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Abstract 
 

An original method for the preparation of N,N’-bis(endo-5-norbornen-2,3-dicarboxy-imidyl) carbonate from endo-N-hydroxy-5-

norbornen-2,3-dicarboximide in basic catalyst has been investigated. FT-IR studies performed in order to monitor the reaction 

allowed the identifying of the laboratory optimal conditions (reaction time, molar ratio). The method requires limited quantities of 

organic solvents and reagents, leading to an economical and environmental friendly process for the preparation of a new 

symmetrical organic carbonate. 
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1. Introduction 

 

Within the current orientation of organic 

synthesis and, in general, of chemistry towards the 

sustainable chemical development (green chemistry), 

the use and expansion of non-polluting chemical 

technologies, and towards the environmental 

protection by the replacement of chemical toxic 

compounds, the use of the phosgene derivatives in the 

carbonylation reactions has been avoided.  

Reactive organic carbonates with leaving 

groups are considered non-toxic phosgene substitutes 

(Segneanu et al., 2009). The increase of their 

reactivity is due to the electron withdrawing effect of 

the succinimidyl, phtalimidyl and 5-norbornen-2,3-

dicarboximidyl groups, respectively. Symmetrical 

organic carbonates with leaving groups have been 

used in order to obtain important intermediates used 

in biochemistry and pharmaceutical industry.  

The reactivity studies of succinimidyl, 

phthtalimidyl and 5-norbornen-2,3-dicarboximidyl 

carbonates towards oxygen and nitrogen nucleophiles 

proved to be useful due to the applicability of the 

resulting compounds in avant-garde fields of 

chemistry, such as biochemistry and the 

pharmaceutical industry (Segneanu, 2006; Segneanu, 

2007). 

Symmetrical organic carbonates like N,N’-

disuccinimidyl carbonate, N,N’-diphtalimidyl 

carbonate or N,N’-bis(5 – norbornen - 2, 3 -

dicarboximidyl) carbonate were obtained from the 

reaction between the N-hydroxy compound (R-OH, 

where R is the succinimidyl, ftalimidyl or the 5-

norbornen-2,3-dicarboximidyl group) and a silylation 

agent, followed by the reaction between phosgene and 

the silylated compound.  

An alternative for the synthesis of the above-

mentioned compounds is represented by the reaction 

between the N-hydroxy compounds and diphosgene 

in the presence of a non-polar solvent (xylene), as 

presented in the reaction (1) (Ogura, 1982). 

The symmetrical organic carbonates have 

many important applications: they may be used for 

the insertion of a carbonyl group between amino, 

hydroxyl and thio groups for the synthesis of urea, 

carbamates, dithiocarbamates and isothiocyanates. 
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R OH+TMS-DEA R O Si (CH3)3
R= succinimidyl, ftalimidylgroup

COCl2 R O C

O

O R

0oC
THF

     (1) 

 

They can also be used as dehydrating agents. 

Another important application is the peptide synthesis 

area, where they are used for the preparation of the 

reactive esters of the amino acids (Ogura, 1982).  

The N-hydroxyimidic derivatives show both a 

weak acid character and a nucleofuge-like behavior in 

the nucleophilic substitution reactions, due to their 

electron withdrawing effect. There are a number of 

studies concerning the ester derivatives of the N-

hydroxyl compounds rather than regarding the 

reactions or the properties of the N-hydroxyimidic 

cycles (Imajo, 1981). 

The aim of this paper is to prepare a new 

symmetrical reactive carbonate by minimizing the 

pollution and reducing the quantity of chemical waste 

with negative impact on the environment and human 

health. By means of FT-IR spectroscopy, the 

synthesis of the N,N’-bis(endo-5-norbornen-2,3-

dicarboximidyl) carbonate starting from the endo-N-

hydroxy-5-norbornen-2,3-dicarboximide, a coupling 

reagent used in the synthesis of the peptides, both in 

solution- and solid-phase, was monitored. 

This paper reports the investigation of new 

symmetrical reactive carbonate with leaving groups 

by an original procedure. 

 

2. Materials and methods 

 

The IR spectra were recorded in KBr pellets 

(in the case of solid compounds) and the reaction 

monitoring was carried out in thermostatic silicon 

cells of 0.137 mm thickness on a Jasco FT/IR-430 

instrument. All reagents were purchased from 

chemical suppliers and used without further 

purification. 

Endo - N- hydroxyl – 5 - norbornen - 2, 3-

dicarboximide (110.8 mg, 0.618 mmol) was dissolved 

in tetrahydrofurane (15 mL), bis(trichloromethyl) 

carbonate (TPG) (60.6 mg, 0.204 mmol) and tri-n-

butylamine (288 µl, 2.87 mmol) was added. The 

reaction mixture was stirred at room temperature and 

then was monitored by FT-IR spectroscopy. 

 

3. Results and discussions 

 

The described procedure for the preparation of 

reactive succinimidyl and phtalimidyl carbonates was 

investigated (Kundu, 1994), also the results of IR 

monitoring of the synthesis of N,N’-bis(endo-5-

norbornen-2,3-dicarboximidyl) carbonate were used 

in order to  develop a new efficient synthetic route for 

symmetrical norbornenyl carbonates (1) starting from 

endo - N - hydroxy- 5 – norbornen -2,3-dicarboximide 

(reaction (2)). 

The IR monitoring of the reaction was 

necessary for the identifying of the optimal laboratory 

conditions (reaction time, molar ratio), and for the 

determination of the symmetrical norbornene 

carbonate formation, respectively. 

 

 
     (2) 

 

The reaction occurs in a heterogeneous 

medium, at room temperature (25°C) due to the low 

solubility of the endo-N-hydroxy-5-norbornen-2,3-

dicarboxyimide in THF. First, the IR spectrum of the 

mixture between the endo-N-hydroxy-5-norbornen-

2,3-dicarboximide and bis(trichloromethyl) carbonate 

in THF was recorded, followed by the IR spectrum of 

the mixture of endo-N-hydroxy-5-norbornen-2,3-

dicarboximide, bis(trichloromethyl) carbonate and tri-

n-butylamine in THF.  

The spectroscopic data obtained in the 2500-

1400 cm
-1

 region (Fig. 1) led to the following 

statements: in the first minutes after the tri-n-

butylamine was added in the reaction mixture (endo-

N-hydroxy - 5 - norbornen - 2, 3 - dicarboximide and 

bis(trichloro-methyl) carbonate in THF) the 

pronounced decrease of the endo – N – hydroxyl – 5 – 

norbornen – 2, 3 -dicarboximide absorption bands 

around 1720 cm
-1

 simultaneous to an increase of the 

1754 cm
-1

 band and to the appearance of an intense 

band corresponding to the N,N’-bis(endo - 5 - 

norbornen - 2, 3 - dicarboxyimidyl) carbonate around 

1857 cm
-1 

may be observed. 

The IR spectra of the reaction mixture 

(recorded at different moments after the reaction 

began) show the disappearance of the valence 

vibrations band of the carbonyl group from the 

symmetrical carbonate; their intensity is 

simultaneously decreasing with increasing of the 

reaction time. Thus, the spectrum recorded at 22 

hours at room temperature after the reaction began, 

testifies the disappearance of the 1857 cm
-1

 band and 

the diminishing of the intensity of the 1754 cm
-1

 

band, simultaneously to the increase of the intensity 

of the 2336 cm
-1

 band, confirming the total 

decomposition of the N,N’-bis(endo-5-norbornen-2,3-

dicarboximidyl) carbonate (Fig. 1).  

Also, a FT-IR study regarding the molar ratio 

influence on the synthesis of the N,N’-bis(endo-5-

norbornen-2,3-dicarboximidyl) carbonate was 

performed (Fig. 2). 

The performed studies on the synthesis of 

N,N’-bis(endo - 5 - norbornen - 2, 3 - dicarboximidyl) 

carbonate showed that, when two bis 

(trichloromethyl) carbonate  equivalents are added at 

room temperature, there are no changes in the 

intensity of the specific symmetrical norbornene 

carbonate bands (1754 and 1856 cm
-1

). Also, the 

increase of the reaction time leads to a decrease (up to 

disappearance) of the corresponding absorption bands 

of the N,N’-bis(endo-5-norbornen-2,3–dicarboxi-
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midyl) carbonate, confirming its decomposition as 

resulted from the IR spectrum recorded after a 22 

hours reaction time (Fig. 2). 

In order to determine the optimal conditions 

for the synthesis of the N,N’-bis-(endo-5-norbornen-

2,3-dicarboximidyl) carbonate starting from endo-N-

hydroxy-5-norbornen-2,3-dicarboximide, bis(trichloro 

methyl) carbonate and tri-n-butylamine in THF, it 

was performed a comparative study of the synthesis 

of the symmetrical carbonate by varying the molar 

ratio of the reactants (Fig. 3). 

 

 
 

Fig. 1. FT-IR study for synthesis of symmetrical norbornene carbonate 
1. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG in THF at 25°C; 2. The IR spectra of the endo-N-hydroxy-5-

norbornen-2,3-dicarboximide + TBA in THF at 25°C; 3. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG+TBA in 

THF at  25°C; 4. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG+TBA in THF at 25°C, after 22 hours. 

 

 

 
 

Fig. 2. Influence of condition reaction over synthesis of symmetrical norbornene carbonate – FT-IR study 

1. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide in THF at 25°C; 2. The IR spectra of the endo-N-hydroxy-5-norbornen-

2,3-dicarboximide + TPG in THF at 25°C; 3. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG+TBA in THF at  

25°C; 4. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG+TBA in THF at 25°C and 22 hours; 5. The IR spectra of 

the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + 2 equiv. TPG in THF at 25°C; 

 



 

Segneanu et al./Environmental Engineering and Management Journal 9 (2010), 8, 1139-1143 
 

 1142

 
 

Fig. 3. Stability and decomposition of symmetrical norbornene carbonate FT-IR study 
1. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + TPG+TBA in THF at 25°C; 2. The IR spectra of the endo-N-hydroxy-

5-norbornen-2,3-dicarboximide + 2TPG+TBA in THF at 25°C; 3. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + 

2TPG+2TBA in THF at 25°C; 4. The IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + 2TPG+3TBA in THF at 25°C; 5. The 

IR spectra of the endo-N-hydroxy-5-norbornen-2,3-dicarboximide + 2TPG+4TBA in THF at 25°C; 6. The IR spectra of the endo-N-hydroxy-5-

norbornen-2,3-dicarboximide + 2TPG+5TBA in THF at 25°C 

 

 

An IR study regarding the influence of the 

bis(trichloromethyl) carbonate excess and the 

decomposition of the symmetrical norbornene 

carbonate was performed. The evolution of the two 

bands corresponding to the endo-N-hydroxy-5-

norbornen-2,3-dicarboximide and the appearance of 

the specific bands of the N,N’-bis(endo-5-norbornen-

2,3-dicarboximidyl) carbonate and its salt formed 

with tri-n-butyl amine were monitored.  

The spectroscopic data recorded in the 2500-

1400 cm
-1

 region (Fig. 3) corresponding to the 

valence vibrations of the carbonyl group, led to the 

following conclusions: in the first minutes of the 

reaction, after 1 tri-n-butyl amine equivalent was 

added, it may be observed the appearance of 1803 cm
-

1
 and 1857 cm

-1
 bands, corresponding to the N,N’-bis 

(endo-5-norbornen-2,3-dicarboximidyl) carbonate. 

The appearance of these bands it was also observed 

when an excess of bis(trichloromethyl) carbonate was 

used.  

The use of an amine excess (two or three tri-n-

butyl amine equivalents) led to a slight decrease of 

the intensity of the specific symmetrical carbonate 

bands (Fig. 3). When a higher excess of amine was 

used (4 or 5 equivalents) there are no changes in the 

IR spectra; it can only be observed a slight 

decomposition of the symmetrical carbonate, 

highlighted by the diminished intensity of the 1803 

and 1857 cm
-1

 bands, simultaneously with an increase 

of the intensity of the 2337 cm
-1

 band (attributed to 

CO2) and of the 1467.5 and 1459 cm
-1 

bands, 

corresponding to the alkyl groups. The symmetrical 

carbonates with leaving groups are versatile 

compounds that represent an attractive eco-friendly 

alternative for toxic traditionally phosgene 

substitutes.  

The synthesis of norbornenyl carbonate 

represents the starting point for the obtaining of some 

new intermediates (unsymmetrical norbornenyl 

carbonates) useful in the peptide synthesis field, for 

the preparation of active esters and also in the 

alkoxycarbonylation reactions for the protecting the 

amino groups from amines and aminoacids. 

 

4. Conclusions 

 

It can be observed that the reaction takes place 

as soon as the tri-n-butyl amine is added in the 

reaction mixture (endo-N-hydroxy-5-norbornen-2,3-

dicarboximide and bis(trichloromethyl) carbonate 

dissolved in tetrahydrofurane). The performed FT-IR 

study for the synthesis of the N,N’-bis (endo-5-

norbornen-2,3-dicarboximidyl) carbonate showed that 

using an excess of bis(trichloromethyl) carbonate 

doesn’t influence the formation of the above-

mentioned compound. The increasing of the reaction 

time led to the decomposition of the N,N’-bis (endo-

5-norbornen-2,3-dicarboximidyl) carbonate. 

The FT-IR study of the decomposition of 

N,N’-bis (endo-5-norbornen-2,3-di-carboximidyl) 

carbonate in the presence of an important amine 

excess showed that the valence vibrations bands of 

the carbonyl group from the symmetrical carbonate 

do not have significant changes; it may be observed 

only a small decrease of their intensity, due to the 

extend of the reaction time. 
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Abstract 
 
Water quality is an inportant concern for the ecosystem state from a particular region. Since the continuous urban and economic 
development induces a negative impact on entire hydrological cycle, this study investigates the water quality of a Romanian lake, 
located in the Surduc area - Timis County. This perimeter has undergone significant economic development in the past two 
decades due to increased tourism potential and the number of holiday residences. 
We proposed hybrid materias for the degradation of organic pollutants from the lake water. Particle size, morphology and 
properties of the hybrid materials are investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), DRUV-VIS spectroscopy and TOC determinations. 
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1. Introduction 
 
Water quality became an integral part of 

environmental quality management in today’s world, 
when clean water is essential for humans, animals 
and plants. The demand for clean water and 
sanitation (including wastewater treatment) has been 
steadily rising with the rapid increasing in 
urbanization and population within civil habitats. 
That fact denotes the importance of water resources 
in the environment and its impact on humans, 
animals and plants under conditions of ever 
increasing anthropogenic activities linked to over 
population (Balica et al., 2012; Dinh et al., 2012; Van 
et al., 2012).  

Streams, rivers and lakes located in areas of 
urban development are often associated with 
increased sediment load, trash, degraded water 
quality, and increased flooding (Jonoski et al., 
2012a,b; Moya Quiroga et al., 2013; Muste et al., 

2010; Quinn et al., 2010; Popescu et al., 2010, 2012a, 
b, c; Sonal et al., 2012). 

Most often, accelerated development of tourist 
areas represent the main pollution causes for rivers 
and lakes in those regions. Untreated domestic 
wastewater, the increase of sewage quantity all 
contribute to water quality deterioration. The main 
effect is hypertrophication, since the over-enrichment 
of lakes and rivers with nutrients, causes toxic algae 
blooms, deoxygenating, foul odors, fish kills, and 
heavy economic losses to communities that depend 
on clean water for drinking, recreation or industrial 
use. Although there are many studies over 
photocatalytic methods applied in water treatment, 
this type of techniques continues to play an important 
role in water decontamination processes due to the 
fact that are environmental friendly (Corma et al., 
2004; Ignat et al., 2011; Zhang et al., 2011). 
However, to increase the photonic efficiency is 
necessary to develop hybrid photocatalysts (Dubey et 
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al., 2006; Farnandez et al., 1995; Konstantinou et al., 
2004). 

The aim of this study was to identify a simple 
and efficient method for the degradation of organic 
compounds from water using materials based on Z-
Na-TiO2. Also, it will establish the levels of water 
pollution and used materials for treat it. 

 
2. Material and methods 

 
Water samples were colected from three 

different zones of the Surduc Lake denoted by P1, P2 
and P3 These individual water samples was taken 
and deposited in the same collection bottle and was 
kept at 4oC for 24 hours. Before analysis the water 
samples were homogenized by ultrasonic treatment 
and then water samples were filtered through a 0.45 
um filter. 

 
Chemicals 

Romanian zeolitic mineral from Mirsid, used 
as support for doped TiO2 loading, was supplied by 
CEMACON Company, Romania. The diameter of 
grains size selected to carry out the experiments was 
between 315-500 µm with the mass composition 
62.20% SiO2, 11.65% Al2O3, 1.30% Fe2O3, 
3.74%CaO, 0.67% MgO, 3.30% K2O, 0.72% Na2O 
and 0.28% TiO2. 
 
3. Experimental 
 
3.1. Total organic carbon content 

 
The TOC analyzer used in this study was a 

SHIMADZU TOC-VCPN equipped with a 94 – 
position auto sampler. The TC principle analysis was 
catalytic combustion at high temperature (900oC) and 
for IC –acidification at 200oC (Akpan et al., 2009). 
The amount of water samples used for TOC analysis 
was 25mL and reagent used was phosphoric acid, 1:1 
v/v. 

 
3.2. Atomic Absorption Spectrometry (AAS)  

 
The tests for determination of heavy metals 

contents from water samples were conducted under 
international standard ISO 15586:2003 (E), with 
equipment: Analytik Jena novAA 400G - apparatus, 
with a graphite furnace, equipped with autosampler 
MPE60 and software WinAAS 3.17.0. Examined 
materials: samples of water (2mL) Substances: nitric 
acid, ultrapure water.  

The samples were treated with 5.5 mL HNO3 
65% and subjected to digestion in a Berghof 
microwave oven MWS 2, using a three stages 
program: T1=160°C, t1= 15 min, p1= 80%. T2=210 
°C, t2=15 min, p2=90% and T3, t3=15 min, p3=0%. 
After digestion, the sample is brought to a volume of 
100 mL with ultrapure water. 

  
3.3. Preparation of photocatalyst 

 

The catalytic material based on natural zeolite 
modified with undoped TiO2 nanocrystals was 
obtained by microwave-assisted hydrothermal 
conditions (Kitano et al., 2007). Titanium dioxide 
photocatalyst was previous obtained by classical sol-
gel method, pure anatase phase. 

The preparation of the chemically modified 
zeolite presumes two stages to reach acid form (H 
form) by using a 2M HCl solution and sodium form 
(Na form) with 2M NaNO3 solution for a more 
efficient ion exchange. Consequently, Na forms of 
natural zeoliteare expected to remove other cations 
easily in ion-exchange applications. The microwave 
synthesis was performed in a microwave reaction 
system, Multiwave 3000, produced by Anton Paar at 
2.45 GHz for a continuous power of 1000 W. The 
temperature measurements were recorded with an IR 
sensor depending on solution content from autoclave. 
Therefore, an amount of Z-Na was mixed with 40 
mL distilled water and undoped TiO2 (2wt%), in 
aqueous solution under continuous stirring for 4 
hours. The obtained solutions were introduced into a 
Teflon autoclave with a 50% degree of fullness, for 
30 min to 180°C, under microwave radiations. After 
autoclaving, the catalytic materials (Z-Na-TiO2) was 
washed with distilled water and dried at 60°C for 5 
hours. 
 
3.4. Characterization of catalytic material 

 
The crystallinity of the prepared samples was 

investigated by X-Ray diffraction (XRD) using 
PANalytical X’PertPRO MPD Difractometer with Cu 
Cu Kα radiation λ = 1.5406Å, 2θ-step of 0.01◦ from 
10 to 100. Scherrer equation, d = 0.9λ/ (B cos θ) was 
used to estimate grain average sizes of crystallites, 
where B is the half height width of the reflection 
peak at 2θ and λ is the wavelength of the radiation. 
Scherrer equation, d = 0.9λ/ (B cos θ) was used to 
estimate grain average sizes of crystallites, where B 
is the half height width of the reflection peak at 2θ 
and λ is the wavelength of the radiation. The 
morphology of hybrid materials was observed using 
an Inspect S PANalytical model scanning electron 
microscopy (SEM) using coupled with the energy 
dispersive X-ray analysis detector (EDX). The 
semiquantitative elemental analysis was analyzed 
through EDAX facility of SEM. 

The light absorption properties of catalytic 
materials were studied by UV–VIS diffuse 
reflectance spectroscopy (DRUV-VIS), performed 
under ambient conditions using Lambda 950 Perkin 
Elmer with the wavelength range of 200–430 nm. 
The blank sample was used as the reference. 

 
3.5. Photocatalytic degradation procedure  

 
The photocatalytic activities of the prepared 

catalytic materials were assessed by application of 
6W UV irradiation at room temperature for 2 hours. 
The volume of the reaction solution was 50mL, into 
which 0.05 g of photocatalyst (Z-Na and Z-Na-TiO2) 
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was added. After an irradiation time of 2 h, the 
suspension was sampled and filtered through a 0.2 
µm membrane filter. Also, the mineralization degree 
was assessed by monitoring total organic carbon 
(TOC) parameter using a SHIMADZU TOC-VCPN. 

 
4. Results and discussion 

 
 Catalytic materials based on natural zeolite 
modified with undoped TiO2 (Z-Na-TiO2) was 
synthesized in microwave-assisted hydrothermal 
conditions. X-ray diffraction, DRUV-VIS 
spectroscopy and SEM/EDX and TOC analysis were 
used for the characterization of catalytic materials. 
Morphological and structural analysis of the catalytic 
material was investigated by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and 
energy-dispersive X-ray spectroscopy (EDX). 
 
4.1. Water analysis 

 
Establisment of water pollution level was 

acomplish by two different analytic methods: TOC 
detection and atomic absorption spectrometry.  
 
4.2. TOC analysis 

 
Measurement of TOC is a much more fast 

method to determine the organic matter content in 
water and wastewater, which is directly related to 
total organic content. Organic, inorganic and total 
carbon content was measure from the water samples. 
The results are shown in the Table 1.  

From TOC analysis results can be determinate 
the average of organic content of the lake water 
which is 21.31 mg/L. According to the date base 
values of TOC higher than 20 mg/L corresponds to 
poluted water (Table 2).  
 
4.3. Atomic absorption spectrometry (AAS) 

 
The evaluation of the metals contents (As, Cu, 

Pb, Zn, Cd, Fe and Ni) from water samples was 
performed through atomic absorption spectroscopy. 
The results of the analysis are presented in Table 3. 

From the results obtained in Table 2 it can be 
seen that in water samples was found only two 
metals: iron and zinc in concentrations much lower 
than national and international regulation for 
drinking water: 200 μg/L for Fe and 5000 μg/L 
(Clesceri, 1996; Law 458, 2002; Law 311, 2004; 
Statutory Instruments, 2007). 
 
4.4. Characterization of catalytic material  
 
4.4.1. X-ray diffraction analysis 

Fig. 1a and b described XRD patterns of 
catalytic materials i.e., Z-Na and Z-Na-TiO2. For 
comparison, the XRD pattern of the natural zeolite 
(Z-Na) is also shown in Fig. 1a. The presented results 
revealed that the natural zeolite used is mostly 
clinoptilolite (2theta: 10°; 22.5°; 30°) (Bowman, 
2003; Kowalczyk et al., 2006; Korkuna et al., 2006). 

It can be seen that the main peak positions of 
natural zeolite (clinoptilolite) are unchanged, 
indicating that the structure of natural zeolite has a 
good thermal stabilization, after the microwave-
assisted hydrothermal treatment. 
 
4.4.2. DRUV-VIS spectroscopy 

DRUV-VIS patterns are examined to 
determine the light absorption quantification and 
absorption wavelength range correlated with band 
gap energy. Fig. 2 presents an intense absorption 
maximum at ~260 nm, which can be assigned to 
isolated titanium with tetrahedral coordination. 
Another absorption range found in the range of 300–
370 nm indicates that some titanium is also in an 
octahedral environment (Dabici et al., 2011). 

 
Table 1. Results of TOC analyses 

 
Water Sample  TOC (mg/L) TC (mg/L) IC (mg/L) 

P1 20.78 21.56 0.7808 
P2 21.27 21.81 0.5452 
P3 21.89 22.27 0.3800 

 
Table 2. Levels of TOC in various water streams (SIST ISO 8245, 1999; Clesceri et al., 1996) 

 
Type of water TOC (mg/L) Type of water TOC (mg/L) Type of water TOC (mg/L) 

High purity water <0.01 Seawater <1 Surface water <10 
Ground water <1 Drinking water <4 Wastewater >20 

 
Table 3. Concentration of metals detected by AAS analysis 

 
Water Sample As (µg/L) Cu (µg/L) Ni (µg/L) Pb( µg/L) Cd (µg/L) Fe (µg/L) Zn (µg/L) 

P1 * * * * * 67.56 22.42 
P2 * * * * * 52.64 24.24 
P3 * * * * * 46.88 15.47 
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a) 

 
b) 
 

Fig. 1. a) XRD patterns of Z-Na material, b) XRD patterns of Z-Na-TiO2 materials 
 

 
For the catalytic material modified with 

undoped TiO2 the absorption bands intensity is 
higher in UV domain, because the anatase form of 
undoped TiO2 with the band gap energy about 3.2 eV 
strongly adsorbs in this domain. The SEM images 
(Fig. 3a, b) show the lamellar texture of clinoptilolite, 
according to the literature data (Kowalczyk et al., 
2006).  

The TiO2 particles are distributed randomized 
and form cluster agglomerate groups on the surface 

and in site of zeolite channels. At a larger 
magnification (mag. 12.000X), it is obvious that the 
TiO2 nanocrystals (spherical form) are non-uniformly 
distributed on the zeolite surface.  

EDX results, that provided a semiquantitative 
elemental analysis of the surface, indicate that Ti was 
present on the zeolite surface. Also, this natural 
zeolite contains the major elements such as Na, Si, 
Al, Ca, K and Mg as can be seen from the EDX 
spectra (Figs. 3c, d). 
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Fig. 2. DRUV-VIS spectra of catalytic materials  
(a) Na-Z- and (b) Z-Na-TiO2 

 
4.5. Photocatalytic activity 

 
The prepared catalytic materials, Na-Z and Z-

Na-TiO2 were used to degrade and mineralize 
organic compounds under ultraviolet light irradiation 
for 2 h, and the results are presented in Figs. 4-6.  

The performance of the photocatalytic 
activities of materials was determined comparatively 
for the degradation of organic compounds from water 
samples (P1-P3) by photocatalysis and photolysis 
under 6W UV irradiation at wavelengths of 254-365 
nm at room temperature, after 2 hours of 
illumination. In comparison the Z-Na material was 
tested for degradation of pollutants from water.  

 

The volume of the reaction solution was 
50mL, into which 0.05 g of photocatalyst (Z-Na and 
Z-Na-TiO2) was added. After irradiation time of 2 h, 
the suspension was sampled and filtered through a 
0.2 µm membrane filter. Also, the mineralization 
degree was assessed by monitoring the removal 
efficiency expressed by total organic carbon (TOC) 
parameter reduction. It can be observed from the 
Figs. 4-6 that by comparison with other catalytic 
material tested (Z-Na), the hybrid material based on 
TiO2 presents a good photocatalytic activity. 

 
5. Conclusions 

 
This study has demonstrated the 

photocatalytic efficiency of hybrid materials obtained 
through microwave-assisted hydrothermal synthesis. 
The performance of the photocatalytic activities of 
materials was determined comparatively for the 
degradation of organic compounds from real water 
(Surduc Lake, Romania) from three different areas, 
by photocatalysis and photolysis under 6W UV 
irradiation at wavelengths of 254-365 nm at room 
temperature, after 2 hours of illumination. In 
comparison the Z-Na material was tested for 
degradation of pollutants from water. 

Thus, materials based on Na-Z and Z-Na-TiO2 
was used to degrade and mineralize organic 
compounds from water samples under ultraviolet 
light. The performance of the photocatalytic activities 
of materials was determined comparatively by 
photocatalysis and photolysis. 
 

 
 

a) c) 

 d) 
b) d) 

Fig. 3. SEM morphology for Z-Na-TiO2 (a and b) and elemental analysis of Z-Na-TiO2 (c and d) 
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Abstract 
 
Changing fuel consumption to a more ecological environmentally alternative is replacing fossil fuels with fuels generated from 
renewable resources. Ethanol, a renewable fuel, can be produced mainly from crops, lignocellulosic biomass and different other 
environmental wastes. Although ethanol has been produced mainly from crops, there is a great interest in using cheaper 
lignocellulosic materials as a feedstock for ethanol production.  
The aim of this paper is study of dilute acid hydrolysis of different types of biomass using the microwaves radiation. Acid 
hydrolysis of biomass will be accomplished in a speedwave TMMVS-2 system, at 130-170˚C, for 35 minutes, at high pressure. 
Dilute-acid hydrolysis is a cheap and fast process to obtain sugar from lignocelluloses materials. 
The suggested method offers multiple advantages: an important decrease of energy consumption, reducing of reaction time and 
reaction temperature optimization by the microwave generator. 
The resulting compounds were analysed by HPLC chromatography and UV-VIS spectroscopy. 
 
Key words: dilute-acid hydrolysis, ethanol, lignocellulosic biomass, microwave, renewable fuel 
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1. Introduction 
 

Fossil fuels available on earth will be 
exhausted within the foreseeable future. The 
worldwide depletion midpoint for conventional oil is 
expected to be reached in the next years, and a decline 
in the oil reserves/production ratio will commence 
(Ciubota-Rosie et al., 2008; Gavrilescu M., 2008). 
The forest and agriculture industry can supply 
renewable biomass that can be valuable in providing 
electrical/heat energy, transport fuels or chemical 
feedstock (Lako et al., 2008; Gavrilescu D., 2008; 
Shulga et al., 2008)  Softwoods are the dominating 
source of lignocellulosic material in the northern 
hemisphere (Kishi and Fujita, 2008; Lăzăroiu et al., 
2008; Palm and Zacchi, 2003). 

Biomass is a complex material made up of 
three major organic fractions as follows: 30%–55% 
cellulose, 10%–40% hemicellulose, and 15%–30% 
lignin. 

Biomass also contains smaller amounts of 
minerals (ash) and various so-called extractives (Fig. 
1). 

Lignocellulosic materials are renewable, 
largely unused, and abundantly available sources of 
raw materials for the production of fuel ethanol. 
Lignocellulosic materials can be obtained at low cost 
from a variety of sources (agricultural and forestry 
residues, domestic wastes, municipal solid waste, 
waste paper, and crop residue resources (e.g. sugar 
cane bagasse, corn cobs and corn stover). 

These materials contain sugars polymerized in 
form of cellulose and hemicellulose, which can be 
liberated by hydrolysis and subsequently fermented to 
ethanol (Taherzadeh and Karimi, 2007). 

The main environmental advantages of fuel 
ethanol are its sustainability in using a renewable 
resource as a feedstock, thus promoting independence 
of fossil fuel, and maintaining the level of greenhouse 
gas (CO2) (Demirbas, 2005). 
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The carbohydrate polymers in the 
lignocellulosic materials need to be converted to 
simple sugars before fermentation, through a process 
called hydrolysis. There are several possible methods 
to hydrolyze lignocelluloses, the most commonly 
applied method can be classified in two groups: 
chemical hydrolysis and enzymatic hydrolysis. 

Cellulose and hemicelluloses can be converted 
to ethanol, while lignin remains as a by-product: 

 

 
 
A generally simplified representation of the 

process for ethanol production from lignocellulosic 
materials by chemical hydrolysis is shown in Fig. 2. 
The lignocellulosic raw materials are milled initially 
to sizes of a few millimeters, and then they are 
hydrolyzed to obtain fermentable sugars. Several by-
products may be formed or released in this step. If 
highly toxic hydrolyzates are then formed, a 
detoxification stage is necessary prior to fermentation. 
The hydrolyzates are then fermented to ethanol in 
bioreactors. The ethanol is distilled to 90-95% purity 
by distillation. If fuel ethanol is desired, it should be 
further dehydrated to >99% by e.g. molecular sieves, 
to enable its blending with gasoline (Taherzadeh and 
Karimi, 2007). 

2. Experimental  
 
The analysis of lignocellulosic materials 

depends on the method of analysis and also on the 
sample preparation. The analysis of hydrolyzate and 
fermentation broths based on lignocellulosic 
hydrolizates is not straightforward, since the solution 
contains a complex array of sugars, phenolic 
compounds, organic acids, furans, and other 
degradation products.  

Table 1 presents the main crop waste 
composition from agriculture or forestry used for 
ethanol production (Purwadi, 2006). 

 
Table 1. The main crop waste composition used in the 

biofuel production process 
 

Lignocellulosic 
biomass 

Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin 
(%) 

Hardwood  40-45 24-40 18-25 

Softwood  45-50 25-35 25-35 
Corn straws 45 35 15 
Rice straws 32.1 24 18 
Sugarcane waste 33.4 30 18.9 
Wheat straws 30 50 15 
Leaves  15-20 80-85 0 
Switchgrass  45 31.4 12 

 
 

 

 
 

Fig. 1. Composition of lignocellulosic materials and their potential hydrolysis products 
 

 
 

Fig. 2. Biofuel production process from lignocellulosic biomass 
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It was used the hydrolysis method with dilute 

acid due to the major advantage of high reaction rate 
which allows a continuous processing. 
 
2.1. Raw material 
 

The raw materials (sawdust) was first reduced 
of a few millimeters by destroying its cell structure to 
make it more accessible to further chemical or 
biological treatment, and then they are hydrolyzed to 
obtain fermentable sugars. The biomass was formed 
by: poplar, oak, robinia obtained from: wood 
processing (wood chips) and the crumbling of the 
wood wastes.  

 
2.2. Experimental setup 
 

For biomass acid hydrolysis was used a 
Microwaves speedwaveTMMVS-2 system in the 
temperature interval 130-170oC, for 35 minutes at 
pressure.  

The chemical composition of the sawdust after 
pretratment (acid hydrolysis) was determined by 
high-performance liquid chromatography (HPLC). 
This equipment was formed from a quaternary pump, 
JASCO PU-2089, autosampler JASCO AS-2055 Plus, 
and light scattering detector ELSD 300 (Soft 
Corporation, USA). Analysis column was a Tracer 
Extrasil NH2 (Teknokroma, Spain), with dimensions 
of 15 x 0.56 cm. As eluent was used the mixture 
acetonitrile-water 75:25 in isocratic medium, flow 1 
mL/min at ambient temperature, the chromatograms 
were processed using a Chrompass program. 

 
2.3. Acid hydrolysis 
 

Hydrolysis was performed using 0.15g 
sawdust (poplar, oak, robinia), 1 mL H2SO4 72% and 
28 mL distilled water and shake for 15 minutes on a 
magnetic stirrer. The suspension is placed in the 
reactor which is shut, and it’s placed in the 
microwave, where it heats up to 150ºC for 5-10 
minutes. 

The hidrolizate is filtered, washed with 
distilled water, the volumes are bringing together with 
the washing water and they are stored in a refrigerator 
until the HPLC analysis.  

Solid residues obtained after acid hydrolysis of 
biomass were subjected to drying using a laboratory 
drying stove with adjustable temperature. These 
samples were maintained at 105oC until constant mass 
(2 hours). 

Acid hydrolysis was made in microwaves 
speedwaveTMMVS-2. The working program of the 
oven was performed in three stages: 
I. 120ºC for 10 min., the microwave system power of 
50%; 
II. 130ºC for 5 min, the microwave system power of 
50%; 
III. 150ºC for 10 min, at the same power of the 
microwave system. 

HPLC analysis was performed for the solution 
obtained after pretreatment so as for those resulted 
after sulfuric acid hydrolysis of pretreated sawdust, to 
observe the composition of sugars in those solutions. 

Physical-chemical characterization of the 
compounds resulted with acids and acid hydrolysis 
pretreatment, have been concretized by determination 
of: 

- soluble and insoluble lignin; 
- total sugars content (these carbohydrates are 

polysaccharides constructed primarily of glucose, 
xylose, arabinose, galactose and mannose monomeric 
subunits); 

- biomass total solids content. 
 

3. Results and discussion 
 

A representation of hydrolysis reaction 
kinetics in diluted sulfuric acid is shown in Fig. 3. 
 

 
 

Fig. 3. Diluted acid hydrolysis of cellulose to glucose 
A: kinetic hydrolysis according to the literature; B: ideal 

kinetic hydrolysis (no degradation); C: real kinetic 
hydrolysis 

 
Despite significant efforts to identify reliable 

standard methods for use in characterising 
lignocellulosic feedstocks for conversion to fuels, a 
review of the literature on biomass conversions 
indicated that a range of methods are currently in use 
for polysaccharide acid hydrolysis and 
monosaccharide analyses. 

In order to achieve quantitative analysis by 
HPLC method, it took a calibration with known 
amounts of carbohydrates. The calibration was done 
for fructose and glucose which are the most important 
carbohydrates resulting from pretreatment and 
enzymatic hydrolysis of biomass.  

For xylose calibration (Table 2), was used the 
intern standard method, the standard compound is 
mannitol. Xylose concentration was variable to obtain 
concentrations between 0.1 and 0.4. A chromatogram 
is shown in Fig. 4. From the calibration graph was 
obtained a linear dependence of which equation was 
presented in Fig. 5. 

Glucose calibration was done in a similar way, 
except that no internal standard was used for 
calibration and calculation was based on glucose 
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peaks area at different concentrations. Fig. 6 is an 
example of calibration chromatogram, and Fig. 7 

represents the calibration graph that shows in this 
case, too, a linear dependence. 
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Fig. 4. HPLC chromatogram of sample 4 from xylose calibration with mannitol as internal standard 
(2 mg/mL  xylose, 5 mg/mL mannitol) 

 
Table 2. The xylose calibration results with Liquid Scintillator Detector (LSD) 

 
Sample Concentration (mg/mL) Peak area 

(mV.min) 
1 1 7.4 
2 2 20.7 
3 3 30.5 
4 4 41.8 
5 5 52.1 

 

 
 

Fig. 5. Xylose calibration diagram using mannitol as internal standard 
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Fig. 6. HPLC chromatogram of sample 3 (mg/mL) from glucose calibration 

 
 

 
 

Fig. 7. Glucose calibration diagram 
 

To illustrate the effect of temperature over 
pretreated biomass hydrolysis, for each enzymes, in 
Fig. 9 is presented the evolution of the released 
glucose in the first 7 hours of reaction, for two 
essences (aspen and fir). 

