newtonian
viscosity (Pa·s).

2.7. Application of Coatings on Strawberry and Quality Parameters

The strawberries were dipped into three different edible coating samples (chitosan,
chitosan + 1% LE, and chitosan + 5% LE) for 1 min. Then, the fruits were air-dried, packed in
commercial corrugated boxes and stored at 4.0 ± 1 ◦C. Uncoated strawberries were used as control.
Twenty-five berries for each coating treatment were used and the experiments were performed in
duplicate. Quality characteristics of control and coated fruits were determined during storing at 4.0 ◦C.

2.7.1. Fungal Decay Percentage

Strawberries were visually evaluated for the presence of mold growth during the storage time
(10 days). Any strawberry with visible spoilage was considered to be decayed. Fungal decay percentage
was calculated by using the following equation:

Fungal decay (%) =
number o f decayed f ruits

total number o f f ruits
× 100 (3)

2.7.2. Determination of Weight Loss

Strawberries were weighed just after coating and air drying. Then, berries’ weight was monitored
during 10 days after coating. Weight loss was calculated as the percentage of loss related to initial
weight (Equation (4)):

Weight loss % =
Initial weight− Final weight

Initial weight
× 100 (4)

2.7.3. Determination of pH and Titratable Acidity (TA)

Following the procedures describe by the Association of Official Agricultural Chemist -AOAC
method [37], the pH was measured using a pH-meter. TA was determined by titrating the diluted juice
(5 g fruit diluted in 95 mL distilled water) up to pH 8.2 using 0.1N NaOH. The results were expressed
as the percent of citric acid (Equation (5)):

TA =
V(NaOH) · 0.1 · 0.064

m
× 100 (%) (5)

where V(NaOH) is the volume (mL) of NaOH consumed for titration, 0.1 is the molarity of the NaOH
solution, 0.064 is a conversion factor for citric acid and m is the mass of the aliquot sample taken for
analysis. Measurements were done in triplicate.

2.7.4. Content of Total Phenolic Compounds (TPC)

Strawberries’ pulp was finely chopped and 5 g of it was extracted and homogenized with 10 mL
of methanol. After a cleaning-up step via centrifugation (5 min at 4500 rpm and 25 ◦C) and filtration,
the supernatants were recovered and allowed to stand at room temperature for evaporation of solvent.
The experiments were done in triplicate. Total phenolic content of the extracted pulp was determined
using the Folin–Ciocalteu method [30].

2.7.5. Microbiological Analysis of Strawberries

The microbiological analysis of strawberries during storage was measured according to
Haiji et al. [38] with slight modifications. The mesophilic and psychrophilic bacteria and yeast
count were considered the most comprehensive method to evaluate the microbiological quality of
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the strawberries. On day 1 and until day 10 of storage, 10 g of fruit was aseptically transferred into
stomacher bags, and 100 mL of sterile saline solution was added to each sample. Serial decimal
dilutions of the homogenized sample were prepared. Determination of total aerobic bacteria was
carried out on Plate Count Agar (37 ◦C for 48 h). The enumeration results were signified as log CFU
(colony forming units)/g.

2.8. Statistical Analysis

Two replicates were prepared for each coating treatment and for each day. Each sample was
measured in triplicate. All data were expressed as mean ± standard error, and the statistical analysis of
data was performed using R software version 3.6.2. The significant difference between the treatments
(three coating treatments) and days were determined using one-way analysis of variance (ANOVA)
with Tukey’s HSD (honestly-significant difference) test, grouping at the 95% confidence level.

3. Results and Discussion

3.1. Extraction Yield of Licorice Extracts and Quantification of Bioactive Compounds

Extraction yields are reported in Table 1, together with the deviations obtained in duplicate
experiments. Taking into account the solvents used, extraction yield increased in the following order:
ethanol, methanol, methanol:water (50:50) and ethanol:water (50:50). Based on the dielectric constants
of the solvents (ethanol 24.3, methanol 32.7 and water 78.4, at 25 ◦C), it can be established that the
addition of 50% water to the organic solvents and thus, the increase of solvent polarity, resulted in a
significant increase of extraction yield (p < 0.05). Nevertheless, extraction temperature did not affect
yield significantly (p > 0.05), at least in the range of temperatures explored (25 and 50 ◦C).

While the addition of 50% water to methanol produced nearly a 2-fold increase of extraction yield,
the addition of 50% water to ethanol resulted in a 6.5-fold yield increase. Then, the combination of a
medium polar solvent (ethanol) with a high polar solvent (water) was the most suitable alternative to
obtain high yields in the extraction of licorice root. These results are in accordance to other reported
extraction studies, such as the work of Nieto et al. [39] concerning the extraction of grape stems,
Arranz et al. [40] in the extraction of marjoram with different ethanol:water mixtures, or Kaderides
et al. [41] in the UAE extraction of pomegranate peels, reporting an increase in the extraction yield
with an increase in solvent polarity. Moreover, it was found that the combination of solvents is more
efficient for extraction of phenolic compounds than a single solvent [42].

The main well-known bioactive compounds of licorice (glycyrrhizin, glabridin, liquiritigenin,
isoliquiritigenin and liquiritin) were identified and quantified by HPLC analysis and the results
obtained are reported in Table 2. Values in the range of 79.0 to 157.9 mg of these bioactive compounds
were determined per gram of the different extracts obtained. Except in the case of ethanolic extracts,
the higher concentrations were determined for glycyrrhizin, followed by glabridin, and in considerably
lower concentrations, liquiritigenin, isoliquiritigenin and liquiritin.

In the case of ethanolic extracts, the concentration of glabridin was higher than glycyrrhizin,
while significantly lower concentrations were observed for the rest of the components. Glabridin,
an isoflavan, and glycyrrhizin, a triterpene glycoside, are the most abundant and distinctive compounds
of licorice roots with several recognized pharmacological properties [43,44]. While glabridin is nearly
insoluble in water, the glycosylated sugars present in glycyrrhizin provides some polarity to this
compound and thus is better extracted using water. Figure 1 shows the concentration of these
compounds in the extracts (mg/g) obtained at 25 ◦C as a function of the dielectric constant of the
solvent used. In the case of water:organic solvent mixtures, the dielectric constant was estimated
as the weighted average of the pure solvent dielectric constants. As it can be observed in Figure 1,
the extraction of glycyrrhizin increased considerably as the solvent dielectric constant increased,
while the opposite effect is observed for the non-polar compound glabridin. Similar results were
observed in the case of licorice root UAE extracts obtained at 50 ◦C.
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Table 2. Concentration (mg/g extract) of bioactive compounds identified in licorice UAE extracts (High
Performance Liquid Chromatography—HPLC analysis).

Sample Liquiritin Glabridin Glycyrrhizin Isoliquiritigenin Liquiritigenin

ELe25 0.60 ± 0.01 a 55.80 ± 5.03 a 17.30 ± 1.56 c 0.87 ±0.03 a 0.95 ± 0.10 c

MLe25 0.60 ± 0.01 a 21.35 ± 0.72 b 53.45 ± 0.85 b,c 0.60 ± 0.01 a 2.00 ± 0.01 b

EWLe25 0.70 ± 0.07 a 2.73 ± 0.12 c 159.50 ± 12.51 a 0.40 ± 0.01 a 3.95 ± 0.30 a

MWLe25 0.80 ± 0.01 a 1.00 ± 0.02 c 123.85 ± 10.11 a,b 0.40 ± 0.01 a 3.30 ± 0.35 a,b

ELe50 1.10 ± 0.12 a 55.13 ± 2.77 a 13.60 ± 0.23 c 0.60 ± 0.01 a 1.00 ± 0.01 c

MLe50 1.00 ± 0.06 a 24.40 ± 0.90 b 96.80 ± 4.27 b,c 1.60 ± 0.09 a 2.60 ± 0.22 b

EWLe50 0.60 ± 0.01 a 2.45 ± 0.03 c 145.10 ± 10.23 a 0.40 ± 0.01 a 3.45 ± 0.30 a

MWLe50 0.80 ± 0.01 a 0.80 ± 0.07 c 133.40 ± 15.24 a,b 0.40 ± 0.00 a 3.60 ± 0.46 a,b

Values with different letters (a–c) in the column and row differ significantly (p < 0.05).

Figure 1. Concentration of glabridin (�), glycyrrhizin (�) and (
�

) total phenolic compounds (TPC)
in UAE licorice extracts as a function of the estimated dielectric constant of the solvent (extraction
temperature 25 ◦C); (—–) trend line.

3.2. TPC, Antioxidant and Antimicrobial Activity of Licorice Extracts

3.2.1. TPC and Antioxidant Activity

The TPC of licorice extracts (mg GAE/g), together with their antioxidant (DPPH test) and
antimicrobial activities (IC50 values), are reported in Table 3. The extracts with the higher content
of TPC were obtained with ethanol (ELe25 and ELe50), followed by methanol (MLe25 and MLe50),
ethanol:water (EWLe25 and EWLe50) and methanol:water (MWLe25 and MWLe50), with values in the
range 60–160 mg GAE/g extract. Figure 1 shows that the TPC values of the extracts obtained at 25 ◦C
decreased when the dielectric constant of the solvent increased. Similar results were obtained at the
extraction temperature of 50 ◦C. Then, it can be established that the addition of water to the organic
solvents (methanol or ethanol) enhanced the extraction yields, while the TPC concentration decreased,
maybe due to the extraction of other polar compounds, as suggested by Spingo et al. [45]. For example,
the glycyrrhizic acid (GA) molecule has several hydroxyl groups and thus, it is easily soluble when
extracted with polar solvents [46]. Then, higher concentrations of GA were obtained in the extracts
produced using ethanol:water (EWLe25 and EWLe50) and methanol:water (MWLe25 and MWLe50).
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Table 3. Total phenolic compounds (TPC), antioxidant activity (DPPH free radicals scavenging assay
expressed as TEAC value) and antimicrobial activity (IC50 mg/mL) of licorice UAE extracts.

Sample
TPC

(mg GAE/g)
DPPH

(μmol Trolox/g)
E. coli

IC50 (mg/mL)
S. aureus

IC50 (mg/mL)

ELe25 144.25 ± 3.03 a 447.37 ± 1.83 a >2.5 >2.5
MLe25 104.05 ± 0.22 a,b 210.77 ± 0.17 a,b >2.5 >2.5

EWLe25 80.36 ± 3.67 b 86.92 ± 0.99 b 1.21 ± 0.03b 1.38 ± 0.11 a

MWLe25 59.09 ± 5.40 b 68.01 ± 1.26 b 1.09 ± 0.10ab 1.56 ± 0.06 c

ELe50 162.20 ± 1.30 a 546. 52 ± 2.16 a >2.5 >2.5
MLe50 126.20 ± 2.88 a,b 277.50 ± 0.24 a,b > 2.5 >2.5

EWLe50 85.71 ± 3.07 b 102.52 ± 0.49 b 0.84 ± 0.04b 1.43 ± 0.06 d

MWLe50 79.14 ± 2.16 a,b 62.18 ± 1.28 b 0.97 ± 0.03b 1.93 ± 0.01 b

Values with different letters (a–d) in the column and row differ significantly (p < 0.05).

Concerning the effect of temperature, an increase of the extraction temperature (25 to 50 ◦C)
increases the TPC content, showing significant differences (p < 0.05). A similar positive effect of
temperature on total polyphenols recovery has been previously reported, for example in the extraction of
olive leaves [47]. However, it should be noted that extremely high extraction temperature may promote
possible degradation of phenolic compounds, or may enhance solvent loss through vaporization [48].

As reported elsewhere, phenolic compounds significantly contribute to the antioxidant activity of
plant extracts [49,50]. It is generally stated that the higher the TPC value, the higher the antioxidant
activity. In this work, a positive relationship between the antioxidant activity (evaluated by the DPPH
assay) and the TPC content was obtained, considering all licorice UAE extracts produced. Figure 2
shows the linear correlation (R2 = 0.974) obtained between TPC (mg GAE/g) and TEAC (μmol Trolox/g)
values. Regarding the effect of temperature and following the observed tendency in the case of TPC
content, for all solvents used, the increase of extraction temperature increased the antioxidant activity
of the extract. As mentioned before, the extracts obtained using 50% water were those with the lower
TPC values and thus, these extracts are those with the lower antioxidant activity (Figure 2). This result
strengthens the hypothesis that the addition of water to the organic solvent enhanced the extraction of
polar but non-antioxidant compounds.

Figure 2. Correlation between antioxidant activity (μmol Trolox/g) and total phenolic compounds
(mg GAE/g) of licorice UAE extracts (Table 3). T = 25 ◦C: (�) ethanol, (•) methanol, (�) ethanol:water
and (�) methanol:water. T= 50 ◦C: (�) ethanol, (�) methanol, (Δ) ethanol:water and (♦) methanol:water.
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Among the identified and quantified licorice bioactive compounds, only in the case of glabridin,
the less polar identified polyphenol, did an increase of its concentration show a positive effect on the
antioxidant activity of the extract.

3.2.2. Antimicrobial Activity

Table 3 reports the IC50 values (concentration of the extract necessary to attain 50% inhibition)
of the licorice UAE extracts tested against a Gram-positive bacteria, Staphylococcus aureus ATCC
25923, and a Gram-negative bacteria, Escherichia coli ATCC 25922. The IC50 values corresponding
to Chloramphenicol, an antibiotic useful for the treatment of a number of bacterial infections,
are 0.09 mg/mL for S. aureus bacteria and 0.08 mg/mL for E. coli. Only extracts obtained using mixtures
of water and organic solvent (methanol or ethanol) exhibit antimicrobial activity. In comparison with
Chloramphenicol, the IC50 values of these extracts are around one order of magnitude larger for
both types of bacteria. The observed antimicrobial activity may be related to the high glycyrrhizin
concentration observed in these extracts (>130 mg/g) due to the recognized antimicrobial activity of
this compound [51] and licorice extracts [32].

3.2.3. Selection of Licorice Extract for Preparing Edible Coatings

Considering the Food and Drug Administration recommendation for the use of non-toxic and
environmentally safe solvents, such as ethanol [52], and the antimicrobial and antioxidant activity
of samples, the extract produced with ethanol:water (50:50) at 50 ◦C (EWLe50) was selected and
produced in sufficient amounts in order to prepare the edible coatings and carry out the study of
strawberries’ preservation. This licorice extract (LE) can be produced with high yield (c.a. 25%),
and contains 85.71 ± 3.07 mg GAE/g, moderate antioxidant activity (102.52 ± 0.49 μmol Trolox/g)
and good antimicrobial activity (IC50 values of 0.84 ± 0.04 and 1.43 ± 0.06 mg/mL for E. coli and
S. aureus, respectively).

3.3. Rheology of the Edible Coating Solution

The rheological properties of coating solutions are of great importance because they affect the
structure and apparent viscosity of the film matrix. The uniformity, the spreadability and the thickness
of the coating could be greatly influenced by the flow characteristics of the coating solution [53].
Different chitosan-licorice coating solutions were prepared employing 1% (Ch + LE-1) and 5%
(Ch + LE-5) of the licorice extract EWLe50 and pure chitosan (Ch) was used as control. In order to
obtain a good knowledge of fluid behavior, the viscosity and viscoelastic properties of coating solutions
were measured to assess the processability of the coating.

3.3.1. Steady Rheological Properties

Figure 3a shows the flow curve of different samples: the changes observed in shear stress are a
consequence of the addition of licorice root extract to chitosan control, due to the interaction between
chitosan and licorice phytochemicals and complexation. All coating solutions exhibited the behavior
of non-Newtonian fluid and can be adjusted to the Power Law model (Equation (1)). The model
parameters (K and n) are given in Table 4, and high fitting degree (R2 > 0.994) was achieved. The K
(consistency coefficient) values decrease significantly and n (flux index) values increase with the
addition of LE. Chitosan solution presents a consistency coefficient of 0.469 ± 0.015 and flux index of
0.795 ± 0.005. Moreover, the samples Ch + LE-1 and Ch + LE-5 present K values of 3.72· 10−4 ± 0.001
and 1.76·10−4 ± 0.001 and n values of 1.436 ± 0.018 and 1.503 ± 0.012, respectively. n values equal to
1 indicate the Newtonian fluids, lower than 1 indicate shear thinning fluids, while n values higher
than 1 indicate a shear thickening behavior [54]. Then, the chitosan coating solution presents a shear
thinning behavior due to alignment of molecules in the direction of flow, and a decrease of viscosity
with the increase of shear rate. Similar results were obtain by Zhang [55] in a coating solution of
chitosan/zein with the addition of alpha-tocopherol.

144



Appl. Sci. 2020, 10, 8431

Figure 3. Rheological properties of edible coating solutions produced with chitosan and chitosan-licorice:
(a) flow curve, (b) frequency sweep and (c) temperature sweep.
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Table 4. Power Law parameters obtained for the edible coating solutions. Ch = Chitosan; Ch + LE-1 =
Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.

Treatment K (Pa·sn) n R2 σ
( ·
γ=10 s−1

)
(Pa)

Ch 0.469 ± 0.015 0.795 ± 0.005 0.998 0.2
Ch + LE-1 3.72 × 10−4 ± 0.001 1.436 ± 0.018 0.994 0.0047
Ch + LE-5 1.76 × 10−4 ± 0.001 1.503 ± 0.012 0.998 0.0021

On the other hand, the addition of LE caused a decrease in the shear stresses and a non-Newtonian
behavior. The shear thickening behavior (n > 1) observed in samples Ch + LE-1 and Ch + LE-5 are
probably a consequence of particle hydro-clustering and an order-to-disorder transition. At large shear
rates and stresses, convective and hydrodynamic force dominate over inter-particle force, and cause
hydro-clustering of particles [56,57]. The rheological properties of coating solutions are consistently
used among the literature to provide data on films’ microstructure, thickness, coating spreadability and
uniformity on substrate. In general, highly viscous solutions retained air bubbles in the casting process,
and low viscous solutions facilitated its spreading on the plate where the films were formed [58].

3.3.2. Dynamic Rheological Properties

The study of dynamic viscoelastic properties of coating solutions led to obtain information about
the molecular entanglement and molecular network formation during drying [59]. The LVR used in
this study was the maximum stress value in the flat region of storage modulus (G′) and stress curve.
Stress value applied for Ch, Ch + LE-1 and Ch + LE-5 was of 0.1 Pa.

