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Abstract. This paper is devoted to the research priorities and some new lines in terpenic compounds 

studies, developments of methods of investigation into fine organic synthesis established by 

academician Pavel Vlad. The name of academician Pavel Vlad is associated with a number of 

remarkable fundamental and applied ideas. Under his guidance and with his direct contribution new 

approaches to determining the absolute configuration of a series of labdanic diterpenoids and converting 

them into bi-, tri- and tetra- cyclic compounds have been designed. Novel universal methods for 

synthesizing tetrahydrofurans from 1,4-glycols, olefins from tertiary alcoholic acetates, as well as 

dienones by means of photodehydrogenation of unsaturated cyclic ketons have been developed by 

academician Pavel Vlad. It has been established that the 1,4-glycols not only oxidizes the primary and 

secondary alcohols in the respective carbonyl compounds, but also dehydrates the tertiary alcohols.  

The scientific school founded by academician Pavel Vlad is leading in the investigations of superacidic 

cyclisation reaction of terpenoids, and also of the regularities of the mentioned reaction in different 

classes of terpenic compounds, such as alcohols, their acetates, acids, esters, phenylsulphones. 

Molecular rearrangement was performed in the diterpene and sesquiterpene series. Efficient ozonolytic 

methods for norlabdanic compounds preparation, as well as a new theory for evaluating the structure-

ambra odour relationship have been developed. 

 

Keywords: labdane diterpenoid, tetrahydrofuran, ozonolytic method, superacidic cyclisation, structure-ambra odour 

relationship. 

 
Received: 17 June 2021 

 

 

List of abbreviations and notations: 

Ac2O Acetic anhydride 

AcOH Acetic acid 

AO Atomic orbital 

Cu(OAc)2·H2O Cupric acetate monohydrate  

DMSO Dimethylsulphoxide 

ECM Electronic computing machine 

EtOH Ethanol 

GC  Gas-chromatography method 

H2tрр Tetraphenylporphyrin 

IR Infrared spectra 

MeOH Methanol 

Me3SiCl Trimethylsilyl chloride 

MO Molecular orbital 

NMR Nuclear magnetic resonance 

p-TsOH p-Toluenesulphonic acid 

p-TsCl p-Toluenesulphonyl chloride 

Py Pyridine 

TMCS Trimethylchlorosilane 

 

Introduction 

Academician Pavel Vlad is, undoubtedly, 

one of the most remarkable personalities who 

founded new directions in national science of 

Republic of Moldova, and contributed to its 

worldwide development and validation. It is 

significant that he, like no other, perfectly 

perceived the winds of time, directing research in 

the subtle realms of the chemistry of natural 

compounds, making essential contributions and 

thus taking the fame of the Republic of Moldova 

beyond its borders due to the scientific school of 

bioorganic chemistry, and chemistry of natural 

and biologically active compounds.  

The purpose of this paper is to put forward 

concisely some of the most valuable scientific 

contributions of academician Pavel Vlad and his 

disciples to the field of natural product chemistry 

of terpenoids, including: 

- determination of the absolute configuration of 

(-)-sclareol;  

- synthesis and composition of ambroxide, 

structural and electronic origin of ambergris 

odour; 

- development of ozonolytic methods for 

obtaining norlabdanic compounds;  
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- development of general methods  

of photocatalytic dehydrogenation of  

∆8-drimen- and ∆8-11-homodrimen-7-ones and 

regio-selective dehydration of tertiary 

methylcyclohexanic alcohols; 

- superacidic cyclization of terpenoids; 

- molecular rearrangement of some terpenoids; 

- synthesis of nitrogen-containing drimanic and 

homodrimanic compounds.  
 

Background 

Determination of the absolute configuration of  

(-)-sclareol 

The extensive fundamental research carried 

out within the scientific school of academician 

Pavel Vlad was focused on the elaboration of 

general methods for determining the absolute 

configuration of a series of labdane diterpenoids. 

The group of labdane diterpenoids 

comprises bicyclic diterpene compounds, 

derivatives of the hypothetical hydrocarbon (1), 

named labdan. The stereochemistry of the bicyclic 

structural fragment of labdane diterpenoids was 

established strictly and unambiguously [1]. Much 

more complicated has been the determination of 

the stereochemistry of the aliphatic structural 

fragment in compounds with asymmetric centres 

at C-13 or with conjugated double bond system, 

reflected by the contradictory data obtained with 

the physico-chemical research methods. Taking 

this fact into consideration, a general chemical 

method was developed for correlating the side 

chain configuration of the most important 

representatives of the labdanic group with 

compounds with determined configuration. 

Subsequently, most labdanic diterpenoids with 

respective structure were correlated with these 

selected representatives.  

As the spectral and optical methods led to 

contradictory results, it was decided to achieve a  

 

strict chemical correlation of (-)-sclareol (2) with 

linalool (3) - reference compound of known 

configuration, obtaining from both compounds 

one single substance, a (-)-γ-methyl-γ-

caprolactone (4), without touching the asymmetric 

centres concerned. 

(-)-Linalool (3) was selectively 

hydrogenated in the presence of Raney nickel 

(Raney Ni) as a catalyst in dihydrolinalool (5). Its 

ozonation and reduction of ozonide with hydrogen 

in the presence of palladium on coal as a catalyst 

leads to oxyaldehyde 6. Upon oxidation with 

potassium permanganate in acetic acid medium, 

oxyacid 7 is formed, which is spontaneously 

lactonized to give (-)-γ-methyl-γ-caprolactone (4) 

(Scheme 1) [2]. Because the sign and value of the 

specific rotation of lactone 4 on relactonization do 

not change, it appears that relactonization (and 

lactonization) takes place with the retention of the 

asymmetric centre configuration with the 

cleavage of acyl-oxygen bonds. Thus, lactone 4 

has the S configuration, and (-)-linalool (3) - the R 

configuration. 

It should be noted that the configuration of 

lactone 4 can be determined independently of 

linalool, using the Hudson-Klyne lactone rule. 

This rule refers only to lactones, which were 

obtained from oxyacids with a secondary 

hydroxyl group to the asymmetric centre. In the 

case of oxyacid 7 the hydroxyl group is tertiary. 

The underlying control established that the 

lactone rule is also applicable in the case of 

lactones, obtained from oxyacids with tertiary 

hydroxyl group at the asymmetric centre.  

The configuration of lactone 4, determined 

according to the Hidson-Klyne rule, coincides 

with the configuration determined from linalool 

(3). Consequently, the production of lactone 4 

from (-)-linalool (3) represents an independent 

confirmation of its configuration. 

 
 

 
Reagents and conditions: a) H2, Raney Ni; b) 1. O3, 2. H2/Pd/C; c) KMnO4, AcOH. 

Scheme 1. Determination of the absolute configuration of (-)-sclareol (2) at the C-13 asymmetric centre [2-4].  
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The next step of the work consisted in 

obtaining (-)-γ-methyl-γ-caprolactone (4) from 

sclareol (2), keeping the configuration at the 

asymmetric center C-13 intact. Through a series 

of transformations, it was established that the 

absolute configuration of the sclareol (2) at the 

asymmetric center C-13 is R [3]. Establishing the 

sclareol configuration at C-13 simultaneously 

determined the absolute configuration of  

57 labdanoids, which were correlated with  

sclareol (2). 

Synthesis and composition of ambroxide 

At the beginning of the 60's of the XXth 

century, the extraction of the labdanic diterpenoid 

sclareol (2) was organized on an industrial scale 

from vegetable waste, accumulated after the 

distillation of essential oil from clary sage [4], and 

the preparation of odorous compounds on its 

basis, called “ambrial” [5] and “ambroxide” [6,7]. 

Ambroxide was more precious, but its production 

on a technological scale was imperfect, with a 

yield of only 20%.  

At the beginning of this research, 

ambroxide was obtained from sclareol (2) in three 

stages [6,7] according to Scheme 2. In the first 

step the sclareol (2) was oxidized with a 

chromium mixture, taken in an amount 

corresponding to 10 g-oxygen atoms per 1 mol of 

sclareol (2). The yield of norambreinolide (8) was 

50-55%. The unsaponifiable fraction of the 

neutral part, which constituted ~20%, had a strong 

amber odour, but its composition, as well as the 

composition of the acidic part, of the oxidation 

product, which accounted for 40-45% of this 

product, did not have been studied. The yield of 

diol 9, which was obtained by reducing 

norambreinolide (8) with potassium borohydride 

in isopropanol, was relatively low (~50%), and 

the reduction method still had a number of 

shortcomings; it was necessary to use a relatively 

large excess of reducing agent (2.5 mol per mol of 

lactone), isopropanol was lost and a large amount 

of wastewater was obtained. It was demonstrated 

that an effective lactone reducer is lithium 

borohydride, obtained in situ from KBH4 and LiCl 

in isopropanol [6]. 

The developed method of reducing 

norambreinolide (8) decreased the reducer 

consumption by 47%. The yield of diol 9 was 

increased by up to 65%. Isopropanol consumption 

decreased by 80% as it became possible to 

regenerate it. As a result, the cost of production 

was reduced by 27%. This method was 

implemented at the experimental plant of the 

Union Research Institute for Synthetic and 

Natural Odoriferous Compounds (Moscow).  

The economic effect of implementation was  

311 rubles per kilogram of production. The diol 

dehydration technology 9 in oxides 10 and 11 

under production conditions had a low yield. 

In the third step, the diol 9 was dehydrated by 

vacuum distillation in the presence of  

p-toluenesulphonic acid. The product of the 

reaction was considered to be a mixture of oxides 

10 and 11, the stereochemistry of which has not 

been strictly established [7]. 

The study of ambroxide by the GC method 

showed that the composition of ambroxide was 

more complex than it was considered.  

To determine the composition of the ambroxide,  

it was separated by column chromatography with 

Al2O3. The data obtained showed that the 

summary content of oxides 10 and 11  

(actual ambroxide) did not exceed 45-48%. One 

of its basic components (~40%) was the mixture 

of bicyclohomopharnesenols (12) and (13), 

epimers at the asymmetric centre C-9, practically 

odourless.  
 

 

 

 
Reagents and conditions: a) Na2Cr2O7, H2SO4; b) LiBH4; c) p-TsOH, reflux; d) DMSO, Me3SiCl, 22°C, 17 h. 

Scheme 2. Synthesis of ambroxide (10) [6-8]. 

10 



A. Aricu / Chem. J. Mold., 2021, 16(1), 8-29 

 

New methods have been developed for 

obtaining tetrahydrofurans from 1,4-diols, using 

as reagents compounds obtained at the DMSO 

interaction with trimethylchlorosilane (TMCS). 

These have been shown to be quite effective  

for the dehydration of 1,4-diols containing  

secondary oxy- groups and, in particular, tertiary  

oxy- groups, obtaining high yields of 

tetrahydrofurans. It should be noted that when 

dehydrating diol 9, isoambroxide (11) is not 

formed, which is less valuable. The reaction 

proceeds stereospecifically with the formation of 

only oxide 10 (85%), which is highly valued in 

perfumery, and a small amount (14%) of a 

mixture of unsaturated alcohols 12 [8]. 

Structural and electronic origin of ambergris 

odour 

The first systematic research on the 

dependence of amber odour on the structure of 

decalinic cyclic compounds was performed by 

Ohloff, G. and his collaborators [9,10]. They 

specified the structural element that ensures the 

existence of the amber odour, formulating the  

so-called 1,2,4-triaxial rule of trans-decalinic 

compounds: amber odour is exhibited by 

transdecalinic derivatives containing the 

structural fragment 14 with three axial 

substituents. One of them can be the hydrogen 

atom, another one - an alkyl group, and the last 

one - a polar group, usually containing oxygen 

atoms.  

As the number of amber compounds 

multiplied, it became difficult to detect the 

structural element 14. It was necessary to  

make changes to the triaxial rule and to  

introduce additional notions. It was concluded  

that the reason for these deviations from the 

triaxial rule is that this rule took into account 

only the chemical and steric structure of the 

substances, but not their electronic structure.  

In order to take into account, the electronic 

structure, a logical-structural analysis was  

used through a package of STRAC  

application programs in dialogic mode with the 

electronic computing machine ECM [11,12].  

The detailed analysis of the electronic  

structure of a large number of decalinic 

compounds made it possible to highlight  

the presence in the molecules of amber-smelling  

compounds of a structural fragment with  

certain geometric and electronic characteristics,  

a fragment responsible for the existence  

of the smell. 

In the molecules of all amber-smelling 

compounds there is a molecular orbital (MO) 

(binding MO) located in the energy zone 

between 0.2233 and 0.2556 a.u. with a vast 

contribution of the atomic orbitals (AO) of the 

axial, tertiary, allylic hydrogen atoms and those 

located at the carbon atoms, united with oxygen 

atoms. The acceptor molecular orbital enters with 

high AO coefficients of hydrogen atoms  

from cycles B and C, but not from cycle A.  

In all active compounds there are groups of 

atoms, which introduce the largest contributions 

in the MO-acceptor and which include the 

oxygen atom, and two hydrogen atoms, 

mentioned above. These atoms form a triangle at 

the apex of which they are located. This triangle, 

named as the “amber triangle”, has certain 

characteristics in Å, as indicated on the drawing 

included in Figure 1. 

Thus, the norlabdanic compounds have the 

smell of amber, which contain a structural 

fragment that ensures the existence of the “amber 

triangle”. The 1S function of the hydrogen atoms, 

which form the triangle, has the same unique 

sign in the MO-acceptor. 

 

 

 
 

Figure 1. Structural and electronic origin of ambergris odour [14]. 
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The hydrogen atom H-1 being more distant 

from oxygen, always has a negative charge. The 

value of the negative charge of the oxygen atom 

varies between - 0.24 and - 0.31 ē, and the 

surface of the amber triangle varies between 2.66 

and 2.99 Å2. The charge density in the triangle  

is approximately constant and equals to  

σ= -0.1 ē/Å2. The amber triangle is located in 

cycles B and C, but not in cycle A [14].  

The following are some examples that 

illustrate the structure of the amber triangle and 

its influence on the smell (Figure 1). 

In ambrox (10) the amber triangle consists 

of C-9 and C-12 -α-oriented hydrogen atoms and 

the oxygen atom, and in the homofixer (16) of  

C-9 and C-13 α-oriented hydrogen atoms and the 

oxygen atom. Substitution of hydrogen atoms at 

C-12 in ambrox (10) with methyl groups leads to 

the disappearance of the amber triangle and 

compound 15 is odourless. In compound 17 the 

amber triangle is formed as indicated in the 

respective formula. 

The notion of “amber triangle” allowed to 

explain the influence of small structural changes 

on the amber odour, as well as the existence of 

odour in compounds that do not meet the 

conditions of Ohloff's triaxial rule [13-15]. 

Thus, a series of new amber-smelling 

perhydronaphthofuranic, erhydronaphthopyranic 

and perhydroindenopyranic derivatives were 

synthesized, which are of interest to the 

perfumery industry.  

Methods of production and technologies 

for the production of a series of odorous 

compounds were developed and implemented in 

the perfumery and tobacco industries. 

Development of ozonolytic methods for 

obtaining norlabdanic compounds  

Norlabdanic compounds represent both 

theoretical and practical value. They served as 

starting compounds in the production of drimanic 

sesquiterpenoids and superior terpenoids and 

found use in the perfumery, cosmetics and 

tobacco processing industries [13]. These 

compounds were obtained by oxidative cleavage 

of a series of labdanoids. Chromium(VI) 

compounds or potassium permanganate were 

used as oxidants. However, as a rule, these 

oxidants are not selective and lead to the 

formation of complex mixtures of substances.  

A strong oxidant is ozone. However, it has been 

used relatively rarely in the cleavage of labdane 

diterpenoids, probably due to the fact that some 

ozonation products are explosive [16]. It was 

established a number of harmless ozonolytic 

methods for obtaining norlabdane derivatives 

from a range of accessible labdane deterpenoids. 

Sclareol (2) is one of the basic labdanoids 

used to obtain norlabdanes. For this reason, it 

was studied in detail its ozonation reaction with 

the purpose to develop selective methods for the 

preparation of practically valuable compounds 

and the study of the influence of ozonation 

conditions on the direction of reaction and the 

character of the formed products.  

When ozonation of sclareol (2) occurs in 

ethyl acetate in the presence of 5% pyridine  

(by volume) at -65÷-70°C, a mixture of three 

substances is obtained: sclareoloxide (18) (yield 

37%), oxyketone 19 (yield 17%) and the unstable 

epoxyhydroperoxide 20 [17,18] (Scheme 3), 

separated chromatographically on silica gel.  

 
Reagents and conditions: a) O3, AcOH, Py, 78%; b) reflux, 170ºC, 30 min; c) LiAlH4, Et2O, 70%;  

d) NaIO4, EtOH, NaHCO3, 83%; e) LiAlH4, Et2O, 95%. 

Scheme 3. Ozonolytic transformations of the (-)-sclareol (2) [17,18]. 

12 



A. Aricu / Chem. J. Mold., 2021, 16(1), 8-29 

 

The structure of compound 20 results from 

spectral data (it contains three functional  

groups - tertiary hydroxyl, hydroperoxide and 

epoxy) and its chemical transformations: the 

hydroperoxide test with KI is positive  

upon reduction with LiAlH4 triol 23 is formed, 

which is also obtained when reducing the  

known sclareolic acid (24) with the same reagent.  

Upon heating, the compound 20 removes  

carbon monoxide and gives oxyketone 19.  

The last result allowed to propose an efficient 

way to obtain the valuable compound 

sclareoloxide (18): the total ozonation product  

is heated in hexane solution and the solvent is 

distilled in vacuo, giving a sclareoloxide (18) 

yield of 78%. This method (Scheme 3) has been 

patented [19].  

The formation of epoxyhydroperoxide (20) 

takes place through the intermediates molozonide 

(21) and thiterion (22). 

The ozonation reaction of sclareol (2) in 

acetic acid medium at 20°C takes place in a 

particular way (Scheme 4). The neutral fraction 

contains norambreinolide (8) (26%), and the 

acidic one - sclareolic acid (24) (10%), oxyacid 

25 (7%) and acetoxyacid 26 (39%) [20].  

Proceeding from the composition of the 

reaction product, it was suggested that 2 should 

be saponified and lactonized by heating to  

130-140°C, and then purified by crystallization. 

The yield of norambreinolide (8) was 69%.  

The possible mechanism of transformation of 

sclareol (2) into norambreinolide (8) includes as 

intermediates sclareoloxide (18), ozonide 27 and 

its transformation products 28 and 29.  

The product of ozonation of sclareol (2) in 

methanol at 15-20oC has turned out to be 

unusual, as well as the subsequent treatment of 

the product with anhydrous ammonium chloride - 

dimer 30 in high yield (80%) (Scheme 5) [14,16].  

 

 
Reagents and conditions: a) O3, AcOH, Py. 

Scheme 4. Ozonolytic transformations of the (-)-sclareol (2) in acetic acid [20]. 

 
 

 
Reagents and conditions: a) 1. O3, MeOH, 2. NH4Cl, 80%; b) 1. O3, MeOH, 2. H2O, reflux;  

c) KOH, EtOH, reflux; d) O3, Cu(OAc)2H2O, reflux. 

Scheme 5. Ozonolytic transformations of the (-)-sclareol (2) in methanol [16]. 
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In turn, the dimer 30 being ozonated in 

hexane at -65÷-70°C and upon heating (70°C) of 

the ozonide in the presence of water, gives an 

unstable compound 31 in quantitative yield.  

By cleaving it with an alcohol-based mixture, the 

mixture of 11-bishomodriman-8α-al-12-one (32) 

(46% yield) and oxyacid 25 (48% yield) were 

obtained [16] (Scheme 5). Thus, it appears that by 

changing the ozonation conditions of the  

sclareol (2), compounds with different structure 

can be selectively obtained. 

Thus, by researching the products of the 

sclareol (2) ozonation reaction, the mechanism of 

this reaction was established, obtaining new 

relevant data on the ozonolytic transformations of 

allyl alcohols. This study allowed to establish the 

optimal conditions for obtaining sclareoloxide 

(18) by the method of ozonation with a low 

degree of environmental pollution and acceptable 

under production conditions. The process of 

obtaining sclareoloxide (18) by ozonation of 

sclareol was patented [21] and implemented at the 

Tobacco Factory in Chisinau in order to obtain 

flavouring compositions for tobacco. 

Development of general methods of 

photocatalytic dehydrogenation of ∆8-drimen- 

and ∆8-11-homodrimen-7-ones and regio-

selective dehydration of tertiary 

methylcyclohexanic alcohols 

In addition to the interest in the practical 

properties, norlbdane and drimane compounds are 

an attractive target for fundamental research, 

leading to the discovery and development of 

many reactions of general interest. Among these, 

it was highlighted the photooxidative 

dehydrogenation reactions of ∆8-drimen- and  

∆8-11-homodrimen-7-ones in α,αʹ-dienone  

and regioselective dehydration of tertiary 

methylcyclohexane alcohols with Swern reagent. 

Synthesis of dienesters by photooxidative 

dehydrogenation reaction 

A general method was developed for the 

transformation of drimanic and homodrimanic 

compounds containing the 8-en-7-onic structural 

fragment into α,αʹ-dienone [18,22]. The research 

began by obtaining 11-homodrim-8(9)-en-7-on-

12-oic acid methyl ester (35).  

Aiming at preparing 11-homodrimane 

derivatives with oxygen-containing functional 

groups at the С-6 and C-9 atoms from readily 

available methyl 7-oxo-11-homodrim-8-en-12-

oate (35), it was studied the photooxidative 

oxygenation of the enol acetate derived from 35, 

namely, methyl 7-acetoxy-11-homodrimа-6,8-

dien-12-oate (36), in the presence of 

tetraphenylporphyrin (H2tрр). It was taken into 

account that conjugated 1,3-dienes preferably 

react with singlet oxygen according to the  

[4+2]-cyclo-addition pattern to give 

endoperoxides [22]. However, data from 

elemental and spectral analyses convincingly 

demonstrated that the reaction product formed in 

high yield (93%) was not endoperoxide 38.  

The molecule contained no peroxide or acetate 

groups, but the ester function retained and, a 

dienone group appeared (IR and 1H and 13C NMR 

data). Hence, it follows that product was 

identified as methyl 7-oxo-11-homodrimа-5,8-

dien-12-oate (37) (Scheme 6). 

Thus, it was interesting to check whether 

the oxidative transformation of ketoester 35 has a 

general character for trans-decalinic enones. This 

method of photooxidative dehydrogenation has 

also been used for compounds of the drimanic 

sesquiterpenoid series. Under the conditions 

indicated above, the enolacetate 39 of  

7-ketoisodrimenine (40) was converted in 69% 

yield to natural compound 11,12-epoxyhydrim-

5,8-diene-7,11-dione (41) (Scheme 7).  

Under similar conditions, the diacetate 42, 

which was obtained directly from hydroxyketone 

43 (59%) or via monoacetate 44 (73%),  

was also subjected to the photooxidative 

dehydrogenation reaction in the presence  

of mesotetrafenylporphyrin; this resulted in the 

formation of compound 45 in a yield of only 36%. 

The reaction performed in the presence of the 

Rose Bengal photosensitizer, which worked with 

a yield of 63%, proved to be more effective.  

Thus, the photooxidative dehydrogenation 

reaction of 7,11,12-triacetoxyhydrim-6,8(9)-diene 

(46), obtained from 11,12-diacetoxyhydrim-8(9)-

en-7-one (47), was carried out with a yield  

of 99%. 
 

 

 
Reagents and conditions: a) CH2=C(Me)OAc, p-TsOH, Ar, reflux, 3 h, 98%; b) O2, hν, H2tpp, CCl4, 20°C, 5 h, 90%. 

Scheme 6. Synthesis of dienesters by photooxidative dehydrogenation reaction [22]. 
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The enoldiacetate 46 reaction takes place in 

the presence of mesotetrafenylporphyrin to give 

11,12-diacetoxyhydrim-5,8(9)-dien-7-one (48) in 

a yield of 53% (Scheme 7). The spectral data of 

compound 48 confirm the presence in its 

molecule of the structural fragment α,αʹ-dienonic 

characteristic also for compounds 37, 41 and 45. 

Thus, the possibility of photosensitized oxidative 

dehydrogenation of drimanic compounds and  

11-homodrimanic derivatives containing the  

7-keto-8-one structural fragment has been 

demonstrated. 

The above-described pathway of reaction of 

diene enol acetates 36, 39, 42, and 46 with singlet 

oxygen can be interpreted as follows (Scheme 8) 

[18,22]. Diene systems in these compounds 

contain an electron rich 6,7-double bond.  

Because singlet oxygen is electrophilic, it reacts 

with compounds of the type 43 according to the 

ene reaction pattern involving the 6,7-double 

bond to give peroxyepoxide 50 rather than 

according to the [4+2]-cycloaddition route. 

Singlet oxygen is known to be sensitive to steric 

factors and, hence, the addition at the 6,7-double 

bond should occur from the sterically more 

accessible α-side of type 49 molecules to give 

peroxyepoxide 50. This is also favoured by the 

stereoelectronic requirements of the stereospecific 

end photosensitized oxygenation: the newly 

formed C‒O bond and the cleaved allylic  

C‒H bond should be cis-arranged, and the allylic 

C‒H bond should be perpendicular to the  

∆6-bond plane, as only in this case, can the 

electron pair of the cleaved C‒H bond  

interact with π-bond electrons to give a new 

double bond.  

Thus, in the case of compounds with 

structure 49, the steric and stereoelectronic factors 

act in the same direction, thus promoting the 

stereospecific formation of peroxyepoxide 50, 

which is then converted regioselectively into 

unstable allylic hydroperoxide 51, which 

eliminates peracetic acid being converted into the 

final product 52. 
 

 

 
Reagents and conditions: a) CH2=C(Me)OAc, p-TsOH, reflux, 2 h, 75%; b) O2, h, H2tpp, CCl4, 12°C, 14 h, 69%;  

c) CH2=C(Me)OAc, C6H6, p-TsOH, reflux, 6 h, 59%; d) O2, h, Rose Bengal, CCl4, 20°C, 20 h, 63%;  

e) Ac2O, Py, 20°C, 24 h, 97%; f) CH2=C(Me)OAc, p-TsOH, reflux, 6 h, 72.6%; g) CH2=C(Me)OAc, 

p-TsOH, Ar, reflux, 6 h, 99%; h) O2, h, H2tpp, CCl4, 20°C, 4 h, 53%. 

Scheme 7. Synthesis of dienesters by photooxidative dehydrogenation reaction [22]. 

 

 
Scheme 8. Mechanism of interaction of diene enolacetates containing  

the 8-en-7-one structural fragment with singlet oxygen [22]. 
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Regioselective dehydration of tertiary alcohols by 

Swern reagent 

It was shown that the ability of Swern 

reagent to dehydrate tertiary methylcyclohexane 

alcohols is general, and in the case of primary-

tertiary and secondary-tertiary diols two reactions 

can be performed simultaneously - dehydration of 

tertiary alcohol and oxidation of primary or 

secondary alcohol to carbonyl compound [23].  

During previous investigations of labdanic 

compounds, some interesting effects of  

Swern reagent have been established: along with 

the oxidation of primary or secondary alcohol, 

Swern reagent has simultaneously promoted the 

process of dehydration of tertiary alcohol.  

The lack of data on the dehydrating properties of 

Swern reagent in the literature has stimulated the 

interest in determining whether the dehydration 

reaction of tertiary methylcyclohexane alcohols is 

general, how dehydration of epimeric alcohols 

occurs and whether this reaction can serve as a 

chemical test to determine the configuration of 

nominated alcohols. 

The performed study comprised 

compounds 32, 53, 54, 61 and 69, which possess 

the initially necessary structural fragment 

(Scheme 9) [23]. Also, the products of 

dehydration of compounds 32, 53, 54, 61 and 69 

with phosphoryl chloride in pyridine were studied 

for comparison purposes. The identification of the 

dehydration products of the nominated 

compounds was performed by comparing the 

chromatographic and spectral data with the 

authentic, previously obtained controls.  

The isomeric composition of the dehydration 

products was determined from NMR spectroscopy 

data. Based on the obtained experimental results, 

it was established that the dehydration of 

compounds 32, 53, 54, 61 and 69 with both Swern 

reagent and РОСl3 in pyridine results in very 

similar reaction products by composition: the 

initial alcohols with equatorial hydroxyl group 

produce isomeric mixtures wherein the exocyclic 

double bond isomer predominates, and upon 

dehydration of the axial hydroxyl group 

compound 69, the reaction product is in both 

cases almost exclusively the tetrasubstituted 

endocyclic ethylene bonded isomer [18].  

Thus, the obtained results demonstrate 

clearly that the property of the Swern reagent to 

dehydrate tertiary alcohols is of general nature. 

Compared to the classic dehydrating reagent - 

РОС13 in pyridine, the Swern reagent was found 

to be more effective, the dehydration conditions 

being much milder. In addition, in the case of 

primary-tertiary or secondary-tertiary glycols, two 

transformations can be performed simultaneously 

- dehydration of the tertiary hydroxyl group and 

oxidation of the primary or secondary hydroxyl 

group to carbonyl. Like phosphoryl chloride 

(РОС13) in pyridine, the Swern reagent can be 

successfully used to determine the hydroxyl group 

configuration of tertiary methylcyclohexane 

alcohols. 

Thus, it was shown that the Swern reagent 

can be suitably used to determine the hydroxyl 

group configuration of tertiary methylcyclohexane 

alcohols [18].  

Superacidic cyclization of terpenoids 

The scientific school founded by 

academician Pavel Vlad is leading in the 

investigations of superacidic cyclisation reaction 

of terpenoids, and also of the regularities of the 

mentioned reaction in different classes of terpenic 

compounds, such as alcohols, their acetates, acids, 

esters, phenylsulphones.  
 

 
Reagents and conditions: a) (COCl)2, DMSO, CH2Cl2, -60ºC, 45 min. 

Scheme 9. Regioselective dehydration of tertiary alcohols by Swern reagent [23]. 
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One of the basic features of the class of 

terpene compounds is the diversity of their cyclic 

structures. According to the biogenetic rule of 

isoprene, formulated by Ruzicka, L., the 

biogenesis of these structures takes place by 

electrophilic cyclization of aliphatic isoprenoids 

containing 1,5-polyene systems [24]. In order to 

confirm this postulate rule and to develop 

accessible and efficient methods for the synthesis 

of cyclic terpenoids, systematic research into the 

cyclization reaction of isoprenoids in vitro has 

been undertaken.  

However, notwithstanding the successes 

achieved, all known processes for carrying out the 

cyclization reaction of terpenoids, using 

conventional protic acids and Lewis, do not allow 

to obtain in good yield cyclic terpenoids with 

regular structure, which contain in their molecules 

more than two carbocycles [25]. In order to 

increase the yield of the oxygenated fraction in 

the cyclization product, fluorosulphonic acid, 

which is superacid and, which according to the 

literary data, ensures much higher structural 

selectivity of cyclization reaction [26,27].  

The superacidic cyclization of acyclic and 

partially cyclized terpenols takes place according 

to the general Scheme 10, giving completely 

cyclized homoallylic alcohols; the configuration 

of the hydroxymethylene group of these product 

is governed by the configuration of the starting 

allylic alcohol. Examples of the cyclization of 

polyprenols C-10 – C-25 are given in Scheme 11.   
 

 
Scheme 10. Superacidic cyclization of terpenols, general scheme [25]. 

 

 
Reagents and conditions: a) FSO3H, i-PrNO2, -80°C, 10 min-1 h. 

Scheme 11. Superacidic cyclization of terpenols [25,28-30]. 
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Hence, the superacidic cyclization of 

polyprenols is structure- and chemo- selective, 

stereospecific, and it is also biomimetic for the 

aliphatic alcohols. The only by-products of the 

reaction are hydrocarbons and polymeric 

compounds. The cyclization can be carried out 

directly without protection of the hydroxyl group. 

Unlike the reaction of polyprenols with 

conventional acids, the primary and tertiary allylic 

alcohols give different products on their 

interaction with superacids. 

The cyclization of polyprenol acetates, 

occurs in a structure-, chemo- selective and 

stereospecific way but leads to bifunctional 

derivatives according to the general Scheme 12. 

In this case, as well, the by-products are small 

amounts of hydrocarbons and polymeric 

compounds; some examples of such reactions are 

given in Scheme 13. 

The formation of the mixture of compounds 

89-92 on cyclization of geranylacetate (88) and 

nerylacetates (93) is due perhaps to the 

conformational mobility of the monocyclic 

system. The cyclization of E,E-farnesyl acetate 

(94) gives in low yield β-monocyclofarnesyl 

acetate (96), which becomes the main compound 

(yield 70%) if the reaction is interrupted after one 

minute; both this fact and the formation of 

epidrimenol (77) on cyclization of Z,Z-farnesol 

(78) indicate that the cyclization process is a 

stepwise and not a concerted one. 

It should be particularly mentioned that  

the superacidic cyclization of the aliphatic 

sesterterpenoids 85 and 107 affords 

stereospecifically in one step and high yield the 

tetracyclic scalarane sesterterpenes 86 and 106, 

containing respectively seven and even eight 

chiral carbon atoms (Scheme 14) [28,30]. 

The afore-mentioned data demonstrate that 

the synthetic possibilities of the reaction of 

electrophilic cyclization of isoprenoids are 

considerably extended by passing from the usual 

acids to superacids. Varying such parameters as 

acid-substrate ratio, temperature, medium acidity, 

acid concentration and reaction duration, it is 

largely possible to direct the structural and 

stereochemical reaction course [29]. It is very 

important to note that in the superacidic medium 

it is possible to follow the behaviour of the 

carbocations by NMR spectroscopy and 

consequently to select conditions to carry out the 

reaction to the desired product. 

 

 

 
Scheme 12. Superacidic cyclization of terpenoacetates, general scheme [25]. 

 

 

 
Reagents and conditions: a) FSO3H, i-PrNO2, -80°C, 10 min-1 h. 

Scheme 13. Superacidic cyclization of polyprenol acetates [25,28]. 
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Finally, in a superacidic medium it is 

possible to obtain compounds which are not 

formed with usual acids. In Scheme 15 this 

affirmation was illustrated by the transformations 

of geranylacetone (113). This remarkable 

achievement of academician Pavel Vlad brings a 

considerable contribution to the development of 

the biogenetic rule of isoprene in the series of 

terpenoids, and opened perspectives in the search 

of new compounds with specific properties, 

valuable for science and practice. 

Molecular rearrangement of some terpenoids 

A specific feature of terpenoids is the 

molecular rearrangement, which contributes to  

the production of terpenoids with unusual 

structure, with new carbon skeletons and have 

special properties [31]. Molecular rearrangement 

of terpenoids is initiated by carbocations.  

More frequently, molecular rearrangement is 

performed in the monoterpenic, sesquiterpene and 

diterpene series.  

 

 
Reagents and conditions: a) FSO3H, i-PrNO2, -80°C, 10 min-1 h. 

Scheme 14. Superacidic cyclization of polyprenol acetates [28-30]. 
 

 
Reagents and conditions: a) FSO3H, i-PrNO2, -80°C. 

Scheme 15. Cyclization and rearrangements of farnesol (74), nerolidol (108), and geranylacetone (113) [25,29]. 
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In the electrophilic cyclization of labdanic 

diterpenoids - ent-copalol (117), manool (118), 

etc. - tetracyclic alcohols 119 and 120 were 

obtained with a new tetracyclo [10.2.1.01.10.02.7] 

-pentadecanic carbon backbone (Scheme 16) [32]. 

The alcohol 119 was reacted with phosphorus 

oxychloride in pyridine to give the mixture of 

hydrocarbons 121-125 [33]. Dehydration of  

the alcohol 120 with phosphorus oxychloride  

in pyridine gave the mixture of hydrocarbons  

121, 124 and 125 [34]. It should be noted  

that hydrocarbons 121, 122 and 124 have new 

carbon skeletons. 

At the interaction of many labdanic 

compounds with conventional acids, along with 

other products, the 14α-hibanol (126) was formed 

[32]. In order to obtain compounds with new 

carbon skeletons, the reaction of this alcohol with 

phosphorus oxychloride was studied [35].  

Three tetracyclic hydrocarbons 127-129 and 

tetracyclic chloride 130 were obtained from the 

reaction (Scheme 17). The hydrocarbons 127-129 

have new carbon skeletons, they come as a result 

of the solvolysis of the hydroxyl group of the 

compound 126 and the migration 1,2 of the  

C-C bonds, adjacent to the carbocationic center. 

The structure of tetracyclic hydrocarbons 127-129 

was determined by the X-ray diffraction.   

The tetracyclic hydrocarbon 121, obtained 

by dehydrating tetracyclic alcohols 119 and  

120, is an analogue of tetracyclic trachylobane 

131. Given the properties of the latter,  

it was of interest to study the interaction of 

hydrocarbon 121 with acid, in order to obtain 

tetracyclic compounds with grouped carbon 

backbones. 
 

 

 
Reagents and conditions: a) HCO2H / H2SO4; b) POCl3, Py. 

Scheme 16. Molecular rearrangement of ent-copalol (117) and manool (118) [32]. 

 

 
Reagents and conditions: a) HCO2H / H2SO4; b) POCl3, Py. 

Scheme 17. Molecular rearrangement of 14α-hibanol (126) [35].  
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The reaction of compound 121 with 

fluorsulphonic acid has been studied [36]. At a 

temperature of -100°C a single product is 

obtained - alcohol 119 (91% yield); whilst at  

-75°C, in addition to the alcohol 119, a small 

amount (13%) of ether 13 is obtained; and, at  

-50°C, along with alcohol 119 (60%) and ether 

132 (11%), a small amount of hydrocarbons 122 

(2%) and 125 (6%) are formed. Therefore, in the 

last conditions, the cleavage of the propane cycle 

takes place in all three possible directions. When 

performing the reaction at 22°C, the reaction 

products are the known hydrocarbons 133 (54%) 

and 134 (18%) (Scheme 18) [37]. 

Thus, the isomerization of hydrocarbon 121 

with superacid at low temperatures takes place 

with the cleavage of the C-12 – C-13 bond and the 

formation of the pentadecanic [10.2.1.01,10.02,7] 

carbon skeleton compound, and at the usual 

temperature the primary carbocations, generated 

at the cleavage of the propane cycle of compound 

121, is further isomerized to give pentadecanic 

133 and 134 tetracyclo[10.2.1.01.10.02.7] - and 

tetracyclo[10.2.1.02.11.03.8] carbon backbone 

compounds. 

Kauranic diterpenoids, derivatives of the 

carbon skeleton 135, are widespread in nature, 

these being the biogenetic predecessors of plant 

hormones, gibberellins. A large number of 

kauranic compounds are known to possess diverse 

biological activity, including anticancer activity. 

A rich source of tetra- and pentacyclic diterpene 

compounds is the waste formed during sunflower 

processing, in which, the basic product is the  

ent-kaur-16-en-19-oic acid (136) [38]. Thus, it 

was developed a simple and effective method for 

isolating this acid from the etheric extract of 

waste [39]. Along with the acid 136 by silica gel 

column chromatography, 15-angeloyl-ent-kaur-

16-en-19-oic acid (137) was isolated, which on 

saponification with KOH in EtOH passes into 

15-oxi-ent-kaur-19-oic (138). The last 

compound was obtained by oxidizing the  

acid 136 with SeO2 (68%). Treatment of the 

oxyacid 138 with the Collins reagent gives  

15-oxo-ent-kaur-16-en-19-oic acid (139) (84%) 

(Scheme 19) [40]. 

In most cases, kauranic compounds are 

found in natural sources together with the 

derivatives of pentacyclic ent-atisan (140),  

ent-beieran (141) and ent-trahiloban (142). 

According to data provided by Wenkert, E. in the 

process of biosynthesis of mixtures of derivatives 

of ent-kauran (135), ent-atisan (140), ent-beieran 

(141) by means of non-classical carbocation 143 

the pentacyclic ent-trahiloban 142 was obtained, 

which, then turn into derivatives of ent-kauran, 

ent-beieran and ent-atisan [41].  

From the point of view of biological 

activity, the greatest interest is in the ent-atisan 

derivatives 140, but these are found in natural 

sources in the form of very complex mixtures.  

So, it was resorted to the use of super acid as  

an isomerizing reagent of ent-kaur-16-en-19-oic 

acid (136).  

 

 
Reagents and conditions: a) FSO3H. 

Scheme 18. Molecular rearrangement of hydrocarbon (121) with fluorsulphonic acid [36,37]. 
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Using the chromatographic methods, the 

following acids were isolated and identified:  

ent-atis-15-en-19-oic (144) (8%), ent-atis-16-en-

19-oic (145) (22%), ent-kaur-15-en-19-oic (146) 

(17% ), ent-beier-15-en-19-oic (147) (7%), ent-

atis-16-ol-19-oic (148) (5%) and ent-atis-16-ol-

19-oic (149) (4%). 

Under the same conditions (Scheme 19), 

the isomerization of ent-trachyloban-19-oic acid 

(150) takes place with the formation of the 

mixture of the same substances, which have been 

listed above. Thus, when treating ent-kaurenoic 

acid (136) with superacid, preferably ent-atheic 

tetracyclic diterpenoids 144, 145 and 148, 149 are 

formed in a 39% total yield, and taking into 

account the unreacted starting compound - 62%. 

By isomerization of ent-trachyloban-19-oic acid 

(150) the main compounds are also artisans.  

The total yield of atheic compounds 144, 145 and 

148, 149 is 73% [42,43]. Thus, molecular 

rearrangement allowed obtaining compounds  

with unique structures, difficult to obtain by  

other ways. 