 
4. Conclusions 
 

From the experimental data, we can draw the 
following conclusions: 

- the ozonization process is highly efficient to 
remove the pollutant organic compounds from 
aqueous solutions, even the most persistent 
ones, toxic, which can be found in waste water, 
having a great effect on marine ecosystems; 
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Fig. 8. HPLC chromatogram of the preatreated oak sawdust hydrolysis product, 24 hours reaction time, 
catalyzed by Accelerase 1000, at 40ºC 
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Fig. 9. The temperature dependence of fir and poplar 
sawdust hydrolysis pretreated with 0,84% H2SO4, catalyzed 

by Accelerase 1000 as cellulase complex 
 

- the efficiency of the oxidation products can be 
improved by using catalytic systems as 
MexOy/Al2O3; 

- from the catalytic systems studied, the most 
effective proved to be the catalyst  10 Cu; 

- the oxidation process with ozone follows a 
radicalic mechanism in alkaline environment, 
or by a direct attack of the ozone molecules on 
the pollutant; 

- the presence of catalytic systems favours the 
formation of the OH radicals, indifferent of the 
pH of the solution; 

- by following the  quantity of intermediate  
oxidative products trough the parameter CCOCr 
showed  that in presence of catalyst the 
maximum of their concentration is much lower 
then in the process with out a catalyst, and 
moved to smaller reaction times, which denotes 
that in parallel with ONF oxidation process, the 
oxidation of the formed intermediate products 
is continued.  
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In many preparations of delicate organic compounds, some specific parts of their molecules cannot survive the required 
reagents or chemical environments. Then, these parts, or groups, must be protected. The organic reactive carbonates are 
used especially as alkoxycarbonyl-type (carbamate) groups for protection of the amino function in amino acids. These 
protection groups are widely used in peptide synthesis because of their tendency to suppress racemisation of optically 
active centers. This paper presents the synthesis of new asymmetrical reactive carbonates with leaving group from the 
corresponding symmetrical carbonates and different type of alcohols, by an original procedure, as an alternative to the 
traditional method which employs toxic and dangerous reagents (phosgene and its chlorinated derivatives), as well as the 
applicability of these derivatives to the synthesis of bioactive compounds with many utilizations in pharmaceutics and food 
industries. The synthesis of asymmetrical primary-, secondary- and tertiary-alkyl phtalimidyl carbonates from N,N’-

diphtamidylcarbonates (DPC) can be performed in one step reaction and with good yields. For the structure elucidations of 
final products was used the yield of these reactive carbonates depends on the alcohols reactivity, on the hindering factor 
and on the stability of the final product.  
 

(Received January 14, 2012; accepted June 6, 2012) 

 

Keywords: Asymmetrical carbonates, Peptide synthesis, Phtalimidyl carbonates, Amino-protection groups 

 

 

1. Introduction 
 

The global interest in sustainable chemical 

development (green chemistry) imposed the establishing 

and adoption of measures for the reduction of the negative 

effects of chemical compounds on the environment and 

human health. Thus, the resolution regarding the synthesis 

of products as a result of molecular transformations, which 

imply low energy consumption, reduction of the formation 

of waste and the use of solvents and toxic or dangerous 

reagents, was adopted in the European Union in 2003 [1].  

Within the current orientation of organic synthesis 

and, in general, of chemistry towards to the sustainable 

chemical development (green chemistry), to the use and 

expansion of non-polluting chemical technologies, and 

towards to the environmental protection by the 

replacement of chemical toxic compounds, the use of the 

phosgene derivatives in the carbonylation reactions has 

been avoided. The development of a new reagents and 

techniques, the synthesis of the smallest peptides, have 

received considerable attention recently because the need 

for green, economic, robust, scalable and reliable 

processes for organic synthesis applications in the 

pharmaceutical and fine chemical industries.  

The need to identify and develop new organic reactive 

carbonates is very important in fine organic synthesis 

because these compounds present extremely many 

applications especially in the peptide synthesis.  

In the peptides synthesis, alkoxycarbonyl amino-

protecting group (carbamate) from a symmetric carbonate 

and primary, secondary or tertiary alcohols are used. The 

use of some mixed phtalimidyl carbonates is an alternative 

option for the N-protecting amino acids. The protection of 

functional groups is directly accomplished by converting 

the particular group into a stable derivative, from which 

the original group can be regenerated without affecting the 

synthesized molecule. A good yield for the deprotecting 

step is mandatory [5]. 

Organic reactive carbonates are interesting target 

since their conventional production involves the use of 

toxic phosgene [9]. These compounds have numerous 

potential applications for synthesis of different important 

organic molecules (functionalized carbonates, 

pharmaceutical and cosmetic intermediaries, lubrificants, 

solvents etc). Carbonates production by a clean process, 

possesses properties of non-toxicity and biodegradability, 

make these compounds as true green reagent to be used in 

syntheses that prevent pollution at the source.  

Organic carbonates are considered an option for 

classical synthetic ways which takes place in the presence 

of toxic compounds [4,6].  

The coproduct, dioxide is nontoxic, an advantage over 

phosgene and carbon monoxide, and easy to handle and to 

store, but much less reactive [2]. However, the 

implementation of safer technologies justifies the 

assessment of chemical reactions based on carbon dioxide 

as it can be viewed as a renewable raw material. 

The preparation of some new asymmetrical reactive 

carbonate with leaving groups (tert-buthyl-N-

phtalimidylcarbonate (a), 2-methyl-2-buthyl-N-
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phtalimidylcarbonate (b), cinnamyl-N-

phtalimidylcarbonate (c), cyclohexyl-methyl-N-

phtalimidylcarbonate (d), 4-nitro-benzyl-N-phtalimidyl-

carbonate (e)) by an original procedure will be 

investigated. 

 

 

 

 

Scheme 1. Reaction for obtainainig asymmetrical carbonates. 

 

 

2. Experimental 
 

2.1. Materials 

 

All reagents were purchased from chemical suppliers 

and used without further purification.  

N,N’-diphtalimidylcarbonate was synthesized 

according Ref 8 and 9. 

 

 

2.2. Synthesis of asymmetrical carbonates 

 

To a solution of alcohol (1.52 mmols) in CH2Cl2 (10 

ml), diphtalimidyl carbonate (1.52 mmols) and 

triethylamine (TEA) (1.52 mmols) were added by drops. 

The reaction mixture is maintained under stirring at room 

temperature for 24 hours, and then is washed with citric 

acid (5% excess to the amine stoichiometric ratio) and the 

unreacted N-hydroxiphtalymide was then filtered. The 

filtrate is washed with saturated NaCl solution. The 

organic layer is dried on MgSO4, filtered and then the 

solvent evaporated. The residue is recrystallized from 

CHCl3/heptanes. 

 

 

2.3. Characterisation  

 

2.3.1. FT-IR spectroscopy 

 

The IR spectra of solid compounds were recorded in 

KBr pellets and the reaction monitoring was carried out in 

thermostatic silicon cells of 0.137 mm thickness on a Jasco 

FT/IR-Vertex 70 instrument.  

 

 

2.3.2. Mass spectroscopy  

 
Mass spectrometry was conducted on a High Capacity 

Ion Trap Ultra (HCT Ultra, PTM discovery) mass 

spectrometer from Bruker Daltonics, Bremen, Germany. 
HCT MS is interfaced to a PC running the CompassTM 
1.2 integrated software package, which include the 
HystarTM 3.2.37 and Esquire 6.1.512 modules for 
instrument controlling and chromatogram/spectrum 
acquisition, and Data Analysis 3.4.179 portal for storing 
the ion chromatograms and processing the MS data. 

To identify and analysis the purity of the final 

products, samples were dissolved in 1.5 ml HPLC grade 

methanol. In this way, the samples were carried significant 

evidence. The samples were maintained at room 

temperature for 24 hours, and then were evaporated in 

Speed Vac Concentrator (Thermo Electron Corporation, 

Milford, MA USA).  

Infusion into mass spectrometer (ESI HCT Ultra, 

Bruker Daltonics, Germany) was performed by the robot 

NanoMate (Advion Biosciences, UK). The robot is an 

automatic injection device electrospray chip. 20μl of 

sample was pipetted into microtitre plate wells, containing 

96 holes. 

Then the robot's software was chosen to test wells and 

was given command of infusion through silicon chip (chip 

contains 400 holes) in the mass spectrometer. It was 

measured in positive ionization technique, the amount of 

gas (nebuliser) of 50 psi and temperature spectrometer 

source 200
o
C. Robot parameters were set as follows: 

pipette robotic arm to aspirate 10 ml of sample and 2 ml of 

air, gas pressure was 0.30 psi, and the voltage of 1.40 kV 

(low voltage it was chosen to prevent fragmentation at 

source). 

 

 

2.3.3. RMN spectroscopy   

 

The 
1
H-NMR and 

13
C-NMR were recorded on a 

Bruker DPX at 200 MHz in DMSO-d6, with TMS as 

reference.  

The values of coupling constants are normal for 

vicinal couplings (CH-CH, CH-NH): 6.5 - 7 Hz.  

Detailed IR, MS, 
1
H-NMR and 

13
C-NMR spectra are 

available from the authors. 

 

 

3. Results and disscutions 
 
First, starting from the preparation of mixed 

succinimidyl carbonates according Ref 8 and 9 was 
investigated the most appropriate conditions for the 
synthesis of phtalimidyl asymmetrical carbonates in 
heterogeneous medium using different types of alcohols 
(Scheme 1). It was demonstrated that symmetrical 
carbonate (N,N-succinimidylcarbonate)  can react 
efficiently with alcohols and amine (TEA) in the molar 
ratio carbonate: alcohol: amine = 1,1:1:1,1. The reactions 
we carried out in acetonitrile at room temperature for 4 
hours.  

The procedure for the preparation of a new series of 

asymmetrical carbonates starting to phtalimidyl carbonate 

and different types of alcohols, used in peptide synthesis, 

was investigated.  
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It was found that under this same reaction conditions, 

the mixed carbonates were obtained in very low yield and 
major product was N-hidroxyphtalimide result from 
symmetrical carbonates decomposition. It was has shown 
that is necessary to change the reaction medium with 
another solvent in which the N,N`-diphtalimidyl-carbonate 
is insoluble. To facilitate the isolation and removal of the 
coproduct, (N-hidroxy-phtalimide) was chosen as reaction 
medium dichloromethane. To increase the yields of was 
necessary to determinate the optimal conditions (reaction 
time, molar ratio) of these types of mixed carbonates by 
FT- IR spectroscopy.  Thus, it was developed a 
chemoselective, convenient and efficient synthetic 
procedure for preparation of phtalimidyl asymmetrical 
carbonates in good yields.  

It was prepared five asymmetric carbonates from 
N,N`-diphtalimidylcarbonate and alcohols (benzyl and 
aliphatic type with electron attractive groups) and TEA in 
a molar ratio 1:1:1. The reactions occurs in a 
heterogeneous medium, at room temperature (25C) due to 
the low solubility of the symmetric carbonate (N,N`-
diphtalimidyl-carbonate) in dichlormethane. 

The new asymmetrical reactive phtalimidylcarbonates 
with leaving groups (tert-buthyl-N-phtalimidylcarbonate 
(a), 2-methyl-2-buthyl-N-phtalimidylcarbonate (b), 
cinnamyl-N-phtalimidylcarbonate (c), cyclohexylmethyl-
N-phtalimidylcarbonate (d), 4-nitro-benzyl-N-phtalimidyl-
carbonate (e)) were analyzed by FT-IR, mass 
spectrometry, 

1
H-NMR and 

13
C-NMR. 

Tert-buthyl-N-phtalimidylcarbonate - 1a, white solid, 
70,8%, IR cm

-1
): 1734.1(C=O); 1761.1(C=O); 

1774.6(C=O); 1795.8(C=O); 1805.4(C=O); 1807.3(C=O); 
1851.7(C=O); 

1
H-NMR(CDCl3, DMSO):  0.85(m); 

3.8(s); 7.87(m); 
13

C-NMR(CDCl3, DMSO): 25.4(C3).; 
54.6; 123.7; 131.5; 132.2(C3); 153.6(C2); 161(C1); MS 
(EI) m/z: 89.6; 114.4; 123.3; 157.3; 213.2; 229.2; 245.2; 
263.2 [Calc. for C13H13NO5: requires M, 263.13. Found: 
263.2 (M+)]. 

2-Methyl-2-buthyl-N-phtalimidylcarbonate - 1b, white 
solid, 63,2%; IR cm

-1
): 1701.7(C=O); 1720(C=O); 

1734.3(C=O); 1759.4(C=O); 1770.7; 
1788(C=O);1799.6(C=O); 1817(C=O);

 1
H-NMR (CDCl3, 

DMSO):  0.88(t); 1.2(d); 7.88(m); 
13

C-NMR(CDCl3, 
DMSO): 25.4(C3).; 123.7; 132.5; 153.6; 161; MS (EI) 
m/z143.3; 157.2; 171.2; 220.2; 233.2; 250.2; 277.2, 279.2, 
289.2 [Calc. for C15H15NO5: requires M, 289.13. Found: 
289.2 (M+)]. 

Cinnamyl-N-phtalimidylcarbonate - 1c, white solid, 
74.1%; IR cm

-1
): 1734.1(C=O); 1763(C=O); 

1772.6(C=O); 1784.2(C=O); 1838.2(C=O); 1849.8(C=O); 
1871(C=O); 

1
H-NMR(CDCl3, DMSO): 1.23(s); 2.4(d); 

3.8(d); 5.25(d); 7.16(m); 7.85(m); 
13

C-NMR(CDCl3, 
DMSO): 21.3(C3).; 54.6; 123.3; 125.7; 129; 132; 138.4; 
153.6; 167; MS (EI) m/z114.3; 158.2; 190.1; 229.1; 265.3; 
279.2; 293.2; 312.3; 323.1[Calc. for C18H13NO5: requires 
M, 323,13. Found: 323,1 (M+)]. 

Cyclohexylmethyl-N-phtalimidylcarbonate -1d, white 
solid, 60.1%; IR cm

-1
): 1734.7(C=O); 1761.2(C=O); 

1774.6(C=O); 1803.5(C=O); 1807.3(C=O); 
1
H-

NMR(CDCl3, DMSO):  0.9(t); 1.4(m); 1.52(m); 1.61(m); 
3.8(d); 7.9(m); 

13
C-NMR(CDCl3, DMSO): 25.5(C3).; 

26.1; 31.3; 34.2; 54.6; 123.7; 129.1; 132.2; 153.6; 161; 
MS (EI) m/z114.4; 160.2; 207.2; 235.2; 250.3; 263.2; 

279.2; 300.3; 303.2[Calc. for C16H17NO5: requires M, 
303.13. Found: 303.2 (M+)]. 

4-Nitro-benzyl-N-phtalimidylcarbonate -1e, white 
solid, 68.5%; IR cm

-1
): 1737.9(C=O), 1751.4(C=O); 

1768.8(C=O); 1770.7(C=O); 1788(C=O); 1817(C=O); 
1821(C=O); 1822.8(C=O), 1834.3(C=O); 

1
H-

NMR(CDCl3, DMSO): 2.34(m); 3.05(d); 3.8(d); 7.11(d); 
7.85(m); 

13
C-NMR(CDCl3, DMSO): 41.3; 124; 129; 

135.4; 138.3; 156; 169.7; MS (EI) m/z265.3; 279.2; 292.3; 
337.4; 342.2[Calc. for C16H10N2O7: requires M, 342.13. 
Found: 342,2 (M+)]. 

 

 

4. Conclusion  
 
The optimal conditions (reaction time, molar ratio) of 

these types of mixed carbonates were determinate by FT- 
IR spectroscopy. It was developed a convenient synthesis 
procedure for the one step preparation of a new series of 
asymmetrical carbonates from N,N’-diphtalimidyl-
carbonate and different aromatic and aliphatic alcohols in 
good yields (60-70.8%). The reactive organic carbonates 
yield depends on alcohol reactivity, hindering factor and 
stability of final product. 

This synthetic procedure represents an easier and eco-
friendly alternative for preparation of new key 
intermediaries use for protection of amino group from 
amines and amino-acids and than in peptide synthesis, 
compounds with biological activity, useful in 
pharmaceutical industry. 
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Abstract 
 
Corrosion control, using inhibitors like, polymerisable porphyrins and multifunctional nanocomposites, is extremely useful in 
many environments. Phosphogypsum is a waste product resulted from the process of obtaining the phosphoric acid and it can be 
also used as corrosion inhibitor; in a mixture with other coating materials. 
Two types of modified porphyrin: Na4TFP Ac - dissolved in KOH and H2SO4 and H2TPP - dissolved in benzonitrile, were tested. 
The structure characterization of phosphogypsum was analyzed through SEM and X-ray diffraction. The efficiency of the 
complex multifunctional system was investigated in the salt spray chamber, using diverse exposure conditions. The corrosion 
resistance was studied by cyclic voltammetry, in 20% Na2SO4 electrolyte solution. The multifunctional nanocomposites used as 
coating systems improve the anti-corrosion properties of electrodes. 
 
Key words: corrosion, nanocomposites, phosphogypsum, porphyrins, voltammetry 
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1. Introduction 
 
Corrosion occurs because metals tend to return 

to their more stable state, which caused surface 
deterioration and changes on structural metal 
proprieties. A corrosion inhibitor may be defined, in 
general terms as a substance which, when added in a 
small concentration to an environment, effectively 
reduces the corrosion rate of a metal exposed to 
certain conditions (Epstein 1997).  

Inhibition is an economic corrosion control 
alternative to stainless steels and alloys, coatings or 
non-metallic composites (Liu 1999). Corrosion 
control by the use of inhibitors is extremely useful in 
many environments. Polymerisable porphyrins and 
multifunctional nanocomposites can be used alone as 
coating compositions or as part of a coating system 
(MacDiarmid, 1997; Rahmini, 2004; 
Sathiyanarayanan, 2007).  

Advantageously, they may be combined with 
other materials for this purpose, including known 
coating materials, compositions or precursors of such 
materials.  

One of these materials, currently being 
deposited as waste product, is the phosphogypsum. 
Phosphogypsum (calcium sulphate) is a naturally 
occurring part of the process of creating phosphoric 
acid (P2O5), an essential component of many modern 
fertilizers. For every ton of phosphoric acid made, 
from the reaction of phosphate rock with acid, 
commonly sulphuric acid, some four to five tons of 
phosphogypsum are created. A couple of billion tons 
of phosphogypsum already exist worldwide and about 
30 million tons are produced, as by-product, annually. 

There are three options for managing 
phosphogypsum: disposal or dumping; stacking; use 
in agriculture, construction or landfill.   
 
2. Experimental  

 
Two types of modified porphyrin were tested 

(dissolved in two different solutions and mixed with 
phosphogypsum) 

a) 0.2 g of Na4TFP Ac porphyrin 
(C44H26N4Na4O12S4 × H2O) dissolved in 40 mL 10% 
KOH, mentioned from this point forward as system I.  

“Gheorghe Asachi” Technical University of Iasi, Romania 



 
Balcu et al./Environmental Engineering and Management Journal 8 (2009), 4, 765-769  

 

 766

b) 0.2 g of Na4TFP Ac porphyrin 
(C44H26N4Na4O12S4 × H2O) dissolved in 40 mL 10% 
H2SO4, mentioned from this point forward as system 
II.  

c) 0.2 g of H2TPP porphyrin (5, 10, 15, 20 tetrakis 
4 phenyl-21H, 23H) dissolved in benzonitrile, 
mentioned from this point forward as system III. 

The cyclic voltammetry measurements were 
conducted between -1,000 and 2,500 mV potentials at 
a sweep rate of  100 mV/s. 

The working electrode is a FeC electrode, with 
0,13 cm2 active surface, (coated or uncoated); 
platinum counter electrode with 0.31 cm2 active 
surface and saturated calomel electrode, (SCE), as 
reference electrode; all of which connected to a PGZ 
402 Dynamic EIS Voltalab, (Fig. 1) from Radiometer 
Copenhagen. 20% Na2SO4 solution was used as base 
electrolyte. 
 

 
 

Fig. 1. The PGZ 402 Dynamic EIS Voltalab 
 

Before each experiment, the working electrode 
was polished with a series of wet sandings of different 
grit sizes (320, 400, 600, 800, 1000 and 1200). After 
polishing, the carbon-steel electrode was washed with 
ultrapure water and dried at room temperature and 
then the active part was immersed in porphyrin 
solution for 5 minute and 60 minute (mentioned later 
on as exposure time).  

 
 

3. Results and discussion 
 

Figs. 2, 3, 4 and 5 show the cyclic 
voltammograms for the uncoated, respectively coated 
according to system I, II and III, FeC electrode, 20% 
Na2SO4 solution as base electrolyte and 25°C 
temperature; and 5 minute exposure time. 

The notations present in the table: i→peak – peak 
current density; ε→peak – peak potential i←peak - peak 
current density ε←peak -  peak potential εO2  -   oxygen 
generation potential; ε 

pas  -  passivation potential;ipas  -  

passivation current. 
Variation of i←peak is correlated with type of 

porphyrin systems. For Na4TFPAc both in NaOH and 
H2SO4 solutions, exhibits a decrease of i←peak value 
and increase of i←peak in benzonitrile solution, of 
porphyrin system III. 

The peak potential (ε←peak) shows a similar 
evolution: decreased values for system I and II and 
increase values for system III. 

There is no variation of oxygen generation 
potential (ε O2). Passivation potential (ε 

pas) and 
passivation current depend on the coating systems: 
decreased for system I and II and increased about 
20% for porphyrin system III). These results indicate 
that corrosion rate depends on porphyrin system type 
used. For system I, there is a corrosion rate increase 
of about 25%; 15 % for system II and 1000 % for 
system III, indicating that the surfaces of FeC coated 
with H2TPP form a passive corrosion protection layer. 
The following Figs.: 6, 7, 8 and 9, with the same 
coating systems, (I, II and III, described earlier), but 
at a 60 minute exposure time presents 
voltammograms obtained using 20% Na2SO4 base 
electrolyte; 100 mV/s polarization rate, 25°C 
temperature. For Na4TFPAc both in NaOH and 
H2SO4 solutions, variation of i←peak, exhibits an 
increase and a decrease for benzonitrile. Peak 
potential: decreased values for all 3 systems. There is 
no variation of ε O2. Passivation potential (εpas) and 
passivation current also decreases for all 3 systems.  

A corrosion rate increase of about 20% is 
observed for system I, 30% for system II and 3000 % 
for systems III. 
 

  
a b 

 
Fig. 2. Uncoated FeC electrode, a – cyclic voltammograms; b –Tafel tests 



 
Anticorrosive protection system based on nanocomposites 

 

 767

 

  
a b 

 
Fig. 3. Coated FeC electrode; system I; a - cyclic voltammograms; b -Tafel tests 

 

  
a b 

 
Fig. 4. Coated FeC electrode; system II; a – cyclic voltammograms; b –Tafel tests 

 

  
a b 

 
Fig. 5. Coated FeC electrode according to system III; a – cyclic voltammograms; b –Tafel tests 

 
Table 1. Results of cyclic voltammograms 2a, 3a, 4a, 5a 

 
Electrodes 

Parameters 
Uncoated System I System II System III 

i→peak [mA/cm2] 290 190 90 280 
ε→pic [mV] 900 750 600 1300 

i← peak [mA/cm2] - 60 100 85 
ε← peak [mV] - 50 100 50 
ε O2  [mV] 1500 1500 1500 1500 
ε  

pas[mV] 1350 900 850 1600 
ipas [mA/cm2] 25 8 0 50 
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Table 2. Results of Tafel test 2b, 3b, 4b, 5b 

 
Electrodes  

Parameters Uncoated System I System II System III 
i cor [mA/cm2] 0.7666 0.9792 0.6506 0.0718 

v cor [mm/year] 8.99 11.48 7.63 0.842 
Rp 50.91 129.51 59.57 47.67 
C 0.9962 0.9996 0.9997 1.000 

 

  
a b 

Fig. 6. Uncoated FeC electrode, a – cyclic voltammograms; b –Tafel tests 
 

  
a b 

Fig. 7. Coated FeC electrode; system I; a - cyclic voltammograms; b -Tafel tests 
 

  
a b 

Fig. 8. Coated FeC electrode; system II; a - cyclic voltammograms; b -Tafel tests 
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a b 

Fig. 9. Coated FeC electrode; system III;   a - cyclic voltammograms; b -Tafel tests 
 

Table 3. Results of cyclic voltammograms 8a, 9a, 10a, 11a 
 

Electrodes 
Parameters 

Uncoated System I System II System III 
i→peak [mA/cm2] 180 255 195 160 
ε→peak [mV] 1300 800 1050 200 

i←peak [mA/cm2] 20 75 150 - 
ε←peak [mV] -100 190 250 - 
ε O2  [mV] 1500 1500 1500 1500 
ε  

pas[mV] 1750 - 1200 210 
ipas [mA/cm2] 60 80 10 0 

 
Table 4. Results of Tafel tests 6b, 7b, 8b, 9b 

 
Electrodes 

Parameters 
Bare System I System II System III 

i cor [mA/cm2] 0.509 0.242 0.759 0.1522 
v cor [mm/year] 5.966 2.835 8.898 1.785 

Rp 122.86 143.45 54.46 -40.69 
C 0.9986 1.000 0.998 0.9964 

 
4. Conclusions 
 

The best results was obtained for system III 
(H2TPP in benzonitrile) even for a short intent time (5 
minutes)- decreased corrosion rate of about 20 time 
compared to with bare electrode. Increasing of intent 
time show a significant improving - decreasing of 
corrosion rate about 20 times comparing with bare 
electrode. The multifunctional nanocomposites 
(porphyrin systems) used in this study as coating 
systems improve the anti-corrosion properties of 
carbon-steel electrodes. 
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Abstract 
 
The aim of this present paper is investigation of the reactions of preparation of unsymmetrical reactive carbonates from the 
corresponding symmetrical carbonates and different type of alcohols. The asymmetrical carbonates represent alternative reagents 
(mild, efficient) for alkoxycarbonylation of amines and amino-acids. The synthesized compounds were characterized by 
spectroscopic and chromatographic methods. A general method for preparation of asymmetrical carbonates was develop from 
N,N’-disuccinimidylcarbonate. The yield of this reactive carbonates depends by alcohols reactivity, hindered factor and stability 
of final product.  
 
Key words: alkoxycarbonylation, leaving group, N,N’-disuccinimidylcarbonate 
 

 

                                                           
∗ Author to whom all correspondence should be addressed: e-mail: s_adinaelena@yahoo.com; Phone: 0721072589 

1. Introduction 
 
Problems regarding the increase in population 

density, global climate changes and the dwindling of 
natural resources are reflected on all the scientific 
fields. In chemistry, the underlying principles of 
sustainable chemical development (green chemistry) 
imposed the necessity for the identification of new 
methods concerning the reduction of reagents and 
energy consumption in the chemical processes, the 
reduction of emissions of toxic chemical products into 
the environment, the extension of the use of 
renewable resources.  

Thus, reactive organic carbonates are an 
ecological alternative to halogenated compounds, 
reagents like phosgene and its reactive chlorinated 
derivatives (chloroformates, diphosgene, triphosgene) 
in alkoxycarbonylation and carbonylation reactions. 

As carbonic acid esters, reactive organic carbonates 
have numerous applications in fine organic chemistry: 
intermediates in the synthesis of other derivatives of 
carbonic acid (asymmetric carbonates, 
polycarbonates, carbamates, ureas) and in peptide 
synthesis. There are many fundamental and 
applicative scientific studies on the physical and 
chemical properties (reactivity, stability of molecule) 
of reactive organic carbonates (Ghost, 1994). 

A special interest has been allocated to the 
relatively high reactivity of these carbonic acid 
derivatives towards nucleophilic reagents in organic 
syntheses. (Nájera, 2002).   

In peptide synthesis, reactive organic 
carbonates are employed especially for the protection 
of amino groups, by converting it into a carbamate-
type derivative through an alkoxycarbonylation 
reaction, and for the activation of carboxyl groups by 
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converting it into a reactive ester (Shaikh et al., 
1996). For the protection of the amino function in 
amino acids alkoxycarbonyl-type (carbamate) groups 
are preferred, which minimize the racemisation of 
optically active centres.  

The classical synthesis of carbamates takes 
place in the presence of toxic compounds such as 
phosgene and its reactive chlorinated derivatives 
(chloroformates, diphosgene, and triphosgene). 

This paper proposes the synthesis of a series of 
reactive organic carbonate by an original procedure, 
as an alternative to the traditional method which 
employs toxic and dangerous reagents (phosgene and 
its chlorinated derivatives), as well as the 
applicability of these derivatives to the synthesis of 
bioactive compounds with many utilizations in 
pharmaceutics and food industries.  
 
2. Materials and methods  
 

Melting points were determined in a Boetius 
apparatus (Carl Zeiss Jena). The IR spectra were 
recorded in KBr pellet for solid compounds and the 
reaction monitoring was carried out in thermostated 
silicon cells of 0.137 mm thickness on a Jasco FT/IR-
430 instrument. TLC analyses were carried out on 
pre-coated plates silica gel 60 F254 (Merk). (Eluent: 
dichloromethane:ethylic ether= 3:7). Spot 
visualization was achieved by exposing the plates 
under a UV 254 lamp. 

Mass spectrometry was conducted on a High 
Capacity Ion Trap Ultra (HCT Ultra, PTM discovery) 
mass spectrometer from Bruker Daltonics, Bremen, 
Germany. HCT MS is interfaced to a PC running the 
CompassTM 1.2 integrated software package, which 
includes the HystarTM 3.2.37 and Esquire 6.1.512 
modules for instrument controlling and 
chromatogram/ spectrum acquisition, and Data 
Analysis 3.4.179 portal for storing the ion 
chromatograms and processing the MS data. 

The 1H-NMR and 13C-NMR were recorded on 
a Bruker DPX at 200 MHz in DMSO-d6, with TMS 
as reference. The values of coupling constants are 
normal for vicinal couplings (CH-CH, CH-NH): 6.5 -
7 Hz. Detailed IR, 1H-NMR and 13C-NMR spectra are 
available from the authors. 

All reagents were purchased from chemical 
suppliers and used without further purification. 
 

3. Results and discussions 
 

Investigation on described procedure for 
preparation of reactive succinimidyl carbonates 
(Kundu et al., 1994) and using the results of IR 
reaction monitoring for benzyl-N-
succinimidylcarbonate (Z-OSu) has been developed a 
new efficient synthetic route for various mixed 
succinimidyl carbonates (1) from  N,N’-
disuccinimidylcarbonate (Scheme 1). 

The synthesis of reactive succinimidyl 
carbonates (1) was done by a different procedure 

from the literature (molar ratio, reaction time) 
(Segneanu, 2007). 

Thus to obtain compounds 1, symmetrical 
carbonate was treated with alcohols and amine (TEA) 
in the molar ratio carbamate: diamine = 1,1:1:1,1. The 
reactions we carried out in acetonitrile at room 
temperature for 4 hours.  

 
 

 

 
 
Scheme 1. Synthesis of asymmetric carbonates from N,N’-

disuccinimidylcarbonate 
 

Following our protocol was achieved 
asymmetrical carbonates 1a-i from the in yields 
between 60-82,8% (Table 1). 

 
Table 1. Preparation of mixed succinimidyl carbonates 

 
Compound η (%) TLC Mp (oC) IR (cm-1) 

1a 70.5 0.11 78-81 1816, 1783, 1727 

1b 66.8 0.55 87-89 1815, 1793, 1742 

1c 64.1 0.58 - 1814, 1784, 1725 

1d 75.0 0.61 - 1811,1796,1740 

1e 62.0 0.69 84.5-86.5 1833, 1785, 1736 

1f 69.4 0.12 168-171 1786, 1740 

1g 82.8 0.21 91-94 1817,1788,1736 

1h 68.5 0.19 72-75 1807, 1774, 1734 

1i 60.0 0.36 99-101 1832, 1786,1736 

 
4. Experimental 

 
N,N’-disuccinimidylcarbonate (563 mg, 2.2 

mmol) was dissolved in acetonitrile (15 mL), alcohol 
(1.1 equiv.) and  tri-n-butylamine (1.1 equiv.) was 
added. The reaction mixture was stirred at room 
temperature for 4 hours. After vacuum solvent 
evaporation, the residue was dissolved in ethyl acetate 
(20 mL) and the solution was three time washed with 
20% citric acid solution (5 mL), 5% NaH CO3 
solution  (5 mL) and saturated NaCl solution (5 mL). 
The organic phase was dried (MgSO4 ) and  
concentrated to dryness. The residue was crystallized 
from ethyl acetate-hexane.   

Benzyl-N-succinimidylcarbonate (Z-OSu) – 
1a.  MS (m/z): 81,7, 88,7, 115,4, 161,2, 173,3, 189,3, 
233,2, 249.2; 1H-RMN (DMSO): 7,44s, 7,39s, 5,39s, 
5s, 2,80s; 13C-RMN (DMSO): 169,7(C1), 151,2(C2), 
133,7(C5) 129,0(C6), 72,2(C4), 25,3(C3). 
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4-Nitro-benzyl-N-succinimidylcarbonate 
(Z(NO2) -OSu) – 1b. MS (m/z): 97,4, 139,0, 152,0, 
160,0, 205,1, 221,2, 232,1, 261,1, 274,4, 294,3 

2-Ethoxiethyl-N-succinimidylcarbonate – 1c. 
1H-RMN (DMSO): 4,44t, 3,65t, 3,48q, 2,8s, 1,13t 

13C-RMN (DMSO): 169,7(C1), 151,3(C2), 
70,2(C4), 67,0(C5), 65,6(C6), 25,3(C3), 14,9(C7). 

β-Phenylethyl-N-succinimidylcarbonate – 1d. 
1H-RMN (CDCl3): 7,3 m, 4,5 t, 3,05 t, 2,79 s, 2,64 s 

13C-RMN (CDCl3): 168,7(C1), 151,4(C2), 
136,1(C6), 128,7(C7), 71,5(C4), 34,7(C5), 25,4(C3). 

Diphenylethyl-N-succinimidylcarbonate – 1e. 
MS (m/z): 211, 204, 184, 183, 168, 167, 165, 155, 
154, 152, 142, 115, 107, 105, 100, 98, 88, 78, 70, 53, 
52; 1H-RMN (CDCl3, DMSO): 7,42m, 6,87s, 2,79 s. 

13C-RMN (CDCl3, DMSO): 169,4(C1), 
150,5(C2), 138,2(C5), 128,6(C6), 83,5(C4), 25,3(C3). 

Cinnamyl-N-succinimidylcarbonate-1f. MS 
(m/z): 107,5, 117,4, 135,3, 149,2, 163,3, 180,3, 205,2, 
217, 3, 234,2, 259, 2, 275,3. 

Tert-buthyl-N-succinimidylcarbonate (Boc-
OSu)-1g. MS (m/z): 100,5, 116,3, 155,2, 183,1, 
197,2, 215, 05. 

Cyclohexylmethyl-N-succinimidylcarbonate-
1h. MS (m/z): 81,7, 89,6, 99,5, 114,4, 123,3, 157,3, 
157,3, 171,2, 185,1, 203,1, 213, 2, 227, 3. 

α, α-dimethyl-3,5-dimethoxybenzyl-N-
succinimidylcarbonate (DdZ-OSu)-1i. MS (m/z):  
196, 181, 165, 149, 142, 115, 100, 98, 88, 86, 70, 55, 
54, 53; 1H-RMN (CDCl3, DMSO): 6,63s, 6,28s, 
4,73s, 3,76s, 2,84s, 1,47d; 13C-RMN (CDCl3, 
DMSO): 160,2(C1), 153,0(C2), 103,5(C7), 97,6(C9), 
78,9(C4), 550(C10), 31,71(C5), 25,5(C3). 

Detailed 13C-RMN for Benzyl-N-
succinimidylcarbonate (Z-OSu) (1a), 1H-NMR spectra 
for 2-Ethoxiethyl-N-succinimidylcarbonate (1c) and 
β-Phenylethyl-N-succinimidylcarbonate (1d) and are 
illustrated in Figs. 1, 2 and 3.  
 

 

 
 

Fig. 1. 13C-RMN spectra of Benzyl-N-succinimidylcarbonate (Z-OSu) (1a) 
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Fig. 2. 1H-NMR spectra for 2-Ethoxiethyl-N-succinimidylcarbonate (1c) 

 
 

Fig. 3. 1H-NMR spectra β-Phenylethy l-N-succinimidylcarbonate (1d) 
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5. Conclusions 

 
Comparative with synthesis method describe 

in literature, after the IR monitoring reaction and 
establishment the laboratory optimal conditions 
(reaction time, molar ratio) we have developed a 
convenient synthesis procedure for the preparation of 
a series of mixed carbonates from N,N’-di-
succinimidylcarbonate and different aromatic and 
aliphatic alcohols. 

The reactive organic carbonates yield depends 
on alcohol reactivity, hindered factor and stability of 
final product.  

The yield of α, α-dimethyl-3,5-
dimethoxybenzy l-N-succinimidylcarbonate is 
acceptable due the low stability of this compound and 
also, because the tertiary alcohol (α, α-dimethyl-3,5-
dimethoxy-benzyl alcohol) is characterized by an 
relative low stability (sterically hindered). 
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Abstract 
 
Electroflotocoagulation is used for the treatment of liquid wastes of various origins, containing suspended matter. The metal 
hydroxide formed by electrochemical metallic ions generation acts to aggregate the colloidal impurities, and the hydrogen bubbles 
evolved at the cathode allow flotation of foam containing the impurities. The aggregates formed (containing the impurities) and 
lifted above the solution can then be removed. Electroflotocoagulation (simultaneous electrocoagulation and electroflotation) is 
studied as partially treatment method for non-ferrous heavy metals metallurgy wastewater (levigates). A pilot scale reactor for 
electroflotocoagulation is proposed. Different parameters are studied: pH variation during the process, anodic and cathodic current 
densities, cell voltage, energy consumption, hydrogen evolution etc.  
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1. Introduction 
 

Considering the latest regulation in 
environment protection, the impact of industry over 
natural environment must be significantly diminished. 
An important pollution source is industrial 
wastewater, particularly metallurgy wastewater.    

Coagulation is an effective technique for the 
treatment of liquid wastes of various origins, 
especially in the presence of suspended matter. 
Coagulation agents (usually Fe or Al cations) 
determine the flocculation by decreasing the zeta 
potential of the suspended entities (Chen, 2004; 
Hansen et al., 2007; Holt et al., 1999; Racoviteanu, 
2003). 

Flotation is the process of gas bubbles 
adhering to suspended entities surfaces, therefore 
increasing their buoyancy and determining them to 
ascend (Chen, 2004; Khelifa et al., 2005).   

It is possible to generate Fe or Al cations using 
sacrificial anodes to induce flocculation and to use the 
hydrogen evolved at the counter-electrode to lift the 
formed flocs. This method is called 
electroflotocoagulation (Chen, 2004; Escobar et al., 

2006). Electroflotocoagulation was studied as an 
intermediary stage for metallurgy wastewater 
(levigates) treatment, aimed at removing the fine solid 
particles in suspension (colloids). 

A pilot scale reactor for 
electroflotocoagulation was build and tested in both 
synthetic and real electrolyte solution. 

 
2. Experimental 
 

A pilot reactor of 2 dm3 volume was build. 
The height of the pilot scale reactor is the same with 
the proposed industrial reactor, thus the translation to 
industrial scale is easy done by multiplying the other 
two axes, maintaining a good similarity.  

Reactor’s dimensions are: length: 100 mm, 
width: 20 mm, working height: 1000 mm. 

The cathode is made of Fe. It is a fixed flat 
surface of 1000 mm2 (10 x 100 mm).  

The anode is removable and consists of a wire 
of 3 mm diameter and 100 mm length.  