Figure 3b shows the frequency dependence of the storage (G′) and loss modules (G′) of the
different edible coating solutions studied, from 0.01 to 100 rad·s−1. According to mechanical spectra
(Figure 3b), increased G′ and G′′ values were observed with the increase of angular frequency (ω),
with G′′ exhibiting a larger increase for all the samples in comparison with G′. Higher G′′ values were
obtained for chitosan-licorice solutions, indicating that these solutions will behave as liquids during
the mixer process for lower processing times. Then, to deform the material, the supplied energy would
be lower in the case of the chitosan-licorice coatings [60].

Furthermore, G′′ > G′ for the pure chitosan coating solution in the entire frequency range applied,
without any crossover point observed, exhibited the typical behavior of liquid-like solutions [61].
But, in the case of chitosan-licorice solutions, crossover points were reached, indicating a longest time
required for chain disengagement of the polymer structures in the solution [62,63]. This observed
frequency dependence of G′ and G′′ indicates that chitosan-licorice solutions are a useful class of
materials to be applied as films in food coating, since they can enhance adhesiveness and the hardness
of the coating solution.

Figure 3c shows the effect of temperature on G′ and G′′ values of the edible chitosan and
chitosan-licorice coating solutions for a heating rate of 5 ◦C/min in the LVR and 0.1 Hz frequency.
The effect of temperature on the variation of G′ and G′′ of the coating solutions exposes the phase
transitions and elasticity and allows the selection of appropriate temperature ranges for the formulation
and the application of the coating solution on the product.

For all coatings, G′′ was higher than G′ in the whole range of temperatures studied, denoting the
liquid-like behavior. Chitosan coating solution presents higher G′ values than samples with 1%
and 5% of LE, the ones which present similar values. Gelatinization does not occur because the
high temperatures accelerate the mobility of chitosan molecules in the solution and reduce the
intermolecular hydrogen bonding interactions, removing energized water molecules surrounding the
chitosan chains [64].
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3.3.3. Rheological Properties of Edible Film

The physicochemical and functional properties of edible films, such as mechanical, rheological
and optical properties, are directly related to their microstructure and the interaction between film
components and the drying conditions [65]. The rheological properties of edible films were evaluated
in order to analyze the influence of combining chitosan with licorice extracts in the coating solutions,
and to assess the particular characteristics and modifications in comparison with using only chitosan.

All the films were flexible and easily detachable from the sample holder, without evident defects
in the form of cracks or pores. Figure 4a shows the frequency dependence of storage modulus (G′) and
loss modulus (G′′ ) of films of Ch, Ch + LE-1 and Ch + LE-5. For Ch films, G′ >> G′′ over the entire
frequency range studied, indicating that chitosan film exhibits dominant elastic behavior. G′>G′′ in the
case of Ch + LE-1, and the film presents a more robust network and exhibits a gel-like behavior. Finally,
for Ch + LE-5 film, G′′>G′, exhibiting a viscous behavior. Then, the addition of licorice phytochemicals
to chitosan increases the viscous properties of film, displaying a variation in G′. Tan δ (= G′′ /G′)
increase with the addition of licorice extract to chitosan and values become Tan δ ≈ 1, corroborating
that the viscous quality of the film is greatly affected by the addition of LE and suggesting that the films
containing LE have higher flexibility compared to the chitosan film and thus, they are more suitable
than pure chitosan for application as edible food coatings.

ω

δ

δ

 
(a) (b) 

Figure 4. Rheological properties of chitosan and chitosan-licorice edible films: (a) frequency sweep
and (b) creep and recovery.

The creep compliance data are shown in Figure 4b. The extensional creep curves of all films showed
a typical behavior of viscoelastic material, with varying degrees of viscoelasticity. The compliance of
films decreases with the addition of licorice extracts and with the percentage amount of extract added.
It can be inferred that films became more flexible with the addition of LE to chitosan, indicating an
interaction between LE phytochemicals with possible hydrogen bonds formation.

The creep results were simulated by applying the Burger model (Equation (2)) and a satisfactory
description of the essential features of the film viscoelasticity was attained, with high correlation
coefficients (R2 > 0.999) (Table 5). The parameters of the Burger model reflect the structure of any
system, and the decreasing/increasing of these parameters shows the weakening/strengthening of
the structure. The instantaneous compliance (Jo) of chitosan was 3.793, and decreased to 0.482 and
0.801 for Ch + LE-1 and Ch + LE-5 respectively, indicating a reduction of rigidity or strength [66,67].
The retarded compliance (J1) of chitosan was 1.408 mPa−1, decreasing to 0.481 and 0.626 respectively,
with the addition of 1% and 5% of LE, indicating a reduction of the gel cohesive force and also a
reduction of the resistance to deformation caused by the three-dimensional network structure [66,67].
Newtonian viscosity (μo) increased significantly with the addition of LE to chitosan, revealing that
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mechanical strength and mobility of polymer chains increased with the addition of LE to chitosan in
the coating formulation.

Table 5. Burger model parameters obtained for the films. Ch = Chitosan; Ch + LE-1 = Chitosan + 1%
of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.

Table 1
Jo

(mPa−1)
J1

(mPa−1)
λret (s)

μo
(Pa·s)

R2 Recovery
(%)

Ch 3.793 1.408 4864.0 1.282× 106 0.998 35.82
Ch + LE-1 0.482 0.481 906.3 1.878× 106 0.999 83.78
Ch + LE-5 0.801 0.6258 340.8 4.252× 105 0.997 51.09

Recovery percentages are an indirect measure of gel elasticity and the calculated values for the
different coating films are given in Table 5. The recovery percentages of the films with LE extracts
(83.78% and 51.09% for Ch + LE-1 and Ch + LE-5, respectively) were considerably higher than that of
chitosan (35.82%). Then, the addition of licorice extract changed the viscous behavior and improved
the elasticity of the films, with the Ch+LE-1 coating being the one which presents the highest recovery
percentage (best gel elasticity).

3.4. Effect of Chitosan-Licorice Edible Coatings on Strawberries’ Quality

Four sets of strawberries were prepared to carry out the study of the effect of chitosan-licorice
edible coatings on the fruit preservation: uncoated (control) fruit (C), coated with chitosan (Ch) and
coated with Ch + LE-1 and Ch + LE-5. The samples were stored at 4 ◦C for 10 days.

3.4.1. Physicochemical Effects

In order to determine the effect of licorice extracts on the coated fruits, photographs were picked
up during storage, which are shown in Figure 5. Pictures corresponding to 14 days of storage were also
included in the figure, because the effect of coatings became very obvious. The coated strawberries
presented a brilliant appearance, which was better than the uncoated sample.

The coated forming on berries depends on the rheological parameters of the coating solutions,
which present different shear stress and viscoelastic properties. The amount of coating solution
adhered to strawberry during application strongly depends on the viscosity and the surface tension
of the coating solutions. The roughness on the surface of strawberries require formulations with
ingredients that can reduce the coating solution surface tension, in order to ensure coating uniformity
and absence of void holes [4]. The total sugars present in fruit can act as a plasticizer, interacting with
the polymer chains and generating “free” volumes within the chains, weakening the intermolecular
forces and, consequently, reducing the resistance of the films [68]. Some authors determined that
solutions with high viscosity and low surface tension promote a better film-forming surface [69].
In this study, the chitosan coating solution presented a viscosity of 170 mPa·s, while lower values were
observed in the case of chitosan-licorice solutions (4.40 and 2.10 mPa·s for Ch + LE-1 and Ch + LE-5,
respectively). Nevertheless, despite the observed viscosity reduction, the addition of LE improved the
viscoelastic properties and allowed a better surface extensibility on berries, forming thinning coatings
with higher uniformity and adherence, which can be related with the better physical appearance
observed (Figure 5). The application of coatings did not affect the color of berries, maintaining good
visual quality and no water migration on the surface was observed.

The presence of mold was visually observed in the control sample on day 10 (Figure 6), while no
mold was observed in the coated berries. Ch + LE-5 coating exhibits the best preservation of strawberry
appearance. The fungal decay of samples is depicted in Figure 6. The percentage of fungal decay
was higher in control samples, followed by chitosan samples, while chitosan-licorice coatings did
not present fungal decay during 10 days of storage. The licorice extract increased the antimicrobial
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properties of chitosan, according to the antibacterial activity assessed in this study and in other studies
available in the literature [32].

Figure 5. Visual appearance of uncoated, chitosan- and chitosan-licorice-coated strawberries
corresponding to 1, 3, 10 and 14 days of storage at 4 ◦C.

Figure 6. Fungal decay of uncoated and licorice-chitosan-coated strawberries stored for 10 days at 4 ◦C:
(�) Ch (Chitosan); (�) C (uncoated).

Figure 7 shows the weight loss of uncoated and coated samples with the different films throughout
the cold storage time. Postharvest mass loss of fruits and vegetables is mostly due to moisture loss
through transpiration, and is recognized to accelerate the susceptibility of fruit and vegetables to
physiological disorders [70,71]. After only three days of storing, the uncoated sample presented less
weight loss than the samples treated with any of the coatings. Nevertheless, on day 10, the barrier
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effect exerted by the coatings could be observed, since all coatings reduced the loss of fruit weight
in comparison with uncoated samples, with the coatings containing Ch + LE-1 and Ch + LE-5 being
more efficient than the one containing solely chitosan. For these coatings, weight losses of samples are
lower than 2% after 10 days of storing. Similar weight loss values were obtained by Martínez et al. [15]
using chitosan coatings combined with Thymus capitatus essential oil. Furthermore, these loss weight
values were lower than those observed by Petriccione et al. [72] when studying different species of
strawberry coated with 2% chitosan (weight losses of 7–9%) or Ventura-Aguilar [73] using an edible
film of chitosan combined with a Roselle calyces extract (weight loss of 6%).

Figure 7. Effect of different licorice-chitosan coatings on the weight loss of strawberries stored for
10 days at 4 ◦C: (�) Ch (chitosan) (�) Ch + LE-1 (Chitosan + 1% of licorice extract); (

�
) Ch + LE- 5

(Chitosan + 5% of licorice extract; (�) C = uncoated.

The effect of the different coatings in comparison with uncoated samples on the pH and titratable
acidity (TA) of strawberries were also examined, since these properties are a measure of ripening effect.
Fruit maturation produces the enzymatic reaction of sugars and the amounts of acids tend to decrease
and the pH increases. The initial pH values of coated strawberries were slightly higher than uncoated
samples (Figure 8a). Although there were some differences on day 1, pH values of coated samples did
not change significantly during storage and no significant differences were observed between coated
samples on day 10 (mean pH value is 4.05 ± 0.10), while a significantly higher pH value was obtained
for the uncoated fruit (4.5 ± 0.20).

Figure 8. Effect of different coatings based on chitosan and licorice extracts on (a) pH and (b) titratable
acidity (TA) expressed as citric acid percentage of strawberries stored for 10 days at 4 ◦C. C = uncoated;
Ch = chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice
extract. Means values and intervals of Tukey’s test at 95% according to the analysis of variance
(ANOVA) test.
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Furthermore, the TA values were significantly reduced (p < 0.05) both in coated and uncoated
strawberries, but due to the nature of fruit organic acids, these usual decreases in fruit acidity during
maturity did not induce a notable change in the pH value. As can be observed in Figure 8b, a significant
decrease of TA values (p < 0.05) with storing time was observed in all cases, but differences between
control and the different coatings were not significant. These results are in agreement with similar
research conducted by Bhimrao et al. [74], who studied the extension of shelf life of strawberries using
a coating formed with chitosan and whey protein isolate.

3.4.2. Total Phenolic Compounds Content and Microbiology Analysis

As stated before, the phenol content of a vegetal sample can be related with its antioxidant activity.
Thus, the TPC content of the uncoated and coated strawberries was evaluated after 10 storing days,
as an indicator of the coating antioxidant functional capacity (Table 6). The TPC values of uncoated
strawberry on day 1 are in accordance with the values reported in the literature [75], which indicated
that TPC values of 27 strawberry cultivars varied from 0.57 to 1.33 GAE mg/g of fresh weight.

Table 6. Total phenolic compounds (TPC) of strawberries treated with different coatings. Ch =Chitosan;
Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.

Treatment
TPC (mg GAE/g)

Day 1 Day 10

Uncoated 1.41 ± 0.12 0.97 ± 0.04
Ch 1.28 ± 0.06 0.99 ± 0.08

Ch + LE-1 1.52 ± 0.10 1.32 ± 0.05
Ch + LE-5 1.44 ± 0.02 1.38 ± 0.35

The results given in Table 6 indicate that, on day 10 and for all cases (uncoated and coated fruit),
the TPC values were lower after the cold storage. But, the type of coating had a significant effect
on the observed TPC decrease, as is depicted in Figure 9, and the control samples (uncoated fruit)
presented the highest TPC loss percentage (30.93 mg GAE/g), followed by chitosan coating (22.65 mg
GAE/g), chitosan + 1% LE (13.1 mg GAE/g) and chitosan + 5% LE (13.3 mg GAE/g). Then, LE extract
contributed significantly to preserve the phenolic compounds of samples.

Figure 9. Effect of chitosan-licorice coatings on total phenolic compounds (TPC) of strawberries stored
for 10 days at 4 ◦C: C = uncoated; Ch = chitosan; LE1 = Chitosan + 1% of licorice extract; LE5 = Chitosan
+ 5% of licorice extract.

Concerning the microbiological analysis, Table 7 shows the aerobic bacteria and yeast determined
in coated and uncoated strawberries after 6 days of cold storage. No initial growth of bacteria or yeasts
was observed in the uncoated and coated strawberries. But after 6 days of storage, viable count of
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bacteria and yeasts were determined in uncoated samples and in berries coated with chitosan, while in
the samples coated with chitosan-licorice mixtures, no growth was observed. Then, the addition of
phytochemicals of licorice in order to prepared edible coating improved the antimicrobial properties
of chitosan.

Table 7. Effects of edible coatings prepared with chitosan and chitosan + licorice extract on the growth
of mesophilic and psychrophilic bacteria (total aerobic psychrophilic bacteria) and yeasts during storage
at 4 ◦C. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of
licorice extract.

Bacteria and Yeasts Treatment Total Viable Count (Log CFU/g) on Day 6 of Cold Storage

Mesophilic

Uncoated 7.0 ± 2.0
Ch 4.5 ± 0.7

Ch + LE-1 n.g.
Ch + LE-5 n.g.

Psychrophilic

Uncoated 4.0 ± 0.01
Ch 4.0 ± 0.01

Ch + LE-1 n.g.
Ch + LE-5 n.g.

Yeasts

Uncoated 4.0 ± 0.01
Ch 4.0 ± 0.01

Ch + LE-1 n.g.
Ch + LE-5 n.g.

n.g.: no growth observed. CFU: Colony forming units

4. Conclusions

In this study, the ultrasound-assisted extraction using solvents with different polarities and two
temperatures (25 and 50 ◦C) was carried out, in order to obtain bioactive licorice extracts (LE) for the
elaboration of edible coatings. The polarity of the solvent contributed to the extraction of specific
compounds, and while temperature did not significantly affect the extraction yield, it influenced the
TPC content of samples. A higher concentration of glabridin was obtained with ethanol solvent,
showing a positive effect on the antioxidant activity of the extract. Nevertheless, ethanolic licorice
root extracts did not present antimicrobial activity. On the other hand, the extraction with mixtures
of ethanol or methanol with water (50:50 v/v) enhanced the extraction of polar biomolecules (such as
glycyrrhizin), and the extracts presented good antimicrobial activity but less antioxidant capacity in
comparison with the ethanolic extract.

The edible coating solutions elaborated with pure chitosan and with chitosan and licorice
ethanol:water extract, presented a non-Newtonian flow behavior. Solutions of pure chitosan presented
shear thinning behavior, and the addition of LE decreased the shear stress value and presented a shear
thickening behavior, probably due to particle hydro-clustering and an order-to-disorder transition.
The viscoelastic properties of the coating solution show that the restructuring ability of Ch + LE
physical gels improve the properties of film forming. Then, the addition of licorice phytochemical to
chitosan increased the viscous properties of film, displayed a variation in the dissipation energy (G′′ )
and films became more flexible with the addition of LE. Furthermore, the addition of LE to chitosan
decreased the shear stress values of samples, allowing better physical properties of the films applied
on strawberries.

Concerning the preservation capacity, the addition of LE increased the antimicrobial properties of
chitosan, according to the antibacterial activities studied in vitro. The values of weight loss of these
coatings were significantly lower than those corresponding to pure chitosan. Additionally, the chitosan
+ LE edible coatings better preserved the content of phenolic compounds in the berries.

Then, the ultrasound-assisted extraction of bioactive compounds of licorice root using
ethanol:water (50:50 v/v) is an alternative for producing bioactive licorice extracts with
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potential application in the elaboration of edible coatings with good rheological properties and
preservative capacity.
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Abstract: In this study, different ratios of mucin-grafted polyethylene-glycol-based microparticles
were prepared and evaluated both in vitro and in vivo as carriers for the oral delivery of insulin.
Characterization measurements showed that the insulin-loaded microparticles display irregular
porosity and shape. The encapsulation efficiency and loading capacity of insulin were >82%
and 18%, respectively. The release of insulin varied between 68% and 92% depending on the
microparticle formulation. In particular, orally administered insulin-loaded microparticles resulted in
a significant fall of blood glucose levels, as compared to insulin solution. Subcutaneous administration
showed a faster, albeit not sustained, glucose fall within a short time as compared to the polymeric
microparticle-based formulations. These results indicate the possible oral delivery of insulin using
this combination of polymers.

Keywords: insulin; mucin; polyethylene glycol; microparticles; toxicology

1. Introduction

Globally, diabetes is one of the most common metabolic diseases, affecting more than 345 million
people worldwide [1]. It is estimated that in 2030, this number will increase to about 552 million,
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which is outrageous and a serious threat to public health [2]. Diabetes is broadly classified into two
major groups, namely, Type 1, also known as insulin-dependent diabetes, which occurs when the body
cannot produce enough insulin or when the pancreas is unable to produce sufficient insulin, causing
hyperglycemia; and Type 2, a more common type of diabetes that results from the combination of
inadequate insulin secretion and insulin resistance. In Type 1, the patient requires routine administration
of insulin, being nowadays considered the most effective treatment with high specificity and activity [3].
Currently, the conventional route of insulin administration is subcutaneous, which faces many hurdles
such as the difficulty of achieving a normal pattern of nutrient-related and basal insulin, significant
tissue trauma and pain, particularly with multiple dosing, and hypoglycemia episodes [4].