Synthesis of nitrogen-containing drimanic and 

homodrimanic compounds 

The synthesis of nitrogen containing 

drimanic and homodrimanic compounds and the 

study of their biological activity is a less studied 

field of terpenoid chemistry [44]. According to 

literature data, the presence of the nitrogen  

atom in terpenic compounds amplifies their 

bioactivity [44]. At the same time, these 

compounds can be easily transformed into water-

soluble salts, which facilitated the study of their 

biological activity. It was developed methods for 

the synthesis of nitrogen containing drimanic and 

homodrimanic compounds, in order to use 

terpenoids as chiral syntones to obtain compounds 

with practical value [18].  

 

 

 
 

Reagents and conditions: a) SeO2, EtOH, 68%; b) NaOH, EtOH, reflux, 97%; c) CrO3∙2Py/CH2Cl2, 84%. 

Scheme 19. Molecular rearrangement of kauranic diterpenoids [40]. 
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Synthesis of 11-aminodrim-7-ene (154) from 

drimenol (72) 

Many drimanic sesquiterpenoids, including 

their prototype - drim-7-en-11-ol (72), possess 

various types of biological activity. In order to 

obtain nitrogen-containing drimanic compounds, 

an efficient method has been developed for the 

synthesis of the amino-analogue of drimenol (72) 

- 11-amino-drim-7-ene (154), starting from 

drimenol (72) (Scheme 20) [45]. 

So, drimenol (72) was oxidized to drimenal 

(151) under the conditions of the Swern reaction. 

Drimenal oxime (152) was synthesized by 

reacting drimenal (151) with hydroxylamine 

hydrochloride in a mixture of ethanol and 

pyridine. According to the chromatographic data, 

a mixture of Z and E isomers was obtained in a 

yield of 80%, the ratio of isomers Z and E in the 

mixture being about 1:4. At the next step, the 

oxime 152 was subjected to reduction under 

various conditions, obtaining the amine 154 in 

rather modest yields, between 20 and 30%.  

To improve the yield of amine 154, an alternative 

pathway was also tested: conversion of oxime 152 

to the corresponding nitrile 153, with subsequent  

 

reduction to amine 154. The optimal methods for 

the synthesis of nitrile 153 proved to be the 

reaction of the oxime 152 with p-TsCl or  

with Ac2O in Py. The expected product,  

11-aminodrim-7-ene (154), was obtained in a 

50% yield when refluxing nitrile 153 with LiAlH4 

in Et2O in the presence of anhydrous AlCl3. 

Whereas in the reduction of nitrile 153 with 

NaBH4 and CoCl2.6H2O in methanol, the mixture 

of drimenylamine (154) and 7,8-dihydro-11-

aminodriman (155) was obtained in a yield of 

91%. Drimenilamine (154) and its mixture with 

7,8-dihydro-11-aminodriman (155) are of interest 

for testing for potential biological activity. 

Synthesis of nitrogen-containing drimanic 

sesquiterpenoids from 11-dihomodriman-8-ol-

12-one (32) 

The research described here refers to the 

synthesis of nitrogen-containing compounds  

by Beckmann rearrangement of oxime 156 of the  

11-bishomodriman-8-ol-12-one (32) in the 

presence of various reagents [46]. Oxime 156 was 

obtained from hydroxyketone 32 at its interaction 

with hydroxylamine hydrochloride in the solvent 

mixture ethanol and pyridine (Scheme 21). 

 

 

 
Reagents and conditions: a) P2O5, DMSO, 20°C, 95%; b) NH2OH∙HCl, EtOH, Py, 80%; c) 1. Ac2O, Py, 64%,  

2. p-TsCl, Py, 90%; d) LiAlH4, AlCl3, Et2O, 50%; e) NaBH4, CoCl2∙6 H2O, MeOH, 20°C, 91%. 

Scheme 20. Synthesis of 11-aminodrim-7-ene (154) from drimenol (72) [45]. 

 

 
Reagents and conditions: a) 86% H3PO4, 60-70°C, 82%; b) NH2OH∙HCl, EtOH, Py 94%; c) Ac2O/Py, reflux;  

d) p-TsCl/Py, 20°C, 90%; e) CH3CN, reflux; f) p-TsOH, 95%; g) 10% KOH, MeOH, 95%; h) Al2O3, 58%. 

Scheme 21. Synthesis of nitrogen-containing drimanic sesquiterpenoids from  

11-dihomodriman-8-ol-12-one (32) [46]. 
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According to chromatographic and spectral 

data, the reaction product is a mixture of the Z and 

E isomers. As a result, the Е isomer is more 

thermodynamically stable and the Z isomer  

easily converts to the Е isomer, oxime 156 was 

used in subsequent reactions as a mixture [46].  

It is known that Beckmann rearrangement 

stereospecifically occurs as a result of anti-

migration of the larger radical. Thus, the basic 

product of the Beckmann rearrangement of the 

oxime 156 will be an amide. It has been 

established, however, that when oxime 156 was 

treated with Ac2O in pyridine at 105-110°C it 

does not regroup, but converts to acetate 157 

(90%) and a small amount (5%) of the mixture of 

acetates of isomeric oxymes 158-160 in a ratio of 

approx. 5: 4: 1. When the solution of oxime 156 

in 86% H3PO4 is heated by 86%, Beckmann 

rearrangement also does not take place, as a  

result of dehydration and cyclization it forms 

(1S,2S,4aS,8aS)-2,5,5,8a-tetramethyldecahydro-

1N-naphtho[1,2][5,6]-3-methyl-4,5-

dihydro[1,2,6]-oxazine (161). Following the 

interaction of oxime 156 with p-toluenesulphonic 

acid hydrochloride at room temperature, 

oxytozilate 162 was obtained, which upon reflux 

in CH3CN removes water and p-TsOH acid, 

regrouping according to Beckmann 

rearrangement, to form an almost quantitative 

mixture of unsaturated amide 163 and p-TsOH 

acid. Under the influence of p-TsOH, the 

compound 163 was cyclized to give a salt,  

which according to IR and NMR data has been 

identified as the p-toluenesulphonic acid salt of 

(1S,2S,4aS,8aS)-2,5,5,8-tetramethidecahydro-

1N-naphtho[1,2][5,6]-3-methyl-4,5-dihydro[1,2,6] 

-oxazine (164). p-TsOH acid was removed by 

treatment with a 10% KOH solution in MeOH, 

obtaining 1,3,6-oxazine 165. The product 165 was 

also obtained by passing the salt solution of 

compound 164 through a column with Al2O3 

(grade II Brockman activity), the structure of 

oxazine 165 being confirmed in indirectly and by 

obtaining its picrate and hydrochloride. 

Thus, new nitrogen-containing drimanic 

sesquiterpenoids have been synthesized as a result 

of this research, some of which contain the  

1,2,6- and 1,3,6-oxazine rings. 

Synthesis of nitrogen-containing drimanic 

sesquiterpenoids from 11-dihomodriman-8 (9)-en-

12-one (168) 

In order to develop an efficient method of 

regioselective dehydration of hydroxyketone 32, 

its reaction with a series of reagents was studied 

in detail (Scheme 22) [47]. In most reactions, 

mixtures of unsaturated ketones 167 and 168 were 

obtained, the majority being 11-dihomodrim-8 

(9)-en-12-one (168). The ratio of unsaturated 

ketones in mixtures was determined by 1H NMR 

spectroscopy. Two ways were used to obtain the 

oxime 171 individually.  

The first way includes the reaction of the 

mixture of ketones 167 and 168 with the 

hydroxylamine hydrochloride in a mixture of 

ethanol and pyridine, obtaining the mixture of 

oxymes 170 and 171, from which oxime 171 was 

isolated by recrystallization.  

The second way consisted in isolating  

the mixture of ketones 167 and 168 by  

column chromatography on silica gel impregnated 

with AgNO3.  

 

 
Reagents and conditions: a) 1. 86% H3PO4, 2. CF3CO2H; b) 1. p-TsCl/Py, 2. PCl5. 

Scheme 22. Synthesis of nitrogen containing drimanic sesquiterpenoids of  

11-dihomodrim-8(9)-en-12-one (168) [47].  
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From thus isolated ketone 168,  

oxime 171 was subsequently obtained. As it 

results from the spectral data, oxime 171 

represents the mixture of Z and E isomers in the 

ratio of ~1:1. Both isomers were isolated 

individually by chromatography of this mixture 

on a silica gel column. The determination of 

stereochemistry of these isomers was preceded by 

the observation previously established through the 

example of oxime 156 of 11-bishomodriman-8-

ol-12-one (32), namely, that the oxime with lower 

retention factor (Rf) in thin-layer chromatography 

(TLC) has the configuration Z, and a higher  

Rf - configuration E. From the fact that the  

Е isomer is energetically more favourable, and the 

Z isomer can easily be transformed into the  

E isomer, the isomeric mixture was used in the 

reaction. Research of the reaction products of 

oxime 171 has shown that by heating it to  

70-80°C in 86% H3PO4 as a result of 

intramolecular cyclization were obtained  

(-2S,2S,4aS,8aS)-2,5,5,8a-tetramethyldecahydro-

1H-naphtho[1,2-e]-3-methyl-4,5-dihydro-[1,2,6]-

oxazine (165), previously synthesized from  

11-dihomodriman-8-ol-12-one (32) [46],  

along with (1S,2S,4aS,8aS)-2,5,5,8a-

tetramethyldecahydro-1H-naphtho[1,2-d]-2-

methylpyrroline-N-oxide (172) (Scheme 22).  

Its structure was elucidated based on spectral data, 

and the absolute stereochemistry of N-oxide 172 

was also confirmed based on the X-ray study. 

Upon refluxing of the solution of oxime 

171 in CF3CO2H, compounds 165 and 172 were 

also obtained. As a result of the reaction of  

oxime 171 with p-TsCl in pyridine at 20°C,  

11-acetylaminodrim-8(9)-ene (163) and its isomer 

-methylaminooxodrim-8(9)-ene (173), with a total 

yield of 40%, and drim-7(8),9(11)-diene (174) 

(13%) was also isolated from the reaction 

mixture. At the interaction of oxime 171 with 

PCl5 in ethyl ether at 0°C within 30 min, amides 

163 and 173 were obtained in a total yield of 

30%, and diene hydrocarbon 174 by 13%, 

respectively. Increasing the reaction time to 0°C 

or increasing the process temperature to 20°C 

considerably increases the yield of diene 

hydrocarbon 174 and the formation of other  

by-products takes place. 

Thus, as a result of the research performed, 

the new drimanic nitrogen containing compound 

172 was synthesized, with an unusual structure, 

containing the pyroline N-oxide ring. Also using 

as the starting compound 11-dihomodriman-8-

ol-12-one (32), 11-acetylaminodrim-8(9)-ene 

(163) and 11-methylaminooxodrim-8(9)-ene 

(173) drimane amides were synthesized, with 

potential biological activity.  

 
Biography of Academician Pavel Vlad 

Academician Pavel Vlad was born on  

June 6, 1936, in the village Lipnic (Soroca 

County), where he graduated high school in 1953. 

The same year, he took the exams and was 

enrolled at the Faculty of Chemistry of the State 

University of Moldova. After graduating the 

university (1958) he was assigned to the Institute 

of Chemistry of the Academy of Sciences of 

Moldova in the Laboratory of Chemistry of 

Natural Compounds. Under the guidance of 

academician Gheorghe Lazurievski he continued 

his doctoral studies (1958-1961) and in 1964 he 

defended his doctoral thesis in chemistry with the 

topic “Stereochemistry of some diterpenoids of 

the labdan group”. During his postgraduate 

studies, Pavel Vlad was assigned to a six-month 

training at the Institute of Organic Chemistry and 

Biochemistry in Prague [48]. There, jointly with 

Milan Soucek, under the guidance of a prominent 

scientist Vlastimil Herout, Pavel Vlad carried  

out investigations on the research topic  

the establishment of absolute configuration of 

linalool and nerolidol, which were published in 

the Collection of Czechoslovak Chemical 

Communications [2,3].  

After two decades of intense research work, 

he crowns the results in an impressive doctor 

habilitate dissertation, entitled “Research on 

Labdanic diterpenoids”, presented at the 

Specialized Scientific Council of the prestigious 

Institute of Organic Chemistry of the U.S.S.R. 

Academy of Sciences.  

In 1974, Pavel Vlad was appointed deputy 

director for scientific activity, and in 1975, 

director of the Institute of Chemistry of  

the A.S.M. In March 1995, the A.S.M.  

General Assembly appointed academician Pavel 

Vlad as Vice President of the Main Scientific 

Forum of the Republic of Moldova, the Academy 

of Sciences of Moldova. He held this position  

for 9 years.  

In 2004, academician Pavel Vlad returned 

at the Institute of Chemistry of the A.S.M, where 

continued his scientific activity as head of the 

Laboratory of Terpenoid Chemistry, which he led 

from 1977 until 2010 [48]. 

The scientific results obtained by 

academician Pavel Vlad and his disciples have 

been published in many scientific journals in the 

country and abroad. The results of research 

conducted over the years have been aggregated in 
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over 400 scientific publications, including three 

monographs, four textbooks, 16 review  

papers and 52 patents, with participation in  

45 international conferences and symposia. 

 

 
 

Academician Pavel Vlad 

(06.06.1936-24.03.2017) 
 

Academician Pavel Vlad paid great 

attention to practical applications in his scientific 

work. Under his guidance, original and efficient 

methods of preparation of known compounds 

were developed and implemented in the perfume 

industry - norambreinolyd, sclareol, drimenone, 

ambroxide; as well as new compounds - ketoxide, 

ambrol, ionoxide, 14 odorous compositions for 

tobacco were obtained from local raw material,  

9 of which were implemented at the Chisinau 

Tobacco Plant for the production of “Zimbru” and 

“MT” cigarettes, producing an economic effect of 

about 3 million lei. 

Academician Pavel Vlad inventions were 

appreciated with diplomas and medals of the 

EREN of the MSSR (1978, 1984), with two 

bronze (1981) and silver (1984) medals of the 

EREN of the USSR, with mention diplomas of the 

AGEPI (1996-2001). The cycle of inventions 

“Odoriferous compounds for perfumery, 

cosmetics and tobacco industry based on local 

renewable raw materials - production waste” won 

four gold medals and one silver medal at the 

International Invention Salons in Geneva, 

Switzerland (1999, 2001), Brussels, Belgium 

(“Eureka”, 1995, 1996, 2001). In 2001, 

academician Pavel Vlad was awarded the WIPO 

Gold Medal “Outstanding Inventor”. 

Under the guidance of a demanding mentor, 

academician Pavel Vlad, 3 doctor habilitate theses 

and 16 doctoral theses in chemical sciences were 

prepared and defended. 

Highly appreciated for his professional 

qualities and scientific results, he earned the title 

of university professor (1990), and soon became a 

full member of the Academy of Sciences  

of Moldova (1992). He was a two-time State  

Prize winner, a World Intellectual Property 

Organization Award winner. He was decorated 

with the Order of the Republic, with the Badge of 

Honor Order, with the Medal for Courage at 

Work and the ASM Dimitrie Cantemir Medal.  

In 2011 he was awarded the honorary title 

“Emeritus of the Republic of Moldova” 
 

Conclusions 

This paper summarizes the most valuable 

achievements in the field of natural product 

chemistry attained by academician Pavel Vlad and 

his disciples. Of these, there must be mentioned 

the establishing of absolute configuration of  

(-)-sclareol, development of new methods of 

synthesis of ambroxide. 

Additionally, it was established that the 

norlabdanic compounds have smell of amber, 

which contain a structural fragment that ensures 

the existence of the “amber triangle” which 

allowed explaining the influence of small 

structural changes on the amber odour, as well as 

the existence of odour in compounds that do not 

meet the conditions of Ohloff's triaxial rule. 

Methods of production and technologies for the 

production of a series of odorous compounds 

were developed and implemented in the 

perfumery and tobacco industries.  

Some other worth-mentioning 

achievements include the development of 

ozonolytic methods for obtaining norlabdanic 

compounds, with a low degree of environmental 

pollution and acceptable under production 

conditions, and the development of general 

methods of photocatalytic dehydrogenation of  

∆8-drimen- and ∆8-11-homodrimen-7-ones  

and regio-selective dehydration of tertiary 

methylcyclohexanic alcohols; synthesis of 

nitrogen-containing drimanic and homodrimanic 

compounds with amplified biological activity; 

investigations of molecular rearrangement of  

some terpenoids allowed obtaining compounds 

with unique structures, difficult to obtain in  

other ways. 

Furthermore, the investigations were 

performed on the superacidic cyclisation reaction 

of terpenoids, and also on the regularities of the 

mentioned reaction in different classes of terpenic 
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compounds, such as alcohols, their acetates, acids, 

esters, phenylsulphones. This remarkable 

achievement of academician P. Vlad brings a 

considerable contribution to the development of 

the biogenetic rule of isoprene in the series of 

terpenoids, and opens perspectives in the search 

of new compounds with specific properties, 

valuable for science and practice. 
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Abstract. (+)-Larixol and larixyl acetate are well known labdane-type diterpenoids widely used in 

organic synthesis. The chemistry of (+)-larixol had a slower evolution compared to other diterpenoids 

and the peak of its heyday can be considered the 2000s. During this period, the most important works 

describing the syntheses based on (+)-larixol and its acetate appeared, some of them being mentioned in 

reviews devoted to diterpenes. So far, however, no review has been published dedicated exclusively to 

chemistry of (+)-larixol and larixyl acetate, neither phytochemical investigation of sources containing 

these compounds nor their biological activity study. The present review seeks to cover and fill in the 

gaps regarding these topics based on available scientific data published after the 2000s. 
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List of abbreviations and notations:  

1D, 2D 

NMR 

One-dimensional and two-dimensional 

Nuclear magnetic resonance 

2,4-DNPH 2,4-Dinitrophenylhydrazone 

AcCl Acetyl chloride 

ASE Accelerated solvent extractor 

DMA N,N-Dimethylacetamide 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

EC50 Half maximal effective concentration 

EO Essential oil 

EtOH Ethanol 

FT-IR 

 

Fourier transformation infrared 

spectroscopy 

FT-NIR Fourier transformation near-infrared 

spectroscopy 

FT-RAMAN Fourier transform Raman spectroscopy 

GC-MS Gas chromatography-mass spectrometry 

GC-FID Gas chromatography-flame ionization 

detection 

HD Hydro-distillation 

HE Hexane 

HR-LC/ 

Q-TOF/MS 

 

High resolution-liquid 

chromatography/Quadrupole-time- of-

flight/Mass spectrometry 

IC50 Half maximal inhibitory  

concentration 

KOAc Potassium acetate 

LAH Lithium aluminium hydride 

LC50 Lethal concentration 50 

LIRE Lung ischemia-reperfusion edema 

MEAIL Methanolic extract from Acalypha 

 indica L. leaves 

MFC Minimal fungicidal concentration 

MIC Minimum inhibitory concentration 

MIZ Maximum inhibition zone 

MMT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

MPFA Monoperftalic acid 

NBS N-Bromosuccinimide 

OECs Oil extractives components 

SC-CO2 Supercritical carbon dioxide 

SN2 Bimolecular nucleophilic substitution 

TBI 

THF 

TMSCHN2 

TOF/MS 

Traumatic brain injury 

Tetrahydrofuran 

Trimethylsilyldiazomethane 

Time of flight-mass spectrometry 

TRPC3 Transient receptor potential canonical 3 

activity 

TRPC6 Transient receptor potential canonical 6 

activity 

TRPC7 Transient receptor potential canonical 7 

activity 

 

Introduction 

The chemistry of (+)-larixol (1) began with 

the isolation of its acetate 2 from the oleoresin of 

European larch (Larix decidua Mill.), followed by 

the saponification of the latter [1]. In the 70s, 

several groups of researchers contributed to the 

identification of the absolute configuration of  

(+)-larixol (1) as 13-(S) [2-8]. In the following 

two decades, both compounds were identified  

in various species of larch (Larix sibirica Labd., 
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Larix decidua Mill., Larix gmelini Rupr.) and 

hybrids (L. x eurolepis Henry, L. decidua x L. 

kaempferi) [9-11]. 
In terms of organic synthesis, (+)-larixol (1) 

and its acetate 2 surpass other labdane 

diterpenoids due to the C-6 hydroxyl group. Over 

the years, various chemical transformations were 

performed selectively or on both hydroxyl groups, 

or by modifying the side chain [4-7]. At the same 

time, a special interest of researchers was focused 

on an oxidative transformation of compounds  

1 and 2 [7,12-21]. In addition, a research paper  

on microbial transformation of (+)-larixol (1) and 

its derivatives was reported by Herlem, D. et al., 

who performed the microbial hydroxylation by  

Mucor plumbeus LCM, which led to C-2 

hydroxylated products [21]. 

As well as other easily accessible 

diterpenoids, (+)-larixol (1) and its acetate 2 were 

widely used for the preparation of biologically 

active drimane sesquiterpenoids or fragrant 

compounds. These syntheses were described in 

several reviews, as separate compartments  

[22-25]. The traditional synthetic pathways based 

on compounds 1 and 2 include successive 

oxidative degradation of their side chains.  

For this, efficient methods have been developed 

using various oxidizing agents [19,21,26] or their 

combination with Norrish II type photochemical 

degradation of intermediate methyl ketones [27]. 

All these efforts have yielded formidable  

results known today as synthesis of  

some natural drimane-type sesquiterpenoids  

such as (-)-drimenol, (-)-uvidin C, (-)-albrassitriol, 

(-)-epi-albrassitriol, (+)-6-ketoeuryfuran,  

(+)-6-ketowinterin, and (-)-7-ketoeuryfuran, 

pereniporin B and (-)-cinnamosmolide [28-31], 

natural labdane diterpenoid crotonadiol and its 

isomer [32], Ambrox®-like compounds including 

Δ5-ambroxene, Δ6-ambroxene, 6α-hydroxy 

ambrox and 6-oxo ambrox [25,33,34], ambra 

oxide related compounds [25,35] and a series of 

labdane furanes such as hedychenone, 

yunnancoronarins A and D [25,36]. 

The review is designed for interested 

researchers in the field, aiming to present them 

recent scientific achievements, those partially 

cited or omitted previously in the fields of 

chemistry, phytochemistry and biological activity 

of (+)-larixol and larixyl acetate. 

 

Background 

Recent progress in chemistry and 

phytochemistry of (+)-larixol and larixyl acetate 

Most of the syntheses mentioned above are 

based on the oxidative breakdown of the C-9 side 

chain of (+)-larixol (1) or its acetate 2 leading  

to a wide variety of synthons, including  

14,15-bisnorlabdene-13-ones 3-5. The next 

transformations into target drimanes consist of 

multi-step procedures and this strongly influences 

their overall yields. For this reason, Vlad, P. et al. 

used the Norrish II type photochemical 

degradation of methyl ketones 3-5 (Figure 1) [27].  

The results regarding the major reaction products 

were published in some reviews, whilst those 

regarding minor products were omitted [37]. 
In such a way, minor compounds 7, 9  

and 11 with unexpected bi- and tricyclic  

structure were isolated from the Norrish II 

reaction products (Scheme 1). Their structures 

were confirmed by 1D and 2D NMR analysis  

and single crystal X-rays diffraction.  

The compound 7 had a 6α-acetoxy-9,13β-epoxy-

13β-methylpodocarpane skeleton and was 

obtained in ~4% yield, calculated on converted  

6-acetoxy ketone 3. Vlad, P. et al. proposed the 

probable way of its formation as a product of 

ketone 3 cyclization under UV-irradiation via 

intermediate state 6 (Scheme 1) [27].  

Unlike that, compound 9 (~3%) is a product 

of the photochemical rearrangement and 

cyclization, as depicted in Scheme 1, which led to 

a tricyclic skeleton with a condensed 

cyclopentane ring (Scheme 1). 

The most abundant was compound 11, 

which was obtained in a 17% yield.  

Its 6α-acetoxy-8β,13,13,17-diepoxy-14,15-

dinorlabdane skeleton was a result of ketalization, 

via intermediate state 10, which occured in 

molecule of ketone 3 as result of photoexcitation 

and also of the addition of the residual oxygen 

from the reaction medium. 

 

 

 
 

Figure 1. (+)-Larixol (1), larixyl acetate (2) and related dinorlabdane compounds 3-5 [27]. 
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This fact was confirmed  

by additional reactions carried out under  

oxygen atmosphere, when compound 11 was 

obtained in 40% yield (Scheme 1).  

Their spectral data were in accordance with  

those of some related diastereomeric ketoketals 

reported before [7,14]. 

The minor compound 12 was isolated from 

the photochemical degradation product of methyl 

ketone 4 in a ~18% yield. The spectral data of 

liquid cyclobuto(18→6)-14,15-bisnorlabd-8(17)-

ene-6-ol-13-one (12) were not enough for  

its structure characterization, for this reason  

an attempt was made to obtain the  

2,4-dinitrophenylhydrazone derivative for the  

X-ray analysis. Surprisingly, a mixture of two  

2,4-DNPH derivatives 13 and 14 was obtained, 

isolated and characterized due to acidic reaction 

conditions (Figure 2). 

The one-step photochemical degradation of 

methyl ketones 3-5 led to the corresponding 

drimane dienes 15-17, in good yields (36-76%) 

and variable conversion of the first (12-63%) as 

presented in Figure 2. In continuation, the dienes 

15-17, derived from (+)-larixol (1) were used as 

intermediates for regio- and stereoselective 

semisynthesis of some natural drimane 

sesquiterpenoids. 

Starting from 6α-acetoxydiene 15 and 

following the same strategy of using non-

conventional methods, Vlad, P. et al. [27] 

performed the synthesis of previously  

reported (±)-6-hydroxyeuryfuran (18) and  

(±)-6-ketoeuryfuran (19) [38] in enantiomeric 

pure forms, in ~75% and ~70% overall yields, and 

the first synthesis of drimanic anhydride  

(+)-6-ketowinterine (20), in ~53% overall yield 

(Figure 3).  

To note that, the meso-tetraphenylporphyrin 

or eosine sensitized photooxidation was widely 

and efficient used by Vlad, P. et al. as a green 

chemistry method for the preparation of some 

intermediate endoperoxides, such as 21 and 22, or 

anhydride 20 (Figure 3). Herein, the synthetic 

schemes were omitted because these were well-

presented in a review published by Mahji, S. [37]. 
 

 

 

 

 
 

Scheme 1. The mechanisms of minor products 7, 9 and 11 formation under UV irradiation [27]. 

 

 

 

 
 

Figure 2. The minor 12-14 and major 15-17 products of Norrish II type reaction [27]. 
 

32 



A. Ciocarlan / Chem. J. Mold., 2021, 16(1), 30-45 

 

A successful attempt to synthesize 

fragrolide (24), a sesquiterpene lactone 

previously isolated from Cinnamosma fragrance 

[24], was described earlier [38]. To achieve this, 

the authors used the ketoperoxide 22, which was 

reduced into triol 23 in depicted conditions 

(Scheme 2). Further oxidation of triol 23 with 

chromium trioxide led to mixture of 

ketoeuryfuran 19 and desired fragrolide (24), in 

~32% and ~21% overall yield, recalculated for 

initial acetoxy diene 15, that was much better 

than those previously published [39,40]. 

In turn, diene 17 was used as starting 

material for the synthesis of natural and 

biologically active drimanic compounds  

(-)-albrassitriol (26) and (-)-epi-albrassitriol (27) 

[41]. The first synthesis of these compounds 

from (+)-larixol (1) was reported by  

Lagnel, B. et al. in, 10- and 15-steps, ~8% and 

~4% overall yields, respectively [28]. 

A much shorter synthesis includes an 

alternative two steps procedure of key 

intermediate ketodiol 25 preparation, by 

epoxidation of dienone 17 and HClO4 assisted 

hydrolysis of resulting diastereoisomeric 

epoxides 28 and 29. The reduction of ketodiole 

25 with LiAlH4 completed the synthesis of  

(-)-albrassitriol (26) and (-)-epi-albrassitriol (27) 

in ~12% and ~14% overall yields, respectively 

(Scheme 3) [30]. 

 

 
 

Figure 3. (+)-6-Hydroxyeuryfuran (18), (+)-6-ketoeuryfuran (19), (+)-6-ketowinterine (20)  

and intermediate endoperoxides 21 and 22 [29]. 
 

 

 

Reagents and conditions: (i) LiAlH4, Et2O (anh.), N2, 2.5 h, r.t., 80%; (ii) CrO3, Py, 4.5 h, r.t., 50% and 33%. 

Scheme 2. Synthesis of fragrolide (24) starting from the intermediate endoperoxide 22 [39]. 
 

 

 

Reagents and conditions: (i) OsO4, Py, 12 h, r.t., 91%; (ii) LAH, Et2O, N2, 0°C, 0.5 h, 44% and 48%; 

(iii) MPFA, Et2O, 125 h r.t., 82%; (iv) HClO4, THF, 49 h, r.t., 68%. 

Scheme 3. Short synthesis of epimeric albrassitriols 26 and 27 [30]. 
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Vlad, P. et al., explained the selective 

formation of ketodiol 25 from the mixture of 

epoxides 28 and 29 by two successive SN2 

substitutions during which a less stable  

β-epoxide 29 is interconverted into more stable  

α-epoxide 28 through intermediates 30-32 

(Scheme 4) [30]. Such kinds of transformations 

are known and were reported before [42]. 
Based on the ketodiol 25, formerly obtained 

from (+)-larixol (1) [30], the formal synthesis of 

pereniporin B (38) and cinnamosmolide (39) was 

performed [31]. The key step of this 

transformation is allylic bromination of C-12 

methyl group from the ketoacetate 33 with NBS 

in CCl4, which leads to bromide 34 (91%) 

(Scheme 5). 

Herein, triole 36 was obtained by 

saponification of diacetate 35, then it was 

oxidized with manganese dioxide into lactone 37 

(Scheme 6). The transformation of lactone 37 into 

pereniporin B (38) was reported by  

Burke, S. et al. and included its reduction with 

DIBAL-H, followed by Fetizon’s oxidation [40]. 

Cinnamosmolide (39) was prepared for the first 

time by acetylation of pereniporin B (38) in 

standard conditions [43]. Some of the 

intermediate from the Scheme 4 were synthesized 

from other sources and previously reported, e.g. 

triole 36 [44,45] and lactone 37 [46]. 

In contrast to the syntheses mentioned 

above, only several syntheses based on  

(+)-larixol (1) with conservation of the side chain 

are known [37-39], one of them being the 

synthesis of (+)-crotonadiol (42). 

The history of the labdane diterpenoid  

labd-8(17),13E-dien-6α,15-diol (42) is quite  

long and confusing. For the first time it  

was synthesized by Haeuser, J. from larixyl  

acetate (2) [4]. The same product was  

obtained in a low yield by oxidation of larixyl 

acetate (2) with oxygen in the presence of 

heteropolyacids [47]. Both syntheses confirmed 

that diol 42 belongs to normal labdane 

enantiomeric series. 
 

 

 

 

Scheme 4. The mechanism of epoxides 28/29 interconversion and ketodiol 25 formation [30]. 
 

 

 

 

Reagents and conditions: (i) Ac2O, Py, r.t., 12 h, 86%; (ii) NBS, CCl4, reflux, 9 h, 91%;  

(iii) KOAc, DMSO, r.t., 1 h, 98%. 

Scheme 5. Polyfunctionalized intermediates 33-35 of formal synthesis of  

pereniporin B (38) and cinnamosmolide (39) [31]. 
 

 

 

 

Reagents and conditions: (i) K2CO3, MeOH, r.t., 0.5 h, 99%; (ii) MnO2, CH2Cl2, r.t., 70 h, 93%;  

(iii) performed by [44]; (iv) performed by [45]. 

Scheme 6. Formal synthesis of pereniporin B (38) and cinnamosmolide (39) [31]. 
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Later a similar compound was isolated 

from the bark of African specie of Croton 

zambesicus Muell. by Ngadjui, B. et al. [48] and 

named crotonadiol with [α]D= -28°. Five years 

later, a compound corresponding to crotonadiol 

(42) was isolated by Yang, B. et al. from the bark 

of Larix olgensis Henry var. koreana Nakai and 

its structure was proved by spectral analysis and 

X-ray diffraction [49]. 

The latest syntheses of (+)-crotonadiol 

(42) were reported by Vlad, P. et al. [32].  

The first three-step attempt included allylic 

isomerisation of larixyl acetate (2) with PBr3, 

substitution of the bromine atom from the 

molecule of 40 with larixyl diacetate, 41 

formation and saponification of the last into  

(+)-crotonadiol (42) (Scheme 7). The second 

option consisted of acetylation of larixyl  

acetate (2) with AcCl in DMA, allylic 

isomerization of obtained diacetatete 43 in the 

presence of PdCl2
.(CH3CN)2, followed by 

saponification of allylic diacetatete 41 into final 

(+)-crotonadiol (42). 

Next, Vlad, P. et al. tried to improve the 

yield of (+)-crotonadiol (42) [32]. For this,  

6α-acetoxy ketone 3 was subjected to Wittig-

Horner reaction, which led to a mixture of 

chromatographic separable products in ~1:3 ratio 

(Scheme 8). According to NMR analysis, the  

less polar fraction consisted of a mixture of  

13E- and 13Z-acetoxy esters 44 and 45 (8:2),  

and the more polar one of 13E- and 13Z-hydroxy 

esters 46 and 47 (7:3). This composition means 

that during the Wittig-Horner reaction partial 

saponification of 6α-acetoxy group occurred, 

which led to hydroxy esters 46 and 47. 
 

 

 

Reagents and conditions: (i) PBr3, Et2O anh., -6°C, 1 h, then r.t., 12 h; (ii) KOAc, DMF, r.t., 12 h, 39%;  

(iii) KOH, EtOH, reflux, 2 h, 98%; (iv) AcCl, DMA, 5°C, 12 h, 94%; (v) PdCl2
.(CH3CN)2, THF, Ar, r.t., 12 h, 86%. 

Scheme 7. Synthesis of (+)-crotonadiol (42) from larixyl acetate (2) [32]. 

 

 

 
Reagents and conditions: (i) NaOCH3, (CH3O)2P(O)CH2CO2CH3, C6H6, reflux, 2 h; (ii) KOH, EtOH, reflux, 1 h;  

(iii) TMSCHN2 (2M), THF, MeOH, r.t., 0.5 h; (iv) LiAlH4, Et2O, Ar, 0°C, 3 h. 

Scheme 8. Synthesis of (+)-crotonadiol (42) from 6α-acetoxy ketone 3 [32]. 
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The separate saponification of mixtures 

44/45 and 46/47 gave chromatographically 

separable 13E- and 13Z-hydroxy acids 48 and 49, 

which were methylated and reduced with LiAlH4 

into (+)-crotonadiol (42) ([α]D= +19.3°) and its  

(+)-E-isomer 50 ([α]D= +41.35°). The spectral 

data of (+)-crotonadiol (42) are in accordance 

with those reported before, while the (+)-E-isomer 

50 was reported for the first time. 

To note, that by comparing the 

physicochemical constants of the final compounds 

42 and 50, it can be concluded that compound 51 

([α]D= -28.0°) reported by Ngadjui, B. et al. 

belongs to the ent-labdane series of diterpenes 

[48] (Figure 4). 

The (+)-6β-isovaleryloxylabda-8,13-diene-

7α,15-diol (55) isolated from the mucus of 

Trimusculus reticulatus exhibited potent repellent 

activity against starfish [55]. Only one synthesis 

of this compound was performed from (+)-larixol 

(1) and reported by Morin, C. and co-workers in 

nine steps and ~30% overall yield [56]. 

Unfortunately, the last published synthesis 

based on (+)-larixol (1) dates from 2014 [14], the 

scientific papers that followed, referred to 

phytochemical analysis of Larch spp. and other 

conifer species of different geographic origin or 

their hybrids, and described wood analysis and 

biological activity assessments of the extracts 

from mentioned conifer against different pests. 

Along with other metabolites, the presence of 

compounds 1 and 2 were reported for the first 

time in the sources under research.  

Other scientific data on this topic are discussed in 

chronological order. 

The results of GC-MS analysis of oil 

extractives components (OECs) from wood and 

bark of Pinus sylvestris, Abies alba, Picea abies 

and Larix decidua growing in Czech Republic 

were reported by Salem, M. et al. [57].  

Epi-manool (56) (6.31%) was detected in  

n-hexane extract from the bark of Abies alba and 

larixyl acetate (2) (0.82%) in that from Picea 

abies (Figure 7). The highest content of  

13-epi-manool (56) (2.77% and 15.40%) and  

(+)-larixol (1) (4.85% and 33.29%) was found in 

the wood and bark extracts of Larix decidua. 

Using the same method, the chemical 

composition of the methanolic stem wood and 

bark extracts of Norway spruce (Picea abies (L.) 

Karst.) and European larch (Larix decidua Mill.) 

were evaluated by Salem, M. et al. [58]. Among 

all the identified components, the major  

13-epi-manool (56) (5.07-12.48%), abietic acid 

(57) (26.8-30.5%), dehydroabietic acid (58) 

(5.9%) and (+)-larixol (1) (14.55-15.8%)  

(Figure 5) were reported. 

In an attempt to find effective natural 

remedies against mildew, caused by the oomycete 

Plasmopara viticola, extracts of the bark of eight 

important northern forestry species (Picea abies 

L. H. Karst, Picea jezoensis (Siebold & Zucc.) 

Carriere, Larix decidua Mill., Larix sibirica 

Ledeb., Larix gmelinii (Rupr.) Kuzen., Populus 

tremula L., Pinus sylvestris L., Abies nephrolepis 

(Trautv. Ex Maxim) Maxim.) were screened [59]. 
 

 

 

 

Figure 4. The (-)-ent-crotonadiol (51) and labdane diterpene derivatives of (+)-larixol (1) [49-55]. 

 

 

 

 

Figure 5. The major components 56-62 of some conifer species [56-61]. 
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From the most active dichloromethane 

extracts, have been isolated and identified  

the following compounds: (+)-larixol (1),  

larixyl acetate (2), lariciresinol (59), lariciresinol 

acetate (60) (from Larix spp.) and  

15-hydroxidehydroabietic acid (61) (from Pinus 

sylvestris) (Figure 5). 

The dichloromethane, ethyl acetate and 

methanol extracts from the bark extracts of  

Larch (Larix decidua Mill.) were tested as 

alternatives to copper fungicides used against 

grapevine downy mildew (Plasmopara viticola) 

[60]. According to the GC-MS and GC-FID data, 

the main constituents of the mentioned extracts 

were (+)-larixol (1) (0.19-0.31%), larixyl acetate 

(2) (0.63-4.37%) and epi-manool (56) (omitted). 

The chemical composition and distribution 

of the soluble sugars, starches, proteins, 

terpenoids and phenolic compounds in the 

rhytidome and secondary phloem of the Kuril 

larch (Larix gmelinii var. japonica) and Japanese 

larch (Larix kaempferi) species, and their  

F1 hybrid (Larix gmelinii var. japonica x Larix 

kaempferi) was studied by Seki, K. et al. [61]. 

The highest content of (+)-larixol (1) and larixyl 

acetate (2) was found in the rhytidome of  

Larix gmelinii 4186/1675 µg/g), followed by  

F1 hybrid (2719/1545 µg/g) and Larix kaempferi 

(145/445 µg/g). The same order is kept for their 

content in the secondary phloem of the species 

Larix gmelinii (1646/1196 tig/g), followed by the 

F1 hybrid (1262/1069 µg/g) and Larix kaempferi 

(61/199 µg/g). 

In order to develop an efficient procedure 

of larch wood capitalization, the analysis of the 

wood extractives obtained with an accelerated 

solvent extractor (ASE) from three different 

tissues, sapwood, sound knotwood and dead 

knotwood was performed [62]. Using different 

methods of analysis (GC-MS, FT-RAMAN,  

FT-IR and FT-NIR), Wagner, K. et al. found that 

the n-hexane extracts from dead knotwood 

samples yielded more (+)-larixol (1) and resin 

acids, e.g. isopimaric acid (62) than the other 

samples (Figure 5). 

Most of the recently published 

bibliographical sources are referring to 

phytochemical analysis of essential oils and/or 

extracts obtained from some species of 

angiosperms, where (+)-larixol (1) and larixyl 

acetate (2) which normally are chemomarkers 

specific for coniferous species have been 

identified for the first time. As mentioned above, 

scientific results are discussed chronologically. 

The comparative study of essential oils 

obtained by hydro-distillation of stem and aerial 

parts of Origanum majorana Linn. (Lamiaceae) 

was reported by Prerna, G. et al. [63]. A total 

number of seventy-eight compounds were 

identified in the stem oil and eighty-seven in the 

oil from the aerial part of which linalool (63) and 

estragole (64) were found as main components 

(41.31-45.05% and 14.14-25.62%, respectively) 

and a trace amount of (+)-larixol (1) (0.04%) was 

detected (Figure 6). 

The methanolic extract from Acalypha 

indica L. leaves, a species originated from India, 

has the capacity to act as a radical scavenger and 

also showed potential cytotoxic activity [64]. 

Ravi, S. et al. have mentioned that this was due to 

a high content of polyphenols. However, the  

HR-LC/Q-TOF/MS analysis of Acalypha indica 

extract for the first time confirmed, among the 

eighty-seven components, there was a low content 

of larixyl acetate (2) (~0.26%) [64]. 