The pilot installation for non-ferrous heavy 
metal metallurgy wastewater treatment is presented in 
Fig. 1. 
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Fig. 1. Pilot installation for non-ferrous heavy metal 
metallurgy wastewater treatment 

 
For the first part of the experiment, a synthetic 

solution was used for electrolysis.  
The solution’s composition was: 20% NaCl, 

1000 ppm Na2SO4 (Khelifa et al., 2005). NaOH was 
also added up to pH 12.7.  The solution was 
electrolyzed for 120 min. at an anodic current density 
of 50, 150, 250, 350, 450, 550 A/m2, respectively. 
Two anode materials were used: Fe and Al. 

The following parameters were observed 
during electrolysis and measured every 10 minutes: 
pH, cell voltage, foam layer thickness, evolved 
hydrogen volume.  

For the second part of the experiment, a real 
solution was used for electrolysis. The solution’s 
composition was unknown. However the real 
solutions are very complex (an example of such 
solution is 0.07 mg/L  As; 0.02 mg/L  Ba; 0.003 mg/L  
Cd; <0.005 mg/L  Cr; 0.08 mg/L  Cu; <0.05 mg/L  
Hg; 0.01 mg/L  Mo; <0.004 mg/L  Ni; 0.33 mg/L  Pb; 
0.01 mg/L  Sb; <0.5 mg/L  Se; 0.16 mg/L  Zn; 1.4 
mg/L  chlorides; <10 mg/L  fluorides; 3.6 mg/L  
sulphates). 

The measured solution’s pH was 13.5.  The 
solution was electrolyzed for 360 min. at an anodic 
current density of 250 A/m2. Two anode materials 
were used: Fe and Al. The following parameters were 
observed during electrolysis and measured every 10 
minutes: pH, cell voltage, foam layer thickness.  

 
3. Results and Discussion 
 

The results of the experiment are presented in 
Table 1 – for synthetic solution and Al electrode, 
Table 2 – for synthetic solution and Fe electrode, 
Table 3 – for real solution and Al electrode and Table 
4 – for real solution and Fe electrode. 

For the synthetic solution for both Al and Fe 
anodes: 

• the pH remained constant during the experiment; 
• the volume of evolving H2 was constant during 

the experiment; 

• the cell voltage (and thus the energy 
consumption) was quickly stabilized and remained 
constant during the experiment; 

• the foam layer thickness remained under 10 mm 
during the experiment. 

For the real solutions:     
• the pH remained constant during the experiment 

for both Al and Fe anodes; 
• the foam layer thickness remained under 10 mm 

during the experiment for both Al and Fe anodes; 
• in case of Fe anode, the cell voltage increased by 

a factor of approximately 1.2, then remained constant; 
• in case of Al anode, the cell voltage increased by 

a factor of approximately 19, then remained constant. 
The abrupt increase in cell voltage in case of 

Al anode as opposed to Fe anode is due to the flocs 
quick apparition at anode surface, thus blocking the 
anode surface.    

Fig. 2 presents a blocked Al anode and Fig. 3 
presents an unblocked Fe anode. 

 

 
 

Fig. 2. Blocked Al anode 
 

 
 

Fig. 3. Unblocked Fe anode 
 
A solution for this problem could be to 

conduct the electrolysis at a much lower current 
density so that the aluminum ions are generated at a 
much lower speed and are dispersed before clogging 
the anode. However this will proportionally increase 
the duration of the process and needs to be further 
experimented.  
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Table 1. Synthetic solution, Al electrode 

 
τ = 120 min, Al anode, i = 50 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.67 12.79 12.80 12.80 12.79 12.78 12.76 12.75 12.73 12.74 12.75 12.75 12.75 

V H2 [mL] 0 9 20 30 42 53 65 78 89 101 110 121 133 

U [V] 0.55 0.63 0.65 0.65 0.66 0.66 0.67 0.67 0.67 0.67 0.67 0.67 0.67 

∆foam [mm] 0 4 4 4 4 4 4 4 4 4 4 4 4 

τ = 120 min, Al anode, i = 150 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.66 12.80 12.81 12.80 12.78 12.77 12.75 12.73 12.72 12.73 12.76 12.77 12.76 

V H2 [mL] 0 17 33 47 65 85 103 119 136 154 173 187 205 

U [V] 0.69 0.74 0.75 0.74 0.74 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

∆foam [mm] 0 2 3 3 3 3 3 3 3 3 3 3 3 

τ = 120 min, Al anode, i = 250 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.66 12.80 12.81 12.80 12.78 12.77 12.75 12.73 12.72 12.73 12.76 12.77 12.76 

V H2 [mL] 0 17 33 47 65 85 103 119 136 154 173 187 205 

U [V] 0.69 0.74 0.75 0.74 0.74 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

∆foam [mm] 0 2 3 3 3 3 3 3 3 3 3 3 3 

τ = 120 min, Al anode, i = 350 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.69 12.69 12.70 12.71 12.70 12.71 12.70 12.69 12.69 12.69 12.69 12.69 12.69 

V H2 [mL] 0 33 67 101 136 172 207 242 278 315 350 386 421 

U [V] 0.85 0.91 0.92 0.92 0.92 0.92 0.93 0.93 0.93 0.93 0.93 0.93 0.93 

∆foam [mm] 0 4 4 4 4 4 4 4 4 4 4 4 4 

τ = 120 min, Al anode, i = 450 A/m2 
τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.67 12.69 12.70 12.70 12.69 12.68 12.67 12.67 12.66 12.66 12.67 12.67 12.66 
V H2 [mL] 0 41 84 126 170 213 258 302 347 389 432 476 519 

U [V] 0.92 0.97 0.97 0.98 0.98 0.98 0.99 0.99 0.98 0.98 0.98 0.98 0.98 
∆foam [mm] 0 4 4 4 4 4 4 4 4 4 4 4 4 

τ = 120 min, Al anode, i = 550 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.66 12.69 12.70 12.69 12.68 12.68 12.67 12.67 12.68 12.68 12.67 12.68 12.67 

V H2 [mL] 0 51 111 172 231 289 347 403 458 511 565 617 670 

U [V] 1.02 1.06 1.07 1.08 1.07 1.07 1.08 1.08 1.08 1.08 1.07 1.07 1.07 

∆foam [mm] 0 4 4 4 4 4 4 4 4 4 4 4 4 

 
Table 2. Synthetic solution, Fe electrode 

 
τ = 120 min, Fe anode, i = 50 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.77 12.80 12.82 12.83 12.85 12.84 12.83 12.82 12.81 12.81 12.80 12.81 12.81 

V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 0.84 0.83 0.81 0.81 0.80 0.79 0.79 0.78 0.79 0.79 0.78 0.78 0.78 

∆foam [mm] 0 2 2 3 4 4 4 4 5 5 5 5 5 

τ = 120 min, Fe anode, i = 150 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.77 12.80 12.82 12.83 12.85 12.84 12.83 12.82 12.81 12.81 12.80 12.81 12.81 

V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 0.84 0.83 0.81 0.81 0.80 0.79 0.79 0.78 0.79 0.79 0.78 0.78 0.78 

∆foam [mm] 0 2 2 3 4 4 4 4 5 5 5 5 5 
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τ = 120 min, Fe anode, i = 250 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.76 12.77 12.79 12.80 12.80 12.79 12.80 12.80 12.79 12.80 12.80 12.79 12.80 

V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 1.16 1.14 1.11 1.09 1.09 10.8 1.08 1.09 1.08 1.08 1.08 1.08 1.08 

∆foam [mm] 0 2 3 5 5 5 6 6 6 6 6 6 6 

τ = 120 min, Fe anode, i = 350 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.76 12.77 12.79 12.80 12.80 12.79 12.80 12.80 12.79 12.80 12.80 12.79 12.80 

V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 1.16 1.14 1.11 1.09 1.09 10.8 1.08 1.09 1.08 1.08 1.08 1.08 1.08 

∆foam [mm] 0 2 3 5 5 5 6 6 6 6 6 6 6 

τ = 120 min, Fe anode, i = 450 A/m2 
τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.72 12.73 12.77 12.77 12.75 12.75 12.74 12.74 12.75 12.74 12.73 12.74 12.74 
V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 1.38 1.36 1.33 1.32 1.32 1.32 1.31 1.32 1.31 1.32 1.32 1.32 1.31 
∆foam [mm] 0 2 3 4 6 6 7 7 7 7 7 7 7 

τ = 120 min, Fe anode, i = 550 A/m2 
τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 12.72 12.73 12.77 12.77 12.75 12.75 12.74 12.74 12.75 12.74 12.73 12.74 12.74 
V H2 [mL] 0 0 0 0 0 0 0 0 0 0 0 0 0 

U [V] 1.38 1.36 1.33 1.32 1.32 1.32 1.31 1.32 1.31 1.32 1.32 1.32 1.31 
∆foam [mm] 0 2 3 4 6 6 7 7 7 7 7 7 7 

 

Table 3. Real solution, Al electrode 
 

τ = 360 min, Al anode, i = 250 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 13.53 13.84 13.83 13.81 13.78 13.77 13.75 13.77 13.80 13.83 13.85 13.87 13.88 

U [V] 1.65 19.14 29.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 

∆foam 
[mm] 

0 5 5 5 5 5 5 5 5 5 5 5 5 

τ [min] 130 140 150 160 170 180 190 200 210 220 230 240 250 

pH 13.89 13.89 13.89 13.88 13.87 13.85 13.85 13.83 13.85 13.85 13.85 13.84 13.78 

U [V] 31.4 31.4 31.4 31.4 31.4 31.4 31.3 31.3 31.3 31.3 31.3 31.3 31.3 

∆foam 
[mm] 

5 5 5 5 5 5 4 4 4 4 4 4 4 

τ [min] 260 270 280 290 300 310 320 330 340 350 360 - - 

pH 13.74 13.74 13.79 13.81 13.82 13.83 13.84 13.84 13.84 13.84 13.84 - - 

U [V] 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 - - 

∆foam 
[mm] 

4 4 4 4 4 4 4 4 3 3 3 - - 

 
Table 4. Real solution, Fe electrode 

 

τ = 360 min, Fe anode, i = 250 A/m2 

τ [min] 0 10 20 30 40 50 60 70 80 90 100 110 120 

pH 13.56 13.75 13.82 13.84 13.85 13.86 13.85 13.83 13.82 13.83 13.84 13.85 13.86 

U [V] 2.33 2.01 2.51 2.54 2.71 2.78 2.81 2.79 2.79 2.78 2.74 2.72 2.72 

∆foam [mm] 0 6 6 6 6 6 6 6 6 6 6 6 6 

τ [min] 130 140 150 160 170 180 190 200 210 220 230 240 250 

pH 13.86 13.86 13.86 13.87 13.87 13.87 13.88 13.88 13.88 13.88 13.88 13.89 13.89 

U [V] 2.73 2.76 2.83 2.83 2.83 2.83 2.83 2.83 2.83 2.83 2.83 2.83 2.83 

∆foam [mm] 5 4 4 4 4 4 4 4 4 4 4 4 4 

τ [min] 260 270 280 290 300 310 320 330 340 350 360 - - 
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pH 13.90 13.91 13.92 13.93 13.93 13.93 13.94 13.94 13.94 13.94 13.94 - - 

U [V] 2.83 2.83 2.83 2.83 2.83 2.83 2.84 2.84 2.84 2.84 2.84 - - 

∆foam [mm] 4 4 4 4 4 4 4 4 4 4 4 - - 

 

4. Conclusions 
 

Electroflotocoagulation can be used at 
industrial scale for non-ferrous heavy metal 
metallurgy wastewater (levigates) treatment as an 
intermediary step for colloids removal.  

Depending on the specific solution 
composition and pH, the anodic material and 
electrolysis parameters (anodic current density, 
duration of electrolysis etc.) can be easily 
experimentally determinate using the proposed pilot 
reactor.    
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Abstract 
 
Arsenic (As)-contaminated drinking water is a major problem around the world. The removal efficiency depends strongly on the 
size of Fe3O4 sorbents.Fe3O4 prepared in laboratory is more efficient in the removal of As and is also more easily recovered from 
column of magnetic separator than the commercial materials. This would be beneficial in a water treatment system because the 
As-contaminated Fe3O4 could be flushed from the column permitting reuse of the separator system. The dispersed Fe3O4 
nanocrystals can be removed from the solution through interactions with a magnetic column. The 20 nm commercially made 
nanocrystals were permanently retained in the column and could not be recovered, while the laboratory prepared nanocrystals 
were able to be recovered when the magnetic field was turned off. 
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1. Introduction 
 

The thermoelectric power stations ash from 
our country, evacuates million tons of ash annually. 
Thermoelectric ashes are used in cement industry, 
construction materials (buildings, bricks, light 
aggregates) or backfill materials. The dry ashes can 
also be considerate as a veritable binder that can be 
used in layers of shape, foundation or base, roadwork 
execution. It is necessary a physical-chemical and 
morphostructural characterization of the ashes 
resulted in the burn processes of the thermoelectric 

power stations (Nicolescu, 1978). 
Thermoelectric ashes are considered 

environmental wastes because are obtained in big 
quantities and are needed large land surfaces for their 
storage. 

A number of studies regarding thermoelectric 
ash characterization and valorification as appendix to 
Portland cements based on puzzolanic activity of 

ashes were done, but valorification of this waste is 
still an unresolved problem (Voina, 1981). The 
chemical composition of ash was determinate on the 
sample previous calcinated at 800oC and the obtained 
results are (%): SiO2 – 51.6; Al2O3 – 20.1; Fe2O3 – 
10.6; CaO – 10.8; MgO – 1.9; Na2O – 1.2; K2O – 0.3. 

Long-term exposure to carcinogenic arsenic, 
may cause lung, bladder, kidney and skin cancer as 
well as pigmentation changes. Generally, acute and 
chronic poisoning may cause nausea, dryness of the 
mouth and gastro-intestinal symptoms (Tuutijarvi et 
al., 2009). Countries such as Bangladesh, India, 
Vietnam, Mexico, Argentina, Chile, Hungary, 
Romania, and the United States face significant 
challenges in meeting the newly lowered standards 
for As in drinking water (Mayo et al., 2007). 

Arsenic is an element found in the 
environment but without any essential biological 
functions and is toxic for almost all organisms. It is a 
very volatile toxic metal that generated a highest 
attention in the class of metallic pollutants. In Table 1 
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are shown the chemical forms of arsenic in water. The 
fact that arsenic is situated in the periodic table below 
phosphorous involves a similar chemical behavior; 
arsenic and phosphorous coexists in natural sources 
and also interferes in biological phosphor dependent 
mechanisms (phosphorilation). There are proves that 
the organisms has developed their own methylation 
mechanisms to isolate and ‘detoxificate’ arsenic into 
organoarsenic derivates. The incorporation of arsenic 
in zwitterions of arsenic like arsenobetaine and 
arsenocoline, can serve to the double purpose of 
detoxification and osmoregulation analogous to some 
sulphur compounds. The toxicity of arsenic is similar 
to that of plumb and mercury. 

 
Table 1. The arsenic chemical formulas in samples of water 

 
Compound Chemical formula 

Arsenate (V) H2 As O4 
Arsenite (lll) As (OH)3 
Arsin As H3 
Monomethylarsenate (MMA) CH3 AsO2 OH⋅ 
Dimethylarsenate (CH3)2 AsOO⋅ 
Dimethylarsin(DMA) (CH3)2 As H 
Trimethylarsin (TMA) (CH3)3 As 
Trimethylarsinoxid (TMAO) (CH3)3 AsO 

 
The hard metals and their salts that are very 

stable are toxic and dangerous for aquatic creatures. 
The contamination of surface waters is accomplished 
by the waste water from the mills that are using those 
substances in their production process. The biological 
treatment of this water can be compromised because 
many microorganisms are destructed by that class of 
pollutes and inhibits the methanic fermentation 
process of mud. 

The environmental problem draw the attention 
of the worldwide experts because is an international 
project.  

 
2. Experimental  
 

The X ray diffraction spectra were performed 
by X’Pert PRO MPD equipment from PANalytical, 
with Cu anodic tube and PIXcel detector, on 2theta 
10-100 domain, voltage of 45 kW and current 
intensity of 30 mA. X’ray diffraction represents an 
undestructive technique of analysis, the sample is 
seated on a silicon standard support and then is gently 
pressed, the equipment sample support spin with a 
rate of 1 rot/sec. 
 
2.1. Experimental proceeding sol-gel method 

 
Work steps description: 

a. Precursor preparation – the precursors are 
prepared thereby: depending on the state of 
aggregation the solid reagents used as precursors are 
weighted using an analytical balance and in the case 
of liquid reagents it’s measured their volume and then 
we prepared the samples.  

b. Sample stirring - the sample can be agitated 
using a magnetic or mechanic stirrer. The precursors 
were added drop by drop with continuous stirring. 

c. The addition of the doping precursor – the 
doping precursor is added over the solution obtained 
in the previous step (if necessary). 

d. pH– adjustment – we determined the initial 
pH. The pH adjustment was realized compared with 
the final pH assess by the reaction conditions.  

e. Solvent evaporation – the solvent evaporation 
(if necessary) can be accomplished at room 
temperature or using a rotary evaporator (in the 
organic solvents case). 

f. Products separation- to remove the 
byproducts using centrifuging and filtering.  

g. Washing and drying - the washing (if 
necessary) can be done using filter paper with 
distilled water and alcohol until the soluble 
substances are completely removed and the drying 
can be made in a drying chamber at previously 
established temperature.  

h. Heat treatment- to crystallize via calcination 
at the given temperature. 

In Fig. 1, the experimental proceeding for the 
sol-gel method is presented. 
 

 
 

Fig. 1. Experimental setting up for the sol-gel method 
 

2.2. Experimental - Baleyage SEM electronic 
microscopy 
  
Sample characteristics:     
- the samples have to be conductors;  
- the non-conducting samples are covered with a 

thin layer of an conductor metal (Au, Ag, Pt). 
The sample that have to be analyzed (pill, 

powder, plates, etc) is seated on a double adhesive 
carbon band on the equipment stub. After that the 
sample is introduced in the microscope chamber in 
vacuum (fine vacuum or preliminary vacuum). 
• For imagistic: the sample is set to the corresponding 
parameters (pressure, voltage, magnification and spot) 
and then is baleated on the interest surface; 
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• To collect EDAX spectrum: the sample is set to the 
corresponding parameters (voltage, spot, WD-
working distance). 
 
2.3. Hydrothermal method  
 

The hydrothermal method is an essential 
method for nanoferrite synthesis. 
Hydrothermal synthesis can be defined as a method of 
synthesis of single crystals which depends on the 
solubility of minerals in hot water under high 
pressure. The crystal growth is performed in an 
apparatus consisting of a steel pressure vessel called 
autoclave, in which a nutrient is supplied along with 
water. A gradient of temperature is maintained at the 
opposite ends of the growth chamber so that the hotter 
end dissolves the nutrient and the cooler end causes 
seeds to take additional growth. 

Possible advantages of the hydrothermal 
method over other types of crystal growth include the 
ability to create crystalline phases which are not 
stable at the melting point. Also, materials which 
have a high vapor pressure near their melting points 
can also be grown by the hydrothermal method. The 
method is also particularly suitable for the growth of 
large good-quality crystals while maintaining good 
control over their composition. Disadvantages of the 
method include the need of expensive autoclaves, 
good quality seeds of a fair size and the impossibility 
of observing the crystal as it grows. 

 
3. Results and discussions 

 
The CET thermoelectric power station – 

Timisoara South ash has been morphologically 
(Imagery- SEM Inspect S FEI Company), elementary 
(EDAX Inspect S FEI Company) and X-ray 
diffraction (X’Pert Pro MPD - Panlitical) analyzed. 
From SEM images (Fig. 2) it is observed that the ash 
has a pronounced heterogeneous character, areas with 
agglomerated powder are alternating with micro and 
spherical nanostructures areas. For EDAX analysis 
was chosen two structures and a ‘flake’ respectively. 

The ash elementary quantitative analysis on 
the three chosen areas is visualized in Fig. 3. 

Fig. 3 shows a different composition of the 
aggregate ash. In the aggregate ash SiO2 predominates 
in the alpha quartz structure (Fig. 7), CaSO4 
anhydrous partial crystallized (diffuse spectrum with 
noise) (Fig. 8) and Al2O3 (Fig. 9) resulting from X-
ray diffraction (Fig. 4) after comparison with base 
data (Division of Geological and Planetary Sciences - 
California Institute of Technology USA) and small 
quantities of iron; the ‘flakes’ contain more elements 
as Si, Al, Ca, O, S and the microspheres a large 
quantity of iron. 

The elements quantification of ash aggregate, 
‘flake’ and sphere are shown in Table 2-c. 

 

  

 
 

Fig. 2. SEM images of ash from South Timisoara CET (1.600X) - in the left side- images for the area noted with 1, with 2 
respectively for a higher magnitude (12.000X, 6000X respectively). 

1

2 



 
Balcu et al. /Environmental Engineering and Management Journal 8 (2009), 4, 895-900 

 

 898

 

 

 

 
 

Fig. 3. EDAX spectrums of South Timisoara CET ash; the 
first from above, showing the ash’s general view, the 
second the view from area 1 and the third the view for  

area 2.  
 

Considering the high content of iron and 
remark that is magnetic (Fe3O4 probably it couldn’t be 
determinate from the X-ray diffraction spectrum 
because we work with copper cathode tube) it was 
tried a magnetic separation of South Timisoara CET 
ash. 

 
Fig. 4. X-ray diffraction spectrum of South Timisoara CET 

ash 
 

The ash was analyzed morphologically and 
elementally, before and after the separation process as 
shown in Figs. 5, 6, 10 and Tables 2a, 2b, 2c. 
Comparing the samples before and after separation, 
the number of microspheres is higher in the later one. 
After the magnetic process the separated part of the 
ash contained a much more iron as seen in Fig.10. 

 

 

 

Fig. 5. SEM image of ash from South Timisoara CET 

before separation 
 

 
 

Fig. 6. SEM image of ash from South Timisoara CET after 
separation 
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Fig. 7. X –ray diffraction spectrum of alpha quartz SiO2  
 

 
 

Fig. 8. X –ray diffraction spectrum of partial crystallized anhydrous CaSO4  
 

 
 

Fig. 9. X –ray diffraction spectrum of Al2O3 
 

Table 2.a. Ash quantification 

 
Elem Wt % At % K - Ratio Z A F 

O       K 37.18 53.87 0.0938 1.0423 0.2420 1.0007 
Mg    K 1.67 1.59 0.0070 1.0026 0.4141 1.0097 
Al      K 16.06 13.80 0.0848 0.9736 0.5367 1.0102 
Si       K 28.69 23.68 0.1464 1.0026 0.5083 1.0012 
S        K 0.57 0.41 0.0030 0.9955 0.5370 1.0028 
Sn      L 1.09 0.21 0.0085 0.7807 0.9932 1.0045 
Ca      K 5.38 3.11 0.0456 0.9759 0.8641 1.0059 
Ba      L 2.26 0.38 0.0182 0.7651 1.0435 1.0092 
Fe      K 7.12 2.96 0.0623 0.8949 0.9775 1.0000 
Total  100.00 100.00     
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Table 2.b."Flake" area quantification 

Elem Wt % At % K - Ratio Z A F 
C      K 12.00 19.67 0.0185 1.0398 0.1479 1.0005 
O      K 41.13 50.62 0.0862 1.0251 0.2044 1.0005 
Mg    K 1.23 1.00 0.0044 0.9883 0.3594 1.0081 
Al      K 13.05 9.52 0.0612 0.9603 0.4848 1.0080 
Si      K 18.28 12.82 0.0853 0.9892 0.4710 1.0017 
S       K 1.32 0.81 0.0071 0.9831 0.5448 1.0037 
K       K 1.34 0.68 0.0105 0.9378 0.8185 1.0131 
Ca      K 5.42 2.66 0.0453 0.9597 0.8671 1.0048 
Ti       K 0.50 0.20 0.0048 0.8816 0.9121 1.0091 
Fe      K 5.27 2.02 0.0504 0.8877 0.9928 1.0000 
Total  100.00 100.00     

 
Table 2.c. Sphere quantification 

Elem Wt % At % K - Ratio Z A F 
C      K 12.45 23.92 0.0214 1.0662 0.1615 1.0004 
O      K 28.62 41.28 0.0653 1.0511 0.2167 1.0011 
Mg    K 1.14 1.08 0.0029 1.0131 0.2474 1.0042 
Al     K 9.07 7.76 0.0307 0.9843 0.3420 1.0046 
Si     K 11.94 9.81 0.0476 1.0140 0.3926 1.0018 
S      K 0.52 0.37 0.0028 1.0076 0.5355 1.0049 
K     K 1.15 0.68 0.0093 0.9661 0.8182 1.0207 
Ca    K 4.06 2.34 0.0356 0.9885 0.8686 1.0213 
Ti     K 0.77 0.37 0.0068 0.9065 0.9220 1.0469 
Fe    K 28.02 11.58 0.2558 0.9121 0.9955 1.0053 
Cu    K 2.27 0.82 0.0189 0.8861 0.9428 1.0000 
Total  100.00 100.00     

 
Fig. 10. EDAX Spectrum ash from South Timisoara CET after separation 

 
4. Conclusions 
 

This paper suggests that Fe3O4 nanocrystals 
and magnetic separation offer a promising method for 
arsenic removal and the iron oxides from powerplant 
electrofilter ash can be reused.  

For obtaining of monostructured iron oxides 
we used two comparative methods: hydrothermal and 
sol-gel method. Analysis of electrofilter ash structure 
was realized using X-ray diffraction.  

The arsenic level from waste water will be 
monitored using an atomic absorption spectrometer 
(NovAA 400 Analytik Jena ). 
 
 
 
 
 
 

References 
 
Mayo J.T., Yavuz C., Yean S., Cong L., Shipley H., Yu W., 

Falkner J., Kan A., Tomson M., Colvin V.L., (2007) 
The effect of nanocrystalline magnetite size on arsenic 
removal, Science and Technology of Advanced 
Materials, 8, 71–75. 

Neamţu, N. Rujenescu, I. Lazău, D. Becherescu (2002), Use 
of thermoelectric plant ashes in concrete tiles, 
University’s day 8th international conference, Târgu 
Jiu, May 24-26.  

Nicolescu L., (1978), Cenuşa de termocentrală în 
construcţii, Ceres Printing House, Bucureşti. 

Tuutijarvi T., Lu J., Sillanpaa M., Chen G. (2009), As(V) 
Adsorption on maghemite nanoparticle, Journal of 
Hazardous Materials, 166, 1415-1420. 

Voina N.I., (1981), Theory and practice of using the 
thermoelectric plant ashes (in Romanian), Tehnica 
Printing House, Bucureşti. 

 



Digest Journal of  Nanomaterials and Biostructures           Vol. 7, No 1, January – March  2012,  p. 199 - 205 
 

 
 
 

CHARACTERISATION OF TRUFFLES USING ELECTROCHEMICAL AND 
ANALYTICAL METHODS 

 
 

A.E. SEGNEANUa*, P. SFIRLOAGAa, I. DAVIDb, I.BALCUa, I.GROZESCU a,c 

aNational Institute of Research &Development for Electrochemistry and 
Condensed MatterINCEMC Timisoara, Romania, 144 Dr. A. P. Podeanu, 300569 
Timisoara, Timis, Romania,  
bBanat University of Agricultural Sciences and Veterinary Medicine Timisoara, 
Calea Araduluinr.119, 300645 Timisoara, jud. Timis, Romania, fax. 0256200296 
cAurel Vlaicu University Arad, B-dul Revoluţiei nr. 77, 310130 Arad, Romania,  

 
 
This paper aims to investigate a comparative study on two types of truffles: Tuber 
magnatum pico and Tuber melanosporum using different analytical methods. In this 
investigation we have determined the antioxidant activity of truffles by an electrochemical 
method (cyclic voltammetry), the content of total organic carbon and heavy metals. 
Moreover, it was comparative examined the morphology and elemental composition by 
scanning electron microscopy and EDAX to estimate the diversity of this two different 
types of truffles.  
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1. Introduction  
 
Truffles (Tuber spp.) are hypogean fungus, which form symbiotic relationships with 

compatible host tree species (beech, poplar, oak, birch, hornbeam, hazel, and pine) (1). Although it 
is one of the world's most expensive foods, truffles are very popular in French and Italian cuisine, 
due to their unique aroma and flavour, delicious taste and highly nutritional value. Mushrooms, 
and especially edible mushroom species were also among the healthy food because are the best 
sources of other essential nutrients (protein, amino acids, fatty acids, minerals and carbohydrates). 
Truffles are known for their antioxidant, immuno-modulating effects and antitumor activity in 
humans (2-3). 

Growth of truffles depends on many factors such as rainy season and its timing, soil 
characteristics, water availability, and climatic conditions.  Truffles grow in temperate, moist 
climates throughout the world; they like warm, dry summers, cool, wet winters and alkaline 
(limestone) soil (1). 

The white truffle (Tuber magnatum pico) is a hypogean fungus, living entirely 
underground, ensconced among the roots trees, and those among the oaks are the most sought. It is 
found from October 1 through December 31, in the vicinity of oaks, lime trees and poplars. It is 
known for its luscious, heady aroma. The black truffle (Tuber melanosporum) commonly known 
as the ‘‘black diamond of cuisine” is considered the most aromatic, while white truffle (Tuber 
magnatum) from Italy is considered the finest because of its complex aroma, and it is also the 
rarest and the most expensive. White truffles are softer and more perishable than black truffles, 
and are almost always served raw (they cannot tolerate the heat of cooking) (5). 

For this reason, there are necessary to develop a method of conservation to preserve intact 
the unique aroma and the flavor of truffles.  

                                                 
* Corresponding author: s_adinaelena@yahoo.com 



200 
 

2. Experimental section 
 
Reagents and Analytes 
The truffles were harvested from Romanian natural population only. The fruiting bodies of 

truffles were cleaned and preserved  in pressure nitrogen atmosphere. Small sample of truffles 
were analyzed. 

 Cyclic voltammetry  
Examined  material: sample of preserved truffles (Tuber magnatum pico) and (Tuber 

melanosporum) substances: solvents (methylic alcohol); equipment: Radiometer PGZ-402 
Universal Dynamic Pulse Voltammetry EIS equipped withVoltaMaster software 4. The working 
parameters were experimental established (the base electrolyte and pH). The base electrolyte is 
composed of 0.1 M phosphate buffer solutions (PBS) at different pH΄s (2.8 and 8). 

For voltammetric studies were used 8.83 g of white truffle extracted in 20 mL MeOH with 
stirring for 3 hours at room temperature. A volume of 3 ml of truffles extract were dissolved in 10 
ml of base electrolyte (PBS solution) and then were recorded cyclic voltammograms. 

The antioxidant activity of Tuber magnatum pico and Tuber melanosporum was analyzed 
by cyclic voltammetry using the following parameters: 
- two working electrodes were used: nickel and platinum plate 
- The cyclic voltammograms for nickel electrode were recorded in the potential range of -250 ÷ 
1200mV and for platinum plate electrode in the potential range of -250÷1400mV/s at different 
polarization rate: 25mV/s, 50mV/s, 100mV/s, at room temperature. 
Electrochemical cell was equipped with three electrodes, namely: 
- reference electrode:Ag/AgCl; 
- auxiliary electrode: platinum wire with 0.25cm2 active surface;  
- working electrode: nickel with surface of 0.2 cm2 and platinum plate with surface of 0.8 
cm2; 
 
 
 

 Atomic absorption spectrometry (AAS)  
The tests for determination of heavy metals contents from truffles were conducted under 

international standard ISO 15586:2003 (E), on equipment: Analytik Jena novAA 400G - 
apparatus, with a graphite furnace, equipped with autosampler MPE60 and software WinAAS 
3.17.0.  

Examined materials: samples of truffles (0.2541 g) weighed on a Sartorius analytical 
balance, with an accuracy of ± 0.0001 g.; Substances: nitric acid, ultrapure water. The samples is 
treated with 5.5 mL HNO3 65% and subjected to digestion in a Berghof microwave oven MWS 2, 
using a three stages program: T1=160°C, t1= 15 min, p1= 80%. After digestion, the sample is 
brought to a volume of 100 mL with ultrapure water. 

 Total organic carbon content 
The TOC analyzer used in this study was a SHIMADZU TOC-VCPN equipped with a 94 – 

position auto sampler. The TC principle analysis was catalytic combustion at high temperature 
(900oC) and for IC –acidification at 200oC. 

Examined materials: samples of truffles (0.301 g) weighed on a Sartorius analytical 
balance, with an accuracy of ± 0.0001 g. Substances: phosphoric acid, 1:1 v/v (Merck). 

 Scanning electron microscopy (SEM/EDAX) 
To highlight the morphology and elemental composition of two types of truffles were 

analyzed by scanning electron microscopy (SEM) using Inspect S PANalytical model coupled 
with the energy dispersive X-ray analysis detector (EDX).  

 
3. Results and disscution 
 
Studies for determination of natural sources of antioxidants compounds (phenolic and 

flavonoids) are very important due to the positive biological effects on human health and welfare. 
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These compounds function as free radical scavengers, initiator of the complexes of pro-oxidant 
metals, reducing agents and quenchers of singlet oxygen formation (6-10).  

Previous research demonstrate that there is a direct corelation between electrochemical 
activity and  antioxidant activity (11). 

The present paper aims to investigate the electrochemical activity of the two type of 
truffles.  

 Comparative evaluation of Tuber magnatum pico and Tuber melanosporum 
antioxidant activity of through electrochemical methods 

The cyclic voltammograms indicate the influence of pH and reversible oxidation process 
of Tuber magnatum pico.The cyclic voltammograms of Tuber magnatum pico in phosphate buffer 
solutions at different pH's and different polarization rate are presented in the figures below. 

             a)  b)  
Fig. 1. Cyclic voltammograms of: a) Tuber melanosporum , b) Tuber magnatum pico 

on platinum plate electrode; pH=2.8; scan rate of: 1- 25mV/s; 2- 50 mV/s; 3- 100 mV/s 
 

a)    b)  
Fig. 2. Cyclic voltammograms of: a) Tuber melanosporum, b) Tuber magnatum pico on 

platinum plate electrode; pH= 8; scan rate of: 1- 25mV/s; 2- 50 mV/s; 3- 100 mV/s  
 

Table 1. Tuber melanosporum - cyclic voltammograms results on platinum plate electrode 
pH 2.8 8 

Scan rate 25mV/s 50mV/s 100mV/s 25mV/s 50mV/s 100mV/s 
i→pic 

(mA/cm2) 
46.48 75.87 120.3 16.7 23.7 34.8 

- - - -170.2 -275.5 -371.4 
ε←pic (V) 0.5 0.5 0.5 0.9 0.9 0.9 

- - - 0.16 0.16 0.16 
 

Table 2. Tuber magnatum pico - cyclic voltammograms results on platinum plate electrode 
pH 2.8 8 

Scan rate 25mV/s 50mV/s 100mV/s 25mV/s 50mV/s 100mV/s 
i→pic (mA/cm2) 18.05 39.16 520 16 29.36 49.59 

ε←pic (V) 0.5 0.5 0.5 0.5 0.5 0.5 
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a)  b)  
Fig. 3. Cyclic voltammograms of: a) Tuber melanosporum, b) Tuber magnatum pico 
on nickel electrode at pH=2.8; scan rate of:  1 - 25mV/s; 2- 50 mV/s; 3 - 100 mV/s 

 

a)  b)  
Fig. 4. Cyclic voltammograms of: a) Tuber melanosporum; b) Tuber magnatum pico 

on nickel electrode at pH= 8; scan rate of: 1- 25mV/s; 2- 50 mV/s; 3- 100 mV/s 
 

Table 3. Tuber melanosporum - cyclic Voltammograms results on nickel electrode 
pH 2.8 8 

Scan rate 25mV/s 50mV/s 100mV/s 25mV/s 50mV/s 100mV/s 
i→pic 

(mA/cm2) 
113.9 166 268.8 103.7 168.3 281 
-88.61 -137.7 -221.5 -123 -228 -397.8 

ε←pic (V) 
0.8 0.8 0.8 0.8 0.8 0.8 

0.23 0.23 0.23 0.06 0.03 0.003 
 

Table 4. Tuber magnatum pico - cyclic Voltammograms results on nickel electrode 
pH 2.8 8 

Scan rate 25mV/s 50mV/s 100mV/s 25mV/s 50mV/s 100mV/s 
i→pic 

(mA/cm2) 
40.57 65 103.7 32.56 22.6 18.07 
-40.84 -68.03 -92.61 -9.32 -18.07 -32.06 

ε←pic (V) 
0.8 0.8 0.8 0.8 0.8 0.8 

0.07 0.07 0.07 0.07 0.04 0.01 
 

Comparative study of the both types of truffles releases that the cyclic voltammograms of 
recorded on platinum plate electrode, in acid media show that a single irreversible process occurs 
and the intensity of anodic peak increases with the scan rate.  

In basic media, cyclic voltammograms recorded for Tuber melanosporum present a 
reversible process occurs, and only minor differences appear on the anodic current density with 
increasing the scan rate of both types of truffles. The reduction peak it is more pronounced with 
decreasing the scan rate. Instead for the cyclic voltammograms of both types of truffles recorded 
on the nickel electrode in both reaction media, a reversible process can be noticed in which the 
anodic peak intensity is much higher for the Tuber melanosporum at all three scan rates and is 
increasing with the increasing of scan rate while for the current density of the cathodic peak it is 
much higher with the decrease of rate. From the cyclic voltammograms on nickel electrode at pH 
= 2.8 it appears that a reversible oxidation process occurs for all three polarization rate: 25, 50 and 
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100 mV/s, with the appearance of anodic peak around 0.8V. Instead it can see a slight shift of 
cathodic peak potential to positive values with increasing polarization rate. When a pH=8 solution 
was used, the reversible oxidation process appears for all three different polarization rate, but here 
the reduction peak is more pronounced with decreasing the polarization rate. For the cyclic 
voltammograms recorded on platinum electrode for all three pH only one irreversible process 
occurs, where the oxidation peak intensity increases with the polarization rate increasing. 

 
4. Characterization of truffles samples through analytical methods 
 
Atomic absorption spectrometry analysis 
The actual state of atomic absorption spectrometry of two types of truffles as the method 

of determining As, Cu, Pb, Zn, Mn, Fe and Ni is described on the basis of literature data. 
Table 5. The metals content (mg/g) from the truffles samples: 

No Sample As Cu Pb Zn Mn Fe Ni 

1. 
Tuber magnatum 

pico 
* * * 39.67 2.32 68.67 0.581 

2. 
Tuber 

melanosporum 
* 7.242 * 34.08 2.414 523.58 0.569 

* below the detection device  
From the results obtained it can see that in Tuber magnatum pico and Tuber melanosporum metals 
such Zn, Mn, Fe, and small amounts of Ni were found. 
 Total organic carbon analysis 
Table 6. Results of the TOC analysis  

Sample 
no. 