In order to abrogate these challenges, it is of utmost importance to develop adequate oral insulin
delivery systems for effective diabetes therapy. Indeed, oral ingestion remains the most desirable route
for the application of pharmaceuticals, as it does not require a skilled health care professional and
it therefore conveniently allows self-administration of the drug [5]. Oral ingestion of insulin would
deliver the drug directly to the liver through portal circulation, mimicking the fate of endogenously
secreted insulin [6]. However, oral delivery of many peptidic drugs faces important challenges.
The high molecular weight and hydrophilic nature of many peptides limit their passive diffusion across
the cell membrane, which forces them to pass through the gaps in the paracellular space (1−5 nm) [7].
Moreover, in the gastrointestinal tract (GIT), insulin absorption after oral administration is hampered
by some pharmacokinetic challenges due to acidic gastric pH and the presence of digestive enzymes [3].
Insulin oral delivery has been investigated using some strategies to address these physicochemical
problems by the use of colloidal systems such as microparticles (MPs), liposomes, nanoparticles,
and microemulsions, just to mention a few [8]. Among these carriers, MPs have been proposed to
overcome the pharmacokinetic problems associated with oral insulin delivery since they prevent
peptide degradation in the acidic environment, prolong residence time, increase drug absorption,
and promote controlled release, resulting in a better therapeutic response and patient compliance.
MP delivery systems are usually formulated by encapsulation of the desired drug using a suitable
inert polymeric carrier [9].

Within this context, a suitable biopolymer with mucoadhesive properties can be used as an
enclosing carrier in MP preparation in order to enhance stability and achieve controlled release of,
especially, some drugs that metabolize quickly. Mucoadhesiveness helps enhance closeness and prolong
contact between drugs in polymeric carriers and their mucous surfaces, which maximizes the rate of
drug absorption [10]. Such delivery systems confer significant advantages, particularly for drugs that
are unstable in the GIT. In this context, we recently developed a polyethylene glycol (PEG)/mucin system
for oral delivery of metformin hydrochloride, where PEG acts as an adhesion enhancer [11]. Regarding
the other component of this system, mucins are a family of high-molecular-weight glycosylated proteins
produced by epithelial tissues in most animals, being the major structure-forming component of the
viscoelastic mucus [12,13]. These glycoconjugates have gained increasing attention from researchers
working on drug delivery as a biocompatible modifier for a variety of enzymes and proteins, enhancing
their mucoadhesiveness [14,15]. Additionally, improved in vivo retention time and a reduction in
toxicity, antigenicity, and immunogenicity are also advantages provided by the use of mucins in drug
delivery systems.

Thus, based on the above-mentioned reports, we hypothesized that a polymeric drug carrier based
on blends of mucin and PEG could be advantageous for insulin delivery due to the biocompatible,
biodegradable, and protective nature of these polymers. As compared to previous reports on MP-based
formulations [16], PEG/mucin-based MPs offer a competitive advantage for insulin protection in an
acidic medium due to the PEG component. Moreover, the mucin is resistant to proteolytic enzymes
and improves mucoadhesion to the mucosal wall, which leads to an increase in the residence time
in the GIT [14,17]. Consequently, the main objective of this study was to develop MPs based on
snail mucin and PEG-4000 coated with Eudragit RS100, a pH-sensitive polymer, to facilitate the
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encapsulation of insulin in the core of the MPs. Additionally, the ability of the MPs to enhance the
intestinal bioavailability of insulin was also evaluated in vivo in diabetic rats.

2. Materials and Methods

2.1. Materials

Human insulin (Humulin) was obtained from Elly Pharm. Ltd., India; Eudragit® RS 100 from
Evonik, Darmstadt, Germany; and acetone from BDH. Purified and deionized water was obtained
from the Department of Pharmaceutics, University of Nigeria, Nsukka. Mucin was extracted using
acetone as described by Adikwu and co-workers [13]. Wistar rats were obtained from the Department
of Veterinary Medicine, University of Nigeria, Nsukka. All other chemicals and solvents used in this
study were of analytical grade and used without further purification.

2.2. Preparation of Empty MPs

Polymeric MPs were prepared at five different ratios of mucin to polyethylene glycol (1:1, 1:2,
1:3, 1:4, and 1:5), as described in Table 1. Approximately 10 g of mucin and 10 g of PEG-4000 were
dispersed separately in 40 mL of distilled water to obtain a homogenous dispersion and were allowed
to stand for 24 h. The solution of PEG-4000 was gradually added to the mucin dispersion and dispersed
using a Silverson L4R mixer (Silverson Machines Ltd, Waterside, England), affording a homogeneous
mixture. Both dispersions were added gradually into a 250 mL container containing 20 mL of soft liquid
paraffin. The resulting mixture was subsequently subjected to homogenization using an ultrasonic
probe sonicator (Model: ATP 500, Mumbai, India) at 50 Watt for 10 min in an ice bath. The so-formed
MPs were then recovered through filtration using a millipore filter. Thereafter, the MPs were washed
several times with cold acetone to remove any trace of liquid paraffin. The recovered MPs were dried
in a desiccator and stored in airtight containers for further studies. The same procedure was repeated
for all other batches and coded A0–A5 (Table 1).

Table 1. Formulations based on different ratios of mucin and PEG-4000 used for preparing
insulin-containing microparticle-based carriers.

Formulation Batch Mucin (g) PEG-4000 (g) Insulin (mL)

A0 1 1 0.0
A1 1 1 15.0
A2 1 2 15.0
A3 1 3 15.0
A4 1 4 15.0
A5 1 5 15.0

2.3. Coating of the MPs

The coating of the MPs was carried out following the procedure reported in the literature [14,18–20]
with slight modifications. In brief, a 2.0% solution of Eudragit® RS-100 in dichloromethane was freshly
prepared, and MPs (5.0 g) were gently dispersed and shaken for about 3 min in the corresponding
coating solution. The so-formed coated MPs were recovered by filtration using a filter tube (Advantec
Toyo Kaisha, Ltd., Tokyo, Japan) and dried by flushing cold air. This procedure was repeated five times;
then, the coated MPs were recovered, air dried, and stored in an airtight bottle for further studies.

2.4. Loading of Insulin in MPs

A diffusion method was employed for loading insulin into the MPs and to prevent the disruption
of the insulin structure during the mixing and homogenization steps. Specifically, coated MPs (5.0 g)
were placed in a beaker, and insulin solution (15 mL of a 100 IU/mL solution) was added. The MPs
were allowed to hydrate by interaction with the insulin solution for 20 min. The hydrated MPs were
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then recovered and subsequently freeze-dried for 12 h. Thereafter, the resultant insulin-loaded MPs
were stored in airtight screw-capped bottles and stored at 5 ◦C for further use. The same procedures
were employed for batches A1–A5, while batch A0 was prepared in the absence of insulin and served
as a negative control.

2.5. Characterization of Insulin-Loaded MPs

2.5.1. Thermal Analysis

The melting transitions and changes in heat capacity of the batches of insulin-loaded MPs
were determined using a Netzsch differential scanning calorimeter (DSC), model DSC 204 F1 (Erich
NETZSCH GmbH & Co. Holding KG, Selb, Germany). Each sample (ca. 3–5 mg) was weighed into
a hermetically sealed aluminum pan, and the thermal properties were determined within the range
20–400 ◦C at a heating rate of 10 K/min under a 20 mL/min nitrogen flux. Baselines were determined
using an empty pan, and all the thermograms were baseline-corrected.

2.5.2. Recovery Values of Insulin-Loaded MPs

The amount of MPs recovered from the formulation was calculated using Equation (1), while the
recovery rate was estimated using Equation (2):

% Recovery =
W1

W2 + W3
× 100 (1)

where W1 is the weight of the MPs (g), W2 is the amount of insulin (g), and W3 is the amount of carrier
and additives (g).

Recovery rate (%) =
Amount recovered
Original amount

× 100 (2)

2.5.3. Encapsulation Efficiency (EE) and Drug Loading (DL) of Insulin-Loaded MPs

Each batch of insulin-loaded MPs (10 mg) was dispersed in phosphate buffer (10 mL, pH 7.4) and
was placed into a microconcentrator (5000 MWCO Vivascience, Hanover, Germany). The mixtures
were centrifuged (TDL-4 B. Bran Scientific and Instru. Co., London, England), for 120 min at 1500 rpm,
and the supernatants were assayed using a spectrophotometric method. The percentage of insulin
encapsulated in the MPs was obtained with reference to a standard Beer’s plot of pure insulin and
drug loading using Equations (3) and (4), respectively.

Encapsulation efficiency =
Actual drug content

Theoretical drug content
× 100 (3)

Drug loading =
Amount of drug encapsulated

Weight of the formulation
× 100 (4)

2.5.4. Morphology and Particle Size Evaluations

The morphology of the MPs was determined using scanning electron microscopy (SEM)
(JEOL-6500F, Tokyo, Japan) under an accelerated voltage of 4 KV and a working distance of 6 mm.
Briefly, a drop of sample dispersion was spread onto a metal slab, and the excess droplets were removed
using filter paper. The samples were then coated in a cathode evaporator with a fine carbon layer and
observed by SEM.

The mean particle size and distribution of the insulin-loaded MPs were analyzed using a
microscopic imaging analysis principle, employing a polarized light microscope (Leica Microsystems
GmbH, Wetzlar, Germany) with a Motic image analyzer attachment (Moticam, Fujian, China). All tests
were carried out in triplicate and the results were averaged.
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2.6. In Vitro Release Study

The in vitro release profiles of the insulin were evaluated using a dialysis membrane in acidic pH
of 1.2 (HCl solution) or in pH phosphate buffer solution as a release medium to simulate the gastric
juice and intestinal juice of the gastrointestinal environment, respectively. Herein, insulin-loaded
MPs (50 mg) were enclosed in a dialysis membrane tubing (80–100 kDa, Spectrum Laboratories Inc.,
Lorzweiler, Germany) end-to-end secured with a thread to avoid leakage of the content. Thereafter,
the membrane containing insulin MPs was suspended in 200 mL of HCl solution (pH 1.2) or phosphate
buffer solution (pH 7.4) in a beaker mounted on a magnetic stirrer set at 50 rpm and maintained at
37 ± 1 ◦C. At different time intervals, aliquots of release medium (5 mL) were withdrawn and replaced
with the same volume of fresh medium to maintain sink conditions. The withdrawn samples were
filtered and analyzed by UV–visible spectrophotometry at 271 nm. The amount of insulin released was
calculated using the standard calibration curve for insulin. The experiments were done in triplicate
and the results were averaged.

2.7. Antidiabetic Study

Wistar albino rats with an average weight of 160 g were purchased from the animal house of the
Department of Pharmacology and Toxicology, University of Nigeria, Nsukka, and were allowed to
acclimatize in laboratory conditions for 7 days before the experimental procedures. Prior to animal
studies, the ethical animal procedures were obtained from the institutional ethics department and the
reference number DOR/UNN/17/00014 was assigned. The ethical principle is in line with the approved
standard [21,22]. Before starting the experiments, the animals were fasted for 12 h but allowed free
access to water.

2.7.1. Induction of Diabetes

Albino male rats with average weight 160 g were fasted for 12 h before the initiation of diabetes.
Diabetes was elicited with intraperitoneal administration of 0.5 mL alloxan monohydrate prepared
with normal saline (0.9% NaCl) at a dose of 200 mg/kg. The blood glucose levels were monitored for
72 h using an Accu-Check digital glucose meter (F. Hoffmann-La Roche AG, Basel, Switzerland) for all
the rats until the induction and stabilization of a diabetic state. Parameters such as urinary urgency
and weight loss were monitored for 5–7 days post-administration. Rats with elevated blood glucose
levels of ≥100 mg/dL along with other signs of diabetes were enlisted in this investigation.

2.7.2. Antidiabetic Efficacy of Insulin-Loaded MPs

Batch A5 (mucin/PEG-4000 ratio of 1:5) was selected for this evaluation due to the maximum
in vitro insulin release and high encapsulation efficiency observed for this batch. Twenty-five diabetic
rats were randomly divided into five groups (five rats per group) and caged separately. The groups
were treated as follows:

- Group 1: received orally 50 IU /kg of batch A5;
- Group 2: received orally 50 IU/kg of pure insulin solution;
- Group 3: received subcutaneously 5 IU/kg of insulin;
- Group 4: received orally 5 mL/kg of water;
- Group 5: received 50 mg/kg of batch A0 (blank).

Groups 3 and 4 served as positive and negative controls, respectively. All the oral administrations
were done using a gastric nasal tube. At predetermined time intervals, blood samples were collected
from the marginal tail of the rats for 24 h post-administration and the blood glucose levels were checked
using a glucometer (Accu-Check, Switzerland).

The serum enzymes were determined by using commercially available kits according to the
manufacturers’ instructions.
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2.8. Statistical Analysis

Data were analyzed using SPSS Version 16.0m (SPSS Inc. Chicago, IL, USA). All values are
expressed as mean ± SD. Differences between means were assessed using one-way ANOVA and
Student’s t-test. p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Thermal Analysis

DSC measurements were carried out to determine the thermal properties of the MPs. According
to the van’t Hoff theory, peak integration and melting temperature values are used to compare the
consistency of formulations from different batches and to determine impurities that will change the
melting profiles of the materials. Melting temperature is a strong indication of drug purity and
therefore allows not only for a quick screening of the melting process, but also for the identification of
drug populations that may be in a different conformation or interacting with an excipient, resulting in
shoulder regions in the thermograms. The thermograms of insulin, mucin, and PEG-4000 showed
endothermic peaks at 94.88, 95.0, and 62.4 ◦C, respectively (Figure S1), while batches A1–A5 showed
peaks at 94.9 ◦C (Figure 1). In comparison, insulin and mucin presented broader peaks, while PEG-4000
showed a very sharp endothermic peak. The peaks observed for the MPs are consistent with a
thermal-induced transition. PEG-4000 is a nonionic amphiphilic polymer with thermotropic phase
behavior, including melting temperature and enthalpy changes, that is highly affected by the presence
of mucin due to the interactions between both polymers. All insulin-loaded MPs showed endothermic
peaks around the melting temperature of mucin and insulin (≈95 ◦C), independently of the PEG-4000
concentration. A transition peak was observed for each batch due to the solubilization of PEG into
the mucin. Therefore, the thermal behavior of the matrixes depends on the interactions between the
constituents, as well as their concentrations. The sharpness and symmetry of the endothermic peaks
of the insulin-loaded MPs, corresponding to the mucin, are indicative of matrixes with high purity
(Figure 1). Furthermore, batches A5, A4, and A3 showed sharper peaks, while batches A1 and A2
displayed slightly broader peaks, suggesting an amorphous nature for the latter. This amorphous
feature was observed at lower enthalpy and less crystallinity of the matrixes, which could lead to
retention of the entrapped drug over time. The reduced crystallinity may indicate imperfect lattices
leading to a special pocket that can accommodate a large number of drug molecules [23]. Hence,
an increase in the quantity of PEG-4000 was observed to increase the crystallinity of the formulations,
the order being as follows: A5 > A4 > A3 > A2 > A1. The thermogram of batch A0 (blank) clearly
showed the expected glass transition (Figure 1).
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Figure 1. DSC thermograms of insulin-loaded PEG/mucin matrixes in superposition. Batch description:
A0 = mucin/PEG/insulin (1:1:0), A1 = mucin/PEG/insulin (1:1:15), A2 = mucin/PEG/insulin (1:2:15),
A3 =mucin/PEG/insulin (1:3:15), A4 =mucin/PEG/insulin (1:4:15), A5 =mucin/PEG/insulin (1:5:15).
Note: mucin and PEG are measured in grams, while insulin is measured in milliliters.

3.2. Morphology and Particle Size of Insulin-Loaded MPs

The morphologies of the MPs were studied by scanning electron microscope (SEM). Several
studies have demonstrated that the morphology and pore size of matrixes intended for drug delivery
play an important role in the control of the release kinetics [11]. SEM images of batches A1 and A2
revealed small nonspherical particles that clumped together and mixed with little needle-like crystals
(Figure 2). The morphology of batch A3 was characterized by large lumpy crystals, while mixtures of
lumpy and small crystals were identified in batches A4 and A5 (Figure 2). In general, the MPs showed
rough porous surfaces and irregular shapes. Batches A1 and A2 had almost identical morphologies
with agglomerated particles, while batches with higher concentration of PEG-4000 (i.e., batches A3–A5)
showed a clearer distribution of small and large MPs.
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Figure 2. SEM of representative batches of insulin-loaded microparticles (MPs) containing different
ratios of mucin to PEG. Formulations: A1=mucin/PEG/insulin (1:1:15), A2=mucin/PEG/insulin (1:2:15),
A3 =mucin/PEG/insulin (1:3:15), A4 =mucin/PEG/insulin (1:4:15), A5 =mucin/PEG/insulin (1:5:15).
Control A0 corresponds to the formulation containing no insulin (mucin/PEG, 1:1). Each formulation is
indicated in the top left corner of the corresponding microscopy image.

Moreover, particle size may be affected by one or more factors, including, among others, the degree
of homogenization, homogenization speed, composition ratio, rate of particle size growth, and crystal
habit of the particle [24]. During Ostward ripening, the particles tend to move towards one another,
which leads to the formation of aggregates due to the kinetic advantage gain by larger crystals as a
result of an increase in the concentration [23,24]. In this study, the particle size was found to increase
with increasing PEG/mucin ratio. Therefore, batch A5, having the highest PEG-4000/mucin ratio,
displayed a significantly (p < 0.05) higher particle size (398 ± 0.21 μm) as compared to batch A1 with a
particle size of 311 ± 0.22 μm, while unloaded MPs (batch A0) showed a particle size of 276 ± 0.03 μm
(Table 2). Thus, the particle size tends to increase after drug loading due to the intensification of
interparticle attractive interactions (van der Waals forces) leading to particle aggregation.

Table 2. Physicochemical parameters of insulin-loaded MPs (n = 5) 1.