The presence of (+)-larixol (1) (0.2%) was 

reported by Sharma, V. et al. in the essential oil of 

Ocimum tenuiflorum, together with the main 

constituents β-caryophyllene (65) (38.90%), 

eugenol (66) (19.63%), caryophyllene oxide 67 

(20.39%) and other thirty-six compounds [65] 

(Figure 6). 

The results of GC-MS analysis of the 

essential oil obtained from three species of the 

genus Dracocephalum L. growing in Kazakhstan 

were reported by Suleimen, Y. et al. [66]. 

 

 

 

Figure 6. The main constituents of essential oils and extracts from some medicinal species [62-65]. 
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Essential oils were obtained from the aerial 

parts of plants Dracocephalum nutans, 

Dracocephalum ruyschiana, Dracocephalum 

thymiflorum in an average yield of ~0.2%. More 

than over 90 constituents were identified in the 

volatile oils and the analysis proves that chemical 

composition of the species under research is  

quite different. The main constituents were the  

typical monoterpenes, sesquiterpenes and their 

oxygenated derivatives, such as a-pinene (68) and 

β-pinene (69), β-myrcene (70), β-cyclocitral (71), 

(E,E)-nepetalactone (72), (Z,E)-nepetalactone 

(73), β-bourbonene (74), germacrene D (75), 

palustrol (76), spathulenol (77), β-caryophllene 

oxide (67), humulene oxide (78) and others 

(Figures 6 and 7). 
The diterpene fraction of the EOs is 

represented by (E)-phytol (79) (0.4% 

Dracocephalum nutans; 0.7% Dracocephalum 

ruyschiana), biformen (80) (0.3%) and (+)-larixol 

(1) (0.5%), both present only in the sample 

obtained from Dracocephalum nutans (Figure 8). 

The essential oil of Trembleya parviflora 

(D. Don) Cogn., is a rich source of  

terpenic compounds including diterpenoids.  

Farias, W. et al. monitored the variation of 

Trembleya parviflora essential oil content and its 

composition during the year and established  

the maximal concentration of constituents [67].  

The monoterpenes as a-pinene (68) and  

β-pinene (69) (25.4 and 19.8% in June and July, 

respectively) and α-terpineol (81) (September, 

16.5%) were major compounds, while the highest 

content of diterpenoid (+)-larixol (1) was found in 

March (7.3%). 

Another natural source where (+)-larixol 

(1) (0.3%) was identified for the first time, are the 

aerial parts of Leonurus pseudomacranthus Kitag 

[68]. It was identified during essential oil  

analysis together with laddane diterpenoids  

(-)-sclareol (82), which is the major component 

(34.8%), sclareol oxide (83) (0.3%) and manoyl 

oxide (84) (0.4%) (Figure 8). 

As with other species, the major 

components of Leonurus pseudomacranthus 

essential oil are sesquiterpenes like α-longipinene 

(85) (2.1%), β-caryophyllene (65) (7.1%) and  

α-muurolene (86) (Figure 9). The essential oil 

showed excellent antimicrobial activity and 

antioxidant potential. 

As stated by Li, X. et al., after fractionation 

of the methanol extract of Hypericum longistylum 

with petroleum ether, (+)-larixol (1) was  

isolated by column chromatography, together  

with other compounds, and its structure  

was proved by instrumental analysis and 

comparison of spectroscopic data with previously  

reported [69].  

The presence of (+)-larixol (1) (0.28%) was 

reported by Liu, H. et al. in the volatile oil 

obtained from the stem bark of Taiwania 

flousiana Gaussen (Taxodiaceae) [70]. 
 

 

 

Figure 7. The main terpenic constituents of essential oils of Dracocephalum spp. [65]. 

 

 

 

 

Figure 8. Other constituents of essential oils of Dracocephalum spp. and Leonurus spp. [65-67]. 
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According to Bezerra, F. et al., the major 

compound found in supercritical carbon dioxide 

(SC-CO2) extracts from Croton matourensis Aubl. 

leaves was (+)-larixol (1) (24.88-50.57%), 

compared to the extracts obtained by conventional 

extraction with n-hexane (2.93%) and  

hydro-distillation (not detected) [71]. It should be 

mentioned that oxygenated labdane diterpenes  

are the main fraction of SC-CO2 extracts  

(37.15-85.62%) including also the manoyl oxide 

(84) (10.25-26.72%), phytol (79) (1.57-7.47%) 

and 3α-hydroxy-manool (87) (0.45-7.09%).  

In contrast to SC-CO2 extract, HE and  

HD extracts contain mostly monoterpenes, 

sesquiterpenes and their oxygenated derivatives, 

the main components (Figure 9) being linalool 

(63) (35.26-69.98%), (E)-caryophyllene (65) 

(6.53-9.94%), a-pinene (68) (8.82%) and  

α-phellandrene (88) (6.20%). 

Recent biological investigations of (+)-larixol 

and larixyl acetate 

This subchapter includes the results of 

recent biological tests, which have highlighted 

some new properties of vegetal extracts 

containing (+)-larixol (1) and larixyl acetate (2), 

or of their pure forms. 

In addition to the chemical composition 

analysis of methanolic stem wood and bark 

extracts from Picea abies L. Karst. and  

Larix decidua Mill., reported in the previous 

subchapter, Salem, M. et al. also performed the 

antimicrobial assays [58]. The methanol (95%) 

extract from P. abies/L. decidua wood and bark 

showed good MIC and MFC against Aspergillus 

flavus (0.13 and 0.25 mg/mL), Candida albicans 

(1.74 and 3.52 mg/mL), Penicillium funiculosum 

(0.29 and 0.72 mg/mL) and Penicillium 

ochrochloron (0.19 and 0.42 mg/mL), comparable 

with Fluconazole and Ketoconazole standards. 

Unlike other sources, the high activity of the 

methanolic extract of L. decidua bark can be 

explained by the high summary content ~60% of 

diterpenoids (2,9-dihydroxyverrucosane, abietic 

acid and (+)-larixol). The results suggest that the 

P. abies and L. decidua extracts have a potential 

use in food and/or pharmaceutical industries [58]. 

According to Mulholland, D. et al. the most 

promising anti-mildew (Plasmopara viticola) 

activity was exhibited by the dichloromethane 

extract from three species of Larch (Larix decidua 

Mill., Larix sibirica Ledeb., Larix gmelinii 

(Rupr.) Kuzen.) (at 1 mg/mL, efficacies 88-98%) 

and Scots pine (Pinus sylvestris L.) (at 1 mg/mL, 

efficacies 50-80%) [59]. The high activity of the 

extracts against mildew is explained by the 

presence of the major compounds as lignans 

(lairciresinol and lariciresinol acetate), and 

diterpenoids (larixol, larixyl acetate and 

dihydroxydehydroabietic acid). 

In another paper, Thuerig, B. et al. mention 

that the ethanolic extract of Larch bark with a 

combined concentration of (+)-larixol/larixyl 

acetate (~66%) showed promising in vitro 

antifungal activity against P. viticola at  

MIC100= 6-23 μg/mL in planta semi-controlled 

conditions at EC50= 0.2-0.4 mg/mL, that means a 

comparable efficacies of larch extracts reached up 

to 68% in a stand-alone strategy and 84% in low-

copper strategies. This approach can allow the 

copper reduction in organic vineyards [60]. 

The methanolic extract of Acalypha  

indica L. leaves, a specie originated from India,  

has the capacity to act as a scavenger of  

DPPH radical (at IC50= 28.330 μg/mL), H2O2  

(at IC50= 84.415 μg/mL), hydroxyl radicals  

(at IC50= 35.933-84.775 μg/mL) and week metal 

ions reducer. Also, it showed potential cytotoxic 

activity (LC50= 140.02 μg/mL) against brine 

shrimp. Ravi, S. et al. mention that all these 

activities of MEAIL are due to the high content of 

polyphenolics, flavonoids and saponins [64].  

As mentioned above, the essential oil of 

Origanum majorana is one of the new sources 

where (+)-larixol (1) was detected. According to 

Sharma, V. et al., this EO revealed excellent 

inhibition activity against the test fungal 

organisms, with presence of maximum inhibition 

zone (MIZ= 37 mm) against Trichophyton 

mentagrophytes, (MIZ= 31.67 mm) against 

Microsporum gypsium and (MIZ= 28.33 mm) 

against Microsporum nannum, which is mainly 

due to mono- and sesquiterpene constituents [65]. 
 

 

Figure 9. Metabolites of Leonurus pseudomacranthus essential oil and  

Croton matourensis supercritical carbon dioxide extract [67-72].  
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As in other cases, the OECs from 

Dracocephalum spp. growing in Kazakhstan are 

new sources where, among others constituents, 

(+)-larixol (1) was detected, as well. Samples 

obtained from all three species exhibited acute 

lethal toxicity towards the larvae of the Artemia 

salina aquatic crustaceans at all tested 

concentrations (1-10 mg/mL) and low antiradical 

activity (at 3.51-8.70 %) compared with the 

standard drug – butylhydroxyanisole at ~80%. 

Likewise, in this case, Suleimen, Y. et al. mention 

that the activity is due mono-(C10) and  

sesqui-(C15) terpenic fraction [66]. 

Fifteen compounds isolated by Li, X. et al. 

from Hypericum longistylum were subjected to 

the separate MMT assay on fibroblast 

cytotoxicity. According to the test results  

(+)-larixol (1) had no deleterious effects on 

normal mouse lung fibroblasts and no significant 

inhibition of vitality [69]. 

The assessments of biological activities of 

the essential oil from Taiwania flousiana 

Gaussen. performed by Liu, H. et al.  

showed a wide range of strong algicidal, 

antifungal, antibacterial and promising 

antioxidant activities [70]. 

Surprisingly, Croton matourensis has 

proven to be a new source of (+)-larixol (1). 

Bezerra, F. et al. performed biological activity 

tests of hydrodistillation, hexane and SC-CO2 

extracts from leaves and proved that all of them 

have exhibited antioxidant activity at 14 mg/mL 

(IC50= 1531.34, 2680.11, 614.73 g extract/g 

DPPH). It was mentioned that the SC-CO2 extract 

showed potential anti-inflammatory and 

neuroprotective effects on experimental cerebral 

ischemia in rats. All these activities of extracts 

from Croton matourensis leaves can be related to 

the presence of oxygenated diterpenes  

(37.15-85.62%), especially to (+)-larixol (1) and 

manoyl oxide (84) [71]. 

In the last decades, many efforts have been 

put in identifying chemical entities that may 

control TRPC6 activity, a nonselective and  

Ca2+-permeable cation channel, which mediates 

pathophysiological responses within pulmonary 

and renal diseases. Within several preparations of 

plant extracts, a strong TRPC6-inhibitory activity 

was found in Larch balsam. By testing, its main 

constituents (+)-larixol (1) and larixyl acetate (2) 

were identified as blockers of Ca2+ entry and ionic 

currents through diacylglycerol- or receptor-

activated recombinant TRPC6 channels exhibiting 

approximately 12- and 5-fold selectivity 

compared with its closest relatives TRPC3 and 

TRPC7, respectively. The potent inhibition of 

recombinant TRPC6 by larixyl acetate  

(IC50= 0.1–0.6 µM) was confirmed for native 

TRPC6-like [Ca2+]i signals in diacylglycerol-

stimulated rat pulmonary artery smooth muscle 

cells [72]. 

Urban, N. et al. synthesized new TRPC6-

inhibiting modulators from (+)-larixol (1), and 

tested the potency and selectivity in cell lines 

stably expressing various TRP channel isoforms 

[73]. The most promising compound was larixyl 

N-methylcarbamate (89) which displayed a 

favourable potency with an IC50 to inhibit wild-

type TRPC6 of 0.48 μM that is an about 30-fold 

higher versus TRPC3 and 5-fold higher versus 

TRPC7, respectively. 

It was proved that (+)-larixol (1) and its 

acetylated congeners possess selective inhibition 

of the second-messenger-gated cation channel 

transient receptor potential canonical 6 (TRPC6) 

over its close isoforms TRPC3 and TRPC7. 

Haefner, S. et al. expanded these findings by 

chemical diversification of (+)-larixol (1) at 

position C-6, C-9 side chain, C-8 exomethylene 

group and mixed. As a result of series of 

screening assays, Haefner, S. et al. reported the 

larixyl N-methylcarbamate 89 as an efficient 

TRPC6 blocker with an IC50 value of 5.8 nM that 

holds promise for the translational treatment of 

lung ischemia-reperfusion edema (LIRE) [74]. 

Chen, X. et al. reported improving of 

endothelial function in wild type control mice 

subjected to mTBI after 7-days of in vivo 

treatment with larixyl acetate (2), an inhibitor of 

TRPC6 channels with an apparent IC50 value of 

about 0.65 μM, which is 10–100 times lower than 

that for other members of the TRPC channel 

subfamily [75]. 

(+)-Larixol, larixyl acetate and intellectual 

property protection 

As a logical continuation of the research 

conducted, a number of results found their 

application in practice and were patented by some 

of the above cited authors. In continuation, 

several of the recently published patents will be 

discussed. 
A group of inventors, Meyer, I. et al., was 

granted with patents [76,77] for an invention 

which relates to a cosmetic composition  

and comprises (+)-larixol (1) and optionally  

some components like a tyrosinase inhibitor,  

a sun protection factor; an antioxidant, an anti-

inflammatory agent and a desquamating agent. 

Mulholland, D. et al. [78] obtained the title 

of protection on use of extracts from Larix spp. 

(Larix decidua, Larix gmelinii, Larix kaempferi, 

Larix sukaczewii and Larix sibirica) for treating, 
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preventing or reducing an oomycete pathogen 

infection. They mention that these properties are 

due to components such as (+)-larixol (1) or 

lariciresinol (59) or an active derivative thereof, 

such as larixyl acetate (2) or lariciresinol acetate 

(60). They mention, that in particular 

dichloromethane or methanol extracts may treat or 

prevent an infection caused by Plasmopara spp. 

or Phytophthora spp., in particular Plasmopara 

viticola or Phytophthora infestans. An infection to 

treat can be selected from downy mildew,  

late blight of potato, sudden oak death, 

rhodendron root rot, ink diseases of European 

chestnut, pythium damping off or white blister 

rust infection. 

Next inventions belong to microbiology, 

more exactly to microbial transformations and 

microbial production of terpenes [79,80]. 

Schrader, J. et al. claimed a process for de novo 

microbial synthesis of sesquiterpenes or 

diterpenes, including (+)-larixol (1), using 

genetically modified methylotrophic bacteria 

(Myxococcus xanthus, Methylobacterium 

extorquens) and alternative carbon sources like 

methanol and/or ethanol. 

The list of recently published patents 

concludes with a patent for a method of 

extraction, purification, testing and application of 

Leonurus pseudomacranthus essential oil claimed 

by Lai, P. et al. [81]. It comprises the condition 

for the essential oil extraction, the procedures of 

its purification and GC-MS analysis. According to 

Lai, P. et al., the Leonurus pseudomacranthus 

essential oil can be used as a bacteriostatic agent 

against strains of Staphylococcus aureus, Bacillus 

subtilis, Escherichia coli and Pseudomonas 

aeruginosa. 

 

Conclusions 

This review presents scientific data 

regarding the syntheses made based on (+)-larixol 

and larixyl acetate, published since 2000. 

Currently, one of the major concerns of 

researchers in the field are phytochemical studies, 

resulting in the identification of, new natural 

sources that contain compounds from the title.  

Another current concern of researchers, 

which has provided excellent practical results, is 

the in vitro or in vivo testing of (+)-larixol and 

larixyl acetate or their derivatives, or plant 

extracts, especially those obtained from some 

species of conifers.  

Based on the above, it can be concluded 

that in recent decades in the field of (+)-larixol 

chemistry, the balance has shifted from 

fundamental studies in the direction of practical 

applications. However, it can be stated with all 

certainty that (+)-larixol, larixyl acetate, their 

derivatives and the products that contain them are 

still an interesting object for research. 
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Abstract. It is known that thioglycolic acid (TgA) is widely used in industry and, unlike many other 

thiols, has a negative influence on organisms, similar to cysteine (Cys). The goal of this work was to 

study the TgA photochemical transformations in waters using model systems and to determine the 

kinetic parameters by varying the irradiation sources. It was found that TgA undergoes destruction on 

induced photolysis in the presence of humic substances (HSs), and its half-life can be estimated as  

10-14 days, depending on weather conditions (cloudiness, time of day, season etc.). Results obtained in 

the course of this study on model systems were transferred to natural waters, and it was concluded that 

TgA has a positive influence on the chemical self-purification processes of water, in the natural aquatic 

environment. This is manifested by increasing the self-purification capacity of water, due to the 

generation of active oxygen species (ex.: O2¯•, •OH, 1O2), which lead to the degradation not only of this 

thiol, but of other pollutants present in aquatic environment, as well. At the same time, the products of 

the transformations are harmless to the aquatic environment and hydrobionts. 
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Introduction 

Photochemistry has become an important 

field in scientific research in recent years. Many 

photochemical transformations play an important 

role in the environment and are of interest, 

including those of various pollutants present in 

natural water bodies. Of all the pathways of 

abiotic degradation of pollutants, photochemical 

processes in the surface layer of the aquatic 

environment unfold with the highest rate. 

Understanding photolysis of pollutants in surface 

waters is essential to the assessment of potential 

exposures and risks to aquatic organisms as well 

as to humans via drinking water supplies [1-4]. 

Natural surface waters accumulate 

pollutants through wastewater discharges or 

stormwater runoffs following their use in 

agriculture, stockbreeding, medicine, and 

industry. It has been shown [2] that in surface 

waters, pollutants undergo direct, induced and 

sensitized photolysis, depending on several 

factors, such as: pH, mineralization of the natural 

waters, the presence of different forms of 

transition metal ions (Fe, Cu, Zn, Cd, Hg etc.),  

the chemical nature of the pollutants, as well as 

the presence of dissolved organic matter [4-6]. 

Dissolved organic matter, predominantly humic 

substances (HSs), act as sensitizers, thus 

participating in the degradation of pollutants 

[2,5,7]. In natural waters, HSs act as 

photosensitizers: they reach an excited state by 

absorbing sunlight and then interact with 

dissolved oxygen in the water, photochemically 

producing reactive intermediate species that 

contribute to decomposition of pollutants  

[2,8-12]. To summarize the process, absorption of 

sunlight by HSs initially leads to the singlet-

excited state 1HSs, which then undergoes 

intersystem crossing to the longer lived 3HSs and 

may then return to the ground state, reacting 

directly with contaminants, or with ground  

state O2 to form 1O2. Despite low steady-state 

concentrations of photochemically produced 

reactive intermediates, they effectively enhance 

the photochemical transformation of a wide range 

of contaminants. For this reason, it is important to 

study the influence of HSs on the processes of 

pollutants photolysis in aquatic environments. 
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Figure 1. The emission spectra of DRT-400 lamp (a) 

and Solar Simulator Oriel 9119X (b)  

with AM0 (1) and AM1.5D (2) filters [15]. 

 

Previous studies have shown that thiols 

with the general formula RSH represent a class of 

reducing compounds, present in the composition 

of natural waters, that fulfil various functions in 

biogeochemical systems. Thiols are divided into 

two large subclasses: of natural and anthropogenic 

origin [1]. One representative of the thiols 

subclass of anthropogenic origin is thioglycolic 

acid (TgA). TgA has a wide range of applications: 

it is used as the main material for the synthesis of 

polyvinyl chloride stabilizers, as a corrosion 

inhibitor in oil field industry, in cosmetics (mainly 

in hair care products). In textile industry, TgA is 

used in shrink resistant treatment of wool, in 

fabric dying and in leather processing, thus easily 

reaching natural surface waters [13]. Despite its 

vast useful applications, TgA has negative effects 

on human health [14]. The negative influence of 

some thiols on living organisms has been studied 

in detail by Duca, Gh. et al. [1], who have shown 

that even some thiols of natural origin, such  

as cysteine (Cys), manifest toxicity to the  

aquatic organisms, like cyanobacterial species 

Arthrospira platensis. In this context,  

the transformations of that TgA undergoes in 

natural environment become of great scientific 

interest and importance. 

The goal of this work was to study the 

photochemical transformations of TgA in natural 

waters and to determine the transformation 

dependencies and kinetic parameters on 

irradiation with different light sources. 

The study of the dependencies of pollutants 

transformation, in laboratory conditions,  

will be used to explain those that occur in natural 

aquatic environments. To achieve this, systems 

containing different components present in  

natural waters were simulated, in order to 

investigate the sensitized photolysis of TgA  

in the presence of HSs. Initially, photolysis was 

studied in the absence and presence of H2O2,  

by artificial exposure to UV radiation of  

various sources (UV-Vis DRT-400 lamp,  

the powerful UV lamp from Vilber Lourmat,  

VL-215.LC and the Solar Simulator (SS), Oriel 

Model 9119X, equipped with three filters, Figure 

1 [15]). Further, the complexity of the systems  

was increased by the addition of Fe(III) and 

Cu(II) ions. 

 
Experimental  

Materials  

Thioglycolic acid, humic acid sodium salt 

of technical grade, p-nitrosodimethylaniline 

(PNDMA) and oxygen peroxide were purchased 

from Sigma-Aldrich (Germany); iron(III) 

trichloride hexahydrate and copper(II) sulphate 

pentahydrate from Stanchem (Poland). All 

solutions were prepared with distilled water,  

Aqua D Distillers - 4 Pak. 

Humic substances  

All model solutions of humic substances 

were prepared using distilled water and  

humic acid sodium salt of technical grade. 

Subsequently, humic substances solutions with 

the concentration of 0.16-3.33 mg/L, were 

prepared by dilution. Higher concentrations would 

have increased the turbidity level of the solutions, 

thus hindering the determination of TgA 

concentration. 

Thioglycolic acid determination  

An amount of thioglycolic acid  

was dissolved in distilled water, to obtain a  

1 M solution, subsequently all solutions were 

prepared by dilution. 

The kinetic dependencies of the 

photochemical transformation process of TgA 

were studied using the UV-Vis spectroscopy 

method, by measuring the absorbance of the 

substrate solution on a T80+ UV-Vis 

Spectrometer, at 234 nm.  
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Method for determination of free •OH radical  

The method is based on the interaction of 

•OH with PNDMA, resulting in solution 

discoloration, thus allowing the indirect 

determination of the free radicals using UV-Vis 

spectroscopy, according to the previously 

described method [16]. PNDMA was chosen as an 

indicator, since it acts as a trap of •OH formed 

during the photolysis of hydrogen peroxide.  

The employed model system consisted of 

phosphate buffer–PNDMA–H2O2, artificially 

exposed to UV radiation using the sources 

mentioned above. After a certain amount of time, 

the absorbance of the system was measured 

periodically at 440 nm. Oxidation of PNDMA 

occurs as a result of its interaction with •OH 

generated by H2O2 under the action of light. When 

the rate of radicals initiation Wi and the rate 

constant of destruction are known, the stationary 

concentration of •OH may be determined  

by Eq.(1): 
 

[• 𝑂𝐻] =
𝑊𝑖

𝛴𝑘𝑖[𝑆𝑖]
                                                  (1) 

 

where,  Wi- rate of radicals’ initiation, M∙s-1;  

Σki[Si]- inhibitory capacity of the  

medium, s-1. 
 

Calculation of kinetic parameters 

The process of TgA sensitized photolysis 

followed pseudo-first-order kinetics in all 

investigated solutions (according to the  

Eqs.(2-6)), with respect to the concentration of the 

substrate that was taken in excess of the 

concentrations of the other components, 

respectively [15].  
 

[TgA] = 
𝐴

ᶓ 
∗ 𝐹                                                     (2) 

 

where, [TgA]- thioglycolic acid concentration, M;  

A- absorbance at λ= 234 nm;  

ᶓ- molar extinction coefficient,  

L∙mol-1∙cm-1 (for TgA has been 

experimentally determined and is  

294 L∙mol-1∙cm-1);  

F- dilution factor. 
 

𝑊 = −
𝑑[𝑇𝑔𝐴]

𝑑𝑡
= −

[𝑇𝑔𝐴]2−[𝑇𝑔𝐴1]

𝑡2−𝑡1
= −𝑘[𝑇𝑔𝐴]   (3) 

 

where, W- TgA photochemical transformation 

rate, M∙s-1;  

[TgA]1 and [TgA]2- thioglycolic acid 

concentration at time t1 and t2, 

respectively, M;  

t1 and t2- irradiation time, s. 

𝑘 =
1

𝑡
𝑙𝑛
[𝑇𝑔𝐴]0 

[𝑇𝑔𝐴]𝑡
                                                    (4) 

 

where, k- rate constant of TgA, s-1;  

t- irradiation time, s; 

[𝑇𝑔𝐴]0- thioglycolic acid initial 

concentration, M; 

[𝑇𝑔𝐴]𝑡- thioglycolic acid concentration at 

time t, M. 
 

𝑘(𝑎𝑣𝑔) =
𝐾1+𝐾2+𝐾3+𝐾4 

4
                                     (5) 

 

where: k1- rate constant determined following the 

variation of the TgA initial 

concentrations;  

k2- rate constant determined following the 

variation of the HSs initial concentrations;  

k3- rate constant determined following  

the variation of the Fe(III) initial 

concentrations;  

k4- rate constant determined following  

the variation of the Cu(II) initial 

concentrations.  
 

𝜏1/2 =
𝑙𝑛2

𝑘(𝑎𝑣𝑔)
                                                      (6) 

 

where, 𝜏1/2- half-life of TgA, s;  

k(avg)- average rate constant of TgA, s-1. 
 

Irradiation sources 

In this study, two lamps and a Solar 

Simulator (SS), Oriel Model 9119X, were used as 

irradiation sources, some technical parameters are 

presented in Table 1. 

Experimental procedure 

Four systems were modeled to simulate 

natural water conditions:  

1) TgA–HSs–hν;  

2) TgA–HSs–H2O2–hν;  

3) TgA–HSs–H2O2–Fe(III)–hν;  

4) TgA–HSs–H2O2–Cu(II)–hν. 

The solutions were prepared using double 

distilled water and the reaction was carried out at 

pH 6.5, which was periodically monitored (before 

and after the photolytic session) using the WTW 

Inolab pH 720 pH-meter. All measurements were 

carried out under temperature control conditions, 

at 25ºC. The solutions were contained in aerobic 

conditions, bringing the model closer to natural 

conditions. The 50 mL samples were placed in a 

thin-walled quartz glass of 100 mL and 

successively exposed to all irradiation sources 

mentioned above.  

For each modeled system, step-by-step, the 

initial concentrations of one component were 

varied (according to the data presented in  

Table 2), and the initial concentrations of  

the other components were kept constant.  
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The absorbance of irradiated solutions was 

measured at λ= 234 nm, using a T80+ UV-Vis 

Spectrometer, every 5 minutes, for a total of  

60 min. All systems were irradiated at the above-

mentioned irradiation sources (Table 1), under the 

same conditions, in quartz glasses of the same 

size, for one hour, periodically measuring the 

absorbance of the irradiated solution. 

The obtained results were used to calculate 

the TgA concentrations and the kinetic parameters 

of the modeled solutions, according to Eqs.(2-6). 

Calculation of kinetic parameters of the TgA 

sensitized photolysis shows that the reaction 

follows a pseudo-first-order kinetics in all 

modeled systems, with respect to the 

concentration of the excess substrate. 
 

 

 

Table 1 

The used irradiation sources and their general characteristics. 

Irradiation source Filters Emitted wavelengths, nm Comments 

 

DRT-400 lamp 

 240-440 Characterized by 3 intensive lines 

at 312 nm, 365 nm and 436 nm. 

 

UV lamps, VL-215.LC 

254 nm 254 Monochromatic light 

365 nm 365 Monochromatic light 

 

 

 

 

 

Solar Simulator, Oriel 

Model 9119X 

Air Mass 0 filter (AM0) 250-2800  This filter corrects the illuminator 

output to better match the solar 

spectrum in extraterrestrial space; 

This filter is coated to remove 

excess IR radiation from the 

beam. 

Air Mass 1.5 Direct filter 

(AM1.5D) 

250-2800  This filter set simulates the direct 

solar spectrum with the sun at a 

zenith angle of 48.2º. 

UVC blocking 

filter(UVC-bl.) 

290-2800  This filter blocks the passage of 

UV rays with wavelengths of less 

than 290 nm. 
 

 

 

Table 2 

Initial concentrations of all components added to the modeled systems. 

The modeled system [TgA]0 ∙103, M [HSs]0, mg∙L-1 [H2O2]0 ∙104, M [Fe(III)]0 ⋅105, M [Cu(II)]0 ⋅105, M 

TgA–HSs 

 

1.66 

2.66 

3.33 

4.16 

6.66 

0.16 

0.33 

1.00 

1.66 

2.33 

3.33 

- - - 

 

 

TgA–HSs–H2O2 

 

1.66 

2.66 

3.33 

4.16 

6.66 

0.16 

0.33 

1.00 

1.66 

2.33 

3.33 

0.33 

0.66 

1.00 

1.60 

2.50 

5.00 

- - 

 

 

TgA–HSs–H2O2–Fe(III) 

 

1.66 

2.66 

3.33 

4.16 

6.66 

0.16 

0.33 

1.00 

1.66 

2.33 

3.33 

0.33 

0.66 

1.00 

1.60 

2.50 

5.00 

0.33 

1.00 

1.66 

6.60 

10.00 

12.50 

- 

 

 

TgA–HSs–H2O2–Cu(II) 

 

1.66 

2.66 

3.33 

4.16 

6.66 

0.16 

0.33 

1.00 

1.66 

2.33 

3.33 

0.33 

0.66 

1.00 

1.60 

2.50 

5.00 

- 

0.33 

1.00 

1.66 

6.60 

10.00 

12.50 
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Results and discussion 

Previous studies have shown the presence 

of thiols in natural aquatic environment, in a 

concentration range of 10-6-10-5 M [1]. It was 

found that thiol concentrations depend on daytime 

and weather conditions, as well as on the location 

of the monitored aquatic object, which is related 

to the activity of hydrobionts [1]. The same study 

demonstrated that some thiols, such as Cys, show 

toxicity towards some microorganisms, depending 

on Cys concentration. As a continuation of the 

previous research, this work was focused on the 

study of photochemical transformations of an 

anthropogenic originating thiol (TgA).  

The influence of HSs on the TgA photolysis  

In the present study, the principle from-

simple-to-complex was used, which implies a 

stepwise increase in the complexity of the 

investigated model systems. The irradiation of the 

first, simplest system, which consisted of TgA 

and HSs  in aqueous solution, showed that TgA 

concentration decreases over time, and the 

substrate is subjected to sensitized photolysis  

with HSs, according to the mechanism  

(Eqs.(7-11)) [17]. 
 

HSs 
ℎ
→ 1HSs→ 3HSs                            (7) 

 

3HSs + TgA → HSs + TgA                           (8) 
 

TgA → Final Product                                       (9) 
 
3HSs + TgA → HSs¯• + TgA+•                         (10) 
 

HSs¯• + O2 → HSs + O2¯•                                  (11) 
 

Based on the obtained experimental data, 

the TgA transformation rates were calculated, 

which are shown in Figures 2 and 3. 

Figure 2 shows that TgA undergoes induced 

photolysis in the presence of HSs and the rates of 

induced photolysis directly depend on the initial 

concentration of TgA added to the system, as well 

as on the quality of the emitted radiation.  

The values of induced photolysis rates in the 

presence of HSs proved to be ranging between  

10-11-10-8 M∙s-1. The highest values were recorded 

when irradiating with the DRT-400 lamp, which 

is due to the fact that the emission spectrum of the 

DRT-400 lamp coincides most closely with the 

absorption spectrum of HSs, which best absorbs 

radiation in the range of 220-365 nm [18].  

When modeled systems were irradiated with the 

lamp emitting monochromatic light, the values of 

the TgA photolysis rates were lower than those 

obtained during irradiation with the DRT-400 

lamp, but they were quite high compared to those 

for SS, because HSs has a maximum absorption at 

λ= 254 nm and another peak at λ= 365 nm, 

respectively, and the first absorption maximum 

coincides with the emission spectrum of the 

monochromatic lamp [7,18].  

The systems irradiated by SS demonstrated 

lower values of induced photolysis rates, which 

varied for the irradiated systems in function of 

employed filters. The highest rate values for SS 

irradiation were found when using the AM0 filter, 

which allowed the transition of the largest amount 

of radiation of λ≤ 290 nm, compared to other 

employed filters. The lowest rate values were 

recorded when using the AM1.5D filter, which 

blocked radiation λ< 290 nm, as well as decreases 

the intensity of the other emitted rays. Thus, the 

HSs absorption spectrum coincides less with the 

emission spectrum of SS, provided with this filter, 

but at the same time this filter allows the closest 

modeling of sun-emitted radiation. Therefore, for 

natural waters under these conditions, the values 

of sensitized photolysis rates with HSs would be 

ranging between 10-10-10-11 M∙s-1. In order to 

demonstrate that the transformations are induced 

by irradiation, control experiments in the dark 

were carried out using the same solutions. 
 

 
 

Figure 2. The influence of TgA concentration  

on its photochemical transformation,  

[HSs]0= 1 mg∙L-1, pH 6.5, 25°C. 

 

 
 

Figure 3. The influence of the HSs concentration 

on the TgA photochemical transformation,  

[TgA]0 = 1.66⋅10-3 M, pH 6.5, 25°C. 
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It was found that TgA concentrations 

remain unchanged over time. Thus, it was 

demonstrated that HSs participate as sensitizers in 

photolysis, by absorbing radiation and reaching an 

excited state, further passing on the energy to the 

TgA, which is subsequently destroyed. On the 

other hand, reactive intermediates (ex.: O2¯•, •OH, 
1O2, H2O2, 3SH*) are produced photochemically 

and further react with TgA and contribute to its 

degradation [2,19]. 

Figure 3 shows that the rates of TgA 

induced photolysis are directly proportional to the 

initial concentration of HSs in the system, which 

is another confirmation of the fact that the 

irradiation process of HSs photochemically 

produces reactive intermediates, which lead to 

TgA destruction [20]. HSs can be considered as 

sensitizers for substrate destruction, which can 

occur according to the Eqs.(12-18) [21]:   
 

RSH + O2¯• → R(SO2H)¯• → RSO¯ + HO•        (12) 
 

RSH + HO2
• → RS• + H2O2                                    (13) 

 

RSH + •OH → RS• + H2O                                 (14) 
 

RSH + •OH →RS(OH)H• →RS• + H2O               (15) 
 

RSH + HO–OH → RSOH + H2O                        (16) 
 

RSH + 1O2 → RS• + HO2
•                         (17) 

 

RSH + 3HSs* → RS* + HSs                         (18) 
 

where, RSH designates the general formula of 

thiols, in this particular case it is the 

CO2HCH2SH or TgA.  

 

The values of the TgA photolysis rates 

ranged from 10-11 to 10-8 M∙s-1 and also depended 

on the quality of the emitted radiation.  

The highest values were recorded when 

irradiating with the DRT-400 lamp, and the 

lowest for the systems irradiated with the SS 

equipped with the AM1.5D filter. Although the 

SS is emitting some of the radiations that coincide 

with the HSs absorption spectrum, the TgA 

transformation rates are much lower, because the 

amount of UVB and UVC radiation is very small, 

of only up to 5-10% of the total radiation emitted 

by the SS, the most of the emitted radiation being 

in the UVA, VIS and IR regions [8].   

The influence of H2O2 on the TgA induced 

photolysis  

Previous studies have shown that the 

presence and amount of H2O2 in natural aquatic 

environments directly influences their quality [2]. 

Hydrogen peroxide, present in natural waters in 

concentrations of 10-7-10-5 M [8,22-25], was 

introduced into the studied system, in order to 

make it more complex. The systems with added 

H2O2 were irradiated by the same irradiation 

sources, under the same conditions. One by one, 

the initial concentrations of one component were 

modified, and the initial concentrations of the 

other components were kept constant. The TgA 

photochemical transformation rates were 

calculated from the experimental results  

(Figures 4-6). 
 

 
Figure 4. The influence of TgA concentration on 

its photochemical transformation,  

[HSs]0= 1 mg∙L-1, [H2O2]0= 1⋅10-4 M, pH 6.5, 25°C. 
 

 
Figure 5. The influence of the HSs concentration 

on the TgA photochemical transformation,  

[TgA]0= 1.66⋅10-3 M, [H2O2]0= 1⋅10-4 M,  

pH 6.5, 25°C. 
 

 
Figure 6. The influence of the H2O2 concentration 

on the TgA photochemical transformation,  

[TgA]0= 1.66⋅10-3 M, [HSs]0= 1 mg∙L-1,  

pH 6.5, 25°C. 
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Figures 4-6 show that the TgA 

photochemical transformation rates increase  

3-5 folds upon H2O2 addition to the system which 

generates upon irradiation (Eq.(19)) •OH - the 

most reactive species in natural waters [2,16]. 
 

H2O2 
ℎ𝜈
→  2•OH                                                   (19) 

 

The TgA photochemical transformation 

rates directly depend on the concentrations of all 

parameters in the system, as well as on the quality 

and quantity of emitted radiation. It was found 

that the rates of induced photolysis in the presence 

of H2O2 increased with increasing TgA initial 

concentrations in the system and ranged between 

10-10 and 10-8 M∙s-1 (Figure 4). As for the system 

that did not contain H2O2, the highest values were 

recorded upon irradiation with the DRT-400 

lamp, and the smallest - for the systems irradiated 

with the SS equipped with AM1.5D filter.  

Upon variation of HSs concentration in the 

system (Figure 5), the TgA photochemical 

transformation rates increased concomitantly with 

increasing HSs concentration. This shows that 

TgA photochemical transformations occur by two 

pathways: the first is its oxidation by •OH, 

generated by H2O2 photolysis added in the system, 

and the second - sensitized photolysis involving 

HSs. The values of the TgA photolysis rates 

ranged from 0.50⋅10-10 to 1.66⋅10-8 M∙s-1 and, as 

in previous cases, the highest values were 

recorded when irradiating with the DRT-400 

lamp, and the lowest for the systems irradiated 

with SS equipped with AM1.5D filter, which 

allowed the passage of radiation identical to 

natural light.  

For the systems in which the H2O2 initial 

concentration varied, the values of TgA 

photochemical transformation rates ranged from 

3.10⋅10-10 to 2.74⋅10-8 M∙s-1, were the highest and 

increased with the increasing of the H2O2 initial 

concentrations in the system. Thus, the same 

dependencies were observed, with the highest 

values of TgA photochemical transformation rates 

 

obtained when irradiating with the DRT-400 

lamp, and the smallest for the systems irradiated 

with SS equipped with AM1.5D filter.  

To demonstrate the generation of •OH, a 

“trap” was added to the system - the yellow 

solution of the PNDMA dye, which is discoloured 

upon interaction with the •OH, generated  

as a result of H2O2, HSs and TgA photolysis. 

Thus, the presence of •OH in the studied  

systems was proved and the values of its 

concentrations were in the range of 10-17–10-16 M 

(Table 3), which falls within the limits of OH 

radical concentrations present in natural  

waters of 10-17–10-14 M [26]. Their concentrations 

increased by increasing the TgA, HSs and,  

more obviously, H2O2 initial concentrations  

in the system.  

Thus, the obtained results show that in the 

case of TgA sensitized photolysis in the presence 

of H2O2 with HSs, two parallel processes take 

place: direct destruction of TgA on its interaction 

with HSs in excited state, and its destruction on 

interaction with intermediate active particles, such 

as OH radicals, generated by irradiation of HSs 

and H2O2. 

The influence of Cu(II) and Fe(III) on the TgA 

induced photolysis  

Among the transition metals present in 

natural waters, Cu(II) and Fe(III) play an 

important role in the generation of free radicals. 

Transition metal ions are indispensable 

components of natural waters. Depending on  

the environmental conditions, transition metal 

ions exist in different oxidation states and  

are part of a variety of inorganic and 

organometallic compounds [27-28]. Dissolved 

oxygen in water leads to an oxidized state of 

metal ions participating in the activation of 

oxygen and hydrogen peroxide, giving species 

that further interact with various pollutants [29]. 

Based on this, the kinetics of TgA sensitized 

photolysis in the presence of Fe(III) and Cu(II) 

ions was studied. Experimental results are shown 

in Figures 7-10, Table 4. 

Table 3 

Concentrations of •OH, generated in the system, at various concentrations of  

TgA and various sources of irradiation. 

[TgA]⋅103, M 
[•OH]⋅1016, M 

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D 

1.66 0.27 0.06 0.06 0.04 0.03 0.03 

2.66 3.57 0.71 0.65 0.56 0.49 0.41 

3.33 6.51 1.30 1.29 0.99 0.87 0.73 

4.16 15.20 2.13 1.94 1.37 1.22 1.11 

6.66 28.00 5.60 5.29 2.58 2.21 2.03 

Experimental conditions:  [PNDMA]0= 1.1⋅10-5 M, [HSs]0= 1 mg∙L-1,  

 [H2O2]0= 1⋅10-4 M, pH 6.5, 25°C. 
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Figure 7. The influence of TgA concentration  

on its photochemical transformation,  

[HSs]0= 1 mg∙L-1, [H2O2]0= 1⋅10-4 M,  

[Fe(III)]0= 1⋅10-5 M, pH 6.5, 25°C. 

Figure 8. The influence of the HSs concentration on 

the TgA photochemical transformation, 

[TgA]0= 1.66⋅10-3 M, [H2O2]0= 1⋅10-4 M,  

[Fe(III)]0= 1⋅10-5 M, pH 6.5, 25°C. 