Area CNV Abs C (μg) Conc (mg) Weight 
(mg) 

Volume 

1 200.1 200.1 2420 2.420 35.80 35 μL 
2 347.1 347.1 4201 4.201 34.10 34 μL 

Sample 1. Tuber magnatum pico; Sample 2.- Tuber melanosporum 
 

 
Fig. 5. Tuber magnatum pico - TOC measurement  

 

 
Fig. 6. Tuber Tuber melanosporum - TOC measurement  

 
Total Carbon analysis 

Table 7. Results of the TC analysis. 
 

Sample no. Dilution. Density (mg/μl) Result (mg) 
1 1.000 1.000 TOC:2.420;  TC:2.420;  IC:0.000 
2 1.000 1.000 TOC:4.188; TC:4.201; IC: 0.01265 

 
From TOC analysis results that, the sample 2, Tuber melanosporum contain practically 

much more carbon than the sample of Tuber magnatum pico. 
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 Scanning electron microscopy (SEM/EDAX) 
To highlight the morphology and elemental composition of two types of truffles were 

analyzed by scanning electron microscopy and EDAX. We made a comparative study between the 
Tuber magnatum pico and Tuber melanosporum. The results are shown follow figures.  

From the SEM images (Figure 7. (a)) it can be observed the surface topography on the 
Tuber magnatum pico. This shows a fibrous structure with a thickness about few μm. EDAX 
analysis provided a semi quantitative elemental analysis of the surface indicating the elements of 
the study material. Thus, it can be observed that for sample of Tuber melanosporum (Figure 8. (b)) 
the corresponding carbon peak is much higher than in the Tuber magnatum pico, keeping most of 
the components of this material. 

                

Fig. 7. (a) Tuber magnatum pico - SEM morphology; (b) EDX spectra for elemental analysis  
 

               
 

Fig. 8. (a) Tuber melanosporum - SEM morphology; (b) EDX spectra for elemental analysis. 
 
 

5. Conclusion  
 
The results of the present investigation indicated that  the electrochemical evaluation of 

antioxidant activity of both types of truffles shows an dependence of the oxidation process by the 
pH  and the nature of electrode.  Reversible oxidation process of both types of truffles samples 
occurs better in acid medium reaction and the oxidation peak is more pronounced on the nickel 
electrode than for the platinum plate electrode. 

The comparative electrochemical study of both truffles in different conditions (medium 
reactions, electrodes, different scan rates) demonstrates that the sample of Tuber melanosporum 
shows a higher antioxidant activity than Tuber magnatum pico. 

Further studies should be performed on the isolation and identification of the antioxidant 
components in two types of truffles. 

The analytical methods used to characterize the samples revealed  that the two types of 
truffles shows different morphologies and composition. The sample of Tuber melanosporum 
contains a high amount of carbon and Fe than Tuber magnatum pico. The content of the other 
metals in both truffles samples determinate by atomic absorption spectrometry and EDX analysis 
is approximately the same. 

 



205 
 

References 
 

  [1] Beetz, A.; Kustudia, M. Mushroom Cultivation And Marketing, Horticulture Production  
        Guide, ATTRA Publication IP 087. 2004 
  [2]  Liu, G.; Wang, H.; Zhou, B.; Guo, X.; Hu, X.  Journal of Medicinal Plants Research, ,  
         4(12), 1222-1227 (2010). 
  [3] Ameer, A.;  A. Al-Laith, Journal of Food Composition and Analysis, 23, 15–22 (2010). 
  [4] Culleré, L.; Ferreira, V.; Chevret, B.; Venturini, M. E.; Sánchez-Gimeno, A. C.; Blanco,  
         D.  Food Chemistry, 122, 300–306 (2010). 
  [5] Seki, H.; Suzuki, A.  Journal of Colloid and Interface Science, 190, 206–211 (1997). 
  [6] Gao, J.M.; Zhang, A.L.; Chen, H.; Liu, J.K. Chemistry and Physics of Lipids,  
        131, 205–213 (2004). 
  [7] Sawaya, W. N.; AL-Shalhat, A.; AL-Sogair, A.; AL-Mohammad, M. Journal of Food  
        Science, 50(2), 450–453 (1985). 
  [8] Bokhary, H.A.; Parvez, S. Journal of Food Compoition and Analysis, 6, 285-293 (1993). 
  [9] Alho, H.; Leinonen, J. Methods in Enzymology, 299, 3-15 (1999). 
[10] Omer, E.A.; Smith, D.L.; Wood, K.V.; El-Menshawi, B.S.  Plant Foods for Human Nutrition,    
        45, 247-249 (1994). 
[11] Gazdik, Z.; Krska, B.; Adam, V.; Saloun, J.;  Pokorna, T.; Reznicek, V.;  Horna, A.;  Kizek,  
       R. Sensors, 8, 7564-7570 (2008). 
 
 
  
 
 



Digest Journal of  Nanomaterials and Biostructures                 Vol. 8, No. 3, July - September 2013, p. 1061 - 1068 
 
 

 

 
 

COMPARATIVE STUDY ON ENZYMATIC HYDROLYSIS OF CELLULOSE 
 
 
 

A.E. SEGNEANUa, C. MACARIEa, M. UNGUREANUb, I. BALCUa,  
V. GHERMANb, I. GROZESCUa* 
aNational Institute for Research and Development in Electrochemistry and 
Condensed Matter, Timisoara, 144 A.P. Paunescu, 300569, Timisoara, Romania,  
bPolitehnica University of Timisoara, Timisoara, Romania 
 
 
Identification and optimization of strains with high enzyme activity able to overcome 
constrains imposed by the cellulosic structure represents an important step in the 
development of new biotechnologies for bioethanol. this paper aims to reveal the 
advantages and disadvantages of the cellulase enzymes derived from two complet different 
microorganisms: Trichoderma ressei, a very known cellulase producers and Butyrivibrio 
fibrisolvens, a ruminal bacteria. Both organisms were inoculated under the same 
conditions (strict anaerobic, Sabouraud dextrose agar media, pH and temperature). The 
cellulose degradation was investigated by the time evolution of cellulase activity and the 
amount of reducing sugar released (glucose as standard) from carboxymethyl cellulose.  
 
(Received July 2, 2013; Accepted August 5, 2013) 
 

 
 

1. Introduction 
 
The enzymatic hydrolisis of cellulose still represents an important step of the bioethanol 

production’s cost. The identification of a highly efficiency cellulolytic enzymes (cellulases) with a 
high specific activity, will have a major impact on the availability of cost competitive biofuels 
market.1-8 Althrough it is well known that physical properties of cellulose affects the rate of the 
enzimatic degradation process, recent studies aims to develop an innovative biotechnology based 
on suitable cellulolytic microorganisms capable to produce a complex and efficient enzyme 
system, being able to ensure a coordinate and a very efficient hydrolysis of hemicellulosis and 
cellulose, from different lignocellulosic substrates.2-12  

Under the enzymatic attack occurs the depolymerisation of cellulose in easily fermentable 
saccharides. Usually,the microorganisms which degrade cellulose, also degrade hemicellulose.8-20 

There are a great diversity of microorganisms for lignocellulose degradation: 
Trichoderma, Aspergillus, Clostridium, Humicola, Talaromyces, Acrophialophora, Thermoascus, 
Bacillus and Penicillium species.12-25  

Comparative studies on the efficiency of aerobic and anaerobic microorganisms had 
proved that not only 5-10 % of cellulose is degraded in nature under anaerobic conditions, but 
there are many differences between these two types of cellulolytic microorganisms.1,23-30 The best 
known strict anaerob microorganism is Clostridium thermocellum, but the main disadvantage 
consists in that it is necessary high temperature for cellulose degradation.2,3 

Researchers have paid special attention on anaerobic and, facultative,on anaerobic 
cellulolytic microorganisms isolated from a rumen microbial environment, because it is well 
known that cellulolytic rumen microorganisms (bacteria, fungi,etc) can convert the carbohydrates, 
from cellulose and other several types of biomasses, in carbon and energy sources. Even the 

                                                            
* Corresponding author: ioangrozescu@gmail.com 
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complex mechanism of cellulolysis system is not yet complete elucidated, has been studied 
intensively the competitive and synergic interaction between rumen microbes.4-6, 23, 25-29  

Most of the rumen cellulolytic microbes are: bacteria species (Pseudomonas aeruginosa, 
Bacillus, Micrococcus, Streptococcus, Fibrobacter succinogenes, Ruminococcus flavefaciens, and 
Ruminococcus albus), while the fungi isolated were species of Fusarium, Penicillium, Aspergillus 
and Mucor.5,6  

Studies on biodegradation of lignocellulose biomass under the action of rumen bacteria 
can represent an promising step for the development of an innovating biotechnology for bioethanol 
production.23, 25-29  

This paper investigate the cellulolysis efficiency of enzymes isolated from an rumen 
bacteria Butyrivibria fibrisolvens in comparison with an industrially important cellulolytic 
filamentous fungus, Trichoderma reesei. 

 
 
2. Experimental  
 
Materials and instruments 
All the reagents are analytical grade. Folin-Ciocalteu reagent, 3,5-dinitrosalicylic acid 

(DNS), sodium hydroxide, potassium sodium tartrate, copper sulphate, glacial acetic acid, glucose, 
3,5- dinitrosalicylic acid (DNS), phenol, sodium sulphite and sodium carbonate were obtained 
from Merck. The bovine serum albumin BSA, carboxymethyl cellulase (CMC) are from Fluka.  

The microorganism used for inoculation of culture media were: Butyrivibrio fibrisolvens. 
The culture inoculation was carried out in sterile conditions in Laminar Flow Advanced Bio Safety 
Cabinet, BIOQUELL Medical Limited, England. 

 
 
3. Experimental procedure 
Estimation of protein concentration was determinated by Lowry method using bovine 

serum albumin (BSA) as the standard. This chromogenic procedure is inexpensive, easy to 
perform, very sensitive and highly reproducible, but the major disadvantage is because its accuracy 
depends on the pH of the solution.31-32 

A) Different dilutions of BSA solutions are prepared by mixing stock BSA solution (1 
mg/ mL) and water in the test tube as given in the table 1. The final volume in each of the test 
tubes is 2 mL. The BSA range volume is 0.02 to 0.2 mL. 

B) The alkaline cooper reagent was prepared by mixing 0.5 mL of 0.5% cupric sulfate 
with 0.5 mL of 2% sodium potassium  tartrate, followed by the addition of 50 mL of 2% sodium 
carbonate in 0.1 N NaOH.  The mixture was then allowed to incubate at room temperature for 10-
15 minutes. 

C) There were taken portions from the standard solution of Bovine serum albumin 
(BSA) and placed into 10 tubes by filling with distilled water to 0.2 mL, 5mL of alkaline copper 
reagent and 0.5mL Folin-Ciocalteu reagent were added in this order. 

D) Calibration solution of albumin bovine serum (BSA) in distilled water (1 mg/mL). 
The samples were mixed and the color was allowed to develop for 30 minutes at room 

temperature and the absorbance measured at 660 nm against a blank obtained under the same 
condition, by replacing the BSA solution with distilled water. For safety determination two 
samples have been made in parallel. The results are being presented in the table 1. 
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Table 1. BSA solution calibration with Lowry method. 
 

Nr. crt. BSA solution 
(mL) 

Distilled water 
(mL) 

Extinction Protein quantity 
(mg) 

1. (blank) - 0,20 - 0,00 
2. 0,02 0,18 0,0496 0,02 
3. 0,04 0,16 0,0957 0,04 
4. 0,06 0,14 0,1442 0,06 
5. 0,08 0,12 0,2022 0,08 
6. 0,10 0,10 0,2538 0,10 
7. 0,12 0,08 0,2838 0,12 
8. 0,14 0,06 0,3342 0,14 
9. 0,16 0,04 0,3562 0,16 

10. 0,18 0,02 0,4349 0,18 
11. 0,20 - 0,4169 0,20 

 
The plot of the extinction depending on the protein amount shows a straight form.This dependence 
may be expressed by the next equation:  

E = b  CP 
where:  

E = the extinction 
b = the slope 
CP= the protein amount, (mg)   

 
Fig. 1. Calibration curve of BSA solution by Lowry method 

Simultaneously have performed an estimate of a protein concentration from an  
unknown solution 
A volume of 2 mL sample, 0,2 mL distilled water, 5 mL copper alkaline reagent and 0,5 

mL Folin-Ciocâlteu reagent were added into a test tube and left ageing for 30 minutes at the room 
temperature. After this, the extinction was determinated at 660 nm against a blank obtained in the 
same condition but replacing the sample with distilled water. For a safety determination two 
samples have been made in parallel. 

The protein content of the sample was determined with the relationship: 
 

(mg/ml) F 5E
2,21318

1
C 

 
Where: 5 = sample dilution at 1 mL 
 F = the dilution factor of enzymatic solution 
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Evaluation of Cellulase Activity usig the carboxymethylcellulase as substrat was 
performed by Miller method with 3,5-dinitro-salicylic acid (DNS). 

D-glucose standards were prepared in 0,05 M sodium acetate buffer pH 4.8 at 
concentation between 0.25 and 1.5 mg/mL (Table 2) and the reaction was carry out with a reagent 
solution composed from: 1,0 g DNS, 200 mg phenol, 50 mg of sodium sulphite and adjust to 
volume with 1% NaOH.  

 
Table 2. Preparation of standard glucose solutions. 

 
Glucose 

solution (mL) 
Sodium acetate buffer 

solution 0,05 M, pH 4,8 (mL) 
Dilution 

Concentration 
(mg/mL) 

1,0 2,3 1 :3,3 1,5 
1,0 3,0 1 :4 1,25 
1,0 4,0 1:5 1,0 
1,0 5,7 1:6,7 0,75 
1,0 9,0 1:10 0,5 
1,0 19,0 1:20 0,25 

 
 

Glucose standard curve  
Determination of the calibration curve for glucose solution required the next procedure:  

a) the blank sample contains: 0.4 mL acetate buffer solution (0,05 M, pH 4.8), 0.4 mL 
distilled water and 1.2 mL DNS solution; 

b) glucose sample was prepared from 0.4 mL standard glucose solution dissolved in 0.4 mL 
distilled water and was added 1.2 mL DNS solution; 

The both obtained samples were boiled for 15 minutes and then cooled at room temperature 
and absorbance at 540 nm was determinated. 

The standard curve  for glucose standards (Figure 2) has  a linear form described by the 
following equation: 

GCbaE   
where: 
 E= absorbance 
 CG = concentration of glucose, mg/mL 
 a = origin ordinate 

   b = slope 

 
Figure 2. D-glucose calibration curve  

The amount of glucose expressed as mg glucose from the sample was determinated from  
the calibration curve using the following relation:  

glucose] [mg Vs
1,54896

)E(E
C MP

G 


 dilutionample  

where: V- total volume (1,5 mL). 
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Cellulase preparation from Trichoderma reesei 
The Trichoderma reesei was innoculated on a Sabouraud dextrose agar media prepared 

from 200 mL of potato extract and 2 g cellulose/l , in serum bottle sealed with rubber stoppers. 
The serum bottles were autoclaved (20 min, 120°C, 1 atm pressure) and then flushed with 
nitrogen. The culture was grown in anaerobic condition, ten days at 30°C. Then was prelevated 
samples for enzymatic activity assay and for protein assay. 

 
Cellulase preparation from Butyrivibrio fibrisolvens  
The Butyrivibrio fibrisolvens was innoculated on a Sabouraud dextrose agar media 

prepared from 200 mL of potato extract and 2 g cellulose/l , in serum bottle sealed with rubber 
stoppers. The serum bottles were autoclaved (20 min, 120°C, 1 atm pressure) and then flushed 
with nitrogen. The culture was grown in anaerobic conditions, ten days at 30°C.  

 
Determination of cellulase activity 
The 1 mL sample was added to 0.5 mL of 2% carboxymethyl cellulose (CMC). The 

mixture was incubated in a water bath at 50ºC for 30 minutes. Comparative was prepared a blank 
sample consiting from 1.0 mL cellulase solution and 0.5 mL substrate solution CMC 2%. The 
evaluation of the enzymatic activity was determinated in basis of the remaining unreacted glucose 
and is expressed in units. A unit is the amount of enzyme from 1mL enzyme solution which 
releases 1 mol of reducing sugars (glucose as standard) in a minute at 30°C. 

The  calculation formula of the activity is: 

 

[U/ml]
301,0180

1000glucosemg
ACMC 


  

 
4. Results and discussions 
 
According to the literature, Butyrivibrio fibrisolvens is an anaerobic, butyric acid forming 

bacteria which produce an multi-enzyme complex with predominantly xylanase activity.1-6,23,25-29 
This study is important in terms to investigate the enzymatic activity of the pure Butyrivibrio 
species isolated and particularly, their cellulolytic enzyme activity by comparison with a well 
known cellulolytic microorganism, Trichoderma reesei. Was chosen this widely used fungus 
Trichoderma reesei, for cellulase production, because of its ability to produce significant 
quantities of enzymes. 

The specific activity of pure cellulase-producing strains was carried out using traditional 
technique in strict aerobic condition by determination of the amount of reducing sugar released  
(glucose as standard) from carboxymethyl cellulose. 

The results of the enzyme activity per time are presented in the Tables 3 and 4 and figures 
3 and 4. 

 
Tabelul 3. Cellulasic activity and total protein content in the Trichoderma reesei culture 

Time 
[h] 

Carbon source Glucose (mg) Activity [U/mL] Protein [mg/mL] 

24 
Cellulose 
5 [g/L] 

6,06 1,122 0,964 
48 5,90   3,520  0,998  

144 4,19 7,760 1,039 
 
Table 4. Cellulasic activity and total protein content in the Butyrivibrio fibrisolvens culture 

Time 
[h] 

Carbon source Glucose (mg) Activity [U/mL] Protein [mg/mL] 

24 
Cellulose 
2 [g/L] 

7,972 9,885 0,495 
48 5,338 30,90 0,529 

144 3,477 0,644 0,664 
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Fig. 3. The evolution in time of the cellulase produced by Trichoderma  
reesei and of the glucose quantity. 

 
Analysis of experimental showed that the both microorganisms growth occurs fast on the 

Sabouraud dextrose agar media. The evolution of the cellulasic activity present several features for 
each microorganism investigated. For instance, Trichoderma reseei stains showed a continuous 
increase of the cellulasic activity throughout the monitored period, yielding a value of 7.76 U/mL 
after 144 hours (Figure 3). These results are comparable to those reported in the literature30-33, 
which give higher values for cellulase activity of Trichoderma reesei cultures after 7 days, and the 
can be difference can be attributed to the type of the culture media which ensure the mantainance 
of the pH value at a specific value. The total protein concentration exhibit only a mild variation. 
Evolution of the amount of glucose indicate a slight decrease until at value of 4.19 mg after 144 
hours, which shows that there is still required condition for further enzymes production. 

The rumen cellulolytic bacteria, Butyrivibrio fibrisolvens,acted in different way. It was 
found that the maximum enzyme production was 30,90 U/mL and was optimum at 48 h, then have 
showed a dramatic decrease in enzyme production level was detected at day six (0,644 U/mL) 
(Figure 4). In contrast, the protein concentration recorded present a steady growth, which shown 
that the culture media used was appropriate from the point of view of ensuring the required 
nutritional factors. After six days, was retrieved aproximative half o the glucose amout from day 
one (24 hour), which demonstrates that there were growth resources of biomass, however this fact 
is not important in given condition because it was of interest only in the production of cellulase.  

 

 
 

Fig. 4. The evolution in time of the cellulase produced by Butyrivibrio  
fibrisolvens and of the glucose quantity 
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The results obtained has been suggested that enzymatic activity of the cellulolytic bacteria 
start present an early rate exponential (until the second day), unlike the industrial fungus, whose 
enzyme production increases slowly. Further studies are neccesary to optimise the culture 
conditions (pH, temperature, carbon sources and nitrogen sources) to achieve the maximum yield 
of the cellulase activity. 

 
 
5. Conclusions 
 
The purpose of this study was a comparative analysis of enzymatic activity of two type of 

microorganisms, innoculated on the same culture condition. Butyrivibrio species isolated in this 
experiment can be considerated as a higher source of cellulolytic enzyme. The results of this 
investigation have suggested that this cellulolytic ruminal bacteria endowed with the capacity to 
digest native insoluble cellulose and relatively high specific growth rates, the must be regarded as 
a very promising solution for industrial enzymatic hydrolysis step.  
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Abstract 
 
This paper presents a new photo-Fenton procedure applied in oxidative degradation of organic pollutants using 4-chlorophenol 
(4-CP) as low biodegradable testing compound. The homogeneous photo-Fenton process was modified by using a photo-catalytic 
reactor equipped with a steel wire mesh which acts as source for Fe2+ catalyst generation into reaction medium and as 
heterogeneous catalyst, by iron oxy-hydroxyl compounds formation on the surface. The oxidation process was evaluated by 
measuring the organic substrate concentration changes using COD, TOC, HPLC and LC-MS analyses, in correlation with 
modification of solution pH and Fe2+/3+ concentration as function of reaction time. The oxidation rate is higher at the beginning of 
the process and then slows down, being controlled by the nature of the intermediate oxidation products and by the change of 
Fe(III)/Fe(II) molar ratio into the solution. The new photo-Fenton procedure is simple but effective, combining the advantages of 
homogeneous and heterogeneous photo-Fenton processes. 
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1. Introduction 
 

The chlorophenols are common persistent 
organic contaminants, which show low 
biodegradability, posing serious risks to the 
environment once discharged into natural water (Du 
et al., 2006).  

The AOPs (Advanced Oxidation Processes) 
can be successfully used in wastewater treatment to 
degrade the persistent organic pollutants, the 
oxidation process being determined by the very high 
oxidative potential of the HO. radicals generated into 
the reaction medium by different mechanisms (Pera-
Titus et al., 2004). AOPs can be applied to fully or 
partially oxidize pollutants, usually using a 
combination of oxidants.  

Photo-chemical and photo-catalytic advanced 
oxidation processes including UV/H2O2, UV/O3, 
UV/H2O2/O3, UV/H2O2/Fe2+ (Fe3+), UV/TiO2 and 
UV/H2O2/TiO2 can be used for oxidative degradation 
of organic contaminants. A complete mineralization 
of the organic pollutants is not necessary, being more 
worthwhile to transform them into biodegradable 
aliphatic carboxylic acids followed by a biological 
process (Orbeci et al., 2010; Wang and Wang, 2007).  

The efficiency of the various AOPs depends 
both on the rate of generation of the free radicals and 
the extent of contact between the radicals and the 
organic compound. Also, the pH has a significant 
role determining the efficiency of Fenton and photo-
Fenton oxidation processes (Gogate and Pandit, 
2004).  
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The optimum pH range in the case of 
homogeneous photo-Fenton process is 2.5-4, a 
correction of solution pH being necessary. Also, at 
the end of the oxidation process, iron precipitation 
and catalyst separation and recovery are necessary. 
These disadvantages can be avoided using 
heterogeneous photo-Fenton procedure by active iron 
species immobilization on small particulate solid 
supports. In this case, different iron-containing 
catalysts can be used, such as the iron bulk catalysts 
(iron oxy-hydroxyl compounds: hematite, goethite, 
magnetite) or iron supported catalysts (zeolites, 
clays, bentonite, glass, active carbon, polymers etc.) 
(Duarte and Madeira, 2010; Feng et al., 2005; He et 
al., 2005; Leland and Bard, 1987; Nie et al., 2008; 
Ortiz de la Plata et al., 2010; Vinita et al., 2010).  

In the case of the heterogeneous photo-Fenton 
process, a relevant fraction of the incident UV 
radiation can be lost via scattering, due to particulate 
solid support suspended into the reaction medium. As 
a consequence, the photo-Fenton process may be 
seriously affected (Herney-Ramirez et al., 2010). 
Also, the solution pH affects the Fe leaching from the 
support, at pH values less than 3 a higher amount of 
Fe being released into the solution (Duarte and 
Madeira, 2010; Herney-Ramirez et al., 2010). By 
using a zero-valent iron with iron oxide composite 
catalysts, the oxidation process proceed via hydroxyl 
radicals generated from Fe2+(surf) species and H2O2 
in a Fenton like mechanism. The Fe2+(surf) species 
are formed by electron transfer from Fe0 to Fe3+ at 
the interface metal/oxide (Moura et al., 2005, 2006). 
The experimental data obtained by Nie et al. (2008) 
indicate that hydrogen peroxide provides a driving 
force in the electron transfer from Fe2+ to Fe3+, while 
the degradation of organic pollutants increases the 
electron transfer at the interface of Fe0/iron oxide due 
to their reaction with hydroxyl radicals.  

The degradation of organic pollutants using 
photo-Fenton processes occurs by intermediates 
oxidation products formation. In the case of phenol 
oxidation by Fenton's reagent, a series of 
intermediates were identified, corresponding mainly 
to ring compounds and short-chain organic acids 
(Assadi and Eslami, 2010; Zazo et al., 2005). Most 
significant among the former were catechol, 
hydroquinone, and p-benzoquinone; the main organic 
acids were maleic, acetic, oxalic, and formic, with 
substantially lower amounts of muconic, fumaric, 
and malonic acids. Oxalic and acetic acid appeared to 
be fairly refractory to the Fenton oxidation process. 

In the Fenton process, carboxylic acids like 
acetic and oxalic acid may be formed as end products 
during the degradation of phenol while in photo-
Fenton process, both these acids were identified 
during the early stages of phenol degradation and 
were oxidized almost completely at the end of the 
process (Kavitha and Palanivelu, 2004). Studying the 
degradation of 4-chlorophenol by an electrochemical 
advanced oxidation process, Wang and Wang (2007) 
have proposed the following possible pathway: (a) 4-
chlorophenol dechlorination to phenol; (b) 

hydroxylation of phenol to hydroquinone; (c) 
dehydrogenation of hydroquinone to benzoquinone; 
(d) the oxidation of benzoquinone (with aromatic 
ring cleavage) to aliphatic carboxylic acids such as 
maleic acid, fumaric acid, malonic acid; (e) the 
oxidation of maleic and fumaric acids to oxalic acid, 
formic acid and finally, to carbon dioxide and water. 
The main intermediates products detected by HPLC 
analyses were chlorocatechol and benzoquinone after 
60 min reaction time and aliphatic carboxylic acids 
after 120 min reaction time. Benzoquinone and 
hydroquinone-like intermediates such as catechol, 
hydroquinone and 4-chlorocatechol can reduce the 
ferric ion to ferrous ion and the oxidation process 
becomes faster (Du et al., 2006).  

The aim of this study is to evaluate a new 
photo-Fenton procedure as a suitable advanced 
oxidation process to degrade 4-chlorophenol, as low 
biodegradable testing compound, in aqueous 
solutions. The proposal of a new photo-Fenton 
procedure refers to using a photo-catalytic reactor 
equipped with a steel wire mesh (cylindrical shape, 
centrally and coaxially positioned) as a precursor of 
photo-catalytic active iron species. 

 
2. Experimental 

 
The laboratory experiments were achieved 

using a photo-catalytic reactor with continuous 
recirculation equipped with a steel wire mesh 
(cylindrical shape, diameter of 70 mm, height of 350 
mm, wire thickness of 0.23 mm, 30 mesh/cm2) and a 
high pressure mercury lamp, power of 120 W, 
centrally and coaxially positioned (Fig. 1).  

The experiments were performed at 30±20C 
using synthetic solutions of 4-chlorophenol 
(analytical grade reagent from Merck) with initial 
concentration of 186 mg 4-CP/L (initial COD of 360 
mg O2/L). The used amount of hydrogen peroxide 
(solution stock of 30% w/w, analytical reagent from 
SC COMCHIM SA) was calculated at H2O2/4-CP 
stoichiometric ratio of 1.5. The photo-catalytic 
reactor volume was 1.5 L, total solution volume 4.0 
L and the recirculation flow rate 1.5 L/min.  

The efficiency of the oxidation process was 
evaluated by monitoring the organic substrate 
concentration changes using COD, TOC, HPLC and 
LC-MS analyses, in correlation with modification of 
solution pH and Fe2+/3+ concentration as function of 
reaction time. 

The solution samples, collected at different 
reaction times, were stabilized by MnO2 addition for 
a quick decomposition of unreacted H2O2 and then 
were filtered. For COD analysis, the samples were 
corrected in terms of pH using NaOH solution 40% 
(w/w) for Fe ions precipitation, and then were 
filtered. Chemical oxygen demand analyses (COD) 
were performed through a standard method using a 
Digestor DK6. Total organic carbon (TOC) analyses 
were performed using a Multi N/C 2100 Analitikjena 
TOC-analyzer. 
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Fig. 1. Laboratory photo-catalytic reactor with continuous 
recirculation (1-photo-catalytic reactor; 2-cooling jacket; 3-

steel wire mesh, cylindrical shape; 4-UV lamp source;  
5-thermometer; 6-quartz tube; 7-UV lamp; 8-recirculation 

reservoir; 9-recirculation pump; 10-magnetic stirrer) 
 
High-performance liquid chromatography 

(HPLC) analyses were done using an Ultimate 3000 
“Diode Array” chromatograph, detector UVD-3000, 
C18 Acclaim 120 DIONEX, pump LPG-3400A. The 
separation column used was C18 Acclaim 120 with a 
length of 250 mm and 4 mm diameter. The working 
conditions were: mobile phase of 0.0035M H2SO4, 
column temperature 40°C, flow rate 0.6 mL/min, 
wavelength 210 nm.  

Liquid chromatography coupled with mass 
spectrometry (LC-MS) analyses were done using an 
Agilent 1200 Series chromatograph equipped with 
detector MS 6120 Qudrupole and autosampler. The 
working conditions were: mobile phase of 
acetonitrile/water = 10/90 (w/w), column temperature 
25°C, flow rate 1.25 mL/min, injection volume 10 
µL. Detection was performed in the MDC SIM, 
positive polarization (MM-ACDI) and MM-ES APCI 
ionization. 

The pH of the solution was measured using an 
ION check 10 (Radiometer Analytical) pH-meter. 
Fe2+/Fe3+ analyses were performed by spectrometric 
methods based on the spectral properties of Fe(II) 
and Fe(III) complexes, using a Cecil CE 1011 series 
spectrophotometer. Fe2+ concentration was 
determined at λ=510 nm using an orto-phenantroline 
reagent and Fe3+ concentration was determined at 
λ=620 nm using a tiron reagent. 
 
3. Results and discussion 
 

The experimental data concerning the 
influence of the reaction time on the organic 
substrate concentration, expressed as COD/COD0 and 
TOC/TOC0 values, are presented in Fig. 2. For the 
reaction time interval of 0-30 min, the oxidation 
process takes place with high reaction rate. At the 
same time interval, TOC/TOC0 value decreases with 
a lower rate comparing with COD/COD0 value, 

indicating the formation of intermediate organic 
compounds. 

Furthermore, the significant decrease of the 
pH values (Fig. 3) indicates the acidic nature of these 
compounds. 
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Fig. 2. Organic substrate concentration  

function of reaction time 
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Fig. 3. Solution pH variation function of reaction time 

 
Inorganic (HCl) and/or organic acids react 

with the Fe from steel wire mesh forming into the 
reaction medium small amounts of Fe2+ which acts as 
a photo-catalyst, in accordance with the classic 
homogeneous photo-Fenton process.  

HPLC analysis of solution samples collected 
at reaction time of 15 min and 90 min (Figs. 4 and 5) 
have revealed the presence of acetic acid at 
approximately 3.07 min retention time. The peak 
height and the peak area (Table 1) show that the 
quantity of acetic acid formed into the solution is 
relatively similar for a reaction time of 15 min and 90 
min. This means that the acetic acid is formed as an 
intermediate reaction and as a result, can lead to 
leaching out the Fe2+ ions from steel wire mesh into 
the solution. Also, the acetic acid remains in solution 
at higher reaction times, certifying a high resistance 
to the oxidation process. The formic acid has not 
been identified in the samples collected at reaction 
time of 15 min or 90 min. LC-MS analyses of the 
solution samples collected at different reaction times   
have revealed the formation of several intermediate 
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organic compounds whose concentration changes 
during the oxidation process. 

 
Table 1. Retention characteristics of  

acetic acid HPLC analysis 
 

Sample 
Reaction 

time 
(min) 

Retention 
time 

(min) 

Peak 
height 
(mAu) 

Peak 
area 

(mAu 

min) 
15 3.067 77.432 15.3779 4-CP 
90 3.075 78.943 16.0012 

 
The oxalic acid (retention time of 

approximately 0.39 min for standard sample, Fig. 6) 
was not identified in samples collected at reaction 
time of 15 min and 90 min.  

The characteristic peaks, recorded at higher 
retention times (Fig. 7), can be attributed to organic 
acids with higher molecular weight, such as malonic, 
maleic, succinic or muconic acids (Li et al., 2005). At 
the beginning of the process, Fe2+ concentration 
increased gradually, reaching a maximum value after 
30 minutes of reaction time (Fig. 8).  

After 15 min reaction time, the solution pH 
increases due to some organic acids mineralization 
and to HO- ions formation by Fe2+ oxidation to Fe3+ 
in the presence of H2O2 and UV radiation (Eq. 1). 
 
Fe2+ + H2O2 → Fe3+ + HO- + HO       (1) 

 
Thus, at higher reaction time, the pH of the 

reaction medium reaches at value of about 3, which 
is the optimum pH for Fenton type processes. 

 

Fig. 4. HPLC analysis for acetic acid (sample collected at 15 min reaction time) 
 

 

Fig. 5. HPLC analysis for acetic acid (sample collected at 90 min reaction time) 

 
Fig. 6. LC-MS analysis for oxalic acid (standard sample) 
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Fig. 7. LC-MS analysis (sample collected at 15 min reaction time) 

 
Due to the high oxidation potential of the 

reaction medium, Fe(II) and Fe(III) oxides and oxy-
hydroxides species (such as FeO, Fe2O3, Fe3O4 and 

FeOOH) can be formed on the surface of the steel 
wire mesh. These compounds have photo-catalytic 
properties and a high reactivity in the oxidation 
process of organic pollutants (Leland and Bard, 
1987; Moura et al., 2005; 2006; Nie et al., 2008). As 
result, the high reaction rate may be explained by the 
fact that the 4-CP oxidation can occur simultaneously 
by both homogeneous and heterogeneous photo-
Fenton processes. 

After 30 min reaction time, the oxidation 
process takes place with a slow reaction rate due to 
low molecular weight organic acids (such as acetic 
acid) which are more resistant towards the oxidation 
process. Also, the change of the Fe(II)/Fe(III) molar 
ratio (Fig. 8 and 9) is an important factor which 
controls the rate of the oxidation process.  
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Fig. 8. Fe(II) and Fe(III) concentrations function of reaction 

time 
 

The decrease of the oxidation rate in this stage 
may be explained also by the progressive Fe2+ 

disappearance from the solution. The steel wire mesh 
allows the access of UV radiations into entire photo-
catalytic reactor volume and acts as a catalyst source 
in the sense that, during the oxidation process, it 

continuously generates Fe2+ into the reaction 
medium. The ferrous ions, in the presence of 
hydrogen peroxide and UV radiation, play an 
important role in the catalytic oxidation process, 
according to the specific reaction mechanism of the 
classic homogeneous photo-Fenton process.  
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Fig. 9. Fe(II)/Fe(III) molar ratio function of reaction time 

 
Also, the steel wire mesh acts as a 

heterogeneous photo-catalyst due to Fe0/Fe(II, 

III)species formed on the surface. As consequence, the 
oxidation can take place both by homogeneous and 
heterogeneous photo-Fenton processes. 

It is not easy to determine if the degradation 
of the organic substrate is due to the oxidation 
process by hydroxyl radicals coming from the 
breakage of H2O2 catalyzed by the iron species 
formed on the surface of the steel wire mesh 
(heterogeneous photo-Fenton process) or by the Fe2+ 
ions leached out into the reaction medium 
(homogeneous photo-Fenton process). The 
concentration control of Fe2+ leached out into the 
solution may be done by limiting the reaction time 
and by changing the solution recirculation ratio and 
the steel wire mesh characteristics (wire thickness, 
wire mesh size, height and diameter of cylinder etc.). 

The advantage of the new photo-Fenton 
procedure is given by the fact that, into the reaction 
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medium, no additional other substances or materials 
with catalytic activity (such as FeSO4, Fe2(SO4)3, 
FeCl3, Fe(NH3)2(SO4)2, Fe(NO3)2 or other 
compounds of Fe(II) or Fe(III)) are necessary and no 
longer must be corrected the initial pH of the 
solution. In the case of wastewaters containing non-
biodegradable or low biodegradable organic 
pollutants (chlorophenols as example), this procedure 
can be successfully applied as a pre-treatment 
method by combining with biological treatment. 

 
4. Conclusions 

 
The new photo-Fenton procedure proposed for 

the oxidative degradation of organic compounds 
from wastewater is based on the homogeneous photo-
Fenton process modified by using a photo-catalytic 
reactor equipped with a steel wire mesh which allows 
the access of UV radiations and acts as source for the 
Fe2+ catalyst generation into the reaction medium and 
as a heterogeneous catalyst, by photo-catalytic active 
iron oxy-hydroxyl compounds formation on the 
surface.  

The oxidation rate of 4-chlorophenol (4-CP), 
used as low biodegradable testing compound in the 
experimental study, is higher at the beginning of the 
process and then slows down, being controlled by the 
nature of the intermediate oxidation products and by 
Fe(II)/Fe(III) molar ratio changing into the solution.  

The photo-Fenton procedure, based on in situ 
Fe2+ catalyst generation, is simple but effective, 
combining the advantages of homogeneous and 
heterogeneous photo-Fenton processes.  
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The aim of this study was to evaluate a modified photo-Fenton procedure as a suitable advanced oxida-
tive process to degrade antibiotics in aqueous solutions. The classical photo-Fenton procedure was mod-
ified using a photo-catalytic reactor with continuous recirculation, which was equipped with a high
pressure cylindrically shaped mercury lamp centrally and coaxially positioned and surrounded by iron
mesh. The oxidation of the organic substrate could occur simultaneously through homogeneous and het-
erogeneous photocatalytic mechanisms due to Fe2+ ions from the solution and Fe0/Fe2+/3+ species formed
on the surface of the iron mesh. The antibiotic degradation process was studied by monitoring the organic
substrate concentration using chemical oxygen demand (COD), total organic carbon (TOC), high-perfor-
mance liquid chromatography (HPLC) and Liquid chromatography coupled with mass spectrometry
(LC-MS) analyses, in connection with monitoring the solution pH and the Fe2+/3+ concentration as func-
tion of the reaction time. During the oxidative process, the formation of iron oxy–hydroxyl species on the
surface of the iron mesh and iron ionic species in the solution was observed. The efficiency of the anti-
biotics degradation, obtained using the modified photo-Fenton procedure is similar to that obtained
through the classical photo-Fenton procedure. The advantage of this method is that it is a simple and
inexpensive procedure. In addition, no additional materials with photo-catalytic activity are necessary
for the procedure, and the initial pH of the solution no longer needs to be corrected.

� 2013 Elsevier B.V. All rights reserved.
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Table 1
Characteristics of antibiotics.