Batch 2 EE (%) DL (%) PS (μm) RV (%)

A0 – – 276 ± 0.03 66 ± 0.14
A1 82 ± 0.12 18 ± 0.01 311 ± 0.22 75 ± 0.13
A2 81 ±0.11 26 ± 0.24 321 ± 0.13 80 ± 0.14
A3 83 ±0.23 28 ± 0.04 328 ± 0.11 83 ± 0.17
A4 84 ±0.16 35 ± 0.17 346 ± 0.05 86 ± 0.13
A5 92 ± 0.12 39 ± 0.12 398 ± 0.21 89 ± 0.12

1Abbreviations: EE = encapsulation efficiency; DL = drug loading; RV = recovery values; PS = particle size.
2 Formulation A0 = unloaded MPs; formulations A1–A5: A1 =mucin/PEG/insulin (1:1:15), A2 =mucin/PEG/insulin
(1:2:15), A3 = mucin/PEG/insulin (1:3:15), A4 = mucin/PEG/insulin (1:4:15), A5 = mucin/PEG/insulin (1:5:15).
Data represent mean values ± SD. Note: mucin and PEG are measured in grams, while insulin is measured
in milliliters.
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3.3. Encapsulation Efficiency, Drug Loading, and Recovery Yield of MPs

Encapsulation efficiency (EE) is defined as the ratio between the weight of entrapped drug and
the total original weight of the drug, while drug loading (DL) is defined as the ratio between the
amount of entrapped drug and the total weight of the matrix [25]. The nature and concentration of
the carrier, the formulation technique, and the nature of the active pharmaceutical ingredient are
some of the factors that influence the EE and DL of MPs. The insulin-loaded MPs showed EE, DL,
and recovery values (RV) that ranged over 81%–92%, 18%–39%, and 75%–89%, respectively (Table 2).
These encouraging values were attributed to the method used for the inclusion of insulin; the insulin
was not incorporated during the homogenization step because this could lead to degradation, as has
been observed for protein drugs subjected to high homogenization forces [7]. The observed high
EE% is ascribed to a high adsorption capacity for insulin in these polymeric matrixes. Additionally,
an increase in PEG-4000 concentration caused increases in the EE, DL, and RV (e.g., see batch A5 vs. A1)
(Table 2). The recovery values (RV) of batches loaded with insulin MPs ranged from 75% to 89%, being
much higher than that of the unloaded batch A0 (66.5%). This could be attributed to good adsorption
of insulin into the polymeric MPs. Furthermore, batch A5 showed the maximum RV value of 89%,
while batch A1 and unloaded batch A0 displayed RV values of 75% and 66%, respectively. Hence,
the recovery values increased with drug loading, which is in good agreement with the observations
made in previous studies [26].

3.4. In Vitro Release of Insulin-Loaded MPs

Figure 3 shows the cumulative release of insulin from the MPs at pH 1.2 and pH 7.4.
All formulations showed a gradual release of insulin. Interestingly, there was a minor release
of insulin (>12%) at pH 1.2 (Figure 3a), indicating that the MPs coated with Eudragit RS-100 resisted
dissolution in the acidic medium, thereby preventing the expulsion of the entrapped insulin. The slight
amount of insulin observed in this case could be the result of insulin molecules physically adhered to
the surface of the MPs.

Interestingly, higher release of insulin was observed at pH 7.4 (Figure 3b), as compared to the
release in acidic medium. Maximum and minimum release were observed in batch A5 (92%) and
batch A1 (68%), respectively. The results showed a strong dependence between the insulin release and
the PEG concentration used in the formulation. For instance, batch A1 (mucin/PEG = 1:1) showed
low release compared to A5 (mucin/PEG = 1:5). This can be correlated to the viscoelastic behavior
of the formulation provided by the mucin component, which would create better adherence to the
gastrointestinal mucosal wall, resulting in increased drug residence time, site-targeted drug release,
and improved drug bioavailability. Furthermore, the mucous gel layer has been shown to have a
mean turnover time that varies between 47 and 270 min; this is an important parameter in designing
mucoadhesive drug delivery systems [27,28]. It has been noted that the mucous aqueous gel layer
blocks drug diffusion and adsorption through the epithelium. The insulin release kinetics followed the
order A1 > A2 > A3 > A4 > A5. The maximum drug release observed for the MPs with the highest
PEG concentration was ascribed to the capability of PEG chains to disseminate across the mucus and
facilitate drug solubilization. This resulted in faster release at the absorption site compared to that of
mucin, which is good agreement with previous reports [29]. From the extrapolation of the graph, the
T40 (i.e., the time taken to release 40% of the drug) values of batch A1, A2, A3, A4, and A5 MPs were 8,
4, 5, 4, and 4 h, respectively. This was in agreement with the significantly delayed release and higher
retention time of batch A1 compared to the other batches.
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Figure 3. Insulin release profiles at pH 7.4 (a) and at pH 1.2 (b). Formulations A1–A5: A1 =
mucin/PEG/insulin (1:1:15), A2 =mucin/PEG/insulin (1:2:15), A3 =mucin/PEG/insulin (1:3:15), A4 =
mucin/PEG/insulin (1:4:15), A5 =mucin/PEG/insulin (1:5:15). Data represent mean values ± SD (n = 3;
p < 0.05). Note: mucin and PEG are measured in grams, while insulin is measured in milliliters.

3.5. In Vivo Antidiabetic and Toxicological Studies

Alloxan was used to induce a hyperglycemic condition in the male rats. Alloxan is a diabetogenic
chemical substance that inactivates the β cells of the pancreases, eliciting insulin deficiency without
affecting other islet types [30]. The results of the blood glucose reduction test, presented in Figure 4,
indicate that insulin-loaded MPs (Group 1) displayed a more pronounced and significant (p < 0.05)
blood glucose decrease, from 100 mg/dL to 48 mg/dL post-administration, compared to other samples.
This is an indication that the MPs were able to provide protection to the insulin and effectively deliver
it to the absorption site in vivo. A dose of 50 IU/Kg has been reported to have a similar effect to
a higher dose (100 IU/Kg) with a minimum blood glucose level of 55%, and is thus taken as an
effective therapeutic dose to saturate the insulin absorption sites [31]. Group 2, which received pure
insulin by oral administration, showed minor hypoglycemia when compared to the group receiving
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insulin-loaded MPs, indicating that no significant absorption occurred in this group. This small
hypoglycemia effect may be due to a small fraction of insulin being directly absorbed through the
intestinal wall [32]. Such direct insulin absorption occurs at specific insulin receptors located in
intestinal enterocytes [33] and undergoes rapid internalization by the epithelial cells through the
interstitial space, ending up in the blood stream. The upper intestinal area has been reported to be
the most active area of insulin absorption during fasting conditions [30]. Furthermore, no apparent
blood glucose reduction was observed in the groups that received water (negative control, Group 4) or
placebo (Group 5). In contrast, Group 3, which received a subcutaneous insulin injection, showed the
highest glucose reduction level 2 h after administration. After this time, the glucose level increased
again beyond normal levels, unlike in Group 1, where the level was maintained after reaching the
highest glucose reduction. This result is an indication that subcutaneous insulin will require multiple
doses to stabilize the patient within 12 h.

Figure 4. Percentage decrease of the blood glucose level in rats treated with insulin-loaded MP
formulations (n= 5). Groups G1–G5: G1= received insulin-loaded MPs (formulation A5), G2 = received
pure insulin solution, G3 = received subcutaneous insulin, G4 = received water, G5 = received unloaded
MPs (batch A0). Data represent mean values ± SD (n = 3).

Toxicological evaluations of the formulations were based on enzymes such as aspartate
transaminase (AST) or serum glutamic oxaloacetic transaminase (SGOT), alanine transaminase (ALT)
or serum glutamic pyruvic transaminase (SGPT), and alkaline phosphatase (ALP). These enzymes
are found mainly in the liver, red blood cells, heart, kidneys, and pancreas, being useful biomarkers
for the diagnosis of injured body tissues, particularly in organs such as heart and liver [34,35]. It has
been demonstrated that the more AST and ALT are released into the bloodstream, the more tissues are
damaged [36]. The results obtained for our formulations showed that the quantities of these enzyme
markers (i.e., SGPT, SGOT, ALP) in the serum were within the established reference values (Table 3).
In addition, no significant variation from the control batch (water) was observed. Overall, these values
suggest that the constituents of the insulin-loaded MPs are safe with no hepatotoxic effects.
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Table 3. Toxicology study via liver function test (LFT) 1.

Batch 2 SGPT (IU/L) SGOT (IU/L) ALP (IU/L)

A1 38.0 ± 0.16 66 ± 0.01 113 ± 0.11
A2 39.5 ± 0.21 65 ± 0.33 118 ± 0.23
A3 36.5 ± 0.15 67 ± 0.13 120 ± 0.21
A4 37.0 ± 0.11 66 ± 0.04 115 ± 0.22
A5 38.5 ± 0.13 68 ± 0.34 116 ± 0.52

Control (water) 36.0 ± 0.30 64 ± 0.12 115 ± 0.11
Reference value 10-40 50-150 30-130

1Abbreviations: SGOT = serum glutamic oxaloacetic transaminase; SGPT = serum glutamic pyruvic transaminase;
ALP = alkaline phosphatase.2 Batch description: A1 =mucin/PEG/insulin (1:1:15), A2 =mucin/PEG/insulin (1:2:15),
A3 =mucin/PEG/insulin (1:3:15), A4 =mucin/PEG/insulin (1:4:15), A5 =mucin/PEG/insulin (1:5:15). Data represent
mean values ± SD (n = 3). Note: mucin and PEG are measured in grams, while insulin is measured in milliliters.

4. Conclusions

In conclusion, despite great progress in the knowledge on insulin oral delivery using polymeric
systems, there are still some limitations with respect to the stability and toxicity of the formulations.
In this work, we demonstrated that insulin-loaded PEG-4000/mucin MPs can help to overcome some
of these challenges. Such MPs display a smooth nonspherical morphology and can be prepared
with more than 81% encapsulation efficiency via an emulsification–coacervation method followed
by drug diffusion. The developed formulations exhibited good physicochemical performance and
bioactivity. In vitro release studies at intestinal pH revealed significant insulin release, while maximum
insulin was found to be retained within the MPs at stomach acid pH. Specifically, insulin-loaded
MPs prepared with a 1:1 mucin/PEG ratio exhibited the highest prolonged drug release, while MPs
containing higher PEG concentrations displayed faster drug release. Thus, insulin release was tuned
within a range of 68%–92%. Furthermore, insulin-loaded MPs significantly (p < 0.05) reduced the
blood glucose level to 62 mg/dL after oral treatment. The blood glucose reduction effect was higher in
animals that received orally administered insulin-loaded MPs than in those that were treated with
insulin solution administered orally as a negative control. Interestingly, insulin-loaded MPs exhibited
maximum glucose level reduction after 6 h, which was equivalent to that observed in the case of
conventional subcutaneously administered insulin. Finally, no hepatotoxicity was observed after
oral administration of insulin-loaded MPs. These results indicate that the use of insulin-loaded MPs
based on the combination of PEG-4000 and mucin, without the use of organic crosslinkers, may be
a promising alternative approach for diabetes treatment. Further pharmacokinetic studies to fully
evaluate the potential of these polymeric carriers are underway in our laboratories, and the results will
be published in due course.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/8/2649/s1,
Figure S1: DSC thermograms of mucin (top), insulin (middle), and PEG-4000 (bottom).
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Abstract: The rational design of highly efficient, noble metal-free metal oxides is one of the main
research priorities in the area of catalysis. To this end, the fine tuning of ceria-based mixed oxides
by means of aliovalent metal doping has currently received particular attention due to the peculiar
metal-ceria synergistic interactions. Herein, we report on the synthesis, characterization and catalytic
evaluation of ZnO–doped ceria nanorods (NR). In particular, a series of bare CeO2 and ZnO oxides
along with CeO2/ZnO mixed oxides of different Zn/Ce atomic ratios (0.2, 0.4, 0.6) were prepared
by the hydrothermal method. All prepared samples were characterized by X-ray diffraction (XRD),
N2 physisorption, temperature-programmed reduction (TPR), scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDS) and transmission electron microscopy (TEM).
The CO oxidation reaction was employed as a probe reaction to gain insight into structure-property
relationships. The results clearly showed the superiority of mixed oxides as compared to bare ones,
which could be ascribed to a synergistic ZnO–CeO2 interaction towards an improved reducibility and
oxygen mobility. A close correlation between the catalytic activity and oxygen storage capacity (OSC)
was disclosed. Comparison with relevant literature studies verifies the role of OSC as a key activity
descriptor for reactions following a redox-type mechanism.

Keywords: CeO2/ZnO mixed oxides; zinc oxide; ceria nanorods; oxygen storage capacity;
CO oxidation

1. Introduction

Cerium oxide or ceria (CeO2) is considered one of the most promising metal oxides for numerous
catalytic applications, such as catalytic oxidation of CO [1–3], NO reduction [4–6], water–gas shift
reaction [7–10], reforming reactions [11,12] and soot combustion [13–15]. In particular, CeO2 has
attracted extensive interest due to its abundant oxygen vacancies, interchangeability between Ce3+ and
Ce4+ oxidation states and high oxygen storage capacity (OSC) [16–18]. During the past few decades,
nanotechnology has made remarkable progress toward the development of ceria nanocomposites
with distinct physical and chemical properties, greatly expanding their potential applications in
energy and environmental catalysis [19,20]. In this perspective, we recently showed that among ceria
nanocomposites of different shape, ceria nanorods possess enhanced reducibility that is linked to their
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high population in intrinsic defects and oxygen vacancies. The latter is considered responsible for their
superior CO oxidation performance [21].

More importantly, ceria-based mixed oxides have recently gained increasing attention in the
fields of materials science and heterogeneous catalysis, due to their unique surface, structural and
electronic properties, which are completely different to those of parent counterparts. The combination
of various transition metals with CeO2 nanoparticles leads to enhanced surface and redox properties
due to the “synergistic” interactions between the oxide phases. Accordingly, various CeO2–based
transition metals (M/CeO2, M =Mn, Fe, Co, Ni, Cu) have been widely employed in heterogeneous
catalysis [22,23].

Among the different transition metal oxides, zinc oxide (ZnO) is a wide and direct band
gap semiconductor, which has been used in many fields, due to its low cost and environmental
sustainability [24–26]. Zinc is not a critical raw material, thus no direct impact on the environmental
resources is considered. Moreover, it is abundant in the steel industry as one of the main recovered
products in the metal scrap recycling process [27]. In view of this fact, the potential of a low-cost metal,
able to further enhance the catalytic performance of CeO2, is of particular importance both from an
environmental and economic point of view.

Although CeO2–ZnO composites have been extensively used in photocatalysis [28–32], only a few
studies have been devoted to their catalytic applications. Xie et al. [33] reported on the enhanced CO
oxidation activity of CeO2–ZnO composites, which is ascribed to the synergistic interaction between ZnO
hollow microspheres and commercial CeO2 powders. In a similar manner, the synergistic interaction
between ZnO and CeO2 is considered responsible for the enhanced CO oxidation performance of
three-dimensional ordered macroporous CeO2–ZnO [34].

In light of the above aspects, the present work aims for a first time at investigating
the impact of ZnO as modifier for ceria nanorods (NR), in an attempt to further adjusting
their surface/redox properties. To this end, a series of pure CeO2 and ZnO along with
CeO2/ZnO mixed oxides of different Zn:Ce atomic ratios (0.2, 0.4, 0.6) were prepared by the
hydrothermal method. The as-prepared materials were thoroughly characterized by X-ray diffraction
(XRD), N2 adsorption at −196 ◦C (Brunauer–Emmett–Teller (BET) method), scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM–EDS), transmission electron microscopy
(TEM) and H2 temperature-programmed reduction (H2–TPR). The oxidation of CO was used as a
probe reaction to disclose structure-activity relationships.

2. Materials and Methods

2.1. Materials Synthesis

All of the chemicals used in this work were of analytical reagent grade. Ce(NO3)3·6H2O
(purity ≥99.0%, Fluka, Bucharest, Romania), Zn(CH3COO)2·2H2O (purity ≥99%, Sigma-Aldrich,
St. Louis, MO, USA) were used as precursors for the preparation of ceria-zinc materials. HO2CCO2H
(purity ≥99%, Sigma-Aldrich, St. Louis, MO, USA), NaOH (purity ≥98%, Honeywell Fluka,
Seelze, Germany) and absolute ethanol (purity 99.8%, ACROS Organics, Geel, Belgium) were also
employed during the synthesis procedure.

Bare ceria nanorods were initially prepared by the hydrothermal method, as described in detail in
our previous work [21]. CeO2/ZnO mixed oxides of different Zn:Ce ratios (0.2, 0.4, 0.6) were prepared
by a modified hydrothermal method. In particular, 0.38 g HO2CCO2H, 0.64 g Zn(CH3COO)2·2H2O
and a certain quantity of CeO2 nanorods (2.42, 1.21, 0.81 g for Zn/Ce = 0.2, 0.4 and 0.6, respectively),
were dispersed in 40 mL of double deionized water under stirring for 20 min. Then, the suspension
obtained was transferred to a plastic bottle and aged at 70 ◦C for 1 h. The precipitate was recovered by
centrifugation, washed with double deionized water and ethanol, dried at room temperature overnight,
and calcined at 500 ◦C for 2 h under air flow (heating ramp 5 ◦C/min). For comparison purposes, a pure
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zinc oxide sample was also prepared by the same method. The as-prepared materials are denoted as
CeO2/ZnO–x, where x refers to Zn:Ce atomic ratio.

For comparison purposes, a mechanical mixture (CeO2+ZnO–0.4) was synthesized in agate
by hand, by physically mixing ceria nanorods and ZnO, with the same composition as the
CeO2/ZnO–0.4 sample.

2.2. Materials Characterization

The textural characteristics of the investigated samples were assessed by N2 adsorption-desorption
isotherms at −196 ◦C (Nova 2200e Quantachrome flow apparatus, Boynton Beach, FL, USA). The
structural properties were determined by X-ray diffraction (XRD) in a Rigaku diffractometer (model
RINT 2000, Tokyo, Japan). Morphological/surface analysis was performed by scanning electron
microscopy (SEM, JEOL JSM-6390LV, JEOL Ltd., Akishima, Tokyo, Japan) operating at 20 keV, equipped
with an energy dispersive X-ray spectrometry (EDS) system and transmission electron microscopy
(TEM) on a JEM-2100 instrument (JEOL, Tokyo, Japan). Redox properties were determined by
means of H2 temperature-programmed reduction (H2–TPR). More details about the aforementioned
characterization studies and the corresponding apparatus can be found elsewhere [2,35].