  

 

 

 

 
 

Figure 9. The influence of the H2O2 concentration on 

the TgA photochemical transformation,  

[TgA]0= 1.66⋅10-3 M, [HSs]0= 1 mg∙L-1,  

[Fe(III)]0= 1⋅10-5 M, pH 6.5, 25 °C. 

Figure 10. The influence of the Fe(III) ions 

concentration on the TgA photochemical 

transformation, [TgA]0= 1.66⋅10-3 M,  

[HSs]0= 1 mg∙L-1, [H2O2]0= 1⋅10-4 M,  

pH 6.5, 25°C. 

 
 

 

Table 4 

Concentrations of •OH, generated in the system, at various concentrations of TgA  

and various sources of irradiation. 

[TgA]0⋅103, M 
[•OH]⋅1015, M 

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D 

1.66 0.36 0.08 0.07 0.04 0.03 0.03 

2.66 0.63 0.13 0.09 0.07 0.05 0.05 

3.33 2.00 0.41 0.40 0.23 0.19 0.16 

4.16 4.57 0.96 0.82 0.45 0.39 0.35 

6.66 13.90 2.30 2.19 1.10 0.98 0.86 

Experimental conditions: [PNDMA]0= 1.1⋅10-5 M, [HSs]0= 1 mg∙L-1,  

                           [H2O2]0= 1⋅10-4 M, [Fe(III)]0= 1⋅10-5 M, 

                           pH 6.5, 25°C. 
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Photochemical transformation of TgA in the 

presence of Fe(III) ions 

Iron is one of the most abundant 

transitional metal ions ubiquitously present in 

natural waters, in concentrations of 10-7-10-8 M.  

In order to elucidate the contribution of Fe(III) 

ions to the TgA induced photolysis, the system’s 

complexity was increased by adding Fe(III) ions, 

which acted as a catalyst. Previous studies  

showed that the speciation of iron is highly pH  

dependent. In most natural waters (pH 6–8), the  

dominant species of iron is the photostable  

Fe(OH)2+. However, in acid conditions, Fe3+ and 

Fe(OH)+ could generate •OH under irradiation, 

which actively participates in pollutants  

oxidation in the aquatic environment [30].  

In this case, a “trap” was also added to the system 

- the yellow solution of the PNDMA dye, which 

discolorates by interacting with the •OH 

generated as a result of H2O2, HSs, Fe(III) and 

TgA photolysis. Thus, the presence of •OH in the 

studied systems was proved. The values of •OH 

concentrations were in the range of 10-16-10-15 M 

(Table 4), higher than in the absence of  

Fe(III) ions. 

Obtained results clearly show that the 

values of the TgA photochemical transformation 

rates in the presence of Fe(III) ions were 

approximately 2-4 folds higher and were in the 

range of 10-10-10-8 M∙s-1 (Figures 7-10). It is well 

known that TgA can bind with ferric and ferrous 

ions. TgA effectively binds with Fe(III) to form 

the ferric thioglycolate complex. In the presence 

of oxygen, this complex immediately decomposes 

to produce Fe(II) and dithioglycolate according to 

the Eqs.(20,21) [31]:  
 

Fe(III) + HOR1SH ↔ [Fe(III)(OR1S)] + 2H+          (20) 
 

2[Fe(III)(O R1S)] 
2H+

→   2Fe(II) + HOR1S-SR1OH (21) 
 

Fe(III) + H2O2 → Fe(II) + HO2
• + H+          (22) 

 

where: HOR1SH is TgA. 
 

It is known that in the presence of H2O2, 

TgA forms a complex with Fe(III) (generated via 

reaction Eq.(20)), accelerats the reduction of 

Fe(III) to Fe(II) (Eqs.(20,21)), and promotes the 

Fenton reaction leading to complete degradation 

of some pollutants. Moreover, TgA has the ability 

to utilize iron species in the post-treatment 

solution for subsequent degradations, even at near 

neutral pH [31]. However, this fact has not been 

confirmed for other thiols, such as glutathione [2]. 

Previous studies show that the rate of GSH 

transformation in the presence of Fe(III), at 

natural water pH, is very low and can be 

neglected [32]. At the same time, it is known that 

in the presence of Fe(III) ions, the irradiation of 

dissolved organic matter (in this case HSs), leads 

to the generation of •OH according to the  

Eqs.(23-29) [29]. 

 
Fe(C2O4)n

(3-2n) + hν → Fe(C2O4)n-1
(4-2n) + C2O4¯• (23) 

 

C2O4¯• → CO2 + CO2¯•                                      (24) 
 

C2O4¯• + O2 → 2CO2 + O2¯•                         (25) 
 

O2¯• + H+ ↔ HO2
•                                      (26) 

 

HO2
• / O2¯• + Fe2+ + H+ → Fe3+ + H2O2          (27) 

 

HO2
• / O2¯• + Fe3+ + H+ → Fe2+ + O2          (28) 

 

Fe2+ + H2O2 → Fe3+ + •OH + OH-          (29) 

 

Figures 7-10 show that the dependencies of 

induced photolysis of TgA are the same as  

for other systems. The values of the TgA 

photochemical transformation rates increase with 

increasing initial concentrations of HSs, TgA, 

H2O2 and, more obviously, of Fe(III) ions in  

the system. 

It was also discovered that, similarly to the 

other studied systems, the values of the TgA 

photochemical transformation rates depend on the 

quality and quantity of the emitted radiation. The 

highest values were attested for the system 

irradiated by the DRT-400 lamp, which emits 

radiation in the range of 240-440 nm, thus 

coinciding the best with the absorption spectrum 

of HSs, H2O2 as well as the compounds of Fe(III). 

The lowest values were recorded for the system 

irradiated by SS, equipped with the AM1.5D 

filter, which emits radiation identical to the one 

that reaches the Earth’s surface from the Sun. 

Therefore, it can be concluded that the 

active particles which are formed during the TgA 

induced photolysis with HSs in the presence of 

H2O2 and iron ions, are generated with the 

involvement of Fe(III) ions as the catalyst.  

Photochemical transformation of TgA in the 

presence of Cu(II) ions 

Copper is an essential metal that 

participates in biochemical processes, therefore its 

presence in natural waters is obvious. Its 

concentration reaches 10-7 M, and it is present in 

various forms (soluble, colloidal and suspended). 

Many studies have shown that copper ions, unlike 

iron ions, participate actively as a catalyst in  

the processes of pollutants transformation in the 

aquatic environment [32]. 
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For this reason, the influence of Cu(II) ions 

on TgA induced photolysis was studied,  

with HSs participation, in the presence  

of H2O2 upon irradiation with the same light 

sources. The irradiation conditions of this more 

complex system were the same as in the other 

cases. TgA photolysis rates were calculated in 

relation to all the components added to the 

system; the results are shown in Figures 11-14. 

The highest values of TgA photolysis rates 

were attested in the systems where  

Cu(II) ions were added, and were of the  

order of 10-10-10-7 M∙s-1, one or two orders of 

magnitude higher than in their absence.  

The obtained results are in accordance with 

 

previous studies, which show that Cu(II) ions 

effectively catalyze the photochemical 

transformation process of thiols [32]. 

Figures 11-14 show that the TgA 

photochemical transformation rates in the 

presence of Cu(II) ions were linearly dependent 

and increased with increasing initial 

concentrations of HSs, TGA, H2O2 and, more 

obviously, of Cu(II) ions in the system.  

This is explained by the fact that Cu(II) 

compounds, form reactive particles on  

irradiation, which oxidize TgA, according to 

Eq.(30) [33]. 

 
Cu(II)-L + hν → Cu(II) - L* → Cu(I) + L+         (30) 

 

 

  

Figure 11. The influence of TgA concentration on its 

photochemical transformation, [HSs]0= 1 mg∙L-1, 

[H2O2]0= 1⋅10-4 M, [Cu(II)]0= 1⋅10-5 M, pH 6.5, 25°C. 

Figure 12. The influence of the HSs concentration on 

the TgA photochemical transformation,  

[TgA]0= 1.66⋅10-3 M, [H2O2]0= 1⋅10-4 M,  

[Cu(II)]0= 1⋅10-5 M, pH 6.5, 25°C. 

 
“  

 

 

Figure 13. The influence of the H2O2 concentration on 

the TgA photochemical transformation,  

[TgA]0= 1.66⋅10-3 M, [HSs]0= 1 mg∙L-1,  

[Cu(II)]0= 1⋅10-5 M, pH 6.5, 25°C. 

Figure 14. The influence of the Cu(II) ions 

concentration on the TgA photochemical 

transformation, [TgA]0= 1.66⋅10-3 M,  

[HSs]0= 1 mg∙L-1, [H2O2]0= 1⋅10-4 M, pH 6.5, 25°C. 

R² = 0.9909

R² = 0.9943

R² = 0.991

R² = 0.9933
R² = 0.997
R² = 0.9908

0

2

4

6

8

10

12

14

1 3 5 7

W
⋅1

0
8
, 
M

∙ s
-1

[TgA]0⋅103, M

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D

R² = 0.9996

R² = 0.9987

R² = 0.9978

R² = 0.998

R² = 0.996
R² = 0.9979

0

5

10

15

20

25

30

35

40

45

0 1 2 3 4

W
⋅1

0
9
, 
M

∙ s
-1

[HSs], mg∙L-1

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D

R² = 0.9898

R² = 0.9873

R² = 0.9913

R² = 0.9907
R² = 0.9931

R² = 0.9915
0

2

4

6

8

10

12

0 2 4 6

W
⋅1

0
8
, 
M

∙ s
-1

[H2O2]0⋅104, M

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D

R² = 0.9993

R² = 0.9995

R² = 0.9994

R² = 0.9994
R² = 0.9999
R² = 0.9968

0

2

4

6

8

10

12

14

16

0 5 10 15

W
⋅1

0
8
, 
M

∙ s
-1

[Cu(II)]0⋅105, M

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D

55 



A. Lis et al. / Chem. J. Mold., 2021, 16(1), 46-59 

 

On the other hand, thiols have the ability to 

reduce Cu(II) to Cu(I) [29], and in the presence of 

H2O2, Cu(I) generates OH radicals (Table 5), the 

most reactive particles in natural waters, 

according to Eq.(31) [34]. 
 

Cu(I) + H2O2 → Cu(II) + •OH + OH-           (31) 
 

The yellow solution of the PNDMA dye 

was added to the system TgA-HSs-H2O2-Cu(II) to 

determine the concentrations of •OH, generated as 

a result of H2O2, HSs, Cu(III) and TgA photolysis. 

Thus, the presence of •OH in the studied systems 

was proved, and the highest concentrations were 

in the range of 10-16-10-14 M (Table 5). 

The same dependencies were attested in 

this system, similarly to previous cases, but the 

photochemical transformation rates were much 

higher. It was shown that the TgA photochemical 

transformation rates also depend on the quantity 

and quality of the emitted radiation. The highest 

values of the TgA photochemical transformation 

rates were attested for the system irradiated by the 

DRT-400 lamp, which emits radiation in the range 

of 240-440 nm and the lowest values were for the 

system irradiated by SS, equipped with the 

AM1.5D filter, which blocks radiation with  

λ< 290 nm and the emitted radiation is closest to 

natural conditions.  

For a better analysis of the kinetics of  

HSs-sensitized TgA photolysis, the TgA rate 

constants and half-life parameters were 

calculated, for all above-mentioned systems that 

proved to be of the pseudo-first order reaction.  

Data presented in Table 6 show that the rate 

constants of the TgA induced photolysis in the 

presence of HSs, as sensitizers, were of the order 

of 10-7-10-5 s-1. Analogically to the photochemical 

transformation rates, rate constants were linearly 

dependent on the initial concentrations of all 

components in the system, as well as on the 

quality of the radiation emitted by the irradiation 

bodies. The lowest values of the rate constants 

were characteristic for the system which consisted 

of only TgA and HSs, and ranged among  

10-7-10-6 s-1, irradiated at the same lamps and 

under the same conditions. 

 
Table 5 

Concentrations of •OH, generated in the system, at various concentrations of TgA  

and various sources of irradiation. 

[TgA]0∙103, M 
[•OH]⋅1015, M 

DRT-400 254 nm 365 nm AM0 UVC-bl. AM1.5D 

1.66 1.00 0.20 0.18 0.09 0.09 0.08 

2.66 1.40 0.26 0.21 0.13 0.11 0.10 

3.33 2.20 0.84 0.81 0.35 0.37 0.28 

4.16 8.10 2.19 1.89 0.96 0.78 0.64 

6.66 26.00 4.71 4.01 2.31 1.85 1.62 

Experimental conditions: [PNDMA]0= 1.1 ∙10-5 M, [HSs]0= 1 mg∙L-1,  

  [H2O2]0= 1∙10-4 M, [Cu(II)]0= 1∙10-5 M, 

  pH 6.5, 25°C. 

 
Table 6 

Kinetic parameters of the TgA sensitized photolysis in the presence of HSs in aqueous solution. 

Irradiation 

source 

TgA-HSs TgA-HSs-H2O2 TgA-HSs-H2O2-Fe(III) TgA-HSs-H2O2-Cu(II) 

K(avg), s-1 𝜏1
2⁄
 K(avg), s-1 𝜏1

2⁄
 K(avg), s-1 𝜏1

2⁄
 Kobs(avg), s-1 𝜏1

2⁄
 

DRT-400 (1.18±0.08)⋅10-6 6.8 

days (5.42±0.13)⋅10-6 
35.5 

hours 
(1.14±0.50)⋅10-5 

16.9 

hours 
(2.16±0.41)⋅10-5 

8.9 

hours 

254 nm (5.64±0.04)⋅10-7 
14.2 

days 
(3.29±0.11)⋅10-6 

2.1 

days 
(6.30±0.47)⋅10-6 

30.6 

hours 
(1.33±0.45)⋅10-5 

14.5 

hours 

365 nm (7.58±0.15)⋅10-7 
10.6 

days 
(2.37±0.13)⋅10-6 

3.4 

days 
(3.76±0.46)⋅10-6 

2.1 

days 
(5.99±0.43)⋅10-6 

32.1 

hours 

AM0 (4.75±0.15)⋅10-7 
16.9 

days 
(1.77±0.17)⋅10-6 

4.5 

days 
(2.26±0.44)⋅10-6 

3.5 

days 
(2.29±0.43)⋅10-6 

3.5 

days 

UVC-bl. (1.58±0.13)⋅10-7 
50.8 

days 
(0.89±0.23)⋅10-6 

9.0 

days 
(1.18±0.35)⋅10-6 

6.8 

days 
(1.75±0.45)⋅10-6 

4.6 

days 

AM1.5D (1.40±0.33)⋅10-7 
57.3 

days 
(2.83±0.13)⋅10-7 

28.3 

days 
(5.86±0.38)⋅10-7 

13.7 

days 
(8.30±0.35)⋅10-7 

9.7 

days 

Experimental conditions: [TGA]0= (1.66-6.66)⋅10-3 M, [HSs]0= 0.16-3.33 mg∙L-1,  

        [H2O2]0= (0.33-5.00)⋅10-4 M, Cu(II)]0= (0.33-12.50)⋅10-5 M, 

        [Fe(III)]0= (0.33-12.50)⋅10-5 M, pH 6.5, 25°C. 
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The highest value of the rate constant of 

1.18±0.08⋅10-6 s-1 (Table 6) is characteristic for 

the systems irradiated by the DRT-400 lamp, and 

the lowest value of 1.40±0.33⋅10-7 s-1 for the 

systems irradiated by SS with the AM1.5D filter.  

When H2O2 was added to the system, the 

rate constants increased 2-4 times, for all 

irradiation sources, which is explained by the fact 

that in addition to the photoinitiation process of 

HSs, which generates active particles leading to 

TgA degradation, •OH were generated by H2O2 

under the action of light, which also lead to the 

degradation of TgA [10]. The same dependences 

were attested for this system and also the highest 

value of the rate constant was found for the 

systems irradiated to the DRT-400 lamp 

(5.42±0.13⋅10-6), which was 4.5 times higher than 

for the H2O2 free system and the lowest on 

irradiation with SS, equipped with the AM1.5D 

filter (2.83±0.13⋅10-7 s-1), which was twice higher 

than for the H2O2 free system. 

When Fe(III) ions were added to the 

system, the values of the rate constants for all 

irradiation sources increased by 2-3 times, which 

is explained by the fact that TgA reduces Fe(III) 

to Fe(II) thus increasing the rate of formation of 

•OH in the presence of H2O2 [30]. As in previous 

cases, the highest value of the rate constant was 

found for the systems irradiated by the DRT-400 

lamp ((1.14±0.50)⋅10-5 s-1), being twice higher 

than in the Fe(III) ions free system and the lowest 

on irradiation with SS, equipped with the 

AM1.5D filter (5.86±0.38⋅10-7 s-1), also being 

twice higher than in the Fe(III) ions free system. 

For the last system in which Cu(II) ions 

were added, the same dependencies were attested, 

the values of the rate constants proved to be the 

highest and were in the range of 10-6-10-5 s-1, 

approximately 2 folds higher than in the presence 

of Fe(III) ions, once again demonstrating the 

importance of Cu(II) ions in the generation of 

•OH, and in the degradation of pollutants in 

natural waters. The highest value of the rate 

constant was found for the systems irradiated by 

the DRT-400 lamp ((2.16±0.41)⋅10-5 s-1), which 

was 4 times higher than in the Cu(II) ions free 

system and the lowest value of the rate constant 

was estimated for the systems irradiated by the 

SS, equipped with the AM1.5D filter 

(8.30±0.35)⋅10-7 s-1) the values being 3 times 

higher than in the system without Cu(II) ions. 

The obtained results show that under 

natural water conditions, the estimated half-life of 

TgA is of 10-14 days, a value that is also 

influenced by the weather forecast (cloudiness, 

time of the day, season, etc.), Table 5. 

Therefore, in the natural aquatic  

environment, TgA has a positive influence on 

eco-chemical processes, by increasing the water 

self-purification capacity, due to the generation of 

active species, which lead to the degradation of 

not only the substrate, but of other natural waters 

pollutants, as well. At the same time, the reaction 

products are harmless to the aquatic environment 

and to hydrobionts. On the other hand, TgA can 

be used successfully in wastewater treatment, 

considerably reducing the required amounts of 

iron ions and H2O2, even at a neutral pH of the 

solutions. This would reduce the costs of 

wastewater treatment and the treated water would 

be harmless for discharge into the natural aquatic 

environment. 

 

Conclusions   

The results of this study show that 

thioglycolic acid (TgA) undergoes induced 

photolysis with humic substances (HSs) and the 

rate of photolysis linearly depends on the initial 

concentrations of TgA and HSs in the system, as 

well as on the emitted spectrum of irradiation.  

The rate constants of TgA photolysis 

increased 4-6 folds in the presence of H2O2, due 

to the additional generation of •OH during 

hydrogen peroxide photolysis. The presence of 

•OH was demonstrated by using the indirect 

PNDMA method and it was found that the 

concentrations of •OH in the studied systems 

ranged between 10-16-10-15 M, values similar to 

those of natural waters.  

The influence of transition metals such as 

Fe(III) and Cu(II) proved to be positive, by 

increasing the generation rate of •OH, and the 

degradation of pollutants in model systems. The 

rate constants of TgA in the presence of  

Fe(III) ions increased by 2-3 times, for all used 

irradiation sources. In the presence of Cu(II) ions, 

the values of TgA photochemical transformation 

rate constants were the highest.    

The use of several sources of irradiation in 

this study allowed concluding that the rate of TgA 

photolysis also depends on the emitted spectrum 

of irradiation. Transferring the results obtained in 

laboratory conditions onto real conditions it can 

be stated that under the conditions of natural 

waters, the half-life of TgA may be estimated at 

10-14 days, a value that is also influenced by the 

weather (cloudiness, time of the day, season, etc.).  

 

Funding  

The results have been obtained in the 

framework of the project 20.80009.5007.27 

“Physico-chemical mechanisms of redox 

57 



A. Lis et al. / Chem. J. Mold., 2021, 16(1), 46-59 

 

processes with electron transfer involved in vital, 

technological and environmental systems” funded 

by the National Agency for Research and 

Development of the Republic of Moldova.  

 
References 

1. Duca, Gh.; Blonschi, V.; Gladchi, V.; Travin, S. 

Dynamics of different sulfur forms in natural 

waters and their influence on the redox state. 

American Journal of Physical Chemistry, 2020, 

9(3), pp. 52-61.  

DOI: 10.11648/j.ajpc.20200903.12 

2. Duca, Gh.; Travin, S. Reactions' mechanisms and 

applications of hydrogen peroxide. American 

Journal of Physical Chemistry, 2020, 9(2),  

pp. 36-44.  

DOI: 10.11648/j.ajpc.20200902.13 

3. Cambié, D.; Noël, T. Solar photochemistry in flow. 

Topics in Current Chemistry, 2018, 376, 45,  

pp. 1-27.  

DOI: https://doi.org/10.1007/s41061-018-0223-2  

4. Emídio, E.S.; Calisto, V.; de Marchi, M.R.R.; 

Esteves, V.I. Photochemical transformation of 

zearalenone in aqueous solutions under  

simulated solar irradiation: kinetics and  

influence of water constituents. Chemosphere, 

2017, 169, pp. 146-154. DOI: 

https://doi.org/10.1016/j.chemosphere.2016.11.042 

5. Vione, D. Photochemical reactions in sunlit surface 

waters. In: Bergamini G., Silvi S. (eds) Applied 

Photochemistry, 2016, pp. 343-376.  

DOI: https://doi.org/10.1007/978-3-319-31671-0_7 

6. Kuivila, K.M.; Jennings, B.E. Input, flux, and 

persistence of six select pesticides in San Francisco 

Bay. International Journal of Environmental 

Analytical Chemistry, 2007, 87(13-14),  

pp. 897-911.  

DOI: 10.1080/03067310701619014 

7. Uyguner, C.S.; Bekbolet, M. Evaluation of humic 

acid photocatalytic degradation by UV–Vis and 

fluorescence spectroscopy. Catalysis Today, 2005, 

101(3-4), pp. 267-274.  

DOI: https://doi.org/10.1016/j.cattod.2005.03.011 

8. Cooper, W.J.; Zika, R.G.; Petasne, R.G.;  

Fischer, A.M. Sunlight-induced photochemistry of 

humic substances in natural waters: major reactive 

species. Aquatic Humic Substances, 1988,  

pp. 333-362.  

DOI: 10.1021/ba-1988-0219.ch022 

9. Mahvi, A.H.; Maleki, A.; Rezaee, R.; Safari, M. 

Reduction of humic substances in water by 

application of ultrasound waves and ultraviolet 

irradiation. Iranian Journal of Environmental 

Health Science & Engineering, 2009, 6(4),  

pp. 233-240. https://ijehse.tums.ac.ir/index.php/ 

jehse/article/view/217 

10. Wang, G.-S.; Liao, C.-H.; Wu, F.-J. 

Photodegradation of humic acids in the presence of 

hydrogen peroxide. Chemosphere, 2001, 42(4),  

pp. 379-387. DOI: https://doi.org/10.1016/S0045-

6535(00)00153-3    

11. Yan, S.; Liu, Y.; Lian, L.; Li, R.; Ma, J.; Zhou, H.; 

Song, W.. Photochemical formation of carbonate 

radical and its reaction with dissolved organic 

matters. Water Research, 2019, 161, pp. 288-296. 

DOI: https://doi.org/10.1016/j.watres.2019.06.002  

12. Yuan, C.; Chin, Y.-P.; Weavers, L.K. 

Photochemical acetochlor degradation induced by 

hydroxyl radical in Fe-amended wetland waters: 

impact of pH and dissolved organic matter. Water 

Research, 2018, 132, pp. 52-60.  

DOI: https://doi.org/10.1016/j.watres.2017.11.056  

13. Naik, R.M.; Agarwal, A.; Prasad, S.; Verma, A.K. 

Trace determination of thiosulphate and 

thioglycolic acid using novel inhibitory kinetic 

spectrophotometric method. Microchemical 

Journal, 2009, 93(1), pp. 43-48.  

DOI: https://doi.org/10.1016/j.microc.2009.04.006  

14. Vincoli, J.W. Risk management for hazardous 

chemicals. 1 edition, CRC Press: Boca Raton, 

1996, 3136 p.  

15. Lis, A. Direct photolysis of the cysteine and 

thiourea in aqueous solutions. Studia Universitatis 

Moldaviae, 2016, 6(96), pp. 133-141  

(in Romanian). http://studiamsu.eu/nr-6-96-2016/ 

16. Travin, S.; Duca, Gh.; Gladchi, V. Self-purification 

of aquatic media from hexachlorocyclohexane in a 

radical process. Chemistry Journal of Moldova, 

2019, 14(1), pp. 47-53.  

DOI: https://dx.doi.org/10.19261/cjm.2018.537  

17. Mostofa, K.M.G.; Liu, C.-Q.; Mottaleb, M.A.; 

Wan, G.; Ogawa, H.; Vione, D.; Yoshioka, T.;  

Wu, F. Dissolved organic matter in natural waters. 

Mostofa, K.; Yoshioka, T.; Mottaleb, A.; Vione, D. 

(eds) Photobiogeochemistry of Organic Matter, 

Springer: Berlin, 2013, pp. 1-137.  

DOI: https://doi.org/10.1007/978-3-642-32223-5  

18. Zhang, Y.; Wang, J.; Chen, J.; Zhou, C.; Xie, Q. 

Phototransformation of 2,3-dibromopropyl-2,4,6-

tribromophenyl ether (dpte) in natural waters: 

important roles of dissolved organic matter  

and chloride ion. Environmental Science & 

Technology, 2018, 52, pp. 10490-10499.  

DOI: 10.1021/acs.est.8b03258  

19. Li, Y.; Liu, X.; Zhang, B.; Zhao, Q.; Ning, P;  

Tian, S. Aquatic photochemistry of sulfamethazine: 

multivariate effects of main water constituents and 

mechanisms. Environmental Science: Processes & 

Impacts, 2018, 20(3), pp. 513-522.  

DOI: https://doi.org/10.1039/c7em00548b  

20. Chen, Y.;  Hozalski, R.M.; Olmanson, L.G.;  

Page, B.P.; Finlay, J.C.; Brezonik, P.L.; Arnold, 

W.A. Prediction of photochemically produced 

reactive intermediates in surface waters via satellite 

remote sensing. Environmental Science & 

Technology, 2020, 54(11), pp. 6671-6681. 

DOI: https://doi.org/10.1021/acs.est.0c00344  

21. Lo Conte, M.; Carroll, K.S. The chemistry of thiol 

oxidation and detection. Jakob, U.; Reichmann, D. 

(eds) Oxidative Stress and Redox Regulation. 

Springer, Dordrecht, 2013, pp. 1-42.  

DOI: https://doi.org/10.1007/978-94-007-5787-5_1 

58 

http://www.sciencepublishinggroup.com/journal/paperinfo?journalid=128&doi=10.11648/j.ajpc.20200903.12
http://www.sciencepublishinggroup.com/journal/paperinfo?journalid=128&doi=10.11648/j.ajpc.20200902.13
https://doi.org/10.1007/s41061-018-0223-2
https://doi.org/10.1016/j.chemosphere.2016.11.042
https://doi.org/10.1007/978-3-319-31671-0_7
https://www.tandfonline.com/doi/abs/10.1080/03067310701619014
https://doi.org/10.1016/j.cattod.2005.03.011
https://pubs.acs.org/doi/abs/10.1021/ba-1988-0219.ch022
https://ijehse.tums.ac.ir/index.php/jehse/article/view/217
https://ijehse.tums.ac.ir/index.php/jehse/article/view/217
https://doi.org/10.1016/S0045-6535(00)00153-3
https://doi.org/10.1016/S0045-6535(00)00153-3
https://doi.org/10.1016/j.watres.2019.06.002
https://doi.org/10.1016/j.watres.2017.11.056
https://doi.org/10.1016/j.microc.2009.04.006
http://studiamsu.eu/nr-6-96-2016/
https://dx.doi.org/10.19261/cjm.2018.537
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1007%2F978-3-642-32223-5
https://pubs.acs.org/doi/10.1021/acs.est.8b03258
https://doi.org/10.1039/c7em00548b
https://doi.org/10.1021/acs.est.0c00344
https://doi.org/10.1007/978-94-007-5787-5_1


A. Lis et al. / Chem. J. Mold., 2021, 16(1), 46-59 

 

22. Gladchi, V.; Goreaceva, N.; Duca, Gh.;  

Bunduchi, E.; Romanciuc, L.; Mardari, I.; 

Borodaev, R. The study of redox conditions in the 

Dniester river. Chemistry Journal of Moldova, 

2008, 3(1), pp. 70-76.  

DOI: dx.doi.org/10.19261/cjm.2008.03(1).14 

23. Duca, Gh.; Bunduchi, E.; Gladchi, V.;  

Romanciuc, L.; Goreaceva, N. Estimation of the 

natural water self-purification capacity from  

the kinetic standpoint. Chemistry Journal of  

Moldova, 2008, 3(1), pp. 10-12.  

DOI: dx.doi.org/10.19261/cjm.2008.03(1).16 

24. Bunduchi, E.; Duca, Gh.; Gladchi, V.;  

Goreaceva, N.; Mardari, I. Assessment of kinetic 

parameters in the waters of the Nistru course in the 

section Naslavcea – Dubasari. Chemistry Journal of 

Moldova, 2006, 1(1), pp. 56-59.  

DOI: dx.doi.org/10.19261/cjm.2006.01(1).08 

25. Gladchi, V.; Goreaceva, N.; Duca, Gh.;  

Bunduchi, E.; Borodaev, R.; Şurîghina, O.; Lis, A. 

Chemical composition of right bank tributaries of 

Nistru river and their general impact. Duca, Gh. 

(eds) Management of Water Quality in Moldova. 

Water Science and Technology Library, Springer: 

Cham, 2014, 69, pp. 81-96.  

DOI: https://doi.org/10.1007/978-3-319-02708-1_6  

26. Rosario-Ortiz, F.L.; Canonica, S. Probe compounds 

to assess the photochemical activity of dissolved 

organic matter. Environmental Science & 

Technology, 2016, 50(23), pp. 12532-12547.  

DOI: https://doi.org/10.1021/acs.est.6b02776  

27. Duca, Gh.; Gladchi, V.; Romanciuc, L. Pollution 

and self-purification processes of natural  

waters. Publishing Center M.S.U.: Chisinau, 2002, 

145 p. (in Romanian). 

28. Borodaev, R. Studying the self-purification 

processes of natural waters in the presence of 

different forms of migration of iron and copper. 

Ph.D. Thesis, State University of Moldova, 

Chisinau, 2012. (in Romanian).  

29. Bunduchi, E. Catalytic redox transformations of 

hydroquinone and glyoxalic acid in the aquatic 

environment. Ph.D. Thesis, State University of 

Moldova, Chisinau, 2010. (in Romanian). 

30. Zhou, L.; Zhang, Y.; Wang, Q.; Ferronato, C.; 

Yang, X.; Chovelon, J.-M. Photochemical behavior 

of carbon nanotubes in natural waters: reactive 

oxygen species production and effects on •OH 

generation by Suwannee river fulvic acid, nitrate, 

and Fe (III). Environmental Science and Pollution 

Research, 2016, 23, pp. 19520-19528.  

DOI: https://doi.org/10.1007/s11356-016-7127-x  

31. Subramanian, G.; Madras, G. Remarkable 

enhancement of fenton degradation at a wide pH 

range promoted by thioglycolic acid. Chemical 

Communications, 2017, 53(6), pp. 1136-1139. 

DOI: https://doi.org/10.1039/C6CC09962A  

32. Chu, C.; Stamatelatos, D.; McNeill, K. Aquatic 

indirect photochemical transformations of natural 

peptidic thiols: impact of thiol properties, solution 

pH, solution salinity and metal ions. Environmental 

Science: Processes & Impacts, 2017, 19(12),  

pp. 1518-1527.  

DOI: https://doi.org/10.1039/c7em00324b  

33. Mansilla-Rivera, I.; Nriagu, J.O. Copper chemistry 

in freshwater ecosystems: an overview. Journal of 

Great Lakes Research, 1999, 25(4),  

pp. 599-610. DOI: https://doi.org/10.1016/S0380-

1330(99)70765-3 

34. Prosdocimi, T.; Gioia, L.; Zampella, G; Bertini, L. 

On the generation of OH· radical species  

from H2O2 by Cu(I) amyloid beta peptide  

model complexes: a DFT investigation.  

Journal of Biological Inorganic Chemistry,  

2016, 21(2), pp. 197-212.  

DOI: https://doi.org/10.1007/s00775-015-1322-y 

 

 

 

59 

http://www.cjm.asm.md/the-study-of-redox-conditions-in-the-dniester-river
http://www.cjm.asm.md/estimation-of-the-natural-water-self-purification-capacity-from-the-kinetic-standpoint
http://www.cjm.asm.md/assessment-of-kinetic-parameters-in-the-waters-of-the-nistru-course-in-the-section-naslavcea-dubasari
https://doi.org/10.1007/978-3-319-02708-1_6
https://doi.org/10.1021/acs.est.6b02776
https://doi.org/10.1007/s11356-016-7127-x
https://doi.org/10.1039/C6CC09962A
https://doi.org/10.1039/c7em00324b
https://doi.org/10.1016/S0380-1330(99)70765-3
https://doi.org/10.1016/S0380-1330(99)70765-3
https://doi.org/10.1007/s00775-015-1322-y


CHEMISTRY JOURNAL OF MOLDOVA. General, Industrial and Ecological Chemistry. 2021, 16(1), 60-67  

ISSN (p) 1857-1727       ISSN (e) 2345-1688  

http://cjm.asm.md  

http://dx.doi.org/10.19261/cjm.2021.792 
 
 

© Chemistry Journal of Moldova 

CC-BY 4.0 License 

 

 

INVESTIGATION OF VARIOUS INFLUENCING FACTORS OF 

HYDROTHERMAL SYNTHESIS OF ANALCIME ZEOLITE 
 

Gunel Mamedova  * and Gunel Nasirli   
 

Institute of Natural Resources, Nakhchivan branch of the Azerbaijan National Academy of Sciences,  

76, Heydar Aliyev ave., Nakhchivan AZ 7000, Azerbaijan  
*e-mail: gunelmamadova@mail.ru; phone: +(944)503676948 

 

Abstract. The analcime zeolite of potential practical importance has been obtained based on the natural 

mineral of Nakhchivan Autonomous Republic. Analcime has a wide range of application and therefore 

its optimal synthesis conditions have been determined. The influence of temperature and crystallization 

time, the concentration of alkaline solution and mineralizer on the process of synthesis of analcime has 

been studied. The optimal conditions established in this study for the synthesis of analcime zeolite with 

a 100% degree of crystallinity are as follows: temperature of 180°C, alkaline and mineralizer solution of 

10-15% KOH and 5-10% KCl and processing time of 50 hours. It has been shown that the presence of 

the KCl mineralizer promotes the production of pure analcime with a 100% crystallinity, and the natural 

mineral of Nakhchivan represents a good source for the synthesis process.   
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Introduction 

The study of the synthesis and properties of 

zeolites and their crystallization process based on 

natural minerals is promising and relevant 

research area. Many studies on the hydrothermal 

synthesis of zeolites based on kaolinite and the 

investigation of the effect of synthesis conditions 

on the crystallization process have been well 

summarized by Johnson, E.B.G. et al. [1].  

Analcime presents potential practical 

importance among zeolites, due to its wide range 

of applications, as an adsorbent in the purification 

of water from heavy metals [2], as a catalyst in 

the oil industry [3,4] and in gas separation [5], as 

fertilizer in agriculture [6]. An analysis of the 

scientific literature showed that analcime can be 

obtained from various structural types of the 

starting components in hydrothermal conditions. 

Previously, it has been reported the synthesis of 

analcime from natural clinker [7], that resulted in 

a 95.2% degree of crystallinity in the presence 

and absence of tetramethylammonium hydroxide, 

and processing time of 24, 36 and 72 hours [8]. 

Analcime was also obtained from industrial waste 

(recycled glass, silica fume, siliceous concrete 

waste aggregates, sterile coal and foundry sand 

from the steel industry) [9], in the reaction 

process of potassium feldspar in Na2SiO3 solution 

[10]. Synthesis of analcime was also carried  

out by hydrothermal treatment of local pottery  

stone of 2 M NaOH at 60°C, 80°C and 120°C 

temperatures and processing time of 8, 12 and  

24 hours [11]. Analcime was also synthesized 

from a perlite (volcanic glass) in sodium form 

[12], obtained from amorphous SiO2∙nH2O and Al 

containing components (gibbsite and two types  

of γ-Al2O3) [13] and synthesized by mixing 

aluminate and silicate solutions, which had been 

prepared separately by dissolving silica and 

aluminium raw materials in a sodium hydroxide 

solution while being stirred permanently [14].   

Synthetic zeolites surpass their natural 

counterparts in their physicochemical properties. 

Similarly, synthetic analcime has better 

characteristics in comparison with natural one, 

thus having a wider range of application (as seen 

from the analysis of scientific literature). In this 

context, the aim of this paper consists in the 

synthesis and optimization of the conditions for 

obtaining of potential practical importance 

analcime zeolite with a 100% degree of 

crystallinity and phase purity based on the natural 

mineral of Nakhchivan. Additionally, the effects 

of the alkaline solution and mineralizer 

concentration, crystallization temperature, and 

processing time on the formation of analcime 

zeolite were studied in detail. It should be noted 

that the hydrothermal synthesis of analcime based 

on natural zeolite-containing tuff, in the presence 

of a mineralizer is carried out for the first time. 
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Experimental  

Materials  

Sodium hydroxide, potassium hydroxide, 

sodium chloride and potassium chloride (flake, 

99% purity, Alfa Aesar GmbH & Co KG, 

Germany) have been used without further 

purification. 

The natural samples have been obtained 

from the zeolite horizon in the north-west of the 

Kyukyuchai river of Nakhchivan Autonomous 

Republic, where zeolite content varies in the 

range of 75−80%. The samples have been washed 

thoroughly with distilled water and dried at a 

temperature of 100°C for three days.   

Synthesis 

General procedure: Hydrothermal synthesis of 

analcime has been carried out in Morey 

autoclaves made of 45MNFT stainless steel with a 

volume of 18 cm3, and the filling coefficient  

of F= 0.8. The hydrothermal crystallization 

experiments have been performed generating a 

temperature gradient ∆Т= 0 and without stirring 

of the reaction mass. The solid−liquid ratio was 

set to 1:10. After crystallization was completed, 

the final material was separated from the initial 

solution, washed with distilled water from excess 

alkali, and dried at 80°C. For each experiment, 2 g 

of natural zeolite was used. The stage of 

preparation of the initial mixture consists of 

mixing a heat-treated sample of the natural 

mineral of Nakhchivan Autonomous Republic in 

alkaline solutions or an alkali+mineralizer 

solution at room temperature. After mixing the 

initial component and the alkaline solution or the 

alkali+mineralizer solution, the initial mixture 

was transferred to the autoclave and the 

crystallization process was performed at various 

temperatures. The crystalline structure of the 

original natural mineral was destroyed and 

recrystallized into a cubic analcime structure 

(with a 100% degree of crystallinity, crystallizes 

within 50 hours).  

In order to optimize the process, synthesis 

of analcime has been carried out by  

varying the conditions: in solutions of  

KOH+KCl, KOH+NaOH (ratio= 1/1) and 

KOH+NaOH+KCl+NaCl (in the ratio of  

OH-/Cl-= 1/1); in the temperature range from  

90 to 200°C; the alkaline solution concentration 

range from 5 to 20% and mineralizer of 3−15%; 

reaction time of 10−80 hours. 

Characterization techniques 

X-ray diffraction analysis   

The X-ray diffraction measurements were 

performed using the Bruker 2D PHASER  

X-ray powder difrractomenter (Germany)  

(CuKα radiation, 2θ= 5−50°), using NaCl, SiO2 

(quartz) and pure zeolites in internal and external 

standards, respectively. Samples have been placed 

on a front mounted plastic sample holder.  

The measuring conditions have been as follows: 

step size of 0.15 s/step, nickel filter as incident 

beam, slit aperture of 0.3° and scan 2θ range from 

0.5° to 10°.  

Thermogravimetric analysis  

The thermogravimetric analysis of the 

samples has been carried out on a derivatograph 

Q-1500-D (Hungary) in the dynamic mode in the 

temperature range of 20-1000°С. Shooting mode: 

heating rate of 20°/min; paper speed of  

2.5 mm/min; the sensitivity of differential thermal 

analysis (DTA), difference thermogravimetry 

(DTG) and thermogravimetry (TG) is 500 mv; 

ceramic crucibles; Al2O3 was used as the 

standard. 

Elemental analysis 

Elemental analysis of the starting material 

and the reaction conversion products has been 

carried out on a Launch of Trition XL dilution 

refrigerator multichannel X-ray spectrometer 

(U.K.). Measurement mode: Pd - anode, voltage 

of 25 kW, current strength of 70 MA, exposure 

time of 100 sec., sensitivity limit of 10-2.  

For analysis, the samples have been prepared as 

follows: the analyte was diluted with Li2B4O7 flux 

(ratio 1:10) at a temperature of 1250°С.  

The resulting glass has been crushed under  

the pressure of 20 t/cm2 with a holding  

time of 1 min. 

Scanning electron microscopy 

Scanning electron microscopy (SEM) 

analysis of the starting materials and reaction 

products was performed on a Hitachi 3000 TM 

high-resolution microscope (Japan) (an increase 

of 30000 times). Low vacuum mode allowed 

exploring samples without pre-deposition.  