Antibiotics Ampicillin (AMP) Penicillin G (PEN G)

Chemical
formula

C16H19N3O4S C16H17N2O4SNa

Molecular
mass

349.41 g/mol 356.4 g/mol

Structure

Fig. 1. Photo-Fenton procedure: diagram of work installation. (1–Photo-catalytic
reactor; 2–Cooling jacket; 3–Iron mesh, cylindrical shape; 4–UV lamp source; 5–
Thermometer; 6–Quartz tube; 7–UV lamp; 8–Recirculation reservoir; 9–Recircula-
tion pump; 10–Magnetic stirrer).
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1. Introduction

The extent to which antibiotics can be metabolised by human
beings and animals is variable. Depending on the quantities of anti-
biotics used and their rates of excretion, antibiotics can be released
into effluents and can reach sewage treatment plants [1–3]. Data
available on antibiotics (from the ampicillin, erythromycin, tetra-
cycline and penicilloyl groups) indicate their capability to exert
toxic effects on living organisms, such as bacteria and algae, even
at very low concentrations. These antibiotics are practically non-
biodegradable and have the potential to survive sewage treatment,
which leads to the persistence of these compounds in the environ-
ment and the potential for bio-accumulation [4]. The presence of
antibiotics in the environment has favoured the emergence of anti-
biotic-resistant bacteria, increasing the possibility of infections, as
well as the need to find new and more powerful antibiotics. As ex-
pected, antibiotic-contaminated water is incompatible with con-
ventional biological water treatment technologies [5].

Antibiotics have the potential to affect the microbial community
in sewage systems and can affect bacteria in the environment, there
by disturbing the natural elemental cycles [3]. If the antibiotics are
not eliminated during the purification process, they pass through
the sewage system and may end up in the environment, primarily
in the surface water. This outcome is of special importance because
the surface water is a possible source of drinking water [6]. The deg-
radation of the antibiotics by advanced oxidative processes has
been demonstrate to be reasonably suited and quite feasible for
application as a pretreatment method by combining it with the bio-
logical treatment [4]. The pretreatment of effluents containing pen-
icillin by advanced oxidative processes based on O3 and H2O2/O3

did not completely remove the toxic procaine penicillin G from
the effluents, which can lead to serious inhibition of the treatment
of activated sludge [7]. One of the novel technologies for treating
polluted sources of industrial wastewater and drinking water is
the photo-Fenton process, in which hydroxyl radicals are generated
in the presence of the H2O2, Fe2+ catalyst and UV radiation.

Advanced oxidative processes of the Fenton and photo-Fenton
type can be used for the degradation of antibiotics in wastewater
[8] or for increasing their biodegradability in biological wastewater
treatment [9]. Unlike the complete amoxicillin degradation, the
mineralisation of the organic compounds from solution is not com-
plete in the Fenton oxidative process, due to formation of refrac-
tory intermediates [10]. The degradation of amoxicillin by the
photo-Fenton process that use the iron species as catalysts (FeSO4

and a potassium ferrioxalate complex) and solar radiation reduces
the bactericide effect of the amoxicillin but the toxicity may per-
sist, due to the intermediates formed during the oxidative process.
The toxicity decreases significantly when these intermediaries are
converted to short chain carboxylic acids, which subsequently al-
lows further conventional treatment [11]. The homogeneous
photo-Fenton process is limited by its narrow working pH range
(2.5–4) and requires the correction of the solution pH for iron pre-
cipitation and catalyst separation and recovery. Otherwise, high
amounts of metal-containing sludge can be formed and the cata-
lytic metals can be lost in this sludge. Due to these disadvantages,
several attempts have been made to develop a heterogeneous
photo-Fenton procedure by immobilising active iron species on so-
lid supports. Because iron is relatively inexpensive and nontoxic, it
has been widely used in various environmental treatment pro-
cesses [12,13].

In the heterogeneous photo-Fenton process, various iron-con-
taining catalysts can be used, such as iron bulk catalysts (iron
oxy-hydroxyl compounds: hematite, goethite and magnetite) or
iron-supported catalysts (zeolites, clays, bentonite, glass, active
carbon and polymers) [13–15].
The heterogeneous photo-Fenton process requires that the cat-
alyst have a high catalytic activity and a high stability in the reac-
tion medium. At high concentrations of the iron-containing
catalyst, an important decrease of the UV radiation effect may oc-
cur due to the turbidity (small particles are suspended in solution).
A relevant fraction of the incident radiation can be lost via scatter-
ing; therefore, it is no longer available to induce the photo-Fenton
process [12].

The pH of the reaction medium affects the photocatalytic per-
formance (for pH values greater than 3 the oxidative efficiency de-
creases significantly) but it also affects the leaching of Fe from the
support (for pH values less than 3 a higher amount of Fe is released
into the solution) [12,14].

The advanced oxidative processes, or even the hybrid methods,
may not be useful in degrading large quantities of effluent econom-
ically and it is therefore advisable to use these methods for reduc-
ing the toxicity of the pollutant stream to a certain level below
which the biological oxidation can achieve the complete minerali-
sation of the biodegradable products [16].

The aim of this study was to evaluate a modified photo-Fenton
procedure as a suitable advanced oxidative process to degrade cer-
tain antibiotics, such as ampicillin and penicillin G, in aqueous
solutions.

The new proposed photo-Fenton procedure uses a photocata-
lytic reactor equipped with a high pressure mercury lamp and an
iron mesh (cylindrically shaped, as well as centrally and coaxially
positioned) as a precursor of active photocatalytic iron species.
2. Materials and methods

2.1. Materials

The antibiotics used in this work (Table 1) were ampicillin
(AMP) and penicillin G (PEN G), in the form of crystalline powder



292 C. Orbeci et al. / Separation and Purification Technology 122 (2014) 290–296
of pharmaceutical grade. The hydrogen peroxide, a solution stock
of 30% (w/w) was an analytical reagent from SC COMCHIM SA
(Bucharest, RO). Other chemical substances used in this work were
analytical reagents grade purchased from Aldrich.
2.2. The laboratory photocatalytic reactor

The classical photo-Fenton procedure was modified by the in
situ generation of the Fe2+/3+ catalyst using an annular photocata-
lytic reactor equipped with an iron mesh (cylindrically shaped,
70 mm in diameter, with a height of 350 mm, a wire thickness of
0.23 mm, 30 mesh/cm2 and an initial mass of 25.2773 g) and a high
pressure mercury lamp, of 120 W power, centrally and coaxially
positioned (Fig. 1). The volume of the photocatalytic reactor was
1.5 L, the volume of the total solution 4.0 L and the recirculation
flow rate was 1.5 L/min.
2.3. The working procedure

The experiments were performed at 30 ± 2 �C using synthetic
solutions of 250 mg/L ampicillin (with an initial COD of 320 mg
O2/L and a TOC of 130.8 mg C/L) and 280 mg/L penicillin G (with
an initial COD of 340 mg O2/L and a TOC of 121.9 mg C/L). In each
experiment, the initial concentration of the hydrogen peroxide was
of 500 mg/L and the initial pH of the solution was not modified by
adding other acidic compounds.

In the case of the classical photo-Fenton procedure, the compar-
ative experimental data were obtained in the absence of the iron
mesh and in the presence of the Fenton reagent (a solution of
FeSO4.7H2O and H2O2). The experiments were performed for an
initial solution pH of 3 ± 0.1, a H2O2 concentration of 500 mg/L
and a Fe2+concentration of 0.8 mM.

The antibiotic degradation process was studied by monitoring
the changes in the organic substrate concentration using chemical
oxygen demand (COD), total organic carbon (TOC), high-perfor-
mance liquid chromatography (HPLC) and liquid chromatography
coupled with mass spectrometry (LC-MS) analyses, in connection
with monitoring the solution pH and the Fe2+/3+ concentration as
function of the reaction time. The collected samples were stabi-
lized using MnO2 crystalline powder so that the unreacted H2O2

could quickly decompose, and then they were filtered. For the
COD analysis, the samples were corrected in terms of the pH using
a NaOH solution 40% (w/w) for the Fe ions precipitation, and then
they were filtered.
2.4. Analytical methods

Chemical oxygen demand analyses (COD) were performed
through a standard method (SR ISO 6060/1996) using a Digestor
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Fig. 2. The oxidative degradation of AMP through photo-Fenton like processes.
DK6. Total organic carbon (TOC) analyses were performed using a
Multi N/C 2100 (Analytik Jena) TOC-analyzer.

High-performance liquid chromatography (HPLC) analyses
were applied using an Ultimate 3000 ‘‘Diode Array’’ chromato-
graph, a UVD-3000 detector, a C18 Acclaim 120 DIONEX, and a
LPG-3400A pump. The separation column used was C18 Acclaim
120 with a length of 250 mm and a 4 mm diameter. The working
conditions were the following: a mobile phase of 0.0035 M
H2SO4, a column temperature of 40 �C, a flow rate of 0.6 mL/min,
and a wavelength of 210 nm.

The acetic acid could be identified in the samples through com-
paring it with a HPLC chromatogram recorded for the standard
sample of acetic acid.

Liquid chromatography, coupled with mass spectrometry (LC–
MS) analyses were applied using an Agilent 1200 Series chromato-
graph equipped with an MS 6120 Quadrupole detector and an
autosampler. The working conditions were the following: a mobile
phase of acetonitrile/water = 10/90 (w/w), a column temperature
of 25 �C, a flow rate of 1.25 mL/min, and an injection volume of
10 lL. Detection was performed in the MDC SIM, positive polarisa-
tion (MM-ADDI) and MM-ES APCI ionisation.

The oxalic acid could be identified in the samples through com-
paring it with a LC–MS chromatogram recorded for the standard
sample of oxalic acid. The pH of the solution was measured using
an ION check 10 pH-meter (Radiometer Analytical).

Fe2+/Fe3+ analyses were performed using spectrometric meth-
ods based on the spectral properties of the Fe(II) and Fe(III) com-
plexes, using a Cecil CE 1011 series spectrophotometer. The Fe2+

concentration was determined at k = 510 nm using an ortho-phe-
nanthroline reagent, while the Fe3+ concentration was determined
at k = 620 nm using a tiron reagent.

3. Results and discussion

3.1. Efficiency of antibiotics oxidation through photo-Fenton like
processes

Using the photocatalytic reactor presented in Fig. 1 and follow-
ing the working procedure presented in subsection 2.3, compara-
tive experimental data concerning the efficiency of the oxidative
degradation of ampicillin and penicillin G antibiotics (Figs. 2 and
3) were obtained in the presence of an iron mesh (the modified
photo-Fenton procedure) and in the absence of the iron mesh but
in the presence of a Fenton reagent (the classical photo-Fenton
procedure).

The first remark to be made is that in both cases there is a pro-
gressive and pronounced degradation of the antibiotics, certifying
the oxidative efficiency of the photo-Fenton process.

Concerning the dependence of the COD values on time, notice
that there is a difference between the two photo-Fenton proce-
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Fig. 3. The oxidative degradation of PEN G through photo-Fenton like processes.
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dures regarding the rate of the antibiotics oxidation, especially for
a reaction time interval of 10–60 min. Also, there is a higher oxida-
tion rate in the case of the penicillin G (Fig. 3) than in the case of
the ampicillin (Fig. 2). This suggests that, at least for this reaction
time interval, different processes or mechanisms occur in the case
of the modified photo-Fenton procedure and also, that they are
influenced by the structure of the antibiotic.

Figs. 4a, b and 5 present the experimental data obtained in the
case of the photo-Fenton procedure modified by the in situ gener-
ation of the Fe2+ catalyst and expressed as the influence of the reac-
tion time and the structure of the antibiotic on the value of the
COD/COD0 and TOC/TOC0 ratios.

In what concerns the antibiotics oxidation, Fig. 4b shows the
kinetics data expressed as dependence of COD/COD0 values on
time, obtained in three successive stages of testing in identical con-
ditions. They demonstrate the reproducibility of the analyses and
the viability of the modified photo-Fenton procedure.

The overall oxidative process is relatively similar for the ampi-
cillin and the penicillin G, involving three hypothetical successive
stages.
3.2. First stage of the oxidative process

In the first stage (a reaction time interval of 0–10 min) the COD/
COD0 values show that the degradation process takes place with a
high reaction rate for both antibiotics. The high oxidative rate for
the ampicillin and the penicillin G in this stage may be explained
by the presence of the HO� radicals formed by the direct photolysis
of H2O2 in the presence of the UV radiation (Eq. (1)):

H2O2 þ UV ! 2HO� ð1Þ

The COD/COD0 and TOC/TOC0 values have different slopes of degra-
dation, as can be seen in Figs. 4 and 5.

The significant decrease in the value of the solution pH (Fig. 6)
indicates the acidic nature of these compounds. The initial pH of
the solution and its variation in time depends on the nature of
the antibiotic. The penicillin G solution has a higher initial pH
(pH = 7.9) as compared with the ampicillin solution (pH = 6.6).
Penicillin G has one less amino group but it is in the form of a so-
dium salt and, therefore, it triggers a higher pH in aqueous
solutions.

The acidic compounds formed through the oxidation of the
antibiotics react with the Fe0 from the iron mesh (Eq. (2)) generat-
ing small amounts of Fe2+ in the aqueous phase, which acts as a
main factor for the generation of hydroxyl radicals (Eq. (3)).

Fe0 þ 2Hþ ! Fe2þ þH2 ð2Þ

Fe2þ þH2O2 ! Fe3þ þHO� þHO� ð3Þ

Due to the high oxidative potential of the reaction medium, Fe(II)
and Fe(III) oxides and oxy-hydroxides species (FeO, Fe2O3, Fe3O4

and FeOOH) can be formed on the surface of the solid phase
[13,15], which is represented by the iron mesh in our study.

Literature data [13] have recently shown that a composite
structure based on a zero-valent iron with the iron oxide (Fe0/
Fe2O3, Fe0/Fe3O4) has a high reactivity in the oxidative process ap-
plied to organic pollutants. Moreover, the scientific paper [15] has
proved that the oxides and oxy-hydroxides such as a-Fe2O3, c-
Fe2O3, a-FeOOH, b-FeOOH and c-FeOOH have photocatalytic prop-
erties and oxidize organic compounds.

The experimental data obtained by Nie et al. [13] indicate that
the hydrogen peroxide functions as a driving force in the electron
transfer from Fe2+ to Fe3+, while the degradation of the organic pol-
lutants increases the electron transfer at the interface of Fe0/iron
oxide due to their reaction with the hydroxyl radicals.

For the reaction time interval of 0–10 min, Fe(II) or Fe(III) ions
were not detected in the reaction medium. As a consequence, the
oxidative process in this stage may be due to the hydroxyl radicals
formed by the H2O2 direct photolysis in the presence of the UV
radiation, as well as to a photocatalytic effect of the Fe0/Fe(II, III)
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species formed on the surface of the iron mesh. In this stage the
oxidation cannot take place through the homogeneous photo-
catalysis process, because the Fe2+ concentration in the reaction
medium is practically zero and the value of the solution pH is
greater than 4.
3.3. Second stage of the oxidative process

In the second stage (a reaction time interval of 10–60 min) the
oxidative process takes place with a moderate reaction rate, and
the oxidation efficiency for AMP is higher than PEN G (Fig. 4).

For a 10–30 min reaction time interval, the pH of the solution
further decreases until it reaches a minimum value of approxi-
mately 3, which is the optimum value for the homogeneous
photo-Fenton processes. Note that the pH of the penicillin G solu-
tion has a slightly higher value than the pH of the penicillin solu-
tion, and it is in correlation with the different efficiency of the
oxidative process (Figs. 4 and 6).

In this stage, the Fe2+ and Fe3+ are formed in the reaction med-
ium, being leached from the iron mesh. The concentration of the
Fe2+ reaches a maximum value for 60 min reaction time then it
tends to decrease by oxidation to Fe3+. After 30 min reaction time,
the total content of Fe in the solution increases significantly (Figs. 7
and 8).
Table 2
Characteristics of acid acetic peaks obtained trough HPLC analysis.

Sample Reaction time (min) Retention time (mi

AMP 15 3.036
90 3.687

PEN G 15 3.026
90 3.245
The decrease in the COD and TOC values of the solution is asso-
ciated with a partial mineralisation of the intermediate organic
compounds formed in the first oxidative stage. The iron mesh plays
a double role: it provides Fe2+ ions in the solution and acts as a het-
erogeneous photo-catalyst due to the Fe0/Fe(II, III) species formed
on the surface.

As a consequence, the oxidation can take place both through
homogeneous and heterogeneous photo-Fenton processes. The
effective contribution of a heterogeneous or homogeneous photo-
Fenton process is hard to measure, given that the Fe(II, III) species
formed on the surface and the amount of Fe leached from the iron
mesh vary with the reaction time. In the case of the heterogeneous
photo-Fenton process, it is difficult to establish whether the degra-
dation of the organic substrate is due to the oxidation through hy-
droxyl radicals (coming from the breakage of H2O2 catalyzed by the
iron-supported catalysts) or through the Fe ions leached into the
solution [12].
3.4. Third stage of the oxidative process

In the third stage (a reaction time of more than 60 min) the oxi-
dative process occurs with a slow reaction rate probably due to the
organic acids of a low molecular weight which are more resistant
to the oxidative process. In the case of amoxicillin oxidation
through the Fenton processes, some literature studies [10,11] have
revealed that the mineralisation is not complete due to the forma-
tion of refractory intermediaries.

HPLC analyses of solution samples collected for a reaction time
of 15 min and 90 min have revealed the presence of the acetic
acid for both antibiotics (Table 2). A typical chromatogram is pre-
sented in Fig. 9. As can be seen in Table 2, for a greater reaction
time (90 min), the amount of acetic acid formed in the solution is
much greater than for a low reaction time (15 min). The formic
acid has not been identified in the samples collected for a reac-
tion time of 15 min or 90 min, for both ampicillin and penicillin
G antibiotics.

LC–MS analyses of the solution samples collected at different
reaction times have revealed the formation of several intermediate
organic compounds whose concentration changes during the oxi-
dative process. The oxalic acid has been identified with certainty
for both ampicillin and penicillin G antibiotics at a retention time
of approximately 0.39 min. In this respect, a typical chromatogram
is presented in Fig. 10.

The typical peaks, recorded at higher retention times, can be
attributed to organic acids with higher molecular weight, such as
the malonic, maleic, succinic or muconic acids.

The formation of organic acids with a low molecular weight
determines, on the one hand, an increase in the overall oxidative
rate due to the higher concentration of the Fe2+ in the liquid phase,
as a result of their leaching from the iron mesh. On the other hand,
however, the presence of these acids in the liquid phase leads to a
decrease of the overall efficiency of the oxidation, given their resis-
tance to the oxidative process.

For a reaction time interval of 45–105 min, the pH of the solu-
tion increases gradually due to the disappearance of certain organ-
ic acids through complete mineralisation, as well as to the HO�
n) Peak height (mAu) Peak area (mAu min)

14.836 2.8129
72.105 13.8454

36.028 6.9354
101.180 22.2613



Fig. 9. HPLC analysis for acetic acid (AMP sample collected at 15 min reaction time).

Fig. 10. LC–MS analysis for oxalic acid (AMP sample collected at 15 min reaction time).
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ions generated through the oxidation of Fe2+ to Fe3+ in the presence
of H2O2 (Eq. (3)) and HO� radicals (Eq. (4)).

Fe2þ þHO� ! Fe3þ þHO� ð4Þ

For the entire reaction time interval, the variation of the Fe(III)/
Fe(II) molar ratio in the reaction medium is presented in Fig. 11.

The Fe2+ oxidation to Fe3+ according to reactions (3) and (4) is
the main cause for the increase in the molar ratio Fe(III)/Fe(II) for
a reaction time greater than 60 min. As a result, the decrease in
the oxidation rate for a higher reaction time may be explained by
the progressive disappearance of the Fe2+ from the solution. In
the presence of the UV radiation and the hydrogen peroxide, the
ferric ion generated in reaction (3) is reduced to a ferrous ion
(Eq. (5)):

Fe3þ þH2O2 ! Fe2þ þHO�2 þHþ ð5Þ

Given that the rate of reaction (5) is much slower than the rate
of reaction (3), the ferrous ions are quickly consumed, but slowly
regenerated. As a consequence, the oxidative process slows down
due to the low concentration of the ferrous ions.

Controlling the excessive increase in the concentration of Fe
ions in the reaction medium may be done by changing the charac-
teristics of the iron mesh (the initial mass, the height and diameter
of the cylinder, the thickness of the wire or the mesh size), and by
limiting the recirculation flow rate and the reaction time.

The advantage of the new photo-Fenton procedure is that, in
the reaction medium, no additional substances or materials with
photocatalytic activity are necessary and the initial pH of the solu-
tion no longer needs to be corrected.

Even if the oxidation of the ampicillin and the penicillin G does
not completely occur in a reasonable reaction time, their toxicity
and bactericidal effect may be greatly reduced through converting
them to short chain carboxylic acids [11].

The experimental data, obtained through the oxidative degrada-
tion of ampicillin and penicillin G type antibiotics from water using
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the photo-Fenton process modified by the in situ generation of the
Fe2+ catalyst, certify that this procedure may be used as a feasible
process to be applied as a pre-treatment method by combining it
with the biological treatment.

4. Conclusions

The oxidative degradation of ampicillin and penicillin G type
antibiotics from water using the photo-Fenton procedure modified
by the in situ generation of the Fe2+ catalyst occurs following three
hypothetical successive stages.

In the first oxidation stage (a reaction time interval of 0–
10 min) the degradation process takes place with a high reaction
rate due to the hydroxyl radicals formed by the direct photolysis
of H2O2 in the presence of the UV radiation and to a photocatalytic
effect of the Fe0/Fe(II, III) species formed on the surface of the iron
mesh.

In the second stage (a reaction time interval of 10–60 min), the
oxidative process takes place with a moderate reaction rate. In this
stage, the Fe2+ and Fe3+ are formed in the reaction medium, being
leached from the iron mesh due to the acidic compounds from the
solution. The oxidative process is controlled by the hydroxyl radi-
cals as a result of the photocatalytic effect of the Fe0/Fe(II, III) spe-
cies formed on the surface of the iron mesh (homogeneous photo-
Fenton process) and the photocatalytic effect of the Fe2+ leached
into the solution (homogeneous photo-Fenton process).

In the third stage (a reaction time of more than 60 min) the oxi-
dative process takes place with a slow reaction rate due to the or-
ganic acids of a low molecular weight (such as the oxalic and acetic
acids) which are more resistant to the oxidative process and also
due to the progressive disappearance of the Fe2+ catalyst from
the solution.

The efficiency of the degradation of ampicillin and penicillin G
antibiotics obtained using the photo-Fenton procedure modified
by the in situ generation of the Fe2+ catalyst is relatively similar
to that obtained through the classical photo-Fenton procedure.
The advantage of the new procedure is that it is simple and cheap.
Moreover, no additional substances or materials with photocata-
lytic activity are necessary, and the initial pH of the solution no
longer needs to be corrected.
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1. Introduction 

Biomass represents an extremely valuable potential to obtain new clean energy sources and 
natural structurally complex bioactive compounds. Renewable energy can be produced 
from any biological feedstock, that contains appreciable amounts of sugar or materials that 
can be converted into sugar (e.g. starch or cellulose). Lignocellulose’s biomass–dendromass 
and phytomass is natural based material consisting of complex of heterogenic 
macromolecules with cell structure (celluloses, hemicelluloses and lignin) as well as 
numerous organic and inorganic structures with low molecule weight (Sun, 2002). 

Long-term economic and environmental concerns have resulted in a great amount of 
research in the past couple of decades on renewable sources of liquid fuels to replace fossil 
fuels. Producing of cellulose and alcohol from biomass is important technological process. 
Conversion of abundant lignocellulosic biomass to biofuels as transportation fuels presents 
a viable option for improving energy security and reducing greenhouse emissions. 
Lignocellulosic materials such as agricultural residues (e.g., wheat straw, sugarcane bagasse, 
corn stover), forest products (hardwood and softwood), and dedicated crops (switchgrass, 
salix) are renewable sources of energy. These raw materials are sufficiently abundant and 
generate very low net greenhouse emissions. The use of biomass with low economic value, 
the waste from agriculture, forestry and wild flora as sources of clean energy, is a viable 
way to avoid potential conflicts with the biomass production for food, which represent the 
main concern of UE regarding the biofuels production from biomass. 

The presence of lignin in lignocelluloses leads to a protective barrier that prevents plant cell 
destruction by fungi and bacteria for conversion to fuel. For the conversion of biomass to 
fuel, the cellulose and hemicellulose must be broken. The digestibility of cellulose present in 
lignocellulosic biomass is hindered by many physicochemical, structural, and compositional 
factors. The lignocellulosic biomasses need to be treated prior to fuel production to expose 
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cellulose. In present, there is many different type of pretreatment of lignocelluloses 
materials. Pretreatment uses various techniques, including ammonia fiber explosion, 
chemical treatment, biological treatment, and steam explosion, to alter the structure of 
cellulosic biomass to make cellulose more accessible. The purpose of the pretreatment is to 
remove lignin and hemicellulose, reduce cellulose crystallinity, and increase the porosity of 
the materials. Then, acids or enzymes can be used to break down the cellulose into its 
constituent sugars. Enzyme hydrolysis is widely used to break down cellulose into its 
constituent sugars. Pretreatment can be the most expensive process in biomass-to-fuels 
conversion but it has great potential for improvements in efficiency and lowering of costs 
through further research and development. Cellulose chains can also be broken down into 
individual glucose sugar molecules by enzymes known as cellulose. Cellulose refers to a 
class of enzymes produced by fungi, bacteria, and protozoans that catalyze the hydrolysis of 
cellulose. But, one of the main drawn back of convention chemical methods used in ethanol 
formation process is degradation of carbohydrates and formation of undesirable by-
products, which severely inhibition of ethanol during the fermentation process: furfural, 5-
hydroxymethylfurfural, uronic acid, levulinic acid, acetic acid, formic acid, hydroxybenzoic 
acid, vanillin, phenol, cinnamaldehyde, formaldehyde, and so (Nenkova et.al., 2011). Some 
inhibitors such as terpene compounds are present in the biomass–dendromass. 

Lignin is a complex reticulated phenolic polymer that occurs in xylem of most terrestrial 
plants and is the second most abundant biopolymer in nature, corresponding to around 30% 
of the biosphere organic carbon. This macromolecule is one of the biggest wood components 
and also one of the most important. Even the lignin has a significant role in technology, in 
the bioethanol production process valuable chemical properties and functions from lignin 
and hemicelluloses are not fully recovery, the black liquor result from process being using 
specially for energy recovery. About half of wood components are dissolved into this black 
liquor. The dissolved organic compounds consist mainly in degraded lignin and also 
hemicelluloses and cellulose degradation products. Also, phenols derived from biomass are 
valuable and useful chemicals, due to their pharmacological properties including antiviral 
inhibitor (anti-HIV). These compounds with good antioxidant activity can be used to 
preserve food from lipid peroxidation and oxidative damage occurring in living systems 
(Martínez et.al., 1996; Mahugo Santana et.al., 2009; Nenkova, et.al.2011). Antioxidants can 
also prevent the loss of food color, flavor and active vitamins content, providing the 
stabilization of the molecules involved in such characteristics. They can also be used for the 
production of adhesives and for the synthesis of polymer. 

It is well known that, biomass also contains many other natural products: waxes and fatty 
acids, polyacetylenes, terpenoids (e.g., monoterpenoids, iridoids, sesquiterpenoids, 
diterpenoids, triterpenoids), steroids, essential oils, phenolics, flavonoids, tannins, 
anthocyanins, quinones, coumarins, lignans, alkaloids, and glycosidic derivatives (e.g., 
saponins, glycosides, flavonoid glycosides) (Alonso et.al., 1998; Japón-Luján et.al., 2006; 
Faustino, 2010; Fang et.al., 2009; Gallo, 2010; Carro, 1997; Kojima, 2004). In this regards, are 
needed more studies to recover these important compounds from biomass for use in 
pharmaceutical industry, food industry, and so. 
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2. Extraction techniques 

Actually, there are known many different techniques used for biomass extraction: liquid-
solid extraction, liquid-liquid extraction, partitioning, acid-base extractions, ultrasound 
extraction (UE), microwave assisted extraction (MAE). The capability of a number of 
extraction techniques have been investigated, such as solvent extraction (J.A. Saunders, D.E. 
Blume, 1981) and enzyme-assisted extraction (B.B. Li, B. Smith, M.M. Hossain, 2006). 
However, these extraction methods have drawbacks to some degree. 

The choice of extraction procedure depends on the nature of the natural material and the 
components to be isolated. The main conventional extraction procedures are liquid-liquid 
extraction and liquid-solid extraction. For liquid-liquid extraction is using two different 
solvents, one of which is always water, (water-dichloromethane, water-hexane, and so). 
Some of the disadvantages of this method are: cost, toxicity and flammability (Kaufmann 
2002; McCabe, 1956; Perry, 1988; Sarker et. al., 2006). 

Solid-phase extraction (SPE) can be used to isolate analytes dissolved or suspended in a 
liquid mixture are separated from a wide variety of matrices according to their physical and 
chemical properties. Conventional methods include: soxhlet extraction, maceration, 
percolation, extraction under reflux and steam distillation, turbo-extraction (high speed 
mixing) and sonication. Although these techniques are widely used, have several 
shortcomings: are very often time-consuming and require relatively large quantities of 
polluting solvents, the influence of temperature which can lead to the degradation of thermo 
labile metabolites (Kaufmann 2002; McCabe, 1956; Sarker et. al., 2006; Routray, 2012). 

Supercritical fluid extraction (SFE), microwave-assisted extraction (MAE) and pressurised 
solvent extraction (PSE) are fast and efficient unconventional extraction methods developed 
for extracting analytes from solid matrixes. 

2.1. Supercritical fluid extraction 

Supercritical fluid extraction (SFE) is one of the relatively new efficient separation method 
for the extraction of essential oils from different plant materials. The new products, extracts, 
can be used as  

a good base for the production of pharmaceutical drugs and additives in the perfume, 
cosmetic, and food industries. Use of SFE under different conditions can allow selecting the 
extraction of different constituents. The main reason  for the interest in SFE was the 
possibility of carrying out extractions at  

temperature near to ambient, thus preventing the substance of interest from incurring in 
thermal denaturation. 

Supercritical fluid extraction has proved effective in the separation of essential oils and its 
derivatives for use in the food, cosmetics, pharmaceutical and other related  industries, 
producing high-quality essential oils with commercially more satisfactory  compositions 
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(lower monoterpenes) than obtained with conventional hydro-distillation (Ehlers et al., 2001; 
Diaz-Maroto et al., 2002; Ozer et al., 1996). Also, extraction with supercritical fluids requires 
higher investment but can be highly selective and more suitable for food products. This 
plays a mechanistic role in supercritical fluid chromatography (SFC), where it contributes to 
the separation of the solutes that are injected into the chromatographic system. 

Supercritical fluid extraction is an interesting technique for the extraction of flavouring 
compounds from vegetable material. It can constitute an industrial alternative to solvent 
extraction and steam distillation processes (Stahl, E. and Gerard, D. 1985). SFE allows a 
continuous modification of solvent power and selectivity by changing the solvent density 
(Nykanen, I.et al., 1991). Nevertheless, the simple SFE process, consisting of supercritical 
CO2 extraction and a one-stage subcritical separation, in many cases does not allow a 
selective extraction because of the simultaneous extraction of many unwanted 
compounds. 

2.2. Ultrasound-assisted solvent extraction 

Ultrasound assisted extraction is very efficient extraction procedure. Sonication induces 
cavitation, the process in which bubbles with a negative pressure are formed, grown, 
oscillated, and may split and implode. By this process different chemical compounds and 
particles can be removed from the matrix surface by the shock waves generated when the 
cavitation bubbles collapse. The implosion of the cavities creates microenvironments with 
high temperatures and pressures. Schock waves and powerful liquid micro jets generated 
by collapsing cavitation bubbles near or at the surface of the sample accelerate the 
extraction (R. Kellner et al., 2004). Ultrasonic assisted extraction has many advantages 
since it can be used for both liquid and solid samples, and for the extraction of either 
inorganic or organic compounds (S.L. Harper et al., 1983). If extracted from solid samples, 
different problems can occur: there is a possibility of the decomposition of the analyte 
which could be trapped inside of the collapsing cavitational bubbles. The ultrasound 
extraction system can be also applied as a dynamic system in which the analytes are 
removed as soon as they are transferred from the solid matrix to the solvent. In this 
process, furthermore, the sample is continuously exposed to the solvent (I. Rezic´ et al., 
2008). 

This is a modified maceration method where the extraction is facilitated by the use of 
ultrasound (high-frequency pulses, 20 kHz). Ultrasound is used to induce a mechanical 
stress on the cells of biomass solid samples through the production of cavitations in the 
sample. The cellular breakdown increases the solubilization of metabolites in the solvent 
and improves extraction yields. The efficiency of the extraction depends on the instrument 
frequency, and length and temperature of sonication. Ultrasonification is rarely applied to 
large-scale extraction; it is mostly used for the initial extraction of a small amount of 
material. It is commonly applied to facilitate the extraction of intracellular metabolites from 
plant cell cultures (Kaufmann, 2002; Sarker, 2006). 
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2.3. Pressurized Solvent Extraction (PSE) 

Pressurized solvent extraction or ‘‘accelerated solvent extraction,’’ employs temperatures 
that are higher than those used in other methods of extraction, and requires high pressures 
to maintain the solvent in a liquid state at high temperatures. It is best suited for the rapid 
and reproducible initial extraction of a number of samples. The solid biomass sample is 
loaded into an extraction cell, which is placed in an oven. The solvent is then pumped from 
a reservoir to fill the cell, which is heated and pressurized at programmed levels for a set 
period of time. The cell is flushed with nitrogen gas, and the extract, which is automatically 
filtered, is collected in a flask. Fresh solvent is used to rinse the cell and to solubilize the 
remaining components. A final purge with nitrogen gas is performed to dry the material. 
High temperatures and pressures increase the penetration of solvent into the material and 
improve metabolite solubilization, enhancing extraction speed and yield. Moreover, with 
low solvent requirements, pressurized solvent extraction offers a more economical and 
environment-friendly alternative to conventional approaches 

As the material is dried thoroughly after extraction, it is possible to perform repeated 
extractions with the same solvent or successive extractions with solvents of increasing 
polarity. An additional advantage is that the technique can be programmable, which will 
offer increased reproducibility. However, variable factors, e.g., the optimal extraction 
temperature, extraction time, and most suitable solvent, have to be determined for each 
sample (Kaufmann, 2002; Tsubaki, 2010; Sarker, 2006). 

Microwave-assisted extraction (MAE) or simply microwave extraction is a relatively new 
extraction technique that combines microwave and traditional solvent extraction. The 
microwave energy has been investigated and widely applied in analytical chemistry to 
accelerate sample digestion, to extract analytes from matrices and in chemical reactions. 
Application of microwaves for heating the solvents and plant tissues in extraction process, 
which increases the kinetic of extraction, is called microwave-assisted extraction. Microwave 
energy is a non-ionizing radiation that causes molecular motion by migration of ions and 
rotation of dipoles, without changing the molecular structures if the temperature is not too 
high. Nonpolar solvents, such as hexane and toluene, are not affected by microwave energy 
and, therefore, it is necessary to add polar additives. Microwave-assisted extraction (MAE) 
is an efficient extraction technique for solid samples which is applicable to thermally stable 
compounds accepted as a potential and powerful alternative to conventional extraction 
techniques in the extraction of organic compounds from materials. The microwave-assisted 
extraction technique offers some advantages over conventional extraction methods. 

Compared to conventional solvent extraction methods, the microwave-assisted extraction 
(MAE) technique offers advantages such as improved stability of products and marker 
compounds, increased purity of crude extracts, the possibility to use less toxic solvents, 
reduced processing costs, reduced energy and solvent consumption, increased recovery and 
purity of marker compounds, and very rapid extraction rates. 

The use of MAE in natural products extraction started in the late 1980s, and through the 
technological developments, it has now become one of the popular and cost-effective 
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extraction methods available today, and several advanced MAE instrumentations and 
methodologies have become available, e.g., pressurized microwave-assisted extraction 
(PMAE) and solvent-free microwave-assisted extraction (SFMAE). 

Comparison between conventional and MAE extraction method 

This technique has been used successfully for separation of phenolic compounds from types 
of biomass, polyphenols derivates, pyrimidine glycosides, alkaloids, terpenes, and so. 

In most cases, the results obtained suggested that the microwave assisted method was more 
convenient even compared to the ultrasound extraction method. 

Pyrimidine glycosides 

The studies regarding the microwave extraction of vicine and convicine (toxic pyrimidine 
glycosides) from Vicia faba using a methanol: water mixture (1:1 v/v) involves two successive 
microwave irradiations (30 s each) with a cooling step in between. No degradation could be 
observed under these conditions,but further irradiation was found to decrease the yield of 
vicine and convicine. The yield obtained was 20% higher than with the conventional Soxhlet 
extraction method. 

Alkaloids Sparteine, a lupine alkaloid, was extracted from Lupinus mutabilis, with methanol: 
acetic acid (99:1, v/v) in a common microwave oven and the microwave irradiation program 
used one to five cycles of 30 s with a cooling step in between and conduct to 20% more 
sparteine than was obtained with a shaken-flask extraction using the same solvent mixture 
for 20 min. 

Terpenes Five terpenic compounds: linalool, terpineol, citronellol, nerol and geraniol, 
associated with grape (Vitis vinifera) aroma was extracted from must samples by MAE 
(Carro et al.,1997). Was investigated the influence of the parameters: extracting solvent 
volume, extraction temperature, and amount of sample and extraction time. Several 
conditions were fixed, such as the extraction time (10 min) and the applied power (475 W). 
The solvent volume appeared to be the only statistically significant factor, but was limited to 
15 mL by the cell size. The highest extraction yield was obtained with both the solvent 
volume and the temperature at their maximum tested values. In contrast, the sample 
amount had to be minimized in order to obtain the best recoveries. The final optimized 
extraction conditions were as follows: 5 mL sample amounts extracted with 10 mL of 
dichloromethane at a temperature of 90°C for 10 min with the microwave power set at 50% 
(475 W). 

Steroids Recently, was demonstrated that only 30–40 s were sufficient to extract ergosterol 
quantitatively by MAE using 2 mL methanol and 0.5 mL 2 M sodium hydroxide. Microwave 
irradiation was applied at 375W for 35 s and the samples were cooled for 15 min before 
neutralization with 1 M hydrochloric acid followed by pentane extraction. The yield was 
similar to or even higher than that obtained with the traditional methanolic extraction 
followed by alkaline saponification and pentane extraction. 
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Alkaloids The extraction of two alkaloids cocaine and benzoylecgonine by focused MAE 
was optimized by taking into account several parameters such as the nature of the extracting 
solvent, particle size distribution, sample moisture, applied microwave power and 
radiation time. MAE was found to generate similar extracts to those obtained by 
conventional SLE but in a more efficient manner. Indeed, 30s were sufficient to extract 
cocaine quantitatively from leaves, using methanol as solvent and a microwave power of 
125 W. (Kaufmann, 2002). 

Phenolic compounds 

In recent years, synthetic antioxidants were reported to have the adverse effects such as 
toxicity and carcinogenicity and this situation has forced scientists to search for new natural 
antioxidants from herbs or the other materials. Phenolic compounds, the most important 
bioactive compounds from plant sources, are among the most potent and therapeutically 
useful bioactive substances, providing health benefits associated with reduced risk of 
chronic and degenerative disease (Luthria, 2006; Tsubaki et al., 2010; Proestos, 2008). 