2.3. Catalytic Evaluation Studies

Catalytic experiments were carried out in a fixed-bed reactor (12.95 mm i.d.) loaded with 100 mg
of catalyst. Feed composition was 0.2 vol.% of CO and 1 vol.% O2 balanced with He. The total feed
stream was 80 cm3 min−1, corresponding to a gas hourly space velocity (GHSV) of 40,000 h−1.

All samples were pretreated with 10 ◦C min−1 up to 490 ◦C (30 min) under 20 vol.% O2 in He.
Then, the temperature was leveled off to 25 ◦C, followed by He purging to remove any physisorbed
species. Catalytic activity measurements were carried out up to 500 ◦C. Both reactants and products
were analyzed by gas chromatography equipped with thermal conductivity detectors (TCD) and two
capillary columns (Molecular Sieve 5X and PoraPlot Q).

CO conversion (XCO) was calculated according to the equation:

XCO(%) =
[CO]in − [CO]out

[CO]in
× 100 (1)

where [CO]in and [CO]out are the CO concentrations in the inlet and outlet gas streams, respectively.
Specific reaction rates of CO consumption, in terms of the catalyst’s mass (mol g−1 s−1) or surface

area (mol m−2 s−1) were estimated under differential reaction conditions (W/F = 0.075 g s cm−3,
XCO < 15%, T = 200 ◦C):
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where Vm and F are gas molar volume and total flow rate, respectively, at 298 K and 1 bar, mcat is the
mass of catalyst and SBET is the surface area.

3. Results and Discussion

3.1. Textural and Structural Characterization

The determination of the textural properties (surface area, pore volume, pore size) of
CeO2/ZnO samples was carried out by means of nitrogen adsorption-desorption (BET) analysis.
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The results obtained are summarized in Table 1. The lowest value in BET surface area is
demonstrated by ZnO (7.05 m2/g). CeO2 nanorods exhibit the highest surface area (79.31 m2/g)
followed by CeO2/ZnO–0.2 (76.22 m2/g), CeO2/ZnO–0.4 (62.21 m2/g), CeO2/ZnO–0.6 (56.12 m2/g) and
ZnO (7.05 m2/g). In general, ZnO addition progressively decreases the BET surface area. This is also in
agreement with the gradual increase of pore size with the increase of ZnO content, as discussed below.

Table 1. Textural characteristics of bare CeO2, ZnO and the CeO2/ZnO samples.

Sample
BET Analysis

Surface Area (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

CeO2 79.31 ± 0.15 0.48 24.2
CeO2/ZnO–0.2 76.22 ± 0.12 0.67 34.4
CeO2/ZnO–0.4 62.21 ± 0.11 0.65 40.6
CeO2/ZnO–0.6 56.12 ± 0.09 0.91 55.9

ZnO 7.05 ± 0.01 0.06 23.0

The adsorption-desorption isotherms and the Barrett–Joyner–Halenda (BJH) desorption pore
size distribution (PSD) of as-prepared samples are shown in Figure 1a,b, respectively. The pore size
distribution in all samples is well within the mesopores region, which is further corroborated by the
existence of type IV isotherms (Figure 1a). As presented in Table 1 and Figure 1b, the addition of ZnO
leads to an increase in pore volume and average pore size, with the CeO2/ZnO–0.6 sample exhibiting
the highest pore size (55.9 nm) followed by CeO2/ZnO–0.4 (40.6 nm), CeO2/ZnO–0.2 (34.4 nm),
CeO2 (24.2 nm) and ZnO (23.0 nm).

 
Figure 1. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of bare CeO2, ZnO and
the CeO2/ZnO samples.
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Figure 2 depicts the XRD patterns of CeO2, ZnO and CeO2/ZnO (Zn:Ce = 0.2, 0.4, 0.6) mixed oxide
phases. The main diffraction peaks for bare ceria at 2θ = 28.5◦, 33.1◦, 47.5◦ and 56.3◦ correspond to (111),
(200), (220) and (311) planes, respectively. The diffraction peaks are attributed to ceria face-centered
cubic fluorite structure (Fm3m symmetry, no. 225) (JCPDS card: 01-081-0792). Similarly, the XRD
patterns of pure ZnO exhibit the typical hexagonal wurtzite structures (P63mc symmetry, no. 186)
(JCPDS card: 01-079-0208). The strong peaks at 2θ = 31.7◦, 34.4◦ and 36.2◦ can be attributed to (100),
(002), (101) lattice planes, respectively. For the CeO2/ZnO samples, reflection planes perfectly matched
to both indexed CeO2 cubic and ZnO hexagonal structures. The XRD patterns indicate the formation
of mixed oxides with finely dispersed phases of parent oxides. When ZnO content is increased,
the intensity of ZnO reflections at (100), (002) and (101) is also increased, while the XRD profile of CeO2

remains unaffected. The sharp diffraction peaks in the XRD patterns indicate that the synthesized
catalysts are well crystallized. By applying the Scherrer equation, the average crystallite size of the
as-prepared samples was calculated and the results are presented in Table 2. The lattice parameters
are also included in Table 2. Bare CeO2 exhibits a crystallite size of 13.0 nm, while pure ZnO exhibits
a much larger crystallite size (34.5 nm). For the CeO2/ZnO samples, ceria crystallite size displays a
small decrease with the addition of ZnO, while the crystallite size of ZnO is increased. In addition,
the lattice parameters of mixed oxides remain practically unaffected, as compared to the pure oxides,
revealing well-dispersed phases of the different constituent oxides.

Figure 2. XRD patterns of CeO2, ZnO and the CeO2/ZnO samples.

Table 2. Structural characteristics of CeO2, ZnO and the CeO2/ZnO samples.

Samples
XRD Analysis

Phase Detected

Average Crystallite Size,
DXRD (nm) Lattice Parameters (nm)

CeO2 ZnO

CeO2 Cerium (IV) oxide 12.99 ± 0.01 - a = b = c = 0.5430 ± 0.0001

CeO2/ZnO–0.2 Cerium (IV) oxide
Zincite 12.14 ± 0.01 44.41 ± 0.05 a = b = c = 0.5439 ± 0.0001

a = b = 0.3180 ± 0.0001; c = 0.5232 ± 0.0001

CeO2/ZnO–0.4 Cerium (IV) oxide
Zincite 11.92 ± 0.01 44.65 ± 0.05 a = b = c = 0.5430 ± 0.0001

a = b = 0.3262 ± 0.0001; c = 0.5225 ± 0.0001

CeO2/ZnO–0.6 Cerium (IV) oxide
Zincite 11.56 ± 0.01 39.32 ± 0.05 a = b = c = 0.5439 ± 0.0001

a = b = 0.3267 ± 0.0001; c = 0.523 ± 0.0001
ZnO Zincite - 34.50 ± 0.05 a = b = 0.3272 ± 0.0001; c = 0.5233 ± 0.0001
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3.2. Morphological Characterization (TEM, SEM–EDS)

The morphological features of CeO2, ZnO and CeO2/ZnO mixed oxides were characterized by
transmission electron microscopy analysis (TEM). Pure ZnO (Figure 3a) displays an irregular shape
(50–100 nm), while bare CeO2 (Figure 3b) exhibits a distinct rod-like morphology (50–200 nm in length).
In Figure 3c–e, the CeO2/ZnO mixed oxides are presented. It is evident that the mixed oxides exhibit
the rod-like morphology of CeO2 nanorods, while separated ZnO particles of irregular morphology are
also detected. These findings are in accordance with XRD results, implying the formation of distinct
oxide phases.

Figure 3. TEM images of (a) ZnO, (b) CeO2, (c) CeO2/ZnO–0.2, (d) CeO2/ZnO–0.4 and (e) CeO2/ZnO–0.6.

Elemental analysis was indicatively carried out by scanning electron microscopy analysis along
with energy dispersive X-ray spectrometry (SEM–EDS) over the CeO2/ZnO–0.2 sample. The SEM
image along with the corresponding elemental analysis is shown in Figure 4. SEM–EDS analysis
implies a Zn:Ce atomic ratio of ca. 0.19, being in good agreement with the nominal Zn/Ce ratio.
The latter implies a uniform distribution of CeO2 and ZnO phases on the entire material.

Figure 4. SEM–EDS analysis of the CeO2/ZnO–0.2 sample.

3.3. Redox Properties (H2–TPR)

By means of H2–TPR experiments, the quality and quantity of the active oxygen sites of the
catalysts can be determined. Such information is important for reactions following a redox-type
mechanism, such as CO oxidation. Figure 5 shows the reduction profiles of bare and mixed oxides
in the temperature range of 100–800 ◦C. The CeO2 sample shows a peak at 500–700 ◦C (peak C),
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which is ascribed to the loosely bound surface species, contrary to bulk oxygen, which is reduced at
temperatures higher than 700 ◦C [1,36–38]. For the pure ZnO sample, two broad peaks are found located
at 150–300 ◦C (peak A) and 410–530 ◦C (peak B) regions, which can be attributed to the reduction of
the hydroxyl species related to ZnO and the surface oxygen reduction from ZnO, respectively [39].
Additionally, in the pristine ZnO, the Zn2+ reduction to Zn0 has been reported at 465 ◦C [40]. The
TPR profiles of CeO2/ZnO samples consist of the distinct peaks of both CeO2 and ZnO phases. It is
worth noticing that ZnO addition to CeO2 does not lead to a shift of TPR peaks, as recently found
for CeO2/TiO2 [35] and Fe2O3/CeO2 [2] mixed oxides. This implies the structurally independent
nature of ZnO and CeO2 in the mixed oxides. The latter is in agreement with XRD and TEM results
showing distinct ZnO nanoparticles in the vicinity of CeO2 nanorods without incorporation of Zn in
the nanostructure of CeO2 nanorods.

Figure 5. H2-TPR profiles of CeO2 and the CeO2/ZnO samples.

To gain greater insight into the influence of ZnO on the reducibility of CeO2/ZnO oxides, the H2

uptake in the temperature range of 50–700 ◦C was estimated by the quantification of the TPR peaks
(Table 3). Interestingly, ZnO addition results in an increase of H2 uptake in the CeO2/ZnO samples,
implying a facilitation of surface oxygen species detachment. It is also of worth noticing the increase
of H2 uptake related to ceria reduction (peak C), despite the progressive decrease of ceria content.
The latter denotes the facile reduction of ceria capping oxygen upon the increase of ZnO content.
In particular, all mixed oxides exhibit a total H2 consumption of ca. 1.0 mmol H2/g, as compared to 0.59
and 0.31 mmol H2/g of bare CeO2 and ZnO, respectively. In terms of oxygen storage capacity (OSC),
the following trend is obtained: CeO2/ZnO–0.6 (0.52 mmol O2/g) > CeO2/ZnO–0.4 (0.50 mmol O2/g)
> CeO2/ZnO–0.2 (0.48 mmol O2/g) > CeO2 (0.29 mmol O2/g) > ZnO (0.15 mmol O2/g). This order
coincides relatively well with the catalytic activity (see below), revealing the key role of reducibility.

179



Appl. Sci. 2020, 10, 7605

The abundance of reducible oxygen species is expected to affect the oxygen mobility and in turn the
CO oxidation process, as will be further discussed below.

Table 3. Redox features of CeO2 and CeO2/ZnO samples.

Sample
H2 Uptake (mmol H2/g) and OSC (mmol O2/g)

Peak A Peak B Peak C H2 uptake OSC

CeO2 - - 0.59 0.59 0.29
CeO2/ZnO–0.2 0.15 0.21 0.61 0.97 0.48
CeO2/ZnO–0.4 0.15 0.23 0.63 1.01 0.50
CeO2/ZnO–0.6 0.16 0.25 0.63 1.04 0.52

ZnO 0.14 0.17 - 0.31 0.15

3.4. Catalytic Evaluation Studies

In Figure 6, the conversion profiles of CO over temperature for bare ZnO, CeO2 and CeO2/ZnO
mixed oxides are shown. It is evident that all mixed oxides demonstrate superior performance
as compared to bare ones. A similar performance was obtained between mixed oxides, with the
CeO2/ZnO–0.4 being slightly better. To gain insight into the role of preparation method and the
synergistic interaction between the different counterparts, the catalytic performance of a mechanical
mixture (CeO2+ZnO–0.4) of exactly the same composition to the optimum sample (CeO2/ZnO–0.4)
was explored in parallel. The bare ceria nanorods (CeO2) exhibit a catalytic profile shifted by ca. 30 ◦C
to higher temperature than the optimum CeO2/ZnO–0.4 sample. ZnO is much less active with a profile
located ca. 170 degrees higher. More importantly, the conversion profile of the mechanical mixture
CeO2+ZnO–0.4 is shifted by ca. 100 ◦C to higher temperatures as compared to that of CeO2/ZnO–0.4,
revealing the beneficial interaction between CeO2 and ZnO, which is induced by the preparation
method (see experimental Section 2.1).

Figure 6. CO conversion profiles of CeO2, ZnO and CeO2/ZnO samples.

To obtain a better understanding in relation to the intrinsic activity of investigated samples, the
specific activity, both in terms of catalyst mass (μmol g−1 s−1) and surface area (μmol m−2 s−1), was
also estimated (Table 4). It is evident that the CeO2/ZnO–0.4 sample offers the best performance,
in terms of both conversion and mass-normalized specific activity, revealing its superior reactivity.
It should be noted, however, that in terms of area-normalized activity, both bare ceria and mixed
oxides exhibited an inferior activity as compared to bare ZnO. The latter can be attributed to the low
surface area of ZnO (7.05 m2/g), which is about one order of magnitude lower compared to bare CeO2

and CeO2/ZnO mixed oxides. Therefore, on the basis of the present results, the enhanced catalytic
performance of CeO2/ZnO mixed oxides can be attributed to a compromise between redox and surface
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properties. Moreover, the optimum CeO2/ZnO–0.4 sample exhibits an apparent activation energy (Ea)
of 32.1 kJ/mol, much lower than that of bare ceria (44.2 kJ/mol), ZnO (42.1 kJ/mol) and CeO2+ZnO–0.4
mechanical mixture (43.2 kJ/mol). These findings unveil the lower energy barrier for CO oxidation
over the hydrothermally prepared mixed oxides, as compared to single oxides and mechanical mixture,
demonstrating the beneficial synergistic interactions induced by synthesis procedure.

Table 4. Conversion of CO and specific rates of CeO2 and CeO2/ZnO samples at 200 ◦C. Reaction
conditions: 0.2 vol.% CO and 1 vol.% O2 in He.

Sample CO Conversion (%)

Specific Rate

r
(μmol g−1 s−1)

r (×100)
(μmol m−2 s−1)

CeO2 5.1 0.056 0.070
CeO2/ZnO–0.2 5.4 0.059 0.077
CeO2/ZnO–0.4 6.9 0.075 0.121
CeO2/ZnO–0.6 6.2 0.068 0.121

ZnO 1.3 0.014 0.201

The CO oxidation process investigated here can be corroborated on the basis of a redox-type
(Mars-van Krevelen) mechanism. This particular mechanism involves CO chemisorption on Ceδ+

active sites, followed by oxygen activation on oxygen vacancies [3,21,41]. CO oxidation is taking place
between the Ceδ+–CO and adjacent oxygen species, followed by the regeneration of active sites and
the reoccupation of oxygen vacancies through gas phase oxygen. The proposed reaction sequence is
described in detail in our previous work [21].

In view of the above mechanistic aspects, the key role of the catalyst’s redox properties is clearly
manifested. In detail, the high oxygen storage capacity (Table 3), linked to enhanced reducibility and
oxygen exchange kinetics, can be accounted for the improved oxidation performance. Any structural
or compositional modification in ceria that can affect the ceria-oxygen or ceria-oxygen-metal bond
can eventually facilitate O2 activation and in turn CO oxidation. In this regard, we recently showed
that the enhanced reducibility of CeO2 nanorods, linked to their abundance in oxygen vacancies,
is the pivotal factor for their superior catalytic performance [21]. Furthermore, we demonstrated that
when a transition metal element is incorporated in the structure of ceria nanorods, even if catalytically
non-active (i.e., Ti), it can affect oxygen species coordination environment and in turn the OSC and the
catalytic performance [35].

These arguments in relation to the crucial role of reducibility are clearly supported by the
direct relationship between the redox properties (OSC, mmol g−1) and the normalized reaction rate
(μmol g−1 s−1), as shown in Figure 7. Interestingly, the key role of OSC as an activity descriptor is
further demonstrated in the present work by including in Figure 7 relevant literature data, previously
obtained with bare CeO2 and CeO2/TiO2 oxides [2,35]. The latter is of particular importance towards
the development of cost-effective and highly active metal oxides by appropriately adjusting their
redox features.

Thus, regarding the present findings, although bare ZnO is catalytically far less active compared
to CeO2 (Figure 6), their combination results in a synergistic effect towards the formation of CeO2/ZnO
mixed oxides of improved activity. Similar synergistic interactions were previously revealed over
TiO2–doped CeO2 [35], where, however, the doping element was incorporated in the nanostructure,
resulting in the formation of Ce–O–Ti active sites. Notably, in the present work, ZnO is not incorporated
in the CeO2 nanorod structure. As clearly shown by TEM images (Figure 3), ZnO nanoparticles are
in close interaction with nanorods but clearly as separate particles. This is also verified by the XRD
results (Figure 2), which indicate distinct oxide phases without the formation of solid solution. Hence,
the improved catalytic activity of CeO2/ZnO mixed oxides, which is related to the population of active
oxygen species and to the facile reduction of surface oxygen, can be attributed to the facilitation
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of ceria capping oxygen reduction by adjacent ZnO nanoparticles, which in turn leads to higher
OSC (Figure 5, Table 3). Thus, although ZnO is not incorporated in the ceria nanorods structure, it
notably contributes to surface oxygen reduction, most likely through the interfacial ZnO–CeO2 sites.
The latter in combination with the abundance and lower cost of zinc compared to cerium oxide is a
very interesting aspect in terms of catalyst design.