The sample was placed on a double-sided 

adhesive tape glued onto a metal disk and vacuum 

to a pressure of 10-4 Pa to obtain micrographs. 

 

Results and discussion 

An analysis of the scientific literature 

shows that analcime is obtained in the presence of 

a structure-forming organic agent [15,16], by 

mixing a large number of reagents [17,18], which 

is not profitable from a financial point of view. 

Thus, there is an interest in developing a more 

accessible and optimized method of synthesis of 

analcime. The present paper presents a synthesis 

process without a structure-forming organic agent, 

with a minimum number of reagents and by using 

the natural zeolite tuff of Nakhchivan, as an initial 
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material, due to its advantage to wide distribution 

and lower cost. In addition, the main 

disadvantages of the carried out studies lie in the 

complex synthesis process (i.e., long aging and 

reaction time) and the use of expensive template, 

which make it costly and difficult to apply on a 

larger scale. Therefore, finding alternative cheap 

raw material with all the necessary components 

for zeolite by a simple and economic method is of 

great significance.  

Investigation of the starting material 

The zeolite tuff of the Nakhchivan deposit 

of Kyukyuchay was used as a starting material. 

According to X-ray diffraction and elemental 

analyzes, it was found that 78.5% of the  

zeolite tuff consisted of mordenite 

(Ca2Na2K2.8Al8.8Si39.2O96∙34H2O), 19.5% of  

quartz (SiO2) and 2% of anorthite 

(Ca0.86Na0.14Al1.94Si2.06O8.01). 

According to elemental analysis, it can be 

argued that the zeolite tuff of the Nakhchivan 

Autonomous Republic of Kyukyuchay deposit 

was distinguished by phase purity,  

i.e. the bulk of the sample was concentrated on 

mordenite. Impurities were present in small 

quantities. 

Comparison of X-ray data obtained for the 

zeolitic tuff of Nakhchivan (Figure 1(a)) with 

literature data showed that the studied sample of 

zeolite consisted mainly of mordenite [19].  

The peaks in the diffractogram with interplanar 

distances d= 3.34 Å, 2.45 Å, 2.28 Å, 2.12 Å 

indicate the α-quartz content. Also, a small 

amount of anorthite (4.30 Å, 3.60 Å, 3.40 Å,  

3.19 Å) was found in the sample composition. 

SEM image of the Nakhchivan zeolitic tuff 

is presented in Figure 1(b) showing that the 

sample is characterised by an indeterminate 

surface relief with microcrystals of different sizes 

on the surface, possibly due to its mineral 

composition.  

Investigation of the synthesized analcime  

Analcime was synthesized in two alkaline 

solutions (KOH and KOH+NaOH), in the 

presence and absence of a mineralizer  

(KCl, KCl+NaCl), at different temperatures and 

crystallization times. The obtained results  

have shown that analcime with a high degree of 

crystallinity was obtained in solutions KOH+KCl, 

KOH+NaOH, KOH+NaOH+KCl+NaCl, at 

temperatures of 100°C and 180°C, and a 

processing time of 50 hours. The concentration of 

alkaline solutions and mineralizers ranged from 

10 to 15% and 5 to 10%, respectively.  

X-ray diffraction patterns of the analcime 

and its micrograph are shown in Figure 2(a) and 

(b), respectively. Table 1 presents the data of  

X-ray diffraction analysis. 
 

 

  

(a) (b) 

Figure 1. The X-ray diffraction pattern of Nakhchivan zeolitic tuff* (a) 

and its SEM image (b). *(M − mordenite, Q − quartz, A – anorthite) 

 

 

 
(a) (b) 

Figure 2. The X-ray diffraction pattern of analcime (An) with 100% degree of  

crystallinity (a) and its SEM image (b).  
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Table 1  

X-ray diffraction data of the obtained analcime. 

dexp, Å Irel hkl dcalc, Å 

5.60 60 211 5.60 

4.85 20 220 4.86 

3.67 10 321 3.67 

3.43 100 400 3.43 

2.92 55 332 2.93 

2.80 10 422 2.80 

2.69 20 431 2.69 

2.51 15 521 2.51 

2.43 10 440 2.43 

2.22 10 611 2.22 

2.17 10 620 2.17 

2.11 10 541 2.12 

1.98 10 444 1.98 

1.90 20 640 1.90 

1.86 10 633 1.87 

 

According to the X-ray phase analysis, 

analcime crystallizes in the cubic crystal system 

with the unit cell parameter a = 13.73 Å, which is 

in good agreement with earlier [20]. The 

presented XRD pattern (Figure 2(a), Table 1) 

relates to analcime obtained under optimum 

conditions with a 100% degree of crystallinity.  

A comparison of the experimental values of the 

interplanar distances (d, Å) to literature data [20] 

and calculated ones [21] shows that the obtained 

diffraction patterns indicate the phase – analcime 

with a 100% degree of crystallinity.    

Using the thermogravimetric analysis 

(Figure 3), the region of dehydration and 

thermostability of the analcime has been 

established. The DTA curve is characterized by 

one endothermic and one exothermic effect.  

The endothermic effect corresponds to the 

dehydration of the sample with a maximum of 

350°С, at which the weight loss along the  

TG curve is 13%. 

 

 
 

Figure 3. Thermogram of synthesized analcime 

zeolite obtained under optimal conditions.   

 

The exothermic effect, detected at a 

temperature with a maximum of 800°С, according 

to X-ray diffraction analysis, refers to the 

destruction of the crystal structure of analcime 

and the formation of cristobalite and albite. 

The dehydration-rehydration properties of 

analcime have been studied and it has been found 

that the sample dehydrated in the temperature 

range of 190-420°С completely rehydrated within 

48 hours. Dehydration is reversible, which is 

typical for zeolites. According to the X-ray 

diffraction analysis, no structural changes occur 

after dehydration. 

The study of reaction mechanism during zeolite 

synthesis 

The reaction mechanism for the synthesis of 

analcime from the natural mineral of Nakhchivan 

under hydrothermal conditions encompasses 

several stages: mixing the initial component in an 

alkaline solution (KOH, KOH+NaOH) or in an 

alkali solution+mineralizer (KOH+KCl, 

KOH+NaOH+KCl+NaCl), dissolution of the 

starting component, hydrothermal reaction at 

various temperatures and crystallization time.  

The process of crystallization of zeolites is 

complex, as it depends on many factors 

(temperature and reaction time, concentration of 

solvent or mineralizer, etc.). In a simple case, the 

crystallization process (under hydrothermal 

conditions) of analcime from the natural mineral 

of Nakhchivan in an alkaline medium and the 

presence of a mineralizer can be achieved in  

3 stages: the induction period, the nucleation of 

crystals and their growth, previously described in 

the scientific literature [22-24].  

Zeolites are very sensitive to changes in the 

synthesis conditions. It is a known fact that the 

effect of the molar ratio of SiO2/Al2O3 (Si/Al) in 

the gel mixture, aging condition, alkalinity, and 

crystallization time and the temperature, all have a 

major impact on the entire synthesis process, 

influencing the degree of crystallinity and phase 

purity of the product [25-28]. The results of 

hydrothermal synthesis of a new synthetic 

aluminosilicate (SUZ-4) patented by the British 

Petroleum Company at temperatures of 150°C, 

165°C, 180°C and crystallization time of 24, 18, 

12 hours are presented, and it was found, that 

highly crystallined SUZ-4 is obtained at high 

temperature and crystallization time conditions 

[29]. The effect of crystallization time on the 

synthesis of zeolite of faujasite (Y) from Elefun 

kaolinite clay was investigated and the results of 

the analysis indicated that the maximum 

crystallization time for the synthesis of zeolite Y 

was 48 hours [30].   
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Effect of reaction temperature and  

processing time 

Crystallization of analcime in  

solutions of KOH+KCl, KOH+NaOH, 

KOH+NaOH+KCl+NaCl has been studied at 

temperatures of 90°C, 100°C, 150°C, 180°C, 

200°C and a processing time of 10, 30, 50,  

80 hours; the X-ray diffraction patterns of 

crystallization products in the obtained solutions 

are presented in Figure 4.  

It was found that in a KOH+KCl solution at 

a temperature of 100°C for 10-50 hours, no 

noticeable structural changes of the starting 

material (natural mineral of Nakhchivan) occur, 

that is, the structure of the zeolite-containing tuff 

of Nakhchivan is stable at 100°C for 50 hours.  

A further increase in temperature to 150°C for  

50 hours contributes crystallization products 

consisting of a mix of analcime and mordenite 

(Figure 4(a)). At 180°C, the initial component is 

completely recrystallized into pure analcime with 

a 100% degree of crystallinity. Further increasing 

the temperature to 200°C and the processing time 

above 50 hours (up to 80 hours) promotes 

crystallization in addition to analcime, chabazite 

and clinoptilolite (Figure 4(b)). 

In KOH+NaOH solution, analcime with a 

maximum degree of crystallinity (87%) was 

obtained at 100°C and 50 hours. At 90°С and  

50 hours of treatment, the initial component − 

mordenite and analcime crystallized with a low 

degree. Increasing the temperature above 100°C 

promotes the crystallization of other products, 

namely at 150-200°C for 50 hours, phillipsite and 

chabazite were obtained (Figure 4(c)). 

In a solution of KOH+NaOH+KCl+NaCl at 

a temperature of 100°С and after 50 hours of 

processing, no changes occur, while a further 

increase in temperature to 150°С leads to the 

appearance of mordenite and analcime in the 

reaction products. In this solution, analcime with 

a maximum degree of crystallinity of 92% has 

been obtained at 180°C after 50 hours.  

Increasing the temperature to 200°C and the 

processing time to 80 hours, leads to the 

formation of analcime and chabazite in the 

reaction products (Figure 4(d)). 

Effect of alkaline solution concentration 

The effect of alkaline solution 

concentration has been studied in solutions  

of KOH and KOH+NaOH; the X-ray diffraction 

patterns of crystallization products are  

shown in Figure 5. 

The obtained results have shown that 

experiments in the natural mineral – KOH+KCl 

system at a 5% concentration of KOH, 

crystallized mordenite and analcime. Pure 

analcime with a 100% degree of crystallinity has 

been obtained in the KOH concentration range of 

10-15%. A further increase in the concentration of 

KOH (20%) promoted the crystallization of 

chabazite, clinoptilolite (Figure 5(a)), and above 

20% (30%) faujasite and hydrosodalite were 

obtained (Figure 5(b)). 
 

 

  

  
(a) (b) 

 

  
(c) (d) 

 

Figure 4. X-ray diffraction patterns of crystallization products* obtained in: KOH+KCl at 150°C for  

50 hours (a); KOH+KCl at 200°C for 80 hours (b); KOH+NaOH at 150-200°C for 50 hours (c); 

KOH+NaOH+KCl+NaCl at 200°C for 80 hours (d).  

*(M − mordenite, Ph − phillipsite, An − analcime, Cha − chabazite, Cl − clinoptilolite)   
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. X-ray diffraction patterns of crystallization products* obtained in: 20% KOH and 15% KCl (a);  

in KOH+KCl at 30% KOH (b); at 30% KOH+NaOH (c); in KOH+NaOH+KCl+NaCl at 20% KOH+NaOH 

and 15% KCl+NaCl (d); in KOH+NaOH+KCl+NaCl at 30% KOH+NaOH (e).  

*(Cha − chabazite, Cl − clinoptilolite, F − faujasite, H – hydrosodalite) 

 

In the natural mineral – KOH+NaOH 

system, analcime with a maximum degree of 

crystallinity 87% has been obtained in the 

concentration range of 10–20%. Mordenite and 

analcime were present below 10% in the 

crystallization products, and above  

20% - clinoptilolite, chabazite and hydrosodalite 

were obtained (Figure 5(c)). 

The study of the natural mineral – 

KOH+NaOH+KCl+NaCl system has shown that 

10-15% turned out to be the best concentration of 

KOH+NaOH to produce analcime with a 

maximum degree of crystallinity (92%).  

Below the 5% concentration of the alkaline 

solution, mordenite and analcime were present in 

crystallization products. At a concentration of 

alkaline solution above 15% chabazite crystallizes 

(Figure 5(d)), at 30% faujasite was obtained 

(Figure 5(e)).   

Effect of mineralizer concentration 

The effect of the mineralizer concentration 

has been studied in solutions of KCl  

and KCl+NaCl; the diffraction pattern of 

crystallization products is shown in Figure 5(d). 

The experimental results suggest that in the 

natural mineral–KOH+KCl system, at a KCl 

concentration of 3%, mordenite and analcime 

appear in the reaction products. The optimal 

condition for the synthesis of pure analcime with 

a 100% degree of crystallinity is a KCl 

concentration of 5-10%. Increasing the 

concentration to 15% promotes the crystallization 

of chabazite+clinoptilolite (Figure 5(a)). 

Studies performed in the natural mineral–

KOH+NaOH+KCl+NaCl system have shown that 

at a concentration of KCl+NaCl (1:1) of 5-10%, 

pure analcime was obtained with a degree of 

crystallinity of 92%; at 3%, mordenite+analcime 

were present in the synthesis products, and 

increasing the concentration of alkaline solution 

up to 15%, chabazite was obtained (Figure 5(d)).  

Optimal synthesis conditions  

Having studied the process of 

crystallization of analcime, the optimal conditions 

for its synthesis with a high degree of crystallinity 

were established. The analcime obtained under 
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optimal conditions differed in phase purity and a 

high degree of crystallinity. Analcime with a 

100% degree of crystallinity has been obtained 

under the following optimal conditions: the 

temperature of 180°C, the KOH and KCl 

concentrations of 10−15% and 5−10%, 

respectively, and processing time of 50 hours. 

Moreover, at 100°C, in KOH+NaOH solution 

with concentrations of 10−20%, at the 

crystallization time of 50 hours, and at 180°C,  

in KOH+NaOH with 10−15% and KCl+NaCl 

concentration of 5−10%, analcime with 87 and 

92% degree of crystallinity has been obtained, 

respectively.    

 

Conclusions 

The natural mineral of Nakhchivan 

Autonomous Republic has been used for the 

synthesis of potential practical importance zeolite 

of analcime, the effect of temperature, alkaline 

solution and mineralizer concentrations, 

processing time on crystallization have been 

investigated. The obtained results have shown that 

analcime with a high degree of crystallinity  

(87, 92 and 100%) can be obtained at temperature 

of 180°C, alkaline solution KOH and mineralizer 

KCl concentrations of 10-15% and 5-10%, 

respectively, processing time of 50 hours.  

Moreover, it was shown that a change in 

the synthesis conditions (temperature, alkaline 

solution and mineralizer concentration, processing 

time) can greatly affect the degree of crystallinity, 

the phase purity of the obtained zeolite. 

The optimal conditions (temperature of 

180°C, alkaline solution KOH and mineralizer  

KCl concentrations of 10-15% and 5-10%, 

respectively, processing time of 50 hours) for the 

synthesis of analcime zeolite with the high degree 

of crystallinity have been established. Also, it has 

been attested that the presence of the  

KCl mineralizer promotes the production of pure 

analcime with a high degree of crystallinity. 
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Abstract. A study of conversion of metal-modified (Fe, Co) sawdust into magneto-sensitive porous 

composites using thermal carbonization process in an inert atmosphere is reported herein. Furniture 

wastes derived from particleboard and plywood were used as raw precursors. The as-prepared materials 

were characterized using nitrogen adsorption, X-ray diffraction, scanning electron microscopy and 

thermal analysis methods. The effects of metal precursors on the structure and morphology of  

metal-carbon nanocomposites as well on their magnetic properties were investigated. The results show 

that the structural and morphological characteristics of the obtained materials depend strongly on the 

metal precursor’s types. The specific surface area of micro-mesoporous composites was ≈ 58, 328, and  

391 m2/g for Fe/C, Co/C, and FeCo/C, respectively, at the total pore volume of ca. 0.2 cm3/g.  

The efficiency of the composites in dyes sorption was studied. The unmodified sawdust carbon 

exhibited nonporous structure at SBET= 4 m2/g and very low adsorption capacity. The maximum 

adsorption capacity of the composites was in the range of 2.8-31 mg/g and depended strongly on the 

textural characteristics of adsorbents. All samples exhibited soft magnetic properties with the  

saturation magnetization of 6.6, 53, 13.5 Am2/kg for Fe/C, Co/C, and FeCo/C samples, respectively.  

The magneto-sensitive materials have proven to be effective sorbents, which can be used for 

contaminant concentrations from aqueous solutions.   

 

Keywords: sawdust, activated carbon, carbon-metal composite, magneto-sensitive sorbent.  
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Introduction 

Particleboard and plywood are wood-based 

composite materials used for the production of 

furniture, construction and finishing works, etc.  

A significant part of worldwide production of 

wood composites (nearly 75 million m3 in 

Europe) corresponds to the wood-based panel 

production, 50% of which (37.8 million m3) 

belong to particleboard manufacturing [1]. They 

are manufactured by mixing chopped wood waste, 

shavings, and sawdust with synthetic resin 

binders. A significant part of the binders consists 

of various formaldehyde resins (e.g. urea-

formaldehyde, melamine-urea-formaldehyde, 

melamine-formaldehyde, phenol-formaldehyde, 

phenol-urea-formaldehyde, resorcinol-phenol-

formaldehyde resin, isocyanate resins, etc.) [2]; 

the exact constituents of the boards are varied 

from product to product. During machining of 

chipboard and plywood, for the production of 

finished goods, a significant amount of waste is 

generated [1]. Solving the problem of the disposal 

of large-tonnage industrial wastes is one of the 

urgent tasks of rational nature management.  

To reduce the negative impact of these wastes  

on the environment by recycling, these composite 

materials could be used for the production of  

low-cost carbons supporting a concept  

of bio-resources. 

The wood composites industry is a 

potential supplier of precursors for the production 

of carbon adsorbents because of high content of 

carbonaceous materials including both polymer 

mixtures of natural origin (lignocellulose from 

any inferior wood, both coniferous and hardwood 

species) and synthetic origin (resins, etc.). 

Nowadays many researchers use pyrolysis in an 

inert atmosphere of various raw biomaterials  

(e.g., brewers spent grain, wheat straw, grass, 

walnut shells, energetic willow, olive and peach 
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stones) in a different reactor systems as a 

promising approach of carbon adsorbents 

production due to a significant reduction of 

volatile products emission into the air [3-8]. 

Therefore, using wastes and by-products to 

produce carbons is attractive not only from an 

economic point of view, as it reduces waste 

disposal costs, but from an ecological standpoint, 

as well, helping to reduce the impact on the 

environment. 

To improve the texture of the carbonaceous 

materials and their sorption properties, chemical 

or physical activation can be applied.  

The physicochemical activation provides 

developed porosity of activated carbons (AC) due 

to thermal pyrolysis and partial gasification (by 

steam, CO2, H2O2) of the materials [9,10]. 

Furthermore, it was shown that the microwave 

treatment of raw biomaterials can effectively 

increase the porous structure of the carbon 

composites [11]. The porosity enhancement of 

chemically treated carbons is due to chemical 

dehydration reactions followed by thermal 

activation at relatively low temperatures [12,13].  

Until recently, very little data has been 

published in the area of obtaining charcoals based 

on particleboard and plywood wastes.  

Gan, Q. et al. reported that chemical activation of 

medium density fibreboard sawdust with salts of 

zinc(II) and iron(II) with further thermal 

carbonisation process was not effective in 

developing a microporous structure, and the 

obtained carbons exhibited a very low adsorption 

capacity towards the dye [14]. However, 

according to Sainz-Diaz, C. et al. a highly 

microporous AC derived from furniture waste 

with a BET surface area of 855 m2/g were 

obtained in a batch fixed bed flaming pyrolyser 

[15]. Additionally, Gomes, J.A.F.L. et al. outlined 

the synthesis of high-porous AC with surface 

areas of 926 -1032 m2/g from medium-density 

fibreboard and particleboard using physical 

activation with CO2 and chemical activation with 

K2CO3 [16]. The scattering of actual results 

indicates insufficient coverage of this issue.  

It is also worth noting that the benefit of the 

proposed method includes the carbonization and 

activation processes that can occur in one-step 

route, therefore significantly saving the heat 

energy during the synthesis. This is provided by a 

vertical structure of a reactor, where the 

atmosphere in the reaction zone contains not only 

argon but also the volatile products of pyrolysis. 

Furthermore, the developed method does not 

require pre-drying and dehydration of raw 

biomass or additional washing of AC in order to 

eliminate the excess of chemicals that did not 

react with the material after activation. 

Many methods have been developed to 

remove dyes from liquids, including sorption, 

chemical coagulation, photodegradation, 

biodegradation, etc. However, it is known that the 

dye sorption onto porous carbons is the most 

effective purification method because of large 

specific surface area, pore volume, chemical 

inertness, and good mechanical stability of 

carbons. Upon wastewater treatment, the carbon 

adsorbents are used for purification, 

decolorization and removal of toxic organics and 

heavy metal ions [17-19]. However, small particle 

sizes of AC cause some difficulties in the 

separation of spent sorbents. To improve the 

application characteristics of carbon adsorbents, 

these could be modified to obtain magnetic 

properties. The magnetic separation technology is 

receiving increasing attention because of 

significant simplification of the separation process 

of spent adsorbent particles under a weak 

magnetic field. Therefore, another advantage of 

the reported work is the ease combination of raw 

biomaterials with magnetic phase precursors that 

provide the possibility of magnetic separation of 

as-prepared carbon sorbents. Recently, a series of 

magnetic carbon composite materials have been 

synthesized using carbonization of metal-doped 

agricultural wastes and metal-polymer mixtures 

[20-24].  

The aim of this work is the development of 

a new and effective approach in the production of 

porous magneto-sensitive carbon-inorganic 

composites via pyrolysis in argon atmosphere  

of chemically-activated blends of particleboard 

and plywood sawdust with such inorganic 

compounds as cobalt(II) or iron(III) chlorides 

separately, and their binary mixture, as well as  

to study their structural, textural, and adsorption 

properties. 

 

Experimental 

Materials 

Wood sawdust (particleboard and plywood) 

with the size of 0.5-2.0 mm were obtained  

from a local factory producing furniture. Iron(III) 

chloride hexahydrate (97%) and cobalt(II) 

chloride hexahydrate (97%) were purchased 

from  Chimlaborreactive (Ukraine) and methylene 

blue from Sigma-Aldrich (Germany). 

Preparation of the composites 

Iron(III) chloride hexahydrate and 

cobalt(II) chloride hexahydrate were used as 

precursors of a magnetic phase in the 

carbon/metal composites.  

69 



M. Galaburda et al. / Chem. J. Mold., 2021, 16(1), 68-78 

 

A general procedure of the composites’ 

synthesis. Sawdust (fraction 0.5-2.0 mm) and 

metal chlorides were weighed in a glass cup, and  

then distilled water was added, mixed, closed with 

a lid and held for two days at room temperature. 

For the binary system Fe/Co, the molar ratio of 

the metals was 2:1 (Table 1). The swollen 

sawdust samples were placed into porcelain 

evaporation cups and dried at 150°C for 4 h.  

The resulting products of dark green (Co) and 

black (Fe, FeCo) colours were pyrolyzed in a 

vertical quartz reactor in an argon flow up to 

800°C at a heating rate of 10°C/min and  

kept at the maximum temperature for 2 h [25].  

The argon flow rate was 100 mL/min.  

Further cooling to room temperature was carried 

out in the argon flow. The composites  

were labelled as Co/C, Fe/C, and FeCo/C. 

Pyrolysis of the sawdust up to 800°C under the 

argon flow yields black solids with individual 

sawdust flakes maintaining their shape but 

shrinking slightly. 

Characterization methods  

Powder X-ray diffraction (XRD) patterns 

were recorded at 2= 10-90° using a DRON UM1 

diffractometer (Burevestnik, Saint Petersburg, 

Russia) with CoKα radiation (= 0.17903 nm) and 

a graphitic monochromator in a reflected beam. 

The phase composition was determined using the 

XRD database PDF-2. The average sizes of 

crystallites were calculated from the full width at 

half maxima of the corresponding XRD peaks  

by using the Scherrer equation [26].  

Semi-quantitative phase analysis was performed 

using the Match! program. 

The thermal properties as well as carbon 

and metal contents in the carbons were studied  

using the Q - 1500 D derivatograph (MOM, 

Hungary) equipped with a computerized 

measurement registration system. Samples  

(120-125 mg) were heated in a ceramic crucible at 

a rate of 10°C/min in a static air atmosphere using 

aluminium oxide as a reference substance.  

The measurements were carried out at 18-1000°C 

in the air atmosphere.  

The content of metals was estimated 

according to the thermogravimetric data using 

Eq.(1) [27]. 
 

𝑚 =
𝑁∙𝐴∙𝑛

𝑀
                                                            (1) 

 

where,  m– the metal content, %;  

N– the change in the weight (residue) of 

the sample according to TG data, %;  

A– the atomic weight of the metal;  

n– the number of metal atoms in the oxide 

formula;  

M– the molecular weight of the oxide.  

 

The carbon content was determined by 

subtracting the metal content and physically 

adsorbed water from the mass of the sample. The 

content of water was evaluated by mass losses on 

the TG curves upon heating to 150°C.  

To estimate the textural characteristics, 

low-temperature (77.4 K) nitrogen adsorption–

desorption isotherms were recorded using a 

Micromeritics ASAP 2405N adsorption analyzer. 

The specific surface area (SBET) was calculated 

according to the standard BET method [28].  

The total pore volume (Vp) was evaluated from 

the nitrogen adsorption at p/p0= 0.98–0.99  

(p and p0 denote the equilibrium and saturation 

pressure of nitrogen at 77.4 K, respectively).  

The nitrogen desorption data were used to 

compute the pore size distributions (PSD) with 

the modified Nguyen-Do method [29] (PSD, 

differential fV®~ dVp/dR and fS®~ dS/dR) using a 

model of slit-shaped pores in carbons [30,31] 

because the metal phase is masked by carbon in 

the core-shell particles. The differential PSD  

with respect to pore volume fV(R)~dVp/dR,  

∫ fV(R)dR~ Vp, were recalculated as incremental 

PSD (IPSD, ∑ Φv,i (R)= Vp). The fV(R) and fS(R) 

functions were also used to calculate contributions 

of micropores (Vmicro and Smicro at R≤ 1 nm), 

mesopores (Vmeso and Smeso at 1 nm< R< 25 nm) 

and macropores (Vmacro and Smacro at R> 25 nm) to 

the total pore volume and specific surface area. 

 

 
 

Table 1 

The ratio of components used for the preparation of the composites and  

the yield of the materials after pyrolysis. 

Sample 
Sawdust, 

g 

H2O, 

g 

FeCl3·6H2O, 

g 

CoCl2·6H2O, 

g 
Sawdust/Metal 

The yield after 

pyrolysis, % 

Co/C 10.0 35.0 ‒ 10.0 4.04 43.0 

Fe/C 10.0 35.6 12.3 ‒ 4.00 38.0 

FeCo/C 10.0 35.5 8.2 3.0 4.10 38.2 

Reference C  5.0 ‒ ‒ ‒ ‒ 24.2 

Unmodified sawdust carbon was used as reference C. 
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The morphology of carbonized composites 

was characterized using a JSM-6700F (GEOL) 

field emission scanning electron microscope.  

Magnetic properties of the samples were 

measured by means of a SQUID magnetometer. 

The Magnetic Property Measuring System was 

used, model MPMS-XL-5 (Quantum Design, 

USA) equipped with 5 T superconducting magnet. 

The methylene blue (MB) adsorption by 

carbons in series of experiments was performed at 

the range of 0.01-0.7 mmol/L concentrations.  

The sample (0.05 g) was contacted with 25 mL of 

a dye solution. The suspensions were shaken in an 

Innova 40 (New Brunswick Scientific) incubator 

at 110 rpm, and 25°C for 24 h. Then the 

equilibrium concentration of MB was determined 

using the spectrophotometric measurements  

(Cary 4000, Varian, max= 664 nm). 

The adsorption capacity qe (mg/g) was 

calculated using Eq.(2). 

 

𝑞𝑒 = 𝑉(𝐶𝑜 − 𝐶𝑒)/𝑚                                          (2) 

 

where,  C0– initial concentration of MB, mg/L;  

Ce– residual (equilibrium) concentration, 

mg/L;  

m– mass of adsorbent, g;  

V– volume of MB solution, L.   

 

The potentiometric titration method was 

used to determine the value of surface charge 

density, as well as the pHpzc (point of zero charge) 

at which the numbers of positively and negatively 

charged surface groups are the same. The surface 

charge density was calculated from the difference 

of the amounts of added acid or base to obtain  

the same pH value of suspension as for the 

background electrolyte. The Fe/C, FeCo/C,  

Co/C, or C samples were added into a  

0.001 mol/L NaCl solution in a 50 mL 

termostated Teflon vessel. The measurements 

were performed in the suspension with the same 

solid content, to keep the identical conditions  

of the experiments in the vessel at 25°C.  

To eliminate the influence of CO2, the 

measurements were conducted in the nitrogen 

atmosphere. The pH values were measured  

using a set of glass REF 451 and calomel 

pHG201-8 electrodes with the Radiometer 

assembly.  

 

Results and discussion 

Characterization of the composites 

The XRD data for the carbonized systems 

with a metal salt used for impregnation show the 

formation of several crystalline metal-containing 

phases (Figure 1 and Table 2). The formation of  

a carbon phase with an interplanar distance  

of 0.338 nm of (002) reflection in the  

iron-containing sample is observed. A sharp and 

narrow peak at 2θ= 30.58° in the Fe/C sample 

indicates a quite high graphitization degree of 

carbon coating with the average size of 

crystallites of 11 nm. In the Co/C and  

FeCo/C samples, an amorphous phase of carbon is 

observed. The peaks observed at 2θ= 45-63°  

in the XRD pattern of cobalt-containing 

composite match with the (100), (101) and (111), 

(200) crystalline planes of the face centered 

hexagonal (ICDD no. 5-727) and cubic (ICDD  

no. 15-806) structures of Co, respectively. 

Carbonization of the sample impregnated with the 

salts of two metals leads to the formation of a 

phase of solid solution of cobalt in the crystal 

lattice of iron, as indicated by a shift in the 

reflections of iron toward larger angles (Figure 1). 

Cementite (Fe3C), which gives the greatest 

contribution to the phase composition of Fe/C, is 

absent in the FeCo/C sample. 

 
 

 
Figure 1. XRD patterns of the composites:  

Fe/C (1), Co/C (2) and– FeCo/C (3). 

((@)– graphite phase; (*)– cementite (Fe3C);  

(#)– cubic structures; (&)– hexagonal structures) 
 

 

 
Table 2 

Phase composition and crystallite size  

of the samples. 

Sample 
Phase 

composition 

Crystalline 

phases, % 

Dcr, 

nm 

Fe/C 

Cgraphite 

Fe3C 

Fe 

35 

60 

5 

11 

22 

20 

Co/C 
Cocub 

Соhex 

64 

36 

22 

23 

FeCo/C Fecub 100 25 
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The morphology of the materials was 

characterized using SEM and the images are 

shown in Figure 2. A certain microstructure of  

the biomass used has been retained during 

carbonization giving an open framework of 

aligned straight fibrils of different sizes with an 

array of pores of about 3-5 μm. Figures 2(c) and 

(f) show that their cross section has a honeycomb-

like structure. However, it is difficult to compare 

the diameter of these fibrils in different samples 

taking into account the composition and structure 

of the waste precursors, especially when different 

methods were used to produce the wood materials 

(particleboard and chipboard). 

The SEM images show that a surface of the 

unmodified sample includes porous smooth fibrils 

with plenty of interconnected pores, but the 

presence of structures of porous wood is 

insignificant (Figure 2(a)). The images of  

metal-containing composites show that the 

morphology of the materials changed after the 

modification and pyrolysis. The formation of 

composites with a rough morphology and 

diversified types of protuberances, as well as with 

cracks and cavities and less uniformity is 

observed (Figure 2(b)-(i)). The appearance of 

larger pores and cracks can be attributed to the 

decomposition of fibrous structures during  

the process. Apart from that, the highly disperse 

metal nanoparticles in the carbon matrix and  

large aggregates of irregular shapes at the outer 

surfaces of the granules are registered  

(Figure 2(c), (e), (g), and (h)). Furthermore, 

modification by metals caused the formation  

of a complex corrugated surface with  

multiple pores of diameters ranging between  

500 and 1000 nm (Figure 2(d) and (g)); however,  

the pores were not filled and the porosity was 

maintained. 

It is well known that graphitized carbons 

with a high graphitization degree are more  

stable against air oxidation. Therefore, the  

TG-DTG analysis was used to study the  

air-resistance of the prepared carbons. Figure 3 

presents the TG and DTG curves for metal-

containing carbons and reference carbon.  

There are two main mass losses on the TG curves 

of the reference sample. The first one is due to 

evaporation of physically adsorbed water  

(< 200°C) and then carbon combustion (> 250°C) 

took place with the removal of volatile products 

(DTGmax≈ 580°C).   
 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

 

Figure 2. SEM images of the samples: reference C (a); Co/C (b), (c);  

Fe/C (d)-(f); FeCo/C (g-i). 
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From the DTG curves of the as-prepared 

metal-containing composites (Figure 3), several 

distinct peaks in different temperature ranges can 

be seen, indicating a multistage character of the 

processes in the carbons. During thermooxidative 

destruction of porous carbon-containing 

composites a series of chemical reactions took 

place. The TG and DTG curves can be divided 

into several sections vs. temperature: (i) weight 

loss during heating from room temperature to 

200°C corresponding to desorption of physically 

adsorbed water (DTGmax≈ 110°C); (ii) complex 

thermooxidative process after treatment at 

200°C. The curves of the mass changes show the 

result of two opposite processes, such as mass 

increasing due to oxidation of metal phase 

because of reaction with oxygen from the air,  

and mass reduction during carbon burn-off and 

CO2 removal. This is especially evident in the 

Fe/C sample (Figure 3); (iii) weight decrease 

upon heating to ∼ 850–980°C indicating the final 

oxidation and formation of metal oxides. Taking 

into account that the TG curves of the  

metal-doped composites bend at about 100°C 

lower compared to the reference, metal 

modification caused deterioration of thermal 

resistance for carbons due to the catalytic effects 

of metallic nanoparticles, which became 

accessible for oxygen molecules. The different 

thermal resistances of the carbon phase in 

different composites are due to the difference in 

the morphology of the carbon phase. The greater 

the density of aggregates, the higher is the 

temperature of complete oxidation of the 

particles. This correlates with the reduced value 

of the specific surface area and is confirmed by 

SEM images. 

The content of iron and cobalt in  

the samples was calculated based on the  

TG analysis. Heating of the metal-carbon 

nanocomposites up to 1000°C in air is 

accompanied by complete oxidation of carbon  

to CO2 and of metals to oxides. Considering  

the initial weight of the samples and the  

residual weight after heating up to 1000°C, the 

contents of metallic iron and cobalt could be 

estimated (Table 3) using Eq.(1). The formation 

of two types of oxides Co3O4 and Fe2O3 was 

considered, because those were the main phases 

according to XRD data after the thermal-

oxidative destruction of the corresponding salts 

in air [34].  
 

 
(a) (b)  

Figure 3. TG (a) and DTG (b) curves of the samples: reference C (1); FeCo/C (2); Fe/C (3); Co/C (4). 

 

Table 3  

Mass residue, carbon and metal content determined by TG measurement. 

Sample 
Carbon content1, 

% 

Metal content2, 

% 

Mass residue3, 

% 

Fe/C 74.9 25.1 37.6 

Co/C 60.1 39.9 51.5 

FeCo/C 73.0 18.8 (Fe); 8.2 (Co) 38.7 

reference C 91.7 - 2.2 
1 Carbon content in the samples without adsorbed water (at 150ºС on the TG curve);  
2 Metal content in the composites with correction for ash content in carbon and adsorbed water;  
3 Mass residue according to the TG data, after cooling the sample to room temperature together with the furnace of 

the derivatograph; 

The source of errors (less than 5%) is the ash content in sawdust and CoO impurity in the FeCo/C sample. 
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Figure 4(a) presents the nitrogen 

adsorption/desorption isotherms measured at 

77.4 K for the composites. The composites 

exhibited adsorption isotherms of type I and IV 

according to IUPAC classification, 

corresponding to the materials with micro- and 

mesoporosity [33]. The type H3 of hysteresis 

loops indicates the appearance of pores of  

slit-like shape and capillary of non-parallel walls, 

typical for carbon materials. The effect of the 

filler on pore characteristics of composites during 

pyrolysis is significant. The larger adsorption at 

low p/p0 of the Co/C and FeCo/C samples 

confirm the presence of micropores. Meanwhile, 

the Fe/C sample exhibited a wide hysteresis loop 

in the relative pressure range of 0.45-1 indicating 

the presence of mesoporosity (Figure 4(a)). 

Additionally, high increase of adsorption for 

relative pressures over 0.8 corresponds to 

adsorption in macropores. The isotherm for the 

reference (C sample) is not presented due to very 

low adsorption. The Co-containing samples show 

an intensive PSD peak of micropores,  

but the Fe/C sample shows larger contribution  

of mesoporous with several peaks (Figure 4(b)). 

Moreover, the capillary condensation  

effect becomes greater in the line  

Co/C< FeCo/C< Fe/C that indicates the 

mesopores broadening. 

The specific surface area of the Co/C and 

FeCo/C samples is 328 and 391 m2/g, 

respectively, (Table 4) and it is much larger than 

SBET of the reference C sample (SBET = 4 m2/g).  

A smaller value for the Fe/C sample (58 m2/g)  

is due to the carbide phase formation.  

A decrease in the specific surface area and  

pore volume (Vp) with simultaneous increase  

in the mesoporosity is due to the strong  

oxidation effect of the metals that leads to 

destruction of the pore walls with enhanced 

effect of burn-off [32]. 

Adsorption capacity for methylene blue  

Magneto-sensitive porous carbon 

adsorbents are highly attractive for  

many applications associated with liquid-phase 

processes. In this study, MB was chosen as a 

model pollutant for adsorption experiments.  

The equilibrium MB adsorption was studied at 

natural pH in an aqueous solution at 25°C.  

The experiments show that the adsorption 

capacity decreases as follows 31> 28> 2.8 mg/g 

in the line Fe/C> FeCo/C> Co/C, respectively.   
 

 

 

 

 
(a) (b) 

 

Figure 4. Textural characteristics of the Fe/C (1); Co/C (2); FeCo/C (3) composites: 

low-temperature nitrogen adsorption/desorption isotherms (a) pore size distribution curves (b). 

 

 

 

Table 4 

Structural characteristics of the composites. 

Sample 
SBET, 

m2/g 

Smicro, 

m2/g 

Smeso, 

m2/g 

Smacro, 

m2/g 

Vp, 

cm3/g 

Vmicro, 

cm3/g 

Vmeso, 

cm3/g 

Vmacro, 

cm3/g 
Vmicro/Vp Vmeso/Vp 

reference C 4 - - - - - - - - - 

Fe/C 58 27 30 0.7 0.13 0.01 0.10 0.02 0.1 0.74 

Co/C 328 311 17 0.3 0.17 0.14 0.02 0.01 0.82 0.12 

FeCo/C 391 369 22 0.3 0.21 0.17 0.03 0.01 0.81 0.15 
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It does not show a direct proportionality 

between the specific surface area and adsorbed 

MB quantities. It is clear that the mesopore 

volume is the main factor determining the MB 

adsorption. Fe/C composite exhibited the highest 

adsorption capacity for MB removal from water 

(31 mg/g) due to its large mesoporosity (77% of 

the total pore volume). In the case of Co/C and 

FeCo/C, the contribution of micropores was much 

greater (82% and 81% of the total pore volume, 

respectively) and therefore the adsorption value of 

the dye was reduced. MB molecules are too large 

to be adsorbed in narrow and long micropores. 

The adsorption capacity of the reference 

composite was close to zero because of very low 

porosity and specific surface area (Figure 5). 

Additionally, there is a correlation between 

the dye exchange capacity and surface charge 

density of the adsorbents [35]. It was shown, that 

the process of adsorption of organic compounds 

on AC occurs mainly as a result of two main types 

of factors: the dispersion interactions (between the 

aromatic rings of adsorbate molecules and 

graphene layers of AC), and electrostatic 

interactions. Figure 6 shows the surface charge 

density of composites as a function of pH.  

At pH of 1-3, the electric charge of carbons is not 

only positive but also negative. The pHpzc for the 

samples are 5.2, 7.0, and 9.4 for Fe/C, FeCo/C, 

and Co/C, respectively. It is expected that 

adsorption of a cationic dye MB will occur better 

at high pH values. The experimental study has 

confirmed this assumption. The Fe/C sample has a 

higher efficiency of sorption due to the pH 

matching of its pHpzc with used experimental pH 

value, whereas the FeCo/C and Co/C samples 

need significantly higher pH values for better 

adsorption of MB. Thus, not only the textural 

characteristics of the carbon composites but also 

the chemical structure of their surface (e.g. the 

presence and amounts of various O-containing 

surface sites) can affect the MB adsorption. 

Magnetic properties of nanocomposites 

The magnetic properties of the materials 

were evaluated using magnetic hysteresis curves 

(Figure 7). According to the XRD data (Figure 1, 

Table 2), salts in the Co/C and FeCo/C samples 

were completely reduced to metallic state with the 

formation of face-centered cubic and hexagonal 

Co phases in the Co/C sample and only cubic Fe 

phase in the FeCo/C sample. Whereas the phase 

state of the nanocomposite based on Fe/C is quite 

complex and can be described by different sets of 

carbides and the formation of significant number 

of graphite-like structures. 