Extraction is one of the most imperative steps in the evaluation of phenolic compounds from 
plant. Often is done a saponification prior to the extraction step because is necessary to 
cleave the ester linkage to the cell walls (Robbins, 2003). 

The capability of a number of extraction techniques have been investigated, such as solvent 
extraction and enzyme-assisted extraction. However, these extraction methods have 
drawbacks to some degree. For example, solvent extraction is time consuming and enzyme 
in enzyme assisted extraction is easy to denature. In the case of Soxhlet extraction, the 
extraction time vary from 1 minute to 6 h. Ultrasonic is one of the most industrially used 
methods to enhance mass transfer phenomena (Japón-Luján et.al. 2006; Luthria, 2006; 
Pérez-Serradilla, 2007). Meanwhile, microwave assisted extraction heats the extracts 
quickly and significantly accelerates the extraction process (Martínez, 1996; Kojima,  
2004; Patsias, 2009). Simultaneous ultrasonic/microwave assisted extraction (UMAE) 
coupled the advantage of microwave and ultrasonic, presenting many advantages 
(Kojima, 2004). 

Extraction of phenolic compounds from solid samples is usually carried out by stirring 
(Luthria, 2006; Nepote, 2005), although the use of auxiliary energies has demonstrated to 
accelerate the process (Japón-Luján, et.al.2006; Pérez-Serradilla, 2007). Microwave-assisted 
extraction (MAE) is the process by which microwave energy is used to heat polar solvents in 
contact with solid samples and to partition compounds of interest between the sample and 
the solvent, reducing both extraction time and solvent consumption. 

The conventional liquid–solid extraction techniques, such as heat reflux extraction (HRE), 
ultrasonic extraction (UE) and maceration extraction (ME), are discommodious, laborious, 
time-consuming and require large volumes of toxic organic solvents. So increasing attention 
is paid to the development of more efficient extraction methods for the rapid extraction of 
active compounds from materials. 
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The current analytical methods used to extract phenolic compounds from liquid samples are 
based on liquid-liquid extraction (LLE). Although this technique offers efficient and precise 
results, it is relatively time-consuming, possibly harmful due the use of large volume of 
organic solvents (frequently toxic) and highly expensive. For these reasons, there is an 
increasing tendency to replace LLE by solid-phase extraction (SPE) for liquid samples. SPE 
was developed in the 1980s, and has emerged as a powerful tool for chemical isolation and 
purification. This methodology is an alternative extraction to LLE due to it reduces organic 
solvents consumption, the length of analysis and it can be automated (Martínez, et. al., 1996; 
Kojima, 2004; Patsias, et.al., 2009). 

Although most attention has been focused on the determination of phenolic compounds in 
aqueous samples, more substituted phenols, such as pentachlorophenol, show limited 
transport in water and they are more likely absorbed in sediments and soils. This fact 
contributes to the persistent of these compounds in the environment and it results in high 
concentrations of them that could affect aquatic and earth organism. For extraction, Soxhlet 
extraction is one of the most popular techniques for isolating phenolic compounds from 
solid samples, due to its simplicity, inexpensive extraction apparatus. Despite the good 
results obtained with this methodology, Soxhlet extraction makes the analysis procedure 
excessive time consuming. Moreover, it requires large amount of hazardous organic 
solvents. 

Ultrasonic extraction is another conventional technique to extract analytes from solid 
samples. Although sonication is faster than Soxhlet extraction, it also requires large volumes 
of toxic and expensive organic solvents. 

The studies show that the compounds are extracted more effectively when the energy 
provided by microwave is employed (Perez-Serradilla, 2011). 

3. Experimental studies 

The efficiencies of different solvents (water, acid and alcohol) in the extraction of caffeine 
and phenols from leaves of white, black, green and red tea in different solvents: ethanol, 
isopropanol, methanol and water. Extraction was performed comparative by ultrasonic and 
by MAE. Determination of the total amount of phenolic compounds was studied 
comparative using different extraction times 5, 15 and respectively 30 minutes. The 
microwave irradiation shortens time necessary to extract phenols and caffeine from tea 
samples (between 30 and 50 seconds). The results of the comparison investigation are 
presented in the figure 1. 

4. Conclusion 

Chromatographic determination of phenolic compounds isolated from the tea samples by 
ultrasonic and MAE extraction is comparable. The difference between the two methods of 
extraction consists in extraction time and amount of solvents used. Also, the yield for MAE 
was about 20% is 20% higher than that of the ultrasonic extraction. 



 
Biomass Extraction Methods 397 

 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 1. Comparison between the two extraction methods 
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1. Introduction 

Bioethanol represents an important alternative for the fossil fuels. The limited fossil fuel 
stock, the growth of the energy necessary all over the world and the environmental safety 
lead to an increasing interest in alternative fuels [Balat et al., 2008]. One of the most 
important renewable energy sources is the lignocellulosic biomass, including wood and 
crop residues, and that may have applications in the energetic field (both thermal energy 
and biofuels). There are four main steps in the conversion process of lignocellulosic biomass 
to ethanol: pretreatment, enzymatic hydrolysis, fermentation and separation [Petersen et al., 
2009]. One of the key factors that influence the obtaining of bioethanol is the pretreatment 
stage. Biomass composition consists in 70-85% cellulosic materials (cellulose and 
hemicelluloses) and 15-30% lignins. For a corresponding capitalization of biomass, the 
removal of the lignin content and the transformation of cellulose and its derivatives in 
sugars are required.  
Pretreatment of the lignocellulosic biomass is an important preliminary step that is 
performed in order to improve the yield of the hydrolysis reaction of cellulosic derivatives 
in fermentable sugars. The goal of the pretreatment stage consists in changes that are made 
in the lignocellulosic materials structure, in order to facilitate the access of enzymes in the 
hydrolysis reaction (Soccol, 2010). A corresponding pretreatment stage must fulfill the 
following conditions (Balat et al., 2008; Del Campo, 2006; Balat, 2010): 
- to improve the sugar formation or the capacity to subsequently obtain sugars by 

hydrolysis 
- -to prevent degradation or the loss of carbohydrates 
- to prevent the obtaining of possible inhibitory  by-products in the hydrolysis and 

fermentation stages 
- costs efficiency  
- to avoid the destroy of cellulose and hemicelluloses 
- the use of a minimum amount of chemical products  
The above-mentioned characteristics represent the basis for the comparisons among various 
pretreatment methods that are used in the bioethanol industry. A number of different 
methodologies have been developed in order to accomplish the first stage of the 
lignocellulosic biomass to ethanol, namely the pretreatment of the biomass.  
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2. Pretreatment methods of the lignocellulosic biomass 

2.1 Acid pretreatment 

The main objective of the acid pretreatment is the solubilization of the hemicellulosic 
fraction of the biomass, in order to increase the accessibility of the enzymes in the 
enzymatic hydrolysis reaction (Alvira et al., 2010). Inorganic acids like H2SO4, HCl and 
H3PO4 have been used for the pretreatment of the lignocellulosic biomass, in order to 
improve the enzymatic hydrolysis. There may be used both concentrated and diluted 
inorganic acids. Pretreatment of the biomass with concentrated acids, at ambient 
temperature, will lead to higher yields of fermentable sugars and to the hydrolysis of both 
cellulose and hemicelluloses. There are frequently used acids like H2SO4 72%, HCl 41% 
and trifluoroacetic acid 100%. In this case, a necessary step is the recovery of the acid, in 
order to lower the economic costs of the process (Girio et al, 2010). The method has the 
advantage not to use enzymes for saccharification in the further stage, but there are also a 
number of drawbacks: energy consumption, the use of equipment that is resistant to 
corrosion, a longer reaction time and the necessary operation of acid recovery (Talebnia et 
al., 2010). 
Pretreatment with diluted acids presents many advantages for an industrial use and it may 
be applied to different types of biomass. The pretreatment stage may occur at higher 
temperatures (180°C) for a shorter time, or at lower temperatures (120°C) and a longer 
residence time. Pretreatment with dilute acid shows the advantage of hemicellulose 
solubilization, but also of the conversion of the solubilized hemicellulose in fermentable 
sugars. Pretreatment with diluted acids leads to the obtaining of a fewer degradation 
products than the preteatment with concentrated acids (Alvira et al., 2010). The highest 
yields of the hydrolysis reaction have been recorded after treating the lignocellulosic 
material with dilute sulfuric acid. Usually, sulfuric acid concentrations are in the range 0.5-
1.5%, and the working temperatures are 120-160°C (Alvira et al., 2010). 
Organic acids (fumaric acid, maleic acid) appear as alternatives for the improving of the 
hydrolysis yield of the lignocellulosic biomass. Maleic acid is proven to be more efficient 
than the fumaric acid, and has the advantage to lead to the obtaining of lower amounts of 
furfural (compared to the dilute sulfuric acid) (Kootstra et al., 2009). Another pretreatment 
method with dilute acids uses H2CO3 (obtained through the absorption of CO2 in aqueous 
solutions) (van Walsum and Shi, 2004). 

2.2 Alkaline pretreatment 

Pretreatment with alkaline solutions increases the digestibility of cellulose and favors the 
solubilization of lignins (Alvira, 2010). It may occur at room temperature and reaction time 
may vary from seconds to days. It leads to a smaller degradation of sugars than in the case 
of acid pretreatment, but is proven to be more efficient for crop residues than for 
lignocellulosic biomass (Kumar and Wyman, 2009). For the optimization of the pretreatment 
conditions, the possibility of losing the fermentable sugars and the formation of some 
inhibitory compounds must be taken into account.  
Reagents that are frequently used for the alkaline pretreatment are NaOH, KOH, Ca(OH)2, 
(NH4)2OH. Amond them, most widely used is NaOH. For example, pretreatment with 
NaOH solutions leads to swelling and the increasing of internal surface of cellulose (Alvira  
et al., 2010). The same authors mentioned that pretreatment with NaOH of hardwood 
increases the digestibility by the decreasing to 20% of the lignin content.  
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Although alkaline pretreatments show great efficiency as regards the lignin solubilization, they 
are less efficient concerning the solubilization of cellulose and hemicelluloses (Girio, 2010). 
A widely spread alkaline pretreatment method of the biomass is represented by the ARP 
(Ammonia Recycle Percolation) procedure (Wu and Lee, 1997). It consists in the use of 
aqueous ammonia at temperatures around 170°C (Kim and Lee, 2005). The solubilization of 
hemicelluloses in an oligomeric form occurs within 40-60% range (Girio et al., 2010). The 
cellulosic fraction is hardly degraded, but in the following steps of the hydrolysis the yields 
are closed to the theoretic ones (Kim and Lee 2005, Kim et al. 2008). The mechanism of the 
reaction with aqueous ammonia is very similar to the pretreatment with Ca(OH)2 and 
NaOH, especially as regarding the swelling of biomass and the breakdown of the ester and 
ether bonds of the carbohydrates that exist in lignin (Girio et al, 2010).  The advantages of 
the use of NH3 are: swelling of the lignocellulosic material, a selective reaction for the 
removal of lignin, low interaction with carbohydrates, high volatility. One of the known 
reactions of aqueous NH3 with lignin is represented by the breakdown of the C-O-C bonds 
from lignin, as well as of the etheric and esteric bonds from the complex lignin-
carbohydrates (Stavrinides et al., 2010).  As a result of ARP pretreatment, 60-85% from the 
entire lignin content is removed (Kim et al., 2008). 
Another procedure that uses ammonia for the pretreatment of biomass is the AFEX 
(Ammonia Fiber Explosion) process. It consists in the contact of biomass with liquid 
ammonia at elevated temperatures and under pressure for a certain time, followed by a fast 
decompression (Zheng et al., 2009). The method proved to be less efficient in the case of 
hardwood and softwood residues (Zheng et al., 2009) 

2.3 Organosolv pretreatment 

In the Organosolv process, there are used a number of organic or aqueous solvents (methanol, 
ethanol, acetone, ethylene glycol) in order to solubilize the lignin and to obtain a 
corresponding treated cellulose for the hydrolysis process (Chum et al., 1988). The advantage 
of the Organosolv procedure consists in the recovery of lignin as secondary product. The 
maximum working temperature is 205°C, regarding the used solvent. The economicity of the 
process depends on the recovery of the organic solvent (Zhao et al., 2009). 
The main advantages of the Organosolv pretreatment are: organic solvents can be easily 
removed by distillation and they can be reused; lignin may be isolated as solid materials 
(solids) and the carbohydrates are isolated as syrup (Zhao et al., 2009; Kim et al., 2008). 
Disadvantages: the pretreated solids need to be initially washed with organic solvents in 
order to prevent reprecipitation of the dissolved lignin. Also, the process must be strictly 
controlled, due to the volatility of the organic solvents (Zhao et al., 2009).  
Regarding the economy of the process, recovery of the solvents is necessary, even though 
high amounts of energy are needed. Due to these considerations, Organosolv pretreatment 
has no applications at industrial level. 
The Organosolv pretreatment undergoes both in the presence or absence of a catalyst, at 
temperatures in the range 185-210°C. The yields od delignification process are improved if 
mineral acids like HCl, H2SO4 or H3PO4 or organic acids like formic, oxalic or acetylsalicylic 
acid (Sun and Cheng, 2002) are used. After pretreatment with Organosolv, three fractions 
are obtained: dry lignin, an aqueous hemicellulosic phase and a cellulosic fraction (Duff and 
Murray, 1996).  
The most frequently used is the Organosolv pretreatment with aliphatic alcohols (especially 
methanol and ethanol), mostly due to their low price. Among the alcohols with higher 
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boiling points, mostly used are polyhydroxylic alcohols like ethylene glycol and glycerol. 
The main advantage is the fact that the process could occur at atmospheric pressure. 
Pretreatment with aqueous glycerol leads to the removal of the lignin, but also to a 
significant loss of cellulose (Kucuk, 2005).  

2.4 Pretreatment with solid superacids 

The solid acid catalysts appeared as a consequence of the developing of a new, eco-friendly 
process for the obtaining of bioethanol. Particles of solid acid can be separated by the liquid 
products through decantation or filtration, and the catalyst may be reused without further 
processing stages to be necessary.  
Solid superacids are made from a solid medium treated with Lewis or Bronsted acids (Zhao 
et al., 2009). They have the great advantage of being non-toxic, non-corrosive and safe for 
the environment. They are better donors than pure sulfuric acid and show a higher 
selectivity in the hydrolysis reaction and require low temperatures and atmospheric 
pressure (Zhao et al.,2009; Yamaguchi and Hara). Some of the superacids used in the 
process of the obtaining of bioethanol are: niobic acid (Nb2O5-nH2O), zeolite, Amberlyst-15, 
amorphous C that contains SO3H, COOH and OH groups (Zhao et al., 2009).  
Another superacid used for the selective conversion of cellulose to glucose is the heteropoly 
acid H3PW12O40 (Tian et al., 2010). The selectivity of the pretreatment method is very high 
(around 90%) and requires mild reaction conditions (160-180°C). Another advantage of this 
method is the possibility to reuse the catalyst, which can be recycled by extraction with 
diethyl ether (Tian et al., 2010). 

2.5 Ionic liquids 

The main advantage of using ionic liquids for the bioethanol production is represented by 
the possibility of a complete solubilization of the lignocellulosic biomass. Swatloski et al. 
suggested that solubilization is due to the breakdown of the H bonds of the polysaccharides 
by the anion of the ionic liquids. In the present, the process cannot be applied at industrial 
level due to the high costs of the ionic liquids (Swatloski et al., 2002).  
A variant of the pretreatment with ionic liquids is represented by the microwave-assisted 
pretreatment of lignocellulosics in ionic liquids (Zhang and Zhao, 2009; Zhu et al., 2006). 
The method is characterized by shorter reaction time (due to the microwave irradiation) 
and a better solubilization of the biomass. According to Zhu et al., the raw lignocellulosic 
material is directly solubilized in the ionic liquid in the presence of microwaves and 
cellulose is precipitated by adding water. The other organic compounds (like lignins) 
remain in solution. Experimental results (Zhu et al., 2006) showed that the yields in 
ethanol are very similar to the ones obtained through steam explosion or chemical 
pretreatment.  

2.6 Hydrothermal methods of pretreatment 

The hydrothermal reactions for the pretreatment of biomass are new, eco-friendly 
pretreatment methods. They consist in the contact of the lignocellulosic materials with water at 
elevated temperature and pressure. During the process, hemicelluloses are hydrolyzed to 
sugars. The reaction time is very short (seconds) in order to avoid degradation of the sugars 
(http://www.ecn.nl/units/bkm/biomass-and-coal/transportation-fuels-and-
chemicals/transportation-fuels/biomass-pre-treatment-fractionation/).  
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A variant of the hydrothermal pretreatment consists in the use of catalytic hydrothermal 
reaction that uses a solid catalyst (for example, amorphous carbon that contains –SO3H 
groups) and results in higher amounts of fermentable sugars (Onda et al., 2009). 

2.7 Ozonolysis  

Pretreatment with ozone occurs in mild conditions (room temperature, atmospheric 
pressure) and results in a strong delignification of the biomass (Sun and Cheng, 2002). The 
major drawback of the process is represented by the high costs, due to the large quantity of 
ozone that is needed during the pretreatment (Sun and Cheng, 2002). 

2.8 Combined methods of pretreatment 

2.8.1 Pretreatment with alkaline peroxides, followed by steam explosion 

The procedure combines the advantages of alkaline pretreatment and steam explosion. It 
will lead to an efficient delignification and to the chemical swelling of the lignocellulosics 
fibers (Zhao et al., 2009). Use of a combined process (steam explosion and NaOH 10%) led to 
a significant increase of the free sugars concentration towards the pretreatment with H2O2 
1% and NaOH 1% (Chen and Qiu, 2010).  

2.8.2 Pretreatment with ionic liquids coupled with steam explosion 

Pretreatment of the lignocellulosics biomass with ionic liquids coupled with steam 
explosion led to the degradation of hemicelluloses in fermentable sugars (Chen and Qiu, 
2010). Lignin with high molecular mass is insoluble in ionic liquids, so it can be separated 
from cellulose.  

2.8.3 Biological pretreatment  

For the biological pretreatment of the lignocellulosic biomass there are used both 
microorganisms (fungi and bacteria) and enzymes (Mtui, 2009; Balat, 2011). There are used 
white, brown and soft-rot fungi for the solubilization of hemicelluloses and also for the 
lignin degradation  (Mtui, 2009; Balat, 2011).  For the enzymatic pretreatment of the biomass, 
different cellulases (endoglucanases, exoglucanases and β-glucosidases) are used (Sun and 
Cheng, 2002). 

3. Studies regarding the determination of the optimum parameters of the 

microwave-assisted dilute acid pretreatment of lignocellulosic biomass 

Lignocellulosics biomass has three main components: cellulose (40-50%), hemicelluloses 
(25-35%), lignin (15-20%) and also small amounts of proteins, lipids, acids, mineral salts. 
As it was mentioned before, the aim of the pretreatment stage is the removal of 
hemicelluloses and lignin. Also, the cellulose structure is altered in order to facilitate the 
enzymatic attack.  
From all the pretreatment methods presented in the former chapter, pretreatment with 
dilute mineral acids (especially H2SO4) combined with microwave irradiation has been 
chosen. The advantages of this process are the reaction conditions (that does not involve 
corrosion problems, or volatility or very high temperatures issues) and the low economic 
costs. Also, the use of microwave irradiation leads to shorter reaction time and also provides 
a uniform heating of the reaction mixture.  
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Experimental part: three types of sawdust (hardwood (oak) and softwood (fir) essences and 
herbs (hemp)) were treated with dilute sulfuric acid (for different concentrations: 0.55, 0.82, 
1.23 and 1.64%) and heated (in the presence of microwaves) at three different temperatures: 
120, 140 and 160°C, for 15 and 30 minutes, in order to perform an extensive study on the 
pretreatment in acid medium. The concentration in sugars (expressed as free glucose) of the 
solutions obtained after the hydrolysis reactions was considered in order to establish the 
best pretreatment method.  
After cooling, the suspension was neutralized with CaCO3 until a pH value of 5.5-6, for the 
removal of sulfates. Pretreated sawdust were filtered and washed with water, in order to 
remove the entire amount of sugars.  
Determination of the total amount of carbon hydrates after performing dilute acid 
pretreatment on different types of sawdust was made by the colorimetric method with 3,5-
dinitrosalicylic acid. 5 milliliters from the solution obtained after pretreatment were treated 
with DNS 1%, boiled for 15 minutes on a water bath and then cooled. Extinction was 
measured (against blank) at 575 nm.  
Results of the pretreatment method with dilute sulfuric acid (H2SO4 0.55%) at 120°C, for 15 
and 30 minutes, are presented in the table below: 
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Fig. 1. Pretreatment of the biomass with H2SO4 0.55% at 120°C 

As it may be seen, best results are obtained for the sawdust from herbaceous plants (in our 
case, hemp). The amount of sugars (expressed as free glucose) obtained after pretreatment is 
almost three times higher in the case of hemp sawdust than in the case of hardwood 
sawdust.  
Pretreatment with the same acid solution (H2SO4 0.55%) at 140 and 160°C, respectively, led 
to the following results: 
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Fig. 2. Pretreatment of the biomass with H2SO4 0.55% at 140°C 
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Fig. 3. Pretreatment of the biomass with H2SO4 0.55% at 160°C 

In the case of the pretreatment with H2SO4 0.55% at 140°C, an increase of the reaction 
(pretreatment) time has significant consequences only in the case of hemp sawdust, when 
higher concentration of free sugars are obtained when the pretreatment time is 30 minutes 
instead of 15 minutes. For the hardwood (oak) and softwood (fir) sawdust, an increase of the 
pretreatment time does not lead to a significant improvement of the free sugars yield.  
In the case of pretreatment with dilute acid at 160°C, our previous studies showed that there 
is no difference between the results of the pretreatment process at 15 or 30 min. Taking into 
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account that in the other pretreatment methods best results have been obtained when the 
pretreatment lasted 30 minutes, the same period was chosen for the hydrolysis with H2SO4 
0.55% at 160°C.  
All the presented results show that, best results are obtained when pretreatment at 160°C 
is performed. The highest yields in free sugars are obtained for softwood and herbaceous 
sawdust, respectively, so it may be said that the softwood and herbaceous sawdust 
structure is more easily attacked than the hardwood sawdust structure during the acid 
hydrolysis.  
The same pretreatment method with dilute sulfuric acid (0.82%) combined with microwave 
irradiation was used for the same types of sawdust (hardwood-oak, softwood-fir, 
herbaceous-hemp) at three different temperatures. The experiments were carried out in the 
same conditions as mentioned before, the only change being the different concentration of 
the acid. The aim of the study was to establish if an increase of the acid concentration leads 
to an increase of the amount of obtained sugars in the same temperatures conditions or, as a 
result, much of the already formed sugars will be degraded. The results are presented in the 
figures below: 
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Fig. 4. Pretreatment of the biomass with H2SO4 0.82% at 120°C 

According to these results, a slight concentrated solution of sulfuric acid has better results 
regarding the concentration in fermentable sugars of the solutions obtained after 
pretreatment. Good results are obtained especially for the fir sawdust, the level of sugars is 
almost 5 times higher when treated with H2SO4 0.82% at 120°C for 30 minutes than with 
H2SO4 0.55% for an identical time and temperature. Also the results of hardwood sawdust 
pretreatment are improved, the concentration of final solutions after pretreatment in free 
sugars is almost three times higher than in the case when H2SO4 0.55% was used. The results 
of the pretreatment are much poorer for the oak (hardwood) sawdust than for the fir 
(softwood) and herbaceous (hemp) sawdust.  
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Fig. 5. Pretreatment of the biomass with H2SO4 0.82% at 140°C 

Pretreatment with sulfuric acid 0.82% at 140°C led to the obtaining of very similar results for 
all the sawdust types used in the study. Except the softwood sawdust, when best results 
were obtained for a shorter reaction time (15 minutes), pretreatment with H2SO4 0.82% at 
140°C for 30 minutes is more efficient than the similar one with H2SO4 0.55%.  
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Fig. 6. Pretreatment of the biomass with H2SO4 0.82% at 160°C 

When temperature is increased to 160°C, much higher concentrations of fermentable sugars 
are obtained. It may be observed that, at this temperature, there are almost no differences 
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between the results of the 15 minutes and 30 minutes pretreatment. The pretreatment 
method shows its efficiency especially as regards the fir sawdust, followed by the hemp 
sawdust. As happened in all of the previous cases, poorer concentrations in fermentable 
sugars are obtained for the oak sawdust.   
Same pretreatment method was used for the three types of sawdust, but in this case a 
solution of H2SO4 1.23% was used. The results are presented below in a graphic form: 
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Fig. 7. Pretreatment of the biomass with H2SO4 1.23% at 120°C 
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Fig. 8. Pretreatment of the biomass with H2SO4 1.23% at 140°C 
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It may be seen that the results of the pretreatment with a solution of sulfuric acid 1.23% in 
the same conditions of temperature and residence time result in much poorer results than in 
the above-mentioned case, when sulfuric acid 0.82% was used. A possible explanation 
consists in the fact that, at higher concentrations of acidic solution, the already formed 
sugars to be destroyed and degraded. 
Taking into account the similarity of the results of the pretreatment with H2SO4 0.82% at 
160°C for 15 and 30 minutes respectively, reaction of the sawdust with H2SO4 1.23% at 160°C 
was carried out only for 30 minutes. The results are presented below: 
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Fig. 9. Pretreatment of the biomass with H2SO4 1.23% at 160°C 

Unlike the pretreatment with H2SO4 0.55%, it may be observed that in the case of herbaceous 
sawdust (hemp), an increased reaction time leads to smaller amounts of fermentable sugars. 
A stronger acid and a longer pretreatment time have better results only for the softwood 
(fir) sawdust, while as regarding the herbaceous sawdust it appears than a shorter reaction 
time leads to an increase yield in fermentable sugars. Data presented in Figures… show that 
the best results are obtained for the fir sawdust, and, as in the previous case (H2SO4 0.55%), 
the pretreatment method gives the poorer results for the hardwood sawdust. It appears that 
a prolonged acid pretreatment, with a slight acidic solution (than the concentrations of 
H2SO4 used before, namely 0.55% and 0.82%) is not benefic for the herbaceous sawdust, 
being possible that a great part of the already formed fermentable sugars to be 
simultaneously degraded during the pretreatment time.  
In order to see if a more concentrated acid has a positive influence on the acid hydrolysis of 
the lingnocellulosic materials, a solution of H2SO4 1.64% was employed for the pretreatment 
of the three types of sawdust, at the same temperatures (120, 140 and 160°C) and 15 and 30 
minutes reaction time, respectively. The results are the following: 
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Fig. 10. Pretreatment of the biomass with H2SO4 1.64% at 120°C 

The results show that hemp sawdust is favored by this pretreatment method, but the 
concentrations in fermentable sugars are lower than the ones obtained in the same 
conditions, but when H2SO4 0.82% was used.  
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Fig. 11. Pretreatment of the biomass with H2SO4 1.64% at 140°C 

An increase of the temperature leads to a higher concentrations in free sugars, but only for 
fir and hemp sawdust, respectively. Elevated residence time led to considerably improved 
results, especially as regarding the hemp sawdust. 



 
Combined Microwave - Acid Pretreatment of the Biomass 

 

235 

0
5

10
15
20
25
30
35

S
u

g
a

r 
c

o
n

c
e
n

tr
a

ti
o

n
 (

m
g

/m
l)

Biomass type

30 min

 
Fig. 12. Pretreatment of the biomass with H2SO4 1.64% at 160°C 

The profile of the results is, somewhat, similar to the pretreatment with H2SO4 0.82% in the 
same conditions. It may be observed that, quantitatively, pretreatment at higher 
temperatures and longer time leads to better results. The amount of fermentable sugars 
increases with the acid concentration and with the residence time. Best results are obtained 
for the fir sawdust, when pretreated with H2SO4 1.64% at 160°C. Poorer results are obtained 
for the herbaceous sawdust (hemp) and hardwood sawdust, respectively. It appears that 
harsh conditions are required for a corresponding pretreatment in the case of fir sawdust (30 
minutes residence time and 140 or 160°C).  
Best results are obtained for the fir sawdust, when pretreated with H2SO4 0.82% at 160°C, 
with no significant difference due to the residence time (15 or 30 minutes). 
As regarding the hemp sawdust, the best results are obtained when pretreatment with 
H2SO4 0.82% at 160°C for 15 minutes is employed. It can be said that a corresponding 
hydrolysis of the lignocellulosics from herbaceous sawdust requires less harsh conditions 
than the acid hydrolysis of softwood sawdust.  
Concerning the hardwood sawdust, it may be said that pretreatment with dilute acids at 
temperatures in the range 120-160°C is not suitable. In all of the cases, only small amounts of 
free, fermentable sugars are obtained after the pretreatment. From all the pretreatment 
variant presented, it appears that the most suitable is the method that uses H2SO4 0.82% at 
160°C for 15 minutes (the differences are very small between results of the  15 minutes and 
30 minutes pretreatment, respectively. 
It may be said that a corresponding microwave-assisted pretreatment of oak, fir and hemp 
sawdust is achieved by means of dilute sulfuric acid (0.82%) at 160°C, for 15 minutes.  
In order to determine the pretreatment severity, the combined severity factor (CSF) that 
includes acid concentration, temperature and pretreatment time was used (Hsu et al., 2010).   

( ){ }log exp 14.75H RCSF t T T pH= ⋅  −  −   

Where: t - time (minutes), TH – temperature of the process, TR – reference temperature 
(100°C), pH – pH of the dilute sulfuric acid. 
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Pretreatment 
conditions 

Acid concentration 
(%) 

CSF 

120°C, 15’ 

0.55 0.65 
0.82 0.80 
1.23 0.95 
1.64 1.10 

120°C, 30’ 

0.55 0.95 
0.82 1.10 
1.23 1.25 
1.64 1.40 

140°C, 15’ 

0.55 1.25 
0.82 1.40 
1.23 1.55 
1.64 1.65 

140°C, 30’ 

0.55 1.55 
0.82 1.70 
1.23 1.85 
1.64 1.95 

160°C, 30’ 

0.55 2.10 
0.82 2.30 
1.23 2.45 
1.64 2.55 

Table 1. The combined severity factor (CSF) of the different variants of the microwave-
assisted dilute acid hydrolysis process 

4. A study concerning the possibility of using lyophilization as an efficient 
pretreatment method of the lignocellulosic residues 

Experimental part: a suspension of sawdust and NaOH 1% and H2SO4 1% solution (1:10 
w/v) was lyophilized at -52°C for 24 hours. The pretreated suspensions were filtered, 
washed with ultrapure water and the filtrate was neutralized with a solution of H2SO4 0.82% 
(the alkaline ones) and with CaCO3 (the acid ones). The concentration in free, fermentable 
sugars was determined using the colorimetric method with 3,5-dinitrosalicylic acid.  
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Fig. 13. Results of the alkaline and acid lyophilization pretreatment 
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The concentrations of free sugars are much poorer compared to the ones obtained after the 
combined pretreatment of microwave irradiation and dilute acid hydrolysis. No detectable 
concentrations of fermentable sugars were obtained for fir sawdust, when treated with an 
alkaline solution. A comparison between the two proposed methods is clearly in the favor of 
the microwave-assisted acid hydrolysis, which requires much less time and lower economic 
costs. 

5. Conclusions 

The results of the microwave-assisted acid pretreatment of the lignocellulosic biomass show 
that for good results in free sugars concentration there are not necessary elevated 
temperatures and high acid concentration. As results from the performed study, very 
efficient seems to be the pretreatment with sulfuric acid 0.82% at a temperature of 140°C, 
conditions that are characterized by a combined severity factor of 1.7. As regarding the 
possibility of using lyophilization in acid or alkaline medium, the obtained results are very 
poor and do not stand for the use of lyophilization as a viable pretreatment method. 
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The aim of the present study was to prepare inorganic-organic hybrid material for 
biomedical potential application. The cobalt-ferrite (CoFe2O4) magnetic nanoparticles 
(MNPs) obtained by sol-gel method and treated at 200 °C were immobilized in a small 
peptide. Covalent and non-covalent attachment of proteins with MNPs provides access to 
functional hybrid systems with applications in biotechnology, medicine and catalysis. The 
crystalline phases, morphology and chemical composition of the particles were 
characterized by GC-MS, NMR, TEM/EDX, BET and FT-IR. 
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1. Introduction 
 
Magnetic nanoparticles (MNPs) have an additional advantage of being easily manipulated 

by permanent magnets or electromagnets, independent of normal microfluidic or biological 
processes. A variety of nanoparticles (NPs) with various shapes such as spheres, nanotubes, nano-
horns and nano-cages, made of different materials, from organic dendrimers, liposomes, gold, 
carbon, semiconductors, silicon to iron oxide, have already been fabricated and explored in many 
scientific fields, including chemistry, material sciences, physics, medicine and electronics [1]. 

Advances in nanotechnology play an important role in designing nanomaterials with 
specific functional properties that can address the shortcomings in the area of diagnostics and 
therapeutics. The potential of nanomaterials has sparked enormous interest in the drug industry 
and has envisaged several applications, as can be evidenced by the exponential growth of activities 
in this field. The advantages of the nanoparticles are mainly due to their nanoscale size and large 
surface area with the ability to get functionalized with targeting ligands, therapeutic moieties and 
biomolecules [2]. 

The phase structure and microstructure of the nanoparticles determine their physical 
properties. Nanoparticle syntheses utilizing biomimetic approaches have advanced in recent years. 
Peptides, with their ability to influence inorganic crystal growth, are a topic of great interest. The 
peptide influences the phase as well as the microstructure and therefore, the magnetic properties of 
the particles [3]. 

The chemical coating of these nanoparticles may also to be linked to molecules 
compatible, that specifically targeting a area such as an organ, a disease or a particular biological 
system [4]. 

In the last decade, magnetic NPs are used in bio-applications, including magnetic bio-
separation and detection of biological entities (cell, protein, nucleic acids, enzyme, bacterial, virus, 
etc.), clinic diagnosis and therapy (such as MRI (magnetic resonance image) and MFH (magnetic 
fluid hyperthermia)), targeted drug delivery and biological labels [5]. 

                                                            
* Corresponding author: psfirloaga@yahoo.com 
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Nanotechnology presents very promising characteristics for its application in the 
biomedicine area. By now the most advanced application of nanoparticles in medicine is the use of 
iron oxide nanoparticles embedded in biocompatible polymers as magnetic resonance imaging 
(MRI) contrast agents. Until now have been studied various synthesis techniques for the 
preparation of CoFe2O4 nanoparticles, such as co precipitation [6], hydrothermal [7] micro 
emulsion [8], but the principal difficulty of these methods is that the obtained nanoparticles are 
agglomerated, having limited control over dimensional distribution, thus restricting their 
applications [9]. For early detection of tumors by MRI were used iron oxide bond with various 
types of ligands such as proteins, peptides and small molecules demonstrate active targeting of 
tumors via specific molecular recognition[10]. Bio-sensing strategies based on magnetic 
nanoparticles (MNPs) have recently received considerable attention. 

The chemical synthesis of multimaterial nanocrystal heterostructures combining sections 
of oxide, metal and semiconductor materials in a single multifunctional nanoscale object 
represents a challenging research direction along which nanochemistry research is investing 
substantial efforts [11]. Multi-functional nanomaterials possessing fluorescent and magnetic 
properties may be used in a number of biomedical applications in nanobiotechnology, such as 
bioimaging, bio- and chemo-sensing, cell tracking and sorting, bioseparation, drug delivery and 
therapy systems in nanomedicine [12]. The therapeutic applications of oxide and hybrid 
nanostructures strongly depend on their physicochemical properties such as permeability, stability, 
morphology (size, shape and functionality) and biocompatibility. These physicochemical 
properties are dictated by the types, structures and orientations of the materials that comprise the 
oxide and hybrid nanostructures [13]. The bio-functionalization of monodisperse magnetic 
nanoparticles (NPs) of size 10-20 nm is of great interest as it would enable the ultra-sensitive 
magnetic detection of both proteins and nucleic acids. Given their extremely small size and high 
magnetization, such nanoparticles could also be used to bind and transport proteins, nucleic acids, 
and other biomolecules through microfluidic networks and, following introduction into a living 
organism, they could provide a means of monitoring and influencing cellular processes [14]. 

The present study investigates a new and easily synthetic route of preparation of 
inorganic-organic hybrid material with potential application in biomedicine. A proper 
characterization methodology was developed for this hybrid material. 

 
 
2. Materials and Methods 
 
All used reagents are analytical grade. Iron (III) nitrate hexahydrate, cobalt (II) nitrate 

hexahydrate, ammonium hydroxide and polyvinyl alcohol, triethylamine, dichloromethane and 
N,N’dicyclohexylcarbodiimide were purchased from Merck. Amino acids were acquired from 
Applichem and Alfa Aesar (USA). 

 
2.1. Peptide synthesis: 

 Boc-protected dipeptide (Boc-Ser-Val-OMe) was obtained from valine 
methyl ester hydrochloride, N-BOC-L serine, triethylamine and N, N’dicyclohexylcarbodiimide in 
a molar ratio of 1:1:1.1:1.1. The N-tert-butyloxycarbonyl group was removed using 50% TFA/ 
dichloromethane. The dipeptide was afforded in 75.8 % yield. 

 
2.2. Nanoparticles synthesis and functionalization 
Spinel cobalt ferrites were prepared by sol-gel method using iron and cobalt 

nitrates as precursors. The preparation protocol included the following steps: (1) 
dissolution of metal nitrates in bi-distilled water; (2) addition of polyvinyl alcohol (PVA) 
to first solution for obtain a colloid; (3) increase pH to about 8 by addition of NH4OH 
solution; (4) stirring at 80°C; (5) drying the gel at 140°C; (6) and finally the dried gel was 
treated at 200°C. The solid product thus obtained was incorporated in dipeptide in mass 
ratio 1:1 and 1:4. The mixture was dissolved in dichloromethane and ultrasonic for one 
hour at 40°C, in an ultrasonic bath equipped with thermostat and timer. 
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The hybrid material obtained was characterized using following methods: GC-MS. 
TEM/EDX, and BET analysis. 

 
2.3. Materials Characterization 
Qualitative analysis of dipeptide was performed on a GC-MS 7890A-5975C system 

(Agilent Germany) using the EZ: faast GC-MS free amino acids kit and ZB-AAA GC column 
(Phenomenex, Torrance, CA, USA). The used analysis conditions were the standard conditions 
written on the kit. 

GC-MS separation conditions: the standard analysis conditions were the instructions from 
the kit: Oven: 30ºC (hold 1 min) to 40ºC at 30ºC/min (hold 10 min) to 360ºC (hold 1 min); 
Equilibration time: 1 min; Injection: split 1: 15; 250ºC; 2µL; Carrier Gas: Helium 1.1mL/min; 
110ºC; Inlet pressure: 5.824 kPa/min; Detector: MS; Mode: Scan Transfer Line Temperature: 
250ºC; Analyzer Type: Electron Energy: 70eV.  