Figure 7. Correlation of specific activity with oxygen storage capacity (OSC). Literature data are also
included. Specific rates were obtained at 200 ◦C under the reaction conditions: 0.2 vol.% CO and
1 vol.% O2 in He. The dotted line simply represents the general trend of the data. The designation of
the samples inside the figure refers to CeO2 nanopolyhedra (CeO2–NP), CeO2 nanocubes (CeO2–NC),
CeO2–TiO2 nanoparticles prepared by precipitation (CeO2/TiO2–P), hydrothermal method in one and
two steps (CeO2/TiO2–H1 and CeO2/TiO2–H2, respectively) and Stöber method (CeO2/TiO2–S).

4. Conclusions

In the present work, CeO2/ZnO mixed oxides were synthesized by a two-step hydrothermal
method. A thorough characterization study was carried out, revealing their textural, structural,
morphological and redox features. CO oxidation was employed as a probe reaction to gain insight
into the structure-activity relationships. The following order, both in terms of CO conversion and
specific activity, was obtained: CeO2/ZnO–0.4 > CeO2/ZnO–0.6 > CeO2/ZnO–0.2 > CeO2 > ZnO.
Despite the distinct appearance of ZnO and CeO2 phases in mixed oxides and the low reactivity of
ZnO, mixed oxides exhibit improved catalytic performance as compared to bare ones. The latter
was attributed to the synergistic CeO2–ZnO interactions towards an improved oxygen mobility and
reducibility. Interestingly, a close relationship between the catalytic activity and the oxygen storage
capacity was disclosed. Moreover, comparison with relevant literature studies verifies the role of OSC
as a key activity descriptor for reactions following a redox-type mechanism. The present work reveals
the significance of the rational design of noble metal-free mixed oxides towards the development of
highly active materials that can be used in a variety of environmental and energy-related processes.
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Featured Application: Structural Health Monitoring of novel carbon nanotube doped adhesive

joints under aging conditions.

Abstract: Carbon fiber-reinforced plastic bonded joints with novel carbon nanotube (CNT) adhesive
films were manufactured and tested under different aging conditions by varying the surfactant
content added to enhance CNT dispersion. Single lap shear (SLS) tests were conducted in their initial
state and after 1 and 2 months immersed in distilled water at 60 ◦C. In addition, their electrical
response was measured in terms of the electrical resistance change through thickness. The lap shear
strength showed an initial decrease due to plasticization of weak hydrogen bonds, and then a partial
recovery due to secondary crosslinking. This plasticization effect was confirmed by differential
scanning calorimetry analysis with a decrease in the glass transition temperature. The electrical
response varied with aging conditions, showing a higher plasticity region in the 1-month SLS joints,
and a sharper increase in the case of the non-aged and 2-month-aged samples; these changes were
more prevalent with increasing surfactant content. By adjusting the measured electrical data to simple
theoretical calculations, it was possible to establish the first estimation of damage accumulation,
which was higher in the case of non-aged and 2-month-aged samples, due to the presence of more
prevalent brittle mechanisms for the CNT-doped joints.

Keywords: carbon nanotubes; aging; structural health monitoring; water uptake; adhesive
film; surfactant

1. Introduction

The increasing requirements of industry in terms of structural components make the development
of novel materials necessary. In this context, composite structures present many advantages over
conventional metallic alloys due to their exceptional specific properties that lead to energy efficiency
and weight savings.

Therefore, the assembly of several composite parts is a challenging subject as the complexity of
these structures is continuously increasing. For these purposes, bonded joints have some advantages
over bolted ones as they are lightweight and avoid stress concentrations around the holes [1].
However, the inspection of adhesive joints sometimes is not always straightforward, since it involves
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many complex techniques, such as fiber Bragg grating sensors or Lamb waves, which often do not
give a complete overview of the quality of the bonded joint [2–4]. Therefore, it is necessary to develop
novel procedures that do not involve complex data analysis techniques and are not detrimental to the
physical properties of the joint.

In this regard, carbon nanotubes (CNTs) seem to be a very promising solution. Their exceptional
properties [5–7] and the enhancement of the electrical conductivity that they induce when added to an
insulator resin [8–11] makes them very useful for multifunctional applications [12,13]. In fact, their use
in structural health monitoring (SHM) applications is now of interest because of their piezoresistive
and tunneling properties that lead to high sensitivities [14–17].

The aim of this work is to exploit the superb physical properties of CNTs in developing novel
multifunctional adhesives with an inherent self-sensing capability. To date, most research into reinforced
bonded joints has been focused on paste adhesives [18–21]. They exhibit excellent sensing properties
and are capable of properly monitoring strain and debonding [22–24]. These paste adhesives can be
treated as nanoreinforced composites, with the CNT dispersion procedure representing a challenging
subject that often involves complex and expensive techniques, such as three-roll milling [25–27].
Therefore, this work is focused on the effect that CNT addition has on adhesive films, which allows for
better thickness control and is used for structural applications in the aircraft industry.

In previous studies, CNT reinforced adhesive films have demonstrated high sensing properties
and a good capability to properly monitor crack evolution [28–30]. The dispersion procedure has also
been optimized in order to achieve a degree of good homogenization without any substantial detriment
to the mechanical properties [31]. This is achieved by means of ultrasonication of a CNT dispersion
in an aqueous solution, which is assisted by the addition of a surfactant, namely, sodium dodecyl
sulfate (SDS). The addition of SDS improves the mechanical dispersion of the CNTs in the aqueous
solution [32–35].

The effect of CNT dispersion on the mechanical and electrical properties of carbon fiber reinforced
plastic (CFRP) bonded joints in their initial state has been characterized in previous works [31]. It has
been concluded that these CNT adhesive films do not induce a detrimental effect on mechanical
performance and they have proved to have excellent monitoring capabilities by means of electrical
measurements [28]. This work takes a further step by analyzing the potential and applicability of these
proposed bonded joints under aging conditions.

The amphiphilic behavior of SDS [36,37] plays an important role in the aging properties of adhesive
joints. For this reason, immersion tests have been carried out in CNT-doped adhesive films once cured
by varying the amount of SDS. In addition to this, single lap shear (SLS) tests have also been conducted
in standard coupons in order to see the effect of water and temperature aging. The main application of
these reinforced joints is the SHM. The electrical response has been also monitored during these tests
so that the electrical properties can be better characterized in order to obtain a deeper knowledge of
the aging mechanisms.

2. Materials and Methods

2.1. Materials

The multi-wall CNTs used for this study were NC7000 supplied by Nanocyl, with an average
diameter of 10 nm and a length of up to 2 μm.

The adhesive was a FM300K adhesive film, supplied by Cytec. This is an epoxy-based adhesive
with a knit tricot carrier, which allows enhanced bondline thickness control. It has a high elongation
and toughness, together with an ultimate shear strength of 36.8 MPa. It is suitable for bonding
metal-to-metal and CFRP-to-CFRP systems.

CNT dispersion takes place by means of ultrasonication by using a previously optimized
dispersion procedure [31]. It consists of a 20-min ultrasonication of a CNT aqueous solution at 0.1 wt%.
The disaggregation of larger agglomerates is enhanced by the addition of a SDS surfactant. To study

186



Appl. Sci. 2020, 10, 2566

the influence of this surfactant on the aging properties, the amount of SDS was fixed at 0.00, 0.25 wt%
and 1.00 wt%.

After the dispersion procedure, the CNT suspension is sprayed over the adhesive surface prior to
curing at a pressure of 1 bar at 40 cm for 0.5 s in order to achieve good homogenization of the CNTs
over the surface.

In order to see the effects of aging, two types of specimens were prepared. One was the adhesive
without substrate once cured—named in-bulk adhesive—in order to see the water uptake without any
influence of the CFRP substrates. The second was the SLS specimens, which were made by secondary
bonding of unidirectional CFRP substrates. The curing cycle was set for both the cured adhesive and
the SLS joints in a hot press, as shown in Table 1. To improve the interfacial adhesion, the substrate
surfaces were brushed.

Table 1. Cure-cycle parameters of secondary bonding.

Parameter First Stage Second Stage

Pressure Ramp from 0 to 0.6 MPa for 15 min 0.6 MPa for 90 min
Temperature Ramp from 25 to 175 ◦C for 45 min 175 ◦C for 60 min

2.2. Aging Tests

Cured adhesive and SLS specimens were subjected to aging conditions by immersion in distilled
water at 60 ◦C, similar to some found in the literature [38]. Prior to immersion, the samples were
dried in an oven at 50 ◦C for three days until weight loss was not observed between one and the next
measurement. The aging time was set at 2 weeks (14 days) for the in-bulk adhesive, and up to 2 months
(60 days) for SLS specimens. The reasons for these different immersion times were due to differences
in the nature of each material and the exposed area subjected to water uptake. Adhesives tend to
reach the water uptake saturation before the composite substrates [39] and in the case of the in-bulk
adhesive, the exposed area of the adhesive is higher than in the CFRP joints. Therefore, the process of
water uptake is accelerated [40].

Water absorption was measured in the in-bulk samples in their initial state and 1, 2, 3, 4, 7, 10 and
14 days after immersion. The water uptake was calculated by comparing the measured weight after
immersion and the initial one in which is supposed that the samples were totally dry.

2.3. Electromechanical Tests

As commented before, bonded joints were subjected to SLS tests in order to study the aging effect
on the electromechanical properties. They were conducted in three specimens for each condition
(neat adhesive without CNTs and with 0.1 wt% CNTs with 0 wt%, 0.25 wt% and 1 wt% SDS). The tests
were made according to standard ASTM D 5868-95 issue 01 using substrates of 100 × 25.4 × 2.5 mm
with an overlapping area of 25.4 × 25.4 mm at a test rate of 13 mm/min. They were performed in a
universal tensile Zwick machine.

Simultaneously, the electrical response was also monitored. Electrodes were made of copper
wire sealed with silver ink in order to ensure a good electrical contact with the substrate surface.
To protect the electrodes from environmental influences during testing, an adhesive layer was used.
The measurements were carried out by an Agilent 34401A hardware and they were correlated to the
mechanical response given by the tensile machine.

2.4. Characterization

Differential scanning calorimetry (DSC) measurements were conducted in a Metter Toledo mod
821 apparatus for the in-bulk adhesive. Two scans were carried out according to the standard ISO
11357-2:13, at 10 ◦C/min from ambient temperature to 250 ◦C. The glass transition temperature (Tg)
was determined as the turning point of the heat capacity change. Two specimens of the non-aged- and

187



Appl. Sci. 2020, 10, 2566

14-day-aged in-bulk specimens were measured in order to see the water uptake effect in the physical
properties of the neat and CNT-doped adhesive.

3. Results

This section presents an analysis of the physical and mechanical evolution of SLS joints under
aging conditions. First of all, the water uptake measurements for the in-bulk specimens are shown.
Then, the mechanical properties of the SLS joints are discussed and finally, their electromechanical
behavior is characterized.

3.1. Water uptake Measurements

Figure 1 shows the water uptake in terms of percentage of the initial weight for the in-bulk cured
samples at each condition. The graph is in good agreement with the typical behavior of water uptake
for this kind of samples, previously stated in other studies [38,41,42]. It is observed that water uptake
is more prevalent in the initial stages and then the weight gain is going less significant until the water
saturation is reached at 2 weeks of aging.

Figure 1. Water uptake graph for in-bulk specimens.

A similar water uptake behavior is found at every condition although some slight differences
can be noticed. In this context, two opposite effects can play an important role. The first one is the
hydrophobic behavior of carbon nanofillers, which can be introduced into the free volume of the
polymer improving the barrier properties and leading to a reduction in the water uptake [43,44].
The second one is the amphiphilic behavior of the SDS that remains attached to the CNT surface [45,46],
which can lead to an increase of the water absorption induced by the hydrophilic head groups [47].
In addition, CNT dispersion also plays a significant role. A poor dispersion can induce the presence of
larger agglomerates, higher heterogeneity and higher distributed porosity. This irregular distribution
leads, thus, to an irregular effect of the barrier properties of CNTs, which, in combination with the
higher porosity, promotes a higher water uptake. However, a better dispersion of nanofillers improves
the barrier properties leading, thus, to a lower water uptake.

The combination of these effects, as shown in the schematics of Figure 2, thus, explains the slight
differences observed for each condition. In the case of the CNT reinforced adhesive without surfactant,
a poor CNT dispersion is achieved, as stated in previous studies [31], so that the hydrophobic effect of
CNTs is not so prevalent. Alternatively, the samples with 0.25 wt% and 1 wt% SDS show a similar
trend, with a slightly lower water uptake than the sample without surfactant. In this case, the effect of
the better CNT dispersion achieved was slightly prevalent over the amphiphilic effect of SDS surfactant.
In the case of the neat adhesive, the water uptake was given directly by the physical behavior of the
epoxy matrix.
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Figure 2. Schematics of combined effect of the water uptake (left) and amphiphilic behavior of sodium
dodecyl sulfate (SDS) (right).

3.2. DSC Measurements

Table 2 shows the Tg values at different testing conditions for the in-bulk specimens. In the
initial state, a drastic reduction of Tg was observed when comparing the non-doped with the doped
adhesive. This means that CNTs accelerated the curing process, leading to the maximum conversion
point of the system (Tg ∼ 150 ◦C). This affirmation was supported by the measurements of the second
scanning, where the Tg of all the samples were close to 150 ◦C, indicating the point of the maximum
conversion of the resin. In addition, by observing the Tg of the aged samples, a significant decrease in
comparison to the non-aged specimens was observed when adding CNTs, resulting in a similar glass
transition temperature than for the neat adhesive. However, by observing the Tg obtained in a second
scanning, it reaches the point of the maximum conversion in every case. This indicates that there was a
plasticization effect caused by the water absorption in the case of CNT-doped samples. In the case of
the neat adhesive, no significant differences were found when comparing aged and non-aged samples,
so the plasticization effect was similar for the non-aged and aged samples. This affirmation was given
by the fact that the network of the neat adhesive was not initially totally cured, with the plasticization
effect less prevalent due to water absorption. It is important to note that the selected curing cycle was
the same as that given by the supplier.

Table 2. Glass transition temperature for different in-bulk conditions.

Condition
Non-Aged Tg (◦C) 2-Week-Aged Tg (◦C)

1st Scanning 2nd Scanning 1st Scanning 2nd Scanning

Neat adhesive 117.0 146.0 115.5 146.0
0.00 SDS 144.0 148.0 119.0 146.0
0.25 SDS 148.5 149.5 118.0 148.5
1.00 SDS 146.0 147.5 109.0 149.5

Alternatively, when comparing the CNT-doped samples, it was observed that the addition of
surfactant results in a more drastic reduction of the Tg, implying, thus, a higher plasticization effect.
In order to better explain the possible effects that can take place in the material, it was necessary to
focus on the mechanical testing of the SLS joints.

3.3. Single Lap Shear Tests

Figure 3 shows the lap shear strength (LSS) of the SLS specimens for each condition. It was
observed that the LSS strength was significantly affected by the aging conditions. In every condition,
a significant decrease of the LSS was observed after 1 month of aging while, for most of the cases,
a slight recovery of the LSS was noticed by increasing the aging time. This different behavior can be
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explained by attending the water uptake results and also by the different chemical interactions inside
the adhesive joint.

Figure 3. LSS of adhesive joints for each testing condition.

First of all, it is necessary to understand the role of aging mechanisms due to water absorption.
The water uptake generally induces the creation of weak hydrogen bonds, leading to a swelling of the
polymer chains and causing, thus, a drastic reduction of the physical properties. This effect is called
plasticization and is detrimental to the mechanical properties [41]. However, after this initial stage,
a slight recovery is generally observed. This has already been shown in other studies [43,48,49] and
can be explained by a change in the mechanism of water absorption. After reaching the water uptake
saturation, longer aging times can induce a transformation of the weak hydrogen bonds into multiple
chemical connections between the water molecules and the polymer chains, promoting an increase
in secondary crosslinking, thus leading to a stiffening of the material and also an embrittlement,
as observed in the examples given in Figure 4a. This cannot be confirmed by the Tg as there was only
one measurement. Therefore, it is necessary to focus on the mechanical response of the adhesive joints,
particularly on the displacement at failure.

Figure 4. Mechanical effect of water uptake showing (a) a plasticization stage and (b) the displacement
at failure.

In the particular case of the neat adhesive, there was only a partial conversion of the epoxy matrix
at the initial state, as the Tg was significantly below the maximum value (~150 ◦C). Therefore, the
water uptake does not affect significantly the plastic properties of the epoxy matrix, as it presents a
more prevalent plasticization effect at the initial state. This was confirmed by a slight variation of the
displacement at failure with aging time, as shown in Figure 4b.

However, in the case of CNT-doped adhesive joints, there are some different mechanisms.
Here, the CNT addition itself and the dispersion state, dominated by the surfactant addition, play
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an important role in the aging mechanisms. As commented previously, a good dispersion implies a
high homogeneity of CNT distribution in the matrix, improving the barrier properties. This acts in an
opposite way to the amphiphilic behavior of SDS. In addition, the SDS also induces variations in the
chemical interactions between the epoxy matrix and the CNTs, leading to a more drastic reduction of
the Tg, as shown in Table 2. This was also observed by the displacement at failure shown in Figure 4b.
In this case, the higher the SDS content, the higher the displacement at failure was. Moreover, it can
be noted that the displacement at failure decreases after 2 months of aging. This was explained by
the stiffening effect induced by the secondary crosslinking, which also leads to an embrittlement of
the material, as previously stated. Therefore, the combination of the two effects explains the initial
reduction of the LSS after 1 month and the general recovery for longer aging times.

In the case of the CNT sample without surfactant, a slight reduction of the LSS was observed
after 1 month (~2%), while the effect on the mechanical properties was much more prevalent after
2 months, leading to a LSS reduction of more than 18%. In this case, the role of CNT dispersion
was even more critical, as the absence of any surfactant leads to a much lower homogeneity of
CNT distribution, inducing some areas with very high CNT content, acting as stress concentrators.
Here, the embrittlement effect was more prevalent than the stiffening due to secondary crosslinking.
This was confirmed by a higher relative reduction in the displacement at failure after 2 months of
aging, similar to that initially obtained.

The higher displacement at failure observed in aging conditions for the samples with a higher
amount of SDS can be explained accordingly to the presence of polar heads. They could interact with
the matrix and the plasticizing effect is explained due to the unwinding of the chains around the
nanotubes, as reported in other studies [50,51].