The saturation magnetization values  

(Ms, determined at 5 T) are much lower than those 

of the corresponding iron and cobalt bulk  

metal values [36,37]. The highest magnetization 

saturation was observed for Co/C composite that 

corresponds to ca. 1/3 of bulk metal value.  

This composite contains the highest fraction of 

ferromagnetic metal particles. The higher 

magnetization of the FeCo/C nanocomposite 

compared to that of Fe/C could be  

attributed to the effect of cobalt. For Fe/C sample, 

the reducing of the magnetization can be due to 

the formation of the FeC3 phase. Thus, the low 

saturation magnetization of the samples  

may be attributed to the presence of  

different fractions of magnetic and non-magnetic 

phases. Additionally, it may be related to weak 

interaction of the magnetic domains  

because of the high amount of diamagnetic 

graphite in the samples. The sizes of nanoparticles 

may affect the value of the coercive field due to 

size influence of the magnetization of 

nanoparticles. 

 

 
 

Figure 5. Equilibrium adsorption isotherms of  

MB onto the composites: reference C (1); Co/C (2); 

FeCo/C (3); Fe/C (4). 

Figure 6. The surface charge density as a function of pH 

for composites, suspended in 0.001 mol/L NaCl solution: 

Fe/C (1); FeCo/C (2); reference C (3); Co/C (4). 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 7. Magnetic hysteresis loops of the 

composites: Fe/C (a); FeCo/C (b); Co/C (c). 
 

Hereby, prepared samples exhibit typically 

soft magnetic features and can be easily  

attracted by a magnet after adsorption that 

provides an efficient way to separate  

spent magnetic composites from liquids. 

Furthermore, magnetically separable porous 

carbon composites are highly attractive options 

for many applications associated with  

liquid-phase processes. The presented study 

represents a starting point for future researches on 

the recycling and reuse of sawdust wastes and 

related materials. 

 

Conclusions 

An effective approach in production of 

adsorbents with developed porous structure and 

appropriate magnetic susceptibility was reported 

in this study. The composition-structure-property 

relationship was identified in the process of 

thermal transformation of modified raw materials.  

It was shown that the type of dopants had a 

significant effect on the morphology, porosity and 

magnetic properties of composites. Activation of 

the sawdust by iron(III) chloride promoted 

recovery of iron to metallic state and formation of 

Fe3C and crystalline carbon. In the case of 

cobalt(II) chloride, the formation of metal 

nanoparticles of cobalt in cubic and hexagonal 

crystalline modifications in an amorphous 

carboxyl matrix took place. Activation of sawdust 

with the binary mixture of cobalt(II) and iron(III) 

chlorides led to the recovery of metals during 

pyrolysis with the formation of only cubic 

crystalline modification without the presence of 

crystalline carbon. 

It was established that the changes in the 

textural/structural properties of the composites 

depended strongly on the dopant type.  

The specific surface area of composites increased 

in the series Fe/C< Co/C< FeCo/C from 58 to 

391 m2/g, whereas the reference sample of 

carbonized sawdust had only 4 m2/g.  

The calculated mesopore volume decreased in the 

series Fe/C< FeCo/C< Co/C from 0.10 to  

0.02 cm3/g. Meanwhile, the mesoporosity 

correlated with the adsorption capacity of 

nanocomposites towards the cationic dye. Thus, 

the mesopore volume can be the decisive factor 

determining the methylene blue adsorption.  

The saturation magnetization values of the 

obtained metal-carbon composites varied in the 

series Fe/C< FeCo/C< Co/C from 6.64 to  

53.0 Am2/kg. The Fe/C sample had the lowest  

Ms due to the large number of non-magnetic Fe3C 

component. 

Thus, varying the nature of chemical 

activators of carbon makes it possible to regulate 

the sorption and magnetic properties of carbon-

inorganic composites for targeted use in 

technological processes. 
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Abstract. A modified Scheffe’s simplex lattice design method is proposed to study the properties of 

multicomponent materials. Usually, the Scheffe’s simplex lattice method is used to describe three-

component systems in design of chemical experiments. This modified Scheffe’s method allowed 

determining the optimal compositions of cordierite and corundum based ceramic materials that are used 

as catalyst carrier for gas purification equipment. The obtained material (0.63-1.25 mm weight fraction 

of cordierite of 0.35 mass% fraction; <0.63 mm weight fraction of cordierite of 0.35 mass% fraction; 

<0.06 mm weight fraction of corundum of 0.2 mass% fraction; 1.25-2.5 mm weight fraction of 

cordierite of 0.2 mass% fraction) was used successfully for the manufacturing of catalytic neutralizers 

of gas emissions. This method was essential for the designing and manufacturing of a catalytic 

neutralizer for waste recycling complex at the Kharkiv - Passenger railway station in Ukraine.  
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Introduction 

Environment protection against harmful gas 

emissions of industrial enterprises and transport is 

interconnected with related to a number of 

environmental problems requiring solutions. 

Worldwide experience in gas emission treatment 

proved that catalytic gas purification is the most 

effective method. The components of the catalytic 

converter unit are the body, the catalyst carrier 

and the catalytic compound. The efficiency of the 

converter depends on the catalytically active 

elements covering the carrier surface. The 

composition of the catalyst determines the 

kinetics of the process of gas emissions catalytic 

destruction [1]. The process in the diffusion area 

is determined by the structure and properties of 

the carrier [2]. 

Suitable materials for ceramic-based carrier 

must have high heat resistance and mechanical 

strength. Given hydrodynamic conditions must  

be provided in the catalytic converter. Due  

to a wide range of variations of the studied 

mixtures compositions, it is desirable to use the 

design of experiments. This procedure helps to 

select the number and conditions of experiments  

which are necessary and sufficient to solve  

the problem with the required accuracy.  

Experimental design procedures make possible 

the simultaneous variation of a significant number 

of factors, obtaining a quantitative estimation of 

the main parameters and their interaction, which 

ultimately lead to the increase of experimental 

efficiency [4]. The methods of optimization  

of experimental design allow the use of 

mathematical calculations not only at the stage of 

processing the measurement results but also at the 

stage of the experiment preparation and during 

carrying out. The application of the experimental 

design method based on simplex lattices is the 

most suitable to study the properties of mixtures 

with the simultaneous use of several components 

in the composition of the mixture.  

Scheffe’s simplex lattice design method 

was developed for experiments involving 

mixtures, with the purpose of predicting 

empirically the response to any mixture of the 

components, when the response depends only on 

the proportion of the components and not on the 

total amount [5]. It is the most optimal method of 

experiments design with simultaneous use of 

several components that can be used to study the 

properties of mixtures. In the selected method, the 

response function – property (y) is represented  

by projections of equidistant dependencies  
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(equal value curves on the triangle plane).  

The simplex lattice for experiments with three 

variable components is shown in Figure 1. 
 

 
Figure 1. Spatial pattern of a simplex lattice. 

 

The Scheffe’s simplex lattice design 

method has been applied successfully by many 

scientists in the fields of biology [6], fuel energy 

[7], food chemistry [8], industrial chemistry [9], 

material science [10] and many others. Such 

experimental designs as the McLean - Anderson 

plan [11], D-optimal plans of Kiefer [12], Draper 

and Lawrence plans [13] are developed on the 

basis of the simplex lattices. Despite the wide use 

of the simplex lattice method in mathematical 

design, it is quite difficult to describe the 

simultaneous interaction of multicomponent 

systems and to use them for a graphical 

representation of dependencies of the obtained 

properties.  

Therefore, a modification of the Scheffe’s 

simplex lattice design is proposed for compiling 

simplex for four-component systems.  

This simplex is a tetrahedron, with each vertex 

corresponding to components taken at 100% 

content. The edge of this tetrahedron is a  

two-component system, and the face is a  

three-component system. The points inside the 

tetrahedron correspond to four-component 

systems. It is quite convenient to represent such 

system graphically in a form of sections  

of a three-dimensional simplex with plane 

perpendicular to one of its axes. The composition 

of the four-component mixtures lying in the 

section plane is determined by the four-

dimensional simplex. This approach allows 

representing the change in the properties of the 

 

system in the form of contour curves.  

Moreover, only three components can vary in one 

section. The combination of the faces of 

elementary concentration simplexes are matched 

taking into account the fact that the properties are 

a continuous function of the concentrations and 

do not have derivatives gaps in the regions 

adjacent to the faces. 

This research aims to develop the Scheffe’s 

simplex lattice design method that allows 

determining the optimal compositions of 

cordierite and corundum based ceramic materials 

that are used as catalyst carriers for gas 

purification equipment. 

 

Experimental 

Materials 

Cordierite is used in the manufacturing of 

carrier for gas purification catalysts because of its 

high heat resistance and the possibility of 

variation of physical and mechanical properties 

[14]; whilst the α-Al2O3 is used for high 

compressive resistance of ceramic carrier [15]. 

Therefore, the experimental samples of ceramic 

materials for carriers of catalytically active 

compounds have been made from a mixture that 

consists of weight fraction of cordierite:  

<0.63 mm, 1.25-0.63 mm, 2.5-1.25 mm; and of 

corundum <0.06 mm; these were provided by the 

Ukrainian Research Institute of Refractories 

named after A.S. Berezhnoy (Kharkiv, Ukraine). 

The chemical composition of the corundum and 

cordierite is presented in Table 1.  

Graphical representations of the obtained 

results were done using the TRIANGLE software. 

The studies were conducted at the Chemical 

Engineering Department of the National 

Technical University Kharkiv Polytechnic 

Institute (Ukraine). 

Ceramic experimental samples preparation 

(General procedure)  

An aluminophosphate binder with molar 

ratio P2O5:Al2O3= 4.08 was introduced into all 

studied compositions in an amount of 10 mass% 

over 100 mass% dry matter. These samples  

were put into 20x20x20 mm block shapes that 

were vibrated for 170 sec. on a laboratory vibrotol 

VT-55. The obtained samples were heated  

at 400°C for two hours in a SNOL–8.2/1100 

muffle furnace after being dried for one hour  

at 100°C in a SNOL–67/350 laboratory oven.  

Table 1 

Chemical composition of the ceramic materials, mass% fraction. 

Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O+K2O 

Corundum 0.02 99.64 0.02 - - 0.32 

Cordierite 51.4 34.9 - - 13.7 - 
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Description of the modified Scheffe’s simplex 

lattice design method 

A modified Scheffe’s simplex lattice design 

method was developed, which allows determining 

the compositions of ceramic materials.  

The advantage of the modified method consists in 

the fact that it allows the significant reduction of 

the number of experimental points (from 60 to 34) 

describing the properties of the four-component 

simplex of concentrations. The simplex lattice for 

four variable components experiments is shown in 

Figure 2. 
 

 

Figure 2. The simplex lattice for experiments 

with four variable components.  

 

 

 

Procedure. Fractional compositions of 

materials in accordance with the Scheffe’s 

simplex lattice design were expressed as 

independent variables: x1 – 1.25-0.63 mm weight 

fraction of cordierite; x2 – <0.63 mm weight 

fraction of cordierite; x3 – 0.06 mm weight 

fraction of corundum; x4 – 2.5-1.25 mm weight 

fraction of cordierite. The obtained variables were 

modified in the limits 0.2-0.6 (expressed in 

fractions). To represent the polyhedron with the 

given restrictions in the form of a regular simplex, 

the natural variables (xi) were converted into 

coded (zi) in Eq.(1). Meanwhile, the coded 

variables z1, z2, z3, z4, varied from 0 to 1. 
 

qizz i

q

i

i ...3,2,1;0;1
1

==
=

 
 

(1) 

 

 

The regular simplex of concentrations is 

constructed with respect to these coded variables. 

Table 2 shows the coordinates of the experiment 

plan for the simplex of vertex concentrations at 

points z1, z2 and z3. 

The plan points 15_1, 15_2 and 15_3 in 

Table 3 are selected as test points to determine the 

adequacy of the design models for experimental 

data. Two experiments have been carried out for 

each point.  

The introduction of the fourth variable 

made it necessary to make plan simplexes with 

vertices {z1, z3, z4}, {z1, z2, z4} and {z2, z3, z4} 

according to Figure 2 (Table 3). 

 

 

Table 2 

The coordinates of the experiment plan for the three variable simplex {z1, z2, z3}.. 

Points  

on the Figure 2 

Natural variables, weight fraction Coded variables, unit fraction 

x1
 

x2 x3 x4 z1 z2 z3 z4 

1 0.6 0.2 0.2 0 1 0 0 0 

2 0.2 0.6 0.2 0 0 1 0 0 

3 0.2 0.2 0.6 0 0 0 1 0 

4 0.3 0.5 0.2 0 0.25 0.75 0 0 

5 0.3 0.2 0.5 0 0.25 0 0.75 0 

6 0.2 0.3 0.5 0 0 0.25 0.75 0 

7 0.5 0.3 0.2 0 0.75 0.25 0 0 

8 0.5 0.2 0.3 0 0.75 0 0.25 0 

9 0.2 0.5 0.3 0 0 0.75 0.25 0 

10 0.4 0.3 0.3 0 0.5 0.25 0.25 0 

11 0.3 0.4 0.3 0 0.25 0.5 0.25 0 

12 0.3 0.3 0.4 0 0.25 0.25 0.5 0 

13 0.4 0.4 0.2 0 0.5 0.5 0 0 

14 0.4 0.2 0.4 0 0.5 0 0.5 0 

15 0.2 0.4 0.4 0 0 0.5 0.5 0 

15_1 0.333 0.333 0.333 0 0.333 0.333 0.333 0 

15_2 0.26 0.48 0.26 0 0.15 0.70 0.15 0 

15_3 0.48 0.28 0.24 0 0.7 0.2 0.1 0 
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Table 3 

The coordinates of the experiment plan for the simplexes with four variables {z1, z2 , z3, z4}. 

Points 

 on the Figure 2 

Natural variables, weight fraction Coded variables, unit fraction 

x1 x2 x3 x4 z1 z2 z3 z4 

16 0.5 0 0.2 0.3 0.75 0 0 0.25 

17 0.4 0 0.2 0.4 0.5 0 0 0.5 

18 0.3 0 0.2 0.5 0.25 0 0 0.75 

19 0.2 0 0.5 0.3 0 0 0.75 0.25 

20 0.2 0 0.4 0.4 0 0 0.5 0.5 

21 0.2 0 0.3 0.5 0 0 0.25 0.75 

22 0.4 0 0.3 0.3 0.5 0 0.25 0.25 

23 0.3 0 0.4 0.3 0.25 0 0.5 0.25 

24 0.3 0 0.3 0.4 0.25 0 0.25 0.5 

25 0.2 0.5 0 0.3 0 0.75 0 0.25 

26 0.2 0.4 0 0.4 0 0.5 0 0.5 

27 0.2 0.3 0 0.5 0 0.25 0 0.75 

28 0.4 0.3 0 0.3 0.5 0.25 0 0.25 

29 0.3 0.4 0 0.3 0.25 0.5 0 0.25 

30 0.3 0.3 0 0.4 0.25 0.25 0 0.5 

31 0 0.4 0.3 0.3 0 0.5 0.25 0.25 

32 0 0.3 0.4 0.3 0 0.25 0.5 0.25 

33 0 0.3 0.3 0.4 0 0.25 0.25 0.5 

34 0 0 0 1 0 0 0 1 

 

 

 

Table 4 

Compression strength of ceramic experimental samples. 

Points 

on the Figure 2 

The compressive 

strength, MPa 

Points 

on the Figure 2 

The compressive 

strength, MPa 

Points 

on the Figure 2 

The compressive 

strength, MPa 

1 57.7 13 240.4 25 74.1 

2 91.5 14 96.6 26 37.8 

3 95.7 15 76.0 27 56.6 

4 62.7 16 98.9 28 54.9 

5 71.2 17 100.4 29 75.2 

6 57.5 18 62.5 30 131.2 

7 92.4 19 91.5 31 149.6 

8 78.0 20 220.7 32 90.6 

9 128.1 21 34.1 33 96.7 

10 63.0 22 173.2 34 108.7 

11 98.9 23 100.6   

12 90.9 24 114.2   

 

 

 
 
 

The 34 mixtures with corresponding 

compositions were made according to the 

obtained experimental properties values of 

compression strength (Tables 2 and 3).  

In order to obtain catalytic carriers with a 

sufficiently long service life, the effect of the 

material composition on the compressive strength 

of experimental samples was studied, under a 

press, using a hydraulic hand-held PGR–20 WTC 

press (Table 4). The load onto the sample was 

increased with steady speed, leading to samples 

destruction in 20-60 seconds. 

Results and discussion 

The proposed modification of Scheffe’s simplex 

lattice design method  

The proposed modified Scheffe’s simplex 

lattice design method made it possible to obtain 

fourth-order polynomial dependencies for each of 

the four-component mixtures which describe the 

experimental values of the compressive strength 

property. The obtained dependence is presented in 

Eq.(2), where, a1, a2 …a28 are the polynomial 

coefficients obtained with the least-square  

method Eq.(3). 
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Table 5 

The results of adequacy with Student’s t-distribution. 

Control point x1
 

x2
 

x3
 

x4
 

    t
 

15_1 0.333 0.333 0.333 0 95.15 93.071 0.919 0.547 2.572 

15_2 0.15 0.7 0.15 0 63.3 61.627 4.525 3.566 0.245 

15_3 0.7 0.2 0.1 0 29.4 26.632 3.566 5.366 0.844 
 

 
 

The adequacy of the obtained equation has 

been assessed in each control points (15_1, 15_2, 

15_3) with Student’s t-distribution [3], the 

obtained results are presented in Table 5. 

The desired value of Student’s  

t-distribution has been calculated using the Eq.(4): 
 

 

 

(4) 

 

where, Δy is calculated according to Eq.(5): 
 

                                                         (5) 
 

where, – arithmetic mean of experimental data 

in the control points; 

y– calculated value of studied property in 

the control points; 

r– number of parallel testing in one 

control point; 

sy– standard deviation of experimental 

points; 

 α– level of importance (α= 0.05); 

φ– value depending on the mixture 

composition on the simplex surface and 

that has been calculated by Eq.(6) for 

fourth-order polynomial dependencies. 
 

𝜑 = ∑ 𝑑𝑖
2

1≤𝑖≤𝑞

+ ∑ 𝑑𝑖𝑗
2
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2
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+ ∑ 𝑑𝑖𝑗𝑗𝑗
2

1≤𝑖<𝑗≤𝑞

+ 

 

∑ 𝑑𝑖𝑖𝑗𝑘
2
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+ ∑ 𝑑𝑖𝑗𝑗𝑘
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+ ∑ 𝑑𝑖𝑗𝑘𝑘
2

1≤𝑖<𝑗<𝑘≤𝑞

 
(6)

 

where, q– number of the mixture 

components. 
 

The values di, dij, diiij, dijjj, diijk, dijjk, dijkk 

have been calculated by Eqs.(7-13).  
 

 

 

(7) 

 

 

 

(8) 
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(10) 

 

 

 

(11) 

 

 

 

(12) 

 

 

 

(13) 

 

The sampling variances have been 

calculated by Eq.(14). 
 

 

 

 

(14) 

 

The number of degrees of freedom is  

f= 3; the obtained values of t-criteria  

have been compared to table value 

 ttab(α= 0.05, f= 3)= 3.182. The condition t< ttab is 
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valid in all control points. That fact confirms the 

adequacy of the obtained fourth-order polynomial 

dependencies for each of the four-component 

mixtures.  

Optimization of the composition of ceramic 

materials based on compressive strength 

evaluation using Scheffe’s method 

The response functions of the studied 

property of materials in simplex lattices of the 

given components (formed by the variables z1, z2, 

z3 and z4) are represented graphically as 

projections of equal values curves as well as using 

3D-figures that illustrate the surfaces of the 

changing values of the studied properties in 

Figures S1-S4 (Supplementary material). The 

increasing of the compressive strength index 

value in the mass fractions simplex lattice at the 

coded variables z1, z2 and z3 (Figure S1 in 

Supplementary material) is indicated towards the 

centre of the {z1, z2} axis while reaching  

220 MPa. The compressive strength index reaches 

220 MPa in the centre of the {z1, z2} axis on the 

mass fractions simplex lattice at the encoded 

variables z1, z2 and z4 (Figure S2 in 

Supplementary material). According to Figure S3, 

the values of compressive strength increase from 

the simplex apex formed with the coordinates z2, 

z3 and z4 up to 160 MPa in the centre of the 

simplex and up to 190 MPa on the {z3, z4} axis. 

The highest values of the compressive strength on 

the mass fractions simplex lattice of the three-

component system at the coordinates z1, z3 and z4 

(190 MPa) are indicated in the centre of the  

{z3, z4} axis (Figure S4 in Supplementary 

material). 

The joint of the elementary three-

component simplexes along the faces made it 

possible to obtain the simplex lattice of 

compressive strength for four parameters  

(Figure 3). 

Figure 3 clearly shows that the index of the 

compressive strength varies within significant 

limits 40-220 MPa. The areas with maximum 

index values are of great interest because these 

determine the resistance of the ceramic carrier to 

external physical loads in operation. There are 

two such areas of maximum values on a four-

dimensional simplex lattice. The first area with 

the compressive strength of 220 MPa is within the 

coordinates of the coded variables {z1, z2, z3} and 

{z1, z2, z4}. This area is given for the following 

mixture proportion: 0.63-1.25 mm weight fraction 

of cordierite with 0.35-0.5 with the coded 

variables; <0.63 mm weight fraction of  

cordierite with 0.3-0.45 with the coded variables; 

corundum with 0.2-0.3 with the coded variables; 

1.25-2.5 mm weight fraction of cordierite with 

0.2-0.25 with the coded variables. 
 

 

 
 

Figure 3. The projection of equal values curves of compressive strength (MPa) in mass fractions simplex lattice 

of the four-component system at the coded variables z1, z2, z3 and z4. 
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The second area of maximum values  

(190 MPa) is located inside the simplex formed 

by the coordinates z1, z3 and z4  with the transition 

to the coordinates {z2, z3, z4} and corresponds to 

the following mixture proportion: 0.63-1.25 mm 

weight fraction of cordierite with 0.2-0.25 with 

the coded variables; <0.63 mm weight fraction of 

cordierite with 0.2-0.25 with the coded variables; 

corundum with 0.3-0.45 with the coded variables; 

1.25-2.5 mm weight fraction of cordierite with 

0.3-0.4 with the coded variables. 

Thus, the proposed modified Scheffe’s 

method of experimental design has made it 

possible to describe the change in the four-

component system with compressive strength as 

parameter. The analysis of data regarding the 

response surface allows selecting an optimal 

mixture composition. This mixture consists of 

(mass% fraction): 0.63-1.25 mm weight fraction 

of cordierite with 0.35-0.5; <0.63 mm weight 

fraction of cordierite with 0.3-0.45; corundum 

with 0.2-0.3; 1.25-2.5 mm weight fraction of 

cordierite with 0.2-0.25. 

Scheffe’s method is widely used in 

chemical engineering but it was limited by 

graphical description of the simultaneous 

interactions of multicomponent systems [16,17]. 

The proposed method extends significantly the 

limits of the usage of simplex lattices in the study 

of multicomponent systems in all branches of 

chemistry. 

Application of the modified Scheffe’s method in 

the design and manufacturing of a neutraliser of 

gas emissions 

The compressive strength of ceramic 

mixtures was determined using the proposed 

method. Analysis of results made it possible to 

select the optimal composition of the ceramic 

mixture to produce the item with the maximum 

compressive strength. This mixture consists of 

0.63-1.25 mm weight fraction of cordierite with 

0.35 mass% fraction; <0.63 mm weight fraction 

of cordierite with 0.35 mass% fraction; <0.06 mm 

weight fraction of corundum with 0.2 mass% 

fraction; 1.25-2.5 mm weight fraction of 

cordierite with 0.2 mass% fraction. 

These ceramic items with the maximum 

compressive strength (220 MPa) were used to 

make catalytic gas purification blocks for the 

waste processing complexes (WPC) with a 

capacity of 300 kg/hour (“WPC-300”) at the 

Kharkiv – Passenger railway station (Ukraine) 

without the need to use burning (Figure 4) [18]. 

These ceramic blocks were hole-profiled and their 

operation surface was coated with catalytically 

active compounds (based on Со3О4) [18]. 

 

 
 

Figure 4. The hole profiled ceramic carrier with 

catalytically active centres. 

 
The efficiency of the neutraliser of gas 

emissions of the waste processing complexes 

(WPC) was determined by sampling during its 

operation (Table 6). The combustion of solid 

household wastes releases a large amount of toxic 

substances into the atmosphere [19]. Even low 

concentrations of CO in ambient air can trigger 

physiological changes in humans. Polycyclic 

aromatic hydrocarbons, chlorinated hydrocarbons, 

alkanes С3–С20 and benzapyrene are dangerous 

carcinogens [19]. The results presented in Table 6 

prove that the developed catalytic gas purification 

equipment has high effectiveness; purification 

rate is ≥98% for all the observed indicators  

(Table 6). 

 

Table 6 

Comparative results of toxic substances emissions before and after the installation of  

catalytic gas purification equipment “WPC-300” [18]. 

Components 
Emission rate, kg/h 

Purification rate, % 
Before cleaning After cleaning 

Carbon monoxide 15.2 0.12 99.2 

Polycyclic aromatic hydrocarbons 0.402 0.008 98.0 

Chlorinated hydrocarbons 0.101 0.002 98.0 

Alkanes С3–С20 1.514 0.015 99.0 

Benzapyrene 0.135×10–5 0.4×10–8 99.72 
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Conclusions 

The modified Scheffe's simplex lattice 

design method was developed and used 

successfully to determine optimal compositions of 

multicomponent ceramic carriers of catalysts for 

gas emissions neutralizers. 

The changes in the investigated property of 

compressive strength for four-component 

mixtures of ceramic materials were presented by 

the obtained fourth-order polynomial 

dependencies which are based on the modified 

Scheffe’s simplex lattice method. This method 

gave an opportunity to select the optimal 

compositions of ceramic material (0.63-1.25 mm 

weight fraction of cordierite with 0.35 mass% 

fraction; <0.63 mm weight fraction of cordierite 

with 0.35 mass% fraction; <0.06 mm weight 

fraction of corundum with 0.2 mass% fraction; 

1.25-2.5 mm weight fraction of cordierite with  

0.2 mass% fraction) to produce a carrier for a gas 

emissions neutralizer with the compressive 

strength of 220 MPa. The gas treatment 

equipment was manufactured on the basis of this 

optimal selected composition and was installed on 

the waste processing complex “WPC-300” at the 

Kharkiv – Passenger railway station (Ukraine).  

The efficiency of the manufactured 

catalytic gas purification equipment was 

determined during operation of the waste 

processing complex; the purification rate reached 

and exceeded 98% for all the indicators. Thus, the 

modified Scheffe's simplex lattice design method 

can be applied successfully in the study of the 

properties of mixtures in wide range. 

 

Supplementary information 

Supplementary data are available free of 

charge at http://cjm.asm.md as PDF file. 
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Abstract. The purpose of this study was to investigate the physicochemical particularities of the 

regeneration processes that occur in spent sulphate copper-zinc solutions using the reagent methods of 

crystallization, cementation, and sedimentation. The obtained results show that the method of 

crystallization is easy-to-implement, though it fails to provide a required level of efficiency during the 

regeneration process in the solution to extract heavy metal ions (the extraction of Cu2+ and Zn2+ ions 

was 97.2% and 49.7%, respectively). The displacement (cementation) method does not require 

additional chemical reagents to implement the stages of processing, the percentage of extraction of  

Cu2+ and Zn2+ ions were higher in comparison to crystallization method, 99.9% and 95.4%, 

respectively. The advantages of the sedimentation method are the high rates of chemical 

transformations at technological process stages, complete deposition of heavy metal ions from spent 

electrolytes (99.9%) and the energy saving due to the shortened time of the regeneration process. 
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Introduction 

The formation of substantial volumes of 

liquid and solid wastes is considered to be one of 

the most topical ecological problems faced by the 

companies where the industrial cycle includes 

galvanic processes [1-5]. The ecological problems 

that arise due to the activity of such companies 

can be solved by applying regeneration processes 

in spent solutions and the recovery of precious 

components instead of the decontamination of 

concentrated spent etching solutions (SES) with 

the formation of galvanic sludge [4] that is usually 

the source of secondary environmental pollution 

[6-15]. The main methods used for the industrial 

sewage water treatment, in particular those of 

coagulation, adsorption, oxidation, ion exchange, 

membrane filtration and hydrodynamic  

cavitation were discussed in detail by  

Ranade Vivek, V. et al. [1]. 

Regeneration is considered to be the most 

important method used by SES treatment 

technologies, because it provides a considerable 

increase in electrolyte life time and an efficient 

decrease in the quantity of reagents required for 

the adjustment and preparation of fresh process 

solutions and also for the decontamination of 

salvo discharges [1,7,10-12]. The choice of the 

methods for the SES regeneration in galvanic 

production is mainly defined by the level of their 

pollution and the content of heavy metals (HMe) 

that affect the metal dissolution rate. Hence, in 

practice, spent sulphate etching solutions are 

usually discharged into the industrial sewage 

system during the process of the electrochemical 

brass etching when critical concentrations in the 

etching solution amount to СZn
2+= 30-40 g/L, 

СCu
2+= 10-15 g/L and the brass etching rate is 

substantially decelerated [5]. The ingress of the 

untreated or insufficiently treated sewage water, 

and other types of wastes containing HMe into 

water bodies results in the economic and 

environmental problems not only because of the 

loss of metals used by the production but also due 

to a pollution on natural ecosystems [4-6]. 

Nowadays, the environment protection 

requirements regarding the industrial 

electroplating waste severely restrict the 

concentrations of contaminants contained in the 

wastes. Many methods have been described for 

the treatment of concentrated spent solutions, 

including chemical, physicochemical, biological 

and electrochemical methods [3,6-15]. Various 

methods are used for the industrial sewage water 

treatment in an attempt to reduce the 

concentration of heavy metals and afford the 

reuse of water resources. These technologies 
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include membrane filtration, chemical  

deposition, nanotechnology-based treatments, 

electrochemical processes, coagulation-

flocculation, floatation and upgraded oxidation 

processes [7,10,13]. Shah, M.P. has well 

described the important technologies used for the 

environmental bioremediation and also their 

specific use for the treatment of industrial sewage 

water [9]. In a study presented by Geraskin, V.V. 

et al., it was shown that the Chelyabinsk  

zinc plant uses the zinc powder to remove  

such admixtures as copper, cadmium, cobalt, 

nickel, arsenic, antimony, etc from sulphate 

solutions by the cementation method [12]. Whilst, 

another study has shown that the copper 

cementation processes that occur on the zinc 

powder that was obtained from the scrap  

of carbon-zinc batteries with the subsequent use 

of copper powder to produce copper(II) 

oxychloride [11]. 

The prospective physical and chemical 

methods used for the treatment of industrial 

sewage water discharged by the electroplating 

industry and other promising methods used for the 

recirculation and reuse of treated water were 

described in the literature [7-11]. The methods of 

regeneration used by industrial companies, in 

particular those of coagulation, adsorption, ion 

exchange, oxidation, membrane separation and 

chemical deposition, were discussed in detail. 

These methods allow treating the industrial 

wastewater containing HMе ions and provide for 

the disinfection of wastewater before its discharge 

into a reservoir. It was shown that the wastewater 

treatment can be carried out by any of the  

above-mentioned methods or a set of methods, 

depending on the extent of pollution [9,11]. 

Certain attention should be paid to the 

review of the methods used for the sewage water 

treatment by low waste output companies [12-15]. 

In particular mechanical, physicochemical and 

biological methods that take into consideration the 

volume and the extent of waste water pollution. 

The most efficient method of the treatment of 

industrial waste with the purpose of HMe ions 

extraction is the reagent method. This method 

allows to deposit HMe ions and separate the 

sludge from the treated water. It is a high-speed 

process that is easy-to-perform and it requires no 

complicated technological equipment. A special 

attention is paid to the four key methods that are 

used for the regeneration of concentrated SES, in 

particular these are the methods of the metal 

displacement (cementation); deposition, 

electrolysis and crystallization under different 

conditions [14,15]. 

The purpose of this research was to study 

the physicochemical peculiarities of the 

regeneration processes that occur in spent copper-

zinc sulphate solutions using the reagent methods 

of crystallization, displacement (cementation), 

and sedimentation. Brief description of each 

method, and the advantages and drawbacks  

have been presented. The laboratory and 

experimental data obtained during the 

investigation of treatment processes in the present 

research paper enable the evaluation of the 

specific features and the efficiency of their 

application. The choice of simulated solutions and 

their initial concentrations was conditioned by the 

composition of actual wastewater resulting from 

the α-brass treatment processes. The investigation 

of copper and zinc ions recovery was carried out 

because of their considerable content in 

wastewaters.  

 

Experimental 

Materials 

Analytically pure reagents were used, in 

particular CuSO4·5H2O (produced by LabWorld) 

and ZnSO4·7H2O (produced by ReaChim). Other 

reagents corresponding to the national standards 

of Ukraine were Na2SO4·7H2O (from Reagen), 

H2SO4 (from Reagen), FeSO4·7H2O (produced by 

ChemElements), NaOH (from Reakhimdevice), 

concentrated Н2О2 (produced by Newkhim), and 

two types of commercial zinc powder with the 

particle size (dZn) of 0.063-0.2 mm and  

0.25-0.5 mm (from Grand Lada). 

Instrumentation 

The concentration of copper and zinc ions 

in the solution was checked by the atomic 

absorption spectroscopy using the Saturn 

spectrophotometer (Japan) at the wavelength of 

213.9 and 324.8 nm for zinc and copper, 

respectively.  

Sediment components were defined after 

the deposition by the X-ray diffraction method 

using the Siemens D-500 diffractometer 

(Germany) in the copper radiation equipped with 

the graphite monochromator. The full-profile 

diffraction pattern was measured for the  

angle interval of 5< 2θ< 80° with the pitch of 

0.02º and the exposure time of 40 seconds. The 

first phases were defined using [16] with the 

subsequent computation of the X-ray pattern 

using the Rietveld method and the FullProf 

program [17]. 

The elemental and mineral composition of 

the sediment were studied using the  

electron-probe microanalysis (EPMA) and the 

JSM-6390 LV scanning electron microscope  
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(SEM) (Japan) with the X-ray microanalysis 

system INCA. The measurement error of the 

weight percent of chemical elements contained in 

the samples varied in the range of 1.5 to 8.5%. 

Methods of reagent regeneration 

In this study, the most widely used 

chemical methods were selected for the reagent 

regeneration in concentrated solutions i.e. the 

crystallization, cementation and deposition 

methods. These are easy-to-implement and do not 

require complicated technological equipment and, 

thus, are the most promising for the companies 

with low waste water output volumes. 

Composition of the simulated systems  

Copper and zinc sulphate solutions were 

used to prepare simulated electroplating wastes of  

СCu
2+= 25.85 g/L and СZn

2+= 77.0 g/L, 

accordingly, and subjected to the treatment  

by crystallization method; СCu
2+= 55.68 g/L  

and СZn
2+= 53.3 g/L were treated by the  

displacement method; and СCu
2+= 52.25 g/L and  

СZn
2+= 59.85 g/L were treated by the deposition 

method. 

Regeneration of the sulphate copper-zinc 

solutions using the crystallization method 

The crystallization method consists in 

adding to the solution a reagent that reduces the 

solubility of the salt, followed by cooling the 

solution. In this study, the crystallization of 

copper compounds was performed according to a 

previously described method, using sulphuric acid 

and sodium sulphate as precipitators and 

simultaneously cooling the solution [18].  

Briefly, the copper sulphate crystallization  

was enhanced by cooling the spent solution 

subjected to regeneration throughout a  

period of 5 days to achieve the temperature  

of +5°С at the precipitator ratio of  

Na2SO4:H2SO4= 1:3.  

The content of the components separated by 

the crystallization was controlled by the  

mass balance of the components distributed in 

liquid and solid phases, see Eq.(1). 
 

𝐶 ⋅ 𝑉 = 𝐶′ ⋅ 𝑉′ +𝑚′                         (1) 
 

where, V– volume of the simulated solution, L; 

C– concentration of Cu2+ and Zn2+ ions in 

the simulated solution, g/L; 

V'– volume of the solution after the 

crystallization, L;  

C'– concentration of Cu2+ and Zn2+ ions in 

the solution after the crystallization, g/L; 

m'– content of Cu2+ and Zn2+ ions in the 

sediment after the crystallization, g. 

 

Regeneration of the sulphate copper-zinc 

solutions by the displacement (cementation) 

method 

Contact displacement of metals 

(cementation) is a method of precipitating metals 

from aqueous solutions by other, more 

electronegative metals. In this study, the contact 

displacement of copper by the zinc powder was 

carried out in simulated solutions at a constant 

temperature and mixing, according to a previously 

described method [19]. The zinc powder (standard 

electrode potential of Zn is Е0= –0.763 V [20]) 

was selected as a cementing reagent. In addition, 

Zn2+ ions were present in the initial solution, thus 

simplifying the regeneration process. The process 

was monitored through the changes in values  

of thermodynamic parameters including the 

equilibrium constant (Keq) and the Gibbs 

thermodynamic potential (ΔG) which were 

calculated using the Eqs.(2,3) [19].  

 

𝐾eq =
С
𝑍𝑛2+

𝐶𝐶𝑢2+
              (2) 

 

𝛥𝐺 = −2.3𝑅𝑇 𝑙𝑔𝐾eq             (3) 

 

where,  Keq– equilibrium constant; 

ΔG– a change in Gibbs thermodynamic 

potential, kJ/mol; 

T– temperature, K; 

R– gas constant, 8.314 J/K∙mol. 

 

Regeneration of the sulphate copper-zinc 

solutions by the sedimentation method 

The selected reagent method is based on the 

reactions of H2O2 and iron ions [15]. The soluble 

FeSO4·7H2O salt was used for a more efficient 

oxidation process. The addition of this salt to the 

deposition process in the amount of 0.06 to 0.08 

per unit of the content of Cu2+ and Zn2+ ions in the 

solution enabled the obtaining of eco-friendly 

products at minimum reagent consumption.  

The pH value is one of the defining 

parameters for the process optimization in the 

H2O2–Fe2+(Fe3+) system [15,21]. For this purpose, 

the residual Na+ ion concentration in the solution 

was determined after precipitation was carried out 

using the 5% NaOH solution. After the HMe 

deposition, the regeneration of alkaline solution 

was performed with the simultaneous formation 

of the closed cycle for the NaOH solution.  

The obtained solution after the sedimentation 

contained 48 g/L to 50 g/L of Na+ ions 

(determined by titrimetry), which was  

insufficient to return into the recycle.  
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Therefore, crystalline NaOH was added to attain 

the concentration values of 20 to 25% required for 

the subsequent return to the production cycle. 

Evaluating the methods used for the 

regeneration  

The efficiency of the reagent regeneration 

methods evaluated in this study was monitored 

through the value of the extraction degree (ED) of 

HMe ions, which was calculated using Eq.(4). 
 

𝐸𝐷 =
СHMe−𝐶

′
HMe

𝐶HMe
100%               (4) 

 

where, CHMe– concentration of metal ions in the 

simulated model solution, g/L; 

C'HMe– concentration of metal ions  

in the solution after the regeneration 

process, g/L. 
 

Results and discussion 

Regeneration by the crystallization method 

The obtained results showed that the 

separation of copper and zinc ions in the 

concentrated spent solutions was observed during 

the combined addition of H2SO4 and Na2SO4 

(Table 1). The content of the components 

separated by the crystallization method was 

checked by the mass balance, which showed that 

the discrepancies in the content of copper were 

within 2 to 12%, and those for zinc were within 

0.1 to 10%. At the precipitator ratio of 

Na2SO4:H2SO4= 1:3, the concentration of metal 

ions was СCu
2+= 5.7 g/L and СZn

2+= 48.0 g/L for 

the supernatant and СCu
2+= 13.57 g/L and  

СZn
2+= 12.1 g/L for the sediment. A similar result 

was obtained in a different study; however, the 

authors recommend to use expensive reagents 

when introducing additional operations 

(rectification and distillation) [14]. 

The further investigation of the separation 

process of copper and zinc ions by crystallization 

method showed that the ratio of Na2SO4 and 

H2SO4, which are used as precipitators, can be 

optimized for liquid and solid phases (Table 1). 

However, it was noted that the most complete 

separation of copper and zinc ions is achieved  

for the crystallization by H2SO4 only (Table 1, 

experiment 10). The total concentration of 

sulphate ions added to the salting out solution is 

about 288 g/L [18]. 

The driving factors of the crystallization are 

a simultaneous decrease of temperature and the 

addition of H2SO4 that result in the decreased salt 

solubility. The mechanism of the process consists 

in a decrease of the salt solubility due to the 

addition of SO4
2‒ ions and the suppression of salt 

hydrolysis with an increase in acidity. As a result, 

CuSO4 is preferably deposited as a crystalline 

compound. The composition of the obtained 

sediment through the crystallization method  

has been established by the X-ray diffraction 

technique (Figure 1). 
 

 
Figure 1. The X-ray pattern of the sediment 

obtained by the crystallization method. 

(Table 1, experiment 10) 
 

 
Table 1 

Optimizing the ratio of precipitators for the regeneration process in 

the spent copper-zinc sulphate solutions by crystallization method. 