1H NMR spectra were recorded on a Varian Mercury 300 spectrometer operating at 299.97 
MHz. 

The surface morphology of the materials obtained was observed using a transmission 
electron microscope (TECNAI, F30 G2) with linear resolution 1 Å and a punctual resolution of 1.4 
Å and elemental analysis was performed with Energy Dispersive X Ray (EDX) spectrum. 

The nanomagnetic compound and the hybrid material specific surface area (BET) were 
determined by Brunauer-Emmet-Teller (BET) method, based on adsorption/desorption isotherms 
of nitrogen at 77 K obtained with NOVA 2200 apparatus. The pore size distribution (PSD) was 
calculated from the adsorption isotherms using BJH (Barrett-Joyner- Halenda) method [15]. 

The Fourier transformed infrared spectrum was recorded in KBr pellet on a Bruker FT/IR-
Vertex 70 instrument (resolution 4 cm–1) in spectral range 4000-400 cm-1 (32 scans). 

 
 
3. Results and Discussions 
 
3.1 GC-MS analysis 
As a first step were prepared the hybrid material precursors: MNPs and the dipeptide. The 

synthesis of the dipeptide was provided by a conventional solution method, according to a 
procedure previously described by our research team [17-19]. For the synthesis of peptide was 
selected two amino acids that are found in natural products, especially in medicinal herbs, namely: 
L-serine and L-valine. The formation of the dipeptide was investigation by GC-MS method. The 
obtained chromatograms are shown in the Figure 1. 

 

Fig. 1. GC-MS chromatogram for dipeptide 
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3.4 BET analysis 
Many properties of nanoparticles are improved with reducing size, so it is very important 

to determine their surface area. 
The isotherm data obtained in partial pressure range of 0.05 to 0.3 (Figure 4) is plugged 

into the Langmuir adsorption isotherm, to obtain the BET plot. 
 

Table 1. BET results for CoFe2O4 and CoFe2O4/dipeptide 
 

 

BET CoFe2O4 

p/p* cm3/g STP 1/x[(p*/p)-1] 

0.0577 0.313 0.1956 

0.1128 0.3766 0.3378 

0.1755 0.3949 0.539 

0.238 0.3935 0.7937 

0.3005 0.3677 1.1683 

BET CoFe2O4 /dipeptide 

p/p* cm3/g STP 1/x[(p*/p)-1] 

0.0577 1.3601 0.04505 

0.1126 2.1129 0.04601 

0.1758 2.5434 0.08385 

0.238 2.7805 0.11233 

0.3006 2.9192 0.14723 
 

 
 

Fig. 4. The BET isotherms of the CoFe2O4 (a) and CoFe2O4/dipeptide (b) 
 
 

 In figure 5  is presented BET plot of IRMOF-13 using points collected at the pressure 
range 0.05 to 0.3 by the equation used to determine the surface area. 
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Fig. 6. Overlapping IR spectra for hybrid inorganic-organic material and precursors 
 
 

4. Conclusions 
 
Hybrid magnetic nanoparticles based on cobalt ferrite and serin-valine were prepared 

through a simple, effective method. The chemical structure of organic compound was evaluated by 
GC-MS and NMR analysis. Investigation of the specific surface of hybrid material crystalline 
phases, morphology and chemical composition of the final compound and precursors proved the 
confirmed obtaining of the hybrid system. The final product present interesting potential 
application in biomedicine, due to the fact that shows both features of magnetic nanoparticles and 
total synthesis of a natural dipeptide. Obtaining of inorganic-organic hybrid material was proven 
by TEM/EDAX, FT-IR and BET analysis. 

This MNPs functionalization with a naturally small peptide can be considered as just a 
first step in design of new inorganic –organic hybrid materials with interesting features for 
development of new and improved nanotechniques especially for medical area. 
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purpurascens and Viscum album. Advanced physicochemi-
cal methods (including GC–MS and chip-based nanoESI-
MS analysis) suggest that the molecular structure and 
specifically the calixarene cavity size are closely linked to 
the nature of compounds separated. Incorporation of bio-
molecules and modification of the macrocyclic architecture 
during separation were probed and confirmed by scanning 
electronic microscopy and atomic force microscopy. The 
collective results project calixarene as a promising molecu-
lar extractant candidate, facilitating the selective separation 
of amino acids and peptides from natural products.

Keywords Calixarene · Host–guest interaction · Selective 
extraction · Chip-based nanoESI-MS analysis · Scanning 
electronic microscopy · Atomic force microscopy

Introduction

Phytoconstituents, generally isolated from medicinal 
plants, represent a mixture of biomolecules from differ-
ent chemical classes (sterols, quinones, alkaloids, car-
bohydrates, terpenes, flavones, proteins, etc.) (Gutsche 
2008; Karpagasundari and Kulothungan 2014; Sikorka 
et al. 2000). Two of the most popular medicinal plants 
(a) containing such bioactive components, and (b) used 
for centuries in traditional phytotherapeutical formula-
tions, due to their remarkable therapeutic properties 
(immunostimulant, antitumor, etc.), are Helleborus pur-
purascens and Viscum album. Research on the chemi-
cal composition of these plants has shown that, in addi-
tion to their ordinary phytoconstituents, special peptide 
derivatives with high biological activity (thioneins, 
viscotoxins, viscumamide, lectins) were also present 
(Ikeda and Shinkai 1997). Although, several methods 

Abstract Natural products derived from medicinal plants 
have gained an important role in drug discovery due to their 
complex and abundant composition of secondary metabo-
lites, with their structurally unique molecular components 
bearing a significant number of stereo-centers exhibiting 
high specificity linked to biological activity. Usually, the 
extraction process of natural products involves various tech-
niques targeting separation of a specific class of compounds 
from a highly complex matrix. Aiding the process entails 
the use of well-defined and selective molecular extractants 
with distinctly configured structural attributes. Calixarenes 
conceivably belong to that class of molecules. They have 
been studied intensely over the years in an effort to develop 
new and highly selective receptors for biomolecules. These 
macrocycles, which display remarkable structural architec-
tures and properties, could help usher a new approach in 
the efficient separation of specific classes of compounds 
from complex matrices in natural products. A simple and 
rapid such extraction method is presented herein, based on 
host–guest interaction(s) between a calixarene synthetic 
receptor, 4-tert-butyl-calix[6]arene, and natural biomo-
lecular targets (amino acids and peptides) from Helleborus 
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exist for the extraction and isolation of bioactive metab-
olites from natural sources, pronounced interest for 
new methods exhibiting high selectivity continues to 
be on the rise (Bart and Pilz 2011; Fiehn et al. 2000; 
Neda et al. 2012; Popescu et al. 2011; Vaszilcsin et al. 
2010). Poised to pursue and develop such methods, 
studies were launched focusing on calixarenes, syn-
thetic macrocycles, able to act as selective and efficient 
natural product molecular extractants in various separa-
tion processes. These cyclic oligomers are well known 
through their extensive application in various fields, 
as very flexible ligands binding metal ions, amines, 
amino acids and proteins (Gutsche 2008; Ikeda and 
Shinkai 1997; Koh et al. 1995; Mutihac et al. 2005; Shi-
mojo et al. 2004). In fact, numerous studies in the spe-
cific field have focused on the design of selective ionic 
receptors in metal recognition and extraction processes 
(Atwood and Steed 2004; Gutsche 2008; Hassen et al. 
2007; Ikeda and Shinkai 1997; Koh et al. 1995; Lud-
wig 2005; Ludwig and Thi Kim Dzung 2002; Oshima 
et al. 2002; Shimojo et al. 2004; Sirit and Yilmaz 2009; 
Stone et al. 2002). Logically, therefore, research on 
host–guest interactions between synthetic receptors and 
biomolecules rises as a topic of great interest due to a 
plethora of emerging applications in the natural product 
field. Owing to their very special features, including the 
chemical structure and molecular design (cavity size), 
calixarenes could be successfully used for the selective 
separation of amino acids and small peptides (Shimojo 
et al. 2004; Sirit and Yilmaz 2009; Stone et al. 2002; 
Mutihac et al. 2005). In such a process, incorporation of 
a biomolecule into the calixarene cavity leads to modi-
fication of the ligand structure symmetry (Koh et al. 
1995; Mutihac et al. 2005). Hence, the study and estab-
lishment of interactions between the supramolecular 
ligands and specific amino acids (and small peptides) 
are undoubtedly paramount in the chemistry of natural 
products, meriting further in-depth perusal.

In an effort to study the nature and exploit the relevant 
interactions emerging through such processes, thereby 
developing a simple, rapid and efficient natural prod-
uct extraction method, research was launched in our labs 
to probe the capacity of calix[6]arene to act as a selective 
extractant for the separation of amino acids from two dif-
ferent medicinal plant extracts: H. purpurascens (S1) and V. 
album (V1). Identification of the biomolecules incorporated 
into the calixarene cavity was pursued through several key 
high performance analytical techniques: gas chromatogra-
phy coupled to mass spectrometry (GC–MS), chip-based 
nanoelectrospray ionization mass spectrometry (nanoESI 
chip MS), scanning electron microscopy (SEM), and 
atomic force microscopy (AFM).

Materials and methods

Reagents

All chemicals used were of analytical grade purity. The 
solvents ethanol, methanol and dichloromethane were pur-
chased from VWR (Austria). 4-Tert-butyl-calix[6]arene 
(calixarene) was obtained from InnoChemTech GmbH 
(Germany). All MS reagents used in this study were also of 
analytical grade purity. Distilled and deionized water were 
obtained from Milli-Q water systems (Millipore, Bedford, 
MA, USA).

GC–MS techniques

Detection of free amino acids and peptides was performed 
on a GC–MS 7890A-5975C system (Agilent, Germany) 
using the EZ:faast GC–MS free amino acids kit and ZB-
AAA GC column (Phenomenex, Torrance, CA, USA). The 
analysis conditions employed were the standard conditions 
proposed by the kit manufacturer.

Mass spectrometry

MS experiments were conducted on a High Capacity Ion 
Trap Ultra (HCT Ultra, PTM discovery) mass spectrometer 
from Bruker Daltonics, Bremen, Germany. All mass spec-
tra were acquired in the positive ion mode, in a mass range 
of 100–2500 m/z, with a scan speed of 8000 m/z per sec-
ond. The m/z scale of all mass spectra was externally cali-
brated using G2421A electrospray “tuning mix” from Agi-
lent Technologies (Santa Rosa, CA, USA) as a calibration 
standard. The reference in the positive ion mode provided 
a spectrum with a fair ionic coverage of the m/z range cov-
ered in a full scan MS. Following calibration, the obtained 
mass accuracy was within the normal range of an HCT MS 
instrument.

Scanning electron microscopy (SEM)

SEM images were acquired using a FEI Inspect S PANalyt-
ical model coupled with an energy dispersive X-ray analy-
sis detector (EDX) at an accelerated voltage of 30 kV.

Atomic force microscopy (AFM)

Atomic force microscopy measurements were performed 
with a Nanosurf® easyScan 2 Advanced Research AFM 
(Switzerland). Surface imaging was run under ambient 
conditions, with samples deposited onto pure silica plates 
by slow evaporation of the solvent CH3CH2OH. For record-
ing measurements, a stiff (450 × 50 × 2 μm) piezoelectric 
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ceramic cantilever (spring constant of 0.2 N m−1) was used, 
with an integral tip oscillated near its resonance frequency 
of about 13 kHz. AFM images were obtained in contact 
mode.

General experimental procedures

Plant material

Helleborus purpurascens (rhizome) and V. album (mistle-
toe leaves and young twigs from Robinia pseudoacacia) 
were obtained from a collection taken in December 2013 
in Costei, Timis, and identified by Dr. Dana Bobit (Roma-
nian Ethnopharmacology Society, Dacia Plant SRL Brasov, 
Romania). A voucher sample for each plant (ID No. O0186 
and O0187) was deposited at the herbarium of the Cluj-
Napoca Botanical Garden, Romania.

Extraction methodology

Phase I

Plant samples (H. purpurascens and V. album) were ground 
in a ball mill. Two samples from each plant (2.59 g) were 
placed in a 50 mL volumetric flask containing 30 mL of 
distilled water. The mixtures were sonicated for 30 min 
at 60 °C, with a frequency of 50 kHz. Subsequently, each 
sample solution was filtered through a 0.45 μm filter.

Phase II

0.10 g of calixarene was dissolved in 15 mL of dichlo-
romethane. The organic solution was mixed for 1 h with an 
equal volume of the aqueous plant fraction (15 mL). Fol-
lowing phase separation, the solvent of the organic phase 
was removed under vacuum and the residues S1 (hellebore 
extract) and V1 (viscum extract) were analyzed by spectro-
scopic, chromatographic and microscopy techniques.

Chromatographic analysis

GC–MS separation conditions

The standard analysis conditions were described in the 
instructions on the kit: oven: 30 °C (hold 1 min) to 40 °C 
at 30 °C min−1 (hold 10 min) to 360 °C (hold 1 min); equi-
libration time: 1 min; injection: split 1:15; 250 °C; 2 µL; 
carrier gas: helium 1.1 mL min−1; 110 °C; inlet pressure: 

5.824 kPa min−1; detector: MS; mode: scan transfer line 
temperature: 250 °C; analyzer type: electron energy: 70 eV. 
A Phenomenex-Zebron ZB-AAA 10 m X 0.25 mm capil-
lary GC column was used.

NanoESI chip MS spectroscopy

Prior to chip-based nanoESI mass spectrometry analysis, all 
sample solutions were centrifuged for 30 min in a SIGMA 
2–16 model centrifuge from Sartorius GmbH (Göttingen, 
Germany). Fully automated chip-based nanoelectrospray 
was performed on a NanoMate robot, incorporating ESI 400 
Chip technology (Advion BioSciences, Ithaca, USA), con-
trolled and manipulated by ChipSoft 7.1.1 software operat-
ing on Windows. The robot was coupled to the HCT Ultra 
mass spectrometer via an in-laboratory made interface. 10 
μL aliquots of the working sample solutions were loaded 
onto a NanoMate 96-well plate. The robot was programmed 
to a) aspirate 5 μL of the sample, followed by 2 µL of air, 
into the pipette tip to prevent dripping, and  subsequently 
b) deliver the sample on to the inlet side of the 400 micro-
chip. The NanoMate HCT MS system was tuned to operate 
in the positive ion mode at 0.30 kV ESI potential, 0.80 p.s.i. 
nitrogen back pressure, and 50 V capillary exit. The source 
block, maintained at the constant temperature of 80 °C, 
provided an optimal desolvation of the generated droplets 
with no need of desolvation gas. Following sample infusion 
and MS analysis, the pipette tip was ejected and a new tip 
and nozzle were used for each sample, thus preventing any 
cross-contamination or carryover. Each chip nozzle had an 
internal diameter of 2.5 μm, which under the specific condi-
tions delivered a working flow rate of ~100 nL min−1. Mass 
spectra were calibrated using sodium iodide as a calibrat-
ing agent. Accurate determination of the average mass was 
20 ppm, with a resolution of about 4000. Samples were 
dissolved in methanol at a concentration of ~5 pmol/μL. 
At the acquisition time of 2 min, the required volume of 
sample was ~2 pmol, a value reflecting very high sensitivity 
in the specific analysis. All samples were measured under 
identical solution and instrumental parametric conditions. 
Moreover, the samples were simultaneously loaded onto 
the NanoMate microtiter plate and infused contiguously in 
a high-throughput mode, following the same measurement 
methodology. All mass spectra were processed through Data 
Analysis 3.4 software from Bruker Daltonics (Bremen, Ger-
many), which allows signal extraction, smoothing and sub-
traction. Proposals for molecular ion composition were pur-
sued through exact mass calculation. All mass spectra were 
acquired in the mass range 100–2900 m/z, with a scan speed 
of 2.1 scans per second.
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Results and discussion

Studies on calixarenes used for immobilization of various 
bioactive molecules, especially enzymes, have been previ-
ously reported, emphasizing the successful incorporation 
of the guest molecule in the macrocyclic cavity. As a fur-
ther consequence, these macrocyclic derivatives facilitated 
the separation and purification of a target biocompound 
from a complex mixture. The importance of such mac-
rocycles can be attested to by the fact that they, in view 
of their structural and physicochemical attributes, can act 
as synthetic receptors able to sustain stability, bioactiv-
ity and enantioselectivity of the guest compound, even 
when the latter pertains to high molecular mass proteins 
and enzymes (Yilmaz and Erdemir 2013). The advan-
tageous reactivity properties, therefore, of calixarenes 
could be useful to natural products research, where a dire 
necessity exists for the development of efficient separa-
tion techniques enabling isolation of a specific bioactive 
compound, not unlike the ones mentioned above. Further 
delving into the specific area of research reveals that inti-
mately associated with efficient separation processes from 
natural products are analytical techniques, contributing 
to the identification of the separated biomolecules (Neda 
et al. 2012; Popescu et al. 2011; Vaszilcsin et al. 2010). 
Presently, GC–MS represents one of the most useful ana-
lytical tools for the structural elucidation of compounds 
emerging from natural complex matrices (Leonards et al. 
2011; Xu et al. 2009). Nevertheless, a derivatization step 
is usually required prior to GC analysis to increase vola-
tility, decrease reactivity and enhance detectability of 
phytochemicals. Silylation is considered to be the most 
widely used derivatization method, although the pres-
ence of moisture causes dramatic decrease of the yield. It 
should be borne in mind, however, that silylated deriva-
tives of amino acids exhibit low stability, thereby necessi-
tating the discovery of new derivatization chemistries far 
more suitable and efficient (Villas-Bôas et al. 2011).

Poised to peruse the aforementioned area of natural 
products research, a comparative study was carried out 
on the utility of calixarene (Fig. 1) as a specific molecu-
lar platform for the selective extraction and recognition 
of amino acids from two plants extracts (H. purpurascens 
and V. album) using EZ:faast amino acids analysis. The 
involved approach presents clear advantages over the tradi-
tionally employed silylation method, i.e. rapidity, simplic-
ity and reliability (with no interference problems), with the 
results showing that calixarene can (a) incorporate in its 
cavity amino acids, small and even relatively large peptides 
(8 amino acids), and (b) serve as a very selective extractant 
for amino acids from natural plant extracts (H. purpuras-
cens and V. album).

GC–MS analysis

Molecular recognition of biomolecules extracted into the 
calixarene cavity was pursued by GC–MS analysis. Spec-
tral data obtained from the peaks aided in the identification 
of the amino acid derivatives. The obtained total ion chro-
matograms (TIC) are shown in Figs. 2 and 3.

Component mass spectra extracted from the total ion 
chromatogram were compared with spectra in the NIST/
NBS spectral database. The identified amino acids and pep-
tides are presented in Table 1.

The results indicate that regardless of the nature of the 
plant extract, calixarene practically extracted the same 
amino acids from hellebore (S1) and viscum (V1). The sole 
difference between the samples appears to be the intensity 
of the TIC signals.

NanoESI chip MS analysis

To elucidate the chemical composition and nature of mol-
ecules extracted with calixarene, a novel mass spectrome-
try method was developed and applied, based on the fully 
automated nanoESI high-capacity ion trap (HCT). To this 
end, both extract samples and calixarene were submitted 
to high-throughput positive nanoESI chip MS screen-
ing under identical solution conditions and instrumental 
parameters. The full scan mass spectra generated under 
the employed conditions are shown in Figs. 4, 5 and 6, 
with the assignment of the detected ions and their cor-
responding amino acid and peptide structure(s) listed in 
Table 2.

Ostensibly, the results obtained by mass spectrom-
etry confirmed the chemical structures detected by 
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Fig. 1  Scheme of proposed of biomolecule incorporation in calix-
arene
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chromatographic techniques. Although, the developed 
chromatographic analysis method provided information 
on almost all of the chemical species present in S1 and V1, 
mass spectrometry provided an even larger collection of 
data, reflecting upon the complexity of the peptide struc-
tures found in the studied biomolecules associated with 
the calixarene cavity. Moreover, through positive mode 
nanoESI chip MS, we were able to identify peptide chains 
encompassing up to 8 amino acids (Table 2). To further 
highlight the existence of a selective binary interac-
tion between host amino acids from the natural products 
(plant extract) in V. album and H. purpurascens, physical 
methods were also employed, including scanning electron 
microscopy and atomic force microscopy (Latterini and 
Tarpani 2012; Ludwig 2000; Ludwig and Thi Kim Dzung 
2002).

Scanning electron microscopy

Scanning electron microscopy (SEM) was employed and 
specifically optimized to study the topography and host–
guest complex assembly (calixarene–amino acids or pep-
tides from plant extracts), with the emerging results being 
compared to the host molecule (calixarene). SEM was used 
to obtain more direct information on the host molecule 
morphology and final topography of the host–guest com-
plex for both types of plant extracts. In this regard, the sec-
ondary electron image offers good resolution and provides 
detailed information about the host–guest complex surface 
morphology. Exemplifying the aforementioned thesis, 
Fig. 7a–e shows the amorphous structure of the host mol-
ecule (Fig. 7a) before and after the interaction with biomol-
ecules from both plant extracts.

Fig. 2  TIC of S1 extract

Fig. 3  TIC of V1 extract

Author's personal copy



854 A.-E. Segneanu et al.

1 3

Accordingly, the amorphous structure of the host mol-
ecule (Fig. 7a) changes completely as a result of the (a) 
interaction with plant extracts and selective embedding 
of biomolecules in its cavity, and (b) formation of micron 
particles of polyhedral shape, with lengths of ~6 μm and a 
width of 0.7 μm (Fig. 7b, c), corresponding to the H. pur-
purascens sample. The modification of the macrocyclic 
architecture upon incorporation of guest biomolecules from 
the hellebore extract(s) and host–guest complex formation 
can be seen in both Fig. 7b, c. The same behavior applies 

to the viscum extract (Fig. 7d, e). In this case, the second-
ary electron images show formation of micron particles 
of polyhedral shape with lengths of ~8 μm and a width of 
0.5 μm, throughout the amorphous structure of calixarene. 
Therefore, SEM analysis provides significant information 
about the (a) surface of the host molecule, and (b) morphol-
ogy and topography of the guest compounds on a micro-
metric scale, thereby confirming the selective interaction 
between the host and biomolecules from V. album and H. 
purpurascens.

Atomic force microscopy

Atomic force microscopy (AFM) analysis was performed 
to investigate the topography of the surface and architec-
ture of the host and final products–compounds, specifically 
focusing on each host–guest complex (calixarene and bio-
molecules from plant extracts) (Latterini and Tarpani 2012). 
The emerging AFM images showed the surface geometry of 
calixarene and the resulting host–guest complex. The data 
obtained from AFM-3D representations provide significant 
information about the topography of the host–guest com-
plex, and geometry of the macrocyclic synthetic receptor 
and biomolecules corresponding to each plant extract (S1 and 
V1). In this sense, the derived AFM topography images of the 
macrocyclic compound (calixarene) and natural biomole-
cules (amino acids and small peptides) from each plant sam-
ple provide new knowledge about the interaction between 
the host and guest compounds as well as the architecture of 
the final products. In this regard, AFM-3D representations 

Table 1  Amino acids identified in S1 and V1 extracts

a Selected-ion monitoring chromatogram

Extract sample Proposed structure Abbreviation SIMa

S1 Valine Val 72; 158

Cystine C–C 41; 42

Threonine Thr 101; 160

Leucine Leu 86; 162

Glycine Gly 74; 116

Glutamic acid Glu 38; 40

Phenylalanine Phe 59; 60

V1 Glutamic acid Glu 38; 40

Cystine C–C 41; 42

Phenylalanine Phe 59; 60

Glycine Gly 74; 116

Threonine Thr 101; 160

Valine Val 72; 158

Leucine Leu 86; 162
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658.14

736.21

903.11 1044.61
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Fig. 4  Positive ion mode NanoESI chip MS of S1 extract
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can clearly reveal an important modification of the host mol-
ecule surface topography ascribed to biomolecules isolated 
from the plant extracts. Figure 8a shows the topography of 
the host calixarene molecule prior to the interaction with bio-
molecules from the plant extracts. Figure 8b, c presents the 
topography of the final host–guest complex corresponding 
to S1 and V1 samples, respectively. The interaction between 
the calixarene derivative and biomolecules is easily discern-
ible, as that can be attested to by the presence of well-defined 
shapes embedded in the host molecule structure, thereby 
exemplifying host–guest molecule interactions.

The same geometry of the guest compounds is also 
visible in Fig. 8b, c samples, exhibiting prominent forms 
of regular shape, with the guest species embedded in the 
host molecule structure alongside individual less defined 
sections or irregular formations. Analysis of the AFM 
representation, in terms of dimensionality, can lead to 
the observation of a small difference between the geo-
metric dimensions of the two guest compounds. This can 
be explained by the existence of two types of biomol-
ecules (amino acids and peptide) interacting with calix-
arene. Analysis of the AFM-3D representations (Fig. 8a–c) 
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Fig. 5  Positive ion mode NanoESI chip MS of V1 extract
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Fig. 6  Positive ion mode NanoESI chip MS of 4-tert-butyl-calix[6]arene
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reveals significant modification of calixarene topography 
and the presence of guest structural formations arranged in 
an orderly fashion in the host molecule, thus demonstrat-
ing that the actual effect is due to the interaction between 

the synthetic receptor (calixarene) and the natural biomol-
ecules. The specific results were corroborated by SEM 
(Fig. 7a–e).

Table 2  Amino acid and peptide species in plant extracts detected by MS

Extract sample Type of molecular ion m/z detected m/z calculated Proposed structure

S1 [M+H2O+H]+ 249.64 249.23 Thr–Glu

[M+NH3]
+ 462.03 461.56 C–C–Phe–Gly

[M+H2O+2H]2+ 658.14 658.74 Phe–Thr–Gly–Val–Phe

[M+H2O+2H]2+ 736.21 736.57 C–C–Glu–Thr–Phe–Val

[M+H2O+2H]2+ 903.11 903.2 Leu–Cys–Phe–Cys–Thr–Cys–Val–Leu

V1 [M+NH3]
+ 259.75 259.38 Leu–Glu

[M+2H]2+ 381.78 381.45 Cys–Phe–Glu

[M+H2O+H]+ 435.59 435.56 Cys–Leu–Thr–Val

[M+H2O+H]+ 647.5 647.5 C–C–Phe–Leu–Gln

[M+2H]2+ 740.77 740.01 Leu–Cys–Phe–Cys–Leu–Thr–Gly

Fig. 7  SEM micrographs 
showing host molecule surface 
morphology before and after 
interaction with plant extract 
biomolecules
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Conclusions

The presented study investigated the selective extraction capa-
bility of 4-tert-butyl-calix[6]arene (calixarene) toward amino 
acids and small peptides from complex mixtures of two highly 
important medicinal herbs (hellebore and viscum). The natu-
ral biomolecules separated from plant extracts were identified 
through modern analytical methodologies involving chro-
matography (GC–MS) and chip-based nanoESI mass spec-
trometry. The presence of interactions between the synthetic 
receptor (calixarene) and the natural biomolecules was dem-
onstrated by scanning electronic microscopy and atomic force 
microscopy. The collective results suggest that incorporation 
of natural biomolecules into the calixarene cavity is due both 
to the molecular construction (cavity size) and compatibility 
of the host molecule with suitable guests, selectively and effi-
ciently interacting with amino acids and peptides from natu-
ral products, thereby justifying further applied research and 
development of host–guest technology in the specific field.
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1. Introduction 
The last decades have shown a reevaluation of the issue of environmental pollution, under 
all aspects, both at regional and at international level. The progressive accumulation of more 
and more organic compounds in natural waters is mostly due to the development and 
extension of chemical technologies for organic synthesis and processing. 

Population explosion, expansion of urban areas increased adverse impacts on water 
resources, particularly in regions in which natural resources are still limited. Currently, 
water use and reuse has become a major concern. Population growth leads to significant 
increases in default volumes of waste water, which makes it an urgent imperative to 
develop effective and affordable technologies for wastewater treatment. 

The physico-chemical processes common treatment (coagulation and flocculation) using 
various chemical reagents (aluminum chloride or ferric chloride, polyelectrolytes, etc.) and 
generates large amounts of sludge. Increasing demands for water quality indicators and 
drastic change regulations on wastewater disposal require the emergence and development 
of processes more efficient and more effective (ion exchange, ultrafiltration, reverse osmosis 
and chemical precipitation, electrochemical technologies). Each of these treatment methods 
has advantages and disadvantages. 

Water resources management exercises ever more pressing demands on wastewater 
treatment technologies to reduce industrial negative impact on natural water sources. Thus, 
the new regulations and emission limits are imposed and industrial activities are required to 
seek new methods and technologies capable of effective removal of heavy metal pollution 
loads and reduction of wastewater volume, closing the water cycle, or by reusing and 
recycling water waste. 

Advanced technologies for wastewater treatment are required to eliminate pollution and 
may also increase pollutant destruction or separation processes, such as advanced oxidation 
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methods (catalytic and photocatalytic oxidation), chemical precipitation, adsorption on 
various media, etc.. These technologies can be applied successfully to remove pollutants that 
are partially removed by conventional methods, e.g. biodegradable organic compounds, 
suspended solids, colloidal substances, phosphorus and nitrogen compounds, heavy 
metals, dissolved compounds, microorganisms that thus enabling recycling of residual 
water. (Zhou, 2002) Special attention was paid to electrochemical technologies, because 
they have advantages: versatility, safety, selectivity, possibility of automation, 
environmentally friendly and requires low investment costs (Chen, 2004; Hansen et. al., 
2007). 

The technologies for treating wastewater containing organic compounds fall within one of 
the following categories: 

- Non-destructive procedures – based on physical processes of adsorption, removal, 
stripping etc. 

- Biological destructive procedures – based on biological processes using active mud. 
- Oxidative destructive processes – based on oxidative chemical processes which, in their 

turn, can fall within one of the following categories:  
 Incineration; 
 WO - "Wet Oxidation", operating in conditions of high temperature and pressure, 

with the versions: 
- WAO - "Wet Air Oxidation" (wet oxidation with O2 air oxidative agent); 
- CWAO - "Catalytic Wet Air Oxidation" (catalytic wet oxidation with O2 air 

oxidative agent); 
- SWA - "Supercritical Water Oxidation" (oxidation with O2 air oxidative agent 

in supercritical conditions). 
 Liquid oxidation: AOPs - “Advanced Oxidation Processes", operating in conditions 

of temperature and pressure and use as oxidative agents O3, H2O2 and even O2, 
catalysts and/ or UV radiations. 

2. Advanced oxidation processes 

Advanced oxidation processes (AOPs) are widely used for the removal of recalcitrant 
organic constituents from industrial and municipal wastewater. In this sense, AOP type 
procedures can become very promising technologies for treating wastewater containing 
non-biodegradable or hardly biodegradable organic compounds with high toxicity. These 
procedures are based on generating highly oxidative HO radicals in the reaction medium. 

 H2O2  

H2O2 + UV (direct photolysis) 

H2O2 + Fe2+/3+ (classic, homogeneous Fenton) 

H2O2 + Fe/support (heterogeneous Fenton) 

H2O2 + Fe2+/3+ + UV (VIS) (Photo-Fenton) 
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 O3 

O3 (direct ozone feeding) 

O3 + UV (photo-ozone feeding) 

O3 + catalysts (catalytic ozone feeding) 

 H2O2 + O3 

TiO2 (heterogeneous catalysis) 

TiO2 + UV (photo-catalysis) 

The preferential use of H2O2 as oxidative agent and HO radicals generator is justified by the 
fact that the hydrogen peroxide is easy to store, transported and used, and the procedure is 
safe and efficient. 

The technologies developed so far indicate the use of zeolites, active coal, structured clay, 
silica textures, Nafion membranes or Fe under the form of goethit (-FeOOH), as support 
materials for the catalytic component.  

The AOPs (Advanced Oxidation Processes) can be successfully used in wastewater 
treatment to degrade the persistent organic pollutants, the oxidation process being 
determined by the very high oxidative potential of the HO. radicals generated into the 
reaction medium by different mechanisms (Pera-Titus et al., 2004).  

AOPs can be applied to fully or partially oxidize pollutants, usually using a combination of 
oxidants. Photo-chemical and photocatalytic advanced oxidation processes including 
UV/H2O2, UV/O3, UV/H2O2/O3, UV/H2O2/Fe2+(Fe3+), UV/TiO2 and UV/H2O2/TiO2 can be 
used for oxidative degradation of organic contaminants. A complete mineralization of the 
organic pollutants is not necessary, being more worthwhile to transform them into 
biodegradable aliphatic carboxylic acids followed by a biological process (Wang and Wang, 
2007).  

The oxidation process is determined by the very high oxidative potential of the HO. radicals 
generated into reaction medium by different mechanisms. In the case of the AOPs Fenton-
type procedure (hydrogen peroxide and Fe2+ as catalyst), the generation of hydroxyl radicals 
takes place through a catalytic mechanism in which the iron ions play a very important role 
(Andreozzi et al., 1999; Esplugas, et al., 2002) the main reactions involved being presented in 
equations (1) – (4): 

 Fe2+ + H2O2  Fe3+ + HO- + HO (1) 

 Fe3+ + H2O2  H+ + [Fe(OOH)]2+ (2) 

  [Fe(OOH)]2+  Fe2+ + HO2.  (3) 

  HO2. + Fe3+  Fe2+ + H+ + O2  (4) 
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In the presence of UV radiations (photo-Fenton process), an additional number of HO. radicals 
are produced both through direct H2O2 photolysis and through UV radiations interaction with 
the iron species in aqueous solutions (eq. 5-7) (Spacek et al., 1995; Pignatello, J.J., 1992):  

   H2O2 + UV  2HO (5) 

  Fe3+ + H2O + UV  Fe2+ + H+ + HO∙  (6) 

 [Fe(OH)]2+ + UV  Fe2+ + HO∙   (7)  

The main parameters which determine the efficiency of the oxidation process are: the 
structure of the organic compounds, the hydrogen peroxide and the catalyst concentrations, 
the wave length and intensity of UV radiations, the initial solution ph and the reaction 
contact time. 

As recalcitrant organic pollutants continue to increase in air and wastewater streams, 
environmental laws and regulations become more stringent (Gayaa et al, 2008). The main 
causes of surface and groundwater contamination are industrial effluents (even in small 
amounts), excessive use of pesticides, fertilizers (agrochemicals) and domestic waste 
landfills. Wastewater treatment is usually based on physical and biological processes. After 
elimination of particles in suspension, the usual process is biological treatment (natural 
decontamination), but unfortunately, some organic pollutants, classified as bio-recalcitrant, 
are not biodegradable. In this way advanced oxidation processes (AOPs) may become the 
most widely used water treatment technologies for organic pollutants not treatable by 
conventional techniques due to their high chemical stability and/or low biodegradability 
(Munoz et al.2005). Advanced oxidation processes are indicated for removal of organic 
contaminants such as halogenated hydrocarbons (trichloroethane, trichlorethylene), aromatics 
(benzene, toluene, and xylene), pentachlorophenol (PCP), nitrophenol, detergents, pesticides, 
etc. These processes can also be applied to oxidation of inorganic contaminants such as 
cyanides, sulfides and nitrites (Munter, 2001). A general classification of advanced oxidation 
processes based on source allowing radicals. This classification is presented in Figure 1. 

Heterogeneous photocatalysis has proved to be of real interest as efficient tool for degrading 
both aquatic and atmospheric organic contaminants because this technique involved the 
acceleration of photoreaction in presence of semiconductor photocatalyst (Guillard, 1999). 
Thus these processes can be classified in: advanced oxidation processes based on ozone 
based advanced oxidation processes H2O2, photocatalysis, POA "hot" technologies based on 
ultrasound, electrochemical oxidation process, oxidation processes with electron beam. 
These processes involve generation and subsequent reaction of hydroxyl radicals (_OH), 
which are one of the most powerful oxidizing species. Photocatalytic reaction is initiated 
when a photoexcited electron is promoted from the filled valence band of semiconductor 
photocatalyst to the empty conduction band as the absorbed photon energy, h_, equals or 
exceeds the band gap of the semiconductor photocatalyst leaving behind a hole in the 
valence band. Thus in concert, electron and hole pair (e−–h+) is generated (Horvath, 2003). 
An ideal photocatalyst for photocatalytic oxidation is characterized by the following 
attributes: photo-stability, chemically and biologically inert nature, availability and low cost 
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(Carp et. al., 2004). Many semiconductors such as TiO2 (Lazau, 2011), ZnO (Daneshvar et al., 
2007), ZrO2 (Lopez et al. 2007), CdS (Yingchun, 2011), MoS2 (Kun Hong, 2011), Fe2O3 (Seiji, 
2009) and WO3 (Yuji, 2011) have been examined and used as photocatalysts for the 
degradation of organic contaminants. TiO2 is most preferred one due to its chemical and 
biological inertness, high photocatalytic activity, photodurability, mechanical robustness 
and cheapness. Thus, these materials were used in the degradation of phenol, 1,4-
dichlorobenzene (Papp et al., 1993),methanol (Nobuaki et. al., 2007), azo dye (Daneshvar, 
2003), trichloromethane, hexachloro cyclohexane (Byrappa et. al., 2002 ), trichloroethylene 
and dichloropropionic acid (Nikola, 2001). To avoid the problem of filtration, many methods 
were proposed to immobilize the photocatalysts, but in these conditions the photocatalyst is 
expected to be used for a relatively long time, especially for industrial applications (Venkata, 
2004). Various substrates have been used as a catalyst support for the photocatalytic 
degradation of polluted water. For example glass materials: glass mesh, glass fabric, glass 
wool, glass beads and glass reactors were very commonly used as a support for titania. 
Other uncommon materials such as microporous cellulosic membranes, alumina clays, 
ceramic membranes, monoliths , zeolites , and even stainless steel were also experimented 
as a support for TiO2 (Gianluca, 2008). 
 

 
Figure 1. Classification of advanced oxidation processes 
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Advanced oxidation processes (AOPs) and electrochemical oxidation is based on the in-situ 
generation of OH radicals, which allow its non-selective reaction with organics allowing 
organics mineralization by its conversion into CO2. The electrochemical methods are very 
promising alternatives for organics degradation because of their environmental 
compatibility, versatility, simplicity, and easy possibility of automation. The electrochemical 
oxidation performance depends strongly on the electrode material. To generate OH radicals 
by electrooxidation, several types of anodes with high overpotential for oxygen potential are 
suitable, i.e., DSA-type, PbO2, boron-doped diamond (BDD) electrodes etc. Recently, 
electrochemical oxidation with a boron-doped diamond electrode is one of the most 
promising technologies in the treatment of the industrial effluents containing organics. BDD 
electrode exhibited a very good chemical stability and its application in the electrooxidation 
of organics led to complete mineralization into CO2 in relation with applied potential or 
current density. A major drawback of the electrochemical oxidation consists of the high 
energy consumption to the mineralization. The presence of a catalyst in the electrical field or 
combined and direct photoelectrochemical application can enhance the treatment efficiency 
with lower energy consumption (Ratiu et. al., 2010). 