3.4. Electrical Monitoring

The aforementioned results give an initial idea of how aging conditions can affect the mechanical
properties of CNT-doped adhesive film joints. In order to have a deeper understanding of aging effects
on CNT-doped adhesive joints, it was necessary to analyze their electromechanical behavior. Figure 5
shows an example of electrical monitoring of a SLS specimen for different aging times. In every case,
it was observed that the electrical resistance increases with displacement. This increase follows an
approximately exponential behavior until failure, with the changes being more prevalent in the last
stages of SLS testing. As stated in a previous study proving the monitoring capabilities of these CNT
reinforced joints [28], the changes in the electrical resistance are due to the combination of two effects.
The first effect was the increase of the tunneling distance between adjacent particles due to strain,
leading to an increase of the tunneling resistance [52,53]. The second was the sudden crack propagation
in the last stages of the tests, causing a prevalent breakage of electrical pathways through the joint.
However, some important differences between the aged and non-aged specimens can be found.

By deeply analyzing the curves for the sample with 1 wt% SDS, the electrical behavior as a function
of the applied strain changes was observed from the initial state to the 1-month-aged sample. In the
aged sample, softer behavior was observed, due to the plasticization effect. This effect causes a steadier
response of the material, with no abrupt changes in the electrical monitoring, as adhesive deformation
and crack propagation take place in a softer way. By increasing the aging time, as discussed before,
a secondary crosslinking was induced so the effect of plasticization was reduced, showing a mixed
behavior between the initial state and the 1-month-aged sample, as noticed in the right graph of
Figure 5c, where an abrupt change of the electrical behavior was observed.

The sample without surfactant shows similar behavior. At the initial state, some abrupt changes
in the electrical resistance were observed, while the effect of plasticization was clearly shown after
1 month of aging (left graph of Figure 5b). By increasing the aging time, the stiffening effect of the
secondary crosslinking was also observed by abrupt changes in the electrical behavior. In this case,
as noticed before in the mechanical response, the behavior of the 2-month-aged sample was more
similar to the non-aged one.
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These initial results can give a good qualitative approximation of how aged and non-aged samples
behave and prove the capability of CNT reinforced joints to properly monitor their mechanical behavior
by means of electrical measurements. However, from the electrical response, it was possible to obtain
estimations regarding damage evolution. To achieve this purpose, a simple analytical model, based on
the tunneling effect of CNT reinforced polymers is proposed.

Figure 5. Electromechanical curves for single lap shear (SLS) specimens with (left) no surfactant and
(right) 1 wt% SDS at (a) initial state and (b) after 1 and (c) 2 months of water immersion.
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3.5. Theoretical Approach

The CNT-reinforced adhesive film was modeled as a nanocomposite with an homogeneous
CNT distribution. The electrical mechanisms inside a nanoparticle network are given by the intrinsic
electrical resistance of the CNTs themselves, the contact resistance between nanotubes and the tunneling
resistance between near CNTs. In this particular case, the variation of electrical resistance due to
applied strain are mainly dominated by the tunneling effect as intrinsic and contact resistance are
assumed to be invariable with applied strain as stated in other studies [54].

Therefore, the changes in the electrical resistance can be divided into two terms, the first one,
correlated to the variations due to the applied strain, which depends on the changes due to the
tunneling effect between adjacent nanoparticles and the second one, which is correlated to the breakage
of electrical pathways due to the effect of damage accumulation, as shown in the schematics of Figure 6,
leading to the following expression:

ΔRtotal = ΔRtunnel + ΔRdamage (1)

Figure 6. Schematics of electromechanical behavior in a SLS test showing the increase of tunneling
distance and crack nucleation inside the adhesive.

The tunneling effect can be calculated by using the well-known Simmons formula for the tunneling
resistance [55]. It has been proved to be an effective way to predict the electromechanical response of
a strained CNT network as it is the most dominant electrical transport mechanism. It takes several
aspects such as the polymer type and the contact area between adjacent CNTs:

Rtunnel = At·ebt (2)

where A and b are two constants depending on the CNT geometry and matrix barrier characteristics
and t is the tunneling distance, which changes with the applied strain.

The changes due to damage accumulation are not easy to model. There are many studies
investigating this effect by proposing different damage evolution laws [56,57], but the particularities of
the tested systems make the damage calculation very difficult. Therefore, damage accumulation is
estimated by comparing the measured changes in the electrical resistance and the known tunneling effect.

ΔRdamage = ΔRmeasured − ΔRtunnel (3)

For this purpose, the initial tunneling distance is calculated as the distance that best fits the initial
changes of the electrical resistance, where no damage is supposed.

Figure 7 shows the comparison between the theoretical line, taking only the tunneling effect
and the experimental measurements for aged and non-aged samples with 1 wt% SDS into account.
The pattern areas indicate the differences between the theoretical and the experimental ones being,
thus, the damage accumulation during the SLS test.
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Figure 7. Damage accumulation evolution (red pattern area) by comparing experimental measurements
(solid lines) and theoretical predictions (dashed lines) for 1 wt% SDS samples at (a) initial state and (b)
after 1 and (c) 2 months of aging.

The non-aged sample shows significant irregular behavior. The threshold for damage accumulation
was observed at ~0.25 mm displacement. After this point, the evolution of damage accumulation
was very irregular. This can be explained due to the brittle mechanisms dominating the mechanical
behavior of the adhesive. Secondary cracks start to nucleate and then they coalesce around the main
crack [58], inducing a higher breakage of electrical paths in a similar way than that observed in other
studies for fatigue testing [59]. This nucleation was not uniform so the unstable damage accumulation
was explained. In the case of 1-month-aged samples, this damage accumulation starts to take place at
1 mm of displacement, that is, much later than in the non-aged specimen. This is in good agreement
with the stated conclusions from water uptake and LSS measurements, as the induced plasticity in
the first stages of water uptake avoids the early crack nucleation inside the adhesive joint. After that,
damage accumulation takes places in a sudden way, that is, the cracks start to nucleate and then
immediately coalesce. The 2-month-aged sample has a damage threshold of 0.5 mm, lower than in the
1-month-aged sample, due to the stiffening effect of the change in the water absorption mechanisms
discussed above. Then, a softer evolution of damage accumulation is observed and finally, in the last
stages of SLS tests a rapid coalescence takes place until final failure.

The previously described behavior was similar in the case of the 0.25 wt% SDS samples.
However, in the case of the samples without surfactant, the electromechanical behavior shows
some slight differences regarding the 1 wt% SDS samples, especially, concerning the sensitivity of the
electrical response. Figure 8 presents the comparison between the theoretical and the experimental lines
at different aging times. At the initial state, similar behavior for the 1 wt% SDS samples was observed
with abrupt changes in the electrical resistance, inducing a high damage accumulation rate due to the
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rapid nucleation and coalescence of micro-cracks inside the material. The 1-month-aged specimen
shows a much softer behavior, as expected due to the plasticization effect of the water uptake process.
The threshold of damage accumulation was observed at a 0.7 mm displacement, that is, much later
than for non-aged samples. However, unexpected behavior was observed for the 2 month-aged sample.
In this case, the threshold for damage accumulation was observed nearly at the beginning of the SLS
tests, that is, earlier than in the case of non-aged specimens. In addition, the damage accumulation
was very high also in comparison to the other specimens as they show a much higher sensitivity.

Figure 8. Damage accumulation evolution (red pattern area) by comparing experimental measurements
(solid lines) and theoretical predictions (dashed lines) for non-surfactant samples at (a) initial state and
(b) after 1 and (c) 2 months of aging.

This behavior can be explained by the interaction of two effects. One of them was due to the fact
that the highly heterogeneous CNT distribution can induce high stress concentrations, leading to highly
weak points in the matrix. This effect was also present in the non-aged and aged specimens, but in the
case of the 2-month-aged one, the stiffening effect induced by the change in the mechanism of water
absorption previously described can lead also to much higher embrittlement of the adhesive. This can
also be stated in the reduction of the displacement at failure, so that the nucleation and coalescence of
microcavities takes place more rapidly. The second one was correlated to the different interactions
between the larger agglomerates of CNTs (which were much more prevalent in the non-surfactant
samples) and the water molecules. This promotes a different electromechanical behavior than for the
other samples.
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4. Conclusions

SLS joints with CNT-doped adhesive films have been tested under aging conditions while their
electromechanical properties have been monitored.

The water uptake measurements for the cured adhesive without substrate show that the behavior
does not change significantly with the addition of both CNTs and SDS surfactant. This is explained
by the combined effect of the amphiphilic behavior of the SDS and the barrier properties of CNT
dispersion, acting in an opposite way.

The LSS of the bonded joints shows a general decrease after 1 month of aging because of the
plasticizer effect of the water, which promotes the creation of weak hydrogen bonds. This statement
was also confirmed by an increase of the displacement at failure. After 2 months of aging, there was a
slight increase of LSS and a general reduction on the displacement at failure, which was explained by
the secondary crosslinking that takes place due to water uptake saturation. In the case of the sample
without surfactant, this behavior was slightly different because of the poor CNT distribution that can
induce higher embrittlement, leading to a sudden decrease of LSS even after 2 months of aging.

Finally, the analysis of the electromechanical behavior of SLS joints confirms the previously
described statements. A higher plasticization was observed for 1-month-aged specimens, while a
partial recovery of the stiffness was observed after 2 months. By comparing the measured electrical
response with simple theoretical calculations, it is possible to obtain the first quantitative idea of
damage accumulation and how aging conditions affect the damage evolution. Therefore, this first
estimation can be used to better understand the physical mechanisms taking place on CNT-doped
adhesive joints under aging conditions subjected to SLS tests.

As a future work, however, it would be necessary to refine the theoretical predictions by taking
some effects such as CNT distribution and orientation or the barrier properties of the epoxy matrix into
account. This could give more accurate knowledge of the physical behavior of CNT-doped bonded
joints under aging conditions.
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Abstract: In this study, the LC-MS/MS was applied to explore the stability of four common
dietary flavonols, kaempferol, quercetin, isorhamnetin, and myricetin, in the presence of hydrogen
peroxide and saliva. In addition, the influence of saliva on the representative quercetin glycosides,
rutin, quercitrin, hyperoside, and spiraeoside was examined. Our study showed that, regardless
of the oxidative agent used, flavonols stability decreases with increasing B-ring substitution.
The decomposition of analyzed compounds was based on their splitting by the opening the heterocyclic
C-ring and realizing more simple aromatic compounds. The dead-end products corresponded
to different benzoic acid derivatives derived from B-ring. Kaempferol, quercetin, isorhamnetin,
and myricetin were transformed into 4-hydroxybeznoic acid, protocatechuic acid, vanillic acid,
and gallic acid, respectively. Additionally, for quercetin and myricetin, two intermediate depsides
and 2,4,6-trihydroxybenzoic acid derived from A-ring were detected. All analyzed glycosides were
resistant to hydrolysis in the presence of saliva. Based on our data, saliva was proven to be a next
oxidative agent which leads to the formation of corresponding phenolic acids. Hence, studies on
flavonols’ metabolism should take into consideration that the flavonols decomposition starts in the
oral cavity; hence, in subsequent parts of the human digestive tract, they could be present not in their
parent form but as phenolic acids. Further analyses of the influence of saliva on flavonols glycosides
need to be performed due to the possible interindividual fluctuations.

Keywords: flavonols; H2O2; saliva; metabolism; oxidation; LC-MS/MS

1. Introduction

Flavonoids are phenolic compounds widely present in plants and food of plant origin. Both clinical
and epidemiological studies show the correlation between the dietary polyphenols intake and the
reduction of risk of some chronic diseases such as cardiovascular diseases, cancer, and diabetes,
as well as aging [1–4]. These beneficial effects are associated with their antioxidant activity [5–7].
Flavonols, the major class of flavonoids present in the human diet, and among them quercetin,
kaempferol, myricetin, and isorhamnetin (Figure 1), are well known to act as antioxidants in vitro and
show protective effects against free radicals, reactive oxygen species, and other oxidation agents [8–10].
However, the biological properties of antioxidants such as flavonols depend on their bioavailability
and metabolism in the human body. The study of biological responses due to dietary intake of
polyphenols cannot be carried out without taking into consideration polyphenols–saliva interactions.
Although phenolics are normally ingested through the mouth as elements of food, very little is known
about their metabolism in the oral cavity. One of the main goals assigned to saliva is participation in
glycosides hydrolysis [11,12], which delivers biologically active aglycones that can be absorbed more
effectively in the human digestive tract. Since flavonols mainly occur in food as glycosides, much of the
research focused on the metabolism in oral cavity concerns glycosides. However, some reports show
the presence of flavonols aglycones in the food of plant origin, for instance in eucalyptus and unifloral
types of honey [13]. Moreover, the fermentation carried out during the manufacturing of food could
results in the hydrolysis of glycosides to aglycones. Although it was reported that flavonoid glycosides
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can be absorbed intact via the sodium-dependent glucose transporter [14], it was also shown that many
glycosides are not absorbed due to efficient efflux transport by intestinal efflux protein pumps [15].

Figure 1. Structures of kaempferol, quercetin, isorhamnetin, and myricetin.

It is well established that the oral cavity harbors numerous and diverse microorganisms, which can
hydrolyze flavonols glucosides to the aglycones by glucosidases excreted from the bacteria [11,16].
All of these features indicate that the effective absorption of polyphenols in the human digestive
tract strongly depends on their deglycosylation, and, as far as we know, study on the metabolism of
aglycones in the oral cavity are limited. Interaction of saliva components with bioactive compounds
from food occurs due to various reasons. Firstly, chewing food allows its components to stay in the oral
cavity for a while, which ensures the contact of saliva and oral mucosa with food. Secondly, during
chewing, flavonols are dissolved in saliva, which facilitates their interaction with oral mucosa and
salivary proteins [17–20]. It is worth noting that Quijada-Morín et al. [17] outlined interactions between
flavan-3-ols and salivary proteins not only as a precipitation issue as it has been usually studied but
also as a more complex interaction, which involves the formation of soluble and insoluble complexes.

All of these mechanisms increase lipophilic polyphenols assimilation and causes their retention in
the oral cavity over time [21–23].

The human oral cavity contains numerous and diverse microorganisms as commensals [24,25].
Approximately 280 bacterial species from the oral cavity have been isolated in culture and formally
named. The possible reason for the decomposition of flavonols in the presence of saliva is the
fact that bacteria and leucocytes presented in the oral cavity are able to generate H2O2; thus,
flavonols could be easily oxidized [26,27]. While there is a lack of reports showing the oxidation of
flavonols in the presence of saliva, other oxidizing conditions have been well established, mainly
for quercetin. Quercetin is degraded in air conditions with the formation of different depsides,
as intermediates in the degradation pathway. Further decomposition results in the formation of
2-(3,4-dihydroxyphenyl)-2-oxoacetic acid, 2,4,6-trihydroxybenzoic acid, and 3,4-dihydroxybenzic
acid [28]. Additionally, Maini et al. [29] proposed another degradation products of quercetin after its
exposure to UVA radiation: 1,3,5-trihydroxybenzene and 2,4,6-trihydroxybenzaldehyd. In general,
oxidation of quercetin by various methods: air, electrochemical, enzymatic, and free radical oxidation
may yield, more or less, the same set of oxidized products [30].

For further elucidation of the oxidation processes of flavonols in biological systems, we investigated
the stability of four wide-spread flavonols: quercetin, kaempferol, myricetin, and isorhamnetin in the
presence of saliva. This work also provides comparative oxidative studies of flavonols using H2O2

solution and whole saliva as oxidation agents. We chose flavonols that differ in the number of hydroxyl
substituents in the B-ring. Additionally, in the case of isorhamnetin, one hydroxyl group is replaced
with a methoxy group, which allows for the blocking of interactions from two adjacent hydroxyl
groups. To determine the various degradation products of flavonols, LC-MS/MS system was applied.
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2. Materials and Methods

2.1. Chemicals and Reagents

The commercial standards of flavonols and phenolic acids, as well as the rest of the
chemicals, were purchased from Sigma-Aldrich (Steinheim, Germany). Glycosides rutin (quercetin
3-rhamnoglucoside), quercitrin (quercetin 3-rhamnoside), hyperoside (quercetin 3-galactoside),
and spiraeoside (quercetin 4′-glucoside) were purchased from Extrasynthese (Genay, France).
Methanol was obtained from Merck (Darmstadt, Germany). In all experiments, ultrapure water
from a Milli-Q system with an electrical resistivity of 18 MΩ × cm was used. Stock solutions of
flavonoids were prepared in methanol. Diluted standards were prepared in 25% methanol with a final
concentration of 50 mg/L. All solutions were filtered through 0.45 μm membranes (Millipore) and
degassed prior to use.

2.2. Collection of Saliva Samples

Five healthy human volunteers (20–30 years old) were recruited to this study based on restricted
criteria. All volunteers were self-reported to be in good general health without any chronic diseases,
not taking antibiotics, and no history of drinking and smoking habits. Volunteers were requested
to refrain from eating for at least 10 h and they could drink only mineral water before collection.
Saliva samples were collected in the morning 2 h after brushing teeth with toothpaste free of polyphenols.
Before saliva collection, the oral cavity was rinsed with ultrapure water to remove dead skin cells.
Saliva was mechanically stimulated by chewing a plastic tube and collected into the plastic containers.
Then, individual saliva samples (n = 5) were diluted with water (1:1, w:w) and incubated at 37 ◦C in a
water bath until analysis.

2.3. Influence of Saliva/H2O2 Solution on Stability of Flavonols

Standards of kaempferol, isorhamnetin, quercetin, and myricetin were mixed with prepared saliva
or H2O2 solution at 25 mg/L in 12.5% of MeOH final concentration and incubated for 24 h at 37 ◦C.
Samples were prepared to obtain the ratio 1:1 v:v of saliva or equimolar H2O2 to the standard solution.
The ratio of saliva and standard solution was evaluated to obtain optimal flavonols decomposition
time, which allowed detecting unstable intermediates [31]. Since the non-glycosylated flavonols did
not easily dissolve in the water, addition of MeOH had to be used, and the minimum concentration of
MeOH was 25% in stock solution (12.5% in sample solution). Additionally, each flavonol was mixed
with the same volume of the water, as a control sample. All samples were filtered through 0.45-μm
PTFE membranes and analyzed at different times of incubation over 24 h. A long incubation period
allowed us to find the dead-end products of flavonols degradation. The pH value of all solutions was
controlled and measured at the beginning and end of the reaction.