Experiment 

Na2SO4:H2SO4 
precipitator ratio 

The content of metal ions 

in the simulated solution, 

g/L 

in the solution, 

g/L 

in the sediment,  

g/kg 

Na2SO4 H2SO4 Сu2+ Zn2+ Сu2+ Zn2+ Сu2+ Zn2+ 

1 2.0 1.0 25.85 77.0 7.1 21.4 15.71 31.5 

2 1.0 1.0 25.85 77.0 5.7 31.0 14.29 28.5 

3 1.0 2.0 25.85 77.0 5.7 40.5 11.43 20.5 

4 1.0 3.0 25.85 77.0 5.7 48.0 13.57 12.1 

5 1.0 – 25.85 77.0 
Complete salting out in the  

absence of solution 

6 1.0 4.0 25.85 77.0 15.85 75.0 10.00 4.0 

7 1.0 4.3 25.85 77.0 13.75 73.5 11.25 3.5 

8 1.0 4.5 25.85 77.0 14.15 70.0 11.65 3.5 

9 1.0 4.7 25.85 77.0 15.00 75.0 11.25 3.5 

10 – 1.0 25.85 77.0 13.35 74.0 25.85 12.5 
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The obtained results (Figure 1) showed that 

the composition of the initial specimen is 

CuSO4·3H2O– 61% and ZnSO4·H2O– 39%. On 

the diffractogram, the rows of vertical bars (in the 

middle) correspond to the lines of CuSO4·3H2O 

and ZnSO4·H2O phases from the top downward. 

In terms of copper and zinc content in the 

crystalline hydrates of CuSO4·3H2O and 

ZnSO4·H2O, the content of Cu makes up  

18.24%, and that of Zn is 14.16%. According to  

SEM-EPMA results, the elemental composition of 

the sediment is as follows: Cu– 32.8%; Zn– 5.4%;  

O– 40.9%; and S– 20.9%. The difference in the 

X-ray diffraction data and the SEM-EPMA of the 

composition of the sediment specimen can be 

explained by the fact that the CuSO4·3H2O 

compound is initially deposited in the amorphous 

state and then it crystallizes, whilst the 

ZnSO4·H2O compound is deposited immediately 

in the crystalline state. 

To provide a low waste process, the 

solution that is formed after the crystallization and 

that contains zinc ions (СZn
2+= 74.0 g/L) is 

delivered to the electrolyzer to carry out the 

electrochemical zinc deposition process. At this 

stage, the residual concentration of Zn2+ ions in 

the solution is 38.7 g/L. 

Based on the obtained experimental data, 

the stages of the regeneration process in the spent 

copper-zinc sulphate solution by the 

crystallization method were determined and 

optimized as follows: 

– separation of copper and zinc ions from the 

spent solution by crystallization can be 

optimized by the combined addition of H2SO4 

and Na2SO4, followed by cooling to +5ºС. The 

total concentration of SO4
2– ions is of 288 g/L; 

– separation of the sediment and the solution 

is done by decantation after 10-15 min; 

– performing the electrochemical extraction 

of residual zinc and copper amounts on the 

cathode; 

– returning the solution that contains  

SO4
2– ions into the production process: 

treatment of anolyte solution with SO4
2– ions in 

a vacuum evaporator with its subsequent 

recycling into the production process; 

– use of the copper sulphate with a slight 

admixture of zinc sulphate in the production 

process.  
Regeneration by the displacement (cementation) 

method 

A mechanism of the copper cementation by 

zinc is determined by a combination of the 

electrochemical and parallel chemical reactions, 

Eqs.(5-12) [19]: 

– the main process 

 

Сu2+ + Zn0 → Cu0 + Zn2+              (5) 

 

– electrochemical reactions 

anodic: 

 

Сu → Сu++ē              (6) 

 

Сu →Сu2++2ē                          (7) 

 

Сu+ →Сu2++ē                          (8) 

 

4Zn + O2 + 8H+→ 4Zn2+ + 2H2O + 2H2↑           (9) 

 

cathodic: 

 

2Н+ +2ē → Н2                        (10) 

 

– parallel chemical reactions 

 

Cu2SO4 → Сu0 + CuSO4                      (11) 

 

Cu2SO4 + H2SO4 + 1/2О2 → 2CuSO4 + Н2О    (12) 

 

The process of the cementation of copper 

by zinc shows that the developed cathode surface 

is required for an increased process efficiency by 

contributing to the removal of gas bubbles that 

prevent the contact of zinc with the copper-

containing solution and the cementing metal, i.e. 

zinc should be present in a small surplus [11,12].  
 

 

Table 2 

Basic characteristics of the copper cementation process  

depending on the metal-cementing reagent of a zinc particle size. 

dZn= 0.063-0.2 mm dZn= 0.25-0.5 mm 

Сu2+:Zn0 

ratio 

The content of metal ions, g/L 

Time, 

min 
Сu2+:Zn0 

ratio 

The content of metal ions, g/L 

Time, 

min 
in the 

simulated 

solution 

in the solution 

after the 

cementation 

in the 

simulated 

solution 

in the solution 

after the 

cementation 

Сu2+ Zn2+ Сu2+ Zn2+  Сu2+ Zn2+ Сu2+ Zn2+  

1:1.34 

55.68 53.30 

0.2·10–2 90.40 

15 

1:1.07 

55.68 53.30 

1.02·10–2 97.94 

60–120 1:1.36 0.5·10–2 90.60 1:1.08 0.6·10–2 98.03 

1:1. 38 0.4·10–2 91.00 1:1.09 0.9·10–2 98.32 
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The formation of slightly soluble 

compounds on the zinc surface and the progress 

of concurrent cathode processes result in the 

additional consumption of the active metal. The 

effect of these factors can be reduced through the 

use of zinc with the well-developed surface at a 

minor surplus in comparison to the stoichiometric 

amount. The main results of the cementation 

process depending on the Сu2+:Zn0 ratio and the 

size of metallic zinc particles are shown in  

Table 2. It was established that the process 

efficiency can be improved within 15 minutes by 

using zinc powder (with the particle diameter of 

0.063 to 0.2 mm) within the ratio of  

Сu2+:Zn0= 1:1.36 (Table 2) as a cementing agent. 

Similar studies were performed using the 

zinc powder with an average size of particles of 

10, 20, 30 μm for the sulphate solution 

cementation evaluated in this study; this 

contributed to decrease the content of iron in the 

eluate to 5.0·10-4-0.3 g/L [12]. However, these 

values are significantly lower than those achieved 

in the present study. 

The main components contained by the 

specimen were Cu, Cu2O and 

(Zn(OH)2)3(ZnSO4)(H2O)5. According to the 

SEM-EPMA the elemental composition of the 

sediment is as follows: Cu– 97.27%; Zn– 2.44%; 

S– 0.29%, and it is in agreement with the X-ray 

diffraction data (Figure 2). On the diffractogram 

the rows of vertical bars (in the middle) 

correspond to the lines of Cu, Cu2O and 

(Zn(OH)2)3(ZnSO4)(H2O)5 phases from the top 

downward. 

 

 
Figure 2. The X-ray pattern of the sediment 

obtained by the cementation method. 

(Table 2, experiment Сu2+:Zn0= 1:1.34) 

 

The estimated thermodynamic parameters 

for the contact displacement of copper by zinc 

(Table 3) show that the temperature influences the 

process and that a more complete extraction of 

copper from the spent solution occurs at a 298 K.  

Table 3 

The equilibrium constant (Keq) and  

the Gibbs thermodynamic potential (ΔG)  

for the contact displacement of copper by zinc  

as a function of temperature. 

Temperature, K Keq ΔG, kJ/mol 

295 270.92 –13.62 

298 861.05 –19.62 

303 866.07 –19.97 

308 876.82 –20.34 

 

To ensure a low-waste process, the solution 

obtained after cementing (СZn
2+= 90.4-91.0 g/L) 

was fed into the electrolyzer to carry out the 

process of electrochemical zinc deposition. The 

deposition of zinc ions occurs on the cathode 

(according to Eq.(13)) and sulphuric acid is 

formed in the anode space according to  

Eqs.(14-16). 

Cathode reaction: 
 

ZnSO4 +2ē → Zn0 + SO4
2–                      (13) 

 

Anode reaction: 
 

H2O –2ē → 1/2O2 + 2H+                      (14) 
 

In the anode space, a sequential reaction of 

the formation of sulphuric acid takes place, 

according to Eq.(15) 
 

2H+ + SO4
2– → H2SO4                       (15) 

 

Lumped reaction: 
 

ZnSO4 + H2O → Zn0 + H2SO4 + 1/2O2            (16) 
 

At this stage, the residual concentration of 

Zn2+ ions in the solution is 2.47 g/L. In addition, 

at the stage of the electrochemical extraction of 

zinc, sulphuric acid is formed in the anode space 

due to the formation of H+ ions Eqs.(14,15) and 

the migration of SO4
2– ions when exposed to the 

action of the electric field. The acid concentration 

increases over time. To reduce the volume of acid, 

low-temperature evaporation is carried out to 

attain an appropriate volume. When the pH of 1 to 

1.3 is attained, the acid solution is returned to the 

production cycle. The collected water vapor can 

be used for subsequent process operations.  

Based on the obtained results, the stages of 

the regeneration in the spent sulphate copper-zinc 

solution by the displacement (cementation) 

method were determined and optimized as 

follows: 

– separating copper and zinc ions by the 

copper displacement using the zinc powder as 

the cementing reagent with the particle 

diameter of 0.063-0.2 mm and a ratio of 
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Сu2+:Zn0= 1:1.36. At 298 K the process takes 

15 minutes; 

– separating the sediment and the solution; 

the solution is allowed to settle for  

10-15 minutes and then it is decanted; 

– performing the electrochemical extraction 

of Zn2+ ions from the solution to return it into 

the cementation process; 

– returning the solution that contains  

SO4
2– ions into the production process: the 

anolyte solution that contains SO4
2– ions is 

treated in the vacuum evaporator to get the 

values required by process regulations to return 

it to the production process. 

Regeneration by the sedimentation (deposition) 

method  

The combination of consecutive processes 

is considered to be a mechanism of sedimentation, 

Eqs.(17-19): i) the introduction of FeSO4 reagent 

into the copper-zinc sulphate solution; ii) the 

precipitation of Zn(OH)2 and Cu(OH)2 by NaOH 

solution; iii) further introduction of H2O2 into the 

chemical system. Oxygen and H+ are formed upon 

H2O2 decomposition, according to Eq. (17) [15].  
 

H2O2 –2e → O2 + 2H+                                   (17) 
 

A decrease of the pH in the medium 

contributes to the final transformation of Zn(OH)2 

and Cu(OH)2 into the corresponding oxides. The 

Fe2+ ions contribute to the regeneration of H2O2, 

which increases the time of ZnO and CuO 

precipitation, Eqs.(18,19) 
 

Fe2+ + H+ + O2 ↔ Fe3+ + HO2 ̇                      (18) 
 

HO2 ̇ + H2O ↔ OH ̇ + H2O2                      (19) 
 

The pH value is one of the defining 

parameters for Zn(OH)2 and Cu(OH)2 

precipitation by NaOH. For this purpose, the 

residual concentrations of Zn2+, Cu2+ and Fe2+ 

ions in the solution were determined after their 

hydroxides precipitation (Figure 3). Optimum pH 

values for a complete sedimentation of HMe 

hydroxides by alkaline solution: Fe3+ (рН 8), Zn2+ 

and Cu2+ (рН 10), Fe2+ (рН 11) were given in the 

literature [21]. Taking these data into 

consideration, the process of HMe deposition was 

carried out using a 20-25% NaOH solution. 

According to Figure 3, the residual 

concentration of HMe in the solution  

after the deposition was CCu
2+= 0.04·10–3 g/L; 

CZn
2+= 0.07·10–3 g/L; and CFe

2+
(Fe

3+
)= 0.17·10–3 g/L 

when pH 9 was reached. At the pH value of  

10.5 the solution composition is changed:  

CCu
2+= 0.15·10–3 g/L; CZn

2+= 0.12·10–3 g/L; and 

CFe
2+

(Fe
3+

) = 0.05·10–3 g/L. It should be noted that 

an increase in the pH value of the solution results 

in an increase of concentration of Cu2+ and  

Zn2+ ions, however the content of Fe2+(Fe3+) 

decreases. It means that the co-deposition of the 

metals at the same pH value allows enhancing an 

individual deposition of one or several metals; 

however, it is impossible to provide their total  

co-deposition. This is conditioned by the 

individual properties of metal ions and the ability 

of their compounds to dissolve in alkaline 

medium; therefore, it is recommended to conduct 

the HMe deposition process using the NaOH 

solution until the рН value of 9 to 10.5 is attained. 

 

 
 

Figure 3. The concentration of metal ions (CMe
n+)  

in the solution after the sedimentation from the 

simulated solution containing of СCu
2+= 55.68 g/L 

and СZn
2+= 53.3 g/L in the H2O2–Fe2+(Fe3+) system  

depending on the pH value. 

 

The sediment obtained after the deposition 

of HMe with a NaOН solution was studied using 

the X-ray diffraction method (Figure 4).  

The composition of sediment determined by 

SEM-EPMA is as follows: Cu(OH)2– 57.5% and 

ZnO– 42.5%. On the diffractogram (Figure 4) the 

rows of vertical bars (in the middle) correspond to 

the lines of Cu(OH)2 and ZnO phases from the 

top downward. 

 

 
Figure 4. The X-ray pattern of the sediment 

obtained by the deposition method. 

(the sediment after precipitation of HMe  

with a solution NaOН) 
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A gradual addition of Н2О2 to the solution 

results in a change of the structural characteristics 

of the sediment formed after the HMe deposition 

by the NaOH solution. While the oxidant is 

added, the sediment diminishes in volume; it 

becomes more compact and acquires a crystalline 

structure. The X-ray diffraction analysis  

(Figure 5) and SEM-EPMA carried out after the 

Н2О2 treatment showed that the sediment is 

mainly represented by metal oxides 

modifications: ZnO– 49.5%, CuO– 48.7%, and 

Fe2O3– 1.8%. On the diffractogram (Figure 5) the 

rows of vertical bars (in the middle) correspond to 

the lines of ZnO, CuO and Fe2O3 phases from the 

top downward. 

 

 
Figure 5. The X-ray pattern of the sediment 

obtained by the deposition method. 

(the sediment after treatment with solution Н2О2) 

 
The presence of ZnO in the obtained 

precipitate instead of Zn(OH)2 is an indicative of 

the chemical reaction given by  Eq.(20) in the 

solution [15]. 

 

Zn(OH)2 → ZnO + H2O                       (20) 

 

In other words, particularly ZnO particles 

are the end products of the reaction between 

ZnSO4·7H2O and NaOH. The Zn(OH)2 is the 

intermediate compound that is decomposed 

during the heating and at a specified molar ratio 

of the reagents [21]. Fe+2(Fe+3) particles are 

unavailable in the sediment, because these are 

present in the solution as suspended hydroxides.    

It should be noted that the formation of 

oxides proceeds with the simultaneous change in 

the pH value of the mixture attaining the values of 

6 to 7 [15]. The shift in the pH value is explained 

by simultaneous reactions, Eq.(17). 

Based on the obtained experimental data, 

the stages of the regeneration process of the 

copper-zinc solution sulphate by the deposition 

(sedimentation) method were determined and 

optimized as follows: 

– adding the catalyst: the water-soluble salt 

FeSO4·7H2O in the amount of 0.06-0.08 per 

unit of the content of Cu2+ and Zn2+ ions in the 

solution. This process is conducted by stirring 

the mixture at a temperature of 60-70°С; 

– deposition of HMe ions: a 20-25% NaOH 

solution should be added until a рН of 9-10.5 

is attained; 

– treatment of the resulting sediment must be 

done by adding the 29-32% NaOH solution, 

the pH value of 9-10.5 should be controlled 

and adjusted; 

– the conversion of Zn(OH)2 and Cu(OH)2 to 

ZnO and CuO by addition of 30% H2O2 

solution; 

– separation of the sediment from  

the solution: the solution is heated for  

10-15 minutes at 60-70°C, settled and 

decanted; 

– returning the eluate that contains Na+ ions 

to the production process: the eluate is adjusted 

by the crystalline NaOH until a concentration 

of 20-25% is reached with its subsequent 

return to the production cycle. 

The regeneration process in question has 

significant advantages in comparison with similar 

purification methods [21,22], in particular it is 

characterized by a high HMe extraction level and 

it is a low waste process with appropriate 

cyclicity. 

Efficiency of the evaluated regeneration 

methods  

The comparative analysis data obtained for 

the regeneration efficiency in concentrated spent 

solutions using the methods of crystallization, 

cementation, and sedimentation is presented  

in Table 4.  

 
Table 4 

Comparative analysis of the regeneration efficiency  

of the concentrated spent solutions. 

Regeneration method 

The content of metal ions in the solution 

after the regeneration, g/L 
ED, % 

Cu2+ Zn2+ Cu2+ Zn2+ 

crystallization 13.35 38.70 97.2 49.7 

cementation 0.40·10–2 2.47 99.9 95.4 

deposition 0.10·10–3 0.10·10–3 99.9 99.9 
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The results show that the crystallization 

method is easy-to-perform, however it fails to 

provide an efficient removal of HMe ions during 

the regeneration in the spent solution. High 

residual concentrations of HMe in the solution 

after the regeneration by the crystallization 

method result in the need for the introduction of 

additional stages to the process for the efficient 

metal extraction. It requires an increased 

consumption of energy resources and additional 

economic costs. In addition, the sediments 

obtained during the decontamination of the 

electrolytes using this method have relatively high 

volumes and require additional economic costs for 

their recycling. 

In contrast to the crystallization method, the 

method of the contact displacement (cementation) 

of copper by zinc from copper-zinc sulphate 

solutions has certain advantages, in particular the 

high rates of chemical conversions at 

technological process stages, the completeness of 

the deposition of copper ions from spent 

electrolytes, and the closed ”etching-regeneration 

cycle”. It is a low–waste and cost-effective 

process because it requires no extra chemical 

reagents for the realization of the stages. 

However, the cementation method is only 

efficient for the extraction of Cu2+ ions, giving a 

residual concentration of СCu
2+= 0.4·10–4 g/L in 

solution after the regeneration using this method, 

meeting the main requirements set to a maximum 

permissible concentration for the discharge to the 

fishery ponds (MPCw(Cu,Zn)= 10–3 g/L [23]). 

However, a considerably higher dose of the 

cementing reagent is required to run the process, 

in comparison to the stoichiometric dose and the 

introduction of the additional treatment methods 

is required for the extraction of Zn2+ ions.  

The after-cementation solid copper sediment is a 

valuable product that can be used as a raw 

material for the powder metallurgy. All that 

results in high energy and operational costs 

required for the realization of this method. 

The deposition is considered to be the most 

efficient method used for the regeneration of  

the concentrated spent etching solutions. 

Concentrated copper-zinc sulphate solutions are 

recovered by 99% using this method. The 

recycling process of the obtained amorphous 

sediment in the form of the HMe hydroxide salts 

includes their conversion into the crystalline 

precipitate in the form of oxides (ZnO– 49.5%, 

CuO– 48.7%, Fe2O3– 1.8%). This precipitate 

could be further used for the production of a 

variety of commercial products (i.e. reducing 

additives for metallurgy companies, pigment 

pastes, etc.). It should be noted that the  

addition of supplementary inexpensive reagents 

(FeSO4·7H2O and H2O2) to the process has certain 

advantages, in particular HMe-containing 

solutions are decontaminated to attain MPCw 

norms; the residual amount of Н2О2 is 

decomposed spontaneously in the solution; the 

salt content is stable in the treated solution and the 

reaction proceeds with no formation of toxic 

intermediate compounds. Hence, the treatment 

method of the spent copper-zinc sulphate 

solutions to extract HMe during the chemical 

deposition has the following advantages: the high 

rates of chemical transformations at stages of 

regeneration process, complete deposition of  

HMe ions from spent electrolytes, and saving 

energy resources due to the shortened 

technological cycle. 

Research prospects 

The obtained research data represent a 

scientific base that can be used by 

electroengineering and electrochemical 

productions, and by etching lines, as well. The set 

of operational factors, in particular the 

concentration of metal ions, the admixtures, the 

solution acidity, temperature, etc., should be taken 

into account for each individual company. 

Further, a study is planned on the effect of critical 

problems on the behaviour of regeneration 

processes, in particular the fluctuations of 

operational factors and the rate of their variation. 

In the future, it will be possible to adjust the 

obtained data in relation to waste process 

solutions of a different quality composition.  

 

Conclusions 

The regeneration processes in the copper-

zinc sulphate solution were studied by the 

methods of crystallization, cementation and 

deposition that enabled the extraction of metal 

ions from waste etching solutions and provide the 

regeneration and return of the reagents into the 

technological process of the electroplating 

production. 

It was proved that the crystallization 

method is easy-to-implement, though it fails to 

provide an efficient treatment of the solution to 

extract HMе ions. It should be noted that the most 

complete separation of Сu2+ and Zn2+ ions is 

attained in the case of desalting by H2SO4, 

resulting in large-volume sediments. 

It was established experimentally that the 

efficiency of the process of the contact copper 

displacement by zinc can be increased within  

15 minutes through the use of the zinc powder 

with the particle diameter of 0.063 to 0.2 mm and 
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the ratio of Сu2+:Zn0= 1:1.36. It was shown that 

the contact displacement method requires no extra 

chemical reagents for the realization of the stages. 

However, it requires an increased amount of the 

cementing reagent and the introduction of 

additional treatment methods, leading to 

additional operational costs.  

It was shown that the addition of the 

FeSO4·7H2O salt to the deposition process in the 

amount of 0.06 to 0.08 per unit of the content of 

Cu2+ and Zn2+ions in the solution enables recovery 

with a minimum consumption of the reagents.  

A comparative analysis of the results of the 

studies of regeneration processes has shown that 

the content of the extraction of Cu2+ and Zn2+ ions 

by the crystallization method makes up to 97.2% 

and 49.7%, respectively; by the contact 

displacement method to 99.9% and 95.4%, 

respectively; and by the deposition method it 

makes up to 99.9% and 99.9%, respectively.  

The presented study can be used for 

improvements in the electroplating productivity. 
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Abstract. The selective one-step synthesis of 13-epi-manoyl oxide is reported based on a  

low-temperature superacidic cyclization of sclareol. The reaction conditions have been finely tuned in 

order to achieve a 9:1 ratio between epimeric oxides in favour of the desired 13-epi-oxide.  

The structures were confirmed by 1H and 13C NMR, and composition of the crude reaction products 

determined by GC-MS. These results have been interpreted by a hypothetical SN2 mechanism which 

occurs with inversion of configuration around the C-13 chiral center of the starting substrate.  

The preparative value of the elaborated procedure is demonstrated on a gram-scale experiment. 
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Introduction 

Labdane diterpenoids are widespread in 

nature and many relevant representatives play 

important roles in the terrestrial and marine 

ecosystems [1]. Besides, an impressive number of 

labdanes show relevant biological activities [2], 

including anti-inflamatory [3] and citotoxic 

properties [4]. These secondary metabolites are 

formed biogenetically, following an enzymatic 

cyclization of the geranylgeranyl diphosphate 

oligomer, which is suspended at two carbocycles, 

having one isoprene residue pendant [2].  

The following late-stage functionalization 

provides a broad structural diversity that includes 

many additional functional groups attached to 

different positions of the bicyclic backbone and  

lateral chain. The biological activity of such 

compounds is tightly connected to their degree of 

“decoration” with heteroatoms, which represent  

the main tools for interaction with biomolecules 

in the living cells. Such interactions lead to 

relevant properties for mediation of a whole array 

of biochemical processes [5]. 

A perspective pathway for the exploration 

of labdane compounds represents the in vitro  

late-stage functionalization of representatives 

which can be easily assembled from the  

readily available substrates. In particular, manoyl 

oxide (1) and 13-epi-manoyl oxide (2) (Figure 1) 

have been extensively investigated in this context 

and their broad microbiological transformations 

have been reported, basically on the use of  

fungi [6]. 

The interest towards oxides 1 and 2 is 

triggered by their tricyclic backbone that  

is identical to the well-known forskolin (3) –  

a non-selective activator of the adenylate cyclase 

enzyme [7].  
 

 
 

 
Figure 1. Selected representatives of natural labdanes. 
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Other relevant natural compounds having 

the 13-epi-manoyl oxide skeleton and belonging 

to the ent-series are ribenol (4) and varodiol (5). 

Both 4 and 5 have been reported in  

structure-activity relationship (SAR) studies, 

providing derivatives with antimicrobial 

properties [8,9]. A free-radical procedure for 

structural modification of both forskolin and 

manoyl oxides has been demonstrated recently 

[10] and an unusual reactivity, leading to a distal 

functionalization of diterpenic framework of  

epi-oxide 2 has been noticed. In order to explore 

the full potential of such late-stage 

functionalization, one needs reliable sources of 

13-epi-manoyl oxide, which, ideally, is made 

available via selective synthesis and the current 

paper aims to fulfil this goal.  

 

Results and discussion 

The tricyclic manoyl oxides 1 and 2 can be 

prepared via several synthetic protocols on the 

cyclization of the readily available (-)-sclareol (6) 

(Scheme 1). All published direct transformations 

of 6 into 1 report only minor quantities of  

13-epi-manoyl oxide (1), which is usually very 

difficult to separate. In particular, the cerium-

ammonium nitrate (CAN) mediated cyclization of 

6 (Scheme 1, procedure A) provides a 95% 

conversion into a mixture of 1 and 2, where  

1 predominates (1:2= 5:2) [11]. An older 

contribution of some of us (Scheme 1,  

procedure B) demonstrated superacidic 

cyclization of 6 leading to 60% of an equimolar 

mixture of 1 and 2 [12]. To the best of our 

knowledge, there was a single paper reporting a 

synthesis of 13-epi-manoyl oxide (2) with an 

excellent 91% yield [13], but its preparative 

application is discouraged by the lengthy four-

step synthetic sequence and the use of toxic 

phosphine reagents (Scheme 1, procedure C). 

Therefore, it was decided to elaborate an 

alternative selective procedure for cyclization of 

(-)-sclareol (6) into 2, making use of the known 

methodology of low temperature superacidic 

cyclization [12].  

Optimization experiments based on the 

published cyclization conditions (5 molar excess 

of FSO3H at -78ºC), showed a specific 

dependence of the reaction outcome on 

experimental conditions, including reagent 

addition procedure, reaction temperature and the 

amount of cyclization agent (Table 1). Estimation 

of the reaction course relied upon the GC-MS 

analysis of the worked-up reaction mixtures and 

separate integration of peaks, providing a relative 

content of oxides 1 and 2, starting diol 6 and all 

other reaction by-products taken together.  

No internal standard has been applied.  

The chromatograms corresponding to each 

experiment shown in Table 1 are provided in the 

supplementary material file. Minor amounts of 

polymeric material that is usually formed during 

such reactions have been neglected in the 

optimization studies, having in mind that its yield 

is lowered while lowering the reaction 

temperature below -78ºC.  

The known [12] cyclization procedure 

involves addition of the solid substrate to the 

chilled solution of superacid in 2-nitropropane 

(iPrNO2) to provide a 1:1 ratio of 1 to 2.  

An alternative addition procedure consisting of 

dropwise addition of a substrate solution in a 2:1 

mixture of dichloromethane (DCM) – iPrNO2 to 

the solution of FSO3H in iPrNO2 at -85ºC resulted 

in a slight excess of epimer 2 (Table 1, entry 1). 

This positive trend towards higher content of 

oxide 2 has been encouraging and it was decided 

to investigate the effect of cyclization agent 

amount on both reaction yield and selectivity. 

Decreasing the quantity of the superacid from 5 to 

3 mol equiv. resulted in the selectivity switch 

back to manoyl oxide (1) (Table 1, entry 2).  

The experiment with a 1.5 mol equiv. of superacid 

showed a similar selectivity towards oxide 1, 

accompanied by a significant drop of substrate 

conversion (Table 1, entry 3). 
 

 

 

 
Reagents and conditions: A. CAN, CH3CN, 10 hours at r.t.; B. FSO3H, 15 min at -78oC, then 30% aq. KOH;  

C. i) m-CPBA, CHCl3, 2 hours at r.t., ii) 0.5 N aq. NaOH, t-BuOH, 3 hours at r.t., iii) TFA, CCl4,  

0oC to r.t. in 2 hours, iv) Ph2PCl, imidazole, Ph-Me, 10 min at 80oC, then I2 and 2 hours of reflux,  

followed by Zn and additional 2 hours of reflux. 

Scheme 1. Cyclization of sclareol (6) into manoyl oxides 1 and 2. 
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It was clear at this point that 3 mol equiv. 

of superacid ensure quantitative substrate 

conversion and three different reagent addition 

procedures have been applied with this reagent 

excess. They included either slow addition of 

dissolved substrate onto the reaction flask internal 

walls in order to effect pre-cooling (Table 1,  

entry 4), addition of either solid substrate in one 

batch (Table 1, entry 5) or dissolved substrate 

added in one batch (Table 1, entry 6). All these 

experiments resulted in total consumption of 

starting material and trace amounts of byproducts, 

which represent hydrocarbons, resulting from 

dehydration of starting material under superacidic 

treatment [12]. But the ratio of manoyl oxides was 

favourable for undesired epimer 1. Therefore, we 

decided to come back to the reaction conditions 

with a higher reagent excess that proved to be 

efficient for selective formation of epi-oxide 2, 

but with the following modifications of addition 

procedures: slow addition of the dissolved 

substrate onto the reaction flask internal walls 

(Table 1, entry 7), addition of the cyclization 

agent solution to the solution of the substrate 

(Table 1, entry 8) or addition of the dissolved 

substrate in one batch (Table 1, entry 9).  

As it was expected, the higher yield of epi-oxide 2 

was observed in the last experiment and the 

selectivity was matching exactly the results  

of the substrate solution dropwise addition.  

We concluded that dropwise addition was not 

critical for the reaction selectivity and proceeded 

further with single batch addition of the substrate 

at lower temperatures (Table 1, entries 10-14).  

The reaction outcome tendency is clearly 

demonstrated by the data in the table: first  

of all, the selectivity of cyclization to  

13-epi-manoyl oxide increases on lowering the 

reaction temperature and reaches a 93:7  

maximum ratio 2 to 1 at -105ºC over 15 min 

reaction time. Unfortunately, the yield of  

by-products also increases on lowering the 

temperature, affecting detrimentally the 

cyclization yield.  

The optimal conversion-selectivity reaction 

conditions are achieved at -95ºC (Table 1,  

entry 11). A parallel preparative experiment was 

performed and included isolation of reaction 

products via column chromatography.  

The mixture of oxides 1 and 2 was obtained with 

an acceptable 60% yield and the prevalence of the 

desired oxide 2 was exactly the same as 

determined in the optimization experiment  

(GC-MS and NMR data, see supplementary 

material for details). Further purification of  

13-epi-manoyl oxide (2) to ~100% purity was 

achieved by recrystallization. All spectral data  

of the purified material matched those  

published [13]. 

The mechanistic proposal (Scheme 2) is 

based on a hypothetical SN2 mechanism  

that involves protonation of the hydroxyl group in 

the lateral chain that is more likely to be  

stabilized by the allylic effect of the adjacent 

olefinic bond. After –OH protonation and its 

conversion into a better leaving group, the water 

molecule is expelled by the hydroxyl group from 

the C-8 position. 
 

 

 

Table 1  

Results of optimization experiments for selective synthesis of 13-epi-manoyl oxide (2) from (-)-sclareol (6). 

No Procedure* 
Reaction 

temperature 

FSO3H, 

mol equiv. 

Reaction products, % by GC-MS 

2/1  Recovered 

6 

Secondary 

products 
1 2 

1 P1 -85 5 - 4 37 59 1.59 

2 P1 -85 3 - 2 52 46 0.88 

3 P1 -85 1.5 27 3 42 28 0.67 

4 P2 -85 3 - 1 59 40 0.68 

5 P3 -85 3 1 1 56 42 0.75 

6 P5 -85 3 - 1 56 43 0.77 

7 P2 -85 5 - 1 53 46 0.87 

8 P4 -85 5 - 1 50 49 0.98 

9 P5 -85 5 - 2 38 60 1.58 

10 P5 -90 5 - 6 19 75 3.95 

11 P5 -95 5 - 17 8 75 9.38 

12 P5 -100 5 - 27 7 66 9.43 

13 P5 -105 5 - 31 6 63 10.5 

14 P5 -110 5 - 45 6 49 8.17 

*For the description of procedures P1-P5 see experimental part. 
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Scheme 2. Mechanistic proposal on the selective synthesis of 2. 

 
 

 

Inversion of the configuration occurs at the 

C-13 chiral carbon on the rotation of the  

C-12 – C-13 (step A to B in Scheme 2) bond, 

leading to the epi-oxide 2. In our opinion, the 

reaction temperature affects significantly the 

reaction path and higher temperatures promote 

water elimination before this conformational 

change occurs (step A to C in Scheme 2). As a 

result, the substitution is directed in parallel via a 

monomolecular substitution leading to mixtures 

of 1 and 2. On the contrary, at lower temperatures, 

water elimination is not facile and it occurs only 

after a sequential conformational change leading 

to conformation B, followed by a bimolecular 

substitution process to yield selectively the  

epi-oxide 2. 

 

Conclusions  

A careful optimization of reaction 

conditions for low temperature cyclization  

of (-)-sclareol allowed a highly selective synthesis 

of 13-epi-manoyl oxide – a labdane compound 

with a carbon backbone similar to different 

natural products and derivatives with  

relevant biological activity.  

The optimized procedure opens the path for 

a broader investigation of similar compounds in 

SAR studies basing on commercially available 

starting materials. 

 

Experimental  

Generalities  
1H and 13C NMR spectra were recorded in 

CDCl3 on Bruker 400 Avance III spectrometer  

(400.13 and 100.61 MHz); chemical shifts are 

given in ppm and are referenced to chloroform 

(CHCl3) as internal standard (δH= 7.26 ppm for 

proton and δC= 77.0 for carbon). Commercial 

Merck silica gel 60 (70-230 mesh ASTM) was 

used for flash chromatography and Merck pre-

coated SiO2 plates were used for TLC.  

The chromatograms were sprayed with 0.1% 

solution of cerium(IV) sulfate in 2N sulfuric acid 

and heated at 80°C for 5 min to detect the spots. 

GC-MS analysis were recorded on Agilent 7890A 

chromatograph, equipped with quadrupole MS 

detector MSD 5975C and HP-5 ms capillary 

column (30 m/0.25 mm). The isopropanol – liquid 

nitrogen system was used for low-temperature 

cooling bath preparation. Workup of reaction 

mixtures included extraction with Et2O, washing 

of the extract with brine up to neutral, drying over 

anhydrous Na2SO4, and solvent removal in 

vacuum. 

Cyclization of (-)-sclareol (6)  

Procedure 1. (-)-Sclareol (6) (1 mmol) was 

dissolved in 5 mL of DCM-iPrNO2 mixture (2:1) 

and the resulting solution was added dropwise to 

the stirred solution (4 M) of the specified amount 

of FSO3H (Table 1) in iPrNO2, preliminary chilled 

at the required temperature. After 15 min of 

stirring at this temperature, the reaction mixture 

was quenched with 5 mL of 30% NaOH aqueous 

solution. Following workup provided the crude 

reaction product. 

Procedure 2. (-)-Sclareol (6) (1 mmol) was 

dissolved in 5 mL of DCM-iPrNO2 mixture (2:1) 

and the resulting solution was slowly added  

onto the internal walls of reaction flask, 

containing the stirred solution (4 M) of the 

specified amount of FSO3H (Table 1) in iPrNO2, 

preliminary chilled at the required temperature. 

After 15 min of stirring at this temperature, the 

reaction mixture was quenched with 5 mL of 30% 

NaOH aqueous solution. Following workup 

provided the crude reaction product. 
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Procedure 3. (-)-Sclareol (6) (1 mmol) was 

added carefully to the vigorously stirred solution 

(0.33 M) of the specified amount of FSO3H 

(Table 1) in iPrNO2, preliminary chilled at the 

required temperature. After 15 min of stirring at 

this temperature, the reaction mixture was 

quenched with 5 mL of 30% NaOH aqueous 

solution. Following workup provided the crude 

reaction product. 

Procedure 4. (-)-Sclareol (6) (1 mmol) was 

dissolved in 5 mL of DCM-iPrNO2 mixture (2:1) 

and the resulting solution was chilled at the 

required temperature (Table 1) on stirring.  

The specified amount of FSO3H (Table 1) 

dissolved in iPrNO2 (4 M) was added dropwise to 

the sclareol solution and stirring continued for  

15 min at the same temperature. The reaction 

mixture was quenched with 5 mL of 30% NaOH 

aqueous solution. Following workup provided the 

crude reaction product. 

Procedure 5. (-)-Sclareol (6) (1 mmol) was 

dissolved in 5 mL of DCM-iPrNO2 mixture (2:1) 

and the resulting solution was poured out to the 

stirred solution (4 M) of the specified amount of 

FSO3H (Table 1) in iPrNO2, preliminary chilled at 

the required temperature. After 15 min of stirring 

at this temperature, the reaction mixture was 

quenched with 5 mL of 30% NaOH aqueous 

solution. Following workup provided the crude 

reaction product. 

Cyclization of (-)-sclareol (6). Preparative 

experiment  

(-)-Sclareol (6) (1 g, 3.24 mmol) was 

dissolved in 15 mL of DCM-iPrNO2 mixture (2:1) 

and the resulting solution was added in one batch 

to the stirred solution of 1.62 g (16.2 mmol) 

FSO3H in 3.5 mL iPrNO2, preliminary chilled  

at -95ºC. After 15 min of stirring at this 

temperature, the reaction mixture was quenched 

with 20 mL of 30% NaOH aqueous solution. 

Following workup provided 920 mg of crude 

reaction product, which was submitted to column 

chromatography. Gradient elution with petroleum 

ether-ethylacetate mixtures of increasing 

polarities provided 180 mg of nonpolar fraction of 

byproducts, followed by 563 mg (1.94 mmol, 

60%) of manoyl oxides, containing 90%  

13-epi-manoyl oxide (2) and 10% manoyl oxide 

(1) (GC-MS data). 
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Abstract. The aim of the work was to study the compounds available in the Deschampsia antarctica 

plants from various sites on the Argentine Islands region, the maritime Antarctic, as well as to introduce 

the plants into in vitro culture and to compare the extracts from the plants grown in situ and in vitro. 

The composition of extracts was investigated using HPLC and MALDI MS methods while antiradical 

activity was tested in the reactions with DPPH •, NO• and OH• radicals. All the extracts were found to 

contain high amounts of phenols (up to 900 mg/L), with derivatives of luteolin and hydroxybenzoic 

acids being the main bioactive compounds in the extracts from the plants grown in situ and in vitro, 

respectively. All the extracts showed high antiradical activity, under standard tests conditions, 10 -fold 

diluted extracts scavenged 50÷90% of DPPH radicals, 20÷40% of NO• radicals and 40÷60% of  

OH• radicals. Despite the differences in the composition, extracts from the plants grown in vitro were 

not inferior as radical scavengers to extracts from the plants grown in situ.  
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Introduction 

Polyphenolic compounds of plant origin are 
often used as the active non-toxic components of 
numerous herbal medicines and pharmaceutical 
preparations. Some natural phenols are of 
pharmacological value due to their  
anti-inflammatory and antimicrobial activity, 
while others are effective antioxidants and free 
radical scavengers [1]. Synthesis of polyphenols 
by plants is the basic mechanism of  
their adaptation to adverse environmental 
conditions; being extracted from plants,  
these compounds retain their bioactivity and  
may be used as protecting agents for other  
living organisms.  

The synthesis of secondary metabolites, 
including polyphenols, in plant tissues is known 
to intensify under stressful conditions [2]. 
Deschampsia antarctica É. Desv. grows under the 
extremely hard environment of the Antarctic, and 
one can expect it to synthesize, in particular, 
effective antioxidants protecting this plant  
against intense UV irradiation [3-5]. Indeed, 
D. antarctica plants were found to contain high 
amounts of phenolic antioxidants such as luteolin, 
apigenin and their derivatives [6,7]. Also, UV 
irradiation of plants induces the synthesis of other 
flavonoids (scopoletin, rutin) as well as ph enolic 
acids (p-coumaric, caffeic, ferulic, chlorogenic 
and gallic acids) [8,9]. Due to the increased 
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content of powerful antioxidants, the 
D. antarctica extract has been used as skin 
protector against solar irradiation, cold 
temperatures, dryness and oxidative stress [10].  
The extract components can also act as antiaging 
and anticancer agents as well as crioprotectors 
[11-13]. The main drawback of the potential use 
of these plants as a raw material for antioxidants 
production is the complexity of their collection in  
the Antarctic region and the limited amount of 
D. antarctica plants in nature. For more effective 
use of the plant potential, it is desirable to 
introduce D. antarctica into in vitro culture.  
This appears to be a promising way to obtain the 
required amount of high-quality standardized raw 
material for antioxidants extraction.  

The plants of D. antarctica, which grow in 
various localities on the Argentine Islands region, 
the maritime Antarctic, may differ from each 
other in their genotype and, therefore, in 
biochemical composition, and content of 
polyphenols [7,14]. When the plants are 
introduced into in vitro culture, the changes in 
growing conditions can influence the synthesis of 
secondary metabolites in the plant’s tissues, thus 
affecting the availability and quantity of various 
bioactive compounds [15-17]. 