Electrochemical and photochemical technologies may offer an efficient means of controlling 
pollution. Their effectiveness is based on the generation of highly reactive and non-selective 
hydroxyl radicals, which are able to degrade many organic pollutants. Electrolysis, 
heterogeneous photocatalysis, or photo-assisted electrolysis may be regarded as advanced 
oxidation processes (AOPs) and used in the supplementary treatment of wastewaters. The 
efficiency of the electrochemical oxidation depends on the anode material and the operating 
conditions, e.g., current density or potential. In general, in most applications of 
photoelectrocatalysis in the degradation of organics, the applied anodic bias potential is 
lower than the oxidation potential of organics on the electrode, due to direct electro-
oxidation does not complicate the photocatalytic mechanism (Ratiu et. al.,2011). 

The efficiency of photoelectrochemical degradation for organic pollutants depends not only 
on the selection of a suitable supporting electrolyte and pH values, but also on the electrode 
potential and preparation conditions of the semiconductors involved. In a 
photoelectrochemical system, photoelectrons and photoholes can be separated under the 
influence of an applied electric field. The problem of the separation of semiconductor 
particles from the treated solution, so persistent in heterogeneous photolysis, is not an issue 
in photoelectrochemical systems. There are numerous semiconductors which can be used as 
photoelectrocatalytic materials, such as TiO2, WO3, SnO2, ZnO, CdS, diamond, and others 
(Hepel 2005). 

2.1. Particular aspects 

In the case of the chlorinated phenols, the number and the position on aromatic ring of the 
chlorine atoms modifies the oxidation efficiency (Pera-Titus et al., 2004). 

The oxidation rate constant decreases linearly with increasing number of chlorine content on 
the aromatic ring. Also, the increase of chlorine content will block some favorable positions 
susceptible to hydroxyl radical attack. 



 
Waste Water Treatment Methods 59 

The oxidation process is also controlled by the presence of another species in reaction 
medium (intermediate products) in the sense that they interact with the catalyst component 
in a different manner. The species of reductive character accelerate the oxidation process 
because they reduce Fe3+ (inactive) to Fe2+ (active) and thus the generation of OH. radicals 
intensifies (Du et al. 2006; Riga, A., et al, 2007). The acid type species lower the pH of the 
reaction medium and can form stable complexes with Fe3+ or Fe2+ ions, strongly slowing 
the oxidation process. The presence into reaction medium of the inorganic ionic species 
(Cl-, ClO4-, NO3-, HCO3-, CO32-, SO42-, H2PO4-) modifies the rate of the oxidation of the 
organic compounds as function of their nature and concentration. The inorganic anions 
can change the overall efficiency of the system by different ways. The influence of ClO4- 
and NO3- ions is less pronounced than another anions because they do not form 
complexes with Fe(II) and Fe(III) and do not react with HO. (Lu et al., 1997; Siedlecka, E. M., 
2007). Cl-, SO42- and H2PO4- anions decrease the rate of decomposition of H2O2 by forming 
ferric unreactive complexes and react with hydroxyl radicals forming Cl2.-, SO4.- and 
H2PO4. radicals who are less or much less reactive than HO. (Siedlecka, E. M., 2007; De Laat 
et al., 2004). The influence of Cl- is in correlation with the solution pH and its 
concentration, being insignificant at low concentration (<5 mM) but becomes very 
important at higher concentration values (>28 mM) (Kwon et al., 1999). As function of  
the nature of the inorganic anions, at higher concentration of 0.1 M, the inhibition order of 
the oxidation rate is the following: H2PO4- > Cl- > HCO3- > CO32- > SO42- > NO3- (Riga, A., et 
al., 2007). 

The presence of the inorganic species inside the reaction medium influences the rate of the 
oxidation process as function of their nature and concentration. The inorganic anionic 
species reduce the 4-CP oxidation efficiency by Fe(II) and Fe(III) complexes forming, HO. 
radicals scavenging or iron precipitate forming. 

NO3- induces a small influence on 4-CP oxidation efficiency. This may be explained by the 
absence of the interactions between NO3- and the catalyst (Fe2+/3+) and hydroxyl radicals. The 
anions Cl-, SO42- and PO43- modify drastically the 4-CP oxidation efficiency, especially at high 
concentration into reaction medium. They interact with Fe2+ and Fe3+ forming chloro-, 
sulfato- and phosphate-iron complexes which are inactive in HO. generation mechanism. 
Also, Cl-, SO42- and H2PO4- anions interact with hydroxyl radicals (scavenging process), 
forming less reactive species (Cl2.-, SO4.- and H2PO4.) into reaction medium. 

The decrease of the 4-CP oxidation degree by the photo-Fenton procedure is correlated with 
the nature of the anions as following: Cl- > PO43- > SO42- >> NO3- (Orbeci et al., 2008). 

The presence of the insoluble inorganic species (bentonite) modifies the 4-CP oxidation 
efficiency in different manner. Into reaction medium, 4-CP can be adsorbed by the bentonite 
substratum or can be destruct by oxidation, both processes increasing the 4-CP removal 
degree from the solution. The presence of the insoluble inorganic species (bentonite) 
modifies the oxidation efficiency by additional 4-CP and UV sorption processes, especially 
at high solution turbidity values (Orbeci et al., 2008). 
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The efficiency of the various AOPs depends both on the rate of generating the free radicals 
and the extent of contact between the radicals and the organic compound. Also, the pH has 
a significant role in determining the efficiency of Fenton and photo-Fenton oxidation 
processes (Gogate and Pandit, 2004). Limitations due to the use of homogeneous catalysts, 
such as limited pH range, production of Fe containing sludge, and deactivation could be 
overcome by heterogeneous catalysts. 

The optimum pH range in the case of homogeneous photo-Fenton process is 2.5-4, a 
correction of solution pH being necessary. Also, at the end of the oxidation process, iron 
precipitation and catalyst separation and recovery are necessary. These disadvantages can 
be avoided using the heterogeneous photo-Fenton procedure by immobilization of active 
iron species on small particulate solid supports. In this case, different iron-containing 
catalysts can be used, such as the iron bulk catalysts (iron oxy-hydroxyl compounds: 
hematite, goethite, magnetite) or iron supported catalysts (zeolites, clays, bentonite, glass, 
active carbon, polymers etc.) (Duarte and Madeira, 2010; Feng et al., 2005; He et al., 2005; Leland 
and Bard, 1987; Nie et al., 2008; Ortiz de la Plata et al., 2010; Vinita et al. 2010).  

The use of the heterogeneous photo-Fenton procedure in the catalytic component version 
(Fe in various oxidation states) precipitated on solid support presents several drawbacks:  

 catalyst’s relatively high cost – associated with the cost of the so-called support, with 
the cost of the Fe compounds and with the operations necessary for Fe compounds to 
fix on the support; 

 decrease in the efficiency of the UV radiations due to their partial adoption on the solid 
support; 

 progressive solubility of the catalytic component (Fe) during oxidative processes and as 
a result of a progressive loss of catalytic activity. 

In the case of the heterogeneous photo-Fenton process, a relevant fraction of the incident UV 
radiation can be lost via scattering, due to particulate solid support suspended into the 
reaction medium. As a consequence, the photo-Fenton process may be seriously affected 
(Herney-Ramirez et al., 2010). Also, the solution pH affects the iron leaching from the support, 
at pH values less than 3 a higher amount of iron being released into the solution (Duarte and 
Madeira, 2010). By using a zero-valent iron with iron oxide composite catalysts, the oxidation 
process proceeds via hydroxyl radicals generated from Fe2+(surf) species and H2O2 in a 
Fenton like mechanism. The Fe2+(surf) species are formed by electron transfer from Fe0 to 
Fe3+ at the interface metal/oxide (Moura et al., 2005, 2006). The experimental data (Nie et al., 
2008) indicate that the hydrogen peroxide provides a driving force in the electron transfer 
from Fe2+ to Fe3+, while the degradation of organic pollutants increases the electron transfer 
at the interface of Fe0/iron oxide due to their reaction with hydroxyl radicals.  

The degradation of organic pollutants using photo-Fenton processes occurs by intermediate 
oxidation products formation. In the case of phenol oxidation by Fenton reagent, a series of 
intermediates were identified, corresponding mainly to ring compounds and short-chain 
organic acids (Zazo et al., 2005). Most significant among the former were catechol, 
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hydroquinone, and p-benzoquinone; the main organic acids were maleic, acetic, oxalic, and 
formic, with substantially lower amounts of muconic, fumaric, and malonic acids. Oxalic 
and acetic acid appeared to be fairly refractory to the Fenton oxidation process. In the 
Fenton process, carboxylic acids like acetic and oxalic acid may be formed as end products 
during the degradation of phenol while in photo-Fenton process, both these acids were 
identified during the early stages of phenol degradation and were oxidized almost 
completely at the end of the process (Kavitha and Palanivelu, 2004). The chlorophenols are 
common persistent organic contaminants, which show low biodegradability, posing serious 
risks to the environment once discharged into natural water (Du et al., 2006). 

Studying the degradation of 4-chlorophenol by an electrochemical advanced oxidation 
process, several authors (Wang and Wang, 2007) have proposed the following possible 
pathways: (a) 4-chlorophenol dechlorination to phenol; (b) hydroxylation of phenol to 
hydroquinone; (c) dehydrogenation of hydroquinone to benzoquinone; (d) oxidation of 
benzoquinone (with aromatic ring cleavage) to aliphatic carboxylic acids such as maleic 
acid, fumaric acid, malonic acid; (e) oxidation of maleic and fumaric acids to oxalic acid, 
formic acid and finally, to carbon dioxide and water.  

The main intermediate products detected by HPLC analyses were chlorocatechol and 
benzoquinone after 60 min reaction time and aliphatic carboxylic acids after 120 min 
reaction time. Benzoquinone and hydroquinone-like intermediates such as catechol, 
hydroquinone and 4-chlorocatechol can reduce the ferric ion to ferrous ion and the 
oxidation process becomes faster (Du et al., 2006). It is not necessary to degrade 4-
chlorophenol to the final products of CO2 and H2O, being more worthwhile to treat to the 
biodegradable stage-aliphatic carboxylic acids followed by a biological process (Wang and 
Wang, 2007). The photocatalytic processes may be used as a pre-treatment of toxic chemicals, 
including chlorophenols, in order to convert them into fully biodegradable compounds.  

Recently, a series of pharmaceuticals such as analgesics, antibiotics, steroids etc. have been 
detected in the water feeding systems of several countries in Europe, the USA and Australia 

(Bound and Voulvoulis, 2004; Kaniou et al., 2005). Unless antibiotics are removed from 
wastewaters through specific purification processes, they can affect the microbial 
communities in filtering systems using active sludge and, in general, the bacteria found in 
water, and, as a result, they can disturb the natural elementary cycles. The accumulation of 
antibiotics in surface waters represents a potential danger in the case in which they are used 
as sources of drinking water. Photocatalytic oxidation of antibiotics in aqueous solution is 
based on the oxidative potential of the HO radicals. (2.80 V) generated in the reaction 
medium though photocatalytic mechanisms, in the presence of H2O2 and UV radiations. 
Through the photo-Fenton procedure, the efficiency of the oxidation is controlled by the 
nature and the structure of the organic substrate, the initial pH of the solution, the 
concentration of H2O2 and of the catalytic component (Fe2+) as well as by the time the 
reaction medium stands in the area where UV radiations act.  

The kinetic assessment of the oxidative degradation process applied to antibiotics of the 
type amoxicillin, ampicillin and streptomycin (pseudo 1st degree Lagergren kinetic model) 
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suggests that the oxidative process occurs in two successive steps, with the formation of 
reaction intermediates. The ratio of the 1st degree kinetic constant values corresponding to 
the two oxidation stages depends on the structure of the antibiotics and indicates a marked 
decrease in the oxidation rate in the second stage. This decrease can be attributed to the 
formation of reaction intermediates such as inferior organic acids with a high stability in 
regard to oxidation and/or blocking active catalytic centers through the formation of 
compounds of the Fe2+/3+ species with the reaction intermediates, compounds which are 
inactive in the process of generating HO.radicals (Orbeci et al., 2010). 

Advanced oxidation processes of Fenton and photo-Fenton type can be used for antibiotics 
degradation from wastewater (Orbeci et al., 2010) or for increasing their biodegradability in 
biological wastewater treatment (Elmolla and Chaudhuri, 2009). Unlike complete amoxicillin 
degradation, the mineralization of the organic compounds from solution is not complete in 
the Fenton oxidation process due to formation of refractory intermediates (Ay and Kargi, 
2010).  

The photo-Fenton process degradation of amoxicillin by using iron species as catalyst 
(FeSO4 and potassium ferrioxalate complex) and solar radiation reduces the bactericide 
effect of amoxicillin but the toxicity may persist due to intermediates formed during the 
oxidation process. The toxicity decreases significantly when these intermediates are 
converted into short chain carboxylic acids, allowing further conventional treatment (Trovó 
et al., 2011). The homogeneous photo-Fenton process is limited by the narrow working pH 
range (2.5-4) and requires the correction of solution pH for iron precipitation and catalyst 
separation and recovery. Otherwise, high amounts of metal-containing sludge can be 
formed and the catalytic metals are lost in these sludge. Because of these disadvantages, 
several attempts have been made to develop heterogeneous photo-Fenton procedure by 
immobilization of active iron species on solid supports. Since iron is relatively inexpensive 
and nontoxic, it has been widely used in different environmental treatment processes 
(Herney-Ramirez et al., 2010; Nie et al., 2008). In the heterogeneous photo-Fenton process, 
different iron-containing catalysts can be used, such as the iron bulk catalysts (iron oxy-
hydroxyl compounds: hematite, goethite, magnetite) or iron supported catalysts (zeolites, 
clays, bentonite, glass, active carbon, polymers etc.) (Feng et al., 2005; He et al., 2005; Leland 
and Bard, 1987; Nie et al., 2008; Ortiz de la Plata et al., 2010; Vinita et al. 2010).  

Antibiotics can be more or less extensively metabolized by humans and animals. Depending 
on the quantities used and their rate of excretion, they are released in effluents and reach 
sewage treatment plants (Alexy et al., 2004; Bound and Voulvoulis, 2004; Kümmerer, 2009).  

Available data on antibiotics (ampicillin, erythromycin, tetracycline and penicilloyl groups) 
indicate their capability to exert toxic effects to living organisms (bacteria, algae etc.), even at 
very low concentration. These antibiotics are practically non-biodegradable having the 
potential to survive sewage treatment, leading to a persistence of these compounds in the 
environment and a potential for bio-accumulation (Arslan-Alaton et al., 2004). The presence 
of antibiotics in the environment has favored the emergence of antibiotic-resistant bacteria, 
increasing the likelihood of infections as well as the need to find new and more powerful 
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antibiotics. As expected, antibiotic-contaminated water is incompatible with conventional 
biological water treatment technologies (Rozas et al., 2010). Antibiotics have the potential to 
affect the microbial community in sewage systems and can affect bacteria in the 
environment and thus disturb natural elementary cycles (Kümmerer, 2009). If they are not 
eliminated during the purification process, they pass through the sewage system and may 
end up in the environment, mainly in the surface water.  

This is of special importance, since surface water is a possible source of drinking water 
(Kaniou et al., 2005). The antibiotics degradation by advanced oxidation processes has proven 
to be reasonably suited and quite feasible for application as a pre-treatment method by 
combining with biological treatment (Arslan-Alaton et al., 2004). The pre-treatment of 
penicillin formulation effluent by advanced oxidation processes based on O3 and H2O2/O3 

did not completely remove the toxicity of procaine penicillin G from the effluents, leading to 
serious inhibition of the treatment of activated sludge (Arslan-Alaton et al., 2006). One of the 
novel technologies for treating polluted sources of industrial wastewater and drinking water 
is the photo-Fenton process by which hydroxyl radicals are generated in the presence of 
H2O2, Fe2+ catalyst and UV radiation.  

The advanced oxidation processes or even the hybrid methods may not be useful in 
degrading large quantity of the effluent with economic efficiency and hence it is advisable to 
use these methods for reducing the toxicity of the pollutant stream to a certain level beyond 
which biological oxidation can ensure the complete mineralization of the biodegradable 
products (Gogate and Pandit, 2004).  

Removal of organic compounds in wastewater is a very important subject of research in the 
field of environmental chemistry. In this sense, photocatalysis is a handy promising 
technology, very attractive for wastewater treatment and water potabilization (Nikolaki et al., 
2006; Lim et al., 2009). Using titanium dioxide for water splitting after UV irradiation, it has 
been shown that this can encompass a wide range of reactions, especially the oxidation of 
organic compounds. The study of the photodegradation for a large series of substances such 
as halogenated hydrocarbons, aromatics, nitrogenated heterocycles, hydrogen sulfide, 
surfactants and herbicides, and toxic metallicions, among others has clearly shown that the 
majority of organic pollutants present in waters can be mineralized or at least partially 
destroyed. The photocatalytic treatment of many organic compounds has been successfully 
achieved. The photocatalytic activity is dependent on the surface and structural properties 
of the semiconductor such as crystal composition, surface area, particle size distribution, 
porosity, band gap and surface hydroxyl density (Ahmed et al., 2010). 

A variety of semiconductor powders (oxides, sulfides etc.) acting as photocatalysts have 
been used. Most attention has been given to TiO2 because of its high photocatalytic activity 
having a maximum quantum yields, its resistance to photo-corrosion, its biological 
immunity and low cost. There are two types of reactors: reactors with TiO2 suspended in the 
reaction medium and reactors with TiO2 fixed on a carrier material (Lim et al.; 2009, Mozia, 
2010; Li et al., 2009). A very promising method for solving problems concerning the 
separation of the photocatalyst from the reaction medium is the application of 
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photocatalytic membrane reactors (PMRs), having other advantages such as the realization 
of a continuous process and the control of a residence time of molecules in the reactor 
(Mozia, 2010). In case of polymer membranes, there is a danger for the membrane structure 
to be destroyed by UV light or hydroxyl radicals. The investigations described (Chin et al., 
2006; Molinari et al., 2000) show that the lowest resistance exhibit membranes prepared from 
polypropylene, polyacrylonitrile, cellulose acetate and polyethersulfone, UV light leading to 
a breakage in the chemical bonds of the methyl group. The least effect of the UV/oxidative 
environment on the membrane stability was observed in case of polytetrafluoroethylene and 
polyvinylidene fluoride membranes (Chin et al., 2006). 

The self-assembly of TiO2 nanoparticles was established through coordinance bonds with –
OH functional groups on the membrane surface, improving reversible deposition, 
hydrophilicity and flow and diminishing the irreversible fouling (Mansourpanah et al., 
2009). TiO2-functionalized membranes may be obtained by several methods, but the sol-gel 
process is ubiquitous because it has many advantages such as purity, homogeneity, control 
over the microstructure, ease of processing, low temperature and low cost (Alphonse et al., 
2010). 

The advanced oxidation processes based on the photo-activity of semiconductor-type 
materials can be successfully used in wastewater treatment for destroying the persistent 
organic pollutants, resistant to biological degradation processes. TiO2 is the most attractive 
semiconductor because of its higher photocatalytic activity and can be used suspended into 
the reaction medium (slurry reactors) or immobilized as a film on solid material. A very 
promising method for solving problems concerning the photocatalyst separation from the 
reaction medium is to use the photocatalytic reactors in which TiO2 is immobilized on 
support. The immobilization of TiO2 onto various supporting materials has largely been 
carried out via physical or chemical route. 

The application of photocatalysis in water and wastewater treatment has been well 
established, particularly in the degradation of organic compounds into simple mineral acids, 
carbon dioxide and water (Pera-Titus et al., 2004; Cassano and Alfano, 2000). Titanium dioxide 
(TiO2), particularly in the anatase form is a photocatalyst under ultraviolet (UV) light.  A 
reactor refers to TiO2 powder which is suspended in the water to be treated, while the 
immobilized catalyst reactor has TiO2 powder attached to a substrate which is immersed in 
the water to be treated. Immobilised TiO2 has become more popular due to the 
complications in the TiO2 suspension systems (Hoffmann et al., 1995).  

The TiO2 immobilisation procedure developed not long ago can be used in determining a 
suitable immobilization procedure, particularly if economical and simple equipment is 
necessary. The overall performance of the TiO2 coating can be affected by various factors 
depending on the coating methods. In addition, it is also difficult to evaluate the 
photocatalytic efficiency of the coatings through photocatalytic activity (Augugliaro et al., 
2008). Invariably, the TiO2 was immobilized using the sol–gel technique (Addamo et al., 2008). 
In this case, some problems are noted: decrease of surface area; potential loss of TiO2; 
decreased adsorption of organic substances on the TiO2 surface; mass transfer limitations. 
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No polymeric support was considered to immobilise TiO2 since the polymeric material can 
undergo photo-oxidative degradation by illuminated TiO2 (Cassano and Alfano, 2000; 
Augugliaro et al., 2008).  

Researchers have used photocatalytic oxidation to remove and destroy many types of 
organic pollutants. After photocatalysis was recognized to be a great oxidation mechanism, 
researchers began testing it on many different compounds, and in many different processes 
(Cassano and Alfano, 2000; Hoffmann et al., 1995; Addamo et al., 2008).  

Phenolic compounds, a kind of priority pollutants, often occur in the aqueous environment 
due to their widespread use in many industrial processes such as the manufacture of 
plastics, dyes, drugs, antioxidants, and pesticides. Phenols, even at concentrations below 1 
lg/L, can affect the taste and odor of the water (Pera-Titus et al., 2004). Therefore, the 
identification and monitoring of these compounds at trace level in drinking water and 
surface waters are imperative. Chlorophenols represent an important class of very common 
water pollutants. 4-chlorophenol is a toxic and non-biodegradable organic compound and 
can often be found in high quantity in the waste waters from various industrial sectors 
(Pera-Titus et al., 2004; Augugliaro et al., 2006). A severe toxicity of 4-chlorophenol requires 
the development of a simple, sensitive and reliable analytical method.  

Among the advanced oxidation processes investigated in thelast decades, photocatalysis in 
the presence of an irradiated semiconductor has proven to be very effective in the field of 
environment remediation.The use of irradiation to initiate chemical reactions is the principle 
on which heterogeneous photocatalysis is based; infact, when a semiconductor oxide is 
irradiated with suitable light, excited electron–hole pairs result that can be applied in 
chemical processes to modify specific compounds.The main advantage of heterogeneous 
photocatalysis, when compared with the chemical methods, is that in most cases it is 
possible to obtain a complete mineralization of the toxic substrate even in the absence of 
added reagents.The radical mechanism of photocatalytic reactions, which involve fast 
attacks of strongly oxidant hydroxyl radicals, determines their un selective features. 

Environmental applications of photocatalysis using TiO2 have attracted an enormous 
amount of research interest over the last three decades (Hoffmann et al., 1995; Linsebigler et al., 
1995; Mills and Le Hunte, 1997; Stafford et al., 1996). It is well established that slurries of TiO2 
illuminated with UV light can degrade to the point of mineralization almost any dissolved 
organic pollutant. Nevertheless, photocatalysis, particularly in aqueous media, has still not 
found widespread commercial implementation for environmental remediation. The main 
hurdle appears to be the cost, which is high enough to prevent the displacement of existing 
and competing technologies by photocatalysis. TiO2 research has progressed on multiple 
tiers, whereby the study of fundamental processes promotes material development, 
allowing no repeated uses that promise to play a larger and larger role in engineering 
sustainable technologies. 

TiO2 is the most used semiconductor because of its higher photocatalytic activity, resistance 
to the photocorrosion process, absence of toxicity, biological immunity and the relatively 
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low cost (Nikolaki et al., 2006; Han et al., 2009). TiO2 crystalline powder can be used 
suspended into a reaction medium (slurry reactors) or immobilized as a film on a carrier 
material. The anatase form of TiO2 is reported to give the best combination of photoactivity 
and photostability. An ideal photocatalyst for oxidation is characterized by the following 
attributes: photostability; chemically and biologically inert nature; availability and low cost; 
capability to adsorb reactants under efficient photonic activation (Bideau et al., 1995, Pozzo et 
al., 1997, Balasubramanian et al., 2004, Gaya and Abdullah, 2008, Siew-Teng Ong et al., 2009, 
Hanel et al., 2010).The support must have the following characteristics: (a) transparent to 
irradiation; (b) strong surface bonding with the TiO2 catalyst without negatively affecting 
the reactivity; (c) high specific surface area; (d) good absorption capability for organic 
compounds; (e) separability; (f) facilitating mass transfer processes and (g) chemically inert 
(Pozzo et al., 1997). As solid support, different materials were investigated: natural or 
synthetic fabrics, polymer membranes, activated carbon, quartz, glass, glass fiber, optical 
fibers, pumice stone, zeolites, aluminum, stainless steel, titanium metal or alloy, ceramics 
(including alumina, silica, zirconia, titania), red brick, white cement etc. (Bideau et al., 1995, 
Rachel et al., 2002, Balasubramanian et al., 2004, Kemmitt et al. 2004, Gunlazuardi and Lindu, 
2005, Hunoh et al. 2005, Chen et al., 2006, Medina-Valtierra et al., 2006, Gaya and Abdullah, 2008, 
Lim et al., 2009, Siew-Teng Ong et al., 2009, Hanel et al., 2010, Zita et al., 2011). 

The immobilization of TiO2 on different supporting materials has largely been carried out 
via a physical or chemical route: dip coating, porous material impregnation, sol-gel method, 
reactive thermal deposition, chemical vapor deposition, electron beam evaporation, spray 
pyrolysis, electrophoresis, electro-deposition (Rachel et al., 2002, Gunlazuardi and Lindu, 2005, 
Medina-Valtierra et al., 2006, Hanel et al., 2010, Zita et al., 2011). 

The methods most commonly used for deposition of TiO2 on supports are sputtering and 
sol-gel dip-coating or spin-coating. Often the fixation of TiO2 on solid supports reduces its 
efficiency due to various reasons such as reduction of the active surface, a more difficult 
exchange with solution, introduction of ionic species etc. A degree of 60–70% reduction in 
performance is reported in aqueous systems for immobilized TiO2 as compared to the 
unsupported catalyst (Gaya and Abdullah, 2008), the best results being obtained by the 
immobilization of TiO2 on glass fiber (Rachel et al., 2002, Lim et al., 2009). The separation 
and/or removal technologies based on membrane and photocatalytic processes have a great 
potential for application in advanced wastewater treatment. Separation membranes have 
become essential parts of the human life because of their growing industrial applications in 
high technology such as biotechnology, nanotechnology and membrane based separation 
and purification processes. Available technologies to deal with chlorophenolic compounds 
include the advanced oxidation processes (AOPs) based on the formation of hydroxyl 
radicals with high oxidation potential. 

The hybrid method consists in a photocatalytic procedure using a reactor equipped with 
TiO2-functionalized membrane (cylindrical shape) and high pressure mercury lamp for UV 
radiations generation, centrally and coaxially positioned. The TiO2-functionalized 
membranes have been obtained by sol-gel method synthesis of TiO2 (from 
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tetrabutylortotitanate) as nanoparticles, formed directly in porous membrane regenerated 
cellulose type. Solutions of methyl, ethyl and propyl alcohols have been used as reaction 
medium. The experiments were performed at 30±20C using synthetic solutions of 4-CP 
(analytical grade reagent). The amount of hydrogen peroxide (30% w/w) used was 
calculated at 1.5 time H2O2/4-CP stoichiometric ratio. The degradation process was studied 
by monitoring the organic substrate concentration changes function of reaction time using 
chemical oxygen demand analysis (COD). 

The experimental data show the catalytic role of TiO2-functionalized membranes in the 
oxidation process. The oxidation is preceded by an adsorption process and the transfer of 4-
chlorophenol from the solution to the photocatalytic reaction zone through the 
functionalized membrane. Titanium dioxide, deposited on the membrane, acts as a 
photocatalyst in the presence of UV radiations leading to a higher efficiency of the oxidation 
process in a short reaction time. The catalytic activity of TiO2-functionalized membranes is 
influenced by the nature of the alcohol used in obtaining them. This can be explained by the 
crystallite size of TiO2 and their dispersion on membrane. However, at a higher reaction 
time, the determined solution COD values tend to increase, indicating that the TiO2-
functionalized membranes become unstable. This can be attributed to a partial solubilization 
process of membrane into reaction medium with a strong oxidizing potential. 

The presence of phenol and phenolic derivatives in water induces toxicity, persistence and 
bioaccumulation in plant and animal organisms and is a risk factor for human health. The 
technologies of separation and/or removal of phenolic derivatives based on membrane and 
photocatalytic processes play an important role. 

Available technologies to deal with phenolic compounds include the advanced oxidation 
processes, based on the formation of very active hydroxyl radicals, which react quickly with the 
organic contaminant. Among the AOPs, the photocatalytic process is one of the most attractive 
methods because the reagent components are easy to handle and environmentally benign.  

3. Wastewater decontamination by processes of absorption 

Rapid development of industry and society led to serious environmental problems such as 
contamination of groundwater and surface chemical treatment with organic compounds 
coming from agriculture (pesticides, herbicides, other.) or inorganic compounds in industry 
(pigments, heavy metals, etc.) 

A method used for the wastewater decontamination is the contaminants absorption on the 
catalyst surface. The most known adsorbent substances cleansing practice are: activated 
carbon, silica gel, discolored soils, molecular sieves, cotton fibers etc. 

After the manner in which the contact is realized between wastewater and adsorbent is 
distinguished static and dynamic adsorption. In the first case finely adsorbent divided is 
stirred with water and after a time it’s separated by decantation or filtration. In the dynamic 
adsorption case, wastewater passes through a fixed, mobile or a fluidized absorbent layer 
with a continuous flow. 
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Another alternative to the wastewater treatment is the use of technologies based on 
magnetic nanomaterials AB2O4 type (A = Co, Ni, Cu, Zn, B = Fe3+) used as catalysts for 
degradation of organic compounds or absorbents to retain the surface pollutants heavy 
metals (mercury, arsenic, lead and others). Their importance and complexity led to research 
programs development on magnetic materials, with new or improved properties in last 
decades. These properties are dependent on chemical composition and microstructural 
characteristics, which can be controlled in the fabrication and synthesis processes. 

These materials must have a relatively high surface area, a smaller particle size, and porous 
structure. In particular, the magnetic properties of the powders makes them to be easily 
recovered by magnetic separation technology after adsorption or regeneration, which 
overcomes the disadvantage of separation difficulty of common powdered adsorbents (Qu, 
et.al, 2008). 

Challenges in synthesis of nanostructured catalysts are that many reactions employ mixed 
catalysts consisting of different oxide metals, and that the function of active centers is not 
only determined by the constituent atoms but also by the surrounding crystal or surface 
structures; it is thus necessary to accurately control the synthesis of nanostructured catalysts 
(Rickerby, et.al, 2007). 

Magnetite nanoparticles have highest saturation magnetization of 90 emu/g among iron 
oxides. Therefore, magnetite nanoparticles can be used to adsorb arsenic ions followed by 
magnetic decantation. Other iron oxides and hydroxides have been reported to have arsenic 
ability (Hai, et. al, 2009). Oxidation resistance is an important factor for arsenic removal 
under atmospheric conditions. 

By diverse synthesis methods (hydrothermal, ultrasonic hydrothermal, sol-gel, 
coprecipitation and other), was obtained ferrite nanomaterials derived from magnetite (FeO, 
Fe2O3) substituting the Fe2+ ion in different concentrations (0.5, 0.8, 1, 1.2, 1.5) with Co2+, Cu2+, 
Ni2+, Zn2+ ions (Vlazan, 2010; Fannin, et.al, 2011). 

4. Membrane oxidative processes in water treatment 

This topic gives an overview of the hybrid photocatalysis-membrane processes and their 
possible applications in water and wastewater treatment. Different configurations of 
photocatalytic membrane reactors (PMRs) are described and characterized. They include 
PMRs with photocatalyst immobilized on/in the membrane and reactors with catalyst in 
suspension. The advantages and disadvantages of the hybrid photocatalysis-membrane 
processes in terms of permeate flow, membrane fouling and permeate quality are discussed. 
Moreover, a short introduction to the heterogeneous photocatalysis and membrane 
processes as unit operations is given. 

The detailed mechanism of the photocatalytic oxidation of organic compounds in water has 
been discussed widely in the literature and will be presented here in brief only. The overall 
process can be divided into the following steps. 
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1. Diffusion of reactants from the bulk liquid through a boundary layer to the solution-
catalyst interface (external mass transfer). 

2. Inter-and/or intra-particle diffusion of reactants to the active surface sites of the catalyst 
(internal mass transfer). 

3. Adsorption of at least one of the reactants. 
4. Reactions in the adsorbed phase. 
5. Desorption of the product(s). 
6. Removal of the products from the interface of the bulk solution. 

A photocatalyst should be characterized by: (I) high activity, (II) resistance to poisoning and 
stability in prolonged at elevated temperatures, (III) mechanical stability and resistance to 
attrition, (IV) non-selectivity in most cases, and (V) physical and chemical stability under 
various conditions. Moreover, it is desirable for the photocatalyst to be able to use not only 
UV, but also visible light and to be inexpensive. Different semiconducting materials, such as 
oxides (TiO2, ZnO, CeO2, ZrO2, WO3, V2O5, Fe2O3, etc.) and sulfides (CdS, ZnS, etc.) have 
been used as photocatalysts.  

Recently, numerous investigations have been focused on different modifications of TiO2 in 
order to improve its activity under UV irradiation or to reduce the band gap energy so that 
it is able to utilize the visible light. The best photocatalytic performances with maximum 
quantum yields have been always obtained with TiO2. Anatase is the most active allotropic 
form of TiO2 among the various ones available. Unfortunately, due to a wide band gap 
(about 3.2 eV), TiO2 is inactive under visible light. 

The most important operating parameters which affect the efficiency of the photocatalytic 
oxidation process can be summarized as follows: reactor design; light wavelength and 
intensity; loading of the photocatalyst; initial concentration of the reactant; temperature; pH 
of reaction medium; oxygen content; the presence of inorganic ions (Mozia, 2005; Gogate and 
Pandit, 2004; Herrmann, 2006).The photocatalytic reactors can be divided into two main 
groups:  

i. Reactors with TiO2 suspended in the reaction mixture: in the case of reactors with TiO2 

suspended in the reaction mixture (I), the photocatalyst particles have to be separated 
from the treated water after the oxidation process.  

ii. Reactors with TiO2 fixed on a carrier material (glass, quartz, stainless steel, pumice 
stone, titanium metal, zeolites, pillared clays, membranes etc.). 

A very promising method for solving problems concerning separation of the photocatalyst 
as well as products and by-products of photo-oxidation process from the reaction mixture is 
application of photocatalytic membrane reactors (PMRs). PMRs are hybrid reactors in which 
photo-catalysis is coupled with a membrane process. The membrane would play both the 
role of a simple barrier for the photocatalyst and of a selective barrier for the molecules to be 
degraded. Membrane processes are separation techniques which are widely applied in 
various sectors of industry including food, chemical and petrochemical, pharmaceutical, 
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cosmetics and electronic industries, water desalination, water and wastewater treatment and 
many others. The main advantages of membrane processes are: low energy consumption; 
low chemicals consumption; production of water of stable quality almost independent on 
the quality of the treated water; automatic control and steady operation allowing 
performance of a continuous operation; low maintenance costs; easy scale up by simple 
connecting of additional membrane modules 

Synthetic membranes may be: organic or inorganic materials; homogeneous or 
heterogeneous; symmetrical or asymmetrical; porous or dense; electrically neutral or 
charged. 

In this sense, the driving forces are: pressure difference; concentration difference; partial 
pressure difference or electrical potential difference. 

Most of the PMRs described in the literature combine photo-catalysis with pressure driven 
membrane processes such as: 
 

 Micro-Filtration (MF) 
 Ultra-Filtration (UF) 
 Nano-Filtration (NF) 
 Dialysis  
 Pervaporation (PV)  
 Direct Contact Membrane Distillation (DCMD)  

Hybrid photocatalysis-membrane processes are conducted in the installations often called 
“photocatalytic membrane reactors”. However, in the literature, other names for these 
configuration scan be also found, including “membrane chemical reactor” (MCR), 
“membrane reactor”, “membrane photoreactor”, or, more specific, “submerged membrane 
photocatalysis reactor” and “photocatalysis–ultrafiltration reactor”(PUR). For the 
hybridization of photocatalysis with membrane process it will be useful to apply a general 
term of “photocatalytic membrane reactor”. 

Photocatalytic membrane reactors design show in figure 2 (a, b). 

Photocatalytic membranes for the PMRs can be prepared from different materials and 
indifferent ways. Figure 3 presents two possible types of asymmetric photocatalytic 
membranes (Bosc et al., 2005). In the first case, photoactive separation layer is deposited on a 
non-photoactive porous support (Fig. 3a) the photoactive layer, being also the separation 
layer (skin) is formed on a porous non-photoactive support. In the second case, a non-
photoactive separation layer is deposited on a photoactive porous support (Fig. 3b) the 
separation layer is non-photoactive and is deposited on a porous active support. 

The main advantage of PMRs with photocatalytic membranes is that this configuration 
allows one to minimize the mass transfer resistances between the bulk of the fluid and the 
semiconductor surface.  
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Figure 2. a. PMR utilizing photo-catalyst in suspension: irradiation of the membrane module (Mozia S., 
2010), b. PMR utilizing photo-catalyst in suspension: irradiation of the feed tank (Mozia S., 2010)  
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Figure 3. Asymmetric photocatalytic membranes (Bosc et al., 2005) 

5. Conclusion 

Choosing the most suitable method of wastewater treatment studies require both increasing 
the effectiveness and economic efficiency (operating and investment costs). 

Advanced oxidation processes (AOPs) are good alternatives for removal the toxic compunds 
from wastewater. The AOPs can be successfully used in wastewater treatment to degrade 
the persistent organic pollutants, the oxidation process being determined by the very high 
oxidative potential of the HO. radicals generated into the reaction medium by different 
mechanisms. AOPs can be applied to fully or partially oxidize pollutants, usually using a 
combination of oxidants. Photo-chemical and photo-catalytic advanced oxidation processes 
including UV/H2O2, UV/O3, UV/H2O2/O3, UV/H2O2/Fe2+(Fe3+), UV/TiO2 and UV/H2O2/TiO2 
can be used for oxidative degradation of organic contaminants. A complete mineralization 
of the organic pollutants is not necessary, being more worthwhile to transform them into 
biodegradable aliphatic carboxylic acids followed by a biological process. The efficiency of 
the various AOPs depend both on the rate of generation of the free radicals and the extent of 
contact between the radicals and the organic compound. 

Photocatalytic oxidation in water treatment has proved its efficiency at many pilot-scale 
applications. However, wide marketing of commercially available solar detoxification 
systems is obstructed by the general market situation: a new water treatment procedure has 
an opportunity to be implemented only when its cost is at least two-fold lower than the cost 
of a procedure currently in use. Photocatalysis, also called the "green" technology, 
represents one of the main challenges in the field of treatment and decontamination 
systems, especially for water and air. Its operating principle is based on the simultaneous 
action of the light and a catalyst (semi-conductor), which allows for pollutant molecules to 
be destroyed without damaging the surrounding environment. 

In recent years, applications to environmental remediation have been one of the most active 
subjects in photocatalysis.  
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