2.4. Influence of Microbiota

To check if the decomposition of flavonols is the result of the presence of microbiota, we decided
to incubate quercetin (as a representative flavonol) with saliva filtered using sterile polyethersulfone
(PES) membrane (pore size 0.22 μm) to remove bacteria from the sample. For that purpose, 5 mL
of saliva was diluted 1:1 with distilled water and shaken vigorously to reduce viscosity. In parallel,
100 μL of filtered saliva was spread onto 5% blood agar and incubated for 24 h at 37 ◦C in duplicate to
examine if the usage of 0.22 μm membranes ensures the sterility of the sample. At the same time, the
experiment with the incubation of quercetin with bot saliva filtered using 0.22 and 0.45 μm membranes
was carried out.
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2.5. Apparatus

The analytical method used in the presented work was developed in our laboratory and discussed
in detail in a previous paper on the study of the phenolic compounds [32]. Chromatographic analyses
were carried out using LC-MS/MS system consisted of binary pumps LC20-AD, degasser DGU-20A5,
column oven CTO-20AC, and autosampler SIL-20AC, connected to 3200 QTRAP Mass spectrometer
(Applied Biosystem/MDS SCIEX). Compounds were separated on Chromolith Performance C18 column
(100 × 2mm, Merck) at 30 ◦C. Formic acid (8 mM, pH 2.8) as eluent A and methanol as eluent B were used.
Samples incubated at 37 ◦C were kept in the same temperature before analysis in an autosampler. The flow
rate of mobile phase was 0.2 mL/min and the gradient mode was as follow: 0–3 min, 10% B; 20–25 min,
50% B; 26–40 min, 10% B. LC system was connected to the 3200 QTRAP Mass spectrometer (Applied
Biosystem/MDS SCIEX) with electrospray ionization (ESI) working in negative mode. ESI conditions were
as follows: capillary temperature of 450 ◦C, curtain gas at 0.3 MPa, auxiliary gas at 0.3 MPa, and negative
ionization mode source voltage of 4.5 kV. Nitrogen was used as curtain and auxiliary gas. Analyst 1.4.2
software was used for data acquisition. LC-MS/MS analysis were carried out by comparing retention time
and m/z values obtained by MS and MS2 with the mass spectra of standards obtained under the same
conditions. Because some degradation products such as depsides are not commercially available, the
presence of these compounds was confirmed by comparison of retention times, masses, and fragmentation
spectra of potential oxidation products with literature.

Quantification of compounds was done using the selected reaction monitoring mode (SRM).
For each compound, the optimum conditions for SRM mode were determined in infusion mode and
two SRM pairs were chosen as representatives (SRM1 and SRM2) (Table 1). Due to the higher intensity
of peak obtained using the SRM1 pairs, they were chosen for qualitative analyses. Calibration curves
were drawn from the analysis of 5 μL volumes at concentration ranging from 0.5 to 50 mg/L (n = 7)
measured in triplicated. Coefficients of linearity (R2) for the calibration curves were≥ 0.996. LODs were
estimated by decreasing the concentration of the analytes to the smallest detectable peaks, and then its
concentration was multiplied by three. LODs ranged 0.1–0.5 mg/L.

Table 1. LC-MS/MS characteristics of phenolic compounds in the negative mode.

Compound Retention Time, Min Q1 Mass Q3 Mass DP, V CE, V

Gallic acid 3.0 169 125 −45 −20
97 −45 −26

Protocatechuic acid 4.4 153 109 −15 −18
66 −15 −26

4-hydroxybenzoic acid 7.1 137 93 −25 −18
119 −25 −8

Vanillic acid 9.8 167 152 −30 −16
107 −30 −24

Hyperoside 16.6 463 300 −80 −32
271 −80 −56

Spiraeoside 18.4 463 300 −80 −32
151 −80 −48

Rutin 18.9 609 300 −65 −32
270 −65 −74

Myricetin 20.1 317 151 −20 −26
179 −20 −22

Quercitrin 20.4 447 300 −60 −26
270 −60 −56

Quercetin 22.8 301 151 −40 −30
179 −40 −24

Kaempferol 25.0 285 151 −45 −25
117 −45 −53

Isorhamnetin 25.6 315 300 −35 −24
199 −35 −32
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2.6. Statistical Analysis

The statistical analyses of the data were carried out using Microsoft Excel 2016 and Excel’s Analysis
Toolpak (ANOVA). The one-way analysis of variance (ANOVA) and the significance of differences
between sample means were calculated, and p values ≤ 0.05 were taken into account as significant.

3. Results and Discussion

3.1. Oxidation of Flavonols with Hydrogen Peroxide

As compared to the control, a noticeable decrease of quercetin concertation was observed during
its incubation in the presence of H2O2. As shown in Figure 2, rapid degradation of quercetin could
be observed with the simultaneous formation of three other compounds with [M-H]− at m/z317
(tr = 17.5 min) [M-H]− at m/z =193 (tr = 4.4 min) and [M-H]− at m/z 169 (tr = 5.0 min). Oxidation product
with [M-H]− at m/z 317, identified as depside characteristic for quercetin, was found as an intermediate
product, the concentration of which increased in the first 80 min of the experiment. Further incubation
led to the decrease of its concentration, whereas new peaks with [M-H]− at m/z 193 (tr = 4.4) and [M-H]−
at m/z 169 (tr = 5.0) appeared. Final degradation products were identified as 2,4,6-trihydroxybenzoic
acid (m/z 169) and protocatechuic acid (m/z 193). Such results suggest that the oxidation of quercetin
with H2O2 is based on its splitting by the opening the heterocyclic C-ring and realizing simpler
aromatic compounds. Moreover, oxidation involves the initial oxidative step with subsequent changes
in the flavonol skeleton such as the formation of B-ring orthoquinone and rearrangement in the
C-ring [33]. Detected oxidation products are similar to those obtained under other conditions such
as oxygen [28], UVA and UVB [34], hydroxyl free radical [35], and presence of copper (II) [36,37].
Thus, the hypothesis of Zhou et al. [30] that the oxidation of quercetin using different oxidations
agents may yield, more or less, the same set of oxidized products seems to be particularly relevant.
Decomposition pattern of myricetin leads throughout the characteristic depside as an intermediate
at m/z 321. The LC-MS/MS measurements show that further oxidation led to its decomposition and
formation of gallic acid as a corresponding hydroxybenzoic acid derivative at m/z 169 and tr = 2.9 min.
Besides, 2,4,6-trihydroxybenzoic acid (tr = 4.9 min) was detected as a degradation product of myricetin.
Although it shares the same mass as gallic acid, their separation was obtained in the established
method. Unfortunately, neither for isorhamnetin nor for kaempferol corresponding depsides were
detected. Nevertheless, transformations which involve initial oxidative steps with subsequent changes
in the flavonols skeleton was observed. As a result of kaempferol oxidation, the formation of a
compound with tr = 7.1 min and SRM characteristic for 4-hydroxybenzoic acid (137/93) was observed.
The breakdown product of isorhamnetin was identified as a vanillic acid with retention time 9.8 min
and SRM pair (167/152). These results suggest that, as in the case of quercetin and myricetin, oxidation
of kaempferol and isorhamnetin leads to C-ring cleavage in the flavonols’ structure. As a result of this
reaction, the corresponding hydroxybenzoic acid derivatives are formed. It should be mentioned that
two reactive centers in the C-ring were identified as responsible for antioxidant activity in flavonols:
the 2,3 double bond in conjugation with the 4-oxo function and the 3- and 5-hydroxyl groups with
hydrogen bonding to the same 4-oxo function (for flavonols numbering, see Figure 1) [38,39]. That is
why all of the modifications which occur in that area could significantly alter the chemical and biological
properties of flavonols.
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Figure 2. Degradation profile of quercetin and its main products formed during the incubation with
H2O2 solution.

3.2. Stability of Flavonols in Saliva Solution

Figure 3 presents the loss of the starting amount as percent of remaining kaempferol, quercetin,
and isorhamnetin (Figure 3a) as well as myricetin (Figure 3b) for a single representative after 6 h
of incubation with saliva. The levels of the examined compounds were significantly different after
6 h of incubation. Kaempferol was the most stable compound in saliva during this time (about
73% left). Quercetin and isorhamnetin were less stable than kaempferol, and the degree of their
degradation was 52% and 59%, respectively. Myricetin was the least stable flavonol under these
conditions, and its concentration was at trace levels at the end of the experiment. As can be readily
seen, myricetin showed rapid degradation and disappeared after 90 min of incubation. The general
order of stability of examined flavonols was as follows for all saliva samples collected from five human
volunteers: kaempferol > isorhamnetin > quercetin >> myricetin. Generally, the decomposition
rate of flavonols increases with an increasing number of hydroxyl groups attached to the B-ring.
A similar order of degradation of these flavonols was observed in H2O2 solution. These results are in
good agreement with observations of Maini et al. for ultraviolet radiation A (UVA) [29]. During the
incubation of quercetin with saliva solution, the decomposition of quercetin into compounds with
m/z 305 and m/z = 317 was observed. These two peaks were identified as the intermediate products
of quercetin oxidation (depsides) and their formation under oxidative conditions has already been
described [28,29,33]. During further incubation, depsides decomposed with a simultaneous appearance
of another peak with the retention time 4.41 min, mass spectrum, and SRM pair (153/109) characteristic
for protocatechuic acid (Figure 4). In contrast to the incubation of quercetin in the presence of H2O2

mixture, the formation of 2,4,6-trihydroxybenzoic acid as a degradation product was not observed.
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Similar results were obtained for myricetin. However, the latter was less stable in the presence
of saliva than quercetin. Chromatogram of myricetin incubated with saliva showed a decrease
in its peak’s intensity, whereas a new peak at m/z = 321 appeared. This peak was considered as
depside characteristic for myricetin. Moreover, the formation of a new compound with retention
time (tr = 2.9 min), mass spectrum, and SRM pair characteristic for gallic acid (169/125) was observed.
Unfortunately, as mentioned above, among studied flavonols, only for myricetin and quercetin the
corresponding depsides were detected. Chromatograms and mass spectrum obtained for isorhamnetin
and kaempferol showed their degradation to vanillic and 4-hydroxybenzoic acids, respectively. In an
oxidation experiment, Maini et al. [29] suggested that the presence of the corresponding phenolic acid
derivative in the absence of any detectable depside concentration is the result of comparable depside
formation and hydrolysis rates. Krishnamachari et al. suggested that the presence of both a catechol unit
in the B-ring and a free C-3 hydroxyl appears to be a prerequisite for the formation C-ring carbocation
or p-quinone methide (which formation proceeds predominantly through its tautomer, o-quinone) in
the oxidative decomposition of flavonols [33,40]. It has been also demonstrated using EPR spectroscopy
that the spin distribution during oxidation of quercetin remains entirely on the B-ring, promoting the
donation of two electrons leading to the formation of an o-quinone [41]. These phenomena explain
our observations that myricetin and quercetin decompose rapidly and respective depsides could be
observed. Moreover, hydroxyl or methoxy substituents are considered to stabilize the flavonol C-ring
carbocation intermediate. As has already been proven, a relatively electron-rich derivative may be more
stable and hence more easily formed than its electron-poor analog [42]. Hence, electron-withdrawing
and electron-donating groups such as hydroxyl and methoxy groups attached directly to B-ring
should influence the rate of p-quinone methide formation. In addition, two or more electron-donating
groups greatly facilitate its initial generation and stability [42]. Additionally, isorhamnetin due to the
presence of a methoxy group greatly enhances the electron-donating properties in the 4’-position [38].
Finally, the presence of corresponding benzoic acid derivatives, as well as 2,4,6-trihydoxybenzoic acid,
highlights possible interconversion of the p-quinone methide into C-ring carbocation intermediate
and its further decomposition. Poorly substituted flavonols such as kaempferol with one hydroxyl
group in B-ring skeleton are not able to form o-quinone or its tautomeric form p-quinone methide
species readily. This theory could also explain why any detectable levels of depsides were observed for
kaempferol and isorhamnetin.

Figure 3. The loss of the starting amount in saliva solution as percent of remaining: (A) kaempferol,
quercetin, and isorhamnetin; and (B) myricetin.
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Figure 4. Changes in amount of quercetin (22.8 min) and protocatechuic acid (4.5 min) during incubation
of quercetin with saliva.

As mentioned above, saliva was proven to contain phenolics after consumption of phenolics-rich
beverages, and these compounds have been found to persist in oral cavity up to 300 min, despite a
constant salivary flow [21]. Our research shows that this time is sufficient for the partial decomposition
of kaempferol, quercetin, and isorhamnetin and complete decomposition of myricetin. To check if
detected compounds may be considered as a dead-end product, we decided to incubate analyzed
flavonols for further 18 h. After 24 h of incubation, no additional compounds were detected as
degradation products of the analyzed flavonols. However, further decomposition of kaempferol,
quercetin, and isorhamnetin was observed. The levels of remaining flavonols calculated as average
amount for five volunteers was as follow: 55.42% ± 8.12 of kaempferol, 23.17% ± 5.48 of quercetin,
and 39.37% ± 11.11 of isorhamnetin. This indicates that, even after long time of incubation, the order
of stability of flavonols remains the same. Since it is known that the stability of flavonoids strongly
depends on the pH, we controlled it during the experiment. For all solutions, pH fluctuation ranged
from 6.96 ± 0.10 to 7.06 ± 0.15 at the beginning and from 6.98 ± 0.12 to 7.39 ± 0.09 at the end of the
experimental period.

Several studies have reported that saliva can hydrolyze flavonoids glycosides, hence we checked
four quercetin glycosides: rutin (quercetin 3-rhamnoglucoside), quercitrin (quercetin 3-rhamnoside),
hyperoside (quercetin 3-galactoside), and spiraeoside (quercetin 4′-glucoside). Preliminary studies
showed that all of the analyzed glycosides were stable in the presence of saliva. The results obtained
for rutin and quercitrin are in good agreement with previous studies, which showed that these two
glycosides were hydrolyzed very slowly or were resistant to salivary hydrolysis [12,31]. On the other
hand, lack of spiraeoside hydrolysis was inconsistent with experiments which suggested that glucose
conjugates are rapidly hydrolyzed to corresponding aglycones [11,12]. However, in the same study,
a large interindividual variability in hydrolysis rate was also observed. According to the aim of our
study, it is interesting to note that sugar moiety attached to flavonol inhibits C-ring decomposition.

The presented studies allow creating the general scheme of flavonols’ degradation in the presence
of two oxidation agents: H2O2 and saliva (Figure 5). Table 2 presents the summarized products
detected in samples after oxidation with H2O2 and saliva.

208



Appl. Sci. 2020, 10, 7511

Figure 5. General scheme of flavonols’ degradation in the presence of saliva.

Table 2. Comparison of products detected with H2O2 and saliva oxidation.

Kaempferol Quercetin Isorhamnetin Myricetin

H2O2 Saliva H2O2 Saliva H2O2 Saliva H2O2 Saliva

Depside 1 − − + + − − − −
Depside 2 − − − + − − + +

2,4,6−trihydroxybenzoic acid − − + − − − + −
Benzoic acid derivative + + + + + + + +

− not detected; + detected.

Overall, decomposition of flavonols is based on the cleavage of heterocyclic C-ring, with no
changes in hydroxyl and methoxy substituents in A-ring and B-ring. Decomposition of myricetin and
quercetin leads to the formation of gallic and protocatechuic acid, respectively, which exhibit high
redox potential due to the presence of adjacent hydroxyl groups attached to the aromatic ring [43].
Contrarily, vanillic and 4-hydroxybenzoic acids were found to be less efficient in radical neutralization
reaction [43].

As mentioned above, the human oral cavity contains numerous and diverse microorganisms as
commensals. It is known that microbiota can split the flavonoids by opening the heterocyclic ring and
releasing simpler aromatic compounds, such as hydroxyphenylacetic acids from flavonols, which could
be further metabolized to derivatives of benzoic acid [44]. Taking that into consideration, we decided
to incubate quercetin, as a representative flavonol, with saliva containing microorganisms (filtration
through 0.45 μm filters) and without microorganisms (filtration through 0.22 μm sterile filters). In both
cases, quercetin was degraded to the same extent during its incubation to protocatechuic acid, as a
dead-end product. This indicates that the decomposition of quercetin is independent of the presence
of microbiota.

4. Conclusions

As noted in this study, the stability of flavonols in the presence of saliva solution strongly depends
on the number of hydroxyl groups attached to the B-ring. Indeed, flavonol stability decreases with
increasing B-ring substitution. This proves that saliva is a next oxidative agent, besides UVA and UVB
radiation, air, enzymes, and free radicals, which leads to the formation of corresponding phenolic acids
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as dead-end products of flavonols. The obtained results indicate that myricetin is the most effective
flavonol in the process of neutralizing free radicals formed in the oral cavity, due to its easy oxidation
caused by the presence of three hydroxyl groups in the B-ring of this compound. Quercetin and
isorhamnetin can also be regarded as quite effective antioxidants, capable of oxidizing in the presence of
saliva. Nevertheless, their degradation products such as gallic acid and protocatechuic acid still possess
reducing potential and are well-known antioxidant units. Rutin (quercetin 3-rhamnoglucoside) and
quercitrin (quercetin 3-rhamnoside), as well as, surprisingly, hyperoside (quercetin 3-galactoside) and
spiraeoside (quercetin 4′-glucoside), were resistant to hydrolysis in the presence of saliva. Nevertheless,
due to the interindividual fluctuations, further analyses should be elucidated on that issue. However,
the most intriguing seems to be the relatively short residence time of most foods and their bioactive
compounds in the oral cavity. Even so, it should be noticed that this time is sufficient for flavonols
decomposition, which clearly shows the process of flavonols metabolic transformation starts in the oral
cavity. Hence, studies on flavonols metabolism should take under consideration that, in subsequent
parts of the human digestive tract, they could be present not in their parent form but as phenolic acids.
Consequently, information on the bioavailability and metabolic pathway of such dietary bioactive
compounds is a key part in understanding their beneficial influence on human health.
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