The aim of the work was to study the 
compounds available in D. antarctica plants 
gathered in six various localities on Argentine 
Islands, to introduce the plants into in vitro 
culture, and to compare the composition and 
antioxidant properties of the extracts from the 
plants grown in situ and in vitro. The subject of 
the study is of interest from the practical point  
of view to produce effective antioxidants of  
plant origin. 

 
Experimental 

Materials  

All solvents, chemical compounds and 
reagents such as methanol, acetonitrile, ethanol, 
phosphate buffered saline, hydrogen peroxide,  
α-cyano-4-hydroxycinnamic, trifluoroacetic, 
gallic, salicylic, vanillic, protocatechuic,  
p-hydroxybenzoic, syringic, α-resorcylic,  
β-resorcylic, γ-resorcylic, cinnamic, p-coumaric,  
 

m-coumaric, o-coumaric, caffeic, ferulic, sinapic, 
feruloylquinic, сhlorogenic and fertaric acids, 
apigenin, myricetin, quercetin, quercetin  
3-O-glucoside, kaempferol, kaempferol  
3-O-arabinoside, kaempferol 3-O-glucoside, 
vitexin, orientin, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), Greiss reagent, sodium nitroprusside, 
ferrous sulphate, brilliant green, were obtained 
from commercial sources (Merck, Germany) and 
used without further purification. 

The samples of Deschampsia antarctica 
were collected during the season of the  
25th Ukrainian Antarctic Expedition in 2020.  
The plant materials were gathered on the Darboux 
Island, on the Lahille Island, and on 4 sites of the 
Galindez Island (D1, D9, D11 and D12 localities), 
all in the vicinity of the Ukrainian research station 
“Academician Vernadsky”. All the plants were 
introduced into in vitro culture; a sterile culture of 
D. antarctica was grown on solid agar medium 
based on Gamborg B5 medium [18]. The growing 
plants were exposed to artificial lighting of  
3000-3500 lx for 16 hours per day at the  

temperature of 13-18C and humidity of 65-70%. 
The places of origin of the plants used for 
preparation of the extracts are given in Table 1. 
Methods 

Extract preparation procedure 
To prepare the extracts, the aboveground 

parts of D. antarctica plants grown in situ or  

in vitro were used. Plants were frozen to  -20C, 
then thoroughly ground and poured with methanol 
at a ratio of plant material to methanol of 1  g per 
10 mL. The extraction was performed by 
maceration for 24 hours. 
HPLC analysis 

HPLC method was used for the 
identification and quantification of bioactive 
substances available in the extracts. The profiles 
of secondary metabolites were analysed using a 
reversed-phase HPLC column on the Agilent 
1100 HPLC system with an autosampler, a diode 
array detector and the HP 3D Chem Station 
software. Spectral data were recorded from 200 to 
900 nm during the whole run. A poroshell  
120 C18 (2.1x150 mm, 2.7 um) column was used 
for separation.  

 

Table 1 

Places of origin of the samples of Deschampsia antarctica plant. 

Place of origin Geographical Coordinates 

Galindez Island, locality D1 S6514.687' W6415.348' 

Galindez Island, locality D9 S6514.728' W6414.992' 

Galindez Island, locality D11 S6514.770' W6414.874' 

Galindez Island, locality D12 S65°14.843' W64°15.205' 

Darboux Island S 65°23.730' W 64°13.031' 

Lahille Island S 65°33.119' W 64°23.512' 
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The mobile phase was composed of solvent 
(A) water (0.05 M H3PO4) and solvent (B) 
acetonitrile. The elution sequence was as follows: 
1% B in 0÷2 min, 1÷20% B in 2÷8 min, 20÷33% 
B in 8÷28 min, 38÷99% B in 28÷38 min, and 
99% B in 70 min. The flow rate was  
0.2 mL/min in 0÷48 min, 0.2÷0.6 mL/min in  the 
48÷50 min, and 0.6 mL/min in 50÷70 min.  
The temperature was 20°C in 0÷45 min, 20÷40°C 
in the 45÷48 min, and 40°C in 48÷70 min. 
Volumes of injected sample were 5 µL. Samples 
and mobile phases were filtered through a  
0.22 µm Millipore filter, type GV (Millipore, 
Bedford, MA) prior to HPLC injection. Each 
fraction was analysed in duplicate.  

Compounds were identified and quantified 
by comparing their retention time and  
UV-Vis spectral data to known previously 
injected standards (gallic, salicylic, vanillic,  
p-hydroxybenzoic, protocatechuic, syringic,  
α-resorcylic, β-resorcylic, γ-resorcylic, cinnamic, 
p-coumaric, m-coumaric, o-coumaric, caffeic, 
ferulic, sinapic, feruloylquinic, сhlorogenic and 
fertaric acids, apigenin, myricetin, quercetin, 
quercetin 3-O-glucoside, kaempferol, kaempferol 
3-O-arabinoside, kaempferol 3-O-glucoside, 
vitexin, orientin). The contents of hydroxybenzoic 
acids derivatives, hydroxycinnamic acids 
derivatives, and flavonoids derivatives were 
expressed in mg equivalents of gallic acid, 
chlorogenic acid, and rutin, respectively. 
MALDI MS analysis 

Qualitative analysis of extracts composition 
was also performed by means of matrix-assisted 
laser desorption/ionization time-of-flight  
mass spectrometry (MALDI MS). Mass spectra 
were recorded in positive-ion extraction mode, 
using an Autoflex II mass spectrometer (Bruker 
Daltonics, Germany) equipped with a nitrogen 
laser (337 nm).  

The sample preparation was as follows:  
1 µL of the extract was pipetted on a steel target, 
followed by pipetting of 1 µL of a matrix 
(saturated solution of α-cyano-4-hydroxycinnamic 
acid (HCCA) in acetonitrile-water-trifluoroacetic 
acid (70:30:0.1) mixture). 

The samples were ionized in the pulse 
mode: pulse length 3 ns, frequency 20 Hz. Spectra 
were recorded in the linear mode using a delayed 
extraction of 10 ns and an accelerating voltage of 
20 keV. The resulting mass spectra were the sum 
of 20 individual spectra obtained as a result of 
irradiation with 25 laser pulses in each separate 
point on the target with the deposited sample.  
The mass spectra acquired were analysed using  
a FlexAnalisys software (Bruker Daltonics, 

Germany). Further derivatization of mass spectra 
to exclude characteristic ions of HCCA matrix 
was performed using mMass software [19]. 
Analyte ions identification and assignment to  the 
most probable compounds were performed taking 
into account the HPLC results of the respective 
extracts analysis, as well as the previously 
published data [6,20]. 
Antiradical activity evaluation of the extracts  

DPPH radical scavenging assay 
The capacity of D. antarctica extracts to 

inhibit the DPPH free radicals was evaluated 
using the method described by Brand-Williams 
W. et al. [21]. Briefly, to test radical scavenging 
activity, 1 mL of original or diluted extract was 
pipetted into glass, and after that 2 mL of 70% 
ethanol and 2 mL of 0.15 mM DPPH solution 
were consecutively added to the glass.  

The solution was shaken at 25C for 5÷120 min, 
and the change in concentration of stable radicals 
in reaction mixtures versus time of the reaction 
was determined from the change in absorption A 

at the maximum of 520 nm as compared to 
absorption A0 for the control solution prepared by 
mixing 3 mL of 70% ethanol and 2 mL of  
0.15 mM DPPH solution. Percentage of DPPH 
radicals inhibited during one hour of the reaction 
was calculated using the Eq.(1) [21]. 

 

DPPH• scavenging activity 0

0

100%
A A

A

−
=      (1) 

 

where,  A– absorbance of the mixture; 

 A0– absorbance of the control. 
 

OH• radical scavenging assay 
D. antarctica extracts were tested as OH• 

radicals scavengers using the Fenton reaction 
[22]. To prepare the reaction mixture for the 
Fenton assay, 1 mL of 0.435 mM brilliant green 
solution was mixed with 2 mL of 0.5 mM FeSO 4  
solution and 1.5 mL of 3.0% H2O2 solution.  
Then 1 mL of tested extract was added to  
the reaction mixture and incubated at room 
temperature for 20 min. The absorbance A of  the 
mixture at 624 nm was measured and compared 
with the absorbance A0 of control solution and 
with the absorbance AB of blank solution.  
To prepare the blank solution, 1 mL of distilled 
water was added to the Fenton reaction mixture 
instead of the tested solution; then the mixture 
was incubated at room temperature for 20 min.  
To prepare control solution, 4.5 mL of distilled 
water were added to 1 mL of 0.435 mM brilliant 
green solution. The hydroxyl radical scavenging 
activity (%) was calculated using the Eq.(2) [15]. 
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OH• scavenging activity 0

B 0

100%
A A

A A

−
= 

−
       (2) 

 
where,  A– absorbance of the mixture; 

 A0– absorbance of the control; 
 AB– absorbance of the blank solution. 

 

NO• radical scavenging assay 
The capacity of the extracts to scavenger 

NO• radicals was tested using the Griess-Ilosvay 
reaction [23]. To prepare the reaction  
mixture, 0.5 mL of 5 mM sodium nitroprusside  
in phosphate buffered saline (pH 7.4)  
was mixed with 1 mL of tested extract, f ollowed 

by the mixture incubation at 25C for 2 hours. 
Then 1 mL of the Greiss reagent was added  
to the solution, and absorbance A of the  
mixture at 546 nm was measured. The same 
reaction mixture without the extract but with  
the equivalent amount of the solvent  
was used as control solution; the appropriate 
absorbance value A0 was measured, as well.  

The NO• scavenging activity (%) was calculated 
using the Eq.(3) [23]. 

 

NO• scavenging activity 0

0

100%
A A

A

−
=           (3) 

 
where,  A – absorbance of the mixture; 

 A0 – absorbance of control. 
 

UV/Vis spectra of solutions and reaction 
mixtures were recorded on a Lambda 35 UV/Vis 

spectrophotometer (Perkin Elmer, USA) at 25 C 
in the wavelength range of 200-800 nm.  
 

Results and discussion 

Extract composition 

The chromatograms for the extracts 
obtained from the D. antarctica plants originated 
from Lahille Island and grown in situ and in vitro 
are presented in Figure 1. The designations for the 
compounds or the groups of the compounds 
identified in the extracts are given in Figure 1.  

 
 

 

 
(a) 

 

 
(b) 

 

Figure 1. Fragments of chromatograms for the extracts obtained from D. antarctica plants  

grown in situ (a) and in vitro (b). The plants originated from Lahille Island.  

Identified compounds: OB – hydroxybenzoic acids/simple phenols and their derivatives (group 1),   

ОC – hydroxycinnamic acids and their derivatives (group 2), LUT 1-3 – luteolin glycosides 1-3,  

LUT D – other luteolin derivatives, API – apigenin derivatives, FL – other flavonoids (group 3). 
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The extracts from the plants growing  
in situ and in vitro are hereinafter referred to  as 
“in situ extracts” and “in vitro extracts”, 
respectively. Similar chromatograms differing 
from each other mainly by the intensities of the 
peaks corresponding to various groups of 
compounds were observed for all other extracts. 

The data on the content of various phenols 
in all the investigated extracts are given in  
Figure 2. As one can see from the data, the  
main components of all the extracts belong  
to one of the following groups: simple 
phenols/hydroxybenzoic acids and their 
derivatives (group 1); hydroxycinnamic acids 
and their derivatives (group 2); flavonoids and 
their derivatives (group 3). The most intensive 
signals in the chromatograms of D. antarctica  
“in situ extracts” can be attributed to several 
luteolin glycosides, with three of them being the 
most abundant. These three luteolin glycosides 
are designated as Lut 1, Lut 2 and  
Lut 3, respectively, while the other minor  
luteolin-derived compounds are mentioned as 
other luteolin derivatives (Lut D). In all the 
D. antarctica “in situ extracts”, the second most 
abounded flavonoid is apigenin glycoside;  
the chromatograms of “in situ extracts” also  
include quite intensive signals of compounds 
referred to the groups 1 and 2 of simple 
phenols/hydroxybenzoic acids (and their 
derivatives) and hydroxycinnamic acids  
(and their derivatives). In the chromatograms of 
D. antarctica “in vitro extracts” the most 

prominent peaks are those of simple 
phenols/hydroxybenzoic acids and their 
derivatives; among the flavonoids, the most 
abundant compounds are luteolin glycosides,  
as well. The main feature of “in vitro extracts” is 
the predominance of group 1 compounds and a 
lower amount of flavonoids. The changes in 
extracts composition depending on plants 
growing conditions were already reported 
elsewhere [24,25]. For example, we observed the 
essential increase in phenolic acids content in 
Stevia plants grown in vitro in contrast to higher 
flavonoids content in the plants grown  
in situ [25]. 

Figure 3 and Table 2 provide the results of 
extracts analysis by MALDI MS method.  
The data agree well with the above presented 
results of the chromatographic study and provide 
additional specification of the extracts’ 
components. As one can see, the most intense 
peak in the mass spectrum of D. antarctica  
“in situ extract” (Figure 3(a)) corresponds to  
m/z 449 and, according to the results of 
comprehensive qualitative and structural analysis 
performed elsewhere [6], may be related to 
orientin (luteolin 8-С-glucoside). The spectrum 
also contains the signals at m/z 287, 329, 463, 
595, 581, 637 that can be referred to luteolin and 
luteolin derivatives, such as luteolin trimethyl 
ether, isoswertiajaponin, isoswertiajaponin  
2"-O-beta-arabinopyranoside, orientin 2"-O-beta-
arabinopyranoside, isoswertiajaponin 2"-O-beta-
arabinopyranoside acylated, respectively. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2. Content of various phenols in the extracts obtained from D. antarctica plants grown in situ and in 

vitro. The plants originated from D1, D9, D11, D12 localities of Galindez Island (a-d) and from 

Darboux Island (e) and Lahille Island (f). 
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Table 2  

Results of MALDI MS studies on the composition of the extracts of D. antarctica plants  

grown in situ and in vitro. The plants originated from Lahille Island. 

Class of compounds m/z Identified ion(s) Assigned compound(s) 

Relative intensity* (%) 

of the peak in the 

“in situ 

extract” 

“in vitro 

extract” 

1. Simple phenols / 

hydroxybenzoic acids and 

their derivatives 

138 C7H6O3
•+ 

 

Hydroxybenzoic acids 8 100 

2. Hydroxycinnamic acids 

and their derivatives 

222 C11H10O5
•+ p-Coumaroyl glycolic acid - 7 

296 C13H12O8
•+ 

C13H13NO7
•+ 

p-Coumaroyl tartaric acid 

Caffeoyl aspartic acid 

- 7 

313 [C13H12O9+H]+ Caffeoyl tartaric acid - 6 

343 [C15H18O9+H]+ Caffeic acid glucoside 8 6 

3. Flavonoids and their 

derivatives 

268 C15H8O5
•+ Coumestrol - 27 

274 C15H14O5
•+ Tetrahydroxyflavan/ 

Tetrahydroxydihydroxychalcone 

- 5 

287 [C15H10O6+H]+ Luteolin 5 - 

307 [C20H18O3+H]+ Lonchocarpin/Isolonchocarpin 11 - 

 329 [C18H16O6+H]+ Luteolin trimethyl ether 45 8 

 331 [C17H14O7+H]+ Tricin 31 10 

 431 [C21H18O10+H]+ Chrysin 7-glucuronide/ 

Derhamnosylmaysin/ 

Coumestrin 

6 - 

 447 [C22H22O10+H]+ Isoswertisin  - 6 

 449 [C21H20O11+H]+ Orientin 100 21 

 463 [C22H22O11+H]+ Isoswertiajaponin 23 18 

 492 [C22H20O13+H]+ Tetrahydroxy-methoxyflavone 

glucuronide 

- 12 

 579 [C27H30O14+H]+  Isoswertisin 2"-O-beta-

arabinoside 

6 8 

 581 [C26H28O15+H]+ Orientin 2"-O-beta-

arabinopyranoside 

7 - 

 595 [C27H30O15+H]+ Isoswertiajaponin 2"-O-beta-

arabinopyranoside 

38 31 

 637 [C29H32O16+H]+ Isoswertiajaponin 2"-O-beta-

arabinopyranoside acylated 

6 10 

 679 [C32H38O16+H]+ 

or 

[C33H42O15+H]+ 

8-Prenylkaempferol 3,7-

diglucoside/ Linoside A or 

Wanepimedoside A 

6 9 

4. Other compounds 116 C6H12O2
•+ Fatty acids 25 - 

 147 [C9H6O2+H]+ Coumarin 8 - 

 156 C8H12O3
•+/ 

C9H16O2
•+ 

Fatty acids - 10 

 241 [C12H16O5+H]+/ 

C12H19NO4
•+ 

Fatty acids - 6 

 593 [C35H36O5N4+H]+ Pheide a 21 - 
*For the peaks with equal to or more than 5% intensity with respect to the most intensive analyte peak.  

 
 

Thus, 7 of 17 signals can be referred to 
luteolin/luteolin derivatives, with three of those 
being among the most prominent in the mass 
spectrum. The spectrum also shows the presence 
of apigenin derivatives (m/z 579) as well as the 
other flavonoids/flavonoid derivatives (m/z 307, 
331, 431, 679). The data also confirms the 
presence of hydroxybenzoic acids (m/z 138) and 
caffeic acid glucoside (m/z 343). 

For the extract from the plants grown in 
vitro (Figure 3(b)), the main (100%) signal in  the 
MALDI mass spectrum belongs to the ions 
referred to hydroxybenzoic acids (m/z 138).  
The spectrum also includes four peaks assigned to 
hydroxycinnamic acids derivatives (m/z 222, 296, 
313, 343), six sufficiently intensive signals of 
luteolin derivatives (m/z 329, 449, 463, 595, 637) 
and two lines corresponding to apigenin  
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and apigenin derivative (m/z 447, 579).  
The data also show the presence of several other 
flavonoids/flavonoid derivatives (m/z 268, 274, 
331, 492, 679). Both D. antarctica “in situ 
extract” and “in vitro extract” also contain the 
compounds attributed to fatty acids while “in situ  
extract” also includes coumarin (m/z 147). 
Antioxidant activity 

Among the antioxidants of natural origin, 
phenolic compounds appear to have the best 
antioxidant/antiradical properties. The data 
obtained show a very high content of polyphenols 
in all the D. antarctica extracts under study 
(~300÷900 mg/L, Figure 2); therefore, the 
extracts can be expected to possess significant 
antioxidant activity. Indeed, all the extracts 

showed high activity in the test reaction  
with DPPH radicals. Under standard test 
conditions, when 1 mL of the extract reacted  
with 2 mL of 0.15 mM DPPH solution, 
instantaneous discoloration of the reaction 
mixture, indicating the full inhibition  
of the radicals, was observed. Thus, for a more 
detailed study of the reaction, the extracts  
were preliminary diluted by 10 times. Figure 4 
shows that even in this case the diluted  
extracts inhibit 50÷90% of DPPH radicals during 
30÷60 min. It is worth to note that the obtained 
data (Figure 2 and 4, and Table 3) do not reveal a 
distinct correlation between the total phenols 
content and the activity of the extracts  
in the reaction.  

 

 
(a) 

 
(b) 

Figure 3. MALDI mass spectra of the extracts obtained from D. antarctica plants  

grown in situ (a) and in vitro (b). The plants originated from Lahille Island. 
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Figure 4. Inhibition of DPPH radicals by the extracts obtained from D. antarctica plants  

grown in situ and in vitro. The plants originated from D1, D9, D11, D12 localities of Galindez Island (a-d) and 

from Darboux Island (e) and Lahille Island (f). 
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Table 3 

Overall content of phenols and antiradical activity for the extracts from  

D. antarctica plants grown in situ and in vitro. 

Place of plants 

origin 

Growing 

conditions 

Sum of 

phenols, mg/L 

DPPH• scavenging 

activity, % 

NO• scavenging 

activity, % 

OH• scavenging 

activity, % 

Galindez D11 in situ 461 67 23 40 

 in vitro 345 62 29 51 

Galindez D12 in situ 647 75 30 46 

 in vitro 635 78 31 54 

Darboux in situ 309 53 42 60 

 in vitro 470 63 34 47 

Lahille in situ 585 52 40 57 

 in vitro 710 55 39 51 

 

 

For example, the “in vitro extract” of  
D. antarctica plants from Lahille Island has the 
highest phenol content but its activity in the 
DPPH test is one of the lowest. Perhaps, it is 
because of the presence of various phenols with 
different antiradical activity. 

If we compare the data for D. antarctica 
extracts obtained from the same plants grown in  
situ and in vitro, we can conclude that in two 
cases "in situ extracts" have a higher free-radical 
scavenging activity than the respective "in vitro 
extracts" (Figure 4(a) and (b)). At the same time, 
for four plants, the “in situ extracts” and “in vitro 
extracts” reveal similar activity in DPPH radical 
inhibition (Figure 4(с-f), Table 3). Further, to 
compare the antiradical activity of D. antarctica 
“in situ extracts” and D. antarctica “in vitro 
extracts”, these four pairs of extracts were also 
tested in the reactions with NO• and OH• radicals. 
Hydroxyl and nitric oxide radicals are the 
representatives of the most common reactive 
oxygen species and reactive nitrogen species, 
respectively; these radicals are produced during 
normal cellular metabolism and play an important 
role in pathogenesis of several oxidative stress 
related diseases [26]. Thus, in contrast to  DPPH 
test, OH• and NO• radicals scavenging assays 
appear to be a more suitable method to evalua te 
the antioxidant activity of the extracts in 
biological systems. 

Table 3 shows the percentage of NO• and 
OH• radicals that were scavenged by 10-fold 
diluted D. antarctica “in situ extracts” and 
D. antarctica “in vitro extracts” under standard 
test conditions. Again, as in the case of the DPPH• 
test, the data does not reveal a clear correlation 
between the content of phenolic compounds in the 
extracts and their activity in the reactions with 
NO• and OH• radicals (Table 3). For instance, the 
“in situ extract” of D. antarctica plants from 
Darboux Island has the lowest phenol content and 
the highest hydroxyl and nitric oxide radicals 
scavenging activity. Also, the extracts showing 

high activity in DPPH test are not obviously the 
best in the reaction with NO• and OH• radicals 
(compare, for example, the data for the plants 
from Lahille Island and from D12 locality of 
Galindez Island). Nevertheless, within the 
selected pairs of samples, the properties of the 
extracts from the plant grown in situ and in  vitro  
remain close to each other, as was also stated f or 
the DPPH test. As it was shown above, the change 
in the environmental conditions of plants growing 
(from in situ to in vitro) leads to a decrease in 
flavonoids content in the plants and to an increase 
in phenolic acids content. On the other hand,  
these low-molecular-weight phenols may not be 
inferior to flavonoids as antioxidant/reducing 
agents. For example, in accordance with the 
previous experimental results and quantum-
chemical calculations, the phenolic acids 
extracted from Stevia plants grown in vitro  
had an antioxidant/reducing potential similar to 
that for flavonoids extracted from Stevia plants 
grown in situ [25]. 

Thus, cultivating D. antarctica plants in 
vitro is a promising way to produce a suf ficient 
amount of this raw material in the laboratory. The 
next step is to optimize the biotechnology 
procedure for growing the plants in vitro, aimed at 
further promoting the synthesis of antioxidants in  
D. antarctica plants. 

 
Conclusions  

In this paper, the composition and 
antioxidant properties of extracts of the 
D. antarctica plants is reported; the novelty of the 
work is a detailed investigation of original plants 
from the Antarctic region, and a comparison  
of the extracts from the plants grown in nature 
and under in vitro conditions.  

The extracts were obtained from 
D. antarctica plants gathered in six various 
localities in the Argentine Islands region, the 
maritime Antarctic and from 6 corresponding 
plants cultivated in vitro. The extracts were found 
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to contain 300÷900 mg/L of phenolic compounds, 
with hydroxybenzoic acids, hydroxycinnamic 
acids and flavonoids, as well as the derivatives of 
above compounds, being the main groups of 
identified phenols (35÷400, 25÷100 and 
120÷520 mg/L, respectively). Luteolin and 
luteolin glycosides were the most common 
compounds of flavonoids group, while 
hydroxybenzoic acids prevailed among phenolic 
low-molecular-weight compounds. The extracts 
from the same plants grown in situ and in vitro 
were found to have the similar composition, with 
the different concentrations of phenols of various 
groups being the main distinction between “in situ 
extracts” and “in vitro extracts”. “In situ extracts” 
include more flavonoid (luteolin) derivatives 
while “in vitro extracts” contain higher amount of 
phenolic (hydroxybenzoic) acids. 

Both D. antarctica “in situ extracts” and 
“in vitro extracts” showed high activity in the 
reactions with DPPH•, NO• and OH• radicals: 
under standard test conditions, 10-fold diluted 
extracts scavenged 50÷90% of DPPH radicals, 
20÷40% of NO radicals and 40÷60% of  
OH radicals.  

In general, despite the distinctions in the 
extracts’ composition, “in vitro extracts” were not 
significantly inferior to “in situ extracts” as 
radical scavengers. Thus, D. antarctica plants are 
a valuable raw material for the extraction of 
phenolic compounds, which are effective radical 
scavengers of natural origin.  
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Abstract. The results of ab initio calculations of the adiabatic potential energy surfaces for the proton-

bound [FHF]- system at different F-F distances have been rationalized in the framework of the vibronic 

theory. It is shown that the instability of the symmetric D∞h structure at increased F∙∙∙F distances and the 

proton displacement to one of the fluorine atoms are due to the pseudo Jahn–Teller mixing of the 

ground electronic state 11Σg with the lowest excited state of 1Σu symmetry through the asymmetric σu 

vibrational mode. 

 

Keywords: proton transfer, hydrogen bond, pseudo Jahn–Teller effect, potential energy surface, bifluoride anion. 

 
Received: 20 April 2021/ Revised final: 17 May 2021/ Accepted: 21 May 2021 

 

 

Introduction 

The proton transfer process underlies many 

important chemical reactions such as reduction-

oxidation interactions, high proton mobility in 

aqueous solutions, protons diffusion through 

membrane protein channels, etc. (see, for 

example, works [1-4] and references herein).  

A large number of experimental and theoretical 

works are devoted to the study of hydrogen-

bounded molecular systems [5-7]. The bifluoride 

anion plays an especially important role in the 

study of the hydrogen bond. It was established  

both experimentally and by the benchmark  

quantum-chemical calculations that the [FHF]- 

anion is linear and centrosymmetric in the gas 

phase, while in the crystal structures shifts of the 

proton from the mid-point are often observed  

[8-10]. The relationship between the F-H and F-F 

distances has been found and discussed [10]; in 

particular, it was shown that the longer the F-F 

distance, the greater the displacement of the H 

atom from the central position to one of the 

fluorine atoms. 

Quantum-chemical calculations of such 

systems are mainly devoted to the determination 

of equilibrium geometric parameters and to the 

calculation of the adiabatic potential energy 

surfaces (APES) for the elaboration of pre-

parametrized analytical potential models that 

could be used to simulate the proton transfer 

reaction [11-13]. 

On the other hand, it was shown earlier that 

the only reason of instability of the high-

symmetry nuclear configurations and structural 

distortions of any molecular system in the 

nondegenerate state is the pseudo Jahn-Teller 

effect (PJTE), that is the vibronic mixing of 

considered state with the appropriate by symmetry 

excited states (see, for example, book [14]  

and reviews [15-17], and references therein).  

In systems with hydrogen bonds, a quantitative 

PJTE analysis was first used to study the origin of 

the hydrogen bond in the proton-bound ammonia 

dimer cation N2H7
+ [18], and for a number of 

protonated proton-centered water clusters [19].  

In these papers, it was shown that this  

approach reveals many details that will prove 

useful for understanding hydrogen-bonded 

systems. 

The main goal of the present work is to 

demonstrate that with increasing F-F distances, 

the instability of the central position of a proton in 

the [FHF]- system and the appearance of a double-

well adiabatic potential energy surface (APES) for 

proton transfer are due to the pseudo Jahn-Teller 

effect. 

 

Method and computational details 

The theory of the PJTE is well developed 

(see, e.g. [14,15]). In this approach the problem of 

the stability or instability of molecular nuclear 

configuration is reduced to the estimation of the 
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curvature K of the adiabatic potential energy 

surface (APES) of the system in the arbitrary 

direction Q at the high-symmetry configuration 

Q0 for which the first derivatives are zero. In the 

second order perturbation theory with respect to 

small nuclear displacements Q the expression for 

K of any molecular system in its ground state |𝛹0〉  
can be written as: 

 

𝐾 = 𝐾0 + 𝐾𝑣                             (1) 
 

The first term in Eq.(1), 
 

𝐾0 = ⟨𝛹0|(𝜕2𝐻/𝜕𝑄2)0|𝛹0⟩                        (2) 
 

is the so-called primary force constant.  

It determines the restoring force arising when the 

nuclei are displaced with respect to the “frozen” 

electronic distribution. The second term, which is 

always negative, 
  

𝐾𝑣 = −2 ∑
𝐹𝑜𝑛

2

𝐸𝑛−𝐸0
=𝑛 − 2 ∑

|⟨𝛹0|(𝜕𝐻/𝜕𝑄)0|𝛹𝑛⟩|
2

𝐸𝑛−𝐸0
𝑛     (3) 

 

is the vibronic contribution to the curvature K of 

the adiabatic potential arising from mixing of the 

ground |𝛹0〉 and excited |𝛹𝑛〉 electronic states.  

In the Eqs.(2) and (3) H is the adiabatic electronic 

Hamiltonian of the system which includes all 

Coulomb interactions between electrons and 

nuclei, |𝛹𝑖〉 and Ei are, respectively, the electronic 

wave functions and the total energies of  

the ground and the excited states determined for 

the high-symmetry nuclear configuration, and 

𝐹0𝑛 = ⟨𝛹0|(𝜕𝐻/𝜕𝑄)0|𝛹𝑛⟩ in Eq.(3) are the 

constants of the vibronic coupling of the ground 

Ψ0 and the excited Ψn states. They are non-zero 

only if the product of irreducible representations 

of the wavefunctions Ψ0 and Ψn contains the 

irreducible representation of the displacement Q. 

It was proved analytically and confirmed by 

a series of numerical calculations [14,15,20-22] 

that for any molecular system K0> 0. Hence, a 

negative curvature K and, therefore, the structural 

instabilities and distortions can be achieved only 
 

due to the negative vibronic coupling component 

Kv, and only if |Kv|> K0. Thus, the value of K0, the 

energy gaps ∆0n= En-E0 between the mixing states, 

and the vibronic coupling constants F0n are the 

main parameters of the PJTE. 

Direct calculation of the vibronic coupling 

matrix elements involved in the PJT models is 

rather difficult mathematically. In the present 

work the values of the PJTE parameters were 

estimated by fitting the ab initio calculated energy 

profiles (cross sections of the APES) of the 

[FHF]- system along the instability coordinate σu 

(shifts of the proton from the mid-point of F∙∙∙F 

distance) to the general formula, obtained from 

the vibronic theory. In the simplest case of the 

two-level PJTE problem when only one low-lying 

excited state contributes essentially to the 

instability of the ground state in the reference 

configuration, the roots of corresponding secular 

Eq.(4), where K01 and K02 are the primary force 

constants in the ground and the active excited 

state, respectively, and Δ12 is the the energy gap 

between the mixing states, Δ12= E2-E1. 

Note, however, that in any polyatomic 

system there are always many excited states of 

relevant symmetry, albeit at large energy gaps 

Δ1n= En-E1, which mix to the ground state by 

vibronic coupling. Their contribution to the PJTE 

problem can be taken into account by the  

second-order perturbation corrections p1 and p2, 

which can be given in Eq.(5) [23-25], where F1n 

and F2n are the respective vibronic coupling 

constants between the states |1⟩ and |2⟩ and the 

high-energy excited states |𝑛⟩. They may be 

rather small, just lowering the curvature of the 

mixing states from K01 and K02 to K01-p1, and  

K02-p2, and not producing instability of the ground 

state. With such overdetermined values of K01 and 

K02, Eq.(4) for fitting the parameters takes the 

form in Eq.(6). 

At small Q the resulting values of the 

curvatures of the APES of the two states K1 and 

K2 that are coupled by the PJT interaction of the Q 

direction, in Eq.(7). 

 

𝜀1,2 =
1

4
(𝐾01 + 𝐾02)𝑄2 +

Δ

2
∓

1

2
√[

1

2
(𝐾01 − 𝐾02)𝑄2 − Δ]

2

+ 4𝐹2𝑄2                                                                                (4) 

 

−𝑝1 = −2 ∑
|𝐹1𝑛|2

𝐸𝑛−𝐸1
𝑛            and       −𝑝2 = −2 ∑

|𝐹2𝑛|2

𝐸𝑛−𝐸2
𝑛                                (5) 

 

𝜀1,2 =
1

4
(𝐾01 − 𝑝1 + 𝐾02 − 𝑝2)𝑄2 +

Δ

2
∓

1

2
√[

1

2
(𝐾01 − 𝑝1 − 𝐾02 + 𝑝2)𝑄2 − Δ12]

2

+ 4𝐹12
2 𝑄2             (6) 

 
𝐾1 = (𝐾01 − 𝑝1) − 2𝐹12

2 ∆⁄           and           𝐾2 = (𝐾02 − 𝑝2) + 2𝐹12
2 ∆⁄                               (7) 
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The geometry optimization and electronic 

structure calculations of [FHF]- systems at 

different F∙∙∙F distances in their proton-centered 

D∞h nuclear configurations were carried out in the 

frame of the RHF SCF method using the 6-31G* 

basis set [26]. The potential energy curves along 

the off-center proton displacement were 

calculated taking into consideration configuration 

interaction (CI) with single and double excitations 

(CISD). The active space of CI included five 

occupied and two lower unoccupied molecular 

orbitals. All calculations were performed by using 

the PC GAMESS version [27] of the GAMESS 

(US) QC package [28].  

 

Results and discussion 

The investigation started with the [FHF]- 

molecule from the reference configuration of D∞h 

symmetry. The geometry optimization has  

shown that its equilibrium nuclear configuration 

corresponds to the symmetrical position of the  

H-atom, exactly in the middle of F∙∙∙F distance 

(no imaginary frequency is observed). Calculated 

equilibrium F-F distance is equal to 2.24 Å. At the 

same time, the vibrational frequencies analysis of 

[FHF]- anions at increased F∙∙∙F distances 

indicates the presence of one imaginary frequency 

(Table 1) corresponding to the low-symmetry  

σu-type distortion, which is mainly associated with 

the displacement of the proton towards one of the 

fluorine atoms. This means that D∞h configuration 

of these compounds is unstable with regard to the 

symmetrized σu displacements of its atoms. From 

Table 1 it can also be seen that with an increase in 

the F-F distance, the height and width of the 

barrier to proton transfer also increase. 

The ground state wavefunction of the 

system belongs to the 1Σg representation of the 

D∞h symmetry point group; the valence electron 

configuration is …(3σg)2(1πu)4(1πg)4(3σu)2(4σg)0 

(5σg)0(2πu)0(6σg)0(2πg)0. Some of these valence 

molecular orbitals are shown in Figure 1(a). 

According to the PJTE, excited states that produce 

the instability of the ground state should have the 
1Σu symmetry: 1Σg × 1Σu= 1Σu. The first excited 

state 11Σu is formed by one-electron excitation 

from the HOMO 3σu to the LUMO 4σg  

(Figure 1(a)), the energy gaps ∆01 between this 

state and the ground one, 11Σg, varies in the range 

of 10÷13 eV, depending on the F-F distance. 

 
Table 1 

The values of imaginary frequencies ω (cm-1),  

the height h (eV) and the width 2Qmin (Å)  

of the energy barrier. 
RF-F (Å) ω h Qmin 

2.24 - - 0.00 

2.44 486.68 0.044 0.20 

2.64 1333.84 0.340 0.35 

2.84 1523.78 0.759 0.50 
 

 

 

 

 

 

 

 

 
 
                                               

(a)                                                        (b) 
 

Figure 1. The MO energy level scheme for the [FHF]- molecules in the ground 1Σg state with indication of 

the one-electron excitations to the 1Σu terms (a); cross sections of the APES of [FHF]- along the σu-type 

distortion for several distances F∙∙∙F (b); both ab initio and analytical (by Eq.(6)) calculations  

are shown by points and curves, respectively. 
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The second excited state, 21Σu, with ∆02 

more than 20 eV is formed by excitation 

HOMO→LUMO+1. Subsequent higher-in-energy 
1Σu excited states can be formed by one-electron 

excitations 1πg→2πu, 1πu→2πg, etc. If one can 

assume that the main contribution to the 

instability of the ground state comes from only the 

first excited state 11Σu, then the PJTE problem is 

simplified to a two-level one, (11Σg + 11Σu)σu. 

The possible contribution of the second and all 

other higher lying excited 1Σu states to the 

curvature of the adiabatic potential of the ground 

state can be taken into account using the second-

order corrections –p1, as described in the previous 

Section, Eq.(5). If the value of (K01-p1) in Eq.(6) 

is positive, this means that the higher excited 

states by themselves do not produce the instability 

of the ground state, and the lowest excited state 

11Σu is responsible for the main contribution to its 

instability. 

To estimate the parameters of the vibronic 

coupling between the ground 11Σg and the excited 

11Σu states, ab initio calculations of the energy 

profiles (APES cross sections) of the systems 

along the coordinate of instability σu were 

performed. Results for several distances F∙∙∙F are 

shown in Figure 1(b). 

It can be seen that at equilibrium RF-F 

equals to 2.24 Å, the adiabatic potential is a 

single-well one, that is, the proton is located in the 

middle between the fluorine atoms. Three lower 

curves in Figure 1(b) are the cuts of the APESes 

for RF-F= 2.44 Å, RF-F= 2.64 Å, and RF-F= 2.84 Å, 

respectively. As the Qσu coordinate, it was used  

the proton displacement from the center of  

the F-F distance. It is seen that, with increasing  

F-F distances, the symmetric D∞h nuclear 

configuration becomes unstable with respect to 

the displacement of the central proton to one of 

the fluorine atoms, and the APESes become the 

double-well ones. The height and width of the 

energy barrier to the asymmetric displacement of 

the proton also increase. 

By fitting Eq.(6) to the ab initio calculated 

energy profiles, we get the values of the  

PJTE parameter presented in Table 1.  

The parameters are as follows: the energy gaps  

Δ between the ground 1Σg and the excited 1Σu 

terms, the primary force constants K01-p1 and  

K02-p2 in them, the vibronic coupling constants 

F12, and the resulting values of the curvature of 

the ground state APES, Kgr, which at small Q can 

be approximately estimated according Eq.(7). It is 

important to note that the obtained value of K01-p1 

from Table 2 is positive, showing that vibronic 

mixing of the ground state with higher-lying 

excited states does not produce the instability of 

the ground state, and it is the first excited state 

11Σu that is responsible for the main contribution 

to the instability.  

 

Table 2 

PJTE coupling constants F12 (eV/Å), energy gaps Δ (eV), primary force constants K01-p1 and 

K02- p2, and resulting force constants Kgr (in eV/Å2) in the reference D∞h configuration of 

[FHF]- anions obtained by fitting Eq. (6) to the ab initio calculated energy profiles. 

RF-F (Å) Δ F12 K01-p1 K02- p2 Kgr 

2.24 13.055 - - -  9.172 

2.44 12.796 16.193 36.541 52.259 -4.443 

2.64 11.826 15.980 30.847 32.796 -12.339 

2.84 10.570 13.956 21.782 21.848 -15.073 

 

 

 
 

Figure 2. The cross sections of the APES along the off-center b2-type distortions for the Zundel cation 

H5O2
+ and for the H5O2

+(H2O)4 cluster. 
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It is also seen that the absolute value of the 

curvature of the adiabatic potential Kgr increases 

with increasing distance F∙∙∙F, which results in an 

increase in the height and width of the energy 

barrier (Table 1). 

A similar effect was obtained by us earlier 

for dihydronium cation H5O2
+ [19]. As in the case 

of the [FHF]- anion, at the equilibrium O-O 

distance (RO-O= 2.34 Å), the shared proton is 

located midway between the oxygen atoms (the 

single-well adiabatic potential in Figure 2). 

However, taking into account only the first 

solvation sphere around the Zundel cation in the 

H5O2
+(H2O)4 cluster leads to a double-well 

adiabatic potential energy surface along the 

hydrogen bond coordinate and to the instability of 

the central position of the proton. The RO-O 

distance in this case is equal to 2.38 Å (Figure 2).  
 

Conclusions 

In this work, using the [FHF]- system as an 

example, it has been shown that the hydrogen 

bonds in hydrogen bihalides [XHX]- can be 

described in the framework of the pseudo Jahn-

Teller effect; all calculated potential energy 

curves along the off-center proton displacements 

wholly coincide with those predicted from the 

general vibronic theory. Thus, the functional 

dependence of the potential energy on the 

instability coordinate ε(Qσu) following from the 

PJTE theory, with the parameters estimated using 

quantum chemical calculations, can serve as a 

parametrized analytical model of the adiabatic 

potential, which can be used to simulate the 

proton transfer process in such systems.  

Calculations confirm also that the breathing 

mode that controls the F-F distance between two 

fluorine atoms plays a very important role in the 

proton transfer dynamics in such systems. While 

at the equilibrium F-F distance the shared proton 

is located midway between both fluorine atoms, 

its central position becomes unstable with 

increasing F-F distance. This instability is shown 

to originate due to the pseudo Jahn-Teller mixing 

of the ground electronic state 11Σg with the first 

excited state of 1Σu symmetry through the 

asymmetric σu vibrational mode. 
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